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A B S T R A C T   

The present work assessed the effect of copper (Cu) on cell dynamics and structure of the microalga Porphyridium 
purpureum (Rhodophyta, Bangiophycidae). Ultrastructure of the microalga was investigated and fluorescence of 
chlorophyll a and phycoerythrin, and content of reactive oxygen species (ROS) were estimated by flow cytom
etry. The number of cells did not show statistically significant differences at concentrations of 50 and 100 μg/L of 
Cu compared to the control, whereas 150 μg/L of Cu inhibited population growth. The fluorescence of chloro
phyll a increased following exposure to Cu 100 μg/L and fluorescence of phycoerythrin enhanced by Cu 150 μg/ 
L. There was no alteration in the above indicators at other concentrations. The content of ROS increased with 
increasing Cu concentration in a dose-dependent manner. The population size structure was also changed by Cu 
as the number of cells sized 4–6 μm was increased in the presence of Cu, especially with Cu 150 μg/L. Changes in 
the topography of thylakoids grew larger with Cu concentration.   

1. Introduction 

Microalgae, as primary producers, have attracted the attention of 
researchers both in environmental and evolutionary terms. As the 
human impact on the environment increases, the number of studies 
devoted to assess the effects of toxic substances on such organisms, is 
growing [1]. Among the huge number of inorganic and organic sub
stances, copper (Cu) plays a dual role, either assisting the growth of 
plants (acting as a cofactor of enzymes, working in the 
electron-transport chains of photosynthesis and respiration, ensuring 
the functioning of phytohormones, etc.) or at high concentrations, by 
inhibiting plants’ physiological and biochemical reactions it causes 

death [2,3]. Since Cu is commonly used in various industries, Cu 
contamination of aquatic systems is highly probable. Noteworthy, at 
high levels, Cu exerts cytotoxic properties and induces over-production 
of damaging free radicals. Microalgae have often been used to evaluate 
toxicity effects from various matrixes, such as carbon, carbon nano
fibers, silicon nanotubes, oil-based biodiesels, fumes and nanoparticles, 
amongst others [23–26]. 

The mechanisms underlying Cu effects on microalgae are fairly well 
described. However, information on the effect of Cu on representatives 
of marine algal flora and freshwater algae is limited to diatom species [4, 
5] and green microalgae, respectively [1,6–10]. Also, unicellular red 
algae remain almost unexplored [1,11]. Despite the fact that at the 
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present stage of evolution, red algae have not been dominant in 
phytoplankton communities, studying their population and physiolog
ical responses to various toxic effects is very important to understanding 
the ecology of the phyla. Copper concentrations used in toxicity test can 
reach up to 1000 μg/L [1,4,7,11]. 

A quick method to qualitatively assess the state of microalgae cul
tures is via flow cytometry which is based on the entire arsenal of 
fluorescence-based methods of cell components and pathways/pro
cesses analysis [12]. 

Alterations in the number of microalgae cells are an indicator of the 
impact of environmental factors [9]. However, with a constant or 
increasing number of cells, their physiological processes can be 
inhibited. 

The purpose of this work was to study changes in the number and 
size structure of the population, functioning of the photosynthetic 
apparatus, content of ROS, and ultrastructure of the microalgae species 
Porphyridium purpureum (Rhodophyta), in the presence of Cu. Thus, 
chlorophyll a fluorescence which reflects the functioning of the photo
synthetic apparatus (the main energy supplier of plant cell) [3] was 
measured following exposure to Cu; also, reactive oxygen species (ROS) 
were quantified to evaluate Cu effects on a living organism, since one of 
the first responses to a stress factor is enhanced ROS production [2]. 
Besides, the microalgae ultrastructure was also examined following Cu 
treatment [7,9]. 

2. Material and methods 

2.1. Microalgae culture 

In this study, unicellular algae P. purpureum (Bory de Saint-Vincent) 
K.M. Drew & R. Ross (Rhodophyta), isolated from Peter the Great bay, a 
gulf near the southern coast of Primorsky Krai, East Russia, and the 
largest gulf of the Sea of Japan, were cultured. Until the 10th day of 
cultivation this strain does not form cell clusters. 

