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Abstract

Mosquitoes are hematophagous insects that transmit parasites and pathogens with devas-

tating effects on humans, particularly in subtropical regions. Different mosquito species dis-

play various behaviors, breeding sites, and geographic distribution; however, they can be

difficult to distinguish in the field due to morphological similarities between species and dam-

age caused during trapping and transportation. Vector control methods for controlling mos-

quito-borne disease epidemics require an understanding of which vector species are

present in the area as well as the epidemiological patterns of disease transmission.

Although molecular techniques can accurately distinguish between mosquito species, they

are costly and laborious, making them unsuitable for extensive use in the field. Thus, alter-

native techniques are required. Geometric morphometrics (GM) is a rapid and inexpensive

technique that can be used to analyze the size, shape, and shape variation of individuals

based on a range of traits. Here, we used GM to analyze the wings of 1,040 female mosqui-

toes from 12 different species in Thailand. The right wing of each specimen was removed,

imaged microscopically, and digitized using 17 landmarks. Wing shape variation among

genera and species was analyzed using canonical variate analysis (CVA), while discrimi-

nant function analysis was used to cross-validate classification reliability based on Mahala-

nobis distances. Phenetic relationships were constructed to illustrate the discrimination

patterns for genera and species. CVA of the morphological variation among Aedes, Anophe-

les, Armigeres, Culex, and Mansonia mosquito genera revealed five clusters. In particular,

we demonstrated a high percentage of correctly-distinguished samples among Aedes

(97.48%), Armigeres (96.15%), Culex (90.07%), and Mansonia (91.67%), but not Anophe-

les (64.54%). Together, these findings suggest that wing landmark-based GM analysis is an

efficient method for identifying mosquito species, particularly among the Aedes, Armigeres,

Culex, and Mansonia genera.
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Introduction

Mosquitoes are hematophagous insects that are considered to be one of the most dangerous

vectors in the world due to their potential to transmit parasites and pathogens responsible for

serious diseases, including malaria, filariasis, yellow fever, dengue, and Japanese encephalitis

[1]. Indeed, over 1 billion cases and 1 million deaths due to mosquito-borne diseases are

reported annually [2], with mosquitoes becoming an increasing problem in tropical and sub-

tropical regions [3]. Although more than 3,000 species of mosquito exist worldwide, the main

vectors of clinical importance are Anopheles spp. (malaria, lymphatic filariasis, and Japanese

encephalitis), Culex spp. (lymphatic filariasis, Japanese encephalitis), Aedes spp. (dengue/den-

gue hemorrhagic fever, yellow fever, lymphatic filariasis), and Mansonia spp. (lymphatic filari-

asis) [4, 5]. In Thailand, there are over 400 species of mosquito and the major vectors of

mosquito-borne diseases are Anopheles spp. (An. dirus and An. minimus), Mansonia spp. (Mn.

annulata and Mn. annulifera), Culex spp. (Cx. tritaeniorhynchus), and Aedes spp. (Ae. aegypti
and Ae. albopictus) [6].

Vector control methods are an important strategy for controlling mosquito-borne disease

epidemics [7]; however, their success relies on a good understanding of the biology and geo-

graphic distribution of mosquito vectors [8]. Since different mosquito species have different

characteristics, such as behavior, breeding site, and geographic distribution, their accurate

identification is of great importance for medical entomology [9]. The most common method

of species identification relies on morphological taxonomic keys and is a laborious process

that requires intensive training. Unfortunately, it can be difficult to identify mosquito vectors

in the field based on morphological features due to the prevalence of cryptic, sibling, or iso-

morphic species with similar genetics and morphologies. Although some mosquito species are

easily distinguished when in good condition, morphological identification is often hampered

by damage to the external characteristics of field specimens during trapping and transporta-

tion [10] or through their preservation in ethanol [11, 12]. Consequently, several molecular or

phenotypic tools have been developed for the identification of problematic species. Although

molecular techniques can accurately distinguish mosquito species, they are very costly and

labor intensive, making them unsuitable for routine use in the field where many samples are

collected. Therefore, novel alternatives to classical morphology or DNA identification are

required to identify mosquito vectors in the field.

