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                     Abstract 
  Anopheles stephensi  a prominent vector in urban India and an emerging vector in African countries, signifi cantly contributes 

to malaria transmission. This study explores the genetic diversity, haplotype network, and phylogenetic analyses based on 

the Internal Transcribe Spacer 2 (ITS2) and Cytochrome Oxidase c subunit I (COI) publicly available GenBank repository. 

A total of 73 ITS2 and 64 COI sequences were used for analysis, out of 140 and 111 retrieved sequences, respectively. The 

phylogenetic analysis of ITS2 sequences through Bayesian approaches reveals two distinct clades, whereas, COI sequences 

reveal six distinct clades with posterior probability (pp) 100%. Haplotype network analysis for ITS2 shows four haplotypes 

with one shared haplotype and three private haplotypes and COI shows nine haplotypes with two shared haplotypes and seven 

private haplotypes. The genetic heterogeneity based on 73 ITS2 and 64 COI sequences, reveals low haplotype diversity (Hd) 

values of 0.532 and 0.435, respectively. Tajima’s D value is found to be -1.53298 (P > 0.10) for COI sequences, suggesting 

an excess of rare mutations, while 4.91417 (P < 0.001), value for ITS2, indicates fewer rare mutations, implying balancing 

selection. These fi ndings enhance the genetic diversity and population structure of  Anopheles stephensi , which has potential 

implications for vector control strategies. 
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      Introduction 

 Malaria has caused the most signifi cant morbidity and mor-

tality globally (WHO  2024 ). Of the 460 known  Anopheles  
species, around 70–80 is responsible for malaria transmis-

sion (Mopuri et al.  2019 ). The disease threatens approxi-

mately 3 billion people globally (Venkatesan 2024). The 

WHO malaria report highlights 263 million malaria cases 

in 85 countries and regions where the disease is endemic, 

with an increase of 14 million cases over 2022 (WHO  2024 ). 

India accounts for a signifi cant number of malaria cases in 

the subcontinent and has implemented national elimina-

tion policies and initiatives to eliminate malaria by 2030. 

However, the comeback of malaria is threatened by factors 

such as treatment failure, resistance, changes in temperature 

and ecology, vector range and spread, and changes in vector 

behaviour (Karunaweera et al.  2014 ). 

  Anopheles stephensi  is a prominent vector in urban India 

and signifi cantly contributes to malaria transmission in 

the regions (Tyagi  2023 ).  An. stephensi  also been reported 

from countries China, Afghanistan, Pakistan, Iran, Myan-

mar, Egypt, and Thailand (Dong et al.  2019 ; Ahmed et al. 

 2021 ; Tadesse et al.  2021 ; Ryan et al.  2023 ). The phylo-

genetic and genetic diversity of organisms reveals their 

evolutionary history and future prospects (Hu et al.  2021 ). 

The geographic distribution and evolutionary relationships 

of  An. stephensi  populations across the region may help 

understand evolution and genetic diversity, predict probable 

future genetic divergence, and devise mitigating strategies 

for vectors. Molecular markers are paramount in the study 

of evolution, genetic diversity, and population structure of 

vectors. Specifi cally, makers derived from ribosomal DNA 

and the mitochondrial genome are widely acclaimed for tax-

onomy and molecular phylogenetic analysis (Sallum et al. 

 2002 ; Singh et al.  2018 ). The multi-locus barcoding such as 

Cytochrome c Oxidase subunit I (COI), internal transcribed 

spacer 1(ITS1) and internal transcribed spacer 2(ITS2) are 

used for genetic studies, however ITS2 barcode shows better 

discriminatory resolution than the ITS1 in genetic studies 
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and thus, the ITS2 is employed complentarily to COI in 

taxonomy and genetic diversity studies(Wu et al. 2023 ).The 

internal transcribed spacer 2 (ITS2) region and Cytochrome 

c Oxidase subunit I (COI) genes have been utilized to exam-

ine the genetic diversity and evolutionary relationship of 

mosquitoes (Djadid et al.  2003 ; Walton et al.  2007 ; Loaiza 

et al.  2013 ; Sum et al.  2014 ; Fang et al.  2017 ; Rathnayake 

et al.  2023 ; Askari et al.  2024 ; Muthukumarana et al.  2024 ). 

