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Although the adverse effects of increasing atmospheric CO2-induced ocean

acidification (OA) on marine calcifying macroalgae have been widely reported,

there are limited studies on how daily fluctuations in pCO2 (pH) within shallow

ecosystems influence the growth and physiological performance of these

calcifiers. Therefore, a 42-day laboratory mimetic experiment to determine

how growth, biological performance and related carbon and nitrogen

metabolic products of the calcifying macroalga, Halimeda opuntia are

generated in response to fluctuating pCO2 under OA conditions (1200 ppmv)

was performed. The results of present study showed that the adverse effects of

OA were more determined by the adverse influence of elevated acidity (H+) on

growth rates, calcification, photosynthesis and the related biotic performance

of H. opuntia compared with the positive effects that higher CO2 provided.

Moreover, diurnal fluctuations in pCO2 levels [with higher (nearly 8.10) and

lower pH (nearly 7.40) values during day and night times, respectively] have

amplified these negative influences on H. opuntia. To mitigate elevated pCO2-

related stress, higher contents of free amino acids and proline were highly
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secreted and likely linked to protecting the integrity of algal cellular structures.

The above results contribute to increasing our understanding of the biological

consequences of pCO2 (pH) variability on calcifying Halimeda species and their

physiological plasticity in response to further oceanic pCO2 changes.
KEYWORDS

ocean acidification, diurnal pH fluctuations, calcifying macroalgae, biotic
performance, soluble organic molecules
Introduction

Atmospheric CO2 reached up to 412.15 ± 0.1 ppm in 2020,

and preliminary data for 2021 suggest a rebound in CO2 relative

to 2020 of + 4.8% (4.2% to 5.4%) globally, which is thought to be

initially and primarily caused by fossil fuel emissions and

deforestation (Friedlingstein et al., 2022). The absorption of

CO2 has already caused apparent changes in the carbonate

chemistry of surface seawater and is predicted to decrease by

0.44 ± 0.005 units from 1870–1899 to 2080–2099 (Masson-

Delmotte et al., 2021), thus, resulting in an ongoing process and

this trend called ocean acidification (OA) (Caldeira and Wickett,

2003; Gattuso et al., 2015; Masson-Delmotte et al., 2021). To

date, there have been considerable studies on the impacts of OA

on marine organisms, especially macroalgae, because they are

important marine primary producers. Elevated pCO2 would

benefit the growth and photosynthesis of some autotrophic

macroalgae, such as the economically important macroalgae,

Gracilaria lemaneiformis (Chen et al., 2018), and Pyropia

yezoensis (Bao et al., 2019), as well as the green macroalga

Ulva lactuca (Olischläger and Wiencke, 2013) and U.prolifera

(Gao et al., 2017). In addition, no obvious effects of elevated

pCO2 on Ulva rigida have been demonstrated (Rautenberger

et al., 2015; Gao et al., 2018). However, downward trends in

growth rate and pigment accumulation have been observed in

Pyropia yezoensis (Mercado et al., 1999) and calcifying

macroalgae Halimeda spp. (Campbell et al., 2016; Wei et al.,

2020a). Egilsdottir et al. (2013) investigated the lower mMg/Ca

ratio of calcite and fewer structures in new fragments produced

by the red calcareous coralline alga Corallina elongata under

elevated pCO2 (550, 750, and 1,000 ppmv) conditions. A similar

phenomenon was reported by Ragazzola et al. (2012), who

demonstrated that under elevated pCO2 conditions, the mMg/

Ca ratio in the skeletal calcite of the coralline macroalga

Lithothamnion glaciale was too small to maintain the stability

of skeletal structures by higher ecological niche predators and

additional energy to withstand bioerosion and physical erosion.

These species-specific responses of macroalgae to OA (elevated
02
pCO2) might be attributed to the efficiency of dissolved

inorganic carbon (CO2 utilization and/or elevated acidity)

(Egilsdottir et al., 2013; Qu et al., 2017; Chen et al., 2018).

The Halimeda genus of green calcareous macroalgae

(Chlorophyta, Bryopsidales) is an ecologically important

carbonate macroalgae that is widely distributed in tropical and

sub-tropical reefs and lagoons (Hofmann et al., 2014; Wei et al.,

2020a; Wei et al., 2020b; Wei et al., 2020c). On a global scale,

carbonate sediment production by Halimeda species accounts for

nearly 8% of the carbonate budget, at 0.15–0.4 Gt CaCO3 year
−1

(Milliman, 1993; Hillis, 2001). Previous studies suggested that

CaCO3 biomineralization in some marine organisms, including

Halimeda spp., is an enzymatic process that mainly uses

bicarbonatefmars.2022.968740, such as the action of a Ca2+/H+-

ATPase present in the calicoblastic epithelium (Jury et al., 2010;

Wizemann et al., 2015). Studies have documented that biotic

CaCO3 precipitation is significantly and adversely affected by the

elevation of seawater pCO2, because the CaCO3 saturation (W) and
pH values are consequently reduced. However, moderate elevations

in pCO2 induce a higher HCO−
3 availability, which contributes to

calcification and photosynthesis processes (Hofmann et al., 2014;

Vogel et al., 2015; Campbell et al., 2016; Wei et al., 2020a). For

instance, Yildiz et al. (2013) found that low pH (7.7) increased the

relative electron transport rates (rETR) of calcified rhodophyte

Corallina officinalis. These wide variety of responses by calcifiers

is likely due to either taxonomic distinctions (Kroeker et al., 2010;

Peach et al., 2017) or the interactive effects of other environmental

factors, such as light intensities (Teichberg et al., 2013; Wei et al.,

2020a), seawater temperature (Campbell et al., 2016), nutrient

regimes (Teichberg et al., 2013) and/or pH fluctuations (Cornwall

et al., 2013).

