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Abstract

Background: Visceral leishmaniasis, commonly known as kala-azar, and prevalent in more than 70 countries and sev-
eral regions of Iran. It is one of the main diseases transmitted by sand flies.

In this work, geometric morphometrics and DNA barcoding were employed as novel techniques to enhance the diagnos-
tic tools used in this study.

Methods: Phlebotomus perfiliewi transcaucasicus, Phlebotomus major s.1., and Phlebotomus tobbi caught from three
districts in the Ardabil Province, northwest of Iran. The right wings of 286 female sand flies were analyzed using geo-
metric morphometric (GM) tools. Additionally, the COI gene was isolated from each of the three species, amplified
using universal primers, and sequenced through the DNA barcoding method for classification. This sequencing data was
then formatted to generate morphometric analyses.

Results: The landmarks with the most variations were found in sets 10, 12, 13, and 14, whereas the first set's landmarks
at 1 and 11, along with those from the second set at positions 2, 3, and 5 exhibited the greatest variations. Analysis of
the size and shape variations in the wings indicates the presence of distinct populations (P< 0.05). Furthermore, the
DNA barcoding results not only confirmed the findings from the geometric morphometric analysis but also revealed
both interspecific and intraspecific distances.

Conclusion: This study was the first attempt to assess whether wing geometry morphometrics, combined with DNA
barcode techniques, can effectively distinguish the three mentioned species in the studied areas. Furthermore, the identi-
fication of Phlebotomus neglectus in this area prompted recommendations for additional research.

Keywords: Visceral leishmaniasis; Phlebotomus perfiliewi transcaucasicus; DNA barcoding; Iran

Introduction

Visceral leishmaniasis is one of the most reported sporadically from all provinces, but
important parasitic diseases transmitted by focally from Ardabil, East Azerbaijan, Fars, and
phlebotomine sand flies, also known as kala- Bushehr provinces. The country has recently
azar, and it affects Iran and Endemic in over 70 shown the introduction of new endemic foci in
countries worldwide (1). In Iran, the disease is other regions (2). Meshkin-Shahr, Bileh Savar,
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and Germi districts in the Ardabil Province are
the main endemic foci for visceral leishman-
iasis. Leishmania infantum is the causative agent
of kala-azar in Iran, including in the province
of Ardabil, and is transmitted by Phlebotomus
kandelakii, Ph. perfiliewi transcaucasicus, and
Ph. tobbi as the proven or probable vectors of
disease (3-7).

According to studies by Iranian research-
ers, 48 phlebotomine sand fly species have been
confirmed in Iran, including 18 species of the
genus Sergentomyia and 30 species of the ge-
nus Phlebotomus (8). The Ardabil Province has
become a high-risk and endemic region for kala-
azar due to canid reservoir infections, particu-
larly domestic dogs, and their close contact with
the Sand flies as a vector. Therefore, visceral
leishmaniasis has an annual prevalence of 1-
2% in the exposed population in this province
(9-13). The majority of disease cases are un-
der 10 years old children. Leishmania infan-
tum infection rate (1-2%) among the vectors
and its abundance (5-15%) in the three men-
tioned districts resulted in the annual trans-
mission of 100 cases of disease to humans in
recent years (9-13).

Accurate identification of phlebotomine sand
flies as the disease's vectors is necessary to
conduct epidemiological studies on all forms
of leishmaniasis, study their infection status
with parasites, and determine the pattern of
transmission in the area (14).

Due to the similarity of their Morphologi-
cal characters (isomorphic) in external and in-
ternal features, the females of Ph. perfiliewi
transcaucasicus, Ph. major/neglectus, and Ph.
tobbi (proven or probable vectors of visceral
leishmaniasis) remain unidentified or difficult
to identify and they are frequently categorized
in identification keys based on morphology in
a major complex/group without specific char-
acteristics. Due to differences in vector capac-
ity, resistance to insecticides, and current con-
trol strategies, this complex/group of sand flies
requires precise identification to prevent and
control leishmaniasis (15).
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Landmark-based geometric morphometric
is a tool that employs geometrical, biological,
and statistical methods to study variations and
fluctuations in the form (shape and size), body
size, and complex structure of organisms and
it is a strong, simple, and innovative instru-
ment for analyzing various biological forms
(16, 17). In this method, according to the de-
fined significant variables, the shape is creat-
ed and standard multivariate analyzes are used
to describe patterns of change, similarity, and
diversity within and between species while
evaluating (16, 17). Many researchers selected
and employed between 13 and 16 landmarks
on the wings of arthropod specimens as part
of the widely accepted Geometric morphometric
protocol (16, 17).

DNA barcoding is a DNA-based taxonomic
tool that is used to identify known and un-
known species based on the sequence pattern
of nucleotides in a segment of DNA of living
organisms. It is an excellent complement to
morphological methods and can be used to
identify defective and incomplete morpholog-
ical samples, immature forms of insects, and
species with polymorphism in their life cycles
and with isomorphism (18).

To identify and separate the females of
three sand fly species, Ph. perfiliewi transcau-
casicus, Ph. major, and Ph. tobbi in the north-
west of Iran, we employed the geometric mor-
phometric tool together with the DNA bar-
coding method to determine changes in wing
shape, size, and wing indices as a morpho-
logical character in addition to other internal
characters.

Materials and Methods

Study areas and sand fly collection

In this study, sand fly specimens collected
with sticky paper and CDC light traps from
three districts of Meshkin-Shahr (Our-Kandi,
Nasir-Abad and Qort-Tapeh villages), Germi
(MajidLoo, Qahramanloo, and Magvan) and
Bileh Savar (Masjedloo, TazehKand Chanagh-
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Bolag, and Engirloo) according to the presence
of vectors and prevalence of visceral leish-
maniasis diseases. The sand fly collection was
carried out from collecting sites in the men-
tioned villages from April to September 2021
in collecting sites including rodent burrows,
rock crevices, under bridges and bushes, caves,
and places where people and animals rest with
different biotopes (stables, barns, hen, nests,
and yards) twice monthly (Fig. 1).

Preparation and preservation of sand fly
specimens

The captured sand flies on sticky paper
traps were gently separated by an entomolog-
ical needle to prepare the samples for identifi-
cation and carrying out morphological and
morphometric studies. Surface contamination
was removed by washing twice (once with
1% detergent for 2 minutes and again with
distilled water twice), and the samples were
conserved in 96% ethanol and kept at -20 °C.

