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Abstract. Narrain D, Baulroop J, Bhagooli R, Bahorun T. 2023. Differential photosynthetic, phytochemical and antioxidative responses 

of three macroalgae Ulva lactuca, Gracilaria salicornia and Turbinaria ornata exposed to thermal and irradiance conditions. Indo Pac J 

Ocean Life 7: 1-15. Worldwide climate change leads to a varied distribution of aquatic organisms due to their differences in 

susceptibility to environmental conditions. Being at the base of marine food webs, macroalgae are potential candidates to investigate the 

effects of changing environmental conditions and to study the adaptation mechanisms. This study examined the effects of in vitro 

thermal and irradiance conditions (Control - CLCT: 1.55±0.63 µmol quanta m-2s-1 and 28°C; Control light and high temperature - 

CLHT: 1.55±0.63 µmol quanta m-2s-1 and 32°C; Moderate light and control temperature – MLCT: 100±63.6 µmol quanta m-2s-1 and 

28°C; Moderate light and high temperature – MLHT: 100±63.6 µmol quanta m-2s-1 and 32°C) for 1 week on the photosynthetic 

performance, phytochemical contents, and antioxidant potential of three macroalgae Ulva lactuca L., Gracilaria salicornia (C.Agardh) 

E.Y.Dawson and Turbinaria ornata (Turner) J.Agardh found in the lagoons of Mauritius Island. Our results indicate variable responses 

of the three test macroalgal species when exposed to combinations of temperature and light conditions. Differential responses were 

found to be both species- and stress-specific. Chlorophyll fluorescence measurements using a Diving Pulse-Amplitude Modulated (D-

PAM) fluorometer indicated a significant increase (p<0.001) in relative maximum electron transport rate (rETRmax) of U. lactuca in all 

stress treatments implying higher photosynthetic activity compared to control conditions. A significant decrease (p<0.001) in rETRmax 

of G. salicornia under MLHT and the collapse of photosystem II (PSII) activity (Fv/Fm) in T. ornata, along with both species exhibiting 

visual pigment degradation, are suggestive of chronic photo-inhibition in these two macroalgal species. Antioxidant activities (FRAP 

and TEAC assays) correlated stronger to flavonoid contents (FRAP, r=0.909; TEAC, r=0.845) than to phenol contents (FRAP, r=0.688; 

TEAC, r=0.758). An increase in temperature and irradiance severely damaged the PSII of T. ornata and G. salicornia, while U. 

lactuca could photo-physiologically adjust to changing environmental conditions, showing its robustness. The elevated temperature 

significantly affected the photosynthetic performance and antioxidative activities of the tested macroalgal species (p<0.001). These 

findings are discussed to possible influence on defense mechanisms of these macroalgal species and their aquaculture potential in an era 

of climate change. Further research using field-based manipulations as well as molecular analysis is warranted to thoroughly understand 

the potential mechanisms involved in variable responses of these tested macroalgae. 

Keywords: Antioxidant activity, climate change, marine macroalgae, photophysiology, phytochemistry, pulse-amplitude modulated 

fluorometry, thermal stress 

INTRODUCTION 

Marine macroalgae, commonly known as seaweeds, are 

macroscopic and multi-cellular autotrophic organisms. 

These aquatic organisms are ecologically, biologically, and 

economically important as they provide medicinal 

compounds (Pribadi and Kanza 2017; Kalasariya et al. 

2022; Kumar et al. 2022; Naqvi et al. 2022), serve as 

habitats for other living organisms (Fulton et al. 2020), 

serve in agriculture as bio-pesticides (Asimakis et al. 2022) 

and bio-fertilizers, contribute in bioremediation 

(Voskoboinikov et al. 2021), as well as play a major role in 

carbon sequestration (Gao and Beardall 2022), nutrition 

and habitats for other living organisms. Macroalgae, the 

primary producers in the marine food web, macroalgae 

represent key components within coastal ecosystems 

(Setyorini et al. 2021). However, the rise in global 

warming- and climate change-driven environmental 

changes (Harley et al. 2012; Meethoo et al. 2017) are 

having drastic impacts on macroalgal physiology, growth, 

reproduction, and survival (Ji and Gao 2021). These marine 

autotrophs are highly affected by fluctuating environmental 

conditions derived from climate change and 

anthropogenically-driven phenomena. Elevated temperatures, 

intense sunlight, rapid salinity, nutrient changes, 

desiccation, and numerous forms of pollution are among 

the major stress inducers (Kakinuma et al. 2001) that make 

macroalgae vulnerable by influencing their performance 
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and functioning at molecular and physiological levels 

(Smolina et al. 2016), eventually impacting on their 

survivorship, distribution, and diversity. Therefore, these 

organisms give an account of the environmental conditions 

they can live in and the adaptations they have acquired (Ji 

and Gao 2021). 

These photosynthetic organisms' tolerance to 

environmental stresses, such as temperature and light, can 

be assessed by their photosynthetic performance and 

defense mechanisms, for instance, enzymatic antioxidant 

system, non-enzymatic antioxidant system, and heat shock 

response (Harley et al. 2012; Smolina et al. 2016). 

Photosynthesis is a well-established source of reactive 

oxygen species (ROS) in autotrophs, including marine 

macroalgae (Carvalho et al. 2004). The photosynthetic 

electron transport chain occurs in the Photosystems I and II 

of the thylakoid membranes (Moustakas 2021). It is the 

principal site where ROS, such as superoxide anion radical 

(O2 •−), hydrogen peroxide (H2O2), and singlet oxygen 

(1O2), are continuously produced at basal levels as part of 

the normal metabolic process and are scavenged by 

different antioxidant mechanisms. However, when exposed 

to stress conditions, there is an overproduction of ROS. 

ROS are toxic and damage proteins, lipids, carbohydrates, 

and DNA, eventually leading to oxidative stress (Gill and 

Tuteja 2010). For instance, at low tides, macroalgae are 

exposed to increasing temperature, UV light, and excessive 

exposure to photosynthetically active radiation (PAR) 

(Brown 1997), all known to induce oxidative stress (Lesser 

2006; Tal et al. 2011; Maharana et al. 2015). In such 

conditions, photoprotection mechanisms preventing ROS 

formation through non-photochemical quenching (NPQ) or 

by scavenging ROS are activated to prevent damage and 

improve stability. Some of the main stress-related photo-

physiological parameters of chlorophyll fluorescence for 

macroalgae, among other sea plants and photosynthetic 

marine invertebrates, are highlighted in Bhagooli et al. 

(2021a). 

Mauritius is a tropical island situated in the South-

Western Indian Ocean and has a high diversity of 

macroalgae, including 435 species reported: 108 green 

algae (Chlorophyta), 268 red algae (Rhodophyta), and 59 

brown algae (Phaeophyta) (Jagtap 1993; Bolton et al. 2012; 

Mattio et al. 2013; Beetul et al. 2016). Macroalgal species 

which are most commonly available and which exhibit the 

highest antioxidant activities from each taxonomic class 

include Turbinaria ornata (Turner) J.Agardh, Gracilaria 

salicornia (C.Agardh) E.Y.Dawson (Somanah et al. 2012). 

Globally, reports are suggestive that these macroalgae can 

adjust at the biochemical level to cope with varying light 

levels under different thermal conditions, but such 

investigations remain limited and almost non-existent in 

Mauritius. It has previously been reported that U. 

lactuca L. has a net increase in photosynthesis and growth 

rate with augmenting temperature (Nejrup et al. 2013) and 

increasing light intensities (Geertz-Hansen and Sand-

Jensen 1992; Zhang et al. 2020). Such responses have also 

been reported in other Ulva species. For example, 

when Ulva pertusa Kjellman was cultured in a PES/5 

medium at 30°C for one week, it was found that 

cytoplasmic as well as vacuolar contents in the cell 

increased, the chloroplasts became dark green, and the cell 

wall thickening. In addition, the darkening of the 

chloroplasts at the higher temperature was consistent with 

the higher photosynthetic activity of the sterile mutant of 

U. pertusa at 30°C, which implies that U. pertusa 

undergoes physiological changes to withstand high 

temperature. The G. salicornia has broad tolerance 

potential to environmental changes such as temperature and 

irradiance, and it has also been shown that the 

photosynthetic responses differ with spatial distribution, for 

example, the macroalgae collected in Thailand had higher 

photosynthetic potential under conditions of strong light 

and high temperature than Japanese macroalgae 

(Phooprong et al. 2007). In a study on other red algae, it 

was found that among Gracilaria species, namely G. 

arcuata, G. textorii, G. vermiculophylla, G. incurvata, G. 

foliifera, G. corticata, G. edulis, G. lichenoides, only the 

rhodophye G. vermiculophylla exhibited a high-

temperature tolerance limit of up to 35°C even though it 

normally had an optimum growth rate at 25°C. The T. 

ornata has exhibited high antioxidant activity and increased 

production of phenols with significant spatio-temporal 

variations. Other brown algae, such as Fucus distichus, can 

increase their photosynthetic performance and function at 

molecular and physiological levels due to thermal 

tolerance, including heat shock response and stress 

conditions. Several studies have been carried out on the 

macroalgal species from the Mauritian waters: ranging 

from their biodiversity (Bolton et al. 2012; Mattio et al. 

2013), distribution (Jagtap 1993; Ramah et al. 2021a,b; 

Bhagooli et al. 2021b,c), photophysiology (Bhagooli et al. 

2021d), impacts on corals (Kaullysing et al. 2016), 

antioxidant activities (Somanah et al. 2012; Gopeechund et 

al. 2020) based on seasonality (Ramah et al. 2014) to their 

use in aquaculture (Msuya et al. 2014) and public 

perception for a sustainable industry (Lutchmanen and 

Bhagooli 2015). Though increasing temperature and light 

level trends have been observed in the Mauritian coastal 

waters (Bhagooli and Taleb-Hossenkhan 2012; Mattan-

Moorgawa et al. 2012; Bhagooli and Kaullysing 2019), 

reports on the differential responses and acclimation 

potential of local macroalgal species to these 

environmental changes are very limited. This study 

investigates the photosynthetic performance, 

phytochemical content and antioxidative responses of the 

three most commonly available macroalgal species from 

the Mauritian lagoons, U. lactuca, G. salicornia and T. 

ornata, to different temperature and light treatments in 

vitro and sets the basis for investigating the possible 

mechanisms behind any differential, adaptive responses as 

well as the conditions that may be optimal for future 

aquaculture practices (Gao and Beardall 2022). 