Compared with pelagic oceans, in coastal waters the

magnitude of diurnal pH variation always exceeds 0.6 units

owing to the CO2 uptake by photosynthesis during the day

time and CO2 release via respiration and other biological

activities during the night time. Moreover, the large-scale

nutrient inputs from human industry and agriculture have

aggravated diurnal pH variations in coastal waters (Egilsdottir
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et al., 2013). Qu et al. (2017) demonstrated that under diurnal

pH fluctuation conditions, from approximately 7.83 to

approximately 8.44, the adverse effects of acidity (H+) on the

photosynthetic performance of the red macroalga Gracilaria

lemaneiformis cultivated under high-density conditions that

resulted from the CO2 uptake was relatively small. Therefore,

the diurnal variability of pH occurring in marine ecosystems is

a non-negligible environmental factor affecting the growth and

metabolic processes of marine organisms in current oceans and

may have characteristic implications for predicting the

responses of marine calcifiers to OA in the future

(Cornwall et al., 2013). The capacity of marine calcifiers to

resist significant diurnal pH/pCO2 fluctuations may be a result

of short-term acclimation (due to the phenotypic plasticity of

the individual) and/or long-term adaptation (genetic

endowment by the population) (Egilsdottir et al., 2013). For

instance, Martin and Gattuso (2009) reported that the reduced

calcification rate of coralline alga Lithophyllum cabiochae was

observed under elevated pCO2 conditions after 1 month, but no

obvious effects were observed after acclimatization for 1 year.

Thus, to accurately predict how climate changes will affect

marine organisms, it is essential to preferentially determine the

present detailed effects of specific environmental variabilities

on marine species at both local and larger regional scales

(Cornwall et al., 2013; Reusch and Boyd, 2013).

Halimeda species may be sensitive to highly variable

environments . Teichberg et a l . (2013) found that

photosynthetic pigment concentrations in Halimeda opuntia

were usually higher in deep than shallow waters to enhance

light acquisition in areas having low light conditions, whereas

carotenoids play a role in photoprotection for mitigating light

stress. These phenomena have also been widely found in

macroalgae that grow in tropical shallow waters (Beach et al.,

2003). To date, however, there are limited studies on how daily

fluctuations in pCO2 (pH) within shallow ecosystems influence

the growth and physiological performance of marine calcifiers,

including Halimeda species. Therefore, the purpose of the

present study was to examine how abiotic responses of

Halimeda to OA are influenced by diurnal fluctuations in

seawater pCO2 (pH). It has been hypothesized that (1) periods

of relatively lower CO2/higher pH may ameliorate negative

influences of OA on marine calcifiers to some degree, by

providing short rest intervals that may be beneficial to their

calcification (Hurd et al., 2011; Dufault et al., 2012), or (2)

amplify the negative effects of OA on biotic performance owing

to the extreme mean decreases in pH, especially during the night

(Cornwall et al., 2013). These physiological descriptions of

accurately mimicked laboratory incubation experiments will

provide a better understanding of the responses of marine

calcifying organisms to future global climate change-mediated

alterations in pH levels.
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Materials and methods

Monitoring in situ pH fluctuations and
sample collection

For a description of the pH fluctuations at the Halimeda

community sampling site located in the Xisha Islands, South

China Sea (9.53°–9.60° N, 115.34°–115.46° E), pH values were

monitored at 6:00 and 18:00 daily for 30 days (June 1 to 30,

2021) using a YSI meter (YSI Professional Plus, Yellow Springs,

OH, USA). The average pH values within the Halimeda

community at 6:00 and 18:00 were 8.43 and 7.63, respectively,

indicating that the pH variability ranged by 0.80 units during the

in situ monitoring period (Figure 1) and contributed to our

subsequent experiment design (as described in 2.2). Afterwards,

thalli of H. opuntia were sampled in a fore reef lagoon at depths

ranging from 1.5–2.5 m and then transported back to the

laboratory. To acclimatize the macroalgae to the experimental

conditions, they were gently rinsed with filtered seawater and

maintained in a large mesocosm tank (2, 000 L) that received a

constant fresh sandy-filtered seawater (~45 L/min) under

controlled conditions (approximately 27°C, 32 PSU, pH ~8.1,

and 80 mmol photons m−2 s−1 with a 12-h: 12-h day: night cycle)

