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Abstract

Aedes aegypti is an anautogenous mosquito that must blood feed on a vertebrate host to produce 

and lay a clutch of eggs. The rockpool mosquito, Georgecraigius atropalpus, is related to A. 

aegypti but is a facultatively autogenous species that produces its first clutch of eggs shortly after 

emerging without blood feeding. Consumption of a blood meal by A. aegypti triggers the release 

of ovary ecdysteroidogenic hormone (OEH) and insulin-like peptide 3 (ILP3) from the brain, 

which stimulate egg formation. OEH and ILP3 also stimulate egg formation in G. atropalpus but 

are released at eclosion independently of blood feeding. These results collectively suggest that 

blood meal dependent release of OEH and ILP3 is one factor that prevents A. aegypti from 

reproducing autogenously. Here, we examined two other factors that potentially inhibit autogeny 

in A. aegypti: teneral nutrient reserves and the ability of OEH and ILP3 to stimulate egg formation 

in the absence of blood feeding. Measures of nutrient reserves showed that newly emerged A. 

aegypti females had similar wet weights but significantly lower protein and glycogen reserves than 

G. atropalpus females when larvae were reared under identical conditions. OEH stimulated non-

blood fed A. aegypti females to produce ecdysteroid hormone and package yolk into oocytes more 

strongly than ILP3. OEH also reduced host seeking and blood feeding behavior, yet females 

produced few mature eggs. Overall, our results indicate that multiple factors prevent A. aegypti 

from reproducing autogenously.
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1. Introduction

Insects usually package large amounts of yolk into their eggs, which provides the nutrients 

needed for embryonic development. Juvenile hormone (JH) stimulates the fat body to 

produce yolk proteins in many species (Riddiford, 2012; Marchal et al., 2014), whereas 

ecdysteroid hormone (ECD) stimulates yolk formation in some Diptera following 
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consumption of a protein source like carrion, excrement or blood by an adult female 

(Browne, 2001; Attardo et al., 2005). Hematophagy has evolved multiple times in the 

Diptera including in the family Culicidae (mosquitoes) (Black and Kondratieff, 2005). 

Blood feeding has also led to many dipterans being important vectors of disease-causing 

vertebrate pathogens (Browne, 2001; Wiegmann et al., 2011).

Mosquitoes are a monophyletic group that is comprised of ~3500 species in 44 genera and 

two subfamilies (Reidenbach et al., 2009). Most mosquitoes are anautogenous, which means 

adult females must consume at least one blood meal for every clutch of eggs they produce 

and lay (Clements, 1992; Briegel, 2003). Regulation of egg formation by anautogenous 

species is best understood in the yellow fever mosquito, Aedes aegypti (subfamily Culicinae, 

Tribe Aedini) where blood feeding triggers the release of two types of neurohormones, 

ovary ecdysteroidogenic hormone (OEH) and insulin-like peptides (ILPs), from medial 

neurosecretory cells in the brain. Prior studies establish that OEH and one ILP family 

member (ILP3) stimulate the ovaries to produce ECD, which induces the fat body to 

produce vitellogenin (VG) and other yolk proteins that are secreted into circulation (Attardo 

et al., 2005, Brown et al. 2008; Dhara et al. 2013; Vogel et al., 2015). ILP3 also stimulates 

the midgut to express trypsin-like proteases that digest the blood meal while amino acid 

sensing through the target of rapamycin (TOR) pathway enhances OEH, ILP and ECD 

activity (Gulia-Nuss et al., 2011; Roy et al., 2007, 2011). Oocytes in the ovary then package 

yolk followed by chorion formation to produce mature eggs that females fertilize and 

oviposit (Clements, 1992). JH does not directly regulate yolk production in A. aegypti but a 

rise in JH titer following adult emergence affects tissue competency, which enhances the 

number and size of eggs females produce (Hernández-Martinez et al., 2007, 2015; Perez-

Hedo et al., 2013; Zou et al., 2013; Clifton et al., 2011, 2014).

A few mosquitoes have evolved to produce eggs without blood feeding, which is referred to 

in the literature as autogeny (Clements, 1963, 1992; Briegel, 2003; Attardo et al., 2005). 

Obligately autogenous mosquitoes include species in three genera (Malaya, Topomyia, 

Toxorhynchites) that appear to never blood feed, while select species in other genera are 

referred to as facultatively autogenous because they produce a first clutch of eggs 

autogenously but thereafter may blood feed to produce additional clutches of eggs 

(O’Meara, 1985; Clements, 1992). These patterns indicate that facultative and obligate 

autogeny has evolved multiple times in the Culicidae from different anautogenous ancestors 

(Rioux et al., 1975; Reidenbach et al., 2009; Gulia-Nuss et al., 2012). The physiological and 

molecular mechanisms regulating autogeny in contrast remain unclear. Genetic studies 

suggest autogeny is a monofactorial trait in some species (O’Meara and Craig, 1969; 

Gwadz, 1970; O’Meara and Krasnick, 1970; O’Meara, 1972; Masler et al., 1980), while 

other species exhibit complex or multigenic modes of inheritance (Spielman, 1957, 1971; 

