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The global rise in plastic production has led to significant plastic deposition in aquatic ecosystems, releasing
chemical compounds as plastics degrade. Among these, bisphenol A (BPA) is a major global concern due to its
endocrine-disrupting effects and widespread presence in aquatic environments. Furthermore, the toxicity of BPA

E?y?pl;lmlfto?, on aquatic organisms can be modulated by global change stressors such as temperature, which plays an essential
astic derivatives . . . . . . . . .
Zooplankton role in the metabolism of organisms, including the degradation and accumulation of toxic compounds. In this

study, we aimed to understand how temperature can modulate the toxic effect of BPA on a phytoplankton species
(Cryptomonas ovata) and how this effect can be transferred to its herbivorous consumer (Daphnia magna). To do
this, we first determined the sensitivity of C. ovata over a BPA gradient (0-10 mg L™1). Subsequently, we
experimentally determined how the increase in temperature (+5°C) could modify the toxic effect of BPA on the
physiology, metabolism and growth of the phytoplankton. Finally, we investigated how this effect transferred to
the growth rate of D. magna through food. Our results show a negative effect of BPA on C. ovata from 5 mg BPA
L}, affecting its photosynthetic yield of photosystem II, net primary production, respiration, and growth. This
effect was accelerated when the temperature was higher. Additionally, the growth rate of D. magna also
decreased when fed on C. ovata grown in the presence of BPA and high temperature. Our results indicate that
high temperature can accelerate the toxic effects of BPA on organisms located at the base of the food web and this
effect could be transferred to higher levels through food.

1. Introduction et al.,, 2014). Although the half-life of BPA is short, the continuous
discharge of BPA into the environment ensures ongoing exposure of
aquatic organisms (Sharma et al., 2009). Furthermore, BPA has mod-

erate potential for bioaccumulation (Staples et al., 1998), thus it could

The widespread production of plastics and its impact on ecosystem
functioning have garnered increasing attention (Thompson et al., 2009;

Godoy et al., 2022). The progressive breakdown of plastics may release
chemical compounds, including plasticizers, into the environment. One
of the synthetic substances most used as a plasticizer is bisphenol A
(BPA), an endocrine disruptor organic compound primarily used as an
intermediate in the production of polycarbonate plastic and epoxy resins
(Staples et al., 1998).

The widespread use of BPA has led to its continuous release and
dissemination into the aquatic environment, primarily through the
discharge of BPA-enriched effluents from wastewater treatment plants
(Kang and Kondo, 2006). Other secondary sources of BPA include
leachates from landfills contaminating groundwater and rivers (Masoner
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be transferred to higher trophic levels in food webs with still unknown
consequences. A literature review showed that the concentration of BPA
in highly contaminated waters of the Yamuna River in India or a
Netherlands river, reached up to 14.8 and 21 ug BPA L™}, respectively
(Lalwani et al., 2020), while in river sediments in Taiwan (China), up to
10.5 mg kg ! has been detected (Huang et al., 2012). BPA in municipal
wastewater treatment plants receiving influents from landfills, in-
dustries or hospitals can reach concentrations over 1 mg L1, making it a
major source of BPA in surface waters (Ferrer-Polonio et al., 2021). For
instance, research studies have reported BPA concentrations of
2.72 mg Llina sanitary landfill in Serbia (Narevski et al., 2021), and
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even as high as 33.46 mg BPA L™! in leachates from the treatment of
municipal solid waste in northern Italy (Baderna et al., 2011). Despite
the emergence of new bisphenol analogues to BPA such as bisphenol S
(BPS), F (BPF), and AF (BPAF) (Liu et al., 2021), which are causing BPA
to lose its dominant position in the market, its production is still ex-
pected to increase in the next five years (BrandEssence, 2022).

The aquatic toxicity of BPA depends on the organism and even on the
species, having been measured in bacteria, micro- and macroalgae,
mollusks, insects, crustaceans, amphibians, and fish (Wu and Seebacher,
2020). Particularly, due to its position at the basis of aquatic food webs,
phytoplankton plays an essential role in the transfer of organic com-
pounds, also being one of the pathways for BPA entry into food webs. On
the other hand, phytoplankton appears to be capable of degrading low
concentrations of BPA (<1 mg L_l) (Jietal., 2014). In fact, some studies
suggest that phytoplankton could use BPA as a carbon source to enhance
its growth (Wang et al., 2017; Alvarez et al., 2024). However, at higher
concentrations, it is expected that BPA will negatively affect phyto-
plankton. Indeed, experiments conducted with Chlorella pyrenoidosa
have shown that a concentration of 10 mg BPA L™! decreased its growth
rate due to damage to metabolic pathways involved in photosynthesis,
the tricarboxylic acid (TCA) cycle, or glycolysis, among others (Duan
et al., 2019). Although the potential acute impact of BPA on marine and
freshwater aquatic organisms have been extensively studied (Wu and
Seebacher, 2020), information regarding how BPA interacts with other
abiotic factors, synergistically or antagonistically, altering its final effect
on phytoplankton metabolism is lacking.

The increase in water temperature is a chronic stressor on lakes and
oceans (IPCC, 2021) altering the metabolism of aquatic organisms.
Phytoplankton, given its dependence on external temperature, could
experience higher metabolic activity (respiration and photosynthesis)
accompanied by a greater growth rate (Yvon-Durocher et al., 2010;
Regaudie-De-Gioux and Duarte, 2012), which can affect the biodiversity
and biogeochemical cycles of aquatic ecosystems (Litchman et al.,
2015). Thus, higher temperatures may enhance the release, transport,
and mobilization of pollutants like BPA, increasing its bioaccumulation
in aquatic organisms (Kibria et al., 2021). The exposure to BPA
concomitantly with the increase in temperature has been recently
studied in some aquatic organisms (e.g., fish, in Wu et al. (2022);
zooplankton, in Alvarez et al. (2024)). We found only one study
analyzing the interactive effects of BPA and temperature on phyto-
plankton, which showed an antagonistic interaction of both factors on
the growth of three species (Theus et al., 2023). However, the physio-
logical and metabolic mechanisms (often stress indicators) behind these
phytoplankton responses remain unexplored/understudied. Besides,
most ecotoxicological studies on BPA have focused on its effects on
different trophic levels, while studies examining the transfer of effects
between phytoplankton and zooplankton are scarcer. Currently, there is
also a growing interest in understanding how effects of BPA on lower
trophic levels could be transferred along the aquatic food chain (Tang
et al., 2023). Thus, given phytoplankton’s position in the trophic web
and its high lipid content facilitating the accumulation of hydrophilic
BPA (Michatowicz, 2014), they serve as model organisms for studying
the transfer of BPA effects to consumers (i.e., zooplankton). In this re-
gard, the intake of BPA in aquatic organisms can originate from direct
adsorption from the water column or through daily diet (Du et al,,
2014). Recently, Alvarez et al (Alvarez et al., 2024). reported that the
negative effects of BPA on Daphnia magna are mainly associated with the
uptake of BPA contained in phytoplankton rather than the BPA dissolved
in the medium, pointing to a trophic transfer mechanism. However,
there is still limited information on how abiotic factors, such as tem-
perature, may influence the trophic transfer of the effects of BPA in
aquatic ecosystems (Windsor et al., 2018).

In this research, we analyze how a predicted future scenario of higher
temperature (+5°C according to IPCC, 2021) may modify the toxic effect
of BPA on the physiology, metabolism, and growth of C. ovata. Besides,
we investigated how these effects can be transferred to primary
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consumers (Daphnia magna) through diet. We hypothesize that higher
temperature may enhance the toxic effect of BPA on C. ovata due to a
higher uptake rate and potential assimilation of BPA. As a result, sub-
cellular (maximum photosynthetic efficiency as a stress indicator) and
metabolic (net primary production and respiration) damage will in-
crease. This will have negative consequences on the population dy-
namics of phytoplankton (cell abundance and growth rate), transferring
this effect to zooplankton.

2. Material and methods
2.1. Culture conditions

We designed an experiment to study the interactive effect of BPA and
temperature on a model phytoplanktonic species, C. ovata. Previous to
the beginning of the experiment, this organism was cultured in COMBO
medium (Kilham et al., 1998) under non-axenic conditions. This species
is ideal for our experiment for several reasons: i) it belongs to a func-
tional group (cryptophyte) widely distributed in freshwater, brackish
and marine environments (Hoef-Emden and Archibald, 2017); ii)
C. ovata is a mixotrophic species able to use organic C sources (Calderini
et al., 2022); and iii) it is an important food source for microzooplankton
(ciliates, rotifers, small flagellates) and high-quality food for Daphnia
complex species (see Hiltunen et al. (2017), or Taipale et al. (2014)), so
it may affect the pelagic carbon flow in aquatic systems (Wirth et al.,
2019). During a two-week acclimation period, this species was growing
at 19°C and exposed to ~100 umol photon m~2 s~! of photosynthetically
active radiation (PAR, 400-700 nm) under a photoperiod of 12 h
light:12 h dark.

After acclimation, the C. ovata culture was used to test its sensitivity
to an increasing gradient of BPA (Section 2.2) and, subsequently, to
analyze the interactive effect of BPA and increased temperature on
C. ovata (Section 2.3) and its effect on consumers (Daphnia magna;
Section 2.4) (Fig. 1).

