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and hence the control of the cell cycle and growth (Cheng 
et al. 2016; Chien and Lin 2019; Luis et al. 2006; Nowicka 
2022; Ugya et al. 2020; Wang and Ki 2020).

However, when exposed to environmental stressors (e.g. 
UV irradiation, high light intensity, high or low temperature, 
salinity, toxic pollutants as heavy metals, etc.) the concen-
tration of ROS critically increases and all the cellular com-
ponents must cope with excess ROS to diminish the harmful 
effect on bioactive components (Chen et al. 2015; Cheng et 
al. 2016; Chien and Lin 2019; Wang and Ki 2020; Yang et 
al. 2022). ROS may disrupt cellular homeostasis, making 
a state of oxidation or oxidative stress imposed on the liv-
ing cells. Mutagenesis, metabolic disruption, and changes 
in cell structure can result from oxidative damage to DNA, 
proteins, and lipids (Okamoto et al. 2001; Ugya et al. 2020).

Environmental stress can also be caused by high iron 
concentration in the growth media of microorganisms. Iron 
density is 7.874 g cm−³ therefore it is considered a heavy 
metal (Nowicka 2022). It is essential for the growth of 

Introduction

Reactive oxygen species (ROS) are highly interactive 
oxygen-derivative compounds that include superoxide, 
hydroxyl radical, peroxides, singlet oxygen, and alpha-oxy-
gen. They are normal byproducts found in the cells of living 
organisms e.g. bacteria, fungi, algae, and plants. ROS are 
regularly produced as a result of cellular metabolism includ-
ing respiration and photosynthesis. They help in signaling 
and connection between the cellular organelles as mito-
chondria and chloroplasts, regulation of gene expression 
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Abstract
Algae are always facing the challenge of exposure to different stress conditions, therefore raising challenges of adaptation 
for survival. In this context, the growth and the antioxidant enzymes of the green stress-tolerant alga Pseudochlorella 
pringsheimii were investigated under two environmental stresses viz. iron and salinity. The number of algal cells was 
moderately increased by iron treatment in the range of 0.025–0.09 mM of iron, yet, the number of cells decreased at high 
iron concentrations (0.18 to 0.7 mM Fe). Furthermore, the different NaCl concentrations (8.5–136.0 mM) had an inhibitory 
effect on the algal cell number, compared to the control.

The superoxide dismutase (SOD) showed three isoforms namely; Mn, Fe, and Cu/Zn SOD. The in gel and in vitro 
(tube-test) activities of FeSOD were higher compared with the other SOD isoforms. The activity of total SOD and its 
isoforms increased significantly by the different concentrations of Fe and non-significantly by NaCl. The maximum SOD 
activity was recorded at 0.7 mM Fe (67.9% above control). The relative expression of FeSOD was high under iron and 
NaCl at 8.5 and 34 mM, respectively. However, FeSOD expression was reduced at the highest NaCl tested concentration 
(136 mM). In addition, the antioxidant enzyme activity of catalase (CAT) and peroxidase (POD) were accelerated by 
increasing iron and salinity stress which indicates the essential role of these enzymes under stress. The correlation between 
the investigated parameters was also investigated. A highly significant positive correlation between the activity of total 
SOD and its isoforms, and with the relative expression of FeSOD was observed.
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all living organisms as it is a component of the electron-
transport system (generation of energy), biosynthesis of 
chlorophylls, carotenoids, and DNA, nitrogen assimila-
tion, biosynthesis of fatty acids, and as a co-factor in sev-
eral enzymes (El-Sheekh et al. 2022; Ismaiel et al. 2018; 
Nowicka 2022; Rybak et al. 2020; Yang et al. 2022). Iron is 
usually present in low concentration due to its partial solu-
bilization, oxidation, precipitation, and complexation (with 
other salts), therefore it is considered a critical microele-
ment for algal growth (Rybak et al. 2020; Torres et al. 2008; 
Yang et al. 2022). However, higher concentrations of iron 
may be recorded naturally due to the action of chemical or 
biological processes in water and soil, or due to increased 
anthropogenic activities (such as mining, industrial pro-
cesses, etc.) which increase the heavy metal ions and pose 
a severe hazard to water and land ecosystems (Nowicka 
2022). ROS production was highly promoted under high 
iron concentrations due to stimulation of the autooxidation 
process. For example, the production of hydroxide (OH−) 
and hydroxyl radicals (OHֺ) occurs when hydrogen perox-
ide (H2O2) reacts with Fe2+ (Fenton reaction). Moreover, 
the production of hydroxyl and hydroxide ions occurs when 
iron catalyzes the reaction between H2O2 and superoxide 
ion O2ֺ− (Haber–Weiss cycle). Usually, mitochondria and 
chloroplasts produce the majority of ROS in living cells 
(Nowicka 2022; Yang et al. 2022).

Salinity, another example of an abiotic stress, is a state of 
high salt concentration (Na+, K+, Ca2+, Mg2+, and Cl−) in 
water and soil. High salinity may occur either naturally due 
to high temperature, drought, decay of soil, rocks, minerals 
by weather factors, etc., or artificially due to the irrigation, 
construction of roads, industry, etc. (Pietryczuk et al. 2014; 
Singh et al. 2018). The hazardous effect of high salinity 
may come from direct osmotic stress, imbalance of cellular 
ions, dehydration, and the high production of different ROS, 
which causes oxidative damage to the cell (Chen et al. 2015; 
Mallik et al. 2011; Pietryczuk et al. 2014; Singh et al. 2018; 
Wang and Ki 2020; Zhao et al. 2022).

