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Abstract
Arsenic pollution is a widespread threat to marine life, but the ongoing rise pCO2 levels is predicted to decrease bio-toxicity
of arsenic. However, the effects of arsenic toxicity on marine primary producers under elevated pCO2 are not well
characterized. Here, we studied the effects of arsenic toxicity in three globally distributed diatom species (Phaeodactylum
tricornutum, Thalassiosira pseudonana, and Chaetoceros mulleri) after short-term acclimation (ST, 30 days), medium-term
exposure (MT, 750 days), and long-term (LT, 1460 days) selection under ambient (400 µatm) and elevated (1000 and 2000
µatm) pCO2. We found that elevated pCO2 alleviated arsenic toxicity even after short acclimation times but the magnitude of
the response decreased after mid and long-term adaptation. When fed with these elevated pCO2 selected diatoms, the scallop
Patinopecten yessoensis had significantly lower arsenic content (3.26–52.83%). Transcriptomic and biochemical analysis
indicated that the diatoms rapidly developed arsenic detoxification strategies, which included upregulation of transporters
associated with shuttling harmful compounds out of the cell to reduce arsenic accumulation, and upregulation of proteins
involved in synthesizing glutathione (GSH) to chelate intracellular arsenic to reduce arsenic toxicity. Thus, our results will
expand our knowledge to fully understand the ecological risk of trace metal pollution under increasing human activity
induced ocean acidification.

Introduction

Average seawater pH has dropped by 0.1U in the last two
centuries, and a further decrease of 0.3 U has been predicted
for the end of the century [1]. This decrease in pH has been
termed ocean acidification (OA). The bioavailability of heavy
metals and accumulation thereof in the food chain via primary
producers hinges on water pH [2, 3]. With rapid global
urbanization and industrialization, anthropogenic pollutants
ultimately lead to increasing heavy metal contaminations in
estuarine and coastal environments [4, 5]. China alone release
over 30,000 tons of heavy metals into the sea annually, with
detrimental repercussions for coastal ecosystems [5, 6]. The
metalloid arsenic (As) is one of the most toxic trace elements
[7]. While inorganic arsenic concentrations are relative stable
in the open oceans (ranging from 12.9 to 15.7 nmol L−1),
levels can reach up to 10.24 µmol L−1 in highly polluted
coastal waters at Kuala Langat [8–10]. There, high arsenic
concentrations are a threat to marine life [5]. Phytoplankton
are primary accumulators of arsenic in aquatic environments
playing a significant role in arsenic biogeochemical cycles
(Fig. S1) [10, 11].
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Biological mechanisms to mitigate the hazardous effects
of arsenic compounds evolved billions of years ago, and
remain widespread in unicellular organisms [12]. Under
oxidative conditions, inorganic arsenate (AsV) is the most
mobile and most common arsenic species, and its entry into
cell arises from competitively impairing PO4

3− uptake
transporters due to ionic similarities [13, 14]. Under redu-
cing conditions, arsenite (AsIII) is the most common arsenic
species. AsIII is taken up via membrane proteins belonging
to the aquaporin family [13, 15]. While similarities between
these transporters and silicate uptake transporters have been
reported in rice, it is unclear whether these structural simi-
larities exist in silicifying phytoplankton [16]. If so, silici-
fying diatoms would experience elevated exposure to
arsenite compared to plankton without silicate transporters.

Diatoms contribute up to approximately 40% of global
primary productivity and are the foundation of coastal food
webs [17]. Their responses to elevated pCO2, have been
studied in the laboratory and in mesocosm settings [18–22].
In a complex environment where multiple drivers interact,
evolutionary responses are highly likely to differ from those
found as a result of selection under elevated pCO2 alone [1].
The more ecologically likely scenario is that anthropogenic
activities (e.g., mining), release arsenic into natural waters,
typically following sudden bursts rather than a gradual
release throughout time [5]. Therefore, algae may evolve
under high pCO2 for hundreds of generations until they
experience acute arsenic toxicity.

Here, we tested whether three globally distributed diatoms
(Phaeodactylum tricornutum, Thalassiosira pseudonana, and
Chaetoceros mulleri) selected under elevated pCO2 (1000 and
2000 µatm) reacted to arsenic exposure differently than sam-
ples evolved under ambient pCO2 (400 µatm). We hypothe-
sized that the effects of elevated pCO2 on these diatoms
would further alleviate arsenic toxicity, and examined this
question on physiological (a few generations) and evolu-
tionary time scales (up to 1500 generations). We describe the
physiological consequences and examine biochemical and
transcriptional responses in arsenic-related pathways, in order
to understand the mechanisms of the mitigating effects of
carbon enrichment on arsenic toxicity.

