
1  

Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive 
publisher-authenticated version is available on the publisher Web site.  

 
Journal of Biotechnology 
November 2024, Volume 396 Pages 104-115  
https://doi.org/10.1016/j.jbiotec.2024.10.013 
https://archimer.ifremer.fr/doc/00918/103018/ 

Archimer 
https://archimer.ifremer.fr 

Detrimental effects of UV-A radiation on antioxidant 
capacity and photosynthetic efficiency on a tropical 

microalga 

Isaia Anna 1, 2, Coulombier Noémie 3, Le Dean Loic 1, Meriot Vincent 4, Jauffrais Thierry 1, * 

 
1 Ifremer, IRD, Univ Nouvelle-Calédonie, Univ La Réunion, CNRS, UMR 9220 ENTROPIE, RBE/LEAD, 
101 Promenade Roger Laroque, Noumea 98897, New Caledonia  
2 Univ Brest, CNRS, IRD, Ifremer, LEMAR, Plouzané F-29280, France  
3 ADECAL Technopole, 1 bis rue Berthelot, Noumea 98846, New Caledonia  
4 ISEA, EA7484, Université de Nouvelle Calédonie, Campus de Nouville, Nouméa 98851, New 
Caledonia 

* Corresponding author : Thierry Jauffrais, email address : Thierry.Jauffrais@ifremer.fr  
 
anna.isaia@univ-brest.fr ; noemie.coulombier@adecal.nc ; loic.le.dean@ifremer.fr ; 
vincent.meriot@etudiant.unc.nc  
 

Abstract :   
 
Antioxidants are molecules able to neutralize reactive oxygen species with potential applications in the 
cosmetic or nutraceutical industries. Abiotic stressors, such as light intensity, ultraviolet (UV) radiation, or 
nutrient availability, can influence their production. In the perspective of optimizing and understanding the 
antioxidant capacity of microalgae, we investigated the effects of UV-A radiation on growth, and 
antioxidant and photosynthetic activities on Tetraselmis, a microalga genus known for its high antioxidant 
capacity. Cultures were exposed to UV-A radiation alongside to photosynthetically active radiation (PAR) 
in photobioreactors operated in continuous culture. UV-A exposure affects both the photosynthetic and 
antioxidant activities of Tetraselmis. Photosynthetic parameters suggest that UV-A has a negative effect 
on photosynthetic efficiency, particularly on the electron transport chain on short-term exposure (1–2 
days). However, a resilience of most physiological parameters was observed over the experiment (10 
days) suggesting a photochemical adaption over long-term exposure to UV-A radiation. Concerning the 
antioxidant capacity, UV-A exposure reduced the antioxidant capacity in Tetraselmis suggesting the use 
of antioxidant molecules to counteract reactive oxygen species production and prevent damage to 
photosystem II. Finally, the highest antioxidant capacity never observed with a Tetraselmis sp. was 
measured in cultures without UV addition, with an IC50 of 2.87 ± 0.24 µg mL−1, a value close to the 
reference compounds Trolox and α-tocopherol. This study showed the great potential of Tetraselmis as 
a source of antioxidants under favorable culture condition and without UV-A radiations. Indeed, we 
discourage the use of UV-A to enhance antioxidant capacity in this species due to its negative impact on 
it and on the photosynthetic efficiency. 
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Highlights 

► High antioxidant activity of Tetraselmis under favourable culture condition. ► The photosynthetic 
apparatus of Tetraselmis is resilient to UV-A exposure. ► UV-A exposure reduce antioxidant activity of 
Tetraselmis. 
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1. Introduction 

In recent years, interest in molecules of natural origin has increased [1,2]. In this perspective, 

microalgae are getting increasing attention as a potential source to meet this growing demand [3,4]. 

They are a diverse group of photosynthetic microscopic organism and function as real cellular factories 

able to produce an array of valuable compounds including fatty acids, pigments, and vitamins [5–7]. 

These molecules can have bioactive properties such as antibacterial, antifungal and/or antioxidant 

activities [8–13] with potential applications in human and animal nutrition, pharmaceuticals, or 

cosmetics [11,14–16].  

Among these molecules of interest, there is a growing demand for natural antioxidant molecules in 

the cosmetic, pharmaceutical and/or nutraceutical industries [6]. These compounds play a major role 

in regulating the production of reactive oxygen species (ROS) and their synthesis can be oriented by 

various abiotic stressors [17,18]. Indeed, stressors such as light, pH, nutrient availability, temperature, 

and UV exposure have been suggested to influence antioxidant production and capacity [19–22]. Solar 

light, although essential for microalgae, can be identified as a stress factor. It is composed of a wide 

range of radiations from infrared to UV radiations through visible light. UV radiations are known to be 

harmful causing damage to cell components of most living organisms through direct absorption 

targeting in majority DNA and protein complexes such as photosystem II (PSII) reaction centers (RCs). 

In addition, UV radiations, especially UV-A, can indirectly damage the cell through the production of 

ROS [23,24]. To counteract such formation, studies have suggested that microalgae exhibit an 

antioxidant response through the induction and accumulation of carotenoids [25–28] and fatty acids 

[25]. Despite UV-A being the most penetrating radiation in the atmosphere and the water column 

[24,29,30], further studies targeting the physiological responses of microalgae to UV-A are still needed.  

To monitor the impact of UV-A on microalgae physiology, specifically on their photochemistry (mainly 

PSII), pulse amplitude modulated (PAM) fluorometry was used. This widely used technique based on 

chlorophyll fluorescence, offers the advantage to be fast and non-invasive to follow culture fitness 

[31,32]. PAM fluorometry measures the light energy emitted by the light-harvesting pigments 
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associated with photosynthesis. In short, the light energy absorbed by chlorophyll is either used for 

photosynthesis, dissipated as heat (excess energy), or re-emitted (fluorescence). Therefore, by 

measuring the fluorescence yield, information about the PSII photosynthetic efficiency can be 

retrieved [33,34]. 

In this context, we examined the relationship between antioxidant and photosynthetic activities to 

evaluate the effect of UV-A radiation on microalgae physiology. We addressed this issue using a 

Tetraselmis sp. isolated in New Caledonia [35]. This genus is found in a wide range of habitats, from 

freshwater to marine ecosystems [36]. It is getting attention due to its ability, among other things, to 

produce bioactive molecules, making it a valuable microalga in animal feed, cosmetics, 

pharmaceuticals, and nutraceuticals [14–16,37]. Some of these molecules such as phenolic compounds 

[38], pigments [19] and vitamins [39] have antioxidant properties. Therefore, with the overall objective 

of optimizing antioxidant capacity and biomass production, the present study aims to assess the impact 

of UV-A exposure on Tetraselmis sp. growth, photosynthetic and antioxidant activities. 

 

2. Material & Methods  

2.1.  Microalga culture  

Tetraselmis sp. (N3C05) was isolated from costal seawater in New Caledonia, a French archipelago in 

the Pacific Ocean, characterized by a tropical weather [35,40,41]. The inoculum was grown in a 

1 000 mL Erlenmeyer flask with a working volume of 400 mL, in Conway-enriched seawater (See 

composition in Table A1, appendices data, [42]), under continuous aeration, illumination 

(50 μmol photons m−2 s- 1) and with daily homogenization.  

