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Chromosome and gene copy number variation allow
major structural change between species and strains
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Leishmania parasites cause a spectrum of clinical pathology in humans ranging from disfiguring cutaneous lesions to fatal
visceral leishmaniasis. We have generated a reference genome for Leishmania mexicana and refined the reference genomes for
Leishmania major, Leishmania infantum, and Leishmania braziliensis. This has allowed the identification of a remarkably low number
of genes or paralog groups (2, 14, 19, and 67, respectively) unique to one species. These were found to be conserved in
additional isolates of the same species. We have predicted allelic variation and find that in these isolates, L. major and L.
infantum have a surprisingly low number of predicted heterozygous SNPs compared with L. braziliensis and L. mexicana. We
used short read coverage to infer ploidy and gene copy numbers, identifying large copy number variations between
species, with 200 tandem gene arrays in L. major and 132 in L. mexicana. Chromosome copy number also varied significantly
between species, with nine supernumerary chromosomes in L. infantum, four in L. mexicana, two in L. braziliensis, and one in L.
major. A significant bias against gene arrays on supernumerary chromosomes was shown to exist, indicating that dupli-
cation events occur more frequently on disomic chromosomes. Taken together, our data demonstrate that there is little
variation in unique gene content across Leishmania species, but large-scale genetic heterogeneity can result through gene
amplification on disomic chromosomes and variation in chromosome number. Increased gene copy number due to
chromosome amplification may contribute to alterations in gene expression in response to environmental conditions in
the host, providing a genetic basis for disease tropism.

[Supplemental material is available for this article.]

The leishmaniases are a complex of diseases caused by species of
the protozoan parasite Leishmania. Parasites are transmitted to
mammalian hosts via the bite of female phlebotomine sand flies,
with the geographical range of sand fly species capable of trans-
mitting parasites being the main limiting factor for disease preva-
lence in the Americas, Asia, Africa, and Europe. This distribution
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puts an estimated 350 million people at risk of infection across 88
countries, and up to 2 million people become infected annually,
0.5 million with the most severe visceral form of the disease
(Murray et al. 2005).

The three main forms of leishmaniases are usually associated
with particular species of Leishmania, although the host immune
response to infection is also a critical determinant in development
of disease. At least 20 species of Leishmania cause disease in man,
with the most severe visceral leishmaniasis (VL) disseminating to
visceral organs such as the liver and spleen. The severe form is
caused by species of the Leishmania donovani complex, including
L. donovani and Leishmania infantum, that disseminate to visceral
organs such as the liver and spleen. Cutaneous leishmaniasis (CL)
is caused by species such as the Old World Leishmania major and
the New World Leishmania mexicana and is generally confined to
tissues immediately surrounding the sand fly bite site. These spe-
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cies may also disseminate to other areas of the skin, often following
drug treatment, giving rise to diffuse CL (DCL). Although the disease
caused by Leishmania braziliensis and other species of the Viannia
subgenera normally presents in a cutaneous form, the parasite can
also migrate to the nasopharyngeal tissues in a small proportion of
cases, resulting in highly disfiguring mucocutaneous leishmaniasis
(MCL).

Leishmania genomes, like those of other kinetoplastids, are
characterized by a high degree of synteny, genes organized into
polycistronic transcription units, and rare spliceosomal introns.
Leishmania genomes lack large subtelomeric regions, which in the
closely related African trypanosomes encode species-specific
genes (Berriman et al. 2005; Peacock et al. 2007). The genomes of
L. infantum, L. donovani, and L. major each consist of 36 chro-
mosomes (Wincker et al. 1998), whereas the more distantly re-
lated L. braziliensis genome has only 35 chromosomes as a result
of a fusion event involving chromosomes 20 and 34 (Britto et al.
1998; Peacock et al. 2007). The genome of L. mexicana consists of
34 chromosomes, with two unique fusion events having occurred
between chromosomes 8 and 29, and between chromosomes 20
and 36 (Britto et al. 1998).

In common with other trypanosomatids, Leishmania has an
unusual mechanism of transcriptional control (Clayton and
Shapira 2007). Protein-coding genes in polycistronic transcription
units are cotranscribed by RNA polymerase II, and precursor mRNA
is subsequently trans-spliced and polyadenylated (Martinez-Calvillo
et al. 2003). Messenger RNA levels are regulated by RNA stability,
rather than the activity of promoters, precluding the up-regulation
of gene expression through increased RNA polymerase II activity.
One feature of Leishmania genome structure is the presence of
tandem arrays of duplicated genes (Ivens et al. 2005; Peacock et al.
2007). These are predicted to allow increased gene expression in
the absence of the regulated transcriptional control that is found in
other eukaryotes.

The genome sequences of three Leishmania species have been
reported to date, L. major Friedlin (Ivens et al. 2005), L. infantum
JPCMS, and L. braziliensis M2904 (Peacock et al. 2007). Compar-
ative genomic analysis of these species revealed highly conserved
gene synteny, despite an estimated divergence of 46 million years
(Lukes et al. 2007), as well as an unexpectedly small number of
species-specific genes (Peacock et al. 2007). Most of these encode
predicted proteins currently of no known function, and these have
been proposed to contribute to the parasite tropism and pathology
associated with the different forms of leishmaniasis (Peacock et al.
2007; Smith et al. 2007). Several L. donovani-specific genes have
been expressed in L. major and shown to significantly increase
parasite survival in visceral organs in mice, indicating that in-
dividual genes can contribute to parasite tropism in the host
(Zhang et al. 2008; Zhang and Matlashewski 2010). Here, we
present a reference genome for L. mexicana U1103 together with
refined analyses of the published L. major Friedlin, L. infantum
JPCMS, and L. braziliensis M2904 genomes. In addition, Illumina
high-throughput resequencing of additional Leishmania strains or
species, including two L. donovani strains (BPK206/0 and LV9), L.
major LV39, and L. mexicana M379, has revealed the presence of
species-specific genes in other isolates of the same species or
complex. The present study has also identified gene and chromo-
some copy number differences between species and strains of
Leishmania as a major source of genomic variation. These obser-
vations have important implications for the understanding of
parasite variation and will guide further investigations into the
genetic basis of disease tropism.

