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Ocean acidification and food
availability impacts on the
metabolism and grazing in a
cosmopolitan herbivorous
protist Oxyrrhis marina
Na Wang1 and Kunshan Gao1,2*

1State Key Laboratory of Marine Environmental Science & College of Ocean and Earth Sciences,
Xiamen University, Xiamen, China, 2Co-Innovation Center of Jiangsu Marine Bio-industry Technology,
Jiangsu Ocean University, Lianyungang, China
The heterotrophic dinoflagellateOxyrrhis marina is an essential microzooplankton

in coastal waters, linking the energy transfer from phytoplankton to higher

trophic levels. It is of general significance to investigate how it responds and

acclimates to ocean acidification (OA), especially under varied availabilities of

food. Here,O. marinawas exposed and acclimated to three pCO2 levels (LC: 415,

MC:1000, HC:1500 matm) for 60 days, and then was further grown under the CO2

levels with different levels of food (the microalgae Dunaliella salina) availability for

about 8 generations. The OA treatments did not significantly hamper its growth

and ingestion rates even under the reduced food availability and starvation

(deprived of the microalgae), which significantly reduced its growth rate. While

the impacts of OA on the growth and ingestion rates of O. marina were

insignificant, the OA treatments appeared to have resulted in a faster decline of

the heterotrophic dinoflagellate cells during the starvation period. Nevertheless,

the acidic stress under the elevated pCO2 of 1000 or 1500 matm decreased its

respiration by about 53% or 59% with the high and by about 26% or 23% with the

low food availability, respectively. Such OA-repressed respiration was also

significant during the starvation period. On the other hand, the OA treatments

and deprivation of the microalgae synergistically reduced the cellular quota of

particulate organic C, N and P, resulting in a reduction of food value of the

heterotrophic dinoflagellate as prey. In conclusion, our results show that O.

marina is highly resilient to future ocean acidification by reducing its respiration

and sustaining its ingestion of microalgae.
KEYWORDS

CO2, food availability, growth, heterotrophic dinoflagellate, ingestion, ocean
acidification, Oxyrrhis marina, respiration
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Introduction

Ocean acidification (OA) caused by increasingly dissolved

anthropogenic CO2 in seawater is known to affect many marine

organisms along with other global change drivers (Häder and Gao,

2023). Atmospheric CO2 concentration is increasing by over 2 ppmv

annually and is predicted to reach 1000 matm by the end of this

century and 1900 matm by the year 2300 (Caldeira andWickett, 2003;

Gattuso et al., 2015). Seawater chemical changes associated with

ocean acidification include increased concentrations of H+ and

HCO3
- and decreased CO3

2- concentration and CaCO3 saturation

state, which have been documented to influence both marine

primary, secondary producers and even higher tropic levels (see the

review by (Jin et al., 2020) and literatures therein). OA has been

shown to disturb the sperm flagella motility of reef invertebrates

(Morita et al., 2010) and intracellular acid-base stability (Whiteley,

2011), reducing metabolism and disrupting acid-base homeostasis in

many heterotrophs (Michaelidis et al., 2005; Miles et al., 2007).

Compared to the large organisms, smaller ones may be more

sensitive to the acidic stress due to large surface to volume ratios

(Flynn et al., 2012). However, the effects of OA onmicrozooplankton,

a heterotroph group in the size of 20-200 µm, have been scarcely

documented (Caron and Hutchins, 2012; López-Abbate, 2021).

Microzooplankton consumes about 60-75% of daily

phytoplankton production (Calbet and Landry, 2004; Schmoker

et al., 2013), serving as food for mesozooplankton and most marine

fish larvae (Fukami et al., 1999; Calbet, 2008). Therefore, responses of

microzooplankton species to environmental changes are of general

significance, considering their cascade effects on marine ecosystems.

Progressive ocean acidification is suggested to affect zooplankton

directly due to acidic stress and indirectly because of altered

phytoplankton food quality (Jin et al., 2015). Results from

mesocosm experiments using field plankton communities showed

that OA negatively affected microzooplankton in coastal waters (Park

et al., 2014; Horn et al., 2020; Spisla et al., 2021), though opposite

results were reported in another study conducted in the coastal North

Sea (Moreno et al., 2022). While decreased pH had no detectable

effect on the growth and grazing of microzooplankton communities

(Suffrian et al., 2008; Aberle et al., 2013; Horn et al., 2016; Wang et al.,

2019), it has little been documented on how heterotrophic

dinoflagellates respond to OA. It has been shown that 4-day

exposure to high seawater pCO2 did not alter the growth of the

heterotrophic dinoflagellate Oxyrrhis marina (Meunier et al., 2017).

