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A B S T R A C T

The commercially important red macroalga Pyropia yezoensis is naturally exposed to high levels of both photo
synthetically active and ultraviolet radiation (PAR and UVR) either in its habituated upper intertidal zones or 
farmed areas. While both UVA and UVB levels around noon are known to inhibit photosynthesis and growth of 
P. yezoensis, here we show that attenuated levels (by about 70%) of solar radiation led to either none or stim
ulated effects on its photosynthetic performance in the absence of UVB, with UVA enhanced the activity of 
carbonic anhydrase (CA) and upregulated carbon concentrating mechanisms (CCMs), leading to sustained 
photochemical yield (Fv/Fm) and net photosynthetic rate. While addition of UVB decreased the yield and net 
photosynthesis and exacerbated photorespiratory carbon loss, along with the activity of Rubisco was significantly 
suppressed. Such attenuated levels of UVA played a role in protecting the photosynthetic electron transport chain 
from over-reduction and minimizing the formation of ROS, while UVB induced photodamage and oxidative 
stress, as reflected by the decreased Fv/Fm and the increased contents of reactive oxygen species (ROS) and 
malondialdehyde (MDA). Transcriptomic data supported these physiological changes, with upregulated genes (e. 
g., tktA, FBP, GAPDH, can, cah) in the presence of UVA, while addition of UVB downregulated genes related to 
light-harvesting and photosystem repair. In conclusion, attenuated levels of solar UVA act as a beneficial signal 
for the red alga to optimize carbon fixation, implying that P. yezoensis farmed at deeper depths or under cloudy 
weathers benefit from solar UVA, where UVB can penetrate to much lesser depths.

1. Introduction

Intertidal macroalgae, especially those distributed at upper zones, 
are exposed to high levels of incident solar radiation with UVA 
(315–400 nm) and UVB (218–315 nm) in addition to photosynthetically 
active radiation (PAR, 400–700 nm). Effects of UVR (UVA + B) have 
been reported to be divergent on marine primary producers, including 
macroalgae [1–4]. High levels of UVA significantly inhibit both photo
synthesis and growth of Gracilaria lemaneiformis [5] and Corallina sessilis 
[6], while moderate levels of UVA benefitted the growth of Fucus gard
neri [7] and Pyropia haitanensis [8], as well as some other macroalgae 
[9]. In terms of UVB, it usually causes negative effects to macroalgae, 
such as decreasing the contents of phycobiliproteins and Chla in Kap
paphycus alvarezii [10], damaging DNA, proteins and/or lipids [11] and 
harming photosynthetic apparatus, lowering photosynthesis in 

Gracilaria lemaneiformis and Ulva prolifera [12,13]. Moreover, UVB 
exposure can also inhibit the synthesis of carotenoids, e.g., lutein and 
zeaxanthin [14–16], further decreasing the heat dissipation and exac
erbating photoinhibition, resulting in an accumulation of reactive oxy
gen species (ROS) [17].

Pyropia (also known as Porphyra, Neopyropia) (Rhodophyta), an 
economically important marine crop worth ~US$0.95 billion per year 
[18], has been widely farmed in both China and other Asian countries. 
Incident noon levels of UVR negatively affected the photosynthesis and 
growth of Pyropia yezoensis, with a significant occurrence of photo
inhibition [19,20]. UVR can directly induce pigment photobleaching, 
PSII proteins degradation, reduce enzymes' activity involved Calvin 
cycle, and directly or indirectly cause DNA damages in macroalgae [2]. 
Recent works demonstrated that UV-absorbing compounds, non- 
photochemical quenching (NPQ), as well as cyclic electron transport 
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around photosystem I (PSI) were up-regulated to absorb and/or dissi
pate to relief the photodamages [19,20]. While photoinhibitory effects 
of UVA and UVB are well-documented, their impacts on the downstream 
processes, particularly carbon acquisition and enzyme activities in 
Pyropia, remains less explored, though UVA was shown to play an 
important role in its germination and morphogenesis [8].

