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Abstract. The genus Culicoides is the best known of the family Ceratopogonidae. Hematophagous females of the genus typically
feed on the blood of vertebrate animals and in the Brazilian Amazon often on the blood of human beings. Amazon region an-
thropophilic Culicoides bites can provoke allergic reactions and transmit Mansonella ozzardi as well as the Oropouche virus. Past
integrated taxonomy studies, combining morphometric and molecular analyses, have revealed hidden disease vector biodiversity
and cryptic species with epidemiological and disease control relevance and have provided new tools to assist with vector identifi-
cation. For this study we used light traps set in 12 distinct sites from three different Amazon states: Rondonia (1 site), Amazonas
(3 sites) and Para (8 sites). We captured 12 different species of Culicoides representing seven different subgenera: C. foxi, C. fu-
sipalpis, C. hylas, C. insignis, C. plaumanni, C. pseudodiabolicus, C. ruizi, C. debilipalpis, C. glabrior, C. jurutiensis, C. paraensis,
C. paucienfuscatus. Between two and nine specimens were barcoded of each species. Neighbor joining and Maximum likelihood
phylogenetic analysis with these COI barcodes showed the utility of these barcode sequences for species identification by clus-
tering the barcode sequences into bootstrap-supported, species-specific monophyletic groups. Although this barcoding analysis
did not resolve relationships between the species studied, it did reveal cryptic diversity within C. paucienfuscatus, C. glabrior, C.
plaumanni, C. insignis and C. pseudodiabolicus. Two-dimensional geometric morphometrics, using eight wing-vein landmarks,
robustly separated the analyzed species and raised questions about the validity of the subgenus Haematomyidium. Importantly,
our GM wing landmark analysis separated C. paraensis from all the other analyzed species suggesting this type of analysis could
be harnessed for epidemiological monitoring of this key Amazon-region vector species.

INTRODUCTION epizootic hemorrhagic disease, Schmallenberg disease,

The genus Culicoides is nested within the Ceratopogo-
nidae family and contains some of the physically smallest
Dipterans of medical importance (Lane & Crosskey, 1993).
Females are hematophagous, blood-feeding on vertebrate
animals, including humans (Lane & Crosskey, 1993). The
bites of Culicoides can cause allergic reactions and can
transmit a range of pathogens, which cause disease in ani-
mals and humans (Lane & Crosskey, 1993). For example,

Bluetongue, Oropouche fever and mansonellosis are all
transmitted by Culicoides (Ta-Tang et al., 2018; Sick et
al., 2019). With regional concern growing about: emergent
zoonotic diseases, the under-reporting of Oropouche virus
infections and the public health importance of mansonello-
sis, there is an attendant growing need for new tools to as-
sist with the rapid and reliable identification of Culicoides
species for effective regional epidemiological surveillance
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(Lowe et al., 2020; Mohapatra et al., 2024; Portela et al.,
2024).

Borkent and Dominiak recognize 52 extinct and 1,399
extant species of Culicoides, of which 301 occur in the Ne-
otropical Region (Borkent & Dominiak, 2020). Of the 151
of these that have been recorded in Brazil, 123 species have
been reported in the Brazilian Amazon Basin (Borkent &
Dominiak, 2020; Santarém & Felippe-Bauer, 2022). The
Borkent taxonomic framework for the genus Culicoides or-
ganizes species into 33 subgenera and 38 informal groups
of species (Borkent, 2016b). This framework, like most
of the existing taxonomic frameworks for Culicoides, is
based mostly on morphological data and thus requires spe-
cialist morpho-taxonomists to make use of it.

Like in many areas of taxonomy, access to reliable
identifications of Culicoides species has been broadened
by the generation and depositing of reference mitochon-
drial “barcode” COI DNA sequences in public databases
(Linton et al., 2002; Yildirim et al., 2019; Carvalho et al.,
2022). As well as providing useful reference sequences
that non-specialist can use to make reliable species levels
identifications of Culicoides, the past COI barcoding stud-
ies reporting these reference sequences have also revealed
potentially new species and “species complexes”, unseen
at the morphological level (Pagés & Sarto i Monteys, 2005;
Pages et al., 2009; Ander et al., 2013; Henni et al., 2014;
Slama et al., 2014). Subspecies of greatly varying epide-
miological importance have been reported in many medi-
cally important dipteran species that have been studied in-
cluding blackflies, sandflies and mosquitoes (Adler et al.,
2010; Hernandez-Triana et al., 2012; Fontaine et al., 2015;
Georgiadou et al., 2015). The current paucity of such re-
ports from Culicoides could thus be explained by the lim-
ited number of studies that have investigated Culicoides
molecular genetics and thus highlights the need for studies
in this area.

