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ABSTRACT: Variation in vector traits can modulate local scale differences in pathogen transmission. Here, we compared
seasonal variation in the wing length (proxy for body size) and energy reserves of adult wild-caught Aedes aegypti populations
from a dengue endemic (Kilifi) and non-endemic (Isiolo) area of Kenya. Vector sampling in the dengue endemic site was
conducted during the dry and wet seasons. In the non-endemic area, it was limited to the dry season which characterizes this
ecology where sporadic or no rainfall is commonplace during the year. We found variation by site in the body size of both
sexes, with an overall smaller size of Ae. aegypti populations collected from Isiolo than those from Kilifi. Our results show that
although total carbohydrates and lipids levels were highest in both sexes during the dry season, they were two-fold higher in
males than females. However, we found weak correlations between body size and energy reserves for both sexes, with body
size being more sensitive in identifying differences at a population level. These results provide insights into the determinants of
the vectoring potential of Ae. aegypti populations in dengue endemic and non-endemic ecologies in Kenya. Journal of Vector

Ecology 46 (1): 19-23. 2021.
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INTRODUCTION

Studies on mosquito physiology can improve our
understanding of vector behavior, ecological adaptations,
and their capacity for disease transmission (Briegel 2003).
Critical factors in the acquisition and spread of pathogens
by disease vectors include their immune responses, biting
frequency, dispersal, fecundity, and survival rates (Maciel-de-
Freitas et al. 2007, Fragkoudis et al. 2009, Smith et al. 2012,
Farjana and Tuno 2013). In laboratory studies, these factors
are correlated to physiological parameters, such as wing
length (proxy for body size) (Schneider et al. 2011). In Aedes
aegypti, body size influences the life history of males, with
larger-sized individuals shown to produce more seminal fluid
and spermatozoa (Ponlawat and Laura 2007, Helinski and
Harrington 2011) that in turn increases their reproductive
success. Larger males are also reported to outlive their smaller
counterparts in the wild (Maciel-de-Freitas et al. 2007).
In females, size has been shown to influence reproductive
potential, blood-feeding frequency, flight ability, and even
susceptibility to pathogens, but often the relationships
between size and these traits are not always consistent across
the studies.

Briegel et al. (2001) observed that smaller females had a
shorter life span and poor flight potential compared to their
larger counterparts. In contrast, smaller females were found to
survive equally well in both laboratory and field settings and
dispersed over longer distances than their larger counterparts
(Maciel-de-Freitas et al. 2007). Furthermore, while small

females exhibited increased host-seeking behavior with
consequent higher blood-feeding frequency (Farjana and
Tuno 2013), it is the larger-sized individuals that had a
higher chance of developing disseminated infections with
viruses (Schneider et al. 2007). In Anopheles gambiae, a study
comparing the reproductive potential of wild and laboratory-
reared males found that body size and lipid reserves of wild
males was greater than their laboratory counterparts (Huho
et al. 2007). These findings clearly demonstrate that data on
laboratory-reared insects should be interpreted with caution
especially in making predictions about wild populations
(Huho et al. 2007). Thus, there is a need for field-based
studies to improve our knowledge of the significance of
biological traits on the life history, population dynamics, and
even pathogen vectoring potential of mosquito populations.
In Kenya, Ae. aegypti is widely distributed but recurrent
dengue outbreaks occur mostly in the coastal part of the
country (Lutomiah et al. 2016, Agha et al. 2019). Recent
studies show that populations from the coastal region are the
most likely to acquire and transmit Chikungunya and dengue
2 viruses (Chepkorir et al. 2014, Agha et al. 2017a). Vector
competence of Ae. aegypti populations has been linked to
environmental temperature (Chepkorir et al. 2014, Agha
et al. 2017a). However, vector competence, and ultimately
vector potential, is influenced by a variety of genetic and
non-genetic factors, such as diet, gut microbial community,
age, reproductive status, and body size (Lefévre et al. 2013,
Zirbel et al. 2018). We tested the hypothesis that there are
variations in body size and energy reserves of local Ae.
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aegypti populations and that the differences may impact
on their vectorial capacity. To achieve this, we measured
the wing length (proxy for body size) and energy reserves
(total carbohydrates and lipids) and examined their seasonal
variation in two Ae. aegypti populations collected from a
dengue endemic and a non-endemic area of Kenya.

