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Abstract—Green microalgae Lobosphaera sp. IPPAS C-2047 and Micractinium simplicissimum IPPAS C-2056
were examined for the first time for cell tolerance to elevated concentrations of manganese applied in the form
of MnCl,. Analyses of cell photosynthetic activity by chlorophyll fluorometry and the dynamic patterns of
absorbance changes of cell suspensions at the peak of chlorophyll absorption revealed differential tolerance
of two microalgae species to manganese. The acute toxicity assayed in 4-day treatments became apparent at
manganese concentrations equal to or higher than 1 g/L for M. simplicissimum cells and at concentrations
above 10 g/L for Lobosphaera sp. Transmission electron microscopy and energy-dispersive X-ray spectros-
copy were used to study the subcellular distribution of manganese in microalgal cells under elevated nontoxic
concentrations of manganese in the medium. The results with Lobosphaera sp. established the lack of indi-
vidual manganese-containing inclusions on cell surfaces and in the cell interior; the intracellular distribution
of manganese was dispersed with elevated accumulation of this element in the region of thylakoids and plas-
toglobules. The occurrence of manganese and phosphorus in plastoglobules was found for the first time.
Apparently, these compartments become accessible for accumulation of Mn and P upon the translocation of
thylakoid components during stress-induced disassembling of their structure. The cells of M. simplicissimum
were able to oxidize the exoplasmic Mn2" with the formation of manganese nanoparticles in the intercellular
matrix as well as on the cell surface and within the cell walls. In addition, the manganese permeating into the
cells was shown to compartmentalize in vacuoles and bind to the polyphosphate granules.
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INTRODUCTION

Biotechnologies based on the use of oxygenic pho-
totrophic microorganisms—cyanobacteria and microal-
gaec—are becoming widely spread in the production of
biomass enriched with target products, such as proteins,
carbohydrates, polyunsaturated fatty acids, minerals,
vitamins, antioxidants, and mycosporin-like amino
acids [1]. These microorganisms can also be used for
purification of water areas and wastewater from heavy
metals, biogenic elements, and organic compounds as
well as for the creation of biosensors to assess the pollu-
tion of aquatic environments [2, 3].

Oxygenic phototrophic microorganisms, primarily
microalgae, are frequently used in the field of environ-
mental protection because they are suitable to trace
the impact of adverse factors on individual cells and

Abbreviations: Chl—chlorophyll; EDX—energy dispersive X-ray
spectroscopy; OD—optical density (absorbance); PAR—photo-
synthetically active radiation; PSII—photosystem II; PSA—
photosynthetic activity; STEM—scanning transmission electron
microscopy; TEM—transmission electron microscopy.

cell populations over many generations and to unveil
the long-term consequences of such an impact [4, 5].
Studies on the sensitivity of microalgae to various
treatments require the search for algal species serving
as pollution indicators as well as the species capable of
rapid absorption, accumulation, and bioinactivation
of pollutants in water bodies (bioremediation).

The problem of environmental pollution with heavy
metals is becoming increasingly urgent [6]. Current
technologies for wastewater treatment actively apply
oxygenic phototrophic microorganisms whose cells can
accumulate high concentrations of many elements,
including heavy metals [7]. Manganese is one of the
most abundant heavy metals in natural environments; it
is a dangerous pollutant of aquatic ecosystems and
wastewater [6]. The most common causes of metal
ingress into wastewater include the enrichment of oxi-
dized manganese ores, the manufacture of galvanic cells
and ceramics, and organic syntheses. It should be noted
that manganese is widely used as a component of fuel
additives to increase the octane number [8].
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When heavy metals permeate into the cells, they
react with functional groups of proteins and other
compounds. These interactions may provide a detoxi-
fication mechanism (formation of metallothioneins
and phytochelatins) and, at the same time, they can
lead to numerous metabolic disorders underlying the
high toxicity of heavy metals [9]. There is evidence for
toxic effects of high manganese concentrations on
plant cells [10]. However, there are hardly any studies
in which the toxicity tests were combined with the
analysis of intracellular manganese distribution in
microalgae.

