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better cold tolerance (lower CTmin) than both sympatric and temperate diploid clones.
No significant association was found between CTmin and body size nor with cell size.
We suggest that triploids might express a cold shock resistant phenotype related to
a higher gene expression and/or fatty acid profiles. Cold tolerance can be viewed as one

of the possible reasons for polyploid preponderance in subarctic climates.
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Introduction

Polyploidy, the possession of more than two sets of chromosomes is considered a com-
mon mode of speciation with significant ecological and evolutionary consequences in
plants and animals (Van de Peer et al. 2017). This process has been pivotal in shaping
the evolutionary trajectories of plant and animal taxa as it is associated with increased
genetic diversity, ecological adaptation and biological complexity (Van de Peer et al.
2017). Despite the apparent success of well-established polyploids, nascent ones face
many challenges including minority cytotype exclusion, mitotic and meiotic abnormali-
ties, and genomic instability (Comai 2005, Madlung et al. 2005, Morgan et al. 2020). To
overcome these problems, polyploid species often colonize areas unavailable to parental
species. Polyploids are frequently found in habitats different from those of their diploid
progenitors, indicating that their evolutionary success could be tied to their occupation
of new ecological niches (Hegarty and Hiscock 2008, Edgeloe et al. 2022).

In species where diploid and polyploid individuals co-exist, differential distribution
patterns can often be observed with polyploids being found in environments that are
considered as more extreme (higher altitudes or latitudes, colder and drier environments)
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than that of their diploid counterparts (Ehrendorfer 1979,
Lorch et al. 2016, Van de Peer et al, 2017, Rice et al. 2019,
Mata et al. 2023). In plants, polyploids are often invasive
species that dominate fluctuating and/or marginal environ-
ments (Te Beest et al. 2012). A clear gradient of polyploidy
with latitude has been found in insects, amphibians and ray-
finned fish, with the frequency of polyploids increasing with
distance from the equator (David 2022). Within the Arctic,
the frequency of higher order plant polyploids increases with
latitude (Brochmann et al. 2004). It is not clear if polyploids
have higher fitness at higher latitudes or if conditions condu-
cive to their origins such as higher rates of unreduced gam-
etes and/or hybridization potentials are prevalent in these
(Dufresne and Hebert 1997, David 2022). Furthermore, as
polyploidy is often accompanied by asexual reproduction, it
is often difficult to disentangle the role of each factor in shap-
ing distribution patterns (Tilquin and Kokko 2016).

Genome duplications have major consequences on cell
size, cell physiology, whole-organism phenotype, life history
traits and ecology (Comai 2005, Doyle and Coate 2020). The
sheer amount of DNA in a genome can affect organismal phe-
notype through its nucleotypic effects (i.e. effects on cells that
are due to the sole amount of DNA). Increases in bulk DNA
amount bring increased nuclei and cell size with concomitant
changes in cell surface area to volume ratios (Gregory 2001,
Glazier 2022). Larger cells exhibit reduced resource supply
and demand due to reduced surface area per volume. Positive
relationships between body size and genome size have been
reported in numerous invertebrates (Hessen and Persson
2009, Beaudreau et al. 2021). Ploidy-induced increase in
cell surface area in carps leads to changes in metabolic scal-
ing (Zhu et al. 2021). Some studies have shown that under
cold conditions, animal polyploids have faster development
rates (Dufresne and Hebert 1998, Hermaniuk et al. 2016) or
higher metabolic rates (Hermaniuk et al. 2021) and suggest
that this cold advantage could be mediated by cell size. Cold
stress induces cell membrane depolarization, impairment
of energy metabolism, disruption in ion homeostasis and
water balance (Hayward et al. 2014, Overgaard et al. 2021,
Reid et al. 2022). The larger cells of polyploid might reduce
energetic costs of membrane polarization at low temperatures
and confer a better cold tolerance to polyploids. Considering
the observed distributional patterns of polyploids and physi-
ological changes linked to genome duplication, it is of inter-
est to study whether the distribution of ploidy is linked to
ploidy-induced physiological changes. The observation that
polyploid organisms and/or organisms with bigger genomes
and cell sizes are more common at higher latitudes and alti-
tudes then sparked the question if polyploids are more toler-
ant to cold temperatures (Riseth et al. 2020).

