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Abstract

The globally changing environmental climate, ocean acidification, and heavy metal pollution are of increasing concern.
However, studies investigating the combined effects of ocean acidification and zinc (Zn) exposure on macroalgae are very
scarce. In this study, the photosynthetic performance of the red alga Pyropia yezoensis was examined under three different
concentrations of Zn (control, 25 (medium), and 100 (high) pg L "and pCO, (400 (ambient) and 1000 (high) patm). The results
showed that higher Zn concentrations resulted in increased toxicity for P. yezoensis, while ocean acidification alleviated this
negative effect. Ocean acidification increased the relative growth rate of thalli under both medium and high Zn concentrations.
The net photosynthetic rate and respiratory rate of thalli also significantly increased in response under ocean acidification, when
thalli were cultured under both medium and high Zn concentrations. Malondialdehyde levels decreased under ocean acidifica-
tion, compared to ambient CO, conditions and either medium or high Zn concentrations. The activity of superoxide dismutase
increased in response to high Zn concentrations, which was particularly apparent at high Zn concentration and ocean acidifica-
tion. Immunoblotting tests showed that ocean acidification increased D1 removal, with increasing expression levels of the PSII
reaction center proteins D2, CP47, and RbcL. These results suggested that ocean acidification could alleviate the damage caused
by Zn exposure, thus providing a theoretical basis for a better prediction of the impact of global climate change and heavy metal
contamination on marine primary productivity in the form of seaweeds.
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Introduction

Due to anthropogenic activities, the CO, in the atmosphere
has been predicted to increase from 400 to about 1000 ppm by
2100 (Stoneman and Smith 2012), with the potential to reach
2000 ppm by 2300 (Caldeira and Wickett 2003). Atmospheric
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(Cu), anthropogenic emissions significantly exceed natural
inputs (Clark et al. 2002).

Calcifying and non-calcifying macroalgae will respond dif-
ferently to ocean acidification. Calcium carbonate saturation
would decrease calcification and impact structure formation of
crustose coralline algae (Webster et al. 2013). Due to the dif-
ferent effects of ocean acidification and CO, concentration,
the increase in dissolved inorganic carbon and ocean acidifi-
cation either positively or negatively affects non-calcifying
algae (Hepburn et al. 2011; Cornwall et al. 2012; Gao et al.
2017). Kuftner et al. (2008) reported that the recruitment rate
and growth of crustose coralline algae were severely inhibited
in the elevated CO, mesocosms. Gattuso et al. (1997) found
that there was a slight net dissolution of CaCOj3 (0.8 mmol
m 2 day ') on a fringing reef at Moorea under high CO,
condition. Researches also revealed that ocean acidification
had decreased the calcification rate of scleractinian corals
and other reef-building organisms (Gattuso et al. 1997,
Leclercq et al. 2002), while non-calcifying algae had different
response to ocean acidification. High CO, concentration had
enhanced the photosynthesis of intertidal macroalgae (Zou
and Gao 2005) and increased the growth of red algae
Prophyra yezoensis (Gao et al. 1991). Decreased growth rates
were found under high CO, level in Gracilaria tenuistipitata
(Garcra-Sanchez et al. 1994).

Ocean acidification and heavy metal pollution often occur
simultaneously, especially in coastal areas (Stewart et al.
2016). The decreased pH of marine water results in lower
OH and CO327 concentrations, and decreasing their concen-
trations increases the concentrations of metal ions (Millero
et al. 2009). OH and COs> form complexes with divalent
or trivalent metal ions, thus affecting their solubility, adsorp-
tion, toxicity, and redox rate in marine water. This had been
reported to cause further increases of the concentration of free
heavy metals in the marine water in response to heavy metal
pollution (Millero et al. 2009). Furthermore, it was reported
that high CO, concentration could increase the growth inhibi-
tion of Chlorella vulgaris cells by TiO,NPs exceeding 5 mg
L' (Sadiq et al. 2011). Leal et al. (2018) evaluated the
meiospore development of the kelps Macrocystis pyrifera
and Undaria pinnatifida exposed to the current pH levels
and those predicted for 2100 (8.16 and 7.65, respectively),
temperature (12 and 16 °C, respectively), and two Cu concen-
trations (without Cu and species-specific germination Cu-
EC50). The result showed that in response to ocean acidifica-
tion and ambient temperature/ocean acidification conditions,
irrespective of copper exposure, the meiospore germination of
both species decreased by 5-18%. The germling growth rate
and gametophyte development were inhibited under Cu-EC50
exposure, compared to without Cu treatment. To date, re-
search on the coupled effect of ocean acidification and the
exposure to heavy metals is limited (Franklin et al. 2000;
Gao et al. 2017; Leal et al. 2018) and the photosynthetic
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characteristics and protective mechanisms of macroalgae are
yet to be comprehensively studied.

