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A B S T R A C T   

Dengue is the fastest emerging arboviral disease in the world, imposing a substantial health and economic burden 
in the tropics and subtropics. The mosquito, Aedes aegypti, is the primary vector of dengue in the Philippines. We 
examined the genetic structure of Ae. aegypti populations collected from the Philippine major islands (Luzon, 
Visayas and Mindanao), each with highland (Baguio city, Cebu city mountains and Maramag, Bukidnon, 
respectively) and lowland sites (Quezon city; Liloan, Cebu and Cagayan de Oro [CDO] city, respectively) during 
the wet (2017–2018 and 2018–2019) and dry seasons (2018 and 2019). Mosquitoes (n = 1800) were reared from 
field-collected eggs and immatures, and were analyzed using 12 microsatellite loci. Generalized linear model 
analyses revealed yearly variations between highlands and lowlands in the major islands as supported by 
Bayesian clustering analyses on: 1) stronger selection (inbreeding coefficient, FIS = 0.52) in 2017–2018 than in 
2018–2019 (FIS = 0.32) as influenced by rainfall, 2) the number of non-neutral loci indicating selection, and 3) 
differences of effective population size although at p = 0.05. Across sites except Baguio and CDO cities: 1) FIS 
varied seasonally as influenced by relative humidity (RH), and 2) the number of non-neutral loci varied as 
influenced by RH and rainfall indicating selection. Human-mediated activities and not isolation by distance 
influenced genetic differentiations of mosquito populations within (FST = 0.04) the major islands and across sites 
(global FST = 0.16). Gene flow (Nm) and potential first generation migrants among populations were observed 
between lowlands and highlands within and across major islands. Our results suggest that dengue control 
strategies in the epidemic wet season are to be changed into whole year-round approach, and water pipelines are 
to be installed in rural mountains to prevent the potential breeding sites of mosquitoes.   

1. Introduction 

Dengue is the fastest emerging arboviral infection world-wide 
(WHO, 2019a, 2019b). Approximately, over 390 million infections 
occur annually world-wide, of which more than 95 million are clinically 
apparent (Bhatt et al., 2013). As of March 2021, the Philippines had 
13,699 dengue cases including 50 deaths (case fatality rate = 0.4%); 
which were 68% lower compared to 42,584 cases during the same 
period in 2020 (WHO, 2021). Cheng et al. (2018) estimated that by 
2016–2020, the annual average hospitalized (401,191) and ambulatory 
dengue cases (239,497) in the Philippines resulted to USD 139 million 
(PhP 5.9 billion) and USD 19 million (PhP 827 million), respectively. 

A. aegypti (L.) and Aedes albopictus (Skuse) (Diptera: Culicidae) are the 
primary and secondary mosquito vectors, respectively, of dengue viruses 
(DENVs; Flaviviruses) with four serotypes in the Philippines. These 
medically important species transmit not just DENVs but potentially also 
chikungunya and Zika viruses (Mckenzie et al., 2019; Ryan et al., 2019; 
Souza-Neto et al., 2019). 

Climate change affects the survival and dispersion of Ae. aegypti and 
Ae. albopictus and transmission rates of viral pathogens (Ryan et al., 
2019). Artificial environments sustain the geographic range limit of 
these species (Capinha et al., 2014). Dengue outbreaks occurred in 
Tokyo, Japan in 2014 after 70 years without dengue (Kutsuna et al., 
2015); Madeira, Portugal in 2012 (Lourenço and Recker, 2014) and 
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Baguio, Philippines recently (The City Government of Baguio, 2020). If 
mosquito range shifts track optimal temperature ranges for transmission 
(21.3–34.0 ◦C for Ae. aegypti; 19.9–29.4 ◦C for Ae. albopictus), poleward 
shifts in Aedes-borne virus distributions are expected with available 
domestic environments in the new areas (Ryan et al., 2019). It is esti-
mated that 3.9 billion people are at risk of infection with dengue (Brady 
et al., 2012). Dhimal et al. (2015) noted that the expanded distribution 
of Ae. aegypti in previously non-endemic areas and in highly elevated 
mountainous region calls for urgent actions to protect the health of the 
local people and travelers. However, there have been no studies asso-
ciating temperature and elevation on the genetic structure of Ae. aegypti, 
to our knowledge thus far. 

Only a few studies on the genetic structure of dengue mosquitoes 
were conducted in the Philippines. In Metro Manila, Carvajal et al. 
(2020) reported fine-scale population genetic structure of Ae. aegypti, 
weak genetic drift, and long-distance dispersal via human-mediated 
mobility. Based on the fine-scale genetic structure of Ae. aegypti, Ma-
nila roads are potential barriers to mosquito dispersal (Regilme et al., 
2021). In central-western Philippines, Fonzi et al. (2015) found 
considerable gene flow of Ae. aegypti due to anthropic factors (cargo 
ships and human population density), while geographical distance is not 
correlated to genetic differentiation. Moreover, the genetic structure of 
Ae. aegypti varies seasonally (Huber et al., 2002; Mendonca et al., 2014; 
Sayson et al., 2015), which are primarily associated with climate, 
insecticide use (Scarpassa and Conn, 2007) and social factors. In Cebu 
city, Sayson et al. (2015) reported that intense selection of Ae. aegypti in 
the dry season (2012− 2013) caused a reduced population size that 
favored heterozygotes, leading to small pockets of mosquitoes (refuges) 
that exhibited random and increased genetic differentiation (FST =

0.029). In the wet season (2011− 2012), the mosquitoes’ genetic 
composition was reconstituted by refuges’ expansion that survived the 
preceding dry season and contributed to lower genetic differentiation 
(FST = 0.009). Moreover, the Philippine summer solstice reached 13-h 
and 21 min on June 21, 2017 and 13-h on June 21, 2018 based on 
Philippine Atmospheric, Geophysical and Astronomical Services 
Administration (PAG-ASA) data. These harsh environmental conditions 
(i.e., hot, humid and longer day length) in the dry season pose another 
adaptation challenge for dengue mosquitoes. Mendonca et al. (2014) 
also found more significantly structured Ae. aegypti populations in the 
dry season due to reduced effective population size than those in the wet 
season in Manaus, State of Amazonas, Brazil. 

Integrated vector management, that includes a combination of 
various methods such as vector control and education of the public, is 
extremely relevant (WHO, 2012). The Philippine Department of Health 
(DOH, 2020) has been advocating the enhanced 4S strategy as the main 
focus for dengue prevention and control program. The enhanced 4S 
strategy stands for: 1) seek and destroy mosquito-breeding sites, 2) seek 
early consultation if one develops dengue-associated symptoms, 3) 
employ self-protection measures, and 4) say “no” to indiscriminate 
fogging and implement fogging only during outbreaks in hotspot areas. 
Understanding the spatio-temporal genetic structure among dengue 
mosquitoes, particularly in the current global warming, is very impor-
tant for targeting management and control strategies of dengue and 
other Aedes-borne diseases, and for assessing the influences of ecological 
and geographical variations in natural mosquito populations. However, 
there has been no study on the population structure of Ae. aegypti in the 
entire Philippine archipelago with the current global warming. Thus, 
this study aimed to examine the spatial (i.e., elevation and major 
islands) and temporal (i.e., seasonal and yearly) genetic changes of Ae. 
aegypti populations in selected highland and lowland sites in the Phil-
ippine major islands (Luzon, Visayas and Mindanao) during the wet and 
dry seasons of 2017–2019 using 12 microsatellite loci. 

2. Materials and method 

2.1. Study sites and period 

The study sites in the Philippine (Fig. 1) were chosen based on: 1) 
elevation to represent highland (>350 m ASL) and lowland sites (<100 
m ASL) (Table 1), 2) latitudes to represent the three major islands 
(Luzon, Visayas and Mindanao), 3) high dengue incidence (DOH, 2017), 
and 4) similar biotype according to modified Corona’s climate classifi-
cation (Corporal-Lodangco and Leslie, 2017). The country has a tropical 
climate characterized by two seasons: relatively wet (June–February) 
and dry seasons (March–May); summer solstice occurs in late June. The 
highland sites of Luzon, Visayas and Mindanao included Baguio city 
(BG), Cebu city (CC) mountains, and Maramag, Bukidnon (BUK), 
respectively, whereas the lowland sites included Quezon city (QC); 
Liloan (LIL), Cebu; and Cagayan de Oro (CDO) city, respectively (Fig. 1; 
Table 1). Each highland or lowland site had three subsites; half- to three 
kilometer-distance was established between subsites. BG subsites from 
wet season (2017–2018) until dry season (2018) were replaced by new 
subsites from December 1, 2018 until May 2019 for the wet season 
(2018–2019) and dry season (2019) collections due to change of col-
lectors and their non-access to previous subsites (Table 1). 

