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Significant release of rare earth elements (REEs) into the environment is mainly due to
active or abandoned mining sites, but their presence is globally increasing due to their
use in several industrial sectors. The effects on primary producers as Raphidocelis
subcapitata are still limited. This research focused on La and Ce as the two most
widespread REEs that can be currently found up to hundreds of pg/L in water and
wastewater. Microalgae were exposed to La and Ce for 3 days (pH = 7.8) (short-term
exposure) to derive the effective concentrations inhibiting the growth on 10% (EC10) of
the exposed population. EC10 values (0.5 mg/L of La and 0.4 mg/L of Ce) were used
for the 28 days long-term exposure (renewal test) to observe after 7, 14, 21, and 28
days on a multi-endpoint basis microalgae growth inhibition (GI), biomarkers of stress
(reactive oxygen species (ROS), superoxide dismutase (SOD), and catalase (CAT)),
and bioconcentration. Results evidenced that La and Ce EC10 increased Gl (day 28)
up to 38% and 28%, respectively. ROS, CAT, and SOD activities showed differential
responses from day 7 to day 14, 21, and 28, suggesting, in most of the cases, that La
and Ce effects were counteracted (i.e., being the values at day 28 not significantly
different, p > 0.05, from the relative negative controls), except for La-related ROS
activities. La and Ce significantly bioconcentrated in microalgae populations up to 2-
and 5-fold (i.e., at day 28 compared to day 7), in that order. Bioconcentrated La and Ce
were up to 3157 and 1232 pg/g dry weight (day 28), respectively. These results
suggested that low La and Ce concentrations can be slightly toxic to R. subcapitata
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Dear Editor,

we would like to submit to Science of the Total Environment Special Issue on “Rare Earth Elements
in aquatic systems” the paper: Long-term multi-endpoint exposure of Raphidocelis subcapitata to

lanthanum and cerium.

For the first time, we investigated the sensitivity of microalgae R. subcapitata to La and Ce long-term
exposure. (28 days).

Significant release of rare earth elements (REEs) into the environment are mainly due to
anthropogenic sources. Hot spots can be related to active or abandoned mining sites, but their
presence is globally increasing due to their use in several industrial sectors, especially in electronic
devices manufacturing. Currently, the effects on primary producers, like the microalga Raphidocelis
subcapitata, are still unexplored. This research focused on La and Ce as the two most widespread
REEs that can be currently found at environmental concentrations between pg/L and mg/L both in
water and sediment on a site-by-site basis. Microalgae were exposed to La and Ce for 3 days (pH =
7.8) (short-term exposure) to derive the effective concentrations inhibiting the growth on 10% (EC10)
of the exposed population. EC10 values (0.5 mg/L of La and 0.4 mg/L of Ce) were used for the 28
days long-term exposure (renewal test) to observe after 7, 14, 21, and 28 days on a multi-endpoint
basis microalgae growth inhibition (GI), biomarkers of stress (reactive oxygen species (ROS),
superoxide dismutase (SOD), and catalase (CAT)), and bioconcentration. Results evidenced than La
and Ce EC10 increased GI (day 28) up to 38% and 28%, respectively. ROS, CAT, and SOD activities
showed differential responses from day 7 to day 14, 21, and 28, suggesting, in most of the cases, that
La and Ce effects were counteracted (i.e., being the values at day 28 not significantly different, p >
0.05, from the relative negative controls), except for La-related ROS activities. La and Ce
significantly bioconcentrated in microalgae populations up to 2- and 5-fold (i.e., at day 28 compared
to day 7), in that order. Bioconcentrated La and Ce were up to 3157 and 1232 pg/g dry weight (day

28), respectively. These results suggested that low La and Ce concentrations can be slightly toxicity
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to R. subcapitata having the potential to be bioaccumulated and potentially transferred from primary
producers to primary consumers (i.e., zooplankton) and further upwards with still unknow effects on

the trophic web and, finally, human health.

Prof. Giovanni Libralato on behalf of all co-authors
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Abstract

Significant release of rare earth elements (REEs) into the environment is mainly due to active or
abandoned mining sites, but their presence is globally increasing due to their use in several industrial
sectors. The effects on primary producers as Raphidocelis subcapitata are still limited. This research
focused on La and Ce as the two most widespread REEs that can be currently found up to hundreds
of ng/L in water and wastewater. Microalgae were exposed to La and Ce for 3 days (pH = 7.8) (short-
term exposure) to derive the effective concentrations inhibiting the growth on 10% (EC10) of the
exposed population. EC10 values (0.5 mg/L of La and 0.4 mg/L of Ce) were used for the 28 days
long-term exposure (renewal test) to observe after 7, 14, 21, and 28 days on a multi-endpoint basis
microalgae growth inhibition (GI), biomarkers of stress (reactive oxygen species (ROS), superoxide
dismutase (SOD), and catalase (CAT)), and bioconcentration. Results evidenced that La and Ce EC10
increased GI (day 28) up to 38% and 28%, respectively. ROS, CAT, and SOD activities showed
differential responses from day 7 to day 14, 21, and 28, suggesting, in most of the cases, that La and
Ce effects were counteracted (i.e., being the values at day 28 not significantly different, p > 0.05,
from the relative negative controls), except for La-related ROS activities. La and Ce significantly
bioconcentrated in microalgae populations up to 2- and 5-fold (i.e., at day 28 compared to day 7), in
that order. Bioconcentrated La and Ce were up to 3157 and 1232 pg/g dry weight (day 28),
respectively. These results suggested that low La and Ce concentrations can be slightly toxic to R.

subcapitata having the potential to be bioaccumulated and potentially transferred along the food web.

