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Abstract

Adaptations to anthropogenic domestic habitats contribute to the success of mosquito Aedes aegypti as a major global vector
of several arboviral diseases. The species inhabited African forests before expanding into domestic habitats and spreading to
the rest of the world. Despite a well-studied evolutionary history, how this species initially moved into human settlements in
Africa remains unclear. During this initial habitat transition, Ae. aegypti switched from using natural containers like tree holes
as larval breeding sites to using artificial containers like clay pots. Little is known about how these natural versus artificial
containers differ in their environments, or whether Ae. aegypti in forest versus domestic habitats evolved any corresponding
incipient behavioral divergence, such as in oviposition. To address these gaps, we first characterized physical characteristics,
larval density, microbial density, bacterial composition, and volatile profiles of natural versus artificial containers used as
mosquito larval breeding sites. We focused on two localities in Africa, La Lopé, Gabon and Rabai, Kenya. In both localities,
our data showed that the two habitat-specific container types had significantly different characteristics. We then examined
whether such containers differed in their attractiveness for oviposition, a key behavior affecting larval distribution. Forest Ae.
aegypti readily accepted artificial containers in our field experiments, and laboratory choice experiments did not find distinct
oviposition preference between forest and village Ae. aegypti colonies. These results suggested that African Ae. aegypti were
likely generalists in their oviposition site choice. This flexibility to accept different containers might play a vital role during the
initial domestication of Ae. aegypti, allowing the mosquitoes to use human-stored water as fallback breeding sites during dry
seasons. Although ovipositional changes were not present initially, after longer domestic habitat breeding, the mosquitoes did
evolve divergence oviposition preference, as suggested by previous comparisons of African Ae. aegypti and human-specialized
non-African Ae. aegypti.

Introduction

Species respond differently to anthropogenic habitats, such as villages and urban areas (McKinney, 2008;
Otto, 2018; Szulkin et al., 2020). While generally these ecological changes have negative consequences, a
handful of species have successfully exploited these novel human environments (Johnson & Munshi-South,
2017). Among them, one of the most notorious examples is the yellow fever mosquito, Aedes aegypti , a
major vector of several arboviral diseases that cause millions of infections each year, including yellow fever,
dengue, chikungunya, and Zika (Aubry et al., 2018; World Health Organization, 2014). The mosquitoes’
high efficacy at transmitting diseases stems partly from their adaptation to human-made domestic habitats,
assuring close contact with humans (Carvalho & Moreira, 2017; Fontenille & Powell, 2020).
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The recent evolutionary history of Ae. aegypti is strongly linked to human activities (Powell et al., 2018;
Powell & Tabachnick, 2013).Ae. aegypti originated on southwestern Indian Ocean islands and moved to
continental Africa around 85,000 years ago before spreading across the continent in tropical forests (Soghigian
et al., 2020). Probably five to ten thousand years ago, this species invaded human settlements and likely
evolved domestic adaptations (Crawford et al., 2017; Kotsakiozi et al., 2018). This domestication prepared
them for later spread to the rest of the world a few hundred years ago, likely from West Africa and facilitated
by human movements (Brown et al., 2014; Gloria-Soria et al., 2016; Powell & Tabachnick, 2013). Extant
mosquitoes in and out of Africa show a clear genetic distinction (Gloria-Soria et al., 2016, but see exceptions
in Kotsakiozi et al., 2018 and Rose et al., 2020), which roughly matches the two classical subspecies: Ae.
aegypti formosus (Aaf) and Ae. aegypti aegypti (Aaa) , respectively. Complexities exist in this subspecies
definition (Powell & Tabachnick, 2013), but in this paper, we refer to them simply based on their geographic
range (in or out of Africa). Non-African Aaa is mostly human specialized and lives only in domestic settings
such as urban area (McBride, 2016; Powell & Tabachnick, 2013), except for a few forest-living populations
in the Caribbean and Argentina (Chadee et al., 1998; Mangudo et al., 2015). On the other hand, African Aaf
inhabits both forest and domestic habitats (Kotsakiozi et al., 2018; Paupy et al., 2014; Sylla et al., 2009),
with the latter likely representing an intermediate step towards true human specialization outside Africa
(i.e., Aaa ).

Despite a well-characterized evolutionary path of Ae. aegyptideduced from genetic data, how this species
initially moved into domestic habitats in Africa is not fully understood. In addition, most mosquito species
(over 3,500 species) have not colonized domestic habitats, including many African mosquitoes that share the
same forest habitats as Ae. aegypti (Clements, 1999). This raises the question of why Ae. aegypti , among
only a few mosquito species, was able to invade domestic habitats (Carvalho & Moreira, 2017; Fontenille &
Powell, 2020). Addressing these questions could help us further understand the unique evolutionary history
of this epidemiologically important species, provide insights into mosquito control, and possibly predict other
emerging disease vectors.

For Ae. aegypti , the transition from the ancestral forest habitat to human settlement involved two major
behavioral changes: a preference for humans as a blood source (McBride, 2016) and using human-made
containers for larval breeding (Day, 2016). Ancestral forest-livingAaf in Africa is a feeding generalist and
bites wildlife for blood, while Aaa out of Africa specializes in biting humans (Powell et al., 2018). Recent
studies have demonstrated the variations of blood-feeding preference across Africa in different habitats and
between the two subspecies (McBride, 2016; McBride et al., 2014; Rose et al., 2020). They also identified dry
season intensity and human population density as two main ecological drivers for the evolution of feeding
preference for humans in Africa.

In comparison, larval breeding sites are relatively understudied, especially in Africa. Aedes aegypti lay eggs
at the edge of small water containers, i.e., oviposition sites that becomes larval breeding sites (Christophers,
1960). Non-African Aaa uses various artificial containers, consistent with being a human specialist (Day,
2016; Swan et al., 2018; Vezzani, 2007; Yee, 2008). In Africa,Aaf in the forest and domestic habitats utilize
different larval breeding sites: the former uses natural containers like rainwater-filled tree holes and rock
pools (Lounibos, 1981), while the latter resemblingAaa , relies mostly on artificial containers, such as plastic
buckets, tires, and clay pots (Leahy et al., 1978; McBride et al., 2014; Petersen, 1977). Some artificial
containers hold human-stored water year-round and could provide valuable or even the only available larval
habitats during the dry season when natural containers dry out. Therefore, it is hypothesized that seeking
human water storage for oviposition during the dry season likely drove Ae. aegypti to enter domestic habitats,
leading to the evolution of feeding preference for humans (Petersen, 1977; Powell et al., 2018; Rose et al.,
2020). Despite the presumed key role of larval breeding habitats in the domestic adaptation of Ae. aegypti ,
few studies have characterized natural versus artificial larval breeding sites in Africa (Dickson et al., 2017).