Living organisms have developed different antioxidant 
mechanisms to lower the concentration of ROS and to sur-
vive stressful conditions. The role of antioxidant enzymes 
is vital for survival under stressful conditions because they 
reduce the harmful effects of ROS. By adjusting antioxidant 
enzymes, many attempts have been undertaken to increase 
the salt tolerance of plants (Hu et al. 2012; Jebara et al. 
2005; Mallik et al. 2011; Mao et al. 2020). The induction of 
the antioxidant enzyme activities of Cyanophyta and Chlo-
rophyta under several environmental conditions has been 
reported in the literature (Ajitha et al. 2019; Ismaiel and 
Said 2018; Önem et al. 2018; Ugya et al. 2020).

Superoxide dismutase (SOD) is an important antioxi-
dant enzyme that, regarding its function, is considered the 

first and essential guard against ROS production. SOD 
dismutates the superoxide anions that are increased under 
stress conditions and convert them to hydrogen peroxide 
and oxygen molecules (Chien and Lin 2019; Pietryczuk et 
al. 2014; Pokora et al. 2003; Wang and Ki 2020). Catalase 
(CAT) and peroxidase (POD) enzymes take the next step 
to convert this active component (peroxide) into harmless 
water molecules. They reduce two molecules of hydrogen 
peroxide into two molecules of water and one molecule of 
oxygen. However, POD could decompose other peroxide 
compounds (e.g. organic hydroperoxides), via several sub-
strates (e.g. pyrogallol, ascorbate, etc.) as an electron donor, 
to less harmful compounds. Both CAT and POD were stim-
ulated under stress conditions to mitigate the harmful effect 
of increased ROS and protect the cells against oxidative 
damage (Cheng et al. 2016; Hu et al. 2012; Movafeghi et al. 
2019; Torres et al. 2008).

According to their metal cofactor, SODs are divided into 
three basic, widely distributed, groups: iron (FeSOD), man-
ganese (MnSOD), and copper-zinc (Cu/ZnSOD). A fourth 
isoform, NiSOD, was discovered in Streptomyces and cya-
nobacteria (Hu et al. 2012; Pokora et al. 2003; Wang and 
Ki 2020). In plants, different isoforms of SOD (encoded by 
multiple genes) were identified in several subcellular loca-
tions of the same species. For instance, Arabidopsis has 
eight known SODs: two MnSODs (MSD1-2), three Cu/
ZnSODs (CSD1-3), and three FeSODs (FSD1-3). These 
isoforms were found in the chloroplasts (CSD2 and FSD1-
3), the mitochondria (MSD1), the peroxisomes (CSD3), 
the cytoplasm (CSD1 and FSD1), the nucleus (FSD1), and 
the apoplast (MSD2) of the plant cells (Chen et al. 2022; 
Kliebenstein et al. 1998; Lee et al. 2022). Moreover, five 
SOD isoforms (SOD1-5) were identified in the leaves of the 
perennial ryegrass (Lolium perenne). However, the specific-
ity of these isoforms was not identified (Hu et al. 2012). 
Regarding the green algae (Chlorophyta), six SOD genes 
(five encoding MnSODs and one encoding FeSOD) were 
identified in the genome of the model alga Chlamydomo-
nas reinhardtii. However, there is no evidence for any Cu/
ZnSOD encoding genes (Page et al. 2012). Meanwhile, 
one MnSOD, one Cu/ZnSOD, and two different groups of 
three FeSODs (depending on the strain) were identified in 
Scenedesmus species (Pokora et al. 2003).

The increased activity of SOD (in addition to other anti-
oxidants) in different algae of Cyanophyta, Chlorophyta, 
Rhodophyta, and Bacillariophyta under heavy metal and 
salinity stress has been reported in the literature. How-
ever, high doses of heavy metals or salts and/or prolonged 
exposure may lower the SOD activity (Antoni et al. 2021; 
Nowicka 2022; Önem et al. 2018; Pietryczuk et al. 2014; 
Zhao et al. 2022). Yet, despite the studies that highlight the 
essential role of FeSOD under different heavy metals and 
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salinity stress (Mallik et al. 2011; Okamoto et al. 2001; 
Pinto et al. 2003), further investigation is needed to iden-
tify, and discriminate between the SOD isoforms present in 
different eukaryotic algae and to compare their roles under 
environmental stress.

Pseudochlorella pringsheimii (Shihar & Krauss) 
Darienko & al., a green eukaryotic alga, is common in 
diverse environments including aquatic or terrestrial habi-
tats. It reproduces expeditiously by autospores and has the 
ability to synthesize and store important stress metabolites 
(Darienko et al. 2010; Hirooka et al. 2014; Ismaiel 2016). 
It was shown to have a high tolerance to nitrogen and pH 
(Hirooka et al. 2014; Ismaiel 2016), heavy metals (Isma-
iel and Said 2018), and osmotic stress, and is therefore 
regarded as an environmental bioindicator (Darienko et al. 
2010). Previously, P. pringsheimii was shown to have three 
SOD isoforms viz. Cu/ZnSOD, MnSOD and FeSOD (Isma-
iel and Piercey-Normore 2019). In addition, the FeSOD 
was characterized and expressed in an external bacterial 
host which yielded constant high levels of activity (Ismaiel 
and Piercey-Normore 2019). However, the variation of the 
activity levels of these SOD isoforms may have been due 
to undetected stress and therefore further investigation is 
needed to compare different types of stress.

