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ABSTRACT

The purpose of the work was to compare the sensitivity of autotrophic and heterotrophic organisms used in bioas-
say to lanthanum and cerium under the conditions of a model experiment with aqueous media. Using bioassay
methods, the pre-lethal effects of La and Ce in heterotrophic Paramecium caudatum and Escherichia coli, as well
as autotrophic Chlorella vulgaris and Nostoc linckia were determined. Model solutions of La,(SO,),-8H,0 and
Ce,(S0,),"8H,0 were tested in the concentration range of 0.1-200 mg/l. As a result, it was shown that hetero-
trophic organisms are more sensitive to water pollution with La and Ce than autotrophic ones. According to the
totality of experiments, cerium turned out to be more toxic than lanthanum. When planning the environmental
studies of wastewater or reservoirs polluted with REE, it is recommended to focus on comparative sensitivity of
bioassay methods, taking into account the test-functions used: bioassay for chemotaxis of P. caudatum > bioassay
for changes in bioluminescence of E. coli (strain M-17) > bioassay for the content of chlorophyll a and intensity of
lipid peroxidation in N. /inckia > bioassay on the increase in the number of CI. vulgaris.

Keywords: rare earth elements, Lanthanum, Cerium, bioassay, Nostoc linckia, Chlorella vulgaris, Paramecium

caudatum, Escherichia coli.

INTRODUCTION

The extraction of rare earth elements (REE)
continues to grow in proportion to the growth
in production and consumption of modern elec-
tronic devices. In the areas of ore production
which are rich in REE, specific pollution occurs,
including the pollution of groundwaters and
surface waters. The extraction of many miner-
als, for example, phosphates, also leads to the
release of REE into the environment, since they
begin to actively leach out of the waste rock, to-
gether with heavy metals [Smida et al., 2021].
Even electronic waste, such as motherboards,
is becoming a real source of rare earth element
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pollution [Dang and Zhang, 2021]. Such anthro-
pogenic flows of matter can be attributed to “a
new type of potential anthropogenic pollution”
[Itoh et al., 2021]. This process raises a num-
ber of scientific questions that scientists around
the world are working on. The study of the
geochemical features of REE compounds and
processes of their migration in natural environ-
ments is important for understanding the con-
tribution of these chemical elements to global
environmental pollution [Canovas et al., 2020;
Gonzalez et al., 2020; Fan et al., 2021]. There
are works devoted to the cellular and molecular
mechanisms of the toxic action of REE [Squad-
rone et al., 2020; He et al., 2021].
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The standards for the content of REE in en-
vironmental components in most countries of the
world have not been developed or approved at
the state level [Itoh et al., 2021]. Many research
teams are working on this problem. For example,
American scientists have developed maximum
permissible concentrations (MPCs) for Rare
Earth Elements for fresh surface water [Sneller
et al., 2000]. In this situation, identification of the
most sensitive ecological groups and biological
species to REE pollution is extremely important.
The scientific data on the reactions of various liv-
ing organisms to REE will make it possible to rea-
sonably choose the bioassay methods for studying
the areas with specific pollution, as well as pay
more attention to sensitive groups of organisms in
native ecosystems. To contribute to the solution
of these issues, the purpose of the work was es-
tablished — to compare sensitivity of autotrophic
and heterotrophic organisms used in bioassay to
lanthanum and cerium under the conditions of a
model experiment with aqueous media.

MATERIAL AND METHODS

Samples, chemicals and instrumentations

The pollution of drinking water with lantha-
num sulfate La (S0O,),"8H,0 and cerium sulfate
Ce,(S0,),"8H,0 was simulated. Salt additions
ranged from 0.1 to 200 mg/l. The calculated
content of La and Ce in the model solutions is
shown in Table 1.

