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Increased insulin signaling in fat body of Aedes aegypti mosquitoes enhances lifespan 
Kendra M Quicke, Anam J Arik, Michael A Riehle 
 
Abstract 
The mosquito Aedes aegypti is a well known vector of many viral diseases such as yellow fever, dengue 
and dengue hemorrhagic fever (DHF).  In particular, dengue and DHF, though normally considered 
tropical diseases, are steadily increasing in prevalence throughout the world with cases being reported 
as far north as the Texas-Mexico border and in Florida.  There is currently no vaccine for these diseases 
and vector control has proved challenging due to the urban preferences of A. aegypti.  The 
insulin/insulin-growth factor signaling (IIS) pathway may provide an endogenous solution to vector 
control.  In mosquitoes, the IIS plays an important role in the regulation of many physiological processes, 
including longevity and reproduction.  Studies in several species, including Drosophila melanogaster, 
Caenorhabolitis elegans and Anopheles stephensi, have shown that decreasing insulin signaling leads to 
an increase in longevity [Hwangbo et al., 2004; Kimura et al., 1997].  Inversely, similar studies have 
shown that increasing insulin signaling results in a shortened lifespan and often an increase in 
reproduction [Corby-Harris et al., 2010].  Here we aimed to increase insulin signaling in the fat body of 
Aedes aegypti mosquitoes by creating a transgenic line that expresses an active form of Akt, a key 
component of the IIS, specifically in the fat body tissue.  We observed the effects on longevity and 
reproduction in both a heterozygous and a homozygous line.  However, contrary to the expected results, 
we observed an increase in the lifespan of heterozygous females positive for the transgene.  We also 
observed no significant difference in the reproductive potential of heterozygous positive versus 
heterozygous negative females, although expression of vitellogenin was increased.  This led us to 
consider the possibility that under these conditions insulin signaling may have been down-regulated or 
shut off completely, instead of being up-regulated as was expected.  Further investigations need to be 
made into the possible causes of these results. 
 
Background 
Mosquitoes act as vectors for a large proportion of the world’s arthropod-borne diseases, many of 
which are becoming an increasing threat due to growing global population and urbanization, more 
frequent and easier travel, and poor sanitation in many countries, among other factors [Gibbons and 
Vaughn, 2002].  Malaria alone is responsible for almost a million deaths each year, making it the fifth 
most common cause of death due to infectious disease [CDC1].  The incidence of other serious diseases, 
such as dengue fever (DF), dengue hemorrhagic fever (DHF) and West Nile, is increasing around the 
world and beginning to threaten the United States [Guzman and Isturiz, 2010].  According to the CDC2, 
dengue is the “leading cause of illness and death in the tropics and subtropics,” responsible for about 
22,000 deaths and between 50-100 million infections every year [Guzman and Isturiz, 2010].  Alarmingly, 
the number of dengue and DHG cases is rising, having increased by a factor of 4.6 over the last thirty 
years [Gibbons, 2010]. 
 
The dengue virus is transmitted through the bite of the Aedes mosquito, primarily the species A. aegypti, 
the yellow fever mosquito, and A. albopictus, the Asian tiger mosquito.  These species live in urban 
environments, preferring to feed on humans.  They are very common in the tropics and their geographic 
range extends into the southern US (35°N to 35°S) [Gibbons and Vaughn, 2002].  The mosquitoes are 
beginning to be found in more arid climates due to the availability of standing water used as breeding 
sites created by the human population in these areas [Gibbons, 2010].  Cases of dengue and DHF have 
been reported in Puerto Rico, Guam and Mexico as far north as the US-Texas border [Ramos et al., 2008].  
A number of cases have been reported in Key West and southern Florida with outbreaks as recent as 
2010 [CDC3].  Though the disease is not yet endemic in the US, an increasing number of travelers are 



being diagnosed with dengue upon their return home [Gibbons, 2010].  This increasing prevalence, 
along with established populations of Aedes vectors, could put the US at risk of becoming an endemic 
country. 
 
There are four serotypes of the dengue virus (DENV1-4), each conferring its own immunity.  Antibodies 
against one serotype do not protect an individual against the other three forms of the virus.  Subsequent 
infection with one of the other serotypes may lead to the more severe condition of DHF.  DHF is 
characterized by similar symptoms to DF, but with the manifestation of external or internal hemorrhage 
and fluid leakage from capillaries into the peritoneum and pleural membrane lining the abdominal and 
thoracic cavities, in the hours after fever declines [Gibbons, 2010; Guzeman et al., 2010; WHO, 2009]. 
 