for 3 weeks (Hofmann et al., 2014). Irradiance intensities were

created using a combination of white FMW39TS and blue

FMB5AT5 light bulbs (Arcadia, Redhill, UK) (Wei et al.,

2020a). During the acclimation period, H. opuntia samples

turned healthy green, indicating that subsequent experiments

could be undertaken.
Experimental design and treatments

After the monitoring in situ pH fluctuations and initial

acclimation period, H. opuntia individuals were randomly

subjected to experimental manipulations of two static pCO2

levels combined with two fluctuating pCO2 levels within

aquaria for 42 days (July 1 to August 11, 2021). For each

treatment, there were eight algal thalli [110–120 g fresh weight

(FW) in total] in one aquarium (30 L), and three biological

replications were prepared per treatment. All the individuals

were evenly spaced across the bottom of each aquarium to

avoid self-shading, and the 0.45-mm-filtered seawater was

replaced every 3 days. The pCO2 (OA) was elevated by

bubbling pure CO2 mixed with ambient air automatically

into the seawater in each aquarium (CE100C, Wuhan Ruihua

Instrument and Equipment Ltd., Wuhan, China). The static

elevated pCO2 (OA-ST) was set at 1,200 ppmv, which is the

level predicted under extreme conditions by year 2100

(Caldeira and Wickett, 2005). The fluctuations in the

elevated pCO2 concentration treatment (OA-FT) were 450
frontiersin.org
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ppmv and 1,800 ppmv during day and night times,

respectively. The static ambient pCO2 concentration (AM-

ST) was the current local pCO2 level (approximately 450

ppmv), whereas the fluctuation in the ambient pCO2

treatment (AM-FT) during day time was set at 100 ppmv,

which was achieved by bubbling post-CO2 mixed with ambient

air, and the pCO2 during the night time was set at 1,200

ppmv (Table 1).
Monitoring experimental conditions

To ensure the continuity of the culture conditions among

treatments, seawater column chemistry monitoring was
Frontiers in Marine Science 04
conducted daily at the end of the light (18:00) and dark

(06:00) periods during the 42-day experiment. Seawater

temperature (°C) and salinity (PSU) were determined using a

handle YSI meter. The pHNBS valves were obtained using an

S220 pH electrode (Thermo Scientific Orion, Waltham, MA,

USA) and corrected with standard buffer solution (pH 7 and 10).

Total alkalinity (TA) in each aquarium was measured daily using

the Gran titration method and corrected by alkalinity reference

materials (CRM; Andrew Dickson Lab, Scripps Institute of

Oceanography) (Metrohm 877 Titrino Plus, Titrando®

Metrohm USA, Inc.) (Dickson et al., 2007). Measured seawater

parameters (salinity, temperature, pHNBS, and TA) were used to

calculate the levels of dissolved inorganic carbon components

using the Excel program CO2SYS (Pierrot et al., 2006).
TABLE 1 Experimental design of static (ST) and fluctuated (FT) current ambient pCO2 (AM), as well as elevated pCO2 (ocean acidification, OA) levels.

Treatments pHNBS predicted pCO2 set (ppmv)

AM-ST 8.10 Daytime: 450
Night-time: 450

AM-FT 8.10 ± 0.40 Daytime: 100
Night-time: 1200

OA-ST 7.70 Daytime: 1200
Night-time: 1200

OA-FT 7.70 ± 0.40 Daytime: 450
Night-time: 1800
FIGURE 1

The pH measurements at 6:00 and 18:00 daily over 30 days at an average depth of 2.0 m (1.5–2.5 m) from the sampling site located in the
South China Sea.
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Growth and calcification rates

The relative growth rate (RGR, % d−1) of H. opuntia was

calculated in accordance with the following formula (Wei et al.,

2021):

RGR = lnWt –  lnWt−42ð Þ=42½ � � 100,

whereWt andWt-42 represent the FWs obtained on the 42nd

and 1st days, respectively, and 42 represents the time interval

between the two sampling days.

The instantaneous net calcification rates (Gnet) was estimated

using the alkalinity anomaly technique on the 42nd day (Campbell

et al., 2016). The algal fragments (5.0 g) were incubated in acrylic

transparent bottles (1.0 L) containing filtered seawater under four

experimental conditions with an electro-magnetic stirrer. The

calculation of Gnet was based on the changes in TA after an 8-h

incubation using the following equation:

Gnet = 0:5p� (TA0 –TAn)� V= FW � tð Þ,
where Gnet (mmol CaCO3 g FW−1 h−1) represents the net

calcification rate of whole thalli H. opuntia, p represents the

seawater density (1.025 kg L−1), TA0 and TAn represent the initial

TA and TA after n hours of culture (8 h), V represents the seawater

volume (1.0 L), and FW and t represent the algal fresh weight (5.0 g)

and incubation time (8 h), respectively. When Gnet > 0, calcification

occurs, whereas when Gnet < 0, dissolution in CaCO3

mineralogy occurs.
Fv/Fm and pigment contents

The photosystem II (PSII) maximum quantum yield (Fv/Fm)

value of H. opuntia was measured by a Diving-PAM II

fluorometer (Heinz Walz GmbH, Effeltrich, Germany). After

20 min of dark adaptation, Fv/Fm was obtained using red light as

the modulated light (5,000 mmol photons m−2 s−1, 0.6 s).