Conversely, O. marina was negatively impacted by acidic stress under

lowered pH by about 0.3 unit (Pedersen and Hansen, 2003). Such

controversial findings need to be verified under different

environmental conditions and food availabilities. Here, we

hypothesize that OA affects heterotrophic dinoflagellates to

different extents under different levels of food availability because a

sufficient energy supply derived from the digestion of food may help

them to cope with the acidic stress. We investigated how O. marina

responds to elevated CO2 concentrations under different levels of

food availability, including starvation, and found that it could reduce

its respiratory cost and its growth rate was insensitive to the

carbonate chemistry changes projected for future acidification even

under the conditions without supplying microalgae as food.
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Materials and methods

Species and pre-acclimation

The heterotrophic dinoflagellate Oxyrrhis marina (CCMA174;

ca 16mm in ESD) initially isolated from Dongshan Bay (117°29’-

117°36’ E, 23°34’-23°54’N), southeast China, was obtained from the

Center for Collections of Marine Algae (CCMA, Xiamen

University). The cells were inoculated into sterilized artificial

seawater at temperature 24°C and salinity 30‰ under 20 µmol

photons m-2 s-1, with a light: dark cycle set to 12h:12h. The dim light

level was chosen to limit the growth of possible residual alga food,

so that carbonate chemistry stability was maintained. The

temperature and salinity were close to the strain’s original

environment (Chen et al., 2014). The green microalgae,

Dunaliella salina (CCMA352; ESD, ca 6.88 mm), was separately

grown as food stock. Before initiating the experiments, O. marina

cells in 500 mL polycarbonate flasks were exposed and acclimated to

ambient (low, 415 µatm), medium (1000 µatm), and high (1500

µatm) CO2 levels, representing the ambient, that by the end of this

century (Gattuso et al., 2015) and that predicted for 2160 (Vargas

et al., 2017) for about two months with the pH variations in cultures

under each pCO2 level being less than 0.05 unit (Supplementary

Figure 1). The different CO2 concentrations were achieved using

ambient outdoor air or a mixture of pure CO2 with ambient air

using a CO2 enricher (HP1000G-D, Ruihua, China). All cultures

were gently aerated (about 300 mL min-1, 0.22mm filtered) to ensure

the carbonate chemistry stability. Such pre-acclimation under the

different pCO2 levels was carried out in semi-continuous cultures

(diluted every 3 days) with an initial cell density of about 1500 cells/

mL and fed with the microalgae food (15,000 cells mL-1). O. marina

cultures were diluted about once a week and the cell densities were

generally not more than 10,000cells mL-1 before the diluting. To

minimize the photosynthetic effects of the microalgae on pH, the

food supply to O. marina was carried out at the early night period.

In order not to dilute the O. marina cultures by adding the food, the

microalgae cells (about 15,000 cells mL-1) were harvested by

centrifugation at 2,000 g for 10 min then resuspended in 1.5-3

mL sterilized seawater prior to each feeding. No residual microalgae

cells were microscopical found before the feeding.
Experimental design

The experiment was designed to investigate the effects of future-

projected OA under different levels of food availability on O.

marina. The whole experiment was divided into two phases, the

feeding phase (from Day 1 to Day 19) and the subsequent starvation

phase (from Day 19 to Day 43). In the feeding period, the

dinoflagellate cells were fed with the microalgae daily under the

targeted pCO2 levels. During the starvation phase, the microalgae

was not supplied. The CO2 levels were maintained the same as

mentioned above. Two food concentrations in the feeding period

were set: about 8,000 cells mL-1day-1(LF), and 24,000cells mL-1day-1

(HF), respectively. Both of the food biomass densities (< 72 mg C

L−1d-1), reflecting the mean values reported in coastal waters
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(Majewska et al., 2017; Ok et al., 2021), are however below the mean

satiation values (100 mg C L-1d-1) for O. marina (Jeong et al., 2001).

