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Abstract

Leishmania infantum is the main causative agent responsible for visceral leishmaniasis (VL), a disease with global distribution. 
The genomic structure and genetic variation of this species have been widely studied in different parts of the world. However, 
in some countries, this information is still yet unknown, as is the genomic behaviour of the main antigens used in VL diagnosis 
(rK39 and rK28), which have demonstrated variable sensitivity and specificity in a manner dependent on the geographic region 
analysed. The objective of this study was to explore the genomic architecture and diversity of four Colombian L. infantum iso-
lates obtained in this study and to compare these results with the genetic analysis of 183 L. infantum isolates from across the 
world (obtained from public databases), as well as to analyse the whole rK39 and rK28 antigen sequences in our dataset. The 
results showed that, at the global level, L. infantum has high genetic homogeneity and extensive aneuploidy. Furthermore, we 
demonstrated that there are distinct populations of L. infantum circulating in various countries throughout the globe and that 
populations of distant countries have close genomic relationships. Additionally, this study demonstrated the high genetic vari-
ability of the rK28 antigen worldwide. In conclusion, our study allowed us to (i) expand our knowledge of the genomic structure 
of global L. infantum; (ii) describe the intra-specific genomic variability of this species; and (iii) understand the genomic charac-
teristics of the main antigens used in the diagnosis of VL. Additionally, this is the first study to report whole-genome sequences 
of Colombian L. infantum isolates.

DATA SUMMARY
The four genomes sequenced for this study can be found in the 
EBI European Nucleotide Archive (ENA) under project number 
PRJEB42749. The 183 sequences used in our comparative analyses 
were download from ENA under accession numbers PRJEB2473, 
PRJNA494801, PRJEB15063, PRJEB2600, PRJNA589999, 
PRJNA607007, PRJNA658892 and PRJEB3283. All sequences are 
summarized along with accession numbers in Table S1 (available 
in the online version of this article).

INTRODUCTION
Visceral leishmaniasis (VL) is considered the most severe form of 
leishmaniasis in the world [1, 2]. This disease is endemic on the 

Indian subcontinent, and in East Africa and the Americas (mainly 
in Brazil) [1, 3]. VL pathology is caused mainly by parasites of 
the Leishmania donovani complex (L. infantum/chagasi and L. 
donovani) [4], and L. infantum is the species responsible for VL 
in the Americas [5–7].

Since 2007, when the whole genome of L. infantum was 
sequenced and published for the first time, various studies using 
DNA-sequencing technology revealed important findings for 
this species. Those research efforts facilitated an understanding 
of its genetic structure [8]; the analysis of the genomic varia-
tions associated with the clinical features, hosts and treatment 
responses [9, 10]; the identification of markers of drug resistance 
[11]; the determination of the genomic diversity in geographically 
restricted regions [9, 10, 12, 13] and globally [14]; as well as the low 
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plasticity and intra-specific genomic variability that characterize 
this Leishmania species [10, 14, 15]. To date, these studies have 
focused mainly in specific geographical areas, such as Brazil, 
leaving the genomic diversity of this species in other regions of 
the world unclear. Although the incidence of VL is low in other 
regions, there has been an increasing number of cases in recent 
years [3], such as in Colombia, which has reported 244 cases of 
VL in the last 10 years [16].

Because of the clinical and epidemiological importance of VL 
worldwide, different serological and molecular tools currently 
exist that allow fast and effective diagnosis [17, 18]. One of the 
serological techniques used is the immunochromatographic 
rapid diagnostic test, which is based on two antigens: the rK39 
recombinant antigen, derived from part of an L. infantum 
kinesin-related gene [19], and the rK28 recombinant antigen, 
developed by fusing multiple tandem repeat sequences of L. 
donovani haspb1 and k39 kinesin genes [20]. Although these 
techniques are rapid and easy to perform, their sensitivity is 
variable, and the diagnostic accuracy has been shown to depend 
on the geographic region. Although the rK39 antigen test has 
been reported to have high sensitivity in Indian populations 
(95 –97.0 %), in other parts of the world, the reported sensitivities 
are variable or generally lower, as is the case in populations in 
East Africa, where a sensitivity of 75–85.3 % has been reported 
[17, 20–22]; France, where the test has a sensitivity of 88.5 % 
[23]; Brazil, where it has a sensitivity of 84.7–93 % [22, 24]; and 
finally Colombia, which has reported a sensitivity of 82.9–91.5 % 
[18]. Regarding the recombinant antigen (rK28), reports have 
described a high sensitivity for the diagnosis of VL in countries 
such as Sudan, Ethiopia, India and Brazil, in which sensitivities 
between 94 and 100 % were observed [25–27]. The reason for 
the different test performances in these areas is unclear, but 
one reason may be the ability of different Leishmania strains 
to induce the production of specific host antibodies [23, 24]. 
Another possibility is the molecular diversity of the rK39/rK28 
sequences among global strains, which could induce a differential 
antibody response in the host, antibodies that could have a low 
affinity by the recombinant K39/K28 antigen commonly used 
in the immunochromatographic tests, making this test decrease 
its diagnostic performance. Based on this hypothesis, we believe 
it is necessary to evaluate the currently unknown rK39/rK28 
sequences of strains from different parts of the world.

To date, no studies have analysed the whole genomes of L. 
infantum strains in Colombia or analysed and compared the 
genomic sequences of the main antigens used in VL diagnosis 
(rK39/rK28) throughout the world. Therefore, the focus of 
this study was to analyse the whole genome of four different 
L. infantum isolates collected from humans and dogs in two 
regions of Colombia, evaluate the genomic variation among the 
isolates and diversity across the globe (ploidy changes, structural 
variations and single-point mutations), and analyse the phylog-
enomic relationships (based on the nuclear/mitochondrial 
genomes and the recombinants antigens rK39/rK28) within 183 
publicly available L. infantum genomes from the five continents 
corresponding to the known broad geographic distribution of 
the parasite.

METHODS
Ethics statement
The genomes were obtained from isolates collected from 
human patients and dogs (Canis lupus familiaris). To collect 
and use these samples, this study was approved by the Ethics 
Committee of the Universidad de Antioquia (Number 
VRI3445/2010) and the Universidad de Sucre in accordance 
with resolution numbers 36 836 and 2–2012, respectively. 
Written informed consent was obtained from the patients 
from whom the strains were isolated.

Study population
A total of 187 whole genomes, which were retrieved from 
ENA databases, were analysed. These included four new 
Colombian genomes sequenced in this investigation, two of 
which were isolated from humans and two from dogs with 
clinical signs of VL. The other 183 were downloaded from 
public databases: 36 isolates from Asia (Turkey N=13, Israel 
N=8, China N=6, Cyprus N=5, Uzbekistan N=2 and Pales-
tine N=2) [12, 14], 17 from Europe (France N=5, Italy N=5, 
Portugal N=2 and Spain N=5) [14, 28], 9 from North Africa 
(Morocco N=2, Zaghouan N=1, Nabeul N=1, Kairouan N=5) 
[13, 14, 29], and 121 from Central and South America (Brazil 
N=118, Honduras N=2 and Panama N=1) [9, 14, 15, 28, 30]. 
All metadata on the 187 genomes, including ENA accession 
numbers for individual samples, are summarized in Table S1. 
The public dataset was downloaded using the tools described 
in https://​github.​com/​EnzoAndree/​getENA.