Together with photosynthetic performance, 200 mg FW of

fragment (n = 3) was sampled and immediately frozen in

liquid nitrogen for pigment content measurement. Samples

were finely ground in 10 ml 90% acetone and extracted at 4°C

for 24 h under dark conditions. Afterwards, the homogenate was

centrifuged at 4,000 rpm for 10 min (Eppendorf centrifuge 5810

R, Hamburg, Germany). The pigment contents, including

chlorophyll (Chl) a, b and carotenoid concentrations, were

measured using the supernatant, as described by Ritchie (2008).
Measurement of total carbon and total
nitrogen contents

The total organic carbon (TCorg) and total nitrogen (TN)

contents (dry weight, % DW) in Halimeda tissues subjected to
Frontiers in Marine Science 05
the four treatments were determined at the end of the

experiment. The samples (n = 3) were washed five times and

then dried to constant weight at 60°C. Afterwards, all the

samples were finely ground and determined by a CHN

Elemental Analyzer (Flash EA300, Thermo Scientific,

Milan, Italy).
Measurement of enzyme activities

Samples (200 mg FW of each, n = 3) used to determine

enzymatic activities, external carbonic anhydrase activity

(eCAA) and nitrate reductase activity (NRA), were collected at

the end of the experiment. The algal fragments were ground in

5.0 mL 20-M veronal buffer (pH 8.3) for eCAA and 0.1 M

phosphate buffer (pH 7.5) for NRA. The eCAA and NRA levels

in the supernatant were determined using algal enzymatic ELISA

Kits (Mlbio, Shanghai, China) following the appropriate

manufacturer’s instructions. Both enzyme activities were

corrected using an optical density (OD) standard curve.
Soluble carbohydrate, malondialdehyde,
proline and free amino acids

For the determination of the algal soluble carbohydrate (SC)

content, 200 mg FW of each sample was collected and ground in

10 ml filtered seawater. After 10 min of centrifuging (5,000 rpm), the

SC level in the supernatant was determined using the phenol−sulfuric

acid method (Kochert, 1978). The malondialdehyde (MDA)

occurrence was measured because it is a potential indicator of lipid

peroxidation encountered after environmental stresses (Wei et al.,

2020c). In total, 500 mg FW of algal tissues was sampled and ground

in 10 ml of 10% trichloroacetic acid, and then centrifuged at 4, 000

rpm for 10 min. The supernatant was collected and MDA was

measured as described by Hodges et al. (1999).

To obtain further insights into the algal physiological

regulation after exposure to diurnal fluctuations in seawater

pCO2, the proline and free amino acids (FAAs) were analyzed

for maintaining the photosynthetic system functioning and

protecting the membranes from various damages (Wei et al.,

2020a). At the end of the experiment, 500 mg FW of algal tissue

for proline was weighed and finely ground in 5 ml 3%

sulfosalicylic acid. The homogenate was shaking for 10 min

under 100°C conditions. After 10 min of centrifugation (3,000

rpm), the proline content was measured in the supernatant as

described by Shan et al. (2007). To determine FAAs, 200 mg FW

of each sample was ground in 5 ml PBS buffer (pH 7.4), and

FAAs was measured in the supernatant of the aqueous extract

using an algal FAAs ELISA Kit (Mlbio, Shanghai, China), as

described in the manufacturer’s instructions.
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Statistical analyses

All the data in this study were presented as a triplicate mean ±

standard deviation (mean ± SD) (n = 3). The figures were created

using Origin 8.0 software (Origin Lab Corp., Northampton, MA,

USA). All the statistical analyses were conducted using IBM SPSS

Statistics 20 software (SPSS Inc., Chicago, IL, USA). A one-way

analysis was conducted to determine the differences among the four

treatments. Tukey’s Honestly Significant Differences was used to

make post hoc comparisons (95% confidence level). Differences by

different uppercase and lowercase letters in Figure 2–7 were

considered to be significant at P < 0.05 and extremely significant

at P < 0.01.
Results

Seawater monitoring

The average pHNBS values in static ambient pCO2 and elevated

pCO2 were 8.10 ± 0.01 and 7.71 ± 0.01, respectively, regardless of

day or night time, whereas the average pHNBS values for the two

fluctuating pCO2 levels were 8.43 ± 0.01 and 7.72 ± 0.02 (P < 0.01),

respectively, in day time and 8.08 ± 0.01 and 7.42 ± 0.02 (P < 0.01),

respectively, in night time. Nevertheless, the elevated pCO2 altered

the DIC components and aragonite saturation state (WArag) in

seawater (P < 0.01). In contrast with static ambient (AM-ST) pCO2

treatments, the mean CO2 and HCO−
3 concentrations in static
Frontiers in Marine Science 06
elevated (OA-ST) pCO2 treatments increased from 14.6–15.3 mmol