Results and Discussion

A L. mexicana reference genome, and updated versions
of the L. major, L. infantum, and L. braziliensis genomes

L. mexicana U1103 is an isolate taken from the ear lesion of a 30-yr-
old male patient in Guatemala. The U1103 genome was assembled
de novo using capillary sequencing reads generated from a whole-
genome shotgun library. The assembly was subsequently improved
by scaffolding against three other Leishmania species (Ivens et al.
2005; Peacock et al. 2007) and using deep coverage Illumina se-
quencing reads for correction of sequencing errors (Otto et al. 2010).
The resulting improved high-quality draft assembly (as defined by
Chain et al. 2009) consists of 929 contigs, totaling 32 Mb of data, of
which 375 contigs are ordered and scaffolded as 34 pseudo-chro-
mosomes. The junctions of the fusion events between chromosomes
8 and 29 and between chromosomes 20 and 36 (Britto et al. 1998)
were mapped (Fig. 1A). The former are fused at their 5’ ends (based
on the homologous L. major chromosomes), while the latter are
fused at the 3’ end of chromosome 36 and the 5’ end of chromosome
20. The gene models and functional annotation, based on predicted
orthology, were transferred from L. major to the L. mexicana U1103
genome using the Rapid Annotation Transfer Tool (Otto et al. 2011),
and thereafter manually annotated using codon bias and BLAST
searches against the NCBI nr database as a guide for gene prediction.

The three other reference Leishmania genomes—L. major
Friedlin, L. infantum JPCMS, and L. braziliensis M2904 (Table 1)—were
resequenced on the Illumina Genome Analyser platform, and the
iterative mapping algorithm iCORN (Otto et al. 2010) was used
to correct single-base sequencing errors as well as small insertions
or deletions, which have resulted in several hundred corrections
(see Supplemental Tables S1, S2).

Gene content comparison between the four Leishmania species

Generation of a reference genome for L. mexicana, together with
updated and refined L. major Friedlin, L. braziliensis M2904, and
L. infantum JPCMS reference genomes, has allowed a reevaluation
of the number of genes that are differentially distributed between
these Leishmania species. Using a combination of OrthoMCL
(Li et al. 2003) and ACT (Carver et al. 2008) alignments, we have
assembled an updated set of ortholog predictions for the four
Leishmania reference genomes (Supplemental Table S3). We found
only two unique genes (LmxM.14.0870, LmxM.31.2501) present in
the L. mexicana U1103 genome, both of which encode predicted
proteins of unknown function. LmxM.31.2501 contains a predicted
kelch actin binding domain (PFAM:PF01344). LmxM.14.0870 is
predicted to be a pseudogene in the other reference Leishmania
species and is orthologous to an intact copy in Trypanosoma brucei
(Tb927.7.4050). Genes with clear orthologs but containing internal
stop codons or insertions or deletions resulting in frameshifts were
annotated as pseudogenes. We now predict 19 L. infantum-specific
genes, or paralogous groups, of which 15 encode proteins of un-
known function, 14 are L. major-specific genes or paralogous
groups, of which 13 encode proteins of unknown function, and
one encodes a predicted P{pl peptidase (Eschenlauer et al. 2006).
Sixty-seven are L. braziliensis—specific genes or paralogous groups,
of which 54 encode proteins of unknown function (Fig. 1B). L.
braziliensis M2904 also has the highest number of gene loss or
pseudogene-formation events compared with the other Leishmania
species in terms of orthologous groups that are absent in L. braziliensis
orin which the L. braziliensis orthologs appear to be pseudogenes. In
contrast, L. mexicana has the most unique losses and interestingly
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Figure 1. (A) Chromosome fusion events in L. mexicana. (B) Venn diagram showing number of conserved genes in L. mexicana U1103, L. major Friedlin,

L. infantum JPCM5, and L. braziliensis M2904.

has more orthologous groups in common with L. infantum than any
other Leishmania genome (see Supplemental Table S3). Twelve of
these genes were previously predicted to be unique to L. infantum
(Peacock et al. 2007; Zhang et al. 2008). Overall, the number of
unique genes in each species is remarkably small in relation to the
coding capacity of the genomes.

SNP analysis of Leishmania genomes

Ilumina reads were used to call heterozygous SNPs in the reference
genomes of L. major Friedlin (297 SNPs), L. infantum (629 SNPs),
L. braziliensis (44,588 SNPs), and L. mexicana (12,531 SNPs) (Sup-
plemental Table S2). The remarkably low level of heterozygosity
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in L. major and L. infantum compared with L. mexicana and L.
braziliensis could result from a higher degree of inbreeding within
these two species relative to L. braziliensis and L. mexicana. Con-
versely, in L. braziliensis M2904, the high level of heterozygosity could
in part be due to its triploidy (see below) and the supernumerary
nature of many of its chromosomes, which, if stable, may have
resulted in a redundancy of essential genes and allowed for a higher
rate of neutral mutation than that of the typically diploid L. major
Friedlin or L. infantum JPCMS genomes. Recent population studies of
Leishmania species have proposed inbreeding, natural selection, the
Wahlund effect, or conversion on a genome-wide scale as possible
causes of deficiency of heterozygous sites in strains of L. braziliensis
(Rougeron et al. 2009) and L. donovani (Gelanew et al. 2010).

