THE PHYSIOLOGY OF AMMONIA TRANSPORT IN THE DISEASE VECTOR MOS-
QUITO AEDES AEGYPTI: AMMONIA TRANSPORTER LOCALIZATION, FUNCTION,
AND CHARACTERIZATION

Andrea Claire Durant

A DISSERTATION SUBMITTED TO THE FACULTY OF GRADUATE STUDIES IN PARTIAL
FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

GRADUATE PROGRAM IN BIOLOGY
YORK UNIVERSITY
TORONTO, ONTARIO, CANADA

MARCH 2021
© Andrea Durant, 2021



Abstract

The formation of ammonia (NH3/NH4") through protein metabolism is ubiquitous in animals.
However, ammonia is typically destined for conversion and/or elimination from the body because the
toxicological consequences of systemic ammonia accumulation are grave. Specialized ammonia trans-
porters regulate excretion of ammonia by moving it across biological membranes. The yellow fever
mosquito, Aedes aegypti, possess four ammonia transporters: two Rhesus glycoproteins (Rh proteins,
AeRh50-1 and AeRh50-2) and two ammonium transporters (Amt proteins, Aedmtl and AeAmt2), but
functionally they are poorly understood in this medically important disease vector. This presents a
serious gap in knowledge, in particular because aquatic larvae of A. aegypti can inhabit ammonia-rich
sewage, intensifying the possibility of vector success in regions where poorly maintained septic sys-
tems are used for sewage treatment. My studies sought to advance our understanding of Rh and Amt
proteins in A. aegypti by examining their function in (1) larvae residing in high environmental ammonia
(HEA) and (2) hematophagous adult females that are naturally loaded with high ammonia while han-
dling a blood meal. In larvae, all four ammonia transporters are expressed in the anal papillae (AP),
structures that are in direct contact with the external environment. Rh proteins and AeAmt2 are in-
volved in ammonia excretion across the AP but decrease in abundance upon HEA exposure. The AP
are still critical sites of ammonia excretion when larvae are in HEA, evidenced by enhanced NH4"
efflux. Rh proteins may also play a role in acid-base balance as protein levels of Rh significantly in-
crease in conditions that challenge blood pH regulation. Of particular importance was that laboratory
observations of ammonia transport physiology of larvae in HEA reconciled with observations of wild
A. aegypti larvae collected from ammonia-rich septic tanks. In adult 4. aegypti, Rh proteins are ex-
pressed in the excretory organs and facilitate NH4" secretion via the urine. Novel observations of
AeAmtl being almost exclusively expressed in the spermatozoa of males revealed a vital role for this

protein in sperm survival and successful egg fertilization. Collectively, my studies significantly



advance our mechanistic understanding of ammonia transport proteins in 4. aegypti by revealing their

broad and critical roles.
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Chapter One

Overview



1.1 Nitrogen regulation is a vital element of all life

Nitrogen (N) is an essential component of nucleic acids, amino acids, and proteins that consti-
tute living matter. An intricate network of nitrogen flow exists between the atmosphere and the bio-
sphere, from nitrogen atoms in the air (e.g. dinitrogen, N2) through to nitrogen-containing compounds
found in living organisms (Delwiche, 1970). Consequently, strategies of nitrogen control have been
described in all domains of life. Bacteria and Archaea possess ancient and highly conserved nitrogen
regulatory mechanisms to assimilate inorganic nitrogen (e.g. N2) from the environment or to produce
nitrogen-containing compounds intracellularly for cell growth (Leigh and Dodsworth, 2007; Merrick
and Edwards, 1995). Among Eukarya, the multitude of nitrogen regulatory strategies identified to date
reflects the diversity of physiological functions in these life forms. Unicellular eukaryotes (Fernandez
and Galvan, 2007; Sanz-Luque et al., 2015; Terrado et al., 2015), fungi (Morton and Macmillan, 1954),
and plants (Lea and Miflin, 1974; Miflin and Lea, 1976; Pate, 1973) fulfill nutritional nitrogen require-
ments through a variety of nitrogen assimilation pathways from the external environment. On the other
hand, virtually all metabolically active animal cells produce nitrogen-containing compounds as metab-
olites which are destined for excretion or nitrogen recycling pathways (Ballantyne, 2001; Bucking,
2017; Weihrauch et al., 2004; Weihrauch et al., 2012a; Wright, 1995a). A unifying feature among the
majority of organisms is the eventual production of ammonia (gaseous ammonia, NH3, and cationic
ammonium, NH4"). The production of intracellular ammonia from a wide range of nitrogen-containing
compounds (e.g. dinitrogen, nitrate, ammonium salts, and amino acids) occurs through various cellular
biosynthetic pathways, or ammonia can be obtained from the extracellular environment (Leigh and
Dodsworth, 2007; Merrick and Edwards, 1995). Therefore, the majority of organisms, and animals, in
particular, are tasked with either excreting ammonia and other nitrogenous compounds or incorporating
ammonia into molecules that can be stored and later utilized. In fact, in virtually all living organisms
ammonia plays a crucial role in the maintenance of nitrogen homeostasis, and ammonia formation is

considered to be the most primitive system for nitrogenous waste excretion (Cooper and Plum, 1987;
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Regnault, 1987). Therefore, the importance of understanding the mechanisms underlying ammonia
regulation and excretion in different life forms is evidenced by the ubiquity of these processes across

all domains of life.

1.2 Ammonia formation in animals

Much of the ammonia (NH3/NH4") produced in cells come from amino acids during the me-
tabolism of dietary and metabolic protein, in which amino acids ultimately undergo oxidative degra-
dation through the process of amino acid catabolism (Regnault, 1987). Nucleic acid catabolism also
yields similar nitrogenous end products as amino acid catabolism, albeit to a lesser extent. Ammonia
production in organisms is continual due to a variety of metabolic circumstances including routine
protein turnover in cells, ingestion of protein-rich foods, or the metabolism of body proteins during
periods of starvation (Bender, 2012a; Campbell, 1997; Campbell and Smith Jr., 1992). Unlike lipids
and carbohydrates which when in excess can be stored as triglycerides and glycogen, respectively,

amino acids cannot be stored in animals and are instead preferentially degraded (Campbell, 1991).

In the majority of organisms, the process of amino acid deamination (or oxidation) generates
ammonia during the removal of an amino group (Bucking, 2017; Bursell, 1967; Ip and Chew, 2010;
Leigh and Dodsworth, 2007; Merrick and Edwards, 1995; Weihrauch et al., 2012a). Amino acid de-
amination also yields a-keto acids that are directly oxidized to carbon dioxide (COz) and water to
produce energy via the citric acid cycle. Alternatively, some a-keto acids that arise from amino acid
deamination are a significant source of substrate for metabolic fuel generation, whereby the carbon
skeletons of specific amino acids are diverted to gluconeogenesis or ketogenesis pathways (Bender,
2012b; Campbell, 1991). Transamination reactions are a common first step preceding ammonia pro-
duction during amino acid catabolism and entail the transfer of an amino group from an amino acid to
a ketoacid, catalyzed by an aminotransferase (or transaminase) enzyme. The most common acceptor
of this amino group in organisms is the ketoacid a-ketoglutarate, which together form r-glutamate
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(Bender, 2012b). Transamination reactions confer the advantage that there is no net loss of amino
groups (i.e. ammonia production) but instead the collection of amino groups into only one amino acid
form, namely L-glutamate (Ballantyne, 2001). Transamination reactions typically occur in the cytosol
of cells and glutamate is subsequently shuttled into the mitochondria. Within the mitochondria, gluta-
mate is deaminated producing ammonia in the form of NH4". Together, the transamination and deam-
ination steps constitute the process termed transdeamination, the primary pathway of ammonia pro-
duction resulting from amino acid catabolism. Alternatively, glutamate can be further aminated to pro-
duce the non-toxic, neutrally charged amino acid glutamine, a process that requires ATP but is ideal
for ammonia transport in bodily fluids and across plasma membranes of cells (Ballantyne, 2001). Both
glutamate and glutamine are critical for ammonia sequestration in organisms and virtually all cells
possess at least one of two pathways, glutamine synthetase/glutamate synthase (GS/GOGAT) and/or
glutamate dehydrogenase/glutamine synthetase (GDH/GS), for incorporating or removing amino
groups within these two amino acids (Ballantyne, 2001; Campbell, 1991; Leigh and Dodsworth, 2007;
Merrick and Edwards, 1995). Following the deamination of glutamate or glutamine which liberates
NH4", a biochemical fork in the road occurs whereby ammonia can either be recycled for the synthesis
of other amino acids and nucleic acids or ammonia can be channeled into a single nitrogenous waste
product to be excreted. Ultimately, the metabolic fate of ammonia that is destined for excretion depends
on the organism and/or the habitat; excess ammonia can be directly excreted as NH3/NH4" or converted

to less toxic urea and uric acid forms before being excreted (see Section 1.3).

1.3 Nitrogenous waste excretion in animals

Nitrogenous waste excretion in animals predominantly occurs via organs having a function in
osmoregulation and/or gas exchange. For example, digestive and excretory organs (Browne and
O’Donnell, 2013; Weihrauch, 2006; Weiner and Hamm, 2007; Wilson et al., 2013), the integument

(Adlimoghaddam et al., 2015; Cruz et al., 2013; Glover et al., 2013; Shih et al., 2013), and gills (Donini



and O’Donnell, 2005; Weihrauch et al., 2002; Wood et al., 1995a) in various animal groups have been
shown to facilitate nitrogenous waste excretion. With some exceptions, water availability is a key de-
terminant in the form of nitrogenous waste that an animal excretes. The main nitrogenous waste com-
pounds, in order of increasing water solubility, are uric acid, urea, and ammonia (Wright, 1995a).
While ammonia is the most soluble of the nitrogenous wastes, it is also the most toxic form (see Section
1.4) and, therefore, its excretion demands significant water availability to maintain non-toxic levels
internally. Accordingly, aquatic animals generally excrete the majority of nitrogenous wastes in the
form of ammonia. This phenomenon has been widely documented in many invertebrate and vertebrate
animal groups including crustacea (Weihrauch and O’Donnell, 2015; Weihrauch et al., 1999;
Weihrauch et al., 2004), mollusks (Boucher-Rodoni and Mangold, 1995; Hu and Tseng, 2017; Hu et
al., 2014; Regnault, 1987), insects (O’Donnell and Donini, 2017; Weihrauch and O’Donnell, 2015;
Weihrauch et al., 2012a), annelids (Quijada-Rodriguez et al., 2015; Tillinghast, 1967), teleost fish
(Bucking, 2017; Ip and Chew, 2010; Wilkie, 1997; Wood et al., 1995b) and mammals (Good et al.,
1984; Weiner and Hamm, 2007; Weiner and Verlander, 2014). On the other hand, water retention is
paramount for terrestrial and semi-terrestrial animals, thus these animals typically convert ammonia to
less soluble urea or uric acid forms which can be concentrated in the body with minimal toxic effects
(Baldwin and Needham, 1934; Needham, 1935). One caveat is that urea and uric acid production are
more costly than ammonia in regards to energy expenditure, as many enzymes are required for the
conversion of purine nucleic acids (adenine and guanine) to uric acid (Alexander, 1965; Maiuolo et al.,
2016) and the formation of urea via the ornithine-urea cycle or uric acid degradation (McDonald et al.,

2006; Regnault, 1987; Wright, 1995a).

It is also worth noting that some animals have evolved more peculiar strategies in the handling
of nitrogenous waste products irrespective of water availability, often the result of specialized adapta-

tions to environmental challenges. Elasmobranch fishes, for instance, retain a significant proportion of



metabolically produced urea which is utilized as an osmolyte to mitigate challenges in water retention
and urine formation that is often faced in teleost fishes (McDonald et al., 2006; Smith, 1936; Wilkie,
2002). The majority of squid families, particularly those that are pelagic deep-sea squid, retain ammo-
nia in specialized compartments as a means of buoyancy (Clarke et al., 1979; Seibel et al., 2004).
Remarkably, some terrestrial and amphibious animals excrete nitrogenous wastes in the form of am-
monia through gaseous NHj3 volatilization (De Vries and Wolcott, 1993; De Vries et al., 1994; Ip et
al., 2004; Randall and Ip, 2006; Speeg and Campbell, 1968). No matter the means of nitrogenous waste
excretion, nitrogen retention in specialized compartments, or conversion to non-toxic nitrogen-con-
taining forms, animals face the collective challenge of preventing ammonia toxicity by utilizing effi-

cient detoxification and excretory pathways.

1.4 Ammonia toxicity in animal cells

Perhaps the greatest necessity of rapid and efficient ammonia detoxification and excretory
mechanisms in animals is the toxicity of ammonia at relatively low quantities in cells and bodily fluids.
In aqueous solutions, gaseous ammonia (NH3) and the protonated form ammonium (NH4") are in equi-
librium. The unprotonated form, NH3, is a strong base in solution while NH4" is a weak acid (Jacobs,
1940). The relative ratio of NH3 and NH4" is directly dependent on the pH, and the pKa of this equi-
librium reaction is 9.24 at 25°C (Cooper and Plum, 1987; Ip and Chew, 2010; Wright, 1995a). Because
the pH of bodily fluids is typically 1-2 units below the pKa, the majority of ammonia (> 98%) in
physiological solutions exists as NH4" (Campbell, 1991; Marcaggi and Coles, 2001). The same is also
true of most environments in the biosphere where near-neutral pH prevails, such that NH4" dominates
relative to NH3. While amino acid catabolism produces NH4" in the mitochondria (see Section 1.2),
the deamination of purines produces NH3/NH4" in the cytosol of cells (Bogusky et al., 1976;
Lowenstein, 1972). Consequently, NH4" toxicity arises through a variety of possible mechanisms at

the cytosolic or intraorganelle level (Cooper and Plum, 1987). For example, hydrated ammonium ions,



NH4", have an identical hydrodynamic (and ionic) radius as hydrated potassium ions (K") (Martinelle
and Haggstrom, 1993; Mudry et al., 2006), and can therefore perturb electrochemical gradients
(Glacken, 1988) and neuronal activity (Cooper and Plum, 1987) by directly competing with K* ions

for passage through K* channels and transporters (Marcaggi and Coles, 2001).

While the catabolic production of ammonia primarily yields NH4", a few metabolic reactions
(e.g. purine nucleotide cycle) produce NHs (Bogusky et al., 1976). NH3 is mainly responsible for the
pathological consequences of altered ammonia metabolism in animals as it is moderately lipid-soluble
and can readily cross biological membranes via simple diffusion (Marcaggi and Coles, 2001;
Martinelle and Haggstrom, 1993), albeit to a much lesser extent than NO, COz, and Oz (Ip and Chew,
2010). Nonetheless, the diffusion (simple and/or facilitated) rates of NH3 across cell membranes are
103-10* fold greater than NH4" (Marcaggi and Coles, 2001; Martinelle and Higgstrom, 1993), empha-
sizing the critical nature of the ratio of NH3/NH4" in animals as a means of minimizing ammonia tox-
icity. The molecular basis for NH3 toxicity is extensive, from changes in cellular and organelle pH to
the depletion of intermediates for both the citric acid cycle (e.g. a-ketoglutarate) and the electron
transport chain (e.g. NADH) when sequestering NH3 during situations of altered ammonia metabolism
(Campbell, 1991; Marcaggi and Coles, 2001; Martinelle and Higgstrom, 1993). NH3 can also act as
an uncoupler of oxidative phosphorylation through the dissipation of proton gradients in the mitochon-
dria, by binding with H" and forming NH4" in the inner mitochondrial membrane space (Brierley and

Stoner, 1970; Campbell, 1997).

1.5 Transport of NHz and NH4" across plasma membranes

NH4" transport through a “leaky”, cation-selective paracellular pathway has been suggested in
some vertebrate animals (Good et al., 1984; Wilkie, 1997), with some support from a study demon-
strating that a tight junction protein (claudin-8) modulates NH4" paracellular permeability in a cell
culture system (Angelow et al., 2006). On the other hand, considerable evidence exists demonstrating
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that the rapid diffusion of gaseous ammonia (NH3) occurs across plasma membranes of cells (Kleiner,
1981). The cell membrane permeability to neutral NH3 is much less than its larger, more hydrophobic
counterparts, methylamine and trimethylamine (Ritchie and Gibson, 1987). However, simple NH3 dif-
fusion can still be quite rapid owing to the thinness of cell membranes (Ip and Chew, 2010). A key
argument for NH3 diffusion across biological membranes lies in the findings that (1) ammonia equili-
brates across membranes as NH3 becomes “trapped” by NHa" formation on the more acidic side of the
membrane, and (2) the rate of ammonia transport across membranes increases in a pH-dependent man-
ner (Jacobs, 1940; Kleiner, 1981). Later, it was demonstrated that the ammonia transport system within
the internal membrane of mitochondria in animal cells relied primarily on the movement of NHs" with
minimal effects by changes in pH (Gutiérrez et al., 1987). Many examples of biological membranes in
animals with low permeability to NH3 now exist, for instance, the plasma membranes of epithelial cells
lining gastric and urinary tracts (Kikeri et al., 1989; Singh et al., 1995). It is now broadly acknowledged
that the majority of ammonia transport across biological membranes in animal systems is tightly reg-
ulated and that this regulation is achieved through the action of ion channel and transport proteins

(Wright and Wood, 2009).

1.5.1 Passage of NHs" on ATP-dependent membrane transporters in animal cells

The enzyme Na'/K*-ATPase (NKA) is present in the membrane of essentially all cells where
it plays a principal role in establishing electrochemical gradients that power ion transport (Towle and
Holleland, 1987). NKA is a key energizer in the epithelia of organ systems that regulate ion and water
homeostasis, and it has long been known that NH4" can replace K* as a substrate to be actively trans-
ported from the body fluids into the cytoplasm of cells (Post and Jolly, 1957; Skou, 1965; Towle and
Holleland, 1987). So, in addition to its importance in osmoregulation, substantial evidence exists show-
ing that NKA is highly involved in active ammonia transport processes in many species from various

phyla (Ip and Chew, 2010; O’Donnell and Donini, 2017; Weihrauch et al., 2004; Weiner and Hamm,



2007). The V-type H'-ATPase (VA) is another primary ion-motive pump generally shown to be asso-
ciated with endosomal membranes but is now found in increasing examples on the plasma membrane
of cells (Beyenbach, 2006; Wieczorek et al., 2009). VA actively transports protons (H") across biolog-
ical membranes, and in turn, the transmembrane electrochemical potential difference of H is used to
power an array of secondary active and channel-mediated transport systems. For example, members of
the cation/proton exchanger (NHE) family of integral membrane proteins have been shown to play an
indirect role in transmembrane ammonia transport (Benos, 1982; Weihrauch et al., 2004; Weihrauch
et al., 2012a). While predominantly facilitating the electroneutral exchange of Na* or K" for H" down
their respective NKA- and VA-derived concentration gradients, NH4" can substitute for Na* or K*
which occurs in a manner consistent with ammonia secretion across the apical membrane of cells,
albeit NH4" transport by NHEs occurs at slower velocities (Orlowski and Grinstein, 2004; Zachos et
al., 2005). Another secondary-active transport mechanism involving NH4" is the Na"™-K"-2Cl" (NKCC)
cotransport system located in ion-motive epithelia of osmoregulatory organs in some animals, where
NH.4" is transported in lieu of K (Beyenbach et al., 2010; Good, 1987; Good et al., 1985).
1.5.2 Ammonia transporters of the AMT/MEP/Rh families

Studies over the last two decades have revealed that organisms from all kingdoms of life pos-
sess membrane-spanning proteins that are highly specific for the movement of NHz and NH4" across
biological membranes (Neuhéuser et al., 2014). The ammonium transporter gene family consists of
three main clades, all of which share high sequence similarity and a very similar trimeric overall struc-
ture across all life domains (McDonald and Ward, 2016a; McDonald et al., 2012). Methylammo-
nium/ammonium permeases (MEP) in fungi (Marini et al., 1994; Marini et al., 1997a), ammonium
transporters (AMT) in bacteria and plants (Ninnemann et al., 1994; Soupene et al., 1998), and the
vertebrate Rhesus glycoproteins (Rh proteins) (Marini et al., 1997b; Marini et al., 2000) were demon-

strated to have ammonia transport capabilities. AMT proteins are considered to be of ancient origin as



they are ubiquitous in bacteria and dispersed in archaea, in contrast to Rh proteins which occur in some
microbial eukarya (e.g. algae) and widespread in vertebrates, with increased prominence in mammals,
in particular (Huang and Peng, 2005; Kitano and Saitou, 2000; Kustu and Inwood, 2006; Peng and
Huang, 2006). While the distribution of AMT proteins is largely complementary to that of Rh proteins
in organisms, invertebrate animals are unique in that they possess both AMT and Rh proteins (Chasiotis

et al., 2016; Lecompte et al., 2019; Menuz et al., 2014; Pitts et al., 2014; Weihrauch et al., 2012a).

1.6 The challenge of nitrogen regulation imposed on mosquitoes, Aedes aegypti by environmen-
tal factors and life history.

The Aedes aegypti (Diptera: Culicidae) mosquito is an urban-dwelling, tropical and subtropical
species which undergoes larval and pupal development in natural freshwater followed by complete
metamorphosis, involving dramatic changes in body shape and function, into the terrestrial adult forms
(Clements, 1992). As with most holometabolous insects, the entirely aquatic larval stage is a period of
feeding and growth whereas the adult stage is the reproductive stage (Nelson, 1986). The latter stage
is of great medical and economical importance because adult females feed on human blood to meet
nutrient demands for reproduction, and in turn transmit serious human arboviral diseases including the
Dengue, Chikungunya, and Zika viruses (Bhatt et al., 2013; Leta et al., 2018). However, despite the
negative connotations associated with mosquitoes, they are also of great ecological importance. The
primary food of all adult mosquitoes is floral nectar and in this regard, mosquitoes are effective polli-
nators of some plant species (Dexter, 1913; Lahondére et al., 2020). Of the 3,500 named species of
mosquito, only a couple hundred actually bite humans and most species provide important ecosystem
services. For example, the larvae constitute a substantial biomass in aquatic ecosystems globally where
they process detritus materials and are a primary food source for many insect, amphibian, bird, and
fish species (Fang, 2010). The specialized adaptations of larvae to cope with osmoregulatory chal-

lenges in aquatic life, coupled with drastic morphological changes involving significant remodeling of
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organs as the mosquito transitions to the adult, offers many comparative and integrative approaches in
the study of ammonia transport physiology within a single animal species. This, in addition to the fact
that A. aegypti are one of only a few animals that have been shown to possess both AMT and Rh
proteins within a single species [see Section 1.5.2; (Chasiotis et al., 2016; Pitts et al., 2014; Weihrauch
et al., 2012a)]. 4. aegypti express two AMT transporter genes, AeAmtl and AeAmt2, as well as two
Rh transporter genes, AeRh50-1 and AeRh50-2. A readily accessible and well-annotated genome as-
sembly for A. aegypti also offers the additional prospect of comprehensive genetic studies with the use
of powerful molecular tools such as next generation sequencing techniques (i.e. RNA sequencing)

(Matthews et al., 2018).

1.6.1 Environmental challenges and strategies of ammonia excretion in A. aegypti larvae

Historically considered to be a freshwater (FW) species (Clements, 1992), 4. aegypti larvae
are osmo- and iono-regulators. Therefore, they maintain relatively constant haemolymph (i.e. blood)
ion concentrations and an overall haemolymph osmotic concentration at levels much higher than the
freshwater habitats occupied by these larvae (Bradley, 1987; Edwards, 1982; Patrick et al., 2002a). In
fact, A. aegypti larvae spend their lives in intimate contact with an aqueous milieu that almost always
differs in ionic composition and pH from the internal fluids. This has two important consequences for
ammonia regulation and excretion in larvae: First, the larvae can excrete ammonia (NH3 and NHs")
directly into the aquatic environment via copious amounts of water. Second, the larvae face the added
challenge of passive ammonia absorption across ion permeant epithelia as water and food are ingested
in aquatic environments. 4. aegypti larvae exhibit some of the highest drinking rates among mosquitoes
(Aly and Dadd, 1989). In line with most aquatic animals (see Section 1.3), the larvae were shown to
excrete significant quantities of cationic ammonia, NH4" (Donini and O’Donnell, 2005). 4. aegypti
larvae are also some of the most capable acid-base regulators among animals, maintaining their hae-

molymph pH within 0.1 units while observed developing in FW habitats ranging in pH 4 to 11 (Clark,
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2004; Clark et al., 2007). Of course, the pH regulatory strategies of larvae and the pH of the external
media they inhabit is intertwined with ammonia regulation and excretory mechanisms because pH
heavily influences the ratio of NH3 and NH4" in solution (see Section 1.4) of which NH3 is the more
toxic form. Adding to the value in understanding the mechanisms underlying ammonia regulation and
excretion in A. aegypti are the decades of reports demonstrating that the larvae routinely inhabit am-
monia-rich sewage collections around the globe (Barrera et al., 2008; Burke et al., 2010; Chitolina et

al., 2016; Irving-Bell et al., 1987; Lam and Dharmaraj, 1982; Mackay et al., 2009; Somers et al., 2011).

1.6.2 Physiological challenges related to blood-feeding and reproduction in adult female 4.
aegypti

In anautogenous mosquitoes, such as Aedes aegypti, the adult female periodically requires a
vertebrate blood meal to undergo a cycle of egg maturation. The blood meal provides a significant
source of proteins required for this process and the female is capable of ingesting more blood than is
often needed for oogenesis (Briegel, 1985; Briegel, 1986). Nonetheless, all blood protein is catabolized
and excess nitrogen that is not utilized to produce proteins, lipids, and carbohydrates, the latter two of
which are both lacking in the blood meal, is excreted (Pennington et al., 2003). 4. aegypti females have
evolved efficient mechanisms to detoxify large ammonia loads during the digestion of a blood meal
(Scaraffia et al., 2005), and they are an exception to most terrestrial animals in that they excrete am-

monia in the faeces as their primary nitrogenous waste (Scaraffia et al., 2006).

1.6.3 Ammonia transporting mechanisms in larvae and adult A. aegypti

The key organs associated with ion and water homeostasis in 4. aegypti larvae are the midgut,
Malpighian tubules, rectum, and anal papillae (Figure 1-1). Digestion of food and absorption of nutri-
ents and ions into the haemolymph occur via the midgut (MG) (Bradley, 1987). The Malpighian tu-
bules (MT) and hindgut (HG) are the organs responsible for excretion, with the primary urine produced
in the MT by the active secretion of ions (principally Na, K*, and CI') and the osmotically-obliged

influx of water into the tubule lumen (Ramsay, 1951). In many insects, the MT are also the site of
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nitrogenous waste excretion (Weihrauch et al., 2012a). The primary urine is then directed via the ileum
(IL) towards the rectum (RM), and both of the structures are located posteriorly to the midgut and
comprise the hindgut (HG). The cells of the rectal segment possess highly infolded apical and basolat-
eral membranes in keeping with their role in the selective reabsorption of ions from the primary urine,
producing a dilute urine that is eliminated (Bradley, 1987; Meredith and Phillips, 1973). The larvae
also possess extra-renal structures associated with ion and water homeostasis in the form of the exter-
nally protruding anal papillae (AP; Figure 1-1). The four AP surrounding the anal opening are primary
sites of ion exchange with the environment (Sohal and Copeland, 1966; Wigglesworth, 1932), and it
is within these structures that the most comprehensive mechanism of ammonia transport and excretion
exists in 4. aegypti larvae. A significant amount of ammonia is directly excreted from the AP lumen
(i.e. haemolymph) into the external aquatic environment (Donini and O’Donnell, 2005). It was also
demonstrated that the AP express three ammonia transporters: AeAmtl, AeRh50-1, and AeRh50-2 ( see
Section 1.6; Chasiotis et al., 2016). Loss of function (i.e. RNA interference or RNAi) studies combined
with pharmacological characterization of ammonia transport mechanisms implicated AeAmtl, ion-
motive pumps NKA and VA, and an NHE protein (NHE3) in facilitating ammonia excretion within
the AP. At the beginning of the current studies, another Amt transporter in 4. aegypti, AeAmt2, was
recently identified through a BLAST search of the 4. aegypti genome but had not yet been character-

ized to any degree (unpublished findings by Dr. Dirk Weihrauch).
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Figure 1- 1. Organs associated with ion and water transport in Aedes aegypti larvae. The
midgut (MG) is the site of digestion and subsequent ion and nutrient absorption. The
primary urine is formed in the Malpighian tubules (MT), which actively secrete ions (Na", K*,
CI’) from the haemolymph to the tubule lumen which causes the osmotic influx of water into
the lumen. The rectum (RM) segment of the hindgut (HG) forms a dilute urine by reabsorbing
ions from the primary urine back into the haemolymph. The externally protruding anal papillae
(AP) are the sites of ion uptake from the external media and ammonia excretion from the hae-
molymph. Illustrations created by Dr. Chun Chih Chen.
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Osmoregulatory organs are modified during metamorphosis to become well suited for a terres-
trial lifestyle and ingestion of a blood meal by adult females. The design of the female alimentary canal
is reflective of its feeding habits, possessing a large distensible midgut which is the site of storage and
digestion of blood meals (Figure 1-2; Bradley, 1987). The hindgut consists of an anterior ileum and a
posterior rectum similarly to the larvae, but the rectum in adults contains six pear-shaped rectal papillae
which are the site of ion resorption from the primary urine produced by the MT (Figure 1-2; Ramsay,
1950; Ramsay, 1951). The fat body plays functionally analogous roles to the vertebrate liver
(Clements, 1992) and is the primary site of ammonia detoxification in female 4. aegypti (Scaraffia et
al., 2005; Scaraffia et al., 2006). However, nothing is known regarding specific ammonia transport or
excretory mechanisms, nor the expression and possible roles of ammonia transporters in these pro-
cesses in adult 4. aegypti. Expression of an Rh transporter gene (AalRh50) in another mosquito species,
Aedes albopictus, was significantly upregulated in the midgut, fat body, and MT of females up to 24
hours following a blood meal (Wu et al., 2010a). AalRh50 transcript was also detected in the ovary of
A. albopictus, suggesting a potential role for Rh proteins in processes related to egg development (Wu
et al., 2010a). In the malaria vector mosquito, Anopheles gambiae, transcripts of ammonia transporters
AgAmt and AgRh50 are enriched in the antennae where it is postulated that they have an important

function in ammonia sensing pertaining to host-seeking behaviors (Pitts et al., 2014).

1.7 Research aims and objectives

Nitrogen regulation and, in particular, the regulation of ammonia (NH3/NH4") transport and
excretion is a fundamental feature in all animals (see Section 1.1). However, comparatively little is
known about the mechanisms underlying these processes in mosquitoes relative to their invertebrate
(Adlimoghaddam et al., 2015; Hu and Tseng, 2017; Quijada-Rodriguez et al., 2015; Weihrauch, 2006;

Weihrauch et al., 2004; Weihrauch et al., 2009; Weihrauch et al., 2012b) and vertebrate (Bucking,
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2017; Hung et al., 2007; Ip and Chew, 2010; Ip et al., 2004; Lee et al., 2013; Weiner and Verlander,

2014; Wilkie, 1997; Wright and Wood, 2009) counterparts.
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Figure 1- 2. Organs associated with ion and water transport, and blood meal digestion
in adult female Aedes aegypti. The midgut (MG), divided into the anterior (AMG) and pos-
terior (PMQ), is the site of blood meal digestion and subsequent ion and nutrient absorption.
The primary urine is formed in the Malpighian tubules (MT). Within the hindgut, the highly
contractile ileum (IL) facilitates the forward movement of gut contents, and the rectum (RM)
including the six rectal pads that are not present in larvae (black arrow), forms a dilute urine
by reabsorbing ions from the primary urine back into the haemolymph. Adult female illustra-
tion created by BioRender (BioRender.com).
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1.7.1 Aim 1: Characterize the mechanisms underlying ammonia transport and excretion in
osmoregulatory organs of A. aegypti larvae

A prior study demonstrated that larvae utilize specialized organs (the anal papillae, see Section
1.6.3) for the direct excretion of ammonia into the external medium (Donini and O’Donnell, 2005) and
that these organs express ammonia transporters AdeAmtl, AeRh50-1, and AeRh50-2 at the messenger
RNA (mRNA) level (Chasiotis et al., 2016). The protein of one of these transporters, AeAmtl, was
localized to the anal papillae epithelium where it was shown to be involved in ammonia excretion.
These initial findings provide a framework that allows for a more profound understanding of ammonia
transport and excretory processes in 4. aegypti larvae. Of course, these findings also have major im-
plications for the documented expansion in the habitats of larvae to high ammonia sewage water and
other high environmental ammonia (HEA) habitats. Based on this information, it was hypothesized
that all of the AMT and Rh ammonia transporters have integral roles in ammonia transporting mecha-
nisms in the anal papillae and other organs associated with ion and water homeostasis which are im-

portant for the larvae to develop in HEA habitats. The objectives of this research aim were four-fold:

(1) Characterize the specific localizations and the contributions of Rh proteins, AeRh50-1 and
AeRh50-2, to ammonia excretion within the anal papillae;

(2) Explore the expression and spatial distribution of the recently identified AMT protein,
AeAmt2, and investigate potential roles for this transporter in the anal papillae of larvae;

(3) Determine the involvement of AMT and Rh proteins in ammonia regulation and excretion upon
exposure of larvae to HEA conditions reflective of natural sewage water habitats;

(4) Survey other osmoregulatory organs using, in part, next-generation sequencing to identify
other potential ammonia-transporting mechanisms and establish a more complete, systems-

level model of ammonia regulation and excretion in 4. aegypti larvae.

18



1.7.2 Aim 2: Examine the expression and a potential role of AMT and Rh proteins during
blood meal digestion in adult 4. aegypti

Broadly, there are many unanswered questions in adult 4. aegypti pertaining to the specific
ammonia excretory mechanisms that allow for the tolerance of females to remarkably high ammonia
loads that arise after blood-feeding (Scaraffia et al., 2005). Further, nothing is known regarding the
expression nor the potential function of ammonia transporters in 4. aegypti adults. There is only limited
information from the adult females of other mosquito species regarding the presence of Amt and Rh
genes and their contribution to ammonia-related processes, such as host-seeking, blood meal digestion,
and egg development (see Section 1.6.3). Interestingly, the uncharacterized Adedmt2 in A. aegypti ex-
hibits high sequence similarity with the antennal-expressed AgAmt in A. gambiae. Therefore, the work-
ing hypothesis was that the tissue- and organ-specific expression and alterations in the abundance of
AMT and Rh proteins are indicative of their importance in ammonia transport and excretion during
blood meal digestion and within ammonia-sensing structures in adult female 4. aegypti. The objectives

of this research aim were two-fold:

(1) Identify AMT and Rh proteins in chemosensory and osmoregulatory organs
(2) Establish a potential role for these proteins in the regulation of ammonia detoxification and
excretion during the entirety of the female gonotrophic cycle (i.e. blood-feeding, egg develop-

ment, egg-laying) using RNAi
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Chapter Two

Aedes aegypti Rhesus glycoproteins contribute to ammonia excretion by larval anal papillae

This chapter has been published and reproduced with permission:

Durant A.C., Chasiotis H., Misyura L., Donini A. (2017) Aedes aegypti Rhesus glycoproteins con-
tribute to ammonia excretion by larval anal papillae. Journal of Experimental Biology 220:588-596.
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2.1 Summary

In larval Aedes aegypti, transcripts of the Rhesus-like glycoproteins AeRh50-1 and AeRh50-2
have been detected in the anal papillae, sites of ammonia (NHs/NH4") excretion; however, these puta-
tive ammonia transporters have not been previously localized or functionally characterized. In this
study we show that the AeRh50s co-immunolocalize with apical V-type H" ATPase as well as with
basal Na'/K" ATPase in the epithelium of anal papillae. The double-stranded RNA mediated knock-
down of AeRh50-1 and AeRh50-2 resulted in a significant reduction in AeRh50 protein abundance in
the anal papillae and this was coupled to decreased ammonia excretion. The knockdown of AeRh50-1
resulted in decreased haemolymph [NH4"] and pH whereas knockdown of 4eRh50-2 had no effect on
these parameters. We conclude that the AeRh50s are important contributors to ammonia excretion at
the anal papillae of larval Aedes aegypti, which may be the basis for their ability to inhabit areas with

high ammonia levels.
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2.2 Introduction

In animals, ammonia (NH3/NH4") as a byproduct of protein metabolism is toxic when concen-
trated in cells and tissues and must be readily excreted. For microorganisms and plants, ammonia is an
important nutrient that serves as a source of nitrogen for synthesis of various metabolites, such as
amino acids. Ammonia is present in physiological solutions predominantly in the ionic form, NH4"
(pKa of ~9.5), but a certain portion of the gaseous form, NHs, is always present and can readily diffuse
across plasma membranes (Weihrauch et al., 2012a). As a consequence, ammonia levels in animals
must be tightly regulated and this regulation is achieved by various ammonia transporting proteins and

mechanisms.

Almost all prokaryotes and eukaryotes possess ammonia transporting mechanisms. The am-
monia transporters (Amt) family in plants and bacteria and the methylammonium/ammonia permeases
(MEP) in yeast function to facilitate the uptake of ammonia. Analogs of the Mep/Amt family are pre-
sent in vertebrates, the Rhesus-like glycoproteins (Rh proteins), and these transporters function in the
movement of ammonia across cell membranes and its excretion from the body. The Rh proteins are
glycosylated, comprising a group of Rh-50 proteins (having a molecular weight of ~50 kDa). The
crystallographic structure of the trimeric mammalian RhCG predicts the transport of NH3 over NH4"
(Gruswitz et al., 2010), presumably owing to the presence of two highly conserved histidine residues
that were shown to be important for function similar to that of bacterial AmtB (see below; Conroy et
al., 2005). Furthermore, Rh proteins are proposed to be CO2 gas channels in addition to transporting
ammonia (Li et al., 2007; Lupo et al., 2007). Evidence of COz transport by Rh proteins has been shown
in human erythrocytes (Endeward et al., 2006), zebrafish (Perry et al., 2010), and green algae (Soupene

et al., 2002; Soupene et al., 2004).
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The crystal structure of AmtB in Escherichia coli indicates that the trimeric structure has a
hydrophobic pore located at the center of each monomer, with an NH4" binding site at the entry of each
pore (Zheng et al., 2004). Two highly conserved histidine residues bridged by a hydrogen bond within
the pore were thought to facilitate the deprotonation of ammonium as it enters the hydrophobic pore
followed by protonation on the cytoplasmic side, indicating that these transporters function as ammo-
nia gas channels but transport net NHa". This assures selectivity for ammonia transport against all other
ions (i.e. similarly sized K" ions), and also eliminates any leak of proton motive force during conduc-
tion through the pore (Khademi et al., 2004). The Rh-50 proteins also recruit NH4"; however, after
deprotonation, it is suggested that the proton is recycled back to the extracellular side resulting in net
NHs transport (Baday et al., 2015). Much remains to be resolved regarding the substrate specificity of

Rh-50 proteins and ammonia transporters, as well as tissue specific regulation of each.

Invertebrates possess both Amt and Rh-50 proteins, whereas vertebrate animals possess only Rh-
50 proteins (Kutsu and Inwood, 2006). In the mosquito Aedes aegypti, three putative ammonia trans-
porters, AeRh50-1, AeRh50-2, and AeAmtl, were identified in silico (Weihrauch et al., 2012b) and the
AeAmtl was characterized in vivo (Chasiotis et al., 2016). The 4eRh50-1 and AeRh50-2 genes share
sequence similarity with other invertebrate and vertebrate Rh-50s, and the Amt/Mep-like AeAmtl is
most similar to the bacterial Am¢B (Chasiotis et al., 2016). The transcripts of AeRh50-1, AeRh50-2, and
AeAmtl were detected in the anal papillae of A. aegypti larvae, and a mechanism for ammonia excretion
from the anal papillae involving the AeAmt] was investigated (Chasiotis et al., 2016). The anal papillae
are finger-like structures composed of a single layered syncytial epithelium which is externally covered
by a thin cuticle (Credland, 1976). The lumen of the anal papillae is continuous with the hemocoel of
the body and the papillae are major sites of ammonia excretion in larval 4. aegypti (Sohal and
Copeland, 1966; Donini and O’Donnell, 2005). The AeAmtl was localized to the basal membrane of

the syncytial epithelium where it was proposed to mediate NH4" entry into the cytosol driven by an
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electrical potential generated by the basal Na/K™-ATPase (NKA) (Chasiotis et al., 2016). Although
not yet localized in the anal papillae, the transcript expression of AeRh50s in the anal papillae suggests
that these transporters may also be important in both ammonia entry from the haemolymph into the

cytosol, and excretion into the surrounding environment (Chasiotis et al., 2016).

An understanding of how the larvae of A. aegypti excrete ammonia is of particular importance in
light of the discovery that ammonia rich septic tanks in the Caribbean serve as a refuge for resting and
breeding adult 4. aegypti, as well as an aquatic habitat for larval development and adult emergence
(Burke et al., 2010). Consequently, the significant number of larval and adult 4. aegypti present in
septic tanks was thought to explain the persistence of dengue transmission during the dry season (Burke
et al., 2010). In tropical Asia another Aedine species, Aedes albopictus, was found to breed in septic
tanks containing raw sewage with free ammonia levels as high as 116 mg/L (~6 mmol I'') (Lam and
Dharmaraj, 1982).Given that the average ammonia levels in partially treated septic tank effluent in the
United States were measured between 31-65 mg/L (Canter and Knox, 1985; Cagle and Johnson, 1994),
another important consideration is the increase in anthropogenic nitrogen from septic tank effluent in
ground water and other freshwater habitats where A. aegypti normally breed. Accumulation of nitrogen
in natural waters has previously been documented (Drake and Bauder, 2005; Heatwole and McCray,
2007), and could have a significant ecological impact on the distribution and habitat availability of 4.

aegypti particularly in regions with high septic tank usage.

This study aimed to elucidate the involvement of AeRh50-1 and AeRh50-2 in ammonia excretion
by the anal papillae. We hypothesized that at least one, if not both transporters play an important role
in the excretion of ammonia at the anal papillae, and potentially the regulation of ammonia haemo-
lymph levels as was shown for the basally expressed AeAmtl. dsSRNA-mediated 4eRh50 knockdown
was employed and changes in ammonia efflux at the anal papillae as well as haemolymph ammonia

and H" levels were examined.
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2.3 Materials and Methods

Animals

Larvae of A. aegypti (Liverpool) were obtained from a colony reared in the Department of
Biology, York University (Toronto, ON, Canada). Larvae were reared in reverse-osmosis (RO) water
at room temperature on a 12 h:12 h light:dark cycle. Larvae were fed daily with a solution of liver
powder and yeast in water. Rearing water was refreshed every other day. Fourth instar larvae were

used 24 h post-feeding for physiological and molecular studies.

Western Blotting

Biological samples consisting of pooled anal papillae that were isolated from 30-50 larvae un-
der saline were collected and stored at -80°C until later processing. For examination of AeRh50 ex-
pression, samples were thawed on ice and sonicated for 2 x 10s at 5SW using an XL 2000 Ultrasonic
Processor (Qsonica) in a homogenization buffer containing 50 mmol 1" Tris-HCI, pH 7.5, 150 mmol
1"! NaCl, 1% sodium deoxycholate, 1% Triton-X-100, 0.1% SDS, 1 mmol 1! phenylmethylsulfonyl
fluoride (PMSF) and 1:200 protease inhibitor cocktail (Sigma-Aldrich). Homogenates were then cen-
trifuged at 10,000g for 10 min at 4°C, and protein content of the collected supernatants was determined
using the Bradford assay (Sigma-Aldrich) according to the manufacturer’s guidelines. Samples were
prepared for SDS-PAGE by heating for 5 min at 100°C in a 6x loading buffer containing 360 mmol I
! Tris-HCI (pH 6.8), 12% (w/v) SDS, 30% glycerol, 600 mmol I'' DTT and 0.03% (w/v) bromophenol
blue. Samples were then electrophoretically separated by SDS-PAGE and Western blot analysis of
AeRh50 was conducted according to procedures outlined by Chasiotis and Kelly (Chasiotis and Kelly,
2008). A custom-synthesized polyclonal antibody (1:2000 dilution) was raised in rabbit against the
epitope HHKDDAYWETPAES corresponding to a 14-amino acid region of AeRh50-1 (GenScript
USA Inc., Piscataway, New Jersey, USA). A cysteine was added to the C terminal histidine to facilitate

conjugation with keyhole limpet hemocyanin (KLH) which is used as a carrier protein. AeRh50-2
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contains a similar sequence, HHKDDVCWETPVEL thus the antibody is expected to detect both
AeRh50-1 and AeRh50-2. To confirm the specificity of the antibody for AeRh50s a comparison blot
was also run with the AeRh50 antibody pre-absorbed with 5x molar excess of the immunogenic peptide
for 1 h at room temperature prior to applying to blots. After examination of AeRh50 expression, blots
were stripped and re-probed with a 1:1000 dilution of rabbit monoclonal anti-GAPDH (Product code:
14C10) antibody (New England BioLabs, Whitby, Ontario, Canada) as loading controls. Densitometric
analysis of AeRh50 and GAPDH was conducted using ImageJ 1.501 software (National Institutes of
Health, USA). AeRh50 abundance was expressed as a normalized value relative to the abundance of

GAPDH.