Heavy metals are the most common types of coastal con-
taminants (Doney 2009). Several metals (such as Cu and Zn)
are essential cofactors for a number of biochemical processes
(e.g., photosynthesis, synthesis of the D1 protein in PSII, and
antioxidant system) (Gao et al. 2017; Mousavi et al. 2012).
However, at elevated concentrations, all heavy metals are tox-
ic to biological organisms, even those with essential functions.
Zn plays an important role in enzymes related to photosynthe-
sis and metabolic function, such as carbonic anhydrase, acid
phosphatase, and alkaline phosphatase. Zn can be absorbed by
algae, which leads to an increase of the growth of their thalli
(Boyer and Brand 1998; Gao et al. 2009). Once the algae are
contaminated with Zn or have absorbed excess Zn, toxic ef-
fects will impact their growth and generated reactive oxygen
species (ROS) in the thalli.

ROS damage the cell membrane and generates a large
amount of malondialdehyde (MDA) which is a biomarker
for cumulative peroxidation damage in membrane lipids in
response to heavy metal exposure. It functions as a degrada-
tion product of n-3 polyunsaturated fatty acids (PUFAs) in
membranes and stimulates the oxidative stress reaction of al-
gae (Nanda and Agrawal 2016). The production of antioxi-
dants with low molecular weight (e.g., ascorbic acid (AsA),
glutathione peroxidase (GSH), and non-protein thiol (NPT))
and antioxidant enzymes (e.g., SOD, ascorbate peroxidase
(APX), guiacol peroxidase (GPX), and CAT) will be en-
hanced (Singh et al. 2006). These changes are important to
prevent plant oxidative stress by increasing the activity of one
or more enzymes in response to Zn stress (Yang et al. 2016).
Destruction of the antioxidant enzyme system will affect both
the growth and physiology of the algae and can even lead to
their death (Volland et al. 2014; Cai et al. 2019). However, Zn
has been reported to ameliorate the toxicity and uptake of Cr
in plant cells (Mallick et al. 2010; Branzini et al. 2012). In
addition, high concentrations of Zn can change the permeabil-
ity of the cell membrane, which causes cellular morphological
variation (Leusch et al. 1995). No significant difference was
found in the growth or reproduction of Karenia mikimotoi in
response to exposure to Zn levels between 1 and 5 mg L™,
while the growth of cells was inhibited by a concentration >
10 mg L' Zn (Cai et al. 2019). Omar (2002) reported that
when Scendesmus obliquus was treated with 7.93 pg L' and
24.83 pg L™ Zn, biomass decreased by 19% and 54%, re-
spectively. Lv et al. (2017) found that the specific growth rates
of Sargassum muticum and Gracilaria chouae decreased un-
der exposure to a Zn level of 1 mg L™" after cultivation for 3
days.

Porphyra species are edible and therefore widely cultivated
in Southeast and East Asian countries (e.g., China, Korea, and
Japan) (Gao et al. 2019). In China, Pyropia yezoensis is main-
ly cultivated in Shandong, Jiangsu, and Zhejiang provinces
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(Ma and Cai 1996). Researches reported that P. yezoensis
could utilize HCO5; by CO, concentrating mechanisms
(CCMs) to improve algal performance under resource-
limiting conditions (Gao et al. 2012; Li et al. 2016; Gao
et al. 2017; Qu et al. 2017). In this study, P. yezoensis was
selected to investigate the coupling effect of ocean acidifica-
tion and Zn exposure, and it was hypothesized that the re-
sponse of P. yezoensis to Zn is pCO,-dependent. Increasing
the pCO, was further hypothesized to alleviate Zn toxicity. To
test this hypothesis, the algal growth rate, pigment content,
photosynthesis rate, and the protein expression level of pho-
tosystem Il were monitored (Fig. 1). These data were used to
analyze the response of P. yezoensis to ocean acidification and
its adaptation mechanisms.

Material and methods
Thalli collection and culture conditions

P, yezoensis was collected from the intertidal zone of Gaogong
island (119.30° E, 34.50° N), Lianyungang, China, and
transported to the laboratory on ice. Selected thalli were
cleaned with filtered natural seawater to remove both debris
and surface epiphytes. Well-grown thalli were selected for
preculture in aquaculture tanks, containing 1 L filtered sterile
seawater, enriched with 60 uM NaNO; and 8 uM KH,PO,.
The light intensity was maintained at 160 pmol photons m >

!, at a 12:12-h light/dark cycle, and the temperature was
controlled at 10 °C (£ < 0.5 °C), which is the same level as
the sampling area, until algae were required for experiments.
Three triplicates were conducted per treatment.

