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Abstract Mosquitoes (Diptera: Culicidae) are a key threat for
millions of people worldwide, since they act as vectors for
devastating pathogens and parasites. The standard method of
utilisation of morphological characters becomes challenging
due to various factors such as phenotypical variations. We
explored the complementary approach of CO1 gene-based
identification, analysing ten species of mosquito vectors be-
longing to three genera,Aedes, CulexandAnophelesfrom
India. Analysed nucleotide sequences were found without
pseudo genes and indels; they match with high similarity in
nucleotide Basic Local Alignment Search Tool (BLASTn)
search. The partial CO1 sequence ofAnopheles niligricus
was the first time record submitted to National Center for
Biotechnology Information (NCBI). Mean intra- and interspe-
cies divergence was found to be 1.30 and 3.83 %, respectively.
The congeneric divergence was three times higher than the
conspecifics. Deep intraspecific divergence was noted in three
of the species, and the reason could be explained more accu-

rately in the future by improving the sample size across dif-
ferent locations. The transitional and transversional substitu-
tions were tested individually. Ts and Tv substitutions in all
the 1st, 2nd and 3rd codons were estimated to be (0.44, 99.51),
(40.35, 59.66) and (59.16, 40.84), respectively. Saturation of
the sequences was resolved, since both the Ts and Tv exhib-
ited a linear relationship suggesting that the sequences were
not saturated. NJ and ML tree analysis showed that the indi-
viduals of the same species clustered together based on the
CO1 sequence similarity, regardless of their collection site and
geographic location. Overall, this study adds basic knowledge
to molecular evolution of mosquito vectors of medical and
veterinary importance and may be useful to improve biotech-
nological tools employed in Culicidae control programmes.
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Introduction

Parasitological research depends on the proper identification
and classification of species, which are usually classified re-
lying to morphological keys. However, the inherent shortcom-
ings and limitations of the conventional taxonomical identifi-
cation methods indicate the need for a new and simple method
of taxon identification. Mosquito complexes are responsible
of high nuisance and transmission of deadly pathogens and
parasites, such as arboviruses, malaria and filariasis, to
humans and animals (Naddaf et al.2012). Different mosquito
species exhibit distinguishable morphological features, which
are utilised in taxonomic keys to identify individual species
(Bram1967; Harrison and Scanlon1975; Rattanarithikul et al.
2006). Among the arthropod class Insecta, fewer than 150
species are public health important vectors and most are
largely confined to the generaAnopheles, Aedesand
Culex, which are reported to be involved in the transmis-
sion of a variety of vector-borne diseases with significant
morbidity and mortality among humans, more than any
other group of organisms (Mehlhorn et al.2012;
Severson and Behura2012; Taraphdar et al.2012;
Benelli 2015). The precise identification of the target spe-
cies of mosquito has direct medical and practical implica-
tions, particularly in developing vector control strategies.
In the past, mosquito taxonomy has been achieved mostly
by using morphological characteristics, cyto-genetics and
isoenzyme markers. Recently, a molecular approach has
greatly improved the speed and accuracy of species iden-
tification (Cywinska et al.2006).

Routine taxonomical collection of samples experience loss
of characters such as wing, leg, and body damage; often
chemicals are used for killing the collected specimens that
may lead to DNA damage. Moreover, use of traps causes
mixing of samples leading to identification challenges via
traditional taxonomy. Krueger et al. (2014) reported that ap-
plication of CO2 odour-baited traps as well as ovitraps results
in lower quality test specimens and only a DNA-based iden-
tification could clarify their classification. Knowledge of mos-
quito vectors, or other amplifying hosts, in combination with
geographic distribution is invaluable when it comes to vector
control, surveillance and modelling of emerging or re-
emerging infectious diseases (Engdahl et al.2014). One of
the most serious drawbacks of only using morphological char-
acteristics for species identification and phylogenetic studies
is the fact that some traits or characters are apparent only
during certain life cycle stages or in one gender.
Furthermore, phenotypic variations may not always relate to
genotypic variation, so correct relationships can be difficult to
determine (Hebert et al.2003a). The results of more recent
morphological studies, where the developing life stages of
mosquitoes (pupae and larvae) have been analysed, are some-
times inconsistent with the traditional classification (Reinert