Material and methods

Microalgae culture conditions

To assess the effect of elevated pCO2 and associated lower
pH on the eco-toxicity of arsenic to coastal diatoms, we
obtained three diatom species Phaeodactylum tricornutum,
Thalassiosira pseudonana, and Chaetoceros mulleri from
the Yellow Sea Fisheries Research Institute Microalgae Cul-
ture Center of National Marine Genetic Resource Center

(http://marine.fishinfo.cn/). The stocks of these species were
isolated from the Yellow Sea, Rongcheng, Shandong Pro-
vince, China and had been in laboratory culture for ~10 years.
They were chosen for their ecological importance, as all three
are fundamental players at the foundation of coastal food
webs. The diatoms P. tricornutum and T. pseudonana are
globally distributed and typical model species [23–25]. C.
mulleri is a dominant diatom species in Chinese coastal
waters and plays a vital role in the marine food chain [26, 27].
In the laboratory, cultures were inoculated at identical den-
sities of 8 × 104 cells mL−1 and maintained in semicontinuous
batch culture in sterile seawater enriched with f/2 medium
(with 100 μMN, 6 μMP, and 100 μM Si) at 20 ± 1 °C. Irra-
diance was 120 μmol photons m−2 s−1 in a 12 h/12 h
light–dark cycle (light on at 8:00 a.m. and off at 20:00 p.m.).

Experiment overview

We conducted four sets of experiments across different spatial
and temporal scales (see Supplementary Fig. S2 for flowchart
indicating how these experiments are connected). One, we
assayed the diatoms’ responses to ambient and elevated pCO2

with and without addition of arsenic at three time scales
(short, medium, and long-term exposure). Two, we carried
out a full reciprocal transplant experiment to be able to cal-
culate the magnitude of the evolutionary responses to elevated
pCO2, and to test whether these explained some of the var-
iations observed in the responses to high arsenic. Three, we
transferred the long-term selected strains into an outdoor
culture system in Sanggou Bay, located on the northwestern
coast of the Yellow Sea, China (37°01′–37°09′N, 122°-
24′–122°35′E) for 14 days using 10 L tanks under natural
temperature and light. This set up was used to determine
whether the results of the responses to arsenic after long-term
selection under elevated pCO2 obtained in the laboratory were
comparable to those occurring under more natural tempera-
ture and light conditions. Subsequently, we fed the scallop
Patinopecten yessoensis with ambient or elevated pCO2

selected diatoms which had also been exposed to arsenic, to
examine possible food chain effects. The fourth and final set
of experiments aimed to gain a more mechanistic under-
standing of how elevated pCO2 influences arsenic detox-
ification strategies in diatoms. We examined the expression of
candidate target genes through transcriptome sequencing and
Real-Time quantitative Polymerase Chain Reaction (RT-
qPCR) in P. tricornutum.

pCO2 selection experiment

Cell culture

To investigate the responses of the three diatoms to elevated
pCO2, three pCO2 levels were set up (Table S1). These were
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400, 1000, and 2000 μatm, according to pCO2 levels pro-
jected under the Intergovernmental Panel on Climate Change
(IPCC) representative concentration pathway 8.5 scenario.
For each species, three independent replicate cultures were
maintained at ambient and elevated pCO2 levels, realized by
equilibrating the culture medium overnight prior to inocula-
tions. Three biological replicates are sufficient here, as pilot
studies showed large effect sizes of pCO2—adding more
replicates would not significantly increase power in this
case. The medium was bubbled either with air (~400 μatm) or
air/CO2 mixed gas in a programmed CO2 chamber
(HP1000G-D, Ruihua, China) to achieve the desired pCO2

levels. Sample cultures under ambient and elevated pCO2

were maintained in tightly closed polycarbonate bottles
that were completely filled with culture medium, without any
gas head space, to prevent gas exchange. Cultures were
shaken three times every day to avoid settling and biofilm
formation. The triplicate cultures at each pCO2 were trans-
ferred into fresh media every 4–6 days (when cultures had
reached the exponential growth phase, Fig. S3). Roughly 8 ×
104 cells mL−1 were transferred into fresh medium to main-
tain stable carbonate chemistry (pH variations < ±0.05). The
pH in each culture medium was measured before and after
each transfer using a pH meter (Orion ROSS, Fisher Scientific
Instruments) that was calibrated with National Bureau of
Standards buffers. Temperature, salinity, and total alkalinity
(TA) were also measured periodically (but not at every
transfer due to logistical restrictions) throughout the experi-
ment. Other carbonate system parameters (e.g., DIC) were
calculated with the CO2SYS package using pH and TA
(Table S1) [28].

Selection experiment and arsenic assays

The conditions described above were maintained until the
selection experiment was terminated after 1460 days
(4 years). During the selection period, samples were
inspected regularly under the microscope to monitor
bacterial abundance via staining with SYBR gold and
enumerating with flow cytometry (FACS Calibur, BD,
USA)). The proportion of bacteria remained stable at low
quantities: co-occurring bacteria contributed <1% of total
biomass throughout. Flow cytometry and microscopy
were also used to test for changes in cell size (on average
a slight decrease in cell size, as expected), and gamete
formation (very rare). To study whether exposure to ele-
vated pCO2 has an impact on how phytoplankton deal
with arsenic compounds, we exposed aliquots of all
samples to arsenite (AsIII) or arsenate (AsV) for 96 h after
30 days (short term, or ST) of acclimation, or 750 days
(medium-term or MT) and 1460 days (long-term or LT) of
selection. We examined whether arsenic eco-toxicity, as
well as bioaccumulation and speciation within the cells

differed (i), between three different species of diatoms
evolving under ambient or elevated pCO2, and (ii),
between diatoms that had evolved under elevated pCO2 on
different time-scales.

