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Abstract 
Recently, the application of algae as food and medicinal sources has gained significant 

attention. Heavy metals are recognized as major environmental pollutants because of  their 
inherent toxicity. Their non-biodegradability and environmental persistence to natural degra-
dation can result in prolonged exposure, posing serious threats to ecosystems and the health 
of living organisms. Algae have recently attracted considerable interest as valuable sources of 
food and bioactive compounds. Zinc (Zn) is an essential micronutrient in algal cells, contribut-
ing to enzymatic activity, photosynthetic processes, and overall cellular metabolism. This study 
evaluated the effects of different Zn concentrations (0.03, 0.06, 0.09, 0.25, and 0.5 μg/mL) 
on the physiological and biochemical characteristics of Dunaliella salina using a completely 
randomized design with three replications. The results showed that 0.03 μg/mL Zn significant-
ly enhanced photochemical efficiency chlorophyll a, chlorophyll b , protein content, soluble 
sugars, and catalase activity by 50.76%, 154.5%, 88.88%, 13.86%, 89.47%, 71.42%, respec-
tively, compared with the control. In contrast, the highest increase in carotenoid accumulation 
(92.85% compared to the control) was observed at 0.5 μg/mL Zn. Proline, total amino acids, 
ascorbate peroxidase, and polyphenol oxidase increased progressively with increasing Zn con-
centration, reaching their maximum values at 0.5 μg/mL and exceeding the control values by 
68.18%, 88.88%, 88.46%, and 90.38%, respectively. Zn also affected carbohydrate metabolism 
in a biphasic manner, causing an initial increase followed by a decline in soluble sugar levels. 
Overall, the findings indicate that Zn concentration modulates photosynthetic performance, 
antioxidant defense, and metabolic activity in D. salina, while the species exhibits consider-
able sensitivity to changes in Zn availability. These characteristics highlight the potential of D. 
salina as a bio indicator for monitoring heavy-metal contamination in aquatic environments.  
These adaptive responses may also have potential significance for biotechnological applica-
tions, including the production of valuable secondary metabolites or the use of algae in heavy 
metal bioremediation strategies. 
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Introduction
Dunaliella salina is a unicellular alga be-

longing to the family Dunaliellaceae (Sale-
hipour-Bavarsad, et al., 2022). It was first 
identified along the Mediterranean coast of 
France and described by Teodoresco in 1905 
(Riahi, 2002). Dunaliella salina is a green, 
halophilic, pear-shaped, biflagellated alga 
that lacks a cell wall and possesses a sim-
ple life cycle, enabling it to grow in a wide 
range of environmental conditions. This 
alga is capable of producing valuable pig-
ments, particularly β-carotene (Whittaker, 
1978). One of the most remarkable charac-
teristics of Dunaliella salina is its ability to 
adapt to stressful environmental conditions, 
including extremely high salinity, elevated 
temperatures, nitrogen deficiency, and in-
tense light exposure. This adaptability con-
tributes to its broad distribution in natural 
habitats and diverse saline environments 
such as salt lakes and marshes (Massyuk, 
1996). Zn (Zn), an essential micronutrient, 
plays numerous critical roles in the physio-
logical and biochemical processes of living 
organisms. It is involved in the structure and 
function of more than 300 proteins, includ-
ing key enzymes in metabolic pathways, and 
acts as a cofactor or structural component in 
various cellular processes, such as protein 
synthesis, carbohydrate metabolism, and 
cell membrane stabilization (Broadley et al., 
2007). 
In addition, Zn is involved in the regulation 
of gene expression and the maintenance of 
DNA stability, and may indirectly influence 
the photosynthesis process. Photosynthesis, 
the essential process by which light energy 
is converted into chemical energy, depends 