If a substantial difference exists between natural and artificial containers, it could pose challenges to both
female oviposition and larvae development. Oviposition preference and larvae performance are likely asso-
ciated (Wong et al., 2012) but not always aligned (Albeny-Simoes et al., 2014; Refsnider & Janzen, 2010).
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Given the large variety of larval habitats, it is possible that ancestral Ae. aegypti were generalist egg-layers,
and the larvae can tolerate a wide range of conditions, which allows them to take advantage of artificial
containers in harsh environments (Powell et al., 2018; Rose et al., 2020). Prolonged breeding in distinct
containers could then lead to ecological divergence (Gimonneau et al., 2010; Schluter, 2000; Shafer & Wolf,
2013), resulting in adaptations and specializations to each container type. Such behavioral differentiation, in
turn, could facilitate population segregation (Ayala et al., 2011; Nosil et al., 2009; Servedio et al., 2011). In-
deed, a few studies have implied that oviposition divergence may have emerged between Aaa andAaf (Leahy
et al., 1978; Petersen, 1977). Larvae of the two subspecies also showed higher fitness in containers represen-
ting their respective preferred habitats (Saul et al., 1980). However, previous work only compared the two
subspecies, i.e., two ends of the domestication history of Ae. aegypti . Whether divergence in oviposition or
larval performance already exist within AfricanAaf living in forest versus domestic habitats remains largely
unknown. Examining this potential incipient divergence could provide valuable insights on when, where, and
how Ae. aegypti adapted to domestic habitats.

In this study, we characterized the environmental conditions ofAe. aegypti larval breeding sites in forest and
domestic habitats and examined whether oviposition divergence has evolved. We focused on two locations
in Africa, La Lopé in Gabon and Rabai in Kenya. Mosquitoes in both locations are Aaf based on their
morphology and broad genetic pattern (Kotsakiozi et al., 2018; Xia et al., 2020), but can be found in forest
and village environments in close proximity. In each location, forest and village populations showed little
genetic differentiation (Xia et al., 2020), suggesting local habitat expansion instead of external introduction.
Therefore, Ae. aegypti in these two locations possibly exemplify the initial colonization step of domestic
habitats. We first compare the physical characteristics, competition and predation, bacterial profiles, and
chemical volatiles of natural and artificial containers used as larval breeding sites between habitats (forest and
village). Many of these environmental variables have been shown to affect Ae. aegypti oviposition (Afify &
Galizia, 2015; Harrington et al., 2008; Ponnusamy et al., 2008; Reiskind & Zarrabi, 2012; Zahiri & Rau, 1998).
Therefore, we also investigated the oviposition choices of forest and domestic Aaf towards some variables
that showed the greatest differences between natural and artificial containers. This allowed us to examine
whether the mosquitoes in different habitats remained oviposition generalist or have developed behavioral
specialization.

Materials and methods

Field study

We conducted field studies in La Lopé, Gabon in Central Africa from November to December 2016, and
in Rabai, Kenya in East Africa from April to May 2017. The period of field study overlapped with the
rainy season in each locality during which mosquitoes had a large population size. La Lopé has an extensive
continuous tropical rainforest surrounding La Lopé village (Figure 1a). The forest in Rabai, on the other
hand, is more fragmented, with several villages scattered around the forest patch (Figure 1b). In each
location, we searched for water-holding containers as potential mosquito larval breeding sites in both the
forests and nearby villages. A potential larval breeding site was defined as a container holding at least one
mosquito larvae (not necessarily Ae. aegypti ) at the time of sampling, which suggested that the site had
been present long enough for a mosquito to lay eggs. We categorized larval breeding sites into three habitat
groups: forest, peridomestic (outdoor containers in a village area), and domestic (indoor containers) (Table
1), according to their locations. We separated indoor and outdoor containers because classical studies from
the 1970s reported that, at least in Rabai, Kenya, Ae. aegypti living indoor and outdoor showed distinct
behavioral and genetic differences (Leahy et al., 1978; McBride et al., 2014; Petersen, 1977; Tabachnick et
al., 1979; Trpis & Hausermann, 1975). Genetic analysis showed that these indoor mosquitoes in Rabai were
likely descendent of non-African Aaa (Brown et al., 2011; Gloria-Soria et al., 2016). However, this previously
describedAaa -like indoor form was no longer found during our field sampling (Rose et al., 2020; Xia et al.,
2020).

In La Lope, we visited 60 larval breeding sites in seven forest locations and 38 sites in six village locations
(Figure 1a, one village location, Kazamabika village, is further away from the other village locations). The
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sampling locations separate by 5-17 km. Forest larval breeding sites were predominantly rock pools (n=49)
around streams and tree holes accumulating rainwater (n=11). Previous studies have considered tree holes
and rock pools as distinct mosquito larval habitat groups (Soghigian et al., 2017). However, we only found a
few tree holes with complete data (n < 6 in all analyses), and comparing between tree holes and rock pools is
beyond the scope of this study. Therefore, we grouped them as ‘natural containers.’ In the village, mosquito
larvae were found in a variety of artificial containers, including construction bricks, tires, metal cans, and
plastic containers. Because residents in the village rarely store water indoors, all village larval breeding
sites were ‘peridomestic.’ In Rabai, Kenya, we sampled 31 larval breeding sites consisting of mainly plastic
buckets, earthenware pots, and metal barrels in four villages. They were mostly indoor (i.e., ‘domestic’)
containers. The 37 larval breeding sites in the Rabai forest were all tree holes holding rainwater (Figure 1b).
We recorded the GPS coordinates of each sampling location (consist of multiple larval breeding sites) in La
Lope, and of each larval breeding site in Rabai, Kenya (Figure 1).

Upon identifying a potential larval breeding site in any habitat, we measured 11-16 physical variables and
collected water samples to analyze bacterial and volatile profiles. Sample sizes for each category of environ-
mental variables were summarized in Table 1. Method details are described in the following sections and
the Appendix. We also collected all mosquito larvae and pupae using pipets and reared them to adults in
field stations, keeping collections from different larval breeding sites separate. Upon eclosion, adults were
identified to genus and species based on taxonomic keys using a dissection microscope in the field (Rueda,
2004). We kept Ae. aegypti adults alive to establish lab colonies for later behavioral experiments.

We categorized each larval breeding site (i.e., container) as ‘Ae. aegypti present’ or ‘Ae. aegypti absent’
based on whether it held any Ae. aegypti larvae or pupae (Table 1). It is worth noting that the absence of
Ae. aegypti did not necessarily suggest an avoidance. Some sites may be suitable for oviposition and larval
development but not yet colonized by Ae. aegypti , and we also could not observe unhatched eggs. Bearing
this potential caveat, we combined the three habitat categories and the two Ae. aegyptipresence status to
generate six ‘larval breeding site groups’ (Table 1). We focused on three comparisons for the analysis of
environmental conditions: 1) across larval breeding site groups, 2) across habitat categories regardless of Ae.
aegypti presence status, and 3) between Ae. aegypti present and absent sites regardless of habitats. In Rabai,
almost all peridomestic and domestic larval breeding sites sampled were present with Ae. aegypti . The
only peridomestic Ae. aegypti absent site was excluded from analyses comparing between larval breeding
site groups, but retained in comparisons between habitats or between Ae. aegypti present vs. absent sites.

The fieldwork in La Lope was approved by the CENAREST with the authorization
AR0013/16/MESRS/CENAREST/CG/CST/CSAR, and by the La Lope National Parks with the
authorization AE16008/PR/ANPN/SE/CS/AEPN. The fieldwork in Rabai was approved by the Kenya
Medical Research Institute Scientific and Ethical Review Unit with the authorization KEMRI/SERU/3433.

Characterizing larval breeding sites: physical variables

We measured 11 physical variables for each larval breeding site in La Lope, Gabon, and five additional vari-
ables in Rabai, Kenya (Table S1 in Appendix). These variables describe the size of the larval breeding site
(e.g., diameters, circumference, surface area, volume, container depth, water depth, etc.), ambient environ-
ments (temperature, relative humidity, and canopy coverage), and water characteristics (pH, conductivity,
salinity, water temperature, and total dissolved solids). Methodological details were summarized in Table
S1 in the Appendix.

