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Abstract We investigated molecular responses elicited
by three types of dehydration (fast, slow and cryoprotective), rehydration and overhydration in larvae of the
Antarctic midge, Belgica antarctica. The larvae spend most
the year encased in ice but during the austral summer are vulnerable to summer storms, osmotic stress from ocean spray
and drying conditions due to wind and intense sunlight.
Using suppressive subtractive hybridization (SSH), we
obtained clones that were potentially responsive to dehydration and then used northern blots to evaluate the gene’s
responsiveness to diVerent dehydration rates and hydration
states. Among the genes most responsive to changes in the
hydration state were those encoding heat shock proteins
(smHsp, Hsp70, Hsp90), antioxidants (superoxide dismutase, catalase), detoxiWcation (metallothionein, cytochrome
p450), genes involved in altering cell membranes (fatty
acid desaturase, phospholipase A2 activating protein, fatty
acyl CoA desaturase) and the cytoskeleton (actin, musclespeciWc actin), and several additional genes including
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a zinc-Wnger protein, pacifastin and VATPase. Among the
three types of dehydration evaluated, fast dehydration elicited the strongest response (more genes, higher expression),
followed by cryoprotective dehydration and slow dehydration. During rehydration most, but not all, genes that were
expressed during dehydration continued to be expressed;
fatty acid desaturase was the only gene to be uniquely
upregulated in response to rehydration. All genes examined, except VATPase, were upregulated in response to
overhydration. The midge larvae are thus responding
quickly to water loss and gain by expressing genes that
encode proteins contributing to maintenance of proper protein function, protection and overall cell homeostasis during times of osmotic Xux, a challenge that is particularly
acute in this Antarctic environment.
Keywords Osmotic Xux · Cryoprotective dehydration ·
Heat shock proteins · Antioxidants · Membranes

Introduction
The Antarctic midge, Belgica antarctica, is endemic to the
maritime Antarctic, and in this habitat it is confronted with
a wide range of environmental stressors (Gressitt 1967).
The larvae spend up to 10 months each year frozen within
the icy substrate, but during the austral summer when the
ice melts, they resume feeding and reinitiate their growth
and development (Peckham 1971). Larval development is
completed after two years, and then the wingless adults
emerge, reproduce and die within a 7–10 day window in
late December to early January (Sugg et al. 1983). During
the austral summer the larvae are exposed to rain storms,
pools of melting snow and ice, ocean spray and periods of
habitat drying due to wind and intense sunlight. One of the
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major challenges the midge larvae encounter in this environment is management of their water content.
Our previous work on water balance of this insect demonstrated that these hydrophilic larvae employ several mechanisms to both conserve water (Benoit et al. 2007) as well as
lose water to enhance their cold tolerance (Hayward et al.
2007). Water conserving mechanisms include increasing levels of cryoprotectants, decreasing metabolic rate and thereby
decreasing their water loss rate, and clustering (Benoit et al.
2007). The larvae tolerate the loss of up to 70% of their body
water, which also enhances their freeze tolerance (Hayward
et al. 2007). This tolerance for water loss is not unique to
B. antarctica: a number of chironomids survive similar loses
of water and employ similar water conservation adaptations
(Suemoto et al. 2004). In addition to an ability to survive
changes in their internal water pool, chironomids are excellent
osmoregulators able to survive extreme changes in substrate
salinity (Hassell et al. 2006; Nondula et al. 2004). High salinity tolerance and osmoregulation capacity are also evident in
the Antarctic midge (Elnitsky et al. 2008b). Larvae may experience as many as 140 freeze–thaw cycles throughout the year
(Block 1997), yet another challenge for maintenance of water
balance as these cycles lead to changes in water availability.
Under natural conditions, dehydration can occur rapidly
or slowly. During winter, when the larvae are directly
exposed to ice, dehydration likely occurs slowly, until the
vapor pressure of the midge larva matches that of the ice.
This slow form of dehydration, known as cryoprotective
dehydration, may be the major water management strategy
used during the winter (Elnitsky et al. 2008a). Fast dehydration is experienced during the austral summer when the
larvae are active and soil saturation can decrease rapidly.
Thus far, little is known about the molecular changes associated with these changes in hydration state.
In this study, we used suppressive subtractive hybridization (SSH) to compare hydrated and dehydrated individuals, and from this we identiWed 70 genes that were
putatively altered in expression. Northern blot hybridizations were used to conWrm expression of those genes during
dehydration. We then chose 15 candidate genes (smHsp,
Hsp70, Hsp90, SOD, catalase, metallothionein, p450, FAD,
PLAP, fatty acyl CoA desaturase, actin, MSA, a zinc-Wnger
protein, pacifastin, and VATPase) to monitor expression
changes during fast and slow dehydration, cryoprotective
dehydration, fast and slow rehydration, and overhydration.

