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Abstract

Sexual size variation in adult holometabolous insects may arise from selective
pressures impacting ontogenetic stages associated with diverse habitats and resource
use. In addition, scaling relations of these sexually dimorphic traits play an important
role in morphological diversification. In mosquitoes, given the sexual differences in
feeding strategies, investigations of the ontogeny of sexually dimorphic traits are of
particular interest to understanding their reproductive biology and implementing
early sex-separating technologies for vector control. However, our current knowledge
of the morphological scaling of body parts over development across sexes is centered
around a few well-known species of anthropophilic mosquitoes. In general, there is
a noticeable gap in our understanding of the developmental biology of mosquitoes
with limited medical consequences. One such mosquito is Uranotaenia lowii (Diptera:
Culicidae), a species of growing interest due to its unique host use of feeding
exclusively on frogs by eavesdropping on their mating calls. This study takes a step
forward toward filling this gap by investigating sexual size dimorphism during the
ontogeny of Ur. lowii. We examined larval and pupal stages to focus on traits that
allow sex identification to evaluate various sex-sorting techniques that provide a
foundation for experimental manipulation. We found that sex identification in Ur.
lowii is possible during both larval and pupal stages. In the fourth larval instar, thorax
length, abdomen length, and total body length differ significantly between the
sexes, showing allometric scaling. In the pupal stage, the allometry of the head and
thorax to body size remains consistent, as these parts fuse into the cephalothorax.
Successful sorting based on cephalothorax length enables highly accurate pupal sex
identification. This research sheds light on the biology of Ur. lowii, an understudied
mosquito species, and lays the foundation for future studies on the developmental
and reproductive biology of frog-biting mosquitoes.
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underscores the specialized ecological roles and differ-
ent life-history strategies of male and female mosquitoes.

Like in most insects (Stillwell et al., 2010), in adult mosqui-
toes there is female-biased sexual size dimorphism (SSD)
as a result of fecundity selection imposed on females fa-
voring large size associated with high egg production and
nutrient storage (Wormington & Juliano, 2014). Such SSD

Adult size differences between the sexes also prompt the
question of when this divergence occurs during develop-
ment. Given that selective forces operating at the juvenile
stage often differ radically from those acting on sexually
mature individuals, this disparity in selective pressures
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may constrain the expression of sexual size differences in
adults (Badyaev, 2002; Reeve & Fairbairn, 2001). Despite
potentially conflicting selective pressures at different de-
velopmental stages, sexual differences in size are often not
restricted to adulthood.

In insects, sexual differences in body size during
development can arise through three distinct but
not mutually exclusive mechanisms. Individuals of
a particular sex can be larger due to a faster growth
rate at a certain ontogenetic stage, an overall longer
growth period, or a larger size at the time of hatch-
ing (Blanckenhorn et al.,, 2007). Sexual differences
in egg or hatchling size are uncommon in insects
(Ernsting & Isaaks, 2002; Tammaru et al., 2010). In con-
trast, differences in developmental time (Jarosik &
Honek, 2007; Stillwell & Davidowitz, 2010), growth
rate (Blanckenhorn et al., 2007), or both of these fac-
tors (Ernsting & Isaaks, 2002) are widespread. There is
growing evidence suggesting that the larvae of the
larger sex have longer developmental periods than the
smaller sex (Stillwell et al., 2010; Tammaru et al., 2010;
Teder, 2014; Wormington & Juliano, 2014).

Given that the final instar larval stage is crucial for de-
veloping adult organs from imaginal disks, growth dif-
ferences between sexes are expected during this time
(Yasuda & Dixon, 2002). For instance, in scarab beetles,
SSD arises from the longer rapid growth period of males
during the final larval stage, despite the sexes showing
similar third instar growth rates (Vendl et al., 2016, 2018).
Such variation in growth trajectories between sexes
across ontogenetic stages reflects the complexity in the
ontogeny of SSD (Tammaru et al., 2010; Vendl et al., 2016,
2018). The degree of sexual dimorphism, however, can
also be affected by environmental quality during devel-
opment. Environmental stress, like extreme temperature,
limited resources, or high larval density, often reduces
SSD by impacting the larger sex more (Alcalay et al., 2018;
Cordeschi et al., 2024; Teder & Kaasik, 2023). Therefore, to
understand SSD development, detailed studies tracking
growth in both sexes across ontogeny in optimal condi-
tions are essential.

In mosquitoes, understanding the pattern of ontogenetic
SSD is crucial for developing effective vector control strat-
egies. Early identification of females, for instance, has been
widely used for sex separation for vector control (Papathanos
et al., 2009, 2014), which results in considerable savings in
time, labor, and money (Lutrat et al., 2019). Sexing mosqui-
toes early in development also offers additional benefits,
such as the ability to examine the role of sex in behavioral
and physiological mechanisms and conduct experimental
manipulations at an earlier stage (Lounibos & Escher, 2008;
Yamada et al., 2019). Sexual size dimorphism can provide an
opportunity for cost- and time-effective sorting of males
and females. Size-based separation has traditionally been
used to distinguish culicine male and female pupae (Bellini
et al,, 2018), but anophelines show greater size overlap

between males and females, making sexing less accurate
(Papathanos et al., 2009). It is unclear, however, how wide-
spread pupae size sexual dimorphism is across mosquitoes.

Research on sexual dimorphic traits throughout on-
togeny has focused on the well-known human disease-
transmitting mosquitoes, such as Aedes and Anopheles
species, resulting in a notable gap in our understanding
of sexual differences during early developmental stages
in most species in this family (Culicidae). Mosquitoes that
feed on frogs and toads have received little attention, but
recent findings suggest all mosquitoes likely evolved from
an amphibian-feeding ancestor (Soghigian et al., 2023).
This supports earlier hypotheses that mosquitoes ini-
tially exploited amphibian blood 217 million years ago
when their ancestral habitat provided abundant amphib-
ian hosts (Pyron, 2014). In addition, frog-biting flies are
an emergent model system to understand the behav-
ioral ecology of eavesdropping in animal communication
systems (Ambrozio-Assis et al., 2019; Bernal et al., 2006;
Campos et al., In review; Leavell et al., 2022; Legett
et al., 2021; Pantoja-Sanchez et al., 2023; Singh et al., 2024;
Toma et al., 2019). Here, we examine an eavesdropping
frog-biting mosquito, Uranotaenia lowii Theobald, 1901, to
investigate early SSD.

