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Abstract Vacuole is a multifunctional compartment central to
a large number of functions (storage, catabolism, maintenance
of the cell homeostasis) in oxygenic phototrophs including
microalgae. Still, microalgal cell vacuole is much less studied
than that of higher plants although knowledge of the vacuolar
structure and function is essential for understanding physiol-
ogy of nutrition and stress tolerance of microalgae. Here, we
combined the advanced analytical and conventional transmis-
sion electron microscopy methods to obtain semi-quantitative,
spatially resolved at the subcellular level information on ele-
mental composition of the cell vacuoles in several free-living
and symbiotic chlorophytes. We obtained a detailed record of
the changes in cell and vacuolar ultrastructure in response to
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environmental stimuli under diverse conditions. We suggested
that the vacuolar inclusions could be divided into responsible
for storage of phosphorus (mainly in form of polyphosphate)
and those accommodating non-protein nitrogen (presumably
polyamine) reserves, respectively.

The ultrastructural findings, together with the data on
elemental composition of different cell compartments,
allowed us to speculate on the role of the vacuolar membrane
in the biosynthesis and sequestration of polyphosphate. We
also describe the ultrastructural evidence of possible involve-
ment of the tonoplast in the membrane lipid turnover and
exchange of energy and metabolites between chloro-
plasts and mitochondria. These processes might play a
significant role in acclimation in different stresses in-
cluding nitrogen starvation and extremely high level of
CO, and might also be of importance for microalgal
biotechnology. Advantages and limitations of application
of analytical electron microscopy to biosamples such as
microalgal cells are discussed.

Keywords Analytical electron microscopy - Microalgae -
Nitrogen - Phosphorus - Polyphosphate - Stress responses -
Vacuole

Abbreviations

DAPI 4',6-diamidino-2-phenylindole

EDX Energy-dispersive X-ray spectroscopy

EELS Electron energy loss spectroscopy

EFTEM Energy-filtered transmission electron
microscopy

EMS Epichloroplast membrane structure

HAADF- High angle annular dark-field scanning trans-

STEM mission electron microscopy

NMR Nuclear magnetic resonance
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PolyP Polyphosphate(s)

STEM Scanning transmission electron microscopy
TEM transmission electron microscopy
Introduction

Vacuole is a multifunctional cell compartment central to the
functions of catabolism, storage, the cell homeostasis mainte-
nance, as well as to development and detoxication in green
plants including microalgae (Marty 1999). Study of the struc-
ture and function of the vacuole provides essential insights
into the mechanisms of physiological plasticity of cells under
environmental and biotic stresses. However, the microalgal
cell vacuoles are much less studied in comparison with those
of higher plant cells. Compared to higher plants, this oppor-
tunity has so far not been adequately addressed in microalgae
where more studies of cellular vacuoles are needed.

The membrane (tonoplast) of large vacuoles of green algae
(Bethmann et al. 1995) hosts transport mechanisms resembling
those of terrestrial plants. Thus, the tonoplast of a chlorophyte
Chlorococcum littorale (Sasaki et al. 1999) as well as the mem-
brane of lytic vacuoles of Chlamydomonas reinhardtii
(Robinson et al. 1998), including the electron-dense vacuoles
(Ruiz et al. 2001), harbors pyrophosphatase (H*-PPase), vacu-
olar ATPase (V-ATPase) (Maeshima 2000), and acid phospha-
tase (Matagne et al. 1976). The vacuoles filled with electron-
dense matter are actually typical of many microalgae. These
organelles are believed to function as a depot of polyphosphates
(PolyP) and divalent cations in the cell (Docampo et al. 2005;
Docampo and Huang 2016). Becker (2007) considered the
presence of the enzymatic machinery for P; transport/energy
transformation in the vacuolar membranes of Ch. reinhardtii
to indicate involvement in the catabolism of polyphosphates,
similar to function of lysosomes in animal and higher plant cells
(Hedrich et al. 1989). These organelles are believed to function
as depots of polyphosphates.

Interest in vacuolar functions in the microalgal cell has
been further stimulated by the recent progress in microalgal
biotechnology (Gong et al. 2011; Lam and Lee 2012; Ray
et al. 2013). Biosynthesis of diverse high-value compounds
by microalgal cells is stimulated by stress, particularly by
nutrient limitation, in which vacuoles play an essential role.
Also, potentially involving vacuoles is biocapture of nutrients
from waste streams (Pittman et al. 2011). Nutrient uptake de-
pends on the cell quota of nitrogen and/or phosphorus storage,
part of which involves vacuoles (Lourengo et al. 1998; Powell
et al. 2009; Solovchenko et al. 2016b).

Functionalities of microalgal vacuoles have so far been
only rarely approached on a subcellular level (Sviben et al.
2016; Ota et al. 2016). A unique opportunity for new insights
on this level is offered by analytical transmission electron
microscopy (TEM) that is well established in material science

@ Springer

but much less exploited in biology. At the origins of this new
method, conventional TEM has been first established as pow-
erful tool in life science for investigation of morphology and
ultrastructure of various objects including cell vacuoles. Later,
it was extended with analytical capabilities of energy-
dispersive X-ray spectroscopy (EDX) or electron energy loss
spectroscopy (EELS) that complement TEM images of the
specimen with its elemental content and composition with a
nanoscale resolution (Egerton 2009; Brydson et al. 2014). In
the past two decades, new highly sensitive detectors and ad-
vanced data analysis algorithms further advanced capacity of
analytical TEM to perform spatially resolved elemental anal-
ysis of biological objects (Aronova and Leapman 2012;
Warley 2016). Analytical TEM became a very potent tool
for detecting metals such as Ca (Nishikawa et al. 2003), Cr
(Millach et al. 2015), Cu, and Pb (Burgos et al. 2013) in green
microalgae at a subcellular level. This approach is significant-
ly more difficult when “light” elements such as N or P in
microalgal cells have to be detected. Further complicating
factor may be the focus on vacuole where the target elements
may be sometimes present at low concentrations and samples
can by unstable or hard to prepare without altering the
vacuolar composition. Hence, the reports on the distribution
and elemental composition of native microalgal cell structures
under physiological conditions are scarce. Only recently, EDX
was successfully applied by Ota et al. (2016) to study the
relationship between PolyP accumulation and occurrence of
the electron-dense bodies in the sulfur-deprived chlorophyte
Parachlorella kessleri NIES-2152. Successful application of
TEM coupled with EELS is exemplified by the analysis of Fe,
Al, and Si in the cell wall and vacuolar inclusions of snow
algae (Liitz-Meindl and Liitz 2006), study of Ca binding by
pectin-like carbohydrates in chlorophytes (Eder and Liitz-
Meindl 2008; 2010), study of coccolith-producing compart-
ment inside the cells of unicellular marine algae Emiliania
huxleyi (Sviben et al. 2016), and finding the sites of H,O,
generation via peroxidase reaction with CeCl; in osmotically
stressed Micrasterias cells (Darehshouri and Liitz-Meindl
2010).