Due to the low diffusion rate and solubility of CO2 in seawater, 
coupled with the low affinity and catalytic efficiency of Rubisco, mac
roalgae have evolved unique CO2 concentration mechanisms (CCMs) to 
overcome carbon limitation [21]. Since inorganic carbon acquisition is 
the prerequisite for carbon assimilation, which is the main photosyn
thetic electron sink, functionality of CCMs under different levels of UVA 
and UVB needs to be investigated for macroalgae, especially for the 
economically important Pyropia spp.. It has been documented that ex
posures to UVR affect the CO2 concentrating mechanisms (CCMs) in 
diatoms [22], with moderate levels of UVA stimulating the activity of 
periplasmic carbonic anhydrase in the diatom Skeletonema costaum [23]. 
Such UV-induced effects on the CCMs seem dependent on exposure time 
span [24]. In P. yezoensis, UVR-induced photosynthetic inhibition is 
alleviated under elevated CO2 [19,20], little is known how the exposures 
to UVR would affect its CCMs. Here, we hypothesize that interplay be
tween photosynthesis, CCM regulation, light stress, and antioxidant 
enzymes activity in Pyropia spp. can be affected by UVR, the extent or 
direction of the effects would depend on doses or intensity of UVA or 
UVB. To test this, we grew P. yezoensis, under incident solar radiation 
with or without UVR, and investigated the functionality of CCMs, UVR- 
induced oxidative damages and transcriptomic responses in P. yezoensis 
to UVA and UVB.

2. Material and methods

2.1. Experimental treatments and measurements of UV irradiances

Thalli of Pyropia yezoensis were collected from rafts offshore of Lia
nyungang, Jiangsu Province, China, on December 2023, and transported 
to the laboratory in a cooled Styrofoam box. Following rinsing, thalli of 
~0.1 g fresh weight were grown for two weeks in 2 L quartz tubes filled 
with natural seawater without a separate acclimation period, which 
were placed diagonally (with the upper end open to air) in a flow- 
through water bath outdoors, exposed to natural solar irradiance. The 
temperature was maintained at 9 ± 1 ◦C, which corresponded to the in 
situ seawater temperature at the collection site and was consistent with 
previous experimental studies [19,20]. The experiment was conducted 
from 2 to 16 December under natural photoperiod and irradiance fluc
tuations, seawater was changed every 2–3 days. The seawater in each 
tube was continuously aerated (300 mL per min) with an air pump. 
Thalli were exposed to irradiances above 400 nm (PAR alone), 315 nm 
(PAR + UVA) and 280 nm (PAR + UVR) by covering the quartz tubes 
with JB400 glass filter, ZJB320 glass filter, or ZJB280 glass filter 
(Nantong Yinxing Optical CO., LTD, China), respectively (Fig. S1).

The incident solar irradiances were continuously monitored and 
recorded per minute by a broadband solar radiometer (EKO Instruments 
Co., LTD, Japan). The maximal and daily average PAR values during the 
experimental period were 957.6 ± 85.4 and 215.3 ± 45.3 μmol photons 
m− 2 s− 1, respectively, the corresponding values for UVA were 11.3 ±
1.2 and 2.5 ± 0.6 W m− 2, and 0.4 ± 0.05 and 0.1 ± 0.02 W m− 2 for UVB. 
Due to the shade effect induced by trees near the cultivation area, ~30% 
of the recorded light intensity was attenuated from ~12:00 am, as 
measured with a PAR sensor equipped in Dual-PAM-100 (Walz, Effel
trich, Germany). The spectral irradiance of natural sunlight was ob
tained from a clear day using a spectroradiometer (QE65000 with 
Spectrasuite operating software and OmniDriver, Ocean Optics) over 
250–800 nm with 1 nm resolution. For each treatment, the spectral 
irradiance reaching the thalli was obtained by multiplying the measured 
spectrum by the filter transmittance (ideal step function: 1 for λ ≥ cut- 
off, 0 otherwise) and by the shading attenuation factor of 0.7. The 

biologically effective weighted irradiance for photoinhibition was 
calculated as: 

Ephotoinhibition/DNA =
∑400

λ=280
E(λ)×T(λ)×Aphotoinhibition/DNA(λ)×Δλ 

where Ephotoinhibition/DNA is the weighted irradiance for photoinhibition/ 
DNA, E(λ) is the spectral irradiance, T(λ) is the filter transmittance and 
Aphoto (λ) is the action spectrum of [25,26]. Numerical integration was 
performed using the trapezoidal rule with 1 nm intervals. The resulting 
values are presented in Table 1.

After two weeks of cultivation, the fresh weight of thalli in each tube 
increased to over 0.5 g, and with two independent batches, a total of >1 
g fresh weight per treatment was collected for subsequent analyses. In 
addition, thalli used for non-destructive measurements (e.g., chlorophyll 
fluorescence and gas exchange) were collected and re-used for 
biochemical assays, ensuring sufficient biological material for all ana
lyses. Measurements of photochemical activities and carbon utilizations 
were carried out on the end of day at 10:00–14:00. A total of 9 tubes 
containing different individual thalli were used for measurements of 
each parameter. Meanwhile, fresh samples used for the analysis of 
Rubisco activity, reactive oxygen species (ROS) content, MDA content, 
SOD and CAT activities, were quickly frozen with liquid nitrogen and 
stored at − 80 ◦C until analysis. All physiological parameters were 
expressed on a fresh weight basis.

