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Abstract

Virtually all temperate insects survive the winter by entering a physiological state of reduced
metabolic activity termed diapause. However, there is increasing evidence that climate
change is disrupting the diapause response resulting in non-diapause life stages encounter-
ing periods of winter cold. This is a significant problem for adult life stages in particular, as
they must remain mobile, periodically feed, and potentially initiate reproductive develop-
ment at a time when resources should be diverted to enhance stress tolerance. Here we
present the first evidence of protein/meat feeding restricting rapid cold hardening (RCH)
ability and increasing low temperature activity thresholds. No RCH response was noted in
adult female blow flies (Calliphora vicina Robineau-Desvoidy) fed a sugar, water and liver
(SWL) diet, while a strong RCH response was seen in females fed a diet of sugar and water
(SW) only. The RCH response in SW flies was induced at temperatures as high as 10°C,
but was strongest following 3h at 0°C. The CT,;» (loss of coordinated movement) and chill
coma (final appendage twitch) temperature of SWL females (-0.3 £ 0.5°C and -4.9 + 0.5°C,
respectively) was significantly higher than for SW females (-3.2 + 0.8°C and -8.5 + 0.6°C).
We confirmed this was not directly the result of altered extracellular K*, as activity thresh-
olds of alanine-fed adults were not significantly different from SW flies. Instead we suggest
the loss of cold tolerance is more likely the result of diverting resource allocation to egg
development. Between 2009 and 2013 winter air temperatures in Birmingham, UK, fell
below the CT,, of SW and SWL flies on 63 and 195 days, respectively, suggesting differen-
tial exposure to chill injury depending on whether adults had access to meat or not. We con-
clude that disruption of diapause could significantly impact on winter survival through loss of
synchrony in the timing of active feeding and reproductive development with favourable
temperature conditions.
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Introduction

To cope with winter most temperate insects enter a period of dormancy termed diapause [1].
Diapause is typically characterised by a sequestration of nutrient reserves, suppression of activ-
ity and metabolism, an arrest or slowing of development and increased tolerance to environ-
mental stress [2]. There is increasing evidence, however, that climate change is disrupting the
diapause program [3]. For example, in the blow fly Calliphora vicina, diapause is induced when
maternal adults detect a specific photoperiod in late-autumn, termed the critical day length
(CDL) [4]. Diapause is then initiated by third instar larvae of the subsequent generation as long
as temperatures do not exceed 20°C for adults, or 15°C for larvae [5,6]. A disrupting effect of
warmer autumns on diapause incidence has been noted in other species [3,7], and given the
widespread maternal induction of diapause [8], this phenomena is likely to impact a substantial
number of temperate insects. For some species, warmer conditions bring the benefit of longer
growing seasons and the opportunity to expand population size and spatial distribution [9,10].
For others, however, comes the increased risk of non-diapause (active and feeding) life stages
being exposed to winter cold [7,11].

For species such as C. vicina, if diapause is averted in late autumn, the adult stage cannot
persist for the entire winter. This poses a number of conflicting problems, including the need
to feed and remain mobile to forage, whilst also enhancing cold tolerance. Feeding is not con-
ducive to winter survival, however, for a number of reasons. Most insects studied to date can-
not survive freezing [12], including C. vicina [13], and many evacuate their gut prior to
overwintering or as a direct response to cold [14,15]. This is because their freezing temperature,
the supercooling point (SCP), is strongly influenced by the presence of ice nucleating agents
(INAs) such as food particles [16]. Indeed, there is strong evidence that the type of food con-
sumed can directly influence SCPs [6]. Even where freezing is not a risk, significant mortality
can occur due to cold injuries well above the SCP [17]. Insects can increase their cold tolerance
through gradual acclimation or rapid cold hardening (RCH) [3]. The latter representing the
ability to enhance survival of extreme cold through brief (minutes to a few hours) exposure to a
less severe temperature [17,18]. A RCH response has been identified in many species, including
some that naturally lack the ability to enter diapause [11,19] and is a reversible response that
can occur during any developmental stage or at any time of the year [20]. Consequently, it is
highly relevant to life stages active during winter, and potentially exposed to significant diurnal
temperature fluctuations. The physiological effects of feeding are further complicated by the
fact that adult feeding is often sufficient to switch resource allocation towards reproductive
development [4,21], thus diverting it away from stress response processes. For example, in C.
vicina and C. erythrocephala, meat/protein feeding initiates egg development [4], while for the
black blow fly, Phormia regina, it instigates reproductive gland development [21]. How adult
feeding might influence RCH, however, has never been studied.

As well as influencing cold survival, feeding can also alter thermal activity thresholds. For
all insects there is a defined thermal window of activity, and at temperatures outside of this
range, individuals become vulnerable to starvation and predation as well as chill-induced mor-
tality [22,23]. As insects are cooled, activity becomes impeded and walking speed decreases
until the ability to maintain coordinated movement is lost, termed the critical thermal minima
(CT nin)- Below this temperature, the individual eventually reaches a point of chill coma—a
reversible physiological state signified by a final appendage twitch [22]. The CT,y;, in particular
is recognised as an ecologically relevant measure of cold tolerance and a useful trait in predict-
ing ectotherm geographic distributions [24,25]. The dominant hypothesis regarding the causes
of chill coma is linked to loss of ion homoestasis during cooling, particularly increased extracel-
lular K7, resulting in depolarized muscle membrane potential (Vm) and loss of muscle
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excitability [26]. Dietary K" has also previously been linked to impaired movement [27], and
given the high K™ content of meat, the CT;, and/or chill coma temperature of winter active C.
vicina adults could be altered by feeding. Interestingly, dietary K+ did not alter chill coma tem-
peratures in the locust, Locusta migratoria, though it did influence chill coma recovery (CCR)
[28]. The complex diet in this latter study, however, would have altered much more than just
extracellular K+. One way to disentangle this complexity is to simply supplement the diet of
insects with alanine, which causes K" efflux in animal cells [29], and then examine the effects
of this ion imbalance on cold tolerance.

Against this background, the current study investigated the effect of meat feeding on the:
(1) RCH response (2) ability to acclimate (3) thermal activity thresholds, and (4) supercooling
capacity of C. vicina adults. To specifically address whether K" ion imbalance alone contributed
to differences in cold tolerance, we also supplemented the diet of flies with alanine. Finally, in-
situ temperature data was used to calculate the frequency (number of days) that temperatures
were below the CT;, threshold over the winter period in Birmingham, UK (52.4°N, 1.9°W), to
determine the risk of diapause disruption on population persistence.

