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Abstract

Toxicity assessment of K,Cr,0,, ZnCl, and NiCl,.6H,0 focusing on the green unicellular alga Desmodesmus subspicatus
showed that Ni was the most toxic (EC5,=0.121 mg L™"), followed by Cr (EC5,=0.357 mg L™!) and Zn (ECs,=0.968 mg
L~!). The alga was exposed to solutions of the individual metals and their mixtures (Zn +Ni, Zn + Ni+ Cr). After 48, 72
and 96 h of exposure, the accumulation of Zn, Ni and Cr in algal cells was assessed. Moreover, the change in toxicity of the
metals, the concentration of selected biogenic elements (Ca, Na, Mg, S, K, P, Mn) in algal cells and the rate of metal removal
from the solutions were also analysed. In the case of single-metal solutions, for Zn and Cr, the toxicity and accumulation
in algal cells decreased over the 96 h of the experiment, whereas for Ni as well as for the binary and ternary mixtures the
toxicity and accumulation increased. Significant correlations between the amount of metals accumulated in the cells and the
inhibition of growth rates were observed. The content of selected biogenic elements in algal cells decreased over time in all
treatments with added metals as well as in the control group, and after 96 h was higher in all treatments with addition of Ni
compared to the control group and single-metal solutions of Zn and Cr. The highest removal of the metal from the solution

occurred in the case of the single metal solution of Zn, where 83.4% of Zn was removed from the solution in 96 h.
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Introduction

Many anthropogenic activities such as industrial produc-
tion, mining, transport, fossil fuel combustion, the use of
paint and pigments, as well as agriculture contribute to
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environmental contamination by heavy metals. The danger
of heavy metals is that they persist in the environment for a
long time. In aquatic environments, they tend to accumulate
in sediments and are taken up by aquatic plants and animals.
Zn, Ni and Cr are among the metals that contribute signifi-
cantly to the pollution of aquatic environments due to their
good solubility in water. These metals were selected because
they are frequent contaminants of the aquatic environment
which enter from runoff water. In road traffic, Zn, Ni and Cr
are significantly represented in engine oil emissions (28%,
25%, 33%) and emissions from brake wear (39%, 46%, 37%).
Road abrasion and tire wear are also a source of these ele-
ments (Winther and Slentg 2010). In a study conducted into
heavy metal contamination in urban soils, the highest aver-
age concentrations of Cr, Ni, Mn and Co were observed in
road dust collected along the ring road, while the highest
concentrations of Zn and U were found in dust collected
along the motorway (Wei et al. 2010).

According to their importance for living organisms, met-
als can be divided into two groups: essential metals which
are considered essential for life at low concentrations, and
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non-essential metals which have no function in the organ-
ism and are toxic even at low concentrations. Zn is essential
for the mechanism of action of many enzymes involved in
the metabolism of proteins and carbohydrates, but it is toxic
at higher concentrations (Omar 2002). High Zn concentra-
tions reduce the chlorophyll content and photosynthetic
function of algae and inhibit growth and metabolic activ-
ity (Omar 2002; Al-Hasawi et al. 2020). Cr has no biologi-
cal function in most organisms and is not necessary for any
metabolic processes (Kovacik et al. 2015). It occurs most
often in the two oxidation states which are most stable in
the environment — trivalent Cr(III) and hexavalent Cr(VI),
with hexavalent Cr being more mobile and more soluble and
considered to be more toxic because it can easily penetrate
the cell membrane (Leong and Chang 2020). This is due to
the structural similarity between chromate and sulphate or
phosphate anions (Aharchaou et al. 2017). Stress induced
by Cr leads to a reduced rate of photosynthesis and respi-
ration, disruption of chloroplast ultrastructure and changes
in the cytoskeleton (Nowicka 2022). Cr(VI) causes serious
cell damage by inducing rapid production of reactive oxy-
gen species (ROS) and disruption of Fe homeostasis in cells
(Volland et al. 2012). Ni is a micronutrient necessary for the
proper functioning of some enzymes in plants and micro-
organisms (Nowicka 2022). It is essential only for cyano-
bacteria, for algae it is non-essential (Filova et al. 2021). Ni
has a great affinity for biological structures that contain -SH
groups such as proteins and enzymes, causing inhibition of
growth, photosynthesis, respiration and other cellular pro-
cesses (Dahmen-Ben Moussa et al. 2018).

There are four main mechanisms of toxic action of heavy
metal ions, specifically, by reaction with thioyl, histydyl
and carboxyl protein groups, by displacement of essential
metal cations, by a similarity with biochemical functional
groups, especially phosphates, or by the generation of ROS
(Nowicka 2022). Biochemical mechanisms responsible for
changing the sensitivity of different algae types to metals
include extracellular metal sorption on cell walls, metal
complexion on algae exudates consisting of polysaccharides,
intracellular sequestration of metals by phytochelatins and
metallothioneins, and the excretion of intracellular metals
(Fettweis et al. 2021).

Green algae are primary producers of aquatic ecosys-
tems and are at the base of the food chain. These organ-
isms are sensitive to increased concentrations of heavy met-
als in the aquatic environment and are able to absorb and
to some extent accumulate these metals (Rai et al. 1992;
FargaSova et al. 1997; Horesik and Balogh 2002; Komjarova
and Blust 2009; Wang et al. 2012; Zeng et al. 2012; Aha-
rchaou et al. 2017; Hamed et al. 2017; Ciurli et al. 2021;
Filova et al. 2021), which leads to a biomagnification of
these substances in the food chain. Metal toxicity, expressed
mostly as growth reduction, has been studied on different
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types of algae (Vignati et al. 2010; Monteiro et al. 2011;
Qian et al. 2013; Alharbi 2017; Fettweis et al. 2021; Filova
et al. 2021; Macoustra et al. 2021). The green unicellular
algae Desmodesmus subspicatus is a freshwater species and
is often used for ecotoxicological tests as a model organism
recommended by international standards (OECD 2011; ISO
2012).