During the arsenic assays, culture medium without
additional arsenic was used as a control, where the back-
ground natural arsenic level was at 0.03–0.05 μmol L−1.
Media with addition of NaAsO2 or Na2HAsO4·7H2O were
used in the 96 h arsenite (AsIII) or arsenate (AsV) treat-
ments, respectively. Two levels of AsIII/AsV concentration
were selected and used in arsenic assays. The low arsenic
treatment was set as 0.5 μmol L−1 AsIII/AsV which did not
have any negative effect on algal growth of all experimental
diatoms. The high concentrations of AsIII and AsV were
added according to the IC50, 96 h of each diatom species as
established during the pilot studies. When IC50, 96 h was
more than 30 μmL−1 (much higher than known naturally
occurring concentrations) [8–10], it was set as the highest
concentration.

Under arsenic exposure, growth rate over the course of
96 h was calculated as follows:

Growth rate ¼ lnN1 � lnN0ð Þ= t1 � t0ð Þ; ð1Þ
where N1 and N0 represent cell concentrations at times t1
and t0, respectively. At the end of the ST, MT, and LT
experiment, two samples of 30 mL aliquots from each
replicate were harvested by centrifugation and washed twice
using Milli-Q water and an ice-cold phosphate buffer to
remove the arsenic weekly adsorbed on algal surface [29].
Algal cells were used to estimate intracellular arsenic
concentration ([As]intra) and arsenic speciation within
cells (see Supplementary Methods for arsenic determination
[30–32]). All arsenic samples were determined within 24 h
to avoid arsenic transformation.

Additionally, 4 mL aliquots of the samples were col-
lected after the end of the incubation period to determine net
photosynthesis (NP, μmol O2 cell

−1 h–1) at 20 ± 1 °C under
irradiance of 120 μmol photons m−2 s−1 using an oxygen
electrode (Unisense). After dark acclimation for 1 h, dark
respiration (DR, μmol O2 cell

–1 h–1) was also monitored.
The variation of oxygen concentration was obtained using
4 ml respiration chambers fitted with microprobes, glass-
coated stir bars, Clark-type OX-MR oxygen microsensors
and a PA 2000 picoammeter. Data were logged using
MIcOx2.6 data acquisition software (Microrespiration sys-
tem, Unisense). The carbon-use efficiency (CUE) was cal-
culated as (see e.g., Schaum et al. [33]):

CUE ¼ 1 � DR=GPð Þ � 100%: ð2Þ
While CO2 may not have been the only carbon source
available in culture, changes in CUE still yield crucial
information on the relative importance of two metabolic
fluxes, oxygen consumption and evolution.
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To study whether elevated pCO2 changed valence state of
arsenite (AsIII) or arsenate (AsV) in culture medium, we
used the same experimental set up as arsenic assays but
without algal inoculation in the different pCO2 adjusted
culture medium. Two levels of arsenic concentration
(0.5 μmol L−1 for low arsenic concentration and 25 μmol L−1

for high arsenic concentration) were supplemented in cul-
ture medium. At time points of 0 h, 3 h, 6 h, 12 h, 24 h, 48 h,
72 h, and 96 h, 10 ml culture medium were collected from
three independent samples and used for arsenic determina-
tion within 6 h. Both total arsenic concentration and its
speciation were determined and analysed. Since cultures
were maintained in tightly closed polycarbonate bottles that
were completely filled with culture medium without any gas
exchange, we found that there were little variations of
arsenic speciation in culture medium. In the AsV assay,
speciation and concentration of AsV remained constant and
stable under different pCO2 along with different sampling
times (Table S2). In AsIII assay, <5% of AsIII transformed
into AsV by the end of experiment. But there was not sig-
nificant variation among different pCO2 treatment
(Table S3).

Reciprocal transplant experiments using long-term
selected samples

After having been grown under ambient pCO2 (400 μatm)
and elevated pCO2 (1000 μatm or 2000 μatm) for
1460 days, all lineages were transferred into 800 mL of
fresh media in a full reciprocal transplant at pCO2 of 400,
1000, and 2000 μatm. After 10 days in semicontinuous
batch culture (corresponding to 13, 11, and 6 generations
for P. tricornutum, T. pseudonana, and C. mulleri, respec-
tively), all samples were cultured in triplicate with additive
exposure to high AsIII or AsV for another 96 h. Controls
did not receive any arsenic treatment. Cell growth and
intracellular arsenic accumulation were determined using
the same methods as described above.

