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Abstract 

Mosquitoes are known to transmit several pathogens that cause major human 

diseases in almost every part of the world. An example is malaria caused by the parasite 

belonging to the genus Plasmodium. Malaria causes high morbidity and mortality. 

Current vector control interventions have largely focused on targeting the adult mosquito 

through indoor residual spraying and insecticide-treated bed nets. However, these 

interventions are being threatened by the current increase in insecticide resistance, 

warranting the need to develop novel strategies for malaria control. One such strategy is 

to genetically modify mosquito vector, making them resistant to the malaria parasite to 

replace the wild population. Genes that enhance mitochondrial integrity and homeostasis 

are potential targets in improving mosquito fitness and anti-pathogen resistance, as they 

have been shown to regulate several life history traits in vertebrates and invertebrates. In 

this work, we generated a transgenic (TG) Anopheles stephensi mosquito line expressing 

active AMP protein kinase (AMPK), a key regulator of metabolism and mitochondrial 

homeostasis, specifically in the midgut and observed its impact on metabolism, lifespan, 

reproduction, and immunity. Although we observed no evidence of lifespan extension, 

we found that overexpression of AMPK resulted in a significant reduction of egg 

production and an enhanced Plasmodium falciparum parasite resistance in transgenic 

mosquitoes, as compared to the wildtype mosquitoes. Also, we observed a decrease in 

macronutrients 24 h after the mosquito consumed a blood meal. In summary, this work 

identifies midgut AMPK activity as an important regulator of metabolism, reproduction 

and innate immunity.   
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Chapter 1 

Introduction 

1.0 Background and Significance 

Mitochondrial dynamics and the fitness of mosquito 

Mosquitoes transmit a variety of infectious agents known to cause a number of 

diseases including malaria, dengue fever, yellow fever, Zika and filariasis. Mosquito-

borne diseases infect millions of people and account for hundreds of thousands of deaths 

annually, posing a huge burden on the public health and economic growth of countries 

affected by the diseases.1 In the past decade, there has been a significant decline in the 

global disease burden of malaria as a result of intensive use of key interventions: indoor 

residual spraying (IRS), use of long-lasting insecticide treated nets (LLITNs) and 

artemisinin-based combination therapies (ACTs).1 According to the World Health 

Organization (WHO) 2015 Malaria report, the global malaria incidence and mortality 

rates fell by 37% and 60% respectively. However, this decline is threatened by increasing 

resistance to commonly used insecticides and ACTs, plus the lack of an efficacious 

vaccine. This is evidenced in the 2018 Malaria report, which highlights no significant 

progress in reducing global malaria cases was made between 2015 – 2017.2 The slowing 

trend has continued for the past 2 years.3 Socioeconomic issues including population 

growth, increased urbanization, deforestation, lack of sanitation and rapid dissemination 

of pathogens and vectors due to global migration also contribute to the difficulties in 

controlling these vector-borne diseases. As a result, scientists are compelled to develop 

novel technologies to disrupt disease transmission cycle, including the exploration of 
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genetic based approaches. The emergence of new arbovirusal diseases such as Zika 

further increases this need.  

 Earlier studies have shown that manipulating certain genes in the mosquitoes can 

influence a wide range of physiological processes such as lifespan, reproduction, 

metabolism and immunity. Genes in the IIS cascade are an example.4,5 Overexpression of 

protein kinase b (Akt) in the A. stephensi midgut resulted to over a 95% reduction in 

parasite development in hemizygous lines and a complete blockage in homozygous 

lines.4 However, Akt activity also represses the expression of genes associated with 

autophagy and epithelial renewal, resulting in the accumulation of dysfunctional 

mitochondria and toxic reactive nitrogen and oxygen species (RNOS), with consequent 

reduction in energy and reduced ability to repair oxidative damage to the midgut. It also 

increases reactive oxidative species (ROS), which damage mitochondrion.4 The high 

NO/ROS levels created a feedback mechanism that was enough to kill the parasites but 

damaged the midgut and shortened the mosquito lifespan. Conversely, overexpression of 

PTEN, an IIS antagonist, in the midgut resulted in an increase in lifespan, increased 

autophagy and enhanced expression of markers of epithelia renewal with enhanced 

parasite resistance.5 Further work revealed that overexpression of PTEN resulted in 

optimal mitochondrial biogenesis, oxidative phosphorylation (OXPHOS), and autophagy, 

all of which are necessary for maintaining midgut stem cell (MSC) homeostasis, resulting 

in enhanced epithelial barrier integrity.6 Lifespan extension and Plasmodium falciparum 

resistance in A. stephensi fed with human insulin-like growth factor 1 (IGF1) has also 

been linked to the control of RNOS induced damage in the midgut, thus midgut epithelial 

homeostasis.7,8   
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 Results from these and other studies suggest that maintaining optimal mitochondrial 

dynamics, a balance between production of new mitochondria and clearance of damaged 

ones through mitophagy, improves midgut epithelia stem cell differentiation, increases 

fitness and enhances P. falciparum resistance.9-12 Therefore, mitochondrial biogenesis, 

mitophagy or oxidative phosphorylation (OXPHOS) can be targeted to enhance mosquito 

fitness and anti-parasite resistance for improved malaria control strategies. AMP-

activated protein kinase (AMPK), is an energy sensor, with multiple downstream targets 

that are involved in various aspects of mitochondrial homeostasis, including mitophagy. 

For my research, I genetically engineered A. stephensi to express a constitutively active 

variant of the mosquito AMP-activated protein kinase (AMPK), under the control of the 

midgut-specific carboxypeptidase (CP) promoter, to assess its impact on metabolism, 

fitness and P. falciparum resistance in A. stephensi. I hypothesized that increasing 

AMPK expression in the midgut will improve fitness in the mosquito via lifespan 

extension, while promoting parasite killing.   

 

1.1 Overview of AMPK 

AMPK is an evolutionarily conserved, heterotrimeric serine/threonine protein kinase, and 

part of a large family of protein kinases that transfer the terminal γ phosphate of 

adenosine triphosphate (ATP) to serine, threonine or tyrosine residues on proteins. 

AMPK is ubiquitously expressed in most, if not all mammalian tissues and serves as a 

key energy sensor in eukaryotic cells to maintain cellular energy homeostasis.13 AMPK 

responds to changes in cellular energy levels and a number of hormonal signals to 

maintain a constant level of ATP within the cell.  Broadly speaking, a decrease in cellular 
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energy activates AMPK, causing it to switch on catabolic adenosine triphosphate (ATP)-

producing pathways such as fatty acid oxidation and glycolysis, while switching off 

anabolic ATP-consuming pathways such as protein transcription and synthesis, fatty acid 

synthesis and cholesterol synthesis pathways, to restore energy balance.14  

1.1.1 AMPK Structure 

AMPK is a αβγ heterotrimer containing a catalytic alpha (α) subunit (~63kDa) and two 

regulatory subunits; a scaffolding beta (β) subunit (~30kDa) and a nucleotide binding 

gamma (γ) (~36kDa) subunit in a 1:1:1 molar ratio.15 While there are several isoforms of 

the three subunits in mammals; there are seven genes encoding AMPK: two isoforms of α 

(α1 and α2), two of β (β1 and β2), and three of γ (γ1, γ2 and γ3); only one of each subunit 

has been found in invertebrates such as Drosophila melanogaster.16 Orthologues of these 

subunits have been identified across different species including D. melanogaster, 

Caenorhabditis elegans, Saccharomyces cerevisiae, Arabidopsis thaliana, Toxoplasma 

gondii and Trypanosoma brucei.16-23 with the exception being Encephalitozoon cuniculi, 

an obligate parasite lacking mitochondria.24 In addition, orthologues have been found in 

plants, although they do not appear to be directly activated by AMP. This conservation 

implies that the ancestral form emerged at least a billion years ago.25    

1.1.2 AMPK α subunit 

 The α catalytic subunit consists of three functional domains: a conserved N-terminal 

protein kinase domain (KD) with the activation site (Threonine176), an adjacent regulatory 

C-terminus known as the autoinhibitory domain (AID) that represses AMPK activation 

and a subunit interacting domain (SID) binding to the γ subunit. It has a highly conserved 

serine/threonine kinase domain. In mammals, the expression levels of the different 
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isoforms of the α subunit vary between tissues and subcellular compartments. Both 

isoform α1 and α2 are encoded by two distinct genes, with 90% identity within the kinase 

domain (catalytic core) but only share 61% identify elsewhere,26 with exception to the 

terminal amino acids. They are predominantly localized in the cytosol, with α2 also 

localized in the nucleus.27 In mammals, AMPKα1 is ubiquitously expressed and its 

transcript found in many tissues including lung, kidney, tissue, brain and pancreas but at 

low levels, whereas AMPKα2 transcript is highly expressed in active tissues including 

skeletal and cardiac muscles.25,28 In addition to the functional domains, it was reported in 

D. melanogaster that the carboxy terminal amino acids of the α-subunit function as a 

leptomycin-B sensitive, CRM1-dependent nuclear export sequence (NES), and the loss of 

these amino acids increases AMPK nuclear localization via a Ran-dependent import 

pathway.29   

 

1.1.3 AMPK β subunit 

The regulatory β-subunit is made up of a subunit binding site (SBS) that interacts with 

the α and γ subunits and a glycogen binding domain (GBD), also known as carbohydrate 

binding motif (CBM). The SBS is said to form the core of the heterotrimeric AMPK 

complex, bridging the α and γ subunits. The CBM is a member of the isoamylase-N 

domain family and related to carbohydrate-binding domains usually found in enzymes 

that metabolize α-1-6 linkages in carbohydrates such as starch or glycogen, which 

localize those enzymes on their polysaccharide substrate.30  In mammals, there are two β 

isoforms, β1 and β2, and they display significant variation in their expression levels in 

different tissues. These are similar in size, with considerable variation in the N-terminal 
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region but greater than 70% amino acid identity in the remaining sequence. 31,32 β1 is 

highly expressed in liver with low expression in skeletal muscle, while β2 has the 

opposite pattern.35 Therefore, the AMPK β -CBM has been shown to mediate in part, 

AMPK binding to the surface of glycogen particles,33,34particularly in the case of β2 

isoform, whose CBM appears to have a higher affinity for glycogen than that in β1.35 

Glycogen binding provides a key link between AMPK and major cellular energy stores.  

The CBM of β1-subunit interacts with the N-lobe of the α-subunit KD, and reported to 

play a role in modulating subcellular localization through its phosphorylation and 

myristolation,36,37 so that the ability to bind to the beta-subunit might be critical for the 

catalytic alpha subunit to select its appropriate substrates. The N-terminal myristoylation 

of the B-subunit is reported to play two function in AMPK regulation. First, it localizes 

and suppresses activity; the removal of the myristoyl group resulted in a four-fold 

increase in AMPK activity and a wide distribution of AMPK in the cytoplasm.37,38 

Secondly, it mediates T172 phosphorylation resulting in maximal AMPK activation. The	

absence	 of	 myristoylation	 abolishes	 AMPK	 maximum	 phosphorylation	 and	

activation	by	AMP.38	 The	exact	mechanism	of	how	 the	myristoyl	 group	modulates	

activity	of	AMPK	directly	and	facilitates	allosteric	interactions	with	AMP	is	not	clear. 

There is a cleft between the β – CBM and the N-lobe of the alpha-subunit, which forms 

the binding site for various AMPK activators such as A769662 and 991.39 It is known to 

target isoforms of glycogen synthase in the muscle and liver of mammals, probable to co-

localize AMPK with them. 
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1.1.4 AMPK γ subunit 

The structural γ subunit of AMPK and its orthologs contain four tandem repeats at their 

C-terminal end known as cystathionine-beta-synthase (CBS) domains, numbered 1-4 

corresponding to their location in the amino acid sequence, and generates two Bateman 

domains formed by CBS1/CBS2 and CBS3/CBS4 respectively. These domains can bind 

AMP, ADP or ATP competitively.31 The 4 domains form a “flattened disk” with one 

CBS domain per quadrant, and the ligand binding sites in the center.14 In mammalian 

AMPK, only 3 of the CBS sites: 1, 3, and 4 are utilized. CBS 1 and 3 can bind either to 

AMP, ADP or ATP, whereas CBS 4 binds to AMP only. CBS 2 is not capable of 

nucleotide binding because it does not contain an aspartic residue that is required to bind 

to the ribose ring of adenine nucleotides, but rather arginine. However, it contains a 

pseudosubstrate sequence that is required for Acetyl-CoA carboxylase (ACC) 

phosphorylation, and in the absence of AMP, binds to SID of the α subunit. The AMP 

binding sites are so close that such a mutation of any of the sites reduces the effects of 

AMP on both T172 phosphorylation and allosteric activation.38 In cell culture, the 

truncation of any of the CBS sequences results in insolubility and AMPK inactivity.40 

The γ subunit plays a key role because it is responsible for the AMPK ability to detect a 

shift in energy levels.31 In mammals, there are 3 isoforms of the γ subunits. Their 

expression pattern varies dramatically between tissues. γ1 and γ2 are widely expressed in 

human tissues but γ3 is found highly expressed skeletal muscle. While it is assumed that 

occupancy of AMP on all three subunits is required to yield significant kinase activity, 

the activity differs with each isoform.28 In most tissues, over 80% of total kinase activity 

was attributed to γ2 isoform, with exception of the testis and the brain where all three 
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isoforms contribute equally. In mammals, no selective association was seen between α1 

and α2 isoforms and the various regulatory subunit isoforms (β or γ). With respect to how 

the different combination of complexes will respond to AMP; this largely depended on 

the nature of the γ and α subunit. α2 and γ1 complexes were more AMP dependent than 

other isoform complexes.27,28  

These subunits interact together to make a functional enzyme. As mentioned above, there 

is no selective association between the α, β, γ subunits.28,32 One study showed that 

without the α unit, β and γ unit still bind to each other, raising the question: do they have 

some cellular function independent of the ability to stimulate kinase activity.41 Co-

expression of all three subunit leads to a 50 -110 fold increase in kinase activity and 

increased cellular expression of the α subunit. Just like other multimeric protein 

complexes, the stability conferred by the regulatory subunits have been shown to play a 

role in diminishing the protein turnover, thereby, allowing for higher levels of 

expression.41 It is assumed that the roles of the different isoforms may be tissue-specific 

because of the marked difference in their expression patterns. However, in invertebrates, 

these different isoforms have not been detected. 

