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Reduction of photosynthetic apparatus plays a key role in survival
of the microalga Haematococcus pluvialis (Chlorophyceae)
at freezing temperatures
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Abstract

The microalga Haematococcus pluvialis is a biotechnologically important microorganism producing a ketocarotenoid
astaxanthin. Haematococcus exists either as metabolically active vegetative cells with a high chlorophyll content or
astaxanthin-rich haematocysts (aplanospores). This microalga featuring outstanding tolerance to a wide range of adverse
conditions is a highly suitable model for studies of freezing tolerance in phototrophs. The retention of H. pluvialis cell
viability after freezing—thawing is ascribed to elevated antioxidant enzyme activity and high ketocarotenoid content.
However, we report that only haematocysts characterized by a lower photosynthetic activity were resistant to freezing—
thawing even without cryoprotectant addition. The key factors of haematocyst freezing tolerance were assumed to be a
low water content, rigid cell walls, reduction of the membranous structures, photosynthesis downregulation, and low
chlorophyll content. Collectively, viability of Haematoccus after freezing—thawing can be improved by forcing the
transition of vegetative cells to freeze-tolerant haematocysts before freezing.

Additional key words: cold stress; Haematococcys pluvialis; stress tolerance.

Introduction

Cryopreservation is a widespread method for the main-
taining collections of microorganisms (Day and DeVille
1995) including single-celled phototrophs (microalgae).
Many culturable cyanobacteria and soil microalgae can be
cryopreserved with a relatively high retention of the cell
viability whereas freshwater and marine eukaryotic
microalgae are more problematic in this regard (Day and
DeVille 1995, Day and Brand 2005, Morschett et al. 2016,
Saadaoui et al. 2016). Development of cryopreservation
protocols for diverse groups of algae is highly topical since
it can, in many cases, save the labor, time, and costs of
traditional collection maintenance via subculturing of the
cells. Accordingly, investigation of the effect of low

(freezing) temperatures on the condition of photosynthetic
apparatus and its involvement in freezing—thawing
tolerance of microalgae is essential for development of the
efficient cryopreservation protocols for these organisms.
Existing techniques of microalgae cryopreservation
are, as a rule, based on complex species-specific protocols
(Morris 1978, Day and DeVille 1995, Day et al. 1997, Day
and Brand 2005). Viability of the cells upon freezing and
thawing depends on a wide range of factors some of which
were extensively studied. Probably the most elucidated
factor is the addition of various cryoprotective agents or
their mixtures — low-molecular-mass carbohydrates,
polyols, dimethyl sulfoxide (DMSO), polymers; their
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cells of H. pluvialis frozen without CM; vC® — vegetative cells of H. pluvialis frozen with CM; N — Qa turnover number; ¥o — the
probability of electron transport beyond Qa; ¢po — maximal PSII photochemical quantum yield in the dark-adapted state; gro — the
quantum yield of electron transport; ¢po — the quantum yield of energy dissipation.
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adequate concentration is essential for retention of the cell
viability (Cafavate and Lubian 1994, Day and DeVille
1995, Day et al. 1997, Morschett et al. 2016). Cell
encapsulation in calcium alginate also augments viability
of the cells (Harding et al. 2008). Freezing and thawing at
aprecisely controlled rate are widespread cryopreservation
procedures including two-step modifications (controlled
rate freezing and vitrification, see Morris 1978, Cafiavate
and Lubian 1994, Bui ef al. 2013). Other factors, such as
cell density of the sample (Brand and Diller 2004, Piasecki
et al. 2009, Bui et al. 2013), preliminary centrifugation
(Bui et al. 2013), and ion strength (Cafiavate and Lubian
1995), may be also essential. The main problem of the
development of cryopreservation procedures is their high
species and strain specificity (Canavate and Lubian 1994,
Day et al. 1997, Morschett et al. 2016, Morris 1978). Thus,
a lot of routine experimentation is necessary to develop an
optimal cryopreservation method for each culture. In view
of this, it would be attractive to employ some internal
physiological markers of microalgal cell conditions to
assess its tolerance to adverse conditions, e.g., freezing.
Furthermore, many microalgal species display a high
resistance to stressors, so insight into its mechanisms and
induction may be instructive for the development of more
universal cryopreservation techniques. For example, it was
determined that accumulation of triacyl glycerols in the
cells of microalgae increases post-thawing viability
(Saadaoui ef al. 2016). However, as far as we know, the
exact mechanism of the protective effect of triacyl glycerol
accumulation is unknown.