After preincubation, selected thalli (length of ~ 1 cm) were
cultured in 500-mL polycarbonate flasks, with six thalli per
flask. Cultures were maintained under three Zn concentrations
(control, LZn; 25 pg L', MZn; 100 ug L, HZn) for 1 week

Fig. 1 Graphic scheme of the
experimental design in which

P, yezoensis were cultured at a
12:12 h light/dark cycle, and
where the light intensity

(160 pmol photons m~2s ') and
the temperature (10 + < 0.5 °C)
was controlled for 1 week under

under either ambient (400 patm, LC) or high (1000 patm, HC)
pCO, levels. Zn (0.5 pug L ') in natural seawater without
added ZnSO,4 was applied as control (LZn). Zn concentrations
were selected according to Chakraborty and Owens (2015).
They were measured by inductively coupled plasma atomic
emission spectrometry (ICP-AES) (iCAP6300, Thermo fish-
er, USA). The procedures used for Zn tests conformed to
protocols for the reduction of the risk of metal contamination
(Leal et al. 2016). The elevated pCO, level were selected as
representation of the predicted levels by the year 2100, based
on the representative concentration pathway (RCP) 8.5
(Gattuso et al. 2015; Gao et al. 2018a, 2018b). The 400
patm CO, concentration was achieved by bubbling ambient
air through the medium. And the high CO, concentration was
achieved via bubbling of enriched CO, from a CO, plant
incubator (HP1000G-D, Ruihua Instruments, Wuhan,
China). The pH levels in LC and HC cultures were maintained
at 8.18 and 7.83, respectively, with variations of < 0.05, as
measured by a pH meter on the NBS scale after each seawater
medium change (pH 700, Eutech Instruments, Singapore).
The culture conditions were consistent with the preincubation
conditions as described above, and the seawater medium was
changed every 2 days. All experiments were conducted in the
same light incubator (GXZ-500C, Ningbo, China). After cul-
ture for 6 days, all thalli were used to measure the relative
growth rate (RGR) and randomly selected algae were used
to measure different parameters. Each treatment was per-
formed in triplicate (Fig. 1).

Measurement of P. yezoensis growth

The growth of P. yezoensis was measured by weighing the
fresh thalli in each flask. Absorbent paper was used to remove
surface water from thalli before weighing. The RGR was cal-
culated according to Eq. (1):

[ Pyropia yezoensis }

J

Light : dark: 12:12 h
Temperature: 10 °C
Light intensity: 160 umol photons m2 s-!
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different Zn ( LZn, control; MZn,
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CO, concentration: 400 patm ]
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RGR = 100 x (InW,~InW,)/t (1)

where W, represents the initial fresh weight and W, represents
the fresh weight after s number of days. The total fresh weight
of thalli cultured at different Zn levels for 6 days was mea-
sured to determine the EC50 value, which is defined as the
heavy metal concentration that caused a 50% inhibition in
growth of experimental thalli compared to controls
(Mamboya et al. 2009). The EC50 was determined by using
the regression line, which was plotted by the least-square
method, using three replicates of growth rate as discrete data
points (Haglund et al. 1996).

Chlorophyll fluorescence measurements

After 10 min of dark adaptation, randomly selected thalli seg-
ments were used to measure the chlorophyll fluorescence
using a portable fluorometer (Dual-PAM, Walz, Germany).
The saturating pulse was set to 5000 pmol photons m > s~
(0.8 s), and experiments were performed in triplicate. The
relative electron transfer rate (rETR) was calculated according
to Eq. (2) (Genty et al. 1989):

rETR (pmole™' m™s™') =Fv’/Fm’ x 0.5 x PFD  (2)

where Fv’/Fm’ represents the effective PSII quantum yield
and PFD represents the photosynthetically active photo flux
density. TETR rapid light curves were acquired from seven
varying levels of photosynthetically active radiation (PAR)
intensity (every light step was measured for 10 s, and the
period of the light curve lasted for ~ 70 s). The maximum
rETR (tETR,,,,y), efficiency of electron transport (), and sat-
urating irradiance (/) were established from the rETR curve
and were calculated according to Egs. (3—5) as follows (Eilers
and Peeters 1988):

tETR =1/(a x I* + b x I +¢c) (3)
TR = 1/[b+2 % (a x )" (4)
I = (¢/a)'? (5)

where / represents the incident irradiance; a, b, and ¢ represent
the adjustment parameters; and « represents 1/c. The param-
eter “a” is regarded as the photoinhibition term and can also be
considered as a function of the exposure time above [, ac-
cording to the modification description (Eilers and Peeters

1988; Macedo et al. 2002).

Photosynthesis and respiration rate measurements
The net photosynthetic rate and respiration rate of algae were

measured using a Clark-type oxygen electrode (YSI Model
5300A, USA) following to the method reported by Gao
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et al. (2017). The experiment was conducted from 10:00
a.m. to 13:00 p.m. Thalli were cut into segments of about
1 cm and placed under the aforementioned culture conditions
for 1 h to avoid effects of stress response following cutting.
Then, 0.02 g of fresh thalli segments were randomly selected
and transferred to a photosynthetic chamber containing 8 mL
of culture seawater inside each algae culture flask. The medi-
um was constantly stirred. The temperature was controlled at
10 °C, and irradiance conditions were maintained at 160 pmol
photons m 2 s'. The measurement was finished within 5 min,
during which, the pH did not vary. The respiration rate was
measured after 2 min of dark adaptation, and the same method
was used that was used to measure photosynthesis (Xu and
Gao 2012; Gao et al. 2017).