Toxicological assessments are mainly based on moni-
toring the toxicity of one selected metal. However, in the
aquatic environment, organisms are exposed to mixtures of
metals the combined effect of which can significantly mod-
ify the resulting toxic effects of the studied metal. Additive,
synergistic and antagonistic effects may be observed for var-
ious mixtures (Flouty and Khalaf 2015; Nys et al. 2017; Van
Regenmortel and De Schamphelaere 2018). The influence
of binary mixtures of Zn, Cu, Cd and Ni on the growth of
the freshwater diatom Navicula pelliculosa has been studied
(Nagai and De Schamphelaere 2016). Van Regenmortel and
De Schamphelaere (2018) examined the effects of Cu-Ni
binary mixtures and Cu-Ni-Zn ternary mixtures in various
natural waters on the green algae Pseudokirchneriella sub-
capitata (synonym Raphidocelis subcapitata). The uptake of
Ni, Pb and Cu by Chlamydomonas reinhardtii was quantified
in single monometallic systems and binary metal mixtures
(Flouty and Khalaf 2015). The sorption of Ni and Cu from
binary mixtures by Chlorella vulgaris was studied in (Mehta
and Gaur 2001). The toxicity of Ni, Cu and Zn has been
tested on 8 freshwater algae species in (Fettweis et al. 2021).
Komjarova and Blust (2009) examined the uptake of metals
from a mixture of Cd, Cu, Ni, Pb and Zn by P. subcapitata
and the water flea Daphnia magna. The effects of Ni-Zn-
Cu-Cd and Ni-Zn-Cu mixtures on the growth rate of algae
P. subcapitata and the reproduction of Ceriodaphnia dubia
were evaluated by (Nys et al. 2017). Gebara et al. (2020)
focused on testing the effects of Zn and Al mixtures on R.
subcapitata. Franklin et al. (2002) investigated the combined
effects of Cu, Cd and Zn on the cell division rate of the
freshwater alga Chlorella sp. The effects of a mixture of 5
heavy metals (As, Cu, Pb, Ni, Zn) on R. subcapitata were
analysed in (Expdsito et al. 2017).

Exposure to heavy metals can affect the mineral compo-
sition of algae through ion exchange between heavy metal
ions in a solution and elemental ions (e.g. Ca**, Na* and K*)
that are bound to the cell surface (Salama et al. 2019). This
issue has been addressed in only a few studies which focus
only on some specific elements often with conflicting results
(Horesik and Balogh 2002; Qian et al. 2013; Dahmen-Ben
Moussa et al. 2018; Kovacik et al. 2018).

Although the impact of Ni and Zn mixtures on algae has
been widely investigated, no information was found on the
effect of Zn + Ni + Cr mixtures on green algae. These metals
contribute significantly to the pollution of water and soils
around roads. The aim of the present work was to compare
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the toxicity of the individual metals Zn, Ni, Cr and some
of their mixtures (Zn + Ni, Zn+ Ni+ Cr) to the green alga
D. subspicatus. Together with the toxicity assessment, the
accumulation of individual metals in algae cells and changes
in the mineral composition of cells were analysed over 3
time sections of the experiment (48, 72, 96 h). The percent-
age of the metals removed from the test solutions has also
been determined for the specific time sections, because the
information about the rate of metal removal can be used for
bioremediation of wastewater.

Materials and methods
Tested organism

Desmodesmus subspicatus (BRINKMANN 1953/SAG
86,81) from the Culture Collection of Autotrophic Organ-
isms (CCALA Tteboii, Czech Republic) was used for the
ecotoxicological tests. The algae were maintained in a test
medium, the composition of which is described in EN ISO
8692 (ISO 2012), in OECD TG 201 (OECD 2011) and in
Online Resource 1.

Chemicals

The tested metals added to the algae were in the form of
K,Cr,0, (Penta s.r.o., Czech Republic, p.a.), ZnCl, (Sigma
Aldrich, ACS reagent) and NiCl,.6H,O (Sigma Aldrich,
99.999% trace metal basis). For each metal compound, its
stock solution was mixed in a test medium, which was used
to prepare the test concentrations of the individual metal
compounds and their mixtures.

For each compound tested, a concentration series of 6
to 7 gradually increasing concentrations was first prepared
to determine the value of ECs after 72 h (concentration of
the test sample at which the algae growth rate is reduced to
50% compared to the control group). K,Cr,0, was tested in
the range of 0.2 to 1.4 mg L™!, ZnCl, in the range of 0.1 to
3.6 mg L™}, and NiCl,.6H,0 in the range of 0.08 to 2 mg
L

Based on the toxicity information found for K,Cr,0,
ZnCl,, and NiCl,.6H,0, a concentration of 0.3 mg L~! was
selected to which each compound was diluted. This concentra-
tion corresponded to 106 ug of Cr, 144 g of Zn and 74 pg of
Ni in one L of solution. Next, a binary mixture was prepared
containing 0.3 mg L™ ZnCl, and 0.3 mg L' NiCl,.6H,0 and
a ternary mixture containing 0.3 mg L™ ZnCl,, 0.3 mg L™!
NiCl,.6H,0 and 0.3 mg L™ K,Cr,0,. The diluted compounds
and mixtures were used in the time experiment to monitor
changes in toxicity and, at the same time, bioaccumulation of
Zn, Cr, Ni and changes in the content of the selected biogenic

elements over time. The selected elements represented macro
and micronutrients and they were Na, K, Ca, Mg, P, S, Mn.

The actual concentrations of the metals monitored and
elements selected in the solutions tested were verified by
ICP-MS/MS before addition of the algae.

Ecotoxicology test design

The ecotoxicology tests were carried out on the basis of
EN ISO 8692 (ISO 2012). The testing itself took place in
50 mL polymethylpentene Erlenmeyer flasks, with a vol-
ume of the solution tested of 40 mL. The metal solutions
were stabilized in the medium for 1 h before the addition of
algae. Algae were added to each flask in such a volume that
the initial cell density was 10,000 cells mL~!. The control
groups contained only the test medium and the addition of
algae. Incubation was carried out using a TS 606 CZ/2-Var
thermostat (WTW, Czech Republic) at 23 +2 °C with con-
stant shaking on an orbital shaker at 200 rpm (IKA KS260
basic, Germany) and constant illumination ranging from 68

to 94 umol photons m=2 s~

Concentration Series — Determination of EC;,

In the experiments to determine EC, individual concentra-
tions from the concentration series were prepared in three
repetitions and the control group concentration in six rep-
etitions. Exposure of the algae to the test solutions lasted
for 72 h; the algae cell density in each dilution and in the
control group was then calculated in a Biirker chamber
under a microscope. Cell density values were used to cal-
culate growth rates and to calculate the inhibition of algal
cell growth compared to the control group. The calculations
were made according to the formulas given in EN ISO 8692
(ISO 2012).

