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Abstract The Mediterranean land snail Xeropicta derben-
tina forms huge populations in Southern France. In order to
characterize heat exposure and the induction of the 70-kD
heat shock protein (Hsp70) response system during the life
cycle of this snail, a selected population from the Vaucluse
area, Provence, was investigated encompassing the issues of
morphological life cycle parameters (shell size and colour-
ation), the daily courses of heat exposure at different heights
above the ground, of shell temperature, and that of the
individual Hsp70 levels. The study covered all four seasons
of the year 2011. Snails were found to be annual, reaching
their final size in August. The shell colouration pattern
showed high variation in juveniles (spring) with a strong
tendency towards becoming uniformly white at old age in
autumn. In all seasons, ambient air temperature decreased
with increasing distance from the ground surface during
daytime while remaining constantly low in the night.
Overall, the Hsp70 level of individuals followed the ambient
temperature during diurnal and seasonal variations.
Correlation analysis revealed a positive association of indi-
vidual shell temperature and Hsp70 level for the most part of
the life cycle of the snails until late summer, whereas a
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negative correlation was found for aged animals indicating
senescence effects on the capacity of the stress response
system.
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Introduction

Climbing vertical structures to avoid lethal ground temper-
atures is a common and frequently recognized adaptive
behaviour of land snails to their environment (Aubry et al.
2006; Kiss et al. 2005; Storey 2002). Besides other behav-
ioural adaptations like burrowing in the soil during the day
or hiding beneath fallen leaves, climbing is one of the most
obvious responses of snails to adverse conditions in the field
during daytime. Measurements of the ground temperature
and several centimetres above show a dramatic decrease of
the air temperature even a few centimetres above the ground
(Kohler et al. 2009). Shifting the activity to the cooler and
moister night hours is another common behaviour of land
snails in their response to hot environments (Abdel-Rehim
1983; Di Lellis et al. 2012). In the climate of Southern
France with hot and dry summers, ground temperatures
frequently reach 50 °C and more. For snails that consist of
roughly 75 % water (Reuner et al. 2008), such temperatures
are lethal (Dittbrenner et al. 2009).

In Southern France, the land snail Xeropicta derbentina
(Krynicki 1836) (Gastropoda, Hygromiidae) is an intro-
duced species originating from the Eastern Mediterranean.
First records in France date from 1949 (Altena 1960; Kiss et
al. 2005; Aubry et al. 2006). Adults of X. derbentina reach
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shell sizes ranging between 10 and 16 mm in diameter, and
are generally characterized by a uniformly white shell.
Nevertheless, different colour morphs can be found in the
field especially in younger stages. Populations of X. derben-
tina may differ in morph composition, and different morphs
were also shown to vary slightly in their heat response (Di
Lellis et al. 2012). X. derbentina is quite often found in areas
that are or at least were used for agricultural purposes
(Aubry et al. 2005). Especially in open fields with scarce
vegetation, at the border of agricultural areas, and along
roads X. derbentina can be found in large numbers resting
at the top of grass-blades or other vegetation—sometimes
forming enormous clusters of hundreds of individuals at a
single spot. The climbing behaviour protects the snail from
potentially lethal temperatures of the soil in summer even
though ambient temperatures frequently exceed 40 °C for
several hours a day. This climbing behaviour is most likely
responsible for the rapid spread of X. derbentina in France
as snails resting on vehicles disperse rapidly along small
roads (Aubry et al. 2006). Apart from the passive means of
transport, the movement of these animals is extremely lim-
ited during the day. Once they have climbed up vertically,
they remain in the sunlight until sunset. Consequently, X.
derbentina cannot avoid extreme temperatures during hot
summer days and, therefore, has to deal with the experi-
enced high temperature in a different way to avoid over-
heating and desiccation.

