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Highlight
Manganese ions first bind to phosphate moieties in membrane and mucilage, then to intracellular
polyphosphates, and finally accumulate in the microalgal cell in the form of multi-valent Mn-0-Ca
clusters.
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Abstract

Metabolism of metals in microalgae and the adaptation to metal excess are of significant
environmental importance. We report here a three-step mechanism that the green microalga
Chlorella sorokiniana activates during the acquisition of and adaptation to manganese (Mn), which is
both, an essential trace metal and a pollutant of waters. In the early stage, Mn** was mainly bound
to membrane phospholipids and phosphates in released mucilage. The outer cell wall was
reorganized, and lipids were accumulated with a relative increase in lipid saturation. Intracellular
redox settings were rapidly altered in the presence of Mn excess, with increased production of
reactive oxygen species that resulted in lipid peroxidation and a decrease in the level of thiols. In the
later stage, Mn>* was chelated by polyphosphates and accumulated in the cells. The structure of the
inner cell wall was modified and the redox milieu established a new balance. Polyphosphates serve
as a transient Mn** storage ligand, as proposed previously. At the final stage, Mn was stored in
multi-valent Mn clusters that resemble the structure of tetramanganese-calcium core of the oxygen-
evolving complex. The present findings elucidate bioinorganic chemistry and metabolism of Mn in
microalgae, and may shed new light on water-splitting Mn clusters.
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Introduction

Manganese (Mn) serves as a co-factor of more than 30 enzymes in microalgae, including two of the
core components of energy and redox metabolism — the oxygen evolving complex (OEC) in
Photosystem Il (PSIl), and Mn superoxide dismutase (Liu et al., 2018). As a consequence, microalgal
cells require significant quotas of Mn for normal function during growth (Tsednee et al., 2019).
However, Mn shows limited availability in some waters with a negative consequence on microalgal
productivity (Liu et al., 2018). In addition, the metabolism of Mn appears to be intertwined with iron
(Fe), which is the key limiting metal nutrient for microalgae in most aquatic ecosystems (Hanikenne
et al., 2021). On the other hand, Mn is a common pollutant from anthropogenic sources, such as
mining and industrial drainage, and from natural deposits of Mn oxides that are reduced to Mn*,
the main redox form in water at pH < 8 (Réllin and Nogueira, 2019). Many microalgal species can
tolerate metal excess and microalgal communities may act opportunistically to accumulate metals if
they are present in abundance, particularly Mn and Fe. Therefore, the exposure of microalgae to
high but non-toxic concentrations of metals represents a powerful tool in the analysis of metal
metabolism (Tsednee et al., 2019; Schmollinger et al., 2021). In addition, the capability of microalgae
to act as pioneers of inhospitable mining wastewaters holds a promise of development of
microalgae-based biotechnologies for efficient and cost-effective wastewater processing and metal
recovery (Malavasi et al., 2020). The elucidation of adaptive mechanisms that microalgae employ to
mitigate Mn excess is essential for bioengineering of organisms with improved remediation
performances.

The aim of this study was to establish the mechanisms of Mn interactions with the
freshwater green microalga Chlorella sorokiniana. Recent studies have shed light on some of the
mechanisms of Mn metabolism of Chlamydomonas reinhardtii. 1t has been pinpointed that the
response to Mn is a dynamic process and that polyphosphates are important but not the final Mn
storage ligands (Tsednee et al.,, 2019; Schmollinger et al., 2021). Additional or alternative
mechanisms are possible due to the rich bioinorganic and redox chemistry of Mn (Cotton et al.,
1999). The Chlorella genus shows huge environmental and biotechnological importance in relation
to the tolerance to heavy pollution and the efficiency of CO, fixation (Krichen et al., 2019). In the
present study, several aspects of the response to a high but non-toxic Mn treatment were analyzed
using a broad set of methods. Changes in structure and chemical composition of microalgal cells
were analyzed using scanning electron microscopy (SEM) with energy dispersive X-ray spectrometry
(EDS), and.synchrotron radiation-based Fourier transform mid-infrared spectroscopy (SR-FTIR).
Intracellular redox changes were assessed by assays for production of reactive oxygen species (ROS),
oxidation of thiols, and total glutathione levels. Finally, redox and coordination chemistry of Mn in
microalgae were analyzed using electron paramagnetic resonance (EPR) spectroscopy, cyclic
voltammetry, and X-ray absorption fine structure (XAFS) spectroscopy, including X-ray absorption
near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS). These
approaches provided an improved molecular-level understanding of Mn metabolism.
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Materials and methods

Cell cultivation and treatment

C. sorokiniana strain CCAP 211/8K was obtained from the Culture Collection of Algae and Protozoa
(CCAP), U.K. Microalgal inocula were added to 150 mL of 3N-BBM+V medium in 250 mL Erlenmeyer
flasks at the initial density of 0.5 x 10° cells/mL. 3N-BBM+V medium was prepared according to the
CCAP recipe (Culture Collection of Algae and Protozoa, 2022). The initial pH of the medium was
~7.5. Microalgae cultures were grown at 22°C on orbital shakers (120 rpm) in a growth cabinet with
a continuous photon flux of 120 umol m~2 s (MST TL-D Reflex 36W840 1 SLV/25 tubes, Philips,
Amsterdam, The Netherlands). Flasks with samples were weighed on day O and the volume of
samples was corrected for evaporation at day 15 with sterile deionized water. The growth was
monitored using optical density at 750 nm (ODyso), which is proportional to cell density. Microalgae
were exposed to MnCl, at day 7 (exponential phase of growth), or at day 20 (early stationary or late
exponential phase), with the following total concentrations of Mn: 0.1, 1, 5, 10, and 20 mM. The
response of the cultures to MnCl, were examined by measuring OD;5, at 1 h, 1 day, 2 days, and 7
days of treatment. Furthermore, microalgae cells in the two phases of growth were compared
according to their capacity to accumulate Mn. OD,s, of cultures at day 20 were adjusted to the
average ODys in cultures at day 7 to normalize against differences in cell number. Samples were
exposed to 1 mM MnCl, for 24 h. Biomass was washed 3x with water and digested. The
concentration of Mn in the biomass was established using inductively coupled plasma - atomic
emission spectroscopy (ICP-AES) on an Avio 200 spectrometer (PerkinElmer, Waltham, MA, U.S.A.)
and Mn emission line at 257.610 nm. The results were expressed as the amount of Mn per g of dry
biomass. For biomass determination, 2 mL aliquots of cultures were centrifuged at 5000 g/5 min,
and the cell pellet was left to dry for 24 h at 60°C and then weighed. In addition, the kinetics of Mn
accumulation in the cells and the changes in concentrations of other essential elements including Fe
(emission line at 238.204 nm), zinc (Zn; 206.200 nm), and phosphorus (P; 213.617 nm) were
analyzed over a duration of 72 h in day 20 cultures that were treated with 1 mM MnCl,, using the
same ICP-AES protocol. Next, changes in biomass were determined for microalgae treated at day 20.
Cell viability was evaluated in early stationary phase cultures during the period of 7 days (starting at
day 20) using the Evans Blue stain, as described previously (Zuppini et al., 2007). The goal was to
determine if observed changes in the stationary phase are potentially related to an increased
number of dead cells during the treatment period. Of note, non-viable cells show disrupted
membranes that allow accumulation of Evans Blue dye in the cell. The viability is presented as % of
Evans Blue negative cells. At least 100 cells were analyzed per sample. All further treatments were
performed at day 20 of culture growth. All treatments were performed in the 3N-BBM+V medium.
All chemicals were acquired from Sigma—Aldrich (St. Louis, MlI, U.S.A.).