After removing eight sites with excessive missing data, we performed a principal component analysis (PCA) to
summarize all physical variables. The multivariate differences between larval breeding site groups, habitats,
and Ae. aegypti presence status were tested by multiple response permutation procedure (MRPP) with
999 permutations. The p-values for multiple comparisons were adjusted using the Holm method. We also
identified variables that are most differentiated in each comparison by ranking variable importance using a
random forest algorithm in R package randomForest v4.6-14 (Liaw & Wiener, 2002). Random forest is a
decision-tree based classification algorithm that works well with small sample size and correlated variables

4
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(Qi, 2012).

Characterizing larval breeding sites: competition and predation

Competition and predation could influence larval development and female oviposition choice (Pamplona Lde
et al., 2009; Soman & Reuben, 1970; Vonesh & Blaustein, 2010; Zahiri & Rau, 1998). To consider their
effects, we measured the density of Ae. aegypti as well as all mosquito species. We also noted the presence
of predatory larvae, predominately Toxorhynchites mosquitoes, and removed them immediately if found.

We first compared the density of Ae. aegypti (calculated by dividing mosquito numbers by water volume)
between habitats, using onlyAe. aegypti- present larval breeding sites. We then examined the mosquito
density of all species and compared that between habitats,Ae. aegypti present vs. absent sites, and across
larval breeding site groups. In La Lope, records of other mosquito species were only available for forest larval
breeding sites, so we only compared sites present versus absent of Ae. aegypti within the forest. Density
comparisons were performed using the Kruskal–Wallis test and post hoc pairwise Wilcoxon rank-sum test.
Lastly, we analyzed the frequency of finding predators in different larval breeding site groups or habitats
with chi-squared tests.

Characterizing larval breeding sites: microbial density

We examined the microbial profile in a subset of larval breeding sites, as previous studies have shown that the
microbiome, particularly bacteria, affect Ae. aegypti oviposition choices (Arbaoui & Chua, 2014; Ponnusamy
et al., 2015) as well as larval development (Correa et al., 2018; Dickson et al., 2017; Souza et al., 2019). In
brief, we collected 15 mL (in La Lope) or 50 mL (in Rabai) water samples from each larval breeding site. To
first examine the total microbial density, we fixed an aliquot of each water sample with formaldehyde and
stained it with DAPI (4’,6-diamidino-2-phenylindole). The number of microbial cells was counted using
hemocytometers under a fluorescence microscope and back-calculated to its original density.

Densities were log-transformed before statistical analysis. We compared the microbial density among larval
breeding site groups in La Lope with the Kruskal–Wallis test and post hoc pairwise Wilcoxon rank-sum tests.
The distribution of data in Rabai samples did not violate parametric test assumptions, so we performed the
comparisons using analysis of variance (ANOVA) and post hoc Tukey tests.

Characterizing larval breeding sites: bacterial community composition

In addition to microbiome density, we performed 16s-rRNA gene amplicon sequencing to explore the bacterial
community composition in most larval breeding sites (Table 1), inspired by previous studies that suggested
different bacteria between habitats (Dickson et al., 2017). The sample processing and sequencing library
preparation are described in the Appendix. In short, we collected cells from the water by centrifuge or
filtering, extracted DNA, and amplified the 16s-rRNA gene V4 region using primers reported in Kozich et al.
(2013). The amplicons from multiple samples were multiplexed and sequenced on Illumina MiSeq (Illumina,
USA) at the Yale Center for Genome Analysis. We conducted amplicon sequencing for La Lope and Rabai
samples separately.

We demultiplexed the sequencing reads using USEARCH v10.0.240 (Edgar, 2010) and followed the pipeline
of DADA2 (v1.8.0) (Callahan et al., 2016) to determine the bacterial community composition. DADA2
estimates sequencing errors and infers the exact sequence variants (i.e., amplicon sequence variants, or
ASVs), which are analog to the conventional operational taxonomic unit (OTU). ASVs were blasted to the
Ribosomal Database Project (RDP) 16s-rRNA gene reference database (RDP trainset 16 and RDP species
assignment 16) (Cole et al., 2014) for taxonomic assignment.

Using R package phyloseq (McMurdie & Holmes, 2013), we first calculated the alpha diversity of the bacteria
community in each larval breeding site indicated by the Shannon index (Shannon, 1948), using raw read
counts. We then compared the index across larval breeding site groups, habitats, and between Ae. aegypti
present and absent sites. The community compositions were summarized by non-metric multidimensional
scaling (NMDS) with the Bray-Curtis distance matrix. Similar to PCA, NMDS summarizes multivariate
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data (each bacterial taxa as one variable) but is more appropriate for bacterial composition data (Ramette,
2007). Before NMDS analysis, we first removed samples with fewer than 5000 reads to avoid low-quality
samples, and thinned each sample proportionally to the lowest read depth of all samples to control for uneven
sequencing depth. Bacterial communities may show different assembly patterns at different taxonomic levels
(Goldford et al., 2018). Therefore, we calculated the Shannon index and performed NMDS at four taxonomic
levels: ASV, species, genus, and family. We also demonstrated the major bacterial groups at the family level
using bar plots. Lastly, we used R package DESeq2 to identify bacterial families that are most differentiated
between habitats (Love et al., 2014).

To estimate the temporal stability of bacterial communities, we collected water samples more than once for
five larval breeding sites in each habitat. The average interval between two consecutive collections ranges
from 3 to 21 days, with an average of 8.4 days in La Lope and 17 days in Rabai. All temporal samples were
sequenced, but only the first-day samples were included in the analyses described above. We performed a
separate NMDS analysis to examine variation between temporal samples.

Characterizing larval breeding sites: chemical volatiles in Rabai, Kenya

Chemical volatiles released from a larval breeding site could act as olfactory cues for mosquitoes during
oviposition (Afify & Galizia, 2015), yet the volatile profiles of wild larval breeding sites have rarely been
examined. We attempted to describe the volatile profile in larval breeding sites in Rabai, Kenya. In brief,
we collected water samples from a subset of larval breeding sites (Table 1) and extracted the volatiles into
an absorbent with a steady airflow. The captured volatiles were examined by Gas Chromatography-Mass
Spectrometry (GC-MS) at Yale West Campus Analytical Core. We then identified and quantified each
compound by mapping the GC-MS peaks to a reference library. The technical details were described in the
Appendix. Due to the sparsity of compounds in the final dataset, we did not perform statistical analysis but
instead summarized the compound concentrations using a heatmap.

Characterizing larval breeding sites: combining multiple environmental conditions

To consolidate the analysis of different categories of environmental conditions, we performed another random
forest model in La Lope and Rabai, respectively. The model included scores on the first three principal com-
ponents (PCs) from the physical variable analysis and scores on the first two NMDS axes from the bacterial
community composition analysis (i.e., predictive variables), and used them to classify the larval breeding
site groups (i.e., the dependent variable). For the analysis from Rabai, we also added the microbial density
and the density of all mosquito larvae. These two variables had many missing values in the La Lope dataset
and thus were excluded. The model generated a confusion matrix, which displayed the number of samples
correctly or wrongly assigned to each larval breeding site group. A lower proportion of misclassification
between groups suggests a stronger distinction in their environmental conditions.

