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A B S T R A C T   

The toxicity of heavy metals to coastal organisms can be modulated by changes in pH due to progressive ocean 
acidification (OA). We investigated the combined impacts of copper and OA on different stages of the green 
macroalga Ulva linza, which is widely distributed in coastal waters, by growing the alga under the addition of Cu 
(control, 0.125 (medium, MCu), and 0.25 (high) μM, HCu) and elevated pCO2 of 1,000 μatm, predicted in the 
context of global change. The relative growth rates decreased significantly in both juvenile and adult thalli at 
HCu under OA conditions. The net photosynthetic and respiration rates, as well as the relative electron transfer 
rates for the adult thalli, also decreased under the combined impacts of HCu and OA, although no significant 
changes in the contents of photosynthetic pigments were detected. Our results suggest that Cu and OA act 
synergistically to reduce the growth and photosynthetic performance of U. linza, potentially prolonging its life 
cycle.   

1. Introduction 

As a result of the combustion of fossil fuels and deforestation, the 
CO2 concentration in the atmosphere rapidly increased from 280 in the 
preindustrial era to about 415 μatm today (https://www.co2.earth/). It 
is predicted to reach 1,000 μatm by the end of this century (https://www 
.ipcc.ch/reports/). The increased CO2 deposition into seawater will 
result in a pH decrease of 0.14–0.41 units by 2100 and 0.3–0.7 units by 
2300 (Doney et al., 2009), the so-called “ocean acidification” (OA). The 
input of large amounts of CO2 and their dissolution in seawater also lead 
to changes in the carbonate chemistry (Doney et al., 2009). 

While OA can affect many organisms (Ji and Gao, 2020), its effects 
on macroalgae can be positive, neutral, and negative in different stages 
of their life cycles and/or in combination with other factors (Xu and Gao, 
2012; Gao et al., 2016a, b; Qu et al., 2017; Bao et al., 2019; Yue et al., 
2019; Ji and Gao, 2020). Generally, fleshy macroalgae experience diel 
pH changes in coastal waters and can tolerate pH decreases associated 
with OA, and the increased CO2 availability can facilitate their growth 
(Gao et al., 1991; Xu and Gao, 2012). Such enhancement can be 

moderated by other factors, such as light levels and/or daytime length, 
temperature, and solar UV (Gao et al., 2010; Yue et al., 2019; Ji and Gao, 
2020; Wang et al., 2020). In waters surrounding CO2 seeps, green 
macroalgae grow well in the acidified seawater (Hall-Spencer et al., 
2008; Hall-Spencer and Harvey, 2019). However, relatively little is 
known about the combined impacts of OA and heavy metals, whose 
ionic properties might be altered by pH changes (MillerO et al., 2009; 
Richards et al., 2011; Hoffmann et al., 2012; Zeng et al., 2015). Plants of 
the genus Ulva increase their growth rates with enhanced electron 
transport and non-photochemical quenching, and the down-regulated 
CO2-concentrating mechanisms and enhanced photorespiration play 
important roles against acidic stress (Xu and Gao, 2012). However, with 
the addition of other stressors, their physiological performance can be 
altered. Gao et al. (2016a) showed that OA and light stress suppressed 
net photosynthetic rates of Ulva plants, and OA inhibited the growth of 
U. linza under nutrient limitation, which, however, rarely occurs in 
coastal waters (Gao et al., 2018). 

During the past half-century, along with the rapid economic devel-
opment, pollution with heavy metals such as mercury (Hg), copper (Cu), 
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lead (Pb), nickel (Ni), cadmium (Cd), zinc (Zn), and iron (Fe) have 
become a global concern (Andrade et al., 2004; Iheanacho et al., 2017; 
Mirzaei et al., 2016). As they are persistent in the environment and toxic 
(Leusch et al., 1995), they cause severe damage to aquatic organisms 
and affect human beings health through the food chain (Ndu et al., 
2016). Macroalgae are mainly distributed in coastal waters and can be 
sensitive to heavy metal pollution (Naser, 2013; Ismail and Ismail, 
2017). Among the above-mentioned heavy metals, Cu is a common 
contaminant in marine environments and has become a local stressor 
(Boyer and Brand, 1998). According to previous studies, the Cu con-
centration is 0.02 μM in the natural seawater (Gao et al., 2017), with a 
maximum of 1.01 μM (Figueira et al., 2016). In another study, Ulva 
intestinalis accumulated high levels of Cu, followed by Pb, Zn, Cr, and Cd 
(Baumann et al., 2009). In the green tide alga Ulva prolifera, the Cu ion 
concentration in seawater of 0.50 mg L− 1 significantly decreased 
photosynthesis and growth, causing morphological abnormalities (Gao 
et al., 2017). 

