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Abstract

The continuous expansion of exotic Aedine mosquito species potential vectors of pathogens
into new areas is a public health concern. In continental Europe, the surveillance of these
mosquitoes is hindered by the simultaneous presence of three main invasive species (i.e.,
Aedes albopictus, Ae. japonicus, and Ae. koreicus). Standard low-cost surveillance meth-
ods (i.e., the deployment of oviposition traps and count of eggs under stereoscopic micro-
scope) fail to distinguish the eggs of the different species. Identification of eggs by molecular
methods is costly and time consuming and prevents measuring the density of invasive spe-
cies and detecting early new invaders. Here we tested whether certain species could be
identified by the patterns on the exochorionic membrane of their eggs. In a first step, we
examined Aedine eggs of the three mentioned invasive and one indigenous (i.e., Ae. genicu-
latus) species with a high-resolution stereomicroscope and we identified each egg by
MALDI-TOF mass spectrometry. In a second step, we submitted images of the eggs to 60
entomology experts and non-experts and tested their ability to distinguish among the spe-
cies after an initial short training. The results obtained were consistent. Participants did not
encounter difficulties in determining Ae. albopictus and Ae. geniculatus, while they had
more difficulties in distinguishing Ae. japonicus from Ae. koreicus. In general, the quality of
the exochorion seemed to play a more important role than the expertise level of the rater.
The feasibility to differentiate Ae. albopictus from the other two invasive species is a signifi-
cant achievement, as this is currently the most problematic species at the level of public
health in Europe. Due to the presence of multiple invasive species that might prevent the
correct quantification of mosquito population densities using standard surveillance methods
and due to Ae. aegyptithreat, it is recommended to optically determine also other species.
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Introduction

Since the late 1990s, an increase of invasive mosquitoes of the genus Aedes has been observed
throughout Europe [1-3]. Their arrival and expansion have been favoured mainly by human
activities, such as tire and lucky bamboo trades, and climate change [4-6].

Invasive Aedes mosquitoes, in addition to being a nuisance for citizens, also represent a
threat to public health as they can potentially carry and transmit arboviruses (e.g., dengue, chi-
kungunya, and Zika viruses) [1, 3, 7] and filarioid parasites (e.g., Dirofilaria nematodes) [1, 3,
8-11]. Aedes albopictus (Skuse), the tiger mosquito, is the species that poses the greatest threat
to public health as it can potentially transmit at least 22 arboviruses [1, 3]. During the last half
century, it has spread from Southeast Asia to all the other continents, except Antarctica [1, 12-
14]. Its first appearances in Europe were recorded in 1979 in Albania [15] and later in 1990 in
Italy [16]. Since then, it has spread, mainly by passive transportation, to all countries around
the Mediterranean and northwards [1, 12, 17-20]. In the last two decades, cases of autochtho-
nous transmission of dengue and chikungunya viruses by Ae. albopictus have been reported in
Italy [21], France [22, 23], Spain [24, 25] and Croatia [26]. In Switzerland, Ae. albopictus is well
established in the southern regions of the country [27-29].

Two other invasive Aedes species present in Switzerland and other countries in central
Europe are Aedes japonicus (Theobald), the East Asian bush mosquito, and Ae. koreicus
(Edwards), the Korean bush mosquito. Both species have spread from eastern Asia. Aedes japo-
nicus is more widely distributed in Germany, Austria, northeast Italy, Slovenia, north of Croa-
tia, Hungary, north of Spain, and spots in the Netherlands, Belgium, Slovakia, and Romania
[1, 19, 30, 31]. In Switzerland, it is present in all cantons [29]. Aedes koreicus is found in north-
east Italy [32-35], Austria [36] and Hungary [37], and in spots in Belgium [38], Germany [39],
Slovenia [40], and in Russia around the Black Sea [41], besides its place of origin [1, 19]. In
Switzerland, it is found in Canton of Ticino and in Maloja and Bernina regions of Canton of
Grisons and has sporadically appeared along the highway in other cantons, north of the Alps
[29]. These two species pose a lower risk to public health than the tiger mosquito. Indeed, for
both species, vector competence has been demonstrated mainly only in laboratory experi-
ments. Aedes japonicus is competent for the West Nile virus [42, 43], Japanese encephalitis
virus [44], La Crosse virus [45], Eastern equine encephalitis virus [46] and St. Louis encephali-
tis virus [47]. Aedes koreicus can potentially transmit the Japanese encephalitis virus and Diro-

filaria [1, 3, 10].

The establishment of strong surveillance and control programs at local, national, and inter-
national levels plays a major role in containing the expansion of invasive mosquitoes and their
related public health risk [48-52]. Proactive surveillance is essential within an early warning
system for instance for the early discovery of invasive mosquito species populations, to prevent
their local establishment and further spread [48].

