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Abstract
Hypoxia and acidification frequently co-occur in coastal marine ecosystems, and will likely become more intense and persis-
tent with anthropogenic climate change. Although the separate effects of these stressors have previously been described, their 
combined effects on marine phytoplankton are currently unknown. In this novel study, multi-stressor incubation experiments 
using the harmful dinoflagellate, Amphidinium carterae, examined the effects of acidification and hypoxia both individually 
and in combination. Long-term (7 days) and short-term (6 h) experiments under controlled carbon dioxide (CO2) and oxygen 
(O2) conditions examined the interactive effects of the stressors and the physiological mechanisms driving their interaction. 
In the long-term experiment, synergistically negative effects were observed for A. carterae growth, photosynthesis, carbon 
fixation, nitrate uptake, and photosynthetic efficiency (Fv/Fm) under combined high CO2 (low pH) and low O2 conditions. In 
the short-term experiment, delayed recovery of photosystem II (PSII) reaction centers was observed following photoinhibi-
tion, suggesting that high CO2 and low O2 conditions negatively affect photosynthesis in A. carterae even after relatively 
short exposures. Although high CO2, low O2 conditions should decrease photorespiration and favor carbon fixation by the 
key photosynthetic enzyme ribulose-1,5-bisphosphate-carboxylase/oxygenase (RuBisCO), these findings demonstrate that 
the affinity of RuBisCO for CO2 relative to O2 alone does not predict phytoplankton responses to CO2 and O2 conditions 
in vivo, complicating predictions of phytoplankton community responses to hypoxia and acidification. Results of these experi-
ments suggest that the combination of low pH and O2 concentrations may negatively impact the growth of some harmful 
dinoflagellates in coastal marine ecosystems.

Introduction

‘Ocean acidification’ frequently refers to the ongoing 
decrease in ocean pH and change in seawater carbonate 
chemistry driven by oceanic uptake of anthropogenic carbon 
dioxide (CO2) from the atmosphere (Caldeira and Wickett 
2003; Doney et al. 2009). By the end of this century, atmos-
pheric CO2 concentrations are predicted to increase up to 
1150 ppmv (IPCC 2013), causing a decrease in the average 
surface ocean pH by 0.3–0.5 units (Caldeira and Wickett 
2005). These high CO2 (low pH) conditions will have sig-
nificant, wide-ranging consequences for many marine organ-
isms (Guinotte and Fabry 2008; Doney et al. 2009; Kroeker 
et al. 2013).

Coastal hypoxia is another critical threat to marine eco-
system health occurring in concert with ocean acidification. 
Low oxygen (O2) conditions commonly occur in aquatic eco-
systems as a result of microbial metabolic processes (Keel-
ing et al. 2010; Gobler and Baumann 2016). Hypoxic condi-
tions, operationally defined as O2 concentrations < 62.5 μmol 
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L−1 (Vaquer-Sunyer and Duarte 2008; Cai et al. 2011), are 
often exacerbated by eutrophication in coastal waters. High 
nutrient inputs during eutrophication typically lead to algal 
blooms, followed by high microbial respiration and hypoxia 
as the organic matter fixed during the bloom is decomposed. 
Over the course of this century, the so-called hypoxic ‘dead 
zones’ are predicted to significantly expand as a result of 
eutrophication in highly populated coastal zones (Diaz 
and Rosenberg 2008; Rabalais et al. 2010; Gruber 2011). 
Hypoxia has serious negative impacts on marine organisms 
and ecosystems, since its effects can be lethal for many spe-
cies (Diaz and Rosenberg 2008).

Due to the metabolic connection between O2 consump-
tion and CO2 release, acidification and hypoxia are function-
ally related to each other (e.g., Cai et al. 2011; Melzner et al. 
2013; Wallace et al. 2014). Acidification driven by microbial 
respiration is sometimes referred to as ‘coastal acidifica-
tion’ to differentiate the process from acidification driven by 
anthropogenic CO2 emissions (Wallace et al. 2014). While 
ocean acidification is driven by the uptake of atmospheric 
CO2, coastal acidification is controlled by the biological pro-
duction of CO2. The same metabolic processes that drive 
hypoxia also release CO2, thereby decreasing seawater pH 
(Cai et al. 2011; Sunda and Cai 2012; Wallace et al. 2014). 
For example, in stratified, eutrophic waters, high O2 and low 
CO2 conditions can occur near the surface due to photo-
synthesis, together with low O2 and high CO2 conditions 
at depth due to stratification and high microbial respiration 
(Diaz and Rosenberg 2008; Cai et al. 2011). With sufficient 
nutrient loading, however, hypoxic and acidic conditions 
can characterize the entire water column (e.g., Wallace 
et al. 2014; Gobler and Baumann 2016). In addition, low 
O2, high CO2 conditions occur naturally in deeper waters in 
oxygen minimum zones (OMZs; Rabalais et al. 2010; Gobler 
and Baumann 2016). Both natural upwelling along coastal 
regions (e.g., the Oregon coast) and anthropogenic climate 
change can expand hypoxic and acidic waters within OMZs 
into surface waters (Diaz and Rosenberg 2008; Rabalais 
et al. 2010; Gobler and Baumann 2016). It is predicted 
that the frequency and intensity of low O2, low pH zones 
will increase over the course of this century with enhanced 
climatic warming and eutrophication (Keeling et al. 2010; 
Rabalais et al. 2010). In addition, due to the strong cou-
pling of hypoxia and coastal acidification in combination 
with ocean acidification, coastal waters with low O2 may 
become disproportionately more acidic (Cai et al. 2011; 
Melzner et al. 2013).

Despite the co-occurrence of acidification and hypoxia 
in many coastal marine ecosystems and the likelihood of 
significant changes by the end of this century, little is known 
about the interactive effects of decreasing pH in conjunc-
tion with decreasing O2 on marine organisms (Baumann 
2016). While many studies have examined the individual 

effects of low seawater pH (e.g., Guinotte and Fabry 2008; 
Doney et al. 2009; Kroeker et al. 2013) or low dissolved O2 
(e.g., Diaz and Rosenberg 2008; Vaquer-Sunyer and Duarte 
2008; Rabalais et al. 2010), few studies have examined the 
combined effects of these environmental stressors (e.g., 
Pope 1975; Kitaya et al. 2008; Bagby and Chisholm 2015). 
Some of the studies investigating the effects of hypoxia inad-
vertently manipulated CO2 and O2 conditions together by 
bubbling with nitrogen gas (as discussed by Gobler et al. 
2014). However, it is essential to use controlled incubations 
to examine the effects of CO2 and O2 together, since the 
combination of acidification and hypoxia may have stronger 
negative effects on some marine organisms than the sum 
of each individual stressor (Guinotte and Fabry 2008; Bau-
mann 2016; Gobler and Baumann 2016). In fact, the small 
number of experimental studies that have examined com-
bined CO2 and O2 show some strong interactive effects or 
unexpected synergies in both marine animals (e.g., fish and 
invertebrates; Gobler et al. 2014; DePasquale et al. 2015; 
Baumann 2016) and algae (e.g., symbiotic dinoflagellates 
and cyanobacteria; Kitaya et al. 2008; Bagby and Chisholm 
2015). Among algae, it is possible that such synergistic 
effects may develop as a result of the key photosynthetic 
enzyme ribulose-1,5-bisphosphate-carboxylase/oxygenase 
(RuBisCO), since RuBisCO is affected by both ambient CO2 
and O2 concentrations (e.g., Peterhansel et al. 2010).

When the CO2:O2 ratio at the active site is high, RuBisCO 
uses CO2 as a substrate for carbon fixation (Peterhansel et al. 
2010). However, when the CO2:O2 ratio decreases, RuBisCO 
uses O2 as a substrate instead of CO2 and photorespiratory 
activity increases (Bowes et al. 1971; Foyer and Noctor 
2000). Thus, maximal rates of photorespiration should 
occur under low CO2, high O2 conditions (Foyer and Noctor 
2000). Since photorespiration is an energetically expensive 
diversion from carbon fixation, it is often perceived as a 
‘wasteful’ process (Peterhansel et al. 2010). However, pho-
torespiration serves an important role in cell physiology by 
balancing the light-dependent and -independent reactions 
of photosynthesis (Takeba and Kozaki 1998; Bagby and 
Chisholm 2015). Photorespiration also removes metabolic 
intermediates that inhibit the Calvin–Benson–Bassham 
(CBB) cycle (e.g., 2-phosphoglycolate), protects cells from 
photoinhibition during stress conditions, and supports cell 
defense mechanisms (Bauwe et al. 2010, 2012; Peterhansel 
et al. 2010).

