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Abstract

cryoprotection of flies.
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Drosophila melanogaster experience cold shock injury and die when exposed to low non-freezing temperatures. In this
study, we generated transgenic D. melanogaster that express putative Ixodes scapularis antifreeze glycoprotein (IAFGP) and
show that the presence of IAFGP increases the ability of flies to survive in the cold. Male and female adult iafgp-expressing
D. melanogaster exhibited higher survival rates compared with controls when placed at non-freezing temperatures.
Increased hatching rates were evident in embryos expressing IAFGP when exposed to the cold. The TUNEL assay showed
that flight muscles from iafgp-expressing female adult flies exhibited less apoptotic damage upon exposure to non-freezing
temperatures in comparison to control flies. Collectively, these data suggest that expression of iafgp increases cold
tolerance in flies by preventing apoptosis. This study defines a molecular basis for the role of an antifreeze protein in
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Introduction

Arthropods have evolved various strategies - including freeze
tolerance, freeze avoidance, cryoprotective dehydration and rapid
cold hardening - to withstand lower environmental temperatures
[1,2]. Each of these approaches is often associated with the
production of specific chemicals such as antifreeze proteins
[1,2,3,4]. Antifreeze proteins lower the freezing point of body
fluids in a non-colligative manner while not significantly affecting
the melting point [5,6,7,8,9]. This property of antifreeze proteins
1s termed thermal hysteresis [7]. These proteins are classified into
two main types, “antifreeze proteins (AIFPs)” and “antifreeze
glycoproteins (AFGPs)” [3,4,5,8,9] . AFPs are further divided into
4 subtypes based on the structural differences and AFGPs are
divided into 8 subtypes based on the relative rates of electropho-
retic migration [3,5,7,8,9]. Since their identification in marine
teleost fishes from the Antarctic [6,10], AFPs and AFGPs have
been found in various arthropods [3,4,11,12,13,14,15].

The black-legged tick, Ixodes scapularis, vectors several pathogens
of medical importance, including the agents of Lyme disease and
human granulocytic anaplasmosis [16]. I scapularis is a freeze
avoiding arthropod that produces an AFGP-like agent [17]. The
putative 1. scapularis antifreeze glycoprotein (IAFGP) has a
predicted molecular mass of 23.2 kDa with signal peptide
sequence at N-terminus [17]. The IAFGP amino acid sequence
has a high percentage of identity with several fish AFGPs [17].
The alanine-alanine-threonine repeat sequences characteristic of
AFGPs and post-translational modification signals including O-
glycosylation sites were evident in IAFGP. Yeast cells transfected
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with TAFGP showed increased viability when exposed to cold
temperature [17] suggesting that expression of IAFGP confers cold
tolerance when expressed in other eukaryotes.

Drosophila melanogaster is freeze-intolerant insect that does not
possess antifreeze proteins. When exposed to temperatures
approaching 0°C for extended times D. melanogaster experience
cold-induced injury and enter into state of inactivity [18,19,20,21].
The cold-induced injuries for Drosophila can generally be classified
in to two categories [22]: injuries caused by acute stress or cold
shock (short exposures to intense cold temperatures) and injuries
caused by chronic or chilling stress (longer exposure to less intense
cold temperatures). It is hypothesized that exposure to acute cold
leads to membrane phase transitions causing immediate damage
to cell membranes [23] and exposure to chronic cold leads to
gradual equilibration of transmembrane ion gradients [24]. It is
noted that phase transition would also result in ion equilibration
[22]. However, the detailed molecular mechanisms of the cold-
induced injuries and the mechanistic link between these two types
of cold stress have not been established. The embryos of D.
melanogaster also show high lethality when exposed to both acute
and chronic cold stress [25,26]. Studies have reported that both
acute and chronic cold stress leads to apoptosis in some
mammalian cells [27,28,29,30] and D. melanogaster [21].

Cryopreservation of D. melanogaster stocks has been reported
[25,31] but is not routinely used because of the extremely high
lethality during freezing and the difficulty of the procedure.
Although Drosophila flies has a supercooling (temperature at which
body fluid nucleation occurs) below —20°C, it cannot survive brief
exposure at —5°C suggesting that death of flies is not caused by ice
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formation but rather due to cold-induced injury on membranes
[25,31]. It is unlikely that cryopreservation will be used regularly
until the problem of cold-induced injury during thawing cannot be
prevented. AFGPs and AFPs have been shown to confer
protection against both acute and chronic cold stress to membrane
components in many studies [32,33,34,35,36]. This protection
has been attributed to the interaction of AFGPs and AFPs with
the integral membrane components across membranes
[32,33,34,35,36]. Numerous studies have therefore used different
antifreeze proteins to help maintain D. melanogaster stocks at low
temperatures. Expression of fish type III AFP in D. melanogaster
under the control of promoters from Yolk protein genes revealed
no difference in cold tolerance in the transgenic flies [37].
Transgenic D. melanogaster expressing the spruce budworm,
Choristoneura _fumiferana AFP gene under the control of the Actin
5C promoter had no improvement in cold tolerance [38].
However, recent studies showed that expression of beetle Dendroides
canadensis AFP’s (DAFP) conferred some degree of cold tolerance in
D. melanogaster [39,40]. Studies have not determined whether
expression of arthropod AFGP confers cold tolerance in D.
melanogaster. In this study we generated transgenic D. melanogaster
that express I scapularis AFGP to examine whether expression of
iafgp confers cold tolerance in flies by preventing the problem of
cold-induced injury during cryopreservation.