Dissection, mounting, and identification of
sand flies

For morphological identification, the head
and the last two abdominal segments of each
female specimen were dissected in a drop of
sterile normal saline using sterile dissecting
needles and were mounted on a slide in a drop
of Puri’s medium for geometric morphometric
study, the right wing of each specimen were
cut and transferred on another slide for subse-
quent processing. Finally, the rest of the body
was transferred to 1.5CC microtubes for mo-
lecular studies.

Lewis (22), Seyedi-Rashti and Nadim
(21), and the morphometric studies of Ab-
savaran et al. (15) were utilized as valid iden-
tification keys for the morphological identifi-
cation of sand flies at the species level.

Wing preparation, slide mounting, and im-
aging

The scales on the right wing of each fe-
male specimens of Ph. perfiliewi transcaucasi-
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cus, Ph. major, and Ph. tobbi were removed
and prepared according to Belen et al. 2004
methods (19). The prepared wing was then
placed on a slide and mounted with Puri's
medium. All slides were photographed by us-
ing an Olympus SZX12 microscope with a
DP12 camera, and all photographs with a
magnification of 40x and visible vein were
saved and uploaded to the computer. Images
of wings with unclear characters or damage
were removed from the study.

Wing Landmarks Selection, data acquisi-
tion, and statistical analysis

Photographs were first input to tpsUtil ver.
74 software to convert all documented photo-
graphs of the three species' wings to TPS for-
mat and two-dimensional Cartesian coordinates
of 15 landmarks identified as the intersections
of right-wing veins with the wing margin and
then digitized by tpsDig2 software (Fig. 2
Part A). The coordinates were analyzed using
tpsRelw software to calculate Eigen values
for each principal warp. Landmark data after
Generalized Procrustes Analysis (GPA), were
analyzed using Relative warps and Principal
Component Analysis (PCA) (tpsRelw ver. 1.65
software). Illustrating the difference among
wing shapes was done using Morpho J as a
deformation grid and Wireframe. Grouping of
individuals along the coordinate axis of prin-
cipal components (RW1 and RW2) was done
using PAST ver. 2.17 software.

Analysis of the size and shape of the
wings in three species was done in two sets
(first set: with a large number of samples;
second set: with a small number of samples
that did not share any samples with another
species in the first sets grouping).

DNA extraction and amplification of COI
(Cytochrome C Oxidase subunit 1) gene:
DNA extraction of each specimen was car-
ried out by using the Tissue Genomic DNA
Extraction Mini Kit. Using universal primers
including LCO1490 and HCO2198 created by
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Folmer et al. (20), polymerase chain reactions
(PCR) were employed with the trademark Fa-
vorgen for the previously mentioned three spe-
cies to amplify the 658 base pairs DNA bar-
code fragment of the COI gene.

Analysis of DNA barcode fragment se-
guences of COI gene

PCR products of each specimen were cho-
sen for sequencing after being observed and
examined by electrophoresis in 1% agarose gel
to ensure their purity and the presence of the
desired band. In Pishgam Biotechnology Com-
pany, sequence determination of the PCR prod-
uct with forward primer (single-read sequenc-
ing) was carried out using the Sanger method.
Then, using the ChromasPro v1.41 software,
the results and nucleotide position in each spe-
cies' sequence were checked and corrected. Next,
a phylogenetic tree was constructed by using
the Neighbor-Joining algorithm (NJ) based on the
K2P distance model to demonstrate the pat-
tern of clustering between species. Using the
BLAST program (www.ncbi.nih.gov/BLAST/),
the acquired sequences were compared to se-
quences of the same or closely similar species
that are accessible in GenBank. The obtained
sequences for each species in the subgenus Lar-
roussius were compared to the barcode se-
quences listed in the database (BOLD: Barcode
of Life Database) at www.boldsystems.org or
www.barcodinglife.com to confirm the species'
accurate identification. Sergentomyia dentata
and some Larroussius species obtained from
GenBank were employed as the study out-group
and in-group identical species, respectively.

Results

Species composition

In this study, 96.73% (1923 of the total
1988) of sand flies belonged to the genus
Phlebotomus from three districts in Ardabil
Province: Meshkin-Shahr, Bileh Savar, and
Germi Districts. The proportion of females in
three particular species of Ph. major s.l., Ph.
tobbi, and Ph. perfiliewi transcaucasicus were
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22.5%, 6.1%, and 19%, respectively, among
1478 collected Phlebotomus specimens (Ta-
ble 1).

To identify landmarks, a total of 286 spec-
imens of Ph. major (n=100), Ph. tobbi (n=81),
and Ph. perfiliewi transcaucasicus (n=105) were
used (Table 1).

Consensus configuration and variation in
wing

The average wing shape (Consensus con-
figuration) of the right wing of the three spe-
cies was estimated as Wireframe (Fig. 2, Part
B).

Wing size and shape analysis
The first set

The three principal components (PC), which
account for 53.30% of the average wing's ei-
genvalues and variance, are determined to have
the most influence. The most effective land-
marks in the two (PC) were 10, 9, 12, 1, and
11. In the third component, the most effective
landmarks were 2, 3, 8, and 9, and Landmark
9 was a component in the three PC (Fig. 3).

Female species were grouped based on the
software's examination of wing shape varia-
tions and principal component analysis (PCA)
results. The samples in the two (PCA) over-
lap, as shown by the results in Fig. 4, part A.

The analysis of variance (ANOVA) re-
vealed a significant difference in the centroid
size of the wings between the three species
(P> 0.0012 and F= 5.46), classifying all sam-
ples into three groups with no type. There has
been no error found. Procrustean distances are
provided as residuals in Table 2 of the first
part since they also affect the population's
wing shape in addition to classification.

The general comparison of the wing shapes
of three species was done using the Morpho J
software's (ANOVA) consideration of the out-
come of the residual effects. F test (Goodall's
F statistic) demonstrating the inequality in the
variance of two communities with the values
(P< 0.0001 and F=1.73) and (P< 0.0001) and
Pillai's trace with the values (P< 0.0001) and
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Pillai's t= 0.46 demonstrates a statistical dif-
ference in the mean of the samples. These two
tests reveal a highly significant difference (P<
0.0001) between the values of wing-shaped
Procrustes in the females of the three species
(Table 3).

