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Abstract

The effect of male accessory gland substances on female reproductive physiology has been

previously described as “activating” egg development. However, no mechanism has been

described that can explain how male mosquitoes are able to influence egg development in female

mosquitoes. To investigate how male mosquitoes are able to influence ovarian physiology and

reproductive output we explored three main questions: 1) Do mating and male accessory gland

substances affect ovarian physiology and alter markers of oocyte quality during the previtellogenic

resting stage? 2) Does the male accessory gland contain JH III and is JH III transferred to the

female during copulation? 3) Finally, does the nutritional history of the male affect the amount of

JH III transferred to the female and alter reproductive output? By answering these questions it is

clear that male mosquitoes are able to alter the female’s resource allocation priorities towards

reproduction by transferring JH III during copulation; reducing the rate of previtellogenic

resorption and increasing the amount of stored ovarian lipids. These changes improve an

individual follicle’s likelihood of development after a blood meal. In addition, males maintained

under better nutritional conditions make and transfer more JH III, prevent more follicular

resorption and realize higher fecundities than other males. Together these results illustrate one

mechanism behind the “activating” effect of mating described as well as the role sugar feeding

plays in male mosquitoes.
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1. Introduction

Mating causes profound changes to the female mosquito’s physiology and behavior. Besides

inducing refractoriness to further mating (Craig, 1967; Spielman et al., 1967), altering host-

seeking and biting behavior (Lavoipierre, 1958; Klowden and Lea, 1979), as well as

oviposition behavior (Hiss and Fuchs, 1972; Yeh and Klowden, 1990), mating also affects

egg development physiology.

Work by Klowden and Chambers (1991) found that the proportion of starved females that

developed eggs after a small blood meal increases when the females where mated and this

effect was a result of substances produced by the male accessory gland. In the absence of

accessory gland substances, the activation of egg development after a small blood meal

could be replicated through topical juvenile hormone (JH) application. Similar work by

Uchida et al. (2003) reported that haemocoel infusion with an amino acid mixture was more

likely to induce oogenesis in mated Anopheles stephensi females than in unmated females.

In the autogenic mosquito, Aedes taeniorhynchus, mating was shown to induce autogeny

when mated females were more likely than unmated females to develop eggs without a

blood meal (O’meara and Evans, 1976; O’meara and Evans, 1977). In all of these prior

works, the effect of male accessory gland substances or mating has been described as

“activating” or “enhancing” egg development and demonstrate that mating seems to alter

resource allocation priorities towards reproductive physiology (The relationship between

accessory gland substances and egg development has been thoroughly reviewed in Gillott,

2003).

Similarly to Aedes aegypti, female Drosophila melanogaster also show enhanced

reproductive physiology after mating. Male D. melanogaster accessory gland proteins such

as ovulin (Acp26a) and sex-peptide (Acp70a) both cause increased rates of oogenesis,

ovulation and egg-laying (reviewed in Gillott, 2003 and in Wolfner, 1997, 2002 and 2009).

Bioinformatic characterizations of male accessory gland substances in A. aegypti has shown

that, similarly to D. melanogaster, the male accessory gland contribution includes a variety

of proteins with the potential to exert effects on female physiology and behavior (Sirot et al.,

2008; Sirot et al., 2011). However, work by Li et al. (2003) clearly demonstrated where the

similarities between Aedes and Drosophila mating physiology ends when mating failed to

increase JH synthesis rates in A. aegypti despite clearly doing so in D. melanogaster

(Moshitsky et al., 1996).

Together these results demonstrate that although male A. aegypti accessory gland substances

clearly possess the ability to “activate” or “enhance” egg development, increasing rates of

endogenous female JH synthesis to achieve this end does not seem to be one of its functions.

To our knowledge, no mechanism has been described in mosquitoes that can fully explain

how male reproductive contributions activate or enhance reproduction, alter reproductive

output, or increase the proportion of females that develop eggs. Despite the absence of a

clear effect of mating on endogenous JH synthesis rates, the repeatedly described pattern of

activated ovarian physiology after mating in mosquitoes strongly suggests that the male

effect on ovarian physiology is allohormonal in nature (Gillott, 2003).
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Previous work in our laboratory that explored the effect of nutrition and JH during the

previtellogenic resting stage in female A. aegypti determined that critical decisions about

reproductive output are made during the previtellogenic stage. Most importantly, it was

observed that the quality of oocytes during the previtellogenic resting stage determines their

likelihood of successfully completing oogenesis after a blood meal. Oocytes from poorly

