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Adaptation of Red Sea
Phytoplankton to Experimental
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" Division of Biological and Environmental Science and Engineering (BESE), Red Sea Research Center (RSRC), King Abdullah
University of Science and Technology (KAUST), Thuwal, Saudi Arabia, ? School of Environmental Science and Engineering,
Guangzhou University, Guangzhou, China

We recently demonstrated the rapid adaptation of Red Sea phytoplankton to ocean
warming, with associated constraints on physiological performance. However, the
possible tradeoff between thermal adaptation and the organism'’s tolerance to other
environmental drivers in a warmer future remains understudied. Here, we designed an
evolutionary selection environment where the Red Sea diatom Chaetoceros tenuissimus
was adapted to ambient (26°C) and warming (30°C) temperature scenarios for over
2,000 generations. These strains were subsequently exposed to a range of copper (Cu)
dose over three assay temperatures (26, 30, and 35°C), to assess whether adaptation to
experimental warming is accompanied by a reformed tolerance to toxic pollutants. Most
previous studies on Cu toxicity in marine phytoplankton were conducted within a smaller
range of temperature (20-25°C), indicating the need for further assessments to reveal the
potential complex interactive effects between pollutants and more significant warming in
the future. The acute Cu toxicity was estimated in terms of reduction in cell abundance
(cells mL~1), growth rate () and PSII photosynthetic efficiency (F/Frm), with 48 h median
effective concentration values (ECsp) ranging from 2.22 to 20.19 ng L='. We found
a statistically significant interaction between assay temperature, selection temperature,
and Cu doses in all the criteria tested. However, under the extreme warming scenario
(85°C), the Cu sensitivity was significantly reduced, indicating cumulative antagonistic
effects between these factors. Adaptation of phytoplankton to higher temperatures may
help maintain their heavy metal tolerance, although a shift in temperature during the tests
clearly altered their sensitivities. We conclude that selection for warming had made cells
more resistant to Cu at the selection temperature in comparison to ambient-adapted
population tested at 26°C. However, in warming-adapted cells, this response was traded
off against cupper resistance at 26°C.
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HIGHLIGHTS

- Chaetoceros tenuissimus, isolated from the Red Sea, adapted
rapidly to experimental warming.

- Adaptation to warming significantly increased the subsequent
copper tolerance.

- Significant interaction was observed among selection
temperature, copper dose, and assay temperature.
- High copper sensitivity of Red Sea taxa than

reported elsewhere.
- Highlights the multi-stressor scenario of ecological impacts of
persistent pollutants in the Red Sea.

INTRODUCTION

Global climate change and the subsequent increase in the
surface temperature of the ocean are among the greatest concerns
for marine ecosystems worldwide. The Intergovernmental
Panel on Climate Change (IPCC) predicts a further rise
in surface temperature, between 0.6 and 2.0°C, by the end
of the century (Stocker et al, 2013), which is expected to
have an unpredictable impact. Warming not only alters the
physicochemical characteristics of the seawater but also triggers
rapid evolutionary physiological responses in marine biota
(Collins, 2011; Padfield et al., 2016). Among the complex issues
of ocean warming is its interaction with chemical pollutants,
and their environmental distribution and toxicity in particular
(Noyes et al., 2009). For instance, experimental evidence shows
that rising temperatures increase the toxicity of heavy metals,
due to enhanced uptake and accumulation in tissues (Wang and
Wang, 2008; Manciocco et al., 2014). For those species living
at the edge of their physiological tolerance range, the complex
interactions between ocean warming and pollutants may be
particularly harmful due to their limited capacity to acclimate
(Noyes et al., 2009).

The Red Sea hosts some of the most diverse marine habitats
in the global oceans; however, recent evidence highlights its high
susceptibility to rising temperatures as part of the widespread
warming trend observed worldwide (Raitsos et al., 2011). The
overall surface temperature of the Red Sea is increasing at a rate
of 0.17 £ 0.07°C decade™ !, and the northern Red Sea is warming
even more quickly at a rate of 0.40-0.45°C per decade, which is
approximately four times faster than the global average (Chaidez
et al., 2017; Gittings et al., 2018). The impact of warming on
pristine Red Sea habitats has been reported (Cantin et al., 2010).

Prolonged warming induces ecological modifications
in phytoplankton, such as physiological acclimation and
evolutionary adaptation to gradual temperature shifts (Irwin
et al,, 2015; Listmann et al., 2016; Padfield et al., 2016; Schaum
et al., 2017). Evolutionary experiments have shown the capacity
of phytoplankton to evolve over thousands of generations
in response to variations in temperature and increasing
pollution levels, aided by their rapid generation times and
high population densities (Huertas et al., 2011). Recent reports
have documented the development of marine phytoplankton
tolerance to anthropogenic pollutants such as heavy metals
(Marva et al., 2014; Duarte et al., 2018), herbicides (Huertas

et al., 2010) and petroleum products (Romero-Lopez et al.,
2012) through adaptation. Consequently, these physiological
and genetic adaptation mechanisms bring significant changes to
the natural community structure when, after being exposed to
pollutants, sensitive species are replaced by more tolerant ones
(Rouco et al., 2014).