Keywords

Microalgae; biomarkers; rare earth elements; bioconcentration
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Graphical abstract
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Highlights
e Laand Ce cumulatively inhibited microalgae growth up to 38% and 28%, respectively
e After 28 days, ROS, CAT, and SOD values were similar to negative controls
e In 21 days, La and Ce bioconcentrated up to 2- and 5-fold, respectively
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1. Introduction

Lanthanides are the major family of rare earth elements (REEs) and due to their essential and unique
properties are becoming essential in diverse fields of world economy (Charalampides et al., 2015;
Gwenzi et al., 2021; Malhotra et al., 2020). Anthropogenic REEs contamination can be of great
concern in hot spots (e.g., ore mine tailings and abandoned mines) (Pagano et al., 2015), but the
alteration of their biogeochemical cycles suggests their potential role as widespread emerging
contaminants also in agroecosystems (Balaram, 2019; Galdiero et al., 2019; Gravina et al., 2018;
Gwenzi et al., 2018; Naccarato et al., 2020; Pagano et al., 2015; Pagano et al., 2019).

About the aquatic environment, their main sources include waste and wastewaters from medical
institutions, fertilizers, mining processing, high-technology industries, petroleum refineries, and
recycling plants (i.e., e-waste management) (Gwenzi et al., 2018; Gwenzi et al., 2021; Minganti and
Drava, 2018; Naccarato et al., 2020; Pagano, 2016; Pagano et al., 2015). According to (Migaszewski
and Galuszka, 2015) review paper, La and Ce ranged between 7.7-80.4 ng/L and 19.4-161 ng/L in
wastewater, respectively. In river water, La and Ce concentrations were lower than in wastewater and
ranged between 19.7-74 ng/L and 9.67-212 ng/L, in that order (Migaszewski and Gatuszka, 2015),
but on a local basis they can be up to 80-200 pg/L (Uchida et al., 2006).

Recent studies demonstrated that REEs exhibit beneficial effects as well as a moderate to high toxicity
towards aquatic biota, including bacteria, microalgae, plants, vertebrates, and invertebrates (Adeel et
al., 2019; Balaram, 2019; Blinova et al., 2018; Blinova et al., 2020; Herrmann et al., 2016; Oral et
al., 2010; Romero-Freire et al., 2019). Their mechanisms of action and behaviour in biological
systems are far from being completely understood, but it seems dependent on their concentration and
physico-chemical conditions of the exposure media. Similarities in their mode of action were
evidenced, but not univocally (Siciliano, 2021), in relation to their ionic radii and coordination

numbers with some essential elements, i.e., Ca, Mn, Mg, Fe, and Zn (Valcheva-Traykova et al., 2014).
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Several authors evidenced the potential interactions of REEs with biologically active molecules
resulting in the excess generation of reactive oxygen species (ROS), inhibition of the antioxidant
system, and DNA damages of the exposed aquatic organisms or cultured cells (Blinova et al., 2020;
Malhotra et al., 2020), potentially altering the stability, permeability, and functioning of cell
membranes (Ramos et al., 2016).

Most data on REEs toxicity to aquatic organisms are derived by acute toxicity tests (Blaise et al.,
2018; Blinova et al., 2018; Gonzalez et al., 2015; Trifuoggi et al., 2017). Some data about the chronic
toxicity of REEs are present for zooplankton and fish (Blinova et al., 2020), but they are still very
limited for unicellular algae (Siciliano, 2021).

Algae are primary producers and key organisms in the food chain allowing the potential
biomagnification up to higher trophic levels of REEs with still unknow and unexpected effects on
human health (Goecke et al., 2015b; Thomas et al., 2014). Some authors suggested that REEs could
be uptaken and concentrated in chloroplasts, where the intracellular lanthanides could cross the
internal membrane system until the replacement of magnesium in chlorophyll molecules (Guo et al.,
2000; Kang et al., 2000; Ren et al., 2013; Ren et al., 2007; Shen et al., 2002). Only a few microalgae
species have been investigated mainly including Chlorella vulgaris and Raphidocelis subcapitata
(Evseeva et al., 2010; Fuma et al., 2005; Goecke et al., 2015b; Hu et al., 2001; Jin et al., 2009; Tai et
al., 2010; Yingjun et al., 2012). The median effective concentration (EC50) of lanthanum (La) was >
10.1 mg/L for Desmodesmus quadricauda (50% inhibition after 22-23 days at 0.01 mg/L) and
Microcystis aeruginosa (Jin et al., 2009), and > 5.42 mg/L for R. subcapitata (Siciliano, 2021), and
51.72 (47.29-57.93) mg/L (i.e, nominal concentrations) (Bergsten-Torralba et al., 2020), and 47.13
(45.30-51-56) mg/L (i.e, nominal concentrations) for C. vulgaris (Bergsten-Torralba et al., 2020), and
4.38 (4.16-4.62) mg/L (i.e, nominal concentrations) for Nitellopsis obtusa (ManusadZianas et al.,
2020). The toxicity as EC50 of cerium (Ce) as Ce(NO3)3 was from 3.15 to 6.32 mg/L (i.e, nominal
concentrations) for R. subcapitata (Gonzalez et al., 2015) (Siciliano, 2021). Effects of Ce to

Desmodesmus quadricauda at 0.001 mg/L evidenced biostimulation (16%) after 3 days (Goecke et
5
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al., 2015a), while in Anabaena flosaquae, after an initial biostimulation (16%, 3 days), showed
inhibition (= 33%) at 5-10 mg/L after 17 days (Yingjun et al., 2012). Most studies lacked
environmentally relevant concentrations and REEs uptake (Blinova et al., 2020; Miazek et al., 2015),
like the main physiological mechanisms underlying REEs induced adaptation phenomena (Wang et
al., 2014).