2.2.  Experimental culture conditions 

The cultures were produced in two 2.5 L photobioreactors (PBR) made of transparent 

polymethylmethacrylate (PMMA). After 20 minutes of sterilization using 0.5% DEPTIL PA5 (biocid agent 

with 5% peracetic acid, Kersia group, France) and two rinses with filtered seawater (0.2µm), the PBRs 
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were inoculated with 200 mL of Tetraselmis in filtered seawater (0.2 µm) enriched with 1 mL L- 1 of 

Conway medium [42]. After inoculation, the initial cell concentration in the PBRs was 2.37 ± 3.01 105 

cells mL-1. For the first 36 hours, the cultures were maintained in batch culture condition. 

Subsequently, the cultures were operated in continuous culture condition with a constant inflow of 

fresh medium (i.e. filtered seawater (0.2 μm) enriched with Conway medium (1 mL L-1) with additional 

NaNO3 (4 mL L-1 of a stock solution at 100 g L-1) to prevent nitrogen limitation) and a constant outflow 

of culture. The cultures were operated at a 0.7 day-1 dilution rate and were exposed to UV-A for 10 

days. Throughout the experiment, the cultures were maintained in continuous culture, at pH 8.0 with 

CO2 injection, and at a temperature of 26 °C. An Arduino electronic card was used to set these 

conditions and they were monitored thanks to a Raspberry PI computer. One side of the PBR was 

exposed constantly to 50 μmol photons m−2 s- 1 using fluorescent tubes (OSRAM cool 109 daylight 

HO24W/965). Culture homogenization was achieved with a Rushton turbine at 90 rpm and aeration 

was performed by bubbling the culture with 0.2 μm filtered air. 

When the culture in PBRs reach steady state (i.e. cell concentration and absorbance remained constant 

for at least three consecutive days) the UV-A treatment was applied over a period of 10 days. To allow 

the UV-A exposure, the culture went through a UV system using glass tubes, forming a loop connected 

to the PBRs (See scheme of the PBR set up in Fig. A1, appendices data). The UV radiation source 

consisted in a total of 8 LEDs (LED UV, UV5TZ-385-15) per loop, emitting light at a peak wavelength of 

385 nm (min 382.5, max 387.5, viewing angle 15°). A constant illumination was kept throughout the 

experiment at an intensity of 1 480 W m-2, as measured with a UV captor from Adafruit industries (RS-

124-5472). The flow rate inside the UV system was set at 6.25 mL min-1. During this experiment, all 

measurements were done before UV-A exposure (day 0, initial state = control condition) and during 

the UV-A exposure (from day 1 to day 10 depending on the parameter). 

2.3.  Cell growth measurements  

To monitor cell growth, daily measurements of light absorbance were conducted using 

spectrophotometry at 680 nm (UV mini-1240 spectrophotometer, Shimadzu, Japan), which measures 
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pigment absorption (chlorophyll a, Chl a). In addition, cell concentration was estimated daily using a 

Malassez hemocytometer (Paul Marienfeld GmbH & Co. KG, Germany) under an optical microscope.  

2.4.  Elemental analysis  

The nitrogen and carbon status of Tetraselmis were assessed using 3-4 mL aliquots of the culture 

medium collected before (day 0) and during the UV treatment (after 2 and 10 days), which were 

filtered through glass fiber filters (1.2 µm, Whatman GF/C 25 mm). Then, the filters were dried at 70°C 

for at least 24 hours in glass Petri dishes and stored at -20°C until analysis. To prevent carbon or 

nitrogen contamination, all equipment was pre-combusted in a furnace at 450°C for 4 hours before 

use. Sample analyses was performed using an elemental analyzer (SERCON Integra 2, United Kingdom). 

The C:N ratio was calculated by dividing the cell carbon content (QC) by the cell nitrogen content (QN). 

2.5.  Photosynthetic parameters  

To assess the photophysiological state of the cultures, the maximum quantum efficiency of PSII 

(Fv/Fm), fluorescence transient (OJIP, [43]), rapid light curves (RLC, [44]) and Non-Photochemical 

Quenching (NPQ) were measured using a Pulse Amplitude Modulated (PAM) fluorometer (AquaPen-P 

AP 110-P of Photon Systems Instruments, Czech Republic). It is a non-destructive technic based on the 

Chl a fluorescence, with a blue excitation light at 455 nm, which allows the monitoring of the culture’s 

photosynthetic activity. PAM fluorometry is a powerful and widely used technique [45–48]. This 

method offers the advantages of being rapid and non-invasive [46]. In this context, Rapid Light Curves 

(RLCs) have been employed to optimize growth and assess the impact of environmental factors on 

photosynthetic electron flow regulation in microalgae [48–50], including for Tetraselmis [20]. 

However, it is important to note that although PAM fluorometry has proven to be a valuable tool for 

studying microalgal photophysiology, it is often considered biased due to: (1) variations in fluorescence 

signals by the sample, often caused by the thickness of macroalgal tissues, which can hinder direct 

comparison with oxygenic photosynthesis measurements, especially at high irradiance; and (2) the 

time required to reach photosynthetic steady-state, which may limit its applicability under certain 
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conditions (reviewed in Enriquez and Borovitzka,[51]). Despite these limitations, the use of relative 

electron transport rate (rETR) values instead of absolute ETR is recommended to mitigate issues 

associated with absorptance (i.e., the fraction of incident light absorbed by pigmented tissue), 

particularly when the organisms or tissues under examination have similar absorption cross-sections 

[51–53]. Moreover, in our study, Ft remained relatively stable prior to each saturating pulse. This was 

consistent across all fluorescence measurements used to calculate rETR and NPQ, as shown in the Fig. 

A2, appendices data. 

Measurements were conducted in specific containers filled with a diluted culture from the PBR 

(dilution factor of 5), allowing the insertion of the submersible optical probe of the PAM fluorometer 

to be held perpendicularly. Measurements were done on dark-acclimated samples, after 30 minutes 

of dark acclimatation. To minimize ambient light disturbances, the setup was placed in a shaded room 

where all measurements were taken. All measurements were done in duplicate per PBR before (at day 

0) and during UV treatment, after 1, 3, 6, 8 and 10 days of exposure for Fv/Fm and RLC, and after 2 and 

10 days of exposure, for OJIP and NPQ. 

 The maximum quantum efficiency of PSII 

Fv/Fm was measured, with a saturating pulse at 3 000 μmol photons m −2 s−1, according to the equation 

[32]:  

𝐹𝑣

𝐹𝑚
=

𝐹𝑚 − 𝐹0

𝐹𝑚
 

With Fv the variable fluorescence, Fm the maximum fluorescence and F0 the minimum fluorescence 

yield (dark-acclimated minimum fluorescence yield). 

