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Abstract

In this study, we investigated the effects of shock freezing on physiological properties
and consequent growth of in the Antarctic alga Stigeoclonium sp. and comparative coc-
cal alga Diplosphaera chodatii on agar plates. Culture of algae grown in liquid medium
were used to study subzero temperatures on the species resistance to shock freezing.
Then, microalgae were frozen in liquid nitrogen and inoculated on BBM agar after
thawing. Physiological status of algae was evaluated by chlorophyll fluorescence param-
eters during 28 days. The results showed that interspecific differences existed in their
tolerance to shock freezing, as well as their consequent growth rate on agars. Direct
effects of freezing in liquid nitrogen was demonstrated in chlorophyll fluorescence pa-
rameters recorded immediately after thawing the samples (in liquid medium). In spite of
the fact that majority of cells was destroyed by shock freezing, the potential of photo-
chemical processes in PS II (Fy/Fy) remained constant in D. chodatii. It may indicate
high resistance of the species to freezing/thawing cycles and a capability of the surviving
cells, core chlorophylls in PS II respectively, to perform photosynthetic processes related
to PS II. Contrastingly, Stigeoclonium sp. showed a shock freezing-dependent decrease
in Fy/Fy. When shock-frozen, thawed and inoculated on agar plates, the culture of
D. chodatii, and Stigeoclonium sp. showed cultivation time-dependent increase in chlo-
rophyll fluorescence parameters (Fy/Fy, Fs).

Key words: Antarctica, cold stress, cryoresistance, algal cultures, biotechnologies

DOI: 10.5817/CPR2019-1-4

Received March 4, 2019, accepted June 5, 2019.

*Corresponding author: A. Orekhova <asp.sniish@mail.ru>

Acknowledgements: The authors are very grateful to the MSMT projects ECOPOLARIS
(CZ.02.1.01/0.0/0.0/16_013/0001708) and CzechPolar - I, II (LM2010009 and LM2015078) for
providing facilities and the infrastructure used in the research reported in this study.

37



A. OREKHOVA et al.

Symbols and abbreviations: BBM - Bold‘s Basal Medium, ChF — chlorophyll

fluorescence, KK — Kautsky kinetics of chlorophyll fluorescence,

Fy/Fy — potential

yield of photochemical photosynthetic processes in PS II, Fs— steady-state fluorescence,
PS II - photosystem II, Rgq - relative fluorescence decline (vitality ratio), qF, - quenching

of background chlorophyll fluorescence

Introduction

It is well established that algae from the
polar regions exhibit high cryoresistance.
Typically, they have the ability to survive
and cope well with repetitive freezing/
thawing cycles. The ability and underlying
mechanisms have been studied in polar ter-
restrial algae (e.g. Elster et al. 2008, Orek-
hova et al. 2018) and chlorolichens (e.g.
Haranczyk et al. 2017). Several aspects of
algal cryoresistance have been studied with-
in the last few decades. Main emphasis has
been given to their survival capacity under
different freezing conditions (Hajek et al.
2012). In our recent study, we focused on
photosynthetic parameters in two algae
from James Ross Island, where long-term
research of photosynthesis (both field and
laboratory-based experiment) has been car-
ried out since 2007. We addressed experi-
mental freezing effects on Diplosphaera
chodatii and Stigeoclonium sp. in order to
prove cryoresistance of the two species.

Diplosphaera chodatii Bialosuknia (Bia-
losuknia 1909), is a unicellular green alga
that is within the family Trebouxiophyceae
(Thiis et al. 2011). It is a symbiotic alga of
the lichens of genus Dermatocarpon. Gen-
eral features of D. chodatii has been re-
viewed by Doering (2017) recently. The
species is a single-celled green alga grow-
ing also on rock at the interface between
the water and the terrestrial environment
around rivers and lakes. It is considered a
terrestrial species, found in soil (Flechtner
et al. 1998, Lukesova and Hoffmann 1996),
wooden piers (Handa et al. 2001), and de-
serts (Fletchtner et al. 2008). D. chodatii
can be found free-living (Flechtner et al.
1998, Lukesova and Hoffmann 1996). As
mentioned above, it forms a symbiosis with
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a lichen-forming fungus, Dermatocarpon
luridum (With.) Laundon (Fontaine et al.
2013) as well. Similarly, D. chodatii is be-
lieved to be the photobiont partner of the
lichenised ascomycete Dermatocarpon lu-
ridum (Rehakova 1968, Fontaine 2013).
D. chodatii is found to be associated with
a wide-variety of lichen-forming fungi in
the Verrucariaceae including species of
Staurothele, Endocarpon Hedw., Derma-
tocarpon, Verrucaria, Normandina Nyl.
(Thiis et al. 2011).

