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Functional plasticity of the gut and the Malpighian tubules
underlies cold acclimation and mitigates cold-induced

hyperkalemia in Drosophila melanogaster
Gil Y. Yerushalmi*, Lidiya Misyura, Heath A. MacMillan* and Andrew Donini

ABSTRACT

At low temperatures, Drosophila, like most insects, lose the ability to
regulate ion and water balance across the gut epithelia, which can
lead to a lethal increase of [K*] in the hemolymph (hyperkalemia).
Cold acclimation, the physiological response to a prior low
temperature exposure, can mitigate or entirely prevent these ion
imbalances, but the physiological mechanisms that facilitate this
process are not well understood. Here, we test whether plasticity in
the ionoregulatory physiology of the gut and Malpighian tubules of
Drosophila may aid in preserving ion homeostasis in the cold. Upon
adult emergence, D. melanogaster females were subjected to 7 days
at warm (25°C) or cold (10°C) acclimation conditions. The cold-
acclimated flies had a lower critical thermal minimum (CTn),
recovered from chill coma more quickly, and better maintained
hemolymph K* balance in the cold. The improvements in chill
tolerance coincided with increased Malpighian tubule fluid secretion
and better maintenance of K* secretion rates in the cold, as well as
reduced rectal K* reabsorption in cold-acclimated flies. To test
whether modulation of ion-motive ATPases, the main drivers of
epithelial transport in the alimentary canal, mediate these changes,
we measured the activities of Na*/K*-ATPase and V-type H*-ATPase
at the Malpighian tubules, midgut, and hindgut. Na*/K*-ATPase and
V-type H*-ATPase activities were lower in the midgut and the
Malpighian tubules of cold-acclimated flies, but unchanged in
the hindgut of cold-acclimated flies, and were not predictive of the
observed alterations in K* transport. Our results suggest that
modification of Malpighian tubule and gut ion and water transport
probably prevents cold-induced hyperkalemia in cold-acclimated
flies, and that this process is not directly related to the activities of
the main drivers of ion transport in these organs, Na*/K*- and V-type
H*-ATPases.

KEY WORDS: Chill tolerance, lonoregulation, Gut, Malpighian
tubules, SIET

INTRODUCTION

Chill susceptibility in insects

Chill-susceptible insects are those that succumb to the effects of
chilling at temperatures well above the freezing point of their bodily
fluids (Bale, 1996; Overgaard and MacMillan, 2017). It should be
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noted that bodily fluids of most insects supercool and freeze at
temperatures well below 0°C. Thus, in contrast to chill-tolerant or
freeze-avoidant insects, chill-susceptible insects succumb to cold-
induced injuries at relatively mild temperatures (e.g. at or above
0°C). While most insect species are considered chill susceptible, the
physiology underlying chill susceptibility remains poorly
understood. Three metrics are principally used to assess the cold
tolerance of chill-susceptible insects. The critical thermal minimum
(CTpin) is the temperature at which insects lose coordination and
subsequently enter a state of complete neuromuscular paralysis
known as a chill coma (Block, 1990; Mellanby, 1939). In the case of
mild and/or short cold exposures, chill-susceptible insects may
recover from a chill coma and regain full neuromuscular function,
and the time it takes for an insect to stand following removal from a
cold exposure is termed chill coma recovery time (CCRT) (Jean
David et al., 1998; Macdonald et al., 2004; MacMillan and Sinclair,
2011). Following an intense cold exposure (longer duration and/or
lower temperature), chill-susceptible insects acquire irreversible
injuries and eventually die (Rojas and Leopold, 1996; Kostal et al.,
2004, 2006), and rates of survival following chilling are also
regularly used as a measure of insect cold tolerance (Andersen et al.,
2015; MacMillan et al., 2015a; Sinclair et al., 2015). Although there
is often a high degree of covariance in these three metrics, the
mechanisms that underlie each of them are different and uniquely
informative, and thus all three are regularly used (Sinclair et al.,
2015).

The role of ion imbalances in chill coma and injury

The resting membrane potential of dipteran muscles and nerves is
energized by Na*/K"-ATPase in two ways: (1) the active transport of
cations to the external environment, and (2) the passive leak of
positive charge (primarily K*) to the extracellular environment,
facilitated by the ion gradients set by Na*/K*-ATPase (Thomas,
1972; Fitzgerald et al., 1996). As such, one of the major challenges
for animals at low temperatures is the reduction of enzymatic
activity, particularly of ion-motive ATPases, which results in
cellular depolarization (Ellory and Willis, 1982; MacMillan et al.,
2015b). Cold-induced depolarization thus occurs in two phases, first
from the immediate reduction of active ion transport and second
from the gradual loss of the ionic gradient necessary for passive ion
leak. During the first phase, depolarizations have been shown
in both muscles and nerves immediately at the onset of a cold
exposure (Goller et al., 1990; Hosler et al., 2000; MacMillan et al.,
2014). For example, when exposed to low temperatures, various
chill-susceptible insects, including Drosophila melanogaster,
experience muscular depolarization, probably resulting from the
reduced electrogenic current of ion-motive ATPases (Goller et al.,
1990; Hosler et al., 2000; MacMillan et al., 2014). In addition to
reduced electrogenic current, the small extracellular space
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surrounding locust nerves allows for a rapid surge of extracellular
[K*] which also probably contributes to initial cellular
depolarizations (Rodgers et al., 2010; Robertson et al., 2017).
Ultimately, reductions of nerve and muscle excitability are likely to
underlie the neuromuscular paralysis of a chill coma (Goller et al.,
1990; Hosler et al., 2000; Hazell and Bale, 2011).

In contrast to the immediate effects of low temperatures,
prolonged cold exposure is often accompanied by large
disruptions of hemolymph ion and water homeostasis in many
chill-susceptible insects including Drosophila (Kostal et al., 2004,
2006; MacMillan and Sinclair, 2011; Andersen et al., 2013;
MacMillan et al., 2015c). When chill-susceptible insects are
exposed to low temperatures, Na* leaks down its concentration
gradient, away from the hemolymph and into the gut (Kostal et al.,
2004; MacMillan and Sinclair, 2011). As Na" is a major
hemolymph osmolyte, water passively follows into the gut,
leading to an overall reduction in hemolymph water content
(Kostal et al., 2004, 2006; MacMillan et al., 2012). This reduction
in hemolymph volume leads to elevated concentrations of
hemolymph K", a commonly reported consequence of low
temperatures in chill-susceptible insects (Kostal et al.,, 2004,
2006; MacMillan et al., 2015¢; Yerushalmi et al., 2016). There is
also growing evidence suggesting that cold-induced hyperkalemia
also stems from the direct leak of K* from tissues and/or the gut in
crickets (Des Marteaux and Sinclair, 2016), fruit flies (MacMillan
et al,, 2015a) and migratory locusts (Andersen et al., 2013;
Findsen et al., 2013), but what causes this leak remains unknown.
Increased cold-induced hyperkalemia has been linked to longer
CCRT and decreased chilling survival, suggesting that failure of
ion regulation is a central problem for chill-susceptible insects in
the cold (Kostal et al., 2004, 2006, MacMillan et al., 2015a;
Yerushalmi et al., 2016). Chill coma recovery is therefore thought
to depend on the restoration of homeostatic hemolymph [K'],
evidenced by the active re-uptake of Na* from the gut into the
hemolymph in crickets, which restores hemolymph volume and
consequently homeostatic hemolymph [K*] (MacMillan et al.,
2012). Chilling injury is also closely associated with the degree of
hemolymph [K*] elevation, such that the time of an approximate
twofold increase in hemolymph [K'] is roughly predictive of a
species’ median lethal temperature (LTsq) (Kostal et al., 2004,
2006; MacMillan and Sinclair, 2011; MacMillan et al., 2014).
Cold-induced hyperkalemia further depolarizes resting membrane
potential by reducing the K gradient necessary for passive
K* leak, and it is these cumulative short- and long-term
depolarizations that have been linked to cellular damage in
locusts (MacMillan et al., 2015¢).

The chill tolerance of insects (including species of the genus
Drosophila) can vary as a result of evolutionary adaptation,
thermal acclimation, or even acute exposure to low temperatures
(rapid cold-hardening) (Kelty and Lee, 2001; Hoffmann et al.,
2003; Kostal et al., 2004, 2006; Chown and Terblanche, 2006;
Colinet and Hoffmann, 2012; MacMillan et al., 2015a; Andersen
et al.,, 2017b). For example, exposing D. melanogaster to 15°C
for 6 days as adults extended the Ltso (lethal time of exposure to
—2°C that results in 50% survival) from less than 5h to over
20 h (MacMillan et al., 2015a). These gains in chill tolerance
with cold acclimation are closely associated with improved
maintenance of ion and water balance in the cold. Together, this
body of evidence suggests that failure to maintain water and ion
homeostasis in the cold underlies D. melanogaster cold tolerance,
and that cold acclimation mitigates the extent of this ion
imbalance.

lon and water regulation in insects

At the organismal level, ion and water homeostasis are principally
maintained by the transport and permeability of ions and water
across the ionoregulatory epithelia, namely the midgut, Malpighian
tubules, and hindgut epithelia. It is across these epithelia that cold-
induced ion and water leak occurs in crickets (MacMillan and
Sinclair, 2011; MacMillan et al., 2012), and thus an investigation of
their transport properties before and after thermal acclimation is
probably key to understanding cold acclimation.

The midgut is the largest segment of the Drosophila gut and is
responsible for carrying out the vital functions of nutrient digestion,
absorption and defence against ingested pathogens (Overend et al.,
2016). Following the midgut are the Malpighian tubules, diverticula
of the gut that function as the main site of ion and water secretion
from the hemolymph into the gut in insects. The Malpighian tubules
actively transport ions from the hemolymph into the tubule lumen,
which osmotically drags water to produce an isosmotic primary
urine (Dow and Davies, 2001; Larsen et al., 2014). The primary
urine exits the Malpighian tubules where it enters the gut lumen at
the junction of the midgut and hindgut, mixing with contents from
the midgut before passing posteriorly to the hindgut where the
reabsorption of water, ions and metabolites takes place prior to the
excretion of wastes (Wigglesworth, 1932; Phillips et al., 1987). The
hindgut of Drosophila is composed of the ileum and rectum. Most
ion and water reabsorption occurs at specialized areas of thickened
rectal epithelia called rectal pads that actively absorb ions to create
local osmotic gradients for the reabsorption of water (Larsen et al.,
2014).

To date, differences in ionoregulatory organ function that relate to
cold tolerance have only been described in the Malpighian tubules
and rectal pads among Drosophila species that differ in chill
tolerance (MacMillan et al., 2015d; Andersen et al., 2017b) and in
the Malpighian tubules of cold-acclimated Gryllus pennsylvanicus
(Des Marteaux et al., 2018). Whereas low temperatures disturbed
the ratio of Na":K" secreted by the tubules of chill-susceptible
Drosophila species, tolerant species experience little or no such
change (MacMillan et al., 2015d). As Na" and K" are the main
cations secreted by the tubules, the ratio of Na™:K" secretion is
particularly informative in illustrating the ion-selective effect of
low-temperature exposure. Maintenance of this ratio may assist in
preventing hyperkalemia by (1) maintaining K" excretion in the
cold or (2) minimizing excretion of hemolymph Na*, an osmolyte
important to the maintenance of hemolymph volume. Furthermore,
the rectal pads of chill-tolerant Drosophila species reabsorb less K*
in the cold than those of chill-susceptible species, which would
also facilitate the maintenance of low hemolymph [K*] (Andersen
et al., 2017b).

