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The enhancement of harmful ultraviolet-B (UV-B, 280-320 nm wavelength)
radiation is a serious problem generally faced by photosynthetic organisms.
Previous studies have reported that the currently increasing level of UV-B
radiation received on earth can promote the formation of reactive oxygen
species (ROS) by altering the antioxidant defense system or by hampering of
photosynthesis system of plants. However, the relationship between the UV-B-
induced ROS production, antioxidant capacity, and photosynthetic
performance in macroalgae remains unclear. In this study, the regulation of
the antioxidant system and photosynthetic activity by ROS triggered by UV-B
radiation were investigated in an intertidal seaweed, Neoporphyra haitanensis.
The contents of hydrogen peroxide and malondialdehyde increased with
enhanced UV-B radiation, indicating N. haitanensis experienced oxidative
stress. Increased activities of antioxidant enzymes showed a positive
response of enzymatic antioxidants to maintain the balance of ROS under
low UV-B conditions. Likewise, an accumulation of non-enzymatic
antioxidants occurred and glutathione redox status was maintained at a high
level, suggesting that the ascorbate—glutathione cycle played an indispensable
role in detoxifying ROS. Nevertheless, high UV-B radiation markedly inhibited
the efficiency of the enzymatic and non-enzymatic antioxidants, causing
oxidative damage and a depression of photosynthesis. The addition of ROS
scavengers alleviated the increased oxidation level caused by UV-B radiation,
implying that oxidative damage under UV-B condition was ascribed to
accumulated ROS. The activation of the antioxidant defense system was also
modulated by ROS. Additionally, the decreased photosynthetic activities
induced by enhanced UV-B radiation were reversed by ROS scavengers,
indicating that ROS-mediated oxidative damage caused by UV-B radiation is
one of the important causes of photo-inhibitory damage in N. haitanensis.
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Overall, these results shed some light on the close relationship between UV-B-
induced ROS production, the antioxidant defense system, and photosynthetic
performance in macroalgae, which helps to reveal their survival strategies for
adapting to highly variable marine intertidal environments.

KEYWORDS

enhanced UV-B radiation, intertidal macroalgae, oxidative damage, photoinhibition,
reactive oxygen species scavenging

Introduction

Increased incidence of ultraviolet (UV) radiation reaching
the surface of the Earth that has been attributed to the depletion
of the ozone layer since the late 1980s is considered a serious
environmental problem. Ultraviolet-B (UV-B, 280-320 nm
wavelength) is a type of UV light that contains significantly
high levels of energy and can potentially to cause major damage
to organisms (Qi et al., 2018; Barnes et al., 2019). Alteration in
cloud cover, aerosols, and surface albedo caused by climate
change exacerbates the difficult challenge posed by enhanced
UV-B radiation, especially in low- and mid-latitude regions
(Eleftheratos et al., 2020). The UV-B radiation reaching the
Earth’s surface is expected to continue to increase in the second
half of the 21* century, which will undoubtedly have a
continuous and immense impact on living organisms (Dhomse
et al,, 2019; Meinshausen et al., 2020). In particular, intertidal
macroalgae experience unpredictable dynamic environmental
changes caused by the tidal cycle, such as changes in radiation,
temperature, and rehydration. Enhanced UV-B radiation during
low tide will pose a potential threat to their growth, survival,
and reproduction.