Pigment concentration analysis

Approximately 0.02 g of fresh thalli was extracted in 5 mL of
anhydrous methanol at 4 °C for 24 h, in the dark. The absor-
bances of samples were measured at 666 nm and 652 nm
using an ultraviolet/visible (UV/vis) spectrophotometer
(Ultrospect 3300 pro, Amersham Bioscience, Sweden). The
chlorophyll a content (Chl @) was calculated as follows ac-
cording to Porra et al. (1989).

Chla = 16.29 x A665.2-8.54 x A652.0 (6)

Malondialdehyde content and activity of superoxide
dismutase

MDA concentrations were used as an indicator of the
level of lipid peroxidation (Ma et al. 2016) and were mea-
sured using MDA assay kits (Jiancheng, Nanjing, Jiangsu,
China). Thalli (0.1 g) were sampled from each treatment
and were homogenized in 0.9 mL extraction buffer, using
a pestle and mortar. The homogenates were centrifuged at
3500g for 15 min at 4 °C, and supernatants were collected
and analyzed using a microplate reader (Multiskan FC,
Thermo, Shanghai, China) to determine MDA concentra-
tions at 532 nm, according to the manufacturer’s instruc-
tions. The MDA concentration is expressed in mmol g '
fresh weight (FW).

SOD activity was measured according to Jiang and
Prognon (2006). Using pestle and mortar, 0.1 g of each sample
was homogenized in 0.9 mL phosphate buffer. Homogenates
were centrifuged at 3500g for 10 min at 4 °C, and the super-
natant was collected for the measurement of SOD activity.
Samples were measured at an absorbance of 450 nm using a
microplate reader (Multiskan FC, Thermo, Shanghai, China).
SOD activity was assessed as activity units per gram (FW).
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Protein concentration measurement
by immunoblotting

Algal thylakoid membrane proteins were extracted in cool
extracting medium (50 mM Tris—HCI, pH 7.6, 5.0 mM
MgCl,, 10 mM NacCl, 0.4 M sucrose, and 0.1% BSA) accord-
ing to the method reported by Ma et al. (2016). Protein con-
centrations were determined using a microplate reader
(Multiskan FC, Thermo, Shanghai, China) and compared to
a bovine serum albumin (BSA) standard as reference.
Extracted proteins were mixed with 5x loading buffer
(Shenggong, Shanghai, China), and the mixture was boiled
for 5 min. Two micrograms of Chl per spot was used for
12% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE). The gel was then transferred to a PVDF
membrane and immunoblotted with antibodies (RbcL, D1,
D2, and CP47; Agrisera). Antibodies were detected with a
chemiluminescence detection system (Tanon 5500,
Shanghai, China), following the manufacturer’s instructions.

Data analysis

Results are expressed as mean values + standard deviation. The
effects of ocean acidification and Zn concentrations on RGR, net
photosynthetic rate, respiration rate, Chl a, MDA, and SOD were
analyzed by two-way analysis of variance (ANOVA). One-way
ANOVA was conducted to analyze each parameter under the
same CO, concentration at different Zn conditions. EC50 values
were analyzed by the nonlinear curve fit of Origin 9.0. Tukey’s
HSD analysis was conducted for post hoc investigation. Origin
9.0 software was used to perform statistical analysis. A 95%
confidence interval was set for all tests.

Results
RGR

Two-way ANOVA results showed that CO, and Zn had an
interactive effect (p < 0.001), and Zn concentration exerted a
dominant effect on the RGR of P, yezoensis (p < 0.001). This
suggests that the effects of Zn concentration on the RGR var-
ied between ambient and high CO, concentrations (Table S1).
The RGR significantly decreased from 29.90 + 0.59% with
LZn exposure to 21.61 + 1.52% with HZn exposure (p =
0.000), under ambient CO, concentrations. At high CO, con-
centrations, the RGR also significantly decreased from 31.95
+ 1.16% (control) to 28.06 + 1.10% (p = 0.004) and 26.96 +
1.15% (p = 0.001) in MZn and HZn treatments, respectively.
RGRs were significantly increased by elevated CO, concen-
trations under MZn or HZn conditions, compared to ambient
CO, concentrations (p < 0.05) (Fig. 2). Significant differences
were observed under both MZn and HZn treatments,

48 -
40-
324 a T _—

24 - b b

RGR (% day™)

16

LZn MZn HZn

Fig. 2 Relative growth rate of P. yezoensis cultured under different Zn
and CO, concentrations. LZn, control; MZn, 25 pg L' Zn; HZn, 100 ug
L' Zn; LC, 400 patm CO,; HC, 1000 patm CO,. Error bars indicate the
standard deviation (n = 3). Horizontal lines represent significant
differences (p < 0.05) between ambient and elevated CO, levels at the
same Zn concentration. Different letters represent significant differences
(p < 0.05) at different Zn concentrations and the same CO, concentration

compared to controls (p < 0.05). Nonlinear curve fitting
established the EC50 values as 54.54 + 3.44 pg L' and
57.22 +5.83 pug L' Zn under ambient and high CO, concen-
trations, respectively. No significant differences were found
between EC50 under ambient and high CO, level (p > 0.05)
(Table 1).

