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Abstract

The genomic sequences of 20 Leishmania infantum isolates collected in northeastern Brazil were
compared with each other and with the available genomic sequences of 29 L. infantum/donovani
isolates from Nepal and Turkey. The Brazilian isolates were obtained in the early 1990s or since
2009 from patients with visceral or non-ulcerating cutaneous leishmaniasis, asymptomatic
humans, or dogs with visceral leishmaniasis. Two isolates were from the blood and bone marrow
of the same visceral leishmaniasis patient. All 20 genomic sequences display 99.95% identity with
each other and slightly less identity with a reference L. /nfantum genome from a Spanish isolate.
Despite the high identity, analysis of individual differences among the 32 million base pair
genomes showed sufficient variation to allow the isolates to be clustered based on the primary
sequence. A major source of variation detected was in chromosome somy, with only four of the 36
chromosomes being predominantly disomic in all 49 isolates examined. In contrast, chromosome
31 was predominantly tetrasomic/pentasomic, consistent with its regions of synteny on two
different disomic chromosomes of 7rypanosoma brucei. In the Brazilian isolates, evidence for
recombination was detected in 27 of the 36 chromosomes. Clustering analyses suggested two
populations, in which two of the five older isolates from the 1990s clustered with a majority of
recent isolates. Overall the analyses do not suggest individual sequence variants account for
differences in clinical outcome or adaptation to different hosts. For the first known time, DNA of
isolates from asymptomatic subjects were sequenced. Of interest, these displayed lower diversity
than isolates from symptomatic subjects, an observation that deserves further investigation with
additional isolates from asymptomatic subjects.

Keywords

Leishmania infantum, Intracellular parasite; Evolution; Parasite population structure; Copy
number variation; Brazil

1. Introduction

Leishmania infantum is the etiological agent of most cases of visceral leishmaniasis (VL) in
the American continents, Europe, and northern Africa (Deane and Deane, 1962; Gradoni et
al., 1995). This pathogen was likely introduced into the Americas during European
settlement (Mauricio et al., 2000; Zemanova et al., 2007; Leblois et al., 2011). Prior to the
early 1990s, VL was mostly endemic in rural regions of northeastern Brazil (Deane and
Deane, 1962; Badaro et al., 1986a, b; Evans et al., 1992). However, due to increased
migratory movements from rural to urban areas, outbreaks of VL began to appear in major
metropolitan cities in Brazil (Costa et al., 1990; Jeronimo et al., 1994; Marzochi and
Marzochi, 1994; Silva et al., 2001; Albuquerque et al., 2009). The disease is now endemic in
all regions of Brazil and in northern Argentina (Salomén, 2009). Despite the expanding
geographic endemic areas, the overall incidence in Brazil has not increased (Almeida and
Werneck, 2014).

VL in Latin America and Europe is considered a zoonosis, with domestic dogs presumed to
be the most important reservoir (for review see Roque and Jansen (2014)). This differs from
the situation in the Indian subcontinent, where VL caused by the closely related species,
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Leishmania donovani, is an anthroponosis and humans are thought to be the most important
reservoir (Bern et al., 2005). Interestingly, human VL epidemics appear to occur in a cyclical
pattern (Franke et al., 2002; Bhunia et al., 2013). However, a possible role of humans as a
reservoir for L. infantum infection in population-dense urban areas has not been studied, and
would be difficult to detect in the presence of an animal reservoir (Costa et al., 2000; Maia-
Elkhoury et al., 2008).

In recent years, genome-wide studies of different Leishmania spp. and/or isolates from
Europe, Turkey, India, and Nepal have been used to assess genomic differences associated
with geographically disperse populations, sodium stibogluconate resistance (Downing et al.,
2011; Rogers et al., 2011), sexual reproduction and recombination patterns (Rogers et al.,
2014). 1t has been postulated that the ability of L. donovaniisolates to cause VL or
cutaneous leishmaniasis (CL) may be determined by sequence polymorphisms and/or
amplification of specific genes (Zhang et al., 2014). Furthermore, genetic diversity within a
single gene locus from Indian L. donovaniisolates was recently attributed to population
expansion after a recent bottleneck, possibly the ‘Roll- Back Malaria’ campaign, which may
account for drug resistance amongst isolates from Indian subjects with VL (Imamura et al.,
2016). The results from this study were used as a basis for the development of a L. donovani
genotyping methodology in Nepal and permitted an association to be made between the
Leishmania genotype and the treatment applied to the patients (Rai et al., 2017). It might
also be useful in identifying new drugs against leishmaniasis (Hefnawy et al., 2016).
Although these studies have successfully examined intra-species genomic diversity and
genes associated with visceral versus non-visceral forms of disease, an analysis of
Leishmania genomes associated with different host phenotypes within a species is required
to reveal possible sequence signatures or genomic structural markers associated with diverse
clinical manifestations or potential host specificity.

Based on the hypothesis that distinct clinical outcomes caused by the same Leishmania sp.
would be associated with genetically distinguishable isolates, we determined whole genome
sequences of 20 different L. infantum isolates collected from infected symptomatic or
asymptomatic humans, or from dogs, in the state of Rio Grande do Norte, northeastern
Brazil. We analyzed the genetic variation among these isolates, taking into consideration the
years when samples were isolated and their geographic locations. These analyses were
compared with features of publicly available L. infantum/donovani genomes of isolates from
countries on four different continents or sub-continents (Brazil, Nepal, Turkey, Spain)
(Peacock et al., 2008; Downing et al., 2011; Rogers et al., 2014).

