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Abstract

Zoonotic cutaneous Leishmaniasis caused by Leishmania (L.) major parasites affects urban and
suburban areas in the center and south of Tunisia where the disease is endemo-epidemic. Several
cases were reported in human patients for which infection due to L. majorinduced lesions with a
broad range of severity. However, very little is known about the mechanisms underlying this
diversity. Our hypothesis is that parasite genomic variability could, in addition to the host
immunological background, contribute to the intra-species clinical variability observed in patients
and explain the lesion size differences observed in the experimental model. Based on several
epidemiological, /n vivoand in vitro experiments, we focused on two clinical isolates showing
contrasted severity in patients and BALB/c experimental mice model. We used DNA-seq as a
high-throughput technology to facilitate the identification of genetic variants with discriminating
potential between both isolates. Our results demonstrate that various levels of heterogeneity could
be found between both L. majorisolates in terms of chromosome or gene copy humber variation
(CNV), and that the intra-species divergence could surprisingly be related to Single Nucleotide
Polymorphisms (SNPs) and Insertion/Deletion (InDels) events. Interestingly, we particularly
focused here on genes affected by both types of variants and correlated them with the observed
gene CNV. Whether these differences are sufficient to explain the severity in patients is obviously
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still open to debate, but we do believe that additional layers of -omic information is needed to
complement the genomic screen in order to draw a more complete map of severity determinants.
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genomic screening; genomic variability

1. Introduction

Lefshmania (L.) is a vector-borne protozoan parasite responsible for severe human diseases
collectively termed leishmaniasis, ranging from auto-resolving cutaneous (CL) and muco-
cutaneous forms to possibly lethal visceral forms (McGwire and Satoskar, 2014). Despite
huge community efforts to minimize their invasiveness and control their spread, these
parasites still circulate in 98 countries where they affected 12 million people and maintain
397 million at risk (Alvar et al., 2012). Ecological and environmental changes, population
displacements, mobilization of water resources, and establishment of new irrigated zones
through newly built dams, in addition to the absence of effective vaccine, and drug-resistant
populations mainly explain the persistence of this disease as one of the 17 neglected tropical
diseases (NTDs) prioritized by the WHO for intensified measures, investments, and
investigation (WHO, 2010).

L. major parasites are responsible for the so-called human “zoonotic” cutaneous
leishmaniasis (ZCL), a form of the disease that usually results in benign auto-resolutive
cutaneous sore(s) or to more extensive lesion(s) causing severe disfiguring skin scars
(Olliaro et al., 2013). In Tunisia, L. majoris the most prevalent dermotropic species causing
the heaviest burden with an incidence of few thousands of cases each year (Aoun and
Bourathine, 2014). Severe forms constitute the major public health problem in terms of case
management and treatment, disability-adjusted life years (DALYS) lost and economic
productivity reduction, in addition to the social stigma associated with deformities and
disfiguring scars (Alvar et al., 2012).

Mechanisms and determinants of clinical severity and pathogenicity are not fully understood
and might be determined by factors related to the parasite (Banuls et al., 2011; Stuart et al.,
2008), the vector (Murray et al., 2005; Rohousova and Volf, 2006) and the host genetic
background and immune responses (Kane and Mosser, 2000; Sakthianandeswaren et al.,
2009; Schriefer et al., 2008). In Tunisia, a couple of studies showed that various L. major
isolates differ in their experimental pathogenicity when injected into the footpad of the
genetically susceptible BALB/c mice (Kebaier et al., 2001 and Attia, unpublished data). For
human patients, understanding how intra-species parasite factors could influence the
expression of disease is particularly important when a highly differential clinical severity of
the lesions is observed between patients from closely related geographical areas. Disease
polymorphism could be defined according to lesion size, clinical presentation and time to
heal (Olliaro et al., 2013). These criteria might serve to classify L. majorisolated from active
lesions expressing functional phenotypic heterogeneity according to their induced severity in
humans.
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Although genomic differences could be readily detected between parasites belonging to
different species (Rogers et al., 2011) that induce contrasted clinical pictures (inter-species
diversity), these differences were less obvious when dealing with isolates belonging to the
same species. Genomic variability encompasses not only variable number of repeats (e.g.,
microsatellites), but also a wide range of alterations such as single nucleotide
polymorphisms (SNPs), transposable elements (e.g., Alu elements), single or multiple base
mutations (e.g. insertions, deletions or their combination in the form of InDels), as well as
larger structural variations (e.g., gene or chromosome copy number variations). The recent
accumulation of information, due to the availability of high-throughput genomic sequencing,
has eased the identification of such genetic variants at the whole genome level (Pavlopoulos
et al., 2013), and even opened up new powerful clinical opportunities via the integration of
diagnostic genome care (Vrijenhoek et al., 2015).

Since the completion of the first Leishmania genome (lvens et al., 2005), and the subsequent
availability of many other annotated or draft Leishmania genomes, omics technologies have
participated to the understanding of Le/shmaniabiology (Cantacessi et al., 2015), easing the
identification of variants not previously detected by multilocus typing such as chromosome
somy, gene dosage and SNPs within i) clinical isolates of the same species e.g., L. donovani
(Downing et al., 2011), ii) closely related species of the same complex (Valdivia et al., 2015)
or iii) between different species and strains (Rogers et al., 2011). It seems that these
parasites have a remarkable ability to adapt to environmental changes through their genome
plasticity, highlighting for instance a capacity to test for the essentiality of genes (Cruz et al.,
1993), and giving novel routes to the molecular understanding of resistance to drugs
(Imamura et al., 2016; Leprohon et al., 2009).