Leishmania infantum culture conditions, DNA 
extraction and species identification
The promastigotes from four Colombian clinical isolates 
were grown in Schneider medium supplemented with 10 % 
(v/v) foetal bovine serum and cultured at 26 °C with 5 % CO2. 
Approximately 1×106 promastigotes in the late logarithmic 
growth phase were cultured and harvested by centrifuga-
tion for subsequent DNA extraction, which was conducted 
using the High Pure PCR Template Preparation Kit (Roche 
Life Science, Mannheim, Germany) in accordance with the 
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manufacturer’s instructions. The DNA concentrations were 
determined with the NanoDrop ND-1000 spectrophotom-
eter (Thermo Fisher Scientific, Waltham, MA, USA), and the 
DNA quality and integrity were determined by 1 % agarose 
gel electrophoresis. Once the quality of the DNA was verified, 
each sample was divided into two aliquots: one for species 
identification and the other for whole-genome sequencing. 
Species identification was performed using direct Sanger 
sequencing of genes encoding cytochrome b molecules 
and heat shock protein 70, as described previously [31, 32]. 
The amplification products were purified with EXOSAP 
(Affymetrix, Santa Clara, CA, USA) and sequenced using 
the dideoxy-terminal method on an automated capillary 
sequencer (AB3730; Applied Biosystems, Foster City, CA, 
USA). Subsequently, the sequences were subjected to blastn 
[33] for a similarity search with the Leishmania sequences 
deposited in GenBank [31]. The HSP-70 sequences obtained 
from the four Colombian clinical isolates were aligned with 
HSP70 sequences from other Leishmania species using 
clustal W. The analysis was done with sequences of L. 
peruviana (HF586368.1), L. braziliensis (GU071173.1), L. 
guyanensis (EU599093.1), L. panamensis (FN395055.1), L. 
mexicana (HF586413.1), L. amazonensis (HF586354.1) and 
L. infantum (JN676923.1). Later, maximum-likelihood (ML) 
trees were inferred using IQ-TREE 2 [34]. The robustness of 
the nodes was evaluated using the bootstrap method (BT, 
with 1000 replicates). Finally, the obtained tree was visual-
ized and edited using the Interactive Tree Of Life V4 (http://​
itol.​embl.​de) [35].

Whole-genome sequencing of clinical isolates and 
DNA mapping
The extracted whole-genome DNA was sequenced on a HiSeq 
X-Ten system (Illumina; Novogene Bioinformatics Tech-
nology, Beijing, PR China). Briefly, mate-paired libraries were 
constructed by end repair (350 bp insert size) and subjected to 
paired-end sequencing (2×150 bp read length). Paired reads 
were discarded when reads with adapter contamination, >10 % 
uncertain nucleotides, or >50 % low-quality nucleotides (base 
quality  <5) were identified [36]. The paired-end Illumina 
reads of four Colombian clinical isolates and of the 183 global 
genomes (data downloaded from DDBJ/ENA/GenBank 
(http://www.​ebi.​ac.​uk/​ena) were mapped to the reference L. 
infantum JPCM5 [37] and assembled with the smalt program 
(version 0.7.4) (http://www.​sanger.​ac.​uk/​science/​tools/​smalt-​
0). The JPCM5 genome was used as a reference in this study 
because so far it is the most comprehensive reference genome 
available, with a high quality, a robust assembly and without 
discontinuities and undetermined sequence. The mapping 
involved the following parameters: exhaustive search option 
(−x and −y of 0.8), a reference hash index of 13 bases, and a 
sliding step of 3. An identity threshold of y=0.8 was used to 
prevent the mapping of non-Leishmania reads to the reference 
sequences. The reads file merging, sorting, and elimination 
of PCR duplicates were implemented with SAMtools (version 
0.1.18) and Picard (version 1.85: http://​broadinstitute.​github.​
io/​picard/) [38].

Phylogenomic inferences
The SNP alignments from whole nuclear and mitochondrial 
genomes for the complete dataset (N=187), as well as the 
alignment obtained for each antigen gene, rK39 (GenBank 
accession number: L07879), rK28 (GenBank accession 
number: HM594686) and K9/K26 (GenBank accession 
numbers: AF131227/AF131228, respectively), were used 
to evaluate the phylogenomic relationships among each 
L. infantum isolate. Maximum-likelihood (ML) trees 
were inferred using IQ-TREE 2 [34]. The robustness of 
the nodes was evaluated using the bootstrap method (BT, 
with 1000 replicates). The obtained tree was visualized and 
edited using the Interactive Tree Of Life V4 (http://​itol.​
embl.​de) [35]. To detect recombination signatures in the 
187 genomes analysed, phylogenetic networks were built 
in SplitsTree5 [39] using the neighbor-net method. For all 
inferences, we included L. infantum JPCM5 as the refer-
ence genome [37] and, for the outgroup, we used the L. 
donovani (Ld ERR013297) genome assembly from DDBJ/
ENA/GenBank database (http://www.​ebi.​ac.​uk/​ena) under 
Run accession ERR013297.

Evaluation of chromosome and gene copy number 
variations (CNVs)
For the chromosomal somy estimation, the median read 
depth of each chromosome was initially calculated (di). All 
positions with a read depth of >1 standard deviations away 
from this initial median were then removed, and the di 
was recalculated from high-quality reads. Subsequently, the 
median depth of the 36 chromosomes (dm) of L. infantum 
was calculated, and the somy (S-value) of each chromosome 
was obtained with the following formula: S=2×di/dm [40]. 
The somy values calculated from sequencing data were aver-
aged across the potentially variable somy of these cells. For 
this reason, somy values may be non-integers, representing 
the mean value of a mixed population. The ranges of mono-
somy, disomy, trisomy, tetrasomy and pentasomy were then 
used to define the full-cell normalized chromosome depth 
or somy (S) as S<1.5, 1.5≤S<2.5, 2.5≤S<3.5, 3.5≤S<4.5 and 
4.5≤S<5.5, respectively, as previously described [41].

To evaluate the CNVs at the gene level, we defined average 
haploid depth per gene without somy effect as dHG and the 
full cell depth with somy effect as dFG. Their relationship was 
defined as dFG=S× dHG. We evaluated the gene and chromo-
some copy numbers by considering their statistical significance. 
Significance was set at a z-score cutoff of >2 and an adjusted P-
value (Student’s t-test) of <0.05. The heatmaps were created using 
the Heatmap3 package in R [42]. Finally, the genes that presented 
CNVs were subjected to Gene Ontology enrichment analyses 
using TriTrypDB tools (http://​tritrypdb.​org), and Fisher’s exact 
test was used to maintain the FDR below 0.05. The GO terms 
were submitted to REVIGO [43].