Immunohistochemistry

Immunolocalization of AeRh50, NKA and V-type H" ATPase (VA) in paraffin-embedded sec-
tions of anal papillae that were mounted on slides was conducted according to procedures outlined by
Chasiotis and Kelly (Chasiotis et al, 2008) using a 1:40 dilution of the anti-AeRh50 antibody described
above, a 1:10 dilution of a mouse monoclonal anti-a5 antibody for NKA (Douglas Fambrough, Devel-
opmental Studies Hybridoma Bank, 1A, USA) or a 1:100 dilution of a mouse polyclonal anti-
ATP6VOALI antibody for VA (Abnova, Taipei, Taiwan). A sheep anti-mouse antibody conjugated to
Cy2 (Jackson Immunoresearch Laboratories, West Grove, PA, USA) at a dilution of 1:500 was used
to visualize both NKA and VA. A goat anti-rabbit antibody conjugated to Alexa Fluor 594 (Jackson
Immunoresearch) at a dilution of 1:500 was applied to visualize AeRh50. Comparison control slides
were also processed as described above with the AeRh50 antibody pre-absorbed with 10x molar excess
of the immunogenic peptide for 30 min at room temperature prior to application to the slides with anal
papillae sections. Stained sections on slides were preserved using ProLong Gold antifade reagent with
DAPI (Life Technologies, Burlington, ON, Canada), and images of sections were captured using an

Olympus IX71 inverted fluorescent microscope (Olympus Canada, Richmond Hill, ON, Canada) with
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CellSense® 1.12 Digital Imaging software (Olympus Canada), and merged using Adobe Photoshop

CS6 software (Adobe Systems Inc, Ottawa, ON, Canada).

dsRINA synthesis, delivery to larvae, and reverse-transcription PCR (RT-PCR)
dsRNA was prepared according to a previously established protocol (Chasiotis et al., 2016).

Briefly, RNA was extracted from whole bodies of fourth instar A. aegypti larvae. cDNA was synthe-
sized using the iScript™ cDNA Synthesis Kit (Bio-Rad, Mississauga, ON, Canada) and a fragment of
the AeRh50-1 (989 bp) and AeRh50-2 (947 bp) genes were amplified by RT-PCR using primers (for-
ward 5' TTCACGGATTACTCAAAGGATC 3'; reverse 5' CATAGATGGCGGAGAATAGAG 3' for
AeRh50-1; forward 5° GTCGCTGGATAACCTAATCG 3’; reverse 5° GCATAGTCGGTGAT-
TTCAGG 3 for AeRh50-2) designed based on GenBank Accession nos. AY926463.1 and
AY926464.1, respectively. A fragment of f-lactamase (f-lac) was also amplified by RT-PCR from a
pGEM-T-Easy vector (kind gift from J. P. Paluzzi, York University, Toronto, ON, Canada) using the
following primers: forward 5" ATTTCCGTGTCGCCCTTATTC 3’; reverse 5 CGTTCATCCA-
TAGTTGCCTGAC 3'. PCR products were resolved by gel electrophoresis, extracted from the gel, and
concentrated using the QIAquick Gel Extraction Kit (Qiagen Sciences, Maryland, USA). PCR products
were then purified using a QIAquick PCR Purification kit (Qiagen Inc., Toronto, ON, Canada) and
used to generate double stranded RNA (dsRNA) by in vitro transcription using the Promega T7 Ribo-
MAX Express RNAI Kit (Promega, WI, USA). Delivery of 4eRh50-1, AeRh50-2, or f-lac dsSRNA to
larvae was carried out with a modified version of a previously described protocol (Chasiotis et al.,
2016; Singh et al., 2013). For 4eRh50-1 dsRNA treatment, after six days post hatching, unfed (24
hours) groups of ~25-30 larvae (3™ and 4" instar) were placed in 1.5mL centrifuge tubes containing
150 ul PCR-grade water with 0.5 pg ul”' dsRNA for 2 h, and then transferred into 30 ml RO water. For
AeRh50-2 dsRNA treatment, after two days post hatching, unfed (24 hours) groups of ~50 larvae (1%

and 2" instar) were placed in 1.5mL centrifuge tubes containing 150 ul PCR-grade water with 0.5 ug
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ul! dsRNA for 2 h and then transferred into 30 ml RO water. Normally 1% and 2™ instar larvae are
exposed to dsRNA as outlined for AeRAh50-2; however, knockdown of AeRh50-1 was relatively short-
lived necessitating exposure of larger 3™ and 4" instar larvae. Ingestion of the dsSRNA solution in the
2 h soaking period was previously confirmed (Chasiotis et al., 2016; Singh et al., 2013). Rearing water
was refreshed every 2 days following dsRNA treatment. Reductions in AeRh50 in anal papillae as a
result of dsSRNA treatment were examined by western blotting three days post AeRh50-1 dsRNA treat-

ment and six days post AeRh50-2 dsRNA treatment (see above).

Scanning Ion-selective Electrode Technique

The scanning ion-selective electrode technique (SIET) system used in this study has been pre-
viously described (Donini and O’Donnell, 2005; Nguyen and Donini, 2010; Chasiotis et al., 2016).
NH4" microelectrodes were made (see below) and calibrated in solutions of 0.1, 1 and 10 mmol 1!
NH4Cl. Larvae were mounted in a petri dish using beeswax, leaving the anal papillae exposed for
measurements. Voltage gradients adjacent to the papillae were recorded in 0.5 mmol I NH4Cl. The
recording protocol utilized was previously described (Chasiotis et al., 2016). Readings were taken
along the middle portion to the most distal portion of the anal papillae at 5 target sites equally spaced
apart. The voltage gradients obtained from the ASET software program were first converted into con-
centration gradients and then the concentration gradients were used to calculate the flux as outlined

previously (see Chasiotis et al., 2016).

Haemolymph NH4" and pH levels, and larval mortality

Haemolymph droplets were collected from larvae by making a small tear in the cuticle under
paraffin oil (Sigma-Aldrich, Oakville, Canada). Levels of NH4"and H" in collected droplets were meas-
ured using ion-selective microelectrodes as previously described (Jonusaite et al., 2011; Chasiotis et
al., 2016). NH4" microelectrodes were backfilled with 100 mmol I'' NH4ClI and front filled with NH4"

TIonophore I, Cocktail A. NH4" microelectrodes were calibrated in solutions of 0.1, 1 and 10 mmol 17!
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NH4Cl. H" microelectrodes were backfilled with 100 mmol I"! NaC1l/100 mmol 1"' sodium citrate (pH
6.0) and front filled with H" Ionophore I, Cocktail B. H" microelectrodes were calibrated in solutions
of 200 mmol I NaCl with 10 mmol I'' HEPES at pH 6.0, pH 7.0 and pH 8.0. Larval mortality was
assessed using the Kaplan-Meier method in Prism® 5.03 (GraphPad Software Inc., La Jolla, CA,

USA). This method calculates the proportion of surviving larvae in both groups at any given time point.

Statistics

Data were analyzed using Prism® 5.03 (GraphPad Software Inc., La Jolla, CA, USA) and ex-
pressed as mean + SEM. One-tailed t-tests were used to determine significance between control and
experimental groups for AeRh50 monomer abundance following dsRNA treatment. Two-tailed t-
tests were used to determine significance between control and experimental groups for all other pa-
rameters. For SIET data, a single biological replicate is defined as the average flux of 5 sites along a
single papilla from a single larva. Statistical analysis of survival was calculated using the log-rank

Mantel Cox test.

2.4 Results

AeRh50 expression and immunolocalisation in anal papillae

Western blot analysis of larval anal papillae AeRh50 protein expression revealed a putative
monomer at ~50 kDa (predicted mass of AeRh50s is ~50 kDa) which was not detected when the anti-
body was pre-absorbed with the immunogenic peptide (Fig. 2-1). In addition, two non-specific bands
between 63-75 kDa appeared which remained on blots probed with pre-absorbed antibody. The ~50
kDa band was used to quantify changes in AeRh50 protein abundance for dsSRNA-treatment experi-

ments.

In paraffin-embedded sections of anal papillae, AeRh50s were found to co-immunolocalise

with NKA on the basal side, as well as with VA on the apical side of the epithelium (Fig. 2-2). In some
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regions of the epithelium, AeRh50 immunoreactivity is observed on the outermost region of the apical
membrane where the Vo subunit is apparently absent (Fig. 2-2K,L). In control sections, immunostain-
ing was not detected when probed with AeRh50 antibody that was pre-absorbed with the immunogenic

peptide (not shown).
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Figure 2- 1. AeRh50 expression in anal papillae of larval Aedes aegypti. Repre-
sentative Western blot of larval anal papillae protein homogenates probed with
AeRh50 antisera reveals an AeRh50 monomer at ~50 kDa (predicted mass 49.7 kDa
for AeRh50-1 and 49.9 for AeRh50-2) and two non-specific bands at ~66 and 70
kDa which were not blocked by antibody pre-absorption with the immunogenic pep-
tide.
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Figure 2- 2. Immunolocalisation of AeRh50 in anal papillae of larval Aedes aegypti. Rep-
resentative paraffin-embedded sections of larval anal papillae that show immunoreactivity for:
A, B, G, and H AeRh50 (red); C and D Na'/K"-ATPase (NKA; green); I and J Vo subunit of
V-type H" ATPase (VA; green). E and F are merged images of A,C and B,D, respectively. K
and L are merged images of G,I and H.,J, respectively. nuclei were also stained with DAPI
(blue). White arrows indicate areas shown at higher magnification in the panel to the immedi-
ate right. Nuclei are stained blue with DAPI. Scale bar in A., C., E., G., ., and K. =20 um.
Scale barin B., D., F., H., I=J., and L. = 10 um.
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dsRNA knockdown of AeRh50-1 and AeRh50-2 in the anal papillae

Protein homogenates of anal papillae from larvae treated with 4eRh50-1 dsRNA showed a
significantly decreased abundance (by an apparent ~34%) of the 50 kDa band compared to the /-
Lactamase (-Lac) control larvae (p = 0.04; Fig. 2-3A,B) when sampled 3 days post dSRNA treatment.
NH;4" fluxes from the anal papillae of 4eRh50-1 dsRNA treated larvae at 3 days post treatment were
significantly lower than those recorded from anal papillae of f-Lac dsRNA treated larvae (p = 0.04;
Fig. 2-3C). 4eRh50-2 dsRNA treatment resulted in a significant decrease (by an apparent ~32%) of
the 50 kDa band 6 days post treatment compared with the f-Lac dsRNA treated larvae (p = 0.038)
(Fig. 2-4A,B). The reduction in protein abundance of the 50 kDa band corresponds with significantly
decreased NH4" fluxes from the anal papillae of 4eRh50-2 dsRNA treated larvae (p = 0.0005) (Fig. 2-

4C).
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Figure 2- 3. Effects of 4eRh50-1 dsRNA treatment on AeRh50-1 abundance and NH4"
excretion from the anal papillae of larval A. aegypti. (A) Representative western blot and (B)
densitometric analysis of AeRh50-1 monomer in larval anal papillae (N=7), and (C) scanning
ion-selective electrode technique (SIET) measurements of NH4" flux across the anal papillae of
larvae (N=15 for control f-Lactamase ([f-Lac) and N=18 for AeRh50-1) at 3 days following
control f-Lac or AeRh50-1 dsRNA treatment. AeRh50-1 monomer abundance was normalized
to GAPDH and expressed relative to the f-Lac group. Data are expressed as means £ SEM. *;
Significant difference (P < 0.035; two-tailed Student’s t-test) from S-Lac group.
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Figure 2- 4. Effects of AeRh50-2 dsRNA treatment on AeRh50-2 abundance and NH4" ex-
cretion from the anal papillae of larval 4. aegypti. (A) Representative western blot and (B)
densitometric analysis of AeRh50-2 monomer in larval anal papillae (N=4), and (C) scanning
ion-selective electrode technique (SIET) measurements of NH4" flux across the anal papillae of
larvae (N=45 for f-Lac and N=44 for AeRh50-2) at 6 days following control -Lac or AeRh50-
2 dsRNA treatment. AeRh50-2 monomer abundance was normalized to GAPDH and expressed
relative to the f~Lac group. Data are expressed as means + SEM. * ***; Significant difference
(P <0.05, P <0.001, respectively; two-tailed Student’s t-test) from S-Lac group.
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Given the effects of AeRh50 knockdown on ammonia excretion by anal papillae, the haemo-
lymph NH4" and H" (pH) concentrations of the haemolymph of knockdown larvae were measured. At
3 days following AeRh50-1 dsRNA-mediated knockdown, NH4" levels in the haemolymph were sig-
nificantly reduced compared to the f-Lac control larvae (p = 0.019), however, no significant change
in NHs" haemolymph levels were seen at 6 days post treatment with 4eRh50-2 dsRNA (Fig. 2-5A).
The pH of the haemolymph was also significantly reduced at 3 days post AeRh50-1 dsRNA treatment
compared to the control group (pH= 7.93 £+ 0.020 for f-Lac group and pH=7.82 £ 0.015 for AeRh50-
1 group) but did not significantly differ in larvae at 6 days post treatment with 4eRh50-2 dsRNA (pH
=7.84+0.105 and pH =7.84 = 0.078 for ~Lac and AeRh50-2 groups, respectively) (Fig. 2-5B). While
there was an apparent decrease in survival of larvae treated with either 4eRh50-1- or AeRh50-2 dsRNA,

this effect was not significant (p = 0.14 and p = 0.36, respectively) (Fig. 2-6).
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Figure 2- 5. Effects of 4eRh50-1 and AeRh50-2 dsRNA treatment on haemolymph NH4*
levels and haemolymph pH of larval 4. aegypti. (A) lon-selective microelectrode measurements
of NH4" in larval haemolymph at 3 days post-$Lac or —AeRh50-1 dsRNA treatment and at 6 days
post-f-Lac or AeRh50-2 dsRNA treatment (N=40 for -Lac and N=47 for AeRh50-1; N=15 for
[-Lac and N=15 for A4eRh50-2). (B) lon-selective microelectrode measurements of pH of larval
haemolymph at 3 days post--Lac or —AeRh50-1 dsRNA treatment and at 6 days post-f-Lac or
AeRh50-2 dsRNA treatment (N=20 for f~Lac and N=20 for AeRh50-1; N=13 for -Lac and N=18
for AeRh50-2). *,***; Significant difference (P < 0.05, P < 0.001, respectively; two-tailed Stu-
dent’s t-test) from S-Lac group.
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Figure 2- 6. Effects of 4eRh50-1 and AeRh50-2 dsRNA treatment on mor-
tality of larval A. aegypti. (A) Larval mortality between day 2 and day 6
following treatment with -Lac or AeRh50-1 dsRNA (N=3 groups consisting
of ~60-90 larvae each, per treatment) (p = 0.14). (B) Larval mortality between
day 2 and day 6 following treatment with -Lac or AeRh50-2 dsRNA (N=3
groups consisting of ~60-90 larvae each, per treatment) (p = 0.35).
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2.5 Discussion

Overview

The present study demonstrates the localization of the Aedes aegypti AeRh50s to both the ap-
ical and basal membranes of the anal papillae epithelium. Furthermore, through dsRNA mediated
knockdown of AeRh50-1 and AeRh50-2, we provide evidence that the AeRh50s function to facilitate
ammonia excretion by the anal papillae of larval mosquitoes. The knockdown of 4eRh50-1, verified

at the anal papillae (but not at other tissues) results in alterations of haemolymph NH4" and pH.

Localization of AeRh50s in epithelium of anal papillae

Despite studies that have measured transcript expression, the localization of invertebrate Rh-
50 proteins in epithelia is in its infancy. For example, one of the more completely studied Rh-50 pro-
teins, CeRhr-1 of the nematode, can mediate ammonia transport and is expressed at the transcript level
predominantly in the hypodermis where transcript abundance increases in response to high environ-
mental ammonia (HEA), but has yet to be localized in the hypodermis (Adlimoghaddam et al., 2015;
Jietal., 2006). Similarly, a freshwater leech Rh protein, NoRhp, was shown to transport ammonia and
alter transcript abundance in response to HEA; however, the protein has not been localized in tissues
(Quijada-Rodriquez et al., 2015). Although we can conclude that the mosquito AeRh50s are localized
on the apical and basal sides of the anal papillae epithelium it remains unclear if AeRh50-1 and
AeRh50-2 are expressed on opposing membranes (apical vs basal) or within the same membranes (both
apical and basal), because the antisera is expected to bind both AeRh50s. There are multiple studies of
vertebrate Rh proteins that have localized these proteins to distinct sides of epithelia such as the Rhbg
and Rhcg in the rat and mouse kidney (Quentin et al., 2003) and the Rhbg and Rhcg?2 in the pillar cells
of the pufferfish Takifiugu rubripes (Nakada et al., 2007). It is therefore tempting to speculate that
AeRh50-1 and AeRh50-2 are expressed in a mutually exclusive manner to distinct sides of the anal

papillae epithelium; however, it is possible that both transporters are present and function on both
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apical and basal membranes. Regardless, the protein localization of AeRh50s to the apical and basal
sides of the mosquito anal papillae epithelium represents a significant step forward in the study of

invertebrate Rh proteins.

Evidence that AeRh50s are involved in ammonia excretion by the anal papillae

Based on the relative transcript abundances of AeRh50-1 and AeRh50-2, whereby AeRh50-1
transcript was 10-fold greater than AeRh50-2 (Chasiotis et al., 2016), it was postulated that AeRh50-1
would have a greater function in facilitating ammonia excretion at the anal papillae. Interestingly,
dsRNA-mediated knockdown of 4eRh50-2 resulted in significantly reduced NH4" efflux by 3.2-fold
in comparison to a 1.7-fold reduction as a result of 4eRh50-1 dsRNA treatment (Fig. 2-4C & 2-3C,
respectively). The extent of decreased protein abundance by dsRNA treatments appeared similar when
considering quantification measurements of the 50 kDa band in western blots (see Figs 2-3B and 2-
4B). This result suggests that, at the very least, both AeRh50s play an equally important role in ammo-
nia excretion by the anal papillae. In fish, there are also multiple Rh protein homologs in the gills that
function to facilitate ammonia excretion (Nawata et al., 2007; Nawata and Wood, 2008). The Rhcg
isoforms (Rhegl and Rhcg2) are more abundant in the gills, kidney and skin, in contrast to Rhbg
mRNA which is widespread throughout the body (Hung et al., 2007; Nawata et al., 2007). Although
an assessment of relative transcript abundance of AeRh50-1 and AeRh50-2 in other tissues, as well as
the specific protein localization of AeRh50-1 and AeRh50-2 of the mosquito is necessary, the expres-

sion of the two AeRh50s in the anal papillae is reminiscent of Ribg and Rhcg in fish.

In the euryhaline crab Carcinus maenas, the transcript of only one Rh-protein, RhCM, has been
detected and is highly expressed in the ammonia excreting gills when animals are acclimated to sea-
water in comparison to low expression in brackish water acclimated crabs (reviewed in Weihrauch et
al., 2009). Changes in RhCM expression with increasing salinity also corresponded with increased

transepithelial conductance of NH4" (Spaargaren, 1990; Weihrauch et al., 2009). In mosquito anal
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papillae, the AeRh50s respond with an apparent decrease in transcript abundance when larvae are ex-
posed to HEA; however, these results were preliminary and confirmation of this result is required (see
Weihrauch et al., 2012b). There are many observations from ammonia excreting tissues of freshwater
animals that demonstrate varying responses between ammonia transporter transcript levels, ammonia
excretion rates, and external ammonia levels. For example, HEA exposure of the fully aquatic, fresh-
water inhabiting African clawed frog caused a decrease in the transcript levels of Rhbg, VA and NKA
in the dorsal and ventral skin and reduced the capacity of the skin to excrete ammonia (Cruz et al.,
2013). In contrast, in the freshwater planarian Schmidtea mediterranea, transcript abundance of an Rh-
50-like gene putatively involved in ammonia excretion increased in response to feeding where ammo-
nia excretion rates are also increased (Weihrauch et al., 2012a). In the mangrove killifish, Kryptolebias
marmoratus, exposure to high environmental ammonia (HEA) resulted in elevated Rhcg2 transcript
levels in the gills and elevated Rhcg! transcript levels in the skin (Hung et al., 2007). In the marine
crab Metacarcinus magister, a single Rh protein, RhMM, is expressed predominantly in the gills and
HEA exposure caused a doubling of RhMM expression (Martin et al., 2011). A decrease in transporter
expression with increased environmental ammonia is not intuitive; regardless, as reviewed above, there
are multiple examples of this scenario. In the case of larval Aedes aegypti, a putative decrease in
AeRh50s with HEA treatment (see Weihrauch et al., 2012b) in the anal papillae may be explained as
a protective mechanism against influx of ammonia through the AeRh50s under HEA conditions since

it is believed that Rh-50s transport ammonia bi-directionally based on the gradient of ammonia.

Physiological studies in the unicellular green algae (Kustu and Inwood, 2006), human erythro-
cytes (Endeward et al., 2006), and RhAG expressed in Xenopus oocytes (Musa-Aziz et al., 2009) sug-
gest that Rh-50 proteins are gas channels that also conduct COz. In this study, 4eRA50-1 knockdown
larvae exhibited lower NH4" levels and pH in the haemolymph at 3 days following dsRNA treatment

(Fig. 2-5B,C). In contrast, knockdown of 4eRAh50-2 had no effect on haemolymph NH4" or pH (this
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study) and knockdown of AeAmt1 resulted in an increase in NHs" levels of the haemolymph (Chasiotis
et al., 2016). Therefore, if any of these transporters are a conduit for COz it may be the AeRh50-1 since
knockdown affects both haemolymph ammonia and pH. Since haemolymph parameters are a product
of whole-body knockdown of these transporters these results suggest that the three transporters
(AeRh50-1, AeRh50-2, AeAmtl) may be differentially expressed across tissues and/or have primarily

different functions in different tissues.

Redundancies in ammonia excretion by larval mosquitoes

It is plausible to assume that other tissues besides anal papillae, and also other molecular mech-
anisms facilitating ammonia excretion are present in 4. aegypti, since survival was not significantly
affected by individual 4eRh50-1 and AeRh50-2 knockdown in the anal papillae. Furthermore, larval
survival was not significantly affected by individual knockdown of the basally expressed AeAmtl in
larval Aedes aegypti (Chasiotis et al., 2016). However, it may also be possible that a more potent
dsRNA treatment causing a greater reduction in either of the AeRh50 proteins, or AeAmt1, may reveal
enhanced mortality. In the case of the anal papillae the relative contributions of AeAmt1 (see Chasiotis
et al., 2016) and the AeRh50s to ammonia excretion remains to be tested. Furthermore, the levels of
ammonia in the haemolymph of insects in comparison to other animals demonstrate their increased
tolerance to this toxic molecule (see Weihrauch et al., 2012b). For example, Drosophila melanogaster
larvae feed and develop in media containing up to 30mM ammonia (Borash et al., 1998), and the am-
monia haemolymph levels of black flies (SmM; Gordon and Bailey, 1974), Manduca sexta larvae
(0.8mM; Weihrauch, 2006), and larval A. aegypti (up to ~1.5mM; Chasiotis et al., 2016) are much
higher than that of fish (Wood et al., 2002), aquatic crabs (Weihrauch et al., 1999), and mammals
(Cooper and Plum, 1987), where levels are no greater than 400 uM (see Weihrauch et al., 2004). En-
vironmental ammonia levels as low as 19 uM NH3 is lethal to crustaceans (Ostrensky et al., 1992), but

remarkably, A. aegypti larvae exposed to ImM NH4Cl for 3 days not only survive, but also quickly
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adjust to the high environmental ammonia conditions by increasing NH4" and H" excretion from the
anal papillae (Weihrauch et al., 2012b). Therefore it is not surprising that individual AeRh50-1,
AeRh50-2 and AeAmtl knockdown in anal papillae did not significantly affect larval survival (this

study and Chasiotis et al., 2016).

Model of ammonia excretion by anal papillae

Recently, studies in mammals and fish have implicated Rh proteins in the recruitment of NH4"
as a substrate for net NH3 transport (Nawata et al., 2010; Baday et al., 2015). Together with the results
of this study we refine a working model of ammonia excretion by anal papillae (see Fig. 2-7) of larval
Aedes aegypti which was first proposed in a previous study focused on AeAmt1 (Chasiotis et al., 2016).
Basal expressed AeRh50s allow for NH3 and/or potentially COz (see Kutsu and Inwood, 2006; Huang,
2008) to be transported from the haemolymph into the cytosol in addition to the AeAmtl transport of
NH4". A negative voltage potential within the cytosol is driven by the action of basal NKA and apical
VA, which further facilitates NH4" entry from the haemolymph. NHE3 is implicated in NH4" transport
across the apical side to the water. Apical AeRh50s are likely to facilitate ammonia excretion in con-
junction with the activity of apical VA by ammonia trapping, whereby VA creates an acidified bound-
ary layer at the apical membrane aided by cytosolic CA (Weihrauch et al., 2009; Wright and Wood,
2009). NH3 is effectively “trapped” in the form of NH4" by binding to H' thereby sustaining a NH3

gradient that favors NH3 excretion into the water.
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Figure 2- 7. Model of ammonia excretion mechanism in the anal papilla syncytial epi-
thelium of the larval 4. aegypti mosquito (adapted from Chasiotis et al., 2016). Basally
expressed NKA and apically expressed VA provides a cytosol negative voltage potential
that could serve to drive NH4" from the haemolympbh to the cytosol through AeAmtl (Amt).
NH4" may also substitute for K™ and enter directly through NKA. NH4"/NH3 are also re-
cruited by a basal AeRh50 (Rh) with NH3 entering the cytosol. On the basal side, AeRh50
(Rh) may also transport COz to the cytosol. On the apical side, NH4" in the cytosol may exit
to the surrounding environment through apical AeRh50s (Rh), or through NHE3 in exchange
for a cation (e.g. Na"). An apical AeRh50 transporter may also facilitate NH3 exit from the
cytosol with the aid of an ammonia-trapping mechanism whereby apical VA acidifies the
papilla boundary layer. NHE3 may also contribute to the acidification of the boundary layer
by transporting H" into the water. A basal AeRh50 can supply a cytoplasmic carbonic anhy-
drase (CA) with COz, and in turn the CA can supply H" to the VA, as well as contribute to
the cytosol negative potential.
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Chapter Three

Ammonia excretion in an osmoregulatory syncytium is facilitated by AeAmz2,

a novel ammonia transporter in Aedes aegypti larvae

This chapter has been published and reproduced with permission:

Durant A.C., Donini A. (2018) Ammonia excretion in an osmoregulatory syncytium is facilitated by
AeAmt2, a novel ammonia transporter in Aedes aegypti larvae. Frontiers in Physiology, Invertebrate
Physiology 11 April 2018; https://doi.org/10.3389/fphys.2018.00339
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3.1 Summary

The larvae of the mosquito Aedes aegypti inhabit ammonia rich septic tanks in tropical regions
of the world that make extensive use of these systems, explaining the prevalence of disease during dry
seasons. Since ammonia (NH3/NH4") is toxic to animals, an understanding of the physiological mech-
anisms of ammonia excretion permitting the survival of A. aegypti larvae in high ammonia environ-
ments is important. We have characterized a novel ammonia transporter, 4eAmt2, belonging to the
Amt/MEP/Rh family of ammonia transporters. Based on the amino acid sequence, the predicted topol-
ogy of AeAmt2 consists of 11 transmembrane helices with an extracellular N-terminus and a cytoplas-
mic C-terminus region. Alignment of the predicted AeAmt2 amino acid sequence with other Amt/MEP
proteins from plants, bacteria, and yeast highlights the presence of conserved residues characteristic of
ammonia conducting channels in this protein. AeAmt?2 is expressed in the ionoregulatory anal papillae
of A. aegypti larvae where it is localized to the apical membrane of the epithelium. dsSRNA-mediated
knockdown of AeAmt2 results in a significant decrease in NH4" efflux from the anal papillae, suggest-
ing a key role in facilitating ammonia excretion. The effect of high environmental ammonia (HEA) on
expression of AeAmt2, along with previously characterized AeAmtl, AeRh50-1, and AeRh50-2 in the
anal papillae was investigated. We show that changes in expression of ammonia transporters occur in
response to acute and chronic exposure to HEA, which reflects the importance of these transporters in

the physiology of life in high ammonia habitats.
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3.2 Introduction

Mosquito larvae (order Diptera) are found in a wide range of habitats which vary in alkalinity
and ionic composition. The disease vector mosquito, Aedes aegypti, is historically considered a fresh
water breeder where the larvae are commonly found in clean freshwater habitats including artificial
containers, streams, and pools (Ramasamy et al., 2011). Few mosquito species are capable of surviving
in heavily polluted waters, 4. aegypti being one such species. In fact, there is a growing body of evi-
dence from field studies in tropical regions of the world demonstrating that 4. aegypti are abundant in
septic tanks containing raw sewage (Banerjee et al., 2015; Barrera et al., 2008; Burke et al., 2010;
Chitolina et al., 2016). In some regions, it was estimated that these cryptic aquatic environments were
providing a new habitat for more than 18,000 emerging 4. aegypti adults daily (Barrera et al., 2008).
A number of observations suggest that 4. aegypti may be well adapted to inhabiting sewage. When
female A. aegypti were given a choice to lay their eggs in freshwater or raw sewage, there was no
breeding preference displayed (Chitolina et al., 2016). Furthermore, A. aegypti emerging from septic
tanks have longer wings and higher nutrient reserves than those emerging from freshwater (Banerjee
et al., 2015). This is significant as these are positive measures of overall fitness because larval nutrient
acquisition is an important determinant of successful breeding of adults. While no genetic differentia-
tion was observed between A. aegypti populations from septic tanks and freshwater surface containers,
it was suggested that septic tank populations may even represent a more dangerous phenotype for dis-
ease transmission (Somers et al., 2011).

Sewage contains high levels of ammonia (NH3/NH4") which is toxic to animal cells at mi-
cromolar concentrations (Weihrauch et al., 2004). Furthermore, free ammonia and ammonium salts are
common in organically polluted water inhabited by these mosquitoes (Kell Reid, 1961; Mitchell and
Wood, 1984). A. aegypti larvae are tolerant to remarkably high levels of ammonium chloride (~7mM
NHa4Cl), the major toxic component of sewage, and selection towards an increased tolerance to high

ammonia was observed within a single generation (Mitchell and Wood, 1984). This is unlike other
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aquatic invertebrate species where levels as low as 58 pmol I'' of NHs and 1.39 mmol I"! total ammonia
is lethal (Chen and Lin, 1992; O’Donnell and Donini, 2017; Weihrauch et al., 2004; Wright, 1995b).
These findings raise the question of what physiological mechanisms 4. aegypti larvae possess allowing
for high ammonia tolerance. Ammonia transport and excretion is a fundamental physiological process,
one that all animals possess in some capacity (Marini et al., 1994; Marini et al., 1997a; Marini et al.,
2000). In A. aegypti, the anal papillac have been shown to excrete ammonia and research on the mo-
lecular mechanisms of ammonia excretion by these organs has recently begun (Chasiotis et al., 2016;
Chapter 2).

The four anal papillae in A. aegypti larvae are relatively elongate sac-like structures that sur-
round the anal opening and are the product of eversion of the hindgut tissues (Edwards and Harrison,
1983). Anal papillae are composed of a single layer of homogenous cells that form a syncytium covered
by a thin cuticle. The apical surface of the epithelial cells is directed outwards and the basal membrane
faces the papilla lumen. The lumen of the papillae contains haemolymph and is continuous with the
hemocoel of the body (Sohal and Copeland, 1966). In A. aegypti, the anal papillae are important for
ionoregulation whereby active uptake of ions (Na', CI") from the surrounding dilute medium occurs in
addition to ammonia excretion (Donini and O’Donnell, 2005).

Ammonia transport across biological membranes is facilitated by Methylammonium/ammo-
nium permeases (MEP) in yeast, also known as ammonium transporters (Amt) in bacteria, as well as
analogs of both in vertebrates, the conserved family of Rhesus glycoproteins (Rh proteins) (Kustu and
Inwood, 2006). Invertebrates possess both Amt/MEP and Rh proteins (Gruswitz et al., 2010). The Rh
proteins are glycosylated, comprising a group of Rh-50 proteins (~50 kDa) which function as trimers
(Gruswitz et al., 2010). Each monomer possesses 12 transmembrane helices, one more than inverte-
brate, plant, and bacterial homologs, which form a triple pore for substrate transfer through each mon-
omer comprising the trimer. The crystallographic structure of mammalian RhCG predicts the transport

of NH3 over NH4", whereby RhCG recruits NHs" which is then deprotonated and NH3 is conducted
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through the channel (Baday et al., 2015; Gruswitz et al., 2010; Kustu and Inwood, 2006). The proton
is recycled back to the extracellular space, resulting in electroneutral transport through these passive
gas channels (Li et al., 2007; Lupo et al., 2007; Weihrauch and O’Donnell, 2015). Rh proteins are also
proposed to be CO2 gas channels in addition to ammonia transporters and require a partial pressure
gradient (APnn3 and APco2) for transport (Khademi et al., 2004). Amt/MEP proteins have 11 pore-
forming transmembrane helices which trimerize in the membrane, forming a triple pore for ammonia
transport similarly to Rh proteins (Khademi et al., 2004; Zheng et al., 2004). The crystal structure of
AmtB in Escherichia coli indicates that the trimer has a hydrophobic pore located at the center of each
monomer with an NH3/NH4" binding site at the entry of each pore, and uncharged NH3 is transported
through the channel (Mayer et al., 2006). Some plant AMTs such as the Lycopersicon esculentum
LeAMT1;2, are electrogenic ammonia transporters which conduct NH4" specifically, or act as a co-
transporter for NH3/H" (Ludewig et al., 2002; Mayer et al., 2006). The anal papillae epithelium is a
suitable tissue for electrogenic transport of NH4", because the transport activities of basolateral Na"/K -
ATPase (NKA) and apical V-type H-ATPase (VA) is expected to produce a large cytosol negative
voltage potential which would favour NH4" entry into the cytosol from the haemolymph (Chasiotis et
al., 2016; Patrick et al., 2006a; Weihrauch et al., 2012a).

Amt/MEP and Rh proteins have been identified and characterized as ammonia transporters in
anopheline and aedine mosquito species (Pitts et al., 2014; Wu et al., 2010a). We have previously
identified and characterized one Amt/MEP, AeAmtl, and two Rh proteins, AeRh50-1 and AeRh50-2,
in A. aegypti larvae which are expressed in the ionoregulatory syncytial epithelium of the anal papillae
and have been implicated in facilitating ammonia excretion within this organ (Chasiotis et al., 2016;
Chapter 2). Double-stranded RNA (dsRNA)-mediated knockdown of either AdeAmtl, AeRh50-1, or
AeRh50-2 within the anal papillae of A. aegypti larvae causes a significant decrease in NH4" efflux

from the papillae and altered NH4" and pH levels in the haemolymph.
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This suggests that each of these transporters plays a role in ammonia excretion at the anal
papillae at the very least (Chasiotis et al., 2016; Chapter 2). Changes in Rh protein expression in
leeches, crabs, frogs, and fish in response to high environmental ammonia (HEA) has been well docu-
mented (Cruz et al., 2013; Hung et al., 2007; Martin et al., 2011; Quijada-Rodriguez et al., 2015),
however, the involvement of Amts in invertebrates and Rh proteins in mosquitoes, specifically, in
response to HEA is unknown.

The aim of this study was to characterize a novel Amt protein in the anal papillae of 4. aegypti
larvae and examine changes in ammonia transporter expression in response to HEA. We hypothesized
that the novel Amt protein, AeAmt2 is expressed in the anal papillae where it functions to facilitate
ammonia excretion, and that HEA exposure will result in alterations of ammonia transporter expres-
sion. To test this hypothesis, we examined transcript and protein expression of AeAmt2 and conducted
functional studies using a combination of dSRNA with electrophysiology techniques. Furthermore am-

monia transporter expression in response to HEA was examined.

3.3 Materials and Methods

Animals and rearing conditions

A colony of Aedes aegypti (Linnaeus) was established in 2007 at York University with eggs
obtained from Dr. Marjorie Patrick at the University of San Diego, CA, USA. The colony has been
supplemented with eggs from a colony of Aedes aegypti (Liverpool strain) at Simon Fraser University,
B.C., Canada in the laboratory facilities of Dr. Carl Lowenberger. The procedures for rearing mosqui-
toes were adapted from a previously established protocol (Donini and O’Donnell, 2005). Cages con-
taining adult mosquitoes were kept in the laboratory at room temperature and had continuous access
to a 5% aqueous sucrose solution. Females were fed on warm sheep’s blood in Alsever’s solution

(Cedarlane Laboratories, Burlington, ON. Canada). Eggs were collected on filter paper and stored dry
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in plastic containers until needed. Eggs were hatched and larvae reared in dechlorinated tap water
(deH20) in plastic containers in the laboratory. Lights on a timer located at the bench where the mos-
quito cages and larval containers were held simulated a 12:12 light:dark cycle. Larvae were fed daily
with a solution of liver powder and yeast in water. Rearing water was refreshed every other day. Fourth

instar larvae were used 24h post-feeding for physiological and molecular studies.

Animals and rearing conditions for high environmental ammonia (HEA) studies

HEA treatments conducted in this study were two-fold; (1) acute (6 hr) and semi-chronic (48
hr) exposure to HEA, and (2) rearing (7 days) in HEA. For acute (6 h) and semi-chronic (48 h) exposure
to HEA studies, larvae were hatched and reared in deH20 until reaching fourth instar when they were
then transferred to either deH20 or 5 mM NHa4Cl in deH:20 for 6 and 48 hours. For rearing in HEA
experiments, larvae were hatched in deH20O and transferred to either deH20 or 5 mM NH4Cl in deH20

two days post hatching until they reached fourth instar.

Reverse-transcriptase PCR (RT-PCR) and quantitative real-time PCR (qQRT-PCR)

AeAmt2 was identified by sequence alignment to the AeAmtl nucleotide sequence using a
BLAST query from the Bioinformatics Resource for Invertebrate Vectors of Human Pathogens (Vec-
torBase) and the nucleotide database provided by the National Center for Biotechnology Information
(NCBI). Partial mRNA sequences for 4. aegypti AeAmt2 (AAEL007373-RA) were used for primer
design (forward primer: 5’-GCATTTTAGCGTCACTGGTC-3’; reverse primer: 5’-GGGAA-
TAGGGTTATCAGCAAAC-3’; 221 bp amplicon size, 62°C annealing temperature). Primers for
AeAmtl, AeRh50-1, and AeRh50-2 were previously designed and described (Chasiotis et al., 2016).
Three biological samples, each consisting of a pool of 200 anal papillac from 50 larvae were isolated
and collected in cold lysis buffer with 1% 2-mercaptoethanol (Ambion, Austin, TX, USA). Total anal
papillac RNA was extracted using the Purelink RNA mini kit (Ambion, Austin, TX) and was treated

with the TURBO DNA-free™ Kit (Applied Biosystems, Streetsville, Ont, Canada) to remove genomic
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DNA. Template cDNAs were synthesized using the iScript™ synthesis kit (Bio-Rad, Mississauga, ON,
Canada) with 1 pg of total RNA for each reaction. PCR amplicons of AdeAmt2, AeRh50-1, AeRh50-2,
AeAmtl were resolved by agarose gel electrophoresis with ethidium bromide. AeAmt2 transcript was
concentrated and purified using the QIAquick PCR Purification Kit (Qiagen, Toronto, Ont, Canada),

and was sequenced (Bio Basic Inc., Markham, ON, Canada) to ensure the specificity of the product.

Quantitative real time PCR (qQRT-PCR) using the primers described above was used to examine
the mRNA abundance of A4eRh50-1, AeRh50-2, AeAmtl, and AeAmt2 in the anal papillac. qRT-PCR
reactions were carried out using the CFX96™ real-time PCR detection system (Bio-Rad) and Sso-
Fast™ Evagreen® Supermix (Bio-Rad) according to the manufacturer’s protocol. Ribosomal /8s RNA
served as the reference gene utilizing primers that have been previously reported (Chasiotis et al., 2016;
Jonusaite et al., 2016; Sanders et al., 2003). A melting curve analysis was performed after each cycle
to confirm the presence of a single product. For AeAmt2 primer optimization, a standard curve was
generated to assess primer and reaction efficiency. Quantification of relative transcript abundance was
determined according to the Pfaffl method (Pfaffl, 2004). For the expression profile of Amt and Rh
proteins in the anal papillae, the mRNA abundance of ammonia transporter genes in the anal papillae
were expressed relative to 4eRh50-1, which was assigned a value of 1.0 after normalizing with /8s
RNA abundance. To assess effects of HEA treatment on mRNA abundance of ammonia transporter
genes the mRNA abundance of each respective gene was expressed relative to the control deH20,

which was assigned a value of 1.0 after normalizing to /8s transcript abundance.

Western blotting and immunohistochemistry

The protein abundance of AeAmt2, AeAmtl, and AeRh50s in the anal papillae of 4™ instar
larvae was examined using Western blotting. Briefly, biological samples consisting of pooled anal

papillae were isolated from 20-50 larvae in A. aegypti saline (Donini et al., 2006) and were sonicated

(3% 10 seconds) in a homogenization buffer (50 mmol 1" Tris-HC1 pH 7.4, 1 mmol I'' PMSF, 150
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mmol 1! NaCl, 1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS, and 1:200 protease inhibitor
cocktail [Sigma-Aldrich]), centrifuged at 13,000 g for 10 min at 4°C, and the supernatant was stored
at -80°C. Samples consisting of 5 pug of protein, determined using the Bradford assay (Bio-Rad), were
prepared for SDS-PAGE by heating for 5 min at 100°C in 6x loading buffer (360 mmol 1" Tris-HCI
pH 6.8, 12% (w/v) SDS, 30% glycerol, 600 mmol I DTT, and 0.03% (w/v) Bromophenol blue) and
then were electrophoretically separated by SDS-PAGE (12% polyacrylamide). Western blot analysis
of each ammonia transporter was conducted according to an established protocol (Chasiotis and Kelly,
2008; Chasiotis et al., 2016; Chapter 2). A custom-synthesized polyclonal antibody that was raised in
rabbit against a synthetic peptide corresponding to a 14-amino acid region (DKMSPQKKANDQPK)
of AeAmt2 (GenScript USA Inc., Piscataway, New Jersey, USA) was used at a 1:5000 dilution. Cus-
tom-synthesized polyclonal antibodies raised in rabbit against AeAmtl and AeRh50s were used at
dilutions of 1:500 and 1:2000 , respectively, and have been previously validated (Chasiotis et al., 2016;
Chapter 2). The AeRh50 antisera is presumed to detect both AeRh50-1 and AeRh50-2 (Chapter 2).
AeAmt2 antibody specificity was confirmed by running a comparison blot with AeAmt2 antibody pre-
absorbed with 10x molar excess of immunogenic peptide for 1 hr at room temperature prior to appli-
cation to blots. After examination of ammonia transporter expression, blots were stripped and either
re-probed with a 1:1000 dilution of rabbit monoclonal anti-GAPDH antibody (14C10, New England
BioLabs, Whitby, ON, Canada) following the above procedure, as specified, or total protein analysis
was carried out using Coomassie total protein staining as a loading control (0.1% Coomassie R250,
50% methanol, 50% ddH20) (Eaton et al., 2013). Preliminary studies were used to determine which
loading control was appropriate for the study treatments. For the 6 hour and 48 hour HEA exposures,
GAPDH expression did not change with treatment and was therefore used as the loading control. For
dsRNA and 7 day HEA treatments, GAPDH expression increased and therefore total protein was used
as the loading control. Blots were incubated in Coomassie for 1 minute followed by de-staining for 3-

5 minutes in de-stain solution (50% ethanol, 10% acetic acid, 40% ddH20). Blots were then washed in
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ddH20 for 1 minute and dried completely prior to visualization using a Gel Doc XR + system (Bio-
Rad). Densitometric analysis of AeAmt2, AeAmtl, AeRh50s, GAPDH, and Coomassie total protein
was conducted using ImageJ 1.50i software (National Institutes of Health, Bethesda, MD, USA).
Immunolocalization of AeAmt2 in paraffin-embedded cross sections of anal papillaec was con-
ducted using immunohistochemistry. Na"-K*-ATPase (NKA) and the Vo subunit of V-type H" ATPase
(VA) immunostaining were used as markers for the basolateral membrane and apical membrane, re-
spectively (Patrick et al., 2006a). The procedure was carried out according to an established protocol
(Chasiotis et al., 2016; Chapter 2). AeAmt2 antibody was used at a 1:500 dilution, a mouse monoclonal
anti-o5 antibody for NKA (Douglas Fambrough, Developmental Studies Hybridoma Bank, IA, USA)
was used at a concentration of 4.2 ug/mL (Chasiotis et al., 2016; Chapter 2; Patrick et al., 2006), and
a guinea pig anti-V-type H'-ATPase (kind gift from Dr. Weiczorek, University of Osnabruk, Germany)
was used at a 1:3000 dilution. A sheep anti-mouse antibody conjugated to Cy2 and a goat anti-guinea
pig antibody conjugated to AlexaFluor 647 (Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) at dilutions of 1:500 was used to visualize NKA and VA, respectively. A goat anti-rabbit anti-
body conjugated to Alexa Fluor 594 (Jackson ImmunoResearch) at a dilution of 1:500 was applied to
visualize AeAmt2. Comparison control slides were also processed as described above, with control
slides incubated in primary immune serum with no primary antibody. Slides were mounted using Pro-
Long Gold antifade reagent with DAPI (Life Technologies, Burlington, ON). Fluorescence images
were captured on a Zeiss LSM 700 laser scanning microscope (Zeiss, U.S.A). Images were merged

using ImageJ 1.50i1 software (National Institutes of Health, Bethesda, MD, USA).

dsRNA synthesis and delivery
Using the NCBI nucleotide database, primers were designed for AeAmt2 dsRNA synthesis that

spans 951 bp of the partial mRNA sequence (forward: 5’-ACTCAGGCAGCACATACGG-3’; reverse:

5’-ATTGATTTCCCCCCAACTCG-3’). The purified PCR product was sequenced (The Centre for
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Applied Genomics, Sick Kids Hospital, Toronto, ON) to ensure specificity of the target. A fragment
of the f-lactamase (f-lac) gene was also amplified by RT-PCR from a pGEM-T-Easy vector (kind gift
from Jean-Paul Paluzzi) (forward: 5’-ATTTCCGTGTCGCCCTTATTC-3’; reverse: 5’-
CGTTCATCCATAGTTGCCTGAC-3", 799 bp amplicon size) and served as a control. Using the PCR
product as template, RT-PCR was carried out using the AeAmt2 and f-lac primers with an additional
T7 promoter sequence (5’-TAATACGACTCACTATAGGG-3’). AeAmt2 and f-lac PCR products
with the T7 promoter were concentrated and purified using the QIAquick PCR Purification Kit (Qi-
agen). dsSRNA was synthesized according to a previously described protocol (Chasiotis et al., 2016),
using the Promega T7 RiboMAX Express RNAI kit (Promega, Madison, WI, USA) and the 4deAm¢2
and f-lac T7 PCR products as template.