Currently, there is no vaccine or medicinal cure for dengue fever or DHF; cases are addressed by treating 
symptoms only [Gibbons, 2010].  In the absence of an efficient control mechanism for the agent, other 
methods of control must be considered.  Targeting the primary culprit of transmission, the Aedes 
aegypti mosquito, is a viable option.  In this arena, the primary control strategy includes the use of 
pesticides and larvicides.  However, there is a risk of mosquitoes developing resistance to these 
chemical control strategies, a phenomenon that is occurring more and more frequently [WHO].  Also, 
unlike the Anopheles mosquitoes known to transmit malaria, which prefer to feed at night when people 
are sleeping, A. aegypti are active during the day [Gibbons and Vaughn, 2002], making bed nets an 
ineffective control measure. 
 
A different approach that has been employed in the past is the Sterile Insect Technique (SIT), which was 
used to effectively eradicate screwworm flies from the US and Mexico in the mid-late 1900’s [Wyss, 
2006].  In this method, male insects are irradiated to make them sterile.  Large numbers of these males 
are then released into the wild population, where they mate with females that then lay sterile eggs.  
Thus, the population gradually dies out.  However, this technique, though effective with the larger 
screwworm fly, is tricky to use on mosquitoes.  Due to the small size of the males, irradiation often 
compromises their fitness, making it difficult to accrue a large enough population to release[Phuc et al., 
2007]. 
 
However, there are other more promising control methods being researched and pursued.  For instance, 
a modified form of SIT that avoids the difficulties of irradiation called RIDL (Release of Insects carrying a 
Dominant Lethal).  The concept of this technique is to release male mosquitoes that have been 
genetically engineered to carry a dominant lethal gene.  When they mate with wild females, the gene is 
conferred to the progeny and causes death in the early developmental stages [Phuc et al., 2007]. 
 
In another area, it has been found that infecting A. aegypti mosquitoes with a symbiotic strain of 
bacteria called Wolbachia wMelPop-CLA decreases lifespan almost 50% compared to non-infected 
mosquitoes [McMeniman et al., 2009].  Wolbachia infection was also shown to significantly reduce 
mosquito infection with dengue virus (DENV), Chikungunya virus (CHIKV) and Plasmodium gallinaceum.  
In three of four replicates, after being fed blood containing DENV, 0% of Wolbachia-infected females 
tested positive for dengue virus, compared to 30%-100% of Wolbachia-uninfected females [Moreira et 
al., 2009]. 
 
Finally, the avenue in which much recent research is being conducted is the possibility of finding a way 
to impair the mosquitoes’ ability to spread the disease in the first place using a genetic approach.  This 
could be accomplished in a number of ways, including decreasing their lifespan, having females lay 
fewer eggs, or improving the mosquitoes’ own immunity to the pathogen.  One of the key 



understandings facilitating this research is the knowledge of the mosquitoes’ insulin/insulin-growth 
factor signaling (IIS) pathway. 
 
The IIS in mosquitoes is activated by exogenous insulin, such as human insulin ingested during a blood 
meal, and by endogenous insulin-like peptides expressed in the central nervous system of the mosquito 
[Kang et al., 2007].  The resulting cascade ultimately results in the deactivation of transcription factors 
by preventing them from entering the nucleus to initiate transcription of genes that regulate such 
processes as the cell cycle, DNA repair and that help protect cells against free radicals and other internal 
and environmental stresses [reviewed in Lam et al.].  Though insulin signaling likely occurs throughout 
the body of the mosquito, the tissues of greatest interest are the midgut, ovaries and fat body.  The 
midgut is the site where the mosquito’s immune system combats any pathogens taken up during a 
bloodmeal and the ovaries and fat body regulate reproduction. 
 
One important component of the IIS is the protein kinase Akt.  After being phosphorylated at two sites 
by PDK-1 and Rictor [Taniguchi et al., 2006; Hietakangas and Cohen, 2007], activated Akt then influences 
the activation/inhibition of several downstream targets, such as tuberous sclerosis complex (TSC1/2) – 
an inhibitor of the “target of rapamycin” (TOR) pathway *Harris and Lawrence, 2003] – and the FOX 
transcription factors, in particular FOXO  (Forkhead box-containing protein of group O).  FOXO is known 
to regulate metabolism, cell cycle, apoptosis, cell differentiation and cell responses to stressors 
[reviewed in Lam et al., 2006].  When Akt phosphorylates FOXO, the transcription factor is inhibited and 
can no longer enter the nucleus.  In the tissues of the pericerebral and abdominal fat body of Drosophila 
melanogaster and A. aegypti mosquitoes, that means genes that play a role in regulating lifespan and 
reproduction are not transcribed [Hwangbo et al., 2004, Hansen et al., 2007]. 
 