MATERIALS AND METHODS

Study area

The study was conducted at two sites with differing
dengue epidemiology: Kilifi County (endemic) and Isiolo
County (non-endemic). In Kilifi, the study was conducted
within and around the KEMRI-Wellcome Trust Research
Program (KWTRP) facility and the Kilifi district hospital,
both located in Kilifi town (3.63229° S, 39.8569° E). In Isiolo
County, trapping was conducted within the Garbatullah
District Hospital facility (0.4111° N, 38.5690° E) in
Garbatullah town. Kilifi town is an urban settlement and
located within Kilifi County which is part of the larger coastal
region of Kenya. The area experiences annual temperatures
ranging between 21° to 32° C and has two rainy seasons: long
rains occurring between March/April to May/June, and the
short rains between October and December (Owino et al.
2014). The months between July to October and December
to March/April are generally dry, with temperatures ranging
between 28° to 31° C. In 2017, there was a delayed onset of
long rains in Kilifi and throughout the country resulting in
an extended drought period. However, in 2018 the long rainy
season extended to the end of July and was marked by heavy
flooding. Unlike Kilifi, the ecology of Garbatullah located
within Isiolo County consists predominantly of arid and
semi-arid lands with annual temperatures ranging between
24° to 30° C. The area is usually dry for the greater part of
the year with minimal rain that is erratic and it is common
that some years may miss a rainy season. The rainfall is often
accompanied by heavy storms and flash floods.

Design and mosquito trapping

In Kilifi, mosquito surveys were each conducted during
the dry (July and August, 2017) and rainy seasons, (July and
August, 2018). Trapping during each season was conducted
for ten consecutive days. In Isiolo, only one mosquito survey
during the dry period (March, 2018) was conducted for
five consecutive days. Mosquitoes were sampled using BG-
Sentinel traps baited with carbon dioxide (dry ice). Daily,
ten traps (at least 50 m apart) were set up at dawn (06:00)
and retrieved shortly before dusk (18:30). After retrieval,
mosquitoes were killed by freezing, sorted, counted, and
stored in cryo-vials in liquid nitrogen before shipment to the
icipe laboratories in Nairobi.

Estimation of mosquito size

The right wing of each individual adult was carefully
spread on a glass slide with a drop of ringer solution and
excised at the root using a scapel. Wing length was measured
from the joint at the root of the wing to the apex, including
the fringe scales (Briegel 1990), using a Leica HD digital

microscope equipped with the Q-capture Pro7 software
(Biocompare) that has a digital micrometer. Body size was
determined by calculating the cubic value of wing length as
described by Briegel (1990). The distribution of wing length
of males and females irrespective of site and season was
determined. Based on the median value for each sex, the wing
sizes were classified into two groups as follows: 1) large (>
than median size) and 2) small (< median size).

Mosquito processing and energetics analysis

Since samples were to be analyzed for sugars, lipids, and
DNA analysis (in a separate study), they were each processed
following the methods of Nyasembe et al. (2018) but with
the following modifications: 1) After removal of the wings,
phosphate buffered saline (PBS) instead of 0.5% hypochlorite
solution was used to rinse the individual mosquitoes (to
remove any debris) before being transferred into sterile
microcentrifuge tubes and crushed using individual sterile
polypropylene pestles and 2) 100 pl of sterile 0.3M sodium
acetate wasadded to 200 pl of absolute molecular grade ethanol
and the samples incubated for 30 min at -20° C (first step of
the DNA extraction). After incubation, the homogenates
were centrifuged (Eppendorf 5417r) at 4° C for 10 min at
12,000 RPM and the resulting supernatant separated for total
sugar and lipid analysis while the remaining homogenates
were stored for molecular assay in a separate study.