In three species, the outcomes of the dis-
criminating analysis were as follows: The co-
variance matrix uniformity is examined using
the Box's M test. Indicating the non-uniformi-
ty of the covariance matrix, it was significant
(P<0.010242, Box's M= 16.926). The results of
the canonical analysis demonstrate that many
species overlap with one another. This was
because the wing indices were so near to the
average of the other two species and because
the wing shapes were so similar (Fig. 5).

Mahalanobis distance, Procrustes distance,
and T-square in three comparison groups had
a significant P-value (parametric) (P< 0.05) in
the two-by-two comparison of species. These
indications showed a clear separation between
Ph. tobbi and the other two species. In the
comparison group, Ph. tobbi species had a
greater Mahalanobis distance than the other
two species (1.4947); nevertheless, this index
was low when the profile species were com-
pared to Ph. major s.l. (1.0784, 1.2310). These
variations showed the variation in populations
(Table 4).

The information obtained from the cross-
validation table (Table 5), showed a positive
predictive value for classifying two species
apart was 119.04% for Ph. major vs. Ph. tobbi
and 73.02% for Ph. tobbi vs. Ph. major. Ph.
tobbi vs. Ph. perfiliewi had a positive predic-
tive value of 78.81%, and vice versa, 89.86%;
however, Ph. major s.l. vs. Ph. perfiliewi had
a value of 83.75%, and vice versa, 76.25%.

The highest sensitivity rate and the lowest
specificity rate in this method classifying and
discriminating of species two by two, which
has a high positive (true classification) predic-
tive value, was found in the Ph. tobbi species
from Ph. major s.l., which has higher validity
than other comparisons.
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The observed classification from analysis
of species discrimination in cross table (Table
6) showed that 37.72% Ph. major s.l. from
Ph. perfiliewi is separated and versa 36.27%.
This index showed that Ph. tobbi and Ph. ma-
jor s.l. were correlated with 47.82% and Ph.
perfiliewi and Ph. tobbi were correlated with
40.76% and 35.87%, respectively. The resid-
ual of the individual is either diagnosed in
another species' space or is placed outside of
the separation space and further away from it.

The total discrimination percentage of the
species is calculated by dividing the observed
discrimination by the expected discrimination
and it indicates the effectiveness of the dis-
crimination method. The index Ph. major s.lI.
from Ph. perfiliewi is 74.47%, and versa
74.47% and Ph. major from Ph. tobbi is 86.55
% and versa 74.08 % and Ph. tobbi from Ph.
perfiliewi is 82.37% and versa 72.12%.

The second set

The 53 female samples of right wings of
three species including Ph. major s.I. (n= 19),
Ph. tobbi (n=18) and Ph. perfiliewi transcau-
casicus (n=16) were configured and analysed
for two principal components (PC), the first
PC of 24.96% of specimens and the second
PC of 19.42% of specimens including 44.38%
of the total changes, while in the first set of
the analysis, the impact of the first two com-
ponents were 40.6% of the total changes. The
second set's component had a 3.78% greater
effect than the first. In the second stage,
changes can also be observed in landmarks 9
and 10, which are reaching towards the base
of the wing. It appears that these deviations
cause these species to isolate from the center
of the accumulation of landmarks in the first
stage. Additionally, it was discovered that the
study's limited sample size contributed to an
increase in the number of landmark deviations
when comparing the variance of the land-
marks in two stages. The landmarks 2, 3, 4,
and 5 have had the greatest modifications in
the second set, along with the alterations in
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landmarks 10, 12, 13, and 14 and 15, as in the
previous set.

In the second set, the PCA-based grouping
of the species into three species (green dots
for Ph. perfiliewi transcaucasicus, blue dots
for Ph. tobbi, and red spots for Ph. major s.1.)
had some overlap in the species (Fig. 4, part
B). It appears that these alterations were inter-
species and were independent of the sample
size. The ANOVA results showed a significant
difference in the centroid size of the wings be-
tween the three species (P< 0.0005 and F=
5.99), classifying all samples into three groups
with no type or errors. The increase in the F
test by 0.53 and a decrease in p value from
0.0012 to P<0.0005 between the second and
first analyses, respectively, demonstrated a
significant change in the variance of wing size
between the two sets (Table 2, part second
set). The remaining effects of the comparison
of wing form in three species were taken into
account using MorphoJ software during
(ANOVA) analyses (see second set in Table
3). In the second set, the F test (also known as
Goodall's F statistic) revealed differences in
variance among the three groups with the
values (P< 0.0001 and F= 3.39), and Pillai's
trace with the values (P< 0.0001 and Pillai's
t= 1.53) revealed a statistical difference in the
mean of the samples. These two tests showed
a substantial difference in the values of the
three species' wing-shaped Procrustes (P<
0.0001). Because there were fewer samples in
the second set, the Pillai's trace effect increased
despite the substantial difference, indicating a
decline in the statistical difference between
average wings among the species.

The second set of discriminating results
were analyzed as follows: Box's M test, which
was used to examine the covariance matrix
uniformity, was significant (P< 0.010242, Box's
M= 16.926), indicating that the covariance ma-
trix was not uniform. Only two of the samples
were common to the same grouping in Part B
of Figure 5, where the canonical analysis of
all three species showed that they could be
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distinguished from one another.

In the second part of Table 4, a two-by-
two comparison, it is expected that the results
of discriminating three species based on the
Mean comparison with 1000 permutations have
increased Procrustes distance, Mahalanobis dis-
tance, T-square, and P-value (parametric) in the
comparison of species. Since the results of per-
mutation tests with 1000 permutations have
decreased when comparing Ph. perfiliewi trans-
caucasicus species with Ph. major s.I. and Ph.
major s.l. with Ph. tobbi, and have increased
when comparing Ph. tobbi with Ph. perfiliewi
transcaucasicus, it can be inferred that the dis-
criminating space decreases as the number of
species increases. This index was less than
0.05 and significant when compared to two
other species (Ph. tobbi and Ph. perfiliewi trans-
caucasicus). However, the difference between
Ph. tobbi and Ph. perfiliewi transcaucasicus was
0.360, which was not statistically significant.