Results

Generation of iafgp transgenic D. melanogaster
IAFGP plays a critical role in the ability of 1. scapularis to survive
in the cold [17]. We tested whether the expression of iafgp could
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alter the cold-tolerance of D. melanogaster, an arthropod commonly
used as a model for numerous scientific studies. A transformation
construct (p{UASp-iafgp}) was made with iafgp ¢cDNA using a
promoter under control of the Gal4 upstream activating sequence
(Fig. 1A). As a control, a construct carrying the mCherry gene was
generated (Fig. 1A). These constructs were transformed into D.
melanogaster embryos and transgenic fly lines were generated as
described [41,42].

Flies were then crossed with tubulin-Gal4-expressing flies and
adult progeny were analyzed for expression of the iafgp or mcherry
genes. RT-PCR analysis confirmed expression of the afgp or
mcherry genes (Fig. 1B). Quantitative PCR (Q-PCR) analysis
showed no differences in the expression of iafgh or mcherry in male
and female D. melanogaster (Fig. 1C & D).

Expression of iafgp increases cold tolerance of D.
melanogaster

To determine whether expression of iafgp increased the cold
tolerance of D. melanogaster, we first performed studies with adult
flies. Male and female flies were separately analyzed because of
reported differences in their cold tolerance [43]. We incubated
iafop or mcherry-expressing flies at 4°C and analyzed survival at
various time points (Fig. 2A & B). The lethal time-point 50 ('T'50)
at 4°C for control flies (tubGal4>mCherry flies) was 6—7 days for
males and 4-6 days for females (Fig. 2A & B). The twbGal4>1afgp
flies had an increased LT5, (7-8 days for males and 6-7 days for
females) compared with control flies (P<<0.05, Fig. 2A & B).
Significantly (~two—four fold, P<0.05) increased survival rates for
wafgp-expressing flies were evident at days 6, 7 and 8 time points for
both males and females in comparison to controls (Fig. 2A & B).
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Figure 1. Generation of /afgp-transgenic D. melanogaster. (A) Schematic representation of constructs used to generate iafgp-or mcherry-
transgenic D. melanogaster is shown. (B) RT-PCR results showing expression of iafgp or mcherry transcripts in iafgp-or mcherry-expressing male (M)
and female (F) flies. Reactions performed with no reverse transcriptase enzyme are shown as —RT. Levels of 285 gene transcripts were used as
controls. Quantitative PCR results showing levels of iafgp (C) or mcherry (D) transcripts normalized to the levels of 285 gene transcripts in iafgp-or

mcherry-expressing male and female flies.
doi:10.1371/journal.pone.0033447.g001
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Figure 2. Expression of jafgp increases cold tolerance in D.
melanogaster adult flies. Survival of male (A) and female (B) iafgp-or
mcherry-expressing flies after cold treatment at 4°C for 2, 4, 6,7, 8,9 and
10 days. Mean value from six independent experiments with 25 flies/
group/time point is shown. Error bars indicate (*) standard deviation
from the mean value. Statistical significance (P<<0.05) is indicated with
an asterisk and was calculated using ANOVA and Tukey’s post test.
doi:10.1371/journal.pone.0033447.9g002

None of the flies survived when incubated more than 10 days at

4°C (Fig. 2A & B).

Expression of iafgp increases cold tolerance of D.
melanogaster embryos

As IAFGP increased the ability of adult flies to survive in the
cold, we determined whether expression of /gp increases the cold
tolerance of D. melanogaster embryos. Q-PCR analysis confirmed
the presence of iafgp or mcherry transcripts in D. melanogaster embryos
(Fig. 3A & B). Cold tolerance assays with 12-16 h embryos were
performed as described in the methods. We incubated embryos
generated from mat-a-Gal4>1afgp or mat-o-Gal4>mCherry females at
—5°C for different lengths of time, restored them to 4°C for 4 h
and 25°C for 48 h, and analyzed the hatching of embryos
(Fig. 3C). Hatching assays showed that embryos with IAFGP were
more resistant to cold shock than controls with an increased ability
to hatch into larvae at all time points (2-3 fold, P<<0.01) in
comparison to controls (Fig. 3C). Embryos with IAFGP were also
more resistant (2-3 fold, P<<0.05) to —5°C cold shock for 120 min
in comparison to control even without 4°C incubation during
recovery (Fig. 3C). No differences in hatching between embryos
carrying IAFGP and controls were noted in the untreated groups
and embryos that were treated at 4°C for 4 h (P>0.05, Fig. 3C).
These results show that expression of iafgp increases the cold
tolerance of D. melanogaster embryos.
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Expression of iafgp protects D. melanogaster cells from
cold stress and apoptotic cell death

Studies have reported that cold induces apoptosis in both
mammalian cells and Drosophila [21,27,28,29,30,44,45]. To
characterize the functional role of IAFGP in cold tolerance of D.
melanogaster, we determined whether expression of wfgp protects
Drosophila cells from apoptotic cell death. A TUNEL assay
examined whether apoptosis occurred in response to injury caused
by exposure to the cold in flight muscle, which has previously been
shown to undergo increased apoptosis In response to cold
treatment [21]. TUNEL staining was performed with flight
muscles dissected from iafgp or mcherry-expressing female flies
incubated for 7 days at 4°C as described in methods. An increased
number of TUNEL positive nuclei were observed following cold
treatment in flight muscles from mCherry-expressing flies in
comparison to flight muscles from igfgp-expressing flies (Fig. 4A).
Furthermore, quantification of images (as described in methods)
revealed significantly increased number of TUNEL positive nuclei
in flight muscles from mCherry-expressing flies (~50%, P<<0.05)
incubated for 7 days at 4°C in comparison to flight muscles from
wfgp-expressing flies (~20%) (Fig. 4B). No difference was seen
between flight muscles isolated from untreated iafgp- and mCherry-
expressing flies (Fig. 4A & B). Collectively, these results show that
expression of wfgp protects D. melanogaster cells from apoptotic cell
death during cold treatment and thereby increases cold tolerance
in flies.