The search for microalgal cultures tolerating high
manganese concentrations, the determination of con-
centration ranges at which microalgae retain high
metabolic activity, and the studies of manganese intra-
cellular distribution have both practical and funda-
mental importance since they expand our knowledge
of the mechanisms for adaptation of microalgal cells to
this heavy metal.

In this work, the influence of high manganese con-
centrations on photosynthetic activity of green microal-
gae Micractinium and Lobosphaera was studied to assess
the ranges of their tolerance. In addition, the subcellular
distribution of the toxicant was characterized by means
of energy dispersive X-ray spectroscopy (EDX).

MATERIALS AND METHODS
Algal Strains and Culture Conditions

Suspension cultures of green microalgae Lobos-
phaera sp. IPPAS C-2047 (hereafter Lobosphaera sp.)
and Micractinium simplicissimum IPPAS C-2056 (here-
after M. simplicissimum) were used. Microalgae were
subcultured at regular intervals and grown in 750-mL
glass flasks filled with BG-11 medium [11]. The culture
vessels were mounted on an Innova 44 incubator shaker
(New Brunswick, United States) and stirred at a speed
of 150 rpm under constant temperature of 25°C and
continuous illumination (40 umol photons/(m? s) of
photosynthetically active radiation (PAR)).

For cultivating microalgae under excessive amounts
of Mn?* (hereafter manganese), the cells in the precul-
ture were precipitated by centrifugation (3000g, 5 min)
on a shaker (Eppendorf, Germany) and resuspended
in BG-11 medium to a density of 30 mg chlorophyll/L.
The chlorophyll (Chl) content in cell samples was
assayed as previously described [12]. Solutions of man-
ganese chloride (MnCl,) in BG-11 medium were pre-
pared separately for each given concentration. The
incubation of microalgae at elevated manganese con-
centrations was performed using 12-well plates
(Eppendorf, Germany). Cultivation in plates was car-
ried out in accordance with the recommendations for
determining the culture tolerance to various pollutants
[13, 14]. One milliliter of a concentrated cell suspen-
sion and 2 mL of BG-11 medium with a given manga-
nese concentration were added to the wells of the
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plates. Thus, each well of the plate contained 3 mL of
cell suspension of the same density (10 mg Chl/L) and
different concentrations of manganese.

Cell suspensions of Lobosphaera sp. were incubated
in media containing the following concentrations of
manganese: 0.25, 0.5, 1.0, 5.0, 10.0, 15.0, and 25.0 g/L.
The suspensions of M. simplicissimum cells were incu-
bated in media with 0.05, 0.1, 0.5, 1.0, 3.0, and 5.0 g/L
manganese. The above ranges of manganese concentra-
tions were based on preliminary experiments that
showed substantially different levels of lethal Mn?* con-
centrations for these microalgae in acute toxicity tests.
The cells of Lobosphaera sp. exhibited higher tolerance
of manganese concentrations compared to M. simplicis-
simum. The control cultures were grown in a standard
BG-11 medium containing 0.005 g/L. manganese. The
Mn-treated cells were cultured in a luminostat under
continuous irradiance of 40 umol photons/(m?s) PAR
and 23°C for 4 days.

To analyze the extracellular and subcellular distri-
bution of manganese at elevated Mn concentrations in
outer media using energy dispersive X-ray spectros-
copy (EDX), microalgal cells were sedimented by cen-
trifugation (3000g, 5 min) and resuspended in BG-11
medium to a density of 10 mg Chl/L. The suspensions
of Lobosphaera sp. and M. simplicissimum were then
supplemented with 5.0 and 0.5 g/L of manganese,
respectively. The cells were cultured for 5 days under
the conditions described above.

Determining Optical Density of Microalgal Suspensions

The physiological condition of microalgae was
monitored directly in the wells of cell culture plates
using an Infinite M200PRO spectrophotometer (Tecan,
Austria). For this purpose, the difference in optical
density (OD) of cell suspensions at 678 nm (the peak
of chlorophyll absorption in cell cultures) and 750 nm
(the spectral region of non-specific absorption) was
determined. The OD was first recorded in 3 h and then
after 2 and 4 days of cultivation in media with elevated
manganese concentrations.