2.2. Mosquito collections and rearing 

Aedes eggs were collected monthly by modified ovicidal/larvicidal 
(O/L) trap method from Luzon and Mindanao sites during the wet and 
dry seasons (June 2017–June 2019). Immatures were collected by net 
method from Visayas sites during the wet (2017–2018) and dry (2018) 
seasons only; the rest were collected by modified O/L trap method. 
Briefly, black plastic O/L trap (DOST, Manila) was filled with tap water 
and filter paper-wrapped wooden paddle was put diagonally in it to 
serve as the substrate for female Aedes to lay eggs on it. Each O/L trap 
was placed outside human dwelling under the roof gutter and was 
inspected daily for possible deposition of Aedes egg cohorts. Thirty to 40 
O/L traps were placed randomly in each of the three subsites per high-
land or lowland site of each big island for each monthly collection. Each 
egg paper was air-dried and put inside a plastic cup for shipment with 
permission by the Bureau of Quarantine, Cebu city, Philippines. 

Field-collected parental Aedes eggs and subadults were reared in the 
insectary with controlled conditions of 25 ◦C, 75–80% relative humidity 
(RH) and 12-h light:12-h dark (12 L:12D) photoperiod. Only one indi-
vidual for each O/L trap was randomly chosen from the 30–40 O/L traps 
placed per subsite in each monthly collection. Weather data sets from 
2017 to 2019 nearest to the study sites were obtained from PAG-ASA 
through Freedom of Information (FOI) site of the Philippine govern-
ment for all sites except for Liloan (World Weather Online, 2022). Aedes 
subadults were placed in plastic transparent cups covered with fine- 
mesh cloth, were allowed to emerge into adults, and were sorted out 
by sex and species (Belkin, 1962) because Ae. albopictus sometimes were 
present. Ae. aegypti males have bushy-like bristles on their antennae, 
while females have scanty bristles. Emerged adult samples were stored 
at an ultralow freezer (− 80 ◦C). 

2.3. DNA extraction 

Extraction of genomic DNA of wet season-collected Ae. aegypti was 
done by using the DNeasy blood and tissue culture kit (Cat no. 69506; 
Qiagen, Hilden, Germany) following the manufacturer’s protocol and by 
using RNase A (Cat no. 19101; Qiagen, Hilden, Germany) after sample 
digestion for RNA removal. Twenty-five DNA extract-samples from each 
of the three subsites (n = 75 from each highland or lowland site in each 
of the three major islands) for each season from June 2017 to June 2019 
were processed for microsatellite analyses, and sibling samples were 
excluded. 

F. Edillo et al.                                                                                                                                                                                                                                    



Infection,GeneticsandEvolution102(2022)105296

3

Fig. 1. The Philippine study sites in Luzon (Baguio and Quezon cities), Visayas (Cebu city mountains and Liloan, Cebu), and Mindanao (Maramag, Bukidnon and Cagayan de Oro city).  
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2.4. Microsatellite DNA analyses 

A total of 12 microsatellite loci were used in this study; 11 markers 
were taken from Brown et al. (2011) and Slotman et al. (2007) and a new 
marker developed by the team (Labiros et al., 2022) (Additional file 1). 
Each paired microsatellite loci based on non-overlapping size ranges was 
amplified in a multiplex PCR reaction with a single fluorescent M13 
primer (Boutin-Ganache et al., 2001; Oetting et al., 1995; Steffens et al., 
1993), two forward primers with M13 at 5′ tail and two reverse primers. 
All PCR reactions (10 μL) contained 1× Type-it multiplex PCR master 
mix (Qiagen) (6.45 μL nuclease free water [NFW], 1.0 μL buffer, 0.5 μL 
dNTPs, 0.05 μL taq polymerase), 0.075 μM of each forward primer, 
0.250 μM of each reverse primer, 0.5 μM of fluorescently labelled M13 
primer and one μL of DNA extract. Cycling conditions included the 
following: initial denaturation (94 ◦C) for 10 min; 35 cycles of dena-
turation (94 ◦C) for 30 s, annealing (62 ◦C) for 30 s, and extension 
(72 ◦C) for 30 s; and final extension (72 ◦C) for five minutes. Annealing 
PCR products were run on an Applied Biosystems 3730xl DNA genetic 
analyzer (Thermo Fisher Scientific, USA) with a GS 500 Rox internal size 
standard (Applied Biosystems, CA, USA). Microsatellite alleles were 
scored using GeneMapper 5 (Applied Biosystems, CA, USA) and micro-
satellite processing was done at the Philippine Genome Center (PGC), 
Quezon city (Additional file 2). Microsatellite alleles were scored using 
GeneMapper 5 (Thermo Fisher Scientific, Singapore). All genotyped 
data were double checked for allelic drop-outs by running each popu-
lation using MICROCHECKER 2.2.3 (Van Oosterhout et al., 2004). 

2.5. Data analyses 

Population genetic diversity was characterized at each locus within 
populations (i.e., within sites) with the following: allelic richness (AR) 
and private allelic richness (PAR) by using HP-RARE 1.1 (Kalinowski, 
2005), and by the number of alleles and heterozygosities (observed [HO] 
and expected [HE]) by using GENEPOP 4.7.5 (Raymond and Rousset, 

1995). Each locus was tested separately for goodness-of-fit for Hardy- 
Weinberg equilibrium (HWE) by using a probability test, inbreeding 
coefficient (FIS) (Weir and Cockerham, 1984), and pairwise tests for 
linkage disequilibrium (LD) between loci in each population (10,000 
dememorisations, 1000 batches and 10,000 iterations per batch). The 
significance level for multiple simultaneous comparisons for HWE and 
LD was adjusted following the sequential Bonferroni technique. Other 
GENEPOP 4.7.5 analyses included global estimates (i.e., two-year data, 
yearly and seasonal) and pairwise between populations of Fisher’s sta-
tistics (FST) and gene flow (Nm) between populations. Nm (i.e., effective 
number of migrants) was calculated by private allele method to provide 
the corrected multilocus estimate of Nm by population pairs (Slatkin, 
1995) and by using the values from the closest regression line (Barton 
and Slatkin, 1986). GENECLASS 2.0 (Piry et al., 2004) was used to es-
timate the yearly migration rate of individual Ae. aegypti across sites and 
seasons. Detection of the potential first generation (F0) migrants was 
done by computing the likelihood of Lhome/Lmax using Bayesian 
method (Rannala and Mountain, 1997) with Monte-Carlo resampling 
algorithm. Number of simulated individuals was set at 10,000 and 0.05 
p-value. Pairwise FST and geographical distance (km) by year were 
examined using Mantel’s test of correlation with 10,000 permutations 
through XLSTAT 2021 package of Microsoft Excel 2016. Effective pop-
ulation size (Ne) (i.e., the number of individuals in a theoretically ideal 
population having the same magnitude of random genetic drift as the 
actual populations) (Hartl and Clark, 2018) for each population was 
calculated using LD model of NeEstimator v. 2.1 program (Do et al., 
2014). The Bayesian clustering method through STRUCTURE 2.3.4 
program (Pritchard et al., 2000) was used to investigate the population 
structure using the two-year (i.e., one time analysis) and yearly (i.e., 
separate analyses) multi-locus genotype datasets without prior infor-
mation on sampling locations considering the admixture model. Geno-
types were run with a burn-in of 100,000 iterations and 500,000 
replications. The optimal number of K clusters was determined using 
Delta K (Evanno et al., 2005) using the HARVESTER software (Earl and 
von Holdt, 2012). 