2000). DNA-based identifications could be achieved using the
entire mosquito specimen (Kumar et al.2007), legs (Ruiz et al.
2005), wings (Garros et al.2004) or any other insect body
part. In the past, exuviae of insects such as butterflies
(Feinstein2004), honey bees (Gregory and Rinderer2004)
and dragonflies (Watts et al.2005) have been used to isolate
genomic DNA and also for identification and trait selection.
Hebert et al. (2003a) proposed using a 658 base-pair region of
the CO1 gene as a universal marker to barcode animal life.

Mitochondrial genes are considered superior markers than
nuclear genes because of their abundance (1000’s of copies
per cell), lack of introns, limited exposure to recombination
and haploid mode of inheritance (Saccone et al.1999). DNA
barcoding, which relies on the genetic variation within a
standardised region of the CO1 gene has been promoted as a
reliable method for the identification of species in a variety of
both invertebrate and vertebrate taxa (Hebert et al.2003b).
DNA-based approaches for mosquito identification
(Manonmani et al.2001; Singh et al.2004; Kang and Sim
2013), genetic diversity (Pfeiler et al.2013; Low et al.2014)
and molecular phylogeny (Shepard et al.2006) have gained
increasing adoption in recent years. Although use of nuclear
genes is not uncommon (Chen et al.2002; Alam et al.2007),
mitochondrial genes have become the primary molecular tool
for analysing genetic diversity in mosquitoes (Wan et al.2004;
Galtier et al.2009). DNA barcoding (Hebert et al.2003b) has
already seen frequent use for mosquitoes in varied contexts
(Moore et al.2013; Werblow et al.2013). The mitochondrial
marker, CO1 gene, is the largest among the three subunits and
its protein sequence contains highly conserved functional do-
mains and variable regions, which are often used for evolu-
tionary studies.

In this study, we collected and sequenced approximately
648 bp fragment of CO1 gene of 10 mosquito species from
three genera includingAnopheles, CulexandAedesthat are
common in India and are important vectors of medical and
veterinary importance (Table1). The primary goal of this
study was to use mitochondrial sequence information of
CO1 gene to identify and to establish a molecular phylogeny
based on the genetic divergence of these selected mosquito
species of public health importance.

Materials and methods

Sample collection

Mosquito specimens used in the study were collected from
different sites of the Western Ghats region (11.40° N, 76.69°
E and 11.03° N, 76.87° E) in Tamil Nadu, India. Larval col-
lections of mosquitoes were carried out in various wetland
habitats, including water canals, rock pools and ponds.
Collected immature stages were reared individually into
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adults, and the associated larval and pupal exuviae were
mounted. The emerged adults were identified based on the
morphological characters following Gaffigan et al. (2015)
and references therein (Table1), then used for DNA
extraction.

