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Abstract

Driven by globalization, urbanization and climate change, the distribution range of in-
vasive vector species has expanded to previously colder ecoregions. To reduce health-
threatening impacts on humans, insect vectors are extensively studied. Population
genomics can reveal the genomic basis of adaptation and help to identify emerg-
ing trends of vector expansion. By applying whole genome analyses and genotype-
environment associations to populations of the main dengue vector Aedes aegypti,
sampled along an altitudinal gradient in Nepal (200-1300m), we identify putatively
adaptive traits and describe the species' genomic footprint of climate adaptation to
colder ecoregions. We found two differentiated clusters with significantly different
allele frequencies in genes associated to climate adaptation between the highland
population (1300m) and all other lowland populations (<800m). We revealed non-
synonymous mutations in 13 of the candidate genes associated to either altitude,
precipitation or cold tolerance and identified an isolation-by-environment differen-
tiation pattern. Other than the expected gradual differentiation along the altitudinal
gradient, our results reveal a distinct genomic differentiation of the highland popu-
lation. Local high-altitude adaptation could be one explanation of the population's
phenotypic cold tolerance. Carrying alleles relevant for survival under colder climate
increases the likelihood of this highland population to a worldwide expansion into

other colder ecoregions.

KEYWORDS
climate change genomics, latent factor mixed model, range expansion, whole genome pooled
sequencing, yellow fever mosquito
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1 | INTRODUCTION

Biodiversity, the diversity and abundance of organisms, their genes
and ecosystemes, is the foundation of human health and well-being
by providing essential ecosystem services. However, vector-borne
diseases (VBDs), arising from inter-relationships between patho-
gens, invertebrate vectors and host species, are also part of biodi-
versity (Marselle et al., 2021). VBDs account for 17% of all infectious
diseases worldwide (WHO, 2020) and are thus detrimental to human
health. Even though vectors play an important role in pollination,
one might describe VBDs and especially vector species as the dark
side of biodiversity (Lahondeére et al., 2020).

Climate warming is generally expected to promote the expansion
of ectothermic insects to cooler ecoregions (Kraemer et al., 2019;
Liu-Helmersson et al., 2019; Reuss et al., 2018; Samuel et al., 2016).
This is not only explained by the simple fact that rising tempera-
tures will decrease temperature barriers currently shielding cooler
ecoregions, thus allowing for climate niche tracking (Thomas, 2010;
Waldvogel, Feldmeyer, et al., 2020). Climate warming will also se-
lectively challenge range-edge populations, thereby continuously
priming adaptive changes along environmental gradients (Gibson
etal., 2009; Hargreaves & Eckert, 2019). This is even more important
for anthropogenically dispersed species. After the introduction into
a new environment, invasive populations are unlikely at their fitness
optimum, that is, they are usually experiencing strong environmental
selection whilst additionally suffering from reduced genetic diversity
and accordingly reduced adaptive potential (Bennett et al., 2021b).

Climatic clines influence insect population divergence as shown
in Anopheles gambiae (Cheng et al., 2012), Drosophila melanogaster
(Bergland et al., 2016; Kolaczkowski et al., 2011; Rane et al., 2015)
and also in Aedes aegypti (Bennett et al., 2021b). Invasive species
that expand their ranges along clines are expected to locally adapt
(Sherpa, Guéguen, et al., 2019). For instance, Ae. albopictus adapted
genetically and morphometrically to Northern latitudes prior to its
successful worldwide expansion (Sherpa, Blum, & Després, 2019).
Further investigations of cold tolerance in the native range of
Ae. albopictus support thermal adaptation across a temperature
cline (Sherpa et al., 2022). D. melanogaster has also been shown to
carry beneficial alleles for the survival under temperate and tropi-
cal conditions prior to their invasion in North America and Australia
(Bergland et al., 2016). Thus, the interpretation and identification of
genomic signatures of “climate adaptation” can be regarded as spe-
cial case of classical local adaptation, since environmental heteroge-
neity or ideally the gradual variation of climate along environmental
gradients will result in gradual or at least environmentally correlated
signatures of selection (Waldvogel et al., 2018).

Dengue fever expanded over the last decades and is predicted
to spread further (Messina et al., 2019; Murray et al., 2013); more
than 390 million people are at a risk of a dengue infection (Bhatt
et al., 2013). The spread of the disease via its main vector species
Ae. aegypti (Linnaeus, 1762) was facilitated through globalization, ur-
banization and climate change (Gubler, 2011; Kraemer et al., 2019;
Wilson et al., 2020). For Ae. aegypti it is documented that populations

invaded novel habitats by following their spatially expanding climate
niche (Garzén et al., 2021; Liu-Helmersson et al., 2019). Therefore,
their continued spread in the future is likely (Iwamura et al., 2020;
Trajer, 2021). Further expansion to cooler ecoregions such as
Europe, however, will additionally require adaptation to the envi-
ronmental conditions there (Kramer et al., 2020; Sherpa, Blum, &
Després, 2019). Evidence of photoperiod-induced dormancy in a
temperate population of Ae. aegypti is an example that indicates the
adaptive potential to climates with colder winter periods (Fischer
et al., 2019). It is, however, less clear whether range-edge popula-
tions carry sufficient adaptive potential for further acceleration of
their expansion process.

To recognize emerging trends in adaptive traits of Ae. aegypti
to cooler ecoregions, the study of the species while it is currently
spreading along climatic transects with ongoing disease expan-
sion (e.g., Dengue) in the Hindu Kush Himalayan (HKH) country is
a powerful model system (Darsie et al., 1990; Dhimal et al., 2014;
Dhimal, Bhandari, et al., 2021; Dhimal, Gautam, et al., 2015; Dhimal,
Kramer, et al., 2021; Malla et al., 2008; Peters & Dewar, 1956; Phuyal
et al., 2020; Rijal et al., 2021; Thakuri et al., 2019). Adaptation of
Ae. aegypti populations to colder climates, associated traits and gene
sets are, however, scarcely investigated (Schmidt et al., 2021). In ad-
dition, genetic admixture of populations from different origins in the
expansion areas can benefit invaders by mitigating negative effects
of their introduction and masking deleterious alleles and/or generat-
ing new allelic combinations creating novel phenotypes as raw ma-
terial for selection and rapid adaptation (Sherpa, Blum, Capblancq,
etal., 2019).

Accordingly, the overwintering potential in a highland popula-
tion (1300 m) in the HKH region can be lower compared to the low-
lands (<800m; Kramer et al., 2020; Kramer, Pfeiffer, et al., 2021).
Adaptation of the mosquito populations to higher altitudes might
thus be facilitated by climate change. Population genomics can help
to examine the role and speed of climate on adaptation in the course
of the species expansion (Waldvogel, Feldmeyer, et al., 2020). Here,
we tested if gradual climate heterogeneity along an altitudinal gra-
dient is reflected in patterns of genomic differentiation of natural
Ae. aegypti populations sampled along an altitudinal gradient, hence-
forth referred to as pattern of “climate adaptation”. We studied
climate adaptation in Ae. aegypti field populations sampled along
a prominent climate gradient of Nepal, using the currently most
commonly applied genotype-environment association (GEA) tool
(LFMM, Figure 1; abbreviations are given in Appendix S1: Table S1;
Waldvogel, Schreiber, et al., 2020).

2 | MATERIALS AND METHODS
2.1 | Collection of mosquitos
We sampled Ae. aegypti populations, each with a minimum of 96

individuals, from four sampling sites: Chitwan (CH200, 200m
asl), Dhading (DH600, 600m asl), Dharke (DK800, 800m asl) and
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FIGURE 1 Study design to analyse climate adaptation of natural Ae. aegypti populations along an altitudinal gradient. CDS, coding region;
CT, cold tolerance data normalized to controls (Kramer, Pfeiffer, et al., 2021); ENV, environmental variable; EAP, significant ENV associated

positions; OW, significant 1 kb F¢; outlier windows.

Kathmandu (KT1300, 1300m asl). The sampling sites are distrib-
uted along an altitudinal, temperature gradient in Central Nepal
(Kramer, Baral, et al., 2021; Kramer, Pfeiffer, et al., 2021; Figure 1)
and connected via a motorway (Chitwan =» Dhading [side valley;
road distance:~97 km] = Dharke [~57 km] = Kathmandu [~31km]).
Mosquitoes were identified by a taxonomist following the guidelines
described in Darsie et al., 1990 (Sampling details in Appendix S1,
Table S2). For DNA isolation (Qiagen DNeasy blood and tissue kit),
two legs of each adult were pooled per population. To control the
quantity of DNA, Qubit Fluorometer (Invitrogen) measurements

were performed.

2.2 | Whole-genome sequencing

Four pooled DNA samples were sequenced on an lllumina HiSeq
to yield 150bp paired-end pooled sequencing (Pool-Seq) whole
genome data (Figure 1). The ratio of 296 individuals per popula-
tion and targeted coverage of ~20-30x per pool was chosen to
allow an accurate estimation of genome-wide allele frequencies
(Fabian et al., 2012; Futschik & Schlotterer, 2010). Pool-Seq ge-
nome data were quality trimmed and separately preprocessed
using the wrapper script autotrim.pl (Waldvogel et al., 2018),
which integrates Trimmomatic (Bolger et al., 2014) and fastqc
(Andrews, 2010).

2.3 | Analysis of subspecies

To link our population genomic analyses to prior microsatellite
work and to identify potential subspecies as they are described for
Ae. aegypti (Gloria-Soria et al., 2016), we developed a workflow to
assess microsatellite (psats) diversity from genome-wide Pool-Seq
data. For this analysis explicitly, the trimmed files were mapped
to the unmasked reference genome of Ae. aegypti (Matthews
et al., 2018) using NextGenMap (ngm; Sedlazeck et al.,, 2013).
Accounting for the possible presence of subspecies of Ae. aegypti
(dominant African subspecies: Ae. aegypti formosus; outside of
Africa: Ae. aegypti aegypti (Gloria-Soria et al., 2016) in the samples,
ngm was used since this mapper is independent of the amount of
genomic polymorphism present in reads (Sedlazeck et al., 2013).
Each read of genome-wide Pool-Seq data belonging to one indi-
vidual chromosome (diploid individuals), provides the required
haplotype-specific data to analyse population structure using
usats. First, 12 psats were identified (A1, A9, AC1, AC2, AC4, AC5,
AG2, AG4, B2, B3, CT2, AG1; Gloria-Soria et al., 2016), located
and extracted along the reference genome via the in_silico_PCR.pl
script (https://github.com/egonozer/in_silico_pcr) and making use
of established primers (Brown et al., 2011; Slotman et al., 2007).
AG1 could not be identified along the reference genome and
was therefore excluded from the analysis. Following the identi-

fied coordinates of the reference genome, psats alignments were
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extracted from mapped bam files using samtools (Li et al., 2009).
Each psat alignment was realigned to the extracted psat reference
sequence and, if available, to reference sequences of the respec-
tive psats (Slotman et al., 2007). Alignments were edited using
GENEIOUS PRIME 2019.2.1. Repeated elements were identified either
using the psats reference or the MISA-web tool (Beier et al., 2017).
As a measure of quality filtering, realigned sequences (single se-
quences = haplotypes) were included only if each psat covered at
least 2bp before the start and behind the end of psat region. Gaps
and duplicates were removed and start and end positions of se-
guences were set to Ns to fix the alignment structure when saving
the data in fasta format. Counting repeated elements (in bp) per
psats and individual, their frequencies per population were calcu-
lated. Using this population frequency data, 50 individuals were
simulated with a custom Python script under the Hardy-Weinberg
equilibrium to make our data comparable to individual frequency
data. Individuals were only simulated if a minimum amount of four
reads was present at a psat.

To compare this data with a worldwide set of populations and to test
for the presence/absence of subspecies in Nepal, the same workflow
was followed using publically available genome-wide data of four labo-
ratory populations (likely Ae. aegypti formosus: West Africa—likely from
Freetown-Sierra Leone; likely Ae. aegypti aegypti: Australia—Innisfail,
USA—Clovis, Costa Rica—Puntarenas) comprising each 30 females
(individual sequencing; Matthews et al., 2018; Pritchard et al., 2000;
Accession number: SRX3413563-SRX3413566). Only psats with a
coverage higher than or equal to four individuals were used for the
further analysis (used psats: A9, AC1, AC4, AG2, B2, B3). The popula-
tion from the USA was excluded due to low individual coverage of this
specific data set (Appendix S1: Table S3). Using the Bayesian clustering
method implemented in the software strucTure version 2.3.4 (Pritchard
et al., 2000), the population structure as described in Gloria-Soria
et al. (2016) was assessed. Each conducted run assumed an admixture
model and correlated allele frequencies with a burnin of 250,000 it-
erations with in addition 750,000 repetitions. To test differences be-
tween the African and all other populations, the structure analysis was
performed with K = 2 (compare with (Gloria-Soria et al., 2016) with
10 iterations. To summarize sTRUCTURE results of the 10 iterations per K
and plot consistent cluster colouring CLUMPAK was used (Kopelman
etal., 2015). Exclusively to assess differences amongst the populations
of Nepal K = 1-4 was calculated.

