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Abstract

Biotechnology of microalgae holds promise for sustainable using of phosphorus, a finite non-renewable resource. Responses
of the green microalga Lobosphaera sp. IPPAS C-2047 to elevated inorganic phosphate (P;) concentrations were studied.
Polyphosphate (PolyP) accumulation and ultrastructural rearrangements were followed in Lobosphaera using light and
electron microscopy and linked to the responses of the photosynthetic apparatus probed with chlorophyll fluorescence. High
tolerance of Lobosphaera to <50 g L' P, was accompanied by a retention of photosynthetic activity and specific induc-
tion of non-photochemical quenching (NPQ up to 4; F,/F, around 0.7). Acclimation of the Lobosphaera to the high P; was
accompanied by expansion of the thylakoid lumen and accumulation of the carbon-rich compounds. The toxic effect of the
extremely high (100 g L") P, inhibited the growth by ca. 60%, induced a decline in photosynthetic activity and NPQ along
with contraction of the lumen, destruction of the thylakoids, and depletion of starch reserves. The Lobosphaera retained
viability at the P; in the range of 25-100 g L™' showing moderate an increase of intracellular P content (to 4.6% cell dry
weight). During the initial high P; exposure, the vacuolar PolyP biosynthesis in Lobosphaera was impaired but recovered
upon acclimation. Synthesis of abundant non-vacuolar PolyP inclusions was likely a manifestation of the emergency accli-
mation of the cells converting the P; excess to less metabolically active PolyP. We conclude that the remarkable P, tolerance
of Lobosphaera IPPAS C-2047 is determined by several mechanisms including rapid conversion of the exogenic P; into
metabolically safe PolyP, the acclamatory changes in the cell population structure. Possible involvement of NPQ in the high
Pi resilience of the Lobosphaera is discussed.
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1 Introduction

Phosphorus (P) is the most important component of nucleic
acids, phospholipids, nucleoside phosphates including ATP
other, and other important phosphometabolites crucial to the
cell metabolism. The most widespread bioavailable P spe-
cies in the environment is inorganic phosphate (P;), and its
internal concentration varies from 1 to 7% of cell dry weight
[1, 2]. Two distinct mechanisms of P; transport across the
plasmalemma were suggested: the high-affinity system acti-
vated when the P; concentration in the medium is low, and
the low-affinity system operating when P, is abundant [3]. In
P-rich environments, microalgae (MA) exhibit two modes
of P,. The first is called overcompensation or “overshoot”;
it occurs in P-starved algal cells after abrupt replenishment
P; in the medium. It is evident as a rapid, light-dependent
accumulation of acid-soluble polyphosphate (PolyP). The
second mode is called luxury uptake; it is displayed even by
P-sufficient cells [4]. Both uptake modes result in storing
of P in the cells in the amounts exceeding their momentary
metabolic demand [5]. Most of the P; taken up by the cell
during luxury uptake is stored in the form of PolyP which
can be later mobilized during P shortage period.

Apart from being a major P depo, PolyP are involved in
a plethora of processes in the cells [6]. Thus, microorgan-
isms deficient in the PolyP biosynthesis are characterized
by abnormalities in autophagy [7], biofilm formation [8],
and acclimation to both biotic and abiotic stresses, including
nutrient deprivation [9]. Additionally, involvement of vacu-
olar PolyP in survival under osmotic or alkaline stresses was
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shown in microalgae [10], and it was also discovered that
PolyP serves as a stabilizing scaffold for protein folding [11].

Our understanding of the mechanisms of MA acclimation
and tolerance to elevated exogenic P; levels is much more
limited as compared to knowledge of P starvation effects.
The question of potential P; toxicity for MA is highly rele-
vant to biotreatment of P-rich wastewater of diverse origin—
piggery, dairy, brewery, riboflavin manufacturing, anaerobic
digestion, and rubber mill effluents [5, 12]. Bioprospecting
of P-resilient MA strains is a crucial starting point for the
development of wastewater treatment biotechnologies. Test-
ing candidate strains involves studies of the effects of a large
P, excess on their growth, photosynthesis, and PolyP accu-
mulation in their cells. Remarkably, a “slight excess” of P,
(45 mg P L™!) enhanced Chlorella regularis growth, while a
“large excess” of P (> 150 mg P L") decreased viability and
caused cell damage, likely by over-accumulation of PolyP in
the cells [13]. Still, the hypothesis of the PolyP involvement
in the toxicity of elevated P; to MA remains largely untested.
In view of what is said above, studies of PolyP dynamics
and other effects of elevated exogenic P; would shed light
on high P, resilience of MA cells and, particularly, on the
role of PolyP in these phenomena. Since photosynthesis is
the primary energy source for the formation of PolyP in MA
cell, linking the structural and functional responses of the
photosynthetic apparatus of the cell with its acclimation to
elevated exogenic P; would be of special interest in this con-
text. Potential role of photosynthetic apparatus in acclima-
tion of microalgae to high-P; toxicity remains underexplored,
as well.
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In the present study, we characterized the acclimation of
the chlorophyte Lobosphaera sp. IPPAS C-2047 (referred
to below as Lobosphaera sp.) to stress caused by elevated
exogenic P; concentrations. We attempted to link the Lobos-
phaera sp. resilience to elevated P; levels to a large and ver-
satile cellular P depot represented mostly by PolyP and a
high physiological plasticity of its photosynthetic apparatus.

2 Materials and methods
2.1 The strain and its cultivation conditions

A chlorophyte Lobosphaera sp., the original strain IPPAS
C-2047 deposited into the algal collection of Timiryazev
Institute of Plant Physiology, Russian Academy of Sci-
ences was used in this work. The strain was selected on the
grounds of its high P, resilience revealed during preceding
screening experiments.

The preculture of the Lobosphaera sp. was grown at
20-23 °C in a shaker incubator (New Brunswick, Innova
44R, N.Y., USA) at 120 rpm in 0.75 L flasks with 0.3 L of
P-fortified BG-11-based medium of the following composi-
tion (g L™"): NaNO;=0.74, KNO;=0.9, K,HPO,=0.181,
KH,PO,=0.089 (total P;=0.160), MgSO,7H,0=0.075,
CaCl,-2H,0=0.036, citric acid=0.006, ferric ammonium
citrate =0.006, Na,EDTA-2H,0 =0.001, Na,CO;=0.02)
and BG-11 trace metal solution [14] at 70 pmol PAR pho-
tons m~ s~! and the atmospheric CO, level. The culture
incubated in this medium (0.160 g L™ P,) was referred to
below as the control.