Being confronted with thermal stress, almost all organ-
isms investigated so far are able to produce heat shock
proteins (=stress proteins, Hsps) to counteract this and other
stresses (Feder and Hofmann 1999; Serensen et al. 2003;
Kiang and Tsokos 1998) with the exception of some
Antarctic fish (Hofmann et al. 2000). Hsps are considered
part of an intracellular defence machinery that also includes
other physiological mechanisms protecting the cells from
damage and denaturation of proteins. The best investigated
Hsp family is that of Hsp70 (Mayer and Bukau 2005;
Daugaard et al. 2007). These structurally highly conserved
proteins act as molecular chaperones that assist in folding
newly produced proteins. Also increasing amounts of mis-
folded proteins inside the cell due to heat-induced denatur-
ation or other stresses, induce the production of Hsp70
proteins (Daugaard et al. 2007; Serensen et al. 2003).
Therefore, the increased concentration of Hsp70 proteins
can be used as a marker of effect for proteotoxicity. This
marker is frequently used in studies examining the tolerance
of organisms against heat (Tomanek and Sanford 2003;
Nakano and Iwama 2002; Dittbrenner et al. 2009; Di
Lellis et al. 2012; Kohler 2009; Kohler et al. 2009). As a
marker of effect, rising Hsp70 levels can be interpreted as a
response to the effects of heat. With respect to proteotoxic
stress, Hsp70 induction follows a distinct reaction curve
(Eckwert et al. 1997; Tomanek 2002). Starting with a base
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level that is expressed under “normal” conditions, the curve
rises with increasing stress. When proteotoxic stress reaches
a distinct (and population specific) level, no further induc-
tion is possible (Arts et al. 2004; Kohler et al. 2009).
Exceeding this point of stress leads to a collapse of the
Hsp70 protection system revealed in a rapid decrease in
the Hsp70 level, followed by the death of the organism or,
at least serious damage of its inner structures (Eckwert et al.
1997; Scheil et al. 2011).

As found in helicoid land snails (Dittbrenner et al. 2009;
Scheil et al. 2011), Hsp70 clearly increases when the ani-
mals heat up. Apart from the intensity of stress affecting the
increase of the Hsp70 level in the organism, the exposed life
stage also influences the degree of Hsp70 induction. Young
or larval stages are especially known to be able to induce
Hsp70 to a higher degree than older or senescent organisms
(Mayer and Bukau 2005; Kohler 2009). Furthermore, it was
shown that Hsp70 levels varied on a seasonal basis, month-
ly, or even on a daily scale (Nakano and Iwama 2002;
Tomanek and Sanford 2003; Schill et al. 2002; Kohler et
al. 2001). The induction of Hsp70 was found to vary
depending on the environmental conditions the species or
a specific population encountered. For example, two closely
related Sphincterochila species from two different habitats
(Mediterranean vs. desert) expressed different levels of
Hsp70 when they were exposed to adverse conditions,
reflecting a pre-adaptation to their environment (Arad et
al. 2010; Mizrahi et al. 2010, 2012).

To date, little is known about the diurnal changes in the
Hsp70 level under field conditions in different seasons of a
year, particularly for animals living in non-aquatic systems.
We investigated a selected population of X. derbentina in
respect to the daily course of their Hsp70 level in four
different months of 2011. Furthermore, we continuously
recorded the ambient temperature at different heights over
ground during all samplings. According to the known heat-
inducibility of stress proteins, we expected the Hsp70 level
of the snails to correspond to the external temperature pro-
file recorded in the field. Investigations covered different
months and, consequently, different life stages of this annual
species. Our aim was to provide a solid data basis to esti-
mate the severity of heat stress and the capacities of the
Hsp70 system to counteract this stress during the life-cycle
of this annual land snail species.

Materials and methods
Test organism
In this study, X. derbentina (Krynicki 1836), a hygromiid