Persistent toxic substances (PTS) are an ongoing threat to
marine ecosystems on both local and global scales. Heavy metals
are one of the most persistent pollutants in coastal areas,
harbors, and marinas, and they mainly originate from antifouling
paints, industrial effluents and fuel combustion (Deheyn and
Latz, 2006). In phytoplankton, heavy metals inhibit the electron
transport chain and synthesis of photosynthetic pigments,
and enzymes during photosynthesis, leading to a decline
in photosynthetic efficiency, metabolism and growth (Pfeiffer
et al, 2018). Complex interplays between heavy metal ions
and the physicochemical characteristics of seawater collectively
determine their availability for biological uptake. Several studies
have addressed the interactive effects of temperature and heavy
metals and found both antagonistic and synergistic effects in
phytoplankton (Oukarroum et al., 2012; Morin et al., 2017).
The toxicity of pollutants can be influenced by a changing
climate (Schiedek et al., 2007), with a warming environment
causing additional stress to phytoplankton. We still lack a
holistic understanding on how ocean warming and toxic metals
interact simultaneously in a multi-stressor scenario, however, the
former is likely to alter the metal toxicity through changes in
biological uptake rates and metal binding to organic ligands in
marine organisms (Hoffmann et al., 2012). Prolonged warming
can also result in phytoplankton adaptation at population or
community levels (Huertas et al., 2011; Thomas et al., 2012). The
cost of thermal adaptation, such as tradeoffs and physiological
or metabolic modification (Padfield et al, 2016), is likely to
alter the organism’s response to other environmental stressors
including the potential to acquire tolerance to toxicants. Since
the majority of the reported studies in this line have examined the
simultaneous effects of warming and toxicants, the consequences
of thermal adaptation on subsequent exposure to pollutants
remains unexplored.

Phytoplankton in the Red Sea, the warmest ocean in the
world, showed rapid adaptation to ongoing warming, beyond
the current thermal extremes, with tradeoffs in photosynthetic
rates (Jin and Agusti, 2018). In the planktonic diatom Chaetoceros
tenuissimus, growth was significantly promoted by the selection
temperature throughout the selection period, resulting in higher
maximum growth rate at its optimal temperature, however in
a narrower thermal breadth in warming-adapted strains (Jin
and Agusti, 2018). C. tenuissimus adopted a “hotter is better”
strategy to adapt to warming, with maximal performance at
a higher optimal temperature. However, the possible costs of
physiological modification during adaptation to warming in a
rapidly changing environment remain unclear. In this context,
the goal of the present study is to elucidate how the adaptation
of C. tenuissimus in the Red Sea to thermal changes interplays
with its sensitivity to the toxic heavy metal, Cu. Although dealing
these two drivers in different temporal contexts constitutes
an oversimplification of reality, our approach hypothesizes
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phytoplankton thermally adapted for thousands of generations
shall confront their metal tolerance levels, considering long term
thermal selection as the dominant driver. Cu is an essential
trace metal nutrient for phytoplankton, however, excess Cu
inhibits their growth and photosystem II (PSII) photochemistry
by hindering the water-splitting system, electron transport chain
and chlorophyll biosynthesis (Lombardi and Maldonado, 2011).
Due to the extensive use of Cu-based antifouling agents in
aquaculture facilities, Cu is one of the most abundant metal
pollutants in the coastal waters (Saad, 1996) and sediments
(Badr et al,, 2009) of the Red Sea. Phytoplankton represent a
relevant functional group that sustains critical marine ecosystem
functions. Therefore, insights on the response of heavy metal
sensitivity of phytoplankton to experimental warming conditions
and the likely tradeoff between these stressors would help us
understand the complex interactions of future warming and
pollution scenarios in the fragile ecosystems of the Red Sea.

MATERIALS AND METHODS
Phytoplankton Cultures

Chaetoceros tenuissimus (Bacillariophyceae) was isolated from
coastal surface water, at 2-3 m depth, near the Al Fahal Reef in
the Red Sea (22.2528°N, 38.9612°E), after filtration through a
45 pm filter. Approximately ten clonal cultures were established
using the precise single-cell isolation technique under the
microscope (Axioscope Al, Carl Zeiss, Oberkochen, Germany).
These isolates were maintained in batch cultures using filtered,
sterilized and enriched (f/4 and silicate) seawater obtained from
the same location. The cultures were incubated at 24°C in a
temperature-controlled incubator (Percival Scientific Inc., USA)
with a light:dark cycle of 12:12 h under an irradiance of 50 jumol
photons m—2 s~ 1,

After the monospecific cultures of C. tenuissimus were
established, experimental cultures were grown in 200mL
Erlenmeyer flasks at 26 & 0.1°C (ambient-adaptation) and 30
+ 0.1°C (warming-adaptation) under 150 pwmol photons m~2
s~! with a light:dark cycle of 12:12h. Independent cultures
(n = 4) were replicated semi-continuously for about two years
under both selection temperatures. The long-term nature of
these experiments allowed the species to adapt to the selection
temperatures over ~2,000 generations (Jin and Agusti, 2018).
The initial cell concentration was set to 1000 cells mL~!, and
the medium was partially renewed every three days to restore
the cell density to the initial values measured at the beginning
of the growth batch cycle. Nutrients in the medium were not
limiting as the cell abundances achieved at the end of the batch
cycles were lower than those expected at the stationary phase. The
cell abundance was quantified concurrently every three days by
examining the samples under an optical microscope (Leica DMI
3000B-Germany) with a hemocytometer.

