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Abstract
Copper pollution can alter biological and trophic functions. Organisms can
utilise different tolerance strategies, including accumulation mechanisms
(intracellular vacuoles, external chelation, etc.) to maintain themselves in
copper-polluted environments. Accumulation mechanisms can influence the
expression of other phenotypic traits, allowing organisms to deal with cop-
per stress. Whether copper effects on accumulation strategies interact with
other environmental stressors such as temperature and how this may differ
within species are still unsolved questions. Here, we tested experimentally
whether the combined effect of copper and temperature modulates traits
linked to demography, morphology, movement and accumulation in six
strains of the ciliate Tetrahymena thermophila. We also explored whether
copper accumulation might modulate environmental copper concentration
effects on phenotypic and demographic traits. Results showed high intra-
specific variability in the phenotypic and demographic response to copper,
with interactive effects between temperature and copper. In addition, they
suggested an attenuation effect of copper accumulation on the sensitivity of
traits to copper, but with great variation between strains, temperatures and
copper concentrations. Diversity of responses among strains and their ther-
mal dependencies pleads for the integration of intraspecific variability and
multiple stressors approaches in ecotoxicological studies, thus improving
the reliability of assessments of the effects of pollutants on biodiversity.

INTRODUCTION

Some heavy metals are essential elements of proteins’
structure and are required for organism’s metabolism
and cell growth (da Silva & Williams, 1992). However, if
their concentration becomes too high in the environ-
ment in a bioavailable form, they can become toxic
(Graham, 1999; Jeyakumar et al., 2023; Nriagu &
Pacyna, 1988). The presence of heavy metals in
aquatic environments is a major concern today due to
water discharges from anthropogenic activities such as
agricultural run-off, industrial activities, exploitation

mining and household wastes (e.g., Kapoor &
Singh, 2021; Karbassi et al., 2006; Verma &
Dwivedi, 2013; Zamora-Ledezma et al., 2021). Unlike
many persistent organic pollutants, metals cannot be
degraded. Thus, they accumulate across organisms,
disturbing the natural ecological balance (Kong
et al., 1995; Luoma & Rainbow, 2005; Naimo, 1995), in
turn impacting ecosystems’ functioning and human
health (Aziz et al., 2023; Briffa et al., 2020; Jaiswal
et al., 2018). As a result, many heavy metals are con-
sidered a priority among environmental pollutants
(Keith & Telliard, 1979; Zait et al., 2022).
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To resist heavy metal pollution, organisms set up
various tolerance strategies. They include external
accumulation or biosorption (Balíkov�a et al., 2022;
Gupta and Diwan, 2017; Mohite et al., 2017;
Sedlakova-Kadukova et al., 2019; Sulaymon, 2014),
and internal accumulation or bioaccumulation. Biosorp-
tion refers to cell surface sorption mechanisms based
on physicochemical interactions between the heavy
metal and the functional groups of the cell membrane.
It consists mainly of polysaccharides, lipids and pro-
teins, which can bind to metals through various mecha-
nisms (Balíkov�a et al., 2022). Bioaccumulation is an
intracellular accumulation of heavy metals involving the
binding of heavy metals to intracellular compounds,
specific enzymes and proteins such as metallothio-
neins (Bhardwaj et al., 2021; Mathivanan et al., 2021;
Wang et al., 2014), which bind to metal ions in order to
reduce their toxicities and protect cell damage. External
and internal accumulation processes can occur simul-
taneously to reduce the toxicity of metal ions
(Kadukov�a & Virčíkov�a, 2005; Vel�asquez &
Dussan, 2009). Accumulation mechanisms have been
explored in a wide variety of organisms, like fishes
(e.g., Jamil Emon et al., 2023; Panigrahi et al., 2021),
molluscs (e.g., Naimo, 1995), crustaceans (e.g., Kouba
et al., 2010) and microorganisms (e.g., Balíkov�a
et al., 2022; Somasundaram et al., 2018). Microorgan-
isms deserve a particular focus due to their crucial
importance in heavy metal bioremediation processes
(e.g. Balíkov�a et al., 2022; Gupta & Diwan, 2017; Mar-
tín-Gonz�alez et al., 2006; Vel�asquez & Dussan, 2009).
During accumulation processes, microorganisms’ phe-
notypic traits can be modified. For example, some stud-
ies showed that the accumulation of zinc and copper
rounded ciliate cells’ shape and slowed down swim-
ming (Nicolau et al., 1999; Nilsson, 1981; Peng
et al., 2019; Somasundaram et al., 2018).

The responses of organisms to environmental pol-
lution may change depending on intrinsic factors
linked directly to the individual, such as genetic fac-
tors, and on extrinsic factors linked to the environ-
ment, such as temperature (Medina et al., 2007;
Olkova, 2021). Firstly, recent analyses have shown
that the response to multiple stressors is often very dif-
ferent from the response to a single stressor due to
interactive effects that could either amplify or reduce
the effects of each stressor (e.g., Pirotta et al., 2022).
For example, some studies have shown that tempera-
ture can modulate pollutant effects on organisms
(Schiedek et al., 2007; Sokolova & Lannig, 2008;
Wang et al., 2019). Secondly, responses to environ-
mental changes can strongly vary at the intraspecific
level (e.g., Bolnick et al., 2003; Yang et al., 2020).
Therefore, it is important to integrate both genotypic
and environmental variability to better understand
organism’s responses to metal pollution (e.g., Delnat
et al., 2022; Petitjean et al., 2020, 2021). Such a

multidimensional approach (intraspecific and environ-
mental variation) could improve the conclusions and
the relevant applications for preserving freshwater
ecosystems. Thus, a key aspect of our understanding
of the effects of exposure to heavy metals on organ-
isms is to determine whether they vary within species
and according to the presence of other stressors. To
study this complex question, we have focused on the
combined effects of copper and temperature on the cil-
iate Tetrahymena thermophila.

Copper is one of the heavy metals found in the
highest quantities in freshwater ecosystems due to its
intensive agricultural use as an anti-fungicidal agent
(Bouson et al., 2017; Eisler, 1998; Okocha &
Adedeji, 2012). Copper has been the subject of many
studies investigating its environmental consequences
and its deleterious effects on ecological processes,
such as changes in community composition or the dis-
ruption of trophic relationships (Förstner &
Prosi, 1979; Gardham et al., 2015; Hossain &
Rakkibu, 1999; Nor, 1987; Soldo & Behra, 2000). In
recent years, various studies have focused on the
effects of copper toxicity on ciliates of the genus Tetra-
hymena and on their accumulation mechanisms.
These studies indicate that copper reduces or inhibits
their growth and modifies other physiological traits
such as phagocytosis and locomotion (Arcila et al.,
2019; Martín-Gonz�alez et al., 2006; Nicolau
et al., 1999; Nilsson, 1981). Some studies revealed
that a strain of Tetrahymena farahensis can accumu-
late up to 54.9% of the copper present in its environ-
ment (Zahid et al., 2018). This could be explained by
the existence of several accumulation mechanisms in
this genus. For instance, a strain of Tetrahymena pyri-
formis and a strain of Tetrahymena pigmentosa are
able to accumulate copper by producing metallothio-
neins (Piccinni et al., 1987; Santovito et al., 2001). It
remains, however, unexplored if and how temperature
influences these ciliates’ cellular responses to copper
exposure and if it exhibits substantial variation in
these responses that could be explained by different
copper accumulation strategies coexisting within the
same ciliate species.