 Florescence transients 

The OJIP test represents the polyphasic fluorescence transients measured during the exposure of the 

culture to saturating light intensity. It corresponds to the different phases of reduction of the PSII 

electron acceptor, the quinones A and B (QA and QB) [43]. In the O phase, all photosynthetic reaction 

centres (RCs) are in a relaxed state, and QA and QB are in an oxidized state. The J phase is reached when 
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practically all primary acceptors, QA, have been reduced (QA
-). Then, when QB are reduced (QB

-), the I 

phase is reached. Finally, the P phase corresponds to the reduction of the plastoquinone (PQ) pool. 

The JIP test by Strasser et al. [54] was applied to translate experimental data into biophysical 

parameters: (1) ABS/RC, TR0/RC, DI0/RC and ET0/RC that quantify the specific energy fluxes per RC and 

(2) M0, ψ0, φD0, φE0 and Pi-ABS that quantify the quantum yield of primary photochemistry (Table 1).  

 

Table 1. Definitions of OIJP parameters, based on Strasser et al. [43], measured in the dark-acclimated state. A 

reaction center (RC) is considered open when QA is in its oxidative state, conversely RC closes up when QA is 

reduced into QA
- . QA : primary quinone acceptor ; QB : secondary quinone acceptor ; PQ : plastoquinone ; PC : 

plastocyanin ; Cyt b6f : cytochrome b6f ; PSII : photosystem II :  

OJIP Parameters Definition Formulas Interpretation 

Specific fluxes 

ABS/RC 
Absorption flux of photons at the PSII 

antenna per active RC 
MO × (1/VJ) × (1/ φP0) The apparent antenna size 

TR0/RC Maximum specific trapping flux MO × (1/VJ) 

The rate, at time 0, by which an 

exciton is trapped in RC resulting in 

the reduction of QA to QA- 

ET0/RC Electron transport flux per RC at time 0 MO × (1/VJ) × ψE0 

The rate, at time 0, by which an 

electron moves beyond QA
-, resulting 

in a CO2 fixation 

DI0/RC Dissipated energy flux per RC at time 0 (ABS/RC) – (TR0/RC)  

Quantum yield or efficiency    

M0 Slope at the origin of fluorescence rise (O-J)  
The net rate of RC closure 

corresponding to QA reduction 

φP0 
Maximum quantum yield of primary 

photochemistry 
TR0 /ABS = (1-F0)/FM  

The probability (at time 0) that an 

absorbed photon will be trapped 

into the PSII. 

ψ0 
Maximum quantum yield of electron 

transport 
ET0/TR0 

The probability (at time 0) that a 

trapped exciton goes beyond QA
- in 

the electron transport chain. 

φE0 
Quantum yield for electron transport at 

time 0 
ET0/ABS 

The probability that an absorbed 

photon leads to the transport of an 

electron into the transport chain 

φD0 
Quantum yield (at time 0) of energy 

dissipation 
1- φP0  

Performance index   

PI-ABS 

Index for energy conservation from photons 

absorbed by PSII until the reduction of 

intersystem electron acceptors 

(RC/ABS)×(φP0/1- 

φP0)×(ψ0/ 1-ψ0) 

The probability that an electron 

moves from PSII to PQ pool 
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 Rapid light curves 

Rapid light curves were acquired through successive measurements of the culture exposed to 

increasing light intensity [44]. Thus, RLCs were performed with seven incremental irradiance steps (10; 

20; 50; 100; 300; 500 and 1000 µmol photons m-2 s-1) of 60 seconds. Then, physiological parameters 

(rETRm, alpha, and Ek) were estimated by fitting the model developed by Platt et al. [55] to the 

experimental data: 

𝑟𝐸𝑇𝑅 (𝐼) = 𝑟𝐸𝑇𝑅𝑚 ×  (1 − 𝑒
(−𝛼 × 

𝐼
𝑟𝐸𝑇𝑅𝑚

)
) 

With rETR (AU) the relative electron transport rate (through PSII), rETRm, the maximum relative 

electron transport rate, α the initial slope of the RLC at limiting irradiance. 

𝐸𝑘 =
𝑟𝐸𝑇𝑅𝑚

𝑎𝑙𝑝ℎ𝑎
 

With Ek, the light saturation index in μmol photons m−2 s−1.  

NPQ induced by the RLC was calculated according to the Stern-Volmer NPQ [56,57] and following the 

equation:  

𝑁𝑃𝑄𝑖𝑛𝑑𝑢𝑐 =
𝐹𝑚 − 𝐹𝑚′

𝐹𝑚′
 

With Fm the maximum fluorescence yield and Fm’ the maximum fluorescent yield in actinic light 

measured at the final step. 

 Non-photochemical quenching 

Finally, NPQ allows the assessments of the photo-regulation capacity and the photosynthetic recovery 

of culture RCs. The microalga was exposed to continuous actinic light illumination (60 seconds at 1000 

µmol photons m-2 s-1) with five successive light pulses at saturating light (3 000 µmol photons m-2 s-1) 

followed by a dark recovery phase (88 seconds) with three successive saturating light pulses.  
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2.6.  Antioxidant analysis  

2.6.1. Sampling and Extraction  

At day 0, 2 and 10, approximately 500 mL of culture was centrifuged for 10 min at 4 500 g at 4°C. The 

supernatant was discharged, and the biomass was carefully collected, lyophilized, and stored at - 80°C. 

Then extraction step was conducted on freeze-dried biomass of each sample in a shaded room to 

prevent the degradation of photosensitive molecules. First, the biomass was suspended in 

methanol/dichloromethane (50:50 v/v) mixture (to facilitate the extraction of a broad spectrum of 

molecules) and sonicated in an ice bath for 10 minutes. Then, the extracts were filtered (Whatman 

GF/F 47mm), and this process was repeated until the biomass became colourless. Finally, the extracts 

were pooled, dried, and stored at -80°C until analysis. 

2.6.2. TBARS assay  

The TBARS (Thiobarbituric Acid Reactive Substance) assay measures antioxidant capacity to inhibit lipid 

peroxidation. This assay was previously found to be the best method to assess Tetraselmis antioxidant 

capacity [35]. The method in Coulombier et al. [35] was applied. An emulsion of linoleic acid (250 µL) 

with Tween 20 and phosphate buffer (20 mM, pH 7.4) was done and homogenized by sonication. A 

range of microalgae extract (200, 100, 50, 25, 12.5, 1.25 µg mL-1) was done. Then, phosphate buffer 

(600 µL), FeSO4 (200 µL, 0.01%), ascorbic acid (200 µL, 0.01%), extract solution or ethanol (as a blank) 

or Trolox at 200 µg/mL (as a positive control) (500 µL) and linoleic acid emulsion (500 µL) were 

successively added to Eppendorf tubes, mixed, and kept at 37°C for 24 hours in the dark. To stop the 

reaction, 400 µL of the reaction solution was mixed with butylated hydroxytoluene (BHT) (40 µL, 0.4%) 

and then with 440 µL of a mixture of thiobarbituric acid (TBA, 0.8 %) and trichloroacetic acid (TCA, 4 

%). The solutions were incubated at 100°C for 30 minutes, cooled and centrifuged for 10 minutes at 

10 000 g at 20°C. Then, the supernatant was measured at 534 nm. The half inhibition concentration 

(IC50) values were obtained by plotting the percentage inhibition of linoleic acid peroxidation against 

their corresponding extract concentrations and drawing the regression lines. The IC50 measures the 
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effectiveness of the algae in inhibiting a specific biological or biochemical function, in this case, lipid 

peroxidation. Thus, a lower IC50 value indicates a better inhibitor, as it requires a lower concentration 

to achieve the same level of inhibition. 