In previous studies, increased Akt signaling in the midgut has been shown to decrease the lifespan of 
Anopheles stephensi mosquitoes [Corby-Harris et al., 2010], and it has been suggested in studies 
performed with D. melanogaster and Caenorhabolitis elegans that there exists an inverse relationship 
between longevity and reproduction [Sgro and Partridge, 1999; Jenkins et al., 2004].  Another study in 
the mosquito A. aegypti shows that increasing insulin signaling, in this case by using RNAi to knockdown 
the IIS inhibitor PTEN, leads to an increase in reproduction [Arik et al., 2009]. 
 
The aim of this experiment was to determine the physiological effects on lifespan and reproduction 
elicited by up-regulating the amount of active Akt in the fat body of A. aegypti mosquitoes.  To study 
these effects we used a transgenic line of A. aegypti (Figure 1) in which a gene was inserted behind the 
blood meal and fat body-specific vitellogenin (VG) promoter, which causes Akt to be up-regulated in the 
fat body after the female mosquito takes a blood meal.  We observed both a heterozygous and a 
homozygous line, subjecting them to lifespan studies and reproduction assays to assess their longevity 
and reproductive potential.  We determined transcript and protein expression patters to ensure 
appropriate tissue and blood meal specificity. 
 
A review of the literature would lead us to hypothesize that increasing insulin signaling by up-regulating 
Akt in the fat body of A. aegypti mosquitoes would result in a decrease in lifespan and an increase in 
reproduction.  However, our results show that the heterozygous transgenic females actually live 
significantly longer than those without the transgene, and that there is no significant difference in 
reproduction between heterozygous transgenic and non-transgenic females.  Homozygous transgenic 
females, in most cases, were found to have shorter lifespans than either heterozygous transgenics or 
non-transgenics and laid fewer eggs.  Further studies need to be conducted to investigate the possible 
causes of these results. 



 
Results 
Transcript expression pattern of myr-AaAkt-HA in transgenic A. aegypti 
Tissue and blood meal specificity of the transgene were confirmed by comparing fat bodies and 
carcasses of heterozygous transgenic (TG) and non-transgenic (NTG) mosquitoes before blood feeding (0 
h) and 24 hours post blood meal (PBM).  No expression was observed in either the fat body or carcass of 
pre-bloodfed transgenic and non-transgenic mosquitoes (Figure 2A).  After bloodfeeding, the transgene 
was present in the fat body of transgenic mosquitoes, but remained absent from the tissues of non-
transgenic mosquitoes (Figure 2A). 
 
Expression of vitellogenin (VG) transcript in the fat body of NTG, TG and homozygous transgenic (HTG) 
females was assessed at different time points after bloodfeeding.  It was found that expression greatly 
increased 24-36 h PBM, but decreased dramatically by 48 h PBM (Figure 2B). 
 
Protein expression pattern of myr-AaAkt-HA in transgenic A. aegypti 
Tissue and blood meal specificity of myr-AaAkt-HA protein expression was confirmed by comparing fat 
bodies and carcasses of heterozygous transgenic and non-transgenic mosquitoes.  No protein was 
detected before blood feeding (0 h), but 24 h PBM protein became apparent in the fat body of 
transgenic mosquitoes, but not in non-transgenics (Figure 3A).  In addition, protein expression in TG 
females was assessed at various time points PBM.  It was found that the presence of myr-AaAkt-HA 
protein increased dramatically between 24 h and 48 h after bloodfeeding, but that protein 
concentration declined by 72 h PBM (Figure 3B). 
 
Vitellogenin protein expression was compared in the fat bodies of non-transgenic and heterozygous 
transgenic females at several time points after bloodfeeding (Figure 3C).  VG was observed in all time 
points in both NTG and TG mosquitoes, with slightly higher concentrations at 24h and 48h PBM.  
However, further replicates need to be performed to determine whether a discernable difference exists. 
 
Effect of myr-AaAkt-HA expression on mosquito lifespan 
It was hypothesized that over-expression of active Akt in the fat body, via the transgene myr-AaAkt-HA, 
would increase insulin signaling and result in a decrease in the lifespan of bloodfed transgenic 
mosquitoes as compared to that of non-transgenics.  Surprisingly, however, we found in six replicated 
studies that transgenic females bloodfed twice a week lived longer than their non-transgenic 
counterparts under the same feeding conditions (Figure 4A,C).  Those positive for the transgene 
survived 10%-47% longer than those without the transgene.  Five of the six studies showed a significant 
difference between TG and NTG, with TG surviving 15%-47% longer (Figure 4C; p<0.0001 to p=0.0380).  
Additionally, we found in two of three studies that homozygous transgenic females did not live as long 
as either TG or NTG females (Figure 4C). 
 