This research study investigated for the first time the effect of La and Ce considering a long-term
exposure to R. subcapitata (i.e., 28 days renewal toxicity test). We investigated environmentally
relevant concentrations looking at potential generational adaptations in microalgae supporting
bioconcentration of La and Ce and hence their possible transfer up to the food web. The multi-
endpoint approach included the assessment of algal growth rate, determination of reactive oxygen

species (ROS), enzymatic activity, and uptake from exposure media.

2. Material and methods

2.1 Chemicals, testing solutions, and analytical characterization.

The experiments were carried out using commercially available chemicals: 1) lanthanum(III) nitrate
hexahydrate (La(NO3)3-6H2O, purity 97%); and ii) cerium(III) nitrate hexahydrate (Ce(NO3)3-6H20,
purity 97%) purchased from Sigma-Aldrich (Saint Louis, United States of America). Treatment
solutions of La and Ce were prepared by adding REEs’ solution (1000 mg/L) to artificial freshwater
(ISO, 2012) at least 1 h before the exposure. The pH was measured with a pH-meter (Mettler Toledo
Five Easy, Milan, Italy) prior to exposure and samples’ collection (day 3, 7, 14, 21, and 28). La and
Ce concentrations were determined by inductively coupled plasma mass spectrometry (ICP-MS
NexION 350X, PerkinElmer, Inc., MA, USA). The limits of detection (LOD) and quantification
(LOQ) were for La and Ce as follows: 0.0011 and 0.0010 pg/L as LOD; and 0.0037 and 0.0033 pg/L
as LOQ. The calibration referred to the following standards: i) Lanthanum Standard for ICP (i.e.,

standard reference materials (SRM) from NIST La(NOs ); in HNO3z 2-3% 1000 mg/L La
6
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Certipur®[1); Cerium Standard for ICP (i.e., SRM from NIST Ce(NO3 )3 in HNO3; 2-3% 1000
mg/L Ce Certipur®[). Analyses were carried out in triplicate on samples collected after day 7, 14,
21, and 28. About bioaccumulation experiments (i.e., explained in detail in the below sections), filters
and organisms were dried at 65 °C for 24 h and digested in aqua regia (HNO3/HCIl = 1:3, v/v) using
a microwave oven (START D, Microwave Digestion System, Milestone S.r.1.) and analyzed via ICP-

MS including the relative controls.

2.2 Cell culture conditions and R. subcapitata growth inhibition (GI) test

Axenic cultures of R. subcapitata were maintained at the Hygiene Laboratory of the Department of
Biology of the University of Naples Federico II in artificial freshwater ISO (2012). Preliminary algal
growth inhibition tests (72 h) were performed according to ISO (2012) in order to reflect the
physiological status of algal cells (Piovar et al., 2011).

Treatment solutions were prepared into each volumetric flask and organized in the following
experimental design (i.e., nominal concentrations) to calculate the effective inhibition concentration
at 10% (EC10) at pH = 7.8: 1) from 0.7 mg/L to 5.5 mg/L for La; ii) from 1.0 mg/L to 8.4 mg/L for
Ce.

Algae were kept in a climatic growth chamber at constant temperature (24 + 2 °C) and light conditions
(100 = 10 uEm2 s71), and performing continuous shaking during maintenance and testing (50 rpm).
After 72 h of exposure, the growth rate relative to the control was calculated by normalizing the final

cell density of each replicate to control cultures (incubated in the absence of REEs).

2.3 A multi-endpoint experimental approach with R. subcapitata
Modified algal growth inhibition tests (ISO, 2012) were carried out for 28 days exposing microalgae
to La and Ce into 250 mL volumetric flasks including four replicates and an inoculum of R.

subcapitata of 10* cells/mL. Exposure culturing media were spiked with La or Ce in order to obtain
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the relative EC10. All tested concentrations were analytically verified. Flasks were incubated for 28
days under the same conditions as the growth inhibition test. On day 3, 7, 14, 21, and 28, effects on
microalgae were checked considering the optical density (OD) method (i.e., absorbance at 670 nm by
Hach Lange DR5000 spectrophotometer). Algae were sampled after 7, 14, 21, and 28 days of
exposure to analyze ROS production and the activation of antioxidant defense (superoxide dismutase
(SOD) and catalase (CAT)), and to determine La and Ce concentrations bioaccumulated in the algal
biomass. Solutions were partially renewed after each sampling period. Algae collection included two
main aliquots: i) 100 mL of algae suspension were filtered (0.45 pm polycarbonate Millipore
membrane under vacuum pressure) to check bioaccumulation (i.e., filters were rinsed six times with
ultra-pure deionized water prior to acid digestion for chemical analysis); ii) 100 mL of algae
suspension were centrifuged (1520g for 20 min, Beckman TJ-6, rotor 5-92, Milan, Italy) and the
pellets were rinsed six times with ultra-pure deionized water prior to ROS, SOD, and CAT analysis.
The remaining 50 mL of algae suspension were resuspended in freshly spiked La and Ce culturing
media at the respective EC10 values at concentrations > 10° cell/mL.

A high-pressure homogenization method (French press cell, Thermo Electron Co., Waltham, MA,
USA) was applied to the algal biomass at 78 atm to disrupt R. subcapitata cell wall. The extracts were
suspended in potassium phosphate buffer solution (PBS 1 M at pH 7.4) and centrifuged for 20 min at
15000g (4 °C). The supernatant was collected, and the protein concentration of each sample was
measured using a spectrophotometer (Hach-Lange DR 5000) according to Bradford’s method
(Bradford, 1976). ROS content was quantified by the ability of free radicals to oxidize the non-
fluorescent probe carboxy-H2DFFDA (Sigma Aldrich, Saint Louis, USA) to a fluorescent product
that can be measured fluorometrically (Almeida et al., 2017; Almeida et al., 2019). SOD and CAT

activities were carried out according to Galdiero et al. (2016).