2.4 | Population differentiation

Estimation of population differentiation using the genome wide sin-
gle nucleotide polymorphism (SNP) data followed the pipeline of
PoPoolation2 (Kofler, Pandey, et al., 2011) and Waldvogel et al. (2018).
Before mapping, overlapping read pairs were assembled using PEAR
(Zhang et al., 2014). This was necessary in order to make use of the full
data set, though only a small proportion of reads were found to over-
lap, while avoiding erroneous allele frequency estimates in overlap-
ping regions. Assembled and unassembled reads were mapped to the

available reference genome (masked version) of Ae. aegypti (Matthews
et al.,, 2018) using bwa mem (Li & Durbin, 2009). Duplicates were
removed using picard tools (Broad Institute, 2019) and all bases
below a minimum mapping quality of 10 were discarded (sam-
tools; Li et al., 2009). With PoPoolation (Kofler, Orozco-terWengel,
et al., 2011) population specific parameters such as the nucleotide
diversity (r; genome-wide per site and in 1kb window, exon-wide
per site) and the population mutation parameter were estimated (0;
genome-wide in 1kb window). The effective population size (N,) was
calculated using genome-wide 6 estimates as follows: N, = % . The
genome wide mutation rate (u) of Chironomus riparius was used for the
N, calculation (Oppold & Pfenninger, 2017). For comparative analy-
ses between populations, the pipeline PoPoolation2 was followed
(Kofler, Pandey, & Schlétterer, 2011). In brief, pairwise F¢; values (fst-
sliding.pl) of all population pairs in a sliding window of 1kb along the
subsampled sync-file were calculated. The upper 1% tail of the Fg;
distribution was defined as threshold for non-neutral differentiation,
as this has been shown to provide a conservative threshold for a ro-
bust drift expectation (Waldvogel et al., 2018). In addition, for each
1kb-window Fisher's p-values (fisher-test.pl) were calculated and the
Benjamini-Hochberg correction against multiple testing to all p-values
was performed. We defined highly significant outlier windows (OW)
to be those windows that remained significant after FDR correction
(g<0.01). Circos tool was used to graphically illustrate the distribu-
tion of OWs along the genome (Krzywinski et al., 2009). As described
for the OW estimation we additionally calculated highly significant
outlier positions for each population (OP) per site. In addition, to
test for genome-wide isolation by distance patterns, a Mantel test
with 23 permutations (complete enumeration) in r/vecan (Oksanen
et al., 2020) between the genome-wide mean F¢; values and the geo-
graphical distance was calculated. Next to the described F¢; outlier
detection method of significant positions we also used Baypass version
2.1 (Gautier, 2015; Glinther & Coop, 2013) to identify significant out-
liers in allele frequencies of our Nepalese populations (Appendix S1:
Information 1).

2.5 | Environmental data

The following environmental data of Aedes sampling sites were ana-
lysed: (i) microclimate data/logger data (temperature data; Appendix S1:
Tables S4 and S5), (i) high-resolution data from CHELSA of 1979-2013
(Appendix S1: Table Sé), and (iii) Bioclim variables (Karger et al., 2017,
data source: (Karger et al., 2022); 30arcsec, ~1 km from cHEeLsA version
1.2; Appendix S1: Table S6). HOBO data loggers (type UX100-011A,
ONSET) were installed indoors in houses with no heating or air condi-
tion and bad isolation and outdoors at shaded artificial places (e.g., near
households) at sampling sites from 11/2017 to 03/2019. Loggers were
additionally installed at 1800 and 2050m asl (Ranipauwa = RP1800,
1800m asl; Dhunche = DU2050, 2050m asl). In DK800, HOBO log-
gers were missing and the data of the sampling site were interpolated
from logger data obtained along the gradient between 200-2050m asl
using linear regression (prism, version 7, GraphPad Software Inc.). To
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reduce confounding covariation in the environmental data set a princi-

pal component analysis (PCA) was run.

2.6 | Genotype-environment association

To analyse how the genomic differentiation is potentially correlated
with environmental variation across sites, a genotype-environment
association analysis was performed using latent factor mixed model
(LFMM) in the frame of the LEA R-package (Caye et al., 2019).
The Pool-Seq approach does not account for pool size (Waldvogel
et al., 2018) and thus 20 pseudo-individual allele frequency spec-
tra were inferred by simulating observed allele frequencies at each
locus referring to the BAYENV approach (Guinther & Coop, 2013).
In accordance, for each locus environmental factors were replicated
20 times. Considering the large genome size of Ae. aegypti as well as
the main target to identify candidate genes in downstream analysis
only the coding regions (CDS) were included. Three PCA compo-
nents and the cold tolerance (normalized mean survivorship after
cold exposure to -2°C for 8days to controls; CT; Kramer, Pfeiffer,
et al, 2021) were used as environmental input variables (ENV)
for the GEA (Appendix S1: Table S7). We ran the LFMM function
Ifmm_ridge with a latent factor of K = 4 (reflecting number of pop-
ulations; algorithm = analytical). p-values were calibrated by com-
puting the median and median absolute deviation (MAD) of the z
scores using the “Ifmm_test” function (Appendix S1: Table S7). We
ran LFMM twice for different combinations of environmental input
variables: (1) PCAl—altitude (ENV1), (2) PCA2—precipitation (ENV2),
PCA3—seasonality (ENV3) plus PCA4—CT (ENV4, Appendix S1:
Tables S6 and S7, Figures S1-S5). Resulting output p-values were
FDR corrected and positions with q<0.01 defined as significant
ENV associated positions (EAP). SNPs were considered as candidate
if identified by both GEA (EAPs) and population-based (OWs) ap-
proaches. Differences in allele frequencies of the candidate SNPs
(EAP-OW positions) along the gradient were analysed per ENV using
Prism (version 7, GraphPad Software Inc.). In order to identify highly
significant positions for climate adaptation, we verified if EAP-OW
are additionally present in those OPs.

Next to LFMM we in addition run BavpAss version 2.2
(Gautier, 2015) to identify candidate genes for climate adaptation.
In brief, as for LFMM we only included allele frequencies of the CDS
and as environmental input ENV1-ENV4 was used as described
above. The threshold to identify significant associations was set ac-
cording to the Jeffrey's rule (Jeffreys, 1961) and only SNPs with a
Bayes factor> 20 were considered as candidate SNPs. LFMM candi-
date genes/SNPs were compared with BayPass results.

2.7 | Functional enrichment associated with
climate adaptation

For a functional enrichment analysis of candidate genes, all genes
containing EAP-OW positions were annotated using the coordinates

of protein coding genes of the Ae. aegypti reference genome
(Matthews et al., 2018). The reference genome was then used in
InterProscan (Quevillon et al., 2005) to obtain gene ontology infor-
mation as reference for the subsequent functional enrichment anal-
ysis. Gene ontology (GO) terms significantly enriched in EAP-OW
genes were then analysed using the topGO R package (Alexa &
Rahnenfihrer, 2016) in the category “biological processes”, with the
weight01 algorithm and Fisher statistics. Enriched GO terms with a
p<.05 were further assessed (Waldvogel et al., 2018).

To analyse if base substitutions at SNPs lead to synonymous or
nonsynonymous mutations in the amino acid sequence of candidate
genes including LFMM and BayPass results, t8c-TooLs version 0.2
(https://github.com/Croxa/tbg-tools Schoennenbeck et al., 2021)
was used. The characteristic of the amino acid present, before and
after the base exchange was also assessed (Loffler et al., 2007; Voet
et al., 2008). Knowledge on the biological function of candidate
genes containing nonsynonymous mutations was collected from lit-
erature and databases. We performed a literature survey in Google
Scholar by using the candidate gene name (or/and the locus tag) in
combination with the following terms: (1) Aedes aegypti, (2) Aedes, (3)
mosquito, and (4) insect. Furthermore, we extracted candidate gene
IDs containing nonsynonymous and synonymous mutations and
searched for their function using UniProt, NCBI, and Vectorbase.
The procedure was likewise repeated also for candidate genes con-
taining synonymous mutations but only the locus tag and the spe-

cies name was used as a search term.

2.8 | Genomic signatures of local adaptation not
related to climate

Next to climate adaptation, we searched for candidate genes indi-
cating strong local adaptation. Therefore, we defined candidate
genes/positions laying in the CDS that were not overlapping with
an EAP (significant ENV associated positions) but were present in
an OW and additionally overlapped with an OP (OW-OP), as candi-
dates for local adaptation not related to climate (population based
outlier detection). Potential candidate genes for local adaption that
are involved in insecticide resistance or vector competence were es-
pecially focused. Additionally, we compared candidate SNPs/genes
of the Nepalese population with a recent study that investigated
genomic signs of “local environmental adaptation” in populations
from Panama (17 genes; Bennett et al., 2021b). Allele frequency dif-
ferences of detoxification genes (as listed by Faucon et al., 2017) and
vector competence genes associated with resistance to DENV1 or/
and DENV3 infection (top 0.001% most significant SNPs described
by Dickson et al., 2020) were compared to our data set for (1) being
part of the CDS, (2) having an overlap with OW-OP and (3) showing
a nonsynonymous or synonymous mutation (tsc-tooLs version 0.2;
https://github.com/Croxa/tbg-tools; Schoennenbeck et al., 2021).
Differences in allele frequencies at candidate SNPs between popu-
lations were visualized in a heat map each (prisMm, version 7, GraphPad
Software Inc.).
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We located the kdr (knockdown resistance) mutations V1016G,
F1534C, and S989P in the reference genome and extracted the
sequences of each sorted bam-file per population by using the
in_silico_PCR.pl script (https://github.com/egonozer/in_silico_
pcr) and the primers given by Endersby-Harshman et al. (2020).
Extracted sequences were processed in Geneious Prime 2019.2.1
and excact genome positions of the kdr mutations were calcu-
lated. Allele frequencies at the position of the kdr mutations were
extracted from the sync-file and overlaps of kdr mutations with
OW as well as OP were checked. The combined occurrence of
the kdr mutations in the populations sampled along the altitudi-
nal gradient was investigated using allele frequency differences
in a Bayesian multivariate response model (details in Appendix S1:

Information 1).

3 | RESULTS
3.1 | Subspecies analysis

The sTrRUCTURE analysis at psat loci of 50 simulated diploid geno-
types based on allele frequencies from our Nepalese Pool-Seq data
confirms that our genomic data sets only consist of one Ae. aegypti
subspecies. All 10 runs with sTRucTure using K = 2 with six psats in
a comparison to other populations worldwide (West Africa, Costa
Rica, Australia- Innisfail; Matthews et al., 2018) indicate that the
African population is different from the Nepalese populations
(Figure 2a; Appendix S1: Figure S6). Due to lower coverage of the
population from KT1300 of Nepal, only five psats were included
(AC1 excluded) and the Australian population was restricted to
three psats (A9, AC1 and B3 were excluded). When comparing
Nepalese populations amongst each other (10/10 runs with K2-
11 psats) higher similarities between the lowland (CH200, DH600
and DKB800) populations are present (Figure 2b; Appendix S1:
Figure S6).

(@

3.2 | Population differentiation and diversity

Mean coverage ranges from 17.86-22.46 (Appendix S1: Table S8).
Nucleotide diversity (x) is smaller in exonic regions compared to the
genome-wide average (per site) and all populations show a similarly
low & with an average of 0.0127 in 1kb windows. The low-altitude
population CH200 has the highest population mutation rate (0), how-
ever, there is no increasing trend towards higher altitude. Concerning
the effective population size (N,), there is a trend towards decreasing
values along the altitudinal gradient, however smallest N is found in
DH600 (Appendix S1: Table S8). Genome-wide mean pairwise Fqr
range between 0.05-0.067 (Table 1) indicating low levels of genomic
differentiation and high relatedness amongst populations (Figure 3;
Appendix S1: Figure S7). Moreover, the Mantel test revealed no
signs of isolation by distance (p = .67, r = -.27).

3.3 | Environmental data

The CHELSA data shows a gradual decrease of mean, minimum and
maximum temperature along the altitudinal gradient (Appendix S1:
Figure S8). The microclimate data shows higher variability throughout
the seasons with a decreasing trend of mean and minimum tempera-
ture with increasing altitude but higher variability in the maximum tem-
perature (Appendix S1: Figure S9). CHELSA data reveals a nongradual
precipitation pattern from 200-1300m with only minor differences
between sites (Appendix S1: Figure 510). The first three components
of the PCA are mainly related to the following environmental fac-
tors: PCAl1—altitude (70.86%; ENV1), PCA2—precipitation (27.45%;
ENV2) and PCA3—seasonality (1.69%; ENV3; Appendix S1: Table S7,
Figures S1-S4). While ENV1 mainly comprises the environmental vari-
able altitude and ENV3 temperature seasonality, ENV2 especially com-
prises variables related to the precipitation of the monsoon season and
less pronounced altitude and temperature seasonality. This potentially
highlights a link of ENV2 to humidity (Appendix S1: Figures S1-S3).

DH600 DRK800

KT1300 |,  Africa Costa Rica Australia

FIGURE 2 Global (a) and local (b) L_CH200
genetic structure of Aedes aegypti (b)
populations. Comparison of four

populations from Nepal (a) with

populations from Africa, Costa Rica

and Australia (Matthews et al., 2018)

using six microsatellite regions

(K = 2) and (b) with each other using

11 microsatellite regions (K = 2-4;

Appendix S1: Figure Sé). Altitude of

sampling sites of Ae. aegypti populations

in Central Nepal: CH200 = 200m

asl (Chitwan), DH600 = 600m asl

(Dhading), DK800 = 800m asl (Dharke),

KT1300 = 1300m asl (Kathmandu). CH200

!
Nepal

L.

LI |

i J. .
DH600 DRK800

KT1300

85U01 SUOWILLIOD A1) 8|qeo! [dde au Aq peuseob sk Sapie YO ‘8sh JO'Sa|n 10} AriqiT 8UlUO AB|IM UO (SUOTPUOD-PUB-SWBH 00" A3 1M Ae.q| 18U JU0//SdNY) SUONIPUOD pue SWis | 8U18es *[£202/TT/92] Uo AriqiTauliuo A1 ‘Auewses sueiyood Aq zG/9T 98W/TTTT 0T/I0p/w0d Ae|im Areiq1jeuluo//sdny wo.j pepeojumod ‘Z ‘€202 ‘Xy62S9ET


https://github.com/egonozer/in_silico_pcr
https://github.com/egonozer/in_silico_pcr

1365294x, 2023, 2, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/mec.16752 by Cochrane Germany, Wiley Online Library on [26/11/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

KRAMER ET AL.