Field oviposition choice experiments

In order to examine if Ae. aegypti in the forest readily accept artificial contains as larval breeding sites, we
performed a preliminary field experiment by placing artificial containers into the forest area. The containers
used in La Lope included tires, plastic bottles, plastic bags, bricks, and metal cans, while in Rabai, Kenya,
we used plastic buckets and earthenware pots. These containers were frequently found in the villages. In
addition, we added bamboo segments, as African researchers have used them to collect forest mosquitoes
(Kemp & Jupp, 1991), and bamboo plantations were sometimes found in villages. All containers were left
in the forest area for 7-14 days and filled by either rainwater (in La Lope) or well water from the village (in
Rabai). After retrieving these containers, we examined the existence ofAe. aegypti as described above. As a
control, we also placed a similar set of experimental containers in the village (outdoor in La Lope and indoor
in Rabai). For a subset of the experimental containers, we applied the 16s-rRNA gene amplicon sequencing
to examine their bacterial community compositions.

Laboratory oviposition assays

To examine the interaction between larval breeding sites’ conditions and oviposition evolution, we performed
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laboratory oviposition assays in a common-garden setup. The goal was to examine whether forest and
villageAe. aegypti have different oviposition preferences towards a subset of environmental variables that
differed between forest and village larval breeding sites.

We established a forest colony and a peridomestic colony from La Lope using Ae. aegypti collected from larval
breeding sites, supplemented with oviposition traps and human landing capture (approved by the National
Research Ethics Committee of Gabon under the protocol 0031/2014/SG/CNE). In Rabai, we created six
independent village colonies (four domestic colonies and two peridomestic colonies) from the four villages
and four forest colonies from the Kaya Bomu forest. We blood-fed the mosquitoes in the field and brought
the eggs (i.e., the second generation) back to our lab at Yale University and the McBride lab at Princeton
University. The detailed information of the mosquito colonies and protocols for maintaining these colonies
are in the Appendix. The Rabai forest colonies correspond to KBO1 and KBO2 in Rose et al. (2020). All
laboratory oviposition assays were performed at Yale University. We used the fourth to the sixth generation
of mosquitoes in these assays. For simplicity, we refer to the peridomestic and domestic colonies as village
colonies.

OAI =
N1 − N2

N1 + N2
,

where N1 and N2 are the number of eggs deposited in the two cups, respectively. OAI ranges from -1 to
1, representing a complete preference for the second choice to a complete preference for the first choice.
We performed beta-binomial models in the R package glmmTMB (Brooks et al., 2017) to examine whether
colonies differ in their oviposition preference, using the two egg counts in each cage as the dependent variable
(Rose et al., 2020). We added the batch/trial IDs as random effects if data testing a specific condition were
generated from more than one experimental batch. The statistical significance of colony or habitat effects
were determined by comparing the full model with a null model that excludes colony or habitat (Table S9).
We extracted mean OAI with a 95% confidence interval from the model using the R packageemmeans (Lenth
et al., 2018; Rose et al., 2020).

Using this assay, we compared the oviposition preference of forest versus village colonies from La Lopé and
Rabai towards several environmental variables. We first focused on a pair of Rabai forest versus domestic
colonies. The conditions tested include: 1) water samples collected from tree holes and artificial containers
in Rabai, 2) pH, 3) shading, 4) larval density, 5) a combined effect of pH, conductivity, and shading, and
6) bacterial community composition. We selected these conditions as they showed significant differences
between forest and village larval breeding sites in the field. In each assay, the two choices (i.e., two cups)
roughly represent the median value of the focal variable measured in forest and village larval breeding sites
(described in more detail in the Appendix). For example, in the experiment on water pH, we adjusted the
pH in the two cups to the median pH values of all Rabai forest versus village larval breeding sites. Lastly,
for the experiment of bacterial community composition, we expanded it to include all Rabai colonies as well
as the two La Lopé colonies (Table S2 in the Appendix).

In addition to the above two-choice assays, we tested the oviposition preference of all mosquito colonies to
five bacterial densities. This experiment was inspired by the large variation in bacterial density among field
larval breeding sites (more than two orders of magnitude) and that previous laboratory experiments with Ae.
aegypti found density-dependent ovipositional responses to bacteria (Ponnusamy et al., 2015; Ponnusamy et
al., 2010). We used a similar experimental design as the two-choice assays but provided each cage of mosquito
females five cups instead of two. The cups contained bacterial cultures at densities ranging from zero to nearly
the maximal bacterial density in field larval breeding sites. The bacterial culture was generated from an even
mixture of forest and domestic water samples (Table S2 in the Appendix). We counted the numbers of eggs
laid in the five cups and fitted a negative-binomial model using the R package lme4 (Bates et al., 2014), with
bacterial density, habitat/colony, and their interactions as predictors. If mosquitoes from different colonies or
habitat types have different oviposition choices, the interaction term would be significant, which was tested
by comparing the full model with a null model excluding the interactive term (Table S9). We added cage ID
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as a random effect. Lastly, we used the emmeans package to estimate the expected number of eggs in each
bacterial density with 95% confidence intervals.

Results

Characterizing larval breeding sites: physical characteristics

PCA analysis summarizing the 11 physical variables in La Lopé showed that the four larval breeding site
groups (two habitats × Ae. aegypti present/absent) overlap extensively in the plane described by the first
two principal components, which together account for 38% of the total variance (Figure 2a). However,
forest and peridomestic sites appeared to differ slightly. In support of that, MRPP tests found a significant
multivariate difference between habitats when including bothAe. aegypti present and absent sites (p =
0.001). Such between-habitat different was less significant when examining onlyAe. aegypti present sites
(p = 0.316), possibly due to the small sample size (only five samples in the forest Ae. aegypti present
group). Ae. aegypti present and absent sites did not differ significantly (all sites regardless of habitats: p =
0.311, within forest sites: p = 1, within peridomestic sites: p = 1). The axis that differentiated forest and
peridomestic larval breeding sites roughly aligned with the vectors of a few environmental variables, including
ambient temperature and humidity, canopy coverage, container opening height, and water pH (Figure 2a).
These variables also generally had high variable important ranks in the random forest analysis (Figure S2a),
reflecting their difference between habitats.

In Rabai (Figure 2b, PCA summarizing 16 physical variables), similarly, forest and peridomestic sites were
modestly but significantly different in their physical characteristics (MRPP, p = 0.001). The differentiation
between forest and domestic larval breeding sites was more apparent, while peridomestic and domestic
sites shared similar conditions.Ae. aegypti present and absent sites in the forest did not show a strong
difference. Consistent with PCA, MRPP found significant multivariate differences in most comparisons (p
= 0.001), except between forest sites with Ae. aegypti present vs. absent (p = 0.157) and between domestic
vs. peridomestic sites (p = 0.192 for all sites and p = 0.147 for Ae. aegypti present sites only). Forest and
domestic breeding sites were separated primarily on the first PC, explained by container size (e.g., diameter,
circumference, etc.), water volume, and water pH (Figure 2b). Domestic sites tended to be larger, contained
more water and had higher pH (i.e., more alkaline). These variables were also identified as most influential
in distinguishing habitats in the random forest analysis. In addition, canopy coverage, a measure of shading,
also showed a high rank in variable importance in comparisons between habitats (Figure S2b). This is not
surprising as domestic containers were under roof and peridomestic containers were exposed outdoor, while
forest tree holes were partially shaded by the canopy.