2.2. Measurements and analyses of chlorophyll fluorescence and gas 
exchange

A Dual-wavelength pulse-amplitude modulated (PAM) fluorescence 
monitoring system (Dual-PAM-100, Walz, Effeltrich, Germany) was 
applied to measure the maximum quantum yield (Fv/Fm). The minimal 
fluorescence (Fo) of 20 min dark-acclimated thalli was induced by a 
pulsed red measuring light of ~0.2 μmol photons m− 2 s− 1, and the 
maximum fluorescence (Fm) was measured following a 0.8 s saturating 
flash (~5000 μmol photons m− 2 s− 1). The maximum quantum yield of 
PSII was calculated as: 

Fv/Fm = (Fm − Fo)/Fm 

A GFS-3000 gas exchange system (Walz, Effeltrich, Germany) was 
employed to measure the net photosynthesis rates, the respiration rates, 
as well as the photosynthesis versus CO2 curves (PC curves). Net 
photosynthesis rates (Pn) and respiration rates were evaluated with the 
difference in CO2 concentrations of influx and efflux to and from the 
chamber (μatm) under light (~200 μmol photons m− 2 s− 1) and dark 
conditions, respectively. The Pn and respiration rates were calculated 
according to Von Caemmerer and Farquhar [27] as follows: 

Pn
/

respiration rates = ΔC×F×60×
273

(273 + T) × 22.4 × FW 

where ΔC represents the difference in CO2 concentrations of influx and 
efflux of the chamber (μatm), F is the gas flow rate, 500 μmol min− 1, 
with conversions based on the molar volume of gas at standard atmo
spheric pressure (22.4 L mol− 1), T the temperature inside the chamber 
(◦C) and FW the fresh weight of algal thalli (g). PC curves were evaluated 
with changes of Pn under six incremental external aerial CO2 concen
trations, 60, 200, 500, 800, 1500, 2000 μatm. The relative air humidity 
and the temperature were 80% and 10 ◦C, respectively, and the actinic 
light were ~ 200 μmol photons m− 2 s− 1. The maximal photosynthetic 
rate Vmax (μmol CO2 g− 1 FW h− 1) and the half-saturation constant (k0.5, 
μatm) were obtained by fitting Pn at various CO2 concentrations with 
the Michaelis-Menten formula.
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2.3. Measurements of carbonic anhydrase activity

The carbonic anhydrase (CA) activity was determined according to 
the method described by Giordano and Maberly [28]. About 0.1 g thalli 
were cut into small pieces and placed in a centrifuge tube with 5 mL 
CO2-free seawater at pH 8.2 and 4 ◦C. Following the addition of 2 mL of 
ice-cold CO2-saturated ddH2O, the duration time for the pH of solution 
to decrease from 8.2 to 7.2 was recorded. The relative enzyme activity 
(REA) of CAperiplasmic is calculated as: 

REA =

(
T0

T
− 1

)

×10 

where T0 and T were the time required in the reaction without and with 
P. yezoensis. Following the measurements of CAperiplasmic, the used thalli 
was ground with liquid nitrogen and the total activity of CA was 
measured in the same way as above.

2.4. Measurements of photorespiration rates

A PreSens Microx 4 oxygen meter (PreSens, Regensburg, Germany) 
was employed to measure the photorespiration, which was estimated by 
calculating the difference in net photosynthetic oxygen evolution be
tween low (2%) and ambient (21%) O2 levels [13,29].

2.5. Measurements of reactive oxygen species, MDA Contents, 
antioxidant enzymes and Rubisco enzymes activities

Fresh samples were ground with liquid nitrogen and the tissue ho
mogenates were used to analyze the ROS, MDA contents, SOD, CAT 
enzyme (Jiancheng, Nanjing, China) and Rubisco (Keming, Suzhou, 
China) activities of P. yezoensis following the manufacturer's protocols. 
Detailed procedures for measurements are provided in the supplemen
tary material.

2.6. Transcriptome sequencing

Transcriptome sequencing was carried out by Genedenovo Biotech
nology Co., Ltd. (Guangzhou, China). The total data volume of the 
transcriptome sequencing is 29.3 GB. After the culture, the total RNA 
was extracted from fresh thalli in the 0.1 μM treatment group using 
TRIzol (Invirogen, Carlsbad, CA, USA). The purity and integrity of RNA 
were assessed on a Nanophotometer spectrophotometer and an Agilent 
2100 bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). The 
qualified samples were selected to build cDNA library. Before analysis, 
the raw sequencing data were processed by removing reads with an N 
ratio exceeding 10%, reads composed entirely of A bases, and low- 
quality reads where over 50% of the bases had a quality score of Q ≤
20. Clean reads were aligned to the reference genome (P. yezoensis 
GCA_009829735.1) using HISAT2. Based on the HISAT2 alignment re
sults, transcripts were reconstructed with StringTie and all of the 
expression genes were calculated with RSEM. Differential gene 

expression was evaluated with DESeq2. Genes with an adjusted p < 0.05 
and a fold change ≥1.5 were considered statistically significant differ
entially expressed genes (DEGs). The DEGs were then classified and 
annotated based on the Kyoto Encyclopedia of Genes and Genomes 
(KEGG).