Morphometric methods, such as geometric morphometrics (GM), are a rapid, inexpensive,

and valuable tool for analyzing the biological size, shape, and shape variation of individuals

based on various traits [13]. GM has been applied extensively in a number of fields, including

entomology, where it has been used to analyze blow flies, mosquitoes, bees, and Triatominae

eggs [14]. In addition, several recent studies have used GM to classify species and examine var-

iation among clinically important mosquitoes that are morphologically similar or are sibling

species [15–17]. Currently, GM based on the geometry of wing features (landmark-based) is

largely used in medical entomology to reliably distinguish between closely related species [18,

24]. In particular, wing landmark-based GM has been successfully used to identify three Sto-
moxys fly species that are difficult to separate using external morphological characteristics,

with a correct classification rate of 76–100% [19]. Wing landmark-based GM has also been

used to distinguish 12 medically and forensically important blow fly species in Thailand at

both the genus and species levels [18]. Moreover, GM analysis has been used to identify clini-

cally important mosquito species, sibling species, or cryptic species based on adult female wing

morphometry alone [15, 20–24]. In this study, we aimed to determine whether the wing land-

mark-based GM analysis can be used as an identification tool for clinically important mos-

quito genera/species in Thailand.

PLOS ONE Geometric morphometric wing analysis to discriminate female mosquitoes

PLOS ONE | https://doi.org/10.1371/journal.pone.0260333 November 29, 2021 2 / 14

study design, data collection and analysis, decision

to publish, or preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0260333


Materials and methods

Mosquito samples and identification

A total of 1,040 female mosquitoes were collected from field and laboratory colonies for use in

this study (Table 1). Free-mating laboratory colonies of mosquito vectors from the Aedes,
Anopheles, and Culex genera were reared and maintained continually in the insectary of the

Department of Parasitology, Faculty of Medicine, Chiang Mai University, Chiang Mai prov-

ince, Thailand. The colonies were housed without exposure to any pathogens or insecticides at

a constant temperature of 27±2˚C and 70–80% relative humidity under a 12:12 h light/dark

photoperiod. Laboratory colonies of Ae. aegypti, An. cracens (formerly An. dirus B), An. dirus,
An. minimus sensu stricto (formerly An. minimus A), and Cx. quinquefasciatus were reared

and maintained in an insectary for several generations. Ae. aegypti (Muang Chiang Mai-sus-

ceptible: MCM-S), An. cracens, An. dirus, An. minimus, and Cx. quinquefasciatus (National

Institute of Health of Thailand: NIH strain) originated from field larvae collected originally in

Chiang Mai province, Muang Chiang Mai district in 1995, the Armed Forces Research Insti-

tute of Medical Sciences (AFRIMS, Bangkok, Thailand), the Vector Borne Disease Section,

Office of Disease Prevention and Control No. 10 (Chiang Mai, Thailand), and the National

Institute of Health, Ministry of Public Health (Nonthaburi province, Thailand), respectively.

Mass rearing was conducted according to previously described procedures [25], with slight

Table 1. Mosquito specimens used in this study.

Mosquito species Species code Collection site GPS reference Total no. of female

specimensSubdistrict Province Latitude Longitude

Aedes vexans Aeve Maehia Muang Chiang Mai 18˚ 44’ 15.9" N 98˚ 56’ 49" E 13 30

Sri Phum 18˚ 47’ 28.8" N 98˚ 58’ 19.5" E 5

Sunpesua 18˚ 83’ 26" N 09˚ 00’ 15" E 12

Aedes aegypti Aeae Maehia Muang Chiang Mai 18˚ 44’ 15.9" N 98˚ 56’ 49" E 4 56

Laboratory strain n/a 52

Aedes albopictus Aeal Maehia Muang Chiang Mai 18˚ 44’ 15.9" N 98˚ 56’ 49" E 3 33

Sunpesua 18˚ 83’ 26" N 09˚ 00’ 15" E 30

Anopheles dirus Andi Laboratory strain n/a 36

Anopheles cracens Ancr Laboratory strain n/a 56

Anopheles minimus Anmi Laboratory strain n/a 49

Armigeres subalbatus Arsu Maehia Muang Chiang Mai 18˚ 44’ 15.9" N 98˚ 56’ 49" E 21 182

