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Background: Microalgae are able to produce a significant amount of biologically significant substances.
In connection with the growing popularity of microalgae, it is important to develop effective methods for
storing cultures and creating strain banks. This will not only meet the needs of science and biotechnology
for viable and sustainable crops, but will also solve the problem of biodiversity conservation.

Obijectives: study the effect of salt stress and cooling regimes on the pigment composition of microalgae
Dunaliella salina cells in order to increase their safety after freezing-thawing.

Materials and methods: The objects of the study were the unicellular green microalgae D. salina.
Cultivation was carried out according to the standard method on nutrient media with different amounts of
NaCl and trace elements. Adaptation to low temperatures was carried out by exposure of samples in the
dark at temperature 4°C for 24 hours. Freezing was performed by placing 1 ml of the cell suspension in a
1.8 ml polypropylene cryogenic vial (Nunc, Sigma-Aldrich), cooled at a rate of 1 deg/min using a Mr.
Frosty with following regimes: to -10°C, -40°C, -40°C followed by immersion to liquid nitrogen or direct
immersion to liquid nitrogen (-196°C). Thawing was carried out in a water bath (37°C) with continuous
shaking for 1-2 min. Microscopic examinations were carried out on an LSM-510 Meta laser scanning
microscope (Carl Zeiss, Germany) upon excitation by a diode laser with a wavelength of 405 nm and
573 nm using a Nile Red stain.

Results: It has been established that the formation of intracellular lipid globules and the synthesis of
carotenoids in D. salina cells contribute to an increase in the concentration and number of motile cells
after freezing-thawing. It has been shown that during rapid cooling, adaptive mechanisms do not have
time to turn on in cells, and complete destruction of carotene-containing lipid globules occurs.
Conclusions: Cryopreservation of D. salina cells should be carried out at a rate of 1 deg/min to -40°C,
followed by immersion in liquid nitrogen and a mandatory stage of precultivation at 4°C for 24 hours.
This approach allows the cells to adapt to a decrease in temperature, which contributes to the best result
after freezing-thawing.

KEY WORDS: microalga; salt stress; temperature stress; Dunaliella salina; cryopreservation;
cryoresistance.

Microalgae are important for the development of modern biotechnology, as they are able
to accumulate a significant amount of biologically important compounds. One of the
promising strains is the unicellular halophilic green microalgae Dunaliella salina. Under
certain conditions, it is capable of hypersynthesis of lipids, glycerol, proline, beta-carotene
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and stress proteins [1-7]. Accumulation usually occurs under conditions of stressful growth.
Therefore, the content of valuable metabolites in the biomass of microalgae can be increased
by programmed variation of their growing conditions, for example, changing the composition
of the cultivation medium, increasing salinity, or decreasing temperature [8—10].

The increasing popularity of microalgae for biotechnology [11, 12] increases the
relevance of finding effective ways to preserve them for a long time. The development of
low-temperature storage methods aims to minimize the time and cost involved, prevent
contamination, and maintain genetic stability that is compromised by conventional serial
transfers.

It is known that glycerol is widely used as a cryoprotectant to increase the safety of cells
after cryopreservation [13-15]. Therefore, it can be assumed that Dunaliella salina cells
containing an increased amount of glycerol may be more resistant to low temperatures.

It was also shown [16, 17] that preliminary cold hardening of plant cells can increase the
percentage of preservation after cryopreservation due to the launch of adaptive cellular
mechanisms.

In a previous work, we have shown that a decrease of cultivation temperature [18],
microelement deficiency in the growth medium, and preliminary hardening [19] of Dunaliella
salina increase the content of lipid globules in cells. In this work, we investigated how
temperature and salt stress together, the concentration of sodium chloride in the culture
medium, and the choice of cooling mode affect the ability of cells to produce lipid globules
and resistance of microalgae to low temperatures.

Therefore, the aim of the work was to study the effect of salt stress and cooling regimes
on the pigment composition of Dunaliella salina cells in order to increase their safety after
freezing-thawing.

MATERIALS AND METHODS

Microalga D. salina Teod. obtained from the collection of the Department of Botany and
Plant Ecology, V. N. Karazin Kharkiv National University.

D. salina cultures were grown without aeration until the stationary phase of growth
(21 days). Microalgae were cultivated at 254+2°C (normothermia). The accumulation of
biomass was carried out in culture flasks (TPP, Switzerland) with a volume of 40 ml under
round-the-clock illumination with white fluorescent light of 52.84 pmol photons m?s?
[20, 21]. D. salina was grown on different media: Ramaraj [22] 1.5 M (Rm) and 4 M (Rmnaci)
sodium chloride, Artari (Ar) [23] without trace elements.

