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Abstract 

The Aedes aegypti mosquito, a viral disease vector, can complete its life cycle in 

breeding sites that range in salinity from ion-poor to fresh and brackish water. Fluctuations in 

salinity provide different challenges to larval regulation of ion and water transport. Western 

blots of proposed water channel A. aegypti aquaporin 2 (AaAQP2) revealed this protein is found 

in the osmoregulatory organs, including gastric caecae, Malpighian tubules (MTs), hindgut, and 

anal papillae (AP) of larvae reared in varying salinity. AaAQP2 immunolocalization in MTs 

shifted from apical to intracellular as salinity increased, and could imply AaAQP2 is trafficked 

from the cell membrane to potentially decrease MT water secretion. Protein abundance of the 

presumed AaAQP2 monomer in AP increased as salinity increased, however, larval survival 

increased when larvae with knockdown AaAQP2 in the AP were transferred to higher salinity. 

Results suggest AaAQP2 protein levels impact larval physiology when changes in environmental 

salinity occur.   
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1.0 Introduction 

1.1 Aedes aegypti Mosquito, Vector Control and Life Cycle 

 Aedes aegypti (Diptera: Culicidae) is a species of tropical mosquito that is a vector for 

viral diseases. Viruses causing Zika, chikungunya, dengue and yellow fever, among others, affect 

nearly half a billion people worldwide every year and are spread from host to host via the 

female mosquitoes, which require a blood meal for the production of their eggs (Bhatt et al., 

2013; Christophers, 1960; Guzman et al., 2010). A. aegypti inhabit warm, moist climates in 

tropical and subtropical regions of the world, and are prevalent in densely populated, coastal 

urban areas where breeding grounds are abundantly found (Kraemer et al., 2015).  

 Measures to reduce the spread of disease transmission include mass release of sterile 

adult mosquitoes, use of double-stranded RNAs (dsRNAs), ovitraps and insecticides, and 

elimination of mosquito breeding sites. The Sterile Insect Technique is a species-specific and 

environmentally friendly approach to controlling A. aegypti populations by introducing males 

sterilized with damaging doses of radiation, or engineered to carry a dominant lethal transgene, 

to mate with wild females resulting in no offspring, or offspring that do not survive to 

adulthood, respectively (Alphey et al., 2010; Harris et al., 2011; Harris et al., 2012). A novel 

method to develop sterile males by feeding mosquito larvae dsRNA targeting testis genes 

produced adult males with greatly reduced fertility and eliminated the need to sex-sort insects 

before release (Whyard et al., 2015). Ovitraps are artificial breeding sites used to collect 

mosquito eggs and larvae to help identify mosquito breeding grounds and monitor populations 

before disease outbreaks occur (Wermelinger et al., 2015). Insecticides and repellents are used 

to kill or deter oviposition and blood-feeding in adults while larvicides applied to mosquito 
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breeding sites target the juvenile stages, however, these methods have negative effects on the 

ecosystem and resistance alleles in A. aegypti have been recently found (Afify et al., 2014; 

Milam et al., 2000; Muthusamy and Shivakumar, 2015; Ranson et al., 2008).  

Mosquito breeding sites include vessels of standing fresh water such as rain collection 

barrels, wash basins, as well as natural and artificial ponds all of which support the aquatic 

stages of A. aegypti life cycle (Figure 1.1). Eggs are laid by blood-fed females along the walls 

above the waterline and can survive low temperatures and desiccating conditions 

(Christophers, 1960). When addition of water inundates the eggs, larvae hatch and feed on 

organic matter as they grow through four larval stages and a non-feeding pupal stage before 

emerging as adults.  

 

 

 

 

 

 

 

Figure 1.1. The mosquito life cycle includes a terrestrial adult stage which deposit eggs at the 

waterline. Larvae hatch as first instars and molt into second, third and fourth instars, before 

pupating in the aquatic environment. Illustration by Scott Charlesworth, Purdue University. 
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1.2 Environmental Salinity and Osmoregulation 

 The aquatic stages of the mosquito life cycle occur in small, isolated bodies of water 

which can quickly fluctuate in ion composition depending on human and environmental 

conditions. Climate change and increasing temperatures cause sea levels to rise increasing the 

salinity of coastal waters and freshwater wetlands that affect aquatic organisms including A. 

aegypti larvae (Kefford et al., 2016; Ramasamy and Surendran, 2012). Though previously 

considered a freshwater species, A. aegypti larvae tolerate brackish water conditions (up to 

30% seawater) and have been found in urban wells and artificial containers holding ocean 

offspray along Sri Lankan coastlines (Ramasamy and Surendran, 2012; Ramasamy et al., 2011). 

High temperatures cause evaporation and increased salinity while periods of precipitation 

quickly dilute and decrease the salinity of these aquatic habitats. On the other hand, A. aegypti 

larvae are found in very dilute ion-poor waters of the Amazon which challenge ion balance in 

the larvae because of a decrease in ions available for absorption (Patrick et al., 2002a; Patrick et 

al., 2002b). To survive these dramatically different aquatic habitats, the larvae undergo 

physiological changes that maintain water and ion balance in their internal body fluids and 

haemolymph.  

 The process known as osmoregulation maintains constant osmotic pressure within an 

organism and A. aegypti larvae are limited osmoregulators maintaining haemolymph osmolarity 

between ~250-300 mOsm even as external ion levels vary to an extent (Edwards, 1982a; 

Edwards, 1982b). In ion-poor water (IPW; 0% seawater) and freshwater (FW; <5% seawater), 

haemolymph ion levels are hypertonic to the environment and larvae risk an osmotic influx of 

water and efflux of ions. Larvae survive by replacing lost salts and ions via active ion transport 
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and by excreting excess water via the production of dilute urine (Ramsay, 1950). 

Osmoregulation drives ions into cells and organs from ion-poor conditions via the 

hyperpolarization of apical membranes by V-type H+-ATPases (Zhuang et al., 1999). In IPW, the 

osmotic pressure of the larval haemolymph is on the low end (~250 mOsm; ~60 mmol/L Na+) 

and the concentration of free ions decreases, reducing the influx of water and the need to 

produce urine (Edwards, 1982b; Richards and Meier, 1974). Larvae reared in 0-30% seawater, 

with 0% containing 1.6–99 µmol/L of Na+, maintain constant haemolymph ion concentrations 

(80-120 mmol/L Na+, 60-80 mmol/L Cl-); however, free amino acid levels rise to balance the rise 

in osmotic pressure as salinity increases (Edwards, 1982a; Edwards, 1982b; Patrick et al., 

2002b). In 30% seawater; (BW, 85 mmol/L NaCl), the increased salinity exerts an osmotic 

pressure ~300 mOsm, which is roughly iso-osmotic to the larval haemolymph, and is regarded 

as the upper limit of external salinity that the larvae can tolerate and complete normal 

development (EC50 = 40% SW) (Bradley, 1987; Clark et al., 2004; Richards and Meier, 1974). 

Larvae tolerate differences in environmental salinity by adjusting water intake and undergoing 

morphological and physiological changes in their internal and external osmoregulatory organs 

as described in the following section. 

1.3 Osmoregulatory Organs 

Larvae raised in dilute media cope with the inflow of water by decreasing drinking rates 

and producing very dilute urine to conserve ions (Ramsay, 1950; Stobbart, 1974). In contrast, 

larvae in BW increase drinking rates to maintain body volume, however the ingested fluid 

increases ion concentrations of the haemolymph and the larvae produce a more concentrated 

urine compared to larvae in dilute media to eliminate ingested ions (Ramsay, 1950). Ion uptake, 
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ion conservation, and water elimination are achieved by osmoregulatory organs, which include 

the gastric caecae, midgut, Malpighian tubules, rectum, and anal papillae (Figure 1.2).  

 

 

Figure 1.2. Diagram of Aedes aegypti larva and organs. (A) The external body and external anal 

papillae. (B) Internal anatomy of the gut including the gastric caecae, midgut divided into 

anterior and posterior regions, Malpighian tubules, and hindgut divided into ileum and 

rectum. (C) A schematic representation of a single gastric caeca lobe depicting the caecal and 

peritrophic membranes and the two major cell types of the epithelium. (D) An optical section 

of a single anal papilla that arises from the thin membrane around the anus and separates the 

haemolymph from the external environment. (E) Illustration of the distal end of a single 

Malpighian tubule showing the two major cell types of the epithelium. [A and B are modified 

images created by Lecia Szyca©; C, D, and E are modified images taken with permission from 

Volkmann and Peters (1989a), Wigglesworth (1933a), and Bradley et al., (1982), respectively.]  

A B C 

D E 
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Food and water ingested from the external environment bypass the esophagus and 

gastric caecae, which are both lined with an acellular secreted “cuticle” called the peritrophic 

membrane (PM) that functions to protect the epithelium of the gut from abrasion by food 

particles (Richards, 1975). Food and water permeate the PM at the midgut, where the midgut 

cells are lined with microvilli that aid in digestion and absorption; some fluid is absorbed into 

the haemolymph by the midgut epithelium while some food and fluid is conveyed anteriorly to 

the gastric caecae by retroperistalsis for further digestion and absorption (Figure 1.2 C) 

(Christophers, 1960; Ramsay, 1950; Volkmann and Peters, 1989a; Volkmann and Peters, 1989b; 

Wigglesworth, 1933a; Wigglesworth, 1933b; Wigglesworth, 1942).  The simple gastric caeca 

epithelium is comprised of proximal digestive cells and distal ion-secreting cells where ion-

secreting cells shrink and expression of ATPases changes when larvae are reared in brackish 

water compared to freshwater (D’Silva et al., 2017; Patrick et al., 2006; Volkmann and Peters, 

1989b). 

The midgut is kept iso-osmotic to the haemolymph and ingested nutrients and ions are 

actively transported from the midgut into the haemolymph with water following passively 

(Wigglesworth, 1933b; Ramsay, 1950). However, the midgut is functionally divided into the 

anterior (pH ~11; site of H+ efflux and Cl- influx) and posterior (pH ~7.5; site of H+ influx and Cl- 

efflux) regions where the alkaline pH of the anterior midgut contributes to digestion of plant 

material (Boudko et al., 2001; Zhuang et al., 1999). The posterior midgut aids in nutrient 

absorption and is functionally compared to the gastric caecae (pH ~ 7-8; site of H+ influx and Cl- 

efflux) (Boudko et al., 2001). The gastric caecae and midgut are stimulated by haemolymph 

levels of 5-hydroxytryptamine (5-HT; serotonin), which are elevated in response to increases in 
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environmental salinity and which also stimulate the fluid and ion secretion rates of the 

Malpighian tubules (Clark and Bradley, 1996; Clark and Bradley, 1997; Clark et al., 1999).  

The Malpighian tubules secrete fluid containing ions and excess water from the 

haemolymph into the Malpighian tubule lumen; this fluid known as primary urine is nearly iso-

osmotic to the haemolymph and mainly consists of NaCl, KCl, and water but also contains 

nitrogenous wastes, toxins, and other metabolites removed from the haemolymph (Bradley et 

al., 1982; Piermarini, 2016; Wigglesworth, 1933b) (Figure 1.2 E). Primary urine production is 

roughly equal to the amount of water absorbed and, through peristaltic contractions, some of 

this fluid is moved anteriorly to the midgut or directed posteriorly to the hindgut depending on 

the environment in which the larvae are reared (Edwards, 1982b; Stobbart, 1971a).  

The hindgut is mainly divided into two regions: the ileum that serves a mechanical 

function, and the rectum, which is osmoregulatory. Fluid in the rectum is hypo-osmotic and 

lower in Cl- compared to the haemolymph (Ramsay, 1950). The rectum selectively reabsorbs 

Na+, K+, and Cl- ions from the primary urine back into the haemolymph while excess ions, 

solutes, and water are excreted as urine (Bradley, 1987). As previously mentioned, mosquito 

larvae in various conditions adjust body volume by adjusting drinking and urine excretion rates. 

When body volume increases and activates stretch receptors in the epidermis, gut peristalsis 

increases and more fluid is passed to the rectum; when urine flow is to be restricted, more fluid 

is passed anteriorly to the midgut (Beyenbach, 2003; Bradley, 1987). Additionally, ion and water 

maintenance also occurs through the anal papillae: an extra-renal mechanism in direct contact 

with the environment (Figure 1.2 D) (Edwards and Harrison, 1983).  
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1.3.1 Anal Papillae  

The externally exposed anal papillae (AP) are four transparent finger-like projections of 

the membrane surrounding the anus. They are direct extensions of the haemocoel and their 

lumen is filled with haemolymph and sheets of cells that support tracheal branching (Edwards 

and Harrison, 1983). The AP are an embryological product of eversion of the hindgut tissues 

and function to uptake salts into the haemolymph to compensate for ion loss in freshwater 

environments (Christophers, 1960; Koch, 1938; Wigglesworth, 1938). Changes in environmental 

salinity induce ultrastructural modifications in the AP epithelium, which is a simple, 

multinucleated syncytium covered externally by a chitinous cuticle (Surendran et al., 2018; 

Wigglesworth, 1933b; Wigglesworth, 1933a).  

The apical membrane of the epithelium contains regular infolds (microvilli) attached to 

the cuticle that increase surface area with a great number of mitochondria beneath them, while 

the basal membrane contains many irregular canaliculi, a network of interconnecting channels 

continuous with the haemocoel also associated with mitochondria (Edwards and Harrison, 

1983; Sohal and Copeland, 1966). The presence of mitochondria on both apical and basal 

membranes is a distinguishing feature of an ion transporting epithelium. Both the number and 

depth of the apical infoldings are reduced with increases in environmental salinity and large 

spaces appear between the cuticle and the apical membrane (Sohal and Copeland, 1966). In 

dilute media the basal canaliculi are narrow but expand and became more “cavernous”, while 

in 20% seawater, the far less regular microvilli are thicker and arranged in groups with 

significantly fewer mitochondria (Edwards and Harrison, 1983). Although increases in salinity 

reduce the number of mitochondria, oxygen consumption is not affected.  
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Rearing in higher salinity increases the number of large, opaque vesicles within the 

cytoplasm but has no effect on the thickness of the AP epithelium, however the thickness of the 

AP cuticle in freshwater larvae decreases from ~1.03 µm to nearly half (~0.5 µm) when reared 

in 20% seawater (Edwards and Harrison, 1983). The AP cuticle in freshwater A. aegypti is much 

thinner compared to another freshwater dipteran Chironomus riparius (1.6 µm), while the AP 

cuticle in euryhaline Aedes campestris (0.5 µm) is also quite thin, contrastingly, the AP cuticle in 

salt-water species Aedes togoi is quite thick (2.3-3.3 µm) (Credland, 1978; Edwards and 

Harrison, 1983; Meredith and Phillips, 1973a; Meredith and Phillips, 1973b). The AP epithelium 

underlying the cuticle in A. aegypti is similar in thickness (6 µm) to C. riparius (6.3 µm), and 

much thinner than A. campestris (20 µm) or A. togoi (60 µm), signifying animals from a more 

saline medium have a thicker epithelium and animals from a less saline medium have a thinner 

one.  

The syncytial epithelium allows the AP to be more impermeable but arguably less 

versatile by eliminating extracellular junctional spaces. The AP actively uptake environmental 

Na+ and Cl- against their electrochemical gradients while K+ is passively taken up (Koch, 1938; 

Stobbart, 1967; Stobbart, 1971b; Stobbart, 1974). Na+ and Cl- uptake are decreased when 

freshwater larvae are exposed to 30% seawater for 6 h (Donini et al., 2007). These findings are 

consistent with the ultrastructural changes the AP epithelium undergoes when exposed to 

increased salinity: reduced membrane infoldings (surface area) and fewer mitochondria to 

support active ion transport. Salt uptake by the AP is assumed to be influenced by a hormone 

circulating in the haemolymph (Edwards and Harrison, 1983).  
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As previously mentioned, larvae regulate body volume by adjusting drinking rates; 

however, the AP are also permeable to water and account for >30% of daily water intake 

(Stobbart, 1971a; Wigglesworth, 1933a). Given there is no paracellular pathway, water 

transport in highly permeable membranes such as the AP epithelium is assumed to occur 

through water channels composed of proteins called aquaporins.  