2. Materials and methods

2.1. Ethical considerations

The protocol used for work with human samples in this study was reviewed and approved by
the Universidade Federal do Rio Grande do Norte Ethical Committee on Human Research
(CAAE 12584513.1.0000.5537), Brazil. Each participant or their legal guardian provided
written informed consent. The consent form was approved by the Ethics Committee. The
protocol used for dogs with VL was reviewed and approved by the ethical committee on
animal research at Federal University of Rio Grande do Norte (CEUA Protocol number
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062/2014). CEUA-UFRN is registered with the Conselho Nacional de Controle de
Experimentacdo Animal (CONCEA) in Brazil and follows international guidelines on the
use of animals in research. Leishmania isolates obtained either from blood or bone marrow
were kept frozen in the Immunogenetics Laboratory, Bioscience Center, Universidade
Federal do Rio Grande do Norte.

2.1.1. Leishmania sample collection—/Leishmania infantum strains were isolated from
bone marrow or blood of individuals with symptomatic VL (7= 10), from blood of
individuals with asymptomatic Leishmania infection (= 4), from a skin lesion of a human
subject (7= 1) or from spleens of dogs with VL (n=5). All samples came from the state of
Rio Grande do Norte, Brazil (Supplementary Fig. S1). This region has been endemic for VL
since the early 1990s (Jeronimo et al., 1994). Five of the human isolates were obtained
between 1991 and 1993; the remaining 15 were obtained between 2009 and 2013. Parasites
from asymptomatic Leishmania subjects were isolated in culture from blood donated to the
blood bank in Natal, Rio Grande do Norte. Subjects were healthy, with normal red blood cell
counts. The asymptomatic cases were followed at the Giselda Trigueiro Hospital, Rio
Grande do Norte outpatient clinic and they became negative for the presence of anti-
Leishmania antibodies by PCR within 3—-6 months after they were first recruited for study,
but with a positive Montenegro Test positive, indicating a positive cellular response Miles et
al. (2005). None of them developed VL. All isolates were cryopreserved until used for this
study. All specimens were typed by isoenzymes in a reference World Health Organization
laboratory (Fiocruz, Rio de Janeiro, RJ, Brazil) and by sequencing PCR amplification
products derived from the ribosomal internal transcribed spacer and from heat shock protein
(HSP) 70 (Kuhls et al., 2011; Schoénian et al., 2011).

2.2. Parasite cloning, DNA extraction and sequencing

Cryopreserved isolates were thawed and expanded in HO-MEM media (Pearson and
Steigbigel, 1980), diluted to 0.1 parasites/ml and seeded on semisolid agar plates. Single
colonies were expanded in HO-MEM media supplemented with 10% FCS. Genomic DNA
was extracted from 2 x 108 cloned parasites/ml in logarithmic growth phase. Brigfly,
parasites were washed in PBS, digested with proteinase K and incubated in RNAse A (65 °C
for 10 min), and proteins were precipitated in ammonium acetate (7.5 M) and removed by
centrifugation (15,7009) at 4°C. DNA was column-purified from the supernatant following
the manufacturer’s protocol (Qiagen DNeasy blood and tissue kit, Qiagen, USA). DNA
quality was checked by agarose gel electrophoresis. Genomic DNA from the 20 isolates was
sequenced on an lllumina HISEQ 2000 platform at the lowa Institute of Human Genetics,
Genomics Division, at the University of lowa, USA. Approximately 60 million paired-end
reads per genomic DNA isolate were generated in two separate runs for each sample, with
an average read length of 101 bp.

2.3. Read mapping to reference genome

Reads were aligned to the reference genome L. infantum JPCM5 (Peacock et al., 2008;
available at ftp://ftp.sanger.ac.uk/pub/project/pathogens/gff3/CURRENT) using BWA v.
0.7.5a-r405, with default parameters. Picard tools (version 1.109; http://
picard.sourceforge.net) were used to convert files, sort and mark duplicates. The marking of
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PCR duplicates is an important step during the genome analysis toolkit (GATK) pipeline for
single nucleotide polymorphism (SNP) discovery from whole genome sequencing (WGS)
data, readily allowing the identification of duplicates, decreasing the risk of over-
representation of areas amplified during PCRs, which would lead to introduction of bias
during the variant calling.

The mapping files were then indexed using SAMtools (version 1.109) (Li et al., 2009).
Sequence reads of isolates from Turkey and Nepal were downloaded from the TriTRypDB
(Aslett et al., 2009; Downing et al., 2011; Rogers et al., 2014), and applied to the same
workflow as sequences from Brazilian isolates. Sequences generated by this study are
available from National Center for Biotechnology Information, USA, sequence read archive
(NCBI SRA) (accession numbers SRR5117893, SRR5117894, SRR5117895, SRR5117896,
SRR5117897, SRR5117898, SRR5117899, SRR5117900, SRR5117901, SRR5117902,
SRR5117903, SRR5117904, SRR5117905, SRR5117906, SRR5117907, SRR5117908,
SRR5117909, SRR5117910, SRR5117911, SRR5117912).