 

1.2 Activation of AMPK 

AMPK is an energy sensor in eukaryotic cells and functions to maintain cellular energy 

homeostasis. Under low energy conditions (low ATP/and high ADP-AMP levels) 

resulting from stresses such as low nutrients or prolonged exercise, AMPK is activated by 

an allosteric mechanism that stimulates its kinase activity (Figure 1). Liver kinase B1 

(LKB1), a constitutively active kinase complexed with STRADα and MO25α proteins, 
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activates AMPKα by phosphorylating a specific threonine residue (residue 172 on the α2 

subunit, residue 174 on the α1 subunit) on the activation loop in the kinase catalytic 

domain.42 LKB1’s ability to phosphorylate and activate AMPKα is dependent on 

conformational changes in AMPK. Two other kinases, calmodulin-dependent kinase 

kinase (CamKK) and transforming growth factor (TGF)-β-activated kinase-1 have also 

been identified as kinases to phosphorylate T172 on the AMPKα subunit. The active site 

of the kinase domain forms a cleft between the 2 lobes, similar to the structure of cyclic 

AMP-dependent protein kinase/Protein Kinase A (PKA).43 The inactive form adopts an 

open conformation, which makes the activation loop more accessible for protein 

phosphatases. Conversely, a closed conformation blocks protein phosphatase from 

accessing the phosphorylated residue in the activation loop. 44,45
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Figure 1.0: Activation & Inactivation of AMPK. Phosphorylation of the heterotrimeric 

AMPK during stress/low energy condition results in an active kinase complex. Increase 

in energy result in the dephosphorylation of the Thr172 in the kinase domain, returning the 

protein to an inactive state.  
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Before the identification of upstream kinases, AMP was reported to promote 

phosphorylation.46 The binding of AMP/ADP to CBS-3 of the γ-subunit serves as an 

on/off switch for AMPK activity by affecting the phosphorylation state of the kinase, 

while AMP binding to CBS 1 acts as an allosteric activity amplifier.45  When AMP binds 

to the γ-subunit, it induces a conformational change which leads to activation of its 

catalytic activity via the following: a) detachment of the regulatory subunits and the AID 

from the KD of the α-subunit b) exposing the activation site to phosphorylation by 

upstream kinases, while preventing its dephosphorylation by protein phosphatases and c) 

allosteric activation of catalytic activity independent of the phosphorylation state of the 

kinase domain.45-47 It was also reported that in addition to AMP, ADP binding enhances 

T172 phosphorylation by upstream kinases and also prevented dephosphorylation by 

protein phosphatases.38,45,48 It was earlier assumed that ADP, not AMP was the 

physiological signal that enhances net Thr172 phosphorylation,49 especially, since it was 

found that cellular ADP concentrations are usually higher than AMP. However, recent 

structural data suggest that ADP only binds at one of two exchangeable CBS binding 

sites (site 3), which is only capable of protecting AMPK from dephosphorylation.45 Also, 

Gowan et al. 2012 confirms that while dephosphorylation of T172 by protein phosphatases 

is inhibited by both ADP and AMP; AMP is 10 times more potent than ADP, and 

allosteric activation is brought only by AMP.50 This confirms AMP as the main 

physiological activator of AMPK.  

 

With respect to allosteric activation of AMPK, it is unclear how the binding of AMP to 

CBS-1 allosterically activates AMPK, but this allosteric regulation results in a much less 
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effect than the phosphorylation of the activation site. In addition to CBS 1, the interaction 

with CBS 3 and 4 are needed because mutations to these sites affect AMP’s allosteric 

activation of AMPK.38 The binding of AMP to CBS 3 controls AMPK phosphorylation 

by limiting dephosphorylation, possibly through the interaction between the bound 

AMP/ADP and a region of the alpha subunit known as the alpha-hook.45,50 The alpha-

hook is a small region between amino acids 373 – 382 on the alpha subunit, that links the 

N-terminal KD to the C-terminal regulatory fragment.39,45 The hook makes a lid over the 

nucleotide-binding site. In the presence of AMP or ADP but not ATP, the alpha hook 

region binds to CBS 3, and acting to restrict the flexibility of the preceding alpha linker 

region (a.as 300 – 370), and as such, promotes the interaction of the kinase domain with 

the regulatory fragment. In addition, the AID is connected to the C-terminal domain by 

the alpha-hook, and when AMP binds to CBS 3, it pulls the AID away from the 

inhibitory position.51 

1.2.1 Generation of a constitutively active AMPK 

Several constitutively active mutants of AMPK have been generated and investigated. 

Generating a constitutively active AMPK ranges from isolating the kinase domain only 

and mutating T172 to aspartic acid (AMPKα1 1-312T172D),52-54 removal of the AID only 

from the AMPKα1,55 mutation of histidine150 to arginine in the γ1 subunit of AMPK,56 

or mutation of arginine 302 to glutamine in γ2 subunit.57 AMPKα1 1-312T172D lacks both 

the AID and SDS regions abolishing the binding of the β/γ subunits, inhibiting self-

kinase activity and increasing protein expression.52 In addition, the removal of the AID 

and SBS regions increases the half-life of the protein 4-fold, possibly due to a decrease in 

their degradation rates.52 The α subunit is reported to have a rapid turnover when it is 
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expressed as a monomer as compared to expressing it a constitutively kinase domain. Co-

expression or binding to the β/γ subunits stabilizes the alpha subunit and results in 

increased expression and decreased turnover.52 Without the mutation of T172, the isolated 

KD (α11-312) requires the phosphorylation of the activation site T172 for enzyme activity; 

however, this is independent of the allosteric activator, AMP. For some kinases, 

including AMPK, the replacement of the phosphate acceptor site by a negatively charged 

amino acid such as aspartic acid can cancel the requirement for phosphorylation.58 In 

mammalian cells, the mutation of T172 to aspartic acid (T172D mutant) resulted in a 

partially active enzyme (33% as active as wild type) that is almost completely resistant to 

treatment with protein phosphatases, allowing it to operate as a constitutively active 

enzyme.54 Also, the expression of the AMPKα1 1-312T172D had no significant effect on 

the expression of endogenous AMPK. Although it is reported that maximum activity of 

AMPK requires all three subunits,41 a significant increase in AMPK activity was seen 

with T172D mutant, and it was greater than that detected in cells treated with the activator 

AICAR.53 

 

1.2.2 AMPK Autoinhibition 

In the alpha subunit the AMPK kinase domain is followed by a highly conserved 

autoinhibitory domain, a small 48 amino acid domain that inhibits kinase activity 

approximately tenfold.52 It was initially reported that the pseudosubstrate sequence seen 

in CBS 2 motif of the gamma subunits inhibits the kinase domain on the alpha subunit in 

the absence of AMP, and the binding of AMPK prevents the inhibition.59 However, 

further investigations into the KD-AID structure of Saccharoymces species and mammals 
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revealed that the inhibition of AMPK kinase activity is due to the AID interaction. When 

AMPK is not activated (i.e. when AMP is not bound to the gamma subunit), the AID 

binds to both the N- and C-lobes of the KD, maintaining the kinase domain in a relatively 

“open” inactive conformation. The “open conformation” opens up the activation site, 

threonine172 to protein phosphatases, resulting in the inhibition of its kinase activity. 

When activated, the AID undergoes a major rotation away from the KD, which leaves it 

interacting with the gamma subunit rather than with the N- and C- lobes of the kinase 

domain. The mutation of interface residues in either the KD or AID, made AMPK 

constitutively active60,51 and likewise, mutations of residues in the AID-gamma subunit 

interacting interface makes AMPK constitutively inactive.61 In addition, removal of the 

AID residues results in mammalian AMPK alpha 1 and 2 being constitutively active.62 It 

has also been suggested that AID interaction may also play a role in facilitating the 

dephosphorylation of Thr172.60 

 

1.3 Pharmacological Activation of AMPK 

A wide selection of compounds can be used to activate AMPK in vivo and in vitro. Some 

of these compounds directly interact with one or more of the AMPK subunits, while 

others act indirectly through the metabolic and signaling pathways. These activators can 

be classified based on their mode of action. The first group which includes drugs such as 

metformin and oligomycin, inhibits the respiratory chain at complex 1, III or V, and 

therefore inhibits mitochondrial ATP suggesting that they activate AMPK indirectly by 

increasing cellular ADP/ATP or AMP/ATP ratios.63,64 The next group of activators 

includes the widely used compound 5-aminoimidazole-4-carboxamide ribonucleoside 
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(AICAR). This is a nucleoside that is taken up into the cells and converted to ZMP, an 

AMP analog that mimics the effects of AMP to activate AMPK, although it is less potent 

than AMP.65 C13 is another member of this group, which is taken up by cells and 

converted by cellular esterases to C2 (AMP analog), which is more potent as an allosteric 

activator of AMPK than AMP and much more potent than ZMP. However, this has been 

found to work only for α1, and not α2 AMPK complexes. An additional group comprises 

those that bind directly to AMPK at sites different from the AMP binding sites. An 

example of the latter is A-769662, which was developed from the thienopyridone A-

592017, and selectively activates β1 complexes. Research shows that it did not increase 

cellular ADP/ATP or AMP/ATP ratios, nor displace AMP from its binding sites on the γ 

subunit, suggesting that it binds to a different site. However, it mimics both effects of 

AMP, namely allosteric activation and protection against Thr172 dephosphorylation.66,67 

Another example is the salicylates, a plant product which binds at the same site as A-

769662.68 

 

The last group includes 6-chloro-5-[4-(1-hydroxycyclobutyl)phenyl]-1H-indole-3-

carboxylic acid (PF-06409577) which increases AMPK activity through promoting the 

phosphorylation of the T172 residue.69 Most of these activators have been shown to 

activate AMPK, either in intact cells and/or in vivo, and their action independent of 

upstream kinases. However, one caveat of using these molecules to induce AMPK is the 

possible lack of specificity for AMPK, coupled with unfavorable pharmacokinetic 

properties. An example is AICAR, with a short half-life and poor bioavailability after 

intravenous administration and oral ingestion respectively,70 and the ability to interact 
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with non-target enzymes.  In addition to the aforementioned activators, there are 

numerous naturally occurring compounds and phytochemicals that have been shown to 

activate AMPK such as the polyphenols. Their mechanism is similar to that of 

Metformin, which results in the elevation of AMP levels, because most of these 

polyphenols are known to inhibit mitochondrial ATP production.71 

 

1.4 AMPK and Metabolism 

Any metabolic stress that decreases ATP production or increases ATP consumption will 

result in a shift in the cellular AMP/ATP ratio, and therefore, AMPK activation. In such 

instances, AMPK will affect downstream metabolic pathways by switching off energy-

consuming processes such as the synthesis of macromolecules including proteins, fatty 

acids, lipids, cholesterol and glycogen72-76 and stimulating ATP or energy-producing 

pathways such as fatty acid oxidation, glucose uptake, glycolysis and mitochondrial 

biogenesis,77-79 thus restoring energy balance. 

 

1.4.1 Glucose Metabolism: Glucose is the major cellular energy source in vertebrates 

and invertebrates and its homeostasis is regulated by a number of ways such as the rate of 

glucose uptake, glycolytic rate, glycogen metabolism and gluconeogenesis. In skeletal 

and heart muscles, AMPK activation in response to stress stimulates glucose transport 

and uptake by promoting the redistribution of GLUT4 from the intracellular compartment 

to the cell surface.80 This process increases intracellular glucose-6-phosphate (G6P), 

which is used for glycogen synthesis and also metabolized in the glycolytic pathway to 

generate ATP.   
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Increased AMPK activity can also promote glucose uptake via phosphorylation of Rab 

GTPases (GTP-bound Rab-proteins) TBC1D1 and TBC1D4 (also known as AKT 

substrate of 160kDa or AS160), associated with 14-3-3 proteins promoting GLUT4 

vesicle recycling, and increasing the sensitivity of the cell to insulin. AMPK 

phosphorylates insulin receptor substrate-1 (IRS-1) on S789 in vitro. This prevents the 

inhibitory phosphorylation of IRS-1 by JNK, IKK and S6K. In addition, it stimulates 

downstream activation of the Akt/AS160 pathway.81,82  

 

1.4.2 Glycogen Metabolism 

Insects store energy reserves in the form of glycogen in adipocytes, the main fat body 

cell.  The glycogen is readily degraded on demand to be used as glycolytic fuel. 

Glycogen homeostasis is maintained by the enzyme glycogen synthase (GS). First, G-6-P 

is converted to uridine diphosphate (UDP). The glycosyl moiety from UDP glucose is 

then used to elongate a growing glycogen chain through alpha-1,4-glycosidic bonds by 

the action of glycogen synthase (GS).83 AMPK phosphorylates GS at Ser8 in mammals 

causing its inactivation and decreasing its enzymatic activities,77,84 with consequent 

reduction of glycogen synthesis, and thereby, a reduction in glycogen levels. Similar 

results were reported in invertebrates; AMPK activation via AICAR administration 

decreased glycogen content in mosquitoes and flies.85  

Contrary to the norm, one study has shown that chronic activation of AMPK may 

increase glycogen stores or glycogen synthesis in a cell specific manner (skeletal and 

cardiac muscles). This is due to the probability that prolonged increases in AMPK 

activity increases glucose transport and subsequent accumulation of intracellular G6P, 
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leading to allosteric activation of GS. This overrides the direct inhibitory effect of AMPK 

on GS and results in a net increase in GS activity and excess glycogen storage in 

muscles.84,86 This suggests that AMPK may have both an inhibitory and stimulatory 

effect on glycogen synthesis, dependent on the level of AMPK activation.  

 

1.4.3 Lipid Metabolism 

In addition to glycogen, insects store energy reserves in the form of triglycerides in 

adipocytes. Lipid metabolism is essential for growth and reproduction, and provides the 

energy needed during extended non-feeding periods. Lipogenesis in the fat body is 

similar to that of mammalian tissues.87 In mammals, AMPK acts as a core regulator of fat 

metabolism; it influences the uptake and synthesis of fatty acids and the breakdown of 

fatty acids to acetyl-CoA. Following the administration of AICAR, AMPK was shown to 

stimulate fatty acid uptake, but the mechanism is unclear.88 It is suggested that when fatty 

acid gets into the cell, they are converted to active fatty acyl-CoA, which can either be 

stored or broken down to acetyl-CoA via the mitochondrial beta-oxidation pathway. 

