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HIGHLIGHTS GRAPHICAL ABSTRACT

e Microalga Chlamydomonas acidophila
PMO1 tolerates extremely high Mn
levels.

e Cells do not accumulate large amounts
of Mn.

e Mn is bound to the cell wall and coor-
dinated by phosphates in vacuoles and
excreted.

e C. acidophila could be used for biomass
production in Mn-infested waters.

e Acidophilic microalgae show Mn exclu-
sion tolerance strategy.

ARTICLE INFO ABSTRACT

Keywords: Acidophilic and metallotolerant microalgae represent an indispensable element of strategies to exploit or revive
Acid mine _drainage acid mine drainage ponds and similar systems with high levels of dissolved metal ions. The selection of an
E/imem(’ph‘le‘ optimal strain for a specific application depends on the capacity to tolerate selected metal(s) and on the
T;Iesr::i:manon mechanisms of tolerance. Herein we examined the tolerance to manganese by Chlamydomonas acidophila PMO1,

an extremophilic strain that lives under acidic conditions and high concentrations of iron and other metals in its
anthropogenic aquatic habitat. PMO1 survived an extremely high Mn concentration of 50 mM (2.75 g/L). At 20
mM, cells kept intracellular Mn concentrations at a low level probably through binding to the cell wall, and
vacuolization and excretion of Mn from the cell. Mn?* was sequestrated by oxygen ligands, including phosphates,
in octahedral geometry, in vacuoles and the cell wall. Energy challenges induced by Mn excess are met by the
consumption of starch and lipid reserves, and improved photosynthetic performance. The exposure to Mn excess
was related to decreased abundance of Fe-metalloenzymes and mild oxidative stress. The tolerance to Fe is

Vacuolar metal homeostasis
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coincident to tolerance to Mn. Acidophilic microalgae may be used for commercialization of metal-infested
waters through biomass and biofuels production avoiding the need to use freshwaters and reducing contami-
nation by other organisms. Finally, our study points out a novel low-intracellular Mn retention tolerance model
that may be specific to acidophilic eukaryotic microalgae and enable superior survival tolerance. However, such
strategy of tolerance is not optimal for bioremediation.

1. Introduction

Manganese (Mn) is a common and important pollutant of wastewa-
ters from Mn mining, ore processing and electrolytic Mn production (Li
et al., 2019; Neculita and Rosa, 2019). Such acidic wastewaters are
recognized geochemical hotspots of Mn mobilization, releasing dis-
solved Mn to adjacent groundwaters and surface waters (Kossoff et al.,
2014). Although Mn is not one of the most dangerous pollutants, it is
a widespread ecotoxicological and health threat (Dey et al., 2023). On
the other hand, it is an important essential micronutrient of particular
interest to photosynthetic organisms, including microalgae which can
opportunistically accumulate Mn beyond its metabolic quota (Blaby-
Haas and Merchant, 2012; Saha et al., 2013). Mn is ‘notoriously’ hard to
remove from wastewaters, in part because it is soluble at high pH values
(up to pH 8), which constitutes a limitation to metal precipitation ap-
proaches in water treatment (Neculita and Rosa, 2019). It is present in
waters in the Mn?" redox form with reduction potentials that are too
high to allow ‘spontaneous’ redox activity and the production of reactive
oxygen species (ROS), which is typical for Cu and Fe. However, Mn?*
can be oxidized by some microorganisms, including microalgae, to Mn>*
and Mn** (Tanovi¢ et al., 2025; Vojvodic et al., 2023). These redox
forms are not stable and may promote the production of free radicals and
oxidative stress which has been related to Mn toxicity in microalgae (Li
et al., 2007; Nowicka, 2022). On the other hand, Mn excess may also
result in the mis-metallation of Fe-enzymes with significant metabolic
consequences (Imlay, 2014).

Chlamydomonas acidophila is an extremophilic green microalga well-
adapted to thrive in acidic environments, such as acid mine drainage
(AMD) ponds and rivers (Dean et al., 2019; Olsson et al., 2015; Puente-
Sanchez et al., 2018). Low pH promotes metal leaching from mining
debris and sediment so acidic waters commonly contain high levels of
dissolved metal ions. C. acidophila is one of a small number of Eukaryotic
microorganisms that can colonize and restart biological activity in such
acidic and metal contaminated systems (Nixdorf et al., 1998; Nancucheo
and Johnson, 2011). Previous studies have examined the mechanisms
that enable C. acidophila to tolerate excess of some metals that may be
present in AMD environments, such as iron (Fe), copper (Cu), zinc (Zn)
and cadmium (Dean et al., 2019; Olsson et al., 2015; Puente-Sanchez
et al., 2018). However, there have been no investigations to date on the
tolerance of this microalga to Mn. Understanding the mechanisms of
tolerance is essential for optimizing the use of C. acidophila in waters
where this metal represents a barrier to other organisms. The key
bifurcation is between the use of extremophilic microalgae in biore-
mediation of wastewaters, which requires strains that can sequester
significant amounts of Mn, and their use as a potential means to produce
biomass in wastewaters. So far this second concept is largely unex-
plored, but it can alleviate the problem of limited access to freshwater
through commercial exploitation of polluted waters in the production of
biomass, which preferably should not be contaminated by metals such as
Mn (Wollmann et al., 2019).