2.4, Variant prediction calling, SNP filtering and principal component analysis (PCA)

The GATK v. 3.3 suite of tools (DePristo et al., 2011) was used to realign reads in regions
with insertion/deletions (indels) and to perform the variant calling through HaplotypeCaller
under diploid organism assumption. Since there is no training dataset to use as a parameter
for SNP filtering, we used GATK hard filters to exclude false positives. For this purpose, the
filters were applied as described by GATK Best Practices and the RMSMappingQuality
option =30. After the SNP filtering step, the variant data were gathered in a single file using
VCFtools package (Danecek et al., 2011). SNPRelate was used to remove SNPs in linkage
disequilibrium, with a sliding window of 5000 nucleotides and a threshold of 2. This dataset
was used for a PCA using the R package SNPRelate (Zheng et al., 2012). This dataset was
also used to obtain supportive data for population structure using the program Admixture
(Alexander et al., 2009). The snpEFF package (Cingolani et al., 2012) was used for SNP
variant annotation, and genome annotation files were retrieved from GeneDB (Logan-
Klumpler et al., 2012).

2.5. Genome alignment

After SNP filtering, consensus sequences from each variant file were extracted using house-
made scripts written in Shell. Whole genomes were then aligned by the MAUVE algorithm
(Darling et al., 2004) plugin on Geneious (v. 8.1.8) with default parameters. Genome
alignments were manually edited to exclude low quality regions, many of which are N-rich
regions in the reference genome. Manual editing of the alignment was required to ensure the
proper alignment of genomic regions with repetitive sequences. Furthermore, the reference
genome of L. infantum contains many positions at which the nucleotide is undetermined
(i.e., “N™); this complicates the use of automated tools, necessitating manual curation of the
alignment.

2.6. Nucleotide diversity and population analysis

To calculate nucleotide diversity, all samples were grouped according to clinical
characteristics and date of isolation. The isolates from the 1990s were named “VLh90”, the
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symptomatic isolates from humans obtained in recent years were grouped as “VLh”, the
cutaneous sample as “CLh”, the asymptomatic isolates as “Ah”, and the dog isolates as
“VLd”. Population analysis was conducted as described by Mosca et al. (2012). Aligned
sequences were analyzed using the DnaSAM program (Eckert et al., 2010). Sites that
violated the infinite sites mutation model were excluded from subsequent calculations. For
each group, genetic diversity was estimated with @, (Nei, 1987; Tajima, 1983) and
neutrality was assessed using the Tajima’s D statistic (Tajima, 1989). The recombination
analysis was performed by a PHI Test, which presents a very low false positive rate even in
the presence of growth or constant size population (Bruen et al., 2006). The folded site
frequency spectrum analysis was performed through the pegas package (Paradis, 2010) in R.

2.7. Chromosome number variation analysis

3. Results

Read depths and chromosome somy values were estimated based on previously reported
methodologies (Downing et al., 2011; Zhang et al., 2014). Briefly, the read depth per haploid
genome in each chromosome was calculated according to the raw read depth divided by the
median read depth in the entire chromosome. The read depth for each chromosome was in
turn normalized to the median read depth of the genome. The median read depth values were
calculated using VCFtools in the SAMtools suite (Li et al., 2009). Heat maps and isolate
clustering based on chromosome somy were constructed using RColorBrewer and gplots R
packages (R Core Team, 2015, A Language and Environment for Statistical Computing).

3.1. Leishmania infantum isolation and initial characterization

Fifteen of the isolates were obtained from either symptomatic or asymptomatic humans and
five from dogs. The 15 human isolates came from a geographic region with an approximate
180 km diameter in the state of Rio Grande do Norte, Brazil, whereas the dog isolates were
from an area approximately 30 km wide in the metropolitan area of Natal (Supplementary
Fig. S1). Of the human isolates, 10 were from people with symptomatic VL, one from a
person with CL and four from people with asymptomatic Leishmania infection (Table 1).
Nine of the human isolates were obtained from the bone marrow, five from blood, and one
from skin, whereas the dog isolates were obtained from spleens of symptomatic animals.
Five of the human isolates were obtained in the 1990s. Importantly, two isolates (19VLh and
20VLh) were obtained from specimens taken simultaneously from the blood and bone
marrow, respectively of the same VL patient. All human isolates were typed as L. infantum
and cloned prior to sequencing.

3.2. Chromosome copy number variation

Fig. 1A shows the estimated somy values for the 36 chromosomes of the 20 Brazilian
isolates. Chromosome 31 is the only chromosome whose copy number is consistently higher
than disomic in all isolates, similar to previous observations (Downing et al., 2011; Rogers
et al., 2014). In isolate 7VLd, all chromosomes were disomic except chromosome 31,
whereas all other isolates have additional chromosomes that display at least some degree of
aneuploidy. For example, in Fig. 1A an estimated somy value between three and four is
consistent with the possibility that half the cells are trisomic for that chromosome and half
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are tetrasomic. Thirteen of the 36 chromosomes are disomic or predominantly disomic in all
20 isolates, whereas all other chromosomes show variable somy patterns ranging from di- to
pentasomic.

A hierarchical clustering analysis grouped the samples according to their somy values. As
observed in Fig. 1A, this analysis formed three groups of samples, indicated by the three
vertical bars on the left of the heat map, two of which show little variation in somy amongst
group isolates. No group showed a direct association with the isolates’ phenotype, except for
the bottom of the three groups, which has three of the four asymptomatic samples (8Ah, 9Ah
and 10Ah), as well as three others (6CLh, 12VVLh and 15VLd). The two isolates from the
same patient, 19VLh and 20VLh, display a somewhat different somy pattern.