While the underlying mechanisms for the ionoregulatory changes
of cold-tolerant flies at low temperatures remain unclear, the
regulation of ion-motive ATPases that energize these tissues is a
possibility. For example, increased ion-motive ATPase activity in
the Malpighian tubules would raise the basal fluid and ion secretion
rate, allowing greater K* clearance in the cold. Conversely, in
absorptive tissues such as the hindgut and the Malpighian tubules,
reductions of ion-motive ATPases would reduce ion absorption and
thus mitigate the active re-uptake of K* in the cold. To date,
whole body Na*/K*"-ATPase activity has been measured in cold-
acclimated Drosophila (MacMillan et al., 2015b) and an organ-
specific assessment of Na*/K*-ATPase and V-type H'-ATPase
activity in cold-acclimated G. pennsylvanicus has been conducted
(Des Marteaux et al., 2018). In the present study, a complete
assessment of both organ-specific Na'/K*-ATPase and V-type
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H*-ATPase activities alongside functional measurements for the
midgut, the Malpighian tubules and the hindgut are presented for D.
melanogaster.

Experimental goals and hypotheses

In this study, we investigate the effect of cold acclimation following
7 days at 10°C on functional ion transport parameters of the
ionoregulatory organs of D. melanogaster. We hypothesize that
both Na*/K*-ATPase and V-type H'-ATPase activities will increase
in the Malpighian tubules of cold-acclimated flies, and that these
increases will enable a higher capacity for K clearance at low
temperatures (Fig. 1). Conversely, we hypothesized that in the
midgut and hindgut, decreases in Na*/K*-ATPase and V-type H*-
ATPase activities will reduce K* absorption and mitigate
hyperkalemia in the cold (Fig. 1). To test this, we first confirmed
that cold acclimation improves the cold tolerance of D.
melanogaster and mitigates cold-induced hyperkalemia. We then
measured ion transport parameters of Malpighian tubules and gut
function directly. Lastly, we quantified the activities of Na*/K*-
ATPase and V-type H'-ATPase in the primary ionoregulatory
organs (midgut, Malpighian tubules and hindgut) to test if their
modulation underlies organ-specific function.

MATERIALS AND METHODS

Animal husbandry and acclimation treatments

The population of Drosophila melanogaster used in this study was
established in 2008 by combining 35 isofemale lines from
southwestern Ontario, Canada (Marshall and Sinclair, 2010). Fly
rearing was conducted as previously described (Yerushalmi et al.,
2016) by transferring mature adults into 200 ml plastic bottles
containing ~50 ml of a standard rearing diet (Bloomington
Drosophila medium; Lakovaara, 1969) for 1-2 h, ensuring an
approximate egg density of 100—150 eggs per bottle. The bottles

Malpighian
Midgut tubules Hindgut
lon-motive ’ ‘ ’
ATPase activity
Proposed Decreased Increased Decreased
effect K* absorption K* clearance K* absorption

' Cold-induced hyperkalemia

Fig. 1. A proposed model of the ionoregulatory changes in the midgut,
Malpighian tubules and hindgut that prevent cold-induced hyperkalemia
in cold-acclimated Drosophila melanogaster. lon-motive ATPases such as
Na*/K*-ATPase and V-type H*-ATPase are the main drivers of epithelial
transport in the gut and the Malpighian tubules of insects, and their activity is
proposed to alter gut and tubule function to reduce K* absorption and increase
K* excretion. Decreased ion-motive ATPase activity in absorptive organs such
as the midgut and the hindgut is therefore predicted to reduce K* absorption,
while increased ion-motive ATPase activity in the Malpighian tubules is
proposed to increase K* clearance. Cumulatively, these changes are proposed
to facilitate net K* excretion and the maintenance of low hemolymph [K*]

in the cold.

were then stored at 25°C with a 14 h:10 h light:dark cycle. Filter
paper was placed in each bottle to increase surface area for pupation.
Newly emerged adults were collected daily and transferred into
40 ml plastic vials containing 7—-10 ml of the rearing diet. The vials
were then randomly assigned to one of the two treatments: warm or
cold acclimation. Warm-acclimated (WA) flies were maintained at
25°C with a 14 h:10 h light:dark cycle and cold-acclimated (CA)
flies were maintained at 10°C with 10 h:14 h light:dark cycle
(aimed to mimic summer and autumn conditions, respectively). All
experiments were conducted on non-virgin adult females following
a 1-week exposure to their acclimation treatment.

Chilling tolerance phenotypes

In the present study we measured CT,,;, and CCRT. Chilling
survival was recently measured in the same laboratory population of
flies under identical rearing and acclimation conditions, and was
described by MacMillan et al. (2017).

To measure CT,,;, as previously described (Andersen et al.,
2015; Yerushalmi et al., 2016), flies were individually placed in
4 ml glass screw-top vials. Vials were then attached to a custom-
built rack and placed in a temperature-controlled bath (model
MX7LL, VWR International, Mississauga, Canada) containing a
1:1 mixture of ethylene glycol and water at room temperature
(25°C). The bath temperature was then ramped down at a rate of
—0.15°C min~! and the temperature was monitored independently
using a pair of type-K thermocouples connected to a computer
running Picolog (version 5.24.8) via a Pico TC-08 interface (Pico
Technology, St Neots, UK). Flies were individually observed
throughout the ramping period and the temperature at which no fly
movement was observed following a disturbance of the vial with a
plastic probe was recorded as its CT y;p.

To measure CCRT as previously described (MacMillan et al.,
2015a; Yerushalmi et al., 2016), female flies were individually
placed in 4 ml glass screw-top vials. The vials were sealed in a
plastic bag and submerged in an ice—water mixture (0°C). After 6 h,
the vials were removed from the ice—water mixture and placed at
room temperature (25°C) where the flies were individually
observed. The time that it took an individual fly to stand on all
six legs following its removal from the cold treatment was recorded
as its CCRT.

Hemolymph [K*] measurements

Hemolymph [K*] was assessed in flies from both acclimation
groups following exposure to 0°C for various durations from 0 h to
the maximal survival duration at 0°C (up to 30 h for WA flies and up
to 110h for CA flies) using the ion-selective microelectrode
technique (ISME) as previously described (Jonusaite et al., 2011).
The cold-exposure durations used here mirrored those previously
used in a chill survival analysis (MacMillan et al., 2017), except for
36 h and 42 h for WA flies, where hemolymph extraction was
unsuccessful and survival rates were very low. Hemolymph droplets
were collected by placing individual flies in 200 pl pipette tips and
attaching the tips to a custom-made device (MacMillan and
Hughson, 2014). Air pressure was applied to position the fly head
at the end of a pipette tip and an antenna was then carefully removed
under a dissection microscope. Droplets of hemolymph that
emerged at an ablated antenna were immediately placed under
paraffin oil for assessment using ISME.

Ion-selective microelectrodes were prepared from borosilicate
glass capillaries (TW150-4; World Precision Instruments, Sarasota,
FL, USA) and pulled using a P-97 Flaming-Brown micropipette
puller (Sutter Instruments, Novato, CA, USA) to a tip diameter of
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~5 pum. The microelectrodes were then salinized in vapours of N,N-
dimethyltrimethylsilylamine (Fluka, Buchs, Switzerland) at 300°C
for 1h. K'-selective microelectrodes were backfilled with
100 mmol 17! KCI and front-loaded with the K* ionophore
cocktail B (100 mmol 17! KCI; Fluka). Na*-selective electrodes
(used for assessment of [Na'] in the Malpighian tubule-secreted
fluid, see below) were backfilled with 100 mmol 1! NaCl and
front-loaded with the Na* ionophore II cocktail A (100 mmol 17!
KC1/100 mmol 17! sodium citrate, pH 6.0; Fluka). The ion-selective
microelectrodes were then dipped in polyvinyl chloride (PVC) to
prevent the leakage of ionophore into the paraffin oil. To complete
the circuit, a conventional microelectrode was prepared from
borosilicate  glass capillaries (IB200F-2; World Precision
Instruments) and backfilled with 500 mmol I=! KCI. Both
electrodes were connected to the PowerLab 4/30 data acquisition
system (AD Instruments, Colorado Springs, CO, USA) through an
ML165 pH amplifier and analysed with LabChart 6 Pro software
(AD Instruments). Once the set-up of ISME was complete, 5 pl
calibration droplets with known concentrations of the ion of interest
and a 10-fold difference in its concentration were measured. To
ensure ion specificity, the lower of the two concentration droplets
was corrected in ionic strength using LiCl. For example, for the
measurement of hemolymph [K*], 10 mmol 1=' KC1I/90 mmol 1~
LiCl and 100 mmol 1! KCI were used for calibration. The final ion
concentrations were then calculated with the following equation:

ay = a. x 104775, (1)

where a, is the hemolymph ion concentration, a. is the
concentration of one of the calibration droplets, AV is the
difference in voltage between the hemolymph and the calibration
solution, and S is difference in voltage between two calibration
droplets with a tenfold difference in ion activity.

Malpighian tubule fluid and ion secretion rates

To assess differences in Malpighian tubule activity, modified
Ramsay assays (Ramsay, 1954) were conducted on tubules
extracted from CA and WA flies and at 0, 5, 10 and 23°C.
To isolate Malpighian tubules, individual flies were first dipped
in 70% ethanol for 5-10 s to remove the cuticular waxes and
transferred into a dish lined with a silicone elastomer (Sylgard 184;
Dow Corning, Midland, MI, USA) and containing Drosophila
saline [10 mmol I~! glutamine, 20 mmol 1=! glucose, 15 mmol 1!
MOPS, 4.2mmoll™! NaH,PO,, 10.2mmoll~' NaHCO;,
8.5 mmol 17! MgCl, (hexahydrate), 2 mmol 1! CaCl, (dihydrate),
20 mmol 17! KCI, 117.5 mmol 17! NaCl; pH 7.0] for dissections.
The anterior pair of Malpighian tubules were then isolated along
with a portion of the ureter by cutting the ureter near the ureter—gut
junction. Upon their removal, the Malpighian tubules were
transferred into another silicone-lined dish containing 35 pul
droplets of a 1:1 mixture of Drosophila saline and Schneider’s
insect medium (Sigma-Aldrich, USA) placed in pre-made wells
under paraffin oil. Using a glass probe, one tubule was placed in the
droplet and the other was carefully wrapped around a metal pin
adjacent to the droplet, ensuring exposure of the excised ureter to the
paraffin oil where secreted fluid would accumulate to be collected
for analysis (see Larsen et al., 2014).