nourished mosquitoes were more likely to resorb before and after a blood meal and,

conversely, oocytes from mosquitoes that are well-nourished or treated with JH analogue are

of a higher quality and have a higher likelihood of completing oogenesis. Therefore,

reproductive output and the developmental fate of a follicle after a blood meal are highly

dependent on nutritional conditions during the previtellogenic resting stage and this effect is

mediated through JH signaling (Clifton and Noriega, 2012). The observation that the

previtellogenic ovarian follicle is dependent on JH signaling to determine its developmental

fate, when taken together with previous works showing the “activating” and “enhancing”

effects of mating on egg development suggests that male accessory gland substances may be

acting during the previtellogenic stage to alter ovarian physiology thereby affecting

reproductive physiology and output.

More specifically, we hypothesized that the male contribution during copulation would act

on female physiology similarly to topical JH III application by improving previtellogenic

oocyte quality (and therefore the likelihood of developing after a blood meal), reducing

resorption during the previtellogenic resting stage, and ultimately cause an increase in

reproductive output (Clifton and Noriega, 2012). We also hypothesized that similarly to

some lepidopteran species, male A. aegypti mosquitoes likely exert this reproductive effect

by transferring JH III contained in the accessory gland to their female partners during

copulation (Park et al., 1998). The presence of JH III in the accessory gland has been

reported previously by Borovsky et al. (1994).

The hypothesis that JH III is transferred to females during copulation provides a mechanism

that can easily explain, at least in part, how mating is able to enhance the previtellogenic

quality of eggs, increase their likelihood of developing after a blood meal, and generate the

“activating” or “enhancing” effect described in previous works. Together these hypotheses

begin to explain the mechanism by which male mosquitoes are able to alter the resource

allocation balance within the female and cause the enhancement of reproduction reported in

Klowden and Chambers (1991) and ubiquitous among insects after mating (Gillott, 2003).

Finally, these hypotheses also suggest that the nutritional status of the male mosquito may

determine the magnitude of the effect seen on female physiology.

To investigate how male mosquitoes are able to influence ovarian physiology and

reproductive output in female mosquitoes we explored three main questions: 1) Do mating

and male accessory gland substances affect ovarian physiology by altering the previously

described markers of oocyte quality during the previtellogenic resting stage (resorption and

lipid storage)? 2) Does the male accessory gland contain JH III and is JH III transferred to

the female during copulation? 3) and finally, does the nutritional history of the male affect

the amount of JH III produced and transferred to the female thereby affecting reproductive

output? By answering these questions it is clear that male mosquitoes are able to alter the

female’s resource allocation priorities towards reproduction and enhance oogenesis through
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the transfer of JH III during copulation. In addition, it is clear that males maintained under

better nutritional conditions exert a stronger effect on ovarian physiology, make and transfer

more JH III, and may be more likely to realize higher fecundities than other males.

2. Methods

2.1 Insects and mating

A colony of A. aegypti of the Rockefeller strain was maintained at 28°C with 80% relative

humidity under a 16 h day–8 h night regime. 24 hours after pupation mosquitoes were sorted

by size into female only (generally larger pupae) and male only populations (smaller pupae).

Populations of mosquitoes of both sexes were divided again and offered a cotton pad soaked

with either 3% sucrose solution or 20% sucrose solution. This procedure yielded completely

virgin male and virgin female mosquitoes maintained on two different nutritional regimes

for all experiments.

To investigate the effects of mating and nutrition on previtellogenic resorption, virgin

female mosquitoes were maintained alone with a cotton pad soaked in either 3% sucrose

solution or 20% sucrose solution (unmated treatments) or they were mixed with virgin male

mosquitoes 3 days after emergence in a 1:1 ratio and maintained on 3% sucrose or 20%

sucrose (mated treatments). This procedure yielded mated and unmated female mosquito

populations fed either 3% sucrose or 20% sucrose. At 6–7 days after emergence, mosquitoes

from at least three independent biological replicates were dissected and resorption and lipid

content of ovaries were determined.

To determine total egg output, female mosquitoes mated with males that were maintained on

either 3% sucrose or 20% sucrose were blood fed at 6–7 days after emergence, separated

into groups of 5 fully engorged individuals in quintuplicate and allowed to lay eggs on

paper. The total number of eggs laid was counted by dissecting microscope and divided by

the number of females to determine average number of eggs per female. This entire

experiment was conducted for three independent biological replicates.