Unique genes are conserved in strains of the same species
or species complex

To investigate whether the species-specific genes are present in
different isolates of the same species or different species within
a complex, lllumina sequencing was performed on a second L. major
isolate (LV39) and a second L. mexicana isolate (M379). In addition,
L. donovani BPK206/0, a field isolate from Nepal (Downing et al.
2011), and L. donovani LV9, a human strain isolated in Ethiopia
in 1967 and subsequently maintained by animal passage (Bradley
and Kirkley 1977; Stager et al. 2000), were also sequenced. The
19 L. infantum-specific genes appear conserved in L. donovani LV9
and are not clearly absent in L. donovani
BPK282/0/c14 (Downing et al. 2011), de-
spite an estimated divergence of 1 million
years between L. infantum and L. donovani.
One gene (Linj.19.1170) was found to
contain an internal stop codon in L.
donovani BPK206/0. The two L. major
strains, LV39 and Friedlin, cause similar
disease progression in susceptible mouse
strains but distinct differences when ana-
lyzed in an IL4-receptor-deficient host
genetic background (Noben-Trauth et al.
2003). These strains were used recently to
show that genetic exchange can occur in
the sand fly vector, Phlebotomus papatasi
(Akopyants et al. 2009). Thirteen of the 14
L. major-specific genes identified in the
orthoMCL analysis are intact in LV39,
the one exception being hypothetical
protein LmjF.32.2470, which contains
a premature stop codon. L. mexicana
M379 contained intact copies of both
unique genes found in L. mexicana U1103,
neither of which contains any predicted
SNPs.

Hence, species-specific genes in
Leishmania are conserved in isolates from
within the same complex (L. donovani
vs. L. infantum) and between strains of
the same species isolated from different
geographical locations (e.g., L. donovani
BPK206/0 from Nepal and L. donovani LV9
from Ethiopia) or similar geographical
locations (e.g., L. mexicana U1103 from
Guatemala and L. mexicana M379 from
Belize). The majority of the L. donovani

L. braziliensis

complex species-specific genes are uncharacterized, and for most,
their transgenic expression in L. major failed to identify a pheno-
type correlating with visceral infection in mice (Zhang et al. 2008;
Zhang and Matlashewski 2010). An exception was LinJ.28.0340,
a L. infantum-specific gene apparently important for survival of
axenic amastigotes (Zhang and Matlashewski 2010). The finding
that unique genes are present in both L. infantum and L. donovani
suggests that these sequences play an important role in the potential
for visceralization associated with the L. donovani complex. How-
ever, other structural and functional components of the genome,
such as gene copy number (Fig. 2) and differential gene expression
(Depledge et al. 2009), are also likely to be important.

Gene copy number variation in Leishmania

The highly repetitive nature of tandem arrays is problematic for de
novo genome assembly, leading to “collapsed” arrays of unknown
length (Ivens et al. 20035), as verified with the HASP genes and their
related copies in L. braziliensis (Depledge et al. 2009, 2010). We
have used read depth coverage to estimate protein-coding gene
copy numbers in the four reference genomes (Supplemental Table
S4). Multicopy genes (tandem arrays) in this analysis are defined as
genes of more than one copy that have the same OrthoMCL group
identifier and are encoded on the same chromosome. To provide
a confidence limit of >95% for the analysis, the most complete and
refined of the Leishmania genomes, L. major Friedlin, was used to

///I

L.mexicana

33

L.major

LK U

L.mexicana L.infantum

Figure 2. Variation in multicopy arrays in the Leishmania reference genomes. Venn diagram that
shows the overlap of arrays present in the different species, by unique ortholog group identifier for ease
of comparison. Pie charts indicate the proportion of unique arrays grouped by the number of genes.
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Table 1. Summary of Leishmania genomes

somes are supernumerary in L. braziliensis

M2904, while 10 chromosomes in L. mexicana

L. major L. infantum L. braziliensis L. mexicana U1103 and two in L. mexicana M379 appear
Size 32,855,089 32,101,728 31,997,773 32,108,741  to be of intermediate read depth, being nei-
Chromosomes 36 36 35 34 ther disomic nor trisomic. These chromo-
Fold coverage (capillary) N/A 5.1 7.0 6.7 somes with “intermediate” read depth may
FG%?’/COVEWQG (lllumina) 55967 57996 ;;’% ;877 be a mixture of individual cells within a pop-
Predicted 8412 8241 8357 8250 ulation with monosomic, disomic, and tri-

protein-coding genes

somic chromosomes (Sterkers et al. 2011),

benchmark single- and dual-copy genes. In the L. major Friedlin
genome (TriTrypDB version 2.4), our gene copy number analysis
was in agreement for 99% of the single-copy and 81% of the dual-
copy genes annotated in the genome (Supplemental Methods).
The total number of arrays varies between species: 200 in L. major
Friedlin, 207 in L. infantum JPCMS, 214 in L. braziliensis M2904,
and 132 in L. mexicana U1103. The number of gene copies within
each array also varies between species (Fig. 2).

Only 56 protein-coding genes were found to be multicopy in
all four species, although the number of copies varied considerably
(Table 2; Supplemental Table S5). These include well-characterized
surface proteins (PSA2/GP46) (Devault and Banuls 2008), amastin
(Jackson 2010), GP63/leishmanolysin (Gomez et al. 2009; Halle
et al. 2009), structural proteins (alpha- and beta-tubulin) (Jackson
et al. 2006), 40S ribosomal protein (EF1A), and chaperones (HSP70
and HSP83). In L. major Friedlin, the tandem array containing the
largest number of gene copies was a class I nuclease-like protein,
with sequence similarity to externally orientated surface mem-
brane enzymes with 3'-nucleotidase activity (Yamage et al. 2000).
This particular tandem array was one of 22% of tandem arrays that
were found to be unique to L. major Friedlin. Twenty-five percent
of tandem arrays were unique for L. mexicana, 25% for L. infantum,
and 42% for L. braziliensis. The increase in gene dosage that arises
from tandem duplication may allow higher transcript levels for
multicopy, possibly stage-regulated genes. Among the largest spe-
cies-specific tandem arrays are genes encoding proteins of un-
known function (see Table 3; Supplemental Table S6) (OG4_18490,
0G4_17568in L. major; OG4_21149 in L. mexicana; OG4_15862 in
L. infantum; OG4_28794 in L. braziliensis). Most of the tandem
arrays that are unique to each species are hypothetical proteins, so
further investigation is warranted to examine these particular hy-
pothetical genes for their role in the biology of Leishmania.