To assess Malpighian tubule function at 0, 5 and 10°C, after the
Ramsay assays were set up at room temperature, the silicone-lined
dish housing the assay was placed in a glass dish containing ~1 cm
of water within a Precision Low Temperature BOD Refrigerated
Incubator (model PR205745R, Thermo Fisher Scientific, Waltham,

MA, USA). The temperature of the water bath holding the
Ramsay assay dishes was monitored independently using type-K
thermocouples and maintained within 1°C of treatment temperature
at all times. Because chilling slows rates of fluid transport
(Maddrell, 1964; Anstee et al., 1979; MacMillan et al., 2015d),
incubation times were adjusted depending on temperature to ensure
a droplet of sufficient size for measurement and analysis by ISME;
Ramsay assays were incubated for 30, 120, 150 or 180 min for
assays running at 23, 10, 5 or 0°C, respectively. Following this
incubation period, a glass probe was used to isolate the primary
urine droplet under paraffin oil. Droplets of the secreted fluid were
then suspended in oil (to ensure a spherical shape) and droplet
diameter was measured using the ocular micrometer of a Motic K-
400L Stereo Microscope (Motic North America, Richmond,
Canada). The fluid secretion rate (SR) was then calculated using
the following equation:

SR = [(4/3)m] /t, 2)

where 7 is the radius of the secreted fluid droplet in millimeters, and
t is the incubation period of the Ramsay assay in minutes.

Lastly, [Na*] and [K™] of the fluid secreted by the Malpighian
tubules were measured using ISME as described above (see ‘Cold
acclimation reduced rectal reabsorption of K*).

Midgut and hindgut K* flux

The scanning ion-selective microelectrode technique (SIET) was
used to measure K* flux across the midgut and hindgut epithelium,
as previously described (Rheault and O’Donnell, 2001; Jonusaite
et al, 2013; Andersen et al., 2017b). Briefly, a K'-selective
microelectrode was prepared as described above and mounted onto
a headstage with an Ag/AgCl wire electrode (World Precision
Instruments). The headstage was connected to an ion polarographic
amplifier (IPA-2, Applicable Electronics, Forestdale, MA, USA).
The circuit was completed using a reference electrode composed
of 3% agar in 3moll~! KCI that solidified inside a glass
microcapillary. One end of the electrode was placed in the bathing
solution while the other end was connected to a headstage via an Ag/
AgCl half-cell (World Precision Instruments). Ion-selective
microelectrodes were calibrated in 5 mmol 17! KC1/45 mmol 17!
LiCl and 50 mmol 1! KCI solutions.

Rates of K flux at the midgut and rectum of both WA and CA
flies were measured at 23 and 6°C using SIET. Whole guts were
carefully isolated and bathed in fresh Drosophila saline in the lid of
35 mm Petri dishes. The use of the Petri dish lid minimized gut
movement due to the adhesion of the gut to the surface of the dish.
Individual measurements were conducted 5-10 pm from the gut
epithelium and 100 pm away, for the assessment of concentration
differences near and away from the preparation. To minimize
potential gradient disturbance effect of the electrode movement, a
4's wait time was employed between the two positions of
measurement, followed by a 1s recording period. For each
measured position, this protocol was repeated four times, and the
average voltage gradient between the two points was used for the
calculation of K flux. The Automated Scanning Electrode
Technique (ASET) software (version 2.0, Science Wares, East
Falmouth, MA, USA) was used to automatically run the sampling
protocol and calculate the average voltage gradient at each assessed
site. A measurement of background noise was recorded for each
preparation ~3 mm away from the gut and was used in the
calculation of K* flux to account for mechanical disturbances in the
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ion gradients that arise from the movement of the electrode during
sampling.

Voltage gradients were converted into concentration gradients
using the following equation as previously described by Donini and
O’Donnell (2005):

AC = Cg x 104775 — ¢y, (3)
where AC is the concentration gradient between the two measured
points, Cy is the background gradient measured away from the gut
preparation, AV'is the voltage gradient adjacent to the tissue, and S'is
the difference in voltage between two calibration droplets with a
tenfold difference in ion activity. While in reality this technique
measures ion activity, data can be expressed in concentrations if it is
assumed that the ion activity coefficient in the experimental solution
is the same as that of the calibration (Donini and O’Donnell, 2005).

Measurement sites across the gut included six equidistant sites
across the midgut (averaged and represented as a single flux), three
sites across the ileum (averaged and represented as a single flux),
and two to three sites on the rectal pads (averaged and represented as
a single flux). For each site, two or more measurements were taken
and averaged.

Na*/K*-ATPase and V-type H*-ATPase enzyme activity
Tissue-specific Na*/K*-ATPase and V-type H"-ATPase activities
were measured as described by Jonusaite et al. (2011) by
quantifying the oubain- (Sigma-Aldrich Canada, Oakville,
Canada) or bafilomycin-sensitive (LC Laboratories, Woburn, MA,
USA) hydrolysis of adenosine triphosphate (ATP) at 25°C.

Midguts, Malpighian tubules and hindguts were each collected
from WA and CA flies. To isolate these organs, individual flies were
first dipped in 70% ethanol for 5—10 s for the removal of cuticular
waxes and transferred into a dish lined with a silicone elastomer
containing Drosophila saline for dissections. To minimize rapid
thermal plasticity, dissections were conducted at temperatures
approximating the acclimation treatments. WA flies were dissected
at room temperature (~23°C) and CA flies were dissected at ~10°C
by placing the dissecting dish on a PE100 Inverted Peltier System
connected to a PE95 controller (Linkam Scientific Instruments,
Tadworth, UK) in the view of the dissecting microscope. Following
the dissection of each individual fly, isolated organs were
transferred to 2 ml microcentrifuge tubes and immediately flash-
frozen using liquid nitrogen. Frozen samples were stored at —80°C
for later tissue processing.

To homogenize the organs, samples were thawed on ice and
100 pl of homogenizing buffer was added to each tube
(150 mmol I=!  sucrose, 10 mmol I=' Na,EDTA, 50 mmol 1!
imidazole, 0.1% deoxycholic acid; pH 7.3). The samples were
homogenized on ice using a PRO 250 homogenizer with a
5%75 mm generator (PRO Scientific, Oxford, MS, USA) for
8-10s and centrifuged at 10,000 g for 10 min at 4°C using a
5810R centrifuge (Eppendorf Canada, Mississauga, Canada). The
resulting supernatants were then collected into 2 ml tubes and stored
at —80°C.

Three assay solutions (A, B and C) containing the appropriate
enzymes and reagents were prepared. Solution A was composed of
4 Uml~! lactate dehydrogenase (LDH), 5 U ml~! pyruvate kinase
(PK), 2.8 mmol 17! phosphoenolpyruvate (PEP), 3.5 mmol 1!
ATP, 0.22 mmol I=! NADH and 50 mmol 1=! imidazole (pH 7.5).
Solutions B and C were similar in composition but also contained
5 mmol 17! oubain or 10 pmol 17! bafilomycin, respectively, for the
inhibition of the ATPases under investigation. Following their

preparation, each solution was mixed in a 3:1 ratio with a
salt solution composed of 189 mmol1~! NaCl, 10.5 mmol 17!
MgCl,, 42 mmol 17! KCI and 50 mmol I=! imidazole (pH 7.5).
Final conditions for the assays were as follows: 3 Uml~!
LDH, 3.75Uml™! PK, 2.1 mmol 1-! PEP, 2.63 mmol I-! ATP,
0.17 mmol 17" NADH, 47.25 mmol 1= NaCl, 2.6 mmol 1=' MgCl,,
10.5 mmol 17! KC1 and 50 mmol 1=! imidazole (pH 7.5).

Prior to running the assays, an adenosine diphosphate (ADP)
standard curve was run to ensure that all reagents used were working
normally. First, 0, 5, 10, 20 and 40 nmol 1=! ADP standards were
prepared by diluting stock ADP in imidazole buffer. Two technical
replicates containing 10 ul of each ADP standard were then added
to a 96-well polystyrene microplate (BD Falcon, Franklin Lakes, NJ,
USA) and 200 pl of the assay solution (solution A+salt solution)
was added to each well. The plate was then placed in a Thermo
Electron Multiskan Spectrum microplate spectrophotometer
(Thermo Electron, Waltham, MA, USA) set to 25°C and
measuring absorbance at 340 nm (the peak absorbance of
NADH). The recorded absorbance was analysed using Skanlt
version 2.2.237 (Thermo Electron). The assay solution was
approved if the optical density of the ADP standards were within
0.2 and 0.9, and if the slope of the curve was between —0.012
and —0.014 OD nmol ADP~! (Jonusaite et al., 2011).

To run both assays (Na'/K*-ATPase and V-type H'-ATPase),
experimental homogenates were thawed and added to a 96-well
microplate that was kept on ice in six replicates of 10 pl each.
Following this, 200 pl of the assay solutions (salt solution mixed
with solutions A, B or C) were added to two replicates for each
experimental sample, resulting in two technical replicates per
sample. The plate was then inserted into the microplate reader and
the linear disappearance of NADH (peak absorbance: 340 nm) was
assessed over a 30 min period.

Upon assay completion, raw absorbance data were extracted from
the Multiskan Spectrum data acquisition system and the rates of
NADH disappearance were independently assessed in R version
3.3.1 (https:/www.r-project.org/) using the ImList() function
available in the Ime4 package (Bates et al., 2016). Na'/K'-
ATPase and V-type H'-ATPase specific ATP consumption was
determined by assessing the difference in activity between samples
running with or without oubain or bafilomycin, respectively.
Enzyme activity was standardized to the protein content of each
sample using a Bradford assay (Sigma-Aldrich Canada) according
to the manufacturer’s guidelines and using bovine serum albumin as
a standard (Bioshop Canada, Burlington, Canada). Final enzyme
activities (EA) were calculated using the following equation:

EA = AActivity /(S x [P]), (4)
where AActivity is the difference in the rate of ATP hydrolysis in the
absence and presence of ouabain or bafilomycin, S is the slope of the
ADP standard curve, and [P] is the protein concentration of the
sample.

Malpighian tubule size

In analysis of ion-motive ATPase activities in the Malpighian
tubules, it became apparent that the protein content of cold-
acclimated Malpighian tubules was significantly elevated. Thus,
to investigate the cause of this difference in protein content,
Malpighian tubule size was assessed for flies of both acclimation
groups. The anterior pair of tubules of individual flies were
dissected out, ensuring that no direct contact was made with the
Malpighian tubules themselves. Images of the tubules were then
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captured using an Olympus IX81 inverted microscope (Olympus
Canada, Richmond Hill, ON, Canada). Images were recorded and
analysed using Olympus cellSens digital imaging software version
1.12 (Olympus Canada). Malpighian tubule length was measured
from the ureter—Malpighian tubule junction to the distal end of each
tubule. Tubule width measurements were always taken ~100 um
from the ureter—tubule junction.

Statistical analysis

The CT.;, and CCRT of WA and CA flies were compared
using unpaired Student’s #-tests. Two-way ANOVAs were used to
determine the independent and interacting effects of acclimation
temperature and exposure temperature on Malpighian tubule fluid and
ion secretion rates, ion concentrations in the secreted fluid, and the
ratio of Na*:K* in the secreted fluid. Holm—Sidék post-hoc tests were
then conducted to compare differences in activity between the two
acclimation treatments at each exposure temperature. The effects of
exposure temperature and acclimation temperatures on K* flux across
the midgut, ileum and rectum were also analysed using two-way
ANOVAs. An ANCOVA was used to assess the effect of exposure
duration on hemolymph [K*] and to compare this effect between WA
and CA flies. Tissue-specific ATPase activity, Malpighian tubule
protein content, and Malpighian tubule length and width were
compared between the two acclimation treatments using unpaired
Student’s #-tests. All statistical tests were conducted on GraphPad
Prism version 6.0.1 (GraphPad Software, La Jolla, CA, USA).

