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Abstract

Different populations of organisms occurring across varying thermal regimes show diversity in responses to heat stress.
We use a “common garden experimental” approach designed to deal with phenotypic plasticity to study in Lymnaea stagnalis
(Linnaeus, 1758) the behavioural and molecular responses to a heat shock in laboratory-inbred snails (W-strain) and freshly
collected snails (Stony strain) from ponds. In the W-strain, which has been reared under standardized temperatures for gener-
ations, the exposure to 30 °C for 1 h (heat shock, HS) when experienced after a novel “taste” results in a taste-specific aversion
known as the “Garcia effect”. This learned avoidance requires the upregulation of heat shock proteins (HSPs). In contrast,
freshly collected Stony strain, which experiences temperature fluctuations regularly, does not exhibit a Garcia effect. Here, we
found that (1) Stony-strain snails have higher basal mRNA levels of HSPs than W-strain ones; (2) in the W-strain, the training
procedure to cause the Garcia effect upregulates the mRNA levels of HSPs and key neuroplasticity-related genes such as CREB1
and GRIN1; (3) in Stony-strain snails, the same training procedure fails to alter the mRNA levels of those targets. These data
suggest that Stony-strain snails do not perceive the HS as a stressor because of the higher HSP basal mRNA levels, which may

confer a higher thermal tolerance.
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Introduction

Learning can be defined as the modulation of adaptive be-
haviours with experience to better deal with ever-changing
environments (Burns et al. 2011). To increase their chances
of survival and adapt to their environment, organisms form
long-term memory (LTM) (Hughes et al. 2017). However, given
the high “neuronal costs” of learning and memory formation
(in terms of altered gene activity and new protein synthe-
sis), not all events can be encoded into memory (Dalesman et
al. 2013). An important factor that may determine whether
or not a specific event will be encoded into LTM is the level
of stress perceived at the time of the event (Lukowiak et al.
2008). Over the last three decades, invertebrates have proven
to be promising models for investigating the diverse ways
stress may alter memory formation, consolidation, recall,
and forgetting, thanks to their relatively simple nervous sys-
tems and tractable behaviours that can be classically and op-
erantly conditioned (Burns et al. 2011; Kandel et al. 2014; Rivi
et al. 2020, 2021b).
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Among them, the pond snail, Lymnaea stagnalis (Linnaeus,
1758) represents a valid model organism to unravel the causal
mechanisms of learning and memory under diverse stres-
sors, including thermal shock, food deprivation, crowding,
low calcium levels, and predator exposure (Dalesman and
Lukowiak 2010; Ito et al. 2017; Dodd et al. 2018a; Batabyal
et al. 2021, 2022; Fernell et al. 2021; Rivi et al. 2021a, 2022a,
2022b, 2022c, 2022d; Batabyal and Lukowiak 2022). Most of
the learning and memory studies involving L. stagnalis have
been performed in the so-called W-strain snails (an inbred
laboratory-reared strain) that originated in Holland and was
then distributed to different labs all over the world (e.g.,
England, Canada, Japan, Hungary, and Italy). However, the
ability of organisms to cope with environmental stressors
depends on their genetic background (e.g., allele composi-
tion) and the level of inbreeding (Leicht et al. 2019). That
is, inbreeding, along with an inadvertent selection of traits
over the years, may have altered how these snails respond
to different environmental stressors that they do not ex-
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perience in laboratory-standardized conditions (Armbruster
and Reed 2005; Rivi et al. 2022a, 2022b, 2022c; Batabyal and
Lukowiak 2022; Batabyal et al. 2022). For example, when ex-
posed to 30°C for 1h (i.e., an acute heat shock, HS) follow-
ing a novel “taste” presentation, W-strain snails form a taste-
specific aversion learning known as the “Garcia effect” (Rivi
et al. 2021a). This learned “taste-specific aversion” requires
visceral sickness (e.g., nausea) to be formed (Garcia et al.
1955).