Variant prediction calling and SNP filtering
With the purpose to detect SNPs in the 187 samples analysed, 
the reads of each genome were aligned to the reference 
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L. infantum JPCM5 using the smalt program (version 
0.7.4) (http://www.​sanger.​ac.​uk/​science/​tools/​smalt-​0). 
The Picard program (version 1.85) (http://​broadinstitute.​
github.​io/​picard/) was used for merging and sorting bam 
files and marking duplicated reads, as previously described 
[41]. SNP calling was completed in GATK v4.0.2 https://​
gatk.​broadinstitute.​org/​hc/​en-​us. More specifically, we used 
GATK’s HaplotypeCaller to produce genotype VCF files 
for every isolate, combine GVCFs to merge the genotype 
VCF files of all isolates, genotype GVCFs to perform joint 
genotyping, and finally, select variants to filter the SNPs. 
We realigned around indels to remove these and retrieved 
only the SNPs. Low-quality SNPs were excluded using Vari-
antFiltration when QUAL<500, DP <5, QD <2.0, FS >60.0, 
MQ <40.0, MQRankSum < −12.5, or ReadPosRankSum < 
−8.0. All candidate SNPs were visually inspected in the Inte-
grative Genomic Viewer (IGV_2_3_47) [41] and SAMtools 
to avoid false positives. Considering the total number of 
SNPs and using the snp-distans programme (https://​github.​
com/​tseemann/​snp-​dists), we generated a pairwise distance 
matrix, and the results obtained were graphically repre-
sented. The SnpEff programme (version v4.1) [41] was used 
to classify all SNPs based on their functional impact, and 
from this selection, we identified the unique/shared SNPs 
between/within the five geographical groups evaluated; the 
data were included in an Excel matrix, which was used to 
perform the comparative analysis. Finally, from the allele 
frequency estimation data, we determined the homozygous 
and heterozygous variants. Allele shifts of  <0.2 or >0.80 
were considered homozygous variants, while allele shifts 
between 0.2 and 0.8 were heterozygous variants [44]. Once 
the variants were identified, they were counted using an 
Excel matrix.

Genetic diversity and differentiation analysis
The genetic population structure of L. infantum was 
inferred from whole-genome SNP alignments using Fast-
Structure v 1.0 [45]. The appropriate number of model 
components that explained the structure in the dataset was 
determined by the application of the algorithm for multiple 
choices of K, ranging from K = 1 to K = 10, considering 
nine independent simulations, which were conducted to 
estimate the cross-validation error values [46] (http://​
dalexander.​github.​io/​admixture/​admixture-​manual.​pdf). 
The expected admixture proportions inferred by Fast-
Structure were graphically represented by Distruct plots 
using the mean of the variational posterior distribution. 
Later, we grouped the 187 genomes included in this study 
according to their geographical distribution (Colombia, the 
Americas, Asia, North Africa and Europe). We evaluated 
and compared the genetic diversity between/within each of 
the groups using DnaSP software v.5.0. Finally, to evaluate 
the degree of genetic differentiation and gene flow among 
the five populations, we calculated the pairwise FST value 
using Arlequin3.5 software [47]. On the basis of the data 
obtained, we generated a pairwise distance matrix, which 
was graphically represented.

rK39 and rK28 analysis
The Short Read Sequencing Typing 2 tool [48] was used to 
extract the rK39 and rK28 gene sequences from the whole 
genomes of the 187 isolates. Because rK28 was developed by 
fusing multiple tandem repeat sequences of three proteins, 
K26, LdK39 and K9, we also extracted and analysed these 
independently. The consensus sequences of each gene were 
aligned using the multiple sequence alignment programme 
mafft v7 (Suita, Osaka, Japan) [49], additionally the rK39 
gene sequence was translated to amino acids (aa) using 
UGENE software [50], the DNA and amino acid sequences 
were grouped according to geographical origin (Colombia, 
the Americas, Asia, North Africa and Europe). The genomic 
diversity of each group of sequences was calculated. Diversity 
indices, such as number of haplotypes (h), haplotype diver-
sity (Hd), and nucleotide diversity (π), were estimated using 
DnaSP software v.5.0. Neutrality indices, Tajima’s D and Fu’s 
Fs, were calculated using Arlequin v. 3.5.2.2 [47]. Addition-
ally, to determine the potential evolutionary selection that 
occurred in these genes, the dN/dS rates were assessed using 
the Datamonkey programme (http://www.​datamonkey.​org) 
[51]. Finally, the nucleotide sequences were used to perform 
phylogenetic analysis following the parameters previously 
described in the Phylogenomic inferences section.

RESULTS
Identification of Leishmania infantum
The phylogenetic analysis based on HSP-70 sequences showed 
that the four Colombian Clinical isolates were closely related 
with L. infantum, while species of subgenera Viannia formed 
an independent cluster (Fig. S1). Once the Colombian 
samples were typed as L. infantum, we submitted the isolates 
to whole-genome sequencing. The Colombian genomes were 
sequenced to a mean depth of coverage of 127X (Table S2).

Nuclear and mitochondrial phylogenomic 
inferences
Two alignments were used to conduct phylogenomic analyses 
for 187 genome sequences (including four new genomes 
obtained in this study). The first corresponded to SNPs from 
nuclear genomes and the second to SNPs from mitochondrial 
genomes (Fig. 1). For both cases, L. donovani (Ld ERR013297) 
genomes were used as the outgroup. The phylogenetic recon-
struction based on nuclear genome SNP alignments (Fig. 1a) 
showed L. infantum to be separated into various groups, some 
of which coincided with geographic origin. Tree topology 
revealed the existence of two clusters with well-supported 
nodes (with bootstrap ≥90.0). Cluster 1 (represented by a grey 
line outside the circle) was divided into three subgroups (1a 
to 1 c): subgroups 1a and 1b (highlighted in dark and medium 
beige, respectively) represented the five sequences from 
Cyprus included in this study, and subgroup 1c (highlighted 
in light beige) included 12 of the 13 sequences from Turkey, 
including the divergent sequence LI_ERR328068. Cluster 2 
(represented by a black line outside the circle), like cluster 1, 
was subdivided in three subgroups (2a to 2c): subgroup 2a 

http://www.sanger.ac.uk/science/tools/smalt-0
http://broadinstitute.github.io/picard/
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Fig. 1. Nuclear and mitochondrial phylogenies of 187 genomes of L. infantum. The trees located at the top of the figure represent the 
phylogenomic analysis based on SNP alignments for nuclear (a) and mitochondrial (maxicircle) (b) genomes of 187 genomic sequences 
analysed in this study. We used L. infantum JPCM5 as the reference genome (REF) and L. donovani (Ld ERR013297) as the outgroup. The 
first lines (grey and black) located on the outside of the circle represent the identified clusters, and the external lines (different colours) 
represent the geographical regions. Black dots represent well-supported nodes (bootstrap ≥90). The figures located at the bottom of 
each tree represent the phylogenetic network (neighbor-net) constructed in SplitsTree 5 based on nuclear and mitochondrial (maxicircle) 
genome alignments. The grey triangle in the mitochondrial tree represents genomes with identical sequences (total of 151 genomes).
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(highlighted in strong magenta) included all sequences from 
Uzbekistan and China used in this study; subgroup 2b (high-
lighted in violet) included five sequences from North Africa 
(Kairouan), sequences from Palestine and Israel, including 
one divergent sequence from Israel (LI_ERR205797); and 
the most heterogeneous subgroup, subgroup 2c (highlighted 
in light violet), included sequences from Europe, South and 
Central America, North Africa, one sequence from Israel 
(LI_ERR230194), and the four sequences from Colombia. 
We observed that Colombian genomes were closely related to 
sequences from Morocco and Italy. Finally, we highlighted the 
results obtained from genome LI_ERR205774 (Brazil), which 
showed high divergence compared with other sequences from 
the same or closer regions and genomes LI_SRR11098647, 
LI_SRR11098648 (North Africa), LI_ERR205735 (France), 
LI_ERR205787 (Panama) and LI_ERR205752 (Turkey), 
which were identified as outliers (Fig. 1a).