2.2 Measurements of follicular resorption and ovarian lipids

At 6–7 days after emergence, mosquitoes from at least three independent biological

replicates were anesthetized by chilling for 5–10 min at 4°C. The ovaries were dissected,

rinsed in APS (Aedes Physiological Saline) and stained with 0.5% neutral red solution in

acetate buffer at pH 5.2 (Sigma–Aldrich, St. Louis, MO) for 10s to visualize resorbing

follicles. Neutral red stains the lysosomes associated with resorbing follicles and can clearly

indicate follicle status (Winckler, 1974; Bell and Bohm, 1975; Clements and Boocock,

1984; Hopwood et al., 2001; Clifton and Noriega, 2011; Clifton and Noriega, 2012). The

ovaries were rinsed a second time in APS and placed under a coverslip. Photographs were

taken of the previtellogenic ovaries using a DM 5500 B Leica fluorescence microscope, a

Leica DFC 310 FX mounted camera and Leica LAS imaging software. Ovaries were later

scored using Leica LAS imaging software for total follicle count and also for the presence of

any resorbing follicles. All resorption assays were conducted on at least three biological

replicates.
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Lipids were detected in the ovaries of mosquitoes maintained under the described

experimental conditions using a triglyceride quantification kit (K622-100, Biovision,

Mountain View, CA). In this kit, mono-, di- and triglycerides are hydrolyzed into glycerol

and free fatty acids. Glycerol is then oxidized to generate a product which reacts with a

colormetric probe. The absorbance of the colormetric probe can then be read at OD 570nm.

For each experimental treatment, 5 pairs of ovaries were dissected in triplicate in APS. The

ovaries were thoroughly cleaned of any contaminating fat body tissue, rinsed with PBS and

placed in 100 μL of 5% nonidet P-40 detergent solution. After brief sonication, any

remaining ovary lysate on the probe of the sonicator was rinsed back into the sample with

400 μL of ddH2O. The ovarian lysate was then processed according to the kit instructions.

Absorbance was read in a cuvette with a Nanodrop 2000c (Thermo Fisher Scientific,

Waltham, MA). The lipase-negative glycerol control was used to blank the Nanodrop before

each sample was read thereby subtracting background glycerol. All lipid assays were

conducted on three biological replicates.

2.3 Accessory gland injections

To investigate the role of accessory gland substances separate from sperm-related effects or

other interference from the act of mating, virgin female mosquitoes were injected with crude

male accessory gland homogenates. The accessory glands from 20 anesthetized male

mosquitoes were dissected, rinsed in PBS and homogenized via sonication in 10μl of PBS.

The homogenate was centrifuged briefly and 0.414μL (0.8 male accessory gland equivalent)

was injected using a Drummond Nanoject II microinjector. Resorption and lipid content of

ovaries was determined in triplicate 3–4 days after injection as previously described.

2.4 Measurements of JH titers in male accessory glands, and female bursa copulatrix/
spermathecae complexes

Borovsky et al., (1994) previously described the synthesis of JH III in the accessory gland of

male A. aegypti. To investigate the possibility that male mosquitoes possess and pass on JH

III contained in their accessory glands to their female partners during copulation we mixed

20 female mosquitoes maintained on 3% sucrose with 20 males maintained on 20% sucrose

in triplicate. Mosquitoes were left undisturbed for 2 hours to allow mating to occur. Female

mosquitoes were anesthetized by chilling and the 9th tergite attached to the spermathecae

and bursa copulatrix was pulled away from the abdomen, extraneous tissues were removed

and the spermathecae/bursa copulatrix complex was rinsed in PBS and assayed for JH III

content using an HPLC-FD quantification method (HPLC-FD JH III quantification method

described in Rivera-Perez et al., 2012). The accessory glands from 10 virgin males fed 3%

and 20% sucrose as well as mated males fed 3% and 20% sucrose were also dissected in

triplicate and assayed for JH III content.

2.5 Statistical analysis

An unpaired t-test was utilized where comparisons were made between 2 treatments. Where

more than 2 treatments are displayed together (figures 1,2,6 and 7), a one-way ANOVA

(analysis of variance) test followed by Tukey’s multiple comparison test was utilized to

enable comparisons among more than 2 treatments and to avoid multiple pair-wise

Clifton et al. Page 5

J Insect Physiol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



applications of the t-test. All statistical analysis were performed using Graphpad prism

(v3.03).

3. Results

3.1 Mating reduces the rate of previtellogenic resorption

When female mosquitoes fed 3% sucrose were mated at 3 days old and assayed 3–4 days

later, the rate of resorption was reduced from 7.99% of follicles per female to 4.91% of

follicles per female (Figure 1; p=.0004; unpaired t-test). When this experiment was repeated

with female mosquitoes maintained on 20% sucrose, the rate of resorption decreased from

5.69% of follicles in unmated mosquitoes to 3.27% of follicles in mated mosquitoes (Figure

1; p=.003; unpaired t-test).

