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Summary Statement:
Aedes aegypti aquaporin 5 participates in transcellular water transport across principle cells
of larval mosquito Malpighian tubules.
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ABSTRACT

The mosquito, Aedes aegypti, is the primary vector for arboviral diseases such as Zika
fever, dengue fever, chikungunya, and yellow fever. The larvae reside in hypo-osmotic
freshwater habitats, where they face dilution of their body fluids from osmotic influx of
water. The Malpighian tubules help maintain ionic and osmotic homeostasis by removing
excess water from the hemolymph, but the transcellular pathway for this movement remains
unresolved. Aquaporins are transmembrane channels thought to permit transcellular transport
of water from the hemolymph into the Malpighian tubule lumen. Immunolocalization of
Aedes aegypti aquaporin 5 (AaAQP5) revealed expression by Malpighian tubule principal
cells of the larvae, with localization to both the apical and basolateral membranes.
Knockdown of AaAQP5 with double stranded RNA decreased larval survival, reduced rates
of fluid, K¥, and Na* secretion by the Malpighian tubules and reduced CI- concentrations in
the hemolymph. These findings indicate that AaAQP5 participates in transcellular water
transport across the Malpighian tubules of larval Aedes aegypti where global AaAQP5

expression is important for larval survival.
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INTRODUCTION

The Aedes aegypti mosquitoes inhabit tropical and subtropical climates where they are
vectors for arboviruses such as Zika, chikungunya, dengue, and yellow fever (Aitken et al., 1979;
Bhatt et al., 2013; Gonzales et al., 2015; Kraemer et al., 2015). The mosquitoes thrive in areas
with dense human populations where anthropogenic activities contribute to the accumulation of
standing freshwater environments, which are exploited by mosquitoes for the proliferation of
larval instars (Kraemer et al., 2015; Rueda, 2008).

The hypo-osmotic freshwater habitats impose an osmotic gradient between the freshwater
and larval hemolymph, resulting in the dilution of body fluids, while the concentrated ions
passively diffuse out of the body (Bradley, 1987; Marusalin et al., 2012). To overcome this
osmotic challenge, osmoregulatory organs including the midgut, Malpighian tubules (MTs),
hindgut, and the anal papillae work in concert to maintain ionic and osmotic homeostasis. MTs
are composed of principal and stellate cells and are the main osmoregulatory organ removing
excess water from the hemolymph, in addition to contributing to xenobiotic detoxification and
elimination of nitrogenous waste (Beyenbach and Piermarini, 2011; Esquivel et al., 2016;
Wright, 1995). lons from the hemolymph are transported against their electrochemical gradients
into the cytosol of principal and stellate cells, followed by ion secretion into the MT lumen at the
apical membrane, a process driven by ion-motive ATPases (Weng et al., 2003). The osmotic
drag established by the movement of ions and solutes perpetuates the passive flow of water
through the transcellular pathway (Bradley and Snyder, 1989). Studies have indicated a role for
aquaporins in water transport through the transcellular pathway in mosquitoes; however,
transcellular movement of water has not yet been resolved in mosquito MTs (Drake et al., 2010;

Drake et al., 2015; Esquivel et al., 2016; Finn et al., 2015; Overend et al., 2015).
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Aquaporins (AQPs) are integral membrane proteins that are conduits utilised by water
and in some cases solutes, to traverse lipid bilayers (Preston et al., 1993). Six AQP homologues
have been identified in the A. aegypti genome (AaAQPl, AaAQP2, AaAQP3, AaAQP4,
AaAQP5, and AaAQP6, nomenclature is that proposed by Drake et al., 2010) (Drake et al.,
2010; Kambara et al., 2009; Marusalin et al., 2012). AaAQP1 shares the highest sequence
homology with the Drosophila integral protein (DRIP) family and displays significant water
permeability upon its expression in Xenopus laevis oocytes (Drake et al., 2015). AaAQP2 is
classified as part of the Pyrocoelia rufa integral protein (PRIP) family with high water transport
affinity, and a varied tissue expression in adult A. aegypti before and after consumption of a
bloodmeal (Campbell et al., 2008; Drake et al., 2015; Marusalin et al., 2012). AaAQP3 is
homologous to the Drosophila Big Brain (BIB) protein, which has no water transport capabilities
but is rather associated with cell to cell adhesion, non-selective cation transport, and endosome
maturation (Drake et al., 2010; Marusalin et al., 2012). AaAQP6 relative transcript levels have
been identified in the adult foregut and the larval anal papillae, but its transport characteristics
remain unexplored (Drake et al., 2010; Marusalin et al., 2012).

AaAQP4 and AaAQP5 are members of the entomoglyceroporin (eglp) group of AQPs
found only in hexapods which transport water, urea, glycerol and other polyols (Finn et al., 2015;
Van Ekert et al., 2016). Heterologous expression of AaAQP4 confirmed this transporter’s
glycerol permeability as well as its permeability to urea, erythritol, adonitol, mannitol, and
trehalose (Drake et al., 2015). However, in this expression system, AaAQP4 was an ineffectual
water transporter (Drake et al., 2015). Within the anal papillae of larval A. aegypti, AaAQP4 was
shown to be salinity responsive, with decreased expression in response to increasing external

salinity concentrations (Akhter et al., 2017). In adult mosquitoes, global knockdown of AaAQP4
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resulted in impaired excretion after an injection of phosphate buffered saline (PBS) which,
despite the results of the heterologous expression studies, suggests that AaAQP4 may mediate
water transport in vivo (Drake et al., 2010). In contrast, AaAQP5 revealed similar water
permeability properties as AaAQP1 and was also permeable to trehalose but not to glycerol
(Drake et al., 2015). Global knockdown of AaAQPS5 in adult A. aegypti injected with PBS
resulted in reduced excretion and this, coupled with the results from heterologous expression
studies, suggests it plays a role in diuresis and water transport in adults (Drake et al., 2010,
Drake et al., 2015). In larvae, AaAQP5 protein expression in anal papillae was elevated under
high external salinity (Akhter et al., 2017). These findings suggest that AaAQP5 plays an
osmoregulatory role in A. aegypti.