land snail, was investigated. All samples of X. derbentina
were collected from a meadow in the vicinity of Modeéne,
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department Vaucluse, Southern France (N44°4.034" E5°
11.041"). Samples were taken randomly from this popula-
tion. The sampling site was not used agriculturally and no
pesticides were applied by the owner. Sampling took place
during four different months in 2011 to make sure that
different climatic conditions were present during sampling
and different life stages of X. derbentina could be collected.
Samples were taken on April 18, June 13, August 30, and
October 17, 2011. All samples were taken on sunny days
with none to only little cloudiness. In April, ten snails were
collected hourly and individually submerged in liquid nitro-
gen after recording the following parameters: (a) the heights
at which individuals were resting, measured with a yard
stick, (b) the temperatures at the surface of their shells, in
the middle of the first whorl, that was exposed to the sun,
using a medical precision thermometer (ELLAB Copenhagen,
type DM 825), (c) the shell diameter using a digital calliper,
and (d) the patterns of shell colouration as introduced by
Kohler et al. (2009). For X. derbentina, colour category 1
consisted of white shells only, while in category 2 animals
with a single small black or brown band near the umbilicus or
a brownish shell colour at the umbilicus side of the shell were
grouped. Category 3 snails bore two or more bands near the
umbilicus or one large intensely pigmented stripe on the
umbilicus side of the shell. Snails that were classified into
category 4 showed bands all over the shell as well as on its
upper part, in the vicinity of the protoconch. It was avoided to
touch snails during steps 1 and 2 of the above-mentioned field
measurements to prevent artefacts. All snails taken for the
Hsp70 analysis were collected from heights ranging between
5 and 20 cm above ground. In June, samples were taken the
same way as in April between 4 am and 11 pm, in August,
from 4 am to 10 pm, and in October from 5 am till 12 pm.
Morphological species determination of samples from this
population were carried out by W. Rihle, University of
Tiibingen, Germany and E. Gittenberger, University of
Leiden, the Netherlands. Genetic determination based on
COI gene sequencing was performed by S. Sereda and
T. Wilke, University of Giessen, Germany.

Hsp70 analysis

For Hsp70 analysis, only individuals which have been rest-
ing between 5 and 20 cm above the ground were taken. The
individually frozen samples were homogenized with appro-
priate volumes of extraction buffer (80 mM potassium ace-
tate, 5 mM magnesium acetate, 20 mM Hepes, and 2 %
protease inhibitor at pH 7.5) according to their body weight
including the shells. All homogenization steps were per-
formed on crushed ice to prevent degradation of proteins.
The samples were centrifuged for 10 min at 13,722 rpm
(=20,000 rcf) using an Eppendorf Centrifuge 5804R at 4 °C.
The protein content of the supernatants was determined

according to Bradford (1976) using 96-well plates and a
plate reader (Bio-Tek Instruments, Winooski, VT, USA).
Total protein (1040 pg/sample, depending on the intensity
of resulting Hsp70 bands in preliminary analyses) was ana-
lysed using minigel SDS-PAGE (12 % acrylamide, 0.12 %
bisacrylamide, 30" at 80 V plus 90" at 120 V). The proteins
were transferred to nitrocellulose membranes by semi-dry
electrotransfer. After incubation in blocking solution (50 %
horse serum in TBS) for 2 h, the nitrocellulose membranes
were incubated with the first monoclonal «-Hsp70 antibody
(mouse anti-human Hsp70, Dianova, Hamburg, Germany,
dilution 1:5,000 in 10 % horse serum / TBS) on a lab shaker
at room temperature overnight. This antibody cross-reacts
with all isoforms of the Hsp70 family. To remove surplus
Hsp70 antibodies, the nitrocellulose membranes were rinsed
in TBS for five minutes. After 2 h of incubation with the
secondary antibody (goat anti-mouse IgG conjugated to
peroxidase, Jackson Immunoresearch, West Grove, PA, di-
lution 1:1,000 in 10 % horse serum/TBS) the nitrocellulose
membranes were rinsed again for 5 min in TBS.
Subsequently, the membranes were stained in a solution
containing 1 mM 4-chloro(1)naphthol, 0.015 % H,O,,
30 mM Tris pH 8.5 and 6 % methanol. Digitalization of
the nitrocellulose membranes was carried out using an
Epson Perfection V350 Photo scanner. For each band, the
optical volume (= band area x average grey scale value) was
calculated with E.A.S.Y. Win 32 (Herolab, Wiesloch,
Germany). The optical volumes of the bands were related
to a standard sample containing supernatant of full body
extract of Theba pisana (Miiller 1774) snails. In each mini-
gel SDS-PAGE, this standard sample was run in duplicate.
All data (means+standard deviations) were calculated by
ten individuals.