For AeAmt2 dsRNA-mediated knockdown studies, 30 fourth instar larvae were incubated in
0.5 pg ul! dsRNA in 150 pl PCR-grade water for 2 hours (Singh et al., 2013), after which they were
transferred into 50 ml of deH20. Larvae ingest the media that they inhabit as shown in previous studies
(Chasiotis et al., 2016; Singh et al., 2013). Water was refreshed every other day and larvae were fed

every other day beginning 24 h after dSRNA treatment.

Ion-selective microelectrodes (ISME) for haemolymph ion measurements

For haemolymph collection, larvae were gently blotted on filter paper to remove excess water.
Larvae were then submerged in paraffin oil (Sigma-Aldrich, Oakville, ON, CA) and fine forceps were
used to gently tear the cuticle without rupturing the gut tissue, releasing haemolymph into the oil. The
NH4" levels of the collected haemolymph droplets were measured as free ion activities using ion-se-
lective microelectrodes (ISMEs). The construction of microelectrodes has been previously described
in detail (Donini and O’Donnell, 2005). The following ionophore cocktails (Fluka, Buchs, Switzerland)

and back-fill solutions (in parentheses) were used: NH4" Ionophore I Cocktail A (100 mmol I NH4Cl).
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The ISMEs were calibrated in the following solutions (mmol 1"): NH4"; (0.1, 1, 10) NH4Cl. Voltages

were recorded and analyzed in LabChart 6 Pro software (AD Instruments Inc.).

Scanning ion-selective microelectrode technique (SIET)

The scanning ion-selective electrode technique (SIET) system used in this study to measure
NH4" flux from the anal papillae of larvae has been previously described (Chasiotis et al., 2016). Larvae
were mounted in a Petri dish using beeswax, leaving the anal papillae exposed and immobilized for
measurements. Voltage gradients over an excursion distance of 100 pm were recorded adjacent to the
papillae with a NH4" microelectrode (see ISME) in a 4mL bath of 0.5 mmol 1"' NH4Cl in double dis-
tilled water (ddH20). The sampling protocol utilized here was outlined elsewhere (Chasiotis et al.,
2016). Readings were taken along the middle to distal portion of the anal papillae at five equally spaced
sites. Background voltage gradients were taken 3000 um away from the anal papillae using the same
sampling protocol and were subtracted from the voltage gradients recorded at the papillae. To calculate
NH;4" flux, voltage gradients were used to calculate NHs" concentration gradients using the following
formula:

AC = Cpx 1049_Cp,
where 4C is the concentration gradient (umol 1" cm™), Csis the background concentration of NH4" in
the bath solution, 4V is the voltage difference between the two points, and S is the slope of the electrode
(the voltage difference for a 10-fold difference in NH4" concentration). The NH4" flux was then calcu-
lated using the concentration gradient (4C) and Fick’s law of diffusion:
J=D(C)/ AX,

where J is the net flux of the NH4" (pmol cm™ s!), D is the diffusion coefficient of NH4" (2.09 x 107
cm? s, AC is the concentration gradient calculated above, and AX is the excursion distance used to

measure the voltage gradients (here 0.01cm). The NH4" fluxes were recorded from larvae treated with
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B-lac dsSRNA (control), AeAmt2 dsRNA, or a combination of AeAmtl, AeAmt2, AeRh50-1, and

AeRh50-2 dsRNA, where specified.

Statistical analysis and phylogeny

Statistical analyses in this study were computed using Prism® 7.00 (GraphPad Software, La
Jolla, CA, USA). An unpaired two-tailed t-test was performed for comparisons between two groups,
unless specified. For comparisons of multiple groups for a single treatment (QRT-PCR studies), a one-
way ANOVA was performed using the Holm-Sidak method for multiple comparisons. The adjusted P
value accounting for multiple testing is indicated. For SIET data, a single biological replicate is defined

as the average flux from 5 sites along a single papilla from a single larva.

An unrooted maximum likelihood tree based on the JTT matrix-based model was constructed
in MEGA?7 from multiple sequence alignment of 16 amino acid sequences using Clustal X (Kumar et
al., 2016). The Protter protein visualization software was used to generate the transmembrane plot of

AeAmt2 (Omasits et al., 2014).

3.4 Results

Characterization, expression, and localization of AeAmt2 in the anal papillae

AeAmt2 is a member of the Amt family of ammonia transporters, sharing significant homology
with putative or confirmed ammonia transporter proteins from other insects and to a lesser extent, Amts
from plants (Fig. 3-1). Multiple amino acid sequence alignment of 8§ members of the Amt/MEP/Rh
family illustrates that the highly conserved residues in this family are also conserved in AeAmt2 (Fig.
3-2). The transcript of AeAmt2 is predicted to encode a peptide of 585 amino acid residues with a
predicted molecular mass of 63.31 kDa (VectorBase) comprising 11 transmembrane helices and an

extracellular N-terminus and intracellular C-terminus (Fig. 3-3). To determine whether AeAmt2 was
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expressed in the anal papillae, RT-PCR and agarose gel electrophoresis was performed (Fig. 3-4A). A
single distinct product for 4eAmt2 was observed at 220 base pairs. qRT-PCR was then used to examine
relative AeAmt2 transcript abundance in the anal papillae along with AeAmtl, AeRh50-1, and AeRh50-
2 (Fig. 3-4B). AeAmt2 mRNA abundance in the anal papillae was significantly lower in comparison to
all other ammonia transporter mRNA examined, being ~50 and ~2500 times less abundant than
AeRh50-1 and AeAmtl within this organ, respectively. Western blot analysis in combination with a
peptide block revealed one specific, putative AeAmt2 protein band in the anal papillae that does not
appear when the antibody is preabsorbed with immunogenic peptide (Fig. 3-4C). This putative
AeAmt2 is 55 kDa in molecular mass. For densitometric analysis of AeAmt2 for all experiments, the

55 kDa band was used for protein quantification.
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Figure 3- 1. Unrooted maximum likelihood tree for 16 ammonium transporters (Amt),
Rhesus glycoproteins (Rh) and methylammonium permeases (Mep). The percentage of
trees in which the associated taxa clustered together from 500 replicates is shown next to
the branches. The scale bar represents the number of amino acid substitutes per site, with
tree branches drawn to scale. The boxed sequence is the subject of the current study. The
analysis involved the multiple alignment of 16 full length amino acid sequences of 16 dif-
ferent genes using Clustal X prior to tree construction. Species name, gene, and GenBank
accession number (in parentheses): Saccharomyces cerevisiae MEP1 (NP_011636), Sac-
charomyces cerevisiae MEP3 (EGA76487), Saccharomyces cerevisiae MEP2
(NP_011636), Arabidopsis thaliana AMT2 NC _025010.1), Escherichia coli AmtB
(Z71418.1), Arabidopsis thaliana AMT 1-3 (NC_025010.1), Arabidopsis thaliana AMT 1-
1 (NC_025010.1), Arabidopsis thaliana AMT 1-4 (NC_025010.1), Lycopersicon esculen-
tum LeAMT1-2 (NC 025010.1), Aedes aegypti AeAmtl (XP_001652713.1), Drosophila
melanogaster DmAmt (NP_001097800), Anopheles gambiae AgGAMT (XM _318439), Ae-
des aegypti AeAmt2 (AOA1S4FGF9), Aedes albopictus AMT3 (XM 020076522 ), Aedes
aegypti AeRh50-1 (AY926463.1), Aedes aegypti AeRh50-2 (AY926464.1).
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Figure 3- 4. Ammonia transporter expression in the anal papillae of larval 4. aegypti. (A)
RT-PCR amplicon of AeAmt2, the corresponding no template control (NTC) for AeAmt2 pri-
mers, AeRh50-2, AeRh50-1, and AeAmtl expression in the anal papillae resolved by gel elec-
trophoresis. (B) Comparison of 4eAmt2, AeRh50-1, AeRh50-2, and AeAmt] mRNA abundance
in the anal papillae. Each gene was normalized to 18s ribosomal RNA abundance in the anal
papillae and was expressed relative to AeRh50-1 (assigned a value of 1). The dashed line illus-
trates y = 1. Data are expressed as mean values + SEM (n=3). Letters denote significant differ-
ences in relative mRNA abundance based on a One-way ANOVA (Holm-Sidak for multiple
comparisons) of log transformed values (p = 0.00002). (C) Representative Western blot of lar-
val anal papillac homogenates probed with AeAmt2 antisera revealing a single putative mono-
mer at ~55 kDa (top panel). The single 55 kDa band was blocked by antibody pre-absorption
with the immunogenic peptide. Coomassie total protein staining, used as a loading control, is
shown in the lower panel.
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The ion-motive pumps V-type H'-ATPase (VA) and Na'/K'-ATPase (NKA) have been localized to
the apical and basolateral membranes, respectively, within the anal papillae epithelium (Patrick et al.,
2006a). In paraffin-embedded cross sections of anal papillae from fourth instar larvae reared in deH20,
AeAmt2 immunostaining (Fig. 3-5A), apical VA immunostaining (Fig. 3-5B) co-immunolocalize
when the images are merged, indicated by the yellow fluorescence (Fig. 3-5D). Nuclei staining with
DAPI (blue) is visible in anal papillae cross sections (Fig. 3-5C-D). Conversely, AeAmt2 (Fig. SE)
and NKA immunostaining (Fig. 3-5F) do not appear to co-immunolocalize when merged (Fig. SH).
This is most clearly visible at regions surrounding the nuclei (Fig. 3-5G-H) indicated by the white
arrows, showing separation of basolateral NKA staining and AeAmt2 staining. Yellow fluorescence
was observed irregularly in merged images of NKA and AeAmt2 staining, which we believe is the
result of membrane folding due to tissue sectioning. No immunofluorescence was observed in negative

control slides examined at the same exposure as experimental slides (Fig. 3-5I).
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Figure 3- 5. Immunolocalization of AeAmt2 in the anal papillae of A. aegypti larvae.
Representative paraffin-embedded cross sections of anal papillae showing immunoreac-
tivity for: (A,E) AeAmt2 (red), (B) the Vo subunit of V-type H" ATPase (VA, green), (F)
Na'-K'-ATPase (NKA, green), and (C,G) nuclei staining with DAPI (blue). (D) Merged
image of AeAmt2, VA, and DAPI, and (H) merged image of AeAmt2, NKA, and DAPI.
White arrows indicate areas with nuclei, where separation of the apical and basolateral
membranes is observed. Cross sections of anal papillae in brightfield (BF) corresponding
to (I) panels A-D and (J) panels E-H, demonstrating the apical (solid arrows) and baso-
lateral (dashed arrows). (K) Control cross section of anal papillae (primary antibodies
omitted). Scale bars (A-K): 20 uM.
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AeAmt2 dsRNA knockdown in the anal papillae and NH4* flux

AeAmt2 protein abundance in the anal papillaec was significantly reduced by dsRNA knock-
down two days post treatment and returned to control levels thereafter (Fig. 3-6A). As a result, func-
tional analyses in response to AeAmt2 protein knockdown was performed two days post dsSRNA treat-
ment. NH4" efflux from the anal papillae was significantly reduced by 3-fold at two days post Aedmi2
dsRNA treatment (Fig. 3-6B), but NH4" haemolymph levels were unchanged in response to dsRNA-
mediated AeAmt2 knockdown in the anal papillae (Fig. 3-6C). A summarized model of the current
mechanisms of ammonia excretion in the anal papillae, reflecting the contribution of AeAmt2 in facil-

itating this process is provided (Fig. 3-7).

Effects of HEA on ammonia transporter expression within the anal papillae

The acute (6 hr), semi-chronic (48 hr), and chronic (7 days) changes that occur in ammonia
transporter transcript and protein abundance in the anal papillae in response to HEA (5 mM NH4Cl)
were examined (Fig. 3-8, Fig. 3-9). Significant alterations to both mRNA and protein abundance were
evident but did not always follow the same trends. The mRNA abundance of AedAmtI, AeAmt2 and
AeRh50-2 followed the same trend in response to HEA; however, the abundance of their respective
protein did not. After larvae were exposed to HEA for 6 hr, the mRNA abundance of AeAmtl, AeAmt2
and AeRh50-2 in anal papillae was 10, 3 and 20-fold higher than that of controls (Fig. 3-8). The protein
abundance of AeAmtl in anal papillae was significantly lower after 6 hr larval exposure to HEA com-
pared to controls (Fig. 3-9A), whereas there was no difference in the protein abundance of AeAmt2 or
the AeRh50s after 6 hr (Fig. 3-9B-C). When larvae were exposed for 48 hr to HEA there was no
difference in mRNA abundance of any of the ammonia transporter genes in the anal papillae compared
to controls (Fig. 3-8A-C); however, the protein abundance of AeAmtl was significantly higher (Fig.

3-9A). When larvae were reared for 7 days in HEA (5 mM NH4Cl), AeAmtl1 protein abundance did
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not change (Fig. 3-9A), however, significant decreases in AeAmt2 and AeRh50s protein abundance

by 60% and 77%, respectively, was observed (Fig. 3-9B-C).
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Figure 3- 6. Effects of AeAmt2 dsRNA treatment on AeAmt2 abundance in the anal papil-
lae, NH4" excretion from the anal papillae, and NH4" concentration in the haemolymph.
(A) Representative Western blots (1 representative of 3 replicates) and densitometric analysis
of AeAmt2 (55 kDa) in the anal papillae on days 2-4 following dsRNA treatment. Each group
was normalized to Coomassie total protein staining, used as a loading control, and is expressed
relative to the f-lac control group (assigned a value of 1, n=3). Asterisk denotes a significant
difference in normalized protein expression compared to the f-lac control group based on an
unpaired one-tailed t-test of relative density (p = 0.0491). (B) Scanning ion-selective electrode
technique (SIET) measurements of NH4" flux across the anal papillae epithelium 2 days post -
lac and AeAmt2 dsRNA treatment (n=10). Asterisk denotes a significant difference in NHs"
efflux compared to the f-lac control group based on an unpaired t-test (p = 0.0125). (C) Ion-
selective microelectrode measurements of NH4" concentration in the haemolymph of larvae at
2 days post S-lac and AeAmt2 dsRNA treatment (n = 10). Data is shown as mean values = SEM.
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Figure 3- 7. Current model of putative transcellular ammonia (NH3/NH4") transport
mechanisms in the anal papillae epithelium of A. aegypti larvae in freshwater condi-
tions (adapted from Chasiotis et al., 2016). Basolateral NKA provides a cytosol negative
voltage potential that could serve to drive NH4" from the haemolymph to the cytosol
through AeAmtl (Amtl). Partial pressure gradient (APnus/coz2) driven entry of CO2 and NH3
into the cytosol occurs through one of the two Rh proteins (AeRh50-1 or AeRh50-2). On
the apical side, AeAmt?2 facilitates NH3/NH4" exit from the cytosol to the aqueous habitat
either through NH4" transport, NH3 transport following NH4" recruitment and deprotona-
tion, or NH3/H" co-transport. NHs" in the cytosol may exit from the apical side to the aque-
ous habitat through the sodium-hydrogen exchanger 3 (NHE3) in exchange for Na“. An Rh
protein (Rh) on the apical side may function to excrete NHs through an ammonia-trapping
mechanism exploiting an acidified boundary layer generated by apical VA and partly by
NHE3. Cytoplasmic carbonic anhydrase (CA) contributes to the cytosol negative voltage
potential and the maintenance of the acidified boundary layer by supplying H" for VA.
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Figure 3- 8. Effects of high environmental ammonia (HEA) on transcript abundance
of ammonia transporter genes in the anal papillae of 4. aegypti larvae. Relative mRNA
abundance of (A) Adedmtl, (B) AeAmt2, (C) AeRh50-1, and (D) AeRh50-2 at 6 hr and 48 hr
post transfer to dechlorinated tap water (deH20) or HEA (5SmM NH4Cl) (n = 3). Each gene
was normalized to 18s ribosomal RNA abundance and expressed relative to levels in the
control deH20 group (assigned a value of 1). Data is shown as mean values + SEM. Aster-
isks denote statistically significant differences between deH>O and HEA groups (Unpaired
t-test, p < 0.05).
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Figure 3- 9. Effects of high environmental ammonia (HEA) exposure on protein abundance
of ammonia transporter genes in the anal papillae of fourth instar A. aegypti larvae. (A)
AeAmtl normalized monomer (30 kDa) abundance, (B) AeAmt2 normalized monomer (55 kDa)
abundance, and (C) AeRh50s normalized monomer (48 kDa) abundance, and corresponding rep-
resentative Western blots (right panels, 1 representative of 3 replicates) at 6 hr, 48 hr, and 7 days
in dechlorinated tap water (deH20) or HEA (5mM NH4Cl) (n = 3). For 6 hr and 48 hr HEA
exposure, protein abundance was normalized to GAPDH abundance in the anal papillae. For 7-
day HEA exposure, protein abundance was normalized to total protein (Coomassie). Normalized
protein abundance for each protein is expressed relative to the control deH20 group (assigned a
value of 1). Data is shown as mean values = SEM. Asterisks denote statistically significant dif-
ferences between deH20 and HEA groups (unpaired t-test, p < 0.05 [*], p < 0.005 [**]).
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3.5 Discussion

A novel putative ammonia transporter of Aedes aegypti, AeAmt2

In the present study we have identified and characterized a novel putative ammonia transporter,
AeAmt2, in the mosquito 4. aegypti. This protein aligns with members of the family of ammonium
transporters (Amt/MEP/Rh) from plants, bacteria, fungi, and vertebrates and shares high sequence ho-
mology with antennal-expressed AgAMT (Pitts et al., 2014) of the mosquito A. gambiae, the antennal-
expressed DmAmt from the fruitfly D. melanogaster (Menuz et al., 2014), and an uncharacterized
AMT3 in the mosquito A. albopictus. A. aegypti AeAmt2 and other insect Amts cluster with some
electrogenic plant Amts (e.g. LeAMT1;2) in comparison to electroneutral bacterial Amts (e.g. AmtB)
(See Fig. 3-1).

Similar to other Amt proteins, AeAmt2 is comprised of eleven transmembrane helices which
vary in length (19-30 amino acids), and possesses the common extracellular N-terminus and intracel-
lular C-terminus topology conserved in this family (Severi et al., 2007). The cytoplasmic C-terminus
of AeAmt2 is notably longer in comparison to other members of the Amt/MEP/Rh family (Figs. 3-2,
3-3). Multiple sequence alignment of amino acid residues from 4. aegypti Amt and Rh proteins, spe-
cifically AeAmt2, with other Amt/MEP proteins from plants, fungi, and bacteria demonstrate the pres-
ence of highly conserved residues which cluster around the narrow hydrophobic pore formed by the
monomer (Khademi et al., 2004; Zheng et al., 2004). Similar to the bacterial AmtB, two highly con-
served histidine residues (H229 and H406) are located at the N-termini of pseudo-symmetric trans-
membrane helices 5 and 10 of the AeAmt2 monomer (Zheng et al., 2004). The imidazole side chains
of H229 and H406 and the acidic side chains of the preceding highly conserved aspartates (D221 and
D398) play a role in hydrogen bonding and structural support, respectively (Zheng et al., 2004). Two
highly conserved threonine residues (T315 and T356) among the Amt/MEP/Rh family which are pre-
sent in AeAmt2 were suggested to be functionally relevant, contributing to a tightly-packed pore sur-

face on the periplasmic side of the monomer (Khademi et al., 2004; Zheng et al., 2004). Furthermore,
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mutation of a highly conserved tryptophan 148 residue (W198 in the present study) at the periplasmic
entry of the hydrophobic pore of each monomer in Amt/MEP proteins, also conserved in transmem-
brane helix four of AeAmt2, demonstrated that the substrate of the channel is an ion and W148 is
important for restricting the conductance and increasing selectivity of AmtB to NH4" (Fong et al.,
2007). Together, this structural information suggests that AeAmt2 possesses all the ammonia trans-

porting capabilities of other known ammonia transporters.

Expression of AeAmt2 in the larval anal papillae

The anal papillae of 4. aegypti larvae are important organs for the excretion of ammonia di-
rectly into the aquatic environment (Donini and O’Donnell, 2005). The syncytial epithelium of the anal
papillae expresses the ammonia transporters, dedmtl, AeRh50-1 and AeRh50-2 and knockdown ex-
periments revealed their importance in ammonia transport by the anal papillae (Chasiotis et al., 2016;
Chapter 2). We detected AeAmt2 mRNA in the anal papillae but the transcript abundance of AeAmt2
was significantly lower than that of the other ammonia transporters (Fig. 3-4). An antibody generated
against a unique sequence in the predicted cytosolic region of the AeAmt2 protein detected a 55 kDa
signal in western blots which was abolished by pre-incubation of the antisera with immunogenic pep-
tide. Occasionally, 48 kDa and 63 kDa signals also appeared on blots (not shown). The 63 kDa signal
corresponds to the predicted mass of the full-length sequence of the AeAmt2; however, since this only
occasionally appeared while the 55 kDa band consistently appeared, we suggest that AeAmt2 may
undergo post-translational processing. For example, the mature, functional bacterial AmtB protein is
derived from cleavage of a signal sequence from the preprotein (Thornton et al., 2006). The dichotomy
of relatively low AeAmt2 mRNA levels but high protein abundance that we observed could simply be
a result of low protein turnover, discussed below.

AMT/Mep/Rh protein monomers are known to trimerize in the membrane when functional

(Gruswitz et al., 2010; Khademi et al., 2004; Zheng et al., 2004). We did not see the trimeric form in

92



western blots likely because of the denaturing conditions used, separating the trimeric forms into re-
spective monomers (Severi et al., 2007). The significance of the trimeric arrangement of Amt/MEP/Rh
proteins is attributed to interactions with the trimeric regulatory Pn protein, GInB or its homolog GInK
in prokaryotes, with each monomer of the Amt/MEP/Rh trimer conducting substrate independently
(Conroy et al., 2007; Coutts et al., 2002; Gruswitz et al., 2007). The regulatory Pu proteins are stable
trimers with extended T-loops protruding from each monomer (Andrade and Einsle, 2007). In Azoto-
bacter vinelandii, evidence of a direct association of GInK with the cytoplasmic face of Amt-1 in
response to high levels of ammonium in the cell was provided (Coutts et al., 2002), and physical ob-
struction of the pores of each monomer of AmtB from E. coli through the insertion of the T-loops of
the trimeric GInK deep into each pore was shown (Conroy et al., 2007; Gruswitz et al., 2007). Further-
more, the regulation of Amt proteins in plants through post-translational modifications may provide
insight into the mechanisms of regulation for invertebrate Amts which is presently unknown. 4. thali-
ana AtAmtl;2 activity is regulated by phosphorylation, whereby dephosphorylation of all monomers
comprising the trimer is essential for activation of ammonia transport with each monomer functioning
independently (Neuhéduser et al., 2007).

Studies on mutant variants at the conserved cytoplasmic C-terminus region of AmtB proceed-
ing transmembrane helix 11 in E. coli may imply an important functional or structural role at this region
(Severi et al., 2007). Mutants were either inhibited in their ammonia transporting capabilities or were
completely void of activity altogether, suggesting a gating mechanism of the trimer through the car-
boxyl tail of a single monomer. Mutation of a single glycine residue (G502 in this study, Fig. 3-2) in
the cytoplasmic C-terminus region, conserved in AeAmt2, within a single monomer led to cross-inhi-
bition of NH4" transport within the entire trimer in some plant Amts (Ludewig et al., 2003; Neuhéuser
et al., 2007). The extensive cytoplasmic C-terminus of AeAmt2 in comparison to that of other mem-
bers, possessing two putative N-glycosylation sites (Fig. 3-3) and approximately 14 putative phosphor-

ylation sites [not shown; (Blom et al., 2004)], may suggest a more complex role of this region.
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Regulation of AeAmt2 protein by any of the mechanisms described in other members of the
Amt/MEP/Rh family outlined above are quite possible and require further investigation.
Immunohistochemistry on cross sections of anal papillae revealed that AeAmt2 is localized to
the apical, water facing membrane of the epithelium. This is only the second cellular localization of an
Amt protein in a functioning organ of an animal, and the first apical localization of an Amt protein in
animals. An apical localization of AeAmt2 was unsurprising based on the distribution of Rh proteins
in the anal papillae of 4. aegypti larvae and the cortex cells of the rat kidney to opposite membranes

(Chapter 2; Quentin, 2003).

Functional Consequences of AeAmt2 protein knockdown in the anal papillae of larvae

RNA interference techniques in combination with SIET were used to elucidate an ammonia-
transporting function of AeAmt2 directly at the anal papillae. dsRNA-mediated knockdown of
AeAmt2 protein, verified in anal papillae to be ~50% at two days post dsSRNA treatment resulted in a
significant decrease in NH4" efflux from the anal papillae, indicating that AeAmt2 is functioning to
facilitate ammonia excretion within this organ. The current working model of transcellular ammonia
excretion in the syncytial anal papillae epithelium has been updated to reflect the contribution of
AeAmt2 (Fig. 3-7) (Chasiotis et al., 2016). On the apical side of the epithelium, AeAmt2 likely facili-
tates NH4" transport from the cytosol to the external surroundings for excretion by means of three
possible mechanisms. Through electroneutral transport, an AeAmt2 trimer can recruit NHs" from the
cytosol where the proton is stripped and NHj3 traverses the triple pore for excretion (McDonald and
Ward, 2016b; Soupene et al., 1998). By contrast, electrogenic transport of NH4" at the apical membrane
of papillae can occur through AeAmt2 function as a NH4" uniporter, as a co-transporter for NHs/H", or
as an NH4"/H" antiporter (Ludewig et al., 2002; Neuhéuser and Ludewig, 2014). The former two pos-
sibilities are unlikely due to the cytosolic negative potential of the anal papillae epithelium, driven

largely by apical VA. A mechanism of NH4"/H" antiport by AeAmt2 is more plausible, with VA
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providing the H" gradient facilitating NH4" exchange. In this manner, H" is moved along its own elec-
trochemical gradient allowing NH4" to be moved against its electrochemical gradient.

The knockdown of AeAmt2 is assumed to be systemic but this did not have an effect on hae-
molymph NH4" levels. Similarly, the knockdown of AeRh50-2 did not affect haemolymph NH4" levels
in larvae (Chapter 2). In contrast, the knockdown of either AeAmt1 or AeRh50-1 results in alterations
to haemolymph NH4" levels whereby AeAmtl knockdown causes an increase in NH4", and AeRh50-
1 knockdown results in decreased NH4" levels and an acidification of the haemolymph (Chasiotis et
al., 2016; Chapter 2). Our interpretation of these results assumes a key role of the anal papillae in
ammonia excretion; however, we do not propose that these are the only organs responsible for ammo-
nia excretion. Decreasing AeAmt1 expression in papillaec would decrease ammonia clearance from the
haemolymph across the basal side of the papillae epithelia resulting in the observed increase of NH4"
haemolymph levels. In contrast, decreasing AeRh50-1 expression could lead to decreased haemolymph
NH;4" levels if AeRh50-1 is on the basal side of the papillae epithelia because it could mediate back-
flux of ammonia to the haemolymph when cytosolic levels become too high which may be expected
since ammonia transport by AeAmtl is energized by the activity of Na'/K'-ATPase (Chasiotis et al.,
2016). The finding that haemolymph NH4" levels are unaltered by AeAmt2 knockdown may suggest
that disruption of apical pathways of ammonia excretion at the papillae are not as impactful to systemic
haemolymph ammonia levels. This lends credence to the suggestion that AeRh50-2 may be expressed
apically, as AeRh50-2 knockdown does not affect NH4" haemolymph levels. Collectively, these results
may also suggest that AeAmt1 function in the anal papillae is the most important for systemic regula-
tion of ammonia levels with respect to the other three ammonia transporters expressed in the anal

papillae.
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Ammonia transporter expression in response to HEA

In HEA conditions, larvae are faced with the challenge of combatting significant inwardly di-
rected partial pressure (APnns) and NHs" electrochemical gradients at the anal papillae and other os-
moregulatory organs (Weihrauch et al., 2012a). Traditionally thought to be a passive process in aquatic
animals, active ammonia excretion against a 4-8 fold inwardly directed ammonia gradient has been
well documented in the gills of crabs (Weihrauch et al., 2004). We quantified the expression of AeAmts
and AeRh50s at both the transcript and protein level in the anal papillae of larvae exposed to acute (6
hr), semi-chronic (48 hr) and long term (7 days) HEA exposure (SmM NH4Cl). Significant increases
in the mRNA abundance of both Aedmts as well as AeRh50-2 in the anal papillaec were observed after
6 h exposure to HEA (see Fig. 3-8), as well as a decrease in AeAmtl protein levels (see Fig. 3-9). After
48 hr in HEA, mRNA abundance of both AeAmts and both AeRh50s were no different than those in
control larvae (Fig. 3-8); however, an increase in basolateral AeAmt]1 and a decrease in apical AeAmt2
protein abundance in the anal papillae was observed when compared with levels in control larvae (Fig.
3-9). This result was similar to that found for a 7-day HEA exposure in that AeAmt2 protein abundance
decreased relative to controls and AeAmtl protein abundance remained unchanged (Fig. 3-9). The
finding that expression of a basolateral Amt (AeAmtl) is either unaffected or increases, and an apical
Amt (AeAmt2) decreases simultaneously in response to HEA suggests a mechanism of ammonia clear-
ance from the haemolymph whilst limiting NHs" influx at the apical membrane. This may imply that
AeAmtl is the key driver of ammonia excretion in the anal papillae irrespective of external NH4"
levels. AeAmtl1 function is likely driven by NKA activity (secondary active transport), as supported
by pharmacological evidence (see Chasiotis et al., 2016) and would not be affected by changing
NH3/NH4" gradients, whereas a decrease in apical transporter expression may limit NH3/NH4" influx
into the anal papillae cytosol in HEA conditions. We were unable to discern specific changes in

AeRh50-1 and AeRh50-2 protein abundance because the antibody detects both (Chapter 2).
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Nevertheless, it may be reasoned that the increase in 4eRh50-2 mRNA abundance after 6hr in HEA
led to changes in protein abundance of AeRh50-2.

Overall, the immediate and long term responses to HEA is reflective of the importance of these
transporters in regulating ammonia excretion within the anal papillae against an inwardly directed gra-
dient, where larvae have been shown to tolerate NH4* haemolymph levels of between 1-3 mmol 1!
under normal freshwater conditions (Chasiotis et al., 2016; Chapter 2). It is also very likely that due to
post-translational modifications or conformational changes regulating Amt and Rh protein activity,
turnover numbers of these proteins are limited even in HEA conditions. In this manner, changes in the
activity of Amt and Rh proteins may be more indicative of their role in facilitating ammonia excretion
in response to HEA.

In general, A. aegypti larvae appear to be more tolerant of high ammonia haemolymph levels
and HEA in comparison to other aquatic invertebrates (O’Donnell and Donini, 2017; Weihrauch et al.,
2004). HEA levels of 5 mmol I"' NH4ClI and above are lethal to the freshwater planarian, Schmidtea
mediterranea, within 48 hours (Weihrauch et al., 2012b). However, a significant increase in the mRNA
of a Rh-like transporter upon exposure to 1 mmol 1" for 48 hr was reported. In the freshwater leech
Nephelopsis obscura, increases in ammonia excretion within 1 h of exposure to HEA (1 mmol 1
NH4Cl) was attributed to increases in metabolic rates due to stress, and mRNA levels of NoRhp, an Rh
transporter, in the gills decreased after 7 days in HEA (Quijada-Rodriguez et al., 2015). Evidence that
apical AeAmt2 and AeRh50 protein decreases in response to long term exposure to HEA may suggest
a regulatory mechanism which prevents both chemical and/or electrochemical driven influx of ammo-

nia at the anal papillae.

Summary

The quality of larval habitats for egg hatching and development is a strong determinant of the

selection of breeding sites for female A. aegypti (Chitolina et al., 2016). Vector control and
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surveillance programs are directly influenced by where mosquitoes breed (Banerjee et al., 2015;
Barrera et al., 2008), highlighting the importance of understanding how 4. aegypti can adapt to ammo-
nia-rich raw sewage in septic tanks. Septic tank usage is common and widespread in tropical regions
where 4. aegypti are most prevalent which may explain the persistence of disease during dry periods
or following control measures, such as removing artificial water containers (Burke et al., 2010). The
aim of this study was to further our understanding of the molecular and physiological mechanisms of
ammonia excretion in A. aegypti larvae attributing to their tolerance of HEA.

We have identified and characterized a novel ammonia transporter, AeAmt2, belonging to the
Amt/MEP/Rh family of conserved ammonia transporters in bacteria, plants and animals. This is only
the second characterization and localization of an Amt protein in an animal. Ae4Am¢2 is expressed in
the osmoregulatory anal papillae which are important organs for the excretion of ammonia directly
from the haemolymph of 4. aegypti larvae (Donini and O’Donnell, 2005). The apical localization of
AeAmt2 in the anal papillae epithelium of A. aegypti larvae is the first apical localization of an Amt
protein in animals. AeAmt2 plays a significant role in facilitating ammonia excretion from the anal
papillae demonstrated by dsSRNA-mediated knockdown studies using SIET. Furthermore, the involve-
ment of AeAmtl, AeAmt2, AeRh50-1, and AeRh50-2 in facilitating ammonia excretion and the
maintenance of ammonia haemolymph levels in response to HEA was investigated, providing insight
into the tolerance of A. aegypti larvae to high ammonia. This is one of few comprehensive studies of
the physiological mechanisms underlying ammonia excretion in A. aegypti larvae permitting them to

survive and thrive in HEA habitats such as septic tanks.
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Chapter Four

Evidence that Rh proteins in the anal papillae of the freshwater mosquito Aedes aegypti are

involved in the regulation of acid base balance in elevated salt and ammonia environments

This chapter has been published and reproduced with permission:

Durant A.C., Donini A (2018) Evidence that Rh proteins in the anal papillae of the freshwater mos-
quito Aedes aegypti are involved in the regulation of acid base balance in elevated salt and ammonia
environments. Journal of Experimental Biology 221, doi: 10.1242/jeb.186866
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4.1 Summary

Aedes aegypti commonly inhabit ammonia rich sewage effluents in tropical regions of the
world where the adults are responsible for the spread of disease. Studies have shown the importance
of the anal papillae of Aedes aegypti in ion uptake and ammonia excretion. The anal papillac express
ammonia transporters and Rh proteins which are involved in ammonia excretion and studies have pri-
marily focused on understanding these mechanisms in freshwater. In this study, effects of rearing lar-
vae in salt (5 mmol I"' NaCl) or ammonia (5 mmol I"' NH4Cl) on physiological endpoints of ammonia
and ion regulation are assessed. In anal papillae of NaCl reared larvae, Rh protein expression increased,
NHE3 transcript abundance decreased and NH4" excretion increased, and this coincided with decreased
haemolymph [NH4'] and pH. We propose that under these conditions larvae excrete more NHs"
through Rh proteins as a means of eliminating acid from the haemolymph. In anal papillae of NH4Cl
reared larvae, expression of an apical ammonia transporter and the Rh proteins decreased, the activities
of NKA and VA decreased and increased, respectively and this coincided with haemolymph acidifica-
tion. The results present evidence for a role of Rh proteins in acid base balance in response to elevated

levels of salt, whereby ammonia is excreted as an acid equivalent.
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4.2 Introduction

Like many aquatic invertebrate and vertebrate animals, the larvae of most mosquito species
inhabit freshwater systems which can vary remarkably in water chemistry, including in ionic compo-
sition and pH (Patrick et al., 2002b; Patrick et al., 2002a). While freshwater NaCl concentrations can
range between 0 to 8 mmol "', mosquito larvae maintain much higher haemolymph ion levels in com-
parison to the surrounding environment ([Na'] = 85.1£2.2 mmol I'' and [CI7] = 65.8+5.2 mmol 1)
(Donini and O’Donnell, 2005; Patrick et al., 2002a). This presents a challenge to haemolymph ion
homeostasis in a relatively hypo-osmotic environment. Strategies of counteracting ion loss and water
gain have been investigated in aquatic dipteran larvae, which have proven to be effective osmoregula-
tors in varying environmental salinity (Akhter et al., 2017; Jonusaite et al., 2011; Nguyen and Donini,
2010; Patrick et al., 2001). Furthermore, aquatic invertebrates, and insects in particular, are among the
most pH tolerant animals on the planet (Matthews, 2017). Mosquito larvae have been shown to tolerate
chronic exposure to highly alkaline or acidic water (pH 4 to pH 11) in nature and under laboratory
conditions with minor effects on haemolymph pH, growth, and development (Clark, 2004). Acidified
water coupled to ion poor conditions can be particularly challenging, as the excretion of acid-base

equivalents is coupled to the uptake of certain ions which are limited (Vangenechten et al., 1989).

The regulation of haemolymph ion composition and pH, which are often linked, is essential for
homeostasis and survival in freshwater systems with varying water chemistry. In addition to ventilation
and buffering strategies, aquatic insects regulate their haemolymph pH and osmolarity through the
active uptake and excretion of ions and acid-base equivalents internally between the haemolymph and
gut lumen, or with the external environment (Matthews, 2017). For most air-breathing aquatic insects,
such as mosquito larvae, ions and acid-base equivalents are absorbed or excreted directly between the

haemolymph and the surroundings through ion-permeable epithelia. This is unlike water breathing
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aquatic insects, such as the aquatic nymphs of mayflies, which possess ionocyte-dense tracheal gills

for active ion-transport (Nowghani et al., 2017).

Many air-breathing aquatic dipteran larvae possess dedicated iono- and osmoregulatory organs
known as anal papillae (Koch, 1938; Wigglesworth, 1932). The four anal papillae in larval 4. aegypti
are elongate sac-like projections of the cuticle that surround the anal opening, with a lumen that is
continuous with the hemocoel of the body (Copeland, 1964; Sohal and Copeland, 1966). The thin
cuticle, syncytial epithelium, and relatively small surface area of the anal papillae restricts ion and
water movement to this organ, while a relatively impermeable integument covers the rest of the body
(Wigglesworth, 1932). These morphological features enable the anal papillae to function as major ion
exchange organs. The anal papillae are the site of Na", CI', and K" uptake and the excretion of acid-
base equivalents (H", NH4", HCO3") in mosquito larvae (Donini and O’Donnell, 2005; Patrick et al.,
2001; Stobbart, 1965; Stobbart, 1971). However, until more recently there remained limited evidence
of a role for the anal papillae in pH homeostasis (Clark et al., 2007).

Ammonia (NH3/NH4") is generated through metabolic processes, primarily the deamination of
amino acids, and can be used as an acid-base equivalent (Onken and Moffett, 2017). At physiological
pH (~7.4; pKa = 9.4)), only 1.7% of total ammonia is present as NH3 (Weiner and Verlander, 2017).
The predominant ionic form, NH4", acts as an H" equivalent that can alter intracellular and extracellular
pH when transported (Weihrauch and Allen, 2018a). However, the extent to which ammonia transport
is used to mitigate changes in pH of internal fluids of aquatic invertebrates remains poorly understood.
Evidence of a link between ion transport, pH homeostasis, and ammonia excretion in the anal papillae
epithelium of 4. aegypti larvae has been shown through electrophysiology and pharmacological stud-
ies. Upon exposure of 4. aegypti larvae to 30% seawater, haemolymph Na*, Cl', and H" concentrations
increased within hours, coupled with a decrease in Na" and CI uptake at the anal papillae (Donini et

al., 2007). Independent uptake of Na" and Cl" was also suggested based on differences in measured
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uptake kinetics of each ion. The inhibition of basolateral Na'/K"-ATPase (NKA), which functions to
maintain a negative cell potential and low [Na'] in the cytosol, causes significant reductions in NH4"
efflux at the anal papillae (Chasiotis et al., 2016; Patrick et al., 2006a). The efflux of H" driven by
apical V-type-H'-ATPase (VA) contributes to the negative intracellular voltage generated by NKA,
facilitating NH3 efflux likely through an ammonia trapping mechanism at the apical membrane
whereby NH3 combines with H" on the external side which maintains an NH3 gradient favoring excre-
tion (Chasiotis et al., 2016; Chapter 2; Weihrauch et al., 2009). Inhibition of VA also results in a sig-
nificant reduction in ammonia excretion at the anal papillae epithelium, implicating VA and NKA in
the process of ammonia excretion which is likely to stem from establishing the cytosol negative elec-
trical potential and ammonia trapping. Additionally, the negative cytosolic voltage generated by NKA
and VA is important in energizing Na" uptake in other aquatic invertebrates (Onken, 2003; Onken and
Riestenpatt, 2002). Interestingly, inhibition of an apical Na'/H" exchanger 3 (NHE3, SLC 9 family)
decreases NH4" excretion at the anal papillae in 4. aegypti larvae, suggesting that this transporter may
either contribute to ammonia trapping or perhaps directly conduct NH4" across the apical membrane
(Chasiotis et al., 2016).

A. aegypti possess two homologs of the vertebrate Rhesus glycoproteins (Rh proteins),
AeRh50-1 and AeRh50-2, which have been localized to the apical and basolateral membranes of the
anal papillae epithelium (Chapter 2). It has been suggested that Rh proteins may transport NH3 as well
as COz2; however, the specific transport substrate(s) of Rh proteins remains to be determined (Kustu
and Inwood, 2006; Weihrauch et al., 2004; Weiner and Verlander, 2017). In 4. aegypti larvae, knock-
down studies of both AeRh50-1 and AeRh50-2 proteins results in significant reductions in ammonia
efflux (Chapter 2). A decrease in [NH4'] in the haemolymph coupled with an acidification of haemo-
lymph was also observed in response to AeRh50-1 knockdown and it was suggested that this may occur
if AeRh50-1 was capable of COz transport. The partial pressure gradient of CO2 plays a significant

role in the acid-base balance of body fluids of aquatic animals (Nawata and Wood, 2008), and in this
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respect it was speculated that AeRh50-1 may mediate CO2 excretion through the anal papillae with
dsRNA-mediated knockdown resulting in accumulation of CO2 in the haemolymph; however, no
measurements of CO2 have been performed in relation to these studies (Chapter 4).

There is currently little known about the transport mechanisms used by mosquito larvae to
achieve their acid-base balance, with some evidence demonstrating a role of the anal papillac in pH
homeostasis (Clark et al., 2007). Given the lack of information on the contribution of ammonia
transport and the function of the anal papillae in acid-base balance in mosquito larvae, as well as the
link between ion uptake and excretion of acid and base equivalents, we examined the transport rates
and haemolymph levels of Na", NHs", and pH in response to HEA and moderate levels of NaCl (ap-
proximately 10 times higher than freshwater levels). We hypothesized that haemolymph pH regulation
is partly achieved through modulation of NH4" excretion, an H" equivalent, by the anal papillae. If this
occurs, then increased NHa" excretion at the anal papillae in conjunction with acidification of the hae-
molymph might be observed. Furthermore, changes in the magnitude of NH4" excretion by anal papil-

laec may be representative of changes in ammonia transporter expression.

4.3 Materials and Methods

Animals

Aedes aegypti larvae (Liverpool) were obtained from a colony reared in the Department of
Biology, York University (Toronto, ON, Canada). Larvae were reared in dechlorinated tap water
(deH20) at room temperature (21°C) on a 12h:12h light:dark cycle. Larvae were fed daily with a 1:1
solution of liver powder and yeast in water. Rearing water was refreshed every other day. For rearing
treatments employed in this study, larvae were hatched in deH>O ([Ion] umol I'': [Na*] 590, [CI]] 920,
[Ca®'] 760, [K'] 43, pH 7.35) and transferred to either 5 mmol 1" NaCl (in deH-O, pH = 7.35) or 5
mmol 1"! NH4Cl (in deH20, pH = 7.35) at two days post-hatching (Nguyen and Donini, 2010). Control

larvae were maintained in deH20. 4. aegypti larvae were reared in the respective treatments following
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the protocol above, until reaching 4™ instar (approximately 7 days). Fourth instar larvae from each

treatment were used 24h post-feeding for all physiological and molecular studies.

RNA extraction and quantitative real-time PCR (qQRT-PCR)
Partial mRNA sequences for 4. aegypti NHE3 (AAEL001503) were used for primer design

(forward primer: 5’- CTACCTGGCGTATCTGAATGC-3’; reverse primer: 5-CGTATTT-
GATGGTCGTGTGC-3’; 131 bp amplicon size, 58°C annealing temperature). The purified RT-PCR
product, resolved by gel electrophoresis, was sequenced at The Centre for Applied Genomics (TCAG),
The Hospital for Sick Children, to confirm NHE3 sequence specificity. Three biological samples, each
consisting of a pool of 200 anal papillae from 50 larvae were isolated and collected in cold lysis buffer
with 1% 2-mercaptoethanol (Ambion, Austin, TX, USA). Total anal papillac RNA was extracted using
the Purelink RNA mini kit (Ambion, Austin, TX) and genomic DNA was removed with an RNAse-
free DNAse using the TURBO DNA-free™ Kit (Applied Biosystems, Streetsville, Ont, Canada).
cDNA was synthesized using the iScript™ synthesis kit (Bio-Rad, Mississauga, ON, Canada) with

0.75 pg of total RNA for each reaction.