In the Malpighian tubules of larval Aedes aegypti mosquitoes, transcript abundance of
AaAQP1, AaAQP4 and AaAQP5 are highest relative to the other AQPs, leading to the
hypothesis that these three AQPs are involved in water transport in these important
osmoregulatory organs (Marusalin et al., 2012). In this study we begin to examine the functional
importance of these AQPs in Malpighian tubule function by examining the protein localisation
and function of AaAQP5 in the Malpighian tubules of larval mosquitoes. The results begin to
elucidate the fundamental molecular basis for water flux across the MT epithelium, one of the

most important tissues for the regulation of larval body water levels in freshwater habitats.
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MATERIALS AND METHODS
Animal care and survivorship

Aedes aegypti (Liverpool strain) eggs were obtained from a colony reared in the
Department of Biology, York University. Eggs were hatched in 600 mL of reverse-osmosis (RO)
water and 6 mL of premade food solution composed of 1.8 g liver powder and 1.8 g inactive
yeast in 500 mL of RO water. Larvae were kept at room temperature on a 12:12 h light:dark
cycle for 72 h without additional feeding prior to double stranded RNA (dsRNA) exposure.
Following dsRNA exposure described in detail below, larvae were kept in 20 mL RO water and
fed daily with 1 mL of the food solution described above. Rearing water was refreshed once, 3
days after dsSRNA treatment. Survivorship was monitored starting on the second day post dsRNA
treatment through to the sixth day post dsRNA treatment. Larvae were classified as alive if
movement was observed during the counting process.
RNA extraction, dsRNA synthesis, and dsSRNA exposure

For each sample, ten larvae were transferred to a tube containing 200 pl of TRIzol®
RNA isolation reagent (Invitrogen, Burlington, Ontario, Canada) and sonicated for 5 s at 5 W
using an XL 2000 Ultrasonic Processor (Qsonica LL, Newtown, Connecticut, United States).
RNA was extracted according to TRIzol® specifications. RNA was treated with the TURBO
DNAfree™ Kit (Applied Biosystems, Mississauga, Ontario, Canada). The quality and quantity
of RNA was determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific,
Wilmington, Delaware, USA). Purified RNA was used to synthesize cDNA with iScript™
cDNA Synthesis Kit (Bio-Rad, Mississauga, Ontario, Canada) according to the manufacturer’s

instructions. The cDNA was stored at -20°C until subsequent use.
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dsRNA synthesis was carried out as previously described by Chasiotis et al. (2016).
Using the synthesized cDNA, a fragment of the AaAQP5 gene (634 bp) with primers (forward 5’
TCATGTACCTTCCCACTTCG 3’; reverse 5 ATTGAGAGCGGTCAGTTCAC 3°) designed
based on Genbank Accession No. XM_001650119 was amplified using RT-PCR. A fragment of
the B-lactamase (B-lac) gene (799 bp) was also amplified by RT-PCR from a pGEM-T-Easy
vector (kind gift from Dr. Paluzzi, York University, Toronto, Ontario, Canada) using the
following primers: (forward 5° ATTTCCGTGTCGCCCTTATTC 3’; reverse 5’
CGTTCATCCATAGTTGCCTGAC 3°). Using the PCR product as template, RT-PCR was
carried out using the AaAQP5 and B-lac primers with an additional T7 promoter sequence (5'
TAATACGACTCACTATAGGG 3'). PCR products were concentrated and purified using the
QIAquick PCR Purification kit (QIAGEN Inc., Toronto, Ontario, Canada). The purified PCR
products were then used as template to generate dsSRNAs by in vitro transcription using the
Promega T7 RiboMAX Express RNAI Kit (Promega, Fitchburg, Wisconsin, USA). Groups of
50-75 larvae (1% and 2" instar) hatched by the method described above, were exposed to 75 pL
DNase/RNase-free water containing 0.5 pg pL™ dsRNA for 2 h and later transferred into 20uL
of RO water. Ingestion of the dsRNA solution by larvae when utilizing this protocol was
confirmed previously by Chasiotis et al. (2016).
Malpighian tubule modified Ramsay secretion assay

Functional experiments were conducted on the MTs of larvae 6 days post dsSRNA
treatment. MTs were dissected under physiological saline adapted from Clark and Bradley
(1996) and described by Donini et al. (2006) (L-proline 5 mmol L, L-glutamine 9.1 mmol L7,
L-histidine 8.74 mmol L™, L-leucine 14.4 mmol L™, L-arginine-HCI 3.37 mmol L, glucose 10

mmol L, succinic acid 5 mmol L%, malic acid 5 mmol L, citric acid (tri-sodium salt) 10 mmol
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L, NaCl 30 mmol L, KCI 3 mmol L, NaHCO3 5 mmol L?, MgSO4 0.6 mmol L?, CaCl, 5
mmol L, HEPES 25 mmol L) titrated to a final pH of 7.0 using NaOH. Isolated MTs were
transferred into 20 pL droplets of physiological saline contained in wells cut out of a Sylgard®
(Dow Corning, Mississauga, Ontario, Canada) lined petri dish and submerged under paraffin oil.
While keeping ~50% of the MT submerged in saline the proximal end was exposed to the oil and
wrapped around a pin adjacent to the saline droplet. The MTs were allowed to secrete fluid for
60 minutes. Secreted fluid droplets that accumulated at the proximal end of the tubule were then
collected for further analysis. The diameter of MT secreted fluid droplets was measured and the
volume of the droplets calculated using the following equation:
Volume = % i (% diameter)3

