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Abstract 

Cobalt (Co) is an essential micronutrient for many organisms, but, at higher concentrations, it 
becomes harmful primarily due to competitive interactions with other metal ions. Compared to other 
heavy metals, such as Cd, Cu, Cr, Pb, or Ni, this element has been less studied in algae with respect 
to its toxicity and tolerance. Enzyme inhibition and disruption of nutrient homeostasis may lead to 
oxidative stress in Co-exposed cells. The aim of this study was to assess the impact of CoCl2 on 
growth, photosynthetic pigment content, maximum quantum yield of photosystem II (Fv/Fm), 
efficiency of nonphotochemical quenching of chlorophyll fluorescence (NPQ), oxidative stress 
markers, and antioxidant defence mechanisms in the model green microalga Chlamydomonas 
reinhardtii. The measured antioxidants included soluble thiols, ascorbate (Asc), proline (Pro), α-
tocopherol (α-Toc), and plastoquinol (PQH₂-9). Superoxide dismutase (SOD), catalase (CAT), and 
ascorbate peroxidase (APX) activities were also determined. Exposure to CoCl2 resulted in increased 
levels of thiols, Asc, α-Toc, PQH₂-9, and CAT activity. At lower concentrations of CoCl2, no increase 
in oxidative stress markers was observed, suggesting efficient antioxidant protection. In contrast, 
exposure to higher concentrations of CoCl2 caused the inhibition of growth and chlorophyll (Chl) 
synthesis, a reduction in the Chl a/Chl b ratio, Fv/Fm parameter, NPQ induction efficiency, and levels 
of lipophilic antioxidants, along with an increase in lipid hydroperoxides. 

Keywords: antioxidant response; Chlamydomonas reinhardtii; cobalt; nonphotochemical quenching of 
chlorophyll fluorescence; photosynthetic pigments; oxidative stress markers 
 

1. Introduction 

The term ‘heavy metals’ (HMs) is often used for metals and metalloids whose density in the pure 
elemental state exceeds 5 g/cm3. Some of these elements are essential micronutrients, showing toxicity 
at concentrations exceeding the tolerance range of a given species, while the other do not play any 
positive role in biochemistry [1]. HM ions are released into the environment as a result of natural 
processes and anthropogenic activities. Due to rapid industrialisation, in recent centuries HMs have 
become the main environmental pollutants [1]. HMs toxicity is a complex phenomenon due to the 
pleiotropic effects they exert on living cells. The most common mechanism of toxicity is due to the 
similarity of given HM ions to essential metal ions, resulting in the substitution of the latter in their 
binding sites in proteins and other compounds of biological importance, such as chlorophyll (Chl), 
as well as in competition for transport systems leading to a shortage of nutrients and a disturbance 
of ion and water homeostasis [2]. Highly toxic HM ions often display high affinity for crucial chemical 
groups. These are mainly thioyl but also histidyl and carboxyl groups of proteins and low-molecular-
weight compounds, such as glutathione (GSH) [3,4]. The ions of the so-called redox-active HMs 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 September 2025 doi:10.20944/preprints202509.1131.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1131.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 15 

 

undergo a redox cycling in cells that leads to increased reactive oxygen species (ROS) production [5]. 
However, an increase in ROS formation may also occur in response to redox-inactive HMs, as a result 
of general disturbance of cellular metabolism and malfunctioning of ROS-detoxifying processes [2]. 

Among HMs, cobalt (Co) has been less examined in terms of its toxicity and tolerance in algae 
compared to Cd, Pb, Cu, Cr, or Ni [2]. This element naturally occurs in the Earth’s crust minerals [6]. 
Among the important anthropogenic sources of Co are Cu and Ni smelting and refining, alloy 
manufacturing, battery production, cement industry, pigments and paints, fossil fuel combustion, 
industrial waste, and agricultural use of phosphate fertilisers [7,8]. In many organisms Co is a 
micronutrient, present in the cobalamin ring of B12, and in the enzymes nitrile hydratases [6]. 
However, it also displays toxicity, which was postulated to be the result of competitive interactions 
with other metal ions [9]. In higher plants, excessive Co was observed to cause growth inhibition, 
disturbed transport of other nutrients (P, S, Cu, Zn, Mn), as well as decrease in Fe content and 
chlorophyll (Chl) content [1]. The application of higher Co concentrations resulted in inhibition of 
important enzymes, i.e. nitrate reductase, photosystem II (PSII), and phosphoenol pyruvate 
carboxylase. Excess Co has also been shown to inhibit RNA synthesis and disturb mitotic spindle 
formation [10].  

Inhibition of enzymes and disturbance of nutrient homeostasis can result in enhanced ROS 
formation in Co-exposed cells and the occurrence of oxidative stress. Indeed, enhanced lipid 
peroxidation was observed in the haptophyte Pavlova viridis and in green microalgae Scenedesmus sp. 
and Chlorella sp. treated with excessive CoCl2 [11,12]. Living organisms have evolved several 
mechanisms of antioxidant defence [13]. Among them, the most important are low-molecular-weight 
antioxidants, both hydrophilic and hydrophobic, as well as ROS-detoxifying enzymes. Among the 
hydrophilic antioxidants, very important ones are GSH and other soluble thiols, and ascorbate (Asc). 
Free proline (Pro) is known for its osmo-protective function, but it also displays antioxidant action 
[2]. On the other hand, lipophilic antioxidants, such as tocopherols (Toc), prenylquinols, and 
carotenoids, are crucial for the protection of membranes and storage lipids [14]. Antioxidant enzymes 
include superoxide dismutases (SOD), ascorbate peroxidase (APX), catalase (CAT), GSH peroxidase, 
and various other enzymes, including those participating in Asc and GSH recycling [2].  

Organisms also have mechanisms aimed at preventing ROS formation. In photosynthetic cells 
under illumination, the main source of ROS is photosynthesis, due to the photooxidative action of 
Chl and the electron leakage from the photosynthetic electron transfer chain. Therefore, an important 
protective mechanism is based on the dissipation of excessive energy absorbed by the photosynthetic 
apparatus. It prevents prolonged excitation of Chl, decreasing the chance of unwanted energy 
transfer to 3O2 and formation of harmful 1O2. It also prevents overreduction of the photosynthetic 
electron transfer chain and the resulting electron leakage and O2•- formation [15,16]. In 
Chlamydomonas reinhardtii, the key photoprotective mechanism of quenching of excited states of Chl 
depends on the light-harvesting complex stress-related (LHCSR) proteins [17].  

The aim of the present study was to evaluate the impact of toxic concentrations of CoCl2 on the 
growth, photosynthetic pigment content, selected photosynthesis-related parameters (maximum 
quantum yield of PSII and the efficiency of non-photochemical quenching of chlorophyll 
fluorescence), oxidative stress markers (O2•- formation and the content of lipid hydroperoxides, 
LOOHs), hydrophilic antioxidants (soluble thiols, Asc, Pro), lipophilic antioxidants (α-Tocopherol, 
α-Toc, and plastoquinol, PQH2), and ROS-detoxifying enzymes (SOD, CAT, APX), in model green 
microalgae C. reinhardtii, widely used in research on HMs toxicity and tolerance [18]. 