2.4 Statistical analysis
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Median effects concentrations (EC50) and effective concentration at 10% inhibition (EC10) were
expressed as mean values and the relative 95% confidence limit values for both La and Ce. Growth
inhibition data were normalized on negative controls (ISO, 2012). Differences between treatments
were assessed via a two-way analysis of variance (ANOVA) after the verification of normality
(Shapiro-Wilk (S-W) test) and homoscedasticity (Bartlett’s (B) test). If samples are drawn from non-
normal populations or do not have equal variances, the non-parametric method Kruskal-Wallis (K-
W) ANOVA on ranks was taken into consideration. The post-hoc Tukey's test accounted for
differences within groups setting the statistical significance at a = 0.05. Pearson correlation
coefficients (o = 0.05) were calculated between the values of biomarkers of stress and La and Ce
bioconcentrated in microalgae. Statistical analysis was carried out using SigmaPlot (Systat Software,

San Jose, CA) and GraphPad Prism (GraphPad, San Diego, CA, USA).
3. Results and discussion
3.1. 72 h GI test

Data about 72 h GI were summarized after their normalization on negative controls in Figure 1.
Measured concentrations used to calculate concentration-response curves were highlighted in Table
1. The pH values of solutions ranged between 7.60-8.00 (mean pH 7.80) all along the monitoring
period. For La, the EC50 (£ 95% confidence limit values) and EC10 (£ 95% confidence limit values)
were 1.6 (0.9-2.8) mg/L and 0.4 (0.2-0.8) mg/L, respectively (Y = 68.72*X + 37.09; r>= 0.95; standard
error (std.err.) estimate = 6.98). For Ce, the EC50 (£95% confidence limit values) and EC10 (£ 95%
confidence limit values) were 1.6 (0.9-2.8) mg/L and 0.5 (0.3-0.7) mg/L, respectively (Y = 75.34*X
+35.38; 1’=0.9563; std.err. estimate = 7.2). Lanthanum and Ce showed comparable growth inhibitory
effects, with EC50 values of approximately 1.5 mg/L, which is in line with previous findings
(Gonzélez et al., 2015; Joonas et al., 2017; Tai et al., 2010). As a consequence, for the 28 days long-
term tests, testing media were spiked with 0.4 mg/L and 0.5 mg/L of La and Ce (i.e., EC10 values),

respectively, simulating the exposure deriving from ore mine effluents (Verplanck et al., 2004).
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Figure 1 Concentration-response curves for La (Y = 68.72*X + 37.09, R>=0.9555 std.err. = 6.976)

and Ce (Y= 75.34*X+35.38 R?= 0.9563; std.err. = 8.350) normalized to negative controls after semi-

log regression, including 95% limit values (n = 4).

La Ce
Nominal | Measured | Nominal | Measured
0.7 0.30 +£0.04 1.0 0.40 £ 0.04
1.4 0.70 £0.03 1.4 0.80 +0.02
2.2 2.20+0.09 1.7 1.40+0.08
2.8 2.80+0.09 5.6 3.00£0.05
5.5 4.90 = 0.06 8.4 6.10+0.07

Table 1 Nominal and measured (ICP-MS) La and Ce concentrations (mg/L) and the relative std.err.

(n=3).
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3.3. Long-term exposure effects

Data about La and Ce cumulative growth inhibition after 3, 7, 14, 21, and 28 days were summarized
in Figure 2 after data normalization on negative controls. Data were normally distributed (S-W) and
presented equal variances (B test). For La, GI increased three times from day 3 (8%) to day 14 (27%),
being constant approximately for one week, then increased again at the end of the exposure period
(38%). At the end of each week, the GI of Ce tended to slightly increase doubling from 12% (day 3)
to 24% (day 28), thus suggesting an increased susceptibility along time. No significant differences
(ANOVA, p > 0.05) were observed after day 3, 7, 14, and 21 between La and Ce. A statistically
significant difference (p < 0.05) was found on day 28, where La was more toxic than Ce.

The slow increase of toxic effects during the 28 days exposure period can suggest the presence of
nutrient depletion phenomena rather than toxicity per se. It was reported that REEs could sequester
essential nutrients such as phosphates producing death by starvation (Liirling and van Oosterhout,
2013; Yuan et al., 2009). This hypothesis needs further investigations to be confirmed since this effect

could influence the EC50 of REEs, thus, potentially, environmental decision-making procedures.
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Figure 2 La (0.4 mg/L) and Ce (0.5 mg/L) cumulative growth inhibition of R. subcapitata after 3, 7,

14, 21, and 28 days of exposure normalized to negative controls (+ std.err.; n=4); La: Y =

12
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0.4991*X + 11.15, R* = 0.7890, std.err. = 2.307; Ce: Y = 1.108*X + 6.446, R* = 0.7714, std.err. =

5.773.

Results about ROS were summarized for La and Ce after data normalization on protein activity in
Figure 3. Data were normally distributed (S-W), and presented equal variances (B test). Statistical
comparisons between effects due to contact time duration (7, 14, 21 and 28 days) were included in
the same figure (post-hoc Tukey’s test).

For La, ROS production tended to increase during the 28 days exposure period and after day 14 was
greater (days 21 and 28) than the negative control, evidencing the absence of
adaptation/detoxification mechanisms. At day 7, La induced less ROS production, while at day 14 no
statistical difference was found comparing the ROS value from the control group. At days 21 and 28,
ROS production drastically increased.