DNA extraction, PCR amplification and sequencing

Total genomic DNAwas isolated from single whole mosquito
sample using Qiagen DNeasy kit (Qiagen, Inc., Hilden,
Germany) following manufacturer’s instructions. The ampli-
fied PCR product was visualised in 1 % agarose gel electro-
phoresis (AGE; GENEI, Bangalore), and the image was doc-
umented with the gel documentation (Medic Care, India). For
DNA barcode analysis, the 735 bp region of mitochondrial
CO1 gene was targeted and amplified with the following
p r i m e r s : f o r w a r d 5� - G G AT T T G G A A AT T G A
T TA G T T C C T T- 3� a n d r e v e r s e 5� - A A A A AT T
TTAATTCCAGTTGGAACAGC-3� (Kumar et al.2007).
The polymerase chain reaction (PCR) was carried out in
ABI thermo-cycler. The 50-� l PCR reaction mixture consisted
of 5 � l of extracted DNA, 1.5 mM MgCl2 (Sigma, Bangalore),
0.2 mM dNTPs (Sigma, Bangalore), 1× reaction buffer
(Sigma, Bangalore), 1.5 U Taq DNA polymerase (Sigma,
Bangalore) and 0.3� M of each primer. PCR reaction condi-
tions were as follows: an initial denaturation of 95 °C for
5 min, followed by 5 cycles of denaturation at 94 °C for
40 s, annealing at 51 °C for 1 min and 72 °C for 1 min,
followed by a final extension at 72 °C for 10 min (Kumar
et al.2007). The final product was stored at� 20 °C for further
use. Sequencing was performed by using ABI 3500 XL
Genetic Analyser with manufacturer’s protocol of Chromos
Biotech, Pvt. Ltd., Bangalore, India. The sequences were
trimmed and edited using ClustalW and Bio Edit v.7.2.5

(Hall 1999) and submitted to National Center for
Biotechnology Information (NCBI) GenBank.

Data analysis

Species discrimination by DNA barcodes, nucleotide composi-
tion and genetic divergence of sequences: the nucleotide se-
quence from each specimen was compared with barcode se-
quences on NCBI using nucleotide Basic Local Alignment
Search Tool (BLASTn). Fifty-six sequences of haplotypes
(Table2) were retrieved from NCBI GenBank and used for
comparisons (Table2). The nucleotide composition and AT bias
was calculated using DnaSp v.5.1. The intra- and internucleotide
divergence was calculated using the Kimura-2-parameter
(MEGAv.6). Moreover, the average genetic divergence, conge-
neric and conspecific nucleotide divergence was estimated.

Substitution rates, test for saturation and test of selection
for the evolutionary divergence: other parameters of the se-
quences including the rate of transitions (Ts) and transversions
(Tv) at the first, second and third codon positions were calcu-
lated and subsequently plotted against the uncorrected p-
distance for all the three codons to assess the saturation using
MEGA v.6.2 (Tamura et al.2013). Investigations of the se-
quence saturations were done using DAMBE 5.3.10 (Xia
2013) for estimating the transition/transversion versus the ge-
netic distance (F84). Further test for substantial saturation of
the sequences was checked by using the method of Xia et al.
(2003) and Xia and Lemey (2009) (DAMBE). In addition,
codon-based test of selection for analysis between sequences
was performed (Nei and Gojobori1986). The probability of
rejecting the null hypothesis of neutral evolution (pvalue) was
calculated by Fisher’s exact test of neutrality (Zhang et al.
1997) for sequence pairs, and all evolutionary analyses were
carried out using MEGA v.6.

Table 1 Main pathogens and parasites vectored by the mosquito species analysed in this study

Species Mosquito-borne disease(s) Reference(s)

Aedes aegypti Dengue fever, yellow fever and chikungunya Suresh et al. (2015)

Aedes albopictus Many viral pathogens, including yellow fever, dengue
fever and chikungunya, as well as several filarial
nematodes, such asDirofilaria immitis

Scholte and Schaffner (2007)

Aedes vittatus Chikungunya Diagne et al. (2014)

Anopheles culicifacies Malaria Amerasan et al. (2015)

Anopheles niligricus Unknown Rajavel et al. (2011)

Anopheles stephensi Malaria Dash et al. (2007)

Anopheles vagus Malaria Rueda et al. (2011)

Culex quinquefasciatus Wuchereria bancrofti, avian malaria, arboviruses
including St. Louis encephalitis virus, Western
equine encephalitis virus, and West Nile virus

Turell (2012)