1.4 Aquaporins  

 Aquaporins (AQPs) are membrane integral proteins that allow bi-directional movement 

of water across cell membranes in response to changes in osmotic gradients (Agre, 2006). They 

are ubiquitously found in all organisms from amoeba to mammals and while some AQPs are 

strict water channels there are AQPs that allow transport of small, non-polar solutes such as 

glycerol and urea, and some AQPs only function as junction proteins for cell-to-cell adhesion 

(Campbell et al., 2008).  

In humans, thirteen AQPs (AQP0 to 12) have been characterized to date and found 

widely expressed in specific cell types in various organs and tissues (Li and Wang, 2017). The 

first evidence of human AQPs was a major intrinsic protein (MIP), now known as AQP0, 

involved in the homeostasis of the eye lens and is a hydrophobic protein 26 kDa in molecular 

mass that is also abundant in bovine lens cells; however, the function of this protein was not 

evident (Gorin et al., 1984; Kistler and Bullivant, 1980). In 1991, water flow in proximal renal 

cell membranes was found to be mediated by a ~30 kDa protein, and water flow in red blood 

cells was suspected to occur through an abundant 28 kDa protein channel named CHIP28 which 

showed homology to AQP0 (Preston and Agre, 1991; Smith and Agre, 1991; van Hoek et al., 

1991). CHIP28, now known as AQP1, was expressed in Xenopus laevis oocytes and allowed 
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water permeation that was sensitive to HgCl2, an organomercurial that indicates the presence 

of a sulfhydryl required in a water pore (Preston et al., 1992). Although the majority of studies 

on AQP structure and function mainly focus on vertebrate and human models, the structure of 

AQPs appears to be highly conserved among animal kingdoms including Archaea and bacteria 

(Bansal and Sankararamakrishnan, 2007; Campbell et al., 2008; Drake et al., 2010).  

1.4.1 Aquaporin Structure, Function and Regulation 

 Each AQP channel consists of six transmembrane α-helices (1-6) with five connecting 

loops (A-E), has both N- and C- termini intracellular, and contains a central water-transporting 

pore (Figure 1.3) (Jung et al., 1994). A conserved arginine with a fixed positive charge is found 

in loop B, which functions to repel protons, and a conserved cysteine residue is found in loop E,  

 

Figure 1.3. Aquaporin structure showing folding, hourglass model, and tetramerization. (A) An 

aquaporin monomer consists of six membrane-spanning α-helices (1-6), five connecting loops 

(A-E), intracellular N- and C- termini, and a central water-transporting pore. (B) Quaternary 

structure may include tetramerization. Image taken from Jung et al. (1994). 

A 

B 
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which is the site of mercurial inhibition, as previously indicated (Gonen and Walz, 2006). The 

amino and carboxyl terminal halves are related in sequence, thus each AQP contains two 

internal repeats with each repeat containing an asparagine-proline-alanine (NPA) motif in loops 

B and E. The two repeats are brought together by the NPA motifs, which form a central 

aqueous pore as the AQP protein folds into a right-handed α-barrel known as the hourglass 

model (Figure 1.3 A) (Jung et al., 1994). The NPA motifs allow hydrogen bonding to occur 

between the asparagine residues and oxygen in water molecules, ultimately disrupting 

hydrogen bonding between the protons. An aromatic arginine (ar/R) region, also called 

selectivity filter, is found on the extracellular side forming the narrowest part of the channel 

that allows for substrate specificity (Sreedharan et al., 2016). Although one AQP protein can 

allow for the passage of water and/or other solutes, AQPs can assemble as tetramers in the 

plasma membrane for additional transporting functions through a fifth pore created between 

the adjacent monomers (Figure 1.3 B) (Geyer et al., 2013; Kitchen et al., 2016).  

There are three main subfamilies of vertebrate AQPs based on transport properties and 

cellular localization: orthodox (or classical), aquaglyceroporins, and super AQPs (or unorthodox) 

(Ishibashi et al., 2011). Orthodox AQPs are typically found on the plasma membrane and are 

highly selective for water molecules due to a narrow ar/R selectivity filter. Aquaglyceroporins 

additionally permit the passage of solutes such as glycerol and urea due to a wider selectivity 

filter. Super AQPs are found in subcellular membranes and have a modified NPA motif though 

retain their permeability to water (Ishibashi et al., 2014; Sreedharan and Sankaranarayanan, 

2018).  
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In arthropods there are five subfamilies of AQPs: Drosophila integral protein (DRIP), 

Pyrocoelia rufa integral protein (PRIP), Drosophila big brain (BIB), entomoglyceroporin (Eglp), 

and Aqp12-like (AQP12L) (Campbell et al., 2008; Drake et al., 2010; Sreedharan et al., 2016; Van 

Ekert et al., 2016; Yang and Piermarini, 2017). Members of the DRIP subfamily have been 

shown to be highly selective water-specific channels and associated with insect respiration and 

excretion; PRIP subfamily members are known to be involved in diverse physiological functions 

such as oogenesis and have the capacity to transport water and other solutes; BIB subfamily 

members do not have water transporting capabilities but are involved in cell to cell adhesion; 

members of the Eglp subfamily have multifunctional properties capable of transporting water 

and/or small molecules such as glycerol and are implicated in desiccation and freeze tolerance 

of insects; AQP12L members are closely related to vertebrate AQP12 and are the more 

divergent AQPs recently discovered, thus their transport properties are largely unknown, 

however recent studies show they are localized on the membranes of intracellular organelles 

instead of the plasma membrane and may transport water (Sreedharan and Sankaranarayanan, 

2018; Stavang et al., 2015). AQPs also facilitate the movement of gases, ammonia, hydrogen 

peroxide, nitrates, and acids involved in energy metabolism, for example, AQP-mediated CO2 

and NH3 transport maintains acid-base homeostasis within the cell (Almasalmeh et al., 2014; 

Bienert et al., 2007; Bienert et al., 2008; Geyer et al., 2013; Ikeda et al., 2002; Kirscht et al., 

2016; Li and Wang, 2017; Spring et al., 2009; Talbot et al., 2015).   

The functions of AQPs in cells are regulated by subcellular distribution, protein 

interactions, and by post-translational modifications such as phosphorylation, glycosylation, 

ubiquitination, and degradation (Li and Wang, 2017). Membrane trafficking and translocation of 
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subcellular AQPs to control cellular water flow is regulated by tonicity and other determinants 

(Beitz et al., 2006b; Conner et al., 2010; Conner et al., 2012; García et al., 2001). For example, 

hyperosmolarity can regulate AQP1 expression in human kidney epithelial cells, while NO and 

natriuretic factors can stimulate insertion of AQP2 into the membrane of mammalian renal cells 

(Bouley et al., 2000; Brown, 2003; Jenq et al., 1999). AQP sorting also plays a role in cell polarity 

and exocytosis (Edemir et al., 2011; Fushimi et al., 1997).  

AQPs have gating mechanisms, stimulators, regulators and inhibitors, with mercury 

being a powerful inhibitor of water uptake (De Almeida et al., 2016; Gunnarson et al., 2005; 

Hasler et al., 2006; Hirano et al., 2010). Regulation of AQPs through phosphorylation occurs at 

Serine sites, N-glycosylation at Asparagine sites, ubiquitination at C-termini, and possibly 

acetylation (Eto et al., 2010; Fenton et al., 2008; Hunter, 2007; Hwang et al., 2010). For 

example, glycosylation of mammalian AQP2 is essential for tetramerization at the cell surface 

but not for expression in the endoplasmic reticulum (Hendriks et al., 2004). Stimulation of AQP2 

by phosphorylation via vasopressin resulted in retention of AQP2 in the plasma membrane and 

stimulation of adrenoreceptors induced AQP5 trafficking to apical plasma membrane in 

mammalian cells (Hoffert et al., 2008; Ishikawa et al., 1999).  

1.4.2 Aedes aegypti Aquaporins and Regulation 

Currently, six AQP homologues have been discovered in A. aegypti mosquitos, namely 

AaAQP1-6 (Drake et al., 2010) and the first, AaAQP1, was cloned from mRNA localized in MT 

tracheolar cells (Pietrantonio et al., 2000). AaAQPs 1, 2 and 6 are strictly water channels and 

show limited solute transport capabilities (Drake et al., 2015; Sreedharan and 

Sankaranarayanan, 2018). AaAQP1 belongs to the DRIP subfamily while AaAQP2 belongs to the 
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PRIP subfamily and both are classified as orthodox following the vertebrate subfamily 

designations. AaAQP6 belongs to the AQP12L subfamily and is classified as unorthodox under 

the super AQPs vertebrate subfamily. AaAQP3 belongs to the highly divergent BIB subfamily 

and may have a role in cell to cell adhesion and/or cation transporting abilities (Campbell et al., 

2008; Drake et al., 2010; Marusalin et al., 2012). AaAQP4 can transport urea, glycerol, trehalose 

and other sugar alcohols but shows little water transporting capability while AaAQP5 can 

transport both water and trehalose, among other solutes (Drake et al., 2015). AaAQPs 4 and 5 

belong to the entomoglyceroporin subfamily, which is functionally analogous to the 

aquaglyceroporin subfamily in vertebrates.  

 Transcripts of all six AaAQPs have been found in the osmoregulatory organs of adult A. 

aegypti mosquitoes and larvae reared in FW. The osmoregulatory organs previously examined 

include the gastric caecae (GC), anterior midgut (AMG), posterior midgut (PMG), Malpighian 

tubules (MTs), hindgut (HG), and anal papillae (AP). AaAQP1 transcripts are most abundant in 

larval MTs and AP compared to other organs, and brackish water rearing (BW; 30% seawater) 

did not affect transcript abundance (Misyura, 2018; Misyura et al., 2020). In female adults, 

AaAQP1 transcript abundance in the midgut and MTs is affected at various times after a blood 

meal and AaAQP1 protein knockdown improved survival in desiccating conditions by reducing 

excretion (Drake et al., 2010; Drake et al., 2015). AaAQP1 protein levels in larval GC and AP are 

reduced by BW-rearing and immunolocalization showed AaAQP1 is found apically in the GC, 

MTs, and AP (Misyura, 2018; Misyura et al., 2020).  

BW-rearing significantly increased abundance of AaAQP3 transcripts in the AMG while a 

decreasing trend was observed in the AP (Misyura, 2018; Misyura et al., 2020). In adults, 
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AaAQP3 transcript abundance was unaffected in the osmoregulatory organs but was elevated 

in the ovaries and fat body 24 h after blood-feeding (Drake et al., 2010; Drake et al., 2015; 

Marusalin et al., 2012). AaAQP3 protein levels and localization in both larvae and adult 

mosquitoes are unknown. 

AaAQP4 transcript abundance and protein levels decreased in the AP with BW-rearing 

(Akhter et al., 2017; Misyura, 2018; Misyura et al., 2020). AaAQP4 is immunolocalized on both 

basal and apical membranes of the GC ion-transporting cells, AMG, PMG, and principal cells of 

the MTs, intracellularly in the HG, and basally in the AP. BW-rearing decreased intensity of the 

immunoreactive staining in the GC, HG, and AP. AaAQP4 transcripts are abundant in the adult 

MTs and, following a blood meal, are upregulated within 3 h and then downregulated within 24 

h (Drake et al., 2010; Drake et al., 2015). Similar to AaAQP1, knockdown of AaAQP4 in adults 

increased resistance to desiccation by reducing excretion rates.  

BW-rearing increased AaAQP5 transcript and protein abundance in the AP (Akhter et al., 

2017). Immunolocalization showed AaAQP5 is on the apical side of the AMG epithelium but on 

the basolateral membrane in the AP, in both cell types of the GC, and in the principal cells of 

the MTs. BW-rearing decreased immunofluorescence intensity in the MTs but increased 

intensity in the AP (Akhter et al., 2017; Misyura, 2018; Misyura et al., 2020). In adults, AaAQP5 

transcript abundance was highest in the MTs and reduced 24 h after a blood meal, and similar 

to AaAQPs 1 and 4, knockdown of AaAQP5 in adults reduced excretion rates thus increasing 

resistance to desiccation (Drake et al., 2010; Drake et al., 2015). Interestingly, protein 

knockdown of AaAQP5 in larvae decreased survival in FW (Misyura et al., 2017). 
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AaAQP6 transcripts were most abundant in the pupal stage compared to adult or larval 

life stages (Sreedharan and Sankaranarayanan, 2018). In adults, AaAQP6 mRNA is most 

abundant in the foregut, while in larvae the abundance was highest in AP and HG, and BW-

rearing decreased transcript levels of AaAQP6 in the AP (Akhter et al., 2017; Drake et al., 2010; 

Drake et al., 2015; Misyura, 2018; Misyura et al., 2020). Notably, AaAQP6 protein levels in both 

larvae and adults remain unknown. 

AaAQP2 transcript levels were not affected by rearing larvae in BW when compared to 

FW; however, transcriptome sequencing data indicates that an abrupt 24 h exposure to BW 

increases AaAQP2 transcript levels in the AP (Akhter et al., 2017; Misyura, 2018; Donini and 

Durant, personal communication). In adults, AaAQP2 transcript abundance was elevated in the 

MTs and downregulated in the HG following consumption of a blood meal suggesting AaAQP2 

is involved in excreting the excess water content of the meal (Drake et al., 2010; Drake et al., 

2015). Critically, protein levels and localization of AaAQP2 in both larval and adult organs have 

not yet been determined. 

1.5 Objectives and Hypotheses 

The anal papillae are externally projecting organs and, as such, are always in direct 

contact with the aquatic habitat of mosquito larvae. These organs play multiple important 

physiological roles including osmoregulation, ammonia excretion and pH regulation. One of the 

arguably more interesting aspects of anal papillae is their relatively high permeability to water, 

which seems counter-intuitive in a freshwater habitat where the larvae are faced with osmotic 

influx of water. It is assumed that this high permeability to water is a consequence of the 

expression of aquaporins by the syncytial epithelium. A recent transcriptome study (i.e. 
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RNAseq) revealed that AaAQP2 shows the highest transcript abundance compared to other 

aquaporins in the anal papillae of larvae in FW and abundance increases with a short term (1 

day) exposure to BW (Donini and Durant, personal communication). Previous studies have 

shown that the expression of entomoglyceroporins (AaAQP4 and AaAQP5) in the anal papillae 

is salinity responsive. Although the entomoglyceroporins can transport water, they are also 

permeable to solutes such as glycerol (Drake et al., 2015). Comparatively, AaAQP2 is a highly-

selective water channel (Drake et al., 2015; Marusalin et al., 2012). Based on this previous 

knowledge, I hypothesized that: 

(i) AaAQP2 is a salinity responsive aquaporin protein channel, accordingly, mosquito larvae in 

environments of different salinities will have different protein levels of AaAQP2 in the anal 

papillae; and  

(ii) AaAQP2 protein abundance is important for survival of larvae when they transition between 

water of different salinities, consequently this survival will be affected with decreased AaAQP2 

protein levels.  