Quantitative real time PCR (qQRT-PCR) using the primers described above was used to examine
the relative mRNA abundance of NHE3 in the anal papillae of A. aegypti larvae. qRT-PCR reactions
were carried out using the CFX96™ real-time PCR detection system (Bio-Rad) and SsoFast™
Evagreen® Supermix (Bio-Rad) according to the manufacturer’s protocol. Ribosomal protein 49
(rp49) RNA served as the reference gene utilizing primers that have been previously designed and
utilized (Paluzzi et al., 2014). A melting curve analysis was performed after each cycle to confirm the
presence of a single product. Quantification of relative transcript abundance was determined according
to the Pfaffl method (Pfaffl, 2004). The mRNA abundance of NHE3 in the anal papillae of larvae from
each rearing condition (NaCl and HEA) was expressed relative to the control deH20, which was as-

signed a value of 1.0 after normalizing to rp49 transcript abundance.
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Western blotting

Changes in the protein abundances of AeAmtl, AeAmt2, and AeRh50s in response to rearing
in HEA (5 mmol I"' NH4Cl) has been previously documented (Chapter 4). Here, the protein abundances
of AeAmtl, AeAmt2, and AeRh50s in the anal papillae of 4™ instar larvae in response to 5 mmol 1!
NaCl was examined using Western blotting following an established protocol (Chasiotis and Kelly,
2008). Three biological samples consisting of pooled anal papillae were isolated from 30 larvae in 4.
aegypti saline (Donini et al., 2007) and were sonicated (3% 10 seconds) on ice in a homogenization
buffer (50 mmol I"! Tris-HCI pH 7.4, 1 mmol I PMSF, 150 mmol 1" NaCl, 1% sodium deoxycholate,
1% Triton X-100, 0.1% SDS, and 1:200 protease inhibitor cocktail [Sigma-Aldrich]), centrifuged at
13,000 g for 10 min at 4°C, and the supernatant was collected and stored at -80°C. The preparation of
samples consisted of 5 pg of protein from anal papillae (Bradford Assay, Bio-Rad) in radioimmuno-
precipitation assay (RIPA) homogenization buffer and 6x loading buffer (360 mmol 1" Tris-HCI pH
6.8, 12% (w/v) SDS, 30% glycerol, 600 mmol 1" DTT, and 0.03% (w/v) Bromophenol blue) for a total
sample volume of 25 pL. Samples were prepared for SDS-PAGE by heating for 5 min at 100°C, and
then were electrophoretically separated by SDS-PAGE (12% polyacrylamide). Western blot analysis
of AeAmtl, AeAmt2, and AeRh50s was conducted according to an established protocol (Chasiotis and
Kelly, 2008; Chasiotis et al., 2016; Chapter 2). Custom-synthesized polyclonal antibodies raised in
rabbit against AeAmtl, AeAmt2, and AeRh50s were used at dilutions of 1:500, 1:5000 and 1:2000,
respectively, and have been previously validated (Chasiotis et al., 2016; Chapter 3, 2018; Chapter 2).
The AeRh50 antisera is presumed to detect both AeRh50-1 and AeRh50-2 due to high epitope sequence
similarity (Chapter 2). Following chemiluminescent detection of ammonia transporter expression using
a Gel Doc XR" system (Bio-Rad), blots were stripped using stripping buffer (20 mmol 1"' magnesium
acetate, 30 mmol 1! KCI, 0.1M glycine, pH = 2.2) and total protein analysis was carried out using
Coomassie total protein staining as a loading control (0.1% Coomassie R250, 50% methanol, 50%

ddH20) (Eaton et al., 2013). Blots were incubated in Coomassie for 1 minute followed by de-staining
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for 3-5 minutes in de-stain solution (50% ethanol, 10% acetic acid, 40% ddH20). Blots were rinsed in
ddH:0 for 1 minute, dried completely, and visualized using a Gel Doc XR + system (Bio-Rad). Den-
sitometric analysis of AeAmtl, AeAmt2, AeRh50s, and Coomassie total protein was conducted using

Imagel 1.501 software (National Institutes of Health, Bethesda, MD, USA).

Ion-selective microelectrodes (ISME) and scanning ion-selective microelectrode technique
(SIET)

Haemolymph was collected by gently blotting A. aegypti larvae on filter paper to remove ex-
cess water, submerging the larvae in paraffin oil (Sigma-Aldrich, Oakville, ON, CA), and gently tear-
ing the cuticle with fine forceps to release a droplet of haemolymph into the oil. Na*, NH4", and pH
concentrations in the haemolymph were determined by measuring the activities of the free ions (Na",
NH4", H") using ion-selective microelectrodes (ISMEs) (Donini and O’Donnell, 2005). The following
ionophore cocktails (Fluka, Buchs, Switzerland) and back-fill solutions (in parentheses) were used:
NH4" Ionophore I Cocktail A (100 mmol I NH4Cl); Na* Ionophore II Cocktail A (100 mmol I"! NaCl);
and H" Tonophore I Cocktail B (100 mmol 1" NaCl/100 mmol I"! sodium citrate, pH 6.0). The ISMEs
were calibrated after every 5 haemolymph measurements in the following solutions (mmol 1""): NH4",
0.1, 1, 10 NH4Cl; Na*, 30 NaCl +270 LiCl and 300 NaCl; and H", 100 mmol I"! NaCl and 100 mmol I
! sodium citrate at pH 6.0, 7.0, and 8.0 (using NaOH or HCI). Voltages were recorded and analyzed in
LabChart 6 Pro software (AD Instruments Inc.).

The scanning ion-selective electrode technique (SIET) system protocol used in this study to
measure NH4" and Na' flux at the anal papillae of larvae has been detailed previously (Chasiotis et al.,
2016). Larvae were mounted alive in a Petri dish using beeswax and submerged in 4 ml of bath solution
(2.5 mmol I'! NH4C1 and 5 mmol I'' NaCl in double-distilled H>0), leaving the anal papillae exposed
and immobilized for measurements. ISMEs were calibrated after every 4 larvae measurements in 0.1,
1 and 10 mmol I"! of NaCl in ddH2O for Na* and 0.1, 1, and 10 mmol I'' of NH4ClI for NH4" in ddH-O.

Voltage gradients over an excursion distance of 100 um were recorded adjacent to the papillae with
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both Na" and NH4" microelectrodes (see ISME above) at the exact same site at the same time. The
sampling protocol utilized here has been outlined previously (Chasiotis et al., 2016). Readings were
taken along the lateral to distal portion of the anal papillae at five equidistant sites. Background voltage
gradients were taken 3000 pm away from the anal papillae using the same sampling protocol and were
subtracted from the voltage gradients recorded at the papillae. To calculate Na* and NH4" flux, voltage
gradients were used to calculate Na” and NH4" concentration gradients, and the Na” and NH4" flux was
then calculated using the concentration gradients with Fick’s law of diffusion. For SIET measurements,
a single biological replicate is defined as the average flux from 4 repeated measurements at each of 5

sites along a single anal papilla from a single larva.

NKA and VA activity assay
The NKA and VA activity assay used in this study was adapted from McCormick and has been

outlined previously in detail (Jonusaite et al., 2011; Mccormick, 1993). This assay is dependent on the
enzymatic coupling of NKA inhibitor ouabain (Sigma-Aldrich Canada Ltd.) or VA inhibitor bafilo-
mycin (LC Laboratories, Woburn, MA, USA) sensitive hydrolysis of adenosine triphosphate (ATP)
with the oxidation of reduced nicotinamide adenine dinucleotide (NADH), with NADH disappearance
being directly measured in a microplate spectrophotometer. Briefly, anal papillae from 30 larvae were
collected in 1.5 ml centrifuge tubes, flash-frozen in liquid nitrogen and stored at -80°C. Samples were
later thawed on ice, and 100 pl of homogenizing buffer (four parts SEI, composing of 150 mmol 1"
sucrose/10mmol I'' Na,EDTA/50mmol 1" imidazole; pH 7.3 and one-part SEID, composed of 0.5%
deoxycholic acid in SEI) was added to each tube. Samples were sonicated on ice for 10 seconds at 5
W using an XL 2000 Ultrasonic Processor (Qsonica), and were then centrifuged at 10,000 g for 10 min
at 4°C. The supernatants of each sample (100 pl) were transferred to 1.5 ml centrifuge tubes and stored

at -80°C.
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Three assay solutions (A, B, and C) were freshly prepared having a composition of: (A) 5 units
ml™! pyruvate kinase, 2.8 mmol I"! phosphoenolpyruvate, 4 units ml™! lactate dehydrogenase, 3.5 mmol
I ATP, 0.24 mmol I NADH, 50 mmol I"! imidazole, pH 7.5; (B) solution A/ 5 mmol I"! ouabain; (C)
solution A/ 10 umol 1! bafilomycin. Each solution (A, B, and C) was mixed separately with a salt
solution (composition of 189 mmol 1! NaCl, 10.5 mmol I MgClz, 42 mmol 1" KCI, 50 mmol I
imidazole, pH 7.5) with a 3:1 ratio and kept on ice. An adenosine diphosphate standard curve was first
run using the 3:1 solution A and salt solution to ensure that all reagents were working appropriately.
ADP (Sigma-Aldrich) standards were prepared using a 4 mmol I ADP stock and 50 mmol I'! imidaz-
ole buffer at concentrations of 0 nmol I'' of ADP/10 pl, 5 nmol I'! of ADP/10 pl, 10 nmol I"! of ADP/10
ul, 20 nmol 1" of ADP/10 pl, and 40 nmol I'' of ADP/10 pl. Each standard (10 pl) was added in
duplicates to a 96-well microplate (BD Falcon™) and 200 pl of 3:1 Solution A and salt solution was
added to each well. A linear rate of NADH disappearance was measured at 340 nm using a thermos
Multiscan Spectrum microplate spectrophotometer (Thermo Electron Co., San Jose, USA) at 25°C.
Absorbance spectra were recorded and analyzed using the Skanlt version 2.2 software, which yielded
a slope of -0.0128. Samples of anal papillae homogenates were thawed on ice. Six replicates (10 pl in
each well) from each sample were added to the microplate on ice, followed by the addition of 3:1
Solution A and salt solution to two wells of each sample, 3:1 Solution B and salt solution to two wells
of each sample, and 3:1 Solution C and salt solution to two wells of each sample. A decrease in NADH
absorbance was measured every minute for 30 min at 340 nm, and NKA and VA activity was calculated
using the following equation:

NKA or VA activity = ((AATPase/S)/[P]) x 60 (min),
where AATPase is the difference in ATP hydrolysis in the absence and presence of inhibitors ouabain
or bafilomycin, S is the slope of the ADP standard curve, [P] is the protein concentration of the sample
(Bradford assay, Sigma-Aldrich Canada, Ltd.). The final ATPase activity was expressed as pmoles of

ADP per milligram of protein per hour.
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Statistical analyses

Statistical analyses for all experiments were computed using Prism® 7.00 (GraphPad Software,
La Jolla, CA, USA), detailed in the caption of each figure. For analyses of multiple groups using a
One-Way ANOVA, pairwise multiple comparisons were performed using the Tukey multiple compar-

isons test, unless specified otherwise, and the adjusted P-value is indicated.

4.4 Results

Expression of AeAmtl, AeAmt2, and AeRh50s in the anal papillae in response to NaCl

Changes in protein expression of ammonia transporters in the anal papillae were examined in
response to rearing of A. aegypti larvae in 5 mmol I"! NaCl (Fig. 4-1). AeAmtl and AeAmt2 protein
abundance was unchanged in the anal papillae of deH20 and 5 mmol I'! NaCl reared larvae (Fig. 4-1
A-B). A five-fold increase in protein abundance of AeRh50s in the anal papillae was observed com-

pared to deH20 control levels in response to rearing in 5 mmol I'' NaCl (Fig. 4-1C; P = 0.0335).
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Figure 4- 1. Effect of rearing in NaCl on the protein abundance of ammonia trans-
porters in the anal papillae of 4" instar Aedes aegypti larvae. Densitometric analysis
and representative western blots of (A) AeAmtl monomer (30 kDa), (B) AcAmt2 mon-
omer (55 kDa), and (C) AeRh50s monomer (48 kDa) abundance in anal papillae of larvae
I'"). Protein abundance
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Na* and NHy4" flux at the anal papillae in response to rearing in NaCl and HEA

Na" and NH4" fluxes at the anal papillae of 4™ instar larvae reared in deH>0, 5 mmol 1" NaCl,
and 5 mmol I NH4C1 (HEA) were measured using SIET (Fig. 4-2). While there was an apparent trend
towards decreased Na" absorption at the anal papillae of larvae reared in NaCl and an apparent reversal
of Na" flux for larvae reared in NH4Cl, compared to the deH20 control, no statistically significant
change in Na" flux was observed in response to the respective rearing conditions (Fig. 4-2). In contrast,
A. aegypti larvae reared in 5 mmol 1! NaCl had significantly higher NH4" efflux rates, an approximate
7-fold increase, compared to the average flux measured for deH2O reared larvae (Fig. 4-2). Larvae
reared in 5 mmol I"! NH4Cl showed similar NH4" fluxes at the anal papillae compared to deH20 controls

levels (Fig. 4-2).
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Figure 4- 2. Effect of rearing in NaCl and HEA (NH4Cl) on Na* and NH4" flux at
the anal papillae of 4™ instar Aedes aegypti larvae. Scanning ion-selective electrode
technique (SIET) measurements of Na" and NH4" flux across the anal papillae epithe-
lium of larvae reared in either dechlorinated tap water (deH20) or NaCl (5 mmol 17).
Data is shown as mean values +£ S.E.M (N = 9-11). Different letters denote a significant
difference in flux between groups based on a one-way ANOVA for each ion (Fisher’s
LSD test, P = 0.0384).
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NKA and VA activity in the anal papillae of larvae reared in NaCl and HEA

The activity of the primary ionomotive pumps, NKA and VA, in the anal papillae of 4™ instar
larvae reared in deH20, 5 mmol I"! NaCl, and 5 mmol I"! NH4Cl was examined (Fig. 4-3). The activities
of NKA and VA in the anal papillae d in larvae reared in NaCl did not change when compared to NKA
and VA activities in the anal papillae of control deH20 reared larvae. In contrast, NKA activity in the
anal papillae was significantly reduced in larvae reared in HEA compared to activity levels in deH20
and NaCl (Fig. 4-3; P = 0.0357). Furthermore, VA activity in the anal papillae of larvae reared in HEA
was significantly higher than the VA activity in the papillae of larvae reared in deH20 and NaCl (P

=0.005).
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Figure 4- 3. Effect of rearing in NaCl and HEA (NH4CI) on Na”’K*-ATPase (NKA)
activity and V-type-H"-ATPase (VA) activity in the anal papillae of 4™ instar Aedes
aegyptilarvae. NKA and VA activities in the anal papillae of larvae reared in dechlorin-
ated tap water (deH20), NaCl (5 mmol 1"") or NH4C1 (5 mmol 1) were measured. Dif-
ferent letters denote a significant difference between rearing groups (one-way ANOVA,
Tukey’s multiple comparisons test, P = 0.0357 for NKA and P <0.005 for VA). All data
are expressed as mean + S.E.M (N = 3-5 for each treatment group).
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Changes in haemolymph ion levels and pH in response to rearing in NaCl and HEA

Haemolymph Na*, NH4*, and pH levels in the haemolymph of 4™ instar 4. aegypti larvae reared
in deH20, 5 mmol I'' NaCl, and 5 mmol I NH4CI were measured using ISMEs (Fig. 4-4). No signifi-
cant difference in haemolymph Na* levels were observed between larvae reared in deH20 and NaCl,
or deH20 and HEA, respectively (Fig. 4-4A). However, larvae reared in NaCl had a significantly higher
Na" haemolymph concentration compared to larvae reared in HEA (Fig. 4-4A). The haemolymph NH4"
concentration decreased in NaCl reared larvae compared to the deH20 control and HEA larvae (Fig.
4-4B). While there was a trend towards increased NH4" levels in the haemolymph of HEA reared larvae
compared to the deH20 control, this change was not significant (P = 0.0922). A. aegypti larvae reared
in NaCl and HEA had significantly lower haemolymph pH levels in comparison to larvae reared in

deH20 (Fig. 4-4C).
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Figure 4- 4. Effect of rearing in NaCl and HEA (NH4Cl) on Na*, NH4*, and pH levels in the
haemolymph of 41" instar Aedes aegypti larvae. lon-selective micro-electrode measurements of
(A) NH4", (B) Na', and (C) H" concentrations (expressed as pH) in the haemolymph of larvae at
7 days of rearing in either dechlorinated tap water (deH20), NaCl (5 mmol 1'"), or NH4C1 (5 mmol
I'"). Different letters denote a significant difference in ion levels based on a one-way ANOVA
(Tukey’s multiple comparisons test; adjusted P values indicated above each panel, A-C). Data is
shown as mean values + S.E.M (N= 10-11 for Na*, N = 8-10 for NH4", N = 10-12 for pH).
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Changes in NHE3 mRNA expression in response to rearing in NaCl and HEA
The mRNA abundance of NHE3 in the anal papillae of larvae reared in deH20, 5 mmol I

NaCl, and 5 mmol I NH4Cl were measured (Fig. 4-5). NHE3 transcript abundance, normalized to
ribosomal protein 49 (rp49) abundance in the anal papillae, did not change in larvae reared in HEA in
comparison to larvae reared in deH20 (Fig. 4-5). A significant decrease in NHE3 mRNA was observed

in larvae reared in NaCl compared to deH20 (an approximate 75% reduction) and HEA-reared larvae.
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Figure 4- 5. Effect of rearing in NaCl and HEA (NH4Cl) on the relative
mRNA abundance of NHE3 in the anal papillae of 4™ instar dedes aegypti
larvae. Relative NHE3 mRNA abundance in the anal papillae was measured using
qRT-PCR and was normalized to ribosomal protein 49 (rp49). NHE3 mRNA
abundance in NaCl and HEA treatments are expressed relative to deH20O levels
(assigned a value of 1). Different letters denote a significant difference in mRNA
abundance based on a one-way ANOVA of log-transformed normalized values
(Fisher’s LSD test; P < 0.05). Data is shown as mean values = S.E.M (N = 3).
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4.5 Discussion

Overview

This study describes the novel physiological mechanisms used by A. aegypti larvae to accom-
plish ammonia excretion, acid-base balance, and haemolymph ion homeostasis when faced with vary-
ing aquatic environments. Based on our previous work, we hypothesized that ammonia excretion at the
anal papillae through ammonia transporters could be utilized for acid base regulation. We found that
haemolymph acidification was a common consequence of exposing larvae to HEA or moderate levels
of NaCl. This was coupled to alterations in ammonia transporter expression in the anal papillae, and in
the case of NaCl exposure, elevated ammonia excretion rates at the anal papillae. The results support
the hypothesis that ammonia excretion at the anal papillae may be used to excrete acid when haemo-

lymph acidification occurs.

HEA Rearing

In a recent study, we examined the effects of rearing 4. aegypti larvae in HEA on the expression
of ammonia transporters in the anal papillae (Chapter 3). We reported a decrease in the protein abun-
dance of apical AeAmt2 and the AeRh50s, while the basolateral AeAmt1 protein abundance did not
change compared to control larvae reared in deH20. While we do not know whether NHE3 protein
abundance is altered, here we add that the mRNA abundance of apical NHE3 remains unchanged in
response to rearing in HEA, while the activities of basolateral NKA decreases and the apical VA in-
creases, respectively, in the anal papillae of HEA reared larvae (Figures 4-3 and 4-5). Although the
transporters involved in ammonia excretion and ion transport in the anal papillae of mosquito larvae
are similar to those found in other aquatic invertebrates and vertebrates (e.g. fish), the alterations in
expression reported here demonstrate differences in how these transporters are utilized for ammonia
excretion. For example, in the freshwater goldfish and common carp gills, exposure to HEA results in

an increase in apical Rhcg mRNA expression and NKA activity (Sinha et al., 2013; Sinha et al., 2016).
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Similar responses are observed in a freshwater shrimp and flatworm, where NKA activity increases
and the expression of a Rh protein increases (Pinto et al., 2016; Weihrauch et al., 2012b). These re-
sponses are the opposite of what is observed in the anal papillae of mosquito larvae in the present
study, which are consistent with the freshwater leech whereby Rh protein expression and NKA activity
both decrease upon HEA exposure (Quijada-Rodriguez et al., 2015). A decrease in expression of apical
AeAmt2 and AeRh50s may be a response to limit the entry of ammonia from the water in the face of
a gradient that no longer favours excretion into the water. In fact, we measured haemolymph ammonia
levels of ~ 1.4 mmol I in HEA exposed larvae (Figure 4-4) which is considerably lower than the
external HEA treatment of 5 mmol I"! and would therefore favour ammonia entry; however, it must be
noted that we have not measured cytosolic ammonia levels in the syncytial anal papillae epithelium.
In the marine crab, Metacarcinus magister, a 7-day exposure to 1 mmol I"' ammonia caused an increase
in haemolymph ammonia to levels close to 1 mmol 1" and a similar response was proposed for the
freshwater leech, Nephelopsis obscura (Martin et al., 2011; Quijada-Rodriguez et al., 2015). It was
suggested that this increase in haemolymph ammonia permits ammonia excretion in HEA by minimiz-
ing the ammonia gradient that would otherwise lead to ammonia entry. This is in contrast to our find-
ings in the mosquito larvae, which appear to maintain haemolymph ammonia levels that are lower than
the external ammonia levels. The unaltered basal expression of AeAmtl, which has been proposed to
transport NHa4" from haemolymph to cytosol and is driven by the cytosol negative potential generated
by basal NKA and apical VA, could maintain cytosol ammonia levels higher than the haemolymph,
thus supporting ammonia excretion across the apical membrane (Chasiotis et al., 2016). In this case,
the electrical potential is more important than the ammonia concentration gradient. Although NKA
activity decreases in HEA, the elevated VA activity may compensate to maintain the cytosol negative
potential in the anal papillac. Ammonia excretion is still evident in papillae of HEA exposed larvae

because ammonia excretion rates which were similar to those recorded from papillae of control larvae
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were measured in water with 2.5 mmol I'' NH4Cl (and 5 mmol 1! NaCl) which represents an inward
directed ammonia gradient relative to the haemolymph ammonia levels (Figure 4-2).

A reduction in Na" uptake at the anal papillae in a bath containing 5 mmol I'! NaCl and 2.5
mmol 1" NH4Cl was previously demonstrated (Weihrauch et al., 2012a). Larvae exposed to HEA
showed a trend towards a lower haemolymph [Na'] (Figure 4-4A, p = 0.059, Tukey’s) as well as lower
haemolymph pH compared to control larvae (Figure 4-4C). Similar findings were reported for some
crustaceans exposed to HEA (Chen and Chen, 1996; Harris et al., 2001; Young-Lai et al., 1991). The
prevailing theory for a reduction in haemolymph [Na "] caused by ammonia exposure is the impairment
of an apical Na"/NH4" transport system (Chen and Chen, 1996; Harris et al., 2001; Romano and Zeng,
2007), which may involve a transport metabolon comprised of VA, NHE3 and Rh proteins (Shih et al.,
2012; Shih et al., 2013; Wright and Wood, 2009; Wu et al., 2010b). The findings of a trend towards
reduced haemolymph [Na'] in HEA larvae, coupled with the observation that NH4" fluxes from anal
papillae in a bath containing NaCl are statistically similar to those measured from control larvae, do
not support a mechanism of Na'/NH4" exchange at the anal papillae. Furthermore, papillae from HEA
exposed larvae showed a mean Na" excretion in tandem with NH4" excretion suggesting that ammonia
excretion and Na" uptake mechanisms are not linked when larvae are reared in HEA (Figure 4-2).
Additionally, the loss of Na" at the anal papillae is likely responsible for the apparent decrease in hae-
molymph [Na'] and the decrease in NKA activity in HEA, which is important for Na" uptake also
suggests that Na'/NHs" exchange seems unlikely at the anal papillae.

Lastly, the lower haemolymph pH of larvae reared in HEA could be the result of deprotonation
of NH4" whereby NH3 diffuses across cellular membranes and H' remains in the haemolymph, leading
to acidification. The NH4" levels in the haemolymph of HEA exposed larvae were ~ 1.4 mmol 1!
compared to levels in control larvae of ~ 1 mmol 1" (p = 0.09 Tukey’s). This apparent elevation in
haemolymph ammonia may have been sufficient to acidify the haemolymph. However, the relative

amount of deprotonation of NH4" would be minimal at a pH of ~7.7. An alternative explanation is that
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larvae intentionally decrease their haemolymph pH from ~7.9 to ~7.7 in order to limit deprotonation
of the elevated NHs" in the haemolymph. This has been suggested in copepods that accumulate high
levels of ammonia in the haemolymph during diapause (Schriinder et al., 2013). Another explanation
may be that the acidification of the haemolymph is a consequence of the downregulation of AeRh50
expression. A previous study noted that RNAi mediated knockdown of AeRh50-1 in the anal papillae
resulted in haemolymph acidification (Chapter 2). This is similar to the effect of HEA rearing whereby
AeRh50 expression is downregulated and haemolymph acidification occurs (Chapter 4). We previ-
ously speculated that this acidification could arise if AeRh50-1 is capable of transporting CO2 and is
located on the basal membrane of the anal papillae epithelium. If this were the case then downregula-
tion of AeRh50-1 in response to HEA would result in a buildup of bicarbonate and protons in the
haemolymph; however, at this time there is no conclusive evidence that Rh proteins transport CO2 and

studies to determine the transport substrate of these transporters continue to be very important.

NaCl Rearing

Rearing of 4. aegypti larvae in 5 mmol I NaCl did not affect the abundance of either AeAmtl1
or AeAmt2 protein in the anal papillae but increased the abundance of the AeRh50 protein by 5 times
the levels detected in deH2O-reared larvae (Figure 4-1). These observations on the expression of am-
monia transporters in the anal papillae coincide with significantly higher NH4" excretion from the anal
papillae of NaCl reared larvae and decreased haemolymph NH4" levels, suggesting that the elevated
ammonia excretion occurs through the AeRh50 proteins. As previously mentioned, Rh proteins are
proposed gas channels which were shown to transport NH3 by recruitment of NH4" and subsequent
deprotonation (Baday et al., 2015; Kustu and Inwood, 2006). We propose that the electrical component
of the electrochemical gradient drives NHs" into the cytosol of the anal papillae epithelium through
AeAmtl and that ammonia exits primarily through an apical AeRh50 protein, which can recruit NHs"

that is accumulating in the cytosol and transport NH3 to the water. The resulting protons in the cytosol
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can be removed through VA which functions with the apical AeRh50 in an ammonia trapping mecha-
nism. In the present study, the observed increase in ammonia excretion and AeRh50 expression at the
anal papillae of NaCl reared larvae was unexpected, however, may be explained by ammonia excretion
being utilized to remove acid from the haemolymph. This has been proposed for crustaceans
(Fehsenfeld and Weihrauch, 2017).

Acidification of the haemolymph in aquatic animals exposed to salt is thought to occur because
of a down regulation of Na" uptake which is coupled with H" secretion (Henry and Cameron, 1982;
Maxime et al., 1990; Truchot, 1981; Truchot and Nonnotte, 1990). This acidification of the haecmo-
lymph was shown to occur in 4. aegypti larvae that were transferred to relatively high salt levels
(Donini et al., 2007). Evidence that Na" uptake is associated with H" secretion in 4. aegypti has been
presented (Patrick et al., 2002a; Stobbart, 1967) and we have shown that Na" uptake at the papillae is
likely to occur through a putative Na' channel driven by the electrical gradient established by the apical
VA which secretes H' into the water (Del Duca et al., 2011). We have since shown the expression of
NHES3 on the apical side of the anal papilla epithelium and cannot rule out the possibility of Na* uptake
coupled to H' secretion via this transporter (Chasiotis et al., 2016). Although there is a trend towards
a decrease in Na' uptake at the anal papillae of NaCl reared larvae, the VA activity was no different
than that found in control larvae. The mRNA abundance of the NHE3 was reduced to ~1/4 the levels
in controls and although it is tempting to speculate that the trend towards a decrease in Na* uptake and
the acidification of the haemolymph may be the result of reduced NHE3 expression at the anal papillae;
the protein levels of NHE3 need to be measured.

The acidification of the haemolymph in NaCl reared larvae is also likely to release more CO2
in the haemolymph because of the buffering properties of bicarbonate. As a result, the larvae would
require an outlet for the increased CO2 levels in the haemolymph. The increased expression of the
AeRh50s in the anal papillae might provide the means to eliminate the excess COz if these transporters

were capable of COz transport. In fish, algae and bacteria there is some evidence that Rh proteins may
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be capable of transporting COz (Perry et al., 2010; Soupene et al., 2002; Soupene et al., 2004). If Aedes
aegypti Rh proteins are able to transport CO2 then they may also be utilized for acid-base balance in
this manner; however, more research is required to ascertain the transport substrates of these transport-

€r8s..

Perspectives and Conclusions

In summary, In HEA, the apical ammonia transporters in the anal papillae appear to be detri-
mental and are downregulated in order to limit ammonia entry into the cytosol, whereas the basal
AeAmtl expression remains unaltered, with NHs" excretion being maintained against an inward gra-
dient. In moderate levels of salt, we propose that the main physiological challenge of A. aegypti larvae
is haemolymph acidosis similar to other aquatic organisms (Fehsenfeld and Weihrauch, 2017). We
show that elevated AeRh50 protein abundance coupled with an increase in excretion of NH4" at the
anal papillae and a haemolymph acidosis occurs in response to salt, suggesting an important role for
Rh proteins in acid-base regulation. We therefore accept the hypothesis that NH4" excretion at the anal

papillae is utilized to remove acid from the haemolymph.
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Chapter Five

Development of Aedes aegypti (Diptera, Culicidae) mosquito larvae in high ammonia
sewage in septic tanks causes alterations in ammonia excretion, ammonia transporter

expression, and osmoregulation

This chapter has been published and reproduced with permission:

Durant A.C., Donini A. (2019) Development of Aedes aegypti (Diptera, Culicidae) mosquito larvae
in high ammonia sewage in septic tanks causes alterations in ammonia excretion, ammonia trans-
porter expression and osmoregulation. Scientific Reports 9, 19028.
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5.1 Summary

Larvae of the disease vector mosquito, Aedes aegypti (L.) readily develop in ammonia rich
sewage in the British Virgin Islands. To understand how the larvae survive in ammonia levels that are
lethal to most animals, an examination of ammonia excretory physiology in larvae collected from sep-
tic-water and freshwater was carried out. A. aegypti larvaec were found to be remarkably plastic in
dealing with high external ammonia through the modulation of NH4" excretion at the anal papillae,
measured using the scanning ion-selective electrode technique (SIET), and NH4" secretion in the pri-
mary urine by the Malpighian tubules when developing in septic water. Ammonia transporters, Amt
and Rh proteins, are expressed in ionoregulatory and excretory organs, with increases in Rh protein,
Na"-K'-ATPase, and V-type-H"-ATPase expression observed in the Malpighian tubules, hindgut, and
anal papillae in septic-water larvae. A comparative approach using laboratory 4. aegypti larvae reared
in high ammonia septic-water revealed similar responses to collected 4. aegypti with regard to altered
ammonia secretion and haemolymph ion composition. Results suggest that the observed alterations in
excretory physiology of larvae developing in septic-water is a consequence of the high ammonia levels
and that 4. aegypti larvae may rely on ammonia transporting proteins coupled to active transport to

survive in septic-water.
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5.2 Introduction

The mosquito Aedes aegypti (L.) is a medically and economically important species because it
is the vector of the arboviruses that cause dengue, Zika, chikungunya and yellow fever. (Bhatt et al.,
2013; Gubler, 1998). The aquatic larvae of Aedes aegypti were considered to inhabit clean urban fresh-
water environments in close proximity to humans; however, over the last few decades, there have been
numerous reports of this species exploiting more cryptic, and previously overlooked habitats such as
raw sewage and domestic sewage in subterranean septic tanks (Burke et al., 2010; Irving-Bell et al.,
1987; Lam and Dharmaraj, 1982) For example, during dry months in central Nigeria, 4. aegypti was
shown to preferentially breed in containers with septic water over clean water sources (Irving-Bell et
al., 1987). Similar choice assay experiments in a laboratory setting found no differences in the repro-
ductive physiology or selection of oviposition sites by adult A. aegypti females provided with fresh-
water and raw sewage (Chitolina et al., 2016). Habitat expansion of A. aegypti to septic tanks was
documented in a 1,400 household town of Puerto Rico where it was estimated that septic tanks were
yielding tens of thousands of mosquitoes daily (Barrera et al., 2008). Furthermore, this phenomena is
not limited to 4. aegypti and is not just an issue in areas with regular domestic septic tank usage or
poor sanitation practices since the mosquito Culex quinquefasciatus, an important vector for West Nile
virus, was found in greatest abundance in septic tanks and sewage treatment plants in the Florida Keys
(Hribar, 2007). While there appears to be no genetic differentiation between populations of 4. aegypti
emerging from septic/sewage water and freshwater habitats, pupal biomass, adult wing length and nu-
trient reserves were significantly higher in 4. aegypti from sewage water compared to man-made and
natural freshwater habitats (Banerjee et al., 2015; Mackay et al., 2009; Somers et al., 2011). It now
appears that septic systems serve as a year-round, permanent refuge for emerging A. aegypti, irrespec-
tive of rainfall amounts and wet/dry seasons (Mackay et al., 2009). These findings have serious impli-
cations for vector control programs, which traditionally focus efforts on limiting mosquito breeding in

freshwater habitats during wet seasons. Furthermore, development of A. aegypti larvae in raw sewage
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can have grave consequences in terms of disease transmission as was shown recently in a study that
demonstrated the larvae and pupae can acquire Zika virus in contaminated aquatic systems containing

low levels of the virus (Du et al., 2019).

It is clearly beneficial for mosquitoes to seek out protected, predator free breeding habitats rich
in organic matter, such as septic tanks, but these habitats also contain ammonia (NH3/NH4") which is
toxic at micromolar concentrations to most animals. Earlier studies examining the tolerance of 4. ae-
gypti larvae to synthetic sewage containing high levels of ammonium chloride (NH4Cl) found that the
mean [NH4Cl] that is lethal to 50% of the exposed individuals (LCso) was between ~ 2.20-3.57 mmol
1! for different strains of larvae from different geographical regions including Puerto Rico, El Salvador,
Africa (3 different strains), India, Sri Lanka, and Malaysia (Mitchell and Wood, 1984; Pope and Wood,
1981). The mean LCso increased to ~12 mmol I"! when larvae were selected over three generations of
rearing in high ammonia synthetic sewage. Outside of controlled laboratory studies, high levels of
ammonia (~2-4 mmol I'") in septic tanks with actively breeding Aedes species (4. aegypti and A. al-
bopictus) has been documented (Chitolina et al., 2016; Lam and Dharmaraj, 1982). Therefore, Aedes
aegypti display a remarkable tolerance to high ammonia and effective surveillance and intervention
methods to prevent breeding in septic tanks has been recommended in order to achieve successful

mosquito control and disease prevention programs (Burke et al., 2010; Mackay et al., 2009).

Ammonia toxicity in animals is caused by a number of mechanisms that have been previously
outlined(Weihrauch et al., 2009; Weihrauch et al., 2012a; Wright, 1995a). Animals have developed
strategies to minimize ammonia toxicity which include mechanisms to sequester and excrete ammonia
(Weihrauch and Allen, 2018b; Weihrauch et al., 2009; Wright, 1995b). The larvae of 4. aegypti excrete
relatively high levels of ammonium (NH4") from the anal papillae (AP) (Donini and O’Donnell, 2005;
Weihrauch et al., 2012a). The four AP are sac-like structures that surround the anus and protrude from

the terminal segment of the animal. Each AP is comprised of a syncytial epithelium with the apical cell
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surface directed outwards to the environment, and the basolateral cell surface facing the lumen which
is continuous with the haemocoel (Clements, 1992). This morphology allows for the direct excretion
of ammonia into the aquatic environment from the AP, and these organs express a number of ammonia-
transporting proteins which have been shown to play a role in ammonia excretion in laboratory reared
A. aegypti (Chasiotis et al., 2016; Donini and O’Donnell, 2005; Chapter 3; Chapter 2; Weihrauch et
al., 2012a). The AP of laboratory reared Aedes aegypti express two vertebrate-like Rhesus (Rh) pro-
teins, AeRh50-1 and AeRh50-2, and two phylogenetically related ammonium transporters (Amts),
AeAmtl and AeAmt2, which group together with functionally similar Amts from plants (Chasiotis et
al., 2016; Chapter 3; Weihrauch et al., 2012a). Within the AP epithelium, AeAmtl and AeAmt2 are
localized on the basal and apical sides of the epithelium, respectively, and Rh proteins are localized to
both apical and basal membranes (Chasiotis et al., 2016; Chapter 3; Chapter 2). Knockdown using
RNAI in these studies implicated all four proteins in the process of ammonia excretion and, in part, the
regulation of acid-base balance at the AP. Furthermore, Amt and Rh protein mRNA and protein abun-
dances are altered in response to rearing in high environmental ammonia (HEA) conditions, presuma-
bly in order to prevent ammonia influx and to continue to facilitate ammonia efflux at the AP against

an inwardly directed gradient (Chapter 3; Chapter 4).

Apart from the anal papillac which are only found in some fly (Dipteran) larvae, the main
excretory organs of insects are the Malpighian tubules (MT) and rectum (RM) and these have been
shown to excrete ammonia in locusts and Drosophila (Browne and O’Donnell, 2013; Stagg et al., 1991;
Thomson et al., 1988). In laboratory reared adult 4. aegypti ammonia is excreted after a blood meal
and also after feeding on solutions containing ammonia; however, it is not yet clear which organs are
involved (Mazzalupo et al., 2016; Scaraffia et al., 2006). In Manduca sexta, an Rh-like ammonia trans-
porter (RAMS) was shown to have high levels of expression in the MT and gut, and an Rh protein in

Aedes albopictus, AalRh50, was upregulated in the midgut and MT of adult females following blood
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feeding (Weihrauch, 2006; Wu et al., 2010a).To the best of our knowledge, no studies have been per-
formed to assess ammonia transport by the MT and rectum of mosquito larvae and despite the im-
portance of the AP in ammonia excretion, one might assume that these organs are also contributing.
Furthermore, epithelia of other organs comprising the gastrointestinal tract may aid in regulating am-
monia levels during digestion of protein. Specifically, the gastric caeca (GC) which transport ions and
other solutes (D’Silva et al., 2017; Volkmann and Peters, 1989a; Volkmann and Peters, 1989b), and
the anterior and posterior midgut (AMG, PMG) which are important in digestion with the PMG being

comprised of cells that resemble the resorbing/secreting cells found in the GC (Clements, 1992).

Given that sewage contaminated water is being exploited as a suitable habitat by the disease
vector mosquito 4. aegypti, and this species’ remarkable ability to survive in high ammonia environ-
ments, the objectives of this study were two-fold; 1) to examine if ammonia transporter expression and
rates of ammonia transport in organs of field collected 4. aegypti larvae from sewage contaminated
water and freshwater are different, and 2) to evaluate if differences exist in how laboratory and field
collected 4. aegypti larvae modulate ammonia transporter expression and ammonia transport in organs
when exposed to sewage contaminated water. We hypothesized that field collected 4. aegypti larvae
from sewage contaminated water are capable of tolerating high ammonia concentrations by adjusting
their physiology in part through altering ammonia transporter (Rh and Amt) expression and function

in excretory organs such as the AP, Malpighian tubules and gut.

5.3 Materials and Methods

Mosquito collection sites

A. aegyptilarvae were collected from freshwater (FW) artificial containers (4 different artificial
containers in three urbanized areas) and septic tanks (6 different septic tanks within 4 areas) in urban-
ized areas of the British Virgin Islands (B.V.1.) in August and December of 2018 (wet and dry seasons,

respectively, Fig. 5-1). Prior to collection of Aedes aegypti larvae from each site, ammonia (NH3/NH4")
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test strips (Tetra EasyStrips) were used to confirm high total ammonia levels in septic water compared
to freshwater levels. A. aegypti was distinguished from other species collected using an Identification
Key of Medically Important Mosquito Species developed by the Walter Reed Biosystematics Unit
(WRBU, Smithsonian Institution(Wilkerson et al., 2015)). The septic tanks are domestic sewage sys-
tems comprised of a mixture of ‘black water’ which has come into contact with fecal matter from toilets
and contains around 90% of a household’s nitrogenous waste as well as the majority of pathogens, and
“grey water” generally produced from bath, kitchen and laundry waste (Luostarinen et al., 2007,
Terpstra, 1999). The freshwater artificial containers included discarded paint cans, sail cloth (canvas),
buckets, and large barrels that had collected rainwater. Samples of raw septic water (5 mL) were col-

lected and immediately frozen at -30°C for later analysis.

Mosquito rearing, experimental treatments and organ sample collection

A. aegypti larvae were collected from the sites described above using fine nylon mesh nets and
were reared to 4" instar in 1 litre of water from their respective collection sites in aerated plastic con-
tainers (18 x 14 x 10 cm) outdoors in the shade. Separate containers held under the same conditions
were utilized to hatch eggs from a laboratory reared colony in either freshwater or septic water obtained
from the collection sites (Laboratory colony from Department of Biology, York University, Toronto,
ON, Canada; Details on the establishment of this colony and rearing conditions of the colony have
been described in detail in a previous study (Chapter 3)). All groups of larvae whether field collected
or originating from the laboratory colony were fed %4 teaspoon of Tetrafin goldfish food flakes every
other day (Tetra, Melle, Germany). For laboratory sourced larvae two containers of field collected
freshwater (from two separate sites where wild larvae were collected) and two containers of septic
water (from two separate sites where wild larvae were collected from) were used for hatching ~100
larvae in each container. For wild collected larvae, the larvae were set up in separate containers in their

respective collected septic water or freshwater. In the case of wild collected larvae, the number of
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larvae and rearing density differed depending on how many larvae could be collected from the sites.
Upon reaching 4™ instar, the field collected and laboratory originating larvae were either fixed in
Bouin’s solution and subsequently stored in cold 70% ethanol for immunohistology (see Immunohisto-
chemistry section below), or their organs were dissected on ice in Dulbecco’s phosphate-buffered sa-
line (DPBS, Thermo Fisher Scientific) and stored at -30°C until processing (see Western blotting sec-
tion below). Fixed larvae and frozen organ samples were transported to Y ork University, Toronto, ON,
Canada on ice with expedited overnight service (FedEx, Mississauga, ON, Canada). Some larvae were
also transported live back to Toronto, ON, Canada in their respective rearing water with the same
service in order to conduct electrophysiology experiments (see below). These larvae were subsequently
held in the laboratory at 26°C on a 12h:12h light:dark cycle, the same parameters utilized to rear the
laboratory colony. Importation of 4. aegypti from the B.V.I. into Canada followed the guidelines of
the Government of Canada (Office of the Chief Plant Health Officer, Plant Health and Biosecurity

Directorate Canadian Food Inspection Agency).

Measurement of physicochemical properties of freshwater and septic water from larvae collec-
tion sites

The osmolarity of septic water samples (10 ul per sample) from domestic septic tanks was
measured using a Precision Systems Osmette [I™ osmometer (Thermo Fisher Scientific) which uses
a one-step freezing point measurement of osmolality between 0 to 2000 mOsm/L. Total ammonia
[NH3/NH4"] in each septic water sample was determined using a colorimetric assay in which a blue
indophenol compound is formed (Verdouw et al., 1978). The absorbance spectra were read at 650 nm
using a thermo Multiscan Spectrum microplate spectrophotometer (Thermo Electron Co., San Jose,
USA) at room temperature. The concentration of free inorganic ions (NH4", H, Na*, K") were meas-
ured using ion-selective microelectrodes (ISMEs, see below). Septic water [Cl] levels were determined

using a colorimetric assay which was measured in a spectrophotometer (Zall et al., 1956).
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Ion Selective Micro-Electrodes (ISMEs)

ISMEs selective for NH4", Na", K" and H" were constructed according to an established pro-
tocol (Donini and O’Donnell, 2005). The ISMEs were used to measure haemolymph ion (NH4", H",
Na', K") activities, Malpighian tubule fluid secretion ion activities, and for Scanning Ion-selective
Electrode Technique (SIET) ion flux measurements at the anal papillae. The tips of ISMEs for haemo-
lymph sampling and Malpighian tubule (MT) fluid secretion sampling were coated with polyvinylchlo-
ride (PVC, Fluka) in tetrahydrofuran (THF, Fluka) as previously described (Donini and O’Donnell,
2005). The ISMEs were calibrated after every 2 samples in the following solutions (mmol 1""): NH4",
0.2, 2, 20 NH4Cl; Na™, 30 NaCl 4270 LiCl and 300 NaCl; H", 100 mmol I NaCl and 100 mmol 1!
sodium citrate at pH 7.0, 8.0 and 9.0 (pH adjusted by tritration with NaOH or HCI); and K", 0.5, 5, and

50 KCI. The NH4" ISMEs for SIET were calibrated in 0.1, 1 and 10 mmol I"! NH4Cl.

Haemolymph and Malpighian tubule fluid secretion sampling

Haemolymph was collected from larvae following a previously established protocol (Chapter
3). Haemolymph NH4", H', Na", and K" levels of the collected haemolymph droplets under mineral oil
were measured as free ion activities using ion-selective microelectrodes (ISMEs). Voltages were rec-
orded with an ML 165 pH Amp connected to a PowerLab 4/30 and analyzed in LabChart 6 Pro software

(AD Instruments Inc, Colorado Springs, CO, USA).