Cu Toxicity Assays

After two years of allowing the C. tenuissimus strains to adapt
to the ambient and warming temperatures, we tested their
differential responses to Cu toxicity. Acute toxicity of Cu to
the ambient- and warming-adapted strains of C. tenuissimus

was determined by 48h static, non-renewal assays at three
different temperatures; ambient (26°C), warming (30°C), and
extreme warming (35°C). All the glassware was soaked in 10%
HCI for 2h before use, to remove any trace metals, followed
by repeated rinsing with Milli-Q water and oven drying. All
tests were conducted in f/2-enriched filtered seawater medium
free of EDTA (ethylenediaminetetraacetic acid). The media were
equilibrated in the incubator chamber for one day under the
same conditions as the toxicity tests. A Cu stock solution at
1000 pg L1 was prepared from CuSO4.5H,0 and refrigerated
until use. From the stock solution, 50 mL of the Cu treatments
(0.25, 0.5, 1, 5, 10, and 25 pg L~1) and the controls (no Cu
added) were prepared in triplicate 125mL Erlenmeyer flasks.
Then, the algae were inoculated with cultures in log phase to
obtain an approximate initial abundance of 5 x 10* cells mL~!.
All the replicates in the experiment were originated from the
same clonal ancestor culture. The test flasks were incubated
under similar conditions of irradiance and photoperiod as the
adaptation period. The experimental flasks were manually shaken
at least three times per day.

Flow Cytometry Analysis

After metal exposure, the cell abundances were directly estimated
using a high performance, true volumetric absolute counting
(TVAC), bench-top flow cytometer equipped with a 488-nm
blue solid-state laser (CyFlow Space, Sysmex Partec GmbH,
Germany). Data were acquired by triggering the chlorophyll
autofluorescence (FL3, 675nm) in log mode, and the C.
tenuissimus population was enumerated following the standard
protocols (Franklin et al., 2001). The population was identified
based on the characteristic signals in a cytogram of FL3 versus
side scatter (SSC). Non-algal particles and dead cells were
excluded from the analysis by gating on the SSC/FL3 dot plot.
The algal abundance was expressed as cells mL~!.

PhytoPAM Fluorescence Measurement

The chlorophyll fluorescence parameters were measured
using a noninvasive pulse-amplitude modulated fluorometer
(PhytoPAM 1II, Heinz Walz GmbH, Effeltrich, Germany).
The PhytoPAM II measures fluorescence at five excitation
wavelengths (440, 480, 540, 590, and 625nm), and the algal
group values were deconvoluted from these signals using linear
unmixing based on the selected reference spectra. Samples
were adapted to the dark for 15min before measurement of
the dark fluorescence, Fy. The maximum PSII efficiency of
the population, which indicates the potential photochemical
efficiency of PSII and is related to the fraction of absorbed energy
that is transferred to photosynthesis by the PSII reaction centers,
was estimated as F,/F,,, where Fy is the variable fluorescence
(F m ~ F O)-

Statistical Analysis
The specific growth rate (1, d 1) after the various treatments was
calculated using the following formula:

LN(R?)
= ! 1
YT - W
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where N7 and N are the cell numbers at time t; (initial, 0 h) and
ty (final, 48 h), respectively (Levasseur et al., 1993).

The effective concentrations at which a 50% decline in
population abundance occurred (ECsg) were estimated using the
JMP software JMP® Pro version 13.1, SAS Institute, USA) and
the following equation, described previously (Kottuparambil and
Agusti, 2018):

EC5Q =In OS/Q (2)

where Q is the slope of the relationship between the In of the
cell abundance versus the Cu concentrations tested at the end of
the experiment.

The ECsg values for growth rate and F,/Fy and their
respective confidence intervals (95%) were calculated using a
log-normal model in the Excel macro REGTOX (Vindimian,
2012). A mixed-effects modeling analysis of covariance was
used to quantify the variance in all measured variables at
the replicate levels within two selection temperatures, where
biological replicates within treatments were the random effect,
and selection temperature, assay temperature, and Cu doses
were the fixed effects, using the JMP software. Tukey’s post-
hoc multiple comparison test was conducted for the comparison
of means across treatments. The significance of the differences
observed among the treatments was analyzed using a Student’s
t-test or one-way analysis of variance (ANOVA).

Literature Survey

A survey of the literature from the last decade was conducted
regarding the influence of temperature on Cu toxicity in marine
phytoplankton. A summary of the relevant data from previous
studies and a comparison with the toxicity values obtained in the
present study are provided in Table 1.