Uranotaenia lowii, also known as the pale-footed
Uranotaenia, is a small mosquito (2.5 mm) with stripes and
patches of iridescent blue scales on the head, thorax, ab-
domen, and wings (Burkett-Cadena, 2013). This species
occurs in North America, mostly in the southeastern states
along the coast, and in Central and South America (Global
Biodiversity Information Facility; www.gbif.org/occur
rence/search?taxon_key=1654276). While males feed on
nectar, females exclusively feed on anuran hosts (Reeves
et al,, 2018) by using auditory cues to locate calling male
frogs (Borkent & Belton, 2006; Pantoja-Sanchez et al., 2023).
This species undergoes complete metamorphosis with im-
mature aquatic stages: egg, larva, pupa, and adult (Figure 1).
Females produce egg rafts, breeding in small ponds and
grassy lake edges, similar to other Culicinae mosquitoes
(Gillett, 1972). A low number of eggs, compared with other
raft-laying species, are produced by Ur. lowii (up to 74 eggs
per raft, Singh et al., 2024 versus 400 eggs in Culex pipiens
and 150-200 eggs in Culex fatigans, Christophers, 1945), but
a similar number of eggs relative to Uranotaenia sapphirina
(45-50 eggs; Dyar, 1901). The eggs of Ur. lowii (0.7 mm) are
smaller than those of Ur. sapphirina (2 mm) (Dyar, 1901), but
larger than the eggs produced by Aedes aegypti (0.58 mm;
Mundim-Pombo et al., 2021), Anopheles stephensi (0.59 mm;
Malhotra et al., 2000), and Culex saltanensis (0.5 mm; Santos-
Mallet et al, 2021). Larval development (10days, Singh
et al,, 2024) is comparable to other species (Anopheles gam-
biae: 9.9-11 days, Bayoh & Lindsay, 2004; Ae. aegypti: 10 days,
Tun-Lin et al., 2000). Overall, the unique combination of
developmental features of Ur. lowii highlights the value of
this species to broaden our understanding of ontogenetic
patterns in Culicidae.
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SIZE AND SEX IN MOSQUITO LARVAE AND PUPAE

FIGURE 1
larva, and (D) pupa.

By focusing on Ur. lowii, we characterize the develop-
ment stages and investigate ontogenetic sexual dimorphic
traits and their allometric scaling in a frog-biting mosquito.
In particular, we focus on identifying early, effective sexing
techniques by examining sexual dimorphism during the
larval and pupal stages. In doing so, we shed light on the
development of this species and provide insights into key
life-history traits of a mosquito species from an understud-
ied group.

MATERIALS AND METHODS

Following an established rearing protocol (Singh
et al., 2024), Ur. lowii mosquitoes (strain MFRU-FL; NCBI
BioSample: SAMN33601576) were maintained at the
Department of Biological Sciences, Purdue University
(West Lafayette, IN, USA). At the colony, adult mosquitoes
were fed a variety of anuran hosts, including cane toads
(Rhinella marina) and Cuban treefrogs (Osteopilus septentri-
onalis) while the larvae were fed using a 3:2 ratio of bovine
liver powder and brewer's yeast; detailed feeding proto-
cols can be found in Singh et al. (2024). To document the
life stages of Ur. lowii, after females were blood-fed with
anuran hosts to support egg production, we monitored
their development from the day of egg appearance to the
pupal stage. Photographs of the mosquitoes at each de-
velopmental stage were collected using a Celestron Digital

Development stages of Uranotaenia lowii photographed using lightsheet microscopy. (A) single egg, (B) egg raft, (C) fourth instar

eyepiece (5MP CMOS microscope imager) connected to a
Stereozoom Motic microscope (SMZ-160-BLED; 4.5 to 2x
magnification). Sexing of adults was also performed using
this setup. Images from all stages were analyzed using
Imagel software (Version 1.53, National Institute of Health,
USA).

Larval stages

A total of 53 larvae were monitored individually by ob-
serving their development from the first instar until
they reached the pupal stage. The first instar larvae
were placed in individually labeled Petri dishes (60 mm
diameter x 15 mm) and their morphometric character-
istics (head length, thorax length, thorax width, abdo-
men length, and total larval length) were examined and
measured following Timmermann and Briegel (1999)
and Bar and Andrew (2013). To determine early sexual
dimorphism, each final instar larva was observed till pu-
pation, after which the sex was confirmed upon emerg-
ing into adulthood. The larvae were fed on alternative
days, and the food amount was standardized among
individuals by providing 1/64th tablespoon of a bo-
vine liver powder and brewer's yeast diluted in 10 mL
of deionized water for each larva. Images of the larvae
were taken daily to document morphometric changes
throughout the instars.
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4
Pupal stage

To investigate potential sexing methodologies to dis-
criminate between male and female pupae, we used
three approaches that vary in the traits observed and the
time required for sorting individuals. To examine a quick
and often-used approach, we visually inspected pupae
(n=68) to sex them based on their body size. Following
previous work (Bellini et al., 2018; Koenraadt, 2014) and
mirroring differences in adult body size in Ur. lowii, we as-
sumed small individuals were males and large individuals
were females. When the individuals matured into adults,
we examined their genitalia under the microscope to as-
sess sorting accuracy. To examine sexual dimorphic mor-
phometry, we measured cephalothorax length following
previous work that identified this trait as sexually dimor-
phic in other mosquito species (Koenraadt, 2014). We per-
formed morphometric analyses for 84 randomly selected
pupae. Each pupa was placed in a mesh-covered 50 mL
vial to track them individually until adult emergence. The
pupae were separated based on the size of the cephalo-
thorax, with females assigned to individuals with a length
greater than 1.5 mm and males shorter than 1.5 mm. This
value was selected after conducting preliminary meas-
urements for both sexes, suggesting this threshold re-
sulted in a conservative approach. The sex assigned at
the pupal stage was checked upon maturation. Finally,
we examined sexual dimorphism based on shape, focus-
ing on the apex of the abdomen to assign individuals as
male (tapered) or female (rounded). A total of 28 pupae
were individually photographed from a ventral view.
Based on the photographs, their sex was predicted based
on abdomen shape, and the pupae were placed back into
individual vials to check their sex upon the emergence of
the adults.