Sunpesua 18˚ 83’ 26" N 09˚ 00’ 15" E 161

Culex gelidus Cxge Maehia Muang Chiang Mai 18˚ 44’ 15.9" N 98˚ 56’ 49" E 4 37

Sri Phum 18˚ 47’ 28.8" N 98˚ 58’ 19.5" E 13

Sunpesua 18˚ 83’ 26" N 09˚ 00’ 15" E 20

Culex vishnui Cxvi Maehia Muang Chiang Mai 18˚ 44’ 15.9" N 98˚ 56’ 49" E 21 344

Sri Phum 18˚ 47’ 28.8" N 98˚ 58’ 19.5" E 10

Sunpesua 18˚ 83’ 26" N 09˚ 00’ 15" E 313

Culex quinquefasciatus Cxqu Maehia Muang Chiang Mai 18˚ 44’ 15.9" N 98˚ 56’ 49" E 9 193

Sri Phum 18˚ 47’ 28.8" N 98˚ 58’ 19.5" E 34

Sunpesua 18˚ 83’ 26" N 09˚ 00’ 15" E 90

Laboratory strain n/a 60

Mansonia indiana Mnin Maehia Muang Chiang Mai 18˚ 44’ 15.9" N 98˚ 56’ 49" E 2 11

Sunpesua 18˚ 83’ 26" N 09˚ 00’ 15" E 9

Mansonia uniformis Mnun Sunpesua Muang Chiang Mai 18˚ 83’ 26" N 09˚ 00’ 15" E 13

Total 1,040

https://doi.org/10.1371/journal.pone.0260333.t001
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modifications. Rearing trays containing aquatic stage mosquitoes were covered tightly at all

times with a nylon screen in order to ensure that all colonies were strictly isolated from each

other. Adults were fed continually with 10% sucrose and 10% v/v multivitamin syrup using

soaked cotton pads. Female mosquitoes were collected using a mount aspirator, frozen at

-20˚C for 10 min, and stored in 80% ethanol.

Based on previous research [26–28], adult mosquitoes were collected from natural populations

between 18:00 and 22:00 h using a modified human bait trap at suburban sites in three locations

in Muang district, Chiang Mai province: Sunpesua, Maehia, and Sri Phum subdistrict. Field trials

were conducted after receiving permission from the possessor of the private land. Each human

volunteer was covered with a long-sleeved jacket with hood, shoes with socks, gloves, and long

pants rolled up to the knee (exposed area: the lower leg). Mosquitoes landing on the exposed area

of volunteers were mouth aspirated by proficient collectors before the natural mosquitoes could

imbibe any blood. The captured insects were kept in paper cups for counting and identification.

A total of 787 adult female mosquitoes from five genera, (Aedes, Anopheles, Armigeres, Culex, and

Mansonia) were counted under a stereomicroscope and their species were identified using previ-

ously reported taxonomic keys [29] before they were stored in 80% ethanol (Table 1, Fig 1). This

project was approved and conducted according to protocol PAR-2556-01588 of the Research Eth-

ics Committee, Faculty of Medicine, Chiang Mai University.

GM sample preparation

The right wing was dissected from the thorax of each female mosquito using an insect needle

under a stereomicroscope (Olympus SZX7, Germany). The wings were then mixed with

Fig 1. Map of Thailand showing the collection sites of adult mosquitoes used for wing morphometric analysis. Mosquitoes were collected from three

subdistricts (Maehia, Sri Phum, and Sunpesua) in the Muang district of Chiang Mai province, northern Thailand.

https://doi.org/10.1371/journal.pone.0260333.g001
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normal saline solution (NSS) in an Eppendorf tube using a vortexer (VORTEX-GENIE2, Sci-

entific Industries, Inc., New York, United States) at shake level 3 for 3–5 min to remove the

wing scales. Next, each wing was placed on a glass slide in one drop of distilled water and the

remaining scales were removed using a small round paintbrush (No. 0).