In recent years, the impacts of OA on marine organisms and eco-
systems had been a topic of global concern, especially in the context of 
multiple driver effects (Gao et al., 2012, 2019; Schlüter et al., 2016; 
Kang et al., 2021). Sensitivities to OA may differ among species and even 
among life stages of the same species (Isari et al., 2015). Ulva linza, one 
of the most common green algae, played an important role in the food, 
chemical, and pharmaceutical industries (Koch et al., 2013) and was 
used a raw material for bioremediation and biofuel feedstock (Shi et al., 
2017; Golubkov et al., 2018). It reproduces throughout the year, with 
faster germination from its spores during May–July in the northern part 
of China. While juvenile stage of some brown macroalgae was more 
sensitive to OA when also subjected to other stressors (Ji and Gao, 
2020), OA and warming inhibited the early development of the giant 
kelp Macrocystis pyrifera, lowering germination rates and increasing 
spore mortality (Gaitán-Espitia et al., 2014). The 2013 IPCC report 
indicated that the average global and ocean temperature has increased 
by 0.85 ◦C from 1880 to 2012 (Stocker et al., 2014). On a global scale, 
the most significant ocean warming occurred in the ocean surface water 
(above 75 m). From 1971 to 2010, the ocean surface (above 75 m) 
temperature has increased by 0.11 ◦C, and it is expected that by the end 
of this century, the sea surface temperature will increase by 1.2–3.2 ◦C. 

Against this background, we took Cu as an additional stressor to 
investigate the combined effects of OA and heavy metals. Since the 
toxicity of Cu differs at different pH levels, pH decrease along with 
elevated CO2 concentrations can affect algal responses (Gao et al., 
2017). Therefore, we hypothesized that the combination of OA and Cu 
can reduce Ulva linza growth, in particular when in the juvenile stage. 
We tested this hypothesis by growing U. linza under different levels of Cu 
and CO2, measuring its growth rate, photosynthetic rate, and pigment 
content after 17 days. 

2. Materials and methods 

2.1. Sample collection and culture conditions 

Ulva linza was collected from the intertidal zone of Liandao Island 
(119.3 ◦E, 34.5 ◦N), Lianyungang, Jiangsu Province, China, in January 
2017. The sampled healthy thalli were cleaned with filtered sterile 
seawater and then precultured in an intelligent illumination incubator 
(Jiangnan GXZ-300C, Ningbo, China). Filtered sterile seawater, with 60 
μM NaNO3 and 8.0 μM NaH2PO4, was used to culture the thalli. The 
photosynthetically active radiation in the incubator was 150 μmol 
photons m− 2 s− 1 (12 h:12 h), at a temperature of 20 ◦C. The natural 
seawater was sourced from the sampling point, and the supplemented 
nutrient content was similar to the seawater in terms of nitrogen and 
phosphorus levels. The seawater in the glass bottles was renewed every 
two days. After the thalli had released spores, these were inoculated 
onto glass slides and cultured under preculture conditions. Subse-
quently, the thalli were treated with different Cu concentrations 

(control, LCu; 0.125, MCu; and 0.25 μM, HCu) and two CO2 concen-
trations (atmospheric CO2 concentration, 415 μatm, LC; high CO2 con-
centration, 1,000 μatm, HC) for long-term experiments over 17 d. The 
Cu concentration was 0.02 μM in the natural seawater, which was used 
as control without adding CuSO4. The Cu concentrations were selected 
according to Gao et al. (2017) and measured by inductively-coupled 
plasma atomic emission spectrometry (ICP-AES) (AA240FS, Varian, 
California, USA). The method of testing Cu complied with the regula-
tions to reduce the risk of metal contamination (Leal et al., 2016). The 
415-μatm CO2 was prepared by pumping atmospheric air, and 1, 
000-μatm CO2 was achieved by a CO2 plant chamber (HP1000G-D, 
Wuhan Ruihua Instruction and Equipment Ltd., Wuhan, China). In the 
LC and HC cultures, we maintained pH levels of 8.18 and 7.83, respec-
tively; variations remained below 0.05. Thalli lengths shorter than 1 cm 
defined the juvenile stage, and thalli lengths exceeding 1 cm indicated 
the adult stage. Over time, the branches of the thalli increased, and the 
length could not be measured anymore; this stage was regarded as the 
late adult stage. The biomass density of thalli was adjusted for each 
treatment to maintain the stability of the carbonate system. Each 
treatment contained three replications. 