kg–1 to 39.9–41.5 mmol kg–1 and 1,898.7–1,940.8 mmol kg–1 to

2,172.2–2,196.0 mmol kg–1, respectively, whereas CO2−
3

concentrations decreased from 184.2–185.9 mmol kg–1 to 87.4–

88.1 mmol kg–1 (P < 0.01). The average CO2, HCO
−
3 and CO2−

3

concentrations in fluctuated ambient (AM-FT) and elevated (OA-

FT) pCO2 treatments differed significantly among treatments, as

well as between day and night times (P < 0.01) (Table 2). TheWArag

values were lower in elevated pCO2 treatments, ranging from 0.72 to

1.44, and the highest WArag values were obtained in AM-FT during

the day time (5.47 ± 0.18).
Growth and calcification rates of
H. opuntia

After 42-day experimental exposure, the elevated pCO2 and

daily fluctuations in the pCO2 of seawater had significant effects

on the growth rate of H. opuntia (Figure 2). The highest RGR

was recorded in AM-ST, at 0.266% ± 0.012% d−1. The RGR

under elevated pCO2 conditions decreased by 22.02%–44.57% in

contrast with those in AM-ST. Notably, daily fluctuating pCO2

amplified the negative effects on growth rates at two pCO2

concentration levels. In addition, the RGR values in AM-FT

(0.226% ± 0.009% d−1) and OA-ST (0.218% ± 0.011% d−1) were

not significantly different (P > 0.05) (Figure 2).

The Gnet differed significantly among the four treatments

under both light and dark conditions (P < 0.05) (Figure 3).
FIGURE 2

The relative growth rates (RGR, % d−1) of Halimeda opuntia (mean ± SD, n = 3) exposed to the four treatments for 42 days (AM, ambient pCO2

concentration; OA, ocean acidification; ST, static; FT, fluctuating). Significant differences among the treatments are indicated by different
uppercase and lowercase letters, respectively (Tukey’s test, P<0.05).
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Under light conditions, the greatest net calcification levels

occurred in the four treatments. The Gnet of H. opuntia in

AM-ST, AM-FT and OA-FT did not change significantly,

ranging from 0.897 to 1.303 mmol CaCO3 g FW−1 h−1 (P >

0.05). The lowest Gnet values were obtained in OA-ST (0.624 ±

0.124 mmol CaCO3 g FW−1 h−1) owing to the elevated pCO2.

Under dark conditions, the greatest net dissolution in CaCO3

mineralogy occurred, as shown in Figure 3. The lowest

dissolution rate (–0.114 ± 0.054 mmol CaCO3 g FW−1 h−1) was

measured in AM-ST. However, elevated pCO2 amplified the

negative CaCO3 dissolution rate, and the greatest dissolution

rate was –0.517 ± 0.139 mmol CaCO3 g FW
−1 h−1 in OA-FT after

dark exposure.
Chlorophyll fluorescence and pigment
contents

There were significant direct effects of elevated pCO2 and

daily fluctuating pCO2 on Fv/Fm and Chl-a content (P < 0.05).

The lowest Fv/Fm was in AM-FT, with a mean value of 0.562 ±

0.005. Compared with the Fv/Fm (0.630 ± 0.006) in AM-ST,

elevated pCO2 decreased the Fv/Fm to the 0.614–0.618 range

(Figure 4A). Similar to the Fv/Fm variations, the lowest Chl-a

content was in AM-FT, with a mean value of 175.79 ± 12.62 mg
g−1 FW, and there were no obvious Chl-a variations in the other

three treatments (194.33–225.61 mg g−1 FW) (Figure 4B). Across

all the treatments, photosynthetic Chl-b and carotenoid contents
Frontiers in Marine Science 07
were not notably influenced, having 134.99–157.49 mg g−1 FW

and 75.33–87.78 mg g−1 FW ranges, respectively (Figures 4C, D).
Tissue total carbon (TCorg) and nitrogen
(TN) contents

Total organic carbon (TCorg) and total nitrogen (TN) in H.

opuntia tissues were significantly affected by elevated pCO2 and

daily fluctuating pCO2 (P < 0.05) (Figure 5). There were no

notable differences between the ambient pCO2 treatments,

regardless of static or fluctuating pCO2 concentrations (P >

0.05). However, an elevated pCO2 significantly stimulated TCorg

accumulation by 8.93%–24.62% compared with the average

TCorg in both AM treatments. The highest TCorg content

occurred in OA-ST (17.79% ± 0.77% DW). The TN contents

did not significantly vary among the AM-ST, AM-FT and OA-

ST treatments (1.28%–1.39% DW) (P > 0.05), but it significantly

decreased in OA-FT to 0.98% ± 0.07% DW (P < 0.01) (Figure 5).
Enzymatic activities (carbonic anhydrase
and nitrate reductase)

There were no obvious effects of static and fluctuating pCO2 on

the eCAA among the four treatments (3.280–3.828 IU mg−1 FW)

(P > 0.05) (Figure 6). Compared with the (NRA in H. opuntia

tissues incubated under ambient pCO2 conditions (2.535–2.784 pg
FIGURE 3

The net calcification rates (Gnet, mmol CaCO3 g FW−1 h−1) of Halimeda opuntia (mean ± SD, n = 3) under light and dark conditions after exposure to four
pCO2 treatments for 42 days. Significant differences among the treatments are indicated by different uppercase and lowercase letters, respectively
(Tukey’s test, P<0.05).
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FIGURE 4