The current study addressed the mechanism of Mn tolerance of
C. acidophila strain PMO1. This strain has previously been isolated from
one of the AMD ponds at the Parys Mountain mining site in the UK (Dean
et al., 2019; Mcintosh, 2021). The exploitation of the mine ended in the
early 1900 s, but the site still represents a considerable environmental
threat. The water in the pond has pH of ~1.5 (other nearby AMD ponds
that contain the microalga have pH ranges of 2 to 5), and approximately
20 mM of dissolved metal ions, including Fe (15 mM), Al (2.5 mM), Cu

(1 mM), and Zn (0.5 mM). It is important to note that the measured
dissolved Mn concentration in the pond was low and typically did not
exceed 20 uM and reached up to 150 uM at other AMD ponds at the site
(Dean et al., 2019). Pertinent to this, the aim of this study was also to
resolve whether the natural tolerance to high Fe transposes to tolerance
to high concentrations of Mn which is not a challenge in the native
anthropogenic habitat. The metabolisms of Fe and Mn are intertwined
(Blaby-Haas and Merchant, 2012). For example, it has been shown that
Mn may partially relieve the effects of Fe limitation on microalgal
growth (Liu et al., 2018). Previous analyses showed that PMO1 strain can
tolerate 15 mM Zn and 1.5 mM Cu, when grown in pH 3 conditions,
without a significant impact on growth rate. It has been proposed that
the mechanisms behind the tolerance to Cu excess include metabolic
changes, upregulation of antioxidative defense, alterations in photo-
synthetic performance, and some metal bioaccumulation through
internalization (Dean et al., 2019; Mcintosh, 2021).

2. Methods and materials
2.1. Cell cultures and treatment

C. acidophila PMO1 strain was kindly provided by Jon Pittman at the
University of Manchester. The strain had been isolated from AMD ponds
at the abandoned Parys Mountain mine site, Anglesey, North Wales, UK
(Dean et al., 2019). Microalgae were grown under photoautotrophic
conditions in an optimal, nutrient-sufficient modified MAM medium
(initial pH = 3) (Canadian Phycological Culture Centre, 2026; Olaveson
and Stokes, 1989). This pH has been used previously as optimal for the
growth of PMO1 strain (Dean et al., 2019). Microalgal inoculums were
added to 150 mL of MAM medium in 250 mL Erlenmeyer flasks, at an
initial density of 5 x 10° cells/mL. Microalgae were grown at 22 °C on
orbital shakers (120 rpm) in a growth cabinet with a continuous photon
flux of 120 pmol m~2 s~ (MST TL-D Reflex 36 W840 1 SLV/25 tubes,
Philips, Amsterdam, The Netherlands). Flasks with samples were
weighed on day 0 and the volume of samples was corrected for evapo-
ration on day 10 with sterile deionized water (5-8 mL). The culture's
growth was monitored by optical density at 750 nm (ODysp), biomass
(dry biomass per mL), viability, and cell count. To determine biomass, 2
mL aliquots were washed with water, centrifuged at 5000 g / 5 min, and
the pellets were left to dry at 60 °C for 24 h. Cell viability was assessed
by Evans Blue staining. The viability is reported as the percentage of
Evans Blue-negative cells (Zuppini et al., 2007). Cell count was carried
out using a Sedgewick-Rafter counting chamber. For this purpose, cells
were stained with Lugol’s iodine solution (100 pL per mL of sample).
Cell cultures were treated at day 15. To determine the tolerance of the
strain, the culture was exposed to varying concentrations of MnCl, (in
the form of MnCly x 4 Hp0) ranging from 2 mM to 200 mM. Since PMO1
tolerated very high Mn concentrations, all further experiments were
performed using a Mn?* concentration of 20 mM which resembles the
concentration of dissolved metal ions in its native anthropogenic
habitat. The exception was for methods that could suffer from changes in
the bulk magnetic susceptibility, such as EPR and NMR, and so a lower
Mn?" concentration (2 mM) was used. The accumulation of Mn in the
biomass was established using an inductively coupled plasma optical
emission spectrometry (ICP-OES) spectrometer (Avio 200, PerkinElmer,
143 Waltham, MA, USA). Microalgae culture samples (150 mL) obtained
from different time points after treatment with 2 mM or 20 mM MnCl,
and corresponding controls were washed three times with 50 mL of



L Santrac et al.

deionized water and centrifugation at 5000 g for 5 min. Biomass was
collected and dried for 24 h at 60 °C. Biomass (30 mg samples) was
digested using a mixture of 8 mL 65 % HNO3 and 2 mL 30 % H0,.
Digestion was performed at 120 °C for 30 min. The concentration of Mn
in the medium was measured using colorimetric determination of Mn
with KIO4 (Marczenko and Balcerzak, 2000). Briefly, microalgal cultures
were treated with 20 mM MnCl,. pH of the samples was ~2.3. Samples
(2 mL) were collected over a period of 24 h. Supernatants from untreated
culture was supplemented with 20 mM MnCl; to prepare control sam-
ples. Samples were centrifuged at 10,000 g for 5 min to collect super-
natant (1.6 mL) that was digested with 8 mL of 65 % HNO3 and 2 mL of
30 % H204 for 30 min at 120 °C. Digested sample was diluted 3 x and
0.6 mL were mixed with 1.4 mL of 15 mM KIO4 in 0.5 M HNOs. The
mixture was heated in 10 mL glass beakers to approximately 70 °C until
the stabilization of purple color was achieved (10-15 min). After cool-
ing, the mass of the sample was adjusted. The absorbance of samples was
measured using a 96-well plate on a Tecan Infinite M Nano microplate
reader (Tecan Group Ltd, Mannedorf, Switzerland) at 524 nm. The
detection limit of the method was 2 uM.

All chemicals were acquired from Merck (Darmstadt, Germany),
unless stated differently. For additional methods — scanning electron
microscopy (SEM), starch content assay, and Nile Red assay for relative
lipid content, see Supplementary Information.