Fortunately, plants have evolved sophisticated regulatory
mechanisms to cope with adverse environmental conditions,
among which scavenging pathways of reactive oxygen species
(ROS) are ubiquitous (Ahmad et al., 2008). ROS are unavoidable
harmful by-products of metabolic processes, and the
accumulation of ROS is a common plant response to various
environmental stresses. The major members of the ROS family
include non-radicals like hydrogen peroxide (H,O,), singlet
oxygen (*O,) and free radicals like superoxide anion (O,-"),
and hydroxyl radicals (OH:), which differ in their stability,
reactivity and transmembrane transport capacity (Mittler,
2017). When plants are exposed to unfavorable conditions,
ROS production is exacerbated, activating pathways associated
with ROS scavenging (Mishra and Prasad, 2021). Dysregulation
in any of these ROS-scavenging processes leads to the generation
of excess amounts of ROS, causing extensive damage to protein,
DNA and lipids and thereby affecting normal cellular
functioning (Narayanaswamy et al., 2016; Juan et al., 2021).
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The interplay between ROS-producing and ROS-scavenging
pathways determines the tolerance of plants toward adverse
environment. High levels of antioxidant enzyme activity and
antioxidant content are associated with high stress tolerance
(Gururani et al., 2015; Hasanuzzaman et al., 2020). Superoxide
dismutase (SOD) is considered to constitute the first defensive
barrier against oxidative stress in the antioxidant system owing to
its ability to catalyze the highly toxic O, to less toxic H,O, and
O, (del Rio et al,, 2003). Then catalase (CAT) and peroxidase
(POD) detoxify H,O, into non-toxic H,O and O,
(Hasanuzzaman et al, 2012). Notably, due to its significantly
longer half-life compared to other ROS members, H,O, can
traverse longer distances and cross cell membranes, and is
considered to be the most stable and easily disseminated form
of oxidative stress (Das and Roychoudhury, 2014; Nadarajah,
2020). Thus, the level of enzyme activity associated with H,O,
production and scavenging is important for plants to resist
unfavorable environments. Apart from antioxidant enzymes,
non-enzymatic antioxidants are also responsible for maintaining
the cellular ROS balance. Ascorbate (AsA) and glutathione (GSH)
are the main non-enzymatic antioxidants that are regulated by
ascorbate peroxidase (APx), monodehydroascorbate reductase
(MDHAR), dehydroascorbate reductase (DHAR), and
glutathione reductase (GR). The ascorbate-glutathione (AsA-
GSH) cycle has been considered to be the most effective
pathway for H,O, detoxification in plants (Ding et al,, 2019). In
addition, the defense-related enzyme glutathione peroxidase
(GPx) detoxifies H,O, using GSH as a substrate. The
antioxidant defense system composed of multiple antioxidant
enzymes and antioxidants is crucial to the survival of
macroalgae in the extremely unstable intertidal zone (Yu et al,
2020). Neoporphyra haitanensis L.E. Yang et J. Brodie (Bangiales,
Rhodophyta) (redefined from the synonym, Pyropia haitanensis,
in May 2020), an intertidal seaweed species with high economic
and ecological value, is widely cultured in the southeast of China
(Yang et al,, 2020; Xu et al,, 2020). In nature, N. haitanensis thalli
are directly exposed to high levels of UV-B radiation, and their
duration of exposure to UV-B radiation is influenced by the tides.
The protective role of the antioxidant defense system in
scavenging excessive ROS has been found in stress studies of N.
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haitanensis in response to adverse environmental factors such as
high temperature, desiccation, and high salinity (Wang et al,
2019; Wang et al,, 2020; Chen et al,, 2022). Nevertheless, so far, the
response of the antioxidant system in UV-B radiation acclimation
of N. haitanensis remains unclear.

In photosynthetic organisms, photosynthesis serves as the
foundation for all material and energy metabolism and is capable
of responding rapidly to UV radiation (Tokutsu et al., 2021).
Ultraviolet-B radiation generally acts directly on the
photosynthetic apparatus, with photosystem II (PSII) being the
most sensitive and subject to the most severe photo-inhibitory
damage (Bornman, 1989). The photoinhibition exhibited by
plants under UV-B may be related to an overproduction of
ROS. The electron transport chain of the chloroplast is the main
site of ROS production (Zhao et al., 2020). When the amount of
light energy captured by the photosystems exceeds the energy
that is required for photosynthesis, excess excitation energy in
the photosynthetic electron transport chain can promote ROS
production. In turn, an excessive production of ROS causes
oxidative damage to proteins and lipids in the thylakoid
membrane, leading to the inactivation of PSII reaction centers.
The evidence suggests that photoinhibition is an undesirable
consequence of ROS accumulation in plants (Tyystjarvi, 2013).
In addition, photoinhibition has been believed to be a controlled
protective strategy for dissipating excess energy to prevent
further damage, which is accompanied by the passive
generation of ROS. An interesting question, therefore, involves
determining whether the accumulated ROS are responsible for
photoinhibition or rather if photoinhibition promotes the
overproduction of ROS.