Growth was monitored via chlorophyll (Chl) content and
dry weight (DW) measurements. DW was determined gravi-
metrically: 3-mL samples were vigorously mixed and filtered
through pre-weighed GF/F glass fiber filters (Whatman,
Maidstone, UK) and dried in a microwave oven at 100 °C
to constant weight. For Chl determination, an aliquot of the
cell suspension was sampled, the cells were harvested by
centrifugation (3000xg for 5 min). Total Chl were extracted
by heating the cell pellet with 2 mL of dimethyl sulfoxide
(DMSO) for 10 min at 70 °C. Concentration of total Chl,
Chl a + b was determined in the DMSO extracts with an
Agilent Cary 300 spectrophotometer (Walnut Creek, CA,
USA) using previously reported equations [15].

At the beginning of each experiment, the preculture was
harvested by centrifugation (700xg for 5 min), washed twice
in the fresh medium (see above) lacking P, and resuspended
in the same medium. Phosphate was added in the form of
sterile potassium phosphate buffer (K,HPO, and KH,PO,,
2:1 by mass pH 7), the P; concentrations of 0.32 g L,
50g L™, 100 gL}, and 200 g L™!. The working cultures (ini-
tial Chl concentration and biomass content were 7 mg L™

and 0.32 g L', respectively) were prepared by mixing of
50 mL of the Lobosphaera sp. preculture cell suspension
with 50 mL of the potassium phosphate buffer of each P,
concentration mentioned above. The final concentration
of P; in the media of the experimental cultures eventually
used for the experiments comprised 0.16 g L™! (the control,
referred to below as CC), 25 g L, 50 g L', and 100 g L!
(designated as C25, C50, and C100, respectively). The high
P, concentrations were chosen to assess the resilience of
the studied Lobosphaera strain to the P; levels approach-
ing the solubility limit which can be potentially expected
in the wastewater generated by rock phosphate mining and
processing facilities (Solovchenko et al., in preparation).
The cultures were incubated in a shaker (New Brunswick,
Innova-44R, N.Y., USA) at 70 pmol PAR (photons m™2 s‘l)
at 120 rpm and 20 °C for 9 days.

2.2 Estimation of intracellular phosphorus content

A slightly modified method by Ota and Kawano [16] was
used for the total intracellular P determination. Briefly, cells
from 15-mL aliquots of MA suspension were harvested by
centrifugation (3000xg, 5 min) and washed 5-6 times with
50 mL of BG-11 medium lacking P. The cell pellets were
disrupted in 1 mL of distilled water with G8772 glass beads
(Sigma-Aldrich, USA) and 200 pl of 4% (w/v) potassium
persulfate added by vigorous mixing on a V1 vortex (Biosan,
Latvia) for 15 min at 4 °C and subsequent autoclaving at
121 °C for 20 min. After centrifugation of the autoclaved
samples (3000xg, 5 min), P; concentration was assayed in
the supernatants using the molybdenum blue method [16].

2.3 Potential photosynthetic activity
and photoprotection

Estimations of the potential photosynthetic activity Lobos-
phaera sp. were obtained via recording variable Chl fluo-
rescence levels [17] using FluorCam 800 imaging PAM Chl
fluorometer (PSI, Czech Republic) at days 0, 2, 5, 7, and 9
of the experiment using the built-in protocol supplied by the
manufacturer. The samples were dark adapted for 15 min
prior to the measurement. Maximum potential photochemi-
cal quantum yield of photosystem (PS) II was calculated
as PS I Qy=(F,,— F,)/F,,=F,/F,,, where F and F,, are
the minimum and the maximum levels of Chl fluorescence,
respectively [18]. Non-photochemical quenching (NPQ) was
calculated as NPQ=F,_ /F,'—1, where F, and F, ' are dark-
adapted and actinic light-adapted levels of Chl fluorescence
[17].

Individual cultivation experiments were con-
ducted to study the relationships between the changes
in PS II Q, and NPQ as a function of external P; con-
centration were carried out using carbonyl cyanide
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p-trifluoromethoxy-phenylhydrazone (FCCP), an uncou-
pler of proton gradient formation on the thylakoid mem-
brane and photophosphorylation [18-20], and dithiothreitol
(DTT), an inhibitor of the enzyme violaxanthin de-epoxidase
[21, 22]. The stock solution of FCCP (Sigma-Aldrich, USA)
was prepared by dissolving it in 96% ethanol. Final etha-
nol concentration in samples was below 1%. The equiva-
lent amount of ethanol was added to the control cultures.
The stock solution of DTT (Sigma-Aldrich, USA) prepared
by dissolving it in distilled water. The stock solutions were
simultaneously added to the culture 1 h after the inoculation
to the final concentration of 20 nM and 2 mM for FCCP and
DTT, respectively.

Our preliminary tests demonstrated that the effects of
DTT and FCCP became evident already after 30-min incu-
bation and remained stable at least for 3 days under our
experimental conditions (Sect. 2.1). Since a pronounced
effect of the elevated P, levels on PS II O, and NPQ of the
microalgae cells was already observed on the 2nd day of the
experiment (see below), the cultures were incubated of the
cultures with DTT and FCCP for 2 days to avoid potential
side-effects of the added chemicals.

2.4 Electron microscopy

The samples of microalgae cells for transmission electron
microscopy (TEM) were prepared as previously described
[24]. The samples for nanoscale element analysis using
energy-dispersive X-ray spectroscopy (EDX) were fixed,
dehydrated, and embedded as formerly described [25].
Briefly, semi-thin sections were made with an LKB-8800
(LKB, Sweden) ultratome and examined under JEM-2100
(JEOL, Japan) microscope equipped with an LaB4 gun at
the accelerating voltage 200 kV. Point EDX spectra were
recorded using JEOL bright-field scanning TEM module
and X-Max X-ray detector system with ultrathin window
capable of analysis of light elements starting from boron
(Oxford Instruments, UK). The energy range of recorded
spectra was 0—10 keV with a resolution of 10 eV per chan-
nel. At least 50 cell sections per specimen were analyzed.
Spectra were recorded from different types of electron-dense
inclusions (at least 30 measurements for each type of inclu-
sions, see below). Spectra were processed with INKA soft-
ware (Oxford instruments, UK) and presented in a range
0.1-4 keV.

