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H I G H L I G H T S

� DNA barcoding based on the cytochrome c oxidase subunit 1 (COI) gene is the most reliable identification tool for the Anopheles barbirostris complex.
� Analysis of wing size and shape of Anopheles dissidens, An. saeungae and An. wejchoochotei based on geometric morphometrics revealed differences between species
(p < 0.05).

� The efficacy of wing shape analysis for species identification of the Barbirostris complex was moderate levels of performance (74.29% accuracy score).
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A B S T R A C T

Anopheles members of the Barbirostris complex are important vectors of malaria in Thailand. However, they are
morphologically indistinguishable because they are closely related species. In this study, wing geometric mor-
phometrics (GM) and DNA barcoding based on the cytochrome c oxidase subunit 1 (COI) gene were applied to
differentiate cryptic species of the Barbirostris complex in Thailand. Three cryptic species of the Barbirostris
complex, Anopheles dissidens (19.44%), Anopheles saeungae (24.54%), and Anopheles wejchoochotei (56.02%) were
initially identified using the multiplex polymerase chain reaction assay. DNA barcoding analyses showed low
intraspecific distances (range, 0.27%–0.63%) and high interspecific distances (range, 1.92%–3.68%), consistent
with the phylogenetic analyses that showed clear species groups. While wing size and shape analyses based on
landmark-based GM indicated differences between three species (p < 0.05). The cross-validated reclassification
revealed that the overall efficacy of wing size analysis for species identification of the Barbirostris complex was
less than the wing shape analysis (56.43% vs. 74.29% total performance). Therefore, this study's results are
guidelines for applying modern techniques to identify members within the Barbirostris complex, which are still
difficult to distinguish by morphology-based identification and contribute to further appropriate malaria control.
1. Introduction

Anopheles barbirostris van derWulp 1884 is amosquitomember within
the Myzorhynchus series of the subgenus Anopheles Meigen, which was
first reported in eastern Java, Indonesia (Townson et al., 2013). Previous
reports stated that An. barbirostris sensu lato (s.l.) is broadly distributed in
hongpachara).
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the Oriental Region, including Timor Island, the Indonesian archipelago,
the Philippines, mainland Southeast Asia, southern China, and South Asia
(Sinka et al., 2011). Anopheles barbirostris s.l. has been confirmed as a
species complex that is a group of closely relatedAnopheles species, which
has been named the An. barbirostris complex or Barbirostris complex
(Satoto, 2001). Members of the Barbirostris complex consist of six sibling
tober 2022
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species, Anopheles barbirostris sensu stricto (s.s.), Anopheles campestris,
Anopheles dissidens, Anopheles saeungae, Anopheles vanderwulpi, and
Anopheles wejchoochotei, which were identified and confirmed by cyto-
genetics, cross-mating experiments, and molecular characteristics (Wang
et al., 2014; Taai and Harbach, 2015).

In Thailand, five sibling species of the Barbirostris complex comprise
An. wejchoochotei (An. campestris-like), An. saeungae (An. barbirostris
species A2), An. dissidens (An. barbirostris species A1), An. campestris, and
An. barbirostris s.s (An. barbirostris species A4; Brosseau et al., 2019).
Additionally, An. barbirostris species A3 reported in Kanchanaburi
Province is awaiting formal scientific description (Suwannamit et al.,
2009). However, some member species within the Barbirostris complex
have been strongly linked with transmitting malaria (Townson et al.,
2013) and filarial worms (Brugia timori and Brugia malayi; Atmos-
oedjono et al., 1977). Anopheles wejchoochotei and An. campestris feed
mostly on humans than on animals, which is also called anthropophilic
behavior (Taai and Harbach, 2015). Previous laboratory studies in
Thailand found that An. wejchoochotei B and E forms from Chiang Mai
were highly susceptible to Plasmodium vivax infection (66.67% and
64.29% sporozoite rate, respectively; Thongsahuan et al., 2011), and
An. wejchoochotei (An. campestris-like) from Sa Kaeo was less susceptible
to P. vivax infection (sporozoite rate ¼ 23.80%; Apiwathnasorn et al.,
2002). Additionally, An. wejchoochotei has been linked with malaria
transmission in some parts of Thailand, especially in the Sa Kaeo
Province, southeastern region (Limrat et al., 2001). In contrast, An.
saeungae, An. dissidens, and An. barbirostris s.s. reveal no evidence of its
relationship with the natural transmission of human malaria (Taai and
Harbach, 2015). In addition, An. saeungae and An. dissidens were
zoophilic and had low susceptibility to P. vivax (sporozoite rate ¼ 6.67%
and 9.09%, respectively), whereas An. barbirostris s.s. (species A4) were
refractory to Plasmodium falciparum and P. vivax following laboratory
experiments (Thongsahuan et al., 2011). Therefore, vector and
non-vector separations are crucial to effectively developing mosquito
control strategies in endemic malaria areas. However, several member
species within the Barbirostris complex are morphologically indistin-
guishable because they are very close sibling species (also called cryptic
species; Taai and Harbach, 2015).