2.2. Measurement of growth 

At the juvenile stage, the length was measured via a microscope (DM 
500, Leica, Germany) with a stereo camera. When the length of the algae 
was beyond 1 cm, the thalli were removed from the glass slides, and 
their lengths every 2 days using a ruler. At about 10 days, when the algae 
had grown to 1 cm, the calculated relative growth rate (RGR) was 
determined for the juvenile stage. When the length exceeded 1 cm at 
about 15 or 17 days, and the RGR showed a stable trend, the adult stage 
was reached. At the late adult growth stage, the relative growth rate 
(RGR) was also calculated by measuring the fresh weight of the algae, 
using the following equation:  

RGR = 100 × (In Lt - In Lo) / t, or RGR = 100 × (In Mt - In Mo) / t,     (1) 

where Lo or Mo represents the initial length or fresh weight of the algae, 
respectively, and Lt or Mt represents the length or fresh weight of algae 
after t days, respectively. 

2.3. Photosynthesis and respiration measurements 

The net photosynthetic rate and the respiration rate of the algae were 
measured between 9:00 a.m. and 3:00 p.m. by a Clark-type oxygen 
electrode (YSI Model 5300A, YSI Incorporated, Yellow Springs, Ohio, 
USA). The thalli were cut into about 1-cm-long pieces and subjecting to 
the cultivation conditions described above for about 1 h to avoid cutting 
damage. Subsequently, thalli with a fresh weight of approximately 0.02 
g were transferred to a photosynthetic chamber containing 8 mL 
cultured seawater. The temperature and irradiance conditions were as 
described above. The measurement was conducted within 5 min. The 
oxygen decrease in the seawater was defined as the rate of respiration 
after dark acclimation for 2 min, as described for the measurement of 
photosynthesis rates (Xu and Gao, 2012). The oxygen increase in the 
seawater was defined as the net photosynthetic rate after an increase in 
light density. Light density was described as μmol photons m− 2 s− 1 and 
adjusted by a double-ended halogen lamp (500 w, 230 v, PHILIPS, 
Jiangsu, China). 

A photosynthesis-irradiation curve (P-E curve) was also obtained 
during 30 min under different irradiances (100, 200, 300, 400, 500, and 
600 μmol photons m− 2 s− 1) and durations of light irradiation. 

The maximum net photosynthetic rate (Pmax) and the photosynthetic 
efficiency (α) were calculated using the following equation:  

P = Pmax × tanh(α × E / Pmax) + Rd,                                                 (2) 

where P represents the photosynthetic rate and Rd represents the 
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respiration rate. 

2.4. Chlorophyll fluorescence measurement 

Chlorophyll fluorescence was measured by a pulse modulation 
fluorometer (Water-PAM, Walz, Germany) as described in Enríquez and 
Borowitzka (2011). After dark acclimation for 15 min at the culture 
temperature, the relative electron transfer rate (rETR) and 
non-photochemical quenching (NPQ) were measured under culture light 
intensity (150 μmol photons m− 2 s− 1) for 60 and 148 s. The fitting 
formula was used according to Genty et al. (1989):  

rETR = yield × 0.5 × PAR,                                                             (3) 

where yield represents the effective photosynthetic quantum yield of 
PSII in response to light irradiation, 0.5 is the proportion of absorbed 
light to the total incident light, and PAR represents actinic light 
intensity. 

The NPQ was calculated as follows:  

NPQ = (Fm - Fm’) / Fm’,                                                                 (4) 

where Fm represents the maximum chlorophyll fluorescence after dark 
acclimation, and Fm’ represents the maximum fluorescence yield in 
light. 

The rapid light curves were measured under nine different photo-
synthetically active radiation levels (PAR: 25, 81, 120, 184, 272, 415, 
619, 878, and 1,218 μmol photons m− 2 s− 1) for rETR. Subsequently, the 
maximum rETR (rETRmax) and the light use efficiency (α) of algae were 
obtained by nonlinear fitting of the rapid light curves of rETR. The 
following fitting formula was used (Jassby and Platt, 1976; Eilers and 
Peeters 1988):  

rETR = rETRmax × tanh(α × E / rETRmax),                                        (5) 

where E represents the incident irradiance. 