Culex pseudovishnui Japanese encephalitis virus Reuben et al. (1994)
Culex vishnui
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Phylogenetic analysis: the optimum substitution models
were determined by the best fit model test for the selection
of the model to be applied for sequences. The GTR+G model
was selected from 24 different nucleotide substitution models
for the 10 original sequences of the selected species in the
present study based on the Akaike Information Criterion
(AIC) and lowest Bayesian Information Criterion (BIC)
values. The maximum likelihood (ML) tree was constructed
with the outgroupAcraea violae, and the robustness of the
clades of the tree was estimated using bootstrap analysis of
1000 replications with the elimination of all the codons con-
taining gaps and missing data. The strength of the clades was
assessed with the ten random addition replicates and bootstrap
analysis. Branch lengths were calculated by average pathway
method and were presented as the units of number of changes
over the whole sequences. The evolutionary history was in-
ferred using the neighbour-joining method (Saitou and Nei
1987). The optimal tree with the sum of branch length=
4.36540551 is shown. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap
test (1000 replicates) was shown next to the branches
(Felsenstein1985). The evolutionary distances were comput-
ed using the Jukes-Cantor method (Jukes and Cantor1969)
and are in the units of the number of base substitutions per site.
The rate variation among sites was modelled with a gamma
distribution (shape parameter=1). The analysis involved 67
nucleotide sequences. Codon positions included were 1st+
2nd+3rd+noncoding. All positions containing gaps and miss-
ing data were eliminated. There were a total of 145 positions
in the final dataset.

Results

Sequences for ten mosquito species of three genera were gen-
erated from mosquitoes collected at two sampling sites in the
Western Ghats region of South India. The CO1 sequences was
generated and compared with 56 of their haplotypes retrieved

Table 2 Nucleotide sequences retrieved from NCBI, including species,
GenBank ID and location of the species haplotypes

N. Species GenBank ID Location

1. Anopheles stephensi EF680295 Pakistan

2. A. stephensi AY729980 India

3. A. stephensi DQ154166 India

4. A. stephensi DQ310143 India

5. A. stephensi DQ310148 India

6. A. stephensi DQ317594 India

7. Anopheles culicifacies KJ010898 Sri Lanka

8. A. culicifacies KJ010895 Sri Lanka

9. A. culicifacies KJ010893 Sri Lanka

10. A. culicifacies AY917198 India

11. A. culicifacies DQ424962 India

12. Culex quinquefasciatus KF564726 Singapore

13 C. quinquefasciatus FJ210910 Iran

14. C. quinquefasciatus GU292000 Brazil

15. C. quinquefasciatus GQ255651 Brazil, Pelotas

16. C. quinquefasciatus GQ255650 San Paulo, Brazil

17. C. quinquefasciatus KP211398 Sitiodas Pintos, Brazil

18. C. quinquefasciatus GQ165766 Uganda

19 C. quinquefasciatus FJ372985 India

20. C. quinquefasciatus AY7299771 India

21. C. quinquefasciatus DQ267689 India

22. Aedes aegypti JQ926676 Bolivia

23. A. aegypti JQ926704 Tanzania

24. A. aegypti JQ926703 Brazil

25. A. aegypti JQ926701 Venezuela

26. A. aegypti JQ926700 Guinea

27. A. aegypti JQ926702 Cameroon

28 A. aegypti JQ926698 Mexico

29. A. aegypti JQ926696 Martinique

30. A. aegypti JQ926693 Cote d’Ivoire

31. A. aegypti JQ926691 Thailand

32. A. aegypti JQ926685 Vietnam

33. A. aegypti JQ926684 USA

34. A. aegypti KF909122 Portugal

35. A. aegypti KF211399 Brazil

36. A. aegypti FJ372982 India

37. A. aegypti AY729987 India

38. A. aegypti DQ424949 India

39. Aedes albopictus KJ765612 Malaysia

40. A. albopictus AY101847 China

41. A. albopictus FJ372982 India

42. A. albopictus AY729984 India

43. A. albopictus AY834241 India

44. A. albopictus DQ310142 India

45. A. albopictus DQ424959 India

46. Aedes vittatus AY834246 India

47. Culex vishnui AY729973 India

48. C. vishnui AY729971 India

Table 2 (continued)