As IAFGP protects D. melanogaster flight muscle cells from cold
temperature stress and apoptotic cell death (Fig. 4), we analyzed
whether this effect is due to inhibition of apoptosis genes. We
performed immunoblotting of total lysates from iafgp or mcherry-
expressing male flies to examine the expression of both “initiator”
caspases (Caspase-2 and Caspase-9) and an “executioner” caspase
(Caspase-3), which are central players in the apoptotic pathway
[46,47,48,49]. Our immunoblotting assays using commercially
available antibodies generated against human caspase-2, -3 or -9
detected strong bands at the sizes ~35 KDa, ~38 KDa and
~47 KDa respectively in flies incubated at 25°C (untreated
control group) or 4°C for 6 days (treated group). In the untreated
group the intensity levels of all three bands were same in both afgp
and control transgenic flies (Fig. 5A, Table S1). However, in the
4°C-treated group, we found reduced levels of all three bands in
wafgp-expressing flies compared to the controls (Figure 5A, Table
S1). Enzyme linked immunosorbant assay (ELISA) using these
antibodies yielded similar results (Figure 5B). Collectively, based
on these studies we hypothesize that expression of IAFGP
increases cold tolerance in flies at least in part, by preventing
the initiation of apoptosis.

Discussion

Attempts to confer cold tolerance in D. melanogaster using fish
AFP type antifreeze proteins have been unsuccessful due to the
decreased activity of fish AFPs when expressed in arthropods
[37,38]. Arthropod AFPs are believed to have 10-30 times higher
activity than fish AFPs [50,51]. The effect of arthropod AFGP type
antifreeze protein on D. melanogaster cold tolerance remained
unknown. We have now generated transgenic D). melanogaster that
express 1. scapularis AFGP and showed that this arthropod AFGP-
like antifreeze protein confers cold tolerance in flies.

Cold stress at non-freezing temperatures results in transient
increases in cellular membrane permeability, leakage and cellular
damage [19,20]. Studies have shown that stabilization of cellular
membranes is an important factor for D. melanogaster to survive cold
stress [19,20]. Overgaard et al., found increased survivorship of D.
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Figure 3. Expression of /afgp increases cold tolerance in D. melanogaster embryos. Quantitative RT-PCR results showing levels of iafgp (A) or
mcherry (B) transcripts normalized to actin transcript levels in embryos collected from iafgp-or mcherry-expressing flies. Shown are the results from
three independent experiments. (C) Embryos were collected from iafgp-or mcherry-expressing flies after cold treatment at —5°C for 60, 90, 120 and
150 min. Percentage hatching of embryos to larvae was calculated as described in methods. Mean value from eight independent experiments with
20 embryos/group/time point is shown. Error bars indicate (+) standard deviation from the mean value. As controls, embryos incubated at 25°C
(untreated) or 4°C for 4 h or cold treated at —5°C for 120 min without 4°C pause were included. Statistical significance (P<<0.05) was calculated using

ANOVA and Tukey’s posttest.
doi:10.1371/journal.pone.0033447.g003

melanogaster upon rapid cold hardening (RCH), a protective effect
gained by gradual cooling, at temperatures slightly below freezing
[52]. Their study indicated that increased survival of D. melanogaster
after RCH is probably due to an increase in unsaturated fatty acids
in the membrane phospholipids. Although the RCH response was
shown to prevent lethal injury caused by acute cold exposure in
many insects [52,53,54], studies have not explored whether RCH
also imparts increased tolerance to chronic cold exposures. More
recently, increases in membrane cholesterol levels were associated
with increased cold tolerance in D. melanogaster [55]. Human
platelets maintained viability when stored with fish AFGP for 21
days at 4°C [34]. In the Rubinsky et al., study cow and pig oocytes
were chilled to 4°C and re-warmed in the presence of AFGP at
37°C [33]. Results from their study showed that AFGP helped
maintain the viability and membrane potential of these cells [33].
Furthermore, AFP type antifreeze proteins protect cells from cold
shock by inhibiting leakage across membranes containing
unsaturated chloroplast galactolipid [35,36]. Collectively, these
studies imply that antifreeze proteins can protect cells from both
cold shock and chilling injuries. In our experiments, transgenic D.
melanogaster adult flies and embryos exhibited higher survival and
hatching rates respectively after cold stress (Fig. 2 & 3), suggesting
a role for IAFGP in preventing injuries to the membrane caused
due to both acute and chronic cold exposures.