Generally, morphological methods based on taxonomic keys are the
gold standard for identifying mosquito species (Chaiphongpachara et al.,
2019). However, this method has several limitations, including the need
for entomological expertise and high error rates on morphologically close
species or cryptic species (Sumruayphol et al., 2020). Therefore, effective
modern alternative approaches should support the accuracy of species
investigations (World Health Organization, 2007).

Modern alternative techniques, e.g., polymerase chain reaction
(PCR)-based diagnostic assays and geometric morphometrics (GM), are
recently useful in identifying precise mosquito species (Wilke et al.,
2016; Sumruayphol et al., 2020; Chaiphongpachara et al., 2022a).
However, each modern technique is specific to different situations. Mo-
lecular methods were previously applied to classify cryptic species in the
Barbirostris complex, including multiplex PCR assays based on
species-specific primers and DNA barcoding based on universal primers
(Brosseau et al., 2019; Wilai et al., 2020). Although the species-specific
multiplex PCR assay is an excellent approach for species member iden-
tification in the target group, it is ineffective for identifying those in other
groups. The species identification specimens using species-specific
multiplex PCR assay should ensure that they are a member of the
target species (Wilai et al., 2020) because species-specific primers are
designed solely to determine the species in the interest group (Brosseau
et al., 2019). Furthermore, DNA barcoding based on cytochrome c oxi-
dase subunit 1 (COI) geneuniversal primers is a molecular method for
rapid species identification. It has also been proven to function appro-
priately to identify unknown specimens, especially damaged specimens,
during field collection (Weeraratne et al., 2018). Universal PCR primers
are generally used for DNA barcoding to amplify the target region in
several taxa (Kress and Erickson, 2008). However, both molecular
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techniques are cost-intensive and require advanced laboratory equip-
ment compared to classical techniques.

Geometric morphometrics (GM) is a modern technique that plays an
important role in identifying insect species based on the size and shape
differences of specific organs, especially the wings (Lorenz et al., 2017;
Changbunjong et al., 2020). The major advantages of GM are its low cost
and fast analytic capability; however, its accuracy is dependent on the
morphological differences between the species (Chaiphongpachara and
Laojun, 2020; Changbunjong et al., 2021). In Thailand, GM has been
applied to morphologically identify similar mosquito vectors, e.g., Aedes
(Sumruayphol et al., 2016; Chonephetsarath et al., 2021), Culex (Chai-
phongpachara and Laojun, 2019),Mansonia (Ruangsittichai et al., 2011),
and Anophelesmosquitoes (Champakaew et al., 2021; Chaiphongpachara
et al., 2022b). In addition, this technique has currently successfully
identified two members of the Minimus complex, An. minimus and An.
harrisoni (Chatpiyaphat et al., 2020), and three members of the Mac-
ulatus group, An. maculatus, An. sawadwongporni, and An. pseudowillmori
(Chaiphongpachara et al., 2019) as key malaria vectors in Thailand.
Ruangsittichai et al. (2011) also reported that GM techniques can be
combined with DNA barcoding, increasing mosquito species' identifica-
tion efficiency in the field.

Therefore, in this study, landmark-based GM technique and DNA
barcoding based on theCOI gene were applied to differentiate between
the three cryptic species of the Barbirostris complex, i.e., An. wejchoo-
chotei, An. saeungae, and An. dissidens, in Thailand. However, the true
species members of all the samples from the field were identified using
multiplex PCR before applying the alternative methods. This study's re-
sults provide procedures for the application of modern alternative tech-
niques, which include modern morphometric and molecular techniques,
to identify cryptic species within the Barbirostris complex that are still
difficult to distinguish using morphology-based identification. Conse-
quently, they may eventually contribute to further effective control and
surveillance of malaria vectors.

2. Materials and methods

2.1. Ethics statement

This study was conducted following the guidelines of animal care and
use of Suan Sunandha Rajabhat University, Thailand. The Institutional
Animal Care and Use Committee of Suan Sunandha Rajabhat University,
Bangkok, Thailand (Approval No. IACUC 64–007/2021) approved ani-
mal care and all experimental procedures.

