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The prevalence of autochthonous leishmaniasis in Thailand is increasing but the
naturalvectorsthatare responsible fortransmissionremain unknown. Experimental
in vivo infections in Culicoides spp. with Leishmania (Mundinia) martiniquensis and
Leishmania (Mundinia) orientalis, the major causative pathogens in Thailand, have
demonstrated that biting midges can act as competent vectors. Therefore, the
isolation and detection of Leishmania and other trypanosomatids were performed
in biting midges collected at a field site in an endemic area of leishmaniasis in Tha
Ruea and a mixed farm of chickens, goats, and cattle in Khuan Phang, Nakhon
Si Thammarat province, southern Thailand. Results showed that Culicoides
peregrinus was the abundant species (>84%) found in both locations and only
cow blood DNA was detected in engorged females. Microscopic examination
revealed various forms of Leishmania promastigotes in the foregut of several
C. peregrinus in the absence of bloodmeal remnants, indicating established
infections. Molecular identification using ITS1 and 3'UTR HSP70 type | markers
showed that the Leishmania parasites found in the midges were L. martiniquensis.
The infection rate of L. martiniquensis in the collected flies was 2% in Tha Ruea
and 6% in Khuan Phang, but no L. orientalis DNA or parasites were found.
Additionally, organisms from two different clades of Crithidia, both possibly new
species, were identified using SSU rRNA and gGAPDH genes. Choanomastigotes
and promastigotes of both Crithidia spp. were observed in the hindgut of the
dissected C. peregrinus. Interestingly, midges infected with both L. martiniquensis
and Crithidia were found. Moreover, four strains of Crithidia from one of the
clades were successfully isolated into culture. These parasites could grow at 37°C
in the culture and infect BALB/c mice macrophages but no multiplication was
observed, suggesting they are thermotolerant monoxenous trypanosomatids
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similar to Cr. thermophila. These findings provide the first evidence of natural
infection of L. martiniquensis in C. peregrinus supporting it as a potential vector

of L. martiniquensis.

Leishmania, leishmaniasis, Crithidia, Trypanosomatids, Leishmania martiniquensis,
Culicoides, Culicoides peregrinus, biting midges

Introduction

Leishmaniases are vector-borne diseases caused by protozoan
parasites of the genus Leishmania (Kinetoplastida, Trypanosomatidae).
At least 21 Leishmania species that are members of the subgenera
Viannia, Leishmania, and Mundinia have been reported as human
pathogens. So far, no vaccine is available for human leishmaniasis
(World Health Organization, 2023). In Thailand, human cases of
autochthonous leishmaniases are mainly caused by two recently
described species, L. (Mundinia) martiniquensis (Pothirat et al., 2014)
and L. (Mundinia) orientalis (Jariyapan et al., 2018). The prevalence of
autochthonous leishmaniasis in Thailand is increasing and new cases
continue to be reported (Anugulruengkitt et al., 2022; Srivarasat et al.,
2022), but the natural vectors that are responsible for the transmission
of the disease remain unknown. Moreover, more relapse cases caused
by L. martiniquensis have been reported (Srivarasat et al., 2022; Mano
etal., 2023). Various species of sand flies are known as natural vectors
of Leishmania parasites in the subgenera Viannia and Leishmania
(Cecilio et al., 2022). For L. martiniquensis and L. orientalis, some
species of sand flies have been reported as potential vectors (Chusri
et al, 2014; Siripattanapipong et al., 2018; Srisuton et al., 2019;
Sriwongpan et al, 2021). However, no natural vectors have
been proved.

Recently, various research groups in several countries have
reported the detection of Leishmania DNA in biting midges. For
example, DNA of L. infantum has been detected in wild-caught
Culicoides spp. in Tunisia (Slama et al., 2014), L. (Viannia) braziliensis
DNA found in C. ignacioi, C. insignis, and C. foxi and L. (Leishmania)
amazonensis DNA detected in C. filariferus and C. flavivenula in Brazil
(Rebélo et al., 2016). Further, in Australia, the natural infection of a
day-feeding midge, subgenus Forcipomyia (Lasiohelea) Kieffer, with
L. (Mundinia) macropodum parasites has been reported (Dougall
et al,, 2011). Experimental infections of L. (Mundinia) enriettii and
L. orientalis in a laboratory colony of C. sonorensis reveals that both
Leishmania species can complete their development to late-stage
parasites found in the stomodeal valve, a position suitable for
transmission by bite (Seblova et al., 2012; Chanmol et al., 2019).
Further, Becvar and colleagues (Becvar et al., 2021) have demonstrated
that L. martiniquensis, L. orientalis, and Leishmania (Mundinia)
chancei (formerly called L. “Ghana” sp.) (Kwakye-Nuako et al., 2023),
all members of subgenus Mundinia, are able to successfully colonize
at the stomodeal valve, produce a higher proportion of metacyclic
forms than in sand flies, and can be experimentally transmitted to
BALB/c mice by C. sonorensis bites. These findings have highlighted
Culicoides spp. as potential vectors of the members of the subgenus
Mundinia that may participate in leishmaniasis transmission in nature
(Becvar et al., 2021).
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Biting midges are also probable vectors of avian trypanosomes.
DNA of Trypanosoma spp. parasites has been detected in several wild
caught Culicoides spp. (Bernotiené et al, 2020). C. alazanicus,
C. pictipennis, C. festivipennis, and C. clastrieri are naturally infected
with T. bennetti (s.1.) (Svobodova et al., 2017). Experimental infection
of C. nubeculosus and C. impunctatus with four closely related
haplotypes of T. everetti has shown that these Trypanosoma parasites
are able to develop and produce metacyclic trypomastigotes in both
biting midge species (Bernotiené et al., 2020).

Besides the dixenous trypanosomatids (Leishmania and
Trypanosoma), natural infections of Culicoides biting midges with
monoxenous trypanosomatids have been reported. Herpetomonas
ztiplika was isolated from a female C. kibunensis caught while
attacking buzzard (Buteo buteo) nestlings (Podlipaev S. A. et al., 2004).
Several isolates of Sergeia podlipaevi were obtained from females of
two species of biting midges C. festivipennis and C. truncorum
captured in common buzzard nests (Svobodova et al.,, 2007). A
monoxenous trypanosomatid, Herpetomonas trimorpha, was isolated
from the digestive tract of a female biting midge, C. truncorum
(Zidkova et al., 2010). In addition, Crithidia sp. DNA was detected in
one female C. pictipennis and H. ztiplika DNA in two C. obsoletus
females (Bernotiené et al., 2020).

Infections with monoxenous trypanosomatids have occasionally
been reported in mammals including humans. In mammals a
flagellate parasite was isolated from rats (Rattus norvegicus) and stray
dogs in Egypt (Morsy et al., 1988) and later found to be a member of
the genus Herpetomonas (Podlipaev S. et al, 2004). Recently,
mammals including coatis (Nasua nasua), marmosets (Callithrix sp.),
bats (Carollia perspicillata, Myotis lavali, M. izecksohni, Artibeus
lituratus), crab-eating foxes (Cerdocyon thous), and ocelots
(Leopardus pardalis) in Brazil have been found infected in nature by
Crithidia mellificae, a monoxenous trypanosomatid classically
associated with honeybees (Dario et al., 2021). Also, DNA of Cr.
mellificae is detected in a nectar-feeding bat (Anoura caudifer) in
Brazil (Rangel et al., 2019).

So far, most infection by monoxenous trypanosomatids in
humans has been reported in patients with either HIV or Leishmania
co-infection. Leptomonas seymouri-L. donovani co-infection cases
have been reported from India (Srivastava et al., 2010; Ghosh et al.,
2012; Singh et al., 2013; Thakur et al., 2020). In Brazil, a Crithidia-
related species has been isolated from an immunocompetent patient
with a fatal visceral leishmaniasis-like illness (Maruyama et al., 2019)
and a 9-year-old patient with leishmaniasis caused by L. infantum
(Rogerio et al,, 2023). Also, a novel thermotolerant monoxenous
trypanosomatid closely related to Cr. fasciculata has been isolated
from clinical samples of immunocompetent patients suspected of
cutaneous leishmaniasis in Iran (Ghobakhloo et al., 2019; Kostygov
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et al, 2019). However, potential vectors of these monoxenous
trypanosomatid parasites remain unknown.