2.5. Pigment contents 

We dissolved 0.02 g of thalli (fresh weight) in 5 mL of anhydrous 
methanol at 4 ◦C for 24 h in darkness to complete the extraction. The 
absorbance of the samples was measured at 750, 665, and 652 nm using 
a UV spectrophotometer. The contents of Chl a and chlorophyll b (Chl b) 
were calculated as described by Porra et al. (1989):  

Chl a = 16.29 × A665.2–8.54 × A652.0                                             (6)  

Chl b = 30.66 × A652.0–13.58 × A665.2                                           (7)  

2.6. Data analysis 

The results are expressed as mean values ± standard deviation. For 
each parameter under the same CO2 concentration but at different Cu 
conditions, we used one-way ANOVA to determine the differences. The 
effects of oceanic acidification and Cu concentrations on RGR, NPQ, 
rETR, net photosynthetic rate, respiration rate, Chl a, Chl b, and Chl a/b 
were analyzed by two-way analysis of variance (ANOVA). Tukey’s 
honestly significant difference (HSD) analysis was conducted for post- 
hoc investigation. For all analyses, we used the Origin 9.0 software with 
a 95% confidence interval. 

3. Results 

3.1. Length and RGR of juvenile and adult stages 

With increasing Cu levels, the life cycle of thalli was prolonged, and 
at LCu and MCu, the algae began to die after 15 days; at HCu, the algae 

began to die after 17 days under high CO2 levels (Fig. 1A). Two-way 
ANOVA showed that Cu and CO2 had significant interactions; both Cu 
and CO2 also exerted a main effect on the RGR of U. linza at the juvenile 
stage (p < 0.001) (Fig. 1B, Table 2). The RGR decreased with increasing 
Cu concentrations at all conditions under high CO2 levels (Fig. 1B). 
However, at atmospheric CO2 concentration, the RGR at the juvenile 
stage increased with increasing Cu concentrations (Fig. 1B). A similar 
trend was found for the adult stage. Two-way ANOVA showed that Cu 
and CO2 had a significant interaction; both Cu and CO2 also exerted 
main effects on the RGR of U. linza at the adult stage (p < 0.001) 
(Fig. 1C, Table 2). At high CO2 levels, the RGR increased at MCu and 
then decreased at HCu compared with the control (LCu) (Fig. 1C). At 
atmospheric CO2 concentration, the RGR was also increased at MCu and 
HCu compared with the control (LCu) (Fig. 1C). Both Cu and CO2 had an 
interactive effect, and each of them exerted a main effect on RGR based 
on the mass (RGRmass) of U. linza at the late adult stage as analyzed by 
two-way ANOVA (p < 0.001) (Fig. 1D, Table 2). The RGRmass decreased 
at HCu compared with the control (LCu) under high CO2 concentrations. 
A significant difference in RGRmass was observed at HCu between at-
mospheric and high CO2 concentrations. With increasing Cu concen-
trations, no significant difference was observed for RGRmass at 
atmospheric CO2 level (Fig. 1D). 

3.2. Photosynthesis and respiration measurement 

We observed no interactive effects of CO2 and Cu (p = 0.09), and Cu 
exerted a main effect on the net photosynthetic rate of U. linza (Fig. 2A, 
Table 3). At the high CO2 level, the net photosynthetic rate of U. linza 
decreased with increasing Cu concentrations. It decreased to 180.80 and 
165.54 μM O2 g− 1 FW h− 1 at high CO2 concentrations at MCu and HCu, 
respectively. However, the net photosynthetic rate significantly 
decreased from 215.43 ± 19.96 μM O2 g− 1 FW h− 1 (LCu) to 171.11 ±
20.48 μM O2 g− 1 FW h− 1 (MCu) and then increased to 200.81 ± 8.47 μM 
O2 g− 1 FW h− 1 (HCu). No significant difference was found between at-
mospheric and high CO2 levels (p > 0.05). 