RESULTS

Cu Toxicity to Chaetoceros tenuissimus

Our results showed a significant acute toxic effect of Cu on
various criteria of C. fenuissimus at ambient and elevated
temperatures, over an acclimation time scale of a few generations.
48h Cu ECsg values for various test criteria under different
experiments are summarized in Table 2. The 48 h abundance was
assumed to be the critical criterion for gauging the toxic impact
of Cu. Cell density (mL™!) of the ambient-adapted strain was
not significantly affected at Cu concentrations up to 0.5 pg L™*
in 26°C tests (ANOVA, df = 2, p > 0.05), and up to 1 pg L™}
(ANOVA, df = 3, p > 0.05) when tested at 30°C (Figure 1).
However, in the case of the warming-adapted strain, significant
reductions in abundance was recorded above 0.5 ug L~! and
0.25 ng L~! Cu under ambient (26°C) and warming (30°C) test
conditions, respectively (ANOVA, df = 6, p < 0.05).

Our literature survey revealed that reduction in cellular
growth rate provides sensitive estimations of Cu toxicity in
marine phytoplankton (Table1). Cu caused significant dose-
dependent effects on the specific growth rate of C. tenuissimus,
the magnitude of which varied between various experiments
(Figure 2; Table 2). The growth rate was more sensitive to Cu

than cell abundance for the ambient-adapted strain at 26°C and
the warming-adapted strain at 30°C (Table 2). The ECsq value for
the growth rate of the ambient-adapted strain was significantly
higher (t-test, df = 3.86, p < 0.05) at 30°C than that at 26°C
(9.21 pg L~ tand 3.69 ng L1, respectively, Table 2). Similarly,
a significantly higher ECsg value was obtained for the warming-
adapted strain tested at 26°C than that at 30°C (8.93 pg L™ 'and
5.40 wg L1, respectively; t-test, df = 3.37, p < 0.05). These values
revealed an antagonistic effect of the abrupt shift in temperature
on Cu toxicity to the cellular growth rate.

We observed a drastic effect on the photosynthetic efficiency
of PSII, measured as Fy/Fp,, of C. tenuissimus upon Cu exposure
(Figure 3). When tested in selection temperatures, the average
ECs¢ value for F,/Fy, was significantly lower (¢-test, df = 6.32,
p < 0.05) than that of abundance, scoring 4.94 + 1.1 pg
L~! and 8.85 + 0.6 pg L™! Cu (mean + SD), respectively.
Fy/Fp, indicates the potential photochemical efficiency of PSII
and related to the fraction of absorbed energy transferred to
photosynthesis by the PSII reaction centers. F,/Fy, was more
Cu sensitive than cellular growth at the ambient temperature,
26°C (Figures 2, 3). Moreover, when tested at 26°C, Fy/Fp, in
the ambient-adapted strain was drastically reduced with respect
to the controls (Figure 3A), with an EC5g value of 2.22 ng L1
Contrarily, for the warming-adapted strain tested at 26°C, no
significant difference (ANOVA, df = 3, p > 0.05) was observed
up to 1 pug L~! of Cu (Figure 3B), with the higher ECsy value
of 7.47 g L™!. Whereas at 35°C, no significant effect on Fy/Fy,
was observed except at the highest Cu concentration tested, for
both the strains (Figures 3E,F). These disparities in the Fy/Fy,
response reveal that adaptation of the photosynthetic apparatus
to warming does influence the sensitivity of phytoplankton
photosynthesis to subsequent Cu exposure.

Interaction Between Selection
Temperature, Assay Temperature, and Cu
Toxicity

We hypothesized that adaptation to selection temperatures and
variation in assay temperature interact with the organism’s
response to subsequent Cu exposure, particularly in the
warming-adapted C. tenuissimus. A mixed-effects model analysis
revealed significant interactive effects of Cu dose, assay
temperature, and selection temperature on parameter estimates
of the growth rate, cell abundance, and Fy/Fp, of the model
diatom (Table 3). The results also showed a strong influence of
assay temperature on the overall interaction among the variables,
which was antagonistic to the Cu toxicity response. Mixed effects
model analysis revealed that adaptation to selection temperatures
helped the strains to maintain their response to Cu while strong
interactions between assay temperature, adaptation, and Cu
doses modified the toxicity responses in all tested criteria.

Influence of Thermal Adaptation on Cu
Sensitivity

We further examined how adaptation to warming influenced
the metal sensitivity of C. fenuissimus under three assay
temperatures. The lethal 48h ECsy values (for decay in
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TABLE 1 | Overview of recent Cu toxicity data for marine phytoplankton.