In the present work, we focus on the vacuoles of model free-
living and symbiotic chlorophytes grown under various condi-
tions (Table 1). These organisms contain ample vacuoles with
inhomogeneous electron density filling (Gorelova et al. 2015a)
that may represent polyphosphate reserves (Becker 2007). One
of these microalgae, Desmodesmus sp. IPPAS S-2014, was
characterized in our laboratory previously under different
growth conditions (irradiance, nutrient availability, elevated
CO, stress; see Solovchenko et al. 2014; 2015; 2016b;
Gorelova et al. 2015b; Baulina et al. 2016) and represents an
adequate model for study of the changes in the ultrastructure
and elemental composition of the cell vacuoles in responses to
these factors. However, the data on elemental composition re-
solved at the subcellular level, in particular for the vacuoles and
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Table 1  Microalgal strains and cultivation conditions

Microalgal strain Origin

Cultivation conditions  Designation

Chlorella vulgaris CCALA 256

Republic (CCALA)
Parachlorella kessleri CCALA 251 CCALA
C. vulgaris IPPAS C-1
Russian Acad. Sci

Desmodesmus sp. IPPAS S-2014° IPPAS

Acutodesmus obliquus 46
Faculty, Lomonosov MSU

The Culture Collection of Autotrophic Organisms,
Institute of Botany Czech Acad. Sci., Tfebon, Czech

K.A. Timiryazev Institute of Plant Physiology—IPPAS,

Algal collection of Bioengineering Department, Biological

“2.5%CO0O,, —P”
“2.5%CO,, +P”

C. vulgaris 256

“2 5%CO,, —P”
“2 5%CO,, +P”
“2 5%CO,, —P”
“2 5%CO,, +P”
N

“Air, +N”

“Air, -N”
“20%C0,, +N”
“20%C0,, -~ N”
“100%CO,, +N”
“100%CO,, -N”
N

“Air, +N”

“Air, -N”
“20%C0,, +N”
“20%C0,, -N”
“100%CO,, +N”
“100%CO,, -N”

P, kessleri 251
C. vulgaris C-1

Desmodesmus sp.

A. obliquus 46

#No bubbling or bubbling with air (Air) (0.04 % CO,); +N or +P, complete medium; —P, P-free medium; —N, N-free medium. For the CO,-enriched
cultures, CO, volume (STP) percentages in the air-gas mixture passed through a 0.22-pm bacterial filter (Merck-Millipore, Billerica, MA, USA) are
specified. Pure (99.999 %) CO, from cylinders was used. For more detail, see text

® A symbiotic strain Desmodesmus sp. IPPAS S-2014 (referred earlier as Desmodesmus sp. 3Dp86E-1) from a hydroid Dynamena pumila (Gorelova et al. 2015a)

inclusions harbored by these structures, are missing so far. In
the present work, we complemented the TEM images with two
analytical TEM techniques, EDX and EELS. The data on the
observed ultrastructural and physiological responses linked
with the dynamics of the elemental content allowed us to for-
mulate hypothesis on the roles of vacuolar compartments in
microalgae under stress. Further, we also demonstrate that the
modern analytical TEM-based approaches reveal a plethora of
valuable information at subcellular level making it possible to
gain a deep insight into the roles of vacuolar compartment in the
P and N metabolism and in homeostasis of microalgal cells. In
conclusion, we summarize essentials for a successful applica-
tion of the analytical TEM methods to microalgal cells.

Material and methods
Algal strains and cultivation conditions

The following algae were used in the investigation: Chlorella
vulgaris CCALA 256, Chlorella vulgaris IPPAS C-1,
Parachlorella kessleri CCALA 251, Desmodesmus sp. IPPAS
S-2014, Acutodesmus obliquus 46. The key information about
the studied algal strains, their designations, and cultivation con-
ditions is summarized in Table 1. The cultures of C. vulgaris
256, P. kessleri 251, and C. vulgaris C-1 were subjected to P

starvation; the cultures of Desmodesmus sp. and A. obliquus 46
were grown at different N availability. The cultivation in P- and/
or N-free was carried out as follows. The cells of the corre-
sponding pre-culture (see below) were harvested by centrifuga-
tion (1200%g for 5 min), twice washed in fresh P- or N-free or
N-containing medium, respectively, and resuspended in the cor-
responding (—P or —N or +N) medium to the initial chlorophyll
(Chl) concentration content of 25 mg/L Chl.

The pre-cultures of C. vulgaris 256, P. kessleri 251, and
C. vulgaris C-1 were transferred to 5 L of phosphorus-free
Tamiya medium (Tamiya 1957) in a V-bag bioreactor
(NOVAgreen®) inside a greenhouse. The cultures were
grown under natural solar illumination (March in Jiilich,
Germany) combined with a supplemental continuous illumi-
nation by fluorescent tubes (Sylvania T8 GroLux
F18W/GRO, Belgium) that added 250 pumol PAR photons
m 2 s ! measured at the bag surface by LiCor 850 quantum
sensor (Licor, USA). The cultures were sparged with CO,-air
mixture (Table 1) at a rate of 5 L min . After 8 days of P
starvation, the culture was harvested and re-suspended in the
same volume of complete Tamiya medium that contained a
rich phosphate supplement during which the P-uptake and
storage were followed.

The pre-cultures of Desmodesmus sp. and A. obliquus 46
were grown in flasks on BG-11 medium at 40 pmol PAR
photons m 2 s~ without bubbling. The pre-cultures were kept
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at the exponential phase by daily dilution with the medium.
The cultures of Desmodesmus sp. and A. obliguus 46 were
initiated in complete BG-11 medium (+N) or nitrogen-
lacking BG-11; medium (—N) (Rippka et al. 1979) in glass
columns (6 cm internal diameter, 1.5 L volume). The cultures
were grown under continuous illumination of 480 pmol PAR
photons m 2 s~ by a white light emitting diode source mea-
sured as described above in a temperature-controlled water
bath at 27 °C and constant bubbling with air and/or CO,
(see Table 1) at a rate of 0.3 L min "'

Electron microscopy

The microalgae samples for TEM were prepared with the stan-
dard protocol: fixed in 2 % v/v glutaraldehyde solution in 0.1 M
sodium cacodylate buffer (pH 6.8-7.2, depending in the culture
pH) at room temperature for 0.5 h and then post-fixed for 4 h in
1 % (w/v) OsOy in the same buffer. The samples, after dehy-
dration through graded ethanol series including anhydrous eth-
anol saturated with or without uranyl acetate, were embedded in
araldite. The samples for TEM in certain experiments were
prepared according to protocols for high-pressure freezing and
freeze-substitution with cryofixation without cryoprotectants or
with 20 % BSA (bovine serum albumin). The cells were
cryofixed in high-pressure freezing machine (Leica EM
HPM100; Leica Microsystems, Austria). Frozen specimens
were transferred to automatic freeze-substitution machine
(Leica EM AFS2; Leica Microsystems, Austria) and placed in
the substitution cocktail of 1 % OsQy, 2 % glutaraldehyde, 1 %
H,0 in acetone pre-cooled to —90 °C. The following protocol
was used for freeze-substitution: —90 °C for 12 h; —90 °C to
—60 °C within 8 h, =60 °C for 12 h, =60 °C to —30 °C within
8 h, =30 °C for 12 h, =30 °C to 0 °C within 8 h. At 0 °C, the
specimens were rinsed thrice with precooled dry acetone then
warmed up to room temperature over 2 h. Specimens were
rinsed again at room temperature and embedded in EMbed
812 Resin (Electron Microscopy Sciences, USA). Ultrathin sec-
tions were made with an LKB-8800 (LKB, Sweden) ultratome,
mounted to the formvar-coated TEM grids, and stained with
lead citrate according to Reynolds (1963) and examined under
JEM-1011 (JEOL, Tokyo, Japan) microscope.

