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Abstract

Next-generation sequencing (NGS) was used to investigate the genetic diversity of Leishmania tropica in the sand fly vector,
targeting the internal transcribed spacer 1 (ITS1) of the genus Leishmania. Bioinformatics analyses were conducted using
Galaxy, MEGA version X, DnaSP ver. 6.12.03, and PopART 1.7 software for NGS analysis, phylogenetic tree, genetic diver-
sity, and haplotype networking, respectively. A total of 307 engorged sand flies were trapped, with an overall Leishmania
infection rate of 9.4 (29/307) and 6.8% by NGS and ITS1-PCR, respectively. Two Leishmania-infected sand fly genera were
identified: Phlebotomus (10.2%, 26/254) and Sergentomyia (5.7% (3/53). The phylogenetic tree showed two clusters, cluster I
included the four study sequences along with 25 GenBank-retrieved DNA sequences. Cluster II consisted of three sequences
from Iran and Pakistan. The genetic diversity analysis for the 29 L. tropica sequences showed high haplotype (gene) diversity
index (Hd) (0.62 + 0.07) but low nucleotide diversity index () (0.04 + 0.01). Tajima’s D, a neutrality test, is more negative
in cluster I (D = — 2.0) than in total population (D = — 1.83), but both are equally significant (P < 0.001), indicating that
observed variation in cluster I and whole population is less frequent than expected. The median-joining haplotype network
produced a total of 11 active haplotypes. In conclusion, L. tropica from sand flies in Palestine is monophyletic that assembled
in one main phylogroup and one haplotype.
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Introduction

Cutaneous leishmaniasis (CL) and visceral leishmaniasis
(VL) are vector-borne diseases caused by haemoflagellate
parasites of the genus Leishmania. Early in the twenti-
eth century, sand flies of the genus Phlebotomus were
incriminated as vectors of the leishmanial parasite by
the Sergent brothers (1921) and Shortt and Swaminath
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(1928) (Dedet 2005; Shortt and Swaminath 1928). Sand
flies belong to the order Diptera, suborder Nematocera,
family Psychodidae, subfamily Phlebotominae, and the
genera Phlebotmus, Sergentomyia, and Chinius, with the
first containing 110 species (Killick-Kendrick 1990). Spe-
cies of the genera Phlebotomus and Sergentomyia occur
in the Mediterranean Region (Akhoundi et al. 2016).
Phlebotomus sergenti is the main permissive vector of
Leishmania tropica species in the region (Kamhawi 2006;
Sawalha et al. 2017; Sawalha et al. 2003; Schnur et al.
1972). Strains of L. tropica are the main cause of CL in
the Old World, being transmitted zoonotically and anthro-
ponotically (Alvar et al. 2012; Ghatee et al. 2018; Jacob-
son 2003; Svobodova et al. 2006). The species L. tropica
has been shown to be genetically diverse (Schonian et al.
2001; Schwenkenbecher et al. 2004; Schwenkenbecher
et al. 2006) compared to other Old World species, e.g.,
L. major (Al-Jawabreh et al. 2008), L. infantum (chagasi)
(Kuhls et al. 2011), and L. donovani (Alam et al. 2009;
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Srivastava et al. 2011). However, the genetic diversity
seen among strains of L. tropica does not coincide with
any tangible variables such as geographical origin and/or
clinical picture (Schonian et al. 2001).

The methods used to demonstrate intra-species genetic
variation in Leishmania spp. have developed extensively
over time. It started by checking the antigenic variation seen
among products secreted by the parasites termed “excreted
factors” (Rioux et al. 1980; Schnur et al. 1972). Isoenzyme
electrophoresis was developed to find intra- and inter-spe-
cies differences in isozyme patterns using a set of known
enzymes (Kreutzer and Christensen 1980). At the begin-
ning of the millennium, molecular-based methods were
introduced to genotype and screen for DNA variability of
L. tropica. In addition to the internal transcribed spacer 1
(ITS1) region, methods like DNA fingerprinting, single-
strand conformation polymorphism (SSCP), and multilocus
microsatellite typing (MLMT) were used (Schonian et al.
2001; Schwenkenbecher et al. 2006). These molecular bio-
logical methods depended mainly on selected target DNA
sequences in the genome, such as the internal transcriber
spacer 1 (ITS1), and with aid of bioinformatics tools, genetic
variation was discerned (Schwenkenbecher et al. 2006).