The information obtained from the cross-
validation table (Table 7), regarding Ph. tobbi
vs Ph. major and Ph. major versus Ph. tobbi,
the positive predictive value for categorising
two species apart was 60% and 80%, respec-
tively. About Ph. perfiliewi, this value was
determined to be 50%, and vice versa, for Ph.
tobbi. The difference between Ph. major and
Ph. perfiliewi's positive predictive value was
68.42%, and the estimated amount of Ph. per-
filiewi was 67.71%. The highest sensitivity rate
and the lowest specificity rate in this method
classifying and discriminating of species two
by two, which has a high positive (true clas-
sification) predictive value, was found in Ph.
major s.l. from Ph. tobbi, which has higher
validity than other comparisons. The degree
of validity has decreased compared to the first
set.

The observed classification from analysis
of species discrimination in the cross table
(Table 8) showed that 54.28% of Ph. major
s.l. from Ph. perfiliewi is separated and versa
45.72%. This index between Ph. perfiliewi and
Ph. tobbi is 44.12% and versa 41.18% and be-
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tween Ph. tobbi and Ph. major s.I. is 48.65%
and versa 37.84%. The residual individual is
either diagnosed in another species' space or
is placed outside of separation space and fur-
ther away from it

The total discrimination percentage of the
species is calculated by dividing the observed
discrimination by the expected discrimination
and it indicates the effectiveness of the dis-
crimination method. The index ph. major from
Ph. perfiliewi is 100%, and versa. and Ph. ma-
jor from Ph. tobbi is 94.47% and versa 77.78
%. And Ph. tobbi from Ph. perfiliewi is 78.83
% and versa 93.69%. The degree of discrim-
ination has increased compared to the first set.

Analyzing similarities and distinguishing in
two sets

Through the use of MorpholJ software, the
inter-species validation for this discrimination
with the lowest required accurate recognition
was computed, according to table 9, Average
validation from another in each species de-
creased in the second set. This decrease was
expected due to the decrease in sample size,
and it is normal. However, the degree of dis-
crimination has increased compared to the
second set.

Based on the distance measurement (con-
verted to rank), the similarity analysis test (One-
way ANOSIM), a comparative non-paramet-
ric test, revealed a significant difference be-
tween the three species. The results of this
categorization test are displayed in Figure 6.
(R=-0.001471, P (same)= 0.4412), where neg-
ative R denotes group dissimilarity and pink
was used to highlight the likelihood of separa-
tion and group dissimilarity.

The unweight pair group method with arith-
metic mean (UPGMA) was used to determine
the average of each landmark directly in clus-
tering (all distances play a role in grouping),
and it was derived from a combination of spe-
cies and hierarchical clustering algorithms. Fig-
ure 7 displays the results of this method for
two sets, showing that three species were clas-
sified individually by comparing the dendro-
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gram distances between the two sets' results
(first set=A, second set=B), which were not
significantly different from one another.

Analysis of wing variation within species
populations in different areas

Given that p (equal var-covar) was zero
for all three species, it can be concluded that
the covariance matrix was consistent among
locations, the shape of the wings was not dif-
ferent, and integration was demonstrated by
the Monte Carlo p test. The matrix of several
sites within a species' population shows that
the sample was random (P< 0.5).

Investigation results on wing indices

Table 11 displays the findings of the meas-
urement of wing indices in pixels. Wing indi-
ces were measured, and it was discovered that
Ph. perfiliewi transcaucasicus species had high-
er indices than Ph. major s.l. and Ph. tobbi.
The wing indices in Ph. major s.l. was almost
equal to the average, while those in Ph. tobbi
species were higher than the average and
lower than the other two species.

Analysis and sequencing of the DNA bar-
code fragment of the COI gene

The results of COI gene sequencing from
13 (5%) female specimens of the three men-
tioned species and three male samples from
each species support the geometric morpho-
metric analyses (Figs. 8, 9 and Table 12). The
male populations of the species were used to
verify the female genomic sequence.
Phlebotomus tobbi and Ph. perfiliewi trans-
caucasicus male specimens were collected from
sympatric regions, whereas Ph. major s.I. male
specimens were collected from an allopatric
region.

Figure 8 displays the results of the elec-
trophoresis analysis of the three species of
COl genes amplified using the PCR tech-
nique. For all three species, the estimated
band was around 658 bp.

Through BLAST searches in the Genbank
and BOLD databases, 13 sequences from the
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three mentioned species were compared to
other mitochondrial sequences. All of the se-
quences from the current investigation were
in agreement with the species that the PCR
test had identified (similarity> 97% to refer-
ence sequences in the databases). Thirteen se-
quences from the three species had an average
nucleotide composition percentage of 36.1%
thymine, 30.5% adenine, 16.4% guanine, and
17% cytosine. A structure of trees was auto-
matically generated to predict NJ values. For
this calculation, the greatest Log likelihood
was -1394.932. The transition/transversion ra-
tios for purines and pyrimidines were Kl=
0.174 and K2= 2.273, respectively. Figure 9
illustrates the phylogenetic tree based on the
COl gene sequence and the 16 species of male
and female sandflies from local populations
connected to the main group by the NJ ap-
proach. Phlebotomus tobbi with an intra-spe-
cies root from Turkey (GenBank accession
number MN086652) was placed in one branch
of the phylogenetic tree with 98% Bootstrap-

A Barmaki et al.: Discrimination of ...

ping value support. Additionally, populations
from Italy with intra-species roots for the male
and female Ph. perfiliewi transcaucasicus spe-
cies (GenBank accession number MG948469)
were grouped into one branch with 100% sup-
port in 500 times bootstrapping. The COI gene
sequence of Ph. major species populations from
sympatric and allopatric locations matched to
Ph. major s.l. and Ph. neglectus with 97% and
96% coverage in the Blast method and also in
Barcode of Life Data Systems (BOLD). As a
result, the names of the sequences for phylo-
genetic tree design should be for both species.
The COI gene sequence in this population was
placed in a separate branch with 500 rounds
of bootstrapping providing 100% support.
Phlebotomus major s.I. from Turkey (GenBank
accession number MNO086544) was used in
this branch as the root within the group. When
comparing and constructing the phylogenic
tree, Sergentomyia dentata was used as the
root because sub-division may be identified in
the species' branches.
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Duz Bileh Savar