Student’s t-tests were performed using Microsoft excel 2016 to 
determine the differences between some seasonal (i.e., wet versus dry 
season) genetic analyses. Generalized Linear Model (GLM) statistical 
tests with the use of Akaike Information Criterion (AIC) were performed 
using SPSS software (v 21) (IBM Corporation, NY, USA) to explore the 
relationship between the meteorological data (mean values of the mean 
monthly of temperature, rainfall and RH) from each site in the following 
combinations of study period and some genetic analyses (mean values 
per site of: AR, PAR, number of loci that deviated from HWE, average FIS 
and Ne). GLM statistical tests were done by: 1) year (i.e., yearly average 
of the wet and dry seasons) and two-site categories (highland vs. low-
land) in each major island, 2) season (i.e., yearly average of wet or dry 
seasons) and two-site categories, and 3) season and six sites regardless of 
elevation. 

3. Results 

Most populations of Ae. aegypti across the three Philippine major 
islands (n = 450 in each season, total n = 1800) during the two years of 
study (2017–2019) provided genotypes of the 12 microsatellite loci. A 
few populations had null alleles in A1, AC1, AG5, CT2, B3 loci, and AC2 
loci, and the null allele frequencies ranged from 0.00 to 0.45 in all loci. 

3.1. Genetic diversity 

Table 2 shows the summary of the genetic diversity of each mosquito 
population. All 12 microsatellite loci were polymorphic in all pop-
ulations with a total of 541 and 513 alleles in the wet seasons of 
2017–2018 and 2018–2019, respectively; and a total of 444 and 521 
alleles in the dry seasons of 2018 and 2019, respectively (Additional file 
3). Student’s t-tests showed that the number of alleles of these loci 

Table 1 
Highland and lowland study sites within Philippine big islands (Luzon, Visayas 
and Mindanao) with coordinates, subsites and elevations.  

Sites Coordinates Subsites Elevation (m 
ASL) 

Luzon 
Baguio city (BG) 

16.402◦N; 
120.596◦E 

UP-Baguio1 1489.00 
Trancoville1 1417.00 
Cabinet Hill1 1474.00 
Sta. Scholastica2 1391.00 
Country club2 1473.00 
Assumption 
Road2 

1412.00 

Quezon city (QC) 14.676◦N; 
121.044◦E 

NIMBB,UP- 
Diliman3 

75.00 

Daan Tubo 65.00 
Payatas B 62.00 

Visayas 
Cebu city (CC) 
mountains 

10.317◦N; 
123.891◦E 

Taptap 661.74 
Babag 2 404.66 
Tabunan, 
Cantipla 

873.42 

Liloan (LIL), Cebu 10.4121◦N; 
123.986◦E 

Poblacion 16.63 
Yati 20.52 
Catarman 16.17 

Mindanao 
Maramag, Bukidnon 
(BUK) 

7.8592◦N; 
125.0515◦E 

Lumbo 458.00 
Sentro, Dologon 371.00 
Musuan, 
Dologon 

386.00 

Cagayan de Oro city 
(CDO) 

8.454◦N; 
124.632◦E 

Gusa 14.00 
Cugman 21.00 
Bugo 20.00 

m ASL: meter above sea level. 
1 First set of subsites (wet season of 2018 up to November 2018). 
2 Second set of subsites (December 1, 2018 up to dry season of 2019). 
3 National Institute of Molecular Biology and Biotechnology, University of the 

Philippines, Diliman. 
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differed significantly (p < 0.01) between wet (2017–2018) and dry 
seasons (2018), but did not differ significantly (p > 0.05) between wet 
and dry seasons in 2018–2019 across all sites. The mean AR across sites 
in the wet season of 2017–2018 ranged from 3.9 (CDO) to 4.28 (CC), and 
in the dry season, 3.52 (BG) to 3.91 (LIL); whereas those in the wet 
season of 2018–2019 ranged from 3.82 (BG) to 4.34 (CDO), and in the 
dry season, 3.51 (CDO) to 6.24 (BUK). The mean PAR across sites in 
2017–2018 ranged from 0.24 (QC) to 0.36 (LIL) in the wet season, and 
from 0.30 (CC) to 0.51 (CDO) in the dry season; whereas those in 
2018–2019 ranged from 0.33 (BUK) to 0.51 (CDO) in the wet season, 
and 0.20 (CDO) to 0.48 (BG) in the dry season. Mosquito populations in 
2017–2018 from CC mountains and LIL during the wet season, and all 
populations in 2018–2019 except from QC during the dry season did not 
conform to HWE expectations (HE > HO), indicating heterozygote defi-
cits and possible inbreeding within each mosquito population (Carvajal 
et al., 2020). 

Based on the GLM statistical test results by year and 2-site category in 
each major island (Table 3A), PAR had borderline level of significance 
(p = 0.05) across highland and lowland sites. Temperature, rainfall and 
RH (Fig. 2) had insignificant (p > 0.05) influence on both AR and PAR, 
which were similar (p > 0.05) 2017–2018 to 2018–2019. Moreover, 
both GLM test results by season and 2-site categories (Table 3B) and by 
season and six sites regardless of elevation (Table 3B) did not show any 
significant (p > 0.05) results on both AR and PAR. 

3.2. Hardy-Weinberg equilibrium (HWE) 

Table 2 shows the locus-specific departures from HWE within each 
Ae. aegypti population in each season. More loci deviated from HWE 
across populations in the wet seasons of 2017–2018 (mean = 11.17) and 
2018–2019 (mean = 8.50) than in the dry seasons of 2018 (mean =
10.17) and 2019 (mean = 8) (Additional file 3). GLM test results 
(Tables 3A–3B) revealed that the yearly number of loci that deviated 
from HWE differed significantly (p < 0.001)(Table 3A) but not season-
ally (p > 0.05) (Table 3B). This number of loci that deviated from HWE 
differed (p < 0.001) across sites (Table 3B), except those mosquitoes 

from BG, having the highest elevation, and CDO (Table 1) as influenced 
by rainfall and RH (Fig. 2). 

3.3. Inbreeding coefficient (FIS) 

The range of the mean FIS estimates (Table 2) across populations in 
2017–2018 (wet season: 0.48–0.58; dry season: 0.44–0.61) were 
significantly (p < 0.001) higher than those of 2018–2019 (wet season: 
0.21–0.41; dry season: 0.25–0.41) (Additional file 3). Results indicate 
the mosquitoes were under intense selection in 2017–2018, and some 
degree of selection in the 2018–2019. AC4 locus consistently had 0.9 to 
fixed FIS and deviated from HWE across sites in the entire study period 
except for the mosquito populations in the Visayas during the wet season 
of 2018–2019, whereas CT2 locus had 0.96 to fixed FIS and did not 
conform to HWE among the mosquito populations across the three major 
islands during the wet season of 2017–2018 only but not in the rest of 
the two-year study period. 

GLM test results by year and two-site categories (Table 3A) showed 
that the mean FIS (Table 2) differed yearly (p < 0.001) as influenced by 
rainfall (p < 0.05)(Fig. 2). Likewise, the mean FIS differed by season (p <
0.05) and across sites (p < 0.05) (Table 3B) except those from BG and 
CDO as influenced by RH (p < 0.001)(Fig. 2). 

3.4. Linkage disequilibrium (LD) 

Separate LD analyses showed that all loci comparisons after Bon-
ferroni correction (p < 0.00015) for multiple tests within each popula-
tion did not show LD in both wet (2017–2018) and dry seasons (2018). 
However, during 2018–2019, there were a pair (1.52%) of loci (AG1 and 
AG5) from CC highlands, four pairs (6.06%) (AC1 and AC5, AC2 and 
AC5, AC1 and AG5, and AC5 and CT2) from BUK, and three pairs 
(4.55%) (AG1 and AG2, AC5 and AG5, and CT2 and B2) from CDO city 
in the wet season that displayed LD. In the dry season, there were four 
pairs (6.06%) of loci (A1 and AG2, A1 and CT2, AC2 and CT2, and AG2 
and CT2) from QC and a pair (1.52%; AC2 and B2) from CDO city 
showed LD. LD results in 2018–2019 apparently imply some degree of 

Table 2 
Number of alleles, mean allelic richness (AR), mean private allelic richness (PAR), mean observed (HO) and expected heterozygosities (HE), number of loci that 
deviated from HWE and inbreeding coefficient (FIS) for all loci of Ae. aegypti collected from all Philippine study sites during the wet and dry seasons (2017–2019) (n =
450 each season).  