Materials and methods
Insects
Belgica antarctica Jacobs larvae were collected in January,
February, and March 2006 and 2007, on Humble, Torgersen
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and Cormorant Islands and Norsel Point near Palmer
Station, Anvers Island, Antarctica (64°46⬘S, 64°04⬘W).
Larvae were collected with the substrate, consisting of
small pieces of rock, soil, animal detritus, moss, and algae.
The larvae and substrate were frozen and transported to
Ohio State University (approx. ¡5°C for 7 days), where the
genes were cloned and their expression patterns monitored.
In our home laboratory, the larvae were maintained in a
cold room at 4°C, a temperature that approximates that of
their summer habitat. Before the larvae were subjected to
the various treatments, they were sorted from the substrate
in ice water (tap water) and then transferred to glass beakers containing moist paper towels at 4°C.
Stress treatments
Control larvae were sorted directly from the substrate and
stored at high humidity conditions at 4°C (moist paper towels in sealed glass beakers) to avoid the prolonged ice water
sorting and water storage protocol we used in previous
experiments (Rinehart et al. 2006; Hayward et al. 2007;
Lopez-Martinez et al. 2008). This control thus represents
conditions that preclude the possibility of hydration or overhydration due to storage of the larvae in water, and yet still
allows for gut clearance and synchronization of the larval
hydration state. Thus, none of the control larvae were stored
in water, but instead were held at a high relative humidity,
simulating substrate conditions during the austral summer.
Previously we investigated the water balance requirements
and osmoregulatory ability of the larvae of B. antarctica
(Benoit et al. 2007; Elnitsky et al. 2008b). Based on that
work, we designed a dehydration and rehydration series
that was not lethal and generated larvae with known
amounts of water loss. Fast dehydration was achieved by
exposing larvae to 75% RH (saturated NaCl; Winston and
Bates 1960) for 36 h; this resulted in a loss of approximately 50% of their total water content as shown by Benoit
et al. (2007). A shorter exposure (12 h) to 75% RH, resulting in a 30% water loss (Benoit et al. 2007), was also tested
to mimic what occurs on summer days in the Antarctic.
Slow dehydration was achieved at 98% RH (saturated
K2SO4; Winston and Bates 1960) for 5 days, a treatment
that resulted in approximately a 50% water loss (Benoit
et al. 2007). Larvae were also subjected to cryoprotective
dehydration (Elnitsky et al. 2008a), a slow dehydration
over a 14 day period in the presence of ice that resulted in
approximately a 35% water loss. All treatments were performed at 4°C with the exception of cryoprotective dehydration, where the larvae were slowly lowered from 0 to
¡5°C over the course of a week and were then maintained
at that lower temperature.
Fast and slow rehydration series were also carried out
following both fast (75% RH for 36 h) and slow
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dehydration (98% RH for 5 days). Fast rehydration was
done by submerging larvae in water for 2 h, and slow
rehydration was achieved by exposing larvae to 100%
RH for 12 h. Both rehydration treatments were designed
to restore water lost during dehydration (Benoit et al.
2007). Figure 1 shows an overview of the treatments
described.
Overhydration was achieved by submerging larvae in
water for 10 days; this resulted in a 10% increase in water
content. To evaluate the eVect of holding larvae in water,
larval survival was determined after diVerent durations of
submersion. Ten larvae were placed into 1.7 ml microcentrifuge tubes containing 1 ml distilled water and held at
4°C for up to 30 days. Each day, 0.75 ml water was
replaced with fresh water to prevent anoxia and build up of
waste products. Every 5 days, the larvae were transferred
to Petri dishes to monitor survival. The midges were
observed under a dissecting microscope, and individuals
were considered alive if movement was noted. After
assessing survival, dead larvae were removed and stored in
separate tubes for re-evaluation of mortality 5 days later.
Controls consisted of groups of ten larvae held in meshcovered tubes (N = 10) that were switched between 98 and
100% RH every 12 h, to maintain proper hydration levels
(Benoit et al. 2007). Data were analyzed with ANOVA,
and when signiWcance was noted Bonferroni–Dunn multiple comparison tests were used to analyze signiWcance
over time. Percentage data were arcsin transformed prior
to analysis.
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Source of clones
Most clones used in this study were obtained by a suppressive subtractive hybridization (SSH) procedure in which
hydrated control larvae were subtracted from a group of larvae desiccated for 12 h at 98.4% RH. The BD SMART™
PCR cDNA Synthesis kit (Clonetech Laboratories, Mountain View, CA, USA) was used to prepare the clones and a
PCR-Select™ cDNA Subtraction Kit (Clonetech Laboratories) was used for the subtraction. Clones of Hsp70, Hsp90
and catalase, used in this study, were isolated previously
(Rinehart et al. 2006; Lopez-Martinez et al. 2008).
Northern blot hybridization
Trizol reagent (Invitrogen, Carlsbad, California) was used
to extract RNA from groups of 75 larvae, following the
manufacturer’s protocol. Four micrograms of RNA per
treatment were run on a 1.4% agarose, 0.41 M formaldehyde gel. The RNA was then transferred to a nylon membrane (Hybond-N+, Amersham Biosciences, Piscataway,
NJ, USA) using the Schleicher & Schuell’s Turboblotter
transfer system. Roche Diagnostics’s DIG-High Prime
labeling kit was used to label the DNA clones for hybridization, which was done at 42°C overnight. The northern
blots were treated following the protocol from the DNA
Labeling and Detection Starter Kit II, also from Roche, and
exposed using Blue Lite Autorad Film (ISC BioExpress,
Kaysville, UT, USA) for 30 min. All membranes were
stripped and re-hybridized with 28S (as a control gene).
All northerns blots were conWrmed by triplicate technical
replication.