The microalgae P. purpureum (Rhodophyta) strain MBRU_PP-AB11 
were provided by the Marine Biobank resource center of the NSCMB 
FEB RAS (http://marbank.dvo.ru). 

2.2. Toxicity test: general procedure 

Algal culture in exponential growth phase was used for the inocu
lation of various Cu concentrations and control (the control group did 
not receive any additions of Cu). The experiments were carried out in 
three biological replicates, and the data are expressed as a percentage 
compared to the control group. The following endpoints were consid
ered in this study: chlorophyll a and phycoerithrin fluorescence, and 
population growth (i.e. cell density). 

The algae were grown on a medium f [13], prepared using filtered 
and sterilized seawater with a salinity of 32 % in 250 mL Erlenmeyer 
flasks with a culture medium volume of 100 mL [5], at a temperature of 
18 ◦C, an illumination intensity of 70 μmol/m·s in the visible light re
gion and a light/dark period of 14/10 h, respectively. The initial cell 
concentration was 10 × 104 cells/mL. The duration of the experiment 
was 7 days. Samples needed for flow cytometric analysis, were taken 
after the 3rd and 7th day, whereas those required for electron micro
scopy analysis were collected after the 7th day. 

2.3. Chemicals 

Cu was added in the form of CuSO4 ‧5H2O, at concentrations (50, 
100, and 150 μg/L) indicated in terms of Cu ions, and 2′,7′-dichloro
fluorescin diacetate (Sigma-Aldrich) was used for ROS level 
measurement. 

2.4. Flow cytometry 

Microalgae cell counting and registration of morphological and 
biochemical changes during the experiment were carried out using the 
flow cytometer CytoFLEX (Beckman Coulter, USA) equipped with the 
software package CytExpert v.2.0. For cell number measurement, 
10,000 events (particles in sample) were recorded at a flow rate of 
60 μL/min. The selection of algae cells from the total number of events 
recorded by the cytometer, was carried out by the fluorescence of 
chlorophyll a [12]. The cell diameter was determined using calibration 
beads (Molecular Probes, USA) with the certified size distribution of 1, 
2, 4, 6, 10 and 15 μm used for the forward scatter emission channel. The 
fluorescence intensity of chlorophyll a was detected at 690 nm (band
width 50 nm), and at 585 nm for phycoerythrin (bandwidth 20 nm), 
whereas the excitation wavelength was 488 nm for both pigments [12]. 
The level of ROS was evaluated using 2′7′-dichlorodihydrofluorescein 
diacetate fluorescent dye; staining was performed for one hour at room 
temperature in the dark. The fluorescence of the oxidized and diacety
lated product was determined at 525 nm (bandwidth 20 nm) with 
488 nm as the excitation wavelength [14]. After fluorescent staining, 
each sample was analyzed at a flow rate of 60 μL/min for 60 s. 

2.5. Transmission electron microscopy 

For electron microscopic analysis, P. purpureum cells were fixed for 
2 h in 2.5 % glutaraldehyde prepared in a phosphate buffer (pH 7.4), 
and then in 1 % osmium tetroxide (in the same buffer) for 1 h. After
wards, the material was dehydrated in a series of alcohols with 
increasing concentrations and acetone, and poured into a mixture of 
Epon and Araldite (Fluka, Switzerland) according to the standard pro
cedure [15]. Sections with a thickness of 70 nm were made on an 
ultracutome Ultracut R LEICA (Austria) and contrasted with 2 % uranyl 
acetate and lead citrate solution according to the standard Reynolds 
method [16]. Sections were examined on a Libra 120 transmission 
electron microscope (TEM) (Carl Zeiss, Germany). 

