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Abstract

In the Anopheles genus, various mosquito species are able to transmit Plasmodium parasites responsible for malaria, while
others are non-vectors. In an effort to better understand the biology of Anopheles species and to quantify transmission risk
in an area, the identification of mosquito species collected on the field is an essential but problematic task. Morphological
identification requires expertise, well-preserved specimens and high-quality equipment, and it does not allow any subsequent
verification when samples are later used in a destructive treatment. Moreover, it involves physical manipulations that are not
compatible with experiments requiring fast sampling and processing of specimens, hence species identification is often based on
DNA sequencing of reference genes or region such as the Internal Transcribed Spacer 2 (ITS2) region of nuclear ribosomal DNA.
Sequencing ITS2 for numerous samples is costly, but the design of species-specific PCR primers is not always possible when
local species diversity is high. Here, we introduce a molecular technique of species identification based on precise determination
of ITS2 length combined with a simple visual observation, the color of mosquito hindleg tip. DNA extracted from field-collected
Anopheles mosquitoes was amplified with universal Anopheles ITS2 primers and analyzed with a capillary electrophoresis
device, which precisely determines the size of the fragments. We defined windows of amplicon sizes combined with fifth hind
tarsus color, which allow to discriminate the major Anopheles species found in our collections. We validated our parameters
via Sanger sequencing of the ITS2 amplicons. This method can be particularly useful in situations with a moderate species
diversity, i.e. when the number of local species is too high to define species-specific primers but low enough to avoid individual
ITS2 sequencing. This tool will be of interest to evaluate local malaria transmission risk and this approach may further be
implemented for other mosquito genera.
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Abstract: In the Anopheles genus, various mosquito species are able to transmit Plasmodium parasites re-
sponsible for malaria, while others are non-vectors. In an effort to better understand the biology of Anopheles
species and to quantify transmission risk in an area, the identification of mosquito species collected on the
field is an essential but problematic task. Morphological identification requires expertise, well-preserved spe-
cimens and high-quality equipment, and it does not allow any subsequent verification when samples are later
used in a destructive treatment. Moreover, it involves physical manipulations that are not compatible with
experiments requiring fast sampling and processing of specimens, hence species identification is often based
on DNA sequencing of reference genes or region such as the Internal Transcribed Spacer 2 (ITS2) region of
nuclear ribosomal DNA. Sequencing ITS2 for numerous samples is costly, but the design of species-specific
PCR primers is not always possible when local species diversity is high. Here, we introduce a molecular tech-
nique of species identification based on precise determination of ITS2 length combined with a simple visual
observation, the color of mosquito hindleg tip. DNA extracted from field-collected Anopheles mosquitoes
was amplified with universal Anopheles ITS2 primers and analyzed with a capillary electrophoresis device,
which precisely determines the size of the fragments. We defined windows of amplicon sizes combined with
fifth hind tarsus color, which allow to discriminate the majorAnopheles species found in our collections. We
validated our parameters via Sanger sequencing of the ITS2 amplicons. This method can be particularly use-
ful in situations with a moderate species diversity, i.e. when the number of local species is too high to define
species-specific primers but low enough to avoid individual ITS2 sequencing. This tool will be of interest to
evaluate local malaria transmission risk and this approach may further be implemented for other mosquito
genera.

Keywords: Species Identification; Capillary Electrophoresis; ITS2; Length Polymorphism; Anopheles ;
French Guiana

Introduction

Several species of mosquitoes are vectors of viruses or parasites causing serious diseases in humans. In
particular, some species ofAnopheles transmit the Plasmodium parasite, which causes malaria in humans [1]
, and thus strongly impacts human health with more than 247 million cases over 84 countries in 2021[2] .
Despite global effort to reduce the burden of vector-borne diseases, they remain a sanitary and economic
threat in the intertropical area and beyond [3] . However, among the 3500 species of mosquitoes, only a
minority are vectors of pathogens, therefore the identification of species is an important point in surveillance
and studies.