The culture conditions were the same as in the pre-acclimation

mentioned above. The cell concentration of O. marina was semi-

continuously controlled with an initial density of approximately

1,500 cells mL-1 by dilutions every 3 days to ensure cell

concentrations maintained in the exponential growth phase

(Figure 1) and under stable carbonate chemistry condition

(Supplementary Table 1). The cell ranges for exponential growth

phase under the targeted pCO2 and food levels were determined by

a primary test (Supplementary Figure 2). The dinoflagellate cells

were grown under the different food availabilities for about 8

generations before being used for physiological and biochemical

measurements. Due to the different growth rates, the acclimation

time for each treatment was different (Figure 1): 10 days for HF, and

19 days for LF treatments. Subsequently, the starvation period

lasted for 24 days under the same conditions without any algal

food being supplied.
Determination of physiological and
biochemical parameters

The ingestion rates were measured during the feeding period.

The respiration rates, and cellular particulate C/N/P (POC, PON,

and POP) of O. marina were determined on the first day and the

ninth day after stripping of algal food, representing the fed and

starved status of the cells, respectively. Because no residual alga food

remained in the cultures after 12 hours of feeding (verified

microscopically), the dinoflagellate samples were taken without

any algal cells involved. Abundance of bacteria that naturally

existed in the cultures was measured since they can be the food

for O. marina (Jeong et al., 2008; Roberts et al., 2011). Dissolved

organic carbon was also monitored for it could support the growth

of bacteria.
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Cell counting and specific growth rate

The specific growth rate was calculated using the following

equation:

m(day−1) = ( lnN3 − lnN0)=(t3 − t0)

where N3 and N0 are respectively the cell concentrations at t3
and t0. The (t3-t0) was 3 days. A 1 mL sample was fixed with

acidifying Lugol’s iodine (2%) and then counted using an inverted

microscope (Olympus CK30) to measure predator and alga

food densities.
Ingestion rate

Ingestion rate (cellsO. marina-1 h-1) was calculated according to

the equation (Frost, 1972) as follows:

I = F � ½C�

F = ln Ct
C0

�� �� V
−nt=

� �

½C� = C0 � (1−e(−g0t))
(t�g 0)

�

g 0 =
ln Ct

C0

� �� �
−t=

where Ct′ and Ct (cells mL−1) represent the food concentrations

at the end of the incubation in control and experimental cultures,

respectively; C0 is the food concentration at the start of the

incubation; V is the culture volume (mL), t (hour) is the

incubation time and n is the number of O. marina; F represents

the volume of ambient medium from which cells are completely

removed by predators to achieve the measured ingestion rate; [C] is

the food concentrations in the experimental cultures averaged over
FIGURE 1

Changes of cell density of O. marina and microalgae food D. salina under three pCO2 levels (LC of 415, MC of 1000, and HC of 1500 matm) in the
semi-continuously diluted cultures. The experiment included the feeding period (about 8 generations growth of O. marina, from Day 1 to Day 19 for
LF and from Day 10 to Day 19 for HF) and the starvation period (from Day 19 to Day 43). The physiological main parameters were measured on Day
19 and Day 27 (arrows), for the fed and starved cells, respectively. Values are represented as the means ± SD of triplicate cultures.
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the incubation period. In parallel, the cultures with the microalgae

cells alone were served as controls. This parameter was measured at

night to avoid the photosynthetic CO2 removal that may affect pH.
Bacterial abundance

The filtrate samples were fixed with glutaraldehyde (0.5%, v/v)

for 15 minutes in the dark before being freezed in liquid nitrogen,

and then stored at -80°C till analysis. Before bacteria counting,

samples were thawed at room temperature and diluted 1:10 with

0.2mm-filtered Tris-EDTA buffer, and finally, samples were stained

with SYBR Green I nucleic acid gel stain (final concentration

1:10,000; Invitrogen, America) for 15 minutes. These SYBR-

stained samples were enumerated using a Flow Cytometer (Epics

Altra II, Beckman Coulter, America). Millipore water and 0.2mm
filtered seawater were used as controls.
Respiration rate