2. Results 

As expected, excessive Co had a negative impact on algal growth (Figure 1a) and Chl content 
(Figure 1b). Considering measurements of OD at λ = 750 nm, which results can be related to the 
number of cells in the culture, the effect of Co addition was less pronounced after 1 week of growth 
than after 2 weeks. In 7-day-old cultures, the statistically significant decrease in OD compared to 
control was observed only for the series with the highest applied CoCl2 concentration, that is, 125 
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µM, whereas in 14-day-old cultures it was observed in algae exposed to 80 and 125 µM CoCl2. The 
growth of the culture containing 50 µM CoCl2 was slightly slower compared to the control, but the 
effect did not turn out to be statistically significant (Figure 1a). The inhibitory impact of CoCl2 on Chl 
content in algal cultures was more pronounced than the impact on culture growth. After 1 week, a 
statistically significant decrease in the Chl a + b content was observed for the series with 50, 80, and 
125 µM CoCl2, while after 2 weeks it was observed for the series with 40, 50, 80, and 125 µM CoCl2. 
Slight but statistically insignificant inhibition was observed in algae exposed to 25 µM CoCl2 (Figure 
1b). The highest concentration of CoCl2 applied completely inhibited the growth of the culture and 
caused a decrease in the Chl a + b content in the exposed algae (Figure 1).  

 

Figure 1. Culture growth followed by optical density at 750 nm (a), and chlorophyll a + b content (b) measured 
on the 7th and 14th day of growth of Co-exposed C. reinhardtii. The applied CoCl2 concentrations are given in the 
legends. Data are means ± SD (n = 3). Chl, chlorophyll; Ct, control; OD, optical density. 

The ratio of Chl a to Chl b was decreased compared to the control in algae exposed to 40 µM 
CoCl2 both after 1 and 2 weeks of growth, and in 2-week-old cultures treated with 50, 80, and 125 µM 
CoCl2 (Figure 2a). A similar trend, that is a decrease in the series exposed to 40, 50, 80, and 125 µM 
CoCl2, when compared to the control, was observed for the maximum quantum yield of PS II. This 
time the differences between all the above mentioned series and control were statistically significant 
after 1 and 2 weeks of growth (Figure 2c). Exposure to CoCl2 did not cause changes in the total 
carotenoids to total Chl ratio, except for the series with the highest CoCl2 concentration applied 
measured after 2 weeks of exposure, where the decrease could be seen, compared to the control 
(Figure 2b).  

Growth in the presence of CoCl2 had an impact on the induction of NPQ (Figure 3). The NPQ 
parameter measured during actinic light exposure reflects photoprotective mechanisms of non-
photochemical quenching of Chl fluorescence, mainly the qE component, induced by ΔpH gradient 
across thylakoid membranes. The increase in the NPQ parameter in darkness is due to the induction 
of chlororespiration and the transition from state 1 to state 2, leading to a decrease in the efficiency of 
energy transfer from LHCII antennae to PSII [19]. In the 1-week-old culture, the series exposed to 5 
µM CoCl2 showed more efficient NPQ induction during actinic light exposure compared to the 
control, but this effect was not observed in the 2-week-old culture (Figure 3). Exposure to higher 
concentrations of CoCl2 resulted in a decreased efficiency of NPQ induction. A statistically significant 
decrease in NPQ was observed compared to the control for CoCl2 concentrations 40 µM and higher 
in 1-week-old cultures and for concentrations 50 µM and higher in 2-week-old cultures (Figure 3). 
The decreased NPQ in darkness, compared to control, was observed for CoCl2 concentrations of 50 
µM and higher in 1-week-old cultures and for concentrations 25 µM and higher in 2-week-old 
cultures (Figure 3). 

Oxidative stress markers were measured for series selected among those mentioned above, as 
indicated in Figure 4. In some series exposed to excessive CoCl2, the formation of O2-• was slightly 
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increased or decreased compared to control, but no clear trend could be observed, suggesting that 
there was no dose-dependent increase in O2-• formation in Co-exposed algae (Figure 4a). The content 
of LOOHs increased compared to the control in C. reinhardtii exposed to 80 µM CoCl2. For each series, 
there was a statistically significant increase in LOOHs content during culture growth (Figure 4b, 
significance of differences between weeks 1 and 2 not marked on the plots). 

 

Figure 2. Chlorophyll a to chlorophyll b ratio (a), the ratio of total carotenoids to total chlorophyll (b), and the 
Fv/Fm parameter representing the maximum quantum yield of photosystem II (c) in C. reinhardtii exposed to 
concentrations of CoCl2 indicated in the plots for 2 weeks. Photosynthetic pigment ratios are expressed as the 
ratios of pigment content expressed in [µg/ml of algal culture]. Data are means ± SD (n = 3). All means were 
compared using post hoc Tukey’s test, but for better clarity, only statistically significant differences between Co-
exposed algae and the respective controls were marked with asterisks, * p<0,05. Car, total carotenoids; Chl a, 
chlorophyll a; Chl b, chlorophyll b; Ct, control; Fm, maximum fluorescence yield in the dark-adapted state; Fv, 
variable fluorescence, that is, the difference between Fm and minimum fluorescence in the dark-adapted state, 
F0. 

 

Figure 3. Induction of NPQ in 1-week-old (a) and 2-week-old (b) cultures of Co-exposed C. reinhardtii. The 
applied CoCl2 concentrations are given in the legend. Before measurements, algae were dark-adapted for 30 min, 
pre-illuminated with weak red light < 4 µM photons m-2s-1 for 10 min, then exposed to red actinic light of intensity 
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200 µmol photons m-2s-1. The actinic light was switched off after 1800 s. The timing of the saturating pulses is 
indicated in the plots. Data are means ± SD (n = 6). AL, actinic light; Ct, control; D, darkness; NPQ, parameter 
representing non-photochemical quenching of chlorophyll fluorescence. 

 

Figure 4. Superoxide formation measured semi-quantitatively as colour intensity after NBT staining (a) and lipid 
hydroperoxides monitored using the fluorescent probe Spy-LHC (b) in C. reinhardtii exposed to concentrations 
of CoCl2 indicated in the plots for 2 weeks. Data are means ± SD (n = 6). All the means were compared using post 
hoc Tukey’s test, but for better clarity only the statistically significant differences between Co-exposed algae and 
respective controls were marked with asterisks, * p<0,05. Ct, control; LOOHs, lipid hydroperoxides. 

The content of chosen hydrophilic low-molecular-weight antioxidants and the activity of the 
major ROS-detoxifying enzymes were measured in cultures of C. reinhardtii exposed to CoCl2 after 2 
weeks (Figure 5). Exposure to excessive Co resulted in an increase in low-molecular thiols and Asc, 
and this increase was clearly dose-dependent (Figure 5a, b). In the case of soluble thiols the increase 
was approximately 50% compared to the control, while in the case of Asc it was much higher (up to 
4.5 times more Asc compared to the control), and the pronounced increase (about 3-fold) was 
observed for the lowest CoCl2 concentration tested in the experiment, that is, 15 µM (Figure 5a, b). 
The protocol used enabled the evaluation of dehydroascorbate (DHA), which is a stable product of 
Asc oxidation, but in all the series there were only trace amounts of DHA (results not shown). No 
increase in Pro content was observed in Co-exposed C. reinhardtii (Figure 5c).  

Taking into account the response to Co in terms of antioxidant enzyme activity, a dose-
dependent decrease was observed for SOD activity for the entire range of CoCl2 concentrations tested 
(Figure 5d), while for APX, it was observed for CoCl2 concentrations ranging from 15 to 80 µM. In 
algae exposed to 120 µM CoCl2 the activity of APX increased by about 50% compared to the control 
(Figure 5e). On the other hand, CAT activity increased, by approximately 30%, in cultures exposed 
to lower CoCl2 concentrations (15, 30, 50 µM), and decreased by approximately 55% in algae exposed 
to 120 µM CoCl2, compared to the control (Figure 5f).  
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Figure 5. The content of hydrophilic antioxidants, that is, total soluble thiols (a), ascorbate (b), and proline (c), 
and the activity of ROS-detoxifying enzymes, that is, superoxide dismutase (d), ascorbate peroxidase (e) and 
catalase (f), in C. reinhardtii exposed to concentrations of CoCl2 indicated in the plots for 2 weeks. Data are means 
± SD (n = 3). Different letters denote means that differ from each other with statistical significance p < 0,05 (post 
hoc Tukey’s test). APX, ascorbate peroxidase; Asc, ascorbate in its reduced form; CAT, catalase; Ct, control; Pro, 
proline; SOD, superoxide dismutase. 