2.2. Previous bioassays

2.2.1. Selection of a non-toxic BPA vehicle

Previous studies analyzing the toxic effects of BPA on aquatic or-
ganisms reveal the need to use a vehicle that facilitates the dissolution of
BPA in the water. A literature review showed that ethanol and dimethyl
sulfoxide (DMSO) are the two main compounds used as BPA-vehicles (e.
g., Maamar et al., 2015). Therefore, the first step was to determine the
effect of these vehicles on the C. ovata growth. We exposed C. ovata to
ethanol or DMSO (both at 0.002 % v/v, which was the minimum con-
centration of the vehicle needed to dilute BPA in water), for 7 days or
until significant differences were detected between control (without
BPA-vehicle addition) and BPA vehicle treatments. Cultures (in tripli-
cate for each treatment) were grown in 100-mL glass tubes filled with
COMBO medium and incubated under the same temperature and light
conditions specified above. Finally, for performing the subsequent
BPA-gradient and BPA x Warming experiments (see below), we chose
the BPA vehicle whose values were not significantly different from that
of the control treatment.

2.2.2. Determination of the C. ovata sensitivity to BPA

We exposed C. ovata to increasing final concentrations of BPA (0.1,
0.5, 1, 5 and 10 mgL™!), prepared from an initial BPA solution
(250 g L~1) dissolved in dimethyl sulfoxide (DMSO; >99 % purity), to
determine the minimal concentration that causes a negative effect on the
algal species. Like the first assay, the cultures of C. ovata were grown in
100-mL glass tubes filled with COMBO medium (in triplicate) at 19°C,
under a 12:12-hour light/dark photoperiod and a light intensity of 100
pmol photons m~2 s~! of PAR. After determining the lowest BPA con-
centration from those tested in this study with a significant toxic effect
on the C. ovata population (i.e., 5 mg L™%; see also Section 3.2 in the
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Fig. 1. Experimental design scheme. The experiment was divided into three sub-experiments where the toxicity of BPA on Cryptomonas ovata was detected across a
BPA gradient (0.1-10 mg LY (first experiment); a second experiment where C. ovata was exposed to the interactive effect of BPA and a 5°C temperature increase;
and a third sub-experiment where Daphnia magna was fed with cultures of C. ovata from the second experiment.

results section), an interaction experiment with temperature was con-
ducted (Section 2.3; see below) to analyze how BPA toxicity on phyto-
plankton was altered under warming conditions.

2.3. Quantification of the BPA x Warming effects on C. ovata

To assess the combined impact of BPA (factor 1) and increased
temperature (warming) (factor 2), a 2 x 2 full factorial experimental
design was implemented with: (a) factor 1 including two chemical
levels: control with addition of DMSO as solvent vehicle, and addition of
DMSO and BPA; and (b) factor 2 including two temperature levels:
ambient (19°C) and warming (24°C) conditions. Therefore, from the
combination of levels of both factors, four treatments were defined: C
(without BPA-ambient temperature), W (without BPA-warming), BPA
(with BPA-ambient temperature), and BPAy (with BPA-warming). The 5
°C temperature increase lies within the range predicted by IPCC for the
late twenty-first century climate (IPCC, 2021; Scenario RCP8.5).

Each treatment consisted of 5 replicates, resulting in a total of 20
experimental units of 250 mL quartz flasks. Thus, we ensured that each

treatment had a sufficient sample volume to prevent any negative dif-
ferential effects when extracting samples for measuring each variable.
The flasks were filled with a C. ovata culture at a concentration of 1x10°
cells mL L Then, DMSO (0.002% v/v final concentration) or
DMSO+BPA (5 mg BPA L7! final concentration) were added to the
corresponding treatments. The use of DMSO as a BPA vehicle, as well as
the nominal concentration of BPA used in this experiment (5 mg BPA
L), were determined based on the results obtained in previous assays
(see Results section, Figs. 1 and 2). Since our objective was to analyze
how the increase in temperature can modify the toxic effect of BPA, it is
necessary to clarify that the concentration of BPA used in this part of the
experiment exceeds the environmental concentrations found in surface
waters, being only similar to those detected in landfill leachates and the
inflow of wastewater from hospitals or industries.

Finally, the quartz flasks were randomly placed in an aquarium
system with adjustable temperature (TECO® S.R.L. tank TK 2000, EU)
and illuminated with LED lights (nano LED light v.2.0, BLAU aquaristic)
providing photosynthetically active radiation (PAR). The flasks were
incubated for 7 days under a 12:12-hour light/dark photoperiod and a
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Fig. 2. Cell abundance (cell mL ™) of C. ovata exposed to dimethyl sulfoxide (DMSO) (A), and ethanol (B) as bisphenol A vehicles. Data are represented over 7 and 4

days, respectively, and they are expressed as mean values + SD (n = 3).

light intensity of 100 pmol photons m 2 s~ of PAR.

2.3.1. Maximum photochemical efficiency (Fv/Fm)

The maximum photochemical efficiency of photosystem II (Fy/Fm) in
C. ovata, also considered as a stress indicator in plants (Janka et al.,
2015), was measured for each treatment (in triplicate) on days 1, 2, 4,
and 7 of the experiment using a Pulse-Amplitude-Modulated (PAM)
fluorometer (Water-ED PAM, Walz, Germany). Samples of 3 mL were
extracted from the quartz flasks under dark conditions. Dark conditions
are necessary for the determination of the baseline fluorescence (Fp) of
the sample. Subsequently, the Fv/Fm was determined as:

7(Fm_FO)
Fv/Fm—ipm @

where Fm is the maximum fluorescence induced by a saturating light
pulse (approximately 5300 pmol photons m 2 s~! in 0.8 s).

2.3.2. Net primary production and respiration

To measure net primary production and respiration, on days 1, 2, 4,
and 7, three 25-mL quartz flasks equipped with O, sensor-spot optode
(SP-PSt3-NAU-D5-YOP; PreSens GmbH, Germany) were filled from
three out of the 5 randomly selected quartz flasks experimental units per
treatment. The 25-mL flasks were gently filled without bubbles, sealed
to avoid gas exchanges, and incubated for 12 hours of light (net oxygen
production — NPP) and 12 hours of darkness (respiration - R) on days 1,
2, 4, and 7 of the experiment. Measurements were made at the beginning
and at the end of the light period, and the same for the dark period. We
used an oxygen transmitter (OXY-4 mini, PreSens GmbH, Germany)
connected to Oxyview 6.02 software to register data. This system was
previously calibrated at 19 °C and 24 °C using two-point calibration
(0 % and 100 % oxygen saturation) together with temperature and at-
mospheric pressure data.

NPP and R rates (in pg Oz L1 h™1) were calculated as the slope of the
linear portion of the curve representing O, concentration vs. time. Ox-
ygen values were converted to C units assuming a respiratory quotient of
1 (del Giorgio and Cole, 1998).

2.3.3. Cell abundance
A volume of 1 mL per experimental unit was taken daily for a week to
estimate phytoplankton abundance. Samples of organisms were fixed

with Lugol’s solution at 2.5 % (final concentration) and 10 pL were
pipetted into a Neubauer chamber (American Optical, Buffalo, NY, USA)
and counted at 250x using an inverted microscope (Carl Zeiss AX10,
LCC, USA).

Accumulated growth rate was calculated from cell abundance as
follows:

LnCy — LnC;
- et 2
— @
Where C is the cell abundance (cell mL’l), at the beginning (day 0, T;)
and at the end of each experimental day (Ty).

2.4. Bioassay with Daphnia magna

One day after the setup of the BPAxWarming experiment with
C. ovata, we initiated a coupled-growth bioassay using Daphnia magna to
measure the effect of BPA in zooplankton through food. The strain of
D. magna used in our experiment originated from an uniclonal stock
culture provided by the University of Jaén (Spain), sampled from
Laguna Grande (Jaén, Spain). D. magna was grown in APHA-
reconstituted hard water and maintained under constant conditions of
19°C, light intensity of 100 pmol photons m~2 s~! of PAR, and under a
14:10-hour light/dark photoperiod in the laboratory of the Water
Research Institute (University of Granada). This strain was fed with BPA-
free C. ovata for two months before the start of the experiment.

At the beginning of the zooplankton experiment, neonates of
D. magna hatched within the previous 24 hours were collected and
placed in 3 glass tubes of 100 mL each (1 neonate per tube, 3 tubes per
treatment) containing free-BPA APHA medium.