We found no interactive effects of Cu and CO2 (p < 0.001) on 
respiration rate, and both Cu and CO2 had a main effect on the respi-
ration rate of U. linza (Fig. 2B, Table 3). With increasing Cu concen-
trations, the respiration rate of U. linza increased under high CO2 levels 
from 42.04 ± 5.15 μM O2 g− 1 FW h− 1 (MCu) to 61.53 ± 4.37 μM O2 g− 1 

FW h− 1 (HCu) under atmospheric CO2 levels. A significant difference 
was observed at HCu at atmospheric and high CO2 levels. 

3.3. Chlorophyll fluorescence parameters 

We observed an interactive effect of Cu and CO2 concentrations on 
NPQ (p = 0.02), and each factor also had a main effect (Fig. 3A, Table 3). 
Both MCu and HCu decreased NPQ to 0.31 ± 0.07 and 0.40 ± 0.05, 
respectively, compared with that at LCu under the high CO2 concen-
tration (Fig. 3A). At atmospheric CO2, MCu increased NPQ compared 
with the control (LCu). A significant difference was observed at MCu 
between atmospheric and high CO2 levels on NPQ. We found an inter-
active effect of CO2 and Cu (p < 0.001), and both factors exerted a main 
effect on the rETR of U. linza (Fig. 3B, Table 3). At high CO2 concen-
trations, with increasing Cu levels, rETR decreased from 44.75 ± 6.20 
(MCu) to 53.87 ± 2.59 (HCu). However, at atmospheric CO2 concen-
tration, no significant difference was observed for rETR with increased 
Cu levels (p > 0.05). 

There was an interactive effect of CO2 and Cu (p < 0.001) on rETRmax 
of U. linza, and each factor also had a main effect (Fig. 4, Tables 1 and 3). 
The rETRmax significantly decreased with increasing Cu under high CO2 
levels compared with atmospheric CO2 concentration from 255.32 ±
25.89 μmol e− 1 m− 2 s− 1 (LCu) to 123.16 ± 30.77 μmol e− 1 m− 2 s− 1 

(MCu) and 158.13 ± 13.93 μmol e− 1 m− 2 s− 1 (HCu) at high CO2 levels. 
Regarding α of U. linza, CO2 and Cu had no interactive effect (p < 0.001), 
and each factor exerted a main effect on α (Fig. 4, Tables 1 and 3). No 
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significant difference was observed for α at atmospheric CO2 level (p >
0.05), but it decreased significantly to 0.41 ± 0.09 and 0.45 ± 0.02, 
respectively, at MCu and HCu at high CO2 concentrations (Table 1). 

3.4. Pigment contents 

We observed no interactive effect of CO2 and Cu (p = 0.42) on Chl a, 
and neither of these factors exerted a main effect (Fig. 5A, Table 2). 
Under atmospheric CO2, no significant difference was observed for the 
contents of Chl an at LCu and MCu. The Chl a content increased to 1.99 
± 0.10 mg g− 1 (MCu) from 1.84 ± 0.13 mg g− 1 (LCu). Under high CO2 
concentration,s with increasing Cu concentrations, the Chl a content 
increased from 1.17 ± 0.12 mg g− 1 (LCu) to 1.78 ± 0.24 mg g− 1 (HCu). 
A significant difference was observed at LCu and MCu between 

atmospheric and high CO2 levels. There was no interactive effect of CO2 
and Cu on Chl b (p = 0.21), and neither factor exerted a main effect on 
Chl b (Fig. 5B, Table 2). No significant difference in the Chl b content was 
found for these Cu concentrations at atmospheric and high CO2 con-
centrations. We found no interactive effect of CO2 and Cu on the Chl a/b 
rate (p = 0.11), and only CO2 exerted a main effect on this rate (Fig. 5C, 
Table 2). No significant difference in the Chl a/b rate was found for these 
Cu concentrations at atmospheric CO2 and high CO2 levels. The Chl a/b 
rate under high CO2 levels was significantly lower than that under at-
mospheric CO2. 