Accordingly, the aims of this study were (1) to investi-
gate the activity of SOD isoforms of P. pringsheimii under 
iron and salinity stress; (2) to follow the expression level 
of the FeSOD gene under these stressors, and (3) to check 
the activity of CAT and POD as supportive antioxidant 
enzymes.

Materials and methods

Alga, culture, and stressors

The organism used in this study is the green alga Pseu-
dochlorella pringsheimii MIYA 102 (Trebouxiophyceae, 
Chlorophyta), grown in the Phycology Lab, Faculty of 
Science, Zagazig University, Egypt. Bold’s Basal culture 
medium was used to support the growth of the investigated 
alga, as described previously by Bischoff and Bold (1963).

Aliquots of the culture medium (49 ml) were dispensed in 
125-ml size Erlenmeyer flasks. Two stressors were selected; 
iron (FeSO4.7H2O) and salinity (NaCl) and applied in a 
range of 0.025-0.700 mM Fe and 8.5–136.0 mM NaCl. 
The original medium already has standard ingredients of 
0.018 mM Fe and 0.430 mM NaCl. After medium dispen-
sation, the flasks were plugged with cotton and sterilized 
by autoclaving at 121 °C for 20 min. One ml-sized inocu-
lum (5 × 105 cells ml− 1 of algal mid-log stock culture) was 
used to inoculate the cooled culture flasks. The flasks were 

incubated at 31 ± 0.5  °C and illuminated with continuous 
fluorescent light at 85 µmol photons m− 2 s− 1. The algal cells 
were dispersed routinely, by handshaking, twice daily. The 
algal growth was monitored every two days as cell count per 
ml via haemocytometer. After 10 days, the algal cells were 
harvested by centrifugation at 6,000 g for 10 min at 4 °C, 
(Sorvall Legend X1R, Thermo Scientific). To remove any 
possibility of adsorbed metals on the cell surface, the pel-
lets were washed with 10 mM Na2-EDTA, and by distilled 
water, weighed (expressed as fresh weight; FW), frozen in 
liquid nitrogen, and stored at − 20 ˚C until required.

Chemicals used, unless otherwise stated, were of fine 
analytical grade, purchased from Sigma-Aldrich, Stein-
heim, Germany.

Enzyme extraction

Small volumes (1.5 ml) of enzyme extraction buffer (50 
mM phosphate buffer pH 7, 0.5% Triton X-100, 1% poly-
vinylpyrrolidone (PVP), and 1 mM Na2-EDTA) were added 
to the algal pellets, and homogenized by vortexing with an 
equal volume of glass beads, at 4 °C. The enzyme extracts 
were eluted by centrifugation at 10,000 g for 10 min at 4 °C. 
The supernatant was used for the in gel analysis of the SOD 
isoforms, and to measure the activity of the antioxidant 
enzymes.

The enzyme activities were expressed on a protein-con-
tent basis. Therefore, the protein content of the extracts was 
assayed using a Bio-Rad protein assay kit (BioRad, USA) 
based on Bradford’s method (Bradford 1976), using bovine 
serum albumin as a standard.

Determination of the SOD isoforms by activity-
stained native PAGE

The activity of SOD isoforms of P. pringsheimii were iden-
tified via in gel SOD staining activity using native PAGE 
(i.e. conducted in the absence of SDS and β- mercaptoetha-
nol gel-components) using NBT (Beauchamp and Fridovich 
1971). Briefly, 20 µl of enzyme extract samples (equivalent 
to 50 µg protein extract) were run electrophoretically (at 120 
V) in 12% native gel with a 4% stacking gel as described 
by Laemmli (1970), using a mini gel apparatus (BioRad, 
USA). After 40 min, the gel was soaked in darkness, firstly 
in 2.45 mM NBT buffer solution (36 mM K- phosphate buf-
fer pH 7.8) for 20 min, and secondly in a 36 mM K- phos-
phate buffer (pH 7.8) containing 28 µM TEMED (N, N, N’ 
N’-tetramethylethylenediamine) and 28 µM riboflavin for 
30 min at room temperature. Finally, the gel was put under 
continuous fluorescent light until the appearance of chro-
matic zones, representing the SOD activity, on a purple-blue 
background. The in gel activity (band intensity of the SOD 
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transcribed to cDNA using the RevertAidTM H Minus First 
Strand cDNA synthesis kit (Fermentas, USA). All the previ-
ous procedures were done according to the manufacturer’s 
instructions.

Quantitative reverse transcription PCR (qRT-PCR) 
analysis of FeSOD

The assay mixture (20-µl volume) consisted of the different 
cDNA samples (transcribed from 100 ng total RNA), 1X 
SYBR Green Master Mix (iQTM SYBR® Green Supermix; 
Bio-Rad), 300 nmol l− 1 of each FeSOD-specific primer pair 
(RTCh-HiF and RTCh-HiF product size 144 bp; Table S1) 
and 18 S rRNA (product size 127 bp) as a reference gene 
(Table S1).

The thermal amplification cycle consisted of 95 °C for 
3 min followed by 40 cycles of denaturation at 95 °C for 
30 s, annealing at 58 °C for 30 s, and extension at 72 °C for 
30 s. The amplification reaction was done in an MJ Mini™ 
thermal cycler and monitored by an MJ Mini-Opticon RT-
PCR detector (Bio-Rad). To ensure the quality of the PCR 
product, a melting curve analysis and a negative control (no 
cDNA sample) were performed, in addition to agarose-gel 
visualization. The relative levels of FeSOD expression were 
analyzed with the 2−ΔΔCT method as described by Livak and 
Schmittgen (2001).