In Thailand, the role of biting midges as potential vectors of
Leishmania and Trypanosoma parasites has been investigated and
revealed DNA of L. martiniquensis and Trypanosoma spp. in three
female C. mahasarakhamense and one female C. huffi, respectively.
Blood meal analysis showed C. arakawae, C. mahasarakhamense,
C. guttifer, C. huffi, C. fulvus and C. actoni had fed on chickens,
whereas C. asiana, C. imicola, C. peregrinus, C. oxystoma and
C. shortti had fed on water buffalo and cattle (Jomkumsing et al.,
2021; Sunantaraporn et al., 2021). Recently, DNA of L. martiniquensis
was detected in C. peregrinus, C. oxystoma, C. mahasarakhamense,
C. huffi, C. fordae, and C. fulvus and DNA of L. orientalis in
C. peregrinus and C. oxystoma caught near a leishmaniasis patient’s
house in southern Thailand. In addition, DNA of Crithidia sp. was
detected in Culicoides spp. in those areas (Songumpai et al., 2022;
Sunantaraporn et al., 2022).

Observation and isolation of live L. martiniquensis and L. orientalis
parasites in natural infections of Culicoides biting midges is still
required as it is one of the key criteria used to incriminate a natural
vector of leishmaniasis. Therefore, the objectives of this study were (1)
to investigate trypanosomatids in Culicoides biting midges collected
from an endemic area of leishmaniasis and a mixed farm of chickens,
goats, and cattle in southern Thailand, (2) to analyze blood meals of
engorged midges, and (3) to characterize any trypanosomatids
successfully isolated into culture. Our study provided evidence for
C. peregrinus as a potential vector of L. martiniquensis and revealed a
novel thermotolerant Crithidia trypanosomatid that could infect
mouse cells in vitro.

Materials and methods
Ethic statements

The use of animals in this study was approved by the animal
research ethics committee of Chulalongkorn University Animal Care
and Use Protocol (CU-ACUP), Faculty of Medicine, Chulalongkorn
University, Bangkok, Thailand (COA No. 023/2564 and COA No.
011/2564).

Study location and insect trapping

Collection of biting midges was conducted in two locations,
Location 1: Tambon Tha Ruea (TR), an endemic area of
leishmaniasis (8°2242.0”N 99°5832.0”E) and Location 2:
Tambon Khuan Phang (KP), a mixed farm of chickens, goats, and
cattle (8°09’35.2”N 99°56’33.8”E), Nakhon Si Thammarat
province, southern Thailand. In each location, wild biting midges
were collected using five Center for Disease Control and
Prevention (CDC) miniature light traps (25W bulb) with
ultraviolet (UV) light for 4 nights in December 2021. Traps were
operated from 6.00 pm to 10.00 pm. The midges were kept in
plastic boxes covered by two layers of insect nets with moisture
papers on the top and transported to the Vector Biology and
Vector Borne Disease Research Unit, Department of Parasitology,
Faculty of Medicine, Chulalongkorn University.
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Morphological identification and
investigation of naturally infected
wild-caught biting midges

Live insects were placed on ice to immobilize before investigating
under a binocular stereoscopic microscope (SZX10; Olympus, Tokyo,
Japan). Males were separated from females by their morphology.
Species identification of females was carried out using a taxonomic
key according to morphological characters, namely wing spot patterns
and head features (palp and antenna) (Dyce et al., 2007; Pramual et al.,
2021). In each species, females were grouped by their physiological
stage: parous (empty abdomen, with traces of burgundy pigment after
blood sucking), engorged (abdomen filled with blood), gravid
(abdomen with eggs), and nulliparous (empty abdomen without the
presence of blood, they never sucked blood) (Dyce, 1996; Kasicova
etal., 2021). Parous (50) and nulliparous (50) females collected from
each location were selected to investigate for trypanosomatids. Before
dissection, the midges were placed on ice in a small Petri dish
containing 0.05% (v/v) Tween 20 in 1x Phosphate Buffered Saline
(PBS; 10mM sodium phosphate, 145 mM sodium chloride, pH 7.2).
The whole gut (foregut, midgut, and hindgut) was dissected using
sterile fine needles in a drop of 50 pl sterile PBS on a sterile slide under
a binocular stereoscopic microscope. Then the gut was transferred
into 50 pl sterile PBS on a new sterile slide, covered with a sterile
coverslip, and examined for trypanosomatids under a light microscope
(Olympus America Inc., USA) at 400 x magnification. Some insects
with unidentified trypanosomatids in the whole gut were video
recorded and photographed. Each positive sample was divided into
three parts in a small volume of PBS for Giemsa’s staining, cultivation,
and gDNA extraction. To confirm the species of the infected insects,
the female carcass of each positive sample was subjected to gDNA
extraction for molecular identification of Culicoides species.

Cultivation of trypanosomatids from
insects

Schneider’s Insect medium (SIM) (Sigma-Aldrich, St Louis, MO,
USA), pH 6.8 supplemented with 10% (v/v) heat-inactivated fetal
bovine serum (hi-FBS) (Life Technologies-Gibco, Grand Island, NY,
USA), 100 pg/mL penicillin-streptomycin and 250 pg/mL gentamicin
(Sigma-Aldrich, St. Louis, MO, USA) was used to culture
trypanosomatids from insects. Each positive sample in PBS was
transferred into a 25ml flask containing 5mL SIM, pH 6.8
supplemented with 10% (v/v) hi-FBS and 25 pg/ml gentamicin (SIM
complete), and incubated at 26°C. An axenic culture was established
by serial dilution and subpassage. Promastigotes were mixed with
7.5% (v/v) glycerol in SIM complete and stored at —80°C.

Giemsa staining, light microscopy and
morphometry

Trypanosomatid samples isolated directly from insects or cultures
in SIM with supplements were smeared on microscope slides and
air-dried. The slides were then fixed in absolute methanol and stained
with 5% (v/v) Giemsa’s stain solution (Sigma-Aldrich, Darmstadt,
Germany). The morphological characteristics and morphometry of
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the trypanosomatids were examined under a light microscope
(Olympus America Inc., USA) at 1,000 x magnification. Light
microscopy (LM) images of 50 parasites in each stage were used for
morphometry, including: cell body length, cell body width, anterior
end to kinetoplast distance, anterior end to nucleus distance, and
length of flagellum. The measurement results were presented as
mean * standard deviation.

Genomic DNA extraction, molecular
identification of Culicoides species, host
blood, Leishmania species, and
trypanosomatids

Genomic DNA of biting midges and trypanosomatids was
extracted using a genomic DNA purification kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA) according to the manufacturer’s
instructions. For molecular identification of Culicoides species,
LCO1490 primer (5-GGTCAACAAATCATAAAGATATTGG-3)
and HCO2198 primer (5"-TAAACTTCAGGGTGACCAAAAAA
TCA-3) (Folmer et al., 1994) were used to amplify the approximately
658-bp fragment of the mitochondrial cytochrome c oxidase subunit
1 gene (COI) following the polymerase chain reaction (PCR) method
described by Harrup et al. (2016). Host blood from engorged females
was identified based on the mitochondrial cytochrome b (cyt b) gene
sequence using the primers cyt bbl (5 -CCATCMAACATYTCADC
ATGAAA-3") and cyt bb2 (5"-GCHCCTCAGAATGAYATTTG
KCCTCA-3") as described by Radrova et al. (2013). For molecular
identification of Leishmania species in gDNA samples extracted from
insects and/or cultures, primers LeF (5-TCCGCCCGAAAGTTCACC
GATA-3") and LeR (5'-CCAAGTCATCCATCGCGACACG-3")
(Spanakos et al., 2008), were used to amplify the internal transcript
spacer 1 (ITSI) region (approximately 379bp) and primers, 70-IR-D
(5-CCAAGGTCGAGGAGGTCGACTA-3") and 70-IR-M (5'-ACG
GGTAGGGGGAGGAAAGA —3) (Requena et al., 2012) were used
to amplify the 3 untranslated region (3'UTR) of Leishmania HSP70-
type I (HSP70-I) genes as described by Jariyapan et al. (2021).