We selected T. thermophila because it is one of
the most commonly used ciliate species in ecotoxico-
logical and ecological research (e.g., Arcila et al.,
2019; Campana et al., 2022; Dayeh et al., 2005;
Gallego et al., 2007; Jacob & Legrand, 2021;
Nilsson, 1981). T. thermophila is a freshwater bacteri-
vorous eukaryotic microorganism (Collins &
Gorovsky, 2005), living in the eastern United States
where it is patchily distributed in freshwater ponds and
streams (Zufall et al., 2013). The short-term effects of
stressors can be easily studied in this species
(e.g., De Francisco et al., 2018). T. thermophila micro-
scopic size (�20–50 μm), short asexual generation
time (�5 h in our culture conditions) and high densities

2 of 15 KON�E ET AL.ENVIRONMENTAL MICROBIOLOGY REPORTS

 17582229, 2024, 5, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1758-2229.13307 by C
ochrane France, W

iley O
nline L

ibrary on [30/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



(up to millions of cells in a few millilitres) facilitate the
analysis of pollutants effects on cell viability (Gerhardt
et al., 2010). As such, the species can serve as an
early warning indicator of negative environmental
impacts (Maurya and Pandey, 2020).

Here, we experimentally evaluate copper toxicity in
six strains of T. thermophila under varying thermal con-
ditions. We aimed to (i) estimate intraspecific variability
in T. thermophila demography (one important aspect of
fitness) to a copper gradient under different thermal
conditions, (ii) quantify morphological, swimming and
copper accumulation changes along the copper
and temperature gradients and (iii) investigate whether
copper accumulation might modulate environmental
copper concentration effects on demography and phe-
notypic traits. To do so, the toxic effect of copper was
measured under controlled laboratory conditions at
three temperatures spanning the thermal niche of
T. thermophila. In parallel, we looked at the effect
of copper and thermal treatments on a series of pheno-
typic parameters, including cell size, cell elongation,
and swimming velocity. We finally estimated the ability
of cells to accumulate copper in all combinations of
copper and temperature conditions to determine to
what extent copper accumulation from the media by
cells could impact the other phenotypic traits.

EXPERIMENTAL PROCEDURES

Strains and culture conditions

Six strains of T. thermophila were used in this study:
D3, D8, D10, D16, D19 and D21. Ciliates possess two
nuclear genomes: the diploid micronuclear genome,
only transcriptionally active during sexual reproduction
(germline), and the polyploid macronuclear genome,
controlling somatic cell functions during vegetative
growth. The macronuclear genomes of our strains were
recently sequenced (Derelle et al., 2023) showing that
D8, D19 and D21 are closely related and very similar to
SB210, which was used to obtain the reference
genome of T. thermophila (Eisen et al., 2006). The
three other strains, D3, D10 and D16, have distinct
macronuclear genomes, D3 and D10 being natural iso-
lates, while D16 is the result of a cross between a
SB210-like relative and an unknown presumably natu-
ral isolate (Derelle et al., 2023). These six strains have
six distinct genotypes. These strains are routinely cul-
tured in proteose peptone yeast extract (PPYE) con-
trolled axenic liquid growth medium (0.6% w/v aqueous
solution of proteose peptone [difco], added to 0.06%
w/v yeast extract) and maintained at a constant temper-
ature of 23 ± 1�C in 2 mL within 24-well plates with
transfers every �10 days. The manipulations of the
strains were exclusively carried out under sterile condi-
tions using a laminar flow hood.

Copper and thermal stressors treatments

The exposure conditions (copper concentration and
exposure time) were determined in a pilot experiment,
showing that the maximum concentration tolerable by
the majority of cells is around 350 mg/L in our con-
trolled conditions (Figure S1). We fixed an exposure
time of 96 h (4 days) because, starting from a small
fraction of cells in stationary phase, all strains should
have entered the exponential growth phase, but none
should have reached the stationary phase under our
control condition (�4–6 h generation time in the expo-
nential phase at 23�C). In our pilot experiment, for this
control condition, only two asexual generations were
observed overall (1.94 ± 0.27 generations) after 96 h.
This means that cells have finished their latency phase
and just begun their exponential phase. In such a short
number of generations, consistent differences in trait
values across the replicates of a given clonal strains
should result from phenotypic plasticity. Indeed, in two
generations, the selection of de novo mutations seems
unrealistic. Rather, phenotypic plasticity in response to
copper and thermal variation can account for rapid and
convergent phenotypic shifts between replicates of the
same strain.

Cells were exposed to four copper concentrations
(CuSO4 � 5H2O, Sigma): 0, 150, 275 and 350 mg/L (fol-
lowing a pilot experiment in which we determined the
maximum tolerable concentration of our six strains;
Figure S1), and three different temperatures:
15, 23 and 31�C. These three experimental tempera-
tures were chosen as follows: a low temperature yet
ensuring survival (15�C), the standard culture tempera-
ture (23�C) and a temperature close to the growth opti-
mum (31�C; Figure S2). A stock solution of copper was
prepared by dissolving the metal salt (CuSO4 5H2O) in
ultrapure deionised distilled water at a concentration of
5 g/L. Then, the exposure concentrations were pre-
pared by diluting the stock solution with PPYE. Three
replicates per strain were carried out for each copper
concentration. These replicates were created by inocu-
lating 2.5 mL (�2.5 � 105 cells) of 7-day culture of
each strain into 50 mL tubes (Falcon) previously filled
with 10 mL of the adequate exposure medium. Then,
three replicates per strain were placed in three climatic
chambers fixed at 15, 23 and 31�C, resulting in
216 experimental populations (6 strains � 4 copper
concentrations � 3 temperatures � 3 replicates;
Figure S3).

Assessment of demography,
morphological and movement traits from
video analysis

For each experimental population and for both initial
and final experimental time (96 h), two 10 μL samples
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were pipetted and placed in multi-chamber counting
slides (Kima precision cell). Fifteen-second videos were
immediately made for each chamber under dark-field
macroscopy (Axio Zoom V16, Zeiss). These videos
were processed to extract the number of cells, their
morphology and their swimming velocity (see examples
in Cayuela et al., 2022; Junker et al., 2021; Morel-
Journel et al., 2020) using the BEMOVI R package
(Pennekamp et al., 2015). Cell size was defined as cell
area; cell elongation was calculated as the ratio
between the major axis and the minor axis of cell mean-
ing that the higher the value, the more elongated the
cell; and cell swimming velocity was calculated as
the total distance travelled by the cells divided by the
duration of the trajectory.

To measure the impact of treatments on
T. thermophila demography (one important element of
fitness), we calculated the changes in the number
of cells (Δcells) over 96 h, which combines the effects of
both survival and growth:

Δcells ¼Nb96h –Nb inoculated
Nb inoculated

:

Nb 96 h corresponds to the number of cells present
in the experimental treatments at the end of the experi-
ment; Nb inoculated corresponds to the number of cells
inoculated at the beginning of the experiment.

Measurement of copper accumulation
traits

We estimated copper accumulation by measuring the
amount of copper eliminated by cells from the medium
for each population after 96 h of exposure. We followed
the method of Martín-Gonz�alez et al. (2006). The
216 experimental tubes were filtered (0.22 μm mem-
brane) to remove all cells. Soluble metal concentrations
were measured from these free of cells media using an
inductively coupled plasma emission spectrometer
(ICP-AES) Sequential-Multichannel (SPECTRO). The
spectrometer (ICP-AES) was calibrated using copper
standard solutions, considered certified reference
materials (analyses performed by the Fast Bio-
analyses of Trace Elements Platform, LEFE, Auzeville
Tolosane, France). Copper concentration accumulated
by cells (accumulation concentration) was determined
as the difference between the initial copper concentra-
tion and the final copper concentration (after 96 h of
incubation with the cells); and the percentage of accu-
mulated copper (accumulation percentage) as the ratio
between the accumulated copper concentration and
the initial copper concentration. Cell-free controls were
performed for each copper concentrations and for each
temperature (Figure S4). The objective of these con-
trols was to better calibrate the accumulation

measurements by considering the impact of the syn-
thetic exposure medium (PPYE) on the accumulation.
These controls revealed that accumulation measure-
ments were reliable: free-copper controls (0 mg/L)
showed that there was no detectable copper in the
PPYE and the controls with copper (150, 275 and
350 mg/L) showed that the concentration of copper
placed in the medium was entirely found in the medium
after 96 h under all thermal conditions (Table S1). As a
result, the measurements of copper found in the
medium after filtration of the cells correspond to
the copper that was not accumulated by the cells. This
study measures accumulation as a whole throughout
the manuscript, thus considering both internal and
external accumulation simultaneously, because our
objective was to analyse the effects of global accumu-
lation rather than focusing on the effects linked to the
type of accumulation.