2.6. Statistical analysis 

Statistical analyses of cell number and size, physiological parameters 
(chlorophyll a and phycoerythrin auto-fluorescence, fluorescence of 
2′,7′-dichlorofluorescin diacetate product) were performed using 
Microsoft Excel with statistical significance set at a p-value <0.05. Dif
ferences in parameters among the different experimental conditions 
were assessed by non-parametric Mann–Whitney U test Results are 
expressed as mean ± standard error. 

3. Results 

The number of cells did not significantly differ from the control 
group in the presence of 50 and 100 μg/L of copper (Tables 1 and 2). 
However, addition of 150 μg/L of Cu to the medium, led to the inhibi
tion of population growth. 

The fluorescence of chlorophyll a in Cu 50 and 150 μg/L treated 
culture did not significantly differ from the control group; but, that of 
culture treated with Cu 100 μg/L was higher than the control group 
(Tables 1 and 2). Phycoerythrin fluorescence following exposure to Cu 
50 and 100 μg/L decreased compared to the control group at the end of 
the experiment but did show an increase at 150 μg/L of Cu (Tables 1 
and 2). 

The content of ROS in culture incubated with Cu 50 μg/L corre
sponded to that of the control group, while at 100 μg/L, it decreased on 
the 3rd day and exceeded the control group on the 7th. An even greater 
difference was noted in the presence of Cu 150 μg/L (Tables 1 and 2). 
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The fraction of 6–10 μm cells on the 3rd day increased in the pres
ence of various concentrations of Cu in the medium in a dose-dependent 
manner (Fig. 1a). On the 7th day, such an effect was observed only at 
concentrations of 100 and 150 μg/L (Fig. 1b). 

P. purpureum cells in the control group were spherical or ovoid, 
surrounded by a so-called “mucous envelope”, which forms due to the 
presence of pectin compounds. The nucleus with a diameter of 1–2 μm 
was oval in the peripheral part of the cell. Tubular mitochondria with a 
diameter of up to 0.5 μm, generally, occupied the peripheral part of the 
cell. A stellate chloroplast with a central pyrenoid was located in the 
central part of the cell (Fig. 2a). P. purpureum thylakoids were solitary, 
and located rather densely to each other. Phycobilisomes were arranged 

orderly and close to each other (Fig. 2b). 
When exposed to Cu 50 μg/L, the ultrastructure of P. purpureum cells 

was similar to that of the control group. Chloroplasts underwent insig
nificant changes with thylakoids distanced from each other (Fig. 2c). 
Phycobilisomes, in general, were also arranged in an orderly manner, as 
in the control group (Fig. 2d). 

Under the influence of Cu 100 μg/L, no violation of the cell ultra
structure was noted (Fig. 2e). However, the inter-thylakoid space in the 
chloroplasts increased even more than at a lower Cu concentration of 
50 μg/L (Fig. 2f). Cu 150 μg/L did not alter the organelles of 
P. purpureum cells (Fig. 2g), with the exception of the distance of thy
lakoids in chloroplasts and the phycobilisomes that were arranged in a 
less orderly way (Fig. 2h). 

4. Discussion 

This study shows that the number of P. purpureum cells decreased 
following exposure to Cu 150 μg/L. In another red microalga species, 
Rhodella reticulata, this phenomenon occurred at 3 μg/L of Cu, along 
with a decrease in dry weight, and the content of chlorophyll a, carot
enoids, and phycobilins [11]. The decrease in the number of cells 
discovered by the present study and previous studies, is due to the fact 
that Cu affects the growth of photosynthetic organisms by changing 
many cellular processes. Under stressful conditions, organisms dedicate 
the energy required for growth to other cellular processes necessary to 
control and maintain cell homeostasis and survival [6]. In addition, Cu 
has a negative effect on the morphology of chromosomes and the cell 
cycle, which leads to inhibition of cell division [17]. 

