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Abstract 

Background Solar radiation is primarily composed of ultraviolet radiation (UVR, 200 − 400 nm) and photosyntheti-
cally active radiation (PAR, 400 − 700 nm). Ultraviolet-B (UVB) radiation accounts for only a small proportion of sunlight, 
and it is the primary cause of plant photodamage. The use of chlorofluorocarbons (CFCs) as refrigerants caused seri-
ous ozone depletion in the 1980s, and this had led to an increase in UVB. Although CFC emissions have significantly 
decreased in recent years, UVB radiation still remains at a high intensity. UVB radiation increase is an important factor 
that influences plant physiological processes. Ulva prolifera, a type of macroalga found in the intertidal zone, is inter-
mittently exposed to UVB. Alternative oxidase (AOX) plays an important role in plants under stresses. This research 
examines the changes in AOX activity and the relationships among AOX, photosynthesis, and reactive oxygen species 
(ROS) homeostasis in U. prolifera under changes in UVB and photosynthetically active radiation (PAR).

Results UVB was the main component of solar radiation impacting the typical intertidal green macroalgae U. prolif-
era. AOX was found to be important during the process of photosynthesis optimization of U. prolifera due to a syner-
gistic effect with non-photochemical quenching (NPQ) under UVB radiation. AOX and glycolate oxidase (GO) worked 
together to achieve NADPH homeostasis to achieve photosynthesis optimization under changes in PAR + UVB. The 
synergism of AOX with superoxide dismutase (SOD) and catalase (CAT) was important during the process of ROS 
homeostasis under PAR + UVB.

Conclusions AOX plays an important role in the process of photosynthesis optimization and ROS homeostasis in U. 
prolifera under UVB radiation. This study provides further insights into the response of intertidal macroalgae to solar 
light changes.
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Background
Solar radiation is composed of ultraviolet radiation 
(UVR, 200 − 400 nm), photosynthetically active radia-
tion (PAR, 400 − 700 nm), and infrared wavelengths 
(760 − 1000 nm). UVR includes ultraviolet-A (UVA, 320–
400 nm), ultraviolet-B (UVB, 280 − 320nm), and ultravio-
let-C (UVC, 200–280 nm). The UVC wavelength is short 
and largely absorbed by ozone, preventing it from reach-
ing the Earth’s surface. UVA has the longest wavelength 
and weakest energy, and can directly reach the Earth’s 
surface. UVA, which can cause both inhibitory and 
enhancing effects on biomass morphology and photosyn-
thesis in plants, is less efficient than UVB in mediating 
some biological responses [1]. UVB radiation accounts 
for only a small proportion of sunlight, while it is easily 
absorbed by biological macromolecules such as proteins, 
lipids, and nucleic acids [2]. In addition, it affects the 
growth and reproduction of organisms, physiology, and 
the redox state, and causes DNA damage. This damage 
includes decreasing the growth rate, increasing the death 
rate of thalli [3], delaying spore germination [4], affect-
ing the activities of photosystem II (PSII) and Rubisco, 
reducing the levels of chlorophyll and carotenoids, 
destroying the ultrastructure of chloroplasts [5], produc-
ing excessive reactive oxygen species [4], and forming 
cyclobutane pyrimidine dimer (CPD), even leading to 
the death of plant mutants lacking specific DNA repair 
pathways [6]. The use of chlorofluorocarbons (CFCs) as 
refrigerants caused a serious depletion of ozone in the 
1980s, and this led to an increase in UVB radiation that 
might induce photodamage in plants. Although CFC 
emissions have decreased significantly in recent years, 
UVB radiation still has remained at a high intensity. PAR 
is the energy source for plants and organic matter synthe-
sis, and excess PAR may lead to different effects on plants 
[7]. Under natural conditions, a high level of UVB radia-
tion occurs simultaneously with high PAR irradiance [8]. 
High levels of PAR can cause an accumulation pattern 
in barley with distinct tolerance to UVR, which is asso-
ciated with the negative effects of UVB on photosynthe-
sis [9]. It has been reported that both UVB and PAR can 
induce photoprotective responses in plants [8], with UVB 
being often a major factor inducing photodamage [10, 
11]. The intertidal zone is the transitional zone between 
the land and the sea. Macroalgae living in the intertidal 
zone are faced with intermittent solar radiation due to 
tidal changes. Ulva prolifera is a type of typical intertidal 
green macroalgae [12–14]. Macroalgae have mechanisms 
to acclimate to changes in UVB radiation, including the 
accumulation of flavonoids and antioxidants [8]. Further-
more, the responses of non-photochemical quenching 
(NPQ) and antioxidant enzymes play important roles in 
the ability of thalli to acclimate to the environment under 

UVB and PAR radiation. NPQ plays important roles 
in acclimating to the environment under UVB radia-
tion in macroalgae [15–17]. UVB radiation significantly 
increased NPQ, indicating that NPQ is an effective pho-
toprotection strategy in green macroalgae U. prolifera 
[18], and similar results were also observed in red mac-
roalgae Neoporphyra haitanensis [16, 18]. Furthermore, 
the induction of NPQ in N. haitanensis was dependent 
on delta pH [16]. The antioxidant system is also impor-
tant during reactive oxygen species (ROS) homeosta-
sis in macroalgae under UVB radiation, and there are 
significant differences in antioxidant system strategies 
under UVB conditions among various macroalgae [18]. 
In N. haitanensis, increased antioxidant enzyme activi-
ties and the accumulation of non-enzymatic antioxidants 
showed the positive response of enzymatic antioxidants 
to maintain the balance of ROS under low UVB condi-
tions [19]. The activity of peroxidase (POX) in Gratelou-
pia filicina increased significantly after exposure to UVB 
[20]. In contrast, catalase (CAT) in green macroalgae U. 
rigida rapidly increased its activity in response to radia-
tion stress [10]. Desmarestia anceps, a brown macroalgae 
collected from the upper and mid-subtidal areas of Port 
Cove, King George Island, Antarctica, exhibited high 
superoxide dismutase (SOD) activity, which was also sup-
ported by considerable glutathione reductase activities, 
enabling its tolerance to high UVB radiation [21].

Alternative oxidase (AOX) exists in plants in addi-
tion to the cytochrome oxidase (COX) respiratory 
pathway. The electrons that accept reductive ubiqui-
none directly reduce oxygen to water [22–25], so the 
electron flow of the AOX respiratory pathway bypasses 
the last two energy conservation sites (complexes III 
and IV) related to the COX respiratory pathway [26]. 
Because of this property, which has nothing to do 
with energy conservation, this can alleviate an imbal-
ance in carbon and energy metabolism caused by stress 
[27]. Environmental factors can significantly affect the 
expression of AOX protein and AOX activity in plants 
[26, 28]. AOX is considered to play an important role 
in the ROS balance in cells and plants by maintaining 
the function of mitochondria [28–30]. AOX in peas 
[26], rice [31], and Haematococcus pluvialis [32] can 
consume an excessive reduction equivalent in chloro-
plasts, and it avoids excessive reduction in the photo-
synthetic electron transport chain. This can indirectly 
inhibit ROS production by photosynthesis, which can 
prevent oxidative damage of the thylakoid membrane 
and balance the effect of stress on photosynthesis. In 
addition, AOX showed the ability to optimize photo-
synthesis in plants under high light stress. High light 
stress can lead to a decrease in the photosynthetic rate 
of plants, and alternative oxidase plays a role in plant 
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adaptation to this type of stress, including high levels 
of UVB radiation [33]. AOX1a knockout Arabidopsis 
thaliana exhibited low photosynthetic performance 
under high light conditions despite the presence of the 
malate-OAA shuttle and photorespiration, which can 
optimize plant photosynthesis [34]. AOX contributed 
to PSII photoprotection in C3 plants by maintaining 
photorespiration to detoxify glycolate via the indi-
rect export of excess reducing equivalents from chlo-
roplasts by the Mal/OAA shuttle. However, AOX did 
not respond to high light conditions and contributed 
little to PSII photoprotection in C4 leaves with little 
photorespiration possessing a highly active Mal/OAA 
shuttle [35]. In Chlamydomonas reinhardtii, a chloro-
plast-mitochondria coupling allowed for the dissipa-
tion of photosynthetically derived electrons via ROS 
reduction through AOX when photosynthetic electron 
carriers are highly reduced under high light [36]. There 
is relatively little research on the role of AOX during 
the environmental response of macroalgae. RNA-seq 
analysis demonstrated that AOX played an important 
role in stress resistance and invasion processes in the 
macroalgae Caulerpa cylindracea [37]. In Auxenochlo-
rella protothecoides, AOX was essential in promoting 
ROS scavenging and maintaining redox homeostasis 
for algal chloroplast development during greening [30]. 
Previous studies have confirmed the significant roles 
of NPQ and the antioxidant system during defense 
against environmental stress in the common intertidal 
macroalgae U. prolifera. Furthermore, existing research 
has revealed a correlation between NPQ and antioxi-
dant system during the stress response of U. prolifera 
[18, 38, 39]. Due to the crucial role of AOX in the plant 
stress response and the wide occurrence of UVB in the 

natural environment, it is necessary to explore the rela-
tionship between antioxidant systems, photoprotec-
tion, and ROS homeostasis in U. prolifera under UVB 
radiation.

In the present research, the physiological response 
strategies of the typical intertidal green macroalgae U. 
prolifera under changes in PAR and UVB were studied. 
This work focused on changes in AOX activity and the 
relationships among AOX, photosynthesis, and ROS 
homeostasis in U. prolifera under changes in UVB and 
PAR. This research provides a theoretical basis for a bet-
ter understanding of the acclimation of macroalgae to 
adversity and a basis for accurately assessing the environ-
mental impact of solar radiation.

Results
Detection of AOX
As shown in Fig.  1-A, the AOX respiration rate 
 (RAOX) under NL + LUVB and HL + HUVB radia-
tion increased significantly compared with the NL 
(P < 0.05). As shown in Fig.  1-B, the dark respiration 
rate (Rd) decreased significantly under NL + LUVB, 
HL, and HL + HUVB radiation on the 4th day, while 
it decreased significantly on the 1st day under 
HL + HUVB radiation (P < 0.05).