on the activity of several enzymes in which 
Zn may play either a catalytic or structural 
role. Zn also contributes to carbon fixation 
and may enhance photosynthetic efficiency 
in algae through its role in enzymes such as 
carbonic anhydrase (Palomares et al., 2004). 
Under environmental stress conditions, Zn 
functions as an antioxidant and helps re-
duce damage caused by reactive oxygen 
species (ROS). This element can enhance 
cellular tolerance to environmental stress by 
promoting the production of non-enzymat-
ic antioxidants and modulating the activity 
of antioxidant enzymes (Pilon & Várko-
nyi, 2017). At low concentrations, such as 
0.03- 0.09 μg/mL, Zn may improve photo-
synthetic efficiency, increase the activity 
of metal-dependent enzymes, and enhance 
cellular tolerance to environmental stress. 
These stimulatory effects are generally at-
tributed to meeting cellular physiological 
Zn requirements and activating metabolic 
pathways associated with growth and sur-
vival (Kabata-Pendias, 2011; Nagajyoti et 
al., 2010). On the other hand, increasing Zn 
concentrations beyond the optimal range can 
exert inhibitory or toxic effects on the algal 
cell. At higher concentrations, particularly at 
or above 0.5 μg/mL, Zn may interfere with 
the uptake and balance of other essential ele-
ments, such as iron, magnesium, and copper, 
thereby disrupting cellular ionic homeosta-
sis (Broadley et al.,2007; Xiong, 2006). Fur-
thermore, excessive accumulation of Zn can 
promote the generation of reactive oxygen 
species (ROS) and induce oxidative stress, a 
condition in which the balance between the 
ROS production and antioxidant scavenging 
is disturbed, resulting in increased damage 
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to lipids, proteins, and nucleic acids. Con-
sequently, photosynthetic activity may de-
cline, cell growth is inhibited, and, in severe 
cases, cell death may occur (Cakmak, 2000). 
Determining the concentration at which Zn 
begins to exert toxic effects on algal growth, 
photosynthesis, and biochemical param-
eters is essential for evaluating the health 
of aquatic ecosystems and establishing 
permissible pollutant limits (Wang, 2002). 
Understanding how Zn is absorbed, metab-
olized, and released by algae can also pro-
vide insights into the bioavailability of this 
element to other organisms within the food 
chain, as well as its broader biogeochemi-
cal cycling in aquatic ecosystems (Sunda & 
Huntsman, 1995). In some cases, optimal Zn 
concentrations may enhance the production 
of valuable secondary metabolites in algae, 
such as carotenoids, which have significant 
for biotechnological applications (Rathur et 
al., 2015). In Dunaliella salina, a microal-
ga known for its remarkable adaptability to 
harsh environmental conditions, responses 
to Zn may depend on its concentration, ex-
posure time, and culture conditions. There-
fore, investigating the effects of different Zn 
concentrations within the range of 0 -0.5 μg/
mL is particularly important for determining 
the optimal balance between growth stimu-
lation and the onset of Zn toxicity. Such stud-
ies can contribute to a better understanding 
of the mechanisms underlying heavy metal 
tolerance, photosynthetic regulation, and 
antioxidant responses in this alga.           
                    
Material and methods
Preparation of algae 

Dunaliella salina, isolated from Lake 

Urmia (West Azerbaijan Province, Iran), 
was used as the experimental microalga in 
this study. Zn was applied at concentrations 
ranging from 0.03 to 0.5 μg/mL. The se-
lected concentration range was determined 
through preliminary range-finding experi-
ments designed to identify both growth-pro-
moting concentrations and the highest 
non-lethal exposure level. All experimental 
procedures were conducted in 2023 at the 
Bioinstrumentation Laboratory, Faculty of 
Science, University of Mohaghegh Ardabili.
Preparation of Johnson’s culture medium 
To prepare Johnson’s culture medium, 75.87 
g of NaCl, 8.9 g of MgCl₂·6H₂O, 0.53 g of 
CaCl₂·2H₂O, 2.3 g of Na₂SO₄, and 0.85 g 
of K₂SO₄ were dissolved in distilled water 
and diluted to a final volume of 1 L. The 
medium was then sterilized by autoclaving 
at 120°C and 1 atm for 20 minutes. During 
preparation of the culture medium, 25.3 g of 
Tris base was added to adjust the pH to 7.5. 
Because trace elements are heat sensitive, 5 
g of each of KNO₃, KH₂PO₄, and trace ele-
ments were added to the basal culture medi-
um after it had cooled. 
Algal cultivation and treatment 
Sterilized 250-mL Erlenmeyer flasks were 
each filled with 100 mL of the prepared 
culture medium (1.5 M) and inoculated 
with algal cells. The remaining volume in 
the flasks provided sufficient headspace 
for gas exchange during algal growth. The 
flasks were then incubated for two weeks 
at 15°C in a germinator under 16 h light/8 
h dark photoperiod. During the incubation 
period, the cultures were manually agitated 
every two days to prevent cell sedimenta-
tion. The experimental treatments included 