Acetyl-coenzyme A carboxylase (ACC) is a key regulatory enzyme in the fatty acid 

synthetic pathway and catalyzes the conversion of acetyl-CoA to malonyl-CoA. AMPK 

phosphorylates ACC, inhibiting its activity, and.it was one of the first AMPK substrates 

identified. Malonyl-CoA is an intermediate substrate for fatty acid synthesis and also 

inhibits carnitine palmitoyltransferase 1 (CPT1), an enzyme that regulates fatty acid 

transport into the mitochondrion for oxidation. When AMPK inhibits ACC, it also 

decreases the malonyl-CoA activity on CPT1, increases the transport of fatty acid into the 

mitochondrion and thus, the breakdown of fatty acid by inhibiting ACC and fatty acid 
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synthase (FAS), AMPK can also inhibit sterol synthesis and lipogenesis.89,14 In addition, 

activated AMPK can directly phosphorylate and inhibit sterol regulatory element-binding 

protein (SREBP), suppressing lipogenesis.76 In Drosophila, AMPK has been shown to 

regulate lipid homeostasis via Drosophila protein phosphatase V (PpV) inhibition.90 In 

Aedes aegypti, AMPK activation via feeding with restravatrol or AICAR also decreased 

the total triglyceride contents in the mosquitoes.91  

 

1.4.4 Protein Synthesis 

The synthesis of proteins is an energy consuming process. When AMPK is activated, it 

inhibits protein synthesis in a number of ways. A key regulator of protein metabolism is 

the mammalian target of rapamycin (mTOR). At the molecular level, TOR signaling 

regulates general protein synthesis, cell growth and anabolism. In nutrient-rich 

conditions, TOR kinase activity is stimulated, allowing for phosphorylation of S6 kinase 

(S6K).92 Concurrently, mTOR also phosphorylates 4E-binding protein (4E-BP1), 

allowing the formation of translation-initiation complexes.74 Additionally, mTOR inhibits 

autophagy-related gene (Atg13/Atg1) complex,93 suppressing autophagy. In nutrient-poor 

conditions or energetic stress in mammals, AMPK inhibits protein synthesis via i) 

increased phosphorylation of eEF-2-kinase and subsequent inhibition of eEF-2 and 

translational processes,94 ii) phosphorylation of tuberous sclerosis protein (TSC2), 

inhibiting Rheb activity, and resulting in decreased activation of the mTOR complex,73 

and iii) direct phosphorylation of Raptor, the binding partner of mTOR, resulting in its 

binding to 14-3-3 proteins and excluding it from the mTOR complex.95 The activation of 

AMPK, suppresses mTOR kinase activity, resulting in decreased S6K phosphorylation 
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and increased translational inhibition by 4E-BP complex, and therefore, an overall 

decrease in protein synthesis. A similar signal transduction pathway composed of AMPK, 

TSC2, and mTOR was observed in invertebrates: AMPK was shown to phosphorylate 

Gigas or dTSC2, Drosophila homology of TSC2 in vitro.96 

 

1.5 AMPK and Aging 

In addition to maintaining cellular energy levels, in model invertebrates and mammals, 

increased AMPK activity has been linked to increased survival. Several studies have 

reported an extension in lifespan with increased AMPK activity. In mice, Drosophila and 

C. elegans, increases in AMPK via feeding with polyphenol resveratrol extended 

lifespan, and similar result was also reported with Ae. aegypti mosquitoes.91,97,98 In mice, 

administering Metformin, a potent AMPK activator, extended lifespan.99 The lifespan 

effect via drug administration seems to be dependent on dosage, as feeding high dosage 

of metformin to Drosophila increased AMPK activation and phosphorylation but 

conversely, shortened their lifespan.100  

 

In Drosophila, increased AMPK activity in several tissues via direct gene manipulation, 

including the nervous system, intestine, fat body and muscles resulted in lifespan 

extension, indicating that the phenotype may not be tissue-dependent.9,101 Overexpression 

of the AMPK activator human tumor suppressor (lkb1), an upstream kinase of AMPK in 

Drosophila, led to increased lifespan.102 In contrast, the deletion of AMPK β or γ 

orthologs (Alicorn, Snf4ay) resulted in “aging-like” neurodegeneration phenotypes and 

early death.103,104 A similar trend was also reported in the nematode, Caenorhabdtis 
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elegans. Increasing the expression of AMPK catalytic subunit (aak-2) or a constitutively 

active mutant form of AMPK-γ2 in C. elegans increased lifespan.19, 105 In addition, 

environmental stress that increases the AMP:ATP ratio has also been shown to extend 

lifespan in an aak-2 dependent manner. Likewise, reducing glycolysis and glucose 

metabolism via feeding C. elegans 2-deoxy-D-glucose increased lifespan in an aak-2 

dependent manner.106 The mechanisms for this are still unclear.  

 

Pathways that have been directly implicated in lifespan extension by AMPK include lipid 

metabolism, TOR, rIIS/FOXO, Sirtuins and CRTCs, and most of the evidence comes 

from mammalian cell culture experiments.105,107-110 It has been suggested that resveratrol 

extends lifespan by directly stimulating the NAD-dependent deacetylase Sir2 activity,107 

and AMPK has been shown to activate Sir2p directly by altering the NAD:NADH ratio, 

an interaction that is critical for maintaining energy homeostasis.107 AMPK also acts 

downstream of SirT1 as seen in mice lacking SirTI.111 They showed moderate activation 

of AMPK when fed with either resveratrol or AICAR, suggesting a possible relationship 

between AMPK and Sir2p. The switch in energy usage from glucose to lipid in skeletal 

muscles was shown to be mediated in part by SirTI promoting mitochondrial biogenesis 

and gene expression via PGC-1 alpha in an AMPK dependent manner.112 With respect to 

FOXO, AMPK has been shown to directly phosphorylate members of the FOXO/DAF-16 

family in mammals and C. elegans respectively.105,113 Also, the longevity effect of IIS in 

C. elegans was shown to be dependent on aak-2,19 and DAF16 is required for lifespan 

extension via activating mutations in the AMPK γ subunit in C. elegans.105  
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In C. elegans, Drosophila and mice, down-regulation of the TOR pathway prolongs 

lifespan.114 AMPK is an upstream suppressor of TOR, inhibiting TOR signaling via 

phosphorylation of TSC2, an upstream inhibitor of TORC173 or directly inhibit TORC1 

via the phosphorylation of raptor.95 But AMPK has also been shown to be phosphorylated 

downstream by the TORC1 target, S6K, making it a substrate for mTOR-p70S6 

kinase.115 As in the case of SirTi, mTOR and AMPK seem to co-regulate each other. The 

impact of AMPK on longevity has also been linked to its role in mitochondrial biogenesis 

via its action on peroxisome proliferator-activated receptor gamma coactivator-1-alpha 

(PGC-1α),11 autophagy via its action on autophagy-related genes,91 and lipid 

metabolism76,90. The feedback regulation and crosstalk between the different pathways 

show that the link between AMPK and lifespan extension is not a simple or linear one.  

 

1.6 AMPK and Immunity 

Many intercellular pathogens actively manipulate host cellular metabolism as a strategy 

to produce optimal conditions for proliferation. The role of AMPK as a key regulator of 

cellular energy, and its involvement in the regulation of autophagy, makes it a logical 

target for manipulation by pathogens to enhance their development. Some pathogens such 

as Mycobacterium, Leishmania, human cytomegalovirus, vaccinia and simian 

vacuolating virus 40 induce AMPK activity, while others, such hepatitis C virus and 

rodent malaria parasites suppress AMPK activity,116 depending on their specific energy 

requirements. AMPK activity has been reported to produce both beneficial and 

detrimental effects in infection; however, most of the mechanisms behind these effects 

are indirect. Increasing AMPK activity favor some pathogen proliferation via its role in 
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the modulation of key glycolytic enzymes producing ATP, and also the inhibition of host 

autophagy, preventing parasite elimination.117 On the other hand, it induces the 

phosphorylation of substrates that block ATP-consuming pathways, such as fatty acid and 

protein synthesis, disfavoring some pathogen replication.  

 

AMPK has been reported to be involved in flavivirus infection through regulation of lipid 

metabolism, where its activation positively regulates fatty acid oxidation, while 

negatively regulating lipid synthesis.  Some studies has shown that activation of AMPK 

impairs viral replication,118-120   and another reports an increase in dengue virus 

infection.121 Dengue virus has been reported to stimulate AMPK activation so as to 

induce the degradation of intracellular lipid droplets via autophagy, and by so doing 

release free fatty acids required for efficient viral replication.91,121  

 

Similar trends have also been reported in bacterial infections, but the effect may be 

dependent on the host species. Increased AMPK signaling enhanced the proliferation of 

Legionella pneumophila, a respiratory pathogen, in Dicytostelium cells,122 but suppresses 

the bacteria in a murine model.123 Metformin and AICAR, activators of AMPK, inhibit 

the growth of Pseudomonas aeruginosa, an opportunistic pathogen of the airway.124  

Among parasites, an increase in host AMPK activity was shown to impair the 

intracellular replication of the liver stage of the rodent malaria parasite, P. berghei.116 The 

knock-out of both AMPKα 1 & 2 subunits resulted in an increase in parasite size (hepatic 

schizonts) in vitro. Conversely, in vitro expression of a constitutively active form of 

AMPKα 1 subunit decreased P. berhei growth evidenced by smaller hepatic schizonts.  A 
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decrease in parasitaemia was also seen when mice were administered salicylate, an 

AMPK agonist. These studies confirm AMPK role in host-pathogen interactions.   

 

1.7 Aims of this Dissertation  

AMPK is involved in many physiological processes in living organisms including 

metabolism, lifespan, and immunity as discussed above. In addition, AMPK has been 

shown to be a key regulator of mitochondrial dynamics (mitochondrial biogenesis and 

mitophagy). Several studies suggest that maintaining optimal mitochondrial dynamics, a 

balance between production of new mitochondria and clearance of damaged ones through 

mitophagy, improves midgut epithelia stem cell differentiation, increases fitness, and 

enhances P. falciparum resistance. These functions of AMPK led to the focus of my 

thesis works as described in the chapters below.  

 Increased AMPK activity has been associated with improved mitochondrial health, 

lifespan extension and a reduction in intracellular growth and replication of different 

Plasmodium species. Therefore, I hypothesized that increasing AMPK expression in the 

midgut of the An. stephensi mosquito will improve fitness via lifespan extension, while 

promoting parasite killing.  In Chapter 2, I explored the effect of AMPK on metabolism, 

lifespan and reproduction. We showed that overexpressing a constitutively active form of 

AMPK alpha in the midgut of A. stephensi mosquitoes resulted in no lifespan extension, 

but an overall decrease in fecundity. Additionally, it led to a decrease in in macronutrient 

stores. In chapter 3, we examined the effect of overexpressing AMPK in the midgut on 

immunity by looking at resistance to P. falciparum and how the transgenic mosquitoes 

responded to stress via bacterial challenge. Our results show that the TG. A. stephensi 
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mosquitoes were more resistant to the P. falciparum parasite compared to the NTG 

controls. However, the transgene did not confer any survival advantage to the mosquitoes 

when challenged with bacterial infection.  
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Chapter 2 

EFFECT OF AMPK OVEREXPRESSION IN THE MIDGUT OF ANOPHELES 

STEPHENSI ON METABOLISM AND FITNESS  

 2.1 Abstract   

Mitochondrial integrity and homeostasis in the midgut are key factors in 

maintaining mosquito fitness and immunity. Therefore, targeting genes that influence 

mitochondrial dynamics could be a viable strategy for manipulating these traits in the 

mosquito and controlling mosquito-borne diseases such as malaria. AMP-activated 

protein kinase (AMPK), a highly conserved energy sensor in eukaryotes, has been shown 

to regulate aging and energy levels by maintaining optimal mitochondrial quality in the 

cell. When activated, AMPK inhibits anabolic pathways that consume ATP and activates 

catabolic processes that produce ATP. We investigated the role of increased AMPK 

expression in regulating metabolism and fitness in the Asian malaria mosquito Anopheles 

stephensi by creating a transgenic (TG) line expressing active AMPK specifically in the 

midgut. Our results show no evidence of enhanced survival in either hemizygous or 

homozygous TG lines. However, egg production was significantly reduced in 

homozygous mosquitoes. In addition, we observed a decrease in glycogen stores 24 h 

after the consumption of a blood meal in the homozygous mosquitoes relative to control 

mosquitoes, indicating that this stored energy is utilized in response to AMPK activation. 

This work identifies midgut AMPK activity as an important regulator of metabolism and 

reproduction. Its role in reproduction may also serve as a target for disruption of 

mosquito vector populations.     
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2.2 Introduction  
 

Over the last decade, several studies have examined the possibility of generating 

mosquitoes that block parasite development through the manipulation of key signaling 

cascades that regulates immunity and fitness especially the insulin/insulin growth factor 

signaling (IIS).4,5 The overexpression of Akt in the A. stephensi midgut resulted in over a 

95% reduction in Plasmodium falciparum parasite development in hemizygous lines and 

completely blocked their development in homozygous mosquitoes. Resistance was 

achieved in part by the suppression of autophagy-related genes, resulting in the 

accumulation of dysfunctional mitochondria and toxic reactive nitrogen and oxygen 

species (RNOS).4 The high NO/ROS levels created a feedback mechanism sufficient to 

kill the Plasmodium parasites, but it also damaged the midgut and shortened the mosquito 

lifespan.  

Additionally, overexpression of PTEN, an IIS antagonist, in the midgut resulted in 

increased lifespan, increased autophagy and enhanced expression of markers of epithelial 

renewal with enhanced parasite resistance.5 Further works revealed optimal 

mitochondrial biogenesis, oxidative phosphorylation (OXPHOS), and autophagy, all of 

which are necessary for maintaining midgut stem cell (MSC) homeostasis, resulting in 

enhanced epithelial barrier integrity.5   

These studies suggest that several physiologies are mediated, at least in part, 

through mitochondrial dynamics, including activities such as mitochondrial biogenesis, 

clearance of damaged mitochondria through mitophagy, and bioenergetics. Therefore, 

maintaining optimal mitochondrial dynamics, a balance between the production of new 

mitochondria and clearance of damaged ones through mitophagy, may be key to 
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improving mosquito fitness and enhancing P. falciparum resistance.6,7 As such, key 

mitochondrial processes such as mitochondrial biogenesis, mitophagy or oxidative 

phosphorylation (OXPHOS) can be targeted to enhance mosquito fitness and anti-parasite 

resistance for improved malaria control strategies.   

AMP-activated protein kinase (AMPK), is a ubiquitous energy sensor and a major 

regulator of energy homeostasis in cells. It plays a critical role in maintaining 

mitochondrial homeostasis by improving mitochondrial biogenesis through the 

phosphorylation of PGC1α, and mitophagy through phosphorylation of autophagy-related 

genes (atgs).8-10 In mammalian systems, AMPK stimulation switches off anabolic 

processes that consume ATP, such as glycogen, protein, and fatty acids synthesis, and 

activates catabolic processes that produce ATP, such as glycolysis and fatty acid 

oxidation.8 AMPK activation leads to the inhibition of glycogen synthase and activation 

of PFK2, reducing glycogen synthesis and increasing glycogenolysis respectively. It 

phosphorylates Acetyl CoA Carboxylase 1 and 2 (ACC1/2), switching off FA synthesis 

and switching on FA oxidation respectively. 8,11 AMPK is also a negative regulator of 

protein synthesis through its phosphorylation of several enzymes that control this process. 