In the tree topology based on mitochondrial genome 
SNP alignment (Fig.  1b), we observed clustering events 
that showed little concordance with those observed in the 
topology of the nuclear genome. In general, we observed two 
clusters with well-supported nodes (with bootstrap ≥90.0). 
Cluster 1 (represented by a grey line outside the circle) was 
represented by the single subgroup 1a (highlighted in dark 
beige), which included three sequences from Cyprus. Cluster 
2 (represented by a black line outside the circle) was divided 
into four subgroups (2a to 2d): subgroup 2a (highlighted in 
light purple) included sequences from Brazil, subgroup 2b 
(highlighted in teal) included sequences from Asia (Uzbeki-
stan and Israel), subgroup 2c (denoted by a grey triangle) 
was represented by 151 genomes with identical sequences and 
distributed in different geographical regions, and subgroup 
2d (highlighted in mint green) was represented by sequences 
from Brazil (Fig. 1b). Finally, we identified seven genomes 
that were considered outliers, including the highly divergent 
genome LI_ERR205774 (Brazil) (Fig. 1b). All findings were 
supported by phylogenetic tree topologies obtained in Split-
sTree5 [38] (using the neighbor-net method), in which the 
members of these groups were consistently clustered together 
(bottom panel Fig. 1a, b).

Chromosome/gene copy number variation within 
Colombian genomes and between worldwide 
genomes
Chromosome copy number variation
Initially we analysed the somy values for the four Colombian 
clinical isolates obtained in this study. The results showed 
moderate aneuploidy in some genomes. In the LI_2 genome, 
we observed an unchanged (disomic) karyotype in 35/36 
chromosomes, contrasting with what was observed in the 
three remaining genomes, which showed some degree of 
aneuploidy (Fig. S2). Analysis of the LI_1 genome provided 
evidence of an increase in the somy in 8/36 chromosomes 
(Chrs 1, 5, 13, 15, 20, 22, 26 and 31); the LI_3 genome showed 
aneuploidy in 5/36 chromosomes (Chrs 5, 8, 20, 23, and 31), 
and the LI_4 genome showed changes in nine chromosomes: 
Chrs 6, 7, 9, 22, 23 26 and 29 (trisomic); Chr 20 (tetrasomic); 

and Chr 31 (pentasomic) (Fig. S2). The allele frequency counts 
for each predicted heterozygous SNP did not exhibit discord-
ance between read depths and allele frequencies, confirming 
the accuracy of the previously described somy profiles.

Later, the somy values for the 183 currently available 
genomes were estimated, and the results were compared to 
values obtained for the Colombian isolates. In general, the 
results evidenced moderate aneuploidy in the L. infantum 
genomes, and some chromosomes showed similar behaviour 
in all geographical regions, namely chromosomes 31 (tetra-
somic) and 23 (trisomic) (Fig. 2a). Additionally, we found 
that some chromosomes presented behaviours particular 
to some geographical regions; for example, chromosome 
5 was trisomic in all geographical regions except Europe; 
chromosome 20 remained trisomic in all groups except the 
American genomes; and finally, chromosomes 33 and 35 
were trisomic only in the American and European genomes, 
respectively (Fig. 2b). Interestingly, the American L. infantum 
genomes (mainly from Brazil) showed different behaviour in 
the ploidy; 25 % of genomes evaluated (30/121) evidenced a 
low number of copies per chromosome compared with the 
remaining 75 %, which presented moderate ploidy (Fig. 2a, b).

Gene copy number variations
After analysing the variations at the chromosomal level, we 
evaluated the CNVs for each gene (z-score cutoff  >2 and 
adjusted P-value <0.05) and compared the occurrence in the 
four Colombian genomes. The results obtained did not reveal 
significant differences among them: the genome LI_4 showed 
the highest number of genes with CNVs (187 genes), followed 
by genome LI_3 (183 genes), genome LI_1 (177 genes) and 
finally genome LI_2 (174 genes). Later, with the purpose 
of analysing the genes with CNVs shared among the four 
Colombian genomes, we averaged the values obtained among 
the genomes, calculated standard deviations σ and the corre-
sponding z-score, the results revealed 188 genes shared among 
them; 143 (76 %) were annotated with known functions and 
45 genes (24 %) as hypothetical proteins (Fig. 3a). Their func-
tional annotations included mainly proteophosphoglycan, 
amastin surface glycoprotein, GP63-leishmanolysin, tb-292 
membrane associated protein-like protein, elongation factor 
1-alpha, beta tubulin, and heat shock protein 83–17 (Table 
S3). The next step was to evaluate and compare gene CNVs 
between the 187 genomes analysed, including the Colombian 
genomes. Initially, we averaged the values of the isolates for 
each geographical region and made a comparison between 
them. The initial results evidenced a moderate increase in 
the number of genes with CNVs in the Colombian genomes 
(188 genes) compared with genomes from other regions (the 
Americas: 124 genes, Asia: 131 genes, North Africa: 122 genes, 
and Europe: 137 genes) (Fig. 3a). Later, we studied in detail the 
genes with CNV in each geographical region, and the results 
demonstrated that the gene encoding proteophosphoglycan 
(LINF_350010200) presented significant CNVs in the 187 
genomes. Additionally, we identified other genes with CNVs 
in some regions; for example, CNVs were observed in genes 
encoding rRNA, tb-292 membrane-associated protein-like 
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Fig. 2. Evaluation of chromosomal copy number in 187 L. infantum genomes. (a) Heatmap shows the estimated copy numbers of the 
36 chromosomes (y-axis) in the 187 genomes (x-axis). Disomic (blue), trisomic (green), tetrasomic (yellow), and pentasomic (orange). 
(b) Average copy number by chromosome in the five geographical regions evaluated. In the American panel, the top graphic represents 
the genomes with moderate ploidy (91 genomes), and in the bottom panel, it represents the genomes that presented low ploidy (30 
genomes).
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protein, GP63-leishmanolysin, and putative amastin surface 
glycoprotein in Colombia and the Americas; genes encoding 
rRNA, tb-292 membrane associated protein-like protein, 
and putative amastin surface glycoprotein (LI_310009800) 
in Asia and North Africa; and those encoding rRNA, tb-292 
membrane associated protein-like protein, putative amastin 
surface glycoprotein, and putative inosine-adenosine-
guanosine-nucleoside hydrolase in Europe (Fig. 3b). Finally, 
Gene Ontology enrichment analysis of the genes that 
presented CNVs indicated that between 41 and 66 % of the 
enriched terms in isolates from the five geographical regions 
were associated with translational elongation (with the highest 
percentages in Asia and North Africa [66 and 61 %, respec-
tively]), and 19 % of genes were associated with the regulation 
of nitric oxide (except the isolates from Europe). Curiously, 
only the European isolates presented genes with CNVs that 
were involved in cellular zinc ion homeostasis (Fig. 3c).