The degree of chromosomal disomy varies amongst the 20 Brazilian isolates, 17 Nepalese
isolates, and 12 Turkish isolates (49 isolates in total) of the L. infantum/L. donovani
complex on which WGS has been conducted (Fig. 1B). Seven chromosomes of the Brazilian
isolates share predominantly disomic status with the corresponding chromosomes of the
Nepalese isolates (chromosomes 17, 19, 21, 28, 30, 34, and 36). The Nepalese and Turkish
isolates do not share any predominantly disomic chromosomes that are not also disomic in
the Brazilian isolates. However, four chromosomes are predominantly disomic in all 49
isolates from the three continents (chromosomes 19, 28, 30, and 34). The fact that the other
32 chromosomes display some degree of mosaic aneuploidy in at least one, and usually
most, of the 49 isolates suggests an existing constraint on these four chromosomes that
maintains their disomy.

3.3. Nucleotide diversity

The reads of the 20 L. infantum isolates were mapped to the reference genome L. infantum
clone JPCMS5, which was derived from the spleen of a naturally infected dog in the Madrid
area of Spain in 1998 (Denise et al., 2006). After alignment and removal of duplicates, the
genome coverage was more than 90-fold. The 20 Brazilian isolates have greater than 99.94%
identity with the reference genome and are even more closely related to each other with
99.95% overall identity.

The total number of SNPs in the 20 isolates relative to the reference genome ranges from
1228 in isolate 5VLh90 to 1274 in isolate 6CLh (Table 2). A total of 2665 SNPs was
identified. Isolate 13VLh has the highest number of SNPs within coding regions relative to
the reference (99 total), whereas the lowest number was observed in 2VLh90 (83 total).
Interestingly, only 7-8% of SNPs occur in coding regions, whereas 48% of the genome
consists of coding regions (lvens et al., 2005).

Even though the 20 isolates have 99.95% identity with each other, a matrix analysis of
individual differences among them shows considerable variation. For example, two
asymptomatic isolates, 6CLh and 10Ah, have the fewest SNPs between them at 242,
whereas isolates 4VLh90 and 11VLd have the most at 603 (Supplementary Table S1). The
nucleotide differences were assigned to their respective chromosomes and the nucleotide
diversity (©,) for each chromosome was calculated for each group of isolates. When
considered as a group, the four asymptomatic isolates display lower nucleotide diversity
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among each other than any other groupings, including those isolated from dogs, humans
during the 1990s, or the other VL patients. All 36 chromosomes in the asymptomatic and
dog groups display less diversity than do those in the two VVLh groups (P < 0.0001
comparing VLd with VLh or VLh90, Wilcoxon rank test, Fig. 2). Asymptomatic isolates
also differ significantly from VLh and from VLh90 (£ < 0.0001, Wilcoxon rank test).
Interestingly, amongst the human VL isolates (the VLh90 and VLh + CLh groups)
chromosomes 12, 15, 24 and 26, and the larger chromosomes 32-36, have increased
diversity relative to the dog VL and asymptomatic groups of isolates. According to the
folded Site Frequency Spectrum (SFS) analysis there is a predominance of single variants in
the whole population (data not shown), which could be indicative of expansion from a recent
bottleneck.

We calculated Tajima’s D for all groups of isolates across all chromosomes to determine
whether there was evidence of deviations from neutrality or a constant population size.
Specifically, recent population contractions or balancing selection produce positive Tajima’s
D values, whereas population expansion after a recent bottleneck or selective sweeps
produce negative Tajima’s D values (Fig. 2). None of the Tajima’s D values were
significantly different from zero, consistent with a neutrally evolving population of constant
size.

The @, was used to identify possible signatures of recombination in the dataset. Using this
test, we identified 27 chromosomes with significant signatures of intrachromosomal
recombination (P < 0.05, Fig. 2).

3.4. Individual clustering

After removing SNPs in linkage disequilibrium, 653 SNPs remained in the data set and were
used for clustering analysis. A principal component analysis of the SNPs in linkage
equilibrium identified two main components that, combined, comprise 34.5% of the
variation of the samples (21.0% and 13.5% for the first and second components,
respectively). Interestingly, 11 of 20 samples cluster very closely in PC1 and PC2 (circled in
Fig. 3). The nine remaining samples include three isolates from the VVLh90 group, four VLh
isolates and two VLd isolates. The two VLh isolates from the same patient (19 and 20VLh)
are among these non-clustered samples. The two isolates from the same patient and 13VLh
were collected from the two geographically most distant locations among the 20 isolates
(Supplementary Fig. S1). In contrast, the three isolates outside of the main cluster from the
VLh90 group were collected within a smaller area encompassing Natal and nearby areas.
Plots of the first 10 principal components are shown in Supplementary Fig. S2. We tested the
significance of each principal component using the Trace-Widom test, and only PC1 reached
statistical significance (Supplementary Table S2). In contrast, combined PCA of the 12
Turkish and 20 Brazilian isolates showed much greater variation among the 12 Turkish
isolates than the 20 Brazilian ones (Supplementary Fig. S3; see also Supplementary Table
S3). Notably, all 20 Brazil isolates overlapped at single point, consistent with a recent
common ancestry amongst Brazilian isolates (Mauricio et al., 2000; Zemanov4 et al., 2007;
Leblois et al., 2011). This is consistent with the Admixture analysis (Supplementary Fig. S4)
where, at K= 2, all of the Brazilian isolates cluster together, with evidence of ancestry from
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within the Turkish isolates. Of interest, in this Admixture analysis, it is the Brazilian isolates
that show substructure into two populations at K= 3, before some substructure is observed
in the Turkish isolates at K= 4. The separation of Brazilian isolates into two subpopulations
is also observed in Admixture analysis of the Brazilian isolates alone (Supplementary Fig.
S4D), and involves the same subset of isolates (1VLh90, 2VLh90, 4VLh90, 13VLh, 19VLh,
and 20VLh) that appear to be closer in origin to the Turkish isolates than the remaining
Brazilian isolates.