In this study, the H,O, content, lipid peroxidation level,
antioxidant enzyme activities, and antioxidant content in N.
haitanensis were determined under varying UV-B radiation
intensities. In addition, ROS scavengers were used to explore
the relationship between UV-B-induced ROS and the
antioxidant system. This study also attempted to explain the
underlying reason for the photoinhibition of macroalgae caused
by UV-B radiation by measuring its photosynthetic activity in
the presence of ROS scavengers. These results contribute to a
better understanding of the antioxidant defense system of
intertidal macroalgae under environmental stress, and thus
enhance our knowledge related to survival strategies for
adapting to the drastic changes occurring in the intertidal zone.

Materials and methods
Sample collection
Initially, N. haitanensis blades were collected from farmed rafts

in the vicinity of Tan’nan Bay, China (119.76°E, 25.41°N), and
immediately transported to the marine ecology laboratory of the
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Ocean University of China. Intact and healthy blades were selected;
any additional sediments and epiphytic miscellaneous algae were
removed. Before the experiment, N. haitanensis thalli were pre-
cultured for 3 days in a lighted incubator (GHP-500E, Sanfa,
Shanghai, China) at 20°C. Photosynthetically active radiation was
set to 50 umol photons-m™2s™" for 12 hours a day. The seawater was
supplemented with a sterilized nutrient solution (Provasoli’s
enrichment solution medium) and renewed every 2 days.

UV-B radiation treatments

Each sample was transferred to a square plastic dish (13 cm
x13 c¢m) containing 300 mL cultured seawater for UV-B
radiation treatments. The intensities of UV-B radiation were
set to three levels: control (0 W-m™2), low (0.5 W-m™2), and high
(1 W-m ™), according to our previous experiments (Xue et al.,
2022). Ultraviolet-B radiation was provided by UV-B lamp tubes
(TL-K 40 W/10R, Philips, Poland). The UV-B intensity was
determined using a radiometer equipped with a UV-B sensor
(UV-B 297, Beijing Normal University, Beijing, China). The
UV-B radiation system was continuously irradiated for more
than 12 h prior to use to allow for stabilization of the UV output.
Except for UV-B intensity, other experimental conditions were
the same as culture conditions.

H,O, and lipid peroxidation content

The H,0, content of each sample was measured according
to the method of Contreras-Porcia et al. (2011). After samples
weighed to 0.1 g and 1 mL of lysis buffer was added, tissue
homogenates were prepared by an automatic tissue grinding
machine (JXFSTPRP-48L, Jingxin, Shanghai, China). The
supernatant was transferred after centrifugation at 12,000 g at
4°C for 10 min. The H,O, content was determined by hydrogen
peroxide content detection kit (Solarbio, Beijing, China) and
determined with an enzyme-labeled instrument (ELX808IU,
BioTek Instruments, Inc., Winooski, VT, USA). The produced
intracellular ROS was tagged by 2',7'-dichlorofluorescin
diacetate (DCFH-DA, Sigma, San Diego, CA, USA) fluorescent
staining. The samples were incubated with 40 mL of seawater
containing 10 pM DCFH-DA at room temperature, and kept
away from light during the entire process. After incubation, the
thalli were rinsed three times in filtered seawater, and the H,O,
was immediately observed in situ using a fluorescence
microscope (RVL-100-G, Echo, Boston, MA, USA).

The lipid peroxidation levels were measured by a
degradation product of lipid peroxidation, malondialdehyde
(MDA). Samples weighing 0.1 g was ground in liquid nitrogen
and MDA content was determined by a micro malondialdehyde
assay kit (Solarbio).
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Antioxidant enzyme activity and
antioxidant content

Fresh samples were ground with liquid nitrogen and tissue
homogenates were prepared for further enzyme activity analysis.
The activities of SOD, CAT, POD APx, DHAR, MDHAR, GR,
and GPx were estimated using commercially available assay kits
(Solarbio). The concentrations of DHA, AsA, GSSG, GSH, and
T-GSH content were measured using assay kits obtained from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
The protein concentration was determined using a BCA protein
kit (Solarbio).