2.2. Low energy micro-X-ray fluorescence microscopy (LE-uXFM)

For synchrotron radiation-based LE-uXFM coupled with scanning
transmission X-ray microscopy (STXM), cultures were treated with 20
mM MnCl; and collected after 24 h or 72 h, or were untreated and
collected at O h. Cultures were washed once with water, and 10 pL
suspensions were placed on silicon-nitride membrane (Silson, Southam,
UK) and left overnight at room temperature to dry. LE-uXFM micro-
graphs were collected at the TwinMic beamline of Elettra Sincrotrone
Trieste (Gianoncelli et al., 2016; Gianoncelli et al., 2021). Measurements
were performed under the high vacuum. The samples were illuminated
with a primary beam energy of 1.59 keV and raster-scanned with the
400 nm step size. The energy used for experiments was selected to excite
the Na and Mg K-electrons too, since their distributions were supposed
to give an indication about the location(s) of Mn in cells. LE-uXFM maps
were collected by using 8 Silicon Drift Detector (SDD) detectors regu-
larly attached in an annular configuration around the sample plane
(Gianoncelli et al., 2021). Simultaneously, the transmission X-ray de-
tector system consisted of a fast read-out CCD camera coupled with a
visible light converting system used to assess the density and morphol-
ogies of control and treated cells by producing contrast images gener-
ated by the absorption and scattering of X-rays from the sample
(Gianoncelli et al., 2006). Python-based open-source package, PyMCA
(Soleé et al., 2007), was used for processing the spectra from each pixel
and producing the distribution of detected elements in each map. X-ray
maps were plotted with XRFitVis web application (Kourousias et al.,
2026).

2.3. X-ray absorption near edge structure (XANES) spectroscopy

The structural properties of Mn were examined using XANES spec-
troscopy. The experiments were conducted at an IAEA multi-technique
X-ray spectrometry experimental station installed at the Elettra Sincro-
trone Trieste (Trieste, Italy) synchrotron facility (Karydas et al., 2018).
Samples obtained from untreated, and cultures treated with 20 mM
MnCl; for 24 h and 48 h, were washed 3 x with water, freeze-drying
overnight, grounded into powder, and mixed with poly-
vinylpyrrolidone to adjust the edge jump. Spectra were collected in the
energy range from 6520-6700 eV with different step sizes in pre-edge,
edge and post-edge region by a RaySpec 3-elements SIRIUS SDD. Sam-
ples were mounted in the ultra-high vacuum chamber of the beamline
end station and spectra were collected in fluorescence mode. The energy
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scale was calibrated using the maximum of the first derivative of the K-
edge absorption spectrum of an internal reference of Mn metallic foil.
The XANES spectrum of several Mn reference standards was also
recorded for comparison. The analysis of XANES spectra was performed
using the ATHENA software package (Ravel and Newville, 2005). Before
analysis, the data were processed, which included the determination of
the main edge energy (Eo), background removal, and normalization of
the energy jump to 1. The Eq value was derived from the first derivative
peak of the normalized spectra.

2.4. 3P nuclear magnetic resonance (NMR)

31p NMR spectroscopy was applied to elucidate the interactions of
paramagnetic Mn?" with (poly)phosphates. Microalgal samples (150
mL) were untreated, or treated with 2 mM MnCl; for 24 h. It is important
to note that 2 mM Mn>" instead of 20 mM was applied here and in low-T
EPR experiments to avoid changes in bulk magnetic susceptibility. Cells
were centrifuged at 5000 g for 5 min, washed twice with and resus-
pended in 0.1 M citrate buffer pH = 3. Fresh samples were prepared just
prior to the measurements. Washed cells were suspended in 0.5 mL of
citrate buffer containing NaHCO3; (1 mM). The resulting suspensions
were placed in 5 mm NMR tubes. 'H decoupled 3'P NMR spectra were
acquired at 298 K on a Bruker Avance NEO 600 MHz NMR spectrometer
tuned at the 3'P resonance frequency using a 90° pulse with a 5 s
repetition rate (relaxation delay + acquisition time), 8192 points,
17241 Hz (71.0 ppm) spectra width, and an offset of 15.0 ppm. Spinning
rate was set to 20 Hz. A total of 1420 scans were acquired for each
spectrum. In addition, pH dependence of the shift of orthophosphate line
was established by collecting spectra of 1 mM H3PO4 in water at
different pH values, using the same experimental setting, acquiring 16
scans per spectrum. All spectra were referenced externally against 85 %
H3POy. Signals were processed, analyzed, and deconvoluted in Topspin
4.5.0. (Bruker).

2.5. Electron paramagnetic resonance spectroscopy (EPR) of Mn

EPR measurements were performed on biomass of C. acidophila
PMO1 cultures exposed to 2 mM MnCl; for 24 h or 72 h, using a Bruker
EMXplus EPR spectrometer operating in X- band (9.41 GHz) at tem-
peratures between 15.5 K and 293 K, using the following conditions:
attenuation, 26 dB (15.5 K) to 4 dB (293 K); modulation amplitude, 0.5
mT; modulation frequency, 100 kHz; scan time 100 s. The signals were
checked for absence of saturation. EPR signals were corrected for tem-
perature and plotted versus the temperature to gain additional infor-
mation on the spin and to estimate ground/excited state separation.

2.6. Transmission electron microscopy (TEM)

Cell aliquots from controls (collected at 0 h) and cultures that were
treated with 20 mM MnCl; and collected after 24 h or 48 h, were spun
down at 5000 g for 5 min, and fixed overnight at 4 °C in 2.5 % glutar-
aldehyde (v/v) in 0.1 M phosphate buffer (PB; pH = 7.2; Serva, Hei-
delberg, Germany). Post-fixation was performed using 1 % (w/v)
osmium tetroxide (pH = 7.2, Serva) in 0.1 M PB for 2 h at room tem-
perature. After dehydration in a graded acetone series (50 %, 70 %, 90
%, and 100 %) samples were infiltrated with mixtures of acetone:Agar
100 resin (AGR1031, Agar Scientific, Stansted, UK): 2/1 for 1 h, 1/1 for
1 h, 2/1 overnight, and 100 % for 4 h, and polymerized in resin for
medium blocks (AGR1031, Agar Scientific) at 60 °C for 48 h. Resin
blocks were trimmed and ultra-thin sections (70 nm) were sectioned
using an EM UC7 ultramicrotome (Leica Microsystems, Wetzlar, Ger-
many). Ultra-thin sections were post-contrasted with lead citrate (1 %
dissolved in 0.6 M NaOH) for 5 min and uranyl-acetate (2 % dissolved in
water) for 15 min. Post-contrasted sections were imaged in STEM-
HAADF mode according to Haberman et al. (2025), with a Spectra
300C TEM (Thermo Fisher Scientific, Hillsboro, OR, USA), with the
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following settings: energy, 300 KeV; spot size, 4; resolution, 2048 x
2048; dwell time, 10 ps. Morphometric analyses were performed using
Image J (NIH). All measurements were conducted by hand-selected
analysis of > 25 cells at x 8000 magnification.