MATERIALS AND METHODS 

Sampling of macroalgal species 

Approximately 2 kg of each marine macroalgae species, 

U. lactuca, G. salicornia and T. ornata (Figure 1) were 
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collected from different geographic regions of the Mauritius 

Island (Pointe aux Sables, Poste de Flacq, and Balaclava, 

respectively) (Figure 2) during summer in the month of 

December 2010 at a depth of 0.5 to 1 meter. The physico-

chemical parameters of sampling sites are indicated in 

Table 1. The macroalgal species were identified according 

to the ‘Guide to the Seaweeds of KwaZulu-Natal’ (De 

Clerck et al. 2005) and Algaebase (Guiry and Guiry 2017). 

The specimens were carefully cleaned with filtered 

seawater to remove any debris, sand, mud, epiphytes, 

seagrasses or other macroalgae attached. 

Set-up and experimental design 

An in vitro experiment was set up to evaluate the 

photosynthetic performance, phytochemical contents 

(polyphenols) and antioxidant activities when exposed to 

different thermal and irradiance conditions (Table 2). 

Chlorophyll fluorescence measurements (Sadally et al. 

2016; Bhagooli et al. 2021a,d) were taken and polyphenols 

were extracted (Bahorun et al. 2004) from the macroalgae 

to assess activity at different intervals: when freshly 

collected, after acclimatization and after treatment with 

different light and/or thermal regimes as (Figure 3). 

 
 

A B C

5 cm 4 cm4 cm
 

 

Figure 1. The three marine macroalgal test species A. Ulva lactuca, B. Gracilaria salicornia, C. Turbinaria ornata 

 

 
 

Figure 2. Satellite images of sampling sites. A. Mauritius Island is located in the South West Indian Ocean and B. The three macroalgal 

species, U. lactuca, G. salicornia and T. ornata were collected from different geographic regions of the Mauritius (Pointe aux Sables 

S20o10'13.2"E057o26'51.6", Poste de Flacq S20°09’39.70”E57°44’50.32”, and Balaclava S20o04'47.1"E057o30'41.2", respectively) 

(Source: Google Earth 2015) 

 

 

Table 1. Physico-chemical parameters at sampling sites for each collected macroalgal species. U. lactuca, G. salicornia and T. ornata 

were collected from Pointe aux Sables, Poste de Flacq and Balaclava, respectively 

 

Parameters/species collected Ulva lactuca Gracilaria salicornia Tubinaria ornata 

Seawater temperature (°C) 29.0 26.0 28.0 

Light intensity (µmol quanta m-2s-1) 2367.0 2330.0 2339.0 

Dissolved oxygen(mg/L) 16.7 18.6 18.5 

Conductivity (mS) 68.0 69.0 68.9 

Salinity (ppt) 34.0 32.0 33.0 

pH 8.12 8.41 8.32 

A B C 

A B 
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Table 2. Temperature and irradiance conditions to which the macroalgal species were exposed 

 

Control/ Stress conditions Abbreviations 
Light (12hr/ day) 

(µmol quanta m-2s-1) 

Temperature 

(°C) 

Control (same conditions as acclimatization): Control light, Control temperature CLCT 1.55 ± 0.63 28 

Condition 1: Control light, High temperature CLHT 1.55 ± 0.63 32 
Condition 2: Moderate light, Control temperature MLCT 100 ± 63.6 28 

Condition 3: Moderate light, High temperature MLHT 100 ± 63.6 32 

 

 

 
 

Figure 3. Flowchart representing the post-sampling treatments of macroalgal species and the intervals at which chlorophyll fluorescence 

measurements were taken and extraction of polyphenols was performed 

 

 

 

A temperature of 28°C was used as control temperature 

since the in-situ temperature of seawater (site of collection) 

was 27.6°C and the stress temperature used was 32°C as it 

was the maximum temperature recorded in the Mauritian 

lagoons. Moderate light intensity (100 ± 63.6 µmol quanta 

m-2s-1) was provided by white light fluorescent tube bulbs 

that were just above the relevant aquaria. Low light 

intensity refers to ambient laboratory condition (1.55 ± 

0.63 µmol quanta m-2s-1). In condition 1, only thermal 

stress was given; in condition 2, light stress was given to 

the macroalgae and in condition 3, both temperature and 

light stresses were given as a combined treatment. The 

physico-chemical parameters were measured at intervals of 

7 days (Table 2). 

The three macroalgal species were acclimatised, under 

same thermal and irradiance conditions, for 2 weeks 

(Tables 3) in aquaria containing filtered seawater. The 

systems were aerated using an artificial aerator (High 

quality fine tuning Air Pump AC-9906, ResunTM) and 

thermostatically controlled at 28°C (Automatic aquarium 

heater CB-8300, ResunTM) under ambient laboratory light 

conditions (1.55 ± 0.63 µmol quanta m-2s-1) and without 

duplication of any tidal cycle (Smolina et al. 2016). After 

acclimatization, thalli of the three macroalgal species were 

attached to nylon strings fixed on plastic tubings in an 

aquarium of 67L filtered seawater, aerated and 

thermostatically controlled. The same was done in triplicate 

(3 aquaria). Each triplicate was exposed to different 

thermal and irradiance conditions (Table 2 and Figure 4). 

The stresses were applied for a period of 7 days on a 12-hr 

basis per day (6 a.m. to 6 p.m.). 

Determination of photosynthetic performance 

The photosynthetic response was determined by 

chlorophyll fluorescence measurements (Smolina et al. 

2016). Pulse-amplitude modulated (PAM) fluorometry 

(MINI-PAM: Walz, Germany) was used to assess the 

photo-physiology of the macroalgal species, by measuring 

the fluorescence of chlorophyll a thereby determining the 

relative electron transport rate (rETR) and non-

photochemical quenching (NPQ) when exposed to a series 

of rapidly (10s) changing light climates (RLC) (McMinn et 

al. 2012). All the parameters were measured in triplicates 

using the PAM fluorometer which consisted of Emitter 
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Detector unit connected to a computer operated with WIN 

Control software (Heine Walz GmbH, Effeltrich, 

Germany). The distance between the specimens and the 

optic fiber head of the fluorometer was kept constant 

(10mm) for each sample so that accurate measurement 

could be achieved. 

Following the RLCs’ recordings, samples were dark-

adapted for 30 minutes prior to the maximum quantum 

yield (Fv/Fm) measurements, which is an indicator of 

quantum efficiency. The variable fluorescence Fv obtained 

is the difference between the maximal fluorescence from 

the fully reduced PSII reaction center (Fm) and the initial 

fluorescence (Fo) from the antenna of fully oxidized PSII 

(Buchel and Wilhelm 1993; Hanelt 1998). The effective 

quantum yield (ФPSII) was thus calculated according to 

Genty and colleagues (Genty et al. 1989). 

 

YIELD = (Fm'-F)/Fm' = ΔF/Fm' 

 

The rETR and NPQ were estimated, at each increasing 

actinic light irradiance in 9 discrete increments, using the 

RLC and the values were plotted (Bhagooli et al. 2008; 

Louis et al. 2016). The double exponential decay function 

(Platt et al. 1980) was used to fit curves to the RLCs. The 

rETR was calculated as described by Schreiber and 

colleagues (1986).  

 

rETR = 0.5 X ΦPSII X PAR 

 

Where: 

PAR is the photosynthetically active radiationnce;  

ФPSII is the effective quantum yield and is calculated 

as: (Fm’— F)/Fm’, where Fm’ and F is the maximum and 

minimum fluorescence yield, respectively; 

The ‘0.5’ number in the equation accounts for 50% of 

absorbed photons used by PSII. 

The NPQ is a process by which oxygenic 

photoautotrophs harmlessly dissipate excess light absorbed 

as heat and fluorescence (Szabò et al. 2005; Roth 2014;) 

and was derived from the expression (Fm-Fm')/Fm'. Fm is 

the maximal fluorescence of a dark-‘adapted’ sample and 

Fm’ is the maximal fluorescence of a light-exposed alga 

under a given irradiance. NPQmax represents the highest 

NPQ value derived from the RLC.  

 

 

 

 
 

Figure 4. Diagrammatic representation of the experimental set-up used for application of temperature and light treatments on the three 

macroalgal species 

 

 

Table 3. Parameters to which Ulva lactuca, Gracilaria salicornia, and Turbinaria ornata were acclimatized 

 

Parameters  

Ulva lactuca Gracilaria salicornia Tubinaria ornata 

Period of acclimatization: 14 days 

Day 1 Day 7 Day 14 Day 1 Day 7 Day 14 Day 1 Day 7 Day 14 

Temperature (°C) 27.0 27.5 28.5 26.5 27.0 28.0 27.0 27.5 28.0 

Light intensity (µmol quanta m-2s-1) 1.20 1.35 1.13 1.11 1.30 1.17 1.11 1.31 1.22 

Dissolved oxygen (mg/L) 22.8 24.8 27.4 23.2 23.4 23.8 18.6 24.5 29.6 

Conductivity (mS) 68.9 67.2 68.1 68.5 69.2 70.1 69.1 69.8 70.1 

Salinity (ppt) 35.0 35.0 35.0 35.0 36.0 35.0 35.0 35.0 35.0 

pH 7.73 7.84 7.88 7.78 7.62 7.59 7.89 7.51 7.21 
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Extraction of polyphenols and preparation of 

macroalgal extracts 

The extraction of polyphenolics from the macroalgal 

species were carried out according to a modified protocol 

used by Bahorun et al. (2004). A total mass of 25g of the 

test macroalga was crushed in liquid nitrogen and the 

resulting fine paste was macerated in 80 mL of 80% 

methanol for 2 to 3 hours on an orbital shaker at room 

temperature. The mixture was filtered and the extraction 

step was repeated twice with the residue. The filtrates were 

pooled together, centrifuged (3000 rpm for 15 minutes, 

25°C) and then filtered using vacuum pump. The resulting 

filtrate was concentrated in vacuo at 36°C in a rotary flash 

evaporator (Heidolph Laborata 4003). All concentrated 

macroalgal extracts were lyophilized and stored at -20°C 

until further analysis. 