In addition to hydrophilic antioxidants, the content of the major lipophilic antioxidants, α-
tocopherol (α-Toc) and plastoquinol-9 (PQH2-9) was also measured in Co-exposed C. reinhardtii 
(Figure 6). As these compounds are localised in plastids, where they play a crucial role in the 
protection of the thylakoid membrane against lipid peroxidation, their content was normalised both 
to total soluble protein content and total Chl content. A clear dose-dependent pattern was observed 
for both compounds, regardless of the normalisation method, i.e., an increase for the lower CoCl2 
concentrations applied, then a decrease for the higher ones (Figure 6). The increase in content was 
more pronounced for PQH2-9 compared to α-Toc, but apart from that, both compounds showed 
similar patterns of changes. When the prenyllipid content was normalised to total soluble proteins, a 
progressive increase with increasing CoCl2 concentration in the medium was observed in the range 
of 15-50 µM. Higher CoCl2 concentrations resulted in a progressive decrease in prenyllipid content 
(Figure 6a, c). When prenyllipid content was normalised to Chl content, an increase was observed in 
the range of 15-80 µM CoCl2 (Figure 6b, d). The applied HPLC method allowed measuring of other 
isoprenoid chromanols occurring in plastids, i.e. γ-tocopherol (γ-Toc) and plastochromanol-8 (PC-8), 
as well as the oxidised form of PQH2-9, plastoquinone-9 (PQ-9). However, the amounts of γ-Toc and 
PC-8 were several times lower than the amount of α-Toc, and the observed trends were similar to 
those observed for α-Toc, therefore they were not shown. The PQ-9 content constituted only a few 
percent of the total PQ pool (PQ + PQH2) and did not change much in the Co-exposed algae compared 
to control, therefore these results were not shown either.  
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Figure 6. The content of lipophilic antioxidants, i.e. α-tocopherol (a, b) and plastoquinol (c, d), normalised to the 
content of soluble protein (a, c) or the content of chlorophyll a + b (b, d) in C. reinhardtii exposed to concentrations 
of CoCl2 indicated in the plots for 2 weeks. Data are means ± SD (n = 3). Different letters denote means that differ 
from each other with statistical significance p < 0,05 (post hoc Tukey’s test). α-Toc, α-tocopherol; Ct, control; PQH2, 
plastoquinol. 

3. Discussion 

The inhibitory effect of HM ions on growth and Chl accumulation in photosynthetic organisms 
is a well-known phenomenon [20–25]. This effect was observed in C. reinhardtii exposed to HMs, such 
as Cd, Cr, Cu, Hg, Ni, or Pb [26–38]. Co ions were shown to inhibit the growth of green microalgae 
Chlorella vulgaris, Scenedesmus obliquus, C. reinhardtii, diatoms Phaeodactylum tricornutum, Nitzschia 
perminuta, Selenastrum capricornutum (Raphidocelis subcapitata), and haptophyte P. viridis [12,39–44]. 
The Chl content was decreased in Co-exposed Chlorella and Scenedesmus sp. [11]. Experiments in 
which both algal growth and Chl content were monitored confirmed the inhibitory effect of Co ions 
on Chlorella pyrenoidosa, Monoraphidium minutum, S. capricornutum, and N. perminuta [45–47]. Our 
previous experiments showed that the negative impact of tested HMs on Chl content in C. reinhardtii 
cultures was usually more pronounced than the impact on their OD [33–35]. This effect was also 
observed in the case of Co exposure (Figure 1). In contrast, in the haptophyte P. viridis exposed to 10, 
20 and 50 μM CoCl2, the growth was inhibited, but the Chl a content normalised to cell number 
increased compared to the control [12]. In our experiment, the differences in cell numbers and Chl 
content between the control and Co-exposed series increased during culture growth (Figure 1). Such 
an effect was observed also in Co-exposed C. pyrenoidosa, C. reinhardtii, R. subcapitata, Chlorella sp., 
and Scenedesmus sp. [11,41,44,45]. This is similar to the response of C. reinhardtii to Cd and Cr observed 
in our previous experiments [33]. On the other hand, C. reinhardtii treated with Cu ions seemed to 
acclimate to this HM during culture growth [33,35]. 

Considering the effect of HM ions on total Chl level and the ratio of Chl a to Chl b, it is known 
that HMs are capable of inhibiting the biosynthesis of these pigments [48], replacing Mg2+ in their 
molecules [49], and causing Chl degradation through oxidation [20] and pheophytinization [37,50]. 
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The inhibitory action of Co on Chl biosynthesis has been described in the literature [51]. Taking into 
account the substitution of Mg2+ by HMs, Chl a turned out to be more susceptible to this process than 
Chl b [50]. It was also hypothesised that during stress evoked by HMs, Chl a could be non-
enzymatically oxidised to Chl b [52]. Both of the above-mentioned effects would result in a decrease 
in Chl a/Chl b ratio, often observed in photosynthetic organisms treated with HMs [20,32,52]. In the 
present experiment, the decrease in Chl a/Chl b ratio was correlated with a general decrease in total 
Chl content compared to control (Figures 1 and 2a).  

An increase in carotenoid content was observed in some experiments with algae treated with 
HMs [2]. For example, an increase in carotenoids to Chl ratio occurred in Cd- and Cr-exposed C. 
reinhardtii [34], Cu- and Cr- exposed C. vulgaris [53,54], Cu-exposed Dunalliella salina and Dunaliella 
tertiolecta [55], and Ni-exposed Dunaliella sp. [56]. An increase in carotenoids to Chl a ratio was 
observed in Co-exposed diatom N. perminuta [46]. However, in our experiment no such effect was 
observed, i.e. carotenoids to Chl ratio remained rather stable, except for the 2-week-old series with 
the highest CoCl2 concentration applied, where the decrease in this ratio suggested enhanced 
degradation of carotenoid pigments (Figure 2b). It could be hypothesised that in our model 
accumulation of carotenoids did not play a key role during acclimation to Co exposure.  

The decrease in maximum quantum yield of PS II in response to HMs was observed in some 
experiments, for example in spinach-derived thylakoids exposed to Cu, Hg, and Pb ions [57], as well 
as Pb-exposed Nitzschia closterium and C. reinhardtii [30,58]. However, in other models no decrease in 
this parameter was observed in response to HMs. No differences were observed between control 
series and C. reinhardtii grown in the presence of Cu, Cd, Cr, Hg, and Ag ions [33]. In the case of 
exposure to Co, a dose-dependent decrease in the Fv/Fm parameter was demonstrated for S. 
capricornutum [44,47]. This effect was also observed in our experiment, where a decrease in Fv/Fm was 
well correlated with the decrease in total Chl content and Chl a/Chl b ratio in Co-exposed algae, 
suggesting damage to the photosynthetic apparatus (Figures 1, 2a and c).  