The initial biomass of neonates was measured from five individuals,
after being washed with distilled water, in pre-weighed aluminum
capsules. The capsules were then placed in an oven at 60°C for 24 hours
to evaporate the water and re-weighed (Mettler ultramicrobalance
(£0.1 ug, Mettler, Germany)) to determine the individual dry mass of
each neonate. Every day, a variable volume of the C. ovata culture was
harvested from each treatment (C, W, BPA, and BPAy) to guarantee a
consistent daily provision of 1 mg CL ! as sustenance for Daphnia. To do
so, we estimated the biovolume of C. ovata from the geometric shape
(prolate spheroid) most similar to the shape of the cell (Hillebrand et al.,
1999), and then converted it to carbon units by assuming a
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multiplication factor of 0.860 (Menden-Deuer and Lessard, 2000).
Additionally, we also included a control treatment without DMSO (C*)
to test the absence of a significant effect of the BPA vehicle (DMSO). To
determine the effect of BPA in food, each volume of C. ovata culture
extracted from the experimental units was centrifuged and quickly
washed 3 times with APHA medium. Thus, we ensured that the zoo-
plankton’s exposure to BPA came exclusively from the food (BPA con-
tent in C. ovata) and not from the BPA dissolved in the C. ovata culture
medium or adhered to the phytoplankton cells. Temperature and light
conditions were kept constant and identical to the growth conditions of
D. magna (i.e., 19°C, 100 pmol photons m~2 s~ of PAR, and under a
14:10-hour light/ dark photoperiod) over the zooplankton experiment.
The free-BPA APHA medium and the food (C. ovata with and without
BPA) were replaced daily and gently stirred with a pipette twice a day to
resuspend the food. After 5 days, each D. magna individual was rinsed in
distilled water and placed in a pre-weighed aluminum capsule. As with
the initial biomass of neonates, the capsules were dried at 60 °C for
24 hours until reaching a constant weight. Finally, somatic growth rate
() was calculated as follows:

g=(UnM;-InMp) / t 3

where M is the dry mass of each individual at the final time, MO is
the individual dry mass of the neonates, and t is the time (5 days)
elapsed between both measurements.

2.5. Numerical methods and statistical analysis

To test the effect of the interaction between BPA and temperature on
C. ovata, experiments were carried out in triplicate (similar number of
replicates for BPA experiments to Theus et al (Theus et al., 2023). and
Atengueno-Reyes et al (Atengueno-Reyes et al., 2023)., while the
treatments with zooplankton were performed with five replicates,
following Alvarez et al (Alvarez et al., 2024).

To assess the magnitude and direction of single and interactive ef-
fects of the studied factors, the effect size of BPA, Warming, and their
interaction on the biological variables (Fv/Fm, NPP, R, C. ovata abun-
dance, and growth rate of Daphnia magna) were calculated as follows:

(XBPA - XC)
C

BPA effect size(%) = x 100 @

x 100 5)

Xw — X,
Warming effect size(%) = (WX4C)

C

(Xgpay, — Xc)
Xc

BPA x Warming effect size(%) = x 100 6)

Where X is the response variable measured in each experimental unit,
and C, W, BPA, and BPAy represent the corresponding treatments.
The BPA concentration that inhibits the growth rate of C. ovata by
50 % after a 72-hours exposure, Median Effective Concentration
(EC5072 1), was determined by nonlinear regression analysis from the
growth rate inhibition curve relative to the control (OECD, 2011). To
test the effects of the different treatments over time (dependent samples)
on the response variables, we chose to perform RM-ANOVA analysis to
avoid temporal pseudo replication, whereas for independent samples,
we used a t-test analysis (for samples from 2 groups) or ANOVA (for
samples from 3 or more groups). This is described below. A one-way
RM-ANOVA was used to assess the effect of BPA vehicles (ethanol and
DMSO) on the abundance of C. ovata, as well as to evaluate the effect of
the BPA concentration gradient (0.1-10 mg BPA L’l) on the abundance
and growth rate of C. ovata. The effects of BPA, temperature (warming),
and their interaction over time, as well as their effect size, were assessed
for each response variable measured in the phytoplankton experiment
(abundance, NPP, R, and Fv/Fm) using a two-way repeated measures
analysis of variance (RM-ANOVA). For each RM-ANOVA, the
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assumption of sphericity was verified through the Mauchly test, and in
cases where it was not met, the Geisser-Greenhouse correction was
applied. The assumption of normality of residuals was checked using the
Kolmogorov-Smirnov test. When interactive effects were found, differ-
ences between treatments were evaluated using the Fisher Least Sig-
nificant Difference (LSD) post hoc test.

A t-test analysis was conducted to verify the absence of an effect of
dimethyl sulfoxide (DMSO) on the growth rate of D. magna. A two-way
ANOVA was carried out to determine the effect of BPA, warming, and
their interaction, as well as their effect size, on D. magna growth rate.
Homoscedasticity of variances (using Levene’s tests) and normality of
residuals (by Kolmogorov-Smirnov test) were verified. All statistical
analyses were conducted using STATISTICA v7.0 software (Statsoft Inc.,
2005).

3. Results
3.1. Selection of a non-toxic BPA vehicle for C. ovata

C. ovata showed a differential sensitivity to the exposure to two BPA
vehicles (DMSO and ethanol). Namely, the results showed that C. ovata
exhibited similar abundances in the control and the DMSO treatment
over 7 days (Fig. 2 A; Table S1; p-value = 0.121 post hoc Fisher’s LSD for
each day). However, when ethanol was used as the vehicle, the abun-
dance of C. ovata decreased rapidly from day 1, showing significant
differences compared to the control (Fig. 2B; Table S1; p-value < 0.001
post hoc Fisher’s LSD for each time). Therefore, DMSO was selected as
BPA vehicle for our subsequent experiments with C. ovata.

3.2. Sensitivity of C. ovata to an increasing BPA concentration gradient

Our results showed that treatments with BPA concentrations up to
1 mg L' did not negatively affect C. ovata. In fact, treatment of 0.5 mg
BPA L! exerted a positive effect on C. ovata cell abundance (p-value =
0.011, post hoc Fisher’s LSD test) on day 4 compared to the Control or
Control-DMSO treatments (Fig. 3A; Table S2). However, treatments with
5 and 10 mg of BPA L™! showed lower growth rate values and cellular
abundance compared to the Control+DMSO treatment from day 2,
inducing even negative accumulated growth rates in the case of the
10 mg BPA L-1 treatment every day of the experiment (Fig. 2B).
Therefore, the treatment with 5 mg BPA L™ was identified as the min-
imum concentration studied in this work necessary to induce negative
effects on C. ovata, (Fig. 3A,B; Table S2; From day 2 onwards, all p-
values were < 0.001, post hoc Fisher’s LSD test).

3.3. Sensitivity of C. ovata to BPA x Warming interaction

The maximum photosynthetic efficiency (Fv/Fm) of C. ovata initially
exhibited values between 0.65 and 0.69 across all experimental treat-
ments (day 1, Fig. 4A). Both the control (C) and warming (W) treatments
maintained similar Fv/Fm values throughout the experiment, indicating
the absence of a significant warming effect on photosynthetic efficiency
(p-value > 0.05, post hoc Fisher’s LSD; Fig. 4A,B). However, both BPA
treatments (BPA and BPA,,) had a detrimental effect on the Fv/Fm of
C. ovata (p-value < 0.0001 for BPA, and < 0.001 for BPAy; see Table S3).
This negative effect was initially more pronounced under warming
conditions (BPAy treatment), with Fv/Fm values of 0.3 on day 2,
compared to values of 0.57 in the ambient temperature BPA treatment
(p-value = 0.0001, post hoc Fisher’s LSD; Fig. 4A). However, both BPA
treatments showed very low values of Fv/Fm at the end of the experi-
ment (p-value > 0.05, post hoc Fisher’s LSD; Fig. 4A). Consequently, the
effect size revealed an inhibitory effect > 20 % of the BPA and BPA x
Warming interaction from day 2 until the end of the experiment, when
the inhibitory effect surpassed 80 % (Fig. 4B).

During the 7-day experiment, the NPP in the control (C) and
warming (W) treatments consistently showed positive rates, while, in
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general, both BPA treatments exhibited negative ones (Fig. 4C). The W
treatment showed values similar to the C treatment throughout the
experiment, except on day 2, where W was slight- but significantly
higher than C (p-value = 0.019, post hoc Fisher’s LSD; Fig. 4C). Both
BPA treatments exerted a clear negative effect on NPP (p-value <
0.0001, see Table S3; Fig. 4 C). The BPAy treatment showed higher,
even positive, production values on the first day compared to the BPA
treatment (p-value < 0.0001, post hoc Fisher’s LSD). However, these
rates dropped significantly on days 2 and 4, reaching the lowest values
across the entire experiment (p-value < 0.0001, post hoc Fisher’s LSD;
Fig. 4C).

The analysis of the effect size revealed that Warming had a stimu-
latory effect on net primary production during the first two days, which
then reversed to an inhibitory effect on days 4 and 7 (Fig. 4D). Regarding
the BPA factor, its effect was always inhibitory, but it was lower when
BPA interacted with Warming (BPA x Warming) at the beginning of the
experiment (day 1). However, it increased drastically on days 2 and 4.
By the end of the experiment (day 7), the inhibitory effect of BPA and
BPA x Warming became analogous (Fig. 4D).

The respiration of C. ovata remained similar throughout the experi-
ment in the treatments without BPA, i.e. C and W (p-value > 0.05, post
hoc Fisher’s LSD; Fig. 4E), although the effect size analysis revealed a
general increase in respiration under warming (W) conditions (Fig. 4F).
The BPA treatment displayed the highest respiration values of all
treatments on day 2 (p-value < 0.01, post hoc Fisher’s LSD; Fig. 4E) but
gradually decreased to reach the lowest values, alongside the BPAy
treatment, on day 7. In contrast, respiration values in the BPAyy treat-
ment were similar to those of the other treatments on day 1 but were the
lowest from day 2 until the end of the experiment.