Determining Photosynthetic Activity

The photosynthetic activity (PSA) of algal cells was
assessed by pulse-modulated chlorophyll fluorometry
[15] using a FluorCam FC 800-C fluorometer (Photon
Systems Instrument, Czech Republic). The PSA was
assessed from the maximum photochemical quantum
yield of photosystem I1: (PSII) = F,/F,, [16]. Microal-
gae cells were dark-adapted for 10 min prior to PSA
measurements.

Transmission Electron Microscopy (TEM)

The ultrastructural organization of microalgae
was inspected using conventional TEM of ultrathin
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(<70 nm) sections. The elemental analysis was per-
formed by analytical TEM, namely, the EDX of
semithin (200—250 nm) sections. The cells were sed-
imented by centrifugation (3000g, 5 min) and fixed
according to a standard protocol [17]. The pellets
were successively treated with 2% (v/v) glutaralde-
hyde solution in 0.1 M cacodylate buffer (pH 6.8—7.2
depending on pH of the culture) for 30 min and then
stained with 1% solution (w/v) of osmium tetroxide
in the same buffer for 4 h at room temperature.

The fixed specimens were dehydrated in a series of
ethanol—water solutions with increasing ethanol con-
centrations from 30 to 96% (v/v) followed by the triple
dehydration with 100% ethanol (Sigma, United
States). The last dehydration procedure was combined
with contrasting by 2% uranyl acetate solution (w/v) in
absolute ethanol (Sigma, United States) for 1 h at
room temperature. The samples were embedded in
Araldite epoxy resin (Sigma—Aldrich, United States)
and polymerized at 56°C. The sections of a given
thickness were obtained by means of an LKB-8800
ultramicrotome (LKB, Sweden). The sections were
mounted on copper grids for electron microscopy that
were covered with an ultrathin formvar resin support
(Ted Pella, United States). To study the cell ultra-
structure by TEM, the sections were additionally con-
trasted with lead citrate solution [18]. Images were
obtained using a JEM-1011 electron microscope
(JEOL, Japan). The dimensions of structures on TEM
micrographs were determined using the Fiji (ImagelJ)
software v. 20200708-1553 (NIH, United States).

Energy-dispersive X-ray spectroscopy (EDX) of
semithin sections was performed as previously
described [19] with a JEOL-2100 analytical electron
microscope (JEOL, Japan) equipped with a bright-field
detector for operation in the scanning TEM (STEM)
mode (JEOL, Japan). The microscope was also
equipped with an X-Max silicon drift detector having
an active crystal area of 80 mm? (Oxford Instruments,
United Kingdom). Energy-dispersive X-ray spectra
from the selected points or zonal regions of the speci-
men were recorded in the X-ray energy range from 0 to
10 keV using the bright-field STEM mode. The signal
acquisition time for one spectrum was 120 s. Energy-
dispersive spectra were recorded and processed in the
“Point & ID mode” using the INCA program (Oxford
Instruments, United Kingdom). The resulting spectra
were displayed for the energy range of 0.15—7.5 keV
that comprises the most intense peaks of all biologi-
cally significant elements, including Mn.

Statistical Processing of Results

All experiments were performed in three biologi-
cal replicates. Significant differences between the
treated and control samples were revealed with the
Student’s 7-test. Differences were considered signifi-
cant at P <0.05. The results were processed using the
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Microsoft Excel program. Figures show the mean val-
ues and standard deviations of the means.

RESULTS
Assessment of Culture Tolerance

Tolerance of microalgae cultures was assessed
according to the standard bioassay procedure as recom-
mended by state regulations, GOST P 54496-2011 [20].
In our experiments, we determined the manganese
concentrations in the range from minimally active to
toxic for algal cells. According to the GOST rules, the
decrease of analyzed parameters in microalgae cells by
20% compared to normal physiological values indi-
cates a nontoxic concentration of the pollutant. The
decrease of the analyzed parameter by more than 50%
with respect to the control value is considered as a
manifestation of acute toxicity.