Tested taxa Criterion Test period Test temperature (°C) Effect (ng L™1) References

Nitzschia closterium Growth 72h 27 £1 40, IC5q Johnson et al., 2007

Minutocellus polymorphus Growth 72h 21 +£1 0.6, ICsp Levy et al., 2007

Nitzschia closterium Growth 72h 21 £1 18, ICs0

Phaeodactylum tricornutum Growth 72h 21 £1 8, ICs0

Dunaliella tertiolecta Growth 72h 21 1 530, ECsg

Thalassiosira pseudonana Growth 96h NA 970, ECsg Bao et al., 2008

Pyrocystis lunula Bioluminescence 24h 21 128, EC5g Stauber et al., 2008

Nitzschia closterium Growth 72h 21 18, ICs0

Entomoneis c.f. punctulata Growth 72h 21 18, 1Cs0

Nannochloropsis gaditana Growth 72h 20 £1 137, ECsg Debelius et al., 2009

Isochrysis galbana Growth 72h 20 £1 58, ECsg

Chaetoceros sp. Growth 72h 20+ 1 88, ECsg

Rhodomonas salina Growth 72h 20 £1 48, ECxg

Tetraselmischuii Growth 72h 20 +1 330, ECsg

Nitzschia closterium Growth 72h 21+ 1 8, ICs50 Levy et al., 2009

Natural community Fy/Fm 96h 18 £ 1 70.3, ECso Pérez et al., 2010

Tetraselmis chui Motility 1h 28 £ 1 82.61, ECsp Liu et al., 2011

Pseudo-nitzschia multiseries Growth 96h 172+5 93, reduction Lelong et al., 2012

Odontella mobiliensis Growth 72h 24 + 1 298.4, IC50 Manimaran et al., 2012

Prorocentrum minimum Biomass yield 72h 20 1074, ECsg Guo et al., 2012

Ditylum brightwellii Growth 72h 20 406, ECsp Guo etal., 2013

Phaeodactylum tricornutum Growth 72h 24 10, EC5g Rico et al., 2013

Thalassiosira weissflogii Growth 7d 20 173, LOEC Bielmyer-Fraser et al.,

2014

Phaeodactylum tricornutum Biomass yield 72h 21+£2 3.4, 1Csp Angel et al., 2015

Chaetoceros gracilis Growth 96h 27 + 1 63.75, ECso Suratno et al., 2015

Isochrysis sp. Growth 96h 27 £1 31.80, ECsp

Chaetoceros calcitrans Growth 96h 24 £1 450, IC5p Anu et al., 2016

Cryothecomonas armigera Growth 24d 2+2 63.1, ECsg Koppel et al., 2017

Thalassiosira pseudonana Photosynthetic yield 96h 25 200, ECsg Leung et al., 2017

Thalassiosira pseudonana Growth 96h 25 +1 647, ECsg Yietal, 2017

Skeletonema costatum Growth 96h 25 +1 667, ECsg

Phaeocystis antarctica Growth 24d 2+2 2.8,ECqg Koppel et al., 2018

Chaetoceros sp. Growth 96h 24 + 1 30.25, IC50 Puspitasari et al., 2018

Alexandrium catenella Growth 7d 20 10.17, EC5g Couet et al., 2018

Ostreopsis cf. ovata Growth 7d 25 1.91, ECso

Emiliania huxleyi strains Growth 96h 14 +1 8.156-50.87, IC5q Mella-Flores et al., 2018

Tisochrysis lutea Growth 96h 20 £1 703, ECsg Dupraz et al., 2018

Skeletonema marinoi Growth 96h 20 +1 1105, ECxg

Tetraselmis suecica Growth 96h 20 + 1 1449, ECsg

Chaetoceros tenuissimus Abundance 48h 26 9.87, ECso This study
Abundance 48h 30 10.20, EC5o This study

NA, Not available.

abundance) were statistically similar (t-test, df = 2.15, p >
0.05) between the ambient-adapted strain tested at 26°C (9.87
g L71) and the warming-adapted strain tested at 30°C (10.20
g L71). Similarly, a lower value of 7.66 g L™! was obtained
from both the ambient-adapted and warming-adapted strains
tested at 30 and 26°C, respectively. At the extreme warming
assay condition, however, there was no significantly different

Cu sensitivity between the two strains (t-test, df = 2.79,
p > 0.05, Table 2).

The EC5 values for reduced growth rates demonstrated a
similar influence of temperature adaptation. The ECsy values
for the ambient-adapted strain tested at 26°C and the warming-
adapted strain tested at 30°C were not significantly different (¢-
test, df = 2.91, p > 0.05, Table 2). Likewise, the ECs( values for
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the ambient-adapted strain in the 30°C assay and the warming-
adapted strain in the 26°C assay were statistically similar (¢-
test, df = 2.55, p > 0.05). However, a significant difference was
noted in the ECsg values for the warming-adapted strain tested
at 26 and 30°C (t-test, df = 3.37, p < 0.05). These different
ECs0s at two test temperatures indicated that previous adaptation
to a warming environment alleviated or nullified the impact of
abrupt shifts in temperature on Cu toxicity. However, at 35°C,
a significant decrease in Cu sensitivity was observed in the
warming-adapted strains (t-test, df = 3.27, p < 0.05, Table 2).
The contrasting effects of adaptation to ambient or warming
temperatures were reflected by the photosynthetic criterion,
Fy/Fp, in the tested diatom. The ambient-adapted strain
responded to warming with a significant drop in the sensitivity
of Fy/Fy to Cu (Table2), with the ECsy value becoming
statistically similar to that of the warming-adapted strain
tested at 30°C. In the 26°C exposure, the adaptation to
warming reduced the toxicity of Cu. Similarly, when tested at
30°C, adaptation to ambient temperature resulted in slightly
reduced Cu toxicity. Moreover, ECsg values for Fy/F, showed
that crossing temperatures during the tests caused significant
reductions in Cu sensitivity of both strains (Table 2). A similar
trend was observed in the 35°C assay, where the ECsy values
were 15.99 g L™! and 18.10 jug L1, for ambient- and warming-
adapted strains, respectively. The Tukey’s test for comparison of

TABLE 2 | 48h Cu ECg values (+ SD) of ambient-adapted and
warming-adapted Chaetoceros tenuissimus assayed at 26, 30, and 35°C.