In French Guiana, 245 mosquito species are known [4,5]including 22 species of Anopheles [6] , nine of which
belong to the Nyssorhynchus subgenus whose elevation to genus level is under consideration [7–9] . Among
them,Anopheles darlingi is known to be the main malaria vector in South America [10,11] and Anopheles
aquasalis , although not being incriminated as a vector in French Guiana, is also considered as one of the
principal vectors in other neighboring countries on the continent [10,12] . Moreover,Anopheles medialis ,
Anopheles nuneztovari andAnopheles oswaldoi have been found naturally infected byPlasmodium in French
Guiana [13] , as well asAnopheles braziliensis and Anopheles triannulatus in Brazil [14,15] , but the real
extent of their involvement in parasite transmission between humans is currently unknown. Given these
differences in their ability to transmit malaria, it is thus important to identify the exact species of Anopheles
mosquitoes when studying and monitoring field population distributions and dynamics.

Originally, mosquito species identification was only based on visual observation of morphological characteri-
stics with the help of dichotomous taxonomic keys [16–19] . This method is effective and relatively accessible
when morphological differences are substantial, yet it is arduous and requires advanced skills when variati-
ons are subtle. The use of additional equipment and the dissection of internal structures are also sometimes
mandatory to distinguish between morphologically close species, as for Culexmosquitoes, in which meticu-
lous dissection of male genitalia is required[20,21] . Moreover, even with properly trained and experienced
professionals the task frequently remains a challenge, misidentifications are common and results for later
processed samples cannot be checked afterward in case of doubt [22] .
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Alternative methods have been developed based on molecular biology techniques. CO1 (Cytochrome C
Oxidase Subunit 1), a mitochondrial gene, and ITS2 (Internal Transcribed Spacer 2), a non-coding nuclear
sequence located between 5.8S and 28S ribosomal RNA genes, are often used for molecular identification
of animals. CO1 or ITS2 DNA barcoding are two of the most prevalent techniques for species identification
today, with databases usually already available. Amplification of DNA regions with species-specific sizes via
multiplex PCR (Polymerase Chain Reaction) is often used as a substitute to sequencing to discriminate a
limited number of species found locally[23–26] , notably Anopheles coluzzii andAnopheles gambiae found
in Africa [27,28] and other species from the Gambiae Complex [29,30] . When a higher number of species
are involved, PCR may be combined with a treatment with restriction enzymes in the RFLP (Restriction
Fragment Length Polymorphism) technique [31,32] .

Other approaches for mosquito species identification are currently being considered. Mosquito protein pro-
filing using MALDI-TOF technology is promising [33] , even though it requires a substantial investment in
terms of equipment and the databases are still under development [34] . Nowadays, increasingly powerful
software solutions make it possible to perform morphometry of mosquito wings[35] and the use of artificial
intelligence may allow for automatic visual identification of mosquitoes [36] . The sound and frequency of
wing beats is also used to develop identification tools that are meant to be accessible on a simple smart-
phone[37] . Yet the implementation of these tools needs more development and advanced computational
knowledge.

In this study, we have developed a new method to distinguish between nine Anopheles species from French
Guiana based on precise discrimination of their natural ITS2 sequence size polymorphism using capillary
electrophoresis, combined with a simple morphological observation, the color of the hindleg tip (fifth hind
tarsus, Ta-III5).

Materials and Methods

Mosquito Sampling

Mosquitoes were sampled in five different locations in French Guiana: La Césarée (CE) [5° 0’ 57.32” N, 52°
31’ 41.36” W], Le Galion (GA) [4° 47’ 0.08” N, 52° 24’ 42.74” W], Cacao (CA) [4° 34’ 32.59” N, 52° 28’ 4.81”
W], Blondin (BL) [3° 52’ 37.21” N, 51° 48’ 48” W] and Trois Palétuviers (TP) [4° 2’ 59.46” N, 51° 40’ 9.77”
W](Figure S1) . While CE, GA and CA are considered as malaria-free areas, BL and TP are located in a
transborder region with higher risks of malaria resurgence. In 2017, a malaria outbreak was observed among
inhabitants of TP village [38] , thus it remains a region of interest considering malaria control programs.