After 3-h incubation of Lobosphaera sp. in the BG-11
medium with the highest manganese concentration of
25.0 g/L and after incubation of M. simplicissimum in
the presence of 3.0—5.0 g/L manganese, the optical
density of cell suspensions decreased by 31-32%,
which indicated the approaching manganese toxicity
for both cultures (Fig. 1a). It should be noted that, at
external manganese concentrations <15.0 g/L, the OD
of Lobosphaera sp. suspensions decreased by no more
than 20%, which indicates an extremely high tolerance
of the studied culture to this heavy metal.

During the next 2 days of cultivation of Lobos-
phaera sp. in the BG-11 medium supplemented with
1.0—25.0 g/L manganese, the OD of the suspension
decreased significantly (by 37—50%) with respect to the
control value (Fig. 1b). For M. simplicissimum cells, the
decrease in OD by 38—42% was observed at manganese
concentrations above 3.0 g/L (Fig. 1e). On the fourth
day, the OD of the Lobosphaera sp. cultures continued
to decrease at all tested manganese concentrations as
compared with that on the 2nd day (Figs. 1b, Ic). The
OD of M. simplicissimum cell suspension on the fourth
day of incubation at manganese concentrations up to
0.5 g/L was almost the same as on the second day,
while it continued to decrease at manganese concen-
trations of 1.0—5.0 g/L (Figs. le, 1f).

Fluorometric studies of photosynthetic apparatus in
microalgae cells at increasing manganese concentra-
tions showed that the photosynthetic activity of Lobos-
phaera sp. diminished by more than 30% at manganese
concentrations above 10 g/L, whereas a similar reduc-
tion in M. simplicissimum cells was attained at concen-
trations above 1.0 g/L (Fig. 2).

Data in Table 1 illustrate the comparative toxicity
of manganese to Lobosphaera sp. and M. simplicissi-
mum cells, based on the decrease in photosynthetic
activity and OD (in percents) at various Mn concen-
trations with regard to the same parameters of cell sus-
pensions in the standard medium. The results show
that manganese concentrations up to 5.0 g/L had no

2022



94 Page 4 of 11

VASILIEVA et al.

(a
[ * * *

0.4

0.3

)
0 §

0.5

\3
%

ol

00!

T
2R
RRRRX

0>

T0s0
XXX

&
S

T
X

%
XXX

X

o,

%>
X

0959,

XX

XK

Q>
X

XX

%

20

5

0.1

T
KRRKR
00965656

.99,

25
RS

0.2
C 0.250.50 1.0 5.0 10.0 15.0 2

9]

.0

0.5
0.4
0.3
0.2
0.1

(b)

Optical density

0
C 0.250.50 1.0 5.0 10.0 15.0 25.0

0.4+

—
*
Py
A
*

0.3F ® *

0.2

0.1+

C 0.250.50 1.0 5.0 10.0 15.0 25.0
Manganese concentration, g/L

C 0.05 0.10 0.25 0.50 1.0 3.0 5.0

0.4
(e

0.3+ o o

0.2

0.1

C 0.05 0.10 0.25 0.50 1.0 3.0 5.0

041
T ®
03F T . a
ES
L *
02+ T
0.1F

C 0.05 0.10 0.25 0.50 1.0 3.0 5.0
Manganese concentration, g/L

Fig. 1. Optical densities of cell suspensions of (a, b, ¢) Lobosphaera sp. IPPAS C-2047 and (d, e, f) Micractinium simplicissimum
IPPAS C-2056 after cultivation of microalgae for (a, d) 3 h, (b, e) 2 days, and (c, f) 4 days in the BG-11 medium containing
0.005 g/L manganese (Control, C) or elevated Mn concentrations. Data are presented as mean values and standard deviations for
three biological replicates. Significant differences were revealed by the Student’s -test (*P < 0.05, **P > 0.05).

acute toxic effect on Lobosphaera sp., indicating a high
tolerance of this culture to the tested heavy metal. On
the other hand, at manganese concentrations ranging
from 10.0 to 25.0 g/L, the OD decreased by >55% and
photosynthetic activity reduced by 32—54% depend-
ing on Mn level in the medium (Figs. 1, 2, Table 1).
Similar reductions of analyzed parameters in M. sim-
plicissimum cells were observed at manganese concen-
trations of >1.0 g/L, which indicates a higher sensitiv-
ity of this species to elevated amounts of manganese.