In a series of experiments with heterotrophs,
bioassay of the obtained solutions was carried
out according to the responses of Paramecium
caudatum Ehrenberg, 1838 and Escherichia coli
Migula, 1895. The culture of P. caudatum cili-
ates was grown under laboratory conditions on

Table 1. Correspondence of the salt concentration in
the solution and the calculated REE content (mg/1)

Correspondence Calculated REE content (mg/l)
of salts (mg/l) La Ce
0.1 0.0392 0.0393
1 0.392 0.393
10 3.92 3.93
50 19.6 19.65
100 39.2 39.3
150 58.8 58.95
200 78.4 78.6

the Lozin-Lozinsky mineral medium. The E.
coli culture was purchased for bioassay in the
form of a lyophilized preparation based on a
conditionally non-pathogenic strain of E. coli
M-17. The bioassay using P. caudatum is based
on the comparison of the chemotaxis of ciliates
in a pure (control) medium and a test medium
[Environmental Regulatory Document PND F T
14.1:2:3:4.11-04.T.16.1:2:3:3.8-04,2010]. Mea-
surements were carried out using the “Biotester”
device (Russia). When determining toxicity of
solutions using bacteria, the bioluminescence
of the E. coli bacterial preparation (strain M-17,
manufacturer: “Immunotech”, Russia) was eval-
uated using the “Biotoks” device (Russia) [Fed-
eral Register FR 1.39.2015.19242, 2015]. These
methods provide for calculation of toxicity in-
dices T, converting the result of measuring the
reaction into relative values (conventional units)
in comparison with the control.

The unicellular green algae Chlorella vul-
garis Beijer, 1890 and the cyanobacterium Nos-
toc linckia (Roth) Born. et Flah. were chosen as
autotrophic test organisms. The culture CI. vul-
garis was grown on the Tamiya mineral medium,
and the culture N. linckia was grown on Gromov
liquid medium Ne 6 without nitrogen. Cultures of
autotrophs were used for bioassay in the phase
of exponential growth: CI. vulgaris — 5 days, ti-
ter 23.0 10° cells/ml, N. linckia — 5 weeks, titer
1. 1.7-107 cells/ml. When determining the toxic
reaction of CL vulgaris, a decrease or increase
in the number of algal cells was recorded in the
experimental samples, as compared to the control
by the direct counting method in Goryaev cham-
ber in 72 hours of exposure [Federal Register FR
1.39.2007.03223, 2007; GOST, 2012]. In the ex-
periments with N. linckia, toxicity was assessed
by changes in the biochemical parameters of CB,
the exposure of CB to the solution of toxicants
was 24 hours. The chlorophyll a content in the
CB homogenate was determined spectrophoto-
metrically using the Specol 1300 device (Ger-
many) [Aminot and Rey, 2000]. The intensity
of lipid peroxidation (LPO) processes was also
assessed spectrophotometrically by the color re-
action of thiobarbituric acid with malonic dialde-
hyde (MDA), which is the main product of lipid
oxidation [Lukatkin, 2002].
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Statistical analysis

The experiments were carried out in 3 repli-
cates, under laboratory conditions, in accordance
with the requirements of the relevant methods.
The results were processed statistically and pre-
sented as mean values and their standard devia-
tions (x£0). The significance of differences was
assessed by the analysis of variance (ANOVA,
LSD test) at the significance level of p < 0.05.

RESULTS

Responses of heterotrophic test organisms

The bioassays with microorganisms P. cau-
datum and E. coli are aimed at determining the
pre-lethal reactions of organisms, that is why
they are highly sensitive to a variety of toxicants
[Olkova and Mahanova, 2018, Olkova and Ber-
ezin, 2019]. These methods are approved in Rus-
sia for the purposes of state environmental con-
trol and monitoring, so, in the conducted study,
they were used to test the widest range of La and
Ce concentrations (Table 2).

P. caudatum turned out to be more sensitive
organisms than E. coli to both lanthanum and
cerium. Only the samples containing 0.1 and 1
mg/l La and 0.1 mg/l Ce can be called harmless

to ciliates. A further increase in REE doses led to
a significant increase in toxicity indices. Greater
sensitivity of ciliates compared to bacteria to alu-
minum salts in natural water was shown earlier
[Olkova and Berezin, 2021]; thus, increased sen-
sitivity of ciliates to REE can be called natural.

Comparing the effect on ciliates of lanthanum
and cerium at the concentration level of 1 mg/l,
it can be concluded that cerium is a more toxic
element. The experiments on E. coli confirm this
fact: the finding about the second group of toxic-
ity of lanthanum was made when adding 50 mg/1,
while for cerium it was 10 mg/l. The literature
also has the information about greater toxicity of
cerium in comparison with lanthanum in aqueous
media. For example, the authors [Kotelnikova at
al., 2019] showed that the cytogenetic effects of
lanthanum for onion A. cepa under the action of
cerium are manifested in the concentration range
of 5-50 mg/l, and under the action of lanthanum
only at the doses of 10-200 mg/1.