3.2 Mating increases previtellogenic lipid content of follicles

Previous work determined that follicular resorption is inversely proportional to lipid content

such that ovaries with higher lipids (from females maintained on higher sucrose

concentrations) will have lower rates of resorption. The neutral lipid content of

previtellogenic ovarian follicles is also reflective of previtellogenic nutritional status, is

mediated by JH and is a marker of a follicle’s likelihood of developing after a blood meal

(Clifton and Noriega, 2012). The neutral lipid content of ovaries increased when mosquitoes

were mated. Although not statistically significant, in female mosquitoes fed 3% sucrose

solution and mated, the lipid content of the ovaries increased 26% from 158.60 pmol./female

to 214.70 pmol./female (Figure 2; p= .060; unpaired t-test). When the same experiment was

repeated with females fed 20% sucrose, the neutral lipid content of the ovaries increased 2-

fold from 229.3 pmol./female to 567.9 pmol./female in mated mosquitoes (Figure 2; p≤.

0001; unpaired t-test).

3.3 Male nutritional history affects previtellogenic ovary lipid content, the previtellogenic
rate of resorption as well as reproductive output

Offering male mosquitoes 20% sucrose increases the magnitude of the mating effect when

compared to males maintained on 3% sucrose. When female mosquitoes maintained on 3%

sucrose were mated to males maintained on 3% sucrose and assayed 4 days later, the rate of

resorption was 6.66% (Figure 3A). When this experiment was repeated with males

maintained on 20% sucrose, the rate of resorption decreased to 3.96% (Figure 3B; p=0.0018;

Unpaired t-test). Concomitant with an decrease in the rate of resorption, the neutral lipid

content of ovaries increased 3-fold when female mosquitoes were mated with 20% males

(Figure 3B; 331 pmol/female vs. 889.7 pmol/female; p=0.035; unpaired t-test).

Male nutritional history also affected the reproductive output of female mosquitoes. When

female mosquitoes where mated with males maintained on 3% sucrose, blood fed and

allowed to lay eggs, the reproductive output was 120.0 eggs/female. When females were

mated to males maintained on 20% sucrose, reproductive output rose to 129.2 eggs/female;

an increase of over 7% (Figure 4; p=0.030; Unpaired t-test). To discount the possibility that

male nutritional history alters allocations to individual eggs we also investigated the lipid

content of eggs resulting from each treatment. Eggs from females mated with 3% sucrose or
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20% sucrose fed males did not differ significantly in neutral lipid content (342.9 pmol/egg

vs. 380.2 pmol/egg; p=0.14; Unpaired t-test).

3.4 Male accessory gland substances increase lipid content and reduce resorption

To demonstrate that the effect of mating on female previtellogenic ovarian physiology is

caused by substances within the male accessory gland and not the result of pheromones, the

physical act of mating, or some other factor, we injected homogenates of male accessory

glands into 4 day old females maintained on 3% sucrose. Injecting accessory gland

homogenates lowered the rate of resorption from 5.93% in PBS-injected control mosquitoes

to 3.33% in mosquitoes injected with accessory gland homogenates (Figure 5A; p=0.0063;

Unpaired t-test). Injecting male accessory gland homogenates also caused the lipid content

of ovaries to increase 34% from 253.6 pmol of triglyceride/pair of ovaries to 388.5 pmol of

triglyceride/pair of ovaries (Figure 5B; p=0.039; unpaired t-test).

3.5 Male mosquitoes transfer JH III to the female during copulation

In addition to determining the effect of mating on ovarian physiology and female fecundity,

we also investigated the effect of sugar feeding on JH III accumulation within the accessory

gland. Males fed 3% sucrose accumulated 5.3 fmol of JH III after 5 days of sugar feeding.

When males were maintained on 20% sucrose the amount of JH III within the accessory

gland increased to 8.4 fmol. of JH during the same time. After 2 hours of mating, the amount

of JH III in the accessory gland of males fed 20% sucrose decreased ~50% to 4.3 fmol of

JH/accessory gland demonstrating that JH III was lost from the male accessory gland during

mating (Figure 6; p<0.0001; unpaired t-test).