N. Species GenBank ID Location

49. Culex pseudovishnui AY834248 India

50. C. pseudovishnui KF564722 Singapore

51. C. pseudovishnui HM769284 India

52. Anopheles vagus GQ284819 Sri Lanka

53. A. vagus GQ284732 Cambodia

54. A. vagus GQ284799 Myanmar

55. A. vagus GQ284779 Thailand

56. A. vagus AY834247 India
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from NCBI. Each species was represented by one to nineteen
individuals for sampling, and all the sequences generated in
the study contained no indels and the alignments were
straightforward. The sequences lacked nonsense or stop co-
dons, which is the characteristic feature of the mitochondrial
gene. Genomic DNA extracted from the whole insect sample
had appreciable quality of >10 kb which yielded the amplified
PCR product size of approximately 700 bp (Fig.1a, b). The
parameters of similarity search (BLAST) are given in Table3.
All the sequences had an accurate match with their own hap-
lotypes in the NCBI with significant percentage of identities.
To our knowledge, we first record the 634 bp of CO1 se-
quence ofAnopheles niligricusin the NCBI database, its se-
quence matched to the closest speciesA. subpictus. All the
sequences were aligned, edited and the base-pair size ranged
from 489 to 737. These were submitted and authenticated in

the NCBI GenBank with respective accession numbers,
KR817728…KR817732 and KR872404…KR872408.

Total composition of the CO1 fragment varied across the
selected mosquito species with an expected AT bias. The se-
quences were highly AT rich, which ranged from 66.56 to
70.69 % and GC content of 29.31…33.44 %. The analysed
set of sequences had 211 variable sites of which 87 were
parsimony informative (including outgroupA. violae) with
the consistency index (CI) of 0.5135 and retention indices
(RI) of 0.4028. The transition and transversion bias (R) was
3.25, 0.82 and 1.59 in the 1st, 2nd and 3rd codon, respectively.
The number of transversions between A and T in all three
codon positions (0.12, 22.85 and 15.46) was highest com-
pared with the transversions between G and C (0.10, 6.98
and 4.96). Similarly, the number of transitions between C
and T was higher (73.4, 21.75 and 50.62) than number of
transition between A and G (26.18, 18.6 and 8.54). Overall
Ts and Tv substitutions in all the 1st, 2nd and 3rd codons were
(0.44, 99.51), (40.35, 59.66) and (59.16, 40.84), respectively.
All the three codon positions of the CO1 fragment were tested
individually for saturation by plot estimation of the number of
substitutions versus the uncorrected p-distance (Fig.2). The
scatter gram of 2nd and 3rd codons showed that Ts and Tv
increased along the uncorrected p-distance with considerable
scattering. However, in 1st codon, the Ts and Tv exhibited a
marked difference in plot patterns. Both the substitutions were
minimum for certain pairs of taxa and the substitution rates
were stabilised. However, exact saturation of the sequences
did not occur. We tested the condition of substantial saturation
of the selected CO1 sequences by plotting the substitutions
against the overall F84 genetic distance (Fig.3). Both Ts and
Tv exhibited a linear relationship suggesting that the se-
quences were not saturated. Furthermore, the test of substan-
tial saturation revealed that the value of Iss was lower than the
Iss.c (Supplementary data file1). Hence, it was strongly evi-
dent that the selected sequences of the current study did not
undergo substantial saturation and could be utilised for DNA
barcoding and phylogenetic studies.