SEM with EDS

Microalgae samples (1.5 mL) were left untreated or treated with 1 mM MnCl, for 15 min, 1 h or 24 h,
washed once with the growth medium with no added vitamins, and collected for further analysis.
Cells were spun at 5000 g/5 min. Fixation was performed as described previously (Vojvodi¢ et al.,
2020a). Samples were critical point dried (CPD300, Leica Microsystems, Wetzlar, Germany), sputter
coated with carbon (ACE600, Leica Microsystems), and examined by SEM (Versa 3D, FEI/Thermo
Fisher, Hillsboro, OR, U.S.A.). EDS was performed with an Octane Pro silicon drift detector
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(EDAX/AMTEK, Mahwah, NJ, U.S.A.) at 20 kV, and a working distance of 10 mm. According to Monte
Carlo simulation, EDS detected Mn specific X-ray signals from up to 2.4 um of biomass depth with an
x/y resolution of 1.6 um. EDS results were presented as atomic fractions - the percentage of moles
of an element in the total number of moles in the sample. It is important to note that EDS delivered
information on the atomic composition of mucilage, the cell wall, and some intracellular space, since
the beam penetrated ~2.4 um, whereas the diameter of C. sorokiniana cells is 3—4 um.

SR-FTIR

The FTIR spectroscopy measurements were performed at the MIRAS Beamline at ALBA Synchrotron
(Barcelona, Spain). Microalgal samples (150 mL) were untreated, or treated with 1 mM MnCl, for 1 h
and 24 h. Cells were spun down at 5000 g/5 min, washed 3x with water (50 mL), and freeze-dried.
Spectra were obtained from three biological replicates of control and treated microalgae. A total of
90-120 independent spectra were accumulated from different points in the samples and averaged to
produce representative spectra. The spectra were analyzed for the main bio-molecular families:
carbohydrates and nucleic acids (1480-900 cm™), proteins (1790-1480 cm™"), and lipids (3030—-2800
cm™). The assignment of bands was performed according to available literature (Derenne et al.,
2013; Driver et al., 2015; Wiercigroch et al., 2017). In addition, spectra were processed using
extended multiplicative signal correction (EMSC2) (Martens and Stark, 1991), that included baseline
correction, then first analyzed by principal components analysis using the NIPALS algorithm. This was
then followed by discriminant function analysis (DFA), which discriminated the groups on the basis
of retained principal components. All statistical calculations were performed using a DFA algorithm
in MATLAB v.R2019a (MathWorks, Natick, MA, U.S.A.). SR-FTIR data were used to measure two
parameters that reflect the oxidative status: (i) the relative level of C=C bonds (i.e. unsaturation in
lipids) that was established from the intensity of a band at 3002 cm™ (C=C-H stretching in
unsaturated lipids); and (ii) CH,/CHs; ratio (the compositional saturation index), which was
established according to asymmetric stretching vibrations of these groups that occur at 2920 and
2960 cm™. A decrease of C=C levels and CH,/CHs ratio reflects increased lipid peroxidation
(Borchman and Sinha, 2002). Lipid peroxidation breaks double bonds. CH,/CHj; ratio is influenced
primarily by the degree of saturation of the fatty acids, and therefore a drop implies oxidative
damage of fatty acid chains that results in the loss of double bonds, so that CH moieties turn into
CH,.

Intracellular level of oxidizing species

Intracellular amount of ROS was evaluated using dichlorodihydrofluorescein diacetate (DCFH-DA), a
cell-permeable probe, which is hydrolyzed to DCFH carboxylate anion and retained in the cell. Two-
electron oxidation of DCFH by hydrogen peroxide and other oxidants results in the formation of a
fluorescent product, dichlorofluorescein (DCF), which reflects redox conditions in the cell
(Kalyanaraman et al., 2012). Aliquots were collected at different time points from untreated cultures
or cultures exposed to 1 mM MnCl,, washed 2x with water, and diluted with water to reach ODssq of
~0.5. DCFH-DA was dissolved in 96% ethanol and added to a final concentration of 20 uM (final
ethanol concentration was 1%). Samples were incubated in the dark for 20 min at 25°C. Samples
(200 pL) were placed in microtiter plates (black/clear bottom), and DCF fluorescence with
excitation/emission at 485/530 nm was read on a Tecan Infinite M Nano microplate reader (Tecan
Group Ltd, Madnnedorf, Switzerland). The results are presented as DCF fluorescence intensity (in
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arbitrary units) of the sample reduced by autofluorescence of microalgae and fluorescence of DCFH-
DA (20 uM) + MnCl, (1 mM).

Total concentration of free glutathione

Samples were prepared as for the FTIR experiments, and further processed as previously described
(Rijstenbil et al., 1998). In brief, freeze-dried samples (5 mg) were re-suspended in 250 uL of
extraction buffer (5% 5-sulfosalicylic acid + 6.3 mM diethylenetriaminepentaacetic acid; pH 2), snap
frozen in liquid N,, and homogenized in a ball mill at 30 Hz, 4 x 15 s, with freezing in liquid N,
between cycles. Samples were incubated for 10 min on ice, and then centrifuged at 12000 g/20
min/0°C. The total concentration of glutathione (reduced + oxidized) was measured using Ellman’s
reagent that reacts with reduced thiols to give a colored product and the reduction of oxidized
thiols, according to a previously described protocol (Rahman et al., 2006). It is important to note that
5% 5-sulfosalicylic acid induces precipitation of proteins to remove protein thiol groups from the
samples, and this also removes bound glutathione.

EPR spectroscopy — assay for reduced thiols

X-band EPR spectroscopy was applied to establish the concentration of reduced thiol groups in live
microalgae using the disulfide biradical (RSSR) method (Khramtsov et al., 1989). Disulfide bonds are
split in the reaction of RSSR with thiols, resulting in characteristic changes of the EPR spectra that are
qguantified. A stock solution of RSSR (2 mM) was prepared in DMSO. Aliquots were collected at
different time points from untreated cultures or cultures exposed to 1 mM MnCl,, washed once with
water, and placed in water to reach the number of approximately 2 x 10° cells in 50 pL samples. The
samples were incubated for 10 min with RSSR (100 uM final concentration), and EPR spectra were
recorded on a Bruker EMX Nano X-band (9.65 GHz) spectrometer (Bruker, Billerica, MA, U.S.A.), with
the following settings: attenuation, 20 dB; modulation amplitude, 0.1 mT; modulation frequency,
100 kHz; scan time, 60 s; room temperature (RT). A calibration curve was built using a set of
different concentrations of reduced glutathione in the 10-100 uM range, according to the relative
increase of the amplitude of the first peak of the EPR signal. The relative increase was calculated as
follows: (I = Ip)/1, (I — amplitude in the presence of thiols; I, amplitude in the absence of the thiols).