Mosquito presence and their relative abundance are usually assessed by deployment of ovi-
position traps (i.e., ovitraps), which attract gravid females of container-breeding mosquitoes,
such as Aedes species, in search of a spot to lay their eggs [50-54]. Surveillance systems with
ovitraps, in contrast to other methods, such as adult traps, larval sampling and human landing
collections, allow extensive territorial monitoring because larger areas can be monitored with
a similar effort. In addition, the cost of the traps and the labour used for management is lower.
Therefore, ovitraps are cost-effective for a rapid detection of species in sensitive areas.

However, the simultaneous presence of Ae. albopictus, Ae. japonicus and Ae. koreicus in the
same areas constitutes a major drawback for this surveillance approach. This because the eggs
of these three Aedes species are morphologically very similar. Only the eggs laid by the local
species Ae. geniculatus (Olivier) are easily distinguishable from the other three [29, 55]. Since
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the eggs of the invasive Aedes species cannot be distinguished from each other, density data
can be misleading. If the presence of eggs of more than one invasive species in an ovitrap is
suspected, eggs can be hatched to enable the identification of larvae [50, 51]. However, this is a
costly and time-consuming operation and hatching is frequently underestimated and delayed
due to the presence of diapausing eggs and many other factors [55]. Molecular identification
methods, such as DNA barcoding, can be applied as well, but are costly and also time consum-
ing. The latest molecular technique, Matrix Assisted Laser Desorption/Ionization Time of
Flight Mass Spectrometry (MALDI-TOF MS), is cheaper compared to DNA barcoding. But,
even if it is widely used in clinical diagnostic, it is still time consuming, expensive when the
entire ovitrap sample is analysed. With all these methodologies, only a small part of ovitraps
with eggs can be analysed, which is not suitable for widespread monitoring, because some spe-
cies may not be identified and there is no clear numerical relationship between eggs belonging
to different species anyway.

On account of the above, a faster and affordable method is needed to differentiate eggs of
different invasive species present in an ovitrap and their seasonal abundance. Morphological
identification of Aedine eggs based on the observation of the exochorion (i.e., the outer layer
of the chorion of the insect egg) structures might represent a solution. The exochorion of mos-
quito eggs has been previously considered [56-58]. Most studies, starting with Hinton and Ser-
vice (1969) and Matsuo et al. (1974), focused on scanning electron microscopy (SEM), which
allows to distinguish all the details present on the exochorion [59-61]. In general, researchers
have taken eggs from both the field and laboratory colonies [59-68]. In addition, eggs are
treated with silver prior SEM analyses, which prevents the identification of the same egg with
different methods. Fewer studies have been conducted using cameras attached to stereomicro-
scopes. Most of these studies aimed at enabling the development of automatic egg counting
systems [69, 70-77]. In 2009, Obenauer and colleagues used the imaging software Auto-Mon-
tage™ to combine several photomicrographs focused on different levels in order to obtain a
unique image that had everything in focus [78]. However, the analysis did not focus on differ-
ences present on the exochorion. Bova and colleagues (2014) compared images of morphologi-
cal features of lab colonies of Ae. aegypti (Linnaeus), Ae. albopictus, Ae. japonicus, and Ae.
triseriatus (Say) eggs taken by a video camera installed on a stereomicroscope (magnification
of 64 times) and SEM [79, 80]. The difference found in the eggs was focused more on the col-
our, size of the egg and of chorionic cells, rather that the detailed pattern of the exochorion.

Here, we developed a technique for the optical identification of the eggs of three invasive
(i.e., Ae. albopictus, Ae. japonicus and Ae. koreicus) and one local (Ae. geniculatus) Aedine spe-
cies present in Switzerland, based on their exochorionic structure. During the initial phase,
eggs collected in the field with ovitraps [27, 51] were analysed optically using a high-resolution
stereomicroscope. The routine identification method MALDI-TOF MS was used to identify
the species of the eggs [55]. The method was then validated by presenting images of the eggs of
the four Aedine species to 60 observers (experts and non-experts) who had to select the correct
species after a short training. We demonstrated that certain Aedes species are easily recognisa-
ble by their eggs. We believe that this technique could improve the surveillance of invasive
Aedes mosquitoes.