O’Meara, 1972, 1985; Trpis, 1978; Mori et al., 2008). Autogeny has also been linked to 

enhanced nutrient acquisition, adult size, and alterations in the endocrine control of egg 

formation relative to anautogenous species (Clements, 1963, 1992; Van Handel, 1976; 

Fuchs et al., 1980; Masler et al., 1980, Birnbaum, et al., 1984; Lea, 1970; Kelly et al., 1981, 

1984; Ma et al., 1984; Mogi et al., 1995; Hugo et al., 2003; Ahmed, 2013).
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The rockpool mosquito, Georgecraigious atropalpus (Culicinae, Aedini) is of interest 

because it is closely related to A. aegypti and facultatively autogenous, which results in 

females always producing a first clutch of eggs a few days after emergence without blood 

feeding (Hudson, 1970; Masler et al., 1983; Bowen et al., 1994). We recently reported that 

G. atropalpus females release OEH and ILPs shortly after adult emergence, which is then 

followed by the ovaries producing ECD, the fat body synthesizing yolk, and oocytes 

packaging yolk to produce a clutch of mature eggs that females lay 3–4 days post-

emergence (PE) (Gulia-Nuss et al., 2012). These results indicate that egg formation in G. 

atropalpus is very similar to A. aegypti with the key exception that OEH and ILP secretion 

occurs shortly after eclosion and independently of blood feeding. This study also showed 

that the first clutch laid by G. atropalpus contains on average 100 eggs, which is only 

slightly lower than the number of eggs (~120) laid by similarly reared A. aegypti females 

after a blood meal (Brown et al., 2008; Wen et al., 2010; Gulia-Nuss et al., 2012). In 

contrast, JH does not appear to promote competency in G. atropalplus because: 1) little or 

no JH biosynthesis is detectable in newly emerged adult females, and 2) decapitation 

immediately after eclosion, which ablates the source of JH, followed by injection of OEH 

stimulates formation of the same number of eggs as produced by non-decapitated females 

(Telang et al., 2007; Gulia-Nuss et al., 2012).

Overall, these results suggest blood meal dependent release of OEH and ILP3 is one factor 

that prevents A. aegypti from reproducing autogenously. In this study, we examined two 

other factors that potentially inhibit autogeny in A. aegypti: teneral nutrient reserves and the 

ability of OEH and ILP3 to stimulate egg formation in the absence of blood feeding. Our 

results indicate that A. aegypti females emerge with lower teneral reserves than G. 

atropalpus, They also show that OEH and ILPs stimulate non-blood fed A. aegypti to 

package yolk into oocytes but females produce few mature eggs.

2. Materials and methods

2.1. Mosquitoes

The UGAL strain of A. aegypti and Bass Rock strain of G. atropalpus were maintained in an 

insectary under a 16 h light: 8 h dark photoperiod and a temperature of 27° C (Telang et al., 

2006). Both species were reared in aluminum pans at a density of ~150 larvae per 0.5 L of 

distilled water and fed a mixture of powdered rat chow (LabDiet): lactalbumin (Sigma): 

torula yeast (Sigma) (1:1:1) (Coon et al., 2014). Adults were held in plexiglass cages after 

emerging from the pupal stage (= day 1 post-emergence (PE)), and provided water 

continuously. Some adult females were also provided a 5% sucrose solution continuously or 

the second day after emergence for some experiments. Females were blood fed using an 

anesthetized rat (UGA Animal Use Protocol A2010-6-094). This protocol was approved by 

The University of Georgia Institutional Animal Care and Use Committee, which oversees 

and provides veterinary care, maintains an Assurance of Compliance with the US Public 

Health Service and is accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care International and licensed by the US Department of Agriculture. To 

obtain unmated females, pharate pupae were sexed by size, and the larger female pupae 
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were held separately from males in cages for adult emergence. Otherwise females emerging 

with males mated on day 1 PE as confirmed by the presence of sperm in the spermatheca.

2.2 Hormones

Recombinant A. aegypti long OEH was produced and purified as described (Gulia-Nuss et 

al., 2012; Dhara et al., 2013). A. aegypti ILP3 was synthesized by CPC Scientific Inc. (90% 

purity, Sunnyvale, CA), and exhibited bioactivity identical to previous reports (Brown et al., 

2008). Both peptides were diluted from frozen stock aliquots and injected in 0.5 µl of saline 

into an adult female. The ECD, 20-hydroxyecdysone (20ECD) (Sigma), was solubilized in 

absolute ethanol as a 5 µg/µl stock and further diluted in ethanol prior to use. A stock of 

juvenile hormone III (JHIII) (200 pmol/µl) (Sigma) was prepared in acetone.

2.3 Wet weights and measures of teneral nutrient reserves

Wet weights of A. aegypti and G. atropalpus were determined by collecting adult females 

within 2 h of emergence from the pupal stage, freezing them, and then weighing three 

cohorts of each species (10 individuals per cohort) on an analytical balance (Metler). The 

weight of each cohort was then divided by ten to generate a per individual weight estimate. 