The genetic divergence among the selected species of mos-
quitoes was calculated and all the species exhibited discrimi-
native values of inter and intraspecific divergence (Fig.4).
The conspecific K2P divergence of the species averaged
1.3 % with a range of 0.5…0.6 %, whereas the genetic diver-
gence among the congenerics averaged 3.83 % with a range of
3.01…5.93 %. The congeneric divergence varied across the
three genera,Anopheles(4.04 %),Culex(4.01 %) andAedes
(3.43 %). The possible effectiveness of the pairwise compar-
ison and divergence showed that the congeneric divergence
was three times higher than the conspecifics. In conspecifics,
most of the values were <2 %; however, deep intraspecific
divergences were noted among certain pairs of species in
Anopheles stephensi(AY729980, 5.06 %; DQ154166,
4.89 %; DQ310143, 4.91 %; DQ310148, 4.87 %;

(a)

(b)

M = marker

As = Anopheles stephensi

Ac = Anopheles culicifacies

Aa = Aedes aegypti

Al = Aedes albopictus

Cq = Culex quinquefasciatus

Av = Aedes vittatus

Cv = Culex vishnui

Cp = Culex pseudovishnui

Ag = Anopheles vagus

An = Anopheles nilgiricus

Fig. 1 PCR amplified mosquito samples resolved on 2 % AGE;
amplification of mitochondrial CO1 gene using the primers of selected
mosquito species (Kumar et al.2007); eachlane shows the amplified
product approximately 700 bp with marker
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DQ317594, 4.91 %);Culex quinquefasciatus(GQ255651,
5.02 %; GQ255650, 5.02 %; GQ165766, 5.02 %); and
Aedes albopictus(KJ765612, 5.38 %; AY101847, 5.85 %)
(Fig. 5). The threshold level of nucleotide divergence was
3.85 %. In relevance to the 10 X rule (Hebert et al.2003a),
72.7 % of the cases were well resolved up to species level,
since their nucleotide divergence was >3 %, while the rest of
26.57 % cases showed the divergence below 3 %, hence a
wide sampling of the species could be a way to discriminate
them up to species level.

The codon-based test was performed to understand the
evolutionary lineage of the species (Fig.6). In the estimation
of positive selection (dS<dN), the test statistic dN-dS showed
maximum negative values which indicated that the synony-
mous substitutions were higher than nonsynonymous.
Whereas, in the case of purifying selection (dN<dS), the test
statistic dS-dN had positive values, which evidenced the
higher incidence of synonymous substitutions. In both the
cases, which inferred selection,p values <0.05 were consid-
ered significant at the 5 % level to reject the null hypothesis
(dN=dS). In addition, the synonymous substitutions were
higher than non-synonymous substitutions, and should be not-
ed that, in purifying selection, maximump values were < than
0.01. Hence, the probability (p) of rejecting the null hypothe-
sis of strict neutrality in favour of the alternative hypothesis of
positive and purifying selection was true for all sequence
pairs, except the certain pairs of taxa. The Fisher’s exact
test of neutrality further evidenced that none of thep values
were less than 0.05 (Supplementary data file1), hence inferred
for the rejection of null hypothesis of neutral selection (dS=
dN).

The NJ tree constructed from the haplotypes and species of
the present study formed monophyletic clades with distinctive
clusters (Fig.7). The species belonging to the same genera
clustered together and others in the distant clades respective

of the geographic location and difference in their genetic com-
position. Ten species of the study occurred together with their
respective haplotypes from different geographical location.
Aedes aegyptiand A. albopictusseparated to form three
branches from a single parent clade, while a single case of
Anopheles vagusformed separately above the conspecific
cluster ofA. vagus. A single clade involvingAnophelesgenera
was detected, where the two individuals of theA. stephensi
emerged as isolated clades, which were closer to the individ-
uals of Culex genera. Eight haplotypes ofCulex
quinquefascitusformed a single clade, while the rest of three
branched independently with the other genera. Haplotypes of
Culex pseudovishnuiandCulex vishnuioccurred in the same
cluster describing its low genetic distance, whereas, the spe-
cies ofAedes vittatusbranched along with the cluster of other
species. In the ML analysis, the best-fit model of the nucleo-
tide substitution was evaluated based on the Akaike
Information Criterion, corrected (AIC) value of 3953.59 and
Bayesian Information Criterion (BIC) scores of 4127.07. The
GTR+G model was selected for ML analysis of the ten se-
quences representing the partial CO1 gene sequence.
Bootstrapping of the ML analysis (1000 replications) was im-
plemented in NNI ML heuristic method with highest log like-
lihood (� 4413.51) (Fig.8). The CO1 sequences of the dataset
were represented in a phylogenetic tree with distinctive clus-
ters based on the nucleotide divergence among the species.
Species in the different genera by more than one taxon formed
cohesive assemblages.