Results
Suppressive subtractive hybridization

Fig. 1 Methodology diagram showing the diVerent experimental
hydration states for larvae of B. antarctica exposed to dehydration,
rehydration and overhydration regimes, along with percent changes in
water content

Suppressive subtractive hybridization (SSH) produced 70
unique clones whose putative identity could be deduced
by blasting their amino acid translations using GenBank
(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). Accession
numbers are registered in GenBank as numbers DQ507279
through DQ507371. Northern blot hybridizations were used
to conWrm expression of each gene. Among the 70 clones, 42
were unaVected by fast, slow or cryoprotective dehydration
and thus their expression was not monitored for rehydration
or overhydration. The 15 genes that were most responsive
to dehydration were also monitored by northern blot hybridization for responses to rehydration and overhydration.
Clearly, many more genes are likely to respond to these
stresses than were detected by SSH. This is already evident
by the fact that our clones of Hsp70, Hsp90 and catalase
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were responsive to dehydration stress but were not among
the genes identiWed by SSH.
Fast and slow dehydration series
The identity, size and match of clones that were upregulated in response to fast dehydration (30% water loss;
Benoit et al. 2007) are shown in Table 1. Table 2 shows the
same information for the 8 genes that were downregulated during fast dehydration. Three heat shock proteins
(a smHsp, Hsp70, Hsp90), superoxide dismutase, catalase,
metallothionein, p450, fatty acid desaturase, phospholipase

A2 activating protein, fatty acyl CoA desaturase, actin,
muscle-speciWc actin, a zinc-Wnger protein, pacifastin, and
Vacuolar (H+) ATPase were upregulated in response to
fast dehydration (Fig. 2). When the duration of fast dehydration was increased to 36 h (50% water content loss;
Benoit et al. 2007), most of the genes were still upregulated
(Fig. 3), but expression of Mtn and ZFP decreased with the
longer exposure time.
Slow dehydration (5 days at 98% RH), which led to a
water content loss of 50% (Benoit et al. 2007), resulted in
the upregulation of Hsp70, catalase, p450, fatty acyl CoA
desaturase, actin, MSA, and pacifastin (Fig. 3). Thus, slow

Table 1 Dehydration/rehydration/overhydration upregulated genes from the Antarctic midge, Belgica antarctica
Clone

Size (bps)

Accession no.

Putative Identity

Abbrev

% ID, Organism

D

R

O

Heat shock proteins
smHsp

762

DQ459548

Hsp26

smHsp

40, Drosophila buzzatii

x

x

x

Hsp70

231

DQ459546

Hsp70

Hsp70

97, Anopheles gambiae

x

x

x

Hsp90

710

DQ459547

Hsp90

Hsp90

92, Aedes aegypti

x

x

x

864

DQ507288

Superoxide dismutase Mn

SOD

68, Aedes aegypti

x

Catalase
1,521
DetoxiWcation
Ba-U56
391

EU344974

Catalase

Catalase

71, Aedes aegypti

x

DQ507310

Metallothionein 2

Mtn

54, Anopheles gambiae

x

Ba-D11

DQ507342

Cytochrome P450

P450

45, Culex quinquefasciatus

x

x
x

Antioxidant enzymes
Ba-U20

379

x
x

x
x
x

Membrane restructuring
Ba-D41

527

DQ507363

Fatty acid desaturase delta 9

FAD

52, Aedes aegypti

x

Ba-U47

814

DQ507304

Phospholipase A2 activating protein

PLAP

60, Aedes aegypti

x

1,026

DQ507336

Fatty Acyl CoA desaturase (delta-9)