Materials and methods
Sample collection

Mosquito eggs of Ae. albopictus, Ae. geniculatus, Ae. japonicus and Ae. koreicus were collected
from the field with ovitraps. The ovitraps used consisted of a black plastic container with a
capacity of 1.5 L (Ramona @13/H12, Luwasa® Interhydro AG, Allmendingen, Switzerland)
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and a wooden paddle (steamed beechwood, 200 x 25 x 5 mm) with the function of oviposition
substrate. Ovitraps were deployed throughout Switzerland following the methodology
described by Flacio et al. (2015) [28]. Several locations, based on the known distribution of the
species of interest [27-29], were chosen to take into account the morphological variation
potentially present in eggs obtained from different mosquito populations. Eggs of all four spe-
cies were collected during monitoring conducted in Canton of Ticino and nationwide in sum-
mer 2020 and 2021 (Table 1). All data from ovitraps are stored in a national database managed
by the Institute of Microbiology (SUPSI) and info fauna (http://www.infofauna.ch/ (accessed
on 16 September 2023)).

Optical and MALDI-TOF MS species analyses

For the optical analysis of the eggs, we used a Zeiss Axio Zoom V.16 high-resolution stereomi-
croscope with a Schott VisiLED Intense Brightfield Ring Light S80-25 (Schott AG, Mainz, Ger-
many) at maximum light intensity, and ZEN 3.0 blue edition software (Carl Zeiss Microscopy
GmbH, Miinchen, Germany). The analysis process was executed in two steps, each with differ-
ent settings, with the help of a ZEISS technician.

In the first step, we acquired an image of one side of the wooden paddle at low resolution
with a magnification of 7 times. This allowed us to obtain the position of a single egg or small
group of eggs, called batch, on the wooden paddle. We were also considering batches, because
we found that in most cases eggs were laid by a single female. To obtain the image, an initial
autofocus and light adjustment were performed with the software controls. Afterwards, in
order to have an image of the entire side of the paddle, the software did an automated merging
of smaller images, called tiles. The number of tiles depends on the side of the wooden paddle
analysed: the narrowest and the widest sides have 14 and 42 tiles each, respectively.

In the second step, we imported the merged image in the software and used it as a reference
for egg location on the wooden paddle. For each egg or small batch of eggs analysed, the two
limits of a high-resolution Z-stack image with a magnification of 112 times were set: the lower
limit was set at the level of the paddle still in focus and the upper limit immediately after the
egg began to be blurred. Within this range, the software generated a single image in which
each slice was spaced 9 um apart.

Each photographed egg was then identified at the species level with MALDI-TOF MS. To
do this, the egg was retrieved from the wooden paddle with a scalpel and prepared for MAL-
DI-TOF MS analysis following the protocol of Schaftner et al. [55]. The egg (or single egg from
batches) was analysed using an AXIMA™ Confidence machine (Shimadzu-Biotech Corp.,
Kyoto, Japan) that detects in a linear, positive mode using a laser frequency of 50 Hz and a

Table 1. Number of eggs optically analysed in relation-the species and geographical location. The species was determined via MALDI-TOF.

Location
Ticino
Grisons
Geneva
Vaud
Schaffhausen
Schwyz
Zurich

Total

https://doi.org/10.1371/journal.pone.0293568.t001

Geographical location

Ae. albopictus Ae. geniculatus Ae. japonicus Ae. koreicus Total

40 10 19 25 94
12 16 24 50 102
10 0 0 10

4 0

2 0

0 14 0 14

0 11 0 11
62 32 68 75 237
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mass range of 3’000 to 20’000 Da. The extraction delay time was 200 ns, and the acceleration
voltage was 20 kV. Each ion spectrum was created using a minimum of 50 laser flashes. The
obtained spectra were sent to Mabritec AG (Riehen, Switzerland) for species identification.

The origin of mosquito eggs from the field implies that the structure of the exochorion can
be subjected to biotic (e.g., deposition of organic matter on the surface of the egg) and abiotic
(e.g., weather conditions) factors. This has an impact on the quality of the egg structure, which
must be considered when determining the species by optical means. Therefore, the quality of
the exochorion was included in the analysis. We classified eggs in three quality levels. In eggs
of ‘high quality’, the structure of the exochorion could be clearly observed throughout the
entire length of the egg. In ‘medium quality’ eggs, only a few details of the exochorion could be
seen. In ‘low quality’ eggs, the exochorionic structure was almost entirely damaged.

Compared to other studies [62, 66, 80], measures of length, width, and ratio of both were
not considered in this project. As observed by Bova et al. (2016), lengths are not relevant if
eggs were collected from the field. We have also observed that size of the eggs is not always rel-
evant. S1 Fig illustrates an Ae. albopictus egg that we collected during our surveillance
program.