Fluorescence parameters

Fluorescence parameters were acquired from the rETR-
irradiance curves and were used to establish the rETR,,,, «,
and [, (Fig. S1, Table 2). Zn and CO, exerted interactive
effects on rETR 5 (p < 0.001), while Zn exerted a dominant
effect (p < 0.001) (Table S2). Under ambient CO, concentra-
tions, MZn and HZn increased the rETR ., to 74.2 £
8.57 umol e ' m % s™' (p = 0.007) and 56.01 £ 4.31 umol
¢ 'm?s ! (p=0.523), respectively, compared to that at LZn.
Under high CO, concentrations, rETR,,,x increased from
61.44 + 594 umol e ' m % s ' (LZn) to 76.02 + 5.66 pumol
¢ 'm2s" (MZn) (p = 0.013), and then decreased to 57.15 +
3.26 pumol e'm?Zs! (HZn) (p = 0.342). No significant

Table 1 The EC50 value of P. yezoensis cultured at different Zn
concentrations and CO, concentrations. LZn, control; MZn, 25 pg L
HZn, 100 ug L™"; LC, 400 patm; HC, 1000 patm

EC50 (ug L™
LC 54.54 +3.44°
HC 57.22+5.83°

Data are the means + SD (n = 3). Different letters represent the significant
difference (p < 0.05) among the Zn concentrations at the same CO,
concentration
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Table 2 The maximum rETR (rETR,,,,), electron transport efficiency (), and saturating irradiance (/) of P. yezoensis cultured at different Zn
concentrations and CO, concentrations. LZn, control; MZn, 25 pg L': HZn, 100 ug L' LC, 400 patm; HC, 1000 patm

IETR pax (Mmol e ' m 2 s71) « I;; (umol photons m?2s")
LC-LZn 5238 +6.05a 0.14+0.01 a 367.87 +31.62 ab
LC-MZn 742 +857b 0.16 +0.00 a 47542 £ 61.43 ab
LC-HZn 56.01 £431a 0.15+0.02a 380.72 + 73.83 ab
HC-LZn 61.44 +5.94 ab 0.17+0.01 a 371.22 £26.11 ab
HC-MZn 76.02 + 5.66 be 0.16+0.01 a 48898 £33.23 a
HC-HZn 57.15+326a 0.16+0.01 a 357.62+1.11b

Data are the means + SD (n = 3). Different letters represent the significant difference (p < 0.05) among the Zn concentrations at the same CO,

concentration

differences were observed in the rETR,,,x values between
ambient and high CO, levels at constant Zn level (p > 0.05).
In addition, Zn and CO, exerted no interactive effect on v (p =
0.297) (Table S2). Elevated Zn concentrations did not signif-
icantly affect o under ambient and high CO, concentrations (p
> (0.05) (Table S2). Furthermore, Zn and CO, exerted no in-
teractive effect on 7; (p = 0.769), while the tested Zn concen-
trations exerted a significant effect (p = 0.001) (Table S2).
Under ambient CO, concentration, elevated Zn concentration
did not lead to a significant difference of /; (p > 0.05).
However, under the high CO, level, MZn increased I, by
31.72% compared to that at LZn (p = 0.001), and HZn de-
creased /; from 371.22 £26.11 t0 357.62 £ 1.11 umol photons
mZs ' (p=0.782).

Effective quantum yield

Two-way ANOVA results showed that CO, and Zn exerted no
significant interactive effect on the effective quantum yield (p
= (.505), while both CO, and Zn affected the effective quan-
tum yield of P. yezoensis (p = 0.006 and p < 0.001, respec-
tively) (Table S3). Increasing Zn concentrations did not sig-
nificantly change the effective quantum yield of thalli at am-
bient CO, levels (p > 0.05) (Fig. 3), while the yield signifi-
cantly increased from 0.36 +0.01 (control) to 0.39 + 0.01
(MZn) (p = 0.004) and 0.38 £ 0.01 (HZn) (p = 0.024) at high
CO, concentrations. No significant differences were found
between ambient and high CO, levels at different Zn concen-
trations (p > 0.05) (Fig. 3).