Statistical analyses

Statistical analyses were performed in Rstudio (v.
2023.12.0+ 369, PBC, Boston, MA) and GraphPad Prism
(v. 10.0.0, Boston, MA, USA). All the variables were tested
for normality using Kolmogorov-Smirnov tests. The
duration of different larval instars was examined using
ANOVA followed by Tukey's multiple comparison analysis.
Independent Kruskal-Wallis tests followed by the Mann-
Whitney U-tests were performed to analyze morphometric
measurements of various parameters for larval size. To
examine the allometric relationship between larval length
and other larval parameters as well as for male and female
pupal body size and cephalothorax length, we performed
ANCOVA with sex as a fixed factor, larval length/pupal
length as a covariate, and multiple comparisons were
adjusted by Bonferroni correction. A t-test was performed
to compare morphometric parameters in male and
female larvae. Chi-squared tests were performed to assess
whether sexual dimorphism in the pupae based on visual

size separation, cephalothorax length, and abdomen shape
were correctly assigned or not. AMann-Whitney U-test was
used to compare the sexual dimorphismin pupae based on
cephalothorax length. To examine sexual differences and
allometric relationships over development, we performed
independent linear regression. We calculated the SSD
index for body size following Lovich and Gibbons (1992) as
females are the larger sex:

SSD = Mean size of female 1

Mean size of male
RESULTS

General life history

Like other mosquitoes, the larvae of Ur. lowiigo through four
instar stages (see Figure STA). The time to reach the third
and fourth instars is more variable compared with the time
spent at the first and second instars (ANOVA, F3’208= 79.30,
p<0.01, Figure S1B), suggesting that the most prominent
growth occurs between the third and fourth instar and
from the fourth instar to the pupal stage (Figure S1B; see
Table S1). On progressing through successive stages, larvae
increasein size across all parameters measured: head length
(Kruskal-Wallis test: H3 406 =355.38,p=0.001); thorax length
(Kruskal-Wallis test: H3 106 =440.56 p<0.001); thorax width
(Kruskal-Wallis test: H3495—441 42, p<0.001); abdomen
length (Kruskal-Wallis test: H3 106 =441.51, p<0.001); total
body length (Kruskal-Wallis test: H, 5o, =441.41, p<0.0071;
Table S1; Figure S2).

Sexual dimorphism in ontogenetic stages

Uranotaenia lowii exhibits female-biased SSD, with
noticeable differences in development time between
sexes beginning at the fourth larval instar and continuing
through the pupal stage (Figure 2A). This indicates that
females tend to grow larger than males, and this size
difference becomes more apparent as the larvae progress
through later developmental stages. The SSD index, which
measures the degree of size difference between sexes,
gradually increased from each larval stage to the pupal
stage, but the most pronounced changes were observed
in the fourth larval instar and pupal stages (Figure 2B). This
suggests that while both sexes develop at relatively similar
rates in the earlier larval stages, a divergence occurs later,
with females taking longer to develop compared with
males.

The development of SSD significantly influences the
size of various body parts. At the fourth instar stage, head
length between males and females does not differ signifi-
cantly (t=-0.81, df=27, p>0.05), indicating similar head
development in both sexes at this stage. However, other
body measurements, such as thorax and abdomen di-
mensions, show clear differences. Thorax length (t=-4.09,
df=27, p<0.01), thorax width (t=-3.35, df=27, p<0.01),
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FIGURE 2 Sexual dimorphism in larval and pupal stages of Ur. lowii. (A) Total development time for each sex across larval stages. (B) Sexual
size dimorphism (SSD) index across larval and pupal stages. (C) Sexual dimorphism across all morphological traits measured in fourth instar larvae.
Boxplots and their corresponding histograms are shown for four body parts and body length for females (blue) and males (red). (D-G) Allometric
relation of different morphometric parameters with total larval length in the fourth instar stage for both sexes. (H) Allometric relation of

cephalothorax length with pupal body size in male and female pupae.

abdomen length (t=-3.40, df=27, p <0.01), and total body
length (t=-3.59, df=27, p<0.01) are all significantly larger
in one sex compared with the other. These differences
indicate that while head size remains consistent, SSD be-
comes evident in other body regions, such as the thorax
and abdomen, contributing to the overall body size varia-
tion observed between sexes at this developmental stage
(Figure 2Q).

We examined the effect of sex on thorax length, thorax
width, head length, and abdomen length, controlling for
larval length, by performing an ANCOVA using Bonferroni
correction to account for multiple comparisons. Our results
showed that larval length had a significant effect on all
measured traits: head length (F1’28= 10.41, p<0.01), thorax

length (F. N ,5=68.89, p<0.01), thorax width (F1,23=43-17'
p<0.01), and abdomen length (F. 128= 187.73, p<0.01), sug-
gesting that larval length plays a crucial role in shaping the
overall body proportions. After controlling for larval length,
sex was found to have a significant main effect on tho-
rax length (F1’28=2.50, p<0.01), thorax width (F1’28=0.45,
p<0.01), and abdomen length (F1,28= 0.01, p<0.01), all cor-
rected with the Bonferroni adjustment. However, no signif-
icant effect of sex was observed for head length (F1,28= 1.14,
p>0.05), indicating that while sex significantly influences
thorax and abdomen size, head length remains unaffected
after accounting for larval length. Additionally, our find-
ings highlight that abdomen length exhibited the stron-
gest allometric scaling effect and head length showed the
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weakest allometric response (Figure 2D-G), suggesting
that abdomen length is more sensitive to changes in over-
all body size compared with other traits like thorax length
and width, with head length showing the least variability in
response to growth.