9 desat

52, Culex quinquefasciatus

x

Ba-U117

x
x

Cytoskeletal
Ba-U41

483

DQ507302

Actin

Actin

85, Aedes aegypti

x

x

x

Ba-D10

543

DQ507341

Muscle-speciWc actin 2

MSA

100, Aedes aegypti

x

x

x

Ba-U19

183

DQ507287

Zinc-Wnger protein

ZFP

75, Drosophila melanogaster

x

Ba-U01b

517

DQ507280

Pacifastin-related serine
protease inhibitor

Pacifastin

32, Locusta migratoria

x

x

Ba-U06

621

DQ507282

Vacuolar (H+) ATPase

VATPase

97, Aedes aegypti

x

x

Others
x
x

Organism matches, percent and putative identities were conWrmed using GenBank blast x (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). Northern
blot expression for dehydration (D), rehydration (R) and overhydration (O)

Table 2 Dehydration downregulated genes from the Antarctic
midge, Belgica antarctica

Organism matches, percent and
putative identities were conWrmed using GenBank blast x
(http://www.ncbi.nlm.nih.gov/
blast/Blast.cgi)
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Clone

Size
(bps)

Accession
No.

Putative Identity

% ID, Organism

Ba-U50

661

DQ507306

4-nitrophenylphosphatase

48, Aedes aegypti

Ba-D46

331

DQ507366

Aliphatic nitrilase

89, Aedes aegypti

Ba-D32

743

DQ507355

Cytochrome c oxidase subunit II

77, Anopheles punctulatus

Ba-U62

189

DQ507313

Cytochrome oxidase subunit III

84, Drosophila waddingtoni

Ba-U37

762

DQ507299

Juvenile hormone epoxide hydrolase

64, Aedes aegypti

Ba-U32

552

DQ507297

L-Asparaginase

80, Culex quinquefasciatus

Ba-D02

555

DQ507338

Thymus-speciWc serine protease

57, Culex quinquefasciatus

Ba-U29

588

DQ507295

Leucine-rich transmembrane protein

64, Aedes aegypti
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Fig. 2 Northern blot hybridizations of the 15 genes that were upregulated in response to dehydration in B. antarctica. The treatments are
controls, held in a fully hydrated state (C), fast dehydration at 75% RH

for 12 h, and cryoprotective dehydration, held on ice for 14 days at
¡5°C(CP). 28S was used as the control. See text for names of genes

Fig. 3 Northern blot hybridizations showing the dehydration and
rehydration series for B. antarctica. The treatments are control (C),
prolonged fast dehydration at 75% RH for 36 h, fast dehydration
followed by fast rehydration in the presence of water (FR), fast

dehydration followed by slow rehydration at 100% RH (SR) and slow
dehydration at 98% RH for 5 days. 28S was used as the control. See
text for names of genes

dehydration increased expression of some of the same
genes upregulated by fast dehydration (Hsp70, catalase,
p450, fatty acyl CoA desaturase, actin, MSA, and pacifastin),