Loss of membrane stability is a feature of cells undergoing
apoptosis  [47,48]. We therefore analyzed whether IAFGP
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prevents the progression of apoptosis in flies. Several studies have
shown that apoptosis was induced upon both acute and chronic
cold exposures [21,44,45]. In addition to the loss of membrane
stability, apoptosis is characterized by condensation of the nuclear
chromatin and shrinkage of the cytoplasm [46,47,48,49]. Our
finding that flight muscles isolated from igfgp-expressing females
after cold stress have less TUNEL positive nuclei than control flies
(Fig. 4) reflects the role of IAFGP in preventing apoptosis.
Caspases such as caspase-2, -3 and -9 play important roles in
apoptosis [48,49,56]. There are seven caspase-like molecules in D.
melanogaster that are termed as DCP-1, DREDD/DCP-2, DRICE,
DRONC, DECAY, DAMM and STRICA/DREAM [57].
Compared to mammalian caspases, less is known about the
biology of D. melanogaster caspase-like proteins [57]. DECAY,
DRICE and DCP-1 shows high homology to mammalian caspase-
3 [57]. DREDD shows homology to caspase 2 and DRONC is a
functional homologue of Caspase-9 [57]. We postulate that the
antibodies directed against human caspases-2, -3 or -9 possibly
detected the respective D. melanogaster homologues. However, it
remains to be clarified whether presence of IAFGP has any impact
on caspase activation in flies.

Three scenarios may be envisioned for the role of IAFGP in the
cold tolerance. Firstly, IAFGP may directly stabilize membranes
by preventing denaturation of macromolecules, blocking ion
fluxes across membranes or by inhibiting the leakage of
liposomes. Secondly, IAFGP may directly block apoptosis and
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High proportion of TUNEL positive nuclei were evident in mcherry-expressing flies in comparison to iafgp-expressing flies. Flight muscles isolated
from untreated flies incubated at 25°C served as controls. Arrow head points to representative TUNEL positive nuclei. Scale bar represents 50 micron.
(B) Quantification of percentage of apoptosis as determined by TUNEL assay in (A). Error bars represents (+) standard deviation from the mean value.
ns indicates not significant. Statistical significance (P<<0.05) was calculated using Student’s t test.

doi:10.1371/journal.pone.0033447.g004

stabilize the membranes. Thirdly, IAFGP may work in concert
with other cold tolerance strategies such as RCH to maintain
stability of the membrane by blocking apoptosis progress. With
any of these models, our finding that iafgp-expressing D.
melanogaster show better survival at cold temperature suggests the
cold tolerance mechanism of flies can be augmented. Co-
expression of other synergistic components such as D. canadensis
AFP’s, in addition to 1 scapularis IAFGP may further improve cold
tolerance in flies. This study not only furthers our understanding
of the molecular basis of antifreeze protein-mediated cryoprotec-
tion in flies but also provide information on the mechanisms that
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are important in the stabilization of cellular membranes at low
temperatures.

Materials and Methods

D. melanogaster strains

D. melanogaster cultures were maintained using standard
procedures [58]. Ubiquitous expression of p{UASp-iafgp} and
p{UASp-mCherry} transgenes was achieved by crossing to P{ub-
Gal4}LL7 [59]. Embryos with a maternal contribution of either
wafgp or mCherry were collected from mothers expressing the
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transgenes under the control of p{mat-a-Gal4::VP16}, a strong
maternal Gal4 driver [60].

Construction of transgenes and generation of transgenic
lines

The iafgp coding region was amplified from pGEMT-iafgp [17]
using oligonucleotides P1 5" GGGGTACCGCCGCCACCATG-
ACGACTCTGCTTCGTCTGACT 3’ and P2 5" CGGGATCC-
CTACGCAGCCGCCGTAGCTGCCGT 3'. The polymerase
chain reaction (PCR) product was digested with Kpnl and BamHI
restriction enzymes and cloned into Kpnl-BamHI digested
pYS041, a UASp vector [61] modified to include a phiC-31 aitB
integration sequence downstream of the 3'-UTR (Y. Shimada and
Lynn Cooley). Schematic representation of the final transgenic
construct (p{UASp-iafgp}) 1s shown in Figure 1. p{UASp-mCherry}
was generated by cloning the TAPmCherry fusion described
previously [41] as a Kpnl-BamHI fragment into pYS041. These
two phiC31 integration constructs were purified using Qiagen
miniprep kit (Qiagen, USA) and micro-injected by Duke
University Model System Genomics into the AttP2 landing site
located at 68A4 [62]. Total genomic DNA from transgenic flies
was extracted using Qiagen DNeasy Blood and tissue kit (Qiagen,
USA) and analyzed for the presence of transgenes. Oligonucleo-
tides P1 & P2 were used to detect igfgp transgene and P3 5’
GCAGTGAGCAAGGGCGAGGA 3’ and P4 5" GGGGAAG-
GACAGCTTCAAGTAGT 3" were used to detect mcherry

transgene.