The effect size analysis showed that BPA stimulated respiration until
day 4 but strongly inhibited it on day 7 (Fig. 4F). The BPA x Warming
interaction also stimulated respiration on day 1 but then began to inhibit
it from day 2, showing inhibitory values on day 2 and 4 (p-value < 0.05,
post hoc Fisher’s LSD), and the highest inhibition, similar to BPA
treatment, at the end of the experiment (Fig. 4F).

The abundance of C. ovata in the BPA-free treatments (C and W)
remained between 1x10° and 2x10° cells mL~! throughout the exper-
iment (Fig. 5A), whereas treatments with BPA (BPA and BPAy) showed
lower abundance values compared to the BPA-free treatments (p-value <
0.0001, see Table S3; Fig. 5A). Although BPA and BPAy showed similar
abundance values at the end of the experiment, the temperature increase
accelerated by two days the negative effect of BPA (in BPAy treatment)
with very low abundance values from day 3 of the experiment (Fig. 5A).
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ovata exposed to bisphenol A gradient (0-10 mg L) over 7 days of experiment.

The analysis of effect size on cell abundance showed that W and BPAy
treatments exerted a stimulatory effect on day 1, but it was reverted to
inhibitory from day 2 onwards (Fig. 5B). Despite the constant inhibitory
effect of BPA on cell abundance, the BPAy treatment showed a constant
and powerful (>80 %) inhibitory effect from day 3 onwards (Fig. 5B).

The accumulated growth rate showed a similar pattern to that of cell
abundance, with both BPA treatments exhibiting decreasing rates, while
BPA-free treatments consistently showed positive or near-zero rates
(Fig. 6). The 5°C temperature increase led to higher growth rates at the
beginning of the experiment in both BPA and BPA-free treatments, i.e. in
W and BPAy (p-value < 0.001, see Table S3). However, from day 2 until
the end of the experiment, warming (W and BPAy) resulted in lower
growth rates, with the BPAy treatment showing the lowest growth
values for all treatments from day 3 onward (p-value < 0.001, post hoc
Fisher’s LSD, see Table S3, Fig. 6).

3.4. Effect of BPA contained in C. ovata on Daphnia magna

Our results show that there were not significant differences in the
growth rate of D. magna fed with C. ovata from cultures with (C) or
without DMSO (C*), thus ruling out a toxic effect of the BPA vehicle (p-
value = 0.75, t-test analysis). Also, the growth rates of D. magna indicate
that there were no significant differences between C, W and BPA treat-
ments (p-value > 0.05, post hoc Fisher’s LSD; Fig. 7A; Table S4). How-
ever, the BPAyy treatment showed a marginally significant lower growth
rate compared to treatment C (p-value = 0.053, post hoc Fisher’s LSD)
and significantly lower than treatment W (p-value = 0.003, Fig. 7A).
Effect size analysis showed a positive effect size of the food (C. ovata)
cultured under warming conditions on the growth rate of D. magna
(Fig. 7B). Conversely, the effect size of BPA and BPA x Warming on
growth rate of D. magna was negative, although without significant
differences between them (p-value = 0.18, post hoc Fisher’s LSD;
Fig. 7B).

4. Discussion

The assessment of the toxicity of emerging contaminants on organ-
isms located at the base of food webs in a global change context is
necessary to characterize the risk to these populations as well as their
potential transfer throughout the food web. This study provides new
information on how the effect of a chemical stressor (BPA) can be
enhanced under future conditions of higher temperature, altering the
performance of phytoplankton and zooplankton. For the first time, we
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determine the physiological and metabolic response that allows us to
understand the mechanisms underlying the population response of a
ubiquitous phytoplankton species (C. ovata, (Choi et al., 2013)) exposed
to the interaction of BPA and warming. Although environmental reality
is more complex and the concentrations present in surface waters are
lower than those used in this study, the results discussed here provide
insights on how predicted increases in temperature modify the toxicity
of BPA on phytoplankton, and alter the transfer of their effect to higher
levels in the food web.

4.1. Sensitivity of C. ovata to BPA

Our initial assay using a gradient of BPA showed that concentrations
of BPA <1 mg BPA L™! did not exert a toxic effect on the abundance and
growth rate of C. ovata after 7 days of incubation. Indeed, the observed
positive effect of BPA at a low concentration (0.5 mg BPA LY in our
experiment could be related to a phenomenon known as hormesis,
which has been previously documented in the literature (Calabrese and
Baldwin, 2003), and that reflects the stimulatory effect of toxics sub-
stances on organisms at low doses. This could be attributed to the ability
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of certain phytoplankton groups known as mixotrophs, among which are
cryptophytes (Calderini et al., 2022), to use dissolved organic com-
pounds as a source of carbon. In this regard, several microalgae have
been reported to utilize phenol (subproduct derived from BPA) as a
carbon source, such as Chlorella pyrenoidosa (Das et al., 2015) or Iso-
chrysis galbana (Wang et al., 2019).

Thus, a concentration of 5 mg BPA L™}, mimicking extreme pollution
conditions after a BPA spill, was necessary to find significant negative
effects of BPA on phytoplankton, over a short time scale (up to 7 days).
On the other hand, a concentration of 10 mg BPA L™! led to a total in-
hibition of phytoplankton growth. Our results show toxicity of BPA on
C. ovata (EC5072, = 4.11 mg L™ similar to that reported for other
phytoplankton species such as C. vulgaris (EC5072 = 3.32 mg L™ or
Desmodesmus subspicatus (EC50721, = 6.48 mg LY (Turan and Cakal
Arslan, 2023). The toxicity of the phenolic compounds could arise from
their ability to penetrate cells and the hydrophobic interaction with the
cell membrane and membrane-bound organelles, as well as the

formation of free radicals and reactive oxygen species (Michatowicz and
Duda, 2007). All together can lead to disruption of the cell structure and
function (Scragg, 2006). On the contrary, other eight phytoplankton
species showed lower sensitivity to BPA, displaying no negative effects
of BPA on their growth under conditions of 5 mg BPA L™! (Nakajima
et al., 2007).

4.2. Sensitivity of C. ovata to BPA x Warming

Since our objective was to determine how warming alters the toxic
effect of BPA, it was necessary to work with a minimal BPA concentra-
tion that exerts a significant negative effect (i.e., 5 mg L™ in our pre-
vious assay). However, it is important to underscore that while
concentrations below 1 mg BPA L™ did not manifest a significant
impact on C. ovata, the presence of non-monotonic responses associated
with exposure to endocrine disruptors, including BPA (Hill et al., 2018),
does not exclude the toxicity of this compound at concentrations lower
than those detected in our study and others. Also, additional in-
vestigations into the long-term toxicity of low BPA concentrations are
necessary, as they could potentially have delayed effects both on
phytoplankton and other organisms (Chen et al., 2015). On the other
hand, it is possible that the growth of C. ovata at concentrations <1 mg
BPA L1 is due to a certain capacity to biodegrade and/or bioaccumulate
BPA without being negatively affected, as has been reported for other
phytoplankton species (e.g., (Ji et al., 2014)).

Our results demonstrate that exposure of C. ovata to 5 mg BPA L1
had an inhibitory effect on its photosynthetic efficiency and showed
negative values of net primary production. A previous study on Mono-
raphidium braunii showed that BPA was able of disrupting photosyn-
thesis, thereby reducing the net efficiency of Chl-a and photosystem II
performance (Gattullo et al., 2012). Other authors have also found that
BPA inhibits cell division, promotes cell wall decomposition and disin-
tegration of chlorophyll molecules (Li et al., 2009), and suppresses CO»
assimilation and over-reduces the electron transport chain in plants (Li
et al., 2018). Prolonged exposure to contaminants such as BPA induces
an imbalance between reactive oxygen species (ROS) and antioxidants,
culminating in the accumulation of ROS within chlorophyll-containing
cells, thereby disrupting normal cellular functions and potentially
leading to cell death (Yang et al., 2020). This could explain why
BPA-induced stress stimulated the respiration of C. ovata at the begin-
ning of the experiment (p<0.05 for day 2 and day 4), as a mechanism to
compensate for the stress experienced (Noctor, 2006). All of this
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translates into an inhibitory effect of BPA on the abundance of C. ovata
and negative growth rates.

The 5°C increase in our experiment falls within the growth ranges of
C. ovata (Weisse et al., 2016), as evidenced by the positive values of NPP
and growth rate registered in the W treatment. However, the warming
treatment showed lower values of NPP and growth rate compared to the
control treatment (i.e., a negative effect), accompanied by an increase of
respiration rate at the end of the experiment. This could be attributed to
the fact that the warming exceeded the optimal growth temperature of
our species under these conditions. Indeed, recent studies have shown
that C. ovata exhibited a peak carbon production around 20°C
(Montagnes et al., 2008), while Bergkemper and Weisse (Bergkemper
and Weisse, 2017) observed a decline in cryptophytes abundance in an
oligo-mesotrophic Austrian lake when water temperature reached
22°C-27°C. In this sense, our study contributes to improving the un-
derstanding of how the increasingly frequent and intense heatwaves,
which expose organisms to temperatures above their optimal growth
range, could impact the metabolism and growth of phytoplankton when
exposed to chemical contaminants, such as BPA. Our study also high-
lights the need for additional, more realistic studies that assess the
toxicity of BPA across a range of temperature variations.