Statistical analysis

We performed all statistical analyses on R version
4.2.2 (R Core Team, 2022).

First, the effects of copper concentration gradient
on demography, morphology, swimming and accumula-
tion traits at the different thermal conditions were deter-
mined by generalised linear models (GLMs) using the
R-stats package: glm function: trait � concentration +
temperature + strain + concentration � temperature +
concentration � strain + temperature � strain + concen-
tration � temperature � strain. The normality of each
trait distribution was verified using Shapiro–Wilk
normality test. Copper concentration was considered
as a discrete variable, and temperature and strain were
considered as categorial variables. Indeed, this allows
us to detect significant differences between each of
the three temperatures, given that we had no specific
argument justifying linear or quadratic effects of tem-
perature. For accumulation estimation, copper treat-
ments at 0 mg/L were excluded since there cannot be
copper accumulation in a copper-free medium. All
numeric response variables have been centred and
scaled to obtain a mean of 0 and a standard deviation
of 1 to allow comparisons of effects between all traits
and strains. The final models were selected according
to a backward selection method on the basis of the
Akaike information criterion. In cases of significant
effects involving at least one categorical variable, con-
trast tests were carried out in order to determine the
intensity and direction of the observed effects. We
applied a false discovery rate pairwise comparison
correction to determine the significance level of the
effects.

Secondly, we aimed at studying if accumulation
may influence the effects that copper and temperature
have on the other phenotypic traits. To determine how
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to implement this analysis, that is, a global model inte-
grating all strains and temperatures or by separating
each strain and/or temperature, we first analysed if
strain identity and temperature had an influence on the
relationships between phenotypic traits and accumula-
tion. To do so, we calculated the effect size of the cor-
relation between accumulation concentration (as we
wanted to focus on the amount of copper accumulated
by strains) and each of the other trait (demography,
size, elongation and velocity). Effect sizes allow us to
quantify the magnitude of a difference or a relationship
between many variables. We used the datawizard
package (Patil et al., 2022) and the effectsize package
(Ben-Shachar et al., 2020) to run linear models (LM) in
the form of estimate (trait � accumulation) � strain
+ temperature + strain � temperature using standar-
dised parameters. Estimate(trait � accumulation) was
the estimate value resulting from LMs in the form of
trait � accumulation considering the three replicates
of trait values for each of the six strains and each of the
three temperatures separately. We thus obtained
18 values of effect size per trait. Significant variables
were determined through a backward selection proce-
dure. Backward selection is one of the main
approaches to stepwise regression (Hocking, 1976). It
consists of the deletion of variables whose loss does
not result in a statistical deterioration of the fit of the
model. The variable removal process is repeated until
no more non-significant variables in the model fit. This
effect size analysis revealed a significant effect of
strain � temperature on at least one trait (see Results
section). This means that the influence of accumulation
on the response of the other traits to copper and tem-
perature has to be studied for each strain and tempera-
ture separately.

The links between accumulation concentration and
the other phenotypic traits were studied using structural
equation modelling analysis (SEM) with the Lavaan
package (Rosseel, 2012). SEM analysis consists of the
creation of a single model that represents all the rela-
tionships (expressed in the form of equations) between
the measured variables. It combines regression rela-
tions and path analyses to estimate relationships
between chosen predictor variables and response vari-
ables (Grace et al., 2015; Kline, 2016; Schreiber
et al., 2006). SEM involves estimating the coefficients
of equations to determine the intensity and direction of
links between different variables. Thus, it allows us to
distinguish the parts of the phenotypic variance attrib-
uted to the copper concentration gradient from those
attributed to the copper accumulation of the strains. In
the end, it provides prediction on the participation of
accumulation in the tolerance of strains to copper at dif-
ferent temperatures. Our models combined copper con-
centration gradient and copper accumulation, called
‘concentration’ and ‘accumulation,’ respectively, as

predictors; and demography (‘Δcells’), cell size (‘size’),
cell elongation (‘elongation’) and swimming speed
(‘velocity’) as response variables to be predicted by the
same pathway to test different scenarios involving
regression relationships (Bollen, 1989; Jorgensen &
Jak, 2020; Rosseel, 2012). The factor variable ‘strain’
was considered a group and the analysis was carried
out separately for each of the exposure temperatures
(see above). Models’ accuracies were evaluated using
several criteria: χ 2, the root mean square error of
approximation, the standardised root mean square
residual and the comparative adjustment index (Fan
et al., 2016). For these models, p > 0.05 reflects good
quality of fit. Criterion to assess the accuracy of these
SEM models showed satisfactory quality of fit
(Table S3).

RESULTS

Effects of copper and temperature on
demography and phenotypic traits

Demography

For all strains, copper concentration had a negative
effect on Δcells (Figure 1A; Table 1, see all curves with
their standard deviation in Figure S5). The interaction
strain � temperature was significant (Table 1). For all
strains, Δcells was the lowest at the cold temperature
(15�C) and at the warmer temperature (23 and 31�C),
and D8 and D19 had higher Δcells than the four other
strains (Table S2). Noteworthy, temperature did not
affect the copper impact on population Δcells, whatever
the strain (non-significant copper � temperature and
copper � temperature � strain interactions, Table 1),
although we observed a tendency for a lesser variance
in the responses to copper stressor at 15�C between
strains.

Morphology and swimming traits

Copper had significant effects on cell size, cell elonga-
tion and swimming velocity, although the direction of
these effects changed between strains and was
temperature-dependent (significant copper � tempera-
ture � strain interaction, except for elongation, for
which only the two-way interactions were significant
Table 1). Cell size generally decreased along increas-
ing copper concentration at 15�C, while this pattern
reversed at 31�C. However, this pattern differed in
some strains (see, for instance, D8 at 15�C and D16 at
31�C, Figure 1B; Tables 1 and S2). At 23�C, a high var-
iation in the effects of copper on cell size was observed
between strains. Cell elongation also changed
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F I GURE 1 Copper effects on phenotypic traits (A) demography, (B) size, (C) elongation, (D) velocity, (E) accumulation concentration and
(F) accumulation percentage along the thermal gradient. Colours represent each of the six strains. Points represent the values (three replicates
per strain) of each trait at the corresponding copper concentration. The lines are the regressions obtained from the glm models. Error margins
are not displayed for better readability of the graphs (observation of the margins of error are available in Figure S5).
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depending on copper, temperature and strain, with cells
being generally rounder as copper concentration
increased (Figure 1C), an effect that was stronger in
some strains and some temperatures (for instance,
D8 at 23�C) and non-significant at 15�C for half of the
strains. Finally, velocity decreased as copper concen-
tration increased for all strains at 23 and 31�C
(Figure 1D). At 15�C, cell velocity either increased,
decreased or did not vary as copper concentration
increased, depending on the strain (Figure 1D).