During the last decade or so, a new sequencing technol-
ogy, called next-generation sequencing (NGS), was devel-
oped, leading to substantial improvement in the quality
and yield of DNA sequences. This led to an advance in the
diagnosis of infectious diseases and the investigation of
genetic diversity of their causative agents, including leish-
maniases (Carvalho et al. 2020; Chen et al. 2020; Kounosu
et al. 2019). This novel method emerged in parallel to the
abundance of genetic data provided by the availability of
complete genomes of the Leishmania spp. Here, NGS was
used to determine the natural rate of infection of Leishmania
spp. in sand fly vectors as well as identify the suspected sand
fly species and investigate the genetic diversity of L. tropica
strains in sand fly vectors compared to that in different hosts.

Materials and methods
The study area

This study was conducted in the village of Tayasir
(32°2026", N 35°23'49"E) on the hills overlying the Jordan
Valley as part of the Tubas district north of the West Bank,
Palestine (Palestinian-Central-Bureau-of-Statistics 2020).
The area was reported in the last couple of years as an active
focus of Leishmania tropica (Al-Jawabreh et al. 2017).
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Sand fly trapping and identification

In 2019, engorged sand flies that have higher probabil-
ity of harboring Leishmania were collected during biting
season (June to end of October) in and next to rock hyrax
active dens on the outskirts of the study village. In each
of the selected dens, one CDC miniature light trap (John
W. Hock Co., Gainesville, FL, USA) was placed inside
the den to attract sand flies during night foraging, and two
castor oil-soaked papers (21.3 29.5 cm) stapled vertically
on wooden stakes at a height of 20 cm were placed 2-4 m
around the entrance of the den to intercept sand flies dur-
ing entering and exiting (Alexander 2000; Killick-Kendrick
1987). Traps were set just before sunset and collected the
next morning, just before sunrise. Sandfly trapping sessions
were carried out 13 times with a frequency of one trapping
session every 5—7 days in all nine sites. The use of two types
of traps was to increase the yield of sand flies collected, and
both of these types are suited for the area of survey around
rock hyrax (Procavia capnesis) dens.

Collected engorged sand flies were removed from traps,
washed in detergent solution, labeled, and stored in 70%
alcohol for each trap separately. Then engorged female sand
flies were dissected, in which head and the terminal abdomi-
nal segments mounted in Berlese’s medium for sand fly clas-
sification based on taxonomic keys. The remaining parts,
thorax and abdomen, were kept separately in 70% ethanol for
determining Leishmania infection in sand flies by polymer-
ase chain reaction (PCR) (Lane 1986; Lewis and Buttiker
1982; Lewis 1982; Perff’ev 1966).

Extraction of DNA from sand flies

The DNA was extracted from the thorax and abdomen of
the engorged sand flies individually as described by oth-
ers with modifications in the preparatory pre-extraction
step (Caligiuri et al. 2019; Casaril et al. 2017). In brief, the
70% ethanol-preserved thorax and abdomen of the engorged
sandflies were transferred into a 1.5-mL microtube filled
with 250 pL TENCa buffer (30 mM Tris-HCI pH 8, 10 mM
EDTA, 50 mM NaCl, and 5 mM CaCl,). Wearing a head
loupe, the sand fly parts were ground with fine glass rod
against the walls of the microtube. Glass disruptor beads
(0.5 mm, Scientific Industries, USA) were added to Y4 tube
full and beaten at 2800 rpm for 5 min using a cell disruptor
(Disruptor Genie, Scientific Industries, USA). The micro-
tube was centrifuged for 30 s to settle down the sandfly
parts in lysis buffer. Then, 20 pL (final conc. 400 pg = 1.6
pg/pL) of proteinase K (10 mg/mL) and 2.5 pL of Triton
X-100 were added. Again, the microtube was vortexed for
10 s and centrifuged for 30 s to settle down the sand fly parts
in lysis buffer. Then, the tube was incubated at 56 °C with
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continuous mixing at 500 rpm using thermal block (Eppen-
dorf thermomixer R) overnight or until the sand fly parts
disappear indicating complete digestion. The DNA chloro-
form extraction, precipitation and elution, and storage were
performed as described in the references.