RESULTS

Cold acclimation improved chill tolerance and mitigated
cold-induced hyperkalemia

The CT,;, of CA flies was significantly lower than that of WA flies
(unpaired #-test; P<0.0001; Fig. 2A); on average, CA individuals
entered a chill coma ~3.5°C below WA flies. The chill coma
recovery time following 6 h at 0°C was lower by approximately 50%
in CA flies (unpaired #-test; P<0.0001; Fig. 2B). While CA flies
recovered in 17.3£0.9 min, WA flies required 36.4+£2.9 min to
recover from the same amount of time at 0°C.

Hemolymph [K*] levels were assessed in WA and CA flies
following exposures to 0°C of varying durations reflecting our
previous assessment of chill survival in this population (MacMillan
et al., 2017). With increasing duration to cold exposure, hemolymph
[K'] significantly increased in both WA flies (P=0.0045, R>=0.83)
and CA flies (P=0.0117; R?>=0.77; Fig. 2C). The rate of [K']
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accumulation, however, differed by a factor of nine among the
acclimation groups (ANCOVA; F 19=27.27, P=0.0004). Whereas
hemolymph [K*] increased at a rate of ~1.5 mmol I=! h™! in WA
flies, itincreased at a rate of ~0.17 mmol 1=' h=! in CA flies (Fig. 2C).

Cold acclimation altered Malpighian tubule fluid and ion
secretion across a range of temperatures

Malpighian tubule function was measured using Ramsay assays
at 0, 5, 10 and 23°C (N=7-16 individuals per temperature per
acclimation group). Exposure temperature and acclimation
temperatures interacted to affect all assessments of Malpighian
tubule function including fluid secretion rates, ion concentrations in
the secreted fluid, ion secretion rates, and the ratio of Na*:K*
secretion (P<0.05 in all cases; see Table S1 for all two-way ANOVA
results). Notably, the fluid secretion rates at 5, 10 and 23°C were
significantly higher in CA flies (Holm-Sidék test; P=0.0015,
P=0.0002, P<0.0001, respectively; Fig. 3A) where the most
pronounced difference was a ninefold higher fluid secretion rate at
10°C, the same temperature as the CA temperature (Fig. 3A). Cold
acclimation altered both [Na*] and [K*] in the secreted fluid. For
WA flies, [Na*] was relatively stable in the secreted fluid between 5
and 23°C (~75 mmol 171), but was elevated to 147+19 mmol 17! at
0°C (Fig. 3B). CA flies secreted fluid with lower [Na*] relative to
WA flies at every tested temperature (Holm—Sidak test; P=0.0032,
P=0.0442, P=0.0002, P=0.0128 for 0, 5, 10 and 23°C; Fig. 3B), and
never exceeded the [Na"] measured at 23°C. In parallel, while [K*]
was stable in CA flies throughout all exposure temperatures, [K*] in
the secreted droplets of WA flies was significantly reduced at 0 and
10°C in comparison with CA flies (Holmfgidék test; P=0.0004 and
P=0.0073, respectively; Fig. 3C). Changes in Na' and K*
concentrations of the fluid secreted by the Malpighian tubules can
result from changes to fluid or ion secretion rates, or both. Rates of
Na" secretion at 23°C were ~50% higher in CA flies, a significant
difference (Holmfgidék test; P=0.0030; Fig. 3D). While K"
secretion decreased with decreasing temperatures in both
acclimation groups, CA flies maintained higher K™ secretion at all
temperatures (Holm—§ida’1k test; P=0.0060, P=0.0018, P=0.0002,
P=0.0022 for 0, 5, 10 and 23°C, respectively; Fig. 3E). Taken
together, these changes in ion transport rates prevented the rise of
Na":K" at low temperatures in CA flies, where the ratio of Na*:K* in
the secreted fluid was maintained between 0.18+0.10 at 10°C and
0.56+0.10 at 23°C (Fig. 3F). In contrast, this ratio was highly
disturbed in WA flies, rising from 0.5940.16 at 23°C to 1.87+0.43 at
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Fig. 2. Cold acclimation mitigates cold-induced hyperkalemia and improves the chill tolerance of adult D. melanogaster females. (A) Critical

thermal minimum (CT;») of warm- and cold-acclimated flies (N=18 flies per group). (B) Chill coma recovery time (CCRT) for warm- and cold-acclimated flies
(N=20 flies per group). Both CT,,;, and CCRT were significantly lower in cold-acclimated flies. (C) Hemolymph [K*] of cold- and warm-acclimated flies following
exposure to 0°C (N=30 warm-acclimated flies for 42 h at 0°C, N=35 cold-acclimated flies for 110 h at 0°C, and N=56-65 flies per time point per acclimation
treatment for the remaining time points). All bars represent meanszts.e.m. Asterisks denote significant difference (unpaired t-test; P<0.001).
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Fig. 3. Cold acclimation altered Malpighian tubule function in female D. melanogaster across a variety of thermal conditions. (A) Malpighian tubule
fluid secretion rate, (B) [K*] and (C) Na* in the secreted fluid, (D) Na* and (E) K* secretion rates, and (F) Na*:K* secretion ratio assessed at 0, 5, 10 and 23°C in
warm- (red) and cold-acclimated flies (blue). N=7—16 individuals per temperature per acclimation group. Bars represent meansts.e.m., and bars that are not
clearly visible are obscured by the symbols. Asterisks denote significant differences between warm and cold acclimation at the same exposure temperature
(Holm—éidék test; P<0.05). Two-way ANOVAs were conducted on all three variables and the resulting P-values are inset in each respective panel; subscripts:

‘Temp’, temperature; ‘Acc’, acclimation (see Table S1 for all two-way ANOVA results).

0°C. This ratio of Na":K" was significantly higher in WA flies in
comparison with CA flies at 0 and 10°C (Holm-Sidak test;
P=0.0080, P=0.0093, respectively; Fig. 3F) but not at 5 or 23°C.

Cold acclimation reduced rectal reabsorption of K*

To assess the impact of thermal acclimation on gut K* flux in the
cold, K* flux was assessed along the midgut and hindgut (ileum and
rectum) at 6 and 23°C using the scanning ion-selective electrode
technique (Fig. 4). In the midgut, neither exposure temperature
(F120=0.19, P=0.67; Fig. 4A) nor acclimation temperature
(F'1 20=0.57, P=0.57) altered mean K" flux. In contrast, mean ileal
K* flux was predicted by acclimation temperature (F)3¢=4.31,
P=0.045; Fig. 4B) and its interaction with exposure temperature
(F136=6.37, P=0.02), but not by exposure temperature alone

(F136=1.30, P=0.26). Lastly, both exposure temperature
(F132=4.29, P=0.047) and acclimation temperature (F; 3,=4.33,
P=0.046) predicted K" flux at the rectum such that K* flux was
lower in CA flies and at lower exposure temperatures (Fig. 4C).

Cold acclimation decreased midgut and Malpighian tubule
Na*/K*-ATPase and V-type H*-ATPase activity

The enzymatic activity of Na'/K*-ATPase and V-type H'-ATPase
(relative to total protein) was assessed in the midgut, Malpighian
tubules and hindgut of WA and CA flies (Fig. 5). Reductions in the
maximal activity of both ATPases were noted in the Malpighian
tubules and the midgut. Activity of Na*/K*-ATPase was 41% lower
in the midgut (unpaired #-test; P=0.01; N=3-5) and 53% lower in
the Malpighian tubules (unpaired #-test; P=0.006; N=5) of CA flies
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Fig. 4. K* reabsorption is reduced in the rectum of cold-acclimated D. melanogaster females. (A) Mean K" flux in the midgut (average of six midgut
sites; N=5—13 flies per site per acclimation group per temperature), (B) ileum (N=5-11 flies per acclimation group per temperature), and (C) rectum (rectal pads;
N=5-9 flies per acclimation group per temperature) of warm- (red) and cold-acclimated flies (blue). Inset P-values: ‘Temp’, temperature; ‘Acc’, acclimation.
(D) Schematic diagram of alimentary canal illustrating sites of K* flux measurements. Midgut K* flux was measured at six equidistant sites along the midgut
denoted by MG1 (anterior end) to MG6 (posterior end) at (Ai) 6°C and (Aii) 23°C. Bars represent meansts.e.m.

relative to those that were warm-acclimated. By contrast, no
difference in Na'/K'-ATPase activity was found in the hindgut
(unpaired #-test; P=0.7 N=>5; Fig. 5). In a similar pattern, V-type H"-
ATPase activity was 92% lower in the midgut (unpaired -test;
P=0.0004; N=3-5), 61% lower in the Malpighian tubules (unpaired
t-test; P=0.01; N=5) and did not differ in the hindgut of CA flies
(unpaired #-test; P=0.9; N=5; Fig. 5).

Interestingly, differences in activity of both ATPases in the
Malpighian tubules were largely driven by differences in protein
content (unpaired 7-test; P=0.01; Fig. 6A), despite a similar number
of Malpighian tubules collected per group. When assessed
independently of protein content, there was no significant
difference in the enzymatic activity of either Na'/K'-ATPase
(unpaired #-test; P=0.52; Fig. 6B) or V-type H"-ATPase (P=0.32)
between flies from different acclimation temperatures. In contrast,
total protein did not differ between midguts (unpaired r-test;
P=0.41) or hindguts (P=0.30) of WA and CA flies.

To assess whether the difference in protein content may be driven
by difference in Malpighian tubule size, the width and length of
Malpighian tubules of flies from both acclimation groups were
assessed. Malpighian tubule length did not differ between the two
acclimation groups (unpaired r-test; P=0.240; Fig. 6C), but the
Malpighian tubules of CA flies were significantly wider than those
of WA flies (unpaired #-test; P=0.007; Fig. 6D,E).

DISCUSSION

Cold acclimation mitigates hyperkalemia and improves the
cold tolerance of female D. melanogaster

Cold acclimation improves the cold tolerance of D. melanogaster
females and mitigates the degree of cold-induced hyperkalemia.

Specifically, CA flies entered chill coma at a lower temperature
(lower CT,y;,) and recovered faster from a chill coma (lower CCRT;
Fig. 2A,B). These results are consistent with recent findings that
chill tolerance dramatically improves under the same acclimation
treatment, with the Ltsy nearly doubling (MacMillan et al., 2017),
and where improvements in chill tolerance (CCRT, CT,,;, and
survival) have been illustrated in a variety of insects following cold
acclimation, including D. melanogaster (Overgaard et al., 2008;
Kostal et al., 2011; Ransberry et al., 2011; Andersen et al., 2017a).
Also consistent with findings in firebugs, crickets, cockroaches and
fruit flies, cold-induced hemolymph [K*] elevations were greatly
mitigated following cold acclimation (Kostal et al., 2004, 2006;
MacMillan et al., 2015¢). This is consistent with the observed
improvements in CCRT and survival that have consistently been
related to the prevention of cold-induced hyperkalemia (Kostal
etal., 2004, 2006; MacMillan et al., 2015a; Yerushalmi et al., 2016).
Thus our population of D. melanogaster responds to a CA treatment
similarly to previous studies on this species (with improved chill
tolerance and mitigated cold-induced hyperkalemia). We therefore
assessed whether the ionoregulatory organs of D. melanogaster are
involved in facilitating this preservation of K* balance.