2.7. Synchrotron radiation Fourier transform mid-infrared
spectromicroscopy (SR-uFTIR)

SR-pFTIR measurements were performed at the SISSI-Bio Beamline
at Elettra Sincrotrone Trieste (Birarda et al., 2022). Microalgal samples
from untreated (obtained at 0 h) and cultures treated with 20 mM MnCl,
after 24 h or 72 h were prepared as for LE-uXFM. After washing, 10 pL of
microalgae cell suspension was placed on silicone-nitride membrane
(Silson), and left overnight at room temperature to dry in air. FTIR
measurements were carried out using an IR/VIS microscope (Hyperion
3000, Bruker Optics, Billerica, MA, US) coupled with an in-vacuum
benchtop interferometer (VERTEX70 V, Bruker Optics, Billerica, MA,
US). The microscope was equipped with 15 x objective and a single
point MCT Detector (Infrared Associates Inc. STUART, FL, US). The
spectra were acquired in the spectral range 4000-600 cm ™! at spectral
resolution 4 cm ™! averaging 256 scans. For each treatment ~30 inde-
pendent spectra were collected, by closing the apertures at 20x20 mi-
crons and measuring small groups of cells. The acquired data were
corrected for water vapor using a built-in routine of OPUS 8.5 SP1
(Bruker Optics Billerica, MA, US) and then analyzed with QUASAR
open-source software (Toplak et al., 2017; Toplak et al., 2021). In
QUASAR, the data were pre-processed (cut and baseline corrected using
rubber-band function) and the integrals were calculated. The bands
were identified based on previously published FTIR data for microalgae
(Dean et al., 2019; Driver et al., 2015). The level of lipid peroxidation
was calculated using the =C-—H/total lipids ratio that was estimated by
the ratio of intensities of FTIR signal in the 2997-3024 cm ™! range and
2800-3000 cm ™! range. Lipid peroxidation is reciprocally proportional
to this ratio (Movasaghi et al., 2008). Protein oxidation was estimated by
the level of carbonyl groups that was determined by the intensity of FTIR
signal in the 1710-1770 cm ™,

2.8. Redox parameters

The intracellular concentration of ROS was evaluated using
dichlorodihydrofluorescein diacetate (DCFH-DA), as described previ-
ously (Kalyanaraman et al., 2012). Aliquots of culture samples (un-
treated or treated with 20 mM MnCl,; were washed 3 x and diluted with
water to set OD75g at ~0.5. DCFH-DA was dissolved in 96 % ethanol and
added to the samples at the final concentration of 20 pM (final ethanol
concentration was 1 %). After incubation in the dark for 20 min at 25 °C,
samples (200 pL) were placed in microtiter plates (black walls/clear
bottom). DCFH fluorescence was read on a Tecan Infinite M Nano
microplate reader, with 485 nm excitation and 530 nm emission. The
obtained results are presented in arbitrary units, and corrected by
autofluorescence of microalgae and fluorescence of DCFH-DA
(Kalyanaraman et al., 2012).

X-band EPR spectroscopy with disulfide biradical (RSSR) method
was used to determine the levels of reduced thiol groups (Khramtsov
et al., 1989). Aliquots were collected from untreated cultures (at O h
and 24 h) or cultures exposed to 2 mM and 20 mM MnCl; (at different
time points between 15 min and 24 h), washed 3 x and diluted in water
to a final number of 2 x 10° cells per 50 L samples. After incubation of
samples with 100 pM RSSR spin probe (Enzo Life Sciences, Farmingdale,
NY, USA) for 10 min, EPR spectra were collected at room temperature on
Bruker EMX Nano Spectrometer. The settings were: attenuation, 20 dB;
modulation amplitude, 0.1 mT; modulation frequency, 100 kHz; scan
time, 60 s.
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2.9. Western blot of antioxidative enzymes

Culture samples were washed with water and snap-frozen in liquid
N». Samples were homogenized upon thawing on ice in 50 mM potas-
sium phosphate buffer (pH = 7, with 0.4 % Triton X-100) in 1:4 mass
ratio using an ultrasonic homogenizer (6 x 5 s mixing at 26 Hz). Ho-
mogenates were further gently shaken on ice for 60 min with 10 s vortex
every 15 min, and centrifuged at 16,000 g/30 min/4 °C. Protein-
containing supernatants were collected and incubated with Laemmli
buffer for 10 min at 95 °C, resolved on a 10 % SDS-polyacrylamide gel,
and transferred to a PVDF membrane. After blocking with bovine serum
albumin (5 %), blots were incubated with primary antibodies (Agrisera,
Vannas, Sweden): catalase (CAT; AS15 2991), chloroplastic iron-
dependent superoxide dismutase (FeSOD; AS06 125), and manganese
SOD (MnSOD; AS21 4523), and secondary goat anti-rabbit antibody
conjugated with horseradish peroxidase (ab6721; Abcam, Cambridge,
UK). Visualization was performed using iBright™ FL1500 Imager
(Thermo Fisher Scientific). Band intensities were normalized to loading
control (GAPDH; FNab03342, Fine Test, Wuhan, China).

2.10. PAM fluorimetry

Fluorescence measurements were performed on a Mini PAM II/R
fluorimeter (Heinz Walz GmbH, Effeltrich, Germany). Microalgal cul-
ture treated with 20 mM MnCl; for 1 h, 24 h, or 48 h, and corresponding
controls (untreated, sampled at 0 h) were washed 3 x with water (cell
density ~4 x 107 cells/mL). Samples were supplemented with 2 mM
NaHCOs to ensure that electron transport was not limited by the carbon
supply (Cazzaniga et al., 2014). Concentrated culture (0.5 mL) was
placed in a suspension cuvette, stirred and kept in the dark for 15 min
prior to measurements.