Photosynthetic activity
As shown in Fig.  2-A, the maximum PSII quantum 
yield (Fv/Fm) value decreased significantly under 
NL + LUVB radiation (from 0.76 ± 0.01 to 0.67 ± 0.04). 
The Fv/Fm decreased significantly under HL + HUVB 
radiation compared with the thalli under NL + LUVB 
radiation on the 1st day (from 0.76 ± 0.01 to 0.56 ± 0.05) 
(P < 0.05). The decreasing trend increased significantly 

Fig. 1 Effects of ultraviolet-B (UVB) and photosynthetically active radiation (PAR) on (A) AOX respiration rate  (RAOX) and (B) the dark respiration 
rate  (Rd) in Ulva prolifera on the 1st day and the 4th day. All data are the mean values (± SD) from three biological replicates. Groups with different 
lowercase letters are significantly different (P < 0.05)
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with the presence of salicylhydroxamic acid (SHAM). 
The trend of Fv/Fm on the 4th day was the same as that 
on day 1, while the Fv/Fm value on the 4th day was 
lower than that on day 1. The effective PSII quantum 
yield (Y(II)) showed a similar trend compared with 
the result of Fv/Fm (Fig.  2-B). As illustrated in Fig.  3, 
UVB inhibited the activity of PS II more significantly 
than PAR. The regulated non-photochemical quantum 
yield (Y(NPQ)) values increased significantly under 
UVB radiation compared with that under NL, and an 
increasing trend of Y(NPQ) was observed in the pres-
ence of SHAM. And the results of NPQ increased fur-
ther in the presence of SHAM (Fig. 2-C). As shown in 
Fig.  2-D, the non-regulated non-photochemical quan-
tum yield (Y(NO)) values increased significantly under 
UVB radiation, which further increased with the pres-
ence of SHAM. Figure 2-E to Fig. 2-H show the images 
measured with Imaging-PAM. Value of NPQ increased 
significantly under UVB radiation, which was the high-
est under NL + LUVB on day 1 without SHAM (Supple-
mentary Figure S1). NPQ increased significantly under 
UVB radiation, with the highest mean value measured 
under NL + LUVB (day 1, without SHAM; Supple-
mentary Figure S1). Upon addition of SHAM, NPQ 
further increased (P < 0.05), with the highest mean val-
ues measured in the condition SHAM + NL + LUVB 
(P < 0.05; Supplementary Figure S1).

Changes in the rapid light curves (RLCs)
As shown in Fig. 4, the results of the rapid light curves 
(RLCs) revealed the mean relative electron transfer 
rate (rETR) on the 1st day and 4th day. As the irra-
diation regime was intensified, the values of the rETR 
decreased significantly. The inhibition of the rETR 
was more pronounced with the presence of SHAM. As 
can be seen in Fig.  4, the maximum relative electron 
transfer rate (Pm), the photosynthetic rate in the light-
limited area of the RLC (α), and the minimum satu-
rated irradiance  (Ik) all showed significant differences 
(P < 0.05) with the increasing irradiation intensity and 
irradiation time, and a further significantly decreasing 
trend was seen with the application of SHAM.

Detection of nicotinamide adenine dinucleotide phosphate 
hydrogen 
As illustrated in Fig. 5, compared with the NL radiation, 
the contents of nicotinamide adenine dinucleotide phos-
phate hydrogen (NADPH) increased by 14.4%, 20.9%, and 
22.9% under NL + LUVB, HL, and HL + HUVB radiation 
on day 1, respectively. The NADPH content increased 
by 12.19% and 19.13% under NL + LUVB and HL radia-
tion on day 4, respectively. Furthermore, the content of 
NADPH on day 4 was significantly lower than that on 
day 1. The content of NADPH increased significantly in 
the presence of SHAM compared with the thalli without 
SHAM.

Changes in UVB and PAR caused ROS production
The fluorescence intensity of the superoxide anion ( O•−

2  ) 
decreased by 16.4% and 20.5% under UVB radiation com-
pared with the thalli under NL radiation on the 4th day, 
respectively (Fig.  6-A). The hydrogen peroxide  (H2O2) 
fluorescence intensity of the thalli under NL + LUVB 
radiation was 1.08 times higher than that of the thalli 
under NL radiation, while it was reduced by 34.2% on day 
1 under HL + HUVB radiation. The fluorescence intensity 
of the thalli under UVB radiation decreased significantly 
on the 4th day (Fig. 6-B). Only the thalli showed a signifi-
cant increase in the fluorescence intensity of the hydroxyl 
radical ( •OH ) on day 1 under HL + HUVB radiation. 
Under NL + LUVB and HL + HUVB radiation, the fluo-
rescence intensity of the thalli was elevated by 21% and 
22.8% on the 4th day, respectively (Fig. 6-C).

The fluorescence intensity of the O•−

2  in each treatment 
group with SHAM was higher than that in the treatment 
groups without SHAM on day 1 (Fig. 6-A). The O•−

2  fluo-
rescence intensity of the SHAM + NL radiation was sig-
nificantly higher than that of the NL radiation both on 
the 1st day and the 4th day. The fluorescence intensity of 
 H2O2 showed a decreasing trend with the enhancement 
of the UVB intensity and PAR intensity on the 1st day 
and the 4th day (Fig. 6-B). The fluorescence intensity of 
•OH under the SHAM + HL and SHAM + HL + HUVB 
radiation increased by 17.6% and 17.3% compared to 
those of the thalli under HL and HL + HUVB on day 1, 
respectively. On the 4th day, the thalli in the SHAM + NL, 

(See figure on next page.)
Fig. 2 Effects of ultraviolet-B (UVB) and photosynthetically active radiation (PAR) on photosystem II (PS II) fluorescence parameters in Ulva prolifera 
on the 1st day and the 4th day. SHAM-1d and SHAM-4d show the changes of the SHAM group on the 1st day and the 4.th day, respectively. A The 
maximum PSII quantum yield (Fv/Fm); B the effective PSII quantum yield (Y(II)); C the regulated non-photochemical quantum yield (Y(NPQ)); D 
the non-regulated non-photochemical quantum yield (Y(NO)); E images of the maximum PSII quantum yield (Fv/Fm); F images of the effective PSII 
quantum yield (Y(II)); G images of the regulated non-photochemical quantum yield (Y(NPQ)); H images of the non-regulated non-photochemical 
quantum yield (Y(NO)). The bar chart in the picture shows the relative percentage values of Fv/ Fm, Y(II), Y(NPQ), and Y(NO). All data are the mean 
values (± SD) from three biological replicates. Groups with different lowercase letters are significantly different (P < 0.05)
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Fig. 2 (See legend on previous page.)
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SHAM + NL + LUVB, and SHAM + HL + HUVB groups 
increased by 10.8%, 11.1%, and 13% compared with the 
thalli without SHAM, respectively (Fig. 6-C).

Changes in the antioxidant enzyme
As shown in Fig.  7-A, the superoxide dismutase (SOD) 
activity of the thalli under NL + LUVB was 1.53 and 1.27 

Fig. 3 Effects of ultraviolet-B (UVB) and photosynthetically active radiation (PAR) on photosystem II (PS II) inhibition parameters in Ulva prolifera 
on the 1st day and the 4th day. SHAM-1d and SHAM-4d show the changes of the SHAM group on the 1st day and the 4.th day, respectively. A 
The inhibition of PS II due to high PAR or PAR + UVB; B extra UVB-induced inhibition compared with PAR alone. All data are the mean values (± SD) 
from three biological replicates. Groups with different lowercase letters are significantly different (P < 0.05)

Fig. 4 Effects of ultraviolet-B (UVB) and photosynthetically active radiation (PAR) on the relative electron transport rate (rETR) of rapid light 
response curves (RLCs) and the parameters of the RLCs in Ulva prolifera on the 1st day and the 4th day. A The relative electron transfer rate (rETR) 
of the RLCs on the 1st day in the SHAM-free group; B the rETR of the RLCs on the 1st day in the SHAM group; C the rETR of the RLCs on the 4th day 
in the SHAM-free group; D The rETR of the RLCs on the 4th day in the SHAM group; E maximum relative electron transfer rate (Pm); F photosynthetic 
rate in the light-limited region of the RLC (α); G minimum saturated irradiance  (Ik). SHAM-1d and SHAM-4d show the changes of the SHAM group 
on the 1st day and the 4.th day, respectively. All data are the mean values (± SD) from three biological replicates. Groups with different lowercase 
letters are significantly different (P < 0.05)
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times higher on the 1st day and the 4th day in the absence 
of SHAM compared with the NL radiation, respectively. 
The HL + HUVB radiation was 25% lower than the NL 
radiation on the 4th day. The SOD activity of the thalli 
with SHAM increased significantly compared to that 
without the inhibitor.

In the absence of SHAM, the CAT activity under 
the HL + HUVB radiation was 70.7% higher than that 
under NL radiation on day 1. On the 4th day, the CAT 
activity under NL + LUVB and HL + HUVB radiation 
was 1.35 and 1.7 times higher than that under NL, 
respectively. The CAT activity of the thalli increased 
significantly with the application of SHAM. The 
upward trend was particularly significant on the 4th 
day (Fig. 7-B).

Effect of the changes in the UVB and PAR on the Rubisco 
and GO activity
As shown in Fig. 8-A, the ribulose-1,5-diphosphate car-
boxylase (Rubisco) activity in the HL radiation group 
significantly increased by 6.8%, while the Rubisco 
activity under HL + HUVB radiation was significantly 
reduced by 40.9% on the 1st day. The Rubisco activity 

under NL + LUVB radiation decreased by 17.6%, and 
that under HL + HUVB radiation decreased by 21.2% 
compared with the thalli under NL radiation on the 4th 
day. The Rubisco activity of the thalli under HL radia-
tion was significantly elevated on both the 1st day and 
the 4th day. After the application of SHAM, the Rubisco 
activity of the SHAM + NL group was significantly 
higher than that of the NL group. The Rubisco activi-
ties of the thalli under UVB or HL groups decreased 
significantly compared with the NL group with SHAM 
on the 1st day. However, on the 4th day, the Rubisco 
activities of the SHAM + NL + LUVB, SHAM + HL, and 
SHAM + HL + HUVB groups were significantly elevated.