Image manipulation and data acquisition

The wing was placed onto a glass microscope slide and photographed using a digital camera

(Olympus DP22) connected to a light microscope under 4× magnification. A 500-μm scale bar

was embedded into each image and kept in the same folder. Tps files were built from the

images using TpsUtil32 v.1.78 software [30] to reduce liable marking (LM) bias when digitiz-

ing landmark locations. Seventeen selected landmarks [31–33] (Fig 2) were digitized using

TpsDig2 v.2.31 software [34]. The LM of the venation pattern of each wing was digitized in

duplicate to reduce measurement error by the same handler [35].

GM analysis

The duplicate.tps files produced by digitizing wing landmark locations were used to mea-

sure the isometric estimator known as centroid size (CS), which is defined as the square

root of the sum of the squared distances between the center of the LM or centroid configu-

ration [36]. All samples were analyzed using MorphoJ software v.1.07a [37] and aligned and

superimposed using the “Procrustes Fit” function to remove variation due to differences in

scale, position, and orientation of the coordinates. The CS and Procrustes coordinates

obtained from the landmark data were averaged for each specimen prior to further statisti-

cal analysis.

Fig 2. Representative image of wing landmark pattern. Right wing of female Ae. aegypti showing the 17 plotted

landmarks based on Dujardin et al. (2017).

https://doi.org/10.1371/journal.pone.0260333.g002
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Wing shape variation

To assess the effect of wing size on wing shape (allometry), the regression of the Procrustes

coordinates (dependent variable) against CS (independent variable) was analyzed using a per-

mutation test with 10,000 randomizations. The variations in wing shape between five genera/

12 species of mosquitoes were determined using CVA, and the reliability of classification

within each genus/species was confirmed using discriminant function analysis (DFA), a cross-

validation test based on Mahalanobis distances. Additionally, each sample was reclassified

according to the similarity of its wings to the average wing shape of all species using a pairwise

cross-validated reclassification test based on Mahalanobis distances. All the analyses were con-

ducted in MorphoJ software v.1.07, and a permutation test with 10,000 replications was used.

Phenetic wing morphology relationships

A Neighbor-Joining (NJ) analysis was constructed with 1,000 bootstrap replicates based on

Mahalanobis distances obtained through pairwise comparison of analyzed species via CVA

using PAST software v.4.03 (https://past.en.lo4d.com/windows) to illustrate the phenetic rela-

tionships between the wing data of 12 mosquito species.

Results

Wing shape variation

The regression of Procrustes coordinates against CS revealed the allometry effect of wing size

on wing shape (permutation test with 10,000 rounds in MorphoJ: 5.92%, p< 0.0001).

Although small, the allometry effect was not removed from the analysis as we considered the

allometric size variation of the species identification process [15]. CVA of wing shape among

genera revealed five different clusters with morphological variation that were classified by

color, including the mosquito genera Aedes (red), Anopheles (yellow), Armigeres (green),

Culex (light blue), and Mansonia (purple; Fig 3). At the genus level, CVA revealed five canoni-

cal variates, among which the first two (Fig 3) explained 85.0% of the total variation

(CV1 = 57.9%, CV2 = 27.1%). The scatter plot of CV1 and CV2 showed that Aedes and Armi-
geres specimens were separated into distinct groups, while Mansonia and Culexs specimens

overlapped considerably with Anopheles specimens (Fig 3). At the species level (Fig 4), CVA

explained 67.6% of the total variation (CV1 = 49.4%, CV2 = 18.2%), with the scatter plot

revealing a morphometric difference between the Anophelinae and Culicinae subfamilies. In

addition, overlapping was observed between all 12 mosquito species except Ar. subalbatus,
which was clearly distinct.

The Mahalanobis distances obtained from pairwise comparisons between the 12 mosquito

species ranged from 2.1351 (An. dirus and An. cracens) to 9.6419 (Mn. indiana and Ae.
aegypti), with statistical analysis revealing significant differences (permutation test in Mor-

phoJ: p< 0.0001; p< 0.01; and p< 0.05; S1 Table). Cross-validation (permutation test in Mor-

phoJ) further showed that the percentage of specimens correctly classified by genus in the

majority of comparisons ranged from 90.07% (Culex) to 97.48% (Aedes), with the exception of

Anopheles, which had correct classification rates of less than 70.00% (Table 2).