The maximum quantum efficiency of photosystem II (PSII),
expressed as Fv/Fm ratio was assessed by applying saturating pulse
(intensity: ~6000 pmol photons m~2 s~1, width: 1 s) preceded by 5 s of
far-red light. Rapid light curve (RLC) was used to determine the effective
photochemical yield (Y(II)), non-photochemical quenching (NPQ) and
the electron transport rate (ETR). RLC parameters were: 10 distinct
irradiance levels, 10 s width, each ending with saturating pulse. ETR was
fitted according to Platt et al. for estimation of ETRmax and Ik param-
eters (Platt et al., 1980). All analyses were conducted following the
procedures described by Walz (Walz, 2000).

2.11. Statistics

All experiments were conducted with a minimum of three biological
replicates and the results are expressed as means + standard error (SE).
The numbers of exact biological (n) replicates are provided in figure
legends. Statistical analysis was performed using Sigma Plot 12.3 (Systat
Software Inc., San Jose, California, USA). For comparisons between
control and treated microalgae, the Mann-Whitney 2-tailed test was
used. The level of statistical difference was p < 0.05. Data for lipid
peroxidation were represented as box plots.

3. Results and discussion

3.1. Viability and intracellular and extracellular Mn pool during exposure
to high environmental Mn

Growth parameters and viability of the C. acidophila PMO1 culture
were not affected by Mn2* at concentrations of up to 50 mM even after 7
days of treatment (Fig. 1). At 200 mM Mn, the viability was drastically
decreased after only 1 h, with less than 20 % of cells remaining alive
after 7 days. Viability in untreated samples at the day of the treatment
was ~95 % (see Supplementary Information). High Mn concentrations
contributed to the dry residue mass, significantly impacting biomass
measurements in cultures treated with 200 mM Mn. All further analyses
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Fig. 1. Growth parameters and viability for C. acidophila PMO1 culture and the concentration of metals in the biomass during exposure to different
concentrations of MnCl,. (A) Optical density at 750 nm; (B) Biomass. Data obtained for cultures treated with 200 mM Mn?* are not presented. (C) Viability,
determined by Evans blue assay. The viability in cultures prior to exposure to 200 mM Mn was ~100 %; The decrease in viability after 1 h and at all other timepoints
was statistically significant (p < 0.05). MnCl, was added on the 15th day post-inoculation and the effects were monitored for 7 days. Results are presented as means
=+ SE (n = 8); (D) The concentration of Mn, Fe and Cu in the biomass from untreated cultures or MnCl, treated cultures. Data are presented as means + SE (n = 5). (E)
Mn concentration in the medium of cultures treated with 20 mM MnCl,. Control (0 min) represents medium collected from untreated culture, supplemented with 20
mM MnCl,, and further processed as other samples. Data are presented as means + SE (n = 4). * — statistically significant compared to control (p < 0.05). B.d.l. -

below detection limit.

were performed using 20 mM (or 2 mM for some methods). It is
important to point out that the PMO1 strain showed survival tolerance to
50 mM Mn (2.75 g of Mn per L; at pH = 3). To the best of our knowledge,
this is more than any previously examined (eukaryotic) microalgal
species (Alho et al., 2022; Candido et al., 2024; Vasilieva et al., 2022;
Vojvodic et al., 2023). In addition, this is higher than Mn levels in any
industrial wastewater recorded so far in public records (we could not
find higher concentration than 1.8 g/L (Shu et al., 2016)). Nevertheless,
understanding maximum tolerance thresholds can be beneficial. The
remarkable ability of this organism to tolerate very high concentrations
of Mn as well as other metals, could be essential for cultivation in closed
systems with metal contaminated waters in which, by evaporation,
could easily reach very high metal concentrations. It appears that the
tolerance to high Fe (and other metals) that shaped PMO1 in its original
habitat (Dean et al., 2019; Driver et al., 2015), extrapolates to tolerance
to extreme Mn concentrations. This may be related to the overlapping
transport and metabolic pathways of these metals in microalgae (Blaby-
Haas and Merchant, 2012).

Low Mn absorption indicates that an important aspect of Mn toler-
ance by this microalga is through inhibiting metal ion accumulation.
The concentration of Mn in the biomass was ~1.2 ug/mg (only ~0.1 %
of biomass) even after 72 h treatment with 20 mM Mn (Fig. 1D). How-
ever, a significant drop of Mn concentration in the medium was
observed almost instantly after the addition — from 20 mM to approxi-
mately 12 mM in 1 min (Fig. 1E). This is a decrease of about 440 ug of
Mn per mL, which is approximately 600 x more than the amount of Mn
found in the biomass collected in 1 mL of culture. Therefore, this might
be explained by weak bonding of Mn?* to the cell wall. After the initial
change, Mn concentration in the medium was relatively stable, which

implicates that PMO1 swiftly activates mechanisms that regulate intra-
cellular Mn levels. The calculated concentration factor was between 1
and 5. This is drastically lower compared to other microalgal species
exposed to high Mn concentrations. For example, previous studies have
found that Chlorella sorokiniana treated with 1 mM Mn accumulated the
amount of Mn that is approximately 1 % of the biomass, with concen-
tration factor of ~180 (Vojvodic et al., 2023); similar results were found
for Scenedesmus quadricauda (Li et al., 2024); Chlorella vulgaris treated
with 35 mM Mn accumulated Mn at the amount of 3.5 % of biomass
(concentration factor ~18) (Smythers et al., 2019); Thalassiosira pseu-
donana treated with 10 mM Mn accumulated Mn at 5 % of biomass
(concentration factor ~91) (Sim et al., 2021). In contrast to these
strains, PMO1 tolerance to Mn is not based on metal internalization and
sequestration. Therefore, PM01 should not be a choice for remediation
of Mn-rich waters since it does not remove significant amounts of metal
ions. Alternative approaches, such as the application of biochars or
composites, should be considered instead (Wibowo et al., 2025). It is
important to note that the treatment with Mn reduced the intracellular
level of Fe and apparently Cu (Fig. 1D). Mn?* and Fe?* share transport
and metabolic pathways (Blaby-Haas and Merchant, 2012), and Mn is
known to mis-metallate Fe-enzymes (Imlay, 2014). An excess of Mn may
outcompete Fe (the initial concentration of Fe in MAM medium is ~17
uM) for transport and binding sites resulting in the observed loss of
intracellular Fe quota.