Discussion

Species identification of mosquitoes by traditional taxonomy,
which is based on the morphological characteristics, remains
often difficult and cumbersome chiefly in the species of

Table 3 Summary of species identification based on nucleotide sequences of ten species of mosquitoes using BLASTn search from NCBI database

N. Species and n. of queried sequences from
this study

Species and name of subjected sequences from
NCBI database

Matched
location

BLAST parameters

Q S E G I

1. Anopheles stephensiKR817728 A. stephensiAY877426 Iran 100 1264 0 21 97

2. Anopheles culicifaciesKR817729 A. culicifaciesKF406656 Pakistan 100 1103 0 15 98

3. Culex quinquefasciatusKR817730 C. quinquefasciatusKF407443 Pakistan 100 1203 0 0 100

4. Aedes aegyptiKR817731 A. aegyptiKP843389 Thailand 100 993 4e� 164 12 97

5. Aedes albopictusKR817732 A. albopictusKR068634 China 100 1105 0 15 98

6. Aedes vittatusKR872404 A. vittatusAY834246 India 100 833 0 15 97

7. Culex vishnuiKR872405 C. vishnuiKF564734 Singapore 96 992 0 15 94

8. Culex pseudovishnuiKR872406 C. pseudovishnuiHM769282 India 99 965 0 15 93

9. Anopheles vagusKR872407 Anopheles kleiniKC855661, Russia 100 1029 0 12 98

10. Anopheles nilgiricusKR872408 Anopheles subpictusKC970283 India 100 1101 0 15 98

Q query coverage,Smaximum score,E E value,G no. of gaps,I percentage of identity
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vector-borne diseases. Moreover, the morphological charac-
teristics used to identify intact adult specimens often vary so
little between species that typically only experienced mosqui-
to taxonomists are able to distinguish mosquito species reli-
ably (Bortolus2008). The prospective of DNA-based identi-
fication methods requires achieving three major facts: (a) ef-
fective recovery of target genomic DNA from the sampling
species, (b) ease in analysing the sequence information of the
target species and (c) utilising the sequence data to discrimi-
nate species and sub-species level identification. It is evident
from studies on TurkishCulexfauna that the application of
DNA to baseline faunal surveys prior to undertaking large-
scale arbovirus screening programmes was a prudent first step,
because only 9 species were recognised by morphology while
DNA barcoding recovered 13 distinct species (Gunay et al.
2015). In the present study, we were able to satisfy the above

Fig. 3 Overall estimation of transition and transversion of the nucleotide
sequences plotted against F84 genetic divergence of CO1 sequences

Fig. 4 Distribution of genetic distance within and between the analysed
mosquito species. Maximum entries for interspecific divergence are
approximately >3 %, and higher divergence is clearly indicated in the
inter- than intraspecific comparisons among the species. Thedotted line
represents the threshold level of the divergence among the species

Fig. 5 Intraspecies nucleotide divergence among three selected mosquito
species of medical importance (grey, Anopheles stephensi; black, Culex
quinquefasciatus; green, Aedes albopictus). Deep intraspecies nucleotide
divergence was observed when sequences generated in this study were
compared with the sequences available in the database, showing
divergence higher than the postulated threshold level (3 %, Hebert et al.
2003a, b)

Fig. 2 Substitution rates among codons. Scatter plots showing the
number of substitutions.TS transitions,TV transversions iny-axis
against uncorrected p-distance inx-axis for each codon position repre-
sented as (a)…(c)
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