2.7. Pigment analyses 

To determine the pigment profile, 10 mL of the culture was centrifuged at day 0, 2 and 10 (10 min at 

4500 g at 4°C), the supernatant was discarded and the pellet was frozen in liquid nitrogen and stored 

at -80°C.Then, pigments were extracted in relative darkness with 0.5 mL of solvent composed of 95 % 

of methanol (MeOH/H2O v/v) with 2% of ammonium acetate and an internal standard (trans-β-Apo-

8'-carotenal from Sigma Aldrich at 1 mg L-1). Each sample was sonicated for 15 minutes in an ice bath 

and placed at -20°C for 20 minutes. Then it was centrifuged for 10 minutes (15 000 g, 5°C). The 

supernatant was discharged, and the pellet was kept and resuspended in 0.5 mL of the same solvent 

with a small glass putter. This process was repeated four times until the supernatant became 

colourless. Pigment analyses were done by high-pressure liquid chromatography (UHPLC-UV-DAD, 

Thermo Scientific, Vanquish) adapting the methods from Van Heukelem and Thomas [58]. 

Briefly, HPLC was conducted using Hypersil-Gold C18 (50×2 mm (i.d.), 2 μm) silica-based reversed 

phase columns (Thermo Scientific). The Injection volumes were 2 μL. The A and B mobile phases were 

a solution of MEOH/water (80:20, v/v) containing 1 M ammonium acetate and 0.05 % formic acid, and 

a solution of MeOH/Acetone (60:40, v/v) containing 0.05 % formic acid, respectively. The Hypersil Gold 

C18 column was eluted with a flow rate of 0.5 mL min-1 using the following gradient: starting with 20% 

B, rising to 100% B at 6 min, held for 2 min, decreasing to 20% B over 0.5 min, and held for 2.5 min 

until the next run. Pigments were identified by their absorption spectra between 350 and 800 nm, 

measured with the photodiode-array detector (Thermo Scientific, Vanquish). Quantification (pg cell-1), 

was performed at 450 nm by comparison with pigments standards (DHI, Denmark). Results are 

presented for major Tetraselmis pigments, in the order of elution: 9-cis-neoxanthine, violaxanthine, 

antheraxanthine, zeaxanthine, luteine, chlorophyll a (Chl a), b (Chl b), and β-carotene. All pigments are 
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expressed in pg cell-1 and pigment ratios are expressed in g g-1, to characterise the variation of the main 

pigment groups (chlorophylls and carotenoids). 

2.8. Statistical analyses 

All analyses were performed with R version 4.1.3 (2022-03-10). Statistical differences were tested 

using either one-way ANOVA or Kruskal-Wallis test when the conditions for application 

(homoscedasticity and/or normality hypotheses) were not met. Post hoc tests, specifically pairwise t-

test or Dunn test, were used to compare paired days of exposure when necessary. For NPQ, a two-way 

repeated measures analysis was used to assess the significant differences between exposure times and 

time points generated by repeated the NPQ measurements during the NPQ induction by actinic light 

and the dark recovery period. Statistical significance was determined at a 95% of confidence level 

(p- value < 0.050).  

3. Results  

3.1  Growth performances and Elemental analysis  

Throughout the experiment, cell concentration and light absorbance displayed a similar pattern. Both 

parameters showed a slight decrease (33% and 13%, respectively) after the addition of UV-A radiation 

from day 0 to day 2 (Table 2). Then, cultures returned to their initial state (i.e. day 0, before the UV-A 

addition). However, these variations in algal biomass were not statistically significant (Table 2, one-

way ANOVA, cell concentration F- value = 1.31, p-value = 0.30 and light absorbance F-value = 0.23, p-

value = 0.96).  

Similarly, the cellular nitrogen content (QN) and the C:N ratio did not exhibit significant differences 

throughout the experiment (Table 2). The QN oscillated between 0.53 ± 0.13 pmol cell-1 and 0.89 ± 

0.020 pmol cell- 1. In contrast, the cellular carbon content (QC) was significantly affected by the UV-A 

exposure and ranged between 3.24 ± 0.70 pmol cell-1 and 5.44 ± 0.21 pmol cell-1, with a significant 

increase from day 0 to day 2 (Pairwise t-test p-value = 0.044).  
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Table 2. Cell concentration in x106 cell mL-1, absorbance at 680 nm, carbon and nitrogen cell quota (QN and QC, 

in pmol cell-1) and Carbon:Nitrogen (C:N) ratio of Tetraselmis sp. grown in continuous culture in PBR at different 

exposure times to UV-A radiation (0, 2 and 10 days). Data are expressed as mean ± standard deviation. Statistical 

tests used were either one-way ANOVAs or Kruskal- Wallis test (*). Differences were considered significant at p-

value < 0.050 (bolded value), different letters indicate significant differences between exposure times (from the 

post hoc test of ANOVA, pairwise t test). 

Time exposure to 
UV-A (days) 

0 1 2 3 4 8 9 10 F-value p-value 

Cell concentration 
in x106 cell mL-1 

3.51 ± 
0.69 

3.16 ± 
0.056 

2.70 ± 
0.42 

3.26 ± 
0.20 

3.46 ± 
0.20 

3.010 ± 
0.042 

2.90 ± 
0.34 

3.36 ± 
1.19 

1.31 0.30 

Absorbance at 
680 nm 

0.71 0.63 0.62 0.67 0.75 0.69 0.68 0.67 0.23 0.96 

Time exposure to UV-A (days) 0 2 10 F-value p-value 

QN* (pmol cell-1) 0.53 ± 0.13 0.89 ± 0.020 0.76 ± 0.20  0.11 

QC (pmol cell-1) 3.24 ± 0.70a 5.44 ± 0.21b 4.68 ± 1.22ab 7.48 0.012 

C:N* (mol mol-1) 6.17 ± 0.30 6.080 ± 0.16 6.16 ± 0.15 
 0.67 

 

3.2 Pigment content 

The pigment profile of Tetraselmis was assessed at different time of exposure to UV-A radiation and 

was composed of 9-cis-neoxanthin, violaxanthin, antheraxanthin, zeaxanthin, lutein, chlorophyll a (Chl 

a) and b (Chl b), and β-carotene. Total pigment content was influenced by the time of exposure to UV-

A (Fig. 1a, one-way ANOVA, F- value = 5.71, p-value = 0.025). A significant increase was observed from 

day 0 (3.43 ± 0.91 pg cell-1), to day 2 (5.43 ± 0.91 pg cell-1) (Pairwise t-test p-value = 0.038). Then, a 

decrease in total pigment content, returning to the initial value, was observed from day 2 to 10, with 

values of 5.43 ± 0.91 pg cell-1 and 3.69 ± 0.84 pg cell-1, respectively (Pairwise t test p-value = 0.049). 