Historically, the McAlpine Ground plan of Dipteran
wing venation has been extremely valuable for medical
entomology (Lane & Crosskey, 1993). Because of their
two-dimensional shape and because they contain veins that
encompass natural anatomical points, Dipteran wings are
ideal for marking landmarks and thus have emerged as a
popular target for Geometric Morphometric (GM) stud-
ies of medically important Diptera including: sandflies
(Godoy et al., 2014; Freitas et al., 2015; Giordani et al.,
2017; Godoy et al., 2018); mosquitoes from the genera
Anopheles (Calle et al., 2008; Lorenz et al., 2012), Aedes
(Jirakanjanakit & Dujardin, 2005; Vidal et al., 2012) and
Culex (Demari-Silva et al., 2014). While, thus, wing vena-
tion is not the only morphological trait that can be used
in GM analysis, it is the trait that is currently most com-
monly used in GM analysis, not just for Dipterans, but for
most insects (Jirakanjanakit & Dujardin, 2005; Godoy et
al., 2014, 2018; Freitas et al., 2015; Giordani et al., 2017) .

Geometric Morphometric (GM) has also been used
for a limited number of taxonomic studies on species of
Culicoides and thus while it is not yet used routinely for
Culicoides identifications its potential for this has been
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demonstrated (Augot et al., 2010; Mufioz-Muiloz et al.,
2011; Henni et al., 2014). Interestingly, insect wing GM
has recently been used in conjunction with deep learning
as a highly effective way of separating medically impor-
tant closely related species, without the need of expert tax-
onomists, suggesting that epidemiological surveillance of
these species could be made radically more accessible and
indeed accurate (Pataki et al., 2021; de Lima et al., 2023).
Such technologies are the future for rapid and cheap epi-
demiological entomological surveillance and can be used
in conjunction with citizen science for rapid and cost-ef-
fective vector surveillance. Al training, however, depends
on reliable reference data which is not presently available
for all the Culicoides of the Amazon region (Cannet et al.,
2023a, b, c).

In this study we have thus collected and identified Culi-
coides from wide range of mansonellosis and Oropouche
endemic and non-endemic sites spanning three states in the
Brazilian Amazon region. Our study provides useful refer-
ence data from field-caught specimens from 12 different
species collected from 12 widely dispersed localities and
shows the potential of both COI barcoding and GM for fa-
cilitating Culicoides identification in the Brazilian Amazon
region and beyond.

MATERIAL AND METHODS

Field collection and identifications of adult female
Culicoides

Adult female Culicoides used in this study were collected be-
tween 2016 and 2018 using Center of Disease Control (CDC)
style light traps at eight distinct locations within the Brazilian
Amazon (Farias et al., 2020). Briefly, standard battery-operated
CDC light traps were suspended 1.5 m from the soil surface using
twine knotted to convenient outdoor solid structure such as a tree.
Traps were left overnight, being set at approximately 6 pm and
emptied at approximately 6 am. Fig. 1 shows the distribution of
the sites used in this study, which were within the Brazilian states
of Amazonas, Para and Rondonia. Fig. 1 also shows the loca-
tion of these states within the national borders of Brazil. Exact
coordinates for the two sites within Amazonas state are as fol-
lows: Rio Pardo, in the municipality of Presidente Figueiredo,
—1°49°01.0"S, 60°19°03.7"W; Tefé, in the municipality of Tefé,
3°19734.2"S, 64°42°39.0"W. Exact coordinates for the five sites
within the state of Para are as follows: Pedra Branca, within
the municipality of Itaituba, 4°07°28.1"S, 55°47°30.6"W; Serra
da Escama, within the municipality of Obidos, 1°54°57.4"S,
55°30722.7"W; Boca do Figueiredo, on the Nhamunda River, in
the municipality of Oriximing, 1°53°21.7"S, 56°05°33.9"W; {catu
community, close to Lago Sapucua, in the municipality of Orixi-
mina 1°437°59.5"S, 56°06°14.9"W; an urban area in the munici-
pality of Oriximina 1°46°21.8"S, 55°51°34.7"W. The Rond6nia
collection site used for this study is within the municipality of
Porto Velho, 8°37°44.5"S, 63°42°34.7"W. After collection, the
Culicoides were sorted into morphotypes and stored in tubes
containing absolute alcohol. Species-level morphological identi-
fications were made by mounting relevant dissected Culicoides
tissues between a slide and a coverslip using the phenol-balsam
method as described by Wirth & Marston (1968) and identify-
ing species with keys from Wirth & Blanton (1959), Spinelli et
al. (1993), and Santarém et al. (2015); subgeneric classifications
were based on Borkent (2016a).