Inter-rater reliability tests

To validate the optical system, we assessed the effectiveness of the optical recognition by run-
ning inter-rater reliability tests. Since it was logistically not feasible for every participant to use
the microscope individually, images taken by the same device were used. Internally, rather
than seeing directly into the microscope, the same work was done on the images obtained
from it. First, we created questionnaires to be submitted to the raters. Each participant (rater)
received two images for each combination of the four species (Ae. albopictus, Ae. geniculatus,
Ae. japonicus, and Ae. koreicus) and the three different qualities of images (high, medium, and
low), which results in a total of 24 distinct images. This means that the questionnaires are bal-
anced. For some combinations, many images were available. In these cases, we randomly
selected some of the images and excluded others in order to satisfy the aforementioned rule.
Each individual participant then received the questionnaires in form of a PDF file with the 24
images and corresponding check boxes under the images where they could select one of the
four species as an option. Two inter-rater reliability test sessions were held. The procedure for
creating the questionnaires was used independently for the two tests. The first test was held
from May to September 2022. In this test, 30 questionnaires were submitted to 10 entomolo-
gists, considered as experts, and to 20 general biologists, considered as non-experts. Together
with the questionnaire, each participant received by e-mail a 7-minute video presentation of
the project. The presentation contained the main characteristics of each egg in order to distin-
guish them, instructions on how to complete the questionnaire and how to record the time
invested in completing it; S2 and S3 Figs show an extract of the presentation for exochorion
characteristics of each species.

The second test included participants of the training course of the 10" European Mosquito
Control Association (EMCA) workshop, held in Mendrisio (Switzerland) on 30" November
2022. In this occasion, we distributed 25 questionnaires to entomologists (experts) and the
remaining five to biologists (non-experts). The participants of the EMCA training course did
not watch the video but were shown the same presentation used for the video. The five non-
experts received the same documentation by e-mail as in the first test.
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Statistical analyses

Data obtained from questionnaire was converted in Excel tables and analysed by R version
4.2.2 [81] on Windows 10 for all calculations. The package epiR version 2.0.54 [82] was used
for calculating the measures of diagnostic accuracy described in detail in the S1 Table (all anal-
yses are detailed in S1 and S2 Texts). Each species’ present was analysed separately. Incorrect
answers (with respect to the given image or species) were considered as negative results and
correct answers as positive results for the calculation of diagnostic accuracy measures. Wilson
95% confidence intervals (95%CI) were used for proportions and Wald 95%CI on the log
scale. Missing or multiple answers for a given image and rater were considered missing values
and were removed from the analysis. The following pre-specified subgroup analyses were per-
formed: expert level of the raters, exochorion qualities, and only for the second test, per rater.
The results from the MALDI-TOF MS reference test are unambiguous.

Results
Image dataset of exochorion identified optically and with MALDI-TOF MS

We obtained 237 images of single eggs, or batches of eggs, identified at species levels with
high-resolution stereomicroscope and by MALDI-TOF MS (Tables 1 and 2). In other to define
differences in the exochorion, we considered exochorionic network, outer chorionic cells, and
their central tubercule. Faull and Williams have illustrated these exochorionic structures in
2016 [62].

In S2 and S3 Figs we show the main exochorionic structures that were also presented to par-
ticipants of both tests. Aedes albopictus and Ae. geniculatus eggs present one large spherical
and more or less rectangular central tubercle, respectively. In Ae. albopictus, the exochorionic
network between the outer chorionic cells is large and creates space between them, while for
Ae. geniculatus the network is small and creates less space between the chorionic cells (S2 Fig).
When the exochorion of Ae. japonicus and Ae. koreicus eggs are compared, the outer chorionic
cells consist of a small group of 2-4 round tubercles, which give an undefined texture. The exo-
chorionic network between the outer chorionic cells is small and creates less space between
them for Ae. japonicus, whereas for Ae. koreicus the outer chorionic cells are more spaced (S3
Fig). Figs 1 and 54 illustrate the exochorion structures of ‘high quality’ eggs of the four Aedes
species, whereas ‘medium’ and ‘low qualities” are shown in S5 and S6 Figs. Definitions are
specified in S3 Text, and raw data for both tests is available in S1 and S2 Datasets.

Test 1

The questionnaires of tests 1 and 2 were created using 188 images of identified eggs, out of the
237 images obtained. For the test 1, 14 of the 720 answers received were not considered valid
due to missing values. The determination accuracy of Ae. albopictus and Ae. geniculatus was

Table 2. Number of eggs optically analysed in relation-the species and the exochorion quality. The species was determined via MALDI-TOF.

Species

Ae. albopictus
Ae. geniculatus
Ae. japonicus
Ae. koreicus
Total

https://doi.org/10.1371/journal.pone.0293568.t002

Exochorion quality

high quality medium quality low quality Total
23 29 10 62
16 8 8 32
48 26 9 83
18 19 23 60
105 82 50 237
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Fig 1. Patterns present on exochorion membrane. Egg of Aedes albopictus (a), Aedes geniculatus (b), Aedes japonicus (c), and Aedes koreicus (d).

https://doi.org/10.1371/journal.pone.0293568.9001

high, more than 92% of eggs were correctly identified. For Ae. japonicus and Ae. koreicus, less
than 63% of eggs were correctly identified, the determination accuracy was low (Table 3).