For molecular identification of trypanosomatids, primers,
TRY927F (5 -GAAACAAGAAACACGGGAG —3') and TRY927R
(5 "-CTACTGGGCAGCTTGGA-3 "), were used to amplify
approximately 927bp of the small subunit ribosomal RNA (SSU
rRNA) gene (Noyes et al., 1999) of gDNA extracted from insects and
cultures. All amplicons were visualized in 1.5% agarose. The PCR
products were purified using a GeneJET PCR Purification kit (Thermo
Fisher Scientific, CA, USA). PCR conditions and protocols used in
this study are provided in Supplementary Data S1.

For trypanosomatids successfully grown in culture, primers
M200 (5"-ATGGCTCCVVTCAARGTWGGMAT-3") and M201
(5"-TAKCCCCACTCRTTRTCRTACCA -3") for the glycosomal
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene (Maslov
et al., 1996) were used to confirm species identification. The PCR
products of M200/M201 primers were cloned into the pGEM-T Easy
Vector system (Promega, Madison, WI, USA), following the
manufacturer’s instructions. Recombinant plasmid DNA was
extracted using the Invisorb Spin Plasmid Mini Kit (STRATEC
Molecular, Berlin, Germany), following the manufacturer’s
instructions. The purified PCR products were sent for sequencing at
the sequencing service of Macrogen Inc., Seoul, Korea.

Frontiers in Microbiology

10.3389/fmicb.2023.1235254

Data and phylogenetic analyses

The nucleotide sequences of the COI gene of Culicoides biting
midges, the cyt b gene of vertebrates, ITS1 and 3’UTR-HSP70-1 genes
of Leishmania parasites, and SSU rRNA and gGAPDH genes of
trypanosomatids were analyzed by comparison with the GenBank
database using a BLAST search'. The sequences of Leishmania
parasites and trypanosomatids were aligned and trimmed using
MEGA X: Molecular Evolutionary Genetics Analysis across
computing platforms version 10.2.6 (Kumar et al., 2018). The best-
fitting nucleotide substitution models for both genes were estimated
using the Akaike Information Criterion (AIC) in the jModelTest
software (Posada, 2008). Phylogenetic trees were constructed using
the Maximum Likelihood (ML) method implemented in MEGA
(Kumar et al., 2018) with 1,000 bootstrap-replications. Bootstrap
values of >70% were taken as an indication support (Hillis and Bull,
1993). For phylogenetic analysis of Leishmania parasites, evolutionary
models of GTR +1 were chosen for ITS1 (329bp) and 3'UTR-HSP70-1
(817bp). For phylogenetic analysis of Crithidia sp., evolutionary
models of GTR+I+G were chosen for SSU rRNA (720bp) and
gGAPDH (654bp). Genetic distances were calculated using the
Kimura 2-parameter (K2P) model implemented in MEGA (Kumar
etal., 2018).

Scanning electron microscopy and
transmission electron microscopy

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used to characterize the ultrastructural
morphology of the cultured trypanosomatids. For SEM, live
trypanosomatids were pelleted at 1,600xg for 10min at room
temperature and fixed with 2.5% (v/v) glutaraldehyde in 0.1 cacodylate
buffer (pH 7.2) overnight at 4°C. Fixed cells were washed twice in PBS
and post-fixed with 1% (w/v) osmium tetroxide in PBS for 1h. The
samples were then dehydrated in a graded series of ethanol. Samples
were critical point dried in liquid CO, and coated with gold particles
in a sputter-coating apparatus. Samples were observed under a
scanning electron microscope, JEOL JSM-6610LV (JEOL, Tokyo,
Japan), operated at 15kV. Samples for TEM were prepared as for SEM,
except that 2% (w/v) osmium tetroxide were used to post-fix for 2h at
room temperature. After dehydration in a graded series of ethanol, the
samples were incubated overnight in an epoxy resin (PolyBed 812)/
acetone solution (1:1), and then embedded in pure resin and
polymerized for 48 h at 60°C. ultra-thin sections were stained with 4%
(w/v) uranyl acetate and 3% (w/v) lead citrate and observed under a
transmission electron microscope, JEM-2200FS (JEOL, Tokyo, Japan),
operated at 200kV.

Growth curves at 26 and 37°C

Trypanosomatids were removed from —80°C, grown in SIM
complete at 26°C for 4 days, and subpassaged into new SIM complete

1 https://blast.ncbi.nlm.nih.gov/Blast.cgi
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for growth analysis. The parasites were counted using a Neubauer
chamber (BLAUBRAND, Sigma-Aldrich, Saint Louis, MO, USA)
from an initial inoculum of 4 x 10* parasites/mL (day 0). The initial
inoculum was transferred into a 25 cm’ flask containing 5ml of the
culture medium for 14 flasks. Seven flasks were incubated at 26°C and
the rest were incubated at 37°C with 5% CO,. One flask at each
temperature was taken out daily, and a cell scraper (SPL Life Sciences,
Gyeonggi, Korea) was applied to remove any adherent cells from the
base of the flask. Ten microliters of parasites were collected and mixed
at a 1:1 ratio with formaldehyde when all parasites were alive or 0.4%
trypan blue solution (Thermo Fisher Scientific, NY, USA) when
nonviable forms of parasites were present in the cultures. Live cells
were counted using a Neubauer chamber. Also, the cultures were
smeared on slides and stained with Giemsa’s staining solution for
morphological examination by LM. Experiments were performed on
three independent replicates run in duplicate.

Macrophage infection and multiplication
assay

To evaluate the ability of trypanosomatids to infect and multiply
in mouse macrophages an infection and multiplication assay was
performed. Mouse peritoneal exudate macrophages (PEMs) from
BALB/c (Mus musculus) (Nomura Siam International Co., Ltd.,
Bangkok, Thailand) were obtained using the method described
previously (Zhang et al., 2008). Round coverslips were placed in
24-well tissue culture plates (ThermoFisher Scientific, Jiangsu,
China). PEMs in RPMI 1640 medium (GE Healthcare Life Science-
HyClone, UT, United States) supplemented with gentamicin 25 pg/
ml and 10% (v/v) hi-FBS were seeded at a density of 2.5x 10° cells/
well and incubated at 37°C with 5% CO, for 24h. After the
incubation, non-adherent cells were removed by washing three times
serum-free RPMI 1640 medium. Test
trypanosomatids (from Day 3 with the greatest number of motile

with pre-warmed

forms) and L. martiniquensis promastigotes (from Day 5) were used
to infect PEMs at a ratio of 10:1 cells to macrophages. After
incubation for 3h at 37°C and 5% CO,, the coverslips were washed
with pre-warmed serum-free RPMI 1640 medium for three times,
replaced with 10% hi-FBS RPMI-1640 medium, and incubated at the
same conditions. Coverslips were removed from the culture plates
and stained with Giemsa’s staining solution every 24h until 96h
post-infection. Two hundred macrophages were counted to
determine the infection rate and average number of intracellular
parasites per macrophage. The infection index, and the intracellular
parasite multiplication ratio were determined (Chanmol et al,
2019). Results were expressed as mean + standard deviation and
based on three independent infection experiments each performed
in duplicate.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
version 9.1 software. Statistical differences between L. martiniquensis
and Crithidia sp. infections at the different time points within one
group were determined using two-way ANOVA with Bonferroni’s post
hoc multiple comparisons for growth, infection index, and intracellular
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multiplication ratio. Tests were considered statistically significant if
p<0.05.