Variant prediction calling and SNP filtering
Initially, we analysed the four new Colombian genomes 
and compared them with the reference genome. The results 
revealed the total number of SNPs in the four isolates ranged 
from 1147 (LI_3 isolate) to 1182 (LI_4 isolate) without 
significant differences among them. The four genomes 
were characterized by low heterozygosity (~80 % of SNP 
loci were homozygous) (Fig. S3a). Of the total number of 
SNPs identified, 25 % had potential effects on gene func-
tion (high and moderate impact), and of these, ~98 % were 
synonymous variants. However, in the four Colombian 
genomes, we identified some variants with high functional 

impact (stop_gained and stop_lost), the SNPs associ-
ated with stop_gained were detected in genes encoding 
hypothetical proteins and, in a gene, encoding to known 
function protein as putative ubiquitin-conjugating enzyme. 
Interestingly, the four Colombian genomes shared the same 
SNPs associated with stop_lost, which were identified in the 
gene encoding kinetoplast-associated protein-like protein 
(LINF_270007500) (Table  1). When we evaluated the 
number of SNPs with functional impact for each chromo-
some per isolate; we observed that the distribution of SNPs 
among the chromosomes was homogeneous, with chromo-
somes 12 and 36 having the highest number of SNPs (Fig. 
S3b). Finally, we analysed the shared/unique SNPs among 
the four Colombian genomes, and 215 SNPs with high 
and moderate functional impact were found to be shared. 
Of these, 56 % (121 SNPs) were found in genes encoding 
proteins of known function (Table S4). When we evaluated 
and compared the unique SNPs in all isolates, we observed 
that the LI_2 and LI_4 genomes had the greatest numbers 
of unique SNPs (25 and 28, respectively) not found in the 
other analysed isolates (Fig. S3c).

Later, we focused our analysis on the 183 genomes from 
across the world and compared those from the different 
geographical regions. Initially, we considered the SNP 
density (including in Colombian genomes) and observed a 
variable density ranging from 2.7 SNP/Kb to 0.013 SNPs/
Kb. The genomes with greatest variability were from Cyprus 
(2.7 to 2.2 SNPs/Kb), followed by genomes from Turkey (1.8 
to 1.4 SNPs/Kb), one genome from Brazil: LI_ERR205774 

Fig. 3. Evaluation of gene copy number variation (CNV) and gene ontology enrichment analyses in 187 L. infantum genomes distributed 
in five geographical regions. (a) Number of genes that presented CNVs by geographical region. (b) Name and ID of genes that presented 
the highest CNVs. (c) Gene Ontology enrichment analyses for biological processes found in the five geographical regions.
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(1.5 SNPs/Kb), and the genomes from Zaghouan and 
Nabeul (1.43 and 1.40 SNPs/Kb, respectively). The genomes 
with the lowest variability were Brazilian (Figs 4a and S4).

The results showed the largest number of variants in chro-
mosomes 12, 22 and 27 and less variability in chromosomes 
2, 5 and 7 (Fig. 4b). Finally, we analysed the number of 
shared SNPs within and between each group evaluated. 
The results showed the greatest number of shared SNPs 
in the Colombian genomes (862 shared SNPs; N=4), and 
there were moderate numbers of shared SNPs in the other 
geographical regions: the Americas (205 SNPs; N=121), 
Asia (187 SNPs; N=36), North Africa (209 SNPs; N=9) 
and Europe (121 SNPs; N=17). During this analysis, we 
discovered that all genomes belonging to certain countries 
shared SNPs (high functional impact) that were not found 
in other regions (e.g. the 121 genomes from Brazil shared a 
mutation in the gene LINF 080015600, histone deacetylase 
[putative], which was not found in other countries), and the 
same occurred with genomes from Honduras, China and 
Cyprus (Table 2). We evaluated the shared SNPs between 
the different geographical regions and found the regions 
sharing the most SNPs were Colombia–North Africa and 
Colombia–Europe (202 and 193 shared SNPs, respectively), 
and the group with the least shared SNPs was North Africa–
America (85 SNPs). Additionally, we identified 49 shared 
SNPs between the 187 genomes analysed, 38 % of which 
(19 SNPs) were located in genes with known functions. 
We highlighted those SNPs located in genes involved in 

resistance to pentamidine (LINF_230007800), in pteridine/
glucose transport (LINF_100009100 LINF_330008300), 
and in glycolysis and gluconeogenesis, that is, glucose 6 
phosphate isomerase (LINF_120010600), as well as genes 
associated with the intracellular signal pathway, such as 
phosphatidylinositol 3 kinase (LINF_270015200) (Table of 
Fig. 4c)

Genetic diversity and differentiation analysis
The population organization of the 187 isolates was 
analysed with FastStructure software, which indicated the 
existence of four different populations (K=4). The largest 
population—POP1 (highlighted in blue)—comprised 100 % 
of Colombian, Honduran and Brazilian genomes (except 
LI_ERR205774) and genomes from Europe (France, Italy, 
Spain and Portugal), North Africa (Morocco and Kair-
ouan) and Asia (Israel and Palestine). POP2 (highlighted 
in green) represented 100 % of the genomes from China and 
Uzbekistan, one genome from France, and curiously, the 
unique Panamanian genome. POP3 (highlighted in orange) 
included all genomes from Turkey (except LI_ERR205752) 
and some genomes from Cyprus, while POP4 (high-
lighted in light purple) included the remaining genomes 
from Cyprus. Additionally, we identified four highly 
heterogeneous genomes: LI_ SRR11098647 (Nabeul), LI_ 
SRR11098648 (Zaghouan), LI_ERR205752 (Turkey) and 
LI_ERR205774 (Brazil) (Fig. 5). Later, the 187 genomes 
were grouped according to their geographical location 

Table 1. List of genes that showed SNPs with high functional impact, in the four Colombian genomes analysed

(a) SNP position on the gene. (b) Change of nucleotide respect to reference (Ref/Alt).