Determination of total phenol content 

The total phenol content of methanolic extracts was 

determined using the Folin-Ciocalteu method which was 

adapted from Singleton and Rossi (1965). To a volume of 

0.125 mL aqueous extract, 1.75 mL of distilled water and 

0.25 mL of Folin-Ciocalteu reagent were added. After 3 

minutes, 0.5 mL of 2% sodium carbonate was added 

followed by incubation at 40°C for 40 minutes. The blue 

coloration formed was read at 685 nm against water as 

blank standard using a spectrophotometer (Unicam 

Instruments, Cambridge, UK). The total phenol contents of 

the macroalgal species were expressed in mg of gallic acid 

equivalent/g dry weight. 

Determination of total flavonoid content 

The estimation of total flavonoid was done using the 

aluminium chloride method adapted from Lamaison and 

Carnet (1991). To 1 mL of methanolic extract, an equal 

volume of 1 mL of 2% (w/v) methanolic AlCl3.6H20 was 

added. The mixture was incubated at room temperature for 

10 minutes and the resulting pale yellow coloration was 

read at 440 nm against methanol as a blank. The flavonoid 

contents were quantified with respect to quercetin standard 

curve and expressed in mg quercetin equivalent /g dry 

weight. 

Determination of antioxidant activity 

Ferric Reducing Antioxidant Potential (FRAP) assay 

Estimation of the antioxidant capacity of the 

macroalgae species was performed using the Ferric 

Reducing Antioxidant Potential (FRAP) assay, adapted 

from Benzie and Strain (1996). This assay measures the 

ability of an antioxidant molecule in the seaweed extracts 

to reduce Fe2+/tripyridyl-s-triazine complex to the blue 

colored ferrous form. Fresh FRAP reagent was prepared by 

mixing 10 mM TPTZ dissolved in 10 mL of 40 mM HCl, 

10 mL of 20 mM Ferric chloride 100 mL of acetate buffer 

(0.25M; pH 3.6). To 100 µL of aqueous sample, 300 µL of 

distilled water was added followed by 3 mL of pre-warmed 

FRAP reagent (37°C). The samples were kept at room 

temperature for 4 minutes in the dark. The resulting blue 

colored solution was read at 593 nm, against water as blank 

standard. The results were expressed in terms of mMol 

ferrous sulphate equivalent /g dry weight. 

Trolox Equivalent Antioxidant Capacity (TEAC) assay 

Another method to estimate the antioxidant capacity of 

the macroalgal extracts is the Trolox Equivalent 

Antioxidant Capacity (TEAC) assay, adapted from Campos 

and Lissi (1996). This method assesses the ability of an 

antioxidant compound to scavenge the ABTS (2, 2’-Azino-

bis (3-ethylbenzthiozoline-6)-sulfonic acid) radicals 

relative to that of the standard antioxidant Trolox. The 

ABTS+ radicals were generated by mixing 0.5mM ABTS 

and 1mM MnO2 in 50 mL phosphate buffer (0.1M, pH 7). 

The reaction mixture was shaken for 15 minutes and the 

blue-green solution was filtered and kept on ice, in dark to 

prevent degradation. To 500 µL of aqueous macroalgal 

extract, 3 mL of ABTS+ was added and the decay in 

absorbance at 734 nm was monitored for 15 minutes. 

Distilled water was used as blank. The difference between 

the final and initial absorbance values were used to 

calculate the antioxidant activity of the macroalgal extract. 

The results were expressed in terms of mMol Trolox 

equivalent /g dry weight. 

Statistical analysis  

All measurements were taken in three replicates. The 

data were analyzed using Microsoft Excel 2003 and are 

reported as mean ± standard error. Graphs were generated 

using GraphPad Prism (version 6.0). Spearman’s 

correlations were determined using SPSS software (version 

16.0). Three-Way Analysis of variance (ANOVA) was 

performed after arcsin (square root) transformation of all 

raw data using STATISTICA software (version 10.0) to 

evaluate the effects of temperature and irradiance on the 

photosynthetic performance (yield, rETRmax and 

NPQmax), phytochemical contents (phenols and 

flavonoids) and antioxidant activities (FRAP and TEAC) of 

the 3 macroalgal species. The Post-hoc Tukey Honestly 

Significant Difference (HSD) analysis was then used to 

assess differences between means at 5% level of 

significance (p-values ˂0.05 were considered to be 

statistically significant).  

RESULTS AND DISCUSSION 

Photosynthetic responses of the three macroalgae to 

thermal and irradiance conditions 

Photosynthetic yield (Fv/Fm) ranged from 0.18 ± 0.00 

to 0.94 ± 0.03, relative electron transport rate (rETRmax) 

from 1.65 ± 0.11 to 89.30 ± 2.70 and non-photochemical 

quenching (NPQmax) from 0.06 ± 0.09 to 1.83 ± 1.02. 

Temperature significantly affected all the three 

photosynthetic parameters measured (Table 4). The T. 

ornata appeared to be most affected whereby a significant 

decrease (p<0.001) in photosynthetic yield (Fv/Fm) was 

observed when the species was exposed to thermal stress, 

that is under CLHT and MLHT treatments (Figure 5). 

Interestingly, U. lactuca and G. salicornia showed slight 

and non-significant decrease in photosynthetic yield when 



NARRAIN et al. – Responses of three macroalgae to thermal and irradiance stress 

 

7 

exposed to thermal and light stresses. The U. lactuca 

exhibited significant increase in relative electron transport 

rate under all treatments (p<0.001), notably underthe 

MLCT condition (89.3 ± 4.67). The G. salicornia 

responded in the opposite way, whereby the relative 

electron transport rate declined significantly in all 

treatments (p<0.001), with most pronounced decrease in 

the MLHT condition (1.65 ± 0.186). The T. ornata 

underwent a significant decrease in electron transport rate 

when exposed to high thermal stress (CLHT and MLHT 

conditions) and relative to control condition (CLCT), a 

significant increase (p<0.001) was observed with increase 

in light stress (MLCT) (34.8 ± 15.6). Remarkably, non-

photochemical quenching activity in U. lactuca and G. 

salicornia was higher when exposed to stress conditions 

(MLCT and CLHT, respectively) as compared to when 

these species were freshly collected. Relative to control, the 

non-photochemical quenching activity in U. lactuca with a 

significant and pronounced increase (p<0.001) under the 

MLCT condition. The G. salicornia showed similar 

response under the CLHT condition. In T. ornata, the non-

photochemical quenching dropped significantly (p<0.001) 

upon exposure to thermal and light stresses, with the most 

decrease under the MLCT condition. 

Phytochemical responses of the three macroalgae to 

thermal and irradiance conditions 

Total phenol contents ranged from 0.47 ± 0.06 to 9.58 ± 

0.64mg GAE/ g DW (Figure 6A) and total flavonoid 

contents ranged from 3.62 ± 0.31 to 76.80 ± 5.64 mg 

quercetin equivalent/ g DW (Figure 6B), which varied 

significantly between species (p<0.001) (Table 4). Across 

freshly collected species, the orders of highest to lowest 

levels of phenols and flavonoids are T. ornata>G. 

salicornia>U. lactuca and T. ornata>U. lactuca> G. 

salicornia, respectively. Total phenol contents of all 

species decreased when acclimatized. Relative to the 

control condition (CLCT), the total phenol contents in U. 

lactuca increased significantly under stress conditions, that 

is under CLHT (p<0.01), MLCT (p<0.05) and MLHT 

(p<0.05). Interestingly, the phenol contents of the 

macroalga under stress were higher than when freshly 

collected. The total phenol contents of G. salicornia and T. 

ornata dropped when exposed to different thermal and light 

stresses and both species appeared to be most affected 

under the MLHT condition. While the differences in 

phenol content were significant in G. salicornia (p<0.01 

under CLHT, p<0.05 under MLCT and p<0.01 under 

MLHT), those in T. ornata were not significant.  

 

 
 

 
 

Figure 5. Photosynthetic performance in terms of chlorophyll fluorescence measurements: Fv/Fm(yield), rETRmax and NPQmax of the 

three macroalgal species when freshly collected, acclimatised for 2 weeks and when exposed to temperature and light treatments for 1 

week, compared to control (Mean  standard error, n=3). Significant differences between control values (CLCT) and values under the 

stress conditions (CLHT, MLCT, MLHT) of each species are indicated by asterisks over the stress condition bar. (*** = p<0.001; ** = 

p<0.01; * = p<0.05) 
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Table 4. Three-Way ANOVA for effects of temperature and light on photosynthetic performance (yield, electron transport rate and non-

photochemical quenching), phytochemical contents (phenol and flavonoid contents) and antioxidant activities (FRAP and TEAC values) 

of the three macroalgal species. Asterisks indicate significant differences (p-values) at 5% level (n=3). (*** = p<0.001; ** = p<0.01; * = 

p<0.05) 

 

Parameters Dependent variables Source of variation df MS F-value p-value 

Photosynthetic 

performance 

Maximum Yield (Fv/Fm) Species 2 0.4437 107.42 0.000*** 

  Temperature 1 0.0536 12.99 0.000*** 

  Light 1 0.0010 0.24 0.628 

 Species x Temperature 2 0.0227 5.50 0.005** 

  Species x Light 2 0.0016 0.39 0.676 

  Temperature x Light 1 0.0000 0.00 0.966 

  Species x Temperature x Light 2 0.0003 0.08 0.928 

Relative electron 

transport rate (rETRmax) 

Species 2 1.55622 224.160 0.000*** 

  Temperature 1 0.08222 11.844 0.000*** 

  Light 1 0.01386 1.997 0.161 

  Species x Temperature 2 0.03363 4.844 0.010* 

  Species x Light 2 0.01694 2.440 0.093 

  Temperature x Light 1 0.25391 36.574 0.000*** 

  Species x Temperature x Light 2 0.10081 14.521 0.000*** 

Non-photochemical 

quenching (NPQ) 