3.2. Subcellular localization of Mn

LE-uXFM was combined with STXM to determine Mn intracellular
distribution and co-localization with other detectable elements (Fig. 2).
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Fig. 2. Characteristic LE—uXFM and STXM absorption micrographs of C. acidophila PMO1 cells. Cultures were: (A) untreated (control); (B) exposed to 20 mM
MnCl; for 24 h; (C) exposed to 20 mM MnCl,, for 72 h (n = 3). Pseudo-color scale bars represent relative concentrations of elements according to the number of counts
per unit area 0.15 x 0.15 um with dwell time of 6 s and detection time of 20 ms. Abs-X-ray phase contrast imaging enabled to define the cell boundaries. Selected
overlay maps are presented in two (Mn/O (green/blue)) or three (C/Mn/O (red/green/blue)) color representations. Bar-1 um. The central cell in the micrograph is

marked with freehand outline.

The applied method enabled us to gain an insight into the distribution of
light, biologically important elements — C, O, Mg, N, Na, and Fe and to
correlate their distribution with Mn. The shape of the cells was clearly
outlined in absorption images. Dark material-dense areas overlap with
regions with high C concentrations that represent starch granules.
Around this region, there are areas with high Mg, Fe and N, and Na and
O that probably represent chloroplast and vacuoles (Long et al., 2023;
Tanovic et al., 2025). It is important to note one specific limitation of the
method related to Mn. In the soft X-ray regime, the emission energies of
L-lines of Mn and Fe are very close (see Supplementary Information).
Since cells contain only traces of these metals, it is hard to achieve
resolvable delineation between Fe and Mn 1-lines in controls. Only in
cells treated for 72 h, 1-lines of Mn start to appear as a sign of accu-
mulation, which made the analysis more trustable. According to it, Mn is
well co-localized with Mg, Na and Fe. Regions with high C concentra-
tions show low Mn (and Mg and Na), and vice versa. Further, Mn over-
lapped with O areas which were not overlapped with C. These areas
were located around the nucleus and at the periphery of the cell. This
implies that Mn is accumulated in vacuoles since these organelles show
high levels of oxygen in relation to the accumulation of organic acids

(Shanab et al., 2012). Vacuoles are known to act as sinks for cations,
including Mn?*, Mg?* and Na™ (Blumwald et al., 2000; Pittman, 2005).
In control cells, Mn was more evenly distributed throughout the cell in
relation to its presence in the chloroplast (Schmollinger et al., 2023).

3.3. Coordination of Mn in cells

XANES analysis showed that Mn after entering the cell remained in
the 2 4 redox state (Fig. 3A, B). The comparison with XANES spectra of
standard compounds suggested local coordination resembling Mn sur-
rounded by O ligands. The overlap of pre-edge features between the
treated microalgae and reference standards indicates that Mn?' in
biomass has an octahedral coordination environment. Of note, XANES
spectrum of Mn in the biomass was clearly different to the spectrum of
MnCly-4H,0 which was used to supplement Mn®" to the cell culture
(Fig. 3B). 3'P NMR spectroscopy was applied to examine whether that
Mn2* ions are coordinated by (poly)phosphates (Fig. 3C). Manganese
ions are paramagnetic and relaxation agents that cause broadening of
spectral lines of their ligands (Lacerda et al., 2021). >'P NMR spectrum is
in accord with previous NMR reports on other strains of C. acidophila,
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Fig. 3. Redox properties and coordination of Mn in C. acidophila PM01 biomass. (A) XANES spectra of Mn in C. acidophila PMO01 biomass (culture was exposed
to 20 mM Mn?* for 24 h), and referent Mn®* compounds. Arrowheads: white — pre-edge peak; black — edge peak; gray — ‘white line’ peak. LFC-linear fitting
combination. (B) The comparison of the first derivatives of XANES spectra of Mn in C. acidophila PMO1 biomass and MnCl,-4H,0. (C) 31p NMR spectra of alive
concentrated cultures-untreated or exposed to 2 mM MnCl, for 24 h. Spectra were collected at 600 MHz and 298 K. Pi — orthophosphate (Pi(c) — in cytosol; Pi(v) —
vacuole); PP — polyphosphates. Chemical shifts (ppm) for all peaks and line widths for Pi(v) peak (Hz; full width at half maximum amplitude) are presented. (D) The
results of deconvolution of 3'P NMR signal of Pi of control sample and microalgae treated with 2 mM MnCl, for 24 h. Two signal components were found and
assigned to Pi(v) and Pi(c). (E) Room temperature EPR spectra of C. acidophila PMO01 biomass from cultures treated with 2 mM Mn?* for 24 h or 72 h. (F) Reciprocal-T
plot of signal intensity (double integral of EPR signal). It shows straight lines through the origin, which means that the signal intensity follows Curie’s law over the
indicated temperature range. In the parallel mode no signal was observed. The origin of the low-field signal (around 60 mT) is unknown; it is possibly from a 5-co-
(:rdinate Mn(II). Average spectra (n = 3) are presented.

containing two lines of inorganic (ortho)phosphate (Pi), ATP peak, and a very broad signal of polyphosphates (Nishikawa et al., 2003). It has been

AlConiol] e, TR B CICe

= [ Mitochondria
® i orh
a0
£ )rh
0]
D 4]
< 3] %
24 *
1]
; ]
Control 24 h 48 h
101 Area (hm?) *
91 I Number
84
7_
(ONrS
g 6
27
> 4
3_
2_
1_
0
Control 24 h
7 1 Area (nm?) in Chl
64 1 Number around Py
3
=N
c
S 4
o) *
< 31
e
8 21
N
1 . * *
0