A modified Ramsay assay described in Misyura et al. was used to collect secreted primary
urine droplets from MTs of 4. aegypti larvae (Misyura et al., 2017). The MTs were left to secrete for
60 mins at room temperature with the distal 1/3 portion bathed in a saline droplet containing 2 mmol
1" of NH4CL. Fluid secretion rates were calculated by dividing the volume of the secreted droplet by

the time it took for the droplet to form. ISMEs were used to measure [NH4"] within the secreted fluid.
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NH," flux measurements using SIET

NH;" flux at the anal papillae of A. aegypti larvae was measured using the scanning ion-selec-
tive electrode technique (SIET) and has been described in detail elsewhere (Chasiotis et al., 2016;
Donini and O’Donnell, 2005; Chapter 3). Briefly, NHs" voltage gradients over an excursion distance
of 100 um were recorded adjacent to the papillae with an ISME selective for NH4". Fluxes were
measured in the rearing water of each group of larvae (freshwater for FW-reared larvae and septic
water for Septic-reared larvae). Flux measurements were taken along the middle to distal portion of
the anal papillae at four equally spaced sites. Background voltage gradients were taken 3 cm away
from the anal papillae using the same sampling protocol and were subtracted from the voltage gradients
recorded at the papillae. For SIET measurements, a single biological replicate (n = 1) is defined as the
average flux from 4 repeated measurements at each of the 4 equidistant sites along a single anal papilla

from a single larva.

Body weight and total body moisture

Body weight and body water content were measured from laboratory 4™ instar larvae reared in
both FW and septic water. The larvae were first placed on tissue paper which allowed all external body
surface moisture to be absorbed. The body weight of larvae was recorded (to the nearest microgram,
pg) using a UMX2 Automated-S microbalance (Mettler Toledo, Greifensee, Switzerland). Larvae were
then placed in a conventional oven at 60°C for 48 hr to dehydrate and were subsequently reweighed.
Total body water content (% of larval weight prior to dehydration) was then calculated using the dif-

ference in the mass of the larvae before and after dehydration.

Western blotting and immunohistochemistry

Quantification of AeAmtl, AeAmt2, and AeRh50 protein abundances in 4. aegypti larvae us-
ing Western blotting has been previously established (Chasiotis and Kelly, 2008; Chapter 3). The pre-

sent study examined AeAmtl, AeAmt2, and AeRh50 protein abundance in the carcass (CAR), whole
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gut (WG), and anal papillae (AP) of B.V.I. collected larvae, and in the gastric caecae (GC), anterior
midgut (AMG), posterior midgut (PMG), hindgut (HG), Malpighian tubules (MT), and the anal papil-
lae (AP) of laboratory larvae, which were reared in either B.V.I. collected freshwater or septic water.
The CAR of larvae in this study is defined as all organs, tissues and cuticle not including organs of the
alimentary canal and anal papillae, and the WG includes all organs of the alimentary canal (GC, AMG,
PMG, HG, MT). Note that GC and AMG are not presented in our normalized protein abundance data
for laboratory larvae, as we did not detect ammonia transporter expression in those organs in either
FW or septic water reared laboratory larvae. For B.V.I. collected larvae, 3 biological samples were
collected from a total of 90 FW and 90 septic water larvae, where 1 biological sample consisted of the
CAR, WG or AP of 30 larvae. Protein samples were initially collected and stored in 4. aegypti saline
described previously (Donini et al., 2007). Samples of laboratory larvae reared in B.V.I. FW and septic
water were similarly collected with 3 and 4 biological samples for FW and septic water, respectively;
however, each of these samples were from 50 larvae. Proteins in samples were electrophoretically
separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) as described
in detail by Durant and Donini by loading 5 pg (for AP) or 15 pg (for all other organs) of protein
(Bradford Assay, Bio-Rad) in RIPA homogenization buffer and 6x loading buffer (Chapter 4). Cus-
tom-synthesized polyclonal antibodies raised in rabbit against AeAmtl, AeAmt2, and AeRh50s were
used at dilutions of 7.46 X 10, 3.57 X 10, and 4.29 X 10" pg uL! respectively, and have been
previously described and used on larvae of 4. aegypti (Chasiotis et al., 2016; Chapter 3; Chapter 2).
Due to a high epitope sequence similarity between AeRh50-1 and AeRh50-2, the AeRh50 antisera
(designed against AeRh50-1) is presumed to detect both AeRh50-1 and AeRh50-2 protein (Chapter 2).
Therefore, AeRh50 protein abundance is reported as the combination of both AeRh50-1 and AeRh50-
2. Total protein analysis as a loading control was carried out using Coomassie total protein staining

(Chapter 3; Eaton et al., 2013). Densitometric analysis of AcAmtl, AeAmt2, AeRh50s, and Coomassie
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total protein was conducted using ImagelJ 1.501 software (National Institutes of Health, Bethesda, MD,
USA).

AeAmtl, AeAmt2, and AeRh50 immunolocalization in paraffin-embedded cross and
transverse sections (5 pm thick) of the 4. aegypti WG, CAR, and AP was carried out on 10 larvae for
each treatment according to an established protocol with the antisera used at dilutions of 9.33 X 10,
2.86 X 10, and 6.44 X 10 pg uL™!, respectively (Chasiotis et al., 2016; Chapter 3; Chapter 2). Na'-
K"-ATPase (NKA) and the V1 subunit of V-type H-ATPase (VA) immunostaining were used as mark-
ers for the basolateral and apical membranes, respectively, of organs comprising the alimentary ca-
nal(Patrick et al., 2006a). Note that VA is localized to the basolateral membrane in the anterior midgut
(AMGQG) of A. aegypti larvae, where NKA immunostaining appears to be absent (Patrick et al., 2006a).
A mouse monoclonal anti-a5 antibody for NKA (Douglas Fambrough, Developmental Studies Hy-
bridoma Bank, A, USA) was used at a 1:10 dilution, and a guinea pig anti-V-type H"-ATPase (kind
gift from Dr. Weiczorek, University of Osnabruk, Germany) was used at a 1:5000 dilution (Chasiotis
et al., 2016; Chapter 3; Patrick et al., 2006). A sheep anti-mouse antibody conjugated to Cy2 and a
goat anti-guinea pig antibody conjugated to AlexaFluor 647 (Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) at dilutions of 1:500 were used to visualize NKA and VA, respectively. To
visualize AeAmtl, AeAmt2 and AeRh50, a goat anti-rabbit antibody conjugated to Alexa Fluor 594
(Jackson ImmunoResearch) at a dilution of 1:500 for all slides was applied (Chasiotis et al., 2016;
Chapter 2). Control slides were only incubated with primary immune serum (primary antibody omit-
ted) and processed according to the procedure above. Slides were mounted using with mount media
containing DAPI for nuclei staining (ProLong Gold antifade reagent, Life Technologies, Burlington,
ON). Fluorescence images were captured on an Olympus [X81 inverted microscope (Olympus Canada,
Richmond Hill, ON, Canada) equipped with an X-CITE 120XL Fluorescent Illuminator (X-CITE,
Mississauga, ON, Canada)(Misyura et al., 2017; Nowghani et al., 2019). Images were merged using

ImageJ 1.50i software (National Institutes of Health, Bethesda, MD, USA).
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Statistical analyses

Data were analyzed using GraphPad Prism 7.00 (GraphPad Software Inc., La Jolla, CA, USA)
and were expressed as mean £ S.E.M. All experimental measurements were analyzed using the Stu-
dent’s t-test (p < 0.05) or Two-way ANOVA (Bonferonni’s multiple comparisons test, adjust p value

< 0.05) on log transformed values for normalized data and raw values for all other data, as specified.

5.4 Results

Physicochemical analysis of freshwater and septic water from larvae collection sites

A. aegypti larvae were collected from artificial containers containing freshwater and residential
septic tanks containing sewage water in urbanized regions of the British Virgin Islands (indicated in
Fig. 5-1). Field assessments of total ammonia [NH3/NH4'] in FW containers (Fig. 5-2A) and septic
water from septic tanks (Fig. 5-2B) using ammonia test strips (Tetra EasyStrips) were carried out.
Lower levels of ammonia in FW (~0.015 mmol 1) were detected relative to those in septic water (~ 5
mmol I'"). Ammonia test strips from each of the FW containers and septic tank sites in which 4. aegypti
larvae were collected from in this study are also presented to demonstrate differences in field estimates
of total ammonia between FW and septic water (Fig. 5-S1). The osmolarity, concentration of inorganic
ions, and total ammonia [NH3/NH4'] levels in septic water collected from three septic tanks was also
measured in the laboratory (Table 5-1). Mean osmolarity (29 mOsm 1) was approximately 10 times
less than the haemolymph osmolarity of 4. aegypti larvae (Edwards, 1982). High levels of total am-
monia [NH3/NH4'] and ammonium [NH4"] were measured in septic water (7.8 and 4.6 mmol 1!, re-
spectively), corresponding with crude assessments using ammonia test strips (see above). The mean
septic water pH was alkaline (pH 8.5), and moderate amounts of CI, Na", and to a lesser extent, K",
was measured (8.2, 4.3, and 1.2 mmol I"!, respectively) (Table 5-1). Measurements of [NH4] in FW
from artificial containers containing larvae were much lower (< 0.387 +0.015 mmol 1"") with osmolar-

ity between 0-5 mOsm 1! (data not shown).
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Figure 5- 1. Map of the study area and sites of A. aegypti larvae collection within
the British Virgin Islands. The location of Aedes aegypti larvae collected from
septic tanks (6 septic tanks within 4 different areas, red circles) and artificial con-
tainers containing freshwater (5 artificial containers within 3 different areas, blue
circles) used in the present study are indicated. A. aegypti larvae were collected from
urbanized sites on the islands of Tortola and Virgin Gorda.
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Figure 5- 2. Representative images of a freshwater container and a septic tank containing
raw sewage water each with actively breeding A. aegypti used in the present study. (A)
Barrel containing freshwater (FW) and (B) septic tank with raw sewage water each containing
live A. aegypti larvae (indicated by red arrows). Representative ammonia (NH3/NH4") test strips
(Tetra EasyStrips) from one FW site and one septic water site used to estimate ammonia levels
are shown below each image (A and B) along with a control concentration gradient.
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Table 5- 1. Concentration of inorganic ions, pH, osmolarity and total ammonia in raw
sewage water collected from septic tanks containing developing A. aegypti larvae, pu-
pae, and breeding adults. Values are shown as mean + S.E.M. (n = 3 samples of raw sew-
age). Note: samples of freshwater were not analyzed here, however, freshwater [NH4"] and
osmolarity measurements can be found in text (see Results).

: Total NH,* Na* K* cr
Osmolari - pH
(mOsmlL)ty [NH3/NH,4™] (mmol/L) {mmol/L) (mmol/L) {mmol/L)
(mmoliL)

29 £ 4143 778 #1217 457 + 0548 B8.48 + 0134 425 + 0438 1.19 + 0.108 8.24 + 0.893
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Haemolymph ion activities, body weight, and body moisture of larvae

Haemolymph ion activities and pH of wild collected and laboratory larvae reared in FW and
septic water were measured using ISMEs (Fig. 5-3). A significant increase in haemolymph [NH4"] was
observed in both wild collected and laboratory larvae reared in septic water compared to FW reared
larvae (Fig. 5-3A,B). The pH of the haemolymph of wild collected septic-reared larvae was lower than
FW reared larvae (Fig. 5-3A). There was no difference in haemolymph [Na'] and [K'] between FW
and septic water reared larvae from wild collected or laboratory larvae (Fig. 5-3). Furthermore, mean
body weight (in mg) and total body moisture (between 85-90% of total larval mass) of 4™ instar labor-

atory 4. aegypti larvae did not differ between FW and septic water treatments (Fig. 5-4).
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Figure 5- 3. Haemolymph ion and pH levels of wild-collected and laboratory 4. Ae-
gypti larvae reared in freshwater (FW) and septic water (Septic). Ammonium
(NH4"), sodium (Na"), potassium (K") and pH (dashed bars) levels in the haemolymph
of (A) wild A. aegypti larvae (n = 6-7 per group) and (B) laboratory A. aegypti larvae (n
= 15-17 per group) reared in FW or Septic. Data shown as mean + S.E.M. Asterisks
indicate statistical significance (* = p < 0.05; ** = p < (0.005) compared to FW control
(Unpaired, two-tailed t-test; Adjusted p values shown; Holm-Sidak correction for multi-
ple comparisons).
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Figure 5- 4. Mean body weight and total body moisture (dashed bars) of
laboratory A. aegypti larvae reared in freshwater (FW) or septic water
(Septic). Data shown as mean + S.E.M (n = 9 for FW, n = 9 for Septic). [Un-
paired, two-tailed t-test; p = 0.35 for body weight, p = 0.51 for body mois-
ture].
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NH," flux at the anal papillae of FW- and Septic-reared larvae

NH;" flux at the AP of FW and septic water reared larvae was measured using SIET (Fig. 5-
5). Flux measurements for FW animals were recorded in a freshwater bath, and flux measurements for
septic water collected animals were recorded in a septic water bath. In wild collected 4. aegypti larvae,
a mean absorption (5 + 7.34 pmol? s'; n=3 absorbing and n=1 secreting) of NH4" at the AP of FW
larvae, and a mean secretion (-18.5 £ 5.62 pmol? s'; n=6 secreting) of NH4" at the AP of septic larvae
was measured, demonstrating significant differences in the magnitude and direction of NH4" transport
at the AP between groups (Fig. 5-5A). Similar observations of significant differences in NH4" flux of
laboratory 4. aegypti larvae were seen, with mean NH4" flux at the AP of FW larvae being close to
zero ( -0.9 £ 8.36 pmol? s™'; n=3 absorbing and n=2 secreting), and a net NH4" secretion (-50.92 +
12.55 pmol? s™!; n=5 secreting) at the AP of septic-reared larvae (Fig. 5-5B). NH4" secretion in labor-
atory septic-reared larvae was approximately 2.75 times greater than NH4" secretion in wild septic-

reared larvae (p = 0.0295; Two-way ANOVA, Bonferroni’s multiple comparisons test) (Fig. 5-5).
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Figure 5- 5. Scanning ion-selective micro-electrode technique (SIET) measurements of
NH4* flux at the anal papillae of wild-collected and laboratory A. aegypti larvae reared
in freshwater (FW) and septic water (Septic). (A) NH4" flux at the anal papillae of wild A4.
aegypti larvae reared in FW or Septic (n = 4 for FW, n = 6 for Septic), and (B) NH4" flux at
the anal papillae of laboratory 4. aegypti larvae reared in FW of Septic (n = 5 for FW and
Septic), measured each in their respective freshwater or septic water baths. NH4" flux for each
individual animal is shown as a single point, with the mean flux for each group illustrated by
a horizontal solid black line. Negative values indicate efflux, or excretion, and positive values
indicate influx, or absorption from the external. Data shown as mean + S.E.M. Asterisks in-
dicate statistical significance (* = p < 0.05) compared to FW control (Unpaired, two-tailed
t-test).
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NH," activities, NH4* transport rates, and fluid secretion rates of MT from FW- and Septic-
reared larvae

The in vitro transepithelial fluid ion composition and secretion rates of the MT of wild collected
and laboratory A. aegypti larvae reared in FW or septic water was examined (Fig. 5-6). The [NH4'] in
the secreted fluid droplet did not differ between MT from wild collected FW or septic reared larvae
(Fig. 5-6A), however, a significant increase in [NH4'] in the secreted fluid of MT from laboratory
septic reared larvae compared to FW reared laboratory larvae MT was observed (Fig. 5-6B). Further-
more, the mean [NH4"] in the secreted fluid of MT from wild collected 4. aegypti larvae was 23.25 +
3.9 and 26.4 = 4.1 mmol I'' for FW and septic water wild larvae, respectively, whilst the mean [NH4"]
in the secreted fluid of MT from laboratory A. aegypti larvae was significantly lower, 5.77 £ 0.5 and
11.55 £ 0.9 mmol 1" for FW and septic water laboratory larvae, respectively ( p = 0.0057 for FW
colony vs. FW wild larvae; p = 0.0355 for Septic colony vs. Septic wild larvae, Two-way ANOVA,
Bonferonni’s multiple comparisons test) (Fig. 5-6A-B). There was no change in the secretion rates of
fluid from the MTs of wild (Fig. 5-6C) and laboratory (Fig. 5-6D) larvae between FW and septic treat-
ments, however, significant increases in the transport rates of [NH4'] within the secreted fluid by MT
from laboratory (Fig. 5-6E) and wild collected (Fig. 5-6F) larvae was observed with septic water rear-

ing compared to FW groups.
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Figure 5- 6. Transepithelial fluid secretion rates, ammonium (NH4") concentra-
tions in the secreted fluid, and NH4" transport rates of Malpighian tubules from
wild-collected and laboratory A. aegyptilarvae reared in freshwater (FW) or septic
water (Septic). NH4" concentrations in Malpighian tubule secreted fluid from (A) wild
A. aegypti larvae and (B) laboratory 4. aegypti larvae reared in FW and septic water.
Transepithelial fluid secretion rate of the Malpighian tubules from (C) wild 4. aegypti
larvae and (D) laboratory A. aegypti larvae reared in FW and septic water. NHs"
transport rate by the Malpighian tubules from (E) wild 4. aegypti larvae and (F) labor-
atory 4. aegypti larvae reared in FW and septic water. Data shown as mean + S.E.M (n
= 5-7 wild larvae, n = 5 laboratory larvae). Asterisks indicate statistical significance (*
=p <0.05; ** = p < 0.005) compared to FW control (Unpaired, two-tailed t-test).
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Ammonia transporter expression and localization in FW- and Septic-reared larvae

Relative protein abundance and immunolocalization of AeAmtl in FW and septic water reared
larvae was examined (Fig. 5-7). The AeAmtl monomer (30 kDa) was detected in each organ. In wild
collected larvae, AeAmtl protein expression was only detected in the carcass, and not in the WG and
AP of larvae, and no change in AeAmt1 abundance in the carcass was observed between FW and septic
water rearing (Fig. 5-7A). On the other hand, immunohistochemistry did not detect AeAmtl staining
in the carcass but instead revealed AeAmtl localization in transverse sections of the AP epithelium of
FW and septic reared wild larvae (Fig. 5-7C,D), and in cross sections of the MT and RM epithelia
where cytosolic staining in the principal cells and co-localization with VA at the apical membrane of
the MT is observed (Fig. 5-7G,H). In laboratory larvae, AeAmt1 protein was detected in protein ho-
mogenates of the MT and AP, whereby rearing in septic water did not affect abundance in comparison
to FW controls (Fig. 5-7B). AeAmtl was not detected in the PMG and HG through Western blotting.
However, immunohistochemistry revealed AeAmtl localization in transverse sections of the epithe-
lium of the rectum (the distal portion of the HG), where co-localization with VA occurs in septic-reared

larvae (Fig. 5-71,J), and AeAmtl localization is also observed in AP cross sections (Fig. 5-7E,F).

AeAmt2 protein (55 kDa monomer) was detected in the carcass and AP of wild collected A.
aegypti larvae, where AeAmt2 abundance was similar in FW and septic water reared larvae (Fig. 5-
8A). AeAmt2 was not detected in the WG of wild larvae using Western blotting, however, immuno-
histochemistry revealed AeAmt2 localization in the epithelia of GC, MG, MT, and IL of FW and septic
reared larvae (Fig. 5-8C-F). In all cases, an apical (lumen facing) localization of AeAmt2 was observed
in wild collected larvae, with the exception of the MT where both apical and cytosolic staining in the
principal cells is shown (Fig. 5-8E-F). Dashed arrows indicate co-localization of AeAmt2 with apical
VA in the MT and GC (Fig. 5-8D,E). In laboratory larvae, AeAmt2 protein was detected in the MT

and AP using Western blotting, whereby AeAmt2 significantly increased in the MT in response to
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septic water rearing in comparison to FW controls (Fig. 5-8B). AeAmt2 was immunolocalized within
all organs examined, including the epithelium of the AP (Fig. 5-8G,H), and the midgut (Fig. 5-8LJ).
Localization in the CAR, which includes fat body, muscle, and cuticle (see Methods), was also ob-
served. Similarly, to observations in wild larvae, an apical localization within the epithelia of organs

comprising the alimentary canal, and the AP, was observed.

AeRh50 protein (48 kDa monomer) was detected in the carcass, WG, and AP of wild collected
larvae, whereby AeRh50 protein abundance significantly decreased in the WG and AP of septic water
reared larvae compared to FW controls (Fig. 5-9A). Rh protein immunostaining in transverse sections
of the AP epithelium of larvae corresponded with findings from Western blotting, demonstrating a
decrease in Rh immunostaining within the epithelium of AP of septic reared larvae in comparison to
FW controls (Fig. 5-9C,D). On the other hand, whilst a significant decrease in Rh protein abundance
in response to rearing in septic water using Western blotting was observed, an increase in Rh im-
munostaining in transverse sections of the MT and RM of septic reared larvae was also observed,
compared to FW reared larvae (Fig. 5-9E,F). Additionally, an increase in NKA immunostaining in the
RM of septic water reared larvae compared to FW reared larvae was also detected in these sections. In
laboratory larvae, AeRh50 protein was detected in the epithelia of PMG, HG, MT and AP, whereby a
significant increase in the MT in response to septic water rearing was observed (Fig. 5-9B). In all
organs the Rh monomer (48 kDa) was detected, with the exception of the HG which displayed only a
single band at 100 kDa, the presumed dimer form of the AeRh50 (Fig. 5-9B, right panel). Immuno-
histochemistry revealed AeRh50 localization in the MT and RM, where an apparent increase in Rh
staining in the MT in septic water reared larvae compared to FW was observed corresponding to the
change observed through Western blotting (Fig. 5-9G,H). Rh staining was also detected in the apical

membrane of the MG epithelium (Fig. 5-91J). Similar to AeAmt2 localization, within each organ Rh
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was localized to the apical membrane (lumen facing) of the epithelium, with the exception of the AP

in which localization to a specific membrane could not be determined.
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Figure 5- 7. AeAmt1l abundance and immunolocalization in the alimentary canal, anal papil-
lae, and carcass of wild-collected and laboratory A. aegypti larvae reared in freshwater (FW)
and septic water (Septic). (a) AeAmtl abundance and representative Western blot (right panel) in
the carcass of wild 4. aegypti larvae (n = 3). (b) AeAmtl abundance and representative Western
blot (right panel) in the Malpighian tubules (MT) and anal papillae (AP) of laboratory A. aegypti
larvae (n = 3 FW, n = 4 Septic). The abundance of AeAmt] protein was normalized to total protein
(Coomassie protein stain, not shown), and Septic values are expressed relative to the control FW
group (assigned a value of 1). Data shown as mean + S.E.M. [Unpaired, two-tailed t-test; p < 0.05].
Representative transverse sections of anal papillae (AP) showing AeAmtl (red) immunostaining
from (c) wild FW-reared larvae, (d) wild Septic-reared larvae, (e) laboratory FW-reared larvae and
(f) laboratory Septic-reared larvae. Nuclei are labelled by DAPI (blue) staining. Representative
cross sections of the Malpighian tubules (MT) and rectum (RM) showing AeAmtl (red) im-
munostaining from (g) wild FW-reared larvae, (h) wild Septic-reared larvae, (i) laboratory FW-
reared larvae and (j) laboratory Septic-reared larvae. Nuclei are labelled by DAPI (blue) staining.
Immunostaining of Vi subunit of V-type H'-ATPase (VA) is green (g-h, i-j). Co-localization of
AeAmtl with apical Vi subunit of V-type H-ATPase is indicated (dashed arrows) in the MT and
RM (merge, yellow). Control sections (primary antibodies omitted, not shown) were devoid of red
and green staining. Illustrations of the alimentary canal and anal papillae of 4. aegypti larvae to the
left of each immunofluorescence image indicates the region of the cross or transverse section (red
rectangles). Lumen, (Im); anal papillae (AP); rectum (RM). Scale bars: 50 um (c-j).
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Figure 5- 8. AeAmt2 abundance and immunolocalization in the alimentary canal, anal papil-
lae, and carcass of wild-collected and laboratory A. aegypti larvae reared in freshwater (FW)
and septic water (Septic). (a) AeAmt2 abundance and representative Western blots (right panel)
in the carcass and anal papillae (AP) of wild A. aegypti larvae (n = 3). (b) AeAmt2 abundance and
representative Western blots (right panel) in the Malpighian tubules (MT) and anal papillae (AP)
of laboratory A. aegypti larvae (n = 3 FW, n = 4 Septic). The abundance of AeAmt2 protein was
normalized to total protein (Coomassie protein stain, not shown), and Septic values are expressed
relative to the control FW group (assigned a value of 1). Data shown as mean + S.E.M. Asterisks
indicate statistical significance (* = p < 0.05) compared to FW control (Unpaired, two-tailed t-test).
Representative cross sections of the carcass (CAR), gastric caecae (GC), anterior and posterior mid-
gut (MG) and Malpighian tubules (MT) and rectum (RM) showing AeAmt2 (red) immunostaining
from (c-e) wild FW-reared larvae, (d-f) wild Septic-reared larvae. Representative cross sections of
the anterior midgut (MG) and transverse sections of anal papillae (AP) showing AeAmt2 (red) im-
munostaining from (g-1) laboratory FW-reared larvae and (h-j) laboratory Septic-reared larvae. Nu-
clei are labelled by DAPI (blue) staining. Immunostaining of V1 subunit of V-type H™-ATPase (VA)
is green (c-h). Co-localization of AeAmt2 with Vi subunit of V-type H-ATPase is indicated
(dashed arrows) (merge, yellow). Control sections (primary antibodies omitted, not shown) were
devoid of red and green staining. Illustrations of the alimentary canal and anal papillae of A. aegypti
larvae to the left of each immunofluorescence image indicates the region of the cross or transverse
section (red rectangles). Lumen, (Im); carcass (CAR), gastric caecae (GC), midgut (MG), Malpigh-
ian tubule (MT), anal papillae (AP); rectum (RM). Scale bars: 100 um, unless specified.
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Figure 5- 9. Rh protein (AeRh50) abundance and immunolocalization in the alimentary ca-
nal, anal papillae, and carcass of wild-collected and laboratory A. aegypti larvae reared in
freshwater (FW) and septic water (Septic). (a) AeRh50 abundance and representative Western
blots (right panel) in the epidermis, whole gut (WG), and anal papillae (AP) of wild 4. aegypti
larvae (n = 3). (b) AeRh50 abundance and representative Western blots (right panel) in the pos-
terior midgut (PMG), hindgut (HG), Malpighian tubules (MT) and anal papillae (AP) of labora-
tory A. aegypti larvae (n = 3 FW, n = 4 Septic). The abundance of AeRh50 protein was normal-
ized to total protein (Coomassie protein stain, not shown), and Septic values are expressed relative
to the control FW group (assigned a value of 1). Data shown as mean + S.E.M. Asterisks indicate
statistical significance (* = p < 0.05; *** = p < (0.001) compared to FW control (Unpaired, two-
tailed t-test). Representative transverse and cross sections of the anal papillae (AP), Malpighian
tubules (MT) and rectum (RM) showing AeRh50 (red) immunostaining from (c-e) wild FW-
reared larvae, (d-f) wild Septic-reared larvae. Representative cross sections of the posterior mid-
gut (MG), Malpighian tubules, rectum (RM), and carcass (CAR) showing AeRh50 (red) im-
munostaining from (g-i) laboratory FW-reared larvae and (h-j) laboratory Septic-reared larvae.
Nuclei are labelled by DAPI (blue) staining. Immunostaining of Na'-K"-ATPase (NKA) (e-f) and
the V1 subunit of V-type H'-ATPase (VA) (i-j) are shown in green. Co-localization of AeRh50
with V1 subunit of V-type H'-ATPase is indicated (dashed arrows) (merge, yellow). Control sec-
tions (primary antibodies omitted, not shown) were devoid of red and green staining. I1lustrations
of the alimentary canal and anal papillae of 4. aegypti larvae to the left of each immunofluores-
cence image indicates the region of the cross or transverse section (red rectangles). Lumen (Im),
midgut (MG), Malpighian tubule (MT), anal papillae (AP); rectum (RM). Scale bars: 100 um,
unless specified.
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NKA and VA immunostaining in the AP and RM of FW- and Septic-reared larvae

NKA and VA staining within the AP epithelium of wild collected 4. aegypti larvae was exam-
ined (Fig. 5-10). Transverse sections of AP from FW and septic water reared larvae showed an increase
in immunofluorescence in septic water reared larvae compared to FW groups (Fig. 5-10A,B). Simi-
larly, compared to FW groups, an increase in VA staining in sections of AP from septic water-reared
larvae was observed (Fig. 5-10E,F). Control slides incubated without primary antibody (NKA or VA
antisera) did not show green immunofluorescence, and only nuclei were clearly stained with DAPI in
these sections (in blue) (Fig 5-10E). A sample bright field image of a transverse section of AP corre-
sponding to Fig. 5-10C is provided (Fig. 5-10F). In cross sections of the MT and RM from wild col-
lected larvae, VA staining was localized to the apical membrane in both organs (Fig. 5-11) in both FW
larvae (Fig. 5-11 A,C) and septic-reared larvae (Fig. 5-11 B,D). Co-localization with apical AeRh50

was observed in the MT (Fig. 5-11C) and RM (Fig 5-11D).
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Figure 5- 10. Na*-K*-ATPase (NKA) and V-type H-ATPase (VA) immunolocaliza-
tion in the anal papillae (AP) of wild-collected A. aegypti larvae reared in freshwater
(FW) and septic water (Septic). NKA immunostaining (green) of representative trans-
verse sections of the anal papillae from (a) FW-reared larvae and (B) Septic-reared larvae.
VA immunostaining (green) of representative transverse sections of the anal papillae from
(c) FW-reared larvae and (d) Septic-reared larvae. (e) Control sections of anal papillae
(CONTROL, primary antibody omitted). DAPI staining of nuclei is in blue. (f) Repre-
sentative bright field (BF) image of anal papillae (AP) transverse sections in C. Scale bars:
50 um. Lumen (Im), anal papillae (AP).
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Figure 5- 11. V-type H"-ATPase (VA) immunolocalization in the rectum (RM) of wild-
collected A. aegypti larvae reared in freshwater (FW) and septic water (Septic). VA im-
munostaining (green) in representative paraffin-embedded cross sections of the (a) RM and
Malpighian tubules (MT) from FW-reared wild A. aegypti larvae and (b) RM of septic-reared
wild A. aegypti larvae. Nuclei are labelled with DAPI (blue). (c) cross section of MT and
RM from (a) with apical AeRh50 staining (red) showing colocalization of with VA in MT
(merge, yellow) in FW larvae and (d) cross section of RM corresponding to (b) showing co-
localization (merge, yellow) of VA with apical AeRh50 staining (red) in septic larvae. Scale
bars: 50 um. Lumen (Im); rectum (RM), Malpighian tubule (MT).
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Figure 5-S 1. Images of ammonia (NH3/NH4") test strips (Tetra EasyStrips) used to estimate
total ammonia levels in (A) freshwater sites and (B) septic water sites in which wild 4. aegypti
larvae were collected from and used in this study.
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5.5 Discussion

Overview of Study and Collection Sites

Domestic septic tanks and sewage water systems are breeding sites of 4. aegypti (Banerjee et
al., 2015; Barrera et al., 2008; Burke et al., 2010; Chitolina et al., 2016; Hribar, 2007; Irving-Bell et
al., 1987; Lam and Dharmaraj, 1982; Mackay et al., 2009). Physicochemical analyses of septic water
report relatively high levels of free ammonia (Chitolina et al., 2016; Lam and Dharmaraj, 1982) and
ammonium is the major toxic component of artificial sewage in the laboratory (Mitchell and Wood,
1984). With this in mind, the current study examined indicators of ammonia excretion physiology of
wild 4. aegypti larvae collected from septic water and freshwater in an effort to understand how larvae
adjust their physiology to inhabit these high ammonia environments. 4. aegypti from a laboratory col-
ony were also reared in septic water and studied for comparison with the wild collected mosquitoes to
validate previous laboratory studies on ammonia excretion physiology when larvae are faced with high

external ammonia.

High [NH4"] and total ammonia levels similar to those reported from numerous other studies
were measured from the septic tanks where mosquito larvae were collected in this study (Chitolina et
al., 2016; Lam and Dharmaraj, 1982; Mitchell and Wood, 1984). The pH of the water in these septic
tanks of ~8.5 is alkaline compared to that reported in other studies (~7.1 to 7.6) in similar systems in
Puerto Rico and Parand, Brazil (Burke et al., 2010; Chitolina et al., 2016). This finding may represent
an additional challenge to mosquitoes inhabiting these septic tanks in the British Virgin Islands, as
ammonia toxicity increases with increasing pH (pKa ~ 9.5) due to increases in the proportion of gase-
ous NH3 which can readily permeate across biological membranes (Randall and Tsui, 2002; Weihrauch
et al., 2012a). The mean osmolarity of septic water was approximately 10 times lower than that of 4.
aegypti haemolymph, and free [Na'], [K'], and [CI'] were also lower in the septic water compared to

known levels in the haemolymph of larvae (Donini and O’Donnell, 2005; Edwards, 1982; Misyura et
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al., 2017). This indicates that the larvae in these septic tanks are likely to face challenges to ion and
water regulation, namely maintaining a hypertonic haemolymph compared to the FW, similar to those

of larvae developing in FW but with the additional challenge of high ammonia toxicity.

Haemolymph Composition and [NH4] Transport by Anal Papillae

The larvae collected from septic water had a higher haemolymph [NH4"] and lower pH than
those collected from FW. These findings are analogous to results from laboratory studies where larvae
reared in 5 mmol 1" NH4Cl (High Environmental Ammonia, HEA) had lower haemolymph pH com-
pared to controls reared in FW (Chapter 4). Furthermore, larvae from the laboratory colony reared in
septic water also had higher haemolymph [NH4"] compared with those reared in the field collected
freshwater. Therefore, the effects of rearing wild and laboratory larvae in septic water and/or HEA on
haemolymph pH and [NH4"] levels are consistent with one another. An elevation of haemolymph am-
monia upon rearing in HEA conditions appears to be a common consequence amongst freshwater in-
vertebrates, as well as in the body of some vertebrates (Clifford et al., 2015; Cruz et al., 2013; Martin
etal., 2011; Quijada-Rodriguez et al., 2015). Evidently, this increase in haemolymph [NH4"] and [H"]
in septic water-reared larvae is not due to dehydration, nor do the larvae in septic water appear to be
conserving extra water within intracellular spaces within the body since total body moisture of larvae
was similar under septic water and FW rearing conditions. The elevated NH4" levels in the haemo-
lymph of mosquito larvae developing in septic water may be leading to acidification as a portion of the

NH;" dissociates into NHs and H™ (Weiner and Verlander, 2017).

Previous work demonstrated that laboratory larvae reared in HEA secreted NH4" from their
anal papillae against an inwardly directed ammonium gradient (e.g. 2.5 mmol 1! NH4Cl in bath and ~
1.4 mmol I'' NH4" in haemolymph) (Chapter 4). Here, larvae collected from septic tanks were also
secreting NH4" against an inwardly directed ammonia gradient from their anal papillae, as were labor-

atory larvae reared in septic water. Collectively these results indicate that active transport mechanisms
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are facilitating NH4" secretion from anal papillae in both laboratory and wild A. aegypti larvae. Since
the anal papillae lumen is continuous with the haemocoel of the body (Clements, 1992), this secretion
occurs almost directly from the haemolymph to the external environment and suggests that this is an
important physiological strategy to combat the observed elevated haemolymph [NH4"] levels that these
animals experience during development in septic water. Similar findings of increased body ammonia
coupled with increased ammonia excretion rates during high external ammonia exposure has been re-
ported in other aquatic freshwater invertebrates including Caenorhabditis elegans and Schmidtea med-

iterranea (Adlimoghaddam et al., 2015; Weihrauch et al., 2012b).

Laboratory larvae reared in FW (dechlorinated tap-water) secrete NH4" from their anal papillae
(Chasiotis et al., 2016; Donini and O’Donnell, 2005; Chapter 3; Chapter 2). Conversely, the majority
of wild larvae developing in FW were absorbing NH4" at the anal papillae as were the laboratory larvae
reared in the FW collected from artificial containers in the British Virgin Islands. The reasons for this
difference is not clear but is likely to be driven by either differences in the composition of the water
(e.g. dechlorinated municipal tapwater versus field collected water), or the quantity and quality of
available nitrogen rich food since the laboratory larvae either secrete NH4" or absorb NH4" depending
on which water they have developed in. Consequently, ammonia absorption by the anal papillae may
be a strategy to obtain nitrogen for the synthesis of proteins to support development and growth in a
nitrogen deficient environment (Weihrauch, 2006; Weihrauch and Allen, 2018a). The results show
clear differences between larvae developing in septic water or FW in terms of how their anal papillae
are functioning in NH4" transport and these differences are likely resulting from differences in the
expression and/or activity of transport proteins as discussed below. A number of transport proteins
have been studied and implicated in ammonia secretion by anal papillae of 4. aegypti in the laboratory
and a transport model with localization and function of transporters has been presented in numerous

previous studies (Chasiotis et al., 2016; Chapter 3; Chapter 4; Chapter 2).
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The anal papillae of septic water wild collected larvae had lower Rh protein abundance and
Rh-like immunostaining intensity compared to FW collected larvae. These results were consistent with
previous findings from laboratory larvae reared in HEA (Chapter 3). Since Rh proteins are thought to
conduct gaseous NHs bidirectionally and are dependent on the Pnus gradient across the biological
membrane in which they are expressed, it was proposed that the decrease in Rh protein expression in
response to HEA is a mechanism to limit NH3 influx caused by an inwardly directed gradient in a high
ammonia environment (Baday et al., 2015; Gruswitz et al., 2010; Kustu and Inwood, 2006). The im-
munostaining intensity of the primary active pumps, NKA and VA in the anal papillae epithelium of
larvae collected from septic water was higher than larvae collected from FW, largely suggesting that
the expression of these pumps are higher in the anal papillae of wild septic water collected larvae.
These findings parallel that of a previous study on laboratory A. aegypti larvae reared in HEA, where
VA activity was approximately 3 times higher in the anal papillae of these HEA larvae compared to
control larvae reared in FW (Chapter 4). These results are also consistent with an actively driven se-

cretion of NH4" from the anal papillae in high ammonia water.

The expression of the putative ammonia transporters AeAmtl and AeAmt2 has also previously
been demonstrated in the anal papillae of laboratory 4. aegypti. Here, while AeAmtl could not be
detected in protein homogenates of the AP of wild collected mosquitoes through Western blotting,
AeAmtl-like immunostaining was evident and consistent with that reported for laboratory mosquitoes
(Chasiotis et al., 2016). On the other hand, AeAmt2 expression in the AP of wild mosquitoes was
detected with both western blotting and immunohistochemistry, and consistent with that reported for
laboratory mosquitoes (Chapter 3). The expression and abundance of AeAmtl and AeAmt2 in the AP
of wild larvae was unaffected by development in septic water versus development in FW which sug-
gests they have an important role in facilitating NH4" secretion from the AP regardless of external

ammonia levels. AeAmtl protein abundance increases 48 hours after transferring laboratory larvae to
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HEA and then returns to levels that are equal to controls after 7 days in HEA (Chapter 3). Therefore,
in both wild and laboratory larvae AeAmtl appears to be particularly important for NH4" secretion by
anal papillae. On the other hand, AeAmt2 protein abundance in the AP was shown to decrease in
laboratory larvae transferred to HEA when this was assessed at 48 hours and 7 days after transfer to
HEA (Chapter 3). Hence, in wild larvae, AeAmt2 appears to play a greater role in ammonia secretion
by anal papillae than it does in the laboratory larvae when external levels of ammonia are high. Overall,
our results with the wild larvae collected from septic water and FW in the British Virgin Islands largely
support the ammonia transport models proposed by our previous work on laboratory reared 4. aegypti.
Furthermore, given the similarities of the results from septic water and laboratory HEA rearing we can
conclude that ammonia is the major component of septic water and is the principal factor leading to

our observations on alterations in ammonia excretory physiology of 4. aegypti larvae.

Putative Ammonia Transporter Expression in the Gut and Malpighian tubules

Ammonia transporter expression and localization within the osmoregulatory and excretory or-
gans of mosquitoes has presently only been examined in the blood-feeding adult female mosquito Ae-
des albopictus (AalRh50) whereby AalRh50 is elevated in the gut following a blood meal (Wu et al.,
2010a). In the present study we have mapped the expression and localization of AeRh50s, AeAmtl
and AeAmt2 in the gut and MT of wild and laboratory mosquitoes that developed in field collected

FW and septic water.

Our previous studies on protein homogenates of anal papillae of laboratory A. aegypti larvae
detected bands of ~ 30, ~55 and ~48 kDa for AeAmtl, AeAmt2 and AeRh50s, respectively (Chasiotis
et al., 2016; Chapter 3; Chapter 2). Here, AeRh50 protein was detected as a ~48 kDa band in whole
gut (including MTs) homogenates from wild larvae with lower abundance in the larvae collected from
septic water compared with those from FW. Immunostaining of gut sections revealed qualitatively

greater intensity of staining in the MT and rectum compared with other regions of the gut. Furthermore,
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the intensity of AeRh50 immunostaining in the MTs and rectum appeared to be greater in the wild
larvae that developed in septic water. It is possible that changes in AeRh50 abundance in other organs
in the WG extracts (other than the MTs and rectum) are responsible for the observed decrease of protein
abundance through Western blotting, particularly the midgut which is comparatively large. In homog-
enates of posterior midgut and MT of laboratory larvae that developed in field collected FW or septic
water, AeRh50 protein was detected as a ~48 kDa band, whereas in the hindgut a band of ~ 100 kDa
was detected which may be representative of dimers of AeRh50s. The Rh50 proteins are thought to
function as homotrimers which would yield a band of ~ 150 kDa, thus the significance of the ~ 100
kDa band in the hindgut protein homogenates is unclear at this time (Lupo et al., 2007). Greater abun-
dance of AeRh50 was detected in the MTs of larvae that developed in septic water relative to FW, but
there was no difference in AeRh50 protein abundance in the hindgut (including rectum) between the
two conditions. Furthermore, an apical localization of AeRh50 protein was found in the MT, RM and

midgut epithelia.

In the MTs, AeRh50 is co-localized with apical VA which parallels the localization of AeRh50
with VA in the AP of 4. aegypti larvae (Chapter 2). This suggests the possibility of an ammonia trap-
ping mechanism in the MT for ammonia secretion in primary urine, as has been described in the AP
(Chapter 2). An ammonia trapping mechanism has been proposed for ammonia secretion in the MT of
M. sexta where an Rh protein would work in conjunction with VA (Weihrauch, 2006). AeAmtl was
detected as a ~ 30 kDa band in MT protein homogenates where it was localized to the cytosol of
epithelial cells and expression was not affected by the water in which the larvae developed. AeAmt2
was detected as a ~ 55 kDa band in MT protein homogenates and expression was higher in MTs of
laboratory larvae that developed in septic water. AeAmt2 was localized to the cytosol of MT epithelial
cells. Since both AeAmts are expressed in M T epithelial cells they are likely to play a role in ammonia

transport by the MTs but their apparent cytosolic localization makes it difficult to speculate how.
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Consistent with the involvement of these transporters in ammonia transport, NHs" was present
in secreted fluid of MTs at concentrations ranging from ~ 5 to ~25 mmol 1" depending on treatment
when they were bathed in saline containing 2 mmol 1! NH4". These levels are much higher than those
reported for Drosophila MTs which required bathing in 20 mmol 1" NH4" to reach similar concentra-
tions in the secreted fluid (Browne and O’Donnell, 2013). This indicates that MTs of A. aegypti larve
are better equipped to clear ammonia from the haemolymph and can do so against a gradient. Although
fluid secretion rates of MTs from wild and laboratory mosquitoes were similar, the secreted fluid of
MTs from wild larvae contained greater concentrations of NHs" than those from laboratory larvae
which was indicative of the higher rates of NH4" transport in MTs of wild larvae. Furthermore, the
MTs of larvae that developed in septic water had even higher NH4" transport rates regardless of whether
they were from wild or laboratory larvae. This increased NHs" transport rate appeared to be driven by
increased rates of fluid secretion that were almost double but not statistically different from those of
MTs of larvae that developed in FW. It is likely that the observed increased expression of AeRh50s
and AeAmt2 in the MTs of larvae that develop in septic water aid in transporting significantly more

NH4" over time to clear more NH4" that accumulates in the haemolymph of these larvae.

The rectum (RM) of 4. aegypti larvae is important for the reabsorption of Na*, K" and CI prior
to the excretion of a dilute urine, and basolateral NKA is a key ion-motive pump in energizing ion
reabsorption in aquatic dipterans (Jonusaite et al., 2013a; Patrick et al., 2006a). Although pinpointing
the expression of VA in the RM of A. aegypti has proven challenging prior to this study, here we report
that VA is on the apical side of the RM epithelium of FW and septic reared wild and laboratory A.
aegypti larvae (Fig. 5-11) (Filippova et al., 1998; Patrick et al., 2006a). Relatively high levels of am-
monia (~60 mmol I'') were measured in the rectal lumen of M. sexta, along with high mRNA expres-
sion of an Rh protein, RhMS in tissue homogenates of the rectum (Weihrauch, 2006). It was postulated

that the function of NKA and RhMS is to confine ammonia within the rectal lumen for excretion;
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however, the localization of RhMS protein in the rectal epithelium remains to be determined. In the
RM of 4. aegypti larvae AeRh50 proteins were localized to the apical side of the rectal epithelium and
both AeRh50 and VA immunostaining intensity qualitatively increased in wild larvae developing in
septic water. The arrangement of these transporters is the same as that presented here for the MTs and
for the AP with AeRh50 colocalized with VA on the apical side of the epithelium. Therefore, the RM
could sequester ammonia from the haemolymph through ammonia trapping while preventing the am-
monia secreted into the primary urine by the MTs from being reabsorbed back into the haemolymph

prior to excretion.