This study represents the fi rst attempt to utilize  An. stephensi  
ITS2 and COI sequence up-to-date data from the GenBank 

database for evaluating the haplotype network, phylogenetic 

relationships, and genetic diversity .  

    Materials and methods 

   Data collection 

 ITS2 and COI gene sequences of  An. stephensi  were mined 

from the NCBI public data repository, and 140 (Supplemen-

tary Table 1) and 111 (Supplementary Table 2) sequences 

were obtained, respectively. Table  1  presents the country-

wise number of ITS2 and COI sequences. Four  Aedes 
aegypti  sequences were utilized as the outgroups for phylo-

genetic analysis (Supplementary Table 3).  

    Sequence alignment 

 MEGA v11 was employed for sequence alignment and base 

quality trimming (Tamura et al.  2021 ). The misalignment 

was determined through visual inspection while doing the 

sequence alignment using Clustal W in MEGA v11, and 

the misaligned sequences were deleted manually from the 

rest of the sequences. The duplication of the sequences was 

assessed based on the metadata, i.e., sequences from the 

same species from the same location. Accordingly, repeated 

similar sequences were excluded to obtain a fi ltered data-

set for better analysis. Out of 140 sequences in the ITS2 

sequence alignment, 67 were eliminated due to misalign-

ment, shorter, and duplicated sequences (Supplementary 

Table 1). 

 Out of 111 sequences in the COI sequence alignment, 47 

were eliminated due to misalignment, shorter, and dupli-

cated comparable sequences (Supplementary Table 2). As 

a result, 64 COI and 73 ITS2 sequences were acquired. The 

fi nal lengths of the sequences aligned with COI were 342 bp 

and ITS2 were 333 bp. 

    Phylogenetic analysis 

 The trimmed ITS2 and COI data generated after alignment 

were saved in FASTA format and converted to the Phylip 

alignment (.phy) and Nexus alignment (.nex) fi le formats 

using the Geneious Prime 2022.1.1 program. Partition 

Finder v1.1.2 programm was employed to obtain optimal 

evolutionary models for COI and ITS2 sequences (Table  2 ) 

and  Aedes aegypti  was used as the outgroup (Guindon et al. 

 2010 ; Lanfear et al.  2012 ,  2016 ). MrBayes V 3.2.7 software 

  Table 1       Number of ITS2 and 

COI sequences of  Anopheles 
stephensi  from each country  

  Country    Number of ITS2 

sequences  

  Percentage (%)    Number of COI 

sequences  

  Percentage (%)  

  India    103    73.57    29    26.13  

  Iran    19    13.57    5    4.50  

  Sri Lanka    11    7.86    18    16.22  

  Kenya    3    2.15    –    –  

  Saudi Arabia    2    1.43    9    8.11  

  UK    1    0.71    6    5.40  

  USA    1    0.71    2    1.80  

  Canada    –    –    30    27.03  

  Pakistan    –    –    9    8.11  

  Brazil    –    –    1    0.90  

  United Arab Emirates    –    –    1    0.90  

  South Africa    –    –    1    0.90  

  Total    140    100    111    100  

  Table 2       Best scheme model of evolution for ITS2 & COI sequences  

  Gene    Fragment length    Coding positions    Best models 

of evolution  

  ITS2    333 bp    1–333    TRN + I  

  2–333    TRN + I  

  3–333    TRN + I  

  COI    342 bp    1–342    HKY + G  

  2–342    F81  

  3–342    HKY + G  
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was used for Bayesian phylogenetic analysis (Ronquist et al. 

2015). “The tree topology was edited and visualized using 

FigTree version 1.4.4” (Rambaut  2018 ).  