ITS1 library preparation and amplicon based-next
generation sequencing

Amplification of ITS1 partial regions

Amplification was run as described elsewhere (Nasereddin
et al. 2022). Briefly, Leishmania DNA was detected using
2 primers: forward ITSINGSF:5-AGCTGGATCATTTTC
CGATG) and reverse (ITSINGSR: 5'-ATCGCGACACGT
TATGTGAG). Both primers were modified by adding the
Illumina overhang adapter sequences at the 5' ends of the
forward (TCGTCGGCAGCGTCAGATGTGTATAAGAGA
CAGQG) and reverse primers (GTCTCGTGGGCTCGGAGA
TGTGTATAAGAGACAG), producing 343bp-segment of
the ITS1 region of the genus Leishmania. Nuclease-free
water was used as negative control, and a reference Leish-
mania strain (MHOM/PS/2001/ISL590) was used as posi-
tive control. Gel electrophoresis was run, visualized, and
captured by gel documentation system. DNA library was
prepared by using 20 pL of PCR product as described earlier
(Nasereddin et al. 2022).

Identification of Leishmania-positive sand flies by NGS
targeting a partial sequence of 185 rRNA

NGS was used to identify the sand fly DNA using the modi-
fied primers SFNGSF: TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAGTGCGGTTAAAACGTTCGTAG and
SFNGSR: GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGACCGGTAAAACATCCGTCAC primers,
targeting a 230 bp-fragment from the 18S rRNA gene of
Phlebotominae subfamily as described elsewhere (Giantsis
et al. 2017; Nasereddin et al. 2022). Controls and gel elec-
trophoresis were implemented as described above.

The PCR product was cleaned and underwent a second
amplification round to include unique index sequences
(N7XX and S5XX) for barcoding of each sample using Nex-
tera XT Index Kit (Illumina, San Diego, CA, USA). Then
followed by pooling, purification, normalization to 4 nM,
and then sequenced as described previously from the for-
ward read direction (Nasereddin et al. 2022).

Bioinformatics analysis and ITS-1 Sanger
sequencing

Free online Galaxy analysis pipeline (https://usegalaxy.org/)
was used for bioinformatics analysis as described previously

(Nasereddin et al. 2022). The ITS1 region was chosen over
others due to being one of the most commonly used targets
for laboratory diagnosis of leishmaniasis, and, unlike kDNA,
ITS1 has enough genetic variation to distinguish between
almost all Leishmania species in the world and all those in
the study area, L. major, L. tropica, and L. infantum. Moreo-
ver, polymorphic sequences in ITS1 region for Leishmana
along with 18S rDNA for sand fly were used to create virtual
specific probes that can be used in our workflow bioinfor-
matics analysis using Galaxy.

A receiver operating characteristic curve, or ROC curve,
was used to determine the threshold cut-off value for number
of NGS reads based on plotting the true positive rate (sensi-
tivity) against false positive rate (1-specificity) at different
threshold values.

Conventional PCR was used to amplify the ribosomal
the full internal transcribed spacer 1 (ITS1) region (343
bp) separating the genes coding for ssu rRNA and L5.8S
rRNA as previously described (Al-Jawabreh et al. 2004; Al-
Jawabreh et al. 2006; Schonian et al. 2003), to confirm the
NGS results. The reaction was conducted using master mix
kit PCR-Ready from Syntezza (Syntezza Bioscience Ltd.,
Jerusalem). The ITS1-positive samples were commercially
Sanger sequenced.

Leishmania tropica genetic diversity analysis

The leishmanial DNA sequences, obtained by Sanger and
NGS, along with sequences from the GenBank, were aligned
and analyzed by neighbor-joining phylogenetic 1000-itera-
tion bootstrap consensus tree using the MEGA version X
(Kumar et al. 2018).

DnaSP ver. 6.12.03 was used to calculate the genetic
diversity indices. The indices included haplotype (gene)
diversity (Hd), calculated as the probability that two ran-
domly chosen haplotypes from a given population were dif-
ferent, and nucleotide diversity () as the average number of
nucleotide differences per site between two DNA sequences
in all possible sample pairs in the population. Other calcu-
lated genetic diversity indices included (K) as average num-
ber of nucleotide differences (per DNA sequence) between
any two given DNA sequences and (S) as the number of
variable sites in a DNA sequence.