3.5. Leishmania infantum/L. donovani-specific genes

The L. infantum/L. donovani complex contains 19 to 25 genes that are either absent or
present as pseudogenes in CL-causing Lefshmania majorand Leishmania braziliensis
(Peacock et al., 2008; Zhang and Matlashewski, 2010; Rogers et al., 2011). The functions of
some of these 25 genes can be predicted by sequence similarities, although the majority
encode hypothetical proteins with no known function. At least some of these genes likely
contribute to visceralization, including the well-characterized gene family encoding protein
AZ2 that is primarily comprised of 10-aminoacid repeats (Zhang et al., 2003). The 12 L.
infantum isolates from Turkey whose genomes have been sequenced cause CL, not VL
(Rogers et al., 2014). These Turkish isolates were shown to be derived from a single cross of
two diverse strains, one similar to the Spanish L. infantum JPCMS5 reference strain and one
not. One possibility is that differences in some of the 25 genes derived from the non-
JPCM5-like parental strain are responsible for the fact that these Turkish isolates cause CL
rather than VL. Thus, we compared the sequences of these 25 genes in the JFJCM5 reference
genome with those in our 20 Brazilian L. infantumisolates and those in the 12 Turkish L.
infantum isolates that cause CL.

As expected, the 25 genes in the Brazilian isolates were much more similar to the reference
strain than they are in the Turkish isolates. Indeed, only five of the 25 genes in all the
Turkish isolates were identical to the JPCM5 reference genome. Another five genes were
identical to the reference in some but not all Turkish isolates, whilst the other 15 genes in the
Turkish isolates were different in at least one location from those of the reference (not
shown).

In contrast, 21 of the 25 genes in all the Brazilian isolates were identical to the reference
genome. Isolate 6CLh does not have any unique changes in any of these 25 genes that
distinguish it from the other 19 Brazilian isolates. This isolate had only one variation inside
a coding region (Linj_33_3230) encoding a conserved hypothetical protein of 2554 amino
acid residues. This SNP changed histidine to glutamine at position 1145 (H1145Q). The four
genes that did exhibit SNP difference(s) in all or some of the Brazilian isolates were
LinJ28.0340 (hypothetical protein; R41L), LinJ36.2060 (hypothetical protein; 1-2 bp
deletions destroying the reading frame), LinJ24.1510 (hypothetical protein; T2661) and
LinJ22.067, the multi-copy gene family encoding the 10-amino-acid-repeat protein A2
(Zhang et al., 2014). In the A2 gene family the SNPs occurred in seven different locations
and many were heterozygous, reflecting both the multi-copy nature of the genes and the
presence of internal repeats whose sequences can vary (Supplementary Figs. S5, S6). Since
this gene family is large, repetitive, and difficult to sequence reliably, it is possible that
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isolate 6CLh had multiple copy differences and/or nucleotide changes in this region that we
could not detect and that correlate with the association of 6CLh with CL rather than VL.
Aside from this possibility, however, other factors seem to be responsible for the
involvement of 6CLh in a CL presentation.

3.6. RagC gene

Another gene of interest is RagC on chromosome 36, which encodes a ras-like GTPase
protein that in higher eukaryotic cells participates in regulation of the mTOR pathway. This
gene was originally identified by comparing two naturally occurring isolates in Sri Lanka of
the closely related species, L. donovani, which typically causes VL. The study found that
one L. donovaniisolate caused CL and the other caused VL (Zhang et al., 2014). One of the
SNP differences between these two isolates occurs in RagC and converts an arginine at
position 231 of the GTPase in the Sri Lanka VL strain to a cysteine in the Sri Lanka CL
strain (R231C). It was found that recombinant expression of the VL RagC gene in the CL
strain increased the ability of the CL strain to survive in visceral organs of experimental
animals by seven- to 40-fold, i.e., strong evidence for involvement of this GTPase in
visceralization of CL-causing Lefshmania spp. (Zhang et al., 2014).

We inspected RagC (LinJ_36_6140) in the 20 L. infantum isolates described here for the
presence of this R231C mutation, but no isolates had it and no other mutations were found in
this gene. Similarly, the 12 L. infantum CL isolates from Turkey (Rogers et al., 2014) and
the Spanish reference L. infantum genome JPCMS5 do not have this mutation. These findings
suggest R231C may not be associated with CL disease caused by L. infantum, unlike the Sri
Lankan L. donovani case.

3.7. Comparison of two isolates from the same patient

The two isolates cloned from samples taken at the same time from the peripheral blood
(19VLh) and bone marrow (20VLh) of the same VL patient offered an opportunity to
compare the genomic DNA sequences and ploidy of two cloned isolates simultaneously
infecting a single individual. A total of 280 SNP differences were found between these two
genomes (Supplementary Table S1). These 280 SNPs were then compared with each other,
as well as SNPs in the other 18 genomes and the reference JPCM5 genome. These
comparisons show that 19VLh has 23 unique SNPs (all in intergenic regions) not found in
any of the other 19 isolates including 20VVLh, or in the reference genome, whereas 20VLh
had 24 unique SNPs (22 in intergenic regions; two in coding regions) not found in the other
19 isolates or the reference. These SNPs distinguish the two isolates from each other and the
other 18 isolates. However, these two isolates share 84 SNPs (79 and five in intergenic and
coding regions, respectively) not found in the other 18 isolates, which distinguish them as a
pair from the other isolates. The exact positions of these SNPs in each of the affected
chromosomes are listed in Supplementary Table S4.