"SdNS SnoWwAUOUASUOU DAL} Sulpn|dUl ‘UoINqLISIP 154 d13199ds-231s 33 JO [1B3 %T Joddn ay3 ul Juasaid Jou aJe suoiisod aUIN,

€1/81 € 9 T 8 0 0 YAN3
ce/Ly 145 €1 T ST 4 4 C¢AN3
8/01 T € T S 0 0 TAN3
sauas Jo Jaquinu -dy3 pue AAO Jo deianQ
€/¥1/0C 14 L T 8 0 0 YAN3
CT/.0Y/65 0c ST T 61 [4 4 ¢AN3
¢/6/T1 [4 14 T 14 0 0 TAN3
suonisod Jo Jaquinu -dy3 pue pAO Jo depiano
- 08s 168 T0S 6LS 9.5 GES (s23e211dNp IN0OYHIM) S3U3 JO JaqUINN
- (4474 1€6¢C 0ovéc 8¢6¢ 116¢C 616¢C SMOPUIM-OD| T JuedIusIs AlySIH
MO
00ctT €9¢ 98¢ 69¢ 8¢ 08¢ LLC (S3€311dNP INOYHIM) SBUSS JO JaqUINN
€0€9 68TT (0]0)4% TEET 0ScT TLTT 15¢T suonisod o1y199ds-931s Jueayiugis A|ysiH
dO-MO
- ¢c8s0°0 949900 152900 £9SG0°0 9661700 84500 154 ueay
|1ejol 00€TLM-008)A 00€T1M-00ZHA 008Xd-009HA 00€TLM-00ZHD 008XAd-00¢HD 009HA-00CHD

(dO) uonnqguisip +54 oi10ads-as ay3 4o [1e3 %1 Jaddn ay3 ul Jussald os|e aJe s}y anbiun ||e ‘9SIMIBYI0 PaXJew JoU §| 'SNOWAUOUASUOU/SHY-anbiun/siiy-pajeiSaju)

31y 2uas Jad pue uoiysod Jad UaAIS s1aqUINN (dO-MO) SISAlBUB AMO-dVT 24} WOJ) SaUa8 pue sdNS SUIpn|IXa (dO) SISA[eUE Ja1]3N0 MOPUIM-GT 154 3y} pue (AMO) SISAjeue Ja1j3no mopuim

- T 154 usamiaq dejssnQ :uoizeidepe (207 "uosiiedwod uojeindod Yoes 1oy (3s1] 3Us8 YI9D) SV YHM (MOPUIM-GY T ‘MO) Uoijeizuaiap uoizendod juesiyiusis Ajysiy Jo SMOpPUIM J31j3N0
Suiddeliano Aq (oue4a]03 p|od = FANT ‘Uolredidald—z AN3 ‘9pniie—TAN3) UOI3D3]as djeull|d Jo sainjeus|s Jussulils Jo auljpnQ :uoldepe ajewl|D "|se WOOET ‘00ETLM ‘ISe WO08 ‘008X A
‘|se W09 ‘009HA ‘IS WOOZ ‘00ZHD :suoireindod 13dA8ap "ay jo sayis Suldwies jo apniy|y "uoiieldepe |eJ0| pue a3ewi|d J0j SaUI3/SdNS 91epIPUED JO Jaquinu pue anjeA Sy uealy T 379VL

A\WARE 2A%& MOLECULAR ECOLOGY




KRAMER ET AL.

357
MOLECULAR ECOLOGY W] LEYJ—

FIGURE 3 Genome wide pairwise F; distribution per 1 kb-windows (OW) of Nepalese Aedes aegypti populations. The three
chromosomes of the Ae. aegypti genome are represented in the outermost circle. From innermost to outermost circle: (a) the innermost circle
shows the pairwise Fq; distribution (range: 0-0.7) in 1kb windows between the lowland populations (purple: CH200 vs. DH600; green:
CH200 vs. DK800; light-blue: DH600 vs. DK800), (b) the middle circle shows the comparison between the lowland populations and the
KT1300 (red: CH200 vs. KT1300; black: DH600 vs. KT1300; grey: DK800 vs. KT1300), (c) the white circle gives the position of all EAP-OW
genes (black), the candidate genes containing nonsynonymous mutations (red), the detoxification genes containing significant positions
(blue), the voltage-gated sodium channel (green and a green star) and the vector competence genes (grey). Altitude of sampling sites of

Ae. aegypti populations: CH200, 200m asl; DH600, 600m asl; DK800, 800m asl; KT1300, 1300m asl.

3.4 | Genotype-environment association

The LFMM analysis reveals 47 SNPs within 46 genes associated to
ENV1 (associated with altitude), 216 SNPs within 172 genes associated
to ENV2 (associated with precipitation), zero SNPs associated to ENV3
(associated with seasonality) and 69 SNPs within 64 genes associated

to ENV4 (cold tolerance) (Table 1; Appendix S1: Figure S5). After our
stringent filtering when overlapping significant ENV associated posi-
tions (EAPs) with highly significant Fg; OW (1 kb-window; Figure 1) 9
SNPs within eight genes associated to altitude (ENV1) are present. We
accordingly retain 40 SNPs within 32 genes associated to precipita-
tion (ENV2) and 14 SNPs within 13 genes associated to cold tolerance

85U01 SUOWILLIOD A1) 8|qeo! [dde au Aq peuseob sk Sapie YO ‘8sh JO'Sa|n 10} AriqiT 8UlUO AB|IM UO (SUOTPUOD-PUB-SWBH 00" A3 1M Ae.q| 18U JU0//SdNY) SUONIPUOD pue SWis | 8U18es *[£202/TT/92] Uo AriqiTauliuo A1 ‘Auewses sueiyood Aq zG/9T 98W/TTTT 0T/I0p/w0d Ae|im Areiq1jeuluo//sdny wo.j pepeojumod ‘Z ‘€202 ‘Xy62S9ET



KRAMER ET AL.

358
—I—W] LE Y-1Y(e]#:Xel8) ¥N:§:{ele) Xo €)%

(ENV4; Table 2). All EAP-OW (overlap of EAP with OW) SNPs are also
present in highly significant outlier positions per site (OP) except nine
SNPs associated with precipitation (Table 1; Appendix S2: Tables S1-
S4). Observed allele frequencies plotted against the altitudinal gradi-

ent of population origins reveal a major difference in allele frequency
of candidate loci in KT1300 compared to all other lowland popula-
tions (CH200, DH600, DK800; Figure 4). Amongst all 186 unique
candidate genes for climate adaptation (EAP) identified in the LFMM
analysis 2 were also found in the BayPass analysis. BayPass confirmed
gradual allele frequency changes in association to ENV3- seasonality
and ENV4- cold tolerance, but nonassociation to ENV1- altitude and
ENV2- precipitation (Appendix S2: Table S5).

3.5 | Functional enrichment associated to
climate adaptation

The investigated populations of Ae. aegypti across the Nepalese
altitudinal gradient reveal 33 candidate genes (EAP-OW) with sig-
natures of climate selection (temperature [ENV1]: 8, precipitation
[ENV2]: 31, cold tolerance [ENV4]: 13). Functional analysis of genes
that are associated with ENV1, ENV2 and ENV4 yielded multiple en-
riched GO terms (Appendix S1: Table S10).

Two SNPs located in EAP-OW genes (overlap of EAP with OW)
associated with altitude, 12 SNPs in EAP-OW genes associated with
precipitation and three SNPs in EAP-OW associated with cold tol-
erance are nonsynonymous (Appendix S1: Figure S11) and thus we
further assessed their functions (Table 2). Amongst those EAP-OW
SNPs, 12 genes are associated to different ENVs including three
uncharacterized genes (Table 2). The functions of the nine charac-
terized genes containing an EAP-OW SNP can be separated into (1)
immune response, (2) life-cycle, (3) insecticide resistance, and (4)
protein regulation (all details: Appendix S1: Table S9). The charac-
teristics (such as: polar, nonpolar, basic, acidic) of the amino acids
before and after the base exchange demonstrate differences in five
genes (Table 2). These changes can likely lead to a change in the pro-
tein structure or function.

The functional analysis of EAP-OW genes containing synony-
mous mutations associated to the different ENVs were separated into
the same groups as described (Appendix S1: Table S9; Appendix S2:
Tables S6-S8). The gene “coatomer subunit beta” contains two SNPs,
of which one is associated with cold tolerance (ENV4) and constitutes
a synonymous mutation. The other SNP constitutes a nonsynony-

mous mutation and is associated with precipitation (ENV2).

3.6 | Genomic signatures of local adaptation not
related to climate

By overlapping the OW (highly significant outlier window) and OP
(highly significant outlier positions; OW-OP), 1171-1400 SNPs
in 263-286 candidate genes as signatures of local adaptation are
identified per population comparison (Table 1). There is no overlap

between candidate genes for “local environmental adaptation” iden-
tified by Bennett et al. (2021b) and candidate genes for climate ad-
aptation obtained by the LFMM analysis (EAP-OW or EAP) but one
candidate gene associated with ENV3 of the BayPass analysis over-
laps with a candidate gene identified by Bennett (AAELO07657—
“putative vitellogenin receptor”; Appendix S2: Table S5). Moreover,
two candidate genes for local adaptation (OW-OP) show an overlap
with the candidate genes of Bennett which, however, were identi-
fied with different methods (Appendix S2: Table S9). The first gene
(AAELOQ7657—"putative vitellogenin receptor”) significantly differs
between the DH600 populations and all other populations, whereas
the second (AAEL002683—"“xanthine dehydrogenase”) significantly
differs only between the CH200 and DH600 populations.

In total, 200 significant SNPs in 53 detoxification genes are as-
sociated to local adaptation (Appendix S1: Figure S12; Appendix S2:
Table S10). These SNPs significantly differ between populations
within the OP as well as the OW (Figure 3). Out of the 200 SNPs,
113 SNPs in 30 genes constitute a nonsynonymous mutation. The
allele frequency distribution at these candidate loci were compared
in a heat map revealing a slightly different pattern of frequency dis-
tribution in the KT1300 population (Appendix S1: Figure S12). An
opposite trend of allele frequency distributions is present between
the KT1300 population and CH200 population as well as DK800.

In total, five SNPs in four genes are involved in vector compe-
tence (Appendix S1: Figure S12). Three SNPs in two genes (“protein
scarlet”, “leucine-rich repeat-containing protein 40”") overlap with
OW-OP and have been earlier associated with DENV-1 infection
by Dickson et al. (2020). Two of these three SNPs are nonsynony-
mous SNPs. The OW-OP overlapping SNPs that are associated with
DENV-3 infection in the two genes “cadherin-86C” and “integrin al-
pha-PS1” are synonymous SNPs (Appendix S1: Figure 512; Figure 3).

Along the altitudinal temperature gradient, knockdown resis-
tance (kdr) mutations slightly differ between populations. Ae. ae-
gypti populations carry kdr mutations majorly in the biggest urban
sites (KT1300 followed by CH200). The V1016G mutations differ
the most between populations with the wildtype (GGA) most prom-
inently in CH200 (0.32) and KT1300 (0.44). The F1534C mutation
(TGC) is major in KT1300 (0.31) compared to all other populations
and no difference between populations is present in the S989P
mutation (Table 3, Figure 3; Appendix S1: Figure S13). None of the
kdr mutations overlap with a significant OW/OP. Accordingly, they
do not contribute to patterns of population differentiation. For the
Bayesian approach, we excluded the S989P mutation, since no dif-
ference between populations was present. The Bayesian approach
for comparison of the allelic combinations F1534C and V1016G
shows that there is no effect of altitude on the respective allele fre-
quencies (Appendix S1: Figure S13).

4 | DISCUSSION

Within this study we investigate patterns of genomic differentia-
tion in Ae. aegypti populations sampled along an altitudinal climate
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FIGURE 4 Allele frequencies of candidate loci (EAP-OW) plotted against the altitudinal gradient of their population origin. Candidate loci
associated with (a) ENV1—altitude, (b) ENV2—precipitation, (c) ENV4 = cold tolerance. Details on nonsynonymous SNPs in Table 2.

gradient in the Hindukush Himalayan region and reveal an out-
standing differentiation pattern in the population sampled from
the highest altitude (1300 m asl, Kathmandu) compared to the low-
land populations (<800 m asl). This finding contradicts our original
hypothesis of a continuous variation and might speak against a
gradual expansion process of the disease vector towards higher
altitudes. By demonstrating a distinct genomic footprint of climate
adaptation in Ae. aegypti, our study assists to close the knowledge
gap on adaptive traits and associated gene sets on climate ad-
aptation of Ae. aegypti (Schmidt et al., 2021), while signatures of
nonclimate local adaptation reveal a broad functional basis of the

species.

4.1 | Nepalese Ae. aegypti populations belong to
one subspecies

In comparison to worldwide Ae. aegypti populations, we show that
all examined Nepalese populations belong to one subspecies, prob-
ably Ae. aegypti aegypti (Figure 2). This distinction was essential to
verify that allele frequency differences were analysed on the popu-
lation but not the interspecific level. In general, it is important to
distinguish the subspecies due to their proposed difference in vector
competence (Sylla et al., 2009), even though these interspecific ef-
fects seem to depend on virus genotypes (Dickson et al., 2014) and

environmental factors (Black IV et al., 2002; Sim & Hibberd, 2016).
Additionally, it is important to differentiate between the subspecies
because of their different host preference for humans or animals
(McBride, 2016).

4.2 | Patterns of genomic differentiation imply
isolation of populations by environment

Other than the expected pattern of gradual variation along the
altitudinal temperature gradient, we found significant allele fre-
quency differences at candidate loci for climate adaptation only
between the Kathmandu (KT1300) population and all other low-
land populations (<800m; Figure 4). Thus, lowland populations
versus the highland population form two differentiated clusters.
This nongradual pattern of genomic differentiation along the alti-
tudinal gradient can have alternative, though not necessarily mu-
tually exclusive, reasons. Since, the capital of Nepal (Kathmandu),
is the central trading point of the country, population differen-
tiation might derive from differences in population history such
as a differential invasion history of the Kathmandu population.
Alternatively, with regard to the environmental conditions along
the altitudinal gradient assessed in this study, the significant dif-
ferentiation in climate-associated outlier loci might be indicative
for local high-altitude adaptation.
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TABLE 3 Allele frequency and allelic variant of kdr mutations with exact genome positions

Mutation ID Chromosome Position Amino acid code CH200 DHé600 DK800 KT1300
Allele frequency
S989P NC_035109.1 315,984,077 TCC—wild-type 1 1 1 1
CCC—mutant 0 0 0 0
V1016G NC_035109.1 315,983,762 GTA—wild-type 0.68 0.93 0.78 0.56
GGA—mutant 0.32 0.07 0.22 0.44
F1534C NC_035109.1 315,939,224 TTC—wild-type 0.94 0.88 0.91 0.69
TGC—mutant 0.06 0.12 0.09 0.31
Allelic variant (total count)
S989P NC_035109.1 315,984,077 TCC—wild-type 26 22 23 26
CCC—mutant 0 0 0 0
V1016G NC_035109.1 315,983,762 GTA—wild-type 15 14 14 10
GGA—mutant 7 1 4
F1534C NC_035109.1 315,939,224 TTC—wild-type 17 15 10
TGC—mutant 1 2 1 4

Note: CH200, 200m asl; DH600, 600m asl; DK800, 800 m asl; KT1300, 1300m asl.