Growth rates were calculated using the following
equation:

Inn; — Inn,

H= —IL 1 s
where u is the specific growth rate, n; is the cell density
measured at the end of the test, n, is the initial cell density,
1, is the time at the beginning of the test and #; is the time at
the end of the test.

Growth inhibitions were calculated for each repetition
according to the following equation:

— u:).100
= e m)100
He

where I; is the growth inhibition for each of the concentra-
tions tested and their replicates, u, is the mean growth rate
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of the control and ; is the growth rate for each replicate of
the test concentrations.

Time Experiment — determination of toxicity
and bioaccumulation

For the time experiment, each of the tested metals or their
mixtures were prepared in nine repetitions; after 48, 72 and
96 h respectively, three Erlenmeyer flasks were removed
from the shaker for both the control and the tested solutions.
Cell density was determined under the microscope for all
the solutions and was then used to calculate the inhibition
of algae growth in individual time sections. The contents
of each flask were then filtered through a nitrate cellulose
filter with 0.45 pm pore size (Merck—Millipore, Germany).
The filtrates were preserved with nitric acid and analysed
using ICP-MS/MS. The filters used were then washed with
ultra-pure water (30 mL), dried in air and placed in Teflon
containers and digested in sub-boiled distilled nitric acid and
suprapure hydrogen peroxide (Analytika, CZ) in a micro-
wave digestion instrument (Berghof, Germany). Then the
concentration of selected elements was determined using
ICP-MS/MS (Agilent, Japan). Blank filters (clean filters
washed with ultra-pure water) were digested and analysed in
the same way. The resulting concentrations of the elements
being determined were obtained by subtracting the blank
filter values and, given that the cell density was known, they
were recalculated to one algae cell. This value represents
the total amount of elements that have been adsorbed on the
surface of algal cells and accumulated directly in the cells.

Determination of selected elements using ICP-MS/
MS

Filter samples after digestion and eluates were analysed using
ICP-MS/MS (Agilent, Japan) with a collision/reaction cell to
determine the content of selected elements (Ni, Zn, Cr, S, K,
P, Mn, Mg, Ca, Na). Integration time for all isotopes was 0.3 s.
The isotopes 3Ni, 33Cr, ©Zn, »Mn, % Mg, 2Na, *Ca and ¥ K
were analysed using He collision gas (4 mL min~') measured
on mass in a single quadrupole mode. Sulphur and phospho-
rus were analysed using the reaction mass shift MS/MS mode
in O, (0.29 mM min~') on the masses of >**¥S and 3"
reaction products. The Argon carrier gas flow rate was 1.07
L min~", the forwarded RF power was 1,550 W. Calibration
solutions were prepared from stock solutions of single-element
standards with a concentration of 1 g L™! (Analytika, CZ). The
internal standard at a concentration of 10 ug L~! was prepared
from Agilent stock solution of 10 mg L~! (Internal standard
mix). Sub-boiled HNO; (Berghof, Germany) and suprapure
water (Merck—Milipore, Germany) were used to prepare all
solutions.

@ Springer

Removal of metals from solution

For each metal and the individual treatments in which it was
present, the percentage of metal removal by algae was calcu-
lated from the initial concentration of the metal in the solution
and its concentration in the filtrate at each time section accord-
ing to the relationship:

(co—cp)

€o

Removal = 100(%),

where ¢, was the concentration of the metal in the solution
at the beginning of the experiment and c was the concentra-
tion of the metal in the filtrate over a certain period of time
(48, 72 and 96 h).

Statistical analysis

Statistical analyses were carried out in GraphPad Prism 6
(GraphPad Software, Inc., USA). A nonlinear regression
method was used to calculate ECs;, values. One-way analysis
of variance (ANOVA) was used to determine the significance
of differences in concentrations of elements in cells between
treatments and controls in individual time sections. Values
were considered statistically significant if the probability was
P <0.05. For each treatment, differences between means were
assessed by Dunnett’s multiple range test.

Results

EC;, values estimated for the tested compounds
(K,Cr,0,, ZnCl, and NiCl,.6H,0)

From the calculated inhibition values for the individual dilu-
tions of the tested compounds, ECs, values for the tested met-
als were estimated with their 95% confidence intervals, spe-
cifically 0.357 mg L™! (0.318 to 0.396 mg L") for K,Cr,05;
0.968 mg L' (0.587 to 1.59 mg L") for ZnCl, and 0.121 mg
L' (0.112—0.131 mg L") for NiCl,.6H,O. The results show
that among the metals Ni was the most toxic to algae, followed
by Cr; the least toxic was Zn. ECs, values for the tested salts
and individual metals are given in Online Resource 2.

Development of toxicity of Zn, Cr, Ni and their
mixtures over 96 h

The ecotoxicology tests were carried out in 5 treatments
for one selected concentration of the tested compounds
of 0.3 mg L~": in the mixtures the concentration of the
individual compounds was also 0.3 mg L™!. Treatment
1 represented the addition of ZnCl, only (designated as
Zn), treatment 2 the addition of K,Cr,0, (designated as
Cr), treatment 3 the addition of NiCl,.6H,O (designated
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as Ni), treatment 4 the addition of ZnCl, and NiCl,.6H,0
(designated as Zn + Ni), treatment 5 the addition of ZnCl,,
NiCl,.6H,0 and K,Cr,0, (designated as Zn+ Ni+ Cr).
Following dilution of all the compounds and their mix-
tures, the actual concentrations of Zn, Cr and Ni in the
solutions tested were determined by means of ICP-MS/MS
at the beginning of the ecotoxicology tests. The average
values from the ecotoxicology tests for each treatment are
given in Table 1. The selected higher Zn:Ni ratio in the
mixtures corresponds to the real environmental ratio of
these metals in contaminated flows (Fettweis et al. 2021).

Figure 1 shows the changes in toxicity, expressed as
inhibition of growth rates compared to the control group,
for each treatment and at time sections of 48, 72 and 96 h,
respectively. The toxicity of metals and mixtures changed
over time and varied for individual metals and mixtures.