Furthermore, the genetic differentiation statistics Fst and
Nm as the average level of gene flow based on allele frequen-
cies under the infinite-site model, as well as neutrality tests
including Tajima’s D as the difference between the mean
pairwise nucleotide differences (z) and the number of segre-
gating sites (S) relative to their standard error, and Fu Li’s F
test as number of derived nucleotide variants observed only
once in a sample with the mean pairwise difference between
sequences, were calculated using DnaSP ver. 6.12.03 (Rozas
et al. 2017). The analyses were conducted separately for each
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cluster and for all clusters grouped together. Haplotype anal-
ysis network based on single nucleotide variation (SNV) was
built based on median-joining method using PopART 1.7
software (Bandelt et al. 1999) with zero epsilon as a default
parameter. Nexus format file generated by DnaSP version
6.12.03 was used as an input file for PopART 1.7 software.
Coloring of haplotype network was based on country of ori-
gin of leishmanial DNA sequences.

Results
Sand fly populations and rate of infection

The total number of engorged sand flies trapped and tested
during the 12-week study period was 307 (17%) out of a
total of 1786 collected sand flies. The ROC curve showed
that the cut-off value was 12,500 reads, which is consid-
ered positive for Leishmania. Table 1 shows that the over-
all infection rate of Leishmania in sand fly vector was 9.4%
(29/307) as revealed by NGS compared to 6.8% by ITS1-
PCR. Of the two genera, Phlebotomus and Sergentomyia,
seven species of Phlebotomus were trapped. The infection
rate of Leishmania in Phlebotomus based on NGS was
10.2% (26/254), while it was 5.7% (3/53) in Sergentomyia.
Of the Phlebotomus genus, approximately 44% (136/307)
were P. sergenti followed by 16.2% (50/307) P. major
complex. The Leishmania infection rate in P. sergenti was
13.8% (19/136). One P. sergenti sand fly harbored L. major
the others (n = 15) have L. tropica (Table 1). The genus
Sergentomyia was present (17%) with one harboring L.
tropica. All ITS1-PCR leishmania-positive sand flies were
positive by NGS, with the latter showing superiority of
2.6% (n = 7) more positive cases.

Of the 29 Leishmania positive strains, five were ITS-1
sanger-sequenced, and 17 were Ilumina-ITS-1 NGS
sequenced. The twenty-two sequences produced by the study

Table 2 Leishmania strains deposited by this study in the GenBank
with their corresponding sand fly vector

Accession no. Sand fly Leishmania Type of sequence
MT 1 P. sergenti L. tropica Sanger

MT 14 P. sergenti L. tropica Sanger
MT966015 P. sergenti L. tropica Sanger
MT966016 Sergentomyia Leishmania Sanger

Spp- Spp-
MT966017 P. sergenti Leishmania Sanger
spp.

MW111284  P. sergenti L. tropica [lumina NGS
MW111285  P. sergenti L. tropica [lumina NGS
MW111286  P. sergenti L. tropica Ilumina NGS
MW111287  P. sergenti L. tropica [lumina NGS
MW111288  P. sergenti L. major [lumina NGS
MW111289  P. sergenti L. tropica [lumina NGS
MW111290  P. sergenti L. tropica [lumina NGS
MW111291  P. sergenti L. tropica [lumina NGS
MW111292 P sergenti L. tropica Ilumina NGS
MW111293 P sergenti L. tropica Ilumina NGS
MW111294 P sergenti L. tropica Ilumina NGS
MW111295  P. sergenti L. tropica Ilumina NGS
MW111296  P. sergenti L. tropica Ilumina NGS
MW111297  P. sergenti L. tropica Ilumina NGS
MW111298  P. sergenti L. tropica Ilumina NGS
MW111299  P. sergenti L. tropica Ilumina NGS
MWI111302  Sergentomyia L. tropica Ilumina NGS

dentata

Underlined accession numbers were selected for phylogenetic analyses

Table 1 'Sand fly populatilons Species ITS1-PCR NGS

trapped in the study area in

2019 and the corresponding No. (%) No. infected (%) Leish (%) Tro Maj Spp.