Protein, glycogen, and lipid levels were quantified by isolating in abdomen walls from 

newly emerged, non-blood fed females of each species. In brief, two females were dissected 

per sample in saline to remove the gut, followed by transfer of abdomen walls with attached 

fat body to microfuge tubes where they were homogenized in 100 µl of water (protein assay) 

or 100 µl of Na2SO4 with 200 µl of methanol, and stored at −80° C. After centrifugation 

(12,000 × g, 4° C), supernatants were then used to determine total protein, glycogen and 

lipid amounts as previously described (Brown et al., 2008; Gulia-Nuss et al., 2012).

2.4 Ecdysteroid and vitellogenin detection

Non-blood fed females were injected with OEH (20 pmol), ILP3 (20 pmol), or saline 

(negative control), and ovaries from these females were dissected 24, 48 and 72 h later to 

measure ECD production. Triplicate samples of ovary pairs from two females treated as 

above were incubated for 6 h in 60 µl of Sf900 SFM II medium (Invitrogen) alone, which 

provided amino acids for activation of TOR pathway signaling. Medium (50 µl) was then 

collected and used in an established radioimmunoassay (RIA) to measure the amount of 

ECD present (Brown et al., 2008). A total of nine replicates per treatment were analyzed.

For detection of VG, abdomen walls with attached fat body were dissected from mosquitoes 

treated as above (two per sample) and transferred to a 1:1 mixture of water and Laemmli 

sample buffer without reducing agent (Gulia-Nuss et al., 2012). Following homogenization, 

the extracts were held in a water bath (90° C, 10 min), centrifuged, and loaded (0.1 tissue 

equivalent per lane) on a 4–20% Tris-HCl gel (BioRad Criterion) for electrophoresis. The 

separated proteins were then transferred to nitrocellulose (Protran 0.2 µm, Whatman), 

probed with a rabbit antibody to A. aegypti VG (R2, 1: 100,000), and visualized using a 

peroxidase-conjugated goat anti-rabbit secondary antibody (Sigma; 1: 20,000) and 

chemiluminescent substrate (ECL Advance kit, GE Healthcare) (Gulia-Nuss et al., 2012).
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2.5 Egg formation and blood feeding bioassays

Cohorts of non-blood fed females 1–5 days PE were injected with a single dose of OEH (20 

pmol), ILP3 (20 pmol) or both (20 pmol OEH, 20 pmol ILP3). Some females were dissected 

24 h post-injection to determine the number of oocytes in one ovary that contained yolk and 

the amount of yolk per oocyte. Both parameters were determined as previously described by 

examining one ovary per female under a stereomicroscope fitted with an ocular micrometer 

(Brown et al., 2008; Gulia-Nuss et al., 2012). The amount of yolk per oocyte in a given 

female was determined by measuring the length of yolk (µm) in each oocyte from one ovary. 

This yielded mean and median measures of yolk for all oocytes in both ovaries. Other 

females were held individually in small plastic cages for 5 days post-treatment with an 

oviposition site to determine whether any laid eggs. All females were then dissected in 

saline to determine the total number of oocytes in one ovary that contained yolk and the 

amount of yolk per oocyte. We also recorded how many mature eggs were present in the 

ovary, which we formally defined as being surrounded by a chorion and containing >300 µm 

of yolk. Cohorts of non-blood fed females were injected with OEH (20 pmol) or saline on 

day 2 PE. Two to five females from each group were dissected 24 h post-treatment to 

determine the number of oocytes per ovary that contained yolk as above while the remainder 

were segregated into groups of 10 that were held for 48 h post-treatment in small plastic 

cages with a screen. These females were then exposed to an anesthetized rat. The proportion 

of females injected with OEH or saline that blood fed after 20 min was recorded. In a third 

assay, newly emerged females were placed in the cages and presented an anesthetized rat for 

blood feeding at 8, 15, 24 or 48 h PE followed by determination of the proportion of females 

that blood fed after 20 min. For all blood-feeding assays, females were scored as having 

blood fed if their abdomen was distended and blood was visible in the midgut.

2.6. Data analysis

All data were analyzed using the JMP 11.0 statistical platform (SAS, Cary, NC, USA). 

Mosquito weights and teneral reserves were examined by t-test, while the effects of OEH 

and ILP3 on ECD production were examined by 1-way ANOVA followed by the Tukey-

Kramer multiple comparison procedure with treatment serving as the independent variable. 

The effect of OEH and ILP3 on the number of oocytes in ovaries containing yolk and the 

amounts of yolk per oocyte were initially examined by 1-way ANOVA followed by analysis 

of the residuals for skewness using a Shapiro-Wilks test. The data were then reanalyzed by 

nonparametric Kruskal-Wallis tests. The relationship between number of oocytes with yolk 

and the amount of yolk in oocytes was examined by linear regression with or without log 

transformation. Blood feeding bioassays were analyzed by contingency table analysis.