Since the VG promoter is only stimulated after a blood meal, mosquitoes fed solely on sugar never 
express the myr-AaAkt-HA transgene, so no effect on lifespan was expected under these conditions.  
Appropriately, in three of five replicates no significant difference in longevity was observed between TG 
and NTG females with differences of 1%-7% in those cases (Figure4B,C; p=0.0976 to p=0.7338), though 
in four of five cases, transgenics slightly outlived non-transgenics.  Homozygous transgenic females 
again tended not to life as long as TG and NTG females, but the occurrence of significant differences in 
lifespan was more random. 
 
 



Effect of myr-AaAkt-HA expression on mosquito reproduction 
Since expression of myr-AaAkt-HA was expected to increase insulin signaling in the fat body, it was 
predicted that we would see an increase in reproduction in transgenic females when compared to non-
transgenic females.  Instead, we observed no significant difference in the average number of eggs laid by 
TG versus NTG females in all but one cycle of three studies (Figure 5A,B; p=0.1774 to p=0.8801).  
Originally, females were fed on fully concentrated, whole blood (data not shown).  Under these 
conditions, the number of eggs laid by both transgenic and non-transgenic females was so high, we 
hypothesized that the abundance of nutrients was stimulating the development of the maximum 
possible number of follicles.  In replicated studies, females were then fed on blood diluted 1:1 with 
feeding buffer in hopes of restricting the nutrients available and thus eliciting an observable difference 
in egg production.  However, even the diluted blood studies showed no significant difference in 
reproduction between females positive for the transgene and those without it.  Homozygous transgenic 
mosquitoes appeared to consistently lay fewer eggs than their TG and NTG counterparts, but the 
occurrence of significant differences seemed only random. 
 
Discussion 
In mosquitoes and other species, the insulin/insulin-growth factor signaling pathway has been shown to 
have significant effects on various physiological pathways, among which are longevity and reproduction.  
The signaling pathway is initiated by endogenous insulin-like peptides or by exogenous insulin, for 
instance from a blood meal, which bind to insulin receptors in the membranes of eukaryotic cells [Kang 
et al., 2008].  Once the intracellular subunit of the receptor is phosphorylated, a cascade of events 
follows that ultimately results in the inhibition of the FOXO transcription factors, which upon 
phosphorylation are unable to enter the nucleus of the cell to initiate transcription [reviewed in Lam et 
al., 2006].  FOXO generally regulates the transcription of genes involved in mediating the cell cycle, 
repairing DNA, initiating apoptosis and protecting against free radicals and other cell stressors [reviewed 
in Lam et al., 2006].  The key component of the IIS directly responsible for the phosphorylation of FOXO 
is the protein Akt. 
 
Researchers are interested in the IIS because it offers a new possibility for vector control.  Studies with 
the fruit fly Drosophila melanogaster, the nematode Caenorhabolitis elegans and the mosquito 
Anopheles stephensi have shown that by up-regulating insulin signaling, it is possible to reduce lifespan 
[Corby-Harris et al., 2010].  On the other hand, down-regulating insulin signaling can lead to an 
extension of lifespan [Hwangbo et al., 2004; Kimura et al., 1997].  It has also been suggested that there 
exists an inverse relationship between lifespan and reproduction [Sgro and Partridge, 1999; Jenkins et 
al., 2004].  Generally, when lifespan is reduced, reproduction is increased, and when lifespan is 
extended, reproduction is decreased. 
 
In our experiments, we sought to enhance insulin signaling in Aedes aegypti mosquitoes by up-
regulating the amount of active Akt in the fat body.  To do this, a gene coding for an active form of Akt, 
regulated by the fat body-specific promoter vitellogenin, was integrated into the mosquito genome 
using the pBac transformation vector plasmid.  In this way we expected to hinder the nuclear 
translocation of FOXO and thus decrease longevity and increase reproduction.  However, our results 
showed instead that the transgenic mosquitoes actually lived longer than their non-transgenic 
counterparts, and that there was no significant difference in reproduction between the two. 
 
This led us to speculate that perhaps insulin signaling was not up-regulated as expected.  It is possible 
that instead it was actually down-regulated, or shut off completely through an unidentified negative 
feedback mechanism in response to the overzealous IIS.  As mentioned previously, decreasing insulin 



signaling is known to extend longevity.  In mice, disrupting the insulin receptor in cells of adipose tissue 
led to increased longevity [Bartke, 2008].  And in D. melanogaster, inducing the expression of dFOXO 
specifically in the pericerebral fat body again extended survival [Hwangbo et al., 2004]. 
 