Adult fly cold tolerance assays

To generate experimental flies, afgp or mcherry transgenic male
flies were crossed with virgin p{tub-Gal4}LL7 female flies. Male
and female flies that hatched from this cross were separated and
reared up to 3 days at 25°C. One to three days old post-emergence
male and female flies were transferred to fresh 25 ml plastic vial
containing fly solidified food medium and placed at 25°C for an
additional day. These two to four day old post-emergence flies
were then split into seven groups with 25 flies/group in individual
25 ml plastic vials containing fly food medium and incubated at
4°C in the cold room. In order to maintain constant temperature
parameter throughout our independent experimental procedures,
incubations were carried out in cold room with no control on light
cycle. New plastic vials with solidified food medium were used in
order to prevent flies being extensively stuck in the food medium
during or after cold treatment procedure. After cold treatment at
4°C for 2, 4, 6, 7, 8, 9 and 10 days, plastic vials containing flies
were shifted to 25°C for 24 hours and analyzed for fly survival
rate. Those flies that are still lightly adhered to the solid food
medium were gently removed with brush or by gently tapping the
vial and analyzed for survival. Flies able to walk or fly or right
themselves were considered viable. Percentage of fly survival at
4°C was determined for each time point and survival curves were
generated from six independent experiments with 25 flies/group/
timepoint. Statistical significance was calculated using ANOVA
and Tukey’s multiple comparison tests.

Embryo cold tolerance assays

Virgin p{mat-o-Gal4::VP16} female flies were crossed with iafgp
or mcherry transgenic male flies. Male and females adult flies from
this cross were reared together up to two days post emergence in
250 ml plastic flask containing fly food and yeast paste. These flies
were then placed together in small embryo collection cages
(Genessee Sceintific, USA) with 60 mm petri dish (Becton
Dickinson, USA) containing apple juice agar medium. After four
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hours of embryo collection, petri dishes containing embryos were
removed from the embryo collection cages and stored at 25°C for
additional 12 hours to allow embryonic development to 12-16 h
stage. These 12-16 h embryos containing IAFGP or mCherry
were then split into 5 groups with 20 embryos/timepoint/group
and placed side-by-side on fresh 35x10 mm petri dish containing
apple juice agar culture media. Petri dishes containing embryos
are covered with lids and were immediately shifted to centrifuge
pre-set to —5°C. Petri dishes containing embryos were placed in
the centrifuge with the bottom of the petri dish facing metal
surface. After cold treatment at —5°Ci for 60, 90, 120 and
150 minutes, petri dishes containing embryos were shifted to 4°C
for 4 hours followed by 25°C for 48 hours to reacclimatize
embryos. As controls, embryos incubated at 25°C (untreated) for
48 h or 4°C for 4 h or cold treated at —5°C for 120 min without
4°C pause were included in the study. Percentage viability was
calculated based on the number of embryos hatched to the total
number of embryos placed in each petri dish. Eight independent
experiments were performed and statistical significance was
calculated using ANOVA and Tukey’s multiple comparison tests.

Quantitative Real-time PCR (QRT-PCR) Analysis

Total RNA from adult flies or embryos was extracted using
Qiagen RNeasy mini kit (Qiagen, USA) and converted to cDNA
using BioRad cDNA synthesis kit (BioRad, USA). The generated
cDNA was used as template for the amplification of iafgp or mcherry
mRNA. QRT-PCR was performed using iQ-SYBR Green
Supermix (Biorad, USA). QRT-PCR reaction conditions were
followed as described [17,63]. Standard curve was prepared using
10-fold serial dilutions of known quantities of iafgp or mCherry
amplicons. As an internal control and to normalize the amount of
template, actin or 28S amplicons were quantified and QRT-PCR
reactions were performed as described [63]. The levels of iafgp and
28S mRNA were quantified using oligonucleotides as described
[17,64], actin mRNA levels were quantified using oligonucleotides
5" CCCCAAGGCCAACCGTGA 3’ and 5" CAAATCGCGAC-
CAGCCAGA 3'.

TUNEL assay and microscopy

Flight muscles were dissected from female iafgp- or mCherry-
expressing flies after cold shock at 4°C for 7 days and from
untreated group (25°C incubation). Dissection of flight muscles
was performed in in PBS buffer and fixation in 4% formaldehyde
for 20 min, followed by washing and incubations in PBS
supplemented with 0.1% Triton X-100 (PBTx) as described
[41]. Tissues were then permeabilized in 100 mM Citrate/0/1%
Triton-X-100 for 30 min at 65°C and rinsed with PBS containing
0.5% Triton X-100 (PBTx5). Flight muscles were then processed
for TUNEL assay using In situ cell death detection kit, Fluorescein
(Roche, USA). Briefly, tissues were incubated in TUNEL Assay
buffer at 25°C for 30 min followed by incubation at 37°C for
30 min. TdT enzyme was added into the reaction buffer and
tissues were further incubated for 12 hours at 37°C followed by
washing with PBTx. Tissues were then fluorescently labeled with
4'6-diamidino-2-phenylindole (DAPI). DAPI and TUNEL stained
samples were viewed under inverted microscope (Axiovert 200;
Car Zeiss Inc.,) equipped with a confocal imaging system
(CARVIL; BioVision) and a camera (CoolSNAP HQ2; Photo-
metrics). Images were later edited using Image] (National Institutes
of Health) and assembled with Illustrator CS2 (Adobe) and
CorelDraw software. Percentage apoptosis was calculated based
on the number of TUNEL positive nuclei to the total number of
DAPI stained nuclei in each image and data was plotted using
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Microsoft Excel. A total of 15-30 images were analyzed in each
group.