40

Plant, Algae, and Environment, Vol. 10, Issue 3, Sept. 2026

a control group and cultures exposed to Zn 
concentrations of 0.03, 0.06, 0.09, 0.25, and 
0.5 μg/mL. For each treatment, the required 
Zn concentrations were added to the culture 
medium as Zn sulfate. Subsequently, algal 
cells obtained from the initial cultivation 
step were exposed to the respective Zn con-
centrations and maintained under the same 
conditions in the germinator for an addition-
al 14 days. The cultures were manually ag-
itated every two days throughout the treat-
ment period.                   
Measurement of physiological parameters
Optical density(OD)
Before and after the Zn treatments, 3 ml of 
each algal culture sample was transferred to 
a cuvette, and its absorbance was measured 
at 680 nm using a spectrophotometer. The 
absorbance value indicates the amount of 
light absorbed by the sample at the specified 
wavelength, with higher absorbance values 
generally indicating greater optical density 
and, under appropriate measurement condi-
tions, a higher cell concentration.                
Chlorophyll fluorescence 
Chlorophyll fluorescence of the algal sam-
ples was measured using a PAM (Pulse-Am-
plitude Modulation) fluorometer. Prior to 
measurement, the samples were dark-adapt-
ed for 30 min to ensure that all photosyn-
thetic reaction centers were in the open 
state. Basal fluorescence (F₀) was then mea-
sured under dim light conditions, followed 
by the application of a saturating light pulse 
to record maximum fluorescence (Fₘ). The 
maximum quantum efficiency of photosys-
tem II (Fᵥ/Fₘ) was calculated using the fol-
lowing equation: Fᵥ/Fₘ = (Fₘ − F₀) / Fₘ All 
measurements were performed at room tem-

perature using three biological replicates. 
For data normalization, when necessary, cell 
concentration was determined based on light 
absorbance at a specific wavelength or dry 
biomass weight (Maxwell & Johnson, 200
0).                             
Chlorophyll a, b and Carotenoid levels
First, 0.5 g of a fresh algal sample was 
ground in a porcelain mortar. The resulting 
extract was then brought to a final volume of 
20 mL using 90% acetone and centrifuged at 
6000 rpm for 20 min. The supernatant ob-
tained after centrifugation was transferred 
to a cuvette, and the absorbance values of 
chlorophyll a, chlorophyll b, and carot-
enoids were measured at wavelengths of 
663, 645, and 470 nm, respectively, using a 
spectrophotometer. chlorophyll content was 
expressed as mg g⁻¹ fresh weight, whereas 
carotenoid content was expressed as μg g⁻¹ 
fresh weight using the following equations. 
In these equations, V represents the final 
volume of the extract, and W represents the 
fresh weight of the sample (Lichtenthaler, 
1987)
Chlorophyll a = (12.7 × A₆₆₃ − 2.69 × A₆₄₅) × 
V / (1000 × W) 

Chlorophyll b = (22.9 × A₆₄₅ − 4.68 × A₆₆₃) × 
V / (1000 × W) 

Carotenoids = [1000 × A₄₇₀ − 3.27 × (Chl a) 
− 104 × (Chl b)] / 227

Proline content determination
To determine proline content, 0.5 g of frozen 
algal sample was ground, and 5 mL of 3% 
sulfosalicylic acid was added. The mixture 
was immediately transferred to microtubes 
and kept on ice. Samples were then centri-
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fuged using a refrigerated centrifuge for 15 
min at 15,000 rpm at 4°C. Next, 1 mL of the 
supernatant was transferred to a new tube, 
and 1 mL of acetic acid and 1 mL of ninhy-
drin were added. The mixture was incubated 
in a 100°C water bath for 1 h, followed by 
cooling in an ice bath. Then, 2 mL of tolu-
ene was added to each sample and mixed for 
20 s using a vortex mixer. After mixing, two 
phases were formed, and the absorbance of 
the upper toluene phase was measured using 
a spectrophotometer (PG Instruments, Model 
T80 +, UK) at 520 nm (Bates et al.,1973).                                                                          
Measuring biochemical parameters
Protein content measurement
For protein extraction, 0.1 g of fresh algal 
biomass was thoroughly ground in liquid ni-
trogen, and 6 mL of 0.01 M phosphate buf-
fer was added. The resulting protein extract 
was transferred to microtubes. Samples were 
then centrifuged at 4 °C for 15 min at 13,000 
rpm using a refrigerated centrifuge. After 
centrifugation, the supernatant (upper phase) 
was transferred to new microtubes, stored at 
−80 °C, and used to determine protein con-
centration and the activities of various en-
zymes. For protein quantification, 0.5 mL of 
the prepared protein extract was mixed with 
2 mL of Bradford reagent. The absorbance of 
the resulting mixtures was measured at 595 
nm using a spectrophotometer (Bradford, 
1976).      
soluble sugar determination
For soluble sugar determination, 0.1 g of 
fresh algal tissue was mixed with 2.5 mL of 
80% ethanol. The mixture was then placed in 
a water bath at 90°C for 60 minutes to extract 
soluble carbohydrates. Following extraction, 
the mixture was filtered through filter paper, 