Species 2 1.70144 84.091 0.000*** 

  Temperature 1 0.08234 4.070 0.047* 

  Light 1 0.01923 0.950 0.332 

  Species x Temperature 2 0.13828 6.834 0.001** 

  Species x Light 2 0.02103 1.039 0.357 

  Temperature x Light 1 0.00868 0.429 0.514 

  Species x Temperature x Light 2 0.06956 3.438 0.036* 

Phytochemical 

contents 

Total phenol contents Species 2 45912.6 23.62337 0.000 *** 

 Temperature 1 1419.7 0.73048 0.401 

 Light 1 2778.3 1.42954 0.244 

 Species x Temperature 2 2738.3 1.40892 0.264 

 Species x Light 2 1632.9 0.84015 0.444 

 Temperature x Light 1 483.2 0.24860 0.623 

 Species x Temperature x Light 2 162.0 0.08334 0.920 

Total flavonoid contents Species 2 6296366 78.3088 0.000*** 

 Temperature 1 23576 0.2932 0.593 

 Light 1 252033 3.1346 0.089 

 Species x Temperature 2 1708 0.0212 0.979 

 Species x Light 2 357449 4.4456 0.022* 

 Temperature x Light 1 245977 3.0593 0.093 

 Species x Temperature x Light 2 70309 0.8744 0.430 

Antioxidant 

activities 

FRAP Species 2 124388.3 153.4509 0.000*** 

 Temperature 1 0.3 0.0004 0.984 

 Light 1 2693.9 3.3234 0.081 

 Species x Temperature 2 0.4 0.0005 0.999 

 Species x Light 2 2720.8 3.3565 0.052 

 Temperature x Light 1 1643.6 2.0277 0.167 

 Species x Temperature x Light 2 1622.5 2.0016 0.157 

TEAC Species 2 319738289 490.4683 0.000*** 

 Temperature 1 45540970 69.8584 0.000*** 

 Light 1 52890880 81.1329 0.000*** 

 Species x Temperature 2 45982264 70.5353 0.000*** 

 Species x Light 2 54708169 83.9206 0.000*** 

 Temperature x Light 1 3310623 5.0784 0.033* 

 Species x Temperature x Light 2 2890347 4.4337 0.023* 

 

 
 

The total flavonoid content in U. lactuca decreased 

significantly when exposed to the three thermal and light 

stresses (p<0.001 under CLHT, p<0.001 under MLCT, and 

p<0.05 under MLHT) and appeared to be most affected 

under high-temperature stress, that is, the CLHT condition. 

Despite this decrease, the flavonoid amounts in U. 

lactuca under the stress conditions were higher than when 

freshly collected. Another interesting observation was that 

flavonoid contents in U. lactuca were attained under the 

control condition (CLCT). The total flavonoid contents 

of G. salicornia varied when exposed to thermal and light 

stresses. In contrast, there was a significant increase in 
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flavonoid contents under the CLHT condition (p<00.1), 

and a slight and significant decrease was observed under 

MLCT (p<0.001) and MLHT (p<0.01) conditions. The T. 

ornata showed a slight increase in total flavonoid contents 

under high thermal stress (CLHT and MLHT conditions) 

and a sharp decrease with increasing light stress (MLCT 

condition), with no significant difference from the control 

condition. 

Antioxidant activity of the three macroalgae when 

exposed to thermal and irradiance conditions 

Antioxidant activity varied significantly across species 

(p<0.001). FRAP values ranged from 0.002 ± 0.00 to 2.22 

± 0.04 mM ferrous sulphate /g DW (Figure 7A) and TEAC 

values ranged from 0.004 ± 0.00 to 0.21 ± 0.02 mM Trolox 

equivalent /g DW (Figure 7B). FRAP and TEAC assays 

indicated that T. ornata exhibited the highest antioxidant 

activities, followed by U. lactuca and G. salicornia. 

Differential responses were observed when the macroalgal 

species were exposed to light and thermal stresses. Both 

assays showed a significant increase in antioxidant activity 

of U. lactuca under all stress conditions (p<0.001), and the 

highest increase occurred under the CLHT condition. 

FRAP assay showed a decrease in antioxidant activity of G. 

salicornia and T. ornata when exposed to the stress 

conditions and they appeared to be most affected under the 

MLCT and CLHT condition, respectively. TEAC assay 

showed a similar decrease, however, T. ornata appeared to 

be most affected under the MLHT condition. When T. 

ornata was exposed to the highest stress condition 

(MLHT), the antioxidant activity declined and it was 

observed that the thalli of T. ornata turned dark and 

degraded into a powdery form. G. salicornia exhibited 

lower antioxidant activity than U. lactuca, yet they 

could withstand the thermal and light conditions 

morphologically. While light showed no significant change 

in antioxidant capacity, the temperature had a significant 

effect on species (p<0.001) (Table 4).  

Correlation between phytochemical performance, 

phytochemical composition, and antioxidant activities 

of the three macroalgae 

To our knowledge, the relationship between 

photosynthetic performance, phytochemical contents, and 

antioxidant activities in the three macroalgae is being 

investigated for the first time. Yield and NPQ values 

indicated a negative relationship with phytochemical 

contents (Phenol, r=-0.21; Flavonoid, r=-0.63 and Phenol, 

r= -0.31; Flavonoid, r= -0.41, respectively) and antioxidant 

activities (FRAP, r=-0.49; TEAC, r=-0.36 and FRAP, r=-

0.31; TEAC, r=-0.26, respectively). ETRmax values 

showed a positive correlation to phytochemical contents 

(Phenol, r=0.42; Flavonoid, r=0.14) and antioxidant 

activities (FRAP, r=-0.03; TEAC, r=0.07). Both FRAP and 

TEAC values showed stronger correlations to flavonoid 

contents (r=0.909, r= 0.845, respectively) than to phenolic 

contents (r=0.688, r=0.758, respectively). 
 

 

 

 

 
 

A B 

 

Figure 6. Phytochemical contents. A. Total phenol contents (mg Gallic acid equivalent/g dry weight), B. Total and flavonoid contents 

(mg Quercetin equivalent/ g dry weight) of the three species of macroalgae when freshly collected, when acclimatized for 2 weeks, and 

when exposed to temperature and light treatments for 1 week, compared to control (Mean ± standard error, n=3). Significant differences 

between control values (CLCT) and values under each species' stress conditions (CLHT, MLCT, MLHT) are indicated by asterisks over 

the stress condition bar. (*** = p<0.001; ** = p<0.01; * = p<0.05) 
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A B 

 

Figure 7. Antioxidant activity. A. Ferric reducing antioxidant potential (FRAP) (mM Ferrous sulfate equivalent/ g dry weight) and B. 

Trolox Equivalent Antioxidant capacity (TEAC) (mM Trolox equivalent/ g dry weight) values of the three species of macroalgae when 

freshly collected, when acclimatized for 2 weeks and when exposed to temperature and light treatments 1 week, compared to control 

(Mean ± standard error, n=3). Significant differences between control values (CLCT) and values under each species' stress conditions 

(CLHT, MLCT, MLHT) are indicated by asterisks over the stress condition bar. (*** = p<0.001; ** = p<0.01; * = p<0.05) 

 

 

 

Discussion 

This study showed that in vitro temperature and 

irradiance impacted the photosynthetic performance, 

phytochemical contents, and antioxidant activities of the 

tested macroalgae. This study contributes to the plethora of 

literature aiming at understanding the complexity of 

responses exhibited by species of macroalgae to 

environmental conditions. However, it remains difficult to 

understand the exact mechanisms since each species reacts 

differently to different stresses. Furthermore, changes in 

conditions typically considered as "stressors" may, under 

some levels and in certain species, instead enhance 

performance and survival. For instance, while increasing 

temperature and irradiance is more stressful for certain 

species, other species can physiologically withstand such 

changes. 

Effect of thermal and irradiance on photosynthetic 

response of the three macroalgae 

Differences in photosynthetic performances were 

observed in the tested macroalgae regarding photosynthetic 

yield, relative electron transport rate, and non-

photochemical quenching (NPQ). Macroalgae can 

acclimate to changing irradiances through several 

mechanisms. One such mechanism is photo-inhibition, a 

high light-induced reduction of the photosynthetic quantum 

yield and increased NPQ of excess excitation (Lambrev et 

al. 2012; Zhang et al. 2020). This fact was supported by our 

findings, whereby under high irradiance stress, U. lactuca, 

followed by G. salicornia, exhibited higher NPQ than T. 

ornata. Depending on the species, this protective process 

can occur through the synthesis/activation of D1 protein or 

the xanthophyll cycle (Häder et al. 2002). The D1 protein 

largely regulates the reaction center of photosystem II, the 

main photo-inhibition site, by controlling the electron 

transport after primary photon absorption. Under excessive 

light intensity, the rate of synthesis of the D1 protein 

diminishes, leading to a decline in the number of active 

PSII centers. This decreases the maximum efficiency of 

PSII primary photochemistry (Fv/Fm) (Chow et al. 1989). 

Inactivation or destruction of the D1 protein of PSII might 

have led to the collapsing of active PSII centers of T. 

ornata, hence turning black and G. salicornia, which 

therefore turned yellowish green and bleached. This 

observation is consistent with reports indicating that 

climatic changes can impact negatively on macroalgal 

physiology (Ji and Gao, 2021) affecting, influencing the 

photosynthetic rate, growth (Li et al. 2013), and level of 

bleaching (Xiao et al. 2015). Another protective pathway to 

cope with excess light is the xanthophyll cycle through heat 

dissipation of excess excitation energy preventing the 

formation of singlet oxygen in the chloroplasts (Nan et al. 

2008; Jahns and Holzwarth 2012). The Xanthophyll cycle 

involves the carotenoid pigments like violaxanthin, 

antheraxanthin and zeaxanthin. During light stress, 

conversion of violaxanthin to zeaxanthin through 

antheraxanthin provides photoprotection by acting as a 

lipid-protective antioxidant and stimulating non-

photochemical quenching (NPQ) within the light-

harvesting proteins, hence aggregation of Light-Harvesting 

Complex II, protecting the PSII reaction centers against 

photo-damage. This can explain the increased NPQ in U. 

lactuca and G. Salicornia as well as the reduced Fv/Fm 

in T. ornata at MLHT condition. It is reported that the 

xanthophyll cycle is the main NPQ mechanism in Ulva spp. 

during the first acclimation period to high light intensity 

(Eismann et al. 2020). 

Temperature is among the most important 

environmental factors which generally mediate macroalgae 

distribution, growth, and productivity (Li et al. 2020) 

because varying temperatures can alter macroalgae enzyme 

activity, regulating physiological metabolism and 
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ultimately affecting photosynthesis and growth (Shi et al. 

2021). For instance, a study showed that when the brown 

alga Fucus vesiculosus was incubated at warmer seawater 

temperatures, elevated maximum quantum yield of PSII, a 

decrease in NPQ, and an increase in the relative growth 

rate compared to algae incubated under ambient conditions 

were observed (Colvard and Helmuth 2016). In the current 

study, similar observations were made in the tested brown 

macroalgae, T. ornata, whereby there was a drastic 

decrease in NPQ with increasing temperature. Such 

observations may indicate the vulnerability of brown algae 

to high temperatures. On the other hand, an increase in 

temperature led to an increase in NPQ in U. lactuca, 

followed by G. salicornia, which explains their ability to 

acclimate to such stress. Beyond the optimum temperature, 

metabolic rates of macroalgae decline due to limitations in 

enzyme capacity (Atkin and Tjoelker 2003).  