3. Results

3.1. A. aegypti females emerge with lower teneral nutrient reserves than G. atropalpus

We reared UGAL A. aegypti and Bass Rock G. atropalpus larvae under conditions that 

produce adults of maximum average size for these strains (Telang et al., 2006; Gulia-Nuss et 

al., 2012). Comparing newly emerged adult females of each species to one another indicated 

that average wet weights were nearly identical (Fig. 1A). When nutrient levels in the fat 

body were measured, total lipids were also similar (Fig. 1B). Protein and glycogen stores in 
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contrast were significantly lower in A. aegypti, which suggested that teneral reserves were 

overall higher in G. atropalpus (Fig. 1C, D.

3.2. OEH activates ECD and yolk protein synthesis in non-blood fed A. aegypti females

As previously noted, Bass Rock strain G. atropalpus females oviposit 3 to 5 days PE a 

clutch of ~100 eggs (Gulia-Nuss et al., 2012). In comparison, UGAL strain A. aegypti reared 

under the same conditions oviposit ~120 eggs 3 to 4 days after consuming a blood meal 

(Brown et al., 2008; Wen et al., 2010). Decapitation immediately after blood feeding ablates 

the endogenous source of OEH and ILPs in both species, resulting in no ECD or VG 

production, while injection of either OEH or ILP3 rescues these defects, which results in 

yolk uptake into oocytes (Brown et al., 2008; Gulia-Nuss et al., 2012; Dhara et al., 2013; 

Vogel et al., 2015). Thus, we next assessed whether OEH or ILP3 could induce a 

gonadotropic state in non-blood fed A. aegypti females. Females (day 1 PE) were injected 

with OEH (20 pmol), ILP3 (20 pmol) or saline (negative control), then 24, 48 and 72 h later, 

ovaries and body walls with fat body from these females were assessed for stimulation of 

ECD and VG production, respectively. Our results showed that a single dose of OEH 

stimulated the ovaries of non-blood fed females to produce a significant increase in ECD in 

vitro 24 and 48 h later, whereas injection of ILP3 or saline did not (Fig. 2A). Concurrently, 

immunoblotting detected a higher amount of vitellogenin (VG) in the fat body of females 

injected with OEH than ILP3, but we also noted that ILP3 injection resulted in detection of 

more VG than injection of saline (Fig. 2A). Injection of 20ECD (500 ng) into non-blood fed 

females also stimulated VG production by the fat body but topically treating non-blood fed 

females with JHIII (100 pmol) did not (Fig. 2B).

3.3. OEH stimulates yolk uptake by oocytes in non-blood fed females but few mature eggs

Since injection of OEH or ILP3 stimulated VG production in non-blood fed A. aegypti, we 

assessed whether these hormones could also induce yolk uptake into oocytes and formation 

of mature eggs that females lay. The first experiment we conducted was to inject females 1 

day PE with OEH (20 pmol), ILP3 (20 pmol), or both followed 24 h later by dissection and 

inspection of the ovaries. This yielded information on whether yolk uptake into oocytes 

occurred within 24 h of treatment as occurs when blood-fed females are injected with each 

hormone following decapitation (Dhara et al., 2013). Results indicated that most females 

injected with OEH or OEH + ILP3 contained oocytes with yolk, whereas no yolk was 

present in oocytes of females injected with only ILP3 (Fig. 3A). Skew in the residuals 

generated by a one-way ANOVA together with a Shapiro-Wilks test (P= 0.004) also 

strongly indicated these data were non-normally distributed. We therefore used a 

nonparametric Kruskal-Wallis test to analyze treatment effects. This showed that females 

injected with OEH or OEH + ILP3 did not differ from one another in the number of oocytes 

with yolk they contained, but each significantly differed from females injected with only 

ILP3 where no oocytes contained yolk (Fig. 3A).

We next considered the amount of yolk present per oocyte in each female. Fig. S1 presents 

the amount of yolk in oocytes of each ovary for 7 females injected with OEH. While a small 

amount of variation was found, yolk amounts per oocyte in each female were overall highly 

uniform. The micrographs in Fig. S1 show the ovaries from 2 females, which clearly 
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illustrates the uniformity. The same trend was found for the ILP3 treatment, where no 

oocytes contained yolk, and the OEH + ILP3 treatment which resembled females injected 

with OEH only (data not shown). We therefore took the median amount of yolk per oocyte 

for each female and plotted it in Fig. 3B. Comparing these values non-parametrically as a 

function of treatment indicated that the effects of injecting OEH or OEH + ILP3 did not 

differ from one another but did significantly differ from the effects of ILP3 where no 

oocytes contained yolk. Lastly, we plotted the relationship between the number of oocytes 

with yolk per female and the median amount of yolk per oocyte by merging the data for 

individuals that were injected with OEH only or OEH + ILP3. This showed a significantly 

positive and linear relationship indicating that females with more yolk-containing oocytes 

also tended to package more yolk per oocyte (Fig. 3C).