2.7. Statistical analyses

Statistical analyses were performed using SPSS 21.0 (SPSS Inc., 
Chicago, USA). The homogeneity of variance was examined using Lev
ene's test before all statistical analyses. One-way ANOVA was used to 
establish differences among treatments, and Tukey's test were used to 
make post hoc comparisons. Differences were considered to be statisti
cally significant at p < 0.05.

3. Results

3.1. Radiation conditions

Average irradiances and average daily doses of PAR, UVA, and UVB 
under each treatment are summarized in Table 1. Under the PAR + UVA 
treatment, the estimated daily UVA dose was 63.0 kJ m− 2, and the 
biologically effective weighted irradiance for DNA damage was negli
gible (<0.01 W m− 2). Under the PAR + UVR treatment, the daily UVB 
dose was 2.52 kJ m− 2, and the weighted irradiance for DNA damage 
increased to 0.12 W m− 2, indicating a significant genotoxic potential. 
The weighted irradiance for photoinhibition was 0.23 W m− 2 under 
PAR + UVA and 0.31 W m− 2 under PAR + UVR. These quantitative 
differences in radiation quality and dose provide a basis for interpreting 
the subsequent physiological and transcriptomic responses.

3.2. Chlorophyll fluorescence, photosynthesis and respiration rates

As shown in Fig. 1, the presence of UVA (315–400 nm) had no sig
nificant effect on the maximum quantum yield of photosystem II (PSII) 
(Fv/Fm) (One-way ANOVA, p = 0.476). In contrast, the presence of UVB 
(280–315 nm) significantly reduced Fv/Fm from 0.58 to 0.42 (One-way 
ANOVA, p < 0.05) (Fig. 1A). UVB radiation also significantly reduced 
the net photosynthesis rate (Pn) from 1.8 to 1 mmol CO2 g− 1 h− 1, rep
resenting a decrease of ~44% (One-way ANOVA, p < 0.05), but UVA 
alone showed no significant effect on Pn (One-way ANOVA, p = 0.379) 
(Fig. 1B). On the other hand, the respiration rate was significantly 
enhanced under PAR + UVA treatment (One-way ANOVA, p < 0.05), 
increasing from 0.77 to 1.28 mmol CO2 g− 1 h− 1, whereas no significant 
change was observed between PAR and PAR + UVR treatments (One- 
way ANOVA, p = 0.458) (Fig. 1B).

3.3. Carboxylation and oxidation of Rubisco, carbonic anhydrase and 
carbon concentrating mechanisms

The catalytic activity of Rubisco involves both carboxylation and 
oxidation reactions, which are strong related to photosynthetic carbon 

Table 1 
Irradiance parameters under each treatment condition. PAR values (μmol photons m− 2 s− 1) and UV (UVA and UVB, W m− 2) were measured at rooftop (EKO radi
ometer) and then multiplied by a shading attenuation factor of 0.7 to estimate the irradiance reaching the thalli. Average daily doses (kJ m− 2) were calculated by 
multiplying the irradiance by the photoperiod (supposed to be 10 h, 36,000 s) and converting to kJ (×0.001). Weighted irradiances for photoinhibition and DNA 
damage (W m− 2) were obtained by numerical integration (280–400 nm, 1 nm intervals) of the product of: (i) the measured solar spectral irradiance (Fig. S2) after 
applying the filter cut-off (ideal step function: 1 for λ ≥ cut-off, 0 otherwise) and the 0.7 attenuation factor; (ii) the action spectrum of Jones & Kok (1966) for 
photoinhibition or Setlow (1974) for DNA damage; and (iii) the wavelength interval (1 nm). The integration was performed using the trapezoidal rule. Values are 
presented as average values recorded during the experiment. “–” indicates not applicable.