Field missions took place over a four-year period, from July to November of 2018, 2019, 2020 and 2021.
Mosquitoes were collected using Mosquito Magnet? traps (WoodStreamTM). Mosquito tissues were preserved
in 70 to 100 % ethanol and kept at -80 degC upon arrival at the laboratory until further processing.

Hosted file

image1.emf available at https://authorea.com/users/597968/articles/630767-a-novel-mosquito-
species-identification-method-based-on-pcr-and-capillary-electrophoresis

Figure S1: Maps of the geographical situation of French Guiana in South America (A) and mosquito
sampling sites in French Guiana (B) . La Cesaree (CE), Le Galion (GA), Cacao (CA), Blondin (BL) and
Trois Paletuviers (TP) are the five collection locations.

DNA Extraction

DNA was extracted from midguts, carcasses or legs. DNA extraction was performed with ZymoBiomics 96
MagBead DNA Kit (Zymo Research) for midguts and with HighPrep Blood & Tissue DNA Kit (MagBio) for
carcasses and legs. Samples were mixed using 0.5 mm glass beads in 2 mL screwcap tubes with a Precellys
Evolution (Bertin Technologies) bead beater homogenizer. Automatic DNA extraction was performed with
the KingFisher Duo Prime system (Thermo Scientific). DNA was eluted in ZymoBiomics DNAse/RNAse
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Free Water from the kit for midguts and MB Elution Buffer supplied in the kit for carcasses and legs.
Extracted DNA was kept at -80 degC until further utilization.

ITS2 PCR Amplification

PCR amplification of the ITS2 region was performed with Hot FirePol DNA Polymerase Kit (Solis Biodyne).
Total PCR mix volume per sample was 50 μL with 48 μL premix and 2 μL DNA. The premix contained
36.8 μL H2O, 5 μL 10X Buffer B1, 3 μL 25 mM MgCl2, 1 μL 10 mM Deoxynucleotide (dNTP) Solution
Mix (New England BioLabs), 1 μL 10 nM Forward ITS2 Primer, 1 μL 10 nM Reverse ITS2 Primer and
0.2 μL (5 U/μL) Hot FirePol DNA Polymerase. The DNA was either undiluted for extracted midguts
and legs or diluted at 1/10 in DNAse/RNAse free water for extracted carcasses.Anopheles ITS2 primer
sequences are 5’-TGTGAACTGCAGGACACAT-3’ (Forward) and 5’-TATGCTTAAATTCAGGGGGTAG-
3’ (Reverse)[31,39] . PCR reactions were done on a SimpliAmp Thermal Cycler (Applied Biosystems) using
the cycle: 95 °C x 15 min, [95 °C x 30 s, 56 °C x 45 s, 72 °C x 40 s] x 35 cycles, 72 °C x 10 min, 4 °C x [?].
Amplified DNA was either used directly after or stored at 4 degC or -20 degC until use.

Agarose Gel

1 % agarose gel was made with 1 g UltraPure Agarose (Invitrogen), 100 mL 0.5X TBE Buffer diluted from
TBE Buffer 10X (Biosolve) and 10 μL Midori Green Advance (Nippon Genetics). 8 μL of each sample was
mixed with 2 μL DNA Gel Loading Dye 6X (Thermo Scientific) and 10 μL of 100 bp DNA Ladder Ready to
Load size marker (Solis Biodyne) was used as reference. Migration took 45 min at 120 V with Owl EC300XL
Compact Power Supply (Thermo Scientific). Gel visualization and analysis were done using Alliance Q9
Advanced imaging system and software (Uvitec Cambridge).

Capillary Electrophoresis

Capillary electrophoresis was carried out in a QIAxcel Advanced System (Qiagen). QIAxcel DNA High
Resolution Kit was chosen for higher precision and samples were run using OM800 method, QX Alignment
Marker 15 bp – 1 kb and QX DNA Size Marker 50 – 800 bp. Results were treated with QIAxcel ScreenGel
Software and manually checked to ensure that detected peaks were real and that noise signals were eliminated.
Reports were generated and ITS2 amplicon lengths were recovered for further analysis.