As controls, this pair-wise analysis was also conducted on all possible combinations of the
20 isolates. For example, 6CLh and 10Ah are the two isolates that have the fewest overall
SNP differences (242 differences; Supplementary Table S1). Isolate 6CLh has 13 (12 + 1)
unique SNPs and 10Ah has 18 (17 + 1) unique SNPs. However, in contrast to the 19/20VLh

Int J Parasitol. Author manuscript; available in PMC 2017 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Teixeira et al.

Page 11

pair, these two isolates do not share any SNPs that are absent in all other 18 isolates.
Similarly, 4VLh90 and 11VLd have the most overall SNPs differences at 603
(Supplementary Table S1). Each of these two isolates had 82 and 45 unique SNPs,
respectively, but as a pair, they do not share any SNPs not found in the other 18 isolates.
Similar results were obtained with all the other pair-wise comparisons, i.e., each isolate of
the pair had many more unique SNPs than it had SNPs shared with the other member of the
pair, consistent with the lack of deviation of Tajima’s D from zero value (shown in Fig. 2).
These results were in dramatic contrast to the 19/20VLh pair that share 84 SNPs not found
in the other 18 isolates.

Two additional pairs of isolates deserve mention, 1VLh90 and 2VVLh90, and 13VLh and
4VLh90, which showed greater numbers of shared SNPs than other pairs, both non-coding
and coding (24 + 1 and 16 + 1, respectively). This suggests these two pairs share more
recent common ancestors than other pairs, other than 19 and 20, even though members of
one pair were isolated more than a decade apart. The above pairs of isolates sharing SNPs
also appear outside the main cluster in the PCA shown in Fig. 3.

4. Discussion

Leishmania infanfum can infect many mammalian species, some of which serve as
asymptomatic reservoirs maintaining the infection in endemic regions, and others (e.g. dogs,
humans) who additionally develop symptomatic disease (Jeronimo et al., 2000; Wilson et al.,
2005; Lima et al., 2012). Manifestations of human infection are heterogeneous, resulting
most commonly in asymptomatic infection which is detected by a positive skin test or by
serology (Lima et al., 2012). Symptomatic L. infantum infection most commonly manifests
as VL, a disease that is usually fatal if untreated. Recently, non-ulcerating cutaneous lesions
due to L. infantum have been reported, which are different from CL due to other species of
Leishmania, which ulcerate before spontaneous healing (Alger et al., 1996). Canine
leishmaniasis is often slowly progressive with heavy skin involvement, making this an ideal
reservoir for human infection (Ready, 2014; Kaszak et al., 2015). Here we examined the
genomic sequences of (i) four isolates from different asymptomatic individuals, (ii) 15
isolates collected over 21 years (1991-2012) from subjects with symptomatic VL, of which
two were from the same individual and five were from dogs, and (iii) one isolate obtained
from a subject with a non-ulcerating cutaneous lesion.

We identified substantial chromosome copy-number variation in the 20 Brazilian L.
infantum isolates. This was not unexpected since several Leishmania spp., including the L.
donovani/infantum complex, exhibit similar ‘mosaic aneuploidy’, a phenomenon in which
the number of chromosome copies per cell varies in a given population (reviewed by
Sterkers et al. (2012)). WGS of 17 L. donovaniisolates from Nepal identified nine of the 36
chromosomes as predominantly disomic, whereas the other 27 chromosomes displayed some
degree of higher order somy in one or more isolates (Downing et al., 2011). Similarly, WGS
of 12 L. infantum isolates from Turkey showed that six of the 36 chromosomes were
predominantly disomic, and the others had a higher copy number in at least one isolate
(Rogers et al., 2014). In most cases the copy number was not a whole integer above diploid,
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suggesting the cultured Leishmania population was mixed with respect to how many copies
of a given chromosome were present in each cell (i.e., mosaic aneuploidy).

We used read alignments against the reference JPCM5 genome to assess chromosome copy
number variation in the 20 Brazilian isolates. Each of the original wild isolates was cloned
and grown for only a limited number of cell divisions before DNA isolation, since somy
changes have been observed in Leishmania spp. cultures (Sterkers et al., 2011). Therefore,
we anticipated any possible monosomic chromosomes would display few or no
heterozygous SNPs. Despite the 99.95% sequence identity among the 20 isolates, at least
several di-heterozygous SNPs were detected in each of the chromosomes with the lowest
somy, therefore indicating that the baseline chromosome somy was disomic.