Strikingly, our results revealed that the detrimental impact of
C. ovata exposure to 5 mg BPA L™! was accelerated under projected
higher temperature conditions. Thus, the BPAxW interaction was
negative synergistic, leading to the lowest values of photosynthetic ef-
ficiency, metabolic activity (NPP and Respiration), and accumulated
growth rate. Limited research has explored how future temperature
conditions may alter the ultimate impact of BPA on aquatic organisms. A
thorough review has revealed that only a few articles have examined this
interactive effect, and only one of them analyzed its impact on the
composition of the phytoplankton community. Contrary to our findings,
Theus et al (Theus et al., 2023). reported an antagonistic effect between
both factors on the growth of three species of chlorophytes. Other
studies in animals have shown that spermatogenesis and heart rate in
two species of fish (Astyanax bimaculatus and Zebrafish) were more
sensitive to the effect of BPA at lower temperatures (Ribeiro et al., 2021;
Little and Seebacher, 2015). Nevertheless, synergisms seem to be com-
mon in nature and aquatic ecosystems (Villar-Argaiz et al., 2018), and in
organisms like zebrafish it was clear that the increase in temperature can
exacerbate the negative effects caused by endocrine disruptors (e.g.,

(Cardoso et al., 2017)). It is possible that the temperature increase ac-
celerates many processes, such as uptake rate (Brown et al., 2004),
which expose phytoplankton to higher internal doses of toxic com-
pounds. Hence, under a global-change context, the impact of the inter-
action between contaminants (like BPA) and warming on organisms and
ecosystems is a current hot-spot of research which warrants the need of
more future studies.

4.3. Transfer of the effects of BPA to zooplankton via herbivory

Aquatic organisms can bioaccumulate contaminants via direct up-
take from the water column or through dietary intake. As far as our
knowledge goes, only a recent study has investigated the impact of
Bisphenol A (BPA) on Daphnia through its diet (Alvarez et al., 2024).
This investigation revealed that the main route of BPA assimilation in
D. magna was through food with Scenedesmus sp. that had previously
ingested BPA, exerting a negative effect on D. magna growth rate from
concentrations higher than 0.65 mg BPA L~!. However, our findings
have shown that the adverse effects of BPA on physiological, metabolic,
and growth variables measured in the primary producer only transferred
to a toxic effect on the growth rate of D. magna (consumer) under jointly
BPA and warming conditions. This result highlights the pressing need to
assess how the different species composition of the phytoplankton
community under warming conditions can influence the transfer of
contaminants effects to higher trophic levels. Additionally, it is still
unclear how temperature can increase the toxic effect of a contaminant
through diet or even how contaminants can alter sensitivity to temper-
ature. Thus, an increased vulnerability to temperature changes induced
after a previous exposure to chemical stressors has recently been re-
ported for zooplankton D. magna (Lopez-Valcarcel et al., 2024). On the
other hand, some authors have mentioned that temperature increase
leads to homeostatic, physiological, and clearance rate changes which
could have led to higher contaminant ingestion and production of toxic
metabolites in Daphnia sp. (Noyes et al., 2009; Kim et al., 2010)., and
that these could also be transferred to higher trophic levels through
feeding.

5. Conclusion

In our study, we show how environmental conditions (i.e., warming)



J.M. Gonzalez-Olalla et al.

greatly influence the fitness of a phytoplankton species exposed to BPA,
from the subcellular to cellular level, and how the effects on phyto-
plankton are transferred to primary consumers. Our results have shown
that in a high-temperature scenario, the toxic effects of high concen-
trations of BPA were accelerated, having negative consequences on the
physiological activity, metabolism, and survival of some phytoplankton
species and their predators. Under projected scenarios of global change,
the constant exposure to higher temperature and BPA concentrations in
aquatic ecosystems can have negative consequences on the physiolog-
ical activity, metabolism, and survival of C. ovata and growth rate of
D. magna. In this regard, it is important to note that the ecotoxicological
impact of BPA on phytoplankton is species-dependent, and therefore,
the transfer of the effects to higher trophic levels will depend on the
specific composition of the phytoplankton community.

Although the bioaccumulation capacity of BPA by C. ovata was not
determined in our study, its ability to grow at concentrations higher than
1 mg BPA L' opens the door to future research on its potential biore-
mediation capabilities.

Finally, our results can be useful to support policy-making and
decision-making in a rapidly changing global context, where the infor-
mation available to environmental lawmakers regarding industrial
chemicals and their effects on health and the environment is still limited.

Funding sources

This study was supported by "MIXOPLASCLIM" Project
TED2021-131262B-100 funded by MCIN/AEI/10.13039/
501100011033 and by the European Union NextGenerationEU/PRTR
and “CLIMAPLAST” Project P20_.00105, funded by FEDER/Junta de
Andalucia-Consejeria de Transformacién Econdémica, Industria, Con-
ocimiento y Universidades. JMGO was supported by a postdoctoral
contract funded by MIXOPLASCLIM (TED2021-131262B-I00) project,
and MVD by a Formacién de Profesorado Universitario PhD grant from
Ministerio de Ciencia e Innovacion (FPU19/05924). MJC was supported
by Captacién, Incorporacion y Movilidad de Capital Humano de I4+D-+i
postdoctoral contract from Junta de Andalucia (POSTDOC-21-00044),
by Programa de proyectos de investigacién para la incorporacién de
jovenes doctores a nuevas lineas de investigacion - Plan Propio Uni-
versidad de Granada (no. 5), and by MCIN/AEI (TITAN, PID2022-
136280NA-100).

CRediT authorship contribution statement

Juan Manuel Gonzalez Olalla: Writing — original draft, Visualiza-
tion, Validation, Supervision, Methodology, Investigation, Formal
analysis, Data curation, Conceptualization. Maria Vila Dupla: Writing —
review & editing, Methodology, Investigation, Data curation, Concep-
tualization. Marco J Cabrerizo: Writing — review & editing, Validation,
Conceptualization. Irene Gonzalez Egea: Writing — review & editing,
Investigation, Formal analysis. Gema Parra: Writing — review & editing,
Supervision, Methodology, Conceptualization. Juan Manuel Medina
Sanchez: Writing — review & editing, Supervision, Project administra-
tion, Methodology, Funding acquisition, Conceptualization. Pre-
sentacion Carrillo: Writing - review & editing, Supervision,
Methodology, Funding acquisition, Conceptualization.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Juan Manuel Medina Sanchez reports financial support was provided by
Spain Ministry of Science and Innovation. Presentacion Carrillo reports
financial support was provided by Government of Andalusia Ministry of
Economic Transformation Industry Knowledge and Universities. If there
are other authors, they declare that they have no known competing
financial interests or personal relationships that could have appeared to

10

Ecotoxicology and Environmental Safety 285 (2024) 117090
influence the work reported in this paper.
Data availability

Data will be made available on request.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.ecoenv.2024.117090.

References

Alvarez, M.F., Villar-Argaiz, M., Vela Soria, F., Ferndndez Zambrano, A., Medina-
Sanchez, J.M., Carrillo, P., 2024. Thresholds and interactive effects of BPA-gradient
and temperature on life history traits of Daphnia magna. Environ. Pollut. 355,
124186. https://doi.org/10.1016/j.envpol.2024.124186.

Atengueno-Reyes, K., Velasquez-Orta, S.B., Yanez-Noguez, 1., Monje-Ramirez, 1.,
Mijaylova-Nacheva, P., Chavez-Mejia, A., Orta Ledesma, M., 2023. Microalgal
consortium tolerance to bisphenol A and triclosan in wastewater and their effects on
growth, biomolecule content and nutrient removal. Ecotoxicol. Environ. Saf. 262,
115117. https://doi.org/10.1016/j.ecoenv.2023.115117.

Baderna, D., Maggioni, S., Boriani, E., Gemma, S., Molteni, M., Lombardo, A.,
Colombo, A., Bordonali, S., Rotella, G., Lodi, M., Benfenati, E., 2011. A combined
approach to investigate the toxicity of an industrial landfill’s leachate: chemical
analyses, risk assessment and in vitro assays. Environ. Res. 111, 603-613. https://
doi.org/10.1016/j.envres.2011.01.015.

Bergkemper, V., Weisse, T., 2017. Phytoplankton response to the summer 2015 heat
wave — a case study from prealpine Lake Mondsee, Austria. Inland Waters 7, 88-99.
https://doi.org/10.1080/20442041.2017.1294352.

BrandEssence, Bisphenol A (BPA) Market Size, Share & Trends Analysis Report. BMRC
2076., London, UK, 2022.

Brown, J.H., Gilooly, J.F., Allen, A.P., Savage, V.M., West, G.B., 2004. Toward a
metabolich theory of ecology. Ecology 85, 1771-1789. https://doi.org/10.1890/03-
9000.