Sites* Wet Season (2017–2018) Dry Season (2018) 

No. of 
alleles 

Mean 
AR 

Mean 
PAR 

Mean HO 

(Mean HE) 
Deviations from 
H-WE 

Mean 
FIS 

No. of 
alleles 

Mean 
AR 

Mean 
PAR 

Mean Ho 
(Mean He) 

Deviations from 
H-WE 

Mean 
FIS 

BG 91 4.15 0.31 0.67 (0.65) 12 0.54 73 3.52 0.32 0.72 (0.56) 11 0.49 
QC 87 3.98 0.24 0.71 (0.63) 11 0.58 69 3.61 0.39 0.67 (0.60) 9 0.44 
CC 89 4.28 0.33 0.63 (0.65) 10 0.48 67 3.58 0.30 0.77 (0.60) 11 0.61 
LIL 89 4.24 0.36 0.61 (0.66) 12 0.50 80 3.91 0.45 0.74 (0.30) 12 0.59 
BUK 95 4.10 0.35 0.71 (0.61) 11 0.58 71 3.53 0.35 0.68 (0.60) 9 0.47 
CDO 90 3.90 0.33 0.67 (0.59) 11. 0.51 84 3.80 0.51 0.66 (0.61) 9 0.45  

Overall 
mean 

90 4.11 0.32 0.67 (0.63) 11.17 0.53 74 3.66 0.39 0.71 (0.60) 10.17 0.51 

Total 541      444        

Wet Season (2018–2019) Dry Season (2019) 
BG 87 3.82 0.36 0.61 (0.63) 7 0.41 102 4.44 0.48 0.48 (0.70) 9 0.29 
QC 83 4.07 0.49 0.60 (0.65) 8 0.40 83 3.67 0.29 0.62 (0.61) 9 0.41 
CC 83 3.79 0.34 0.57 (0.62) 9 0.34 90 4.04 0.33 0.51 (0.63) 9 0.29 
LIL 87 4.02 0.37 0.53 (0.63) 6 0.21 95 4.01 0.47 0.57 (0.63) 8 0.33 
BUK 77 3.84 0.33 0.59 (0.64) 11 0.37 77 6.24 0.32 0.45 (0.60) 8 0.25 
CDO 96 4.34 0.51 0.53 (0.68) 10 0.32 74 3.51 0.20 0.50 (0.61) 5 0.25  

Overall 
mean 

86 3.98 0.40 0.57 (0.64) 8.50 0.34 87 4.32 0.35 0.52 (0.63) 8 0.30 

Total 513      521      

BG: Baguio city, QC: Quezon city, CC: Cebu city mountains, LIL: Liloan, Cebu, BUK: Maramag, Bukidnon, CDO: Cagayan de Oro city. 
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selection. 

3.5. Effective population size (Ne) 

Ne estimates based on LD model for Ae. aegypti across sites and in the 
overall Philippine sites were higher in the wet season of 2017–2018 than 
in the dry season of 2018, but the reverse was true in 2018–2019 
(Table 4). Based on GLM statistical test results by year and two-site 
categories (Table 3A), yearly Ne did not differ but had a borderline 
level of significance (p = 0.05). Neither the elevation nor the season 
along with meteorological data across study sites regardless of elevation 
(Table 3B) had significant (p > 0.05) roles on Ne (Table 3A). 

3.6. Population structure 

The global FST 2017–2019 was estimated at 0.16. The global FST 
estimate of 2017–2018 was 0.16 (wet season = 0.04; dry season = 0.09) 
and that of 2018–2019 was 0.06 (wet season = 0.07; dry season = 0.04). 
Tables 5A-B show pairwise genetic differentiations (FST) of Ae. aegypti 
populations. In the two-year study period, population pairs within big 
islands during the dry season had little (FST < 0.05) genetic differenti-
ations, whereas those during the wet season had little (FST = 0.03) to 
moderate (FST = 0.07–0.09) genetic differentiations (Wright, 1978). 
Population pairs across the major islands had little to moderate genetic 

differentiations during both the wet (FST = 0.02–0.07 in 2017–2018; FST 
= 0.03–0.13 in 2018–2019) and dry seasons (FST = 0.04–0.16 in 
2017–2018; FST = 0.02–0.07 in 2018–2019). The Mantel tests between 
the pairwise genetic (FST) and geographic distances of all mosquito 
populations did not show yearly significant correlation for each year 
(year 1: R2 = 0.008, p = 0.96; year 2: R2 = 0.042, p = 0.48). 

3.7. Gene flow (Nm) 

Gene flow based on Nm estimates (Table 6A) in 2017–2018 ranged 
from 2.14 to 6.02 (average = 3.66) effective migrants per generation in 
the wet season, and from 0.64 to 4.44 (average = 1.59) in the dry season, 
which were significantly different from one another (p < 0.001). Also, 
gene flow estimates within the major islands (Table 6A) were higher in 
the wet season than in the dry season. In 2018–2019, Nm values 
(Table 6B) ranged from 0.87 to 3.63 (average = 2.36) in the wet season, 
and from 1.44 to 4.85 (average = 3.04) in the dry season, which were 
also significantly different seasonally (p < 0.05). The reverse was true in 
2018–2019; Nm estimates within the major islands (Table 6B) were 
higher in the dry season than in the wet season. GENECLASS analysis 
identified 172 (19.1%) and 145 (16.1%) out of 900 individuals of Ae. 
aegypti yearly across sites as F0 migrants in 2017–2018 (wet season =
10%); dry season = 9.1%) and 2018–2019 (wet season = 7%; dry season 
= 9.1%), respectively (Additional file 4). These yearly F0 migrants were 
observed between lowlands and highlands within and across major 
islands. The yearly migration rates across all sites (p = 0.38) and be-
tween seasons (2017–2018: p = 0.71; 2018–2019: p = 0.29) were similar 
based on the z-score test for two sample for means. 

3.8. Bayesian clustering analyses and marker validation 

Overall results of Bayesian analyses showed yearly variation of ge-
netic clusters (K) with overall K = 3 (Fig. 3) in Ae. aegypti from Luzon, 
Visayas and Mindanao using STRUCTURE simulations of the two-year 
dataset that was run at one time (Table 7). The most probable genetic 
clusters were K = 2 in 2017–2018 and K = 1 in 2018–2019 (Fig. 3). In 
2017–2018, Fig. 3 shows one genetic cluster (depicted green) across all 
sites during the wet season with a dominant haplotype membership that 
ranged from 92.7% to 98.3% (Table 7), and another cluster (depicted 
purple) across all sites during the dry season (membership range =
78.8%–97.2%). In 2018–2019, Fig. 3 shows another cluster (depicted 
yellow) across all sites regardless of seasons although the range of 
haplotype membership was broader in the wet season (45.2%–94.2%) 
than that of the dry season (85.8%–97.6%). 

Alternatively, Bayesian analyses using STRUCTURE simulations of 
the yearly dataset (Fig. 4) showed also yearly variation of genetic 
clusters, with similar K = 2 in 2017–2018 (Fig. 3) but K = 4 in 
2018–2019. Moreover, to assess the robustness of our results, the ana-
lyses for both two-year and yearly datasets were repeated using an 11- 
locus dataset that excluded AC4 locus (Slotman et al., 2007) because 
it consistently had FIS of 0.9 to fixed, and deviated from HWE across sites 
in the two-year study except for populations in the Visayas during the 
wet season of 2018–2019. This smaller dataset produced similar pattern 
of population clustering (Additional file 5) as the full 12-locus dataset, 
hence, we report only the latter here. This also validates the novel and 
good microsatellite marker used in this study (Aaeg 1-3D) developed by 
the team (Labiros et al., 2022). 

4. Discussion 

This is the first study, to our knowledge, on the spatio-temporal ge-
netic structure of Ae. aegypti from selected highland and lowland sites in 
the Philippine major islands (Luzon, Visayas and Mindanao) that 
explored the relationship between meteorological data (i.e., tempera-
ture, RH and rainfall) and the genetic structure analyses during the wet 
(2017–2018 and 2018–2019) and dry seasons (2018 and 2019). Most 

Table 3A 
Statistical test results of Generalized Linear models by year and two-site cate-
gories (highland vs. lowland) in each Philippine big island. Dependent variables 
of models with their AIC scores are: 1 – AR of Ae. aegypti, 2 - PAR, 3 - the number 
of loci that deviated from HWE, 4 - Ne and 5 - mean FIS.  