2.5 Brightfield and fluorescence microscopy

The cells were examined under Leica DM2500 microscope
equipped with a digital camera DFC 7000T of the same man-
ufacturer. For visualization of PolyP, the cells were stained
with a fluorescent dye DAPI (4',6-diamidino-2-phenylindole)
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dissolved in DMSO [26]. The cells diameter was measured
on the micrographs using ImagelJ software (NIH, Bethesda,
MA, USA). Young and mature sporangia, dead cells, ole-
osomes, and starch grains were counted on the bright-field
and electronic micrographs. Significance of the differences
between the average values at the level p <0.05 was tested
by Student’s two-tailed ¢ test using Origin software (Origin-
Lab, Northampton MA, USA). Vegetative cells > 10 pm in
diameter were considered as mature cells. The cells < 10
in diameter, including autospores, aplanospores, or zoo-
spores, released from the sporangia were considered young
cells. The proportions of mature or young cells, sporangia,
and dead cells were calculated as percentages of the total
cell number. The proportions of cells harboring the DAPI-
stained PolyP inclusions were calculated as the percentages
of the total cell number. The proportion of live and dead
cells was estimated basing on the presence of the red Chl
autofluorescence (in live cells) or blue fluorescence of cell
walls only typical for dead cells [27].

2.6 Statistical treatment

Two independent experiments with two biological replica-
tions each (n=4) were carried out. For each biological rep-
lication, three analytical replications were completed if not
stated otherwise. In figures, average values together with
standard deviations are presented. The significance of differ-
ences was tested using ANOVA from the analysis toolpack
of the Microsoft Excel spreadsheet software.

3 Results

To assess the tolerance the Lobosphaera sp. to stress caused
by several elevated exogenic P; concentrations and to gain
insights into the mechanisms of its acclimation to this stress,
we studied growth of its cultures, structure, and function of
the photosynthetic apparatus, as well as cell morphology and
ultrastructure. We compared the cases of acclimation to and
the toxic effects of the high P; concentration on the Lobos-
phaera sp. cells. Special attention was paid to the dynamics
of PolyP accumulation and its subcellular distribution.

3.1 Theinhibition of growth and chlorophyll
accumulation

Since in Lobosphaera sp., the daughter cells remain in
aggregates after division of the mother cell, it is hard to
estimate the culture growth via cell direct count. There-
fore, the changes in the accumulation of biomass (via DW;
Fig. 1a) and volumetric Chl content (Fig. 1b) were moni-
tored. During 7 days of the experiment, the P; levels up
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to 50 g L~! exerted a moderate inhibitory effect on the
DW and Chl accumulation by the Lobosphaera sp. culture.
Only at the 9th day, a considerable decrease in DW (37%)
and Chl content (34%) was noticed. The cultures incu-
bated in the presence of 100 g L™} P, (referred to below as
“C100”) showed a more pronounced decline in DW and
Chl starting from the beginning of the incubation: DW
declined by 59% and Chl declined by 54% relative to the
control by the end of the experiment. The total Carotenoid-
to-Chl ratio remaining nearly stable in the control culture
(designated as “CC”), while in the C50 (50 g L™ P,) and
C100 cultures, this ratio increased slightly (Fig. 1c).

3.2 Cell morphology

The Lobosphaera sp. incubated in the P;-fortified BG-11
medium displayed a considerable degree of cell hetero-
geneity as a function of the external P; concentration.
During 9 days of the experiment, the young and mature
vegetative cells, as well as the three cell types associated
with culture proliferation (autosporangia, zoosporangia,
and aplanosporangia) were frequently found in the studied
Lobosphaera sp. culture (Figs. 2, 3). Zoo- and aplano-
sporangia dominated the CC culture, while autosporangia
comprised 5-10% of all types of sporangia detected in this
culture. Under the elevated P; conditions (the experimental
variants C25, C50, C100), the number of zoosporangia

decreased considerably after a 5-day incubation. At the
end of the experiment, zoosporangia disappeared, and the
cultures were dominated by aplanosporangia. Cells with
signs of plasmolysis and cell debris were also observed in
the C50 (Figs. 2m, u, SI1a) or C100 cultures (Figs. 2w,
SI1b-d) after 5 d incubation.

The 9-day incubation of Lobosphaera sp. in the presence
of the elevated P, levels did not alter the average size of
young or mature cells or sporangia as compared to the con-
trol (Fig. SI2). Only at the 7th day of experiment, average
size of young cells in the C25 or C50 cultures increased
(p<0.01; cell diameter of 7.7+ 1.4 vs. 6.8 £ 1.7 pm, respec-
tively; Figs. SI2¢). By contrast, in the CC and C100 cul-
tures, the diameter of young cells remained unchanged
throughout the experiment (p <0.01; diameter 4.9+ 1.33
vs. 4.9 +1.47 pm, respectively; Fig. SI2).

3.3 The evolution of the cell population structure
and polyphosphates’ accumulation

At the 2nd day of the experiment, the largest percentage of
young cells was noticed in the control (82%) and the smallest
(46%) was in the C100 culture, while in the C25 or C50 cul-
tures, the proportion of young cells comprised 54% and 66%,
respectively (Fig. 4a). Notably, the ratio “young/mature/spo-
rangia/dead cells” was almost constant in the CC culture
throughout the experiment with domination of young cells.
The highest proportion of dead cells (25%) was detected in
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Fig. 2 Brightfield (the lines
a...g,i...0, and q...w) and fluo-
rescence (the lines b...h, j...p,
and r...x) microscopy images of
Lobosphaera sp. IPPAS C-2047
cultivated in the presence of
different P; levels (indicated at
the top of columns in g L™! P,)
for 2, 5, or 7th days (indicated
at the left). Arrows indicate the
cells with the signs of plasmoly-
sis. Yellow—green fluorescence
corresponds to the vacuolar
PolyP inclusions stained with
DAPI, red autofluorescence is
emitted by chlorophyll, and the
blue fluorescence is emitted by
dead cells. Scale bar=10 pm
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Fig.3 Ultrastructure of the
Lobosphaera sp. IPPAS C-2047
sporangia in modified BG-11
medium with 0.160 g P,L™": a—c
zoosporangium: a survey image
(a), fragments of enlarged
transverse (b), and longitudinal
sections (c¢) of the basal area of
flagella; d aplanosporangium,
that develops from zoosporan-
gium; e autosporangium. AW
wall of autospora, ApW wall of
aplanospora, Ch chloroplast,
CM cytoplasmic membrane,
LD lipid droplet, N nucleus; M
mitochondrion, SE sporangium
envelope, V vacuole. Arrows
indicate basal sections of
flagella. Scale bars=2 (a, d, e)
and 0.5 pm (b, ¢)