Nile Red (NR) (Sigma-Aldrich) stain was used to visualize the accumulation of
intracellular lipid globules according to the method described in [9].

Precultivation to low temperatures was carried out by exposure of samples in the dark at
temperature 4°C for 24 hours.

Freezing was performed by placing 1 ml of the cell suspension in a 1.8 ml cryogenic vial
(Nunc, Sigma-Aldrich), cooled at a rate of 1 deg/min using a Mr. Frosty freezing container
with following regimes: to -10°C, -40°C, -40°C followed by immersion to liquid nitrogen or
direct immersion to liquid nitrogen (-196°C). Thawing was carried out in a water bath (37°C).

Microscopic studies were performed using an LSM-510 Meta laser scanning microscope
(Carl Zeiss, Germany) when excited by a diode laser with a wavelength of 405 nm and
573 nm.

The Aim Image Examiner computer program (Carl Zeiss Micro Imaging) was used for a
comprehensive assessment of the safety of cells of the microalgae D. salina.

All data were processed by Statistica 6.0 package for Windows (Tulsa, OK, USA), and
the results were expressed as means and standard deviation. Comparisons were tested using
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Student’s t-test with Bonferroni correction. Values of p<0.05 were considered statistically
significant.

RESULTS AND DISCUSSION

Features of changes in the pigment composition of cells
depending on the stage of culture growth

We found that in the process of cell growth, the ratio between carotenoids and
chlorophylls changes, towards an increase in carotenoids and a decrease in the number of
chlorophylls, Fig. 1. Changes in the pigment composition of cells are associated with the fact
that as the culture grows, the amount of nutrients in the growth media decreases, metabolic
products accumulate, and therefore the cells begin to function in a new mode, which
contributes to the formation of adaptive reactions.

At the same time, the maximum increase in the number of lipid globules containing
carotenoids was in the culture in the stationary phase of growth, grown under conditions of
salt and nutrient (without trace elements) stress. This fact explains the greater resistance of
microalgae cells to stress factors in the stationary phase of growth [24].
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Fig. 1. Fluorescence intensity of D. salina cells depending on the growth stage and growth media at
normothermia: m — chlorophyll, = — B-carotene.

Microphotographs also prove the fact that the pigment composition changes during the
transition of cells from the exponential to the stationary phase of growth, Fig. 2. In the
stationary phase of growth (21 day) the morphological state of the D. salina cells changes:
increases size and the number of specific inclusions.

Effect of different freezing regimes on the change in the pigment
composition of D. salina cells
We have previously shown that microalgae cells are capable of synthesizing glycerol and
accumulating carotenoids not only under conditions of salt and nutrient stress, but also under
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the influence of low temperatures [18]. It is known that carotenoids have an antioxidant
effect, protect the membrane from damage by free radicals, and therefore can have a
protective effect, increasing cell survival after freezing and thawing [25, 26]. Therefore, we
studied the effect of different freezing regimes on the change in the pigment composition of
D. salina cells after freezing-thawing, depending on the composition of the growth media.

5 days 21 days

Ar

Rmnaci

Fig. 2. Micrographs of D. salina cells in exponential (5 days) and stationary (21 days)
growth phases. Green color — chlorophyll autofluorescence, red — Nile Red stain
fluorescence.

It was found that 24-hour incubation of cells at 4°C leads to a significant increase in the
intensity of NR fluorescence in cells, regardless of the growth media, Fig. 3 (2). At the same
time, the intensity of chlorophyll autofluorescence did not change compared to the control
when cultivated on the Rm and significantly decreased when cultivated on the Ar and Rmnacl,
Fig. 3 (1). This may indicate that cells initially grown under stress conditions adapt more
quickly to a decrease in temperature, while the change in the ratio between carotenoids and
chlorophylls occurs more slowly in a culture grown under optimal conditions.

Slow freezing of cells to —40°C followed by immersion of samples in liquid nitrogen after
thawing led to a decrease in the intensity of chlorophyll autofluorescence by 40% in a sample
with Rm media, Fig. 3 (1). In the culture on the Ar, the decrease in autofluorescence was at
the level of about 20%; no significant changes were recorded on the Rmnaci. At the same
time, a significant increase in NR fluorescence by 10% compared with the control was
recorded only in cells on the Rmnaci, Fig. 3 (2). The absence of obvious changes in the
pigment composition during slow controlled freezing to -40°C followed by immersion in
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liquid nitrogen indicates that the cells do not have time to undergo structural changes that
would allow them to adapt to temperature stress.
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Fig. 3. Fluorescence intensity of chlorophyll (1) and Nile Red stain (2) in D. salina cells, depending
on the cooling regimes and growth medium: m — control, m — precultivation at 4°C for 24 hours,
m — freezing 1 deg/min, m — freezing by immersion in liquid nitrogen.