To test these hypotheses, I first set out to characterize AaAQP2 protein in the 

osmoregulatory organs of mosquito larvae with an emphasis on the anal papillae. I used a novel 

custom AaAQP2 specific antibody and assessed protein abundance of AaAQP2 in anal papillae 

of larvae that were reared in different salinities. This was followed by RNAi-mediated 

knockdown of AaAQP2 in larvae that were subsequently presented with an osmotic challenge 

and their survival was assessed. My thesis significantly advances knowledge on anal papillae 

physiology and osmoregulatory physiology of mosquito larvae.   
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2.0 Materials and Methods  

2.1 Mosquito Care, dsRNA Exposure and Survivorship 

 Aedes aegypti eggs (Liverpool strain) were obtained from a colony reared in the 

Department of Biology, York University, ON, Canada. Eggs were hatched in 750 mL of ion-poor 

water (IPW; ddH2O [Milli-Q® Advantage A10 Water Purification System]), artificial freshwater 

(FW; composition in µmol/L: [Na+] 600, [Cl-] 1103, [Ca2+] 380, [K+] 43, pH 7.6), or artificial 

brackish water (BW; 20% or 30% seawater [7 g/L or 10.5 g/L, respectively, Instant Ocean® 

Ocean Salt {Spectrum Brands Inc., USA} in ddH2O]), with 3 mL of a premade 1:1 liver powder 

and yeast in ddH2O solution added to the hatchlings. Larvae were kept at 25C on a 12 h:12 h 

light:dark cycle and fed daily. For RNAi, groups of 50-60 larvae (1st instar) or 20-30 larvae (3rd-4th 

instar) were immersed in 75- or 150 uL ddH2O solutions, respectively, containing 0.5 -1 µg/µL 

dsRNA for 2 h at room temperature then transferred to 60 mL rearing water. Larvae were fed 

the day prior to but not the day of dsRNA exposure, then fed 0.1 mL of food daily beginning the 

day after dsRNA exposure and rearing water was refreshed every other day beginning on the 

second day after dsRNA exposure. Larval survival was monitored daily until dissected or until 

reaching adulthood.  

2.2 Protein Extraction, Quantification and Western blotting 

 Early 4th instar larvae reared in IPW, FW, or BW (either 20% or 30% seawater) were 

dissected for all experiments unless otherwise stated. For short-term exposures, larvae hatched 

and reared in IPW until 3rd-4th instar stages were transferred to BW (30% seawater) for 12-, 24-, 

48- or 72 hours before dissection. Similarly, larvae hatched and reared in BW (30% seawater) 

until early 4th instar stage were transferred to IPW for 24 hours prior to dissection. Larvae were 



 

20 
 

dissected under physiological saline (components listed in Table 2.1) and gut organs from 25-40 

larvae were pooled together into one biological sample for each organ: gastric caecae (GC), 

anterior midgut (AMG), posterior midgut (PMG), Malpighian tubules (MTs), hindgut (HG), and 

anal papillae (AP). Concentrations for antibodies used in specific organs are outlined in Table 

2.2. 

  

 

Table 2.1. Larval A. aegypti artificial physiological saline composition 

Reagent MW (g/mol) g/L mmol/L 

L-Proline 115.1 0.58 5.04 

L-Glutamine 146.1 1.33 9.10 

L-Histidine 155.2 1.36 8.76 

L-Leucine 131.2 1.89 14.4 

L-Arginine-HCl 174.2 0.59 3.39 

Glucose 180.16 1.80 10.0 

Succinic Acid 118.1 0.59 5.0 

Malic Acid 134.09 0.67 5.0 

Sodium Citrate 294.1 2.94 10.0 

NaCl 58.44 3.506 60.0 

KCl 74.55 0.22 2.95 

NaHCO3 84.01 0.42 5.0 

MgSO4 246.07 0.15 0.61 

CaCl2 147.02 0.74 5.03 

HEPES 238.3 5.96 25.0 

Titrate to pH 7.0 with NaOH for resulting ~85 mmol Na
+
 in saline (Clark and Bradley, 1996; Donini et al., 2007). 
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Table 2.2. Antibody concentration for detection of A. aegypti AaAQP2  

Organ Protein Loaded (µg) Western blot (µg/mL) 
Immunohistochemistry 

(mg/mL) 

Gastric caecae 10 0.448 (1:500) 0.0224 (1:10) 

Anterior midgut 10 0.448 (1:500) * 

Posterior midgut  * * * 

Malpighian tubules 10 0.448 (1:500) 0.0224 (1:10) 

Hindgut 10 0.448 (1:500) * 

Anal papillae 5 0.448 (1:500) 0.0224 (1:10) 

*Western blot and/or immunohistochemistry optimization for these samples was not fully completed. 

 

 

For western blot optimization of the AaAQP2 custom, affinity-purified polyclonal rabbit 

antibody (details below, designed by GenScript), 5-, 10-, or 15 μg of protein collected from each 

organ sample was loaded into separate wells on a polyacrylamide gel and subsequently 

transferred to membranes (details below) which were incubated with primary antibody at a 

concentration of 1:500 (see Table 2.2) until protein bands were clearly detectable (Appendix 

A). Optimization for PMG was inconclusive.  

After AaAQP2 optimization was complete for AP-derived protein samples, experimental 

larvae were reared in IPW, FW, or BW (either 20% or 30% seawater) and their AP were 

collected by placing larvae on several layers of Kimtech® Kimwipes under view of the dissecting 

microscope objective and the AP were isolated using forceps and placed in 300 µL saline. Once 

all AP were collected for a sample, the saline was removed by first centrifuging the sample tube 

to pull the AP down and then carefully aspirating the saline with a micropipette. The samples 

were stored at -80oC until further processing. Whole body samples were similarly collected by 

placing experimental larvae on Kimwipes to dry off excess body surface liquid then placed in 
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Eppenedorf Tubes® and frozen. Samples were thawed and sonicated 3× for AP, or 4× for whole 

body, 10 s at 3.5W with an XL-2000 Ultrasonic Processor (QSonica) in 50-60 µL TRIS 

homogenizing buffer [50 mmol/L Tris-HCl pH 7.4, 100 mmol/L phenylmethylsulfonylfluoride 

(PMSF), 1:200 protease inhibitor cocktail (Sigma-Aldrich)]. Homogenates were then centrifuged 

at 13,000 xg for 15 min at 4oC with a Sorvall™ Legend Micro 21R Centrifuge (Thermo Scientific) 

and supernatant protein concentrations were determined using a Bradford Protein Assay Kit 

(Bio-Rad) following the manufacturer’s instructions with bovine serum albumin (BSA) as 

standards. Absorbance measurements were read at 595 nm with an Ao Absorbance Microplate 

Reader (Azure Biosystems).  

 Samples containing 5 µg of protein extracted from the AP, or 50 µg of protein from the 

whole body, were prepared for sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE) by heating for 5 min at 100oC in 50 mmol/L Tris-HCl pH 7.4 and with 6× loading 

buffer [360 mmol/L Tris-HCl pH 6.8, 30% glycerol, 12% (w/v) SDS, 9.3% (w/v) DTT, 0.03% (w/v) 

bromophenol blue]. Samples were loaded and separated electrophoretically on a 4% 

acrylamide stacking and 12% acrylamide resolving gel at 100 V with a Mini-Protean® Tetra 

system (Bio-Rad). Proteins were transferred from the gel onto a polyvinylidene fluoride (PVDF) 

membrane using a wet transfer method for 1.25 h at 100 V in cold (~4oC) transfer buffer (22.5 

g/L Tris and 105 g/L glycine in 20% methanol). Following transfer, the PVDF membranes were 

blocked for 1 h at room temperature with 5% skim milk powder in Tris-buffered saline (TBS-T: 

10 mmol/L Tris, 154 mmol/L NaCl, 100 mmol/L Tween-20, 100 mmol/L NP-40, pH 7.4). 

Membranes were then incubated overnight at 4oC with 1:500 rabbit anti-AaAQP2 antibody [12 

µL from stock concentration 0.224 mg/mL, i.e. 2.68 µg in 6 mL 5% skim milk/TBS-T; affinity-
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purified polyclonal antibody raised against the unique epitope CNGLGNTGLKENVQD located on 

extracellular region loop C (GenScript)], or with 1:1500 rabbit anti-AaAQP1 antibody [4 µL from 

stock concentration of 0.641 mg/mL, i.e. 2.564 µg in 6 mL 5% skim milk/TBS-T; affinity-purified 

polyclonal antibody with antigen sequence CFFKVRKGDEESYDF found in the C-terminal 

cytoplasmic region (GenScript) (Misyura et al., 2020)]. 

Membranes were washed 3× 15 min in TBS-T and incubated for 1 h at room 

temperature with horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary 

antibody (1:5000 in 5% skim milk/TBS-T) (Bio-Rad). Following secondary incubation, 

membranes were washed 3× 15 min with TBS-T and then treated with Clarity™ Western ECL 

chemiluminescent reagent (Bio-Rad) following manufacturer’s guidelines. After visualization of 

detected bands using a ChemiDoc™ MP Imaging System (Bio-Rad, USA) the membranes were 

washed with TBS-T for 1 min and probed for total protein using Coomassie blue stain as loading 

control: 5 min staining [0.1% (w/v) Coomassie brilliant blue R-250 in 40% methanol/10% acetic 

acid (v/v)], 30 s destaining [50% methanol/10% acetic acid (v/v)], 2× washing with ddH2O and 

air dried. The densitometry ratios of the treatment groups were normalized to total protein 

density; protein abundance in the blots was quantified using ImageJ 1.47v software (National 

Institutes of Health, USA).  

To assess the specificity of the bands observed, a comparison blot was run with the 

AaAQP2 antibody pre-absorbed for 1 h at room temperature with a 1:1 molar ratio of its 

respective immunogenic peptide (0.86 µL from stock concentration 1.562 mg/mL, i.e. 1.34 µg in 

3 mL 5% skim milk/TBS-T), provided by GenScript. Similarly, another comparison blot was run 

with 1:500 pre-immune serum, provided by GenScript, in place of AaAQP2 antibody.  
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2.3 RNA Extraction, cDNA and dsRNA Synthesis 

 Malpighian tubules (MTs) from 75-80 larvae were collected under larval saline and 

stored in 350 μL lysis buffer from the PureLink™ RNA Mini Kit (Invitrogen, USA) with 1% β-

mercaptoethanol at -80oC until processing. Samples were thawed at room temperature and 

sonicated 3× 10 s at 5W with an XL-2000 Ultrasonic Processor (QSonica). Total RNA was 

extracted following kit instructions. Genomic DNA was removed from the extracted RNA using 

TURBO DNAfree™ Kit (Applied Biosystems, CAN) according to manufacturer’s instructions. The 

quality and quantity of RNA was determined using a NanoDrop 2000 spectrophotometer 

(Thermo Scientific, USA). The quality of RNA was determined based on the ratio between 

260:280 nm wavelengths of 2.0 ± 0.4 with the ideal value of 2.0 for RNA. Purified total RNA was 

used to synthesize cDNA using the iScript™ cDNA Synthesis Kit (Bio-Rad, CAN) following kit 

instructions. The cDNA was stored at -20oC until subsequent use.  

 Using the synthesized cDNA, a fragment of the AaAQP2 gene (~546 bp) was PCR 

amplified using primers (forward 5’-ACTGCTGGCTTACTTGCGGCTGGCA-3’; reverse 5’-

GCTACACGGTAGCGCTCTGAGGCGG-3’) previously designed by Drake et al. (2010) (Figure 2.1). A 

fragment of the AaAQP1 gene (~640 bp) was also amplified by PCR using primers (forward 5’- 

GCAGGCGTAAAGCAACTC-3’; reverse 5’-TTGAAGAACAGACGATAGACAGC-3’) previously designed 

by L. Misyura based on GenBank Accession No. AF218314.1. A fragment of the β-lactamase (β-

lac) gene (~799 bp) was also PCR amplified from a pGEM-T-Easy vector (Misyura et al., 2017) 

using primers (forward 5’-ATTTCCGTGTCGCCCTTATTC-3’; reverse 5’-

CGTTCATCCATAGTTGCCTGAC-3’). 
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Using the PCR product as template, PCR was carried out using AaAQP2, AaAQP1, or β-lac 

primers with an additional T7 promoter sequence attached (5’-TAATACGACTCACTATAGGG-3’). 

The new PCR products were run on a 1% agarose gel for 1.5 h at 120V for visualization while the 

remainder was concentrated and purified using the QIAquick PCR Purification Kit (Qiagen Inc., 

CAN) following manufacturer’s protocol for elution with water. Purified PCR products were 

stored at -20oC before use as templates to generate dsRNA by in vitro transcription using the 

Promega T7 RiboMAX Express RNAi Kit (Promega, USA). Synthesized dsRNA was stored at -20oC 

prior to larval exposure, see section 2.1 above. 

 

 

 

Figure 2.1. The Aedes aegypti AaAQP2 gene (XP_001656932) spans 1370 bp with a coding 

sequence of 795 bp (black text). PCR was used to amplify a 546 bp fragment of the gene 

using primers: forward 5’-ACTGCTGGCTTACTTGCGGCTGGCA-3’ (green text) and reverse 5’-

GCTACACGGTAGCGCTCTGAGGCGG-3’ (red text) (Drake et al., 2010).  
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2.4 Body Water Content Measurements 

 Larvae were placed on Kimtech® Kimwipes to absorb excess liquid from the exterior of 

the body. Larvae were then weighed to the nearest milligram (mg) on a microbalance (UM2 

Automated-S microbalance Mettler Toledo), dehydrated in a conventional oven at 60C for 2 

days and then re-weighed. The approximate total body water content of the larvae was 

measured from the weight differential before and after dehydration. Values were expressed as 

a percentage of the total body water content and of the individual larval weight in mg. 

2.5 Haemolymph Collection and Ion-Selective Microelectrode (ISME) Technique  

Early fourth instar larvae reared in IPW, FW, or BW were placed on Kimtech® Kimwipes 

to absorb excess external moisture and transferred onto a beeswax-lined Petri dish to restrict 

movement. Larvae were immersed in paraffin oil (Sigma- Aldrich, CAN) and a droplet of 

haemolymph was collected onto the surface of the dish by tearing the cuticle. Levels of Na+ and 

K+ in collected haemolymph droplets were measured as ion activities using the ion-selective 

microelectrode technique adapted from (Jonusaite et al., 2011). Liquid membrane ion-selective 

microelectrodes (ISMEs) were constructed from borosilicate glass capillaries (TW150-4; WPI, 

USA) with a tip diameter of ~5 µm pulled using a P-97 Flaming Brown micropipette puller 

(Sutter Instruments Co., USA) and silanized with vaporized N,N-dimethyltrimethylsilylamine at 

350°C for 1 h. The ISMEs were backfilled with appropriate electrolyte solutions and then front-

loaded with the appropriate ionophore cocktail via capillary action to a column length of 250–

300 µm. The following ionophore cocktails (Fluka Analytical, Switzerland) and backfill solutions 

(in parentheses) were used: Na+ Ionophore II Cocktail A (100 mmol/L NaCl) and K+ Ionophore I 
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Cocktail B (100 mmol/L KCl). The tips of filled ISMEs were dipped in a solution of 

polyvinylchloride (PVC; Fluka) in tetrahydrofuran (Fluka) prior to use.  

The ISMEs were calibrated after every 3-4 sample readings in the following calibration 

solutions: Na+ (20 mmol/L NaCl + 180 mmol/L LiCl and 200 mmol/L NaCl), K+ (0.5 mmol/L KCl + 

49.5 mmol/L LiCl, 5 mmol/L KCl + 45 mmol/L LiCl, and 50 mmol/L KCl). The circuit for voltage 

measurements was completed with a conventional reference electrode constructed by pulling 

borosilicate glass capillaries (IB200F-4; WPI, USA) to a tip diameter of <1µm and backfilled with 

500 mmol/L KCl. The electrodes were connected through an ML 165 pH amplifier to a PowerLab 

4/30 data acquisition system (ADInstruments, USA) and the voltages were recorded and 

analyzed using LabChart 6 Pro software (ADInstruments). ISME slopes (mV) between a 10-fold 

change in ion concentrations were within the following ranges: 55.2-58.5 for Na+ and 52-61.2 

for K+.  Ion concentrations of samples were calculated using the following equation (Donini et 

al., 2007): 

ah = ac × 10(ΔV/S) 

where ah is the haemolymph ion concentration, ac is the ion concentration in one of the 

calibration solutions, ΔV is the difference in voltage between the haemolymph and the same 

calibration solution, and S is the slope of the electrode measured in response to a 10-fold 

change in ion concentration.  