Cerium exposure did not evidence any specific ROS trend with values substantially comparable
between contact times. At 7, 21, and 28 days, Ce induced less, or comparable ROS levels compared
to negative controls. Only at day 14, the microalgae exposed to Ce produced more ROS than the
negative controls. Compared to La, R. subcapitata might follow a different detoxification strategy to

contrast and/or clear the oxidative damage caused by ROS.
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Figure 3 ROS production in R. subcapitata exposed to La and Ce lasting 28 days after normalization
on protein content. Results are presented as mean + std.err. (n = 4) in U/mg protein. Letters (a-f)
indicate significant differences between exposure times (7, 14, 21, and 28) within treatments (La and
Ce), while numbers (1-3) highlighted significant differences within exposure times (7, 14, 21, and

28) between treatments (La and Ce) (p < 0.05, Tukey’s test).

Data about CAT and SOD were summarized in Figure 4 (A and B, in that order) for both La and Ce
after data normalization on protein content. Data were normally distributed (S-W), but they did not
present equal variances (B test), so the K-W test was carried out. Generally, La and Ce had different
effects on the activities of antioxidant enzymes at most of the considered scenarios compared to
negative controls.

The levels of CAT (Figure 4A) and SOD (Figure 4B) activities after La exposure were slightly
enhanced after day 7 and remained constant approximately for the entire period of exposure from day
14 to day 28. CAT and SOD contents reached a maximum at day 14 with a value of 170 U/mg protein
and 780 U/mg protein, respectively.

About Ce exposure, the contents of CAT (Figure 3A) and SOD (Figure 3B) were at their minimum
level. The highest CAT (400 U/mg protein) and SOD (2000 U/mg protein) activities appeared as a
consequence of algal exposure to Ce after 14 days. At day 21 and 28, CAT activities were not
significantly different (p > 0.05). About SOD, at day 21 the activity significantly (p <0.05) decreased
compared to day 14, reaching values in day 28 comparable to day 7 (i.e., being similar to negative
control value too). Thus after 28 days of exposure, the levels of both CAT and SOD, being not
significantly different from the respective negative controls, could suggest the reduction of oxidative
stress via other detoxification mechanisms like for example phytochelatins (PCs) production (He et
al., 2005) or bioconcentration. He et al. (2005) observed that both calcium and lanthanum can

influence the expression of PC synthase gene and cadmium absorption in Lactuca sativa. In
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particular, La(IIl) was able to enhance the mRNA level of LsPCS1 (i.e., phytochelatin synthase gene)
and PCs accumulation. Other causes could be related to inactivation of enzymes by ROS, decrease in
synthesis of enzyme, or change in the assembly of its subunits (Cheng et al., 2016). Comparatively,
the activities of CAT and SOD in Ce exposure were higher than in La, suggesting that a lower
antioxidative capacity was required to eliminate ROS generated by La-based treatments.

Currently, little information about the mechanism of response to environmental stress in microalgae
exposed to REEs is known. La and Ce treatments increased the oxidative stress and the activities of
antioxidant enzymes (i.e., CAT and SOD) contributing to the elimination of ROS with peak activities
at the intermediate monitoring periods (day 14 and 21). At the end of the exposure period (day 28),
both La and Ce presented activity values similar or lower than the respective negative controls
suggesting the potential development of tolerance to La and Ce due to the generational succession of
R. subcapitata in 28 days (i.e., the culture was always kept in log-phase). This is something new
compared to the existing knowledge about microalgae stress response also to other metals like
cadmium, copper, chromium, and lead especially due to the extension of the exposure period from
15 days up to 28 days (Danouche et al., 2020). This is a challenging aspect for microalgae
assemblages that could be further investigated considering suitable tolerance genes (i.e., rate of
creation of tolerance genes by mutation, fitness cost of tolerance, and size of the population) on which
the selection could act as already observed for other metals (e.g., copper from mining sites), but in

macrophytes (Macnair, 1993).
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Figure 4 Antioxidant enzyme activities after normalization on protein content; CAT (A) and SOD (B)
were expressed as U/mg protein. Results are presented as mean + std.err. (n =4). Letters (a-d) indicate
significant differences between exposure times (7, 14, 21, and 28) within treatments (La and Ce),
while numbers (1-3) highlighted significant differences within exposure times (7, 14, 21, and 28)

between treatments (La and Ce) (p < 0.05, Tukey’s test).

Results about La and Ce uptake in R. subcapitata were summarized in Figure 5 after their
normalization to negative controls (i.e., 0.210 = 0.010 pgla/g dry weight (d.w.); 0.368 £ 0.030
nugCe/g d.w.). Bioconcentration data were best fitted via an exponential growth (3 parameters) curve
(f=yota*exp(b*x)) (see Supplementary Materials for details). The average La content per unit mass
was of 2058 ng/g d.w. (i.e., mean of day 7, 14, 21, and 28 values) ranging from 1442 + 459, 1684 +
347, 1947 £ 296, 3157 + 265 ng/g d.w. at day 7, 14, 21, and 28. The amount of La in microalgae
constantly increased from day 7 to day 28, substantially doubling its value in 21 days (day 28).

The average Ce content per unit mass in R. subcapitata was of 353 pug/g d.w. ranging from 237 + 59,

284 £35,442 + 131, 1232+ 120 d.w. pg/g at day 7, 14, 21, and 28. Its content in microalgae slightly
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increased between day 7 and day 21 reaching the highest level in day 28. Cerium was able to
bioconcentrate increasing its initial concentration (day 7) in microalgae by 5-fold in 21 days.