The allometric relationship of the head and thorax rela-
tive to the body size in the fourth larval instar is maintained
as individuals develop into the pupal stage in which those
parts are fused in a cephalothorax. An ANCOVA was per-
formed at the pupal stage to examine the effect of sex on
cephalothorax length while controlling for pupal body size.
The results showed that both sex and pupal body size had
a significant effect on cephalothorax length (F, 5,=8.95,
p<0.01); the length of the cephalothorax co-varies with
female body size ($=0.106; R?=0.18; p<0.05; Figure 2H)
and male pupal body size (f=0.252; R?=0.59; p<0.0007;
Figure 2H) indicating a more pronounced allometric scal-
ing effect in males compared with females.

Sex identification

Visual segregation of males and females was successful,
and there were no significant differences in accuracy
between the sexes (males=84% correct, females 90%
correct; X?=0.49, df=1, p=0.48 n=68, Figure 3A).
Separation based on cephalothorax length was highly
successful for identifying females (males=94% correct,
females 100% correct; X?=2.45, df=1, p=0.12, n=84).
The cephalothorax of females is longer than that of males
(Female: 1.613+0.085mm (n=40); Male: 1.355+0.10mm
(n=44); Mann-Whitney U=31, p<0.0001, Figure 3B).
Sexual dimorphism in the shape of the abdomen of pupae
was also an effective sexing strategy (males=88% correct,
females 100% correct; X>=1.394, df=1, p=0.25 n=28,
Figure 3C). The abdomen of males protrudes and has a less
well-defined tip, whereas the female abdomen is pointier
and less protruding. Using this trait, however, females are
correctly assigned to their sex with a higher probability
than males.

DISCUSSION

Knowing when the sexes in morphology diverge during
ontogeny is important for earlier sex identification as well
as to deepen our understanding of the development of
sexual size differences. For example, if males and females
diverge during the early larval stages, selection may act
on growth parameters, such as growth rate, development
time, or number of instars (Stillwell et al., 2010; Tammaru
et al., 2010). Since body size is an important determinant
of reproductive success in many systems, it becomes
important to understand the sources of size variation.
The present study confirms that SSD occurs early in
development in Ur. lowii and both larval and pupal stages
show female-biased sexual dimorphism. Our results thus

add to the growing body of evidence showing that sexual
size differences appear during an early larval stage in insect
species with no sex-specific difference in the number
of instars but development time (Jarosik & Honek, 2007;
Stillwell & Davidowitz, 2010; Teder, 2014; VendI et al., 2016,
2018; Wormington & Juliano, 2014).

In Ur. lowii, female final instar larvae are larger in size
and take a longer time to develop compared with male
final instar larvae. Female larvae likely require more en-
ergy reserves during development, as they need to accu-
mulate resources for egg production in adulthood. Such
differences in energy requirements may result in divergent
foraging strategies or nutritional needs between male and
female larvae. A lower nutritional threshold for continuing
development in males, a phenomenon known for other
mosquito species (Teder & Kaasik, 2023), may explain the
shorter development time in males than in females. Shorter
development time in males, however, may also result from
protandry, a form of sexual selection whereby males sacri-
fice mass to develop faster to hatch early, gaining an advan-
tage in competing for access to virgin females, who take
longer to develop (Kleckner et al., 1995). The larger body
size of fourth instar larvae allows greater energy storage
for developing complex organ systems for adult life, and
since female mosquito larvae typically have higher reserve
requirements than males, differences in development time
and size may be linked to sex-specific growth and differen-
tiation of the larval midgut.

Our findings describe the development and SSD of
Ur. lowii under colony conditions. These phenotypes are
expressed under abiotic conditions typical of those ex-
perienced in nature (e.g., temperature, relative humidity,
and dark:light cycle) and high abundance of resources.
Numerous studies have demonstrated that the devel-
opment of mosquito instar stages is influenced by fac-
tors, such as rearing temperature, quantity and quality
of food, and larval density (e.g., An. gambiae, Agyekum
et al.,, 2022; Lyimo et al., 1992; Ae. aegypti, Mohammed &
Chadee, 2011; Anopheles arabiensis, Mamai et al., 2018; Cx.
pipiens, Culex quinquefasciatus, and Culex restuans, Ciota
et al., 2014). In insects, males and females often exhibit
different plastic responses to environmental changes,
such as food limitation, food quality, and larval density.
While males and females differ significantly in their plas-
tic response to diet, temperature-induced phenotypic
plasticity is generally less pronounced (Teder et al., 2022).
Typically, however, the larger sex, usually females, shows
a more pronounced plastic response than the smaller
sex (Rohner & Blanckenhorn, 2018). In Ae. mariae, for
instance, increasing temperature results in reduced de-
velopment time in both sexes, but females show a more
accentuated reduction (Cordeschi et al., 2024). Similarly,
in Ochlerotatus taeniorhynchus, salinity elicits similar re-
sponses in both sexes, though females consistently take
longer to pupate than males (Clark et al., 2004). The spe-
cific factors that affect larval development, which sex is
more susceptible, and the relative impact of those effects
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can vary even within a species. In Cx. pipiens, for exam-
ple, larval development time and subsequent body size
are affected more strongly by increased larval density
(especially in females) and temperature fluctuations (es-
pecially in males) than by increased solute concentration
(Alcalay et al., 2018). It is expected that environmental
conditions can also affect Ur. lowii larvae development,
but further studies are necessary to understand how spe-
cific conditions may accentuate or tamper with the SSD
of this species.