Having established that OEH or OEH + ILP3 treatment causes non-blood females to rapidly 

package yolk into oocytes, we next injected females 1 day PE with OEH, ILP3 or both but 

then held them for 5 days to assess whether any produced and laid mature eggs. Given 

evidence that JH release after adult emergence promotes reproductive competency in A. 

aegypti (Hernández-Martinez et al., 2007, 2015), we also injected females 2, 3 or 5 days PE 

as above and held them for 5 days to assess whether age influenced outcomes. No females 

treated with OEH (N=50) or ILP3 (N=50) laid eggs. From a total of 48 females injected with 

OEH + ILP3, 45 laid no eggs while 3 females injected at 1 day PE laid 12 eggs, 2 eggs and 1 

egg respectively. We classified all of these oviposited eggs as mature because each had a 

chorion and contained ≥300 µm of yolk. Approximately half of these eggs also hatched into 

first instars when placed into water. Overall though, these results indicated that very few 

non-blood fed females laid any eggs after injection of OEH and/or ILP3. We therefore 

dissected all individuals on day 5 post-injection to determine the number of unlaid oocytes 

that contained yolk. As observed at 24 h post-injection, these data were non-normally 

distributed. Kruskal-Wallis tests, however, showed that females injected 1, 2, 3 or 5 days PE 

with OEH (χ2=2.26; df= 3; P= 0.52), ILP3 (χ2 =5.09; df= 3; P= 0.17), or OEH + ILP3 (χ2 

=2.11; df= 3; P= 0.60) did not differ in the number of yolk-containing oocytes they 

contained. We therefore merged the data across female ages to analyze treatment effects. 

Plotting this merged data set showed that most females injected with OEH or OEH + ILP3 

contained at least one oocyte with yolk while approximately half of the females injected 

with ILP3 contained no oocytes with yolk (Fig. 4A). On the other hand, formal data analysis 

found no differences among treatments in the number of yolk-containing oocytes per female. 

This was because several females injected with OEH or OEH + ILP3 contained only small 

numbers of yolk-containing oocytes (Fig. 4A).

As with the 24 h data, we also examined how OEH and/or ILP3 affected the amount of yolk 

per oocyte at 5 days post-treatment. Fig. S2 presents data for 14 females injected 1 day PE 

with OEH that were dissected after 5 days. For each female, the number of oocytes in each 

ovary that contained visible yolk is shown along with the amount of yolk per oocyte. 

Micrographs showing the ovaries of female 3, 4 and 12 are presented below these data. The 

amount of yolk per oocyte varied slightly within each female but overall these values were 

highly uniform relative to the variation between females (Fig. S2). The micrographs in Fig. 

S2 also clearly illustrate the variation between females by showing that the ovaries from 
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female 3 and 12 contain a few oocytes with a uniformly large amount of yolk while most 

other oocytes contained no yolk. In contrast, the ovaries from female 4 contain several 

oocytes with a uniform amount of yolk, yet the amount of yolk per oocyte is also clearly less 

than in female 3 and 12 (Fig. S2). These same patterns were also observed in females that 

were injected with ILP3 or OEH + ILP3 treatment (data not shown).

We therefore took the median yolk per oocyte value for each female and plotted it in Fig. 

4B. Comparing these values non-parametrically indicated that the effects of injecting OEH 

or OEH + ILP3 did not differ from one another but did significantly differ from the effects 

of ILP3. This was because several females injected with OEH or OEH + ILP3 contained a 

small number of oocytes with large amounts of yolk as shown in Fig. S2. Plotting the 

number of yolk-containing oocytes per female by the amount of yolk per oocyte after 5 days 

also revealed another key trend: namely, females with fewer yolk-containing oocytes 

packaged much larger amounts of yolk per oocyte than females with more yolk-containing 

oocytes (Fig. 4C). This negative, non-linear relationship was highly significant (Fig. 4C) and 

distinctly different from the positive relationship seen at 24 h post-treatment (see Fig. 3C). 

This relationship is also well illustrated in Fig. S2. All of the data points in Fig. 4C showing 

oocytes with >300 µm of yolk were from females injected with OEH or OEH + ILP3 (see 

Fig. 4B). All oocytes with >300 µm of yolk also had chorions. Taken together, these data 

indicated that most females after 5 days contained oocytes with <100 µm of yolk and no 

chorion. A few females treated with OEH or OEH + ILP3, however, produced a small 

number of mature eggs. These eggs were usually retained in the ovary, but three females 

oviposited some mature eggs. In contrast, the largest amount of yolk per oocyte in any 

female treated with ILP3 was 120 µm (Fig. 4B), which confirmed that ILP3 could stimulate 

VG biosynthesis in non-blood fed females (see Fig. 2A) that also results in yolk uptake into 

oocytes. However, this response was overall weaker than the response stimulated by OEH or 

OEH+ILP3.

3.4. OEH stimulates yolk uptake by oocytes in mated and unmated non-blood fed females

Recent studies with A. aegypti show that males transfer JHIII to females during mating, 

which affects ovary development (Clifton et al., 2014), whereas Anopheles gambiae males 

transfer ECD to females that promote egg laying and loss of sexual receptivity (Gabrieli et 

al., 2014). In light of the important role these hormones and other male factors play in 

female behavior and oogenesis, we assessed whether mating status affected the ability of 

OEH to stimulate yolk packaging into oocytes. Females (1 day old) were injected with OEH 

(20 pmol) and after 5 days, examined for yolk deposition. The data showed that mating 

status had no significant effect on either the number of oocytes per ovary with yolk or the 

amount of yolk per oocyte (Fig. 5). The number of oocytes with yolk was similarly variable 

among mated and unmated females, whereas the amount of yolk per oocyte was fully 

uniform within individual mated and unmated females.