Genetic differences between Kathmandu and the lowlands
could result from differential invasion history of Ae. aegypti in
Central Nepal. With the given data of our study it is not possible
to resolve the invasion history of the investigated populations.
Nevertheless, existing knowledge on the dispersal of the mosqui-
toes throughout the country can provide an early understanding of
the invasion process and help formulating hypotheses for follow-up
projects. The active dispersal capacity of Ae. aegypti is low and
was reported as up to 730m in the field (Marcantonio et al., 2019;
Muir & Kay, 1998; Staunton et al., 2019; Verdonschot & Besse-
Lototskaya, 2014). Thus, the vector expands its distribution range
passively. Aedes mosquito eggs get dispersed either by the trans-
portation of eggs in used vehicle tires (Dhimal, Ahrens, et al., 2015)
or through hitch-hiking of adult mosquitoes via human transpor-
tation such as aircrafts and vehicles (Huber et al., 2004; Ibafez-
Justicia, 2020). Ae. aegypti was first recorded in Southern Nepal in
2006 (Malla et al., 2008) and since then spread rapidly throughout
the country following different introduction routes along the gradi-
ent (Dhimal et al., 2014; Dhimal, Gautam, et al., 2015; Kramer, 2021;
Kramer, Baral, et al., 2021). In Kathmandu, Ae. aegypti was recorded
for the first time in 2009 (Gautam et al., 2009). The sampling sites
from Chitwan (CH200) to Kathmandu (KT1300) are connected via
multiple introduction roads from India (or Asia). However, since
Kathmandu is the capital of Nepal and the only international air-
port is located there, it is thus the primary destination for any long-
distance transport. This might have resulted in repeated invasion
events of Ae. aegypti from outside of Nepal into Kathmandu. Given
the clustered pattern of population differentiation between low-
lands and highland populations, multiple differential or repeated
invasion events across the gradient are likely. Moreover, travel and
transportation routes are not unidirectional in Nepal and invasion
from Kathmandu to the lowlands is also possible. More in depth
analyses involving genome-wide individual-based analysis of the

population structure and admixture will be necessary to finally re-
solve the invasion history along the gradient.

Within the focus of our study, the pattern of local high-altitude
adaptation exclusively in the highland population without a gradual
pattern along the altitudinal gradient has probably been shaped by
distinct differencesin environmental and climate conditions between
Kathmandu and lowland population sites. Kathmandu's climate
is the coldest along the gradient, but also experiencing the harsh-
est increase in temperature due to urbanization, a so-called heat
island effect (Karl, 1988; Kramer, 2021; Mitchell Jr., 1961; Poudel
et al., 2020; Thakuri et al., 2019; Appendix S1: Figures S8 and S9).
Furthermore, Kathmandu represents the coldest climate where sub-
zero temperatures as cold as -2°C were present during the last years
(Kramer, 2021; unpublished data: Phuyal et al., 2022). We can thus
conclude, that the Kathmandu climate is extreme, under strongest
change, and different from the climate conditions in the lowlands,
thus setting differential conditions eventually driving the isolation
by environment (IBE) pattern between Kathmandu and the lowlands.
Since genetic differentiation of the investigated Ae. aegypti popula-
tions is independent of geographic distance (see Mantel's test) but
increases with environmental differences (Figure 4), we conclude IBE
over isolation by distance (IBD; Wang & Bradburd, 2014). Moreover,
amongst all environmental factors of our genotype association anal-
ysis, fewest loci of significant differentiation have been found to be
associated to altitude (ENV1), indicating that differences between
populations are not majorly described by altitudinal geographic dif-
ferences. Thus, these are optimum conditions for the identification
of signatures of local adaptation without confounding demographic
effects (Hartke et al., 2021; Hoban et al., 2016). While the evolu-
tion of IBD is related to the interplay of genetic drift and movement,
IBE is usually related to the adaptability to environmental selec-
tion pressures (Jiang et al., 2019; Orsini et al., 2013). Extreme and
distinct environmental and climate conditions in Kathmandu, thus,
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are likely to exert strong selection pressure on the highland popu-
lation. The ecologically driven high-altitude adaptation is probably
priming the Kathmandu population for further successful expansion
into cooler habitats. When established successfully at first, popu-
lations promote the invasion via new introduction routes into the
invaded range, as defined by the bridgehead effect (summarized by
Sherpa, Blum, Capblancg, et al., 2019). In Nepal, Ae. aegypti is pres-
ent up to 2100m altitude above mean sea level but far less abun-
dant at altitudes above 1300 m (Dhimal et al., 2014; Dhimal, Gautam,
et al., 2015; Kramer, 2021; Kramer, Baral, et al., 2021). It is unclear,
if individuals present above 1300 m are seasonal migrants each year
or belong to the permanently established population within the re-
gion. Thus, the established Kathmandu population can be defined as
range-edge population along the investigated gradient.

The non-gradual pattern of genomic differentiation in Ae. aegypti
across Nepal indicates the potential for the invasion into cooler hab-
itats for different, mutually not exclusive reasons. Strong environ-
mental filtering and selection is promoting high-altitude adaptation
(see next section) in a population that has either been reaching the
range-edge, thus priming the adaptation to colder climate or it has
already been carrying relevant alleles due to the introduction via al-
ternative invasion events compared to populations in the lowlands.
The observed genomic differentiation may eventually lead to the for-
mation of two Ae. aegypti lineages in Nepal, with temperate Ae. ae-
gypti populations evolving along the altitudinal, as well as latitudinal
gradient and a highland population with further cold tolerance adap-
tation. Thus, the cold tolerance and hence the fitness advantage of
the high altitude population in Nepal (Kramer, Pfeiffer, et al., 2021)
may further increase (Bennett et al., 2021b), as also indicated by the
establishment of a more cold resistant population of Ae. aegypti in a
temperate region in Argentina (Buenos Aires; de Majo et al., 2019;
Fischer et al., 2019; Garzén et al., 2021). Such a phenotype would
increase the introduction risk of Ae. aegypti into new, previously too

cold ecoregions with dengue naive human populations.

4.3 | Signatures of climate adaptation in
Ae. aegypti are genomically widespread and involve
few genes

We uncovered the genomic footprint of climate adaptation in Ae. ae-
gypti. Similar investigations were performed in different insect spe-
cies, for example, the harlequin fly (Waldvogel et al., 2018) and two
cryptic ant species (Hartke et al., 2021). The investigated Ae. aegypti
populations across the Nepalese altitudinal gradient reveal a set of
33 candidate genes (EAP-OW) that are genomically wide-spread
and carry signatures of climate selection, equaling ~0.2% of protein-
coding genes. This is far less than the identified genomic footprint of
climate adaptation (i.e., adaptation to temperature and precipitation)
in the harlequin fly Chironomus riparius involving 1.2% of protein-
coding genes (Waldvogel et al.,, 2018). Differences in sampling
design might explain this variation, as the altitudinal sampling gra-
dient in Central Nepal comprised small to intermediate geographic

distance, whereas Waldvogel et al. (2018) sampled the fly popula-
tions at larger (>200km) distances across a continental climate gra-
dient. The here presented short-distance sampling design along a
well-defined climate gradient reduces the likelihood of false-positive
signals of undetected environmental variables if compared to larger
scale designs incorporating higher cross-correlating heterogeneity.

For some candidate genes (EAP-OW), it was possible to iden-
tify nonsynonymous SNPs. Nonsynonymous mutations may be as-
sociated with functional protein differences of phenotypic effect
(Schoennenbeck et al., 2021). The 12 candidate genes (EAP-OW)
for climate adaptation did carry nonsynonymous mutations (Table 2,
Appendix S1: Table S9, Information 2), such as the “toll-like receptor
Tollo”. This gene was already studied in Ae. aegypti and plays a role
in the immune response, and particularly in the antidengue defence
(e.g., Ramirez & Dimopoulos, 2010; details in Appendix S1: Table S9).
The nonsynonymous mutations in this candidate gene lead to an
amino acid with changed characteristics (Table 2). Since synonymous
mutations may influence splicing, RNA stability, RNA folding, trans-
lation or cotranslational protein folding, candidate genes (EAP-OW)
containing synonymous mutations were also checked for their bi-
ological function (Sharma et al., 2019; for details see Appendix S2:
Tables S6-S8). The two genes “segmentation protein Fushi tarazu”
and “Nasrat” are involved in the survival and later successful hatch-
ing of eggs and associated with precipitation (see more details in
Appendix S2: Tables S7 and S8; Field, 2015; Simington et al., 2020).
The association with precipitation adds up since precipitation has an
impact on survival and later successful hatching of eggs. Two genes
identified by the LFMM approach were also found to be associated
to different environmental variables using the BayPass tool, the two
genes “uncharacterized LOC5566116” and the “sine oculis-binding
protein homologue” seem to be of high importance for climate adap-
tation in Ae. aegypti (Appendix S2: Tables S2-S5).

4.4 | Signatures of local nonclimate adaptation
reveal a broad functional basis in Ae. aegypti

Other than gradual climate selection regimes, local selection pres-
sures act on populations only in their specific habitat. Accordingly,
there are SNPs that are not associated to the climatic gradients but
still highly divergent between some or all Ae. aegypti populations
(OW-OP). These SNPs are candidates for local nonclimate adapta-
tion. Approximately 8.2% of protein-coding genes, i.e. 1200 genes,
show signatures of local selection. Similarly, 7.6% of genes were
found to be locally adapted in C. riparius (Waldvogel et al., 2018).
Two of the identified candidate genes for local adaptation were al-
ready found to play a role in local adaptation of Ae. aegyptiin Panama
(Bennett et al., 2021b). Due to the identification of these two genes
in Ae. aegypti populations from different countries, the two genes
(“putative vitellogenin receptor” and “xanthine dehydrogenase”, for
more details see Appendix S1: Information 2) appear to play an im-
portant role in local adaptation of this species. Moreover, the can-
didate gene “putative vitellogenin receptor” was also obtained using
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the BayPass approach (Bennett et al., 2021b; Appendix S2: Table S5).
For verification, knock-out studies testing the molecular function of
the Ae. aegypti candidate genes containing different SNPs at given
positions are highly recommended.

Amongst all candidate genes for local adaptation, we spotlight
two traits that are important from a medical VBD perspective,
namely insecticide resistance and vector competence. The insec-
ticide resistance of Ae. aegypti determines the success of vector
control programs (Faucon et al., 2017). Most variations with the de-
toxification enzymes are probably not functionally associated with
insecticide resistance. Instead, some are the consequence of strong
selection pressure, hence only some reflect selection of a variant
showing an increased metabolic activity against insecticides (Faucon
et al,, 2017). However, kdr mutations such as V1016G, F1534C
and S989P are known to lead to pyrethroid insecticide resistance
in Ae. aegypti (summary in Faucon et al., 2017). In accordance with
Kawada (Kawada et al., 2020), in Nepal the kdr mutations F1534C
and V1016G are present with varying frequencies and the S989P
mutation was not present in all study populations (Table 3, Figure 3).
Within the CH200 and KT1300 population, there is a trend of in-
creased kdr mutations. It can be hypothesized that this trend is pres-
ent since fogging of insecticides (e.g. deltamethrin) mainly occurs in
urban areas. Thus, kdr mutations may be more present in urban areas
such as CH200 and KT1300 compared to less urban regions such as
DK800 and DH600 (Kawada et al., 2020). Kawada showed at least
for CH200 and KT1300 their susceptibility to pyrethroids. However,
none of the kdr mutations are found to overlap with a significant
OWY/OP and accordingly did not contribute to patterns of population
differentiation. Given that the Nepalese populations showed an in-
termediate to high resistance to pyrethroids, but only small amounts
of insecticides are used in Nepal compared to other Asian countries
(Kawada et al., 2020), this indicates a reduced selection pressure on
kdr mutations in Nepal. The genetic presence of kdr mutations might
derive from the introduction of Ae. aegypti populations from neigh-
bouring countries (Kawada et al., 2020). The vector competence of
Ae. aegypti determines the efficiency of dengue transmission to hu-
mans and thus it is important to understand this trait at a local level.
SNPs associated with DENV-1 and/or DENV-3 infection were found
in all populations and likely play a role in dengue resistance of Ae. ae-
gypti in Central Nepal. This assumption is supported by reported
DENV type-specific resistance of a population from Gabon (Dickson
et al., 2020). However, the verification of SNPs and their functional
meaning in the identified candidate genes for insecticide resistance

and dengue vector competence merits definitely further research.