Characterizing larval breeding sites: competition and predation

The density of Ae. aegypti was similar in forest and peridomestic larval breeding sites in La Lopé (Figure
2c, W = 33.5, p = 0.961). Other mosquito species were recorded only in the La Lopé forest, with a similar
density between Ae. aegypti present and absent site (Figure S3a, W = 121.5, p = 0.723). The frequency of
finding predatoryToxorhynchites larvae (Table S3) did not differ among larval breeding site groups (?2=3.67,
df=3, p=0.30), between habitats (?2=1.14, df=1, p=0.29), or between Ae. aegypti present and absent sites
(?2=0.41, df=1, p=0.52).

In Rabai, Ae. aegypti density was significantly lower in domestic larval breeding sites (Figure 2d, forest vs.
domestic: W=19, p<0.001; peridomestic vs. domestic: W=140, p=0.013). The density difference between
domestic and forest containers was mainly driven by the larger size of the former. In contrast, the difference
between domestic and peridomestic sites was due to the higher number of mosquitoes found in the latter
(negative-binomial model, rate ratio=2.89, p<0.001). Peridomestic and forest sites had similar Ae. aegypti
density (W=69, p=0.583). When including other mosquito species, domestic breeding sites also had lower
overall mosquito density than the other two habitats (Figure S3b, Table S5). Within the forest, Ae. aegypti
present and absent sites had similar mosquito density.

Characterizing larval breeding sites: microbial density
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Microbial densities did not show significant differences among larval breeding site groups, habitats, or Ae.
aegypti present and absent sites in La Lope (Figure 2e, Table S4). In Rabai, we found significantly lower
microbial density in domestic sites than forest and peridomestic sites (Figure 2f, Table S5). Microbial
densities were similar in forest and peridomestic breeding sites. Lastly, Ae. aegypti present and absent sites
within each habitat had comparable levels of microbial density.

Characterizing larval breeding sites: bacterial community composition

In La Lope, peridomestic larval breeding sites had a higher Shannon index than forest sites at the species,
genus, and family level (Figure S4, Table S4). Other pairwise comparisons were not significant. In Rabai,
Shannon index was comparable between all larval breeding site groups (Figure S5, Table S5). Ae. aegypti
present sites have lower alpha diversity than Ae. aegypti absent sites at the bacterial family level, but only
when we ignored habitats.

NMDS analysis suggested that forest and village (including peridomestic and domestic) larval breeding sites
had a very different bacterial community in both La Lope (Figure 2g) and Rabai (Figure 2h) at the ASV
level. The forest-village divergence was less evident at higher taxonomic levels for the La Lope larval breeding
sites (Figure S6), while Rabai samples retained the difference between forest and village at all four taxonomic
levels (Figure S7). Within each habitat, larval breeding sites with Ae. aegypti present and absent shared
similar bacterial community composition in both La Lope and Rabai.

When examining the most abundant bacterial families, we observed considerable variation among sam-
ples (Figure S8). Most larval breeding sites contained multiple families with no clear dominance. In La
Lope,Microbacteriaceae , Flavobacteriaceae , andBurkholderiaceae showed higher abundance in forest breed-
ing sites, while Oxalobacteraceae and Sphingobacteriaceae were more abundant in peridomestic sites (Figure
S8a, Table S6). In Rabai,Moraxellaceae had an apparent dominance in domestic sites, but its abundance was
not significantly different between habitats.DESeq2 found a higher abundance of Enterobacteriaceae ,Xan-
thomonadaceae , Pseudomonadaceae , andPlanococcaceae in forest larval breeding sites than domestic and
peridomestic sites (Figure S8b, Table S7). A full list of bacterial families that showed differential abundance
between habitats are in Table S6 and S7 in the Appendix.

Lastly, NMDS analysis found that temporal samples collected from the same larval breeding sites did vary
in their bacterial community composition, but the temporal changes did not exceed the variations observed
within each habitat (Figure S9). That is, temporal samples from the forest clustered with the rest of forest
sites instead of samples from the village, and vice versa. This result suggests that the strong divergence in
bacterial communities between habitat was temporally stable.

Characterizing larval breeding sites: chemical volatiles in Rabai, Kenya

The volatile profiles of 31 larval breeding sites in Rabai were summarized in Figure 3. There were substantial
variations in the chemical composition of samples, both within habitats and across habitats. GC-MS analysis
identified a total of 29 chemical compounds. The majority of them were shared across different habitats,
but a few chemicals were unique to either forest or domestic habitat across more than one larval breeding
sites (Figure 3, top five rows and bottom five rows).

Characterizing larval breeding sites: combining multiple environmental conditions

The confusion matrices from random forest analysis suggested high accuracy in distinguishing larval breeding
sites between forest and village (peridomestic and domestic) in both La Lope (Table 2) and Rabai (Table
3). Rabai peridomestic and domestic samples were less accurately classified, consistent with the finding that
they shared similar physical characteristics and bacterial communities. Within each habitat, the classification
algorithm distinguished the Ae. aegyptipresent versus absent sites poorly.

Field oviposition choice experiments

In La Lope, experimental containers placed in the forest produced 73Ae. aegypti , with 51 from the bamboo
containers and 22 from artificial containers. In parallel, bamboo and artificial containers placed in the village
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yield 10 and 73 Ae. aegypti , respectively. In Rabai forest, from the containers used in the field experiment,
we found 64 Ae. aegypti from bamboo containers and 645 from the plastic buckets and earthenware jars.
In Rabai villages, bamboo and artificial containers produced 1 and 353 Ae. aegypti . When examining
these experimental containers’ bacterial communities, NMDS analysis found that regardless of the container
type and the habitats in which they were located, all experimental containers clustered with the village
(peridomestic and domestic) larval breeding sites (Figure S10).

Laboratory oviposition assays

Among all two-choice oviposition experiments, we found three significant preferences (Figure 4 and S11):
Rabai Kwa Bendegwa village colony preferred forest water samples over village water samples, and preferred
forest mosquito larval density over village larval density; La Lope forest colony preferred the bacterial
culture started with peridomestic water samples over that started with forest water samples. However,
there is substantial within-colony variation in most experiments. The beta-binomial models did not find any
significant difference between colonies or between the habitat types in any assays (Table S8). We applied a
negative-binomial model to analyze the oviposition assays testing multiple bacterial densities (Figure 5 and
S12). Neither colonies nor the habitats of the colonies had a significant effect on the mosquito’s preference for
the five bacterial densities (Table S8). La Lope village colonies showed a weak preference for lower bacterial
densities, but the trend was not statistically significant (ANOVA for the effect of oviposition choices: F =
1.56, df = 4, p = 0.200).

Discussion

In both La Lope and Rabai, our study found that mosquito larval breeding sites in the forest and villages
(including peridomestic and domestic sites) had different physical and biological characteristics, though this
between-habitat contrast varies among variables. Notably, bacterial community composition showed clear
and consistent difference between habitats in both localities. Despite this environmental difference, behav-
ioral investigations suggested that Ae. aegypti in the forest readily accepted artificial containers as oviposition
and larval breeding sites. Aedes aegypti colonies derived from the forest and villages also showed similar
weak oviposition preferences in the lab. These results are consistent with the hypothesis that Ae. aegypti
are generalists in larval breeding site choice. This hypothesis was also supported by the indistinguishable
conditions between Ae. aegypti present and absent larval breeding sites within each habitat, suggesting that
the mosquitoes were likely not selective and can accept a wide range of larval habitats. Lastly, oviposition
choices in the laboratory were highly heterogeneous, consistent with a lack of strong preference.