Chromosome copy number variation in Leishmania

One feature of the massively parallel sequencing achieved with the
[llumina analyzer is that it provides unprecedented read depth
coverage across all the Leishmania chromosomes. Analysis of me-
dian read depth for the L. major Friedlin genome (Fig. 3A) shows that
all chromosomes except one (chromosome 31) have an even read
depth, indicating that the chromosomes within the population of
cells are disomic. Chromosome 31 has a read depth of greater than
twofold, indicating that this chromosome is at least tetrasomic, as has
been reported previously (Akopyants et al. 2009). The increase in read
depth is not due to amplification of one specific area of the chro-
mosome, because the read depth coverage is even along the whole of
both disomic and tetrasomic chromosomes (Supplemental Fig. S1).
Chromosome copy number analysis revealed large differences
for eight strains and species of Leishmania (Fig. 3; Table 4). Nine
chromosomes in L. infantum JPCMS, three in L. mexicana U1103, and
one in L. mexicana M379 have trisomic read depth. Two chromo-

resulting in chromosome copy number mo-
saicism in the sampled population. This effect
appears to be more prevalent among the smaller chromosomes
(Fig. 3). This is unlikely to be due to the loss of partial fragments from
duplicated chromosomes, because read depth does not indicate any
deletion or amplification of large regions across disomic and super-
numerary chromosomes (Supplemental Fig. S2). L. mexicana U1103
chromosomes 1 and 3 have a read depth coverage that indicates that
the population as a whole is less than disomic, potentially including
some monosomic cells. The effect is also seen in L. braziliensis M2904
with two chromosomes that are neither trisomic nor tetrasomic.
The two L. major strains have a single supernumerary chromosome,
31, the only chromosome that is supernumerary in all strains and
species (Fig. 3A,E; Supplemental Table S7). Only 12 chromosomes
are disomic in all strains and species analyzed—chromosomes 3, 10,
11, 18, 19, 21, 24, 28, 30, 32, 34, and 36 (L. major chromosome
numbering).

To provide further evidence for mixed chromosomal ploidy,
approximate distributions of base frequencies for each predicted
heterozygous SNP in L. mexicana U1103 and L. braziliensis were
plotted (Fig. 4; Supplemental Fig. S3). For the purpose of cross-
comparison, chromosomes were grouped according to their allele
frequency profiles, and allele frequency counts were normalized
against the total allele counts for the chromosome. In L. mexicana,
the distribution of base frequencies for predicted heterozygous
sites, plotted for all chromosomes, gives four distinct distributions.
Twenty-one chromosomes show a distinct peak at a frequency of
0.5, indicative of disomic chromosomes (Fig. 4A,C). Eleven chro-
mosomes show distinct peaks surrounding frequencies of 0.33 and
0.66, suggestive of trisomic chromosomes, while chromosome 30
shows peaks at 0.25, 0.5, and 0.75, indicative of a tetrasomic
chromosome. For 32 of the 34 chromosomes, these data match
those predicted from read depth analysis (Fig. 3). The two excep-
tions are chromosomes 5 and 16, which are predicted to be disomic
by allele frequency distribution (Fig. 4B), but supernumerary by
read depth analysis (Fig. 3B). We hypothesize that 21 of the 34
chromosomes in L. mexicana are stable within the population, so
that they accumulate SNPs on disomic alleles. In contrast, super-
numerary alleles of chromosomes 5 and 16 are likely to be recent
events, because they have not accumulated mutations at fre-
quencies that would suggest that these occurred on one of the
tetrasomic chromosomes. For the 11 trisomic chromosomes, it is
not possible to determine whether these duplications are recent or
ancestral, because even a recent duplication of a single chromo-
some leading to trisomy would result in previously disomic fre-
quencies appearing trisomic. Nevertheless, the trisomic plots and
the clear absence of frequencies resembling disomy or tetrasomy
demonstrate that all of these chromosomes are trisomic in this
sample rather than a combination of disomic and tetrasomic
states. This method, in combination with read depth coverage, can
be used to discriminate between recent and established aneuploidy
in the case of tetrasomic chromosomes, or other chromosomes
that exist as multiples of 2n. The same analysis was performed on
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Table 2. Multicopy arrays with the highest number of gene copies
in each species

Number in Haploid

OrthoMCL ID Chr Description reference number

L. major (Friedlin)

0OG4_64465 30 Class | nuclease-like 4 28
protein

0G4_19653 19 ATGS8B 9 25

0OG4_18490 12 Hypothetical protein, 12 24
conserved

O0G4_12080 34 Amastin 23 23

0G4_10107 17  Elongation factor 1A 7 21

0G4_14254 8  Amastin 16 20

0G4_54550 12 Promastigote surface 5 19
antigen protein 2

OG4_18012 12  Surface antigen protein, 14 17
putative

0G4_10079 33  beta-tubulin 16 16

OG4_17568 32 Hypothetical protein, 17 15
conserved

L. mexicana (U1103)

0G4_10176 10  GP63, leishmanolysin 5 13
0G4_10079 8 Dbeta-tubulin 2 7
0G4.12080 33 Amastin 3 6
0G4_10079 32  beta-tubulin 2 6
0G4_10075 13  alpha-tubulin 2 6
0G4_26438 9 ATG8C 2 5
0G4_19653 19 ATGS8B 2 5
0G4_21149 14 Hypothetical protein, 2 5
conserved
0G4_11934 29 Cysteine peptidase 2 4
OG4_10355 25  Eukaryotic initiation 2 4
factor 5A
L. infantum (JPCMS5)
0G4_.12080 34 Amastin 8 27
0G4_64460 34 Amastin 1 15
0G4_10176 10  GP63, leishmanolysin, 5 15
0G4_10107 17 Elongation factor 1A 7 12
OG4_14440 36  Glucose transporter, 3 10
LMGT1
0G4_64457 29 Amastin 4 9
0G4_10075 13  alpha-tubulin 2 9
0G4_12706 10 Folate/biopterin transporter, 8 9
putative
0G4_12080 8 Amastin 4 8
0G4_19653 19 ATGS8B 3 8
L. braziliensis (M2904)
0G4_24845 8 Amastin 6 36
0G4_10176 10  GP63, leishmanolysin 29 31
0G4_24845 20.1 Amastin 5 26
0G4_12080 20.1 Amastin 10 16
0G4_10079 33  beta-tubulin 3 15
0G4_10075 13  alpha-tubulin 2 15
0G4_14254 8 Amastin 4 13
0G4.10088 33 HSP83 3 12
0G4_28794 4 Hypothetical protein, 4 12
conserved in Leishmania
0G4_12218 34 NADH-dependent 4 12

fumarate reductase

Chromosomes shown in bold are supernumerary.