and the residual alcohol was allowed to evap-
orate. The resulting precipitate was dissolved 
in 2.5 mL of distilled water, and 0.2 mL of the 
extract was transferred to a tube. Next, 5 mL 
of anthrone reagent was added to each tube, 
and the contents were mixed thoroughly. The 
tubes were then incubated in a water bath at 
90°C for 17 minutes. After cooling, the ab-
sorbance of the samples was measured at 625 
nm using a spectrophotometer (Dubois et al., 
1956).    
 Amino acids analysis
To determine amino acid content, 1 g of fresh 
algal tissue was homogenized in 10 mL of 
0.05 M phosphate buffer. The mixture was 
then centrifuged at 3000 rpm for 20 mn. After 
centrifugation, the supernatant was collected, 
and ninhydrin reagent was added at a super-
natant-to-reagent ratio of 1:5. The solution 
was incubated in a water bath at 100°C for 7 
minutes. Following incubation and cooling, 
the absorbance of the samples was measured 
at 570 nm using a spectrophotometer, follow-
ing the method described by Moore and Stein 
(1963).          
Catalase enzyme activity measurement
For the determination of catalase activity, the 
reaction mixture was prepared by combin-
ing 2.8 mL of 0.05 M phosphate buffer, 0.1 
mL of 3% hydrogen peroxide, and 0.1 mL of 
enzyme extract. The absorbance of this mix-
ture was measured every 10 seconds using a 
spectrophotometer at a wavelength of 290 nm 
(Aebi, 1984).   
Ascorbate peroxidase enzyme activity analy-
sis
Ascorbate peroxidase activity was determined 
by preparing the reaction mixture in an ice 
bath. Specifically, 2.0 mL of 0.05 M phosphate 
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buffer was mixed with 0.2 mL of 3% hydrogen 
peroxide and 0.2 mL of 5 mM ascorbic acid. 
Immediately after mixing, 0.1 mL of enzyme 
extract was added, and the initial absorbance 
was measured spectrophotometrically at 290 
nm (Nakano & Asada, 1981).      
polyphenol oxidase activity determination
To measure polyphenol oxidase activity, 0.2 
mL of pyrogallol was added to 2.5 mL of 0.2 
M phosphate buffer in a test tube. The mixture 
was placed in a water bath until the tempera-
ture of the tubes reached 40°C. Subsequently, 
0.2 mL of the previously prepared enzyme ex-
tract was added, and the change in absorbance 
was monitored spectrophotometrically at 430 
nm (Mayer & Harel, 1979).                                                                                                                              
Statistical analysis
The experiment was conducted using a com-
pletely randomized design (CRD) with three 
replications. All statistical analyses were 
performed using SPSS software. Differenc-
es among treatments were evaluated using 
one-way analysis of variance (ANOVA), and 
mean comparisons were performed using 
Duncan’s multiple range test at a significance 
level of p ≤ 0.05.          