but there was no diVerence from the controls in expression
levels for the smHsp, Hsp90, FAD and PLAP (Fig. 3). SOD,
Mtn, ZFP and VATPase were downregulated in response to
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slow dehydration when compared to hydrated controls
(Fig. 3).
Cryoprotective dehydration
The prolonged 14 days slow dehydration in the presence of
ice resulted in a water loss of 35% of the total body water
(Elnitsky et al. 2008a). The three Hsps, catalase, Mtn,
FAD, PLAP, fatty acyl CoA desaturase, actin, MSA, the
ZFP, and VATPase were strongly upregulated in response
to cryoprotective dehydration (Fig. 2). Expression of the
smHsp, fatty acyl CoA desaturase and VATPase was greater
for cryoprotective dehydration than for fast dehydration.
But, expression of Hsp90, Mtn, FAD, PLAP and actin was
not as strong as elicited by fast dehydration. Expression of
SOD, p450 and pacifastin did not diVer from that of the
controls (Fig. 2). Cryoprotective dehydration elicited a
response that was very similar to the response to slow dehydration (98% RH for 5 days) (Fig. 3).
Fast and slow rehydration
The rehydration treatments fully restored larval water content to their initial levels (Benoit et al. 2007). Most diVerences in gene expression that occurred during rehydration
were noted in larvae that were Wrst subjected to fast dehydration (36 h at 75% RH). The only notable change in
expression during rehydration following slow dehydration
was upregulation of Hsp90, while expression of the other
genes remained mostly unchanged (data not shown). Thus,
the following rehydration results focus on rehydration following fast dehydration.
Following dehydration, smHsp, Hsp70, fatty acyl CoA
desaturase and actin did not change in response to either
fast or slow rehydration (Fig. 3). Expression was elevated
by fast dehydration and it remained high during both types
of rehydration. Expression of SOD, Mtn, PLAP and ZFP
decreased following both types of rehydration (Fig. 3).
Hsp90, catalase, MSA, pacifastin and VATPase were less
expressed following fast rehydration, while P450 and FAD
expression remained unchanged (Fig. 3). FAD was the only
gene that was uniquely upregulated by slow rehydration
(Fig. 3d). Expression of the three Hsps, catalase, fatty acyl
CoA desaturase, actin, MSA, pacifastin and VATPase was
not changed by slow rehydration, beyond the strong
response noted during the initial fast dehydration regime
(Fig. 3), whereas SOD, Mtn, p450, PLAP and the ZFP were
downregulated in response to slow rehydration (Fig. 3).
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(Fig. 4); thereafter water content remained stable. Water
mass increases after 5 days in water were signiWcantly
diVerent than the controls, and this diVerence persisted for
the duration of the experiment (P < 0.05). After 1 week in
water, the larvae became less active and were clearly more
turgid. This coincided with a decrease in survival from
approximately 80% at the end of week 1 to nearly 50% by
the end of week 2 (Fig. 4). By the end of week 4, only 30%
of the larvae were still alive, and nearly all larvae died by
week 5 (data not shown). This was the only treatment that
caused mortality (also see Benoit et al. 2007). Only living
larvae were used for our analysis of gene expression.
SmHsp, Hsp70, Hsp90, SOD, catalase, Mtn, p450, FAD,
PLAP, fatty acyl CoA desaturase, actin, MSA, ZFP and
pacifastin were expressed more highly when larvae were
transferred from moist Wlter paper to water and held there
for 10 days (Fig. 5). The changes in expression of these 14
genes were evident after 24 h of submersion in water, and
these diVerences were still evident at 5 and 10 days; only
day 10 data are shown. Among the genes evaluated,
VATPase was the only gene that was not strongly upregulated by overhydration (Fig. 5f).

Discussion
One of the biggest challenges that an insect faces is maintaining water balance (Hadley 1994). Dehydration may lead
to signiWcant physiological injury including protein denaturation, nucleic acid damage and lipid peroxidation,
among others (Hansen et al. 2006) and can ultimately result
in death. The severe damage that dehydration generates is
better managed preventively than by attempting to repair
massive cellular damage, thus it is presumably advantageous to mount an early response to dehydration (Franca
et al. 2007). In this study, we have identiWed several genes
that respond to changes in the hydration state of the Antarctic
midge, B. antarctica.

Overhydration
When larvae were submerged in water, internal water content increased over the Wrst 10 days by approximately 10%
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Fig. 4 Survival and water mass of B. antarctica during overhydration.
The closed cells (Wlled square) indicate water mass and the open cells
(open square) indicate percent survival. Mean § SE, each N = 10
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Fig. 5 Northern blot hybridizations showing the eVects of overhydration in B. antarctica. The
treatments are control (C) and
overhydrated larvae held in
water for 10 days (OH). Only
living larvae were analyzed. 28S
was used as the control.
See text for names of genes

Heat shock proteins
Heat shock proteins are constitutively expressed in the
larvae of this midge (Rinehart et al. 2006), and our group
previously found no further upregulation in response to
dehydration (Hayward et al. 2007). We suspect that the discrepancy between our earlier results and the current dehydration response we note is due to the diVerent
methodologies used in our diVerent studies. In our previous
experiments, the larvae were held in water, a condition that
our current experiments suggest results in overhydration.
Although we still observed constitutive expression of Hsps
in our current study when larvae were assayed immediately
after collection from the substrate or held experimentally
on moist paper towels, we now see that Hsps can be further
upregulated when their hydration state is either increased
(overhydration) or decreased (dehydration).
Hsps are upregulated in response to dehydration in the
Xesh Xy, Sarcophaga crassipalpis (Tammariello et al.
1999; Hayward et al. 2004), the collembolan Folsomia
candida (Bayley et al. 2001), the eutardigrade Richtersius
coronifer (Jönsson and Schill 2007) and during rehydration
in the Xesh Xy, S. crassipalpis (Hayward et al. 2004). In
B. antarctica the smHsp and Hsp70 were expressed more
highly during the long cryoprotective dehydration treatment than by either fast or slow dehydration. Even though
cryoprotective dehydration represents a slower rate of
water loss than our fast 12 h treatment, it seems to be a
more stressful situation for larvae of B. antarctica, as evidenced by Hsp expression. Possibly the slow but constant