The samples for nanoscale elemental analysis in analytical
TEM using EDX and EELS were fixed, dehydrated, and em-
bedded in araldite or EMbed 812 Resin (Electron Microscopy
Sciences, USA) as described above usually excepting the stain-
ing with uranyl acetate and lead citrate. Semi-thin and ultrathin
sections were made with a LKB-8800 (LKB, Sweden)
ultratome and examined under JEM-2100 (JEOL, Japan) mi-
croscope equipped with a LaB¢ gun at the accelerating voltage
200 kV. Point EDX spectra were recorded using JEOL bright-
field scanning TEM (STEM) module and X-Max X-ray detec-
tor system with ultrathin window capable of analysis of light
element starting from boron (Oxford Instruments, UK). The
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energy range of recorded spectra was 0—10 keV with a resolu-
tion of 10 eV per channel. This range includes the peaks of
major biogenic elements (C, N, O, P, Ca, Mg, S, K, Na, CI;
see the table in Online Resource 1). At least 10 cells per spec-
imen were analyzed. Spectra were recorded from different parts
of electron-dense inclusions (at least 35 measurements for cach
point) and from other (sub)compartments of microalgae cell
(thylakoid membranes, pyrenoid, plastoglobuli, starch grains
in chloroplast, mitochondrion, cytoplasmic oil bodies, and nu-
cleus). Spectra were processed with INKA software (Oxford
instruments, UK) and presented in a range 0.1-4 keV.

EELS analysis was performed on ultrathin sections using
Gatan GIF Quantum ER spectrometer (Gatan, USA). EELS
point spectra from the vacuolar inclusions were recorded in
high-angle annular dark-field scanning transmission electron
miscroscopy (HAADF-STEM) mode using Gatan 806
HAADF-STEM detector. The energy—loss range was 100—
600 eV, which includes C, N, P, S, Ca, Cl, and O edges (see
the table in Online Resource 2). Digital Micrograph software
(Gatan, USA) was used for spectra processing. The back-
ground was approximated by a power-law function. N and P
elemental mapping was carried out using energy-filtered TEM
(EFTEM) 3-window method with a 15 eV energy selecting
slit. Two pre-edge images at 374 and at 392 eV and one post-
edge image at 412 eV were recorded for N-mapping, and two
pre-edge images at 101 and at 123 eV and post-edge image at
150 eV for P mapping. The energy windows were chosen
basing on the spectra to avoid overlap with other element
edges. The objective aperture was 40 um. The elemental dis-
tributions were calculated automatically using Digital
Micrograph software after alignment of the obtained images
using a power law as the background model. Specimen thick-
ness was controlled to ensure that it did not exceed the optimal
value for EFTEM (below 0.5 A, where A is inelastic mean free
path length for the chosen experimental conditions).

Electron tomography

The tomographic tilt series was obtained from semi-thin sec-
tions in the tilt range from —55 to +55 degrees. The
Temography software package (CiFi, Japan) was used for im-
age series acquisition, alignment, reconstruction, and tomo-
gram visualization. Filtered back projection algorithm was
used for volume reconstruction. The reconstruction had
inverted contrast in relation to the TEM image.

NMR spectroscopy

Samples for nuclear magnetic resonance (NMR) measurements
were prepared by gentle suspension of pellets, obtained by cen-
trifugation of microalga cells, in 0.6 ml of the corresponding
growth medium lacking phosphorus. Ten percent D,O was
added to final solution in order to stabilize resonance
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conditions. The *'P-NMR spectra were acquired on a Bruker
Avance 600 spectrometer (Bruker, Germany), operating at
242.94 MHz *'P frequency. Spectra were acquired at 298 K
with 8500-9000 scans and a repetition rate of 2 s. Chemical
shifts are referenced with respect to 85 % H3;PO,. Spectra were
processed by TopSpin 2.0 and Mnova NMR (Mestrelab
Research, Santiago de Compostela, Spain) software.

DAPI staining

One microliter of 300 uM solution of 4',6-diamidino-2-
phenylindole (DAPI) in methanol prepared from a 5 mg/mL
stock DAPI for nucleic acid (Sigma, USA) staining in meth-
anol was added (300 nM final concentration) to cell suspen-
sion in corresponding media. After 5 min of incubation, ali-
quots of the cell suspension were transferred in a 96-well
transparent plate. The plate was read on the plate reader
Infinite 200 Pro (Tecan, Switzerland) in the bottom-read
mode, and DAPI fluorescence was measured using UV exci-
tation (360 nm). The fluorescence spectra were recorded in the
450-645 nm and processed by Magellan (Tecan, Switzerland)
software. The emission in the range 450—480 nm was assigned
to the nucleic acid-DAPI complex and that in the range 500—
550 nm—to PolyP-DAPI complexes (Omelon and Grynpas
2008). The fluorescence spectra of the same media without
cells were used to subtract the background signal. The spectra
were measured every 10 min for 4 h after the DAPI addition.

Results
Whole cell survey microscopy

The bulk of the cells from the nutrient-replete cultures of all
studied microalgae at early or middle stationary phase retained
ultrastructural integrity of their cell compartments (Fig. 1).
Moreover, the cells contained chloroplasts with well-
developed thylakoid membranes, mitochondria, ample ribo-
somes, and dictyosomes of the Golgi apparatus. Furthermore,
the cells did not possess a large amount of lipid and/or carbo-
hydrate reserves. These observations suggested that a vigor-
ous assimilation and formation of the cell structural compo-
nents took place under our experimental conditions.

The cytoplasm of the studied cells frequently harbored vacu-
oles (Fig. 1). Interestingly, in most of the vacuoles, tonoplast
formed tight contacts with the outer membrane of mitochondria
and/or the outer membrane of chloroplast and/or epichloroplast
membrane structures (EMS) (Figs. 1 and 2). The EMS are
formed by the outer membrane of chloroplast. The peculiar
membrane structures designated as twirls were involved in the
formation of the contacts protruding to the vacuole lumen

(Fig. 2e, g).

Stress-induced reorganization of assimilatory and reserve
(sub)compartment of the microalgal cells exemplified by
Desmodesmus sp. was detailed in our previous works
(Solovchenko et al. 2014, 2015, 2016a; Gorelova et al. 2015b;
Baulina et al. 2016). A specific effect of extremely high CO,
levels on the vacuoles was the invagination of both chloroplast
membranes and thylakoids, in addition to the membrane twirls,
into the vacuole lumen (Fig. 2f).

In the nitrogen-starving cells, the vacuoles formed contacts
with oil bodies, in addition to the contacts with chloroplasts
and mitochondria, regardless of irradiance or CO, concentra-
tion. At the site of contact, the matrix of the oil bodies formed
intrusion of different electron density (see the TEM image in
Online Resource 3) in the vacuolar lumen; the intrusion
retained fragments of 4.4 £ 1.8-nm-thick boundary layer (the
tonoplast in the same samples was 8.3 £0.9 nm thick). The
boundary layer fragments facing the vacuolar lumen were
decorated with grain-like depositions resembling those on
the inner side of the tonoplast.

The vacuole number in the cell varied in the organism-
specific manner, modulated by the growth phase and cultiva-
tion conditions. Thus, under the same cultivation conditions
(e.g., during luxury P uptake after P-starvation), vacuoles
were found in 25-50 % of the studied cell sections of
C. vulgaris C-1 whereas in C. vulgaris 256 or P. kessleri
251, the organelles were present in 85-90 % sections.