Indeed, while the Garcia effect is an example of condi-
tioned taste aversion, it is “special” in that for the Garcia
effect to occur there is a requirement for a novel taste sen-
sation, followed by visceral nausea some hours later (Garcia
et al. 1955). From an ecological, real-world perspective, both
the Garcia effect and the standard conditioned taste aversion
phenomena enable organisms to learn about the toxic nature
of certain foods and to prevent further illness and death (Gar-
cia et al. 1974). Given its importance for animal survival, it is
not surprising that organisms acquire both the Garcia effect
and standard conditioned taste aversion; a single-trial is often
sufficient for a robust standard-conditioned taste aversion to
occur, representing an ideal learning paradigm for studying
the behavioural and molecular basis of learning and memory
(Garcia et al. 1985).

Although showing nausea in a snail is extremely difficult
(Nakai et al. 2020), we know that prolonged (>3 h) exposure
to temperatures of 30 °C or above is lethal (McDonald 1973).
Thus, showing that pairing a novel appetitive stimulus with
HS results in a Garcia effect supported the hypothesis that
HS does result in some sort of nausea in Lymnaea (Rivi et al.
2021aq).

However, when we performed these experiments on a
freshly collected wild strain, we found that the same HS used
in the W-strain experiments was not sufficient to bring about
a Garcia-like effect (Rivi et al. 2022a).

It is important to note that the W-strain snails, which ex-
hibit the Garcia effect when the HS was used, have been
reared in temperature-controlled regimes (~20 °C) for genera-
tions, whereas freshly collected strains are subject to varying
seasonal and daily temperature changes (Fernell et al. 2021).
For example, in SK and AB (i.e., our major collection sites for
wild snails), the temperature of surface water bodies varies
from about 4°C in April/May to nearly 35°C on some days
in July-August (Brown 1979). In addition, in spring and fall,
snails can experience large daily temperature fluctuations,
with temperatures near zero during the night and up to 20°C
during the same day (Rivi et al. 2022a). Thus, in this study, we
hypothesized that this inability to produce a Garcia effect in
“wild” snails may be due to a differential effect that temper-
ature has to induce the sickness required to bring about a
Garcia effect.

Thermal tolerance and sensitivity to an HS show variation
across populations of the same species experiencing differ-
ent thermal regimes (Angilletta 2006). In fact, the upper and
lower heat thresholds governing physiological traits depend
on the thermal history of the organism being studied, as well
as the conditions in which it has been raised and maintained
(Ottaviani 2015; Blom and Ottaviani 2017). Thus, results ob-
tained in inbred animals raised and maintained under stan-

dardized laboratory temperatures for generations may not
be predictive of what happens in the real world. Organisms,
in fact, can either acclimate through physiological plasticity
(Angilletta 2006; Angilletta Jr. 2009) or evolve adaptive traits
over generations through natural selection to match local
conditions (Hoffmann et al. 2003; Narum et al. 2013). Such
evolutionary adaptation has been demonstrated in various
natural populations of both invertebrates and vertebrates as
an outcome of thermal stress, which is one of the most im-
portant selection pressures (Cousyn et al. 2001; Hairston et al.
2001; Losos 2008). Apart from adaptive mechanisms, organ-
isms can also acclimate or show behavioural plasticity in ad-
justing to local changes in their environment. For instance,
several species of ants show plasticity in thermal tolerance
depending on the seasonal fluctuation in temperature as well
as under laboratory conditions (Jumbam et al. 2008; Bujan et
al. 2020). This is especially important for ectotherm species,
like L. stagnalis, because their internal temperature is highly
dependent on the external temperature (Angilletta 2006).

Thus, the inability to produce a Garcia effect in Stony snails
may be due to the fact that in these snails the HS does not
cause nausea or stress. If snails do not exhibit nausea follow-
ing the HS, they will not exhibit the Garcia effect. This hy-
pothesis is supported by our recent data suggesting that both
freshly collected and lab-inbred snails are capable of forming
a Garcia effect when the bacterial toxin LPS was used in the
Garcia effect procedure instead of the HS (Rivi et al. 2023).