The respiration rate (pmol O2 O. marina-1 h-1) was estimated

based on the oxygen consumption. Dissolved O2 concentration was

measured using an optical oxygen sensor (Microx, PreSence,

Germany), and a mini-magnetic stirrer was placed at the bottom

of a sealed flat-bottomed glass vessel (2.5cm in diameter and 50mL

in volume) to homogenize the oxygen concentration. The

measurements of respiration rate were carried out with the same

density ofO. marina cells collected fromHF and LF treatments. The

samples were incubated in the 50 mL centrifuge tube for 24 h

(during which a decrease in O2 concentration was confirmed). All

measurements were done under conditions similar to that of the

cultures. There was no food residual (confirmed microscopically) in

the measured samples. Additional samples filtered off O. marina

cells were used as controls to correct the background disturbance

from bacterial respiration, which was measured in parallel. pH in

each tube was stable before and after the determination.
POC, PON, and POP

To measure the cellular particulate carbon (POC), nitrogen

(PON) and phosphorus (POP), the dinoflagellate cells alone

(without the microalgae) were filtered onto pre-combusted (450°

C,4h) Whatman GF/F membranes (25mm, Whatman, America),

and then stored at -20°C until analysis. For cellular carbon and

nitrogen analysis, the membranes were fumed with HCl in a closed

container for at least 12 h and dried at 60°C overnight to remove the

inorganic elements as gas. A CHN element analyzer (Vario EL cube,

Langenselbold, Germany) was used to analyze the dried samples. To

measure cellular phosphorus, the Solórzano method (Solórzano and

Sharp, 1980) was followed. Filters were soaked with 17 mMMgSO4,

dried at 95°C, and then baked for 2 h at 450°C to convert the

organic phosphorus to inorganic one. Then, the samples were

acidified in 0.2 M HCl at 80°C for 30 minutes and subsequently
Frontiers in Marine Science 04
centrifuged (10,000g, 10 minutes, room temperature).

Concentration of phosphate ion in the supernatant was measured

with an auto-analyzer (AA3, Seal, Germany), and was used to

estimate the cellular POP quota.
Dissolved organic carbon

40 mL cultures were filtered onto pre-combusted (450°C,4h)

GF/F membranes (25mm, Whatman, America), the filtrate was

collected using the acid cleaned brown glass bottle and stored at

-20°C until analysis. Before analyzing, aqueous samples were

thawed at room temperature and blended with phosphoric acid

(0.1%, v/v). Finally, DOC was measured using a TOC-analyzer

(TOC-VCPH, Shimadzu, Japan).
Seawater carbonate chemistry

To assure the stability of seawater carbonate systems in cultures,

pHNBS was measured before the dark period by a pH meter

(OAKTON, USA), which was frequently calibrated with standard

National Bureau of Standards (NBS) buffers. Total alkalinity (TA)

was measured with the titration method (Lewis et al., 1998). Then,

the CO2SYS software was used to convert pHNBS values to pHT and

other carbonate chemistry parameters were calculated based on TA

and pHT with the known temperature and salinity values (Roy et al.,

1993). The seawater carbonate chemistry was stable, all the

parameters are shown in Supplementary Table 1.
Statistical analysis

Data were analyzed by SPSS statistics 26 and plotted by

GraphPad Prism 9.0. Two-way ANOVA was employed to test the

differences among pCO2 (three levels), food availability (two levels),

and their interactions. One-way ANOVA and Tukey test were

applied to analyze the significance among different treatments. The

normality, independence and homogeneity of variance were checked

before analysis. The significance level was set to p< 0.05. All values

represented the means ± SD of triplicate independent cultures.
Results

Specific growth rate

After the dinoflagellate cells had pre-acclimated for about 23

generations under the different pCO2 levels, further treatments

under the different pCO2 levels for another 8 generations did not

bring out any difference in its specific growth rate, either under low

(LF) or high (HF) food concentration (Figure 2A). During the

starvation phase, the dinoflagellate cell density stayed stable in the

first 4 days after stopping feeding, dramatically declined in the next

4 days, and further decreased to the minimal values till day 43
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(Figure 1). In the feeding period, the growth rates of HF treatments

increased dramatically by 212%, 209% and 258% under LC, MC,

and HC levels compared with that of LF (all p< 0.001, Figure 2A),

respectively. While the elevated pCO2 did not alter the growth rates

under HF, but slightly decreased it (about 18%) under LF, though

the difference was not significant (p = 0.087, Figure 2A). There were

no interactive effects between food concentration and pCO2 level on

the growth rate (two-way ANOVA, p = 0.152). During the

starvation period, the cell concentrations decreased with time (-

0.045 day-1). However, the pCO2 treatments neither resulted in

significant changes in the specific growth rates (p = 0.6661 for HF

and p = 0.8146 for LF, Figure 2B).
Respiration rate

The respiration rates were significantly reduced by the

elevated pCO2 levels (p<0.001, both for fed and starved cells)