D. chodatii is a unicellular, rod-shaped
green alga (Fontaine et al. 2012). The spe-
cies is closely related to members of Sti-
chococcus Négeli (This etal. 2011). Phylo-
genetically, it is also related to Chlorella
sphaerica Tschermak-Woess (Karbovska
and Kostikov 2012). It exhibits a wide va-
riety of morphological shapes including mi-
careoid and globose (Coppins 1983) as well
as ovular/spherical and cylindrical (Fontai-
ne et al. 2012, Stocker-Worgétter and Tiirk
1989). Individual cells have rather oval, i.e.
not perfectly round shape. They are approx-
imately 4 — 8 um long by 3 — 5 um wide
(Coppins 1983, Fontaine et al. 2012, Yahr
et al. 2006). Cell wall is thin. The species
occurs in groups of two to four cells typ-
ically. In some cases, the cell clusters may
be surrounded bya gelatinous matrix (Stoc-
ker-Worgotter and Tiirk 1989). It exhibits
high desiccation tolerance which helps the
species to survive up to two months of des-
iccation (Zhang and Wei 2011).

Stigeoclonium sp. is a filamentous,
branched alga found in several well-hy-
drated terrestrial ecosystems in subant-
arctic islands, Antarctica (e.g. Pushparaj et
al. 2004), specifically at the King George



Island (Mrozinska et al. 1998, Komarek and
Komarek 1999) and the James Ross Island
(Caisova et al. 2009). Occurrence of Sti-
geoclonium sp. was also recorded in win-
ters in central Europe shallow wetlands
(Machova et al. 2008). It grows in wet
places like small-area freshwater lakes,
streams and seepages. Recently, photo-
synthetic processes of Stigeoclonium sp.
(EEL-004, collection in James Ross Island,
Antarctica) have been studied by the ap-
proach of light response curves of effec-
tive quantum yield (®pgp) and oxygen evo-
lution rate (OER) - Vaczi (2018). Genus
Stigeoclonium contains a large number of
species (about 80), although some critical
revisions of Stigeoclonium (Francke and
Simons 1984, Simons et al. 1986, Caisova
et al. 2011) have reduced it to much lower
number. The genus Stigeoclonium has been
extensively studied particularly in relation
to its morphology, reproduction, and cytol-
ogy (e.g. Branco et al. 2002, Skinner and

Material and Methods
Algal material

The Diplosphaera chodatii (CCALA
strain No. 336) and Stigeoclonium sp.
(EEL strain No. 004) were isolated from
the samples from Netolice (Czech Repub-
lic) and the James Ross Island, Antarctica.
D. chodatii was isolated by LukeSova in
1988 and then cultivated as stock culture
on Bold‘s Basal Medium (BBM). Stigeo-
clonium sp. was isolated from water sam-
ples taken from the Big Lachman lake (NE
of the James Ross Island). Big Lachman
Lake is a typical coastal shallow lake lo-
cated on a terrace at an altitude of about
9 m. Daily mean temperature of the lake
measured at the depth of 50 cm ranges
from -22°C (July) to+10°C (December/Jan-
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Entwisle 2004, Michetti et al. 2010). Re-
cently, selected species of Stigeoclonium
genus are considered prospective for fu-
ture biotechnologies, secondary compound
production in particular, and tested (e.g.
Liu et al. 2016a - for polyunsaturated fatty
acids, Liu et al. 2016b - for large-scale
biotechnologies).