CAT and POD activities

The method of Kar and Mishra (1976) was used to assay 
the activities of CAT and POD with minor modifications. 
The activity of CAT was determined by adding 200 µl of the 
enzyme extract into an assay mixture containing 300 µM 
phosphate buffer (pH 6.8), and 100 µM H2O2. After incuba-
tion at 25 °C for five minutes, the reaction was stopped by 
2% H2SO4 (v/v) and the residual H2O2 was titrated against 
0.01  N KMnO4 until a faint purple color persisted for at 
least 15 s. A blank was run at the same time in which the 
enzyme activity was stopped at “zero” time. One unit of 
catalase activity was defined as the amount of enzyme that 
decomposes 1 m mol of H2O2 per minute.

Regarding the POD activity, it was assayed by adding 
200 µl of the enzyme extract in 125 µM phosphate buffer 
(pH 6.8), 50 µM pyrogallol, and 50 µM H2O2. The mix-
ture was incubated at 25 °C for 5 min after which the reac-
tion was stopped by adding 0.5 ml of 5% (v/v) H2SO4. The 
amount of formed purpurogallin was determined by optical 
absorbance measurement at 420 nm. One unit of peroxidase 
activity was defined as the amount of enzyme that produces 
1 absorbance change at 420 nm per minute. The activity of 
CAT and POD was expressed as U mg− 1 protein.

isoforms under the different treatments) was quantified by a 
densitometry analysis (via ImageJ software; http://imagej.
nih.gov/ij/). The intensities were expressed in arbitrary units 
and normalized to the control value (set at 100). The values 
(of each SOD isoform) are mean of three gel replicates ± SD.

Superoxide dismutase (SOD) activity

The activity of SOD (tube-test) was measured following the 
procedure of Beauchamp and Fridovich (1971). An aliquot 
(50 µl) of the enzyme extract was added to the assay buffer 
consisting of 50 mM phosphate buffer (pH 7.8), 0.1 mM 
Na2-EDTA, 13 mM methionine, 75 µM nitroblue tetrazo-
lium chloride (NBT), and 2 µM riboflavin (added last). The 
reaction was initiated by placing the sample tubes under cool 
white fluorescent light (60 µmol photons m− 2 s− 1). A nega-
tive control (wrapped sample tube), and positive control 
(no sample extract, i.e. no SOD activity) were put in light 
parallel with the other samples. The optical absorbencies 
of all sample tubes were measured at 560 nm after 20 min 
of irradiance and the rate of NBT reduction was calculated 
for each sample. The negative control was used to detect 
any misleading reaction of the assay contents, whereas the 
positive control was used as a reference to calculate the 50% 
inhibition of the NBT rate reduction for each sample.

One unit of SOD activity was defined as the amount of 
enzyme required to cause 50% inhibition of the reduced 
NBT measured at 560 nm in comparison with the positive 
control under the assay conditions described. The activity 
was expressed in U mg protein− 1.

To discriminate between the activities of the SOD iso-
forms, inhibitors such as 5 mM H2O2 (inactivate both Cu/
ZnSOD and FeSOD), or 3 mM KCN (inactivate only Cu/
ZnSOD) were separately added to the assay reaction and 
measured as above (Pokora et al. 2003; Wu and Lee 2008).

Relative expression of FeSOD transcript

RNA extraction

The total RNA of P. pringsheimii was extracted using the 
TRIzol® method (Invitrogen, Carlsbad, CA). Briefly, the 
algal cells (equivalent to 100 mg of algal fresh weight) of 
the selected samples were homogenized with 1 ml TRIzol 
reagent and an equal volume of glass beads 4 °C, and pro-
ceeded following the manufacturer’s protocol. The integ-
rity of the RNA was checked by measurement of optical 
absorbance ratio (A260/280) (using the NanoDrop 2000c 
spectrophotometer, Thermo Scientific), and by 1% aga-
rose gel electrophoresis. The intact RNA was treated with 
DNase I (Invitrogen, CA), and checked by PCR cycle for 
any possibility of DNA contamination. The valid RNA was 
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SOD isoforms and activity in P. pringsheimii

The three SOD isoforms (Mn, Fe, and Cu/Zn SOD iso-
forms) are present in P. pringsheimii under the investigated 
stressors, as suggested by the denaturing gel electrophore-
sis (Fig. 2). The band intensity of FeSOD, which represents 
the enzyme activity, was higher than other SOD isoforms. 
Moreover, the band intensity of all SOD isoforms increased 
upon the Fe treatment. Whereas those of NaCl treatment 
was increased until the highest concentration (136 mM 
NaCl) where a relative reduction (paleness) was observed 
(Fig. 2, Table S2).

The activity of SOD (in total) increased consistently by 
the different concentrations of iron, but NaCl had very little 
effect on the activity of SOD with the exception of the high-
est concentration (136 mM NaCl). The maximum stimula-
tion (71 U mg protein− 1) was recorded at 0.7 mM Fe (67.9% 
above control) (Fig. 3). The activity of the FeSOD isoform 
was markedly higher than the other two isoforms studied 
under all concentrations of iron and NaCl, while the activ-
ity of MnSOD came second, followed by that of the Cu/
ZnSOD isoform (Fig. 3).