Criterion Strain ECs5g at 26°C EC5q at 30°C ECsg at 35°C
Abundance Ambient-adapted 9.87 £1 7.66 £ 0.9 11.45+ 0.5
Warming-adapted  7.66 + 0.1 10.20 £ 0.2 12.41 +1
Specific growth Ambient-adapted  3.69 + 1.3 9.21+0.6 15983+ 1.5
rate ()
Warming-adapted  8.93 + 0.4 540+ 0.7 2019+£2.5
Fy/Fm Ambient-adapted  2.22 + 0.7 570+1.5 156,99 +£1.3
Warming-adapted  7.47 £ 0.9 438 +1.1 1810+ 1.9

the means clearly showed the significantly higher ECs values at
35°C, indicating an antagonistic effect of elevated temperature.

DISCUSSION

Environmental factors such as increased temperature can interact
with persistent pollutants like heavy metals, resulting in increased
mortality and reduced reproduction of aquatic organisms
(Gama-Flores et al., 2005). Although rising temperatures can
significantly affect the metabolism of marine phytoplankton
(Toseland et al, 2013), their sensitivity to toxicants is
exacerbated, primarily due to increased rates of uptake and
accumulation (Wang and Wang, 2008; Yung et al., 2017). The
model diatom used in this study showed rapid adaption to
warming, over hundreds of generations, although tradeoft on
photosynthetic performance could alter their competitive fitness
to other environmental drivers such as high irradiation (Jin
and Agusti, 2018). As a consequence of tradeoffs, the “hotter
is better” strategy was achieved by narrowing the thermal
breadth of growth in Chaetoceros tenuissimus (Jin and Agusti,
2018). More ecological consequences of thermal adaptation have
been recently addressed in phytoplankton communities (Yvon-
Durocher et al., 2017). However, our results achieved with two
strains of the diatom C. tenuissimus, adapted to either the
ambient temperature of the Red Sea or an experimental warming
temperature, indicate that selective adaptation to warming
could help mitigate the expected synergistic interaction between
warming and Cu toxicity.

Most of the reported Cu toxicity studies on microalgae
in the last decade were conducted in the laboratory within
a narrow temperature range of 20-25°C over an acclimation
timescale of a few generations (Table 1). Several recent studies
have addressed the interactive effect of rising temperatures and
heavy metal toxicity in marine phytoplankton. For instance,
elevated temperatures caused increased Cu toxicity and reduced
community tolerance in periphytic diatoms in an acclimation
timescale of 6 weeks (Morin et al., 2017), while significantly
higher Cu toxicity for the green microalgae Raphidocelis
subcapitata resulted at temperatures higher than the ambient

Ambient-adapted Warming-adapted
13.0 A B 26°C 13.0 4 B 26°C
@ 30°C @ 30°C
3 12.54 A 35°C 12.5 A 35°C
s
= 12.04 12.0 4
-
=
=
< 11.5- 11.5
=
-
11.0 11.0
10.5 8 | 1051
0 5 10 15 20 25 0 5 10 15 20 25
Cu (ngL")
FIGURE 1 | Response of Ln cell abundance of ambient-adapted and warming-adapted Chaetoceros tenuissimus to Cu exposure at ambient (26°C; green), warming
(80°C; orange), and extreme warming (35°C; red) temperatures. Each individual shapes denotes individual replicates and the lines indicate linear regression.
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FIGURE 2 | Response of the specific growth rate () of ambient-adapted (green) and warming-adapted (red) strains of Chaetoceros tenuissimus to Cu exposure at
various temperatures: (A) ambient-adapted tested at 26°C, (B) warming-adapted tested at 26°C, (C) ambient-adapted tested at 30°C, (D) warming-adapted tested
at 30°C, (E) ambient-adapted tested at 35°C, and (F) warming-adapted tested at 35°C. Solid fills: Cu test at selection temperatures, textured fills: Cu test at
reciprocal transplants and line fills: Cu test at 35°C. Data are plotted as treatment means with error bars 4+ SD.

levels (Silva et al, 2018). High temperatures enhanced the
accumulation of metals by diatoms (Yung et al, 2017),
either by the increased cellular intake of metal ions or by
their weakened detoxification ability at higher temperatures
(Wang and Wang, 2008). Moreover, disruption of the normal
physiological functions, such as photosynthetic performance,
results in higher susceptibility to toxic metals (Yung et al., 2017).