As shown in Fig. 8-B, the glycolate oxidase (GO) activi-
ties in the NL + LUVB, HL, and HL + HUVB groups 
increased by 49.2%, 88%, and 87.03% compared with the 
thalli under NL radiation on the 1st day, respectively. On 
the 4th day, the GO activity of the HL group significantly 
increased by 86.6%. However, the GO activity decreased 
significantly with the presence of SHAM on the 1st day.

Fig. 5 Effects of ultraviolet-B (UVB) and photosynthetically active radiation (PAR) on nicotinamide adenine dinucleotide phosphate hydrogen 
(NADPH) content in Ulva prolifera on the 1st day and the 4th day. SHAM-1d and SHAM-4d show the changes of the SHAM group on the 1st day 
and the 4.th day, respectively. All data are the mean values (± SD) from three biological replicates. Groups with different lowercase letters are 
significantly different (P < 0.05)
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Results of RNA sequencing in U. prolifera under changes 
of UVB
The differentially expressed genes (DEGs) of the thalli 
treated with UVB radiation are summarized in Fig.  9, 
including DEGs in the “photosynthesis”, “respiration”, 
“photorespiration”, and “antioxidant system”. A total of six 
DEGs related to photosynthesis decreased significantly 
under NL + LUVB radiation on day 1. Five DEGs related 
to photosynthesis increased significantly, and 24 DEGs 
related to photosynthesis decreased significantly under 
NL + LUVB radiation on day 4. Fourteen DEGs related to 
respiration increased significantly, and 12 DEGs related 
to respiration decreased significantly under NL + LUVB 
radiation on day 4. Only the DEG of NU1M decreased 
significantly under HL + HUVB radiation on day 1. The 

DEG of GLYP3 increased significantly, and seven DEGs 
decreased significantly under NL + LUVB radiation on 
day 4. A total of six DEGs increased significantly, and 
three DEGs decreased significantly under NL + LUVB 
radiation on day 4. The DEGs of glyk and agxt increased 
significantly under HL + HUVB radiation on day 1.

Principal component analysis
We analyzed the relationship between the radia-
tion intensity and the key physiological processes in 
the thalli using principal component analysis (PCA) 
(Fig. 10). SOD was the main related physiological pro-
cess under NL + LUVB radiation, and CAT and GO 
were the main related physiological processes under 
HL + HUVB radiation on day 1 without SHAM. GO, 

Fig. 6 Effects of ultraviolet-B (UVB) and photosynthetically active radiation (PAR) on the reactive oxygen species (ROS) levels in Ulva prolifera 
on the 1st day and the 4th day. SHAM-1d and SHAM-4d show the changes of the SHAM group on the 1st day and the 4.th day, respectively. A O•−

2
 

levels; B  H2O2 levels; C •OH levels. All data are the mean values (± SD) from three biological replicates. Groups with different lowercase letters are 
significantly different (P < 0.05)

Fig. 7 Effects of ultraviolet-B (UVB) and photosynthetically active radiation (PAR) on superoxide dismutase (SOD) and catalase (CAT) activity in Ulva 
prolifera on the 1st day and the 4th day. SHAM-1d and SHAM-4d show the changes of the SHAM group on the 1st day and the 4.th day, respectively. 
A SOD activity; B CAT activity. All data are the mean values (± SD) from three biological replicates. Groups with different lowercase letters are 
significantly different (P < 0.05)
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Y(NPQ) and NPQ were the main related physiologi-
cal processes under NL + LUVB radiation, and Y(NO), 
CAT, and SOD were the main related physiological pro-
cesses under HL + HUVB radiation on day 1 with the 
application of SHAM. Y(NPQ) was the main related 
physiological process under NL + LUVB radiation, and 
 RAOX, Y(NO), CAT and NPQ were the main related 
physiological processes under HL + HUVB radiation on 
day 4 without SHAM. Y(NPQ) and NPQ were the main 
related physiological process under NL + LUVB radia-
tion, and CAT, Y(NO), and GO were the main related 
physiological processes under HL + HUVB radiation on 
day 4 with the application of SHAM.

Discussion
U. prolifera, as a type of macroalga in the intertidal zone, 
is intermittently exposed to changes of solar radiation 
[13, 39]. PAR and UVB, as the important components of 
solar radiation, displayed different effects on the thalli. 
As a bypass of respiratory electron transfer, AOX plays 
important roles in ROS homeostasis and photosynthesis 
optimization under stresses in higher plants, while little 
research has focused on the role of AOX during the adap-
tation of macroalgae to PAR and UVB. In this research, 
we detected the respiratory rate of AOX, chlorophyll 
fluorescence, ROS contents, Rubisco activity, GO activity, 
and antioxidant enzyme activity to explore the response 

Fig. 8 Effects of ultraviolet-B (UVB) and photosynthetically active radiation (PAR) on Rubisco and glycolate oxidase (GO) activity in Ulva prolifera 
on the 1st day and the 4th day. SHAM-1d and SHAM-4d show the changes of the SHAM group on the 1st day and the 4.th day, respectively. A 
Rubisco activity; B GO activity. All data are the mean values (± SD) from three biological replicates. Groups with different lowercase letters are 
significantly different (P < 0.05)

Fig. 9 Agglomerative hierarchical clustering of A 41 photosynthesis-related differentially expressed genes (DEGs). B Sixty-eight respiration-related 
DEGs; C 18 photorespiration-related DEGs; D 17 antioxidant system-related DEGs in Ulva prolifera after the 1st day of 1 W/m2 ultraviolet-B (UVB) 
(1-1d), after the 4th day 1 W/m2 UVB (1-4d), after the 1st day of 5 W/m2 UVB (5-1d) compared with the control. In the figure, 0-1d indicates 
after the 1st day of 72 μmol  m−2  s−1 photosynthetically active radiation (PAR); 0-4d indicates after the 4th day of 72 μmol  m−2 s.−1 PAR. The color 
range from blue to red indicates the degree of enrichment from low to high, respectively. Statistical significance is indicated by * (P < 0.05), 
**(P < 0.01), and ****(P < 0.001)
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strategy of thalli under changes in PAR and UVB. This 
research provides a theoretical basis for understand-
ing the adaptive mechanism of plants to adversity and 
accurately assessing the environmental impact of solar 
radiation.

Relationship among AOX, photosynthesis and 
photorespiration 
Macroalgae showed strong protection potential under 
strong light irradiation, especially under enhanced UVB 
conditions. NPQ plays important roles in acclimating to 
the environment under conditions of UVB radiation in 
macroalgae [16, 18, 40]. AOX was found to be sensitive 
to UVB stress and participated in the response process 
of thalli to UVB [33, 41, 42]. UVB, as a common type of 
abiotic stress, has been widely studied and found to have 
a significant inhibition on photosynthetic components in 

macroalgae [16, 18, 43]. It has also been confirmed that 
AOX plays an important role in maintaining the normal 
operation of photosynthesis when plants are under abi-
otic stresses [22, 26, 44]. In macroalgae, AOX plays an 
important role during the stress resistance process, and 
AOX is essential in maintaining the redox homeostasis of 
algal chloroplast development during greening [30, 37]. 
Compared with the control group (NL), the AOX activity 
of thalli increased significantly under PAR + UVB radia-
tion, while there was no significant change in the thalli 
under HL radiation.

PS II is the key site of UVB radiation damage. The UVB 
radiation enhancement can directly degrade the reaction 
center protein of PS II, making its structure irreversibly 
damaged and inactivated. In addition, electron transfer is 
notably blocked in macroalgae [18, 40, 45–48]. This study 
found that the photosynthetic activity of the thalli was 

Fig. 10 Principal component analysis in the test index in the different groups of Ulva prolifera. A Principal component analysis of the SHAM-free 
group on the 1st day; B principal component analysis of the SHAM group on the 1st day; C principal component analysis of the SHAM-free group 
on the 4th day; D principal component analysis of the SHAM group on the 4th day
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significantly reduced under UVB radiation. UVB radia-
tion significantly reduced the Fv/Fm and Y(II) of U. pro-
lifera, and the inhibitory effect of HL + HUVB radiation 
was significantly greater than that of NL and NL + LUVB 
radiation. With an increase in UVB radiation, the maxi-
mum relative electron transfer rate (rETRmax), α, and  Ik 
decreased significantly, indicating that the electron trans-
fer ability of U. prolifera decreased significantly under 
UVB radiation. Additionally, the existence of SHAM led 
to a further reduction in the photosynthetic activity and 
further increased the degree of light damage.

Rubisco plays a key role during the process of photo-
synthetic carbon assimilation [49]. Rubisco activity sig-
nificantly decreases under high levels of UVB radiation in 
the macroalgae Ulva lactuca and Monostroma arcticum 
[50, 51]. Similar results were observed in our present 
study, in which the Rubisco activity decreased signifi-
cantly under UVB radiation in U. prolifera. Furthermore, 
the Rubisco activity of each treatment group with SHAM 
was higher than that of the NL group on day 4 compared 
with those with SHAM, which indicated the complemen-
tarity between AOX and Rubisco in U. prolifera.

GO is the key enzyme of photorespiration. The activity 
of GO increased on day 1, and the result of PCA analy-
sis confirmed that there was a strong correlation between 
GO activity and NADPH homeostasis. NADPH homeo-
stasis is an important basis for maintaining the operation 
of photosynthesis in macroalgae [35]. With an increase in 
the radiation intensity, the content of NADPH increased, 
especially after the applied SHAM. This was consist-
ent with the change in the NADPH content in Capsi-
cum annuum under drought stress [52]. In addition, it is 
generally believed that the optimal mechanism of plant 
photosynthesis by an alternative pathway is to dissipate 
excess reduced equivalents in the chloroplasts through 
the malate/oxaloacetate (Mal/OAA) shuttle [53, 54]. 
However, some studies have found that an AOX respira-
tory pathway can also maintain or increase the operation 
of photorespiration, reduce the over-reduction of photo-
synthetic electron transport chain, and detoxify glycolate, 
thus possibly playing a protective role against photo-
damage of PS II in macroalgae [35]. GO activity can be 
used to indicate the photorespiration flux [55, 56]. Our 
previous research has confirmed that GO activity is posi-
tively correlated with other key enzymes, namely serine: 
glyoxylate aminotransferase (SGAT) and glycerate kinase 
(GLYK), in the photorespiration pathway when U. prolif-
era is exposed to short-term and low-intensity UVB radi-
ation [43]. In addition, rice plants induced by antisense 
GO showed an obvious photorespiration defect phe-
notype [57], and in related research on Jatropha curcas 
plants under severe drought stress, GO activity was used 
to further verify the occurrence of photorespiration [58]. 