FeSOD expression increased with high Fe and low 
NaCl levels

The relative expression of FeSOD showed that high iron 
concentrations had a stimulatory effect on the expression 
of the FeSOD up to the highest one (3-fold above control). 
Whereas low NaCl concentrations at 8.5 and 34 mM had a 
significant (P < 0.05) stimulation on the relative expression 

Statistical analysis

The data collected in this study were represented as mean 
value ± SD (standard deviation) of three replicates. All of the 
statistical analyses were carried out using SPSS 10.0 soft-
ware (SPSS, Richmond, VA, USA) as described by Dytham 
(1999). The validity of the data through normal distribution 
and equality (homogeneity) of variance was assured via 
the Kolmogorov–Smirnov and Bartlett’s tests, respectively. 
One-way ANOVA with Duncan’s multiple range tests were 
employed for the analysis of variance, and to compare the 
significance level between values at P < 0.05. The correla-
tion between the data was tested using Pearson’s bivariate 
correlation test (cases number; n = 39).

Results

Algal growth

The number of cells of P. pringsheimii increased by incuba-
tion time until the 10th day. The lower iron concentrations 
(0.025–0.09 mM) had a moderate stimulatory effect on the 
number of algal cells compared to the control. However, 
higher iron concentrations (0.18 up to 0.70 mM) reduced 
the cell number from day 4 until the end of incubation on 
day 10 (Fig. 1a). Whereas, the different NaCl concentrations 
studied (8.50 to 136.0 mM) had an inhibitory effect on the 
algal cell number, compared to the control (Fig. 1b).

Fig. 1  Growth of P. pringsheimii (represented by cell number ml− 1 
culture) under different concentrations of iron (a) and NaCl (b). Cont.; 
is the algal growth at the standard medium composition, i.e., 0.018 

mM Fe and 0.43 mM NaCl. Each data point represents the mean ± SD 
of three replicates. The different letters (for each doubling day) repre-
sent significant differences at P < 0.05 (Duncan’s multiple range test)
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maximum activity values of CAT (2-fold increase above 
control) and POD (2.5- and 3-fold) were recorded at 0.7 
mM Fe, and 100 mM NaCl (Fig. 5).

Correlation analysis

The results of the correlation between the investigated 
parameters were represented in Table  1. The high signifi-
cant positive correlation coefficients (R2 > 0.9; P < 0.01) 
between the activity of total SOD activity and its isoforms 
activity may indicate the participation of all these isoforms 
for the total SOD activity against the investigated stressors. 

of FeSOD, especially at 8.5 mM NaCl (2.5-fold increase). 
However, FeSOD expression was reduced at the highest 
NaCl tested concentration (136 mM; Fig. 4).

CAT and POD activity increased with increasing Fe 
and NaCl concentrations

Our data showed that an increase in iron and salinity stress 
significantly (P < 0.05) stimulated the activity of CAT and 
POD. Where they reached a maximum level at the high-
est tested concentrations of iron and salinity. However, both 
enzymes’ activity began to decrease at 136 mM NaCl. The 

Fig. 2  (a) Gel activity of the SOD isoforms (native-PAGE gel 12%) of 
P. pringsheimii under different concentrations of iron and NaCl (mM); 
each lane was loaded with 50 µg protein extract. (b) The in gel activ-
ity (band intensity of the SOD isoforms) quantified by a densitometry 
analysis (via ImageJ software). The intensities were expressed in arbi-
trary units and normalized to the control value (set at 100). The values 

(of each SOD isoform) are mean of three gel replicates ± SD. Cont.; is 
the algal growth at the standard medium composition, i.e., 0.018 mM 
Fe and 0.43 mM NaCl. The different letters (for each SOD isoform) 
represent significant differences at P < 0.05 (Duncan’s multiple range 
test)
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Discussion

Algal growth

The induction of the algal cell number by the relatively lower 
concentrations of Fe may be related to the importance of 
Fe ions for the algal metabolic activities (as photosynthesis 
and respiration etc.) and also for the synthesis of significant 
components such as nucleic acid and proteins (Ismaiel et al. 
2018; Nowicka 2022; Sun et al. 2021). Other studies have 
shown that the exponential growth rate of the green alga 
Chlamydomonas reinhardtii and the diatom Halamphora 

In addition, the relative expression of FeSOD showed a 
high significant positive correlation (R2 > 0.66; P < 0.01) 
with the activity of total SOD and its isoforms. However, 
it showed a low insignificant correlation value between the 
relative expression of FeSOD with CAT and POD activi-
ties (R2 = 0.35 and 0.18, respectively). Moreover, a signifi-
cant positive correlation coefficient (R2 = 0.79; P < 0.01) 
between CAT and POD was also indicated.

Fig. 4  Relative expression of 
FeSOD transcript of P. pring-
sheimii under different concentra-
tions of iron and salinity. Bars 
are mean ± SD of three replicates, 
which were normalized to the 
control value (the relative expres-
sion at standard ion concentra-
tions in the Bold’s Basal medium, 
0.018 mM Fe and 0.43 mM 
NaCl, set at 100). Different letters 
within each parameter represent 
significant differences at P < 0.05 
(Duncan’s)

 

Fig. 3  Activity of the different SOD isoforms of P. pringsheimii (U 
mg− 1 protein) under different concentrations of iron and NaCl. Cont.; 
is the algal growth at the standard medium composition, i.e., 0.018 

mM Fe and 0.43 mM NaCl. Bars represent the mean ± SD of three 
replicates. The different letters (for each SOD isoform) represent sig-
nificant differences at P < 0.05 (Duncan’s multiple range test)
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SOD isoforms

The increased band intensity of FeSOD under stress (Fig. 2) 
are consistent with the claim that FeSOD was the most 
important SOD isoform in green algae (Chien and Lin 2019; 
Luis et al. 2006; Pokora et al. 2003; Wang and Ki 2020). 
Previously, NaCl induced the appearance of new FeSOD 
isoforms in Chlorella sp. which support its importance, as 
in our study, against other isoforms such as MnSOD (Mal-
lik et al. 2011). Also, the FeSOD isoform in common bean 
(Phaseolus vulgaris) was induced by salinity, to a higher 
level over that of MnSOD. Hu et al. (2012) reported the 
different response of SOD isoforms (Fe-, Mn-, and Cu/
ZnSODs) in leaves of the perennial ryegrass (Lolium 
perenne) under the effect of salinity stress. They showed 
that the majority of SOD isoforms of L. perenne had a high 
activity after the 4th day of exposure, however, the extended 
exposure had a negative effect on these isoforms.