Source Wald Chi-Square df p-value 

Model 1: AR (AIC = 40.02)    
Year 7.54 3 0.06 
2-site categories 0.53 1 0.47 
Temperature 0.71 1 0.40 
Rainfall 0.11 1 0.74 
RH 1.38 1 0.24  

Model 2: PAR (AIC = -43.23)    
Year 6.38 3 0.10 
2-site categories 3.76 1 0.051 

Temperature 0.02 1 0.89 
Rainfall 0.00 1 0.95 
RH 1.81 1 0.18  

Model 3: HWE (AIC = 96.16)    
Year 21.84 3 0.00 
2-site categories 1.14 1 0.29 
Temperature 0.17 1 0.68 
Rainfall 1.55 1 0.21 
RH 0.03 1 0.85  

Model 4: Ne (AIC = 354.95)    
Year 7.80 5 0.051 

2-site categories 0.48 2 0.49 
Temperature 0.58 1 0.45 
Rainfall 0.32 1 0.57 
RH 0.24 1 0.62  

Model 5: FIS (AIC = -56.77)    
Year 89.42 5 0.00 
2-site categories 0.91 2 0.34 
Temperature 0.70 1 0.40 
Rainfall 5.14 1 0.02 
RH 0.50 1 0.48 

AIC: Akaike Information Criterion, AR: Allelic richness, PAR: Private allelic 
richness, HWE: Hardy-Weinberg Equilibrium, Ne: Effective population size, FIS: 
Inbreeding coefficient. 

1 Borderline level of significance. 
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studies report on the genetic structure of Ae. aegypti without considering 
the seasonal and or weather conditions such as in Brazil (Wilke et al., 
2017; Maitra et al., 2019; Mendonca et al., 2014), Gabon and Kenya (Xia 
et al., 2020), Penang, Malaysia (Naim et al., 2020), Peruvian Amazon 
(Guagliardo et al., 2019), Philippines (Carvajal et al., 2020; Fonzi et al., 
2015; Sayson et al., 2015), North America (Pless et al., 2020), Thailand 
(Olanratmanee et al., 2013), Yogyakarta, Indonesia (Rašić et al., 2015), 
Yunnan, China (Lv et al., 2020; Shi et al., 2017) among others. 

There are six main results of this study. First, GLM statistical test 
results affirmed the overall Bayesian genetic clustering analyses 
(Figs. 3–4) that showed yearly variations in both datasets (2017–2019 
and yearly) using STRUCTURE. These included significant yearly vari-
ations (Table 3A) on FIS estimates as influenced by rainfall (Fig. 2). The 
mosquitoes were under intense selection in 2017–2018 (overall mean 
FIS: wet season = 0.53; dry season = 0.51) (Table 2), suggesting more 
dramatic reduction on the frequency of heterozygotes leading to small 
refuges of mosquitoes that exhibit random genetic differentiation than 
those in 2018–2019 (overall mean FIS: wet season = 0.34; dry season 
=0.30), when there was some degree of selection only. Huber et al. 
(2002) associated rainfall and factors related with human activity (e.g., 
breeding site density and insecticide treatment) with the genetic struc-
ture of Ae. aegypti populations in Ho Chi Minh city, Vietnam during the 
rainy season. Moreover, GLM analysis (Table 3B) also showed seasonal 

(wet versus dry season) differences on FIS estimates across sites 
(Table 2), except those from BG and CDO as influenced by RH (Fig. 2). 
These results might be attributed to the fact that mosquito abundance 
depends on the presence of water-filled containers and water-storage 
habits of inhabitants in most study sites, which influence the breeding 
pattern of Ae. aegypti (Moore et al., 1978; Edillo et al., 2012). Sayson 
et al. (2015) also observed inbreeding of Ae. aegypti in the wet season 
(2011–2012) and in the dry season (2012) in Cebu city, Philippines. 

In the case of BG site, mean monthly values of RH and rainfall (Fig. 2) 
were similar (p > 0.05) between seasons in the two-year (2017–2019) 
period, whereas temperatures (Fig. 2) were similar (p > 0.05) between 
seasons in 2017–2018. Mean monthly RH in BG during the wet seasons 
were 87.78% (2017–2018) and 87.89% (2018–2019); whereas those 
during the dry seasons were 85.67% (2018) and 85.33% (2019). Mean 
monthly rainfall in BG during the wet seasons were higher (223.4 mm 
[2017–2018] and 545.5 mm [2018–2019]) than those during the dry 
seasons (164.3 mm [2018] and 167.9 mm [2019]). Mean monthly 
temperatures in BG were comparable (wet season: 19.80 ◦C 
[2017–2018] and 18.94 ◦C [2018–2019]; dry season: 19.98 ◦C [2018] 
and 20.48 ◦C [2019]). Moreover, the egg resistance of Ae. aegypti to 
desiccation (Perez and Noriega, 2012; Diniz et al., 2017), water avail-
ability, and the species tolerance to colder environmental temperature 
(Kearney et al., 2009) in BG, as the Philippine summer capital with the 
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Fig. 2. Monthly temperature, rainfall and relative humidity (RH) in the wet seasons (2017–2018 and 2018–2019) and dry seasons (2018 and 2019) of the nearest 
PAG-ASA centers to the study sites. 
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highest elevation (Table 1; Fig. 2) across sites, are important driving 
factors for the mosquitoes to have adapted there. Meanwhile, CDO is an 
urban lowland site in Mindanao (Table 1), and its nearest airport for 
domestic flights is 36.9 km away, which has provided the human 
transportation networks from around its neighboring areas including 
BUK site for possible dispersal of Ae. aegypti (Soper, 1967). BUK is a rural 
highland site (Table 1), mostly agricultural, and is 135.1 km away from 
CDO. Results were consistent with Guagliardo et al. (2019) in which 
human transportation networks by boats explain the high levels of 
population mixing in the Peruvian Amazon. Cargo shipments are more 
efficient than passenger ships in the dispersal of Ae. aegypti across 15 
seaports in central-western Philippines (Fonzi et al., 2015). 

Second, GLM analyses showed both yearly differences across high-
land and lowland sites (Table 3A) and seasonal differences (Table 3B) on 
the number of loci that deviated from HWE across six sites as influenced 
by rainfall and RH. There were more loci deviating from HWE in the wet 
season than in the dry season in both years (Table 2), indicating either 
natural selection, random genetic drift or non-random mating that 
occurred more strongly in the wet season as confirmed with FIS results 
(Edillo et al., 2009; Lanzaro et al., 1998; Lehmann et al., 2003; Midega 
et al., 2010). These results might have been attributed by higher rainfall 
and higher overall mean RH in the wet season (2017–2018 = 83.24%; 

2018–2019 = 80.70%) than in the dry season (2018 = 77.56%; 2019 =
74.5%) with comparable overall mean temperatures in the wet 
(2017–2018 = 26.16 ◦C; 2018–2019 = 25.84 ◦C) and dry seasons (2018 
= 26.44 ◦C; 2019 = 26.86 ◦C) in both years of study (Fig. 2). Female 
mosquitoes’ flight from indoor to outdoor or vice versa between 10 ◦C 
and 35 ◦C is tightly linked with their host-seeking behavior (Reinhold 
et al., 2018) and egg laying (Campos et al., 2012). Because Ae. aegypti 
can fly as fast as 34.1 m/min at 32 ◦C with 50% RH (Rowley and Gra-
ham, 1968), apparently at higher overall mean RH in the wet season 
with comparable seasonal temperatures in the study sites, females might 
have flown slower and oviposited in breeding sites closer to resting sites 
(Campos et al., 2012), and might have seemingly facilitated non-random 
mating. These current results are interestingly the reverse of the previ-
ous findings conducted in Cebu city (Sayson et al., 2015) and in Manaus, 
Amazonas, Brazil (Mendonca et al., 2014) that reported more deviations 
from HWE of Ae. aegypti populations in the dry season than in the wet 
season. Differences could be due to the changing seasonal weather 
patterns of this current study that was done six to seven years after those 
studies (Sayson et al., 2015; Mendonca et al., 2014), sensitivity or use-
fulness of the markers (Lanzaro et al., 1995), and local ecology of the 
vector populations (Sayson et al., 2015; Azil et al., 2010). 