    Haplotype network construction 

 The regional distribution of  An. stephensi  haplotypes for 

the ITS2 and COI sequences was determined by the MJ 

approach. DNA sequence polymorphism analysis was con-

ducted with DnaSP (v6.12.03) and Network 10.2 software 

(Rozas et al.  2017 ). Haplotype frequencies were calculated 

using Arlequin v3.5.2.2. 

    Genetic diversity analysis 

 Genetic diversity, including haplotype diversity, haplo-

type analysis, nucleotide diversity, and neutrality tests, was 

assessed for the COI and ITS2 sequences of  An. stephensi  
using DnaSP v6.12.03 software. The analysis was performed 

by running a FAS alignment fi le in the software. 

    Determination of genetic diff erentiation 

 Arlequin v3.5.2.2 software was utilized to assess the genetic 

diff erentiation of  An. stephensi  populations by analyzing 

fi xation index values for both COI and ITS2 sequences. 

     Results 

   Phylogenetic analysis 

 The phylogenetic tree of ITS2 sequences obtained using 

the Bayesian approach reveals that  An. stephensi  individu-

als were separated into two distinct clades (clade 1 and 2) 

with posterior probability (pp) 100% (Fig.  1 , Supplementary 

Table 4). Each clade evolved independently with distinct 

genetic structures. Clade 1 consists of 38 Indian species, 

while Clade 2 includes 35 species from India, Iran, Kenya, 

the UK, and Saudi Arabia. Clade 1 has a longer branch 

length than Clade 2, suggesting greater divergence from its 

most recent common ancestor (MRCA). Both clades have a 

posterior probability of 100% (nodes P and Q), indicating 

statistically similar branching patterns.         

 The phylogenetic analysis of COI sequences reveals 

a distinct topology compared to the ITS2 sequences. The 

phylogenetic tree of COI sequences reveals the separation 

of  An. stephensi  individuals into six clades with a pp value 

of 100% in node P (Fig.  2 , Supplementary Table 5). Six 

distinct clades were identifi ed, each evolved independently 

and possessing a unique genetic structure. Clade 1 represents 

Indian and Sri Lankan species with a posterior probability 

of 87.65% at node Q. clade 2 includes species from Saudi 

Arabia with a pp value of 84.08% at node R. Clade 2 was 

further divided into two clades with a pp value of 86.92%. 

The clade 3 and 4 includes Indian species with a pp value of 

90.29% and 87.57% at nodes S and T respectively. The clade 

5 consists only 2 species from UK with pp value of 89% at 

node U. Clade 6 with species from Sri Lanka, India, Canada, 

USA, Pakistan and UK, was derived from the main branch. 

As the posterior probability value of clade 3 is close to 100% 

than clade 1,2,4, and 5, the clade 3 branching pattern can be 

considered statistically more trustworthy than others. The 

Clade 6 branch length exceeded all other branch lengths 

implying the species of clade 6 might have more genetic 

change or divergence than the species of all other clades 

from their MRCA. Similarly, the branch lengths of clades 1 

and 2 were greater than the branch lengths of clades 3,4, and 

5, which indicates that the species from clades 1 and 2 might 

have more divergence than species from clades 3,4, and 5.         

    Construction of haplotype network 

 A haplotype network was constructed using 73 ITS2 

sequences of  An. stephensi  (Fig.  3 ). A total of four haplo-

types were identifi ed from India, Iran, Kenya, Saudi Ara-

bia, and UK (Supplementary Table  6  and Supplementary 

Table 7). The haplotype H_2 was the only shared haplo-

type, while the other three were private haplotypes. India 

(Hd = 0.364) had the greatest number of private haplotypes 

(H_1 and H_4), and there are more sequences there than in 

other countries. There was only one private haplotype (H_3) 

from Iran. There were no private haplotypes from Kenya, 

Saudi Arabia and UK. Haplotype H  (India) and H₃ (Iran) 

were the most distant, with  H 1  and  H 2  showing the high-

est number of mutations. In contrast,  H 2  and  H 3  were the 

closest, with the fewest mutations. There were 5 mutations 

present in between H_2 and H_4 haplotypes. One median 

vector named mv1 was present in the haplotype network of 

ITS2 sequences.         