Genomic deep-sequencing approach hence successfully unraveled the genomic basis for
diversity of clinical Le/shmania populations and their evolvability during treatment. Indeed,
the analysis of single-nucleotide diversity showed evidence of selection acting in a range of
surface- and transport-related genes, including genes associated with drug resistance
(Downing et al., 2011) and a two base-pair insertion in the aqua-glyceroporin gene
responsible for antimonial resistance in L. donovaniisolates (Imamura et al., 2016), whereas
whole genome sequencing identified genomic markers associated with miltefosine resistance
in L. major strains (Coelho et al., 2012). In L. infantum species, antimony resistant mutants
showed specific amplified regions derived from two different chromosomes, SNPs,
telomeric gene deletion (Brotherton et al., 2013; Mukherjee et al., 2013) and gene
amplification and point mutations detected in a 5-Fluorouracil-resistant isolate (Ritt et al.,
2013). Except for drug resistance, very few studies addressed the relationship between
genomic variability, parasite virulence and clinical outcome diversity. Differences in gene
and chromosome copy numbers and extensive nucleotide polymorphisms detected in L.
(Viannia) peruviana, compared to L. (Viannia) braziliensis, have been described as
contributing to some biological features of the former species, including a lower pathology
and lack of mucosal development (Valdivia et al., 2015). Another study elegantly showed,
using genome sequencing and experimental models, that L. donovanitropism might be due
to mutations and/or amplification of a few genes (Zhang et al., 2014), although genomic
events such as gene amplification have been described previously (Coderre et al., 1983).
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We believe that despite sharing high genomic similarities (Attia et al., 2016), L. major
parasites could exhibit subtle divergent genomic variations. Our hypothesis is that this intra-
species variation among L. majorisolates may, to some extent, contribute in an endemic area
for ZCL to the clinical polymorphism of disease and to the outcome of infection. In an
attempt to correlate parasite genomic diversity with disease outcome, we used DNA high-
throughput sequencing approach to compare the genome of two L. majorfield isolates
selected on the basis of their contrasted virulence and experimental pathogenicity. We
focused specifically on the large-scale screening of genetic factors at the level of structural
variations and single point mutations.

2. Material and Methods

2.1. Ethics statement

The study protocol, consent and ascent forms and procedures were reviewed and approved
by the Institut Pasteur de Tunis Ethical Review Board. Patients, from whom parasites where
obtained (or their parents or legal guardians in case of minors), have provided written
informed consent for the collection of isolates and their subsequent analysis.

2.2. Sample collection from human patients and follow-up

A set of 35 L. majorisolates were grown from ZCL lesions of patients living in five villages
(i.e., Mnara, Mbarkia, Dhouibet, Ksour, Msadia) in the governorates of Sidi Bouzid and
Kairouan, central Tunisia, an endemic area of cutaneous leishmaniaisis caused by L. major
(Bettaieb et al., 2014). Tissue fragments from active lesion sites were inoculated on bi-
phasic medium for parasite growth. Grown promastigotes were then maintained in RPMI
1640 (Sigma) medium supplemented with 10% of heat-inactivated fetal calf serum (FCS), 2
mM of L-glutamine, 100 U/ml of penicillin and 100 U/ml of streptomycin. Parasites were
harvested within the shortest time after successful growth (not exceeding two in vitro
passages); in order to avoid changes induced by prolonged /n vitro cultures, deep frozen or
pelleted and conserved at —20°C for subsequent DNA extraction. Patients were followed up
during 180 days on a weekly basis to monitor the evolution of lesions, through time, until
cure. Lesion severity was then calculated and corresponds to the integral of the
approximation of the evolution of the lesion’s area over time, reported from onset to cure
dates.

2.3. Molecular typing

DNA extraction was performed for all promastigotes isolates using the QlAamp DNA Mini
Kit (Qiagen) following the manufacturer’s protocol. Lefshmania parasites were subjected to
molecular typing by targeting amplification of Internal Transcribed Spacer 1 (ITS1) region
as previously described (Schonian et al., 2003). DNA from well established Tunisian
Leishmania species (L. major, L. tropica, and L. infantum) and double-distilled water
(DdH,0) were used as controls. DNA amplicons were visualized on a 2% agarose gel. For
samples showing amplified DNA, 17 ul of the PCR product were further digested in the
presence of 5 pl reaction volume consisting of 2.5 pl of ddH,0, 1.5 pl of 10X NE Buffer 2,
and 10 U of endonuclease Hae I11. Sizes of restriction fragments were controlled on a 2%
Metaphor Agarose gel.
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2.4. Experimental pathogenicity

Six- to eight-week old female BALB/c mice were infected with 2x10% metacyclic Peanut
agglutinin (PNA)- L. major parasites by subcutaneous (s.c.) route in the left footpad in 50ul
of saline solution. Infection was assessed once a week, for eight weeks, by measuring the
inflammation volume of foot lesions with a plethysmometer. The lesion size was defined as
the increase in the footpad volume after subtracting the size of the contra-lateral uninfected
footpad.