Sequencing and Alignment

PCR products were kept in PCR plates sealed with adhesive film or caps and sent oversea via French post
services to be sequenced. Sanger sequencing was handled by Microsynth facility in Lyon, France. Forward and
reverse sequencing were realized with the same set of primers than for the PCR reaction. Fragment sequences
were aligned using BLAST (NCBI, NIH) against the standard databases (nucleotide collection nr/nt)[40,41]
and Anopheles species identifications were retrieved for forward and reverse sequences individually and
integrated in our data and metadata files.

Reference sequences of ITS2 region of 14 Anopheles species found in French Guiana are available online on
the NIH website (PopSet: 870902931) [31] .

Analysis and Graphics

Method development and routine was mainly done in Excel tables and figures were generated with R Studio
(2022.02.3+492 version) using the Tidyverse packages.

Results of Table S2 were analyzed by comparing the interval size of each triplicate on day 1 and on day 2
via Wilcoxon rank sum test and Kruskal-Wallis rank sum test on R Studio.

Results

ITS2 region naturally differs in size between Anopheles species of French Guiana (Figure 1A) , ranging
from 400 bp to 680 bp forAnopheles eiseni and Anopheles minor respectively[31] . As ITS2 size generally
differs for more than 7 bp among species, we hypothesized this length polymorphism may allow species
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identification after PCR amplification and electrophoresis, so that any additional manipulation or sequencing
is not required. Some species however share identical or similar ITS2 amplicon size (< 3 bp). For instance,
An. braziliensis and An. oswaldoi both have a 488 bp-long ITS2 sequence, and the species identification
would be impossible using exclusively the size information. We decided to collect a simple morphological
observation upon mosquito sampling in the field, the color of their three last hind tarsi (Ta-III3,4,5), in
particular the fifth hind tarsus (Ta-III5, at the tip of the hindleg) (Figure 1A) . This morphological data
does not require advanced skills in taxonomy but is enough to discriminate some species with similar ITS2
length. Anopheles braziliensis and An. darlingi have their three last hind tarsi totally white while the other
species likeAn. oswaldoi have a dark basal band on their fifth hind tarsus. Additionally, Anopheles outside
of the Nyssorhynchussubgenus have a mix of white and black on their three last hind tarsi.

While differences in amplicon size are visible after PCR amplification and migration on an agarose gel,
the analysis of gel images remains approximative and does not allow precise determination of fragment
sizes(Figure 1B) . With an agarose gel, fragment sizes are determined using the size marker as a reference,
yet gel homogeneity and migration speed are not strictly controlled and slight differences in migration
between wells cannot be corrected in the absence of internal controls. Capillary electrophoresis migration
is another technique that allows automatization of the process and standardization of the fragment size
detection, using internal controls of defined sizes as references(Figure 1C) . The precision is up to 3 bp for
the most precise migration settings on fragments shorter than 500 bp. Additionally, the electropherogram
allows to verify the quality of the fragment amplification (Figure 1D) . We decided to set up a method
to identify our Anopheles samples based on capillary electrophoresis analysis combined with observation of
fifth hind tarsus color.

Hosted file

image2.emf available at https://authorea.com/users/597968/articles/630767-a-novel-mosquito-

species-identification-method-based-on-pcr-and-capillary-electrophoresis

Figure 1: The method is based on natural variation of ITS2 sequence size between Anopheles species coupled
with visual observation of mosquito fifth hind tarsus color (A) . Species-specific amplicon sizes are visible
on an agarose gel(B) but more precisely measured with capillary electrophoresis including internal reference
size controls (C) . Additionally, capillary electrophoresis allows quality check of fragment amplification and
migration (D) .