Increased temperature can also be associated with a 

limitation on the activity of Ribulose-1,5-bisphosphate 

carboxylase/oxygenase (Rubisco RuBisCO), an important 

enzyme involved in the light-dependent reactions of 

photosynthesis, via inactivation of the enzyme or by 

limited RuBisCORubisco activity and photorespiration. 

There is a decrease in RuBisCO activity at high 

temperatures, whereas there is an increase in pigment 

levels (Davidson 1991). When exposed to high temperature 

or high irradiance conditions, an increase in NPQ in U. 

lactuca and G. salicornia may indicate that there has been 

an increase in pigments and an eventual increase in 

photosynthetic performance, as a form of adaptation to 

changing environmental conditions. It has also been 

reported that macroalgae increase their composition and 

cellular abundance of light-harvesting pigment-protein 

complexes and hence ratios of PSI:PSII reaction centers 

and of other catalysts within the electron transport chain 

and changes in the abundance of Calvin-Benson cycle 

enzymes, most notably RuBisCO when exposed to high 

irradiance (Machalek et al. 1996).  

The decrease in the RuBisCO enzyme also indicates 

that there is no need for additional nitrogen, which it uses 

for protein synthesis, indicating that nutrient is not a 

limiting factor. This evidence supports our observations 

whereby U. lactuca, documented for high nutrient uptake 

rates (Scanlan et al. 2007; Gao et al. 2014), showed no 

physiological damage related to nutrient uptake. Heat 

shock response is also one of the mechanisms of thermal 

tolerance. Most heat shock proteins (HSPs) are molecular 

chaperones that help organisms to ameliorate stress-

induced changes by refolding denatured cellular proteins 

and degrading/replacing proteins that cannot be repaired 

(Hofmann and Todgham 2010). Thus, HSPs are the 

universal biomarkers of environmental stress (Smolina et 

al. 2016). Heat shock response largely depends on the 

expression of HSP hsp genes. Although hsp genes are 

expressed as a general response to a variety of 

physiological stresses (Feder and Hofmann 1999), the best-

studied response is thermal activation, which occurs in 

response to temperature increases of 5°C to10°C greater 

than the average environmental temperature experienced by 

an organism (Lindquist 1986). In the current study, the 

temperature increase from the natural environment to the 

high-temperature treatment was nearly 5°C, which might 

have triggered the production of HSPs in the macroalgal 

species. 

Our findings indicate that U. lactuca is the most 

tolerant species, followed by G. salicornia and T. ornata to 

in vitro environmental stresses. Acclimation to changing 

environmental conditions can be both beneficial and 

detrimental. The benefits of tolerance to high 

environmental stress include sustaining the biodiversity of 

the species and promoting their use in aquaculture. 

Preliminary studies in Mauritius indicated G. 

salicornia and U. lactuca as potential candidates for animal 

diet and U. lactuca as having high potential as plant growth 

promoters. Several food products, including pickles and 

jams, have been developed from G. salicornia and U. 

lactuca by the Agricultural Research and Extension Unit 

(AREU) in Mauritius, and preliminary data have shown 

positive feedback from consumer acceptability surveys 

(Mauritius Research and Innovation Council, 2013) and 

hence signifies a great potential for the future of 

macroalgae farming in the Western Indian Ocean (Msuya 

et al. 2014). In the same line, U. lactuca is the most robust 

and documented for high market value (food, medical 

products, feed supplement, fertilizers, and biofuel) (Yu-

Qing et al. 2016) and can be a potential species to be 

considered for further cultivation.  

Our findings, complemented with further investigations, 

can help to enhance the cultivation conditions in terms of 

the most favorable temperature and irradiance conditions. 

The problem associated with thermal and irradiance 

tolerance of species may include algal blooms, which may 

be detrimental to other marine organisms, probably leading 

to a shift in their distribution. This statement is supported 

by many studies that consider green algae, such 

as U. lactuca, to bloom owing to their physiological 

features such as rapid uptake of nutrients, enhanced growth 

rate, and wide environmental tolerance (Smayda 1997; 

Taylor et al. 2001).  

Effect of thermal and irradiance conditions on 

phytochemical contents of the three macroalgae 

Marine macroalgae produce a diverse array of 

chemicals involved in cellular defense, increasing their 

chance of survival in highly competitive environments 

(Kelman et al. 2012). Macroalgae, growing in stressful 

conditions under intense exposure to UV radiation, have 

developed protective mechanisms and have been 

recognized as an important source of secondary metabolites 

and macromolecules with antioxidant activity (Tziveleka et 

al. 2021). More than 40 years of research into the 

macroalgal natural products' chemistry and chemical 

defenses have led to more than 15,000 novel compounds, 

many of which have been shown to have bioactive 

properties (Cardozo et al. 2007; Barbosa et al. 2014). The 

present study assessed the abundance of phytochemical 

contents concerning thermal and irradiance conditions. 

Across species, the highest phenol and flavonoid contents 

were observed in T. ornata, followed by G. 

salicornia and U. lactuca when freshly collected. Upon 
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exposure to increasing stress (MLHT), phenol content 

increased only in U. lactuca, and flavonoid content varied 

across species. Another study indicated that generally, as 

water temperature increases, the phenolic contents of 

macroalgae decrease (Vergeer et al. 1995). In this study, U. 

lactuca appeared to be an exception since it behaved 

differently. It has also been documented that climatic 

changes can negatively impact macroalgal physiology by 

affecting the production of chemical defenses through 

changes in phenolic content (Vergeer et al. 1995). 

In this study, more flavonoids were yielded as 

compared to phenols. Phenols are very sensitive to light 

and can get oxidized very easily. Thus, it can be said that 

with time, phenolic compounds degrade, leading to an 

underestimation of the phenolic contents of the algal 

species. This study performed total flavonoid quantification 

prior to phenolic content estimation. This can be a reason 

for the low yield of phenol contents. It has been 

documented that phenolic content also increases as thalli 

age (Stiger et al. 2004), thereby decreasing palatability with 

reproductive maturity and providing chemical defense for 

mature floating thalli (Cronin and Hay 1996). Since the 

thalli of T. ornata used in this study were very mature, this 

may be why they exhibited the highest phenol contents but 

could not sustain high stress beyond a certain level. 

Therefore, the highest flavonoid content was observed in T. 

ornata. Since flavonoids compose of several hydroxyl 

groups on the outside of the benzene ring, they are 

expected to exhibit a radical scavenging effect or 

sometimes to have a prooxidant effect as a source of ROS 

(Tagliaferro et al. 2002). Flavonoids are synthesized via the 

shikimate pathway, and their biosynthesis is affected by 

nutrient availability, altitude, water, genetic variation in 

composition, depending on species, and most importantly, 

temperature and light.  

Effect of light and thermal stress on antioxidant 

activities of the three macroalgae 

The effect of ROS in photosynthetic organisms is 

aggravated by excessive light. This is because excess 

energy input can increase the concentration of excited 

electrons, which can eventually oxidize many other 

molecules. Therefore, organisms have developed a wide 

range of protective mechanisms that eliminate reactive 

species, produced as by-products of photosynthesis and 

photo-oxidative events, before they cause any harm to 

sensitive parts of the cellular machinery (Foyer and 

Shigeoka 2011). These can be classified as low molecular 

weight compounds (phytochemicals such as carotenoids, 

melatonin, reduced glutathione, mycosporine like-amino 

acids) and enzymatic catalysts of high molecular weight 

(enzymes like catalase, superoxide dismutase). 

Phytochemicals like carotenoids not only maximize the 

spectrum of photosynthetically active radiationPAR but 

also protect the light-harvesting pigments in the antenna 

against phytochemical damage caused by excited triplet 

states (Carvalho et al. 2004).  

Chloroplasts have membranes rich in polyunsaturated 

fatty acids (PUFAs), which are potential targets for 

peroxidation (Gutteridge and Halliwell 1990). Enhancing 

chloroplast antioxidant defenses has proved to be one of 

the most effective ways of protecting cells from abiotic 

stress (Ishikawa and Shigeoka 2008). Reactions involving 

antioxidants in macroalgae are complex and depend on the 

physico-chemical properties of the test reagents and 

substrates. Thus, it is recommended that the evaluation of 

antioxidant activity should employ more than one method 

to provide complementary assessments that consider 

different mechanisms that confer the antioxidant activities 

(Sahidi 2006). On this basis, two independent assays were 

employed: FRAP and TEAC. Antioxidant activity varied 

significantly across species (p<0.001). While light showed 

no significant change in antioxidant capacity, the 

temperature significantly affected the antioxidant activity 

of the macroalgal species (p<0.001).  

Marine macroalgae consist of internal biological clocks 

that control the time when different physiological processes 

should occur (Carvalho et al. 2004). Therefore, many ROS-

generating processes are slow under normal conditions, 

while under environmental factors, like high light, algae are 

stressed, and the generation of these radicals can be 

accelerated. A higher level of antioxidants is thus vital to 

withstand photo-oxidative stress excited by a reducing 

energy-consuming capacity (Carvalho et al. 2004). In a 

study by Aguilera and colleagues (Aguilera et al. 2002), 

higher antioxidant enzymatic activities and higher amounts 

of antioxidant compounds were measured in green algae 

compared to red and brown algae, indicating a more 

efficient biochemical protection in algae exposed to higher 

stress conditions. Overall, the ecological success of 

macroalgae, be it in the eulittoral or upper sublittoral, is 

partly due to an enhanced reactive oxygen scavenging 

mechanism, promoting fast acclimation to the changes in 

environmental radiation conditions. As temperature and 

light increase, a decrease in humidity is brought about, 

which favors photosynthesis and eventually quenching 

more radicals. These results are comparable to the present 

study, whereby U. lactuca showed higher photosynthetic 

efficiency, polyphenolic contents, and antioxidant power 

when exposed to the high-stress condition. U. 

lactuca showed greater tolerance to stress conditions than 

the other tested macroalgal species. This may be why 

chlorophytes are the most preferred for aquaculture 

(Moreira et al. 2021). Compared to other algal taxa, 

antioxidant enzyme activities in brown algae are low 

(Aguilera et al. 2002).  