The sugar and lipid fractions were processed using the hot
anthrone and vanillin phosphoric acid solutions as described
previously (Van Handel 1985a, 1985b). However, the latter
test was modified as follows: instead of using a mixture of
chloroform/methanol to extract lipids as described by Van
Handel (1985a), we added 200 pl of chloroform directly
to the supernatant obtained in the extraction step above.
The mixture was then centrifuged (Eppendorf 5417r) for
1 min at 1,000 RPM, then 200 pl of sterile double distilled
water was added and the sample centrifuged at 1,000 RPM
for 1 min to activate phase separation. The non-aqueous
phase (chloroform layer) was then separated and processed
using the vanillin phosphoric method: the chloroform was
evaporated on a heating block, 200 ul of sulphuric acid added
to the tubes and heated for 10 min then allowed to cool and
1 ml of vanillin phosphoric acid reagent added. The purpose
of using sulfuric acid is to convert unsaturated lipids to water
soluble sulfonic acid derivatives which is what gives a red
color after the addition of vanillin-phosphoric acid reagent
(visual indicator for presence of lipids). The sugar fraction
was processed using the hot anthrone method that entailed
addition of 1 ml of anthrone reagent and heating the mixture
for 17 min at 110° C.

Both total lipids and sugars were quantified in each
sample using a microplate plate reader (Epoch, Biotek)
using the Gen5 software (Biotek) on a 96 well plate. First,
the absorbance values of blank wells were measured at a
wavelength of 625 nm. Then, 200 pl of either sugar or lipid
samples, as well as a set of standard solutions, were dispensed
in triplicates in three adjacent wells and the absorbance
values read. Lemon grass oil and glucose dissolved in 70%
ethanol served as controls for lipids and sugars, respectively.
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They were each run at different concentrations spanning the
expected analyte concentration range. From these, calibration
curves and linear equations (R? = 0.97; Y = 1E+06x-8E +
06) were generated to estimate the amounts of lipids and
sugars in each sample. Samples with amounts below the limit
of detection (LoD) (8.1ug/ml for sugars and 179 ug/ml for
lipids) were excluded in the data analysis.

Quantities of carbohydrates and lipids detected in the
samples were expressed per cubic value of mean wing length
for each respective cohort to normalize them for body size as
described by Briegel (1990).

Data analysis

We used a Chi-square test-of-independence to compare
proportions of wing class sizes for both males and females
at each site. A one-way analysis of variance, and welch t-test
were also used to compare quantities of energy reserves (total
carbohydrates and lipids) between and within sexes. Where
significant differences were found, we used the Tukey HSD test
for pair-wise comparison of means. We also used the Pearson
correlation coefficient to assess the relationship between body
size and energetic reserves. All the statistical tests were done
at a 95% significance level using the R software (R Core Team
2020).

Ethical approval

Approval for the study was obtained from the Scientific
and Ethics Review Unit of the Kenya Medical Research
Institute (KEMRI-SERU) (Protocol number: SERU 2787).
After explaining the objective of the study, verbal consent was
also sought from local authorities to set up mosquito traps in
the respective study sites.

RESULTS

Wing length

We found that wing lengths of both males and females
followed a normal distribution with median length of 2 mm
for males and 2.5 mm for females (Figure 1, Table 1). When
wing lengths were classified as either large or small, we found
that the cohort collected during the dry season from Kilifi
comprised a significant proportion of large males and almost
equal proportions of large and small females (males: x*=11.56;
df =1, P < 0.05); females: x>= 2.56 df = 1, P > 0.05) (Figure
2, Table 1). In the wet season, the proportions of large and
small-winged males were almost equal while a significantly
higher proportion (1.5 times more) of females were small-
winged (males: x*=1.44, df = 1, P > 0.05; females: x*= 4, df =
1, P <0.05) (Figure 2, Table 1). However, in Isiolo, both males
and females consisted of small-winged individuals (1.6 and
1.7 times, respectively, more than their large counterparts)

Table 1. Summary of wing lengths of wild-caught male and female Aedes aegypti from the dry and wet seasons in Kilifi and
the dry season in Isiolo. No. = number analyzed; SEM = standard error of the mean; row values denoted by different letters are

significantly different at the 95% level of significance.