2.5. DNA-seq library preparation

DNA-seq library preparation were performed on promastigotes of two selected isolates 1948
and 2938: one hypo-virulent (noted 1948 _hV) and one hyper-virulent (noted 2938_HV)
according to human lesion size from whom they were obtained and to their pathogenicity in
infected BALB/c mice. DNA was extracted as described above. The genomic DNA (gDNA)
was cleaned from any trace of contaminants using size selection by Agencourt AMPure
beads XP (Beckman Coulter) with a bead:DNA ratio of 0.5X. Libraries were prepared using
the KAPA Hyper Prep Kit used for Illumina platforms (KAPA Biosystems) following the
manufacturer’s protocol. Physical fragmentation of DNA used the Covaris® instrument
(Woburn, MA) as a sonication device using the Adaptive Focused Acoustics™ (AFA)
technology. Briefly, a starting amount of 0.3-0.6 g of sheared gDNA was end-repaired and
A-tailed in a one step reaction. Ligation to specific Illumina indexed paired-end adapters
was performed following an adapter:insert molar ratio of 40:1, followed by a post-ligation
cleanup step with 0.8X SPRI cleanup combining the previous reaction to Agencourt
AMPure XP reagent (Beckman Coulter) to remove unligated adapters. The AMPure XP
beads were also used for gDNA library size selection of 220-550 bp inserts. Library
quantification was performed using the qPCR-based Library Quantification Kit (Kapa
Biosystems) to evaluate the molar concentration to be used in the sequencing runs. Libraries
were sequenced using the TruSeq SBS Kit v3-HS (lllumina Inc.), compatible with both
PCR-free and PCR-amplified libraries, with a standard protocol ensuring a paired-end run of
2 x101-bp long reads on a HiSeq 2000 flow cell v3 (Illumina Inc.) based on sample
multiplexing. The recorded output reached a maximum of 6,326 Gb for the highest yield.
The primary analysis software Real Time Analysis (RTA 1.13.48) was used according to
manufacturer’s protocol to process image analysis, base calling and base quality scoring of
the run and followed by generation of fastq sequence files by CASAVA (v1.8).

2.6. Reference Genome and reference files

[llumina reads alignment was performed using the L. major Friedlin reference Genome
(version 8.1). Both fasta (TriTrypDB-8.1_LmajorFriedlin.fa) and gff
(TriTrypDB-8.1_LmajorFriedlin.gff) files from TritrypDB (http://tritrypdb.org/common/
downloads/release-8.1/LmajorFriedlin/) were used respectively for further genome indexing
and gene copy number variations (CNVs), single nucleotide polymorphisms (SNPs) and
insertions/deletions (InDels) callings.
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2.7. DNA-seq lllumina reads alignment

Taking into account the paired-end sequencing for each isolate, we obtained four DNA-seq
paired-end libraries. We obtained 62,624,888 and 42,245,988 reads for 2938 _HV and

1948 hV isolates respectively. The coverage was estimated by calculating the (read count/
read length) divided by the total genome size. Raw fastq files were quality-checked using
FastQC v0.11.4 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were
aligned to the reference genome using bowtie2 v2.2.5 in very sensitive local alignment mode
(Langmead and Salzberg, 2012). Reads that mapped to multiple loci were kept but only a
single alignment was reported for each read (default, -k 1) and showed a high percentage of
uniquely mapped reads. File conversions were performed using samtools v1.2 (http://
samtools.sourceforge.net) (Li et al., 2009). Coverage calculations were performed using
bedtools v2.21.0 (Quinlan, 2014). Potential PCR duplicates were marked and removed
thanks to Picard v1.135. Bam files local realignment was performed using GATK v3.4
(https://www.broadinstitute.org/gatk/).

2.8. Detection of structural variations, variant calling, and variant filtering

Somy corresponds to the median coverage per chromosome divided by the median coverage
for the genome and was calculated based on the number of reads mapping to each base
position from which was extrapolated a median read depth for each chromosome. The later
was normalized to 2 to represent a base state of diploidy for the L. major genome. CNV of
each gene was calculated considering only reads mapping to coding sequences (CDS).
Fragments per kilobase of exon per million fragments mapped (FPKM) values were
generated for each gene using Cufflinks v2.2.1 (Trapnell et al., 2010) and a median FPKM
was evaluated for each chromosome. Gene CNVs were calculated using the method
described by Rogers, Hiley and Dickens (Rogers et al, 2011). SNPs and InDels events were
evaluated using GATK v3.4 with default options. In the analysis we used a stringent process
of quality trimming of input data (fastq files) before the alignment, as the probability of an
incorrect call was correlated with a drop in phred score. We also employed a stringent post-
filtering of variant calls as described in GATK best practice documents. Using default
parameters, SNPs were filtered considering the strand bias, the position of the SNP in the
read, and the haplotype score, and InDels were filtered by read position bias and strand bias.
No further filtering was done, as quality-based metrics are not useful with bowtie2 and local
alignments, and also to maintain maximum sensitivity to detect variants for comparison.
SnpEff v2.0.5 (http://snpeff.sourceforge.net/) (Cingolani et al., 2012) was used for genetic
variants annotation and effect prediction. The variants in the resulting variant calling format
(vcf) files were filtered using SnpSift v4.1 (http://snpeff.sourceforge.net/SnpSift.html).