Outdoor experiment using long-term selected
populations

Aliquots of the long-term selected populations were trans-
ferred from the laboratory to an outdoor culture system
consisting of 10 L tanks with 8 L sterilized seawater at their
respective pCO2 (Fig. S4). The respective pCO2 levels of
400, 1000, and 2000 μatm were established by bubbling the
medium with air or air/CO2 premixed gas using a CO2

Enrichlor (CE-100B; Wuhan Ruihua Instrument & 25
Equipment Ltd). After 10 days in semicontinuous batch
culture (Corresponding to 15, 13, and 8 generations for P.
tricornutum, T. pseudonana, and C. mulleri, respectively) at
each pCO2 under natural temperature and light, all samples

apart from the controls were exposed to arsenic for 96 h, as
described above. Variations of temperature, irradiance and
carbonate chemistry in the tanks were monitored throughout
(Figs. S4, S5). Growth rates over the course of the experi-
ment and intracellular arsenic concentration at the end of
experiment were determined as described above. Addi-
tionally, 4 mL aliquots of the samples were collected after
the end of the incubation period to determine net
photosynthesis (NP, μmol cell−1 h–1), dark respiration (DR,
μmol cell−1 h−1), and CUE, following the same protocol as
carried out in the laboratory. Another two 300 mL
aliquots were collected and centrifuged, and used for
determination of the activity of chloroplast ATP synthase
and mitochondrial ATP synthase using Enzyme
Activity Assay kits (Comin Biotechnology, http://www.
cominbio.com).

Feeding experiments in outdoor culture system

To further access the effect of elevated pCO2 on arsenic
transfer across trophic levels, feeding experiments were
set up using the scallop Patinopecten yessoensis and
diatoms selected under ambient and elevated pCO2 with
or without arsenic exposure in the outdoor culture system
for 96 h. Cultures from each treatment were centrifuged at
12,000 × g for 10 min at room temperature and inoculated
into 8 L of seawater at a final concentration of 2 × 105 cell
mL−1. P. yessoensis (average tissue dry weight of 0.58 ±
0.05) were collected from Sanggou Bay (37°01′–37°09′N,
122°24′–122°35′E), northwest coast of the Yellow Sea,
China. After they had been carefully cleaned of epibionts,
they were incubated in the 10 L tanks with air-bubbling
for 3 h at 20 ± 1 °C. At the end of the experiment, scallops
were collected and cleaned with sterile seawater. Soft
tissue including the adductor muscle and the gonads were
shelled, peeled, and rinsed with Milli-Q water.
After vacuum freeze-drying, the soft tissue was powdered
in a blender and stored at −80 °C for arsenic determina-
tion [34].

Molecular responses involved in arsenic metabolic
pathways in the diatom P. tricornutum

At the end of the long-term selection experiment and the
arsenic assays, 250 mL samples of P. tricornutum (as a
representative species) for each biological replicate and
treatment were harvested during early exponential phase,
centrifuged at 4 °C, frozen in liquid nitrogen and stored at
−80 °C for RNA extraction, transcriptional sequencing, and
gene RT-qPCR. Another five 100 mL aliquots were col-
lected and centrifuged, and used for determination of the
activity of gamma glutamylcysteine synthetase (γ-ECs) and
glutamine synthase (GS), and phytochelatin synthase (PCs),
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chloroplast ATP synthase and mitochondrial ATP synthase
using Enzyme Activity Assay kits (Comin Biotechnology,
http://www.cominbio.com).

Statistical analysis

All analyses and all preparations for graphic presentation
were carried out in the R environment [35] (Supplementary
Dataset S1). Throughout, we report the summary F statistics
in the text. Tables detailing on how models were built,
selected, and analysed can be found in the Supplementary
Material. Pairwise contrasts have been submitted as
separate files.

Effects of elevated pCO2 on diatom growth on different
time scales in the laboratory

To determine any short-term species-specific responses of
how the three diatom species reacted to high pCO2, we
constructed a simple mixed model within the “lme” package
(version 3.1-137), where the magnitude of the response to
elevated pCO2 was the response variable, and pCO2 and
diatom species were the explaining variables. Biological
replicate nested within species within treatment was used as
random factor. The most complex model contained pCO2

levels and species in full interaction. Models were then
simplified and compared via the dredge function within the
‘MuMIn’ package (version 1.42-1). When candidate models
deviated from the most parsimonious model (that with the
lowest Akaike information criterion score) by less than two
AICc units, parameters were averaged across those candi-
date models (Fig. 1, Tables S4–S7).

Effects of arsenic on specific growth rate under ambient
pCO2, and after ST, MT, and LT culture under elevated pCO2

To compare whether exposure to arsenic at the end of the
(ST, MT, or LT) experiment had an impact on growth
rate that depended on the species, pCO2 level, or length of
the experiment, we examined differences in growth rate
between isolates from the different treatments using a
nonlinear mixed effects model, with fixed and random
factors chosen as described above, and model selection
again based on AICc values via the dredge function (Fig. 1,
Tables S8, S9, Dataset S2).

Intracellular arsenic concentrations under ambient pCO2,
and after ST, MT, and LT culture under elevated pCO2

We examined the impact of species, pCO2 level, and length
of the experiment on intracellular arsenic concentrations by
first developing a global mixed model, where intracellular
arsenic concentration was the response variable, and

species, pCO2 level, arsenic treatment, and duration of
experiment (i.e., ST, MT, and LT) were the fixed factors.
The global model considered all fixed factors in full inter-
action. Biological replicates were nested into treatments as
random factors. Model fitting and selection started with the
most complex (i.e., the global) model. Model selection was
carried out as described above (Fig. 2, Tables S10, S11,
Dataset S3).