Growing evidence demonstrates that differential responses
shown by different species and strains of the same species to
temperature changes may be due to the differential expres-
sion of heat shock proteins (HSPs). HSPs act as chaperone pro-
teins to protect other proteins from changing shape (e.g., de-
naturation) as a result of temperature fluctuations or other
stressors (Ottaviani et al. 2013; Dubrez et al. 2020).

We previously found that the induction of HSP activity
is blocked by treating snails with the flavonoid quercetin.
Quercetin blocks the upregulation of HSPs and we have
shown that quercetin application before the HS blocks the
Garcia effect. Thus, we concluded that the heat-induced up-
regulation of HSPs plays a necessary role in the Garcia effect
LTM formation (Rivi et al. 2022a). Taking all the findings pre-
sented above, in this study we investigated whether there is a
difference in the baseline as well as the HS stress-induced up-
regulation of the mRNA levels of HSPs that confer heat toler-
ance between the inbred W-strain snails and the Stony-strain
snails and that those differences correlate with the ability to
bring about a Garcia effect (or lack of one). Thus, we com-
pared the basal mRNA levels of two HSPs, HSP70 and HSP40,
between the W-strain snails and Stony-strain snails.

We further asked whether there were differences in the ac-
tivation of two genes thought to play important roles in learn-
ing and memory formation: the subunit 1 of the glutamate
NMDA receptors (GRIN1) and the cAMP response element-
binding protein 1 (CREB1) (Barco et al. 2003; Hawkins et al.
2006; Rivi et al. 2020; Batabyal et al. 2021). We hypothesized
that (1) in the W-strain, which exhibits a Garcia-like effect,
the GRIN1 and CREB1 mRNA levels will be upregulated com-
pared to their controls not exposed to the HS. On the other
hand, (2) in the Stony-strain snails the training procedure
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employed to cause a Garcia-effect memory will not alter the
expression of these targets as learning and memory do not
occur.

Materials and methods

Model species

The W-strain of L. stagnalis has been used in the Lukowiak
lab for studying the neuronal basis of aerial respiratory be-
haviour since 1990. Freshly collected snails were obtained
from Stony Lake in SK, Canada (Stony Lake: 51°4701.37"N,
103°2151.85”"W), and have been designated as the “Stony-
strain”. This lake is approximately 250 km east of Saskatoon,
SK, Canada. Snails were housed in the same standardized con-
ditions for 3 months (from August to October 2022): 20-22 °C
artificial pond water with the addition of CaCO3 to main-
tain a calcium concentration >50mg I-1 (see Dalesman and
Lukowiak 2010). Snails were housed in aquaria containing ar-
tificial pond water at 20 =1 °C and fed romaine lettuce ad li-
bitum. The light was controlled on a 16 h:8 h light:dark cycle.

Adult snails having a shell length of 250-300 mm were used
in this study.

Carrot slurry

The carrot slurry was prepared by blending two medium
peeled organic carrots purchased at a local supermarket with
500 mL of PW. Following blending and straining, a carrot-PW
slurry was obtained without any visible pieces of carrot.