Accumulation traits

Contrary to the other traits, accumulation traits (accu-
mulation amount and accumulation percentage) did
not depend on temperature (Table 1). Accumulation
concentration increased with the concentration of cop-
per in the media for all strains (Figure 1E; significant
copper concentration effect; Table 1), D3 and D8
accumulating the most (significant strain effect;
Tables 1 and S2), especially as copper concentration
increased (significant concentration � strain interac-
tion; Tables 1 and S2). Accumulation percentage
remained constant regardless of the copper concen-
tration in the media (Figure 1F; 25% ± 5% over all
strains) and was higher for D3 and D8 (significant
strain effect, Tables 1 and S2). Surprisingly, among
the two strains that tolerated better copper over all
temperatures (i.e., higher Δcells for D8 and D19), only
D8 had among the highest accumulation traits, while
D19 had among the lowest.

Links between accumulation and the other
phenotypic traits

We first studied the impact of strain identity and temper-
ature on the effect sizes obtained from the models, test-
ing for a correlation between accumulation
concentration and the other traits (Figure S6). We
detected a significant effect of the interaction between
temperature and strain on demography (p < 0.0001), a
significant effect of strain on elongation (p < 0.0001),
and a marginal effect of temperature on size
(p = 0.039; Table 1). As a result, SEM analyses, which
aimed at studying the links between accumulation con-
centration and all the other phenotypic traits in a unique
path model, were conducted for each temperature and
strain separately.

Correlation between accumulation and
demography

The correlation between copper concentration and
Δcells was negative (Figure 2; Table S4 for individual
SEM results, see Figure S7 for a representation of all
the pathways of effects for all traits, temperatures and
strains), as previously demonstrated by the GLM ana-
lyses, which indicates deleterious effects of copper on
demography. The correlation between accumulation
and Δcells was positive in some strains at specific tem-
peratures, suggesting that accumulation significantly
attenuated the inhibitory effects of copper on demogra-
phy. Indeed, accumulation significantly attenuated

TAB LE 1 Results presenting the effect significance of copper concentration on demography, size, elongation, and swimming velocity for
each strain under the three exposure temperatures 15, 23 and 31�C. Generalised linear models (analysis of variance): trait � concentration
+ temperature + strain + concentration � temperature + concentration � strain + temperature � strain + copper
concentration � temperature � strain. Significant terms are highlighted in bold.

Trait Deviance p-value

Copper
concentration Temperature Strain

Copper
concentration
� strain

Copper
concentration
� temperature

Strain
� temperature

Copper concentration
� temperature � strain

Δcells 37.62 21.4 54.7 5.4 1.5 18.5 3.6

n = 212 0.04 <0.0001 <0.0001 0.1 0.15 <0.0001 0.53

Size 0.6 65.93 21.36 11.93 24.28 7.41 15.29

n = 212 0.001 <0.039 <0.0001 <0.0001 <0.0001 0.02 <0.0001

Elongation 41.92 4.5 106.23 4.57 6.95 21.68 2.18

n = 212 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.09

Velocity 32.87 7.29 27.15 15.20 6.47 27.28 13.82

n = 212 <0.0001 <0.0001 <0.0001 <0.0001 0.9 <0.0001 <0.0001

Accumulation
concentration

112.8 2 0.235 21.4 2.13 3.19 0.948

n = 161 <0.0001 0.25 <0.0001 0.01 0.41 0.18 0.71

Accumulation
percentage

0.75 6.21 89.64 1.10 2.85 11.81 1.44

n = 161 0.15 0.09 <0.0001 0.17 0.22 0.08 0.95
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F I GURE 2 Copper concentration, accumulation level and total effects of copper on demography, cell size, cell elongation and swimming
velocity for each strain (colour bars) at each temperature (A) 15�C, (B) 23�C and (C) 31�C as obtained from SEM. Concentration effects are
estimated from the relationship between copper concentration and phenotypic traits. Accumulation effects are estimated from the sums of the
products of the path coefficients from copper to accumulation, then from accumulation to the phenotypic trait. Total effects correspond to the sum
of concentration and accumulation effects. Only significant effects are represented by the colour bars (p < 0.05).
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Δcells decrease for D8 at 15�C, D10 at 15�C and 23�C,
D3 at 23�C and 31�C and D16 at 31�C (Figure 2). The
only significant negative correlation between accumula-
tion and Δcells was for D16 at 15�C. Of note, in D19,
there was no significant correlation between copper
accumulation and Δcells (Figure 2), while this strain had
the highest Δcells over all copper concentrations and
temperatures.

Contrasted effect of copper concentration and
accumulation

In ten cases, the correlations between copper accumu-
lation and the other traits on the one hand, and
between copper concentration and these traits on the
other hand, were significant and opposite (Figure 2).
When copper concentration tended to increase cell size
(e.g., in D16 at 23 and 31�C) and reduce cell elongation
(e.g., D21 at 23 and 31�C) and cell velocity
(e.g., D10 at 15�C), accumulation tended to attenuate
these effects, leading to smaller total copper effects
(Figure 2). However, in nine other cases, there were
only copper concentration effects without the involve-
ment of accumulation. For example, at 23�C, accumu-
lation did not correlate with the reduction in cell size of
D16 and D21 or the fact that the cells became rounder
for D8 and D21 (Figure 2).

DISCUSSION

In this study, we tested the combined effects of copper
and temperature on the demography, morphological,
swimming and accumulation traits of T. thermophila,
and estimated intraspecific variability in these pheno-
typic responses. Analyses showed that copper modi-
fied the demography of strains, their morphology, as
well as their swimming behaviour, depending on ther-
mal conditions. The level of copper accumulation
increased along with the copper concentration gradient,
independent of temperature. Results also indicated that
there was intraspecific variability in all measured phe-
notypic traits (significant strain effect). It is noteworthy
that these differences between strains were modulated
by temperature and/or copper concentration. A notable
exception was the accumulation percentage, which
was different between strains but unaffected by either
of our experimental treatments. To better understand
how accumulation is involved in the observed
responses to the combination of copper and thermal
stressor, we ran path analysis linking accumulation to
all other traits (Δcells, size, elongation and velocity).
While we revealed attenuating effects of accumulation
on copper effects in some strains at specific tempera-
tures, it was not a general pattern. We observed that
accumulation had no significant effect on the

demography of the most copper-tolerant strain (D19),
whatever the temperature. We shall discuss these find-
ings in light of the cellular mechanisms that could
explain the revealed patterns.

Temperature-dependent effects of copper
concentration on cellular characteristics

In agreement with previous studies on Tetrahymena
species, which showed that copper can have lethal
effects and modify the morphology and swimming
behaviour of cells (e.g., Arcila et al., 2019; Dayeh
et al., 2005; Kumar et al., 2014; Nicolau et al., 1999;
Nilsson, 1981), we found that copper had significant
effects on T. thermophila demography and phenotypic
traits. We observed that the changes in the number of
cells over 96 h, our proxy of fitness, were dependent on
copper and temperature, but we did not detect any sig-
nificant interaction between the two stressors: Δcells