2.6 Immunohistochemistry  

 For paraffin-embedded sections, immunohistochemistry of the AP, GC, and MTs 

localizing AaAQP2, P-type Na+/K+-ATPase (NKA), and V-type H+-ATPase (VA) was conducted 

according to a previously published protocol (Chasiotis et al., 2016). Briefly, whole body 4th 
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instar larvae reared in IPW, FW, or BW were fixed in Bouin's fixative for 2 h at room 

temperature then rinsed with 70% ethanol. Fixed larvae were dehydrated with a series of 

ethanol washes of increasing concentrations (70-100%), cleared with 100% xylene, transferred 

to 1:1 xylene:paraffin, and finally embedded in pure paraffin wax. Samples were sectioned 5-7 

μm thick using a Leica RM 2125RT manual rotary microtome (Leica Microsystems Inc.) and 

placed on glass slides. Sections of each organ from IPW, FW, and BW larvae were placed on the 

same slide side by side to ensure identical treatment throughout the immunohistochemical 

process. Mounted slides were dried overnight at 37 °C, de-paraffinized with xylene, rehydrated 

with ethanol washes of decreasing concentrations (100–50%), and placed in distilled water. 

Heat-induced epitope retrieval (HIER) was accomplished by covering slides with sodium citrate 

buffer (10 mmol/L, pH 6.0) and heating both solution and slides in a microwave oven. The 

solution and slides were cooled at room temperature, reheated, and cooled again. Slides were 

washed successively with phosphate buffered saline (PBS: 137 mmol/L NaCl, 2.68 mmol/L KCl, 

12 mmol/L Na2HPO4, 1.76 mmol/L KH2PO4, pH 7.4), 0.4% Kodak Photo-Flo 200 in PBS (PF/PBS), 

0.1% Triton-X-100 in PBS (TX/PBS), and ~10% antibody dilution buffer (ADB: 10% goat serum, 

3% bovine serum albumin, 0.05% Triton-X-100 in PBS) in PBS (ADB/PBS).  

Slides were incubated overnight at room temperature in the dark with rabbit anti-

AaAQP2 (1:10 in ADB; see Table 2.2) alone or in combination with either VA or NKA antibodies 

as membrane markers staining the apical or basal membranes, respectively. A guinea pig 

polyclonal anti-VA antibody (kind donation from Dr. Weiczorek, University of Osnabruk, 

Germany) was used at a 1:7500 dilution in ADB and a mouse monoclonal anti-α5 antibody for 

NKA (Douglas Fambrough, IA, USA) was used at a 1:10 dilution in ADB. For control slides, the 
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AaAQP2 antibody was pre-incubated with 10× molar excess of antigenic peptide for 1 h at room 

temperature before application to the slides and overnight incubation. Slides were then rinsed 

in ddH2O and washed with PF/PBS, TX/PBS, and ADB/PBS the following day and incubated with 

combined secondary antibodies for 1 h at room temperature in the dark. AaAQP2 was 

visualized with a goat anti-rabbit antibody conjugated to AlexaFluor-594 (Jackson 

ImmunoResearch, West Grove, PA, USA; 1:500 in ADB), VA was visualized with a goat anti-

guinea pig antibody conjugated to AlexaFluor-488 (Jackson ImmunoResearch; 1:500 in ADB), 

and NKA was visualized with a sheep anti-mouse antibody conjugated to Cy2 (Jackson 

ImmunoResearch; 1:500 in ADB). After incubation, slides were rinsed in ddH2O, washed with 

PF/PBS, TX/PBS, ADB/PBS, rinsed in PF/ddH2O, and left to air dry. Slides were mounted using 

ProLong™ Gold Antifade reagent with DAPI (Invitrogen, CAN) and viewed with an Olympus IX81 

inverted microscope (Olympus, Richmond Hill, ON, CAN) equipped with an X-CITE 120XL 

Fluorescent Illuminator (X-CITE, Mississagua, ON, CAN). Images were captured using CellSens® 

1.12 Digital Imaging software (Olympus, CAN) and merged using ImageJ 1.47v software 

(National Institutes of Health, USA).  

2.7 Statistical Analysis 

Data were analyzed using Microsoft® Excel, ImageJ 1.47v (National Institutes of Health, 

USA), or Prism® 5.03 (GraphPad Software, Inc.) and expressed as mean values ± SEM (standard 

error of the mean). Survival measurements were analyzed using the Log-rank (Mantel-Cox) test 

or the Gehan-Breslow-Wilcoxon test to determine significance (p<0.05). Western blot 

densitometry, and control and experimental data from body moisture data were analyzed using 

an unpaired t-test to assess significance (p<0.05).   
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3.0 Results

3.1 Effects of rearing salinity on AaAQP2 protein abundance in Malpighian tubules, gastric 

caecae and hindgut

The antibody concentrations obtained via optimizing were applied on protein samples 

from sections of the gut collected from larvae reared in either ion-poor water (IPW), artificial 

freshwater (FW), or brackish water (BW) (Figure 3.1). A single band of ~45 kDa was detected in 

the gastric caecae (GC) and used to quantify protein abundance of AaAQP2, which was not 

affected by rearing conditions (Figure 3.1 A, B). A prominent band of ~51 kDa was detected in 

the Malpighian tubules (MTs) and used to quantify protein abundance of AaAQP2, which was 

also not affected by rearing conditions (Figure 3.1 C, D). Lastly, a consistent band ~48 kDa was 

detected for all three treatments and used to quantify protein abundance of AaAQP2 in the 

hindgut (HG), which was also unaffected by rearing conditions (Figure 3.1 E, F). Interestingly, an 

additional band ~30 kDa was observed in three out of five BW treatments only, which is close to 

the predicted size of an AaAQP2 monomer (28 kDa), and could signify an important role for 

AaAQP2 when larvae are reared in water of higher salinity. 
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Figure 3.1. Protein abundance of AaAQP2 in the gastric caecae (GC), Malpighian tubules 

(MTs), and hindgut (HG) of 4th instar A. aegypti larvae reared in ion-poor water (IPW), 

freshwater (FW), or brackish water (BW) is not affected by rearing salinity. (A, C, E) AaAQP2 

protein abundance is shown relative to FW (assigned value of 1.0) and mean band density has 

been normalized to total protein assessed using Coomassie staining as loading control. IPW 

and BW, n= 5; FW, n= 4. P values are between FW and the treatments for which they are 

above. Data analyzed using unpaired t-test and expressed as mean ± SEM. (B, D, F) 

Representative blots (left) showing the consistent 45-, 51-, and 48 kDa bands used for 

quantification, and Coomassie blue loading controls (right).  
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3.2 Immunolocalization of AaAQP2 in the Malpighian tubules and gastric caecae 

Using immunohistochemistry, AaAQP2 was immunolocalized to the Malpighian tubules 

(MTs) and the gastric caecae (GC) of A. aegypti 4th instar larvae reared in freshwater (FW) or 

brackish water (BW) (Figures 3.2, 3.3). The V-type H+-ATPase (VA) was used as an apical 

membrane marker since it has been shown to be expressed in the apical membranes of the 

principal cells in the MTs and of the distal GC lobes in FW-reared larvae (Patrick et al., 2006). 

Paraffin-embedded cross-sections of MTs from larvae reared in FW showed VA staining (green) 

and AaAQP2-like staining (red) along the apical membrane facing the lumen (Figure 3.2 D, E). 

BW-rearing eliminated the apical staining; however, AaAQP2 and VA staining appeared 

cytoplasmically (Figure 3.2 G, H). Paraffin-embedded GC cross-sections from larvae reared in 

FW showed VA in the apical membrane facing the lumen (green) and AaAQP2-like staining 

(orange) throughout the cytoplasm (Figure 3.3 B, C). BW-rearing affected VA localization, as 

previously shown by D’Silva et al. (2017), but did not affect AaAQP2 staining, which remained 

intracellularly (Figure 3.3 F, G). The specificity of the AaAQP2 antibody was confirmed using a 

peptide blocking control; AaAQP2 antibody pre-incubated with 10× molar excess antigenic 

peptide decreased the intensity of AaAQP2-like staining in both MTs and GC FW sections 

(Figures 3.2 B, 3.3 D, respectively).  
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Figure 3.2. Immunolocalization of AaAQP2 in the Malpighian tubules (MTs) of A. aegypti 4th 

instar larvae reared in freshwater (FW) or brackish water (BW) using V-type H+-ATPase (VA) 

as an apical membrane marker. (A) Diagram indicative of approximate MT orientation. 

Paraffin-embedded MT cross-sections from FW-reared larvae (B-E) and BW-reared larvae (F-

H) shown in brightfield (C, F), probed with AaAQP2 antibody pre-incubated with 10× molar 

excess antigenic peptide as control (B), probed with AaAQP2 antibody shown in red (D, G), 

and probed with VA antibody shown in green to demonstrate any co-localization (E, H). (D) 

Arrow pointing to AaAQP2-like staining on the apical membrane. (G) AaAQP2-like staining is 

not localized to a specific membrane but appears cytoplasmically. LU: lumen, HE: 

haemolymph. Blue shows DAPI-stained nuclei. All scale bars are 100 µm.  
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Figure 3.3. Immunolocalization of AaAQP2 in the gastric caecae (GC) of A. aegypti 4th instar 

larvae reared in freshwater (FW) or brackish water (BW) using V-type H+-ATPase (VA) as an 

apical membrane marker. Paraffin-embedded GC cross-sections from FW-reared larvae (A-D) 

and BW-reared larvae (E-G) shown in brightfield (A, E), probed with VA antibody (green)  to 

demonstrate any co-localization with AaAQP2 in yellow (B, F), probed with AaAQP2 antibody 

shown in orange (C, G), and probed with AaAQP2 antibody pre-incubated with 10× molar 

excess antigenic peptide as control (D). (C, G) Arrows pointing to AaAQP2 staining not 

localized to a specific membrane but appears dispersed cytoplasmically. (H) Diagram 

indicative of GC orientation. LU: lumen, HE: haemolymph. Blue shows DAPI-stained nuclei. All 

scale bars are 100 µm. 
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3.3 Immunolocalization of AaAQP2 in the anal papillae  

Using immunohistochemistry, AaAQP2 was immunolocalized to the anal papillae (AP) of 

A. aegypti 4th instar larvae reared in ion-poor water (IPW), freshwater (FW), or brackish water 

(BW) (Figure 3.4). Paraffin-embedded AP cross-sections from larvae reared in IPW, FW, and BW 

all showed AaAQP2-like staining in red with no difference in intensity (Figure 3.4 B, F, I). P-type 

Na+/K+-ATPase (NKA; green) was used as a membrane marker to determine exact localization 

of AaAQP2 in the epithelium of IPW-reared larvae (Figure 3.4 C). A merged image of AaAQP2- 

and NKA-stained IPW AP demonstrated co-localization in yellow (Figure 3.4 D). NKA has been 

shown to be expressed on the basal membrane facing the lumen in the AP of larvae reared in 

FW-like conditions (Patrick et al., 2006). Accordingly, AaAQP2 could also be expressed on the 

basal membrane facing the lumen in the AP of IPW-reared larvae due to NKA co-localization. 

However, NKA expression may be salinity-responsive because the AP of BW-reared larvae did 

not show any NKA-like immunoreactive staining (data not shown). The specificity of AaAQP2 

antibody staining was confirmed using a peptide blocking control (Figure 3.4 G).  FW AP were 

probed with AaAQP2 antibody that was pre-incubated with 10× molar excess antigenic peptide 

resulting in an observable decrease in AaAQP2-staining intensity. 
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Figure 3.4. Immunolocalization of AaAQP2 in the anal papillae (AP) of A. aegypti 4th instar 

larvae reared in ion-poor water (IPW), freshwater (FW), or brackish water (BW) using P-type 

Na+/K+-ATPase (NKA) as a basal membrane marker. Paraffin-embedded AP cross-sections 

from IPW-reared larvae (A-D), FW-reared larvae (E-G), and BW-reared larvae (H, I) shown in 

brightfield (A, E, H), probed with AaAQP2 antibody shown in red (B, F, I), probed with NKA 

antibody shown in green (C), and probed with AaAQP2 antibody pre-incubated with 10× 

molar excess antigenic peptide as control (G). (D) Merged image of IPW anti-AaAQP2 and NKA 

demonstrates any co-localization in yellow. (J) Diagram indicative of approximate anal 

papillae orientation. LU: lumen, EX: external environment. Blue shows DAPI-stained nuclei. All 

scale bars are 100 µm.  
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3.4 Effects of rearing salinity on AaAQP2 protein abundance in anal papillae  

 A. aegypti larvae hatched and raised in ion-poor water (IPW), freshwater (FW), or 

brackish water (BW) were dissected at 4th instar to assess the impact of rearing conditions on 

AaAQP2 protein abundance in the anal papillae (AP) (Figure 3.5). Western blot analysis of AP 

protein homogenates probed with a polyclonal antibody against a specific, unique region of 

AaAQP2 revealed bands of ~73-, ~57- and ~21 kDa when the larvae were raised in FW and BW; 

however, the 21 kDa band was not detected when the larvae were raised in IPW (n=5) (Figure 

3.5 A). Although the predicted mass of an AaAQP2 monomer is 28 kDa, the detected 21 kDa 

band could be a truncated version of the monomer while the higher molecular weight bands 

(73- and 57 kDa) may represent potential oligomeric and/or post-translationally modified forms 

of the monomer (Denker et al., 1988; Preston and Agre, 1991; Sreedharan et al., 2016). For 

simplicity, since the calculated masses varied slightly from blot to blot in the range of 1-3 kDa, 

the 21-, 57- and 73 kDa masses will hereinafter be referred to as a monomer, dimer, and trimer, 

respectively, of AaAQP2. 

 Protein abundance of the proposed AaAQP2 monomer (~21 kDa) increased 3.2-fold 

when the larvae were raised in BW compared to FW (p=0.008) but was undetected when the 

larvae were raised in IPW (p<0.0001) (Figure 3.5 B). Rearing conditions did not affect AaAQP2 

protein abundance when all three bands (21 + 57 + 73 kDa) were combined as total AaAQP2 

protein nor when the monomer and dimer (21 + 57 kDa) were combined (please see Appendix 

B-1). The specificity of the 21- and 57 kDa bands (as the 73 kDa band did not always show) were 

validated by western blot when AP protein homogenates were probed using AaAQP2 antibody 

that was pre-incubated with a 1:1 molar amount of antigenic peptide, resulting in the 
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disappearances of both 21- and 57 kDa bands (Figure 3.5 C). Incubation of AP protein 

homogenates with pre-immune serum in place of AaAQP2 specific antibody revealed bands of 

~63- and ~60 kDa (Figure 3.5 C). These results suggest that the 21 kDa band is not a non-specific 

band and may represent a potentially monomeric or modified form of AaAQP2, as previously 

mentioned.  
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Figure 3.5. Protein abundance of AaAQP2 in the anal papillae of A. aegypti 4th instar larvae 

reared in ion-poor water (IPW), freshwater (FW), or brackish water (BW). (A) Western blot 

using AaAQP2 antibody reveals bands of ~73-, ~57- and ~21 kDa when the larvae are raised in 

FW and BW, corresponding to an oligomer, dimer, and monomer, respectively, of the putative 

28 kDa AaAQP2 protein; the 21 kDa band  is not detected with IPW-rearing (n=5). (B) Protein 

abundance of the AaAQP2 monomer (21 kDa) increases by more than 3-fold when the larvae 

are raised in BW compared to FW (p=0.008) and disappears when the larvae are raised in IPW 

(p<0.0001). AaAQP2 protein abundance is expressed relative to FW (assigned value of 1.0) and 

mean band density has been normalized to total protein assessed using Coomassie staining as 

loading control. Data are expressed as mean ± SEM (unpaired t-test, p<0.05). Significance 

indicated by *. (C) Western blots showing peptide blocking treatment and incubation with 

pre-immune serum. The 57- and 21 kDa bands disappear when the AaAQP2 specific antibody 

is pre-incubated with antigenic peptide. Masses of 63- and 60 kDa are detected when the 

protein samples are incubated with pre-immune serum in place of AaAQP2 specific antibody.   
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3.4.1 AaAQP2 in the anal papillae of IPW-reared larvae exposed to BW 

Larvae hatched and reared in ion-poor water (IPW) until 4th instar stage were 

transferred to brackish water (BW) for 12-, 24-, 48- or 72 hours to examine how exposure to 

increased salinity affects AaAQP2 protein levels in the anal papillae (AP) (Figure 3.6). For nearly 

all IPW (control group, n=9 total; see Appendix Figure B-2), the most prominent band observed 

was a mass of ~55-57 kDa which coincided with the dimer. After 12 h exposure to BW (n=4), the 

dimer was no longer detected and a ~70 kDa mass was observed (Figure 3.6 A). This higher 

molecular weight protein could be a putative trimer, oligomer, or modified AaAQP2 protein. 