The Procrustes coordinate distances of 12 mosquito species ranged from 0.0369 (Mn. uni-
formis and Mn. indiana) to 0.7542 (Mn. indiana and Ae. albopictus), with statistical analysis

(permutation test in MorphoJ) indicating highly significant differences between most of these

species (p< 0.0001; p< 0.01; and p< 0.05; S2 Table). The pairwise cross-validated reclassifica-

tion test between mosquito species yielded a high percentage of correctly classified specimens

in majority of the comparisons (80%-100%), except six pairwise comparisons, Ae. albopictus
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and Ae. aegypti (70%), Ae. vexans and Ae. albopictus (67%-76%), An. minimus and An. cracens
(78%), An. minimus and An. dirus (71%), An. minimus and Cx. gelidus (78%), An. minimus
and Cx. quinquefasciatus (67%), which had percentages of correct classification below 80%.

When Mn. indiana was compared with Mn. uniformis, the lowest reclassification score was 0%

in all 12 comparisons of the species (Table 3).

Phenetic wing morphology relationships among species

The Neighbor-Joining tree showing the phenetic wing morphology relationships among the

12 mosquito species based on the Mahalanobis distances revealed two main clusters compris-

ing the Culicinae and Anophelinae subfamilies. Three species from the genus Culex grouped

together, with the highest levels of similarity between Cx. gelidus and Cx. quinquefasciatus. An

identical pattern was observed for the genera Mansonia and Aedes; all the species clustered

Fig 3. Scatter plot showing wing shape variation among five mosquito genera. Wing shape variation in Aedes,
Anopheles, Armigeres, Culex, and Mansonia mosquitoes is shown along the first two canonical variate (CV1 and CV2)

axes with 90% confidence ellipses.

https://doi.org/10.1371/journal.pone.0260333.g003
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together in each genus branch. Regarding Anopheles species, they were placed into two distinct

clusters (An. minimus and two sibling species; An. cracens and An. dirus) (Fig 5).

Discussion

Morphological analysis using taxonomic keys is currently the standard method for identifying

mosquito species; however, wing GM analysis also represents a reliable and inexpensive alter-

native that yields satisfactory results when discriminating between morphologically analogous

species. In this study, we evaluated the ability of GM to correctly identify undamaged wing

samples from 12 different mosquito species.

Although the number of laboratory strains was greater than the minimum number of sam-

ples per species required for precise genus and species differentiation using GM analysis, the

number of some field strain mosquito species was beneath this threshold for clear species iden-

tification using GM. However, we found that the four important genera, Aedes, Armigeres,
Culex, and Mansonia, could be correctly classified at the genus level using wing shape

(90.07%-97.48%). In particular, the wing shape of Aedes and Armigeres species was clearly dis-

tinct from that of Anopheles, Culex, and Mansonia species. Conversely, the wing shape of

Anopheles highly overlapped with that of Culex species (64.54% correctly classified). The broad

overlapping indicated that these two sibling species members have a similar wing shape, which

is morphologically identical (isomorphic) and has minimal morphological distinction. There-

fore, correct identification among cryptic species based on morphological characteristics is dif-

ficult, which is consistent with previously reported findings [38, 39]. When cryptic diversity

occurs in Anopheles and Culex (e.g., sibling, isomorphic, or cryptic species), molecular

Fig 4. Scatter plot showing wing shape variation among 12 mosquito species. Wing shape variation is shown along

the first CV1 and CV2 axes with 90% confidence ellipses.

https://doi.org/10.1371/journal.pone.0260333.g004

Table 2. Percentage of specimens correctly classified by genus.