Treatment PAR UVA UVB Average daily 
PAR dose

Average daily 
UVA dose

Average daily 
UVB dose

Weight irradiance (photoinhibition) Weight irradiance (DNA damage)

PAR 150.7 – – 5425 – – 0 0
PAR + UVA 150.7 1.75 – 5425 63.0 – 0.18 <0.01
PAR + UVA + UVB 150.7 1.75 0.07 5425 63.0 2.52 0.27 0.11
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assimilation and photorespiratory carbon loss. Similar to Pn, changes of 
carboxylation of Rubisco also exhibited a significant decrease under the 
PAR + UVR condition (One-way ANOVA, p < 0.05), but showed no 
significant difference between PAR and PAR + UVA (One-way ANOVA, 
p = 0.379) (Fig. 2A). In contrast, photorespiration was significantly 
enhanced by PAR + UVR (One-way ANOVA, p < 0.05) (Fig. 2B). Given 
that the balance between carboxylation and oxidation is determined by 
the availability of CO2 and O2 at the active site of Rubisco, we further 
evaluated the carbonic anhydrase (CA) activities and carbon concen
trating mechanisms (CCMs). As shown in Fig. 3A, compared with PAR 
alone, the half-saturation constant (K0.5) for CO2-dependent photosyn
thesis was significantly reduced under PAR + UVA treatment (One-way 
ANOVA, p < 0.05), but remained unchanged under PAR + UVR (One- 
way ANOVA, p = 0.537), indicating that CCMs were enhanced by PAR +
UVA. Again, the maximal photosynthetic rate (Vmax) was significantly 
reduced under PAR + UVR condition (One-way ANOVA, p < 0.05), but 
showed no significant change between PAR alone and PAR + UVA (One- 
way ANOVA, p = 0.412) (Fig. 3A). Moreover, both total and periplasmic 
CA activities were significantly enhanced under PAR + UVA compared 
to PAR and PAR + UVR (One-way ANOVA, p < 0.05 for both) (Fig. 3B). 
These results further confirmed the fact that the presence of UVA fa
cilitates the carboxylation of Rubisco.

3.4. Reactive oxygen species, MDA contents and antioxidant enzyme 
activities

When absorbed energy exceeds the utilization capacity of algae, the 
resulting excess excitation energy leads to the accumulation of reactive 
oxygen species (ROS), which are known to induce oxidative stress and 
damage biomolecules such as pigments, proteins, and lipids. As shown in 
Fig. 4, both the ROS content and MDA content (Fig. 4A) increased 
significantly under PAR + UVR conditions (One-way ANOVA, p < 0.05 
for both), but no significant differences were observed between PAR and 
PAR + UVA conditions. In response to the elevated oxidative stress, the 
activities of key antioxidant enzymes, including SOD and CAT (Fig. 4B), 
showed significant increases under PAR + UVR condition (One-way 
ANOVA, p < 0.05 for both).

3.5. Transcriptional responses

Principal components analysis showed significant differences among 
PAR, PAR + UVA and PAR + UVR treatments, PC1 contributed 23.8% 
and PC2 contributed 17.7% of the total variance, respectively (Fig. 5A). 
A total of 1106, 874 and 260 differentially expressed genes (DEGs) (fold 
change≥1.5-fold, p < 0.05) were identified in the comparisons of PAR +
UVA vs. PAR, PAR + UVR vs. PAR and PAR + UVR vs. PAR + UVA, with 
892, 539 and 50 up-regulated DEGs and 214, 335 and 210 down- 
regulated DEGs, respectively (Fig. 5 B). Pathways enrichment analysis 

Fig. 1. The maximum quantum yield of PSII (Fv/Fm, panel A), net photosyn
thesis rate (mmol CO2 g− 1 h− 1, green bars) and respiration rate (mmol CO2 g− 1 

h− 1, red bars) (panel B) of P. yezoensis growing at PAR, PAR + UVA and PAR +
UVR conditions. Data are means ± SD (n = 3), the dots represent the replicate 
data, and the different letters above the column indicate a significant (p < 0.05, 
Tukey's test) difference between the treatments. Lowercase and uppercase let
ters in panel B denote significant differences for net photosynthesis rate and 
respiration rate, respectively. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Rubisco activity (nmol O2 min− 1 g− 1, panel A) and photorespiration 
rate (mmol O2 g− 1 h− 1, panel B) of P. yezoensis growing at PAR, PAR + UVA and 
PAR + UVR conditions. Data are means ± SD (n = 3), the dots represent the 
replicate data, and the different letters above the column indicate a significant 
(p < 0.05, Tukey's test) difference between the treatments.
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revealed that these DEGs were involved in carbohydrate metabolism, 
amino acid metabolism, energy metabolism, lipid metabolism, among 
others (Fig. 5C). Further analysis highlighted several key biological 
processes, including photosynthesis, carbon metabolism, CCMs, 
peroxisome-related functions (e.g., antioxidant enzymes), nucleotide 
excision repair, base excision repair, mismatch repair as well as gluta
thione metabolism. As shown in Fig. 6A, the expression of light- 
harvesting antenna proteins, such as apcC, cpcC, and members of the 
LHCA1 cluster, was negatively affected by PAR + UVR. A similar down- 
regulation was also observed for core proteins of PSII, including psbP 
and psbQ. In terms of the carbon metabolism, genes associated with 
carbon fixation, including those related to tktA, FBP, FBA and GAPDH, 
were up-regulated under PAR + UVA and PAR + UVR (Fig. 6B). The 
enhanced expression of can and cah genes further indicated increased 
activity of carbonic anhydrase (Fig. 6B). Consistent with the elevated 
activities of SOD and CAT, genes involved in antioxidant defense (CAT 
and SOD), DNA repair process and glutathione metabolism were also up- 
regulated in both PAR + UVA and PAR + UVR conditions (Fig. 6C, D).