2.9. Gene Ontology enrichment

In order to help interpretation, Gene Ontology (GO) annotations of the sets of identified
genes were extracted via the TriTrypDB release 28, using the Benjamini-Hochberg false
discovery rate (FDR).
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3. Results and Discussion

3.1. The contrasted virulence associated to isolates has been characterized by in vivo
monitoring and in vitro experiments

Thirty-five clinical L. majorisolates were collected from ZCL patients during a two-years
epidemiological follow-up study conducted in Tunisia. Parasites were obtained during the
transmission season of L. major parasites in well-characterized endemic zones ((Bettaieb et
al., 2014), Figure 1,A). A molecular typing based on ITS1 region amplification
characterized isolates as belonging to the L. major species (data not shown). Two isolates
showing the most contrasted virulence profiles were selected based on two criteria: i) the
clinical severity of skin lesion as assessed by induration and ulceration sizes of the ZCL
lesion, as well as its time to heal over a follow-up period of 180 days, and ii) the in vivo
differential pathogenicity in susceptible BALB/c mice (n=6 per group), during eight-week
follow-up after infection. For the two selected isolates (2938 and 1948), our results clearly
define phenotypically distinct intra-species characteristics i) of severity in human ZCL
patients (Figure 1,B), and ii) of lesion development in infected BALB/c mice (Figure 1,C).
Patients’ characteristics are described in Supplementary Table 1.

Indeed, and according to the follow-up of patients for 180 days, the isolate 2938 shows a
severity score of four arbitrary units whereas the severity score of the isolate 1948 is less
than one arbitrary unit (Figure 1,B). The experimental model of BALB/c mice shows that
isolate 2938 induces a footpad lesion increase starting for week-2 upon infection whereas
the isolate 1948 induces the same size lesion five weeks after infection. At the end of the
experimental protocol (eight weeks upon infection), lesions induced by isolate 2938 at the
inoculation site are almost three times bigger than those induced by isolate 1948 (Figure
1,0).

It is unlikely that any potential genetic difference between the two selected strains can be
related to their geographical origin or the demographic and socioeconomic characteristics of
patients from whom they were isolated, but it is likely related to their differential
pathogenicity, among other factors (e.g., vector pressure). Indeed, both isolates were
obtained during the same season from the same endemic area in two very close villages
(Ksour and Msadia) both considered as “new and emerging” foci on the basis of case
notification data in the district epidemiological surveillance system. The two villages share
the same topography and climate, and there are no significant differences between the study
villages regarding demographic and socioeconomic characteristics of households (Bettaieb
et al, 2014). Contrasted clinical outcomes might also be related to qualitative and
quantitative differences of host immune responses towards Leishmania infection induced by
potentially the same parasite. However, retrieving the exact same contrasted trends in inbred
experimental mice model shows this characteristic is likely related to intrinsic parasite
determinants.

Although limited to only two representative strains, these features both in humans and
murine model of the two selected isolates allow us to hypothesize that their variable severity
is a product of parasite genomic variation and is independent from the host immunological
background or environmental characteristics. For the sake of clarity, the strains discussed
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will be noted from here on as 2938 HV for the hyper-virulent isolate and 1948 hV for the
hypo-virulent isolate.

3.2. Genome sequencing/coverage

DNA libraries generation and paired-end sequencing on an lllumina platform (HiSeq2000
device) was performed for both 2938_HV and 1948 hV. Samples sequencing yielded a total
of about 62,6 million and 42,2 million reads respectively (Table 1).

Assessment of reads quality and their alignment to the Friedlin reference genome
(TriTrypDB version 8.1) showed an overall proportion of properly mapped reads of about 92
and 83% respectively. The majority of reads are aligned on their entire length with a median
mapping quality >28, implying that the subsequent trimming did not affect the results.

In order to check the range and uniformity of sequencing coverage, we estimated the overall
coverage distribution for 2938_HV and 1948 hV by displaying the mapped reads depth at
all base positions and the fraction of reads associated to each position covered
(Supplementary Figure 1). The fraction at coverage clusters around a dominant unimodal
distribution, associated to a small standard deviation, indicating that the whole genome is
homogeneously covered. Moreover, the plot displays as a Gaussian distribution with a
dominant frequency at around 100X as established by the calculated coverage formula,
indicating a depth of coverage allowing to reliably detect heterozygous variants. All
conclusions drawn from this study hence assume that reads are randomly distributed across
the Leihsmania genome and that the ability to detect them is constant within the sequencing
runs and throughout the whole genome. FPKM normalized coverage across each
chromosome showed a complete genomic coverage of the annotated CDS reported in the
reference genome for both samples (data not shown). All these results show no biased
coverage towards any chromosomal, sub-chromosomal, or genic region, allowing the
comparability of datasets from both samples. Only protein-coding CDS will be considered
for the ensuing analyses.

3.3. Chromosome and gene CNVs

Leishmaniais a versatile parasite with a fascinating ability to swiftly adapt to changes
during its complex life cycle and survival under external sources of pressure. Its genome
plasticity reflects an ability to adapt to environmental changes, and turns up to be a dynamic
characteristic under various conditions. In order to test for the differential genome plasticity
of the /n vitro short-term cultured 2938_HV and 1948 hV promastigotes, we estimated
chromosome and gene CNVs by averaging the reads density and calculating the median read
depth across the chromosomes and the CDS respectively.