decreased along with increasing copper and decreas-
ing temperature. Moreover, we found that temperature
could modulate copper effects on cell elongation, size
and swimming velocity. Indeed, cells were generally
smaller and rounder as copper concentration increased
in the lower part of the thermal gradient, but at the
warmer temperature, cells generally became larger
(notice that some strains deviate from these general
patterns). The thermal-dependency was different for
swimming velocity, which decreased for the majority of
strains at the two warmer temperatures as copper con-
centration increased, while it could go in all directions
at the lower temperature. Such changes in demogra-
phy, cell morphology and swimming might be due, at
least in part, to membrane alteration and inhibition of
proteins in the presence of copper (Somasundaram
et al., 2018) and at non-optimal temperature (DeLong
et al., 2017; Weber de Melo et al., 2020). In general,
the strains of T. thermophila studied have thermal
optima between 26 and 32�C (Jacob et al., 2018;
Figure S2). Our coldest temperature (15�C) is thus far
from these optimal conditions. Cold generates a hetero-
geneous and disturbed distribution of Tetrahymena
membrane particles, thus inhibiting membrane fluidity
and altering lipid composition (Nozawa, 2011). Indeed,
the membrane phospholipids move less and become
more rigid. This decreases the overall fluidity of the
membrane, also decreasing its permeability and poten-
tially restricting the entry of important molecules such
as glucose into the cell. For instance, it is known that
cold thermal stress can alter the membrane of
T. thermophila by degrading the integral and peripheral
proteins in the membrane responsible for cell morphol-
ogy (Sanchez Granel et al., 2019). Cold temperature
can also decrease cell survival and growth by reducing
cell size (Chandler, 2023). This would explain the
strong effects of cold temperature (15�C) on
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the demography of strains and morphology, and per-
haps the tendency towards more homogenous
responses at cold temperature (thermal stressor so
high that copper effects are less effective). However,
how cells’ demography, morphology and swimming are
affected by the interaction between copper and temper-
ature is unknown in T. thermophila. As strains differed
in their response to the interaction between copper and
temperature, mechanistic investigations on multiple
strains will be required to determine what drives the
morphological and swimming effects observed in this
study (Table 2).

Surprisingly, temperature had no significant effect
on accumulation, neither through simple nor through
interactive effects. This result contrasts with other stud-
ies looking at accumulation of copper, zinc and cad-
mium by ciliates (Liaqat et al., 2022; Martín-Gonz�alez
et al., 2006). One explanation could be that our strains
favour an accumulation strategy that is not very sensi-
tive to temperature. Morillo-Pérez et al. (2008) and
Vel�asquez and Dussan (2009) showed that many
microorganisms rely mainly on external accumulation,
which requires a very low energy supply. This passive
accumulation pathway consists in the formation of
metal ion complexes on the cell membrane by the
receptors. As temperature has no direct effect on
the polarity of membrane surface receptors below 50�C
(Geddie & Sutherland, 2008), it could explain why tem-
perature had no significant effect on accumulation level
in our study. In the future, analyses of transcriptomes
after exposure to temperature and copper stressors
would help to characterise the genes involved in the
accumulation ability of different strains of
T. thermophila. This could also help shed light on the
mechanisms responsible for the intriguing result of an
equal percentage of accumulation observed, whatever
the copper concentration in the medium.

Accumulation can mitigate the toxic
effects of copper, but other mechanisms
are also at play

Accumulation ability is a well-known resistance mecha-
nism in ciliates (and other taxa) to better tolerate and
detoxify certain heavy metals (Martín-Gonz�alez
et al., 2006; Peng et al., 2019). It can participate in
reducing the toxic effects of copper, so it might mediate
part of the observed effects of copper. Our SEM analy-
sis suggested that accumulation may reduce the dele-
terious effects of copper on demography in some
strains because, when significant, the direction of its
effects was opposite to those of the effects of copper
concentration. This effect seems general in ciliates.
Indeed, accumulation helps a strain of Paramecium
multimicronucleatum to resist copper (Liaqat
et al., 2022). This strain was able to accumulate more
than 80% of copper in the medium, and this copper
accumulation induced an increase in the production of
glutathione and thiols, which in turn contributed to the
reduction of oxidative stress caused by copper (Liaqat
et al., 2022). In the genus Tetrahymena, the strains that
accumulate the most are usually those that resist cop-
per the best (Chaudhry & Shakoori, 2011). However, in
our results, some strains showed no involvement of
accumulation in their demography but had nonetheless
good copper tolerance. This was the case of D19,
which had the highest number of cells after 96 h over
all copper concentrations and temperatures, despite no
significant correlation between its demography and
accumulation. This strain could have other resistance
mechanisms, for instance avoidance strategies such as
cell efflux, which consists of expelling excess copper
from the cell after entry (Solioz & Stoyanov, 2003). This
mechanism would also help maintain cell homeostasis
when they are exposed to heavy metals. Cell efflux is
often facilitated by efflux transport proteins that act as
pumps to remove metals out of the cell (Nies, 2003;
Nies & Silver, 1995). Strains expressing this strategy
would putatively remove very little copper in the expo-
sure medium (�0.5% of the copper present in the
medium in some species; Kadukov�a & Virčíkov�a, 2005)
while resisting well to copper. Our experiments cannot
make conclusions on the nature of the other mecha-
nisms involved in copper tolerance. However, they
clearly show that several tolerance mechanisms can be
at play within the same species, but with strong differ-
ences between strains.

Importance of intraspecific variability in
ecotoxicological studies

In this study, although we have evaluated the
responses of only six strains of T. thermophila exposed
only to two stressors (copper and temperature) and

TAB LE 2 Results of the backward selection from models linking
effect sizes of trait � accumulation relationship to genotype and
temperature (effect size trait � strain + temperature
+ strain � temperature). Only significant variables (in bold) after
backward selection are presented. Velocity is not included as it was
not affected by strain nor temperature. Temperature has a marginal
effect on the effect size of cell size.

Variables Effect size_Δcells

F-value Df p-Value

Strain 6.9684 5 <0.0001

Temperature 0.0737 1 0.787397

Temperature � strain 4.1264 5 0.003873

Variables Effect size_size

F-value Df p-Value

Temperature 3.335 1 0.0866

Variables Effect size_elongation

F-value Df p-Value

Strain 3.647 5 0.0308
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analysed only five phenotypic traits (cell size and cell
elongation, swimming velocity, copper accumulation
percentage and copper accumulation level) and one
proxy of fitness, our observations have revealed sub-
stantial intraspecific variation. Demography differed
considerably between strains, morphological and swim-
ming traits went in all directions depending on tempera-
ture, and copper accumulation varied between strains
but was not affected by temperature. This complexity
suggests that biological functions react in a very spe-
cific way to stress conditions, depending not only on
the genetic combination of each strain, but also on the
interaction between stressors. For example, the study
of Delnat et al. (2022) on six strains of Daphnia magna
exposed to the combined effect of temperature and
pesticide revealed variations in the interactive effects of
the two stressors according to the strain and the trait
considered. Regarding growth, four Daphnia strains
showed antagonistic effects, one strain showed addi-
tive effects and one presented synergistic effects. In
terms of maturation time, two strains displayed syner-
gistic effects, two others showed additive effects, while
the last two presented antagonistic effects (Delnat
et al., 2022).

Our results showed that accumulation effects on
phenotypic trait changes were not always significant,
depending on strain � temperature combinations. Our
analysis also highlighted that the strains presenting
the highest accumulation were not systematically the
most tolerant to the toxic effects of copper. For exam-
ple, D3 and D8 were the most copper-accumulative,
while D19 was among the least accumulative. How-
ever, D8 and D19 resisted the best to copper. There-
fore, copper accumulation level might not be the only
resistance mechanism to copper expressed by our
strains. The tolerance of strains probably results from
various genomic mechanisms (allelic variation and
gene expression) interacting in complex ways to pro-
duce unique expression profiles reflecting their degree
of tolerance. A study in 1500 strains of Drosophila
melanogaster showed that resistance to the toxic
effects of copper is genetically complex and influ-
enced by the allelic and expression variation in sev-
eral loci, which could produce strain-specific
expression profiles and thereby variability of tolerance
(Everman et al., 2021).