We collected Anopheles mosquitoes from five different locations in French Guiana (Figure S1) over a four-
year period from 2018 to 2021. The color of the fifth hind tarsus was noted for each mosquito sample at
the time of capture. Back in the laboratory, we extracted the DNA of each individual, amplified the ITS2
sequence and ran capillary electrophoresis (Figure 2) .

Our method development was divided in three phases based on different mosquito collections, with a first
phase of establishment of parameters (step 1) and two phases of adjustment of these parameters (steps 2
and 3) (Figure 2) . During step 1, we sequenced ITS2 in 167Anopheles samples, identified species by
BLAST and ran capillary electrophoresis to link mosquito species with observed ITS2 amplicon size. During
steps 2 and 3, we collected 163 and 73 mosquitoes respectively, we tested the method identification process,
coupling ITS2 size and fifth hind tarsus color to determine the Anophelesspecies, and we verified the result
by sequencing again 100 % of our ITS2 amplicons. This enabled us to identify errors, adjust size intervals
and add new species to the method. Finally, we applied this method routinely in our laboratory on a total
of 372 samples and more than 99 % could be identified without the need for sequencing(Figure 2) . Only
2/372 samples needed to be sequenced because of uncertain identification.

Hosted file

image3.emf available at https://authorea.com/users/597968/articles/630767-a-novel-mosquito-

species-identification-method-based-on-pcr-and-capillary-electrophoresis

Figure 2: Organizational chart of the methodology. Sequencing of samples during method development
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allowed definition and adjustment of species-specific size intervals. In routine, sequencing is optional and
only applied for uncertain species identification.

The ITS2 signal detected after capillary electrophoresis generally consisted of a single and well-distinct
peak on the electropherogram(Figure 1C) with the exception of An. nuneztovarimosquitoes for which
80 % samples (37/46) had a profile consisting of multiple peaks, including a main one around 497 bp.
This pattern seemed specific to An. nuneztovari . Additionally, four non-Anopheles mosquito samples were
included within the first sample set (three Psorophora and one Culex ) and gave rise to multiple-peak profiles
around 350 bp, which were clearly distinguishable from any Anopheles mosquitoes (Figure 3A) .

ITS2 size intervals were defined at step 1 simply by taking the minimum and maximum size detected among
all the samples of a species as minimum and maximum of the interval for this species. Six Anophelesspecies
were detected among the 167 samples of step 1, namely An. braziliensis , An. darlingi , Anopheles ininii
, An. medialis , An. nuneztovari and An. triannulatus(Figure 3A) . Two species were added at step 2,
An. aquasalis and Anopheles peryassui , and one species was added at step 3, An. oswaldoi (Figure 3A) .
Some species intervals were also slightly modified at steps 2 and 3 according to new data sets, with 0-to-6-bp
adjustments on each side of the intervals (Table S1) . At the end, final amplicon size intervals were defined
for nineAnopheles species (Figure 3B) .

Altogether, the capillary electrophoresis migration is more accurate for fragments smaller than 500 bp due
to the specificity of the machine. The shortest intervals were set for An. medialis (expected size: 413 bp –
median observed size: 417 bp), An. aquasalis (expected size: 485 bp – median observed size: 486 bp) and
An. ininii(expected size: 495 bp – median observed size: 490 bp), they have an amplitude of 7 bp, 7 bp and 8
bp respectively (Table S1) . While these short intervals can be explained by the low number of samples for
these species, a relatively short interval was also observed forAn. braziliensis (expected size: 488 bp – median
observed size: 488 bp), one of the most abundant species: its total amplitude is 15bp but more than 75 %
samples fall in a 6 bp interval (486 - 492 bp). For fragments larger than 500 bp, greater variation between
samples of the same species appeared, with a size amplitude of 28 and 32 bp forAn. darlingi (expected size:
546 bp – median observed size: 564 bp) and An. triannulatus (expected size: 564 bp – median observed
size: 581 bp) respectively. However, the standard deviations for An. darlingi and An. triannulatus are only
6 and 7 bp respectively, and more than 75 % fragments still fall into a 15 bp interval for An. darlingi (555
- 570 bp) and An. triannulatus (573 - 588 bp).