Reciprocal transplant data analysis

To analyse the correlated responses of elevated pCO2-
evolved samples (e.g., LT 1000 µatm evolved samples
measured at 400 µatm compared to LT 400 µatm evolved
samples measured at 400 µatm), we first calculated all
growth rates and intracellular arsenic concentrations
respectively as relative to the non-arsenic “control”
measured and evolved at 400 µatm. These values (i.e.,
either relative growth or intracellular arsenic concentra-
tions) are our response variables. Species, pCO2

level, arsenic treatment, and duration of experiment (i.e.,
ST, MT, and LT), were fixed factors in full interaction.
Nested biological replicates were used as random factors.
Model selection and post hoc analyses then proceeded as
described above.

Details on the analyses of the shape of the curve of
growth rate as a function of assay pCO2 can be found in
the supporting information (Fig. 3, Tables S12–S15,
Dataset S4).

Analysis of changes in metabolic traits in response to
elevated pCO2 and arsenic treatments

In order to examine how metabolic traits changed in
response to elevated pCO2, and the interaction of these
responses under the addition of arsenic exposure in the
laboratory and in outdoor mesococms, all phenotype data
(i.e., gross and net photosynthesis, respiration, and carbon-
use efficiency) were normalized to the respective “control”
phenotype data, that is samples measured and evolved at
400 µatm pCO2 with no added arsenic. Building and
selecting the models then proceeded via the same packages
and criteria as described above (Fig. 4, Tables S16, S17,
Dataset S5).

Results and discussion

Consistent with previous findings on AsV in sediments
[36], we confirmed that elevated pCO2 neither changed the
valence state of arsenate (AsV), nor altered arsenate con-
centration in the seawater culture medium without diatoms
(Table S2). In the AsIII assay, although <5% of AsIII
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means. Blue for 400 µatm-selected lineages, green for 1000 µatm-
selected lineages, and red for 2000 µatm-selected lineages. The opacity
of each symbol indicates the length of the experiment, with the palest
shade for the shortest, and the darkest shade for the longest duration of
the experiment.
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transformed into AsV by the end of the experiment, there
was no significant variation among different pCO2 treat-
ments (Table S3). Therefore, any reduction in intracellular

arsenic or increased resilience of marine diatoms under
elevated pCO2 to arsenic exposure reported here must be
biologically mediated.
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Fig. 2 Intracellular arsenic concentration ([As]intra) of P. tri-
cornutum, T. pseudonana, and C. mulleri selected under ambient
and elevated pCO2 without arsenic exposure (Control), and with
AsIII (low AsIII at 0.5 μmol L−1 and high AsIII at IC50, 96 h) or
AsV (low AsV at 0.5 μmol L−1; high AV at IC50, 96 h; when IC50, 96 h

> 30 μmol L−1, 30 μmol L−1 is used). Values are displayed as means
and ±1 SEM of triplicate cultures and that have the same letter are not

significantly different (p > 0.05). Individual samples are superimposed
(as shapes) on the means. Blue for 400 µatm-selected lineages, green
for 1000 µatm-selected lineages, and red for 2000 µatm-selected
lineages. The opacity indicates the length of the experiment, with the
palest shade for the shortest, and the darkest shade for the longest
duration of the experiment.
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Growth rate responses to arsenic exposure are
modulated by the pCO2 selection regime

All diatom lineages from elevated-pCO2 regimes had higher
growth rates than lineages from the ambient-pCO2 treatment
(400 μatm) (Fig. 1, effect of pCO2, F2,208= 652.05, p <
0.0001, details in Tables S4, S5 and Dataset S2). These
findings are in line with previous studies indicating that
selection under elevated pCO2 can lead to increased growth
rates in diatom species [19, 37, 38]. As the experiment
continued, the initial effect of elevated pCO2 leveled out
and resulted in slightly lower growth rates at LT (long-term)
than at MT (mid-term) or ST (short-term) (effect of time,
F2,6= 14.39, p < 0.01, details in Tables S6, S7). As growth

rates also decreased to the same amount in the 400 µatm-
selected cultures, this is likely an effect induced by adap-
tation to the laboratory setting, and potentially exacerbated
by fast growth not always being the best strategy in a
nutrient replete environment [39].

When samples were assayed under exposure to high
levels of AsIII or AsV, arsenic species affected growth rate
in interaction with pCO2 (effect of arsenic treatment ×
pCO2, F4,208= 119.01, p < 0.0001, details in Tables S8, S9)
—samples that had grown under elevated pCO2 were less
sensitive to arsenic. While the strength of the response
varied between species, the general direction did not,
pointing towards the response being conserved at least
within these diatoms from coastal waters. Growth rates were
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reduced significantly under high AsIII or AsV compared to
the respective control (p < 0.05, pairwise comparison LSD’s
post hoc test), owing to the intrinsic toxicity of arsenic
compounds [7]. However, for samples evolved under ele-
vated pCO2, the drop in growth rate relative to the same
lineage assayed under control conditions (i.e., no arsenic
added) was less pronounced as the selection pCO2

increased. Under high AsIII or AsV, growth rates were
significantly ameliorated when samples had spent at least
30 days (~30 generations) at elevated pCO2.