These surprising results could be due to IIS inhibitors or the activities of other pathways that undermine 
the effects of active Akt.  For example, in Drosophila Akt is negatively regulated by protein-phosphatase-
2A (PP2A) and Ph-domain leucine-rich repeat protein phosphatase (PHLPP), which together 
dephosphorylate both active sites on Akt [Vereshchagina et al., 2008].  The protein Tribbles-3 (TRB3) has 
also been found to prevent the initial activation of Akt by binding itself to the unphosphorylated form of 
Akt [Du et al., 2003].  It may be that one or all of these are up-regulated in response to the increased 
expression of active Akt. 
 
Alternatively, the protein kinase JNK has been shown to activate FOXO and promote its nuclear 
localization [reviewed in Lam et al., 2006].  Studies in Drosophila and C. elegans suggest that the JNK 
pathway extends lifespan [reviewed in Lam et al., 2006]  JNK is a component of the MAP kinase cascade, 
which branches off from the IIS in its early stages, before the activation of Akt.  This pathway ultimately 
leads to the activation of its own set of transcription factors, including p53, cMyc and cJun [Whittaker et 
al., 2010].  It is possible that these factors initiate the transcription of genes similar to those regulated by 
FOXO, thus dampening the effect of FOXO inhibition by active Akt in the fat body. 
 
Further studies need to be conducted to determine the extent of these possible influences on mosquito 
lifespan.  First, we can examine the presence of FOXO in the nucleus versus the cytoplasm to assess 
whether or not the IIS is indeed being up-regulated.  It may also be beneficial to test for the prevalence 
of the Akt inhibitors PP2A and PHLPP, and for the activity of JNK and the MAP kinase pathway in the fat 
body to determine if our protein is being impeded or its effects circumvented. 
 
The homozygous transgenic females, however, appear to display the shortened lifespan we were 
anticipating.  They were outlived by non-transgenics in two of the three lifespan studies, though egg 
production was not as significantly different.  It is possible that being homozygous for the gene 
constitutes a fitness cost, since HTG females had significantly shorter lifespans than heterozygous 
transgenic females in all three bloodfed replicates and in two of three sugarfed replicates.  We are 
performing further studies to compare the lifespan of HTG females with that of true wild type 
mosquitoes. 
 
In reproduction studies, egg counts were taken after each of three reproductive cycles.  No difference 
was expected during the first reproductive cycle because it takes a while for proteins to be translated 
and accumulate in the tissues.  However, protein levels do not decline as quickly as transcript expression, 
so the second blood meal causes the amount present to spike even higher.  It is during the second 
reproductive cycle that we generally expect to observe notable differences in egg production, yet in 
almost all cases no significant difference was apparent. 
 
As previously mentioned, this could be due to the activity of an as yet unknown negative feedback 
mechanism in response to over exuberant activity of the IIS or Akt in particular.  It may also be that a 
rate limiting factor other than vitellogenin production exists.  Egg production depends on ecdysteroids 
from the ovaries as well as vitellogenin from the fat body.  Ecdysteroid synthesis is also instigated by the 
IIS [Riehle and Brown, 1999].  Once made, the ecdysteroids are transported to the fat body where they 
help regulate the production of yolk protein.  Yolk protein is transported back to the ovaries to be used 
in egg development. 



 
Our active Akt transgene is expressed specifically in the fat body, and so should have no effect on insulin 
signaling in the ovaries.  Thus, despite producing greater amounts of vitellogenin, the supply of 
ecdysteroids would remain at normal levels.  This would limit the amount of yolk protein available and 
subsequently the number of eggs produced.  Even if greater amounts of yolk protein are produced, it 
may be that the ovaries have limited machinery or resources with which to absorb it. 
 
Again, further studies need to be conducted to determine the possible causes of these results.  
Additional replicates need to be performed to illustrate the expression of vitellogenin protein in the fat 
bodies of transgenic and non-transgenic female A. aegypti.  We can also compare the amount of 
ecdysteroids being produced by transgenic versus non-transgenic mosquitoes.  This would give us a 
better idea as to the rate limiting step of egg production.  We could try to overcome these hindrances by 
increasing activity of the IIS in the ovaries concurrently with increasing insulin signaling in the fat body. 
 