 The study identifi ed nine haplotypes  (H 1 –H 9 ) from eight 

countries—India, Saudi Arabia, Sri Lanka, USA, Canada, 

UK, UAE, and Pakistan—based on 64 COI sequences 

(Fig.  4 , Supplementary Table  6  and Supplementary Table 8). 

 H 1  and  H 3  were shared haplotypes,  H 1 : found in India and 

Sri Lanka.  H 3 : shared among India, Canada, Pakistan, Sri 

Lanka, USA, UK, and UAE. Private haplotypes were highest 

in India  (H 2 ,  H 5 ), Saudi Arabia  (H 6 ,  H 7 ), UK  (H 8 ,  H 9 ), USA 

had the fewest  (H 4 ), Sri Lanka and Canada had none. The 

greatest genetic distance was between  H 3 –H 7  and  H 4 –H 6 , 

with fi ve mutations each.         

    Determination of genetic diversity 

 The genetic heterogeneity of  An. stephensi , based on 

73 ITS2 and 64 COI sequences, reveals low haplotype 
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diversity (Hd) values of 0.532 and 0.435, respectively. The 

average number of nucleotide diff erences (k) and nucleo-

tide diversity (π) are lower in COI sequences compared 

to ITS2 (Table  3 ).Tajima’s D value is negative for COI 

sequences, suggesting an excess of rare mutations, while 

a positive value for ITS2 indicates fewer rare mutations, 

implying balancing selection. Fu and Li’s D and F values 

are positive for both markers, with statistically signifi cant 

 P -values for ITS2 but non-signifi cant  P -values for COI. 

Fu’s Fs statistic is positive for ITS2 but negative for COI 

sequences. The G + C content at coding positions is 56.7% 

across 333 sites for ITS2 and 32.1% across 342 sites for 

COI.  

    Determination of genetic diff erentiation 

 Table  4  presents the percentage of variation and variance 

components for ITS2 sequences, comparing population 

diff erences. The results indicate that genetic variation and 

variance components are greater between populations than 

within populations, suggesting a higher degree of diff eren-

tiation among populations. The pairwise fi xation index  (F ST ) 

is used to measure genetic diff erentiation between popula-

tions. Table  5  presents the  F ST  values for  An. stephensi  popu-

lations based on ITS2 sequences, indicating the degree of 

genetic divergence among them.  F ST  levels often fall into one 

of the following ranges: 0–0.05 for modest, 0.05–0.15 for 

  Fig. 1       Phylogenetic analysis based on ITS2 sequences of  Anoph-
eles stephensi  species using Bayesian likelihood tree generated by 

MrBayes v 3.2.7_win 64 software: 77 sequences, 333 characters, 

1,640,000 generations, 2 mcmc runs. Percentages on node labels are 

Bayesian posterior probabilities (pp).  Aedes aegypti  was used as the 

outgroup. GenBank accession numbers of ITS2 sequences included in 

clade 1, 2 and outgroup were listed in Supplementary Table  4   
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  Fig. 2       Phylogenetic analysis based on COI sequences of  Anoph-
eles stephensi  species using Bayesian tree generated by MrBayes v 

3.2.7_win 64 software: 68 sequences, 342 characters, 1,640,000 gen-

erations, 2 mcmc runs. Percentage on node labels are Bayesian poste-

rior probabilities (pp).  Aedes aegypti  was considered as the outgroup. 

GenBank accession numbers of COI sequences included in clade 1, 2, 

3, 4, 5, 6 and outgroup were listed in Supplementary Table  5   

  Fig. 3       Four haplotypes of the 

median-joining haplotype 

network of  Anopheles stephensi  
species’ ITS2 sequences were 

produced using Network 10.2 

and DnaSP v6.12.03 software. 