Moreover, results of LD analyses in 2017–2018 imply that all loci 
were randomly associated and were not physically linked validating 

Table 3B 
Statistical test results of Generalized Linear models by season and two-site cat-
egories based on altitudes (left) in each Philippine big island, and by season and 
six sites (right). Dependent variables of models with their AIC scores are: 1 – AR 
of Ae. aegypti, 2 - PAR, 3 - the number of loci that deviated from HWE, 4 - Ne and 
5 - mean FIS.  

Source By season and 2-site categories By season and six sites 

Wald chi- 
square 

df p- 
value 

Wald chi- 
square 

df p- 
value 

Model 1: AR (AIC = 50.57) Model 1: AR (AIC = 54.96) 
Season 0.00 1 0.99 0.36 1 0.55 
Sites 0.61 1 0.43 4.62 5 0.46 
Temperature 0.18 1 0.67 1.22 1 0.27 
Rainfall 0.28 1 0.60 0.00 1 0.99 
RH 0.00 1 0.98 0.00 1 0.99  

Model 2: PAR (AIC = − 42.11) Model 2: PAR (AIC = − 35.77) 
Season 0.54 1 0.46 1.09 1 0.30 
Sites 2.97 1 0.09 4.90 5 0.43 
Temperature 0.00 1 0.98 0.80 1 0.37 
Rainfall 0.06 1 0.81 0.00 1 0.96 
RH 0.87 1 0.35 0.54 1 0.46  

Model 3: HWE (AIC = 107.13) Model 3: HWE (AIC = 100.89) 
Season 0.56 1 0.45 0.00 1 0.97 
Sites 0.32 1 0.57 20.04 5 0.00 
Temperature 0.09 1 0.76 1.95 1 0.16 
Rainfall 0.62 1 0.43 6.39 1 0.01 
RH 1.06 1 0.30 15.62 1 0.00  

Model 4: Ne (AIC = 357.48) Model 4: Ne (AIC = 360.22) 
Season 0.23 1 0.63 0.02 1 0.90 
Sites 0.29 1 0.59 6.25 5 0.28 
Temperature 0.86 1 0.35 0.01 1 0.91 
Rainfall 0.12 1 0.73 0.09 1 0.76 
RH 0.99 1 0.32 2.26 1 0.13  

Model 5: FIS (AIC = − 56.77) Model 5: FIS (AIC = − 27.38) 
Season 0.62 1 0.43 3.95 1 0.04 
Sites 0.03 1 0.87 14.41 5 0.01 
Temperature 1.43 1 0.23 0.47 1 0.49 
Rainfall 1.62 1 0.20 0.00 1 0.97 
RH 1.39 1 0.24 15.06 1 0.00 

AIC: Akaike Information Criterion, RH: Relative humidity, AR: Allelic richness, 
PAR: Private allelic richness, HWE: Hardy-Weinberg Equilibrium, Ne: Effective 
population size, FIS: Inbreeding coefficient 

Table 4 
Effective population size of Ae. aegypti populations from all study sites during the 
wet and dry seasons of 2017–2019 based on the linkage disequilibrium model 
with 95% confidence interval.  

Sites Wet Season (2017–2018) Dry Season (2018) 

Ne 95% CI Ne 95% CI 

BG 147.2 82.3–459.4 39.1 26.4–64.0 
QC 383.1 123.7 – infinite 71.3 43.6–149.5 
CC 234.4 112.2–4732.5 62.9 40.2–117.4 
LIL 406.9 136.7 – infinite 59.3 35.2–136.7 
BUK 1717.4 184.7 – infinite 35.4 25.2–52.7 
CDO 167.4 83.2–1123.4 156.6 75.0–1965.9  

All sites 485.4 343.2–767.4 96.3 79.6–117.4   

Wet Season (2018–2019) Dry Season (2019) 
BG 41.5 29.8–61.5 76.0 51.9–126.0 
QC 58.6 32.1–183.1 31.3 23.6–42.7 
CC 30.6 23.3–41.2 31.9 24.5–42.7 
LIL 123.1 67.5–404.1 120.5 68.3–341.4 
BUK 23.6 18.4–30.6 66.4 44.4–112.3 
CDO 49.0 36.8–68.3 39.5 27.8–60.2  

All sites 70.9 60.8–82.9 166.4 134.7–209.0 

BG: Baguio city, QC: Quezon city, CC: Cebu city mountains, LIL: Liloan, Cebu, 
BUK: Maramag, Bukidnon, CDO: Cagayan de Oro city, Ne: Effective population 
size, CI: Confidence interval. 

Table 5A 
Genetic differentiation using FST of Ae. aegypti populations between study sites 
and between seasons (wet 2017–2018: below diagonal line; dry 2018: above 
diagonal line).  

Sites BG QC CC LIL BUK CDO 

BG  0.05 0.11 0.08 0.16 0.11 
QC 0.02  0.08 0.04 0.11 0.06 
CC 0.07 0.06  0.05 0.13 0.10 
LIL 0.06 0.06 0.01  0.08 0.04 
BUK 0.06 0.04 0.03 0.02  0.04 
CDO 0.06 0.03 0.03 0.02 0.02  

BG: Baguio city, QC: Quezon city, CC: Cebu city mountains, LIL: Liloan, Cebu, 
BUK: Maramag, Bukidnon, CDO: Cagayan de Oro city 
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Brown et al. (2011). Based on the chromosomal map of microsatellite 
markers of Ae. aegypti (Labiros et al., 2022) in reference with the genome 
(Matthews et al., 2018), only AC5 and CT2 loci on the first chromosome 
used in this study had relatively short distance (i.e., 4,582,215 bp apart), 
but were not physically linked to cause LD in 2017–2018. However, 
there were a few pairs of loci that showed LD in 2018–2019, that might 
have been attributed to non-random mating as confirmed by FIS esti-
mates with some degree of selection (Ridley, 2007; Hartl and Clark, 
2018). However, there were a few pairs of loci that showed LD in 
2018–2019, that might have been attributed to non-random mating as 
confirmed by FIS estimates with some degree of selection (Ridley, 2007; 
Hartl and Clark, 2018). The amplification of dengue viruses (DENVs) 
within Ae. aegypti increases also with humidity (over 60%) and 
increased environmental temperature (~24–31 ◦C) (Thu et al., 1998). 
Edillo et al. (2015) reported the rising minimum infection rate (MIR) of 
DENV-infected Ae. aegypti (i.e., from zero in the wet season of 
2011–2012 to 46.22 MIR in mid-dry season of 2012) in Cebu city, 
Philippines. Although control interventions in the non-outbreak dry 
season were recommended to suppress the re-emerging pattern of 
dengue transmission in the following outbreak wet season (Edillo et al., 
2015), the enhanced 4S strategy has been commonly practiced during 
the epidemic wet season. Results of the current study also suggest that 
the enhanced 4S strategy (DOH, 2020) should be implemented all-year 
round during this global warming in the Philippines (Edillo et al., 2022), 
in particular, and related dengue vector control strategies in the tropics, 
in general. 