In Ur. lowii, morphometric measurements of the head,
thorax, abdomen, and larval body length show that
their sizes increase exponentially with the instar stage,
resulting in accelerated growth in the third and fourth

larval stages. These findings are similar to those reported
in other mosquito species. For instance, in Cx. quing-
uefasciatus, head capsule, thorax, and abdomen also
increased exponentially with larval instar stages at am-
bient temperature (Ukubuiwe et al., 2019). In Ae. aegypti,
Aedes vexans, Cx. pipiens, An. gambiae, Anopheles abima-
nus, and Anopheles quadrimaculatus, morphometric mea-
surements of the thorax, head capsule, and body size
also grow exponentially (Timmermann & Briegel, 1999).
The allometric relationship of different larval body parts
and body size in Ur. lowii varies across sexes in early de-
velopment stages. While the thorax and abdomen show
allometric relationships with larval length across sexes,
the weaker allometric relationship for head length for
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males and females suggests that strong sclerotization
of the head capsule may limit the growth of this body
part (Dyar, 1890). Allometric relationships between
body traits and body size can vary with environmental
conditions during development in adult insects (Dillon
& Frazier, 2013; Shingleton et al., 2007). For instance, in
Aedes albopictus, temperature has a profound effect on
allometry, with higher temperatures resulting in mos-
quitoes with shorter wings relative to their body size
(Reiskind & Zarrabi, 2012). However, little is known about
how the relationships between various larval body parts
and body size change under different environmental
conditions.

Sexual differences in scaling coefficients between body
parts and body size or in absolute body size early in de-
velopment provide an opportunity to detect males and
females before they become adults. In the present study,
of the three sex separation techniques examined, mea-
suring cephalothorax length is the most accurate one.
However, measuring cephalothorax length for each pupa
is time-consuming and increases pupal mortality due to
the additional handling required. Visual size-based segre-
gation, while less precise, yields high accuracy in Ur. lowii
and can be performed relatively quickly without compro-
mising individual survival. While the effectiveness of this
method varies across different mosquitoes (e.g., Anophelini
Papathanos et al., 2009 versus Culicine Bellini et al., 2018),
this study shows it is an appropriate and cost-effective ap-
proach to sort Ur. lowii males and females before metamor-
phosis is completed. It is unclear, however, whether visual
size-based segregation is effective in other Uranotaeniini
species, and further studies are necessary to examine
whether early body size difference between the sexes is
a trait widespread in this tribe. Finally, we observed dif-
ferences in abdominal shape between male and female
pupae in Ur. lowii, specifically in the ninth pupal abdominal
segment (genital segment), a sexually dimorphic trait re-
ported in other mosquito species (Vargas, 1968). Using this
feature to sex pupae has been a standard approach for set-
ting up crosses and collecting virgin females in Ae. aegypti.
When implemented by experienced personnel, a large
number of individuals can be sexed with minimal error
(~500 pupae/hr. with a 0.05%-1% error rate, Papathanos
et al., 2018). In this study, using abdominal shape proved
to be a more cost-effective alternative to measuring ceph-
alothorax length, segregating Ur. lowii by sex at the pupal
stage.

We measured the efficacy of the sexing methodologies
in mosquitoes from a laboratory-established colony of Ur.
lowii (Singh et al., 2024). Environmental conditions, how-
ever, are expected to influence sex identification given
that sexual dimorphism during development can vary with
temperature, salinity, and nutrition due to differential phe-
notypic plasticity between the sexes (Alcalay et al., 2018;
Cordeschi et al., 2024; Teder & Kaasik, 2023). In suboptimal
conditions, the sexes can overlap in body size, reducing

the efficiency of sexing methods based on pupal size di-
morphism (Papathanos et al., 2009). In Ae. albopictus, size
differentiation for sex separation efficacy is affected by
larval density, water temperature, and diet composition
(Balestrino et al., 2014). Some conditions, however, can im-
prove sex separation accuracy. For instance, in Ae. albopic-
tus, the addition of nutrients (e.g., brewer's yeast) improves
sex separation accuracy by amplifying the size difference
between male and female pupae (Puggioli et al., 2013). In
general, since phenotypic plasticity in development time
and body size is common in insects, optimizing the effi-
ciency of SSD-based sorting methods can be achieved by
minimizing competition among pupae to ultimately re-
duce within-sex individual variation in size. Further studies
are necessary to determine the extent of context depen-
dency of sex-sorting techniques in Ur. lowii, but the use of
pupae abdominal shape provides a robust method for sex
identification when environmental conditions temper SSD.

In conclusion, this study on life-history traits and sexual
dimorphism provides a foundation for future research on
Ur. lowii and other frog-biting mosquitoes. Our findings
confirm general development patterns in this frog-biting
species that are comparable to those of other mosquito
species but also show species-specific differences likely to
be associated with its unique natural history. Given the dif-
ferences in sensory ecology between the sexes in Ur. lowii,
effective early sex detection strategies like those charac-
terized in this study provide the methodological founda-
tion for advancing our knowledge of this understudied
mosquito species.

AUTHOR CONTRIBUTIONS

Richa Singh: Conceptualization; data curation; formal
analysis; funding acquisition; investigation; methodology;
supervision; validation; visualization; writing — original
draft; writing - review and editing. Kanishka Singh: Data
curation; formal analysis; writing — review and editing.
Krisha Shah: Data curation; formal analysis; writing - review
and editing. Ximena E. Bernal: Conceptualization; formal
analysis; funding acquisition; investigation; methodology;
project administration; resources; supervision; validation;
visualization; writing — original draft; writing - review and
editing.

ACKNOWLEDGMENTS

We thank Xiaoguang Zhu for helping with processing
3D images of developmental stages using lightsheet
microscopy. We are thankful to Shilpi Singh, Ana M.
Ospina-L., and Sydney Moeller for helping with Ur. lowii
colony maintenance. We would like to acknowledge the
reviewer and the editor for their constructive feedback,
which helped improve the manuscript. Funding was
provided by the National Science Foundation (10S-2054636
to X.E.B.) which also supported KA.S. (NSF-REU 2054636).
R.S. was supported by a Fulbright-Nehru grant (Award No.:
2821 FNPDR/2022).