3.3.1. Chromosome CNVs—For all chromosomes, read depth showed disomy, trisomy
or tetrasomy of chromosomes, as confirmed by allele frequency counts (Table 2). The
absence of discordance between coverage and allele frequency is indicative of chromosomes
that are mainly fully multisomic, and argues in favor of a small contribution of chromosomal
mosaicism in the population, a common phenomenon in Le/shmania generally characterized
by mixed chromosomal profiles (Sterkers et al., 2012). A common observation on studied
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samples is that they displayed an overall diploid status, except for their chromosome 31 that
was tetrasomic for both (Figure 2). This is not due to partial somy but rather to a whole
chromosomal event, as no biased depth of coverage could be seen along the chromosomes.
Chromosome 31 is indeed the only chromosome shown to be supernumerary in several
Leishmania species (Downing et al., 2011; Rogers et al., 2011) including L. major
(Akopyants et al., 2009; Ravel et al., 1998). Interestingly, an ontology analysis of
chromosome 31 revealed its enrichment in genes related to iron metabolism, pointing out to
the significance of its supernumerary maintenance to facilitate iron uptake under oxidative
stressed environment (Valdivia et al., 2015).

Interestingly, whereas 2938 _HV constantly maintains overall its diploid status, we observed
a trisomic status for chromosomes 5, 7, 12, 17, 20, 23 in the 1948 hV. The ontology related
to the supernumerary chromosomes in the hypo-virulent isolate showed enrichment of
chromosome 5 in cation and proton transport, as well as energy and ATP synthesis coupled
proton transport; for chromosome 7 in cation transport; for chromosome 12 in catabolic
processes; for chromosome 17 in cyclic nucleotide metabolic process and translational
elongation, cellular nitrogen compound biosynthetic process, cellular response to stimulus,
cell communication or intracellular signal transduction; for chromosome 20 in cellular
component biogenesis, protein complex biogenesis, or cell motility ; and finally for
chromosome 23 mainly in acetyl-CoA metabolic process. Many of these pathways have
already been described as accompanying the infectious process and parasite intracellular
survival (Naderer and McConville, 2011). However, the significance of having extra-copies
of these particular chromosomes in the hypo-virulent isolate needs to be confirmed by
controlling the maintenance of somy after serial passages during /n7 vitro growth in order to
establish a strong correlation with the hypo-virulent phenotype of this 1948 hV isolate. This
remarkable tolerance of Leishmania parasites for somy is not maintained for chromosomes
across the literature (Sterkers et al., 2012) except for chromosome 31. It is indeed
extensively described that almost all chromosomes could show various levels of somy in
different Lefshmania species (Sterkers et al., 2012; Valdivia et al., 2015). Chromosome somy
have been shown to occur after experimental genetic manipulation such as gene knockouts
(Cruz et al., 1993; Martinez-Calvillo et al., 2005), in drug resistant strains (Imamura et al.,
2016; Leprohon et al., 2009; Mukherjee et al., 2013), or as a consequence of long-term /n
vitro culture (Martinez-Calvillo et al., 2005). Partial or full somy variation could lead to
variation in heterozygosity and gene dose, a mechanism that might be related to prompt
parasite adaptation (Imamura et al., 2016; Sterkers et al., 2012). These changes have been
suggested not only as a way to test for gene essentiality during /n vitro growth (Martinez-
Calvillo et al., 2005), but also to modulate gene expression in response to environmental
stress, suggesting a genetic contribution to disease tropism (Rogers et al., 2011).

3.3.2. Gene CNVs—Parasite ability to rapidly adapt to a changing environment relies also
on the modulation of gene expression, which depends not only on aneuploidy but also on
gene CNVs (Leprohon et al., 2009). Although not yet described in parasites, several studies
support the concept of CNVs regulating RNA levels in humans (Haraksingh and Snyder,
2013; Mehta et al., 2014) and cattle (Zhou et al., 2016). However, this phenomenon has to be
taken with caution in Leishmania parasites, where genes are not transcriptionally regulated
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by individual promoters. There are clear cases in Lefshmania sp. where gene CNV has been
linked to changes in gene expression, for example a study showing the presence of more
copies of the A2 genes in the genome of Sri Lankan strain inducing visceral leishmaniasis
than in the genome of a strain causing cutaneous leishmaniasis (Zhang et al., 2014). The A2
gene family, known to constitute stress-inducible factors necessary for visceral infection,
shows higher transcript and protein levels in visceral strain. The same study described on the
other hand higher copy numbers within the genome of cutaneous strain comparatively to the
visceral strain, in regions of chromosome 1, 19, 23 and 29 that contain several genes e.g.,
ABC thiol transporters, eukaryotic initiation factor 4a, glycerol uptake proteins (Zhang et al.,
2014). We compared protein-coding gene CNVs between both Tunisian isolates considering
only the haploid gene counts and subtracting the reference haploid copy numbers. A total of
226 gene CNVs were detected, among which 84 were different between the two isolates.
This set contains 61 non-hypothetical (Supplementary Table 2) and 23 hypothetical proteins.

Our analysis testing for differential non hypothetical gene CNVs between 2938 HV and
1948 hV revealed 16 orthologous groups of genes to be unique to 2938_HYV, and 25 unique
to 1948_hV. Gene CNVs were considered unique for one isolate when the second isolate has
the same number of CNVs as the reference.