LI_1  �   �

Gene ID  �  a b Gene annotation

LINF_270007500 stop_Lost 62 087 A/C kinetoplast-associated_protein-like_protein

LI_2  �   �

Gene ID  �  a b Gene annotation

LINF_200019900 stop_gained 648 231 G/A hypothetical_protein_-_conserved

LINF_270007500 stop_gained 61 967 C/A kinetoplast-associated_protein-like_protein

LINF_270007500 stop_lost 62 087 A/C kinetoplast-associated_protein-like_protein

LINF_330039100 stop_gained 1 344 679 C/G hypothetical_protein_-_conserved

LI_3  �   �

Gene ID  �  a b Gene annotation

LINF_270007500 stop_lost 62 087 A/C kinetoplast-associated_protein-like_protein

LINF_330039100 stop_gained 1 344 679 C/G hypothetical_protein_-_conserved

LI_4  �   �

Gene ID  �  a b Gene annotation

LINF_130021300 stop_gained 598 485 C/T ubiquitin-conjugating_enzyme_-_putative

LINF_270007500 stop_lost 62 087 A/C kinetoplast-associated_protein-like_protein

LINF_360069500 stop_gained 2 335 305 C/A glycerophosphoryl_diester_phosphodiesterase_-_putative
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Fig. 4. Overview of SNPs identified in 187 L. infantum genomes. (a) Density of SNPs in each of the 187 genomes. (b) Relationship between 
SNP density and chromosomes in each of the five geographical regions. (c) Number of shared SNPs (total number represented by blue 
bars, and number of SNPs with functional impact represented by orange bars) between the five geographical regions. The coloured dots 
located in the lower part of the graphic represent each region. The table describes the shared genes with known function between all 
geographical regions. Ref/Alt represents the change in nucleotide with respect to reference.
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(five groups in total) and, considering these groups, we 
evaluated and compared the genetic diversity between 
each of them. The results demonstrated low diversity in 
the Colombian genomes (π=0.0015; N=4) and high diver-
sity in Asian genomes (π=0.2535; N=36) compared with 
genomes from the Americas (π=0.0052; N=121), North 
Africa (π=0.0952; N=9) and Europe (π=0.0148; N=17). To 
evaluate the degree of genetic differentiation and gene flow 
among the five populations, we calculated the FST values. 
The results revealed low levels of genetic differentiation 
between North African/Colombian (FST= 0.0608) and 
European/Colombian populations (FST=0.1023) and strong 
genetic divergence between American/Asian populations 
(FST=0.5663) and between American/North African popu-
lations (FST =0.5131); all values obtained were associated 
with significant P-values (<0.05) (Table S5).

Two antigens commonly used in VL diagnosis—rK39 and 
rK28—were analysed in this study. The nucleotide sequences 
of each of them were extracted and compared between the 
187 genomes, additionally; the amino acid sequence of rK39 
protein was analysed. Phylogenetic analysis based on the 
rK39 gene revealed the potential existence of two clusters 
in well-supported nodes (with bootstrap ≥90.0). Cluster 1 
(represented by a grey line outside the circle) was divided 
in two groups (subgroups 1a [highlighted in dark green] 
and 1b [highlighted in blue]) that included 83/121 (68 %) 
sequences from Brazil, four sequences from Colombia, 
and some sequences from North Africa and Europe. 
Cluster 2 (represented by a black line outside the circle) 
was represented by four groups: subgroup 2a (highlighted 
in light violet) included sequences from North Africa 
and Asia; subgroup 2b (highlighted in yellow) included 

Table 2. List of genes with unique SNPs representing high functional impact in each region analysed.

(a) SNP position on the gene. (b) Change of nucleotide respect to reference (Ref/Alt).

Brazil

Gene ID  �  a b Gene annotation

LINF 080015600 stop gained 437 460 C/A histone deacetylase - putative

Honduras

Gene ID  �  a b Gene annotation

LINF 080011500 stop gained 266 177 C/T hypothetical protein - conserved

LINF 270033100 stop gained 1 130 864 T/G tubulin-tyrosine ligase-like protein

LINF 330041100 stop gained 1 482 887 G/A Holliday-junction resolvase-like of SPT6/SH2 domain

China

Gene ID  �  a b Gene annotation

LINF 170016300 stop gained 445 751 G/T ATP-dependent RNA helicase - putative

LINF 360033600 stop gained 1 067 054 G/A related to multifunctional cyclin-dependent kinase pho85-like protein

Cyprus

Gene ID  �  a b Gene annotation

LINF 260014500 stop gained 276 029 G/T hypothetical protein - conserved

LINF 340005800 stop gained 30 935 C/T hypothetical protein - conserved

Fig. 5. Estimated population structure of 187 L. infantum genomes. Bar graph generated by FastStructure software inferring the genetic 
structure of 187 genomes of L. infantum. Each genome is represented by a single vertical line in the barplots; each colour represents 
one population (K=4), and the lengths of the colour segments show the genomes’ estimated proportion in that population. The bars at 
the bottom of the graph represent the geographical origin.
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three sequences from Asia; subgroup 2c (highlighted in 
light beige), which was the most heterogeneous, included 
sequences from three of the five geographical regions 
analysed (Asia, Europe, Americas [Brazil and Panama]); 
and subgroup 2d (highlighted in light green) was repre-
sented mainly by sequences from Brazil, the two sequences 
from Honduras, and some from Asia and Europe (Fig. 6a). 
The analysis performed on the amino acid sequence of rK39 
protein, specifically to the region used as target in the diag-
nostic tests (39 amino acid repeated 6.5 times), revealed 
a non-synonymous substitution in the amino acid 27, we 
observed a change of a methionine (M) or serine (S) by 
a threonine (T). This substitution was identified in four 
different sites of the protein (residues 720, 759, 836 and 
876) (Fig. 7)

Considering that rK28 is a chimeric antigen composed of 
three amino acid sequences from different proteins, we 
analysed not only the complete chimaera (rK28fus) but also 
each component protein separately (K9, K26 and LdK39). 
Analysis of the rK28fus protein revealed the formation of 
two well-supported clusters. Cluster 1 (represented by a grey 
line outside the circle) was represented by 17/121 (14 %) 
sequences from Brazil and four samples from Asia. Cluster 
2 (represented by a black line outside the circle), which 
showed high heterogeneity, was divided into eight groups: 
subgroup 2a (highlighted in violet) included sequences 
from Brazil; subgroup 2b (highlighted in yellow) included 
sequences from Brazil, one sequence from Colombia, and 

some sequences from Europe and Asia; subgroup 2 c (high-
lighted in light beige) was represented mainly by sequences 
from Brazil, three sequences from Colombia, two sequences 
from North Africa, and one sequence from Asia and Europe; 
subgroups 2d–2g were the most heterogeneous subgroups 
and included sequences from various geographical regions; 
and subgroup 2h (highlighted in turquoise) was represented 
mainly by sequences from Brazil and one sequence from 
each of North Africa and Europe (Fig. 6b). As observed for 
the two previous genes, K9 was grouped into two clusters. 
Cluster 1 was divided into two groups (subgroups 1a and 
1b) and cluster 2 was divided into three groups (subgroups 
2a–2c), with each one revealing highly heterogeneous 
grouping regarding the geographical distribution (Fig. 6c). 
Finally, the analysis of K26 and LdK39 proteins revealed 
great differences between each of them and the sequences 
analysed, and the variation generated gaps that did not 
allow us to make an adequate phylogenetic analysis.