Our results also showed the presence of the Cu/ZnSOD 
isoform in P. pringsheimii (Fig.  2) which may boost the 
alga’s ability to withstand stress. This type of SOD isoform 
was not reported much in eukaryotic algae especially for 
Chlorella species (Asada et al. 1977; Chien and Lin 2019; 
Mallik et al. 2011; Pelah and Cohen 2005).

luciae was significantly (P < 0.05) reduced only at the 
higher tested concentration of Cu (100 µM) and Zn (120 
µM) (Antoni et al. 2021; Luis et al. 2006), which is consis-
tent with our results. Moreover, Mao et al. (2022) showed 
that the growth of the green alga Chlorella thermophila 
and the blue-green alga Leptolyngbya sp. was negatively 
affected by increasing As(III) concentrations during 15 days 
of incubation. The growth of Leptolyngbya sp. was lagging 
on the third day, which was not found in C. thermophila. 
Comparatively, in our study, the growth-curve pattern of P. 
pringsheimii produced the largest number of cells at the low-
est Fe concentration (Fig. 1a). Regarding the salinity effect, 
our results were consistent with the literature, where the cell 
number of Chlorella vulgaris was significantly decreased 
under the increasing concentrations of cadmium-selenide 
nanoparticles (25 to 50 mg l− 1) (Movafeghi et al. 2019) or 
Cd sulphate salt (0.5-7  mg l− 1) (Cheng et al. 2016). The 
literature also shows an inhibitory dose-dependent effect as 
a result of increased ROS production, ionic toxicity, and the 
disruption of osmotic pressure that resulted in nutritional 
imbalances (Chen et al. 2015; Ismaiel et al. 2018; Mao et al. 
2020; Pietryczuk et al. 2014; Sun et al. 2021).

Table 1  Pearson’s correlation coefficients (R2) between the investigated parameters of P. pringsheimii under iron and salinity stress
Parameters Cell number MnSOD FeSOD Cu/ZnSOD Total SOD FeSOD relative expression CAT
MnSOD -0.122
FeSOD -0.165 0.907**

Cu/ZnSOD -0.087 0.932** 0.911**

Total SOD − 0.183 0.985** 0.914** 0.931**

FeSODrelative expression − 0.160 0.661** 0.734** 0.688** 0.748**

CAT − 0.820** 0.265 0.269 0.197 0.344* 0.350
POD − 0.872** 0.008 0.138 0.057 0.084 0.184 0.793**

** Correlation is significant at the 0.01 level (2-tailed)
* Correlation is significant at the 0.05 level (2-tailed)

Fig. 5  Activity of catalase (CAT) 
and peroxidase (POD) of P. 
pringsheimii (U mg− 1 protein) 
under different concentrations of 
iron and NaCl. Cont.; is the algal 
growth at the standard medium 
composition, i.e., 0.018 mM 
Fe and 0.430 mM NaCl. Bars 
represent the mean ± SD of three 
replicates. The different letters 
(for each enzyme) represent 
significant differences at P < 0.05 
(Duncan’s multiple range test)
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suggested that the type of plant or algae, its stage of the 
life cycle (or the age of the organism), and the sensitivity 
of the tested enzymes may also explain the disparity in the 
responses. Our results did not show any response even at the 
lower end of NaCl concentrations reported in these studies, 
which may be explained by the species being different. SOD 
activity by NaCl induction may indicate species-specific 
and stress-specific responsiveness of SOD activity (Ajitha 
et al. 2019; Chen et al. 2015; Li et al. 2021; Mao et al. 2020; 
Nowicka 2022; Önem et al. 2018; Rai et al. 2013).

Pietryczuk et al. (2014) reported the increased SOD 
activity of C. vulgaris by relatively low NaCl concentrations 
(0.1 and 1.0 µM), whereas the higher concentrations (10 and 
100 µM NaCl) led to reduced or similar SOD activity as the 
control. They attributed the change of SOD activity under 
stress to the species of the investigated algae. In contrast, 
the activity of the FeSOD isoform was highly stimulated 
by salinity in the roots and nodules of Phaseolus vulgaris, 
whereas the activity of MnSOD was only slightly induced. 
However, Cu/ZnSOD activity was slightly stimulated at the 
level of the nodules and highly reduced in the roots (Jeb-
ara et al. 2005). However, prolonged exposure may affect 
enzyme activity as NaCl was found to be highly toxic to 
plant cells. For example, the activity of SOD activity in 
leaves of Lolium perenne was increased up to the 4th day of 
exposure to salt stress (250 mM NaCl); after that, a decline 
of the activity was observed (Hu et al. 2012). The reduced 
activity may be related to the toxicity of the surplus ROS 
concentration, inactivation of the enzyme, or the collapse of 
the total antioxidant system according to the specific-toler-
ance of the algal organism (Ajitha et al. 2019; Cheng et al. 
2016; Movafeghi et al. 2019).