Immunoblotting

Total lysates from male iafgp- or mCherry-expressing flies cold
shocked at 4°C for 6 days or from flies placed at 25°C without cold
shock were extracted and analyzed for the levels of apoptotic
markers. About 10 flies were homogenized using Pellet pestle
cordless motor and pellet pestle (Fisher Scientific, USA) in lysis
buffer 50 mM Hepes, pH 7.5, 150 mM NaCl, 5 mM EGTA,
0.5% Triton X-100, 10% glycerol supplemented with 1 xcomplete
protease inhibitor mix (Roche, USA). Protein concentrations were
measured using Bio-Rad protein assay reagent (BioRad, USA).
Proteins were separated on SDS-PAGE and analyzed by Western
blotting as described [65]. Antibodies directed against actin [65],
Caspase-2 (rat monoclonal Anti-Caspase 2, Clone 10C6, Milli-
pore, USA), Caspase-3 (rabbit polyclonal Anti-Caspase 3, Milli-
pore, USA) and Caspase-9 (rabbit monoclonal Anti-Caspase 9,
Abcam, USA) were used from commercial sources. Depending on
the primary antibodies the membrane was incubated with either
5% BSA or milk (according to the manufacturer’s instructions) in
Tween-20-Tris-buffered saline to bind non-specific sites. Anti-
mouse/rat/rabbit HRP conjugated IgG secondary antibodies
(Sigma) were used following primary antibody incubation and
enhanced chemiluminescence’s detection of antibody binding was
performed with the ECL™ Western blotting detection system
(GE Heathcare). Western blot images were then analyzed and
quantified in Adobe Photoshop following the method as described
[66]. The relative intensity of each band on the immunoblots was
calculated with respect to the actin levels. Quantification analysis
of the blots is shown in Table S1.

ELISA

ELISA was performed to detect apoptotic proteins in the total
lysates prepared from iafgp-or mcherry-expressing flies. Five
micrograms (100 ul) of total lysates from male iafgp- or mCherry-
expressing flies cold shocked at 4°C for 6 days or from flies placed
at 25°C without cold shock were coated onto ELISA plates
(NUNC, USA) and incubated at 4°C overnight. Control wells
were coated with 1% Bovine serum albumin in PBS. Following

References

1. Bale JS (2002) Insects and low temperatures: from molecular biology to
distributions and abundance. Philos Trans R Soc Lond B Biol Sci 357: 849-862.

2. Doucet D, Walker VK, Qin W (2009) The bugs that came in from the cold:
molecular adaptations to low temperatures in insects. Cell Mol Life Sci 66:
1404-1418.

3. Duman JG (2001) Antifreeze and ice nucleator proteins in terrestrial arthropods.
Annu Rev Physiol 63: 327-357.

4. Duman JG, Bennett V, Sformo T, Hochstrasser R, Barnes BM (2004) Antifreeze
proteins in Alaskan insects and spiders. J Insect Physiol 50: 259-266.

5. Davies PL, Baardsnes J, Kuiper MJ, Walker VK (2002) Structure and function
of antifreeze proteins. Philos Trans R Soc Lond B Biol Sci 357: 927-935.

6.  DeVries AL (1971) Glycoproteins as biological antifreeze agents in antarctic
fishes. Science 172: 1152-1155.

7. DeVries AL (1986) Antifreeze glycopeptides and peptides: interactions with ice
and water. Methods Enzymol 127: 293-303.

8. Geoghegan KF, Osuga DT, Ahmed Al, Yeh Y, Feeney RE (1980) Antifreeze

glycoproteins from Polar fish. Structural requirements for function of

glycopeptide 8. J Biol Chem 255: 663-667.

9.  Harding MM, Anderberg PI, Haymet AD (2003) ‘Antifreeze’ glycoproteins from
polar fish. Eur J Biochem 270: 1381-1392.

10. DeVries AL, Wohlschlag DE (1969) Freezing resistance in some Antarctic fishes.
Science 163: 1073-1075.

11. Graham LA, Liou YC, Walker VK, Davies PL (1997) Hyperactive antifreeze
protein from beetles. Nature 388: 727-728.

12. Patterson JL, Kelly TJ, Duman JG (1981) Purification and com-position of a
thermal hysteresis producing protein from the milkweed bug Oncopeltus
fasciatus. JComp Physiol. pp 539-542.

@ PLoS ONE | www.plosone.org

Expression of Tick Antifreeze Protein in Flies

incubation, samples were blocked and processed for respective
primary antibodies prepared in PBS-Tween20 (0.05%) buffer.
Primary antibodies used are mentioned in immunoblotting section
of the methods. Reactions were carried out as mentioned [63].
Samples were then incubated with respective secondary antibodies
conjugated to horseradish peroxidase followed by treatment with
TMB microwell peroxidase (KPL) for color development. The
reactions were stopped after 30 min using TMB stop solution
(KPL) and optical density (OD) was read at 450 nm.

Statistical analysis

Errors bars define (+) standard deviation from the mean values.
Statistical significance of differences observed in data sets was
analyzed using GraphPad Prism4 software and Microsoft Excel.
For data with small variation and to compare two means, the non-
paired Student ¢ test was performed. In adult and embryo cold
tolerance assays, one-way analysis of variance (ANOVA) followed
by Tukey’s posttest was performed to compare multiple means.
Tukey’s post test was performed with confidence interval set at
95% to find means that are significantly different from one
another. P values of <0.05 were considered significant in all tests.
Wherever necessary, statistical test and P values used are reported.

Supporting Information

Table S1 Quantification of Western blots shown in
Figure 5.
(DOC)

Acknowledgments

We thank Martin Heisig and Joy Tanaka for helpful discussions. We are
thankful for the technical support from Valeriy Rogulin. The authors
declare no competing interests or conflict financial interest.