ROS scavenger treatments

To reveal the involvement of H,O, in the UV-B-induced
changes in the antioxidant metabolism and photosynthetic
performance, thalli were treated with different ROS scavengers.
Sodium benzoate (SB) is considered as a general free radical
scavenger (Nagalakshmi and Prasad, 1998; Dey et al., 2021), 1,2-
dihydroxy-benzene-3,5-disulphonic acid (Tiron) is a specific
O,-" scavenger (Wise, 1995; Xing et al., 2016), and
dimethylthiourea (DMTU) is a specific H,O, scavenger
(Levine et al., 1994; Liu et al,, 2020). The concentrations of
ROS scavengers were modified from the method of Shiu and Lee
(2005). The thalli were incubated in 300 mL sterile seawater
containing 10 mM SB, 10 mM Trion or 20 mM DMTU, for1h
in darkness, and then treated with UV-B radiation.

Photosynthetic performance

After dark adaptation for 20 min, the samples were transferred
into a chlorophyll fluorescence imaging system (Imaging-PAM;
Heinz Walz, Effeltrich, Germany) to measure photosynthetic
performance of N. haitanensis. Parameters indicating
photosynthetic activity, such as maximal PSII quantum yield (Fv/
Fm), the effective PSII quantum yield (Y(II)), the non-photochemical
quenching (NPQ), the photochemical quenching coefficient (qP), the
electron transport rate (ETR), and the non-regulated non-
photochemical quantum yield (Y(NO)), were calculated and
determined by the manufacturer’s ImagingWinGigE software.

Statistical analysis

All data in this study were showed as mean + standard
deviation (SD) for three replicates. Statistical analysis was
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conducted using IBM SPSS 25.0 software. The differences
between groups were identified using one-way analysis of
variance (ANOVA) with the significance level was set as P <
0.05. The least significant difference (LSD) test was used for

pairwise comparisons.

Results

Changes of H,O, and MDA contents
under UV-B radiation

Ultraviolet-B radiation activated H,O, production in N.
haitanensis (Figures 1A, B). The H,O, contents in N.
haitanensis at UV-B radiation appeared to be a dose-dependent
response with the extension of exposure time. In situ fluorescence
staining intuitively demonstrated the effect of UV-B radiation
promoting ROS production. The cells showed light green
fluorescence under low UV-B radiation, while the algal cells
showed bright green fluorescence with unclear cell boundaries
after exposure to high UV-B radiation for 5 h. These observed
results were consistent with the changes of H,O, content.

Enhanced UV-B radiation aggravated membrane lipid
peroxidation in N. haitanensis (Figure 1C). No significant
change in MDA content (ANOVA, P > 0.05) was observed
under low UV-B radiation for 3 h. The MDA content of algae in
the high UV-B group significantly increased with the extension
of exposure time (ANOVA, P < 0.05).

Changes of antioxidant enzyme activities
under UV-B radiation

Ultraviolet-B radiation significantly affected the activities of
antioxidant enzymes involved in ROS scavenging (Figure 2). The
SOD activity increased gradually with an increasing exposure
time under low and high UV-B radiation. Both POD and CAT
activities were significantly induced by low UV-B radiation
(ANOVA, P < 0.05). Although high UV-B radiation increased
the activity of CAT and POD within 3 h, it was followed by a
decrease as time increased. The APx activity increased rapidly
under low and high UV-B radiation with a peak occurring at the
3 h and then decreased substantially. The change of DHAR
activity was similar to the changes in CAT activity. Compared
with DHAR, MDHAR seemed to be more easily activated at high
UV-B radiation. The GR activity only significantly increased
under low UV-B radiation. The GPx activity increased with
increasing UV-B radiation, while it experienced inhibition by
high UV-B radiation after exposure for 5 h.
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Effects of ultraviolet-B (UV-B) radiation on hydrogen peroxide (H,O,) and malondialdehyde (MDA) content of Neoporphyra haitanensis:

(A) fluorescent staining of H,O, with 2,7-dichlorofluorescein diacetate after UV-B radiation exposure for 1 h, 3 h, and 5 h; (B) variations in H,O,
content; (C) variations in MDA content. Values are represented as means + SD (n = 3). Different lowercase letters indicate a significant difference
among groups according to ANOVA and the LSD test (P < 0.05); the same lowercase letters indicate no significant difference between the

groups (P > 0.05)