Wing length class distribution (%)

. Mean wing ) .
Site Range (mm) length (mm) Large Small Chi-square statistic
(season) (No.) S SEM (df=1)
Kilifi
- +
@y 133°380 255x001 =256, P=0.11
(360)
season)
Kilif
Females  (wet 1.89-3.26  2.49+003 40° 60° X>=4; P=0.05
(100)
season)
Isiolo
- +
@y 119318 238002 L, \i=7.84; P= 0,01
(132)
season)
Kilifi
- +
(dry 101 -2.7 206002 67° 33® x*=11.56; P = 0.001
(133)
season)
Kilif
- +
Males (wet 112 -2.55 1.93+0.02 44 56° x’=1.44;P=0.23
(100)
season)
Isiolo
- +
(dry 1'2(}33)2'5 1.87+0.02 38 62° X>=5.76; P = 0.02

season)
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Figure 1. Distribution of wing lengths (mm) of Aedes aegypti A) males and B) females collected during the dry and wet seasons

in Kilifi and the dry season in Isiolo.

(males: x*=5.76, df = 1, P < 0.05; females: x*=7.84,df = 1, P
< 0.05) (Figure 2, Table 1).

Total carbohydrate content

In both Kilifi and Isiolo, the levels of total carbohydrates
of males were two-fold higher than those of females at both
sites (Kilifi(dry), t = 4.74, df = 133.39, P < 0.0001; Kilifi(wet),
t = 3.54, df = 21.78, P < 0.05 ; and Isiolo (dry), t = 3.524, df
= 141.39, P < 0.05 ). However, the quantities varied between
the sites for both sexes (males, df = 2, F = 9.289, P < 0.05 ;
females, df = 2, F = 79.38, P < 0.0001) (Figure 3). Irrespective
of season, total carbohydrate content of males did not vary
significantly between Isiolo and Kilifi (Isiolo (dry): Kilifi
(dry), P > 0.05; Isiolo (dry): Kilifi(wet), P > 0.05). However,
males from the dry season in Kilifi had two-fold higher (P <
0.05) amounts than their wet season counterparts (Figure 3).
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Similarly, the total carbohydrate content of females collected
from the dry season in Kilifi was not significantly different
from those collected from Isiolo (P > 0.05) (Figure 3).
However, the amounts were three and 2.7 times, respectively,
higher than their counterparts from the wet season in Kilifi
(Kilifi (dry): Kilifi (wet), P < 0.0001; Isiolo (dry): Kilifi (wet),
P <0.05) (Figure 3).

Total lipid content

Males had significantly higher levels of lipids than females
(two- and three-fold higher in Kilifi and Isiolo, respectively)
(Kilifi(dry), t = 10.957, df = 270.12, P < 0.0001; Kilifi (wet), t
= 7.386, df = 20.124, P < 0.0001, and Isiolo (dry), t = 14.804,
df = 176.29, P < 0.0001). Similar to total carbohydrates, the
quantities of lipids also varied across sites for both males (df
=2,F=20.87, P<0.0001), and females (df =2, F = 15.86, P <
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Figure 2. Proportions of wing length classes (large and small) of A) male and B) female Aedes aegypti caught during the dry
and wet seasons in Kilifi and the dry season in Isiolo; bars with * and ns indicate statistical significance and non-significance,

respectively at 95% level of significance.
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Figure 3. Proportions of wing length classes (large and small) of A) male and B) female Aedes aegypti caught during the dry
and wet seasons in Kilifi and the dry season in Isiolo; bars with * and ns indicate statistical significance and non-significance,

respectively at 95% level of significance.
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Figure 4. Quantities of total lipids detected in A) male and B) female Aedes aegypti caught during the dry and wet seasons in
Kilifi and the dry season in Isiolo; quantities are expressed in micrograms per cubic value of the wing length (ug/mm3); boxes
with different letters indicate significant differences at 95% level of significance.