Materials and Methods
Experimental flies

Calliphora vicina used in this study were originally sourced from the University of Birmingham
campus, Birmingham, UK (52.4°N, 1.9°W) in 2009 using olfactory-traps [30]. Lab cultures
were regularly replenished with wild caught individuals to prevent inbreeding [7].

Female cultures were established on the day of mass eclosion under photoperiodic and tem-
perature conditions typical of late-autumn/ early-winter (LD 12:12 h at 20°C). While we recog-
nise some geographic strains of C. vicina possess the ability to enter a reproductive diapause
[31,32], we have identified that Birmingham strain females continue to oviposit at LD12:12
and 10°C. Furthermore, winter active adults in the field fed on meat when temperatures were
below 5°C [33]. Thus, we can be certain that no females used in this study were in reproductive
diapause.

Females were either fed sugar, water and (pigs) liver (SWL) or just sugar and water (SW).
Sugar and water was provided ad libitum to ensure that no females were starved or dehydrated.
The SWL females received liver on d 4 and 6 post eclosion. The mineral content of swine liver
is summarised in Table 1.

Table 1. The standard mineral content (mg) of swine liver given per 100g.

Mineral Content per 100g (mg)
Calcium 26.0

Iron 6.4

Magnesium 12.0

Phosphorus 230.0

Sodium 860.0

Potassium 170.0

Zinc 2.3

Copper 0.24

doi:10.1371/journal.pone.0131301.t001
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The discriminating temperature

The discriminating temperature (DTemp) in RCH experiments is the exposure time and tem-
perature resulting in approximately 80% mortality [34]. This was determined following the
plunge method [35]. Groups of ten d 6 females were placed in 50 ml test tubes and plunged
into an alcohol bath (Grant LTD D6C, Grant Instruments, UK) set at temperatures ranging
from -4°C to -9°C (1°C increments) for 2 h. Survival was measured as the ability to regain
movement following 2h at 20°C (6 replicates of n = 10 for each treatment group), noting that
preliminary experiments found only negligible differences in mortality after 2h and 24h
recovery.

RCH and acclimation

RCH ability was assessed in d 6 SWL and SW females following 3 h at 0°C, 5°C or 10°C, before
exposure to DTemp (6 replicates of # = 10 for each treatment group).

Survival at the DTemp was also assessed in d 6 SWL and SW females following acclimation
to an ecologically relevant thermal cycling regime, ranging from 10°C to 20°C and back over a
24 h period (approximately 1.25°C h ™). [33]. Females were established under these conditions
at 10°C (00.00h) on d 1 and removed during the warming phase at 10°C, 15°C and 20°Con d 6
before direct transfer to DTemp (6 replicates of n = 10 for each treatment group).

Supercooling capacity

SCPs were recorded for d 6 SWL and SW flies by attaching individual females to type K
exposed wire thermocouples using a small amount of OecoTak A5 (Oecos Ltd, Kimpton, Hert-
fordshire, UK). Individuals were then placed into 1 ml Eppendorf tubes (Sigma-aldrich, Gil-
lingham, Dorset, UK), which were placed in boiling tubes submerged in a programmable
alcohol bath (two tubes per boiling tube) [36]. The temperature was reduced at 0.5°C min™
from 20°C (the culturing temperature) to -30°C, and the SCP was detected by an exothermic
output upon freezing. n= a minimum of 8 x 3 replicates per treatment.

CTnmin @and chill coma

The CT i, and chill coma of d 6 females were assessed by adapting the methods of Hazell et al.
[37] using a cooling rate of 0.2°C min™* from 20°C to -15°C. Preliminary experiments con-
firmed 100% of flies entered chill coma prior to this temperature. Females were placed in a cen-
tral cooling arena (40 mm in diameter x 7.5 mm in depth) that allowed passage of cooled fluids
from an attached alcohol bath (Haake Phoenix 11 P2, Thermo Electron Corp., Karlsruhe, Ger-
many). The arena opening was then covered with a microscope slide (76 x 26 mm). A type K
thermocouple connected to a thermometer (Tecpel Advanced Digital Thermometer DTM-315,
Heatmiser, UK) was inserted into the arena wall, which recorded the temperature throughout
the experiment. Activity was recorded using a digital camera (Infinity 1-1, Lumenera Scientific,
Ottawa, Canada) and macro-lens (Computer MLH-10X, CBC Corp., USA), and video record-
ing software (Studio Capture DT, Studio 86 Designs, Lutterworth, UK). Thermal thresholds
were determined upon subsequent video playback, with the CT,;, identified as the tempera-
ture at which coordinated movement was lost, and chill coma by a final appendage (typically
leg) twitch. This protocol was followed for both SWL and SW females with # = a minimum of
13 flies per treatment.
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Alanine supplementation

Newly eclosed females were maintained as outlined for SW females, with the exception of
being provided with 112 mM of alanine in the freely accessible water (1 g:100 ml water).
Females were then used for experiments on d 6 post-eclosion. Negligible mortality was noted
at this dose. The SCP, CT,,;, and chill coma temperatures were determined as described
previously.

The frequency of winter field temperatures below the CT

How frequently Birmingham winter temperatures fell below the CT;, of both SW and SWL
female C. vicina was calculated using climate data over the late-autumn/winter period (1**
October to the 31% April) from 2009 to 2013. Temperature data were recorded at 1 h intervals
using Tinytag Transit Dataloggers (Gemini Data Loggers Ltd, West Sussex U.K.) at a height of
20 cm—the same location as fly traps used to establish lab cultures. The number of days for
each month that temperatures fell below the CT ,;, (-3.2°C and -0.3°C for SW and SWL,
respectively) were used to produce the frequency data.