Photosynthetic rate

Two-way ANOVA results showed that CO, and Zn had a
significant interaction (p < 0.001), where both CO, and Zn
exerted main effects on the net photosynthetic rate of
P, yezoensis (p < 0.001 and p = 0.004, respectively) (Fig. 4a,
Table S4). Under ambient CO, concentrations, an increase in
Zn concentration caused a significant decrease of the net
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photosynthetic rate from 235.76 + 1.54 pumol O, g FW ' h™!
(LZn) to 172.64 + 6.55 umol O, g FW ' h™' (MZn) (p =
0.000) and 168.90 + 2.56 umol O, g FW ' h™' (HZn) (p =
0.000), respectively. In contrast, high CO, levels increased the
net photosynthetic rate from 202.12 + 6.56 pmol O, g FW ™!
h™' (LZn) to 243.82 £ 14.55 umol O, g FW ' h™' (MZn) (p =
0.007) and 222.06 + 15.12 umol O, g FW ' h™! (HZn) (p =
0.103), respectively (Fig. 4a). The high CO, concentration
significantly increased the net photosynthetic rate by 41.23%
(p =0.002) and 31.47% (p = 0.004) at MZn and HZn, respec-
tively, compared to ambient CO, concentration. CO, and Zn
had a significant interactive effect on respiration (p < 0.001),
and each had main effects (p < 0.001) (Fig. 4b, Table S3). The
respiration rate in the MZn treatment (101.33 + 1.17 pmol O,
g FW ' h™") was significantly higher than in the LZn treat-
ment (83.31 +2.71 umol O, g FW ' h™") (» = 0.000), and
significantly decreased to 68.52 +2.35 umol O, g FW 'h ' in

0.5~ [ ]Lc
| e
0.4 b a 4@ a @
a
0.3 -
S
Q@
> 0.2
0.1
0.0
LZn MZn HZn

Fig.3 Effective quantum yield of P. yezoensis cultured under different Zn
and CO, concentrations. LZn, control; MZn, 25 ug L' Zn; HZn, 100 ug
L' Zn; LC, 400 patm CO,; HC, 1000 patm CO,. Error bars indicate the
standard deviation (n = 3). Horizontal lines represent the significant
differences (p < 0.05) between ambient and elevated CO, levels at the
same Zn concentrations. Different letters represent significant differences
(p < 0.05) between different Zn concentrations at the same CO,
concentration
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Fig. 4 Net photosynthetic rate (a) and respiratory rate (b) of P. yezoensis
cultured under different Zn and CO, concentrations. LZn, control; MZn,
25 pg L' Zn; HZn, 100 Hg L' Zn; LC, 400 patm CO,; HC, 1000 patm
CO,. Error bars indicate the standard deviation (7 = 3). Horizontal lines
represent significant differences (p < 0.05) between ambient and elevated
CO, levels at the same Zn concentration. Different letters represent
significant differences (p < 0.05) between different Zn concentrations at
the same CO, concentration

the HZn treatment at ambient CO, concentrations (p = 0.000)
(Fig. 4b). A similar trend was also observed under high CO,
concentrations, where the respiration rate increased from
67.37 £ 2.19 umol O, g FW ' h™" in the LZn treatment to
108.14 + 3.84 umol O, g FW ' h™! in the MZn treatment (p =
0.000). The respiration significantly decreased to 94.07 =
8.32 umol O, g FW ' h™! in the HZn treatment (p = 0.019).

Chl a

CO; and Zn had a significant interaction on Chl a (p = 0.008),
but neither had a dominant effect (p = 0.078 and p = 0.082,
respectively), as indicated by the results of two-way ANOVA
analysis (Fig. 5, Table S5). Under high CO, levels, the Chl a
content of P, yezoensis increased by 25.96% and 32.13% in MZn
and HZn treatments, respectively, compared to LZn (p = 0.046
and p = 0.07, respectively) (Fig. 5). No significant differences
were found in the Chl a content of P. yezoensis at either Zn
concentration, under ambient CO, concentrations (p > 0.05).
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Fig. 5 The Chl a concentration of P. yezoensis grown under different Zn
and CO, concentration conditions. LZn, control; MZn, 25 pg L! Zn;
HZn, 100 pug L™ Zn; LC, 400 patm CO,; HC, 1000 patm CO,. Error
bars indicate the standard deviation (n = 3). Horizontal lines represent the
significant differences (p < 0.05) between ambient and elevated CO,
levels at the same Zn concentration. Different letters represent the
significant differences (p < 0.05) between different Zn concentrations at
the same CO, concentration