the C100 culture (Fig. 4). The highest percentage of spo-
rangia was noticed in the C25 culture: at the 7th day of the
experiment, it was 39%, while in the CC, C50, and C100 cul-
tures, the percentage of sporangia was only 5-9% (Fig. 4c).
After 9 day of incubation, young cell percentage in the C25,
C50, and C100 cultures was 1.7-2.2-fold lower than that
in the CC (41-52%). The highest share of sporangia was
observed in C25, while in the C50 and C100 cultures, the
sporangia were almost absent (Fig. 4d).

The intracellular reserves of PolyP are readily visual-
ized by staining with DAPI; their complex with the stain
yields a characteristic yellow—green fluorescence (Fig. 2).
On the 2nd day of the experiment, PolyP were detected in
22% of sporangia, 19% of young cells, and in 44% of mature
cells of the control culture (Figs. 2b, 4a). At the same time,
PolyP were visualized only in 25% of sporangia found in
the C25 cultures, whereas in the young and mature cells,
PolyP were not observed at all (Figs. 2d, 4a). Although one
might expect increased abundance of PolyP inclusions in
the cells incubated with a high external P;, we did not find
them in the C50 or C100 cultures in the beginning of the
experiment (Figs. 2f, h, 4a). Since the biosynthesis of PolyP
requires a lot of energy and hence active metabolism, it is
possible to think that the delay in the formation in the C50
and C100 might stem from the inhibitory effect of the high

P; concentrations on the cells which was also evidenced by
a decline in culture growth (Fig. 1a).

A considerable increase in PolyP inclusions was noticed
on the 5th day of the experiment: up to 95% of the control
cells contained PolyP (Figs. 2j, 4b). The number of sporan-
gia with PolyP also increased in the C25 culture (15% of
mature and 34% of young cells; Figs. 21, 4b). Remarkably,
the C100 cultures lacked visible PolyP inclusions (Figs. 2p,
4b), while in the C50 cultures, PolyP appeared only at the
Sth day of incubation (in 18% of mature and 62% young
cells; Figs. 2n, 4b). At the 7th day of the experiment, the
PolyP inclusions appeared in the C100 culture (Figs. 2x, 4c),
after a certain acclimation to the high external P;.

3.4 Total phosphorus content of the cells

The CC cells of Lobosphaera sp. possessed approximately
constant cell P content (1.52-1.90% DW) throughout the
experiment (Table 1). Even at extremely high external P,
concentration in the medium, the cell P content increased
only 1.5-5.0 times in comparison with the control; the maxi-
mal level of intracellular P (9.1%) was recorded in the C100
culture incubated for 2 day (Table 1). Later, the cell P con-
tent declined in this culture. In the C25 and C50 cultures,
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Fig.4 The changes of the
different cell type percent-
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Table 1 The P percentages in DW of Lobosphaera sp. IPPAS C-2047 084 g4 51
cells incubated at elevated P; levels
07 _/
Experimental Incubation time 44
variant 0.6
0 day 2 days 7 days 9 days
£ 0.5- o 7
CC 1.52+0.4* 1.7+£0.1 1.3+£0.1 1.9+0.2 W g
C25 1.52+0.4 3.0+£0.5 1.9+0.2 3.4+0,2 T )
C50 1.52+0.4 3.7+£0.6 1.8+£0.2 4.6+0.1
C100 1.52+04  9.1£05  27+01  1.9+03 031
14
#Data are presented as means + SD 0-21 4/\-\'
01 T T T T 1 0 T T T T 1
0 2 4 6 8 10 0o 2 4 6 8 10
the cell P content fluctuated in the range 1.8-4.6% through Time, d Time, d
the rest of the observation period.
—a—CC C25 C50 —v»—C100

3.5 Photosynthetic activity

The magnitude of the high-P; stress effect on the photo-
synthetic activity of Lobosphaera sp. was estimated using
the fast Chl fluorescence transients (Fig. 5, Sect. 2). The
changes of the potential maximal photochemical quantum
yield of photosystem II (PS II Q,) demonstrated different
trends depending on the external P; level (Fig. 5a). The CC
culture as well as the C25 and C50 cultures showed a high
PS 11 Q, in the range of 0.6-0.7 throughout the experiment.
Only the C100 culture showed a steady decrease in PS II
Q, t0 40% of the corresponding value recorded in the CC
culture (triangles in Fig. 5a).
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Fig.5 Changes in a potential maximal quantum yield of photosystem
II (F/F,) and b non-photochemical quenching of Chl fluorescence
(NPQ) in Lobosphaera sp. IPPAS C-2047 cells cultivated with 0.16
(control), 25, 50, and 100 g L! P;. Data are presented as means +SD

To assess the engagement of the photoprotective mecha-
nisms related to dissipation of the excessively absorbed light
energy in the Lobosphaera sp., we followed the changes in
non-photochemical quenching of Chl fluorescence (NPQ)
(Fig. 5b). A low level of initial NPQ (0.4-1.1) along with a
high F/F, (0.7-0.74) in the CC culture suggested the effi-
cient photochemical utilization of the absorbed light energy
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Fig.6 Effect of chemicals
blocking the formation of a
proton gradient on chloroplast 14
membrane (FCCP) and a vio-

laxanthin de-epoxidase inhibitor 12
(DTT) on a non-photochemical
quenching of Chl fluorescence
(NPQ) and b potential maximal