Almost all (90-100 %) sections of the Desmodesmus sp. cells
contained vacuoles. In the course of cultivation at the atmospher-
ic CO, level (sparging with air), the number of vacuoles per
section declined upon reaching the stationary phase, approxi-
mately by 30 % regardless of nitrogen availability (Table 2). In
the cultures of this microalga grown at 20 % CO,, the per section
number of vacuoles did not depend on growth phase but in-
creased twofold under N starvation (Table 2).

The vacuoles in the microalgal cells also differed in their
size. The largest vacuoles were observed in the stationary-
phase “100 % CO,, +N” cultures of Desmodesmus sp.
(Table 2). The calculated vacuole area was in this case 2.5 or
4.4 times higher than in the cells grown at the atmospheric CO,
or 20 % CO,, respectively. It is likely that the observed expan-
sion of the vacuolar compartment was associated with the in-
crease in the number of proton carries sequestering H* from the
cytoplasm into the vacuoles essential for maintenance of pH
homeostasis during the acidification induced by excessive
CO, inflow in the cell (Sasaki et al. 1999). In addition to the
differences in size and number, the vacuoles differed consider-
ably by their filling with inclusions and ultrastructural organi-
zation of the latter.

Morphology and ultrastructure of vacuolar inclusions

Assorted inclusions differing in their morphology and ultra-
structure were distinctly observable against the featureless,
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Fig. 1 The ultrastructure of the
microalgae (TEM images,
ultrathin cell sections stained with
uranyl acetate and lead citrate).
The cells from the nutrient-replete
cultures at early or middle
stationary phase retained the
ultrastructural integrity of their
compartments. The cytoplasm of
the studied cells frequently
harbored vacuoles. The vacuoles
differed considerably by their
filling with inclusions and
ultrastructural organization of the
latter. a Desmodesmus sp. IPPAS
S-2014 from “Air, +N” culture. b
Acutodesmus obliquus 46 from
“20%CO,, +N” culture. ¢
Chlorella vulgaris CCALA 256
from “2.5%CO,, +P” culture. d
Chlorella vulgaris IPPAS C-1
from “2.5%CO,, +P” culture. e
Parachlorella kessleri CCALA
251 from “2.5%CO,, +P” culture.
Ch chloroplast, N nucleus, P
pyrenoid, S starch grain, V
vacuoles with different
inclusions. Scale bars=0.5 pm

relatively electron-transparent background of the vacuolar ma-
trix on the ultrathin cell sections stained with uranyl acetate
(Figs. 2 and 3a, b). These inclusions could be divided into two
categories: type | (granular) or type II (globular/crystalloid).
The type I inclusions were represented by granules of high or
moderate electron density. The small (4-22 nm) granules were
scattered over the vacuole interior (Fig. 2a) or assembled on
the inner side of the tonoplast (Fig. 2b—d, f~h). As a result, the
latter assumed that the look of asymmetric membrane expand-
ed to 10—13 nm. The granules often assembled in round-
shaped porous clusters 200—1200 nm in diameter or clusters
with uncertain shape (Fig. 2c—f). Noteworthy, the granular
inclusions were normally in close contact with the internal
surface of the tonoplast or the membrane structures intruding
into the vacuole. Generally, the granular inclusions featured
uneven electron density. The regions of the sample with ex-
tremely high electron density tended to crumble out and great-
ly complicated the analysis of fine structure of the inclusions;
hence, it was revealed only in a limited number of regions.
Nevertheless, we found that the granular inclusions featured
an ordered structure comprised by peripheral spherules
(Fig. 2b, d, f) and a core of rod- and/or round-shaped, linearly
packed grains (Fig. 2c, d, f).

In certain experiments, the staining with uranyl acetate was
omitted from the sample preparation of C. vulgaris 256,
C. vulgaris C-1, or P. kessleri 251 cells; so, the overall electron
density and contrast of the corresponding images were lower.
Using this approach, we revealed that the inclusions incorpo-
rated large structurally ordered regions (Fig. 3¢, d). In certain
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parts, the section displayed interleaving (with a period of 4.90
+0.12 nm) mutually parallel patterns of low and high electron
density of equal width arranged as individual wires in a multi-
core cable. At a high magnification (Fig. 3d), the electron-dense
regions composed of rows of electron-opaque granules ar-
ranged in a linear or zigzag fashion. These granules, arranged
in series and interleaved by low-electron density matter, were
connected by 1.64 +0.07-nm-thick bridges, also of moderate
electron density. The electron-dense rows occasionally extend-
ed to form local grain clusters, unordered or featuring a
honeycomb-like pattern. Following the analogy of a multi-
core cable, the latter pattern can be imagined as that formed
by individual wires on the cross-section of the cable. In the
latter case, the 5.07 +0.31-nm grains were interconnected by
several 1.31 +0.07-nm-thick bridges of moderate electron den-
sity distinctly visible on the background of low electron density.
It is conceivable that the images described above might reflect
longitudinal, tangential, or transversal sections of parallel struc-
tures resembling beads (the electron-dense micelles) on a string
embedded in an electron-transparent matter and twisted in the
vacuolar interior.

The globular crystalloid (type II) inclusions were represent-
ed by globules of moderate electron density. The type II in-
clusions frequently contained mica-like crystalloid regions
which often peeled off during the sample cutting resulting in
the formation of electron-transparent regions with electron-
dense borders (Figs. 2h, i and 3a, b). The type II inclusions
were better preserved in semi-thin sections (Fig. 3e, ). The
inclusions of both types (I and II) were often situated in the
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Fig. 2 The ultrastructure of the
microalgal vacuoles with
inclusions (TEM images,
ultrathin cell sections stained with
uranyl acetate and lead citrate) of
two types: granular type I (a—f) or
globular/crystalloid type II (g—i).
In most of the vacuoles, tonoplast
formed close contacts with the
outer membrane of mitochondria,
chloroplast, and/or epichloroplast
membrane structure intruding to
the vacuole lumen. a Chlorella
vulgaris IPPAS C-1 from “2.5 %
CO,, +P” culture. b, d Chlorella
vulgaris CCALA 256 from

“2.5 9% CO,, +P” culture. ¢
Parachlorella kessleri CCALA
251 from “2.5 % CO,, +P”
culture. e, g, h Acutodesmus
obliquus 46 from “20 % CO,,
+N” culture. f, i Desmodesmus sp.
IPPAS S-2014 from “100 % CO,,
—N” culture and from “Air, +N”
culture, respectively. Ch
chloroplast, EMS epichloroplast
membrane structure, M
mitochondrion, 7 thylakoids, V
vacuoles with different

inclusions. Arrows point to the
contacts of tonoplast with outer
membrane of mitochondrial or
chloroplast envelope and/or
epichloroplast membrane
structure. Double arrowheads
point to the thylakoid and the
chloroplast envelope intrusion to
the vacuole lumen. Scale
bars=0.2 pm

same vacuole where they can be in close contact with or even
penetrate to each other. The electron-opaque granules/
spherules of the type I inclusions predominantly localized on
the surface of type II globular inclusions and at the borders of
the mica-like crystalloids (Figs. 2h and 3b, e, f).

Table 2 Vacuoles on the sections of the Desmodesmus sp. cell grown
under different conditions

Growth conditions ~ Vacuole number per section/total area, pm?