4.5 | Implications for climate adaptation

Genomic differentiation of the highland population compared to the
lowland populations supports the notion that Ae. aegypti is able to
adapt to colder climates. It will require additional investigations includ-
ing genome-wide individual resequencing data to understand if the
highland population shows signatures of local cold climate adaptation

at the range-edge or whether the relevant alleles have been intro-
duced through an alternative invasion event when compared to the
lowland populations. In any case, the identified alleles of the highland
population are likely relevant for their invasion to colder regions. In
general, it is of major importance to track the trends of climate adapta-
tion not only in emerging viruses (de Almeida et al., 2021), but also in
the respective vector populations especially. On the most basic level,
differentially adapted populations, be it to climate or local conditions,
could have different abilities to transmit arbovirus diseases (Bennett
et al., 2021b). With our study we demonstrate that effective monitor-
ing of vector populations using NGS strategies allows for the inter-
pretation of emerging expansion trends. The here applied approach
of population sampling and sequencing proved to be a powerful and
cost-effective methodology to assist the comprehensive monitoring
and mapping of the vector species Ae. aegypti (Rinker et al., 2016).
Patterns of population differentiation, genomically as well as physi-
ologically, deliver important evolutionary and ecological information
to be integrated into vector distribution models under climate change
scenarios, especially in cooler ecoregions (Kearney et al., 2009).
Current distribution models predicting the future distribution of vec-
tor populations should incorporate the adaptive response of species
for more precise predictions (Bennett et al., 2021b). Genomic diversity
and, thus, biodiversity by means of adaptation and simultaneously cli-
mate warming is likely to increase the risk of expansion of Ae. aegypti
worldwide to colder ecoregions. With the increasing distribution range
of the vectors worldwide as well as in Nepal and the HKH region in
particular (lwamura et al., 2020; Kraemer et al., 2019; Trajer, 2021) also
the spread of VBDs will increase (worldwide: e.g., dengue: Messina
et al.,, 2019; Nepal: Acharya et al., 2018), underlining that parts of
biodiversity can be detrimental to human health. For efficient vector
control, it is important to consider that locally adapted populations
could impact control efforts that are based on gene drive system, but
adaptive genes could also be targets for population control using gene
editing strategies (Bennett et al., 2021a; Gabrieli et al., 2014; Hancock
etal., 2016).

Results obtained in this study could potentially be used for the in-
ference of the adaptive response of Ae. aegypti to colder ecoregions
worldwide. The health systems in cooler ecoregions need to prepare
for future VBD outbreaks and develop surveillance strategies to pre-
vent the establishment of dengue vectors. To identify emerging trends
within the adaptation of Ae. aegypti to new environments, we rec-
ommend to investigate populations in Nepal from higher altitude as
well as populations along altitudinal and latitudinal clines worldwide.
Moreover, next to reciprocal transplant experiments in a safe experi-
mental set up (Bennett et al., 2021a, 2021b), molecular investigations
of the function of the candidate genes, the verification of the associ-
ation of candidate genes with different environmental variables and
differences in vector competence between the KT1300 populations

and lowland populations should be verified.

AUTHOR CONTRIBUTIONS
Isabelle Marie Kramer, Meghnath Dhimal, Ishan Gautam, Pramod
Shreshta, Sunita Baral and Ruth Miller sampled the mosquito

85U01 SUOWILLIOD A1) 8|qeo! [dde au Aq peuseob sk Sapie YO ‘8sh JO'Sa|n 10} AriqiT 8UlUO AB|IM UO (SUOTPUOD-PUB-SWBH 00" A3 1M Ae.q| 18U JU0//SdNY) SUONIPUOD pue SWis | 8U18es *[£202/TT/92] Uo AriqiTauliuo A1 ‘Auewses sueiyood Aq zG/9T 98W/TTTT 0T/I0p/w0d Ae|im Areiq1jeuluo//sdny wo.j pepeojumod ‘Z ‘€202 ‘Xy62S9ET



KRAMER ET AL.

364
—I—W] LE Y-1Y(e]#:Xel8) ¥N:§:{ele) Xo €)%

populations. Pramod Shreshta entomologically identified the mos-
quito species. Isabelle Marie Kramer and Ann-Marie Waldvogel
majorly analysed the data. Markus Pfenninger, Barbara Feldmeyer,
Juliane Hartke, Axel Magdeburg, Bodo Ahrens and Ruth Miiller as-
sisted in the data analysis. Isabelle Marie Kramer, Barbara Feldmeyer,
Parbati Phuyal, Juliane Hartke, Ruth Midller and Ann-Marie
Waldvogel visualized the data. Meghnath Dhimal, Ruth Miiller and
Ann-Marie Waldvogel conceptualized the study. Markus Pfenninger,
David A. Groneberg and Ruth Miiller provided study resources. Ruth
Muiller and Ann-Marie Waldvogel supervised the study. Ruth Mdiller
and Axel Magdeburg were responsible for the study administra-
tion and Ruth Mdiller also for the funding acquisition. Isabelle Marie
Kramer and Ann-Marie Waldvogel wrote the original draft. Markus
Pfenninger, Barbara Feldmeyer, Meghnath Dhimal, Ishan Gautam,
Pramod Shreshta, Sunita Baral, Parbati Phuyal, Juliane Hartke, Axel
Magdeburg, David A. Groneberg, Bodo Ahrens and Ruth Miiller re-
viewed and edited the original draft. All authors read and approved
the final manuscript.

ACKNOWLEDGEMENTS

The authors wish to thank Sabita Oli, Keshav Luitel and Sandhya
Belbase from the Nepal Health Research Council (Kathmandu, Nepal)
for the help in the adult/egg sampling campaign in Nepal. We also
thank Dr Tilman Schell and Christoph Sinai from the LOEWE Centre
for Translational Biodiversity Genomics for their support for the
population genomic analysis. Moreover, we thank Doris Klingelhofer
for her support in the figure design. This study was funded by the
Federal Ministry of Education and Research of Germany (BMBF)
under the project AECO (Number 01KI1717) as part of the National
Research Network on Zoonotic Infectious Diseases of Germany.
This work was additionally supported by the LOEWE Centre for
Translational Biodiversity Genomics (TBG), funded by the state of

Hesse, Germany.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The PoolSeqg-data sets supporting the conclusions of this article
have been made available in the ENA- European Nucleotide Archive
under the following accession number: PRJEB56779.

BENEFIT-SHARING STATEMENT

With a memoradum of understanding between the Nepal Health
Research Council and the Institute of Occupational, Social and
Environmental Medicine at the Goethe University Frankfurt, we are
committed to international scientific partnerships, as well as insti-
tutional capacity building. All collaborators working on this study
are included as coauthors, and the results of research have been
shared with the health ministry of the study country (Nepal Health
Research Council). Moreover, the field collection of mosquitoes
was authorized by the Nepal Health Research Council (application
number 1058) and the transport of the mosquitoes from Nepal to

Germany was in accordance with the Material Transfer Agreement
no. 381/2017.

ORCID
Isabelle Marie Kramer "= https://orcid.org/0000-0002-5106-2012
https://orcid.org/0000-0002-1547-7245

https://orcid.org/0000-0002-0413-7245

Markus Pfenninger

Barbara Feldmeyer

REFERENCES

Acharya, B. K., Cao, C., Xu, M., Khanal, L., Naeem, S., & Pandit, S.
(2018). Present and future of dengue fever in Nepal: Mapping cli-
matic suitability by ecological niche model. International Journal of
Environmental Research and Public Health, 15(2), 187. https://doi.
org/10.3390/ijerph15020187

Alexa, A., & Rahnenfihrer, J. (2016). topGO: Enrichment analysis for gene
ontology. Annales de Limnologie-International Journal of Limnology R
package. Bioconductor.

Andrews, S. (2010). FastQC: A quality control tool for high throughout se-
quence data.

Beier, S., Thiel, T., Munch, T., Scholz, U., & Mascher, M. (2017). MISA-
web: A web server for microsatellite prediction. Bioinformatics
(Oxford, England), 33(16), 2583-2585. https://doi.org/10.1093/
bioinformatics/btx198

Bennett, K. L., McMillan, W. O., & Loaiza, J. R. (2021a). Does local adap-
tation impact on the distribution of competing Aedes disease vec-
tors? Climate, 9(2), 1-9. https://doi.org/10.3390/cli9020036

Bennett, K. L., McMillan, W. O., & Loaiza, J. R. (2021b). The genomic
signal of local environmental adaptation in Aedes aegypti mos-
quitoes. Evolutionary Applications, 14(5), 1301-1313. https://doi.
org/10.1111/eva.13199

Bergland, A. O., Tobler, R., Gonzélez, J., Schmidt, P., & Petrov, D. (2016).
Secondary contact and local adaptation contribute to genome-wide
patterns of clinal variation in Drosophila melanogaster. Molecular
Ecology, 25(5), 1157-1174. https://doi.org/10.1111/mec.13455

Bhatt, S., Gething, P. W., Brady, O. J., Messina, J. P., Farlow, A. W., Moyes,
C.L., Drake, J. M., Brownstein, J. S., Hoen, A. G., Sankoh, O., Myers,
M. F., George, D. B., Jaenisch, T., William Wint, G. R., Simmons, C.
P., Scott, T. W., Farrar, J. J., & Hay, S. I. (2013). The global distribu-
tion and burden of dengue. Nature, 496(7446), 504-507. https://
doi.org/10.1038/nature12060

Black, W. C., IV, Bennett, K. E., Gorrochétegui-Escalante, N., Barillas-
Mury, C. v., Fernandez-Salas, I., Muioz, M. D. L., Farfan-Alé, J. A.,
Olson, K. E., & Beaty, B. J. (2002). Flavivirus susceptibility in Aedes
aegypti. Archives of Medical Research, 33(4), 379-388. https://doi.
org/10.1016/50188-4409(02)00373-9

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible
trimmer for lllumina sequence data. Bioinformatics, 30(15), 2114-
2120. https://doi.org/10.1093/bioinformatics/btul70

Broad Institute. (2019). Picard toolkit. Broad Institute.

Brown, J. E., Mcbride, C. S., Johnson, P, Ritchie, S., Paupy, C., Bossin, H.,
Lutomiah, J., Fernandez-Salas, |., Ponlawat, A., Cornel, A. J., Black,
W. C. IV, Gorrochotegui-Escalante, N., Urdaneta-Marquez, L., Sylla,
M., Slotman, M., Murray, K. O., Walker, C., & Powell, J. R. (2011).
Worldwide patterns of genetic differentiation imply multiple “do-
mestications” of Aedes aegypti, a major vector of human diseases.
Proceedings of the Royal Society B: Biological Sciences, 278(1717),
2446-2454. https://doi.org/10.1098/rspb.2010.2469

Caye, K., Jumentier, B., Lepeule, J., & Francois, O. (2019). LFMM 2:
Fast and accurate inference of gene-environment associations in
genome-wide studies. Molecular Biology and Evolution, 36(4), 852-
860. https://doi.org/10.1093/molbev/msz008

Cheng, C., White, B. J., Kamdem, C., Mockaitis, K., Costantini, C., Hahn,
M. W.,, & Besansky, N. J. (2012). Ecological genomics of Anopheles

85U01 SUOWILLIOD A1) 8|qeo! [dde au Aq peuseob sk Sapie YO ‘8sh JO'Sa|n 10} AriqiT 8UlUO AB|IM UO (SUOTPUOD-PUB-SWBH 00" A3 1M Ae.q| 18U JU0//SdNY) SUONIPUOD pue SWis | 8U18es *[£202/TT/92] Uo AriqiTauliuo A1 ‘Auewses sueiyood Aq zG/9T 98W/TTTT 0T/I0p/w0d Ae|im Areiq1jeuluo//sdny wo.j pepeojumod ‘Z ‘€202 ‘Xy62S9ET


https://orcid.org/0000-0002-5106-2012
https://orcid.org/0000-0002-5106-2012
https://orcid.org/0000-0002-1547-7245
https://orcid.org/0000-0002-1547-7245
https://orcid.org/0000-0002-0413-7245
https://orcid.org/0000-0002-0413-7245
https://doi.org/10.3390/ijerph15020187
https://doi.org/10.3390/ijerph15020187
https://doi.org/10.1093/bioinformatics/btx198
https://doi.org/10.1093/bioinformatics/btx198
https://doi.org/10.3390/cli9020036
https://doi.org/10.1111/eva.13199
https://doi.org/10.1111/eva.13199
https://doi.org/10.1111/mec.13455
https://doi.org/10.1038/nature12060
https://doi.org/10.1038/nature12060
https://doi.org/10.1016/S0188-4409(02)00373-9
https://doi.org/10.1016/S0188-4409(02)00373-9
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1098/rspb.2010.2469
https://doi.org/10.1093/molbev/msz008

KRAMER ET AL.

gambiae along a latitudinal cline: A population-resequencing ap-
proach. Genetics, 190(4), 1417-1432. https://doi.org/10.1534/
genetics.111.137794

Darsie, R. F., Pradhan, S. P., & Pradhan, J. R. (1990). The mosquitoes
of Nepal: Their identification, distribution and biology. Mosquito
Systematics, 22(2), 69-130.

de Almeida, J. P.,, Aguiar, E. R., Armache, J. N., Olmo, R. P., & Marques,
J. T. (2021). The virome of vector mosquitoes. Current Opinion in
Virology, 49, 7-12. https://doi.org/10.1016/j.coviro.2021.04.002

de Majo, M. S., Zanotti, G., Campos, R. E., & Fischer, S. (2019). Effects of
constant and fluctuating low temperatures on the development of
Aedes aegypti (Diptera: Culicidae) from a temperate region. Journal
of Medical Entomology, 56(6), 1661-1668. https://doi.org/10.1093/
jme/tjz087

Dhimal, M., Ahrens, B., & Kuch, U. (2014). Species composition, seasonal
occurrence, habitat preference and altitudinal distribution of ma-
laria and other disease vectors in eastern Nepal. Parasites & Vectors,
7(1), 540. https://doi.org/10.1186/s13071-014-0540-4

Dhimal, M., Ahrens, B., & Kuch, U. (2015). Climate change and spatiotem-
poral distributions of vector-borne diseases in Nepal - A system-
atic synthesis of literature. PLoS One, 10(6), €0129869. https://doi.
org/10.1371/journal.pone.0129869

Dhimal, M., Bhandari, D., Dhimal, M. L., Kafle, N., Pyakurel, P., Mahotra,
N., Akhtar, S., Ismail, T., Dhiman, R. C., Groneberg, D. A., Shrestha,
U. B., & Miller, R. (2021). Impact of climate change on health and
well-being of people in Hindu Kush Himalayan region: A narrative
review. Frontiers in Physiology, 12(August), 651189. https://doi.
org/10.3389/fphys.2021.651189

Dhimal, M., Gautam, ., Joshi, H. D., O'Hara, R. B., Ahrens, B., & Kuch, U.
(2015). Risk factors for the presence of chikungunya and dengue
vectors (Aedes aegypti and Aedes albopictus), their altitudinal dis-
tribution and climatic determinants of their abundance in Central
Nepal. PLoS Neglected Tropical Diseases, 9(3), 1-20. https://doi.
org/10.1371/journal.pntd.0003545