Rapid freezing by immersing samples in liquid nitrogen after thawing did not lead to a
significant decrease in chlorophyll autofluorescence in cells, a significant decrease by 20%
was only when microalgae were cultivated on Rm, Fig. 3 (1). Regarding NR fluorescence,



39
Effects of salt stress and cooling regimes on the pigment composition of Dunaliella salina...

rapid cooling resulted in complete degradation of carotene-containing lipid globules in all
samples examined, Fig. 3 (2).

Concentration of D. salina cells and their motility after freezing-thawing
It was found that the survival of microalgae depends on the final cooling temperature and
the composition of the growth media. It was shown that cooling to -10°C at a rate of
1 deg/min did not reduce the concentration of cells after heating in comparison with the
control. Cooling to -40°C at a rate of 1 deg/min led to a significant decrease in cell
concentration, and the cells grown on the Rmnaci turned out to be more resistant, Fig. 4 (1).
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Fig. 4. Concentration (1) and motility (2) of D. salina cells after freezing/thawing depending on the
cooling regimes: m — control; m — -10°C; m — -40°C; m — -40°C followed by immersion in
liquid nitrogen.
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Slow freezing to -40°C followed by immersion in liquid nitrogen showed that cells grown
on a media with the optimal composition for growth (Rm) are the least resistant to
cryopreservation. The concentration in cultures on the Ar and Rmnac) after heating decreased
by 50% compared to the control, while in the Rm the cell concentration approached zero,
Fig. 4 (1). It can be assumed that there is a direct correlation between the number of carotene-
containing lipid globules in microalgae cells and their resistance to low temperatures.

The study of cell motility showed that freezing to -10°C does not reduce this indicator in
comparison with the control in all studied samples. Upon cooling to -40°C, motility decreased
by an average of 75% compared with the control; after freezing to -40°C followed by
immersion in liquid nitrogen, no motile cells were found, Fig. 4 (2). It is likely that when
cooled to temperatures below -40°C, the functional activity of contractile proteins decreases,
which makes D. salina cells immobile.

CONCLUSION

It was shown that the pigment composition of D. salina cells changes in the stationary
growth phase: the number of lipid globules containing carotenoids increases. It has been
established that the accumulation of carotene in microalgae is induced by an increase in the
concentration of sodium chloride in the growth media up to 4 M.

It has been established that the formation of intracellular lipid globules and the synthesis
of carotenoids in D. salina cells contribute to an increase in the concentration and number of
motile cells after freezing-thawing.

It has been shown that during rapid cooling, adaptive mechanisms do not have time to
turn on in cells, and complete destruction of carotene-containing lipid globules occurs.

Therefore, cryopreservation of D. salina cells should be carried out at a rate of 1 deg/min
to -40°C, followed by immersion in liquid nitrogen and a mandatory stage of precultivation at
4°C for 24 hours.

This approach allows the cells to adapt to a decrease in temperature, as well as to get the
best result after freezing-thawing.
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BILIUB COJIbOBOI'O CTPECY TA PEXKUMIB OXOJIOJ)KEHHSI HA IIT'MEHTHU
CKJIAJ KJIITUH DUNALIELLA SALINA
H. A. Yepnooaii, H. I'. KaagnikoBa, K. /I. Bo3oBuk, JI. ®. Po3anos, I. ®. KoBajienko
Incmumym npobnem kpiobionoeii i kpiomeouyunu HAH Yxpainu,
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Hapiiinna mo pemakuii 12 tpaus 2023 p. Ilepernsiayta 28 tpasms 2023 p.
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AKTyaabHicTb. MiKpOBOIOPOCTi 34aTHI BUPOOIATH 3HAYHY KUTBKICTH O10JIOTIYHO 3HAYYIINX PEUOBHH.
VY 3B'I3Ky 31 3pOCTaHHAM TMOMYJSPHOCTI MIKPOBOJOPOCTEH akKTyalbHAa PO3poOKa ePEeKTHBHHUX METOIIB
30epiraHHs KyJabTyp Ta CTBOpEHHS OaHKIiB mramiB. Lle He TUIBKM 3aJ0BONIEHUTH NMOTPEOM HAYKH Ta
010TeXHOJNOT1i y JKUTTE3NATHUX 1 CTIMKMX KyJIbTypax, ane i BHpPIIIMTh NpobieMy 30epexeHHs
010pi3HOMAHITTS.