Garcia effect training procedure

Snails were trained for the Garcia effect procedure as pre-
viously described (Rivi et al. 20224, 2022b). Specifically, snails
were placed in a 14 cm diameter Petri dish with enough car-
rot slurry (i.e., the novel appetitive taste) for the snails to
be partially submerged. To observe the feeding behaviour,
the Petri dishes were placed on a clear Plexiglas stand raised
10 cm above a mirror. Snails were first acclimated for 3 min
and then the number of rasps (i.e., feeding behaviour) was
counted for 2min. Animals were returned to their home
aquarium for 1 h and were allowed ad libitum access to food
(i.e., romaine lettuce). Then, snails were exposed to the HS for
1h. That is, snails were maintained in a 1L beaker filled with
500 mL of 30°C artificial pond water for 1h. In the control
experiment, snails were maintained in 20°C artificial pond
water for 1h. In both the experimental and control snails,
rasping behaviour was again determined for 2 min in car-
rot slurry 3 h later (Rivi et al. 2021a). Immediately after the
re-exposure to carrot slurry, animals were euthanized in ice
(~ 10 min) and then sacrificed. The central ring ganglia were
not pooled (i.e., each ganglion was considered as a single bio-
logical replicate) and then maintained in RNA later (Qiagen,
Germany) until the RNA extraction procedures. W-strain and
Stony-strain snails were handled in the same manner and the
same number of times by the same investigator (AB) and had
ad libitum access to romaine lettuce before the procedure.
This allowed us to ensure that the strains were exposed to
the same “level” of stress.
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Total RNA extraction, reverse transcription, and
gPCR

Animals were anesthetized on ice for 10 min, and the cen-
tral ring ganglia were dissected and stored at —80 °C before
analysis. Total RNA extraction and DNase treatment were per-
formed using GenElute Total RNA Miniprep Kit and DNASE70-
On-Column DNase I Digestion Set (Merck KGaA; Darmstadyt,
Germany) (Rigillo et al. 2018; Rivi et al. 2021a, 2022d; Cristina
et al. 2022). Two-hundred-nanogram sample of total RNA was
reverse-transcribed with a High-Capacity cDNA Reverse Tran-
scription Kit (ThermoFisher). Real-time quantitative PCR was
carried out on 20 ng mRNA using a Bio-Rad® CFX ConnectTM
Real-Time PCR Detection System with SYBR Green Master Mix
(Bio-Rad). The cycling parameters were the same as described
in Rivi et al. (2021a) and consisted of 95 °C for 30 s, 40 cycles of
95°Cfor 155, and 60 °C for 30 s. The machine read the plate to
measure fluorescence at the end of each cycle. Cycle thresh-
old (Ct) values were determined by CFX MaestroTM Software
(Bio-Rad). Each sample was run in simplicate (i.e., was ana-
lyzed once). Specific forward and reverse primers were used
at the final concentration of 300 nmol/L (Table 1). Primer effi-
ciency was between 95% and 101%, and the R2 of primers was
greater than 0.99.

The common garden experimental design

First, we measured and compared the molecular and
behavioural effects induced by the Garcia effect learning
paradigm in two strains of snails exposed to two different
thermal environmental conditions: (1) lab-inbred W-strain
snails (since the 1950s) that are maintained at standardized
thermal conditions (~20 4 1 °C) over the year and (2) freshly
collected Stony-strain snails that live in ponds where temper-
ature varies from 4 °C in spring to greater than 30 °C in mid-
summer. Then, we compared the basal mRNA levels of two
HSPs, HSP70 and HSP40, and two key genes for neuroplastic-
ity, GRIN1 and CREB1, in the central ring ganglia of W-strain
snails and Stony-strain snails. The test design entailed two dif-
ferent populations being exposed to either HS or room tem-
perature (RT) and their feeding response (i.e., did they or did
they not exhibit a Garcia effect) being measured before and
after the HS/RT treatment. Snails from both populations were
used after the treatments to measure molecular markers.

Data analysis

The mRNA levels of each target were normalized to elon-
gation factor 1o and tubulin, which were used as the refer-
ence genes. The comparative 2-A ACt method was performed
using as a calibrator for the average levels of expression of
control HS-unexposed snails. Unpaired Student’s t test was
used to compare the basal mRNA levels of HSP70 and HSP40
between W-strain and Stony-strain snails (Fig. 1) and expres-
sion levels of each target between snails trained for the Gar-
cia effect procedure and their controls (Figs. 2C and 3C). For
the behavioural data analysis, we used a linear mixed effect
model (R package: Ime4: http://lme4.r-forge.r-project.org). As
the datasets were normally distributed, we used a standard
Gaussian distribution. We had two separate models for the
two populations with Trial number (Carrot pre and post) and
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Table 1. Primer design nucleotide sequence of the forward and reverse primers used for real-time PCR.