Our comparison of the Brazilian isolates with those from Turkey and Nepal revealed that
chromosome 31 is aneuploid in all 49 isolates. We also observed that the other larger
chromosomes appeared more likely to be predominantly disomic than were smaller
chromosomes. For example, among the 15 smallest chromosomes, only 20% were
predominantly disomic in one of the three isolate groups (3/15; of chromosomes 1-15, only
3, 7 and 10 were disomic) (Fig. 1B). In contrast, among the 21 largest chromosomes, 67%
were predominantly disomic in one or more of the three isolate groups (14/21 within
chromosomes 16-36). Four of these large chromosomes — chromosomes 19, 28, 30 and 34 —
were disomic in all 49 isolates from Brazil, Nepal and Turkey. It is currently unclear why
some chromosomes appear to be constrained to two copies whereas others are not. One of
several possibilities is that these chromosomes contain one or more genes or regions for
which increased expression is deleterious to the cell. This possibility is increased for the
larger chromosomes since they harbour more genes than the smaller chromosomes.
Furthermore, if more genes are on a chromosome, these genes may also interact in more
gene networks; thus, changes in somy might be expected to affect more cellular pathways.
Chromosome 31 would be the exception to this hypothesis. Perhaps its tetra- to pentasomic
status across all isolates is an adaptive increase in expression levels above those produced by
disomic chromosomes. Determination of the ratio of the coding versus non-coding regions
of each of the 36 chromosomes in the reference JPCM genome (Supplementary Fig. S7)
revealed that chromosome 31 has the lowest percentage of coding region at 38%
(chromosome 3 has the highest at 56%). This may be related to its aneuploid tendency.
Other possibilities for the disomic exclusivity of specific chromosomes not based on gene
expression levels are chromosomal differences in the mechanisms of sister chromatid
segregation during cell division or differences in replication from the chromosomes’
replication origins (Walton, 2014).

In addition to rampant copy number variation amongst L. /nfantum chromosomes, we
identified the presence of intrachromosomal recombination on 27 of the 36 chromosomes
using the PHI test statistic (d,,) (Bruen et al., 2006). These results are consistent with the
amount of linkage encountered in preparation of the Brazilian isolate sequence data for PCA
(out of 2665 total SNPs, 653 were in linkage equilibrium and retained for PCA). This is not
surprising since recombination has been found in other Leishmania studies. For example,
Rogers et al. (2014) reported that Leishmania genomes from Turkey were the product of a
single cross between L. donovaniand L. infantum, and that the distribution of introgressed

Int J Parasitol. Author manuscript; available in PMC 2017 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Teixeira et al.

Page 13

haplotypes in the isolate genomes reflects subsequent back-crossing and sexual
recombination. Our findings support the developing viewpoint that recombination in
Leishmania occurs, albeit likely infrequently, and, as hypothesised by others, possibly only
during infection of the insect vector (Rougeron et al., 2015).

The nucleotide diversity displayed by both groups of isolates from symptomatic humans
(VLh and VLh90) is greater than diversity of most chromosomes of the other groups, i.e.,
asymptomatic humans and symptomatic dogs (Fig. 2). This is even more evident in an
analysis performed at 1 kb intervals across the 36 chromosomes (Supplementary Fig. S8),
which shows that the VLh90 isolates have regions of greater diversity more often than the
others. A positive Tajima’s D value is associated with a recent population contraction or
balancing selection, whilst a negative value reflects population expansion after a recent
bottleneck or a selective sweep. Tajima’s D values did not differ significantly from zero for
all groups of isolates in all chromosomes, an unexpected result given the dynamic nature of
VL in Brazil, changing in distribution between rural and urban regions over the most recent
decades (Jeronimo et al., 2000, 1994). Although a Tajima’s D of zero is consistent with a
neutrally evolving population of constant size, we hypothesise that the lack of significant
deviation of Tajima’s D from zero in our study may reflect the limited sample size.

Taking into consideration the SNP differences among the isolates, we can hypothesise that
we are dealing with at least two different populations. In the analyses that consider genetic
sequences (nucleotide diversity, PCA and phylogenetics; Figs. 2 and 3 and Supplementary
Fig. S9, respectively), three samples isolated in the 1990s (1VLh90, 2VLh90 and 4VLh90)
always appear collectively more divergent than the others in all analyses, followed by the
two samples from the same individual (19 and 20 VVLh). Notably, the other two VLh90
isolates (3VLh90 and 5VLh90) were always associated, in the same analyses, with the most
recent asymptomatic human, visceral human and dog isolates. The close relationship
between L. infantum strains obtained from dogs and humans is well documented in
Brazilian isolates (Segatto et al., 2012) as well as in other countries where leishmaniasis
outbreaks occur frequently (Kuhls et al., 2011). Thus, when the nucleotide diversity,
principal components and phylogenetic analysis are considered collectively, it is possible to
suggest that during the 1990s there were at least two different lineages of L. infantum
isolates giving rise to most of the isolates in the current study. This could explain why only
two of the VLh90 isolates are clustered with most of the recent VLh, Ah and VVLd isolates.
This hypothesis is supported by a population structure analysis in which the Brazilian
isolates are compared with the Turkish L. infantum isolates (Supplementary Fig. S4). This
analysis suggests a hierarchical structuring of the isolates into Brazilian and Turkish isolates
first (at K= 2), and then a subdivision of Brazilian isolates second (at K= 3).

The SNP data from isolates 19VLh and 20VLh from the same patient demonstrate they are
much more closely related to each other than are any other pair of isolates, consistent with
phylogenetic analyses based on all nucleotide differences described here (Supplementary
Fig. S9). The data do not, however, completely resolve the question of whether (i) this
patient was co-infected with at least two closely related strains or (ii) the SNPs that
distinguish between 19VLh and 20VLh arose in the patient after the initial infection or
during the cloning/culturing of the isolates. One consideration is that a human infection can
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last for as long as 4— 14 months before VL symptoms appear (Chagas, 1936; Jeronimo et al.,
2000), which might be enough time for point changes in the parasites’ DNA to occur. This
possibility is balanced by an observation of this work that shows the approximate number of
nucleotide differences of these 20 isolates compared with the reference JPCM genome has
not changed in 20 years, i.e., the number of differences in VLh90 isolates is about the same
as in the isolates from 2012 to 2013 (Table 2, Supplementary Table S1). Still another
consideration is that there are somy differences of some chromosomes in these two isolates,
as shown in Fig. 1A. It has been shown, however, that somy differences can occur during in
vitro culturing (Sterkers et al., 2012), and probably are not associated with the SNP
differences seen here. Thus, on balance it seems most likely that the patient was co-infected
with two highly related strains, although this conclusion cannot be definitively stated. WGS
of more cloned isolates from individual patients will be necessary to address the issue.