Previous studies have shown that co-occurring bacteria
can take up and metabolize arsenic, and even grow on
arsenic as a substrate [40–42]. It is therefore possible that
growth of the bacterial part of the holo-biont was also
affected by arsenic addition and equally that bacterial
growth or their ability to reduce arsenate may have influ-
enced the results found in the focal diatom species to some
degree. Although we took great care to avoid bacterial
contamination of the cultures, axenic cultures could not be
maintained during the length of experiment, as is common
when phytoplankton are separated from their bacterial co-

habitants [43]. However, via regular determination under
the microscope and flow cytometry, we found that co-
occurring bacteria contributed less than 1% of total biomass
throughout, with no systematic variation across different
treatments, suggesting that effects of co-occurring bacteria
metabolism was small and similar across treatments.

Our findings add to the growing body of evidence that
adaptive evolution of marine diatoms under elevated pCO2

would increase their resilience to further environmental
deterioration [1, 20]. But can the observed changes in
growth rate be explained mechanistically by the increased
resilience of marine diatoms to arsenic exposure?

Intracellular arsenic content decreases in elevated
pCO2-selected samples

Studies have documented that elevated pCO2 does not only
directly affect primary producers, but also changes the
distribution, speciation and bioavailability of organic and
inorganic trace metals and will therefore modify their
interaction with organisms [44]. Bautista-Chamizo et al.
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[45] for instance, demonstrated that lower pH increased zinc
(Zn) toxicity in the marine microalga Pleurochrysis ros-
coffensis. Zhang et al. [46] found that OA reduced cadmium
(Cd) accumulation and thus its toxicity in the diatom P.
tricornutum. However, no study is available on the effect of
elevated pCO2 on the fate of arsenic in diatoms. Here, we
measured intracellular arsenic (Fig. 2) as well as its spe-
ciation (Fig. S6) to test whether samples evolved under
elevated pCO2 accumulated the same amount of intracel-
lular arsenic but showed reduced sensitivity, or were able to
reduce the amount of intracellular arsenic. Samples cultured
and assayed under elevated pCO2 (1000 and 2000 μatm)
consistently had reduced intracellular arsenic concentrations
([As]intra) (Fig. 2, effect of pCO2, F2,358= 288.41, p <
0.0001, details Tables S10, S11, Dataset S3). As the
selection experiment proceeded, the magnitude of the
response of [As]intra to elevated pCO2 decreased (Fig. 2,
effect of time, F2,6= 27.10, p < 0.0001, Tables S10, S11).
Again, this is largely attributable to evolutionary responses
under laboratory conditions, as the same trend was found in
the control samples. The amount of intracellular arsenic did
not scale with cell diameter or volume, both of which
decreased slightly throughout the experiment (Fig. S7).
Four arsenic forms including AsIII, AsV, MMA, and DMA
were found within algal cells, which accounted for >90% of
total arsenic (Fig. S6). With pCO2 increasing from 400 to
1000 and 2000 μatm (across treatments), the proportion of
the less toxic organic DMA significantly increased (p <
0.05, pairwise comparison LSD’s post hoc test) across three
diatom species tested here.

Poor growth of high pCO2 adapted cells at ambient
pCO2

To determine whether samples had adapted to the high
pCO2 conditions, we measured growth rates of long-term
selected samples from the 400, 1000, and 2000 µatm pCO2

treatments in a reciprocal transplant assay (10 days) at the
three pCO2 levels used throughout the experiments (400,
1000 and 2000 μatm). Here, growth rates increased with
pCO2 regardless of the evolutionary history of the samples,
the diatom species used, or whether or not arsenic
compounds had been added (Fig. 3, effect of assay pCO2,
F2,208= 277.51, p < 0.0001, see also Tables S12, S13,
Dataset S4). However, the addition of arsenic modulated the
shape of the curve (Fig. 3, Tables S14, S15).

For ambient pCO2 lineages, our data show that mitigat-
ing effects of elevated pCO2 occur on assay time-scales as
short as 10 days (corresponding to 13, 11, and 6 generations
for P. tricornutum, T. pseudonana, and C. mulleri, respec-
tively), i.e., on time-scales short enough that they do not
necessarily require evolutionary responses [1]. Samples
from the long-term treatment at elevated pCO2 performed

poorly upon being transplanted back into ambient pCO2

conditions, with slower growth than ambient selected
lineages at ambient pCO2. This pattern is indicative of and
typical for evolutionary responses in a high pCO2 world and
has been described for numerous green algae, spanning
those with and without carbon concentrating mechanisms
[47, 48]. Previous studies suggest that the long-term
selected lineages under elevated pCO2 had less efficient
carbon concentrating mechanisms (either through evolu-
tionary or regulatory processes), or a higher per-cell
requirement for inorganic carbon [47]. Either scenario—
decreased affinity for inorganic carbon or higher demand of
carbon to maintain cellular function—resulted in decreased
growth, which may easily be exacerbated in a genuinely
stressful (i.e., high arsenic) environment, relative to a
merely sub-ideal (i.e., ambient pCO2) environment [47, 49].
In line with these findings, algal growth was the lowest
under high AsIII exposure in high pCO2-selected samples
transplanted back into ambient pCO2.