Variations in photosynthetic maximum quantum yields (Fv/Fm) (A) and in chlorophyll (Chl)a (B), b (C) (mg g−1 FW) and carotenoid (Car., mg g−1 FW)
contents (D) of Halimeda opuntia (mean ± SD, n = 3) in four pCO2 treatments. Significant differences among the treatments are indicated by
different uppercase and lowercase letters, respectively (Tukey’s test, P<0.05).
FIGURE 5

Variations in tissue total organic carbon (TCorg, % DW) and nitrogen (TN, % DW) from the tissues of Halimeda opuntia (mean ± SD, n = 3) in four
pCO2 treatments. Significant differences among the treatments are indicated by different uppercase and lowercase letters, respectively (Tukey’s
test, P<0.05).
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mg−1 FW), the NRA decreased under both static and fluctuating

elevated pCO2 conditions by 16.63%–34.01%, and the lowest NRA

was obtained in OA-FT, having an average value of 1.984 ± 0.298 pg

mg−1 FW (P < 0.05) (Figure 6).
Soluble carbohydrate, malondialdehyde,
proline and free amino acids contents

The soluble cellular compositions were significantly affected

by elevated pCO2 and daily fluctuations (P < 0.01) (Figure 7). The

SC level decreased by 32.38%–67.65% under elevated and

fluctuating pCO2 conditions, compared with the SC in AM-ST,

and the lowest average SC content occurred in AM-FT at 2.12 ±

0.01 mg mg−1 FW (P < 0.01) (Figure 7A). Under elevated pCO2

conditions (OA-ST), the MDA content increased to 2.74 ± 0.04 mg
mg−1 FW (P < 0.01). Moreover, fluctuating pCO2 amplified the

effects of abiotic stress onMDA, which increased to 3.98 ± 0.05 mg
mg−1 FW and 3.69 ± 0.06 mg mg−1 FW in AM-FT and OA-FT,

respectively (Figure 7B). The proline levels increased notably

under elevated and fluctuating pCO2 conditions (P < 0.01). The

lowest average proline contents was obtained in AM-ST (2.24 ±

0.06 mg mg−1 FW), whereas the highest proline content occurred

in OA-FT (4.31 ± 0.08 mg mg−1 FW) (Figure 7C). The FAA

content significantly increased in the elevated pCO2 treatment

(OA-ST, 3.19 ± 0.09 mg mg−1 FW) compared with in AM-ST (2.50

± 0.06 mg mg−1 FW). Furthermore, the effects on FAA were

enhanced by the two fluctuating pCO2 levels (P < 0.01), and the
Frontiers in Marine Science 09
highest average FAA content occurred in OA-FT (4.46 ± 0.05 mg
mg−1 FW) (Figure 7D).
Discussion

The anthropogenic elevation of atmospheric CO2 induced

OA, and a lower aragonite saturation (WArag) has been widely

reported to negatively affect the growth and calcification

processes of marine calcifiers (Campbell et al., 2016; Wei et al.,

2020a). Our results demonstrated that the effects of OA were

increased by the adverse influence of elevated acidity (H+) on

growth rates, calcification, photosynthesis and the related biotic

performance of H. opuntia compared with the positive effects of

a higher CO2 level. Moreover, diurnal fluctuations in pCO2 levels

(with a higher pH during the day time and a lower pH during the

night time) amplified these negative influences on H. opuntia.

Similar with our previous study, the growth rates of Halimeda

cylindracea and Halimeda lacunalis decreased significantly by

6.84%–86.70% under elevated pCO2 (1,000–1,600 ppmv)

conditions (Wei et al., 2020a). In contrast with non-calcifying

macroalgae, such as G. lemaneiformis (higher pCO2-grown

plants), the increased pCO2 under OA conditions alleviates

dissolved carbon limitations and leads to an enhancement in

RGR (Zou et al., 2004). In this study, H. opuntia exhibited

negative growth owing to the extremes in the elevated pCO2

variations. Because the photosynthetic rate of this alga has been

completely saturated at the present seawater pCO2 (Zou et al.,
FIGURE 6

Mean (± SD, n = 3) external carbonic anhydrase activity (eCAA, IU mg−1 FW) and nitrate reductase activity (NRA, pg mg−1 FW) levels in four pCO2

treatments after a 42-day incubation. Significant differences among the treatments are indicated by different uppercase and lowercase letters,
respectively (Tukey’s test, P<0.05).
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2004), the negative effects of elevated pCO2 were mostly

attributed to the decreased pH, which disturbs the acid–base

balance on the cell surface (Flynn et al., 2012). Subsequently,

more metabolic energy has to be expended to resist this

interference, resulting in a reduced growth rate (Xu et al., 2017).
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The Gnet of H. opuntia was adversely affected by elevated

pCO2, which was in keeping with the results of previous studies.