Ungut Germi

Meshgin Shahr

Sareyn

Referring to light bulb
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03
stables, light and sticky trap

39°1'39.43" N, 48° 4'46.42" E

38% 24’ 16.92" N, 47° 39' 54" E

Ardabil

Nir
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Namin

Location of Ardabil province in Iran ™
Coordinates: 39°20'N 48°00E

Kowsar
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https://gechack.toolforge.org

Fig. 1. Sand fly collection sites and map of the study areas with arrow indicators (personally designated)
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Table 1. Prepared slides as well as information on the population density of female sand flies of the subgenus Larrous-
sius in the study area, Iran

County No. (%) Species No. Percentage Slide mounted  Selected slide
Bileh Savar 93(9.83) Ph.majorsl. 28 2.96 24 6
Ph. perfiliewi 49 5.18 3 3
Ph. tobbi 16 1.69 9 9
Germi 840(88.8) Ph.majors.l. 418 44.19 394 93
Ph. perfiliewi 326 34.46 120 101
Ph. tobbi 96 10.15 52 69
Meshkin-Shahr  13(1.34)  Ph. major s.l. 3 0.32 1 1
Ph. perfiliewi 5 0.53 1 1
Ph. tobbi 5 0.53 4 3
Total 946 100 608 286

Table 2. Results of ANOVA on comparison of wing size (Centroid size) in three species (first and second sets), Arda-
bil Province of Iran, 2022

Step Set Effect SS MS df F P (param.)

First Individual 271860.2289 90620.0763 2 546 0.0012
Residual ~ 4729184.341 16593.62927 285

Second  Individual 211479.5 105739.766 2 8.99 0.0005
Residual 588049.2 11760.98488 50

Table 3. The results of multivariate analysis of variance for the wing shape in three species on two sets, Ardabil Prov-
ince of Iran, 2022

Step Set Effect SS MS df F  P(param.) Pillaitr. P (param.)

First Individual 0.00460469 5.90345E-05 78 1.73  <0.0001 0.46 <0.0001
Residual  0.25352838 3.42144E-05 7410

Second Individual  0.006253  0.000120256 52 3.39  <0.0001 1.53 <0.0001

Residual 0.046164  3.55107E-05 1300

Table 4. Discriminant function analysis of three sand fly species based on two-by-two comparisons of right wing aver-
ages in Ardabil Province, Iran, 2022

Step Set Comparison Difference between means P-values for permuta-
tion tests (1000 permu-
tation runs)

Procrustes Mahalanobis T-square P-value Procrustes  T-square
distance distance (parametric)  distance

First Ph. major s.I./Ph. perfiliewi 0.000568 1.0784 60.4745 0.0035 0.0360 0.00040
Ph. major s.1. /Ph. tobbi 0.005405 1.4947 101.0201 0.0001 0.1510 <0.0001

Ph. perfiliewi/Ph. tobbi 0.007058 1.2310 68.5215 0.0011 0.0090 <0.0001

Second Ph. major s.I./Ph. perfiliewi  0.02316245 6.4267 370.5720 0.0213 0<0.0001 0.0160

Ph. major s.1./Ph. tobbi 0.01571365 5.7516 296.8122 0.0435 0.0150 0.0480

Ph. perfiliewi/Ph. tobbi 0.01646860 4.3421 160.2573 0.3607 0.0120 0.3750
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Table 5. Cross-validation analysis of species in two-by-two comparison of the right wing average in three sand fly
specie from Ardabil Province, Iran, 2022

Cross-validation of Phlebotomus major s.l./Ph. perfiliewi transcaucasicus

True species No. Allocated to Total Sensitivity  Specificity  Positive predictive
tested Ph. majors.l.  Ph. perfiliewi rate* rate** value ***

Ph. major s.l. 100 67 37 104 64.42 35.58 83.75

Ph. perfiliewi 104 43 61 104 41.35 58.65 76.25

Cross-validation of Phlebotomus major s.l./Ph. tobbi

True species No of Allocated to Total sensitivity  specificity  Positive predictive
tested Ph. major Ph. tobbi rate* rate** value ***

Ph. major 100 75 29 104 72.16 27.84 119.04

Ph. tobbi 80 34 46 80 425 57.5 73.02

Cross-validation of Phlebotomus tobbi/Ph. perfiliewi transcaucasicus

True species No. Allocated to Total Sensitivity  Specificity ~ Positive predictive
tested  Ph. perfiliewi Ph. tobbi rate* rate** value ***

Ph. perfiliewi 104 62 42 104 59.62 40.38 89.86

Ph. tobbi 80 27 53 80 33.75 66.25 76.81

*= The true diagnostic (positive) rate (TPR, also called sensitivity) is calculated as TP/TP+FN
**The true negative rate (also called specificity)= TN/TN+FP.
*#% (true classification) It’s calculated as TP/TP+FP

Fig. 2. A: Digitization of 15 landmarks of the right wing and B: Consensus configuration of the right wing of the fe-
male sand flies as wireframe using software tpsDig, Ardabil Province of Iran, 2022
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Fig. 3. A) Mahalanobis distance diagram in the size of the right wing, B) pattern changes in the shape of the right wing
due to the displacement of landmarks in PC1, C) the report of the variance of each partial deflection against the report
of the bending energy of each principle by the Bookstein method, Ardabil Province of Iran, 2022
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Fig. 4. Principal component analysis (PCA) diagram of the shape of the right wing and its grouping in three species:
Part A is related to the first set; Part B is related to the second set, Ardabil Province of Iran, 2022
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Fig. 5. Canonical analysis (CA) diagram of the shape of right wing and the species grouping in individual: Part A is
related to the first set; Part B is related to the second set, Ardabil Province of Iran, 2022
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Table 6. Analysis of species through cross discrimination of right wing averages in three sand fly species using past

software in Ardabil Province, Iran, 2022

The discriminant function of Phlebotomus major s.l./Ph. perfiliewi transcaucasicus