We checked that intervals were actually explained by the precision of the capillary electrophoresis rather than
to sequence variation in each species by amplifying and running again An. darlingi andAn. triannulatus
DNA samples from both extremes of their respective intervals. We found no difference in size when these
samples were processed in the same PCR and run in the same capillary electrophoresis batch (Table S2) .
An overnight -20 °C storage slightly increased interval amplitude by 140 % between replicated samples when
compared to samples processed straight after PCR (Table S2 – p = 0.0023 – W = 47.5, Wilcoxon rank sum
test), hence we suspect that variations may be due to the storage of some samples at 4 °C or -20 °C for one
or several days between PCR and migration.

Some overlaps appeared between the size intervals of severalAnopheles species (Figure 3B) . The intervals
ofAn. darlingi and An. triannulatus overlapped between 563 and 576 bp, but the leg color distinction made
it possible to discriminate these species. Similarly, several species-specific intervals overlapped between 479
and 494 bp, for An. aquasalis ,An. braziliensis , An. ininii , An. nuneztovari andAn. oswaldoi . Anopheles
braziliensis can be distinguished from the rest by their fifth hind tarsus color and An. nuneztovari mosquitoes
by their tendency to multiple peak profiles.

Hosted file

image4.emf available at https://authorea.com/users/597968/articles/630767-a-novel-mosquito-

species-identification-method-based-on-pcr-and-capillary-electrophoresis

Figure 3: Individual mosquito ITS2 amplicon lengths from the three development steps (A) and definitive
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size intervals defined for eight Anopheles species (B) . Each dot represents a mosquito with its fifth hind
tarsus color information recorded at time of capture (white or black dots, sometimes erroneous) or missing
(grey dots). Species were determined by sequencing during development steps, allowing to link Anopheles
species and ITS2 size.

When determination is not possible with our method, samples would still need to be sequenced, but the
remaining species (An. aquasalis ,An. ininii and An. oswaldoi ) are only found sporadically.Anopheles
braziliensis , An. darlingi , An. nuneztovari and An. triannulatus represented 90 % of the samples (Figure
4A) , including 44 % of An. darlingiafter all three development steps and 68 % in total with routine samples.
In comparison, we collected only 1, 2, 3, 4 and 6 samples ofAn. peryassui , An. ininii , An. oswaldoi , An.
aquasalis and An. medialis respectively.

Our method allowed us to identify correctly more than 80 % of samples during development phases (steps
2 and 3), and even over 99 % when used in routine (Figure 4B) . During steps 2 and 3 of development,
1.2 and 2.7 % of samples were assigned to the wrong species by the method, and the errors were detec-
ted after validation by sequencing. The misidentifications were due to wrong fifth hind tarsus color data
(2/163Anopheles samples) at step 2 and to requirement for adjustment ofAn. aquasalis interval (2/73) at
step 3. At these steps, we were not able to determine the species for 12 and 16 % of samples respectively, due
to three factors: missing fifth hind tarsus color information; wrong fifth hind tarsus color information that
led to contradictory results; interval overlaps. In routine, the remaining uncertainties were very low (0.54 %;
2/372) due to rare missing fifth hind tarsus color and to interval overlaps.

We used sequencing as a classical way of species identification, at step 1 to establish the link between species
and ITS2 size, and at steps 2 and 3 to verify and optimize our method. Sequencing turned out to be a source
of errors too with 3.0 and 3.7 % of misidentification at steps 1 and 2 respectively (Figure 4C) . In addition,
7.8, 9.2 and 1.4 % samples led to different species identification when sequenced from forward and reverse
primers at steps 1, 2 and 3 respectively. This may be due to cross contamination occurring during processing,
shipping and/or sequencing.

Hosted file

image5.emf available at https://authorea.com/users/597968/articles/630767-a-novel-mosquito-

species-identification-method-based-on-pcr-and-capillary-electrophoresis

Figure 4: Distribution of Anopheles species identified during the three development steps and in routine (A)
. Percentages of method (B) and sequencing (C) results leading to correct identification, misidentification
or uncertainties. Missing or wrong fifth hind tarsus color information are the main causes of indetermination
in the method and wrong fifth hind tarsus color information led to wrong result in some cases.