Table 4 and Fig 2 illustrate sensitivity and specificity for all groups: overall species determi-
nation, the three quality levels of the exochorion and the two expertise levels of the raters.
Aedes albopictus and Ae. geniculatus are easily distinguished and show a very high sensitivity
(i.e., proportion of true positives), while it is still just acceptable for Ae. japonicus and Ae.
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Table 3. Test 1: number and percentage of eggs correctly identified by the raters. Percentages of each column sum to 100%.

MALDI-TOF MS determination

Answer of the rater Ae. albopictus Ae. geniculatus Ae. japonicus Ae. koreicus

Ae. albopictus 167 (94.4%) 8 (4.5%) 17 (9.7%) 0 (0.0%)
Ae. geniculatus 4(2.3%) 165 (92.7%) 25 (14.3%) 9 (5.1%)
Ae. japonicus 6(3.4%) 2(1.1%) 110 (62.9%) 78 (44.3%)
Ae. koreicus 0 (0.0%) 3(1.7%) 23 (13.1%) 89 (50.6%)
Total 177 (100.0%) 178 (100.0%) 175 (100.0%) 176 (100.0%)

https://doi.org/10.1371/journal.pone.0293568.t003

koreicus. The estimates for specificity (i.e., proportion of true negatives) are very high for clas-
sifying three species, above 92%, but it is still just acceptable for Ae. japonicus (84%).

In general, the quality of the exochorion seemed to be more important than the level of
entomological expertise of the rater. For high and medium quality, the estimates for sensitivity
are higher than 92% for Ae. albopictus and Ae. geniculatus, but they are lower than 72% for Ae.
japonicus and Ae. koreicus. When we consider the low quality of the exochorion, we see the
same trend: sensitivity is higher and lower for the same species aforesaid, but in this case the
estimates are lower than 90%. For all three exochorion qualities, the estimates of specificity are
higher than 90%, except when the exochorion quality of Ae. japonicus is medium and low, less
than 68% (Table 4).

No evidence for a difference between experts and non-experts is found when the two
groups are compared. Both had less difficulties in identifying Ae. albopictus and Ae. genicula-
tus, for which estimates of sensitivity and specificity are higher than 92%, compared to the
other two species: Table 4 shows more details. Additional accuracy measures, such as correctly
classified proportion and positive and negative predictive values, were analysed and their
results are shown in the S1 Table and S7 and S8 Figs. Both figures display the same data but
with different emphasis. As a general result, the estimates for the additional accuracy measures
are higher for high quality exochorions and there is no difference between experts and non-
experts. Raters spent on median 13 minutes (interquartile range from 9.0 to 16.5) to complete
the questionnaires.

Table 4. Test 1: Estimates and 95% confidence intervals (95%CI) for sensitivity and specificity for each group (overall, exochorion qualities, and levels of the rater)
and each species.

Estimates (95%CI)
Analyses Accuracy measures Ae. albopictus Ae. geniculatus Ae. japonicus Ae. koreicus
Overall Sensitivity 94.4% (89.9-96.9) 92.7% (87.9-95.7) 62.9% (55.5-69.7) 50.6% (43.2-57.9)
Specificity 95.3% (93.1-96.8) 92.8% (90.3-94.7) 83.8% (80.4-86.7) 95.1% (92.9-96.6)
High quality Sensitivity 98.3% (91.1-99.7) 96.7% (88.6-99.1) 64.4% (51.7-75.4) 71.7% (59.2-81.5)
Specificity 98.3% (95.2-99.4) 95.0% (90.7-97.3) 90.0% (84.7-93.6) 93.9% (89.3-96.5)
Medium quality Sensitivity 96.6% (88.5-99.1) 91.7% (81.9-96.4) 67.8% (55.1-78.3) 32.8% (22.1-45.6)
Specificity 96.0% (92.1-98.1) 92.6% (87.8-95.6) 78.5% (71.9-83.9) 96.1% (92.1-98.1)
Low quality Sensitivity 87.9% (77.1-94.0) 89.7% (79.2-95.2) 56.1% (43.3-68.2) 46.6% (34.3-59.2)
Specificity 91.3% (86.2-94.7) 90.8% (85.5-94.2) 82.8% (76.5-87.6) 95.4% (91.1-97.6)
Experts Sensitivity 96.5% (88.1-99.0) 93.3% (84.1-97.4) 62.1% (49.2-73.4) 52.6% (39.9-65.0)
Specificity 93.7% (89.1-96.5) 94.2% (89.6-96.8) 85.1% (79.0-89.6) 95.4% (91.2-97.7)
Non-experts Sensitivity 93.3% (87.4-96.6) 92.4% (86.1-95.9) 63.2% (54.2-71.4) 49.6% (40.8-58.4)
Specificity 96.0% (93.5-97.6) 92.1% (88.9-94.5) 83.2% (79.0-86.7) 94.9% (92.1-96.8)

https://doi.org/10.1371/journal.pone.0293568.t1004
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Fig 2. Test 1: Estimates (solid dots) and 95% confidence intervals (bars) for sensitivity and specificity for each group (overall, exochorion qualities, and
levels of the rater) and each species.