Gene bank
accession Target Product length (bp) Type sequence
DQ206432.1 Lymnaea stagnalis heat shock protein 70, LymHSP70 199 bp (134-333) FW: AGGCAGAGATTGGCAGGAT
RV: CCATTTCATTGTGTCGTTGC
DQ278442.1 Lymnaea stagnalis heat shock protein 40, LymHSP40 120 bp (4-124) FW: AAGGTCTTGAATCCTGATG
RV: GTGTTTGGTCACCTTCTTT
DQ278441.1 Lymnaea stagnalis glutamate ionotropic receptor NMDA type 150bp (7-157) FW: GTGTAAGCAGCCCTCGAACT
subunit 1, LymGRIN1 RV: TTCGCTCATCAATACCACCA
AB041522.1 Lymnaea stagnalis cAMP responsive element binding protein 180 bp (49-229) FW: GTCAGCAGGGAATGGTCCTG
LymCREB1 RV: AACCGCAGCAACCCTAACAA
X15542.1 Snail, beta-tubulin LymTUB 100 bp (92-192) FW: GAAATAGCACCGCCATCC
RV: CGCCTCTGTGAACTCCATCT
DQ278441.1 Lymnaea stagnalis elongation factor 1-alpha, LymEF1« 150 bp (7-157) FW: GTGTAAGCAGCCCTCGAACT

RV: TTCGCTCATCAATACCACCA

Note: For each target, the accession number and the size (bp) of the PCR product obtained by amplification of the cDNA (mRNA) are given.

Fig. 1. Freshly collected Stony-strain snails have higher basal
levels of HSP70 and HSP40 than the lab-inbred W-strain
snails. The basal mRNA levels of HSP70 and HSP40 of the
naive cohort of wild Stony snails (N = 8) and naive lab-inbred
We-strain snails were measured and compared. Stony snails
showed significantly higher levels of HSP70 and HSP40 com-
pared to the W ones. Comparisons were made by unpaired
t test. The solid line is the mean, and the error bars are the
SEM. *p<0.001; *p < 0.05.
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Stimulus (HS and RT) as the fixed effects with interaction and
the snail ID as a random effect (Figs. 2A and 3A). All post hoc
tests were performed using emmeans function in R (https://
github.com/rvlenth/emmeans). Differences with a p value less
than 0.05 were considered significant. The mean + standard
error (SEM) has been plotted. Statistical analyses were per-

formed using R statistical software (version 3.6.0) and SPSS v.
26.0 (IBM Corp., Armonk, NY, USA), while graphs were gen-
erated using GraphPad Prism v. 9.00e for MAC® (GraphPad
Software, Inc., La Jolla, CA, USA).

Results

Basal mRNA levels of HSP70 and HSP40

We first investigated whether the two strains maintained
at standard laboratory temperatures (~20 °C) exhibit differ-
ences in their basal levels of HSP70 and HSP40 (Fig. 1). Thus,
eight Stony-strain and eight W-strain snails were sacrificed,
the central ring ganglia were extracted, and the mRNA lev-
els of HSP70 and HSP40 were measured and compared. We
found that Stony-strain snails had significantly higher HSP70
and HSP40 mRNA levels compared to the W-strain snails
(unpaired t test: HSP70: t=23.45, df=14, p=0.004; HSP70:
t=12.48, df =14, p=10.02).