1.0
0.8
quantum yield of photosystem
1L (F,/F,) in Lobosphaera sp. 0.6
IPPAS C-2047 cells cultivated
with 0.16 (control), 25, and 50 g 0.4
L' P,. Data are presented as 0.2
means + SD (for further details,

see Sect. 2) 0.0

no additions

NPQ

C25 C50

P; concentration

by the microalgae under those conditions. An increase of
NPQ was recorded in this culture followed by its decline.
Similar trend but with much higher magnitude of NPQ
increase (up to 4 in the case of the C100 culture) was dis-
played by the cultures incubated at the elevated P; levels.
Notably, a decline in NPQ showed by this culture was not
accompanied by an increase in F,/F , suggesting the decline
in the efficiency of the energy-dependent NPQ-based photo-
protective mechanisms. At the same time, the C25 and C50
cultures possessed high F,/F,, on the background of mod-
erately high NPQ (Fig. 5b). A decline of NPQ on the back-
ground of F,/F retention in those cases might be indicative
of efficient acclimation of the cell to the elevated P, level
manifested by a high photosynthetic activity and a gradual
disengagement the NPQ-related protective mechanisms in
these cultures.

To better understand relationships between the retention
of PS I O, and the increase in NPQ observed in the pres-
ence of elevated P; concentrations, we tested the effects of
FCCP, an uncoupler of photophosphorylation and proton
gradient formation on the thylakoid membrane, in combina-
tion with DTT, an inhibitor of the violaxanthin de-epoxidase
enzyme responsible for up-regulation of the violaxanthin
cycle (Fig. 6); these compounds are collectively referred to
below as “NPQ blockers”. These experiments included the
variants characterized by relatively high F /F, (C25 and
C50) together with the control (CC). The cells treated with
the NPQ blockers demonstrated a low NPQ level (<0.2),
whereas in the untreated cells, NPQ was relatively high
(> 0.8; Figs. 5b and 6a). At the same time, the cells treated
with the NPQ blockers showed a nearly zero PS II Q, in
the presence of elevated P; levels (C25 and C50 in Fig. 6b).
Notably, at the low P; concentration (CC; Fig. 6b), PS II
Q, was relatively high (around 0.45) and close to the val-
ues typical of the untreated cells (0.55-0.65), indicating
that the added chemicals exerted only a little toxic effect
per se. Overall, the results of these experiments support

(i 3] @ -0.1

b no additions
0.7

+FCCP
+DTT

0.6 A
0.5 %

0.4

0.3

0.2

0.1

0.0 —

H O

C25 C50

Fv/Fm

+ FCCP
+ DTT

C25 C50 CC (C25 (50 cC

P; concentration

the existence of a relationship between the retention of a
high potential photosynthetic activity and high NPQ lev-
els registered in the presence of moderately elevated P,
concentrations.

3.6 Ultrastructural responses to elevated external
orthophosphate levels

Under our experimental conditions, the CC cells retained the
ultrastructure typical of the Lobosphaera sp. vegetative cells
and closely related strains (Fig. 7a) [26, 28-30]. Most veg-
etative cells featured a single cup-shaped chloroplast with
a large central pyrenoid traversed by several parallel thyla-
koids (Fig. 7a). Heterogeneity of the structure and condition
of the thylakoids was observed. In most of the spores resid-
ing in the sporangia (Fig. 3) and those of the young cells,
their chloroplast thylakoids featured a contracted lumen
throughout the experiment. The tightly packed granal thyla-
koids dominated on the periphery of the chloroplasts. Their
lumen was the narrowest (4—5 nm) on the 2nd day of incuba-
tion; Fig. 7b) on the 9th day the lumen was 5-10 nm wide.
The thylakoid lumen of the chloroplast of mature vegetative
cells was expanded (44-190 nm, mostly in the central part
of the chloroplast; Figs. 7a, b).

A general ultrastructural feature of Lobosphaera sp. incu-
bated for 2 days in the presence of the elevated P; was com-
prised by expanded thylakoid lumen observed both on the
peripheral and the central part of the chloroplast (Figs. 8a,
d, e; SI3a; SI4). Moreover, some cells of the Lobosphaera
sp. incubated at an elevated P, level displayed the unstacking
of granal thylakoid membrane (Fig. 8d). It should be noted
that most of the vegetative cells incubated at 50 g L™! or at
a lower P, level retained the expanded thylakoid up to the
9th day of the experiment (Fig. SI3e, f). By contrast, the
C100 cells displayed a contracted thylakoid lumen and the
signs of membrane destruction, e.g., fragmentation of the
thylakoids (Fig. 8g).
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Fig.7 Ultrastructure of the
Lobosphaera sp. IPPAS C-2047
cells in CC (a, b), C25 (c,

d), C100 (e, f), and C50 (g)
cultures. TEM images of the
ultrathin (a, b) or semi-thin
sections (c—g) are presented
including a survey image of

the cell (a) and its chloroplast
(b, enlarged); vacuoles with
assorted granules (a, ¢, e-g);
spherules in the cytoplasm (c),
thylakoid lumen and stroma of
the chloroplast (d), vacuoles
(c), cell wall (e); the small par-
ticles of irregular shape in the
cytoplasm (f). Ch chloroplast,
CW cell wall, LD lipid droplet,
N nucleus, M mitochondrion,
Py pyrenoid, SG starch grain, T
thylakoids, V vacuole, VI vacu-
olar inclusion. Scale bar=1 pm
(a, ¢, d) or 0.5 pm (b, e-g)

The Lobosphaera sp. in the studied cultures were charac-
terized by accumulation of the carbon reserves in the form
of cell inclusions such as starch grains (SG) and cytoplas-
mic lipid droplets (LD) (Figs. 3, 7, 8, SI3, SI4, Table 2). At
the 9th day, the accumulation of SG in the vegetative cells
of CC declined, whereas accumulation of LD increased as
compared to the 2nd day of the experiment (Table 2). The
cells of Lobosphaera sp. accumulated at the elevated P, lev-
els differed in size and number of their SG and LD which,
in turn, depended on the P; concentration in the medium.
Notably, the C100 cells showed a declined SG accumulation
as compared to the control. The opposite trend was recorded

@ Springer

in the C25 and C50 cultures. After 2 days of incubation
at the elevated P;, the accumulation of LD increased 3 -5
times as compared to CC. In the end of the experiment, the
accumulation of LD decreased slightly in the C25 culture
while in the C100 culture, the abundance of LD remained
constant. The C50 culture showed the highest accumulation
of SG and LD on the 9™ d of the experiment. In addition, the
C25 and C50 culture possessed more plastoglobules in their
chloroplasts than the control cells, whereas the C100 culture
showed no difference in this regard.