Cu upon entering the cytosol, disrupts the functioning of enzymes 
and cell division processes. The cell division of P. purpureum is suscep
tible to Cu than photosynthesis, with an increase in the proportion of 
larger cells. This is due to the fact that copper inhibits cell division 
processes regardless of carbon fixation (i.e. cells continue to produce 
substances necessary for building cells, but are not able to divide, which 
leads to an increase in their size due to the accumulated photosynthesis 
products) [4]. Cell enlargement is also considered one of the defence 
mechanisms that help microalgae adapt to induced toxic stress where 
under adverse conditions, algae can accumulate biomass, including even 
photosynthetic pigments. This process contributes to the “dilution” of 
toxicants in the metabolites secreted by the cell, hence, reducing the 
total adverse impact. In addition, as a result of an increase in cell size, 
their specific surface area also increases, which reduces the level of 
negative effects of substances [8]. 

Table 1 
Growth and physiological parameters of Porphyridium purpureum in the presence of copper in the medium on the 3rd day.  

Biomarkers 
Copper concentrations 

0 μg/L (control) 50 μg/L 100 μg/L 150 μg/L 

Cell number in μL 269.06 ± 31.45 303.825 ± 50.06 262.04 ± 14.28 132.525 ± 2.93* 
Chlorophyll a fluorescence, a.f.u. 95,926 ± 4170 95,400 ± 1805 110,449 ± 2416* 101,094 ± 5601 
Phycoerythrin fluorescence, a.f.u. 60,016 ± 4170 60,219 ± 1805 62,783 ± 2416 69,216 ± 5602 
Fluorescence of product of 2′,7′-dichlorofluorescin diacetate, a.f.u. 127,687 ± 3921 125,673 ± 1,017,288 108,862 ± 16,313* 126,957 ± 12,994  

* Differences from the control group are significant at p ≤ 0.05. 

Table 2 
Growth and physiological parameters of the microalga Porphyridium purpureum in the presence of copper in the medium on the 7th day.  

Biomarkers 
Copper concentrations 

0 μg/L (control) 50 μg/L 100 μg/L 150 μg/L 

Cells number in μL 883.12 ± 35.84 843.55 ± 39.76 918.57 ± 90.06 571.21 ± 20.08* 
Chlorophyll a fluorescence, a.f.u. 75,492 ± 5866 68,633 ± 4172 8,374,842 ± 3117* 7,414,917 ± 3711 
Phycoerythrin fluorescence, a.f.u. 46,702 ± 4636 42,063 ± 3143 45,261 ± 2345 51,445 ± 3199 
Fluorescence of product of 2′,7′-dichlorofluorescin diacetate, a.f.u. 39,818 ± 4636 39,551 ± 3143 45,296 ± 2345* 51,786 ± 3199*  

* Differences from the control group are significant at p ≤ 0.05. 

Fig. 1. Size structure of the microalgae Porphyridium purpureum population in 
control and presence of copper in the medium. A – the third day; B – the sev
enth day. 

Z.V. Markina et al.                                                                                                                                                                                                                             



Toxicology Reports 8 (2021) 988–993

991

One of the first protective measures employed by algae against toxic 
stress is production of mucous substances. This phenomenon has been 
widely shown. 

Cells of P. purpureum possess a mucous envelope and do not expend 
energy for the realization of this detoxification mechanism. In addition, 
polysaccharides of red algae, bind to metal ions, causing the deposition 
of toxicants [11,18], and enhance the activity of antioxidant enzymes 

that suppress the effect of ROS [19]. 
The main damaging effect of Cu is due to the production of ROS due 

to their participation in the Fenton and Haber-Weiss reactions [3]. An 
increase in the ROS content in P. purpureum compared with the control 
group, was noted at Cu 100 μg/L and, to a greater extent, at 150 μg/L. 