EPR spectroscopy of Min

Microalgal cultures were exposed to 1 mM MnCl, for 1 h or 24 h, spun down at 5000 g/5 min and
washed once with the same volume of medium, after which samples were divided into two parts.
One part was washed 3x with water (50 mL), and the other was washed 3x with 20 mM extracellular
chelating agent ethylenediaminetetraacetic acid (EDTA) solution (50 mL), to remove Mn*" that was
bound to the cell surface. Cells were snap frozen and freeze-dried overnight. Samples (10-15 mg)
were placed into quartz tubes, and EPR measurements were performed on a Bruker EMX Nano
spectrometer, using the following settings: power attenuation, 20 dB; modulation amplitude, 0.6
mT; modulation frequency, 100 kHz; scan time, 120 s; RT. Spectra were normalized to dry biomass.
Cyclic voltammetry

Samples (150 mL) were untreated or treated with MnCl, (1 mM) for 1 h, 24 h, and 48 h. Cells were
spun down and washed 3x with water (50 mL) at 5000 g/5 min, freeze-dried, and powdered in liquid
N,. Samples were resuspended in 5% (v/v) nitric acid (0.5 mg of biomass/mL), and vortexed for 1
min. Nitric acid is commonly used in elution and recovery of metal ions (Alomar et al., 2021).
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Measurements were performed at RT, immediately after sample preparation. Standard solutions (1
mM) of MnCl,, MnO,, Mn,0;, and KMnQ, were also prepared in 5% nitric acid (Mn,05; was not fully
dissolved). Electrochemical measurements were performed on a potentiostat/galvanostat CHI 760b
(CH Instruments, Austin, TX, U.S.A.), using a conventional three electrode cell. The electrodes used
were a platinum working electrode (model CHI 102, CH Instruments), an Ag/AgCl (3 M KCI) reference
electrode (model CHI 111, CH Instruments), and a platinum wire auxiliary electrode (model CHI 115,
CH Instruments).

XAFS

Cell cultures (150 mL) were untreated or exposed to 1 mM MnCI, for 1 h, 24 h or 72 h. Cells were
spun down at 5000 g/5 min and washed 3x with medium (50 mL). Samples were freeze-dried and
powdered. XANES and EXAFS experiments were performed on the XAFS beamline at the Elettra
synchrotron facility. The spectra were collected in transmission mode at RT, with-an energy step of 5
eV in the pre-edge region, 0.2 eV in the edge region, and Ak = 0.03 A " at higher energies. The
electron storage ring provided energy of 2.0 GeV. XANES spectra of reference standards of Mn in 2+,
3+, 4+ and 7+ oxidation states (MnCl,, Mn-acetate, Mn,03;, Mn;0,4, MnO,, KMnO,) were collected to
estimate oxidation states and coordination environments of Mn in the cells, directly or by making
their linear combinations. All spectra were collected in triplicate, normalized and merged to improve
signal to noise ratio. The XANES analysis was carried out using the ATHENA software package (Ravel
and Newville, 2005). FEFF software (University of Washington) was used for ab initio multiple
scattering calculations of EXAFS spectra. Fits of k>-weighted EXAFS oscillations were performed for k
values ranging from 2 to 16 A™. Structural parameters were obtained without the phase corrections,
by fitting the data in the R-space, within the interval of 1-3.4 A. All calculated distances were within
0.05 A of the used model. Edge energy values were in the range of 0-1 eV, and mean-square radial
displacements were lower than 0.01 A% FEFF simulation is a method that calculates interatomic
distances in molecules and clusters according to the crystallographic data obtained from COD
database (http://www.crystallography.net/cod/) and EXAFS spectra of compounds that are available
in the literature. In order for the resulting crystallographic model to be considered as an appropriate
match with experimental data, several parameters must be met: distance deviation from the model
has to be < 0.1 A; E, must be within the limits of 3 eV compared to the sample Eg; reduction factor
have to be between 0.7-and 1; and Debye-Waller factor has to be positive and not to overpass
departure of 0.03 from the model. The relative contributions of compounds with different Mn
oxidation states and coordination environments to the 72 h sample were established for the energy
range between -20 eV and +30 eV relative to energy of E; (energy necessary to eject the electron
from the first shell), using linear combination fitting in ATHENA.

Statistics

All experiments were performed with at least three biological replicates. Results are presented as
mean values * standard error (SE) of the mean. The results of fitting in ATHENA are presented as a
relative contribution of different Mn species (%) in the the optimal fit with standard deviations. Lipid
peroxidation data are presented as box plots. Statistical significance (p < 0.05) was calculated using
Mann—-Whitney 2-tailed test or one-way ANOVA followed by Duncan’s post hoc test. Correlation
analysis was performed using Spearman's rank correlation coefficients (R). Data were considered
statistically significant for p < 0.05.
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Results and discussion

Mn excess induces mucilage release, accumulation of phosphates, and changes in the composition of
bio-molecules

The first step in this study was to establish the upper limit of non-toxic Mn** concentration
range for the C. sorokiniana cells. The effects of different concentrations of Mn?* were tested in the
exponential phase and in the early stationary phase of culture growth (Fig. 1A). A gradual and
significant increase of cell density as determined by OD,so measurement was observed during both
growth phases in control cultures and in cultures treated with Mn*" at concentrations.< 5 mM (Fig.
1B and C). The concentration of 5 mM Mn*" showed negative effects in the early stationary phase,
while 10 and 20 mM stopped the cell growth regardless of the phase of growth. The negative effects
of high Mn®* concentrations on microalgae growth in the early stationary phase was confirmed by
biomass changes (Fig. 1D). In accord with these results, all further experiments were performed
using 1 mM Mn?*. This concentration is ‘safely’ within the non-toxic range, although it is high
compared to natural levels in typical freshwaters (World Health Organization, 2011). It is noteworthy
that toxic effects of Mn>* excess in microalgae have been related to mis-metallation — the
replacement of metals in active centers of metalloproteins with Mn, and to redox perturbations
(Eisenhut, 2019). The similarity of the response to Mn in different phases was further implicated by
similar amounts of Mn accumulation, which were not significantly different (Fig. 1E). Pertinent to
this, we analyzed the interactions of microalgae with Mn* in the early stationary phase, taking into
account that Mn accumulation in Chlamydomonas reinhardtii has been shown to mainly take place
when cells transitioned to the stationary phase (Tsednee et al., 2019). The same study has reported
drastic changes in Mn coordination after ~48 h treatment with Mn*" excess. In line with this, the
timeframe of the current study was set at 72 h following Mn addition. Importantly, the viability of
untreated cell cultures in the early stationary phase did not decrease significantly during 72 h from
the day 20 time point (Fig. 1F). This implies that the effects of Mn** during this period were not
significantly affected by a background of cell death within the population.