Physiological plasticity of the Malpighian tubules improves
K* clearance

In Drosophila, the Malpighian tubules are responsible for the
formation of the primary urine and act as the main excretory organ,
and thus play a central role in organismal ionoregulation and
osmoregulation. We used Ramsay assays and measured secreted
fluid ion concentrations with ion-selective microelectrodes to assess
temperature effects on fluid, Na* and K* secretion following
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Fig. 5. Cold acclimation decreased the activity of Na*/K*-ATPase and V-
type H*-ATPase (relative to protein content) in the midgut and Malpighian
tubules of adult female D. melanogaster. (A) Enzymatic activity of Na*/K*-
ATPase in the midgut (MG; N =3-5), Malpighian tubules (MT; N=5) and
hindgut (HG; N=5) of warm- (red bars) and cold-acclimated (blue bars) flies.
(B) Enzymatic activity of V-type H*-ATPase in the midgut (N=3-5), Malpighian
tubules (N=5) and hindgut (N=5) in warm- and cold-acclimated flies. Bars
represent meansts.e.m. Asterisks denote significant difference in enzymatic
activity (unpaired t-tests; P<0.05).

thermal acclimation. As predicted, the Malpighian tubules of CA
flies maintained K secretion rates at low temperatures better than
those from WA flies, which would facilitate K* clearance in the cold
(Fig. 3E). This resulted in preserving the [Na*]:[K*] ratio of the
secreted fluid from tubules of CA flies, while WA flies experienced
a fourfold increase in the [Na']:[K"] ratio (Fig. 3F). Reduced K*
secretion in the tubules of WA flies would reduce their capacity for
K™ clearance and thus probably contribute to the accumulation of
hemolymph [K™].

The Malpighian tubules are energized by temperature-sensitive
ATPases, and the basal rate of fluid secretion across the Malpighian
tubules dramatically decreases in the cold (Ramsay, 1954;
MacMillan et al., 2015d). In an apparent compensatory response,
following 1 week at 10°C, the fluid secretion rate of tubules from
CA flies was elevated at 5, 10 and 25°C, but not at 0°C, relative to
WA flies (Fig. 3A). For instance, the secretion rate of tubules from
CA flies increased by a factor of ~9 from 0.05 to 0.46 nl min~' at

their acclimatory temperature of 10°C. These rates are still below
those of tubules from WA flies at room temperature (~50%),
demonstrating that exposure to 10°C for 1 week results in partial
compensation of fluid secretion rates. However, at 0°C, the
temperature used for CCRT and a previous survival analysis
(MacMillan et al., 2017), there was no difference in fluid secretion
rates but ion secretion rates differed.

To our knowledge, this is the first assessment of the role of
Malpighian tubules in D. melanogaster cold acclimation, but both
MacMillan et al. (2015d) and Andersen et al. (2017b) assessed the
role of the tubules in cold tolerance in five Drosophila species raised
under common garden conditions (21-22°C). Together, these
results suggest that thermal acclimation and adaptation may work
through shared or similar physiological mechanisms in the
Malpighian tubules. Both cold adaptation and acclimation reduce
(or entirely prevent) hemolymph [K'] disturbance in the cold
(MacMillan et al., 2015d, 2017). In both cases more cold-tolerant
flies better maintained tubule K* secretion and consequently the
ratio of [Na']:[K'], while warm-adapted or -acclimated flies
experienced preferential secretion of Na* over K" (MacMillan
et al., 2015d; Andersen et al., 2017b). Thus chill tolerance in cold-
adapted and -acclimated flies appears to be at least partially
improved by improved tubule K* secretion at low temperature. In
addition, in contrast to the tubule fluid secretion in CA D.
melanogaster, a recent study on CA crickets found reduced fluid
secretion rates at lower temperatures, suggesting that a different
mechanism exists in the cold acclimation of these two insects (Des
Marteaux et al., 2018).

Rectal K* reabsorption is lower in cold-acclimated flies
Whereas the Malpighian tubules serve as the primary site for ion and
fluid excretion into the gut, the midgut and hindgut absorb ions and
water from the gut into the hemolymph (Larsen et al., 2014; D’Silva
etal., 2017). As such, we hypothesized that reduced K* absorption
in the cold across these epithelia would alleviate cold-induced
hyperkalemia. To assess K™ absorption across the gut we utilized the
scanning ion selective electrode technique to measure K* flux at 6
and 23°C across the midgut and hindgut (ileum and rectum). While
neither acclimation nor exposure temperature had an impact on
mean K* flux in the midgut, differences were observed in the
hindgut. Temperature had no effect on the K* flux at the ileum of
CA flies but ileal K" flux of WA flies was higher at 23°C compared
with 6°C (Fig. 4B). The greatest effect of both acclimation and
exposure temperatures was observed in the rectum, where K* flux in
the rectums of CA flies was significantly lower than that of WA flies
at both temperatures (Fig. 4C). Additionally, K* fluxes at the rectum
were reduced at 6°C regardless of acclimation group, and this is
consistent with reduced metabolic demand in the rectum of
grasshoppers in the cold (Palazzo and August, 1997). The K* flux
across rectal pads of five Drosophila species was also reduced in
low temperatures regardless of degree of chill tolerance of the
species (Andersen et al.,, 2017b). The reduction of rectal K"
reabsorption at low temperatures probably assists in preventing
lethal hyperkalemia, and is thus consistent with the hypothesis of
the current study that cold acclimation mitigates hyperkalemia by
reducing net K* uptake in the main ionoregulatory epithelia of D.
melanogaster.

Hemolymph K* balance depends on the integrated functions
of the Malpighian tubule and the rectum

Under homeostatic conditions, the Malpighian tubules and rectum,
as the primary sites of K* transport, must work in a synchronous and
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Fig. 6. Increased Malpighian tubule width and protein content underlies apparent changes in ion-motive ATPase activity in cold-acclimated D.
melanogaster females. (A) Malpighian tubule protein content per fly in warm- and cold-acclimated flies (N=5 sets of Malpighian tubules (MT) from 30 flies per
acclimation group). (B) Enzymatic activity of Na*/K*-ATPase and V-type H*-ATPase per individual fly (as opposed to protein content) in warm- and cold-
acclimated flies (N=5). Malpighian tubule (C) length and (D) width assessed in warm- and cold-acclimated flies (N=7 tubules per group). (E) Example image of
warm-acclimated (WA, left) and cold-acclimated (CA, right) Malpighian tubule illustrating alterations in MT size. Bars represent meanszs.e.m. Asterisks denote a

significant difference (unpaired t-test; P<0.01).

complementary manner to maintain organismal K* balance. Thus to
estimate the degree of cold-induced disruption to whole body K*
balance, a comparison between their relative inhibitions at low
temperature is informative; a mismatch in the effects of temperature
on these two organs would lead to an imbalance in hemolymph [K™*]
in the cold. To do so, we first compared the temperature effect on K*
transport between 23 and 6°C for the rectum, and between 23 and
5°C in the Malpighian tubules. This was done by calculating the
temperature coefficient (Q1), which represents the effect of a 10°C
reduction in temperature on K* transport. QO values were calculated
using the following equation (the Malpighian tubules are used as an
example):

)(IO/AT)
(5)

where AT is the difference in temperature (18°C). To estimate the
relative effect of temperature on K* transport in the Malpighian
tubules in comparison with the rectum, the following equation was
used:

Q1 = (ion transport rate at 23°C/ion transport rate at 5°C

AQjy = (Malpighian tubule K secretion rate Qj)
— (rectum K*flux Q).

(6)

The further this metric deviates from 1, the greater imbalance in
the overall circuit of K transport between these two organs. In WA

flies, the O, of Malpighian tubule K* secretion is 4.7 and the QO of
rectal K™ flux is 1.8, resulting in a AQ, of 2.7. Hence the cold has a
higher effect on Malpighian tubule function than on the rectum. In
CA flies, the Q1o of Malpighian tubule K" secretion is 3.2 and the
0,0 of rectal K* flux is 2.0, resulting in a AQ,, of 1.2. Therefore,
even with cold acclimation, the cold has a greater effect on
Malpighian tubule function compared with the rectum; however,
cold acclimation reduces the imbalance in K* transport between the
two organs such that K" clearance is more severely affected in the
cold in comparison with rectal K* absorption in WA flies compared
with CA flies. In addition to the relative preservation of K transport
in the cold, Malpighian tubule K* secretion was 75% higher and
rectal K" reabsorption was 61% lower in CA flies at room
temperature (Figs 3E and 4C). Together, these effects compound
to increase the ability of CA flies to clear K* in the cold. As a result,
we would expect that K" would accumulate in the hemolymph of
WA flies more rapidly, as observed in the current study. These
results are also informative in that they show that the Malpighian
tubules are more temperature sensitive than the rectum and exhibit a
greater degree of adjustment to K* transport following cold
acclimation both in terms of thermal sensitivity and in absolute
K" transport rates. This supports the idea that reduced Malpighian
tubule K* clearance is a central problem for D. melanogaster at low
temperatures, as is the case for crickets (Des Marteaux et al., 2018),
and that its preservation is thus beneficial to the development of chill
tolerance.
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The effects of cold acclimation on ion transport are
independent of V-type H*-ATPase and Na*/K*-ATPase

activity

We hypothesized that cold acclimation would mitigate the loss of
ion balance through the alteration of active ion transport in
ionoregulatory organs. To test this, we measured the activities of
V-type H*-ATPase and Na'/K*-ATPase in isolated midguts,
Malpighian tubules and hindguts of WA and CA flies.

In D. melanogaster, an apically located V-type H"-ATPase is the
primary driver of Malpighian tubule fluid secretion, while a
basolateral Na*/K*-ATPase contributes 10-19% of fluid secretion
and is responsible for increasing the [K*]:[Na*] ratio in the secreted
fluid (Linton and O’Donnell, 1999). Thus to account for increased
Malpighian tubule fluid secretion and the preservation of K*
secretion over a variety of temperatures, we expected that the
activities of both ion-motive ATPases would increase in CA flies.
Contrary to this hypothesis, however, the activity of both ATPases
significantly decreased in CA flies when compared with their WA
counterparts when these activities were standardized by total protein
content of tubules (Fig. 5A,B). However, when ATPase activities
were expressed per individual organ, no significant differences in
activities were found (Fig. 6B). Each sample contained the same
number of tubules, so we measured Malpighian tubule size and
found that CA tubules are significantly wider than WA tubules
(Fig. 6D,E). Similar measurements of the Malpighian tubules
revealed no such size differences in chill-tolerant Drosophila
species when corrected for total body mass (Andersen et al., 2017b).
Currently, it is unclear whether this increased tubule width in CA
flies stems from hypertrophy, hyperplasia, or simply the
enlargement of the Malpighian tubule lumen, and whether this
size difference is indeed the cause of increased protein content.
Further studies are also required to elucidate if these morphological
changes have any functional relevance. Regardless, we found no
evidence to support our hypothesis that functional changes in ion
transport would be mediated by changes in ion-motive ATPase
activity, suggesting that an alternative mechanism is responsible for
the functional differences (e.g. increased fluid secretion and K*
transport rates) that were observed in the Malpighian tubules of CA
flies (discussed below). This is of particular interest, because in
crickets, Na'/K'-ATPase activity increased in the Malpighian
tubules despite a decrease in fluid secretion in the cold (Des
Marteaux et al., 2018).