MeTa poGOTH. JOCIIAUTH BILIMB COJILOBOTO CTPECY Ta PEKUMIB OXOJIOJPKEHHSI Ha IITMEHTHHUH CKIazx
kTl Mikposogopocti Dunaliella salina 3 metoro migBuIeHHs iX 30€peKCHHS MICIs 3aMOPOKYBaHHSI -
BiIirpiBaHH.

Marepiaau i Mmetoau. O6’ekTaMu JOCTIHKEHHS Oy OJHOKIITHHHI 3eeHi MikpoBojopocti D. salina.
KynpTHBYBaHHS NPOBOAMIM 3a CTAaHJAPTHOIO METOAWKOIO Ha MOXHMBHUX CEpPEIOBHINAX 3 PI3HOIO
kimpKicTio NaCl Ta MikpoeneMeHTiB. AanTamilo 0 HU3BKUX TEMIEpaTyp 3AiHCHIOBAIA BHTPHUMKOIO
3paskiB npu Temnepatypi 4°C mpotsarom 24 roauH 6e3 OCBITICHHA. 3aMOPOKyBaHHS MPOBOIMIIH IUITXOM
JOJaBaHHA | MJI cycIieH3ii KIITHH Yy MOJINpOIMIJIICHOBY KpioreHHy mpoOipky o0’emom 1,8 mu (Nunc,
Sigma-Aldrich), oxonomxyBanu 3i mBuakictio 1 rpam/xs 3a gonmomoror Mr. Frosty 3 BUKOpHCTaHHS
HacTynmHHUX pexumiB: 1o -10°C, -40°C, -40°C 3 HaCTYNmHUM 3aHYPEHHSM Y PiAKHH a30T a00 MpPSIMHUM
3aHypeHHsIM y pimkumii aszot (-196°C). BixirpiBanus 3miiicHioBaqn Ha BomsHid 6ami (37°C) mnpm
Oe3mepepBHOMY CTPYIIYBaHHI MPOTIroM 1—2 XB. MiKpOCKOMIYHI JOCIIIKEHHS IPOBOIMIN Ha JIA3€PHOMY
ckaHyrouoMy Mikpockori LSM-510 Meta (Carl Zeiss, Himeuanna) npu 30yIKeHHI TiOIHUM JIa3epoM 3
JOBXHHOIO XBUIT 405 HM 1 573 HM 3 BuKOpucTaHHsaM GapeHuka Nile Red.

PesyabraTn. BcraHOBNEHO, 110 YTBOpEHHsS BHYTPIIIHBOKIITHHHHUX JIMJHUX TJIOOYdT 1 CHHTE3
KapoTHHOIAiB y KimiTuHax D. salina cnpusirots 30ibIICHHIO0 KOHIICHTPALIIT Ta KITBKOCTI PYXOMHUX KIITHH
micisl 3aMOpOXKyBaHHs-BiATaBaHHs. [loka3zaHo, 10 TPH IIBUAKOMY OXOJIOJDKEHHI B KIITHHaxX He
BCTUTAlOTh ~ BKJIFOYATHCS  NIPUCTOCYBaJlbHI ~ MEXaHi3MH 1  BiIOyBaeTbCs IOBHE  pyWHYBaHHs
KapOTHHOBMICHUX JIIITI THUX TJIOOYIL.

BucnoBku. Kpiokoncepsaitito kinitud D. salina cnig 3aificHioBatu 3i mBujikictio 1 rpag/xs mo -40°C 3
MOJANTBIIIAM 3aHYPEHHSM Y PIIKHI a30T Ta 000B’SI3KOBUM eTanoM npekynbtuBaii npu 4°C npotsrom 24
roguH. Takui mAXix A03BOJSIE KINITHHAM aJanTyBaTHUCS 1O 3HIDKEHHS TEMIIEpaTypH, IO CIIPHSE
HaMKpaIioMy pe3yJbTaTy Micis 3aMOPOKYBaHHS-BIIrpiBaHHS.

KJIFOUOBI CJIOBA: wmikpoBomopocTi; conboBuii crpec; Temmeparypuuii crpec; Dunaliella salina;
KP10KOHCECPBYBAaHHS; KPIOPE3UCTECHTHICTD.
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