After 24 h exposure to BW (n=5), the trimer was no longer detected, the dimer returned, and a 

band around ~19 kDa appeared, which is characteristic of the ~21 kDa mass previously seen in 

FW- and BW- reared larvae but not in IPW-reared larvae (see above Figure 3.5). After 48- and 

72 h exposure to BW (n=3), the 19 kDa protein, which could be a modified AaAQP2 monomer, 

remained while the dimer and trimer forms were no longer detected (Figure 3.6 A). Protein 

abundance of the AaAQP2 monomer is significantly increased in the AP of IPW-reared larvae 

after at least 24 h exposure to BW (p<0.03) (Figure 3.6 B). Interestingly, protein abundance of 

the AaAQP2 dimer (55-57 kDa) significantly decreased after 12 h exposure to BW, increased to 

normal levels after 24 h, and then was undetected after 48 h (p=0.035) (Figure 3.6 C). On the 

other hand, protein abundance of the AaAQP2 trimer (~70-73 kDa) significantly increased after 

12 h exposure to BW, decreased to normal levels after 24 h, and then was undetected after 48 

h (p<0.0001) (Figure 3.6 D).  
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Figure 3.6. AaAQP2 protein levels in the anal papillae of 4th instar A. aegypti larvae when 

reared in ion-poor water (IPW) and exposed to brackish water (BW) for 12-, 24-, 48- or 72 

hours. (A) Western blot of AaAQP2 in IPW larvae (control; “C”) show a prominent mass of 55-

57 kDa, which coincides with a dimer of AaAQP2 (28 kDa). After 12 h exposure to BW, the 57 

kDa is replaced by a ~70 kDa mass, which could be a putative trimer, oligomer, or modified 

AaAQP2 protein (n=4). After 24-, 48- and 72 h exposure to BW, a band of ~19 kDa is observed, 

consistent with the ~21 kDa protein seen in BW-reared larvae, and could be a potentially 

truncated putative AaAQP2 monomer (n=3-5). (B) Protein abundance of the AaAQP2 
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monomer (~19 kDa) is significantly increased after at least 24 h exposure to BW. (C) Protein 

abundance of the AaAQP2 dimer (~55-57 kDa) is significantly decreased after 12 h exposure 

to BW, then increases to normal levels after 24 h, and finally is undetected after 48 h. (D) 

Conversely, protein abundance of the AaAQP2 trimer (~70-73 kDa) is significantly increased 

after 12 h exposure to BW, then decreases to normal levels after 24 h and is undetected after 

48 h. Even though monomeric AaAQP2 is undetected in IPW, all AaAQP2 protein abundance is 

expressed relative to IPW, which is assigned a value of 1.0, for quantification purposes. Mean 

band density is normalized to total protein assessed using Coomassie staining as loading 

control. Data expressed as mean ± SEM (unpaired t-test, p<0.05). Significance indicated by *.  
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3.4.2 AaAQP2 in the anal papillae of BW-reared larvae exposed to IPW 

Similar to above, larvae hatched and reared in brackish water (BW) until 4th instar stage 

were transferred to ion-poor water (IPW) for 24 hours to examine how a decrease in salinity 

affects AaAQP2 protein levels in the anal papillae (AP) (Figure 3.7). Western blot showed 

masses of ~57- and ~20 kDa, which coincided with the masses of an AaAQP2 dimer and 

monomer, respectively, were less intense after 24 h exposure to IPW relative to the BW control 

group (n=3) (Figure 3.7 A). Protein abundance of the AaAQP2 monomer and dimer were 

significantly decreased after 24 h exposure to IPW (Figure 3.7 B). The disappearance of the 

monomer in BW-reared larvae after 24 h exposure to IPW was parallel to how IPW-reared 

larvae did not express the 21 kDa band compared to FW- or BW-reared larvae, as previously 

shown (Figure 3.5). 
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Figure 3.7. AaAQP2 protein levels in the anal papillae of A. aegypti larvae when reared to 4th 

instar in brackish water (BW) and then exposed to ion-poor water (IPW) for 24 hours.     (A) 

Western blot using AaAQP2 specific antibody on AP protein homogenates from BW larvae 

(control; “C”) shows a prominent mass ~57 kDa which coincides with the mass of a dimer of 

AaAQP2, and a less prominent mass ~20 kDa which could be a fragmented monomer. After 24 

h exposure to IPW, both the 57- and 20 kDa bands are less intense (n=3). (B) Protein 

abundance of the AaAQP2 monomer and dimer are significantly decreased after 24 h 

exposure to IPW. AaAQP2 protein abundance is expressed relative to BW (assigned a value of 

1.0) and mean band density is normalized to total protein assessed using Coomassie staining 

as loading control. Data are expressed as mean ± SEM (unpaired t-test, p<0.05).  

Significance indicated by *.  
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3.5 Systemic RNAi and AaAQP2 or AaAQP1 knockdown in the anal papillae of BW larvae  

 Early fourth instar larvae reared in brackish water (BW) and treated with 1 µg/µL dsRNA 

targeting AaAQP2 or control β-lactamase (β-lac) transcripts were dissected 24-, 48- or 72-hours 

post-treatment to examine AaAQP2 protein abundance in the anal papillae (AP) (Figure 3.8). 

Western blot of AP protein homogenates collected 24 h post dsRNA treatment and probed with 

AaAQP2 antibody revealed three bands at ~21-, ~52- and ~73 kDa. However, no change in 

monomer abundance was observed between treatments (Figure 3.8 A). Western blot of AP 

protein homogenates collected 48 h post dsRNA treatment revealed bands of similar sizes (21-, 

52- and 70 kDa) and abundance of the proposed 21 kDa monomer was significantly reduced by 

~90% (p=0.016) signifying successful knockdown of AaAQP2 protein by dsRNA treatment 

(Figure 3.8 B). Western blot of AP protein homogenates collected 72 h post dsRNA treatment 

revealed a single band at ~21 kDa; however, no changes in protein abundance were observed 

between treatments (Figure 3.8 C). These results indicate RNAi of AaAQP2 in the AP is optimal 

48 h post dsRNA treatment and ends prior to 72 h post treatment.   

 Larvae hatched in a more dilute BW (20% seawater) and reared to 4th instar were 

treated with 1 µg/µL dsRNA targeting AaAQP2 or β-lac transcripts to assess whether dsRNA 

could knockdown AaAQP2 protein levels in this more dilute BW (Figure 3.9). Western blot of AP 

from the 20% and collected 48 h post treatment showed a prominent mass of ~19 kDa that 

decreased in intensity with AaAQP2 dsRNA exposure and coincides with a monomer (Figure 3.9 

A). Protein levels of the monomer are significantly decreased by 60% as a response to AaAQP2 

dsRNA exposure (p=0.006) indicating successful AaAQP2 knockdown (Figure 3.9 B). 
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 Compared to freshwater (FW)-reared larvae, those reared in 20% have significantly 

increased (2.4-fold) protein abundance of the putative AaAQP2 monomer present in the AP 

(p=0.017, n=3-4) (Figure 3.9 C, D). Results correspond to those previously shown between FW-

reared larvae and full BW (30% seawater)-reared larvae where BW-rearing increased AaAQP2 

monomer by 3.2-fold (see above Figure 3.5). Compared to FW, rearing in 20% also significantly 

decreased abundance of the AaAQP2 dimer (~57 kDa), by almost 90% (Figure 3.9 D). 

Quantifying AaAQP2 monomer + dimer band intensities together did not affect total AaAQP2 

protein abundance between treatments (data not shown, see Appendix B-5). Also, please see 

Appendix B-5 for the complete graph of AaAQP2 monomer protein abundance present in AP of 

larvae reared in all water conditions tested (IPW, FW, 20% and BW) indicating monomer 

abundance increases as external medium salinity increases.  

In an attempt to knockdown levels of AaAQP1 in the AP of BW-reared larvae, samples 

from larvae treated with either AaAQP1, AaAQP2, or β-lac dsRNAs were accidentally loaded 

onto the same gel in alternating lanes and the whole blot was probed with AaAQP1 antibody 

(see Appendix B-6). Initial results showed that AaAQP2 dsRNA may also have an effect on 

AaAQP1 protein in the AP, however, Coomassie loading control did not develop and more 

samples were run (Figure 3.10). Western blot of AP protein homogenates collected 48 h post 

dsRNA treatment revealed a single mass at ~60 kDa that might represent the predicted AaAQP1 

dimer (52.4 kDa), and exposure to AaAQP1 dsRNA significantly decreased band intensity 

compared to β-lac dsRNA (Figure 3.10 A). Protein abundance of AaAQP1 in the AP was 

significantly decreased by nearly 50% following exposure to AaAQP1 dsRNA (p=0.037, n=6-7) 

(Figure 3.10 C). Due to homology within the AQPs, it may be possible that fragments of AQP 
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dsRNA cut up by the RNAi machinery within the cell can target the mRNAs of more than one 

type of AQP, thus affecting expression of more than one AQP. In this case, AaAQP1 levels were 

not significantly affected after AaAQP2 dsRNA exposure (Figure 3.10 B, C); however, further 

investigation is required as four out of seven rounds showed a great decrease in band intensity 

with treatment (Appendix B-6).  
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Figure 3.8. Protein abundance of AaAQP2 in the anal papillae (AP) of A. aegypti 4th instar 

larvae reared in brackish water (BW; 30% seawater) 24-, 48- or 72-hours post RNAi 

treatment with 1 µg/µL AaAQP2 or control (β-lactamase) dsRNA. (A) Western blot of AP 

collected 24 h post dsRNA treatment showed no changes in monomer abundance. (B) 

Western blot of AP collected 48 h post dsRNA treatment showed a significant decrease in 

monomer abundance (p=0.016). (C) Western blot of AP collected 72 h post dsRNA treatment 

showed no changes in monomer abundance. Mean band density of proposed AaAQP2 

monomer (~21 kDa) was normalized to total protein assessed using Coomassie staining as 

loading control. AaAQP2 densitometry was expressed relative to β-lactamase (assigned value 

of 1.0). Data are expressed as mean ± SEM (unpaired t-test, p<0.05, n=3-5). Significance 

indicated by *.  
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Figure 3.9. Protein abundance of AaAQP2 in the anal papillae (AP) of A. aegypti 4th instar 

larvae reared in 20% seawater and 48 hours post RNAi treatment with 1 µg/µL dsRNA 

targeting AaAQP2 or control (β-lactamase) transcripts. (A) Western blot of AP collected 48 h 

post dsRNA treatment revealed a decrease in band intensity of the ~19 kDa mass, a putative 

modified AaAQP2 monomer (28 kDa). (B) Protein levels of the ~19 kDa monomer are 

significantly decreased by 60% as a response to AaAQP2 dsRNA exposure (p=0.006). Protein 

abundance is relative to β-lactamase (assigned value of 1.0) and was normalized to total 

protein quantified using Coomassie staining as loading control (n=4). (C, D) Western blot 

showed that larvae reared in 20% SW have 2.4× significantly increased protein abundance of 

the putative AaAQP2 monomer (~19 kDa) present in the AP compared to larvae reared in 

freshwater (FW) (p=0.017). (D) Rearing in 20%  also significantly decreased the AaAQP2 dimer 

(~57 kDa) in the AP compared to FW-rearing by nearly 90%, however total protein (monomer 

+ dimer) abundance was not affected (data not shown, see Appendix B-5). Protein abundance 

in 20%  is relative to FW (assigned value of 1.0) and was normalized to total protein quantified 

using Coomassie staining as loading control (n=3-4). Data expressed as mean ± SEM (unpaired 

t-test, p<0.05). Significance indicated by *.   
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Figure 3.10. Protein abundance of AaAQP1 in the anal papillae (AP) of 4th instar A. aegypti 

larvae reared in brackish water (BW; 30% seawater) 48 hours post RNAi treatment with 

AaAQP1, AaAQP2, or β-lactamase (control) dsRNA. (A) Western blot of AP protein 

homogenates collected 48 h post dsRNA treatment and probed with AaAQP1 antibody 

revealed a single band at ~60 kDa, resembling the predicted size of a putative AaAQP1 dimer 

(52.4 kDa). Exposure to AaAQP1 (“A1”) dsRNA decreased band intensity compared to β-

lactamase (β) dsRNA. (B) Western blot of AP exposed to AaAQP2 (“A2”) dsRNA but still 

probed with AaAQP1 antibody also decreased band intensity compared to β-lactamase (β) 

dsRNA, although not significantly (see Appendix B-6). (C) Protein abundance of AaAQP1 was 

significantly decreased by nearly 50% with AaAQP1 dsRNA exposure (p=0.037, n=6-7), 

however AaAQP1 levels were not affected with AaAQP2 dsRNA exposure (n=7-8). Protein 

abundance is relative to β-lactamase (β-lac; assigned value of 1.0) and was normalized to total 

protein quantified using Coomassie staining as loading control. Data expressed as mean ± 

SEM (unpaired t-test, p<0.05). Significance indicated by *.  
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3.5.1 AaAQP2 knockdown and larval survival  

Survival of larvae, days to pupate, and days to reach adulthood were monitored to 

measure the impact of AaAQP2 dsRNA exposure on the overall physiology of A. aegypti larvae 

in various water treatments (Figures 3.11-3.13). First-instar larvae reared in freshwater (FW) or 

brackish water (BW) treated with 0.5 µg/µL AaAQP2 dsRNA or control (β-lactamase) dsRNA 

displayed no changes in survivability or days to pupate up to 10 days post-dsRNA treatments 

(Figure 3.11). First-instar larvae treated with a double concentration of 1 µg/µL AaAQP2 dsRNA 

had overall increased survival (by 8%; p<0.019) when the larvae were reared in ion-poor water 

(IPW) (Figure 3.12 A), overall decreased survival (by 8%; p<0.048) when reared in FW (Figure 

3.12 B), and not affected when reared in BW up to 5 days post-dsRNA treatment compared to 

control dsRNA (Figure 3.12 C). Days to pupation was not recorded because larvae were 

dissected 5 days post-dsRNA treatment and samples collected were used for western blotting.  