In this study, it was found that the GO activity decreased 
significantly when AOX was inhibited, and this suggested 
that the inhibition of AOX hindered the normal opera-
tion of GO [35, 59].

In this study, the activity of GO significantly increased 
under HL conditions. GO, as a key enzyme of photores-
piration, plays an important role in maintaining the 
reduction equivalent of the thalli [35, 56]. The important 
role of photorespiration in the adaptation of U. prolifera 
to stresses has been demonstrated in our previous stud-
ies [43]. In the present study, under HL conditions, AOX 
regulated the redox equivalent within the photosynthetic 
system by modulating the photorespiration process with 
GO as the key enzyme, so as to avoid an excessive reduc-
tion equivalent and optimize the photosynthetic activity 
of the thalli. Based on PCA analysis, the AOX-mediated 
optimization of photosynthesis worked synergistically 
with the NPQ-dependent photoprotection process to 
achieve a balanced photoprotection mechanism in the 
algae. In this study, the  Ik of algae under HL conditions 
was significantly up-regulated. As the parameter of mini-
mum saturating irradiance,  Ik can well characterize the 
tolerance of algae to HL. This indicator can further reflect 
the strong ability of the thalli to resist high light stress 
at this time [60, 61]. Therefore, at this time, the NPQ of 
the thalli did not show a significant increase compared 
to those under NL conditions. The absence of AOX led 
to a loss of GO activity, resulting in an imbalance in 
the reduction equivalent and a weakened ability of the 
thalli to withstand stress [35]. The photosynthetic activ-
ity of the thalli significantly decreased in the absence of 
AOX, despite relying in a greater NPQ development. The 
phenomenon of the rapid loss of photosynthetic activ-
ity and irreversible damage may occur if the short-term 
protective pathways are insufficient to protect PS II [62]. 
Similar results were also observed in previous researches 
[16, 43, 63]. This inference was further supported by 
the results of Y(NPQ) and Y(NO). Compared to the 
SHAM + NL + LUVB treatment, significant decrease 
in Y(NPQ) and significant increase in Y(NO) could be 
observed in the thalli under the SHAM + HL + HUVB 
treatment. This indicated that the level of photodam-
age on the thalli has exceeded their protective capacity. 
Interestingly, previous studies indicated that the NPQ of 
U. prolifera significantly increased under stressors, but 
its NPQ value was relatively low compared to other spe-
cies [63–66]. Further investigation about its mechanism 
is necessary in the future.

Relationship between AOX and ROS homeostasis
The changing trend of O•−

2  in the NL + LUVB group 
showed no significant change compared with the thalli 
under NL radiation. A similar result was reported in 
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rice under low intensity of UVB [67]. In addition, the 
response of U. prolifera under a low intensity of UVB is 
different [18]. A reasonable explanation was that O•−

2  was 
transitorily up-regulated during the early stage because 
of the relatively stable value of α, and this could ensure 
that photosynthesis continuously produced O•−

2  . SOD 
plays an important role in the consumption of O•−

2  in 
macroalgae, and the significant increase in SOD at this 
time would further consume O•−

2  [18, 68]. However, this 
may have been related to the increased activity of AOX at 
this time. On the 4th day, the content of O•−

2  in the thalli 
significantly decreased. However, under the HL + HUVB 
conditions, the SOD activity in the thalli was relatively 
low. This may have been due to the reaction of O•−

2  with 
 H2O2, causing a significant decrease in the  H2O2 con-
tent and a simultaneous significant increase in the ·OH 
content. At this time, the enhanced CAT activity inten-
sified the downward trend of  H2O2. It had been proven 
that AOX can directly inhibit the production of ROS and 
also indirectly affect the scavenging of ROS by increas-
ing the intensity of the ROS scavenging network [18]. The 
significant increase in the O•−

2  content after the applica-
tion of SHAM supported this point. The time change 
trend of the HL + HUVB group was consistent with U. 
prolifera [18], but it was different on the 1st day. This 
may have been related to the enhancement of PAR in this 
experiment. The research showed that properly increas-
ing the strength of PAR was helpful to reduce the dam-
age caused by UVB [69]. After the applied SHAM, the 
O

•−

2  content significantly increased, and this induced an 
increase in the SOD activity on the 1st day. These results 
were consistent with those of tobacco treated with anti-
mycin A [70], but the increase in SOD could not make up 
for the increase intheO•−

2  content caused by AOX inhi-
bition. Hence, the O•−

2  content significantly increased, 
similar to the reaction of tomatoes at low temperatures 
[27].O•−

2  was negatively correlated with SOD and •OH on 
day 4, indicating that a decrease in O•−

2  was related to an 
increase in SOD and the formation of •OH.

With O•−

2  as the substrate,  H2O2 can be generated 
under the catalysis of SOD, and  H2O2 can be further 
decomposed under the catalysis of CAT [71]. Therefore, 
an increase in the  H2O2 content in the NL + LUVB group 
was related to the increase in the SOD activity and no 
obvious change in the CAT activity. This was consistent 
with an increase in the  H2O2 concentration when tobacco 
was exposed to a 170 − 180% environmental intensity of 
UVB [72]. The decrease in the HL + HUVB group was 
related to an increase in CAT. The PCA analysis indicated 
that there was a positive correlation between  RAOX and 
CAT. After the SHAM was applied, the total amount of 
 H2O2 decreased, which was consistent with the results of 
tobacco and Arabidopsis [70, 73, 74]. This confirmed the 

overcompensation of the  H2O2 scavenging system in cells 
and the production of hydroxyl radicals as substrates that 
was demonstrated by the changes in the CAT activity and 
•OH in this study.
•OH is produced from O•−

2  and  H2O2 as the substrate 
via the Harber-Weiss reaction [75], which is the pri-
mary substance that causes oxidative damage. With an 
increase in the irradiation intensity, the •OH in U. pro-
lifera increased and the concentration of •OH further 
increased after SHAM was applied. The PCA analysis 
showed that AOX was positively correlated with •OH 
under high-intensity UVB radiation. This indicated that 
AOX was related to the protection of thalli after oxidative 
damage. This protective process is not sufficient to repair 
the oxidative damage of macroalgae [76].

The  H2O2 content in the thalli increased significantly 
under NL + LUVB, and this was related to the up-reg-
ulation of SOD activity. The O•−

2  produced by photo-
synthesis provided the substrate for  H2O2 production. 
PAR + UVB induced a significant increase in the •OH 
content, and this was related to the oxidative damage 
of the macroalgae. The CAT activity increased signifi-
cantly under PAR + UVB, while it could not completely 
remove the excess •OH in the macroalgae. The syn-
ergism of AOX with SOD and CAT played an impor-
tant role during the process of ROS homeostasis under 
PAR + UVB.

Conclusions
In summary, UVB is the main component of solar 
radiation that impacts the typical intertidal green mac-
roalgae U. prolifera. AOX is an important response 
process in U. prolifera under changes in PAR and UVB 
(Fig. 11). AOX plays an important role during the pro-
cess of photosynthesis optimization of U. prolifera due 
to a synergistic effect with NPQ under UVB radiation. 
AOX and GO work together to accomplish NADPH 
homeostasis to achieve photosynthesis optimization 
under changes in PAR + UVB. The synergism of AOX 
with SOD and CAT is important during the process of 
ROS homeostasis under PAR + UVB. This study pro-
vides further insights into the response of intertidal 
macroalgae to solar light changes.

Materials and methods
Experimental design
The experiment was undertaken on free-floating thalli 
of U. prolifera that were collected from coastal Qingdao 
during the bloom period [77]. The thalli were cleaned 
gently with a brush, and sterile seawater was used to 
remove the attached sediment, small grazers, and epi-
phytes. The thalli were then cultured in sterile seawater 
and enriched with f/2 medium. The culture temperature 
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was set at 20°C, and the light intensity was set at 72 µmol 
 m−2  s−1 with a 12: 12 h light: dark cycle in a GXZ280C 
intelligent illumination incubator (Jiangnan, China). 
To inhibit the growth of diatoms, germanium dioxide 
 (GeO2) at a concentration of 0.5 mg/L was used. The 
media was renewed every two days [18].

Treatment with inhibitors and UVB
To block the respiration rate of AOX, we used the AOX 
inhibitor SHAM. In order to understand the inhibition 

effect of AOX, the activity of AOX was measured with 0.3 
mM, 0.6 mM, 1 mM, 2 mM, and 3 mM SHAM (Supple-
mentary Figure S2). Furthermore, the thalli were placed 
in sterile seawater containing 2 mM SHAM for 3 h to 
study the internal relationships among AOX, photosyn-
thesis, and ROS homeostasis. The incubated thalli were 
then rinsed in sterile seawater [78].