Calabrese, E.J., Baldwin, L.A., 2003. Hormesis: the dose-response revolution. Annu. Rev.
Pharmacol. Toxicol. 43, 175-197. https://doi.org/10.1146/annurev.
pharmtox.43.100901.140223.

Calderini, M.L., Salmi, P., Rigaud, C., Peltomaa, E., Taipale, S.J., 2022. Metabolic
plasticity of mixotrophic algae is key for their persistence in browning environments.
Mol. Ecol. 31, 4726-4738. https://doi.org/10.1111/mec.16619.

Cardoso, P.G., Rodrigues, D., Madureira, T.V., Oliveira, N., Rocha, M.J., Rocha, E., 2017.
Warming modulates the effects of the endocrine disruptor progestin levonorgestrel
on the zebrafish fitness, ovary maturation kinetics and reproduction success.
Environ. Pollut. 229, 300-311. https://doi.org/10.1016/j.envpol.2017.05.090.

Chen, J., Xiao, Y., Gai, Z., Li, R., Zhu, Z., Bai, C., Tanguay, R.L., Xu, X., Huang, C.,
Dong, Q., 2015. Reproductive toxicity of low level bisphenol A exposures in a two-
generation zebrafish assay: evidence of male-specific effects. Aquat. Toxicol. 169,
204-214. https://doi.org/10.1016/j.aquatox.2015.10.020.

Choi, B., Son, M., Kim, J.I., Shin, W., 2013. Taxonomy and phylogeny of the genus
Cryptomonas (Cryptophyceae, Cryptophyta) from Korea. Algae 28, 307-330.
https://doi.org/10.4490/algae.2013.28.4.307.

Das, B., Mandal, T.K., Patra, S., 2015. A comprehensive study on chlorella pyrenoidosa
for phenol degradation and its potential applicability as biodiesel feedstock and
animal feed. Appl. Biochem. Biotechnol. 176, 1382-1401. https://doi.org/10.1007/
s12010-015-1652-9.

Du, B., Haddad, S.P., Luek, A., Scott, W.C., Saari, G.N., Kristofco, L.A., Connors, K.A.,
Rash, C., Rasmussen, J.B., Chambliss, C.K., Brooks, B.W., 2014. Bioaccumulation and
trophic dilution of human pharmaceuticals across trophic positions of an effluent-
dependent wadeable stream. Philos. Trans. R. Soc. Lond., B. 369, 20140058. https://
doi.org/10.1098/rstb.2014.0058.

Duan, Chen, Duan, 2019. Transcriptional analysis of Chlorella pyrenoidosa exposed to
bisphenol A. Int. J. Environ. Res. Public Health 16, 1374. https://doi.org/10.3390/
ijerph16081374.

Ferrer-Polonio, E., Alvim, C.B., Fernandez-Navarro, J., Momp6-Curell, R., Mendoza-
Roca, J.A., Bes-Pia, A., Alonso-Molina, J.L., Amor6s-Munoz, 1., 2021. Influence of
bisphenol A occurrence in wastewaters on biomass characteristics and activated
sludge process performance. Sci. Total Environ. 778, 146355. https://doi.org/
10.1016/j.scitotenv.2021.146355.

Gattullo, C.E., Bahrs, H., Steinberg, C.E.W., Loffredo, E., 2012. Removal of bisphenol A
by the freshwater green alga Monoraphidium braunii and the role of natural organic
matter. Sci. Total Environ. 416, 501-506. https://doi.org/10.1016/j.
scitotenv.2011.11.033.

del Giorgio, P.A., Cole, J.J., 1998. Bacterial growth efficiency in natural aquatic systems.
Annu. Rev. Ecol. Syst. 29, 503-541. https://doi.org/10.1146/annurev.
ecolsys.29.1.503.

Godoy, V., Calero, M., Gonzdlez-Olalla, J.M., Martin-Lara, M.A., Olea, N., Ruiz-
Gutierrez, A., Villar-Argaiz, M., 2022. The human connection: first evidence of
microplastics in remote high mountain lakes of Sierra Nevada, Spain. Environ.
Pollut. 311, 119922. https://doi.org/10.1016/j.envpol.2022.119922.

Hill, C.E., Myers, J.P., Vandenberg, L.N., 2018. Nonmonotonic dose-response curves
occur in dose ranges that are relevant to regulatory decision-making,


https://doi.org/10.1016/j.ecoenv.2024.117090
https://doi.org/10.1016/j.envpol.2024.124186
https://doi.org/10.1016/j.ecoenv.2023.115117
https://doi.org/10.1016/j.envres.2011.01.015
https://doi.org/10.1016/j.envres.2011.01.015
https://doi.org/10.1080/20442041.2017.1294352
https://doi.org/10.1890/03-9000
https://doi.org/10.1890/03-9000
https://doi.org/10.1146/annurev.pharmtox.43.100901.140223
https://doi.org/10.1146/annurev.pharmtox.43.100901.140223
https://doi.org/10.1111/mec.16619
https://doi.org/10.1016/j.envpol.2017.05.090
https://doi.org/10.1016/j.aquatox.2015.10.020
https://doi.org/10.4490/algae.2013.28.4.307
https://doi.org/10.1007/s12010-015-1652-9
https://doi.org/10.1007/s12010-015-1652-9
https://doi.org/10.1098/rstb.2014.0058
https://doi.org/10.1098/rstb.2014.0058
https://doi.org/10.3390/ijerph16081374
https://doi.org/10.3390/ijerph16081374
https://doi.org/10.1016/j.scitotenv.2021.146355
https://doi.org/10.1016/j.scitotenv.2021.146355
https://doi.org/10.1016/j.scitotenv.2011.11.033
https://doi.org/10.1016/j.scitotenv.2011.11.033
https://doi.org/10.1146/annurev.ecolsys.29.1.503
https://doi.org/10.1146/annurev.ecolsys.29.1.503
https://doi.org/10.1016/j.envpol.2022.119922

J.M. Gonzalez-Olalla et al.

155932581879828 Dose-Response 16. https://doi.org/10.1177/
1559325818798282.

Hillebrand, H., Diirselen, C., Kirschtel, D., Pollingher, U., Zohary, T., 1999. Biovolume
calculation for pelagic and benthic microalgae. J. Phycol. 35, 403-424. https://doi.
org/10.1046/j.1529-8817.1999.3520403.x.

Hiltunen, M., Honkanen, M., Taipale, S., Strandberg, U., Kankaala, P., 2017. Trophic
upgrading via the microbial food web may link terrestrial dissolved organic matter
to Daphnia. J. Plankton Res. 39, 861-869. https://doi.org/10.1093/plankt/fbx050.

Hoef-Emden, K., Archibald, J.M., 2017. Cryptophyta (Cryptomonads). in: Handbook of
the Protists. Springer International Publishing, Cham, pp. 851-891. https://doi.org/
10.1007/978-3-319-28149-0_35.

Huang, Y.Q., Wong, C.K.C., Zheng, J.S., Bouwman, H., Barra, R., Wahlstrom, B.,
Neretin, L., Wong, M.H., 2012. Bisphenol A (BPA) in China: A review of sources,
environmental levels, and potential human health impacts. Environ. Int. 42, 91-99.
https://doi.org/10.1016/j.envint.2011.04.010.

IPCC, IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of
Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change, Cambridge University Press, Cambridge, United Kingdom and New
York, 2021.

Janka, E., Korner, O., Rosenqvist, E., Ottosen, C.-O., 2015. Using the quantum yields of
photosystem II and the rate of net photosynthesis to monitor high irradiance and
temperature stress in chrysanthemum (Dendranthema grandiflora). Plant Physiol.
Biochem. 90, 14-22. https://doi.org/10.1016/].plaphy.2015.02.019.

Ji, M.-K., Kabra, A.N., Choi, J., Hwang, J.-H., Kim, J.R., Abou-Shanab, R.A.L,, Oh, Y.-K.,
Jeon, B.-H., 2014. Biodegradation of bisphenol A by the freshwater microalgae
Chlamydomonas mexicana and Chlorella vulgaris. Ecol. Eng. 73, 260-269. https://
doi.org/10.1016/j.ecoleng.2014.09.070.

Kang, J.H., Kondo, F., 2006. Bisphenol A in the surface water and freshwater snail
collected from rivers around a secure landfill. Bull. Environ. Contam. Toxicol. 76,
113-118. https://doi.org/10.1007/s00128-005-0896-4.

Kibria, G., Nugegoda, D., Rose, G., Haroon, A.K.Y., 2021. Climate change impacts on
pollutants mobilization and interactive effects of climate change and pollutants on
toxicity and bioaccumulation of pollutants in estuarine and marine biota and linkage
to seafood security. Mar. Pollut. Bull. 167, 112364. https://doi.org/10.1016/j.
marpolbul.2021.112364.

Kilham, S.S., Kreeger, D.A., Lynn, S.G., Goulden, C.E., Herrera, L., 1998. COMBO: a
defined freshwater culture medium for algae and zooplankton. Hydrobiologia 377,
147-159. https://doi.org/10.1023/A:1003231628456.