Control 24 h 48 h

Fig. 4. Representative TEM micrographs and morphometric analysis of C. acidophila PMO1 cells that were untreated (controls) or treated with 20 mM
MnCl,. (A) TEM micrographs. N — nucleus; SG - starch granules (around the pyrenoid (Py) and in the chloroplast (Chl)); V — vacuole; M — mitochondria. Bar — 2 ym.
(B) Analysis of TEM micrographs: measurements of total cell and mitochondria area (top panel); area and number of vacuoles (middle panel); and the area of starch
granules in the chloroplast and the number of starch granules around pyrenoid (bottom panel). Data are presented as means + SE (20 cells from n = 3). * — sta-
tistically significant compared to control (p < 0.05).
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shown that the linewidth of polyphosphates signals gain is reduced upon
the application of extracellular metal chelator, which implies that these
polyphosphates are present in the cell wall, where they are exposed to
paramagnetic cations from the culture medium (Nishikawa et al., 2006).
The two Pi lines were assigned to Pi in vacuoles and in cytosol according
to their chemical shift (Nishikawa et al., 2003; Kuchitsu et al., 1983;
Lundberg et al., 1989). To further confirm this, we prepared a pH-
dependence curve of 3P NMR chemical shift of orthophosphate (see
Supplementary Information). According to this, the peak at § = 1.71
ppm in controls and § = 1.80 ppm in treated cells comes from Pi located
in the compartment with pH ~6.8 which is appropriate for cytosol,
whereas the peak at § = 0.94 ppm corresponds to Pi at vacuolar pH
~5.7. In cells exposed to Mn, the signal of vacuolar Pi was broadened,
probably due to due to interactions with Mn?*, which is a strong para-
magnetic. This appears not to be the case with Pi in cytosol, as shown by
the deconvolution of Pi signal that separated two signal components
(Fig. 3D). This implies that Mn2" is accumulated in vacuoles and that it
is coordinated to phosphates, although other ligands, such as organic
acids could be present. The addition of Mn?* led to the disappearance of
the polyphosphate signal in the cell wall, a known sink for metal ions
(Vojvodic et al., 2020), most likely due to binding of paramagnetic Mn
ions. In line with XANES analysis, EPR spectroscopy of Mn in the
biomass showed a strong signal at g = 2 with six-line hyperfine structure
(Mn nuclear spin is I = 5/2) (Fig. 3C), which is characteristic for Mn?*
with weak zero-field interactions and octahedral symmetry (Murali
et al., 2005). The hyperfine structure was not well resolved, which im-
plicates a heterogenous coordination geometry. Linear increase in the
amplitude of this signal with the inverse of the temperature (Curie’s law)
is proof that spin system is effectively a two-level system, i.e., it behaves
like an electron spin with S = 1/2, although Mn?* has S = 5/2. In other
words, the zero-field interaction energy is much smaller than thermal
energy at the lowest operating temperature of 15.5 K. Low zero-field
interaction energy is related to octahedral coordination geometry
(Eads et al., 1988).

3.4. Changes in cellular structure

Ultrastructural analysis using TEM showed a significant impact of
Mn2t (20 mM) on cell structure — disruption of mitochondria, vacuo-
lization, and changes in the size and number of starch granules (Fig. 4).
In the majority of cells treated with Mn2*, mitochondria appeared
swollen with dissolved matrix and cristae (Fig. 4A). Moderate swelling
of mitochondria could be induced by increased energy demands,
whereas a severe energy challenge or oxidative stress is known to pro-
voke drastic swelling and a transition of mitochondria to a dysfunctional
metabolic state (Javadov et al., 2018). The size of treated cells was also
significantly increased (Fig. 4B). Chloroplasts showed no major changes,
retaining thylakoid membranes and increasing the size of starch gran-
ules, although thylakoid lamellae appeared slightly looser in treated
cells (Fig. 4A, B). Mn?* treatment induced a drastic increase in vacuole
number and size (Fig. 4B). Vacuoles were located close together in the
perinuclear space with the distribution extending to cell periphery in
some cells. They appear to fuse as a part of the process of contractile
vacuole development (Komsic—Buchmann et al., 2014; Schmollinger
et al., 2021). Excretion through contractile vacuoles may be an impor-
tant mechanism for keeping intracellular Mn levels low. The number of
starch granules around the pyrenoid decreased, whereas the size of
granules in the chloroplast stroma was increased (Fig. 4B). Although the
total number and size of starch granules appeared not to change,
biochemical analysis showed an increase in starch content after 24 h of
treatment (see Supplementary Information). It has been shown that peri-
pyrenoid starch granules support the CO,-concentrating mechanism and
improve energy efficiency of the cell (Toyokawa et al., 2020). Therefore,
the change in the starch granules around the pyrenoid, along with the
mitochondria swelling, may be related to energy challenges that are
related to Mn excess. The observed ultrastructural changes, including
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vacuolization and starch granules accumulation have been reported
previously as a part of response to some other heavy metals in different
microalgae, including the impact of cadmium on C. acidophila cells
(Nishikawa et al., 2003; Xiao et al., 2023). Cell wall thickness, pyrenoid
size, and nuclear area remained unchanged (data not shown). Moreover,
SEM revealed no changes in the shape of algae cells and no mucilage
release in response to Mn?* (see Supplementary Information). We noted
the presence of vesicle-like structures with diameter of 150-400 nm on
the cell surface in all treatments (see Supplementary Information). It has
been reported that various microalgal species release extracellular ves-
icles within this diameter range (Adamo et al., 2024). These vesicles are
essential for cell-to-cell communication and adaptation to nutrient stress
(Li et al., 2025). The size of extracellular vesicles was increased in
response to Mn stress. The presented results imply that PMO1 cells may
intensify cell-to-cell communication in the time of crisis or use vesicles
to release Mn accumulations.