Results
Physiological parameters

The results of the statistical analysis 
showed that Zn treatment significantly af-
fected physiological parameters (p ≤ 0.05). 
Exposure to 0.03 μg/mL Zn resulted in a 
35.51% increase in light absorbance relative 
to the control group. Under Zn treatment, F₀ 
and Fₘ increased in a concentration-depen-
dent manner, reaching 40.82% and 91.84% 
above the control values, respectively, at 0.5 
μg/mL of Zn. m. The highest Fᵥ/Fm value 
was also recorded at 0.03 μg/mL Zn, show-
ing a 50.76% increase compared with the 
control. At a Zn concentration of 0.03 μg/
mL, chlorophyll a and chlorophyll b con-
tents increased by 154.5% and 88.88%, 
respectively, relative to the control group. 
In contrast, carotenoid content showed the 
greatest increase, reaching 92.85% above 
the control at 0.5 μg/mL Zn. Proline content 
also increased in a concentration-dependent 
manner under Zn treatment, with the highest 
value observed at 0.5 μg/mL Zn, represent-
ing a 68.18% increase relative to the control 
(Table 1).
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Biochemical parameters
Data analysis showed that protein content 
increased under Zn treatment; however, the 
changes were not concentration-dependent. 
Protein content increased by 13.86% at  0.03 
μg/ml compared with the control group, fol-
lowed by a slight decrease at higher Zn con-
centrations, although the values remained 
higher than the control group. Soluble sugar 
content initially increased and subsequently 
decreased under Zn treatment, indicating a 
non-concentration-dependent response. The 
highest soluble sugar content was record-
ed at 0.03 μg/mL Zn, showing an 89.47% 
increase compared with the control. Total 
amino acid content increased in a concentra-
tion-dependent manner under Zn treatment, 
reaching its maximum value at 0.5 μg/mL 
Zn, with an 88.88% increase relative to the 
control. The results further demonstrated 
that catalase activity was significantly af-
fected by Zn treatment (p ≤ 0.05), although 
the changes were not concentration-depen-
dent. The highest catalase activity, repre-
senting a 71.42% increase compared with 

the control, was observed at 0.03 μg/mL Zn. 
In contrast, the activities of ascorbate perox-
idase and polyphenol oxidase increased in a 
concentration-dependent manner, reaching 
maximum increases of 88.46% and 90.38%, 
respectively, at 0.5 μg/mL Zn relative to the 
control (Table 2).

Discussion
Zinc (Zn) is an essential micronutrient 

for the growth and metabolism of microal-
gae and plays important roles enzyme struc-
ture and activity, photosynthetic processes, 
and antioxidant defense systems (Elleuch 
et al., 2021). Therefore, the physiologi-
cal and biochemical responses observed in 
Dunaliella salina under different Zn con-
centrations should be interpreted from two 
distinct perspectives: the nutritional and 
stimulatory effects at low concentrations and 
the stress-inducing or toxic effects at higher 
concentrations. The significant increase in 
Fv/Fm observed in Zn-treated cultures, par-
ticularly at 0.03 μg/mL, suggests that this 
concentration provided favorable conditions 
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for Photosystem II (PSII) performance and 
enhanced photosynthetic efficiency. Since 
Zn is involved in the activity of several en-
zymes associated with photosynthesis and 
electron transport, this response may reflect 
the significant nutritional role of Zn rather 
than a direct stress response (Wongsnansilp 
et al., 2018). In contrast, the increase in F0 
observed in some treatments may indicate 
alterations in PSII function and, at higher Zn 
concentrations, may be associated with the 
onset of photoinhibition and photosynthet-
ic disturbances. The increase in chlorophyll 
content under Zn supplementation, particu-
larly at 0.03 μg/mL, may be attributed in-
creased pigment biosynthesis, improved ac-
tivity of chlorophyll-synthesizing enzymes, 
and enhanced pigment stability (Alirahimi 
et al., 2022). Therefore, the elevated chloro-
phyll levels at this concentration may reflect 
the essential nutritional role of Zn. Con-
versely, the relative decline in chlorophyll 
content at 0.5 μg/mL may indicate the on-
set of inhibitory or toxic effects associated 
with excessive Zn accumulation and poten-
tial impairment to photosynthetic structures 
(Elleuch et al., 2021). The increase in sol-
uble sugar content, particularly at 0.03 μg/
mL Zn, may be associated with improved 
photosynthetic performance and enhanced 
carbon fixation. Although soluble sugars are 
known to function as osmoprotectants un-
der stress conditions, their accumulation at 
low Zn concentrations may instead reflect 
enhanced carbon metabolism and energy 
storage rather than a direct stress response 
(Elleuch et al., 2021). 
Similarly, the increase in total protein con-
tent at 0.03 μg/mL supports the potential 