In vertebrates, activation of AMPK was associated with an increase in eukaryotic 

elongation factor-2 (eEF2) phosphorylation, rendering it inactive, and decreased 

phosphorylation of 4E-BP1.12 In addition, AMPK activation of mTOR either by direct or 

indirect phosphorylation inhibited protein synthesis.8  

AMPK plays a major role in the aging process through its ability to regulate 

several physiological pathways implicated in lifespan extension such as lipid metabolism, 

autophagy, mitochondrial health, TOR signaling, and insulin signaling. In the nematode, 



	 54	

Caenorhabditis elegans, increased expression of the AMPK catalytic subunit, aak-2, 

increases lifespan.13,14 Similarly, in Drosophila melanogaster, muscle-, fat-body or 

neuron-specific upregulation of AMPK extended lifespan.15,16 In mosquitoes, feeding 

Aedes aegypti polyphenol-rich diets, known to activate AMPK, enhanced the lifespan of 

the mosquito.17 Finally, dietary restriction, which leads to lifespan extension in a wide 

range of organisms, has been linked to AMPK in some studies.18,19 Based on these results 

and the conserved nature of AMPK in eukaryotes we predicted that overexpressing an 

active AMPK in the mosquito midgut would improve the fitness of A. stephensi  by 

promoting lifespan extension, while also enhancing Plasmodium resistance. In this study, 

we genetically engineered A. stephensi to express a constitutively active AMPK alpha 

subunit under the control of the midgut-specific carboxypeptidase (CP) promoter, to 

examine its impact on mosquito metabolism and fitness. Our results show that AMPK 

activation plays a role in energy metabolism and reproduction in A. stephensi, but had no 

observable effect on lifespan.  

 

2.3 Materials and Methods  

2.3.1 Mosquito rearing      

Anopheles stephensi (Liston) mosquitoes were reared as described previously.4 Briefly, 

larval mosquitoes were fed ground cat food pellets (Purina One). Adult mosquitoes were 

fed ad libitum on a 10% sucrose solution provided via cotton balls that were replaced 

daily. Human blood (American Red Cross; IBC protocol 2010-014) was warmed to 37oC 

and used for colony maintenance and blood feeding experiments via artificial membrane 

feeders. During each generation, hemizygous transgenic (TG) mosquitoes were 
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outcrossed with wild-type (wt) colony mosquitoes to enhance genetic diversity and 

minimize fitness effects. This resulted in a 50:50 mix of hemizygous TG and non-

transgenic (NTG) sibling mosquitoes reared under identical conditions. To select 

homozygous lines, hemizygous TG males and females from the same line were allowed 

to mate, and then bloodfed. Immediately following eclosion, several mating pairs of the 

F1 generation (one TG F1 virgin female and one TG F1 male) were set up. TG and NTG 

mosquitoes were separated at the pupal stage using an Olympus SZX10 fluorescent 

stereomicroscope (Olympus, Tokyo, Japan) with enhanced green fluorescent protein 

(eGFP) filters for differentiating TG from NTG.  

To confirm that the mosquitoes were homozygous, we crossed a homozygous-TG 

males and virgin NTG females. Because GFP marker is dominant, all individuals in the 

offspring population should carry GFP. For feeding experiments, engorged females were 

separated immediately after blood feeding from unfed and partially fed mosquitoes and 

maintained on 10% sucrose. Females used for post-oviposition studies were transferred 

48h post-blood meal to a new container and allowed to oviposit on moistened filter 

papers overnight.   

 

2.3.2 Generating the CP-HA- dAMPKαT176D transgenic line      

We generated the CP-HA-dAMPKαT176D A. stephensi line that expressed a constitutively 

active form of AMPKα subunit by modifying the alpha subunit of AMPK as follows. The 

A. gambiae carboxypeptidase (CP) promoter was provided by Dr. Luciano Moreira,20 

modified to remove the signal peptide, start methionine and Kozak consensus sequence, 

and ligated into the phsp-pBac shuttle plasmid along with an SV40 3’ UTR as described 
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in Corby-Harris (2010).4 The kinase domain of the AMPKα catalytic subunit was isolated 

with A. stephensi specific primers, AsteAMPKα  (Suppl Table 1).  Site-directed 

mutagenesis was used to modify Thr176, a key AMPK phosphorylation site, to aspartic 

acid (Asp176) as described by Crute et al. (1998).21 Briefly, complementary primers 

spanning the residue (Thr176) to be mutated were synthesized and used to amplify A. 

stephensi cDNA from previously isolated full length AMPKα gene by PCR (Fig 1).  Two 

rounds of amplification were performed. The first amplification involved two separate 

reactions (1 & 2) using primers AsteAMPKα A and B & primers AsteAMPKα C and D 

(Suppl Table 1) respectively as shown in Fig. 1A. The second amplification was carried 

out by combining products from reactions 1 and 2 as templates with primers A and D to 

amplify the full-length cDNA containing the relevant mutation as shown in Fig. 1B 

producing the final PCR product with the mutation (Fig. 1C). This mutation mimics the 

effect of a phosphorylated amino acid and therefore removes the requirement for 

phosphorylation at Thr176 and giving rise to a partially active enzyme. A similar 

construct for mammalian AMPK used in previous studies, was resistant to protein 

phosphatases and was sufficient to maintain increased AMPK activity in tissues.22,23 A 

Notl restriction site, Kozak consensus sequence (CCAACCATGG) and an HA-epitope 

(YPYDVPDYA) were added to the N-terminus and a Sal1 restriction site added to the C-

terminus, to facilitate ligation into the CP-SV40 shuttle vector, enhance expression, and 

facilitate protein detection.  This construct (HA- AMPKαT176D) was ligated to the phsp-

pBac shuttle containing the CP promoter and SV40 3’ UTR using 5’ Notl and 3’ SaII 

restriction sites. Finally, the CP-HA-dAMPKαT176D-SV40 construct was ligated into the 

pBac[3XP3-eGFPafm] vector via an Ascl restriction site to generate the final construct, 
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pBac[3XP3-eGPFafm]CP-HA-dAMPKαT176D (Fig 2) for injection into A. stephensi 

embryos by the University of Maryland Biotechnology Institute-Insect Transformation 

Facility (UMBI-ITF). All generated cDNAs, plasmids and final constructs were 

sequenced to verify the predicted modifications and to ensure that unintended PCR 

mutations were not present.  

 

2.3.3 Genomic insertion site identification 

Transgene insertion sites in the mosquito genome were identified by inverse PCR 

following the protocol of Bucholz et al. (Exelsis, Inc., South, San Francisco, CA, USA; 

(http://flystocks.bio.indiana.edu/pdfs/Exel_links/5_fly_iPCR_piggyBac_pub.pdf)24 with 

minor modifications. Genomic DNA was extracted from 15 AMPKαT176D pupae using the 

DNeasy Tissue kit (Qiagen, Germantown, MD, USA,) and treated with RNaseA  

(ThermoFisher Scientific, Waltham, MA, USA)  according to the manufacturer’s 

instructions. The extracted DNA was digested with Mbol (Fermentas, Waltham, MA) at 

37oC for 2 hours, followed by a 20 minute inactivation at 65oC. The digested DNA was 

re-ligated at room temperature for 10 minutes using T4 DNA ligase (NEB,Ipswich, MA) 

according to the manufacturer’s instructions to generate circular DNA and amplified by 

inverse nested PCR. PCR amplification was performed using two sets of nested primers: 

Set 1 - 5F1 and 5R1; Set 2 - 5F2 and 5R2 (Suppl Table 1). PCR cycling conditions were 

95°C for 4 minutes, 35 cycles at 95°C for 30 seconds, 55°C for 1 minute, 72°C for 2 

minutes, followed by a final extension at 72°C for 10 minutes. The final PCR product 

was purified and submitted for sequencing using the primers pB-5SEQ and 5R2 , 5F2 and 

pB-3SEQ (Suppl Table 1).  
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2.3.4 Expression analysis of the HA-AMPKαT176D transcript and protein  

Midgut and carcasses (whole body minus midgut) were collected from five 3-5 d 

TG and NTG mosquitoes prior blood feeding (NBF) and 12, 24, 48, and 72 hours post 

blood meal (PBM).  In addition, the various developmental stages, 2nd and 4th instar 

larvae, pupa and adult 3-5 day old males and females were collected. All samples were 

stored at −80°C in either RNAlater (Life Technologies, Grand Island, NY, USA) prior 

RNA isolation or a 10X solution of Complete protease/PhosStop phosphatase inhibitors 

(Roche Diagnostics, Indianapolis, IN, USA) prior to protein isolation. Total RNA was 

extracted using the RNeasy Mini Kit (Qiagen, Germantown, MD, USA), treated with 

DNase 1 (Fermentas, Thermo Scientific, West Palm Beach, FL, USA) to remove 

contaminating DNA. cDNA was synthesized using High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Woburn, MA, USA) with random hexamer 

primers. The cDNA samples were PCR amplified with Maxima SYBR green/ROX qPCR 

master mix (Promega, Madison, WI, USA) using primers complementary to the HA-tag 

sequence and AsteAMPKαT176D (Suppl Table 1) to detect the transgene in the midguts 

and carcasses. To validate cDNA integrity and confirm amplification, positive controls 

were carried out with A. stephensi-specific actin primers (AsteActin) (Suppl Table 1), 

whereas and DNase-treated RNA samples were used as the negative controls to detect 

contamination. Five mosquitoes were dissected at each time point (0, 6, 12, 24, 36, 48 

and 72 hours) and the experiment repeated three times with independent cohorts of the 

mosquitoes.   

Immunoblot analyses were performed as previously described,25 with minor 

modifications. Midguts from five 3-5-day-old adult mosquitoes were dissected on ice in a 
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TBS/5x protease inhibitor cocktail (Roche Diagnostics) and stored in 50ul of 1x TBS/10x 

protease inhibitor cocktail at -80oC. Laemmli sample buffer (4x) was added to each 

sample to a final concentration of 1X. Samples were homogenized using a pestle, boiled 

at 95oC for 10 minutes, centrifuged briefly at 12000*g rpm and the supernatant collected. 

One midgut equivalent of the supernatant was size fractionated on 12% SDS-PAGE gels. 

HA-AMPKαT176D protein levels were detected using an anti-HA antibody (1:5000, Roche 

Applied Science). Midguts collected at pre-blood meal and 3, 6, and 24 hours pbm were 

used to detect endogenous phosphorylated AMPK (p-AMPKα) levels using phospho-

AMPKα (Thr172) antibody (1:10000; Cell Signaling Technologies). Anti-glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) antibody (1:10000; Cell Signaling Technologies) 

was used as a loading control. Densitometry analysis of HA- AMPKαT172D or p-

AMPKα relative to the GAPDH control was performed with ImageJ software 

(http://rsb.info.nih.gov/ij) and Image StudioTM lite (https://www.licor.com/bio/image-

studio-lite/) respectively. All experiments were replicated at least three times with 

independent cohorts of mosquitoes.  

 

2.3.5 Membrane localization of HA-AMPKαT172D  

To verify the subcellular localization of HA-AMPKαT176D, nuclei and cytoplasmic 

extracts were prepared from the midguts of TG A. stephensi as described by Brown et al 

(2008).26 The two sub-cellular fractions were subjected to immunoblot analysis using the 

anti-HA antibody as described above with replicated samples from three separate cohorts 

of mosquitoes.   
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2.3.6 Lifespan studies  

Transgenic hemizygous HA-AMPKαT172D female mosquitoes were mated with 

wild type mosquitoes to generate a 50:50 TG to NTG ratio. The resulting larvae were 

reared together under identical conditions and separated based on eGFP fluorescence in 

the eyes of pupae under a fluorescent stereomicroscope. Female mosquitoes were 

separated into 4 treatment groups: TG bloodfed, NTG bloodfed, TG sugarfed, and NTG 

sugarfed. Bloodfed mosquitoes were given daily bloodmeals in addition to 10% sucrose 

ad libitum so as to ensure that all the mosquitoes get a chance to blood feed, whereas 

sugarfed mosquitoes were maintained only on 10% sucrose ad libitum. Daily mortality 

for each treatment was recorded and dead mosquitoes were removed daily until the final 

mosquito perished.  Lifespan studies were also carried out on homozygous HA-

AMPKαT176D in comparison to the wild-type females. The homozygous line was 

generated after several generations of crossing male and female hemizygous HA-

AMPKαT176D mosquitoes.  

Daily survivorship (Nx) was calculated by determining the total number of dead 

mosquitoes each day (dx) divided by the initial cohort (N0) for each experiment. To 

obtain the mortality curve, we determined the probability of surviving 1 day (Px) and 

calculated mortality rate (µx) as µx = −ln (Px), followed by the ln (µx) transformation. 

Survival curves were analyzed using the Kaplan-Meier method, and significant 

differences were detected using the Wilcoxon test. Curves were considered significantly 

different at P ≤ 0.05. The statistical software used was JMP 13 (SAS Institute Inc., Cary, 

NC, USA.).  

 



	 61	

2.3.7 Reproduction studies 

To test the effect of HA-AMPKαT172D on reproduction, we examined lifetime fecundity 

as well as egg production in individual mosquitoes. To assess lifetime fecundity, an equal 

number of at least 100 mated TG (hemizygous or homozygous) and NTG or wild-type 

female mosquitoes were placed in separate cages. They were provided a daily bloodmeal 

and maintained on 10% sucrose ad libitum. An oviposition paper was placed in the cage 

72 h pbm and subsequently replaced every 2 days. The number of eggs on the oviposition 

paper was estimated using Image J 1.42 software (NIH) following the protocol described 

in Mains et al. (2008).27 To determine the number of eggs produced per individual 

mosquitoes, TG HA-AMPKαT176D females (homozygous or hemiozygous), WT or NTG 

respectively were mated with WT males shortly after emergence. At day 3 post-

emergence, females were fed a bloodmeal and fully engorged females were placed into 

individual cages and provided with an oviposition paper and 10% sucrose ad libitum. 