UVA can cause both inhibitory and enhancing effects 
on biomass accumulation, morphology and photosyn-
thesis in plants. However, UVA, which has the longest 

Fig. 11 Physiological process of Ulva prolifera under changes in photosynthetically active radiation (PAR) and ultraviolet-B (UVB)
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wavelength compared with UVB, is less efficient than 
UVB in mediating some biological responses [1]. 
Although UVB radiation accounts for only a small pro-
portion of sunlight, it can easily affect the growth and 
reproduction of organisms, physiology, and the redox 
state, and causes DNA damage in plants [2]. Therefore, 
in this study, we focused on the response characteristics 
of U. prolifera to UVB. Based on our previous research, 
the average UVB exposure at Qingdao during the sum-
mer was 2.29 W/m2, and the low- and high-intensity 
UVB in this experiment were set at 1 W/m2 and 5 W/
m2, respectively [18]. The low and high intensity of the 
PAR were set at 100 μmol  m−2  s−1 and 400 μmol  m−2 
 s−1, respectively, which was referenced to the value of 
PAR in the Yellow Sea (approximately 100 μmol  m−2  s−1 
in late June and 240 μmol  m−2  s−1 in early July) [38, 79]. 
The experimental cycle was four days, and the photo-
period was 6:00 − 18:00 (PAR), during which the thalli 

were treated with UVB radiation from 10:00 − 14:00. 
The rest of the time they were placed in a GXZ-280C 
incubator (20°C, 72 μmol  m−2  s−1). The UVB radia-
tion system consisted of a UVB lamp (Philips TL 40 
W/12RS), which provided a UVB radiation source, that 
was covered with a cellulose acetate film (0.12 mm) to 
block UVC radiation. The radiation parameter range of 
the UVB lamp was 290 nm-315 nm, with a peak wave-
length of 311 nm. A lamp (Philips TL-D, 36 W) pro-
vided the PAR light source.

The radiation intensity was changed by changing the 
distance between the thalli and the lamp. The UVB 
radiation intensity was measured using the UVB 297 
ultraviolet irradiator (Beijing Normal University), and 
the PAR intensity was determined using the MQ-500 
full-spectrum quantum meter (USA). The NL radia-
tion system was PAR:100 μmol  m−2  s−1, the NL + LUVB 
radiation system was PAR:100 μmol  m−2  s−1 and UVB:1 

Fig. 12 Experimental design of the study
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W/m2, the HL radiation system was PAR:400 μmol  m−2 
 s−1, and the HL + HUVB radiation system was PAR:400 
μmol  m−2  s−1 and UVB:5 W/m2. The first sampling 
time was marked as the first day after the first radiation 
(18:00 on the first day), and the second sampling time 
was after the fourth radiation (18:00 on the fourth day) 
and marked as the fourth day (Fig. 12).

Chlorophyll fluorescence measurements
The chlorophyll fluorescence parameters were meas-
ured using imaging-PAM (Heinz Walz, Effeltrich, Ger-
many) to determine the photosynthetic properties of 
the thalli under the experimental conditions [16]. The 
thalli were first placed in a 24-well plate containing ster-
ile seawater for 20 min of dark acclimation, and then 
the induced light curve was measured to determine 
the Fv/Fm, Y(II), Y (NPQ), and Y(NO). The inhibition 
of PS II due to high PAR or PAR + UVB was calculated 
as IhnPAR(%) = Fv/FmNL − Fv/FmHL /FV /FmNL · 100

and IhnPAR+UVB(%) =
(

Fv/FmNL − Fv/FmPAR+UVB

)

/Fv/FmNL · 100 , 
respectively. In addition, the extra UVB-induced inhi-
bition compared with the PAR-only was calculated as 
IhnUVB(%) =

(

Fv/FmPAR − Fv/FmPAR+UVB

)

/Fv/FmPAR · 100 [80]. 
The samples were exposed to a light intensity gradient 
(PAR: 0, 1, 21, 56, 111, 186, 281, 336, 396, 461, 531, 611, 
and 701 μmol photons  m−2  s−1) to measure the RLC 
using imaging-PAM. The rETR of PSII was obtained by 
measuring the RLC. Pm, α, and  Ik were obtained by fit-
ting with Platt’s empirical equation:

where P indicates the rETR; Pm indicates the rETRmax; 
α is the light energy utilization; and  Ik reflects the toler-
ance to intense light [32].

Measurement of the enzymatic activity
The thalli (0.1 g fresh weight) were ground into a powder 
form in liquid nitrogen, and 1 ml of 0.05 M phosphate-
buffered saline (PBS) (pH = 7.0) was added. This was 
then centrifuged at 12,000 rpm 4°C for 10 min, and the 
supernatant was carefully removed to measure the activ-
ity of antioxidant enzymes (SOD and CAT) detection). 
The SOD activity was determined using the cytochrome 
c reduction method. Inhibition of cytochrome c under 
experimental conditions reduces the amount of SOD by 
50%, and this is defined as one unit of SOD activity [81, 
82]. The CAT activity was measured according to previ-
ous methods [83, 84]. The extract was mixed with potas-
sium phosphate buffer (1.5 mL at 50 mM, pH = 7.0), 1 mL 

(1)P = Pm • (1− e
−α•PAR/Pm) • e−β•PAR/Pm

,

(2)Ik = Pm/α,

of deionized water, and 0.3 mL of 0.1 M  H2O2 at 25°C. 
The CAT activity was measured by recording the absorb-
ance at 240 nm using a spectrophotometer. One unit 
of CAT activity was defined as the amount of enzyme 
required to reduce 0.1 absorbance units in the optical 
density at 240 nm per min.

The thalli (0.1g fresh weight) were rapidly frozen using 
liquid nitrogen, and 0.9 mL of PBS (pH 7.4) was added 
to them. Then the homogenization of thalli was com-
pleted using an automatic sample rapid grinding appara-
tus (JXFSTPRP-48L, Shanghai Jing Xin Company). This 
was followed by centrifugation for 10 min at 10,000 rpm 
at 4°C. The supernatant was carefully collected for the 
determination of Rubisco and GO. The kits for detect-
ing the activities of GO (Nanjing Camelot Bioengineering 
Company, China) and Rubisco (Shanghai Enzyme-linked 
Biotechnology Company, China) belonged to enzyme-
linked immunosorbent assay (ELISA). One hundred 
microliters of supernatant and biotin-labeled antibody 
were added to enzyme-labeled plate holes (coated with 
enzyme antibody in advance) for the reaction, and then 
washed with PBS. Then, peroxidase-labeled avidin was 
added for the reaction, washed with PBS, and substrate 
TMB was added for color development. The color depth 
was positively correlated with the enzyme activity in the 
sample. The absorbance was measured at 450 nm using 
an enzyme-labeled instrument, and the enzyme activ-
ity in the sample was calculated based on the standard 
curve. Sandwich ELISA was used to detect the specific 
enzyme activity sites in the samples, so as to detect the 
enzyme activity in the samples. Ten microliters of super-
natant and enzyme-labeled reagent were added to the 
enzyme-labeled coated plate for the reaction. After wash-
ing, the substrate was added for color development, and 
the color development was positively correlated with the 
enzyme activity in the sample. The absorbance was meas-
ured at 450 nm using an enzyme-labeled instrument, and 
the enzyme activity in the sample was calculated based 
on the standard curve. The kit used was an ELISA kit, 
and the Rubisco activity was determined using the dou-
ble-antibody sandwich method.

Measurement of the nicotinamide adenine dinucleotide 
phosphate hydrogen (NADPH) content
The NADPH content was determined strictly follow-
ing the instructions of the NADPH kit (Beyotime Bio-
technology Company, China). The kit used the WST-8 
method to detect the content of NADPH in the sample. 
Approximately 20 mg of the tissue sample was weighed 
and ground in liquid nitrogen. A total of 400 µL of the 
extract was then added to homogenize the sample. It was 
then centrifuged at 12,000 rpm at 4°C for 10 min, and the 
supernatant was collected to be tested for later use. Two 
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hundred microliters of supernatant were subjected to a 
60°C water bath to decompose the  NADP+ before being 
heated and centrifuged at 10,000 g for 5 min at room 
temperature (25℃). A total of 50 µL of supernatant, 100 
µL of glucose -6- phosphate dehydrogenase (G6PDH), 
and 10 µL of chromogenic solution were then mixed and 
incubated (37℃). The absorbance was measured at 450 
nm and the concentration of NADPH in the sample was 
calculated based on the standard curve.

Measurement of the ROS content
The thalli (0.1 g fresh weight) were ground into a powder 
form in liquid nitrogen, and 3 ml of 0.05 M phosphate 
buffer solution (PBS) (pH = 7.4) was added. This was then 
centrifuged at 12,000 rpm 4°C for 20 min, and the super-
natant was carefully removed to measure the ROS con-
tent ( O•−

2  ,  H2O2,•OH ). The supernatant was incubated in 
100 µM of hydroethidine (Sigma-Aldrich Co., USA) for 
1 h (37°C) without light. The corresponding excitation 
wavelength was 480 nm, and the emission wavelength 
was 590 nm to determine the O•−

2  [85]. The supernatant 
was incubated in 15 µM DCFH-DA (Solarbio Science 
& Technology Co., Ltd., Beijing) for 45 min (37°C) and 
protected from light. To determine the  H2O2, the cor-
responding excitation wavelength was 488 nm and the 
emission wavelength was 530 nm [86]. The supernatant 
was incubated in 240 µM of 1,3-cyclohexanedione (CHD) 
(Sigma-Aldrich Co., USA), 420 mM pH 3.6  NH4Ac, and 
105 µM of dimethyl sulfoxide (DMSO) under dark condi-
tions for 20 min (95°C). To determine the •OH , the cor-
responding excitation wavelength was 400.5 nm and the 
emission wavelength was 452.3 nm [87].

Determination of the respiratory rate
After the thalli were acclimated in the dark for 15 min, 
the Rd and  RAOX were measured using a Chlorolab-3 oxy-
gen electrode (Hansatech, UK) [88]. The experimental 
temperature was controlled using a water bath circula-
tor at 20°C, and the respiration rate of thalli was obtained 
based on the slope of the oxygen consumption rate 
reaching the steady state interval. The Rd was measured 
under dark conditions without any inhibitor. After the 
dark respiration measurement, 20 mM SHAM was added 
to the reaction cup and the respiration rate of thalli was 
measured under dark conditions  (RSHAM). The respira-
tion rate of AOX:  RAOX = Rd −  RSHAM. According to the 
above methods, the Rd and  RAOX of thalli under different 
treatments were measured [35].

RNA‑seq analysis
DEGs associated with photosynthesis, respiration, pho-
torespiration, and the antioxidant system were ana-
lyzed under changes in UVB according to Zhao et  al. 