Subcellular Distribution of Manganese
in Microalgae Cells

The ultrastructural organization of the studied
microalgae corresponds to that of representatives of
related taxa. The main features of these algae include
unicellularity, the presence of a single nucleus and a sin-
gle parietal chloroplast. Each chloroplast contains a
pyrenoid surrounded by a starch sheath having the form
of an egg shell in M. simplicissimum or many elongated
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grains in Lobosphaera sp. (Figs. 3a, 3b). The cell wall in
both cultures consists of 2—3 layers differing in electron
density, but there is no three-lamellar structure. The
cytoplasm contains regular organelles, such as ribo-
somes, mitochondria, elements of the Golgi apparatus,
and vacuoles. The storage structures comprise starch
grains, the cytoplasmic oleosomes, vacuolar inclusions,
and plastoglobules in the chloroplast. Cultivating the
algae in media with an elevated nontoxic manganese
concentration (5.0 g/L for Lobosphaera sp. and 0.5 g/L
for M. simplicissimum) produced no principal changes
in the cell ultrastructure. However, analytical micros-
copy revealed genus-specific subcellular distribution of
manganese in the studied microalgae.

Analysis of semi-thin sections of Lobosphaera sp.
cells grown on a medium with 5.0 g/ Mn did not reveal
the formation of individual manganese-containing
inclusions in any cellular (sub)compartments (cell wall,
chloroplasts, oleosomes, vacuoles, cytosol). All EDX
spectra plotted in the range of 0.15—7.50 keV (Fig. 4)
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featured the lines characteristic of X-ray emission of
carbon (Ko = 0.28 keV) and oxygen (Ko = 0.53 keV)
that are the main elements of organic compounds
occurring in biological samples and the epoxy resin
used for the preparation of specimens. The spectra
also revealed a peak (La = 0.93 keV) characteristic of
copper, the main component of electron microscopy
grids on which specimen sections were mounted
before TEM analysis, as well as the peak of osmium
(Ko = 1.91 keV) that was used for cell fixation. Only
the EDX spectra recorded in the regions of thylakoids
(Figs. 3c, 4a) and plastoglobules (Figs. 3d, 4b) con-
tained small peaks at 5.90 and 6.49 keV corresponding to
the characteristic emission of manganese. It should be
noted that the spectra obtained in the area of plastoglob-
ules of Lobosphaera sp. also contained the characteristic
peak of phosphorus with Koo = 2.01 keV (Fig. 4b).

In the EDX spectra obtained from other cell sub-
compartments, e.g., the cell wall (Fig. 4c) and starch
grains (Fig. 4d), no discernible peak of manganese
X-ray emission was recorded. It is possible that the
level of characteristic Mn emission in the cytosol and
vacuolar inclusions was very weak and did not exceed
10—12 relative units.

Analysis of sections of M. simplicissimum cells
revealed the accumulation of electron-dense nanopar-
ticles 10—20 nm in size on the cell surface (Figs. 3e, 3g),
in the outer layer of cell wall (Fig. 3f), and in the inter-
cellular matrix (Figs. 3e, 3g). In the latter case, the size
of nanoparticles sometimes reached 40—60 nm. The
EDX spectra recorded from nanoparticle agglomer-
ates (Figs. 4e, 4f) contained three different intensity
peaks characteristic of manganese emission (Lo =
0.64 keV, Koo = 5.89 keV, and Ko = 6.49 keV). The suf-
ficiently high intensity and occurrence of all peaks of
the manganese emission provide reliable evidence for
the enrichment of analyzed nanoparticles with this
element. Judging from EDX spectra of M. simplicissi-
mum (Fig. 4g), the vacuolar inclusions were character-
ized by the predominance of phosphorus, P (Ko =
2.01 keV) and nitrogen, N (Ko = 0.39 keV); they also
featured small peaks corresponding to the emission of
Ca (Lo = 3.69 keV) and Mn (Koo = 5.90 keV). Analysis
of other compartments of M. simplicissimum cells
(cytosol, starch grains, thylakoids, pyrenoid, lipid
globules, nucleus, etc.) did not reveal manganese lines
in the EDX spectra.