4. Discussion

Intertidal macroalgae are exposed to more extreme diurnally fluc
tuating conditions than most other plants [30]. Previous studies have 
shown that UVR can inhibit photosynthesis of both macroalgae via 
direct and/or indirect ways [2 and references therein]. In our present 
study, our results demonstrated that attenuated levels of solar UVA 
enhanced inorganic carbon utilization and carbon concentrating 
mechanisms, while maintaining photochemical efficiency and avoiding 
photoinhibition in Pyropia yezoensis, which was imprinted in tran
scriptomic changes.

Solar UVR, especially the irradiance of UVB, is known to reduce both 
maximum quantum yield of PSII and net photosynthesis rate, inducing 
damages to PSII integrity and Calvin cycle enzymes [12,19,31–33]. 
Similarly, we observed a marked downregulation under PAR + UVR 
conditions in genes encoding light-harvesting antennas (e.g., cpcC, apcC) 
and PSII core proteins (e.g., psbP, psbQ), which aligns with the well- 
established model of UVB-induced D1 protein degradation and reac
tion center inactivation documented in both phytoplankton and mac
roalgae [10,34,35]. While differential impacts of UVB and UVA under 

Fig. 3. Values of the half-saturation constant (K0.5, the CO2 concentration that 
results in half of Vmax; green bars in panel A), the maximum CO2-saturated 
photosynthetic carbon fixation rates (Vmax, mmol CO2 g− 1 h− 1, red bars in panel 
A), the total carbonic anhydrase activity (REA g− 1, green bars in panel B) and 
the periplasmic carbonic anhydrase activity (REA g− 1, red bars in panel B) of 
P. yezoensis growing at PAR, PAR + UVA and PAR + UVR conditions. Data are 
means ± SD (n = 3), the dots represent the replicate data, and the different 
letters above the column indicate a significant (p < 0.05, Tukey's test) differ
ence between the treatments. Lowercase letters denote significance for K0.5 and 
total carbonic anhydrase activity, while uppercase letters denote significance 
for Vmax and periplasmic carbonic anhydrase activity. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 4. Contents of the reactive oxygen species (ROS, U g− 1; green bars in panel 
A), and malondialdehyde (MDA, nmol g− 1, red bars in panel A), the SOD ac
tivity (U g− 1, green bars in panel B) and the CAT activity (U g− 1, red bars in 
panel B) of P. yezoensis thalli grown at PAR, PAR + UVA and PAR + UVR 
conditions. Data are means ± SD (n = 3), the dots represent the replicate data, 
and the different letters above the column indicate a significant (p < 0.05, 
Tukey's test) difference between the treatments. Lowercase letters denote sig
nificance for ROS content and SOD activity, while uppercase letters denote 
significance for MDA content and CAT activity. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version 
of this article.)
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high levels of solar radiation on macroalgae (see the review by Ji et al. 
[36] and literatures therein) have been documented, little has been 
documented on the positive effects of UVR [37,38], especially on the 
molecular responses. Here, our results from physiological and tran
scriptomic perspectives demonstrate that UVA enhances inorganic 

carbon acquisition by up-regulating carbon concentrating mechanisms 
(CCMs) (Fig. 3A, B, Fig. 6B). Such enhancement of carbon acquisition 
may contribute to the previously observed UVA-enhanced growth in 
macroalgae [5,32,38]. However, UVA did not always propel the CA 
activities in macroalgae. The UVA-enhanced CA activity was only 

Fig. 5. Transcriptome analysis of P. yezoensis thalli grown under PAR, PAR + UVA and PAR + UVR treatments. Panel (A) is the principal components analysis (PCA) 
of gene expression, panel (B) is the number of differentially expressed genes (DEGs), panel (C) is enriched pathways among different treatments.