No significant Pearson correlations (p > 0.05) between the biomarkers of stress and bioconcentrated
La and Ce were found. The association between the induction of tolerance and bioconcentration could
represent for La and Ce, and potentially for other REEs, the key for bioaccumulation and
biomagnification through the food chain. MacMillan et al. (2019) evidenced that freshwater
zooplankton can bioconcentrate REEs from several environmental drivers including water column
and bottom sediment, especially at higher dissolved organic carbon ratios and lower pH values, as
also confirmed in Siciliano (2021). No information is currently available about trophic transfer of
REEs from primary producers to primary consumers (i.e., zooplankton), but we can suspect that the
potential convergence of tolerance acquisition and bioconcentration from water of La and Ce in R.
subcapitatata could strongly increase the potential biomagnification through the food chain, also with

possible repercussion on food safety and human health.
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Figure 5 La and Ce uptake (ng/g) in algal biomass at day 7, 14, 21, and 28 after normalization on

negative controls; data are in pg/g (+ std.err.; n = 3).
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Conclusions

This research focused on the effects of La and Ce as potential new emerging contaminants as a
consequence of the alteration of their natural biogeochemical cycles. Populations of R. subcapitata
were exposed to La and Ce serial concentrations (3 days) to define their concentration-response
curves and the relative EC10. La and Ce EC10 values were used to spike the microalgae growth
media for the 28 days long-term exposure to monitor their effects on growth inhibition, biomarkers
of stress (ROS, SOD, and CAT), and the potential to bioconcentrate. La and Ce are able to slightly
increase microalgae growth inhibition in 28 days (i.e., 38% and 28%, in that order), allowing them,
at the same time, to bioconcentrate up 3157 and 1232 pg/g dry weight, respectively. CAT and SOD
presented relatively low activity levels, like for ROS in the case of Ce. ROS showed higher activities,
but without any clear and specific correlations with toxicity data. Microalgae as primary producers
showed to bioconcentrate La and Ce from spiked water, suggesting that further investigations on
primary consumers (i.e., zooplankton) are necessary in order to verify their potential biomagnification
through the food chain up to human beings. Further studies are also required to investigate the

association between the induction of tolerance and bioconcentration in R. subcapitata.

Acknowledgments

This project has received funding from the European Union’s Horizon 2020 research and innovation

programme under the Marie Sktodowska-Curie grant agreement No 857989.

18



352

353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402

References

Adeel M, Lee JY, Zain M, Rizwan M, Nawab A, Ahmad M, et al. Cryptic footprints of rare earth elements on
natural resources and living organisms. Environment international 2019; 127: 785-800.

Almeida AC, Gomes T, Langford K, Thomas KV, Tollefsen KE. Oxidative stress in the algae Chlamydomonas
reinhardtii exposed to biocides. Aquatic toxicology 2017; 189: 50-59.

Almeida AC, Gomes T, Langford K, Thomas KV, Tollefsen KE. Oxidative stress potential of the herbicides
bifenox and metribuzin in the microalgae Chlamydomonas reinhardtii. Aquatic Toxicology 2019;
210: 117-128.

Balaram V. Rare earth elements: A review of applications, occurrence, exploration, analysis, recycling, and
environmental impact. Geoscience Frontiers 2019; 10: 1285-1303.

Bergsten-Torralba LR, Magalhdes DP, Giese EC, Nascimento CRS, Pinho JVA, Buss DF. Toxicity of three rare
earth elements, and their combinations to algae, microcrustaceans, and fungi. Ecotoxicology and
Environmental Safety 2020; 201.

Blaise C, Gagné F, Harwood M, Quinn B, Hanana H. Ecotoxicity responses of the freshwater cnidarian Hydra
attenuata to 11 rare earth elements. Ecotoxicology and Environmental Safety 2018; 163: 486-491.

Blinova I, Lukjanova A, Muna M, Vija H, Kahru A. Evaluation of the potential hazard of lanthanides to
freshwater microcrustaceans. Science of the total environment 2018; 642: 1100-1107.

Blinova I, Muna M, Heinlaan M, Lukjanova A, Kahru A. Potential Hazard of Lanthanides and Lanthanide-
Based Nanoparticles to Aquatic Ecosystems: Data Gaps, Challenges and Future Research Needs
Derived from Bibliometric Analysis. Nanomaterials 2020; 10: 328.

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Analytical Biochemistry 1976; 72: 248-254.

Charalampides G, Vatalis KI, Apostoplos B, Ploutarch-Nikolas B. Rare earth elements: industrial applications
and economic dependency of Europe. Procedia Economics and Finance 2015; 24: 126-135.

Cheng J, Qiu H, Chang Z, Jiang Z, Yin W. The effect of cadmium on the growth and antioxidant response for
freshwater algae Chlorella vulgaris. SpringerPlus 2016; 5: 1-8.

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. Journal of Environmental Chemical Engineering 2020; 8: 104460.

Evseeva T, Geras’Kin S, Majstrenko T, Brown J, Belykh E. Comparative estimation of 232Th and stable Ce (lll)
toxicity and detoxification pathways in freshwater alga Chlorella vulgaris. Chemosphere 2010; 81:
1320-1327.

Fuma S, Takeda H, Takaku Y, Hisamatsu S, Kawabata Z. Effects of dysprosium on the species-defined
microbial microcosm. Bulletin of environmental contamination and toxicology 2005; 74: 263-272.

Galdiero E, Carotenuto R, Siciliano A, Libralato G, Race M, Lofrano G, et al. Cerium and erbium effects on
Daphnia magna generations: A multiple endpoints approach. Environmental Pollution 2019; 254:
112985.