Methodology 
Line creation:  The transgenic line was created using a vitellogenin (VG) promoter, specific to the fat 
body tissue of Aedes aegypti.  The original start methionine and Kozak consensus sequenced were 
removed by amplifying the promoter with specific primers.  These primers added restriction sites that 
were then used to ligate the modified promoter into the piggyBac (pBac) transformation vector plasmid.  
A Kozak consensus sequence and myristoylation sequence were attached to the 5’ end of the gene of 
interest (AaAkt), and an HA-epitope was attached to the 3’ end of the gene.  This construct was inserted 
into the pBac plasmid behind the VG promoter.  For detection of the transgene, the fluorescent marker 
GFP was inserted into the plasmid behind the eye specific 3xP3 promoter, causing the eyes of transgenic 
mosquitoes to fluoresce green.  The marker gene construct was ligated into pBac upstream of VG-myr-
AaAkt-HA.  The complete construct (Figure 1) was sent to the UMBI’s Insect Transformation Facility (ITF) 
to be genetically engineered into the genome of Aedes aegypti mosquitoes. 
  
Mosquito rearing:  Mosquitoes were reared by hatching eggs in water under vacuum for 20 minutes and 
then letting them sit overnight.  Larvae were separated into pans with 100-120 larvae per pan and fed 
on dry cat food pellets.  Heterozygous pupae were removed from the pans and scanned using an 
Olympus SZX10 Research High-Class Stereo Microscope equipped with a fluorescent light and GFP filters.  
Those positive for the transgene were identified by glowing green eye spots under GFP detection and 
were separated from those negative for the transgene.  Positive and negative pupae were placed in 
separate cups in separate cages to emerge into adults.  Upon emergence, adult female mosquitoes were 
separated from adult male mosquitoes and both were fed ad libitum on cotton wicks soaked in 10% 
dextrose solution.  For bloodfeeding experiments porcine blood supplemented with 0.38% sodium 

citrate was used in membrane feeders with Parafilm membranes.  Rearing rooms were kept at 27°C and 
75% relative humidity with a 16:8 hour light:dark cycle. 
 
Transcript expression analysis:  Tissue samples for transcript analysis were collected by dissecting 
female mosquitoes under a light microscope with forceps in APS and then storing in RNALater.  RNA was 
extracted and isolated using the RNeasy Mini Kit from Qiagen and QIAcube machine.  The concentration 
of RNA in each sample was determined using a NanoDrop Spectrometer.  RNA was DNase-treated 
separately using 10x Reaction Buffer with MgCl2, DNaseI and EDTA along with the protocol for the 
removal of genomic DNA from RNA preparations from Fermentas.  cDNA was prepared from DNase-
treated RNA using the High-Capacity cDNA Reverse Transcription Kit and protocol from Applied 
Biosystems and BioRad MyCycler thermal cycler.  cDNA and DNase-treated RNA were then used for PCR 
and quantitative Real Time PCR (qRT-PCR) assessments. 



 
Samples for PCR were prepared with GoTaq and transgene specific (myr-AKT) primers using a BioRad 
MyCycler thermal cycler.  Samples were then run on a 1% agrose gel with Fermentas GeneRuler 1kb 
DNA Ladder.  Controls for appropriate amplification and contamination were carried out with cDNA and 
DNase-treated RNA samples prepared with GoTaq and Aedes Actin primers. 
 
cDNA samples for qRT-PCR were prepared with SyberGreen and transgene specific primers (AaVg-qPCR) 
normalized to ribosomal S7 protein gene transcripts with the primers AaS7RPFwd/Rev.  Samples were 
then loaded into a 96-well plate and run in an ABI 7300 Real-Time PCR System.  Controls for appropriate 
amplification and contamination were carried out through regular PCR using Aedes Actin primers on 
samples of cDNA and DNase-treated RNA. 
 
Protein expression analysis:  Tissue samples for protein expression analysis were collected by dissecting 
female mosquitoes under a light microscope with forceps in 2x protease inhibitor (PI) (Protease Inhibitor 
Cocktail Tablet in Aedes saline) and then storing in 10x PI.  Sample buffer (4x) was added and samples 
were homogenized by crushing with a pestle.  After being boiled and spun down in a centrifuge, samples 
were loaded into an SDS-PAGE gel (PIERCE) and run with a protein ladder (PageRuler from Strep-tag for 
HA, Precision Plus Protein Standard from BioRad for VG).  Bands from the gel were then transferred to a 
PVDF membrane and probed with anti-Vg and anti-HA antibodies separately with GAPDH control.  Blots 
were developed using Pierce SuperSignal West Dura Extended Duration Substrate and a Konica Minolta 
SRX-101A Medical Film Processor. 
 