Materials and methods

Strain, vegetative growth, and the induction of
haematocyst transition: The strain H. pluvialis BM1
(IPPAS H-2018) isolated from the White Sea (Chekanov
et al. 2014) was used. H. pluvialis biomass for freezing—
thawing experiments was obtained by cultivation of the
microalgae in a glass column photobioreactor under
conditions conductive for vegetative cell growth under 5%
CO; in the air—gas mixture for the culture sparging as
described in Chekanov et al. (2017). The transition of the
vegetative cells to haematocysts was induced as described
in Chekanov ef al. (2017) immediately before freezing.

Freezing procedure: A suspension of the vegetative cells
from an exponential growth phase or haematocysts (5 ml,
1 x 10° cells ml™!) was transferred into 5-ml polypropylene
cryotubes (7PP, Switzerland). The culture density of 1 x
106 cells ml™! (Brand and Diller 2004, Bui ef al. 2013) or
lower (Piasecki et al. 2009) are essential for the viability
of green microalgae strains after thawing. In order to
reduce a supernatant, the cell suspensions were centrifuged
(5810R, Eppendorf, Germany) at 965 x g for 5 min at
25°C. To study the effect of the cryoprotectant addition,
the cryoprotecant mixture (CM) containing DMSO and
glycerol [2% and 5% of culture dry mass (DM),

The microalga Haematococcus pluvialis (Chloro-
phyceae) featuring outstanding tolerance to a wide range of
adverse conditions, such as low temperatures and high
light (Boussiba 2000, Han et al. 2013, Klochkova et al.
2013, Solovchenko 2015), is a suitable model for studies
of freezing tolerance in microalgae. However, the
mechanisms and role of photosynthetic apparatus in
cryotolerance of H. pluvialis are poorly understood so far.
The retention of H. pluvialis cell viability after freezing—
thawing is ascribed to elevated activity of antioxidant
systems in and high ketocarotenoid content of the cell
(Fleck et al. 2003), although the corresponding experi-
mental evidence is scarce.

Peculiar to H. pluvialis is the transformation of its green
vegetative cells to red aplanospores (haematocysts) charac-
terized by a high content of the ketocarotenoid astaxanthin
and a very low photosynthetic activity (Boussiba 2000,
Chekanov et al. 2016, Han et al. 2013, Solovchenko 2015).
In the present study, we evaluated the condition of photo-
synthetic apparatus in frozen—thawed cells of H. pluvialis
BM1 (IPPAS H-2018) cells before and after the induction
of their transition to haematocysts. We focused predomi-
nantly on the effect of physiological state of the cell (either
vegetative cell or haematocyst), which seems to be more
important for the retention of post-thawing viability. At the
same time, we did not try to optimize the cryopreservation
procedure adopting one that was previously described.
Towards this end, we compared pigment accumulation,
ultrastructure and photosynthetic performance of the cells
before and after freezing and thawing.

respectively] was added to the samples before freezing
(Dr. Tatiana Fedorenko, personal communication; Bodas
1995, Day and Brandt 2005). DM was determined
gravimetrically (Pal et al. 2011). The cells were resus-
pended in the CM. Some samples were frozen without CM.
The cryotubes were frozen at —80°C and stored for one
month at those conditions in an ultra-low temperature
freezer C585-86 (New Brunswick Scientific, USA). In
total, four experimental treatments were studied: vege-
tative cells and haematocysts of H. pluvialis frozen with or
without CM.