Author Contributions

Conceived and designed the experiments: GN AMH HS LC EF.
Performed the experiments: GN AMH HS. Analyzed the data: GN
AMH HS LC EF. Contributed reagents/materials/analysis tools: GN
AMH LC. Wrote the paper: GN EF.

13. Sinclair BJ, Chown SL (2002) Haemolymph osmolality and thermal hysteresis
activity in 17 species of arthropods from sub-Antarctic Marion Island. Polar
Biology. pp 928-933.

14. Sjursen H, Somme L (2000) Seasonal changes in tolerance to cold and
desiccation in Phauloppia sp. (Acari, Oribatida) from Finse, Norway. J Insect
Physiol 46: 1387-1396.

15. Tursman D, Duman JG, Knight CA (1994) Freeze tolerance adaptations in the
centipede, Lithobius forficatus. Journal of Experimental Zoology. pp 347-353.

16.  Anderson JF, Magnarelli LA (2008) Biology of ticks. Infect Dis Clin North Am
22: 195-215, v.

17. Neelakanta G, Sultana H, Fish D, Anderson JF, Fikrig E (2010) Anaplasma
phagocytophilum induces Ixodes scapularis ticks to express an antifreeze
glycoprotein gene that enhances their survival in the cold. J Clin Invest 120:
3179-3190.

18. Gibert P, Moreteau B, Petavy G, Karan D, David JR (2001) Chill-coma
tolerance, a major climatic adaptation among Drosophila species. Evolution 55:
1063-1068.

19. Clerc SG, Thompson TE (1995) Permeability of dimyristoyl phosphatidylcho-
line/dipalmitoyl phosphatidylcholine bilayer membranes with coexisting gel and
liquid-crystalline phases. Biophys J 68: 2333-2341.

20. Quinn PJ (1985) A lipid-phase separation model of low-temperature damage to
biological membranes. Cryobiology 22: 128-146.

21. Yi SX, Moore CW, Lee RE, Jr. (2007) Rapid cold-hardening protects
Drosophila melanogaster from cold-induced apoptosis. Apoptosis 12:
1183-1193.

22. Sinclair B], Roberts SP (2005) Acclimation, shock and hardening in the cold.
J Thermal Biol 30: 557-562.

March 2012 | Volume 7 | Issue 3 | e33447



23.

28.

29.

30.

32.

33.

34.

36.

37.

39.

40.

41.

42.

43.

Lee RE, Jr. (1991) Principles of insect low temperature tolerance. In: Lee RE. Jr,
Denlinger DL, eds. Insects at Low Temperature. New York: Chapman and
Hall. pp 17-46.

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

Mazur P, Cole KW, Hall JW, Schreuders PD, Mahowald AP (1992)
Cryobiological preservation of Drosophila embryos. Science 258: 1932-1935.
Czajka MC, Lee RE, Jr. (1990) A rapid cold-hardening response protecting
against cold shock injury in Drosophila melanogaster. ] Exp Biol 148: 245-254.
Rauen U, Polzar B, Stephan H, Mannherz HG, de Groot H (1999) Cold-
induced apoptosis in cultured hepatocytes and liver endothelial cells: mediation
by reactive oxygen species. FASEB J 13: 155-168.

Kerkweg U, Li T, de Groot H, Rauen U (2002) Cold-induced apoptosis of rat
liver cells in University of Wisconsin solution: the central role of chelatable iron.
Hepatology 35: 560-567.

Doeppner TR, Grune T, de Groot H, Rauen U (2003) Cold-induced apoptosis
of rat liver endothelial cells: involvement of the proteasome. Transplantation 75:
1946-1953.

Soloff BL, Nagle WA, Moss AJ, Henle KJ, Crawford JT (1987) Apoptosis
induced by cold shock in vitro is dependent on cell growth phase. Biochem
Biophys Res Commun 145: 876-883.

Steponkus PL, Myers SP, Lynch DV, Gardner L, Bronshteyn V, et al. (1990)
Cryopreservation of Drosophila melanogaster embryos. Nature 345: 170-172.
Hays LM, Feeney RE, Crowe LM, Crowe JH, Oliver AE (1996) Antifreeze
glycoproteins inhibit leakage from liposomes during thermotropic phase
transitions. Proc Natl Acad Sci U S A 93: 6835-6840.

Rubinsky B, Arav A, Mattioli M, Devries AL (1990) The effect of antifreeze
glycopeptides on membrane potential changes at hypothermic temperatures.
Biochem Biophys Res Commun 173: 1369-1374.

Tablin F, Oliver AE, Walker NJ, Crowe LM, Crowe JH (1996) Membrane
phase transition of intact human platelets: correlation with cold-induced
activation. J Cell Physiol 168: 305-313.

Tomczak MM, Hincha DK, Estrada SD, Feeney RE, Crowe JH (2001)
Antifreeze proteins differentially affect model membranes during freezing.
Biochim Biophys Acta 1511: 255-263.

Tomczak MM, Hincha DK, Estrada SD, Wolkers WF, Crowe LM, et al. (2002)
A mechanism for stabilization of membranes at low temperatures by an
antifreeze protein. Biophys J 82: 874-881.

Duncker BP, Chen CP, Davies PL, Walker VK (1995) Antifreeze protein does
not confer cold tolerance to transgenic Drosophila melanogaster. Cryobiology
32: 521-527.