At the ureter—gut junction, Malpighian tubule and midgut
contents mix prior to their entry into the hindgut, where ions are
actively reabsorbed into the hemolymph, resulting in concentrated
excreta (Larsen et al., 2014). Unlike the Malpighian tubules,
however, our basic mechanistic understanding of insect rectal
function is weak. In cockroaches, locusts and flies, the main site of
ion reabsorption occurs at four areas of thickened epithelia known as
rectal pads (Larsen et al., 2014). Studies of ion transport across
locust rectum suggest that an apical V-type H-ATPase at least
partially energizes epithelial ion transport (Phillips et al., 1996;
Gerencser and Zhang, 2003). Na'/K'-ATPase is also highly
expressed in D. melanogaster hindgut, second in abundance only
to the Malpighian tubules, and has been localized to the basolateral
membrane in Aedes aegypti, yet its function remains unknown
(Patrick et al., 2006; Chintapalli et al., 2007). As is the case in
crickets (Des Marteaux et al., 2018), the activities of Na™/K*-
ATPase and V-type H'-ATPase in the hindgut did not differ
between the acclimation treatments in the current study, suggesting
that an alternative mechanism is responsible for altered K* flux
across the ileum and rectum. As with the tubules and hindgut, a

mismatch also exists between ion-motive ATPase activity and
midgut K* flux. While mean midgut K* flux did not change with
acclimation treatment, both Na*/K"-ATPase and V-type H'-ATPase
decreased in activity.

Cumulatively, these misalignments between ion-motive ATPase
activity and ion transport suggest that other mechanisms affect
epithelial transport following cold acclimation. Such alternative
mechanisms may include: (1) changes to the plasma membrane lipid
composition known to affect key transport proteins such as Na*/K™-
ATPase (reviewed by Hazel, 1995), (2) changes in paracellular
permeability that may mediate cold-induced ion leak in the cold
(Andersen et al., 2017b; MacMillan et al., 2017), (3) changes in
endocrine control of ion- and osmoregulation (Terhzaz et al., 2015),
(4) changes in mitochondrial ATP production in the cold (Colinet
et al., 2017), or (5) changes in the thermal sensitivity of Na*/K"-
ATPase or V-type H'-ATPase. As all enzyme activity assays in this
study were conducted at 25°C, the thermal sensitivity of these
enzymes was not determined here. However, MacMillan et al.
(2015b) previously showed that no difference in the thermal
sensitivity of Na*/K*-ATPase exists following cold acclimation in
D. melanogaster. The thermal sensitivity of V-type H'-ATPase
following cold acclimation remains a possibility that should be
assessed in future studies. Lastly, the current method of quantifying
enzymatic activity cannot discriminate between active (membrane-
bound) ATPase and inactive enzyme stored elsewhere. Thus it is
possible that changes in the relative amount of ion-motive ATPases
in the plasma membrane mediate the observed functional
differences in K* transport.

Conclusion

As previously demonstrated in a variety of chill-susceptible insects,
cold acclimation led to reduced CT,y;,, faster recovery from a chill
coma, and reduced degree of cold-induced hemolymph [K*] in D.
melanogaster. This improvement in hemolymph K" balance in the
cold coincided with increased Malpighian tubule K" and fluid
secretion rates at low temperatures. In parallel, reabsorption of K*
was reduced in the rectum but unchanged in the midgut of CA flies
in comparison with WA flies. Together, these changes illustrate that
CA flies have a greater capacity for K" clearance than WA flies in
the cold, and support an important role for these ionoregulatory
organs in the prevention of cold-induced hyperkalemia following
cold acclimation. Furthermore, measurement of the activities of
Na*/K*-ATPase and V-type H*-ATPase revealed no clear link to K*
transport across the midgut, Malpighian tubules or hindgut,
suggesting that modulation of these organs following cold
acclimation is mediated through an alternative mechanism. Our
results lend support to the role of plasticity of the Malpighian tubule
and the rectum in the cold acclimation of chill-susceptible insects,
and the independence of this functional plasticity to the modulation
of Na*/K*-ATPase and V-type H"-ATPase.

Acknowledgements

The authors would like to thank Sima Jonusaite, Andrea Durant and Fargol
Nowghani for training and advice on enzyme activity assays. The authors also thank
Dr Scott Kelly and Dr Carol Bucking for providing access to required laboratory
instruments, and Dr Paluzzi for his feedback throughout the project.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Conceptualization: G.Y.Y., H.A.M., A.D.; Methodology: G.Y.Y., L.M., HAM., AD,;
Formal analysis: G.Y.Y., H.A.M.; Investigation: G.Y.Y., L.M.; Data curation: G.Y.Y.;
Writing - original draft: G.Y.Y.; Writing - review & editing: G.Y.Y., L.M., HAM., AD.;

11

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_



RESEARCH ARTICLE

Journal of Experimental Biology (2018) 221, jeb174904. doi:10.1242/jeb.174904

Supervision: H.A.M., A.D.; Project administration: G.Y.Y., H.A.M.; Funding
acquisition: A.D.

Funding

This work was supported by a Natural Sciences and Engineering Research Council
of Canada (NSERC) Discovery grant to A.D., an NSERC Banting Postdoctoral
Fellowship to H.A.M., an NSERC Alexander Graham Bell Canada Graduate
Scholarship (CGS-M) to G.Y.Y. and York University Faculty of Science Stong
Scholarships to G.Y.Y. and L.M.

Supplementary information
Supplementary information available online at
http:/jeb.biologists.org/lookup/doi/10.1242/jeb.174904.supplemental

References

Andersen, J. L., Findsen, A. and Overgaard, J. (2013). Feeding impairs chill coma
recovery in the migratory locust (Locusta migratoria). J. Insect Physiol. 59,
1041-1048.

Andersen, J. L., Manenti, T., Serensen, J. G., Macmillan, H. A., Loeschcke, V.
and Overgaard, J. (2015). How to assess Drosophila cold tolerance: chill coma
temperature and lower lethal temperature are the best predictors of cold
distribution limits. Funct. Ecol. 29, 55-65.

Andersen, M. K., Folkersen, R., MacMillan, H. A. and Overgaard, J. (2017a).
Cold acclimation improves chill tolerance in the migratory locust through
preservation of ion balance and membrane potential. J. Exp. Biol. 220, 487-496.

Andersen, M. K., MacMillan, H. A., Donini, A. and Overgaard, J. (2017b). Cold
tolerance of Drosophila species is tightly linked to the epithelial K* transport
capacity of the Malpighian tubules and rectal pads. J. Exp. Biol. 220, 4261-4269.

Anstee, J. H., Bell, D. M. and Fathpour, H. (1979). Fluid and cation secretion by the
Malpighian tubules of Locusta. J. Insect Physiol. 25, 373-380.

Bale, J. S. (1996). Insect cold hardiness: a matter of life and death. Eur. J. Entomol.
93, 369-382.

Bates, D., Maechler Martin, and Walker, S. (2016). Package ‘Ime4’: linear mixed-
effects models using ‘Eigen’ and S4. CRAN Repos. 1, 1-113.

Block, W. (1990). Cold tolerance of insects and other arthropods. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 326, 613-633.

Chintapalli, V. R., Wang, J. and Dow, J. A. T. (2007). Using FlyAtlas to identify
better Drosophila melanogaster models of human disease. Nat. Genet. 39,
715-720.

Chown, S. L. and Terblanche, J. S. (2006). Physiological diversity in insects:
ecological and evolutionary contexts. Adv. Insect Physiol. 33, 50-152.

Colinet, H. and Hoffmann, A. A. (2012). Comparing phenotypic effects and
molecular correlates of developmental, gradual and rapid cold acclimation
responses in Drosophila melanogaster. Funct. Ecol. 26, 84-93.

Colinet, H., Renault, D. and Roussel, D. (2017). Cold acclimation allows
Drosophila flies to maintain mitochondrial functioning under cold stress. Insect
Biochem. Mol. Biol. 80, 52-60.

Des Marteaux, L. E., Khazraeenia, S., Yerushalmi, G. Y., Donini, A, Li, N. G. and
Sinclair, B. J. (2018). The effect of cold acclimation on active ion transport in
cricket ionoregulatory tissues. Comp. Biochem. Physiol. A Mol. Integr. Physiol.
216, 28-33.

Des Marteaux, L. E. and Sinclair, B. J. (2016). lon and water balance in Gryllus
crickets during the first twelve hours of cold exposure. J. Insect Physiol. 89, 19-27.

Donini, A. and O’Donnell, M. J. (2005). Analysis of Na*, CI-, K*, H* and NHj}
concentration gradients adjacent to the surface of anal papillae of the mosquito
Aedes aegypti: application of self-referencing ion-selective microelectrodes
J. Exp. Biol. 208, 603-610.

Dow, J. A. T. and Davies, S. A. (2001). The Drosophila melanogaster Malpighian
tubule. Adv. Insect Physiol. 28, 1-83.

D’Silva, N. M., Donini, A. and O’Donnell, M. J. (2017). The roles of V-type H*-
ATPase and Na*/K*-ATPase in energizing K* and H* transport in larval
Drosophila gut epithelia. J. Insect Physiol. 98, 284-290.

Ellory, J. C. and Willis, J. S. (1982). Kinetics of the sodium pump in red cells of
different temperature sensitivity. J. Gen. Physiol. 79, 1115-1130.

Findsen, A., Andersen, J. L., Calderon, S. and Overgaard, J. (2013). Rapid cold
hardening improves recovery of ion homeostasis and chill coma recovery time in
the migratory locust, Locusta migratoria. J. Exp. Biol. 216, 1630-1637.

Fitzgerald, E. M., Djamgoz, M. B. A. and Dunbar, S. J. (1996). Maintenance of the
K* activity gradient in insect muscle compared in Diptera and Lepidoptera:
contributions of metabolic and exchanger mechanisms. J. Exp. Biol. 199,
1857-1872.

Gerencser, G. A. and Zhang, J. (2003). Chloride ATPase pumps in nature: do they
exist? Biol. Rev. Camb. Philos. Soc. 78, 197-218.

Goller, F. and Esch, H. (1990). Comparative study of chill-coma temperatures and
muscle potentials in insect flight muscles. J. Exp. Biol. 150, 221-231.

Hazel, J. R. (1995). Thermal adaptation in biological membranes: is homeoviscous
adaptation the explanation? Annu. Rev. Physiol. 57, 19-42.

Hazell, S. P. and Bale, J. S. (2011). Low temperature thresholds: are chill coma and
CTmin synonymous? J. Insect Physiol. 57, 1085-1089.

Hoffmann, A. A., Serensen, J. G. and Loeschcke, V. (2003). Adaptation of
Drosophila to temperature extremes: bringing together quantitative and molecular
approaches. J. Therm. Biol. 28, 175-216.

Hosler, J. S., Burns, J. E. and Esch, H. E. (2000). Flight muscle resting potential
and species-specific differences in chill-coma. J. Insect Physiol. 46, 621-627.
Jean David, R., Gibert, P., Pla, E., Petavy, G., Karan, D. and Moreteau, B. (1998).
Cold stress tolerance in Drosophila: analysis of chill coma recovery in D.

melanogaster. J. Therm. Biol. 23, 291-299.

Jonusaite, S., Kelly, S. P. and Donini, A. (2011). The physiological response of
larval Chironomus riparius (Meigen) to abrupt brackish water exposure. J. Comp.
Physiol. B Biochem. Syst. Environ. Physiol. 181, 343-352.