Changes of AsA and GSH contents under
UV-B radiation

The activity of the AsA-GSH cycle varied with increasing
intensity and duration of UV-B radiation (Figure 3). The ratios of
AsA/DHA and GSH/GSSG were calculated separately to determine
the regeneration rates of AsA and GSH. The reduction/oxidation
ratio also reflects the cellular redox state and ROS-mediated
cytotoxicity. The levels of T-GSH, GSH, and GSSG showed an
increase under the low UV-B exposure. The GSH/GSSG ratio
increased significantly after exposure to low UV-B radiation for
1 h. The continuous high UV-B radiation resulted in a low GSH/
GSSG ratio in N. haitanensis. The AsA content increased when
stimulated by UV-B radiation. The change in DHA content was
similar to the change in AsA content. However, the AsA/DHA
value decreased after low UV-B exposure for 3 h, but increased
significantly after 5 h-irradiation. High UV-B radiation
significantly decreased the AsA/DHA ratio.

Effects of ROS scavengers on UV-B-
induced oxidative stress, enzyme
activities, and antioxidant contents

Three ROS scavengers, SB, Tiron, and DMTU, used in the

experiment had no adverse effect on the oxidation and antioxidant
system of the algae (Figure 4). The exposure to the low UV-B radiation
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for 5 h increased both the contents of H,O, and MDA and the activities
of antioxidant enzymes, including SOD, CAT, POD, APx, DHAR,
MDHAR, GR, and GPx. The increased H,O, and MDA contents
caused by UV-B radiation were inhibited by SB, Tiron, and DMTU.
Correspondingly, the activities of antioxidant enzymes were
significantly decreased in the presence of ROS scavengers compared
to the enzyme activity levels after UV-B radiation.

Increased activity of the AsA-GSH cycle upon UV-B exposure
was also affected by SB, Tiron, and DMTU (Figure 5). The UV-B-
induced increase in the contents of T-GSH, GSSG, and GSH were
inhibited by ROS scavengers. After exposed to low UV-B radiation
for 5 h, the ratio of GSH/GSSG decreased by 21%. After the addition
of ROS scavengers, the GSH/GSSG ratio substantially recovered to
almost the original level. The decreased DHA content was reversed
by SB, Tiron, and DMTU. The UV-B-induced increase in AsA
content and AsA/DHA ratio was inhibited by three ROS scavengers.

Effects of ROS scavengers on
photosynthetic performance under UV-B
radiation

The changes in the photosynthetic performance of N.
haitanensis under UV-B radiation were measured in the
presence of ROS scavengers (Figure 6). When the algae were
exposed to the low UV-B radiation for 5 h, they exhibited a
decrease in the Fv/Fm, Y(II), and ETR by a range of 50-70%
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FIGURE 2
Effects of ultraviolet-B radiation on antioxidant enzyme activity of Neoporphyra haitanensis. Values are represented as means + SD (n = 3).
Different lowercase letters indicate a significant difference among groups according to ANOVA and the LSD test (P < 0.05); others are
significantly different (P > 0.05). SOD, superoxide dismutase; CAT, catalase; POD, peroxidase; APx, ascorbate peroxidase; DHAR,
dehydroascorbate reductase; MDHAR, monodehydroascorbate reductase; GR, glutathione reductase; GPx, glutathione peroxidase.

compared with those without irradiation. The value of the q"
decreased by 21.39% after UV-B exposure. The value of NPQ
and Y(NO) in N. haitanensis significantly increased by 66.06%
and 59.80%, respectively, under UV-B conditions. Decreased Fv/
Fm, Y(II), and ETR by UV-B exposure were relieved by three
ROS scavengers, and the q° recovered to more than 90% of the
initial efficiency. The UV-B-irradiated algae underwent a
marked decrease in NPQ with the addition of ROS scavengers.
Similarly, three ROS scavengers had a positive effect on the
recovery of Y(NO) to pre-radiation levels.
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Discussion

UV-B-induced oxidative stress in N.
haitanensis

Ultraviolet-B radiation is a variable ambient type of
radiation whose flux fluctuations may modulate the level of
ROS in plants. This UV-B radiation can act on the chloroplasts
and mitochondria of photosynthetic organisms, producing a
large amount of ROS (Gill and Tuteja, 2010). The generation and
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FIGURE 3