Conclusions

Aedes aegypti larvae were readily observed developing in septic tanks in the British Virgin
Islands during both rainy and dry seasons. The ammonia levels in water collected from these septic
tanks was ~ 8 mmol 1!, levels that would kill most aquatic animals(Weihrauch et al., 2004; Weiner
and Verlander, 2014; Wright, 1995b). In order to understand the underlying physiology that allows 4.
aegypti to inhabit this high ammonia refuge an examination of systemic physiological parameters, the
ammonia excreting capacity, and the expression of ammonia transporters of larvae from septic tanks
and freshwater was conducted. A comparison with laboratory sourced 4. aegypti and previous labora-
tory studies conducted with high environmental ammonia (HEA) show that physiological differences
between larvae developing in septic water versus freshwater are largely driven by the ammonia in
septic water. Our results reveal a physiological triad of organs including the MT, rectum and anal
papillae equipped to deal with the transport of ammonia for excretion. These organs are armed with
ammonia transporting proteins and their expression can be adjusted by external ammonia levels leading
to measurable differences in ammonia transport function which favours excretion. We therefore con-

clude that Aedes aegypti larvae possess inherent, inducible mechanisms for ammonia excretion in high
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ammonia environments which, at least in part, permits them to inhabit and complete development in

septic water.
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Chapter Six

Malpighian tubules and hindgut of Aedes aegypti: Rh protein expression, transcriptomic

analyses, and functional characterization of ammonia transport mechanisms

This chapter is not published at the time of this writing.

190



6.1 Summary

The role of the mosquito excretory organs (Malpighian tubules, MT and hindgut, HG) in am-
monia transport as well as expression and function of the Rhesus (Rh protein) ammonia transporters
within these organs was examined in Aedes aegypti larvae and adult females. Immunohistological ex-
amination revealed that the Rh proteins are co-localized with V-type H'-ATPase (VA) to the apical
membranes of MT and HG epithelia of both larvae and adult females. Of the two Rh transporter genes
present in A. aegypti, AeRh50-1 and AeRh50-2, we show using quantitative real-time PCR (qPCR) and
an RNA in-situ hybridization (ISH) assay that 4eRh50-1 is the predominant Rh protein expressed in
the excretory organs of larvae and adult females. Further assessment of AeRh50-1 function in larvae
and adults using RNAI (i.e. dSSRNA-mediated knockdown) revealed significantly decreased [NH4']
(mmol I'") levels in the secreted fluid of larval MT which does not affect overall NH4" transport rates,
as well as significantly decreased NHa" flux rates across the HG (haemolymph to lumen) of adult fe-
males. We also employed RNAseq to identify the expression of ion transporters and enzymes within
the rectum of larvae, of which limited information currently exists for this important osmoregulatory
organ. Of the ammonia transporters in 4. aegypti, AeRh50-1 transcript is most abundant in the rectum
thus validating our immunohistochemical and RNA ISH findings. In addition to enriched VA transcript
(subunits A and d1) in the rectum, we also identified high Na'-K"-ATPase transcript (o subunit) ex-
pression which becomes significantly elevated in response to HEA, and we also found enriched car-
bonic anhydrase 9, inwardly rectifying K* channel Kir2a, and Na'-coupled cation-chloride (CI) co-
transporter CCC2 transcripts. Finally, the modulation in excretory organ function and/or Rh protein
expression was examined in relation to high ammonia challenges, specifically (1) HEA rearing of lar-
vae and (2) blood-feeding of adult females. NH4" flux measurements using the scanning-ion selective
electrode (SIET) technique revealed no significant differences in NH4" transport across organs com-

prising the alimentary canal of larvae reared in HEA vs freshwater. Further, significantly increased VA
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activity, but not NKA, was observed in the MT of HEA-reared larvae. Relatively high Rh protein
immunostaining persists within the hindgut epithelium, as well as the ovary, of females at 24-48 hours
post blood meal corresponding with previously demonstrated peak levels of ammonia formation.
These data provide new insight into the role of the excretory organs in ammonia transport physiology
and the contribution of Rh proteins in mediating ammonia movement across the epithelia of the MT
and HG, and the first comprehensive examination of ion transporter and channel expression in the

mosquito rectum.
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6.2 Introduction

Ammonia (NH3/NH4") transport across biological membranes is a ubiquitous process in ani-
mals as a means of regulating and/or excreting nitrogen-containing compounds. Ammonia formation
occurs principally from the catabolism of amino acids within all metabolically active cells (Ballantyne,
2001; Bender, 2012b), and animals are tasked with either excreting or recycling free ammonia (either
as NHz or NH4") to avert ammonia toxicity that can occur at the molecular, biochemical, and physio-
logical levels (Martinelle and Haggstrom, 1993; Randall and Tsui, 2002; Weihrauch et al., 2012a). The
need for ammonia regulatory and transport processes is constant due to routine protein turnover, in-
gestion of proteinaceous food, and periods of fasting or starvation. Many animals face specific chal-
lenges because of their life history, which necessitate the need for efficient ammonia detoxification
and excretory pathways with the bulk of these pathways typically confined to organ systems involved
in ion and water homeostasis (Biver et al., 2008; Ip and Chew, 2010; Weihrauch and O’Donnell, 2015;
Weiner and Hamm, 2007) or gas-exchange (Adlimoghaddam et al., 2015; Cruz et al., 2013; Glover et
al., 2013; Quijada-Rodriguez et al., 2015; Randall and Ip, 2006; Weihrauch et al., 2004). Insects, for
example, constitute the largest class of animals on Earth in terms of species number and accordingly,
have evolved specialized adaptations to suit the wide range of environments they inhabit. In particular,
the holometabolous mosquitoes (Culicidae) undergo complete metamorphosis from the entirely
aquatic-dwelling larval stages to the terrestrial adult forms (Clements, 1992). The aquatic larvae readily
develop in osmotically stressful environments owing to specialized morphological, physiological, and
behavioural adaptations. On the other hand, adult females of the majority of mosquito genera are anau-
togenous and therefore must ingest a protein-rich blood meal, one that is often three times their body
weight, in order to complete each cycle of egg development (Nayar and Sauerman, 1975a; Nayar and
Sauerman, 1975b; Zhou et al., 2004). Adding to the impressive capacity of female mosquitoes to cope

with rapid overhydration, extreme metabolic demands in digesting protein, and other challenges related
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to blood feeding, is the stark contrast in physiological requirements of the non-feeding phase which
involve mechanisms aimed at conserving water and nutrients (Benoit and Denlinger, 2010; Bursell,

1967; Scaraffia et al., 2010).

Efficient ammonia transport and excretory processes are paramount to the success of larval and
adult mosquitoes when faced with environmental and physiological challenges to ion and water home-
ostasis and nitrogen control. The larvae of the Aedes aegypti mosquito, for example, can inhabit pol-
luted aquatic habitats that contain toxic levels of ammonia (Barrera et al., 2008; Burke et al., 2010;
Chitolina et al., 2016; Chapter 5). The physiology of osmoregulation in 4. aegypti larvae has been
examined in some detail (Bradley, 1987; Clark, 2004; Clark et al., 2007; D’Silva et al., 2017; Donini
et al., 2006; Patrick et al., 2006b), but the mechanisms underlying ammonia regulation and excretion
have only recently received attention. Relatively high effluxes of ammonia were measured at the anal
papillae (Donini and O’Donnell, 2005), which are a primary interface of larvae with the external envi-
ronment and are specialized for active ion uptake from dilute freshwater (Del Duca et al., 2011;
Stobbart, 1967). These structures possess a suite of ion transporters including the ion-motive enzymes
Na'-K'-ATPase (NKA) and V-type H-ATPase (VA) (Bradley, 1987; Clements, 1992; Patrick et al.,
2006b). Later, we demonstrated that the anal papillae express proteins from the AMT and Rh families
of ammonia transporters; AeAmtl, AeAmt2, AeRh50-1, and AeRh50-2, each of which function in
facilitating ammonia excretion from the haemolymph via this organ (Chasiotis et al., 2016; Chapter 3;
Chapter 2). A. aegypti larvae field-collected from high ammonia septic tanks exhibited increased
ATPase expression and NH4" excretion rates at the anal papillae, but drastic changes in the function of
the Malpighian tubules (MT) and hindgut (HG), both of which comprise the excretory system, and Rh
protein expression within these organs was also observed (Chapter 5). These findings are intriguing as
very little is known regarding the contribution of the MT, and the rectal segment of the hindgut, to the

process of nitrogenous waste excretion in A. aegypti larvae (Bradley, 1987). The MT of 4. aegypti
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larvae secrete NH4" at levels greatly exceeding haemolymph ammonia concentrations (Chapter 5), and
this has also been demonstrated to occur within the MT of Drosophila melanogaster larvae (Browne
and O’Donnell, 2013). High arginase activity measured in larval whole-body homogenates suggests
that urea excretion is significant in these animals (Von Dungern and Briegel, 2001), but the excretion
of ammonia as the primary nitrogenous waste is a phenomenon that is omnipresent among aquatic

animals and requires further examination in 4. aegypti larvae (Bursell, 1967).

Adult female 4. aegypti, like many other blood-feeding animals, face high ammonia loads dur-
ing blood meal digestion (Briegel, 1986; Pennington et al., 2003; Scaraffia et al., 2005; Scaraffia et al.,
2006). Ammonia is the principal nitrogenous waste excreted by females during blood meal digestion,
and a variety of mechanisms also exist for the removal of nitrogenous wastes as urea (Scaraffia et al.,
2008). More recently, we demonstrated that an Amt protein, AeAmtl, in adult 4. aegypti plays a func-
tionally distinct role in sperm development and egg fertilization (Chapter 7). AeAmt2 protein is highly
expressed within the chemosensory appendages (among other organs) which may be indicative of a
function in ammonia sensing mechanisms underlying host-seeking behaviours, as has been demon-
strated for the malaria vector mosquito Anopheles gambiae (Pitts et al., 2014; Ye et al., 2020). How-
ever, AeAmt2 function in these structures requires further investigation. Of great relevance to this
current study is the finding that the transcript of an Rh protein in adult female Aedes albopictus,
AalRh50, is highly expressed in the head and MT and blood-feeding significantly upregulates Aa/Rh50
expression in the fat body, midgut, and MT (Wu et al., 2010a). Prior to our work here, the expression,

organ-specific localization, and the function of Rh proteins in adult 4. aegypti was unknown.

The objectives of the current study were prompted by findings of altered Rh protein expression
within the excretory organs of A. aegypti larvae developing in high ammonia habitats, coupled with
the fact that there is currently little information as to the contribution of the excretory organs (i.e. MT

and HQG) to nitrogenous waste excretion in larval and adult 4. aegypti. Three distinct regions; the ileum,
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rectum, and anal canal comprise the hindgut of 4. aegypti, all of which are lined with cuticle (Meredith
and Phillips, 1973). It was hypothesized that the excretory organs are important sites for ammonia
excretion, and underpinning this process is organ-specific Rh protein expression. This hypothesis was
tested using a combination of RNAseq, RNA interference (i.e. RNAIi), and electrophysiological ap-
proaches to measure biochemical and physiological endpoints in ammonia transport (i.e. absorption
and secretion) by the excretory organs. The organ-specific transcript and protein expression of the Rh
transporters (4eRh50-1 and AeRh50-2) was also examined in the context of high environmental am-

monia (for larvae) and nitrogen metabolism during blood meal digestion (for adult females).

6.3 Materials and Methods

Experimental animals

Aedes aegypti (Liverpool strain) larvae and adult females were obtained from a laboratory col-
ony at York University, Toronto, ON, Canada reared and maintained as previously described (Chapter
5). Fourth instar larvae and 7-10 days post-emergence females were used for all experiments in this
study. For blood-feeding experiments, adult females were provided access to a 5% aqueous sucrose
solution upon emergence, similar to control animals, in addition to a blood meal provided at 7 days
post-emergence. For high environmental ammonia (HEA) rearing of larvae, eggs were first hatched in
dechlorinated tap water (i.e. freshwater, FW) and equal densities of larvae were transferred to either
100ml containers of FW or 5 mmol 1" NH4Cl in dechlorinated tap water (i.e. HEA) at 2 days post
hatching. Rearing water was refreshed every 2 days until larvae reached 4™ instar (approximately 7
days). Larvae were fed every other day until reaching 4™ instar and were starved for 24 hours prior to
all experiments. For RNAseq studies, larvae were reared to 4 instar in FW, and were then transferred

to 250 ml of either 10 mmol I NH4Cl (HEA) or FW for 24 hours.

RNA isolation and purification for quantitative real-time PCR (qPCR) and RNA sequencing
(RNAseq)
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To examine AeRh50 expression in adult females using qPCR, biological samples (n = 6 for
sugar fed, n = 3 for blood fed) each consisting of pooled midgut (MG), hindgut (HG), and Malpighian
tubules (MT) tissue from 70-90 adult females were isolated in cold lysis buffer from the Purelink RNA
mini kit (Ambion, Austin, TX). For RNAseq studies of the larval rectum, three biological replicates
for both FW and HEA conditions consisted of pooled rectum tissues from 50 larvae per replicate iso-
lated in cold lysis buffer. Samples were sonicated for 5s at SW using an XL 2000 Ultrasonic Processor
(Qsonica, LL, CT, USA). RNA was isolated using the Purelink RNA mini kit and was treated with the
TURBO DNA-free™ Kit (Applied Biosystems, Streetsville, Ontario, Canada) to remove genomic
DNA. The concentration and purity of extracted RNA was determined using a NanoDrop 2000 spec-
trophotometer (Thermo Scientific), which yielded absorbance ratios (Az60/A2s0) between 1.9-2.2. Total
RNA for larval rectum samples were sent to Génome Quebec (Montreal, Quebec, Canada) for [llumina
library preparation (see RNAseq). For qPCR analyses of adult female RNA samples, cDNA was pre-
pared from isolated RNA samples (using 1 pg of RNA for all samples) using the iScript™ c¢cDNA

Synthesis Kit (Bio-Rad, Mississauga, Ontario, Canada) following manufacturer recommendations.

qPCR, dsRNA synthesis and delivery, and immunohistochemistry of Rh protein expression

Primer sets for AeRh50-1 and AeRh50-2 were designed, validated, and utilized in previous
studies (Chasiotis et al., 2016; Chapter 3). To determine the relative mRNA abundance of AeRh50-1
and AeRh50-2, AeAmtl, and AeAmt2 in adult female midgut, hindgut, and Malpighian tubules tissues,
qPCR was performed using SsoFast™ Evagreen® Supermix (Bio-Rad LaboratoriesCanada) Ltd. Mis-
sissauga, Ontario, Canada) according to the manufacturer’s protocol. Primer sets for ribosomal protein
49 (rp49), 60s ribosomal protein S18 (rpS18), and ribosomal protein L8 (rpL8) genes were validated
previously and determined to be suitable internal controls (Paluzzi et al., 2014; Durant and Donini,
2020). Reactions were carried out using the CFX96 real time PCR detection system (Bio-Rad), and

undiluted cDNA for all tissue samples was used to assess 4eRh50-1 and AeRh50-2 abundance, while
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a 1/100 dilution of cDNA for all tissue samples was used for all three reference genes. Quantification
of transcripts was determined according to the Pfaffl method (Pfaffl, 2004), using the geometric mean
of the three reference genes for data normalization. Samples were run in duplicate, and a no-template

negative control was used for each gene.

For AeRh50-1 dsRNA synthesis, a 989 base pair fragment was amplified by reverse-transcrip-
tion PCR (RT-PCR) using cDNA synthesized from purified anal papillae total RNA as previously
detailed (Chapter 2). A 799 base pair DNA fragment of the control B-lactamase was amplified and
ligated to pPGEM-T vector (Promega, Madison, WI) (a kind gift from Jean Paul Paluzzi, York Univer-
sity, Canada) and the template was further amplified by PCR. The purified PCR products were used to
generate dsRNA by in vitro transcription using the Promega T7 RiboMAX Express RNAi Kit
(Promega). dsRNA delivery via ingestion in larvae (Chapter 2) and dsRNA injection of adult females
(Chapter 7) has been outlined previously. Experiments were performed at 2 days post dSRNA treatment

for both larvae and adults.

Immunolocalization of Rh protein in cross sections (5 um thick) paraffin-embedded larvae and
adult females was followed according to established protocols (Chasiotis and Kelly, 2008; Chasiotis
et al., 2016; Chapter 5; Chapter 2). A custom-synthesized polyclonal antibody that was raised in rabbit
against a synthetic peptide (CHHKDDAYWETPAES) corresponding to a 15-amino acid region of
AeRh50-1 (which was found to cross react with AeRh50-2) (GenScript USA Inc., Piscataway, New
Jersey, USA) was used at a 6.44 x 10 %pug uL™! concentration. A mouse monoclonal anti-a5 antibody
for NKA (Douglas Fambrough, Developmental Studies Hybridoma Bank, A, USA) wasused ata 1:10
dilution, and a guinea pig anti-VA antibody (kind gift from Dr. Weiczorek, University of Osnabruk,
Germany) was used at a 1:5000 dilution. A sheep anti-mouse antibody conjugated to Cy2 and a goat
anti-guinea pig antibody conjugated to AlexaFluor 647 (Jackson ImmunoResearch Laboratories, West

Grove, PA, USA) at dilutions of 1:500 were used to visualize NKA and VA, respectively. To visualize
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Rh protein, a goat anti-rabbit antibody conjugated to Alexa Fluor 594 (Jackson ImmunoResearch) at a
dilution of 1:500 was utilized. Fluorescence microscopy images were taken using an Olympus [X71
inverted fluorescent microscope (Olympus Canada, Richmond Hill, ON, Canada) and CellSense 1.12

Digital Imaging software (Olympus Canada).

RNA in situ hybridization assay

Preparation of paraffin-embedded whole-body larvae and adult samples were carried out ac-
cording to a previously established protocol (see Immunohistochemistry, above) which was slightly
modified following the RNAscope® Assay instructions [Advanced Cell Diagnostics, Newark, CA,
USA; (Wang et al., 2012)]. Fourth instar larvae and 10 day old, blood-fed (24 hours post blood meal)
females were isolated and fixed for 24 hours at room temperature in 10% neutral-buffered formalin
(NBF). Fixed larvae and adult samples were briefly washed in 1X phosphate-buffered saline (PBS)
and were then dehydrated using a standard ethanol series followed by xylene. Fixed and dehydrated
larvae and adult samples were then embedded in paraffin wax and cut into 5 um thick sections using a
microtome (Leica Microscopy Inc. RM 2125RT manual rotary, ON, Canada) and placed on Super-
Frost® Plus slides (Fisher Scientific). Deparaffinization in xylene, tissue pre-treatment, in situ hybrid-
ization (ISH) with target probes, amplification steps, and chromogenic detection of AeRh50-1 tran-
script in larval and adult A. aegypti sections were conducted according to the RNAscope® Assay pro-
tocol (Wang et al., 2012), with the exception that target retrieval was performed in a microwave at
50% power for 10 minutes. RNAscope® Assay propriectary RNA- specific probes hybridized to
AeRh50-1 transcript within larval and adult A. aegypti sections were run in parallel with positive (4.
aegypti GAPDH) and negative controls to ensure interpretable results. Signals were visualized with
bright field at 20X magnification using a Nikon Eclipse Ti fluorescence microscope (Neville, NY).
Each single RNA transcript in cells appears as punctate dots of red chromogenic staining within each

cell boundary.
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Next generation sequencing (RNAseq), transcriptome mapping, and construction of heatmaps

Samples of total larval rectum RNA (see sections “Experimental Animals” and “RNA isolation
and purification”, above) from 4" instar larvae reared in FW or HEA were screened for quality control
(Bioanalyser 2100). Six strand specific Illumina libraries (3 FW rectum and 3 HEA rectum samples)
with paired-end 100 base pair reads were subsequently prepared using NovaSeq 6000 S2 PE100 (50
million reads) by Génome Quebec Innovation Center (Montreal, Quebec). Trimmomatic quality con-
trol trimming (usegalaxy.org) of all 100 base pair paired-reads was conducted as described previously
(Goecks et al., 2010; Kolosov and O’Donnell, 2019) and were used for further analyses. The annotated
A. aegypti transcriptome (Aaegl5.2) was accessed from VectorBase (vectorbase.org) and the Salmon
mapping software (version 0.14.1.2; usegalaxy.org) was used to map next-generation sequencing reads
to this transcriptome. Heat maps of transcripts per million (TPM) values for identified transcripts of
interest were averaged for three biological replicates of rectum samples for both FW and HEA condi-
tions. To visualize the absolute TPM values of transcripts of interest in the rectum of FW and HEA
larvae samples, heatmaps were constructed in GraphPad Prism version 7.00. Statistically significant
differences in TPM values (differential expression) between FW and HEA samples were determined
using the DESeq?2 tool (usegalaxy.org). Mean normalised counts for each sample were averaged over
all samples for FW and HEA (n = 3 for each condition). Log> fold-change (log2FC) values and corre-
sponding P-values of the change (Wald test, P < 0.05) for each gene were determined. Adjusted P-
values (Padj) for multiple testing (the false discovery rate, FDR) for each gene were determined using
the Benjamini-Hochberg method. For the construction of heat maps in this study, transcript with the

unadjusted P-value were considered differentially expressed.

ATPase enzyme assay for NKA and VA activity

To examine NKA and VA activity in the MT of larvae in response to HEA rearing, we utilized

an enzyme assay which has been outlined previously in detail and has been adapted for insect larvae
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tissues (Jonusaite et al., 2013b; Mccormick, 1993). This assay is dependent on the enzymatic coupling
of NKA inhibitor ouabain (Sigma-Aldrich) or VA inhibitor bafilomycin (LC Laboratories, Woburn,
MA, USA)- sensitive hydrolysis of adenosine triphosphate (ATP) with the oxidation of reduced nico-
tinamide adenine dinucleotide (NADH), with NADH disappearance being directly measured in a mi-
croplate spectrophotometer. Rectum samples from ~50 larvae per replicate (n = 3 replicates each for
FW and HEA) were dissected under physiological saline (Donini et al., 2006) and pooled in 1.5 ml
centrifuge tubes, flash-frozen in liquid nitrogen and stored at —80°C. Samples were later thawed on
ice, and 100 ul of homogenizing buffer (four parts SEI, composed of 150 mmol 1! sucrose, 10 mmol
"' Na;EDTA, 50 mmol 1! imidazole, pH 7.3, and one-part SEID, composed of 0.5% deoxycholic acid
in SEI) was added to each tube. Samples were sonicated on ice for 10 seconds at 5 W using an XL
2000 Ultrasonic Processor (Qsonica), and were then centrifuged at 10,000 g for 10 min at 4°C. The
supernatants of each sample were transferred to 1.5 ml centrifuge tubes and stored at —80°C. The en-
zyme assay procedure was carried out exactly as described previously (Chapter 4; Jonusaite et al.,

2013Db).

Ramsay secretion assay and electrophysiology (ISME and SIET)

Analysis of luminal NH4" concentrations and transport rates in the secreted fluid of the MT
was conducted following established procedures for 4. aegypti larvae (Chapter 5; Misyura et al., 2017).
Briefly, the MT of larvae reared in FW or HEA for 7 days were carefully detached from the gut under
physiological saline (Donini et al., 2006). Individual MT were transferred to 25 pl droplets of physio-
logical saline submerged under paraffin oil, with the distal half of the tubule suspended in saline and
the proximal half of the tubule wrapped around a fine metal pin adjacent to the saline droplet. After
leaving the MT to secrete for 30-45 minutes, secreted fluid droplets were isolated under paraffin oil
and analyzed for secretion rates (by calculating the volume of the droplet divided by secretion time)

and [NH4'] (mmol I'') using the ion-selective micro-electrode (ISME) technique described elsewhere
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((Chasiotis et al., 2016; Chapter 5; Chapter 2). An examination of NH4" fluxes across the alimentary
canal of A. aegypti larvae reared in FW or HEA, and along the adult female hindgut in response to
AeRh50-1 dsRNA injection was carried out using the scanning ion-selective electrode technique
(SIET) (Donini and O’Donnell, 2005). Organs were mounted in a Sylgard-lined petri dish using bees-
wax and submerged under larval (Donini et al., 2006) or adult (Paluzzi et al., 2014) physiological
saline. NHs4" flux was measured using NHa -selective electrodes (Browne and O’Donnell, 2013)
whereby NH4" voltage gradients were recorded over a 100 um distance adjacent to each region of the
gut. Each replicate indicated in the corresponding figure captions (Fig. 6-6 and Fig. 6-12) represents
the average flux from 3 repeated measurements. Selected regions for NH4" flux measurements within
the ileum and rectum segments of the hindgut were kept consistent between each sample by moving
the microelectrode in 1000 pm increments between target sites. Each plotted flux measurement con-
sists of a sampling cycle which records a voltage reading at 2 pm from the target organ surface and
then a second voltage recording 102 um from the target organ surface, which is repeated four times
and then converted to a voltage gradient by the Automated Scanning Electrode Technique software
(ASET; Science Wares, East Falmouth, MA, USA) (Chasiotis et al., 2016). This sampling cycle also
included a 4 second wait time and a 1 second sampling time for each voltage reading for each meas-

urement at a single site.

Statistics

All data analysis and statistics were completed using the GraphPad Prism 7.0 software. Where
applicable, data are presented as mean + S.E.M. for the indicated sample size (n), and this information
along with the statistical test used is detailed in the figure caption. Differences in measurements were

considered significant if p < 0.05.
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6.4 Results

Rh mRNA and protein localization and AeRh50-1 knockdown in the excretory organs of larvae

Rh protein immunostaining in cross sections through the rectum segment of the hindgut and
five surrounding Malpighian tubules (MT) reveal an apical (i.e. lumen facing) localization of Rh pro-
teins within these organs (Fig. 6-1). Rh immunofluorescence does not co-localize with basolaterally
(i.e. haemolymph facing) expressed NKA (Fig. 6-1a) in the MT, but co-localization with apically ex-
pressed VA in the MT was observed (Fig. 6-1b-c). An apical localization of Rh protein immunostaining
was also found within the ileum and rectum segments comprising the hindgut (Fig. 6-1c). A key limi-
tation in the immunolocalization lies in the fact that the AeRh50-1 and AeRh50-2 protein are both
detected by the AeRh50-1 custom antibody (Chapter 2). Therefore, an RNA in-sifu hybridization (ISH)
assay was utilized to discern the specific localization of AeRh50-1 transcript and AeRh50-2 transcript
expression within cross sections of the larval MT and rectum (Fig. 6-2). Chromogenic dye staining of
AeRh50-1 mRNA was highly concentrated to the epithelium of the rectum (Fig. 6-2a), compared to
AeRh50-2 (Fig. 6-2b) and negative control staining (Fig. 6-2d). AeRh50-1 mRNA staining in the MT,
albeit punctate and much lower than positive control GAPDH (Fig. 6-2c), was also observed. In con-
trast, AeRh50-2 mRNA staining was absent in the MT and comparable to negative control sections.
With the use of the RNA ISH assay, it was also confirmed that both AeRh50-1 and AeRh50-2 mRNA
is abundant within the anal papillae epithelium of larvae (Fig. 6-3). To assess the function for AeRh50-
1 in NH4" secretion within the MT, NH4" transport rates by the MT were measured following dsRNA-
mediated 4eRh50-1 knockdown (Fig. 6-4). While a significant decrease in the NH4" concentration
(mmol 1) of secreted fluid droplets was observed (Fig. 6-4a), this did not affect functional MT end-
points, namely secretion rates (nl min™!, Fig. 6-4b) and overall NH4" transport rates by the MT (pmol

min’', Fig 6-4c).
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Figure 6- 1. Rh protein immunolocalization in paraffin-embedded cross sections of the Mal-
pighian tubules (MT) and hindgut (HG) of Aedes aegypti larvae. (a) Rh protein (red) immu-
nolocalization in a transverse section of MT and HG with basolateral-localized Na"™-K'-ATPase
(NKA; green) and nuclei (blue) staining. (b-c) Rh protein (red) immunolocalization in a transverse
and longitudinal sections of MT and HG with apical-localized V-type H'-ATPase (VA; green)
and nuclei (blue) staining. Yellow immunostaining represents merged Rh protein (red) and NKA
or VA (green) co-localization. Diagrams (bottom) of the larval digestive tract illustrate regions of
transverse and longitudinal cross sections shown in panels a-c, respectively. Scale bars 50 um.
[lustrations of larval alimentary canal created by Dr. Chun Chih Chen.
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Figure 6- 2. Rh transporter (4eRh50) mRNA expression in transverse sections of excre-
tory organs from Aedes aegypti larvae using an in-situ hybridization (ISH) assay. Chro-
mogenic staining (red) of (a) A4eRh50-1 and (b) AeRh50-2 mRNA expression in transverse
sections of the five Malpighian tubules (MT) and rectum (RM) segment of the hindgut. Cor-
responding (c) positive (+ve) control (GAPDH) and (d) negative (-ve) control staining in the
MT and RM are also shown. Diagram (right panel) of the larval digestive tract illustrates the
region of transverse cross sections shown in panels a-d. Scale bars 50 um. Illustrations of larval
alimentary canal created by Dr. Chun Chih Chen.
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Figure 6- 3. AeRh50 mRNA expression in longitudinal sections of anal papillae
from A. aegypti larvae using an in-situ hybridization (ISH) assay. Chromogenic
staining (red) of (a) AeRh50-1 mRNA and (b) AeRh50-2 mRNA localization in longitu-
dinal anal papillae sections. (C) positive (+ve) control GAPDH and (D) negative (-ve)
control staining in corresponding sections are also shown. Diagram (right panel) of the
external anal papillae in larvae illustrates the region of longitudinal cross sections shown
in panels a-d. Illustrations of larva created by Dr. Chun Chih Chen.
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Figure 6- 4. Ammonium (NH4") concentrations in the secreted fluid, transepithelial fluid se-
cretion rates, and NH4" transport rates of Malpighian tubules from AeRh50-1-dsRNA
treated Aedes aegypti larvae. (a) NHas" concentrations in Malpighian tubule secreted fluid, (b) tran-
sepithelial fluid secretion rate of the Malpighian tubules and (¢c) NH4" transport rate by the Malpigh-
ian tubules from control f-lac dsRNA-treated larvae and AeRh50-1 dsRNA-treated larvae at 48
hours post-dsRNA treatment. Data shown as mean + S.E.M (n = 8-9 tubules from 4 animals for
each group; Unpaired Student’s t-test, p = 0.0050).
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ATPase activity in the MT and NH4+ transport across the alimentary canal of HEA-reared lar-
vae

The activity of ion-motive pump VA, but not NKA, was significantly elevated in the MT of
larvae reared in HEA (5 mM NH4Cl) for 7 days compared to FW conditions (Fig 6-5). The NKA
activity for FW-reared larvae was 0.046 + 0.01 pumol ADP/mg protein/hour and for HEA-reared larvae
was 0.063 = 0.02 pmol ADP/mg protein/hour. The VA activity for FW-reared larvae was 0.043 = 0.01
umol ADP/mg protein/hour and for HEA-reared larvae was 0.13 £+ 0.03 pmol ADP/mg protein/hour.
An examination of NH4" flux across all organs comprising the alimentary canal of HEA-reared and
FW-reared larvae revealed significant NHs" absorption from the gut lumen to the haemolymph at the
proximal region of the gastric caeca from larvae reared in both conditions (Fig. 6-6). No significant
difference in net NHs" transport was observed along the alimentary canal of larvae reared in HEA for
7 days in comparison to FW-reared larvae. For both FW and HEA groups, NH4" secretion from the
haemolymph was measured at the MT (both proximal and distal regions), while NH4" absorption was

measured at the ileum and rectum segments of the hindgut (Fig. 6-6).
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Figure 6- 5. Effect of high environmental ammonia (HEA) rearing on Na™-K"-
ATPase (NKA) and V-type-H"-ATPase (VA) activity in the Malpighian tubules
(MT) of Aedes aegypti larvae. NKA and VA activity in the MT were measured at 7
days after 2" instar larvae were reared in either dechlorinated tap water (FW) or HEA
conditions (5 mM NH4Cl). Data were analysed using a two-way ANOVA (Bonferroni’s
multiple comparisons test). Asterisk (*) signifies a significant difference (p = 0.0448).
All data are expressed as mean + S.E.M (n = 3 for each treatment group).
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Figure 6- 6. The effect of high environmental ammonia (HEA) rearing condi-
tions on NH4* flux across organs of the alimentary canal of Aedes aegypti larvae
measured using the scanning ion-selective electrode technique (SIET). Average
NH4" flux measurements across the gastric caecae (GC), anterior midgut (AMG),
posterior midgut (PMG), Malpighian tubules (MT), and ileum and rectum segments
of the hindgut are shown. Positive values signify NH4" absorption from the gut lu-
men into the haemolymph, and negative values signify NH4" secretion from the hae-
molymph to the gut lumen. Data are represented as mean = S.E.M (n = 5 animals
per rearing group). Asterisks denote statistically significant differences in NH4" flux
at the GC regions compared to all other organs (two-way ANOVA, Sidak’s multiple
comparisons test, p < 0.05). prox, proximal; dist, distal.
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Expression of ammonia transporters and enzymes involved in nitrogen metabolism

Heatmaps of identified transcripts of interest in the rectum of 4™ instar larvae acutely exposed
to HEA conditions or control FW for 24 hours were constructed to visualize differences in expression
(Fig. 6-7). All four ammonia transporters in 4. aegypti are expressed in the rectum of larvae (Fig. 6-
7a), with A4eRh50-1 having the highest transcript expression followed by AeRh50-2, AeAmtl, and
AeAmt2, respectively. Acute HEA exposure (24 hours) did not significantly alter the transcript abun-
dance of each gene in the rectum when compared to FW levels. Enzymes involved in key amino acid
metabolism pathways for ammonia formation and/or sequestration were identified (Fig. 6-7b). Gluta-
mine synthetase (GS, cytoplasmic and mitochondrial) together with glutamate synthase (GOGAT)
comprising the GS/GOGAT pathway were expressed in the rectum. In HEA-exposed larvae, a signif-
icant decrease in glutamine synthetase (mitochondrial) expression occured. Glutamate dehydrogenase
(GDH) transcript is enriched in the rectum in comparison to all other enzymes examined for glutamate
metabolism, and GDH expression is unaltered upon exposure to HEA conditions. A mitochondrial
glutamate carrier protein is also enriched in the rectum, whereby transcript expression significantly
increases in HEA-exposed larvae. Other enzymes involved in ammonia metabolism in mosquitoes via
glutamine and proline synthesis (alanine aminotransferase, glutamate oxaloacetate transaminase, and
aspartate aminotransferase) were expressed in the rectum at levels higher than enzymes involved in
purine metabolism, uric acid degradation, and urea formation; allantoicase, uricase, and arginase,

respectively (Fig 6-7c¢).
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Figure 6- 7. Heatmaps of ammonia transporters, enzymes involved ammonia metabolism
and urea formation in the rectum of Aedes aegypti larvae. Transcript expression using
RNAseq methodology of identified transporters or enzymes in the rectum of 4" instar 4. aegypti
larvae exposed to freshwater (FW) or high environmental ammonia (HEA) conditions for 24
hours. Data in heatmaps are presented as average values (n = 3 biological replicates per treatment
group) expressed in transcripts per kilobase million (TPM). Greyscale coloring is indicative of
relative TPM values among all genes in each figure, with light grey being the least expressed
and dark grey being the most abundantly expressed (scales shown on the right of each figure).
(a) Ammonia transporters from the Amt and Rh families, (b) enzymes involved in glutamate
formation or catabolism, and (c) enzymes involved in amino acid metabolism and urea
formation, are shown. Transcript IDs and annotations (VectorBase) associated with each data
value are provided. Asterisks (*) beside accession numbers signify a significant difference in
transcript expression between FW and HEA groups (Differential expression (DE) analysis, log2
fold-change (log2FC), p < 0.05).
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Expression of ion channels, exchangers, co-transporters, and ion-motive ATPases in the rectum

The rectum of larvae showed high levels of expression of various subunits of the ATPases
NKA and VA compared to all other transcripts of interest analysed in the heatmap (Fig. 6-8), and the
transcript of both subunits of the NKA were significantly elevated in the rectum of HEA-exposed
larvae. Out of the genes of interest that were selected for analysis and shown in Figure 6-8, the
transcripts of several ion transporters and enzymes were enriched in the rectum including carbonic
anhydrase 9, sodium (Na")-coupled cation-chloride (CI") co-transporter 2 (CCC2), and inwardly
rectifying K* channels 2a and 2b (Kir2a, Kir2b), compared to the other transcripts of interest. Of the
sodium (Na")-hydrogen (H") exchangers (NHE) expressed in the rectum, NHE8 was the most highly

expressed in comparison to NHE 7,9 and NHE3 (Fig. 6-8).
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Figure 6- 8. Heatmaps of key ion transporter transcript expression in the rectum of
Aedes aegypti larvae. Transcript expression using RNAseq methodology of identified
transporters or enzymes in the rectum of 4™ instar 4. aegypti larvae exposed to freshwater
(FW) or high environmental ammonia (HEA) conditions for 24 hours. Data in heatmaps
are presented as average values (n = 3 biological replicates per treatment group) expressed
in transcripts per kilobase million (TPM). Greyscale coloring is indicative of relative TPM
values among all genes in each figure, with light grey being the least expressed and dark
grey being the most abundantly expressed (scales shown on the right of each figure).
Transcript IDs and annotations (VectorBase) associated with each data value are provided.
CCC, sodium (Na*)-coupled cation-chloride (CI") co-transporter; Kir, inwardly rectifying
K" channels; NHE, sodium (Na")-hydrogen (H") exchangers. Asterisks (*) beside accession
numbers signify a significant difference in transcript expression between FW and HEA
groups (Differential expression (DE) analysis, log: fold-change (log2FC), p < 0.05).
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Rh transporter mRNA and protein expression and localization in adult females

AeRh50-1 mRNA abundance was found to be highest in the hindgut of sugar-fed (i.e. non-
blood fed) females, compared to levels in the midgut (MG) and the MT (Fig. 6-9a). At 24 hours post
blood meal (PBM), a significant increase in AeRh50-1 transcript abundance was observed within the
MT compared to levels in sugar-fed (non-blood fed) females, whereas transcript abundance in the MG
and HG did not change. The mRNA abundance of AeRA50-2 is uniform among the MG, HG, and MT
organs of sugar-fed females, and 24 hours PBM AeRh50-2 levels are significantly elevated in the HG
(Fig. 6-9b). Immunohistochemical assessment of Rh protein in cross sections through the abdomen of
sugar-fed females revealed an apical localization of these transporters within the HG and MT which
did not co-localize with basolateral NKA, as well as localization within the ovary (OV) (Fig. 6-10a).
At 24 hours PBM (Fig. 6-10b) and 48 hours PBM (Fig. 6-10c-d), Rh protein immunostaining was
present in the apical membrane of the hindgut, including the rectal pads (RP) within the rectum, as
well as within cells of the OV, but was absent in the MT and the MG. Using RNA in situ hybridization,
it was determined that 4eRh50-1 mRNA is highly localized within the ileum and rectum segments of
the HG which is visible by the red chromogenic dye staining within these structures (Fig. 6-11a), sim-
ilarly to positive control GAPDH staining in the ileum and rectal pads, specifically, but not the MT
and MG (Fig. 6-11c¢). In contrast, AeRh50-2 mRNA staining is notably absent in the HG and compa-
rable to negative control staining (Fig. 6-11b,d). Chromogenic dye staining of both AeRA50-1 and
AeRh50-2 mRNA appears to be present within cells of the OV, albeit to much lower levels in compar-

ison to the positive control.
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Figure 6- 9. Rh transporter mRNA expression in the midgut (MG), hindgut (HG), and
Malpighian tubules (MT) of sugar-fed and blood-fed adult female Aedes aegypti. (a)
AeRh50-1 relative transcript abundance and (b) AeRh50-2 relative transcript abundance in the
MG, HG, and MT of sugar fed females or 24 hours post blood meal (PBM) females. Transcript
levels for each gene was normalized to the geometric mean of three control reference genes
(rp49, rpS18, rpL8), and are expressed relative to transcript levels in the midgut of that gene (for
sugar fed values) or are expressed relative to sugar fed levels within each organ (for 24 hr PBM
values). Data are expressed as mean +£ S.E.M (n = 6 for sugar fed groups, n = 3 for blood fed
groups). Letters denote a statistically significant difference between MG, HG, MT of sugar fed
groups (One-way ANOVA, Tukey multiple comparisons test, p < 0.0001). Asterisks (*) denote
a statistically significant difference between sugar fed and 24hr PBM values for each MG, HG,
MT group (Mann Whitney test, p < 0.05).
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sugar-fed

Figure 6- 10. Rh protein immunolocalization in sugar fed and blood-fed adult female 4.
aegypti. (a) Rh protein (red), Na'-K'-ATPase (green), and nuclei (blue) immunostaining in
paraffin-embedded longitudinal sections of sugar-fed females showing the Malpighian tubules
(MT), ovary (OV), and hindgut (HG). (b-d) Rh protein (red), V-type H'-ATPase (green), and
nuclei (blue) immunostaining in transverse sections of females at 24 hr and 48 hr post blood
meal (pbm), showing the ovary (OV), midgut (MG), HG with rectal pads (RP), and MT. Scale
bars are 100 pm.
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Figure 6- 11. Rh transporter (4eRh50) mRNA expression in transverse sections of ex-
cretory organs from blood fed female 4. aegypti using an in-situ hybridization (ISH)
assay. Chromogenic staining (red) of (a) 4eRh50-1 and (b) AeRh50-2 mRNA expression in
longitudinal sections of the midgut (MG), Malpighian tubules (MT), ovaries (OV), and ileum
(IL) and rectum (RM; rectal pads, RP) segments of the hindgut. Corresponding (c) positive
(+ve) control (GAPDH) and (d) negative (-ve) control staining in corresponding sections are
also shown. Diagram (bottom panel) of the adult alimentary canal illustrates the organs within
the longitudinal cross sections shown in panels a-d. Scale bars 100 um.
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NH4* transport across the hindgut and the effects of AeRh50-1 dsRNA injection

Regionalized NH4" flux across the hindgut was measured using the scanning ion-selective elec-
trode technique (SIET) at 2 days post-4eRh50-1 dsRNA injection. For control adults, NH4" secretion
from the haemolymph into the gut lumen was found to occur at the upper and lower portions of the
ileum, whereas the rectum was found to absorb NH4" from the gut lumen into the haemolymph (Fig.
6-12). AeRh50-1 dsRNA-injection caused a significant decrease in NHa" secretion within the region of
the lower ileum compared to the A-lac dSRNA-injected control groups. Furthermore, a reversal in NH4"
flux, from absorption (34.831 + 28 pmol cm™ s™) in the control group to secretion (-41.44 + 28 pmol

cm™? s!) in the 4eRh50-1 dsRNA-injected group, occurred within the rectum.
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Figure 6- 12. Effect of dsSRNA-mediated AeRh50-1 knockdown on ammonium (NH4") flux
in the hindgut of adult female A. aegypti. Scanning ion-selective electrode technique (SIET)
measurements of NHa" flux measured at three regions of the hindgut (right panel: upper ileum,
lower ileum, and rectum) from AeRh50-1 and control B-lac dsRNA-injected adults. NH4" flux
measurements are shown as mean + S.E.M (n = 4 animals per group). Asterisks signify statisti-
cally significant differences in regional flux measurements (p = 0.0106, Two-way ANOVA;
Sidak’s multiple comparisons test). Specific measurement sites in each region are indicated by
the white dashed arrows.
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6.5 Discussion

Overview

The current study considered the role of the MT and HG (i.e. the excretory system) in ammonia
regulation and the contribution of the Rh protein ammonia transporters in facilitating ammonia move-
ment across these osmoregulatory epithelia. The impact of HEA rearing of larvae and blood meal di-
gestion of adult females was also examined in relation to MT and rectum function in ammonia transport
and excretory processes. The blind-ended MT produce the primary urine through the transepithelial
secretion of ions and the subsequent osmotic efflux of water, which is then emptied into the pyloric
chamber at the junction of the posterior midgut and anterior hindgut (Bradley, 1987; Ramsay, 1951).
The isosmotic (to the haemolymph) primary urine is modified in the rectum by the active resorption
of ions, whereby a dilute urine is formed and subsequently eliminated via the anus (Ramsay, 1950).
This study reveals the mRNA and protein expression of Rh transporter AeRh50-1 which is localized
to the apical membranes of the MT and HG epithelia, and that injection of 4eRh50-1 dsRNA causes
alterations in ammonia transport within these organs of both larval and adult A. aegypti. Furthermore,
environmentally (i.e. HEA) induced changes in ion transporter, ion channel, and ion-motive ATPase
mRNA expression in the larval rectum and physiologically (i.e. blood feeding) induced changes in Rh
protein mRNA abundance in the HG of adult females points to the involvement of active and secondary
active processes in driving ammonia movement across these organs. Overall, measurements of rela-
tively high rates of ammonia secretion by the MT of larvae and high NH4" efflux rates across the ileum
segment of the HG (from haemolymph to lumen) of adult females implicates these organs as important
sites for ammonia transport and excretion. Notably, this is the first study to examine gene expression
in the mosquito rectum using next-generation sequencing tools in combination with electrophysiology,
RNAI, microscopy, and molecular biology to examine novel molecular mechanisms of ion transport

in relation to ammonia-transport physiology.
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Functional significance of Rh protein expression in the MT and HG of larvae and the influence
of HEA rearing conditions

Recently, we reported that the MT of field-collected and laboratory-reared 4. aegypti larvae
secrete NH4", and that NH4" transport rates become significantly elevated when larvae develop in high
ammonia septic water in comparison to FW (Chapter 5). Furthermore, an examination of ammonia
transporter expression in field-collected and laboratory-reared larvae revealed the expression of Rh
protein within the epithelia of the MT and HG, and rearing in high ammonia septic water causes an
increase in Rh protein immunostaining within these organs (Chapter 5). In the present study, we con-
firm that the Rh proteins are localized to the apical membrane of the MT of larvae through co-locali-
zation with apical VA and not basolateral NKA. Within the rectum, specifically, we have previously
demonstrated that Rh protein expression is co-localized with VA to the apical membrane of field-
collected larvae (Chapter 5), which is further verified in the present study with larvae from our labor-
atory colony. In an attempt to discern which AeRh50 transporter is expressed within these organs,
which cannot be determined at the protein level due to the high amino acid sequence similarity of
AeRh50-1 and AeRh50-2, we utilized an RNA in-situ hybridization assay to localize AeRh50-1 and
AeRh50-2 transcript within the MT and HG. From this, it was demonstrated that AeRh50-1 is the pre-
dominant Rh protein expressed within the MT and HG epithelia, as opposed to AeRh50-2, because of
the high levels of AeRh50-1 mRNA expression detected within these organs. Consequently, the use of
the RNA in-situ hybridization assay also validated our previous reports that both AeRh50-1 and
AeRh50-2 are expressed within the anal papilla epithelium and both proteins function in facilitating

ammonia excretion from these organs [Fig. 6-3; (Chapter 2)].