Wei et al. (2020a) reported that the Gnet values of H. cylindracea

and H. lacunalis decrease by 51.78%–62.29% owing to high pCO2

conditions (1,000–1,600 ppmv). Similarly, Campbell et al. (2016)
B
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FIGURE 7

Variations in soluble carbohydrate (SC, mg mg−1 FW) (A), malondialdehyde (MDA, mg mg−1 FW) (B), proline (mg mg−1 FW) (C) and free amino acids
(FAA, mg mg−1 FW) (D) contents of Halimeda opuntia (mean ± SD, n = 3) in four pCO2 treatments after a 42-day incubation. Significant
differences among the treatments are indicated by different uppercase and lowercase letters, respectively (Tukey’s test, P<0.05).
TABLE 2 Measured seawater parameters of pH (NBS scale), total alkalinity (TA), salinity and temperature, as well as the calculated carbon

chemistry of dissolved inorganic carbon (DIC) components (CO2, HCO3 and CO2
3) using CO2SYS (Pierrot et al., 2006) in each treatment

determined at the end of each light (18:00) and dark (06:00) period during the 42-day experiment.

Treatments pHNBS Temperature(°C) TA(mmol kg-1) CO2(mmol kg-1) HCO−
3(mmol kg-1) CO2−

3 (mmol kg-1) WArag

AM-ST Day 8.09 ± 0.01 27.1 ± 0.0 2384 ± 16 15.3 ± 0.2 1940.8 ± 3.5 184.2 ± 1.2 3.01 ± 0.19

Night 8.10 ± 0.01 27.0 ± 0.1 2388 ± 17 14.6 ± 0.1 1898.7 ± 2.5 185.9 ± 0.8 3.03 ± 0.18

AM-FT Day 8.43 ± 0.01 27.0 ± 0.0 2411 ± 18 5.77 ± 0.3 1601.8 ± 3.1 335.2 ± 0.9 5.47 ± 0.18

Night 7.72 ± 0.02 27.1 ± 0.1 2384 ± 15 40.2 ± 0.5 2172.2 ± 2.4 88.1 ± 1.3 1.44 ± 0.09

OA-ST Day 7.71 ± 0.01 27.0 ± 0.1 2406 ± 19 41.5 ± 0.6 2196.0 ± 3.7 87.4 ± 1.1 1.43 ± 0.07

Night 7.72 ± 0.01 27.0 ± 0.0 2394 ± 17 39.9 ± 0.4 2161.4 ± 2.3 88.3 ± 1.7 1.44 ± 0.06

OA-FT Day 8.08 ± 0.01 27.0 ± 0.1 2417 ± 10 15.9 ± 0.3 1974.7 ± 1.8 184.0 ± 2.1 3.01 ± 0.14

Night 7.42 ± 0.02 27.1 ± 0.0 2379 ± 18 86.5 ± 0.7 2243.3 ± 2.7 43.9 ± 0.8 0.72 ± 0.03
fron
Data are the means ± SDs of three measurements.
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also demonstrated that the calcification rates of H. opuntia and

Halimeda simulans decline by 15% and 50%, respectively, owing

to high pCO2 concentration (2,400 ppmv). However, other

influences were verified for some calcareous organisms, which

displayed inconspicuous changes to cope with elevated pCO2. For

instance, Ries et al. (2009) highlighted that the Gnet of Halimeda

incrassata only decreases under extremely high pCO2 (2593

ppmv) conditions, with a WArag value of 0.9. Such differences

may be attributed to species-specific acclimation and anti-stress

capabilities (Campbell et al., 2016; Wei et al., 2020a, c). The CO2

enrichment-loweredWArag contributes to the dissolution ofmicro-

anhedral calcareous structures among algal interutricular spaces,

especially during dark incubation periods (Andersson et al., 2009).

This may cause Halimeda to be more susceptible and

decomposable than other species (Hofmann et al., 2014). The

greatest net dissolution of a calcareous interutricular structure was

recorded during a dark period under higher pCO2 conditions

owing to a low WArag and algal respiration (Raven, 2011). This is

consistent with previous findings that CaCO3 dissolution occurs

in coralline algal species during dark periods, such as in Corallina

pilulifera incubated at 1,600 ppmv (Gao et al., 1993) and in

Lithothamnion glaciale grown at 700 ppmv (Budenbender et al.,

2011). This addresses the critical influence ofWArag status on algal

mineralogy (Wei et al., 2020a).