Next, assessment of how AaAQP2 knockdown affects larvae that are faced with an 

abrupt transfer to higher salinity was performed. Third-instar larvae reared in 20% seawater 

and treated with 1 µg/µL AaAQP2 dsRNA displayed an overall increase in survival by 20% up to 

11 days post dsRNA treatment (p<0.029) compared to control dsRNA when the larvae were 

transferred to full BW (30% seawater) 48 h post dsRNA treatment, i.e., when AaAQP2 protein 

levels in the anal papillae are knocked-down; survival up to 17 days post-AaAQP2 dsRNA 

treatment was still greater than control by 14.5% (p<0.046) (Figure 3.13 A). The survival of 

third-instar larvae reared in 20% seawater and treated with 1 µg/µL AaAQP2 dsRNA was 

unaffected up to 11 days post dsRNA treatment compared to control dsRNA when the larvae 

were transferred to full BW (30% seawater) 24 h post dsRNA treatment, i.e., when AaAQP2 
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protein levels in the anal papillae are still normal (Figure 3.13 B). Days for larvae to pupate and 

reach adulthood were not affected when the larvae were transferred to BW 48- or 24 h after 

dsRNA treatment (Figure 3.13 C-F). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Survival and days to pupation of A. aegypti 1st instar larvae reared in freshwater 

(FW) or brackish water (BW) and treated with 0.5 µg/µL AaAQP2 dsRNA or control (β-

lactamase) dsRNA. Larval survival (A, C) and days to pupation (B, D) up to 10 days post-dsRNA 

treatment was not affected with FW-rearing (A, B) or with BW-rearing (C, D). Statistical 

analysis using log-rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon Test for significance 

(p<0.05, n=3). Data are expressed as mean ± SEM (unpaired t-test, p<0.05). 
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Figure 3.12. Survival of A. aegypti 1st instar larvae reared in ion-poor (IPW), freshwater (FW), 

or brackish water (BW) and treated with 1 µg/µL AaAQP2 dsRNA or control (β-lactamase) 

dsRNA. Larval survival up to 5 days post-dsRNA treatment, prior to dissection for western 

blotting, significantly increased with IPW-rearing (A, p<0.019), significantly decreased with 

FW-rearing (B, p<0.048), and was not affected with BW-rearing (C). Statistical analysis using 

log-rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon Test for significance (p<0.05, n=3). 
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Figure 3.13. Survival of A. aegypti 3rd instar larvae reared in 20% seawater, treated with 1 

µg/µL AaAQP2 dsRNA or control dsRNA (β-lactamase), and subsequently transferred to 30% 

seawater (brackish water; BW) 48 h or 24 h after dsRNA treatment, i.e., during or before 

AaAQP2 knockdown in the anal papillae, respectively. (A) Larval survival up to 11 days 

(p<0.029) and 17 days (p<0.046) post-dsRNA treatment significantly increased after transfer 

to full BW during AaAQP2 knockdown (48 h, black arrow). (B) Larval survival up to 11 days 

post-dsRNA treatment was not affected after transfer to full BW before AaAQP2 knockdown 

(24 h, black arrow). Days for larvae to pupate (C, E) and reach adulthood (D, F) were not 

affected when the larvae were transferred to BW at 48 h (C, D) or 24 h (E, F) after dsRNA 

treatment. Statistical analysis using log-rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon Test 

for survival significance (p<0.05, n=5). Bar graph data are expressed as mean ± SEM (unpaired 

t-test, p<0.05). 
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3.5.2 AaAQP2 or AaAQP1 knockdown and body water content  

 

Raw body weight and total body water content of individual A. aegypti 4th instar larvae 

reared in brackish water (BW; 30% seawater) were measured to assess the influence of AaAQP2 

or AaAQP1 dsRNA exposure at the whole-body level (Figure 3.14). There were no significant 

changes in the weight of the larvae or in the overall body water content between the β-lac 

control and either of the AaAQP2/AaAQP1 experimental groups.  

 

 

 

 

 

Figure 3.14. A. aegypti larval body weight and percent body water content measured 2 days 

post exposure to AaAQP2, AaAQP1, or β-lactamase (β -lac; control) dsRNA. (A) Raw larval 

body weight in mg between β -lac (1.56 ± 0.085, n= 9) and AaAQP2 (1.63 ± 0.14, n=10) dsRNA 

treatments (p=0.67). (B) Percent body water content between β -lac (84% ± 2.08, n=9) and 

AaAQP2 (83.6% ± 2.61, n=10) dsRNA treatments (p=0.9). (C) Raw larval body weight in mg 

between β -lac (1.45 ± 0.07, n=10) and AaAQP1 (1.27 ± 0.14, n=9) dsRNA treatments (p=0.25). 

(D) Percent body water content between β -lac (84.9% ± 1.65, n=10) and AaAQP1 (88.2% ± 

1.34, n=9) dsRNA treatments (p=0.14). Data are expressed as mean ± SEM (unpaired t-test, 

p<0.05). 
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3.6 Effects of rearing salinity on haemolymph Na+ and K+ concentrations 

The haemolymph of 4th instar A. aegypti larvae hatched in either ion-poor water (IPW), 

freshwater (FW), or 30% brackish water (BW) was collected and the effects of rearing salinity 

on ion concentrations was assessed. Larvae reared in IPW had significantly less Na+ and K+ 

levels in the haemolymph compared to FW-reared larvae (Figure 3.15). K+ concentration in 

haemolymph of BW-reared larvae was also significantly lower (by 50%) compared to FW-reared 

larvae (Figure 3.15 B). The effects of rearing salinity on haemolymph Na+ and K+ concentrations 

have been previously shown for BW-reared larvae but not for IPW-reared larvae (Donini et al., 

2006; Jonusaite et al., 2016). Haemolymph ion levels of IPW-reared larvae are comparable to 

values found in other dipteran larvae reared in IPW, such as Chironomus riparius (in mmol/L: 

[Na+] 73.9 ± 2.6, [K+] 7.9 ± 0.6) (Jonusaite et al., 2013).  

 

 

Figure 3.15. Haemolymph sodium (Na+) and potassium (K+) concentrations (mmol/L) of 4th 

instar A. aegypti larvae reared in ion-poor water (IPW), freshwater (FW), or brackish water 

(BW). (A) Haemolymph [Na+] between IPW (77.0 ± 2.5; n=37), FW (94.8 ± 5.1; n=37), and BW 

(104.8 ± 7.2; n=24). (B) Haemolymph [K+] between IPW (6.3 ± 0.6; n=37), FW (10.2 ± 1.2; 

n=37), and BW (5.2 ± 0.4; n=23). Values are expressed as mean ± SEM (unpaired t-test, 

p<0.05). Asterisk (*) denotes statistically significant difference compared to FW.  
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4.0 Discussion 

4.1 Overview 

 This study investigated AaAQP2 protein abundance in several osmoregulatory organs of 

mosquito larvae with an emphasis on the anal papillae (AP). The AP are important for 

osmoregulation in mosquito larvae that allow Aedes aegypti to adapt to changing salinity in 

natural habitats by altering ion and water transport mechanisms (Akhter et al., 2017; Donini 

and O’Donnell, 2005; Donini et al., 2007; Marusalin et al., 2012; Patrick et al., 2002a). A. aegypti 

aquaporin 2 (AaAQP2; PRIP), which is characterized as a water channel, is implicated in water 

permeability of the syncytial epithelium of the AP, where high mRNA levels are found when the 

larvae are reared in dilute conditions (<20 μmol/L Na+; <40 μmol/L Cl−) and short term exposure 

to BW increases mRNA abundance (Akhter et al., 2017; Donini and Durant, personal 

communication). The results presented in this thesis demonstrate that AaAQP2 protein is 

expressed in the AP and that salinity increases the abundance of AaAQP2 monomers. If AaAQP2 

expression is knocked down in the AP using RNAi and larvae are acclimated to a particular 

salinity they were able to osmoregulate; however, if larvae were presented with an osmotic 

challenge, survival increased with AaAQP2 knockdown. The results implicate: 

(i) AaAQP2 is a salinity responsive aquaporin because mosquito larvae in environments of 

different salinities have different protein levels of AaAQP2 in the anal papillae; and  

(ii) AaAQP2 protein abundance is important for survival of larvae when they transition between 

water of different salinities, because survival is affected with decreased AaAQP2 protein levels. 

Therefore, both hypotheses are accepted. 
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4.2 Western Blot of AaAQP2 in Gastric Caecae, Malpighian tubules, Hindgut, and Anal Papillae  

 Using a custom novel AaAQP2 specific antibody, protein abundance of AaAQP2 in the 

GC, MTs, HG, and AP of larvae reared in different salinities was examined (Figures 3.1, 3.5). GC, 

MTs, and HG contribute to osmoregulation by regulating water transport and recycling ions into 

the haemolymph while AP uptake ions and water in dilute environments (Beyenbach and 

Piermarini, 2011; D’Silva et al., 2018; Marusalin et al., 2012; Piermarini et al., 2017; Stobbart, 

1971b; Stobbart, 1971a; Volkmann and Peters, 1989b; Wigglesworth, 1933a). Western blot of 

GC and MTs homogenates revealed a single band of 45 kDa and 51 kDa, respectively, for IPW, 

FW, and BW water treatments. HG homogenates revealed a consistent band of 48 kDa for all 

three water treatments and an extra band at 30 kDa for BW only. AP protein homogenates 

revealed a consistent band of 57 kDa for all three water conditions, a 73 kDa band that would 

occasionally show up in all three water treatments, and a 21 kDa band that only showed for FW 

and BW, but not IPW treatments. The predicted mass of the AaAQP2 monomer is 28 kDa; 

however higher molecular weight (HMW) components are suspected to be AQP oligomers or N-

glycosylated forms of AQP monomers (Denker et al., 1988). Very little information is known for 

the post-translational modification of insect aquaporins; however, there is considerable 

knowledge for mammalian aquaporins. 

For example, AQP8 is an aquaglyceroporin in rat hepatocytes that is glycosylated and 

shows in western blotting as a ~34 kDa band, which when digested with peptide-N-glycosidase 

F (PNGase F) results in a ~28 kDa band, the expected AQP8 monomer mass (García et al., 2001). 

Fifty percent of mammalian AQP1/CHIP28 is known to be N-glycosylated and has two potential 

N-glycosylation sites located on extracellular loops A and E (Beitz et al., 2006a; Denker et al., 
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1988; van Hoek et al., 1995). Glycosylated AQP1 presents as HMW banding 35 - 60 kDa and 

treatment with PNGase results in the expected 28 kDa size band. Mammalian AQP2, an 

orthodox AQP which mediates water transport and is similar to the subfamily of which AaAQP2 

belongs, is also reported to be glycosylated; however, glycosylation is not required for the 

water-channel function of AQP2 or AQP1 (Bai et al., 1996; Smith and Agre, 1991; van Hoek et 

al., 1995). AQP2 (29 kDa) is required for reabsorption of water from the renal ultrafiltrate and 

has a glycosylation site at Asn123, which when substituted with Gln123, the AQP2-N123Q 

mutants still expressed the 29 kDa non-glycosylated MW band but glycosylated masses 31 - 46 

kDa were not expressed (Hendriks et al., 2004). Glycosylation of AQP2 is required for cell 

surface expression and the absence of glycosylation induced intracellular retention of AQP2 

(Hendriks et al., 2004). The consensus site required for attachment of a glycan for N-

glycosylation in AQP2 is located in the second extracellular loop and 7 amino acid residues 

upstream of the fourth transmembrane helix, which corresponds to the location of an Asn122 

residue in A. aegypti AaAQP2, although the asparagine is not within an N-linked glycosylation 

consensus sequence, i.e. Asn–X–Ser, Asn–X–Thr, or Asn–X–Cys, where X is any amino acid 

except proline (Pro) (Mellquist et al., 1998). Therefore, no potential N-linked glycosylation sites 

are currently detected in our proposed AaAQP2 membrane-configuration, which is slightly 

different than the proposed model built by Sreedharan et al. (2016) using mouse AQP4 as a 

structural template (Figure 4.1). To eliminate the possibility of the HMW bands on our western 

blot being glycosylated forms of AaAQP2, future studies can involve treating the protein 

homogenates with PNGases and assessing the extent of de-glycosylation by mobility shifts on  
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Figure 4.1. Proposed membrane configuration of the 264 amino acid (28 kDa) AaAQP2 gene 

product (XP_001656932). The six transmembrane helices are marked as 1-6 and the five 

interhelical loops are marked as A, B, C, D and E. Custom, affinity-purified polyclonal Rabbit 

antibodies target the antigen CNGLGNTGLKENVQD located on the extracellular region of loop 

C. The ar/R selectivity filter includes a Ser substitution (instead of Ala) which makes the region 

more hydrophilic, thus AaAQP2 is a strong water conductor (Sreedharan et al., 2016). Image 

generated by Protter (Marusalin et al., 2012).  
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an SDS-PAGE gel. It is currently unknown if insect AQPs are O-glycosylated although there is 

evidence of O-glycosylation in human AQPs 7 and 12 (Bjørkskov et al., 2017). 

Another possibility of the HMW components could be due to aquaporin oligomerization. 

AQPs are more stable in the plasma membrane as tetramers, which occur when the six 

transmembrane helices provide contact points between monomers and the C-terminus folds 

into a short helix that allows each monomer to interact at the cytoplasmic interface (Figure 4.2) 

(Kreida and Törnroth-Horsefield, 2015). Some AQPs further aggregate to form larger structures 

called orthogonal arrays of particles (OAPs), which allow for water transport at high rates 

(Roche and Törnroth-Horsefield, 2017). A. aegypti AaAQP1 (formerly AeaAQP) solubilizes as a 

homotetramer and can cluster with other OAPs forming 2D crystals in the plasma membrane 

visible by freeze-fracture electron microscopy (Duchesne et al., 2003). Human AQP4 is 

expressed as two isoform polypeptides ranging in size from 32-36 kDa, and overlapping of the 

polypeptides forms heterotetramers, which aggregate with other intramembrane particles to 

form OAPs of different sizes depending on the relative abundance of each isoform (Neely et al., 

1999; Nicchia et al., 2013). In plants, plasma membrane aquaporins (PIPs) PIP1 and PIP2 

monomers interact to form homo- and hetero-tetramers with 3:1, 2:2, or 1:3 stoichiometry  

depending on the relative expression of individual PIP1 and PIP2 subunits available in the cell 

(Jozefkowicz et al., 2016). All heterotetramer types present the same water transport capacity 

at the plasma membrane, however total water transport contributed by any of the hetero-

tetramer types is double the contribution of PIP2 homotetramers. Thus, water transport 

through the plasma membrane can also be modulated by AQP tetramer assembly and 

composition based on the available subunits. 
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Figure 4.2. Structure of mammalian AQP2 showing the flexibility of the C-terminal helix, 

which allows four different AQP2 monomers to interact with each other and other proteins 

at the cytoplasmic interface.  Helices in green, red, blue, and yellow represent the four 

different positions of an AQP2 monomer (superimposed), and the purple helix shows the 

conserved position of an AQP5 (superimposed) monomer. Red spheres represent water 

molecules through the water-conducting pore. Image taken from Kreida and Törnroth-

Horsefield (2015). 

 

PIPs show conserved structure to human AQP1 which is also known to exist in isoforms 

where homo- and hetero-dimers are directed to oocyte plasma membrane to function as water 

channels (Kukulski et al., 2005; Shi et al., 1994). Triton X-100-solubilized AQP1/CHIP28 protein 

behaves like a tetramer and oligomers corresponding to dimers, trimers, tetramers, and larger 

are stable in SDS; oligomerization is also enhanced by monomer concentration in the cell (Smith 

and Agre, 1991). In the larval silkworm Bombyx mori, AQP-Bom3 (PRIP) and AQP-Bom1 (DRIP) 

are AQPs predominantly expressed in the hindgut which function to move water through the 
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epithelia; although they have predicted monomeric masses of 25-27 kDa, each are known to 

homotetramerize, and bands of 107-118 kDa with major bands of 20-21 kDa are detected 

(Azuma et al., 2012). The detected smaller sized bands than the predicted AQP mass have also 

been reported for other insects and are accredited to anomalous SDS-PAGE migration of 

hydrophobic membrane proteins such as AQPs (Azuma et al., 2012; Le Caherec et al., 1997; 

Mathew et al., 2011). Azuma et al. (2012) also concluded that oligomerization of the AQPs 

could be tissue/epithelia-specific and some immunoblots showed a single monomer band while 

others showed the homotetramer. 