2.2. Anopheles mosquito collection

Adult wild Anopheles mosquitoes of the Barbirostris complex were
collected from nine Thailand provinces, which include, Chachoengsao
(13�30014.100N 101�47009.800E), Chanthaburi (12�51029.800N
102�16032.000E), Kanchanaburi (14�07047.400N 98�59046.000E), Ratchaburi
(13�22036.000N 99�16038.000E), Narathiwat (6�21019.300N 101�53041.600E),
Phetchaburi (12�42011.900N 99�38045.500E), Samut Songkhram
(13�23018.800N 99�55035.400E), Trat (11�53039.300N 102�47046.200E), and
Ubon Ratchathani (14�26054.100N 105�12033.000E; Figure 1A), based on
previous reports of their distribution (Rattanarithikul et al., 2006; Taai and
Harbach, 2015; Brosseau et al., 2019) between June and October 2021.
Next, adult-stage mosquitoes were captured using a BG-Pro CDC-style
mosquito trap (BioGents, Regensbourg, Germany) with a BG-lure cartridge
(BioGents) and solid carbon dioxide (dry ice; Figure 1B) at night (6.00
p.m.–6.00 a.m.). Consequently, themosquito specimens from thefieldwere
transported to the laboratory at the College of Allied Health Sciences, Suan
SunandhaRajabhatUniversity, Thailand. Subsequently, anadult femaleAn.
barbirostris complex was identified by standard taxonomic keys following a
morphological characteristic (Rattanarithikul et al., 2006), individually
stored in 1.5-ml microcentrifuge tubes, and preserved at �20 �C until spe-
cies identification by multiplex PCR assay.



Figure 1. Anopheles collection sites in this study (A), comprising Kanchanaburi (1), Ratchaburi (2), Phetchaburi (3), Samut Songkhram (4), Chachoengsao (5),
Chanthaburi (6), Trat (7), Ubon Ratchathani (8), and Narathiwat (9). The BG-Pro CDC-style trap for adult mosquito capture (B).
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2.3. Multiplex PCR for species identification

None of the member species within the Barbirostris complex has
species-specific morphological traits, making them difficult to differen-
tiate using morphological methods. Multiplex PCR based on the COI gene
was used to identify this complex's true cryptic species before evaluating
the effectiveness of other modern methods.

Genomic DNA was extracted from more than two legs of each spec-
imen using a FavorPrep Mini Kit (Favorgen Biotech, Ping-Tung, Taiwan)
following the manufacturer's protocol. Table 1 shows the primers used
for the multiplex PCR following the protocol described by Wilai et al.
(2020). Briefly, all multiplex PCR reactions were performed in an overall
volume of 20 μL per reaction, which contain 1 μL of genomic DNA
sample, 1x reaction buffer, 3 mM MgCl2, 0.2 mM dNTPs, 0.2 μM of each
primer, and 0.4 units of Platinum Taq DNA polymerase (Invitrogen,
Carlsbad, CA, USA), made up to a final volume of 20 μL with distilled
water. PCR amplifications were conducted under the following temper-
ature cycling: initial denaturation at 95 �C for 2 min before 40 cycles of
Table 1. Primers used in this study for multiplex PCR and DNA barcoding.

Anopheles species Primer name Sequence (50– 30)

Multiplex PCR

Universal reverse HCO2198 TAA ACT TCA GGG TGA CCA AAA AA

An. barbirostris s.s. BARA4 [long GC tail]* AAT AGT AGG AAC TT

An. dissidens BARA1 ATT ACT ACT GTT ATT AAT ATA GG

An. saeungae BARA2 TTA GGT CAC CCA GGA GCA

An. wejchoochotei BARWEJ GAT TTG GAA ACT GAT TAC TG

An. barbirostris A3 BARA3 CGG AAC TGG ATG AAC TGT A

DNA barcoding

Universal forward forward GGA TTT GGA AAT TGA TTA GTT CC

Universal reverse reverse AAA AAT TTT AAT TCC AGT TGG AA

* Long GC tail sequence: GCG GGC AGG GCG GCG GGG GCG GGG CC was attached t
et al., 2020).

3

amplification at 95 �C for 30 s, 45 �C for 30 s, and 72 �C for 30 s, and a
final extension at 72 �C for 5 min. Finally, the negative controls were
added to each amplification round by replacing the DNA template with
distilled water.

Subsequently, all PCR products were run on a 2% agarose gel stained
with Midori Green DNA stain (Nippon Gene, Tokyo, Japan) and visual-
ized using an ImageQuant LAS 500 imager (GE Healthcare Japan Corp.,
Tokyo, Japan). Table 1 presents the species-specific band sizes of the PCR
amplicons to identify cryptic species of the Barbirostris complex as
described by Wilai et al. (2020).

2.4. DNA barcoding analysis

Ten samples of each species were randomly selected for species iden-
tification after the multiplex PCR using the DNA barcoding analysis. The
PCR used theCOI barcoding region and amplified using universal forward
and reverse primers (Table 1). First, each reaction was performed in an
overall volume of 25 μL, which contains 4 μL of DNA template, 1x reaction
Length (bp) Reference

T CA Wilai et al. (2020)

C TTT ATG A 706

A 238

611

502

365

T T ~700 Kumar et al. (2007)

C AGC

o the BARA4 primer of An. barbirostris s.s. to increase the product band size (Wilai
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buffer, 1.5mMMgCl2, 0.2mMdNTPs, 0.2 μMof eachprimer, 5%dimethyl
sulfoxide, and 1.5 units of Platinum Taq DNA polymerase (Invitrogen),
made up to a final volume of 25 μL with distilled water. The temperature
cycling for PCRwas performed as follows: initial denaturation at 95 �C for
5 min, followed by five cycles of denaturation at 94 �C for 40 s, annealing
at 45 �C for 60 s, and extension at 72 �C for 1min, 35 cycles of denaturation
at 94 �C for 40 s, annealing at 54 �C for 60 s, and extension at 72 �C for 1
min, with a final extension at 72 �C for 10 min. Finally, the negative
controls were applied in all the PCR rounds.