89



De Sousa Farias et al., Eur. J. Entomol. 122: 88-98, 2025

=

B
o

doi: 10.14411/eje.2025.011

Itaituba, Pedra Branca
Obidos, Serra da Escama
Qriximind, Boca do Figueiredo, rio Nhamunda

Qriximing, drea urbana

Porto Velho

Tefé

Presidente Figueiredo, Rio Pardo
Iil Para

Amazonas

D Rondbdnia

L]
@
0]
® Oriximing, comunidade icatu, Lago Sapucud
@
@
L]

Fig. 1. These maps show the Culicoides collection sites used for this study.

PCR amplification of partial Culicoides COIl sequences
from 12 different Culicoides species from the Brazilian
Amazon region

Individual morphologically identified adult female Culi-
coides had their DNA extracted using the QTAGEN DNeasy®
Blood & Tissue kit and protocol. Up to 10 specimens from each
morphologically identified species were used for this, with the
exact number of specimens for each species being dependent on
the number of insects captured in the sampling section of this
work. Partial COI barcode gene sequences were amplified from
Culicoides DNA using 1 pL of the DNA; LepF ATT CAA CCA
ATC ATA AAG ATA TTG G; and LepR TAA ACT TCT GGA
TGT CCA AAA AAT CA primers and a promega GoTaq® DNA
Polymerase reaction mix (Cétre-Sossah et al., 2004; Bellis et al.,
2013; Henni et al., 2014; Slama et al., 2014). The PCR amplifica-
tions were performed using the following thermocycling condi-
tions: initial denaturation at 94°C, 3 min; 5 cycles of denaturation
at 94°C, 30 s; annealing at 45°C, 1 min and 30 s; extension at
68°C, 1 min; followed by 35 cycles of denaturation at 94°C, 30
s; annealing at 51°C, 1 min and 30 s; extension at 68°C, 1 min;
final extension at 68°C, 10 min. PCR products were visualized in
a 2.0% agarose gel containing Gel Red™. PCR amplicons were
purified using Wizard® SV Gel kit and PCR Clean-Up System
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(Promega® Fitchburg, Wisconsin, USA) kit and protocol and
quantified using a NanoDrop®. PCR products were sequenced in
the forward and reverse directions using a BigDyeTM Termina-
tor Cycle Sequencing kit (v. 3.1 — Applied Biosystems) and an
ABI Prism 3100 Genetic Analyzer.

Culicoides partial COIl barcoding gene sequence analysis

Matching forward and reverse nucleotide sequences, generated
from Sanger sequencing PCR products, were orientated, edited
and aligned to produce partial COI consensus sequences from a
total of 50 Culicoides-origin DNA samples (Table 1). These se-
quences were aligned with two reference sequences: Atrichopo-
gon sp. (HM431965.1) and Forcipomyia sp. (KX450776.1). The
reference sequences were downloaded from GenBank (Tamura et
al., 2011). A 381-nucleotide alignment was then used to produce
a distance matrix and two phylogenetic trees. MEGA Software
was also used to construct a neighbor-joining tree using, imple-
menting Kimura’s two-parameter correction method (Saittou &
Nei, 1987). A maximum likelihood (ML) tree was constructed
from the same alignment using PhyML v. 3.0 (Guindon et al.,
2010). The robustness of phylogenetic groupings generated from
both our neighbor joining and ML trees, was tested with 1000
bootstrap replicates.
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Fig. 2. Wings of a female Culicoides paraensis. Red circles show
the eight anatomical landmarks — ARPs.