Insect AQPs show high amino acid homology to human AQPs 4 and 1, and have the 

common feature of forming OAPs and stable oligomers that do not dissociate in SDS 

(Tomkowiak and Pienkowska, 2010). Some research shows that mutations to AQP4 intracellular 

loop D reduces oligomerization, however the AQP4 mutants are unable to localize to the 

plasma membrane in response to changes in extracellular tonicity (Kitchen et al., 2016). 

Tetramerization is also crucial for PIPs to be trafficked from the endoplasmic reticulum (ER) to 

the plasma membrane and important for water permeability, as mutations to residues within 

the transmembrane (TM) helices suggest that inter-TM interactions between monomers allow 

oligomer assembly (Yoo et al., 2016). Velocity sedimentation following solubilization in non-

denaturing detergents showed that insect aquaporin AQPcic in the green leafhopper Cicadella 

viridis exists in homotetrameric form while E. coli glycerol channel GlpF exists in monomeric 

form (Duchesne et al., 2002; Thomas and Cavalier, 2010). It was suggested that AQP tetramer 

stability was due to interactions of TM helix 5 of one monomer with TM helix 1 of the adjacent 

monomer (Duchesne et al., 2002). Similarly, western blotting of sucrose density gradients 
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following non-denaturing solubilization of adult A. aegypti AaAQP1 revealed that AaAQP1 exists 

in membranes as a homotetramer, and AaAQP1 monomers resulted from membranes 

solubilized in 1% denaturing SDS (Duchesne et al., 2003). Further studies are needed to 

determine whether the HMW bands detected for AaAQP2 are stable dimers and/or trimers, 

however since the possibility of glycosylation is less than the possibility of stable oligomers, and 

AaAQP2 is not currently known to exist as multiple isoforms, a western blot band of ~45-55 kDa 

will be referred to as an AaAQP2 dimer and bands of ~21-30 kDa and ~73 kDa as an AaAQP2 

monomer and trimer, respectively.  

4.3 Effects of Rearing Salinity on AaAQP2 Protein Abundance in the GC, MTs, and HG 

 In general, protein abundance of AaAQP2 in the GC, MTs, and HG of larvae reared in 

different salinities was analyzed using the signal shared among all protein homogenates for 

each water treatment, which was the presumed AaAQP2 ~45-55 kDa dimer (Figure 3.1). In the 

GC, MTs, and HG, protein abundance was not affected by rearing salinity signifying that 

AaAQP2 is an important protein required for the osmoregulatory function of these organs in 

larvae exposed to environmental salinity levels ranging from ~0 - 10.5 ppt (IPW to BW [30% 

SW]). Although the results were not significant, AaAQP2 in the GC and MTs of BW larvae tends 

to slightly decrease while AaAQP2 in the HG tends to slightly increase when compared to FW 

larvae. This can suggest that larvae in BW slightly decrease permeability of MTs to water and 

create a slightly more concentrated primary urine than FW larvae, while the HG of BW larvae 

has slightly increased water permeability to absorb slightly more water back into the 

haemolymph than FW larvae. Overall, this proposed system would aid in the excretion of 

slightly more concentrated urine to remove excess ions while retaining haemolymph water 
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levels when larvae are in BW compared to a more dilute environment. Furthermore, since the 

GC is thought to function similarly to the MTs, and in FW has higher ion-motive enzyme 

activities and ion secretion rates to support water secretion when excess water is absorbed into 

the haemolymph by the midgut, slightly lower levels of water-transporting AaAQP2 in the GC of 

BW larvae would contribute to some water retention and ion secretion when larvae are in BW 

(Clark and Bradley, 1997; D’Silva et al., 2017). Interestingly, the presumed AaAQP2 monomer 

was only present in blots of the HG of BW larvae 60% of the time, and could signify an 

important role for AaAQP2 in the HG of larvae that are reared in water of higher salinity, thus 

more research is warranted as immunolocalization of AaAQP2 in the HG was not completed in 

this study.  

 The observation that salinity did not significantly change AaAQP2 protein abudance in 

the GC and MTs is reflected in the immunolocalization of AaAQP2 in these organs (Figures 3.2, 

3.3). In the GC, AaAQP2 appeared to be dispersed intracellulary in both FW and BW conditions, 

and salinity did not have any noticeable effect on signal intensity (Figure 3.3). These results 

correspond with AaAQP2 protein abundance in the GC not being significantly affected by 

salinity. Immunolocalization of AaAQP2 in the MTs of FW larvae appeared to shift from apical to 

intracellular when the larvae are reared in BW, as did localization of VA (Figure 3.2). Apical 

detection of AaAQP2 appeared to co-localize with the VA proton pump, which provides the 

driving force for transepithelial ion and fluid secretion in the MTs (Weng et al., 2003). These 

results suggest apical detection of AaAQP2 in the MTs of FW larvae helps drive excess water 

into the tubule lumen but may be shuttled into intracellular vesicles when larvae are in BW. 

Exposure to increased salinity causes the diuretic hormone 5-HT to be released into the larval 
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haemolymph and increase fluid secretion rates by the MTs to remove excess ingested ions and 

water (Clark and Bradley, 1997; Donini et al., 2006). The sequestering of AaAQP2 in the MTs of 

BW larvae further shows how salinity can have downstream affects, that might be mediated by 

affecting kinases that phosphorylate AQPs destined to become expressed at the plasma 

membrane. Phosphorylation of AQPs usually occur in the C-terminus and/or in the first 

cytosolic loop, and site-specific phosphorylation can determine the final localization of AQPs, 

thus regulating water channel activity (Eto et al., 2010; Hoffert et al., 2008; Kukulski et al., 

2005). Phosphorylation of plant AQP TIP3 causes an otherwise unstructured amino-terminal 

domain to become helical and increases water transport (Daniels and Yeager, 2019). 

Phosphorylation of mammalian AQP2 in intracellular vesicles allows AQP2 insertion into the 

apical membrane while ubiquitination triggers AQP2 internalization for storage or degradation 

(Kreida and Törnroth-Horsefield, 2015). In plants, salt and osmotic stress cause re-location of 

some TIP and PIP isoforms from tonoplast to intravacuolar and other vesicular membranes 

suggesting a control mechanism for fast intracellular water fluxes (Gomes et al., 2009). 

Collectively, these results suggest that although the osmotic gradient for passive water flow is 

reduced in the body fluids of BW larvae compared to FW, and the larvae do not need to excrete 

as much water, the MTs maintain their capacity for water movement in case environmental 

salinity changes do occur. Consequently, AaAQP2 in the MTs of FW larvae may have a water-

transporting function along with membrane-affiliated AaAQPs 1, 4, and 5, while in BW AaAQP2 

may play an important role standing by in case haemolymph water levels are suddenly elevated 

and the MTs must accordingly increase water secretion (Misyura et al., 2020).  
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4.4 Effects of Rearing Salinity on AaAQP2 Protein Abundance in the Anal Papillae 

Similar to protein abundance in the HG, protein abundance of the AaAQP2 dimer in the 

AP was unaffected by rearing conditions; however, the AaAQP2 monomer was observed in 

blots of the AP from FW and BW (both 20% and 30% SW) larvae 100% of the time but was 

absent from all IPW treatments (Figures 3.5, B-1, B-5). Since protein abundance of the AaAQP2 

dimer was not affected by rearing salinity, the results suggest that the AaAQP2 dimer is 

important or required for the osmoregulatory function of the AP in larvae exposed to 

environmental salinity levels ranging from 0.5 - 10.5 ppt (FW to BW [30% SW]), while the 

AaAQP2 monomer is not detected in AP when larvae are reared in <0.5 ppt salinity (IPW). These 

results can imply that there may be no free AaAQP2 monomers available in the AP cells in IPW 

because they are all occupied in stable oligomeric form. However, when external salinity 

increases to FW and beyond, perhaps some of the AaAQP2 oligomers are modified and thus the 

individual monomeric subunits can be more easily detected via blotting. Although both FW and 

IPW conditions are sometimes comparable by presenting an osmoregulatory challenge for the 

larvae, and are more dilute in ions than the larval haemolymph, the larvae raised in IPW have 

significantly less Na+ and K+ levels in the haemolymph than larvae reared in FW (Figure 3.15). 

Therefore, the two conditions have different effects on larval osmoregulation.  

In the AP of larvae that were reared in IPW and subsequently exposed to BW, increased 

levels of the AaAQP2 monomer after 24 h exposure were observed, and levels remained after 

72 h, mimicking the observed trend of the AaAQP2 monomer appearing in the AP of larvae that 

were hatched and raised in BW but not IPW (Figures 3.6, 3.5). Similarly, BW-reared larvae had a 

significant decrease of the AaAQP2 monomer after 24 h exposure to IPW, mimicking the 
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observed trend of the AaAQP2 monomer not appearing in the AP of larvae that were hatched 

and raised in IPW (Figure 3.7). These results further suggest that individual AaAQP2 subunits 

have a different role to play when environmental salinity is altered. Perhaps an increase in 

salinity from IPW combines AaAQP2 dimers and assembles them into higher molecular weight 

oligomers, such as trimers in as little as 12 h, based on the observations that a 12 h exposure 

from IPW to BW significantly decreases AaAQP2 dimers but significantly increases AaAQP2 

trimers (Figure 3.6). Then, after 12 h of BW exposure the larger oligomers are broken down and 

stored as individual AaAQP2 monomers, as seen by the significant increase of AaAQP2 

monomers after a 24 h exposure to BW, with dimer and trimers levels returning to pre-

exposure levels. Further investigation into BW exposure of IPW larvae, or vice versa, on the 

effects of AaAQP2 is required, such as transcriptional levels and immunolocalization of the 

protein.  

 Immunolocalization of AaAQP2 in the AP is detected in larvae hatched in all three water 

treatments: IPW, FW, and BW (Figure 3.4). Signal intensity does not appear to be affected by 

salinity. In IPW larvae, AaAQP2 co-localizes with NKA in the basal membrane when larvae are 

reared in IPW and FW-like conditions (dechlorinated tapwater) (Akhter et al., 2017; Patrick et 

al., 2006). NKA was not detected in AP of BW larvae, and may be salinity responsive, although 

NKA has been used as a membrane marker in AP of BW larvae in the past (Akhter et al., 2017). 

NKA in the basal membrane of AP is thought to function with ammonia transporters and 

exchangers, AeAmt1 and NHE3, and other ionomotive pumps such as VA, for ammonia 

excretion and ion uptake when larvae are in dilute conditions (Chasiotis et al., 2016; Donini and 

O’Donnell, 2005). This would suggest a potential role for AaAQP2 in assisting the passage of 
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ammonia by supplying adequate amounts of water from the haemolymph into the cytosol or an 

osmotic role following ion movement. Use of VA as an additional membrane marker would 

have been useful for confirming AaAQP2 immunolocalization in BW larvae and this could be 

confirmed in future studies.  

  Previously, transcript levels of AaAQP4 have been shown to be significantly lower in the 

AP of larvae reared in BW compared to IPW, whereas mRNA levels of AaAQP5 are significantly 

increased in response to BW, and protein levels of these two AQPs are consistent with mRNA 

levels; therefore, it is suggested that AaAQP4 is involved in transporting trehalose into the 

cytosol for ATP production needed for ion uptake while AaAQP5 has a role in regulating cell 

volume via water transport (Akhter et al., 2017). AaAQP1 transcript levels in the AP were not 

affected by BW, however protein abundance was increased with BW-rearing and 

immunolocalization supported protein levels as apical AaAQP1 staining was diminished with 

FW-rearing, implicating water transport into the AP cells in BW habitats (Misyura, 2018). 

Similarly, transcript levels of AaAQP2 were abundant in the AP of both FW and BW larvae, and 

previously in IPW, and in this current study it was observed that total AaAQP2 protein 

abundance is not affected by rearing conditions with supporting immunolocalization results 

(Figure B-1 H) (Akhter et al., 2017; Marusalin et al., 2012; Misyura, 2018). 

4.5 Effects of AaAQP2 Knockdown  

In order to assess the physiological function of AaAQP2, AaAQP2 monomer levels in the 

AP of BW larvae were knocked down using RNAi (Figures 3.8, 3.9). Knockdown was optimal 48 

h after dsRNA treatment, and knockdown levels of AaAQP2 monomer resembled levels 

observed in larvae hatched in IPW and those observed in BW larvae that were exposed to IPW 
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for 24 h, i.e., almost undetected (~90% reduction). Knockdown AaAQP2 levels had no effect on 

body water content when the larvae were retained in BW (Figure 3.14). However, knockdown 

levels appeared to be beneficial to larvae when transferred from a lower salinity environment 

(20% SW) to one of higher salinity (30% SW) as overall survival increased beginning from day 7 

after dsRNA exposure (Figure 3.13 A). These results are both unexpected and expected. 

Unexpected because if the AaAQP2 monomer in the AP is detected and increased in higher 

salinity, it could signify that it is important to the larvae, therefore it is expected for the larvae 

to have decreased and not increased survival when exposed to higher salinity with knockdown 

AaAQP2 levels. However, these results are expected if the role of the AaAQP2 monomer is not 

important for larvae in higher salinity, and therefore knockdown of AaAQP2 protein decreases 

the amount of AaAQP2 subunits available in the cell thereby reducing the energy the BW larvae 

must expend on sequestering AaAQP2 oligomers, separating and storing them as monomers in 

case external salinity decreases. This energy could then be used in other ways to increase their 

survival in the higher salinity. 

 These results correspond with larval survival being unaffected after being transferred 

from a lower salinity environment (20% SW) to one of higher salinity (30% SW) before levels of 

AaAQP2 are knocked down (Figure 3.13 B). In this case, larvae in lower salinity increased 

monomeric AaAQP2 protein abundance when placed in the higher salinity, cancelling out the 

effects of dsRNA on monomeric AaAQP2 levels, thus larvae were overall unaffected by the 

changes in salinity. It should be pointed out that although AaAQP2 knockdown was confirmed 

in the AP, the dsRNA could have targeted AaAQP2 in other organs. Although overall larval 

weight and body water content was unaffected by AaAQP2 dsRNA treatment in constant BW 
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conditions, other AQPs may have been upregulated to compensate for the downregulation of 

AaAQP2 and contributed to maintaining appropriate body volume and water content (Figure 

3.14). Future studies can involve knocking down AaAQP2, as confirmed in the AP, and 

measuring body water content after a short period following transfer of the larvae from a lower 

salinity environment (20% SW) to one of higher salinity (30% SW). 

Lastly, treatment of 1st instar larvae with 0.5 µg/µL dsRNA had no effect on survival; 

however doubling dsRNA concentration to 1 µg/µL had mixed effects on the survival of larvae 

in the different water treatments (Figures 3.11, 3.12). Unexpectedly, larvae in IPW showed 

increased survival (P=0.019) while larvae in FW had decreased survival (P=0.048), and BW 

larvae were unaffected. Although knockdown of protein levels after treatment of 1st instar 

larvae was not confirmed using western blotting, it is unexpected for the two dilute conditions 

to have polar opposite effects. Results suggest that young larvae in IPW benefit from AaAQP2 

dsRNA, while young larvae encountering some levels of salinity in the environment as in FW 

require AaAQP2 to be at its full potential. Not much is known about larval survival and 

development in salinity except for a few studies which show that salinity affects development 

of A. aegypti larvae most dramatically as the osmotic pressure of the environment approaches 

that of the haemolymph (BW), and that 3rd instar larvae tolerate higher salinities than 1st instar 

larvae (Clark et al., 2004; Ramasamy et al., 2011).  