L. braziliensis, which shows that 30 of 35 chromosomes are clearly
trisomic (Fig. 4E), three are tetrasomic (chromosomes 4, 5, 29)
(Fig. 4F), and one hexasomic (chromosome 31) (Fig. 4G), closely
matching read depth analysis (Fig. 3D). One chromosome (chro-
mosome 14) has an ambiguous profile closely resembling that of
the tetrasomic chromosomes (data not shown). Taken together,

these data indicate that L. braziliensis strain M2904 is primarily
triploid but contains several tetrasomic chromosomes, and in-
triguingly six copies of chromosome 31.

Real-time PCR was used to further validate chromosome copy
number determinations (Supplemental Fig. S4A). Single-copy
genes from L. donovani BPK206/0 were selected from representative
disomic and supernumerary chromosomes. The real-time PCR cycle
threshold (Cy) values confirmed that chromosomes 14 and 36 are
disomic, chromosomes 15 and 33 are trisomic, and chromosome 8
is tetrasomic. These data match closely the chromosomal ploidy
values predicted by read depth analysis (Fig. 3). To test if total DNA
content varies between species in the same proportion as chromo-
some copy number, FACS analysis was performed (Supplemental
Fig. $4B). The 2N DNA content for L. major Friedlin was used as
a baseline and compared with the other species. L. major LV39 is
identical to L. major Friedlin, whereas an increase in DNA content
is observed for the 2N peak of L. infantum JPCMS5 (110%) and
L. mexicana U1103 (115%), which matches closely the increased
DNA content predicted from calculating the total megabases of
DNA for each species, based on the chromosome copy number
shown by read depth coverage (Table 4). L. braziliensis M2904 has
160% of the DNA content of L. major Friedlin, indicating that
L. braziliensis M2904 is triploid, which is confirmation for the data
obtained with analysis of distribution of base frequencies for pre-
dicted heterozygous sites (Fig. 4). In comparison to L. major Friedlin,
L. donovani BPK206/0 has 110% DNA content, and L. donovani
LV9 has 102% DNA content, again matching closely the increased
DNA content predicted from read depth coverage (Table 4).

Further validation of chromosome copy number was
obtained by gene-specific deletions in L. infantum. LinJ36.0640
encodes an SEC14-like protein found on the disomic chromosome
36, and two rounds of gene deletion resulted in the generation of
a SEC14-like null mutant, as expected (Supplemental Fig. S4C).
SEC14-like null mutants had the same growth characteristics in
culture and infectivity dynamics to macrophages as wild-type L.
infantum. Lin].36.0640 was originally identified as an L. infantum-
specific gene (Peacock et al. 2007), but has now been identified in
L. mexicana. In contrast, Lin].31.3030 encodes a phosphatase on
the tetrasomic chromosome 31, and, in this case, four rounds of
gene deletion were required to generate a phosphatase null mu-
tant. Overall, these experiments validate using read depth cover-
age as a robust parameter to assess chromosome copy number
variation within a Leishmania population.

Changes in ploidy and chromosome copy number have been
reported in various Leishmania species following genetic manipu-
lation of essential genes (Cruz et al. 1993; Hassan et al. 2001), during
in vitro growth (Martinez-Calvillo et al. 2005), after genetic ex-
change (Akopyants et al. 2009), and following drug selection in vitro
(Leprohon et al. 2009). L. major has 36 chromosomes (Wincker et al.
1998), and our data suggest that within a population, disomy for
most chromosomes is common in both L. major Friedlin and
L. major LV39. L. major Friedlin chromosome 1 has previously been
reported as trisomic (Sunkin et al. 2000; Sterkers et al. 2011). This,
however, was apparently not the case for the L. major Friedlin isolate
used in this study, perhaps due to variations in culture methods,
time in culture, growth conditions used in different laboratories
(although the parasites used in all these analyses were originally
derived from the same stock), and method of analysis (individual
cell vs. cell populations). Chromosome 31, which has been reported
to be supernumerary in L. major (Akopyants et al. 2009), was the
only chromosome identified in L. major Friedlin in this study
that was also supernumerary in all species and isolates analyzed,
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Table 3. Unique multicopy arrays in each species, defined by
ortholog group

Number in Haploid

OrthoMCL ID Chr Description reference number

L. major (Friedlin)

0G4_64465 30 Class | nuclease-like protein 4 28

0G4_54550 12 Promastigote surface 5 19
antigen 2

OG4_18012 12 Surface antigen protein, 14 17
putative

OG4_17568 32 Hypothetical protein, conserved 17 15

0G4_17051 34 Amastin 21 12

0G4_35275 12 Hypothetical protein 5 9

0G4_14297 34 Quinonoid dihydropteridine 7 9
reductase

OG4_10345 12 Surface antigen protein, 4 7
putative

0G4_83438 19 Hypothetical protein 3 4

0OG4_10384 36 Hypothetical protein, conserved 2 4

L. mexicana (U1103)

0OG4_10442 23 Coronin, putative 1 3

0G4_54460 33 Hypothetical 2 3
protein, conserved

0G4_68082 33 D-lsomer specific 2-hydroxyacid 1 3
dehydrogenase- like protein

0OG4_35685 34 Hypothetical protein, conserved 1 3

0OG4_112308 11 ABC transporter-like protein 2 3

0G4_32333 8 Hypothetical protein, conserved 1 2

0G4_90898 33 D-Isomer specific 2-hydroxyacid 1 2
dehydrogenase- like protein

0G4_83429 34 Hypothetical protein 1 2

0OG4_38816 34 Hypothetical protein, conserved 1 2

0G4_83402 8 Hypothetical protein 1 2

L. infantum (JPCMS5)

0G4_64457 29 Amastin 2 5

0G4_64458 29 Histone H2A, putative 3 4

0G4_36933 15 Hypothetical protein 1 3

0G4_112234 9 Microtubule-associated 2 3
protein-like

OG4_11537 27 Hypothetical protein, conserved 1 3

OG4_51380 29 Hypothetical protein, conserved 1 3

0G4_35505 27 Hypothetical protein, conserved 1 2

0OG4_11081 34 Lipophosphoglycan 1 2
biosynthetic protein (LPG2)