Although the Zn concentration in the solutions was approxi-
mately 2 times higher and the Cr concentration was approxi-
mately 1.3 times higher than the Ni concentration at the
beginning of the tests (Table 1), a significant decrease in
toxicity was observed over 96 h for the Zn and Cr treatments,
whereas in the treatment with Ni and the metal mixtures
the opposite trend was observed. After 48 h, the highest
toxicity was observed in the Cr treatment (36.6% inhibi-
tion of growth rates) and the lowest toxicity in Zn and Ni
(17.7% inhibition); after 72 h the lowest growth inhibition
was observed for Cr (14.4%) and the highest for Ni (40.2%).
At the end of the experiment, after 96 h, the lowest toxicity
was observed in the Zn (1.5%) and Cr (4.7%) treatments;
however, if these metals were present in the mixture, the
toxicity was significantly higher and comparable for both
mixtures (Zn+ Ni 34.0%, Zn+ Ni+ Cr 34.6%). The most

Table 1 Initial concentrations of Zn, Cr and Ni determined by ICP-MS/MS in each ecotoxicological treatment

Treatment  Toxic compound Designation Toxicant concentration Zn concentration Cr concentration Ni concentra-
(mgL™) (ngL™ (ngL™") tion (ug L")
1 ZnCl, Zn 0.3 182
2 K,Cr,0, Cr 0.3 99
3 NiCl,.6H,0 Ni 0.3 80
4 ZnCl, and NiCl,.6H,0 Zn+Ni 03+0.3 163 78
5 ZnCl,, NiCl,.6H,0 and K,Cr,0;, Zn+Ni+Cr 0.3+0.3+0.3 147 105 75
Average 164 102 78
Fig.1 Changes in toxicity of 45
metals and their mixtures over
the four-day experiment, y-axis 40- _L
shows mean values of inhibi- J_ ~
tion of specific growth rates (I),
error bars represent+SD, n=3 35
30- J_
— 25_
=
— 20+
154
10
5
- T T
48 72 %6 48 72 96 48 72 %6
& N N
15 (9
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toxic treatment was Ni (38.5%), the toxicity of which was
slightly higher than the toxicity of the treatments containing
Ni in mixtures. Average values of cell densities, growth rates
and inhibitions for the individual tested treatments during
96 h ecotoxicological tests are shown in Online Resource 3.

Bioaccumulation of metals

With the addition of Zn, Cr and Ni, significant differences
(p <0.05) in the concentration of these metals in algal cells
were observed in all the treatments and time sections tested
compared to the control group (Fig. 2). These findings thus
point to the accumulation of these metals in algal cells. The
concentration of Zn in the cells was highest in the treat-
ment with the addition of Zn only and an exposure dura-
tion of 48 h, where it reached 0.148 pg cell™! (Fig. 2a). The
amount of Zn in the cells decreased rapidly over the subse-
quent course of the experiment, after 96 h it was 0.034 pg
cell™!, which corresponds to a 4.4-fold decrease in 2 days.
In contrast, the concentration of Zn in the cells exposed to
Zn+ Ni and Zn + Ni + Cr mixtures increased with time, from
0.055 and 0.073 pg cell™! (48 h) to 0.099 and 0.111 pg cell™!
(96 h); i.e., the concentrations increased 1.8 and 1.5 times,
respectively (Fig. 2a).

As with Zn, the amount of Cr in the cells (treatment with
the addition of Cr) decreased over time from 0.076 pg cell ™!
(48 h) to 0.023 pg cell™! (96 h), i.e., to 3.3 times lower the
value (Fig. 2b). A decrease was also observed in the mixture
with the addition of Cr, from 0.054 to 0.047 pg cell ™! at the
end of the test (1.1-fold decrease), where the concentration
after 72 h was lower than after 96 h (Fig. 2b).

The amount of Ni in the cells increased with time in all
treatments in which Ni accumulation was assessed, i.e.,
treatment with addition of Ni or in the mixtures with Zn
and Cr (Fig. 2c¢). Its concentration increased from 0.039 to
0.068 pg cell™! (1.7 times more) in the treatment with Ni.
In the mixtures, the increase of Ni content was slower, it
increased 1.5 times in the treatment with the Ni+Zn mixture
(from 0.019 to 0.029 pg cell _1) after 48 h, and 1.3 times
(from 0.023 to 0.028 pg cell ~!) in the treatment with the
Ni+Zn + Cr mixture. In the Ni+ Zn + Cr mixture, there was
a slight decrease in Ni concentration in the cells after 72 h,
as was observed in the same treatment for Cr concentration
in the cells.

For the treatments with one tested metal, the accumula-
tion of the tested metals was higher than for the mixtures
only after 48 h and 72 h of exposure; for Ni also after 96 h
of exposure. The reduction in the concentration of metals
in the cells is related to the toxicity of each treatment. For
Zn and Cr treatments, the toxicity decreased significantly
after 96 h, while for Ni treatment and the mixtures (Zn+ Ni,
Zn+ Ni+ Cr), the inhibition of growth rates ranged between
30 to 40% (Fig. 1).
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The graphs in Fig. 3 show how the accumulation of met-
als by algal cells varied at different time intervals, depending
on whether the tested metals were present in the solutions
alone or in the tested mixtures. Over time, the representation
of metals in the cells in the treatments changed as described
above. After 48 h, the accumulation of Zn in the mixtures
by the algal cells was approximately halved compared to
the single-metal Zn solution (Fig. 3a). After 72 h, the accu-
mulation of Zn by the cells in the solutions treated with the
mixtures decreased even more (Fig. 3b), but the differences
were no longer large, and after 96 h, a significant increase in
accumulation of Zn in the cells was observed (about 3 times
higher) compared to the solution with Zn alone (Fig. 3c). A
similar pattern was observed for Cr, but in that case the dif-
ferences between Cr accumulation by the cells exposed to
the mixture and those treated with the single-metal solution
were not as pronounced as in the case of Zn. To the contrary,
in the case of Ni, its accumulation by the cells was lower at
all time sections in the solutions with the metal mixtures,
compared to the solution containing only Ni. In the cells
exposed to the mixtures of the metals tested, Zn accounted
for the largest proportion of the accumulated metals, fol-
lowed by Cr and Ni (Fig. 3).