Galdiero E, Siciliano A, Maselli V, Gesuele R, Guida M, Fulgione D, et al. An integrated study on
antimicrobial activity and ecotoxicity of quantum dots and quantum dots coated with the
antimicrobial peptide indolicidin. International journal of nanomedicine 2016; 11: 4199-4211.

Goecke F, Jerez CG, Zachleder V, Figueroa FL, Bidova K, Rezanka T, et al. Use of lanthanides to alleviate the
effects of metal ion-deficiency in Desmodesmus quadricauda (Sphaeropleales, Chlorophyta).
Frontiers in microbiology 2015a; 6: 2.

Goecke F, Zachleder V, Vitova M. Rare earth elements and algae: physiological effects, biorefinery and
recycling. Algal Biorefineries. Springer, 2015b, pp. 339-363.

Gonzalez V, Vignati DA, Pons M-N, Montarges-Pelletier E, Bojic C, Giamberini L. Lanthanide ecotoxicity: First
attempt to measure environmental risk for aquatic organisms. Environmental pollution 2015; 199:
139-147.

Gravina M, Pagano G, Oral R, Guida M, Toscanesi M, Siciliano A, et al. Heavy rare earth elements affect
Sphaerechinus granularis sea urchin early life stages by multiple toxicity endpoints. Bulletin of
environmental contamination and toxicology 2018; 100: 641-646.

19



403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453

Guo P, Wang J, Li X, Zhu J, Reinert T, Heitmann J, et al. Study of metal bioaccumulation by nuclear
microprobe analysis of algae fossils and living algae cells. Nuclear Instruments and Methods in
Physics Research Section B: Beam Interactions with Materials and Atoms 2000; 161: 801-807.

Gwenzi W, Mangori L, Danha C, Chaukura N, Dunjana N, Sanganyado E. Sources, behaviour, and
environmental and human health risks of high-technology rare earth elements as emerging
contaminants. Science of the Total Environment 2018; 636: 299-313.

Gwenzi W, Mupatsi NM, Mtisi M, Mungazi AA. Sources and Health Risks of Rare Earth Elements in Waters.
Water Pollution and Remediation: Heavy Metals. Springer, 2021, pp. 1-36.

He Z, Li J, Zhang H, Ma M. Different effects of calcium and lanthanum on the expression of phytochelatin
synthase gene and cadmium absorption in Lactuca sativa. Plant Science 2005; 168: 309-318.

Herrmann H, Nolde J, Berger S, Heise S. Aquatic ecotoxicity of lanthanum—A review and an attempt to
derive water and sediment quality criteria. Ecotoxicology and environmental safety 2016; 124: 213-
238.

Hu Q, Zheng S, Tang S, Guan L. Effects of Sm and Y on growth of Chlorella ellipsoidea. Agro Environ.
Prot.(Chin.) 2001; 20: 398-404.

ISO. International Standard Organization, Water quality - Fresh water algal growth inhibition test with
unicellular green algae, 8692. 2012.

Jin X, Chu Z, Yan F, Zeng Q. Effects of lanthanum (lll) and EDTA on the growth and competition of
Microcystis aeruginosa and Scenedesmus quadricauda. Limnologica 2009; 39: 86-93.

Joonas E, Aruoja V, Olli K, Syvertsen-Wiig G, Vija H, Kahru A. Potency of (doped) rare earth oxide particles
and their constituent metals to inhibit algal growth and induce direct toxic effects. Science of the
Total Environment 2017; 593: 478-486.

Kang L, Shen Z, Jin C. Neodymium cations Nd 3+ were transported to the interior of Euglena gracilis 277.
Chinese Science Bulletin 2000; 45: 585-592.

Lurling M, van Oosterhout F. Case study on the efficacy of a lanthanum-enriched clay (Phoslock®) in
controlling eutrophication in Lake Het Groene Eiland (The Netherlands). Hydrobiologia 2013; 710:
253-263.

MacMillan GA, Clayden MG, Chételat J, Richardson MC, Ponton DE, Perron T, et al. Environmental Drivers of
Rare Earth Element Bioaccumulation in Freshwater Zooplankton. Environmental Science &
Technology 2019; 53: 1650-1660.

Macnair MR. The genetics of metal tolerance in vascular plants. New phytologist 1993; 124: 541-559.

Malhotra N, Hsu H-S, Liang S-T, Roldan MJM, Lee J-S, Ger T-R, et al. An Updated Review of Toxicity Effect of
the Rare Earth Elements (REEs) on Aquatic Organisms. Animals 2020; 10: 1663.

Manusadzianas L, Vitkus R, Gylyté B, Cimmperman R, Dziugelis M, Karitonas R, et al. Ecotoxicity Responses
of the Macrophyte Algae Nitellopsis obtusa and Freshwater Crustacean Thamnocephalus platyurus
to 12 Rare Earth Elements. Sustainability 2020; 12: 7130.

Miazek K, lIwanek W, Remacle C, Richel A, Goffin D. Effect of metals, metalloids and metallic nanoparticles
on microalgae growth and industrial product biosynthesis: a review. International journal of
molecular sciences 2015; 16: 23929-23969.

Migaszewski ZM, Gatuszka A. The Characteristics, Occurrence, and Geochemical Behavior of Rare Earth
Elements in the Environment: A Review. Critical Reviews in Environmental Science and Technology
2015; 45:429-471.

Minganti V, Drava G. Tree bark as a bioindicator of the presence of scandium, yttrium and lanthanum in
urban environments. Chemosphere 2018; 193: 847-851.

Naccarato A, Tassone A, Cavaliere F, Elliani R, Pirrone N, Sprovieri F, et al. Agrochemical treatments as a
source of heavy metals and rare earth elements in agricultural soils and bioaccumulation in ground
beetles. Science of The Total Environment 2020; 749: 141438.