The improvement in the efficiency of nonphotochemical quenching of Chl fluorescence was 
observed in C. reinhardtii acclimated to Cu, Cd, and Cr ions compared to the control [33], and in the 
Cu-tolerant strain of C. reinhardtii compared to the non-tolerant strain [59]. We wanted to check if 
such an effect occurs in C. reinhardtii acclimated to Co, but enhanced NPQ induction compared to 
control was observed only for a 1-week-old culture exposed to 5 μM CoCl2 (Figure 3). In cultures 
grown in the presence of CoCl2 concentrations that cause inhibition of Chl accumulation in cultures, 
as well as decrease in both Chl a/Chl b ratio and the maximum quantum yield of PSII, the decrease in 
the efficiency of NPQ could be seen, suggesting overall malfunctioning of the photosynthetic 
apparatus and its regulatory mechanisms. It may be speculated that the decrease in the 
photoprotective mechanisms would result in PSII damage and the decrease in the Chl a content. A 
decrease in NPQ efficiency was also observed in Co-exposed S. capricornutum [47]. An interesting and 
new observation is the change in response of the NPQ parameter in darkness in cultures exposed to 
high CoCl2 concentrations compared to control (Figure 3). It suggests that Co may inhibit 
chlororespiration or inhibit stt7 kinase responsible for state transitions in C. reinhardtii. This topic 
requires further studies.  

The enhancement of ROS production is often observed in photosynthetic organisms suffering 
from HM-induced stress. There are robust data from the literature that confirm an increase in various 
markers of oxidative stress in algae exposed to HM ions [2]. Taking into account C. reinhardtii, an 
increase in thiobarbituric acid reactive substances (TBARS), which are markers of lipid peroxidation, 
was observed in response to Hg, Cu, and Ni [26,31,32,35,38,60,61]. An increase in O2-• formation 
occurred in C. reinhardtii growing in the presence of Cd and Cr ions [34]. Exposure to Co led to an 
increase in TBARS in P. viridis, Scenedesmus sp., and Chlorella sp. [11,12]. On the other hand, in S. 
capricornutum ROS production, measured fluorometrically, increased only in the series exposed to 0.5 
mg Co (applied as CoCl2) dm-3, while there were no statistically significant differences between the 
control and the series containing 0.1, 0.25, and 0.75 mg Co dm-3 [44]. In the present experiment, the 
formation of O2-• in Co-exposed C. reinhardtii was similar to the control (Figure 4a), suggesting 
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efficient protection against this type of ROS for a tested range of CoCl2 concentrations. Taking into 
account lipid peroxidation, an increase in the amount of LOOHs was observed compared to the 
control in the series with 80 μM CoCl2, the concentration for which significant growth inhibition 
occurred (Figures 1a and 4b). It suggests that severe poisoning with Co ions led to the exhaustion of 
antioxidant protection, resulting in the progress of lipid peroxidation.  

The antioxidant response to HM-induced stress has been the subject of intensive research. An 
enhancement of antioxidant protection is often observed in organisms exposed to HMs, although 
there are no universal trends. The antioxidant response depends on many factors, i.e. HM type and 
concentration applied, the timing of dosage, culture conditions, species examined, internal 
concentration of HM ions, sometimes even the type of salt used in the experiment (for example 
sulphate vs. chloride). The relatively common type of response is an increase in the antioxidant 
examined for lower doses of HM salt and a decrease for higher concentrations applied [2]. This 
pattern was observed for APX, SOD, and CAT activity in Hg-exposed C. reinhardtii [26]. The activity 
of the enzymes mentioned above was also increased in 1-week-old C. reinhardtii exposed to 20 μM 
CuSO4, which was correlated with the appearance of symptoms of oxidative stress in these algae [35]. 
An increase in APX activity was observed in Cr- and Cd-treated C. reinhardtii, while CAT activity was 
increased only in algae exposed to Cd, and SOD activity increased in series with Cr ions and 
decreased in series with Cd ions [34]. The decrease in SOD activity in response to Cd may be 
attributed to the inhibitory action of Cd2+ on this enzyme due to the replacement of Zn2+ ions in Cu/Zn 
SOD [49]. Dose-dependent increase in SOD and CAT activity was observed in Co-exposed Chlorella 
and Scenedesmus sp. [11]. A dose-dependent increase in CAT, but not in SOD activity was observed 
in P. viridis. In the study on the P. viridis, GSH peroxidase activity was also shown to increase in Co-
exposed cells [12]. On the other hand, a dose-dependent decrease in SOD and CAT activity has been 
reported in Co-exposed C. pyrenoidosa [45]. In the present experiment, exposure to Co led to a dose-
dependent decrease in SOD activity, suggesting the inhibitory action of Co2+ on SOD activity in our 
model (Figure 5d). CAT activity was enhanced in Co-exposed algae, except for the highest CoCl2 
concentration applied (Figure 5f). It could be speculated that in cells exposed to such severe stress, 
CAT molecules were damaged. It is known that CAT may be inhibited by peroxyradicals [62], and 
we observed an increase in lipid peroxidation in the series with the high dose of CoCl2 in our model. 
APX activity decreased for the lower CoCl2 concentrations applied and increased for the highest 
(Figure 5e). It may be hypothesised that in the severely affected culture, the expression of the APX-
encoding gene was increased, perhaps in an attempt to compensate for the decrease in plastid 
prenyllipid antioxidants, because APX in Chlamydomonas is targeted at plastids and mitochondria 
[63].  

Hydrophilic low-molecular-weight antioxidants are important for protection against HM-
induced stress. The amount of soluble thiols increased in Hg-, Cr-, Cd-, and Ni-exposed C. reinhardtii 
[34,38,64], Cu-exposed Scenedesmus bijugatus [65], Cu-, Ni-, and Zn-exposed S. capricornutum [66], and 
in Cr-exposed Monoraphidium convolutum [67]. Exposure to Co was shown to cause an increase in the 
GSH content in P. viridis [12]. HM treatment also led to an increase in Asc level, for example in Cd-, 
Cr-, and Cu-exposed C. reinhardtii [34,35], as well as in Cu-, and Zn-exposed Chlorella sorokiniana and 
Scenedesmus acuminatus [68,69]. The Pro content was increased in Hg-, Cu-, Cd-, Cr-, and Ni-exposed 
C. reinhardtii [34,38,60,70], Cd-, and Cu-exposed Chlorella sp. [71], Cu-, Ni-, and Zn-exposed C. vulgaris 
[53,72], Cu-exposed C. sorokiniana and S. acuminatus [69], Zn-exposed S. acuminatus [68], Pb-exposed 
Scenedesmus obliquus [73], as well as in Cu-, and Zn-exposed Scenedesmus sp. [74]. In the present 
experiment, we observed a significant dose-dependent increase in soluble thiols and Asc, suggesting 
that these compounds play an important protective role in Co-induced stress in C. reinhardtii, whereas 
no such trend was observed for Pro (Figure 5a,b,c).  

Prenyllipid antioxidants localised in plastids, tocopherols and PQH2, turned out to be an 
important player in antioxidant protection in photosynthetic organisms [14]. An increase in α-Toc 
content was observed in Cu-, Cd-, and Cr-exposed C. reinhardtii [32–34], Cu-, and Zn-exposed C. 
sorokiniana and S. acuminatus [68,69], as well as in Cu-, and Cd-exposed Arabidopsis thaliana [75]. The 
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level of PQH2 increased in C. reinhardtii in response to Cr, Cd, and Hg ions [33,34]. Furthermore, Cu-
tolerant strains of C. reinhardti, obtained as a result of prolonged growth in media with increased Cu 
content, contained more α-Toc and PQH2 than non-tolerant parent strain [59]. In our experiment, a 
dose-dependent increase in the content of these prenyllipids was also observed, suggesting that these 
antioxidants are important for the protection of C. reinhardtii during Co-induced stress (Figure 6). The 
decrease in α-Toc and PQH2 for the highest CoCl2 concentrations tested shows the exhaustion of 
protective mechanisms and can be correlated with the progress of lipid peroxidation and severe 
inhibition of growth (Figure 1a, 4b).  