Dhimal, M., Kramer, I. M., Phuyal, P., Budhathoki, S. S., Hartke, J.,
Ahrens, B., Kuch, U., Groneberg, D. A., Nepal, S., Qi-Yong, L., Cun-
Rui, H., Cissé, G., Ebi, K. L., Klingelhéfer, D., & Miller, R. (2021).
Climate change and its association with the expansion of vec-
tors and vector-borne diseases in the Hindu Kush Himalayan re-
gion: A systematic synthesis of the literature. Advances in Climate
Change Research, 12(3), 421-429. https://doi.org/10.1016/j.
accre.2021.05.003

Dickson, L. B., Merkling, S. H., Gautier, M., Ghozlane, A., Jiolle, D., Paupy,
C., Ayala, D., Moltini-Conclois, I., Fontaine, A., & Lambrechts, L.
(2020). Exome-wide association study reveals largely distinct gene
sets underlying specific resistance to dengue virus types 1 and 3 in
Aedes aegypti. PLoS Genetics, 16(5), 1-19. https://doi.org/10.1371/
journal.pgen.1008794

Dickson, L. B., Sanchez-Vargas, I., Sylla, M., Fleming, K., & Black, W. C.
(2014). Vector competence in west African Aedes aegyptiis flavivirus
species and genotype dependent. PLoS Neglected Tropical Diseases,
8(10), e3153. https://doi.org/10.1371/journal.pntd.0003153

Endersby-Harshman, N. M., Schmidt, T. L., Chung, J., van Rooyen, A.,
Weeks, A. R., & Hoffmann, A. A. (2020). Heterogeneous genetic
invasions of three insecticide resistance mutations in Indo-Pacific
populations of Aedes aegypti (L.). Molecular Ecology, 29(9), 1628-
1641. https://doi.org/10.1111/mec.15430

Fabian, D. K., Kapun, M., Nolte, V., Kofler, R., Schmidt, P. S., Schlétterer,
C., & Flatt, T. (2012). Genome-wide patterns of latitudinal dif-
ferentiation among populations of Drosophila melanogaster from
North America. Molecular Ecology, 21(19), 4748-4769. https://doi.
org/10.1111/j.1365-294X.2012.05731.x

Faucon, F., Gaude, T., Dusfour, |., Navratil, V., Corbel, V., Juntarajumnong,
W., Girod, R., Poupardin, R., Boyer, F., Reynaud, S., & David, J. P.
(2017). In the hunt for gen omic markers of metabolic resistance
to pyrethroids in the mosquito Aedes aegypti: An integrated

365
MOLECULAR ECOLOGY VA LEYJ—

next-generation sequencing approach. PLoS Neglected Tropical
Diseases, 11(4), 1-20. https://doi.org/10.1371/journ
al.pntd.0005526

Field, A. L. (2015). The evolution and function of the pair-rule gene fushi
Tarazu (FTZ) [Dissertation]. University of Maryland.

Fischer, S., de Majo, M. S., di Battista, C. M., Montini, P, Loetti, V., &
Campos, R. E. (2019). Adaptation to temperate climates: Evidence
of photoperiod-induced embryonic dormancy in Aedes aegypti
in South America. Journal of Insect Physiology, 117(May), 103887.
https://doi.org/10.1016/].jinsphys.2019.05.005

Futschik, A., & Schlotterer, C. (2010). The next generation of molecular
markers from massively parallel sequencing of pooled DNA sam-
ples. Genetics, 186(1), 207-218. https://doi.org/10.1534/genet
ics.110.114397

Gabrieli, P, Smidler, A., & Catteruccia, F. (2014). Engineering the con-
trol of mosquito-borne infectious diseases. Genome Biology, 15(11),
535. https://doi.org/10.1186/s13059-014-0535-7

Garzén, M. J.,, Maffey, L., Lizuain, A., Soto, D., Diaz, P. C., Leporace, M.,
Salomén, O. D., & Schweigmann, N. J. (2021). Temperature and
photoperiod effects on dormancy status and life cycle parameters
in Aedes albopictus and Aedes aegypti from subtropical Argentina.
Medical and Veterinary Entomology, 35(1), 97-105. https://doi.
org/10.1111/mve.12474

Gautam, ., Dhimal, M. N,, Shrestha, S. R., & Tamrakar, A. S. (2009). First
record of Aedes aegypti (L.) vector of dengue virus from Kathmandu,
Nepal. Journal of Natural History Museum, 24(1), 156-164. https://
doi.org/10.3126/jnhm.v24i1.2298

Gautier, M. (2015). Genome-wide scan for adaptive divergence and asso-
ciation with population-specific covariates. Genetics, 201(4), 1555~
1579. https://doi.org/10.1534/genetics.115.181453

Gibson, S. Y., van der Marel, R. C., & Starzomski, B. M. (2009). Climate
change and conservation of leading-edge peripheral popu-
lations. Conservation Biology, 23(6), 1369-1373. https://doi.
org/10.1111/j.1523-1739.2009.01375.x

Gloria-Soria, A., Ayala, D., Bheecarry, A., Calderon-arguedas, O., Chadee,
D. D., Chiappero, M., Coetzee, M., Elahee, K. B., Fernandez-salas, |.,
Kamal, H. A., Kamgang, B., Khater, E. . M, Kramer, L. D., Kramer, V.,
Lopez-solis, A., Lutomiah, J., Martins, A., Jr., Micieli, M. V., Paupy,
C., ... Powell, J. R. (2016). Global genetic diversity of Aedes aegypti.
Molecular Ecology, 25(21), 5377-5395. https://doi.org/10.1111/
mec.13866.Global

Gubler, D. J. (2011). Dengue, urbanization and globalization: The unholy
trinity of the 21st century. Tropical Medicine and Health, 39(4 Suppl),
3-11. https://doi.org/10.2149/tmh.2011-S05

Glnther, T., & Coop, G. (2013). Robust identification of local adaptation
from allele frequencies. Genetics, 195(1), 205-220. https://doi.
org/10.1534/genetics.113.152462

Hancock, P. A., White, V. L., Ritchie, S. A., Hoffmann, A. A., & Godfray,
H. C. J. (2016). Predicting Wolbachia invasion dynamics in Aedes ae-
gypti populations using models of density-dependent demographic
traits. BMC Biology, 14(1), 1-12. https://doi.org/10.1186/s1291
5-016-0319-5

Hargreaves, A. L., & Eckert, C. G. (2019). Local adaptation primes cold-
edge populations for range expansion but not warming-induced
range shifts. Ecology Letters, 22(1), 78-88. https://doi.org/10.1111/
ele.13169

Hartke, J., Waldvogel, A. M., Sprenger, P. P., Schmitt, T., Menzel, F,,
Pfenninger, M., & Feldmeyer, B. (2021). Little parallelism in ge-
nomic signatures of local adaptation in two sympatric, cryptic sis-
ter species. Journal of Evolutionary Biology, 34, 937-952. https://doi.
org/10.1111/jeb.13742

Hoban, S., Kelley, J. L., Lotterhos, K. E., Antolin, M. F., Bradburd, G.,
Lowry, D. B., Poss, M. L., Reed, L. K., Storfer, A., & Whitlock, M. C.
(2016). Finding the genomic basis of local adaptation: Pitfalls, prac-
tical solutions, and future directions. American Naturalist, 188(4),
379-397. https://doi.org/10.1086/688018

85U01 SUOWILLIOD A1) 8|qeo! [dde au Aq peuseob sk Sapie YO ‘8sh JO'Sa|n 10} AriqiT 8UlUO AB|IM UO (SUOTPUOD-PUB-SWBH 00" A3 1M Ae.q| 18U JU0//SdNY) SUONIPUOD pue SWis | 8U18es *[£202/TT/92] Uo AriqiTauliuo A1 ‘Auewses sueiyood Aq zG/9T 98W/TTTT 0T/I0p/w0d Ae|im Areiq1jeuluo//sdny wo.j pepeojumod ‘Z ‘€202 ‘Xy62S9ET


https://doi.org/10.1534/genetics.111.137794
https://doi.org/10.1534/genetics.111.137794
https://doi.org/10.1016/j.coviro.2021.04.002
https://doi.org/10.1093/jme/tjz087
https://doi.org/10.1093/jme/tjz087
https://doi.org/10.1186/s13071-014-0540-4
https://doi.org/10.1371/journal.pone.0129869
https://doi.org/10.1371/journal.pone.0129869
https://doi.org/10.3389/fphys.2021.651189
https://doi.org/10.3389/fphys.2021.651189
https://doi.org/10.1371/journal.pntd.0003545
https://doi.org/10.1371/journal.pntd.0003545
https://doi.org/10.1016/j.accre.2021.05.003
https://doi.org/10.1016/j.accre.2021.05.003
https://doi.org/10.1371/journal.pgen.1008794
https://doi.org/10.1371/journal.pgen.1008794
https://doi.org/10.1371/journal.pntd.0003153
https://doi.org/10.1111/mec.15430
https://doi.org/10.1111/j.1365-294X.2012.05731.x
https://doi.org/10.1111/j.1365-294X.2012.05731.x
https://doi.org/10.1371/journal.pntd.0005526
https://doi.org/10.1371/journal.pntd.0005526
https://doi.org/10.1016/j.jinsphys.2019.05.005
https://doi.org/10.1534/genetics.110.114397
https://doi.org/10.1534/genetics.110.114397
https://doi.org/10.1186/s13059-014-0535-7
https://doi.org/10.1111/mve.12474
https://doi.org/10.1111/mve.12474
https://doi.org/10.3126/jnhm.v24i1.2298
https://doi.org/10.3126/jnhm.v24i1.2298
https://doi.org/10.1534/genetics.115.181453
https://doi.org/10.1111/j.1523-1739.2009.01375.x
https://doi.org/10.1111/j.1523-1739.2009.01375.x
https://doi.org/10.1111/mec.13866.Global
https://doi.org/10.1111/mec.13866.Global
https://doi.org/10.2149/tmh.2011-S05
https://doi.org/10.1534/genetics.113.152462
https://doi.org/10.1534/genetics.113.152462
https://doi.org/10.1186/s12915-016-0319-5
https://doi.org/10.1186/s12915-016-0319-5
https://doi.org/10.1111/ele.13169
https://doi.org/10.1111/ele.13169
https://doi.org/10.1111/jeb.13742
https://doi.org/10.1111/jeb.13742
https://doi.org/10.1086/688018

KRAMER ET AL.

366
—I—W] LE Y-1Y(e]#:Xel8) ¥N:§:{ele) Xo €)%

Huber, K., Loan, L. L., Chantha, N., & Failloux, A. B. (2004). Human
transportation influences Aedes aegypti gene flow in Southeast
Asia. Acta Tropica, 90(1), 23-29. https://doi.org/10.1016/j.actat
ropica.2003.09.012

Ibanez-Justicia, A. (2020). Pathways for introduction and dispersal of in-
vasive Aedes mosquito species in Europe: A review. Journal of the
European Mosquito Control Association, 38, 1-10.

lwamura, T., Guzman-Holst, A., & Murray, K. A. (2020). Accelerating inva-
sion potential of disease vector Aedes aegypti under climate change.
Nature Communications, 11(1), 2130. https://doi.org/10.1038/
s41467-020-16010-4

Jeffreys, H. (1961). Theory of probability (3rd ed.). Clarendon Press.

Jiang, S., Luo, M. X,, Gao, R. H., Zhang, W,, Yang, Y. Z., Li, Y. J., & Liao, P.
C. (2019). Isolation-by-environment as a driver of genetic differenti-
ation among populations of the only broad-leaved evergreen shrub
Ammopiptanthus mongolicus in Asian temperate deserts. Scientific
Reports, 9(1), 12008. https://doi.org/10.1038/s41598-019-48472-y

Karger, D. N., Conrad, O., Béhner, J., Kawohl, T., Kreft, H., Soria-Auza,
R. W., Zimmermann, N. E., Linder, H. P., & Kessler, M. (2017).
Climatologies at high resolution for the Earth's land surface areas.
Scientific Data, 4, 1-20. https://doi.org/10.1038/sdata.2017.122

Karger, D. N., Conrad, O., Béhner, J., Kawohl, T., Kreft, H., Soria-Auza,
R. W., Zimmermann, N. E., Linder, H. P., & Kessler, M. (2022). Data
from: Climatologies at high resolution for the earth's land surface
areas. https://doi.org/10.5061/dryad.kd1d4

Karl, T. R. (1988). Urbanization: Its detection and effect in the United
States climate record. Journal of Climate, 1, 1099-1123.

Kawada, H., Futami, K., Higa, Y., Rai, G., Suzuki, T., & Rai, S. K. (2020).
Distribution and pyrethroid resistance status of Aedes aegypti
and Aedes albopictus populations and possible phylogenetic rea-
sons for the recent invasion of Aedes aegypti in Nepal. Parasites
and Vectors, 13(1), 1-13. https://doi.org/10.1186/s13071-020-
04090-6

Kearney, M., Porter, W. P., Williams, C., Ritchie, S., & Hoffmann, A. A.
(2009). Integrating biophysical models and evolutionary theory
to predict climatic impacts on species' ranges: The dengue mos-
quito Aedes aegypti in Australia. Functional Ecology, 23(3), 528-538.
https://doi.org/10.1111/j.1365-2435.2008.01538.x

Kofler, R., Orozco-terWengel, P., de Maio, N., Pandey, R. V., Nolte, V.,
Futschik, A., Kosiol, C., & Schlétterer, C. (2011). Popoolation: A tool-
box for population genetic analysis of next generation sequencing
data from pooled individuals. PLoS One, 6(1), e15925. https://doi.
org/10.1371/journal.pone.0015925

Kofler, R., Pandey, R. V. & Schlétterer, C. (2011). PoPoolation2:
Identifying differentiation between populations using sequencing
of pooled DNA samples (Pool-seq). Bioinformatics, 27(24), 3435-
3436. https://doi.org/10.1093/bioinformatics/btr589

Kolaczkowski, B., Kern, A. D., Holloway, A. K., & Begun, D. J. (2011).
Genomic differentiation between temperate and tropical Australian
populations of Drosophila melanogaster. Genetics, 187(1), 245-260.
https://doi.org/10.1534/genetics.110.123059

Kopelman, N. M., Mayzel, J., Jakobsson, M., Rosenberg, N. A, &
Mayrose, 1. (2015). Clumpak: A program for identifying cluster-
ing modes and packaging population structure inferences across
K. Molecular Ecology Resources, 15(5), 1179-1191. https://doi.
org/10.1111/1755-0998.12387

Kraemer, M. U. G., Reiner, R. C., Brady, O. J,, Messina, J. P., Gilbert, M.,
Pigott, D. M., Yi, D., Johnson, K., Earl, L., Marczak, L. B., Shirude, S.,
Davis Weaver, N., Bisanzio, D., Perkins, T. A, Lai, S., Lu, X., Jones, P.,
Coelho, G. E., Carvalho, R. G,, ... Golding, N. (2019). Past and future
spread of the arbovirus vectors Aedes aegypti and Aedes albopictus.
Nature Microbiology, 4(5), 854-863. https://doi.org/10.1038/s4156
4-019-0376-y

Kramer, |. M. (2021). Adaptation of dengue virus transmitting Aedes mos-
quitoes to a climate gradient in Central Nepal, [Doctoral thesis].
Goethe University.