The underlying mechanism for the improved resilience
of diatoms under elevated pCO2 may stem from the reduced
energy requirement of carbon concentration mechanisms
(CCMs) under elevated pCO2 [50]. Here, we provided
further evidence that the increased resilience of diatoms
under elevated pCO2 was linked to changes in metabolic
traits (Figs. 4, S8–S11), e.g., stronger upregulation of
photosynthesis than respiration resulting in higher carbon-
use efficiency (Fig. S11). The high activity of both chlor-
oplast and mitochondrial ATP synthase (Fig. S12) under
elevated pCO2 may be one way in which ATP-demanding
processes within the chloroplast can be sustained to support
the higher rates of photosynthesis.

Effects of pCO2 and arsenic on carbon-use efficiency

Most of what is known about phytoplankton responses to
OA has been obtained from relatively short-term, and hand
full of longer term, laboratory experiments which usually
use simplified versions of the natural environments such as
ideal light and temperature levels [51]. Although these
studies can pin point potential responses to changing sea-
water carbonate chemistry per se, the results are difficult to
extrapolate to natural, dynamic environments. More recent
studies consider mesocosms to be a powerful tool to
maintain a relatively complex community, which take into
account more aspects of “the real world” [52, 53]. To assess
the responses of long-term high-pCO2 selected diatoms to
arsenic in a more natural setting, we set up outdoor
experiments. The results obtained in the outdoor experi-
ments were comparable with those obtained at the end of
the laboratory selection experiments (Figs. S13, S14). That
is, the responses to pCO2 selection were maintained when
samples were transplanted into an environment that was
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more variable with regards to light and temperature, and
growth was faster in elevated pCO2 selected samples than in
ambient pCO2 selected samples (Fig. S13a). This difference
in growth rates was underpinned by a higher carbon-use
efficiency (CUE) in elevated pCO2 evolved samples (Fig. 4,
Tables S16, S17, Dataset S5), brought about by an increase
in gross photosynthesis relative to dark respiration (Fig.
S14). As in the laboratory experiment, intracellular arsenic
concentration decreased with elevated pCO2 (Fig. S13b).

Transfer of arsenic from diatom to higher trophic
level

Arsenic contamination in marine ecosystems can cause
harmful impacts on human health as arsenic can accumulate
through the food chain [54]. A wealth of studies has shown
that arsenic can be transferred from phytoplankton to zoo-
plankton, bivalves, or fish [55]. Although it has been shown
that OA would impact the bioavailability and speciation of

heavy metals in aquatic ecosystem, few studies focused on
the trophic transfer of arsenic contamination. To test whe-
ther the altered arsenic accumulation in diatoms would have
impacts on trophic transfer, we fed the scallop P. yessoensis
with the diatoms which had been selected under ambient or
elevated pCO2 and pre-exposed with different levels of
arsenic. We found that the toxic arsenic could be transferred
up in food chain from diatoms to scallops: When fed with
the elevated pCO2 selected diatoms, the scallops fed on high
pCO2 diatoms had significantly lower (3.26–52.83%)
arsenic content than those fed on ambient pCO2 diatoms
(Fig. 5a). There were significant relationships between the
intracellular arsenic concentration in P. tricornutum (R2=
0.89, p < 0.05), T. pseudonana (R2= 0.92, p < 0.05), or C.
mulleri (R2= 0.76, p < 0.05) and its tissue content in P.
yessoensis, respectively (Fig. 5b). We speculate that the
altered arsenic transfer across trophic levels would affect
arsenic biogeochemical cycles in marine ecosystem in a
high pCO2 world [54].
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Effects of elevated pCO2 and arsenic exposure are
reflected on the transcription level of P. tricornutum

Toxicological transcriptomics provides an important tool to
explore the molecular mechanisms of organisms’ responses
to environmental change [56]. When the coastal diatom P.
tricornutum was exposed to high AsIII (at IC50, 96 h con-
centration of 22.75 μmol L−1) or AsV (at IC50, 96 h con-
centration of 30 μmol L−1) individually using ambient (400
μatm, ambient pCO2, AC) and elevated pCO2 (1000 μatm,
elevated pCO2, EC) selected P. tricornutum, significant
differences were found in the transcriptomics, yielding a
total of 2189 DEGs (Fig. S15a) and obtaining eight clusters
(Fig. S15b). Based on the gene expression profile (Fig. 6a,
d, and confirmed by RT-qPCR in Fig. S16, Tables S18,
S19) and physiological response (Fig. 6b, e), we hypothe-
sized that the elevated pCO2 selected P. tricornutum