Species No.  Expected dis- Allocated to Total Detection  Percent Classi- Total discrimi-
tested crimination * Ph. Ph. per- percentage fication of ob-  nating percent-
major s.I.  filiewi ol served *** age x***
Ph. majors.l. 100 49.02 79 25 104 79 38.72 74.15
Ph. perfiliewi 104 50.98 30 74 104 71.15 36.27 74.47
Discriminant function of Phlebotomus major s.1./Ph. tobbi
Species No.  Expected dis- Allocated to Total Detection  Percent Classi- Total discrimi-
tested crimination * Ph. Ph. percentage fication of ob-  nating percent-
major s.l. tobbi *x served *** age ****
Ph. majors.l. 100 55.55 88 16 104 88 47.82 86.55
Ph. tobbi 80 44.45 19 61 80 76.25 33.15 74.08
Discriminant function of Phlebotomus tobbi/Ph. perfiliewi transcaucasicus
Species No. Expected dis- Allocated to Total Detection  Percent Classi- Total discrimi-
tested crimination * Ph. Ph. percentage fication of ob-  nating percent-
perfiliewi tobbi wx served *** age ****
Ph. perfiliewi 104 56.52 75 29 104 72.12 40.76 72.12
Ph. tobbi 80 43.48 14 66 80 82.5 35.87 82.37

*Expected discrimination= Number of species tested/total species *100
**True Allocated/individuals tested of the same species *100

***percent Classification of observed= true Allocated/the total number of individuals tested from different

species *100

****= true Classification of observed/percent of expected Classification *100

Table 7. Cross-validation analysis of species in two-by-two comparison of right wing average in three sand fly specie
by past software in the second set, Ardabil Province of Iran, 2022

Cross-validation of Phlebotomus major s.1./Ph. perfiliewi transcaucasicus

True species  No. tested Allocated to Total Sensitivity Specificity Positive predictive
Ph. major s.I.  Ph. perfiliewi rate* rate** value ***

Ph. major 19 13 6 19 68.42 50 68.42

Ph. perfiliewi 16 6 11 17 35.29 50 64.71

Cross-validation of Phlebotomus major s.I./Ph. tobbi

True species No. of Allocated to Total Sensitivity Specificity Positive predictive

tested Ph. major s.I. Ph. tobbi rate* rate** value ***

Ph. ma jor 19 12 7 19 63.16 46.67 80

Ph. tobbi 18 8 9 17 52.94 53.33 60

Cross-validation of Phlebotomus tobbi/Ph. perfiliewi transcaucasicus

true species No. tested Allocated to Total Sensitivity Specificity Positive predictive
Ph. perfiliewi Ph. tobbi rate* rate** value ***

Ph. perfiliewi 16 8 9 17 47.06 52.94 50

Ph. tobbi 18 8 9 17 52.94 47.06 50

*=The true diagnostic (positive) rate (TPR, also called sensitivity) is calculated as TP/TP+FN

**The true negative rate (also called specificity)= TN/TN+FP.
**% (true classification) It’s calculated as TP/TP+FP
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Fig. 6. Similarity and differentiation between species based on the distance from the reference landmark using the One-
way ANOSIM test, Ardabil Province of Iran, 2022
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Fig. 7. Hierarchical clustering in mix of three species based on the coordinates of all 15 landmarks without pairing their
weights (UPGMA), Ardabil Province of Iran, 2022
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Fig. 8. PCR product from COI gene assay on a 1.5% agarose gel for 3 species. Lane 1: 100bp molecular ladder, lanes
2-9 (p1548, p1450, p1282= Phlebotomus perfiliewi transcaucasicus), (T1036, T1581, T1091 = Ph. tobbi), (M1622,
M1415= Ph. major s.l.) and lane 10: negative control
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Table 8. Cross discrimination analysis of species in two-by-two comparison of right wing average in three sand fly

species by past software in second set

Discriminant function of Phlebotomus major s.l./Phlebotomus perfiliewi transcaucasicus

Species No. om Allocated to Total Detection Percent Classi-  Total discrimi-
tested 5 % Ph.major  Ph. per- percentage **  fication of ob- nating percent-
=38 s.l. filiewi served *** age ****
>3
=<
S 2
* P
Ph. major 19 54.28 19 0 19 100 54.28 100
Ph. perfilliewi 16 45,72 0 16 16 100 45,72 100
Discriminant function of Phlebotomus major s.l./Phlebotomus tobbi
Species No. om Allocated to Total Detection Percent Classi-  Total discrimi-
tested =. x Ph.major Ph. tobbi percentage **  fication of ob- nating percent-
3.8 s.| served *** age **x**
= 8 1
D @
=<1
S 2
* P
Ph. major 19 51.5 18 0 18 94.74 48.65 94.47
Ph. tobbi 18 48.65 0 14 14 77.78 37.84 77.78
Discriminant function of Phlebotomus tobbi/Phlebotomus perfiliewi transcaucasicus
Species No. om Allocated to Total Detection Percent Classi-  Total discrimi-
tested S X Ph. per-  Ph. tobbi percentage **  fication of ob- nating percent-
3 p
g- o filliewi served *** age ****
> @
=<1
S 2
* P
Ph. perfilliewi 16 47.09 15 1 16 93.75 4412 93.69
Ph. tobbi 18 52.91 1 14 15 77.78 41.18 78.83

*Expected discrimination= Number of species tested/total species *100
**True Allocated/individuals tested of the same species *100

***percent Classification of observed= true Allocated/the total number of individuals tested from different

species *100
****= true Classification of observ /percent of expected Classification *100

Table 9. Comparison of validation and discrimination in two set in the population of three sand fly species, Ardabil

Province of Iran, 2022

Species Average validation from other species The difference between two  Result
First set Second set stages (stage 2 - stage 1)

Ph. major s.1. 101.4 74.21 -27.19 Decrease

Ph. tobbi 74.92 55 -19.92 Decrease

Ph. perfiliewi trancaucasicus 83.06 57.36 -25.7 Decrease
Average discrimination from other species  The difference between two  Result
First set Second set stages (stage 2 - stage 1)

Ph. major s.1. 80.35 97.24 16.89 increase

Ph. tobbi 78.23 78.31 0.08 increase

Ph. perfiliewi trancaucasicus 73.3 96.85 23.55 increase
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Table 10. One-way analysis of variance for centroid size observed between the study area and species, Ardabil Prov-
ince of Iran, 2022