Kramer, I. M., Baral, S., Gautam, |., Braun, M., Magdeburg, A., Phuyal,
P., Kadel, I., Dhimal, M., Ahrens, B., Groneberg, D. A., & Miiller,
R. (2021). STtech: Sampling and transport techniques for Aedes
eggs during a sampling campaign in a low-resource setting.
Entomologia Experimentalis et Applicata, 169(4), 374-383. https://
doi.org/10.1111/eea.13022

Kramer, I. M., KreR, A., Klingelhéfer, D., Scherer, C., Phuyal, P., Kuch, U.,
Ahrens, B., Groneberg, D. A., Dhimal, M., & Miiller, R. (2020). Does
winter cold really limit the dengue vector Aedes aegypti in Europe?
Parasites & Vectors, 13(178), 1-13. https://doi.org/10.1186/s1307
1-020-04054-w

Kramer, I. M., Pfeiffer, M., Steffens, O., Schneider, F., Gerger, V., Phuyal,
P., Braun, M., Magdeburg, A., Ahrens, B., Groneberg, D. A., Kuch,
U., Dhimal, M., & Miiller, R. (2021). The ecophysiological plasticity
of Aedes aegypti and Aedes albopictus concerning overwintering
in cooler ecoregions is driven by local climate and acclimation ca-
pacity. Science of the Total Environment, 778, 146128. https://doi.
org/10.1016/j.scitotenv.2021.146128

Krzywinski, M., Schein, J., Birol, I., Connors, J., Gascoyne, R., Horsman,
D., Jones, S. J., & Marra, M. A. (2009). Circos: An information aes-
thetic for comparative genomics. Genome Research, 19(9), 1639-
1645. https://doi.org/10.1101/gr.092759.109

Lahondere, C., Vinauger, C., Okubo, R. P., Wolff, G. H., Chan, J. K,
Akbari, O. S., & Riffell, J. A. (2020). The olfactory basis of orchid
pollination by mosquitoes. Proceedings of the National Academy of
Sciences of the United States of America, 117(1), 708-716. https://
doi.org/10.1073/pnas.1910589117

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with
burrows-wheeler transform. Bioinformatics, 25(14), 1754-1760.
https://doi.org/10.1093/bioinformatics/btp324

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth,
G., Abecasis, G., & Durbin, R. (2009). The sequence alignment/map
format and SAMtools. Bioinformatics, 25(16), 2078-2079. https://
doi.org/10.1093/bioinformatics/btp352

Liu-Helmersson, J., Brannstrém, A., Sewe, M. O., Semenza, J. C., &
Rockldy, J. (2019). Estimating past, present, and future trends in
the global distribution and abundance of the arbovirus vector Aedes
aegypti under climate change scenarios. Frontiers in Public Health,
7(June), 1-10. https://doi.org/10.3389/fpubh.2019.00148

Loffler, G., Petrides, P. E., & Heinrich, P. C. (2007). Biochemie und
Pathobiochemie - 8 Auflage. Springer Medizin Verlag.

Malla, S., Thakur, G. D., Shrestha, S. K., Banjeree, M. K., Thapa, L. B.,
Gogal, G., Ghimire, P., Upadhyay, S. P, Gautam, P., Khanal, S.,
Nisaluk, A., Jarman, R. G., & Gibbons, R. V. (2008). Identification of
all dengue serotypes in Nepal. Emerging Infectious Diseases, 14(10),
1669-1670. https://doi.org/10.1186/1743-422X-5-1

Marcantonio, M., Reyes, T., & Barker, C. M. (2019). Quantifying Aedes ae-
gypti dispersal in space and time: A modeling approach. Ecosphere,
10(12), 1-18. https://doi.org/10.1002/ecs2.2977

Marselle, M. R., Hartig, T., Cox, D. T. C., de Bell, S., Knapp, S., Lindley, S.,
Triguero-Mas, M., Bohning-Gaese, K., Braubach, M., Cook, P. A., de
Vries, S., Heintz-Buschart, A., Hofmann, M., Irvine, K. N., Kabisch,
N., Kolek, F., Kraemer, R., Markevych, I., Martens, D, ... Bonn, A.
(2021). Pathways linking biodiversity to human health: A concep-
tual framework. Environment International, 150(February), 106420.
https://doi.org/10.1016/j.envint.2021.106420

Matthews, B. J., Dudchenko, O., Kingan, S. B., Koren, S., Antoshechkin,
l., Crawford, J. E., Glassford, W. J., Herre, M., Redmond, S. N.,
Rose, N. H., Weedall, G. D., Wu, Y., Batra, S. S., Brito-Sierra, C. A.,
Buckingham, S. D., Campbell, C. L., Chan, S., Cox, E., Evans, B. R.,
... Vosshall, L. B. (2018). Improved reference genome of Aedes ae-
gypti informs arbovirus vector control. Nature, 563(7732), 501-507.
https://doi.org/10.1038/s41586-018-0692-z

McBride, C. S. (2016). Genes and odors underlying the recent evolution
of mosquito preference for humans. Current Biology, 26(1), R41-
R46. https://doi.org/10.1016/j.cub.2015.11.032

85U01 SUOWILLIOD A1) 8|qeo! [dde au Aq peuseob sk Sapie YO ‘8sh JO'Sa|n 10} AriqiT 8UlUO AB|IM UO (SUOTPUOD-PUB-SWBH 00" A3 1M Ae.q| 18U JU0//SdNY) SUONIPUOD pue SWis | 8U18es *[£202/TT/92] Uo AriqiTauliuo A1 ‘Auewses sueiyood Aq zG/9T 98W/TTTT 0T/I0p/w0d Ae|im Areiq1jeuluo//sdny wo.j pepeojumod ‘Z ‘€202 ‘Xy62S9ET


https://doi.org/10.1016/j.actatropica.2003.09.012
https://doi.org/10.1016/j.actatropica.2003.09.012
https://doi.org/10.1038/s41467-020-16010-4
https://doi.org/10.1038/s41467-020-16010-4
https://doi.org/10.1038/s41598-019-48472-y
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.5061/dryad.kd1d4
https://doi.org/10.1186/s13071-020-04090-6
https://doi.org/10.1186/s13071-020-04090-6
https://doi.org/10.1111/j.1365-2435.2008.01538.x
https://doi.org/10.1371/journal.pone.0015925
https://doi.org/10.1371/journal.pone.0015925
https://doi.org/10.1093/bioinformatics/btr589
https://doi.org/10.1534/genetics.110.123059
https://doi.org/10.1111/1755-0998.12387
https://doi.org/10.1111/1755-0998.12387
https://doi.org/10.1038/s41564-019-0376-y
https://doi.org/10.1038/s41564-019-0376-y
https://doi.org/10.1111/eea.13022
https://doi.org/10.1111/eea.13022
https://doi.org/10.1186/s13071-020-04054-w
https://doi.org/10.1186/s13071-020-04054-w
https://doi.org/10.1016/j.scitotenv.2021.146128
https://doi.org/10.1016/j.scitotenv.2021.146128
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1073/pnas.1910589117
https://doi.org/10.1073/pnas.1910589117
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.3389/fpubh.2019.00148
https://doi.org/10.1186/1743-422X-5-1
https://doi.org/10.1002/ecs2.2977
https://doi.org/10.1016/j.envint.2021.106420
https://doi.org/10.1038/s41586-018-0692-z
https://doi.org/10.1016/j.cub.2015.11.032

KRAMER ET AL.

Messina, J. P, Brady, O. J., Golding, N., Kraemer, M. U. G., Wint, G. R. W.,
Ray, S. E., Pigott, D. M., Shearer, F. M., Johnson, K., Earl, L., Marczak,
L. B., Shirude, S., Davis Weaver, N., Gilbert, M., Velayudhan, R.,
Jones, P, Jaenisch, T, Scott, T. W,, Reiner, R. C., & Hay, S. I. (2019).
The current and future global distribution and population at risk
of dengue. Nature Microbiology, 4(9), 1508-1515. https://doi.
org/10.1038/s41564-019-0476-8

Mitchell, J. M., Jr. (1961). The temperature of cities. Weatherwise, 14(6),
224-258.

Muir, L. E., & Kay, B. H. (1998). Aedes aegypti survival and dispersal esti-
mated by mark-release-recapture in northern Australia. American
Journal of Tropical Medicine and Hygiene, 58(3), 277-282. https://doi.
org/10.4269/ajtmh.1998.58.277

Murray, N. E. A., Quam, M. B., & Wilder-Smith, A. (2013). Epidemiology
of dengue: Past, present and future prospects. Clinical Epidemiology,
5(1), 299-309. https://doi.org/10.2147/CLEP.S34440

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., Mcglinn,
D., Minchin, P. R., O'hara, R. B., Simpson, G. L., Solymos, P., Henry,
M., Stevens, H., Szoecs, E., & Maintainer, H. W. (2020). “Vegan”:
Community ecology package. R package v2.5-7.

Oppold, A.-M., & Pfenninger, M. (2017). Direct estimation of the spon-
taneous mutation rate by short-term mutation accumulation lines
in Chironomus riparius. Evolution Letters, 1(2), 86-92. https://doi.
org/10.1002/evI3.8

Orsini, L., Vanoverbeke, J., Swillen, I., Mergeay, J., & de Meester, L.
(2013). Drivers of population genetic differentiation in the wild:
Isolation by dispersal limitation, isolation by adaptation and isola-
tion by colonization. Molecular Ecology, 22(24), 5983-5999. https://
doi.org/10.1111/mec.12561

Peters, W., & Dewar, S. C. (1956). A preliminary record of the megarhine
and culicine mosquitoes of Nepal with notes on their taxonomy
(Diptera: Culicidae). Indian Journal of Malariology, 10(1), 37-51.

Phuyal, P., Kramer, I. M., Klingelhofer, D., Kuch, U., Madeburg, A.,
Groneberg, D. A., Wouters, E., Dhimal, M., & Midiller, R. (2020).
Spatiotemporal distribution of dengue and chikungunya in the
hindu kush himalayan region: A systematic review. International
Journal of Environmental Research and Public Health, 17(18), 1-18.
https://doi.org/10.3390/ijerph17186656

Poudel, A., Cuo, L., Ding, J., & Gyawali, A. R. (2020). Spatio-temporal
variability of the annual and monthly extreme temperature indices
in Nepal. International Journal of Climatology, 40(11), 4956-4977.
https://doi.org/10.1002/joc.6499

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of popu-
lation structure using multilocus genotype data. Genetics, 155(2),
945-959.

Quevillon, E., Silventoinen, V., Pillai, S., Harte, N., Mulder, N., Apweiler,
R., & Lopez, R. (2005). InterProScan: Protein domains identi-
fier. Nucleic Acids Research, 33(SUPPL. 2), 116-120. https://doi.
org/10.1093/nar/gki442

Ramirez, J. L., & Dimopoulos, G. (2010). The toll immune signaling
pathway control conserved anti-dengue defenses across di-
verse Ae. aegypti strains and against multiple dengue virus
serotypes. Bone, 34(6), 625-629. https://doi.org/10.1016/j.
dci.2010.01.006

Rane, R. v., Rako, L., Kapun, M., Lee, S. F.,, & Hoffmann, A. A. (2015).
Genomic evidence for role of inversion 3RP of Drosophila melano-
gaster in facilitating climate change adaptation. Molecular Ecology,
24(10), 2423-2432. https://doi.org/10.1111/mec.13161

Reuss, F., Wieser, A., Niamir, A., Balint, M., Kuch, U., Pfenninger, M., &
Miuiller, R. (2018). Thermal experiments with the Asian bush mos-
quito (Aedes japonicus japonicus) (Diptera: Culicidae) and implica-
tions for its distribution in Germany. Parasites and Vectors, 11(1),
1-10. https://doi.org/10.1186/s13071-018-2659-1

Rijal, K. R., Adhikari, B., Ghimire, B., Dhungel, B., Pyakurel, U. R., &
Shah, P. (2021). Epidemiology of dengue virus infections in Nepal,
2006-2019. Infectious Diseases of Poverty, 10(52), 1-10. https://doi.
org/10.1186/540249-021-00837-0

367
MOLECULAR ECOLOGY VA LEYJ—

Rinker, D. C., Pitts, R. J., & Zwiebel, L. J. (2016). Disease vectors in the era
of next generation sequencing. Genome Biology, 17(1), 1-11. https://
doi.org/10.1186/s13059-016-0966-4

Samuel, G. H., Adelman, zach, N., & Myles, K. M. (2016). Temperature-
dependent effects onthereplication and transmission of arthropod-
borne viruses in their insect hosts. Current Opinion in Insect Science,
16, 108-113. https://doi.org/10.1016/j.c0is.2016.06.005

Schmidt, T. L., Endersby-Harshman, N. M., & Hoffmann, A. A. (2021).
Improving mosquito control strategies with population genomics.
Trends in Parasitology, 37(19), 907-921. https://doi.org/10.1016/j.
pt.2021.05.002