3.5. OEH reduces host seeking and blood feeding

Previous studies showed that blood feeding reduces host-seeking behavior by UGAL strain 

A. aegypti which results in few individuals consuming a second blood meal before 

oviposition (Klowden and Lea, 1979a,b; Klowden and Briegel, 1994). Reduced host-seeking 
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behavior is also associated with two factors: distention of the midgut by the blood meal and 

release of neurohormones or other humoral factors into the hemolymph following blood 

feeding (Klowden and Lea, 1979 a,b ; Klowden, 1981; Klowden and Briegel, 1994; Liesch 

et al., 2013). Since OEH stimulated yolk deposition into oocytes in non-blood fed females 

with no associated distention of the midgut, we asked whether females also exhibited 

reduced host seeking and blood feeding behavior.

We first determined that no females at 8 h PE blood fed (N=200) within 20 min of exposure 

to an anesthetized rat. However, 40% of females blood fed (N=208) at 15 h PE, 61% of 

females blood fed (N=177) at 24 h PE, and 90% of females (N=200) blood fed at 48 h PE. 

This established that host seeking and blood feeding behavior develop in most females 

within the first 15 day of emergence as an adult. We therefore injected females at 24 h PE 

with either saline or OEH (20 pmol) and then two days post-injection exposed each cohort to 

an anesthetized rat for 20 min and counted blood feeding-females. Results showed that a 

significantly smaller percentage of females injected with OEH (39%, n=95) took a blood 

meal compared to females injected with saline (67%, N=70) (χ2 =12.1; df=1; P<0.0005). 

Dissection of 15 females from each cohort at the time of the bioassay also showed that no 

females injected with saline had any yolk-containing oocytes in their ovaries, while all 

females injected with OEH did.

4. Discussion

Detailed studies of A. aegypti conclusively show that egg formation is triggered by blood-

meal dependent release of OEH and ILPs (Brown et al., 1998; Wen et al., 2010; Dhara et al., 

2013), while the presence of OEH and ILP orthologs in all mosquito genomes examined to 

date (Marquez et al., 2011; Antonova et al., 2012; Vogel et al. 2013) suggest a conserved 

role for these neurohormones in regulating egg formation in other anautogenous species. 

That OEH and ILPs activate egg formation in G. atropalpus further suggests a factor 

underlying facultative autogeny in this species is a shift from OEH and ILP release being 

blood meal dependent to being blood meal independent (Gulia-Nuss et al., 2012).

OEH and ILPs are primarily synthesized in brain medial neurosecretory cells but are stored 

and released from the corpus cardiacum (CC), which is innervated by medial neurosecretory 

cell axons (Brown and Cao, 2001; Riehle et al., 2006). The factor(s) that stimulates release 

of OEH and ILPs from the CC is unknown but it is likely tied in some way to nutrient 

availability given that mosquitoes produce no eggs in the absence of nutrients acquired 

during the larval and/or adult stage. In the first part of this study, we show that G. 

atropalpus females emerge with larger protein and glycogen reserves than A. aegypti when 

larvae are reared under identical, nutrient-rich conditions. Similar adult sizes but larger 

teneral reserves were also found in an autogenous population of Aedes albopictus when 

compared to an anautogenous population (Chambers and Klowden, 1994). Thus, higher 

teneral reserves and associated nutrient sensing may play a role in stimulating release of 

OEH and ILPs in G. atropalpus. One option for nutrient sensing operative in mosquitoes 

and other insects is the TOR pathway, which assesses nutrient status directly by amino acid 

sensing or indirectly through the insulin-signaling pathway (Mirth and Riddiford, 2007; Roy 

and Raikhel, 2007). Our own results also show that disabling TOR and the insulin signaling 
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pathway near fully inhibits egg formation in blood-fed A. aegypti (Gulia-Nuss et al. 2011). 

Another option for nutrient sensing identified in Drosophila is through neurons and/or 

enteroendocrine cells that relay information back to the central nervous system (Park and 

Kwon, 2011; Miyomoto et al. 2012).

In contrast, two lines of evidence strongly suggest teneral reserves alone do not explain why 

Bass Rock strain G. atropalpus produce eggs without blood feeding while UGAL strain A. 

aegypti do not. First, restricting the amount or quality of food consumed by G. atropalpus 

larvae reduces adult size and the average number of eggs per clutch, but it never prevents 

females from producing a first clutch of eggs autogenously (Telang and Wells, 2004; Telang 

et al., 2006). Second, several studies report low levels of autogeny in field populations of 

different Aedes species (Mori, 1979; Cui, 1982; O’Meara et al., 1993; Mori et al., 2008; 

Ahmed, 2013) including one report for A. aegypti collected from East Africa (Trpis, 1977). 