Clear DNA bands at ~700 bp in a volume of 1 μL on a 1.5% agarose
gel were used to evaluate the quality and reliability of the PCR products.
Consequently, these high-quality products were transported to SolGent
Inc (Daejeon, Korea) for nucleotide sequencing in both directions
following the Sanger sequencing technique.

The obtained trace files (also known as chromatograms) of COI bar-
code sequenceswere visualized andmanually edited, and ambiguous sites
were removed using BioEdit software (Hall, 1999). Subsequently,
consensus sequencesweremade for each individual using the forward and
reverse sequences. Next,Anopheles specieswere assessed by comparing all
final sequences with various reference barcode sequences using the Basic
Local Alignment Search Tool (BLAST; https://blast.ncbi.nlm.nih.gov/b
last/Blast.cgi) in the GenBank database and the BOLD Identification Sys-
tem (https://www.boldsystems.org/index.php/IDS_OpenIdEngine) in
the Barcode of Life Data (BOLD) database. AllCOI sequences were aligned
with theClustalW (Larkin et al., 2007) option inMEGAX software (Kumar
et al., 2018), and intra- and interspecific genetic divergences were
calculated based on the Kimura 2-parameter distancemodel (K2P). Lastly,
phylogenetic trees were constructed based on the maximum-likelihood
Figure 2. Right wing of the Anopheles barbirostris complex showing the position of 18
the mean landmark configurations of An. dissidens (green), An. saeungae (blue), and

4

(ML) and neighbor-joining (NJ) methods with bootstrapping (1000 rep-
licates) were built by using MEGA X to examine the genetic relationships
amongmembers of theBarbirostris complex for species identification. T92
þ G (Tamura 3-parameter with gamma distribution parameter) was the
most effective nucleotide substitution model employed in this study for
the ML phylogenetic analysis.

2.5. Geometric morphometric analysis

After the morphological identification and molecular analysis, the
same set of An. barbirostris complex specimens was employed in the GM
analysis. Overall, 140 individuals of the An. barbirostris complex with
complete wings (38 An. dissidens, 40 An. saeungae, and 62 An. wejchoo-
chotei) were used for the species investigation by the GM analysis.

2.5.1. Specimen preparation and image manipulation
Anopheles specimens with the completed right wing of each cryptic

species were selected and prepared for GM analysis. Specifically, the
right-wing female Anopheles mosquitoes were dissected from the thorax
and mounted on microscope slides with coverslips using Hoyer's me-
dium. Next, all wing slides were photographed using a digital camera
(Nikon DS-Fi3, Tokyo, Japan) connected to a Nikon SMZ 800 N stereo-
microscope (Nikon Corp., Tokyo, Japan), with a size scale of 1 mm in
length provided for each image.

2.5.2. Landmark digitizing
Eighteen landmarks were digitized (Figure 2A) from the wing images.

Additionally, the landmark coordinate format was based on previous
landmarks digitized for geometric morphometric analysis (A). Superposition of
An. wejchoochotei (red) showing the wing shape difference between species (B).

https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi
https://www.boldsystems.org/index.php/IDS_OpenIdEngine
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studies, which are effective locations for analyzing mosquito wings using
GM (Lorenz et al., 2012; Demari-Silva et al., 2014; Louise et al., 2015;
Sauer et al., 2020).

2.5.3. Repeatability and allometry
The repeatability test assessed the digitization accuracy of the co-

ordinates. First, 20 wing images per species were selected randomly and
digitized twice by the same user. Next, both image sets were compared
and computed using the repeatability index as described by Arnqvist and
Mårtensson (1998). Additionally, the size-to-shape contribution was
examined to evaluate the relationship between size and shape (also
called allometry; Lorenz et al., 2017). The linear correlation coefficient
was used to evaluate the relationship between wing size and the first
discriminant factor following shape variations. The statistical signifi-
cance of the allometry was determined using nonparametric permutation
tests (1,000 replications).

2.5.4. Wing size and wing shape variation
Centroid size (CS) was used as the wing size variable calculated from

the square root of the sum of squared distances between the center of the
configuration of landmarks and each landmark (Bookstein, 1997). A
boxplot was created to evaluate the wing CS variation of An. dissidens, An.
saeungae, and An. wejchoochotei. The significant differences in wing CS
between three cryptic species were determined using nonparametric
permutation tests (1,000 replications) with Bonferroni correction (pair-
wise comparison post hoc test). A p-value < 0.05 was considered statis-
tically significant.