Remarkably, manifestations of the osmotic stress, e.g., the
gaps between the condensed cytoplasm and the cell walls
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Fig. 8 Ultrastructure of the Lobosphaera sp. IPPAS C-2047 cells in
C100 culture at 2th (a—e) and 9th (f, g) days of incubation. A sur-
vey image of the cells (a, f), vacuoles (b), chloroplasts (d, e, f), and
cell wall (c); diverse electron opaque vacuolar inclusions (a, b, f, g),
spherules in cytoplasm (a), cell wall (¢), thylakoid lumen (e), and
the destruction of photosynthetic apparatus (f, g). Ch chloroplast,

Table 2 The accumulation of starch grains and lipid drops in Lobos-
phaera sp. IPPAS C-2047 vegetative cells incubated at elevated P;
levels

Experimen- Starch grains per section  Lipid drops per section
tal variant —

Incubation time

2 days 9 days 2 days 9 days
CcC 209+2.8" 164+2.7 103+3.0 23.6+6.1
C25 30.8+7.1 24.0+29 332490 16.5+3.3
C50 N/DP 32083 N/D 77.2+145
C100 209+6.4 43+2.0 53.0+158 55.6+13.0

#Data are presented as means + SE
"Not detected

(Fig. SIla—c) and visually void mitochondria (Fig. SI1d)
were noticed in Lobosphaera sp. incubated cultivated at the

CW cell wall, LD lipid droplet, M mitochondrion, Py pyrenoid, SG
starch grain, T thylakoid, TL thylakoid lumen, V vacuole, VI vacuolar
inclusion. Arrows indicate round-shaped electron opaque inclusions.
Arrows with double tip indicate the local unstacking of thylakoids.
Scale bars=2 pm (a, f, g); 0.5 pm (b, ¢) and 0.2 pm (d, e)

elevated P, levels; they were especially pronounced in the
C100 cells.

Already on the 2nd day of the experiment, the control
cells of Lobosphaera sp. contained numerous vacuolar
inclusions represented mostly by round-shaped granules of
high electron density, 50-900 nm in size (T1 type, Table 3,
Fig. 7a). The ring-like inclusions, 30-50 nm thick, occupy-
ing all the vacuole perimeter (T3 type, Table 3) and round-
shaped inclusions of moderate electron density, 40-100 nm
in diameter accompanied by small, scattered granules,
10-30 nm in size (T4 type, Table 3) were observed in a
small part of cells.

Vacuole inclusions were enriched in P and O with the
presence of N, Ca, and Mg (Fig. SI5a). We also noticed the
round-shaped inclusions looking like electron-dense spher-
ules 10 — 50 nm in size (T2 type, Table 3) rarely found in the
cytoplasm or in the stroma of the chloroplasts.

On the 2™ d of the experiment, the vacuolar inclusions
in C25, C50, and C100 cultures were represented mostly
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Table 3 The effect of elevated external P; concentrations on the diversity and abundance of the P-containing inclusions in Lobosphaera sp.

C-2047 cells

Experimental variant Inclusion type Localization Representative figure Incubation time
2 days 9 days
CC T1! Vacuoles Figure 7a 44T +++
T2? Cytoplasm, stroma of chloroplasts - + +
T33 Vacuoles - + +
T4* Vacuoles - + ++
T5° Cytoplasm - N/F¢ N/F
C25,C50 T1 Vacuoles Figures 7d, SI3e + +++
T2 Most of the vegetative cell compart- Figures 7c, d, SI3c, d, f, SI4b +++ +++
ments; sporangia envelopes and
inter-spore matrix
T3 Vacuoles Figures 7 c, SI3a, d, SI4a +++ +
T4 Vacuoles Figure 7c ++ +
TS5 Cytoplasm - + +
C100 T1 Vacuoles Figure 8g N/F +++
T2 Most of the vegetative cell compart- Figures 7e, 8a—c, e +++ +++
ments; sporangia envelopes and
inter-spore matrix
T3 Vacuoles Figures 7e, 8a, b +++ +
T4 Vacuoles - N/F N/F
TS Cytoplasm Figure 7f ++ +++

*Round-shaped granules of high electron density, 150-900 nm in diameter

"Round-shaped inclusions of high electron density (spherules), 1050 nm in diameter

“Ring-like structures of high or uneven election density, 30-50 nm thick

9Round-shaped inclusions of moderate electron density, 40-100 nm in diameter accompanied by small, scattered granules, 10-30 nm in size

¢Small irregularly shaped particles of moderate electron density, 5-25 nm in size

fAbundance: scarce (+), moderate (++), ample (+++)
&Not found

by the ring-like inclusions of T3 type (Figs. 7c, e, f; 8a, b;
SI3a, d; SI4a; Table 3), whereas T1 type inclusions, the most
abundant in CC culture, were scarce or not identified. The
T4 type inclusion appeared in C25, C50 culture (Fig. 7c),
but was not found in C100 culture. The EDX spectra of T1,
T3, and T4 types of vacuolar inclusions in cultures with high
P, resembled those in the CC culture and were attributed to
PolyP (Figs. SI5a, c, e). The EDX spectra of the electron-
transparent central part of the vacuoles were accompanied
by the peaks of C, O, and Si but lacked the peaks of P and
N (Fig. SI5d).