Gene tandem arrays that are over-represented at different levels of variation in both isolates
comparatively to Friedlin reference strain include the elongation factor 1-alpha (EF1a), the
promastigote surface antigen protein (PSA), and the class-I nuclease protein. EFla is
involved in many cellular functions related to translation, degradation or cytoskeletal
movements, is known to be essential for parasite survival by the induction of macrophage
deactivation (Nandan et al., 2002) and has been proposed as a drug target candidate (Nandan
et al., 2003). Although this gene was highly overexpressed in both isolates compared to the
reference, it was noticeable to find a higher gene copy number in the hypo-virulent isolate.
This overexpression has also been described in other eukaryotes where extra-copies of EFla
were associated to a gene dosage effect in Plasmodium parasites (Vinkenoog et al., 1998).
PSA is described as overexpressed in metacyclic promastigotes (Devault and Banuls, 2008).
Interestingly, the progressive reduction of its mMRNA and proteins levels during serial in vitro
culture passages is associated to loss of virulence (Beetham et al., 2003). This phenomenon
is concordant with our analysis showing that PSA possesses a less gene copy number in the
hypo-virulent strain. The class-1 nuclease protein was previously described as the tandem
array containing the largest number of gene copies in L. major Friedlin as a peculiarity of
this species (Rogers et al., 2011), and characterized as a hyper-inducible surface protein in
trypanosomatids (Yamage et al., 2000).

Markedly, Hsp70/83 families showed a lower copy number in 1948 _hV hypo-virulent
isolate, compared to the hyper-virulent one. These proteins are known to have chaperone
function upon stress conditions in amastigotes (Morales et al., 2010). Strikingly, genes such
as heat shock proteins, tryparedoxin, or the tryparedoxin peroxidase related to oxidative/
nitrosative stress (Teixeira et al., 2015) and known as virulence factors (lyer et al., 2008),
showed missing copies compared to the reference genome, although differentially present
between our two isolates. Interestingly, the ATP-binding cassette protein subfamily A
(ABCA) showed an expansion of gene copies in the 2938 HV genome. This gene family
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was previously described as overexpressed in antimony-resistant strains (Leprohon et al.,
2006). These results strongly suggest that various levels of gene copy numbers and
duplicated regions could hence be potentially related to the differential parasite virulence
feature. This also highlights the importance of controlling chromosome and gene CNVs in
Leishmania parasites before any gene family studies or genetic manipulation such as gene
knockout (Rogers et al., 2011).

3.4. SNPs and InDels

Since variation in somy, affecting all chromosomes in L. donovani clinical isolates, has been
described as leading to heterozygosity (Imamura et al., 2016), we aimed to analyze SNPs
and InDels in our isolates. Our results showed that allele frequency counts corroborate the
overall disomic status with a mixed allelic profile in chromosomes (Table 2). The observed
high proportion of homozygous SNPs was expected as L. major genomic stability is
relatively high compared to other Leishmania species.

Deleterious mutations (e.g., non-synonymous SNPs) are believed to make a significant
contribution to phenotypic variation within populations (Chun and Fay, 2009). We thus
considered here genes having both SNPs and InDels, two types of nucleotide-level variants
that could drastically affect transcripts and proteins. Both types of variants in 2938_HV and
1948 hV isolates commonly affect about 91% of genes. For both isolates, SNPs and InDels
appeared to be uniformly distributed across the genome. In addition, considering the total
number of variants, our results showed no bias in i) over-representation related to the
chromosome somy, and ii) distribution of affected genes related to chromosome size (Figure
3A).

Adversely, when considering SNPs and InDels variants unique to each isolate, results
highlight generally different chromosomes to be targeted by variation (Figure 3,B).
Interestingly, about half the chromosomes did not show any SNPs or InDels pointing out to
potential cold spots of mutation, or regions of high conservation that would require further
functional analysis.

Figure 3,C shows a total of 14 and 26 genes that are uniquely affected in 2938_HV and
1948 hV respectively. The majority of these genes were associated to hypothetical
functions. Among genes containing SNPs and InDels in the 2938 _HV isolate, we report two
surface antigen protein 2, a glycerol uptake protein, and two heat-shock proteins (Hsp70and
Hsp83) genes related to response to stress and protein folding biological processes. It is
noteworthy that the copy numbers of both Hsp genes were also higher in this hyper-virulent
isolate compared to the 1948 _hV one. Hsp gene sequences have such a high conservation
throughout evolution (Folgueira and Requena, 2007), that our finding raises the question of
the impact of such variants on disease severity.

Two Hsp83 genes, among the 17 annotated L. majorones, have been described as having a
single codon less than the remaining 15 (Folgueira and Requena, 2007). The fact that one
(LmjF.33.0318) of these two shorter genes contains SNPs and InDels in our 2938_HV
isolate might indicate that it is more prone to mutations.
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Genes showing SNPs and InDels variation in hypo-virulent isolate have functions of
glycerate kinase, nucleolar RNA-binding protein, leishmanolysin GP63, tryptophanyl-tRNA
synthetase, microtubule-associated protein, and histidine secretory acid phosphatase;
functions that are partly associated to the modulation of host protein kinase-mediated signal
transduction.

The role of GP63, for example, as a virulence factor that affects host cell signaling
mechanisms is now well established (Isnard et al., 2012). The lower number of mutations in
the 2938 _HYV isolate indicates that GP63 gene might be under relaxed selective pressure.
Indeed, GP63 protein is essential for C3bi conversion through its binding to the complement
receptor 3 (CR3), a process known to circumvent the host intracellular oxidative burst and
enhance parasite infectivity (Olivier et al., 2005). It is worthy to note that while genome
plasticity is known to help pathogen adaptation, the sequence conservation of genes with
pivotal role during the infectious process might be necessary to maintain, as described for
the pe_pgrs genes of Mycobacterium tuberculosis (Copin et al., 2014).