Lifespan studies:  Six treatments were established for each study:  bloodfed NTG, TG and HTG females 
and sugarfed NTG, TG and HTG females.  Sugarfed cages served as controls since mosquitoes that never 
take a blood meal do not undergo transcription of the VG promoter and thus do not express the myr-
AaAkt-HA transgene.  TG and NTG females from the heterozygous line were outcrossed with wild type 
males every generation, while females from the homozygous line were crossed with homozygous males 
in order to preserve the line.  Test cages were fed porcine blood twice a week through membrane 
feeders with Parafilm membranes.  Mosquitoes in control cages were sustained on a sugar solution of 
10% dextrose through cotton wicks.  Test cages were given sugar wicks of the same solution when not 
blood-feeding, and all cages received cotton pads soaked in 10% dextrose solution.  Oviposition surfaces 
were present in test cages at all times following the first bloodfeeding.  The total number of females 
present at the start of the assay was noted and the number of dead females in each cage was recorded 
every day. 
 
Reproduction studies:  Adult female mosquitoes were combined in three cages:  NTG, TG and HTG 
females.  TG and NTG females from the heterozygous line were outcrossed with wild type males every 
generation, while females from the homozygous line were crossed with homozygous males.  All cages 
were fed whole or diluted porcine blood via membrane feeders with Parafilm membranes.  For dilution 
studies the blood was diluted 1:1 by mixing 1mL of blood with 1mL of feeding buffer consisting of 15% 
1M NaCl solution and ATP.  Blood-fed females were separated from those that did not feed, because 
females only produce eggs after taking a blood meal.  48 hours after feeding, blood-fed females were 
placed in individual cages each with their own oviposition surface and allowed to lay eggs for another 48 
hours.  Cotton pads soaked in a 10% dextrose solution were placed on top of all cages.  Oviposition 
surfaces were then removed and females were re-combined and re-fed.  This procedure was repeated 
for three egg-laying cycles.  Eggs were counted by hand under a light microscope. 
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FIGURES: 

 
Figure 1:  Generation of myr-AaAkt-HA transgenic mosquito line using the vitellogenin (VG) promoter.  See 
methodology for description of how the construct was created. 
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Figure 2:  Transcript expression pattern of myr-AaAkt-HA in transgenic and non-transgenic A. aegypti.  A. DNA 
samples from fat body (FB) tissue and carcass, containing all other tissues in the body, were amplified with 
transgene-specific primers.  Since the vitellogenin promoter, which regulates the process of vitellogenesis, is only 
stimulated after a blood meal (BM), we observe no transgene in the pre-bloodfed (0 hour) mosquitoes (left).  Post-
blood meal (PBM), the transgene is detected in the FB of transgenic (TG) mosquitoes, but not in non-transgenics 
(NTG) (right).  A small amount of transcript is present in the carcasses of TG mosquitoes because fat body is 
present everywhere in the mosquito, not just along the abdominal wall.  Controls for sample contamination (data 
not shown) and DNA integrity were performed using Aedes Actin primers.  B. A time course of transcript 
expression in FB of NTG, TG and homozygous transgenic (HTG) mosquitoes utilizing vitellogenin (VG) primers 
shows again that there is no expression prior to blood feeding.  After feeding, the amount of VG transcript 
increases, peaking around 36 hours PBM and declining rapidly thereafter. 
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Figure 3:  Protein expression pattern of myr-AaAkt-HA in transgenic and non-transgenic A. aegypti.  A. Anti-HA 
antibodies were used to detect the presence of myr-AaAkt-HA protein in the FB and carcass of non-bloodfed (0h) 
and bloodfed (24h) female mosquitoes.  The VG promoter is only transcribed after the mosquito has taken a blood 
meal.  Appropriately, we see our transgene product only in bloodfed, transgenic females.  Anti-GAPDH antibodies 
were used to detect the loading control.  B. A time course of protein expression in TG female fat bodies shows that 
myr-AaAkt-HA protein is present in large amounts between 36h and 48h PBM, and begins to decline by 72h PBM.  
C. A time course of vitellogenin protein expression in NTG and TG fat bodies does not show much difference in VG 
presence.  Further replicates need to be performed for more conclusive results. 
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Lifespan Measurements - Bloodfed 

 Non-transgenic Transgenic (myr-AaAkt-
HA) 

Homozygous transgenic Wilcoxon 

Rep. n Median Mean
+StdE

rr 

n Median Mean
+StdE

rr 

n Median Mean
+StdE

rr 

p (NTG v 
TG) 

p (NTG v 
HTG) 

P (TG v 
HTG) 