An elevated pCO2 concentration in surface seawater can

promote the photosynthetic processes for some non-calcifying

macroalgae, such as G. lemaneiformis (Wei et al., 2021), Pyropia

haitanensis (Chen et al., 2017), Hizikia fusiformis (Zou et al.,

2011) and G. chilensis (Gao et al., 1993), owing to the increased

availability of DIC resources. Nevertheless, here, H. opuntia

showed a negative PSII photochemical efficiency (Fv/Fm) in

response to the effects of OA and daily shifts in pCO2 (pH),

which may be caused by the slightly increased the eCAA under

high pCO2 conditions. This suggested that CO2 concentration

may increase in the periplasmic space and lead to enhancement

of DIC uptake from environment, although reduced

intracellular Ci (DIC) pools (Raven et al., 2012) and poorly

passive CO2 diffusion (Elzenga and Prins, 1989; Miedema and

Prins, 1991). Similar conclusions have been made for other

Halimeda species. Sinutok et al. (2012) found notable declines

(50%–70%) of Fv/Fm values in Halimeda macroloba and H.

cylindracea after a 35-day exposure to elevated pCO2 condition

(1,200 ppmv, WArag: 1.97 ± 0.02). Concurrently, a decline in the

Chl-a contents under static/fluctuating low pH conditions

indicated the down-regulation of Chl accumulation or

pigment degradation, whereas there were limited effects of

elevated pCO2 on Chl-b and carotenoid contents. The lack of

changes in photosynthetic performance and pigment contents

in H. opuntia under fluctuating OA condition was most

probably owing to 1) their high tolerance and increased

retention of phenotypic plasticity to the dramatic variations in

pCO2 (pH), because they regularly experience daily fluctuations

in pH in the coastal regions; and/or 2) a higher daytime pH,
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which provides a period of suitable conditions for macroalgal

photosynthesis (Cornwall et al., 2013).

An elevated/fluctuating pCO2 is predicted to modulate TCorg

and TN accumulations in H. opuntia tissues. The changes in

TCorg and TN contents may be due to variations in the

characterizations of enzymatic activities (Wei et al., 2021). At

static higher pCO2 levels, the eCAA in chloroplast slightly

increased (although there was no statistically significant

difference), and this may accelerate the interconversion

between CO2 andHCO−
3 , guaranteeing soluble carbohydrate

synthesis at the carboxylation site (Vidal-Dupiol et al., 2013).

Meanwhile, the SC synthesis was enhanced by the positive effects

of eCAA activity, which played a role in an improvement in the

irradiance harvesting capacity and up-regulation of the

photosynthetic electron transport chain (Van Oijen et al.,

2004). Moreover, a discrepancy in the average NRA was

negatively influenced by diurnal fluctuating pCO2, leading to a

noticeable decrease in N accumulations in algal tissues

(Figure 6). When NRA decreases, variations in elevated pCO2

can promote the ammonium to nitrate conversion process,

leading to the formation of glutamine and thereby inhibiting

NRA (Stitt and Krapp, 1999). Such a response would demand

less energy for the formation of ammonium than nitrate and

allow this macroalga to allocate more energy for regulating

eCAA and C acquisition (Losada and Guerrero, 1979; Syrett,

1981). These findings indicate that the elevated pCO2 caused

modifications in algal C vs. N metabolism, and the increased

variability in pCO2 amplified these influences, which was

confirmed by eCAA and NRA driven activities.

The MDA content is used to evaluate lipid peroxidation

levels in cell systems (Hodges et al., 1999). Under elevated pCO2

conditions, H. opuntia displayed greater oxidative lipid

degradation associated with higher MDA contents, and this

adverse physiological performance was amplified in both

fluctuating pCO2 treatments. This was in agreement with the

decreased algal growth and lower photosynthetic activity (Fv/Fm)

levels. The SC synthesis declined sharply under elevated and

fluctuating pCO2 conditions due to the depression of PSII

activities (Wei et al., 2021), which would in turn down-

regulate the irradiance harvesting capacity and photosynthetic

activities (Van Oijen et al., 2004). Therefore, it is essential for H.

opuntia to undergo appropriate adjustments to cope with the

elevated pCO2 pressure (Wei et al., 2020a; Wei et al., 2020c; Wei

et al., 2021). Our findings indicate that soluble organic molecules

(FAAs and proline) are highly secreted and likely linked to

protecting the integrity of cellular structures (Sun et al., 2013;

Chen et al., 2018; Wei et al., 2020a; Wei et al., 2020c). Thus, as

the experiment progressed, greater contents of proline and FAA

were obtained in OA, and these effects were strengthened under

the two fluctuating pCO2 conditions, which played a positive

role in maintaining the photosynthetic system’s function and in

protecting membrane integrity (Xiong et al., 2002). This

explanation is corroborated by a previous analysis by Wei
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et al., (2020a); Wei et al., 2021), who suggested that these

modifications give rise to the internal re-partitioning of C and

N in Halimeda tissues.

In summary, this study attempted to mimic in situ pH

(pCO2) changes, and it demonstrated that a static elevated

pCO2 level has adverse effects on the growth, calcification,

photosynthesis and other C vs. N metabolic activities of H.

opuntia. Moreover, diurnal fluctuations in pCO2 amplified these

negative influences of OA, especially during the night time.

Under the stress of elevated and/or fluctuating pCO2, higher

MDA contents were obtained, which indicates that the cellular

membranes were damaged. This generated a dynamic balance in

H. opuntia incubated under environmental stress conditions,

and it is reasonable to suggest that high contents of proline and

FAA, in combination with related-enzymatic activities, play

positive roles in protecting cellular structures and mitigating

adverse influences. The results of the present study increase our

understanding of the biological consequences of pH (pCO2)

variability on specific marine calcifiers and their physiological

plasticity under future OA conditions.
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