The capacity of RuBisCO to differentiate between the 
substrates CO2 and O2 (i.e., RuBisCO specificity; Tortell 
2000) is determined by its distinct structural form (Tab-
ita et al. 2007) and the availability of CO2 relative to O2 
(Foyer and Noctor 2000). RuBisCO CO2:O2 specificity is 
highly taxon-specific and correlated with the atmospheric 
conditions of CO2 and O2 during the evolution of various 
phytoplankton lineages (Tortell 2000). Most dinoflagellates 
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contain Form II RuBisCO (Jenks and Gibbs 2000), which is 
particularly inefficient at discriminating between CO2 and 
O2 (Tabita et al. 2007). This structural form of RuBisCO 
may cause dinoflagellates to be particularly sensitive to 
ambient CO2 and O2 conditions compared to some other 
phytoplankton taxa (Tortell 2000; Eberlein et al. 2014). 
However, photosynthetic organisms with low RuBisCO 
specificity can employ carbon concentrating mechanisms 
(CCMs) to accumulate higher CO2 concentrations near their 
RuBisCO molecules (Raven et al. 2008), potentially avoid-
ing the need for high specificity except under unusually low 
CO2 concentrations.

Among the dinoflagellates that are likely sensitive to 
the combination of CO2 and O2 in coastal waters, harmful 
algal bloom (HAB) species are of particular interest. Given 
their low RuBisCO specificity, their potential for deleteri-
ous impacts, and their connection to high CO2 and low O2 
conditions in eutrophic, coastal systems (Fu et al. 2012), it is 
essential to understand the interactive impacts of acidifica-
tion and hypoxia on toxin-producing HAB dinoflagellates, 
in addition to other marine photoautotrophs.

Amphidinium carterae is a cosmopolitan, bloom-forming 
dinoflagellate found in temperate-to-tropical coastal and 
estuarine waters (Steidinger and Jangen 1996; Hargraves 
and Maranda 2002). It is considered a HAB species (Mur-
ray et al. 2012) and is known to produce toxic ichthyotoxins 
(Huang et al. 2009) and hemolytic substances (Echigoya 
et al. 2005). Since A. carterae has ecological importance, 
particularly in coastal marine environments (Hargraves 
and Maranda 2002; Murray et al. 2012), and has published 
RuBisCO specificity measurements (Whitney and Andrews 
1998), it is an ideal model organism to examine the physi-
ological effects of acidification and hypoxia. The measured 
RuBisCO substrate specificity of A. carterae is higher than 
that of any other Form II RuBisCO found in anaerobic bac-
teria (Whitney and Andrews 1998). However, it is extremely 
low compared to that of other eukaryotic photoautotrophs, 
indicating a diminished affinity for CO2 relative to O2 (Whit-
ney and Andrews 1998; Young et al. 2016). It is, therefore, 
likely that A. carterae uses a CCM to concentrate CO2 at the 
active site of RuBisCO (Burns and Beardall 1987; Badger 
et al. 1998; Whitney and Andrews 1998; Jenks and Gibbs 
2000), particularly given that dinoflagellates carry many 
genes putatively involved in CCMs (Hennon et al. 2017). 
Since A. carterae lacks external carbonic anhydrase (CA), its 
capacity for active bicarbonate uptake may be limited, how-
ever (Dason et al. 2004), and its growth may be stimulated 
at high CO2 concentrations (Fu et al. 2012).

The primary objective of this study was to examine the 
interactive effects of acidification and hypoxia on A. cart-
erae. Factorial experiments using A. carterae examined the 
impacts of simulated hypoxia and acidification both indi-
vidually and in combination. Cultures were maintained in up 

to four experimental treatments: (1) control, which reflects 
current atmospheric levels of CO2 and O2; (2) high CO2 (low 
pH), which reflects ocean acidification conditions associ-
ated with ‘worst-case scenario’ CO2 levels by 2100 (IPCC 
2013); (3) low O2, which reflects coastal hypoxic conditions 
predicted to intensify by 2100 (Rabalais et al. 2010); and (4) 
combined high CO2 and low O2, which reflects co-occurring 
coastal acidification and hypoxia (Wallace et al. 2014). Both 
long-term (7 days) and short-term (6 h) incubations were 
performed under these controlled CO2 and O2 conditions. 
Since cellular carbon metabolism is controlled by the con-
centrations of CO2 and O2 at the active site of RuBisCO, as 
well as the CO2:O2 specificity of RuBisCO (Foyer and Noc-
tor 2000; Tortell 2000), in vitro RuBisCO specificity was 
hypothesized to predict A. carterae organismal responses 
to CO2 and O2 concentrations. Specifically, elevated CO2 
and low O2 conditions were predicted to particularly ben-
efit A. carterae growth, metabolism, and physiology, since 
these conditions should drive carbon fixation and prevent 
photorespiration. Since in vitro RuBisCO specificity of A. 
carterae could not be used to predict responses to CO2 and 
O2 conditions in vivo, the second research objective was to 
investigate the physiological mechanism driving synergistic, 
negative effects at high CO2 and low O2 on an organismal 
level. This study was the first to examine the synergistic 
effects of acidification and hypoxia on a species of harmful 
algae.

Materials and methods

Algal culture and medium

Axenic cultures of Amphidinium carterae (CCMP 1314; 
Hulburt 1957), obtained from the National Center for Marine 
Algae and Microbiota, were grown in L1 medium without 
added silicate (Guillard and Hargraves 1993). Medium was 
prepared using 0.2-μm-filtered (Pall Acropak), autoclave-
sterilized coastal seawater collected from the University of 
Connecticut Avery Point Campus, Connecticut, USA (salin-
ity = 32). Cultures were maintained at a temperature of 20 °C 
and a light intensity of 100 μmol quanta m−2 s−1 (Dixon and 
Syrett 1988) with a photoperiod of 13 h light:11 h dark.

During all experiments, A. carterae cultures were incu-
bated under up to four experimental treatments: (1) control 
(400 ppmv CO2 and 21% O2); (2) high CO2 (1200 ppmv CO2 
and 21% O2); (3) low O2 (400 ppmv CO2 and 2% O2); and 
(4) combined high CO2 and low O2 (1200 ppmv CO2 and 2% 
O2). All experimental designs were consistent with recom-
mendations for ocean acidification experiments in Cornwall 
and Hurd (2016). Experimental treatment conditions in the 
medium were monitored over time (Table 1, Tables S1, S2).
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Long‑term effects on growth, metabolism, 
and physiology

Before both the long-term acclimation and grow-out, the 
medium in each culture flask (2 L polycarbonate) was bub-
bled for at least 1 h using high-efficiency particulate air- 
(HEPA-) filtered three-component compressed gas mixtures 
of CO2 (400 or 1200 ppmv), O2 (2 or 21%), and N2 (bal-
ance). When the desired pH and O2 levels were reached, 
bubbling was stopped and A. carterae cells were inoculated 
in the gas-amended media. To maintain constant pH and 
O2 conditions while preventing shear stress from bubbling 
(e.g., Juhl and Latz 2002), the culture flask headspaces were 
continuously purged with the corresponding compressed gas 
mixture. Gas flow rates were maintained at 0.1 LPM using 
needle valve flow meters (Cole Parmer). Flasks were fit-
ted with porous stoppers to allow gas to escape and swirled 
continuously on orbital shaker tables (45 RPM). Compari-
son to unshaken flasks suggested that this level of shaking 
did not affect A. carterae growth rates, but did enhance gas 
diffusion.

The long-term experiment lasted 7 days. A. carterae cells 
were initially acclimated for 3 days under controlled pH and 
O2 conditions with initial cell concentrations ranging from 
4.4 to 6.6 × 103 cells mL−1 in different treatments (400 mL 
medium in each flask). Acclimated cultures were then used to 
inoculate four replicate flasks per treatment (i.e., 16 flasks in 
total; 1.2 L medium in each flask) with initial cell concentra-
tions ranging from 0.9 to 1.2 × 103 cells mL−1. Cultures were 
maintained for another 4 days under the same conditions as the 
acclimation period with final cell concentrations ranging from 
0.6 to 1.5 × 104 cells mL−1. Low cell concentrations minimized 
changes in pH and O2 over time due to algal metabolism, and 

were intended to be comparable to typical in situ concentra-
tions during blooms.

Subsamples of A. carterae were collected daily from each 
flask, preserved in acid Lugol’s solution (2% final concen-
tration), and counted at 100 × magnification (Axiostar Plus 
microscope, Zeiss). Growth rates in each flask were deter-
mined by fitting the exponential growth equation to cell counts 
during the last four time points (R2 > 0.950 in each case).