To determine if the decrease in JH III within the male accessory gland coincided with an

increase in JH III content within the female bursa copulatrix-spermathecae complex (BC-S)

we dissected BC-S complexes from virgin females as well as from female mosquitoes

immediately after copulation with males maintained on 3% sucrose and 20% sucrose. In

females mated to males maintained on 3% sucrose, the JH III content of the BC-S increased

by 7.25 fmol./BC-S (from 0.33 fmol/BC-S in unmated females to 7.58 fmol/BC-S in females

mated to males fed 3% sucrose; Figure 7; p=0.0011; Unpaired t-test). In females mated to

males maintained on 20% sucrose, the JH III content of the BC-S increased to 11.35

fmol./BC-S (Figure 7; p=0.0001; unpaired t-test). Together these results show that mating

decreases the amount of JH III in the male accessory gland and increases the amount of JH

III found in the BC-S of female mosquitoes. In addition, males fed 20% sucrose begin with

and transfer more JH III during copulation (Figures 6 and 7).

4 Discussion

4.1 JH pleiotropy and resource allocation

The allocation of incoming resources has often been described using a Y-model of resource

allocation whereby resources entering at the stem of the “Y” are allocated towards either

reproductive physiology on one branch and/or somatic physiology on the other (De Jong and

Van Noordwijk, 1992; Tatar and Carey, 1995; Harshman and Zera, 2007; Boggs, 2009).

Under this model, excessive allocations toward somatic physiology or reductions in

Clifton et al. Page 7

J Insect Physiol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



incoming nutrition often result in reductions to reproductive output (Partridge et al., 1987;

Tatar and Carey, 1995). Alternatively, experimental manipulations that reduce reproductive

output can result in increased longevity consistent with the Y-model (Lamb, 1964; Djawdan,

1996; Tater and Carey, 1995).

Somatic and reproductive trade-offs have also been shown many times to be mediated

through JH signaling. JH performs a central role as a mediator of life-history strategy and

fitness trade-offs in many insects (reviewed Flatt and Tatar, 2005) and therefore fits

comfortably within the Y-model as a hormonal mediator of the reproductive/soma balance

(Harshman and Zera, 2007). Juvenile hormone’s classically defined role as an insect

gonadotropin clearly illustrates this hormone’s ability to alter the resource allocation balance

towards reproductive physiology in a variety of insects (Hartfelder, 2000). Therefore, much

about our design and interpretation of the experiments described here is within the context

of the Y-model and JH pleiotropy.

4.2 Male accessory gland substances alter the resource allocation within the female insect

Male insects frequently pass along substances to females during copulation which possess

the ability to significantly alter female physiology, behavior and fecundity (Reviewed in

Chen, 1984; Vahed, 1998; Gillott, 2003). By viewing male contributions within the context

of De Jong and Van Noordwijk’s (1992) Y-model of resource allocation and Flatt and

Tatar’s (2005) descriptions of JH “hormonal pleiotropy”, it is clear that in many cases, the

end result of mating manifests as an alteration to the internal resource allocation priorities

within the female towards reproductive physiology (Merle, 1968; Klowden and Chambers,

1991; Reviewed in Gillott, 2003). In some studies, if the male contribution to reproduction

involves nuptial (i.e., nutritional) gifts, female fecundity can be enhanced (Thornhill, 1976;

Gwynne, 1984; Boggs, 1990; Reviewed in Gwynne, 2008), simultaneously with

improvements in survivorship or longevity (Boggs, 1990; Fox, 1993). When the nuptial gift

is viewed under the context of the Y-model its effects frequently appear as an alteration to

the resource balance within a female by providing additional nutritional resources at the

stem of the “Y” presumably benefiting both somatic and reproductive physiology at the

female insect’s discretion.

To explore the possibility that male A. aegypti accessory gland substances may

simultaneously benefit reproductive physiology as well as survivorship through a nuptial,

trophic or nutritional effect, we compared survivorship in starved unmated female

mosquitoes to survivorship in starved female mosquitoes mated with males maintained on

both 3% sucrose and 20% sucrose. In none of these experiments were we able to definitively

observe any benefits to survivorship in any of the starved and mated mosquitoes (results not

shown). This result suggests that the contribution from male A. aegypti is not nutritional in

nature and additional resources are not likely being passed along to the female mosquito.

Klowden and Chambers, (1991) also conducted similar survivorship experiments and

reported that mating was detrimental to survivorship during starvation. However, results by

Lavoipierre (1958) and Helinski and Harrington (2011) both demonstrated that mating

confers an increase in longevity in continuously fed mosquitoes. While we did not explore

the effect of mating on longevity (only survivorship under starvation conditions), the totality
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of these observations suggest that the male accessory gland substances, while seemingly

neutral or even detrimental during starvation, may confer benefits to fed females. Since the

male accessory gland contribution contains a variety of proteins with unknown physiological

functions (Sirot et al., 2008), it is likely that at least some of these products may produce the

discrepancy described here.