North American Daphnia pulex complex displays a clear
pattern of latitudinal distribution of ploidy, with diploid
hybrids between D. pulexand Daphnia pulicaria found in tem-
perate and subarctic regions while triploid hybrids between
the same species are found in subarctic and arctic regions
only (Beaton and Hebert 1988, Dufresne and Hebert 1994).
Bernier (2020) explored the thermal tolerance hypothesis,
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which proposes that polyploid distribution is partly related to
differences in heat tolerance. The study showed that diploids
have a higher heat tolerance than triploids, likely allowing
them to live in warmer environments. Bernier (2020) found
a negative relationship between heat tolerance and cell size
suggesting that the higher heat tolerance of diploids might
be linked to their smaller cell size (higher surface to volume
ratio) which could alleviate oxygen limitation at elevated
temperatures. On the other hand, the presence of triploids in
colder environments might be linked with a better tolerance
to cold, either through nucleotypic effects, or heterosis, or
both. The merging of divergent gene combinations has been
considered as key in promoting rapid adaptation to novel
environments, conferring allopolyploids with advantages in
times of climatic instability (Van de Peer et al. 2021). Clones
that endure colder temperatures could sustain normal physi-
ological functions and start their reproductive cycle carlier
during spring giving them an advantage over less tolerant
clones.

This study explores how cold tolerance of Daphnia clones
may be linked to thermal niche, ploidy and its phenotypic
correlates, and how plastic responses to acclimation tempera-
ture influence cold tolerance. Specifically, we measured acute
cold tolerance of North American D. pulex clones differing
in ploidy and geographic origin acclimated to 16 and 24°C.
Chill coma (sometime defined as CTmin) is commonly mea-
sured in insects and has been defined as the temperature at
which the insects lose the ability to walk, i.e. loss of coordina-
tion and is a proxy of cold tolerance (for a review of the con-
cepts of chill coma and CTmin, see Hazell and Bale 2011).
To our knowledge, no data on CTmin has been recorded in
Daphnia. We here propose a new protocol to measure acute
cold tolerance in Daphnia and small aquatic organisms.

We hypothesized that clonal and ploidy related distri-
bution patterns as well as ability to acclimate to different
temperatures are linked to differences in cold tolerance. We
predict that polyploids and cold acclimated individuals will

have better tolerance to cold shock.

Material and methods

Daphnia rearing

Several diploid and triploid clones of Daphnia pulex from
temperate and subarctic North American regions were reared
for at least three generations in standardized conditions
before the experiments to eliminate potential maternal effects
(six subarctic triploid clones, four subarctic diploid clones,
eight temperate diploid clones). The ploidy of the clones
has been determined by flow cytometry in previous studies
(Vergilino et al. 2009).

Daphnia were reared in two environmental test cham-
bers at 16 and 24°C, on a 12:12 h photoperiod and a light
intensity of 3000 lux. Daphnia were raised in glass jars
containing 300 ml of FLAMES culture medium (Celis-
Salgado et al. 2008). Each clone was raised in triplicates
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(three jars per clone per temperature). Animals were fed 2.0 X
10° cells ml™ of Raphidocelis subcapitata (formerly known as
Pseudokirchneriella subcapitata or Selenastrum capricornotum)
three times a week. Populations in each jar were controlled to
keep between 10 and 30 individuals per jar. One third of the

medium was renewed every two weeks.

