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Abstract
Diatoms are microalgae that thrive in a range of habitats worldwide including polar areas. Remarkably, non-marine pennate
diatoms do not create any morphologically distinct dormant stages that could help them to successfully face unfavourable
conditions. Their survival is probably connected with the adaptation of vegetative cells to freezing and desiccation. Here we
assessed the freezing tolerance of vegetative cells and vegetative-looking resting cells of 12 freshwater strains of benthic pennate
diatoms isolated from polar habitats. To test the effect of various environmental factors, the strains were exposed to −20 °C
freezing in four differently treated cultures: (1) vegetative cells growing in standard conditions in standard WC medium and (2)
resting cells induced by cold and dark acclimation and resting cells, where (3) phosphorus or (4) nitrogen deficiency were used in
addition to cold and dark acclimation. Tolerance was evaluated by measurement of basal cell fluorescence of chlorophyll and
determination of physiological cell status using a multiparameter fluorescent staining. Four strains out of 12 were able to tolerate
freezing in at least some of the treatments. The minority of cells appeared to be active immediately after thawing process, while
most cells were inactive, injured or dead. Overall, the results showed a high sensitivity of vegetative and resting cells to freezing
stress among strains originating from polar areas. However, the importance of resting cells for survival was emphasized by a
slight but statistically significant increase of freezing tolerance of nutrient-depleted cells. Low numbers of surviving cells in our
experimental setup could indicate their importance for the overwintering of diatom populations in harsh polar conditions.
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Introduction

Diatoms are microalgae inhabiting a variety of aquatic and
terrestrial habitats worldwide, including permanent and tem-
porary freshwater bodies (Round et al. 1990; Mann 1999;
Vanormelingen et al. 2008). They also thrive in many polar
habitats in both the Arctic (Moore 1974; Antoniades and
Douglas 2002; Kim et al. 2008; Pla-Rabés et al. 2016) and
Antarctica (Jones 1996; Van de Vijver and Beyens 1999;

Cremer et al. 2004; Kopalová et al. 2013) where they have
become a dominant part of the algal flora.

The capability to survive seasonal extremes in the polar
regions is one of the selection pressures on microorganisms
(Vincent 2000). Crucial factors influencing the life of polar
microbial communities are freezing and desiccation, which
are naturally connected with liquid water availability (Davey
1989; Elster and Benson 2004). These stresses are most sig-
nificant in unstable terrestrial and hydro-terrestrial habitats.
Hydro-terrestrial habitats (e.g. wetlands, shallow lakes and
pools, glacial and snow-fed streams) freeze solid in winter,
but liquid water is available there during the vegetative season
in contrast to terrestrial environments (Elster 2002). However,
during the short period of liquid water availability (3 to 5
months), the temperatures are low and fluctuate even in the
summer season but rarely fall deeper than −5 °C. During the
polar winter, temperatures drop below 0 °C, the water level
decreases, and no liquid water is available until spring (Davey
et al. 1992; Láska et al. 2012). Moreover winter freezing may
be prolonged due to thick snow and ice cover. Water flow
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maxima are associated with spring snow-melting, and the con-
centrations of dissolved nutrients are low with the exception
of habitats enriched by animal activity (Hawes 1989; Davey
et al. 1992; Sheath et al. 1996). In autumn and spring, temper-
atures are more stable (around 0 °C) but numerous freeze-
thaw cycles occur (Davey et al. 1992; Elster and Benson
2004; Láska et al. 2012). It was suggested that spring freeze-
thaw cycles could act as a bottleneck for algal populations of
Arctic Zygnema (Pichrtová et al. 2014a).

Apart from freezing and desiccation, nutrient starvation
represents another stress common in polar habitats (Vincent
et al. 2008). Nitrogen and/or phosphorus limitation of polar
algae from terrestrial habitats (Davey and Rothery 1992;
Arnold et al. 2003) and lakes (Levine and Whalen 2001;
Brutemark et al. 2006; Nedbalová et al. 2013; Hogan et al.
2014) are frequently reported. Nutrient starvation is known to
be related to cell hardening and increased stress resistance of
algae and cyanobacteria (Billi and Caiola 1996; Pichrtová
et al. 2014b; Tashyreva and Elster 2015). Diatom dormant
stages are often formed under nutrient depletion (Kuwata
et al. 1993; McQuoid and Hobson 1996; Kuwata and
Takahashi 1999). Nutrient limitation also results in lipid ac-
cumulation in microalgae, which is a general response to var-
ious stresses (Mock and Kroon 2002a; Fields et al. 2014;
Mekhalfi et al. 2014; Arc et al. 2020).