Removal of metals from solution

For all the metals studied, a gradual decrease in their con-
centrations in the solution remaining after the algae filtration
was observed with increasing time (Fig. 2, right y-axis). The
calculated metal removal values are presented in Table 2.
Figure 2 and Table 2 show that the highest and fastest uptake
by algae occurred in the treatment with Zn alone, since after
96 h the algae removed 83.4% of Zn from the solution. The
rate of removal of Zn from the solution was approximately
equal for both mixtures after 96 h and 2 times lower than that
of the solution with Zn alone (Table 2). If Cr or Ni alone
were added to the solution, the removal rate of these met-
als after 96 h was significantly lower than in the case of the
addition of Zn alone, specifically 28.5% for Cr and 33.3%
for Ni. In the Zn + Ni + Cr mixture, the removal of Cr and
Ni from the solution after 96 h was lower compared to the
solutions with single-metal addition, specifically 2.3 times
and 1.3 times lower, respectively. For the Zn + Ni mixture,
the Ni removal rate was 1.7 times lower than in the case
of the solution with Ni alone (Table 2). In the case of Ni,
the graph (Fig. 2c¢) shows that the removal rate was simi-
lar for treatments with Ni alone and for those treated with
the Ni+ Zn + Cr mixture, while the removal of Ni from the
solution was lower for the binary mixture at all three time
intervals (Fig. 2¢). For the solution with the Zn + Cr + Ni
mixture, Zn was removed in the highest amount, followed
by Ni and then Cr for all time intervals. After 48 h, Zn was
removed in the highest amount (treatment with the addition
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Fig.3 Comparison of metal accumulation by algal cells from solu-
tions with one metal and mixtures of metals at 3 time intervals
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of Zn alone); on the other hand, Cr was removed minimally
both in the solution with Cr alone and with the addition of
Cr mixtures. After 96 h, although low Zn accumulation in
the cells was observed, a high percentage of Zn removal
from the solution was also observed, which is related to the
essentiality of this metal and the low inhibition of growth
rates and thus higher cell density, which was, for example
compared to the Ni solution, approximately 9 times higher,
i.e., a higher amount of cells removed more Zn. More algae
remove more metals since there are more ligand sites for
the metals.

Correlation between growth rate inhibition
and metal concentration in cells

Significant correlations were observed for all metals between
the metal content in the algal cells and inhibition of growth
rates (Fig. 4). For the treatments with addition of Zn, a posi-
tive correlation was observed (Fig. 4a) between Zn content
in the algal cells and the inhibition rates, the Pearson cor-
relation coefficient was 0.547 (P=0.0032). The graph shows
that Zn alone causes a lower inhibition of growth rate at
the same concentration of Zn in the algal cells than when
Zn was added in the mixtures. This trend is not as signifi-
cant for Cr (Fig. 4b), where the correlation coefficient was
0.74 (P=0.004). The distortion could have been caused by a
smaller amount of data for the mixtures with the addition of
Cr. Figure 4c shows the relationship between Ni concentra-
tion in the cells and the inhibition of growth rates with a cor-
relation coefficient of 0.669 (P <0.0001); a lower accumula-
tion of Ni in the cells was observed for the mixtures than for
the addition of Ni alone, and even with low accumulation, a
significant increase in growth rate inhibition was observed.

Changes in concentrations of selected biogenic
elements in algae

During the time experiment, concentrations of selected bio-
genic elements in the algal cells were determined and the
individual test treatments were compared to a control group
of organisms. The test medium used to prepare the solu-
tions analysed contained both macronutrients and trace ele-
ments important for algae growth. Of the selected nutrients,
the concentration of which was measured at the beginning
of the test prior to the addition of algae, the element con-
tained at the highest concentration was Na (mean value of
14 mg L), followed by Ca (5 mg L™, Mg 3 mg L™}, S
(1.54 mg L1, K (0.55 mg L™") and P (0.15 mg L™!). Mn
(109 ug L =) and Zn (4.92 pg L~!) were present in trace
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Table 2 Removal of metals Removal of metal 7n Cr Ni
from solution by algag during from solution (%)
the time course experiment
Treatments/h 48 96 48 72 96 48 72 96
Zn 40.6 64.4 83.4
Cr 0 20.4 28.5
Ni 142 23.6 333
Zn+Ni 11.9 25.3 414 9.0 104 19.7
Zn+Ni+Cr 20.6 30.3 39.5 33 9.6 12.3 14.9 19.7 247
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Fig.4 Relationship between concentration of elements in the cells
and inhibition of growth rates

amounts. Figure 5 shows changes in the concentrations of
the selected biogenic elements in the algae cells for each
treatment tested and in the control group over 96 h. Fig-
ure Sa, b, ¢ clearly show that the content of the selected

elements in the algae cells decreased over time in all treat-
ments as well as in the control group. After 48 h, the highest
content of all the elements monitored was observed in the
treatment with the addition of Cr, which showed the highest
toxicity and also the highest Cr concentrations in the cells
(Fig. 5a). After 72 h, the differences in concentrations of the
biogenic elements between the control group, the low toxic-
ity treatments (Zn, Cr) and the more toxic treatments (Ni,
Zn+Ni, Zn + Ni+ Cr) became more pronounced (Fig. 5b).
The highest content of all the biogenic elements monitored
was observed in the cells affected by the addition of Ni,
which showed the highest toxicity after 72 h of all the treat-
ments as well as a high accumulation of Ni in the cells. After
96 h, the lowest concentrations of all the biogenic elements
monitored were measured in the control group and the treat-
ment with the addition of Zn, followed by the treatment with
Cr; the highest concentrations were in the treatments with
Ni and in the mixture of Zn+ Ni+ Cr, which were the most
toxic. Significantly higher concentrations of P, K, S, Mn, Mg
and Na in the cells were observed for all treatments with the
addition of Ni after 96 h compared to the control group, in
the ternary mixture even the concentration of Ca was higher.