ROS are dangerous for the human body because they cause lipid 
peroxidation, violation of protein conformation and damage to nucleic 

Fig. 2. Ultrastructure of the microalga Por
phyridium purpureum in presence of copper in 
the medium. A – control, general view, arrow 
indicates to mucopolysaccharide envelope; B – 
control, the location of thylakoids in the chlo
roplast: arrows indicate to phycobilisomes; C – 
copper content of 50 μg/L, general view, arrow 
indicates a mucopolysaccharide envelope; D – 
copper content of 50 μg/L, the location of thy
lakoids in the chloroplast: arrows indicate 
phycobilisomes; E – copper content of 100 μg/ 
L, general view, arrow indicates a mucopoly
saccharide mucous envelope; F – copper con
tent of 100 μg/L, the location of thylakoids in 
the chloroplast: arrows indicate phycobili
somes; G – with a copper content of 150 μg/L, 
general view; nucleolus is indicated with a short 
arrow; the long arrow indicates the mucopoly
saccharide mucous envelope; H – with a copper 
content of 150 μg/L, the location of thylakoids 
in the chloroplast; arrows indicate phycobili
somes. Designations: ch – chloroplast, p – py
renoid, arrow indicates to mucopolysaccharide 
mucous envelope, nu – nucleus.   
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acid molecules. It is known that phycoerythrin has antioxidant proper
ties, like other phycobilines [20]; possibly, the synthesis of phycoery
thrin increased following exposure to Cu 150 μg/L, as reflected by an 
increase in the level of pigment fluorescence. 

Most of the active forms of oxygen are produced in chloroplasts and 
the mitochondria, and therefore these organelles are more susceptible to 
damage under toxic conditions [21]. As shown by ultrastructural as
sessments done in the present study, only the structure of chloroplasts 
underwent a change in the presence of Cu in the medium, whereas the 
mitochondria remained intact. At the same time, the fluorescence of 
photosynthetic pigments did not decrease, indicating adaptive rear
rangements of the physiological processes of algae even with changes in 
the chloroplasts. On unicellular representatives of the Chlorophyta 
phyla [7,9] and red multicellular alga [18], a violation of the topog
raphy of thylakoids was also shown. Repeatedly on representatives of 
algae and higher plants like angiosperms, it was shown that chloroplasts 
are the target for different kinds of toxicants [2,22]. A change in the 
shape of chloroplasts can be a direct consequence of violation of ion 
exchange under the influence of metals, while changes in thylakoids are 
a consequence of the binding of their proteins to metals and changes in 
their normal functioning, as well as oxidative stress [3]. The main role of 
chloroplasts is their contribution to the photosynthesis process, but they 
also participate in the synthesis of amino acids and fatty acids and the 
immune responses of plants, therefore, damage to the photosynthetic 
apparatus inevitably affects the growth of algae [1]. 

Microalga Phaeodactylum tricortum was more sensitive to Cu then 
P. purpureum – after 3 days the cell number decreased 3-fold, but the cell 
number of P. purpureum did not differ significantly from the control over 
the same exposure time [4]. Also, P. purpureum was more tolerant to Cu 
than some species like Isochrysis galbana (50 % growth inhibition after 3 
days were observed under 10–18 μg/L) and Phaeocystis antarctica (50 % 
growth inhibition after 10 days were observed under 6 μg/L) [1]. 

5. Conclusions 

Cu 50 μg/L and 100 μg/L did not affect the dynamics of P. purpureum 
cell numbers; however, Cu 150 μg/L inhibited the growth of the algae. 
Chlorophyll a and phycoerythrin fluorescence in Cu 100 μg/L and 
150 μg/L exposed cells, exceeded that of the control group, respectively. 
At the end of the treatment period, ROS content increased following 
exposure to Cu 100 μg/L and 150 μg/L. The size structure of the popu
lation changed during copper intoxication and ultrastructural changes 
were only observed for chloroplasts. Adaptation of P. purpureum to Cu 
50 μg/L in the medium occurred by the seventh day, as indicated by the 
correspondence of all parameters to the control level, however, the 
chloroplast ultrastructure was not restored. At 100 μg/L, the number of 
cells did not differ from that of the control group, however, the size 
structure of the population changed, and there was an increase in the 
content of ROS as well as even greater violations in the chloroplasts. Cu 
150 μg/L led to inhibition of growth processes, an even greater increase 
in the content of ROS and more marked changes in the topography of 
thylakoids. 
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