In summary, the higher induction of SOD under iron 
rather than salinity stress (Fig.  3) may be explained sev-
eral ways. First, the importance of iron as a cofactor in the 
SOD enzyme (FeSOD) supports the increased activity of 
the enzyme by iron availability (Nowicka 2022). Secondly, 
the stimulation of ROS produced by the participation of 
Fe which is catalyzed by the Fenton reaction and Haber–
Weiss cycle consequently increased the induction of SOD 
(Nowicka 2022; Yang et al. 2022). Thirdly, the total capac-
ity of algal antioxidant systems of the investigated alga may 
be more effective under excess Fe stress rather than NaCl 
(Ajitha et al. 2019; Ismaiel et al. 2018).

FeSOD expression

The results of FeSOD expression (Fig. 4) were in accordance 
with that reported by Wang and Ki (2020); where the relative 
expression of two genes of FeSOD (of the green alga Clo-
sterium ehrenbergii) was increased by 2-fold (at 0.09 mM) 
and 1.7-fold (at 0.36 mM) by iron treatment. However, the 

SOD activity

The induction of SOD activity was not surprising under 
stressors in this study since SOD is known to be an essential 
enzyme to cope with ROS production. The higher activity 
of SOD under Fe stress is likely related to the importance 
of Fe as a co-factor for this enzyme activity (Torres et al. 
2008; Wang and Ki 2020). Each of the three separate SOD 
isoforms showed a similar trend to that described above for 
total SOD. The activity of Mn, Fe, and Cu/Zn SOD isoforms 
was increased significantly (P < 0.05) by the different con-
centrations of iron, whereas the NaCl did not significantly 
(P < 0.05) alter the activity of the SOD isoforms compared 
to the control.

In agreement with the presented observations (Fig.  3), 
Pinto et al. (2003) reported that heavy metals promote the 
activity of FeSOD and MnSOD isoforms, but do not appre-
ciably change the activity of the Cu/ZnSOD isoform. This 
suggests that the Cu/ZnSOD isoform may be triggered by 
something other than heavy metals, highlighting potentially 
different roles of these isoforms to protect the electron trans-
port systems in mitochondria and chloroplasts against ROS 
toxicity. In this regard also, Okamoto et al. (2001) reported 
the increased activity of the FeSOD of the marine dinofla-
gellate Lingulodinium polyedrum after treatment with metal 
ions including Cu, Cd, Pb, and Cu. Similarly, exposure of 
the green algae C. vulgaris, C. reinhardtii, and Closterium 
ehrenbergii to heavy metals increased the SOD activity 
(Cheng et al. 2016; Luis et al. 2006; Wang and Ki 2020). In 
general, the isolated algal strains from metal-contaminated 
water showed a great rate of SOD activity (Nowicka 2022).

The duration of exposure is another important factor that 
may affect the survival of algae to stress. The exposure to 
stress may be divided into two phases; acute (short phase) and 
chronic (long phase) (Ajitha et al. 2019; Antoni et al. 2021). 
Usually the metabolic activity of stressed algae increased 
under the acute phase to resist harsh conditions including 
high ROS production. However, depending on the toler-
ance degree of the tested species, the majority of metabolic 
activity collapsed under the chronic phase of exposure. For 
example, Zn at 120 µM significantly increased (P < 0.05) the 
activity of SOD in the bacillariophyte Halamphora luciae at 
the 4th day of exposure (acute phase), however prolonged 
exposure (at the 9th day; stationary or chronic phase) low-
ered the SOD activity, compared to the control. This may be 
attributed to the high accumulation (internal concentration) 
of the metal over time in the algal cells which increases the 
toxicity and ROS production inside the cells (Antoni et al. 
2021). Similarly, the SOD activity in A. platensis-M2 was 
increased under mild toxicity of Zn and tin (Sn) metals pos-
sibly to deal with the accelerated production of superoxide 
radicals in the cells (Önem et al. 2018; Torres et al. 2008) 
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APX did not agree with the changes (reduction) of enzyme 
activities of two cultivars of the Kentucky Bluegrass plant 
under drought stress (Xu et al. 2011).

CAT and POD activity

The role of CAT and POD is to catalyze the peroxide decom-
position to H2O and molecular oxygen (Cheng et al. 2016; 
Movafeghi et al. 2019).

Previous investigations reported the induction of SOD, 
CAT, and POD in response to heavy metals, which was 
suggested to be a crucial protective mechanism to reduce 
cellular oxidative damage in metal-contaminated environ-
ments for the green microalga C. vulgaris (Ajitha et al. 
2019; Cheng et al. 2016; Movafeghi et al. 2019; Pinto et al. 
2003; Rai et al. 2013). Metals such as Cd-Se nanoparticles 
(CdSe NPs) were found to increase the activity of CAT and 
POD of C. vulgaris to diminish the effect of toxic peroxide. 
However, at high concentrations (25–50 mg l− 1), the activ-
ity may be reduced either due to the direct effect of the metal 
(denaturing the enzyme structure or decreasing its cellular 
synthesis) as a result of elevated levels of hydrogen perox-
ide and superoxide anion (Cheng et al. 2016; Movafeghi et 
al. 2019). Also, CAT and ascorbate peroxidase (APX) activ-
ities of Ulva fasciata were increased by a Cu concentration 
range of 0–20 µM; after which activities leveled out at 50 
µM Cu. This induction of enzyme activities was suggested 
to save the consistency balance of cellular H2O2 at such 
higher metal concentrations (Wu and Lee 2008). Moreover, 
the antioxidant enzyme activities (SOD, CAT) of C. ther-
mophila and Leptolyngbya sp. were increased by the effect 
of arsenic metal, but longer exposure to the metal reduced 
the activity of the antioxidant enzymes. Although the sup-
pression level was not the same for the two species, this 
highlights variations in their stress-adaptation systems (Mao 
et al. 2022). Additionally, the strains of the brown seaweed 
Ectocarpus siliculosus isolated from Cu-contaminated sites 
(EcREP10-11 and Es524) showed high CAT activity in 
response to Cu treatment than the other algal strain (LIA08-
4) of the same species (Sáez et al. 2015).