Cold tolerance test

Cold tolerance was tested by performing a critical thermal
minimum (CTmin) challenge. CTmin is here defined as the
lower temperature that prevents locomotion, resulting in the
inability of the animal to escape danger or move to a place
where conditions are viable. CTmin tests were performed
on randomly selected female Daphnia of different reproduc-
tive stages. Selection of individuals was made to ensure that
the whole size range was represented in the test sample for
each clone. The clones used, their origin, ploidy, and sample
size for each rearing temperature are summarized in Table 1
and a description of the experimental design is represented
on Fig. 1. A total of 543 daphnids (268 acclimated at 16°C
and 275 at 24°C respectively) from 18 clones were tested for
cold tolerance. A minimum of 15 individuals per clone were
used for the assays. Prior to the experiment, Daphnia reared
at 24°C were placed for 14 h at 16°C to partially acclimate
them at the temperature of cold-acclimated Daphnia. CTmin
were performed using a cooling bath circulator filled with a
mix of ethylene glycol — distilled water (30/70, v/v). Daphnia
were individually placed inside 650 pl tubes containing 300
pl of a solution of 0.5 mg ml™" bovine serum albumin in
FLAMES culture medium. Tubes were randomly selected so
that Daphnia from the same jar would not all be placed on the
same row of tubes. The bovine serum albumin increased the
surface tension of the solution and kept individual Daphnia
out of the surface. A thermocouple sensor was placed in one
tube to evaluate the temperature inside the tubes. Tubes

were placed in the cooling bath at 16°C for 10 min to let
the individuals acclimate to test conditions. Cooling bath
temperature was then manually lowered using the following
temperature ramp: between 16 and 10°C: direct decrease
(—0.43°C min™), between 10 and 5°C: —0.15°C min™},
between 5 and —5°C: —0.13°C min™". Because of the super-
cooling process, the medium stayed in a liquid state below
0°C, allowing the Daphnia to continue moving. A minor-
ity of tubes (approximately 5%) spontaneously froze during
the experiments and were not accounted in further statistical
analyses. One CTmin experiment lasted approximately 2 h.
Daphnia were filmed using a Panasonic Lumix DC-G9
camera, equipped with a Panasonic Leica DG Macro Elmarit
45 mm F2.8 ASPH MEGA O.1.S lens. Videos were shot at 30
frames per second and 1920 X 1080 pixels quality. A second
camera was used to record the screen of the thermocouple.
Lighting was kept constant throughout all tests. Videos of
Daphnia and thermocouple screen were synchronized in post
processing using DaVinci Resolve 17 (Blackmagic Design)
before visual analysis. The temperature at which individuals
became immobilized for over 60 s was recorded as CTmin.

Body size and cell area

Body size and cell area measures were carried out right after
CTmin test (Fig. 2). Most individuals were alive during the
measurements because the chill coma is a reversible state.
ToupView software was used for all microscopic measures
(ToupTek Photonics Co.). Measures were done with a
microscope (Leica DMLB) equipped with a digital camera
(model OMAX A35100U3, Omax Microscope) at 2.5 X
10 and 10 X 10 magnification respectively. Body size was
measured as the distance between the anterior border of the
eye and the tip of the shell spine. Cell size was measured on
the carapace at 100X magnification. Cell imprints are eas-
ily visualized in this tissue and correspond to well-defined

Table 1. Clones, ploidy, climate, origin and sample size for each temperature for each Daphnia pulex clone used for cold tolerance

experiments.

Clone Ploidy Climate Location Latitude Longitude n16°C n24°C
AO07 Triploid Subarctic Churchill, MB, Canada 58°46'03.504"” 93°58'30.72" 16 15
C102 Churchill, MB, Canada 58°46'03.504” 93°58'30.72" 15 17
1Q12 Kuujjuarapik, NU, Canada 55°16'36.012" 77°46'35.0394” 16 3
R202 Kuujjuarapik, NU, Canada 55°16'36.012” 77°46'35.0394” 14 19
SAS-16-17 Kuujjuarapik, NU, Canada 55°16'36.012" 77°46'35.0394"” 15 15
C144 Churchill, MB, Canada 58°46'03.504” 93°58'30.72" 15 15
C44 Diploid Subarctic Churchill, MB, Canada 58°46'03.504" 93°58' 30.72" 14 15
R206 Kuujjuarapik, NU, Canada 55°16'036.012” 77°46'35.0394"” 22 17
R210 Kuujjuarapik, NU, Canada 55°16'36.012” 77°46'35.0394"” 15 14
WP2 Kuujjuarapik, NU, Canada 55°16'36.012 77°46'35.0394"” 13 15
Stukely Diploid Temperate  Cantons-de-I'Est, QC, Canada ~ 45°17'12.7674 72°25'12.504” 14 19
BUS15 Urbana, IL, USA 40°07'47.604 88°12'23.4” 16 15
Deeplake MI, USA 42°37'05.4114 85°27'32.4" 15 17
KAP-53 Danville, IL, USA 40°10'58.008 87°38'46.3194" 14 16
Longlake MI, USA 42°33'05.9034 85°22'40.0794"” 13 17
NFL68 Webster, IN, USA 39°54'12.6354 84°56'29.4” 16 16
SPS100 Homer, IL, USA 40°45'14.184 73°58'55.56"” 15 15
Ste-Luce Sainte-Luce, QC, Canada 48°32'51.252 68°23'38.4" 10 15
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Figure 1. Description of the experimental design carried out for CTmin experiments. Acclimation: 18 clones per chamber, 3 jars per clone.
Start of experiments after three generations in the same conditions. Sampling: all development stages (males and ephippia-bearing females
excluded), whole body size range. CTmin test: repeated more than 30 times until desired sample size reached.