The response of abundance (Figure 1) shows that adaptation
of C. tenuissimus to warming, prior to Cu exposure, caused a
decrease in the lower toxicity threshold of Cu. However, we
found an increased tolerance at higher temperature, but no
significant difference between the toxicity thresholds required
to decrease the abundance of ambient- and warming-adapted
strains at their selection temperatures. The ECsy value at 30°C

for the warming-adapted strain was statistically identical to that
for the ambient-adapted strain at 26°C (Table 2). Nevertheless,
the lowest observed effect concentration (LOEC) values recorded
from the warming-adapted strain were ecologically significant,
since these values are close to the current marine water quality
guideline for Cu, i.e., 1.3 pg L' (USEPA, 2016). Moreover,
Table 1 clarifies that the Red Sea species C. tenuissimus tested
here was more sensitive to Cu than most phytoplankton
reported previously. This disparity in interspecific sensitivity
can be influenced by the habitat, the physiological status of the
organism, and the background Cu concentrations (Debelius et al.,
2010). In the Red Sea, the mean Cu concentrations were as high
as 5.23 £ 0.98 ug L! in the northern region (Ali et al., 2011),
4.71 £ 0.87 pg L™! along the Egyptian coast (Abouhend and
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FIGURE 3 | Response of F/Fm of ambient-adapted (green) and warming-adapted (red) strains of Chaetoceros tenuissimus to Cu exposure at various temperatures:
(A) ambient-adapted tested at 26°C, (B) warming-adapted tested at 26°C, (C) ambient-adapted tested at 30°C, (D) warming-adapted tested at 30°C, (E)
ambient-adapted tested at 35°C, and (F) warming-adapted tested at 35°C. Solid fills: Cu test at selection temperatures, textured fills: Cu test at reciprocal transplants
and line fills: Cu test at 35°C. Data are plotted as treatment means with error bars + SD.

El-Moselhy, 2015) and 1.69 ug L™! at an industrial area along
the Saudi Arabian coast (Saad, 1996). These heavy metal levels
in the Red Sea are already above the critical threshold values
for the optimal growth of some phytoplankton species and more
aggravated impacts are expected in the warmer future.

Our results indicate that thermally adapted C. tenuissimus
strains were more resistant to Cu at selection temperatures
to which they were previously adapted, and the Cu sensitivity
increased slightly but significantly when tested as reciprocal
transplants during the Cu tests. As shown by the respective
ECsp values (Table2), crossing the temperatures during Cu
exposure resulted in a significant increase in Cu sensitivity of
both the ambient- (t-test, df = 3.96, p < 0.05) and warming-
adapted (t-test, df = 3.36, p < 0.05) strains of C. tenuissimus. In

general, the interactive effect of elevated temperature and metal
toxicity largely depends on the organism’s ability to acclimate
to higher temperatures (Pereira et al., 2017). Therefore, the
inherent capacity of the tested diatom to adapt to warming
must have resulted in the higher ECsy values obtained at 35°C.
Our results indicated an antagonistic effect of warming, and
the joint effect of Cu exposure and increasing temperature
was statistically significant. The observed Cu toxicity profile
at elevated temperature is more likely justified by the effect
of temperature on Cu speciation rather than by an effect of
temperature on the biological interaction of free Cu** ions at the
cellular boundaries of the phytoplankton.

While earlier experiments clearly demonstrated the successful
adaptation of C. tenuissimus to experimental warming conditions
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TABLE 3 | Statistical results of linear mixed-effects modeling analysis of
covariance with Ln abundance, specific growth rate (i), and Fy/Fm of
Chaetoceros tenuissimus as dependent variables, selection temperatures (26 and
30°C), Cu concentrations, and assay temperatures (26, 30, and 35°C) as fixed
effects, and the biological replicates within treatments as a random effect on
intercepts (DF: Degrees of freedom, F ratio: the model mean square divided by the
error mean square, Prob > F: The p-value for the test).

Source DF F ratio Prob > F
Ln ABUNDANCE

Cu concentration (A) 82 1133.19 <0.0001*
Selection temperature (B) 82 7.27 0.0085

Assay temperature (C) 82 105.36 <0.0001*
Interaction of A x B 82 5.81 <0.0001*
Interaction of A x C 82 4411 <0.0001*
Interaction of B x C 82 209.46 <0.0001*
Interaction of A x B x C 82 17.25 <0.0001*
SPECIFIC GROWTH RATE (M)

Cu concentration (A) 82 1137.18 <0.0001*
Selection temperature (B) 82 184.22 <0.0001*
Assay temperature (C) 82 189.49 <0.0001*
Interaction of A x B 82 5.12 0.0002*

Interaction of A x C 82 45.12 <0.0001*
Interaction of B x C 82 384.01 <0.0001*
Interaction of A x B x C 82 16.99 <0.0001*
Fy/Fm