Oviposition papers were removed 96 h after blood feeding and the number of eggs 

counted. The experiment was replicated 3 times with separate cohorts of mosquitoes and 

represented the number of eggs laid during the first reproductive cycle. Mosquitoes that 

laid eggs during the first reproductive cycle were provided a second bloodmeal and the 

experiment repeated as described above. The number of eggs collected from this group 

represented the second reproductive cycle. For each replicate, the mean egg counts were 

analyzed for significant difference between groups using a Wilcoxon test.   
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2.3.8 Metabolic assay  

To assess the effect of HA-AMPKαT172D on metabolism, we examined the level of 

glycogen, trehalose, and lipids in TG compared to NTG or WT mosquitoes. When active, 

AMPK typically induces a decrease in stored nutrients, glycogen, and lipids, but 

increases circulating carbohydrate levels.8 Whole body homogenates of 3-5 day-old 

female TG (homozygous or hemizygous), NTG and WT A. stephensi mosquitoes were 

collected at various time points (non-blood fed (NBF), 24, 48, and 72 h post-bloodmeal 

(PBM) and utilized for the extractions of glycogen, stored lipids and trehalose; using a 

procedure first described by Van Handel (1965a),28 and modified by Zhou et al., 2004 

and Telang and Wells 2004.29,30  Briefly, individual mosquitoes from each time point 

were placed in 1.5 ml microcentrifuge tubes, followed by the addition of 100 µl of 

saturated aqueous sodium sulfate (2% concentration) and 200 µl of methanol, and 

homogenized. The homogenate was centrifuged at 2500 rpm for 5 minutes, with the 

resulting pellet contains glycogen, and the supernatant containing lipids, and sugars. The 

pellet was air-dried for glycogen analysis. Chloroform (1.4 ml) was added to the 

supernatant, followed by 0.5 ml of distilled water and the solution was centrifuged at 

2500 rpm for 5 minutes. This resulted in a top and a bottom fraction containing sugars 

and lipids respectively. After separation, tubes containing glycogen, sugar, and lipid were 

frozen in -80°C until the amount of nutrients could be quantified using colorimetric-bases 

assays.  Total lipid stores were determined by modified Vanillin reagent assay (Van 

Handel, 1965b),31 and total glycogen and trehalose by a modified anthrone-based assay.32 

Commercially available standards of triolein (Sigma-Aldrich), glycogen (Thermo 

Scientific) and trehalose (Thermo Scientific) were reconstituted at a 1.0 mg/ml, from 
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which 0-200 μg quantities were used to generate a standard curve. Finally, 100 μl of each 

sample was added to a 96 well plate in triplicate and read at 525 nm and 625 nm against a 

blank reagent for lipids and glycogen/trehalose respectively using a spectrophotometer 

(Multiskan Go by Thermo Scientific). The level of macronutrients was carried out in TG 

(homozygous or hemizygous) and NTG or WT A. stephensi mosquitoes respectively. All 

nutrients were reported as microgram per individual mosquito. A total of 15 mosquitoes 

from three different generations (5 per generation) were carried out.     

 

2.3.9. AICAR Experiments 

 To examine the effect of the AMPK pharmacological activator AICAR on fitness 

and metabolism, newly emerged wild-type mosquitoes were fed ad libitum on 10% 

sucrose solution containing either 2.5mM AICAR or 1% PBS (control) and the following 

experiments carried out as described above: lifespan, lifetime fecundity, and metabolism 

assay. For lifespan and lifetime fecundity analyses, the mosquitoes were maintained on 

either 10% sucrose solution containing either 2.5mM AICAR or 1% PBS throughout 

their lifespan. For the metabolism assay, 3 – 5 days old female mosquitoes were 

artificially bloodfed either 2.5mM AICAR or 1% PBS in ATP saline with food coloring 

dye to allow the easy identification of fully engorged females. Whole bodies of 5 

mosquitoes from the different feeding manipulations were collected pre-feeding and 5 h 

post feeding (corresponding to the expected period of increased AMPK activity) and 

stored at -80oC for further analysis.  
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2.4 Results 

2.4.1 Generation and characterization of the HA-AMPKαT172D transgenic mosquito 

line      

 We generated a transgenic A. stephensi line overexpressing a constitutively active 

AMPK under the control of the midgut-specific CP promoter. The constitutively active 

HA-AMPKαT176D construct was generated by mutating the Thr176 phosphorylation site 

to Aspartic acid (Figure 2A). This mutation mimics the effect of a phosphate group and 

eliminates the requirement for phosphorylation at the site, giving rise to a partially active 

enzyme that is almost completely resistant to the effect of protein phosphatases.21-23,33 It 

has also been shown to be sufficient to maintain increased AMPK activity in tissue. An 

HA epitope at the carboxy terminus facilitated the identification of the transgene protein. 

The construct was inserted into the pBac(3XP3DsRedafm) plasmid vector for 

transformation into the A. stephensi genome (Fig. 2B). The transformation into the A. 

stephensi genome was carried out by UMBI-ITF and progeny with successful 

transformation indicated by a positive green eye fluorescence (Fig 2C). One stable line 

expressing eGFP under the control of 3XP3 promoter and HA-AMPK176D regulated by 

the CP promoter was generated and sent to us. We maintained the transgenic lines as a 

hemizygous line by outcrossing every generation to appropriate wild-type colony A. 

stephensi to increase genetic diversity.  

To verify transgene expression, we assessed HA-AMPKαT176D protein and 

transcript expression levels throughout mosquito development, in various tissues 

(midguts and carcasses (whole body without midgut)) pre and 24 h post bloodmeal 

(pbm), and also at different time points during a reproductive cycle. In adult females, the 
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transgene was expressed in a midgut specific manner, but was expressed continuously 

(Fig 2D, E). No expression was observed in the carcass of transgenic mosquitoes or in the 

midgut or carcass of non-transgenic mosquitoes.  HA-AMPKαT176D transcript and protein 

were expressed at all-time points pbm but increased protein expression was seen between 

6 and 24 after the bloodmeal as expected for the CP promoter, after which the transgene 

level returned to pre-bloodmeal level (Figs. 3A, B, and C). HA-AMPKαT176D was 

detected only in adult mosquitoes, although the transcript was also detected in late pupal 

stages (Figs. 3D and E). A blood meal had a significant effect on the endogenous p-

AMPKα level of both wild-type and transgenic mosquitoes. There was a significant 

decrease in AMPKα phosphorylation at 3 and 6 h pbm after which it returns to the pre-

bloodmeal level. (Fig. 4)   

 

2.4.2 Identification of transgene insertion sites using inverse PCR  

Inverse PCR allowed us to identify the CP-HA-AMPKαT176D genomic integration 

site in the A. stephensi TG line. A single insertion site into a TTAA sequence, the 

preferred site of piggyBac transposition (Fig 5), was identified in the TG line. BLAST 

analyses of the 5’ and 3’ sequences flanking the insertion site identified sequences 

present in the A. stephensi genome. However, the sequence was not associated with any 

predicted gene in the A. stephensi genome annotation and was not identified in A. 

stephensi transcript databases. This suggests that the transgene was inserted into an 

intergenic region, minimizing any potential fitness costs due to transgene insertion.   

 

 



	 66	

2.4.3 Subcellular localization of HA-AMPKαT176D protein  

It has been reported that AMPKα subunits contain a highly conserved carboxyl-

terminal tail encoding 22 amino acids that function as a nuclear export signal and are 

required for normal subcellular localization in vivo.34 Our construct lacked the 

autoinhibitory and subunit interacting domains, including these 22 amino acids present in 

the subunit interacting domains. Therefore, we wanted to determine whether HA-

AMPKαT176D localization was limited to the nucleus due to the loss of these amino acids.  

We fractionated the nuclei and cytoplasm from midgut cell of TG and wild-type 

mosquitoes and compared HA-AMPKαT176D expression in both of these fractions. 

Surprisingly, HA-AMPKαT176D was detected in both the nuclear and cytoplasmic 

fractions at similar levels, suggesting that these amino acids were not essential in the 

mosquito for nuclear export (Figure 6).  

 

2.4.4 Effect of AMPKαT176D expression on macronutrient stores 

We measured the whole-body level of glycogen, trehalose, and lipids in young (3-

5 days old) TG (hemizygous and homozygous) mosquitoes and compared them with 

control mosquitoes (NTG for hemizygous and wild-type for homozygous) at various time 

points pbm. We observed no differences between the hemizygous TG and NTG sibling 

controls in the amount of glycogen, lipids and trehalose pre- or post-bloodmeal (Suppl. 

Fig. 2).  This is likely due to the inability of hemizygous mosquitoes to express sufficient 

levels of active AMPK to overcome homeostasis mechanisms.   

However, for the homozygous TG versus WT female mosquitoes, there was a 

significant decrease in stored glycogen and an increase in circulating trehalose at 24 h 
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post blood meal in the TG mosquitoes, although these differences were not observed at 

other time points (Fig 7A-C). At 24 h post-blood meal, there was a 43% decrease in 

glycogen (p < 0.05), 12% decrease in lipids (n.s) and a 99% increase in trehalose (p 

<0.05).  We observed a similar reduction in glycogen levels (28% reduction; p=0.05) 

following feeding of AICAR, an AMPK agonist, in wild-type mosquitoes 5 h post 

feeding (Suppl. Fig. 3). This conversion is expected because an increase in AMPK 

activity signals low energy levels prompting the breakdown of stored energy supplies to 

ATP, beginning with glycogen and followed by fat stores. Activated AMPK 

phosphorylates ACC, resulting in an 80-90% decrease in the activity of the enzyme.35  

 

2.4.5 Effect of AMPKαT176D expression on mosquito lifespan  

Studies on increased AMPK activity in vertebrates, C. elegans and D. 

melanogaster; most notably the up-regulation of AMPK in the Drosophila intestine, 

reported an extension of lifespan.6 Thus, we hypothesized that increased activation of 

AMPK in the mosquito midgut would extend the lifespan of TG mosquitoes relative to 

NTG controls. However, we observed no significant difference in survival curves 

between hemizygous TG and NTG mosquitoes when provisioned with 10% sucrose only 

(Fig. 8A) or a daily bloodmeal (Fig. 8B). Similarly, in homozygous TG mosquitoes there 

was no difference in lifespan relative to the wild-type mosquitoes either when fed 10% 

sucrose only or provided a daily meal of blood (Fig. 9A & B). Finally, we did not observe 

a significant effect on mosquito lifespan when AMPK activity was stimulated using the 

AMPK activator AICAR in wild-type mosquitoes (Suppl Fig. 5A).  
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2.4.6 Effect of AMPKαT176D expression on mosquito reproduction  

Not much is known about how AMPK activity affects reproduction; however, 

AMPK activation mobilizes protein and fat stores,36,37 promoting their breakdown for the 

generation of energy. We hypothesized that this may impact reproduction during the 

energy and resource intensive process of egg maturation. A decrease in macronutrients 

has been linked to delayed follicle development in the ovaries.38 In addition, 

overexpressing AMPK could divert macronutrients towards general maintenance instead 

of being reserved for a reproductive cycle. Therefore, we examined if there are any 

differences in egg production between the TG and NTG siblings by looking at individual 

gonotrophic cycles and lifetime fecundity.   

 

2.4.6.1 Individual gonotrophic cycle 

We examined the effect of increased AMPK activity on the first two gonotrophic cycles 

of TG female mosquitoes. For hemizygous mosquitoes, among the 3 replicates, the NTG 

laid more eggs in one of the replicates (p<0.05) when zero egg counts were included (i.e. 

mosquitoes that failed to produce eggs by 96 h pbm). However, this significant difference 

was only seen in the first gonotrophic cycle and only when non-egg laying females were 

included. During the second reproductive cycle there was no significant difference in the 

number of eggs laid between hemizygousTG and NTG females (Suppl. Fig. 1).   

In the homozygous TG mosquitoes compared to WT mosquitoes, individual egg 

production was assessed in the first reproductive cycle only. When zero egg counts were 

included, there was no significant difference in the number of eggs laid between 

homozygous TG and WT mosquitoes. However, when zeros were excluded, the WT 
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mosquitoes laid significantly more eggs than their homozygous TG counterparts (p < 

0.05, Table 1).   

 

2.4.6.2 Lifetime fecundity 

 In hemizygous TG mosquitoes compared to NTG sibling controls, the TG mosquitoes 

marginally laid more eggs over the course of their lifetime compared to the NTG, but the 

difference was not significant (p>0.05; Fig. 10A). However, when we looked at egg 

production between the two groups at each reproductive cycle, there was no distinct 

difference. To control for differences in the number of surviving mosquitoes at each 

reproductive cycle, we also assessed average eggs produced per surviving female at each 

gonotrophic cycle (total egg produced divided by the number of surviving mosquitoes in 

the cage population), and we did not observe a significant difference in egg production 

between hemi-TG and NTG mosquitoes (Fig. 11 A-F).  

In contrast, homozygous TG mosquito cage populations produced fewer eggs than WT 

mosquitoes (Fig. 10B). To control for the differences in number of surviving mosquitoes, 

we looked at egg production at individual gonotrophic cycles and also estimated average 

eggs produced per surviving female at each gonotrophic cycle. In both instances, the WT 

mosquitoes laid more eggs than the homo-TG mosquitoes (Fig. 12 A-F). The difference 

was consistent with the first reproductive cycle.   

 
2.5	Discussion		
	

AMPK is present in all multicellular organisms and controls diverse physiological 

functions via metabolic regulation. In response to low energy levels AMPK inhibits 

anabolic processes and activates catabolic processes. In this study, we increased AMPK 



	 70	

activity in the A. stephensi midgut independent of endogenous AMPK. As expected, we 

observed conserved effects on glycogen and trehalose metabolism in mosquitoes. We saw 

no effect on adult survival but observed a decrease in the lifetime fecundity of the 

homozygous TG mosquitoes and a significant decrease in individual egg production.  

Some studies that increased AMPK activity in C. elegans and D. melanogaster 

reported an increase in lifespan.13,16 Because we did not observe the expected increase in 

lifespan reported in other studies, we went on to determine if our transgene is active. We 

assessed the well-characterized and conserved physiological response of increased 

AMPK activity to the nutrient’s glycogen, trehalose, and lipids. 