Considering the potential effect of SNPs and InDels on gene function, we observed that their
vast majority carries synonymous variants (Table 3). These variants are generally expected
to have insignificant effects on gene function since the primary sequences of the genes are
conserved. Notwithstanding, synonymous mutations have unexpectedly been shown to
reshape the structure of proteins and hence their function (Hunt et al., 2009). Their
significant contribution to several diseases (Sauna and Kimchi-Sarfaty, 2011) renders
appealing to consider also their role in parasitic diseases.

Interestingly, we also identified SNPs and InDels that can affect start and stop positions. The
chromosomal distribution of high impact SNPs (Figure 4,A) does not necessarily correspond
to that observed for high impact InDels (Figure 4,B). The circos plots show that these high
impact variants did not exclusively affect the same chromosomes. Except for rare cases
where chromosomes are more or exclusively targeted for variation in 1948 _hV
(chromosomes 6, 12, 13, 19) or in 2938 _HV (chromosome 10, 34) isolates, selective SNPs
pressure seems to be exerted on the same chromosomes (Figure 4,A). InDels are more
scattered than SNPs all over the genome, except for chromosome 9. Number (Figure 4,C),
chromosomal distribution (Figure 4,D), and function of genes bearing high impact SNPs and
InDels variants highlight the common alteration of i) seven genes in both isolates, ii) one
gene in 2938 _HYV, and iii) four genes in 1948 hV. Grippingly, the unique gene specifically
altered in 2938 HYV isolate corresponds to a tuzin pseudogene, whereas all four genes
retailored in 1948 hV isolate correspond to hypothetical genes, with a significant frameshift
variation inducing either a stop gain or a start loss. These genes deserve future investigation
to unveil their potential involvement in disease severity.

3.5. Genes affected by CNVs, SNPs and InDels

Correlating SNPs and InDels variants to gene CNVs could point out to genes under
combined layers of selective pressure. Results showed in figure 5 highlight the total numbers
of genes affected by CNVs, SNPs and InDels for 1948 hV (Figure 5,A) and 2938 _HV
(Figure 5,B) isolates. Comparisons indicate that only 14 genes are prone to this extensive
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variation, among which 11 are common to both isolates, while three are unique to each
isolate (Figure 5,C).

Interestingly, among the 11 common genes, one is coding for a receptor-type adenylate
cyclase b, four for members of the class-I nuclease-like protein, two for hsp70-related
proteins-1, and four for hypothetical proteins. The fact that same genes are targeted by
different variants in both isolates may indicate that the same genes could be under different
regulatory mechanisms. Indeed, such phenomenon has been elegantly described in a study
aiming to identify genes involved in Lefshmaniatropism (Zhang et al., 2008). Authors have
identified a L. /nfantum and L. donovani gene that was thought to be only present in
visceralizing Leishmania species, but ended up with the conclusion that levels of expression
rather than sequence variation alone in genes ubiquitously shared between viscerotropic and
dermotropic Leishmania species have the potential to significantly influence tissue tropism
and clinical severity.

The three genes that are unique to 1948 _hV code for a hypothetical protein (LmjF.12.0970),
a peptidase m20/m25/m40 family-like protein (LmjF.31.1890), and a succinyl-
diaminopimelate desuccinylase-like protein (LmjF.31.1890), whereas the three unique to
2938 _HV are coding for Hsp83 (LmjF.33.0318) and two surface antigen protein 2 (LmjF.
12.0765, LmjF.12.1020), genes that we previously described. The exact role of all these
genes in disease severity deserves extensive functional analysis. Due to their involvement in
many cellular processes (Nollen and Morimoto, 2002), genes such as the heat-shock family
should be cautiously related to their regulation through various described mechanisms such
as phosphorylation at the pathogenic stage (Morales et al., 2010), changes in their secondary
RNA structure (David et al., 2010), increase of their mRNA levels (Shapira et al., 1988), and
post-transcriptional mechanisms (Shapira et al., 2001). Other DNA-based methods have
proven their efficiency in the intra-species screen for diversity. Our group recently reported
that bearing a 58-bp microsatellite allele at the 71AT locus tends to be correlated with
resistant feature of promastigotes to /n vitro complement lysis, whereas parasites bearing the
64-bp allele at the same locus are less resistant (Attia et al., 2016). Interestingly, the same
study showed that 1948 _hV isolate bears the 64-bp microsatellite allele and is less resistant
than the 2938_HV isolate, which bears the 58-bp microsatellite allele at the 71AT locus
(Attia et al., 2016).

Taken altogether, our results (this present study and (Attia et al., 2016)) clearly indicate that
differences at genomic level between differentially virulent L. majorisolates may contribute
to the contrasted lesion severity observed in ZCL patients and BALB/c animal model.