Designation CM addition Cell type

vCO - Vegetative cells
vC™ + Vegetative cells
hC® - Haematocysts
hC® + Haematocysts

The cells were thawed at room temperature for 15 min.
To reduce the risk of photodamage (Bui et al. 2013), the
thawing was carried out in the dark. The samples
containing CM were twice washed by the medium BG-11
(Stanier ef al. 1971) in the dark. The thawed samples were
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incubated in 100-ml glass conical flasks in 50 ml of the
same medium in an Innova 44R shaker (Eppendorf,
Germany) at 120 rpm, 25°C, and continuous illumination
[PAR of 20 umol(quantum) m~s! as measured by a LiCor
850 quantum sensor (LiCor, USA)] by cold-white LED for
7 d. To estimate the ability of the thawed H. pluvialis to
accumulate astaxanthin, the cells were taken after 7 d of
cultivation in the flasks. They were cultivated in
photobioreactor under the vegetative growth conditions
(Chekanov et al. 2017) to the density of 1.0 mg(cell DM)
ml ! and then exposed to a high light intensity and deprived
of nitrogen to induce astaxanthin accumulation as
described in Chekanov et al. (2017).

Cell viability assay: The cells were studied under bright
field and fluorescence mode under Eclipse 90i (Nikon,
Japan) motorized photomicroscope. The cell viability was
estimated via the presence of the red chlorophyll (Chl)
autofluorescence (Pouneva 1997). The cells lacking green
Chl pigmentation and hence the red Chl fluorescence (CF)
were considered as dead.

Electron microscopy: The cells of H. pluvialis were
sampled for the electron microscopy observations im-
mediately after thawing. Vegetative cells from the
exponential growth phase and haematocysts, which were
not frozen, were taken as a control. The samples for
transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) were prepared according to
Chekanov et al. (2014). Ultrathin sections were prepared
using an ultramicrotome LKB 4800 (Broma, Sweeden).
TEM analysis was performed on the electron microscope
Hitachi HU-11F (Hitachi Ltd., Japan). For SEM analysis,
the samples were dried at CO, critical point in HCP-2
dryer (Hitachi, Japan) and coated by Pd in an /B Ion
Coater (Eiko, Japan).

Chl assay and water content determination: Chl a and
Chl b contents in the cells of H. pluvialis were assayed
spectrophotometrically in DMSO extracts as described
previously (Chekanov and Solovchenko 2015) using

Results

Cells viability: There were no viable cells after 7 d of post-
thaw cultivation in the vC© sample (Fig. 14). The viability
level was approximately equal for the vC™ cells (50 +
10%) and hC® cells (55 + 18%). The highest post-thaw
viability level of 86 + 14% was recorded in the hC®™)
sample.

Ultrastructure: As it was revealed by SEM, the vegetative
cells of H. pluvialis, which were not frozen, possessed a
spherical shape, existed as individual cells or formed
palmelloid clusters. The cells were 8.0-25.0 pm in
diameter (Fig. 24). The haematocysts were spherical
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equations reported by Solovchenko ef al. (2010).

For determination of the water content in the
H. pluvialis vegetative cells and haematocysts, the cells
were deposited on GF/F glass-fiber filters (Whatman,
UK). Extracellular water was removed using ME IC
vacuum pump (Vacuubrand, Germany). Neglecting the
effect of capillarity water mass fraction in the cells was
calculated as (FM - DM)/FM x 100%, where FM and DM
are fresh and dry cells mass. In order to consider the
amount of water in the filter, the mass difference between
wet and dry empty filter was subtracted from the FM.