Fluid secretion rates were calculated by dividing volume by the time it took to secrete the
fluid droplets. The Na*, K*, Ca?", and CI- concentrations were then measured using the ion
selective microelectrode technique described below.
Hemolymph collection and ion selective microelectrode (ISME) technique

Larvae, 6 days post dsRNA treatment, were placed on tissue paper to absorb excess
external moisture and transferred into a Sylgard® lined Petri dish, filled with paraffin oil (Sigma-
Aldrich, Oakville, Ontario, Canada). A droplet of hemolymph was collected onto the surface of
the Sylgard® by tearing the cuticle. Concentrations of Na*, K*, Ca?*, CI- and H* in collected
hemolymph droplets were measured using the ion-selective microelectrode technique adapted
from Jonusaite et al. (2011) and Smith et al. (1999). Liquid membrane ion-selective
microelectrodes were constructed using borosilicate glass capillaries (TW150-4; WPI, Sarasota,
Florida, United States) pulled to a tip diameter of ~5 um on a P-97 Flaming Brown micropipette

puller (Sutter Instruments Co., Novato, California, United States) and salinized with vaporized
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N,N-dimethyltrimethylsilylamine at 350°C for 1 h. The ion selective microelectrodes were
backfilled with 100 mmol L of appropriate solutions and then front filled with the appropriate
ionophore cocktail via capillary action to a column length of 250-300 pum. The backfill solutions
and ionophore cocktails (Fluka Analytical, Buchs, Switzerland) used were as follows: Na*
(NaCl, Na* lonophore Il Cocktail A); K* (KCI, K* lonophore | Cocktail B); H*(NaCl, 100 mmol
L sodium citrate pH=6, H* lonophore I Cocktail B); Ca?* (CaCl, Ca?* lonophore | Cocktail A).
The tips of filled microelectrodes were dipped in a solution of polyvinylchloride (PVC; Fluka) in
tetrahydrofuran (Fluka) prior to use. The CI  selective solid phase microelectrode was
constructed as described by Donini and O’Donnell (2005). A reference electrode was constructed
by pulling borosilicate glass capillaries (IB200F-4, WPI, Sarasota, FL, USA) on the P97 puller
(Sutter Instruments) to a tip diameter of less than 1um. The reference microelectrode was filled
with 500 mmol L of KCI. The electrodes were connected through an ML 165 pH amplifier to a
PowerLab 4/30 data acquisition system (AD Instruments Inc., Colorado Springs, Colorado,
USA) and voltages were recorded and analyzed using LabChart 6 Pro software (AD Instruments
Inc.). The ion selective microelectrodes were calibrated after every 4-10 sample readings in the
following solutions: Na* (3 mmol L* NaCl/297 mmol L™LiCl, 30 mmol Lt NaCl/270 mmol L-
LicCl, and 300 mmol L* NaCl); K* (5 mmol Lt KCI/45 mmol L LiCl and 50 mmol L KCI);
Ca?" (0.1 mmol L CaCl»/299.9 mmol L? NaCl, 1 mmol L CaCl»/299 mmol L NaCl, and 10
mmol L CaCl2/290 mmol L NaCl); H* (200 mmol L NaCl/10 mmol L™ HEPES pH 8, 7 and
6); CI" (30 mmol L't KCI/270 mmol L KHCOs, and 300 mmol L KCI). The slope measured in
mV between the tenfold concentration differences were within the following range: Na* 54.5-
58.5, K" 51-53, Ca®" 24-26, H* 52-56, and CI" 48-54. lon concentrations of samples were

calculated using the following equation:
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AV
Ion concentration of sample = C?* X IO(F)

Where C? is the ion concentration of the lower calibration solution, AV is the difference in
voltage between the sample and the lower calibration solution, and m is the slope of the electrode
for a tenfold change in ion concentration.

Immunohistochemistry

Whole guts with intact Malpighian tubules of A. aegypti larvae reared in freshwater were
dissected under physiological saline. The guts were transferred into 2% paraformaldehyde in
phosphate buffered saline (PBS) [1.37 mol L* NaCl, 0.03 mol L* KCI, 0.1 mol L* NazHPOx,
0.02 mol L* KH2POg4; pH 7.4] for 2 h at room temperature (RT) before washing 3 times for 30
min in PBS at RT. Tissues were blocked with 10% antibody dilution buffer (ADB) (containing
10% goat serum, 3% bovine serum albumin, 0.05% Triton-X in PBS) at RT for 1 h. Tissues were
then incubated for 48 h at 4°C in anti-AaAQP5 affinity purified primary antibody (previously
described and validated by Akhter et al. (2017)) at a concentration of 2.568 puguL™ diluted in
ADB or control ADB omitting primary antibody. After incubation, the tissues were washed in
PBS 3 times for 1 h at RT before incubation with the secondary antibody (Alexa Fluor 594-
conjugated goat anti-rabbit, dilution 1:500 in ADB) for 24 h in the dark at 4°C. Tissues were
washed in PBS 3 times for 1 h and mounted on slides with ProLong® Gold antifade reagent with
DAPI (Life Technologies, Burlington, Ontario, Canada).