The various geographical 

regions are indicated by the col-

our. The relative frequency of 

sequences associated with each 

haplotype is indicated by the 

size of a circle. The number of 

mutations is part of the distance 

between two haplotypes. Red 

coloured dot indicates median 

vector  
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moderate, and 0.15–0.25 for great, levels above 0.25 suggest 

signifi cant genetic diff erence.   

 Table  6 . depicts the proportion of variations and vari-

ance components between and within populations of COI 

sequences, showing that the percentage of variation and 

variance components were higher between COI sequence 

populations than within populations. Table   7  displays 

the pairwise fi xation index  (F ST ) values, highlighting the 

genetic differentiation among  An.stephensi  populations 

based on COI sequences. The  F ST  values were ranging from 

− 1.00000 to 0.98435.   

  Fig. 4       Using DnaSP v6.12.03 

and Network 10.2 software, 

a median-joining haplotype 

network of COI sequences of 

 Anopheles stephensi  species (9 

haplotypes) was created. The 

size of a circle represents the 

relative frequency of sequences 

belonging to each haplotype, 

while the colour denotes various 

geographic regions  

  Table 3       Genetic diversity 

indices including sample size 

(x), number of variable sites 

(S), haplotypes (h), haplotype 

diversity (Hd), variance of 

Haplotype diversity (v), 

nucleotide diversity (π), the 

average number of nucleotide 

diff erences (k), Tajima’s D, Fu 

and Li’s D, Fu and Li’s F, Fu’s 

Fs statistics calculated using 

ITS2 and COI sequences of 

 Anopheles stephensi    

  *    Signifi cant P < 0.05 

  **    Non-signifi cant P > 0.10 

  Sl. No    Genetic diversity indices    Region  

  ITS2    COI  

    Sample size    73    64  

    number of variable sites (S)    222    11  

    Haplotypes (h)    4    9  

    Haplotype diversity (Hd)    0.532    0.435  

    Variance of Haplotype diversity (v)    0.00048    0.00595  

    Nucleotide diversity (π)    0.33459    0.00307  

    Average number of nucleotide diff erences (k)    111.419    1.049  

    Tajima’s D    4.91417* (P < 0.001)    −1.53298** (P 

> 0.10)  

    Fu and Li’s D    2.30009* (P < 0.02)    0.82841** (P > 0.10)  

    Fu and Li’s F    3.87999* (P < 0.02)    0.03122** (P > 0.10)  

    Fu’s Fs statistics    108.229    −3.454  

  Table 4       List of sums of 

squares, variance components 

and percentage of variation 

among populations and within 

populations of ITS2 sequences 

of  Anopheles stephensi  species  

 Fixation Index  F ST : 0.67335 

  Source of variation    d.f    Sum of squares    Variance components    Percentage 

of variation  

  Among Populations    4    2131.798    56.96966 Va    67.34  

  Within Populations    68    1879.271    27.63634 Vb    32.66  

  Total    72    4011.068    84.60599    

  Table 5       Pairwise fi xation index  (F ST ) values among populations 

based on ITS2 sequences of  An. stephensi    

 Matrix of signifi cant  F ST  P values Signifi cance Level = 0.0500 

    India    Iran    Kenya    UK    Saudi Arabia  

  India    0.00000          

  Iran    0.69234    0.00000        

  Kenya    0.61312    −0.19531    0.00000      

  UK    0.54150    −1.00000    0.00000    0.00000    

  Saudi Arabia    0.59453    −0.33043    0.00000    0.00000    0.00000  
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     Discussion 

 Malaria vector surveillance, cryptic species identifi cation, 

and mapping the population structure and gene fl ow of 

vectors across diff erent regions are crucial for mitigating 

the vector-borne diseases. Understanding the dispersion 

and genetic diversity of malaria vectors may help design 

eff ective control strategies and monitor the spread of vec-

tors. Molecular marker ITS2 and COI have been crucial 

for understanding Anopheles mosquitoes’ genetic diver-

sity, phylogenetics, and population structure. Askari et al. 