A rising trend in catalase activity of C. vulgaris was 
also seen in parallel to a rise in the medium’s Cr concentra-
tion (0-100 µg ml− 1), indicating that the H2O2 degradation 
process was in operation (Rai et al. 2013). However, CAT 
activity of C. reinhardtii showed a slight (non-significant) 
change in the range of 10 to 150 µM Cu, nonetheless, the 
higher concentration (200 µM) showed a significant inhibi-
tory effect (Luis et al. 2006).

According to these observations, we could conclude that 
the response of CAT and POD activity to metal stress is 
dependent on the tolerance and age of the algal species, the 

expression of this gene was reduced (equal to the control) 
by the highest concentration (0.89 mM Fe). They attributed 
that to the excess of ROS production by the effect of Fe. 
In this regard, the transcriptional FeSOD and MnSOD lev-
els in C. reinhardtii were increased in a Cu dose-dependent 
manner at a concentration range of 10–50 µM. However, 
higher concentrations (up to 200 µM Cu) decreased the rela-
tive expression significantly (Luis et al. 2006; Wu and Lee 
2008) reported the same results of increased transcript level 
and activity of FeSOD and MnSOD of Ulva fasciata propor-
tionally by the different concentrations of Cu (0–50 µM). 
Also, Okamoto et al. (2001) observed an increased level of 
the FeSOD mRNA of L. polyedrum exposed to toxic metals. 
Furthermore, upon exposure to metals such as Fe, Cu, Mn, 
and Ni, the SOD-encoding genes were increased in Clos-
terium ehrenbergii (Wang and Ki 2020). However, as with 
the activity of the SOD enzyme, the expression of FeSOD 
depends on the heavy metal type, the concentration of its 
salt, and time of exposure (Nowicka 2022; Wang and Ki 
2020).

In contrast, salinity showed different results in the lit-
erature, where the induction of SOD gene expression of the 
blue-green alga Microcystis aeruginosa was reported for 
low NaCl concentrations of 0-8.5 mM (Chen et al. 2015), 
consistent with our results. Moreover, Zhuang et al. (2021) 
reported the increased expression of CSD2 (a chloroplas-
tic Cu/ZnSOD isoform) and the total SOD activity in the 
shoots of Arabidopsis under salt stress. This induction was 
responsible for the reduction of O2ֺ− accumulation (which 
converted to H2O2) in the plant chloroplast under stress, 
and thus the stress-response signaling between the chloro-
plast and the nucleus was continued. Interestingly, they also 
reported the increased expression of the EGY3 (Ethylene-
dependent Gravitropism-deficient & Yellow-green) protein 
under salt stress which promotes salt-tolerance of the plant 
by protecting the CSD2 from stress-induced proteolysis.

Reduced FeSOD expression by high NaCl concentra-
tion (Fig. 4) may be related to the toxic effect of salinity on 
cellular contents, cellular viability, and hence the process 
to express FeSOD transcripts (Hu et al. 2012; Luis et al. 
2006). Accordingly, Hu et al. (2012) disclosed the inhibition 
of the FeSOD transcript in Lolium perenne plants by salinity 
stress particularly under a long duration of exposure. The 
contradiction between the gene expression rate (Fig. 4) and 
enzyme activity (Fig. 3) under salinity stress may indicate 
that the changes in the enzyme activity did not depend only 
on mRNA expression levels but may be regulated at the 
posttranscriptional level, which in part results in enzyme 
inactivation or degradation induced by the effect of stress 
on the protein stability and modification (Glanemann et al. 
2003; Xu et al. 2011). In this context, the increased expres-
sion levels of cytosolic Cu/ZnSOD, Chl Cu/ZnSOD, and 
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algal cells (Rai et al. 2013). Finally, the significant positive 
correlation coefficients between CAT and POD may reveal 
the importance and compatibility of these enzymes to break 
down the level of toxic hydrogen peroxide and protect algal 
cells (Ismaiel et al. 2014).

In conclusion, to our knowledge, this is the first study to 
investigate the SOD isoforms activity of the stress-tolerant 
green alga P. pringsheimii by two methods (in gel and in 
vitro assay) under stress conditions. The three SOD iso-
forms were induced by iron treatment; while NaCl showed 
a low non-significant stimulation. Moreover, the activity of 
FeSOD was higher than that of the other SOD isoforms, and 
its transcript was highly induced under the tested stressors. 
The data indicated the potent response of the FeSOD to 
oxidative stress caused by Fe and NaCl, which is essential 
for the survival of photosynthetic organisms. The important 
role of CAT and POD enzymes was also marked under stress 
conditions. This emphasizes their application as potential 
molecular biomarkers for toxicity evaluations. Further work 
regarding non-enzymatic antioxidants, biochemical, and 
proteomic analyses are currently underway by the authors, 
in order to provide additional information for the complex 
response of algae to iron and salinity stressors.
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