The landmark configurations were superimposed for shape analysis
by translation, scaling, and rotation, performed using the Generalized
Procrustes Analysis. After that, partial warp scores were computed for use
as shape variables. Then, final shape variables were used as input for the
discriminant analysis to study the group separation among species shown
as a factor map and calculated the Mahalanobis distance for estimating
shape divergence between species. Finally, the wing shape difference
among species was considered based on the value of Mahalanobis dis-
tance, which was performed using nonparametric permutation tests
(1,000 replications) with Bonferroni correction at a p-value < 0.05.

2.5.5. Species validation and phenetic wing morphology relationships
The maximum likelihood approach was used to test the validity of

wing CS for accurate species identification (Dujardin et al., 2017). While
testing the validity of wing shape, the cross-validated reclassification
Figure 3. PCR product from the multiplex PCR assay on a 2% agarose gel for specie
ladder, lanes 2–3: An. dissidens (238 bp), lanes 4–7: An. saeungae (611 bp), lanes 8–
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based on Mahalanobis distances was conducted for each sample to esti-
mate assignment to its closest group. Furthermore, a hierarchical clus-
tering tree based on Mahalanobis distances was built to assess the
similarity in wing shape among cryptic species within the Barbirostris
complex.

2.5.6. Geometric morphometric software
The CLIC package version 99 (freely available at http://mome

-clic.com; Dujardin, 2008) and the online XYOM (XY Online Morpho-
metrics) tool (https://xyom.io/; Dujardin and Dujardin, 2019) were used
for geometric morphometric analysis in this study. The CLIC software
performed landmark digitization, a repeatability test, and an allometric
analysis. In contrast, the online XYOMwas used to perform wing size and
shape analyses, validate classification, and build a hierarchical clustering
tree.

3. Results

In this study, 1,431 Anopheles mosquitoes were collected from nine
provinces in Thailand. Moreover, 216 specimens were morphologically
identified to belong to the An. barbirostris complex. Therefore, all speci-
mens of the Barbirostris complex were examined at the species level
using multiplex PCR assays before performing DNA barcoding and geo-
metric morphometric analyses.

3.1. Multiplex PCR

Three cryptic species of the Barbirostris complex, including An. dis-
sidens, An. saeungae, and An. wejchoochotei, were recognized using the
multiplex PCR assay. Figure 3 shows the agarose gel electrophoresis of
multiplex PCR products according to species-specific differences. The
most predominant species of the Barbirostris complex in this survey was
An. wejchoochotei (56.02%, n ¼ 121), followed by An. saeungae (24.54%,
n ¼ 53) and An. dissidens (19.44%, n ¼ 42; Table 2). The results of the
current study also revealed that the three species could be found in the
same area (sympatric species) in many provinces, including Kanchana-
buri, Narathiwat, and Trat Provinces.

3.2. DNA barcoding

Partial sequences of the COI gene (~707 bp) were amplified from 30
An. barbirostris complex individuals (10 individuals per species) using
s identification of the Anopheles barbirostris complex. Lane 1: 3000 bp molecular
9: An. wejchoochotei (502 bp), and lane 10: negative control.

http://mome-clic.com
http://mome-clic.com
https://xyom.io/


Table 2. Number of the Anopheles barbirostris complex collected in this study
based on the multiplex PCR assay.

Province Total number of the Anopheles barbirostris complex

An. dissidens An. saeungae An. wejchoochotei

Chachoengsao 12 - 11

Chanthaburi - - 22

Kanchanaburi 8 8 30

Narathiwat 7 9 6

Phetchaburi - 10 -

Ratchaburi - 8 26

Samut Songkhram - - 12

Trat 15 6 14

Ubon Ratchathani - 12 -

Total 42 53 121

Table 4. Kimura two-parameter inter- and intraspecific pairwise divergence in
three cryptic species of the Barbirostris complex based on COI barcoding
sequences.

Anopheles species Average percentage genetic divergences (Min–Max)

An. dissidens An. saeungae An. wejchoochotei

An. dissidens 0.27% (0.00–0.57)

An. saeungae 3.43% (3.18–3.78) 0.63% (0.00–1.00)

An. wejchoochotei 3.68% (3.33–4.08) 1.92% (1.43–2.31) 0.29% (0.00–0.71)
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universal barcode primers. Table 3 presents the samples with unambig-
uous (no double peak and no noise) sequences submitted to the GenBank
database under their accession numbers. Notably, 30 sequences of the
An. barbirostris complex were compared with other mitochondrial se-
quences through BLAST in the GenBank and BOLD databases. All se-
quences of the current study corresponded with the multiplex PCR-
indicated species (>98% similarity with reference sequences in the da-
tabases). Furthermore, the average nucleotide composition percentages
for 30 sequences of the three cryptic species of the An. barbirostris com-
plex were 39.8% (thymine, T), 30.0% (adenine, A), 15.6% (guanine, G),
and 14.6% (cytosine, C). Additionally, the A þ T content (69.8%) was
higher than the G þ C content (30.2%). Table 4 shows the average inter-
and intraspecific pairwise divergence under the K2P model of An. dis-
sidens, An. saeungae, and An. wejchoochotei. Each cryptic species showed a
low level of average intraspecific genetic distances (range, 0.27%–

0.63%) and a high level of average interspecific distances (range, 1.92%–

3.68%). Furthermore, the overall mean genetic distance was 2.20%.
Table 3. GenBank accession numbers of three cryptic species of the Anopheles
barbirostris complex in this study and reference species used for phylogenetic tree
construction.