Due to the large differences between the concentrations
of all the biogenic elements monitored in the treatments
and the control group (Fig. 5), for better comparison the
concentrations of the biogenic elements in the cells were
expressed as percentages of the total amount of the moni-
tored biogenic elements (Fig. 6). The individual treatments
were compared to the control group and the percentage
changes in the representation of the monitored biogenic
elements over time were observed. Figure 6 shows that
the percentage of K was higher in the control group when
compared to the other treatments, while a very low per-
centage of K was observed in all treatments with Ni after
48 h of exposure. In the toxic treatments with metals, a
higher percentage of P was observed than in the control
group cells. After 96 h, a similarity in the mineral com-
position between the control group and the almost non-
toxic treatment with Zn is evident. The treatment with Cr,
which also showed low toxicity, differed from the control
group and the treatment with the addition of Zn mainly
by the presence of a higher percentage of Ca and a lower
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Fig.5 Changes in concentrations of the biogenic elements in the cells
in individual test treatments during the time experiment. The y-axis
shows the mean concentrations of the elements in algal cells (n=3)

percentage of K and Na. A similar percentage of the bio-
genic elements is evident for the treatment with the addi-
tion of Ni and the mixture of Ni+ Zn, which differed from
the control group mainly by a lower content of K and Ca
and a higher content of P, Mn and Na. Compared to other
treatments with Ni, the solution with Zn+ Ni+ Cr had a
higher percentage of Ca and Na and a lower percentage of
Mn and K. The analysis of the graphs in Fig. 6 shows that
the content of the biogenic elements in the cells changed
over time.
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Discussion

Our study found that Zn was the least toxic metal when
compared to Cr and Ni, which can be explained by the
fact that Zn is one of the trace elements that are necessary
for algae growth in small amounts and are therefore con-
tained at low concentrations also in the test medium, but
may act as an inhibitor at high concentrations as has been
observed before (Juneja et al. 2013). The specific EC50
values depend on the organisms tested and the test condi-
tions. EC50 of the green alga Chlorella sp. after 72 h was
120 pg Ni L~! (Macoustra et al. 2021). Filova et al. (2021)
studied the effect of ZnCl, and NiCl,.6H,0 on R. sub-
capitata and reported ECs, for these compounds after 96 h
equal to 0.20 and 0.5 mg L™!, respectively. A lower toxic-
ity of Ni than Zn for P. subcapitata is also reported by Nys
et al. (2017). On the other hand, in many cases the toxicity
of Ni for algae was observed to be higher than the toxicity
of Zn (Nagai and De Schamphelaere 2016; Expdsito et al.
2017; Al-Hasawi et al. 2020; Fettweis et al. 2021). For Ni
and Desmodesmus sp., ECs, values were determined to
be 570 ug Ni L~! and 236 pg L~! in hard and moderately
hard water, respectively (Deleebeeck et al. 2009). These
values roughly correspond to the value we obtained in the
present study. Monteiro et al. (2011) reported ECs, for Zn
after 96 h equal to 16.99 mg L™=! for Scenedesmus obliquus
and 4.87 mg L~! for Desmodesmus pleomorphus. ECs;, of
153 +17.9 ug L™ was determined for P. subcapitata and
K,Cr,0; (Vignati et al. 2010). The value of ECs for Cr
of Chlorella pyrenoidosa was 1.6 mg L™! and an increase
in the Cr concentration caused a significant reduction in
the growth of Chlorella cells (Horcsik and Balogh 2002).

The decreasing toxicity of Zn and Cr in the time course
experiment for the solutions containing each metal corre-
sponded to their decreasing accumulation in the cells and
may have been caused by the fact that, unlike Ni, these
metals were added to the solutions at concentrations well
below their corresponding EC values. In contrast, in cells
exposed to Ni, both toxicity and Ni accumulation increased
with time. Zeng et al (2012) observed increased metal tox-
icity to cells depending on time due to increased intracel-
lular metal concentrations. Gorbi et al. (2004) report that
the toxic effect of Cr(VI) on algae may be related to the
rate of bioaccumulation and the reduction of effect appears
to be caused by the interaction between Cr(VI), exudates
and algae cells. Cr(VI) suppressed the viability and auto-
fluorescence of chlorophyll of Scenedesmus quadricauda,
while Cr(III) had a higher stimulating effect on the forma-
tion of ROS and lipid peroxidation (Kovacik et al. 2015).
Rai et al. (2013) observed a decrease in the growth, chloro-
phyll and protein content of C. vulgaris after its exposure
to Cr; moreover, an increase in Cr concentration caused a
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significant decrease in cell density. Exposure of R. subcap-
itata to Cr significantly reduced algal growth and the mean
cell fluorescence of chlorophyll a at the highest tested con-
centrations (15.36 — 19.2 uM of Cr) (Alho et al. 2022).
Lower concentrations of Zn increased dry weight, chloro-
phyll a, b, carotenoids and total amino acid content in S.
obliquus and S. quadricauda. On the other hand, higher
Zn concentrations inhibited growth and other metabolic
activities (Omar 2002). Ni in cells produces ROS, which
can damage lipids on cell membranes; Ni can also replace
the basic metals in metalloenzymes, causing disruption of
metabolic pathways (Exposito et al. 2017).

In our experiment, both binary (Zn+ Ni) and ternary
(Zn + Ni+ Cr) mixtures showed higher toxicity after 96 h
of exposure compared to the toxicity of single-metal solu-
tions in which only Zn or Cr was present, but lower tox-
icity compared to a solution containing only Ni. For both
mixtures (Zn + Ni, Zn+ Ni+ Cr), antagonistic effects were
observed. Nys et al. (2017) studied the antagonistic effects of
ternary (Ni-Zn-Cu) and quaternary (Ni-Zn-Cu-Cd) mixtures
on the growth of P. subcapitata. The mixture of Zn and Al
has synergistic effects on algae at low doses and antagonis-
tic effects at high doses (Gebara et al. 2020). The effect of
an equitoxic mixture of Cu+ Cd to the growth of Chlorella
sp. corresponds more to concentration additive (synergistic
interaction), while the combinations of Cu+Zn, Cd+ Zn and
Cu+Cd+Zn were all antagonistic (Franklin et al. 2002).
Natural waters with different chemical characteristics were
used for testing Cu-Ni and Cu-Ni-Zn mixtures on the growth
of P. subcapitata. Only in one case, in water with a lower
amount of ions, the Cu-Ni-Zn mixture had an antagonistic
effect on algal growth (Van Regenmortel and De Schamphe-
laere 2018).