The changes of ascorbate-glutathione cycle in Neoporphyra haitanensis in response to increasing ultraviolet-B radiation: (A) variations in total
glutathione (T-GSH), glutathione disulfide (GSSG), glutathione (GSH), and the ratio of GSSG/GSH; (B) variations in dehydroascorbate (DHA),
ascorbate (AsA), and the ratio of AsSA/DHA. Values are represented as means + SD (n = 3). Different lowercase letters indicate a significant
difference among groups according to ANOVA and the LSD test (P < 0.05); the same lowercase letters indicate no significant difference

between the groups (P > 0.05).

retention of large amounts of ROS is thought to be one of the
main reasons for the toxic and damaging effects of UV radiation
on marine algae (Malanga and Puntarulo, 1995). Accumulated
ROS interacted with lipids, resulting in structural changes and
lipid peroxidation (Wang et al, 2010). The increase in H,O,
content is positively correlated with the degree of lipid
peroxidation (Dai et al, 1997). In this study, an increase in
ROS with no significant change in MDA was observed at both
low and high UV-B radiation. These results suggest that UV-B
radiation triggers changes in ROS production in N. haitanensis,
without oxidative damage. With the enhancement of UV-B
radiation, a large amount of ROS accumulated, and the
content of MDA increased significantly, resulting in oxidative
damage. These results suggested that H,O, detoxification was
not achieved when UV-B radiation continuously increased. In
addition to high irradiation, there is substantial evidence
describing the effects of other environmental stimuli on ROS
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production. Typical intertidal environmental stresses, such as
dehydration, high salinity, and ocean acidification, could induce
the accumulation of ROS, leading to oxidative stress in intertidal
macroalgae (Kumar et al,, 2017; Wang et al., 2019; Liang et al.,
2021). It is worth noting that intertidal seaweeds may constantly
suffer from combined stresses due to the particularity of their
habitat. Future studies not only need to clarify the responses of
macroalgae to single source of stress, but also need to explore the
resistance, adaptation, and damage mechanisms of macroalgae
under combined stresses.

Regulation of the antioxidant system by
ROS under UV-B conditions

Studies have shown that antioxidant systems contribute to
the self-maintenance of macroalgae under exposure to UV-B
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Effects of 10 mM sodium benzoate (SB), 100 uM 1,2-dihydroxy-benzene-3,5-disulphonic acid (Tiron), or 100 uM dimethylthiourea (DMTU) on

oxidation and antioxidant system in Neoporphyra haitanensis on exposure to 0.5 W-m~2 ultraviolet-B (UV-B) radiation for 5 h. Values are

represented as means + SD (n = 3). Different lowercase letters indicate a significant difference among groups according to ANOVA and the LSD

test (P < 0.05); The same lowercase letters indicate no significant difference between the groups (P > 0.05).

radiation (Tuzun et al., 2020). In the process of removing ROS,
the antioxidant enzymes CAT, SOD, and POD serve as the first
line of the antioxidant defense system (Czegeny et al., 2016), and
become critical in suppressing the toxic levels of ROS in cells
(Apel and Hirt, 2004). In the present study, the activities of these
enzymes increased in N. haitanensis under low UV-B radiation.
Plants may also enhance antioxidant capacity through
enhancing the AsA-GSH cycle and the regeneration rates of
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AsA and GSH. Low levels of UV-B radiation increased the
accumulation of GSH and GSSG, revealing a positive response of
non-enzymatic antioxidants to UV-B exposure similar to that
observed in other species of marine algae (Wang et al., 2007; Roy
et al., 2021). Furthermore, the activities of GR, DHAR, and GPx
involved in GSH regeneration also increased under low UV-B
radiation. The GSH/GSSG ratio is a measure of redox and the

detoxification state of cells. Thalli treated with low UV-B
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Effects of 10 mM sodium benzoate (SB), 100 uM 1,2-dihydroxy-benzene-3,5-disulphonic acid (Tiron), or 100 uM dimethylthiourea (DMTU) on
the ascorbate-glutathione cycle in Neoporphyra haitanensis on exposure to 0.5 W-m™ ultraviolet-B (UV-B) radiation for 5 h. (A) T-GSH, GSSG,
GSH and the ratio of GSSG/GSH. (B) DHA, AsA, and the ratio of AsA/DHA. Values are represented as means + SD (n = 3). Different lowercase
letters indicate a significant difference among groups according to ANOVA and the LSD test (P < 0.05); the same lowercase letters indicate no

significant difference between the groups (P > 0.05).