and the increased food availability (p< 0.001), but not by their

interaction (Figures 2C, D, two-way ANOVA, p = 0.590 for fed

cells and p = 0.107 for starved cells). In the feeding period, LF-

grown cells increased respiration rate by 48% under LC (p<
Frontiers in Marine Science 05
0.001), 67% under MC (p< 0.001), and 72% under HC

(p<0.001), compared with that of HF-grown ones, respectively

(Figure 2C). In the starvation period, LF-starved cells increased

respiration rates by 40% under LC (p = 0.005), 66% under MC

(p< 0.001), and 73% under HC (p< 0.001), compared with that of

the HF-starved cells, respectively (Figure 2D). Obviously, the OA

treatment decreased the dinoflagellate’s respiration either with HF

or LF or during starvation. The respiration rates of LC-grown cells

were significantly higher than those of MC (by 53% with HF and

26% with LF; by 55% and 21% in HF-starved and LF-starved cells,

respectively) and HC (by 59% and 23% with HF and LF; by 66%

and 24% in HF-starved and LF-starved cells, respectively)

(Figures 2C, D, with p values for the above difference ranged

from 0.0001 to 0.0222). However, there were no statistical

differences between MC and HC either for fed or starved

periods. Furthermore, in all the cultures, the respiration rates

during the starved phase were lower compared that of the feeding

period (Figures 2C, D, with p values ranged 0.001-0.0358)

regardless of the pCO2 levels. The highest pCO2 resulted in the

most reduction in the respiration ratio of the fed to the starved

cells (Supplementary Table 2), by up to 30-36% for the fed cells

transferred to the starved condition.
A

B D

C

FIGURE 2

Effect of CO2 concentrations and food supplies on the specific growth rate (m, d-1) of O. marina during the feeding period (A) and the subsequent
starvation [24 days, (B)]. In the feeding period, O. marina was fed with two concentrations of microalgae (HF: 24000 cells mL-1day-1 and LF: 8000
cells mL-1day-1). In the starvation period, all treatments were deprived of the microalgae. Starved-HF and Starved-LF, respectively, indicate the
starved cells from HF or LF cultures. (C) The respiration rate (pmol O2 O. marina cell-1 h-1) with two alga food concentrations (HF and LF) under the
different pCO2 levels. (D) The respiration rates of O. marina cells (Starved-HF and Starved-LF) after 8 d of starvation under different pCO2 levels.
Values are the means ± SD of triplicate cultures. Different letters above the data indicate significant differences (p< 0.05) among the treatments.
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Ingestion rate

Ingestion rates of O. marina during the feeding period were

185%, 199%, and 185% higher in the HF cultures compared with LF

at LC (p = 0.001), MC (p = 0.001), and HC (p = 0.003) (Figure 3). It

appears that elevated pCO2 gradually decreased the ingestion rate

under either HF or LF, but the difference was insignificant (Figure 3,

p = 0.0979 for HF and p = 0.2743 for LF). No interactive effects were

detected between food concentration and pCO2 level on the

ingestion rate (two-way ANOVA, p = 0.529).
Quotas of POC, PON, and POP

The cellular quotas of POC, PON, and POP were significantly

affected by food availability (p = 0.007, p = 0.035, p = 0.001 for the fed

cells; p = 0.001, p<0.001, p<0.001 for the starved cells,

correspondingly), however, they were not influenced by the

pCO2 levels (p = 0.985, p = 0.943, p = 0.542 for the fed cells,

p = 0.341, p = 0.599, p = 0.107 for the starved cells, Figure 4).

There was no interaction of pCO2 and food availability (Figure 4,

p values ranged 0.061- 0.982). HF-fed cells appeared to possess higher

quotas of POC, PON, and POP than those of LF-fed cells

(Figures 4A–C), and such pattern continued to the starvation

period, though the differences were not always significant

(Figures 4D–F).