(bioproject number: PRJNA610663, https:// www. ncbi. 
nlm. nih. gov/ biopr oject/ PRJNA 610663; biosample num-
ber: SAMN14309506, https:// www. ncbi. nlm. nih. gov/ 
biosa mple/ SAMN1 43095 06/) [18]. On the basis of this 
research, the data were further analyzed and organized.

Statistical analyses
Data are presented as the means of three biological repli-
cates (± SD). The results of the chlorophyll fluorescence, 
enzyme activity, and ROS content were analyzed using 
one-way analysis of variance (ANOVA) (SPSS Inc., Chi-
cago, IL, USA) and least significant difference (LSD) tests 
to analyze the statistical significance among the different 
groups. Variance homogeneity testing was conducted. 
The Games-Howell test was performed when the vari-
ances of the groups were not homogeneous. The signifi-
cance level was set at P < 0.05. The bar charts, line charts 
and PCA analysis related to this study were produced 
using Origin software (OriginLab, Northampton, MA, 
USA). The DEGs were analyzed using R software with the 
estimateSizeFactors and nbinomTest DESeq functions. 
The statistical significance of the DEGs was indicated by * 
(P < 0.05), **(P < 0.01), and ***(P < 0.001). The cluster anal-
ysis of the DEGs was performed using TBtools software 
(https:// github. com/ CJ- Chen/ TBtoo ls/ relea ses).

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12870- 024- 04762-w.

Additional file 1. 

Acknowledgements
The authors are thankful to all of the members of the laboratory for their 
assistance.

Authors’ contributions
Jinhui Xu: Experiments, data management and analysis, Writing - Original 
Draft. Xinyu Zhao: Design experiment, Resources, Supervision, Funding 
acquisition. Yi Zhong: Data management, experimental help. Tongfei Qu: Data 
management, experimental help. Baixue Sun: Data management, experimen-
tal help. Huanxin Zhang: Data management, experimental help. Chengzong 
Hou: Data management, experimental help. Zhipeng Zhang: Data manage-
ment, experimental help. Xuexi Tang: Resources, Supervision, and Funding 
acquisition. Ying Wang: Design experiment, Resources, Supervision, Funding 
acquisition.

Funding
This study was financially supported by the National Key R&D Program of 
China (2022YFC3106001), the National Natural Science Foundation of China 
(Nos. 41906120, 42176204, 41976132, 41706121 and 42106201), the NSFC-
Shandong Joint Fund (Nos. U1806213 and U1606404), Laoshan Laboratory 
(No. LSKJ202203605).

Availability of data and materials
The analysis data of differentially expressed genes in this study can be 
obtained from the following website (bioproject number: PRJNA610663,
https:// www. ncbi. nlm. nih. gov/ biopr oject/ PRJNA 610663; biosample number: 
SAMN14309506, https:// www. ncbi. nlm. nih. gov/ biosa mple/ SAMN1 43095 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA610663
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA610663
https://www.ncbi.nlm.nih.gov/biosample/SAMN14309506/
https://www.ncbi.nlm.nih.gov/biosample/SAMN14309506/
https://github.com/CJ-Chen/TBtools/releases
https://doi.org/10.1186/s12870-024-04762-w
https://doi.org/10.1186/s12870-024-04762-w
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA610663
https://www.ncbi.nlm.nih.gov/biosample/SAMN14309506/


Page 17 of 19Xu et al. BMC Plant Biology          (2024) 24:143  

06/). Others data generated or analyzed during this study are included in this 
published article [and its Supplementary information files].

Declarations

Ethics approval and consent to participate
The manuscript does not involve the use of any animal or human data or tis-
sues. The sample of U. prolifera was collected from coastal Qingdao during the 
bloom period of green tides, and was cultured in the Marine Ecology Labora-
tory of the Ocean University of China. It has been proved by morphology and 
genetics in this laboratory that this plant is U. prolifera. The collection of the 
related plant materials was in accordance with relevant institutional, national 
and international guidelines and legislation. The methods involving plant 
materials are performed in accordance with the institutional, national, and 
international guidelines and legislation. The plants involved in the manuscript 
are not rare and endangered plants and are not included in the IUCN protec-
tion list.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 College of Marine Life Sciences, Ocean University of China, 5 Yushan Road, 
Qingdao 266003, China. 2 Laboratory for Marine Ecology and Environmental 
Science, Qingdao Marine Science and Technology Center, 1 Wenhai Road, 
Qingdao 266237, China. 3 Laoshan Laboratory, 1 Wenhai Road, Qing-
dao 266237, China. 4 College of Geography and Environment, Shandong Nor-
mal University, 1 Daxue Road, Jinan 250000, China. 5 Tianjin Research Institute 
for Water Transport Engineering, Ministry of Transport, Tianjin 300456, China. 

Received: 11 April 2023   Accepted: 23 January 2024

References
 1. Verdaguer D, Jansen MAK, Llorens L, Morales LO, Neugart S. UV-A radia-

tion effects on higher plants: Exploring the known unknown. Plant Sci. 
2017;255:72–81.

 2. Kataria S, Jajoo A, Guruprasad KN. Impact of increasing Ultraviolet-B 
(UV-B) radiation on photosynthetic processes. J Photochem Photobiol B. 
2014;137:55–66.

 3. Manukyan A. Effects of PAR and UV-B radiation on herbal yield, bioactive 
compounds and their antioxidant capacity of some medicinal plants 
under controlled environmental conditions. Photochem Photobiol. 
2013;89(2):406–14.

 4. Pereira DT, Batista D, Filipin EP, Bouzon ZL, Simioni C. Effects of Ultraviolet 
Radiation (UVA + UVB) on Germination of Carpospores of the Red 
Macroalga Pyropia acanthophora var. brasiliensis (Rhodophyta, Bangiales): 
Morphological Changes. Photochem Photobiol. 2019;95(3):803–11.

 5. Hui R, Li X, Chen C, Zhao X, Jia R, Liu L, Wei Y. Responses of photosynthetic 
properties and chloroplast ultrastructure of Bryum argenteum from a 
desert biological soil crust to elevated ultraviolet-B radiation. Physiol 
Plant. 2013;147(4):489–501.

 6. Casati P. Walbot VJGb: Rapid transcriptome responses of maize (Zea mays) 
to UV-B in irradiated and shielded tissues. Genome Biol. 2004;5(3):1–19.

 7. Soriano G, Del-Castillo-Alonso MÁ, Monforte L, Tomás-Las-Heras R, 
Martínez-Abaigar J, Núñez-Olivera E. Photosynthetically-active radiation, 
UV-A and UV-B, causes both common and specific damage and pho-
toprotective responses in the model liverwort Marchantia polymorpha 
subsp. ruderalis. Photoch Photobio Sci. 2019;18(2):400–12.

 8. Klem K, Holub P, Štroch M, Nezval J, Špunda V, Tříska J, Jansen MAK, Rob-
son TM, Urban O. Ultraviolet and photosynthetically active radiation can 
both induce photoprotective capacity allowing barley to overcome high 
radiation stress. Plant Physiol Biochem. 2015;93:74–83.

 9. Klem K, Ač A, Holub P, Kováč D, Špunda V, Robson TM, Urban O. Interac-
tive effects of PAR and UV radiation on the physiology, morphology 

and leaf optical properties of two barley varieties. Environ Exp Bot. 
2012;75:52–64.

 10. Cruces E, Rautenberger R, Cubillos VM, Ramirez-Kushel E, Rojas-Lillo Y, Lara 
C, Montory JA, Gomez I. Interaction of Photoprotective and Acclimation 
Mechanisms in Ulva rigida (Chlorophyta) in Response to Diurnal Changes 
in Solar Radiation in Southern Chile(1). J Phycol. 2019;55(5):1011–27.

 11. Takahashi S, Milward SE, Yamori W, Evans JR, Hillier W, Badger MR. 
The Solar Action Spectrum of Photosystem II Damage. Plant Physiol. 
2010;153(3):988–93.

 12. Gao S, Zheng Z, Gu W, Xie X, Huan L, Pan G, Wang G. Photosystem I shows 
a higher tolerance to sorbitol-induced osmotic stress than photosystem 
II in the intertidal macro-algae Ulva prolifera (Chlorophyta). Physiol Plant. 
2014;152(2):380–8.

 13. Zheng Z, Gao S, Wang G. Far red light induces the expression of LHCSR to 
trigger nonphotochemical quenching in the intertidal green macroalgae 
Ulva prolifera. Algal Res. 2019;40. https:// doi. org/ 10. 1016/j. algal. 2019. 
101512.

 14. Xu D, Zhang X, Wang Y, Fan X, Miao Y, Ye N, Zhuang Z. Responses of pho-
tosynthesis and nitrogen assimilation in the green-tide macroalga Ulva 
prolifera to desiccation. Mar Biol. 2016;163(1):9.

 15. Zhang D, Xu J, Bao M, Yan D, Beer S, Beardall J, Gao K. Elevated CO(2) 
concentration alleviates UVR-induced inhibition of photosynthetic light 
reactions and growth in an intertidal red macroalga. J Photochem Photo-
biol B. 2020;213: 112074.

 16. Xue S, Zang Y, Chen J, Shang S, Tang X. Effects of enhanced UV-B radia-
tion on photosynthetic performance and non-photochemical quenching 
process of intertidal red macroalgae Neoporphyra haitanensis. Environ Exp 
Bot. 2022;199:104888.

 17. Figueroa FL, Domínguez-González B, Korbee N. Vulnerability and acclima-
tion to increased UVB radiation in three intertidal macroalgae of different 
morpho-functional groups. Mar Environ Res. 2014;97:30–8.

 18. Zhao XY, Zheng W, Qu TF, Zhong Y, Xu JH, Jiang YS, Zhang HX, Tang 
XX, Wang Y. Dual roles of reactive oxygen species in intertidal mac-
roalgae Ulva prolifera under ultraviolet-B radiation. Environ Exp Bot. 
2021;189:104534.

 19. Xue S, Zang Y, Chen J, Shang S, Gao LH, Tang XX: Ultraviolet-B radiation 
stress triggers reactive oxygen species and regulates the antioxidant 
defense and photosynthesis systems of intertidal red algae Neoporphyra 
haitanensis. Front Plant Sci 2022, 9.