4. Materials and Methods 

The C. reinhardtii strain used in the present study was 11-32b (SAG collection, Göttingen, 
Germany). For the sake of the experiments, algae were inoculated to provide an initial Chl a + b 
concentration of 0.5 μg/ml, and grown for 2 weeks under continuous white light (50 µmol photons 
m−2 s−1), at 22°C, on the shaker, as described in [70], in triplicates. Modified Sager-Granick medium: 
3.75 mM NH4NO3, 1.22 mM MgSO4·7H2O, 0.73 mM KH2PO4, 0.57 mM K2HPO4, 0.36 mM CaCl2·2H2O, 
37 μM FeCl3, 16.2 μM H3BO4, 0.84 μM CoCl2·6H2O, 0.24 μM CuSO4·5H2O, 2.02 μM MnCl2·4H2O, 0.83 
μM (NH4)6Mo7O24·4H2O, 3.5 μM ZnSO4·7H2O, 5 mM HEPES pH 6.8 [33] was used in control series 
and as a basis for the media containing excessive Co. The latter were obtained by adding certain 
volumes of 50 mM CoCl2·6H2O. The concentrations of CoCl2 applied were selected on the basis of 
preliminary experiments, where a wide range of concentrations was tested. In the experiment in 
which the growth of the culture, the content of photosynthetic pigments, and the chlorophyll 
fluorescence parameters were assessed, 2.5, 5, 15, 25, 40, 50, 80, and 125 µM CoCl2 were applied. 
Among the series mentioned above, cultures containing 2.5, 15, 25, 40, and 80 µM CoCl2 were also 
used to determine markers of oxidative stress. All measurements were carried out after 1 and 2 weeks 
of culture growth. In the experiment on antioxidant response, the applied CoCl2 concentrations were 
15, 30, 50, 80, 120 µM, and the samples were collected after 2 weeks of growth. 

Algal growth was monitored as OD at λ = 750 nm. Photosynthetic pigments were extracted with 
acetone as described in [34] and determined spectrophotometrically according to Lichtenthaler [76].  

Chlorophyll fluorescence parameters, that is, maximum quantum yield of PSII photochemistry 
(Fv/Fm), and non-photochemical quenching (NPQ), calculated as (Fm − Fm’)/Fm’ (where Fm is maximum 
fluorescence in dark-adapted state, while Fm’ is maximum fluorescence in algae exposed to actinic 
light), were measured using Open FluorCam FC 800-O (Photon Systems Instruments, Brno, Czech 
Republic) as described in [33,34]. Before measurements, algal suspensions were thickened to provide 
total Chl concentrations 5 μg/ml and portioned into 48-well plate. The induction of NPQ was 
measured during 30 min of illumination with red actinic light of intensity of 200 µmol photons m-2 s-

1. The saturating pulses (white light of intensity 2700 µmol photons m-2 s-1) were applied as indicated 
in the figures.  

Lipid hydroperoxides were measured using the fluorescent probe Spy-LHP, 2-(4-
diphenylphosphanyl-phenyl)-9-(1-hexyl-heptyl)-anthra(2,1,9-def,6,5,10-d’e’f’)-diisoquinoline-
1,3,8,10-tetraone (Dojindo, Japan) as described in [33]. Shortly: acetone stock solution of the probe 
was added to ethanol extract obtained of algal pellets to provide the final concentration of the probe, 
10 µM; samples were then incubated for 10 min in the dark, centrifuged (5 min, 9 000 g), and the 
fluorescence spectrum was measured at λ ex = 465 nm, emission range 500 – 600 nm. Cumulative O2-• 
production in C. reinhardtii cells was analysed using in vivo nitrotetrazolium blue (NBT) staining as 
described in [70].  

The selected hydrophilic antioxidants, i.e. Asc, soluble thiols, and Pro, as well as the activity of 
selected ROS-detoxifying enzymes, i.e. SOD, CAT, and APX, were measured as described in [70]. 
There were some minor modifications during sample preparation: 40 ml of algal culture were taken 
per each sample instead of 30 ml, algal pellets were rinsed with 50 mM potassium phosphate buffer 
pH 7.0 instead of growth medium, and because the strain 11-32b used in the present study has cell 
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wall, the sonication parameters were different: 35% amplitude, 90 s total time of ultrasound emission 
in 9 s on/27 s off cycles.  

Hydrophobic antioxidants, i.e. α-Toc, and PQH2, were extracted with methanol and assessed 
using RP-HPLC system (Jasco LC-4000, Jasco Corporation, Tokyo, Japan) as described in [34], with 
minor modification concerning solvent proportions. Briefly, column used was C18 Tracer Excel 120 
ODS-A (5 µm, 25 cm × 0.4 cm) and separation conditions were as follows: methanol:n-hexane (340:60, 
v/v), flow rate 1.6 ml min–1, absorbance detection at λ = 255 nm, fluorescence detection at λex = 290 
nm, λem = 330 nm. 

Data statistical analysis was carried out using STATISTICA 13. The following analyses have been 
carried out: one-way ANOVA and post hoc Tukey’s test to compare the means.  

5. Conclusions 

As it was expected, excessive Co caused inhibition of C. reinhardtii growth and decrease in total 
Chl content compared to the control. In the series where applied CoCl2 concentrations caused 
inhibition of Chl accumulation in cultures, a decrease in the ratio of Chl a to Chl b, the maximum 
quantum yield of PSII, and the efficiency of photoprotective mechanisms based in non-photochemical 
quenching of Chl fluorescence was observed. Interestingly, high concentrations of CoCl2 were able 
to inhibit dark-induced state transitions in C. reinhardtii. Considering the antioxidant response to Co 
exposure, an increase in the content of soluble thiols, Asc, α-Toc and PQH2 was observed in stressed 
algae, suggesting their role in acclimatisation to this HM. Among ROS-detoxifying enzymes, an 
increase in CAT activity was observed. A decrease in SOD activity in Co-exposed algae suggested an 
inhibition of this enzyme by Co ions. High CoCl2 concentrations applied caused a decrease in 
prenyllipid antioxidant and enhanced lipid peroxidation.  

Author Contributions: AK investigation, data curation; BN conceptualisation, methodology, investigation, 
validation, data curation, supervision, writing. 

Funding: This research was funded by the subsidy for statutory activities from the Polish Ministry of Science 
and Higher Education No. 19000882. 

Data Availability Statement: The original contributions presented in the study are included in the article 
material, further inquiries can be directed to the corresponding author. 

Acknowledgments: We thank Engr. Jerzy Kozioł for fixing our laboratory shakers.  

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Nagajyoti, P.C.; Lee, K.D.; Sreekanth, T.V.M. Heavy metals, occurrence and toxicity for plants: A review. 
Environ. Chem. Lett. 2010, 8, 199–216, doi:10.1007/s10311-010-0297-8. 

2. Nowicka, B. Heavy metal–induced stress in eukaryotic algae—mechanisms of heavy metal toxicity and 
tolerance with particular emphasis on oxidative stress in exposed cells and the role of antioxidant response. 
Environ. Sci. Pollut. Res. 2022, 29, 1–52, doi:10.1007/s11356-021-18419-w. 

3. DalCorso, G. Heavy metal toxicity in plants. In Plants and heavy metals; Furini, A., Ed.; Springer, 2012; pp. 
1–25. 

4. Sharma, S.S.; Dietz, K.J. The relationship between metal toxicity and cellular redox imbalance. Trends Plant 
Sci. 2009, 14, 43–50, doi:10.1016/j.tplants.2008.10.007. 