4. Discussion 

Based on our results, Cu and OA synergistically reduce the growth 
and photosynthetic performance of the green macroalga Ulva linza, 
prolonging its life cycle. These results might be due to the fact that Cu 
accelerates cell proliferation by inducing the conversion of the G0/G1 
phase to the G2/M phase of the cell cycle, and the transcript levels of the 
cell division-related gene, ftsHI, was increased after exposure to 40 and 
60 μM Cu, suggesting that the synthetic iron-sulfur clusters maintained 
an active cellular metabolism, allowing faster electron transfer processes 
and energy generation, but, most likely, facilitating cell damage (Wei 
et al., 2014). With increasing Cu concentrations, RGRlength decreased 
more than at LCu in both the juvenile and adult stages at high CO2 levels. 
However, at the adult stage, no significant difference was observed be-
tween LCu and MCu under elevated CO2 levels (Fig. 1B and C), sug-
gesting that a higher tolerance to heavy metals at this stage. With 
increasing Cu concentrations, the life cycle of U. linza was prolonged, 
despite the slow growth of thalli at high CO2 concentrations (Fig. 1A). 

Fig. 1. Length (A), relative growth rate (RGR) at ju-
venile (B) and adult stages (C), and relative growth 
rate based on the mass (RGRmass) at the late adult 
stage of U. linza grown at different Cu and CO2 con-
centrations. LCu, Control; MCu, 0.125 μM; HCu, 0.25 
μM. LC, 415 μatm CO2; HC, 1,000 μatm CO2. Values 
show mean ± SD. Different letters represent signifi-
cant differences (p < 0.05) among the Cu concentra-
tions at the same CO2 concentration, and different 
symbols represent significant differences (p < 0.05) 
among the CO2 concentrations at the same Cu 
concentration.   

Table 1 
Maximum relative electron transport rate (rETRmax) and electron transport ef-
ficiency (α) of U. linza at different Cu concentrations and CO2 levels. LCu, 
Control; MCu, 0.125 μM; HCu, 0.25 μM. LC, 415 μatm CO2; HC, 1,000 μatm CO2. 
Different letters represent significant differences (p < 0.05) among Cu concen-
trations at the same CO2 concentration. * indicates a significant difference (p <
0.05) between the CO2 concentrations at the same Cu concentration.   

rETRmax (μmol e− 1 m− 2 s− 1) α 

LC-LCu 155.21 ± 36.68b* 0.5 ± 0.07a* 
LC-MCu 224.35 ± 34.06a* 0.49 ± 0.03a* 
LC-HCu 222.63 ± 17.83a* 0.51 ± 0.04a 

HC-LCu 255.32 ± 25.89a 0.55 ± 0.04a 

HC-MCu 123.16 ± 30.77c 0.41 ± 0.09c 

HC-HCu 158.13 ± 13.93b 0.45 ± 0.02b  

Table 2 
Two-way analysis of variance for the effects of CO2 and Cu on relative growth rate based on the length (RGRlength) at juvenile and adult stages and the relative growth 
rate based on the mass (RGRmass) at the later adult stage, Chl a, Chl b, and Chl a/b of U. linza at different Cu and CO2 concentrations. LCu, Control; MCu, 0.125 μM; HCu, 
0.25 μM. LC, 415 μatm CO2; HC, 1,000 μatm CO2. df means degree of freedom, F means the value of F statistic, and Sig. means p-value.  

Source RGRlength at juvenile stage RGRlength at adult stage RGRmass at later adult stage Chl a Chl b Chl a/b 

df F Sig. df F Sig. df F Sig. df F Sig. df F Sig. df F Sig. 

CO2 1 6543.83 <0.001 1 1250.49 <0.001 1 219.27 <0.001 1 2.98 0.11 1 2.16 0.17 1 19.48 <0.001 
Cu 2 9768.02 <0.001 2 1022.44 <0.001 2 105.40 <0.001 2 2.94 0.09 2 3.36 0.07 2 3.43 0.07 
CO2 × Cu 2 8066.40 <0.001 2 1004.58 <0.001 2 75.73 <0.001 2 0.94 0.42 2 1.79 0.21 2 2.64 0.11 
Error 12   12   12   12   12   12    
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Xu and Gao (2012) and Olischläger and Wiencke (2013) state that 
elevated CO2 levels could promote the growth of U. linza and Neo-
siphonia harveyi. At HCu, the RGR of thalli clearly decreased at OA 
(Fig. 1B, C, D), especially at HCu during the adult stage (Fig. 1D). The 
heavy metal Cu mainly exists in the form of free ions in seawater, and its 
dominant complexes are CO3

2− and OH− . Elevating the CO2 level will 
decrease the pH and lead to a decrease in CO3

2− and OH− levels in the 
seawater (MillerO et al., 2009). Increasing the Cu concentration would 
increase the number of free ions, resulting in an increasing toxicity of Cu 
for thalli (Gao et al., 2017). 