 20. Zhao JQ, Li LX. Effects of UV-B irradiation on isoforms of antioxidant 
enzymes and their activities in red alga Grateloupia filicina (Rhodophyta). 
Chin J Oceanol Limn. 2014;32(6):1364–72.

 21. Rautenberger R, Wiencke C, Bischof K. Acclimation to UV radiation and 
antioxidative defence in the endemic Antarctic brown macroalga Des-
marestia anceps along a depth gradient. Polar Biol. 2013;36(12):1779–89.

 22. Gandin A, Duffes C, Day DA, Cousins AB. The absence of alternative 
oxidase AOX1A results in altered response of photosynthetic carbon 
assimilation to increasing CO(2) in Arabidopsis thaliana. Plant Cell Physiol. 
2012;53(9):1627–37.

 23. Zalutskaya Z, Lapina T, Ermilova E. The Chlamydomonas reinhardtii 
alternative oxidase 1 is regulated by heat stress. Plant Physiol Biochem. 
2015;97:229–34.

 24. Unlu ES, Unuvar OC, Aydin M. Identification of alternative oxidase encod-
ing genes in Caulerpa cylindracea by de novo RNA-Seq assembly analysis. 
Mar Genomics. 2019;46:41–8.

 25. Derzaph TLM, Weger HG. Immunological Identification of the Alterna-
tive Oxidase in Chlamydomonas reinhardtii (Chlorophyta) 1. J Phycol. 
1996;32(4):621–3.

 26. Dinakar C, Raghavendra AS, Padmasree K. Importance of AOX pathway in 
optimizing photosynthesis under high light stress: role of pyruvate and 
malate in activating AOX. Physiol Plant. 2010;139(1):13–26.

 27. Wang J, Rajakulendran N, Amirsadeghi S, Vanlerberghe GC. Impact of 
mitochondrial alternative oxidase expression on the response of Nico-
tiana tabacum to cold temperature. Physiol Plant. 2011;142(4):339–51.

 28. Murik O, Tirichine L, Prihoda J, Thomas Y, Araujo WL, Allen AE, Fernie AR, 
Bowler C. Downregulation of mitochondrial alternative oxidase affects 
chloroplast function, redox status and stress response in a marine diatom. 
New Phytol. 2019;221(3):1303–16.

 29. Giraud E, Ho LH, Clifton R, Carroll A, Estavillo G, Tan YF, Howell KA, Ivanova 
A, Pogson BJ, Millar AH, et al. The absence of ALTERNATIVE OXIDASE1a 

https://www.ncbi.nlm.nih.gov/biosample/SAMN14309506/
https://doi.org/10.1016/j.algal.2019.101512
https://doi.org/10.1016/j.algal.2019.101512


Page 18 of 19Xu et al. BMC Plant Biology          (2024) 24:143 

in Arabidopsis results in acute sensitivity to combined light and drought 
stress. Plant Physiol. 2008;147(2):595–610.

 30. Liu Y, Zhang H, Cui Y, Zheng Y, Chen H, Hu Z, Wu Q. Distinct roles of alter-
native oxidase pathway during the greening process of etiolated algae. 
Sci China Life Sci. 2021;64(5):816–27.

 31. Lee TM, Shiu CT. Implications of mycosporine-like amino acid and antioxi-
dant defenses in UV-B radiation tolerance for the algae species Pterclad-
iella capillacea and Gelidium amansii. Mar Environ Res. 2009;67(1):8–16.

 32. Zhang C, Zhang L, Liu J. The role of photorespiration during astaxanthin 
accumulation in Haematococcus pluvialis (Chlorophyceae). Plant Physiol 
Biochem. 2016;107:75–81.

 33. Sharma N, Nagar S, Thakur M, Suriyakumar P, Kataria S, Shanker AK, Landi 
M, Anand A: Photosystems under high light stress: throwing light on 
mechanism and adaptation. Photosynthetica 2023:247–260.

 34. Vishwakarma A, Bashyam L, Senthilkumaran B, Scheibe R, Padmasree 
K. Physiological role of AOX1a in photosynthesis and maintenance of 
cellular redox homeostasis under high light in Arabidopsis thaliana. Plant 
Physiol Bioch. 2014;81:44–53.

 35. Zhang ZS, Liu MJ, Scheibe R, Selinski J, Zhang LT, Yang C, Meng XL, Gao 
HY. Contribution of the Alternative Respiratory Pathway to PSII Photopro-
tection in  C3 and  C4 Plants. Mol Plant. 2017;10(1):131–42.

 36. Kaye Y, Huang W, Clowez S, Saroussi S, Idoine A, Sanz-Luque E, Grossman 
AR. The mitochondrial alternative oxidase from Chlamydomonas rein-
hardtii enables survival in high light. J Biol Chem. 2019;294(4):1380–95.

 37. Ünlü ES, Ünüvar ÖC, Aydın M. Identification of alternative oxidase encod-
ing genes in Caulerpa cylindracea by de novo RNA-Seq assembly analysis. 
Mar Genom. 2019;46:41–8.

 38. Zhao XY, Zhong Y, Zhang HX, Qu TF, Jiang YS, Tang XX, Wang Y. Cooper-
ation Between Photosynthetic and Antioxidant Systems: An Important 
Factor in the Adaptation of Ulva prolifera to Abiotic Factors on the Sea 
Surface. Front Plant Sci. 2019;10:648.

 39. Mou S, Zhang X, Dong M, Fan X, Xu J, Cao S, Xu D, Wang W, Ye 
N. Photoprotection in the green tidal alga Ulva prolifera: role of 
LHCSR and PsbS proteins in response to high light stress. Plant Biol. 
2013;15(6):1033–9.

 40. Ji Y, Gao K: Chapter Two - Effects of climate change factors on marine 
macroalgae: A review. In: Adv Mar Biol. Edited by Sheppard C, vol. 88: 
Academic Press; 2021: 91–136.

 41. Vishwakarma A, Bashyam L, Senthilkumaran B, Scheibe R, Padmasree K. 
Physiological role of AOX1a in photosynthesis and maintenance of cel-
lular redox homeostasis under high light in Arabidopsis thaliana. Plant 
Physiol Biochem. 2014;81:44–53.

 42. Haskirli H, Yilmaz O, Ozgur R, Uzilday B, Turkan I. Melatonin mitigates 
UV-B stress via regulating oxidative stress response, cellular redox 
and alternative electron sinks in Arabidopsis thaliana. Phytochemistry. 
2021;182:112592.

 43. Zhong Y, Xu J, Zhao X, Qu T, Guan C, Hou C, Tang X, Wang Y: Balancing 
Damage via Non-Photochemical Quenching, Phenolic Compounds 
and Photorespiration in Ulva prolifera Induced by Low-Dose and Short-
Term UV-B Radiation. Int J Mol Sci 2022, 23(5).

 44. Strodtkotter I, Padmasree K, Dinakar C, Speth B, Niazi PS, Wojtera J, Voss 
I, Do PT, Nunes-Nesi A, Fernie AR, et al. Induction of the AOX1D isoform 
of alternative oxidase in A. thaliana T-DNA insertion lines lacking 
isoform AOX1A is insufficient to optimize photosynthesis when treated 
with antimycin. Mol Plant. 2009;2(2):284–97.

 45. Pescheck F, Lohbeck KT, Roleda MY, Bilger W. UVB-induced DNA and 
photosystem II damage in two intertidal green macroalgae: Distinct 
survival strategies in UV-screening and non-screening Chlorophyta. J 
Photoch Photobio B. 2014;132:85–93.

 46. Aigner S, Holzinger A, Karsten U, Kranner I. The freshwater red alga 
Batrachospermum turfosum (Florideophyceae) can acclimate to 
a wide range of light and temperature conditions. Eur J Phycol. 
2017;52(2):238–49.

 47. Holzinger A, Herburger K, Blaas K, Lewis LA, Karsten U. The terrestrial 
green macroalga Prasiola calophylla (Trebouxiophyceae, Chlorophyta): 
ecophysiological performance under water-limiting conditions. Proto-
plasma. 2017;254(4):1755–67.

 48. Wu H, Gao K, Wu H. Responses of a marine red tide alga Skeletonema 
costatum (Bacillariophyceae) to long-term UV radiation exposures. J 
Photochem Photobiol B. 2009;94(2):82–6.

 49. Irihimovitch V, Shapira M. Glutathione redox potential modulated by 
reactive oxygen species regulates translation of Rubisco large subunit in 
the chloroplast. J Biol Chem. 2000;275(21):16289–95.

 50. Bischof K, Kräbs G, Wiencke C, Hanelt D. Solar ultraviolet radiation affects 
the activity of ribulose-1,5-bisphosphate carboxylase-oxygenase and the 
composition of photosynthetic and xanthophyll cycle pigments in the 
intertidal green alga Ulva lactuca L. Planta. 2002;215(3):502–9.

 51. Bischof K, Hanelt D, Wiencke C. Effects of ultraviolet radiation on photo-
synthesis and related enzyme reactions of marine macroalgae. Planta. 
2000;211(4):555–62.

 52. Hu W-h, Yan X-h. He Y, Xi R: 24-epibrassinolide alleviate drought-induced 
photoinhibition in Capsicum annuum via up-regulation of AOX pathway. 
Sci Hortic-Amsterdam. 2019;243:484–9.

 53. Raghavendra AS, Padmasree K. Beneficial interactions of mitochondrial 
metabolism with photosynthetic carbon assimilation. Trends Plant Sci. 
2003;8(11):546–53.

 54. Zhang L-T, Zhang Z-S, Gao H-Y, Meng X-L, Yang C, Liu J-G, Meng Q-W. The 
mitochondrial alternative oxidase pathway protects the photosynthetic 
apparatus against photodamage in Rumex K-1 leaves. BMC Plant Biol. 
2012;12(1):40.

 55. Hagemann M, Kern R, Maurino VG, Hanson DT, Weber AP, Sage RF, Bauwe 
H. Evolution of photorespiration from cyanobacteria to land plants, 
considering protein phylogenies and acquisition of carbon concentrating 
mechanisms. J Exp Bot. 2016;67(10):2963–76.