Anopheles species Location Sequence source GenBank accession no.

An. dissidens Chachoengsao In this study OM065949–50

An. dissidens Kanchanaburi In this study OM065951

An. dissidens Narathiwat In this study OM065952–54

An. dissidens Trat In this study OM065955–58

An. dissidens Mae Hong Son GenBank MT394444

An. dissidens Ubon Ratchathani GenBank LC333239

An. saeungae Kanchanaburi In this study OM065959

An. saeungae Narathiwat In this study OM065960–61

An. saeungae Phetchaburi In this study OM065962

An. saeungae Ratchaburi In this study OM065966

An. saeungae Trat In this study OM065967

An. saeungae Ubon Ratchathani In this study OM095419

OM065968

An. saeungae Ratchaburi In this study OM095420

An. saeungae Narathiwat In this study OM095421

An. saeungae Tak GenBank MT394449

An. saeungae Ubon Ratchathani GenBank MT394450

An. wejchoochotei Chanthaburi In this study OM065969–72

An. wejchoochotei Kanchanaburi In this study OM065973–74

An. wejchoochotei Samut Songkhram In this study OM065975–76

An. wejchoochotei Trat In this study OM065977–78

An. wejchoochotei Chiang Mai GenBank AB971340

An. wejchoochotei Chanthaburi GenBank MT394453

An. nigerrimus Narathiwat GenBank OL742880
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Both phylogenetic analyses, including ML and NJ methods, revealed
similar results of genetic relationships among three cryptic species of the
An. barbirostris complex (Figure 4). Phylogenetic analyses demonstrated a
clear-cut separation between the three species with bootstrap support
values between 75% and 92% based on theMLmethod and 91% and 99%
based on the NJ method. Additionally, the phylogenetic relationship
revealed that the An. saeungae cluster was more closely related to the An.
wejchoochotei cluster than that of An. dissidens, whereas Anopheles niger-
rimus as an outgroup species that belongs to the Nigerrimus subgroup of
the Hyrcanus group was separated from clusters of the Barbirostris
complex.
3.3. Geometric morphometrics

3.3.1. Repeatability and allometry
The precision of determining landmark coordinates can be estimated

from the repeatability scores. Additionally, repeated measurements be-
tween tested and compared image sets showed high repeatability scores
in both wing size (99.6%) and shape (97.2%). Furthermore, allometric
examination indicated that wing size affects the wing shape (Figure 5).
The influence of size on the discriminant factor derived from the Pro-
crustes residuals was 8% on the first discriminant factor (DF1; p < 0.05).

3.3.2. Wing size variation
The wing CS variation of An. dissidens, An. saeungae, and An. wejchoo-

chotei is illustrated in Figure 6. The analysis of the wing size indicated that
An. wejchoochotei had the highest wing CS (average CS ¼ 3.43 mm), fol-
lowed by An. saeungae (3.22mm) andAn. dissidens (3.10mm). Significant
wing CS differences appeared in all pair species (p < 0.05, Table 5).

3.3.3. Wing shape variation
The graphic wireframe is based on the superposition of the mean

landmark configurations of An. dissidens, An. saeungae, and An. wejchoo-
chotei revealed a slight difference between species (Figure 2B). The factor
map based on discriminant analysis displayed an overlapping distribu-
tion between the three species (Figure 7). The comparison of pairwise
Mahalanobis distance values between species indicated that wing shape
significantly differed among the three species (p < 0.05, Table 6). A hi-
erarchical clustering tree based onMahalanobis distances of An. dissidens,
An. saeungae, and An. wejchoochotei are shown in Figure 8. The wing
shape of An. dissidens was distinct from the other two taxa, whereas An.
saeungae and An. wejchoochotei were close to each other.

3.3.4. Species validation and phenetic wing morphology relationships
A cross-validated reclassification procedure to verify the correct

assignment based on the wing size of An. dissidents, An. saeungae, and An.
wejchoochotei provided low percentages (56.43% accuracy score,
Table 7), which ranged from 40% to 69.35%. The verification of accuracy
in the correct assignment based onwing shape showedmoderate levels of
performance (74.29% accuracy score) ranging from 55% to 83.87%.

4. Discussion

The An. barbirostris complex is a group comprising closely related and
morphologically indistinguishable mosquito species. In addition, An.



Figure 4. Maximum-likelihood phylogenetic analysis based on COI gene sequences of Anopheles dissidens, An. saeungae, and An. wejchoochotei (n ¼ 30, black labels)
from the present study and reference species from GenBank (n ¼ 6, red labels). One An. nigerrimus sequence (n ¼ 1, red labels) was used as an outgroup to root the tree.
Bootstrap values (1,000 replicates) of maximum likelihood (green) and neighbor-joining (blue) appeared near the branches. Only bootstrap values �50% are shown.
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Figure 5. Allometric plots of An. dissidens, An. saeungae and An. wejchoochotei
showing the influence of wing size (centroid size) on wing shape (the discrim-
inant factor).