radiation maintained a highly reducing redox state as evidenced
by the increased GSH/GSSG ratios, which may be beneficial for
minimizing ROS generation. The antioxidant function of AsA is
manifested as the detoxification of H,O, by APx and
regeneration from DHA through MDHAR and DHAR
enzymes with the help of GSH (Srivastava et al., 2012). In the
study, both AsA and DHA contents increased when thalli were
exposed to UV-B radiation, indicating that AsA actively
participated in the ROS scavenging under UV-B radiation.
The AsA/DHA ratio initially decreased under low UV-B
radiation, indicating that a large amount of AsA reacted with
ROS, aided by high levels of APx activity. Subsequently, the
regeneration of AsA increased due to the decrease in APx
activity and the high levels of DHAR and MDHAR activity.
Thus, both enzymatic and non-enzymatic antioxidants were
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activated by low UV-B radiation and responded positively to
detoxify ROS to avoid oxidative damage (Figure 7A). This
activation of the antioxidant system by UV-B radiation, we
believe, is achieved by ROS. These ROS are supposed to be a
signal that triggers the plant antioxidant defense system in
response to abiotic and biotic stresses (Carvalho and Silveira,
2020). The activities of antioxidant enzymes are regulated by
both genetic regulation and environmental stimuli, based on the
need and urgency of scavenging the ROS that have been
produced in cells (De Gara et al, 2003). Although H,0, has
been found to induce the expression of antioxidant genes in
macroalgae (Sung et al., 2009), there is little direct evidence that
alterations in antioxidant metabolism under environmental
stress are modulated by ROS. In the present study, ROS
scavengers were used to determine the relationship between
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Effects of reactive oxygen species scavengers on the photosynthetic performance in Neoporphyra haitanensis under exposure to 0.5 W-m™
ultraviolet-B (UV-B) radiation for 5 h. Values are represented as means + SD (n =

2

3). All data are the mean values (+ SD) from three biological

replicates. Different lowercase letters indicate a significant difference among groups according to ANOVA and the LSD test (P < 0.05); the same
lowercase letters indicate no significant difference between the groups (P > 0.05). Fv/Fm, the maximal photosystem Il quantum yield; Y(ll), the
effective photosystem Il quantum yield; g, photochemical quenching coefficient; ETR, electron transport rate; Y(NO), non-regulated non-

photochemical quantum yield; NPQ, non-photochemical quenching.

ROS and the induced antioxidant defense system under UV-B
exposure in N. haitanensis. The inhibitory effect of a UV-B-
induced increase in enzymatic antioxidant activity and non-
enzymatic antioxidant regeneration by the H,O, scavenger
DMTU supported the idea that H,O, participated in the
activation of the antioxidant defense system of N. haitanensis.
Changes in antioxidant capacity after applying Tiron and SB
further confirmed that the antioxidant defense system under
UV-B radiation was regulated by ROS. These results suggest that
UV-B radiation causes alterations in antioxidant status that are
mediated by ROS. Therefore, UV-B exposure, ROS, and a rapid
response of the antioxidant system are closely linked in
macroalgae. It may be that UV-B activated the production of
H,0,, which triggered the antioxidant defense system of N.
haitanensis. It has been suggested that the ROS accumulation
caused by adverse environmental stimuli rapidly triggers the
antioxidant defense system in a variety of ways, including
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retrograde signaling, transcriptional and post-transcriptional
regulation, phosphorylation, and proteolysis (Dvorak et al,
2020). Regardless of the way in which ROS in macroalgae will
regulate the antioxidant system under UV-B radiation, rapid
ROS production requires an immediate mobilization of the
antioxidant protection system to counteract the resulting
environmental stress.