Results

Culicoides species presence, blood host,
and Leishmania and trypanosomatids in
Culicoides peregrinus

A total of 1,094 biting midges of the genus Culicoides were
captured in 2 locations, 349 females (parous=276, engorged=2,
nulliparous=71) and 6 males from Tha Ruea and 724 females
(parous =527, engorged = 12, nulliparous =185) and 15 males from
Khuan Phang (Supplementary Table S1). No gravid females were
found in either location. Three species of biting midges were identified
in Tha Ruea, C. peregrinus (n=343, 96.62%), C. mahasarakhamense
(n=9,2.53%), and C. oxystoma (n=3, 0.85%). In Khuan Phang seven
species were identified, C. peregrinus (n=623, 84.3%), C. imicola
(n=31, 4.19%), C. shortti (n=27, 3.65%), C. huffi (n=25, 3.38%),
C. mahasarakhamense (n=20, 2.7%), C. palpifer (n=11, 1.5%), and
C. oxystoma (n=2, 0.27%). Thus, in both locations C. peregrinus was
the most abundant species. For engorged females (n=14), all blood
host identifications were of Bos indicus cattle (GenBank accession no.
OR088254-OR088267).

Fifty parous and 50 nulliparous females collected from each
location were dissected for trypanosomatid infection.
Trypanosomatids were observed under light microscopy (LM) in 26
out of the 100 samples of parous females from the two locations.
However, no trypanosomatids were found in any nulliparous flies.
All infected flies were identified as C. peregrinus by wing spot
patterns (Figure 1A) and molecular methods (GenBank accession
no. OR077408-OR077433). Light microscopic examination showed
trypanosomatids present in the digestive tract of the midges
(Figure 1 and Supplementary Videos S1, S2). None of the midges
dissected had remains of bloodmeals in their midguts. Although the
midges were dissected carefully, due to their small size and delicate
nature, the digestive tracts of some midges were torn and
trypanosomatids released. However, in most samples with an intact
digestive tract trypanosomatids were found in the midgut and
hindgut, with choanomastigote and/or promastigote morphologies
observed (Figure 1B). Interestingly, trypanosomatids were observed
in the foregut, midgut, and hindgut of one C. peregrinus, KP10
(Figure 1C). In this insect, video records revealed typical movement
of Leishmania promastigotes in the foregut (Supplementary Video S1)
and Crithidia in the hindgut (Supplementary Video S2). Molecular
identification (see below) of the KP10 sample revealed that this
midge was co-infected with L. martiniquensis and a possible novel
Crithidia species (Table 1). Trypanosomatids were examined in
slides prepared from infected midges, and various forms of
promastigotes and chroanomastigotes were observed (Figure 1D).
In the insect KP19 many promastigote forms of Leishmania were
1E,F),
and leptomonad

observed including procyclic promastigotes (Figures
1G),
promastigotes (Figure 1H), however, no metacyclic promastigotes

nectomonad promastigotes (Figure

were observed. The parasites in KP19 were identified as

L. martiniquensis by molecular methods (Table 1). The presence of
Leishmania promastigotes in the foregut of midges TR17, KP10,
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FIGURE 1

20 pm g

Representative images of trypanosomatids and co-infection of L. martiniquensis and Crithidia sp. in naturally infected C. peregrinus biting midges.
(A) Wing pattern of C. peregrinus. (B) Trypanosomatids in the hindgut of the midge KP22. Red arrowheads indicate choanomastigotes and arrows
indicate promastigotes. (C) Leishmania parasites and Crithidia sp. co-infected in the midge KP10. Red arrowheads and black arrowheads indicate
trypanosomatids in the foregut and the hindgut, respectively. Red rectangle indicates an area in the foregut showing the movement of Leishmania
parasites in Supplementary Video S1. Black rectangle indicates an area in the hindgut showing the movement of Crithidia sp. in

Supplementary Video S2. (D) Representative of various forms of Crithidia sp. in the midge KP22. (E—H) Representative promastigote forms of
Leishmania parasites in the midge KP19. (E) Procyclic promastigotes, aggregated form. (F) Procyclic promastigote. (G) Nectomonad promastigote.

(H) Leptomonad promastigotes.

KP17 and KP19 in the absence of bloodmeals are indicative of
established infections.

Four isolates of trypanosomatids were successfully isolated into
culture, two from C. peregrinus collected in Tha Ruea (TR2 and TR3)
and two from C. peregrinus collected in Khuan Phang (KP1 and KP4)
(Table 1). Unfortunately, other cultures including all those from
midges with L. martiniquensis were too contaminated with bacteria
and fungi and had to be discarded.

Molecular methods were used to identify the trypanosomatids.
For molecular identification of Leishmania species, 100 gDNA samples
extracted from the dissected insects were subjected to the PCR
amplification of the ITS1 and 3’'UTR-HSP70-I regions. Four samples
of the dissected insects, from TR17, KP10, KP17, and KP19, were
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positive for Leishmania and their ITS1 amplicons were successfully
sequenced. Moreover, a second molecular marker, 3UTR-HSP70-1,
was used to confirm the identification of the Leishmania species of the
samples. BLAST analysis of the ITS1 and 3’UTR-HSP70-1 sequences
of the samples revealed that the ITS1 sequences were closest to that of
L. martiniquensis, GenBank accession number MK603827.1, with
98.94% identity, whereas the 3’'UTR-HSP70-I sequences were very
similar (98.64 and 99.77% identity) or identical (100% identity) to that
of L. martiniquensis, GenBank accession number MK607435.1, and
another one was identical to L. martiniquensis, GenBank accession
number MK607437.1 (Table 1). The ITS1 and 3’UTR-HSP70-1
sequences were subjected to phylogenetic analyses together with other
human Leishmania strains (Figure 2). The results from Maximum
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TABLE 1 Natural infection of trypanosomatids in C. peregrinus collected from both locations.

Location: Tha Ruea

10.3389/fmicb.2023.1235254

Matched species (Genbank accession no., % best match); [Genbank accession no. of the

sequence in this study]

(MW694347.1, 99.14%); [OR077467]

Insect code culture Molecular targets
ITS1 3’UTR-HSP70-1 SSU rRNA® gGAPDH
TR1, TR42 (=) NM* ND* Crithidia sp. (OP698038, 99.46%); Cr. thermophila ND
(KY264937.1, 97.64%); [OR077444- OR077445]
TR2 (+) NM ND Crithidia sp. (OP698038, 99.46%); Cr. thermophila Cr. fasciculata
(KY264937.1, 97.63%); [OR077446] (AF047493.1,
94.41%); [OR088272]
TR3 (+) NM ND Crithidia sp. (OP698038, 99.46%); Cr. thermophila Cr. fasciculata
(KY264937.1, 97.64%); [OR077447] (AF047493.1,
94.60%); [OR088273]
TR17¢ (=) L. martiniquensis L. martiniquensis Crithidia sp. (OP698038, 99.46%); Cr. thermophila ND
(MK603827.1, 98.94%); (MK607437.1, 100%); (KY264937.1, 97.64%); [OR077448]
[OR077858] [OR088268]
TR18 (=) NM ND Crithidia sp. (OP698038, 98.92%); Cr. thermophila ND
(KY264937.1, 97.31%), [OR077449]
TR19 (=) NM ND Crithidia sp. (OP698037, 99.24%); Cr. thermophila ND
(KY264937.1, 97.00%); [OR077450]
TR20, TR27, (=) NM ND Crithidia sp. (OP217136, 100%); Crithidia sp. ND
TR29 (MW694347.1, 99.03%); [OR077451 - OR077453]
TR21 (=) NM ND Crithidia sp. (OP217136, 99.89%); Crithidia sp. ND
(MW694347.1, 98.92%); [OR077454]
Location: Khuan Phang
KP1 (+) NM ND Crithidia sp. (OP698038, 99.57%); Cr. thermophila Cr. brachyflagelli
(KY264937.1, 97.64%); [OR077455] (JF717835.1, 94.61%);
[OR088274]
KP2 (=) NM ND Crithidia sp. (OP698038, 99.24%); Cr. thermophila ND
(KY264937.1, 97.42%); [OR077456]
KP3 (=) NM ND Crithidia sp. (OP698037, 99.74%); Cr. thermophila ND
(KY264937.1, 97.31%); [OR077457]
KP4 (+) NM ND Crithidia sp. (OP698038, 99.89%); Cr. thermophila Cr. fasciculata
(KY264937.1, 97.53%); [OR077458] (AF047493.1,
94.39%); [OR088275]
KP10° (=) L. martiniquensis L. martiniquensis Crithidia sp. (OP698038, 99.68%); Cr. thermophila ND
(MK603827.1, 98.94%); (MK607435.1, (KY264937.1, 97.74%), [OR077459]
[OR077859] 98.64%); [OR088269]
KP17¢ (=) L. martiniquensis L. martiniquensis No PCR product ND
(MK603827.1, 98.94%); (MK607435.1,
[OR077860] 99.77%); [OR088270]
KP18, KP28 (=) NM ND Crithidia sp. (OP698038, 99.68%); Cr. thermophila ND
(KY264937.1, 97.74%); [OR077460 - OR077461]
KP19¢ (=) L. martiniquensis L. martiniquensis No PCR product ND
(MK603827.1, 98.94%); (MK607437.1, 100%);
[OR077861] [OR088271]
Kp22 (=) NM ND Crithidia sp. (OP698037, 99.35%); Cr. thermophila ND
(KY264937.1, 97.10%); [OR077462]
KP24, KP25, (=) NM ND Crithidia sp. (OP698037, 99.78%); Cr. thermophila ND
KP30, KP32 (KY264937.1, 97.31%); [OR077463 - OR077466]
KP47 (=) NM ND Crithidia sp. (OP217136, 99.89%); Crithidia sp. ND