Adenylate and pyridine nucleotides are key components of photo-
synthesis and respiration mechanisms; therefore, chloroplasts and 
mitochondria must be coordinated to optimize the energy metabolism 
(Dahal and Vanlerberghe, 2017). Once energy imbalances affect an 
organelle, the respective other factors will be offset by compensatory 
reactions (Dahal and Vanlerberghe, 2017). Mitochondrial respiration is 
an important physiological process for plants and required for most 
energy-dependent metabolic processes. It can dissipate excess energy in 
algae and alleviate the damage caused by Cu to algae (Dahal and 

Vanlerberghe, 2017). In our study, the respiration rate decreased more 
significantly at elevated CO2 concentrations than at atmospheric CO2 at 
HCu (Fig. 3B). However, no significant difference was observed both at 
MCu and HCu for respiration rate at high CO2 concentrations, indicating 
that Cu toxicity is weakened by the effect of high CO2 levels. No sig-
nificant difference was observed for the net photosynthetic rate at MCu 
compared with that at LCu under high CO2, most likely because of the 
alleviation of Cu toxicity effects under high CO2 levels (Gao et al., 2017; 
Baumann et al., 2009). The content of Chl a was significantly increased 
at HCu compared with that at LCu and MCu under high CO2 concen-
trations. These results suggested that Chl synthesis increases to alleviate 
the toxicity of Cu at increasing Cu levels, as reported elsewhere (Han 
et al., 2008). Chojnacka et al. (2005) suggest that the chlorophyll con-
tent increase is an adaptive strategy, where Mg2+ could exchange with 
intercellular Cu2+ to decrease the toxicity of Cu2+ in a blue-green alga 
(Spirulina sp.). In this context, the increase in chlorophyll content under 
higher Cu levels could as a way to replenish the chlorophyll pool 
affected by oxidative damage. Non-photochemical quenching was also 
increased at HCu, indicating that thalli dissipated excess light energy in 
the form of heat. Simultaneously, Chl a, as a light-capture pigment, was 
decreased to avoid overexcitation of the electron transport (Fig. 5A), as 
also described elsewhere (Xu and Gao, 2012). This was supported by the 
observed decrease in antenna size and the decrease in the Chl a/b ratio 
(Fig. 5C). However, the growth rate was significantly decreased under 
high CO2 concentrations, although the Chl content, NPQ, and rETR were 
higher than at MCu, indicating that excess Cu damaged the protective 
mechanism. Although more energy was dissipated via heat, the high CO2 
levels destroyed the balance of acid-base at the cell surface, which 
exacerbated the toxicity of metal to cells (Gao et al., 2017). Copper is an 
essential trace element for both the growth and metabolism of algae and 
promotes the photosynthesis and growth of algae as an enzymatic 
cofactor. However, at high Cu levels, since most of the electron transfer 
carriers in the electron transport chain were iron-sulfur clusters, Cu was 
more significantly polarized than Fe and, therefore, more 
sulfhydryl-friendly than Fe; in this sense, Cu competitively combines 
with sulfur. Consequently, the carrier in the electron transport chain 
became a “Cu-sulfur cluster”, causing poor electron transport and elec-
tron spillover and combining with oxygen to form reactive oxygen 
species through the Fenton reaction, thus, causing oxidative damage to 
algae cells and inhibiting the respiratory chain-related gene (nad5, 
SDH2, and cox3) and the photosynthetic chain related gene (psbD, petD, 
psaB, and peF) expression (Wei et al., 2014). In response, the protein 
structure was damaged and enzyme activity was decreased, which ul-
timately affected growth (Halliwell and Gutteridge, 2015). In addition, 
Cu also combined with the chloroplast membrane and other cellular 
proteins, which led to chloroplast protein degradation and, eventually, 
death (Halliwell and Gutteridge, 2015). These results are consistent with 
Roberts et al. (2013), who reported that at high CO2 levels, the toxicity 
of heavy metals to DNA and protein was more significant in Corophium 
volutator. These mechanisms might have contributed to a H+-mediated 
exacerbation of the Cu concentration in the seawater, thus enhancing 
the toxicity of Cu to thalli, which cannot be offset through the compe-
tition effect between H+ and Cu (Roberts et al., 2013). 