Being versatile in larval habitat allows Ae. aegypti to take advantage of novel artificial containers when
natural breeding sites are scarce. This has been proposed as a key driver for this mosquito to move into
domestic habitats in the first place (Brown et al., 2014; Powell et al., 2018; Rose et al., 2020). Consistent
with this hypothesis, movement between habitats was suggested by genetic studies showing little genetic
differentiation between forest and village Ae. aegyptipopulations in La Lope and Rabai (Kotsakiozi et al.,
2018; Paupy et al., 2014; Rose et al., 2020; Xia et al., 2020). It should be noted that this genetic similarity
in Rabai, as well as the lack of behavioral difference observed in this study and Rose et al. 2020, contrasts
to studies in the 1970s and 2009 where Rabai forest and village Ae. aegypti showed significant genetic
differences, feeding preference difference, and ovipositional difference (Brown et al., 2011; McBride et al.,
2014; Petersen, 1977; Tabachnick et al., 1979). These strong differences found before 2017 resulted from the
introduction of non-African Aaa to Rabai villages (Brown et al., 2011; Gloria-Soria et al., 2016). The exotic
Aaa population was no longer found during our fieldwork in 2017, and the village mosquito population was
likely originated from the local forest (i.e.,Aaf ).

Once the mosquito established themselves in the novel habitat (likely moving from forest to domestic habitat),
ecological divergence could take place. However, this study was unable to detect evidence of consistent
ovipositional divergence by the laboratory oviposition experiments. One possibility is that the habitat shifts
in La Lope and Rabai happened recently and that the extensive connectivity in the local scale between
habitats may hinder phenotypic divergence. Between more distant localities when gene flow is less frequent,
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there may be more differences between mosquitoes from different habitats or places with different human
population density, as found for host preference (Rose et al., 2020). A third possibility is that ecological
divergence may happen in the immature stages, e.g., egg, larvae, and pupae (Saul et al., 1980). This study did
not examine larval performance, but future investigations comparing eggs hatching and larval development
in different water conditions that mimic either forest or village larval breeding sites could be insightful in
this regard. For example, microbial density was significantly lower in Rabai domestic containers, which
might pose selection pressure on larval starvation resistance (Barrera & Medialdea, 1996; Souza et al., 2019),
leading to higher resistance in the domestic population.

In addition to these plausible ecological and evolutionary considerations, we cannot rule out the possibility
that our laboratory oviposition experiments lacked the power to detect oviposition preference or differences
between colonies, although the two-choice or multi-choice assays have been used widely to investigate Ae.
aegypti oviposition preference (but see Singer (2004) for more discussion on measuring preference). Colonies
may have also lost distinctive traits due to adaptation to laboratory conditions (Hoffmann & Ross, 2018).
Moreover, the design of using five females per cage instead of one female might introduce some unknown
complexity, for instance, interference between individuals (Allan & Kline, 1998). Lastly, the contrast of
oviposition choices might not be of a magnitude detectable by female Ae. aegypti . However, the choices
used in this study were informed by characteristics of natural oviposition sites, and therefore should be
ecologically relevant for the mosquitoes. A recent study using the same Ae. aegypti colonies did find
between-habitat ovipositional difference towards more extreme but unnatural conditions (Xia, 2021). The
complexities regarding Ae. aegypti oviposition and experimental design warrant future studies to examine
more environmental conditions or combinations of multiple variables, applying multiple preference measure-
ments, and use younger colonies in a more natural setting (e.g. conducting choices assays in the field with
mosquitoes collected from larval breeding sites).

Besides adding to our understanding of the domestication history ofAe. aegypti , this study also provided
the first detailed physical and biological characterization of Ae. aegypti larval breeding sites, at least in
Africa. Dickson et al. (2017) described the bacterial community composition in larval breeding sites in
La Lope and found a strong difference between habitats, echoed in our study. Yee et al. (2012) found
consistent differences between tree holes and tires in the U.S. although Ae. aegypti were not present in most
containers. While our work provides useful baseline information for future studies onAe. aegypti ecology
and behavior, we acknowledge that some caveats still exist in our field sampling, so the results should be
interpreted with caution. For example, the absence of Ae. aegypti in a larval breeding site did not necessarily
reflect avoidance by the female nor that it is inhospitable for the larvae, especially as we could not inspect the
existence of unhatched eggs. However, this does not affect our speculation that Ae. aegypti are not selective
about larval breeding sites, as the Ae. aegypti present and absent sites had similar range of variation. We
also only characterized larval breeding sites in a narrow temporal window during the rainy season. Future
studies examining larval breeding sites throughout the year would be particularly relevant to the recent
work suggesting the importance of seasonality in driving the domestication of Ae. aegypti (Rose et al.,
2020). Furthermore, the sample sizes in our field study were relatively small. Field studies with larger
sample sizes and more balanced sampling between different habitats and larval breeding site groups could
further validate this study’s results. We also grouped tree holes and rock pools as “natural” containers due
to the limitation of sample sizes, yet previous studies have implied that they could be two distinct larval
habitats (Soghigian et al., 2017). However, our preliminary analysis suggested that grouping or separating
them did not affect the main findings from the field data. We also need to acknowledge that the chemical
profiles of larval breeding sites in Rabai reported in this study were probably not complete and therefore
calls for future studies with improved sample collection and analysis techniques. Lastly, in addition to the
condition of each individual larval breeding sites, the local context could also be important, e.g., vegetation
around the sites (Rey & O’Connell, 2014).

In summary, this study suggested that Ae. aegypti in Africa were likely generalists in their larval habitat
choice, which allowed them to readily accept artificial containers as larval breeding sites and potentially
facilitated their introduction into domestic habitats. Being flexible in oviposition and larval breeding site
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choices could benefitAe. aegypti by spreading the risk during reproduction and reduce larval competition.
This is consistent with the observations that this mosquito has a bet-hedging ‘skip oviposition’ behavior (i.e.,
lay small batches of eggs in multiple containers) (Colton et al., 2003; Starrfelt & Kokko, 2012). However,
outside of Africa, Ae. aegypti are closely associated with human communities and use almost exclusively
artificial containers for larval breeding sites (Day, 2016; Swan et al., 2018; Vezzani, 2007; Yee, 2008), raising
the interesting question of when and how this specialization on artificial containers evolved. A few recent
studies suggested that human specialization may happen somewhere in West Africa, such as Sahel or Angola
(Crawford et al., 2017; Powell et al., 2018; Rose et al., 2020). On the other hand, the human-specialized
non-African Aaa could also move back to ancestral breeding sites, for instance, in the Caribbean (Chadee
et al., 1998). It would be interesting to examine such processes and test whether the mosquitoes resumed
generalist in larval breeding site choice during this process.
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Paupy, C., Brengues, C., Kamgang, B., Hervé, J.-P., Fontenille, D., & Simard, F. (2014). Gene flow between
domestic and sylvan populations ofAedes aegypti (Diptera: Culicidae) in North Cameroon. J. Med. Entomol.,
45 (3), 391-400.

Petersen, J. L. (1977). Behavioral Differences in Two Subspecies of Aedes aegypti (L.) (Diptera: Culicidae)
in East Africa. (Ph.D. dissertation), University of Notre Dame, Indiana,

14



P
os

te
d

on
A

ut
ho

re
a

31
M

ar
20

21
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

71
78

99
.9

26
34

79
4/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

Ponnusamy, L., Schal, C., Wesson, D. M., Arellano, C., & Apperson, C. S. (2015). Oviposition responses
of Aedes mosquitoes to bacterial isolates from attractive bamboo infusions. Parasites Vectors, 8 , 486.
doi:10.1186/s13071-015-1068-y

Ponnusamy, L., Wesson, D. M., Arellano, C., Schal, C., & Apperson, C. S. (2010). Species composition of
bacterial communities influences attraction of mosquitoes to experimental plant infusions. Microb. Ecol., 59
(1), 158-173.