4.6 Conclusions and Future Directions  

 The expression of ion transporters and aquaporins in the osmoregulatory organs 

including the anal papillae all change in response to external salinity (Akhter et al., 2017; D’Silva 

et al., 2017; D’Silva et al., 2018; Donini et al., 2006; Donini et al., 2007; Patrick et al., 2006; 
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Sohal and Copeland, 1966). All aquaporins have a similar structural architecture and can be 

regulated at the transcription level or post-translationally through gating or trafficking to allow 

for rapid, tissue-specific regulation. Gating mediated by phosphorylation, pH, or Ca2+-binding 

regulates yeast AQPs and plant PIPs in response to environmental stresses such as osmotic 

shock, drought, and flooding (Kreida and Törnroth-Horsefield, 2015). A aegypti can regulate the 

osmotic pressure of the haemolymph throughout a range of environmental tonicity from 

hypotonic to isotonic (dH2O – 0.75% NaCl) and the osmotic pressure of the haemolymph of 

larvae raised in tap water is equivalent to about 0.75% NaCl and remains at the same level until 

the external medium becomes hypertonic to the haemolymph (Sohal and Copeland, 1966; 

Wigglesworth, 1938).  

  AQP trafficking mediated by anti-diuretic hormones regulates mammalian AQPs in 

response to dehydration, triggering intracellularly stored AQPs to be redistributed to the 

plasma membrane. Regulation by gating and trafficking of AQPs require common motifs that 

allow for protein-protein interactions such as phosphorylation and Ca2+-binding sites at the C-

terminus, which cause conformational changes at the N-terminus. The C-terminus also assumes 

different positions and forms a helix that interacts with each of the monomers within an AQP 

tetramer across the cytoplasmic interface. An AQP tetramer creates a fifth narrow channel 

through its center that has been suggested for transport of CO2 and other gases in some AQPs 

(Otto et al., 2010). The body surface of the larvae is impermeable to water and ions but can 

absorb oxygen and give off CO2, thus water intake can only occur via feeding or the external 

anal papillae (Wigglesworth, 1933b). Tetramer formation is another regulatory mechanism for 

allowing water transport across the plasma membrane that is flexible and dependent on the 
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available subunits in the cell. The structure–function relationship of AQPs in A. aegypti larvae is 

yet to be elucidated; however, polarized localization of AQPs in osmoregulatory epithelia 

suggests that the presence of distinct water-specific AQPs function in water retrieval across the 

epithelium. Water in insects is reabsorbed in the gut tissues and recycled through the 

haemolymph for water conservation depending on food quality and internal body water 

volume. AQPs contribute to this process of osmoregulation by increasing the permeability of 

epithelial cells to water and/or other solutes.  

In conclusion, AaAQP2 protein was detected in the osmoregulatory organs of A. aegypti 

larvae that were reared in environments of varying salinity composition, from very dilute ion-

poor water to brackish water, a condition iso-osmotic to the internal fluids of the larvae. In 

agreement with my hypotheses, AaAQP2 is indeed a salinity responsive aquaporin in the anal 

papillae and important for the survival of larvae in water of different salinities. To further 

investigate localization of AaAQP2 in the anal papillae and other organs, we can utilize 

experiments such as subcellular fractionation to detect whether the AQPs are located in plasma 

or intracellular vesicular membranes. This can be possible by subjecting the dissected excretory 

tissues to sucrose density gradient centrifugation to obtain separate membrane fractions and 

obtaining plasma membrane-enriched fractions for western blotting, that is now also 

achievable with a commercially-available kit. This would result in different signal intensities in 

the membrane fractions depending on the presence of oligomers and monomers, thus 

revealing whether AaAQP2 is being utilized at the plasma membrane for water transport or 

stored in vesicles for rapid adaptation to changes in environmental salinity.  
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Appendix 

Appendix A. Western blot optimization of AaAQP2 in different organs 

AaAQP2 in different organs were detected best using the concentrations summarized in 

Table 2.2. For 10 µg of protein isolated from the gastric caecae (GC), incubation with 1:500 

AaAQP2 antibody resulted in four clear bands of approximately 30 kDa, 47 kDa, 52 kDa and 67 

kDa (Figure A-1 A). Incubation with 1:500 AaAQP6 antibody was best with 15 µg of GC protein; 

however band sizes were not determined (Figure A-2 A). For 10 µg of protein isolated from the 

anterior midgut (AMG), incubation with 1:500 AaAQP2 antibody resulted in three clear bands of 

approximately 47 kDa, 51 kDa and 75 kDa (Figure A-1 B). No clear bands were observed for the 

posterior midgut (PMG; Figure A-1 B). Incubation with 1:500 or 1:750 AaAQP6 antibody was 

best with 5 µg of AMG or PMG extracted protein; multiple bands were observed, however band 

sizes were not determined (Figure A-2 B). For 10 µg of protein from the Malpighian tubules 

(MTs), incubation with 1:500 AaAQP2 antibody showed three clear bands of approximately 20 

kDa, 51 kDa and 71 kDa (Figure A-1 C). Incubation of 5 µg protein from the MTs with 1:500 

AaAQP6 antibody showed multiple bands of undetermined sizes (Figure A-2 C). For 10 µg of 

protein isolated from the hindgut (HG), incubation with 1:500 AaAQP2 antibody resulted in 

three clear bands of approximately 37 kDa, 47 kDa and 71 kDa (Figure A-1 D). Protein extracted 

(5 µg) from the anal papillae (AP) and incubated with 1:500 anti-AaAQP2 beautifully showed 

two bands sized 20 kDa and 51 kDa (Figure A-1 E). Lastly, 10 µg protein from the AP incubated 

with anti-AaAQP6 resulted in a few bands of undetermined sizes (Figure A-2 D). 
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Figure A-1. Optimization of custom antibody against AaAQP2 in the various organs of A. 

aegypti mosquito larvae. 5-, 10- or 15 µg of protein was loaded and membranes were 

incubated with either 1:500 or 1:750 concentrations of antibody. Organs include gastric 

caecae (GC; A), anterior midgut (AMG; B), posterior midgut (PMG; B), Malpighian tubules 

(MTs; C), hindgut (HG; D), and anal papillae (AP; E). Approximate band sizes are in kDa. 

Samples run on a 12% acrylamide gel with FroggaBio BLUelf prestained protein ladder. 
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Appendix B. Supplementary western blots and protein abundance of AaAQP2 in the AP  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B-1. Western blot and protein abundance of AaAQP2 in the anal papillae (AP) of 4th 

instar A. aegypti larvae reared in ion-poor water (IPW), freshwater (FW), or brackish water 

(BW). (A) Western blot of IPW (I; n=5), FW (F; n=4), and BW (B; n=5) AP protein homogenates 

reveal three bands of ~21-, ~57-  and ~73 kDa for BW and FW treatments, and only two bands 

of ~57- and ~73 kDa for IPW. The ~21 kDa mass coincides with an AaAQP2 monomer (28 kDa),  

dimer + trimer Monomer 
 + trimer 

total 

dimer trimer monomer + dimer 
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while the ~57- and ~73 kDa masses coincide with dimeric and trimeric forms, respectively. 

Protein quantification analysis of only the monomer (~21 kDa) (B), only the dimer (~57 kDa) 

(C), only the trimer (~73 kDa) (D), the monomer plus dimer (21 + 57 kDa) (E), the dimer plus 

trimer (57 + 73 kDa) (F), the monomer plus trimer (21 + 73 kDa) (G), and finally total AaAQP2 

protein of all three bands combined (21 + 57 + 73 kDa) (H). AaAQP2 protein abundance is 

expressed relative to FW (assigned value = 1.0) and mean band density was normalized to 

total protein assessed using Coomassie staining as loading control. Data are expressed as 

mean ± SEM (unpaired t-test, p<0.05). Significance indicated by *.  
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Figure B-2. AaAQP2 protein in the anal papillae of 4th instar A. aegypti larvae reared in ion-

poor water (IPW) and exposed to brackish water (BW) for 12-, 24-, 48- or 72 hours. (A) 

Western blot of AaAQP2 in IPW larvae (control; “C”) show a prominent band of 55-57 kDa, 

which coincides with a dimer of AaAQP2 (28 kDa). After 12 h exposure to BW, the 57 kDa 

band is replaced by a ~70 kDa mass, which could be a putative trimer, oligomer, or modified 

AaAQP2 protein (n=4). (B, C) After 24-, 48- and 72 h exposure to BW, a band of ~19 kDa is 

observed, consistent with the ~21 kDa protein seen in BW-reared larvae, which could be a 

putative truncated AaAQP2 monomer (n=3-5).  
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Figure B-3. Western blot using AaAQP2 specific antibody on anal papillae (AP) protein 

homogenates from A. aegypti larvae reared to 4th instar in brackish water (BW) and 

subsequently exposed to ion-poor water (IPW) for 24 hours. AP from BW (control; “C”) 

larvae show a prominent band ~57 kDa which coincides with the mass of a dimer of AaAQP2 

(28 kDa), and a less prominent band ~20 kDa which could be a fragmented monomer. After 

24 h exposure to IPW, both the 57- and 20 kDa bands are less intense (n=3). Coomassie 

staining for total protein loaded used as loading control.  
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Figure B-4. AaAQP2 protein in the anal papillae (AP) of 4th instar A. aegypti larvae reared in 

brackish water (BW) 24-, 48- or 72-hours post-treatment with AaAQP2 or control (β-

lactamase) dsRNA. (A) Western blot of AP protein homogenates collected 24 h post 

treatment shows bands of approximate masses 19-, 57- and 70 kDa, which coincide with the 

masses of a truncated monomer (28 kDa), dimer, and trimer/oligomer of an AaAQP2 protein 

(expected 28 kDa), respectively. However, dsRNA treatment did not affect intensity of the 

bands (n=3). (B) Western blot of AP collected 48 h post treatment show a significant decrease 

in monomer (~20 kDa) intensity with AaAQP2 dsRNA (n=3). (C) Western blot of AP collected 

72 h post treatment show no changes in intensity between treatments (n=4).  
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Figure B-5. Protein abundance of AaAQP2 in the anal papillae (AP) of A. aegypti 4th instar 

larvae reared in 20% seawater 48 hours post-treatment with dsRNA targeting AaAQP2 or 

control (β-lactamase) transcripts. (A) Western blot of AP collected 48 h post treatment 

revealed a decrease in band intensity of the ~19 kDa mass, a potentially modified AaAQP2 

monomer (expected 28 kDa), as a response to AaAQP2 dsRNA exposure.  Coomassie staining 

used as loading control (n=4). (B) Western blot of AP from larvae reared in 20% SW have 

increased protein band intensity of the putative AaAQP2 monomer (~19 kDa) and dimer (~57 

kDa) forms present in the AP compared to larvae reared in freshwater (FW) (n=3-4). (C) Total 

AaAQP2 protein (monomer + dimer combined) abundance in AP of larvae reared in 20% SW 

was not affected compared to FW. Protein abundance of 20% is relative to FW (assigned 

value of 1.0) and was normalized to total protein quantified using Coomassie staining as 
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loading control (n=3-4). (D) Protein abundance of AaAQP2 putative monomer (~19-21 kDa) in 

the AP of larvae reared in all media tested: ion-poor water (IPW), FW, 20% SW, and BW (30% 

SW) (n=4-5). Monomer abundance increases as external medium salinity increases. Data 

expressed as mean ± SEM (unpaired t-test, p<0.05). Significance indicated by *.  
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Figure B-6. Protein abundance of AaAQP1 in the anal papillae (AP) of 4th instar A. aegypti 

larvae reared in brackish water (BW) 48 hours post-treatment with dsRNA targeting 

AaAQP1, AaAQP2, or β-lactamase (control) transcripts. (A) Western blot of AP protein 

homogenates probed with AaAQP1 antibody revealed a single ~60 kDa mass that coincides 

with a putative AaAQP1 dimer (52.4 kDa predicted). Exposure to AaAQP1 (“A1”) dsRNA 

decreased band intensity compared to β-lactamase (β) dsRNA in all four rounds. Exposure to 

AaAQP2 (“A2”) dsRNA decreased band intensity compared to β-lactamase (β) dsRNA in two 

out of four rounds. Coomassie staining used as loading control did not develop clearly. (B) 

Western blot using new samples collected also showed a decrease in band intensity with 

AaAQP2 (“A2”) or AaAQP1 (“A1”) dsRNA treatment compared to β-lactamase (β) (n=2-3). 

Coomassie staining used as loading control turnout was better. These preliminary results 

indicate dsRNA targeting AaAQP2 transcripts may have an effect on AaAQP1 transcripts in the 

AP, thus affecting AaAQP1 protein abundance. 
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Figure C-1. Protein abundance of AaAQP2 in the whole body of A. aegypti  4th instar larvae 

and male and female pupae. (A) Preliminary western blotting using AaAQP2-specific antibody 

and whole body protein homogenates of 4th instar larvae and of male or female pupa reveal a 

single band ~52 kDa in mass, corresponding to a dimer form of an AaAQP2 protein (28 kDa 

expected). Coomassie staining for total protein loaded shown as loading control. (B) Protein 

abundance in the male pupae has a 4-fold increase compared to the larvae and a 2-fold 

increase compared to the female pupae. Protein abundance is shown relative to larval levels 

(assigned a value of 1) and was normalized to total protein quantified using Coomassie 

staining (n=3). Data are expressed as mean ± SEM (one-way ANOVA with Tukey's multiple 

comparison test, p<0.05). Significance indicated by *. (C) Diagram of the 4th instar larval and 

of the pupal stages.  
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Appendix D. Malpighian tubule secretion assay and effects of IPW on secreted Na+ and K+ 

concentrations 

 

The fluid secreted by the MTs of larvae reared in either IPW or FW was collected to 

assess the effects of low salinity on ion concentrations. MT secretion assay was conducted 

according to a previously published protocol (Clark and Bradley, 1996). Briefly, MTs from 4th 

instar larvae reared in IPW or FW were dissected in saline and individually transferred into 

drops of saline submerged in paraffin oil (EMD Chemicals, Gibbstown, NJ). Using a fine glass 

rod, the end of the tubule that had been severed from the gut was pulled out of the saline drop 

and wrapped around a fine steel insect pin under the oil. Secreted fluid from the MTs would 

form droplets near the insect pin under the oil and were collected with a fine glass rod. Na+ and 

K+ concentrations were measured and calculated as stated above. Secretion rates were not 

determined. 

 Fluid secreted from the MTs of A. aegypti larvae reared in IPW have never been 

measure before. Results showed that IPW-rearing did not significantly affect Na+ and K+ 

concentrations compared to FW (Figure D-1). However, secretion rate was not considered and 

may have been affected by IPW-rearing, thus further studies are required. Interestingly, [Na+] 

and [K+] in fluid secreted by the MTs of IPW-reared larvae are apparently higher than their 

respective levels in the haemolymph (compare with Figure 3.15 page 55). Contrastingly, when 

A. aegypti larvae are in an external medium poor in salts, the MTs contribute to salt retention 

by excreting a fluid containing less Na+ than the haemolymph and that “under no conditions 

can the MTs excrete a fluid containing more Na+ than the haemolymph” (Ramsay, 1951).  
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Figure D-1. Sodium (Na+) and potassium (K+) concentrations (mmol/L) in fluid secreted by the 

Malpighian tubules (MTs) of 4th instar A. aegypti larvae reared in ion-poor water (IPW) or 

freshwater (FW). Ion concentrations in the secreted fluid by the MTs were not affected by 

IPW compared to FW, however, fluid secretion rates were not taken into account which may 

be influenced by rearing salinity. (A) [Na+] between IPW (105.7 ± 23; n=6) and FW (70.2 ± 7.2; 

n=5). (B) [K+] between IPW (18.2 ± 4.3; n=6) and FW (34.5 ± 9.9; n=5). Values are expressed as 

mean ± SEM (unpaired t-test, p<0.05).  
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