cells. To measure cell area, the average of ten cells was calcu-
lated for each individual. Cells located on the posterior and
anterior ventral side of the individual were measured. When
they were not visible, cells from the center of the carapace
were measured.

Statistical analyses

To find out which variables have a significant effect on cold
tolerance, body size or cell area, linear mixed models were
used (R package ‘Ime4’, Bates et al. 2015) and ‘lmerTest,
Kuznetsova et al. 2017). Our experimental design was hier-
archical, with each clone being replicated in three jars at each
temperature and several individuals were sampled per jar.
Clones and jar were computed as random factors. The same
random effect structure was used for all models. Cell area and
body size were standardized (mean=0, SD=1) to allow for
a better interpretation of parameter estimates (see Schielzeth
2010 for more details). The assumptions of homoscedastic-
ity, independence and normality of residuals were validated
graphically. Models used can be found in the Supporting
information. All statistical analyses were performed using R
ver 4.2.2 (www.r-project.org).
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Results

There was no significant interaction between ploidy and
acclimation temperature on CTmin (F, (,=2.32; p=0.131).
Triploid Daphnia had significantly lower CTmin than dip-
loid Daphnia (F, 5,=7.11; p=0.017; f=-0.68°C 95% CI
[-1.11, —0.25]) (Fig. 3A). Warm acclimation significantly
increased CTmin (F ¢ ,=49.46; p < 0.001; f=0.66°C
[0.40, 0.93]) (Fig. 3B). Linear mixed models examining the
effects of geographic origin of clones (temperate and subarc-
tic areas) and acclimation temperature revealed no significant
interaction between the two factors (F, 4 ;= 1.82; p=0.168)
and a close to significant effect of geographic origin on
CTmin (F,,;,=3.33; p=0.061). When the effects were con-
sidered separately for the two acclimation temperatures, a
highly significant effect of geographic origin on CTmin was
detected at 16°C (F,=15.69, p < 0.001) but not at 24°C
(F,=2.23, p=0.109). Multiple comparisons tests at 16°C
using emmeans indicated that triploids from the subarctic
had significantly lower CTmin than both subartic and tem-
perate diploids (Fig. 4, Supporting information).

We found no evidence that the effect of body size on
CTmin varied according to temperature of acclimation
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Figure 2. Daphnia pulex individual observed under 10 X 10 magnification. Cell areas are highlighted in red.

(F,5,;=0.02; p=0.873). There was no significant relation-
ship between body size and CTmin (F, ,;=2.0; p=0.106).
There was no evidence that the effect of cell area on CTmin
varied according to temperature of acclimation (F, ;,,=0.41,
p=0.521). There was no significant relationship between cell
size and CTmin (F,;,,=1.53, p=0.217).

The effect of ploidy on body size did not differ significantly
between rearing temperatures (F, g, ,=0.962, p=0.330).
Ploidy had a significant effect on body size (F, ,,=6.270,
p=0.025) as well as rearing temperature (F, 4 ,=7.895,
p=0.006). Body size was smaller in warm-acclimated indi-
viduals and triploids had a larger body size than diploids.