Responses of autotrophic test-organisms

Bioassays of aquatic environments by re-
sponses of unicellular green algae is regulated
by international standards and accepted in the
authentic form in Russia [GOST, 2012]. Cyano-
bacteria are more often studied as a component
of natural biota, which is in ecological interaction

Table 2. Influence of lanthanum and cerium salts on the test-functions of ciliates and bacteria

Variant Result
P. caudatum E. coli
Substance | Concentration, mg/I Toxicity index T, c.u. Toxicity group* Toxicity index T, c.u. Toxicity group*
0.1 -0.33+0.05 | -29.82 +23.93 |
1 0.25+0.05 I -25.18 £ 16.42 |
10 0.84 +0.02 /] -17.02 +22.48 |
La,(S0O,), 50 1.00 + 0.00 /] 43.15+14.35 ]
100 0.99 + 0.01 m 67.14+£9.75 m
150 0.99 + 0.01 /] 88.87 £ 2.08 /]
200 1.00 + 0.01 m 91.16 £ 0.72 m
0.1 0.30 £ 0.02 | -27.00 £ 7.15 |
1 0.59 + 0.04 /] -15.60 £+ 9.93 |
10 0.97 + 0.01 m 42.45+3.14 ]
Ce(S0O,), 50 0.95 + 0.00 /] 97.89+£0.16 /]
100 0.96 + 0.00 m 98.32+0.76 m
150 0.95 + 0.00 /] 97.32+0.54 /]
200 0.95 + 0.00 /] 97.22+0.43 m

*Note: The values corresponding to toxicity group I (non-toxic) are shown without additional highlighting. The
values corresponding to toxicity group II (medium toxicity) are shown in bold. The values corresponding to the
toxicity group III (high toxicity level) are shown in bold and italics.
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with satellite bacteria, which impart stability to
the system that responds to anthropogenic pol-
lution [Chakdar et al., 2012]. The potential of
CB for bioassay is due to the presence of dose-
dependent biochemical reactions to heavy met-
als, organophosphorus substances, and pesticides
[Baryla at al., 2000; Scanlan, 2001].

Determination of the response reactions of
heterotrophic test organisms showed that in most
cases lanthanum and cerium in the doses exceed-
ing 10 mg/l, have an effect close to the maximum.
Therefore, in the experiments with autotrophic
organisms, the model solutions containing 0.1
and 1 mg/l of REE salts were tested (Table 3).

Green algae CI. vulgaris was found to be in-
sensitive to lanthanum and cerium in the studied
concentrations. An insignificant tendency for a de-
crease in the number of algal cells in the solutions
with REE compared to the control medium without
additives was noted. This effect of lanthanum and
cerium on CI. vulgaris is similar to the reactions of
green alga Clorella fusca [ Aharchaou et al., 2020].

Cyanobacterium N. linckia was found to be
more sensitive to REE compared to green algae
Cl. vulgaris. The measured biochemical vital fac-
tors of cyanobacteria in most cases were signifi-
cantly inhibited in comparison with the control
values. For example, in the solution with lan-
thanum concentration of 0.1 mg/l, the content of
chlorophyll a in CB cells decreased by 2 times,
and in a similar cerium solution — by 6.4 times.
The solutions with cerium additives turned out to
be more toxic in comparison with lanthanum so-
lutions, also in terms of inhibition of intensity of
lipid peroxidation, which confirms high toxicity
of cerium, shown in the experiments with hetero-
trophic organisms.

Despite the sensitivity of N. linckia CB to the
action of REE, it should be noted that the reac-
tions of these organisms were not always propor-
tional to the dose of the active substance. In the
study of lanthanum solutions, an inversion of the
CB response was observed: the dose of 0.1 mg/L
La caused a decrease in intensity of lipid peroxi-
dation, and a large dose (1 mg/L) led to the stimu-
lation of the test-function by 2 times compared
to the control. A similar inversion of reactions,
although to a less extent, occurred when testing
cerium solutions. Paradoxical and irregular ef-
fects are common; this phenomenon is especially
characteristic when exposed to relatively low
(sublethane) doses of toxicants [Erofeeva 2014].