role of Zn in promoting protein synthesis 
and metabolic activity. As a cofactor for 
numerous enzymes and a regulator of gene 
expression, Zn may promote protein pro-
duction under optimal nutritional condi-
tions. In contrast, the reduction in total pro-
tein content at 0.5 μg/mL may be associated 
with impaired protein synthesis or increased 
protein degradation under Zn-induced stress 
(Folgar et al., 2009). Regarding free amino 
acids, their accumulation at higher Zn con-
centrations, particularly at 0.5 μg/mL, may 
be associated with the synthesis of protec-
tive metabolites and the regulation of os-
motic balance. This interpretation is con-
sistent with the marked increase in proline 
observed at the same Zn concentration. Pro-
line is widely recognized as a compatible 
osmolyte and antioxidant-related metabolite 
that accumulates under oxidative and met-
al-induced stress conditions (Hamed et al., 
2017). Therefore, the substantial increase 
in proline and total amino acids at higher 
concentrations may indicate the activation 
of cellular defense mechanisms in response 
to Zn-induced stress, whereas the respons-
es observed at lower Zn concentrations may 
primarily reflect the nutritional effects of Zn, 
(Sui et al., 2021). The pattern of antioxidant 
enzyme activities further supports this dis-
tinction. The increase in catalase (CAT) ac-
tivity at 0.03 μg/mL may reflects enhanced 
cellular antioxidant capacity associated with 
adequate Zn availability. This response does 
not necessarily indicate severe stress but 
may instead suggests at enhanced capacity 
of the cells to detoxify reactive oxygen spe-
cies (ROS) (Gao et al., 2024).
In contrast, the elevated ascorbate peroxi-



45

Plant, Algae, and Environment, Vol. 10, Issue 3, Sept. 2026

dase (APX) activity observed at 0.5 μg/mL 
may indicate enhanced antioxidant respons-
es associated with increased ROS genera-
tion and a greater requirement for hydrogen 
peroxide detoxification under Zn-induced 
stress conditions (Roy, 2021). Likewise, 
the increase in polyphenol oxidase (PPO) 
activity at 0.5 μg/mL may be attributed to 
the activation of defense pathways involved 
in phenolic metabolism and oxidative stress 
mitigation. The higher PPO activity at ele-
vated Zn concentrations is consistent with 
its proposed role in cellular defense against 
environmental stress and oxidative damage 
(Mishra & Jha, 2011). Overall, the results 
demonstrate that the response of Dunaliel-
la salina to Zn varies with concentration 
and depends on the physiological and bio-
chemical parameter examined. The low 
Zn concentration of 0.03 μg/mL enhanced 
photosynthetic performance, chlorophyll 
accumulation, soluble sugar content, total 
protein content, and selected antioxidant 
responses, suggesting a predominantly nu-
tritional and stimulatory role of Zn in cel-
lular metabolism. In contrast, the higher 
concentration of 0.5 μg/mL was associated 
with increased levels of proline, free amino 
acids, APX, and PPO, together with relative 
reductions in some metabolic parameters, 
suggesting the activation of stress-related 
defense responses and the possible onset 
of Zn toxicity. Therefore, not all observed 
responses should be interpreted as stress-re-
lated effects; rather, a distinction should be 
made between the beneficial effects of ade-
quate Zn nutrition and the potentially detri-
mental effects associated with excessive Zn 
accumulation.

Conclusion
Zn supplementation induced concen-

tration-dependent changes in several phys-
iological and biochemical parameters in 
Dunaliella salina, reflecting both its essen-
tial nutritional role and its potential adverse 
effects at elevated concentrations. The low-
est Zn concentration (0.03 μg/mL) enhanced 
photosynthetic efficiency, chlorophyll con-
tent, soluble sugar content, protein accu-
mulation, and catalase activity, suggesting 
improved metabolic performance and anti-
oxidant responses. These responses suggest 
a predominantly beneficial and stimulatory 
effect of Zn rather than a pronounced stress 
response. In contrast, the highest Zn concen-
tration (0.5 μg/mL) increased proline, total 
free amino acid content, APX activity, and 
PPO activity while reducing protein content, 
suggesting the activation of stress-related 
protective responses. The control treatment 
generally exhibited lower levels of several 
metabolic and antioxidant parameters, high-
lighting the importance of Zn for optimal 
cellular function. Overall, Dunaliella salina 
exhibited considerable metabolic flexibility 
and modulation of antioxidants in response 
to Zn availability. These findings emphasize 
the importance of optimizing Zn concentra-
tions to support algal physiological perfor-
mance and potentially enhance applications 
in metabolite production and bioremedia-
tion.
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