loss of water during this treatment, in addition to the lower
temperature, elicited a need for more chaperones. In addition, the stronger upregulation of the smHsp and Hsp70
when dehydration time increased from 12 to 36 h suggests
the need for these proteins during prolonged dehydration, a
result consistent with what we observed for cryoprotective
dehydration. As larvae lose more water, protein and membrane damage is likely to increase, as has been observed in
other organisms during water loss (Crowe et al. 1989,
Franca et al. 2007), and hence the upregulation of the
smHsp and Hsp70 during prolonged fast dehydration suggests that there is potentially more threat to protein integrity
and function during prolonged (36 h) fast dehydration than
during short (12 h) fast dehydration. Expression of Hsp90
was highest during fast dehydration and slow rehydration.
Expression of diVerent Hsps following dehydration and
rehydration was previously observed in the Xesh Xy; a
smHsp and Hsp70 were upregulated during dehydration,
while Hsp90 and Hsc70 were upregulated during rehydration (Tammariello et al. 1999; Hayward et al. 2004).
Antioxidant enzymes
One of the most deleterious eVects of dehydration in the
cell is oxidative damage (Hermes-Lima and Zenteno-Savín
2002, Franca et al. 2007). Though the origin of the excess
oxygen radicals is not fully understood, a tenfold increase
in oxidation as a result of dehydration was recorded in yeast
cells (Pereira et al. 2003). It is suspected that greater oxidation may play a major role in death caused by dehydration.
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Thus, protection against oxidation by enzymatic breakdown
of oxygen radicals is crucial during water loss. A universal
primary defense against oxygen toxicity is superoxide dismutase (SOD). SOD catalyzes the breakdown of the superoxide anion into hydrogen peroxide and oxygen. Hydrogen
peroxide is then broken down to water and oxygen by several enzymes, the main one being catalase. Our previous
work showed that SOD is highly expressed constitutively,
as well as responsive to heat shock, freezing and anoxia in
the larvae of B. antarctica (Lopez-Martinez et al. 2008).
The upregulation of SOD in response to dehydration was
greater than what we observed for freezing and anoxia, both
of which lead to production of oxygen radicals during oxygen reperfusion (Storey and Storey 2009). Possibly the
challenge of dehydration is stronger than the challenges of
the other stresses previously tested. SOD was upregulated
in response to dehydration in moss (Mayaba and Beckett
2003) and yeast (Pereira et al. 2003); in both of those systems SOD is thought to play a vital role in dehydration
tolerance, and we suspect that this is the case with
B. antarctica as well.
Catalase was also involved in the dehydration response
of B. antarctica. Catalase is linked to dehydration in yeast
(Franca et al. 2005), where a 70% increase in intracellular
oxidation was observed in catalase mutants. Catalase rapidly breaks down high concentrations of hydrogen peroxide
(Kranner and BirtiT 2005). Thus, as water is lost and osmolality increases during dehydration in B. antarctica (Benoit
et al. 2007), the increase in ROS may trigger a strong signal
for catalase expression. Recently, catalase clones from the
arctic collembolan, Onychiurus arcticus, were also isolated
in higher numbers from desiccated individuals than from
controls in an EST project (Clark et al. 2007). These results
suggest that catalase plays an important role during dehydration, possibly by eliminating hydrogen peroxide molecules that can lead to lipid peroxidation. This role for
catalase appears to be more critical during dehydration than
during rehydration.
DetoxiWcation
Metallothioneins (MTs) are a group of cystine-rich small
proteins involved in heavy metal detoxiWcation and cellular
homeostasis. These proteins sequester heavy metals,
sustain the balance of essential trace metals and maintain a
reservoir for copper and zinc (Sato and Bremner 1993).
MTs also have antioxidant capabilities by rapidly reacting
with hydroxyl radicals with a higher aYnity than to the
superoxide anion (Thornalley and Vasäk 1985). This is
especially important because there is no speciWc enzymatic
defense against the most potent reactive oxygen species, the
hydroxyl radicals (–OH). In addition to the response to
dehydration that we report here, we have recorded elevated