CF analysis: CF induction curves (Goltsev et al. 2016,
Kalaji et al. 2016) of H. pluvialis cells were recording
using Fluorpen FP100s portable pulse amplitude
modulated fluorometer (Photon Systems Instruments,
Czech Republic) as described previously (Chekanov ef al.
2016) in cell suspension samples with optical density of
0.1-0.5 at 660 nm placed in 1-cm quartz cuvette. Blue light
emitting diode (455 £ 5 nm) was used. The photon flux
density of the measuring light and saturation pulses were
5 and 3,000 pmol(quantum) m2 s™!, respectively. The cells
were dark-adapted for 15 min before measurements.
Maximal PSII photochemical quantum yield of dark-
adapted cells (¢po) Was calculated as ¢po = (Fm — Fo)/Fm,
where Fy is the minimal and F,, is maximal CF intensity
excited in dark-adapted cells during saturation pulse
exposition (Goltsev et al. 2016, Kalaji et al. 2016). For
more detail analysis of CF transient curves, some
additional parameters were calculated in accordance with
theory of Strasser ef al. (2000): the probability of electron
transport Qa (o), the quantum yield of electron transport
(PEo), the quantum yield of energy dissipation (¢p,), and
Qa turnover number, see Fig. 1S (supplement available
online).

Data analysis: The data were treated using Origin Pro 8.0
software (OriginLab, USA). All measurements were
carried out in triplicate. Average values and SD are
presented. Statistical significance of the difference was
estimated by standard F-test (P=0.95).

(10.0-20.0 pm in diameter) with 5.0-12.0 um dents on
their surface (Fig. 2B). Most of the vC© cells lacked a
spherical shape and possessed numerous perforations and
cracks of their surface (Fig. 2C). The perforations of vC©
were quite large (3.0-5.0 um in diameter; Fig. 2F).

Most of the vegetative cells frozen with CM and
thawed appeared relatively undamaged. They retained the
spherical shape (as it was typical for these cells before
freezing) in contrast to vC©. The surface of vC™® cells
often possessed many visible defects although the latter
were not as large and deep as in the case of the vC© cell
(Fig. 2D,F). The shape and structure of the surface
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Fig. 1. (4) Viability of haematocysts and vegetative
cells of Haematococcus pluvialis BM1 cultivated
autotrophically during 7 d after thawing. Viability
was calculated as n/no X 100%, where n and no are the
cell number at 7 d (170 h) and 0 h of cultivation
respectively. C, CO are cells with and without
cryoprotectants mixture respectively. (B) Astaxan-
thin accumulation in H. pluvialis cells under
inductive conditions. Astaxanthin content was
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of haematocysts (hC™, hCO) did not differ visually from
the control (nonfrozen) H. pluvialis cells (Fig. 2G).

On the ultrathin sections, the vegetative cells possessed
the thick cell wall (up to 0.4 pm) and thin (0.1 pm)
extracellular matrix (Fig. 34). The nonfrozen vegetative
cells were characterized by well-developed thylakoid
system of chloroplast with a high degree of stacking,
which occupied most of the cell area on the cross-sections
(Fig. 34). The ultrastructure of the vC© cells differed from

8 calculated as a percentage of cells dry mass (DM).
Average values of three replicates and their SDs are
presented in the figures.

Fig. 2. The morphology (SEM images) of Haemato-
coccus pluvialis: (A) nonfreezed vegetative cells
(control); (B) nonfreezed haematocysts (control); (C)
vegetative cells after the freezing without cryo-
protectants; (D) vegetative cells after the freezing
with cryoprotectants; (E) the holes in a vegetative cell
after the freezing without cryoprotectants; (F) the
holes in a vegetative cell after the freezing with
cryoprotectants; (G) a haematocyst after the freezing
without cryoprotectants. CW — cell wall; OB — oil
bodies; T — thylakoids. Scale bars 10 um (4—E), 5 um
(F.G).

that of the nonfrozen cells. In the former, cell wall was
absent or damaged. The vC®© cells displayed the signs of
thylakoid disorganization (Fig. 3B), e.g., thylakoid
membrane fractures (Fig. 3B). Remarkably, cell wall and
thylakoid structure of the vC™ cells was much better
preserved (Fig. 3C).