0Q ‘0 ‘8SPLOLST

:sdny wouy papeo

ASUAOIT SUOWIWO)) dA1IEaI) d[qeatjdde ay) Aq PauIoA0S a1k SA[AILIE () 2SN JO SO[NI 10§ AIRIQIT SUIUQ) AJ[IAY UO (SUOTIPUOD-PUE-SULIA)/ W0 Aa[1m " AIRIqIjaur[uo//:sdy) suonipuoy) pue suia, oyl 23S "[$707/€0/97] uo Areiqry aurjuQ) Aoip ‘(anakeje 1sap) ANIsIoAtun anping Aq $SGE 1 89/ [ []°([/10p/W0d K[IM".



SIZE AND SEX IN MOSQUITO LARVAE AND PUPAE

CONFLICT OF INTEREST STATEMENT
The authors declare no competing or financial interests.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are openly
available in Purdue University Research Repository at
https:/purr.purdue.edu/publications/4486/1,  reference
number doi: 10.4231/2X06-RX08.

ORCID

Richa Singh © https://orcid.org/0000-0003-3150-8117
Kanishka Singh  https://orcid.org/0009-0004-3823-8476
Krisha Shah © https://orcid.org/0009-0000-0644-6837
Ximena E. Bernal 2 https://orcid.org/0000-0001-6155-5980

REFERENCES

Agyekum, T.P., Arko-Mensah, J., Botwe, PK. Hogarh, JN., Issah, I,
Dwomoh, D. et al. (2022) Effects of elevated temperatures on the
growth and development of adult Anopheles gambiae (sl)(Diptera:
Culicidae) mosquitoes. Journal of Medical Entomology, 59(4), 1413-
1420. Available from: https://doi.org/10.1093/jme/tjac046

Alcalay, Y., Puzhevsky, D., Tsurim, I, Scharf, I. & Ovadia, O. (2018) Interactive
and sex-specific life-history responses of Culex pipiens mosquito
larvae to multiple environmental factors. Journal of Zoology, 306(4),
268-278.

Ambrozio-Assis, A., Cortes Lopes, B., Amaral, A.P,, Pinho, L.C., Peeters,
E.T. & Neckel-Oliveira, S. (2019) Preferences for anuran calls in he-
matophagous corethrellids (Diptera: Corethrellidae) from southern
Brazil. Austral Entomology, 58(3), 622-628.

Badyaev, AV. (2002) Growing apart: an ontogenetic perspective on the
evolution of sexual size dimorphism. Trends in Ecology & Evolution,
17(8), 369-378.

Balestrino, F., Puggioli, A., Gilles, J.R. & Bellini, R. (2014) Validation of a
new larval rearing unit for Aedes albopictus (Diptera: Culicidae) mass
rearing. PLoS One, 9(3), €91914.

Bar, A. & Andrew, J. (2013) Morphology and morphometry of Aedes ae-
gyptilarvae. Annual Review & Research in Biology, 3(1), 1-21.

Bayoh, M.N. & Lindsay, SW. (2004) Temperature-related duration
of aquatic stages of the Afrotropical malaria vector mosquito
Anopheles gambiae in the laboratory. Medical and Veterinary
Entomology, 18(2), 174-179.

Bellini, R., Puggioli, A., Balestrino, F., Carrieri, M. & Urbanelli, S. (2018)
Exploring protandry and pupal size selection for Aedes albopictus
sex separation. Parasites & Vectors, 11, 65-71.

Bernal, X.E.,Rand, A.S. &Ryan, M.J. (2006) Acoustic preferences and local-
ization performance of blood-sucking flies (Corethrella coquillett) to
tungara frog calls. Behavioral Ecology, 17(5), 709-715.

Blanckenhorn, W.U., Dixon, A.F,, Fairbairn, D.J., Foellmer, M.W., Gibert, P.,
Linde, K.V.D. et al. (2007) Proximate causes of Rensch's rule: does
sexual size dimorphism in arthropods result from sex differences in
development time? The American Naturalist, 169(2), 245-257.

Borkent, A. & Belton, P. (2006) Attraction of female Uranotaenia lowii
(Diptera: Culicidae) to frog calls in Costa Rica. The Canadian
Entomologist, 138(1), 91-94.

Burkett-Cadena, N.D. (2013) Mosquitoes of the southeastern United States.
Tuscaloosa, AL: University of Alabama Press.

Campos, L., Oliveira, S., Kvifte, G. & Bernal, X.E. (In review) The diverse and
intricate strategies of flies interacting with amphibians: Host-use pat-
terns, mechanisms, and opportunities. Annual Review of Entomology.

Christophers, S.R. (1945) Structure of the Culex egg and egg-raft in re-
lation to function (Diptera). Transactions of the Royal Entomological
Society of London, 95(2), 25-34.

Ciota, A.T., Matacchiero, A.C., Kilpatrick, A.M. & Kramer, L.D. (2014) The
effect of temperature on life history traits of Culex mosquitoes.
Journal of Medical Entomology, 51(1), 55-62.

Clark, T.M., Flis, B.J. & Remold, S.K. (2004) Differences in the effects of sa-
linity on larval growth and developmental programs of a freshwa-
ter and a euryhaline mosquito species (Insecta: Diptera, Culicidae).
Journal of Experimental Biology, 207(13), 2289-2295.

Cordeschi, G., Canestrelli, D. & Porretta, D. (2024) Sex-biased phenotypic
plasticity affects sexual dimorphism patterns under changing envi-
ronmental conditions. Scientific Reports, 14(1), 892.

Dillon, M.E. & Frazier, M.R. (2013) Thermodynamics constrains allometric
scaling of optimal development time in insects. PLoS One, 8(12),
e84308.

Dyar, H.G. (1890) The number of molts of lepidopterous larvae. Psyche: A
Journal of Entomology, 5, 420-422.

Dyar, H.G. (1901) The life-history of Uranotaenia Sapphirina OS. Journal of
the New York Entomological Society, 9(4), 179-182.

Ernsting, G. & Isaaks, J.A. (2002) Gamete production and sexual size
dimorphism in an insect (Orchesella cincta) with indeterminate
growth. Ecological Entomology, 27(2), 145-151.

Gillett, J.D. (1972) Common African mosquitoes and their medical impor-
tance. London: William Heinemann Medical Books Ltd.