We investigated the effect of OA on the photosynthetic response of 

Fig. 2. Net photosynthetic and respiration rates of U. linza at different Cu and 
CO2 concentrations. LCu, Control; MCu, 0.125 μM; HCu, 0.25 μM. LC, 415 μatm 
CO2; HC, 1,000 μatm CO2. Values show mean ± SD. Different letters represent 
significant differences (p < 0.05) among the Cu concentrations at the same CO2 
concentration, and different symbols represent significant differences (p <
0.05) among the CO2 concentrations at the same Cu concentration. 

Table 3 
Two-way analysis of variance for the effects of CO2 and Cu on net photosynthetic and respiration rates, NPQ, rETR, maximum rETR (rETRmax), and electron transport 
efficiency (α) of U. linza at different Cu and CO2 concentrations. LCu, Control; MCu, 0.125 μM; HCu, 0.25 μM. LC, 415 μatm CO2; HC, 1,000 μatm CO2. df means degree 
of freedom, F means the value of F statistic, and Sig. means p-value.  

Source Net photosynthetic rate Respiration rate NPQ rETR rETRmax α 

df F Sig. df F Sig. df F Sig. df F Sig. df F Sig. df F Sig. 

CO2 1 10.62 <0.001 1 172.04 <0.001 1 10.00 0.01 1 62.72 <0.001 1 15.91 <0.001 1 3.67 0.06 
Cu 2 8.12 <0.001 2 170.95 <0.001 2 6.46 0.01 2 32.16 <0.001 2 11.32 <0.001 2 15.88 <0.001 
CO2 × Cu 2 2.58 0.09 2 232.16 <0.001 2 5.95 0.02 2 100.21 <0.001 2 119.59 <0.001 2 13.71 <0.001 
Error 12   12   12   12   12   12    
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the green tide alga U. linza to Cu pollution. At a high Cu level, the 
damage caused by Cu to U. linza was enhanced in both juvenile and adult 
stages under high CO2 concentrations compared with ambient CO2. 
While the life cycle was prolonged at high Cu levels under high CO2 
concentrations, the growth of U. linza was inhibited, suggesting that the 

alga can largely adapt to environmental changes. Against the back-
ground of a changing climate, the oceans will absorb significantly higher 
levels of CO2 from the atmosphere, resulting in decreased pH values. 
This will exacerbate the damage Cu imposes on U. linza and further 
inhibit its growth, thus ultimately affecting the occurrence of green tide 
blooms. 

CRediT authorship contribution statement 

Tianpeng Xu: contributed to carrying out the experiments. Junyang 
Cao: contributed to carrying out the experiments. Rui Qian: contributed 
to carrying out the experiments. Yujing Song: contributed to carrying 
out the experiments. Wen Wang: contributed to carrying out the ex-
periments. Jing Ma: Data curation, Writing – original draft, Writing – 
review & editing, contributed to carrying out the experiments, 
contributed to data analysis and paper writing. Kunshan Gao: Data 
curation, Writing – original draft, Writing – review & editing, contrib-
uted to experimental designs, contributed to data analysis and paper 

Fig. 3. Non-photochemical quenching (NPQ) and relative electron transfer rate 
(rETR) of U. linza at different Cu and CO2 concentrations. LCu, Control; MCu, 
0.125 μM; HCu, 0.25 μM. LC, 415 μatm CO2; HC, 1,000 μatm CO2. Values show 
mean ± SD. Different letters represent significant differences (p < 0.05) among 
the Cu concentrations at the same CO2 concentration, and different symbols 
represent significant differences (p < 0.05) among the CO2 concentrations at 
the same Cu concentration. 

Fig. 4. Rapid light curve for U. linza for different Cu and CO2 concentrations. 
LCu, Control; MCu, 0.125 μM; HCu, 0.25 μM. LC, 415 μatm CO2; HC, 1,000 
μatm CO2. Error bars indicate SD (n = 3). 

Fig. 5. Pigment contents of Chl a (A), Chl b (B), and Chl a/b rate (C) of U. linza 
at different Cu and CO2 concentrations. LCu, Control; MCu, 0.125 μM; HCu, 
0.25 μM LC, 415 μatm CO2; HC, 1,000 μatm CO2. Values show mean ± SD. 
Different letters represent significant differences (p < 0.05) among the Cu 
concentrations at the same CO2 concentration, and different symbols represent 
significant differences (p < 0.05) among the CO2 concentrations at the same Cu 
concentration. 
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