The effect of body size on cell area differed depending on
rearing temperature (F, 5,0 =9.1; p=0.003; Table 2). Cell size
did not change with temperature of acclimation in small indi-
viduals but was larger at 24°C than at 16°C in larger indi-
viduals (Fig. 5). The increase in cell size with increasing body
size was significantly higher at 24°C than at 16°C in diploids
(ts; =—2.78; p=0.029; Table 3). It was also higher at 24°C
in triploids however the difference of slope estimates was not
significant (t;;;=—1.75; p=0.300; Table 3). Triploids had

(A) . (B) .
[r— [r—

o

c £

£ 5
2N 3N 16°C 24°

Figure 3. Effects of (A) ploidy and (B) temperature on CTmin.
Means and their 95% Cls are shown. * indicates significant differ-
ences at the 0.05 level.

larger cells than diploids regardless of body size and rearing
temperature (Table 2, Fig. 5).

Discussion

This study aimed to examine the extent to which cold toler-
ance could explain the distribution patterns of clones of the
North American D. pulex complex by comparing responses
to cold shock and testing the hypothesis that polyploids have
lower CTmin. We found that triploid Daphnia outperformed
diploids at cold-shock tests. We discuss below the implication
of these results for the distribution of polyploid organisms.
Our study is one of the first to examine CTmin in
Daphnia. This measure is most often used to determine the
lower temperature limits of insects. Our results showed that
Daphnia acclimated to low temperatures had lower CTmin
than those raised at higher temperatures. The increase in

16 °C ] 24°C

o

CTmin (°C)
[N}

Tempe’rate.ZN Subar.ctic.ZN Subart’:tic.SN Tempelrate.ZN Subart’:tic.ZN Subar(l:(ic.SN

Figure 4. CTmin for Daphnia differing in climatic zone and ploidy
levels and raised under two acclimation temperatures. Means and
their 95% Cls are shown. Different letters indicate significant dif-
ferences at the 0.05 level.
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Table 2. Type Ill analysis of variance table for the linear mixed
model explaining cellarea of Daphnia pulex as a function of rearing
temperature and ploidy corrected for body size. The F-statistics are
calculated based on Satterthwaite’s degrees of freedom. Significant
terms (p < 0.05) are shown in bold.

Model term Num df  Den df F-value  p-value
Body size (Tind) 1 522.75 223 < 0.001
Rearing 1 82.97 15.3 < 0.001
temperature (Tacc)
Ploidy 1 15.58 29.9 < 0.001
Tind x Tacc 1 520.43 9.1 <0.003
Tind x Ploidy 1 522.75 0.5 0.477
Tacc x Ploidy 1 82.97 0.1 0.66
Tind x Tacc x Ploidy 1 520.43 0.009 0.926

cold tolerance after cold acclimation or rapid cold harden-
ing is a widely observed mechanism in ectotherms (porcelain
crab: Ronges et al. (2012); Drosophila: Colinet et al. (2012),
Enriquez and Colinet (2019), Tarapacki et al. (2021)). Cold
acclimation leads to a vast array of physiological changes
such as the remodeling of membrane fatty acid composi-
tion, the production of cryoprotectants, the upregulation
of various proteins or changes in the activities of metabolic
enzymes (Ronges et al. 2012, Overgaard and MacMillan
2017, Enriquez and Colinet 2019). Our results thus indi-
cate that our experimental protocol is sensitive enough to
detect differences in cold tolerance induced by temperature
acclimation in Daphnia. Contrary to aquatic ectotherms,
terrestrial ectotherms are more likely to encounter sub-zero
temperatures and supercooling of body liquids to cope with
acute cold (Sinclair et al. 2015, Berman et al. 2021). In
ectotherms, CTmin reflect minimum temperatures in both
terrestrial and aquatic environments (Addo-Bediako et al.
2000, Sunday et al. 2011). High elevation tropical insects
were found to be more resistant to cold than low elevation
ones (Shah et al. 2017). Temperate insects did not show
the same relationship with elevation and had near freezing
tolerance (Shah et al. 2017). The authors reported that ice
crystals would often terminate the experiments (Shah et al.
2017). Unexpectedly, we found that Daphnia could tolerate
temperatures (—7°C) well below freezing. The ecological rel-
evance of CTmin is not clear as Daphnia produce resting eggs
when environmental conditions start to deteriorate (e.g. low
food availability, temperature decrease). Winter survival has
been reported in some lakes (Koch et al. 2009, Mariash et al.
2017), suggesting that the capacity to overwinter as adults
may be advantageous in environments where the growing
season is short. Mechanisms allowing Daphnia to resist such
low temperatures should be examined.