Additional sampling for field distribution and colouring

In addition to the samples taken for Hsp70 analysis, 250
individuals were randomly collected from a randomly chosen
area of 1x3 m in the same meadow at each sampling event.
For each individual, the pattern of shell colouration, the shell
diameter, and the position (height above the ground) was
recorded. The shell temperature was not recorded here as these
additional samples were exclusively used for investigations on
the shell growth and colouration patterns.

Recording of temperature at different heights

During the time of each sampling event, the ambient tem-
peratures were recorded in ten different heights simulta-
neously. For this purpose, Type T thermocouples were
placed 1, 2, 3, 5, 10, 15, 20, 25, 30, and 40 cm above the
ground using a wooden stand. Each sensor was read out
every 15 seconds using a multi-channel data logger (Agilent
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34972A). In April, these measurements were carried out by
hand using a medical precision thermometer (ELLAB
Copenhagen, type DM 825) and a yard stick. In order to
condense these data, hourly mean temperatures were calcu-
lated for each height.

Statistics

All data were checked for normal distribution using the
Shapiro-Wilk W-Test in JMP 9.0.0. (SAS Institute Inc.).
Since the data were not normally distributed, non-
parametric tests had to be applied. To compare sample sets
describing the change of shell diameter during the year,
individual Wilcoxon tests were performed between all ex-
amined months. Correction for multiple testing was accom-
plished by adjusting the significance level according to
Bonferroni. The resulting «-level was 0.0083. Correlation
between the parameters Hsp70 level, shell temperature, shell
diameter, and climbing height were performed using SAS
JMP 9.0.0. A Spearman’s p test was performed to check for
significance and «-levels were also corrected according to
Bonferroni as mentioned above.

Results
Shell growth and colouration

During the 4 days of sampling in 2011, a total number of
1996 individuals were examined. In the course of the year, a
significant increase in shell diameter was observed between
April (4.62+£1.08 mm, n=490), June (9.99+1.30 mm, n=
538), and August (13.35+0.98 mm, n=478; all, Wilcoxon,
»<0.0001). In October (12.90+£0.95 mm, n=490), a slight
but significant decrease in shell diameter, compared to
August, was found (Wilcoxon, p<0.0001, Fig. 1).
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Fig. 1 Increase in shell diameter of samples taken in 2011. Boxes
indicate 25 %, 50 %, and 75 % percentiles of all samples taken during
the corresponding sampling day. Black dots=mean shell diameter,

whiskers=5 % and 95 % percentiles
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In addition to the observed increase of the shell diameter,
snails tended to have paler shell patterns in the course of the
year. Although a mixture of the pre-defined categories could
be found in April, where category 3 was the predominant
colouration (55 % of the total observed snails), almost the
entire population displayed a pure white shell in August
(96 %) and October (97 %) which was classified as shell
pattern category 1. In June, an intermediate situation was
present. Compared to the observations from April, a strong
increase in the frequency of category 1 snails (78 % cate-
gory 1 in June vs. 11 % in April) could be found. On the
other hand, the number of snails categorized into category 3
decreased from 55 % in April to 5 % in June. The compo-
sition of shell patterns in all four samplings is shown in
Table 1.