123

J Comp Physiol B (2009) 179:481–491

expression of Mtn2 in B. antarctica in response to freezing
and anoxia (unpublished observation), stresses known to
generate oxygen radicals. Thus, the upregulation of Mtn2 in
response to dehydration is consistent with a role for Mtn2 in
scavenging oxygen radicals during the process of water loss
and maintaining homeostasis of trace metals as osmolality
in the cell increases.
Cytochrome P450 monooxygenases, a huge family of
enzymes involved in the metabolism of endogenous compounds and xenobiotics (Scott and Wen 2001), have been
studied extensively (Feyereisen 1999; Li et al. 2007), but
the complete extent of their function is still not fully
known. The main reactions they catalyze can lead to reduction of harmful substances, including oxygen radicals, and
this is possibly their role in response to fast dehydration.
Membrane restructuring
Fatty acid desaturases catalyze the synthesis of mono- and
polyunsaturated fatty acids by introducing double bonds at
speciWc locations in the saturated fatty acid molecules
(Macartney et al. 1994). The 9 FAD that we cloned from
B. antarctica introduces a double bond at the 9 position.
In insects, changes in fatty acid composition of the membrane have been observed most frequently in response to
low temperature and in relation to homeoviscous adaptation
(Kontál et al. 2003; Kayukawa et al. 2007). However, in the
soil collembolan Folsomia candida, a large increase in the
proportion of mono-unsaturated fatty acids was also
recorded in response to drought tolerance (Bayley et al.
2001). Thus the strong upregulation we see in response to
fast dehydration and the consistent expression during rehydration indicates that membrane re-structuring likely occurs
during dehydration. Given that oxygen radicals are
increased by dehydration and that they target polyunsaturated fatty acids in the membrane, the activity of FAD, i.e.,
the increase in mono-unsaturated fatty acids in the membrane, may be important during dehydration to maintain
membrane integrity.
Fatty Acyl CoA 9 desaturases are also involved in
restructuring membranes, and these enzymes are essential
for regulating membrane Xuidity in eukaryotes (Eigenheer
et al. 2002). Most functional studies of these enzymes suggest they play an important role in maintaining homeoviscous adaptation during low temperature exposure and
acclimation by assisting in the membrane transition from
the liquid crystalline to gel phase (Drobnis et al. 1993;
Kontál et al. 2003). These desaturases also play a prominent
role in pheromone synthesis (RosenWeld et al. 2001). However, their role during dehydration has not been explored
previously; the most likely scenario is that upregulation of
this gene during dehydration is related to homeoviscous
adaptation or other forms of membrane reorganization.
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Membrane restructuring during water loss is crucial
because, as oxygen radicals increase, the cell requires both
a mechanism to prevent lipid peroxidation and the ability to
restructure its membrane to prevent rupture.
Phospholipase A2 activating protein is the enzyme that
activates phospholipase A2 (PLA2). Once activated this
enzyme cleaves fatty acids at the sn2 position of phospholipids (Oliver et al. 1995). Normally it is polyunsaturated
fatty acids, such as arachidonic acid, that are cleaved and
then replaced with more saturated fatty acids (Clark et al.
1991). This is beneWcial not only because it allows another
fatty acid to enter the membrane to change its Xuidity but
also because it can prevent lipid peroxidation. One of the
reactive oxygen species, singlet oxygen, can directly interact with polyunsaturated fatty acid side chains and initiate
lipid peroxidation (Halliwell 1987). A membrane that has
already been compromised by lipid peroxidation is more
likely to undergo further damage by oxygen radicals
(Hermes-Lima and Zenteno-Savín 2002, Franca et al.
2007). Therefore, the cleaving of side chains that will react
with oxygen radicals is likely to be a key component of the
dehydration survival mechanism used by this insect. Hence
the upregulation of phospholipase A2 activating protein
(PLAP), along with the desaturases, suggest that some
membrane restructuring occurs in response to water loss. In
such a scenario, we would not expect the upregulation of
PLAP to occur in response to rehydration because the membrane may not need to again change its conWrmation until
the fully hydrated state is achieved. The expression of FAD,
PLAP and fatty acyl CoA desaturase in response to dehydration suggests that a suite of enzymes is involved in protecting the cell and its membrane from damage due to water
loss.
Cytoskeletal genes
Actin is a major component of the cytoskeleton; this ubiquitous protein is involved in Wlament formation and is crucial for cell motility and locomotion (Lovato et al. 2001).
Like vertebrates, insects have muscle-speciWc actins
(MSAs), and in larvae these MSAs form Wlaments that are
found along the abdominal walls, in the head, and in the alimentary canal (Mounier and Prudhomme 1991). Actin is
upregulated in response to dehydration in the nematode
Steinernema feltiae, where it maintains the cell skeleton
and rapidly forms Wlaments as the nematode shrinks (Chen
et al. 2005). Thus, the high expression of actin and musclespeciWc actin that we observe in this study of B. antarctica
suggests that restructuring of both the cellular cytoskeleton
and the locomotory muscles of the larvae occur in response
to dehydration, rehydration and overhydration. A proteomics study recently completed by our group also shows