expressed a specific arsenic detoxification strategy (Fig. 6c,
f). As suggested in Fig. 6a (exposed to AsIII) and Fig. 6d
(exposed to AsV), AsIII efflux transporters (ACR3 and
ArsB) associated with ArsA, an ATPase, were significantly
up-regulated under elevated pCO2, potentially to purge
harmful AsIII from the cell [13]. As a result, arsenic efflux
rate was increased under elevated pCO2 in both AsIII and
AsV exposure scenarios (Fig. S17). Inside the cells, under
AsIII exposure, gamma glutamylcysteine synthetase (γ-
ECs) and glutamine synthase (GS), and phytochelatin syn-
thase (PCs) appeared to be more stimulated under elevated
than ambient pCO2 in protein activity (Fig. 6b, e) to syn-
thesize glutathione (GSH) and phytochelatins (PCn) to
chelate intracellular arsenic and thus reduce toxicity. Stu-
dies have provided strong evidences that the complexation
of intracellular arsenite by glutathione (GSH) and phy-
tochelatins (PCn) is an important mechanism of As
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Fig. 6 Diagram representing an altered arsenic pathway of P.
tricornutum under elevated pCO2. Variation of gene expression (a,
d), enzyme activity (b, f), and metabolic pathway (c, d) under high
AsIII (a, b, c) or AsV (d, e, f) treatment by comparison between
ambient (AC, 400 μatm) and elevated pCO2 (EC, 1000 μatm) selected
samples. NIP aquaporin-like protein, SIT silicon transporter, PHT
phosphate transporter, ACR3 arsenical resistance protein, ArsA
arsenical pump ATPase, ArsB arsenic efflux transporter, ArsH orga-
noarsenical oxidase, ArsM AsIII S-adenosylmethionine (SAM)

methyltransferases, MRP multidrug resistance-associated protein,
ABC superfamily, HMT1 heavy Metal Tolerance 1, ABC superfamily,
CA carbonic anhydrase involved in CCM, γ-ECs gamma gluta-
mylcysteine synthetase, GS glutamine synthetase, PCs phytochelatin
synthase. The red and green symbols represent up and downregulated
genes or processes, respectively. *(p value < 0.05) represent significant
differences between ambient (400 μatm) or elevated (1000 μatm) pCO2

selected samples.
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detoxification in plants and microbes [14, 57]. Then, GSH
may form a complex with AsIII as (GSH)3-AsIII, and PCn

could chelate with MMA or DMA as AsIII-PCn, which can
then be sequestrated in the vacuole via MPR and HMT1,
respectively [14]. Phytochelatin synthase (PCs) was
downregulated either in gene expression or protein activity
when comparing ambient and elevated pCO2 evolved
samples under AsV exposure. We further speculate that
GSH complexation might be the main detoxification way
under AsV exposure. The downregulated CCM and
increased ATPase activity in the chloroplasts for photo-
phosphorylation and mitochondria for oxidative phosphor-
ylation under elevated CO2 would be a potential pathway to
produce more ATP in order to meet the energy requirement
to detoxify arsenic exposure stress under elevated carbon
(Fig. S12).

Diatoms are unique amongst the phytoplankton in their
silica biomineralization to produce silica cell walls [58] and
act as an effective pH buffer for the activity of the extra-
cellular carbonic anhydrase [59]. A previous study showed
that OA diminished diatom silica production via increasing
silica efflux from cell in the Southern Ocean. Due to
structural similarities between arsenite and silicate, they
could share the same SIT transporter to transport As and Si
[14, 16]. Although there were none consistent variation
trends for the SIT expression under different pCO2 via
transcriptome sequencing (downregulated under high
pCO2) and RT-qPCR (none-significant variation), we
speculate that the OA affect both silicate and arsenic
metabolism together.

Conclusion

Our results provide both quantitative and mechanistic
insights of the pathways that may allow diatoms selected
under elevated pCO2 to cope with a sudden, drastic drop in
environmental quality, specifically, with a sudden increase
in inorganic arsenic compounds. The extent to which car-
bon enrichment helped to counteract toxic effects of arsenic
compounds depended on the pCO2 level (1000 or 2000
µatm), the arsenic compound (arsenite or arsenate), the
duration of the experiment (short term, mid-term, or long-
term), and to a much smaller degree, the diatom species.

Responses of phytoplankton to OA depend on the
timescale of the experiment relative to the organism’s
generation time [60, 61]. Microorganisms with a high
standing genetic diversity, short generation times, and large
population size have a high potential to rapidly evolve in a
changing or changed environment [61–63]. As the stock
cultures of experimental diatom were not clonal, responses
to environmental conditions likely represent a mixture of
rapid within-species sorting and de novo mutation.

However, gamete formation was very rare during our
selection period. We found that although elevated pCO2

initially leads to faster growth rates and reduced arsenic
accumulation after short-term acclimation, the magnitude of
the response decreased with time. Such differences between
short-term and long-term responses may arise from counter
gradient variation whereby rapid changes in physiological
traits under short-term acclimation are not attributed to
genetic change and long-term evolution could minimize or
oppose phenotypic change to the varied environmental
gradient [33, 64–66].

Transcriptomic and chemical data show that the long-
term selected diatoms under elevated pCO2 were able to
respond to arsenic exposure via a specific arsenic detox-
ification strategy, indicating phenotypic trait responses to
OA resulting from genetic influences [64]. These changes in
arsenic metabolism in a primary producer as well as its
trophic transfer in food chain (Fig. 5) may impact marine
biogeochemical cycling of arsenic under elevated pCO2.
While these responses are potentially conserved within
diatoms from coastal areas, care must now be taken to
extrapolate these findings to other phytoplankton, e.g., those
without CCMs or silicon transporters, and those that do not
usually find themselves in nutrient-rich and potentially
highly contaminated coastal regions.
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