Immunohistochemistry of MTs localizing AaAQP5 and V-type H® ATPase was
conducted according to a previously published protocol (Chasiotis et al., 2016). Whole larvae
were fixed in Bouin's fixative. Tissues were dehydrated and embedded into paraffin wax.
Samples were sectioned on a microtome and placed onto slides for subsequent rehydration and

antibody probing. Rabbit anti-AaAQP5 (2.568 uguL™ dilution in ADB), or guinea pig anti-V-
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type H* ATPase (kind gift from Dr. Weiczorek, University of Osnabruk, Germany, 1:1000
dilution in ADB) antibodies were used to probe the rehydrated tissue samples. A goat anti-rabbit
antibody conjugated to AlexaFluor 594 (Jackson Immunoresearch, West Grove, Pennsylvania,
United States) was applied at 1:500 dilution to visualize AaAQP5, and goat anti-guinea pig
antibody conjugated to AlexaFluor 647 (Jackson Immunoresearch) was applied at 1:500 dilution
to visualize V-type H* ATPase. Negative control slides were also processed as described above
with all primary antibodies omitted. Slides were mounted using ProLong® Gold antifade reagent
with DAPI (Life Technologies, Burlington, Ontario, Canada).

Stained tissues were viewed and images were captured using an Olympus IX81 inverted
fluorescent microscope (Olympus Canada, Richmond Hill, Ontario, Canada) and CellSense®
1.12 Digital Imaging software (Olympus Canada). Images were merged using ImageJ 1.49
software (Schneider et al., 2012).

Protein processing, electrophoresis, and western blotting

MTs were isolated under physiological saline from 60-75 larvae for each sample 6 days
after dsSRNA exposure and stored at -80°C until processing. MT samples were sonicated 2 X 10s
at 3.5W using an XL 2000 Ultrasonic Processor (Qsonica) in TRIS-HCI homogenization buffer
(50 mmol 1 Tris-HCI, pH 7.4 and 1:200 protease inhibitor cocktail, Sigma-Aldrich).
Homogenates were then centrifuged at 16200 g for 15 min at 4°C using the Sorvall™ Legend™
Micro 21 Centrifuge (Thermo Scientific). The protein concentration of the supernatant was
measured using DC protein assay (Bio-Rad) according to the manufacturer’s guidelines with
bovine serum albumin (BSA) as a standard. Measurements were carried out on a Multiskan

spectrum spectrophotometer (Thermo Scientific) at 750 nm.
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Samples were prepared for sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) by heating for 5 min at 100°C with 5x loading buffer (225 mmol It Tris-HCI, pH
6.8, 3.5% (w/v) SDS, 35% glycerol, 12.5% (v/v) B-mercaptoethanol and 0.01% (w/v)
bromophenol blue). 10 pg of protein was loaded onto a 4% stacking and 12% resolving SDS-
PAGE gel. Electrophoresis was carried out at 110 V. Proteins were transferred onto a polyvinyl
difluoride (PVDF) membrane using a wet transfer method. Proteins were transferred from the gel
at 100 V for 1 h in a cold (~4°C) transfer buffer (0.225g Tris, 1.05g Glycine in 20% methanol).
The PVDF membrane was washed in Tris-buffered saline (TBS-T; 9.9 mmol L* Tris, 0.15 mol
L NaCl, 0.1 mol L Tween-20, 0.1 mol Lt NP-40, PH 7.4) for 15 min. The PVDF membrane
was then blocked with 5% skimmed milk powder in TBS-T for 1 h at RT and incubated
overnight at 4°C with anti-AaAQP5 antibody (1.712 pguL™ in 5 % skim milk in TBS-T). The
membrane was then washed 4 times for 15 minutes with TBS-T and incubated with horseradish
peroxidase (HRP)-conjugated goat anti-rabbit antibody (1:5000 in 5 % skim milk in TBS-T)
(Bio-rad) for 1 h at RT. PVDF membrane was washed 4 times for 30 min with TBS-T before
carrying out a chemiluminescent reaction using ClarityTM Western ECL substrate (Bio-Rad).
After visualization of detected protein bands, antibodies were washed off of the PVDF
membrane using stripping buffer (20 mM Magnesium acetate, 20 mM KCI, 0.1 M Glycine; pH
2.2) and blocked as described above. Membranes were probed with the anti-B-actin primary
antibody (1:1000 in 5% skim milk in TBS-T) (Cell signalling, Danvers, Massachusetts, USA)
and HRP-conjugated goat anti-mouse secondary antibody (1:5000 in 5% skim milk in TBS-T)
(Bio-rad) as a loading control. Image J 1.49 software (Schneider et al., 2012) was used to

quantify the protein abundance. The background density of the blot was subtracted from the
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density of the protein signal. All treatment group densitometry ratios were normalized to a f-
actin loading control.
Body moisture measurements

Larvae were placed on tissue paper that absorbed any moisture from the exterior surface
of the insect. Larvae were subsequently weighed to the nearest micro-gram on a UMX2
Automated-S microbalance (Mettler Toledo, Greifensee, Switzerland), dehydrated in a
conventional oven at 60°C for 2 days, and reweighed. The weight differential before and after
dehydration served as an approximate measure of the total body water content. Values were
expressed as a percentage of the total wet body weight.
Statistical analysis

Data were analyzed using GraphPad Prism® 5.03 (GraphPad Software Inc., La Jolla,
California, USA) and expressed as mean values * standard error of the mean (SEM). Values
determined to be significant outliers by the Grubbs’ test (p < 0.05) were removed from the
dataset. All experimental measurements were analyzed using the student’s t-test (p < 0.05) with
the exception of survivorship data where the log-rank (Mantel-Cox) test was used to determine

significance (p < 0.05).