https://doi.org/10.1371/journal.pone.0293568.g002

Test 2

We obtained 720 answers provided by the raters. Of these, 18 answers were omitted due to
missing values. For Ae. albopictus and Ae. geniculatus, the determination accuracy is very high,
more than 86% of eggs were correctly identified. In the case of Ae. japonicus and Ae. koreicus,
the determination accuracy is low, less than 59% of eggs are correctly identified (Table 5).
Most images were correctly identified by experts and non-experts in entomology. Fig 3 and
Table 5 show the estimates values for sensitivity and specificity for the same groups mentioned
in the test 1. For overall identification, the estimates for specificity are very high, above 85%.
Aedes koreicus and Ae. japonicus seemed to be more difficult to distinguish.
The quality of the exochorion appeared to have more importance than the level of the rater.
It is easier to distinguish Ae. albopictus and Ae. geniculatus regardless of the exochorion qual-
ity. Their sensitivity estimates for all three qualities are higher (range 80-95%) compared to
those of Ae. japonicus and Ae. koreicus (range 42-74%). The estimates of specificity for all
three exochorion qualities are greater than 90%, except when the exochorion quality of Ae.
albopictus and Ae. japonicus is medium or low (range 82-88%); for detailed estimates see
Table 6.
The species determination done by experts and non-experts did not present any differences

when compared. Non-experts had less difficulties to assess the species of Ae. albopictus and Ae.
geniculatus, whose estimates for sensitivity and specificity are higher than 90%. Same as in the
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Table 5. Test 2: Number and percentage of eggs correctly identified by the raters. Percentages of each column sum to 100%.

MALDI-TOF MS determination

Answer of the rater Ae. albopictus Ae. geniculatus Ae. japonicus Ae. koreicus
Ae. albopictus 155 (88.6%) 17(9.7%) 32(18.2%) 7 (4.0%)
Ae. geniculatus 13 (7.4%) 151 (86.3%) 19 (10.8%) 2 (1.1%)
Ae. japonicus 7 (4.0%) 3 (1.7%) 103 (58.5%) 67 (38.1%)
Ae. koreicus 0 (0.0%) 4(2.3%) 22 (12.5%) 100 (56.8%)
Total 175 (100.0%) 175 (100.0%) 176 (100.0%) 176 (100.0%)

https://doi.org/10.1371/journal.pone.0293568.t005
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first test, additional accuracy measures are listed in the S1 Table and S9 and S10 Figs. Both rep-
resentations depict the same information, but with different emphasis. In general, the esti-
mates for the additional accuracy measures are higher for high quality exochorions and non-
experts. In addition, we wanted to see if there were differences when we compared individual
raters. S11 Fig of the additional file does not show a specific pattern, we see that few raters had
problems with certain species. On median, 11.6 minutes (interquartile range from 10.0 to

13.0) were spent to assess the species.

Fig 3. Test 2: Estimates (solid dots) and 95% confidence intervals (bars) for sensitivity and specificity for each group (overall, exochorion qualities, and
levels of the rater) and each species.

https://doi.org/10.1371/journal.pone.0293568.g003
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Table 6. Test 2: Estimates and 95% confidence intervals (95%CI) for sensitivity and specificity for each group (overall, exochorion qualities, and levels of the rater)
and each species.