Statistical analysis

Lower thermal activity thresholds had to be calibrated against direct temperature recordings
from immobile females held within the cooling arena. Calibrated data were then subjected to a
Kolmogorov-Smirnov test to identify the distribution that best described results. All RCH, chill
coma and CT,;,, data were normally distributed and so analysed using separate General Linear
Models (GLMs) with adult feeding treatment (SWL, SW and alanine fed) and survival as fac-
tors, and the significant difference between groups identified using the Bonferroni post-hoc
test with an alpha threshold of 0.05. SCP were analysed using the Kruskal-Wallis test (as the
requirements for parametric testing were not met). All analyses were performed in SPSS
(v.20.0, IBM, New York, USA) and means are given £ S. E. M.

Results

Determination of the DTemp

There was a significant difference in the cold tolerance of SWL and SW females (F;; o = 297 4,
p<0.001), with post-hoc analysis revealing SW females were significantly more tolerant of 2 h
at -6°C (p<0.001), -7°C (p<0.001) and -8°C (p>0.05) (Fig 1). The DTemp was determined as
2 h at -8°C for SW females (20 + 2.6% survival) and 2 h at -7°C for SWL females (22 + 3.1%
survival).

RCH and acclimation

The SW females exhibited a clear RCH response (F; 53 = 13.0, p<<0.001), with significantly
enhanced survival at the DTemp following pre-treatments of 3h at 0°C (66.7 + 4.2%; p<<0.001),
5°C (60.0 + 5.8%; p<0.001) and 10°C (50.0 + 8.6%; p<0.01) (Fig 2).

The SWL females did not exhibit an increase in total survival at the DTemp following any
RCH pre-treatment, however there was a significant decrease in total survival following a pre-
treatment of 3h at 0°C (3.3 + 2.1%; F; 3 = 6.9, p<0.001).

Survival at the DTemp increased significantly in SW females following acclimation to the 6
d thermal cycle (F; »3 = 13.1, p<0.001), with a significant increase in total survival for females
removed at 10°C (56.6 + 4.2%; p<0.001), 15°C (55.0 + 5.6%; p<0.001) and 20°C (53.3 + 6.1%;
p<0.001) (Fig 3). Survival did not differ significantly between samples removed at the different
temperatures during the warming phase.
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Fig 1. Mean survival (¢S. E. M.) of Calliphora vicina females either developed on sugar, water and liver
(SWL), or sugar and water only (SW), following 2 h exposure to progressively lower sub-zero
temperatures (-4° to -9°C). Survival was assessed as spontaneous movement after 2h recovery at 20°C. *
denotes significant differences at p<0.05, ** at p<0.01 and *** at p<0.001 (Bonferroni post-hoc). 6
replicates of n = 10 for each data point.

doi:10.1371/journal.pone.0131301.g001

Increased survival at the DTemp was not detected for SWL females following the 6 d ther-
mal cycle (F; 53 = 1.9, p<0.168). Survival was consistently higher for SW females compared to
SWL females following all treatments.

Supercooling capacity

The SCPs were not significantly different between SWL (-10.3 + 0.5°C) SW (-11.0 + 0.6°C) or
alanine fed (-10.0 + 1.0°C) d 6 females (n = 79: Kruskal Wallis test: Chi* = 0.919, p=0.632).

&8 9 @ SW females (d 6)
% %k
ok OSWL females (d 6)
60 A *k
g
E 40 -
2
S
a
20 A
% %k
0 T 1

DTemp 0°C (3h) 5°C (3h) 10°C (3h)

Fig 2. Mean survival (£S. E. M.), as a measure of Rapid Cold Hardening (RCH) ability, of d 6 Calliphora
vicina females either developed on sugar, water and liver (SWL) or sugar and water (SW) only. RCH
was induced using three different constant temperature pre-treatments (3 h at either 0, 5 or 10°C). Survival
following RCH was compared with that following direct transfer to respective discriminating temperature
(DTemp—in shaded grey area for comparison). * denotes significant differences at p<0.05, ** at p<0.01 and
*** at p<0.001 (Bonferroni post-hoc), 6 replicates of n = 10 for each data point.

doi:10.1371/journal.pone.0131301.g002
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Fig 3. Mean survival (+S. E. M.), as a measure of Rapid Cold Hardening (RCH) ability, of d 6 Calliphora
vicina females either developed on sugar, water and liver (SWL), or sugar and water (SW) only. RCH
was assessed as survival at their respective discriminating temperatures (DTemp—in shaded grey area for
comparison) following a 6 d thermal cycle (between 10 and 20°C) at which adults were removed at either
10°C, 15°C or 20°C. * denotes significant differences from DTemp at p<0.05, ** at p<0.01 and *** at
p<0.001 (Bonferroni post-hoc). 6 replicates of n = 10 for each data point.

doi:10.1371/journal.pone.0131301.g003

CTmin @and chill coma

The temperature that females reached CT,;,, was significantly different between groups (F, 49
= 6.4, p<0.005), with post-hoc analysis identifying a significantly lower CT,y;, for SW

(-3.2 £ 0.8°C) than for SWL females (-0.3 + 0.5°C; p<0.005) (Fig 4). The CT ;, for alanine fed
females (-1.7 + 0.3°C) was intermediate, and not significantly different to either SW (p = 0.28)
or SWL (p = 0.29) females.

Physiological threshold

CTmin Chill coma
0 -~ T |
T
2 4 T
)
~— _4 .
E | I
3 * %k
o
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o
€
2 g @SW females (d 6)
OSWL females (d 6)
10 Oalanine fed females (d 6)

Fig 4. Mean chill coma and CT,,;;, temperature (£S. E. M.) of d 6 Calliphora vicina females either
developed on sugar, water and liver (SWL), sugar and water (SW) only, or sugar and a 112 mM
alanine-water solution (1 g:100 ml water). * denotes significant differences at p<0.05, ** at p<0.01 and
*** at p<0.001 (Bonferroni post-hoc). n = 13 to 17 replicates per data point.

doi:10.1371/journal.pone.0131301.g004
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25 BSW CTmin (3.2°C)
OSWL CTmin (-0.3°C)

Frequency (days)

2011
Month and year

Fig 5. The frequency (total number of days over each month) when temperatures were recorded
below the CT,,;,, for adult Calliphora vicina developed on a diet of sugar, water and liver (SWL; CT,in
of -0.3°C) or sugar and water (SW; CT,;;, of -3.2°C) only. Air temperature was recorded at an open field
site on the University of Birmingham Campus, UK (52.4°N, 1.9°W) from October 2009 to April 2013.

doi:10.1371/journal.pone.0131301.g005

The temperature that females reached chill coma was also significantly different between
groups (F 4; = 18.9, p<0.001). The temperature that SW females reached chill coma
(-8.5 £ 0.6°C) was significantly lower than for both SWL (-4.9 + 0.5°C; p<0.001) and alanine
fed (-8.6 £ 0.3; p<0.001) females (Fig 4). No difference was observed between SW and alanine
fed females (p = 1.0).