In the 96 h experiments, a decreasing accumulation of Zn
and Cr by D. subspicatus cells was observed but an increas-
ing Ni accumulation occurred, when these metals were
present in the solutions individually. On the other hand, in
the mixtures, the accumulation of Zn and Ni in the cells
increased with time. In 72 h experiments with Microcys-
tis cells, intracellular concentrations of Cd increased with
exposure time, while for Zn they always reached a plateau,
because Zn is an essential element which is maintained in
homeostasis, i.e., even if new Zn enters the cells during
exposure, the equivalent amount of Zn may be excluded
from the cell. Cd, on the other hand, is a non-essential metal,
bound in the cell to metallothionein and its excretion from
the cytoplasm is not easy, therefore the intracellular concen-
tration of Cd increased with the increasing time of exposure
(Zeng et al. 2012). Ciurli et al. (2021) report a significant
increase in the Zn content (32 mg Zn (100 g DW)™!) in
Chlorella after the first week of growth in a solution with Zn
(4 mg L), which continued until the third week when the
level of Zn in the algae reached 484 mg (100 g DW)~!. Zn?*
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was found to be adsorbed more on the algae surface, e.g.,
the cell surface of the green alga C. reinhardtii adsorbed 6
times more Zn>* than was adsorbed inside the cells (Wang
et al. 2012).

Accumulation of Cr in Scenedesmus acutus was noticea-
ble already after 2 days of exposure (Gorbi et al. 2001). Max-
imum Cr accumulation by C. vulgaris was recorded after
96 h at a Cr concentration of 100 ug mL™" (3,579.01 ug g™
dw). After 120 h, the accumulation rate was lower than for
treatments with shorter exposure times (Rai et al. 2013).
With increasing concentrations of Cr and Zn in the solu-
tion, the concentration of these metals in D. subspicatus
cells increased, with a significant increase in accumulation
observed from the moment the metal concentration in the
solution corresponded to ECs, (Buckova et al. 2022). For
C. reinhardtii, after 1 h of exposure, the main part of the
accumulated Cr (Cr VI and III) was found in the adsorbed
fraction and after 72 h the main part was found in the intra-
cellular (absorbed) fraction (Aharchaou et al. 2017). Horcsik
and Balogh (2002) also report that a large portion of Cr
(70%) was localised in the cell wall of C. pyrenoidosa, while
the membrane and the soluble fraction contained a smaller
portion of the total Cr. Cr was absorbed by C. vulgaris cells,
where it disrupted the structure of chloroplast and a part of
the Cr absorbed by the cells was transported into a vacuole
(Qian et al. 2013).

Filova et al. (2021) report that the amount of Ni accumu-
lated in algae cells increased with an increasing concentra-
tion of Ni in the solution and corresponded to 0.023 and
0.496 ug mg~! dry weight for concentrations of 0.25 mg L~!
and 0.90 mg L™, respectively. The green alga Dunaliella sp.
was able to accumulate 0.005 pg cell™! of Ni within 1 day
for concentrations of 100 mg Ni L™! and after 7 days these
values increased to 0.05 pg cell™!, while a rapid increase
was observed for the total amount of Ni in the algal cells
(adsorbed and intracellular) during day 1, followed by a
decrease which was more pronounced mainly for higher Ni
concentrations, and from day 5 onwards, an increase in Ni
concentration in the cells was again observed (Dahmen-Ben
Moussa et al. 2018). In our experiment, an increase in Ni
accumulation in the cells was observed from 0.039 (day 2)
to 0.068 pg cell™! (day 4) at a Ni concentration of 80 ug L™".
Biosorption of Chlorella cells was rapid within the first few
minutes, then it slowed down, and after 1 h of the Ni action,
no apparent increase in Ni cell absorption was observed
(Wong et al. 2000). The accumulation of Cu, Cd, Ni, Pb and
Zn by P. subcapitata reached steady state within 24 to 48 h,
with the rate of uptake of Cu being higher than for other
metals and the lowest for Ni (Komjarova and Blust 2009).

Essential and nonessential metals can share the same
uptake pathways and interact with each other, which affects
their uptake, bioaccumulation and toxicity, and leads to
different effects (from antagonistic to synergistic action)
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(Flouty and Khalaf 2015). In our experiment, the accumu-
lation of Zn, Cr and Ni by the algal cells in both mixtures
was lower after 48 and 72 h than if the algae were exposed
to the metals individually. However, there was a change after
96 h of exposure when Zn and Cr accumulation was higher
in cells exposed to binary and ternary mixtures compared to
solutions of single metal. For Ni the effect was the opposite.
Franklin et al. (2002) observed a decrease in the extracel-
lular and intracellular concentrations of Zn in Chlorella sp.
cells with the simultaneous presence of Cu in the medium
compared to Zn alone, which was caused by competition
between Cu and Zn ions for cell binding sites and led to a
decrease in growth inhibition. On the other hand, Zn had
no noticeable effect on Cu intake by algal cells after 48
and 72 h. Mehta and Gaur (2001) state that the total metal
(Ni+ Cu) sorbed from the binary metal solution by C. vul-
garis cells was lower than the total sorption of individual
metals from their respective single-metal solutions, indicat-
ing competition between Ni and Cu for common binding
points on Chlorella, with the algae having a greater affinity
for Cu than Ni. It was shown that in C. reinhardtii Cu** com-
peted strongly with Ni in absorption because the alga had a
higher binding affinity for Ni transport sites and reduced Ni
uptake at high concentrations. On the other hand, Ni had no
effect on the uptake of Cu or Pb (Flouty and Khalaf 2015).
When Ni has been tested in combination with other metals
(Cu?*, Cut, Mn?*, Mo®*, V), its accumulation in S. quad-
ricauda cells has been reduced in all cases. This means that
all the metals tested had an inhibitory effect on Ni accumu-
lation (FargaSova et al. 1997). Franklin et al. (2002) state
that toxicity expressed as inhibition of growth was related
to both extracellular and intracellular Cu concentrations and,
if Zn was added to Cu, the toxicity of the mixture was also
affected by the intracellular concentration of Zn.

The ability of algae to remove metals is used in the
bioremediation of wastewater. Removal of Zn, Cr and Ni
by D.subspicatus cells was significantly higher if the met-
als were found in single-metal solutions, not in mixtures,
where the rate of removal of Zn was the highest, followed
by removal of Ni and Cr. Alharbi (2017) reported that within
12 days, Chroococcus minutus was able to remove 68% of
Zn** from a solution of 10 mg L~! Zn** and Chlorococcum
aegyptiacum removed 35%. Chlorella removed 4.5% of Zn
after 7 days and 28-30% of Zn after 2 weeks, while 60% of
Mn was removed within 1 week (Ciurli et al. 2021).