In our study, we focused two aspects of
physiology of two algae, one from the
James Ross Island the other one from the
Culture Collection of Autotrophic Organ-
isms (CCALA, Trebon, Czech Republic).
First, it was algal resistance to subzerotem-
perature, shock freezing in particular and,
secondly, the applicability of chlorophyll
fluorescence technique to monitor growth
and physiological status of algal culture
during cultivation on agar plates. We hy-
pothesized that interspecific differences
would exist in their resistence to shock
freezing, as well as their consequent growth
rate on agars.

uary). The samples of Stigeoclonium sp.
were collected from lake bottom from the
depth of 30 cm. Stock cultures of D. cho-
datii and Stigeoclonium sp. were used for
experiments addressing species resistance
to shock freezing (Fig. 1). The microalgae
were cultivated in a 3 N inorganic Bold‘s
Basal liquid Medium (BBM) in 100 ml
glass flasks under continuous irradiation of
15 umol m? s of photosynthetically ac-
tive radiation (PAR). The cultivation was
static, the flasks were placed on racks in a
cultivation box (Liebherr FKS 5002, Ger-
many). Cultivation temperature was set to
10°C.
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Fig. 1. Cell cultures of the experimental species Diplosphaera chodatii and Stigeoclonium sp.
before (left sub-panels, A, B) and after shock freezing in liquid nitrogen (right sub-panels, C, D).
The area of lysed cells in shock-frozen culture of D. chodatii is indicated by circles.

Experimental design
Shock freezing treatment

Experimental design and shock freez-
ing were similar to that applied in previous
study (Orekhova et al. 2018). Algal culture
suspensions were pipetted into microcryo-
vials (1.5 ml cryogenic tube with screw
cap, BRAND®, Germany) and used for ex-
perimental treatments (3 replicates). Sam-
ples were frozen by immersion into liquid
nitrogen (-196°C) for 10 min. Then the
cryovials with frozen algae were taken
away from liquid nitrogen and thawed nat-
urally at room temperature (23°C).

After the thawing (2 h in the target tem-
perature of 23°C), liquid inoculum (0.5 ml)
was spread uniformly on an agar plate (in-
organic 3 N BBM medium with a 1.5%
agar, Duchefa, the Netherlands, Prod. No.
1001.1000) with a glass rod (Day 1). The
samples were cultivated in Petri dishes on
agar plates for the following 28 days (3 dish-
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es per treatment). During cultivation, the
samples were exposed to a temperature of
10°C and a radiation of 15 pmol m? s
PAR, photoperiod was set to 16/8 h light/
dark. The growth of the culture was check-
ed regularly by optical microscopy (Olym-
pus BX 41, Japan).

After a week of cultivation on agar
plates, the number of living cells increased
so that the chlorophyll fluorescence meas-
urements could be taken (i.e. chlorophyll
fluorescence signal was above the detection
limit of the instrument - see below section).
Therefore, the first measurement of slow
Kautsky kinetics and quenching analysis
of chlorophyll fluorescence could be taken
on Day 7 after the inoculation of the cul-
ture (passing shock freezing and conse-
quent thawing) on agar plates.



Chlorophyll fluorescence measurements

Chlorophyll fluorescence parameters
were measured: before the experiment
(Diplosphaera chodatii and Stigeoclonium
sp. in liquid culture), after shock freezing
and subsequent thawing of room tempera-
ture, and repeatedly after the inoculation
of frozen culture on agar and the following
growth, typically in 7 days interval. The
changes in the physiological state of the
algae cells during each cultivation period
following shock freezing were evaluated
by chlorophyll fluorescence, using a HFC-
010 FluorCam (Photon Systems Instru-
ments, Czech Republic). The Petri dishes
with algal cultures were dark-adapted for
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5 min. and slow Kautsky kinetics supple-
mented with quenching analysis were meas-
ured. The method and experimental set up
optimized for lichens and described else-
where was used (see Trnkova and Bartak
2017). From the curves, particular chloro-
phyll fluorescence signals (see Fig. 4), and
the following chlorophyll fluorescence pa-
rameters were evaluated: the potential yield
of photochemical photosynthetic processes
in PS II (Fy/Fy), and steady-state fluores-
cence (Fs). The chlorophyll fluorescence
parameters were used to assess: (1) direct
effect of shock freezing, and (2) growth of
inoculum after shock freezing.

Fv/FM = (FM - F()) / FM

Rgq = (Fp —Fs) / Fg

qFo=(Fo—Fy") / Fo

(Lichtenthaler et al. 2004)

(Bilger and Schreiber 1986)

Eqgn. 1

Egn. 2

Egn. 3

Table 1. The chlorophyll fluorescence parameters used in this study. Equations and resources are

shown.