Many insects do not pass along explicitly nutritional gifts, but instead pass substances

produced by the male accessory gland with the capacity to alter female reproductive

physiology including proteins (Reviewed in Wolfner, 1997; Dottorini, 2007; Sirot et al.,

2008; Sirot et al., 2011), and hormones such as JH (Park et al., 1998) and ecdysteroids

(Pondeville et al., 2008). Similarly to insects that pass nuptial gifts, male contributions that

are not specifically nutritional (i.e. hormones, allohormones, or other physiologically active

substances) can also increase reproductive output and potentially benefit male fitness by

altering the balance of resource allocation between the somatic and germ branches of the

“Y” (Reviewed in Wolfner, 1997; Shu et al., 1998).

To investigate the activity of male accessory gland substances in the absence of any mating,

pheromone or physical stimuli, we injected accessory gland homogenates into the female

mosquito. With this technique we were able to demonstrate an ovarian phenotype that was

remarkably similar to the phenotype obtained after mating. Injected male accessory

substances were able to lower resorption (Figure 5A) and increase the neutral lipid content

of the ovaries (Figure 5B) similar to mating (Figures 1 and 2) or JH analogue application

(Clifton and Noriega, 2012). This result suggests that the effects on reproductive physiology

observed in female mosquitoes after mating are most likely due to the substances contained

within the accessory gland and are not exclusively the result of physical, pheromonal, or

other stimuli.

By determining that the activating effect of mating on reproduction in A. aegypti is due to

substances contained within the accessory gland and that these substances exert effects on

ovarian physiology and fecundity, we reasoned that a hormonal factor (allohormone) was

likely responsible for these observations. In agreement with results obtained by Borovsky et

al., (1994) we also found significant quantities of JH III in the accessory gland of male

mosquitoes. When we quantified JH III in the bursa copulatrix/spermathecae complex

immediately after mating we found a 7.24 fmol. increase in the quantity of JH III as

compared to unmated controls. This result suggests that the male mosquito is able to alter JH

III titers within the female by donating JH III stored (Figure 6) in the accessory gland. This

donated JH III alters ovarian physiology by increasing stored ovarian lipids (Figures 2),

reducing resorption (Figures 1) and increasing reproductive output (Figure 4).

The transfer of JH III during copulation can explain how mating causes the shift towards

reproductive physiology previously described in the literature and demonstrates at least one

mechanism by which male mosquitoes may attempt to alter the resource allocation balance

within the female. However, the functions of many of the male A. aegypti accessory gland

proteins have yet to be identified so it is unlikely that JH III is the only physiologically

active component of the male accessory gland.
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In A. aegypti, JH III has been shown in a variety of conditions to alter the soma/reproductive

balance consistent with the Y-model and JH pleiotropy. Hernandez-Martinez et al., (2007)

demonstrated that removing the head of the female immediately after emergence eliminates

JH synthesis, eliminates reproductive maturation and extends survivorship over mosquitoes

that were permitted to mature ovaries before decapitation. Earlier work by Caroci et al.,

(2004) showed that starved larvae emerge as smaller adults, have lower JH III synthesis

rates after emergence and do not mature their eggs completely until a blood meal is obtained

or JH III is applied topically. Klowden and Chambers (1991) were able to show the

stimulatory effects of JH application on egg development consistent with a gonadotropic

role for JH. Each of these works demonstrate that, at least during the previtellogenic stage,

JH III mediates reproductive and somatic allocations consistent with models of resource

allocation in A. aegypti.

More recent work in our lab was able to demonstrate how JH III-induced reproductive

allocations during the previtellogenic stage have lasting consequences for reproductive

output after a blood meal. More specifically, we determined final reproductive output is

related to the neutral lipid and mRNA content of the previtellogenic ovary and that these

markers of a follicle’s likelihood of completing oogenesis (i.e. quality) are dependent on

nutrition and JH III. We also demonstrated that the reproductive output of the mosquito after

a blood meal could be increased by JH III application or improving nutrition during the

previtellogenic resting stage (Clifton and Noriega, 2011; Clifton and Noriega, 2012). When

we mated mosquitoes in this study, the lipid content of ovaries increased and the rate of

resorption decreased, consistent with a shift in resource allocation priorities towards

reproductive physiology (Figures 1 and 2) and surprisingly similar to the effects JH III or

methoprene application we previously described. When we repeated this experiment after

improving the previtellogenic nutrition of female mosquitoes, the effect of mating was

magnified (Figures 1 and 2). We believe the reduction in follicular resorption and increase in

stored neutral lipids after mating is the same “activating” or “enhancing” effect described by