Looking at the pigment ratios (Fig. 1b), no significant difference in the ratio of Chl a / Chl b was 

observed over time (one-way ANOVA, F- value = 3.17, p-value = 0.091). In contrary, there was a change 

in the ratio of total carotenoids / Chl a (one-way ANOVA, F- value = 6.091, p-value = 0.021). A 

significant decrease from day 0 (0.22 ± 0.017), to day 2 (0.19 ± 0.017) was observed (Pairwise t test p-

value = 0.022). Similarly, a significant difference over time was observed for two carotenoids (mix 
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lutein + zeaxanthin and violaxanthin) regarding the variation in carotenoids over the total carotenoids 

(Fig 1c) (Kruskal Wallis test, respectively p-value = 0.021 and p-value = 0.012). In fact, a significant 

increase from day 0 to day 2 was present for the mix lutein + zeaxanthin (Dunn test p-value = 0.024) 

and a significant decrease was observed for violaxanthin from day 0 to day 2 (Dunn test p-value = 

0.0098). For the other carotenoids, no significant difference was observed over the time of exposure 

to UV-A.  

 

Fig. 1. Pigment profile and content in pg cell-1 (a), pigment ratios (chl a / chl b and total carotenoids / chl a) (b) 

and percentage of carotenoids (carotenoids / total carotenoids) (c) of Tetraselmis sp. in continuous cultures 

exposed to UV-A (at different times of exposure 0, 2 and 10 days). Pigments are β β-carotene, chlorophyll a (Chl 

a), chlorophyll b (Chl b), lutein, zeaxanthin, antheraxanthin, 9-Cis-Neoxanthin, and violaxanthin. Data expressed 

as mean ± standard deviation. Differences were considered significant at p-value < 0.050. Different letters 

indicate a significant difference between time of exposure to UV-A. 

3.3 Antioxidant capacity 

The antioxidant activities (IC50 values) measured using the TBARS assay are shown in Fig 2. Before and 

during the UV-A exposure, the culture showed relatively low IC50 values, which highlight an anti-lipid 
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peroxidation activity of the algal extracts. The IC50 ranged between 2.87 µg mL-1 and 19.57 µg mL-1. 

However, the best value (i.e., the lowest IC50 value) was measured at day 0 (2.87 ± 0.24 µg mL-1), before 

the addition of UV-A radiation. Then, significant differences were observed between the times of 

exposure to UV-A (one-way ANOVA, p-value = 0.017); after ten days of UV-A exposure, the IC50 

significantly increase by a factor 7 (i.e. the antioxidant capacity decrease) compared to the initial value 

at day 0 (Fig 2., Pairwise t test, p-value = 0.015).  

 

 

Fig. 2. Antioxidant capacity (IC50, µg mL-1) of Tetraselmis sp. in continuous cultures exposed to UV- A stress (at 

different times of exposure: 0, 2 and 10 days). Antioxidant capacity of reference compounds Trolox (IC50 = 0.15 

µg mL-1) and α- tocopherol (IC50 = 0.78 µg mL-1). Data expressed as mean ± standard deviation. Differences were 

considered significant at p-value < 0.05. When letters differ, it indicates a significant difference between 

exposure times. 

3.4 Maximum quantum efficiency of the PSII, 

RLCs and NPQs measurements 

The PSII maximum quantum yield (Fv/Fm) of Tetraselmis sp. was clearly affected by the UV-A exposure 

over time (Fig. 3a). Tetraselmis showed high initial Fv/Fm values before the addition of UV-A (0 day), 

around 0.64 (Fig. 3a). However, a significant difference was observed following the addition of UV-A 
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(one-way ANOVA, p-value < 0.001). A significant lower Fv/Fm value, around 0.55, was reached after 

the third day of UV-A exposure (Fig. 3a, results of the Pairwise t-test in Table A2 in the Appendices 

data). This decrease from 0.64 ± 0.01 to 0.55±0.05 (14%) was followed by a gradual increase until the 

end of the experiment, where the initial Fv/Fm was recovered (0.65 ± 0.01) by Day 10.  

Using the parameters extracted from the RLCs (Fig. 3b, Fig. 4), significant differences were observed 

over time owing to the addition of UV-A radiation. The kinetic of rETR as function of PAR, used here as 

a proxy for photosynthetic activity, was modified by the addition of UV-A radiation. First, no 

photoinhibition was observed under all tested conditions. However, differences were observed over 

time, with the highest values of rETR found after one day of exposure, and the lowest one before the 

addition of UV-A (day 0) and after 6 and 8 days of exposure to UV-A radiation (Fig. 3b). Regarding the 

other parameters extracted from the RLCs (rETRm, alpha, Ek, NPQind, Fig. 4), the maximum electron 

transport rate (rETRm) and the light saturation coefficient (Ek) showed a similar tendency and 

significant variations were found over time following UV-A exposure (Fig. 4, and table 3). They both 

increased after the addition of UV-A radiation, which was significant for rETRm (from day 0, 34.80 ± 

3.12, to day 1, 43.99 ± 5.43, Pairwise t-test, rETRm p-value = 0.022). It was followed by a significant 

decrease, in both parameters, until day 6 of exposure (from day 1 to 6, Fig. 4 a and b, Pairwise t-test, 

rETRm p-value < 0.0010, Ek p-value < 0.0010) and then by an increase until the end of the experiment 

(from day 6 to 10, Pairwise t test, rETRm p-value = 0.011, Ek p-value = 0.033). Regarding the maximum 

light utilization coefficients (alpha), it fluctuated between 0.20 ± 0.010 and 0.22 ± 0.010, with no 

significant differences detected (Fig. 4c). Finally, non-photochemical quenching induced by the RLCs 

(NPQind) varied from 1.37 ± 0.73 before the addition of UV-A to 0.54 ± 0.18 after three days of 

exposure, reaching its minimum value. No significant differences were found (table 3).  
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Fig. 3. a. Maximum quantum yield (Fv/Fm), b. Rapid light curves expressed as relative electron transport rate 

(rETR) as a function of photosynthetic active radiation (PAR) of dark incubated Tetraselmis sp. grown in 

continuous culture in PBR and exposed to UV-A treatment, from day 0 (before the treatment) to day 10 (10 days 

of treatment). c. Non-Photochemical Quenching (NPQ) over the induction (white background) and dark recovery 

(grey background) of Tetraselmis in continuous culture in PBR exposed to UV-A treatment, from day 0 (before 

the treatment) to day 10 (10 days of treatment). Data are expressed as mean ± standard deviation.  