DISCUSSION

One of the most important tasks of microalgae eco-
physiology is to study the cell responses to heavy metal
ions whose elevated concentrations have a toxic
impact on diverse physiological processes. This prob-
lem has obvious practical importance in view of ever-
increasing environmental pollution with heavy metals
and due to the use of microalgae for bioindication and
biotesting of aquatic environments [21]. It is also of
fundamental significance for clarifying the mecha-
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Fig. 2. Photosynthetic activity of (a) Lobosphaera sp.
IPPAS C-2047 and (b) Micractinium simplicissimum
IPPAS C-2056 cells after 4-day culturing in BG-11 media
containing 0.005 g/L manganese (Control, C) or elevated
Mn concentrations. Data are presented as mean values
and standard deviations for three biological replicates.
Significant differences were revealed by the Student’s 7-test
(*P<0.05, **P>0.05).

2022



94 Page 6 of 11

VASILIEVA et al.

Table 1. Changes in optical density at the peak of Chl absorption and in photosynthetic activity of cell suspensions of Lobos-
phaera sp. IPPAS C-2047 and Micractinium simplicissimum IPPAS C-2056 after 4-day cultivation at elevated manganese

concentrations
Relative decrease of parameters with respect
. . to the control values, % Presence,/absence
Mn“" concentration, g/L - — ..
optical density photosynthetic activity of toxicity
of suspension (Fy/Fy)
Lobosphaera sp.
0.25 21.8 £ 3.5 5t1 Nontoxic
0.5 3.0+ 2.8 11+2 Nontoxic
1.0 279 +33 172 Nontoxic
5.0 314£5.7 14£3 Acute toxicity is unproven
10.0 55.0+4.2 32+3 Toxic
15.0 62.6 £7.0 37£5 Toxic
25.0 60.7 £ 4.6 54+6 Toxic
M. simplicissimum
0.05 6.1 £1.5 1 Nontoxic
0.10 15.1 £0.9 82 Nontoxic
0.25 16.2 £0.7 8+1 Nontoxic
0.50 284+ 1.9 182 Acute toxicity is unproven
1.0 42.1 2.1 40+ 2 Acute toxicity is unproven
3.0 459 +3.8 53+3 Toxic
5.0 555+ 1.3 55+ Toxic

nisms of adaptation and tolerance of microalgae and
for studying the bioremoval of heavy metals from water
by microalgae that accumulate large quantities of
these metals in their biomass.

The photosynthetic apparatus of microalgae is
extremely sensitive to the presence in the environment
of pollutants, including heavy metals [16]. The study
of the photosynthetic apparatus’s condition in
microalgae by fluorometry is one of the most popular
methods for analyzing PSA [15].

The results of our study revealed the decline of PSA
at increasing concentrations of manganese in the
medium, which indicates the toxic action of elevated
concentrations of this metal on the photosynthetic
apparatus in both cultures. The decrease in OD of cell
suspensions in the region of maximum Chl absorption
might be caused, on the one hand, by stress-induced
decline in intracellular Chl content reflecting the
reduction of the photosynthetic apparatus and, on the
other hand, it might be due to the decreased number
of cells in suspensions.

The results of this study showed that cultures of
Lobosphaera sp. and M. simplicissimum are character-
ized by differential tolerance to elevated manganese
concentrations in the outer medium.

The upper tolerance limits of manganese concen-
trations are known to vary for different cultures of oxy-
genic phototrophic microorganisms [8] that are char-
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acterized by different adaptability to high concentra-
tions of metals. The adaptive capacity of cells is
determined by their potential to restrict the entry of
metal ions from the medium and by their ability to
bind or sequester metal ions in the extracellular poly-
meric matrix or cell surface structures [22].