Estimates of in  vivo chlorophyll a were determined 
daily from each flask using a handheld active fluorometer 
(AquaFlash, Turner Designs), using filtered culture medium 
for blank correction. Extracted chlorophyll a concentrations 
were measured from each flask at the end of the 7-day incu-
bation. Culture samples (25 mL) were filtered onto GF/F fil-
ters (Whatman), stored at − 20 °C, and extracted in 10 mL of 
90% acetone. Chlorophyll a concentrations of the extract were 
measured using a handheld fluorometer (AquaFluor, Turner 
Designs) before and after acidification (Strickland and Parsons 
1972). The measured in vivo and extracted chlorophyll a val-
ues at the end of the 7-day incubation were linearly correlated 
(R2 = 0.83, n = 16).

Measurements of dark minimum chlorophyll a fluorescence 
(Fo) and dark maximum fluorescence (Fm) were determined 
daily from each flask using the AquaFlash fluorometer, using 
filtered culture medium for blank correction. Maximum quan-
tum yield (Fv/Fm) was then calculated by the following:

Dissolved O2 concentrations were determined by sub-
sampling from each flask into glass scintillation vials fitted 
with non-invasive O2 sensor spots (PSt3, PreSens). Using 

(1)Fv∕Fm =
Fm − Fo

Fm

.

Table 1   Average treatment conditions in the long-term (7 days) and 
short-term (6 h) Amphidinium carterae experiments (mean ± SEM), 
including number of individual bottles per treatment (N), irradiance 

(I), temperature (T), salinity (S), pH on the total scale (pHT), total 
alkalinity (AT), partial pressure of carbon dioxide (pCO2), and dis-
solved oxygen concentration (O2)

Treatment N I (μmol m−2 s−1) T (°C) S pHT AT (μmol kg−1) pCO2 (μatm) O2 (μmol L−1)

Long-term experiment (following acclimation)
Control 4 104.4 ± 6.4 20.0 ± < 0.1 32 8.04 ± 0.02 2030.9 ± 6.9 331.4 ± 10.9 239.7 ± 10.1
High CO2 4 102.6 ± 9.4 19.9 ± < 0.1 32 7.64 ± 0.01 2055.5 ± 9.3 1129.0 ± 36.3 251.8 ± 5.7
Low O2 4 103.0 ± 11.0 20.0 ± < 0.1 32 7.91 ± 0.01 1998.4 ± 6.2 512.3 ± 16.9 62.9 ± 5.8
High CO2, low O2 4 102.9 ± 7.9 20.0 ± 0.0 32 7.60 ± 0.02 2019.4 ± 5.1 1080.5 ± 44.1 59.7 ± 5.0
Short-term experiment examining metabolism
Control 4 106.5 ± 6.8 19.9 32 7.93 ± < 0.01 1993.1 ± 3.2 489.9 ± 6.6 254.6 ± 4.0
High CO2 4 104.3 ± 8.3 20.0 32 7.63 ± < 0.01 1993.1 ± 3.2 1056.7 ± 7.4 253.0 ± 2.5
Low O2 4 102.5 ± 7.1 20.0 32 7.90 ± < 0.01 1993.1 ± 3.2 519.9 ± 3.0 65.9 ± 0.7
High CO2, low O2 4 101.3 ± 6.3 20.1 32 7.60 ± < 0.01 1993.1 ± 3.2 1111.1 ± 12.6 66.2 ± 0.8
Short-term experiment examining photophysiology
Control 3 98.7 ± 1.8 20.0 32 7.92 ± 0.01 1993.1 ± 3.2 496.7 ± 13.3 247.0 ± 2.5
High CO2, low O2 3 95.0 ± 2.0 20.0 32 7.51 ± < 0.01 1993.1 ± 3.2 1392.5 ± 11.3 52.8 ± 1.0
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these vials, O2 concentrations were measured daily using a 
single-channel fiber optic O2 transmitter with temperature, 
pressure, and salinity compensation (Fibox 4, PreSens).

Dark respiration and net photosynthesis were determined 
from each flask at the end of the 7-day incubation by meas-
uring changes in O2 over 5 h in dark and light (100 μmol 
quanta m−2 s−1) scintillation vials, respectively. Gross photo-
synthesis was estimated by summing net photosynthesis and 
dark respiration. Specifically, linear regressions of O2 con-
centrations through time were used to calculate rates of dark 
respiration per cell (linear regressions from all treatments, 
R2 > 0.6566), gross photosynthesis per cell (R2 > 0.9471), 
and net photosynthesis per cell (R2 > 0.9479; e.g., Fig. S2). 
Note that this calculation assumes equivalent light and dark 
respiration rates, and does not account for photorespira-
tion. Slow diffusion into the scintillation vials in the low O2 
treatments could not be avoided, and thus, low O2 measure-
ments were corrected by the rate of diffusion (1.83 μmol O2 
L−1 h−1; R2 = 0.9652, n = 3), measured in sterile seawater.

Measurements of pH on the total hydrogen scale (pHT) 
were obtained daily from each flask using a modified ver-
sion of the spectrophotometric method with 1 mL of sample 
and two 5-μL aliquots of m-cresol purple indicator (adapted 
from SOP 6b; Dickson et al. 2007). Spectroscopic measure-
ments were performed using a double-beam UV–Vis spec-
trophotometer (UV-1800, Shimadzu), fitted with 20-mm 
path-length special optical glass spectrophotometric cells 
(18B-SOG-20, Starna). To ensure analytical quality control, 
sample pH values were calibrated against that of Tris buffer 
reference standard (Andrew Dickson, Scripps Institution of 
Oceanography; batch T28).

Total alkalinity (AT) measurements were obtained from 
bulk medium at the beginning and from each flask at the end 
of the 7-day incubation using the potentiometric titration 
method (SOP 3b; Dickson et al. 2007). Samples (140 mL) 
were fixed with 20 μL saturated mercuric chloride solution 
(0.01%w/v HgCl2 final concentration) and analyzed using an 
automatic potentiometric titrator (888 Titrando, Metrohm) 
with Tiamo software (version 2.5). Sample AT values were 
calibrated against that of certified CO2 reference material 
(Andrew Dickson, Scripps Institution of Oceanography; 
batches 149 and 156).

The partial pressure of CO2 (pCO2) in each flask was 
calculated from temperature, salinity, pHT, and AT data using 
CO2calc (Robbins et al. 2010) with the dissociation con-
stants of Mehrbach et al. (1973), as refit by Dickson and 
Millero (1987).

Nutrient samples were collected from bulk medium at the 
beginning and from each flask at the end of the 7-day incu-
bation. Samples were 0.22-μm syringe-filtered and stored at 
− 20 °C. Concentrations of ammonium, nitrate, nitrite, and 
phosphate were measured at the Nutrient Analytical Services 
Laboratory at the Chesapeake Biological Laboratory using 

a discrete analyzer (Konelab Aquakem 250, Thermo Scien-
tific). Briefly, dissolved inorganic ammonium, nitrite, and 
orthophosphate were determined using automated colorim-
etry; dissolved inorganic nitrate plus nitrite was determined 
using the enzyme catalyzed reduction method.

Stable isotopes (13C and 15N) were used as tracers in a 
labeling incubation experiment to quantify 13C and 15N labe-
ling in harvested cells due to carbon and nitrogen uptake. At 
the end of the 7-day incubation, subsamples (200 mL) from 
each flask were incubated under treatment conditions with 
a final concentration of 1 mM 13C-labeled sodium bicarbo-
nate (< 50% of DIC) and 0.5 mM 15N-labeled sodium nitrate 
(< 50% of L1 nitrate) for 3 h. At the end of the 3-h incuba-
tion, samples (150 mL) were filtered onto combusted GF/F 
filters (Whatman), stored at − 20 °C, and freeze-dried.

Isotopic analyses were performed at the Stable Isotope 
Laboratory at Lamont–Doherty Earth Observatory. Sample 
filters were weighed, encapsulated into tin capsules, and 
stored in a desiccator until analysis. Briefly, δ13C and δ15N 
signatures were analyzed via the combustion method using 
an elemental analyzer (ECS 4010, Costech) fitted with a 
universal continuous flow interface (ConFlo IV, Thermo 
Scientific) and an isotope ratio mass spectrometer (Delta V, 
Thermo Scientific). Carbon and nitrogen contents were cali-
brated by acetanilide. Carbon isotope (δ13C) measurements 
were calibrated by three-point regression of natural isotope 
standards (USGS40, USGS41, and USGS24). Similarly, 
nitrogen isotope (δ15N) measurements were calibrated by 
standard regression (USGS40, USGS41, and IAEA-N3). It 
is important to note that these three-point regressions using 
natural abundance isotope standards were extrapolated to 
determine enriched signatures following 13C and 15N labe-
ling. Therefore, the enriched δ13C and δ15N data may be 
skewed and may have larger errors than those reported here. 
It is important to note that the δ13C and δ15N signatures 
were compared only among treatments in this study and, 
therefore, represent relative measures of carbon fixation and 
nitrate uptake, respectively.