After the 8-days starvation, the survived O. marina cells

displayed significant decreases in the quotas compared to that in

the feeding period (Figure 4), reflecting that the starvation reduced

the cells’ nutritional value. The decreased percentage of the quotas
Frontiers in Marine Science 06
from the fed to the corresponding starved cells were as follows: POC

by 32-42%, PON by 22-36%, and POP by 7-19%. Such decrease of

the quotas was pronounced with the increased pCO2 levels

(Supplementary Table 2). The elevated pCO2 reduced the quota

in the Starved-LF cells (Figures 4D–F). Compared to the LC, POC

quotas of starved-LF cells decreased by 10% under MC (p = 0.23)

and 13% (p = 0.059) under HC, quotas of PON decreased by 11%

under MC (p = 0.203) and 12% (p = 0.162) under HC, quotas of

POP decreased by 16% under MC (p = 0.066) and 15% (p = 0.017)

under HC, respectively. However, the elevated pCO2 levels did not

influence the molar ratios of C: N, C: P and N: P in both the fed and

starved cells (Figure 5, p values ranged from 0.277 to 0.942).

Compared to the fed O. marina cells, all the starved ones showed

significant decreases in the C: N (Figures 5A, D), C:P ratios

(Figures 5B, E) and insignificant decrease in the N: P ratios

(Figures 5C, F). The larger decline was observed in the C: P,

especially in the cells transferred from fed to starvation under the

highest pCO2 level (Supplementary Table 2).
Discussion

Our results showed that the heterotrophic dinoflagellate O.

marina could reduce its respiration to cope with the acidic stress

associated with future ocean acidification (OA) even under reduced

levels of food availability or during starvation, disapproving our

hypothesis that OA can decrease the growth of the heterotrophic

dinoflagellate under food scarcity. Nevertheless, we found that OA

did reduce the quotas of POC, PON, and POP in O. marina after

depriving of microalgae, implying nutritional deterioration.

The growth and ingestion rates of microzooplankton can be

food availability-dependent (Jeong et al., 2001; Adolf et al., 2007).

However, to date, the combined effects of ocean acidification and

food availability has been little examined. It has been suggested that

the OA effects could be species-specific in heterotrophic

dinoflagellates (Meunier et al., 2017; Moreno et al., 2022) and

other zooplankton grazers (Crook et al., 2013; Hurst et al., 2017;

Li et al., 2017; Brown et al., 2018). In the present study, no

interactive effects between food availability and OA were

observed. Such resilience to OA could be attributed to the

dinoflagellate’s niche where naturally strong pCO2 fluctuations

enable them to possess the tolerating capacity (Majewska et al.,

2017; Meunier et al., 2017). Food scarcity has been shown to

exacerbate the impacts of OA on several predators (Thomsen

et al., 2013; Pedersen et al., 2014; Li et al., 2017). In this work, the

high and low food concentrations that reflected different levels of

food availability below the satiate feeding (Roberts et al., 2011) and

were close to that in the environment where O. marina is common

(Jung et al., 2021; Ok et al., 2021), did not alter the impacts of OA,

which reduced its respiration (Figures 2C, D) but did not alter its

growth and ingestion (Figures 2A, B, 3).

The resistance for the O. marina cells to expel respiratory CO2

could be stronger under the elevated pCO2 since CO2 diffuses very

slow in water (about 8,000 times slower compared to that in air).

This could be partially responsible for the reduction of the

dinoflagellate’s respiration. Alternatively, repressing respiration
FIGURE 3

The ingestion rate (cells O. marina-1 h-1) of the dinoflagellate grown
with two different alga food concentrations (HF and LF as in Figure 2)
under three pCO2 levels. One D.salina cell had 0.003 ± 0.0004 ng C.
Values are the means ± SD of triplicate cultures. Different letters
above the data indicate significant differences (p< 0.05) among
the treatments.
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under OA could be a strategy for O. marina to cope with acidic

stress. Metabolic responses to the acidic stress associated with

elevated pCO2 are thought to be related to energetic trade-offs

(Gao, 2017). Acidification-driven energy cost coupled with acid-

base regulation has been reported in heterotrophic species (Pan

et al., 2015; Li et al., 2017; Frieder et al., 2018). The respiration

depression observed at lowered pH (Figures 2C, D) was reported in

other organisms, such as in a starfish (Collard et al., 2013). On the

contrary, other studies showed that OA either stimulated

respiration (Li and Gao, 2012; Meunier et al., 2017) or did not

affect it (Runge et al., 2016) in copepods. For the heterotrophic
Frontiers in Marine Science 07
dinoflagellate O. marina, reduced metabolic cost due to repressed