We found that triploid Daphnia had lower CTmin than
diploid clones, a trait that would be advantageous for them
to thrive in subarctic and arctic environments. In addition,
polyploid clones had lower CTmin than sympatric diploid
clones, suggesting that some characteristics associated with
polyploidy were important for cold adaptation. Polyploids
had larger cells and body size than diploids but these two
parameters wete not significantly associated with an increased
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Figure 5. Relationship between cell area and body size at 16 and
24°C. . See Table 3 for intercept and slope estimates at each tem-
perature and ploidy.

cold tolerance in our study. This suggests that nucleotypic
effects alone may not be major determinants of higher cold
tolerance and that other factors such as genetic ones may be
at play. Positive effects of body size on cold tolerance have
been found in bumblebees (Oyen et al. 2016, Gonzalez et al.
2022) but not in ants (Baudier and O’Donnell, 2018) or
tropical gobies (Di Santo and Lobel 2017). Leiva et al. (2019)
report that ectotherm species with larger cells and bodies per-
formed better at cold tolerance tests. CTmin was especially
enhanced in air-breathing species during long-term trials as
opposed to short-term trials as is the case in our study. It
would be interesting to revisit the effects of cell size on cold
tolerance in Daphnia using a longer assay as well as using a
higher number of individuals with the same body size ranges.
In our study, we selected diploid and triploid individuals with
a wide range in body sizes, which could have limited our abil-
ity to disentangle the effects of cell size from the effects of
body size. Bigger cells could allow resisting longer periods of
cold stress by reducing energetic costs and providing higher
energetic reserves without any significant consequences in the
ability to resist to cold shocks. Hence, the larger cells and
body sizes of polyploids may be beneficial when competing
with diploid clones in cold arctic environments with lower
food resources.

A few studies pointed to an advantage of polyploidy at low
temperatures in animals. Faster development rates have been
reported for polyploids at lower temperature in Daphnia
(Dufresne and Hebert 1998) and tadpoles (Hermaniuk et al.
2016), consistent with a higher metabolic rate in cold-accli-
mated polyploids. Warm acclimated triploid zebrafish had
higher metabolic rates than diploids at acute cold tempera-
ture (Hermaniuk et al. 2021). They interpreted this higher
metabolic rate as advantageous for maintaining performance
of the animal at low temperatures and suggested that this
improvement was linked to cell size. No advantage of triploidy
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Table 3. Intercept and slope estimates for cell area as a function of body size for each group of ploidy and acclimation temperature.
Comparison of slope estimates between temperatures for each ploidy.

Group Intercept 95% ClI df Slope 95% ClI df t df p
2N 16°C -0.489 [-0.670; —0.308] 34.1 0.464 [0.356; 0.573] 504 -2.78 521 0.029
2N 24°C -0.106 [-0.288; 0.076] 35.2 0.692 [0.574; 0.811] 497

3N 16°C 0.252 [-0.006; 0.511] 36.2 0.418 [0.279; 0.558] 507 -1.74 515 0.3
3N 24°C 0.557 [-0.006; 0.823] 36.3 0.633 [0.435; 0.831] 520