0OG4_32453 32 Hypothetical protein, conserved 2 2

0G4_112225 2 Hypothetical protein, 2
unknown function

L. braziliensis (M2904)

0G4_10748 16 Hypothetical protein 6 10

0G4_50672 4 Surface antigen-like protein 3 9

OG4_14950 30 TATE DNA transposon 8 9

0G4_63547 8 B-Tubulin 4 9

0G4_26451 20.1 Hypothetical protein, conserved 2 7

0G4_31940 18 Hypothetical protein, conserved 1 6

0G4_83308 20.1 Amastin 2 6

0G4_112181 10 GP63, leishmanolysin 2 6

OG4_112174 2 Repeat gene hypothetical 2 5
protein

OG4_47872 33 Expression-site associated 3 5

gene (ESAG3)

Chromosomes shown in bold are supernumerary.

including the equivalent homologous chromosome 30 in
L. mexicana (numbered differently due to the fusion of chromo-
somes 8 and 29). A recent FISH analysis proposing chromosomal
mosaicism in individual L. major cells (Sterkers et al. 2011) is in broad
agreement with our results at the population level in a variety of

Leishmania strains and species (Fig. 3). The details of chromosomal
mosaicism detected in specific chromosomes of L. major, however,
differ in that we did not detect a high level of monosomy in
chromosome 2 or trisomy in chromosomes 1, 5, and 17 (Sterkers
et al. 2011).

Multicopy genes are found preferentially
on disomic chromosomes

The distributions of the multicopy genes on each chromosome in
the Leishmania reference genomes are shown in Figures 5 and 6.
The bars (Fig. 6) are scaled by chromosome size and illustrate the
relative presence of multicopy arrays across the genomes. The re-
sults, which show that variation exists between strains and species,
are consistent with the finding that copy number variation is
a major influence in speciation (Lynch and Conery 2003). They also
highlight the differences in the striking distribution of multicopy
arrays between the disomic (black) and supernumerary chromo-
somes (highlighted in gray). By way of illustration, in L. mexicana
U1103, there are no duplications for the 309 genes on supernu-
merary chromosome 30, whereas there are 12 duplications within
the 498 genes on disomic chromosome 34 (Fig. 5; Supplemental Fig.
S$5). The bias in this distribution was analyzed using a Monte Carlo
simulation, which showed that there is a significant bias for the
presence of gene arrays on disomic chromosomes in all of the spe-
cies tested, including L. major Friedlin (p = 7.45 X 10~%), L. infantum
JPCMS (p<1 X 107°), L. mexicana U1103 (p< 1 X 107°), L. braziliensis
(p=7x107°), L. mexicana M379 (p = 2.61 X 107?), L. donovani
BPK206/0 (p <1 X 107%), and L. donovani LV9 (p = 9.40 x 107°).
These data suggest that some of these disomic chromosomes may
have persisted as non-supernumerary because of fitness constraints,
and we propose that this is gene-dosage-related. Gene-dosage sen-
sitivity is known to be important in selection of copy number
changes (Schuster-Bockler et al. 2010), and the scale of duplications
has also been shown to influence fitness and the likelihood of being
retained (DeLuna et al. 2008). There may, therefore, be selection
against whole-chromosome duplications for those that have a
higher proportion of dose-sensitive genes in Leishmania species.

We went on to analyze potential gene family biases in the
multicopy gene families and found only a few domains signifi-
cantly over-represented in the genes present on the supernumer-
ary chromosomes. These genes fall into four domain groups within
three biological classes (Supplemental Table S8): signaling/kinases
(PFO0069; protein kinase, PF00400; WD domain), ubiquitin
(PF00240), and a Kinesin motor domain (PFO0225). Since the in-
crease of dose of genes containing these domains is the result of
whole-chromosome duplications, the over-representation of these
groups could suggest that these are non-toxic passengers to the
chromosome duplications, rather than having been selected for by
the duplication event; or equally the selection for chromosome
duplication could be facilitated by the over-representation of these
gene classes. These findings are consistent with previous studies of
the functional biases in the types of genes that are able to survive
duplications; in bacteria, yeast, insects, and man, higher numbers
of genes coding for transcription factors, protein kinases, and
certain classes of enzymes and transporters have been previously
observed (Taylor and Raes 2004). The genes that have increased
copy numbers due to gene duplication have a much longer and
broader list of Pfam domains (Supplemental Tables S6, S8), in-
dicating that there might be individual evolutionary pressures for
the selection of each of these genes, rather than because they en-
code a particular type/class of product.
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In summary, these data lead us to hypothesize that Leishmania
might increase mRNA levels in the absence of regulated promoter
activity using two mechanisms: first, via gene duplications on di-
somic chromosomes, which can result in the generation of multi-
copy arrays of identical or near identical genes; second, gene copy

number may increase through the formation of supernumerary
chromosomes. While changes in gene expression in drug-resistant
Leishmania have been associated with supernumerary chromosomes
(Ubeda et al. 2008; Leprohon et al. 2009), our data on genome
content across Leishmania populations, combined with data of
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Figure 5. The genomic distribution of multicopy arrays across the chromosomes of Leishmania species. The multicopy genes are colored by number of
copies: (white) 2, (yellow) 3, (orange) 4, and (red) >4. Chromosomes with the normal somy for that species are shown in black; for L. major, L. infantum,
and L. mexicana, this is disomy, and for L. braziliensis, this is trisomy. (Red) The supernumerary chromosomes. The chromosomes are shown to scale;
however, arrays are shown relative to the center point of the array, but are not to scale. (A) L. braziliensis M2904 (231); (B) L. major Friedlin (207); (C) L.
mexicana U1103 (134); (D) L. infantum JPCM5 (216). The total number of multicopy genes for each species is shown in brackets.
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Table 4. Summary of Leishmania chromosomes