1 192 63 34.65
+1.95 

200 49 39.73
+1.73 

N/A N/A N/A 0.0100* N/A N/A 

2 178 49.5 28.86
+1.58 

196 63.5 36.79
+1.92 

N/A N/A N/A 0.0105* N/A N/A 

3 219 42.5 18.51
+1.15 

192 43.5 27.23
+1.36 

N/A N/A N/A <0.0001* N/A N/A 

4 198 35 15.73
+1.09 

206 34 17.30
+1.21 

194 36.5 19.14
+1.13 

0.9450 <0.0001* 0.0002* 
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5 141 42 31.80
+1.77 

149 43.5 37.39
+1.87 

137 35 24.67
+1.51 

0.0380* 0.0057* <0.0001* 

6 105 34.5 25.90
+1.74 

103 40 37.65
+1.98 

111 41.5 21.80
+1.39 

<0.0001* 0.1632 <0.0001* 

Lifespan Measurements – Sugarfed 

1 198 58.5 35.09
+2.23 

211 58.5 36.98
+2.31 

N/A N/A N/A 0.0976 N/A N/A 

2 215 41 37.25
+1.49 

202 40 26.14
+1.37 

N/A N/A N/A <0.0001* N/A N/A 

3 131 37.5 28.05
+1.75 

131 36.5 28.38
+1.75 

118 35 27.29
+1.66 

0.7338 0.8195 0.9228 

4 110 43.5 50.80
+1.85 

108 43 54.45
+1.49 

109 45 43.75
+1.60 

0.2830 0.0011* <0.0001* 

5 111 36.5 39.75
+1.57 

107 41 45.45
+1.91 

111 31 36.22
+1.37 

0.0009* 0.0557 <0.0001* 

N/A – homozygous line not available for experimentation 
*significant 
 
Figure 4:  Effect of myr-AaAkt-HA expression on lifespan of non-transgenic, transgenic and homozygous A. 
aegypti.  A. Representative survivorship curve of non-transgenic (NTG), transgenic (TG), and homozygous 
transgenic (HTG) mosquitoes reared under the same conditions and provided with a blood meal twice weekly in 
addition to 10% dextrose solution.  B. Representative survivorship curve of NTG, TG and HTG mosquitoes reared 
under the same conditions provided with 10% dextrose solution.  C. Summary of lifespan replicates.  Four of six 
bloodfed replicates showed a significant difference in lifespan between TG and NTG, with TG outliving NTG.  Three 
of the five sugarfed replicate controls showed no significant difference in lifespan between TG and NTG.  Bloodfed 
HTG females had significantly shorter lifespans than either TG or NTG, in all but one instance.  Sugarfed HTG 
females also tended not to live as long as their TG and NTG counterparts, but significant differences were more 
ellusive. 
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First cycle 

Rep. Non-transgenic Transgenic (myr-AaAkt-
HA) 

Homozygous transgenic Wilcoxon 

 n Mean+StdErr n Mean+StdErr n Mean+StdErr p (NTG v 
TG) 

p (NTG v 
HTG) 

p (TG v 
HTG) 

1 8 67.50+44.26 9 42.89+33.22 8 41.75+29.73 0.1774 0.2069 1.000 

2 16 59.50+42.79 20 69.15+47.02 20 50.70+44.01 0.3624 0.5973 0.1737 

3 19 62.16+51.66 22 82.41+38.60 26 60.19+33.42 0.3776 0.4457 0.0073* 

Second cycle 

1 19 51.00+30.09 18 52.00+23.37 14 31.57+18.91 0.7960 0.0112* 0.0103* 

2 28 97.89+20.33 30 94.00+18.19 13 76.23+16.99 0.2691 0.0018* 0.0075* 

3 16 64.56+46.38 28 84.39+30.84 22 54.09+36.63 0.2826 0.3209 0.0013* 

Third cycle 

1 10 33.20+16.34 8 26.87+14.42 10 22.10+23.46 0.2645 0.2529 0.5297 

2 16 91.19+28.01 16 88.81+31.58 4 53.00+37.74 0.8801 0.0233* 0.0586 

3 10 32.80+38.14 27 67.85+35.70 10 31.40+30.58 0.0257* 0.7032 0.0131* 

*significant 
 
Figure 5:  Effect of myr-AaAkt-HA expression on reproduction of non-transgenic, transgenic and homozygous A. 
aegypti.  A. Representative bar chart depicting the average number of eggs laid by non-transgenic (NTG), 
transgenic (TG) and homozygous transgenic (HTG) female mosquitoes during the second reproductive cycle.  B. 
Summary of reproduction replicates.  In all cycles of all replicates, except the third cycle of the third replicate, no 
significant difference was observed in the average number of eggs laid by NTG females versus TG females.  
Homozygous transgenics appeared to lay consistently fewer eggs than TG and NTG mosquitoes, though significant 
differences seemed to occur only randomly. 
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