Leishmania infection rate per

species as revealed by ITS1- P. sergenti 136 (44) 14 (10.3) 19 (13.8) 15 1 3

PCR and NGS Sergentomyia spp. 53 (17) 2 (3.8) 3(5.7) 1 0 2
P. major complex 50 (16) 5(10) 6 (12) 6 0 0
P. tobbi 35(11) 0(0) 0 0 0 0
P. perfiliewi 11 (3.5) 0 (0) 0 0 0 0
P. papatasi 72.2) 0(0) 0 0 0 0
P. kazeruni 4 (1.3) 0(0) 0 0 0 0
P. arabicus 1(0.3) 0(0) 0 0 0 0
Phlebotomus spp. 5(1.6) 0(0) 0 0 0 0
Undetermined 5(1.6) 0(0) 1 (20) 0 0 0
Total 307 (100) 21 (6.8) 29 (9.4) 22 1 5

Leish, Leishmania; Tro, L. tropica;

Maj, L. major; ITS1-PCR, internal transcribed spacer 1-polymerase

chain reaction; NGS, new-generation sequencing
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were deposited in the GenBank (Table 2). Most of the strains
(82%) were L. tropica, one was L. major found in P. sergenti,
and one L. tropica found in Sergentomyia dentata.

Phylogenetic analysis

Neighbor-joining phylogenetic tree of the ITS1 noncod-
ing region of Leishmania genome was constructed from
the four selected L. tropica GenBank-deposited sequences
of the current study (Table 2) along with 25 sequences
retrieved from the GenBank representing different coun-
tries and different reservoirs. Two of the four were Sanger-
sequenced, while the other two were NGS-sequenced, with
the latter representing the 16 identical NGS sequences.
The phylogenetic tree showed two clusters: the first (clus-
ter I) is a major cluster that contained most sequences,
including the study sequences, while the second one (clus-
ter II) consisted of three sequences from Iran and Paki-
stan (Fig. 1). The two clusters were strongly supported by
bootstrap values. The length of the two Sanger sequences
included in the phylogenetic tree is approximately 272 bp,
compared to 151 bp for the NGS sequences.

KU194926 Eremias vermiculata China 2015
HM060590 Phlebotomus sergenti Iran 2010
KU194928 Eremias vermiculata China 2015
KU194945 Eremias velox borowskii China 2015
MW111302 Sergentomyia dentata Palestine 2020
MW111284 Phlebotomus sergenti Palestine 202A
MT966014 Phlebotomus sergenti Palestine 2020
MT966013 Phlebotomus sergenti Palestine 2020
EU871037 Meriones persicus Iran 2008 AB787190
Sergentomyia hamoni Ghana 2007
25 | HM060589 Phlebotomus sergenti Iran 2010 _
HMO0G0588 Phlebotomus sergenti Iran 2010 &
EU683617 Phlebotomus sergenti West Bank1998 5
KU194924 hrynocephalus axillaris China 2015 é
KU194963 hrynocephalus axillaris China 2015
FN677343 Homo Sapiens 2001 Palestine
33 | MG515729 Homo Sapiens Turkey 2017
KP335145 Homo Sapiens Afghanistan 2014
62 | KP335139 Homo Sapiens Afghanistan 2014
|___ MIN891722 Homo Sapiens Pakistan 2014
52 ||l EF095751 Homo Sapiens Greece 2006
L HMO004586 Canis lupus familiaris Iran 2010
% FJ595950 Procavia capensis West Bank 2008
F‘— FJ595951 Procavia capensis West Bank 2008
L— KC145160 Homo Sapiens Morocco 2012
KU680850 Homo Sapiens Iran 2016 _
MN891724 Homo Sapiens Pakistan 2014 E
_93!:(;7 MG755821 Homo Sapiens Iran 2018 g
75 MG755820 Homo Sapiens Iran 2018 o
MH997512 evasi Palestine 2018

0.050

Fig.1 Consensus neighbor-joining phylogenetic tree (1000 repli-
cates) of L. tropica based on the ITS1 non-coding region with con-
comitant mapping of vector and host reservoirs by country of ori-
gin. The percentage of trees in which the associated taxa clustered
together is shown next to the branches. The branch labels in red
represent the study sequences that originated from sand fly vectors
based on Sanger sequencing method, while the blue labels represent
the sequences from sand fly vectors based on 151-bp Illumina NGS,

Genetic differentiation and diversity

Based on the two clusters generated by the phylogenetic tree,
genetic diversity in the form of haplotype diversity (Hd), nucleotide
diversity (rr) indices, and neutrality tests were calculated (Table 3).