Effect SS MS df F P (param.)
Ph. major s.1. Individual 114148.6  38049.52782 3 1.89 0.1367
Residual 2016601  20166.01482 100
Ph. perfiliewi transcaucasicus  Individual 49074.27  9814.854483 5 0.64 0.6685
Residual 1499220  15298.16767 98
Ph. tobbi Individual 87741.71  21935.42827 4 1.69 0.1609
Residual  972636.9  12968.49178 75

Table 11. Mean and standard deviation of wing indices in females of three species in pixels’ size, Ardabil Province of

Iran, 2022
Species m
~~ > w
Cw o
<3 €9 2 z
s£ § ~ A S o Q -::,7 o] >
v B2 & § 3 s 8 3
~ o @ zC « & 3 o P 2
CTag 82 < 5 o g 5 =
<53 TE T = 3 8 g =3
535 s g N X g = X e
S=+ =. =1 X o
a® 3 5
g% =& 3
S
Ph. tobbi 166.88 561.73 648.73 124.04 889.1  1.586877 246.9 391.8
Ph. perfiliewi 164.28 643.3 790.73 189.86 1012.77 1.500096 313.16 469.77
Ph. major s.l. 187.13 66455 713.26 145.6 962.66 1.356492 303.12 411.18
Mean 17276 623.19 717.57 153.17 954.84 1.48 287.73  424.25
Standard deviation 1251 5428 7110 33.56 62.20 0.12 35.71 40.59

Table 12. Genbank accession code of three species samples and their location and source in this study used for phylo-
genetic tree, F= female, M= male

Species Location Sample code  Genbank accession number
Ph. (Lar.) major s.l. TazehKand 153-F Under study
TazehKand 950-F Under study
TazehKand 978-F Under study
Qahramanloo 1106-F Under study
Qahramanloo 1408-F Under study
Karaj Kord2-M Under study
Turkey MNO086544 MNO086544
Ph. (Lar.) perfiliewi  Qahramanloo 1450-F OR391745
Qahramanloo 1548-F Under study
Qahramanloo 1700-M Under study
Italy MG948469 MG948469
Ph. (Lar.) tobbi Qahramanloo 1581-F Under study
TazehKand 9328-F Under study
Qahramanloo 1036-F OR391747
TazehKand 969-F OR391746
TazehKand 1639-M OR391748
TazehKand 936-F Under study
TazehKand 943-F Under study
Turkey MNO086652 MNO086652
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Fig. 9. Neighbor-Joining phylogenetic analysis based on COI gene sequences of 3 species in the present study and
reference species (yellow highlight) from GenBank as an outgroup and ingroup to root in the tree, Bootstrap values (500
replicates) neighbor-joining appeared near the branches, the optimal tree with the sum of branch length= 0.38306711 is

shown Evolutionary analyses were conducted in MEGA7

Discussion

Accurate identification of sand flies spec-
imens is required for a correct determination
of the relevant bionomics, and a better under-
standing of the dynamics, pathogens, and risk
of acquiring diseases transmitted by them. In
the present study, 949 specimens of the sub-
genus Larroussius were collected, with a com-
bination of Ph. major s.l. (47.52%), Ph. tobbi
(12.75%), and Ph. perfiliewi transcaucasicus
(39.73%), and their species composition were
matched with previous studies (3, 4, 8, 11, 21).
The female specimens of the subgenus Larrous-
sius have morphologically close-related spe-
cies of sandflies that are difficult to identify
and many attempts have been made to distin-
guish these complex specimens using cyto-
chrome b (mtDNA) and elongation factor- 1
(nDNA) nuclear genes, morphological charac-
teristics including the length and number of

spermatic bands, the structure of the pharyn-
geal armature, but the majority of them have
did not succeed (15). In the present study ar-
ea, these complex specimens represent the con-
firmed or suspected vectors of visceral leish-
maniasis (1-2). Most studies have reported on
the prevalence of Leishmania parasite infec-
tion in recent years, particularly Leishmania
infantum, which can infect humans and cause
disease in up to 100 cases per year, especially
in children. (5, 6, 7, 12, 13). Amplification of
the COI gene by the PCR method using uni-
versal primers and its sequencing has recently
been used to identify complex species, and it
was utilized for the first time for phlebotom-
ine sand flies in Iran (16, 17, 18, 25). The ge-
ometric morphometric method was used to com-
pare the size and shape of the right wing in
two sets of 286 (31.17%) of the subgenus
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specimens of three female sand fly species
that are members of the Ph. major complex.
The two sets were created according to the
descriptions in the materials and methods (25,
27), which were separated into two stages.
The right wings of three species of Ph. major
s.l., Ph. tobbi, and Ph. perfiliewi transcauca-
sicus sandflies with 15 landmarks have been
successfully employed for analysis. Most re-
searchers have found that they come within
the same range. The decrease in sample size
and the removal of overlapping samples from
the first set were both attributed to an estimat-
ed increase in the impact of this two-principal
component, which was 3.78%. The research-
ers' suggestion for sample size for each spe-
cies is around the number of landmarks. Land-
marks 10, 12, 13, 14, and 15 had the most var-
iations in both sets, but in the first set, 1, 9,
and 11 in the second set, 2, 3, 4, and 5 had the
most changes. The landmarks in the middle
and close to the base of the wing appear to be
the main areas where the species differ from
one another. Alpha, beta, gamma, and delta
sizes were more effective for Landmarks 10
and 12. These effects are confirmed in Table
10 of this investigation and are also compati-
ble with findings from investigations on sib-
ling species of Lutzomyia cruciata performed
in Mexico (31). Two analytical sets were used
for the categorization, each with a 95% confi-
dence interval, and the first set included 286
specimens from three different species that in-
itially overlapped. The second biggest classi-
fication concerned Ph. tobbi, however, in the
second group with 53 specimens of three dif-
ferent species, the classification based on PC1
and PC2 differentiated the species and re-
duced their overlap. The results of the CS
analysis using the ANOVA approach in two
adjusted sets with a test (Fset 1=5.46, Fset
2=8.99) and the significant parameter was P >
0.0012 for the first set, P> 0.0005 for the sec-
ond set, demonstrating that different species
have different wing sizes. The findings of this
study were in agreement with research on fe-
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male sand fly specimens of the Ph. caucasi-
cus group in Iran's cutaneous leishmaniosis
endemic areas (29), as well as with geometric
morphometric findings on Lutzomyia speci-
mens in Brazil (28) and Phlebotomus sergenti
in Morocco (30). There was significant varia-
tion in wing shape across the three species,
according to the F test and Pillai's trace done
in an ANOVA on the wing shape for the two
sets. The significance level of the F test and
Pillai's trace test was comparable in Mexico to
research done on Lutzomyia crusiata sibling
species (set 1: F=1.73, P>0 .0001, Pillai tr=1
.53, P>0.0001, and set 2: F=3.39, P> 0.0001)
(31). By examining the uniformity of the wing
covariance matrix with a test, it was deter-
mined that the wing canonical discriminating
in 3 species was significant: BOXM= 16.926,
P> 0.010242 in two sets. Three samples were
placed in overlap during discriminating anal-
yses, and further samples were positioned at a
specific distance from one another. The Ma-
halonobis distance and the Procrustes distance
in the two-by-two comparison differed be-
tween the two sets, and the T-Square test was
significant in all comparisons except for one
with a P> 0.05. A 1000-permutation permuta-
tion test showed significant results. Due to the
overlap of 3 samples in the second set of the
Ph. tobbi-Ph. Perfiliewi transcaucasicus com-
parison, the difference in averages in the T-
Square test was not significant. The distance
between Procrustes and Malanobis in the sec-
ond set was increasing in comparison to the
previous set, and we were expecting that by
removing the samples from one another, this
gap would also grow. In the first set, the range
of total species discrimination was calculated
to be 77.12-86.55, and in the second set,
77.80-100. It may be stated that the geometric
morphological method allows for more accu-
rate classification and identification of the
species with a smaller sample set. When the
validity of the discriminability between the
two sets is compared, Ph. major s.l. and Ph.
perfiliewi transcaucasicus exhibit increased
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validity whereas Ph. tobbi shows decreased
validity. Based on matrix ranking, the one-
way (ANOSIM) approach revealed differences
between the three species. The difference be-
tween species is revealed in two sets by hier-
archical clustering of mixed species based on
the coordinates of landmarks that all land-
marks serve as crucial for categorization. The
ANOVA approach was used to analyze the
shape and size of the wing in each population
of each species, separately from the places
where data were collected. The results had a
low F test and a P value of 0.05, which was
not significant. It is determined that there are
no significant variations in the size and shape
of the wings among the sites investigated.