Numerous P-enriched inclusions of T2 type were
detected in the cytoplasm (Figs. 7c, SI3d) as well as in
the thylakoid lumen (Figs. 7d, 8e, SI3f, SI4b) and in the
stroma of the chloroplasts (Figs. 7d, SI3b), in vacuoles
(Figs. 7c, 8b), cell wall (Figs. 7e, 8c), mitochondria and
the nuclei (Fig. 7f). These inclusions were much more
abundant in the Lobosphaera sp. cells incubated at the
elevated P; levels as compared to control (Table 3). At
high P; T2 type inclusions were also found in the gaps
under external cell wall layers (Fig. 7e), in the sporangia
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envelopes (Figs. SI3b, c¢) and in the spacer matrix separat-
ing the spores in zoo- and aplanosporangia (Fig. SI3d).
In addition to that, small P-enriched irregularly shaped
particles 5-25 nm in size were scattered in the cytoplasm
(TS type, Table 3, Figs. 7f). During 9 d experiment, the
particles of TS5 type were the amplest in the C100 culture,
but these particles lacked in the control culture (Table 3).
The EDX spectra of TS5 inclusions contained the peaks of
P, O, Ca, and Mg (Fig. SI5Sg) supporting their assignment
to P-rich inclusions formed in assorted cell compartments
during incubation at the elevated P; levels. Importantly, the
EDX spectra of the non-vacuolar inclusions both in control
and in the elevated P-incubated cells did not contain the
peak of N while all types of the vacuolar inclusions con-
tained this peak (Fig. SI5).

After 9 days incubation at the elevated levels of P,,
T3 type inclusions in vacuoles considerably decreased,
whereas the inclusions of T1 type dominated (Figs. 7g,
8f, SI3e, Table 3). The EDX spectra of T3 type inclu-
sions in C25, C50, and C100 cultures resembled the spec-
tra in CC, but the intensity of P peaks was considerably
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higher (Fig. SI5h). Remarkably, numerous spherules and
irregularly shaped particles were scattered over different
compartments of Lobosphaera sp. apart from the vacuole
resembling the picture documented on the 2nd day of the
experiment.

4 Discussion

The investigated strain of Lobosphaera displayed an unusu-
ally high tolerance to the increased P; concentrations in the
medium. The Lobosphaera sp. cells retained viability in the
presence of P; amounts drastically (100 — 500 times) exceed-
ing typical P; concentrations in artificial growth media and
environmental bioavailable P levels. We found that only
extremely high P, concentration of 100 g L™! exerted a pro-
nounced inhibitory effect on the Lobosphaera, whereas
lower P, concentrations (up to 50 g L™') caused only a mild
stress. Arguably, this phenomenon has a complex nature
involving a capability of storing of PolyP in the diverse cell
compartments, acclimation of photosynthetic apparatus, as
well as changes in the cell population structure and in its
heterogeneity. The physiological and morphological pecu-
liarities of the Lobosphaera sp. contributing, in our opinion,
to its high P; resilience are outlined below.

The changes in the condition of photosynthetic appara-
tus are very informative for estimation of stress responses
in microalgae (see e.g., [31]) including Lobosphaera [32,
33]. Under our experimental conditions, up-regulation of
NPQ accompanied the retention of photosynthetic activity
by the cells incubated in the presence of the moderately
elevated P; levels (C25 and C50; Figs. 5a, 6). Interestingly,
blocking the up-regulation of NPQ under the same condi-
tions lead to a profound decline photosynthetic activity,
but not at a low P; concentration (Fig. 6). Our previous
studies of Lobosphaera revealed participation of NPQ
in acclimatory responses of this microalga to different
stresses including nutrient starvation and chilling [32,
33]. Hence, its involvement is also likely under the high-
phosphate stress conditions studied in this work,

Collectively, the physiological and ultrastructural stud-
ies suggest that the acclimation of Lobosphaera sp. to the
high P, levels completes, under our experimental condi-
tions, within the first 2-3 days of exposure to the stressor.
This is supported by steadily maintained photosynthetic
activity at P;<50 g L~!. A contrasting case of failed accli-
mation was represented by the cultures incubated with
100 g L P;. A pronounced decline of NPQ together with
a drop of the photosynthetic activity (F,/F,,) might mani-
fest the exhaustion of the cell resources by the stress which
turned to be too strong.

The studied P, levels induced a sizeable decline of the
biomass accumulation rate of Lobosphaera sp. but only

slightly changed the composition of the major photosyn-
thetic pigment groups: the increase in carotenoid-to-Chl
ratio was below 10% of the value recorded in the control
culture. The relative stability of the pigment ratio suggests
that the acclimation of the cell to the high-P; stress takes
place mostly at the level of function, whereas the struc-
tural acclimation is less expressed. This hypothesis is sup-
ported by the ultrastructural evidence obtained: only the
100 g L™! P, provoked destructive changes in the assimila-
tory subcompartment of the cell (e.g., fragmentation of the
thylakoids). By contrast, the cells incubated at the lower P;
levels (<50 g L™!) retained the overall functional integrity
of the photosynthetic apparatus; at the same time, most of
the studied cells possessed the more expanded thylakoid
lumen as compared to the unstressed culture. This phe-
nomenon might be related with the stress-induced increase
in NPQ also documented in other microalgae species [34,
35] subjected to high irradiance or darkness, extreme tem-
peratures, and abrupt changes in the medium composition
[36, 37]. Mechanistically, the expansion of the lumen is
believed to be a manifestation of the energization of the
thylakoid membrane [38] during the build-up of NPQ,
and facilitation of plastocyanin diffusion [23, 39, 40]. The
contraction of the lumen following its expansion can be
attributed to a decline in the cell capacity for light energy
utilization and hence to its impaired ability to cope with
the excess P, stress, as obviously was the case in the cells
incubated with 100 g L™ P,.

It is currently accepted that an increase in thermal dis-
sipation of the absorbed light energy reduces the potential
inhibitory effect and mitigates the risk of photooxidative
damage [23]. This risk is high under stressful conditions dis-
turbing the balance between the absorbed light energy and
its utilization in the dark reactions of photosynthesis [31, 41,
42]. Such a reasoning was in line with the observed increase
of carbon reserves in the cells apparent as an increase in
LD and SG under the high-P; stress. This ultrastructural
response can be ascribed to the re-wiring of the cell metab-
olism in the stressed culture. Under the stress, the bulk of
photosynthates is channeled into the biosynthesis of carbon-
rich reserve compounds to re-establish the balance between
the production and the consumption of the photosynthates
[43—-45]. This process can be augmented by the increased
plastoglobuli formation harboring the lipids liberated in the
processes of the controlled thylakoid dismantling. Overall,
this process aims at adjusting of the light absorption cross-
section of the cell [46]. Again, in the cells which failed to
acclimate to the high P, (9 days at 100 g L™"), a significant
reduction of SG was noticed indicative of the destruction
of the assimilatory subcompartment and overall metabolic
dysregulation of the cell.