Microalgal cells started releasing mucilage polymers between 15 min and 1 h of exposure to
Mn?* at day 20 and accumulated the mucilage on the surface of the cells during 24 h after treatment
(Fig. 2A). Mucilage represents a complex amorphous adhesive matrix that is immersed in the
surrounding fluid (Watanabe et al., 2006). Strains from the Chlorella genus release a soluble type of
mucilage which is predominately composed of polysaccharides (Naveed et al., 2019). The building
components of mucilage polysaccharides in C. sorokiniana are (in order according to their fraction in
biomass): sucrose, galacuronic acid, xylitol, inositol, ribose, mannose, arabinose, galactose, and
rhamnose (Watanabe et al., 2006). It is important to point out that the exposure of microalgal cells
to high but non-toxic Mn** concentrations allows the acquisition of a physiological quota and
opportunistic accumulation of this essential metal, but may also induce an adaptive response for
metal tolerance (Tsednee et al., 2019). Mucilage and cell wall polymers regulate the chemical milieu
surrounding the cell, serving as both a sink for metal storage and as a barrier against metal excess
(Sutak et al., 2012; Naveed et al., 2019). The release of mucilage in this study is probably more a
means of protection against uncontrolled diffusion of Mn into the cells. It appears that the response
of C. sorokiniana to Mn** was slower than the response to equimolar Cu** that we have reported
previously (Vojvodi¢ et al., 2020a). This is in line with the general higher sensitivity of microalgae to
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Cu than Mn (Tsednee et al., 2019). Atomic fractions of elements in the biomass were drastically
altered at 24 h: the O fraction showed a two-fold increase (+10%); the P fraction was increased
almost three-fold (from 0.6% in untreated control to 1.5%); and, as a consequence, the C fraction
dropped by ~12% (Fig. 2B). The observed rise in the atomic fractions of both O and P after 24 h
implies that microalgae accumulate phosphates from the medium via polymerization.
Polyphosphates can be stored within cells or they may be bound to the cell wall and mucilage (Oh-
hama et al., 1986).

Measurement of Mn accumulation over time showed that Mn initially accumulates rapidly
within the first hour after Mn addition to a concentration just below 10 mg/g then remained at an
equivalent concentration for the next 24 h (Fig. 2C). The concentration of Mn the medium at day 20
was 7.6 + 0.7 pug/L. After 24 h the Mn level steadily increased three- to four-fold to a concentration
of approximately 25 — 30 mg/g by the 72 h time point. This demonstrates ‘that significant
accumulation of Mn takes place in the later stage of the response. Besides the uptake of Mn by Mn**
transporters, such as members of the ZIP transporter family, Mn®* may enter microalgal cells via
phosphate transporters - as MnHPO, or as a counter-ion (Blaby-Haas 'and Merchant, 2012), or
through non-selective cation channels and Ca**-permeable channels, which are generally permeable
to Mn*" (Alejandro et al., 2020). Total P showed a similar profile to that of Mn (Fig. 2C), such that
there was a significant positive correlation between Mn and P (R = 0.936). In contrast, there was no
significant change in Fe concentration over time in response to Mn addition. Likewise, there was no
significant change in Zn concentration over 48 h but by 72 h Zn content was below detectable limits
(Fig. 2C). As such there was a significant negative correlation between Mn and Zn (R = -0.433),
perhaps suggesting some evidence of mis-metallation between Mn and Zn. This may also be
evidence of competition between Zn and'Mn uptake, in line with previous observations in green
algae that these metals share plasma membrane transport pathways (Sunda and Huntsman, 1998).

Changes in the composition of bio-molecules following Mn exposure were further examined
using SR-FTIR (Fig. 2D-2F; Supplementary Fig. S1; Supplementary Fig. S2). SR-FTIR shows very high
sensitivity and resolution in providing information on different chemical groups (Table 1). There
were several important changes in the carbohydrate and phosphate ‘fingerprint’ region (Fig. 2D).
The 1248 cm™ band was shifted to a lower wavenumber after 1 h of Mn exposure. This can be
explained by the binding of Mn** to phosphate groups on membrane phospholipids, which results in
longer and weaker bonds. The change was reversed after 24 h, which means that the interaction
took place transiently during the early stage of the response. Bands at 1184 cm™ and 940 cm™
emerged after 24 h. This implicates alterations in carbohydrate chains. In addition, the amplitudes of
bands deriving from bending vibrations of CH, groups (1448 and 1378 cm™) were decreased,
whereas the 1149 cm™ and 1072 cm™ bands were increased after 24 h (Supplementary Fig. S1). This
implicates a change in carbohydrate profile in the later stage of the response. The change may be
related to the accumulation of mucilage, or to structural alterations in the inner fibrilar cell wall,
which in C. sorokiniana, is composed of rhamnose, galactose, glucuronic acid, arabinose, mannose,
and other sugars (Russell, 1995). Next, the exposure to Mn*" induced a shift to higher energy of the
1644 cm™ band (Fig. 2E and Supplementary Fig. S1), which was assigned to the stretching vibration
of C=0:---H-N structure in primary amides. In addition to proteins, amide groups in Chlorella biomass
are present in chitosan-like polymers that make the outer ‘rigid’ cell wall (Baudelet et al., 2017). It
has been shown previously that the strength of the hydrogen bond in C=0---H-N structure is
increased when chitosan is more tightly packed, or when a nearby uncharged ligand groups
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coordinate to metals, including Mn?* (Husberg and Ryde, 2013). Therefore, the observed shift
implicates restructuring of proteins and the outer cell wall or the binding of Mn*" to the cell wall.

SR-FTIR of lipids showed the most conspicuous changes (Fig. 2F). The increase in amplitudes
of the asymmetric stretching bands of CH; and CH, at 1 h, and the symmetric stretching bands of CH;
and CH, at 24 h imply that C. sorokiniana cells may accumulate lipids in response to Mn?* excess and
that changes in the organization or composition of lipids took place. This is in accord with previous
findings that metal-induced stress may lead to lipid accumulation in microalgae (Battah et al., 2015).
Furthermore, CH, stretching bands at 2912 cm™ and 2847 cm™ were shifted to higher wavenumbers
in the presence of Mn** after 1 h. This is strongly related to a decrease in the conformational order
of the acyl chains in membranes (Boncheva et al., 2008), which may be induced by Mn?" interactions
with the membrane. The impact of Mn** on the membrane is different than other transition metal
ions, such as Cu®, Zn**, Ni**, which bind to the membrane to increase its order (Sule et al., 2020). It
has been reported that Mn* induces structural changes of the lipid bilayer, which has been related
to membrane fluidity. The fluidity is changed by Mn?* because small ionic radius allows it to bypass
the polar heads and to access the phosphate moieties (Suwalsky et al., 2010). Changes in membrane
fluidity may affect the function of ion channels, such as mechanosensitive channels of large-
conductance that are present in microalgae, to facilitate the influx of metal ions (Min et al., 2014).
The shift of the 1248 cm™ band also speaks in favor of the binding of Mn** to phosphate groups on
membrane lipids. The changes were reversed at 24 h, implying that Mn** was sequestrated/removed
from the membrane in the later stage of the response. A multivariate analysis of the SR-FTIR spectral
data by DFA also showed the clear shift in profile of spectra from the 1 h Mn** treatment in
comparison to the control and 24 h treatment, for each of the fingerprint regions and across the full
wavenumber range (Supplementary Fig. S2). DFA implicates that Mn”" induces metabolic
dysregulation after 1 h, and that a new metabolic balance is established after 24 h.