As in our study, recent years have revealed that the
results of ecotoxicological studies, especially on fresh-
water ecosystems, can strongly differ between popula-
tions (Delnat et al., 2022; Petitjean et al., 2021;
Roubeau Dumont et al., 2019). In some cases, intra-
specific variation may even have equivalent or greater
influence than that of interspecific differences on overall
community responses to anthropogenic stressors
(Jacob & Legrand, 2021; Raffard et al., 2019). How-
ever, it is noteworthy that intraspecific variability is only
poorly considered in environmental risk analyses, while

it is an important component of (freshwater) ecosys-
tems and is a crucial factor in implementing adequate
management strategies (Brady et al., 2017). This study
supports this claim, as we highlighted that the sensitiv-
ity and tolerance mechanisms to copper and tempera-
ture can be highly different between different
T. thermophila strains.
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Kouba, A., Buřič, M. & Koz�ak, P. (2010) Bioaccumulation and effects
of heavy metals in crayfish: a review. Water, Air, and Soil Pollu-
tion, 211, 5–16. Available from: https://doi.org/10.1007/s11270-
009-0273-8

Kumar, U., Lo, R. & Nguyen, B. (2014) The effect of copper sulfate
toxicity on cell growth rate of Tetrahymena thermophila. The
Expedition, 4.

Liaqat, A., Zahra, I., Abbas, S.Z., Wabaidur, S.M., Eldesoky, G.E.,
Islam, M.A. et al. (2022) Copper bioremediation ability of ciliate
paramecium multimicronucleatum isolated from industrial waste-
water. Water, 14, 1419. Available from: https://doi.org/10.3390/
w14091419

Luoma, S.N. & Rainbow, P.S. (2005) Why is metal bioaccumulation
so variable? Biodynamics as a unifying concept. Environmental
Science & Technology, 39, 1921–1931. Available from: https://
doi.org/10.1021/es048947e

Martín-Gonz�alez, A., Díaz, S., Borniquel, S., Gallego, A. &
Gutiérrez, J.C. (2006) Cytotoxicity and bioaccumulation of heavy
metals by ciliated protozoa isolated from urban wastewater treat-
ment plants. Research in Microbiology, 157, 108–118. Available
from: https://doi.org/10.1016/j.resmic.2005.06.005

Mathivanan, K., Chandirika, J.U., Vinothkanna, A., Yin, H., Liu, X. &
Meng, D. (2021) Bacterial adaptive strategies to cope with metal
toxicity in the contaminated environment – a review. Ecotoxicol-
ogy and Environmental Safety, 226, 112863. Available from:
https://doi.org/10.1016/j.ecoenv.2021.112863

Maurya, R. & Pandey, A.K. (2020) Importance of protozoa tetrahy-
mena in toxicological studies: a review. Science of The Total
Environment, 741(novembre), 140058. Available from: https://
doi.org/10.1016/j.scitotenv.2020.140058

Medina, M.H., Correa, J.A. & Barata, C. (2007) Micro-evolution due to
pollution: possible consequences for ecosystem responses
to toxic stress. Chemosphere, 67, 2105–2114. Available from:
https://doi.org/10.1016/j.chemosphere.2006.12.024

Mohite, B.V., Koli, S.H., Narkhede, C.P., Patil, S.N. & Patil, S.V.
(2017) Prospective of microbial exopolysaccharide for heavy
metal exclusion. Applied Biochemistry and Biotechnology, 183,
582–600. Available from: https://doi.org/10.1007/s12010-017-
2591-4

Morel-Journel, T., Thuillier, V., Pennekamp, F., Laurent, E.,
Legrand, D., Chaine, A.S. et al. (2020) A multidimensional
approach to the expression of phenotypic plasticity. Functional
Ecology, 34, 2338–2349. Available from: https://doi.org/10.1111/
1365-2435.13667

Morillo-Pérez, J.A., García-Ribera, R., Quesada, T., Aguilera, M.,
Ramos-Cormenzana, A. & Monteoliva-S�anchez, M. (2008) Bio-
sorption of heavy metals by the exopolysaccharide produced by
Paenibacillus jamilae. World Journal of Microbiology and Bio-
technology, 24, 2699–2704. Available from: https://doi.org/10.
1007/s11274-008-9800-9

Naimo, T.J. (1995) A review of the effects of heavy metals on fresh-
water mussels. Ecotoxicology, 4, 341–362. Available from:
https://doi.org/10.1007/BF00118870

Nicolau, A., Mota, M. & Lima, N. (1999) Physiological responses of
Tetrahymena pyriformis to copper, zinc, cycloheximide and triton
X-100. FEMS Microbiology Ecology, 30, 209–216. Available
from: https://doi.org/10.1111/j.1574-6941.1999.tb00649.x

Nies, D.H. (2003) Efflux-mediated heavy metal resistance in prokary-
otes. FEMS Microbiology Reviews, 27, 313–339. Available from:
https://doi.org/10.1016/S0168-6445(03)00048-2

Nies, D.H. & Silver, S. (1995) Ion efflux systems involved in bacterial
metal resistances. Journal of Industrial Microbiology, 14, 186–
199. Available from: https://doi.org/10.1007/BF01569902

A CILIATE RESPONSE TO COMBINED STRESSORS 13 of 15ENVIRONMENTAL MICROBIOLOGY REPORTS

 17582229, 2024, 5, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1758-2229.13307 by C
ochrane France, W

iley O
nline L

ibrary on [30/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1093/acprof:oso/9780199672547.003.0009
https://doi.org/10.1016/S1462-0758(00)00006-6
https://doi.org/10.1016/j.btre.2016.12.006
https://doi.org/10.2307/2529336
https://doi.org/10.53808/KUS.1999.1.2.259-266-Ls
https://doi.org/10.53808/KUS.1999.1.2.259-266-Ls
https://doi.org/10.1073/pnas.1805574115
https://doi.org/10.1098/rspb.2021.0428
https://doi.org/10.1098/rspb.2021.0428
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2018025348
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2018025348
https://doi.org/10.3390/toxics11060510
https://doi.org/10.4491/eer.2021.631
https://doi.org/10.1007/s11336-020-09705-6
https://doi.org/10.1016/j.isci.2021.102915
https://doi.org/10.1016/j.isci.2021.102915
https://doi.org/10.1016/j.envint.2004.09.020
https://doi.org/10.1016/j.envint.2004.09.020
https://doi.org/10.1016/B978-0-12-821656-9.00010-9
https://doi.org/10.1016/B978-0-12-821656-9.00010-9
https://doi.org/10.1007/BF03325905
https://doi.org/10.1021/es60152a601
https://doi.org/10.1007/978-1-4612-4252-9_5
https://doi.org/10.1007/s11270-009-0273-8
https://doi.org/10.1007/s11270-009-0273-8
https://doi.org/10.3390/w14091419
https://doi.org/10.3390/w14091419
https://doi.org/10.1021/es048947e
https://doi.org/10.1021/es048947e
https://doi.org/10.1016/j.resmic.2005.06.005
https://doi.org/10.1016/j.ecoenv.2021.112863
https://doi.org/10.1016/j.scitotenv.2020.140058
https://doi.org/10.1016/j.scitotenv.2020.140058
https://doi.org/10.1016/j.chemosphere.2006.12.024
https://doi.org/10.1007/s12010-017-2591-4
https://doi.org/10.1007/s12010-017-2591-4
https://doi.org/10.1111/1365-2435.13667
https://doi.org/10.1111/1365-2435.13667
https://doi.org/10.1007/s11274-008-9800-9
https://doi.org/10.1007/s11274-008-9800-9
https://doi.org/10.1007/BF00118870
https://doi.org/10.1111/j.1574-6941.1999.tb00649.x
https://doi.org/10.1016/S0168-6445(03)00048-2
https://doi.org/10.1007/BF01569902


Nilsson, J.R. (1981) Effects of copper on phagocytosis in Tetrahy-
mena. Protoplasma, 109, 359–370. Available from: https://doi.
org/10.1007/BF01287453

Nor, Y.M. (1987) Ecotoxicity of copper to aquatic biota: a review.
Environmental Research, 43, 274–282. Available from: https://
doi.org/10.1016/S0013-9351(87)80078-6

Nozawa, Y. (2011) Adaptive regulation of membrane lipids and fluidity
during thermal acclimation in Tetrahymena. Proceedings of the
Japan Academy, Series B, 87, 450–462. Available from: https://
doi.org/10.2183/pjab.87.450

Nriagu, J.O. & Pacyna, J.M. (1988) Quantitative assessment of world-
wide contamination of air, water and soils by trace metals.
Nature, 333, 134–139. Available from: https://doi.org/10.1038/
333134a0

Okocha, R.O. & Adedeji, O.B. (2012) Overview of copper toxicity to
aquatic life. Report and Opinion, 4(8), 57–67.