Evaluation of enzymatic antioxidant enzymes was not 

performed in this current study but it is important to 

investigate the reason why even though T. ornata exhibited 

high polyphenolic content and eventual high antioxidant 

power attributed to the phytochemicals, yet could not 

withstand the high-stress condition and collapse 

morphologically. Therefore, investigation of primary and 

secondary metabolites (pigments), enzymatic antioxidant 

system (catalase, superoxide dismutase, GPX) as well as 

protein expression (HSPs, D1 protein) on these macroalgal 

species will help understand further the defense 

mechanisms exhibited under environmental stress. Other 

factors crucial in understanding stress tolerance include 

considering non-photosynthetic aspects of metabolism (for 
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example, respiration), growth rate, stress duration, life 

stage/age of the organism, nutrient uptake, synthesis of 

important proteins (for example, D1 and HSP), pigment 

content (chlorophyll), enzymatic and non-enzymatic 

system. 

In conclusion, the present study indicated that in vitro 

thermal and irradiance stresses affect the photosynthetic 

performance, phytochemical contents, and antioxidant 

activities of U. lactuca, G. salicornia, and T. ornata. The 

differences in responses of the macroalgae to the light and 

temperature treatments may have been due to their 

morphology (surface area and lifecycle of organism), 

protein/enzymatic inactivation or damage, growth rate 

(efficiency of nutrient uptake), and defense mechanisms 

(enzymatic and non-enzymatic antioxidant systems, heat 

shock response). Though an organism exhibits high 

antioxidant powers, it does not necessarily imply that the 

same organism may be able to withstand a high-stress 

condition in vitro and, most probably, in its natural habitat 

as well. Our results are suggestive that an increase in 

seawater temperature around Mauritius could be 

detrimental to some macroalgal species and eventually 

affect surrounding marine organisms. The growth of 

macroalgae is fundamentally regulated by temperature and 

light, and knowing a species' physiological response to 

these parameters is vital to predicting future macroalgae 

distributions. A further in-depth investigation is warranted 

in order to understand the protective biochemical 

mechanisms that help macroalgae against thermal and 

irradiance stresses, notably the enzymatic antioxidant 

system and the gene expression biomarkers, as well as to 

determine the light and temperature conditions that 

different macroalgae can sustain for application in 

aquaculture practices and adaptation to a globally changing 

marine environment. 

ACKNOWLEDGEMENTS 

The authors are grateful for the assistance provided by 

the technical staff of the Environmental Science (EVS) 

laboratory and the Biosciences Laboratory, Department of 

Biosciences and Ocean Studies, Faculty of Science, 

University of Mauritius, Mauritius and as well as to the 

Albion Fisheries Research Centre for provision of filtered 

fresh seawater for experimentation, Mauritius. Then, thank 

Mr. Surnam of the Facilities and Services Department, the 

University of Mauritius, for administrative support. Finally, 

the authors thank the reviewer for insightful comments that 

improved the manuscript. 

REFERENCES 

Aguilera J, Bischof K, Karsten U, Hanelt D, Wiencke C. 2002. Seasonal 

variation in ecophysiological patterns in macroalgae from an Arctic 
fjord II. Pigment accumulation and accumulation and biochemical 

defense systems against high light stress. Mar Biol 140 (6): 1087-

1095. DOI: 10.1007/s00227-002-0792-y. 
Asimakis E, Shehata AA, Eisenreich W, Acheuk F, Lasram S, Basiouni S, 

Emekci M, Ntougias S, Taner G, May-Simera H, Yilmaz M, Tsiamis 

G. 2022. Algae and their metabolites as potential bio-pesticides. 

Microorganisms 10 (2): 307. DOI: 10.3390/microorganisms10020307. 

Atkin OK, Tjoelker MG. 2003. Thermal acclimation and the dynamic 
response of plant respiration to temperature. Trends Plant Sci 8 (7): 

343-351. DOI: 10.1016/S1360-1385(03)00136-5. 

Bahorun T, Luximon‐Ramma A, Crozier A, Aruoma OI. 2004. Total 
phenol, flavonoid, proanthocyanidin and vitamin C levels and 

antioxidant activities of Mauritian vegetables. J Sci Food Agric 84 

(12): 1553-1561. DOI: 10.1002/jsfa.1820. 
Barbosa M, Valentão P, Andrade PB. 2014. Bioactive compounds from 

macroalgae in the new millennium: Implications for 

neurodegenerative diseases. Mar drugs 12 (9): 4934-4972. DOI: 
10.3390/md12094934. 

Beetul K, Gopeechund A, Kaullysing D, Mattan-Moorgawa S, Puchooa 

D, Bhagooli R. 2016. Challenges and opportunities in the present era 
of marine algal applications. In: Dhanasekaran D (eds). Algae - 

Organisms for Imminent Biotechnology. InTech Open, London. DOI: 

10.5772/63272. 
Benzie IF, Strain JJ. 1996. The FRAP of plasma as a measure of 

antioxidant power: The FRAP assay. J Anal Biochem 239: 219-224. 

DOI: 10.1006/abio.1996.0292. 
Bhagooli R, Baird AH, Ralph P. 2008. Coral host protects its 

photosynthetic symbionts from thermal and light stresses. 

Proceedings of the 11th International Coral Reef Symposium 2008, 
Fort Lauderdale, Florida, USA. 

Bhagooli R, Kaullysing D. 2019. Seas of Mauritius-Chapter 12. In: 

Sheppard CCR (eds). World Seas: An Environmental Evaluation, 2nd 
Edition, Volume II: The Indian Ocean to the Pacific. Elsevier, 

Amsterdam. DOI: 10.1016/B978-0-08-100853-9.00016-6. 

Bhagooli R, Mattan-Moorgawa S, Kaullysing D, Chumun PK, Klaus R, 
Munbodhe V. 2021c. Status and sustainability of reefs and shorelines 

of the Republic of Mauritius. In Gunputh RP (eds). Sustainable 

Development Goals. Star Publications Pvt. Ltd., New Delhi, India. 
Bhagooli R, Mattan-Moorgawa S, Kaullysing D, Louis YD, Gopeechund 

A, Ramah S, Soondur M, Pilly SS, Beesoo R, Wijayawanti DP, 

Bachok ZB, Monrás VC, Casareto BE, Suzuki Y, Baker AC. 2021a. 

Chlorophyll fluorescence - a tool to assess photosynthetic 

performance and stress photo-physiology in symbiotic marine 
invertebrates and seaplants. Mar Pollut Bull 165: 112059. DOI: 

10.1016/j.marpolbul.2021.112059. 

Bhagooli R, Ramah S, Kaullysing D, Gopeechund A, Bergstad OA. 
2021b. First field observations of Halimeda beds at depths of 37-62 m 

at Saya de Malha and Nazareth banks, Mascarene Plateau, Western 

Indian Ocean. Special Issues 2/2021 – Studies on the Mascarene 
Plateau. West Indian Ocean J Mar Sci 2: 183-187. DOI: 

10.4314/wiojms.si2021.2.14. 

Bhagooli R, Soondur M, Ramah S, Gopeechund A, Kaullysing D. 2021d. 
A first study on the variable photo-physiological performance of 

macroalgae and seagrasses from Saya de Malha and Nazareth Banks, 

Mascarene Plateau. Special Issues 2/2021-Studies on the Mascarene 
Plateau. West Indian Ocean J Mar Sci 95-108. DOI: 

10.4314/wiojms.si2021.2.7. 

Bhagooli R, Taleb-Hossenkhan N. 2012. Thermal spatial heterogeneity 
and coral bleaching: implications for habitat refuges. In Proceedings 

of the 12th International Coral Reef Symposium Cairns, Australia, 

9D. 
Bolton JJ, Bhagooli R, Mattio L. 2012. The Mauritian seaweed flora: 

diversity and potential for sustainable utilization. Univ Mauritius Res 

J 18: 6-17. 
Brown BE. 1997. Coral bleaching: Causes and consequences. Coral Reefs 

16: 129-138. DOI: 10.1007/s003380050249. 

Buchel C, Wilhelm C. 1993. In vivo analysis of slow chlorophyll 
fluorescence induction kinetics in algae: progress, problems and 

perspectives. Photochem Photobiol 58: 137-148. DOI: 

10.1111/j.1751-1097.1993.tb04915.x. 
Campos A, Lissi E. 1996. Kinetics of the reaction between ABTS derived 

radical cations and phenols. Intl J Chem Kinet 29: 219-224. DOI: 

10.1002/(SICI)1097-4601(1997)29:3<219::AID-KIN9>3.0.CO;2-X. 
Cardozo KH, Guaratini T, Barros MP, Falcão VR, Tonon AP, Lopes NP, 

Campos S, Torres MA, Souza AO, Colepicolo P, Pinto E. 2007. 

Metabolites from algae with economical impact. Comp. Biochem. 
Physiol C: Toxicol Pharmacol 146 (1): 60-78. DOI: 

/10.1016/j.cbpc.2006.05.007. 

Carvalho AM, Neto AM, Tonon AP, Pinto E, Cardozo KH, Brigagao MR, 
Barros MP, Torres MA, Magalhães P, Campos SC, Guaratini T. 2004. 



INDO PAC J OCEAN LIFE 7 (1): 1-15, June 2023 

 

14 

Circadian protection against oxidative stress in marine algae. Hypnos 

1 (Supplementary 1): 142-157. 

Chow WS, Hope AB, Anderson JM. 1989. Oxygen per flash from leaf 
disks quantifies photosystem II. Biochimica et Biophysica Acta 973: 

105-108. DOI: 10.1016/S0005-2728(89)80408-6. 

Colvard N, Helmuth B. 2016. Nutrients influence the thermal 
ecophysiology of an intertidal macroalga: Multiple stressors or 

multiple drivers? Ecol Appl 2: 669-681. DOI: DOI: 

10.1002/eap.1475. 
Cronin G, Hay ME. 1996. Within-plant variation in seaweed palatability 

and chemical defenses: Optimal defense theory versus the growth-

differentiation balance hypothesis. Oecologia 105 (3): 361-368. DOI: 
10.1007/BF00328739. 

Davidson IR. 1991. Environmental effects on algal photosynthesis: 

Temperature. J Phycol 27 (1): 2-8. DOI: 10.1111/j.0022-
3646.1991.00002.x. 