Another spectacular phenomenon accompanying the
acclimation of Lobosphaera sp. to high P; was the delayed
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formation of DAPI-stained vacuolar PolyP as compared to
unstressed cells. It is known that the vacuolar compartment
accommodates a considerable part of PolyP when P is ample
in the surroundings of the microalgae cells [25]. This strat-
egy allows to decrease the excess of P; inside the cell and
avoid the disturbance of metabolism, as the high levels of
P, can be toxic [47]. Under our experimental conditions,
increased concentrations of P; in the medium delayed the
formation of the relatively large vacuolar PolyP inclusions
observable under light microscope. At the same time, the
results of EM with EDX demonstrated the abundance of
vacuolar PolyP inclusions in Lobosphaera sp. at the ini-
tial stages of the high P; exposure, but the morphology of
the most diverse inclusions, described as thing ring-liked
structures, differed from the large vacuolar inclusions in
unstressed culture and probably did not allow to visualize
them with DAPI-staining technique. In view of this find-
ing, one can think that the vacuolar PolyP biosynthesis was
somewhat impaired during the initial acclimation to the high
P,, but upon successful acclimation, it catches up with the
amount of the P; in the cells using the energy provided by
photosynthetic apparatus. This suggestion was supported by
our data on the dynamics of the vacuolar P-rich inclusions
in Lobosphaera sp. (Table 3).

One should also mention an important role of PolyP in
maintaining of the osmotic homeostasis of the microal-
gae cells [10]. This effect could be implemented through a
specific polyphosphatase activity that hydrolyzes the long-
chain PolyP to form ATP which is spent to support the cell
homeostasis [10, 48]. Accordingly, the observed correlation
between the delay of vacuolar PolyP visualization by DAPI
and magnitude of high P, stress probably indicates the par-
ticipation of vacuolar PolyP in stress acclimation mechanism
associated with PolyP hydrolysis.

Apart from changes in the vacuolar PolyP morphology
in case of high-P; stress, a vast increase in the abundance
and diversity of small non-vacuolar P-containing inclu-
sions was observed. In the cells incubated at the elevated
P; levels, such structures were found in every subcompart-
ment of the cell. Taking into account the EDX results (Fig.
SI5b, £, g), the peculiar morphology (Table 3), and the pre-
viously accumulated evidence [20], these inclusions rep-
resent the depot for the PolyP formed in the cell under the
elevated P; conditions. To the best of our knowledge, this
is the first report on the structured PolyP inclusions in the
thylakoid lumen of the chloroplast of the microalgae cell
(Figs. 7d, 8e, SI3f), although the presence of amorphous
P-containing matter in the thylakoids was documented
previously [49]. The biosynthesis of long-chain PolyP in
the form of broadly distributed non-vacuolar P-rich inclu-
sions may reflect an emergency acclimation of the cell try-
ing to convert the P; excess to a less metabolically active
form. This mechanism aims at control the formation of
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short-chain PolyP which can exert deleterious effects on
the metabolism via protein misfolding and interfering in
the matrix biosynthesis process [47].

Notably, the 100-500-fold increase of the external P;
exerted only 1.5-5.0 times increase of the internal P, level.
The moderate P accumulation seems to be crucial for the
overall P, tolerance of microalgae [3] including the studied
Lobosphaera sp. and probably associated with the inhibi-
tion of the specific P; uptake [50, 51] or the efflux of the
excessive P; [52].

Since large P; concentrations were used in this work,
the possible effects of the osmotic stress complementing
the effects of P; per se are very relevant. At the same time,
we did not notice profound alterations in the average size
of sporangia, young and mature cells cultivated under
the excess P; as compared to the unstressed culture (Fig.
SI2). Moreover, only limited number of cells displayed
the symptoms of plasmolysis in our experiments (Figs. 2,
SI1), while most cells retained their structure and integrity.
The obviously low influence of the osmotic stress can be
attributed, at least in part, to the cell ability to limit the P,
uptake, the abundant synthesis of non-vacuolar long-chain
PolyP enable to decrease the bioavailable P excess in cells,
as well as the probable potential stabilizing effect exerted
by hydrolysis of vacuolar PolyP.

Another determinant of the high P, tolerance of Lobos-
phaera might be related to the stress response on the
level of the cell population. In particular, the changes
in the heterogeneity of cell population structure during
stress might have a significant role in the operation of the
stress-resilience mechanisms. The results of the micros-
copy revealed that zoosporangia were the most vulner-
able to high P, stress, they probably transformed into
more P;-tolerant aplanosporangia or eventually damaged.
A similar response to unfavorable conditions was previ-
ously documented in Trebouxia, a relative of Lobosphaera
sp., and explained by the better stress tolerance of apla-
nospores compared to zoospores lacking their own cell
wall inside zoosporangia [53]. Interestingly, the 25 g L!
P; exerted the 5-8 time increase in aplanosporangia for-
mation as compared to unstressed culture, whereas at the
P,>50 g L™! P, the level of aplanosporangia formation
was low. The shift of the cell population toward apla-
nosporangia formation might be explained by a better
protection of the cells inside sporangia from deleterious
effects of a high external P,. Probably, at P,>50 g L',
the formation of aplanosporangia was limited due to the
lack of energy resources for cell reorganization or arrest
of the sporogenesis. As a result, the domination of mature
vegetative cells in the population structure was observed.
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5 Conclusions

The remarkable P; tolerance of the studied chlorophyte
Lobosphaera sp. IPPAS C-2047 appears to be deter-
mined by several mechanisms. One of them is a versatile
P-metabolism capable of rapid conversion of the exog-
enic P; into metabolically safe PolyP stored in the many
cell compartments in form of ample P-rich inclusions the
acclimatory changes in the cell population structure and
its heterogeneity. We also hypothesize that NPQ readily
induced under the high-phosphate stress and the ultras-
tructure plasticity of the photosynthetic apparatus as well
as the increase in the biosynthesis of carbon-rich reserve
compounds could contribute to the observed resilience to
the high external P,. Last but not least, the cell ability to
limit the P; uptake and form ample vacuolar PolyP seems
to play a role in retaining of the cell homeostasis under the
high P; stress in the Lobosphaera sp.
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