0.0001) (Figure 4). The lipid content of males collected from
the dry season in Isiolo was 1.3 and 3.6 times more than that
of males from the dry and wet season in Kilifi, respectively
(Isiolo (dry): Kilifi (dry), P < 0.0001; Isiolo (dry): Kilifi (wet),
P < 0.0001) (Figure 4). Also, males collected during the dry
season in Kilifi had significantly higher levels of lipids (2.6
times higher) than those collected from the same site during
the wet season (Kilifi (dry): Kilifi (wet), P < 0.05) (Figure
4). In contrast, the total lipid content of females collected
from Kilifi during the dry season was not significantly
different from those sampled from Isiolo (P > 0.05) (Figure
4). However, females from both the dry seasons in Kilifi and
Isiolo also had significantly more (two-fold higher) lipids
than females collected from the wet season in Kilifi (Kilifi
(dry): Kilifi (wet), P < 0.0001; Isiolo (dry): Kilifi (wet), P <
0.0001) (Figure 4).

Relationship between body size and energy reserves

There was overall weak correlation between male body
size and total carbohydrates (Kilifi (dry), R* = 0.004; Isiolo
(dry), R* < 0.001, Kilifi (wet), R* = 0.002) or lipids (Kilifi
(dry), R*=0.02; Isiolo (dry), R*= 0.01, Kilifi (wet), R* = 0.03).
Similarly, correlations between female body size and total
carbohydrate (Kilifi (dry), R* = 0.02; Isiolo (dry), R*= 0.003,
Kilifi (wet), R? = 0.04) and lipids (Kilifi (dry), R* = 0.03; Isiolo
(dry), R*=0.002, Kilifi (wet), R* = 0.02) were also weak.

DISCUSSION

In this study, we examined seasonal variations in wing
length (proxy for body size) and energy reserves of Ae. aegypti
populations from a dengue endemic (Kilifi) and a non-
endemic (Isiolo) site in Kenya. We found variation in wing
lengths of males and females by site and season. The results
are consistent with previous findings on wild Ae. aegypti
populations from Thailand, Puerto Rico, Mexico, and south
Texas (Scott et al. 2000, Strickman and Kittayapong 2003,
Walsh et al. 2011, Olson et al. 2020). When classified as either
small or large, we found that the distribution of wing lengths
varied by sex, site, and season. In both sexes, the highest
proportions of large and small-winged individuals were
detected in the dry season in Kilifi and Isiolo, respectively.
We also noted with interest the increase in the proportion
of small-winged males and females during the wet season in
Kilifi. Wing length is determined during larval development
and is associated with the prevailing conditions at the
breeding site (Briegel 1990, Maciel-De-Freitas et al. 2007).
Thus, the cumulative smaller size of Ae. aegypti found for
populations from Isiolo compared to Kilifi was an important
revelation of our study. Aedes aegypti is known to breed in
diverse containers (e.g., discarded tires, metal/plastic drums)
and natural larval sites (e.g., tree holes, flower vases) which
are abundant in coastal Kenya (Agha et al. 2017b). These sites
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vary in their organic matter composition, including plankton,
fungi, algae, bacteria, and other microorganisms on which
larvae generally feed. Fewer larval sites from containers are
not unexpected in Isiolo, which is a much drier ecology most
of the year than Kilifi that has both wet and dry seasons. Thus,
the observed differences between the sites may partly be due
to variation in the quality and quantity of food available
to larvae in their habitats. The reduction in mosquito size
during the wet season in Kilifi was also interesting but not
unexpected. Compared to the dry season, the rainy season
in Kilifi is associated with increased vector density (Agha
et al. 2017c). High larval densities within a breeding site
results in competition for nutrients negatively affecting larval
development and resulting in emergence of small-sized adults
(Briegel et al. 2001, Mitchell-Foster et al. 2012). Thus, the
variation in mosquito sizes between the wet and dry season
in Kilifi is likely a reflection of changes occurring in the larval
environment across the two seasons.