Size (Mb)
Size (Mb) (adjusted for Tetrasomic % DNA increase
Number of (sequenced, chromosome Intermediate Trisomic chromosomes relative to
Species Strain  chromosomes  haploid) number) chromosomes chromosomes or higher L. major Friedlin
L. major Friedlin 36 32.8 67.8 — — 31 0%
L. major LV39 36 32.8% 70.8 — — 31 +4.5%
L. infantum  JPCM5 36 321 72.8 — 6,89 17,22, 31 +7.5%
25, 33,35
L. donovani  BPK206/0 36 32.1° 72.5 1,56,9,11,35 13,15, 20, 23, 33 8, 31 +7%
L. donovani  LV9 36 32.1° 66.5 2,14 23, 31,33 — —2%
L. braziliensis M2904 35 32.0 66.4 5,14 29 31 —2% (triploid)
L. mexicana  U1103 34 32.1 67.8 2,4,6,7,8,12, 5,26 16, 30 0%
14,15,17, 26, 27

L. mexicana M379 34 32.12 ND 12,13 16 30 ND

Estimate based on resequencing projects. All chromosomes disomic unless indicated.

(ND) Not determined.

others on the genome content of individual cells (Sterkers et al.
2011), suggest that aneuploidy allows rapid generation of diversity
in Leishmania parasites growing normally, as well as in response to
stress. For genes on supernumerary chromosomes, where dosage
effects might have a detrimental impact on parasite growth and
survival, mRNA levels could be regulated through an increase in
mRNA degradation. Alternatively, the parasites might engage pro-
tein degradation pathways (Besteiro et al. 2007) in order to correct
protein stoichiometry imbalances caused by aneuploidy. In yeast,
mutations that promote fitness of aneuploid cells identified ubig-
uitin-proteasomal degradation as a mechanism to suppress the ad-
verse affects of aneuploidy (Torres et al. 2010). Of note, one of the
functional gene classes that are over-represented on supernumerary
chromosomes in Leishmania is ubiquitin.

Our study shows for the first time the full scale of aneuploidy in
the Leishmania genus. Aneuploidy appears to arise frequently and is
well tolerated by Leishmania, and chromosome copy numbers can
vary considerably between strains and species from diverse geo-
graphical regions, including recent isolates (see also Downing et al.
2011). It remains to be determined if the genotype is stable in both
laboratory-adapted strains and in natural populations, but our allele
frequency analysis of L. mexicana U1103 suggests that 13 of 15
supernumerary chromosomes are established in the population, in-
dicating that aneuploidy does not have a high fitness cost. Also, the
finding that the aneuploid state of the L. major Friedlin population
analyzed in this study is different from another published analysis
(Sunkin et al. 2000) indicates that aneuploidy is not completely
stable. In Saccharomyces cerevisiae aneuploidy can provide a strong
selective advantage under environmental stress (Rancati et al. 2008),
as well as phenotypic variation conferred by changes in the pro-
teome (Pavelka et al. 2010). Leishmania has a complex life cycle that
involves insect and mammalian hosts, with many species being
zoonotic. Complex chromosomal copy number changes may be
well tolerated in Leishmania parasites, with their predominantly
asexual replication. Furthermore, genome plasticity allows the par-
asite to adapt to different environments, including survival in a va-
riety of mammalian hosts and under drug selection (Leprohon et al.
2009). Aneuploidy in Leishmania is likely to arise through unli-
censed replication and/or mitotic non-disjunction, rather than
through sexual recombination.

Next-generation sequencing has proved a powerful tool for
characterizing gene and chromosome copy number variations in
Leishmania. Recent advances for multiplexing of samples make rapid,
extensive, and cheap genome analysis possible and will allow exten-

sive analyses on genome plasticity in the large number of strains and
species currently available globally (Lukes et al. 2007; Rougeron et al.
2009), as well as strains isolated directly from patients and vectors.

Methods

Parasites

L. mexicana U1103, MHOM/GT/2001/U1103, clone 25), L. donovani
BPK206/0 (MHOM/NE/2003/BPK206/0 clone 10), L. donovani LV9
(MHOM/ET/67/HU3), L. infantum JPCMS5 (MCAN/ES/98/LLM-877),
L. major Friedlin (MHOMY/IL/81/Friedlin), L. major LV39 (MRHO/SU/
59/P), L. mexicana (MNYC/BZ/62/M379), and L. braziliensis M2904
(MHOM/BR/75M2904) were grown in modified Eagle’s medium
(HOMEM medium) supplemented with 10% heat-inactivated
Fetal Calf Serum (PAA Gold, PAA) at 25°C as described previously
(Hilley et al. 2000).

Sequencing

L. mexicana reference genome U1103 was sequenced using a whole-
genome shotgun strategy with Sanger methodology as described
previously for L. infantum and L. braziliensis (Peacock et al. 2007). All
Leishmania strains and species were sequenced by Illumina Genome
Analyzer II.

Bioinformatics analysis and annotation

L. mexicana sequence reads were assembled using phrap (http://
phrap.org). Automated in-house software (Auto-Prefinish) was used
to identify primers and clones for additional sequencing to close
physical and sequence gaps by oligo-walking. Manual base checking
and finishing was carried out using Gap4 (http://www.mrc-Imb.cam.
ac.uk/pubseq/manual/gap4_unix_1.html). The assembled contigs
were iteratively ordered and orientated against the L. major genome
sequence (Ivens et al. 2005) using the ABACAS software (Assefa et al.
2009). The manually curated annotation of the L. major reference
genome was transferred to the assembled L. mexicana genome on the
basis of BLASTP matches and positional information using custom
Perl scripts. Subsequently, gene structure and functional annotation
were manually inspected and further edited, where appropriate, us-
ing the Artemis and ACT software (Carver et al. 2008), as previously
detailed (Peacock et al. 2007).