W-strain snails display a Garcia-like effect and
the Garcia-training procedure upregulates
HSPs, GRIN1, and CREB1

Next, we investigated the molecular changes induced by
the Garcia effect training procedure in the W-strain snails.
First, two cohorts of snails were exposed to HS or kept at
room temperature (RT, the RT controls) and their response
to carrot 1h before and 3h after either the RT or HS expo-
sure was recorded. We found a significant interaction effect
of the exposure stimulus and the trial (pre or post) (Figs. 2A
and 2B; Stimulus*Trial: F; »; =24.025, P<0.001). The feeding
response to carrot after the HS was significantly reduced com-
pared to their initial exposure (t =8.745, p<0.001), whereas
in the control snails kept at RT the feeding remained the
same (t=1.813, p=0.084). Thus, only the snails that were
exposed to the HS exhibited the Garcia effect. Subsequently,
we measured and compared the expression levels of HSP70,
HSP40, GRIN1, and CREB1 in the snails’ CNS (Fig. 2C). In snails
receiving the HS, there was a significant upregulation of
the expression levels of HSP70 and HSP40 (unpaired t test:
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Fig. 2. Freshly collected Stony-strain snails do not form a Garcia-like effect following the Garcia-effect training procedure
and this training procedure does not affect the mRNA levels of HSPs, GRIN1, and CREB1. The timeline of each experiment is
presented above the data. The solid line is the mean, and the error bars are the SEM. (A) A naive cohort of freshly collected
Stony-strain snails (N = 8) was exposed to a novel carrot slurry. The number of rasps elicited by this novel appetitive stimulus
was counted (C—closed circles) for 2 min, and 1h later the snails experienced the HS. The number of rasps recorded at 3h
post-HS (C 3 h—open circles) was not significantly different from that elicited by carrot before the HS. Comparisons were
made by paired t test. (B) Control freshly collected Stony-strain snails (N = 8) were exposed to carrot slurry for 2 min and the
number of rasps was recorded (C—closed circles). These snails instead of receiving the HS were instead maintained in a beaker
maintained for 1 h at room temperature (RT, 20 °C) in artificial pond water. The number of rasps was again recorded 3 h later in
carrot slurry (C 3 h—open circles), and it was not significantly different from that recorded initially. Comparisons were made
by paired t test. (C) The two different behavioural procedures did not alter the levels of HSP70, HSP40, GRIN1, and CREB1 as
no differences were found in the mRNA levels of these targets between control snails and the HS-exposed ones. Comparisons

were made by unpaired t test.
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HSP70: t=6.72, df =14, p<0.0001; HSP40: t=6.12, df =14,
p<0.0001). In addition, we found that the expression levels
of GRIN1 and CREB1, which play a key role in memory for-
mation, were upregulated in the W-strain snails trained for
the Garcia effect procedure (unpaired t test: GRIN1: t =3.32,
df=14, p=0.005; CREB1: t =4.37, df =14, p=0.0006).

Stony-strain snails do not exhibit a Garcia effect
and the Garcia-effect training procedure does
not alter the mRNA levels of HSPs, GRIN1, and
CREB1

Naive Stony-strain snails received either the HS or RT (n = 8
in each procedure) in the Garcia-effect training procedure
(Figs.3A and 3B). We found no significant interaction ef-
fect of the stimulus type (HS or RT exposure) and the trial
(pre- and post-carrot exposures) on the rasping rate of snails
(Stimulus*Trial: F; 5; =0.247, P=0.624). Thus, snails did not
change their rasping rate irrespective of whether they re-
ceived the HS or RT stimulus. That is, a Garcia-effect did not
occur. Immediately after both behavioural procedures, the
Stony-strain snails were sacrificed and the expression levels
of HSP70, HSP40, GRIN1, and CREB1 in the central ring gan-
glia were measured (Fig. 3C).

We found that in the Stony-strain snails, neither the Garcia-
effect training procedure nor the control procedure altered
the expression levels of HSP70, HSP40, GRIN1, and CREB1 as
no differences were found in the mRNA levels of these tar-
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gets (unpaired t test: HSP70: t =1.54, df =14, p = 0.15; HSP40:
t=0.51, df=14, p=0.62; GRIN1: t=0.23, df=14, p=0.82;
CREB1:t=0.58, df =14, p=0.58).