Ponnusamy, L., Xu, N., Nojima, S., Wesson, D. M., Schal, C., & Apperson, C. S. (2008). Identification of
bacteria and bacteria-associated chemical cues that mediate oviposition site preferences by Aedes aegypti.
Proc. Natl. Acad. Sci. U. S. A., 105 (27), 9262-9267. doi:10.1073/pnas.0802505105

Powell, J. R., Gloria-Soria, A., & Kotsakiozi, P. (2018). Recent history of Aedes aegypti : vector genomics
and epidemiology records. Bioscience, 68 (11), 854-860.

Powell, J. R., & Tabachnick, W. J. (2013). History of domestication and spread of Aedes aegypti -A Review.
Mem. Inst. Oswaldo Cruz, 108 , 11-17.

Qi, Y. (2012). Random forest for bioinformatics. In Ensemble machine learning (pp. 307-323): Springer.

Ramette, A. (2007). Multivariate analyses in microbial ecology.FEMS Microbiol. Ecol., 62 (2), 142-160.

Refsnider, J. M., & Janzen, F. J. (2010). Putting Eggs in One Basket: Ecological and Evolutionary Hypotheses
for Variation in Oviposition-Site Choice. Annu Rev Ecol Evol Syst, 41 (1), 39-57. doi:10.1146/annurev-
ecolsys-102209-144712

Reiskind, M. H., & Zarrabi, A. A. (2012). Water surface area and depth determine oviposition choice in
Aedes albopictus (Diptera: Culicidae).J. Med. Entomol., 49 (1), 71-76.

Rey, J. R., & O’Connell, S. M. (2014). Oviposition by Aedes aegypti and Aedes albopictus:
Influence of congeners and of oviposition site characteristics. J. Vector Ecol., 39 (1), 190-196.
doi:https://doi.org/10.1111/j.1948-7134.2014.12086.x

Rose, N. H., Sylla, M., Badolo, A., Lutomiah, J., Ayala, D., Aribodor, O. B., . . . McBride, C. S. (2020).
Climate and Urbanization Drive Mosquito Preference for Humans. Curr. Biol., 30 (18), 3570-3579.e3576.
doi:https://doi.org/10.1016/j.cub.2020.06.092

Rueda, L. M. (2004). Pictorial keys for the identification of mosquitoes (Diptera: Culicidae) associated with
Dengue Virus Transmission.2004, 589 (1), 60. doi:10.11646/zootaxa.589.1.1

Saul, S. H., Novak, R. J., & Ross, Q. E. (1980). The role of the preadult stages in the ecological separation
of two subspecies of Aedes aegypti. Am. Midl. Nat. , 118-134.

Schluter, D. (2000). The ecology of adaptive radiation : OUP Oxford.

Servedio, M. R., Van Doorn, G. S., Kopp, M., Frame, A. M., & Nosil, P. (2011). Magic traits in speciati-
on:‘magic’but not rare? Trends Ecol. Evol., 26 (8), 389-397.

Shafer, A., & Wolf, J. B. (2013). Widespread evidence for incipient ecological speciation: a meta-analysis of
isolation-by-ecology.Ecol. Lett., 16 (7), 940-950.

Shannon, C. E. (1948). A mathematical theory of communication.Bell system technical journal, 27 (3),
379-423.

Singer, M. C. (2004). Oviposition preference: its definition, measurement and correlates, and its use in
assessing risk of host shifts. Paper presented at the Proceedings of the XI International Symposium on
Biological Control of Weeds.

15



P
os

te
d

on
A

ut
ho

re
a

31
M

ar
20

21
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

71
78

99
.9

26
34

79
4/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

Soghigian, J., Andreadis, T. G., & Livdahl, T. P. (2017). From ground pools to treeholes: convergent
evolution of habitat and phenotype in Aedes mosquitoes. BMC Evol. Biol., 17 (1), 262. doi:10.1186/s12862-
017-1092-y

Soghigian, J., Gloria-Soria, A., Robert, V., Le Goff, G., Failloux, A. B., & Powell, J. R. (2020). Genetic
evidence for the origin ofAedes aegypti , the yellow fever mosquito, in the southwestern Indian Ocean. Mol.
Ecol., 29 (19), 3593-3606. doi:10.1111/mec.15590

Soman, R. S., & Reuben, R. (1970). Studies on the preference shown by ovipositing females of Aedes aegypti
for water containing immature stages of the same species. J. Med. Entomol., 7 (4), 485-489.

Souza, R. S., Virginio, F., Riback, T. I. S., Suesdek, L., Barufi, J. B., & Genta, F. A. (2019). Microorganism-
Based Larval Diets Affect Mosquito Development, Size and Nutritional Reserves in the Yellow Fever Mosquito
Aedes aegypti (Diptera: Culicidae). Frontiers in Physiology, 10 (152). doi:10.3389/fphys.2019.00152

Starrfelt, J., & Kokko, H. (2012). Bet-hedging—a triple trade-off between means, variances and correlations.
Biol. Rev., 87 (3), 742-755.

Swan, T., Lounibos, L., & Nishimura, N. (2018). Comparative oviposition site selection in containers by
Aedes aegypti and Aedes albopictus (Diptera: Culicidae) from Florida. J. Med. Entomol., 55 (4), 795-800.

Sylla, M., Bosio, C., Urdaneta-Marquez, L., Ndiaye, M., & Black IV, W. C. (2009). Gene flow, subspecies
composition, and dengue virus-2 susceptibility among Aedes aegypti collections in Senegal.PLoS Negl. Trop.
Dis., 3 (4), e408.

Szulkin, M., Munshi-South, J., & Charmantier, A. (2020). Urban evolutionary biology : Oxford University
Press, USA.

Tabachnick, W. J., Munstermann, L. E., & Powell, J. R. (1979). Genetic distinctness of sympatric forms of
Aedes aegypti in East Africa.Evolution , 287-295.

Trpis, M., & Hausermann, W. (1975). Demonstration of differential domesticity of Aedes aegypti
(L.)(Diptera, Culicidae) in Africa by mark-release-recapture. Bull. Entomol. Res., 65 (02), 199-208.

Vezzani, D. (2007). Artificial container-breeding mosquitoes and cemeteries: a perfect match. Trop. Med.
Int. Health, 12 (2), 299-313.

Vonesh, J. R., & Blaustein, L. (2010). Predator-induced shifts in mosquito oviposition site selection: a
meta-analysis and implications for vector control. Isr J Ecol Evol, 56 (3-4), 263-279.

Wong, J., Morrison, A. C., Stoddard, S. T., Astete, H., Chu, Y. Y., Baseer, I., & Scott, T. W. (2012).
Linking oviposition site choice to offspring fitness in Aedes aegypti: consequences for targeted larval control
of dengue vectors. PLoS Negl. Trop. Dis., 6 (5), e1632. doi:10.1371/journal.pntd.0001632

World Health Organization. (2014). A global brief on vector-borne diseases . WHO, Geneva, Switzerland.