Olkova, A.S. (2021) Intraspecific sensitivity to toxicants – a methodo-
logical problem of bioassay: review. Journal of Ecological Engi-
neering, 22, 113–122. Available from: https://doi.org/10.12911/
22998993/139066

Panigrahi, A.K., Bakshi, A. & Pattanayak, S. (2021) A comprehensive
review on the uptake by and accumulation of some heavy
metals in fresh water fishes. Bioscience Biotechnology
Research Communications, 14(1), 387–396.

Patil, I., Makowski, D., Ben-Shachar, M.S., Wiernik, B.M.,
Bacher, E. & Lüdecke, D. (2022) Datawizard: an R package for
easy data preparation and statistical transformations. Journal of
Open Source Software, 7, 4684. Available from: https://doi.org/
10.21105/joss.04684

Peng, H., Li, D., Ye, J., Xu, H., Xie, W., Zhang, Y. et al. (2019) Bio-
sorption behavior of the Ochrobactrum MT180101 on ionic cop-
per and chelate copper. Journal of Environmental Management,
235, 224–230. Available from: https://doi.org/10.1016/j.jenvman.
2019.01.060

Pennekamp, F., Schtickzelle, N. & Petchey, O.L. (2015) BEMOVI,
software for extracting behavior and morphology from videos,
illustrated with analyses of microbes. Ecology and Evolution,
5, 2584–2595. Available from: https://doi.org/10.1002/ece3.
1529

Petitjean, Q., Jacquin, L., Riem, L., Pitout, M., Perrault, A.,
Cousseau, M. et al. (2021) Intraspecific variability of responses
to combined metal contamination and immune challenge
among wild fish populations. Environmental Pollution, 272,
116042. Available from: https://doi.org/10.1016/j.envpol.2020.
116042

Petitjean, Q., Jean, S., Côte, J., Larcher, T., Angelier, F., Ribout, C.
et al. (2020) Direct and indirect effects of multiple environmental
stressors on fish health in human-altered rivers. Science of the
Total Environment, 742, 140657. Available from: https://doi.org/
10.1016/j.scitotenv.2020.140657

Piccinni, E., Irato, P., Coppellotti, O. & Guidolin, L. (1987) Biochemi-
cal and ultrastructural data on Tetrahymena pyriformis treated
with copper and cadmium. Journal of Cell Science, 88, 283–
293. Available from: https://doi.org/10.1242/jcs.88.3.283

Pirotta, E., Thomas, L., Costa, D.P., Hall, A.J., Harris, C.M.,
Harwood, J. et al. (2022) Understanding the combined effects of
multiple stressors: a new perspective on a longstanding chal-
lenge. Science of the Total Environment, 821, 153322. Available
from: https://doi.org/10.1016/j.scitotenv.2022.153322

R Core Team. (2022) R: the R project for statistical computing. Avail-
able at: https://www.r-project.org/ [Accessed 23rd October 2023]

Raffard, A., Santoul, F., Cucherousset, J. & Blanchet, S. (2019) The
community and ecosystem consequences of intraspecific diver-
sity: a meta-analysis. Biological Reviews, 94, 648–661. Avail-
able from: https://doi.org/10.1111/brv.12472

Rosseel, Y. (2012) Lavaan: an R package for structural equation
modeling. Journal of Statistical Software, 48, 1–36. Available
from: https://doi.org/10.18637/jss.v048.i02

Roubeau Dumont, E., Larue, C., Lorber, S., Gryta, H., Billoir, E.,
Gross, E.M. et al. (2019) Does intraspecific variability matter in
ecological risk assessment? Investigation of genotypic varia-
tions in three macrophyte species exposed to copper. Aquatic
Toxicology, 211, 29–37. Available from: https://doi.org/10.1016/j.
aquatox.2019.03.012

Sanchez Granel, M.L., C�anepa, C., Cid, N.G., Navarro, J.C.,
Monroig, Ó., Verstraeten, S.V. et al. (2019) Gene identification
and functional characterization of a Δ12 fatty acid desaturase
in Tetrahymena thermophila and its influence in homeoviscous
adaptation to low temperature. Biochimica et Biophysica Acta
(BBA) – Molecular and Cell Biology of Lipids, 1864, 1644–
1655. Available from: https://doi.org/10.1016/j.bbalip.2019.
08.003

Santovito, G., Irato, P., Palermo, S., Boldrin, F., Sack, R.,
Hunziker, P. et al. (2001) Identification, cloning and characteri-
sation of a novel copper-metallothionein in Tetrahymena pig-
mentosa. Sequencing of cDNA and expression. Protist, 152,
219–229. Available from: https://doi.org/10.1078/1434-4610-
00061

Schiedek, D., Sundelin, B., Readman, J.W. & Macdonald, R.W.
(2007) Interactions between climate change and contaminants.
Marine Pollution Bulletin, 54(12), 1845–1856. Available from:
https://doi.org/10.1016/j.marpolbul.2007.09.020

Schreiber, J.B., Nora, A., Stage, F.K., Barlow, E.A. & King, J. (2006)
Reporting structural equation modeling and confirmatory factor
analysis results: a review. The Journal of Educational Research,
99, 323–338. Available from: https://doi.org/10.3200/JOER.99.6.
323-338

Sedlakova‐Kadukova, J., Kopcakova, A., Gresakova, L., Godany, A.
& Pristas, P. (2019) Bioaccumulation and biosorption of zinc by
a novel streptomyces K11 strain isolated from highly alkaline
aluminium brown mud disposal site. Ecotoxicology and Environ-
mental Safety, 167(janvier), 204–211. Available from: https://doi.
org/10.1016/j.ecoenv.2018.09.123

Sokolova, I.M. & Lannig, G. (2008) Interactive effects of metal pollu-
tion and temperature on metabolism in aquatic ectotherms:
implications of global climate change. Climate Research, 37,
181–201. Available from: https://doi.org/10.3354/cr00764

Soldo, D. & Behra, R. (2000) Long-term effects of copper on the
structure of freshwater periphyton communities and their toler-
ance to copper, zinc, nickel and silver. Aquatic Toxicology, 47,
181–189. Available from: https://doi.org/10.1016/S0166-445X
(99)00020-X

Solioz, M. & Stoyanov, J.V. (2003) Copper homeostasis in Enterococ-
cus hirae. FEMS Microbiology Reviews, 27, 183–195. Available
from: https://doi.org/10.1016/S0168-6445(03)00053-6

Somasundaram, S., Abraham, J.S., Maurya, S., Makhija, S.,
Gupta, R. & Toteja, R. (2018) Cellular and molecular basis of
heavy metal-induced stress in ciliates. Current Science, 114,
1858. Available from: https://doi.org/10.18520/cs/v114/i09/1858-
1865

Sulaymon, A. (2014) Biosorption of heavy metals: a review. Journal
of Chemical Science and Technology, 3, 74–102.