De Clerck O, Bolton JJ, Anderson RJ, Coppejans E. 2005. Guide to the 

seaweeds of KwaZulu-Natal. Scripta Botanica Belgica 33: 1-294. 
Eismann AI, Reis RP, da Silva AF, Cavalcanti DN. 2020. Ulva spp. 

carotenoids: Responses to environmental conditions. Algal Res 48: 

101916. DOI: 10.1016/j.algal.2020.101916. 
Feder ME, Hofmann GE. 1999. Heat-shock proteins, molecular 

chaperones, and the stress response: Evolutionary and ecological 

physiology. Ann Rev Physiol 61: 243-282. DOI: 
10.1146/annurev.physiol.61.1.243. 

Foyer CH, Shigeoka S. 2011. Understanding oxidative stress and 

antioxidant functions to enhance photosynthesis. Plant Physiol 155: 
93-100. DOI: 10.1104/pp.110.166181. 

Fulton CJ, Berkström C, Wilson SK, Abesamis RA, Bradley M, Åkerlund 

C, Barrett LT, Bucol AA, Chacin DH, Chong‐Seng KM, Coker DJ. 
2020. Macroalgal meadow habitats support fish and fisheries in 

diverse tropical seascapes. Fish Fish 21 (4): 700-717. DOI: 

10.1111/faf.12455. 
Gao K, Beardall J. 2022. Using macroalgae to address UN Sustainable 

Development goals through CO2 remediation and improvement of the 

aquaculture environment. Appl Phycol 2022: 1-8. DOI: 

10.1080/26388081.2022.2025617. 

Gao Z, Xu D, Meng C, Zhang X, Wang Y, Li D, Zou J, Zhuang Z, Ye N. 
2014. The green tide-forming macroalga Ulva linza outcompetes the 

red macroalga Gracilaria lemaneiformis via allelopathy and fast 

nutrients uptake. Aquat Ecol 48 (1): 53-62. DOI: 10.1007/s10452-
013-9465-9. 

Geertz-Hansen O, Sand-Jensen K. 1992. Growth rates and photon yield of 

growth in natural populations of a marine macroalga Ulva lactuca. 
Mar Ecol Prog Ser 81: 179-183. DOI: 10.3354/meps081179. 

Genty B, Briantais JM, Baker NR. 1989. The relationship between the 

quantum yield of photosynthetic electron transport and quenching of 
chlorophyll fluorescence. Biochim Biophys Acta 990: 87-92. DOI: 

10.1016/S0304-4165(89)80016-9. 

Gill SS, Tuteja N. 2010. Reactive oxygen species and antioxidant 
machinery in abiotic stress tolerance in crop plants. Plant Physiol 

Biochem 48 (12): 909-930. DOI: 10.1016/j.plaphy.2010.08.016. 

Gopeechund A, Bhagooli R, Neergheen VS, Bolton JJ, Bahorun T. 2020. 
Anticancer activities of marine macroalgae: Status and future 

perspectives. In Biodiversity and Biomedicine. Academic Press, 

Cambridge. DOI: 10.1016/B978-0-12-819541-3.00014-1. 
Guiry MD, Guiry GM. 2017. AlgaeBase. World-Wide Electronic 

Publication, National University of Ireland, Galway.  

Gutteridge JM, Halliwell B. 1990. The measurement and mechanism of 
lipid peroxidation in biological systems. Trends Biochem Sci 15 (4): 

129-135. DOI: 10.1016/0968-0004(90)90206-q. 

Häder DP, Lebert M, Sinha RP, Barbieri ES, Helbling EW. 2002. Role of 
protective and repair mechanisms in the inhibition of photosynthesis 

in marine macroalgae. Photochem Photobiol Sci 1 (10): 809-814. 

DOI: 10.1039/b206152j. 
Hanelt D. 1998. Capability of dynamic photoinhibition in Arctic 

macroalgae is related to their depth distribution. Mar Biol 131: 361-

369. DOI: 10.1007/s002270050329. 
Harley CD, Anderson KM, Demes KW, Jorve JP, Kordas RL, Coyle TA, 

Graham MH. 2012. Effects of climate change on global seaweed 

communities. J Phycol 48 (5): 1064-1078. DOI: 10.1111/j.1529-
8817.2012.01224.x. 

Hofmann GE, Todgham AE. 2010. Living in the now: physiological 

mechanisms to tolerate a rapidly changing environment. Ann Rev 
Physiol 72: 127-145. DOI: 10.1146/annurev-physiol-021909-135900. 

Ishikawa T, Shigeoka S. 2008. Recent advances in ascorbate biosynthesis 

and the physiological significance of ascorbate peroxidase in 

photosynthesizing organisms. Biosci Biotechnol Biochem 72: 1143-
1154. DOI: 10.1271/bbb.80062. 

Jagtap TG. 1993. Studies on littoral and sublittoral macrophytes around 

the Mauritius coast. Atoll Res Bull 382: 1-10. DOI: 
10.5479/si.00775630.382.1. 

Jahns P, Holzwarth AR. 2012. The role of the xanthophyll cycle and of 

lutein in photoprotection of photosystem II. Biochimica et Biophysica 
Acta-Bioenergetics 1817 (1): 182-193. DOI: 

10.1016/j.bbabio.2011.04.012. 

Ji Y, Gao K. 2021. Effects of climate change factors on marine 
macroalgae: A review. Adv Mar Biol 88: 91-136. DOI: 

10.1016/bs.amb.2020.11.001. 

Kakinuma M, Shibahara N, Ikeda H, Maegawa M, Amano H. 2001. 
Thermal stress responses of a sterile mutant of Ulva pertusa 

(Chlorophyta). Fish Sci 67: 287-294. DOI: 10.1046/j.1444-

2906.2001.00229.x. 
Kalasariya HS, Pereira L. Patel NB. 2022. Pioneering role of marine 

macroalgae in cosmeceuticals. Phycology 2: 172-203. DOI: 

10.3390/phycology2010010. 
Kaullysing D, Gopeechund A, Mattan-Moorgawa S, Taleb-Hossenkhan N, 

Kulkarni B, Bhagooli R. 2016 Increased density of the corallivore 

Drupella cornus on Acropora muricata colonies overgrown by 
Padina boryana. In proceedings of the 13th International Coral Reef 

Symposium, Honolulu, Hawaii. 

Kelman D, Posner EK, McDermid KJ, Tabandera NK, Wright PR, Wright 
AD. 2012. Antioxidant activity of Hawaiian marine algae. Mar Drugs 

10 (2): 403-416. DOI: 10.3390/md10020403. 

Kumar A, Singh RP, Kumar I, Yadav P, Singh SK, Kaushalendra, Singh 
PK, Gupta RK, Singh SM, Kesawat MS, Saratale GD, Chung S-M, 

Kumar M. 2022. Algal metabolites can be an immune booster against 

COVID-19 pandemic. Antioxidants 11 (3): 452. DOI: 
10.3390/antiox11030452. 

Lamaison JLC, Carnet A. 1991. Teneurs en principaux flavonoids des 

fleurs de Crataegeus monogyna (Jacq) et de Crataegeus Iaevigata 

(Poiret D.C) en fonction de la vegetation. Pharmaceutica Acta 

Helvetiae 65: 315-320. 
Lambrev PH, Miloslavina Y, Jahns P, Holzwarth AR. 2012. On the 

relationship between non-photochemical quenching and 

photoprotection of photosystem II. BBA-Bioenergetics 1817 (5): 760-
769. DOI: 10.1016/j.bbabio.2012.02.002. 

Lesser MP. 2006. Oxidative stress in marine environments: biochemistry 

and physiological ecology.  Ann Rev Physiol 68: 253-278. DOI: 
10.1146/annurev.physiol.68.040104.110001. 

Li G, Qin Z, Zhang J, Lin Q, Ni G, Tan Y, Zou D. 2020. Algal density 

mediates the photosynthetic responses of a marine macroalga Ulva 
conglobata (Chlorophyta) to temperature and pH changes. Algal Res 

46: 101797. 

Li MH, Cherubini P, Dobbertin M, Arend M, Xiao WF, Rigling A. 2013. 
Responses of leaf nitrogen and mobile carbohydrates in different 

Quercus species/provenances to moderate climate changes. Plant Biol 

(Supplementary 1): 177-184. DOI: 10.1111/j.1438-
8677.2012.00579.x. 

Lindquist S. 1986. The heat-shock response. Ann Rev Biochem 55: 1151-

1159. DOI: 10.1146/annurev.bi.55.070186.005443. 
Louis YD, Kaullysing D, Gopeechund A, Mattan-Moorgawa S, Bahorun 

T, Dyall SD, Bhagooli R. 2016. In hospite Symbiodinium 

photophysiology and antioxidant responses in Acropora muricata on 
a coast-reef scale: Implications for variable bleaching patterns. 

Symbiosis 68: 61-72. DOI: 10.1007/s13199-016-0380-4. 

Lutchmanen C, Bhagooli R. 2015. An evaluation of public perception of 
potential sustainable seaweed industry in Mauritius. Proceedings of 

the ADDGASAT Conference on Science, Technology, Gender and 

Sustainable Development, Challenges and Opportunities 2025: 
Legacy for Future Generations 130-142. 

Machalek KM, Davison IR, Falkowski PG. 1996. Thermal acclimation 

and photoacclimation of photosynthesis in the brown alga Laminaria 
saccharina. Plant Cell Environ 19 (9): 1005-1016. DOI: 

10.1111/j.1365-3040.1996.tb00207.x. 

Maharana D, Das PB, Verlecar XN, Pise NM, Gauns M. 2015. Oxidative 
stress tolerance in intertidal red seaweed Hypnea musciformis 

(Wulfen) in relation to environmental components. Environ Sci Pollut 

Res 22 (23): 18741-18749. DOI: 10.1007/s11356-015-4985-6. 
Mattan-Moorgawa S, Bhagooli R, Rughooputh SD. 2012. Thermal stress 

physiology and mortality responses in scleractinian corals of 



NARRAIN et al. – Responses of three macroalgae to thermal and irradiance stress 

 

15 

Mauritius. In Proceedings of the 12th International Coral Reef 

Symposium, Cairns, Australia. 

Mattio L, Zubia M, Loveday B, Crochelet E, Duong N, Payri CE, 
Bhagooli R, Bolton JJ. 2013. Sargassum (Fucales, Phaeophyceae) in 

Mauritius and Réunion, western Indian Ocean: Taxonomic revision 

and biogeography using hydrodynamic dispersal models. Phycologia 
52 (6): 578-594. DOI: 10.2216/13-150.1. 