Samples for total protein and RuBisCO content were col-
lected from each flask at the end of the 7-day incubation. A. 
carterae culture samples (100 mL) were filtered onto 0.8-μm 
polycarbonate filters (Nucleopore, Whatman), folded cell-to-
cell, cryo-preserved in liquid nitrogen, and stored at − 80 °C.

Protein extractions were performed using the FastPrep-24 
and bead lysing ‘matrix D’ (MP Biomedicals), with three 
cycles of 60 s at 6.5 m s−1 in 500 μL of 1 × extraction buffer 
(AS08 300, Agrisera) containing 0.4 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF; Bioshop 
Canada), and then spun at 16,000g for 8 min. The superna-
tant was assayed for total protein content using the deter-
gent compatible (DC) assay kit against bovine γ-globulin 
(BGG) standard (Bio-Rad), and then prepared for elec-
trophoresis based on equivalent total protein loads (2 μg) 
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using 1 × lithium dodecyl sulfate (LDS) sample buffer (Life 
Technologies) and 50 mM dithiothreitol (DTT) heated for 
5 min at 70 °C. Separation of proteins was performed in a 
Bolt 4–12% Bis Tris sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) gel (Life Technologies) 
with 200 V power for 40 min alongside a molecular marker 
(MagicMark, Life Technologies), and then transferred to a 
polyvinylidene difluoride (PVDF) membrane (Bio-Rad) for 
60 min using 30 V. Each gel also had a four-point quantita-
tion curve using the large subunit of RuBisCO (RbcL) Form 
II (AS15 2955S, Agrisera).

Membranes were blocked for 1 h in 2%w/v enhanced 
chemiluminescence (ECL) blocking agent (GE Healthcare) 
dissolved in Tris-buffered saline and Tween (TBS-T, con-
taining 20 mM Tris, 137 mM NaCl, 0.1%v/v Tween-20), 
then incubated in 1:20,000 rabbit polyclonal anti-RbcL 
Form II antibody for 1 h (AS15 2955, Agrisera), and finally 
in 1:20,000 goat anti-rabbit IgG horseradish peroxidase 
(HRP) conjugated antibody (AS09 602, Agrisera) for 1 h. 
After each antibody incubation, membranes were rinsed 
with TBS-T solution five times. Chemiluminescent images 
were obtained using ECL Select reagent (GE Healthcare) 
and a VersaDoc charge coupled device (CCD) imager (Bio-
Rad). Band densities for samples were determined against 
the standard curve using ImageLab software (version 4.0, 
Bio-Rad).

Short‑term impacts on metabolism

The short-term experiment was performed over 6 h under 
identical treatment conditions and using the same basic 
experimental design as the long-term experiment but with-
out an acclimation period. Stock A. carterae culture was 
transferred to four replicate flasks per treatment using the 
same bottles as the long-term experiment (i.e., 16 flasks 
in total; 100 mL medium in each flask). Initial cell counts 
(ranging from 6.6 to 8.4 × 103 cells mL−1), in vivo chloro-
phyll a, Fv/Fm, O2, pHT, AT, and pCO2 were measured as 
described above. After the 6-h incubation, dark respiration, 
gross photosynthesis, net photosynthesis, and Fv/Fm were 
determined again as described above.

Short‑term impacts on photophysiology

An additional short-term experiment examined A. carterae 
photophysiology under the two treatment conditions that 
yielded the most extreme differences in A. carterae growth 
and metabolism: (1) control and (2) combined high CO2, low 
O2. Stock A. carterae cells were inoculated into three repli-
cate flasks per treatment (i.e., 6 flasks in total; 54 mL medium 
in each 25-cm2 Nunc polystyrene screw-cap cell culture 
flask). The initial cell counts (ranging from 3.3 to 4.8 × 104 
cells mL−1), in vivo chlorophyll a, Fv/Fm, O2, and pHT were 

determined as described above. Measured AT from the previ-
ous short-term experiment was used to calculate pCO2 values, 
since the same medium was used. After 6 h of incubation while 
purging the headspace, Fv/Fm was measured as described 
above. In addition, chlorophyll fluorescence-based light 
response and recovery curves (e.g., Brooks and Niyogi 2011) 
were measured from each flask using a xenon pulse amplitude 
modulated (PAM) fluorometer (Xe-PAM, Walz), using filtered 
culture medium for blank correction. Cultures were subsam-
pled into fluorescence cuvettes, sealed, and dark-adapted for 
5 min (Possmayer et al. 2011). Samples were exposed to a very 
low-intensity measuring light (Schreiber et al. 1993) pulsed 
at 2 Hz to measure Fo, followed by a saturating light flash 
(4000 μmol quanta m−2 s−1) for 0.8 s to measure Fm (Cao et al. 
2011; Possmayer et al. 2011). Samples were then illuminated 
with an actinic halogen lamp for 1 min at a light intensity 
similar to ambient conditions (~ 90 μmol quanta m−2 s−1) to 
achieve steady state. The light response was then measured by 
illuminating each sample at seven additional, increasing light 
levels up to ~ 1700 μmol quanta m−2 s−1 for 1 min each. Satura-
tion flashes were superimposed every 1 min (Possmayer et al. 
2011) to measure steady-state (F) and maximum fluorescence 
under actinic light (Fm′). Effective quantum yield under actinic 
illumination (Fv′/Fm′) was calculated by the following:

The relative electron transport rate (ETR) was also calcu-
lated at each actinic light level (as in Wu et al. 2010) by the 
following:

where I is the actinic light intensity, the coefficient 0.84 indi-
cates that 84% of incident light was absorbed by the sam-
ple, and the coefficient 0.5 indicates that 50% of absorbed 
quanta reached photosystem II (PSII). Note that ETR was 
not normalized to biomass and, therefore, represents only a 
relative measure of photosynthesis. Plotting relative ETR 
against actinic light intensity provided photosynthesis-irra-
diance (PI) curves for each sample. Immediately following 
the light response measurements, dark recovery of photo-
physiology was assessed by six additional measurements of 
Fv′/Fm′ spaced over the next 19 min, while samples other-
wise remained in the dark. Non-photochemical quenching 
(NPQ) was determined during dark recovery:

All PAM data (used in Eqs. 2–4) were obtained using 
WinControl software (version 2.08; Walz).
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Statistical analyses

Data were analyzed and plotted using Prism GraphPad soft-
ware (version 7). Linear regressions, as well as one- and 
two-way analyses of variance (ANOVA) with Fisher’s least 
significant difference (LSD) post hoc tests were used to 
determine significant differences in measurements among 
treatments. Note that many of the figures use letters to 
denote statistical significance: different letters indicate sta-
tistical significance compared to other treatments in the same 
figure panel.

Results

Long‑term effects on growth, metabolism, 
and physiology

Combined CO2 and O2 conditions had significant effects on 
Amphidinium carterae growth rates (based on cell counts; 
Fig. S1) over the 7-day exposure [one-way ANOVA, 
F(3,12) = 50.23, p < 0.0001; Fig. 1]. The combination of 
high CO2 and low O2 conditions had synergistically negative 
effects on A. carterae growth (Fisher’s LSD multiple com-
parison, p < 0.0001; Table 2). This effect was not the result 
of CO2 or O2 conditions separately, since high CO2 stimu-
lated A. carterae growth (p = 0.0027), while low O2 had no 
significant impact on growth. Note that all responses of A. 
carterae to treatment conditions were defined as synergistic 
when the combined effects of multiple drivers were greater 
than the additive effects of individual drivers (Table 2; Bre-
itburg et al. 2015). 

Daily measurements of O2 and pHT after the acclima-
tion period remained relatively constant over time in each 

treatment (Table 1, Table S1). Macronutrient concentrations 
did not limit exponential growth of A. carterae (Table S2). 
At the final time point, nitrate and phosphate concentra-
tions in all flasks were above 1.5 × 10−4 M and 3.2 × 10−5 
M, respectively (data not shown).

Combined high CO2, low O2 conditions also had negative 
effects on A. carterae metabolism (Fig. 2). Although dark 
respiration rates were not significantly different among treat-
ments (one-way ANOVA), post hoc tests indicated that com-
bined high CO2, low O2 conditions significantly decreased 
rates of dark respiration relative to the control (Fisher’s LSD 
multiple comparison, p = 0.0084; Fig. 2a), even though these 
responses were not synergistic (Table 2). In addition, both 
gross [one-way ANOVA, F(3,8) = 48.47, p < 0.0001] and 
net [F(3,8) = 66.15, p < 0.0001] photosynthesis rates were 
significantly different among treatments. Rates of gross and 
net photosynthesis decreased relative to the control under 
low O2 conditions alone (Fisher’s LSD multiple compari-
sons, p = 0.0157 and 0.0392, respectively), but the effects 
became synergistically negative in combination with high 
CO2 conditions (p < 0.0001; Fig. 2b, c, Table 2). Gross and 
net photosynthesis rates were not significantly different 
between the control and high CO2 treatments despite the 
significantly different growth rates described above. Relative 
differences in dark respiration, gross photosynthesis, and 
net photosynthesis rates calculated per unit RuBisCO were 
consistent with those calculated per cell (data not shown).