“NM, not matched; "ND, not done; ‘Co-infection of L. martiniquensis and Crithidia sp.; L. martiniquensis infection; “The best matched species and the relevant matched species.
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Likelihood tree based on amplified section of the ITSI and
3’'UTR-HSP70-1 sequences showed that the new sequences fell in one
clade with L. martiniquensis with 99% bootstrap values (K2P 0-0.78%)
for ITS1 (Figure 2A) and 100% bootstrap values (K2P 0-1.63%) for
3UTR-HSP70-1 (Figure 2B). These results indicate that the
trypanosomatid DNAs detected in the C. peregrinus samples, TR17,
KP10, KP17, and KP19, were all of L. martiniquensis.

The SSU rRNA of 24 samples were successfully amplified and
sequenced allowing the identification of other trypanosomatids.
BLAST analysis showed that among these, 19 sequences were similar
to each other and to a Crithidia sp. reported from Thailand by
Songumpai et al. (2022) (GenBank accession number OP698037-
OP698038) with 99.35-100% identity and to Cr. thermophila
(GenBank accession number KY264937.1) with 97.00-97.74%
identity. The other five sequences were also very similar to another
Crithidia sp. reported from Thailand by Songumpai et al. (2022)
(GenBank accession number OP217136) and Sunantaraporn et al.
(2022) (GenBank accession number MW694347.1) with 99.89-
100% and 98.92-99.14% identity, respectively (Table 1). These data
showed that two midges, TR17 and KP10, were co-infected with
both L. martinquensis and Crithidia, as suspected from dissection
for KP10.

Phylogenetic analysis of the SSU rRNA sequences demonstrated
that representative sequences from the group of 19, namely from
insects TR2, TR3, KP1, TR17, KP4, and KP10 clustered together into
one distinct clade with 99% bootstrap values (K2P 0.19-0.77%),
designated here as Crithidia sp. Clade A (Figure 3A). The
corresponding isolates were thus given strain designations Crithidia
sp. CLA-TR2, Crithidia sp. CLA-TR3, and so on. Four of these,
CLA-TR2, CLA-TR3, CLA-KP1 and CLA-KP4, were the four isolates
successfully isolated into culture. Representatives of the group of 5
from insects TR21, TR29, and KP47 also clustered together with
99% bootstrap values (K2P 0-1.35%), and were designated as
Crithidia sp. Clade B. The availability of cultures for CLA-TR2,
CLA-TR3, CLA-KP1, and CLA-KP4 enabled additional DNA
extractions and analysis of their gGAPDH sequences. These
gGAPDH sequences also clustered together with 98% bootstrap
values (K2P 0.31-0.77%) (Figure 3B). Amongst available sequences
they were most similar to those of Cr. fasciculata (GenBank accession
number AF047493.1) and Cr. brachyflagelli (GenBank accession
number JF717835.1) with 94.39-94.61% identity (Table 1). However,
they were almost as close to a clade of Cr. thermophila sequences
(K2P 3.77-4.25%), like what was observed in the SSU rRNA analysis
(Figure 3A).

In summary, from Tha Ruea seven female C. peregrinus were
found infected with Crithidia sp. Clade A organisms and four females
with Crithidia sp. Clade B organisms. Successful cultures were
obtained only from insects TR2 and TR3, both Clade A organisms
(Table 1). In this area the infection rate of L. martiniquensis in the 50
parous C. peregrinus was 2%, represented by one insect (TR17) also
co-infected with Crithidia sp. Clade A organisms. In Khuan Phang,
twelve females were infected with Crithidia sp. Clade A organisms and
one female with Crithidia sp. Clade B organisms. In this area the
infection rate of the C. peregrinus with L. martiniquensis was 6%, with
one insect (TR10) again co-infected with Crithidia sp. Clade A
organisms, but also in two other insects (KP17 and KP19) that only
contained Leishmania. We also successfully cultured two Crithidia sp.
Clade A from two C. peregrinus (KP1 and KP4) (Table 1).
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Morphological and ultrastructural analyses
of Crithidia sp. CLA-KP1 strain

The results of the phylogenetic analysis revealed Crithidia sp.
Clade A organisms to be related to Cr. thermophila, an unusual
thermotolerant trypanosomatid. To examine whether Clade A
organisms might have similar properties further experiments were
performed on strain CLA-KP1. Morphological and ultrastructural
analyses of cultures in SIM complete at 26°C revealed two distinct
morphotypes, choanomastigotes with rounded posterior ends and
promastigotes with elongated posterior ends (Figures 4, 5). A wide
collar-shaped reservoir (collar-like extension) surrounding the
anterior end through which a single flagellum emerges was noted in
both morphotypes (Figures 4A,B, 5B). This single flagellum arose
from a basal body (kinetosome) located next to a kinetoplast
(Figures 5A-C) and was surrounded by the flagellar pocket (Figure 5).
The flagellum exhibited nine pairs of peripheral microtubules
surrounding two central microtubules, the typical 9x2+2 axonemal
pattern (Figure 5D). The kinetoplast was located just beyond the basal
body, anterior or parallel to the nucleus. The nucleus was oval located
in the middle of the cell body with visible accumulations of chromatin.
Some other structures, such as acidocalcisomes, glycosomes and
ribosomes, were observed (Figures 5A-C). Different forms of the
choanomastigotes were observed, including those without a free
flagellum (haptomonad forms) (Figures 4A-F, 5A) and others with a
free flagellum protruding from the flagellar pocket at the anterior end
of the cells (Figures 4B-F). A form of choanomastigote comprising
attached clusters of cells (Rosette form) could be observed at the
bottom of culture flasks (Figures 4A-E). Promastigotes were slender
in shape with a free flagellum at the anterior end of the cells. In
addition, morphological differences in some details, such as body
width, body length, and flagellum length were observed
(Figures 4G-J). Comparative morphological measurements of the
choanomastigotes and promastigotes determined under LM are
shown in Table 2. Promastigotes with the longest body and flagellum
length known as a nectomonad form were noted (Figures 4D-] and
Table 2). A single layer of subpellicular microtubules was observed
around the body except for the membrane inside the area of the
flagellar pocket (Figures 5A-C).