Oral R, Bustamante P, Warnau M, d’Ambra A, Guida M, Pagano G. Cytogenetic and developmental toxicity
of cerium and lanthanum to sea urchin embryos. Chemosphere 2010; 81: 194-198.

Pagano G. Rare earth elements in human and environmental health: at the crossroads between toxicity and
safety: CRC Press, 2016.

20



454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492

493

Pagano G, Aliberti F, Guida M, Oral R, Siciliano A, Trifuoggi M, et al. Rare earth elements in human and
animal health: State of art and research priorities. Environmental Research 2015; 142: 215-220.

Pagano G, Thomas PJ, Di Nunzio A, Trifuoggi M. Human exposures to rare earth elements: Present
knowledge and research prospects. Environmental research 2019; 171: 493-500.

Piovar J, Stavrou E, Kadukova J, Kimdkova T, Backor M. Influence of long-term exposure to copper on the
lichen photobiont Trebouxia erici and the free-living algae Scenedesmus quadricauda. Plant growth
regulation 2011; 63: 81-88.

Ramos SJ, Dinali GS, Oliveira C, Martins GC, Moreira CG, Siqueira JO, et al. Rare earth elements in the soil
environment. Current Pollution Reports 2016; 2: 28-50.

Ren M, Chen X, Zheng Y, Shen H, Ren Q, Li Y, et al. Sub-100-nm STIM imaging and PIXE quantification of rare
earth elements in algae cells. X-Ray spectrom special issue. In: F. Goecke et al 2013.

Ren Q, Hua Y, Shen H, Zhong L, Jin C, Mi Y, et al. Cytochemical behavior of rare earth ions in Euglena gracilis
studied by XAFS. Journal of radioanalytical and nuclear chemistry 2007; 272: 359-362.

Romero-Freire A, Joonas E, Muna M, Cossu-Leguille C, Vignati DAL, Giamberini L. Assessment of the toxic
effects of mixtures of three lanthanides (Ce, Gd, Lu) to aquatic biota. Science of the Total
Environment 2019; 661: 276-284.

Shen H, Ren Q, Mi Y, Shi X, Yao H, Jin C, et al. Investigation of metal ion accumulation in Euglena gracilis by
fluorescence methods. Nuclear Instruments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms 2002; 189: 506-510.

Siciliano AMG, Giovanni Pagano, Marco Trifuoggi, Franca Tommasi, Giusy Lofrano, Edith Padilla Suarez,
Isidora Gjata, Antonios Apostolos Brouziotis, Renato Liguori, Giovanni Libralato. Cerium,
gadolinium, lanthanum, and neodymium effects in simplified acid mine discharges to Raphidocelis
subcapitata, Lepidium sativum, and Vicia faba. Science of the Total Environment 2021.

Tai P, Zhao Q, Su D, Li P, Stagnitti F. Biological toxicity of lanthanide elements on algae. Chemosphere 2010;
80:1031-1035.

Thomas PJ, Carpenter D, Boutin C, Allison JE. Rare earth elements (REEs): effects on germination and
growth of selected crop and native plant species. Chemosphere 2014; 96: 57-66.

Trifuoggi M, Pagano G, Guida M, Palumbo A, Siciliano A, Gravina M, et al. Comparative toxicity of seven
rare earth elements in sea urchin early life stages. Environ Sci Pollut Res Int 2017; 24: 20803-20810.

Uchida S, Tagami K, Tabei K, Hirai I. Concentrations of REEs, Th and U in river waters collected in Japan.
Journal of alloys and compounds 2006; 408: 525-528.

Valcheva-Traykova M, Saso L, Kostova I. Involvement of lanthanides in the free radicals homeostasis.
Current topics in medicinal chemistry 2014; 14: 2508-2519.

Wang L, Li J, Zhou Q, Yang G, Ding XL, Li X, et al. Rare earth elements activate endocytosis in plant cells.
Proceedings of the National Academy of Sciences 2014; 111: 12936-12941.

Yingjun W, Jia L, Yun L, Hangbiao J, Shihuai D, Yunmin Z. Effects of cerium on growth and physiological
characteristics of Anabaena flosaquae. Journal of Rare Earths 2012; 30: 1287-1292.

Yuan X-Z, Pan G, Chen H, Tian B-H. Phosphorus fixation in lake sediments using LaCl3-modified clays.
ecological engineering 2009; 35: 1599-1602.

21



Supplementary material for on-line publication only

Click here to access/download
Supplementary material for on-line publication only
Supplementary materials.docx


https://www.editorialmanager.com/stoten/download.aspx?id=4749991&guid=5a5a35e0-5a04-43d1-9f87-ef2b60a288e2&scheme=1

Credit Author Statement

Credit author statement

Antonietta Siciliano: conceptualization, Formal analysis; Marco Guida: conceptualization, Writing -
review & editing, funding acquisition; Sara Serafini: Formal analysis; Maria Micillo: Formal
analysis; Emilia Galdiero: Validation; Carfagna Simona: Formal analysis; Salbitani Giovanna:
Formal analysis; Franca Tommasi: Writing - review & editing; Giusy Lofrano: Data curation,
Roles/Writing - original draft; Supervision; Edith Padilla Suarez: Formal analysis, Writing - review
& editing; Isidora Gjata: Data curation; Antonios Apostolos Brouziotis: Formal analysis, Writing -
review & editing; Marco Trifuoggi: Formal analysis, funding acquisition; Renato Liguori: data
curation; Marco Race: Formal Analysis; Massimiliano Fabbricino: Formal analysis; Giovanni
Libralato: Roles/Writing - original draft, Supervision, funding acquisition.



Declaration of Interest Statement

Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

CThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