=
Q
=
O
(2]
>
C
©
£
©
()
=
Q
Q
O
O
<<
[ ]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
3
O
S




RESULTS
AaAQPS5 immunolocalization in Malpighian tubules

A custom antibody generated against the C-terminus of Aedes aegypti AaAQP5,
validated in Akhter et al. (2017), was used to localize AaAQP5 in the Malpighian tubules of
larval A. aegypti. AaAQP5 immunoreactivity was apparent in principal cells where in whole
mounts it appeared concentrated to the basal surfaces of the MTs as distinct punctate staining in
cytoplasmic or membrane-bound areas (Fig. 1A). Stellate cells, identified by their relatively
small nuclei (blue DAPI labelling) and by their intercalating pattern between principal cells,
were devoid of any AaAQP5 staining (Fig. 1A arrows). Cross sectional images of the MT
revealed AaAQP5 staining on both the apical (Fig. 1B, solid arrow) and basal (Fig. 1B, dashed
arrow) sides of the epithelial membrane. To further demonstrate the apical localization of
AaAQP5 (red, Fig. 1E), transverse and cross sectional images of MTs were co-labelled with the
apical membrane marker V-type H-ATPase (green, Fig. 1D) and nuclear DAPI (blue, Fig. 1F).
In these preparations, AaAQP5 staining was co-localized with V-type H™-ATPase staining (Fig.
1C, yellow, solid arrow) on the apical surfaces of principal cells and could also be seen on the
basal surfaces (Fig. 1C, red, dashed arrow). We could not co-localize AaAQP5 with a basal
marker as we did not have an antiserum for a basal membrane marker of the MTs. Control MTs
where the AaAQPS5 antisera was omitted from the protocol were devoid of any immunoreactivity
(Fig. 1 G,H).
Western blotting for AaAQPS5 in Malpighian tubules and AaAQP5 dsRNA treatment

Western blots of MT protein homogenates probed with AaAQP5 antiserum displayed
three bands of ~ 19, 32, and 80 kDa (Fig. 2A). The representative blot demonstrates the 3 bands

however, not all bands were present in all samples that were probed with the AaAQP5 antisera.
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While the ~ 32 kDa band was detected in all blots, the ~ 19 kDa and ~ 80 kDa bands were not
always detectable. The predicted molecular mass of an AaAQP5 monomer is ~ 26 kDA.
Treatment of larvae with dsRNA targeting AaAQP5 resulted in apparent decreases in the
intensity of all three bands detected by the AaAQP5 antiserum in the MT homogenates, relative
to those from control larvae treated with dSRNA targeting the bacterial gene B-lac (Fig. 2A).
Densitometric analysis was performed on the putative monomer signals (~32 kDa band) which
resulted in significantly decreased (48%) putative AaAQP5 monomer protein abundance in the
MTs of larvae treated with dsSRNA for AaAQP5 relative to those of larvae treated with B-lac
dsRNA (unpaired t-test, p = 0.03) (Fig. 2B). The putative monomer was not observed when the
anti-AaAQP5 antibody was incubated with the immunogenic peptide (Fig, 2C). The ~ 80 kDa
band could not be evaluated for specificity because the immunogenic peptide bound to higher
molecular weight proteins in MT homogenates creating a protein-peptide-antibody interaction.
Malpighian tubule fluid secretion rates, ion concentration of secreted fluid, and ion transport
rates in dSRNA treated larvae

MT fluid secretion rates, ion concentration of secreted fluid, and ion transport rates of
MTs were affected by the knockdown of AaAQP5 (Fig. 3). The transepithelial fluid secretion
rate of MTs isolated from larvae treated with dsRNA for B-lac (control) was 0.25 + 0.02 nL min™
in comparison to secretion rate of MTs from AaAQP5 dsRNA treated larvae which was
significantly lower at 0.17 + 0.02 nL min™ (unpaired t-test, p = 0.01). Secreted fluid from the
MTs of AaAQP5 dsRNA treated larvae contained 26% less K* (unpaired t-test, p = 0.004) and
14% less Na* (unpaired t-test, p = 0.01) compared to controls (Fig. 3B). The CI" concentration of
secreted fluid was unaffected by AaAQP5 knockdown and while Ca?* concentrations appeared

lower in AaAQP5 dsRNA treatments, this was not statistically different from controls (unpaired
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t-test, p = 0.28) (Fig. 3B). The product of lower secretion rates and lower K* and Na*
concentrations in the secreted fluid resulted in lower K* (unpaired t-test, p = 0.002) and Na*
(unpaired t-test, p = 0.002) transepithelial transport rates in the MTs of larvae treated with
AaAQPS5 dsRNA (Fig. 3C). The K* and Na* transport rates were 50% lower with the AaAQP5
dsRNA treatments. The Ca?* and CI transport rates were unaffected by AaAQP5 dsRNA
treatment.
Survival, body moisture and hemolymph ion concentration of dsRNA treated larvae

Survival was measured throughout a 6 day period following larval exposure to dsSRNA
targeting AaAQP5 or bacterial B-lac (control). Larval survival decreased by 9% (Mantel Cox
test, p = 0.0011) in larvae treated with AaAQP5 dsRNA relative to larvae treated with B-lac
dsRNA (Fig. 4). The greatest number of deaths occurred 3 days following AaAQP5 dsRNA
treatment in comparison to B-lac dSRNA treatment. Total body moisture measured 6 days post
dsRNA treatment was similar in larvae treated with AaAQP5 dsRNA and those treated with -
lac dsRNA (unpaired t-test, p = 0.30) (Fig. 5). There was also no difference in the hemolymph
[K*], [Na*], [Ca?*], and pH between control and AaAQP5 dsRNA treated larvae; however, the
hemolymph [CI] of AaAQP5 dsRNA treated larvae was 20% lower than that of control larvae

(unpaired t-test, p = 0.003) (Fig. 6).
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DISCUSSION
Overview