Variations in somy appear to be the major source of the genomic diversity in the L. infantum
isolates sequenced herein, as well as the combined analysis of Brazilian isolates and L.
donovani/L. infantum isolates from Turkey and Nepal. Increased somy is, in general,
inversely related to chromosome size but is not related to disease status, time of isolation, or
the host. The exception is chromosome 31, which has the highest somy but lowest
proportion of coding regions to chromosome size. Remarkably, portions of two
chromosomes of disomic 7rypanosoma brucei (chromosomes 4 and 8) are syntenic with the
entirety of L. majorchromosome 31 (El-Sayed et al., 2005), effectively rendering this
sequence also tetrasomic in 7. brucei. Thus, a tetrasomic L. major chromosome 31 is
equivalent in terms of gene content to two disomic chromosomal regions of 7. brucei. This,
in turn, suggests that there is a functional reason for chromosome 31 aneuploidy, possibly
explaining the stability of chromosome 31 somy across isolates. It may also be worth noting
that the entire chromosome 31 sequence in Lefshmania and its two equivalents in 7. brucei
are transcribed as a single very large polycistronic transcript (El-Sayed et al., 2005),
although the significance of this feature is unclear. It is also unclear how the stable
aneuploidy of chromosome 31 relates to the mosaic aneuploidy seen in the other
chromosomes. It remains to be determined if aneuploidy across the chromosomes is a
pleiotropic effect of the necessity for aneuploidy at chromosome 31.

These analyses revealed that the genomes of L. /nfantum in northeastern Brazil are
remarkably similar at a sequence level, perhaps reflecting that they are derived from a
limited number of strains introduced into this region of South America in the past several
hundred years. There is, nonetheless, increased diversity in isolates from subjects with
symptomatic VL compared with isolates from asymptomatically infected subjects, a
subgroup that has not previously been available for sequence comparisons. There was
similarly lower diversity in the isolates sequenced from dogs. One explanatory hypothesis
for this observation is that some parasite strains are more likely than others to result in
asymptomatic infection. However, all conclusions need to be validated with additional
genomic sequences from isolates in each of the groups examined in this study.
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Fig. 1.

Aneuploidy in Leishmania 1solates. (A) Heatmap for aneuploidy status of Lefishmania
infantum chromosomes. Mosaic aneuploidy was found in the 20 Brazilian L. infantum
isolates based on normalized chromosome read depth as shown in the key at the top left. The
heatmap shows the estimated copy number of the 36 chromosomes (x-axis) in the isolates
()-axis) as disomic (value 2 in the key), pentasomic (value 5 in the key) or intermediate
values (values between 2 and 5). The vertical bars on the left on the left of the heat map
denote three groups of isolates formed by a hierarchical clustering analysis of the somy
values. The 20 isolates indicated on the right are named as follows. Numbers 1-20 are the
chronological order in which each isolate was collected during 1991-2013. “VL” isolates
are from VL patients and from dogs; isolates with “A” in their name are from asymptomatic
individuals; “CL” is an isolate from a CL patient; “h” isolates are from humans; d isolates
are from dogs; “90” denotes isolates collected in the 1990s. Isolates 19VLh and 20VLh were
collected from the blood and bone marrow, respectively, of the same individual. (B)
Distributions of disomic chromosomes amongst three groups of L. infantum/Leishmania
donovarni. Chromosomes are shown that are predominately disomic in 20 L. infantum
isolates from Brazil (this work), 17 L. donovaniisolates from Nepal (Downing et al., 2011)
and 12 L. infantumisolates from Turkey (Rogers et al., 2014). A total of 13 chromosomes in
the Brazilian isolates, nine in the Nepalese isolates and six in the Turkish isolates were
predominantly disomic. Four chromosomes (humbers 19, 28, 30 and 34) were
predominantly disomic in all 49 isolates.
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Fig. 2.

Nucleotide diversity among Leishmania Infantum chromosomes. Nucleotide diversity and

Tajimas’s Dtest for each chromosome according to isolate grouping characteristics.
Chromosomes highlighted in grey bars are those that have a P value <0.05 for recombination

under the PHI Test (®y,); those without bars (chromosomes 5,6, 8, 9, 14,17, 25, 26 and 31)

showed no sign of recombination.
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Principal component analysis of the single nucleotide polymorphism dataset. Principal
component analysis of genomic variation in the five Leishmania Infantum isolates from
visceral leishmaniasis patients in the 1990s, five isolates from visceral leishmaniasis patients
in 2012-13, four isolates from asymptomatic humans in 2011-12, five isolates from visceral
leishmaniasis dogs in 2010-12 and one isolate from a cutaneous leishmaniasis patient in
2009. The two most significant PCs are related to 34.5% (21 + 13.5%) of the variation for all
isolates. The 11 most closely related isolates, according to PCA, are indicated within the

oval.
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