Early exponential phase  Early stationary phase

Air, +N

Air, -N

20 % CO,, +N
20 % CO,, -N
100 % CO,, +N

6.0£0.5/1.1+0.1
53+0.4/0.7+0.1
3.7+0.4/0.8+0.1
8.6+0.8/0.9+04
ND?

3.6+0.1/0.7+0.1
3.0+0.4/1.0+0.2
3.840.5/0.5+0.1
7.5+0.7/0.9+0.2
39+0.5/19+04

#Not determined

Apart from vacuoles, the small (2090 nm) electron-dense
spherules were revealed in the cytoplasm, e.g., of C. vulgaris
C-1 cells; larger (40230 nm) spherules of that type were found
in the chloroplast stroma (see Online Resource 4). The spherules
in the chloroplast stroma frequently formed close contacts with
the stromal surface of the thylakoid. These structures resembled
the type I vacuolar inclusions in their morphology and ultrastruc-
ture. The type I inclusions in the chloroplast stroma were re-
vealed more clearly in the samples prepared according to the
cryofixation-based protocol than in the samples made with the
conventionally fixed samples (see Materials and methods and
Online Resource 4). It is important that the electron tomography
confirmed cytoplasmic localization of the electron-dense spher-
ules making sure that they are not an artifact arising due to
contamination of the sections by crumbled vacuolar content
(Online Resources 5, 6).

However, the inclusions lacked a bilayer membrane sepa-
rating them from the cytosol (or from the stroma) but
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Fig. 3 The ultrastructure of the
vacuolar inclusions of the studied
microalgae (TEM images).
Desmodesmus sp. IPPAS S-2014
cells from a, b the “100 % CO,,
+N” culture (ultrathin sections,
uranyl acetate, and lead citrate
staining) and e, f “+N” culture
(semi-thin sections, no staining)
are shown together with ¢, d
Chlorella vulgaris CCALA 256
grown in “2.5%CQO,, +P” culture
(ultrathin sections, stained with
lead citrate, no uranyl acetate
staining). b, d Enlarged fragments
of'a and ¢, respectively. Ch
chloroplast, 7 type I inclusions, //
type II inclusions, M
mitochondrion, P pyrenoid, S
starch grain, V vacuoles with
different inclusions. Double
arrowheads point to the region
filled by the rows of electron-
opaque granules forming a pattern
designated as “multi-core cable”
in the text. Arrows point to the
bridges of moderate electron
density connecting the rows of
electron-opaque granules.
Asterisk points to the local grain
clusters. Pound sign (#) marks the
site of electron-opaque granules
arranged in the honeycomb-like
pattern (designated in the text as
“multi-core cable” cross-section
pattern). Scale bars =0.5 pm

possessed a boundary monolayer of intermediate electron den-
sity. The adjacent electron-dense granules often masked this
boundary layer and complicated the measurement of its thick-
ness (normally amounting to 1.8-5.9 nm). These structures
harbored the electron-dense granules embedded into the sub-
stance of low electron density. The electron-dense granules
within the sticks or spherules also featured 1.5-nm-thick
boundary layer.

Elemental composition of the vacuolar inclusions

The EDX analysis of the vacuolar inclusions revealed their
heterogeneity in terms of their elemental composition. Thus,
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in all organisms studied, the type I inclusions contained re-
gions enriched in P and O (Fig. 4a) whereas the type II inclu-
sions possessed N-enriched regions (Fig. 4b). At the same
time, the spectra of the surrounding vacuolar matrix lacked
the characteristic X-ray peaks of P and N (Fig. 4c). Typical
EDX spectra of semi-thin sections of the Desmodesmus sp.
cells are shown in Fig. 4 (see also “Materials and methods™);
similar spectra (not shown) were obtained for the other organ-
isms studied under different cultivation conditions (Table 1).
Hereinafter in EDX spectra, the peak of Cu is a peak from
copper grid, the peaks of Si and Al—from components of
equipment, the peaks of Os and U—from fixing and staining
substances.
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Generally, the maximal amplitude of the P peak was in the
spectra taken from the type I vacuolar inclusions as well as from
the electron-dense spherules localized in the cytoplasm or in the
stroma of the chloroplasts (Online Resource 4e, f). Notably, P
peaks of lower amplitude were discernible in the spectra from
the nuclei (Fig. 4d). Since P peak normally overlapped with the
peak of Os, the former peak was distinct only in the spectra
from the cell regions highly enriched in P. The peaks of P in the
EDX spectra of the type I inclusions were accompanied by a
large peak of O and, as a rule, by the peaks of Ca and Mg. The
peaks of P in the EDX spectra of the type I inclusions in the
cells Desmodesmus sp., A. obliquus 46, P. kessleri 251 prepared
by the conventional chemical fixation were seldom accompa-
nied by a peak of S, whereas S was detected more frequently in
the cryo-fixed cells of C. vulgaris C-1 (Online Resource 4f). In
addition, the peaks of P in the EDX spectra of the type I inclu-
sions in the C. vulgaris 256 and P. kessleri 251 cells were
occasionally accompanied by an inconspicuous N peak
(Online Resource 7).

The presence of inorganic P in the form of PolyP in the cell
was independently confirmed using in vivo *'P NMR spectros-
copy (Fig. 5) or DAPI staining with subsequent recording of the
fluorescence emission spectra (Fig. 6). Signals of inorganic
PolyP have characteristic *'P chemical shifts about —24 ppm,
well distant from the signals of inorganic monophosphate
(~1 ppm), sugar phosphate (~3 ppm), ATP, and NADP(H)
(=6 +—14 ppm) (Sianoudis et al. 1986; Hebeler et al. 1992).

The fluorescent dye DAPI is widely used to stain PolyP in
cells in situ (Gomes et al. 2013). On the fluorescence emission
spectra (Fig. 6), the amplitude of the band of PolyP-DAPI
complex (530 nm) increased significantly after 15-m incuba-
tion with DAPI.

The characteristic peaks of N were presented in the spectra
of the crystalloid matter as well as inhomogeneous matter of
intermediate electron density (Fig. 3e, f and Fig. 4b). Notably,
the peak of N from the type II vacuolar inclusions was much
more pronounced than in the spectra from different cell struc-
tures expectedly rich in N such as nucleus, pyrenoid, or thy-
lakoid membranes in the chloroplast (Fig. 4d—f). The point
EDX spectra of starch grains, plastoglobuli, or cytoplasmic
oil bodies did not present the peaks of P or N (Fig. 4g—i).

The peaks of C and O, the essential and ubiquitous ele-
ments of the cells, and the embedding medium were present
in all EDX spectra regardless of cell structure, organism, or
cultivation conditions, together with the peaks of the equip-
ment components. The characteristic peaks of Na, Cl, or K
were sporadically observed in the spectra of the vacuolar in-
clusions or from other cell compartments in A. obliquus 46.
Although for C. vulgaris C-1 fixed with the cryofixation-
based protocol, the peaks of Cl were constantly observed in
the spectra from vacuolar inclusions, other cell compartments
and the resin areas outside the cells. The signal of Cl most
likely arises from a chlorine contaminant, which may be

contained in the EMbed 812 Resin used in our work for the
embedding of cryo-fixed samples. It is known that contaminants
in the medium may effect studies using the EDX: for example,
Epon 812 contains a chlorine contaminant (Bagnell et al. 1995).