Klowden and Chambers (1991) and Uchida et al., (2003). Therefore, the simplest

mechanism for a male mosquito to influence the female’s resource allocation balance,

reproductive output and possibly his own fitness is likely through the manipulation of JH

titers during the previtellogenic resting stage. Together these results show that male

mosquitoes are able to improve both the likelihood of a follicle developing and potentially

their own fitness by altering aspects of ovarian physiology that are intricately connected to

reproductive output.

4.3 The male mosquitoes nutritional history alters the magnitude of the effect on female
reproductive physiology

The Y-model and other models like it have all attempted to describe the relationship

between resource acquisition, longevity and reproduction in terms of female reproductive

output. However, male mosquitoes must also acquire resources and contribute in some way

towards reproduction. In male A. aegypti the contribution towards reproduction is not likely

to be insignificant. It has been reported many times that the accessory glands of male

mosquitoes are depleted after copulation with 4–8 females which suggests that substances

made within the accessory gland are costly to produce and are not unlimited (Judson, 1967;
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Foster and Lea, 1975; Helinski and Harrington, 2011). Work by Helsinki and Harrington

(2011) aimed at exploring the effect of a small male phenotype, produced by altering larval

nutrition, on females during and after copulation found that small males were depleted faster

and were unable to inseminate as many females as their larger male phenotype counterparts.

These small male phenotype mosquitoes were also found to have a reduced effect on female

longevity after copulation suggesting that the males own nutritional status is also an

important determinate of reproductive output.

Fernandez and Klowden (1995) also obtained results that suggest the nutritional history of

the male may be an important factor when determining the extent of the accessory gland

effect on female physiology. They were able to demonstrate that starved males had less

protein in their accessory glands, transferred less protein to females during copulation and

exerted a smaller influence on female host-seeking behavior. These results begin to suggest

that the Y model of resource allocation also applies to the male mosquito and may play an

important role in determining his reproductive contribution and final reproductive output.

Therefore, we hypothesized that improving the quality of adult male nutrition may increase

the effect of his reproductive contribution and this effect would manifest as improved ovary

quality, physiology and also increased reproductive output.

When we improved the nutritional history of the male mosquito by offering 20% sucrose we

were able to increase the magnitude of the effects on female reproductive physiology. Males

maintained on 20% sucrose were able to reduce the rate of resorption (Figure 3A) and

dramatically increase the lipid content of the ovary (Figure 3B). When females mated to

males fed 20% sucrose were blood fed, they were able to produce 9 more eggs than females

mated to males fed 3% sucrose during the first gonotrophic cycle (120.0 vs. 129.2; a 7.6 %

increase). In addition, the JH III content of accessory glands from males fed 20% sucrose

was 37% higher than males fed 3% sucrose (Figure 6) and the bulk of this excess JH III was

transferred during mating to the female (Figure 7). This result contrasts with work by

Helinski and Harrington (2011) who were unable to affect female reproductive output

through alterations in male larval nutrition. However, in our experimental design we

manipulated the sugar concentration offered to adult males raised under controlled larval

conditions as opposed to manipulating larval conditions themselves.

While reproductive output as a function of male nutritional history and accessory gland

investment has been rarely studied, some work has shown that JH transferred by the male

can influence reproductive output. In the moth Heliothis virescens, Shu et al. (1998) and

Park et al. (1998) showed that male accessory glands contain JH as well as components that

induce the endogenous synthesis of JH in female insects. The increased titers of JH after

mating correlated tightly with reproductive output suggesting that male moths are able to

exert influence over fecundity through JH transfer. However, no effect of male nutritional

history on female reproductive output in mosquitoes has been described before.

In the mosquito Anopheles gambiae, similar results were obtained with the hormone 20-E.

In this species, high levels of 20-E were synthesized and stored in the accessory gland

before being transferred to the female during copulation (Pondeville et al., 2008). However,

in A. aegypti, the enzymes necessary to produce 20-E do not seem to be expressed in the
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male mosquito making the synthesis and transfer of this hormone unlikely (Seiglaff et al.,

2005; Pondeville et al., 2008). It is not clear if A. gambiae also transfers JH III or why these

two species are transferring different yet functionally related hormones. However, the close

and antagonistic relationship between ecdysone and JH among mosquitoes suggests that a

broader paradigm may underpin the relationship between these hormones and reproduction.