The genetic diversity analysis for the 29 L. tropica
sequences showed the haplotype (gene) diversity index
(Hd) was high (0.62 + 0.07) compared to low nucleotide
diversity index () (0.04 + 0.01). The nucleotide diversity
index () for clusters I and II was as low as 0.01 + 0.004 and
0.10 + 0.03, respectively. Conversely, the haplotype (gene)
diversity index (Hd) for same clusters was as high as 0.53
+ 0.01 and 1.0 + 0.07, respectively (Table 3). With cluster
I containing more sequences (22) than cluster II (3), the
DnaSP ver. 6.12.03 estimated the total number of haplo-
types for clusters I and II at 8 and 3, respectively (Table 3).
However, haplotype diversity index (Hd), nucleotide diver-
sity index (x), as well as the average number of nucleotide
differences between any two sequences (k) and number of
segregating (polymorphic) sites (S) were higher in cluster
II than cluster I, which subsequently reflected high genetic
diversity in cluster II. The 18 Palestinian L. tropica isolates

nistan
aklstan
China

which represent other 14 identical sequences depicted in blue trian-
gle. All study sequences are mapped as 18 in red circle. The black
labels are sequences from different hosts retrieved from the GenBank
shown in the map as numbers in black circles. The tree is drawn to
scale, with branch lengths measured in the number of substitutions
per site. This analysis involved 44 nucleotide sequences conducted in
MEGA X (Kumar et al. 2018; Tamura and Nei 1993)
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Table 3 Haplotype/nucleotide

. X . . Cluster
diversity and neutrality tests of

Haplotype-nucleotide diversity Neutrality tests

the two L. tropica clusters based n h h:n Hd + SD 7+ SD K S Tajima’s D Fu-Li’'s F
in ITS1 region
Cluster-1 26 8 03:1 053+0.01 001+0004 075 8 —2.00% - 1.01
Cluster-II 3 3 1:1 1.0 £ 0.07 0.10 +0.03 600 9 ND ND
Total 29 11 041 062+0.10 0.04+0.01 242 18 —1.83* - 1.11

n, number of sequences; &, number of haplotypes; Hd, haplotype (gene) diversity; &, nucleotide diversity
(per site) (Nei 1987); K, average number of nucleotide differences between two randomly chosen sequences
from within in the population (Tajima 1983); S, number of variable/segregating sites. *, P < 0.01

were confined to cluster I. Tajima’s D and Fu-Li’s F tests
were negative for cluster I and the total population, while
it was not done for cluster II as it contained fewer samples
to be valid for calculations. Tajima’s D is more negative in
cluster I (D = — 2.0) than in total population (D = — 1.83),
but both are equally significant (P < 0.001), indicting that
observed variation in cluster I and whole population is less
frequent than expected in the Wright—Fisher model. Moreo-
ver, cluster I and the whole population had negative values
for Fu’Li’s F statistics, however, did not depart significantly
from neutrality (P > 0.01) (Table 3).

Inter-population pairwise genetic differentiation index
(Fst), also called fixation index, between the two L. tropica
populations (I and II), and its related analog estimate Gst,
showed high values (0.64 and 0.11, respectively), with Nm
value of 0.14 (Table 4), indicating genetic significant dif-
ferentiation (> 0.25) and minimal migration and gene flow
(Nm) between the two populations. Inter-population nucleo-
tide difference (Kxy), the net nucleotide substitutions per
site (Da), and the average number of nucleotide substitutions
per site between cluster I and II (Dxy) showed high values
(9.25, 0.16, and 0.11, respectively), indicating population
differentiation (Table 4).

Haplotype network analysis

The median-joining haplotype network constructed by Pop-
ART 1.7 using the 29 taxa produced a total of 11 active
haplotypes, with haplotypes 1 and 3 one consisting of 18 and
2 sequences, respectively (Fig. 2). All study and GenBank-
retrieved L. tropica sequences isolated from vectors were
included in haplotype 1. In addition, L. tropica from lizards

(Eremias velox borowskii and Phrynocephalus axillaris)
were contained in haplotype 1. Haplotype 1 piled sequence
from six countries in Asia, Europe, and Africa (Fig 2).
Peripheral haplotypes 3—6 had single nucleotide variation
(SNV) from central haplotype 1 (Fig. 2), indicating closely
related haplotypes, while haplotype 8 from rock hyrax (P.
capensis), as well as 9, 10, and 11 from human hosts in
Iran and Pakistan, were distanced by multiple SNVs from
the haplotype 1. The mutation difference between haplo-
type 1, the main haplotype, and the other haplotypes ranged
between 1 and 12 SNVs.