( 2024 ) analyzed  An. hyrcanus  in northern Iran, identifying 

distinct haplotypes and potential subspecies diff erentia-

tion. Rathnayake et al. ( 2023 ) examined the  An. culicifa-
cies  species complex throughout Asia, revealed several 

clades with notable genetic heterogeneity. Carter et al. 

( 2019 ) also employed ITS2 and COI sequences for anoph-

eles species identifi cation in eastern Ethiopia and reported 

that ITS2 effectively distinguished species, whereas 

COI struggled with closely related taxa in the  An. gam-
biae  complex. Zhang et al. ( 2021 ) studied the molecular 

phylogeny of  An. hyrcanus  based on the ITS2 and COI 

sequences and revealed phylogenetic relationship, evolu-

tionary history, and population dynamics .  
 Phylogenetic tree based on ITS2 Bayesian analysis 

revealed two distinct clades (Clade 1 and Clade 2) of  An. 
stephensi . Clade 1 consists of 38 sequences from India, 

while Clade 2 consists of 35 sequences reported from 

Saudi Arabia, Iran, Kenya, the UK, and India. Clade 1 

may have undergone greater genetic divergence from 

their most recent common ancestor (MRCA) than Clade 2 

because of the clade’s longer branch length. The genetic 

and geographic distinction between species found in India 

and those found in a number of other countries is indicated 

by the clustering patterns of Clades 1 and 2. This could 

indicate potential evolutionary or ecological reasons for 

the genetic diversity among these populations. The topol-

ogy of the COI phylogenetic tree, which separated  An. 
stephensi  individuals into six clades, was more intricate 

than that of the ITS2 tree. The 100% posterior probabil-

ity values provided statistically strong support for each 

clade’s distinct genetic structure at branching locations. 

While most of the species in Clade 1 are from India and 

Sri Lanka, Saudi Arabian species are part of Clade 2. A 

pp value of 86.92% in Clade 2 to further subdivided into 

two groups. The pp values of Clades 3 and 4’s Indian 

species were signifi cantly higher, at 87.57% and 90.29%, 

respectively. Clade 5 had a pp value of 89% and contained 

two species from the UK. Species from India, Sri Lanka, 

Canada, the United States, Pakistan, and the United King-

dom made formed Clade 6, the most genetically diverse 

group. Clade 6 had the greatest divergence, according 

to the branch length study, indicating signifi cant genetic 

changes within its species in contrast to other clades. 

Furthermore, Clades 1 and 2 had longer branches than 

  Table 6       List of sum of 

squares, variance components 

and percentage of variation 

among populations and within 

populations of COI sequences 

of  Anopheles stephensi    

 Fixation Index FST: 0.70631 

  Source of variation    d.f. (Degree of 

Freedom)  

  Sum of squares    Variance components    Percentage 

of variation  

  Among Populations    7    22.956    0.43335 Va    70.63  

  Within Populations    56    10.091    0.18019 Vb    29.37  

  Total    63    33.047    0.61355    

  Table 7       Pairwise fi xation index  (F ST ) values among populations based on COI sequences of  An. stephensi    

 Matrix of signifi cant  F ST  P values Signifi cance Level = 0.0500 

    India    Canada    Pakistan    Sri Lanka    USA    Saudi Arabia    UK    United 

Arab Emir-

ates  

  India    0.00000                

  Canada    0.02295    0.00000              

  Pakistan    – 0.07056    0.00000    0.00000            

  Sri Lanka    – 0.01418    0.14063    – 0.00406    0.00000          

  USA    0.19022    0.77612    0.47368    0.30229    0.00000        

  Saudi Arabia    0.91423    0.98435    0.96259    0.93778    0.88539    0.00000      

  UK    0.29282    0.57619    0.28571    0.33013    0.11111    0.87179    0.00000    

  United Arab Emirates    – 0.90476    0.00000    0.00000    – 0.80000    – 1.00000    0.91304    – 0.55556    0.00000  
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Clades 3, 4, and 5, indicating a higher degree of species 