In vitro growth of Crithidia sp. CLA-KP1
strain at 26 and 37°C

CLA-KP1 organisms were cultured at 26 and 37°C with an initial
cell density of 4x 10* cells/ml and observed daily for their growth for
seven successive days. On the first 4 days, at both temperatures, similar
growth patterns were observed. The parasites entered the exponential
growth phase after 1 day of the culture and showed rapid multiplication
(day 1 to day 4) with a doubling time of approximately 13.5 and 15.6h
for 26°C and 37°C, respectively. After 4 days of culture, at 26°C, the
cultures entered the stationary phase and reached their peak on day 6
with a density of 1.9 x 10° cells/ml. The cultures remained in this phase
to the last day of the experiments. At 37°C, CLA-KPI reached
maximum growth on day four with a density of 9.8 x 107 cells/mL,
remained in stationary phase for 2 days, then the population dropped
dramatically after 6 days of culture until the end of the experiment
with a density of 1.0 x 10° cells/ml. The average parasite density at
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(A) Maximum Likelihood tree based on ITS1 sequences of Leishmania spp. (B) Maximum Likelihood tree based on 3'UTR-HSP70-| sequences of
Leishmania spp. Bootstrap values are shown at each node. Bootstrap values of >70% correspond to supported clades. Nodes with Bootstrap values of
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26°C was significantly greater than 37°C after 5days of culture

(Figure 6 and Supplementary Table S2). Both morphotypes were
found in the cultures at both temperatures. However, the predominant
morphotype at 26°C was promastigotes, whereas at 37°C

choanomastigotes were mainly observed.

In vitro infection and multiplication of
Crithidia sp. CLA-KP1 strain in mouse
macrophages

The ability of CLA-KP1 to infect and multiply in PEMs of
BALB/c mice was determined and compared with L. martiniquensis
(Figure 7). Crithidia sp. CLA-KP1 could infect the PEMs and was
found at 24 and 48 h but no parasites were observed at 72 and 96 h.
At both time points, the infection rate, the average number of
intracellular parasites per cell, and the infection index of CLA-KP1
were statistically significantly lower than that of L. martiniquensis
(Figures 7H-J). At 24h post-infection, the percentage of PEMs
infected with CLA-KP1 was 22.27 +0.55 and dramatically decreased
to 6.68 £ 1.85 at 48 h, which differed from the stable infection rate in
Leishmania parasites at the same time points. The average number
of intracellular CLA-KP1 parasites within infected PEMs was
2.35+0.09 and 1.56+0.17 parasites/cell at 24 and 48 h, respectively.
At both time points, the average number of intracellular parasites/
macrophage was approximately 2.6 times lower than that of
L. martiniquensis. The infection index of CLA-KP1 was 51.97 £ 0.45
and 10.25+2.10 at 24 h and 48 h, respectively, which was lower than
that of the Leishmania parasites approximately 3.5 and 12.5 times,
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respectively. The intracellular parasite multiplication ratio of
CLA-KP1 was only calculated at 48 h post-infection (0.21) because
after that the parasites disappeared. A decrease in the intracellular
parasite multiplication ratio was also observed in L. martiniquensis
after 24 h post-infection, however, the Leishmania parasites were still
be found in the PEMs at the end of the experiment (96 h) (Figure 7
and Supplementary Table S3). In summary, these results
demonstrated that Crithidia sp. CLA-KP1 could infect and persist in
the PEMs up to 48 h but could not multiply within them.

Discussion

Evidence that biting midges can act as competent vectors of
L. martiniquensis and L. orientalis has been experimentally
demonstrated in vivo (Chanmol et al., 2019; Becvar et al., 2021),
however, the natural vectors that are responsible for the
transmission of leishmaniasis caused by both Leishmania species
remain unknown. Here, we show the potential for C. peregrinus to
act as a vector for L. martiniquensis in Thailand. Although the
number of the biting midges collected was low, C. peregrinus was
the prominent midge species found in Tha Ruea and Khuan Phang.
Due to the collection of the midges performed only in one month
in the dry season, the species composition of Culicoides species
found in both areas was less than the previous reports in other
provinces in Thailand (Jomkumsing et al., 2021; Sunantaraporn
etal., 2021, 2022; Songumpai et al., 2022). The life cycle of Culicoides
biting midges varies from 14 days to longer than one year since the
development of each Culicoides species depends on latitude, climate

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1235254
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Kaewmee et al.

10.3389/fmicb.2023.1235254

A KX901620.1 C. thermophila isolate COLPROT 054
KX901618.1 C. thermophila isolate COLPROT 056
KX901573.1 C. thermophila isolate COLPROT 676

95 |KX901633.1 C. thermophila isolate COLPROT 018

KY264937.1 C. thermophila isolate COLPROT-054
DQ910925.1 L. bifurcata isolate 53CR
[JF717837.1 C. thermophila isolate 320AR
EU079129.1 C. deanei strain ATCC 30255
EU079125.1 C. insperata isolate 119YS

73 |OP698048.1 Crithidia sp. isolate CHH113

'OP698038.1 Crithidia sp. isolate CSP20

Crithidia sp. Clade A, CLA-KP4 I
OP698037.1 Crithidia sp. isolate CSP18
Crithidia sp. Clade A, CLA-KP10

Crithidia sp. Clade A, CLA-KP1

Crithidia sp. Clade A, CLA-TR3
Crithidia sp. Clade A, CLA-TR17

89 |Crithidia sp. Clade A, CLA-TR2

MT174471.1 L. moramango isolate MOS cuit

—' [Kczossss.1 C. pragensis isolate MCZ-11
B 99 L—EU079127.1 C. permixta isolate 128S
KY364901.1 C. fasciculata isolate ATCC14765

_|— JIN624299.1 C. dedva strain D2

KC205989.1 C. otongatchiensis isolate ECU-08

JF717840.1 C. brachyflagelli isolate 340VL

MT174505.1 L. spiculata isolate Re31 cult
EF546786.1 L. tarcoles

%
1 DQ910923.1 L. sp. acus

JN036653.1 L. pyrrhocoris isolate H10
EU079126.1 C.

56 DQ383648.1 L. costaricensis strain 15EC
_|:MT232052.1 C. brevicula isolate Kat4
KF054114.1 L. tenua isolate B08-466

DQ910924.1 L. neopamerae isolate 73 BR

ita isolate 127AL

JNO036654.1 L. scantii
MT174503.1 L. podlipaevi isolate Re23 cult
99 |EU079123.1 L. jaderae isolate 34EC

9 X07773.1 L. donovani

KC205986.1 L. tarentolae isolate M-08
JX030138.1 L. braziliensis isolate LorET.rRNA.04
FJ968532.1 L. barvae
——MK395375.1 C. mellificae voucher HF60 TU246

MW694347.1 C. sp. isolate G74

Crithidia sp. Clade B, CLB-KP47 I
OP217136.1 Crithidia sp. isolate P40-11

Crithidia sp. Clade B, CLB-TR29
9

Crithidia sp. Clade B, CLB-TR21
KP717895.1 L. seymouri isolate Ld 2001

FN546181.1 C. bombi isolate Beb1

|

0010

FIGURE 3

EU076603.1 L. jaderae isolate 34EC
DQ019001.1 L. podiipaevi isolate 4-5
DQ910927.1 L.