Kim, J., Park, J., Kim, P.-G., Lee, C., Choi, K., Choi, K., 2010. Implication of global
environmental changes on chemical toxicity-effect of water temperature, pH, and
ultraviolet B irradiation on acute toxicity of several pharmaceuticals in Daphnia
magna. Ecotoxicol 19, 662-669. https://doi.org/10.1007/510646-009-0440-0.

Lalwani, D., Ruan, Y., Taniyasu, S., Yamazaki, E., Kumar, N.J.I., Lam, P.K.S., Wang, X.,
Yamashita, N., 2020. Nationwide distribution and potential risk of bisphenol
analogues in Indian waters. Ecotoxicol. Environ. Saf. 200, 110718. https://doi.org/
10.1016/j.ecoenv.2020.110718.

Li, R., Chen, G.-Z., Tam, N.F.Y., Luan, T.-G., Shin, P.K.S., Cheung, S.G., Liu, Y., 2009.
Toxicity of bisphenol A and its bioaccumulation and removal by a marine microalga
Stephanodiscus hantzschii. Ecotoxicol. Environ. Saf. 72, 321-328. https://doi.org/
10.1016/j.ecoenv.2008.05.012.

Li, Y.-T., Liang, Y., Li, Y.-N., Che, X.-K., Zhao, S.-J., Zhang, Z.-S., Gao, H.-Y., 2018.
Mechanisms by which Bisphenol A affect the photosynthetic apparatus in cucumber
(Cucumis sativus L.) leaves. Sci. Rep. 8, 4253. https://doi.org/10.1038/541598-018-
22486-4.

Litchman, E., de Tezanos Pinto, P., Edwards, K.F., Klausmeier, C.A., Kremer, C.T.,
Thomas, M.K., 2015. Global biogeochemical impacts of phytoplankton: a trait-based
perspective. J. Ecol. 103, 1384-1396. https://doi.org/10.1111/1365-2745.12438.

Little, A.G., Seebacher, F., 2015. Temperature determines toxicity: bisphenol A reduces
thermal tolerance in fish. Environ. Pollut. 197, 84-89. https://doi.org/10.1016/j.
envpol.2014.12.003.

Liu, J., Zhang, L., Lu, G., Jiang, R., Yan, Z,, Li, Y., 2021. Occurrence, toxicity and
ecological risk of Bisphenol A analogues in aquatic environment — a review.
Ecotoxicol. Environ. Saf. 208, 111481. https://doi.org/10.1016/j.
ecoenv.2020.111481.

Lépez-Valcarcel, M.E., del Arco, A., Parra, G., 2024. Zooplankton vulnerability to
glyphosate exacerbated by global change. Sci. Total Environ. 913, 169806. https://
doi.org/10.1016/j.scitotenv.2023.169806.

Maamar, M.Ben, Lesné, L., Desdoits-Lethimonier, C., Coiffec, I., Lassurguere, J.,
Lavoué, V., Deceuninck, Y., Antignac, J.-P., Le Bizec, B., Perdu, E., Zalko, D.,
Pineau, C., Chevrier, C., Dejucg-Rainsford, N., Mazaud-Guittot, S., Jégou, B., 2015.
An investigation of the endocrine-disruptive effects of bisphenol A in human and rat
fetal testes. PLoS One 10, e0117226. https://doi.org/10.1371/journal.
pone.0117226.

Masoner, J.R., Kolpin, D.W., Furlong, E.T., Cozzarelli, I.M., Gray, J.L., Schwab, E.A.,
2014. Contaminants of emerging concern in fresh leachate from landfills in the
conterminous United States. Environ. Sci.: Process. Impacts 16, 2335-2354. https://
doi.org/10.1039/C4EMO00124A.

Menden-Deuer, S., Lessard, E.J., 2000. Carbon to volume relationships for
dinoflagellates, diatoms, and other protist plankton. Limnol. Oceanogr. 45, 569-579.
https://doi.org/10.4319/10.2000.45.3.0569.

Michatowicz, J., 2014. Bisphenol A - sources, toxicity and biotransformation. Environ.
Toxicol. Pharmacol. 37, 738-758. https://doi.org/10.1016/j.etap.2014.02.003.
Michatowicz, J., Duda, W., 2007. Phenols - sources and toxicity. Pol. J. Environ. Stud. 16,

347-362.

Montagnes, D.J.S., Morgan, G., Bissinger, J.E., Atkinson, D., Weisse, T., 2008. Short-term

temperature change may impact freshwater carbon flux: a microbial perspective.

Ecotoxicology and Environmental Safety 285 (2024) 117090

Glob. Chang. Biol. 14, 2823-2838. https://doi.org/10.1111/j.1365-
2486.2008.01700.x.

Nakajima, N., Teramoto, T., Kasai, F., Sano, T., Tamaoki, M., Aono, M., Kubo, A.,
Kamada, H., Azumi, Y., Saji, H., 2007. Glycosylation of bisphenol A by freshwater
microalgae. Chemosphere 69, 934-941. https://doi.org/10.1016/j.
chemosphere.2007.05.088.

Narevski, A.C., Novakovi¢, M.I., Petrovi¢, M.Z., Mihajlovi¢, 1.J., Maodus, N.B., Vuji¢, G.
V., 2021. Occurrence of bisphenol A and microplastics in landfill leachate: lessons
from South East Europe. Environ. Sci. Pollut. Res. 28, 42196-42203. https://doi.
org/10.1007/s11356-021-13705-z.

Noctor, G., 2006. Metabolic signalling in defence and stress: the central roles of soluble
redox couples. Plant Cell Environ. 29, 409-425. https://doi.org/10.1111/j.1365-
3040.2005.01476.x.

Noyes, P.D., McElwee, M.K., Miller, H.D., Clark, B.W., Van Tiem, L.A., Walcott, K.C.,
Erwin, K.N., Levin, E.D., 2009. The toxicology of climate change: environmental
contaminants in a warming world. Environ. Int. 35, 971-986. https://doi.org/
10.1016/j.envint.2009.02.006.

OECD, OECD Guidelines for the testing of chemicals. Freshwater alga and cyanobacteria,
growth inhibition test., 2011.

Regaudie-De-Gioux, A., Duarte, C.M., 2012. Temperature dependence of planktonic
metabolism in the ocean. Glob. Biogeochem. Cycles 26, 1-10. https://doi.org/
10.1029/2010GB003907.

Ribeiro, Y.M., Weber, A.A., Paschoalini, A.L., Moreira, D.P., Sales, C.F., Almeida, T.V.P.
de, Neres, M.A., Bazzoli, N., Rizzo, E., 2021. Biomarker responses induced by
bisphenol A on spermatogenesis in a Neotropical teleost fish are temperature-
dependent. Ecotoxicol. Environ. Saf. 224, 112670. https://doi.org/10.1016/j.
ecoenv.2021.112670.

Scragg, A.H., 2006. The effect of phenol on the growth of Chlorella vulgaris and Chlorella
VT-1. Enzym. Microb. Technol. 39, 796-799. https://doi.org/10.1016/j.
enzmictec.2005.12.018.

Sharma, V.K., Anquandah, G.A.K., Yngard, R.A., Kim, H., Fekete, J., Bouzek, K., Ray, A.
K., Golovko, D., 2009. Nonylphenol, octylphenol, and bisphenol-A in the aquatic
environment: a review on occurrence, fate, and treatment. J. Environ. Sci. Health,
Part A. 44, 423-442. https://doi.org/10.1080/10934520902719704.

Staples, C.A., Dome, P.B., Klecka, G.M., Oblock, S.T., Harris, L.R., 1998. A review of the
environmental fate, effects, and exposures of bisphenol A. Chemosphere 36,
2149-2173. https://doi.org/10.1016/5S0045-6535(97)10133-3.

Taipale, S.J., Brett, M.T., Hahn, M.W., Martin-Creuzburg, D., Yeung, S., Hiltunen, M.,
Strandberg, U., Kankaala, P., 2014. Differing Daphnia magna assimilation efficiencies
for terrestrial, bacterial, and algal carbon and fatty acids. Ecology 95, 563-576.
https://doi.org/10.1890/13-0650.1.

Tang, J., Zhang, C., Zhang, J., Jia, Y., Fang, J., 2023. Trophodynamic of endocrine
disrupting compounds in the aquatic food webs: association with hydrophobicity
and biota metabolic rate. Sci. Total Environ. 868, 161731. https://doi.org/10.1016/
j-scitotenv.2023.161731.

Theus, M.E., Michaels, J., Fey, S.B., 2023. Interactive effects of temperature and
bisphenol A on phytoplankton growth and community structure. Conserv. Physiol.
11 (1), coad021. https://doi.org/10.1093/conphys/coad021.

Thompson, R.C., Moore, C.J., vom Saal, F.S., Swan, S.H., 2009. Plastics, the environment
and human health: current consensus and future trends. Philos. Trans. R. Soc. Lond.,
B. 364, 2153-2166. https://doi.org/10.1098/rstb.2009.0053.

Turan, D., Gakal Arslan, 0., 2023. Investigation of toxic effects of BPA and BPA
analogues (BPS and BPAF) on Spirulina sp., Desmodesmus subspicatus and Chlorella
vulgaris. Ege J. Fish. Aquat. Sci. 40, 286-291. https://doi.org/10.12714/
egejfas.40.4.07.