While the specific function of AeRh50-1 within the MT and HG of larvae requires further
attention, we show 4eRh50-1 dsRNA treatment causes a significant reduction in [NH4"] (mmol I'") in
the secreted fluid droplets of the MT, an effect which is rapidly compensated for by the MT and does

not affect overall NH4" secretion rates. A more robust knockdown and/or an investigation of
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compensatory mechanisms, including the involvement of AeRh50-2 and the AeAmts, is necessary.
Nonetheless, substantial evidence from our work on Rh protein function in the anal papillae suggests
that these ammonia transporters likely function in acid-base homeostasis in addition to ammonia reg-
ulation and excretion. AeRh50-1 protein knockdown within the anal papillae (and likely in other or-
gans, in tandem) not only resulted in decreased NH4" efflux rates, but also caused a decrease in hae-
molymph pH, an effect that was not observed with AeRh50-1 or AeAmt2 knockdown (Chapter 3;
Chapter 2). Furthermore, larvae reared in moderate levels of salt (5 mmol I'") faced a significant de-
crease in haemolymph pH (i.e. acidification), and this corresponded with a 5-fold increase in Rh protein
abundance within the anal papillae and elevated NHs" excretion rates from this organ while the activi-
ties of NKA and VA did not change, AeAmt protein levels were unchanged or decreased, and the
mRNA abundance of an NHE transporter, NHE3, also decreased (Chapter 4). While the role of the MT
and HG in acid-base regulation is incomplete, the MT and rectum have been demonstrated to be im-
portant sites of acid excretion in 4. aegypti larvae (Clark et al., 2007). It is very likely, based on our
previous findings of AeRh50-1 function and alterations in haemolymph pH as a consequence of
AeRh50-1 knockdown, that this transporter is involved in maintaining an acidic rectal lumen (Clark et
al., 2007). The hindgut of the larval lepidopteran, Manduca sexta, expresses comparatively high
mRNA levels of an Rh ammonia transporter (RAMS) and the high luminal ammonia concentration
within the hindgut (~ 60 mmol 1"') was 60 times greater than the ammonia content of other organs
along the alimentary canal as well as haemolymph levels (Weihrauch, 2006). Furthermore, the move-
ment of ammonia within the hindgut was directed towards the lumen from the haemolymph. Similarly,
the rectal epithelium of locust, Schistocerca gregaria, was shown to be a significant site of ammonia
secretion towards the lumen, irrespective of manipulations in luminal pH (Thomson et al., 1988). The
role of NH4" as a weak-acid equivalent in acid-base homeostasis has been noted in response to elevated

CO2z-induced pH disturbances in some aquatic animals (reviewed in Weihrauch and Allen, 2018).
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In the present study, we also measured a net NH4" influx (lumen to haemolymph) at the ileum
and rectum of larvae reared for 7 days in FW and HEA conditions. While this may seem counterintui-
tive, larvae were starved for 24 hours prior to SIET measurements and we have previously demon-
strated that larvae tend to revert to ammonia absorption mechanisms at the anal papillae during periods
of starvation or limited nutrient availability (Chapter 5). It is also worth noting that mean NHa" flux
measurements at the ileum and rectum (11.3 = 2.8 and 10.1 £ 6.8 pmol cm™ s™!, respectively) are
negligible in comparison to NHs" flux measurements often observed at the anal papillae (~25-150 pmol
cm™ s™) (Chasiotis et al., 2016; Donini and O’Donnell, 2005; Chapter 2). In fact, based on the locali-
zation of AeRh50-1 and VA to the apical membranes of both the rectum and MT epithelia, we propose
that an ammonia trapping mechanism exists in these organs as a means of significant ammonia secre-
tion into the lumen from the haemolymph. This mechanism has been suggested or shown to occur
across osmoregulatory organs of many animals whereby membrane acidification from the transport of
H' coupled with NH3 transport by Rh proteins leads to the formation of membrane impermeable NH4"
in the lumen or external media (Chasiotis et al., 2016; Quijada-Rodriguez et al., 2015; Weihrauch and
O’Donnell, 2015; Weihrauch et al., 2012b; Wright and Wood, 2009). The significantly increased VA
activity in the MT of larvae reared in HEA in this study further suggests that this ammonia-trapping
mechanism may be important in ammonia secretion in the primary urine. A similar finding of increased
VA activity within the anal papillae in response to HEA rearing lends further support to this proposed
mechanism in the MT and the HG (Chapter 4). Altogether, these data implicate the MT and HG of
larvae as important sites for ammonia regulation and possessing efficient ammonia transporting mech-
anisms. The contribution of the AeAmts also cannot be discounted, as these transporters were previ-

ously immunolocalized within the hindgut of larvae (Chapter 5).

Expression of ion transporters, ion channels, and enzymes involved in nitrogen metabolism in
the larval rectum and the response to acute HEA exposure

224



The rectum of aquatic insect larvae is broadly acknowledged as a critical site for the selective
reabsorption of ions, water, and nutrients for the maintenance of haemolymph ionic and osmotic com-
position (Bradley, 1987; Jonusaite et al., 2013a; Meredith and Phillips, 1973; Patrick et al., 2006b).
However, limited information exists in terms of specific ion-transporting mechanisms within this or-
gan. Furthermore, previous findings of high luminal ammonia concentrations in the hindgut of insect
larvae and relatively high Rh transporter expression within rectal epithelia of insect larvae including
findings from this current study (Weihrauch, 2006), suggest the presence of ion channels, ion trans-
porters, and enzymes involved in ammonia metabolism and transport in the hindgut, which is currently
unknown. Our RNAseq analysis of transcript expression in the rectum confirms the presence of a
plethora of ion transporters and channels, ion-motive ATPases, and enzymes involved in ammonia
formation and detoxification. The transcripts of all four ammonia transporters (Adedmtl, AeAmt2,
AeRh50-1, and AeRh50-2) in A. aegypti are expressed in the rectum. AeRh50-1 mRNA is the most
highly abundant in comparison to the 4eRh50-2 and the AeAmts, supporting the present findings from
our immunohistological and RNA in situ hybridization expression studies. Acute exposure of larvae to
HEA conditions had little effect on ammonia transporter mRNA expression in the rectum, which may
also support the observation that HEA rearing does not alter endpoints in NH4" movement across the
rectum measured by SIET. Nevertheless, when taken together with our immunohistochemical obser-
vations, AeRh50-1 expression within the hindgut strongly suggests that this protein plays a primary

role in ammonia transport and the maintenance of high luminal ammonia levels.

Ammonia formation either as a metabolic waste product or as a nitrogen source that is recycled
in animals generally occurs via one of two pathways: (1) glutamate dehydrogenase (GDH) which cat-
alyzes the reversible reaction of glutamate formation from NH4" and 2-oxoglutarate (i.e. a-ketoglu-
tarate) and (2) glutamine synthetase (GS) and glutamate synthase (GOGAT) which either convert glu-

tamate and ammonia to glutamine (via GS) or produce two glutamate molecules (via GOGAT)
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(Merrick and Edwards, 1995). While the GDH pathway is regarded as the main route for glutamine
and ammonia sequestration or formation in animal cells, increasing examples exist in insects demon-
strating the GS/GOGAT as being the primary pathway for ammonia assimilation (Doverskog et al.,
2000; Hirayama and Nakamura, 2002; Hirayama et al., 1997). The rectum of A. aegypti larvae is en-
riched with GDH transcript (8987.6 + 245 transcripts per million, TPM in FW), approximately 400 to
5,000 times greater than GOGAT and GS levels, respectively. Therefore, it appears that GDH is the
predominant pathway for ammonia formation in the rectum of larvae. The same may not be true for
adult female 4. aegypti during blood meal digestion, as GDH activity is shown to play a minor role in
comparison to the GS/GOGAT (or GItS for glutamate synthase, alternatively) (Scaraffia et al., 2005;
Scaraffia et al., 2006). The metabolism of amino acids other than glutamate, including proline and
alanine, are important sources of ammonia production or ammonia assimilation in insects (Chamberlin
and Phillips, 1983; Scaraffia et al., 2005; Scaraffia et al., 2006). We found that the transcripts of en-
zymes involved in many of these metabolic pathways were expressed in the rectum, including alanine
aminotransferase which was highly enriched, glutamate oxaloacetate transaminase, and aspartate ami-
notransferase. Female 4. aegypti are also capable of synthesizing urea through a metabolic pathway
that involves the degradation of urea and the transcripts of at least two of the enzymes involved in this
pathway are expressed in the larval rectum, uricase (i.e. urate oxidase) and allantoicase, albeit at com-
paratively lower levels than those involved in glutamate and proline metabolism (Scaraffia et al., 2008).
The production of urea in insects is also attributed to the enzyme arginase, and transcripts of this en-
zyme were also identified within the rectum (Isoe and Scaraffia, 2013). While the specific composition
of nitrogenous waste excretory products has not been examined in detail in 4. aegypti larvae, specifi-
cally in relation to urea and uric acid excretion, ammonia as the predominant nitrogenous waste product

is common among the majority of aquatic insects examined (O’Donnell and Donini, 2017).
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Key ion transporters and channels, and enzymes that have well established roles in ion-trans-
porting mechanisms in other osmoregulatory organs of larvae were also expressed in the rectum, con-
sistent with its role in active ion resorption to form a dilute urine. Carbonic anhydrase 9 (CA9) tran-
script is enriched in the rectum, and pharmacological characterization of this enzyme in the anal papil-
lae of larvae demonstrated its indirect involvement in ammonia excretory mechanisms within these
organs (Chasiotis et al., 2016). In a previous study, immunostaining of CA9 along the alimentary canal
of adult females revealed little to no expression in the hindgut, however, CA9 expression was not
specifically examined in the rectum of larvae (Dixon et al., 2017). The transcripts of 3 genes encoding
Na'-dependent cation-chloride cotransporters (CCCI or aeNKCC1, aeCCC2, and aeCCC3) were ex-
pressed in the rectum. Of these, aeCCC2 was found to be highly abundant in the rectum and signifi-
cantly elevated upon acute HEA exposure (483.6 = 37 TPM in FW and 613.47 £ 164 TPM in HEA).
This finding supports previous evidence that aeCCC2 is highly expressed in the adult hindgut in com-
parison to the MT where it may play an integral role in ion absorption, although the specific transport
substrates are still unknown (Piermarini et al., 2017). Of the five genes encoding the inward-rectifying
K" (Kir) channels in 4. aegypti, the transcript of four of these genes (4eKirl, AeKir2a, AeKir2b, and
AeKir3) were identified in the rectum. In the MT of adult female 4. aegypti, AeKirl and AeKir2b are
abundantly expressed within the basolateral membrane of stellate cells and principal cells, respectively,
where they generate a significant proportion of the basolateral membrane conductance which powers
transepithelial K" secretion (Piermarini et al., 2013; Piermarini et al., 2015; Rouhier et al., 2014). Here
we found that 4eKir2a was most abundantly expressed in the rectum and transcript levels were signif-
icantly elevated in response to HEA (278.3 = 11 in FW and 391.9 + 67 in HEA). AeKir2b was also
enriched within the rectum (101.8 + 2.7 in FW and 102.1 + 13 in HEA). Considering the important
function of the rectum in selective K* reabsorption from the lumen in aquatic dipteran larvae (Bradley
and Philips, 1977; Jonusaite et al., 2013b; Meredith and Phillips, 1973; Phillips, 1981) and the critical

role of Kir channels in the transepithelial movement of K™ in the MT, we posit that these ion channels
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are highly involved in K" transport mechanisms in the larval rectum. Substantial evidence that ion-
motive pumps, NKA and VA, are expressed within the rectal epithelia of aquatic insect larvae are
further supported by our RNAseq analysis (Chapter 5; Jonusaite et al., 2013b; Patrick et al., 2006).
NKA transcript (o subunit) is abundant in the rectum and increases (o and B subunits) in response to
abrupt HEA exposure, and VA transcript (subunits A and d1) are found at similar expression levels
but are unaltered in response to HEA exposure. Also identified at relatively lower transcript levels
were transport mechanisms for chloride (H'/C1 exchanger 7, H"/CI” exchanger 5, and chloride channel
2,) bicarbonate (Na'-driven CI/HCO5™ exchanger), and sodium-hydrogen exchangers (NHE3, NHE7/9,
and NHES). Altogether, these data provide novel insight into the specific ion transport mechanisms
within the rectum that may be important for select ion movement, which is critical for the ability of

larvae to inhabit dilute freshwater environments and aquatic habitats that contain toxic ammonia levels.

Rh protein expression in the hindgut of adult females facilitates NH4" transport

Rh protein immunostaining was localized primarily to the apical membrane of the hindgut ep-
ithelium of sugar-fed and blood fed (24-48 hours PBM) adult females. Similarly to our findings from
larvae, RNA in-situ hybridization and qPCR analyses revealed that AeRh50-1 is the primary Rh protein
being expressed within this organ. Interestingly, our qPCR findings of elevated 4eRh50-1 mRNA ex-
pression in the MT at 24 hours post blood meal contradict immunohistochemical results which show
Rh protein expression in the MT of sugar-fed females but is absent in the MT of blood-fed females and
requires further investigation. Regardless, the enriched AeRh50-1 expression within the HG in com-
parison to other osmoregulatory organs is highly suggestive of a critical role in luminal ammonia se-
cretion, similar to that proposed for larvae, as ammonia is the principal nitrogenous waste product in
blood-fed adult female A. aegypti (Scaraffia et al., 2005). The high Rh protein expression in the HG of
sugar-fed females is intriguing as the animals are devoid of dietary nitrogen prior to the ingestion of a

blood meal, and in this regard the rectal lumen of herbivorous insects such as Bombyx mori possess
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high ammonia concentrations secreted across the epithelium (Chamberlin and Phillips, 1983; Thomson
et al., 1988; Weihrauch, 2006). Routine metabolic activities, such as regular protein turnover, are a
significant source of endogenously produced ammonia in animal cells and it is likely that AeRh50-1
is important for facilitating ammonia secretion during all feeding (sugar and blood) states of the adult
female. Indeed, comparatively (to larval HG) high levels of NH4" efflux directed into the hindgut lumen
was measured along the ileum and was significantly reduced following AeRh50-1 knockdown. This is
in contrast to measurements of the larval ileum in which a net NH4" absorption was measured, but at
much lower rates (+11.3 £ 2.8 pmol cm™ s for larvae versus up to -213 £ 75 pmol cm™ s™! for adults).
Notably, the ileum exhibits high Rh protein expression within the epithelium. The ileum is an actively
contracting structure for the movement of gut contents and is comprised of a flattened epithelium which
is enclosed by cuticle and bordered by inner circular muscles and outer longitudinal muscles
(Christophers, 1960; Lajevardi and Paluzzi, 2020). The ileum is not considered to have a major func-
tion in osmoregulation (Phillips, 1981). However, the energetic demands related to its high contractile
activity may result in significant levels of ammonia formation via amino acid catabolism within the
musculature, necessitating mechanisms for ammonia transport into the lumen destined for excretion.
Our observations of Rh protein expression in both larvae and adults demonstrate an apical localization
that is almost always exclusively co-expressed with apical VA, further supporting the notion of am-
monia trapping mechanisms as a means of confining NHs" within the lumen (or external), often against
a significant concentration gradient, for excretion. Similarly to larvae, the rectum of the adult female
uptakes NH4" into the haemolymph at relatively low flux rates, and AeRh50-1 dsRNA injection led to
a trend towards a reversal in NH4" flux to secretion at the rectum. Increasing examples of animals
maintaining certain levels of ammonia systemically points towards the phenomenon of ammonia ho-
meostasis which is likely of importance for some physiological processes (Hu and Tseng, 2017;
Weihrauch and Allen, 2018a). The haemolymph NH4" levels in larval and adult A. aegypti are upwards

of 1 mmol I"! (Chasiotis et al., 2016; Chapter 7), so the sugar-fed phase of adult females and a brief (24
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hour) starvation period of larvae in the present study may explain the observations of NH4" absorption

at the rectum to maintain physiologically required levels of ammonia.

Conclusions

The current study has provided the groundwork for further study on ammonia transport within
the excretory organs in both A. aegypti larvae and adult females. Findings from this work have impli-
cated the MT and HG as key sites for ammonia transport and nitrogen regulation. Transcriptomic anal-
yses of the larval rectum have revealed the presence of key ion channels, transporters, and enzymes
involved in ion and water homeostasis, ammonia formation, and the formation of nitrogenous waste
products. Collectively, these data also present the first molecular and physiological characterization of
Rh protein expression and function within the excretory organs of Aedes aegypti, and our findings
suggest that these transporters are important candidates in mediating ammonia transport across the
epithelia of the MT and HG to be excreted. The expression of Rh protein, likely 4eRh50-1, was also
localized within ovarian cells of adult females and the role of these Rh proteins in egg maturation and
more broadly, in reproduction, is worth pursuing. Incidentally, these preliminary findings further
prompted us to examine the role of ammonia transporters (Amt and Rh proteins) in reproductive pro-

cesses in adult 4. aegypti (see Chapter 7).
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Chapter Seven

Ammonium transporter expression in sperm of the disease-vector Aedes aegypti mosquito

influences male fertility

This chapter has been published and reproduced with permission:

Durant A.C., Donini A. (2020) Ammonium transporter expression in sperm of the disease-vector Ae-
des aegypti mosquito influences male fertility. Proceedings of the National Academy of Sciences
U.S.A. 117(47) 29712-29719.
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7.1 Summary

The ammonium transporter (AMT)/methylammonium permease (MEP)/Rhesus glycoprotein
(Rh) family of ammonia (NH3/NH4") transporters have been identified in organisms from all domains
of life. In animals, fundamental roles for AMT and Rh proteins in the specific transport of ammonia
across biological membranes to mitigate ammonia toxicity and aiding in osmoregulation, acid-base
balance, and excretion, has been well documented. Here, we observed enriched Amt (4deAmtl) mRNA
levels within reproductive organs of the arboviral vector mosquito, Aedes aegypti prompting us to
explore the role of AMTs in reproduction. We show that AeAmtl is localized to sperm flagella during
all stages of spermiogenesis and spermatogenesis in male testes. AeAmtl expression in sperm flagella
persists in spermatozoa that navigate the female reproductive tract following insemination and are
stored within the spermathecae, as well as throughout sperm migration along the spermathecal ducts
during ovulation to fertilize the descending egg. We demonstrate that RNAi-mediated AeAmt1 protein
knockdown leads to significant reductions (~40%) of spermatozoa stored in seminal vesicles of males,
resulting in decreased egg viability when these males inseminate non-mated females. We suggest that
AeAmtl function in spermatozoa is to protect against ammonia toxicity, based on our observations of
high NH4" levels in the densely packed spermathecae of mated females. The presence of AMT proteins,
in addition to Rh proteins, across insect taxa may indicate a conserved function for AMTs in sperm

viability and reproduction, in general.
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7.2 Introduction

Ammonium transporters (AMT), methylammonium permeases (MEP), and Rhesus glycopro-
teins (Rh proteins) comprise a protein family with three clades, and homologues from each have been
identified in virtually all domains of life (McDonald et al., 2012). AMT proteins were first identified
in plants (Ninnemann et al., 1994) with the simultaneous discovery of MEP proteins in fungi (Marini
etal., 1994), followed by Rh proteins in humans (Marini et al., 1997b). Ammonia (NH3/ NH4") is vital
for growth in plants and microorganisms, and is retained in some animals for use as an osmolyte
(Smith, 1936; Wood et al., 1995b), for buoyancy (Clarke et al., 1979; Seibel et al., 2004), and for those
lacking sufficient dietary nitrogen(Weihrauch, 2006). In the majority of animals, however, ammonia
is the toxic by-product of amino acid and nucleic acid metabolism and accordingly requires efficient
mechanisms for its regulation, transport, and excretion (Ip and Chew, 2010; Randall and Tsui, 2002;
Weiner and Verlander, 2017; Wright, 1995a). AMT, MEP, and Rh proteins are responsible for the
selective movement of ammonia (NH3) or ammonium (NH4") across biological membranes, a process
that all organisms require. Unlike their vertebrate, bacterial, and fungal counterparts which function as
putative NH3 gas channels (Khademi et al., 2004; Mayer et al., 2006; Soupene et al., 1998; Wu et al.,
2010a; Zheng et al., 2004), a myriad of evidence suggests that plant AMT proteins and closely related
members in some animals are functionally distinct and facilitate electrogenic ammonium (NH4")
transport (Ludewig et al., 2002; Mayer et al., 2006; McDonald and Ward, 2016b; Neuhduser and
Ludewig, 2014; Pitts et al., 2014). In contrast to vertebrates which only possess Rh proteins (Peng and
Huang, 2006), many invertebrates are unique in that they express both AMT and Rh proteins, some-
times in the same cell (O’Donnell and Donini, 2017; Weihrauch and Allen, 2018b; Weihrauch and
O’Donnell, 2015; Weihrauch et al., 2004; Weihrauch et al., 2012a). Among insects, the presence of
both AMT and Rh proteins has been described in Drosophila melanogaster (Lecompte et al., 2019;
Menuz et al., 2014) and mosquitoes that vector disease-causing pathogens, Anopheles gambiae (Pitts

et al., 2014; Ye et al., 2020) and Aedes aegypti (Chasiotis et al., 2016; Chapter 3). It is unclear if, in
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these instances, AMT and Rh proteins can functionally substitute for one another but, in the anal pa-
pillae of 4. aegypti larvae, knockdown of either Amt or Rh proteins causes decreases in ammonia
transport suggesting that they do not (Chasiotis et al., 2016; Chapter 3; Chapter 2). To date, studies on
ammonia transporter (AMT and Rh) function in insects have focused on ammonia sensing and tasting
in sensory structures (Delventhal et al., 2017; Menuz et al., 2014; Pitts et al., 2014; Ye et al., 2020),
ammonia detoxification and acid-base balance in muscle, digestive, and excretory organs (Chapter 4;
Wu et al., 2010), and ammonia excretion in a variety of organs involved in ion and water homeostasis
(Chasiotis et al., 2016; Chapter 3; Chapter 2; Weihrauch, 2006; Weihrauch et al., 2012). 4. aegypti is
the primary vector for the transmission of human arboviral diseases Zika, yellow fever, chikungunya,
and dengue virus which are of global health concern due to rapid increases in the geographical distri-
bution of this species, presently at its highest ever (Kraemer et al., 2015; Leta et al., 2018). In light of
the well documented evolution of insecticide resistance in mosquitoes (Hemingway et al., 2002; Smith
etal.,2016; Vontas et al., 2012; Weill et al., 2003), more recent methods to control disease transmission
such as the sterile insect technique (SIT) (Benedict and Robinson, 2003), trans-infection and steriliza-
tion of mosquitoes with the bacterium Wolbachia (Iturbe-Ormaetxe et al., 2011), and targeted genome
editing rendering adult males sterile (Kandul et al., 2019) have proven effective. These methods take
advantage of various aspects of mosquito reproductive biology, however, an understanding of male
reproductive biology and the male contributions to female reproductive processes is still in its infancy
(Degner and Harrington, 2016). Here, we describe the expression of an 4. aegypti ammonium trans-
porter (AeAmtl) in the sperm during all stages of spermatogenesis, spermiogenesis, and egg fertiliza-

tion, which is critical for fertility.
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7.3 Materials and Methods

Immunolocalization and western blotting of AeAmt1

For immunohistological studies, whole adult male and female 4. aegypti (7-10 days post emer-
gence) were fixed in Bouin’s solution at room temperature overnight. Fixed animals were further pro-
cessed (dehydrated), paraffin-embedded, and sectioned (5 pm thick) following an established protocol
(Chasiotis and Kelly, 2008). Tissue sections were placed on VistaVision HistoBond adhesive micro-
scope slides (VWR International, Mississauga, Ontario). Immunohistochemical localization of
AeAmtl was carried out using a 1:40 (7.46 x 10 ug pL™") dilution of a custom-made polyclonal
antibody produced in rabbit, which has been outlined in detail (Chasiotis et al., 2016). For control
slides, anti-AeAmtl antibody was incubated with 20 X molar excess of immunogenic peptide for 1
hour at room temperature prior to application. To visualize the mitochondrial derivatives that are found
along the entire length of the flagellum of isolated spermatozoa, seminal vesicles dissected from adult
males were incubated in MitoTracker Red CMXRos at a 100nM dilution (Invitrogen, Carlsbad, CA,
USA) in phosphate-buffered saline (PBS) for 2 hours at room temperature (Rocco et al., 2019). Seminal
vesicles were then fixed in 4% paraformaldehyde for 2 hours and were then gently pressed onto a
microscope slide using a coverslip to release the spermatozoa. Slides were mounted using ProLong
Gold antifade reagent with DAPI (Life Technologies, Burlington, ON, Canada). Western blotting of
AeAmtl was carried out following a previously published protocol (Chasiotis et al., 2016). For assess-
ment of AeAmtl dsRNA-mediated protein knockdown (see below) in males, 3 biological replicates
consisting of whole animal tissues from 10 males per replicate were processed. To examine AeAmtl
protein abundance in spermathecae from non-mated and mated females, isolated spermatheca (3 per

animal) were pooled from 15-20 animals per replicate.
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dsRINNA synthesis and microinjection

AeAmtl and control f-lactamase dsSRNA was synthesized using the Promega T7 RiboMAX
Express RNAIi kit (Promega, WI, USA) following a published protocol (Chasiotis et al., 2016). Isolated
male and female (2-3 days for males, and 5-7 days for females, post emergence) were briefly anaes-
thetized using CO2. Males were injected with 150 nL (510 ng) and females were injected with 200 nL
(680ng) of AeAmtl or control p-lactamase dsRNA diluted in PCR-grade water using a Nanojet 111
Programmable Nanoliter Injector (Drummond Scientific Company, Broomall, PA, USA). dsSRNA was

injected dorsally into the thorax of mosquitoes.

Sperm quantification and ammonium [NH4'] measurements in spermathecae

Sperm quantification in the paired seminal vesicles of male 4. aegypti at 24 hours post dSRNA
injection was performed following a published protocol, with minor modifications (Ponlawat and
Harrington, 2007). The seminal vesicles were isolated from individual males, placed in 100 pl PBS,
and were gently torn open using extra-fine forceps under a dissecting microscope (Carl Zeiss Canada,
Toronto, ON) to release spermatozoa. An additional 10 ul PBS was used to rinse the forceps and the
PBS with spermatozoa was mixed thoroughly using a P100 pipette. Immediately after mixing for each
animal, five 1 pL droplets of the mixture were spotted onto a microscope slide, allowed to air dry, and
were fixed with 70% ethanol. Slides were mounted using ProLong Gold antifade reagent with DAPI
(Life Technologies, Burlington, ON, Canada) and nuclei of spermatozoa within each 1 uL droplet was
imaged under 4x magnification using an Olympus IX81 inverted microscope (Olympus Canada, Rich-
mond Hill, ON, Canada). The nuclei of spermatozoa in each 1 uL droplet were counted using ImageJ
software (ImagelJ ver.1.51J8, National Institutes of Health, USA), averaged across all 5 droplets for
each animal, and multiplied by the dilution factor to determine total spermatozoa counts within the
seminal vesicle. Free ammonium (NH4") concentrations were measured using a liquid membrane ion-

selective microelectrode that was constructed using a detailed protocol (Donini and O’Donnell, 2005).
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The 3 spermathecae from female 4. aegypti were isolated under physiological saline (Petzel et al.,
1987), pooled together and transferred to a 0.5 pul droplet of saline submerged in hydrated paraffin oil,
and carefully punctured with an extra-fine forcep to release contents into the droplet. Droplets were
held in paraffin oil for no longer than 15 minutes before NH4" measurements were made. Estimations
of undiluted [NH4"] in spermathecae stated in the text were calculated by taking into account the vol-
ume of the spermathecae (60 uM diameter for the lateral lobes, 70 uM diameter for the large, median
lobe), the dilution factor of the 3 spermathecae when punctured (in 0.5 pL physiological saline) and
subtracting the background [NH4"] concentration in droplets of physiological saline submerged under

paraffin oil (~0.538 mM).

Mating and egg-laying assays

Pupae of 4. aegypti (Liverpool) were acquired from a colony reared in the Department of Bi-
ology, York University (Toronto, ON, Canada) and were used for all experiments (Chasiotis et al.,
2016). Female A. aegypti of this colony were blood-fed twice weekly with sheep blood in Alsever’s
solution (Cedarlane Laboratories, Hornby, ON, Canada). Groups of male and female A. aegypti were
separated at the pupal stage (identified by sexual dimorphisms in pupal size) and placed in BugDorm-
5 insect boxes (MegaView Science Co, Taiwan) with 20% sucrose solution where the adults emerged.
For experimental analyses of mated females, a 1:1 ratio of male and female pupae was collected and
reared in the same insect boxes as described above. This study employed two different mating assays
protocols; [1] AeAmt] dsRNA-knockdown males that were mated with non-mated females, and [2]
AeAmtl dsRNA-knockdown females that were mated with non-mated males prior to dSRNA injection.
For protocol [1], dsSRNA-injected males were placed with non-mated females (2:1 ratio of male:female
per insect box) between 18-24 hours post dSRNA injection. After 24 hours, females were provided a
blood meal. For protocol [2], mated females were separated from males and injected with dsRNA.

After 48 hours, females were provided a blood meal. For both mating protocols [1] and [2], females
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were given 20 minutes to blood feed and all blood-fed females were subsequently isolated individually
in inverted 25 cm? cell culture flasks (Corning, NY, USA) containing 3mL of dH20 from larvae rearing
containers (to entice egg laying) lined with filter paper (Rocco et al., 2019). Laid eggs were collected
after 4 days and were semi-desiccated for 48 hours and then counted. Spermathecae were dissected
from females and viewed under a microscope to confirm insemination occurred, and any non-mated
females were excluded from experimental analyses. Eggs were placed in 20 mL of dH20 with 0.5mL

larval food (1:1 ratio of liver powder and inactive yeast) and hatchlings were counted after 48 hours.

Statistics

All statistical analyses were performed using the GraphPad Prism software, and the critical
level was taken as p = 0.05. The appropriate statistical test used for each experimental analysis is
indicated in the figure caption with corresponding p-values. Power analyses were performed on all
datasets which yielded a minimum statistical power of 0.80 with the given sample sizes and variances

of each group.

7.4 Results and Discussion

AeAmtl is Expressed During All Stages of Spermatogenesis and Spermiogenesis

Previous characterizations of ammonia transporters (AMT and Rh proteins) in reproductive
tissues in the context of male reproductive biology and fertility are scarce and come from vertebrate
models (Biver et al., 2008; Lee et al., 2013). In the mosquito Aedes albopictus, Rh protein (AalRh50)
transcript is expressed at modest levels in ovary tissue of adult females and is unaltered following
blood feeding (Wu et al., 2010a). Given our previous characterizations of AMT proteins (AeAmt1 and
AeAmt2) in A. aegypti larvae which are expressed in organs important for ion and water balance and
digestion (Chasiotis et al., 2016; Chapter 3; Chapter 5), we speculated that AeAmt1 and AeAmt2 would
play functionally similar roles in digestive and excretory organs in adults, particularly following in-

gestion of a protein-rich blood meal by females. To examine this hypothesis, we utilized

248



immunohistological techniques with previously validated AeAmt antibodies (Chasiotis et al., 2016;
Chapter 3). To our surprise, our results demonstrate that AeAmt1 protein is immunolocalized almost
exclusively to the reproductive organs of both male and mated, sugar-fed female 4. aegypti (Fig. 7-1).
In a longitudinal section of a mature testis follicle from male 4. aegypti, AeAmtl is expressed in pri-
mary spermatogonia (germ cells), primary spermatocytes, spermatids, and spermatozoa (Fig 7-1a). In
early stages of spermatogenesis, AeAmt] localizes to regions consistent with mitochondria found near
the centriole which in later stages stretches alongside axial filament formation within the flagella
(Engelmann, 2015). Live cell staining of mitochondrial derivatives that localize to the full length of
the flagella of mature spermatozoa (Fig 7-1b, (Rocco et al., 2019)) shows a similar localization pattern
to observed AeAmtl staining along the length of the flagellum of a mature spermatozoa (Fig. 7-1c-d).
Interestingly, AeAmtl immunostaining appears to be absent within the centriole adjunct (Fig. 7-1d,
red arrow), a structure located between the nuclei and flagella of spermatozoa and implicated in proper

flagellar development (Rocco et al., 2019).
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Figure 7- 1. AeAmtl protein localization in male testes and spermatozoa stored within the
spermathecae of female Aedes aegypti. (a) AeAmtl (red) immunolocalization in a longitudinal
section of a testis counterstained for nuclei (blue; DAPI). Zones of different stages of spermato-
genesis, from primary spermatogonia (germ cells) to mature spermatozoa are indicated (white la-
bels). (b) High magnification image of a single spermatozoa showing the nucleus (blue; DAPI) and
the mitochondrial derivatives along the length of the flagellum (green; MitoTracker). (¢) High mag-
nification image of AeAmtl (red) localization counterstained for nuclei (blue; DAPI) in mature
spermatozoa isolated from the testis, and (d) corresponding brightfield image to panel C indicating
the flagellum (black arrow), nucleus (yellow arrow), and region of the centriole adjunct (red arrow).
(e) AeAmtl (red) localization in a transverse section of spermathecae from mated female 4. aegypti
counterstained for nuclei (blue; DAPI), and (f) higher magnification image of AeAmtl (red) and
nuclei (blue; DAPI) immunolocalization in spermatozoa from a single spermatheca of mated fe-
male A. aegypti from panel E. (g) The corresponding bright field image to panel E indicating the
sperm-filled spermatheca (black arrow). (h) Control slide (anti-AeAmtl preincubated with 20x
molar excess of AeAmtl-specific peptide) and (i) bright field image corresponding to (h). Scale
bars are 50 um, unless indicated otherwise.
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In mated, sugar-fed females, AeAmtl protein was immunolocalized to the spermathecae (Fig.
7-1e-g), and this immunostaining was absent when the AeAmtl antibody was pre-absorbed with 20 x
molar excess of AeAmtl immunogenic peptide prior to application to tissue sections (Fig. 7-1h-i).
High magnification images of spermathecae filled with spermatozoa reveal a similar flagellar-like
AeAmtl staining pattern as was observed in the mature spermatozoa within the male testis. The sper-
mathecae are spherical reservoirs for spermatozoa in females, consisting of a cuticular lining sur-
rounded by epithelial cells and glandular cells associated with the entrance of the spermathecal duct
(Clements and Potter, 1967; Pascini et al., 2012). Our findings are consistent with those of other Aedine
species in that only the largest, median spermatheca and one of the smaller lateral spermatheca are
filled with sperm following copulation (Degner and Harrington, 2016; Oliva et al., 2013; Pascini et al.,
2012). AeAmt]l immunostaining localized to the nurse cells of the previtellogenic egg chambers within
the ovary of sugar-fed females was also observed [SI Appendix, Fig. 7-Sle-f (Valzania et al., 2019)].
AeAmtl immunostaining is qualitatively absent in the midgut (MG) and Malpighian tubules (MT) (SI
Appendix, Fig. 7-S1a-d), and the rectum (RM) epithelium and rectal pads (SI Appendix, Fig. 7-S1e-h)
in contrast to AeAmtl immunostaining of spermatozoa in recently inseminated female A. aegypti (SI
Appendix, Fig. 7-Sle-h). AeAmt] mRNA levels corroborate these findings, whereby transcript levels
are higher in the reproductive organs (RP) (combined with hindgut (HG) tissue to extract sufficient
RNA for gPCR), relative to MG and MT levels (SI Appendix, Fig. 7-S2). AeAmt] mRNA is highest in
fat body (FB) and carcass (CAR) tissues (SI Appendix, Fig. 7-S2), translating to only moderate
AeAmtl immunostaining in sections of fat body cells in comparison to the spermatozoa (SI Appendix,
Fig. 7-S1f, yellow dashed arrow). We suggest that carcass tissues (muscle, nervous, and hypodermis)
may also be enriched in AeAmtl transcript, perhaps explaining the difference in transcript and protein
levels but has yet to be examined. Alternatively, translation efficiency by specific cells can greatly
influence the correlation between mRNA and protein levels, in part due to untranslated mRNA that

remains in the cell (Maier et al., 2009). By comparison, 4eAm¢2 mRNA is enriched in the HG, RP, and

251



FB (SI Appendix, Fig. 7-S2) and we have immunolocalized AeAmt2 within the MG, MT, ovary, HG
(including rectal pads), and the fat body cells of sugar-fed, mated adult females (SI Appendix, Fig. 7-
S3). From this, we postulate that AeAmt2 likely plays critical roles in ammonia detoxification and
excretion during blood meal digestion, as this causes significantly elevated haemolymph [NH4"] within
48 hr post blood meal (SI Appendix, Fig. 7-S4) which corresponds to simultaneously elevated ammo-
nia concentrations in the faeces (Scaraffia et al., 2005). Interestingly, AeAmt2 mRNA and protein is
also highly enriched in the antennae (SI Appendix, Fig. 7-S3a-d). In Anopholes gambiae, an ammo-
nium transporter (4gAmt) sharing high sequence homology to Aedmt2 (Chapter 3), is expressed in
chemosensory appendages with evidence that AgAm¢ functions in critical host-seeking behaviors in-

volving ammonia sensing (Pitts et al., 2014; Ye et al., 2020).

AeAmtl Expression is Only Detected in Spermathecae from Mated Females Containing Sperm

In light of the finding that AeAmt1 is expressed in the flagella of mature spermatozoa and this
expression persists during storage of spermatozoa within spermathecae, we predicted that spermathe-
cae of non-mated females should lack AeAmtl expression. Indeed, AeAmt] immunostaining is absent
in the spermathecae of non-mated females (Fig. 7-2a-b). Furthermore, Western blotting analysis con-
firmed these findings as AeAmtl protein was not detected in spermathecae protein homogenate from
non-mated females in contrast to AeAmtl protein detected in the spermathecae of mated female A.
aegypti (Fig. 7-2¢). A single band at 55 kDa was detected, the predicted monomer form (VectorBase),
which is antibody-specific based on previous peptide-blocking analysis in other 4. aegypti tissues
(Chasiotis et al., 2016). In an effort to elucidate a functional role for AeAmtl in spermatozoa during
storage in spermathecae, ammonium (NHi")-selective microelectrodes were used to measure the
[NH4"] within the spermathecae of mated and non-mated female A. aegypti. Mated females exhibit
significantly higher NH4" levels released from spermathecae when punctured in a droplet of saline in

comparison to non-mated females (Fig. 7-2d), and we estimate that non-diluted [NH4"] levels in intact
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spermathecae is approximately 500mM for mated females and 300mM for non-mated females con-
sistent with levels measured along the gastrointestinal tract (Terra and Regel, 1995) and within buoy-
ancy organs (Seibel et al., 2004) of other invertebrates. Secretion of proteins by both male accessory
glands and glandular cells of spermathecae are required for sperm viability during insemination and
sperm storage in insects (Collins et al., 2006; den Boer et al., 2009), however, catabolism of these
proteins would yield ammonia. These remarkably high levels in contrast to haemolymph [NH4"] (SI
Appendix, Fig. 7-S4) suggest that, at least in spermathecae, AeAmt] in spermatozoa is likely function-
ing to mitigate ammonia toxicity. This is particularly important considering female 4. aegypti undergo
a single mating event with one male and sperm are stored in spermathecae for the duration of the
female’s life (Clements and Potter, 1967; Degner and Harrington, 2016; Pascini et al., 2012). While it
is unclear how the spermathecal cells mitigate the effects of high ammonia stored within the sperma-
thecal reservoirs, the morphology of the spermathecae is such that the epithelial cells lie externally to
the thick cuticle that lines the reservoirs, and the glandular cells are present on the surface of cuticle-
lined spermathecal ducts (Clements and Potter, 1967; Pascini et al., 2012). This suggests that it is the

cuticle that separates these cells from the high ammonia levels found within the spermathecae.
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Figure 7- 2. Absence of AeAmtl protein expression and localization in non-mated females,
and ammonium (NH 4+) content in spermathecae of non-mated and mated female Aedes ae-

gypti. (A) AeAmtl (red) immunolocalization is absent in longitudinal sections of spermathecae
(white outlines) from non-mated females counterstained for nuclei (blue; DAPI). (B) Bright field
image corresponding to (a). (C) AeAmtl protein expression (top panel) in isolated spermathecae
from mated (m) and non-mated (n) females, and Coomassie total protein staining (bottom panel)
using Western blotting. (D) Diluted [NH4'] of pooled spermathecae (3 per animal) punctured in
a 0.5 pL saline droplet from non-mated and mated female A. aegypti (Mann-Whitney test, p =
0.0077). Data shown at mean = S.E.M. Scale bars are 50 um. m, mated; n, non-mated.
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During ovulation and oviposition in female 4. aegypti, spermatozoa are released from the sper-
mathecae and traverse the spermathecal ducts, and this release is highly coordinated with ovulation of
the descending egg for successful egg fertilization (Degner and Harrington, 2016). At 48 hours post
blood meal, we found that AeAmtl shows continued expression in sperm flagella as they exit the
spermathecae (Fig. 7-3a, b) and migrate through the spermathecal ducts (Fig. 7-3c). AeAmtl im-
munostaining was also present in the follicular epithelium and within nurse cells surrounding the de-
veloping oocyte (SI Appendix, Fig. 7-S5), paralleling our observation of AeAmtl localization in pre-
vitellogenic egg chambers of sugar-fed females (SI Appendix, Fig. 7-Sle-f). The functional signifi-
cance of AeAmtl expression in the nurse cells of both pre-vitellogenic and vitellogenic (post blood
meal) ovarian follicles is not yet known, however, the high metabolic activities of the nurse cells to
meet energy and nutrient demands mirrors that of spermatozoa. In this regard, metabolic processes in
sperm cells occur in part through oxidative phosphorylation whereby ammonia (NH3/NH4") formation
occurs as a by-product and requires regulation, and ultimately excretion from the cell (Visconti, 2012).
This putative function for AeAmt1 in facilitating ammonia excretion from these highly metabolically
active cells is most plausible considering the similar localizations of AeAmtl and the mitochondrial
derivatives (the site of oxidative phosphorylation) to the sperm flagellum. Findings from a comparative
study using a murine model reported the production of potentially inhibitory levels of ammonium re-
sulting from amino acid metabolism during embryonic development (Gardner and Lane, 1993). Evi-
dently, AeAmtl likely has a critical function in protecting both spermatozoa and the developing oocyte
against ammonia toxicity in reproductive organs in A. aegypti. Similarly, to sugar-fed females,
AeAmtl immunostaining within the midgut epithelium of females was not observed at 48-hour post

blood meal (SI Appendix, Fig. 7-S5, white arrow in panel b).
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Figure 7- 3. AeAmtl1 protein localization in migrating spermatozoa within spermathecal ducts
from blood fed (48 hr pbm) adult female Aedes aegypti. (a) AeAmtl (red) immunolocalization
in a longitudinal section of spermathecae (white outlines) counterstained for nuclei (DAPI, blue),
(b) bright field image corresponding to panel (a), and (¢) AeAmt] (red) immunolocalization within
spermathecal ducts containing migrating spermatozoa (white arrow) counterstained for nuclei
(DAPI, blue) in a blood-fed female A. aegypti. All scale bars 50 pm.
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AeAmtl is Essential for Spermatozoa Viability and Male Fertility