The frequency of temperatures below the CT i,

Over the course of the study period (1°* October to the 31°* April from 2009 to 2013) tempera-
tures were below the CT,;, for SWL (-0.3°C) and SW (-3.2°C) females for a total of 195 and 63
days, respectively (Fig 5). The frequency of events below the CT,;, were greatest in December
2010 for both treatments (SWL: 20 d and SW: 17 d).

Temperatures were not recorded below the CT,;,, for either SWL or SW females during the
months of October and November 2009 or April, October and November 2010. Temperatures
were below the CT\y;,, for SWL, but not SW, females in April (1 d) and October (2 d) 2010, Feb-
ruary (1 d) and December (2d) 2011 and March (1 d), April (2 d), October (2 d) and November
(2 d) 2012. For all remaining months temperatures were recorded below the CT,;, for both
treatment groups.

Discussion

Late autumn and early winter can be particularly stressful periods of the year for temperate
insects. At this time many species are still active and feeding, yet the chances of experiencing
unfavourable and rapid diurnal temperature fluctuations are high [3]. This scenario is likely to
worsen over the course of this century, as autumn temperatures are predicted to continue
increasing [38], and so delaying the onset of diapause[7,39]. Alternatively, warmer winters may
result in the early termination of diapause, as a result of depleted energy reserves [40] or ‘false’
termination cues [3]. There is certainly accumulating evidence of earlier spring emergence in
many species [41-43], and this scenario brings the risk of exposure to late winter frosts. Thus,
understanding how active (and feeding) life stages, not usually exposed to winter conditions,
may cope with cold stress is of fundamental importance in predicting changing patterns of
insect abundance and distribution under climate change.
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The blow fly Calliphora vicina represents an excellent model to investigate the impact of
winter feeding on cold tolerance because we have clear evidence of climate-driven changes in
this species phenology [7,33], and because adult female protein/meat feeding is crucial for egg
development/producing the next generation.

Previous work on C. vicina cold tolerance has largely focussed on larval stages, and noted
100% survival (to eclosion) following 8 d at -4°C in non-diapause larvae, and >70% survival
after 7 d at -8°C in diapause larvae [13]. The current study provides important new informa-
tion on the basal cold tolerance of adult females, and indicates they are considerably less able to
tolerate winter conditions. Following just 2h exposure to -6°C, the survival of both SW and
SWL females started to decline, falling to approximately 20% for SWL flies after 2h at -7°C,
with comparable survival following 2h at -8°C for SW females (Fig 1). These discriminating
temperatures (DTemps) are again higher than those of non-diapause and diapause larvae
(-10°C and -11°C respectively) [33]. Increased cold tolerance in larvae compared to adult life
stages has been observed in several other species, including the kelp fly, Paractora dreuxi [44]
and the Antarctic midge, Belgica antarctica [45]. Evidence from B. antarctica suggests that
selective pressures to develop in-situ physiological adaptations may be stronger in relatively
immobile larvae, while adults are able to relocate to more favourable micro-climates [46,47].
However, increased cold tolerance in the larval life stage is not a ubiquitous trait, with both
Drosophila serrata and D. birchii exhibiting comparable heat and cold tolerance across life
stages [48].

The SCPs of C. vicina females were not significantly altered by feeding (-10.3 and -11°C for
SWL and SW flies respectively), indicating that consuming liver does not increase the risk of
freezing. This is in contrast with species such as Bombus terrestris where feeding can have a
dramatic influence on SCPs as a result of introducing ice nucleating agents (INAs) into the gut
[11], but may be explained by the fact that C. vicina consume externally-/pre-digested food
that may contain fewer INAs. Certainly within the UK it is unlikely that winter active C. vicina
adults would regularly encounter temperatures below their SCP, however, it is worth noting
that a temperature of -13.4°C was recorded on the 20" December 2010. Furthermore, the likeli-
hood of encountering extreme low temperatures in Europe is predicted to increase as winter
temperatures become more variable [38,49,50]. In reality, adults are at low risk of succumbing
to direct (inoculative) freezing if they have the ability to relocate to warmer microclimates. The
impact of feeding upon activity thresholds, therefore, could be crucial in this regard.

Interestingly, both CT,;, and chill coma temperatures were altered as a result of consuming
meat. CT,,;, was reached at -0.3°C and -3.2°C for SWL and SW flies respectively, and these
represent thresholds at which adults would no longer be able to move to more thermally buff-
ered microhabitats or escape predation in the field. Over the four year study period (2009-
2013) there were 195 days when temperatures fell below the CT\,;, of SWL flies, but only 63
days for SW flies (Fig 5). In December 2010 there was a cumulative duration of 405 hours
when temperatures were below the CT,;,, for SWL adults. The mean chill coma temperature of
SWL females was -4.9°C (Fig 4), and temperatures below this threshold occurred on 26 sepa-
rate days between 2009 and 2013. By contrast SW flies had a mean chill coma temperature of
-8.5°C, and would have experienced only 9 days below this threshold over the same period.
Thus, meat feeding had a clear impact on thermal activity thresholds and, given that chill-
induced damage can occur at temperatures above those causing chill coma [23,51], the fre-
quency and duration of chilling injury (and subsequent mortality) would depend on whether
females in the field had fed on meat or not. [32,52].