Xia, S. (2021). Laboratory Oviposition Choice of Aedes aegypti (Diptera: Culicidae) From Kenya and Gabon:
Effects of Conspecific Larvae, Salinity, Shading, and Microbiome. J. Med. Entomol.doi:10.1093/jme/tjaa285

Xia, S., Cosme, L. V., Lutomiah, J., Sang, R., Ngangue, M. F., Rahola, N., . . . Powell, J. R. (2020).
Genetic structure of the mosquitoAedes aegypti in local forest and domestic habitats in Gabon and Kenya.
Parasites Vectors, 13 (1), 417. doi:10.1186/s13071-020-04278-w

Yee, D. A. (2008). Tires as habitats for mosquitoes: a review of studies within the eastern United States.
J. Med. Entomol., 45 (4), 581-593.

Yee, D. A., Allgood, D., Kneitel, J. M., & Kuehn, K. A. (2012). Constitutive Differences Between Natural
and Artificial Container Mosquito Habitats: Vector Communities, Resources, Microorganisms, and Habitat
Parameters. J. Med. Entomol., 49 (3), 482-491. doi:10.1603/me11227

16



P
os

te
d

on
A

ut
ho

re
a

31
M

ar
20

21
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

71
78

99
.9

26
34

79
4/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

Zahiri, N., & Rau, M. E. (1998). Oviposition attraction and repellency of Aedes aegypti (Diptera: Culici-
dae) to waters from conspecific larvae subjected to crowding, confinement, starvation, or infection.J. Med.
Entomol., 35 , 782-787.

Tables

Table 1. Number of oviposition sites measured for different environmental variables

Field site
location Habitat

Aedes
aegypti

Physical
characteristics

Larval
density

Microbial
density

Bacteria
composition

Volatile
profile

La Lopé,
Gabon

Forest Present 5 5 5 5 na*

Absent 48 55 10 33 na*

Peridomestic
(Village)

Present 13 13 10 10 na*

Absent 24 25 12 23 na*

Total 90 98 37 71 na*

Rabai,
Kenya

Forest Present 15 15 15 15 7

Absent 22 22 11 22 12
Peridomestic
(Village)

Present 8 8 8 8 5

Absent 1 1 1 1 1
Domestic
(Village)

Present 22 22 22 22 17

Total 68 68 57 68 42

* Headspace volatiles were not collected in La Lopé, Gabon.

Table 2. Classification of La Lopé larval breeding sites by random forest

Forest + Forest - Peridomestic + Peridomestic - Total

Forest + 0 5 0 0 5
Forest - 0 28 0 0 28
Peridomestic + 0 0 2 8 10
Peridomestic - 0 4 3 13 20

Note: the row names indicate the actual larval breeding site groups, and the column names indicate the
assigned larval breeding site groups by the random forest classification. “+” and “-” denote Ae. aegypti
present and absent sites, respectively. The number of sites assigned to the correct groups is marked in bold.

Table 3. Classification of Rabai larval breeding sites by random forest

Forest + Forest - Peridomestic + Peridomestic - Domestic + Total

Forest + 9 4 0 0 0 13
Forest - 8 1 0 0 1 10
Peridomestic + 0 0 3 0 5 8
Peridomestic - 0 0 1 0 0 1
Domestic + 0 0 2 0 18 20
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Note: the row names indicate the actual larval breeding site groups, and the column names indicate the
assigned larval breeding site groups by the random forest classification. “+” and “-” denote Ae. aegypti
present and absent sites, respectively. The number of sites assigned to the correct groups is marked in bold.

Figure legends

Figure 1. Sampling locations in (a) La Lopé, Gabon, and (b) Rabai, Kenya. The inset in each graph shows
the location of the field site in continental Africa. In (a), each point represents a sampling location where
one to multiple larval breeding sites were found. In (b), each point represents a single larval breeding site.
The color of the point indicates the habitat category: red - domestic (village indoor), yellow - peridomestic
(village outdoor), green - forest. The satellite images were from (a) Google Satellite and (b) Bing Satellite
in QGIS.

Figure 2. Environmental conditions of larval breeding sites in La Lopé (a, c, e, g) and Rabai (b, d, f, h).
(a-b) Principal component analysis (PCA) of all physical variables. The first two PCs are shown, and the
variance explained by each PC was indicated in the axis label. Each point represents a single larval breeding
site. Colors and point shapes indicate habitat and whether Ae. aegypti were found in the sites, respectively.
An eclipse was drawn for each larval breeding site group with a 75% confidence level. The colors of the
eclipses represent habitat types and match the colors of the points. The solid and dashed eclipses correspond
to Ae. aegypti present and absent sites. The original variables were overlaid on the PC1-PC2 plate with
major variables labeled. (c-d) Comparison of Ae. aegypti density between habitats. “+” and “-” denote Ae.
aegypti presence and absence, respectively. The boxplots show the minimum, 25% quartile, median, 75%
quartile, and maximum. Asterisks indicate statistical significance (p<0.05). (e-f) Comparison of microbial
density across larval breeding site groups. (g-h) NMDS analysis of bacterial community compositions. The
color and shape of points and eclipses are the same as in the PCA (panel a-b).

Figure 3. Chemical profile of volatile samples collected from Rabai larval breeding sites. Each row represents
a compound, and each column represents a larval breeding site. The five columns of points between the
compound names and the heatmap summarize whether the compounds were present in each of the five larval
breeding site groups. The color and shape of the points are the same as in Figure 2. The color of each cell
in the heatmap quantifies the concentration on a log scale. Gray cells indicate that the compound was not
found in the larval breeding sites, according to the GC-MS results. The inset Venn diagram shows the total
numbers of compounds unique in each habitat or shared between different habitats.

Figure 4. Two-choice laboratory oviposition assays testing preference for field-collected waters, pH, shading,
a combination of water pH, salinity, and shading,Ae. aegypti larval density, and bacterial culture. Colony-
wise results are shown in Figure S11 in the Appendix. The two choices in each assay are described in detail
in Table S2 in the Appendix. Higher OIA implies a preference for the forest condition. Each point represents
the OAI of one cage with five gravid females. The mean and 95% confidence interval (CI) were estimated by
beta-binomial models. The asterisks and ‘ns’ above each colony indicates whether the 95% CI excludes zero.
No significant differences were found between habitats or between colonies in any experiments.

Figure 5. Five-choice laboratory oviposition assays testing preference for bacterial density. Five cups were
provided in each cage with increasing bacterial density at 0, 2x105, 1x106, 5x106, 2.5x107 cells/mL (details
in Table S2), which correspond to the five columns (left to right) in each panel. Each line connects the five
egg counts in one cage. Colors represent the habitats of the colonies. Multiple colonies from the same habitat
in Rabai were combined in this figure, and colony-wise results are shown in Figure S12 in the Appendix. A
negative binomial model was used to fit the results of each oviposition assay. The model estimates the mean
number of eggs in each bacterial density and a 95% confidence interval, shown by the open circles and the
error bars, respectively.

Data Accessibility Statement

The datasets that describe the basic information, physical characteristics, larval density, predator presence,
microbial density, and chemical profile of oviposition sites in La Lopé and Rabai are archived in Dryad:
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doi:10.5061/dryad.7m0cfxprg (La Lopé) and doi:10.5061/dryad.3tx95x6cz (Rabai), respectively. The 16s-
rRNA gene amplicon sequencing data were deposited in the NCBI SRA database with ID SUB7716639 (La
Lopé samples) and SUB7719551 (Rabai samples).
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