Synergistic, negative effects were also observed for quali-
tative measures of both 13C-carbon fixation and 15N-nitrate 
uptake following the 3-h labeling incubation under high 
CO2, low O2 conditions (Fig. 3, Table 2), which is inter-
nally consistent with the low growth and photosynthe-
sis rates observed independently under these treatment 
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Fig. 1   Amphidinium carterae growth rates during 7-day incubation 
(mean ± SEM; n = 4 for all treatments), calculated from exponential 
increases in cell counts over the last 3 days. Different letters indicate 
statistical significance compared to the other treatments (one-way 
ANOVA with Fisher’s LSD multiple comparisons, p < 0.05)

Table 2   Synergistic responses of Amphidinium carterae in the long-
term (7 days) and short-term (6 h) experiments

Response Synergistic References

Long-term experiment (following acclimation)
Growth Yes Figure 1
Dark respiration No Figure 2a
Gross photosynthesis Yes Figure 2b
Net photosynthesis Yes Figure 2c
13C uptake Yes Figure 3a
15N uptake Yes Figure 3b
RuBisCO content No Figure 4
Fv/Fm Yes Figure 5a
Short-term experiment examining metabolism
Dark respiration No Figure 2d
Gross photosynthesis No Figure 2e
Net photosynthesis No Figure 2f
Fv/Fm Yes Figure 5b
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conditions. Both carbon fixation and nitrate uptake were 
significantly different among treatments [one-way ANOVA, 
F(3,12) = 211.5, p < 0.0001 and F(3,12) = 307.3, p < 0.0001, 
respectively]. High CO2 and low O2 conditions together had 
synergistically negative effects on 13C-carbon fixation (Fish-
er’s LSD multiple comparison, p < 0.0001; Fig. 3a). Sepa-
rately, high CO2 and low O2 conditions increased 15N-nitrate 
uptake (p = 0.0014 and 0.0006, respectively; Fig. 3b), but the 
combination synergistically decreased uptake (p < 0.0001).

Treatment conditions significantly affected both extracted 
chlorophyll a per cell (Fig. S3a) and protein per cell (Fig. 
S3b) at the end of the incubation [one-way ANOVAs, 
F(3,12) = 28.4, p < 0.0001 and F(3,12) = 5.644, p = 0.0120, 
respectively]. Compared to the control, chlorophyll per cell 
increased under all treatment conditions: high CO2 (Fisher’s 
LSD multiple comparison, p = 0.0430), low O2 (p < 0.0001), 

and combined high CO2, low O2 conditions (p = 0.0125). 
Despite these increases in extracted chlorophyll a among 
treatments, growth rates calculated from changes of in vivo 
chlorophyll a over time (data not shown) were consistent 
with those based on cell counts (Fig. 1). Conversely, pro-
tein per cell decreased significantly in all treatments relative 
to the control: high CO2 (p = 0.0033), low O2 (p = 0.0130), 
and combined high CO2, low O2 (p = 0.0059). Although 
RuBisCO content as a percent of total protein was not sig-
nificantly different among treatments (one-way ANOVA), 
post hoc tests indicated that combined high CO2, low O2 
conditions significantly increased A. carterae RuBisCO 
content (Fisher’s LSD multiple comparison, p = 0.0373; 
Fig. 4) despite decreased growth rates, albeit not synergisti-
cally (Table 2). Absolute differences in RuBisCO per cell 
were consistent with differences in RuBisCO content as a 
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Fig. 2   Rates of Amphidinium carterae dark respiration, gross 
photosynthesis, and net photosynthesis per cell a–c after 7-day 
(mean ± SEM; n = 4 for all treatments) and d–f 6-h incubations (n = 3 
for all treatments), calculated from changes in O2 evolution over 5 h. 

Different letters indicate statistical significance compared to the other 
treatments in the same panel (one-way ANOVA with Fisher’s LSD 
multiple comparisons, p < 0.05)
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percent of total protein (Fig. S3c), so the effect of increasing 
RuBisCO was not simply a denominator effect (e.g., caused 
by low protein per cell).

High CO2 and low O2 treatment conditions also caused 
synergistic, negative effects on Fv/Fm [one-way ANOVA, 
F(3,12) = 118.2, p < 0.0001; Fig. 5a, Table 2]. At the end of 
the 7-day incubation, Fv/Fm significantly decreased in the 
high CO2, low O2 treatment (Fisher’s LSD multiple com-
parison, p < 0.0001), and to a lesser extent, in the high CO2 
(p = 0.0310) and low O2 treatments (p = 0.0001).

Short‑term impacts on metabolism

Cell counts and in vivo chlorophyll a measurements at the 
beginning of the 6-h incubation were within the range of val-
ues measured the end of the long-term experiment (data not 

(a) (b)

Fig. 3   Enriched a δ13C signatures and b δ15N signatures of Amphi-
dinium carterae cells after 7-day incubation, measured after an addi-
tional 3-h 13C- and 15N-labeling incubation (mean ± SEM; n = 4 for 
all treatments). Notes that these signatures are a qualitative index of 

carbon fixation and nitrate uptake, respectively. Different letters indi-
cate statistical significance compared to the other treatments in the 
same panel (one-way ANOVA with Fisher’s LSD multiple compari-
sons, p < 0.05)
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Fig. 4   RuBisCO content in Amphidinium carterae cells after 7-day 
incubation (mean ± SEM; n = 4 for all treatments). Different letters 
indicate statistical significance compared to the other treatments (one-
way ANOVA with Fisher’s LSD multiple comparisons, p < 0.05)
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shown). Measurements of O2 and pHT were also comparable 
to those in the long-term experiment (Table 1).

A. carterae metabolism was affected little by the treat-
ment conditions over 6-h exposure. Linear regressions of 
oxygen concentrations over time were used to estimate 
dark respiration (linear regressions from all treatments, 
R2 > 0.9290), gross photosynthesis (R2 > 0.9588), and net 
photosynthesis rates (R2 > 0.9458). Although respiration 
rates over the course of the short-term incubation were 
negatively impacted at low O2 (Fisher’s LSD multiple com-
parison, p = 0.0489; Fig. 2d), combined high CO2, low O2 
conditions did not significantly affect respiration or photo-
synthesis rates (one-way ANOVA; Fig. 2d–f). Therefore, the 
synergistic effects of CO2 and O2 on A. carterae metabo-
lism described above (and summarized in Table 2) were not 
immediate and rather developed over time.

Although Fv/Fm did not initially differ significantly 
among treatments (data not shown), Fv/Fm was significantly 
impacted under treatment conditions after 6-h exposure 
[one-way ANOVA, F(3,12) = 5.204, p = 0.0156; Fig. 5b]. 
Combined high CO2, low O2 treatment conditions signifi-
cantly decreased Fv/Fm relative to the control (Fisher’s LSD 
multiple comparison, p = 0.0362). This decrease in Fv/Fm 
was largely driven by decreases in Fm (data not shown), 
indicating a greater number of closed PSII reaction centers 
(Ulstrup et al. 2005).

Short‑term impacts on photophysiology

Photophysiology of A. carterae was also affected following 
6-h incubation, as demonstrated by the light curves with 
dark recovery (Fig. 6). Experimental cultures in this experi-
ment contained higher biomass (cell counts and chlorophyll 
a) than those in the other experiments to improve signal 
strength on the PAM unit (data not shown). Nevertheless, 
O2 and pHT values were similar to those in the other experi-
ments (Table 1). Relative differences in initial and final 
Fv/Fm measurements were consistent with the findings from 
the previous short-term experiment (data not shown). Under 
increasing actinic light intensities (Fig. 6a), Fv′/Fm′ was not 
significantly different between the control and the combined 
high CO2, low O2 treatments (Fig. 6b). Similarly, during 
actinic irradiation, relative ETR was not significantly dif-
ferent between those two treatments (Fig. S4). During the 
period of recovery following actinic irradiation, however, 
Fv′/Fm′ remained significantly lower under high CO2, low 
O2 conditions compared to the control [two-way ANOVA, 
F(14,56) = 31.36, p < 0.0001; Fig. 6b] for ~ 10 min, indi-
cating delayed recovery of PSII reaction centers following 
photoinhibition and potentially suppressed repair of PSII 
(Takahashi et al. 2007). In addition, during the first ~ 10 min 
of recovery, NPQ was consistently higher in the combined 

high CO2, low O2 treatment relative to the control (Fig. S5), 
but this trend was not significant.