Considering that AeAmtl is highly expressed in spermatozoa during the entire course of de-
velopment in males, insemination of females, and storage within spermathecae, we speculated that
AeAmtl plays an essential role in sperm viability. While information from insect models is certainly
lacking, a Rh protein (RAcg) in mice is highly expressed in the epididymis and late stage spermatids in
the testes of males in which the epididymal luminal fluid is maintained acidic to immobilize sperm
during maturation within this organ (Biver et al., 2008; Lee et al., 2013; Pastor-Soler et al., 2012).
Consequently, Rhcg mutant mice exhibit decreased fertility. Here we employed RNA interference
(RNAI) techniques whereby AeAmtI-dsRNA injection of males’ results in significant decreases in
AeAmtl protein in whole-body tissues within 24 hours, which restores to normal levels within 36 hours
(Fig. 7-4a-b). AeAmtl protein knockdown at 24 hours causes significant reductions in mature sperma-
tozoa counts in the seminal vesicle (Fig. 7-4c-d), a common storage unit for mature spermatozoa in
male 4. aegypti (Wandall, 1986). We speculated that reductions in the number of spermatozoa are due
to viability (i.e. sperm death) rather than delays in spermatogenesis and spermiogenesis, as the latter
processes occur over approximately 10 days in dipterans (Engelmann, 2015; Hannah-Alava, 1964). To
examine if spermatozoa within the seminal vesicle were indeed dying or dead prior to when AeAmtl
protein is significantly decreased following dsRNA injection, we utilized a live/dead sperm viability
assay. At 16 hours post-dsRNA injection, a higher proportion of cell death was observed in the AeAmt1
knockdown males and total sperm counts are significantly reduced within the seminal vesicle (SI Ap-
pendix, Fig. 7-S6), indicating that AeAmt1 knockdown begins earlier than 24-hour post-dsRNA treat-

ment demonstrated through Western blotting.
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Figure 7- 4. Total spermatozoa in the seminal vesicle of male Aedes aegypti following RNAi
(dsRNA)-mediated knockdown of AeAmtl. (A) AeAmtl protein abundance in male A. aegypti
at 24 h and 36 h post injection with AeAdmtI (n = 3) or control fS-lactamase (f-lac; n =3) dsSRNA
(p = 0.0467 for 24h, Unpaired Student’s t-test, two-tailed; p = 0.100 for 36h, Mann Whitney test).
(B) Representative Western blot images corresponding to (a) demonstrating AeAmtl protein
abundance (top panel) and Coomassie total protein staining (bottom panel) at 24 h and 36 h post
AeAmtl and S-lac dsRNA injection. (C) Total spermatozoa number within the seminal vesicle of
males at 24 h post AdeAmtl and f-lac dsSRNA injection (p = 0.0073; Mann Whitney test). (D)
Representative images of immunofluorescent nuclei (grayscale, DAPI) from fixed spermatozoa
ina 1 pl droplet of phosphate buffered saline with from the seminal vesicles of 4eAm¢1 and f-lac
dsRNA-injected males at 24 h post injection. Data shown as mean £+ S.E.M. (each point represents
individual replicate values, panel C).
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When non-mated females were inseminated by AeAmt1-knockdown males, significant reduc-
tions in the number of eggs laid (Fig. 7-5a), the number of larvae hatched (Fig. 7-5b), and ultimately
the percentage of viable eggs laid per female (Fig. 7-5¢) were observed. Although moderate levels of
spermatozoa remain in the seminal vesicle following AeAmtl protein knockdown at 24 hours post-
injection, we cannot discount the possibilities that sperm death continues to occur prior to, during, and
after mating and insemination of the female, or that physiological defects exist in these remaining
sperm as a result of AeAmtl knockdown, which would impact the ability of sperm to fertilize the egg.
Mated female 4. aegypti injected with AeAmt] dsSRNA produce similar amounts of eggs and hatched
larvae as control females, and no significant reduction in the percentage of hatched larvae per female
was observed (SI Appendix, Fig. 7-S7a-c), which may be due to adequate amounts of spermatozoa
surviving in the spermathecae following AeAmtl knockdown. It should be noted that high proportions
of male and female 4. aegypti survive following AeAmtI-dsRNA injection, with gradual decreases in
female survival post blood-feeding and decreases in the proportion of females that lay (viable) eggs

occurring, and to a greater extent in AeAmtl knockdown groups (SI Appendix, Fig. 7-S8).
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Figure 7- 5. Effects of AeAmtI protein knockdown in males on egg laying and larval hatching
(egg viability) of mated female Aedes aegypti. (A) Number of eggs laid (p < 0.0001; Mann Whit-
ney test), (B) number of larvae hatched (p < 0.0001; Mann Whitney test), and (C) percentage of
larval hatching (p = 0.0006, Mann Whitney test) by individual females mated with males that were
injected with AdeAmtl and f-lac dSRNA (n =45 for B-lac; n =46 for AeAmtl). Data shown as mean
+ S.E.M. (each point represents individual replicate values).
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Taken together, these multiple lines of evidence demonstrate that AeAmtl expression in sper-
matozoa is important for sperm survival and successful egg fertilization in 4. aegypti. AeAmtl1 expres-
sion within the developing follicles of the ovaries merits further investigation because there was no
effect on fertility when females were injected with 4eAm¢I-dsRNA and thus the functional role of
AeAmtl in this respect is unclear. While our findings provide an initial description of a member of the
ammonia transporter (Amt/MEP/Rh) protein family that is localized within reproductive organs in a
single mosquito genera, we posit that this feature may be conserved, at the very least across insect taxa,
as a method of protecting sperm from ammonia toxicity as they navigate the reproductive tract. The
use of spermathecae for sperm storage and maintenance of viability until fertilization is a general char-
acteristic of insect reproductive biology, but also extends to other animal phyla including mollusks,
annelids, nematodes, and some vertebrates (e.g. amphibians) (Hickman et al., 1984; Pascini and
Martins, 2017). In this regard, prevention of the spermatozoa against ammonia toxicity is a challenge
that likely many animals are tasked with and our current work highlights the importance of an AMT
protein function in this aspect of insect reproduction. These findings also contribute to our understand-
ing of A. aegypti reproductive biology, which is still in its infancy, but is of medical importance because
of their frequent feeding on human hosts and their high vectorial capacity for arboviral pathogens. In
this context, AeAmtl protein expression during the early stages of sperm development, maturation,
and later insemination and fertilization of the egg is necessary for male fertility and, more broadly, the
reproductive fitness of A. aegypti which is significant in terms of the development of novel vector

control methods.
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7.6 Supplementary Information (SI) Appendix: Figures

merge AeAmt1 DAPI VA

-
-
Figure 7S- 1. AeAmtl protein localization in mated, sugar fed female Aedes aegypti. (a-d)
Longitudinal section through midgut (MG) and Malpighian tubules (MT) (white arrows in b)
showing AeAmtl (red) immunolocalization counterstained for nuclei (blue; DAPI) and V-type-H"
ATPase (VA; green). (e-h) Longitudinal section through distal regions of the Malpighian tubules,
ovary (dashed white arrows), hindgut (double arrows), fat body (yellow dashed arrow), and sperm

within the bursa inseminalis (solid white arrow) showing AeAmtl (red) immunolocalization coun-
terstained for nuclei (blue; DAPI) and VA (green). All scale bars are 100um.
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Figure 7S- 2. Organ expression profile of AeAmts in mated, sugar-fed adult female Aedes
aegypti. AeAmtl and AeAmt2 mRNA abundance in the midgut (MG), hindgut and reproductive
organs (HG+RP), Malpighian tubules (MT), fat body and carcass (FB+CAR), and head and an-
tennae (HD+AT; AeAmt2 only) of adult females. Each gene was normalized to the geometric
mean of three control reference genes (rp49, rpS18, rpL8), and is expressed relative to transcript
levels in the midgut of that gene (assigned a value of 1). Data are expressed as mean values +
S.E.M (n = 6 for MG, HG+RP, MT; n = 3 for FB+CAR, HD+AT).
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Figure 7S- 3. AeAmt2 protein localization in sugar-fed female Aedes aegypti. (a-d) Longitudi-
nal section through antennae (white arrows in a) showing AeAmt2 (red) immunolocalization coun-
terstained for nuclei (blue; DAPI) and V-type-H" ATPase (VA; green). (e-h) Longitudinal section
through the midgut and proximal regions of the Malpighian tubules (dashed white arrows in e)
showing AeAmt2 (red) immunolocalization counterstained for nuclei (blue; DAPI) and Na'-K"
ATPase (NKA; green). (i-1) Longitudinal section through distal regions of the Malpighian tubules
(MT), ovary (OV), hindgut (HG; rectal pads, dashed arrow), and fat body (FB) showing AeAmt2
(red) immunolocalization counterstained for nuclei (blue; DAPI) and V-type-H™ ATPase (VA;
green). All scale bars are 100um.
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Figure 7S- 4. Haemolymph ammonium [NH4*] and pH of adult female A. aegypti following a
blood meal. (a) haecmolymph [NH4"] over 48 hrs and (b) haemolymph pH over 24 hours post blood
meal (n=3-7 per time point). Data are expressed as mean values + S.E.M. Different letters denote
significant differences (One-way ANOVA, Tukey post-hoc test, p < 0.05).
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Merge AeAmt1 DAPI

Figure 7S- 5. AeAmt1 protein localization in nurse cells of the developing follicle from blood
fed (48 hr pbm) adult female Aedes aegypti. (a-c) AeAmtl immunolocalization to the follicular
epithelium and nurse cells (dashed arrows) of a transverse section through eight ovarioles each
possessing follicles, and the midgut (white arrow, panel b) counterstained for nuclei (blue; DAPI).
(d) Hlustration highlighting the nurse cells (black arrows) and epithelial cells (white arrow) to
which AeAmtl immunolocalizes within a single ovariole possessing follicles at different stages
of differentiation. All scale bars 100 um.
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Figure 7S- 6. The proportion of dead or damaged spermatozoa (p = 0.0007, Mann Whitney
test) and total sperm counts (p = 0.0143; Unpaired t-test) within the seminal vesicle of male
Aedes aegypti at 16 hours following AeAmtl or control f-lactamase (fi-lac) dsRNA injection.
Representative merged fluorescence image (right panel) indicating live sperm cells (green nuclei,
dashed circles) and membrane-compromised sperm cells (red nuclei, solid circles) isolated from
the seminal vesicle of AeAmtl dsRNA-injected males at 16 hours post-injection. Scale bar is 200
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Figure 7S- 7. Effects of AeAmt1 protein knockdown on egg laying and larval hatching (egg
viability) of mated female Aedes aegypti. (A) Number of eggs laid (p = 0.0656, Unpaired t-
test), (B) number of larvae hatched (p = 0.1578, Unpaired t-test), and (C) percentage of larval
hatching (p = 0.4788,; Mann Whitney test) by individual females injected with AdeAm¢1 and f-lac
dsRNA (n =45 for B-lac; n = 38 for AeAmtl). Data shown as mean + S.E.M. (each point repre-
sents individual replicate values).
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Figure 7S- 8. Female Aedes aegypti survival post dsRNA injection (males, left; females, right)
and blood feeding, and the proportion of surviving females that laid viable eggs. Percentages
of females that survived AeAmtl or control f-lac dSRNA injection (dsRNA injection survival),
and the percentage of females that survived up to 4 days post blood meal relative to the initial
number injected with dsRNA (blood feeding survival). The percentage of females that laid eggs
following dsRNA injection and a blood meal (proportion egg laying), and the percentage of fe-
males that laid eggs that resulted in hatched larvae after two days (proportion viable eggs/larval
hatching) relative to the initial number of females injected with dsRNA is also shown.
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7.7 Supplementary Information (SI) Appendix: Materials and Methods

Quantitative real-time PCR (qPCR) for AeAmtl and AeAmt2 mRNA abundance

Biological samples (n = 3-6, as specified in figure legend) each consisting of pooled midgut
(MGQG), hindgut and reproductive organs (HG+RP), Malpighian tubules (MT), fat body (FB), and head
and antennae (HD+AT) tissue from 70-90 adult female 4. aegypti per sample were isolated in cold
lysis buffer from the Purelink RNA mini kit (Ambio, Austin, TX) and sonicated for 5s at SW using an
XL 2000 Ultrasonic Processor (Qsonica, LL, CT, USA). RNA was isolated using the Purelink RNA
mini kit (Ambion, Austin, TX) and was treated with the TURBO DNA-free Kit (Applied Biosystems,
Streetsville, Ontario, Canada) to remove genomic DNA. cDNA was prepared from isolated RNA sam-
ples (using 1 pg of RNA for all samples) using the iScript cDNA Synthesis Kit (Bio-Rad, Mississauga,
Ontario, Canada) following manufacturer recommendations. The cDNA was stored at -20 °C until
subsequent use. To determine the relative mRNA abundance of AeAmt]l and AeAmt2 in adult female
A. aegypti tissues, quantitative PCR (qPCR) was performed using SsoFast Evagreen Supermix (Bio-
Rad Laboratories (Canada) Ltd. Mississauga, Ontario, Canada) according to the manufacturer’s proto-
col, and the primers designed for each gene (Chasiotis et al., 2016; Chapter 3). Ribosomal protein 49,
60s ribosomal protein S18, and ribosomal protein L8 were used as internal controls. These reference
genes were determined to be suitable as internal controls for adult female Aedes aegypti (Paluzzi et al.,
2014), and primers were a kind gift from Dr. Jean Paul Paluzzi (York University). Reactions were
carried out using the CFX96 real time PCR detection system (Bio-Rad). To confirm the presence of a
single product after each reaction, a melting curve analysis was performed. For each gene of interest,
a standard curve was generated to optimize reaction efficiency. Undiluted cDNA for all tissue samples
was used to assess Aedmtl and AeAmt2 mRNA abundance, while a 1/100 dilution of cDNA for all
tissue samples was used throughout for all three reference genes. Quantification of transcripts was

determined according to the Pfaffl method (Pfaffl, 2004), using the geometric mean of the three
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reference genes for data normalization. Samples were run in duplicate, and a no-template negative

control was used for each gene.

Immunohistochemistry for AeAmt2 protein localization

Immunohistochemistry of AeAmt2 in adult female 4. aegypti organs was carried out following
a previously published protocol (Chapter 3). A custom synthesized polyclonal antibody raised in rabbit
against AeAmt2 was used at a dilution of 2.86 x 10 pug pL!. For AeAmtl and AeAmt2 immuno-
localization studies, a mouse monoclonal anti-a5 antibody for immunostaining of Na"-K'-ATPase
(NKA; Douglas Fambrough, Developmental Studies Hybridoma Bank, 1A, USA) as a basolateral
membrane marker in the midgut epithelium was used at a 1:10 dilution. A guinea pig anti-V-type-H'-
ATPase (VA) (a kind gift from Dr. Weiczorek, University of Osnabruk, Germany) was used at a
1:15000 dilution as a marker in the antennae and the apical membrane of the Malpighian tubule epi-
thelium. NKA and VA localization within the epithelia of A. aegypti organs has been previously es-
tablished (Patrick et al., 2006a). To visualize AeAmt1l and AeAmt2, a goat anti-rabbit antibody conju-
gated to Alexa Fluor 594 was applied; to visualize NKA, a sheep anti-mouse antibody conjugated to
Cy2 was applied; to visualize VA, a goat anti-guinea pig antibody conjugated to AlexaFluor 647 was
applied. All secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA)

were used at 1:500 dilutions.

Haemolymph ammonium (NH4") and pH levels using ion-selective microelectrodes (ISME)

Haemolymph droplets from adult female 4. aegypti (7-10 days post emergence) were sampled
at various intervals up to 48 hours post blood meal. For haemolymph collection, females were immo-
bilized through brief exposure to CO2 gas and were quickly submerged under hydrated paraffin oil.
Using fine forceps, one hind leg was removed from the animal and gentle pressure was subsequently
applied to the thorax to release a droplet of haemolymph from the opening where the leg was removed.

Droplets from individual animals were kept under oil for no more than 15 minutes prior to ion activity
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measurements using NHs" and H' selective microelectrodes, constructed and calibrated as previously

described (Chapter 5).

Live/dead spermatozoa assay

A Live/Dead Sperm Viability kit (Thermo Fischer Scientific, Waltham, MA, USA) was uti-
lized to examine if sperm cell death was contributing to the observed lower sperm counts in the seminal
vesicle following dsRNA mediated AeAmtl knockdown compared to the S-lac dSRNA-injected control
group. At 16 hours post-dsRNA injection, spermatozoa were carefully isolated from the seminal vesi-
cle of male A. aegypti in 50 pL physiological saline containing 100 nM SYBER 14 dye (membrane-
permeant nucleic acid stain for live cells). Samples were incubated at 36°C for 10 minutes, and pro-
pidium iodide (membrane-impermeant stain for membrane compromised cells) was added to each sam-
ple at a final concentration of 12 pM. Samples were incubated at 36°C for an additional 10 minutes,
and 3 x 1 uL droplets of each sample were placed on a microscope slide and were covered immediately
and gently with a coverslip. Slides were imaged using an inverted fluorescence microscope (Nikon
Eclipse Ti-S, Nikon Instruments Inc., Minato, Japan) at 4 x magnification to capture the entire 1 pL
droplet of spermatozoa in saline. A FITC filter set (excitation: 488, emission:519) was used to image
SYBR 14 stained nuclei, and a Texas Red filter set (excitation: 560, emission:610) was used to image
propidium iodide-stained cells. Each sample was collected and processed individually and imaged im-
mediately upon being placed on the microscope slide. Fluorescence images for live and dead cell stains
for each droplet were merged using ImageJ software (ImagelJ ver.1.51J8, National Institutes of Health,
USA). The total nuclei, number of live nuclei (green), and number of dead/damaged nuclei (red) in
each 1 pL droplet were counted and were averaged among the 3 droplets per sample. Average total
spermatozoa count in the seminal vesicle at 16 hours (from 3 droplets per animal) were calculated by
multiplying the counted sperm by the dilution factor. The number of red (dead) and green (live) nuclei

within the entire area of the image were quantified to obtain an averaged proportion (3 droplets per
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animal, 10 animals per dSRNA group) of spermatozoa cell death, a reliable method that has been de-

tailed previously (MacMillan et al., 2017).
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Conclusions and future directions
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8.1 Summary

At the beginning of this research, findings of ammonia transporter expression in the anal pa-
pillae of A. aegypti larvae combined with earlier evidence of ammonium (NH4") excretion from these
organs provided important insight into the mechanisms of ammonia excretion that exists in these mos-
quitoes (Chasiotis et al., 2016; Donini and O’Donnell, 2005). Decades of reports that 4. aegypti larvae
inhabit high ammonia sewage habitats, which would present significant challenges to the survival of
many other aquatic animals, offered a particularly fruitful avenue of research in terms of how ammonia
transport physiology translates into the ability of larvae to tolerate toxic levels of ammonia in the
aquatic environment (Burke et al., 2010; Chitolina et al., 2016; Lam and Dharmaraj, 1982; Mackay et
al., 2009). Furthermore, blood-feeding in adult 4. aegypti females presents a substantial ammonia chal-
lenge (Scaraffia et al., 2005; Scaraffia et al., 2006), but nothing was known of the expression nor con-
tribution of ammonia transporters to ammonia regulation and excretion in adults. Studies in this area
from other mosquito species implicated Rh protein involvement in various osmoregulatory organs dur-
ing the process of blood meal digestion, and that an Amt protein was involved in ammonia sensing
related to host-seeking by adult female mosquitoes of a different species (Pitts et al., 2014; Wu et al.,
2010a). It was evident that a detailed characterization of ammonia transporters (Amt and Rh proteins)
at the molecular and functional levels in the 4. aegypti aquatic larvae and blood-feeding adult, the
principal vector of many arboviral diseases, was necessary. The compilation of studies presented in
this dissertation provides a more profound understanding of the roles of ammonia transporter proteins
in ammonia transport physiology and systemic ammonia regulatory processes in larval and adult 4.
aegypti. The major findings related to the aims of this research (as outlined in Chapter 1) are summa-

rized below.
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8.1.1 Amt and Rh proteins in A. aegypti: redundancies or functionally distinct roles in ammonia
transport physiology?

Within the anal papillae, ammonium transporter AeAmtl was previously shown to play an
integral role in NH4" excretion, a process that was also reliant on active ion transport machinery in-
cluding the key ion-motive enzymes, V-type H'-ATPase (VA) and Na'-K"-ATPase (NKA) (Chasiotis
et al., 2016). A similar approach involving loss-of-function techniques (i.e. RNA interference) com-
bined with electrophysiology was utilized to establish roles for the Rh proteins, AeRh50-1 and
AeRh50-2 (Chapter 2), and the recently identified Amt protein, AeAmt2 (Chapter 3), which were each
demonstrated to be important in facilitating NHa" excretion at the anal papillae. What was surprising
was the finding of significant decreases in AeAmt2 and Rh protein, and no change in AeAmtl protein
abundance, in response to long-term high environmental ammonia (HEA) exposure; an environmental
challenge that was predicted to necessitate the greatest requirement for these transporters (Chapter 3).
Of course, the findings begged the question as to whether redundancies in ammonia transport mecha-
nisms exist within the 4. aegypti mosquito, of which this species is one of only a few animal species
demonstrated to express both Amt and Rh proteins. Even more intriguing was the observation that Rh
protein abundance within the anal papillae increased 5-fold when larvae are reared in modest amounts
of salt (5 mmol 1" NaCl), which corresponded with elevated rates of NH4" efflux and VA activity
within the anal papillae, as well as overall decreased haemolymph [NH4+"] (mmol I'") (Chapter 4). Aedes
aegypti larvae can readily develop in brackish water (~150 mmol 1! NaCl) (Akhter et al., 2017;
Misyura et al., 2020; Ramasamy et al., 2011) and so the levels used in the current study likely do not
present a significant challenge to larval development. Nevertheless, larvae reared in 5 mmol I'' NaCl
were faced with a decrease in haemolymph pH (i.e. acidification) (Chapter 4), and this may relate to
the finding of haemolymph acidification that resulted from AeRh50-1 knockdown in the anal papillae
(Chapter 2) whereby AeRh50-1 function is important for haemolymph pH maintenance and con-

versely, loss of AeRh50-1 function causes perturbations in haemolymph pH. Alterations in
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haemolymph pH were not observed following AeAmtl, AeAmt2, or AeRh50-2 protein knockdown
[Chapters 2-3; (Chasiotis et al., 2016)]. Collectively, these results were suggestive of an alternate role
for AeRh50-1 in ammonia transport as a means of acid-base regulation in relation to the ionic compo-
sition of the external media. For instance, Rh proteins as gas channels for NHs, and possibly COz,
transport may be a detriment in the externally protruding anal papillae when larvae are in HEA due to
the inwardly directed ammonia (NH3/NH4") gradient which is why a decrease in protein abundance
was observed (Chapter 3), but they may be important in ridding NH4" as an acid equivalent when larvae

are reared in NaCl which increased Rh protein abundance (Chapter 4).

It was not until the close examination of Amt and Rh protein expression and function in adult
A. aegypti that it became apparent that these transporters have distinct and highly specialized functions
in a variety of physiological processes related to ammonia regulation, transport, and excretion. AeAmtl
is almost exclusively expressed within the spermatozoa during all stages of development in males and
during storage within the spermathecae of females (Chapter 7). On the other hand, AeAmt2 is highly
expressed in chemosensory appendages (e.g. the antennae) of females where it may play a role in
ammonia-sensing (Chapter 7), similarly to the malaria vector mosquito, Anopheles gambiae (Pitts et
al., 2014; Ye et al., 2020). AeAmt2 was also localized within the fat body cells, which is functionally
analogous to the vertebrate liver and is an important organ for ammonia detoxification in 4. aegypti
females during blood meal digestion (Scaraffia et al., 2005). The Rh proteins, and AeRh50-1 in partic-
ular, are enriched within the excretory organs (Malpighian tubules, MT and rectum, RM) and may be
important for ammonia secretion from the haemolymph and confinement within the MT and RM lu-
men, and ultimately ammonia excretion via these organs (Chapter 6). Based on findings from other
mosquito species (Wu et al., 2010a), it was postulated that ammonia transporter function would be
important within the midgut (Chapter 1), the primary site of blood meal digestion. However, based on

the minimal (or lack of) Amt and Rh mRNA and protein expression within this organ up to 48 hours
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post blood meal (Chapters 6 and 7), further examination of ammonia transport mechanisms within this
organ may reveal the importance of alternate pathways.
8.1.2 Physiological plasticity of larvae to freshwater (FW) and high environmental ammonia (HEA)
habitats

Findings from this research demonstrate that colony-strain (Liverpool) larvae alter ammonia
transporter mRNA and protein abundances in the anal papillae in response to acute and long-term HEA
exposure (Chapter 3). Changes in ion-motive NKA and VA activity within the anal papillae (Chapter
4) and the MT (Chapter 6) were also observed in response to rearing in HEA. These changes most
likely occur, in part, to combat elevated haemolymph NH4" levels and haemolymph acidification that
the larvae often encounter when reared in HEA, probably due to the high drinking rates and ingestion
of ammonia with food (Clark et al., 2007). Remarkably, an examination of wild 4. aegypti larvae that
were field-collected from either FW containers or high ammonia septic tanks yielded similar findings
to colony larvae exposed to either FW or HEA (Chapters 3 and 4), mainly: (1) elevated haemolymph
[NH4"] (mmol I'") levels and decreased haemolymph pH of septic tank-collected larvae versus FW-
collected larvae, (2) decreased Rh protein abundance within the anal papillae of septic tank-collected
larvae versus FW-collected larvae, and (3) increased VA expression in anal papillae epithelia of septic
tank-collected larvae versus FW-collected larvae (Chapter 5). Further evidence that larvae are capable
of remodeling their physiology to acclimate to high ammonia sewage habitats comes from the findings
that colony larvae hatched and reared in high ammonia sewage water from septic tanks not only thrived
but also showed similar alterations in organ function and endpoints in ammonia regulation to wild A.
aegypti larvae. For instance, similarly to wild larvae collected from septic tanks, colony larvae reared
in septic water exhibited elevated haemolymph NH4" levels as well as significantly increased NH4"
transport rates by the MT and enhanced NH4" efflux rates at the anal papillae, compared to colony

larvae reared in dilute natural freshwater (Chapter 5). This is an impressive feat physiologically,
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considering that the laboratory larvae have been in the colony for many decades and are reared exclu-
sively in distilled freshwater. These findings also partially highlight the mechanisms in larvae that
confer their resilience to these harsh ammonia-rich environments that they now readily inhabit, conse-

quently of which contributes to their year-round abundances and the prevalence of arboviral diseases.

8.1.3 A novel role for an Amt protein in sperm cells

In animals, ammonium transporter (Rh and Amt) function has been implicated in the most
fundamental processes such as routine cellular protein turnover, amino acid catabolism aiding in met-
abolic processes, to much more peculiar strategies involving life in high ammonia environments. This
research identified a novel role for an Amt protein specifically in the spermatozoa of 4. aegypti (Chap-
ter 7). AeAmtl is almost exclusively localized to the spermatozoa of male 4. aegypti relative to other
cells and is highly expressed at all stages of spermatogenesis in the male testes and also evident in
relation to egg fertilization in the female reproductive tract. This is the first instance of an ammonium
transporter localized within sperm of any animal, offering a new realm of unconventional roles for this
family of transporters which to date have primarily been localized within the epithelia of organs in-
volved in digestion, excretion, ion-water homeostasis, and acid-base balance. RNAi-mediated protein
knockdown of AeAmtl in male 4. aegypti causes significant perturbations in male fertility (decreased
sperm counts) and egg viability (decreased proportions of hatched larvae) (Chapter 7). This is particu-
larly significant in this monandrous mosquito species, in addition to many other insect taxa, which
employs internal fertilization of eggs during reproduction following a single mating and insemination
event with one male, and subsequent long-term sperm storage within the spermathecae (Degner and
Harrington, 2016). These findings suggest that AeAmt1 functions in spermatozoa to mitigate ammonia
toxicity that is produced both intracellularly and in the surrounding fluids, evidenced by the localiza-
tion of AeAmtl along the length of the spermatozoa flagellum corresponding to mitochondrial deriv-

ative expression, as well as the remarkably high NH4" levels in the spermathecae fluid of female A.
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aegypti. Indeed, a closer examination of the subcellular localization of AeAmt1 in relation to the mi-
tochondria in other highly metabolically active cells may reveal that this transporter is involved in
ammonia shuttling out of the mitochondria. This may be true for the nurse cells surrounding the devel-
oping oocyte in ovarian follicles during egg development, as AeAmtl protein expression was also
observed within these cells (Chapter 7). Evidently, the metabolic demands of oocyte maturation likely
require efficient ammonia detoxification and transport mechanisms based on the observation that Rh

proteins are also expressed within these ovarian cells in adult females (Chapter 6).

8.2 Future directions

The identification of ammonium transporter gene families [AMTs, MEPs, and Rh proteins;
(Marini et al., 1994; Marini et al., 1997b; Ninnemann et al., 1994)] and the subsequent identification
and characterization of ammonium transporters across all domains of life has transformed the ideology
of simple, passive diffusion of ammonia within living organisms into what is now considered to be
specific, highly regulated transport of this molecule across biological membranes. The present studies
have greatly furthered our knowledge of systems-level ammonia transport mechanisms and the molec-
ular physiology of ammonia transporters in larval and adult A. aegypti (Figure 8-1). This work has also
provided important insight into the physiological mechanisms underpinning the tolerance of larvae to
toxic levels of ammonia in the aquatic environments that they inhabit, a phenomenon that has been
repeatedly documented but rarely investigated at the molecular and physiological levels. Insights into
a novel role regarding ammonia transporter function in the spermatozoa of 4. aegypti have also been

provided.

To fully understand the specific functions of Amt and Rh proteins in 4. aegypti, identification
of the specific transport substrates of each protein is necessary. Phylogenetic analyses of ammonia

transporters (AMT, MEP, and Rh proteins) show that invertebrate AMTs, including AeAmtl and
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AeAmt2, are most similar to the electrogenic plant AMTs in comparison to bacterial AMTs, fungal
MEPs, and Rh proteins which may primarily mediate the electroneutral movement of ammonia
(Chapter 3; Chasiotis et al., 2016). This research has laid the groundwork for these studies through
cloning of the complete open reading frames of Aedmtl and AeAmt2, heterologous expression of
AeAmtl and AeAmt2 in Xenopus laevis oocytes, and the use of electrophysiology to examine the
kinetics of ammonia (NH3 and NH4") transport (Appendix Al). While still incomplete, preliminary
analyses of Michaelis-Menten kinetics of ammonia uptake point towards AeAmtl and AeAmt2 having
different transport substrates and/or different transport mechanisms (i.e. unidirectional versus bidirec-
tional transport). An initial examination of NH4" conductances of AeAmt-expressing oocytes revealed
a higher inward conductance for AeAmtl-expressing oocytes in comparison to AeAmt2-expressing
and control oocytes (Appendix Al). Continued work in this area would provide a more comprehensive
understanding of the cell, tissue, and organ-specific roles of each ammonia transporter, particularly in
the context of the environmental and physiological challenges related to ammonia. More broadly,
knowledge of the specific transport substrate of each ammonia transporter may provide important in-
sight into the cellular and/or organ-specific differences in expression that were observed in both larvae

and adults.

The finding of enriched AeAmt2 mRNA and protein within the antennae of adults deserves
further investigation (Chapter 7). AeAmt2 shows high sequence similarity with an Amt protein (4gAmt)
from the mosquito Anopheles gambiae. AgAmt is abundant in the antennae of adults where it localizes
to sensory neurons underlying ammonia sensitivity and modulates antennal sensitivity to ammonia and
behavioral responses (Ye et al., 2020). Ammonia is a key human-derived volatile kairomone that is
detected by hematophagous female mosquitoes, but the mechanisms underlying ammonia detection in

the 4. aegypti mosquito are largely unknown.
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In summary, the ammonia transporters AeAmtl, AeAmt2, AeRh50-1, and AeRh50-2 in A. ae-
gypti participate in a variety of ammonia transport and excretory mechanisms, which generally occu-
pies a dominant role in the physiology of nitrogen regulation in aquatic and blood-feeding animals.
The primary osmoregulatory organs in larvae, the anal papillae, the Malpighian tubules, and the rec-
tum, are also important sites of ammonia excretion which coincides with the highest expression of Amt
and Rh proteins within these organs. The molecular physiology of Amt and Rh proteins points to crit-
ical functions in facilitating ammonia transport and excretion across the epithelia and an overall role
in the systemic regulation of ammonia. Functionally distinct roles of Amt and Rh proteins in a variety
of physiological processes in adult 4. aegypti are revealed by findings from this research, including
the maintenance of spermatozoa during development and ultimately successful egg fertilization
(AeAmtl), ammonia secretion by the excretory organs (Rh proteins), and possibly ammonia detoxifi-

cation in the fat body and ammonia sensing in the antennae (AeAmt2).
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1. Potential target for

vector control (i.e. sterile
insect technique)

2. Insight into the mechanisms
that allow larvae to thrive in
high ammonia habitats

Figure 8- 1. Summary of the impacts of the present studies to society and the scientific community.
The impact of this research is two-fold: (1) societal impacts related to vector control strategies, and (2)
a mechanistic understanding of ammonia transport and excretion which permits larvae to tolerate high
external ammonia and processes related to blood meal digestion and reproduction in adults.
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Appendix A: Supplementary data

A.1: Functional characterization of ammonia transporters (Amts) from the mosquito, Aedes ae-
gypti, using the Xenopus oocyte expression system, SIET analysis, and TEVC electrophysiology

A.1.1 Rationale

The initial descriptions of AMT/MEP/Rh proteins functioning as specific ammonia transporters
led to the rapid identification of these proteins in organisms from all domains of life (see section 1.5.2).
However, the specific transport substrates of these families of proteins are still up for debate, with
evidence from x-ray crystallography studies suggesting that Rh proteins (Gruswitz et al., 2010; Li et
al., 2007; Lupo et al., 2007) and some AMT proteins (Khademi et al., 2004; Soupene et al., 2002;
Zheng et al., 2004) function as gas channels for NH3 and even COz in bacteria and animals. In contrast,
it has been demonstrated that the AMT proteins in plants transport the charged ammonium ion, NH4"
for uptake from the environment (Loqué et al., 2009; Ludewig et al., 2002; Neuhéuser and Ludewig,

2014).

Knowledge of the specific transport substrates of the Amt and Rh proteins in 4. aegypti would
provide significant insight into the distinct roles these proteins play in ammonia transport within the
cells, tissues, and organs in which they are expressed. Indeed, our current working model of transcel-
lular ammonia transport across the anal papillae epithelium for excretion is limited by the lack of in-
formation on the specific substrate (NH3 or NH4") transported by the Rh/Amt proteins (Chapters 2 and
3; Chasiotis et al., 2016). The transport properties of the AeAmt proteins, AeAmtl and AeAmt2, in 4.
aegypti are of particular interest because these transporters group closely with the electrogenic plant
Amt proteins compared to their possibly electroneutral counterparts, the Rh and MEP proteins (Chapter
3; Chasiotis et al., 2019; Baday et al., 2015; Khademi et al, 20140; McDonald and Ward, 2016). How-

ever, recent evidence demonstrates that a bacterial Amt protein (4mtB from Escherichia coli) and an
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ancestral Rh protein (NeRh50 from Nitrosomonas europaea) recruit and deprotonate NHs", and H" and
gaseous NH3 are carried separately across the membrane (Williamson et al., 2020). The goal of these
studies was to explore this fundamental question in 4. aegypti by examining the transport properties
of the AeAmts using the Xenopus oocyte heterologous expression system in combination with the
scanning ion-selective electrode technique (SIET) and two-electrode voltage clamp (TEVC) electro-
physiology. Interestingly, the gene sequence of AeAmtl in A. aegypti is most similar to the Amt genes
of plants relative to bacterial Am¢ and fungal Mep genes (Chasiotis et al., 2016). Based on this finding,
it was hypothesized that AMT proteins AeAmt]l and AeAmt2 in A. aegypti would transport the ammo-

nium ion, NH4", across cell membranes.

A.1.2 Methodology

Generation of AeAmtl and AeAmt2 cRNA for expression in Xenopus oocytes

The full nucleotide sequences of 4eAmt] and AeAmt2 were acquired from databases on Vec-

torBase (www.vectorbase.org) and primers were designed to encompass the entire open reading frame

(Table 1). Primer sets and a Q5 High-Fidelity DNA polymerase (New England Biolabs, Whitby, ON)
were used to amplify the complete coding sequences of AeAmtl and AeAmt2 using cDNA synthesized
from isolated RNA from anal papillae tissue (for 4eAmtl) and male antennal tissue (for 4deAmt2).
Amplicons for AeAmtl (1533 bp) and AeAmt2 (1757 bp) were purified using a Monarch PCR purifi-
cation kit (New England Biolabs, Whitby, ON), reamplified by RT-PCR using the 4deAm¢1/Xbal and
AeAmt2/Xbal primers, and purified amplicons were cloned into a pGEM-T Easy sequencing vector.
Miniprep samples (QIAprep Spin Miniprep Kit, Qiagen) were sequenced to verify base accuracy (The
Center for Applied Genomics, SickKids, Toronto, ON). AeAmtl and AeAmt2 constructs were excised
using standard restriction enzyme digest and were subcloned into a pPGEMHE Xenopus oocyte expres-

sion vector (a gift from Dr. Dirk Weihrauch). Plasmid DNA was linearized using restriction enzyme
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digest (Notl), and capped RNA (cRNA) was synthesized by in vitro transcription using a HiScribe T7

ARCA mRNA kit (New England Biolabs, Whitby, ON).

Heterologous expression of AeAmts in Xenopus oocytes

For immunolocalization, Western blotting, and SIET experiments, stage [V-V oocytes from
mature female Xenopus laevis (Xenopus 1, Dexter, MI, USA) were maintained in standard oocyte
ringer’s solution (OR2) containing (in mmol I'") 82.5 NaCl, 2.5 KCI, 1 CaClz, 1 MgClz, 1 NazHPO4, 5
HEPES, pH 7.2 at 16°C. For TEVC experiments, stage IV-V defolliculated Xenopus laevis oocytes
(Ecocyte Bioscience, Austin, TX) were maintained at 16°C in OR-3 media (Piermarini et al., 2009).
Oocytes were injected with 18.4 ng of AdeAmtl or AeAmt2 cRNA, or nuclease-free water (sham) as a
negative control. All oocyte experiments were conducted two days post-cRNA injection. To verify that
Xenopus oocytes can translate AeAmtl and AeAmt2 cRNA into protein, Western blotting of mem-
brane fractions of oocytes was performed (described in Piermarini et al., 2009). Immunohistochemistry
was also utilized to confirm AeAmt expression in the membrane of Sum thick sections of paraffin-

embedded oocytes following previously described protocols (Chasiotis et al., 2016; Chapter 3).

Scanning ion-selective electrode technique (SIET)

Ton-selective NH4" and H" microelectrodes were constructed as previously described (Donini
and O’Donnell, 2005). NH4" and H" microelectrodes were calibrated in modified OR2 buffer (in mmol
L' CCl1 85; MgClz 1; Na2HPO4 1; CaClz 1; HEPES 5, pH 7.2) with either 0.1, 1 and 10 mmol L™
NH4Cl (for NH4" measurements) or standard hydrogen ion (pH) calibration buffer solutions (pH 4, 7,
10) for H" measurements. NHs" and H' flux measurements from oocytes submerged in modified OR2
buffer (above) with 0.1, 0.5, 1, 5, or 10 mmol I'' NH4CI were carried out according to an established
protocol (Chasiotis et al., 2016). A different oocyte was used for each different NH4Cl bath concentra-

tion, and each oocyte was acclimated to the bath media for 2 minutes prior to flux measurements.

Two-electrode voltage clamping (TEVC)
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Whole-cell currents of oocytes were acquired using the OC-725 oocyte clamp (Warner Instru-
ments), combined with a MiniDigi-1A data acquisition system (Molecular Devices) and AxoScope
software (Molecular Devices) following an established protocol (Piermarini et al., 2009). Current-volt-
age (I-V) relationship plots of oocytes were acquired following a published protocol (Piermarini et al.,
2007), and for membrane current (Im) recordings the membrane voltage was clamped at a hyper-polar-
izing potential of 30 mV. All measurements from oocytes were recorded in a ND96 control bath (in
mmol I-1: NaCl 96; NMDG-C1 9; KC1 1; MgClz 1; CaClz 1.8; HEPES 5; pH = 7.2) or ND96 with 0.1,

0.5, 1, or 10 mmol "' NH4Cl.

A.1.3 Results and Summary

Western blotting and immunohistochemical localization of AeAmtl and AeAmt2 suggests that these
proteins were functionally expressed in the oocyte membranes (Fig. Al and Fig. A2). AeAmtl and
AeAmt2 immunolocalization within the membrane (indicated by white arrows) of paraffin-embedded
sections of AeAmt cRNA-injected was apparent in comparison to H2O-injected sham oocytes (Fig. A2).
A 100 kDa protein band for AeAmt1 was detected in AeAmtl cRNA injected oocytes but not in sham
oocytes (Fig. Al, A) and a 55 kDa band corresponding to the monomer of AeAmt2 was detected in
AeAmt2 cRNA-injected oocytes but not in sham oocytes (Fig. A1, B). Peptide block analysis through
pre-absorption of AeAmtl or AeAmt2 antibodies with immunogenic peptide (10x molar excess) re-
vealed the specificity of these bands. Michaelis-Menten kinetics of NH4" transport by AeAmtl and
AeAmt2 expressing oocytes exposed to increasing NH4Cl bath concentrations showed a lower Km and
lower Jmax for AeAmtl expressing oocytes compared to sham oocytes, and a higher Km and higher
Jmax for AeAmt2 expressing oocytes (Fig. A3). This preliminary analysis suggests that AeAmtl has a
higher binding affinity for NHs" (lower Km) (Fig. A3, b) and AeAmt2 has a lower binding affinity for

NH4" (higher Kim) (Fig. A3, ¢) in comparison to sham measurements (Fig. A3,a). The lower Jmax for
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AeAmtl expressing oocytes also indicates that this transporter becomes saturated at lower concentra-
tions of NH4Cl as a result of its higher binding affinity. Interestingly, the inward NH4" flux measure-
ments of AeAmtl expressing oocytes were much lower at all bath concentrations of NH4+Cl compared
to the sham and suggest that this transporter may be facilitating the outward movement of NH4" from
the inside of the cell to the external media. The whole-cell conductance measured using two-electrode
voltage clamping was greatest for AeAmtl expressing oocytes at low concentrations of NH4Cl (0.1,
0.5, and 1 mmol I'"), whereas the conductance of AeAmt2 expressing oocytes was similar to the sham
(Fig. A4). These findings point towards the movement of charged NH4" by AeAmtl, which are in
agreement with the transport kinetics analysis of AeAmtl using SIET. More studies are required to
fully reveal the transport properties of AeAmtl and AeAmt2. For example, an examination of Rh pro-
teins in rainbow trout using similar methods demonstrated that ammonia transport by these proteins is
heavily influenced by pH and led to the determination that they likely function as high capacity NH3
gas channels that recruit and bind NH4" (Nawata et al., 2010). If AeAmt] is indeed an electrogenic
transporter that moves NH4", pH should have no effect on the transport kinetics of this protein. Previous
findings that AeAmt2 protein abundance decreases in the anal papillae of A. aegypti larvae following
long term high environmental ammonia (HEA) exposure (Chapter 3) seem to suggest that this protein
relies on ammonia concentration gradient driven NH4"/NH3 movement and is not an electrogenic, uni-
directional NH4" transporter. This may explain the findings of low NH4" transport affinity coupled with

low NH4"-induced conductance of AeAmt2 expressing oocytes.
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Table A- 1. Primer sets used to amplify the complete coding sequences of Ae4dmt] (Genbank
accession: XM _001652663) and AeAmt2 (Genbank accession: XM 021844469) from A. ae-
gypti tissues. The exact primers sets but also possessing the flanking Xba! restriction sites for
cloning into the pPGEMHE Xenopus oocyte expression vector are also shown.

AeAmil ATGGCTAACGCCACAGAAGC GTGACACCAATGCAGAGC
AeAmil/Xbal  TCTAGAATGGCTAACGCCACAGAAGC TCTAGAGTGACACCAATGCAGAGC
AeAmi2 ATGGCCGATTCAAACTCAACG CTTGTTGTGTGATCTCAATCAATCC

Aedmi2/Xbal  TCTAGAATGGCCGATTCAAACTCAACG TCTAGACTTGTTGTGTGATCTCAATCAATCC
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Figure A- 1. AeAmt protein expression in membrane fractions of cRNA or H,O-injected
(sham) Xenopus laevis oocytes. Representative western blots reveal (a) AeAmtl (Amtl; dimer
form, 100 kDa) and (b) AeAmt2 (Amt2; monomer form, 55kDa). All bands were blocked by pre-
absorption of primary antibody with immunogenic peptide. Band specificity was determined
through pre-absorption of antibody with the immunogenic peptide (as indicated). Bottom panels:

Coomassie total protein staining was used as a loading control.
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Figure A- 2. AeAmt immunostaining within membrane of paraffin-embedded sec-
tions of Xenopus oocytes at 2 days following cRNA-injection. Left panel: AeAmtl
(red) and nuclei (blue) staining in (a) AeAmtl cRNA-injected oocytes and (b) sham
(H20-injected) oocyte membranes (white arrows). Right panel: AeAmt2 (red) and nu-

clei (blue) staining in (c) AeAmt2 cRNA-injected oocytes and (d) sham (H20) injected
oocyte membranes (white arrows). All scale bars are 50 pm.
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Figure A- 3. Kinetic analysis of NH4" transport by AeAmt-expressing oocytes meas-
ured by the scanning ion-selective electrode technique (SIET). Michaelis-Mentin ki-
netics of NH4" transport (in pmol cm? s') from (a) sham (H20-injected) oocytes, (b)
AeAmt2-expressing oocytes, and (c) AeAmtl-expressing oocytes over NH4Cl concentra-
tions of 0.1 to 10 mmol 1"'. Km and Jmax values are indicated under each graph. Data are
means = S.E.M (N = 7-8 oocytes for each treatment group at each concentration). Positive
(+) fluxes indicate NH4" secretion and negative (-) fluxes indicate NHs" uptake by the
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Figure A- 4. Current-voltage relationship for Sham and AeAmt-expressing
Xenopus oocytes to increasing levels of NH4Cl (0.1-10 mmol I'!) using two-electrode
voltage-clamp electrophysiology (TEVC). (a-¢) I-V plots were generated by measur-
ing ion-induced currents at increasing membrane holding potentials in control ND96
buffer and 0.1, 0.5, 1, and 10 mmol 1" NH4CI in ND96 buffer. The slope of the cur-
rent/voltage (Conductance, in Siemens) from each plot is graphed (panel f).
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