Hsp70 induction and ambient parameters

In June, the lowest measured temperature 5 cm above the
soil surface was 13.2 °C measured at 4 am. The maximum
temperature at the same height was 32.9 °C at 2 pm. In
August the temperature 5 cm above ground ranged from
10.4 °C (6 am) to 33.7 °C (3 pm). In these 2 months, the
temperature exceeded 30 °C during the day which made
conditions different from those in April and October. In
April the lowest temperature of all samplings was measured.
At a height of 5 cm above the soil surface, it was found to be
4.8 °C (4 am). The maximum temperature at this height in
April was 27.3 °C (5§ pm). In October, the temperature in
5 ¢cm above ground varied from 7.6 °C (7 am) to 23.0 °C (3
pm). In all months, an increase of air temperature after
sunrise was observed as well as a decrease after sunset. By
comparing the temperature at different heights, a gradient
with decreasing temperatures at increasing heights above the
ground was found to be established during the day. At night
and during sunrise and sunset, only little temperature differ-
ences were recorded at different heights. In April, sunrise
was roughly at 6:30 am and sunset roughly at 8:30 pm. In
June, sunrise took place around 6 am and sunset around 9:30
pm. In August, sunrise took place at approximately 7 am
and sunset at 8:30 pm. In October, sunrise took place at
roughly 8 am and sunset at 7 pm. On June 13th, a sudden
decrease in ambient temperature was recorded at all heights
at 4 pm. At this time, clouds temporarily covered the sky
and ambient temperature decreased transiently. Five centi-
metres above the ground the overall mean temperature of the
sampling day in April was calculated to be 14.1 °C, in June
22.3 °C, in August 22.9 °C, and in October 14.7 °C.
Temperatures at heights between 1 and 30 cm above ground
are presented in Fig. 2 for each sampling.

The daily course of shell temperature largely reflects the
course of ambient temperature. A daily increase in shell
temperature with progressively increasing time of exposure
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Table 1 Percentage of colour

morphs in the selected X. der- Month

Category 1 [%]

Category 2 [%] Category 3 [%] Category 4 [%]

bentina population in four dif-

ferent months in 2011 April (n=490) 11

June (n=538) 78
August (n=478) 96
October (1=490) 97

30 55 4
15 5 2
3 0 1
3 0 0

to solar irradiation was also recorded in all months, as
well as a decrease in shell temperature after sunset
(Fig. 3). In general, shell temperatures were higher even
at night, in June and August compared to the other
months.

The analysis of our samples revealed differences between
the 4 months of sampling, and even during a single day,
changes in Hsp70 induction were found (Fig. 4). Our study
showed that, in general, hot months lead to higher Hsp70
levels in X. derbentina. In April, a slight increase in the
Hsp70 level was revealed from sunrise until noon. The
highest relative Hsp70 level in April, however, was just
1.2. In June, the course of the Hsp70 level followed the
increase of ambient temperatures in the morning and the
decrease of ambient temperatures in the evening (Fig. 5). In
addition, a secondary peak of Hsp70 expression was found
at night, which decreased again at around midnight. The
highest relative Hsp70 level in June was 2.7. In the samples
taken in August, the highest Hsp70 level was 4.4 which was
also the maximum recorded for the entire year. Again, an
increase of Hsp70 was recorded at sunrise and in the

morning when ambient temperatures rose. Except for a
relatively low value at 1 pm, a steady increase of Hsp70
levels could be observed till sunset. After sunset, the Hsp70
levels decreased again. In contrast to the other months,
samples taken in October did not show any increase in the
Hsp70 level during the day. Instead of an increase in the
Hsp70 level that follows the ambient temperature, a slight
decrease was observed particularly from sunrise until noon.
Subsequently, Hsp70 levels rose again at the end of the day
until midnight. The highest measured relative Hsp70 level in
October was 0.7, even lower than in spring.

In April, June, and August, a significant positive corre-
lation between Hsp70 level and shell temperature was found
(Spearman’s p; April, tho=0.3380, n=236, p<0.0001; June,
rho=0.5339, n=209, p<0.0001; August, rho=0.3143, n=
190, p<0.0001) whereas in October a negative correlation
between these two factors was found (Spearman’s p;
rho=-0.3328, n=200, p<0.0001). Compared to the oth-
er months of sampling, the majority of the Hsp70 levels
measured in October were below those of the other
months (Fig.6).
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Fig. 3 Daily course of the shell temperature in four different months in
2011. Error bars indicate the standard deviation of ten samples taken
per hour. Each data point represents the mean value of ten individuals

In addition to these results, a negative correlation between
the Hsp70 level and the shell diameter was found for snails
collected in June (Spearman’s p; rho=-0.3596, n=209,
p <0.0001). For all other samples taken, no significant cor-
relation between these two factors was found. Furthermore, in
April a positive correlation between shell diameter and shell
temperature was revealed (Spearman’s p; rho=0.2558, n=
236, p<0.0001). No such findings were observed for the
samples which were taken in the other months. The factor
“climbing height” was recorded for every snail, but no corre-
lation was found between this parameter and any other factor.
However, since no general trend was visible for the other
months, these occasional differences must be attributed to
stochastic effects and should not lead to further interpretation.
Considering that more than 95 % of the population was found
to belong to category 1, no statistics were applicable to find
correlations between the colouration of the shell and other
factors. Only few or no snails were found to contribute to
category 3 or 4 in these months.