Results and Discussion

Direct effects of freezing in liquid nitro-
gen was demonstrated in chlorophyll fluo-
rescence parameters recorded immediately
after thawing the samples (in liquid medi-
um). In spite of the fact that majority of
cells was destroyed by shock freezing, the
potential of photochemical processes in
PS 11 (Fy/Fy) remained constant in D. cho-
datii (Fig. 2). It may indicate high resist-
ance of the species to freezing/thawing
cycles and a capability of the surviving
cells, core chlorophylls in PS IIs respec-
tively, to perform photosynthetic processes
related to PS II. Contrastingly, Stigeoclo-
nium sp. showed a shock freezing-depend-
ent decrease in Fy/Fy. If treated with sub-
zero temperature, typical critical point for

primary photosynthetic processes related to
PS 1II (of lichen symbiotic algae) ranges
from -20°C to -25°C (Bartak et al. 2007).
Shock freezing brings destruction of ma-
jority of algal cells. Surviving cells, how-
ever, are capable of regrowth and repro-
duction and restoration of full photosyn-
thetic capacity in terms of weeks (Orekho-
va et al. 2018).

Destruction of cells by shock freezing
is well documented by the decrease of
steady state chlorophyll fluorescence signal
(Fs) which is considered an equivalent for
the amount of functioning chlorophyll mol-
ecules. The shock freezing-induced decrease
reached 52% (of control) in D. chodatii,
and 51% Stigeoclonium sp.
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Fig. 2. Effects of shock freezing on Fy/Fy; (potential yield of photochemical photosynthetic
processes in PS 1), and Fg (steady-state fluorescence). The two chlorophyll fluorescence parame-
ters were recorded for control samples grown in liquid BBM medium, and then immediately after

shock freezing and thawing.

The steady-state chlorophyll fluores-
cence (Fs) decrease is well documented in
Fig. 2 that shows the effect of shock freez-
ing. During further cultivation on agar
plates, however, Fg increases with cultiva-
tion time (Fig. 3). D. chodatii, and Stigeo-
clonium sp. responded to shock freezing
by changes in the shape of Kautsky kinet-
ics and the values of the particular chloro-
phyll fluorescence signals Fy;, Fp, Fs, Fy',
and Fy;"" (see Fig. 4). Shock freezing also
brought a change in Rgq and qFy. Rgy in-
creased to 93% (D. chodatii) and 38% (Sti-
geoclonium sp.) of the initial values in the
control (Fig. 5). For the two experimental
species, similar increase in qF, was found
(97 and 151%, respectively). The value of
Rpg increased thanks to shock freezing
which is not consistent with other stressors
that typically bring a decrease in Rgq. The
value decreases when the balance between
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photochemical reactions in thylakoids and
the rate of enzymatic reactions occurring
in stroma chloroplasts is disturbed. As a re-
sult of the exposure to various stressors, an
increase in Fg is observed at a relatively
constant Fy; value. Thereby, the difference
Fum — Fs decreases and, consequently, the
Rgq value decreases as well (Lichtenthaler
et al. 2004). Shock freezing, however, de-
stroys majority of chlorophyll molecules
which results in overall decrease in chloro-
phyll fluorescence signal and a change in
the shape of slow Kautsky kinetics. There-
fore, the recorded changes in Rgq induced
by shock freezing are not comparable to
the regulatory changes caused by other fac-
tors. The shock freezing-induced change in
qFo, however, indicates some alternations
in functioning of light harvesting com-
plexes.
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Fig. 3. Chlorophyll fluorescence parameters Fy/Fy and Fs recorded during the growth of the
shock-frozen cultures of Diplosphaera chodatii and Stigeoclonium sp. on agar plates for 28 days.
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Fig. 4. Changes in the shape of slow Kautsky kinetics of chlorophyll fluorescence recorded in al-
gal cultures of Diplosphaera chodatii and Stigeoclonium sp. grown in liquid BBM medium (left
panels, the effect of shock freezing). The Kautsky kinetics recorded in the beginning (Day 7) and
the end (Day 2 of cultivation of the algae on agar plates. Particular chlorophyll fluorescence sig-
nals are indicated.
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Fig. 5. Effects of shock freezing on Relative fluorescence decrease (Rgg) and quenching of
background chlorophyll fluorescence (qF,). The two chlorophyll fluorescence parameters were
recorded for control samples grown in liquid BBM medium, and then immediately after shock

freezing and thawing.