Schoennenbeck, P., Schell, T., Gerber, S., & Pfenninger, M. (2021). Thg - A
new file format for genomic data. BioRxiv, 1987,2021.03.15.435393.
http://biorxiv.org/content/early/2021/03/16/2021.03.15.435393.
abstract

Sedlazeck, F. J., Rescheneder, P., & von Haeseler, A. (2013). NextGenMap:
Fast and accurate read mapping in highly polymorphic genomes.
Bioinformatics, 29(21), 2790-2791. https://doi.org/10.1093/bioin
formatics/btt468

Sharma, Y., Miladi, M., Dukare, S., Boulay, K., Caudron-Herger, M., GroR3,
M., Backofen, R., & Diederichs, S. (2019). A pan-cancer analysis
of synonymous mutations. Nature Communications, 10(1), 2569.
https://doi.org/10.1038/s41467-019-10489-2

Sherpa, S., Blum, M. G. B,, Capblancq, T., Cumer, T., Rioux, D., & Després,
L. (2019). Unravelling the invasion history of the Asian tiger mos-
quito in Europe. Molecular Ecology, 28(9), 2360-2377. https://doi.
org/10.1111/mec.15071

Sherpa, S., Blum, M. G. B., & Després, L. (2019). Cold adaptation in the Asian
tiger mosquito's native range precedes its invasion success in tem-
perate regions. Evolution, 73(9), 1793-1808. https://doi.org/10.1111/
evo.13801

Sherpa, S., Guéguen, M., Renaud, J., Blum, M. G. B., Gaude, T., Laporte,
F., Akiner, M., Alten, B., Aranda, C., Barre-Cardi, H., Bellini, R.,
Bengoa Paulis, M., Chen, X. G, Eritja, R., Flacio, E., Foxi, C., Ishak, I.
H., Kalan, K., Kasai, S., ... Després, L. (2019). Predicting the success
of an invader: Niche shift versus niche conservatism. Ecology and
Evolution, 9(22), 12658-12675. https://doi.org/10.1002/ece3.5734

Sherpa, S., Tutagata, J., Gaude, T., Laporte, F., Kasai, S., Ishak, I. H., Guo,
X., Shin, J., Boyer, S., Marcombe, S., Chareonviriyaphap, T., David,
J. P, Chen, X. G., Zhou, X., & Desprs, L. (2022). Genomic shifts,
phenotypic clines, and fitness costs associated with cold tolerance
in the Asian Tiger mosquito. Molecular Biology and Evolution, 39(5),
msac104. https://doi.org/10.1093/molbev/msac104

Sim, S., & Hibberd, M. L. (2016). Genomic approaches for understanding
dengue: Insights from the virus, vector, and host. Genome Biology,
17(1), 1-15. https://doi.org/10.1186/s13059-016-0907-2

Simington, C., Oscherwitz, M., Peterson, A., Rascén, A., Massani, B.,
Miesfeld, R., & Isoe, J. (2020). Characterization of essential eggshell
proteins from Aedes aegypti mosquitoes. BioRxiv, 1-48. https://doi.
0rg/10.1101/2020.04.06.027706

Slotman, M. A., Kelly, N. B., Harrington, L. C., Kitthawee, S., Jones, J. W.,
Scott, T. W., Caccone, A., & Powell, J. R. (2007). Polymorphic micro-
satellite markers for studies of Aedes aegypti (Diptera: Culicidae),
the vector of dengue and yellow fever. Molecular Ecology Notes, 7(1),
168-171. https://doi.org/10.1111/j.1471-8286.2006.01533.x

Staunton, K. M., Yeeles, P., Townsend, M., Nowrouzi, S., Paton, C. J,,
Trewin, B., Pagendam, D., Bondarenco, A., Devine, G. J,, Snoad, N.,
Beebe, N. W., & Ritchie, S. A. (2019). Trap location and premises
condition influences on Aedes aegypti (Diptera: Culicidae) catches
using biogents sentinel traps during a “rear and release” program:
Implications for designing surveillance programs. Journal of Medical
Entomology, 56(4), 1102-1111. https://doi.org/10.1093/jme/tjz018

Sylla, M., Bosio, C., Urdaneta-Marquez, L., Ndiaye, M., & Black, W. C.,
IV. (2009). Gene flow, subspecies composition, and dengue virus-2
susceptibility among Aedes aegypti collections in Senegal. PLoS
Neglected Tropical Diseases, 3(4), e408. https://doi.org/10.1371/
journal.pntd.0000408

85U01 SUOWILLIOD A1) 8|qeo! [dde au Aq peuseob sk Sapie YO ‘8sh JO'Sa|n 10} AriqiT 8UlUO AB|IM UO (SUOTPUOD-PUB-SWBH 00" A3 1M Ae.q| 18U JU0//SdNY) SUONIPUOD pue SWis | 8U18es *[£202/TT/92] Uo AriqiTauliuo A1 ‘Auewses sueiyood Aq zG/9T 98W/TTTT 0T/I0p/w0d Ae|im Areiq1jeuluo//sdny wo.j pepeojumod ‘Z ‘€202 ‘Xy62S9ET


https://doi.org/10.1038/s41564-019-0476-8
https://doi.org/10.1038/s41564-019-0476-8
https://doi.org/10.4269/ajtmh.1998.58.277
https://doi.org/10.4269/ajtmh.1998.58.277
https://doi.org/10.2147/CLEP.S34440
https://doi.org/10.1002/evl3.8
https://doi.org/10.1002/evl3.8
https://doi.org/10.1111/mec.12561
https://doi.org/10.1111/mec.12561
https://doi.org/10.3390/ijerph17186656
https://doi.org/10.1002/joc.6499
https://doi.org/10.1093/nar/gki442
https://doi.org/10.1093/nar/gki442
https://doi.org/10.1016/j.dci.2010.01.006
https://doi.org/10.1016/j.dci.2010.01.006
https://doi.org/10.1111/mec.13161
https://doi.org/10.1186/s13071-018-2659-1
https://doi.org/10.1186/s40249-021-00837-0
https://doi.org/10.1186/s40249-021-00837-0
https://doi.org/10.1186/s13059-016-0966-4
https://doi.org/10.1186/s13059-016-0966-4
https://doi.org/10.1016/j.cois.2016.06.005
https://doi.org/10.1016/j.pt.2021.05.002
https://doi.org/10.1016/j.pt.2021.05.002
http://biorxiv.org/content/early/2021/03/16/2021.03.15.435393.abstract
http://biorxiv.org/content/early/2021/03/16/2021.03.15.435393.abstract
https://doi.org/10.1093/bioinformatics/btt468
https://doi.org/10.1093/bioinformatics/btt468
https://doi.org/10.1038/s41467-019-10489-2
https://doi.org/10.1111/mec.15071
https://doi.org/10.1111/mec.15071
https://doi.org/10.1111/evo.13801
https://doi.org/10.1111/evo.13801
https://doi.org/10.1002/ece3.5734
https://doi.org/10.1093/molbev/msac104
https://doi.org/10.1186/s13059-016-0907-2
https://doi.org/10.1101/2020.04.06.027706
https://doi.org/10.1101/2020.04.06.027706
https://doi.org/10.1111/j.1471-8286.2006.01533.x
https://doi.org/10.1093/jme/tjz018
https://doi.org/10.1371/journal.pntd.0000408
https://doi.org/10.1371/journal.pntd.0000408

KRAMER ET AL.

368
—I—W] LE Y-1Y(e]#:Xel8) ¥N:§:{ele) Xo €)%

Thakuri, S., Dahal, S., Shrestha, D., Guyennon, N., Romano, E., Colombo,
N., & Salerno, F. (2019). Elevation-dependent warming of max-
imum air temperature in Nepal during 1976-2015. Atmospheric
Research, 228(May), 261-269. https://doi.org/10.1016/j.atmos
res.2019.06.006

Thomas, C. D. (2010). Climate, climate change and range bound-
aries. Diversity and Distributions, 16(3), 488-495. https://doi.
org/10.1111/j.1472-4642.2010.00642.x

Trajer, A. J. (2021). Aedes aegypti in the Mediterranean container ports
at the time of climate change: A time bomb on the mosquito vector
map of Europe. Heliyon, 7(June), e07981. https://doi.org/10.1016/j.
heliyon.2021.e07981

Verdonschot, P. F. M., & Besse-Lototskaya, A. A. (2014). Flight distance
of mosquitoes (Culicidae): A metadata analysis to support the man-
agement of barrier zones around rewetted and newly constructed
wetlands. Limnologica, 45, 69-79. https://doi.org/10.1016/j.
1imno.2013.11.002

Voet, D., Voet, J. G., & Pratt, C. W. (2008). Fundamentals of biochemistry
- Life at the molecular level. John Wiley & Sons, Inc.

Waldvogel, A.-M., Feldmeyer, B., Rolshausen, G., Exposito-Alonso, M.,
Rellstab, C., Kofler, R., Mock, T., Schmid, K., Schmitt, ., Bataillon, T.,
Savolainen, O., Bergland, A., Flatt, T., Guillaume, F., & Pfenninger,
M. (2020). Evolutionary genomics can improve prediction of spe-
cies' responses to climate change. Evolution Letters, 4(1), 4-18.
https://doi.org/10.1002/evI3.154

Waldvogel, A.-M., Schreiber, D., Pfenninger, M., & Feldmeyer, B. (2020).
Climate change genomics calls for standardized data reporting.
Frontiers in Ecology and Evolution, 8, 242. https://doi.org/10.3389/
fevo.2020.00242

Waldvogel, A.-M., Wieser, A., Schell, T., Patel, S., Schmidt, H., Hankeln,
T., Feldmeyer, B., & Pfenninger, M. (2018). The genomic footprint of
climate adaptation in Chironomus riparius. Molecular Ecology, 27(6),
1439-1456. https://doi.org/10.1111/mec.14543

Wang, I. J., & Bradburd, G. S. (2014). Isolation by environment. Molecular
Ecology, 23(23), 5649-5662. https://doi.org/10.1111/mec.12938

WHO (2020). Fact sheets: Dengue and severe dengue. https://www.who.
int/news-room/fact-sheets/detail/dengue-and-severe-dengue

Wilson, A. L., Courtenay, O., Kelly-Hope, L. A., Scott, T. W., Takken,
W., Torr, S. J., & Lindsay, S. W. (2020). The importance of vector
control for the control and elimination of vector-borne diseases.
PLoS Neglected Tropical Diseases, 14(1), e0007831. https://doi.
org/10.1371/journal.pntd.0007831

Zhang, J., Kobert, K., Flouri, T., & Stamatakis, A. (2014). PEAR: A fast and
accurate lllumina paired-end reAd mergeR. Bioinformatics, 30(5),
614-620. https://doi.org/10.1093/bioinformatics/btt593

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Kramer, I. M., Pfenninger, M.,
Feldmeyer, B., Dhimal, M., Gautam, ., Shreshta, P., Baral, S.,
Phuyal, P.,, Hartke, J., Magdeburg, A., Groneberg, D. A., Ahrens,
B., Miiller, R., & Waldvogel, A.-M. (2023). Genomic profiling of
climate adaptation in Aedes aegypti along an altitudinal
gradient in Nepal indicates nongradual expansion of the
disease vector. Molecular Ecology, 32, 350-368. https://doi.
org/10.1111/mec.16752

85U01 SUOWILLIOD A1) 8|qeo! [dde au Aq peuseob sk Sapie YO ‘8sh JO'Sa|n 10} AriqiT 8UlUO AB|IM UO (SUOTPUOD-PUB-SWBH 00" A3 1M Ae.q| 18U JU0//SdNY) SUONIPUOD pue SWis | 8U18es *[£202/TT/92] Uo AriqiTauliuo A1 ‘Auewses sueiyood Aq zG/9T 98W/TTTT 0T/I0p/w0d Ae|im Areiq1jeuluo//sdny wo.j pepeojumod ‘Z ‘€202 ‘Xy62S9ET


https://doi.org/10.1016/j.atmosres.2019.06.006
https://doi.org/10.1016/j.atmosres.2019.06.006
https://doi.org/10.1111/j.1472-4642.2010.00642.x
https://doi.org/10.1111/j.1472-4642.2010.00642.x
https://doi.org/10.1016/j.heliyon.2021.e07981
https://doi.org/10.1016/j.heliyon.2021.e07981
https://doi.org/10.1016/j.limno.2013.11.002
https://doi.org/10.1016/j.limno.2013.11.002
https://doi.org/10.1002/evl3.154
https://doi.org/10.3389/fevo.2020.00242
https://doi.org/10.3389/fevo.2020.00242
https://doi.org/10.1111/mec.14543
https://doi.org/10.1111/mec.12938
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue
https://doi.org/10.1371/journal.pntd.0007831
https://doi.org/10.1371/journal.pntd.0007831
https://doi.org/10.1093/bioinformatics/btt593
https://doi.org/10.1111/mec.16752
https://doi.org/10.1111/mec.16752

	Genomic profiling of climate adaptation in Aedes aegypti along an altitudinal gradient in Nepal indicates nongradual expansion of the disease vector
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Collection of mosquitos
	2.2|Whole-­genome sequencing
	2.3|Analysis of subspecies
	2.4|Population differentiation
	2.5|Environmental data
	2.6|Genotype-­environment association
	2.7|Functional enrichment associated with climate adaptation
	2.8|Genomic signatures of local adaptation not related to climate

	3|RESULTS
	3.1|Subspecies analysis
	3.2|Population differentiation and diversity
	3.3|Environmental data
	3.4|Genotype-­environment association
	3.5|Functional enrichment associated to climate adaptation
	3.6|Genomic signatures of local adaptation not related to climate

	4|DISCUSSION
	4.1|Nepalese Ae. aegypti populations belong to one subspecies
	4.2|Patterns of genomic differentiation imply isolation of populations by environment
	4.3|Signatures of climate adaptation in Ae. aegypti are genomically widespread and involve few genes
	4.4|Signatures of local nonclimate adaptation reveal a broad functional basis in Ae. aegypti
	4.5|Implications for climate adaptation

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT
	BENEFIT-­SHARING STATEMENT


	REFERENCES