Tyshenko MG, Walker VK (2004) Hyperactive spruce budworm antifreeze
protein expression in transgenic Drosophila does not confer cold shock
tolerance. Cryobiology 49: 28-36.

Lin X, OTousa JE, Duman JG (2009) Expression of two self-enhancing
antifreeze proteins from the beetle Dendroides canadensis in Drosophila
melanogaster. J Insect Physiol 56: 341-349.

Nicodemus J, O’Tousa JE, Duman JG (2006) Expression of a beetle, Dendroides
canadensis, antifreeze protein in Drosophila melanogaster. J Insect Physiol 52:
888-896.

Hudson AM, Cooley L (2010) Drosophila Kelch functions with Cullin-3 to
organize the ring canal actin cytoskeleton. J Cell Biol 188: 29-37.

Shimada Y, Burn KM, Niwa R, Cooley L (2011) Reversible response of protein
localization and microtubule organization to nutrient stress during Drosophila
early oogenesis. Dev Biol 355: 250-262.

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

@ PLoS ONE | www.plosone.org

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.
62.

63.

64.

66.

Expression of Tick Antifreeze Protein in Flies

Vairetti M, Ferrigno A, Bertone R, Richelmi P, Berte F, et al. (2005) Apoptosis
vs. necrosis: glutathione-mediated cell death during rewarming of rat
hepatocytes. Biochim Biophys Acta 1740: 367-374.

. Xu RX, Nakamura T, Nagao S, Miyamoto O, Jin L, et al. (1998) Specific

inhibition of apoptosis after cold-induced brain injury by moderate postinjury
hypothermia. Neurosurgery 43: 107-114; discussion 114-105.

Allen RT, Hunter WJ, 3rd, Agrawal DK (1997) Morphological and biochemical
characterization and analysis of apoptosis. J Pharmacol Toxicol Methods 37:
215-228.

Kroemer G, Petit P, Zamzami N, Vayssiere JL, Mignotte B (1995) The
biochemistry of programmed cell death. FASEB J 9: 1277-1287.

Cryns V, Yuan J (1998) Proteases to die for. Genes Dev 12: 1551-1570.
Golstein P (1997) Controlling cell death. Science 275: 1081-1082.

Fletcher GL, Hew CL, Davies PL (2001) Antifreeze proteins of teleost fishes.
Annu Rev Physiol 63: 359-390.

Tyshenko MG, Doucet D, Davies PL, Walker VK (1997) The antifreeze
potential of the spruce budworm thermal hysteresis protein. Nat Biotechnol 15:
887-890.

Overgaard J, Sorensen JG, Petersen SO, Loeschcke V, Holmstrup M (2005)
Changes in membrane lipid composition following rapid cold hardening in
Drosophila melanogaster. J Insect Physiol 51: 1173-1182.

Lee RE, Jr., Chen CP, Denlinger DL (1987) A rapid cold-hardening process in
insects. Science 238: 1415-1417.

Powell SJ, Bale JS (2004) Cold shock injury and ecological costs of rapid cold
hardening in the grain aphid Sitobion avenae (Hemiptera: Aphididae). J Insect
Physiol 50: 277-284.

Shreve SM, Yi SX, Lee RE, Jr. (2007) Increased dietary cholesterol enhances
cold tolerance in Drosophila melanogaster. Cryo Letters 28: 33-37.

Tu S, McStay GP, Boucher LM, Mak T, Beere HM, et al. (2006) In situ
trapping of activated initiator caspases reveals a role for caspase-2 in heat shock-
induced apoptosis. Nat Cell Biol 8: 72-77.

Kumar S, Doumanis J (2000) The fly caspases. Cell Death Differ 7: 1039-1044.
Ashburner M (1989) Drosophila: a Laboratory Handbook. Cold Spring Harbor,
NY: Cold Spring Harbor Laboratory.

Lee T, Luo L (1999) Mosaic analysis with a repressible cell marker for studies of
gene function in neuronal morphogenesis. Neuron 22: 451-461.

Kaltschmidt JA, Davidson CM, Brown NH, Brand AH (2000) Rotation and
asymmetry of the mitotic spindle direct asymmetric cell division in the
developing central nervous system. Nat Cell Biol 2: 7-12.

Rorth P (1998) Gal4 in the Drosophila female germline. Mech Dev 78: 113-118.
Groth AC, Fish M, Nusse R, Calos MP (2004) Construction of transgenic
Drosophila by using the site-specific integrase from phage phiC31. Genetics 166:
1775-1782.

Neelakanta G, Li X, Pal U, Liu X, Beck DS, et al. (2007) Outer surface protein
B is critical for Borrelia burgdorferi adherence and survival within Ixodes ticks.
PLoS Pathog 3: e33.

Udaka H, Ueda C, Goto SG (2010) Survival rate and expression of Heat-shock
protein 70 and Frost genes after temperature stress in Drosophila melanogaster
lines that are selected for recovery time from temperature coma. J Insect Physiol
56: 1889-1894.

Sultana H, Neelakanta G, Kantor FS, Malawista SE, Fish D, et al. (2010)
Anaplasma phagocytophilum induces actin phosphorylation to selectively
regulate gene transcription in Ixodes scapularis ticks. J Exp Med 207:
1727-1743.

Luhtala N, Parker R (2009) LSM1 over-expression in Saccharomyces cerevisiae
depletes U6 snRNA levels. Nucleic Acids Res 37: 5529-5536.

March 2012 | Volume 7 | Issue 3 | e33447