divergence within these clades. Clade 3 demonstrated the 

most statistically stable branching pattern among all the 

clades, highlighting the strength of its evolutionary links 

with a pp value that was closest to 100%.The ITS2 analy-

sis clearly discriminated between Indian and non-Indian 

species, suggesting that geography signifi cantly infl uences 

genetic organization. In contrast, the COI analysis revealed 

more complex relationships with clades—such as Clade 6, 

which included species from multiple continents—com-

prising species from diff erent geographical regions. This 

suggests that the COI marker captures a wider range of 

genetic diversity, which may represent modern gene fl ow 

between populations and past biogeographical events. The 

ITS2 marker provides a complete picture of genetic dif-

ferentiation than the COI. 

 The haplotype network analysis based on the COI and 

ITS2 sequences revealed that COI exhibits more haplotype 

networks than ITS2. The COI had two shared haplotypes 

(H_1 and H_3) but ITS2 had one shared haplotype (H_2) 

with H_3 showing a wide distribution across multiple 

countries.The COI network displayed greater complexity 

and longer branch lengths, indicating higher mutation rates 

or a longer evolutionary history of COI sequences. The 

existence of a median vector (mv1) in the ITS2 network 

increases the likelihood of missing intermediate sequences 

or ancestral forms, but the absence of median vectors in 

the COI network suggests a more clear representation of 

haplotype connections.The analysis shows low Hd values 

for ITS2 and COI (Supplementary Tables  7  and 8) in  An. 
stephensi . The higher nucleotide diversity and polymor-

phic sites in ITS2 evidential of greater sequence variable 

suggests higher evolutionary dynamics, but COI has more 

haplotypes, and low nucleotide diversity may be indica-

tive of recent mutation in the conserved region (Fernando 

et al. ( 2020 ). 

 Positive Tajima’s D and Fu’s F values of ITS2 show an 

absence of rare alleles, indicating a bottleneck or balancing 

selection. Negative Tajima’s D and positive Fu’s F values of 

COI suggest that COI evolves more neutrally, as expected 

from mitochondrial genes, which typically show lower poly-

morphism (Panhuis et al.  2006 ). The highest  F ST  values of 

Saudi Arabia-India, Saudi Arabia-Sri Lanka Saudi Arabia-

Pakistan, and Saudi Arabia-India in the COI study, as well 

as India-Iran and India-Kenya in the ITS2 analysis, indicated 

a signifi cant genetic divergence across populations, accord-

ing to the pairwise FST values. Given the great geographic 

separation between the two sites, a high level of genetic 

divergence might be attained (Mayoke et al.  2020 ). The 

genetic closeness between the populations reduced as the 

distance between them increased. This implies the spatially 

constrained gene fl ow that results in isolation by distance 

(Jensen et al.  2005 ). 

    Conclusion 

 The signifi cance of utilizing  An. stephensi  species ITS2 

and COI sequences were emphasized to comprehend mos-

quito vector genetic diversity and evolutionary linkages. 

Six clades were found in phylogenetic analysis using COI 

sequences, compared to just two in the ITS2. While the COI 

study showed more intricate associations with clades, like 

Clade 6, which comprised species from diff erent continents. 

The ITS2 analysis distinguished Indian and non-Indian spe-

cies. This implies that the COI marker captures a greater 

variety of genetic variability. The COI network showed 

longer distances and greater overall complexity, indicating 

that the COI may have undergone or experienced higher 

mutation rates. The low genetic diversity was observed in 

 An. stephensi  indicates this mosquito population likely has 

a relatively small eff ective population size over time. Thus, 

uniform control approaches may not be equally successful 

for all populations of a particular species, It is important 

to consider the genetic diversity of mosquito-borne dis-

ease vectors while implementing effi  cient vector control 

strategies. 
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