4. Conclusion

With its extraordinary genome plasticity, Leishmania is able to face and adapt to drastic
environmental changes, and this behavior is species-, isolate-, or population-specific. This
study relates a sum of genetic differences between parasites isolated from patients with ZCL
living in an endemic country and causing differential and contrasted clinical outcomes, but
also contrasted pathogenicity in BALB/c experimental model. The reported differences point
out to their possible relationship to parasite pathogenicity. However, applying additional
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high-throughput approaches would help draw a systems-level view complementing the
present whole-genome sequencing results. Because many confounding factors exist for
disease severity, exploring these additional layers of regulation as well as identifying
functional parasite biomarkers are required for a stronger proof for the direct association
between genetic background and clinical severity. Future work should focus on integrating
more studies on field isolates in order to enrich genomic variants analysis with population
frequencies.
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Highlights
. Genetic variants show discriminative potential between Leishmania major
clinical isolates
. Chromosomes CNVs, genes CNVs SNPs and InDels could be determinants of

disease severity

. Genes affected by SNPs, InDels and CNV with potential interests are
identified
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Figure 1. Geographical, genetic and phenotypic characteristics of 2938_HV and 1948_hV
samples

(A) Endemic foci in Tunisia from which the clinical isolates used in this study are
originating. (B) Differential severity in Human patients is expressed as a score taking into
account the lesion size (induration and ulceration) and the time to heal. (C) Differential
pathogenicity in mice. The size and thickness at the level of the footpad lesion is measured
in BALB/c mice during an 8-weeks follow-up after infection with peanut agglutinin
negatively selected (PNA-) 2938_HV or 1948_hV parasites.

Infect Genet Evol. Author manuscript; available in PMC 2018 June 01.

-~ 2938
-= 1948



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ghouila et al.

— (3] i -

Chromosome Copy Number

LmjF.(

q ™ W O~ 000 SN © wmed o 2T WS I~ 0 N

Page 21

B 2938 v [ 1948 hv

o — o = N

- v T WS = o~
- E R T E " E R R e e s e e o e o) o)

.,
03

e
=

.mjF.36

1jk
mjF.

1jl
.mjF.3

LmjF.(
mjF.(

Chromosomes

Figure 2. Chromosome copy number variation (CNV) between 2938 _HV and 1948_hV L. major
isolates

DNA libraries from both isolates were subjected to Illumina high-throughput sequencing.
Reads were aligned on the reference L. majorFriedlin genome v8.1. (A) Comparison of L.
major chromosome CNV between isolates. The read depth was normalized across the
genome. 2938_HV isolate is indicated in red and 1948 hV isolate in green.
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Figure 3. Number and chromosomal distribution of common or unique genes having both SNPs
and InDels in 2938_HV and 1948_hV L. major isolates

The plots show the number of variants associated to each chromosome. The chromosomes
are not drawn to scale. The inner scale is adjusted to optimize the number of genes for each
plot independently. (A) Chromosomal distribution of the total number of genes having both
SNPs and Indels. (B) Chromosomal distribution of genes having both SNPs and Indels and
that are unique to each isolate. (C) Venn diagram showing common and unique features after
comparing genes having both SNPs and InDels in 2938_HYV to genes having both SNPs and
InDels in 1948_hV. 2938 HV isolate is indicated in red and 1948 hV isolate in green.
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Figure 4. Chromosomal distribution and number of genes having high impact SNPs or high
impact InDels or both variants in 2938 _HV and 1948_hV L. major isolates

The plots show the number of variants associated to each chromosome. The chromosomes
are not drawn to scale. The inner scale is adjusted to optimize the number of genes for each
plot independently. (A) Chromosomal distribution of genes affected by high impact SNPs
(B) Chromosomal distribution of genes affected by high impact Indels. (C) Venn diagram
showing common and unique features after comparing genes having both high impact SNPs
and high impact InDels in 2938_HYV to genes having both high impact SNPs and high
impact InDels in 1948_hV. (D) Chromosomal distribution of genes having both high impact
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SNPs and high impact Indels for genes that are unique to each isolate. 2938 HV isolate is
indicated in red and 1948 _hV isolate in green.
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Figure 5. \enn diagrams showing the number of genes affected by CNVs, SNPs and InDels in

2938_HV and 1948 _hV L. major isolates

Venn diagrams show the number of genes affected by CNVs, the number of genes affected
by both SNPs and InDels, and their comparisons for 2938 HV (A) and 1948 _hV (B), and
the comparison of common variants between 2938_HV and 1948 hV isolates (C). These
comparisons take into account the total number of protein-coding genes. 2938_HV isolate is

indicated in red and 1948 hV isolate in green.
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Table 1

Summary of DNA-seq reads quality control and mapping.

2938_HV 1948_hVv
Total number of reads 62,624,888 42,245,988
Total number of mapped reads 57,752,407 35,437,163

(92.22%) (83.88%)
Total number of properly paired reads 57,426,006 35,093,060

(91.70%) (83.07%)
Total number of CDS in reference 8,850 8,850
Total number of CDS covered in samples 8,850 8,850
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Table 2

Allele frequency counts for heterozygous and homozygous SNPs.

2938_HV 1948 hv
Homozygous SNPs (1.00) 16,852 17,639
Heterozygous SNPs (0.5) 2,092 3,082
Heterozygous SNPs (0.750/0.250) 21/59 0/19

(LmjF.31) (LmjF.31)

Heterozygous SNPs (0.333/0.666) 0/0

(LmjF.05, LmjF.07, LmjF.12, LmjF.17, LmjF.20, LmjF.23)
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Table 3

Selected set of SNPs and InDels with synonymous variant effect or relevant impact on gene function.

2938 HV 1948 hv

SNPs Indels SNPs Indels

Synonymous variant 9,144 0 10,054 0

Splice region 19 11 25 5
Stop lost 22 21 26 20
Frameshift variant 0 375 0 371
start_ lost 13 4 16 4
Inframe insertion 0 174 0 173
Total 9,198 585 10,121 573
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