The Malpighian tubules of Aedes aegypti produce fluid that is iso-osmotic to the
hemolymph by actively transporting ions into their lumen which is followed by osmotic
transepithelial transport of water.. In freshwater larval mosquitoes, this process is vital to the
elimination of excess water which is continuously accumulating in the hemolymph from the
hypo-osmotic habitat (Stobbart, 1971; Wigglesworth, 1932). While the molecular mechanisms
for ion transport in the MTs have been studied, those for water movement have received little
attention. Currently, it is generally assumed that water crosses the MT epithelium transcellularly
through aquaporins expressed by the epithelial cells. To date, however, no aquaporins have been
localized in larval Aedes aegypti MTs although the transcript abundance of AaAQP1, AaAQP4
and AaAQPS5 are significantly greater than those of the other AQPs (Marusalin et al., 2012).
Here, we localize the A. aegypti aquaporin, AaAQP5, to the principal cells of larval MTs and
demonstrate that knockdown of AaAQPS5 protein expression in the MTs results in impaired fluid
secretion rates by isolated MTs. These findings indicate that AaAQP5 plays a significant role in
transcellular water transport across larval MTs. The knockdown of AaAQP5 in MTs also
revealed some unexpected alterations in the ion concentrations of secreted fluid from MTs and
ion transport rates of MTs, perhaps suggesting a level of coordination between ion and water
transport by Malpighian tubules.
Expression and localization of AaAQPS5 in the MTs

Western blots of larval MT homogenates probed with AaAQP5 antiserum revealed three
bands with mass of ~ 19, 32, and 80 kDa, respectively (Fig. 2A). Since the predicted mass of an

AaAQP5 monomer is 26 kDa, it is suggested that the 19 kDa band represents degradation
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product arising from protein extraction and subsequent processing. A protein band of 26 kDa
immunoreactive to the AaAQP5 antiserum was previously resolved in western blots of larval A.
aegypti anal papillae homogenates (Akhter et al., 2017). Although AQPs are known to undergo
post-translational modifications, this result suggests that a proportion of AaAQP5 monomers in
the anal papillae are present without modification (Hendriks et al., 2004; Akhter et al., 2017). In
contrast, it is proposed that the AaAQP5 monomers expressed in the MTs undergo modification
resulting in the observed 32 kDa band in this study (Fig. 2A). The additional mass of the putative
AaAQP5 monomers in the MTs may be attributed to post-translational modification (Hendriks et
al., 2004). One such modification may include glycosylation as several invertebrate AQPs have
been previously shown to possess glycosylation sites including AQPs in Rhodnius prolixus,
Caenorhabditis elegans, and Aedes aegypti (Echevarria et al., 2001; Pietrantonio et al., 2000;
Tomkowiak and Pienkowska, 2010). Alternatively, AQPs can also be phosphorylated to regulate
their activity in addition to signaling their translocation into the membrane (Campbell et al.,
2008). The variation in the western blot pattern between the anal papillae and the MTs may
indicate that post-translational modifications of AQPs may be tissue-specific and may vary to
alternatively regulate AaAQP5 function based on its roles in these different tissues. The
AaAQPS5 immunoreactive 80 kDa band is proposed to represent an undissociated oligomer. AQP
oligomers have been shown to resist dissociation in SDS-PAGE (Cymer and Schneider, 2010;
Neely et al., 1999; Smith and Agre, 1991). These oligomers may be homo-oligomers of AaAQP5
with additional post-translational modifications or may be hetero-oligomers of AaAQP5
monomers with monomers of other AQPs (Akhter et al., 2017; Neely et al., 1999).

AaAQP5 expression was localized to the apical and basal membranes of principal cells in

larval A. aegypti MTs (Fig. 1). Principal cell specific expression of AQPs has been demonstrated
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in D. melanogaster, where the transcripts of the AaAQP5 functional orthologues, Agp4019 and
Aqpl7664, were detected in principal cells using in situ hybridization (Kaufmann et al., 2005).
In the adult mosquito, Anopheles gambiae, AGAQP1 protein was localized to stellate cells in the
distal portion of the MTs and to principal cells at the proximal end (Liu et al., 2011; Tsujimoto et
al., 2013), while the DRIP water channel of D. melanogaster is restricted to stellate cells of both
the larval and adult life stages (Kaufmann et al., 2005). These results demonstrate variability in
cell specific expression between species as well as AQPs. In addition, the punctate AaAQP5
staining in the principal cells of larval A. aegypti shown in this study may suggest vesicular
localization within the cell (Fig. 1). Intracellular vesicular localization of AQP8 was identified in
rat hepatocytes with comparable punctate staining in the cytoplasmic region of the cells (Garcia
et al., 2001). Treatment of rat hepatocytes with cCAMP resulted in the translocation of vesicular
AQP8 into the plasma membrane which increased membrane water permeability (Garcia et al.,
2001). Additionally, R. prolixus, CAMP elevates Rh-MIP (AQP related protein) expression in the
MTs (Martini et al., 2004). The punctate staining of AaAQP5 in larval mosquito MTs may be
indicative of a mechanism that is similar to that of AQP8 where modulation of epithelial cell
membrane water permeability is facilitated by translocation of intracellularly stored AaAQP5 to
the membrane in principal cells. An alternative explanation for the observed punctate staining is
the accumulation of AaAQP5 channels at the basolateral or apical membranes. The irregular
intensity of immunoreactivity throughout the membranes on the MT cross section (Fig. 1B)
support the aggregation of AQPs to specific sites on the membrane. Aggregations of AaAQP5
would enable internalization for intracellular storage or degradation in order to better regulate