Intracellular redox milieu shows dynamic changes and reaches new balance

The changes in the intracellular levels of ROS and oxidation makers showed interdependent
timelines in microalgae exposed to Mn** (Fig. 3). The ROS level showed two increases - within the
first 15 min and between 1 h and 2 h of the Mn?* exposure (Fig. 3A). At 2 h, ROS concentration
reached a plateau that was kept until 24 h. The plateau level was about seven-fold higher than
before the treatment and three-fold higher than at 1 h. ROS levels in untreated microalgae showed a
subtle increase only at the 24 h time point. The intracellular level of reduced thiols showed dropped
in concentration at 30 min and at 2 h (Fig. 3B), which followed the rise of ROS level because of ROS-
induced oxidation of thiols. At 24 h, the concentration of reduced thiols returned to the baseline
value. In control samples, no significant changes were observed during the 24 h period. Therefore,
the vast majority of the observed increase in ROS and thiol oxidation is due to Mn** addition rather
than other causes. This is important to underline, taking into account that pronounced ROS
production and oxidation could be related to senescence and cell death in some aging cultures
(Pérez-Pérez et al., 2012). Furthermore, the total concentration of glutathione, which is the key
redox buffer in microalgae (Balzano et al., 2020), showed a drop at 1 h and then returned to baseline
level at 24 h (Fig. 3C). The drop may be caused by the synthesis of phytochelatins (oligomers of
glutathione), glutathionylation of proteins, or glutathione degradation (Balzano et al., 2020).
Phytochelatin synthesis is the most plausible explanation taking into account that phytochelatins
represent a common component of response mechanisms of microalgae to metal excess. On the
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other hand, glutathionylation or glutathione degradation would probably result in a drop in reduced
thiols at 1 h, which was not the case (Fig. 3B). Finally, two markers of lipid peroxidation that were
derived from SR-FTIR data showed the development of oxidative damage at 1 h of treatment, which
was partially reversed at 24 h (Fig. 3D). Altogether, this implies that the applied concentration of
Mn?* caused an oxidative burst that the cells were able to fend off. The pro-oxidative changes, which
come as a consequence of Mn influx rapidly within the first few minutes that then remained stable
for 24 h, may represent a sub-toxic episode in the adaptation or opportunistic accumulation of this
essential metal. Alternatively, ROS production may have a more active and sophisticated role in Mn
acquisition through redox signalling and targeted/localized oxidation. For example, it has been
reported that oxidative stress may promote polyphosphate synthesis (Dai et al., 2021). Further,
previously proposed mechanisms of Mn**-related oxidative stress involve increased production of
the superoxide radical anion (superoxide) in mitochondria due to complex | inhibition, and increased
production of superoxide and/or singlet oxygen in chloroplasts due to interference with PSIl OEC
(Rajpoot et al., 2021). The reduction potential of the Mn*/Mn?* pair at pH 7 is 830 mV, so Mn*" is
not susceptible to oxidation by superoxide. However, protonated superoxide (hydroperoxyl radical)
shows higher reduction potential and may cause the oxidation of Mn** (Chaput et al., 2019).
Therefore, ROS may alter the redox chemistry of Mn in the cytoplasm or in specific organelles. It is
noteworthy that Mn in the form of insoluble MnO, also induced pro-oxidative changes and lipid
peroxidation in Chlorella, although on a much slower time scale than Mn** (Khalifeh et al., 2022). A
dynamic redox response has been reported previously in microalgae exposed to different other
metals (Nowicka, 2022).

Mn changes redox forms and ligands in time-dependent manner

Next we analyzed the timeline of changes in the coordination and redox form of Mn in microalgal
cells. EPR was applied to evaluate loose binding of Mn®* to microalgal cells. Strongly bound Mn?* is
not detectable by EPR due to zero field splitting anisotropy that is promoted by the loss of rapid
molecular tumbling in combination with a large number of transitions (Vojvodi¢ et al., 2020b). Mn**
and Mn* could not be detected using EPR settings applied here. In cells treated with Mn for 1 h, a
strong six-line spectrum that is characteristic for Mn** (S = 5/2, I = 5/2), was observed (Fig. 4A). Mn**
signal was not present after the cells were washed with the extracellular metal-chelating agent
EDTA. The signal of Mn** was weaker after 24 h than 1 h. This implies that in the early stage, Mn** is
loosely bound to the cell surface, and that subsequently other stronger ligands are present. To
determine the changes in the redox form of Mn in microalgal cells, we extracted Mn ions from the
biomass using 5% nitric acid and performed cyclic voltammetry analysis (Fig. 4B). Voltammograms
were compared to the voltammograms of standard compounds with different Mn redox forms (Fig.
4C). Mn** showed a broad oxidation peak at E,, = 950 mV (oxidation to Mn** and Mn*"), and two
reduction peaks with E,. at 285 mV and 125 mV. According to voltammograms of Mn,05; and MnO,,
the peak at E,. = 285 mV comes from the reduction of Mn*, whereas the peak at E,. = 125 mV
comes from the reduction of Mn*. Mn”* showed a distinctive reduction peak at £, = 690 mV that
was not detected in biomass extracts. The redox form of Mn in the biomass changed with time. After
1 h, voltammogram showed weak peak currents at potentials that are characteristic for Mn*". At 24
h, Mn** currents were much stronger, which is in line with Mn accumulation in microalgal cells that
was shown by EDS. At 48 h, a drastic change took place. A strong reduction current emerged at £, =
155 mV, and the broad oxidation peak was shifted to E,, = 1020 mV. Altogether this implies that in
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the early stage of the Mn response, microalgae store Mn as Mn?*, and then later, Mn accumulates in
other complex redox/coordinate forms that involves both Mn** and Mn**.