3.5. Changes in the metabolic profile

Changes in the composition of microalgal biomass were examined
using SR-pFTIR (Fig. 5). The spectrum was in accord with the previously
reported on this strain (Dean et al., 2019; Driver et al., 2015). In the
carbohydrate ‘fingerprint region’ an increase of overall integrate area
was observed (Fig. 5D). Bands at 1243, 1151, 1079, 1043 and 1020
cm ™! were those that increase the most at 72 h of treatment. These are
assigned to several overlapped vibrations: asymmetric stretching of
P=0 in phosphate groups on phospholipids, phosphorylated carbohy-
drates and proteins, symmetric stretching of C—C, C—0, C-O—C,
and C-O—7P in carbohydrates, and asymmetric stretching of P—0 in
HPOZ . Therefore, the increase of intensity in this region implicates in-
crease in (poly)phosphates or phosphorylation level. The enhancement
of bands associated with phosphorus-containing vibrational modes is in
line with the proposed Mn accumulation in vacuoles. Protein ‘finger-
print’ range did not show significant changes. On the other bands
assigned to lipids — asymmetric and symmetric stretching of CHy and
CH3 group (2925 cm ! and 2854 cm’l, and 2954 and 2873 cm’l), and
stretching of H-C=C (3012 cm 1) were weaker in microalgae treated
with Mn?". Biochemical assay showed that the total concentration of
lipids was slightly decreased after 48 h (see Supplementary
Information). Markers of oxidative stress were observed in both lipids
and proteins region. There was a steady increase in the carbonyl signal
at ~1730 cm™! which is related to protein oxidation (Fig. 5E). In
addition, alkyl chains double bonds signal at 3100-3000 cm ™! and the
ratio with total lipids significantly decreased upon treatment which
implies pronounced lipid peroxidation (Fig. 5F).

3.6. Redox milieu and antioxidative enzymes

The impact of Mn?" on redox milieu was further analyzed using
biochemical assays. Intracellular ROS and thiol levels showed reciprocal
trends in microalgae treated with Mn2" (Fig. 6A, B). In response to 2 mM
Mn?*, ROS concentration showed a peak at 30 min and reached a
plateau at 2 h. Such two-step dynamics has been observed previously in
C. sorokiniana exposed to Mn** (Vojvodi¢ et al., 2023). The reversibility
of early changes in ROS levels is probably related to the increase of thiol
concentrations above the physiological level. Thiols in the form of
glutathione, phytochelatins and cysteine are an important part of the
antioxidative system in microalgae (Pinto et al., 2003). A previous study
of the effects of lower concentrations of Mn>* (up to 0.2 mM) on the
antioxidative system of microalga Pavlova viridis has found significant
upregulation of the activity of glutathione peroxidase and total gluta-
thione level (Mei et al., 2007). However, in microalgae treated with 20
mM Mn?", initial increase of ROS level resulted in an irreversible drop of
thiol concentration. Apparently, the exposure to the higher Mn con-
centration led to oxidative changes that could not be repaired. The
development of prooxidative conditions in PMO1 could be partially
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explained by Mn-induced decrease in the level of Fe-metalloenzymes
that are a part of antioxidative defense — FeSOD and catalase (Fig. 6C;
see Supplementary Information). The level of MnSOD protein abun-
dance remained unaffected. When present in abundance Mn is known to
replace Fe in FeSOD which may be followed by controlled degradation
(Diessl et al., 2022; Thompson and Bruick, 2012). Mn could also affect
the synthesis of catalase through the competition with Fe for trans-
porters, chaperones and binding sites (Rai et al., 2021), and by
decreasing the levels of heme precursors (Yang et al., 2022). Pertinent to
the former point, Mn-treated PM01 showed a significant decrease in the
intracellular Fe level.

3.7. Photosynthetic performance

Finally, it appears that the exposure to Mn had a slightly positive
effects on photosynthetic efficiency (Fig. 7). NPQ was significantly
decreased, whereas electron transport rate and resistance to light satu-
ration were modestly improved. NPQ is a protective mechanism for
dissipating excess energy from the photosynthetic apparatus which is
mediated through lutein and other pigments (Zheng et al., 2022). ETR
describes the fraction of photons that are absorbed and ‘employed’ in
carbon fixation (Barranguet and Kromkamp, 2000). Therefore, it ap-
pears that Mn improves the performance of the photosynthetic ma-
chinery. This is in line with the previous findings that Mn at high
concentrations may stimulate photosynthesis in Chlorella (Smythers
et al., 2023). This is in line with the improved starch content of chlo-
roplasts in cells exposed to Mn®".

4. Conclusions

The microalga C. acidophila PM01 demonstrated physiologically
relevant responses to Mn concentrations of up to 20 mM, and survival
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tolerance to even higher Mn concentrations. This is based on the pre-
vention of intracellular Mn accumulation. We propose, based on indirect
observations, that the mechanism behind this includes ionic and coor-
dination binding of significant amounts of Mn?" to the cell wall, and
Mn?* vacuolization and sequestration by phosphates, and excretion via
contractile vacuolar exocytosis, all of which poses challenges to energy
homeostasis (see Supplementary Information). The increased energy
demands are met by the consumption of reserves and boosted chloro-
plast performance. Since Mn pollution does not represent a realistic
barrier to Chlamydomonas acidophila PMO1 growth this strain could be
used for commercial exploitation of Mn-infested AMD waters for
biomass and biofuels production. On the other hand, the capacity for Mn
accumulation is low, so this microalga is not optimal for bioremediation.
However, our study points out a novel low-intracellular Mn retention
tolerance model that may be specific to acidophilic eukaryotic micro-
algae. In other words, microalgae tolerate extreme metal concentrations
by keeping them out. Some other tolerant normophilic strains, such as
Chlorella sorokiniana that we have extensively analyzed previously, use a
diametral strategy and accumulates and sequesters metals to effectively
decrease the extracellular level and unburden ion transporting ma-
chinery. However, from the point of survival tolerance, the former
strategy is clearly superior. Finally, it is important to clearly state the
study's key limitation — laboratory pure culture conditions without in-
situ AMD field validation. The proposed strategies of tolerance require
further validation on other strains and metals, which represent our main
follow-up research direction.
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