In response to low levels of ATP and high levels of AMP/ADP, AMPK inhibits 

anabolic processes and promotes catabolic processes to mobilize nutrients and generate 

energy. From the results of our metabolism assays, we observed a significant decrease in 

glycogen and a corresponding increase in trehalose 24 h after a blood meal in the 

homozygous TG relative to the wild-type. Interestingly, this difference was only 

observed in homozygous TG mosquitoes and not hemizygous. This is likely due to 

reduced transgene expression, and thus reduced AMPK activity, in hemizygous 

mosquitoes that could not overcome the ability of the mosquito to maintain energy 

homeostasis through reduced activity of endogenous AMPK. The observed changes to 

macronutrient stores in homozygous mosquitoes peaked at 24 hours post bloodmeal 

following a pulse of transgene expression ~6 h PBM. Glycogen and trehalose levels 

returned to pre-bloodmeal levels by 48 h PBM demonstrating the resilience of this system 

in mosquitoes.    
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AMPK activation has been reported to cause a decrease in both glycogen and 

lipids; however, we saw a significant decrease in glycogen only. This mirrors the 

outcome of another study on the mosquito, Ae. aegypti, where they reported a decrease in 

glycogen only and in well-nourished females; similar to the nutritional status of our 

mosquito.38 Glycogen is usually the first nutrient stores to be mobilized for the 

production of trehalose and sugar alcohols under stress conditions.39,40 In this same study, 

a decrease in other macronutrients such as triglyceride levels was only observed in 

starved females, following a significant depletion of glycogen stores. During fasting, 

most tissues switch from glucose to fatty acids utilization.41 This explains our modest, but 

non-significant reduction in lipid levels in our transgenic mosquito line.  

Although overexpression of AMPK has been linked with an increase in lifespan, 

we did not observe the same pattern when AMPK expression was increased in the midgut 

of the A. stephensi mosquitoes. In flies, a decrease in AMPK activity was shown to 

shorten the lifespan of adult flies, and increased pan-neuronal or intestinal, fat body or 

muscle AMPK activity extended adult lifespan.15,16,42 An increase in AMPKα subunit 

aak-2 gene dose extended lifespan, and the knockdown of AMPKα prevented increased 

lifespan in Drosophila and in C. elegans.13,43,44 Furthermore, an increase in AMPK 

activity via the use of AMPK activators such as AICAR, metformin, statins, and many 

phytochemicals, e.g resveratrol, and quercetin, have been reported to increase lifespan as 

well.45-47 These studies suggest that lifespan positively correlates with an increase in 

AMPK activity. Our lack of observed lifespan extension in the transgenic mosquito line 

may be due to several possibilities.  



	 72	

First, we assumed that the lack of a nuclear transport signal limited export of the 

transgene from the nucleus and therefore limited its biological activity as reported in an 

earlier study.34 However, results from our cell fractionation study demonstrated that this 

was not the case. HA-AMPKαT176D protein was observed at comparable levels in both the 

nuclear and cytoplasmic fractions. Similar result has recently been reported in mice that 

showed identical localization of a truncated AMPKα across cytoplasmic, mitochondrial 

and nuclear fractions, and the truncated form was capable of phosphorylating substrates 

in these different subcellular compartments.48  

Another possibility is that sufficient transgene was not available to overcome the 

endogenous AMPK system, which aims to reestablish energy homeostasis. This idea was 

supported by the fact that hemizygous mosquitoes expressing lower levels of HA-

AMPKαT176D than the homozygous line did not have a significant impact on glycogen or 

lipid stores. Nevertheless, the use of a constitutively active AMPK was not previously 

reported to have an effect on endogenous AMPK levels in cells22 and in our own studies 

we observed similar levels of p-AMPKα (i.e. endogenous phosphorylated AMPK) in both 

mosquitoes across all the examined time-points, suggesting that endogenous AMPK 

activity was not decreased in response to HA-AMPKαT176D expression.  

Interestingly, we observed a significant decrease in p-AMPKα in both TG and 

NTG mosquitoes three hours after a blood meal, corresponding to a period of increased 

blood digestion. During the digestion and absorption of the blood meal a burst of 

nutrients and ATP are available, likely suppressing endogenous AMPK activity. As these 

nutrients get utilized, cell ATP level decline resulting in increased AMPK 

phosphorylation and activity at 24 h pbm. This is the only study that has reported p-
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AMPK levels in the midgut during blood meal digestion. A similar study examined 

AMPKα transcript expression in Ae. aegypti midgut and reported an initial low transcript 

expression that increased 18-24 h PBM corresponding with our result.38 

 Finally, the AMPK signaling pathway is complex, as is the relationship between 

AMPK activity and lifespan. AMPK activity has been linked to several lifespan pathways 

including IIS and certain downstream targets that are involved in lifespan extension; 

peroxisome proliferator-activated receptor gamma coactivator-1-alpha (PGC-1α) and 

ribosomal S6 kinase (S6k), a downstream component of the TOR signally pathway.9,49 

Recent insights have provided possible explanations into the connection between these 

targets and AMPK to aid lifespan extension, but there is still much we do not know.   

Interestingly, while studies have used AICAR to increase AMPK activity in 

different species, very few studies have observed the effect of AICAR on lifespan 

extension. Two studies observed the effect of daily injection of AICAR in diseased mice; 

one found no significant difference in lifespan compared to the controls, that were 

injected saline, the other reported a decrease in lifespan.50,51 To our knowledge there are 

no published studies on the effect of AICAR in healthy organisms. When we fed healthy 

wild-type mosquitoes AICAR, we did not observe an increase in lifespan despite 

ubiquitous activation of AMPK, evidenced by increased AMPK phosphorylation and 

decreasing glycogen stores.  

AMPK, with its connection to insulin signaling and other signaling cascades, has 

been implicated in the reproductive process. Prolonged AMPK activation by 

pharmacological agents have been reported to delay follicle development in Gc. 

atropalpus, independent of nutrient status.38 This is consistent with our observed decrease 
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in egg production observed in the homozygous TG compared to wild-type mosquitoes.  

AMPK activation may also induce a temporary switch from using resources for egg 

development toward somatic maintenance, although if this occurs it is not reflected in 

enhanced female mosquito survival. In addition, other studies have reported reduced 

fecundity in C. elegans, decreased steroidogenesis in ovarian granulosa cells and an 

increase in the number of developmentally arrested oocytes in a number of species.52-55 

One study reported a shift in the reproductive period of C. elegans following the 

expression of active aak-2. They produced fewer eggs early in their reproductive 

lifetimes, but more eggs later relative to WT controls.56  

Alternatively, it could be due to misallocation of blood resources. By increasing 

AMPK activity, the cells get the signal that it needs to produce more energy; therefore, 

the cell may have allocated the resources from the blood to staying alive as oppose to egg 

production. However, the similarity in lifespan between transgenic and non-transgenic 

does not support this notion. While multiple studies have observed a link between AMPK 

and reproduction, the effects have proven modest and varied. 

In summary, our studies provide further evidence that AMPK is a key signal 

regulating energy availability and this role is evolutionary conserved across species. 

Studies in other species provide evidence that nutrient metabolism, glycogen and fat 

stores, and longevity are directly coupled to AMPK activity. Though we did not observe 

any effects to lifespan in our transgenic mosquito line, we cannot exclude the possibility 

that AMPK activation via alternate mechanisms, in different tissues or at greater levels 

may increase lifespan. In addition, it demonstrates that AMPK activation plays a role in 

reproduction, although further research will be needed to elucidate the biochemical 
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underpinnings of this effect. Depending on its mode of action, the role of AMPK on 

reproduction may serve as an attractive target for mosquito vector population control.     
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2.6	Figures	and	Figure	Legends	
	
2.6.1	Mutagenesis	of	Thr-176	of	AMPKα	protein	
	
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1: Site-directed mutagenesis of Thr-176 of AMPKα protein. 1: First 
amplification involving two separate reactions (1a & 1b) using primers A and B & 
primers C and D respectively. 2. Second amplification with primers A and D using 
combined product from reaction 1 and 2. 3. Final PCR product showing specific 
mutation.  
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2.6.2	Generating	the	CP-HA-  dAMPKαT176D transgenic line	
 
 

 
	
 
 
 
 

 
 
 
 
 

 
            
 
 

 
 
 
 
 
 

 
 

 
 
 
 
 
Figure 2: Generation of the HA-AMPKαT172D transgenic mosquito line and protein 
and transcript expression profile of the transgene in adult females. A. Full length 
AMPKα subunit versus constitutively active AMPKα subunit. B. Schematic of the 
construct genetically engineered into A. stephensi mosquitoes. C. Comparison of 
transgenic (TG) and non-transgenic (NTG) siblings. Top panel: non-transgenic (2 & 3) 
and transgenic 4th instar larvae (1 and 4) under white light. Middle panel: TG and NTG 
under fluorescence and a GFP filter. Bottom panel: merge of top and middle panels. D. 
Total protein was isolated from the midguts or carcasses of transgenic and non-transgenic 
mosquitoes, separated electrophoretically on a 12% SDS-PAGE gel. Proteins were 
blotted and then probed with anti-HA antibody or anti-GAPDH antibody as loading 
control. E. Total RNA was isolated from the midguts or carcasses (whole body minus 
midgut) of both TG and NTG mosquitoes and converted into cDNA. Transgene specific 
primers were used to amplify HA-AMPKαT172D. Primers to Aste-Actin were used to 
verify the integrity of the cDNA. 
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2.6.3	HA-AMPKT176D transcript and protein expression 
 
	

	

	

				 	
	
	
Figure 3: Expression profile of the transgene post-bloodmeal and during mosquito 
development. A. Total protein was isolated from the midguts of TG mosquitoes at 6, 12, 
24, 36, 48 and 72 h post – bloodfeeding. Proteins were blotted and probed with anti – HA 
antibody or anti-GAPDH antibody as loading control. B. Total RNA was isolated from 
the midguts or carcasses (whole body minus midgut) of both TG and NTG mosquitoes 
and converted into cDNA. Transgene specific primers were used to amplify HA-
AMPKαT172D at 6, 12, 24, 36, 48 and 72 h post – bloodfeeding. Primers to Aste Actin 
were used to verify the integrity of the cDNA. C. Average expression of transgenic 
protein normalized to GAPDH loading controls and shown relative to levels in non-
bloodfed mosquitoes (NBF). Data are represented as means±SEMs from three replicates 
with separate cohorts of mosquitoes. D & E. HA-AMPKT176D protein and transcript 
expression at the different mosquito developmental stages. 
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2.6.4	 Effect	of	CP-	HA-AMPKαT176D	on	phosphorylation	on	endogenous	AMPK	
	
	
	
	
	

	
	
	
	

Figure 4: Average expression of p-AMPK relative to GAPDH loading controls and 
shown relative to levels in non-bloodfed mosquitoes (NBF) in TG (homozygous) 
compared to wild-type at 3, 6, and 24 h PBM. Data are represented as means from five 
replicates with separate cohorts of mosquitoes. 
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Figure 2.6.5 Identification of the genomic insertion site for CP-HA-AMPKαT172D 
	

 

 

 
Figure 5. Gene sequence of inverse PCR fragment. A. Schematic of the inverse PCR 
product sequence. Transgenic genomic DNA was cut with Mbol and was self-ligated to 
form circularized DNA, which was used as a template for PCR with pBac-specific 
primers. The amplified product (118bp) from the putative insertion site was flanked with 
known pBac sequence. Putative insertion site sequence show that the transgene inserted 
into a TTAA sequence, the preferred site of pBac transposition, and did not disrupt any 
known or predicted A. stephensi genes. 
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Figure	2.6.6	Membrane localization of HA-AMPKαT172D	
 

 

 

 

 

		
	
	
	
	
	

	
	
	
	
	
Fig 6. Cellular Localization of HA-AMPKαT172D. A & B. Nuclear and Cytoplasmic 
fractions of homozygous TG mosquito midguts collected at different time points pbm 
were prepared and probed with anti-HA antibody and GAPDH as loading control. This 
was repeated twice in different cohort of the transgenic mosquitoes.  
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2.6.7 HA-AMPKαT172D on circulating nutrients in 3-5 days old A. stephensi mosquito 

	

						

	

	

	

	

								

 

 

 

 

 

 

 

 

 

 

Fig. 7: Effect of HA-AMPKαT172D in the midgut on nutrient stores, glycogen, lipids, 
and trehalose in A. stephensi mosquito. A) Glycogen B) Trehalose, and C) Lipids were 
extracted and assayed from three different cohorts of 5 females. Average and SEM are 
shown; (P < 0.05) values are from Student t test using MS-Excel 2010 (n = 15). Asterisks 
indicate a significant difference from the WT controls.  
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2.6.8		 Impact of HA-AMPKαT172D expression on lifespan in hemizygous mosquitoes	
 

 
 

	
	

	
	

	
	

	
	
	

	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure 8: Lifespan experiments of sugarfed or bloodfed hemizygous transgenic and 
non-transgenic mosquitoes. A. A representative survivorship curve comparing 
hemizygous TG and NTG siblings reared under identical conditions and provided with 
only a 10% sucrose solution. B. A representative survivorship curve comparing 
hemizygous TG and NTG siblings reared under identical conditions and provided with a 
daily bloodmeal and 10% sucrose solution. Lifespan experiment was replicated twice 
with separate cohorts of mosquitoes. C. Summary of the samples sizes, means, and 
statistical significance of sugarfed and bloodfed mosquitoes. 
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2.6.9	 Impact of HA-AMPKαT172D expression on lifespan in homozygous 
mosquitoes	
	

	
	

	
	

	
	
	

	
	
	

	

	
	
	
	
	
	
	
	
	
	
Figure 9: Lifespan experiments of sugarfed or bloodfed homozygous transgenic and 
wild-type (wt) mosquitoes. A. A representative survivorship curve comparing 
homozygous TG and WT siblings reared under identical conditions and provided with 
only a 10% sucrose solution. B. A representative survivorship curve comparing 
homozygous TG and NTG siblings reared under identical conditions and provided with a 
daily bloodmeal and 10% sucrose solution. Lifespan experiment was replicated twice 
with separate cohorts of mosquitoes. C. Summary of the samples sizes, means, and 
statistical significance of sugarfed and bloodfed mosquitoes. 
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2.6.10	 Impact of HA-AMPKαT172D expression on mosquito reproduction (lifetime 
fecundity) 

 

 

 

Figure 10: Impact of HA-AMPKαT172D expression on lifetime fecundity. A & B) 
Graph represent the total egg production of TG (hemizygous and homozygous) and NTG 
or WT respectively throughout their lifespan. No significant difference was observed 
between hemizygous TG and NTG or homozygous TG and WT (P>0.05). 
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Figure 11: Lifetime fecundity per reproductive cycle and cumulative egg production 
per individual mosquito in hemi-TG mosquitoes. A-C) is showing the total number of 
eggs per reproductive cycles in hemi-TG and NTG mosquitoes. D-F) is showing the total 
number of egg per individual mosquito per reproductive cycle between hemi-TG and 
NTG mosquitoes. The experiment was replicated 3 times from different mosquito 
cohorts. 