Fig. 6. Heatmaps of significantly altered gene transcripts associated with major KEGG pathways among different treatments. Genes and KEGG pathways shown in 
different panels are related to the light harvesting antenna and PSII core proteins (panel A), carbon fixation and carbon concentrating mechanisms (panel B), 
antioxidant defense (panel C) and DNA repair process and glutathione metabolism (panel D), respectively. The symbols “×” indicates a significant (p < 0.05, Tukey's 
test) difference between the treatments.
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observed in Fucus spiralis rather than Ulva olivascens [39]. The different 
behavior of CA activity is supposed to relate to their different life stra
tegies, where the intertidal algae may rapidly upregulate CA upon re- 
immersion to compensate for desiccation induced metabolic suppres
sion [39,40]. In addition, the presence of UVA can also enhance nitrate 
reductase (NR) activity [39], which increase the UVR resilience by 
prompting carbon and nitrogen metabolism [41,42] and/or by serving 
as a photoreceptor to absorb UV radiation [43–45]. The transcriptomic 
data from this work on P. yezoensis thereby reveal previously unchar
acterized molecular underpinnings of UVA-induced physiological 
acclimation, highlighting the coordinated upregulation of genes 
involved in carbon and nitrogen metabolism. In addition to the 
enhanced carbon acquisition and CCMs, red macroalgae, particularly 
those of the order Bangiales, possess well-developed photoprotective 
mechanisms involving mycosporine-like amino acids (MAAs), which 
function as effective UV-absorbing compounds and antioxidants [46]. 
MAAs have been extensively documented in Pyropia species, where their 
accumulation is induced by both UV-A and UV-B radiation [47,48]. The 
observed absence of oxidative stress under PAR + UVA, together with 
the transcriptomic upregulation of genes related to carbon and nitrogen 
metabolism, raises the possibility that UVA may also stimulate the 
synthesis of MAAs, which could contribute to the alleviation of photo
damage. This hypothesis is consistent with previous findings that MAAs 
can scavenge reactive oxygen species and reduce lipid peroxidation 
[49,50]. Future studies investigating the combined roles of CCMs and 
MAAs under varying UV regimes would help elucidate the integrated 
photoprotective strategies employed by intertidal red macroalgae.

Beyond its well-established function in carbon acquisition, CA may 
also contribute to cellular antioxidant defense by suppressing the for
mation of ROS through S-glutathione [51–53]. A recent study on Pyropia 
haitanensis showed that CA helps mitigate high-temperature stress 
through enhanced antioxidant capacity [54]. In the present study, UVA- 
induced enhancement of CA might have participated in alleviating 
oxidative damages, since no significant oxidative damages were 
observed in P. yezoensis under PAR + UVA treatment. This is consistent 
with our previous finding, that increased CO₂ availability alleviate UVR 
sensitivity in P. yezoensis [19,20], most likely due to enhanced carbon 
assimilation coupled with mitigated stress-induced damages. In 
contrast, in the presence of UVB, despite the transcriptional upregula
tion of several CA-related genes (Fig. 6C), CA enzyme activity did not 
increase (Fig. 3B). This, together with the lower efficient CCMs, likely 
weaken the Calvin cycle and aggravated the photoinhibition. The sig
nificant reduction in Vmax under PAR + UVR (Fig. 3A) indicates a 
diminished capacity for CO₂-saturated photosynthetic carbon fixation, 
which aligns with the downregulation of Calvin cycle-related genes, 
including tktA, FBP, and GAPDH (Fig. 6B). Together with the reduced 
Rubisco carboxylation activity (Fig. 2A), these results suggest that UVB 
suppresses carbon fixation not only by impairing the light-dependent 
reactions of photosynthesis but also by directly targeting the enzy
matic machinery of the Calvin cycle. Consequently, ROS contents in 
P. yezoensis were significantly elevated under PAR + UVR, consistent 
with documented data that UVR frequently induces oxidative stress in 
photosynthetic organisms [55–57]. The accumulation of ROS, mainly 
resulting from excess excitation energy and electron leakage from 
impaired photosynthetic electron transport chains, is supposed to result 
in peroxidation of lipids, as indicated by elevated MDA content 
(Fig. 4A), and potential damage to proteins, nucleic acids, and photo
synthetic pigments [58]. These findings are consistent with observations 
across diverse algal taxa, confirming that UVR, particularly UVB, acts as 
a key environmental stressor that disrupts cellular redox homeostasis 
[59,60]. Since positive effects of UVA and negative impacts of UVB of 
solar radiation can sometime be counterbalanced [61], effects of UVR 
become invisible [37].