In addition, regarding the NPQ recovery (Fig. 3c), algae exposed to UV-A showed a slower and 

incomplete recovery in contrast to the NPQ recovery observed on day 0, where the NPQ value returned 

to the initial value of the light/dark cycle. Finally, after 10 days of UV-A exposure, the actinic light 

induced a lower increased of NPQ over time, but the recovery remained slow and incomplete 

compared to day 0.  
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Fig. 4. Parameters obtained from rapid light curves carried out on dark-acclimated Tetraselmis sp. in continuous 

cultures, exposed to UV-A treatment. a. rETRm, the maximum relative electron transport rate in AU; b. Ek, the 

light half saturation coefficient in µmol photons m-² s-1; c. alpha, the maximum light utilization coefficient for PSII; 

and d. NPQind, the non-photochemical quenching induced by the RLC. Data are expressed as mean ± standard 

deviation. Statistical tests used were either one-way ANOVAs or Kruskal-Wallis test (*). Differences were 

considered significant at p < 0.050 (bolded value), values with different letters indicate significant differences 

between exposure times (from post hoc tests pairwise t-test or Dunn test). 
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Table 3. Statistical values from the statistical tests, either one-way ANOVAs or Kruskal-Wallis test (*). 

Differences were considered significant at p < 0.050 (bolded value). The statistical analyses were implemented 

on parameters obtained from the rapid light curves carried out on dark-acclimated Tetraselmis sp. in continuous 

cultures, exposed to UV-A treatment with rETRm the maximum relative electron transport rate in AU; alpha, the 

maximum light utilization coefficient for PSII; Ek, the light half saturation coefficient in µmol photons m-² s-1; and 

NPQind, the non-photochemical quenching induced during the RLC. 

 

Time exposure 
to UV-A (days) 

F-value p-value 

rETRm  7.38 < 0.0010 

Alpha 2.27 0.28 

Ek  7.030 < 0.0010  

NPQind*  0.056 

 

3.5 Polyphasic chlorophyll a fluorescence transient (OJIP test) 

To complement our previous results to assess the status of Tetraselmis PSII exposed to UV-A radiation, 

we examined the fast Chl a fluorescence transient. The “raw” and normalized Chl a fluorescence 

kinetics are depicted in Fig. 5. All curves showed a typical polyphasic trend, with a rise from O to P. The 

slope and the shape of the fluorescence transient represent the photophysiological state of the culture 

and the reduction state of the PSII acceptors. Regarding the “raw” Chl a fluorescence transient (Fig. 

5a), the addition of UV-A radiation led to a decreased in the fluorescence intensities of the OJIP curves 

compared to day 0. This decrease was quickly observed after the addition of UV-A radiation. Indeed, 

at day 1, the intensity of the Chl a fluorescence decreased sharply, a tendency that continued until 

reaching the lowest values at day 3. However, the fluorescence intensity increased slightly from day 3 

to the end of the experiment (day 10, Fig. 5a).  

Considering that the intensity of F0 was different during UV-A exposure, the OJIP curves were 

normalized at the O level F0, f(t) = (Ft – F0)/ F0 (Fig. 5b). Differences in intensities were mainly observed 
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between day 0 (before UV-A radiation) and day 3 (after 3 days of UV-A radiation) while on days 1 and 

10, the curves were more similar to day 0 (Fig. 5b).  

 

 

Fig. 5. Polyphasic fluorescence OJIP curves of Tetraselmis sp.. in continuous culture in PBR exposed to UV- A 

treatment, from t0 (before the treatment) to t10 (10 days of treatment), with the average fluorescence transients 

(a.) and normalized at F0 (b.) 

Using these curves, eleven biophysical parameters were calculated from the OJIP test (Table 4). 

Statistical differences owing to the time of exposure to UV- A were observed for five parameters 

including the specific fluxes corresponding to the absorption flux of photons at the PSII antenna by 

active reaction center (ABS/RC) and the dissipated energy flux per RC at time 0 (DI0/RC). In addition, 

variations were also observed in different quantum yields, namely the quantum yield for electron 

transport (φE0), and the performance index for energy conservation from photons absorbed by PSII 

until the reduction of intersystem electron acceptors (PI Abs). Two different and logical trends were 

observed, differentiating specific fluxes and quantum yields. Parameters representing quantum yields 

and performances (φE0, PI Abs and Fv/Fm) decreased after short exposure to UV-A, with the lowest 

values recorded on day 3, while the specific fluxes increased (ABS/RC and DI0/RC), reaching higher 

values at day 3 (Table 4). These variations (decrease and increase) were found significant (Table A3, 
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Appendices data). The other parameters, Mo, ψ0, φD0, Tr0/RC and Et0/Rc did not show any significant 

differences owing the addition of UV-A radiation.  
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Table 4. Photosynthetic parameters obtained from OJIP fluorescence transients on dark acclimated Tetraselmis sp. exposed to UV-A radiation in continuous cultures in PBR 

at different exposure times. Data are expressed as mean ± standard deviation. Statistical tests used were either one-way ANOVAs or Kruskal-Wallis tests and post hoc tests 

(pairwise t-test or Dunn test) were undertaken (* corresponds to non-parametric tests). Differences were considered significant at p < 0.050 (bolded value), letters a and b 

indicate significant differences between exposure times. The quantum efficiency or flux ratios parameters: Mo, approximate value of the initial slope of the curve at the origin 

of the fluorescence rise; ψEo The probability that a trapped photon can move an electron into the transport chain further than QA
-; φ Eo, quantum yield of electron transport; 

φ Do, quantum yield of energy dissipation; PI ABS, performance index; and the specific fluxes parameters : ABS/RC, absorption  flux or effective antenna size of an active 

reaction center (RC); Tro/RC, maximal trapping rate of PSII, it is the trapped energy flux leading to a reduction of the primary acceptor; Eto/RC, electron transport in an active 

RC; DIo/RC, effective dissipation in an active RC. 

Time exposure to UV-A (days) 
 

0 1 3 10 F-value p-value 

  ABS/RC 3.28 ± 0.33b 3.27 ± 0.20b 4.08 ± 0.46a 3.14 ± 0.16b 7.66 0.0040 

Specific fluxes 
TrO/RC 2.10 ± 0.25 2.12 ± 0.10 2.22 ± 0.17 2.04 ± 0.070 0.87 0.49 

Et0/RC 1.12 ± 0.010 1.18 ± 0.040 1.11 ± 0.060 1.15 ± 0.020 2.64 0.097 

  DI0/RC* 1.18 ± 0.090ab 1.15 ± 0.10ab 1.86 ± 0.37a 1.10 ± 0.090b  0.023 

Quantum yields and 
performance index 

       

M0 0.98 ± 0.25 0.94 ± 0.060 1.11 ± 0.15 0.89 ± 0.070 1.54 0.25 

ψE0* 0.64 ± 0.070 0.65 ± 0.010 0.64 ± 0.030 0.65 ± 0.020  0.066 

φ E0 0.35 ± 0.040b 0.36 ± 0.010b 0.28 ± 0.040a 0.37 ± 0.020b 8.75 0.002 

φ D0* 0.36 ± 0.010 0.35 ± 0.010 0.45 ± 0.050 0.35 ± 0.010  0.87 

PI ABS 0.68 ± 0.26b 0.72 ± 0.10b 0.32 ± 0.13a 0.78 ± 0.14b 6.19 0.0090 



4. Discussion  

Microalgae from different geographical regions are exposed and adapted to different intensities of UV 

radiation. The UV intensities exhibit an inverse relationship with latitude, being highest in tropical 

regions and lowest in polar regions [59]. The genus Tetraselmis is found in a wide range of habitats 

[36]. In this study, the species of interest (Tetraselmis sp.) has been isolated in coastal waters of New 

Caledonia. This archipelago, located in the intertropical zone, is characterized by tropical weather, and 

high solar irradiance therefore high UV radiation [41].  