Discussion

Synergistic, negative responses to acidification 
and hypoxia

In the long-term experiment, synergistically negative effects 
were consistently observed for Amphidinium carterae under 
combined high CO2, low O2 conditions. Contrary to expec-
tations based on low in vitro RuBisCO specificity, these 
conditions negatively affected A. carterae growth, dark 
respiration, gross and net photosynthesis, carbon fixation 
and nitrate uptake, Fv/Fm, and cellular RuBisCO content. 
In general, there were relatively small (though sometimes 
statistically significant) differences among the control, high 
CO2, and low O2 treatments, but very large differences (~ 40 
to 60%) between the control and high CO2, low O2 treat-
ments. Most of these differences between the control and 
high CO2, low O2 treatments could be described as syner-
gistic, insofar as the effects of the combined stressors were 
larger than the additive effects of either high CO2 or low O2 
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by themselves. Not only were these responses to combined 
high CO2, low O2 conditions often synergistic, they were 
surprising (i.e., responses often opposed those under high 
CO2 or low O2 conditions alone). It should be noted that 
many of these measurements were quantified using fully 
independent methods and that any potential confounding 
impacts related to changes in temperature, irradiance, or 
macronutrient concentrations can also be excluded.

In the short-term experiments, high CO2 and low O2 con-
ditions negatively affected photosynthesis in A. carterae 
even after relatively short exposures. In comparison to the 
long-term experiment, any differences between the control 
and high CO2, low O2 treatments in the short-term experi-
ments were muted. Nevertheless, these patterns showed that 
A. carterae responses to combined acidification and hypoxia 
were rapid, with changes in physiology becoming apparent 
within 6 h of exposure. In addition, the temporal progression 
from relatively minor impacts of Fv/Fm after several hours 
to major impacts on multiple photosynthetic and metabolic 
pathways after several days of continuous exposure suggests 
that impacts were cumulative over time. Such a temporal 
progression is less consistent with a simple direct pathway 
(e.g., direct kinetics effects on RuBisCO) and more consist-
ent with a complex pathway (e.g., multiple changing physi-
ological processes or damage to one or more subcellular 
components over time). It is important to consider these 
temporal changes when considering possible explanations 
for the observed effects of A. carterae under combined high 
CO2, low O2 conditions and when comparing the results of 
this study to other related work.

Prior studies examining effects of CO2 and/or O2

Results from some of the numerous prior studies that doc-
umented the effects of CO2 and/or O2 on photosynthetic 
organisms are summarized in Table 3. While a compre-
hensive review would be outside the scope of this study, 
Table 3 is sufficient to demonstrate several key points. First, 
combined manipulations of CO2 and O2—especially over 
long durations—are rare, which is unfortunate, because 
these gases are often functionally linked in aquatic environ-
ments. To predict the potential for synergistic impacts of 
CO2 and O2 on a given photosynthetic organism (as shown 
in this study), both gases must be simultaneously varied; 
simply adding together the effects of each gas individually 
may be very misleading. Second, the responses of differ-
ent photosynthetic organisms to changes in CO2 and/or O2 
are not consistent. While some of this variability may be 
related to methodological differences between studies (e.g., 
hypoxic versus anoxic medium; the degree of CO2 elevation; 
the method used to acidify the culture medium), enough of 
the studies are sufficiently similar to show that even organ-
isms belonging to related taxa may respond differently to 

a given CO2 or O2 treatment. Even responses to elevated 
CO2 alone have been previously shown to be species-specific 
(e.g., Young et al. 2015b). For example, different species of 
the dinoflagellate genus, Alexandrium, have been shown to 
either increase growth, decrease growth, or remain unaf-
fected under high CO2 (e.g., Eberlein et al. 2014; Hatten-
rath-Lehmann et al. 2015; Hennon et al. 2017). Some of 
this species-specificity may be caused by the many, distinct 
pathways for optimizing photosynthesis available to pho-
tosynthetic organisms in response to changing CO2 and O2 
concentrations (as described below).

Despite the fact that physiological effects to changing 
CO2 and O2 conditions depend on both methodology and 
the species tested, the major finding of this study—the 
synergistic, negative effects of combined high CO2, low 
O2 on A. carterae—is not without precedent. Bagby and 
Chisholm (2015) measured growth and chlorophyll fluores-
cence in the open-ocean cyanobacterium, Prochlorococcus 
(strain MED4), under a range of CO2 and O2 conditions. 
Prochlorococcus growth and chlorophyll fluorescence per 
cell decreased under low CO2 concentrations (~ 40 ppmv; 
presumably due to CO2 limitation of photosynthesis) and 
markedly decreased under ~ atmospheric CO2 (360 ppmv) 
and very low O2 (0.001%) conditions (presumably due to 
photodamage under non-photorespiratory conditions). The 
decline in chlorophyll fluorescence was detectable within 
1–2 days, while the effect on growth rate accumulated 
over the course of the 4-day exposure. Given the similarity 
between the results of Bagby and Chisholm (2015) and those 
of this study (i.e., decreased growth under non-photorespira-
tory conditions), it is worth noting that both cyanobacteria 
and dinoflagellates have similarly low RuBisCO specifici-
ties compared to other phytoplankton groups (Whitney and 
Andrews 1998; Tortell 2000).

In another related study, Kitaya et al. (2008) measured 
growth of the symbiotic dinoflagellate, Amphidinium sp. 
(isolated from the flatworm Amphiscolops sp.), under dif-
ferent CO2 and O2 conditions. Growth rates changed little 
under a range of CO2 (20–1000 ppmv) and O2 (0.2–21%) 
conditions over continuous 6-day incubation, but decreased 
significantly (~ 50%) under combined ‘low’ O2 (5%) and 
‘high’ bicarbonate (10 mM) concentrations. Thus, Kitaya 
et al. (2008) described a similar negative synergy to that 
observed in this study under high CO2, low O2 conditions, 
albeit likely at a higher dissolved inorganic carbon (DIC) 
concentration. However, it is important to note several key 
differences between the methodologies of Kitaya et  al. 
(2008) and this study. First, since Kitaya et al. (2008) used 
higher O2 concentrations than those in our ‘low O2’ treat-
ments, ambient CO2:O2 ratios were likely very different. 
Second, their bicarbonate additions would have changed the 
carbonate chemistry of the medium (e.g., increased AT and 
DIC; Riebesell et al. 2011), but to what extent is unknown. 
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Table 3   Previous studies examining organismal responses to CO2 and O2, both individually and in combination

Organism High CO2  
(or low pH)

Low O2 High CO2, low O2 References

Long-term experiments (≥ 1 day)
 Growth
  Dinophytes Amphidinium carterae ↑ ↔ ↓ This study

Amphidinium sp. ↔ ↔ ↔, ↓a Kitaya et al. (2008)
Alexandrium fundyense ↑ Hattenrath-Lehmann et al. (2015)
Alexandrium monilatum ↓ Hennon et al. (2017)
Alexandrium tamarense ↔ Eberlein et al. (2014)
Cochlodinium polykrikoides ↔ Bausch et al. (2017)
Karlodinium veneficum ↑b Fu et al. (2012)
Prorocentrum minimum ↔ Fu et al. (2008)
Prorocentrum minimum ↔b Fu et al. (2012)
Prorocentrum minimum ↓ Hennon et al. (2017)
Scrippsiella trochoidea ↔ Eberlein et al. (2014)

  Bacillariophytes Antarctic community ↔ Young et al. (2015b)
Chaetoceros affinis ↔ Hennon et al. (2017)
Phaeodactylum tricornutum ↓ Laws et al. (1997)
Phaeodactylum tricornutum ↑ Wu et al. (2010)
Phaeodactylum tricornutum ↑↓ Liu et al. (2017)
Skeletonema costatum ↓ Wu et al. (2012)
Thalassiosira pseudonana ↑ Sobrino et al. (2008)

  Chlorophytes Chlamydomonas reinhardtii ↓ Godaux et al. (2015)
  Raphidophytes Chattonella subsalsa ↑ Fu et al. (2012)

Heterosigma akashiwo ↑ Fu et al. (2008)
Heterosigma akashiwo ↑ Hennon et al. (2017)

  Haptophytes Chrysochromulina polylepis ↑ Hennon et al. (2017)
Gephyrocapsa oceanica ↔ Hennon et al. (2017)

  Cyanobacteria Prochlorococcus ↑ ↓ ↓ Bagby and Chisholm (2015)
  Aquatic plants Salvinia natans ↓ Jampeetong and Brix (2009)