Estimates (95%CI)
Analyses Accuracy measures Ae. albopictus Ae. geniculatus Ae. japonicus Ae. koreicus
Overall Sensitivity 88.6% (83.0-92.5) 86.3% (80.4-90.6) 58.5% (51.1-65.5) 56.8% (49.4-63.9)
Specificity 89.4% (86.5-91.7) 93.5% (91.1-95.3) 85.4% (82.1-88.1) 95.1% (92.9-96.6)
High quality Sensitivity 94.8% (85.9-98.2) 89.7% (79.2-95.2) 64.4% (51.7-75.4) 73.7% (61.0-83.4)
Specificity 94.3% (89.7-96.8) 96.6% (92.7-98.4) 91.3% (86.2-94.7) 92.0% (87.0-95.2)
Medium quality Sensitivity 91.2% (81.1-96.2) 86.4% (75.5-93.0) 62.7% (50.0-73.9) 42.4% (30.6-55.1)
Specificity 88.1% (82.5-92.1) 92.6% (87.7-95.6) 82.3% (76.0-87.2) 97.7% (94.3-99.1)
Low quality Sensitivity 80.0% (68.2-88.2) 82.8% (71.1-90.4) 48.3% (35.9-60.8) 55.0% (42.5-66.9)
Specificity 85.8% (79.9-90.2) 91.6% (86.6-94.8) 82.6% (76.3-87.5) 95.5% (91.3-97.7)
Experts Sensitivity 86.9% (80.4-91.4) 85.5% (78.9-90.3) 56.2% (48.1-64.0) 56.1% (48.0-63.8)
Specificity 89.1% (85.8-91.7) 92.9% (90.2-95.0) 84.7% (81.0-87.8) 94.7% (92.2-96.5)
Non-experts Sensitivity 96.7% (83.3-99.4) 90.0% (74.4-96.5) 70.0% (52.1-83.3) 60.7% (42.4-76.4)
Specificity 90.9% (83.1-95.3) 96.6% (90.5-98.8) 88.6% (80.3-93.7) 96.7% (90.7-98.9)

https://doi.org/10.1371/journal.pone.0293568.t006

Discussion

In this study, we demonstrated that with an appropriate training, eggs of certain Aedes species
can be easily distinguished independently of entomological expertise. Answers given by
experts (entomologists) and non-experts (general biologists) in both tests showed consistency
in the results. Aedes albopictus and Ae. geniculatus were easily identified compared to Ae. japo-
nicus and Ae. koreicus. This demonstration was achieved by the identification of unique traits
of the exochorion using a high-resolution stereomicroscope after assessing their species via
MALDI-TOF MS. The images obtained with a magnification of 112 times show differences in
the exochorion of four Aedine species. Despite being from different sites, these distinct fea-
tures remain conserved in the same species. Aedes albopictus and Ae. geniculatus eggs have a
very unique chorionic cell, whereas Ae. japonicus and Ae. koreicus eggs are often interchanged,
given their similar pattern, which could explain their low sensitivity and sensibility. These exo-
chorionic traits are confirmed by previous studies that were mostly done using scanning elec-
tron microscope (SEM), which allows to see more details at a very high magnification [59-68].
However, SEM has important limitations. Samples must be silver-coated beforehand, which is
expensive and takes time, and cannot be analysed further by other methods. In 2016, results of
Bova et al. [80] focused more on the appearance of the egg, while we explored in detail the
structure of the exochorion by looking at the chorionic cells with a higher magnitude (112
times). Another difference from their study is that measures of egg length, width, and their
ratio were not considered.

The present study has some limitations. Firstly, the participants did not receive any inter-
mediate feedback during their ratings, which may have resulted in some raters mixing up
some species and worsen measures of accuracy. Secondly, the "per rater" analysis done in the
second test was not balanced with respect to the quality of the images and the species and
should therefore be considered more exploratory.

Several strengths are also shown in the study. Firstly, the images were randomized within
the questionnaires, minimizing any potential biases that may have arisen from the order of
image presentation. Secondly, the results were consistent across both tests, indicating the
robustness of the findings. Additionally, the data collection worked overall well, and the data
only had very few missing values. Although the sample size in the subgroups was smaller,
resulting in larger confidence intervals, the subgroup analyses were pre-specified.
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This study focused on eggs collected from the field, where biotic and abiotic environmental
conditions cannot be controlled. They have influences on female mosquitoes and on their eggs
[83-86]. In fact, during our surveillance programs we have sometimes found small and round
eggs of Ae. albopictusand damaged exochorionic membranes. Therefore, the species could be
confused when observing eggs with the naked eye and/or with the stereomicroscope. For this
reason, it was important to include different states of degradation of the eggs in order to
mimic the egg diversity that could be found on substrates during a surveillance program. The
presence of a wide range of eggs makes it possible to find common characteristics in the three
chorion qualities. The results confirm that when the exochorion membrane is intact, i.e., high
quality, or has only a few characteristic traits, i.e., medium quality, it is easier for an examiner
to determine the species. Clearly, it is possible to find different eggs whose species cannot be
assessed due to their very bad condition, and it is an important limitation for optical recogni-
tion technique. Since wild female mosquitoes lay their eggs on substrates, the side of the egg
that we examine under the stereomicroscope could be damaged, but the opposite side, which
is in contact with the substrate, could have preserved its exochorionic structure. If all non-
determinable eggs have to be rechecked, the time required to optically analyse the entire sub-
strate would be very high. In addition to the degradation states, we included eggs from differ-
ent locations in order to include potential morphological variations.