Table 5. Average wing centroid size (CS) and statistical differences of An. dis-
sidens, An. saeungae and An. wejchoochotei.

Anopheles species Average wing
CS (mm)

S.D. S.E. Min–Max

An. dissidens 3.10a 0.14 0.02 2.82–3.39

An. saeungae 3.22b 0.26 0.04 2.82–3.85

An. wejchoochotei 3.43c 0.25 0.03 2.68–3.85

Different superscript letters show significant differences between species at p-
value < 0.05.

T. Chaiphongpachara et al. Heliyon 8 (2022) e11261
barbirostris s.l. is a potential malaria vector in Thailand (Taai and Harbach,
2015). The reports of natural infections with Plasmodium parasites, partic-
ularly P. vivax (Thongsahuan et al., 2011) in An. barbirostris s.l. were
observed in the various provinces of Thailand, e.g., Mae Hong Son (Som-
boon et al., 1994) and Tak (Sriwichai et al., 2016). Multiplex PCR based on
the COI gene was recently developed to identify members of this complex
using allele-specific primers (Wilai et al., 2020),which has the advantage of
being faster and less expensive than the multiplex PCR assay based on the
internal transcribed spacer 2 sequences, which required two PCR steps
(Brosseau et al., 2019). Therefore, this technique was applied to initially
screen the cryptic species within the Barbirostris complex from the nine
provinces in Thailand and discovered that An. wejchoochotei was the most
abundant, followed by An. saeungae and An. dissidens. Similar to the results
of previous surveys, An. wejchoochotei is widely distributed in Thailand,
confirmed by molecular biology techniques, with the following provinces
reporting the distribution of An. wejchoochotei: Ayutthaya, Chanthaburi,
Chiang Mai, Chaiyaphum, Chumphon, Kamphaeng Phet, Khon Kaen,
Mahasarakham,Mukdahan, PrachuapKhiri Khan, SaKaeo, andUdonThani
(Taai and Harbach, 2015). Anopheles saeungae can be found in many prov-
inces in Thailand, e.g., Lampang, Phetchaburi, Ratchaburi, Sa Kaeo, Trat,
Ubon Ratchathani, Ratchaburi, and Udon Thani (Taai and Harbach, 2015).
However,An. dissidens ismostly found inmountainous areaswith provinces
Figure 6. Boxplot of the wing centroid size variation among three species of the Ba
median as a line across the middle and quartiles (25th and 75th percentiles).
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of reported distributions, including Chiang Mai, Mae Hong Son, Sa Kaeo,
Tak, andTrat. Unfortunately,An. campestris andAn. barbirostris s.s.were not
observed in this study, which is consistent with previous reports that both
species are rare in Thailand (Thongsahuan et al., 2011; Taai and Harbach,
2015).Anopheles campestris is found only in the lowland areas of the central
and eastern regions and is not distributed in the foothills. However, An.
barbirostris s.s. was reported to be found in a high mountain area in Chiang
Mai (Thongsahuan et al., 2011; Taai and Harbach, 2015). Additionally, the
current surveyshowed thatAn.dissidens,An. saeungae, andAn.wejchoochotei
were classified as sympatric species in Kanchanaburi, Narathiwat, and Trat
Provinces. These findings suggested a high tendency for species misidenti-
fication because they have not yet been described morphologically in
species-specific characters (Taai andHarbach, 2015; Sriwichai et al., 2016).

DNA barcoding is a molecular technique for taxonomic identification
based on universal DNA barcodes to amplify standardized short DNA re-
gions (400–800 bp; Hebert et al., 2003). Although unknown species based
on damaged specimens are not suitable for detection by multiplex PCR,
DNA barcoding can identify them. The results of genetic distances (low
level of intraspecific distances [range, 0.27%–0.63%] and high level of
interspecific distances [range, 1.92%–3.68%]) indicated a barcoding gap.
The barcoding gap, which can be examined from intraspecific genetic
distances lower than interspecific distances, confirms the efficiency of
species classification by this molecular technique (Meyer and Paulay,
2005; Justi et al., 2014). This result is consistent with this study's phylo-
genetic analyses showing clear groupings among the species. Thus, DNA
barcoding is an effective tool for identifying unknown species within the
Barbirostris complex. However, several reports explained that DNA bar-
coding was not effective enough to identify some Anopheles species
genetically very close, e.g., Anopheles epiroticus, to other members within
the Anopheles sundaicus complex (Syafruddinid et al., 2020) and both
Anopheles albertoi and Anopheles strodei within the An. strodei subgroup
rbirostris complex. Each box represents each cryptic species showing the group



Figure 7. Factor map of the first two discriminant factors showing the wing shape variation of An. dissidens, An. saeungae and An. wejchoochotei. Each polygon
represents the shape variation of each species, and the inside contains dots representing an individual sample.