Fig. 4 Western blots for two A
different seasons and two
different sampling times. a
Samples from June 2011; /=

0 h, 2=15 h daytime. Ten
micrograms of total protein was
separated per lane. b Samples
from October 2011; /=0 h, 2=
15 h daytime. Forty micrograms
of total protein per lane were B
separated. Each band represents
a single individual

70 kD »
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Fig. 5 Daily course of mean Hsp70 levels (n=10) obtained from
samples taken in 2011. Error bars indicate the standard deviation of
ten samples taken per hour

Discussion

In the present study, a field population of X. derbentina from
Southern France (Modéne, Vaucluse) was used to investigate
the molecular stress response to ambient temperature. This
was accomplished during four different snapshots of a single
day, each of these in four different months of one year. In
addition to the Hsp70 analysis, we notice the development of
colouration and growth in individuals of this population.

Snail growth and colouring

During our samplings in April, June, and August 2011, an
increase in shell diameter was found. In April, most of the
individuals of this population were around 4.5 mm in diam-
eter; only few were larger than 6 mm. These small snails can
most likely be regarded as juveniles that had hatched in

1 2
Nty e gy E— -
._...1 _______________ E ______
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Fig. 6 Correlation between 2,04
Hsp70 level and external shell A
temperature in the four different .
months of sampling. a April. b
June. ¢ August. d October. In
April, June, and August, a
significant positive correlation
between Hsp70 level and shell
temperature was present. In
October, a significant negative
correlation of these factors was
found. For visualization

6,04

purposes, linear regression lines
were added to the figures

Hsp 70 level [relative optical volume]

0,0 T o T

spring of 2011. Occasionally found snails of >9 mm in size
were regarded as survivors from 2010. Similar findings were
previously reported for the semelparous annual species
Xeropicta arenosa (Staikou and Lazaridou-Dimitriadou
1991) in northern Greece as well as by Kiss et al. (2005) for
French populations of X. derbentina [as long as there is no
clarity as to whether X. derbentina (Krynicki 1836) and X.
arenosa (Ziegler) are actually the same species, we treat them
as two different ones]. Also for the population in focus of this
study, an annual life cycle must be proposed according to the
findings of Kiss et al. (2005) and Staikou and Lazaridou-
Dimitriadou (1991). In both cases, as well as in our findings,
the growth of the snails was continuous from spring until
autumn. In our samples the population reached its final mean
shell size in August 2011. Even the observed slight decrease in
mean shell diameter in October compared to that of August
does not support a biennial lifecycle. If hatching of the next
generation would have taken place until October, or if snails
would have entered aestivation, the mean shell diameter of the
sampled population in October would have been much
smaller than observed. During the entire sampling in
October, no juvenile snails were found in the field.

With respect to the change of the shell colouration pattern
of the snails during the course of the year, it was obvious
that almost all individuals of the population carried a uni-
formly white shell when snails have grown to their adult
body size in late summer. Particularly morphotypes that fit
the pre-defined “category 3” disappeared during the year.
Our data suggest that colouration pattern category 3 is

30 40 0 10 20 30

Shell temperature [°C]

typical for at least part of the juvenile snails. The banding
may “disappear” when newly produced parts of the shell are
forming the next whorl of the shell. Alternatively, the shell
pigmentation may fade because of bleaching in ultraviolet
light. Our study, however, did not yield information to
clarify this question. In other studies (K&hler et al. 2009;
Di Lellis et al. 2012) hints on this phenomenon are already
given. In their studies, samplings in May revealed partly
phenotypic “mixed” populations of X. derbentina as well.