5. Pinto, E.; Sigaud-Kutner, T.C.S.; Leitão, M.A.S.; Okamoto, O.K.; Morse, D.; Colepicolo, P. Heavy metal-
induced oxidative stress in algae. J. Phycol. 2003, 39, 1008–1018, doi:10.1111/j.0022-3646.2003.02-193.x. 

6. Nies, D.H. Microbial heavy-metal resistance. Appl. Microbiol. Biotechnol. 1999, 51, 730–750, 
doi:10.1007/s002530051457. 

7. Leyssens, L.; Vinck, B.; Van Der Straeten, C.; Wuyts, F.; Maes, L. Cobalt toxicity in humans – A review of 
the potential sources and systemic health effects. Toxicology 2017, 387, 43–56, doi:10.1016/j.tox.2017.05.015. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 September 2025 doi:10.20944/preprints202509.1131.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1131.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 15 

 

8. Mahey, S.; Kumar, R.; Sharma, M.; Kumar, V.; Bhardwaj, R. A critical review on toxicity of cobalt and its 
bioremediation strategies. SN Appl. Sci. 2020, 2, 1279, doi:10.1007/s42452-020-3020-9. 

9. Liu, J.; Reid, R.J.; Smith, F.A. The mechanism of cobalt toxicity in mung beans. Physiol. Plant. 2000, 110, 104–
110, doi:10.1034/j.1399-3054.2000.110114.x. 

10. Palit, S.; Sharma, A.; Talukder, G. Effects of cobalt on plants. Bot. Rev. 1994, 60, 149–181. 
11. Kashyap, M.; Anand, V.; Ghosh, A.; Kiran, B. Superintending Scenedesmus and Chlorella sp. with lead and 

cobalt tolerance governed via stress biomarkers. Water Supply 2021, 21, 2387–2399, doi:10.2166/ws.2021.065. 
12. Li, M.; Zhu, Q.; Hu, C. wei; Chen, L.; Liu, Z. li; Kong, Z. ming Cobalt and manganese stress in the microalga 

Pavlova viridis (Prymnesiophyceae): Effects on lipid peroxidation and antioxidant enzymes. J. Environ. Sci. 
2007, 19, 1330–1335, doi:10.1016/S1001-0742(07)60217-4. 

13. Gechev, T.S.; Van Breusegem, F.; Stone, J.M.; Denev, I.; Laloi, C. Reactive oxygen species as signals that 
modulate plant stress responses and programmed cell death. BioEssays 2006, 28, 1091–1101, 
doi:10.1002/bies.20493. 

14. Nowicka, B.; Trela-Makowej, A.; Latowski, D.; Strzalka, K.; Szymańska, R. Antioxidant and signaling role 
of plastid-derived isoprenoid quinones and chromanols. Int. J. Mol. Sci. 2021, 22, 2950. 

15. Edreva, A. Generation and scavenging of reactive oxygen species in chloroplasts: A submolecular 
approach. Agric. Ecosyst. Environ. 2005, 106, 119–133, doi:10.1016/j.agee.2004.10.022. 

16. Krieger-Liszkay, A. Singlet oxygen production in photosynthesis. J. Exp. Bot. 2005, 56, 337–346, 
doi:10.1093/jxb/erh237. 

17. Magdaong, N.C.M.; Blankenship, R.E. Photoprotective, excited-state quenching mechanisms in diverse 
photosynthetic organisms. J. Biol. Chem. 2018, 293, 5018–5025, doi:10.1074/jbc.TM117.000233. 

18. Hanikenne, M. Chlamydomonas reinhardtii as a eukaryotic photosynthetic model for studies of heavy metal 
homeostasis and tolerance. New Phytol. 2003, 159, 331–340. 

19. Nowicka, B. Practical aspects of the measurements of non-photochemical chlorophyll fluorescence 
quenching in green microalgae Chlamydomonas reinhardtii using Open FluorCam. Physiol. Plant. 2020, 168, 
617–629, doi:10.1111/ppl.13003. 

20. Shakya, K.; Chettri, M.K.; Sawidis, T. Impact of heavy metals (copper, zinc, and lead) on the chlorophyll 
content of some mosses. Arch. Environ. Contam. Toxicol. 2008, 54, 412–421, doi:10.1007/s00244-007-9060-y. 

21. Arunakumara, K.K.I.U.; Zhang, X. Effects of heavy metals (Pb2+ and Cd2+) on the ultrastructure, growth and 
pigment contents of the unicellular cyanobacterium Synechocystis sp. PCC 6803. Chinese J. Oceanol. Limnol. 
2009, 27, 383–388, doi:10.1007/s00343-009-9123-1. 

22. Rama Devi, S.; Prasad, M.N.V. Copper toxicity in Ceratophyllum demersum L. (Coontail), a floating 
macrophyte: Response of antioxidant enzymes and antioxidants. Plant Sci. 1998, 138, 157–165, 
doi:10.1016/S0168-9452(98)00161-7. 

23. Hattab, S.; Dridi, B.; Chouba, L.; Ben Kheder, M.; Bousetta, H. Photosynthesis and growth responses of pea 
Pisum sativum L. under heavy metals stress. J. Environ. Sci. 2009, 21, 1552–1556, doi:10.1016/S1001-
0742(08)62454-7. 

24. Vavilin, D. V.; Polynov, V.A.; Matorin, D.N.; Venediktov, P.S. Sublethal concentrations of copper stimulate 
photosystem II photoinhibition in Chlorella pyrenoidosa. J. Plant Physiol. 1995, 146, 609–614, 
doi:10.1016/S0176-1617(11)81922-X. 

25. Wong, P.K.; Chang, L. Effects of copper, chromium and nickel on growth, photosynthesis and chlorophyll 
a synthesis of Chlorella pyrenoidosa 251. Environ. Pollut. 1991, 72, 127–139, doi:10.1016/0269-7491(91)90063-3. 

26. Elbaz, A.; Wei, Y.Y.; Meng, Q.; Zheng, Q.; Yang, Z.M. Mercury-induced oxidative stress and impact on 
antioxidant enzymes in Chlamydomonas reinhardtii. Ecotoxicology 2010, 19, 1285–1293, doi:10.1007/s10646-
010-0514-z. 

27. Gillet, S.; Decottignies, P.; Chardonnet, S.; Le Maréchal, P. Cadmium response and redoxin targets in 
Chlamydomonas reinhardtii: A proteomic approach. Photosynth. Res. 2006, 89, 201–211, doi:10.1007/s11120-
006-9108-2. 

28. Collard, J.M.; Matagne, R.F. Isolation and genetic analysis of Chlamydomonas reinhardtii strains resistant to 
cadmium. Appl. Environ. Microbiol. 1990, 56, 2051–2055, doi:10.1128/aem.56.7.2051-2055.1990. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 September 2025 doi:10.20944/preprints202509.1131.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1131.v1
http://creativecommons.org/licenses/by/4.0/


 13 of 15 

 

29. Weiss-Magasic, C.; Lustigman, B.; Lee, L.H. Effect of mercury on the growth of Chlamydomonas reinhardtii. 
Bull. Environ. Contam. Toxicol. 1997, 59, 828–833, doi:10.1007/s001289900556. 

30. Zheng, C.; Aslam, M.; Liu, X.; Du, H.; Xie, X.; Jia, H.; Huang, N.; Tang, K.; Yang, Y.; Li, P. Impact of Pb on 
Chlamydomonas reinhardtii at physiological and transcriptional levels. Front. Microbiol. 2020, 11, 1443, 
doi:10.3389/fmicb.2020.01443. 

31. Jiang, Y.; Zhu, Y.; Hu, Z.; Lei, A.; Wang, J. Towards elucidation of the toxic mechanism of copper on the 
model green alga Chlamydomonas reinhardtii. Ecotoxicology 2016, 25, 1417–1425, doi:10.1007/s10646-016-1692-
0. 