 

4.1 Growth performances, standard elemental stoichiometry, and pigment 

content 

Our results showed that the algal biomass of Tetraselmis sp. was not affected by the UV-A radiation.  

While a slight decrease was noticed after a few days of exposure (1-2 days), it was followed by a return 

to the initial state (i.e., day 0 before the UV-A addition). In the literature, both positive and negative 

effects of UV-A exposure on microalgae growth have been reported. Similarly to the present study, 

results on Dunaliella bardawil growth suggested a quick acclimation phase to UV-A after 24h of 

exposure [27]. Döhler et al, [60] also reported that the growth of Dunaliella tertiolecta was negatively 

affected by short-time exposure to UV-A. However, in some studies, algal growth was enhanced after 

an adaptation to a long-term exposure to UV-A (e.g. Nannochloropsis gaditana, Diplosphaera sp., 

Dunaliella bardawil) [25,61–63].  

Similarly, to cell concentration, the standard elemental stoichiometry was slightly affected by UV-A 

exposure. The standard elemental stoichiometry is generally assumed to be 106 C: 16 N: 1 P under 

nutrient-replete conditions [64] and is often used to assess nutrient limitation in marine phytoplankton 

[65–67]. Therefore, the C/N ratio for cells in good  nutritional status is assumed to be close to 6.6 for 

species growing in nutrient replete conditions [68–70]. In this study, the objective was to maintain 

Tetraselmis in replete conditions, which was achieved, as the C/N ratio remained around 6.1 during all 
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the experiment. However, a small increased in the C cellular quota was noticed at day 2, suggesting a 

small positive short-term impact of UV-A on photosynthesis and C assimilation. 

UV-A radiation can stimulate pigment accumulation. Previous studies have demonstrated that a 

proper ratio between PAR and UV-A induces the accumulation of carotenoids [25–27]. In this study, 

UV-A has an impact, leading to an increase in total pigment content, and a different pattern for 

carotenoid abundance was observed with a decrease in violaxanthin and an increase in zeaxanthin and 

lutein. Those carotenoids (xanthophylls) play a role in photoprotection through the xanthophyll cycle 

[71,72]. In conditions of high light energy, violaxanthin is transformed in zeaxanthin in order to 

neutralize oxidative stress [73]. Thus, the xanthophyll cycle could have shifted towards 

photoprotective mechanisms to counteract an oxidative stress. 

 

4.2. Chlorophyll a fluorescence and antioxidant capacity 

Similarly to cell concentration and to C cellular quota, the Fv/Fm, a proxy of the PSII health often used 

as an indicator of environmental stress [33,74,75], showed lower values following few days of exposure 

(3 days) to UV-A. However, this decrease was also followed by a return to the basal state (from day 3 

to 10) suggesting an acclimation period of a few days. It confirms that UV-A induces a relative stress in 

the short-term on Tetraselmis particularly on the PSII. Previous studies showed that photosynthetic 

organisms might suffer from irreversible damage to important metabolic processes due to UV-A 

exposure [28,76–78]. However, our experimental designed was constructed to prevent irreversible 

damage, exposing the algae to relatively low levels of UV-A to induce a stress response without causing 

major damages.  

Rapid light curves (RLCs) are used to estimate photosynthetic parameters (rETRm, Ek, Alpha) providing 

information into the photosynthetic activity and photoacclimatation state of the culture [79,80]. In this 

study, with the exception of alpha, parameters extracted from the RLCs, namely rETRm and Ek, showed 

a similar trend over time under UV-A exposure (Fig. 4, and Table 3). The maximum electron transport 

rate (rETRm) and the light saturation coefficient (Ek) significantly increased over the first day of 
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exposure followed by a decrease until day 6, to finally return to values similar to the initial value on 

day 0 (at day 8 and 10). These variations observed until day six indicated an impact of UV-A exposure, 

with a gradual reduction of the PSII activity of Tetraselmis. However, the return to basal values 

highlights the resilience of this species to UV-A during long-term exposure. Tetraselmis first enhanced 

its photosynthetic capacity especially to use high light (day 1, higher rETR and EK). Still, this capacity 

was quickly impacted by UV-A (day 1 to 6, decrease in rETRm and Ek) before a gradual acclimation of 

the PSII occurred in the end of the experiment from day 6 to 10. In contrast, alpha was not impacted 

during the experiment, indicating that the capacity of Tetraselmis to use “low light” intensity is scarcely 

impacted by UV-A in the present case. 

Previous studies on the effect of UV exposure on higher plants have reported that UV-A can induce a 

degradation of (i) RC subunits of PSII, mainly affecting proteins D1 and D2,with a higher impact on 

protein D1 [77,81], (ii) binding sites of QA and QB [77], and (iii) the inactivation of the oxygen evolving 

complex (OEC) a donor side component of PSII, through the release of manganese ions from the OEC 

[77,82]. However, in the present study, a high renewal rate of 0.70 day-1 and N-supplementation were 

implemented. It reduces the potential impact of N-limitation to solely assess the effect of UV rather 

than the combined effect of UV and N-limitation. In fact, N-limitation affects PSII efficiency by gradually 

decreasing photosynthetic pigments [83], PSII maximum quantum yield [75,84,85], and gradually 

inactivating protein D1 in PSII RC, owing to the reduced amount of N available to synthesize it.  

To clarify and evaluate the impacts of UV-A on the photosynthetic structure and function, we also 

monitored the fast fluorescent chlorophyll a transient, through the OJIP test. Similarly, significant 

differences were highlighted after 3 days of exposure, confirming the impact of UV-A on PSII, 

particularly on the fluorescent transient kinetic and calculated parameters. Lower values were found 

for the performance index (PI ABS) and the quantum yield for electron transport at day 0 (φE0). The PI 

ABS represents a measure of the overall functionality of PSII photochemistry [86]. It is a sensitive 

indicator of environmental stress on photosynthesis [43,87]. Here, the results of PI ABS are in line with 

the Fv/Fm results showing the negative impact of UV-A on short term exposure (decrease after 3 days 
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of exposure). In addition, a lower value was noted for φE0 after 3 days of exposure, indicating a lower 

quantum yield efficiency of electron transport. These results highlight a disruption of the electron 

transport chain, mainly at the quinone acceptor biding sites (QA and QB). This is supported by previous 

studies on higher plants that reported the disruption of the electron transport at (i) the water oxidizing 

complex and (ii) quinone acceptor binding sites (mainly QB and QA) due to UV-A radiation [28,77,78,81]. 