Some laboratory experiments and field studies of polar
microalgae have shown an enhanced tolerance to habitat-
related stresses such as desiccation (Hawes and Davey 1989;
Šabacká and Elster 2006), freezing (Davey 1989; Hawes
1990; Šabacká and Elster 2006; Pichrtová et al. 2016;
Trumhová et al. 2019) and osmotic stress (Pichrtová et al.
2014a). However, differences in the survival strategies be-
tween species from different habitats were observed (Davey
1991; Šabacká and Elster 2006). Freezing and desiccation
tolerance has been also reported in temperate and some polar
diatoms; nevertheless, they were shown to be rather sensitive
(Souffreau et al. 2010, 2013a; Hejduková et al. 2019, 2020).

Microalgae including diatoms have evolved many diverse
mechanisms to protect themselves and prevent freezing inju-
ries (Morgan-Kiss et al. 2006), for instance, the excretion of a
variety macromolecular substances that trigger several re-
sponses on the intracellular and extracellular levels.
Antifreeze proteins (Gwak et al. 2010; Bayer-Giraldi et al.
2011), ice-binding proteins (Janech et al. 2006) and other
ice-active substances (Raymond 2000; Raymond and Knight
2003) work through regulation of ice crystal formation such as
inhibition of ice recrystallization, modification of single ice
crystals morphology and/or decrease of a freezing point
(Raymond and Knight 2003; Janech et al. 2006; Gwak et al.
2010; Bayer-Giraldi et al. 2011). Accumulated sugars and
other extracellular polymeric substances (EPS) are responsible
for the maintenance of liquid environment within habitable
pore spaces as sea ice freezes (Krembs et al. 2002) and

stabilize phospholipid bilayers and proteins (Crowe et al.
1987; Welsh 2000). The fluidity of membranes is closely
connected with optimal metabolic functions at low temper-
atures, e.g. for ion and gases permeability and electron
transport chain during photosynthetic activity. Significant
changes in the lipid composition to regulate membrane flu-
idity are found in direct relation to changes in environmen-
tal conditions and consequently physiological status
(Morgan-Kiss et al. 2006). The percentage of polyunsatu-
rated fatty acids (PUFA) generally increases with decreas-
ing temperature in many polar diatoms and other
microalgae (Nichols et al. 1993; Teoh et al. 2004, 2013).
Production rates of several of these substances (e.g. EPS,
PUFA) are increased also under other stresses as nutrient
limitation and even during extended periods of dark (Smith
and Underwood 1998, 2000; Mock et al. 2017).

A widespread strategy to survive adverse environmental
conditions reported from different groups of microorganisms
is the formation of dormant cells (spores, cysts). Viable stress-
resistant stages of diatoms and other algae were reported to
accumulate in water columns and/or in sediments where they
could persist for a long time and serve as ‘seed banks’ provid-
ing an inoculum for a potential recolonization (Lund 1954;
Sicko-Goad et al. 1989; Hawes 1990; Poulíčková et al.
2008; Ellegaard and Ribeiro 2018). For instance, snow algae
(Chlamydomonadales) are known to form specialized thick-
ened wall spores to survive stressful winter and dry summer
seasons (Remias 2012). Cyanobacterial akinetes appeared to
be important not only for overwintering but also to ensure
long-term survival (Livingstone and Jaworski 1980). Diatom
resting spores are well described as a common survival strat-
egy in marine centric species (McQuoid and Hobson 1995).
They are formed under nutrient depletion to survive cold win-
ter conditions (Kuwata et al. 1993; McQuoid and Hobson
1996; Kuwata and Takahashi 1999). In contrast, formation
of true resting stages in freshwater diatoms is rarely observed.
To our knowledge, there are several examples in centric
(Edlund et al. 1996) and pennate diatoms (Schmid 1979;
von Stosch and Fecher 1979), which are associated with the
formation of internal valves under unfavourable conditions. It
is assumed that resting spores of freshwater diatoms have been
replaced by production of physiological resting cells (Sicko-
Goad et al. 1989; McQuoid and Hobson 1996), which are
morphologically identical to vegetative cells (Souffreau et al.
2013a) with dense cytoplasmic matter in the centre of the cell
(Sicko-Goad et al. 1989) and rounder plastids (Round et al.
1990). Physiological resting cells were observed in pennate
diatoms from marine (Morin et al. 2019), freshwater and ter-
restrial habitats (Souffreau et al. 2013a), and their importance
for stress survival has been suggested (Evans 1959; Souffreau
et al. 2013a; Morin et al. 2019; Hejduková et al. 2020).
However, the role of various environmental factors triggering
their formation has not yet been studied in detail.
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In this study, a laboratory experiment was conducted which
focused on pennate diatoms from freshwater polar habitats.
The aim was to test the freezing survival of cells cultivated
under various conditions (temperature, light and nutrient sup-
ply) simulating natural environmental changes. Nutrient star-
vation, cold and dark acclimation are hypothesized to increase
the survivability. Four differently treated cultures of each
strain were tested: (1) vegetative cells grown in standard con-
ditions and physiological resting cells induced by dark and
cold, concurrently cultivated using a (2) standard, (3)
phosphorus- or (4) nitrogen-depleted medium. The experi-
ments were evaluated using basal chlorophyll fluorescence
measurements and multiparameter fluorescent staining, which
enabled a detailed insight into the status of the individual cells.