 Net photosynthesis
  Dinophytes Amphidinium carterae ↔ ↓ ↓ This study

Alexandrium tamarense ↓ Eberlein et al. (2014)
Scrippsiella trochoidea ↔ Eberlein et al. (2014)
Symbiodinium sp. ↓ Crawley et al. (2010)

  Bacillariophytes Phaeodactylum tricornutum ↑↓ Burns and Beardall (1987)
Phaeodactylum tricornutum ↑ Wu et al. (2010)
Phaeodactylum tricornutum ↔↓ Liu et al. (2017)
Thalassiosira pseudonana ↑ Sobrino et al. (2008)

  Rhodophytes Porphyridium purpureum ↑ Burns and Beardall (1987)
  Cyanobacteria Oscillatoria woronichinii ↑ Burns and Beardall (1987)
  Macroalgae Cladophora vagabunda ↓ Peckol and Rivers (1995)

Reef flat community ↑ Gruber et al. (2017)
  Seagrasses Reef flat community ↑ Gruber et al. (2017)

 Dark respiration
  Dinophytes Amphidinium carterae ↔ ↔ ↓ This study

Alexandrium tamarense ↑ Eberlein et al. (2014)
Scrippsiella trochoidea ↔ Eberlein et al. (2014)
Symbiodinium sp. ↔ Crawley et al. (2010)

  Bacillariophytes Phaeodactylum tricornutum ↑ Wu et al. (2010)
  Macroalgae Reef flat community ↓ Gruber et al. (2017)
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Table 3   (continued)

Organism High CO2  
(or low pH)

Low O2 High CO2, low O2 References

  Seagrasses Reef flat community ↓ Gruber et al. (2017)
  Land plants Glycine max ↓ Gonzàlez-Meler et al. (1996)

Lindera benzoin ↓ Azcón-Bieto et al. (1994)
Scirpus olneyi ↓ Azcón-Bieto et al. (1994)
Spartina patens ↔ Azcón-Bieto et al. (1994)
Xanthium strumarium ↓ Tcherkez et al. (2008)

 Photorespiration
  Dinophytes Alexandrium monilatum ↓c Hennon et al. (2017)

Prorocentrum minimum ↓c Hennon et al. (2017)
Symbiodinium sp. ↓c Crawley et al. (2010)

  Bacillariophytes Chaetoceros affinis ↔c Hennon et al. (2017)
  Raphidophytes Heterosigma akashiwo ↑c Hennon et al. (2017)
  Haptophytes Chrysochromulina polylepis ↑c Hennon et al. (2017)

Gephyrocapsa oceanica ↔c Hennon et al. (2017)
 Fv/Fm

  Dinophytes Amphidinium carterae ↓ ↓ ↓ This study
Prorocentrum minimum ↔ Fu et al. (2008)
Symbiodinium sp. ↓ Ulstrup et al. (2005)

  Bacillariophytes Phaeodactylum tricornutum ↔ Liu et al. (2017)
Thalassiosira pseudonana ↔ Sobrino et al. (2008)

  Raphidophytes Heterosigma akashiwo ↔ Fu et al. (2008)
  Aquatic plants Salvinia natans ↓ Jampeetong and Brix (2009)

 ETR
  Dinophytes Symbiodinium sp. ↓ Roberty et al. (2014)
  Bacillariophytes Phaeodactylum tricornutum ↓ Wu et al. (2010)

Phaeodactylum tricornutum ↑ Liu et al. (2017)
  Aquatic plants Salvinia natans ↓ Jampeetong and Brix (2009)

Short-term experiments (< 1 day)
 Growth
  Bacillariophytes Phaeodactylum tricornutum ↔a Pope (1975)

Thalassiosira weissflogii ↔ Goldman et al. (2017)
  Cyanobacteria Anacystis nidulans ↑a Pope (1975)

 Net photosynthesis
  Dinophytes Amphidinium carterae ↔ ↔ ↔ This study
  Bacillariophytes Chaetoceros sp. ↔ Bunt (1971)

Cocconeis diminuta ↔ Bunt (1971)
Fragilaria sublinearis ↓ Bunt (1971)
Navicula pelliculosa ↔ Birmingham et al. (1982)
Phaeodactylum tricornutum ↑ Pope (1975)
Thalassiosira weissflogii ↔ Goldman et al. (2017)

  Chlorophytes Chlamydomonas reinhardtii ↔ Birmingham et al. (1982)
Chlamydomonas reinhardtii ↑ Peltier and Thibault (1983)
Chlamydomonas sp. ↔ Bunt (1971)
Chlorella vulgaris ↔ Birmingham et al. (1982)
Dunaliella tertiolecta ↑ Bunt (1971)
Dunaliella tertiolecta ↑ Pope (1975)
Unidentified species ↑ Bunt (1971)

  Haptophytes Cricosphaera sp. ↔ Pope (1975)



	 Marine Biology (2019) 166:80

1 3

80  Page 14 of 19

Third, the isolate used in Kitaya et al. (2008), although con-
generic with the A. carterae strain used in this study, was 
isolated from an animal symbiosis. Symbiotic algae may 
have developed very different physiologies to adapt to the 
challenges of living inside another organism. Furthermore, 
animal tissues may have significantly different carbonate 
chemistry and/or O2 concentrations than their external envi-
ronment (e.g., Jones and Hoegh-Guldberg 2001; Crawley 
et al. 2010).

The slight but significant increase in A. carterae growth 
in the high CO2 treatment is consistent with some previ-
ous research, which suggested that A. carterae growth may 

be stimulated under elevated CO2 due to a lack of external 
CA and, therefore, a potentially limited capacity for direct 
bicarbonate uptake (Dason et al. 2004; Fu et al. 2012). It is 
important to note, however, that there is evidence of a CCM 
in A. carterae (Burns and Beardall 1987; Leggat et al. 1999).

The finding that low O2 by itself did not affect A. carterae 
growth and physiology is novel in that, to the best of our 
knowledge, the impacts of hypoxia on free-living dinoflag-
ellates have yet to be described in the literature. Although 
some algae can be successfully cultivated under light/dark-
anoxic cycles (e.g., Chlamydomonas reinhardtii; Godaux 
et al. 2015), many photosynthetic organisms have negative 

Table 3   (continued)

Organism High CO2  
(or low pH)

Low O2 High CO2, low O2 References

  Cyanobacteria Anabaena flos-aquae ↔ Birmingham et al. (1982)
Anacystis nidulans ↑ Pope (1975)
Anacystis nidulans ↔ Birmingham et al. (1982)
Coccochloris peniocystis ↔ Birmingham et al. (1982)
Phormidium molle ↔ Birmingham et al. (1982)

 Dark respiration
  Dinophytes Amphidinium carterae ↔ ↓ ↔ This study
  Bacillariophytes Thalassiosira weissflogii ↔ Goldman et al. (2017)
  Macroalgae Cladophora vagabunda ↔ Peckol and Rivers (1995)

Gracilaria tikvahiae ↓ Peckol and Rivers (1995)
 Photorespiration
  Bacillariophytes Navicula pelliculosa ↓ Birmingham et al. (1982)
  Chlorophytes Chlamydomonas reinhardtii ↓ Birmingham et al. (1982)

Chlamydomonas reinhardtii ↓ ↓ Peltier and Thibault (1983)
Chlorella vulgaris ↓ Birmingham et al. (1982)

  Cyanobacteria Anabaena flos-aquae ↓ Birmingham et al. (1982)
Anacystis nidulans ↓ Birmingham et al. (1982)
Coccochloris peniocystis ↔ Birmingham et al. (1982)
Phormidium molle ↔ Birmingham et al. (1982)

 Fv/Fm

  Dinophytes Amphidinium carterae ↔ ↔ ↓ This study
Symbiodinium sp. ↓ Jones and Hoegh-Guldberg (2001)

  Bacillariophytes Thalassiosira pseudonana ↓ Sobrino et al. (2008)
  Land plants Quercus ilex ↓ Peñuelas and Llusià (2002)

 ETR
  Dinophytes Amphidinium carterae ↔ This study
  Chlorophytes Chlamydomonas reinhardtii ↓ Finazzi et al. (1999)

Chlamydomonas reinhardtii ↓ Godaux et al. (2015)
Scenedesmus obliquus ↓ Schreiber and Vidaver (1974)

  Land plants Quercus ilex ↓ Peñuelas and Llusià (2002)

The ↑, ↓, and ↔ symbols indicate an increase, a decrease, or no change in response to treatment conditions, respectively. Values of ‘high’ CO2 
or ‘low’ O2 are relative within a given study. Note that this list is not exhaustive
a Following HCO3

− additions
b In an interspecific competition experiment
c Based on gene expression
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responses to low O2 conditions (Table 3). Among the dino-
flagellate symbionts of corals (Symbiodinium sp.), low O2 
conditions have been shown to decrease ETR, close PSII 
reaction centers, decrease Fm, and ultimately decrease Fv/Fm 
(Jones and Hoegh-Guldberg 2001; Ulstrup et al. 2005; Rob-
erty et al. 2014). However, as mentioned above, it is difficult 
to predict the relevance of the physiological responses of 
symbiotic organisms for free-living algae.