DISCUSSION

In general, the results of the conducted stud-
ies showed that heterotrophic organisms (P. cau-
datum and E. coli) are more sensitive than auto-
trophic organisms (N. linckia and CI. Vulgaris) to
pollution of the aquatic environment with lantha-
num and cerium compounds. This may be due to
indirect toxic effects. For example, it was shown
that La has a high affinity for phosphates, form-
ing insoluble phosphate complexes of lanthanum,
precipitated in the aqueous medium [Petersen et
al., 1974; Stauber and Binet, 2000]. In the study
with green algae Raphidocelis subcapitata, Pe-
tersen et al. [1974] measured the residual phos-
phorus and concluded that LaCl, removed 100%
of the phosphate from the induced environment.
Consequently, reactions of autotrophic organisms
can be associated with the effect of REE on the
bioavailability of macronutrients. However, this
mechanism needs to be studied separately.

Table 3. Influence of lanthanum and cerium salts on the test-functions of microalgae and cyanobacteria

Result
Variant
N. linckia
Cl. vulgaris, LPO intensit
; y
Substance Concentration, 10%kn./cm? Chlorophyll a content, (malondialdehyde content)
mg/l mg/ml
nmol/ml

0 (control) 23.0+74 10.80 £ 1.33 0.23 £ 0.01

La,(S0O,), 0.1 244 +7.8 5.02+0.71* 0.12+0.01*
1 232+74 2.55+0.16* 0.50 £ 0.10*

0 (control) 23.0+74 10.80 £ 1.33 0.232 £ 0.01

Ce(S0,), 0.1 23.8+7.6 1.71 £ 0.08* 0.05+0.01*
1 19.9+6.4 4.27 +0.08* 0.23£0.07

Note: Differences are significant compared with the control at P<0.5.
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Besides, the effects of REE, like many met-
als, often depend on the content of salts that de-
termine water hardness. Thus, when D. carinata
was exposed to lanthanum in soft water, the EC50
value (48 hours) was 43 pg/l, whereas in hard wa-
ter — 1180 pg/L [Barry and Meehan, 2000].

The maximum sensitivity of P. caudatum
ciliates from the four tested organisms can be
explained by their ability to phagocytosis as the
main type of nutrition. This ensures that not only
truly dissolved forms of REE enter the cell, but
also that part of the toxicant molecules that is as-
sociated with organic matter or is present in the
fraction of colloidal particles. For example, when
lanthanum enters the environment by anthropo-
genic means, its main part is found in colloidal
particles (10 kDa) [Kulaksiz and Bau, 2011].

With the resorption of REE into the body and
their distribution in it, other mechanisms of toxic-
ity begin to operate. It is known that lanthanides
are inhibitors of ion transport [Reed and Bygrave,
1974; Korotkov et al. 2014]. They exhibit com-
petitive interactions with protons and basic cat-
ions Ca*" and Mg?", and as it was shown they in-
terfere with Ca metabolism in cells due to their
close ionic radii [Gonzalez et al., 2015].

CONCLUSIONS

The pre-lethal responses of two heterotro-
phic and two autotrophic organisms to the action
of REE La and Ce were evaluated. Comparing
their reactions, it was found that the sensitivity
of heterotrophic ciliates P. caudatum and bacte-
ria E. coli is higher than that of autotrophic green
algae CL vulgaris and cyanobacteria N. linckia.
It was taken into account that when comparing
effects of La and Ce, the evaluated test-functions
of the experimental organisms were different, so a
range of sensitivity of specific bioassay methods
were built: bioassay for chemotaxis of P. cauda-
tum > bioassay for changes in bioluminescence
of E. coli (strain M-17) > bioassay by the content
of chlorophyll a and the intensity of lipid peroxi-
dation in N. linckia > bioassay by increasing the
number of cells CL. vulgaris. Cerium, when added
to water in the form of Ce,(SO,),x8H,0, in most
cases inhibited the test-functions of the organisms
used more than similar additives of lanthanum.

The obtained data can be used to select bio-
assay methods in the case of specific pollution
of waste or natural surface waters. These data
also indicate the need for closer attention to
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populations of heterotrophic microorganisms in
natural water bodies when they are contaminated
with REE, since they can be inhibited in the first
place, and their vital functions can serve as infor-
mative biomarkers of the REE pollution.
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