Geomorphic morphometrics wing analysis of 12 species
of Culicoides from the Brazilian Amazon

For our Geometric Morphometric Dipteran Wing Analysis
(GMDWA) Culicoides specimen right wing images were ob-
tained from female specimens with a JVC KY-F55B digital cam-
era mounted on an optical microscope using a 10x objective.
Eight easily recognizable anatomical reference points (ARPs),
which have been used in previous GMDWA, were selected for
our analysis (Mufioz-Muiioz et al., 2011; Henni et al., 2014). All
8 ARPs are shown in Fig. 2 and have been given names based on
how they related to the McAlpine (1981) wing venation ground
plan, which has been used extensively for dipteran taxonomy for
decades (McAlpine, 1981; Lane & Crosskey, 1993). ARP-1 “Ar-
culus” is situated between the bifurcation of the basal arc and the
radial vein; ARP-2 “r-m” is situated between the bifurcation of
r-m with R ; ARP-3 “R,” is situated on the costal apex; ARP-4
“M,” is situated at the terminal apex of the M, vein; ARP-5 “M,”
is situated at the terminal apex of the M, vein; ARP-6 “Cu,” is sit-
uated at the terminal apex of the CuA | vein; ARP-7 “Cu,” is situ-
ated at the terminal apex of the CuA, vein; ARP-8 “CuP” is situat-
ed between the bifurcation of CuP with the CuA vein (Fig. 2). For
our Geometric morphometric analysis, the eight ARPs placed on
each of our 248 wing photographs were transformed into shape
coordinates, aligned and compared by procrustes superimposition
using the TPS software suite from the integrated morphometrics
software suite. Canonical Variable Analysis (CVA) were used to
identify differences between the WVGPA of different species and
subgenera.

doi: 10.14411/eje.2025.011

RESULTS

COl barcoding of 12 Amazon region Culicoides
species

Using classical morphological taxonomy we identified 12
species of Culicoides from our collections (Table 1), with
six species from the Hoffmania Fox subgenus: C. foxi Ortiz,
C. fusipalpis Wirth & Blanton, C. hylas Macfie, C. insignis
Lutz, C. plaumanni Spinelli, C. pseudodiabolicus Fox and
C. ruizi Forattini; four species from the Haematomyidium
Goeldi subgenus: C. debilipalpis Lutz, C. glabrior Macfie,
C. jurutiensis Felippe-Bauer, C. paraensis Goeldi; and one
species from the reticulatus group: C. paucienfuscatus
Barbosa. A total of 43 representative CO1 sequences recov-
ered for this study were deposited in GenBank, five of the
species they were obtained from had no previous sequence
deposits at the time of submission: C. foxi, C. fusipalpis, C.
plaumanni, C. ruizi, and C. jurutiensis. The sequences de-
posited correspond a short DNA Barcode fragment (38 1bp)
and have been assigned the following accession numbers:
OP087650-OP087651 (C. foxi), OP103649-OP103651 (C.
fusipalpis), OP088715-OP088717 (C. hylas), OP087401-
OP087408 (C. insignis), OP093625-OP093627 (C. plau-
manni), OP093746-OP093754 (C. pseudodiabolicus),
OP093625-0P093627 (C. ruizi), OP088727-OP088729
(C. debilipalpis), OP103652-OP103656 (C. glabrior),
OP103657-OP103658 (C. jurutiensis), OP103713-
OP103714 (C. paraensis) and OP103659-OP103661 (C.
paucienfuscatus). Aligning these sequences allowed us to
identify 216 (56.7%) conserved nucleotides positions and
165 (43.3%) polymorphic nucleotide positions. Among the
polymorphic sites, 163 (98.8%) were parsimony-informa-
tive sites and two (1.2%) were singletons.