Jonusaite, S., Kelly, S. P. and Donini, A. (2013). Tissue-specific ionomotive
enzyme activity and K* reabsorption reveal the rectum as an important
ionoregulatory organ in larval Chironomus riparius exposed to varying salinity.
J. Exp. Biol. 216, 3637-3648.

Kelty, J. D. and Lee, R. E. (2001). Rapid cold-hardening of Drosophila
melanogaster  (Diptera:  Drosophiladae) during  ecologically  based
thermoperiodic cycles. J. Exp. Biol. 204, 1659-1666.

Kostal, V., Korbelova, J., Rozsypal, J., Zahradnickova, H., Cimlova, J.,
Tomgéala, A. and éimek, P. (2011). Long-term cold acclimation extends
survival time at 0°C and modifies the metabolomic profiles of the larvae of the
fruit fly Drosophila melanogaster. PLoS ONE 6, 20-25.

Kostal, V., Vambera, J. and Bastl, J. (2004). On the nature of pre-freeze mortality in
insects: water balance, ion homeostasis and energy charge in the adults of
Pyrrhocoris apterus. J. Exp. Biol. 207, 1509-1521.

Kostal, V., Yanagimoto, M. and Bastl, J. (2006). Chilling-injury and disturbance of
ion homeostasis in the coxal muscle of the tropical cockroach (Nauphoeta
cinerea). Comp. Biochem. Physiol. B Biochem. Mol. Biol. 143, 171-179.

Lakovaara, S. (1969). Malt as a culture medium for Drosophila species. Drosoph.
Inforam. Serv. 44, 128.

Larsen, E. H., Deaton, L. E., Onken, H., O’'Donnell, M., Grosell, M., Dantzler,
W. H. and Weihrauch, D. (2014). Osmoregulation and excretion. Compr. Physiol.
368, 405-573.

Linton, S. M. and O’Donnell, M. J. (1999). Contributions of K*:CI~ cotransport and
Na*/K*-ATPase to basolateral ion transport in Malpighian tubules of Drosophila
melanogaster. J. Exp. Biol. 202, 1561-1570.

Macdonald, S. S., Rako, L., Batterham, P. and Hoffmann, A. A. (2004). Dissecting
chill coma recovery as a measure of cold resistance: evidence for a biphasic
response in Drosophila melanogaster. J. Insect Physiol. 50, 695-700.

MacMillan, H. A., Andersen, J. L., Davies, S. A. and Overgaard, J. (2015d). The
capacity to maintain ion and water homeostasis underlies interspecific variation in
Drosophila cold tolerance. Sci. Rep. 5, 18607.

MacMillan, H. A., Andersen, J. L., Loeschcke, V. and Overgaard, J. (2015a).
Sodium distribution predicts the chill tolerance of Drosophila melanogaster raised
in different thermal conditions. Am. J. Physiol. Regul. Integr. Comp. Physiol. 308,
R823-R831.

MacMillan, H. A., Baatrup, E. and Overgaard, J. (2015c). Concurrent effects of
cold and hyperkalaemia cause insect chilling injury. Proc. R. Soc. B Biol. Sci. 282,
20151483.

MacMillan, H. A., Ferguson, L. V., Nicolai, A., Donini, A., Staples, J. F. and
Sinclair, B. J. (2015b). Parallel ionoregulatory adjustments underlie phenotypic
plasticity and evolution of Drosophila cold tolerance. J. Exp. Biol. 218, 423-432.

MacMillan, H. A,, Findsen, A., Pedersen, T. H. and Overgaard, J. (2014). Cold-
induced depolarization of insect muscle: differing roles of extracellular K* during
acute and chronic chilling. J. Exp. Biol. 217, 2930-2938.

MacMillan, H. A. and Hughson, B. N. (2014). A high-throughput method of
hemolymph extraction from adult Drosophila without anesthesia. J. Insect Physiol.
63, 27-31.

MacMillan, H. A. and Sinclair, B. J. (2011). The role of the gut in insect chilling
injury: cold-induced disruption of osmoregulation in the fall field cricket, Gryllus
pennsylvanicus. J. Exp. Biol. 214, 726-734.

MacMillan, H. A., Williams, C. M., Staples, J. F. and Sinclair, B. J. (2012).
Reestablishment of ion homeostasis during chill-coma recovery in the cricket
Gryllus pennsylvanicus. Proc. Natl. Acad. Sci. USA 109, 20750-20755.

MacMillan, H. A., Yerushalmi, G. Y., Jonusaite, S., Kelly, S. P. and Donini, A.
(2017). Thermal acclimation mitigates cold-induced paracellular leak from the
Drosophila gut. Sci. Rep. 7, 8807.

Maddrell, S. H. (1964). Excretion in the blood-sucking bug, Rhodnius prolixus
Stal. 3. The control of the release of the diuretic hormone. J. Exp. Biol. 41,
459-472.

Marshall, K. E. and Sinclair, B. J. (2010). Repeated stress exposure results in a
survival — reproduction trade-off in Drosophila melanogaster 277, 963-969.

Mellanby, K. (1939). Low temperature and insect activity. Proc. R. Soc. Lond. B Biol.
Sci. 127, 473-487.

Overend, G., Luo, Y., Henderson, L., Douglas, A. E., Davies, S. A. and Dow,
J. A. T. (2016). Molecular mechanism and functional significance of acid
generation in the Drosophila midgut. Sci. Rep. 6, 27242.

12

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_



http://jeb.biologists.org/lookup/doi/10.1242/jeb.174904.supplemental
http://jeb.biologists.org/lookup/doi/10.1242/jeb.174904.supplemental
http://dx.doi.org/10.1016/j.jinsphys.2013.07.008
http://dx.doi.org/10.1016/j.jinsphys.2013.07.008
http://dx.doi.org/10.1016/j.jinsphys.2013.07.008
http://dx.doi.org/10.1111/1365-2435.12310
http://dx.doi.org/10.1111/1365-2435.12310
http://dx.doi.org/10.1111/1365-2435.12310
http://dx.doi.org/10.1111/1365-2435.12310
http://dx.doi.org/10.1242/jeb.150813
http://dx.doi.org/10.1242/jeb.150813
http://dx.doi.org/10.1242/jeb.150813
http://dx.doi.org/10.1242/jeb.168518
http://dx.doi.org/10.1242/jeb.168518
http://dx.doi.org/10.1242/jeb.168518
http://dx.doi.org/10.1242/jeb.168518
http://dx.doi.org/10.1016/0022-1910(79)90002-7
http://dx.doi.org/10.1016/0022-1910(79)90002-7
http://dx.doi.org/10.1098/rstb.1990.0035
http://dx.doi.org/10.1098/rstb.1990.0035
http://dx.doi.org/10.1038/ng2049
http://dx.doi.org/10.1038/ng2049
http://dx.doi.org/10.1038/ng2049
http://dx.doi.org/10.1016/S0065-2806(06)33002-0
http://dx.doi.org/10.1016/S0065-2806(06)33002-0
http://dx.doi.org/10.1111/j.1365-2435.2011.01898.x
http://dx.doi.org/10.1111/j.1365-2435.2011.01898.x
http://dx.doi.org/10.1111/j.1365-2435.2011.01898.x
http://dx.doi.org/10.1016/j.ibmb.2016.11.007
http://dx.doi.org/10.1016/j.ibmb.2016.11.007
http://dx.doi.org/10.1016/j.ibmb.2016.11.007
http://dx.doi.org/10.1016/j.cbpa.2017.11.005
http://dx.doi.org/10.1016/j.cbpa.2017.11.005
http://dx.doi.org/10.1016/j.cbpa.2017.11.005
http://dx.doi.org/10.1016/j.cbpa.2017.11.005
http://dx.doi.org/10.1016/j.jinsphys.2016.03.007
http://dx.doi.org/10.1016/j.jinsphys.2016.03.007
http://dx.doi.org/10.1242/jeb.01422
http://dx.doi.org/10.1242/jeb.01422
http://dx.doi.org/10.1242/jeb.01422
http://dx.doi.org/10.1242/jeb.01422
http://dx.doi.org/10.1242/jeb.01422
http://dx.doi.org/10.1242/jeb.01422
http://dx.doi.org/10.1242/jeb.01422
http://dx.doi.org/10.1242/jeb.01422
http://dx.doi.org/10.1242/jeb.01422
http://dx.doi.org/10.1016/S0065-2806(01)28008-4
http://dx.doi.org/10.1016/S0065-2806(01)28008-4
http://dx.doi.org/10.1016/j.jinsphys.2017.01.019
http://dx.doi.org/10.1016/j.jinsphys.2017.01.019
http://dx.doi.org/10.1016/j.jinsphys.2017.01.019
http://dx.doi.org/10.1016/j.jinsphys.2017.01.019
http://dx.doi.org/10.1016/j.jinsphys.2017.01.019
http://dx.doi.org/10.1016/j.jinsphys.2017.01.019
http://dx.doi.org/10.1016/j.jinsphys.2017.01.019
http://dx.doi.org/10.1016/j.jinsphys.2017.01.019
http://dx.doi.org/10.1085/jgp.79.6.1115
http://dx.doi.org/10.1085/jgp.79.6.1115
http://dx.doi.org/10.1242/jeb.081141
http://dx.doi.org/10.1242/jeb.081141
http://dx.doi.org/10.1242/jeb.081141
http://dx.doi.org/10.1017/S146479310200605X
http://dx.doi.org/10.1017/S146479310200605X
http://dx.doi.org/10.1146/annurev.ph.57.030195.000315
http://dx.doi.org/10.1146/annurev.ph.57.030195.000315
http://dx.doi.org/10.1016/j.jinsphys.2011.04.004
http://dx.doi.org/10.1016/j.jinsphys.2011.04.004
http://dx.doi.org/10.1016/j.jinsphys.2011.04.004
http://dx.doi.org/10.1016/S0306-4565(02)00057-8
http://dx.doi.org/10.1016/S0306-4565(02)00057-8
http://dx.doi.org/10.1016/S0306-4565(02)00057-8
http://dx.doi.org/10.1016/S0022-1910(99)00148-1
http://dx.doi.org/10.1016/S0022-1910(99)00148-1
http://dx.doi.org/10.1016/S0306-4565(98)00020-5
http://dx.doi.org/10.1016/S0306-4565(98)00020-5
http://dx.doi.org/10.1016/S0306-4565(98)00020-5
http://dx.doi.org/10.1007/s00360-010-0526-2
http://dx.doi.org/10.1007/s00360-010-0526-2
http://dx.doi.org/10.1007/s00360-010-0526-2
http://dx.doi.org/10.1242/jeb.089219
http://dx.doi.org/10.1242/jeb.089219
http://dx.doi.org/10.1242/jeb.089219
http://dx.doi.org/10.1242/jeb.089219
http://dx.doi.org/10.1242/jeb.089219
http://dx.doi.org/10.1371/journal.pone.0025025
http://dx.doi.org/10.1371/journal.pone.0025025
http://dx.doi.org/10.1371/journal.pone.0025025
http://dx.doi.org/10.1371/journal.pone.0025025
http://dx.doi.org/10.1242/jeb.00923
http://dx.doi.org/10.1242/jeb.00923
http://dx.doi.org/10.1242/jeb.00923
http://dx.doi.org/10.1016/j.cbpb.2005.11.005
http://dx.doi.org/10.1016/j.cbpb.2005.11.005
http://dx.doi.org/10.1016/j.cbpb.2005.11.005
http://dx.doi.org/10.1002/cphy.c130004
http://dx.doi.org/10.1002/cphy.c130004
http://dx.doi.org/10.1002/cphy.c130004
http://dx.doi.org/10.1016/j.jinsphys.2004.05.004
http://dx.doi.org/10.1016/j.jinsphys.2004.05.004
http://dx.doi.org/10.1016/j.jinsphys.2004.05.004
http://dx.doi.org/10.1038/srep18607
http://dx.doi.org/10.1038/srep18607
http://dx.doi.org/10.1038/srep18607
http://dx.doi.org/10.1152/ajpregu.00465.2014
http://dx.doi.org/10.1152/ajpregu.00465.2014
http://dx.doi.org/10.1152/ajpregu.00465.2014
http://dx.doi.org/10.1152/ajpregu.00465.2014
http://dx.doi.org/10.1098/rspb.2015.1483
http://dx.doi.org/10.1098/rspb.2015.1483
http://dx.doi.org/10.1098/rspb.2015.1483
http://dx.doi.org/10.1242/jeb.115790
http://dx.doi.org/10.1242/jeb.115790
http://dx.doi.org/10.1242/jeb.115790
http://dx.doi.org/10.1242/jeb.107516
http://dx.doi.org/10.1242/jeb.107516
http://dx.doi.org/10.1242/jeb.107516
http://dx.doi.org/10.1242/jeb.107516
http://dx.doi.org/10.1016/j.jinsphys.2014.02.005
http://dx.doi.org/10.1016/j.jinsphys.2014.02.005
http://dx.doi.org/10.1016/j.jinsphys.2014.02.005
http://dx.doi.org/10.1242/jeb.051540
http://dx.doi.org/10.1242/jeb.051540
http://dx.doi.org/10.1242/jeb.051540
http://dx.doi.org/10.1073/pnas.1212788109
http://dx.doi.org/10.1073/pnas.1212788109
http://dx.doi.org/10.1073/pnas.1212788109
http://dx.doi.org/10.1038/s41598-017-08926-7
http://dx.doi.org/10.1038/s41598-017-08926-7
http://dx.doi.org/10.1038/s41598-017-08926-7
http://dx.doi.org/10.1098/rspb.2009.1807
http://dx.doi.org/10.1098/rspb.2009.1807
http://dx.doi.org/10.1098/rspb.1939.0035
http://dx.doi.org/10.1098/rspb.1939.0035
http://dx.doi.org/10.1038/srep27242
http://dx.doi.org/10.1038/srep27242
http://dx.doi.org/10.1038/srep27242