Discussion

Leishmania infection rate in sand fly vectors varies across
species and fauna. Using NGS method, the present study
showed Leishmania infection rate in Phlebotomus spp, the
mainly incriminated Old World Leishmania vector, to be
as high as 10.2 and 14% in P. sergenti. This was several
folds higher than in the Galilee (Al-Galeel) focus, 50 km
north of our study area, 2 decades ago, where it was 2.7%
in Phlebotomus spp. and 1.2% in P. sergenti (Jacobson
2003), during which the insensitive classical sand fly dis-
section method was compared to the extremely sensitive
NGS method that is capable of detecting one parasite or
traces of its DNA (Nasereddin et al. 2022). Nonetheless,
it should be mentioned that classical sand fly dissection
detects the presence of the active parasite with transmis-
sion capacity, thus contributing to the actual prevalence of
leishmaniasis. In one study in Morocco, the natural infec-
tion rate in P. sergenti was 3.24% using nested kDNA PCR.

Table 4 Inter-population differentiation indices between the two L. tropica clusters estimated from ITS1 region

Pop 1 Pop 2 Fst Nm

Kxy Dxy Gst Da

Cluster-I Cluster-IT 0.64 0.14

9.25 0.16 0.11 0.11

Fst, Wright’s Fst (fixation index), measure of genetic differentiation between populations (range 0-1) (Wright 1951), Nm, gene flow and population
migration among populations; Nm = (1-Fst) / 4Fst (diploid) (Hudson et al. 1992; Wright 1951); Kxy, average proportion of nucleotide differences
between populations. Dxy, the average number of nucleotide substitutions per site between populations (Nei 1987); Da, the number of net nucleotide
substitutions per site between populations (Nei 1987); Gst. genetic differentiation index based on the frequency of haplotypes (Nei 1973)
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MN891722_Homo_Sapi
KC145160_Homo_Sapi

KU680850_Homo_Sapi
KP335145_Homo_Sapi

FN677343_Homo_Sapi

HM004586_Canis_lup

F1595950_Procavia_

FJ595951_Procavia_

Fig.2 Median-joining haplotype network inferred from ITS1 region
in L. tropica constructed using PopART 1.7 with 1000 iterations.
The network analysis shows 11 L. tropica haplotypes. Each circle
represents a unique haplotype, color represents country of genome

However, the study used pooled samples from unengorged
sand fly females, unlike our study, which used engorged
individual sand flies, leading to such discrepancy in preva-
lence (Mhaidi et al. 2018). This study showed that NGS
was superior to ITS1-PCR as the former estimated the
rate of infection to be 9.4% compared to a lower rate of
6.8% in the latter, which is in complete congruence with
a previous study (Sawalha et al. 2022). Several methods
have been used to estimate the Leishmania rate of infec-
tion in the sand fly vector, ranging from dissection method
and culture to PCR targeting kinetoplast DNA (kDNA),
ITS1, 18sRNA, miniexon-derived RNA gene, rRNA gene,
repeated genomic sequences, and to real-time PCR (qPCR)
as a more sensitive method. In addition to the high through-
put, comprehensive genomic coverage, and quicker turna-
round time, NGS is ultrasensitive with the ability to detect
small amount of variation as it sequences millions of the
same DNA fragment in parallel per run (depth of cover-
age), compared to Sanger sequence, which is based on the
sequencing of single DNA fragment (Rivas et al. 2011;
Schuster 2008; Shendure and Ji 2008). The millions of
reads or copies of the same DNA fragment eliminate the
errors and mutations by ignoring the very small percentage
of the incorrectly sequenced DNA fragment and adopting
the mainstream consensus DNA fragment. This, in addition
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origin, and the size of the circle is proportional to number of iso-
lates included. The lines (hatch marks) on the branches represent the
mutated position with one line per mutation. Black circle represent
hypothetical haplotypes

to gene diversity and confined study area, may explain why
all 16 L. tropica NGS sequences from sand fly vector were
identical.