The phylogenetic analyses carried out using the Neigh-
bor-Joining and Maximum Likelihood reconstruction
methods were equally effective in differentiating the 12
Amazonian Biting midge species. A phylogenetic tree built
using the Neighbor-Joining grouped all the Culicoides bar-
code sequences into species-specific clusters with 100%
bootstrap support (Fig. 3). The same bootstrap-supported
species clusters were also obtained with Maximum analy-

Table 1. List of collection sites and species of Culicoides used in Genetic Analysis (GA) and geometric morphometric (GM) of this study.

Species N° sample to GM N° sample to GA Location

C. foxi 16 2 Amazonas, Presidente Figueiredo, Rio Pardo
C. fusipalpis 20 3 Amazonas, Presidente Figueiredo, Rio Pardo
C. hylas 26 3 Amazonas, Presidente Figueiredo, Rio Pardo
C. insignis 0 1 Para, Obidos, Serra da Escama

C. insignis 0 4 Para, Oriximina, Nhamunda, Boca do Figueiredo
C. insignis 23 3 Para, Oriximina, Sapucua, Comunidade do Icatu
C. plaumanni 14 3 Amazonas, Presidente Figueiredo, Rio Pardo
C. pseudodiabolicus 34 7 Amazonas, Presidente Figueiredo, Rio Pardo
C. pseudodiabolicus 0 1 Par3d, ltaituba, Pedra Branca

C. pseudodiabolicus 0 1 Amazonas, Tefé

C. ruizi 24 7 Para, Oriximina, Sapucua, Comunidade do Icatu
C. debilipalpis 16 3 Amazonas, Presidente Figueiredo, Rio Pardo
C. glabrior 29 5 Amazonas, Presidente Figueiredo, Rio Pardo
C. jurutiensis 5 2 Amazonas, Presidente Figueiredo, Rio Pardo
C. paraensis 19 2 Rondénia, Porto Velho

C. paucienfuscatus 23 3 Para, Oriximina, Sapucua, Comunidade do Icatu

1
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Fig. 3. Phylogenetic analysis of Culicoides sp. specimens using a short COl DNA barcode. A rooted neighbor-joining tree was generated

with the Kimura 2 parameter model and 381 bp sequences.

sis. Although some of the ML-obtained clusters were not
as strongly supported as they were in the Neighbor-Joining
analysis, all had 83% or higher bootstrap support (Fig. 4).
Unfortunately, however, neither our neighbor-joining nor
or maximum likelihood analysis was not able to resolve
relationships between any of the species we obtained COI

92

sequences from. Our phylogenetic analysis thus showed
that the 381bp COI sequences that we have deposited in
GenBank are adequate for species-level identification, but
not for resolving between species relationships. Neigh-
bor-Joining analysis also identified Bootstrap-supported
subclusters within seven of the species clusters: C. pauc-
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Fig. 4. Phylogenetic analysis of Culicoides sp. specimens using the DNA Barcode. A rooted maximum likelihood tree was generated with

the GTR +l| + G model and 381 bp DNA Barcode sequences.

ienfuscatus, C. glabrior, C. hylas, C. ruizi, C. plauman-
ni, C. insignis and C. pseudodiabolicus (Fig. 3). Five of
these bootstrap-supported clusters were also recovered
with maximum likelihood analysis: C. paucienfuscatus,
C. glabrior, C. hylas, C. plaumanni, C. insignis. Tables
2 and 3 provide pair-wise genetic distance measurements
made between reference COI sequences from each of the
12 Culicoides species used in our study. As can be seen, the
greatest between species distance measurements were seen

in comparisons between C. glabrior and C. jurutiensis and
the smallest between species differences were observed
between C. foxi and C. ruizi (Table 3). Table 2 provides
measurements of within species genetic diversity for each
of the 12 species that we have studied.

Geometric morphometry of female wings
of Amazon region Culicoides

Fig. 5 shows a 2-dimensional canonical variate analy-
sis based on Procrustes superimpositions comparisons of
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Table 2. Measures of intrapopulation genetic diversity of the 12
species of Culicoides collection in the Brazilian Amazon.