The EELS analysis carried out on the ultrathin sections
confirmed the presence of P and O in the type I inclusions
and N in the type II inclusions (see Online Resource 8). The
EEL spectra did not reveal the signals only of P, N, C, and O
probably due to low concentration of other elements and a
high background signal.

Spatial distribution of P and N in the cell compartments

We compared the sections of the cells from the cultures at the
same growth phase grown under different conditions
(Table 1). The comparison revealed a striking difference both
in the vacuolar content and predominant inclusion type. Thus,
the exponential cultures of Desmodesmus sp. grown in the
complete BG-11 medium sparged with air contained in the
cell vacuoles clearly visible type I inclusions. These inclu-
sions, vastly different in size (5—-100 nm), were embedded in
crystalloid or homogenous matter of intermediate electron
density typical of the type Il inclusions (Fig. 7a). The conspic-
uous peaks of P and O accompanied by Mg and Ca were
present in the EDX spectra of the type I inclusions (Fig. 7b),
while intensive peaks of N were revealed in the EDX spectra
of the type II inclusions (Fig. 7c). In the cells from early
stationary phase, the vacuoles were filled with the type 11
inclusions (Fig. 7d) featuring a pronounced peak of N in the
EDX spectra (Fig. 7¢). The type I inclusions enriched both in
P and O were found only occasionally. A similar dynamics of
the vacuolar inclusions was revealed in the cells of A. obliquus
46 (not shown).

On the EFTEM-based N maps obtained for the ultrathin
sections of the cells from the exponential cultures grown in
the complete medium (“Air, +N”) we observed nearly uni-
form distribution of the element over the cell section area
(Fig. 8b, d). The bright objects on the P-maps corresponded
to the type I inclusions (Fig. 8c, ¢) whereas no P signal from
the other cell structures was detected.

On the N- and P-maps of the Desmodesmus sp. cells from
the early stationary cultures grown in the N-replete medium, a
pronounced signal of N was apparent in the regions of the
thylakoids, pyrenoid, and type I inclusions despite poor pres-
ervation of the inclusions on the ultrathin slices (Fig. 8—). At
the same time, there were only sporadic P-rich granules, and
the P-signal was mainly emitted by other cell structures, e.g.,
chloroplast membranes and their twirls intruded into the vac-
uolar interior (Fig. 8h, j).

The cells from the exponential cultures of Desmodesmus
sp. and A. obliquus 46 grown in the N-free medium (“Air,
—N”) possessed vacuoles with the type I inclusions enriched
in P and O, but only traces of N-rich type II inclusions. In the
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early stationary cells, a significant part of the vacuoles was
occupied by P-rich type I inclusions, but no N-rich type II
inclusion was found in the same cells. At the same time, mul-
tiple P-rich electron dense granules were revealed in cyto-
plasm (not shown).

A similar picture was observed in the cells grown in the pres-
ence of 100 % CO, (see Table 1). The cells of Desmodesmus sp.
grown in the N-free medium sparged with elevated CO,
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possessed vacuoles with type I inclusion (Fig. 2f), at the same
time in the complete medium possessed vacuoles with N-rich
type II inclusions (Online Resource 9). On the EFTEM N-map
obtained for the ultrathin section of the cell from culture grown in
the complete medium, we observed that the N signal from the
vacuolar type II inclusions was approximately 50 % higher than
from other cell structures, e.g., thylakoids (Online Resource
9b, c¢). Summarizing the results of conventional and analytical
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Fig. 5 3'"P-NMR spectra of
Desmodesmus sp. IPPAS S-201
and Chlorella vulgaris IPPAS C-1
cell suspensions. a Desmodesmus
sp. IPPAS S-201 with vacuoles,
containing the type I inclusions
(“20%CO,, N + ). b Chlorella
vulgaris IPPAS C-1 with
vacuoles, containing the type |
inclusions (“Air, P+ 7). ¢
Desmodesmus sp. IPPAS S-201
cells lacking the type I inclusions
(recorded after 8 days of P-
starvation). Pi inorganic
phosphate, poly-P
polyphosphates, su-P sugar-
phosphates
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TEM, the PolyP type I inclusions can be described as structures
resembling a multi-core cable formed by the strands of electron-
opaque micelles (like individual “wires”) embedded in an
electron-transparent matrix (resembling the cable “insulation”);
these structures are obviously twisted and extruded to the vacu-
olar interior (Fig. 3c, d).

Discussion

Since the overwhelming majority of microalgae evolved in
and hence adapted to oligotrophic environments, they are
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Fig. 6 The buildup of the UV-excited (360 nm) fluorescence emission of
DAPI-stained cells of a P-sufficient culture “+N” of Desmodesmus sp.
IPPAS S-2014. The fluorescence emission in the range 450-480 nm orig-
inates from nucleic acid-DAPI complex and that in the range 500—
550 nm—from PolyP-DAPI complexes. The spectra normalized to
460 nm (the emission maximum of nucleic acid-DAPI complex) are
shown. Inset the kinetics of fluorescence at 530 nm (the band of DAPI-
stained polyphosphate emission). STD standard deviation (red curve,
right scale)
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naturally equipped to absorb and stockpile inside the cell as
much nutrients (mostly P and N) as possible against future
nutrient shortage. However, accumulation of the biogenic el-
ements in the form directly bioavailable is not possible with-
out a general disturbance of the cell metabolism. In particular,
high levels of PolyP can be toxic in the cell (Gerasimaite et al.
2014) as well as N in the form of nitrate or ammonium when
accumulated in the cytoplasm. Therefore, capacity of the cell
for the nutrient reserves or cell nutrient quota is determined by
the capacity of its storage compartments. The data accumulat-
ed in the literature, together with the findings of this work,
indicate that vacuolar compartment accommodates a consid-
erable part of N and P reserve of the cell. In particular, it plays
a key role in accommodating reserves of P when this nutrient
is ample in the surrounding of the microalgal cells.

Analytical TEM is a powerful method for studies
of microalgae at the subcellular level

In the present work, we attempted to obtain a deeper insight
into the role vacuolar compartment in the physiological plas-
ticity of the microalgal cell. Toward this end, we employed
several different free-living and symbiotic chlorophytes
grown under very different cultivation conditions ranging
from conductive for cell division to stressful. The diverse or-
ganisms and their growth conditions were complemented by
an array of powerful analytical TEM techniques for the detec-
tion of biogenic elements. Below, we elaborate on the pecu-
liarities of the analytical TEM application to research on
microalgal cell compartment exemplified by vacuoles. After
that, we outline how combination of these techniques with
ultrastructural data elucidates the multi-faceted role of vacu-
oles in acclimation to stresses of different nature.
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Fig. 7 Typical vacuolar inclusions in the cells of Desmodesmus sp.
IPPAS S-2014 from a—c early exponential phase and d, e early stationary
phase of the “Air, +N” cultures. a, d TEM images of semi-thin sections.
b, ¢, e The point EDX spectra of the vacuolar inclusions. a On the early
exponential phase, the vacuoles contained round-shaped porous clusters
of type I inclusions embedded in crystalloid or homogenous matter of
intermediate electron density of the type II inclusions. b Intensive peaks
of phosphorus and oxygen in association with magnesium and calcium

In the studies of microalgae, analytical TEM was, to the
best of our knowledge, applied mainly to heavy metal quanti-
fication in the eco-toxicological context (Jensen et al. 1982;
Nassiri et al. 1997; Nishikawa et al. 2003). In some works,
EDX was used for confirmation of the presence of P in vacu-
olar compartment of microalgae such as Scenedesmus
obtusiosculus (Tillberg et al. 1979, 1984), Chlorella
pyrenoidosa (Adamec et al. 1979), Chlamydomonas
eugametos (Siderius et al. 1996), and Chlamydomonas
reinhardtii (Komine et al. 2000; Ruiz et al. 2001). Only re-
cently, EDX spectroscopy was applied in an extensive research
of PolyP accumulation in the cells Parachlorella kessleri
NIES-2152 under S-depleted conditions (Ota et al. 2016).