This is consistent with the higher value found at day 3 of exposure for ABS/RC, indicating an effect of 

UV-A on the absorption of photons at the antenna per active RC. It could be explained by a decrease 

or degradation in active RC induced by UV-A, along with the concomitant ROS production. Indeed, ROS 

may degrade RC subunits of PSII (i.e., proteins D1 and D2). Similarly, a higher value was found at day 3 

for DIO/RC, suggesting cellular modifications related to photoprotective mechanisms, although φD0 

and NPQind remained stable. Thus, to clarify this, we followed the photo-regulation capacity and 

photosynthetic recovery of culture RCs during continuous exposure to actinic light followed by a dark 

recovery period. Microalgae modulate their NPQ by dissipating the energy as heat to cope with an 

excess of energy induced by high or fluctuating light and to prevent long-lasting damage of the 

photosynthetic apparatus [88–90]. Results from the NPQ induction period showed that higher NPQ 

values were reached when the culture was exposed to UV-A radiation. UV-A exposure induced a higher 

photoprotective response when Tetraselmis was exposed to the actinic light by promoting the heat 

dissipation. Ponte et al., [91], have observed a similar NPQ response previously on the higher plant 

Solanum lycopersicum L. (tomato) under low doses of UV-A. Additionally, it also reduced the NPQ 

recovery capacity, as incomplete recovery during the dark period was observed suggesting a potential 

NPQ exhaustion leading to irreversible NPQ. Reduced NPQ efficiency and recovery might induce 

damages to D1 proteins, decline in the photosynthetic efficiency, chronic photoinhibition and/or ROS 

production [92]. As no photoinhibition was observed during the experiment, another photoprotective 

mechanism, such as antioxidant, could be involved in controlling and neutralizing ROS before any 

permanent damage occurred.   
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The results from the TBARS assay showed a significant effect of UV-A exposure on the antioxidant 

capacity of Tetraselmis, with an increase of IC50 values over time exposure. This increase can be 

attributed to the utilization or degradation of antioxidant molecules by the organism to counteract an 

increased production of ROS [93,94]. Microalgae produce a wide range of molecules which play an 

important role in the antioxidant response such as carotenoids, fatty acids, vitamins, or other 

metabolites [5–7,10]. This defence mechanism is involved in the regulation of ROS [95–97] which are 

radical forms of oxygen produced by all aerobic organisms. As by-products of photosynthesis, ROS 

production affects the activity of and to a greater extend, overall photosynthesis [96,98–100].  

 

4.2 Implication for the production of extract with high antioxidant capacity  

In the present study, reference compounds Trolox (0.15µg mL-1) and α-tocopherol (0.78µg mL-1) 

obtained the best IC50. Nevertheless, culture before the UV-A treatment showed an IC50 of 

2.87 ± 0.24 µg mL-1, which is close and in the same order of magnitude as the reference compounds. 

This result, under optimal (i.e., no stress) growth condition, represents a 5.38-fold improvement over 

findings by Coulombier et al., 2020 [35] and a 1.20-fold enhancement over Coulombier et al., 2020 

[20]. In addition, it confirms that the addition of a stress, as highlighted in [35] or N-limitation or acidic 

condition, as outlined in Coulombier et al., 2021 [20] reduces the antioxidant capacity of Tetraselmis 

sp.. 

 

5. Conclusion 

This study aimed to characterize the response of Tetraselmis sp. to UV-A stress. To sum up, a negative 

effect on the photosynthetic efficiency was observed after short-term exposure to UV-A, which can be 

linked to a decrease in the electron transport efficiency. This decrease was followed by a potential 

adaptation of the photochemistry over time to UV-A exposure since a return to the initial state was 

observed. However, UV-A exposure also influenced antioxidant capacity, by inducing a decrease in 
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antioxidant capacity (indicated by an increase in IC50) linked to the use of antioxidant compounds. 

While a strong antioxidant capacity was observed before the exposure to UV-A, confirming the 

potential of Tetraselmis sp. for antioxidant production, we discourage the use of UV-A to enhance 

antioxidant capacity in Tetraselmis.  
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Appendix A. Supplementary material  

 

 

Fig. A 1. Scheme of the photobioreactor setup in a continuous mode (inflow of seawater, Conway -Cw- 

and NaNO3 and outflow of culture) exposed to UV-A thanks to the UV system. 
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Fig. A2.: Relative fluorescence values during (A) RLCs and (B) NPQs assessment. 
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Table A1. Chemical composition of Conway Medium (Walne, 1966) [42] 

          

Stocks         

  Trace metal solution (1)       

  ZnCl2   2.1 g 

  CoCl2.6H2O   2.0 g 

  (NH4)6Mo7O24.4H2O   0.9 g 

  CuS04.5H2O   2.0 g 

  Distilled water   100.0 mL 

          

  Vitamin solution (2)       

  Vitamin B12 (Cyanocobalamin)   10.0 mg 

  Vitamin B1 (Thiamine.HCl)   200.0 mg 

  Distilled water   100.0 mL 

          

  Nutrient solution (3)       

  FeCl3.6H2O   1.3 g 

  MnCl2.4H2O   0.4 g 

  H3BO3   33.5 g 

  EDTA (Disodium salt)   45.0 g 

  NaH2PO4.2H2O   20.0 g 

  NANO3   100.0 g 

  Trace metal solution (1)   1.0 mL 

  Distilled water    1.0 L 

          

Medium          

  Nutrient solution (3)   1.0 mL 

  Vitamin solution (2)   0.1 mL 

  Sterilised seawater   1.0 L 
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Table A2. Results of Post hoc analysis (pairwise t-test) testing the differences times of exposure to 

UV-A on the maximum quantum yield (Fv/Fm) prior tested by one-way ANOVA analysis (p-value < 

0.001). Differences were considered significant when p- value< 0.05 (bolded value). 

  0 1 2 3 6 8 

1 1.0 

  

   

2 1.0 1.0 

 

   

3 0.0011 < 0.001 < 0.001    

6  1.0  0.93 1.0  0.03    

8 1.0 1.0 1.0 < 0.001 0.66  

10 1.0 1.0 1.0 < 0.001 0.93 1.0 
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Table A3. Results of Post hoc analyses (pairwise t-test or Dunn test) testing the differences between 

times of exposure to UV-A on the OJIP parameters prior tested by one-way ANOVA or Kruskal Wallis 

analysis. Differences were considered significant when p- value< 0.050 (bolded value). * corresponds 

to non-parametric tests, Dunn test. 

  1-0 3-0 10-0 3-1 10-1 10-3 

Fv/Fm* 1.0 0.178 1.0 0.070 1.0 0.044 

φ Eo 0.85 0.021 0.706 0.005 0.99 0.003 

PI Abs 0.98 0.045 0.818 0.024 0.95 0.010 

              

ABS/RC 1.0 0.015 0.925 0.014 0.93 0.005 

DIo/RC* 1.0 0.253 0.895 0.087 1.0 0.022 

 