Discussion

The major findings from this study are

* The freshly collected Stony-strain snails have higher basal
HSP70 and HSP40 than the inbred W-strain ones.
Following the Garcia effect training procedure, in W-strain
snails the expression levels of HSP70 and HSP40 are upreg-
ulated, as are the mRNA levels of two key genes for neuro-
plasticity, GRIN1, and CREB1. These findings are consistent
with the formation of memory.
* The same upregulation of mRNA levels was not observed
in the freshly collected Stony-strain snails trained with the
same behavioural procedure.

Understanding how and why the two different Lymnaea
strains used here respond differently to the HS stressor is
of great importance in coming to an understanding of the
neuronal mechanisms underlying the behavioural ecology of
this species. Except for neuronal studies comparing “smatt”
freshly collected snails to W-strain snails, the vast majority of
work in the Lymnaea model system have employed laboratory-
inbred strains, such as the W-strain used here. However, the
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Fig. 3. Lab-inbred W-strain snails form a Garcia-like effect, and the behavioural procedure upregulates HSPs, GRIN1, and
CREB1. The timeline of each experiment is presented above the data. The solid line is the mean, and the error bars are the
SEM. (A) A naive cohort of lab-inbred W-strain snails (N = 8) was exposed to a novel carrot slurry. The number of rasps elicited
by this novel appetitive stimulus was counted (C—closed circles) for 2 min, and 1 h later snails received the HS. The rasping
behaviour recorded in carrot slurry 3 h post HS (C 3 h—open circles) was significantly reduced compared to the pre-HS exposure.
Comparisons were made by paired t test. (B) Control W-strain snails (N = 8) were exposed to carrot slurry for 2 min, and the
number of rasps was recorded (C—closed circles). These snails instead of receiving the HS were maintained in a beaker for 1h
at room temperature (RT, 20 °C) in artificial pond water. The number of rasps was again recorded 3 h later in carrot slurry (C
3 h—open circles), and it was not significantly different from that recorded initially. Comparisons were made by paired t test.
(C) The behavioural procedure utilizing the HS significantly upregulates the expression levels of HSP70, HSP40, GRIN1, and
CREB1 compared to the levels in the room temperature control. Comparisons were made by unpaired t test. ***p <0.0001;

***p<0.001.
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We-strain and L. stagnalis collected from ponds also have differ-
ential responses to environmentally relevant stressors (Orr et
al. 2009; Hughes et al. 2017; Dodd et al. 2018a, 2018b; Batabyal
and Lukowiak 2022). Here, we were able to compare the be-
havioural and transcriptional effects of the HS between W-
strain Lymnaea and the freshly collected Stony-strain snails.
An obvious big difference in the life history of these strains
is the temperatures they have experienced during their lives.
The W-strain Lymnaea only experienced the lab-temperature
environment (i.e., relatively constant), while the Stony-strain
was subjected to a wide range of temperatures both season-
ally and daily. This difference in experience may bestow on
this strain a higher thermotolerance that is reflected in the
higher basal mRNA levels of at least two HSPs, HSP70 and
HSP40, which are the major physiological marker of heat
stress (Sorensen and Minchella 1998). In other words, the
higher HSPs’ basal mRNA levels of the Stony-strain snails may
be interpreted as an adaptation to large and rapid temper-
ature variations occurring in the ponds in which they live.
Thermal adaptation may be beneficial to balance the cost of
upregulating HSPs with temperature fluctuation in the range
experienced by Lymnaea such as the Stony strain (Sorensen
and Minchella 1998; Noer et al. 2020). The differential elabo-
ration of HSPs as seen in the Stony strain may confer surviv-
ability if the trend of increasing temperatures experienced on
the Canadian prairies continues. On the other hand, the W-
strain snails, which have been maintained in relatively con-
stant laboratory environments for approximately 250 gener-
ations rarely experience thermal fluctuations higher than 1-
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2°C over the year, show lower HSP mRNA levels and higher
thermal sensitivity compared to their wild sister populations.
It is possible that moving the ancestors of our present W-
strain snails from polders in the Netherlands in the 1950s
to the more tightly controlled environment of the labora-
tory (i.e., removal of daily and seasonal temperature fluctu-
ations as well as other stressors like predation, parasites, and
competition for resources) has resulted in lower stress tol-
erance specifically in relation to temperature in the current
study. However, HSPs are not just upregulated during ther-
mal stress but also are a marker for several other stressors
(Tomanek and Sanford 2003). Thus, to further confirm these
hypotheses, additional studies are currently underway in our
laboratory to study the protein levels as well as understand
whether other stressors also show a similar pattern in HSP ac-
tivity in the W-strain lab versus freshly collected strains (e.g.,
Stony strain). Similar results to those reported here have been
obtained in the doctor fish Garra rufa (Heckel, 1843), where
higher levels of HSPs have been recorded in strains in ele-
vated water temperature compared with normal river water
temperature, suggesting that physiologically increased HSP
levels confer thermal tolerance (Oksala et al. 2014).