A combination of analytical TEM and conventional ultra-
structural techniques could be even more powerful in
obtaining a deeper insight into microalgal physiology as ex-
emplified by the vacuolar compartment in this work. Here, we
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are presented in EDX spectra from the type I inclusions. ¢ Intensive
nitrogen peak was revealed in the spectrum from the type II inclusion.
d On early stationary phase, the cell vacuoles were filled with the type I1
inclusions. e The spectra from this inclusion type II displayed an intensive
peak of N. Spectra were obtained for semi-thin sections from a point
inside the compartment in STEM-mode. Ch chloroplast, 7 type I inclu-
sions, /I type Il inclusions, P pyrenoid, S starch grain. Scale bars =
0.5 pm

employed a stepwise approach starting from point EDX spec-
tra revealing the elemental composition of the structure(s) of
interest; then, we obtained EELS-based spatially resolved el-
emental maps showing distribution of the elements within the
relevant compartments. Finally, we followed the changes in
the subcellular distribution of the biogenic elements in re-
sponse to different growth conditions. The results of analytical
TEM methods provided quantitative information on the wide
range of elements including light biogenic elements, spatially
resolved at subcellular levels. It was consistent with and con-
stituted a valuable complement to other methods of P detec-
tion used in this work such as *'P NMR.

An important aspect of ultrastructural studies is prevention
of artifacts readily arising at different stages, from cell fixation
and section preparation and observation. We noticed that the
vacuolar type I and type I inclusions frequently crumble dur-
ing the ultrathin section preparation leading to poor
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Fig. 8 EFTEM elemental
mapping of Desmodesmus sp.
IPPAS S-2014 cells from a—e
early exponential and f—j early
stationary phases of the “Air, +N”
cultures. a, f TEM images of
ultrathin sections of the cell area
(no uranyl acetate and lead citrate
staining). b, g EFTEM maps of N.
¢, h EFTEM maps of P. d, i
profiles of the N maps. e, j
profiles of the P maps. Bright

inclusions (¢) on the P maps
correspond to the round granules.

There was g a pronounced >, 600r
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preservation of vacuolar matter and contamination of the sec-
tion surface resulting in false-positive detection of the inclu-
sions. The electron tomography provided a necessary check
for this showing that the P- and N-distributional data are es-
sentially artifact-free and reflect the realistic picture of the
nutrient localization in the microalgal cell compartments.
This was crucial, e.g., for the reliable localization of the
type I inclusions not only in the vacuoles and the cyto-
plasm, but also in the stroma of the chloroplasts. The
PolyP granules in the chloroplasts of green microalgae
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were observed earlier (Hase et al. 1963) including by
ultra-cytochemical methods (Vorisek and Zachleder 1984).

Another important issue in TEM study of PolyP inclusions
in the cell is the preservation of their native structure/composi-
tion, questionable in case of the conventional chemical fixation.
This issue is even more important in spatially resolved studies
pursuing to reveal the structure-function relations in a physio-
logical context. Therefore, we paid close attention to compara-
tive studies of chemical fixation and cryo-augmented fixation
methods often praised for better preservation of the sample
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nativity (Hurbain and Sachse 2011). Generally, we found no
significant difference in the degree of preservation of the
nutrient-rich inclusions in the cytoplasmic compartments (vac-
uoles). The only exception was comprised by the type I inclu-
sions in the chloroplast stroma which were preserved better
after the cryofixation-based protocols than after the standard
chemical-fixation protocol.

Another helpful approach is the preparation of semi-thin
sections which provides preservation of the vacuolar matter.
An added benefit of this is increased sensitivity of the element
analysis in bio-samples using EDX at high (100400 kV) ac-
celerating voltages in comparison with conventional thin sec-
tions (Nagata 2004). However, the semi-thin sections can
hardly be used for resolving the structural information and
should be combined for this purpose with the conventional
thin section microscopy.

Vacuole is an important compartment for the nutrient
logistics in the microalgal cell

Being better equipped with the analytical TEM methods, we re-
visited the structure and function of vacuolar compartment in
the chlorophyte cells with a particular focus on P (PolyP) and N
reserves. The cells of all studied microalgae displayed a vast
diversity of vacuoles, which differed in size, morphology, fine
structure, predominant element (P or N) content, and distribu-
tion depending on the strain, culture conditions, and growth
phase. Still, the vacuoles containing reserves of P were present
in all studied microalgae grown in P-replete media (Table 1).

The predominant form of vacuolar P reserve was PolyP
apparent as type I vacuolar inclusions (Figs. 2, 3, 4, 7, Online
Resource 7). However, the type I inclusions were also found in
the chloroplast stroma and in the cytoplasm (Online Resource
4). Interestingly, strong buildup of the type I inclusions was
observed under co-limitation conditions. In this work, it was
recorded in N-starving cells (Figs. 2f, Online Resource 5); Ota
et al. (2016) found a similar level of PolyP accumulation in
sulfur-deprived cells of Parachlorella kessleri NIES-2152. It
is conceivable that any limitation or stressor slowing down cell
division will also slow down the consumption of P for synthesis
of new cell building blocks such as phospholipids and nucleic
acids. This can lead in re-partitioning of P taken up by the cell
toward PolyP biosynthesis and hence to the enhanced accumu-
lation of the type I inclusions.

An interesting finding of this work is a potential function of
microalgal cell vacuoles as a depot of N reserves, e.g., in
Desmodesmus sp. or A. obliquus 46 cells grown in N-replete
media. Co-accumulation of N and P was documented in vac-
uoles of micorrhyzal fungi cells (Biicking et al. 1998) where
PolyP granules were suggested to have a high binding capac-
ity for N. EELS and EFTEM were successfully applied to
localize cyanophycin granules harbored by cyanobacterial
cells as a N reserve (Koop et al. 2007). However, the literature
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available at the time of this research lacked reports on large N
reserves in microalgal cell vacuoles except a small amount of
N associated with PolyP in P. kessleri NIES-2152 cells (Ota
etal. 2016) and the amine accumulation in the acidic vacuoles
of halotolerant alga Dunaliella salina in response to amine-
induced alkaline stress (Pick et al. 1991).

The N reserves were associated mostly with the globular/
crystalloid type II inclusions. The crystalloid inclusions in
green microalgae can be of diverse nature. The crystalline cell
inclusions identified as calcium oxalate, calcium carbonate, or
protein-containing inclusions found in 45 species of
Cladophorophyceae (Chlorophyta) (Leliaert and Coppejans
2004). However, in our work, the magnitude of the N signal
from the crystalloid type Il vacuolar inclusions in the EFTEM-
map of N was at least three times higher than the signal from
protein-rich compartments such as chloroplast thylakoids
(Fig. 8f, g, 1, Online Resource 9b, c) and pyrenoid (data not
shown). These findings allow us to suggest that the bulk of the
type Il inclusions is more likely composed of polyamines than
of proteins. Although we were unable to find reliable evidence
of polyamine localization in the microalgal cell vacuoles in the
literature available to us at the time of this writing, one may
think that the vacuolar polyamines in microalgae are involved
in the maintenance of the cell homeostasis as in many different
organisms (Kusano et al. 2008).