Third, Bayesian approach showed three genetic clusters with K = 2 in 
2017–2018 and K = 1 in 2018–2019. Clustering with a K = 2 (Fig. 3) 
indicates that all Ae. aegypti populations across sites could be grouped by 
two seasons with consistent seasonal difference on haplotype member-
ships (Table 7), as influenced significantly (p < 0.05) by season and RH 

(Fig. 2) on FIS by GLM test results (Table 3B). The high mean FIS esti-
mates (0.51–0.53) in 2017–2018 (Table 2) imply that high non-random 
mating of mosquitoes as explained above might have acted as an 
ancillary process for an intense selection to have occurred. AC4 locus 
consistently had 0.9 to fixed FIS, and deviated from HWE across sites in 
the entire study period except for the mosquito populations in the 
Visayas during the wet season of 2018–2019, consistent with that of 
Slotman et al. (2007). Clustering with a K = 1 in 2018–2019 (Fig. 3) 
indicates genetic homogeneity or population admixture for all mosquito 
populations across sites in both wet and dry seasons. However, because 
global genetic differentiation (FST = 0.06) in 2018–2019 was moderate, 
alternative Bayesian clustering with a K = 4 (Fig. 4B; Table 8) using the 
yearly datasets would imply all samples could be geographically 
differentiated. Mosquitoes from Luzon and Visayas sites showed popu-
lation admixture (Fig. 4B) independent of altitude and season, whereas 
those from Mindanao sites showed an apparent population structure and 
seasonal genetic clustering as shown also in Table 5B (FST: wet season =

L U Z O N L U Z O NV I S A Y A S V I S A Y A SM I N D A N A O M I N D A N A O

Wet Dry

BG BG BG BGQC QC QC QCCC CC CC CCLIL LIL LIL LILBUK BUK BUK BUKCDO CDO CDO CDO

K=3

2017-2018: K=2 2018-2019: K=1

Wet Wet Wet Wet WetDry Dry Dry Dry Dry

Fig. 3. Year-to-year variation of the genetic structure bar plots of Ae. aegypti samples (n = 1800) from Luzon, Visayas and Mindanao sites using 12 loci two-year 
dataset that was run at one time in STRUCTURE. Overall K = 3, year 1 (2017–2018): K = 2, and year 2 (2018–2019): K = 1. The height of each colored line 
segment represents the probability of assignment to that cluster. Legend: BG - Baguio city; QC - Quezon city; CC - Cebu city mountains; LIL - Liloan, Cebu; CDO - 
Cagayan de Oro city; BUK - Bukidnon. 

L U Z O N

L U Z O N

V I S A Y A S

V I S A Y A S

M I N D A N A O

M I N D A N A O

K=2

K=4

BG

BG

BG

BG

QC QC

QC QC

CC

CC

LIL

LIL

CC

CC

LIL

LIL

BUK

BUK

BUK

BUK

CDO

CDO

CDO

CDO

B

A
Wet Wet Wet

Wet Wet Wet

Dry Dry Dry

Dry Dry Dry

Fig. 4. A–B Year-to-year variation of the genetic structure bar plots of Ae. aegypti samples (n = 1800) from Luzon, Visayas and Mindanao sites using12 loci yearly 
datasets that were run separately in STRUCTURE. Panel A: K = 2 in 2017–2018 and panel B: K = 4 in 2018–2019. The height of each colored line segment represents 
the probability of assignment to that cluster. Legend: BG - Baguio city; QC - Quezon city; CC - Cebu city mountains; LIL - Liloan, Cebu; CDO - Cagayan de Oro city; 
BUK - Bukidnon. 

Table 5B 
Genetic differentiation using FST of Ae. aegypti populations between study sites 
and between seasons (wet 2018–2019: below diagonal line; dry 2019: above 
diagonal line).  

Sites BG QC CC LIL BUK CDO 

BG  0.03 0.04 0.04 0.04 0.06 
QC 0.07  0.05 0.05 0.06 0.07 
CC 0.09 0.07  0.02 0.02 0.03 
LIL 0.06 0.07 0.03  0.02 0.06 
BUK 0.13 0.08 0.12 0.13  0.02 
CDO 0.06 0.06 0.03 0.03 0.09  

BG: Baguio city, QC: Quezon city, CC: Cebu city mountains, LIL: Liloan, Cebu, 
BUK: Maramag, Bukidnon, CDO: Cagayan de Oro city 
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0.09; dry season = 0.02). Results imply population admixture in Luzon 
and Visayas sites (Fig. 4B), which are highly and moderately urbanized 
areas, respectively, with greater human transportation networks that 
facilitate population mixing, consistent in other studies (Diaz-Nieto 
et al., 2016; Guagliardo et al., 2019; Huber et al., 2004; Rašić et al., 
2015). Also, passive transport of Ae. aegypti eggs or immatures in-
troduces new genetic variants by migration into established populations 
(Maffey et al., 2020). Moreover, secondary and minor roads in resi-
dential areas, pedestrian lane and intersections can act as a route of 
passive dispersal of Ae. aegypti (Regilme et al., 2021). Decreased genetic 
diversity is facilitated when there is an increased urbanization (Gubler, 
2011). Because Ae. aegypti can be endophilic (i.e., taking shelter indoor) 
and endophagic (i.e., blood-feeding indoor), they can flourish in ur-
banized areas causing dengue epidemic (Gubler, 2011; Brown et al., 
2014; Jansen and Beebe, 2010). 

Fourth, isolation by distance based on Mantel test results did not 
influence FST estimates of Ae. aegypti populations in the Philippine major 
islands. Pairs of mosquito populations within major islands had low FST 
estimates in the dry seasons of 2018 and 2019 and wet season of 
2017–2018, whereas low to moderate genetic differentiations in the wet 
seasons of 2017–2019. Results with low genetic differentiation were 
consistent with studies that had microgeographic-scale setting of Ae. 
aegypti populations in Cebu city (Sayson et al., 2015) and Metro Manila 
(Carvajal et al., 2020). Landscape features such as highways, rivers and 
primary roads create also a barrier to dispersal of Ae. aegypti on a fine 
spatial scale (Regilme et al., 2021). Population pairs across sites between 
major islands had low to moderate FST estimates indicating that long- 
distance dispersal might be driven by human-mediated transportation 
(Brown et al., 2011; Guagliardo et al., 2019; Huber et al., 2008; Men-
donca et al., 2014; Paupy et al., 2008; Paupy et al., 2012; Ravel et al., 
2001; Scarpassa et al., 2008) and human-mediated interventions such as 
insecticide use (Scarpassa et al., 2008). There was no evidence of a 
founder effect in any mosquito populations for there were low FST esti-
mates among some sites in either of the wet or dry seasons. 

Fifth, gene flow (Nm) among populations of Ae. aegypti was observed 
between lowlands and highlands within and across major islands 
(Tables 6A–6B) as confirmed by similar yearly migration rates (19.1% in 
2017–2018 and 16.1% in 2018–2019) across all sites and between 
seasons by GENECLASS analysis. These results imply that Ae. aegypti 
populations were not completely isolated from each other at any time. 
Since Ae. aegypti is both endophilic and endophagic, their movement 
from inside to outside shelters or vice versa would allow them to 
encounter temperature fluctuations (10 ◦C–32 ◦C) that can affect their 
behavior, including host-seeking (Reinhold et al., 2018). Most house-
holds in rural highland sites of the current study do not have direct water 
pipelines, forcing householders to store water in plastic drums for do-
mestic use, thus facilitating the mosquitoes to breed all-year round on 
their expanded distribution to rural highlands posing a challenge for 
vector control programs. Moreover, their eggs can undergo quiescence 
(i.e., non-seasonal irregular dormancy that resist desiccation) that al-
lows the embryo to survive in unfavorable environmental conditions 
(Diniz et al., 2017), as confirmed in our separate study (Edillo et al., 

2022). We observed the highest percentage of pharate larvae of Ae. 
aegypti formed at 18 ◦C and even a few were produced at 38 ◦C, facili-
tating their spread to new areas via transportation of materials (Soper, 
1967). Dispersal rate of Ae. aegypti at distances greater than their 
average flight is associated with human activity such as long distance 
transport (Guagliardo et al., 2019; Bennett et al., 2019; Failloux et al., 
1997), however, human-made landscape structures such as primary 
roads limit also mosquito movement and gene flow (Regilme et al., 
2021). 

Sixth, Ne had yearly borderline level of significance (p = 0.05) from 
based on GLM test results (Table 3A). Likewise, PAR but not AR had 
borderline level of significance (p = 0.05) across highland and lowland 
sites in the Philippine major islands (Table 3B). The abundance of Ae. 
aegypti depends on the availability of water-filled containers (Kearney 
et al., 2009), water-storage habits of humans, and water supply system 
in localities (Edillo et al., 2012) that might have affected their breeding 
pattern. The mosquitoes usually reach their maximum after peak rainfall 
(Huber et al., 2002). The mean rainfall (Fig. 2) in the current study 
during wet seasons of both years were higher than those in the dry 

Table 6A 
Gene flow (Nm) of Ae. aegypti populations between Philippine study sites and 
between seasons (wet 2017–2018: below diagonal line; dry 2018: above diag-
onal line).  