With the extension of UV-B radiation exposure time, the
activities of antioxidant enzymes (including CAT, POD, and
GPx) were inhibited and this was accompanied by oxidative
damage. The GSH and AsA contents of N. haitanensis decreased
under high UV-B stress, which is consistent with the findings in
other marine algae (Singh et al., 2012). The low levels of GSH
and AsA redox state (decreased ratios of GSH/GSSG and AsA/
DHA) in N. haitanensis indicated the existence of elevated
cellular toxicity and oxidative stress upon high UV-B
exposure. Likewise, the inhibition in APx, DHAR, and GR
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activities under high UV-B radiation resulted in the insufficiency
of the AsA-GSH cycle, subsequently resulting in the excess
accumulation of H,0, in N. haitanensis. Apparently, the
deregulation of antioxidant enzymes under continuous UV-B
stress affected the efficiency of ROS removal, directly breaking
the dynamic balance between ROS and antioxidant defense,
leading to a dramatic increase of ROS in cells (Figure 7B). The
underlying molecular mechanism by which ROS regulate the
antioxidant system under UV-B radiation may be delicate and
complex, and further molecular validation is required.

ROS-mediated damage to
photosynthetic performance of N.
haitanensis under UV-B radiation

Photosynthesis and oxidative stress are intimately related in
photosynthetic organisms, as the imbalance between light
energy absorption and the effective use of light energy may
contribute to the overproduction of ROS (Krieger-Liszkay,
2005). Photoinhibition and ROS accumulation are two major
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processes with known ubiquitous occurrence in plants under
unfavorable conditions; however, the opinions of various
researchers on their interrelation are disparate. One view holds
that excessive accumulation of ROS in plant cells is the
underlying reason causing photoinhibition and photodamage
under stress conditions (Triantaphylides et al., 2008;
Triantaphylides and Havaux, 2009; Takahashi and Badger,
2011). An alternative view argues that photoinhibition plays a
protective role as an active strategy, and it essentiality prevents
the overproduction of ROS and the inactivation of downstream
components of the photosynthetic electron transport chain
(Lima-Melo et al., 2019).
improvement of the algal photosynthetic efficiency occurred
after the removal of ROS induced by UV-B radiation,
accompanied by a reduction in photodamage and a restoration

In the present study, an

of electron transport, indicating the occurrence of photo-
inhibitory damage is closely related to the accumulation of
ROS in N. haitanensis. Moreover, ROS scavengers alleviated
the lipid peroxidation in N. haitanensis caused by UV-B
radiation. We believe that the ROS scavenging system could
not remove excess ROS efficiently under enhanced UV-B
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radiation, which caused irreversible oxidative damage to the
photosynthetic apparatus and membrane damage of algal cells
(Figure 7B). Therefore, ROS-mediated oxidative damage caused
by UV-B radiation is one of the important causes of photo-
inhibitory damage in N. haitanensis. In our previous study, we
found that N. haitanensis could prevent ROS production by
improving NPQ under enhanced UV-B radiation, forming a
solid method for algae to avoid an excessive accumulation of
ROS (Xue et al., 2022). In the present study, the increased NPQ
induced by UV-B radiation was inhibited by ROS scavengers,
demonstrating that NPQ and the antioxidant system are
collectively responsible for maintaining the ROS balance that
allows algae to resist ROS-mediated oxidative damage under low
UV-B radiation. Although the photosynthetic performance of
UV-irradiated algae increased to varying degrees after the
addition of ROS scavengers, the performance was still
significantly lower than that of algae without UV-B radiation.
Hence, in addition to oxidative damage, UV-B radiation may
cause other types of damage to the structure and function of the
photosynthetic apparatus of N. haitanensis, such as destroying
D1 protein, degrading photopigments, or damaging DNA
(Cheng et al., 2016; Yadav et al, 2020), and the underlying
direct damage mechanism needs to be further studied.

Conclusion

The results demonstrated that ROS were involved in the
response of N. haitanensis to UV-B radiation stress and played an
important role in the activation of the antioxidant system and the
regulation of photosynthesis. Enzymatic and non-enzymatic
antioxidants were activated by low UV-B radiation and
responded positively to maintain an ROS balance. High UV-B
radiation markedly inhibited the activities of antioxidant enzymes
as well as the efficiency of the AsA-GSH cycle, causing ROS
accumulation and oxidative damage. This study also found that
alterations in antioxidant metabolism under UV-B stress were
modulated by ROS. In addition, the photo-inhibitory damage of
N. haitanensis under UV-B radiation was observed, and the
underlying reason may contribute to ROS-mediated oxidative
damage caused by UV-B radiation. The results of the study
provide evidence for elucidating the adaptive strategy of intertidal

macroalgae in highly variable marine environments.
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