Remarkably, the EDX spectra of the PolyP-enriched type |
inclusions in C. vulgaris 256 and P. kessleri 251 featured a
pronounced signal of N commensurate to that in the spectra
from pyrenoids or thylakoids. It is likely that the presence of N
in the type I inclusions suggests that these inclusions incorpo-
rate proteins. Nassiri et al. (1997) supposed that the presence
of N and S in osmiophilic vesicles together with cadmium in
Tetraselmis suecia grown in cadmium-contaminated medium
indicated the presence of heavy metal-binding polypeptides.
According to Nassiri et al. (1997), these polypeptides might
trap pollutants, reducing the concentration of cytosolic free-
metal ions. In our work, we propose that proteins in type I
inclusions are likely the enzymes involved in synthesis, trans-
port, and catabolism of PolyP.

Ultrastructural manifestations of the involvement
of the vacuole in the synthesis and catabolism of PolyP
in microalgae

Summarizing the data on the localization and ultrastuctural
organization of the type I inclusions, one can conclude that
the synthesis and assembly of the electron-dense granules
might be tightly associated with the tonoplast membrane.
This suggestion is compatible with the observed pattern of
the electron-dense grain deposition and aggregation on the
inner surface of the tonoplast and the EMS membrane intru-
sion into the vacuole.
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In view of these findings, it is possible to speculate that a
coupled synthesis and translocation of PolyP take place in the
microalgal cell vacuoles in a manner similar to that described
in the yeast acidocalcisomes. The latter rely upon the vacuolar
transporter chaperone (VTC) complex—endogenous vacuolar
PolyP polymerase, Vtc4 (Gerasimaite et al. 2014; Hothorn
et al. 2009; Miiller et al. 2002, 2003). The suggested involve-
ment of a VTC (affecting the vacuole fusion, see Miiller et al.
2002) is indirectly supported by frequently observed fusions
of the tonoplast with mitochondrial of plastidial envelope,
EMS, or oil bodies” monolayer. Notably, VTC homologs were
recently annotated by us in the C. vulgaris C1 and the
Desmodesmus sp. transcriptomes (manuscript in preparation).

We hypothesize that activity of the putative VTC-like com-
plex (the rate and continuity of the PolyP chain synthesis/trans-
location) determines the packing of the granules in the type I
vacuolar inclusion complex. Thus, fast “pulsing” activity of the
VTC-like complex might yield short-chained rods; a less fre-
quent pulsation might give rise to the spherules described above
(Figs. 2a, f and 3f). Continuous synthesis of the PolyP chains
probably yields the characteristic “multi-core cable” pattern
(see above) in the low electron-density sheath. When the syn-
thesis of the PolyP chain is terminated, it is sealed at the ends
with the low electron-density matter resulting in formation of
the “bridges” shown in Fig. 3d. The complete and sealed PolyP
chain is squeezed to the vacuolar lumen. Basing on the elemen-
tal composition date, we ruled out starch and sugars as the
sealing matter (see also Ota et al. 2016), which is more likely
represented by poly-(R)-3-hydroxybutyrate, PHB (Reusch
2000). Finally, the ordered pattern of the type I inclusion sug-
gests the existence of multiple closely grouped VTC-like and
PHB-synthesizing complexes.

Another important function of microalgal vacuoles is catabo-
lism (Komine et al. 2000; Becker 2007; Yagisawa et al. 2009) of
plastid proteins (Park et al. 1999) and PolyP as was shown for the
halotolerant alga Dunaliella salina (Pick and Weiss 1991; Weiss
etal. 1991). Under our experimental conditions, the type I inclu-
sions in cells of vigorously dividing Desmodesmus sp. cultures
were exhausted before the onset of the stationary phase suggest-
ing that the PolyP-rich type I inclusions could be metabolized to
cover the biosynthetic demand of P suggesting an important role
of the lytic function of the vacuole in catabolism of PolyP.

Indeed, the PolyP-rich vacuoles of Ch. reinhardtii resemble
lysosomes in their acidic pH (Komine et al. 2000) and presence
of the enzymatic machinery for P; transformation and exchange
(H*-pumping PP;-ase (Becker 2007), V-ATPase (Ruiz et al.
2001), and acid phosphatase (Matagne et al. 1976)). The vacu-
oles described in our work also had some traits in common with
acidocalcisomes of Ch. reinhardtii, the electron-dense acidic
organelles enriched with inorganic P and divalent cations
(Docampo et al. 2005; Docampo and Huang 2016; Ruiz et al.
2001), namely the presence of the type I inclusions and their
tentative lytic function. At the same time, the vacuoles of the

studied organisms differed from the acidocalcisomes by a pe-
culiar pattern of P-rich type I inclusions resembling a multi-core
cable (see Fig. 3c, d) and, in certain cases, by their presence of
the N-rich type II inclusions.

The stressed microalgal cells often displayed a charac-
teristic pattern of utrastructural changes presumably related
to the lytic function of their vacuolar compartment. In par-
ticular, their tonoplast often formed close contacts with the
outer membrane of the chloroplast envelope and/or with
the EMS (see Figs. 1 and 2). The close contacts are thought
to facilitate the exit of vacuolar hydrolases (proteases) out-
side the vacuole to participate, e.g., in the decomposition
of chloroplast (Wittenbach et al. 1982) or its components
such as Rubisco (Minamikawa et al. 2001).

The characteristic intrusions of chloroplast into vacuolar
lumen (designated as twirls) formed by the envelope (EMS)
or, under more severe stresses (e.g., extremely high CO,), by a
larger part of the chloroplast containing thylakoids can also be
a manifestation of the chloroplast decomposition. These
changes in the topology of the vacuolar and chloroplast com-
partment rearrangements can result in the exposure of the
chloroplast membrane lipids and proteins to the vacuolar hy-
drolases and hence in their accelerated turnover. Another char-
acteristic change in the vacuolar membrane topology was con-
stituted by formation of close contacts between tonoplast and
mitochondria resulting presumably in acquisition of energy
(via re-routing of ATP/P; fluxes) for hydrolysis, synthesis,
and transport of the intra-vacuolar polymers. In the N-
starving microalgal cells studied in this work, we also found
close contacts or even blending of the vacuoles and cytoplas-
mic oil bodies. Most likely, these contacts are involved in
catabolism and/or remobilization of the oil body lipids.

Conclusion

In conclusion, we demonstrated that the analytical TEM data
in combination with ultrastructural study allow to investigate,
on one hand, changes in cell morphology and structure in
response to environmental stimuli and developmental stages
and, on the other hand, functional differentiation of the vacu-
olar inclusions at subcellular level. The different inclusion
types possess different functionalities: the type I inclusions
are responsible mostly for storage of P in form of PolyP
whereas the type II inclusions—for N storage in cell.

The microalgae cell vacuoles are multi-functional compart-
ments serving as (1) a main depot of N and P in the cell
including the synthesis and sequestration of PolyP; (2) site
of the membrane lipid decomposition/turnover; (3) the energy
and metabolite exchange between chloroplasts and mitochon-
dria. These processes might play a significant role in acclima-
tion in different stresses including N-starvation and extremely
high level of CO,.
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