 

 

 

 

 

 

 

A

0	
2000	
4000	
6000	
8000	

10000	
12000	
14000	
16000	
18000	

1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	 16	 17	

N
um

be
r	o

f	e
gg
s	

Number	of	reproductive	cycle	

He-AMPKT172D	

NTG	

0	

2000	

4000	

6000	

8000	

10000	

12000	

14000	

1	 2	 3	 4	 5	 6	 7	 8	 9	 10	11	12	13	14	15	16	17	18	19	20	21	

N
um

be
r	o

f	e
gg
s	

Number	of	reproductive	cycle	

He-AMPKT172D	

NTG	

B

0	

2000	

4000	

6000	

8000	

10000	

12000	

14000	

1	 2	 3	 4	 5	 6	 7	 8	 9	 10	11	12	13	14	15	16	17	

N
um

be
r	o

f	e
gg
s	

Number	of	reproductive	cycle	

He-AMPKT172D	

NTG	

C

0	

100	

200	

300	

400	

500	

600	

700	

1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	 16	

N
o.
	o
f	e

gg
s	

Number	of	reproductive	cycle	

He-AMPKT172D	

NTG	

D

0	

10000	

20000	

30000	

40000	

50000	

60000	

70000	

80000	

1	 2	 3	 4	 5	 6	 7	 8	 9	10	11	12	13	14	15	16	17	18	19	20	21	

N
um

be
r	o

f	E
gg
s	

Number	of	reproductive	cycle	

He-AMPKT172D	

NTG	

E

0	

10000	

20000	

30000	

40000	

50000	

60000	

70000	

1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	 16	 17	

N
u
m
b
er
	o
f	
eg
gs
	

Number	of	reproductive	cyce	

He-AMPKT172D	

NTG	

F



	 87	

 

 

 

 

 

 

 

 

 

 

Figure 12: Lifetime fecundity per reproductive cycle and cumulative egg production 
of An. stephensi per individual mosquito in homo-TG mosquitoes. A-B) is showing 
the total number of eggs per reproductive cycles in homo-TG and WT mosquitoes. C-D) 
is showing the total number of eggs per individual mosquito per reproductive cycle 
between homo-TG and WT mosquitoes. The experiment was replicated twice from 
different mosquito cohorts. 
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2.6.11 Impact of HA-AMPKαT172D expression on mosquito reproduction (Individual 
egg count) 

 

Table 1: Egg counts for Homozygous transgenic and wild-type. Homozygous TG and 
wild-type mosquitoes were allowed to bloodfed. Fully engorged females were placed into 
individual cages, and provided with an oviposition substrate, and the number of eggs laid 
counted for the first reproductive cycle. Females who laid eggs were bloodfed again and 
the above process repeated, and eggs collected for the second reproductive cycle. Results 
are presented for each replicate separately, including the number of females tested (N), 
the mean number of eggs laid ± SEMs, and the p-value of the Wilcoxon test.  

 

 

 

	

	

	

	

 

 

Zero included

P-valueEXP. #
HA- AMPKαT172D-

Homozygous Wildtype

N Mean ± SEM N Mean ± SEM
First reproductive 

cycle

1 25 21.40 ± 5.21 25 35.76 ± 7.74 0.297

2 30 44.27 ± 6.48 30 67.90 ± 7.34 0.10181

Zero excluded
P-valueEXP. #

HA- AMPKαT172D Wildtype
First reproductive 

cycle N Mean ± SEM N Mean ± SEM

1 15 35.67 ± 6.42 15 59.60 ± 8.34 0.0310*

2 22 60.36 ± 5.73 25 81.48 ± 5.66 0.0151*
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2.7 Supplementary Figures 

2.7.1 HA-AMPKαT172D expression in the midgut had no impact on egg production in 
the hemizyous (TG) mosquitoes 

 

Suppl 1: Individual egg counts for hemizygous (TG) and NTG. A.  Results are 
presented for each replicate separately, including the number of females tested (N), the 
mean number of eggs laid ± SEMs, and the p-value of the Wilcoxon test.  

 

 

 

 

 

 

 

 

Zero included

P-valueEXP. # NTG HA- AMPKαT172D

N Mean ± SEM N Mean ± SEM

First reproductive 
cycle

1 27 84.15 ± 7.82 27 56.26 ± 8.61 0.0226*

2 35 45.74 ± 5.78 31 34.23 ± 6.72 0.121

3 25 58.00 ± 8.34 25 45.52 ± 8.34 0.3237

Second reproductive 
cycle

1 25 49.40 ± 10.10 20 36.35 ± 10.62 0.3494

2 21 40.43 ± 0.88 12 40.21 ± 11.61 0.5436

3 12 57.00 ± 11.95 13 45.15 ± 11.48 0.5093
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2.7.2 HA-AMPKαT172D expression in the midgut had no impact on nutrient stores in 
the hemizyous (TG) mosquitoes 

 

 

 

 

Suppl Fig 2: HA-AMPKαT172D in the midgut had no effect on nutrient stores, 
glycogen and lipids, and trehalose in A. stephensi hemizygous (TG) mosquito. A) 
Glycogen B) Trehalose, and C) Lipids were extracted and assayed from three different 
cohorts of 3 females. Average and SEM are shown; (P < 0.05) values are from Student t 
test using MS-Excel 2010 (n = 9).  
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2.7.3 AMPK activator had similar effect on nutrient stores as the homozygous HA-
AMPKαT172D TG mosquitoes 

   

 

 

Suppl Fig 3: Comparison of the effect of AMPK activator, AICAR on nutrient 
stores in adult female A. stephensi. A) Glycogen B) Lipids, and C) Trehalose were 
extracted and assayed from three different cohorts of 5 females. Average and SEM are 
shown; (P < 0.05) values are from Student t test using MS-Excel 2010 (n = 14). Asterisks 
indicate a significant difference. 
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2.7.4 p-AMPKα Expression Following AICAR Administration 

 

 

          

Suppl. Fig. 4: A. Average expression of p-AMPKα normalized to GAPDH loading 
controls at various AICAR concentration. Data are represented as means from six 
replicates with separate cohorts of mosquitoes B. p-AMPKα protein at various AICAR 
concentration. 
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2.7.5 Effect of AICAR Administration on Fitness  
 
	
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
Suppl. Fig. 5: Effect of AICAR on fitness. A. A representative survivorship curve 
comparing wild-type A. stephensi females given a daily solution of 2mM AICAR versus 
1% PBS in a sugar meal.  B. Total egg production of wild-type A. stephensi females 
throughout their lifespan. In addition to a daily solution of 2mM AICAR versus 1% PBS 
in a sugar meal respectively, both groups were provided a daily bloodmeal. C. 
Cumulative egg count per individual mosquito at each collection point.  
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2.7.6 List of primer sequences  

Supplementary Table 1: List of primer sequences used for PCR analysis  

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                   Primer Set 
Name Sequence (5’ – 3’) 
AsteAMPKα  Forward: ATGGTGGACAAGGGCCAGCAGG  

Reverse: CGTTGTGGACTTCGTGCTCTTT 
AsteAMPKα A ATGGTGGACAAGGGCCAGCAGG 
AsteAMPKα B GGCGAGTTTCTGCGCGAACTCCTGCGGTTCC 
AsteAMPKα C GGCGAGTTTCTGCGCAACTCCTGCGGTTCC 
AsteAMPKα D AAAGAGCACGAAGTCCACAACG 
Ha-tag  TACCCATACGATGTTCCAGATTACGCT 
AsteAMPKαT176D CATTTCCGGCGTTGACTACT 
AsteActin Forward: AGCGTGGTATCCTGACGCTGAAAT 

Reverse: AACCTTCGTAGATCGGCACGGTAT 
5F1 GACGCATGATTATCTTTTACGTGAC 
5R1 TGACACTTACCGCATTGACA 
5F2 GCGATGACGAGCTTGTTGGTG 
5R2 TCCAAGCGGCGACTGAGATG 
pB-5SEQ GAGAGAAAGATTTATCGCGC 
pB-3SEQ CGATAAAACACATGCGTCAATT 
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Chapter 3 

EFFECT OF OVEREXPRESSING AMPK IN THE MIDGUT OF ANOPHELES 

STEPHENSI ON PATHOGEN RESISTANCE 

3.1 Abstract 

Intracellular	pathogens	are	known	to	manipulate	host	cellular	regulatory	pathways	

as	 a	 strategy	 to	 produce	 optimal	 conditions	 for	 their	 proliferation.	 They	 employ	

several	mechanisms	to	alter	host	cell	metabolism	and	make	use	of	its	energy	stores.	

AMP-activated	protein	kinase	 (AMPK)	 is	known	as	 the	master	 regulator	of	energy	

homeostasis,	 and	 therefore,	 a	 key	 target	 for	 pathogens.	 Here,	 we	 assessed	 if	

increased	 AMPK	 activity	 protects	 against	 bacterial	 and	Plasmodium	parasite	

infection	 in	 mosquitoes.	 From	 our	 result,	 increasing	 AMPK	 activity	 resulted	 in	 a	

significant	 increase	 in	 the	 resistance	 of	 transgenic	Anopheles	 stephensi	against	

the	Plasmodium	falciparum	parasite,	relative	to	their	wild-type	sibling	controls.	We	

found	no	evidence	 that	 increased	AMPK	activity	 confer	 any	protection	or	 survival	

advantage	 against	 bacterial	 infection.	 Overall,	 results	 from	 these	 studies	 highlight	

the	importance	of	AMPK	in	immunity.	
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3.2 Introduction 

AMP-activated protein kinase (AMPK) is an intracellular serine/threonine kinase and a 

key energy sensor activated under conditions of metabolic stress.1,2 AMPK controls a 

wide range of biological processes involved in the maintenance of energy homeostasis in 

response to ATP depletion.2 In addition to metabolic stress, AMPK is also activated by 

other stress-related signals including inflammation and infection. Pathogens require a lot 

of energy to proliferate, and so place a high energetic demand on the infected cells. It is 

therefore not surprising that intracellular pathogens have been reported to manipulate 

host AMPK in their favor.3 The role of AMPK as a regulator of cellular energy levels 

makes it a key target for pathogens during an infection. Activation of AMPK results in 

increased glucose uptake, glycolysis, and fatty acid breakdown, all of which will increase 

the available intracellular energy and nutrients needed for pathogen replication. Examples 

of pathogens shown to induce AMPK activity include Mycobacterium, Leishmania, 

Human Cytomegalovirus, Vaccinia and Simian Vacuolating Virus 40.3 These intercellular 

pathogens try to survive by altering the host cellular metabolism as a strategy to produce 

optimal conditions for their proliferation.3 However, some pathogens, such as hepatitis C 

virus, Staphylococcus aureus, and the rodent malaria parasites, Plasmodium 

berghei suppress AMPK activity.3-5 Suppression of AMPK is thought to create a 

permissive environment due to inhibition of host autophagy, which in turn reduces 

parasite elimination. In addition to pathogen effect on AMPK, an infection can result in 

modulation of host responses suppressing the pathogen proliferation. Therefore, 

depending on the pathogen involved, AMPK activation can either facilitate or suppress 

the intracellular replication of pathogens. 
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AMPK is a critical intermediate in the control of fundamental cellular processes 

such as growth, proliferation, and survival, plus it acts on several signaling pathways that 

control nutrient uptake and energy metabolism.6 AMPK functions as a modulator of host 

defenses against intracellular bacterial, viral, and parasitic infections through modulation 

of the autophagy process.7,8 Autophagy is a process associated with the innate immune 

response that facilitates pathogen detection, activates immune functions, contributes to 

pathogen clearance and antibacterial defense.7 AMPK triggers the initiation of the 

autophagic process by the phosphorylation and activation of unc-51-like kinase 1 (ULK), 

inhibition of mTOR and regulation of PIK3C3/VPS34 complexes.6,7,9 Also, AMPK is 

directly involved in aspects of the innate immune response, although the molecular 

mechanisms underlying direct AMPK involvement are not entirely clear. Activation of 

AMPK signaling pathway is associated with an increased number of memory nuclear 

factor kappa-light-chain enhancer of activated B cells (NF-kB) cells during antiviral 

responses.10 AMPK has also been reported to inhibit NF-κB signaling in other infections 

via several downstream targets such as SIRT1, PGC-1alpha, p53, and Forkhead box O 

(FoxO) factors.  

AMPK activation via the administration of AICAR or metformin has been 

demonstrated to decrease viral replication and bacterial burden.11,12 AICAR treatment 

reduced the bacterial burden in Staphylococcus aureus-infected eyes by inhibiting NF-kB 

and MAP kinases (p38 and JNK) signaling.11 Likewise, the expression of a constitutively 

active (CA) form of AMPKα1 subunit resulted in decreased Plasmodium berghei growth 

in vertebrates indicated by smaller hepatic schizonts. A reduction in parasitaemia was 

observed following AMPK activation in mice following salicylate treatment or dietary 



	 102	

restriction.5 AMPK activation enhanced the proliferation of the bacteria Legionella 

pneumophilia in Dicytostelium cells, but suppressed the bacteria growth in bone marrow-

derived macrophages and mammalian cells.13-15 Therefore, AMPK is a double-edged 

sword, whereby its activation can either increase or suppress pathogen growth depending 

on the pathogen, the host cell conditions, and the cell types involved.  

In this study, we sought to determine how over-expressing AMPK in the midgut 

of A. stephensi impacted the immune response of the mosquito. We compared how 

transgenic (TG) and wild-type (WT) mosquitoes responded to bacterial challenge and a 

challenge with the malaria parasite, P. falciparum. Our results show that the TG A. 

stephensi mosquitoes are more resistant to the P. falciparum parasite compared to the 

WT controls, as we observed a significant reduction in the prevalence and intensity of P. 

falciparum infection in the homozygous TG mosquitoes following the consumption of an 

infective bloodmeal. However, it is unclear if the transgene conferred any protect against 

bacterial infection, because there were not enough replicates to fully address the 

objective.  

3.3 Materials and Methods 

3.3.1 Mosquito rearing 

Anopheles stephensi (Indian strain) mosquitoes were reared as previously described.16 

Heterozygous transgenic (TG) mosquito lines were out crossed with wild-type colony 

mosquitoes each generation to enhance genetic diversity, resulting in a 50:50 mix of 

heterozygous TG and non-transgenic (NTG) sibling mosquitoes reared together under 

identical conditions. To select homozygous lines, hemizygous TG males and females 
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from the same line were allowed to mate, and then blood	 fed. Immediately following 

eclosion, several mating pairs of the F1 generation (one TG F1 virgin female and one TG 

F1 male) were set up. TG and NTG mosquitoes were separated at the pupal stage using an 

Olympus SZX10 fluorescent stereomicroscope (Olympus, Tokyo, Japan) and filters for 

detecting enhanced green fluorescent protein (eGFP). To confirm that the mosquitoes 

were homozygous, we crossed a homozygous-TG males and virgin NTG females. 