increased abundance of actin and several other contractile
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proteins in response to dehydration and rehydration (Li
et al. 2008), thus further validating the mRNA results
reported here.
Other genes
The zinc-Wnger protein (ZFP) we found in B. antarctica
may be responsive to stress in a similar fashion as other
zinc-Wnger proteins reported in desiccation-tolerant plants
(Sugano et al. 2003; Mukhopadhyay et al. 2004). The high
expression of a zinc Wnger protein in petunias leads to an
increase in drought tolerance and thus survival (Sugano
et al. 2003). We also found that ZFP was upregulated in
response to heat shock (1 h at 30°C), freezing (¡5°C for
2 days) and anoxia (unpublished observation), thus it is
possible that this particular ZFP gene is responsive to a
wide variety of stresses and that it is involved in maintaining cellular homeostasis.
A relatively new family of serine protease inhibitors, the
pacifastin family, has been found in arthropods (Simonet
et al. 2003). The function of this family of protease inhibitors is unknown, but they have been implicated in the prophenoloxidase activating system (ProPO-AS), which is part
of the immune system of arthropods and is involved in
wound healing and melanotic encapsulation. Even though
no activation of the ProPO-AS was observed in Schistocerca gregaria, the pacifastin peptides appear to contribute
to the immune system (Franssens et al. 2008). Pacifastin
peptides also have been found in the corpora cardiaca of
Locusta migratoria, suggesting a possible neurosecretory
function (Clynen et al. 2001). The upregulation of this
peptide in response to desiccation has not been reported
previously.
Vacuolar (H+) ATPases are proton pumps with a highly
conserved structure (Kane 2006). Their main function is
the acidiWcation of certain organelles such as lysosomes,
early and late endosomes, and the late Golgi apparatus
(Mellman et al. 1986). This acidiWcation is crucial for a
range of cellular processes such as ion homeostasis, protein sorting and degradation (Kane 2006). More recently a
link between oxidative stress and V-ATPase has been
found. In vma (V-ATPase subunits) mutants an increase
in the levels of reactive oxygen species was found,
accompanied by protein damage (Kane 2007). This dual
function of VATPases may be important during dehydration as they not only maintain acidiWcation of the cell but
also help counter the mass increase in reactive oxygen
species that occurs during dehydration. As water re-enters
the cell after dehydration, these pumps would presumably
be active to maintain regular cellular function. Previously
we found that this VATPase was upregulated in response
to freezing and anoxia in B. antarctica (unpublished
observation).
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Overhydration
We are aware of no other studies examining molecular
responses to overhydration in insects. We are not yet certain whether this elevation in water content represents an
intracellular or extracellular increase, but we suspect that
both are likely. Regardless of the location of this “extra
water”, the larvae can tolerate this condition for up to a
month. It is evident that starvation was not the cause of
mortality because control larvae were unfed for the same
period of time and did not die. Possible scenarios are that
mortality was caused by ion depletion or the high energy
expenditure of attempting to maintain water balance in distilled water through osmoregulation or the comprehensive
gene expression proWle seen here. The strong upregulation
of many of the genes we evaluated suggests a massive
defense strategy against an increase in body water. Many of
these genes are likely to be instrumental in maintaining
cellular homeostasis after the 10% increase in water content
caused by submersion in water. Given that larvae of
B. antarctica are commonly encountered in pools of rain
water and ocean spray, their ability to defend themselves
during events of overhydration is likely an important component of their survival strategy in the constantly changing
environment of the Antarctic peninsula during the austral
summer.

Conclusions
In summary, the Wfteen genes that were monitored after
dehydration, rehydration and overhydration deWne an array
of processes that occur during changes in the hydration
state and the cellular defenses that are mounted against
water loss. As water rushes out of the cell as it does during
dehydration (Hayward et al. 2007; Elnitsky et al. 2008a),
maintaining normal cellular function is key to survival. The
ability to sequester molecular chaperones such as Hsps may
be important for maintaining proper functions of other cellular proteins. The cell membrane likely becomes re-structured and unsaturated by FAD, PLAP and fatty acyl CoA
desaturases, while the antioxidant enzymes and metallothioneins scavenge oxygen radicals to prevent protein damage and lipid peroxidation in the membrane. Maintaining
cellular integrity requires the rapid production of actin Wlaments. It is important that, during this process, the normal
ionic balance of the cell is maintained by controlling cell
acidity (VATPase) and metal homeostasis (Mtn). Collectively, these genes we have identiWed are likely to enable
the midge larvae to respond to changes in hydration state
that are prevalent during the short austral summer when the
larvae are active and during the long Antarctic winter when
larvae are encased in an icy matrix.
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