The hC® cells were characterized by the presence of
cytoplasmic oil globules of 0.4-2.5 pm in diameter
(Fig. 3D). The thylakoid system of the photosynthetic
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apparatus was less developed in the haematocysts (Fig. 3F)
in comparison to the vegetative cells (Fig. 34). The
thickness of the cell wall was in the range of 1.0-1.5 pm.
Neither hC© (Fig. 3D) nor hC™ (Fig. 3E) haematocysts
displayed destructive changes of the cell wall and
intracellular membranous structures after freezing and
thawing. Thus, freezing did not affected significantly the
ultrastructure of the haematocysts as compared to the
nonfrozen cells (Fig. 3D,E,F).

Pigment and water content: The water content in the
H. pluvialis vegetative cells and haematocysts before the
freezing procedure was 71.1 + 17.0% and 26.0 = 13.3 %,
respectively.

The Chl content in the vC© and vC® cell suspensions
immediately after thawing was 12.0 0.5 mg 1! and 7.2 +
0.1 mg I!, respectively, (Fig. 44) which was lower than
the Chl content of nonfrozen vegetative cells. It corres-
ponded to 12.0 £ 0.5 pg per cell and 7.2 + 0.1 pg per cell,
respectively (Fig. 4B). During the post-thaw cultivation,
the Chl content in the vC" cells increased gradually and,
after 7 d reached 11.5 + 0.1 mg 1! (Fig. 44) or 19.2 +
0.4 pg per cell (Fig. 4B). At the same time, the opposite
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Fig. 3. The ultrastructure (TEM images) of Haemato-
coccus pluvialis: (A) the ultrathin section of the non-
freezed vegetative cell’s periphery (control); (B) the
swelling of thylakoids in a vegetative cell after the
freezing without cryoprotectants; (C) a thylakoids
structure in a vegetative cell after the freezing with
cryoprotectants; (D) the ultrathin section of the
haematocyst’s periphery after the freezing without
cryoprotectants, (E) haematocyst freezed with
cryoprotectants mixture, and (F) nonfreezed
haematocysts (control). CW — cell wall; OB — oil
bodies; T — thylakoids; M — mitochondrion. Scale
bars 0.4 pum (4), 2 um (B), 1 um (C, D), 4 um (E, F).

trend was observed in the vCO cells: a two-fold decrease
in Chl content took place after 4 h of post-thaw cultivation
followed by a sharp decline in the Chl content till the 7 d
of the cultivation (Fig. 44, B).

The haematocysts were characterized by the signifi-
cantly lower initial Chl content as compared to the
vegetative cells (Fig. 44,B). In the nonfrozen haematocysts
as well as thawed hC™ and hC® cells, the Chl content
measured immediately after thawing comprised 1.5 + 0.2,
0.8 £ 0.5, and 2.2 + 0.2 mg 1!, respectively (Fig. 44),
which corresponded to 1.5+ 0.2,0.8 £0.5,and 2.2+ 0.2 pg
per cell (Fig. 4B). During 7 d of the post-thaw cultivation,
the increasing Chl content was observed in the haemato-
cyst cultures (Fig. 44,B). At the 7" d of cultivation it
reached 4.2 £ 0.2, 5.4 + 0.4, and 3.3 + 0.8 pg per cell for
the control, hC©, and hC® cells, respectively (Fig. 4B).