Hsp70 induction

Since another study (Di Lellis et al. 2012) has revealed
influence of the factor “climbing height” on the Hsp70 level,
we have only used snails that were taken from a pre-defined
range of height for stress protein analysis. Within this range,
no significant effect of the climbing height or correlation
between this factor and another parameter was found. This
enabled us to relate the stress protein response to the factors
“temperature” and “season”.

In Southern France, X. derbentina snails that consist of
78 % water [including shell, measured as a mean of 15 fully
hydrated snails dried to the nearest 0.01 g body weight,
measurements performed by A.D. and U.F. in July 2011;
similar results were found in Cantareus apterus (Born 1778)
by Reuner et al. (2008)], have to face comparatively hot
conditions during the day. Due to their inactivity during the
day, they are not able to take up water from food or from
their environment to cool down or to prevent desiccation.
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During all samplings, activity of snails was found to take
place in the cooler night until the early hours of the morning
when the sun has not yet heated up the ground. No activity
was observed during the day, thus escaping higher temper-
atures by moving into shaded regions is not an option for X.
derbentina. Rising ambient temperature results in higher
temperature on the surface of the shell and, consequently,
also in higher temperature inside the body (Di Lellis et al.
2012). To prevent misfolding of proteins and to counteract
consequences of heat stress and desiccation, Hsp70 is usu-
ally up-regulated (Serensen et al. 2003; Mayer and Bukau
2005; Kohler 2009; Kiang and Tsokos 1998; Feder and
Hofmann 1999). In our study, a positive correlation between
the Hsp70 level and the temperature at the shell surface
could be observed for April, June, and August only. In the
samples taken in October, a negative correlation for these
two variables was found. When comparing the temperature—
stress response relationships from April and October, it
became obvious that snails lost their ability to react properly
to heat stress in October, even though ambient temperature
in these 2 months was almost the same. These findings may
have occurred for the following reasons.

It is known that older, senescent individuals have reduced
Hsp70 levels compared to younger ones (Serensen and
Loeschcke 2002; Mayer and Bukau 2005; Kohler 2009).
This may be due to an energetic trade-off between the
maintenance of the stress response system and reproduction
(Mizrahi et al. 2011). Furthermore, continuously repeated
exposure to high temperature during summer, accompanied
by a shortage in energy supply may have reduced the ability
of the snails’ cells to fully express the energy-costly Hsp
system. Moreover, the overwhelming of this stress response
machinery in turn could have resulted in cellular pathology
as shown by Dittbrenner et al. (2009), Scheil et al. (2011),
and S. Troschinski, University of Tiibingen (unpublished
data) for Mediterranean land snails. The limitation of the
stress protein system by environmental parameters resulting
in a reduced capacity of organisms to overcome environ-
mental stressors has already been postulated by Nakano &
Iwama (2002) and Tomanek (2002). In cases of “over-
whelmed” stress physiology, additional stressor action will
not result in an induction but rather in a decrease of Hsp70
levels (Eckwert et al. 1997; Tomanek 2002). It is likely that
the present results obtained for the October snails should be
seen as a consequence stemming from an exhaustion of the
stress response system as it was shown before by Scheil et
al. (2011) for X. derbentina.

Another assumption that could explain the absence of
Hsp70 induction in the October snails is, as reported in
many studies, that snails, especially in the Mediterranean
area, are often able to enter an aestivating phase when
conditions turn unfavourable. During this phase metabolism
is reduced and the internal milieu of the snails changes
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(Herreid 11 1977; Riddle 1981; Umezurike and Iheanacho
1983; Storey 2002). In our French field population snails
did not enter the aestivation phase in April, June, and
August as they were foraging on the ground in the night
hours during sampling. In October, snails were almost ex-
clusively found resting on the vegetation and only very few
snails were active during the night. If snails had entered a
temporal aestivation phase due to physiological exhaustion,
the low level and limited induction of Hsp70 in snails
collected in October could be explained according to the
findings of Reuner et al. (2008) who found dormant snails
not to express much Hsp70 compared to heat-shocked active
ones. Kiss et al. (2005) have shown that populations of X.
derbentina may be able to change their survival strategy and
shift from an annual to a biennial life-cycle, and some of
these populations were found to aestivate. In our population,
it is more likely that snails entered a short-term aestivation-
like phase to temporarily cope with a prolonged phase of dry
conditions during autumn 2011. Equivalent to the findings
in 2011, predominately small snails were found in spring
2012 on the same sampling ground (personal communica-
tion C. Mazzia, University of Avignon). Therefore, it is
highly unlikely that large parts of the population had entered
a prolonged aestivation phase. In this case, snails with
intermediate shell sizes would have been found in spring
2012. As no aestivation was observed, apart from some
periods in autumn, we conclude that aestivation is not part
of the survival strategy of the investigated population.