Autogeny in some of these studies also correlates with adult size, which the authors 

associate with larger nutrient reserves. No studies, however, show that enriching food 

quality during the larval stage promotes autogeny in A. aegypti or other Aedes species 

beyond individuals laying very small numbers of eggs relative to females that blood feed 

(Dimond et al., 1955; Lea et al., 1963; Trpis, 1977; Lea, 1982; Raikhel and Lea, 1982; Mori 

et al., 2008). Reducing the food provided to larval stage A. aegypti in contrast does 

consistently result in smaller adults that lay smaller clutches after a blood meal (Reyes-

Villaneuva 2004; Scott et al. 1993a,b; Xue et al. 1995; Farjana and Tuno, 2013). Overall 

then, larval diet clearly affects adult size and the number of eggs per clutch G. atropalpus 

and A. aegypti females lay. However, it does not alter that Bass Rock G. atropalpus 

produces a first clutch of eggs autogenously, while A. aegypti does not. Thus, other factors 

besides nutrient sensing are likely involved in regulating OEH and ILP release from the CC.

Since UGAL strain A. aegypti never release OEH or ILPs without blood feeding, we asked 

in the second part of this study whether injection of OEH and/or ILP3 can artificially 

stimulate non-blood fed A. aegypti to produce eggs. Our previous results with G. atropalpus 

showed that A. aegypti OEH near fully restores egg maturation in decapitated females, while 

A. aegypti ILP3 is only marginally restorative (Gulia-Nuss et al., 2012). In this study, non-

blood fed A. aegypti also responded more strongly to OEH than ILP3 as measured by ECD 

secretion, VG production and yolk uptake by oocytes. The level and duration of ECD 

production by ovaries from non-blood fed A. aegypti following a single dose of OEH was 

also comparable to the response shown by blood fed females (Dhara et al., 2013). 

Interestingly, treatment with the native ILP3 activates a modicum of VG production in non-

blood fed females in the absence of detectable ECD production. This response is comparable 

to the low level of VG gene expression and protein detected in isolated A. aegypti fat bodies 

incubated with amino acids, which are a major component of mosquito hemolymph, with or 

without mammalian insulin (Roy et al., 2007; Roy and Raikhel, 2011 - Fig. 4C). Addition of 

ECD to the experimental medium used in these studies greatly stimulated VG gene 

expression, which likely is the same effect of ECD that is proeduced following OEH 

treatment of non-blood fed females. Although no yolk deposition was observed in the 

oocytes of ILP3 injected females a day afterwards, by five days, yolk was present in the 

oocytes of some females. Thus similar to G. atropalpus, OEH more strongly activates egg 
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formation in non-blood A. aegypti than ILP3. Unlike G. atropalpus, however, only a small 

proportion of non-blood fed A. aegypti females produced mature eggs in response to OEH. 

This disparity may be due to A. aegypti females emerging with only half of the teneral 

protein and glycogen reserves present in G. atropalpus. It also could reflect an inability by 

A. aegypti females to convert available nutrient reserves to yolk following OEH stimulation.

Five days after injection of OEH or OEH+ILP3, the disparity between females with many 

oocytes having little yolk and those with a few mature oocytes is stark (Fig. 4; Fig. S2). 

Micrographs of the latter also show that numerous primary follicles containing oocytes with 

no yolk surround the few large oocytes that contain large amounts of yolk. Interestingly, the 

aforementioned study by Trpsis (1977) noted that an autogenous population of A. aegypti 

also initially deposited yolk into many oocytes, but after several days a few females 

contained small numbers of oocytes with large amounts of yolk, which were sometimes 

oviposited. An explanation for this phenomenon in our data set is that two to four days after 

injection of OEH or OEH+ILP3, some females resorb most of the oocytes that contain little 

yolk to allow a few oocytes to uptake sufficient yolk for maturity. During this period, ECD 

levels are sufficient to activate the maturation of secondary follicles into primary follicles 

seen five days later. We also note that an earlier study showed that physiological levels of 

ECD has the same effect in non-blood fed A. aegypti females (Beckemeyer and Lea, 1980). 

Taken together, results of this study corroborate earlier findings by Telang et al. (2006) that 

G. atropalpus accumulates larger nutrient reserves than A. aegypti during the larval stage. 

However, this study indicates that other factors also constrain autogenous reproduction by A. 

aegypti including blood meal dependent release of OEH and ILP3 and the response of 

ovaries to these hormones. Unlike Telang et al. (2006), which reports the correlation 

between teneral nutrient reserves and egg production or hormone biosynthesis (JH by the 

CA and ECD by the ovaries), this study experimentally examined the effects of OEH and 

ILPs on egg production by A. aegypti in the absence of a blood meal.

Consumption of a blood meal inhibits host seeking by A. aegypti and several other 

anautogenous species with gut distention and humoral factors both being implicated in 

causing this change in behavior (Klowden and Lea, 1978, 1979; Klowden and Briegel, 

1994). A recent study identified head peptide as one factor underlying changes in host 

seeking behavior (Leisch et al., 2013), while results of this study suggest OEH itself impacts 

factors that affect host seeking and blood feeding behavior.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Anautogenous Aedes aegypti must blood feed to produce eggs.