The mechanism by which feeding alters low temperature activity thresholds is not entirely
clear, but chill coma is hypothesized to be a consequence of reduced extracellular ion homeo-
stasis at low temperatures [51,53,54]. Increased extracellular K is certainly a consistent effect
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of low temperature exposure [55], and can occur very rapidly, e.g. 2 h at -4°C in L. migratoria
[54]. Muscle fibre membrane potential is also dependent on extracellular K* [56], so it has
been suggested that increased extracellular K™ could cause muscle depolarization during cool-
ing [57]. This is supported by the fact that chill coma recovery coincides with recovery of ‘nor-
mal’ K™ [54]. Furthermore, impaired chill coma recovery as a result of feeding in the migratory
locust, L. migratoria, was linked to delayed ion (K" and Na") regulation in the muscle and hae-
molymph [28]. Thus, the high K* content of liver (Table 1) may help explain the elevated ther-
mal activity thresholds of SWL C. vicina. To test this directly, the diet of SW adult females was
supplemented with alanine, which is known to result in cellular K" efflux [29]. However, this
did not have a significant effect on CT;, or chill coma temperatures, suggesting changes in
extracellular K™ may not be directly involved. This idea is supported by previous studies in
locusts [58], crickets [51] and cockroaches [59] where chill coma occurs prior to significant
changes in ionic flux.

Even when inactivated by cold, insects can rapidly enhance their cold tolerance through
RCH [35]. The current study indicates that SW female C. vicina can initiate this response at
temperatures as high as 10°C (Fig 2) and under fluctuating thermal regimes (Fig 3) in common
with Eretmoptera murphyi [60]. The cold tolerance of SW females consistently increased as
pre-treatment temperatures were lowered (Fig 2), which again is consistent with other insect
studies [60,61]. Interestingly, the cold tolerance response induced under fluctuating tempera-
tures was also sustained during the warmest period of the cycle (20°C), which may prove
advantageous for C. vicina if sudden temperature fluctuations over the winter months become
more frequent as predicted under climate change [38]. Temperatures of 0°C are already experi-
enced by active females in late-autumn and early-winter, with adults consistently collected in
baited traps between 1** November and 31 December [34], a period experiencing 14, 30, 3 and
14 days with 0°C temperatures in 2009, 2010, 2011 and 2012 respectively. This makes it a real
possibility that survival of winter-active C. vicina is already being enhanced through the pro-
cess of RCH.

A key result in this study is that meat feeding prevented the RCH response under all treat-
ments as well as the acclimation response under fluctuating conditions (Figs 2 and 3). To our
knowledge, this is the first evidence to suggest that access to food can directly influence RCH.
It is unlikely that food particles were impeding RCH by acting as INAs, as the SCP of SW and
SWL females were not significantly different. As outlined above, it is also unlikely to be the
result of changes in extracellular K*. An alternative explanation is that an imbalanced diet
resulted in metabolic adjustments which influenced cold tolerance. For example, a low protein
diet caused increased lipid content in adult female D. melanogaster [60], and there is known to
be a positive correlation between body lipid content and cold tolerance in Drosophila sp. [61].
Andersen et al., [62] also identified more rapid chill coma recovery in D. melanogaster devel-
oped on a carbohydrate enriched growth medium, as did Sisodia and Singh [63] with D. ana-
nassae. Both these studies could help explain the greater cold tolerance of C. vicina SW flies.
However, this theory of increased lipid content under reduced access to protein conflicts with a
more recent D. melanogaster study [64], as well as the idea that compensatory feeding, i.e. over
ingestion of carbohydrates in a protein-poor diet [65] results in increased lipid storage and
reduced fitness [66,67]. Indeed there is considerable evidence in D. melanogaster that high lev-
els of dietary sugar negatively affect performance, including chill coma recovery [68]. In addi-
tion, all of these previous studies, with the exception of Andersen et al., [28], involve extended
dietary manipulations that span larval feeding stages, e.g. [62]; or several days during the adult
stage, e.g. 6 days [64]. In the current study, however, C. vicina larval diets were identical, and
access to meat was only restricted for 2 days in SW adult females—a very short period of time
when considering C. vicina adult longevity (25 d at 20°C) relative to that of D. melanogaster (7
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d at 20°C). This suggests it is not a responses to nutritional stress per se that caused the differ-
ences in cold tolerance.

Another hypothesis is that access to meat in SWL flies diverted resources towards reproduc-
tion and away from cold stress responses—thus impacting on RCH, CT\;, and chill coma phe-
notypes. Certainly for C. vicina, and other closely related blow fly species, meat feeding
instigates egg development and investment in reproductive processes [4,21,69], and for some
female Drosophilidae and Culicidae species even brief access to protein can switch resource
allocation towards egg development, diverting resources away from cold adaptation [63,64,70].
Evidence also suggests that meat feeding can induce changes in the composition of the fat body
initiating development of reproductive glands in adult male blow flies [69], raising the possibil-
ity of feeding impairing cold hardiness mechanisms in adult males, though this requires further
investigation.

Conclusion

Newly emerged adult C. vicina feeding on a carbohydrate-based diet possess a level of cold tol-
erance, and the ability to rapidly cold harden, which may allow them to survive the lowest tem-
peratures currently experienced in the UK. These adults cannot persist throughout the many
months of winter, however, and so must feed on meat to allow egg development. This study
has identified, for the first time, that meat feeding significantly impairs the RCH response in
insects, as well as increasing low temperature activity thresholds. Thus, even brief access to pro-
tein can shift resource allocation away from stress responses, influencing the frequency and
duration of chilling injury. There is increasing interest in patterns of energy trade-offs between
stress tolerance and other fitness traits as a result of diet [63,71], but studies in insects to date
have mainly focussed on Drosophila, which for many reasons is not always the best model to
investigate insect stress adaptation [23]. The next step is to characterise the physiological and
molecular processes underpinning this change, and ideally in a wider range of species.

Acknowledgments

We thank Dr Bobbie Johnson for her assistance in the culturing of experimental species and
the Biotechnology and Biological Sciences Research Council (BBSRC) for funding this research
(grant number BF/F016018/1).

Author Contributions

Conceived and designed the experiments: PC SALH. Performed the experiments: PC. Analyzed
the data: PC SALH. Contributed reagents/materials/analysis tools: PC SALH. Wrote the paper:
PC SALH JSB.

References
1. Tauber M, Tauber C, Masaki S. Seasonal Adaptations of Insects. OUP USA; 1986.
2. Denlinger DL. Regulation of diapause. Annu Rev Entomol. 2002; 47: 93—122. PMID: 11729070

3. Bale JS, Hayward SAL. Insect overwintering in a changing climate. J Exp Biol. 2010; 213: 980-94. doi:
10.1242/jeb.037911 PMID: 20190123

4. Saunders DS. Maternal influence on the incidence and duration of larval diapause in Calliphora vicina.
Physiol Entomol. 1987; 12: 331-338.