Discussion

In this paper, we describe a method of mosquito species identification based on a traditional endpoint PCR
and a precise amplicon size detection, avoiding the need for sequencing. We found that ITS2 sequence size
differences between species are detectable by capillary electrophoresis. This enabled us to assign species-
specific profiles for nine Anopheles species (seven species from theNyssorhynchus subgenus and two from
the Anophelessubgenus) present in French Guiana. Identification is based on ITS2 amplicon size information
combined with a simple morphological observation, the color of the fifth hind tarsus. This additional piece
of data is quick and easy to acquire, by eye or under a stereomicroscope, when collecting mosquitoes in the
field and does not require any advanced knowledge in taxonomy.

This species identification method has the advantage of being simple and relatively quick to set up, and
can be used in routine in a laboratory avoiding the requirement for sequencing. During the three steps of
method development, we were not able to sequence our samples on-site and we had to send samples in 96-well
plates between French Guiana and France for sequencing. For 7.8, 9.2 and 1.4 % of samples, at steps 1, 2
and 3 of method development respectively, it was not possible to obtain definitive results as forward and
reverse sequencing outcomes were different. Moreover, we observed that 3.0 and 3.7 % of sample sequencing
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results, at steps 1 and 2 of method development respectively, were erroneous. We were able to detect these
errors because of contradictory results between sequencing and our method, whether because of fragment
size not matching the putative species or because of conflicting leg color. Without the implementation of
the method, these errors would have gone unnoticed. In case of doubt after sequencing, we amplified the
ITS2 region again and sent the sample for sequencing to check the initial result. Hence, sequencing can be a
source of error, especially when samples need to be shipped, as cross-contaminations may occur during plate
processing, shipment and sequencing. In our case, plates were sealed and packaged carefully but we noticed
that plate caps that have undergone temperature changes during PCR and storage in the freezer are slightly
easier to open. Moreover, we used adhesive PCR plate seals for one shipment of two plates (one of step 1 and
one of step 2), which resulted in more misidentifications and uncertain results. During subsequent shipments
(steps 2 and 3), we used plate caps that were replaced with new ones just before shipping and observed a
relatively low error rate, yet did not investigate this further.

In our method, missing or erroneous leg color is the major source of problem. It rarely led to incorrect
identification (1.2 % samples species at step 2), but more often led to uncertainties (10, 12 and 0.27 % at
steps 2, 3 and Routine, respectively), which represents the majority of method uncertainties (12, 16 and
0.54 % samples, at steps 2, 3 and routine, respectively). Wrong leg color specifically led to 4.3 and 8.2
% indeterminations at steps 2 and 3 respectively, indicating that efforts to ensure correct annotation of
this information at the time of capture can significantly lead to improvement in determination rates. A
simple double check by a colleague may be the key, as these data are usually collected in a repetitive way,
sometimes at night, in a non-usual environment. Nonetheless, this problem cannot be completely solved,
as some mosquito samples lack both hind legs. One could decide to exclude them from the study, yet we
were able to identify the species of 54/94 mosquitoes (steps 1, 2 and 3) with missing fifth hind tarsus color
information, and of 16/17 in routine. The fifth hind tarsus color element is therefore a piece of data that
should not be neglected, but even if it is missing, identification remains possible in many cases.

The second key point for the reliability of our method is, obviously, the proper use of the capillary electropho-
resis device and its components. The channels of the capillary electrophoresis cartridge are prone to clogging
if they are used incorrectly and the results can be erroneous in these cases. The only recommendation on
this point is to follow the supplier’s instructions carefully and check results individually, in order to detect
any aberrant results. In case of aberrant results, we either excluded the problematic channel or replaced the
cartridge.