Our initial expectation was that A. carterae growth and 
physiology would benefit under combined high CO2, low O2 
conditions, given that these conditions should maximize car-
bon fixation and minimize photorespiration (Foyer and Noc-
tor 2000; Tortell 2000), especially in an organism with such 
a low RuBisCO substrate specificity (Whitney and Andrews 
1998). Although our findings refuted this initial hypothe-
sis, the impacts of combined acidification and hypoxia on 
multiple photosynthetic parameters and RuBisCO content 
strongly indicated that the mechanism driving these impacts 
was related to organismal regulation of photophysiology. 
Direct and indirect effects of high CO2, low O2 conditions 
on other aspects of A. carterae physiology are certainly 
likely, but we restrict our discussion to photophysiological 
mechanisms.

Photosynthetic redox poise

One possible explanation for the interactive effects of CO2 
and O2 on A. carterae involves the ‘redox poise’, the bal-
ance between the oxidized and reduced components of the 
photosynthetic electron transport chain (Finazzi et al. 2010). 
Redox poise can be regulated by decreasing photon capture 
(often resulting in high NPQ; e.g., Brooks and Niyogi 2011) 
and through several alternate electron pathways (AEPs), 
such as cyclic electron flow around photosystem I (PSI), 
photorespiration, and several oxygen-dependent pathways 
such as the Mehler reaction, chlororespiration, and mito-
chondrial respiration (Behrenfeld et al. 2008; Finazzi et al. 
2010; Cardol et al. 2011). The findings in this study are 
consistent with over-reduced photosynthetic redox poise 
under high CO2 low O2 conditions. Specifically, observed 
changes in Fv/Fm are related to redox poise (e.g., due to non-
photochemical reduction of the plastoquinone pool). In the 
long-term experiment, decreased Fv/Fm suggests that there 
were excess electrons in linear photosynthetic electron flow 
despite the subsaturating light levels used. In the short-term 
experiment, the ETR and NPQ values were similar in the 
high CO2, low O2 and control treatments, indicating that 
the initial electron flux from PSII was essentially identical 
in both treatments. Over-reduced redox poise in the high 
CO2, low O2 treatment could have developed downstream 
of PSII if treatment conditions inhibited one or more AEPs 
that were needed to regulate electron flow from PSII. All 
of the oxygen-dependent AEPs mentioned above could be 

inhibited under low O2 conditions, but only photorespira-
tion would likely be particularly sensitive to CO2:O2 ratios. 
In this study, photorespiration likely decreased significantly 
in the high CO2, low O2 treatment (e.g., Birmingham et al. 
1982; Peltier and Thibault 1983). While these non-photores-
piratory conditions should have increased RuBisCO carbon 
fixation efficiency, they may also have caused over-reduced 
redox poise, decreased photosynthetic efficiency, and/or 
eventual damage to subcellular components (Foyer and Noc-
tor 2000; Bauwe et al. 2012; Bagby and Chisholm 2015).

Non-photorespiratory conditions have been described 
as potentially damaging, particularly under high light 
regimes (e.g., Hackenberg et al. 2009). However, Bagby and 
Chisholm (2015) found that gene expression responses in 
the cyanobacterium, Prochlorococcus, under a high CO2:O2 
ratio resembled those under high light stress, indicating 
that non-photorespiratory conditions may cause a ‘photo-
synthetic impedance mismatch’—defined as resistance in 
dissipating excess light energy—even under moderate light 
conditions. Similarly, Crawley et al. (2010) showed that the 
expression of phosphoglycolate phosphatase (PGPase)—the 
first enzyme in the photorespiration pathway—in the symbi-
otic dinoflagellate, Symbiodinium sp., decreased under high 
CO2 conditions, even though the light conditions were sub-
saturating. The concept that photorespiration is a beneficial 
(e.g., photoprotective), possibly even essential, physiological 
process under stress conditions has been described for many 
photosynthetic organisms (e.g., Takahashi et al. 2007; Hack-
enberg et al. 2009; Bagby and Chisholm 2015). Therefore, 
if photorespiration serves an important stress response and 
regulatory role in A. carterae (rather than simply diverting 
from carbon fixation), the non-photorespiratory conditions 
under combined high CO2 and low O2 could lead to poor 
cellular performance, even though RuBisCO itself might be 
more efficient. In addition to photorespiration, inhibition of 
oxygen-dependent AEPs under low O2 conditions could also 
have contributed to an imbalance in the redox poise of A. 
carterae.

RuBisCO activase

One alternative—or additional—explanation for the syn-
ergistic responses of A. carterae in the high CO2, low O2 
treatment could involve RuBisCO activase. Various sub-
strates can inhibit RuBisCO by binding to its active site 
(Parry et al. 2008). Activation of RuBisCO (i.e., the release 
of these substrates to allow for the binding of CO2) requires 
RuBisCO activase, which, in land plants, is inhibited under 
high CO2, low O2 conditions (Crafts-Brandner and Salvucci 
2000). However, the RuBisCO activases of dinoflagellates 
are likely highly divergent from those of the green plastid 
lineage (Loganathan et al. 2016), and their responses to CO2 
and O2 concentrations have not been documented.
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Changes in RuBisCO content

While the RuBisCO content measured in this study (< 1% 
total protein) was within the range of values measured in 
some natural phytoplankton populations (Losh et al. 2013), 
the increase in RuBisCO content in the combined high CO2, 
low O2 treatment was unexpected. High CO2 conditions 
have been generally shown to decrease RuBisCO content 
among land plants and algae (e.g., Losh et al. 2013; Raven 
2013), but not in the dinoflagellate Protoceratium reticula-
tum (Pierangelini et al. 2017). It seems surprising that the 
A. carterae in this study would produce more RuBisCO if 
the light reactions were impaired, RuBisCO activase was 
potentially inhibited, and cells fixed less CO2. It is possible, 
however, that the A. carterae cells increased their RuBisCO 
content to compensate for photosynthetic impairment, as 
described above (e.g., redox imbalances and slow RuBisCO 
activase kinetics). Such compensatory changes in RuBisCO 
content are consistent with several previous studies of dia-
toms and chlorophytes showing increased resource alloca-
tion to RuBisCO under stress conditions including low nitro-
gen (Li and Campbell 2017) and low temperature (Devos 
et al. 1998; Losh et al. 2013; Young et al. 2015a).

Changes in CCM activity

It is important to note the potential effects of the experi-
mental conditions on the CCM of A. carterae. High CO2 
conditions have been shown to decrease CCM activity in 
the dinoflagellate P. reticulatum (Ratti et al. 2007). It is pos-
sible that the CCM activity of A. carterae, however limited 
(Dason et al. 2004), could decrease at a high CO2:O2 ratio 
and subsequently impact organismal photophysiology.

Future prospects and conclusions

The experimental results of this study demonstrate strong, 
synergistic interactions between CO2 and O2 availability 
in a toxic dinoflagellate. Additional experiments under 
a broad range of CO2:O2 ratios, possibly using chemical 
inhibitors of AEPs or AEP-deficient mutant cell lines, 
are required to better understand the role of AEPs on the 
growth and physiology of A. carterae. In addition, other 
free-living dinoflagellates need to be examined to deter-
mine the generality of our findings for A. carterae. Future 
work should include both long-term and short-term expo-
sures to changing CO2 and O2 conditions. In addition, the 
extent of oxidative damage to phytoplankton cells and the 
possible beneficial role of AEPs in avoiding such damage 
need to be assessed under a wide range of light, CO2, and 
O2 conditions. Because interactive effects of ocean acidifi-
cation with other environmental drivers are often surpris-
ing (e.g., Bausch et al. 2017), we caution that predicting 

physiological synergies within any phytoplankton spe-
cies is difficult—if not impossible—without performing 
empirical studies. We also suggest that combined coastal 
acidification and hypoxia may have negative, synergistic 
impacts on the growth, metabolism, and physiology of 
some phytoplankton in coastal ecosystems over the course 
of this century, as shown in the case of A. carterae. These 
findings may help to improve understanding of the effects 
of multi-stressors on an organismal level in coastal eco-
systems, as well as the broader impacts of future anthropo-
genic climate change on the base of the food web in zones 
of both acidification and hypoxia.
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