was found in Atlantic salmon in terms of metabolic capacity
or swimming performance at low temperatures (Riseth et al.
2020). In plants, few studies have experimentally compared
resistance to cold stress in polyploids and results vary depend-
ing on the study system. Decanter et al. (2020) found that
octoploid Saxifraga had higher frost tolerance than hexaploid
Saxifraga. Freezing resistance in response to decreasing tem-
peratures differed between ecotypes of tetraploid and dip-
loid populations of Arabidopsis from the Tatra Mountains
(Kapplenig et al. 2022). A recent study on kiwifuits revealed
that leaf semi-lethal temperatures were lower in polyploid
than in diploid kiwifruits (Yang et al. 2024). The authors
hypothesized that the enhanced cold tolerance might be due
to an increased expression of genes related to freeze tolerance
and antioxidant enzymes and osmoregulatory substances that
might reduce the freeze tolerance of cells and enable poly-
ploid kiwis to inhabit higher altitudes than diploid species.
Unlike animals, plants are stationary organisms that cannot
escape away from the adverse environment. The fact that
increased cold tolerance is often observed in these two groups
suggest that polyploidy may be important to cope with envi-
ronmental stress.

Which phenotypic differences led our triploid Daphnia to
resist cold shock better than diploids? The combined effects
of hybridity and genome doubling on growth vigor have been
reported in many polyploid species (Te Beest et al. 2012).
For example, heterosis conferred by epigenetic modifications
of circadian clock has been shown to contribute to increased
morphological vigor of allopolyploid plants (Chen 2010).
Genome doubling increases the number of gene copies,
which can lead to an increased expression of certain genes
(Doyle and Coate 2019), some of which could be helpful to
tolerate cold shock. Exposure to cold stress in diploid and
autotetraploid individuals of the alpine Ranunculus kuepferi
induced different gene expression profiles (Syngelaki et al.
2012). Diploids changed more gene set pathways than tet-
raploids and suppressed pathways involved in ion/cation
homeostasis whereas tetraploids mostly activated gene set
pathways related to cell wall and plasma membrane sug-
gesting greater cold tolerance in the high altitude tetraploid
cytotype (Syngelaki et al. 2012). In polyploid fish, the expres-
sion of some genes such as heat shock genes, that play an
important role in the response to cold stress in ectotherms
(Hayward et al, 2014, Stétina et al. 2015, Jiang et al. 2021,
Reid et al. 2022). Because of the delay between stress and
HSP expression and the rate of temperature decrease, it is
uncertain whether Daphnia were able to overexpress HSPs
during the trial. It is however possible that due to their higher

gene copy number, triploids keep higher baseline levels of
genes involved in cold shock response, such as HSPs.

Another physiological aspect potentially involved in adap-
tation and acclimation to cold temperatures concerns lip-
ids and membrane fatty acids. Some cases of overwintering
Daphnia have been observed in clones from subarctic and
boreal lakes and these populations were characterized by high
body fat content, high fatty acid concentrations and a higher
retention of polyunsaturated fatty acids, mainly stearidonic
acid (Mariash et al. 2017). According to this study, high
lipid reserves constitute a source of energy to survive periods
of low food availability and probably help to tolerate cold
stress. Higher body fat accumulation in cold-acclimated trip-
loids, which could be favored by their larger cells, could help
them better tolerate cold stress. Fatty acid composition of
cell membranes also has an impact on ectotherm cold toler-
ance through changes in membrane fluidity (Overgaard et al.
2005, Waagner et al. 2013, Hayward et al. 2014, Enriquez
and Colinet 2019, Trenti et al. 2022) which is consistent with
the homeoviscous adapration hypothesis (Ernst et al. 2016).
Comparisons of fatty acid profiles of cold-acclimated diploid
and triploid Daphnia clones found that triploid Daphnia
tended to accumulate the highest amount of eicosapentaenoic
acid (EPA) in their tissues (Pecl 2023), suggesting it could
partly explain the higher cold tolerance of triploid clones.

This study is the first to provide CTmin estimates in
Daphnia clones differing in ploidy level and geographic ori-
gin. We show that triploids were more resistant to cold shock
than diploids and suggests that this might explain their dif-
ferential distribution pattern. A large number of polyploid
species of insects, amphibians and ray-finned fish in areas
are known to occupy areas that are colder and have greater
annual temperature fluctuations than those occupied by
their diploid counterparts (David 2022). The ability of poly-
ploids to thrive in cold climates may contribute to their per-
sistence and diversification in high-laticude or high-altitude
ecosystems.
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