The high amount of biogenic elements observed
in all treatments with the addition of Ni (Ni, Zn+ Ni,
Zn + Ni+ Cr), which showed higher toxicity, could be
explained by the fact that toxic metals can change cell mor-
phology, its shape and size, as well as cell wall permeability.
Franklin et al. (2002) state that the size of Chlorella sp. cells
increased with increasing concentrations of Cu, Cd and Zn
in the medium with a maximum increase after 48 h; the

largest increase in size was caused by Cu (51% after 72 h),
Zn caused an increase of 18% after 72 h. Also, binary metal
combinations caused similar increases in the size of Chlo-
rella cells, up to 50% of cells were enlarged compared to
control cells. Changes in cell size and cell complexity of R.
subcapitata due to Zn and Al are also reported in Gebara
et al. (2020). Exposure of algae to Cr caused cell volume to
increase, but the size of chloroplast reduced and the size of
the vacuole increased (Qian et al. 2013). On the other hand,
Dahmen-Ben Moussa et al. (2018) state that cells defend
themselves against oxidative stress caused by the presence
of Ni by reducing cell size, which limits the exchange with
the external medium and induces a decrease in Ni absorption
and it may also cause damage to the cell membrane. Zn, Pb
and Cd caused a significant change in the shape of the cell
wall, damage to chloroplasts, complete disorganisation of
cellular components and formation of granules, cell wall
breakdown and cell death in the case of the green alga C.
aegyptiacum (Alharbi 2017).

In our study, the content of the biogenic elements in the
cells changed over time and was probably influenced by the
toxicity of the metals, their accumulation in the algal cells,
as well as by whether they were essential or non-essential
metals. The toxic action of Ni can be caused by competition
of Ni** with other metal cations. Ni can replace Mg, Ca,
Zn, Cu (Dahmen-Ben Moussa et al. 2018; Nowicka 2022),
because it enters the cell by the same transport systems that
are used for these physiologically important metal cations
(Exposito et al. 2017). Flouty and Khalaf (2015) mention the
interference of Ni with Mg and Na transporters. The inhibi-
tory effect of Zn>* may be associated with the replacement
of Mn?* and Ca**. Zn causes deficiency of Fe?*, Mn* and
Cu?* (Nowicka 2022). In our experiment, a lower percent-
age of Ca was observed for the treatments with Zn after
48 and 72 h, when Zn showed toxic effects on algae and
also for treatments with Ni (72 h, 96 h). The explanation
may be the same mechanism of the toxic effect of Zn and
Ni on cells, namely displacement of essential metal cations
(Fig. 6). Kovacik et al. (2018) reported that cells exposed to
metals actively retain Na, unlike cells of the control group
that release Na. The same was observed after 96 h of expo-
sure in all treatments with Ni (Fig. 6). The low percentage
of K observed in cells treated with Ni can be explained by
its leakage due to a change in the permeability of the plasma
membrane (Alharbi 2017).

Exposure of C. vulgaris to Cr increased the uptake of
Mg, Ca and Na (Qian et al. 2013). On the other hand, Horc-
sik and Balogh (2002) state that the high concentration of
Crin C. pyrenoidosa cells caused higher Ca concentrations
and lower concentrations of Mg and Fe in cells due to ion
exchange. In our experiment (Cr treatment) we found that
after 48 h of exposure, when the Cr concentration in the
cells was highest, a higher percentage of Na and a lower
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percentage of Mg and Ca were observed compared to the
control group. After 96 h the cells in Cr treatment contained
a significantly higher percentage of Ca than control group
but the amount of Mg and Na was comparable to the control
group (Fig. 6). The high amount of Ca in Cr treated cells
can be explained by the different transport mechanism of
Cr compared to Ni and Zn, whereby Cr may be taken up in
algal cells instead of Fe (Volland et al. 2012).

Conclusion

Based on 72 h tests with the concentration series of
K,Cr,0,, NiCl,.6H,0 and ZnCl,, it was found that Ni was
the most toxic to the green alga D. subspicatus, followed
by Cr and Zn. The lowest toxicity of Zn is due to the fact
that Zn belongs among the essential elements necessary for
algae growth. In the case of single-metal solutions (Zn Cr),
the accumulation of these metals by the cells and the toxic-
ity of these solutions were found to decrease over 96 h. On
the other hand in the case of solutions containing Ni (Ni,
Zn+Ni, Zn+ Ni+ Cr), their toxicity and the accumulation
of Ni by the cells increased. For all three metals tested, sig-
nificant correlations were found between the amount of the
metal accumulated in the cells and the inhibition of growth
rates. After 96 h of exposure, the presence of another metal
in the mixture caused a higher accumulation of Zn and Cr
compared to the single-metal solutions. On the contrary, the
accumulation of Ni by the cells was lower in the solutions
treated with the mixtures at all time sections of the experi-
ment than if the algae were exposed to the solution contain-
ing only Nij; this finding points to inhibition of Ni uptake due
to the presence of other metals.

When the metals were present in the single-metal solu-
tions, there was a significantly higher removal of the metal
from the solution than in the case of the mixtures. The high-
est rate of metal removal from the solution occurred in the
case of Zn.

The content of the selected biogenic elements (Na, K,
Ca, Mg, P, S, Mn) in the algal cells decreased over time in
all treatments with metals as well as in the control group.
After 96 h the concentration of the biogenic elements was
significantly higher in all treatments with the addition of Ni
compared to the control group and treatments with the sin-
gle-metal solutions of Zn and Cr. This could be caused, for
example, by larger cell sizes or cell wall disruptions. In algae
exposed to Cr, both individually and in a mixture, the per-
centage of Ca in the cells increased after 96 h of exposure.
On the other hand, in the case of Ni, a decrease in the per-
centage of Ca was observed with increasing exposure time.
This may be explained by different transport mechanisms
for Cr and Ni, where Ni may undergo ion exchange between
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Ni and Ca ions. Due to the low toxicity of Zn, no significant
changes in Ca concentrations after 96 h were observed.

Green algae are important organisms in aquatic ecosys-
tems and they are found at the base of the food chain and
are capable of accumulating toxic metals. Therefore, it is
important to know their interaction with toxic metals and the
mixtures thereof, which can be used both in risk assessment
but also in bioremediation of wastewater.
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