membrane water permeability. Cell surface punctate immunoreactivity was previously shown for
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mammalian AQP1 in endothelial cells where it was co-localized with receptors that signal
intracellular trafficking and internalization into intracellular vesicles (Kobayashi et al., 2006).
Effects of dSRNA knockdown of AaAQPS5 on the Malpighian tubules of larval A aegypti
Densitometry analysis of the putative AaAQP5 in western blots of MT protein
homogenates from the dsRNA B-lac and AaAQP5 treatments demonstrated that phenotypic
expression of AaAQP5 was suppressed by 48% (Fig. 2B). The reduced AaAQP5 expression in
the MTs of larvae resulted in decreased rates of transepithelial fluid transport (Fig. 3A). A
previous study demonstrated increased water and trehalose permeability of Xenopus oocytes
expressing AaAQPS5. Taken together this suggests that the decreased rates of fluid transport are a
product of decreased water transport through AaAQPS5 resulting from its reduced expression. In
addition, the reduced fluid transported across the MT epithelium may further be suppressed as a
result of reduced osmotic drag established by trehalose transport through AaAQPS5 (Drake et al.,
2015). Global knockdowns of several AQPs, including AaAQP5 in the adult female mosquito, A.
aegypti, resulted in diminished urine excretion following PBS injections (Drake et al., 2010).
Furthermore, combined RNAi mediated knockdown of two aquaporins, gmmDrip and
gmmDripb in the tsetse fly similarly attenuated diuresis by up to 50% (Benoit et al., 2014). The
reduction in volume of urine excreted may, in part, be influenced by compromised water
transport across the MTs in the adult mosquitoes and the tsetse flies, similar to the findings
observed with the larval MTs in this study (Drake et al., 2010; Hegarty et al., 1992; Kerkhove et
al., 1999; Williams and Beyenbach, 1983). Suppression of water transport rates of MTs with
diminished AaAQP5 expression in conjunction with the localization of AaAQP5 to the
basolateral and apical membranes indicates that AaAQPS5 participates in transcellular transport of

water across the MT epithelium in larval mosquitoes but does not preclude the involvement of
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other aquaporins that remain to be studied, in particular AaAQP1 and AaAQP4 which show high
levels of transcript abundance in the MTs.

The composition of the MT secretion fluid collected in AaAQP5 knockdown larvae had
diminished [Na*] and [K'], while [Ca%*"] and [CI] remained unaffected (Fig. 3B). If basal ion
transport rates of Na™ and K" across the principal cells remained unaltered while AaAQP5
expression and water transport were reduced, it would be reasonable to expect dilution of the
hemolymph. This was not the case, since both Na* and K* transport rates of MTs were reduced
and hemolymph [Na*] and [K*] were unaffected by AaAQP5 knockdown. Therefore, the reduced
[Na'] and [K] of the MT secretion fluid, with simultaneous maintenance of hemolymph [Na+]
and [K+] suggests that the MTs may help conserve hemolymph Na* and K* by suppressing Na*
and K" transport to potentially overcome an imbalance of these ions at the whole animal level
resulting from the cumulative effect of diminished AaAQP5 in the various osmoregulatory
organs. The distal MT secretion fluid is normally iso-osmotic to the hemolymph, and assuming
this remained consistent in the AaAQP5 knockdown MTs, the changes in cationic concentrations
observed in this study suggest osmotic compensation from other osmolytes, perhaps proline and
trehalose, via alternative pathways (Akhter et al., 2017; Beyenbach, 2003; Yerushalmi et al.,
2016). These altered ion concentrations may be a result of overall metabolic suppression, or a
decrease in the molecular capacity for ATP synthesis. Alternatively, the changes in the ion
transport rate may be a consequence of individual transporter regulation (Esquivel et al., 2016).
The localization of AaAQP5 and the site of Na*/K" transport coincide in the principal cells. A
knockdown of AaAQP5 in the principal cells would therefore have direct effects on principal cell
function which could lead to a compensatory regulation of individual transporters. The

transepithelial chloride pathway in adult A. aegypti MTs transpires through the paracellular

e
Q
=
Q
(2]
>
C
©
£
©
()
)
Q
Q
O
O
<<
L]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
>
O
S



pathway as well as through stellate cells, though both theories have been debated in the past
(Beyenbach, 2003; Beyenbach and Piermarini, 2011; O’Connor and Beyenbach, 2001;
O’Donnell et al., 1996; Yu and Beyenbach, 2001). The maintenance of high transepithelial CI
transport rates suggests a lack of CI™ transport regulation in the MTs in response to AaAQP5
knockdown. Furthermore, since CI" typically serves to balance the electrical charge from cation
transport this result suggests that other positively charged solutes such as NHs" may be
transported in greater amounts by the AaAQP5 knockdown MTs. Interestingly, the unaltered CI
secretion rate coupled with a decrease in overall fluid secretion is expected to result in a decrease
in hemolymph [CI], which was supported by our findings.
AQP5 knockdown affects survival

AQP5 knockdown decreased survival of larval A. aegypti, throughout a 6 day period
following dsRNA exposure (Fig 4). We demonstrated that MT function is altered with AaAQP5
knockdown such that MTs exhibit reduced rates of fluid, Na*, and K* transport; however, this
did not affect total body moisture (Fig. 5) or hemolymph [Na*] and [K*] (Fig. 6). Knockdown of
AaAQP5 in adult A. aegypti enhanced survival by 1-2 h in a desiccating environment (Drake et
al., 2015). In contrast, knockdown of AgAQP1 and AgAQP3 in Anopheles gambiae using
dsRNA exhibited reduced survival of adult females compared to controls under arid
environmental conditions (Liu et al., 2011; Liu et al., 2016). These differences in the effects of
AQP knockdown on survival are likely to reflect organ specific expression of these individual
AQPs and the functional role of these organs in the physiology of the insect would undoubtedly
impinge on survival in response to AQP knockdown. For example, AaAQP5 in the anal papillae
of A. aegypti larvae is likely to contribute to osmoregulation since AaAQP5 expression is

dependent on external salinity such that it is abundantly expressed in high salinity environments
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(Akhter et al., 2017). In this respect, we would not expect the knockdown of AaAQP5 in anal
papillae to have contributed to the observations made in this study since AaAQP5 levels are
relatively low in the anal papillae of freshwater reared larvae. However, it is expected that
AaAQP5 knockdowns in high salinity environments will have a significant impact on larval
survival. Aqp7777 (RE34617) of D. melanogaster demonstrated high expression in the brain and
segmental ganglia as well as the body wall and visceral muscles, which may all contribute to the
overall survival of the animal (Kaufmann et al., 2005). Therefore, decreased survival of the
larvae with reduced AaAQP5 expression may have resulted from organs not responsible for
osmo- and ion-regulation. Future work should therefore, assess the expression of AaAQPS5 in the
other osmoregulatory organs and the effects of dSRNA treatment on these organs.
Conclusion