To quantitatively support these findings, we calculated the biologi
cally effective weighted irradiances for photoinhibition [25] and DNA 
damage [26] based on measured solar spectra and filter cut-offs 

(Table 1). The weighted irradiance for DNA damage was negligible 
under PAR + UVA (<0.01 W m− 2) but rose to 0.12 W m− 2 under PAR +
UVR, confirming that UVB is the primary driver of genotoxicity and ROS 
accumulation. The weighted irradiance for photoinhibition was slightly 
higher under PAR + UVR (0.31 W m− 2) than under PAR + UVA (0.23 W 
m− 2). However, despite this measurable value under PAR + UVA, the 
actual Fv/Fm and Pn showed no significant reduction (Fig. 1). This 
discrepancy highlights the effectiveness of photoprotective and accli
mation mechanisms in P. yezoensis under attenuated UVA, including 
upregulated CCMs, increased CA activity, and likely MAA accumulation 
[46,62,63]. In contrast, under PAR + UVR, the additional UVB not only 
increased the weighted irradiance but also directly suppressed Calvin 
cycle enzymes and induced oxidative stress, leading to clear photosyn
thetic decline.

Notably, respiration rate was significantly enhanced under PAR +
UVA (Fig. 1B), suggesting that the upregulation of carbon acquisition 
and CCMs may impose increased energy demand. This elevated respi
ratory activity could partially offset the energy gains derived from 
enhanced carbon fixation, making the net carbon balance less straight
forward than a simple enhancement of photosynthetic output. Although 
transcriptomic data revealed upregulation of genes involved in carbon 
metabolism (e.g., tktA, FBP, GAPDH), the concurrent increase in respi
ration points to a trade-off between carbon acquisition and metabolic 
costs. In contrast to the elevated respiration under PAR + UVA, respi
ration rates remained unchanged under PAR + UVR despite pronounced 
oxidative stress (Fig. 1B). This lack of respiratory response may reflect 
suppression of mitochondrial activity under severe UVB stress, poten
tially due to direct damage to mitochondrial electron transport chains or 
a shift in energy allocation toward immediate repair mechanisms rather 
than sustained respiration. Alternatively, the uncoupling of respiration 
from energy demand under UVB stress could indicate a limitation in 
metabolic flexibility. Similar patterns have been observed in other 
macroalgae under UVB exposure, where energy metabolism is priori
tized for damage repair over maintaining baseline respiratory rates [64]. 
Together, these differential respiratory responses between UVA and 
UVB treatments further underscore the contrasting effects of these two 
UV spectral bands on the metabolic state of P. yezoensis.

Under natural intertidal conditions, P. yezoensis is subject to drastic 
environmental changes including solar UVR, desiccation and thermal 
stresses due to tidal changes. The enhanced CA activity and improved 
CCMs efficiency observed under PAR + UVA exposure, reported in this 
study, can only be expected to happen during low light periods without 
emersion. In the sea-farmed areas, P. yezoensis can benefit from solar 
UVA under cloudy weather or during early morning or late afternoon 
periods, when UVB is minimal, as UVA enhances inorganic carbon 
acquisition and CCMs, thereby supporting photosynthetic carbon 
fixation.

CRediT authorship contribution statement

Di Zhang: Writing – review & editing, Writing – original draft, 
Visualization, Investigation, Funding acquisition, Data curation, 
Conceptualization. Nannan Sun: Writing – review & editing. Yonglong 
Xiong: Methodology, Data curation. Kunshan Gao: Writing – review & 
editing, Conceptualization.

Declaration of competing interest

The authors declare no competing interests.

Acknowledgements

This study was supported by Shandong Provincial Natural Science 
Foundation (ZR2022QD134), the National Natural Science Foundation 
of China (42306139) and the start-up funds from Yantai University 
(HX22B98).

D. Zhang et al.                                                                                                                                                                                                                                   Algal Research 97 (2026) 104775 

7 



Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.algal.2026.104775.

Data availability

Data will be made available on request.

References
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[10] É.C. Schmidt, M. Maraschin, Z.L. Bouzon, Effects of UVB radiation on the 
carragenophyte Kappaphycus alvarezii (Rhodophyta, Gigartinales): changes in 
ultrastructure, growth, and photosynthetic pigments, Hydrobiologia 649 (1) 
(2010) 171–182.

[11] K. Ganapathy, K. Chidambaram, R. Janarthanan, R. Ramasamy, Effect of UV-B 
radiation on growth, photosynthetic activity and metabolic activities of Chlorella 
vulgaris, J. Microbiol. Biotechnol. 6 (2) (2017) 53–60.

[12] K. Gao, J. Xu, Effects of solar UV radiation on diurnal photosynthetic performance 
and growth of Gracilaria lemaneiformis (Rhodophyta), Eur. J. Phycol. 43 (3) (2008) 
297–307.

[13] J. Xu, K. Gao, Future CO2-induced ocean acidification mediates the physiological 
performance of a green tide alga, Plant Physiol. 160 (4) (2012) 1762–1769.
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