Villar-Argaiz, M., Medina-Sanchez, J.M., Biddanda, B.A., Carrillo, P., 2018. Predominant
non-additive effects of multiple stressors on autotroph C:N:P Ratios propagate in
freshwater and marine food webs. Front. Microbiol. 9, 1-13. https://doi.org/
10.3389/fmicb.2018.00069.

Wang, L., Chen, X., Wang, H., Xu, Y., Zhuang, Y., 2017. The growth behavior of Chlorella
vulgaris in bisphenol a under different cultural conditions. J. Environ. Anal. Toxicol.
07, 529. https://doi.org/10.4172/2161-0525.1000529.

Wang, Y., Meng, F., Li, H., Zhao, S., Liu, Q., Lin, Y., Wang, G., Wu, J., 2019.
Biodegradation of phenol by Isochrysis galbana screened from eight species of
marine microalgae: growth kinetic models, enzyme analysis and biodegradation
pathway. J. Appl. Phycol. 31, 445-455. https://doi.org/10.1007/s10811-018-1517-
z.

Weisse, T., Groschl, B., Bergkemper, V., 2016. Phytoplankton response to short-term
temperature and nutrient changes. Limnologica 59, 78-89. https://doi.org/
10.1016/j.1imno.2016.05.002.

Windsor, F.M., Ormerod, S.J., Tyler, C.R., 2018. Endocrine disruption in aquatic systems:
up-scaling research to address ecological consequences. Biol. Rev. 93, 626-641.
https://doi.org/10.1111/brv.12360.

Wirth, C., Limberger, R., Weisse, T., 2019. Temperature x light interaction and tolerance
of high water temperature in the planktonic freshwater flagellates Cryptomonas
(Cryptophyceae) and Dinobryon (Chrysophyceae). J. Phycol. 55, 404-414. https://
doi.org/10.1111/jpy.12826.

Wu, N.C., Rubin, A.M., Seebacher, F., 2022. Endocrine disruption from plastic pollution
and warming interact to increase the energetic cost of growth in a fish. Proc. R. Soc.,
B. 289, 20212077. https://doi.org/10.1098/rspb.2021.2077.

11


https://doi.org/10.1177/1559325818798282
https://doi.org/10.1177/1559325818798282
https://doi.org/10.1046/j.1529-8817.1999.3520403.x
https://doi.org/10.1046/j.1529-8817.1999.3520403.x
https://doi.org/10.1093/plankt/fbx050
https://doi.org/10.1007/978-3-319-28149-0_35
https://doi.org/10.1007/978-3-319-28149-0_35
https://doi.org/10.1016/j.envint.2011.04.010
https://doi.org/10.1016/j.plaphy.2015.02.019
https://doi.org/10.1016/j.ecoleng.2014.09.070
https://doi.org/10.1016/j.ecoleng.2014.09.070
https://doi.org/10.1007/s00128-005-0896-4
https://doi.org/10.1016/j.marpolbul.2021.112364
https://doi.org/10.1016/j.marpolbul.2021.112364
https://doi.org/10.1023/A:1003231628456
https://doi.org/10.1007/s10646-009-0440-0
https://doi.org/10.1016/j.ecoenv.2020.110718
https://doi.org/10.1016/j.ecoenv.2020.110718
https://doi.org/10.1016/j.ecoenv.2008.05.012
https://doi.org/10.1016/j.ecoenv.2008.05.012
https://doi.org/10.1038/s41598-018-22486-4
https://doi.org/10.1038/s41598-018-22486-4
https://doi.org/10.1111/1365-2745.12438
https://doi.org/10.1016/j.envpol.2014.12.003
https://doi.org/10.1016/j.envpol.2014.12.003
https://doi.org/10.1016/j.ecoenv.2020.111481
https://doi.org/10.1016/j.ecoenv.2020.111481
https://doi.org/10.1016/j.scitotenv.2023.169806
https://doi.org/10.1016/j.scitotenv.2023.169806
https://doi.org/10.1371/journal.pone.0117226
https://doi.org/10.1371/journal.pone.0117226
https://doi.org/10.1039/C4EM00124A
https://doi.org/10.1039/C4EM00124A
https://doi.org/10.4319/lo.2000.45.3.0569
https://doi.org/10.1016/j.etap.2014.02.003
http://refhub.elsevier.com/S0147-6513(24)01166-7/sbref40
http://refhub.elsevier.com/S0147-6513(24)01166-7/sbref40
https://doi.org/10.1111/j.1365-2486.2008.01700.x
https://doi.org/10.1111/j.1365-2486.2008.01700.x
https://doi.org/10.1016/j.chemosphere.2007.05.088
https://doi.org/10.1016/j.chemosphere.2007.05.088
https://doi.org/10.1007/s11356-021-13705-z
https://doi.org/10.1007/s11356-021-13705-z
https://doi.org/10.1111/j.1365-3040.2005.01476.x
https://doi.org/10.1111/j.1365-3040.2005.01476.x
https://doi.org/10.1016/j.envint.2009.02.006
https://doi.org/10.1016/j.envint.2009.02.006
https://doi.org/10.1029/2010GB003907
https://doi.org/10.1029/2010GB003907
https://doi.org/10.1016/j.ecoenv.2021.112670
https://doi.org/10.1016/j.ecoenv.2021.112670
https://doi.org/10.1016/j.enzmictec.2005.12.018
https://doi.org/10.1016/j.enzmictec.2005.12.018
https://doi.org/10.1080/10934520902719704
https://doi.org/10.1016/S0045-6535(97)10133-3
https://doi.org/10.1890/13-0650.1
https://doi.org/10.1016/j.scitotenv.2023.161731
https://doi.org/10.1016/j.scitotenv.2023.161731
https://doi.org/10.1093/conphys/coad021
https://doi.org/10.1098/rstb.2009.0053
https://doi.org/10.12714/egejfas.40.4.07
https://doi.org/10.12714/egejfas.40.4.07
https://doi.org/10.3389/fmicb.2018.00069
https://doi.org/10.3389/fmicb.2018.00069
https://doi.org/10.4172/2161-0525.1000529
https://doi.org/10.1007/s10811-018-1517-z
https://doi.org/10.1007/s10811-018-1517-z
https://doi.org/10.1016/j.limno.2016.05.002
https://doi.org/10.1016/j.limno.2016.05.002
https://doi.org/10.1111/brv.12360
https://doi.org/10.1111/jpy.12826
https://doi.org/10.1111/jpy.12826
https://doi.org/10.1098/rspb.2021.2077

J.M. Gonzalez-Olalla et al.

Wu, N.C., Seebacher, F., 2020. Effect of the plastic pollutant bisphenol A on the biology
of aquatic organisms: a meta-analysis. Glob. Chang. Biol. 26, 3821-3833. https://
doi.org/10.1111/gcb.15127.

Yang, M., Fan, Z., Xie, Y., Fang, L., Wang, X., Yuan, Y., Li, R., 2020. Transcriptome
analysis of the effect of bisphenol A exposure on the growth, photosynthetic activity

12

Ecotoxicology and Environmental Safety 285 (2024) 117090

and risk of microcystin-LR release by Microcystis aeruginosa. J. Hazard. Mater. 397,
122746. https://doi.org/10.1016/j.jhazmat.2020.122746.

Yvon-Durocher, G., Jones, J.I., Trimmer, M., Woodward, G., Montoya, J.M., 2010.
Warming alters the metabolic balance of ecosystems. Philos. Trans. R. Soc. Lond., B.
365, 2117-2126. https://doi.org/10.1098/rstb.2010.0038.


https://doi.org/10.1111/gcb.15127
https://doi.org/10.1111/gcb.15127
https://doi.org/10.1016/j.jhazmat.2020.122746
https://doi.org/10.1098/rstb.2010.0038

	How does increasing temperature affect the toxicity of bisphenol A on Cryptomonas ovata and its consumer Daphnia magna?
	1 Introduction
	2 Material and methods
	2.1 Culture conditions
	2.2 Previous bioassays
	2.2.1 Selection of a non-toxic BPA vehicle
	2.2.2 Determination of the C. ovata sensitivity to BPA

	2.3 Quantification of the BPA × Warming effects on C. ovata
	2.3.1 Maximum photochemical efficiency (Fv/Fm)
	2.3.2 Net primary production and respiration
	2.3.3 Cell abundance

	2.4 Bioassay with Daphnia magna
	2.5 Numerical methods and statistical analysis

	3 Results
	3.1 Selection of a non-toxic BPA vehicle for C. ovata
	3.2 Sensitivity of C. ovata to an increasing BPA concentration gradient
	3.3 Sensitivity of C. ovata to BPA × Warming interaction
	3.4 Effect of BPA contained in C. ovata on Daphnia magna

	4 Discussion
	4.1 Sensitivity of C. ovata to BPA
	4.2 Sensitivity of C. ovata to BPA × Warming
	4.3 Transfer of the effects of BPA to zooplankton via herbivory

	5 Conclusion
	Funding sources
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Appendix A Supporting information
	References