The two statistically supported genetic clusters pro-
duced by the neighbor-joining phylogenetic tree of the
ITS1 region were supported by high genetic differentia-
tion statistic (Fst) along with low Nm, indicating very
low transmission of L. tropica between the two clusters.
Thus affirming clusters and inter-population estimates
(Kxy, Dxy, and Da) also confirmed high genetic popu-
lation differentiation between the two clusters, I and II
(Table 4). However, the high haplotype diversity (Hd) and
low genetic diversity (n) designate closely-related hap-
lotypes that may reflect recent expansion of population
after bottleneck event during which many alleles were lost
and sharp reduction in the size of population occurred,
inbreeding, or genetic drift. Another explanation would
be the selective sweep in which mutations increased and
became fixed in a population, consequently decreasing
genetic variation. The overall significant negative bias
from neutrality of Tajima’s D value supported this find-
ing. Nonetheless, Fu-Li’s F insignificant negative value
did not substantiate this. Cluster I has more haplotypes (h
= §) than cluster II (& = 3), albeit the haplotype diversity
(Hd) and nucleotide diversity (z) were lower than cluster
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II, indicating more genetic diversity in cluster II. These
findings are in congruence with similar studies involving
L. tropica, except for the association of geographic origin
with clusters (E1 Hamouchi et al. 2019).

The clustering was not related to geography, reser-
voir, host, or vector. Cluster I, as the major phylogroup,
extended over the four continents of the Old World that
included all study sequences from Palestine, regardless
of the type of sequence, Sanger or NGS. Contrarily, other
studies that depended on microsatellite analysis showed
that L. tropica has higher genetic variation than the other
Leishmania spp. However, the number of phylogroups in
other local and global studies that used kDNA with RFLP
(restriction fragment length polymorphism), ITS1, and
MLMT (multi-locus microsatellite typing) was restricted
to 1-3, which is in congruence with our study (Fakhar
et al. 2016; Ghatee et al. 2018; Krayter et al. 2014). Kray-
ter et al. concluded correlation between genetic diversity
and geographic origin of strains; however, other explana-
tions were put forward, such as the migration of the res-
ervoir (Krayter et al. 2014). In the present study, the two
clusters did not run parallel with the geographical origin
or type of host or vector. In another MLMT study from
Palestine, three clusters were demonstrated, with one pure
cluster from Palestine and vicinity while the other two
were either intermixed with strains from Africa or Asia
(Azmi et al. 2017).

Haplotype network representation showed one distinct
major haplotype (Hap 1) originating from six countries with
six different haplotypes (2-7) star-like radiating out of it
in one SNV difference. Although the network methods do
not rely on evolutionary models, however, when intertwined
with NJ phylogenetic tree and genetic variation analyses, the
indication of common origin of haplotypes 1-8 becomes
evident. At the same time, haplotypes 9-11, which appear as
cluster II in the NJ tree, are distanced from each other with
multiple SN'Vs, forming a scattered bunch of haplotypes.
The appearance of hypothetical haplotypes (black circles)
in the middle of the scattered haplotypes (9—11) may indi-
cate insufficient amount of strains to build up a well-distinct
group of haplotypes as in haplotype I group. A Moroccan
study revealed 13 haplotypes of L. tropica from human
hosts, with one haplotype containing 82% of the isolates
(El Hamouchi et al. 2019).

The study was limited to ITS1 region only. Multiple tar-
gets such as cytochrome b mitochondrial DNA (mtDNA)
and kinetoplast DNA (kDNA) in addition to ITS1 will pro-
vide a more comprehensive view of the genetic variation.
Encompassing more samples from different locations in the
study country and vicinity will create clearer haplotypes
with less hypothetical ones and provide clues on relation-
ship between clustering and origin of samples, whether by
country or isolation source.

@ Springer

Conclusion

The L. tropica isolated from sand flies in Palestine is monophy-
letic that assembled in one main phylogroup and one haplotype
using ITS1 region. Our study revealed one highly genetically
diverse population (cluster II) and one relatively low geneti-
cally diverse population (cluster I), regardless of origin of
samples, geographic, or isolation. Infection rate of L. tropica
in Phlebotomus spp. is higher than expected. Epidemiological
surveys of Leishmania infection in sand fly vectors are essen-
tial to assess control strategies and populations at risk.
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