• Autogenous Georgecraigius atropalpus produces eggs with no blood meal.

• We examined factors constraining autogeny by A. aegypti.

• A. aegypti has lower teneral nutrient reserves than G. atropalpus.

• Non-blood fed A. aegypti produce few eggs in response to neurohormones.
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Figure 1. 
Wet weights and teneral nutrient reserves of newly emerged A. aegypti and G. atropalpus 

females. (A) Wet weights at emergence do not differ between species (n=3 cohorts of 10 

adults for each species; t=1.4; P= 0.24). (B) Total lipid in abdomen walls also do not differ 

(n= 10 females for each species; t=1.70; P=0.11). (C) Total protein (n=10 for each species; 

t= 15.1; P<0.001) and (D) total glycogen (n= 10 for each species; t=9.0; P<0.001) in contrast 

are significantly higher at emergence in G. atropalpus.
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Figure 2. 
OEH stimulates ecdysteroid (ECD) biosynthesis by the ovaries and vitellogenin production 

by fat bodies of non-blood fed A. aegypti. (A) Injection of OEH (20 pmol) more strongly 

stimulates the amount of ECD secreted by the ovaries than ILP3 (20 pmol) or saline at 24 

and 48 h post-treatment (F8,72=60.6; P<0.0001). Different letters above the bars of the graph 

indicate means that significantly differ as determined by the Tukey-Kramer multiple 

comparison procedure (α = 0.05; n=9 per treatment). Above the graph is a representative 

immunoblot showing that OEH treatment also results in more VG production than ILP3 or 
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saline. (B) Immunoblot showing that injection of ECD (500 ng) into non-blood fed A. 

aegypti also stimulates detectable levels of VG in the fat body after 24 h, whereas topical 

application of JHIII (100 pmol) does not.
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Figure 3. 
Non-blood fed A. aegypti package yolk into oocytes 24 h post-injection of OEH or OEH + 

ILP3. (A) Number of yolk-containing oocytes per female after treatment with OEH (20 

pmol), ILP3 (20 pmol), or OEH + ILP3 (20 pmol of each) (n= 10 females per treatment) 

(χ2=13.1; df= 2; P= 0.002). Different letters above each treatment indicates the number of 

yolk-containing oocytes per female significantly differs (Wilcoxin Each Pair Comparison, 

α= 0.05). Each data point represents one female with exception of the 0 value where the 

number to the right for each treatment indicates the number females that had no yolk-
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containing oocytes in their ovaries. (B) Amount of yolk packaged per oocyte after treatment 

with OEH, ILP3, or AaOEH + ILP3 (χ2=12.7; df= 2; P= 0.002). Each data point indicates 

the median amount of yolk per oocyte for the oocytes in the ovary of each female. The 

numbers to the right of the 0 value for each treatment indicates the number females that had 

no yolk-containing oocytes in their ovaries, while the numbers to the right of the 60 µm 

value indicates the number of females where the median amount of yolk per oocyte was 60 

µm. Statistical comparisons were performed as described in (A). (C) Amount of yolk per 

oocyte plotted against the number of yolk-containing oocytes per ovary from each female 

treated with OEH or OEH + ILP3. The linear fit of the data as indicated by the black line is 

highly significant (F1,18=35.5; P<0.0001).
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Figure 4. 
Females injected OEH or OEH + ILP3 package more yolk per oocyte after 5 days than 

females injected with only ILP3. (A) Number of yolk-containing oocytes per female after 

treatment with OEH (n=50 females), ILP3 (n=50 females), or OEH + ILP3 (n= 48 females) 

(χ2=4.0; df= 2; P= 0.14). Numbers to the right of the 0 value for each treatment indicates the 

number females that had no yolk-containing oocytes in their ovaries. (B) Amount of yolk 

packaged per oocyte after treatment with OEH, ILP3, or OEH + ILP3 (χ2 =66.8; df= 2; P< 

0.001). Each data point indicates the median amount of yolk per oocyte for the oocytes in 
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the ovary of each female. Statistical comparisons were performed as described in (A) while 

the numbers to the right of the 0 value for each treatment indicates the number females that 

had no yolk-containing oocytes in their ovaries. (C) Amount of yolk per oocyte plotted 

against number of oocytes with yolk per ovary for each treatment. The relationship is non-

linear but log * log conversion of the data generated a highly significant fit as indicated by 

the black line (F1,115=121.6; P<0.0001). The number (30) next to 0 value at the bottom of 

(C) indicates the number of females that had no yolk-containing oocytes in their ovaries. 

The numbers 1, 2 and 3 next to three of the data points in (C) identify the three females that 

oviposited at least one egg (see Results).

Gulia-Nuss et al. Page 23

J Insect Physiol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Mating status has no effect on the number of oocytes with yolk (A) (t=0.43; P=0.67) or the 

amount of yolk per oocyte (B) (t=0.73; P=0.48) at 5 days post-injection of OEH (n=10 

females for each treatment).

Gulia-Nuss et al. Page 24

J Insect Physiol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