 56. Shao Z, Xie X, Liu X, Zheng Z, Huan L, Zhang B, Wang G. Overexpression 
of mitochondrial γCAL1 reveals a unique photoprotection mechanism 
in intertidal resurrection red algae through decreasing photorespiration. 
Algal Res. 2022;66:102766.

 57. Xu H, Zhang J, Zeng J, Jiang L, Liu E, Peng C, He Z, Peng X. Inducible 
antisense suppression of glycolate oxidase reveals its strong regulation 
over photosynthesis in rice. J Exp Bot. 2009;60(6):1799–809.

 58. Silva EN, Silveira JAG, Ribeiro RV, Vieira SA. Photoprotective function of 
energy dissipation by thermal processes and photorespiratory mecha-
nisms in Jatropha curcas plants during different intensities of drought 
and after recovery. Environ Exp Bot. 2015;110:36–45.

 59. Sunil B, Saini D, Bapatla RB, Aswani V, Raghavendra AS. Photorespiration 
is complemented by cyclic electron flow and the alternative oxidase 
pathway to optimize photosynthesis and protect against abiotic stress. 
Photosynth Res. 2019;139(1):67–79.

 60. Platt T, Gallegos C, Harrison W: Photoinhibition of photosynthesis in 
natural assemblages of marine phytoplankton. J Mar Res 1980.

 61. Zhao XY, Tang XX, Zhang HX, Qu TF, Wang Y. Photosynthetic adaptation 
strategy of Ulva prolifera floating on the sea surface to environmental 
changes. Plant Physiol Bioch. 2016;107:116–25.

 62. van Rooijen R, Aarts MGM, Harbinson J. Natural genetic variation for 
acclimation of photosynthetic light use efficiency to growth irradiance in 
Arabidopsis. Plant Physio. 2015;167(4):1412–29.

 63. van den Berg TE, Chukhutsina VU, van Amerongen H, Croce R, van Oort B. 
Light Acclimation of the Colonial Green Alga Botryococcus braunii Strain 
Showa. Plant Physio. 2019;179(3):1132–43.

 64. Chukhutsina VU, Fristedt R, Morosinotto T, Croce R. Photoprotection 
strategies of the alga Nannochloropsis gaditana. BBA-Bioenergetics. 
2017;1858(7):544–52.

 65. Gao S, Zheng ZB, Gu WH, Xie XJ, Huan L, Pan GH, Wang GC. Photosystem 
I shows a higher tolerance to sorbitol-induced osmotic stress than Photo-
system II in the intertidal macro-algae Ulva prolifera (Chlorophyta). Physiol 
Plantarum. 2014;152:380–8.

 66. Zhao XY, Tang XX, Hu SX, Zhong Y, Qu TF, Wang Y: Photosynthetic 
response of floating Ulva prolifera to diurnal changes of in-situ environ-
ments on the sea surface. J Oceanol Limnol 2018.

 67. Rastogi RP, Sonani RR, Madamwar D. Effects of PAR and UV Radiation on 
the Structural and Functional Integrity of Phycocyanin, Phycoerythrin and 
Allophycocyanin Isolated from the Marine Cyanobacterium Lyngbya sp. 
A09DM. Photochem Photobiol. 2015;91(4):837–44.

 68. Wolfe-Simon F, Grzebyk D, Schofield O, Falkowski PG. THE ROLE 
AND EVOLUTION OF SUPEROXIDE DISMUTASES IN ALGAE1. J Phycol. 
2005;41(3):453–65.

 69. He YY, Hader DP. Reactive oxygen species and UV-B: effect on cyanobac-
teria. Photoch Photobio Sci. 2002;1(10):729–36.



Page 19 of 19Xu et al. BMC Plant Biology          (2024) 24:143  

 70. Cvetkovska M, Vanlerberghe GC. Alternative oxidase modulates leaf 
mitochondrial concentrations of superoxide and nitric oxide. New Phytol. 
2012;195(1):32–9.

 71. Dai Q, Yan B, Huang S, Liu X, Peng S, Miranda MLL, Chavez AQ, Vergara BS. 
Olszyk DMJPP: Response of oxidative stress defense systems in rice (Oryza 
sativa) leaves with supplemental UV-B radiation. Physiol Plantarum. 
1997;101(2):301–8.

 72. Czégény G, Wu M, Dér A, Eriksson LA, Strid Å. Hideg ÉJFl: Hydrogen 
peroxide contributes to the ultraviolet-B (280–315 nm) induced 
oxidative stress of plant leaves through multiple pathways. Febs Lett. 
2014;588(14):2255–61.

 73. Amirsadeghi S, Robson CA, McDonald AE, Vanlerberghe GC. Changes 
in plant mitochondrial electron transport alter cellular levels of reactive 
oxygen species and susceptibility to cell death signaling molecules. Plant 
Cell Physiol. 2006;47(11):1509–19.

 74. Watanabe CK, Hachiya T, Terashima I, Noguchi K. The lack of alterna-
tive oxidase at low temperature leads to a disruption of the balance in 
carbon and nitrogen metabolism, and to an up-regulation of antioxi-
dant defence systems in Arabidopsis thaliana leaves. Plant Cell Environ. 
2008;31(8):1190–202.

 75. Kehrer JP. The Haber-Weiss reaction and mechanisms of toxicity. Toxicol-
ogy. 2000;149(1):43–50.

 76. Li CR, Liang DD, Li J, Duan YB, Li H, Yang YC, Qin RY, Li L, Wei PC, Yang JB. 
Unravelling mitochondrial retrograde regulation in the abiotic stress 
induction of rice ALTERNATIVE OXIDASE 1 genes. Plant Cell Environ. 
2013;36(4):775–88.

 77. Qu T, Zhao X, Guan C, Hou C, Chen J, Zhong Y, Lin Z, Xu Y, Tang X, Wang Y. 
Structure-Function Covariation of Phycospheric Microorganisms Associ-
ated with the Typical Cross-Regional Harmful Macroalgal Bloom. Appl 
Environ Microb. 2022;89(1):e01815–01822.

 78. Kumari A, Singh P, Kaladhar VC. Manbir, Paul D, Pathak PK, Gupta KJ: Phy-
toglobin-NO cycle and AOX pathway play a role in anaerobic germina-
tion and growth of deepwater rice. Plant Cell Environ. 2022;45(1):178–90.

 79. Keesing JK, Liu DY, Shi YJ, Wang YJ. Abiotic factors influencing biomass 
accumulation of green tide causing Ulva spp. on Pyropia culture rafts in 
the Yellow Sea, China. Mar Pollut Bull. 2016;105(1):88–97.

 80. Flores-Molina MR, Rautenberger R, Muñoz P, Huovinen P, Gómez I. Stress 
Tolerance of the Endemic Antarctic Brown Alga Desmarestia anceps to 
UV Radiation and Temperature is Mediated by High Concentrations of 
Phlorotannins. Photochem Photobiol. 2016;92(3):455–66.

 81. Mishra NP, Mishra RK, Singhal GS. Changes in the Activities of Anti-Oxi-
dant Enzymes during Exposure of Intact Wheat Leaves to Strong Visible 
Light at Different Temperatures in the Presence of Protein Synthesis 
Inhibitors. Plant Physiol. 1993;102(3):903–10.

 82. Wang Q, Zuo Y, Chen T, Zheng W, Yang Y. Effects of selenium on anti-
oxidant enzymes and photosynthesis in the edible seaweed Gracilaria 
lemaneiformis. J Appl Phycol. 2019;31(2):1303–10.

 83. Dhindsa RS, Plumb-Dhindsa P. Thorpe TAJJoEb: Leaf senescence: corre-
lated with increased levels of membrane permeability and lipid peroxida-
tion, and decreased levels of superoxide dismutase and catalase. J Exp 
Bot. 1981;32(1):93–101.

 84. Zhou ZS, Wang SJ, Yang ZM. Biological detection and analysis of 
mercury toxicity to alfalfa (Medicago sativa) plants. Chemosphere. 
2008;70(8):1500–9.

 85. Consentino L, Lambert S, Martino C, Jourdan N, Bouchet P-E, Witczak 
J, Castello P, El-Esawi M, Corbineau F, d’Harlingue A, et al. Blue-light 
dependent reactive oxygen species formation by Arabidopsis cryp-
tochrome may define a novel evolutionarily conserved signaling mecha-
nism. New Phytol. 2015;206(4):1450–62.

 86. Gonzalez A, Vera J, Castro J, Dennett G, Mellado M, Morales B, Correa JA, 
Moenne A. Co-occurring increases of calcium and organellar reactive 
oxygen species determine differential activation of antioxidant and 
defense enzymes in Ulva compressa (Chlorophyta) exposed to copper 
excess. Plant Cell Environ. 2010;33(10):1627–40.

 87. Tai C, Gu X, Zou H, Guo Q. A new simple and sensitive fluorometric 
method for the determination of hydroxyl radical and its application. 
Talanta. 2002;58(4):661–7.

 88. Xu J, Gao K. Future  CO2-induced ocean acidification mediates 
the physiological performance of a green tide alga. Plant Physiol. 
2012;160(4):1762–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Acclimation of intertidal macroalgae Ulva prolifera to UVB radiation: the important role of alternative oxidase
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Detection of AOX
	Photosynthetic activity
	Changes in the rapid light curves (RLCs)
	Detection of nicotinamide adenine dinucleotide phosphate hydrogen 
	Changes in UVB and PAR caused ROS production
	Changes in the antioxidant enzyme
	Effect of the changes in the UVB and PAR on the Rubisco and GO activity
	Results of RNA sequencing in U. prolifera under changes of UVB
	Principal component analysis

	Discussion
	Relationship among AOX, photosynthesis and photorespiration 
	Relationship between AOX and ROS homeostasis

	Conclusions
	Materials and methods
	Experimental design
	Treatment with inhibitors and UVB
	Chlorophyll fluorescence measurements
	Measurement of the enzymatic activity
	Measurement of the nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) content
	Measurement of the ROS content
	Determination of the respiratory rate
	RNA-seq analysis
	Statistical analyses

	Acknowledgements
	References