32. Luis, P.; Behnke, K.; Toepel, J.; Wilhelm, C. Parallel analysis of transcript levels and physiological key 
parameters allows the identification of stress phase gene markers in Chlamydomonas reinhardtii under 
copper excess. Plant, Cell Environ. 2006, 29, 2043–2054, doi:10.1111/j.1365-3040.2006.01579.x. 

33. Nowicka, B.; Pluciński, B.; Kuczyńska, P.; Kruk, J. Physiological characterization of Chlamydomonas 
reinhardtii acclimated to chronic stress induced by Ag, Cd, Cr, Cu and Hg ions. Ecotoxicol. Environ. Saf. 2016, 
130, 133–145, doi:10.1016/j.ecoenv.2016.04.010. 

34. Nowicka, B.; Fesenko, T.; Walczak, J.; Kruk, J. The inhibitor-evoked shortage of tocopherol and plastoquinol 
is compensated by other antioxidant mechanisms in Chlamydomonas reinhardtii exposed to toxic 
concentrations of cadmium and chromium ions. Ecotoxicol. Environ. Saf. 2020, 191, 110241, 
doi:10.1016/j.ecoenv.2020.110241. 

35. Nowicka, B.; Zyzik, M.; Kapsiak, M.; Ogrodzińska, W.; Kruk, J. Oxidative stress limits growth of 
Chlamydomonas reinhardtii (Chlorophyta, Chlamydomonadales) exposed to copper ions at the early stage of 
culture growth. Phycologia 2021, 60, 303–313, doi:https://doi.org/10.1080/00318884.2021.1922819. 

36. Prasad, M.N. V.; Drej, K.; Skawińska, A.; Strzałka, K. Toxicity of cadmium and copper in Chlamydomonas 
reinhardtii wild-type (WT 2137) and cell wall deficient mutant strain (CW 15). Bull. Environ. Contam. Toxicol. 
1998, 60, 306–311, doi:10.1007/s001289900626. 

37. Rodríguez, M.C.; Barsanti, L.; Passarelli, V.; Evangelista, V.; Conforti, V.; Gualtieri, P. Effects of chromium 
on photosynthetic and photoreceptive apparatus of the alga Chlamydomonas reinhardtii. Environ. Res. 2007, 
105, 234–239, doi:10.1016/j.envres.2007.01.011. 

38. Zheng, Q.; Cheng, Z.Z.; Yang, Z.M. HISN3 mediates adaptive response of Chlamydomonas reinhardtii to 
excess nickel. Plant Cell Physiol. 2013, 54, 1951–1962, doi:10.1093/pcp/pct130. 

39. Battah, M.; El-Ayoty, Y.; Abomohra, A.E.F.; El-Ghany, S.A.; Esmael, A. Effect of Mn2+, Co2+ and H2O2 on 
biomass and lipids of the green microalga Chlorella vulgaris as a potential candidate for biodiesel 
production. Ann. Microbiol. 2015, 65, 155–162, doi:10.1007/s13213-014-0846-7. 

40. Horvatić, J.; Peršić, V. The effect of Ni2+, Co2+, Zn2+, Cd2+ and Hg2+ on the growth rate of marine diatom 
Phaeodactylum tricornutum Bohlin: Microplate growth inhibition test. Bull. Environ. Contam. Toxicol. 2007, 79, 
494–498, doi:10.1007/s00128-007-9291-7. 

41. Lustigman, B.; Lee, L.H.; Weiss-Magasic, C. Effects of cobalt and pH on the growth of Chlamydomonas 
reinhardtii. Bull. Environ. Contam. Toxicol. 1995, 55, 65–72, doi:10.1007/BF00212390. 

42. Osman, M.E.H.; El-Naggar, A.H.; El-Sheekh, M.M.; El-Mazally, E.E. Differential effects of Co2+ and Ni2+ on 
protein metabolism in Scenedesmus obliquus and Nitzschia perminuta. Environ. Toxicol. Pharmacol. 2004, 16, 
169–178, doi:10.1016/j.etap.2003.12.004. 

43. Rachlin, J.W.; Grosso, A. The growth response of the green alga Chlorella vulgaris to combined divalent 
cation exposure. Arch. Environ. Contam. Toxicol. 1993, 24, 16–20, doi:10.1007/BF01061084. 

44. dos Reis, L.L.; de Abreu, C.B.; Gebara, R.C.; Rocha, G.S.; Longo, E.; Mansano, A. da S.; Melão, M. da G.G. 
Isolated and combined effects of cobalt and nickel on the microalga Raphidocelis subcapitata. Ecotoxicology 
2024, 33, 104–118, doi:10.1007/s10646-024-02728-0. 

45. El-Din, S.M. Effects of heavy metals (copper, cobalt and lead) on the growth and photosynthetic pigments 
of the green alga Chlorella pyrenoidosa H. Chick. Catrina Int. J. Environ. Sci. 2016, 15, 1–10. 

46. El-Sheekh, M.M.; El-Naggar, A.H.; Osman, M.E.H.; El-Mazaly, E. Effect of cobalt on growth, pigments and 
the photosynthetic electron transport in Monoraphidium minutum and Nitzchia perminuta. Brazilian J. Plant 
Physiol. 2003, 15, 159–166, doi:10.1590/S1677-04202003000300005. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 September 2025 doi:10.20944/preprints202509.1131.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1131.v1
http://creativecommons.org/licenses/by/4.0/


 14 of 15 

 

47. Rocha, G.S.; Melão, M.G.G. Does cobalt antagonize P limitation effects on photosynthetic parameters on 
the freshwater microalgae Raphidocelis subcapitata (Chlorophyceae), or does P limitation acclimation 
antagonize cobalt effects? More questions than answers. Environ. Pollut. 2024, 341, 122998, 
doi:10.1016/j.envpol.2023.122998. 

48. Rai, R.; Agrawal, M.; Agrawal, S.B. Impact of heavy metals on physiological processes of plants: With 
special reference to photosynthetic system. In Plant Responses to Xenobiotics; Singh, A., Prasad, S.M., Singh, 
R.P., Eds.; Springer Singapore, 2016; pp. 127–140 ISBN 9789811028601. 

49. Küpper, H.; Andresen, E. Mechanisms of metal toxicity in plants. Metallomics 2016, 8, 269–285, 
doi:10.1039/c0xx00000x. 

50. Küpper, H.; Šetlík, I.; Spiller, M.; Küpper, F.C.; Prášil, O. Heavy metal-induced inhibition of photosynthesis: 
Targets of in vivo heavy metal chlorophyll formation. J. Phycol. 2002, 38, 429–441, doi:10.1046/j.1529-
8817.2002.01148.x. 

51. Csatorday, K.; Gombos, Z.; Szalontai, B. Mn2+ and Co2+ toxicity in chlorophyll biosynthesis. Proc. Natl. Acad. 
Sci. U. S. A. 1984, 81, 476–478, doi:10.1073/pnas.81.2.476. 

52. Chettri, M.K.; Cook, C.M.; Vardaka, E.; Sawidis, T.; Lanaras, T. The effect of Cu, Zn and Pb on the 
chlorophyll content of the lichens Cladonia convoluta and Cladonia rangiformis. Environ. Exp. Bot. 1998, 39, 1–
10, doi:10.1016/S0098-8472(97)00024-5. 

53. Mallick, N. Copper-induced oxidative stress in the chlorophycean microalga Chlorella vulgaris: Response of 
the antioxidant system. J. Plant Physiol. 2004, 161, 591–597, doi:10.1078/0176-1617-01230. 