While the current method has been developed on Anopheles species from French Guiana, this approach may
be extended to species identification of individual fieldwork specimens in any taxon. Widening the scale
besides Anopheles (Nyssorhynchus ), our method clearly discriminated our Anopheles samples from four
mosquitoes of the Culex and Psorophora genera during step 1, and we expect development steps to require
much less specimens if the species of interest are more distant from each other. More testing would be needed
to determine whether all mosquito genera have a significantly different profile from one another and whether,
within these genera, species identification is possible. Our tool may then facilitate identification of a broad
range of mosquitoes, and be particularly advantageous during epidemics in order to target species that are
potential vectors of arboviruses or parasites. It could be compatible with sampling by non-experts combi-
ned with photographs during collaborative work or citizen science projects. Finally, when presence/absence
information are sufficient, pools of different samples sharing the same morphological trait (in our case, the
color of Ta-III5) could be processed.

To specify the interest of our method with currently available methods, several aspects can be considered:
the possibility to go back and check results, the level of local diversity and the cost-effectiveness. Our
method allows to easily check results as DNA extracts can be stored for a long time. They can be used for a
second similar analysis by PCR and capillary electrophoresis as well as for sequencing of ITS2 or any other
sequence, which may notably apply to population genetics studies. The other methods of molecular biology
have similar advantages, while morphological observations and audio recordings may not, unless samples
have been properly stored.
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In terms of diversity, we detected nine different Anophelesspecies, including four dominant ones. With a
higher local diversity, too many overlaps between intervals would reduce the efficiency of the method with the
current experimental conditions. The latter can be improved, for instance by running capillary electrophoresis
straight after PCR, which could allow to deal with a slightly higher diversity. Sequencing would remain the
best option in case of high species diversity. With a lower diversity of only two or three species, multiplex
PCR with species-specific primers would remain the simplest and cheapest method. Hence, our species
identification method is a reliable alternative for locally moderate species diversity.

Considering costs, capillary electrophoresis requires an initial equipment investment, yet the processing cost
of each sample is much lower with the proposed method than with sequencing. When considering the initial
cost of the device and of capillary electrophoresis reagents on one hand, shipping and sequencing cost of
samples on the other hand (and ignoring the cost of labour and our interest in the other applications of
the device), our investment on the capillary electrophoresis apparatus would be repaid after 4,000 to 5,000
samples. Beyond that, more than 5 \euro per sample can be saved. Hence, episodic needs may rather be
addressed with sequencing, while our approach seems reasonable for a laboratory requiring steady species
identification. Alternatively, even with very low consumable cost per sample [42] , the MALDI-TOF approach
requires a 10-fold higher investment and maintenance budget than capillary electrophoresis. It would thus
require a much higher number of samples to be more cost-effective than our method.

In sum, we introduce PCR and capillary electrophoresis combined with simple morphological observation as
a convenient method to discriminate species of different field-collected samples. We specifically deployed it
to identify nine Anopheles species found in French Guiana, mainly from the Nyssorhynchus subgenus. After
deployment, this method allows to save time and money and to keep control over experimental schedule.
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Supplementary Data

Hosted file

image6.emf available at https://authorea.com/users/597968/articles/630767-a-novel-mosquito-

species-identification-method-based-on-pcr-and-capillary-electrophoresis

Table S1: ITS2 size intervals and modifications of the intervals at development steps 1, 2 and 3 compared
to the reference sequence lengths for each Anopheles species.

Hosted file

image7.emf available at https://authorea.com/users/597968/articles/630767-a-novel-mosquito-

species-identification-method-based-on-pcr-and-capillary-electrophoresis

Table S2: Anopheles darlingi and An. triannulatusDNA samples from both extremes of their respective
intervals during steps 1 – 3 (“expected length”) were amplified in two separate PCR and capillary electro-
phoresis migration was performed twice for each PCR product on two different days. There is no significant
effect of the expected length on the averaged amplicon size between PCRs (Kruskal-Wallis rank sum test;
An. darlingi – p = 0.16, chi-squared = 5.2, df = 3; An. triannulatus – p = 0.93, chi-squared = 0.44, df = 3).
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