Previous ectotherm studies, including those of the fruit fly
Drosophila melanogaster Meigen, 1830 (Hoffmann et al. 2003),
the kelp crab Taliepus dentatus (Edwards, 1834) (Storch et al.
2009), the intertidal snail Nucella canaliculata (Duclos, 1832)
(Kuo and Sanford 2009), and the killifish Fundulus heterocli-
tus (Linnaeus, 1766) (Fangue et al. 2006), compared the ther-
mal adaptations to temperature extremes among conspecific
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populations living at different latitudes or altitudes.However,
most of these studies used critical minimum and critical max-
imum tolerance limits as a phenotypic response to inves-
tigate thermal tolerance. In this study, instead, the Garcia-
effect learning procedure provided us with a strong measure
for comparing the heat tolerance and induction of HSPs in
different population of snails that experience different ther-
mal environments. Importantly, the differences in thermal
stress responses reported here between the Stony strain and
the W-strain Lymnaea may not be generalized to all environ-
mental stressors. For example, we recently observed a differ-
ence in predator detection in two freshly collected strains
of Lymnaea living in adjacent lakes wherein one population
had a predator present in their habitat and one did not. Be-
haviourally, this was reflected in the fact that one strain was
predator-experienced compared to the other that was predator-
naive (Batabyal and Lukowiak 2022; Batabyal et al. 2022). Our
data suggest that the difference in predator presence altered
the predator detection mechanism between these popula-
tions, which correlated well with the presence or absence of
crayfish predators (Batabyal and Lukowiak 2022). Along with
the difference in baseline HSPs, we also found that the W-
strain snails exhibit an upregulation of HSPs following the
Garcia-effect training procedure where a novel food was fol-
lowed by the HS stress. This same procedure did not upregu-
late HSPs in the freshly collected Stony-strain snails that cor-
related with the inability of the HS to cause a Garcia-effect-
like aversion to the novel food stimulus. The W-strain be-
havioural data obtained here are consistent with results from
our previous work (Rivi et al. 2021a, 2022a). Additionally, we
observe an upregulation of mRNAs that are responsible for
long-term memory formation (GRIN1 and CREB1) in the W-
strain and not in the Stony strain. These data are suggestive
of a mechanistic basis of the Garcia effect memory phenotype
wherein CREB1 and GRIN1 upregulation could be a causal fac-
tor. However, currently, we only show a correlation between
the Garcia effect memory phenotype and the upregulation of
some neuroplasticity genes.

Conclusion

Our findings enable us to have a better understanding of
the molecular underpinnings of the behavioural differences
seen between the two strains of L. stagnalis that have vastly dif-
ferent rearing histories: (1) the W-strain and the Stony strain.
We have gained a better understanding of the evolution of
plastic responses to stress in strains of the same species liv-
ing in different environments that are subject to different
selection processes. Further, these data underlie the impor-
tance, which may not always be made, of paying attention
when making predictions on how different stressors alter
adaptive behaviours, including learning and memory, espe-
cially if data are extrapolated from laboratory to wild popula-
tions.
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