Jarosik, V. & Honek, A. (2007) Sexual differences in insect develop-
ment time in relation to sexual size dimorphism. In: Fairbairn, D.J.,
Blanckenhorn, W.U. & Szekely, T. (Eds.) Sex, size and gender roles.
Oxford: Oxford University Press, pp. 205-211.

Kleckner, C.A., Hawley, W.A., Bradshaw, W.E., Holzapfel, C.M. & Fisher, I.J.
(1995) Protandry in Aedes sierrensis: the significance of temporal
variation in female fecundity. Ecology, 76(4), 1242-1250.

Koenraadt, C.J.M. (2014) Pupal dimensions as predictors of adult size
in fitness studies of Aedes aegypti (Diptera: Culicidae). Journal of
Medical Entomology, 45(2), 331-336.

Leavell, B.C., Beaty, L.E., McNickle, G.G.&Bernal, X.E. (2022) Eavesdropping
micropredators as dynamic limiters of sexual signal elaboration and
intrasexual competition. The American Naturalist, 199(5), 653-665.

Legett, H.D., Aihara, |. & Bernal, X.E. (2021) Within host acoustic signal pref-
erence of frog-biting mosquitoes (Diptera: Culicidae) and midges
(Diptera: Corethrellidae) on Iriomote Island, Japan. Entomological
Science, 24(2), 116-122.

Lounibos, L.P. & Escher, R.L. (2008) Sex ratios of mosquitoes from long-
term censuses of Florida tree holes. Journal of the American Mosquito
Control Association, 24(1), 11-15.

Lovich, J.E. & Gibbons, J.W. (1992) A review of techniques for quantifying
sexual size dimorphism. Growth, Development, and Aging, 56, 269.

Lutrat, C., Giesbrecht, D., Marois, E.,, Whyard, S., Baldet, T. & Bouyer,
J. (2019) Sex sorting for pest control: it's raining men! Trends in
Parasitology, 35(8), 649-662.

Lyimo, E.O., Takken, W. & Koella, J.C. (1992) Effect of rearing temperature
and larval density on larval survival, age at pupation and adult size
of Anopheles gambiae. Entomologia Experimentalis et Applicata,
63(3), 265-271.

Malhotra, P.R., Jatav, P.C. & Chauhan, R.S. (2000) Surface morphology
of the egg of Anopheles stephensi stephensi sensu stricto (Diptera,
Culicidae). The Italian Journal of Zoology, 67(2), 147-151.

Mamai, W., Lobb, L.N., Bimbilé Somda, N.S., Maiga, H., Yamada, H.,
Lees, R.S. et al. (2018) Optimization of mass-rearing methods for
Anopheles arabiensis larval stages: effects of rearing water tempera-
ture and larval density on mosquito life-history traits. Journal of
Economic Entomology, 111(5), 2383-2390.

Mohammed, A. & Chadee, D.D. (2011) Effects of different tempera-
ture regimens on the development of Aedes aegypti (L.)(Diptera:
Culicidae) mosquitoes. Acta Tropica, 119(1), 38-43.

Mundim-Pombo, A.P.M., Carvalho, H.J.C.D., Rodrigues Ribeiro, R.,
Ledén, M., Maria, D.A. & Miglino, M.A. (2021) Aedes aegypti: Egg
morphology and embryonic development. Parasites & Vectors,
14, 1-12.

Pantoja-Sanchez, H., Leavell, B.C., Rendon, B., de-Silva, W.P.P,, Singh, R.,
Zhou, J. et al. (2023) Tiny spies: mosquito antennae are sensitive
sensors for eavesdropping on frog calls. Journal of Experimental
Biology, 226(24), jeb245359. Available from: https://doi.org/10.1242/
jeb.245359

o ‘0 ‘8SHLOLS

:sdny wouy papeo

ASUAOIT SUOWIWO)) dA1IEaI) d[qeatjdde ay) Aq PauIoA0S a1k SA[AILIE () 2SN JO SO[NI 10§ AIRIQIT SUIUQ) AJ[IAY UO (SUOTIPUOD-PUE-SULIA)/ W0 Aa[1m " AIRIqIjaur[uo//:sdy) suonipuoy) pue suia, oyl 23S "[$707/€0/97] uo Areiqry aurjuQ) Aoip ‘(anakeje 1sap) ANIsIoAtun anping Aq $SGE 1 89/ [ []°([/10p/W0d K[IM".



10

SINGH ET AL.

Papathanos, P.A., Bossin, H.C., Benedict, M.Q., Catteruccia, F., Malcolm,
C.A., Alphey, L. et al. (2009) Sex separation strategies: past experi-
ence and new approaches. Malaria Journal, 8(2), 1-8.

Papathanos, P.A., Bourtzis, K., Tripet, F., Bossin, H., Virginio, J.F., Capurro,
M.L. et al. (2018) A perspective on the need and current status of
efficient sex separation methods for mosquito genetic control.
Parasites & Vectors, 11, 165-171.

Papathanos, P.A., Windbichler, N. & Akbari, O.S. (2014) Sex ratio manipula-
tion for insect population control. In: Transgenic insects: techniques
and applications. Wallingford UK: CABI, pp. 83-100.

Puggioli, A., Balestrino, F., Damiens, D. Lees, R.S. Soliban, S.M.,
Madakacherry, O. et al. (2013) Efficiency of three diets for larval
development in mass rearing Aedes albopictus (Diptera: Culicidae).
Journal of Medical Entomology, 50(4), 819-825. Available from:
https://doi.org/10.1603/ME13011

Pyron, R.A. (2014) Biogeographic analysis reveals ancient continental
vicariance and recent oceanic dispersal in amphibians. Systematic
Biology, 63(5), 779-797.

Reeve, J.P. & Fairbairn, D.J. (2001) Predicting the evolution of sexual size
dimorphism. Journal of Evolutionary Biology, 14(2), 244-254.

Reeves, L.E., Holderman, C.J., Blosser, E.M., Gillett-Kaufman, J.L.,
Kawahara, AY. Kaufman, PE. et al. (2018) Identification of
Uranotaenia sapphirina as a specialist of annelids broadens known
mosquito host use patterns. Communications Biology, 1(1), 92.