Table 6. Pairwise Mahalanobis distance and significant differences in wing shape
of An. dissidens, An. saeungae and An. wejchoochotei.

Anopheles species Pairwise Mahalanobis distance values

An. dissidens An. saeungae An. wejchoochotei

An. dissidens 0.00

An. saeungae 2.42* 0.00

An. wejchoochotei 2.82* 2.31* 0.00

Superscript asterisks show significant differences between species at p-value <

0.05.

Figure 8. Hierarchical clustering tree based on Mahalanobis distances of An.
dissidens, An. saeungae and An. wejchoochotei.

Table 7. Cross-validated reclassification scores (in percentage) based on wing
size and shape similarities of An.dissidens, An. saeungae and An. wejchoochotei.

Anopheles species Percentage of reclassification
(Correctly assigned/Observed individuals)

Based on wing size Based on wing shape

An. dissidens 52.63% (20/38) 78.95% (30/38)

An. saeungae 40.00% (16/40) 55.00% (22/40)

An. wejchoochotei 69.35% (43/62) 83.87% (52/62)

Total performance 56.43% (79/140) 74.29% (104/140)
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(Bourke et al., 2013). However, DNA barcoding successfully identified
members of several Anopheles groups that are close species in Thailand,
including the Hyrcanus (Wijit et al., 2013) and the Maculatus (Sumruay-
phol et al., 2020) groups.

Allometry was examined to assess the relationship between wing size
and shape among species before GM analyses (Lorenz et al., 2017). In this
9

study, the specimens of the Barbirostris complex had relatively low ef-
fects of wing size on the shape but found a relationship between size and
shape. However, this relationship usually does not affect inter-species
investigations (Lorenz et al., 2017). In comparison, wing size and
shape analyses based on landmark-based GM revealed differences be-
tween species (p < 0.05). However, the accuracy of the species identifi-
cation of members within the Barbirostris complex showed different
results between wing size and shape. Overall, the efficacy for species
identification of three cryptic species within the Barbirostris complex
based on wing shape obtained from cross-validated reclassification
showed that 74.29%were correctly classified. In contrast, the efficacy for
species identification based on wing size was 56.43%. Therefore, wing
size is an unsuitable variable for member identification of the Barbirostris
complex because environmental conditions easily affect the size more
than shape variables (Lorenz et al., 2017; Phanitchat et al., 2019).

Based on the validated reclassification scores of the current study, the
GM performance is imperfect (74.29% accuracy score for wing shape
analysis) and cannot replace molecular biological methods in identifying
cryptic species within the Barbirostris complex. These results agreed with
previous studies reporting that genetic markers provide more sensitivity
and accuracy in detecting targeted population variability than wing shape
analysis (Carvajal et al., 2021). However, this modern morphometrics is
suitable for the initial species assessment of the Barbirostris complex in the
field in the event of budget constraints and a lack of advanced equipment.

Interestingly, the hierarchical clustering tree pattern based on wing
shape between species was consistent with ML and NJ phylogenetic ana-
lyses based on theCOI gene.Anopheles saeungaewasmore closely related to
An.wejchoochotei thanAn. dissidens. Several previous reports haveexplained
that variations inwing shape are related to the genetic background (Vicente
et al., 2011; G�omez and Correa, 2017; Carvajal et al., 2021). Similar to the
current study, applying the GM technique to 19 mosquito species in Ger-
many revealed that bothwingmorphometric analyses were consistent with
the results of DNA barcoding (Sauer et al., 2020).

In summary, DNA barcoding showed satisfactory results, whereas wing
GM showed moderate performance levels. Correct species identification
contributes to a better understanding of the Barbirostris complex's cryptic
species-specific bionomics and distributions (Udom et al., 2021). Never-
theless, further studies on many specimens and adding to the missing rare
species (An. campestris and An. barbirostris s.s.) are needed to make the
guidelines more complete for identifying the cryptic members within the
An. barbirostris complex in Thailand by DNA barcoding and GM.

5. Conclusions

This study is the first attempt to investigate the effectiveness of wing
GM combined with molecular techniques to differentiate the three
cryptic species of the Barbirostris complex. The current study revealed
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that DNA barcoding and wing GM could distinguish three cryptic species,
An. dissidens, An. saeungae, and An. wejchoochotei, within the Barbirostris
complex in Thailand. This information can guide the adoption of alter-
native methods for identifying cryptic An. barbirostris complex species in
the field. Multiplex PCR based on species-specific COI primers is pro-
posed to be the correct approach for use with specimens identified as
members within the An. barbirostris complex, but DNA barcoding based
on universal COI primers should be used in cases of unknown specimens
caused by damaged morphology from the field collection. Conversely,
the GM technique is an effective option for use in remote areas that lack
molecular biology equipment or have a limited budget. However, the
application of the GM technique should be revalidated in different target
locations and environments before species investigation to avoid errors
from morphological variations of specimens.
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