5. VazNunes M, Saunders DS. The effect of larval temperature and photoperiod on the incidence of larval
diapause in the blow fly, Calliphora vicina. Physiol Entomol. 1989; 14: 471-474.

6. McWatters HG, Saunders DS. Maternal temperature has different effects on the photoperiodic
response and duration of larval diapause in blow fly (Calliphora vicina) strains collected at two latitudes.
Physiol Entomol. 1998; 23: 369-375.

PLOS ONE | DOI:10.1371/journal.pone.0131301 July 21,2015 11/14


http://www.ncbi.nlm.nih.gov/pubmed/11729070
http://dx.doi.org/10.1242/jeb.037911
http://www.ncbi.nlm.nih.gov/pubmed/20190123

@’PLOS ‘ ONE

Feeding Restricts Rapid Cold Hardening Response

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

Coleman PC, Bale JS, Hayward SAL. Cross-generation plasticity in cold hardiness is associated with
diapause, but not the non-diapause developmental pathway, in the blow fly Calliphora vicina. J Exp
Biol. 2014; 217: 1454-61. doi: 10.1242/jeb.098053 PMID: 24436389

Mousseau TA, Dingle H. Maternal effects in insect life histories. Annu Rev Entomol. 1991; 36: 511—
534.

Musolin DL, Tougou D, Fujisaki K. Too hot to handle? Phenological and life-history responses to simu-
lated climate change of the southern green stink bug Nezara viridula (Heteroptera: Pentatomidae).
Glob Chang Biol. 2010; 16: 73-87.

Musolin DL. Surviving winter: diapause syndrome in the southern green stink bug Nezara viridula in the
laboratory, in the field, and under climate change conditions. Physiol Entomol. 2012; 37: 309-322.

Owen EL, Bale JS, Hayward SAL. Can Winter-Active Bumblebees Survive the Cold? Assessing the
Cold Tolerance of Bombus terrestris audax and the Effects of Pollen Feeding. PLoS One. 2013; 8:
€80061. doi: 10.1371/journal.pone.0080061 PMID: 24224036

Denlinger DL, Lee RE. Low temperature biology of insects. Denlinger DL, Lee RE, editors. Cambridge:
Cambridge University Press; 2010.

Saunders DS, Hayward SAL. Geographical and diapause-related cold tolerance in the blow fly, Calli-
phora vicina. J Insect Physiol. 1998; 44: 541-551. PMID: 12769936

Krunic M. Influence of food on the cold-hardiness of Megachile rotundata (F.). Can J Zool. 1971; 49:
863-865.

Olsen TM, Duman JG. Maintenance of the supercooled state in overwintering pyrochroid beetle larvae,
Dendroides canadensis: Role of hemolymph ice nucleators and antifreeze proteins. J Comp Physiol—
B Biochem Syst Environ Physiol. 1997; 167: 105—-113.

Salt RW. Principles of insect cold-hardiness. Annu Rev Entomol. 1961; 6: 55-74.

Bale JS. Insects and low temperatures: from molecular biology to distributions and abundance. Philos
Trans R Soc Lond B Biol Sci. 2002; 357: 849-62. PMID: 12171648

Teets NM, Denlinger DL. Physiological mechanisms of seasonal and rapid cold-hardening in insects.
Physiol Entomol. 2013; 38: 105-116.

Ju R-T, Xiao Y-Y, Li B. Rapid cold hardening increases cold and chilling tolerances more than acclima-
tion in the adults of the sycamore lace bug, Corythucha ciliata (Say) (Hemiptera: Tingidae). J Insect
Physiol. 2011; 57: 1577-82. doi: 10.1016/}.jinsphys.2011.08.012 PMID: 21872604

Czajka MC, Lee RE. A rapid cold-hardening response protecting against cold shock injury in Drosophila
melanogaster. J Exp Biol. 1990; 148: 245-54. PMID: 2106564

Stoffolano JG Jr. Influence of diapause and diet on the development of the gonads and accessory
reproductive glands of the black blowfly, Phormia regina (Meigen). Can J Zool. NRC Research Press
Ottawa, Canada; 1974; 52: 981-988.

Hazell SP, Bale JS. Low temperature thresholds: are chill coma and CT(min) synonymous? J Insect
Physiol. Elsevier Ltd; 2011; 57: 1085-9.

Hayward SAL, Manso B, Cossins AR. Molecular basis of chill resistance adaptations in poikilothermic
animals. J Exp Biol. 2014; 217: 6—15. doi: 10.1242/jeb.096537 PMID: 24353199

Coombs MR, Bale JS. Comparison of thermal activity thresholds of the spider mite predators Phyto-
seiulus macropilis and Phytoseiulus persimilis (Acari: Phytoseiidae). Exp Appl Acarol. 2013; 59: 435—
45. doi: 10.1007/s10493-012-9619-9 PMID: 23011107

Andersen JL, Manenti T, Sgrensen JG, MacMillan HA, Loeschcke V, Overgaard J. How to assess Dro-
sophila cold tolerance: chill coma temperature and lower lethal temperature are the best predictors of
cold distribution limits. Woods A, editor. Funct Ecol. 2014; 29: 55-65.

Hosler JS, Burns JE, Esch HE. Flight muscle resting potential and species-specific differences in chill-
coma. J Insect Physiol. 2000; 46: 621-627. PMID: 10742510

Hoyle G. Changes in the blood potassium concentration of the African migratory locust (Locusta migra-
toria migratorioides R. & F.) during food deprivation, and the effect on neuromuscular activity. J Exp
Biol. 1954; 31: 260-270.

Andersen JL, Findsen A, Overgaard J. Feeding impairs chill coma recovery in the migratory locust
(Locusta migratoria). J Insect Physiol. Elsevier Ltd; 2013; 59: 1041—-1048.