respiration could save energy for it to sustain its growth (Osma

et al., 2016). In the present work, the saved energy from the down-

regulated respiration under elevated pCO2 could be utilized to

sustain cellular acid-base homeostasis. Thus, no obvious

differences in growth rates were found between the LC, MC and

HC treatments. Most aquatic organisms can use diverse ionic

pumps and enzymes including H+-ATPases and Na+/K+-ATPases

to maintain the intracellular acid-base stability to counteract

external acidic stress under lowered pH (Pörtner et al., 2000). O.

marina might also employ similar mechanism. On the other hand,
A

B

D

E

FC

FIGURE 4

(A–C) The cellular particular organic carbon (POC), particular organic nitrogen (PON), and particular organic phosphorus (POP) in O. marina cells fed
with two alga food concentrations (HF and LF as in Figure 2) under the different pCO2 levels. (D–F) The cellular POC, PON, and POP in O. marina
after 8 d of starvation (Starved-HF and Starved-LF as in Figure 2) under the different pCO2 levels. Values are the means ± SD of triplicate cultures.
Different letters above the data indicate significant differences (p< 0.05) among treatments.
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decreased pH may inhibit the motility of O. marina and thus save

the energy for its growth, since OA treatment was shown to impede

the motility of flagellated microalgae (Wang et al., 2020). In natural

environments, microalgae food is not always enough, O. marina

often lives near the bottom where bacteria are abundant (Jeong

et al., 2008). Provided that the motility of O. marina be inhibited

under lowered pH, it might graze relatively more bacteria since they

are easier to be caught than the moving microalgae, though higher

ingestion rate on microalgae than on bacteria has been suggested

under normal conditions (Roberts et al., 2011). On the other hand,

enhanced motility could give rise to increased respiration. In the
Frontiers in Marine Science 08
present work, regardless of the pCO2 levels, O. marina exhibited

higher respiration when fed with the low food concentration

(Figure 2C), which could be due to more movements searching

for food (it can swim as fast as 700 mm s-1) (Cosson et al., 1988) and

its swimming activities negatively correlate with food availability

(Bartumeus et al., 2003). Contrastingly, the OA-induced repression

of respiration reflects less swimming activity, though future studies

are expected to provide experimental evidence.

Starvation by depriving of microalgae did resulted negative

growth rates under all the pCO2 levels (Figure 2B), but the

dinoflagellate could survive by ingesting bacteria for 24 days
A

B

D

E

FC

FIGURE 5

(A–C) The molar ratios of C: N, C: P, and N: P in O. marina cells fed with two alga food concentrations (HF and LF as in Figure 2) under the different
pCO2 levels. (D–F) The molar ratios of O. marina (Starved-HF and Starved-LF as in Figure 2) after 8 d of starvation. Values are the means ± SD of
triplicate cultures. Different letters above the data indicate significant differences (p< 0.05) among treatments.
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(Figures 1, 6A, B), even longer than a month (Jeong et al., 2008). The

relatively higher abundance of bacteria under the elevated pCO2

during the starvation (after 8-days depriving of microalgae) could be

attributed to enhanced decomposition of dissolved organic matter

under OA (Lønborg et al., 2020). In the present study, compared with

the LC cultures, DOC in the HC cultures was significantly higher

(Figure 6C), which indeed coincided with a lower decreased ratio of

bacterial abundance (Figures 6A, B). While the O. marina cell

abundance declined faster under the elevated pCO2 levels during

starvation (Figure 1), the dead cells could have led to increased levels

of DOC (Strom et al., 1997) due to enhance decomposition by

bacteria (Figure 6). Although we did not directly measure the

ingestion rate of bacteria by O. marina, OA-repressed respiration

of the dinoflagellate might have led to a reduced ingestion of bacteria

during the starvation period, therefore, resulting apparently higher

levels of bacterial abundance (Figure 6B).