Mauritius Research and Innovation Council. 2013. Annual Report, pp 28. 

Available from: 
https://www.mric.mu/_files/ugd/d4e70d_ea91a19173504bf29abc0abb

4f772997.pdf 

[Ahttp://www.mrc.org.mu/English/Documents/Annual%20Report%2
02013.pdf. Accessed on: 28 March 2022]. 

McMinn A, Ashworth C, Bhagooli R, Martin A, Salleh S, Ralph P, Ryan 

K. 2012. Antarctic coastal microalgal primary production and 
photosynthesis. Mar Biol 159 (12): 2827-2837. DOI: 

10.1007/s00227-012-2044-0. 

Meethoo A, Badal R, Bhagooli R. 2017. Coastal marine activities and 
coral cover at three tropical coral reefs around an oceanic island, 

Mauritius. J Mar Sci Res Technol 1-11.  

Moreira A, Cruz S, Marques R, Cartaxana P. 2021. The underexplored 
potential of green macroalgae in aquaculture. Rev Aquac 14: 5-26. 

DOI: 10.1111/raq.12580. 

Moustakas M. 2021. Plant photochemistry, reactive oxygen species, and 
photoprotection. Photochemistry 2 (1): 5-8. DOI: 

10.3390/photochem2010002. 

Msuya FE, Buriyo A, Omar I, Pascal B, Narrain K, Ravina JJ, Mrabu E, 
Wakibia JG. 2014. Cultivation and utilisation of red seaweeds in the 

Western Indian Ocean (WIO) Region. J Appl Psychol 26 (2): 699-

705. DOI: 10.1007/s10811-013-0086-4. 
Nan C, Zhang H, Lin S, Zhao G, Liu X. 2008. Allelopathic effects of 

Gracilaria salicornia on selected species of harmful bloom-forming 

microalgae in laboratory cultures. Aquat Bot 89 (1): 9-15. DOI: 
10.1016/j.aquabot.2008.01.005. 

Naqvi SA, Sherazi TA, Hassan SU, Shahzad SA, Faheem Z. 2022. Anti-

inflammatory, anti-infectious and anti-cancer potential of marine 

algae and sponge: A review. Eur J Inflamm 2022: 20. DOI: 

10.1177/20587392221075514. 
Nejrup LB, Staehr PA, Thomsen MS. 2013. Temperature-and light-

dependent growth and metabolism of the invasive red algae 

Gracilaria vermiculophylla–a comparison with two native 
macroalgae. Eur J Phycol 48 (3): 295-308. DOI: 

10.1080/09670262.2013.830778. 

Phooprong S, Ogawa H, Hayashizaki K. 2007. Photosynthetic and 
respiratory responses of Gracilaria salicornia (C. Ag.) Dawson 

(Gracilaria les, Rhodophyta) from Thailand and Japan. J Appl 

Psychol 19 (6): 795. DOI: 10.1007/s10811-007-9194-3. 
Platt T, Gallegos CL, Harrison WG. 1980. Photoinibition of 

photosynthesis in natural assemblages of marine phytoplankton. J 

Mar Res 38: 687-701. 
Pribadi TWK, Kanza AA. 2017. Tide pools diversity in Bojonglarang-

Jayanti Nature Reserve, West Java, Indonesia. Ocean Life 1: 43-48. 

DOI: 10.13057/oceanlife/o010201. 
Ramah S, Bhagooli R, Kaullysing D, Bergstad OA. 2021b. Rhodolith beds 

(Corallinaceae, Rhodophyta): An important marine ecosystem of the 

Saya de Malha and Nazareth Banks. Special Issues 2/2021 – Studies 
on the Mascarene Plateau. Western Indian Ocean J Mar Sci 2: 171-

178. DOI: 10.4314/wiojms.si2021.2.12. 

Ramah S, Etwarysing L, Auckloo N, Gopeechund A, Bhagooli R, 
Bahorun T. 2014. Prophylactic antioxidants and phenolics of seagrass 

and seaweed species: A seasonal variation study in a Southern Indian 

Ocean Island, Mauritius. Internet J Med Update 9 (1): 27-37.  
Ramah S, Gendron G, Bhagooli R, Soondur M, Souffre A, Melanie R, 

Coopen P, Caussy L, Bissessur D, Bergstad OA. 2021a. Diversity and 

distribution of the shallow water (23-50 m) benthic habitats on the 
Saya de Malha Bank, Mascarene Plateau. Special Issues 2/2021 – 

Studies on the Mascarene Plateau. Western Indian Ocean J Mar Sci 2: 

69-80. DOI: 10.4314/wiojms.si2021.2.5. 
Roth MS. 2014. The engine of the reef: Photobiology of the coral–algal 

symbiosis. Front Microbiol 5: 422. DOI: 10.3389/fmicb.2014.00422. 

Sadally SB, Taleb-Hossenkhan N, Bhagooli R. 2016. Microalgal 
distribution, diversity and photo-physiological performance across 

five tropical ecosystems around Mauritius Island. Western Indian 

Ocean J Mar Sci 15 (1): 49-68. 

Sahidi F. 2006. Antioxidants: Extraction, identification, application and 

efficacy measurement. Elec J Env Agric Food Chem 7 (8): 3325-

3330. 
Scanlan CM, Foden J, Wells E, Best MA. 2007. The monitoring of 

opportunistic macroalgal blooms for the water framework directive. 

Mar Pollut Bull 55: 162-171. DOI: 10.1016/j.marpolbul.2006.09.017. 
Schreiber U, Schliwa U, Bilger W. 1986. Continuous recording of 

photochemical and non-photochemical chlorophyll fluorescence 

quenching with a new type of modulation fluorometer. Photosynth 
Res 10: 51-62. DOI: 10.1007/BF00024185. 

Setyorini HB, Maria E, Hartoko A. 2021. Distribution pattern of macro 

algae at Jungwok Beach, Gunungkidul District, South Java, 
Indonesia. Aquac Aquar Conserv Legisl 14 (1): 441-454. 

Shi X, Zou D, Hu S, Mai G, Ma Z, Li G. 2021. Photosynthetic 

characteristics of three cohabitated macroalgae in the Daya Bay, and 
their responses to temperature rises. Plants 10 (11): 2441. DOI: 

10.3390/plants10112441. 

Singleton VL, Rossi JA. 1965. Colorimetry of total phenolics with 
phosphomonybdic-phosphotungstic acid reagent. Am J Enol Vitic 16: 

144-158. 

Smayda TJ. 1997. Harmful algal blooms: their ecophysiology and general 
relevance to phytoplankton blooms in the sea. Limnol Oceanogr 42: 

1137-1153. DOI: 10.4319/lo.1997.42.5_part_2.1137. 

Smolina I, Kollias S, Jueterbock A, Coyer JA, Hoarau G. 2016. Variation 
in thermal stress response in two populations of the brown seaweed, 

Fucus distichus, from the Arctic and subarctic intertidal. Royal 

Society Open Science 3 (1): 150429. DOI: 10.1098/rsos.150429. 
Somanah MJ, Abdoulraman N, Bhagooli R, Aruoma OI, Bahorun T. 

2012. Assessment of phenol content and antioxidant activities of 

shallow-water macroalgae from Mauritius. UnivbMauritius Res J 
18A: 28-53.  

Stiger V, Deslandes E, Payri CE. 2004. Phenolic contents of two brown 

algae, Turbinaria ornata and Sargassum mangarevense on Tahiti 
(French Polynesia): Interspecific, ontogenic and spatio-temporal 

variations. Botanica Marina 47 (5): 402-409. DOI: 

10.1515/BOT.2004.058. 

Szabò I, Bergantino E, Giacometti GM. 2005. Light and oxygenic 

photosynthesis: Energy dissipation as a protection mechanism against 
photo-oxidation. EMBO Rep 6 (7): 629-663. DOI: 

10.1038/sj.embor.7400460. 

Tagliaferro AR, Heim KE, Bobilya DJ. 2002. Flavonoid antioxidants: 
chemistry, metabolism and structure-activity relationships. J Nutr 

Biochem 13: 572-584. DOI: 10.1016/s0955-2863(02)00208-5. 

Tal O, Haim A, Harel O, Gerchman Y. 2011. Melatonin as an antioxidant 
and its semi-lunar rhythm in green macroalga Ulva sp. J Exp Bot 62 

(6): 1903-1910. DOI: 10.1093/jxb/erq378. 

Taylor R, Fletcher RL, Raven JA. 2001. Preliminary studies on the growth 
of selected ‘green tide’ algae in laboratory culture: Effects of 

irradiance, temperature, salinity and nutrients on growth rate. 

Botanica Marina 44: 327-336. DOI: 10.1515/BOT.2001.042. 
Tziveleka LA, Tammam MA, Tzakou O, Roussis V, Ioannou E. 2021. 

Metabolites with antioxidant activity from marine macroalgae. 

Antioxidants 10 (9): 1431. DOI: 10.3390/antiox10091431. 
Vergeer LHT, Aarts TL, De Groot, JD. 1995. The ‘wasting disease’ and 

the effect of abiotic factors (light intensity, temperature, salinity) and 

infection with Labyrinthula zosterae on the phenolic content of 
Zostera marina shoots. Aquat Bot 52 (1-2): 35-44. DOI: 

10.1016/0304-3770(95)00480-N. 

Voskoboinikov GM, Malavenda SV, Metelkova LO. 2021. The role of 
algae macrophyte in bioremediation of petroleum products of the 

Kola Bay of the Barents Sea. Mar Biol J 6 (3): 35-43. DOI: 

10.21072/mbj.2021.06.3.04. 
Xiao X, de Bettignies T, Olsen YS, Agusti S, Duarte CM, Wernberg T. 

2015.Sensitivity and acclimation of three canopy-forming seaweeds 

to UV-B radiation and warming. PloS One 10 (12): e0143031. DOI: 
10.1371/journal.pone.0143031. 

Yu-Qing T, Mahmood K, Shehzadi R, Ashraf MF. 2016. Gracilaria 

salicornia and its polysaccharides: Food and biomedical aspects. J 
Biol Agric Healthcare 6 (1): 140-151. 

Zhang D, Beer S, Li H, Gao K. 2020. Photosystems I and II in Gracilaria 

salicornia are well protected from high incident sunlight. Algal Res 
52: 102094. DOI: 10.1016/j.algal.2020.102094. 

  