The estimated size for each species was
different and varied significantly from one an-
other. The total effects of changes in land-
marks on the distance of alpha, beta, ratio of
alpha to beta, gamma and delta, width and
length of wings were tested independently for
all three species. Phlebotomus tobbi indicated
sizes are less than those of the other two spe-
cies, meaning its wing was smaller Phleboto-
mus major s.l. was almost in the middle of the
other two species while Ph. perfiliewi trans-
caucasicus exhibits larger sizes.

This result was supported by the cluster-
ing of the phylogenetic tree based on the COI
gene in this study, which was also in agreement
with findings from related investigations on
Mexican Lut. crusiata siblings (31). The COI
gene barcode sequence has been effectively
tested in multiple processes within the Ph.
major complex in the study area's districts.
The major complex group of sand flies was
collected (males and females) in three districts
as well as from allopatric locations, without
considering the species delimitation algorithm
into account. The COI gene tree phylogeny
based on neighbor-joining indicated that the
COl barcode was a useful tool to identify be-
tween members of the Ph. major complex
since all species were placed in one cluster
and each species in one branch. Nuclear gene

214

A Barmaki etal.: Discrimination of ...

Elongation Factor 1-alpha (EF-1), which demon-
strated the existence of different genes between
sympatric geographic groups (15), and mito-
chondrial gene Cytochrome b (Cyt b), which
was identified in the same species, confirm ear-
lier research. In this work, three species from
the study area were used to distinguish among
species using the COI gene with high similar-
ity and more than 98% support, which is con-
sistent with studies done using the same meth-
od with comparable samples in the region near
Iran in Turkey (26). Obtained sequences from
GenBank were placed in the same branch as
the in-group and out-group (26). The geomet-
ric morphometric results of this study were in
agreement with genetic analysis, which con-
firmed species classification within species lev-
el. A similarity report of more than 97% based
on the COI gene in the BLAST databases in
the Genbank and BOLD Biolife system indi-
cates that Ph. neglectus is present in the study
area as a member of sibling and sympatric spe-
cies. Phlebotomus neglectus was also widely
observed in Bileh Savar and Germi counties
via the COI gene. The existence of this spe-
cies had previously been reported from differ-
ent sites with question and possibility (23,
24). With the conclusion of this investigation,
we are closer to reporting the definitive exist-
ence of Ph. neglectus, and numerous morpho-
metric studies for female specimens in the study
area were necessary.

Conclusion

In this study, the efficacy of wing geomet-
ric morphometry in conjunction with molecu-
lar techniques was tested for the first time to
distinguish the three major group species in
the area. In addition to the identification keys,
the current study showed that the DNA bar-
code and geometric morphometric studies can
classify three species in the endemic areas of
visceral leishmaniosis in the districts of Ger-
mi, Bileh Savar, and Meshkin-Shahr. These
taxonomic tools can also be used to identify

http://jad.tums.ac.ir
Published Online: September 30, 2024


https://doi.org/10.18502/jad.v18i3.18573
http://jad.tums.ac.ir/

J Arthropod-Borne Dis, September 2024, 18(3): 197-217
https://doi.org/10.18502/jad.v18i3.18573

vectors, evaluate their risk, and help in their
control. The COI and DNA barcode of Ph.
perfiliewi transcaucasicus and Ph. tobbi in the
study areas were extracted, sequenced, and reg-
istered in GenBank on the NCBI database. These
species were also added to the extensive DNA
barcode library of sandflies in Iran, and the
presence of Ph. neglectus species in this area
was confirmed. It is advised that the best way
to differentiate among the region's female spec-
imens of major group sand flies was to iden-
tify each species using a DNA barcode with
universal COI primers. In remote Laboratory
centers without access to molecular biology
tools or with limited resources, the GM meth-
od is a viable alternative. It can be utilized as
a supplement to earlier morphological efforts
in various target locations and circumstances
to prevent mistakes brought on by incorrect
specimen diagnosis.
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