MDA content and SOD activity

CO; and Zn exerted no interactive effects on the MDA
content of P. yezoensis (p = 0.114), while individually,
both high CO, and high Zn conditions altered MDA con-
centrations (p < 0.001 and p < 0.001, respectively) (Fig.
6a, Table S6). Under ambient CO, concentrations, with
increasing Zn levels, the MDA contents increased by
21.79% and 16.24% at MZn and HZn, respectively, com-
pared to that at LZn (p < 0.001 and p = 0.001, respective-
ly). At the high CO, concentration, elevated Zn levels
significantly increased the MDA content from 18.85 +
0.79 mmol g '(LZn) to 26.67 + 1.13 mmol g ' (MZn)
(p = 0.01) and 22.85 + 1.95 mmol g ' (HZn) (p = 0.33),
respectively. No significant differences were found for the
MDA content between ambient and high CO, concentra-
tions at MZn and HZn (p = 0.009 and p = 0.008, respec-
tively). CO, and Zn exerted a significant interactive effect
and both CO, and Zn exerted main effects on SOD activ-
ity (p < 0.001) (Table S6 and Fig. 6b). One-way ANOVA
results showed that under ambient CO, conditions and
with increasing Zn concentrations, SOD activity de-
creased significantly to 469.35 + 16.15 U g ' (MZn) (p
= 0.002) and 319.89 + 20.17 U g ' (HZn) (p = 0.000),
respectively, compared to control (LZn). In contrast, SOD
activity was not significantly altered at different Zn levels
under high CO, concentrations (p > 0.05). SOD activity
significantly increased by 43.56% at HZn under high CO,
concentration compared to ambient CO, concentration (p
=0.01) (Fig. 6).
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Fig. 6 MDA concentration (a) and SOD activity (b) of P. yezoensis
cultured under different Zn and CO, concentrations. LZn, control;
MZn, 25 ug L' Zn; HZn, 100 pg L' Zn; LC, 400 patm CO,; HC,
1000 patm CO,. Error bars indicate the standard deviation (n = 3).
Horizontal lines represent significant differences (p < 0.05) between
ambient and clevated CO, levels at the same Zn concentration.
Different letters represent significant differences (p < 0.05) between
different Zn levels at the same CO, concentration

PSII protein concentrations

The concentrations of key PSII proteins (PsbA (D1), PsbD (D2),
PsbB (CP47), and RbcL) were quantified at different Zn concen-
trations under both ambient and high CO, conditions (Fig. 7). In
response to ambient CO, conditions, D1 concentrations signifi-
cantly increased in the MZn and HZn treatments compared to
control. In response to high CO, concentrations, D1 levels sig-
nificantly increased in the MZn treatment, but no significant
change of the D1 concentration was observed in the HZn treat-
ment compared to LZn. Under high CO, concentrations and with
increasing Zn concentrations, no significant differences were ob-
served for D2 levels. However, under ambient CO, levels, the
D2 concentration significantly increased in the MZn treatment
and decreased in the HZn treatment, compared to the LZn con-
trol. The concentration of CP47 increased with increasing Zn
levels, under both ambient and high CO, concentrations. The
concentration of RbcL decreased with increasing Zn concentra-
tions under high CO, conditions. In contrast, at ambient CO,
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Fig. 7 Immunoblot using antibodies against photosynthesis-associated
proteins of thylakoids isolated from P. yezoensis cultured at different Zn
and CO, concentrations. LZn, control; MZn, 25 pg L' Zn; HZn, 100 ug
L' Zn; LC, 400 patm CO,; HC, 1000 patm CO,. Each line was loaded
with similar amounts of proteins. Three triplicates were conducted per
treatment

levels, the RbcL concentration increased only marginally follow-
ing MZn and HZn treatments.

Discussion

The obtained findings showed that the RGR of P, yezoensis sig-
nificantly decreased under MZn and HZn treatments at same
CO, concentration (Fig. 2). However, the significant increase in
RGR of thalli in response to Zn treatment at high CO, concen-
tration compared with that at ambient CO, concentration indicat-
ed that high CO, levels increased the synthesis of metal chelates,
and also we hypothesis that numbers of ligand production, thus
decreasing the toxic effects of this heavy metal to thalli (Gao et al.
2017). Toxic heavy metal ions can be removed from the cyto-
plasm via various methods, such as biochelation, precipitation,
and adsorption (Moreno-Garrido et al. 1998; Zeng et al. 2015).
Photosynthesis is the sum of a series of complex metabolic
reactions, the basis for the survival of the biological world, and an
important medium for the carbon and oxygen cycle of the Earth
(Ma et al. 2016). The negative effect on the photosynthesis was
observed with the increased of Zn levels. The reduced Chl a
content under MZn and HZn compared with LZn under the
ambient CO, level indicated that the cell membrane was severely
damaged under Zn stress (Zeng et al. 2015). A similar phenom-
enon was also reported for the rate of P. yezoensis photosynthesis,
where higher Zn concentrations decreased the net photosynthetic
rate of P. yezoensis under low CO, conditions, despite the in-
crease of rETR. This suggested that more electrons were trans-
ferred to O, to form superoxide anions, and inhibited the photo-
synthesis process (Ohkubo et al. 2006). The CCMs are core
metabolic mechanisms that determine the photosynthetic carbon
fixation rate and in turn influence the growth of P, yezoensis (Li
etal. 2016). It has been reported that elevated CO, concentrations
can result in energy savings associated with the down-regulation
of CCMs, thus improving the algal performance under resource
limiting conditions (Gao et al. 2012; Gao et al. 2017; Qu et al.
2017), which also benefits biosynthesis and metabolism
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pathways (Xu et al. 2017; Gao et al. 2018a, 2018b). The en-
hanced net photosynthetic rate and respiratory rate at LZn and
HZn under high CO, concentration evidenced this results (Figs.
4 and 5). Chl a synthesis was also increased at that condition,
which could be due to it could exchange intercellular divalent
metal ions (e.g., Zn) with the Mg in Chl « to alleviate the toxicity
of heavy metals (Chojnacka et al. 2005; Gao et al. 2017).