Our previous studies detected relatively high transcript abundance of AaAQP1, AaAQP4
and AaAQPS5 in larval Aedes aegypti Malpighian tubules (Marusalin et al., 2012). In this study,
we demonstrated that AaAQPS5 protein is expressed by principal cells where it is localized on
both the basal and the apical membranes. Knockdown of AaAQPS5 significantly decreased fluid
secretion rates of MTs. Together, the results implicate AaAQP5 in mediating water transport by
the MTs of larval A. aegypti. The alterations in [Na*] and [K*] of the secreted fluid were
unexpected and may indicate that MTs can adjust ion transport in response to impaired fluid
transport. Since larvae inhabit freshwater, production of a dilute urine which conserves ions
while eliminating excess water is critical to survival and this process begins with fluid secretion

by the MTs. Our results indicate that AaAQP5 plays an important role in this vital process.
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Figures
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Figure 1. Immunolocalization of AaAQP5 in Malpighian tubules of larval Aedes aegypti. A.
Representative whole mount Malpighian tubules illustrating AaAQP5 immunoreactivity in
principal cells (orange). Arrows point to stellate cells where AaAQP5 immunoreactivity is
absent. Blue staining are nuclei labelled with DAPI. B. Representative paraffin-embedded cross

section of larval Malpighian tubules showing AaAQP5 immunoreactivity (red staining) on basal



(dashed arrow) and apical (solid arrow) sides of principal cells. C. Representative paraffin-
embedded transverse and cross sections of larval Malpighian tubules showing AaAQP5
immunoreactivity on the basal side (red, dashed arrow) and AaAQP5 immunoreactivity co-
localized with the V1 subunit of V-type H+ ATPase in the apical brush border of principal cells
(yellow, solid arrow). Blue staining are nuclei labelled with DAPI . D. Transverse and cross
sections of larval Malpighian tubule showing immunoreactivity of Vi subunit of V-type H+
ATPase (green) from panel C. E. Transverse and cross sections of larval Malpighian tubules
showing AaAQP5 immunoreactivity (red) from panel C. F. Transverse and cross sections of
larval Malpighian tubules showing DAPI staining (blue) from panel C. G. Transverse sections of
a control Malpighian tubule in brightfield demonstrating the apical (solid arrow) and basolateral
membranes (dashed arrow). H. Control transverse sections of Malpighian tubules from panel G
demonstrating a merge of the control (primary antibodies omitted) and DAPI. Panel A scale bar

=100 pm, Panels B-H scale bars = 20pum.
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Figure 2. Western blot of Malpighian tubule (MT) protein homogenates probed with AaAQP5
antisera and effects of dsSRNA treatment on AaAQP5 protein abundance in MTs. A. Western blot
of MT protein homogenates from larvae treated with dsRNA for 3-lac (control) or AaAQP5 with
R-actin as a loading control. B. Relative protein abundance of AaAQP5 based on densitometric
analysis of putative AaAQP5 monomer (32 kDa) in MT protein homogenates from larvae
treated with dsRNA for p-lac or AaAQP5 (n = 5). The abundance of putative AaAQP5 protein
was normalized to B-actin and expressed relative to the control B-lac group. Data are expressed

as mean + SEM. *Significant difference from control p-lac group (p < 0.05, unpaired t-test). C.
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The putative monomer was blocked by pre-absorption of AaAQPS5 antibody with immunogenic
peptide. The 19 kDa band did not always appear in blots and assessment of specificity of the 80
kDa band was hindered by the binding of the immunogenic peptide to proteins with higher than

~40 kDa mass.
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Figure 3. In vitro transepithelial fluid transport rate, ion concentrations in secreted fluid and ion
transport rates of Malpighian tubules from larvae treated with dsSRNA targeting 3-lac (control) or
AaAQP5. A. Transepithelial fluid transport rate (n = 36 B-lac and n = 44 AaAQP5). B. lon
concentrations of secreted fluid (n = 10-30). C. Transepithelial ion transport rates calculated as
the product of fluid transport rate and ion concentration of secreted fluid (n = 10-44)). Data in A,
B and C are expressed as mean £ SEM *Significant difference (p < 0.05, unpaired t-test) from

control B-lac group.
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Figure 4: Larval survival following treatment with B-lac (n = 360) or AaAQP5 (n = 346)

dsRNA. Data were analyzed using a Mantel-Cox test.
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Figure 5: A. aegypti total body moisture measured 6 days dsRNA treatment for p-lac (n = 18)
and AaAQP5 (n = 13). Data are expressed as mean + SEM (p < 0.05, ANOVA with Tukey's

multiple comparison test).
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Figure 6: Hemolymph Na* (B-lac n = 23, AaAQP5 n = 23), K* (B-lac n = 23, AaAQP5 n = 23),
Ca" (B-lac n = 30, AaAQP5 n = 25), CI- (B-lac n = 30, AaAQP5 n = 25) concentrations and pH
(striped bars) (B-lac n = 10, AaAQP5 n = 10) of dsRNA treated larvae at 6 days post dsSRNA
treatment. Data are expressed as mean £ SEM *Significant difference (p < 0.05, unpaired t-test)

from control B-lac group.
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