Cohen BJ, Lechene C. Alanine stimulation of passive potassium efflux in hepatocytes is independent of
Na(+)-K+ pump activity. Am J Physiol. 1990; 258: C24—C29. PMID: 2154112

Hwang C, Turner BD. Spatial and temporal variability of necrophagous Diptera from urban to rural
areas. Med Vet Entomol. 2005; 19: 379-91. PMID: 16336303

Vinogradova EB, Zinovjeva KB. Experimental investigation of the seasonal aspect of the relationship
between blow flies and their parasites. J Insect Physiol. 1972; 18: 1629-1638. PMID: 5053903

PLOS ONE | DOI:10.1371/journal.pone.0131301

July 21,2015 12/14


http://dx.doi.org/10.1242/jeb.098053
http://www.ncbi.nlm.nih.gov/pubmed/24436389
http://dx.doi.org/10.1371/journal.pone.0080061
http://www.ncbi.nlm.nih.gov/pubmed/24224036
http://www.ncbi.nlm.nih.gov/pubmed/12769936
http://www.ncbi.nlm.nih.gov/pubmed/12171648
http://dx.doi.org/10.1016/j.jinsphys.2011.08.012
http://www.ncbi.nlm.nih.gov/pubmed/21872604
http://www.ncbi.nlm.nih.gov/pubmed/2106564
http://dx.doi.org/10.1242/jeb.096537
http://www.ncbi.nlm.nih.gov/pubmed/24353199
http://dx.doi.org/10.1007/s10493-012-9619-9
http://www.ncbi.nlm.nih.gov/pubmed/23011107
http://www.ncbi.nlm.nih.gov/pubmed/10742510
http://www.ncbi.nlm.nih.gov/pubmed/2154112
http://www.ncbi.nlm.nih.gov/pubmed/16336303
http://www.ncbi.nlm.nih.gov/pubmed/5053903

@’PLOS ‘ ONE

Feeding Restricts Rapid Cold Hardening Response

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Vinogradova EB. Some principles of selecting natural material for rearing and the endogenous pro-
cesses in laboratory strains of the blowfly Calliphora vicina R.-D. (Diptera, Calliphoridae). Entomol Rev.
2011;91: 1-6.

Coleman PC. The physiology and ecology of diapause under present and future climate conditions in
the blow fly, Calliphora vicina. The University of Birmingham. 2014.

Lee RE, Chen CP, Denlinger DL. A rapid cold-hardening process in insects. Science. 1987; 238: 1415—
7. PMID: 17800568

Nunamaker RA. Rapid Cold-Hardening in Culicoides variipennis sonorensis (Diptera: Ceratopogoni-
dae). J Med Entomol. 1993; 30:5.

Bale JS, O’'Doherty R, Atkinson HJ, Stevenson RA. An Automatic thermoelectric cooling method and
computer-based recording system for supercooling point studies on small invertebrates. Cryobiology.
1984; 21: 340-347.

Hazell SP, Pedersen BP, Worland MR, Blackburn TM, Bale JS. A method for the rapid measurement of
thermal tolerance traits in studies of small insects. Physiol Entomol. 2008; 33: 389-394.

IPCC. Twelfth Session of Working Group 1, Summary for Policymakers. In: Alexander L, Allen S, Bind-
off NL, Breon F-M, Church J, Al E, editors. AR5 ed. Cambridge, UK: Cambridge University Press;
2013. pp. 1-36.

Stelzer RJ, Chittka L, Carlton M, Ings TC. Winter active bumblebees (Bombus terrestris) achieve high
foraging rates in urban Britain. PLoS One. 2010; 5: €9559. doi: 10.1371/journal.pone.0009559 PMID:
20221445

Hahn DA, Denlinger DL. Energetics of insect diapause. Annu Rev Entomol. 2011; 56: 103-21. doi: 10.
1146/annurev-ento-112408-085436 PMID: 20690828

Parmesan C. Ecological and Evolutionary Responses to Recent Climate Change. Annu Rev Ecol Evol
Syst. 2006; 37: 637-669.

Altermatt F. Temperature-related shifts in butterfly phenology depend on the habitat. Glob Chang Biol.
2012; 18: 2429-2438.

Penuelas J, Filella |. Responses to a Warming World. Science. 2001; 294: 64—65.

Terblanche JS, Marais E, Chown SL. Stage-related variation in rapid cold hardening as a test of the
environmental predictability hypothesis. J Insect Physiol. 2007; 53: 455-62. PMID: 17368475

Lee RE, Elnitsky MA, Rinehart JP, Hayward SAL, Sandro LH, Denlinger DL. Rapid cold-hardening
increases the freezing tolerance of the Antarctic midge Belgica antarctica. J Exp Biol. 2006; 209: 399—
406. PMID: 16424090

Rinehart JP, Yocum GD, Denlinger DL. Thermotolerance and rapid cold hardening ameliorate the neg-
ative effects of brief exposures to high or low temperatures on fecundity in the flesh fly, Sarcophaga
crassipalpis. Physiol Entomol. 2000; 25: 330-336.

Hayward SAL, Rinehart JP, Sandro LH, Lee RE, Denlinger DL. Slow dehydration promotes desiccation
and freeze tolerance in the Antarctic midge Belgica antarctica. J Exp Biol. 2007; 210: 836—44. PMID:
17297143

Hercus M, Berrigan D, Blows MAM, Hoffmann AA. Resistance to temperature extremes between and
within life cycle stages in Drosophila serrata, D. birchii and their hybrids: intraspecific and interspecific
comparisons. Biol J Linn Soc. 2000; 71: 403—416.

Woollings T, Harvey B, Masato G. Arctic warming, atmospheric blocking and cold European winters in
CMIP5 models. Environ Res Lett. 2014; 9: 014002.

Tang Q, Zhang X, Yang X, Francis JA. Cold winter extremes in northern continents linked to Arctic sea
ice loss. Environ Res Lett. 2013; 8: 014036.

MacMillan HA, Sinclair BJ. Mechanisms underlying insect chill-coma. J Insect Physiol. 2011; 57: 12—
20. doi: 10.1016/}.jinsphys.2010.10.004 PMID: 20969872

Faucherre J, Cherix D, Wyss C. Behavior of Calliphora vicina (Diptera, Calliphoridae) Under Extreme
Conditions. J Insect Behav. 1999; 12: 687-690.