Photosynthetic activity: Immediately after thawing (0 h),
@po values of vC™ and vC© were 0.36 + 0.01 and 0.50 £
0.02, respectively (Fig. 4C). A sharp and irreversible
decline of @p, was observed in the vC© cells after 4 h of
post-thaw cultivation (Fig. 4C). At 24 h and 170 h, CF
parameters of vC©) were not detected due to profound Chl
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Fig. 4. (4) Total chlorophyll (Chl) content per the littre of the
culture and (B) per a cell of vegetative cells and haematocysts of
Haematococcus pluvialis BM1 cultivated autotrophically during
7 d after thawing. (C) ¢po of vegetative cells and haematocysts of
H. pluvialis BM1 cultivated autotrophically during 7 d after
thawing. Average values of three replicates and their SD are
presented in the figures. vC™), vC© — vegetative cells with and
without cryoprotectants mixture respectively; hC™, hCO —
haematocysts with and without cryoprotectants mixture,
respectively.

degradation and cell death. By contrast, in the case of vC™*
cells, @p, increased gradually and reached 0.57 + 0.04 by
after 7 d. Notably, ¢p, values of nonfrozen vegetative cells
were relatively high and did not drop below 0.68
throughout the cultivation time (Fig. 4C). At the initial
point of post-thaw cultivation (0 h), @p, of nonfrozen
haematocysts was 0.47 = 0.06 and it was expectedly lower
than that for vegetative cells (Fig. 4C). Notably, an
increase in @p, values to 0.79 £ 0.01 was observed for
haematocysts after 7 d of the cultivation in complete

Discussion

Freezing—thawing changed dramatically photosynthetic
activity and ultrastructure of the vegetative H. pluvialis
cells. Comparison of the electron micrographs of the
vegetative cells suggested that freezing without CM
promoted the formation of numerous damages and loss of

BG-11 medium. In the case of hCO cells, a drop in @p,
occurred after 4 h of the post-thaw cultivation, but after
24 h, @p, gradually increased to 0.41 + 0.03 (Fig. 4C). At
the same time, the @p, values in the hC™ cells were stable
and quite low (0.25 £ 0.10) during the cultivation period
(Fig. 4C). Because ¢, is inversely related with op,
(Fig. 1S), an increase in @p, corresponded to a decline in
@po and vice versa (Table 1).

Additional parameters of the CF transient curves are
presented in Table 1, see also Fig. S1. The vCO were
characterized by the highest value of N immediately after
thawing (1,782 + 954). However, after 4 h of cultivation,
it sharply decreased to 17 = 11. In the nonfrozen cells, this
parameter was in the range of 517-896 throughout the
cultivation period. The vC™ cells displayed a low N
immediately after thawing; during 4 h of cultivation it was
8 + 1 and 40 + 39, respectively. Later, it increased to the
values typical for nonfrozen cells (745 + 260 and 462 +
148 after 24 and 170 h, respectively). In other cases, this
parameter was close to zero (< 25).

The parameter ¥ was relatively high (0.41-0.55) in the
nonfrozen cells during the cultivation time. In the vC and
hC®O), ¥y increased monotonously from 0.03 = 0.03 to 0.29
+ 0.02 and 0.15 + 0.01 to 0.41 + 0.19, respectively. In
hC®, ¥, did not change significantly during cultivation
time being low with a high dispersion of the values. In the
vCO cells, this parameter was close to zero. nonfrozen
haematocysts and vegetative cells displayed high g,
values (in the range of 0.19-0.43 and 0.28-0.29, respec-
tively). A mild increasing of @g, from 0.01 = 0.01 to 0.14
+0.00 was observed for vC cells. In other cases, gg, was
close to zero during all cultivation time.

Retention of astaxanthin accumulation: In order to
estimate the ability of the H. pluvialis cells to accumulate
astaxanthin after freezing—thawing, we compared the
astaxanthin content in frozen and nonfrozen cells. The
vC™ and hC™ cells were inoculated in the glass column
photobioreactors. Initially they were cultivated under
conditions conductive for vegetative growth, then the
cultures were subjected to stress promoting accumulation
of astaxanthin (see Materials and methods). The maximal
asthaxantin content in vC™ and hC® cells was approxi-
mately the same and comprised 3.6 + 0.3% of DM. The
astaxanthin content of the nonfrozen cells was 3.8 +
0.2% of DM (Fig. 1B).