Plant cell membranes are often considered a primary target for
heavy metal toxicity, and increased oxidative stress was demon-
strated to be one of the main responses to heavy metal exposure
(Xu and Gao 2012). In the present study, MDA concentrations
significantly increased when thalli were exposed to Zn, com-
pared to the control under ambient CO, concentrations (Fig.
6a). These findings suggest that increased Zn levels indirectly
resulted in ROS overproduction, enhanced lipid peroxidation,
and consequently, induced oxidative stress in algae (Soto 2011;
Alharby et al. 2016). These results are in accordance with a prior
study on the green algae Pseudokirchneriella subcapitata in re-
sponse to Zn exposure (Soto 2011). Plants can activate protective
mechanisms to scavenge ROS (Singh et al. 2006), which are
important for the prevention of plant oxidative stress by increas-
ing the activity of one or more enzymes in response to Zn stress
(Yang et al. 2016). SOD is a primary antioxidant, which converts
the superoxide radical (O, ) to H,O, and can be used to indicate
antioxidative defenses (Rijstenbil 2001; Chelikani et al. 2004). In
the present study, Zn stress resulted in a significant decrease in
SOD activity under ambient CO, levels. However, no significant
change in SOD activity was observed with increasing Zn con-
centrations in response to high CO, conditions (Fig. 6b). This
result can be attributed to the enhanced defense capacity of thalli
under elevated CO, levels, which removed excess H,O, and
prevented cellular damage (Yuan et al. 2018).

Abiotic stressors, such as exposure to heavy metals and
ocean acidification can affect plants by altering their protein
contents (Yang et al. 2011). Under high CO, conditions, the
concentration of the D1 protein decreased in response to MZn
treatment, which may be due to the light-induced phosphory-
lation of PSII. Particularly, the D1 protein has been reported to
be easily photodamaged during the photosynthetic light reac-
tion (Takahashi et al. 2007). The damaged D1 protein is rap-
idly degraded and synthesized de novo, and the new D1 pro-
tein is then inserted into the PSII (Zhang and Aro 2002). The
D1 protein concentration increased under high CO, condi-
tions, suggesting that ocean acidification promotes the turn-
over of D1 proteins, thus alleviating the photooxidation of
heavy metals on thalli. The increases of RGR, net photosyn-
thetic, and respiratory rate further corroborate this hypothesis.
The D2 protein subunit of the PSII reaction center is encoded
by psbD and is the rate-determining step for the PSII assembly
(Asada et al. 2018). The D2 protein concentration increased in
this study, in response to increasing Zn concentrations, sug-
gesting that PSII activity was stimulated. The chlorophyll-
binding protein CP47 (PsbB) is encoded by the psbB gene,

together with the chlorophyll-binding protein CP43. CP43 is
also located in algal membranes, where it is assembled in the
inner light-harvesting complex (Clarke and Eaton-Rye 2000;
De Weerd et al. 2013) and serves as the core antenna of the PS
II. CP47 concentrations were also elevated by increased Zn
concentrations, especially in response to high CO, levels (Fig.
7). This may be attributed to the excess energy generated by
the transfer of outer light-harvesting complexes to the PsbA/
PsbD heterodimer (Pospisil 2014).

Conclusions

This study investigated the photosynthetic physiological and
biochemical changes of P. yezoensis grown in the presence of
different Zn concentrations, and under conditions that simu-
late both current and future ocean acidification. The obtained
findings indicate that elevated Zn concentrations decreased
the algal relative growth rate, effective quantum yield, net
photosynthetic rate, and respiratory rate. SOD activity was
also stimulated to increase the removal of the large amount
of superoxide anions generated by Zn stress, and thus offset
the damage to the cell membrane caused by heavy metal ex-
posure (Pandey et al. 2009). Further studies with other sea-
weed species are required to better understand the interaction
between ocean acidification and Zn pollution and how this
affects the seaweed community. Furthermore, other heavy
metals should be assessed to obtain a more comprehensive
view of the combined effects of climate change and heavy
metal pollution.
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