Our results reveal not only a seasonal change of Hsp70
level as reported in several other studies (Nakano and
Iwama 2002; Tomanek 2002; Tomanek and Sanford 2003;
Arad et al. 2010), but, for one of the few times (Ulmasov et
al. 1999), also a daily change in Hsp70 expression in the
field. Regarding this daily course it is obvious that Hsp70
levels follow the increase in ambient temperature. In April,
where temperatures were lower than in June or August, only
a slight increase in the Hsp70 level could be shown during
the day. This slight increase indicates that ambient temper-
atures at that time seemed to generally be below the thresh-
old temperature at which X. derbentina starts to up-regulate
Hsp70 for their survival. According to Kohler et al. (2009)
this threshold temperature should be estimated to be around
30 °C. In experiments where X. derbentina was exposed to
different temperatures, 24-25 °C was used as a control
(Dittbrenner et al. 2009; Kohler et al. 2009; Scheil et al.
2011). On the day of data collection in April, temperatures
>25 °C occurred for 5 h only with a measured maximum of
27.3 °C. In June, the Hsp70 levels followed the rise of
ambient temperatures till early afternoon and decreased
again with sunset in the evening. Additionally at night, a
slight elevation of the Hsp70 level was found. This addi-
tional Hsp70 peak most likely corresponds to the activity
period of the snails that typically starts a few hours after
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sunset, when temperatures had decreased. During this peri-
od, snails were often found on the ground, eating, moving
around, and probably being in a phase where the snails have
to deal with balancing their internal milieu and producing
new proteins (Herreid I 1977; Riddle 1981; Umezurike and
Iheanacho 1983; Storey 2002). This happens at a time of the
year when snails have not yet reached their final body size,
as shown by our results on shell size. Hence, the induction
of Hsp70 during the night could be seen as a consequence of
the need to chaperone newly synthesized proteins necessary
for the animals’ growth (Kdhler 2009; Mayer and Bukau
2005). In August, the daily course of Hsp70 was shown to
remain at a high level but with high standard deviations. A
possible reason for this effect could be the interaction of
high temperature at that time of the year and the energy-
costly proceeding maturation of reproductive organs. This
may have led to a beginning collapse of the Hsp70 protec-
tion system in some individuals. Particularly those snails
that are still growing and have not entered maturation
seemed to produce high levels of Hsp70 to counteract heat
stress; others, which have grown to their final size, may
have started with egg production which poses an additional
stress on them, overcharging the capacity of the molecular
stress response and resulting in a sub-optimal Hsp70 level.
In October temperatures did not reach 25 °C. The recorded
maximum in October was 23.0 °C. Given the fact that such a
temperature is not high enough to induce Hsp70, only a
“base level” of constitutional Hsp70 should remain which
was the case in our investigation.

The negative correlation of Hsp70 level and temperature
with the rather small range of this “base level” supports the
above mentioned assumption of a “physiological exhaus-
tion” of most X. derbentina individuals by the long-term
heat exposure plus reproduction effects that they have ex-
perienced in late summer and particularly autumn.

Our study showed growth and stress response of X.
derbentina to be in accordance with the requirements posed
on an annual population of invertebrates. In spring and early
summer, the Hsp70 response remains adequate to counteract
possible heat effects, as the strong positive association of
ambient temperature and Hsp70 level indicates. This situa-
tion seems to continue for a number of individuals also until
the late summer, while others already show symptoms of
exhaustion of the stress response system. In autumn, the
limited capacity to induce Hsp70 suggests senescence.
Most individuals die at the end of the year.
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