The results of our experiments showed that M. sim-
plicissimum cells are resistant to external manganese
concentrations in the range from 0.05 to 0.5 g/L. This
conclusion stems from an insignificant decrease in
OD of the suspension compared to the control values
on the second day of Mn treatment, the lack of accel-
erated OD decrease on the fourth day, and from the
persistent PSA levels. By contrast, the OD of suspen-
sions decreased continuously throughout the experi-
ment at concentrations above 1.0 g/L. The observed
declines in OD and PSA indicate the relatively low tol-
erance of M. simplicissimum culture to these manga-
nese concentrations. Cultivation of Lobosphaera sp. in
a medium containing 0.25-5.0 g/LL manganese
showed that the OD of suspensions and PSA of cells
on the fourth day of treatment were actually indepen-
dent of the manganese concentration in the medium,
while culturing at higher Mn concentrations consider-
ably overwhelmed the adaptive capacity of the culture.

The toxicity of high manganese concentrations for
plant cells is predominantly ascribed to oxidative
stress, the disturbance of chloroplast oxidative balance
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(@)

Fig. 3. Ultrastructural organization in microalgae (a) Lobosphaera sp. IPPAS C-2047 and (b) Micractinium simplicissimum
IPPAS C-2056 (TEM images of ultrathin sections); (c—g) representative images of cell regions analyzed by EDX (STEM
images of semi-thin sections): (c) chloroplast thylakoids of Lobosphaera sp. IPPAS C-2047, (d) plastoglobules in Lobosphaera sp.,
(e, g) nanoparticles on the cell surface and in the intercellular matrix of M. simplicissimum IPPAS C-2056, (f) nanoparticles in
the cell wall. V—vacuole; SG—starch grain; CW—cell wall; M—mitochondrion; P—pyrenoid, Os—oleosome; Chl—chloro-
plast; T—thylakoids. Nanoparticles are indicated by arrowheads. Scale bars: (a, b) 1 um; (c—g) 0.2 um.

in particular. The excess of manganese is known to
enhance the activity of Mn-superoxide dismutase [23];
it may also inhibit cell growth and induce chlorosis
and tissue necrosis [10, 24]. The different tolerance of
Lobosphaera sp. and M. simplimissium to elevated
manganese concentrations might be associated with
dissimilar mechanisms of acclimation, including the
differential subcellular distribution of manganese in
their cells.

In microalgae Lobosphaera sp., no formation of
individual manganese-containing inclusions was
found. The highest intensity of characteristic manga-
nese emission was observed in thylakoids and plasto-
globules, while the manganese signal in the cytosol and
vacuoles was indiscernible. Other intracellular com-
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partments and the cell wall contained manganese in
undetectable amounts. The observed pattern seems to
indicate a dispersed intracellular distribution of manga-
nese and its selective accumulation in chloroplasts.

Manganese is a cofactor for a several enzymes and
is present in chloroplasts as part of the Mn cluster of
PSII oxygen-evolving complex [25]. Examination of
sections of Lobosphaera sp. cells cultured at normal
Mn concentrations demonstrated the absence of the
manganese signal in all compartments, including
chloroplasts, which is most likely due to limitations of
EDX spectroscopy for detecting low concentrations of
this element.

Judging from the available publications, the char-
acteristic X-ray emissions of manganese and phos-
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Fig. 4. Representative spectra of energy-dispersive X-ray spectroscopy for microalgae cells of (a—d) Lobosphaera sp. IPPAS C-2047
and (e—h) Micractinium simplicissimum IPPAS C-2056 in the areas of (a) thylakoids, (b) plastoglobules, (c) cell wall, (d) starch grain,
(e) nanoparticle agglomerates on the cell surface, (f) cell wall, (g) vacuolar inclusions, and (h) pyrenoid.

phorus in plastoglobules have been revealed for the
first time. We suppose that the detection of manganese
and phosphorus in plastoglobules is determined by the
ingress and accumulation of these elements in plasto-
globules upon the rearrangement of thylakoid compo-
nents during their disassembly under stress. Plasto-
globuli are lipoprotein microcompartments integrated
into plastidial metabolic functions, including the
adaptation to variable environmental conditions [26].
Our results clearly demonstrate the previously
unknown properties of plastoglobuli and expand the
understanding of their phosphorylation networks and
their potential under stress conditions.