The L. major Friedlin, L. infantum JPCMS, and L. braziliensis
M2904 reference genomes were corrected using high depth Illumina
coverage. iCORN (Otto et al. 2010) was used to iteratively map and
correct sequence disagreements between the [llumina reads and the
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reference sequence. Orthologous genes
were predicted by running OrthoMCL
v 1.4 (Li etal. 2003) on the earlier versions
of the reference genomes (performed
against the GeneDB database May 2009).
Clusters that did not contain all four
Leishmania species, and singleton clus-
ters were manually inspected using the
Artemis Comparison Tool (ACT), to see if
orthologous genes could be manually
assigned to the cluster.

SNP predictions were generated us-
ing a combination of SSAHA2 (Ning et al.
2001) to map the reads, Samtools (Li et al.
2009) to generate the variant predictions,
and in-house Perl scripts to further filter
the results. SNP-dense regions (more than
three SNPs in a 7-bp window) were ex-
cluded, as were SNPs within 100 bp of
contig edges. SNPs with consensus quality
and base quality scores =40, mapping
quality scores =25, coverage =10 reads,
and less than twice the median coverage of
the chromosome were retained. Finally,
SNPs in the bin contigs of L. infantum,
L. mexicana, and L. braziliensis were ex-
cluded due to uncertainty of median read
coverage for these regions.

Allele frequency distribution plots

Allele frequencies for L. braziliensis M2904
and L. mexicana U1103 were inferred from
filtered Samtools pile-up results. For each
predicted heterozygous site, the propor-
tion of each of the four sites over the total
read depth for the site was determined
and rounded to the second decimal place.
Allele frequencies were binned into cate-
gories from 0.1 to 1.0, and counts for each
allele frequency were plotted in R for each
chromosome. In order to facilitate cross-
comparison of chromosomes, counts for
each category were normalized by dividing
the count for each allele frequency cate-
gory by the sum of all frequency category
counts for that chromosome. Arithmetic
means were calculated for each “somy”
group and plotted in R, along with scat-
terplots of normalized allele frequency
counts for every chromosome in this
group. Plots were grouped according
to their number of peaks. Chromosome
14 from L. braziliensis did not fit any of
these profiles and was excluded from the
analysis.

Chromosome read depth analysis

Reads were mapped to the appropriate ref-
erence genomes using MAQ (Li et al. 2008)
version 0.7.1 (http://maq.sourceforge.net/),
under the guidance of a custom Perl script.
Read sets were parsed into smaller paired
sets of 2.5 X 10° reads or less and converted
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Figure 6. Mapping multicopy arrays onto disomic and supernumerary chromosomes across the
Leishmania species. The outer circle shows the chromosomes colored as either disomic (black) or su-
pernumerary (gray), as calculated using the average read depth across the genes on the chromosome.
The inner circle is scaled by the number of multicopy arrays present per megabase on that chromosome.
(L. braziliensis is triploid so the normal state for its chromosomes is trisomic.)
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into binary format. The number of bases mapping to each posi-
tion in each chromosome was recorded and used to determine the
total number of read bases mapping to each chromosome and the
median read depth for each chromosome. Observing that a ma-
jority of chromosomes displayed similar median read depths, and
interpreting this as a nominal “ploidy” for the cells, a within-
genome normalization was performed by setting the average of
the read depth of the four longest disomic chromosomes to 2. The
read depth for each chromosome was subsequently normalized
to this value.

Gene read depth analysis

Alignment of the reads to the genome was performed using Bowtie
(Langmead et al. 2009). To increase the robustness of the analysis,
only reads that aligned to single regions of the genome and the best
alignments (by quality score) were used. Cufflinks (Roberts et al.
2011) was used to generate fragments per kilobase of exon per mil-
lion reads aligned (FPKM) values for each gene. This created a value
of FPKM for the gene/median FPKM for that chromosome, multi-
plied by the ploidy estimate to give the raw haploid number. The
genes were grouped by OrthoMCL ortholog ID version 4 (http://
orthomcl.org) and also by chromosome, and annotated using Pfam
entries from the Interpro annotations. Domains that were signifi-
cantly over-represented in the genes in multicopy arrays versus the
genomic background by species were identified using the hyper-
geometric distribution and a P-value threshold corrected for multi-
ple testing of the terms (P < 107°).

Bias of multicopy arrays to disomic chromosomes

The representation of multicopy arrays on the non-disomic chro-
mosomes was examined using a Monte-Carlo simulation. Using
a custom script, each of the genes was placed at random into the
genome, weighted for the sizes of the different chromosomes. If the
array was placed on a non-disomic chromosome, this was scored,
and if the score was the same or higher than the real non-disomic
score for that species, the run was counted. Repeating this random
analysis a million times for each species gave an empirical P-value
for the disomic bias.

Base frequencies for heterozygous sites were inferred from
filtered Samtools pile-up results. For each predicted heterozygous
site, the number of each of the four possible alternative sites over
the read coverage of this base was determined and rounded to the
second decimal place by a custom Perl script. Base frequencies were
binned into 101 categories of 0.01 each (0-1.00), and an approx-
imate distribution of base frequencies for each chromosome of L.
braziliensis and L. mexicana was plotted in Excel (Supplemental Fig.
S3). Frequencies of zero were not included in the plot.

Further details on parasites, Illunina sequencing, bioinformatics
analyses and annotation, SNP analysis, chromosome read depth
analysis, and gene copy number analysis can be found in the
Supplemental Methods.

Data access

The sequence data in this study have been submitted to the NCBI
Sequence Read Archive (http://trace.ncbi.nlm.nih.gov/Traces/
sra/sra.cgi) under accession numbers ERPO00169, ERX005631,
ERX005632, ERX005633, and ERX005636. The genome sequence
of L. mexicana U1103 has been submitted to the EMBL Nucleotide
Sequence Database (http://www.ebi.ac.uk/embl) under accession
numbers FR799554-FR799587. New chromosome/contig data
for resequenced Leishmania genomes have been submitted to
the EMBL Nucleotide Sequence Database under accession num-

bers FR796397-FR796432, FR796433-FR796468, FR798975-
FR799010, CADB0100001-CADB01000554, CADA01000002-
CADA01000102, and CACT01000001-CACT01000040.
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