Species S NS H ™ Hd

C. debilipalpis 3 0 1 0.00000  0.00000
C. glabrior 5 50 4 0.05433  0.90000
C. jurutiensis 2 1 2 0.00263  1.00000
C. paraensis 2 1 2 0.00262  1.00000
C. hylas 3 2 3 0.00350  1.00000
C. foxi 2 4 2 0.01050  1.00000
C. fusipalpis 3 2 3 0.00350 0.66667
C. insignis 8 14 3 0.01612  0.71429
C. plaumanni 3 3 2 0.00525 0.66667
C. pseudodiabolicus 9 15 7 0.01772  0.94444
C. ruizi 7 1 2 0.00075  0.28571
C. paucienfuscatus 3 3 3 0.00612  1.00000

S — number of sequences; H — number of haplotypes; NS — num-
ber of segregating sites; Hd — haplotype diversity; T — nucleotide
diversity.

shape coordinates calculated from eight anatomical refer-
ence points placed on 248 left-wing photographs taken of
12 distinct species of Culicoides captured in the Brazilian
Amazon. As can be seen, the shape coordinates of both C.
paraensis and C. glabrior are in clusters entirely distinct
from the other shape co-ordinate clusters generated for all
other analyzed species and that there is only very limited
overlap in the clusters generated from C. paucienfuscatus
and C. ruizi and between C. debilipalpis and C. jurutiensis.
The shape coordinate clusters generated for all the other
seven species, while all distinct, all share considerable
overlap in the morphological space they occupy on in the
canonical variable axes used in our analysis.

DISCUSSION

DNA barcoding is a robust way of identifying
Amazon region Culicoides species

In line with previous studies on Culicoides and, indeed,
many other studies on insect genera from the family Di-
ptera, all 12 Culicoides species that we studied were ro-
bustly separated in our phylogenetic analysis, even though
the COI sequences that we recovered were quite short.
Also like many previous barcoding studies on Culicoides
and related Dipterans, our analysis revealed cryptic diver-
sity (Linton et al., 2002; Hernandez-Triana et al., 2012;
Conceicdo et al., 2013; Carvalho et al., 2022). Genetic
variation was detected in 11 of the 12 species analyzed,
with the three COI barcode sequences obtained from C.
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debilipalpis proving invariant. Of the nine species that we
obtained enough sequences (i.e n > 2) to detect substruc-
turing within, we observed five of the species-specific se-
quence clades contained distinct bootstrap supported clus-
ters nested within them in both the NJ and ML analysis and
two additional species-specific sequence clades that had
bootstrap supported clusters within them that were only
bootstrap-supported in the NJ analysis. Even though our
analysis of intra-specific sequence diversity was limited, it
still detected substantial levels of genetic variation among
most of the Amazon region species we analyzed, consist-
ent with the common occurrence of species complexes. As
such variation has proven to be epidemiologically signifi-
cant for numerous disease vectors, our work highlights the
need for detailed follow-up investigations on vector spe-
cies such as C. paraensis, which is a known disease vector
of both mansonellosis and the Oropouche virus (Sakkas et
al., 2018; Ta-Tang et al., 2018).

Integrating GM and barcoding analysis for a better
understanding of Amazon region systematics

Although our barcoding analysis was able to robustly
identify species and indeed uncover genetic substructur-
ing below the morpho-species level, it failed to resolve
between species relationships. This has been a common
problem for COI barcoding studies performed on Diptera
family insects even when full length COI sequences have
been used in the analysis (Linton et al., 2002; Hernandez-
Triana et al., 2012; Conceigdo et al., 2013; Carvalho et al.,
2022). Interestingly, while our GM morphometric analy-
sis of Culicoides did not entirely resolve the relationships
between the Culicoides species we studied, it did provide
some insights into subgenera. Most notably our analysis
suggested that C. paraensis and C. glabrior do not belong
to the same genus and thus that the subgenus “Haemato-
myidium” is of questionable validity. Although single gene
COI analysis has rarely provided insights into intra species
relationships within the Dipteran family, using this gene in
conjunction with other variable gene sequences in Multi
Loci Sequence Typing (MLST) has often proved capable
of resolving Dipteran family between-species relationships
(Adler et al., 2010; Harbach, 2011). A MLST investigation
into the “Haematomyidium” could thus provide a more de-
finitive answer on the validity of this subgenus. Similarly,
MLST analysis could help to mitigate the limitations of

Table 3. Genetic distance between 12 Amazon-region species of Culicoides based on COl DNA sequences.