In M. simplicissimum culture, the manganese
nanoparticles were found to accumulate on the cell
surface, in cell walls, and interstitial spaces (Figs. 3, 4).
It is known that some types of bacteria and fungi are
able to form manganese nanoparticles upon the oxida-
tion of Mn?* to Mn** and can produce insoluble man-
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ganese oxide [27]. The exoplasmic manganese oxida-
tion and the formation of nanoparticles were also
described for some microalgae species, including a
representative of the genus Micractinium [8]. Manga-
nese oxidation occurs not only on cell surface struc-
tures but also in the extracellular matrix and cultiva-
tion medium. These extracellular reactions are facili-
tated, firstly, by the increase in external pH during
photosynthetic carbon fixation and, secondly, by the
involvement of superoxide radicals produced by extra-
cellular proteins that are excreted by some microor-
ganisms, including microalgae [8, 28]. The formation
of manganese nanoparticles in the medium, on the
cell surface, and in cell walls can be regarded as an
adaptive strategy of microalgae cells in response to an
increased amount of manganese in the medium,
which restricts the Mn penetration into the cell.

Current nanobiotechnologies aimed at the synthe-
sis of manganese nanoparticles by microbial cells are
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being actively advanced [29]. Manganese nanoparti-
cles exhibit electrocatalytic, magnetic, and fluorescent
properties and possess antibacterial and antifungal
activity. Therefore, they can be used in the production
of supercapacitors and lithium rechargeable batteries as
well as in medicine, analytical chemistry, detoxification
of dangerous micropollutants, and other fields [29].

Analysis of M. simplicissimum sections showed the
lack of characteristic peaks of manganese X-ray emis-
sion in intracellular subcompartments, except for vac-
uoles. In vacuoles, manganese was found in the com-
position of phosphorus-containing inclusions, which
are similar in elemental composition to polyphosphate
granules [19]. The accumulation of phosphorus
reserves in such a form is known for many microalgae
[19, 30, 31], including a representative of the genus
Lobosphaera [32, 33]. Sanz-Luque et al. [31]
explained the tolerance of microalgae to heavy metals
Cd and Pb as a result of binding of these elements to
vacuolar polyphosphate granules, which prevents the
interference of toxicants in cell metabolism. With an
example of Chlamydomonas reinhardtii, manganese
was shown to be largely located in vacuoles, together
with phosphorus and calcium [34]. Although manga-
nese accumulation depended on the content of cellu-
lar polyphosphates, only a small amount of Mn?*
formed stable complexes with polyphosphates.

The tolerance of M. simplimissium cells to elevated
concentrations of manganese might be determined by
several factors. First, the cells can perform exoplasmic
oxidation and accumulation of insoluble forms of
manganese. Second, manganese penetrating into the
cells is compartmentalized in vacuoles or binds to
polyphosphate granules or other ligands. The culture
tolerance is compromised at manganese concentra-
tions above 1.0 g/L; this might be due to the increased
amount of manganese nanoparticles in cell walls,
which impairs the functional transporters delivering
nutrients into the cell and excreting cellular metabo-
lites [35]. The high tolerance of microorganisms to
heavy metals is known to rely on their ability to induce
synthesis of specific metal-binding proteins and cyste-
ine-rich peptides, such as metallothioneins and phy-
tochelatins [36]. The formation of metallothioneins
and phytochelatins has also been described for mem-
bers of the Trebouxiophyceae family, in particular, for
some species of Chlorella and Micractinium [9]. The
mechanisms of cell tolerance to manganese also
include its interaction with negatively charged groups
of surface structures in microalgae cells [37]. The
metal-binding sites in the cell wall of microalgae can
be represented by protein thiol groups; amino acids;
and the carboxyl groups of pectins, proteins, and
uronic acids.

Thus, our study revealed the distinctions in toler-
ance of Lobosphaera sp. and M. simplicissimum to the
increased amounts of manganese. This can be
explained by different mechanisms underlying the cell
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resistance to this heavy metal and by specific features
of the subcellular manganese distribution in cells of
the studied cultures.
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