JNO036652.1 L. scantii strain F221

AF047495.1 L. seymouri

JN036651.1 L. strain H10

MT557966.1 C. bombi isolate PA14-0015 clone 15
MT558011.1 C. mellificae isolate 14 395 clone 30

37_|; EU076606.1 C. abscondita isolate 127AL

KJ443343.1 C. brevicula isolate ZK clone 3

JF717834.1 L. tenua isolate 337VL

KF482060.1 C. pragensis isolate MCZ-11

EU076607.1 C. permixta isolate 128SI

MN150522.1 Crithidia sp. isolate MK1

AF047493.1 C. fasciculata

KF482061.1 C. otongatchiensis isolate G15

JF717835.1 C. brachyflagelli isolate 340VL

EF546787.1 L. tarcoles

JF717833.1 L. spiculata isolate 332MV

DQ910926.1 L. acus

JF717831.1 C. insperata isolate 316AR

DQ910928.1 L. bifurcata isolate 53CR

- KY264930.1 C. thermophila isolate COLPROT-018

% KY264935.1 C. thermophila isolate COLPROT-056

KY264936.1 C. thermophila isolate COLPROT-703

KY264934.1 C. thermopbhila isolate COLPROT-676

KY264933.1 C. thermophila isolate COLPROT-689

KX901546.1 UNVERIFIED: C. thermophila isolate COLPROT 056

KX901543.1 UNVERIFIED: C. thermophila isolate COLPROT 676

KX901548.1 UNVERIFIED: C. thermophila isolate COLPROT 018

KX901547.1 UNVERIFIED: C. thermophila isolate COLPROT 054

KX901544.1 UNVERIFIED: C. thermophila isolate COLPROT 689

KX901542.1 UNVERIFIED: C. thermophila isolate COLPROT 703

KY264932.1 C. thermophila isolate COLPROT-054

KY264931.1 C. thermophila isolate COLPROT-688

JF717832.1 C. thermophila isolate 320AR

KX901545.1 UNVERIFIED: C. thermophila isolate COLPROT 688

Crithidia sp. Clade A, CLA-TR3

Crithidia sp. Clade A, CLA-TR2

Crithidia sp. Clade A, CLA-KP4

Crithidia sp. Clade A, CLA-KP1

isolate 73 BR

(A) Maximum Likelihood tree based on SSU rRNA sequences of Crithidia spp., Leishmania spp. and Leptomonas spp. (B) Maximum Likelihood tree
based on gGAPDH sequences of Crithidia spp., Leishmania spp., and Leptomonas spp. Bootstrap values are shown at each node. Bootstrap values of
>70% correspond to supported clades. Nodes with Bootstrap values of <50% are not shown.

2L, isolate MMO-09
FJ968529.1 L. barvae
DQ383650.1 L. strain 15EC
7 DQ092549.1 L. tarentolae

temperature, and surrounding environmental conditions (Mellor
etal., 2000; Mullen, 2009), therefore, different species of Culicoides
are found in different locations and seasons. However, three species,
C. peregrinus and C. oxystoma and C. mahasarakhamense, were
found in both locations studied corresponding to a previous report
that DNA of L. martiniquensis has been detected in these three
Culicoides species and some other species, C. huffi, C. fordae, and
C. fulvus, collected from Songkhla Province, southern Thailand
(Songumpai et al., 2022).

One of the key criteria used to incriminate vectors of
leishmaniasis is that the vector species supports the development
of parasite life stages after the infecting blood meal has been
digested through to the transmissible infective metacyclic stage
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(Killick-Kendrick, 1999; Lawyer and Perkins, 2000). Thus, the
presence of metacyclic forms usually accompanied by other
promastigote forms in the anterior midgut or stomodeal valve of
the collected insects is important evidence to confirm that the
insect is a natural vector of the Leishmania parasites (Killick-
Kendrick, 1999; Ready, 2013). In the current study, various
promastigote forms, namely procyclic promastigotes, nectomonad
promastigotes, and leptomonad promastigotes, of the Leishmania
parasites were observed in the foregut of four specimens of
C. peregrinus. However, no metacyclic promastigotes were found
in the Giemsa-stained slides. However, the presence of parasites
in the foregut in the absence of bloodmeal remnants indicate
these are established infections. The video record of the midge,
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Light microscopy (A—D) and SEM (E-J) of Crithidia sp. CLA-KP1 strain cultured in SIM complete at 26°C. (A) Giemsa-stained haptomonad forms. (B,C)
Giemsa-stained choanomastigotes and promastigotes. (D) Giemsa-stained nectomonad forms. (E) A rosette form, adherent, non-motile form.
(F) Haptomonad form and choanomastigote with flagellum. (G-I) Promastigotes with different length of flagellum. (J) Nectomonad form. n, nucleus;

insect code KP10, showed the movement of the parasites in the
foregut, which was similar to the movement of Leishmania
parasites in the foregut of sandflies (Falcao de Oliveira et al,,
2017). The results of molecular identification using two
molecular targets, ITS1 and 3’UTR HSP70 type I, confirmed that
the Leishmania parasites found in the C. peregrinus were
L. martiniquensis. Altogether, these findings support C. peregrinus
as a natural vector of L. martiniquensis, but as yet do not prove
this definitively. The occurrence of L. martiniquensis-Crithidia
co-infections in two out of the four Leishmania-positive midges
was interesting, but its significance, if any, is not clear. This may
simply be co-incidental, but the possibility that the organisms
may interact in some way is worth exploring in future studies.
The infection rates of L. martiniquensis in these study areas (2 and
6%) is typical of endemic areas, where only a small proportion of
collected vectors are usually found harboring parasites. A recent study
focused on the residences of two recently diagnosed visceral
leishmaniasis patients in Songkhla Province, Thailand, indicated a
local infection rate of 21.2% in Culicoides midges, including
C. peregrinus (Songumpai et al., 2022), but no live dissections were
performed. Even though no active case was present in our study areas,
the infection rate of the parasites in the insects indicated the presence
of the parasites circulating in the wild. It implies that vector(s) and
animal reservoir host(s) of L. martiniquensis may be present in these
locations serving the parasite’s life cycle. No L. orientalis DNA or
parasites were found in the insects collected in this study, but further
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investigation in other seasons and areas that have active cases should
be carried out.

To investigate whether the biting midges were anthropophilic or
not, engorged females were subjected to blood meal analysis. Cow
blood DNA was only detected in all collected engorged C. peregrinus
females confirming the predominantly zoophilic behavior of
C. peregrinus previously reported (Sunantaraporn et al., 2021, 2022;
Kar et al., 2022; Songumpai et al., 2022). In the engorged female
samples, no DNAs of Leishmania or other trypanosomatids were
found. As the number of samples in our study was low, more samples
of engorged females of Culicoides species are required for further
investigation of the anthropophilic and/or zoophilic behaviors of the
biting midges. Blood meal identification of the midges in the endemic
areas would also help investigate reservoir hosts of autochthonous
leishmaniasis in Thailand. For definitive vector incrimination
transmission by bite needs to be demonstrated, which could
be attempted in the field with natural hosts or with wild-caught
naturally infected midges in the laboratory. However, neither of these
are technically feasible at present. Our preferred approach is to
establish a lab colony of C. peregrinus for transmission experiments of
L. martiniquensis to mice or hamsters. The experimental results
proving that C. peregrinus could transmit the parasites to mice or
hamsters would be implied for the transmission of L. martiniquensis
from naturally infected C. peregrinus to the reservoir hosts.

In this study, no Leishmania parasites were successfully isolated

into cultures. However, this is a challenging procedure, because
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FIGURE 5

Transmission electron microscopy images of Crithidia sp. CLA-KP1 strain cultured in SIM complete at 26°C. (A) Longitudinal section of a haptomonad
form (B,C) Longitudinal section of promastigotes. (D) Cross section of a promastigote showing a flagellum with 9 X 2 + 2 axonemal pattern in the
flagellar pocket. ac, acidocalcisome; ax, axoneme; f, flagellum; fp, flagellar pocket; g, glycosome; k, kinetoplast; m, mitochondrion; n, nucleus; r,
ribosome; sm, subpellicular microtubules; v, vesicles; cl, collar-like extension.

TABLE 2 Morphometry of Crithidia sp. CLA-KP1 strain cultured in SIM complete at 26°C.