We used XANES and EXAFS to further examine redox forms and structural properties of Mn
in microalgal cells treated with MnCl,. The treatment was extended to 72 h to identify the final
ligands. XANES spectra of the 1 h and 24 h samples shared very similar features, with little variation
in the post-edge region (Fig. 5A). Spectra differed from the MnCl, spectrum due to changes in the
local geometry of the absorber without any indication that the oxidation state was changed. A
comparison with XANES spectra of standard compounds pointed to the high similarity with Mn-
acetate which is characterized by six O atoms in the first coordination sphere (Fig. 5B). Similar pre-
edge features were present for 1 h and 24 h samples. This implies that Mn?* remains in octahedral
geometry. However, the pre-edge peak of the 1 h sample was more prominent and narrower than
the 24 h sample (Fig. 5C). This implicates a distorted geometry in the 1 h sample and a more regular
geometry in the 24 h sample. The XANES spectrum of Mn in microalgae that were treated for 72 h
was strikingly different than the spectra of the 1 h and 24 h samples (Fig. 5A). The edge of the 72 h
spectrum was shifted towards higher energies suggesting oxidation of Mn*". This spectrum
corresponded to the fit that represents a linear combination of spectra of standard compounds:
Mn,0; 49.4 % (with standard deviation of 5%); Mn30, 27.2 % (3.6 %); MnO, 3.8 % (3.4 %); and Mn-
acetate 19.5 % (7.3 %) (Fig. 5D). All components of the fit indicate that O is the closest atom in the
ligands, which excluded the possibility of a significant impact of atomic electronegativity on the
position of the edge in the spectrum. The first derivatives of XANES spectra further proves the
presence of Mn®*, Mn**, and Mn*" in the 72 h sample (Fig. 5E). Binding to O ligands is in accord with
‘Hard and Soft Acids and Bases’ principle. Mn**, Mn>* and Mn*" are hard acids and prefer O ligands,
which are hard bases (Martell and Hancock, 1996).

The contribution of different oxidation forms of Mn was further examined by EXAFS (Fig. 5F).
EXAFS analysis extended XANES-based information on the coordination characteristics of Mn*" in the
1 h and 24 h samples. The comparison of EXAFS in R-space for the 1 h and 24 h samples gives very
similar local environments with slightly different distances between Mn** and its first neighbors.
According to FEFF calculations, Mn’* complexes showed a octahedral environment with six O atoms
in the first shell and P at higher distances in four ligands; two other ligands were water molecules
(Zhang et al., 2009; Elboulali et al., 2013). In the 1 h sample, O atoms were closer to Mn (2.097 A (2
0 atoms), 2.139 A (2 0), 2.192 A (2 0)), than in the 24 h sample (2.121 A (2 0), 2.169 A (4 0)). The
distances in the 1 h sample showed more deviation from the corresponding model (of note,
deviations were never > 0.1 A). This indicates higher distortion and accounts for higher intensity of
pre-edge peak in XANES spectrum of the 1 h sample (Fig. 5C). Pertinent to this, a distorted
octahedral metal environment has been reported previously for Mn** complexes with phosphates
and water ligands (Krishnamohan Sharma et al., 2003). On the other hand, the complex of Mn?* and
polyphosphates in C. reinhardtii has been described with high-symmetry octahedral geometry
(Tsednee et al., 2019). These findings are in line with the SR-FTIR and EPR results, and imply loose
binding of Mn** to membrane phospholipids and mucilage phosphates in the early stage of the
response, and stronger coordination by polyphosphates in the later stage of the response. Metals
sequestrated by polyphosphates are typically located within subcellular organelles or granules such
as acidocalcisomes (Hong-Hermesdorf et al., 2014). It is noteworthy that the stabilization of the
intracellular redox milieu in the later stage may be related to superoxide dismutase-like activity of
Mn-polyphosphate complexes (Sharma et al., 2013).
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The Fourier transformed EXAFS plot showed much shorter Mn-O bonds in the 72 h sample
(Fig. 5F). Surprisingly, FEFF calculation delivered the best fit using parameters of the complex cluster
Mn3Ca,0,4(0OH),(OMe),(0,CPh)5(H,0)s, which contains two [Mn,CaOs] cubane-type clusters
(Mishra et al., 2005). One of them is very similar to the structure of OEC tetramanganese-calcium
cofactor that catalyzes water oxidation to O,. All calculated distances between Mn and O (1.876 A (2
O atoms), 1.937 A (2 0), 2.203 A (1 0), 2.329 A (1 0)), and between two Mn atoms (2.889 A) in that
cluster, match distances in the native OEC (Yano et al., 2005; Zhang et al., 2015). The determined
distance between two Mn atoms stems from di-u-oxido bridged Mn ions (Ruettinger et al., 1997).
The presented calculations showed excellent fit with the model according to the previously outlined
criteria: distance deviations were < 0.02 A; differences between sample E, and model E, were 1.85
eV; reduction factors were 0.777; and Debye-Waller factors were positive and did not overpass
departure of 0.01 from the model. The structure of the model complex is mixed-valent and contains
Mn*, 10Mn**, and 2Mn**. Two Mn,0, cubes are attached to a central, planar Mn30, unit which also
binds two Mn—Ca pairs. Mn** is in the center, and Mn®" is next to the Ca** ions (Mishra et al., 2005).
It is important to note that the presence of Mn** in the microalgal cluster may.be a result of X-ray-
induced photoreduction. This has been reported previously to take place in OEC that was examined
by X-rays (Yano et al., 2005). The planar Mn;0, unit accounts for high contribution of this molecule
in the linear combination fit of XANES spectrum (Fig. 5D). The similarity between the Mn-0-Ca
cluster in C. sorokiniana and OEC is supported by voltammetry (Fig. 4B). The reduction and oxidation
peak current potentials that were established here (E,. = 155 mV and E,, = 1020 mV), correspond to
previously measured potentials for the reduction of Mn* and oxidation of Mn*" in synthetic OEC
cluster (E,. = 83 mV and E,, = 1073 mV, relative to the same reference electrode; a small discrepancy
can be explained by the use of different solvents) (Zhang et al., 2015). Finally, it appears that the
Mn-0-Ca cluster might be bound to protein(s). FEFF calculations allow the presence of two paths
that include C atoms in the second coordination sphere next to O that binds to Mn. The values of the
Debye-Waller factor were too large, however, this may be related to the highly disordered
environment that is typical for bio-molecules and to the fact that Cis a relatively poor X-ray scatterer
at the distances where the method become less sensitive and accurate (Bordiga et al., 2013).
Analogous to the OEC in PSll, the C. sorokiniana Mn-0-Ca cluster determined here may bind to a
protein through coordination with O atoms in carboxyl groups in Glu and Asp side-chains.