Kostal V, Renault D, Mehrabianova A, Bastl J. Insect cold tolerance and repair of chill-injury at fluctuat-
ing thermal regimes: Role of ion homeostasis. Comp Biochem Physiol—A Mol Integr Physiol. 2007;
147:231-238. PMID: 17275375

Findsen A, Andersen JL, Calderon S, Overgaard J. Rapid cold hardening improves recovery of ion
homeostasis and chill coma recovery time in the migratory locust, Locusta migratoria. J Exp Biol. 2013;
216: 1630-7. doi: 10.1242/jeb.081141 PMID: 23348947

Macmillan HA, Williams CM, Staples JF, Sinclair BJ. Metabolism and energy supply below the critical
thermal minimum of a chill-susceptible insect. J Exp Biol. 2012; 215: 1366—72. doi: 10.1242/jeb.066381
PMID: 22442375

PLOS ONE | DOI:10.1371/journal.pone.0131301

July 21,2015 13/14


http://www.ncbi.nlm.nih.gov/pubmed/17800568
http://dx.doi.org/10.1371/journal.pone.0009559
http://www.ncbi.nlm.nih.gov/pubmed/20221445
http://dx.doi.org/10.1146/annurev-ento-112408-085436
http://dx.doi.org/10.1146/annurev-ento-112408-085436
http://www.ncbi.nlm.nih.gov/pubmed/20690828
http://www.ncbi.nlm.nih.gov/pubmed/17368475
http://www.ncbi.nlm.nih.gov/pubmed/16424090
http://www.ncbi.nlm.nih.gov/pubmed/17297143
http://dx.doi.org/10.1016/j.jinsphys.2010.10.004
http://www.ncbi.nlm.nih.gov/pubmed/20969872
http://www.ncbi.nlm.nih.gov/pubmed/17275375
http://dx.doi.org/10.1242/jeb.081141
http://www.ncbi.nlm.nih.gov/pubmed/23348947
http://dx.doi.org/10.1242/jeb.066381
http://www.ncbi.nlm.nih.gov/pubmed/22442375

@’PLOS ‘ ONE

Feeding Restricts Rapid Cold Hardening Response

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Wood D. The sodium and potassium composition of some insect skeletal muscle fibres in relation to
their membrane potentials. Comp Biochem Physiol. 1963; 9: 151-159.

MacMillan HA, Findsen A, Pedersen TH, Overgaard J. Cold-induced depolarization of insect muscle:
differing roles of extracellular K+ during acute and chronic chilling. J Exp Biol. 2014; 217: 2930-8. doi:
10.1242/jeb.107516 PMID: 24902750

Findsen A, Pedersen TH, Petersen AG, Nielsen OB, Overgaard J. Why do insects enter and recover
from chill coma? Low temperature and high extracellular potassium compromise muscle function in
Locusta migratoria. J Exp Biol. 2014; 217: 1297-306. doi: 10.1242/jeb.098442 PMID: 24744424

Kostal V, Yanagimoto M, Bastl J. Chilling-injury and disturbance of ion homeostasis in the coxal muscle
of the tropical cockroach (Nauphoeta cinerea). Comp Biochem Physiol—B Biochem Mol Biol. 2006;
143:171-179. PMID: 16364670

Simmons FH, Bradley TJ. An analysis of resource allocation in response to dietary yeast in Drosophila
melanogaster. J Insect Physiol. 1997; 43: 779-788. PMID: 12770456

Hoffmann AA, Hallas R, Sinclair C, Partridge L. Rapid loss of stress resistance in Drosophila melanoga-
ster under adaptation to laboratory culture. Evolution. 2001; 55: 436—8. PMID: 11308098

Andersen LH, Kristensen TN, Loeschcke V, Toft S, Mayntz D. Protein and carbohydrate composition of
larval food affects tolerance to thermal stress and desiccation in adult Drosophila melanogaster. J
Insect Physiol. 2010; 56: 336—40. doi: 10.1016/j.jinsphys.2009.11.006 PMID: 19931279

Sisodia S, Singh BN. Experimental Evidence for Nutrition Regulated Stress Resistance in Drosophila
ananassae. PLoS One. 2012; 7.

Colinet H, Renault D. Dietary live yeast alters metabolic profiles, protein biosynthesis and thermal
stress tolerance of Drosophila melanogaster. Comp Biochem Physiol A Mol Integr Physiol. Elsevier
Inc.; 2014; 170: 6-14.

Raubenheimer D, Simpson SJ. Integrating nutrition: A geometrical approach. Entomologia Experimen-
talis et Applicata. 1999. pp. 67-82.

Mayntz D, Raubenheimer D, Salomon M, Toft S, Simpson SJ. Nutrient-specific foraging in invertebrate
predators. Science. 2005; 307: 111-113. PMID: 15637278

Warbrick-Smith J, Behmer ST, Lee KP, Raubenheimer D, Simpson SJ. Evolving resistance to obesity
in aninsect. Proc Natl Acad Sci U S A. 2006; 103: 14045-14049. PMID: 16968774

Colinet H, Larvor V, Bical R, Renault D. Dietary sugars affect cold tolerance of Drosophila melanoga-
ster. Metabolomics. 2013; 9: 608—-622.

Strangways-Dixon J. The relationship between nutrition, hormones and reproduction in the blowfly Cal-
liphora erythrocephala (Meig.). J Exp Biol. 1961; 38: 225-235.

Robich RM, Denlinger DL. Diapause in the mosquito Culex pipiens evokes a metabolic switch from
blood feeding to sugar gluttony. Proc Natl Acad Sci. 2005; 102: 15912—-15917. PMID: 16247003

Anagnostou C, Dorsch M, Rohlfs M. Influence of dietary yeasts on Drosophila melanogaster life-history
traits. Entomol Exp Appl. 2010; 136: 1-11.

PLOS ONE | DOI:10.1371/journal.pone.0131301

July 21,2015 14/14


http://dx.doi.org/10.1242/jeb.107516
http://www.ncbi.nlm.nih.gov/pubmed/24902750
http://dx.doi.org/10.1242/jeb.098442
http://www.ncbi.nlm.nih.gov/pubmed/24744424
http://www.ncbi.nlm.nih.gov/pubmed/16364670
http://www.ncbi.nlm.nih.gov/pubmed/12770456
http://www.ncbi.nlm.nih.gov/pubmed/11308098
http://dx.doi.org/10.1016/j.jinsphys.2009.11.006
http://www.ncbi.nlm.nih.gov/pubmed/19931279
http://www.ncbi.nlm.nih.gov/pubmed/15637278
http://www.ncbi.nlm.nih.gov/pubmed/16968774
http://www.ncbi.nlm.nih.gov/pubmed/16247003