Morphological feature

Choanomastigotes

Promastigotes

Haptomonad form With flagellum With flagellum Nectomonad form
(50) (50) (50) (50)
Cell body length (um) 4.76 £0.75 5.5+0.95 7.85+1.6 10.69+1.11
Cell body width (pm) 3.79+0.56 3.9+0.73 3.17+0.72 1.65+0.32
Anterior end to kinetoplast distance (pm) 3.27+0.69 3.48+0.94 7.00+£1.27 7.56+1.17
Anterior end to nucleus distance (um) 2.74+0.67 2.77£0.66 5.08+1.02 9.01+£1.16
Flagellum length (pm) - 3.12+1.77 5.49+0.88 9.5+3.22

although dissection and examination for trypanosomatids under a
light microscope was performed using sterile techniques,
contamination still occurred from bacteria and fungi present inside
the digestive tracts of the midges. Also, the amount of each positive
sample was limited due to dividing the sample into three parts for
Giemsa’s staining, cultivation, and gDNA extraction. These problems
made it difficult to culture Leishmania parasites from the dissected
insects. A biphasic Novy, McNeil, Nicolle (NNN) culture medium
(Nicolle, 1908) containing penicillin-streptomycin and gentamicin
was used to establish cultures of L. macropodum from midges of the
genus Forcipomyia (Diptera: Ceratopogonidae) (Dougall et al.,
2011). Adding antibiotics such as penicillin-streptomycin and
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gentamicin may help getting rid of some bacteria but not for fungi.
Barratt and colleagues (Barratt et al., 2017) have been successfully
isolated a novel trypanosomatid, Zelonia australiensis from a black
fly, Simulium dycei, by serial dilution to get rid of fungi but only if
the parasite cells outnumbered the fungi in the cultures (Barratt
et al,, 2017). Using other media such as the biphasic NNN with
antibiotics and performing serial dilution may allow to obtain pure
promastigote cultures easily. Recently, our study regarding
Amphotericin B (AmpB)-resistant L. martiniquensis parasites has
suggested that the resistant strains could be more efficiently
transmitted and maintained in asymptomatic hosts longer than
susceptible ones (Mano et al., 2023). Thus, the isolation of parasites
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FIGURE 6
Growth curves of Crithidia sp. CLA-KP1 strain cultured in SIM
complete for 7 days at 26 and 37°C. Statistically significant
differences between 26 and 37°C are indicated as ****p <0.0001.

from insects is required to investigate not only the vector competence
of the insects but also the prevalence of the AmpB-resistant
phenotype parasites in natural insect populations. Furthermore, the
insect-isolated parasites would be useful sources for genetic analyses
to intensively investigate the mechanisms underlying genetic
exchange of the parasites in the insects as the sexual cycle of
Leishmania parasites has been largely confined to promastigotes
developing in the midgut of the vectors (Sadlova et al., 2011; Inbar
et al., 2013; Ferreira and Sacks, 2022).

Unlike Leishmania parasites, monoxenous trypanosomatids,
insect-restricted parasites, are more easily isolated and cultured in the
laboratory (Lukes and Votypka, 2020). Here, two clades of novel
Crithidia spp. were identified and four isolates of Crithidia sp. Clade
A were obtained. Notably, choanomastigotes and promastigotes of
both novel Crithidia spp. Clades were found in the hindgut of the
dissected C. peregrinus corresponding to the reported developmental
habitat of Crithidia spp. in insects (Frolov et al., 2021). The
morphology of the forms of Crithidia sp. CLA was similar to those
described in Cr. mellificae (Schwarz et al., 2015) and Cr. fasciculata
(Filosa et al., 2019). TEM analysis showed typical morphological
features of trypanosomatids: an oval nucleus; a kinetoplast; a
flagellum with 9x2+2 axonemal pattern in the flagellar pocket;
glycosomes; a reticulated mitochondrion with numerous cristae; and
subpellicular microtubules. Cr. thermophila is reclassified and
synonymous with Cr. luciliae thermophila and Cr. confusa
(Ishemgulova et al.,, 2017). Only two forms, choanomastigotes and
promastigotes with flagellum of Cr. thermophila grown in liquid Brain
Heart Infusion (BHI) medium at 23°C have been reported
(Ishemgulova et al., 2017). Comparing to Cr. thermophila, the size of
choanomastigotes and promastigotes with flagellum of CLA-KP1 was
slightly larger than that of Cr. thermophila (Ishemgulova et al., 2017)
supporting that they are different species.

The ability to survive at human body temperature and
multiply in mammalian macrophage cells is a hallmark of
dixenous parasites such as Leishmania but these features are not
common in monoxenous trypanosomatids. However, certain
monoxenous trypanosomatids have been reported in warm-
blooded animals including humans. Cr. mellificae can infect not
only insects but also various mammals (Dario et al., 2021). In
addition, strains of Crithidia sp. related to Cr. fasciculata have
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been isolated from lesions in an immunocompetent patient with
no underlying diseases (Maruyama et al., 2019) or with
leishmaniasis (Ghobakhloo et al., 2019; Kostygov et al., 2019;
Rogerio et al., 2023). Moreover, thermotolerance to high
temperatures has been demonstrated in vitro in Cr. thermophila
(34°C) (Ishemgulova et al., 2017), Cr. mellificae (36-37°C) (Dario
et al., 2021), and a Crithidia sp. related to Cr. fasciculata (37°C)
(Ghobakhloo et al., 2019). In our study, Crithidia sp. CLA-KP1
was able to grow and survive at 37°C in culture for at least 7 days
and the density of the cells at day 7 was still high (1.0 x 10° cells/
mL), although the average parasite density at 26°C was
significantly greater than 37°C after 5 days of culture. In addition,
Crithidia sp. CLA-KP1 could infect and persist appear in the
PEMs for up to 48h. The results suggested that Crithidia sp.
CLA-KP1 is a thermotolerant monoxenous trypanosomatid that
could live in a wide range of temperature, 26-37°C.

Ghobakhloo and colleagues (Ghobakhloo et al., 2019) have
demonstrated that clinical isolates of Crithidia sp. related to Cr.
fasciculata are able to infect THP-1 and J774 cells and transform
back to promastigotes in culture media but the percentage of
infection is much less than that of the clinical isolate of L. major
(Ghobakhloo et al., 2019). Another opportunistic trypanosomatid
that co-infects in leishmaniasis patients is Le. seymouri. The Le.
seymouri parasites isolated from clinical samples can grow well at
35°C but are unable to infect mammalian macrophages in vitro
either alone or in co-infection with Leishmania parasites (Kraeva
et al., 2015). Although Crithidia sp. CLA-KP1 was isolated from
insects, further investigation of in vitro infection using other cell
lines such as THP-1, J774, and BMM¢ cells should be performed.
Comparative analyses of genomic and transcriptomic profiles of
these thermotolerant monoxenous trypanosomatids and dixenous
parasites would throw light on the adaptations of trypanosomatids
to elevated temperature and tracking the evolution of parasitism of
dixenous trypanosomatids.

In conclusion, here we provide microscopic analyses together
with molecular identification of naturally occurring infections of
L. martiniquensis in C. peregrinus for the first time. The findings
strongly support this biting midge species as a potential vector of
L. martiniquensis. However, further isolation and characterization
of parasites from more biting midges, including other species, are
required to search for more natural infections of both
L. martiniquensis and L. orientalis. Also, further investigation of
the anthropophilic and/or zoophilic behaviors of the biting midge,
C. peregrinus, is needed to investigate reservoir hosts of
autochthonous leishmaniasis in Thailand. Finally, for definitive
by bite
be demonstrated. Four strains of Crithidia sp. CLA were isolated

vector incrimination transmission needs to
from C. peregrinus and characterized for the first time. The
CLA-KP1 strain could infect PEMs but they could not multiply
that it

trypanosomatid capable of surviving in a wide range of

suggesting was a thermotolerant monoxenous
temperatures (26-37°C). Analysis of genome sequences of all
strains of Crithidia sp. CLA will be performed to compare the
this newly

trypanosomatid and other related parasites. A description of the

evolutionary relationship between isolated

detailed molecular characterization and taxonomic assignment
will be provided in the future.
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FIGURE 7

In vitro infection of Crithidia sp. CLA-KP1 in PEMs. (A,B) 24 h after infection. (C,D) 48 h after infection. (E) 72 h after infection. (F) 96 h after infection.
(G) L. martiniquensis infection at 96 h (control). (H) Infection rate. (I) Average number of intracellular parasites per macrophage. (J) Infection index.
(K) Amastigote multiplication ratio. Results are expressed as the means + standard deviation from three different experiments run in duplicate.
Statistically significant differences between CLA-KP1 and L. martiniquensis are indicated as ***p <(0.001.
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