the native cell shape indicative of ice crystal formation in
the cells. Intracellular water content influences the cell
integrity at sub-zero temperatures (Benson 2008).
Formation of ice crystals during freezing causes damage
of different cell structures and disturbes cell homeostasis.
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MECHANISMS OF HAEMATOCOCCUS PLUVIALIS TOLERANCE TO FREEZING

The addition of CM reduced the risk of mechanical
damage by ice crystals most likely via decreasing a water
potential of the cell and ice nucleation during water
crystallization. Another possible effect can stem from slow
down of the diffusion through the cell membranes by
increasing of cytoplasm viscosity (Benson 2008). Addition
of the CM to the vegetative cells prevented mechanical
damage to the cells during freezing and increased cells
viability after thawing.

A common mechanism of adaptation to low tempera-

ture, which is widespread among cryotolerant micro-
organisms, is poikilohydry, the ability to decline drama-
tically water content (Singh and Elster 2007). Based on
direct measurements, in H. pluvialis, the water content of
haematocysts seems to be significantly lower than that in
vegetative cells. In addition, the haematocysts normally
accumulate abundant lipid bodies as confirmed by TEM of
H. pluvialis cells. Thus, the transition of vegetative cells to
haematocysts is normally accompanied by a sharp
decrease of the area occupied by the membranes of the
PSA. The interior of the cytoplasmic lipid globules
occupying a significant part of the area on the haemato-
cysts cross-sections consists mainly of triacylglycerines
and astaxanthin fatty acid esters forming a strongly
hydrophobic compartment (Peled ef al. 2011). By contrast,
well-developed chloroplasts are enriched in water,
especially in its stroma and the intrathylakoid lumen. The
decline in the water content of haematocysts is believed to
mitigate the risk of mechanical damages and increase
viability of the haematocysts even after freezing without
CM. Another plausible reason for a lower degree of
mechanical damages is the presence of rigid cell wall
(Hagen et al. 2008) and lower content of vulnerable
membranous structures, e.g., chloroplast thylakoids.
The values of ¢p, reflects the potential photochemical
efficiency of PSII primary photochemistry. The nonfrozen
H. pluvialis cells were characterized by high values of ¢p,
typical for photosynthetically active cells of this microalga
(Chekanov et al. 2016, 2017) suggesting that the culturing
conditions used in this work were favorable for vegetative
growth of H. pluvialis. The vCO cells were also charac-
terized by relatively high ¢p, values immediately after
thawing. Thus, these cells possessed an operational PSA.
By contrast, the @p, of the vC® were low. Thus, the
addition of CM led to a decrease of o@p, after thawing
indicating the increased dissipation of the absorbed light
energy as heat. This phenomenon might stem from the
effect of DMSO on the structure of photosynthetic
membranes and pigment—protein complexes of PSA
(Jackson and Mantsch 1991, Notman ef al. 2006).

Later, judging from the increase of @p,, PSA of the
vC™ recovered. Generally, haematocysts of H. pluvialis
are characterized by reduction of the PSA and hence by a
low photosynthetic activity (Chekanov et al. 2016). There-
fore, photosynthetic activity of nonfrozen haematocysts as
well as of the hC©) and hC™ cells was low at the beginning
of cultivation (0 h). However, under conditions favorable

to vegetative growth, the haematocysts return to the state
of vegetative cells with well-developed PSA (Chekanov et
al. 2016). This process was reflected by the increase in the
@po of the nonfrozen haematocysts.

It should be noted that @p, reflects only the potential
ability of the cell to utilize the absorbed energy photo-
chemically. To characterize the cell in more details,
analysis of additional parameters of primary photo-
chemistry is necessary (Strasser et al. 2000). Particularly,
the N parameter (Qa turnover number) might reflect
potential rate of electron transport at the level of Qa.
Moderately high values of N were observed in nonfrozen
cells. Thus, these cells are capable of more efficient
photochemical utilization of the absorbed energy.