Genus % correctly classified specimens (No. correctly classified/total no. of specimens)

Aedes 97.48 (116/119)

Anopheles 64.54 (91/141)

Armigeres 96.15 (175/182)

Culex 90.07 (517/574)

Mansonia 91.67 (22/24)

https://doi.org/10.1371/journal.pone.0260333.t002
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identification assays can help distinguish between samples [40–47]. In some studies, male and

female genitalia have been used for reliable identification or for confirming identification of

Culex species within the subgenus [48]. Our results revealed that the score of Culex species

reclassification was higher than 80%, proving that these species can be identified through GM

wing analysis. The reclassification score in the comparison of some pairs of species, including

Ae. albopictus and Ae. aegypti, Ae. vexans and Ae. albopictus, An. minimus and An. cracens,
An. minimus and An. dirus, An. minimus and Cx. gelidus, An. minimus and Cx. quinquefascia-
tus, and Mn. uniformis and Mn. indiana indicated low percentage of correct classification (0%-

78%). Hence, it is recommended that GM be used in addition with traditional taxonomic iden-

tification keys or molecular tools for precise species identification. Species from the Mansonia
genus were incorrectly identified with the lowest reclassification scores, which may explain

that these two mosquitoes (Mn. uniformis and Mn. indiana) are members of the same subge-

nus Mansonioides, with similarities in wing shape structures. Therefore, the landmark-based

analysis of wings can partially help to identify the genus level of Mansonia used in this study.

However, morphological taxonomic keys needed for precise identification of Mansonia species

require specific training and non-damaged wings for analysis [49].

We also produced a NJ tree showing the phenetic relationships in right-wing morphology

based on the Mahalanobis distances between the 12 mosquito species examined in this study,

which initially revealed two main clusters. The Anophelinae subfamilies were categorized into

two clusters containing An. minimus complex (An. minimus) and An. dirus complex (An. cra-
cens and An. dirus), which are the primary malaria vectors in Thailand. The Anopheles com-

plex groups remain problematic because of overlapping morphological characters between

sibling species. Therefore, wing GM analysis should be performed in combination with tradi-

tional morphological methods and molecular assays for accurate species identification within

Anophelinae and Culicinae morphometric groups [44–48, 50].

Together, the results of this study demonstrate that landmark-based wing morphometry

analysis could be an alternative tool for identifying mosquito species in Thailand, consistent

with the findings of previous studies on three epidemiologically important genera (Anopheles,
Aedes, and Culex) [15, 17, 23] and Mansonia [49]. However, this study utilized a limited num-

ber of Ae. vexans, Mn. indiana, and Mn. uniformis samples (30� N>10); therefore, further

studies should be performed using more specimens from natural populations of these species

to improve the reliability of wing shape analysis for species discrimination. Although

Fig 5. Neighbor-Joining tree showing phenetic wing morphology relationships among mosquito species. The tree

was constructed based on the Mahalanobis distances between species.

https://doi.org/10.1371/journal.pone.0260333.g005
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landmark-based GM analysis can be time-consuming as a result of right-wing preparation and

marking all the landmarks in duplicate samples, this method is less expensive and simpler than

genetic sequencing, whilst still being reliable. The reliability of wing morphometric analysis

depends on several factors: 1) consistent wing preparation to provide the most precise wing

measurements; 2) using the same conditions and photographic equipment; and 3) wing land-

mark location by the same person and duplicate digitization to reduce data measurement

errors. Thus, wing morphometric analysis requires less proficiency for an inexperienced per-

son compared to standard taxonomic key identification. Moreover, the majority of female

mosquitoes can be correctly identified even when using wing samples preserved in ethanol.

In conclusion, the findings of this study demonstrate that wing landmark-based GM analy-

sis can be used to discriminate female mosquitoes at the genus and species levels. In particular,

we found that this method is highly reliable when used for classification of Aedes, Armigeres,
Culex, and Mansonia genera, but less reliable when used for discriminating Anopheles species,

resulting in high percentage of correct classification for most mosquito species comparisons,

except Mansonia species. However, the use of GM analysis could be an alternative technique,

as it is easy to use, does not require proficient entomological skills, is a quick, practical, and

simple technique, and has become particularly attractive for use in the field to facilitate the

control of abundant vector species that are present in the area.
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