54. Rai, U.N.; Singh, N.K.; Upadhyay, A.K.; Verma, S. Chromate tolerance and accumulation in Chlorella 
vulgaris L.: Role of antioxidant enzymes and biochemical changes in detoxification of metals. Bioresour. 
Technol. 2013, 136, 604–609, doi:10.1016/j.biortech.2013.03.043. 

55. Nikookar, K.; Moradshahi, A.; Hosseini, L. Physiological responses of Dunaliella salina and Dunaliella 
tertiolecta to copper toxicity. Biomol. Eng. 2005, 22, 141–146, doi:10.1016/j.bioeng.2005.07.001. 

56. Moussa, I.D.-B.; Athmouni, K.; Chtourou, H.; Ayadi, H.; Sayadi, S.; Dhouib, A. Phycoremediation potential, 
physiological, and biochemical response of Amphora subtropica and Dunaliella sp. to nickel pollution. J. Appl. 
Phycol. 2018, 30, 931–941, doi:10.1007/s10811-017-1315-z. 

57. Boucher, N.; Carpentier, R. Hg2+, Cu2+, and Pb2+-induced changes in photosystem II photochemical yield 
and energy storage in isolated thylakoid membranes: A study using simultaneous fluorescence and 
photoacoustic measurements. Photosynth. Res. 1999, 59, 167–174, doi:10.1023/a:1006194621553. 

58. Gan, T.; Zhao, N.; Yin, G.; Chen, M.; Wang, X.; Liu, J.; Liu, W. Optimal chlorophyll fluorescence parameter 
selection for rapid and sensitive detection of lead toxicity to marine microalgae Nitzschia closterium based 
on chlorophyll fluorescence technology. J. Photochem. Photobiol. B Biol. 2019, 197, 111551, 
doi:10.1016/j.jphotobiol.2019.111551. 

59. Pluciński, B.; Nowicka, B.; Waloszek, A.; Rutkowska, J.; Strzałka, K. The role of antioxidant response and 
nonphotochemical quenching of chlorophyll fluorescence in long-term adaptation to Cu-induced stress in 
Chlamydomonas reinhardtii. Environ. Sci. Pollut. Res. 2023, 30, 67250–67262, doi:10.1007/s11356-023-27175-y. 

60. Wei, Y.Y.; Zheng, Q.; Liu, Z.P.; Yang, Z.M. Regulation of tolerance of Chlamydomonas reinhardtii to heavy 
metal toxicity by heme oxygenase-1 and carbon monoxide. Plant Cell Physiol. 2011, 52, 1665–1675, 
doi:10.1093/pcp/pcr102. 

61. Zheng, Q.; Meng, Q.; Wei, Y.Y.; Yang, Z.M. Alleviation of copper-induced oxidative damage in 
Chlamydomonas reinhardtii by carbon monoxide. Arch. Environ. Contam. Toxicol. 2011, 61, 220–227, 
doi:10.1007/s00244-010-9602-6. 

62. Escobar, J.A.; Rubio, M.A.; Lissi, E.A. SOD and catalase inactivation by singlet oxygen and peroxyl radicals. 
Free Radic. Biol. Med. 1996, 20, 285–290, doi:10.1016/0891-5849(95)02037-3. 

63. Kuo, E.Y.H.; Cai, M.S.; Lee, T.M. Ascorbate peroxidase 4 plays a role in the tolerance of Chlamydomonas 
reinhardtii to photo-oxidative stress. Sci. Rep. 2020, 10, 13287, doi:10.1038/s41598-020-70247-z. 

64. Howe, G.; Merchant, S. Heavy metal-activated synthesis of peptides in Chlamydomonas reinhardtii. Plant 
Physiol. 1992, 98, 127–136. 

65. Nagalakshmi, N.; Prasad, M.N. V. Responses of glutathione cycle enzymes and glutathione metabolism to 
copper stress in Scenedesmus bijugatus. Plant Sci. 2001, 160, 291–299, doi:10.1016/S0168-9452(00)00392-7. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 September 2025 doi:10.20944/preprints202509.1131.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1131.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 15 

 

66. Filová, A.; Fargašová, A.; Molnárová, M. Cu, Ni, and Zn effects on basic physiological and stress parameters 
of Raphidocelis subcapitata algae. Environ. Sci. Pollut. Res. 2021, 28, 58426–58441, doi:10.1007/s11356-021-
14778-6. 

67. Takami, R.; Almeida, J. V.; Vardaris, C. V.; Colepicolo, P.; Barros, M.P. The interplay between thiol-
compounds against chromium (VI) in the freshwater green alga Monoraphidium convolutum: Toxicology, 
photosynthesis, and oxidative stress at a glance. Aquat. Toxicol. 2012, 118–119, 80–87, 
doi:10.1016/j.aquatox.2012.03.018. 

68. Hamed, S.M.; Zinta, G.; Klöck, G.; Asard, H.; Selim, S.; AbdElgawad, H. Zinc-induced differential oxidative 
stress and antioxidant responses in Chlorella sorokiniana and Scenedesmus acuminatus. Ecotoxicol. Environ. Saf. 
2017, 140, 256–263, doi:10.1016/j.ecoenv.2017.02.055. 

69. Hamed, S.M.; Selim, S.; Klöck, G.; AbdElgawad, H. Sensitivity of two green microalgae to copper stress: 
Growth, oxidative and antioxidants analyses. Ecotoxicol. Environ. Saf. 2017, 144, 19–25, 
doi:10.1016/j.ecoenv.2017.05.048. 

70. Dziuba, J.; Nowicka, B. Unravelling the mechanisms of heavy metal tolerance: Enhancement in hydrophilic 
antioxidants and major antioxidant enzymes is not crucial for long-term adaptation to copper in 
Chlamydomonas reinhardtii. Plants 2024, 13, 999, doi:10.3390/plants13070999. 

71. Wu, J.-T.; Chang, S.-J.; Chou, T.-L. Intracellular proline accumulation in some algae exposed to copper and 
cadmium. Bot. Bull. Acad. Sin. 1995, 36, 89–93. 

72. Mehta, S.K.; Gaur, J.P. Heavy metal-induced proline accumulation and its role in ameliorating metal 
toxicity in Chlorella vulgaris. New Phytol. 1999, 143, 253–259, doi:10.1046/j.1469-8137.1999.00447.x. 

73. Danouche, M.; El Ghachtouli, N.; El Baouchi, A.; El Arroussi, H. Heavy metals phycoremediation using 
tolerant green microalgae: Enzymatic and non-enzymatic antioxidant systems for the management of 
oxidative stress. J. Environ. Chem. Eng. 2020, 8, 104460, doi:10.1016/j.jece.2020.104460. 

74. Tripathi, B.N.; Mehta, S.K.; Amar, A.; Gaur, J.P. Oxidative stress in Scenedesmus sp. during short- and long-
term exposure to Cu2+ and Zn2+. Chemosphere 2006, 62, 538–544, doi:10.1016/j.chemosphere.2005.06.031. 

75. Collin, V.C.; Eymery, F.; Genty, B.; Rey, P.; Havaux, M. Vitamin E is essential for the tolerance of Arabidopsis 
thaliana to metal-induced oxidative stress. Plant, Cell Environ. 2008, 31, 244–257, doi:10.1111/j.1365-
3040.2007.01755.x. 

76. Lichtenthaler, H.K. Chlorophylls and carotenoids: pigments of photosynthetic biomembranes. Methods 
Enzymol. 1987, 148, 350–382, doi:10.1016/0076-6879(87)48036-1. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 September 2025 doi:10.20944/preprints202509.1131.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1131.v1
http://creativecommons.org/licenses/by/4.0/