Seasonal influence in carbohydrate and lipid contents
of the mosquito was evident and varied between the sites
and was higher in males than in females. Mosquitoes obtain
carbohydrates, and by extension lipids, largely from floral
and extra floral nectar (Nyasembe et al. 2012, Nyasembe et
al. 2018). In tropical environments such as our study sites,
the flowering phenology of many plants is linked to rainfall
(Kushwaha et al. 2011). It was therefore intriguing that
independent of mosquito sex, both energy reserves were
significantly higher in the dry than in the wet season. Due
to limitations in natural sugar sources during dry periods,
mosquitoes may opportunistically feed on seedpods and less
nutritious stems of green flowerless plants (Miiller and Schlein
2005, Junnila et al. 2010). Scarcity of these resources during
the dry season may become limiting factors for mosquito
survival, which may cause them to evolve adaptive strategies
through physiological adjustments. When faced with harsh
environmental conditions, some mosquito species undergo a
period of dormancy either through diapause or quiescence
(Diniz et al. 2017). The latter ensures that eggs survive dry
conditions, a trait well known in Ae. aegypti (Diniz et al.
2017). This mosquito species also undergoes embryonic
quiescence allowing the 1* instar larvae to remain inside the
eggs until a time when an appropriate hatching stimulus is
available (Perez and Noriega 2013). Both processes require
significant investment in maternal energy reserves ( Perez
and Noriega 2013, Farnesi et al. 2015). Males may also store
up enough energy reserves during dry periods to allow for
longer range dispersal in search of females for mating or
plant sources for sugars. Reproductive behaviors in males
are energetically demanding. In the field, Anopheles gambiae
males are reported to use up between 50% and 60% of their
total sugars for swarming (Maiga et al. 2014). A combination
of physiological needs for survival, especially during the dry
season, may account for the observed seasonal differences.

Other factors that may have accounted for the higher
levels of energy reserves in the dry than in the wet season
may be the age of the mosquitoes. It is possible that the
populations sampled during the dry season were older and
therefore had accumulated more energy reserves. Further

studies to correlate seasonality with age structure and energy
reserves are warranted. Higher levels of energy reserves could
also have resulted from increased sugar uptake or feeding on
highly concentrated nectars. Temperature and moisture stress
are two very important environmental factors that influence
mosquito physiology (Huestis et al. 2011, Holmes and
Benoit 2019). In fact, as little as a one-degree increment in
environmental temperature can result in up to a 6% increase
in metabolic rate (Huestis et al. 2011). Thus, during the
dry season, increased uptake of plant sugar would mitigate
dehydration and result in the accumulation of high levels
of energy reserves that would produce increased metabolic
rates. Also, the access to highly concentrated nectars during
the dry season attributing to low relative humidity remains
a possibility. Our data show that males had higher energy
reserves than females at both sites and seasons, despite
being smaller in size than females. Previously, Briegel (1990)
observed that females with the same amount of lipids as
males are often much larger than the males owing to their
inherent adaptation that prevents them from accumulating
lipids and leaving space for blood meals and the development
of eggs. We also noted from our findings that body size did
not correlate with the quantity of energy reserves. Similar lack
of a clear relationship between these fitness traits has been
previously demonstrated in field, rather than in laboratory
studies (Huho et al. 2007). Thus, the outcome of fitness
estimates may be more biologically complex in the natural
setting (Charlwood 2003).

Overall, our data have shed light on variations in both
mosquito body size and energy reserves that can influence
mosquito survival, an important component of vectorial
capacity. Thus, there is reason to believe that the observed
trait variations between the different Ae. aegypti populations
may impact on the vectoring potential between the two
ecological sites. However, more work is needed to provide
further insights on the ecologic dimensions of vector
adaption and the pathogens they transmit. We conclude
that, indeed, there are variations in biological traits, between
the Ae. aegypti populations from Kilifi and Isiolo. However,
between energy reserves and body size, the latter is the more
sensitive parameter in unravelling differences at a population
level. More studies are needed to link these physiological
parameters to important phenotypes, such as their roles in
pathogen transmission between the two different ecologies.
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