Vel�asquez, L. & Dussan, J. (2009) Biosorption and bioaccumulation
of heavy metals on dead and living biomass of Bacillus sphaeri-
cus. Journal of Hazardous Materials, 167, 713–716. Available
from: https://doi.org/10.1016/j.jhazmat.2009.01.044

Verma, R. & Dwivedi, P. (2013) Heavy metal water pollution – a case
study. Recent Research in Science and Technology, 5, 98–99.

Wang, W.-C., Mao, H., Ma, D.-D. & Yang, W.-X. (2014) Characteris-
tics, functions, and applications of metallothionein in aquatic ver-
tebrates. Frontiers in Marine Science, 1.

Wang, Z., Lui, G.C., Burton, G.A., Jr. & Leung, K.M. (2019) Thermal
extremes can intensify chemical toxicity to freshwater organisms
and hence exacerbate their impact to the biological community.
Chemosphere, 224(juin), 256–264. Available from: https://doi.
org/10.1016/j.chemosphere.2019.02.103

14 of 15 KON�E ET AL.ENVIRONMENTAL MICROBIOLOGY REPORTS

 17582229, 2024, 5, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1758-2229.13307 by C
ochrane France, W

iley O
nline L

ibrary on [30/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/BF01287453
https://doi.org/10.1007/BF01287453
https://doi.org/10.1016/S0013-9351(87)80078-6
https://doi.org/10.1016/S0013-9351(87)80078-6
https://doi.org/10.2183/pjab.87.450
https://doi.org/10.2183/pjab.87.450
https://doi.org/10.1038/333134a0
https://doi.org/10.1038/333134a0
https://doi.org/10.12911/22998993/139066
https://doi.org/10.12911/22998993/139066
https://doi.org/10.21105/joss.04684
https://doi.org/10.21105/joss.04684
https://doi.org/10.1016/j.jenvman.2019.01.060
https://doi.org/10.1016/j.jenvman.2019.01.060
https://doi.org/10.1002/ece3.1529
https://doi.org/10.1002/ece3.1529
https://doi.org/10.1016/j.envpol.2020.116042
https://doi.org/10.1016/j.envpol.2020.116042
https://doi.org/10.1016/j.scitotenv.2020.140657
https://doi.org/10.1016/j.scitotenv.2020.140657
https://doi.org/10.1242/jcs.88.3.283
https://doi.org/10.1016/j.scitotenv.2022.153322
https://www.r-project.org/
https://doi.org/10.1111/brv.12472
https://doi.org/10.18637/jss.v048.i02
https://doi.org/10.1016/j.aquatox.2019.03.012
https://doi.org/10.1016/j.aquatox.2019.03.012
https://doi.org/10.1016/j.bbalip.2019.08.003
https://doi.org/10.1016/j.bbalip.2019.08.003
https://doi.org/10.1078/1434-4610-00061
https://doi.org/10.1078/1434-4610-00061
https://doi.org/10.1016/j.marpolbul.2007.09.020
https://doi.org/10.3200/JOER.99.6.323-338
https://doi.org/10.3200/JOER.99.6.323-338
https://doi.org/10.1016/j.ecoenv.2018.09.123
https://doi.org/10.1016/j.ecoenv.2018.09.123
https://doi.org/10.3354/cr00764
https://doi.org/10.1016/S0166-445X(99)00020-X
https://doi.org/10.1016/S0166-445X(99)00020-X
https://doi.org/10.1016/S0168-6445(03)00053-6
https://doi.org/10.18520/cs/v114/i09/1858-1865
https://doi.org/10.18520/cs/v114/i09/1858-1865
https://doi.org/10.1016/j.jhazmat.2009.01.044
https://doi.org/10.1016/j.chemosphere.2019.02.103
https://doi.org/10.1016/j.chemosphere.2019.02.103


Weber de Melo, V., Lowe, R., Hurd, P.J. & Petchey, O.L. (2020) Phe-
notypic responses to temperature in the ciliate Tetrahymena
thermophila. Ecology and Evolution, 10, 7616–7626. Available
from: https://doi.org/10.1002/ece3.6486

Yang, J., Lu, J., Chen, Y., Yan, E., Hu, J., Wang, X. et al. (2020)
Large underestimation of intraspecific trait variation and its
improvements. Frontiers in Plant Science, 11, 53. Available
from: https://doi.org/10.3389/fpls.2020.00053

Zahid, M.T., Shakoori, F.R., Zulfiqar, S., Al-Ghanim, K.A. &
Shakoori, A.R. (2018) Growth characteristics, metal uptake and
expression analysis of copper metallothionein in a newly
reported ciliate, Tetrahymena farahensis. Pakistan Journal of
Zoology, 50, 1171. Available from: https://doi.org/10.17582/
journal.pjz/2018.50.3.1171.1181

Zait, R., Fighir, D., Sluser, B., Plavan, O. & Teodosiu, C. (2022) Prior-
ity pollutants effects on aquatic ecosystems evaluated through
ecotoxicity, impact, and risk assessments. Water, 14, 3237.
Available from: https://doi.org/10.3390/w14203237

Zamora-Ledezma, C., Negrete-Bolagay, D., Figueroa, F., Zamora-
Ledezma, E., Ni, M., Alexis, F. et al. (2021) Heavy metal water
pollution: a fresh look about hazards, novel and conventional
remediation methods. Environmental Technology & Innovation, 22,
101504. Available from: https://doi.org/10.1016/j.eti.2021.101504

Zufall, R.A., Dimond, K.L. & Doerder, F.P. (2013) Restricted distribu-
tion and limited gene flow in the model ciliate Tetrahymena ther-
mophila. Molecular Ecology, 22, 1081–1091. Available from:
https://doi.org/10.1111/mec.12066

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Koné, D.C.E., Jacob,
S., Huet, M., Philippe, H. & Legrand, D. (2024)
The phenotypic and demographic response to
the combination of copper and thermal stressors
strongly varies within the ciliate species,
Tetrahymena thermophila. Environmental
Microbiology Reports, 16(5), e13307. Available
from: https://doi.org/10.1111/1758-2229.13307

A CILIATE RESPONSE TO COMBINED STRESSORS 15 of 15ENVIRONMENTAL MICROBIOLOGY REPORTS

 17582229, 2024, 5, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1758-2229.13307 by C
ochrane France, W

iley O
nline L

ibrary on [30/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/ece3.6486
https://doi.org/10.3389/fpls.2020.00053
https://doi.org/10.17582/journal.pjz/2018.50.3.1171.1181
https://doi.org/10.17582/journal.pjz/2018.50.3.1171.1181
https://doi.org/10.3390/w14203237
https://doi.org/10.1016/j.eti.2021.101504
https://doi.org/10.1111/mec.12066
https://doi.org/10.1111/1758-2229.13307

	The phenotypic and demographic response to the combination of copper and thermal stressors strongly varies within the cilia...
	INTRODUCTION
	EXPERIMENTAL PROCEDURES
	Strains and culture conditions
	Copper and thermal stressors treatments
	Assessment of demography, morphological and movement traits from video analysis
	Measurement of copper accumulation traits
	Statistical analysis

	RESULTS
	Effects of copper and temperature on demography and phenotypic traits
	Demography
	Morphology and swimming traits
	Accumulation traits

	Links between accumulation and the other phenotypic traits
	Correlation between accumulation and demography
	Contrasted effect of copper concentration and accumulation


	DISCUSSION
	Temperature-dependent effects of copper concentration on cellular characteristics
	Accumulation can mitigate the toxic effects of copper, but other mechanisms are also at play
	Importance of intraspecific variability in ecotoxicological studies

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