In surveillance programs, ovitraps do not allow a correct quantification of single species
due to simultaneous presence of different Aedine species, since each species can lay single
eggs. For this reason, new techniques have to be developed. Compared to optical recognition,
PCR and MALDI-TOF MS allow the identification of only a small portion of the entire sample,
which cannot be reused for further analyses and the likelihood of identifying potentially new
species is very low [55]. With the increasing number of samples and new locations being occu-
pied, MALDI-TOF MS is not sufficient to overcome the high demand for analysis. In addition,
the freshness and the integrity of the laid egg are important factors to be considered. When
eggs are not fresh enough and/or when the larvae have hatched, MALDI-TOF MS is not the
best instrument. When the eggs collected from the field were not analysed during the following
two weeks and left at room temperature, the spectra obtained were bad. To prevent sample
degradation, it is advisable to store them at 4°C. Furthermore, by the end of the summer sea-
son, the spectra tend to be incorrect due to the presence of diapause eggs, which cannot easily
be recognised within all eggs. It happened that few samples resulted Ae. aegypti but when the
samples were reanalyses, it turned out to be a false alarm.

The optical analysis of the exochorion would not be adequate as a first line of defence in the
event of the introduction of a new, unidentified invasive species. Molecular analysis, MALDI--
TOF MS or PCR, will still be needed to verify the high-resolution image of the egg. To help
improving surveillance and control, it will be useful to optically check the chorion of other
Aedes species. Since they have similar shaped eggs, it could be advantageous to analyse samples
present in countries were different Aedes species coexist. The presence of Ae. cretinus
(Edwards) prevents researchers from accurately estimating the population density of Ae. albo-
pictus in Greece, while Ae. aegypti does the same around the Black Sea region and the same
may be the case in French Polynesia for eggs of Ae. aegypti and Ae. polynesiensis (Marks).

Conclusions

Many countries in temperate regions have been exposed with the arrival and expansion of
invasive mosquito that are potentially competent to transmit pathogens. In parallel, due to
global tourism, tropical diseases, such as dengue and chikungunya, are increasingly recorded
in temperate climates. Governmental health authorities are concerned and are constantly
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trying improving surveillance and control of invasive species. Here, we demonstrated that,
with a good training done on images taken with a high-resolution stereomicroscope, any
observer could potentially be able to assess the species of some Aedine mosquitoes. From our
results, we saw that for participants it was easier to identify Ae. albopictus and Ae. geniculatus
than Ae. japonicus and Ae. koreicus.

Being able to easily distinguish Ae. albopictus from other species is a major achievement
since this species is the most concerning from a public health view. As a future perspective, it
would be useful to optically analyse any other native or invasive container-inhabiting Aedine
species laying eggs in ovitraps (e.g., Ae. aegypti, seen its higher vectorial competence and the
recent observations in Europe).

Supporting information

S1 Dataset. Raw data set of test 1 with information regarding answers of each participant,
optical determination done by the principal investigator and MALDI-TOF results. https://
doi.org/10.6084/m9.figshare.24207942.

(CSV)

$2 Dataset. Raw data set of test 2with information regarding answers of each participant,
optical determination done by the principal investigator and MALDI-TOF results. https://
doi.org/10.6084/m9.figshare.24207960.

(CSV)

S1 Fig. Example of a small and round Ae. albopictus egg collected during the surveillance
program. https://doi.org/10.6084/m9.figshare.24207930.
(TIF)

S2 Fig. Examples of slides from the presentation given to participants. The main character-
istics of the exochorion found for Ae. albopictus and Ae. geniculatus are shown. https://doi.
org/10.6084/m9.figshare.24207945.

(TIF)

S3 Fig. Examples of slides from the presentation given to participants. The main character-
istics of the exochorion found for Ae. japonicus and Ae. koreicus are shown. https://doi.org/10.
6084/m9.figshare.24207969.

(TIF)

$4 Fig. Example of ‘high quality’ exochorions. Egg of Aedes albopictus (a), Aedes geniculatus
(b), Aedes japonicus (c), and Aedes koreicus (d). https://doi.org/10.6084/m9.figshare.24207939.
(TIF)

S5 Fig. Example of ‘medium quality’ exochorions. Egg of Aedes albopictus (a), Aedes genicu-
latus (b), Aedes japonicus (c), and Aedes koreicus (d). https://doi.org/10.6084/m9.figshare.
24207954.

(TIF)

S6 Fig. Example of ‘low quality’ exochorions. Egg of Aedes albopictus (a), Aedes geniculatus
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(TIF)

S7 Fig. Test 1: Estimates (solid dots) and 95% confidence intervals (bars) for all accuracy
measures for different groups and each species. https://doi.org/10.6084/m9.figshare.
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(TIF)
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S8 Fig. Test 1: Estimates (solid dots) and 95% confidence intervals (bars) for all accuracy
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(TIF)

S9 Fig. Test 2: Estimates (solid dots) and 95% confidence intervals (bars) for all accuracy
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