Additionally, we evaluated and compared the genomic 
sequence diversity of rK39, rK28fus and K9 while consid-
ering geographical origin. Of the three genes, rK28fus 
presented the highest number of haplotypes in all 
geographical regions (Table 3). On the basis of the haplo-
type (Hd) and nucleotide diversity indexes (π) the genes 
rK39 and rK28fus, the North African sequences presented 
the greatest genetic (Hd=1) and nucleotide diversities 
(π=0.014 and π=0.015, respectively), contrary to what was 
observed for gene K9, which contained the greatest genetic 

Fig. 6. Phylogenetic analysis of rK39, rK28 and K9 genes obtained from 187 L. infantum genomes. The trees represent the phylogenetic 
analysis based on rK39 (a), rK28fus (b) and K9 (c) genes. We used the sequences of rK39 (L07879), rK28 (HM594686) and K9 (AF131227) 
genes from GenBank as a reference (Ref). The colours inside the circle represent the subgroups, the first lines (grey and black) on the 
outside represent the identified clusters, and the external lines (different colours) represent the geographical regions. The black dots 
represent well-supported nodes (bootstrap ≥90).
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(Hd=1) and nucleotide diversities (π=0.015) in Colombia. 
Tajima’s D index was then used to determine the extent 
of neutral selection. Although the values were not statisti-
cally significant (P >0.05), the Tajima tests for rK39 showed 
negative values for all geographical regions, except Asia. 
For rK28, negative Tajima values were observed for the 
Americas, North Africa and Europe, and positive values 
were observed for Colombia and Asia. Finally, the results 
for K9 were negative for genomes from Colombia and 
Asia and positive for those from Europe, America and 
North Africa. Regarding Fu’s Fs index, the values for genes 
rK39 and rK28fus were negative and significant (P <0.05) 
in sequences from the Americas, Asia, North Africa and 
Europe; and for gene K9, negative and significant values 
were observed in sequences from the Americas, Asia and 
Europe (Table 3). Finally, a test for positive selection was 
carried out by analysing the dN/dS ratio. Interestingly, the 
results revealed a ratio of >1.0 for the rK28fus gene in all 
geographical regions (except Colombia) and ratios of <1.0 
for rK39 and K9 (Table 3).

DISCUSSION
The objective of this study was to understand the phylog-
enomic relationships, genetic structure and intraspecific 
variability of L. infantum worldwide. A phylogenetic analysis 
of the nuclear genomes allowed us to identify the presence of 
different L. infantum phylogroups circulating in continents 
around the world (Fig. 1a). These findings were consistent 

with the population structures defined by STRUCTURE 
and the F statistics (FST) (Fig. 5, Table S5), which revealed 
the existence of genetically distinct L. infantum popula-
tions, with the first being represented by genomes from the 
Americas, Europe, and some from Asia and Africa; the second 
and third populations represented by Chinese and Turkish 
genomes; and a fourth population represented by genomes 
from Cyprus; although the clustering of Turkish genomes was 
probably related to the organism from which it was isolated 
(sandfly vector). Overall, however, L. infantum demonstrated 
low genetic variability (Fig. 4a), the results obtained in this 
study suggest there is genetic diversification at a global level 
in this species, diversification that could be generated by the 
immense human migrations between countries and/or by the 
adaptation of the parasite to the distinct genetic structures 
of the sandfly vector/reservoirs, which have been demon-
strated to play an important role in the genetic structure of L. 
infantum [52, 53]. Additionally, we found evidence of the close 
phylogenomic relationships between genomes from different 
geographical regions (e.g. between genomes from China, 
Panama and France; between genomes from Italy, Portugal 
and Israel; and between genomes from Colombia, Europe 
and North Africa) (Figs 1a and 5), which is relevant, consid-
ering that the appearance of L. infantum strains in different 
regions could generate fitness with potential implications in 
the spread of virulent strains, the exploitation of different and 
new vectors and hosts, resistance to anti-leishmanial agents, 
and adaptation to new ecological niches.

Fig. 7. Multiple alignment of rK39 protein between the 187 L. infantum genomes. The top bar represents the sequence of K39 protein 
(amino acid 1–950). In this sequence, the dotted square shows the region used as target in the immunochromatographic diagnostic test 
(39 amino acid repeated 6.5 times). The bottom shows the multiple alignment of the target region, among the 187 L. infantum genomes. 
The non-synonymous substitutions found between the genomes are represented with black arrows.
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The close relationships between the Colombian genomes 
and the European/North African genomes (Fig.  1a), the 
low genetic divergence among genomes from these regions 
(FST = 0.10230 and 0.0608, respectively) (Table S5), the high 
number of shared SNPs (Fig. 4c), and the population struc-
ture obtained (POP1) (Fig. 5) support the hypothesis that L. 
infantum was introduced several times and at several points 
along the American continent from Europe, possibly during 
Spanish and Portuguese colonizations [53–56]. From the 
evidence, we propose that North African strains were intro-
duced into Colombia possibly during the arrival of African 
immigrants/slaves [57], as occurred with Plasmodium falci-
parum, which came to the Americas via the trans-Atlantic 
slave trade [58]. We theorize that the establishment of North 
African genotypes in Colombia but not in regions geographi-
cally close to Colombia (e.g. Brazil), as well as the distant 
genomic relationship between the Colombian and Brazilian 
genomes (Fig. 1a, Table S5), could be associated with the 
geographical distribution of vectors and reservoirs species 
found in both countries (Pintomyia evansi and Didelphis 
marsupialis in Colombia [59, 60] and Lutzomyia cruzi and D. 
albiventris [61, 62] in Brazil). The geographical distributions 
of some of these vectors are restricted and limited to specific 
biomes (sylvatic, domestic or peridomestic), which could 
affect not only the dynamics of L. infantum transmission but 
also the epidemiology of the disease. Together, these findings 
led us to elucidate the possible origin of L. infantum strains in 
Colombia and to understand the mode of dispersion of this 
parasite in the American territory. However, we believe that 
genotyping more strains from South America (mainly from 
Colombia) would help to test this hypothesis. Additionally, the 
phylogenetic analysis of mitochondrial (maxicircle) genomes 
allowed us to identify the high level of intra-specific conser-
vation of L. infantum worldwide (Fig. 1b) and once again 
demonstrated the utility of this region as suitable phylogenetic 
markers for Leishmania typing and for exploring evolutionary 
relationships within the trypanosomatids [63, 64].