Sites BG QC CC LIL BUK CDO 

BG  4.44 1.47 1.73 0.68 0.71 
QC 6.02  0.97 1.52 0.64 0.82 
CC 2.77 3.35  2.99 0.81 0.84 
LIL 2.14 3.05 3.89  1.69 2.06 
BUK 2.97 3.74 2.88 4.20  2.46 
CDO 3.50 3.79 3.23 3.70 5.70  

BG: Baguio city, QC: Quezon city, CC: Cebu city mountains, LIL: Liloan, Cebu, 
BUK: Maramag, Bukidnon, CDO: Cagayan de Oro city 

Table 6B 
Gene flow (Nm) of Ae. aegypti populations between study sites and between 
seasons (wet 2018–2019: below diagonal line; dry 2019: above diagonal line).  

Sites BG QC CC LIL BUK CDO 

BG  3.56 3.55 4.14 3.34 2.35 
QC 0.87  3.52 3.17 2.66 2.16 
CC 1.66 3.26  4.85 3.21 1.45 
LIL 2.12 3.23 2.56  3.28 1.44 
BUK 2.37 1.89 2.07 1.73  2.98 
CDO 2.16 2.72 3.63 3.19 1.86  

BG: Baguio city, QC: Quezon city, CC: Cebu city mountains, LIL: Liloan, Cebu, 
BUK: Maramag, Bukidnon, CDO: Cagayan de Oro city 

Table 7 
Percentage haplotype memberships of Ae. aegypti in the wet and dry seasons of 
2017–2018 (K = 2) and 2018–2019 (K = 1) across Philippine study sites with 
overall K = 3 based on the one-time STRUCTURE analysis of the two-year 12-loci 
genotype dataset.  

Season Site Cluster 1 (%) Cluster 2 (%) Cluster 3 (%) 

Wet Season (2017–2018) BG 1.1 0.6 98.3 
QC 1.2 0.8 98.0 
CC 1.4 95.6 3.0 
LIL 3.1 92.7 4.3 
BUK 1.2 1.2 97.6 
CDO 1.2 1.1 97.7  

Dry Season (2018) BG 17.8 78.8 3.4 
QC 14.5 80.0 5.6 
CC 1.4 2.0 96.6 
LIL 0.9 1.9 97.2 
BUK 9.6 88.1 2.3 
CDO 7.5 91.6 0.9  

Wet Season (2018–2019) BG 74.5 24.1 1.4 
QC 50.0 40.9 9.1 
CC 85.8 9.9 4.3 
LIL 91.2 7.5 1.4 
BUK 75.5 22.8 1.8 
CDO 94.2 4.7 1.1  

Dry Season (2019) BG 93.7 5.1 1.1 
QC 91.3 4.9 3.9 
CC 45.2 53.0 1.8 
LIL 78.5 19.2 2.3 
BUK 97.6 1.6 0.8 
CDO 97.3 2.1 0.6 

BG: Baguio city; QC: Quezon city; CC: Cebu city mountains; LIL: Liloan, Cebu; 
BUK: Maramag, Bukidnon; CDO: Cagayan de Oro city. 
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seasons. This might have contributed to the greater Ne estimates in the 
wet season than in the dry season of 2017–2018 (Table 4), suggesting 
reconstitution of the genetic composition of Ae. aegypti population 
during the wet season by the expansion of refuges that survived the 
preceding dry season, consistent with Sayson et al. (2015) for Ae. aegypti 
subpopulations in Cebu city, Philippines and in Ho Chi Minh city, 
Vietnam (Huber et al., 2002). Moreover, the effect of Ne estimates on 
genes differs under varying levels of selection pressure, and is more 
pronounced in genes under high purifying selection (Subramanian, 
2018). However, perhaps because Ne fluctuates as a result of environ-
mental stochasticity, Ne estimates were lower in the wet season than in 
the dry season of 2018–2019 (Table 4), that might have contributed also 
to the striking difference in the population structure between 2017 and 
2018 and 2018–2019. Because of similar (p > 0.05) seasonal mean 
temperatures across sites in 2017–2019, except BG and BUK in 
2018–2019 (Fig. 2), the increase in the variance in allele frequency of 
the LD model (Whitlock and Barton, 1997) might have influenced the 
similar breeding pattern of Ae. aegypti in the current study. In response 
to this environmental context of global warming (IPCC, 2014), Ae. 
aegypti might have developed several methods of adaptation to protect 
themselves from environmental stress (Reinhold et al., 2018). Moreover, 
residents in rural highlands have utilized hose delivery system of spring 
water to their houses, and have stored water in artificial containers for 
domestic use. These water-filled containers served as potential breeding 
sites of Ae. aegypti. 

5. Conclusions 

In conclusion, Ae. aegypti populations in the Philippines underwent 
striking yearly differences in genetic structure; seasonal population 
clustering in 2017–2018 and population admixture in more urbanized 
sites (Luzon and Visayas) in 2018–2019. These yearly variations 

indicated selection and random genetic drift as influenced by rainfall 
and RH, and a more dramatic reduction of heterozygotes due to non- 
random mating leading to a more intense selection in 2017–2018 than 
in 2018–2019 as influenced by rainfall, and differences of Ne estimates 
although with borderline level of significance. In both years 
(2017–2019), human-mediated activities and not isolation by distance 
influenced genetic differentiations within and across big islands. Ae. 
aegypti expanded their distribution to the Philippine highlands. Findings 
of this work are extremely relevant to better respond to the effects of 
global warming on integrated vector management that includes vector 
control strategies and education of the public not just in the country but 
also in the tropics. Vector control strategies during the epidemic wet 
season are recommended to be changed into a whole year-round 
approach to optimize the economic cost and burden of dengue and 
other arboviral diseases (chikungunya and Zika) transmitted by Ae. 
aegypti. Installation of water pipelines to residents in rural mountains 
nation-wide is an important practical recommendation in preventing the 
spread of Aedes-borne arboviral diseases there. 
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HWE Hardy-Weinberg equilibrium 
RH relative humidity 
CFR case fatality rate 
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PAR private allelic richness 
HO observed heterozygosity 
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Table 8 
Percentage haplotype memberships of Ae. aegypti in the wet and dry seasons of 
2017–2018 (K = 2) and 2018–2019 (K = 4) across the Philippine study sites 
based on separate STRUCTURE analyses of yearly 12-loci genotype datasets.  

Season Site Cluster 1 
(%) 

Cluster 2 
(%) 

Cluster 3 
(%) 

Cluster 4 
(%) 

Wet Season 
(2017–2018) 

BG 0.6 99.4 0.0 0.0 
QC 0.9 99.1 0.0 0.0 
CC 1.1 98.9 0.0 0.0 
LIL 1.3 98.7 0.0 0.0 
BUK 2.4 97.6 0.0 0.0 
CDO 2.1 97.9 0.0 0.0  

Dry Season (2018) BG 97.5 2.5 0.0 0.0 
QC 95.9 4.1 0.0 0.0 
CC 96.2 3.8 0.0 0.0 
LIL 92.5 7.5 0.0 0.0 
BUK 97.1 2.9 0.0 0.0 
CDO 99.2 0.8 0.0 0.0  

Wet Season 
(2018–2019) 

BG 5.9 40.7 17.9 35.4 
QC 42.0 12.5 24.8 20.7 
CC 24.2 8.2 52.1 15.5 
LIL 12.9 23.8 54.0 9.3 
BUK 8.0 5.2 19.2 67.6 
CDO 78.9 7.3 5.5 8.3  

Dry Season (2019) BG 8.2 33.1 38.6 20.1 
QC 7.2 15.0 49.5 28.3 
CC 14.9 42.8 34.8 7.5 
LIL 4.8 74.7 11.8 8.7 
BUK 2.5 53.1 38.4 6.0 
CDO 9.3 20.4 66.7 3.6 

BG: Baguio city; QC: Quezon city; CC: Cebu city mountains; LIL: Liloan, Cebu; 
BUK: Maramag, Bukidnon; CDO: Cagayan de Oro city. 
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Lanzaro, G.C., Touré, Y.T., Carnahan, J., Zheng, L., Dolo, G., Traoré, S., Petrarca, V., 
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