Species 1 2 3 4 5 6 7 8 9 10 11 12
C. jurutiensis 0.000

C. ruizi 0.199  0.000

C. debilipalpis 0.232 0.229 0.000

C. foxi 0.225 0.118 0.272  0.000

C. fusipalpis 0.248 0.129 0.253 0.152  0.000

C. glabrior 0.303 0.218 0.284 0.264 0.237 0.000

C. hylas 0.217 0.142 0241 0.162 0.145 0.280 0.000

C. insignis 0.237 0.119 0.248 0.132 0.125 0.248 0.159 0.000

C. paraensis 0215 0.170 0.199 0.213 0.195 0.233 0.170 0.217  0.000

C. paucienfuscatus 0219 0.189 0.218 0.195 0.229 0.237 0.213 0.181 0.225 0.000

C. plaumanni 0.257 0.119 0.258 0.156 0.136 0.253 0.180 0.132 0.214 0.195 0.000

C. pseudodiabolicus  0.300 0.172 0233 0.182 0.169 0.230 0.196 0.143 0.225 0.210 0.161 0.000
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Fig. 5. Morphological space of canonical variables (CVs) 1 and 2 yielded by discriminant analysis of wing principal components (CV1 with
56.36% and CV2 with 21.07%), showing the clusters formed of 12 species of Culicoides. Subgenus Hoffmania (1 to 7): 1 — C. foxi, 2 — C.
fusipalpis, 3 — C. hylas, 4 — C. insignis, 5 — C. plaumanni, 6 — C. pseudodiabolicus, 7 — C. ruizi. Subgenus Haematomyidium (8 to 11):
8 — C. debilipalpis, 9 — C. glabrior, 10 — C. jurutiensis, 11 — C. paraensis, 12 — C. paucienfuscatus.

using COI barcoding in isolation, which can sometimes
give a false impression of a species’ diversity. For example,
Wolbachia infections can reduce COI barcode diversity in
a given species by driving one specific mitochondrial hap-
lotype through the population and NUMT pseudogenes
mistook for COI gene sequences can make a species look
more genetic diverse than it actually is (Jiggins, 2003;
Song et al., 2008; Cariou et al., 2017; Crainey et al., 2018;
Deng et al., 2021).

GM morphometric analysis for vector monitoring
of Amazon region Culicoides

Both M. ozzardi and the Oropouche virus are transmit-
ted by the highly anthropophilic C. paraensis, which is
found widely throughout the amazon region (Feitoza et
al., 2023). These attributes make C. paraensis probably
the most medically important Culicoides species in the
Amazon region (Feitoza et al., 2023). While our barcoding

sequences for this species could be used to assist with labo-
ratory-based surveillance of this species, arguably our GM
analysis has potential more utility. Public health resources
in the Brazilian Amazon are thinly stretched dealing with a
wide range of infectious disease that have disease burdens
far greater than those presently recognized for Oropouche
and mansonellosis (Ta-Tang et al., 2021; Mohapatra et al.,
2024; Portela et al., 2024). It is unlikely that wide-ranging
molecular entomological monitoring of C. paraensis dis-
tribution and biting will be financed either in the Brazilian
amazon or beyond. In situation such as this, researchers
have increasingly been calling for the deployment of citi-
zen science approaches as a practical way of monitoring
neglected tropical diseases (Delgado-Noguera et al., 2022;
Peng et al., 2023). It has been proposed, for example, that
cellular phone applications could use wing venation land-
mark analysis and Al deep learning to identify different
mosquito species as a way of assisting with the monitoring
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of arbovirus vectors such as Ae. aegypti and Ae. albopic-
tus (Cannet et al., 2024a, b, ¢). Our work here has shown
that the wing venation patterns of C. paraensis are distinct
from all 11 other anthropophilic Amazon region Culicoides
species that we analyzed. Our 8 ARP-based GM analysis
thus suggest that Culicoides wings could be targeted for
the development of Al-tools for C. paraensis entomologi-
cal monitoring both in the Brazilian Amazon and beyond.
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