We subsequently analysed the structural changes at the chro-
mosome/gene level. Previously, various studies have described 
aneuploidy as an important mechanism of adaptation used by 
Old and New World Leishmania species [36, 40, 41, 65, 66]; 
however, few studies have focused on analysing whether the 
structural changes observed in species are maintained across 
different geographical regions. The results obtained confirm 
not only the widely described [10, 12–15, 41, 65, 67] exten-
sive aneuploidy of L. infantum but also the conservation of 
these structural changes at the global level (Figs 2 and S2), 
which suggests that, regardless of the genetic background 
of the host and the eco-epidemiological niche in which the 
parasite exists, the chromosomal architecture of L. infantum 
needed to undergo extensive changes during possible adapta-
tion mechanisms. On the other hand, and despite observing 
a low number of genes with CNVs in our dataset (Fig. 3a), 
the ontology enrichment analysis revealed an increase, at 
the global level, in genes directly involved with the virulence 
and infectivity of the parasite (e.g. genes associated with 
translational elongation). There was also an increase (except 

in European genomes) in genes involved in defenses against 
oxidative stress (regulation of nitric oxide) [68] (Fig.  3c). 
These findings highlighted and confirmed the importance of 
these genes in L. infantum as possible mechanisms of survival 
and adaptation in both the vector and the mammal host [69]. 
Finally, we identified an increase in genes involved in the 
transport and homeostasis of zinc (a component crucial in the 
cellular functions of this parasite) [70]. Despite these genes 
having been previously reported in L. infantum [70] and other 
Leishmania species [71, 72], it is interesting that the increase 
was observed only in the European genomes. Considering 
these findings, we believe that further studies are necessary to 
determine if this variation depends on the geographical area 
analysed or if it is the result of the culture conditions.

To evaluate the intraspecific genomic variability of L. infantum 
worldwide, we analysed the presence of nucleotide-level vari-
ations (SNPs) in the 187 genomes. The results demonstrated 
that, in general, L. infantum presents low genetic diversity 
compared with other Leishmania species [41, 66, 73]. When 
we analysed and compared this diversity among the five 
geographical regions, we found L. infantum from South 
America had the lowest genetic heterogeneity (Figs 4a and 
S4), a property previously ascribed to Brazilian genomes 
[9, 10, 14, 74]. We consider that this low diversity could be 
associated with (i) the relatively recent arrival of L. infantum 
to the Americas [53, 55]; (ii) the number of vectors and/or 
animal reservoirs involved in the transmission cycle [75, 76] 
where L. infantum could have easily adapted, thus favouring 
certain genotypes and promoting the stochastic loss of others 
(as has been described in Trypanosoma brucei [77] and 
suggested for other Leishmania species, such as L. panamensis 
[72]); or (iii) the low number of samples included in the study 
(Colombia N=4), which could influence the accuracy of the 
results. Therefore, additional studies involving representative 
sampling from Colombia are necessary to confirm these find-
ings. Additionally, the SNP analysis allowed us to identify, at 
the global level, great variations in the chromosomes (Fig. 4b) 
containing genes involved in parasite virulence or defence 
against harmful oxidative effects, such as the A2 family genes 
found on chromosome 22 required for visceralization [78] 
and recently assembled for L. infantum [37], and heat shock 
protein 70 and trypanothione synthetase genes found on 
chromosome 27, which are associated with resistance and 
metabolism antimony. Another interesting finding was the 
identification of 29 SNPs shared between the 187 genomes 
that were located in genes associated with drug resistance, 
metabolism and signal pathways (Fig. 4c). These results agree 
with the results of previous studies [14, 79] and suggest that 
some of these changes could be the result of positive/purifying 
selection events that bestowed certain advantages upon the 
parasite in its adaption to ecological niches or promoted the 
transmission cycle.

Finally, the data for the 187 genomes included in the study were 
used to analyse the genetic diversity of the antigens used in VL 
diagnosis (rK28 and rK39). The results revealed there is high 
molecular divergence at the global level among the genomes 
(Fig. 6), which agrees with studies conducted on L. donovani, 
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demonstrating the extensive genetic diversity among genotypes 
and geographical origins [21, 80, 81]. The rK39 nucleotide 
sequence revealed a moderate genetic heterogeneity of this 
protein mainly in samples from Europe and Africa (Fig. 6a); 
genetic variability that could generate a differential antibody 
response in the host, impacting directly the immunochromato-
graphic tests performance. The results obtained in this study and 
the hypothesis proposed is in line with the low sensitivity of these 
diagnostic tests, reported in East Africa, France and Spain, that 
have showed sensitivity percentages of 75–85.3 %, 88.5 and 78 %, 
respectively [17, 20–23, 82]. Contrasting the results observed 
in Colombia and some regions of Brazil where the sensitivity 
percentage ranked between 85–93 % [18, 24], findings that could 
agree with the low genomic variability (Fig. 6a) described in this 
study.

Despite the three markers (rK28/K9 and rK39) showed 
genetic variability in many of the geographical regions 
evaluated, we found rK28fus had the highest variability, 
which was evidenced in the highest number of clustering 
events (Fig. 6b), the highest haplotypic diversity and the 
number of substitution sites (S), as well as the highest 
neutrality test (Tajima’s D and Fu’s Fs) and dN/dS index 
scores (Table 3). Despite some studies describe that the 
rK28-based tests present a high sensitivity (95–100 %) in 
countries such as Sudan, Ethiopia and India suggesting a 
drastic genetic drift in the sequences evaluated. Herein, the 
results demonstrate that rK28 is a protein highly diverse 
worldwide, mainly in countries of North Africa and Asia. 
This variability could impact indirectly in the sensitivity 
of diagnostic tests. Likewise, to analyse target sequence of 
rK39 protein used in the diagnostic tests, an interesting 
non-synonymous substitution in the amino acid 27 of the 
protein was observed (change of a methionine [M] or serine 
[S] by a threonine [T]) (Fig. 7). Considering the biochem-
ical characteristics of the amino acid and the fundamental 
role they play in both the structure and the functionality 
of the protein, we consider that additional studies should 
be performed to evaluate the possible consequences of the 
change observed.

The high polymorphism found in the rK28 marker at the 
global level, the low phylogenomic relationships observed 
among sequences from geographically close countries (e.g. 
Brazil and Colombia) (Fig. 6b), the limited specificity of 
this marker in some geographical regions [26, 83], and the 
discrepancies in the specificity found among kits based 
on this or other antigens (e.g. rK39) [18] used in different 
geographical regions [20, 26] highlight the need for diag-
nostic tests designed that contain as base specific antigens 
from each geographical region. More specific tests will 
contribute considerably to the rapid and effective global 
diagnosis of canine and human VL, as well as decrease the 
frequency of false-negative reports (~10.5 %) [84] and the 
degree of cross-reactivity with other diseases (e.g. malaria, 
intestinal schistosomiasis, and tuberculosis) observed 
[26, 85].

In summary our whole-genome sequence data represents, to 
date, the biggest global distribution of L. infantum analysis. 
The results obtained for this species demonstrate the low 
variation at the gene level, the extensive aneuploidy, the 
low levels of allelic diversity, and the presence of different 
phylogroups of L. infantum circulating in the world. 
Furthermore, we found a close relationship between the 
Colombian L. infantum genomes and the North African 
and European genomes. Finally, this was the first study to 
use whole-genome sequencing that demonstrated the high 
genetic variability of the main antigens used in the diag-
nosis of VL at the global level. These findings are relevant, 
as they facilitate an understanding of the genetic behaviour 
of these antigens according to geographical area, and the 
data indicate there is a need to develop for new diagnostic 
targets, which would contribute to improving the rapid 
diagnostic techniques for VL.
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