The accumulation of Mn-O structures has also been observed previously in different
microalgae and plants..Chaput and colleagues reported that phototrophs that are tolerant of high
Mn concentrations show different strategies in handling Mn excess and form intracellular and
extracellular Mn-O deposits that are enriched with P. The mechanisms of formation include
superoxide production and pH changes (Chaput et al., 2019). Desmodesmus sp. has been shown to
accumulate ‘biogenic Mn oxides’ that can be used for catalysis of oxidative degradation of pollutants
(Wang et al., 2017). Another study has found the development of Mn-Ca oxides on the cell walls of
macroalgae. The deposit showed weak water splitting/oxygen evolving activity (Scholer et al., 2014).
Chernev and colleagues have reported that multi-valent Mn-O structures are formed in extracted
thylakoid particles at the lumenal side of PSII by oxidation of Mn?* and stabilization of the oxidized
Mn*" and Mn* ions by di-p-oxo bridging, in analogy to the light-driven self-assembly process of the
Mn,CaOs cluster in OEC (Chernev et al., 2020). It is noteworthy that PSIl requires frequent
reassembly of the OEC within the protein environment in relation to the damage induced by reactive
intermediates (Dasgupta et al., 2008). It is tempting to speculate that the Mn-O-Ca cluster may form
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at or close to PSll to serve as replenishment for the reassambly. Mn-induced oxidative burst could
promote Mn-O-Ca cluster formation through Mn?* oxidation. As noted, Mn®* may undergo oxidation
by a hydroperoxyl radical, which shows pK = 4.88 and therefore is favored at lower pH values (Bielski
and Willson, 1985), such as in the thylakoid lumen. Mn*" auto-oxidation in oxygen-rich solutions or
photo-oxidation may also take place, if strong chelates are accessible to stabilize the resulting Mn*,
which is unstable and susceptible to disproportionation to Mn** and Mn?* (Bao and Burnap, 2016).
The stabilization of nucleating Mn* intermediates may be provided by protein side-chains which is
followed by cluster growth that does not require further ligating residues (Chernev et al., 2020).

Overview of the process and concluding remarks

Metabolism of Mn in microalgae represents a central issue of photosynthetic activity, ecology of
aquatic systems, and even climate dynamics, in relation to the essential role of microalgae in carbon
fixation and O, and biomass production (Mahowald et al., 2018; Krichen et al., 2019). We have
identified three distinctive stages in the interactions of C. sorokiniana with Mn excess and revealed
the final storage ligand (Fig. 6). In the early stage, environmental Mn?" is bound to phosphate
moieties in membrane phospholipids and mucilage. The outer rigid cell wall - undergoes structural
changes. Redox homeostasis is lost as implicated by pronounced. oxidation and lipid peroxidation.
Such pro-oxidative changes have been reported previously in microalgae in response to some other
metals (Nowicka, 2022). Mn and phosphates are loaded into the cell. These dynamic changes are
followed by ‘stabilization’ in the later stage. Mn is mainly bound as Mn*" to polyphosphates that are
probably accumulated within acidocalcisomes. Redox balance is re-established and the damage to
lipids is repaired. At this stage, the structure of the inner fibrilar wall is modified. Polyphosphates
play an escorting role to the final ligands, as proposed previously (Tsednee et al., 2019; Schmollinger
et al., 2021). In the final stage, Mn is inserted into a mixed-valent Mn-O-Ca cluster that is dominated
by Mn*, and that resembles the structure of the OEC. The mechanism of transfer of Mn from
polyphosphates to the cluster and the localization of the cluster remain to be determined. The
transfer probably relies on chaperone properties of polyphosphates (Xie and Jakob, 2019). Structural
and redox similarity between the observed Mn-0-Ca cluster and the OEC in PSIl may have important
implications for the understanding of the evolution of OEC and PSII, the development of artificial
water-splitting catalysts, and the use of microalgae in green synthesis of catalytically/redox active
metal clusters. The formation of an OEC-like cluster by microalgae speaks in favour of the hypothesis
that a PSIl precursor promoted the formation of a large Mn cluster on its surface that further
succumbed to evolutionary pressure and spatial limits to give today’s OEC (Chernev et al., 2020).
This is in contrast to the hypothesis of acquisition and incorporation of a ‘ready-made’ cluster into a
mutant protein (Russell and Hall, 2002).

Finally, it is important to point out the main limitations of this study. They are related to the
application of high Mn®" concentration, which was needed in order to meet the detection limits of
the X-ray based and other analytical methods. Although the selected Mn concentration is not toxic,
it induces stress and an appropriate adaptive response. So the observed steps in Mn acquisition are
related to both, obtaining a physiological Mn quota and opportunistic accumulation of Mn, and the
adaptation to metal excess. Secondly, Mn was applied in the form of a chloride salt. Although much
higher concentrations of ClI ions than used in this study (0.8 mM CI" in the medium plus 2 mM Cl" in
the Mn solution) have been shown to stimulate mucilage synthesis and membrane reorganization
(Shetty et al., 2019), some modest effects of increased concentration of Cl" ions are possible. Finally,
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the interactions were analyzed in early stationary phase cultures and not in the early or
midexponential growth phase when the cells are the most metabolically active. We decided to
primarily study stationary phase cultures due to the expectation that dynamic metabolic changes
and rapid increases in cell numbers may affect measurements during the exponential phase. It is
noteworthy, that examination of cultures in the early stationary phase is of particular environmental
relevance since this is a stage where biomass could be utilised for metal binding and removal (Yan et
al., 2022).
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Table 1. Bands that identified by SR-FTIR analysis of untreated (control) or treated (1 mM MnCl, for 1 h

or 24 h) C. sorokiniana biomass.

Changes

in the amplitude and shifts are marked with

upward/downward and leftward/rightward arrows. v,; and v, — stretching vibrations (asymmetric and

symmetric), 6 —in-plane bending vibrations; w — out-of-the-plane bending vibrations.

Control I Mn1h | Mn 24 h | Assignment
Carbohydrates and phosphates ‘fingerprint’ region
1448 1448 14484, 6 of CH;in carbohydrates
1378 1378 13784, w of CH,in carbohydrates
1283 1283 1283 Vas and v of P=0 in HPO4Z’
vos of P=0 in phosphate groups on phospholipids, phosphorylated
1248 1235 1248 carbohydrates and proteins
1184 v of C-C, C-O
1149 1149 11491 vs of C-C, C-O, C-O-C and C-O-P in carbohydrates
1072 1072 10721 vs of C-C, C-O, C-O-C and C-O-P.in carbohydrates
1044 1044 1044 Vas of P=0 in HPO42_
1028 10281 1030¢ vs of C-C, C-O, C-O-C and C-0O-P in carbohydrates
940 v,s of C-C, C-O
Proteins ‘fingerprint’ region
1734 1734 1734 v of C=0
1644 1647¢ 1648¢ v of C=0---H-N in primary amides
1535 1535 1535 6 of N-H in secondary amides
Lipids ‘“fingerprint’ region
3002 30044 ¢ 30044 ¢ v of C—H in C=C—H in unsaturated fatty acids
2950 29501 2950 Va5 of CHs in fatty acids
2912 29161 ¢ 29121 Vas of CH, in fatty acids
2868 2868 28681 vs of CH3 in fatty acids
2847 2849« 28471 vs of CH; in fatty acids
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Figure legends

Fig. 1. C. sorokiniana culture growth parameters and the impact of Mn. (A) Growth curve determined by
optical density at 750 nm (OD5s,) measurements for 30 days. The data were fitted using sigmoidal fit (R?
=0.990). Arrows show time points of treatment in the exponential phase (day 7; pale arrow), and early
stationary/late exponential phase (day 20; dark arrow). (B) Changes in OD;s, during a 7 day period for
cultures that were untreated or treated with different MnCl, concentrations at day 7. (C) Changes in
ODsso during a 7 day period for cultures that were untreated or treated with different MnCl,
concentrations at day 20. (D) Biomass of cultures that were untreated or treated with different MnCl,
concentrations at day 20. (E) Comparison of Mn accumulation in the biomass after 24 h treatment with
1 mM MnCl, at day 7 and day 20. (F) Viability of the untreated culture cells in stationary phase, from day
20 to day 27. Data are presented as means = SE. Significance compared to values for the same cultures
at day 7 or day 20 was determined using Mann—Whitney 2-tailed test (*p < 0.05).