Together the results presented here suggest that male mosquitoes may be able to influence

their own fitness since male mosquitoes of a better nutritional status were able to realize

higher reproductive output than male mosquitoes maintained on 3% sucrose. At least part of

this effect seems to be a result of JH III storage and transfer to female mosquitoes during a

time when females are critically dependant on accurate JH signaling to determine

reproductive output. In terms of a y-model of resource allocation, it appears the male

mosquito may be able to manipulate the allocation of resources towards reproductive

physiology by directly targeting the central mediator of these decisions- JH signaling.

4.4 Conclusions

In this study we examined the male mosquito accessory gland contribution and determined

that mating is able to alter markers of previtellogenic ovarian quality such as the neutral

lipid content of the ovary and the rate of follicular resorption. We also determined that JH III

contained within the accessory gland is likely responsible for the alterations to ovarian

physiology we observed. We were able to show that improving the quality of nutrition

offered to male mosquitoes was able to magnify the effect on female reproductive

physiology. When these results are taken together they illustrate that by manipulating JH III

titers during the previtellogenic resting stage, the male mosquito is able to increase his own

fecundity by improving a follicle’s likelihood of developing after the female mosquito feeds

on blood. These results add an important facet to our understanding of the determinants of

reproductive output in this disease vector.
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Research Highlights

Male mosquitoes contain JH III in their accessory glands.

Male mosquitoes transfer JH III to females during copulation.

The nutritional status of the male affects how much JH III is stored and transferred to

the female.

The nutritional status of the male influences egg output of the female mosquito,

likely through JH III transfer.
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Figure 1.
Mating decreases the average rate of resorption in females maintained on 3% sucrose and

20% sucrose (Mean ±SEM of 10 pairs of ovaries in triplicate per treatment; one-way

ANOVA followed by Tukey’s multiple comparison test; Treatments with different letters

denote statistical significance at p ≤ 0.001).
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Figure 2.
The neutral lipid content of the previtellogenic ovary increases after mating in female

mosquitoes maintained on 3% sucrose. Feeding 20% sucrose to females and mating causes a

2-fold increase in the neutral lipid content of ovaries. (Mean ±SEM of 15 pairs of ovaries in

triplicate per treatment; one-way ANOVA followed by Tukey’s multiple comparison test;

Treatments with different letters denote statistical significance at p≤0.001).
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Figure 3.
Males maintained on 20% sucrose exert a larger effect on the rate of follicular resorption

and neutral lipid content of ovaries. (A) When females mate with males maintained on 20%

sucrose the rate of resorption decreases by ~40% (Mean ±SEM of 10 pairs of ovaries in

triplicate per treatment; **p≤0.01; Unpaired t-test) (B) Mating females with males

maintained on 20% sucrose causes a 3-fold increase in ovarian lipids (Mean ±SEM of 15

pairs of ovaries in triplicate per treatment; *p≤.05; Unpaired t-test).
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Figure 4.
When females are mated to males maintained on 20% sucrose, reproductive output is

increased by ~9 eggs (Mean ±SEM of 25 mosquitoes in triplicate per treatment; *p≤0.05;

Unpaired t-test).
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Figure 5.
Effect of injected accessory gland homogenates. (A) Accessory gland homogenates reduce

resorption (Mean ±SEM of 10 pairs of ovaries in triplicate per treatment; **p≤0.01;

Unpaired t-test) and (B) increase neutral lipid content (Mean ±SEM of 15 pairs of ovaries in

triplicate per treatment; *p≤.05; Unpaired t-test).
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Figure 6.
JH III in the accessory gland of virgin males fed 3% sucrose and 20% sucrose as well as

mated males fed 20% sucrose. (Mean ±SEM of 20 accessory glands in triplicate per

treatment; one-way ANOVA followed by Tukey’s multiple comparison test; Treatments

with different letters denote statistical significance at p≤0.001).

Clifton et al. Page 22

J Insect Physiol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7.
The Bursa copulatrix/Spermathecae complex contains more JH III in mated females than

unmated females. Males fed 20% sucrose prior to mating transferred more JH III than males

fed 3% sucrose.(Mean ±SEM of 20 Bursa/spermathecae complexes in triplicate per

treatment; one-way ANOVA followed by Tukey’s multiple comparison test; Treatments

with different letters denote statistical significance at p≤0.05).

Clifton et al. Page 23

J Insect Physiol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