A very high turnover number was also observed in the
vCO cells. It might reflect intensive donation of electrons
to ETC by PSII RC. By contrast, in the vC™ cells and in
the frozen haematocysts, this parameter measured imme-
diately after thawing was low indicative of a small electron
inflow to the ETC at the level of PSII. On the other hand,
nonfrozen H. pluvialis cells were characterized by
relatively high Wy values reflecting a high probability of
electron transport beyond Qa and hence a high quantum
yield of electron transport, Qg,.

By contrast, the vCO cells were characterized by low
values of W and ¢@g,. Taking into account high N values of
vCO), it suggests a higher degree of overreduction of the
chloroplast electron transport chain, ETC in the vC© cells.
Thus, in the beginning of post-thaw cultivation (0 h), the
vCO cells showed relatively high photosynthetic activity.
However, a sharp decline of ¢p, was observed in the vC©)
cultures after 4 h of cultivation, later these cultures col-
lapsed. This phenomenon might be explained in terms of
damage by toxic reactive oxygen species (ROS) generated
during impaired functioning of the chloroplast ETC
(Asada 2006). Normally, the cell consume light energy and
the resulting photosynthates in assimilatory processes.
However, imbalance of the electron transport and con-
sumption of the photosynthates in central metabolism
imposes a high risk of photodamage. It is conceivable that
irradiation of the thawed microalgae cells leads to elevated
ROS generation (Fleck et al. 2003) causing cell damage and
vegetative cell death. Moreover, the addition of ethylene
diamine tetraacetate, which formed complex with Fe?"
promoted Fenton reaction of ‘OH formation, increased post-
thaw viability of the Euglena gracillis culture (Fleck et al.
2000). Thus, high PSIT activity might be one of the causes of
the vCO culture death due to photooxidative damage.

By contrast, PSII activity of vC™ was low. It might
prevent the death of these cells at the initial steps of
cultivation. Although vC™ did not reach the values of @p,,
ko, and Wy recorded in nonfrozen vegetative cells over the
observation time, they demonstrated the trend of reco-
vering of photosynthetic activity.

The low values of ¥y and @g, of the haematocysts are
most likely due to the downregulation of photosynthesis.
During the cultivation time, the ¥y and @g, values of
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nonfrozen haematocysts increased likely indicating the
recovery of their PSA and its return to the active
functioning. However, this trend was not observed in the
hC® and hC™ cells. It is likely that the freezing stress was
too strong for these cells and abolished their fast recovery.

Temporary downregulation of photosynthetic activity
in combination with retention of structural integrity of the
cells might provide for a complete recovery of PSA at
subsequent cultivation. Since Chl a and b in green
microalgae are powerful photosensitizers (Asada 2006),
impairment of photoprotective mechanisms on the
background of still high Chl content increases the risk of
ROS generation. In view of this, better survival of the vC®*)
cells could also stem from partial extraction of Chl by
DMSO contained in the CM. A concomitant downregu-
lation of the chloroplast ETC functioning mitigates the risk
of ROS formation even in the absence of active photo-
protective mechanisms functioning normally in the
vegetative cells. An additional factor declining the risk of
photodamage is the low Chl content in haematocysts. We
believe that these features of haematocysts enhanced their
viability after freezing and thawing independently on the
CM addition.

In general, H. pluvialis is characterized by a high
resistance to freezing—thawing. Reportedly, the tolerance
of the microalga to low temperatures is related to a high
activity of its ROS-eliminating enzymes (e.g., catalase and
superoxide dismutase) as well as to a high content of
carotenoids possibly acting as antioxidants (Fleck et al.
2003). However, massive carotenoid accumulation in
haematocysts and ROS generation occur in different cell
compartments — cytosol and chloroplast, respectively
(Boussiba and Vonshak 1991). By contrast, in vegetative
cells of the microalga, carotenoids can participate in the
prevention of photodamage by ROS scavenging in the
photosynthetic membranes and by functioning epoxi-
dation/deepoxidation cycle (Asada 2006, Goltsev et al.
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