It has been suggested that O. marina is a weak homeostasis species

for its prompt alteration in stoichiometric composition (C:N:P) (Golz

et al., 2015). Our results demonstrated that the stoichiometric

composition remained relatively stable irrespective of the pCO2 levels

and food availabilities (Figure 5). The cellular quotas of organic C/N/P

and their ratios (Figures 4, 5) fell within the range measured for O.

marina in view of the fed cells (Hantzsche and Boersma, 2010; Golz

et al., 2015). During the starvation, however, all the cellular quotas

declined significantly, which was especially exacerbated under the

elevated pCO2 levels during the starvation (Figure 4). The decline of

PON and POP was significantly stronger compared to POC. This

implies that starvation and OA act synergistically to reduce the

nutritional quality of the heterotrophic dinoflagellate. Comparing the

data between the fed and starved cells, the OA treatment led to

enhanced repression of respiration along with pronounced reduction

of POC, PON, and POP quotas (Figures 2C, D, 4; Supplementary

Table 2). Consequently, the combination of food scarcity and OA can

deteriorate the dinoflagellate’s nutritional value. The greater loss in

PON and POP (Figure 4) hints a more serious inhibition of flagella

motility because flagella is composed of plentiful protein components

(Gagnon et al., 1996), which in turn is responsible for the repressed

respiration (Figures 2C, D).

The heterotrophic dinoflagellate O. marina is a cosmopolitan

microzooplankton species often found in coastal waters (Watts et al.,

2011). It usually experiences fluctuating pCO2 and pH (Dai et al., 2009;

Waldbusser and Salisbury, 2014) as well as phytoplankton food

variation (Sherr and Sherr, 2009; Ok et al., 2021). To cope with

those stresses, it can adjust cellular components and processes, such

as structural proteins (Osma et al., 2016), ion pumps (Bailey et al.,

2017), respiration rate and nutritional compositions (this work).

Consequently, its robust resilience to acidic stress under future ocean

acidification scenarios reflects that the heterotrophic dinoflagellate will

be most likely one of the “winners” in future ocean, though the

degradation of its nutritional values would influence organisms of

high trophic levels, which needs to be explored under impacts of

multiple climate change drivers in future studies.
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FIGURE 6

(A) Bacteria abundances (105 ind mL-1) in fed O. marina cultures
(cells supplied with microalgae) at Day 19 under the different pCO2

levels. (B) Bacteria abundances (105 ind mL-1) in the subsequent
starved cultures (deprived of microalgae) on Day 27 under the
different pCO2 levels. (C) The dissolved organic carbon (DOC, mmol
L-1) in the cultures during the starvation, measured at Day 27. The
values represent the means ± SD of triplicate cultures. Different
letters above the data indicate significant differences (p< 0.05)
among treatments.
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The polyglutamylated lateral chain of alpha-tubulin plays a key role in flagellar motility.
J. Cell Sci. 109, 1545–1553. doi: 10.1242/jcs.109.6.1545
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fmars.2024.1371296/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmars.2024.1371296/full#supplementary-material
https://doi.org/10.5194/bg-10-1471-2013
https://doi.org/10.1016/j.hal.2006.12.003
https://doi.org/10.1002/ece3.3063
https://doi.org/10.1002/ece3.3063
https://doi.org/10.1073/pnas.2137243100
https://doi.org/10.1038/s41598-018-28012-w
https://doi.org/10.1093/icesjms/fsn013
https://doi.org/10.4319/lo.2004.49.1.0051
https://doi.org/10.1038/425365a
https://doi.org/10.1093/plankt/fbs091
https://doi.org/10.1007/s00343-014-3214-3
https://doi.org/10.1016/j.jembe.2013.06.003
https://doi.org/10.1016/j.jembe.2013.06.003
https://doi.org/10.1016/0248-4900(88)90050-0
https://doi.org/10.5194/bg-10-7599-2013
https://doi.org/10.4319/lo.2009.54.3.0735
https://doi.org/10.1038/nclimate1489
https://doi.org/10.1086/696830
https://doi.org/10.4319/lo.1972.17.6.0805
https://doi.org/10.3354/meps185285
https://doi.org/10.1242/jcs.109.6.1545
https://doi.org/10.3389/fmars.2024.1371296
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang and Gao 10.3389/fmars.2024.1371296
Gao, K. (2017). Changes in bioenergetics associated with ocean acidification and
climate changes. Bioenergetics 06, 147. doi: 10.4172/2167-7662.1000147
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