Fig. 2. Structural and mineral nutrient accumulation analysis of C. sorokiniana cells that were untreated
(control) or treated with 1 mM MnCl,. (A) SEM micrographs. Mucilage can be observed as flakes
(arrows) that cover cells in treated samples at 1 h and 24 h time points. White circles and boxes indicate
the areas where EDS data were collected. Bars = 5 um. (B) Atomic fraction of different elements in
microalgal biomass (means * SE), as determined by EDS. (C) Mn, P, Fe and Zn accumulation profiles over
time in Mn treated biomass (means * SE), as determined by ICP-AES. Different letters mark statistical
difference (p < 0.05), according to one-way ANOVA followed by Duncan’s post hoc test. b.d.l. — below
detection limit. (D) SR-FTIR spectral ‘fingerprint’ region for carbohydrates, phosphates, and nucleic
acids. (E) SR-FTIR ‘fingerprint’ region for proteins and carbonyl groups. (F) SR-FTIR “fingerprint’ region for
lipids. All treatments were initiated at day 20. Wavenumbers for bands in control samples are
presented.

Fig. 3. Redox changes in C. sorokiniana cells in response to 1 mM MnCl, addition over 24 h. (A)
Fluorescence intensity of DCF (arbitrary units — a.u.) that is proportional to intracellular ROS level. (B)
Intracellular concentration of reduced thiols that were determined by EPR and RSSR spin-probe. *-
statistically significant (p < 0.05) compared to the initial value (at 0 h). (C) Total concentration of
glutathione (reduced + oxidized) in microalgal cells. All data are presented as mean values * SE. (D) Lipid
peroxidation-related parameters are the intensity of C=C band and the ratio of CH, and CH; bands
intensities. Boxes represent the median and the 25" and 75" percentiles; whiskers represent the non-
outlier range; circles represent outliers. Different letters mark statistical difference (p < 0.05), according
to one-way ANOVA followed by Duncan’s post hoc test. All treatments were initiated at day 20.

Fig. 4. The analysis of changes in the redox form and coordination of Mn. (A) EPR spectra of biomass of
C. sorokiniana culture that was untreated (control), or exposed to 1 mM MnCl, then measured at 1 h or
24 h time points. Prior to freeze-drying, cells were washed with H,0 (to remove Mn*" from the solution;
dark lines), or with EDTA (to remove Mn*" from the cell surface; pale lines). Mean values (+ SE) of
amplitude of the first line in six-line Mn*" signal that was normalized to sample mass, are presented.
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Peak at g = 2.005 is assigned to an organic radical. (B) Cyclic voltammograms of Mn in 5% nitric acid (v/v)
extracts of biomass of microalgae that were treated with 1 mM MnCl, then examined at 1 h, 24 h, and
48 h time points. All treatments were initiated at day 20. (C) Solutions (1 mM) of MnCl,, Mn,03;, MnO,,
and KMnO, that were used as standards for Mn*, Mn*, Mn*, and Mn”*. Oxidation/anodic (E,.) and
reduction/cathodic peak current potentials (E,) are labeled.

Fig. 5. XANES and EXAFS analysis of Mn in the biomass from C. sorokiniana cultures that were exposed
to 1 mM MnCl, then examined at 1 h, 24 h or 72 h time points. (A) XANES spectra of Mn in C.
sorokiniana at different times after treatment. (B) Comparison of XANES spectra of Mn in C. sorokiniana
at 1 h and 24 h after Mn treatment, with the spectrum of Mn-acetate and MnCl,. (C) Pre-edge region of
XANES spectra of Mn in C. sorokiniana at 1 h and 24 h after Mn treatment. (D) Linear combination fit of
XANES spectrum of Mn in C. sorokiniana at 72 h after Mn treatment (goodness-of the fit was R = 0.002).
Spectra of Mn**, Mn*" and Mn*" standard compounds are presented at intensities that were used in the
fit. (E) The first derivatives of XANES spectra of Mn in C. sorokiniana at 72 h and the standard
compounds (Mn-acetate, Mn,0;, and MnO,). (F) Fourier transformed EXAFS spectra of Mn in C.
sorokiniana biomass and corresponding fits (dotted lines). All treatments were initiated at day 20.

Fig. 6. The proposed stages of the response of C. sorokiniana to increased environmental Mn®*. Early
stage: Mn is mainly bound as Mn** to phosphate moieties in membrane phospholipids and released
mucilage. Mn and phosphates are accumulated-in the cell. Mn®* enter the cells to induce increased ROS
production which is accompanied by lipid peroxidation (LP) and decreased levels of reduced thiols (R-SH)
and total glutathione (GSH). Outer cell wall undergoes restructuration. Later stage: Mn is mainly bound
as Mn?* to polyphosphates. ROS, R-SH and GSH levels are stabilized. Lipid peroxidation is repaired. The
structure of the inner cell wall is altered. Final stage: The influx of Mn and phosphates is continued. Mn
is stored in mixed-valent deposits with Mn**, Mn*", Mn** that are coordinated with O and Ca** and that
contain [Mn,Ca0s] cubane-type cluster (part of the hypothetical structure is illustrated).
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(F) Fourier transformed EXAFS spectra of Mn in C. sorokiniana biomass and corresponding fits (dotted Ilnes) AII treatr%nts
were initiated at day 20.
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Fig. 6. The proposed stages of the response of C. sorokiniana to increased environmen@
Mn?*. Early stage: Mn is mainly bound as Mn?* to phosphate moieties in membrane pho$tho-
lipids and released mucilage. Mn and phosphates are accumulated in the cell. Mn?* enterthe
cells to induce increased ROS production which is accompanied by lipid peroxidation (LPJ and
decreased levels of reduced thiols (R-SH) and total glutathione (GSH). Outer cell wall u%er—
goes restructuration. Later stage: Mn is mainly bound as Mn?* to polyphosphates. ROS, 3-SH
and GSH levels are stabilized. Lipid peroxidation is repaired. The structure of the inner c&ll wall
is altered. Final stage: The influx of Mn and phosphates is continued. Mn is stored in mixed-
valent deposits with Mn**, Mn%*, Mn?* that are coordinated with O and Ca?* and that con
[Mn,Ca0,] cubane-type cluster (part of the hypothetical structure is illustrated). c
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