Because GFP marker is dominant, all individuals in the offspring population should carry 

GFP. For line maintenance and experiments, female mosquitoes were provided whole 

human blood (American Red Cross; IBC protocol 2010-014) via artificial membrane 

feeders. 

3.3.2 Mosquito survival studies 

Newly emerged TG and NTG female mosquitoes were allowed to mate with wild-type 

males for 48 hours before being provided with a human blood meal. After being allowed 

to feed for 30 minutes, engorged females were separated into new containers for each 

group (homozygous TG and wild-type). Non-fed or partially fed females were discarded. 

At 3-6 hours post bloodmeal, corresponding to the initiation of transgene expression, 80-

100 mosquitoes from each group were infected with gram-negative (G-) Escherichia coli 

or gram-positive (G+) Bacillus subtilus. Infection was carried out by pricking the thorax 

with a needle dipped in E. coli (OD600 =0.5) or B. subtilus (OD600 =0.3) cultures or 

luria broth (LB) only mock prick as a control. To eliminate time bias for either 

homozygous TG or wild-type mosquitoes, pricking was alternated between the injection 

of homozygous TG and wild-type mosquitoes. Once pricked, mosquitoes were allowed to 

recover for 4 hours, given sugar water ad libitum, and kept in a temperature and 
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humidity-controlled room. Mosquitoes that were not exhibiting normal behavior within 

the 4 hr period was removed because this suggest that they may have suffered excessive 

trauma from the injection. Dead female mosquitoes in each cage were counted daily for 

10 days (after this time period, it is expected that the effect of the bacteria and 

corresponding immune response will have waned off) and tallied to generate survival 

curves of homozygous TG and wild-type mosquitoes following a challenge with E. coli 

or B. subtilus. P values were calculated using the Log-Rank (Mantel-Cox) test and reflect 

comparisons with matched controls at alpha = 0.05 (JMP 13). This experiment was 

replicated with two distinct cohorts of mosquitoes	 of	 over	100	mosquitoes	per	group	 in	

each	experiment.  

3.3.3 Plasmodium falciparum parasite studies 

Cultures of P. falciparum NF54 were initiated at 1% parasitemia in 10% heat inactivated 

human serum, and 6% washed human red blood cells (RBCs) in RPMI 1640 with HEPES 

(Gibco) and hypoxanthine. Stage V gametocytes were evident by day 15, and 

exflagellation was evaluated on the day prior to and the day of mosquito feeding. For our 

assays, 5-day-old female TG (homozygous or hemizygous) and NTG A. stephensi were 

fed on a mature gametocyte culture diluted with human erythrocytes and heat-inactivated 

serum. On day 10, midguts from fully gravid females were dissected in phosphate buffer 

saline (PBS) and stained with 1% mercurochrome/PBS to visualize P. falciparum 

oocysts. Oocysts were counted for each midgut. The mean number of oocysts per midgut 

(infection intensity) and percentages of infected mosquitoes (infection prevalence; 

infection = at least one oocyst) were calculated from all dissected mosquitoes. The 

experiments were independently replicated with two cohorts of > 50 mosquitoes. 
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Infection data were first analyzed by ANOVA to determine that infections in control 

groups were not significantly different among replicates. No significant differences were 

evident, so data were pooled across replicates and distribution were compared with a 

Mann-Whitney test for group differences. Infection prevalence was analyzed by Fisher’s 

exact test to identify differences between the groups. Differences were considered 

significant at P < 0.05. 

3.4 Results 

3.4.1 The transgene HA-AMPK176D does confers resistance against P. falciparum 
infection in mosquitoes 

Increased AMPK activity in the midgut epithelium led to a significant decrease in both 

the percentage of mosquitoes infected with P. falciparum (prevalence) and the number of 

oocysts in the midguts of infected mosquitoes (intensity) (Suppl Fig 1A-B). In both 

replicates, the percentage of mosquitoes with one or more oocysts decreased from 59% in 

WT control to 16% in Ho-TG mosquitoes, and from 62% in WT control to 38% in Ho-

TG mosquitoes in the Experiment 1 and 2 respectively. Similarly, the intensity of 

infection was reduced by 22% from an average of 1.46 oocysts/midgut (1–5; N = 24) in 

WT controls to 1.14 (1–2; N = 7) in Ho- TG mosquitoes in Experiment 1 (Suppl Fig. 1B). 

However, in experiment 2, the Ho-TG mosquitoes had a higher intensity with an average 

of 3.25 (1-10; N=12) than the WT controls with 1.75 (1-4; N=24). In Experiment 2, even 

though there were fewer infected mosquitoes in the Ho-TG compared to the WT, they 

had a higher range of oocysts compared to the WT-control. Because infection in the 

control was not significantly different among replicates, we pooled data from both 

replicates. Overall, the prevalence of infection was reduced from 60% in WT to 25% in 
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Ho-TG (p < 0.01) (Fig 1A). The intensity of infection was higher in the Ho-TG 

mosquitoes with an average of 2.47 oocysts/midgut compared to wildtype with average 

of 1.60 oocysts/midgut. However, the difference was not significant (Fig. 1B).  

 3.4.2 Mosquito survival following systemic bacterial infections 

Earlier work demonstrated that HA-AMPK176D suppressed malaria-causing P, 

falciparum parasites in the mosquito midgut. So, we further tested whether the transgene 

confers any bacterial protection to Ho-TG mosquitoes by comparing their survival rate 

after bacterial infection to their wild-type counterparts. The mosquitoes were infected 

under two conditions: non-blood fed and 3-6 hrs PBM, corresponding to the period of an 

increased transgene (protein) expression.  

First, we observed that the pathogens varied in their virulence as observed by how 

quickly they killed the mosquitoes. Almost all the mosquitoes infected with B. 

subtilis were dead within 24 hours, whereas those infected with E. coli survived for 

several days post-infection (Fig 2 & 3). Under blood fed condition, we found that Ho-TG 

mosquitoes challenged with B. substilis survived better compared to the WT mosquitoes 

(p < 0.05) in the first experiment, but no difference was observed in the second and third 

experiment (Fig 2A-B). When challenged with E. coli, the Ho-TG mosquito group 

survived longer in the one of the three experiments, and WT mosquitoes survived longer 

in the other. Both differences were significant at p < 0.05. 

  Interestingly, when non-blood fed mosquitoes were challenged with E. coli, the 

WT mosquitoes lived longer than the Ho-TG in 2 of the 3 experiments (p < 0.05). When 

challenged with B. subtilis, we observed the Ho-TG mosquitoes significantly lived longer 

in 1 of the 3 experiments. In the other two experiments, there was no difference in 
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survival rates between the group.  We did not find any difference in mosquito survival 

under sham (LB) control from 2 of the 3 replicates. Taken together, it appears that the 

transgene do not confer protection against the E.coli and B. subtilus, but more replicates 

will be needed to ascertain this. 

	

3.5  Discussion	

            Plasmodium species are obligate intracellular protozoan parasites and the 

etiological agents of malaria. Our study shows that increased AMPK activity play a role 

in Plasmodium resistance in mosquitoes, seen by the significant decrease in the parasite’s 

prevalence in the TG compared to the WT (p < 0.01). The effect of AMPK reported in 

our study is similar to another study that explored the effect of increased AMPK 

signaling on liver-stage P. berghei malarial infection. A decrease in host AMPK favored 

parasite infection, while its activation/increase adversely impacted parasite growth and 

replication. This study also used a similar method like ours by increasing AMPK activity 

via over-expressing a constitutively active (CA) form of AMPKα1, but in Huh7 cells.5 

They found that expressing CA decreased P. berghei hepatic growth. In addition, P. 

berghei, P. yoelii and P. falciparum infected cells were exposed to the pharmacological 

agents, salicylate, known to increase AMPK activity. This resulted in a decrease in 

parasite size and a dose-dependent reduction of the total parasite load invitro, regardless 

of host cell or Plasmodium species. Similar results were reported with mice treated with 

salicylate and challenged with the P. berghei parasite.5 Another study also found that 

feeding mice with metformin, an AMPK agonist, resulted in a decrease in P. yoelii, a 

murine malaria species.17 
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        The mechanism by which AMPK acts on the parasite may be due to the decrease of 

triglyceride following AMPK activation. AMPK activation inhibits acetyl CoA 

carboxylase, crucial in fatty acid synthesis, leading to decreased levels of cellular lipids. 

The Plasmodium parasite cannot synthesize sterols and therefore depends on lipids from 

the host.18,19 A decrease in cholesterol and fatty acid synthesis during AMPK activation 

will deprive the parasite of certain metabolites such as cholesterols and therefore 

negatively impact their development. The regulation of mosquito immunity during 

Plasmodium infection occurs in part through the activation of the highly conserved NF-

κB transcription factors Relish; Rel1 and Rel2. Increased NF-κB dependent transcription 

can reduce both bacterial load and Plasmodium development in anopheline 

mosquitoes.20 It has been reported that AMPK indirectly inhibits NF-κB signaling via 

several downstream targets such as SIRT1, PGC-1alpha, p53, and Forkhead box O 

(FoxO) factors.21 This will negatively impact the resistance of the mosquito to the 

parasite as opposed to what we observed. Thus, the complexity of the AMPK pathway.   

Regarding bacterial infections, AMPK activation has been shown to decrease the 

growth of some bacteria such as Salmonella typhimurium, a Gram-negative bacterium, in 

HeLa cells.22 AICAR treatment in the mouse model of Staphylococcus aureus 

endophthalmitis, a Gram-positive bacterial infection, reduced the bacteria burden11. The 

trend observed in our experiment suggests that increasing AMPK activity do not confer 

any protection to either bacterium used in this study, especially Gram-negative 

bacterium, E. coli.  However, more robust studies will be required to fully ascertain this. 

Studies have shown that the role of AMPK in bacterial infection differs depending on the 

host species. Thus, we may have gotten a more distinct result if we had explored other 
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bacterial infections. E. coli has been reported to exploit host’s autophagic machinery 

through the inhibition of the mTOR pathway and AMPK phosphorylation.23 In 

Dictyostelium cells, increase AMPK signaling enhanced the proliferation of L. 

pneumophila, but decreased the bacteria growth in mouse.13,14 It is important to note that 

most of these observations were reported from mammalian studies. 

In summary, we explored another mechanism to decrease the transmission of the 

human malaria parasite P. falciparum by expressing a constitutively active AMPK in the 

midgut of the mosquito. We saw a significant decrease in infection prevalence, which 

supports the role of host AMPK signaling as a suppressive pathway of Plasmodium 

falciparum infection and as a potential target for host-directed antimalarial interventions, 

especially in combination with other malaria control interventions. Host-pathogen 

interaction is a dynamic process involving competition over the essential nutrients for 

their survival. The effect of pathogens on host AMPK protein seem to depend on the 

different biological and nutritional requirements for the different pathogens. As such, if 

these conditions are established, manipulation of host	 AMPK	 activity could be a 

promising approach for targeting intracellular pathogens.  
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3.6 Figures and Figure Legends 
 
3.6.1 Resistance of transgenic and non-transgenic mosquitoes to P. falciparum 
infection 
 
  
      

 

                      
    
 

Figure 1. Transgenic (TG) mosquitoes and wildtype mosquitoes were provided with an 
artificial blood meal containing P. falciparum NF54 gametocytes. Ten days after 
infection, the midguts were dissected and the numbers of P. falciparum oocysts were 
counted: A) Infection prevalence was defined as the percentage of mosquitoes that had at 
least one oocyst in the midgut. B & C) Infection intensity was defined as the mean 
number of oocysts per midgut in experiments A and B. The mean numbers of oocysts per 
midgut ± SEMs are plotted. The experiment was repeated twice with independent cohorts 
of 40- 50 mosquito per replicate. There were no significant differences among oocysts in 
the wildtype control from these replicates, so the data were pooled across replicates.  
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3.6.2  Mosquito survival following systemic bacterial infection in blood fed 
mosquitoes 

 

         
 
 

 
 

 
 
Figure	2.	Survival	rates	following	systemic	infection	with	Gram	(-)(E.	coli)	and	Gram	
(+)(B.	subtilis)	 bacteria	 in	 blood	 fed	mosquitoes.	 Paired	 cohorts	 composed	 of	 80	 -	
100	mosquitoes	A-C	Survival	rates	of	blood	fed	Ho-TG	and	WT	mosquitoes	up	to	10	
days	after	bacterial	infection.	Sham	(pricking	with	Luria	broth)	were	performed	as	
control	mosquito	cohorts.	P	values	were	calculated	using	the	Log-Rank	(Mantel-Cox)	
test	and	reflect	comparison	with	matched	controls	at	alpha	=	0.05.	
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3.6.3  Mosquito survival following systemic bacterial infection in non-blood fed 
 mosquitoes  
 

	 			 	
	
	

	
	
	

	
	
	
Figure	3.	Survival	rates	following	systemic	infection	with	Gram	(-)(E.	coli)	and	Gram	
(+)(B.	subtilis)	bacteria	in	non-blood	fed	mosquitoes.	Paired	cohorts	composed	of	80	
-100	mosquitoes.	 Paired	 cohorts	 composed	 of	 80	 -	 100	mosquitoes.	 A-C	 Survival	
rates	 of	 non-blood	 fed	 Ho-TG	 and	 WT	 mosquitoes	 up	 to	 10	 days	 after	 bacterial	
infection.	 Sham	 (pricking	 with	 Luria	 broth)	 were	 performed	 as	 control	 mosquito	
cohorts.	P	values	were	calculated	using	the	Log-Rank	(Mantel-Cox)	test	and	reflect	
comparison	with	matched	controls	at	alpha	=	0.05. 
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3.7 Supplementary Figures  
 
3.7.1 Resistance of transgenic and non-transgenic mosquitoes to P. falciparum 
 infection 
 

 

 

 

Figure 1. Transgenic (TG) and non-transgenic (NTG) mosquitoes (N = 30 – 40) were 
provided with an artificial blood meal containing P. falciparum NF54 gametocytes. Ten 
days after infection, the midguts were dissected and the numbers of P. falciparum oocysts 
were counted: A) Infection prevalence was defined as the percentage of mosquitoes that 
had at least one oocyst in the midgut in experiment A and B. B & C) Infection intensity 
was defined as the mean number of oocysts per midgut in the first and second 
experiment. The mean numbers of oocysts per midgut ± SEMs are plotted.  
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