Reiskind, M.H. & Zarrabi, A.A. (2012) Is bigger really bigger? Differential
responses to temperature in measures of body size of the mos-
quito, Aedes albopictus. Journal of Insect Physiology, 58(7), 911-917.

Rohner, PT. & Blanckenhorn, W.U. (2018) A comparative study of the role
of sex-specific condition dependence in the evolution of sexually
dimorphic traits. The American Naturalist, 192(6), E202-E215.

Santos-Mallet, J.R., Balthazar, T.D., Oliveira, A.A., Marques, W.A., Bastos,
A.Q. & Freitas, S.P.C. (2021) The external morphology of the eggs of
Culex (Culex) saltanensis (Diptera: Culicidae) under scanning elec-
tron microscopy. Journal of Medical Entomology, 58(3), 1134-1137.

Shingleton, A.W., Frankino, W.A., Flatt, T., Nijhout, H.F. & Emlen, D.J. (2007)
Size and shape: the developmental regulation of static allometry in
insects. BioEssays, 29(6), 536-548.

Singh, R., Sanscrainte, N.D., Estep, A.S., Gonzalez, K. & Bernal, X.E. (2024)
Rearing and shipping of Uranotaenia lowii, a frog-biting mosquito.
Bio-Protocol, 14(11), e4996. Available from: https://doi.org/10.21769/
BioProtoc.4996

Soghigian, J., Sither, C., Justi, S.A., Morinaga, G., Cassel, B.K., Vitek, C.J.
et al. (2023) Phylogenomics reveals the history of host use in mos-
quitoes. Nature Communications, 14(1), 6252.

Stillwell, R.C. & Davidowitz, G. (2010) Sex differences in phenotypic plas-
ticity of a mechanism that controls body size: implications for sex-
ual size dimorphism. Proceedings of the Royal Society B: Biological
Sciences, 277(1701), 3819-3826.

Stillwell, R.C., Blanckenhorn, W.U., Teder, T., Davidowitz, G. & Fox, C.W.
(2010) Sex differences in phenotypic plasticity affect variation in
sexual size dimorphism in insects: from physiology to evolution.
Annual Review of Entomology, 55(1), 227-245.

Tammaru, T., Esperk, T., Ivanov, V. & Teder, T. (2010) Proximate sources
of sexual size dimorphism in insects: locating constraints on larval
growth schedules. Evolutionary Ecology, 24, 161-175.

Teder, T. (2014) Sexual size dimorphism requires a corresponding sex dif-
ference in development time: a meta-analysis in insects. Functional
Ecology, 28(2), 479-486.

Teder, T. & Kaasik, A. (2023) Early-life food stress hits females harder than
males in insects: a meta-analysis of sex differences in environmen-
tal sensitivity. Ecology Letters, 26(8), 1419-1431.

Teder, T., Taits, K., Kaasik, A. & Tammaru, T. (2022) Limited sex differences
in plastic responses suggest evolutionary conservatism of thermal

reaction norms: a meta-analysis in insects. Evolution Letters, 6(6),
394-411.

Timmermann, S.E. & Briegel, H. (1999) Larval growth and biosynthe-
sis of reserves in mosquitoes. Journal of Insect Physiology, 45(5),
461-470.

Toma, T, Takara, T., Miyagi, |., Futami, K. & Higa, Y. (2019) Mosquitoes
and frog-biting midges (Diptera: Culicidae and Corethrellidae) at-
tracted to traps with natural frog calls and synthesized sounds at
Iriomote Island, Ryukyu archipelago, Japan. Medical Entomology
and Zoology, 70(4), 221-234.

Tun-Lin, W., Burkot, T.R. & Kay, B.H. (2000) Effects of temperature and lar-
val diet on development rates and survival of the dengue vector
Aedes aegyptiin north Queensland, Australia. Medical and Veterinary
Entomology, 14(1), 31-37.

Ukubuiwe, A.C., Olayemi, I.K., Arimoro, F.O., Omalu, I.C.J., Odeyemi, M.O.,
Ukubuiwe, C.C. et al. (2019) Influence of fluctuating temperatures
on morphometry of Culex quinquefasciatus (Diptera: Culicidae) mos-
quito. Asian Journal of Biological Sciences, 12(3), 533-542. Available
from: https://doi.org/10.3923/ajbs.2019.533.542

Vargas, V.M. (1968) Sexual dimorphism of larvae and pupae of Aedes ae-
gypti (Linn.). Mosquito News, 28(3), 374-379.

Vendl, T, Kratochvil, L. & Sipek, P. (2016) Ontogeny of sexual size dimor-
phism in the hornless rose chafer Pachnoda marginata (coleoptera:
Scarabaeidae: Cetoniinae). Zoology, 119(6), 481-488.

Vendl, T, Sipek, P., Kouklik, O. & Kratochvil, L. (2018) Hidden complexity
in the ontogeny of sexual size dimorphism in male-larger beetles.
Scientific Reports, 8(1), 5871.

Wormington, J.D. & Juliano, S.A. (2014) Sexually dimorphic body size
and development time plasticity in Aedes mosquitoes (Diptera:
Culicidae). Evolutionary Ecology Research, 16, 223.

Yamada, H., Maiga, H., Juarez, J., De Oliveira Carvalho, D., Mamai, W., Ali,
A. et al. (2019) Identification of critical factors that significantly af-
fect the dose-response in mosquitoes irradiated as pupae. Parasites
& Vectors, 12(1), 1-13.

Yasuda, H. & Dixon, A.F. (2002) Sexual size dimorphism in the two spot
ladybird beetle Adalia bipunctata: developmental mechanism and
its consequences for mating. Ecological Entomology, 27(4), 493-498.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

Figure S1. Development of different instar stages of
Uranotaenia lowii. (A) Four instar stages in Ur. lowii, (B)
Latency to reach the next larval stage.

Figure S2. Morphological traits across each larval instar
stages.

Table S1. Quantitative measurements of morphometric
larval traits in Uranotaenia lowii.
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