RESEARCH ARTICLE

Journal of Experimental Biology (2018) 221, jeb174904. doi:10.1242/jeb.174904

Overgaard, J. and MacMillan, H. A. (2017). The integrative physiology of insect
chill tolerance. Annu. Rev. Physiol. 79, 187-208.

Overgaard, J., Toméala, A., Serensen, J. G., Holmstrup, M., Krogh, P. H.,
Simek, P. and Kostal, V. (2008). Effects of acclimation temperature on thermal
tolerance and membrane phospholipid composition in the fruit fly Drosophila
melanogaster. J. Insect Physiol. 54, 619-629.

Palazzo, A. J. and August, G. S. B. (1997). The effects of temperature on the
energetics of rectal fluid transport. J. Insect Physiol. 30, 137-143.

Patrick, M. L., Aimanova, K., Sanders, H. R. and Gill, S. S. (2006). P-type Na*/K*-
ATPase and V-type H*-ATPase expression patterns in the osmoregulatory organs
of larval and adult mosquito Aedes aegypti. J. Exp. Biol. 209, 4638-4651.

Phillips, J. E., Thomson, B., Hanrahan, J. and Chamberlin, M. (1987). Mechanisms
and control of reabsorption in insect hindgut. Adv. Insect Physiol. 19, 329-422.

Phillips, J. E., Wiens, C., Audsley, N., Jeffs, L., Bilgen, T. and Meredith, J.
(1996). Nature and control of chloride transport in insect absorptive epithelia.
J. Exp. Zool. 275, 292-299.

Ramsay, J. A. (1954). Active transport of water by the Malpighian tubules of the stick
insect, Dixippus morosus. J. Exp. Biol. 31, 104-113.

Ransberry, V. E., MacMillan, H. A. and Sinclair, B. J. (2011). The relationship
between chill-coma onset and recovery at the extremes of the thermal window of
Drosophila melanogaster. Physiol. Biochem. Zool. 84, 553-559.

Rheault, M. R. and O’Donnell, M. J. (2001). Analysis of epithelial K* transport in
Malpighian tubules of Drosophila melanogaster. evidence for spatial and temporal
heterogeneity. J. Exp. Biol. 204, 2289-2299.

Robertson, R. M., Spong, K. E. and Srithiphaphirom, P. (2017). Chill coma in the
locust, Locusta migratoria, is initiated by spreading depolarization in the central
nervous system. Sci. Rep. 7, 10297.

Rodgers, C. I., Armstrong, G. A. B. and Robertson, R. M. (2010). Coma in
response to environmental stress in the locust: a model for cortical spreading
depression. J. Insect Physiol. 56, 980-990.

Rojas, R. R. and Leopold, R. A. (1996). Chilling injury in the housefly: evidence for
the role of oxidative stress between pupariation and emergence. Cryobiology 33,
447-458.

Sinclair, B. J., Coello Alvarado, L. E. and Ferguson, L. V. (2015). An invitation to
measure insect cold tolerance: methods, approaches, and workflow. J. Therm.
Biol. 53, 180-197.

Terhzaz, S., Teets, N. M., Cabrero, P., Henderson, L., Ritchie, M. G., Nachman,
R. J., Dow, J. A. T,, Denlinger, D. L. and Davies, S.-A. (2015). Insect capa
neuropeptides impact desiccation and cold tolerance. Proc. Natl. Acad. Sci. USA
112, 2882-2887.

Thomas, R. C. (1972). Electrogenic sodium pump in nerve and muscle cells.
Am. J. Physiol. 52, 563-594.

Wigglesworth, V. B. (1932). On the function of the so-called ‘rectal glands’ of
insects. Q. J. Microsc. Sci. s2-75, 131-150.

Yerushalmi, G. Y., Misyura, L., Donini, A. and MacMillan, H. A. (2016). Chronic
dietary salt stress mitigates hyperkalemia and facilitates chill coma recovery in
Drosophila melanogaster. J. Insect Physiol. 95, 89-97.

13

>
(@)}
i
je
(2]
©
o+
c
(]
£
=
()
o
x
NN
Y—
(©)
©
c
e
>
(®)
_


http://dx.doi.org/10.1146/annurev-physiol-022516-034142
http://dx.doi.org/10.1146/annurev-physiol-022516-034142
http://dx.doi.org/10.1016/j.jinsphys.2007.12.011
http://dx.doi.org/10.1016/j.jinsphys.2007.12.011
http://dx.doi.org/10.1016/j.jinsphys.2007.12.011
http://dx.doi.org/10.1016/j.jinsphys.2007.12.011
http://dx.doi.org/10.1242/jeb.02551
http://dx.doi.org/10.1242/jeb.02551
http://dx.doi.org/10.1242/jeb.02551
http://dx.doi.org/10.1242/jeb.02551
http://dx.doi.org/10.1242/jeb.02551
http://dx.doi.org/10.1242/jeb.02551
http://dx.doi.org/10.1016/S0065-2806(08)60103-4
http://dx.doi.org/10.1016/S0065-2806(08)60103-4
http://dx.doi.org/10.1002/(SICI)1097-010X(19960701)275:4%3C292::AID-JEZ7%3E3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1097-010X(19960701)275:4%3C292::AID-JEZ7%3E3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1097-010X(19960701)275:4%3C292::AID-JEZ7%3E3.0.CO;2-K
http://dx.doi.org/10.1086/662642
http://dx.doi.org/10.1086/662642
http://dx.doi.org/10.1086/662642
http://dx.doi.org/10.1038/s41598-017-10586-6
http://dx.doi.org/10.1038/s41598-017-10586-6
http://dx.doi.org/10.1038/s41598-017-10586-6
http://dx.doi.org/10.1016/j.jinsphys.2010.03.030
http://dx.doi.org/10.1016/j.jinsphys.2010.03.030
http://dx.doi.org/10.1016/j.jinsphys.2010.03.030
http://dx.doi.org/10.1006/cryo.1996.0045
http://dx.doi.org/10.1006/cryo.1996.0045
http://dx.doi.org/10.1006/cryo.1996.0045
http://dx.doi.org/10.1016/j.jtherbio.2015.11.003
http://dx.doi.org/10.1016/j.jtherbio.2015.11.003
http://dx.doi.org/10.1016/j.jtherbio.2015.11.003
http://dx.doi.org/10.1073/pnas.1501518112
http://dx.doi.org/10.1073/pnas.1501518112
http://dx.doi.org/10.1073/pnas.1501518112
http://dx.doi.org/10.1073/pnas.1501518112
http://dx.doi.org/10.1152/physrev.1972.52.3.563
http://dx.doi.org/10.1152/physrev.1972.52.3.563
http://dx.doi.org/10.1016/j.jinsphys.2016.09.006
http://dx.doi.org/10.1016/j.jinsphys.2016.09.006
http://dx.doi.org/10.1016/j.jinsphys.2016.09.006

Journal of Experimental Biology 221: doi:10.1242/jeb.174904: Supplementary inforr

Table S1. Results of two-way ANOVAs assessing the effects of acclimation and exposure
temper atures on Malpighian tubule function. Ramsay assays and ion-selective
micr oelectr odes wer e used to measur e fluid secretion rate, [Na'] in secreted fluid, [K*] in

secreted fluid, Na* secretion rate, K* secretion rate, and theratio of Na":K ™ in the secreted
fluid. DF = degrees of freedom.

Trait Variable Statistic (DF) P-value
Secretion Rate Acclimation temperature x Exposure F(3,70)=6.6 P =0.0006

temperature

Exposure temperature F(3,70) =916 P <0.0001

Acclimation temperature F(1,70) =215 P < 0.0001
[Na'] in Secreted  Acclimation temperature x Exposure F(3,66) =5.7 P=0.0016
Fluid temperature

Exposure temperature F (3, 66) =225 P <0.0001

Acclimation temperature F (1, 66) =54.2 P < 0.0001
[K™] in Secreted Acclimation temperature x Exposure F(3,67)=37 P=0.0157
Fluid temperature

Exposure temperature F(3,67)=76 P =0.0002

Acclimation temperature F(1,67)=173 P < 0.0001
Na'" Secretion Rate  Acclimation temperature x Exposure F(3,68) =45 P =0.0065

temperature

Exposure temperature F(3,68)=117.1 P <0.0001

Acclimation temperature F(1,68) =51 P =0.0265
K" Secretion Rate  Acclimation temperature x Exposure F (3,69 =33 P=0.0239

temperature

Exposure temperature F(3,69) =57.0 P <0.0001

Acclimation temperature F(1,69) =121 P =0.0009
Na":K" Ratioin Acclimation temperature x Exposure F(3,66) =6.8 P = 0.0005
Secreted Fluid temperature

Exposure temperature F(3,66)=77 P =0.0002

Acclimation temperature F (1, 66) = 28.3 P < 0.0001
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