Commonly, positive values of qF, are
reached in plants since 0< F' <F,. Excep-
tionally, when F,” > F,, qF, gives negative
values. It is probably due to not fully re-
oxidised PS II acceptor (Rohacek 2002).

When shock-frozen, thawed and inocu-
lated on agar plates, the cultures of D. cho-
datii and Stigeoclonium sp. showed cultiva-
tion time-dependent increase in chlorophyll
fluorescence parameters (Fy/Fy, Fs). One
week after the inoculation (Day 7), D. cho-
datii showed a decrease in Fy/Fy; (in com-
parison to untreated control) attributed to
the negative adjustment related to the
change of medium from liquid to agar.
However, with the following time of culti-
vation, Fy/Fy; reached control values and
remained more or less constant. Stigeoclo-
nium sp., contrastingly, showed much slow-
er increase in Fv/Fy; values in shock frozen
inoculum in a course of time (Day 7 to
Day 14), followed by a fast increase in the
period from Day 21 to Day 28. Therefore,
it reached control values 28 days after inoc-
ulation.

For steady state chlorophyll fluores-
cence (Fs) measured during the cultivation
on agar plates (Fig. 3), there was no dif-
ference found between control and shock-
frozen inoculum in D. chodatii (Day 28).
The Fs values increased with the time of
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cultivation similarly in both treatments
which could be associated with similar rate
of growth of control and shock freezing-
treated D. chodatii. The Fg values, how-
ever, were lower on Days 7, 14, and 21.
Control culture of Stigeoclonium sp. ex-
hibited fast growth rate, because Fs in-
creased in similar way as in D. chodatii.
Shock freezing-treated culture of Stigeo-
clonium sp. reached 58% decrease in Fg
value after a week cultivation (Day 7) on
agar plates. Then, Fg increased with the
time of cultivation, however, it was still
substantially lower than in control. This
might be explained as a consequence of ne-
gative effects of shock freezing on func-
tioning of chloroplast photosynthetic appa-
ratus (¢f- also Fy/Fy). The underlying mech-
anism for such negative effects on photo-
synthetic processes and culture growth rate,
however, remains unknown. Negative ef-
fect of potentially improper composition of
growth medium might be excluded since
the rate of growth (Fs-based) in control Sti-
geoclonium sp. was similar to that of D. cho-
datii (0.497 compared to 0.346 mV d'). In
general, Fg time course of shock-frozen in-
oculum was comparable to the evidence
gained for Heterococcus sp. in similarly-
designed experiment (Orekhovaetal. 2018).
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Fig. 6. Relative fluorescence decrease (Rgg) and quenching of background chlorophyll fluores-
cence (qF) as dependent on cultivation time of Diplosphaera chodatii and Stigeoclonium sp. after

inoculation on agar plates.

The effects of cultivation on agar plates
on Rgy ab qF, values are shown in Fig. 6.
The two parameters did not exhibit much
change in D. chodatii. However, increase
in Rgq and qF, was apparent at the end of
cultivation period (days 14-28) in Stigeo-
clonium sp. The reasons and underlying
mechanisms remain unclear and will be
addressed in one of the follow up studies.

Our experimental algae showed a high
cryoresistance since they were capable of
successful regrowth after shock freezing.
This could be achieved thanks to cryopro-
tective mechanisms in microalgae from po-
lar regions that have been overviewed by
Lyon and Mock (2014). The mechanisms
comprise mainly the maintenance of fluid-
ity of cellular biomembranes under freez-
ing temperature (long-term effect). Under-
lying mechanism is e.g. an increased con-

centration of polyunsaturated fatty acids
(PUFAs) which is well documented for
chlorophytes (Fogliano et al. 2010, Chen
et al. 2012). Polar microalgae do not only
increase PUFA concentrations in cell mem-
brane phospholipids, but also galactolipids
integral to the chloroplast membrane (Mor-
gan-Kiss et al. 2002). In psychrotolerant
green alga, Coccomyxa subellipsoidea, the
most enriched gene families of fatty acids
synthases, elongases, lipases, and desatu-
rases were found (Blancet al. 2012). More-
over, in cryoresistant microalgae, several
cryoprotectants play an important role. The
amino acid proline is an abundant compat-
ible solute in many cryophilic microalgae.
Last but not least co-action with special
proteins expressed in response to subzero
temperature in polar microalgae should be
mentioned.
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