Cu concentration (A) 82 461.54 <0.0001*
Selection temperature (B) 82 0.73 0.3938

Assay temperature (C) 82 179.21 <0.0001*
Interaction of A x B 82 9.18 <0.0001*
Interaction of A x C 82 35.46 <0.0001*
Interaction of B x C 82 51.48 <0.0001*
Interaction of A x B x C 82 7.87 <0.0001*

after 500 generations (Jin and Agusti, 2018), adaptation to a
warmer temperature increases the energetic cost of optimizing
metabolic machinery of the cells adapted to a particular
temperature, such as photosynthesis, that could help the
organism achieve increased carbon use efficiency (Padfield
et al., 2016) or greater photosynthetic capacity and reduced
susceptibility to photoinhibition (Schaum et al., 2017). In
C. tenuissimus, adaptation to warming resulted in higher
growth rates and widening of the critical thermal limits with
associated costs, since adaptations of enzymes and membranes
to high temperatures may result in maladaptations to low
temperatures (Jin and Agusti, 2018). The cellular metabolism
imposes constraints that are usually reflected in the growth,
photosynthetic yield and light utilization efficiencies. However,
a complete calculation of the absolute cost of temperature
adaptation must account for the multiple processes of the
organismal existence (Clarke, 2003). In this context, our
hypothesis prompts an important question about the significance
of thermal adaptation at the cellular level to processes at
the population level, such as sensitivity to pollutants. Our
results (Table 3), showing significant antagonistic interaction
between Cu doses, assay temperature (26, 30, or 35°C), and
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FIGURE 4 | Comparison of the distribution of ECsg values for various criteria
tested across three temperatures for ambient-adapted and warming-adapted
Chaetoceros tenuissimus. Tops and bottoms of box plots represent the 75t
and 25t percentiles, respectively, and black horizontal lines the medians.

selection temperature (26 or 30°C) suggest that adaptation
to environmental temperatures could help maintain a similar
metal tolerance. However, a change in the assay temperature
(e.g., we tested a 4°C increase or decrease from selection
temperature) may significantly increase the Cu sensitivity at
lower temperatures. Low levels of ambient Cu can accelerate
the growth of marine phytoplankton (Wang et al, 2017).
Temperature, within the thermal limits of individual organisms,
also has strong stimulating effects on the cellular growth
and physiological fitness of phytoplankton (Jutterstrom et al.,
2014; Yvon-Durocher et al., 2015). However, the interaction
between Cu and rising temperature in natural phytoplankton
communities is a complex phenomenon and its full-scale impacts
are hard to predict. Our laboratory experiments provided
significant evidence for a pronounced interaction between
warmer temperatures and Cu in the Red Sea model diatom
(Table 3). The distribution of ECsq values for tested criteria
(Figure 4) showed negligible variations in Cu toxicity between
ambient adapted samples tested at 26°C and warming adapted
samples tested at 30°C. However, adaptation to warming did
cause an improved Cu tolerance, particularly at a higher
temperature, which would have wide-ranging impacts on the
ecological performance of phytoplankton in the warming Red
Sea. Climate change in the Red Sea is intense (Chaidez et al.,
2017), and even more extreme thermal events that may modify
physiological robustness of phytoplankton against pollutants are
likely to occur in the future.

Global climate change phenomena, such as ocean warming
and acidification, will alter the toxicity of waterborne metals by
influencing their speciation in seawater (Pascal et al., 2010). The
behavior of heavy metals in seawater is complex and determined
by several parameters, such as pH and the concentrations of
organic matter, minerals and redox potentials. To predict the
joint effect of these critical factors on marine systems at the
individual, population and community levels is a great challenge
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for ecotoxicologists. Apparently, the response of phytoplankton
to warming and heavy metal toxicity would be influenced
by the pollution-induced tolerance of the community, in line
with the capacity of phytoplankton to adapt to warming. In
general, stress due to warming may reduce the organismal
potential for tolerance and recovery after toxicant exposure
(Moe et al., 2013), however, our data shows that adaptation of
phytoplankton to warming in the Red Sea could induce a certain
degree of tolerance to subsequent heavy metal exposure. This
conclusion is based on acute Cu exposure, and further studies
are recommended to reveal the impact of long-term exposure.
Although sensitive toxicity threshold values were obtained,
our approach of laboratory tests based on a single species
do not represent real environmental conditions. Moreover,
considering the fact that warming may alter the composition of
phytoplankton communities (Thomas et al., 2012), the response
of the whole community to metal pollution could be altered
in a future scenario. We emphasize the need to consider these
multiple factors in risk assessments of heavy metal pollution in
warming marine ecosystems.

CONCLUSION

Increased concentrations of Cu adversely affected the growth and
photosynthesis of the marine phytoplankton tested here. Our
model organism, C. tenuissimus, is capable of rapid adaptation
to experimental warming, up to 4°C increase in its ambient
temperature, with clear benefits on growth rates (Jin and
Agusti, 2018). Temperature is a pivotal factor in toxicological
models for phytoplankton since variations in temperature
cause significant changes in their physiological and biochemical
processes. The present study confirms the positive interaction
between Cu toxicity and warming, highlighting the significance
of combined anthropogenic stressors on oceanic phytoplankton.
Our data confirm that the thermal adaptation of phytoplankton
to the warm tropical Red Sea increases the species tolerance
to subsequent toxic metal exposure. Adaptation to selection
temperatures (ambient and warming) helped maintain their Cu
tolerances, although reciprocal transplant of warming-adapted
cells resulted in an increase in sensitivity at the lower test
temperature. A change in the biosynthesis of cellular metabolites
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