Materials and methods

Experimental strains

Experimental strains were isolated from natural samples of
freshwater habitats (lakes, streams, seepages) collected in
2013–2017 in the High Arctic (Spitsbergen) and maritime
Antarctic (James Ross Island, Vega Island) (Fig. 1, Table 1).
Samples were collected by epilithon scraping from five to ten
stones from the littoral zone of the water bodies. Between each
location, sampling equipment was cleaned using ethanol to

avoid cross-contamination. Material was transferred into plas-
tic tubes and stored in cool (< 10 °C) and dark conditions
during transport (max. 1 month). Small quantities of material
were incubated in Wright’s cryptophyte (WC) medium
(Guillard and Lorenzen 1972) at 15 °C in Q-Cell 60 incubator
(Pol-Lab, Wilkowice, Poland), using a fluorescent tube
Lumilux G5 8W 430 lm, 4000K (Osram, Munich,
Germany) as a light source with photon fluence rate of about
10–30 μmol·m−2·s−1 and light:dark period 12:12h.
Monoclonal cultures were established by isolating single dia-
tom cells from the natural samples using a glass micropipette
under an inverted Nikon Diaphot 200 microscope (Nikon
Corporation, Tokyo, Japan) or Olympus IX51 microscope
(Olympus Corporation, Tokyo, Japan). In total, 12 strains
(species) belonging to 11 genera were used for the experi-
ments (Figs. 2, S1).

Morphological analysis for taxonomic identification

Diatom cultures were oxidized by adding 69% nitric acid and
incubated for 1 week. Samples were subsequently rinsed sev-
eral times with distilled water alternated with centrifugation
(10 min at 2900×g). For light microscopy observation, drops
of oxidized material were embedded in Naphrax (Brunel
Microscopes Ltd., Chippenham, UK) and observed under an
Olympus BX43 light microscope (Olympus Corporation,
Tokyo, Japan) equipped with differential interference contrast

Table 1 List of the experimental strains

Species Strain Collection
date

Origin GPS coordinates

Achnanthidium lineare W.Smith EU12 Aug 2014 Spitsbergen, Billefjorden,
Garmaksla Lake

78° 36′ 16.0′′N 16° 20′ 14.7′′ E

Caloneis falcifera Lange-Bertalot, Genkal &
Vekhov

PI9 Aug 2014 Spitsbergen, Billefjorden,
Mathiessondalen, lake 3

78° 33′ 33.4′′N 16° 36′ 54.2′′ E

Chamaepinnularia krookiformis (Krammer)
Lange-Bertalot & Krammer

P24 Feb 2014 Antarctica, James Ross Island,
Lachman Lake 1

63° 47′ 34.9′′ S 57° 48′ 13.8′′W

Encyonopsis descripta (Hustedt) Krammer NA2 Aug 2014 Spitsbergen, Billefjorden,
Ragnardalen, lake 2

78° 44′ 21.4′′N 16° 38′ 53.5′′ E

Gomphonema sp. G4 Feb 2014 Antarctica, James Ross Island,
Black Lake

63° 57′ 56.9′′ S 57° 52′ 59.2′′W

Hantzschia abundans Lange-Bertalot SPITS13
MAT1-7

Jul 2013 Spitsbergen, Billefjorden,
Mathiessondalen, lake 1

78° 34′ 52.2′′N 16° 33′ 00.0′′ E

Hantzschia amphioxys (Ehrenberg) Grunow H5 Feb 2014 Antarctica, Vega Island, stream 63° 53′ 55.7′′ S 57° 36′ 48.0′′W

Luticola muticopsis (Van Heurck) D.G.Mann K1-1 Feb 2016 Antarctica, James Ross Island,
lake

63° 52′ 23.1′′ S 57° 58′ 32.7′′W

Mayamaea atomus (Kützing) Lange-Bertalot E16-5 Feb 2014 Antarctica, Vega Island, stream 63° 53′ 55.7′′ S 57° 36′ 48.0′′W

Meridion circulare (Greville) C.Agardh BJ5 Mar 2017 Spitsbergen, Isfjorden,
Bjørndalen, meadow seepage

78° 13′ 07.1′′N 15° 20′ 23.1′′ E

Nitzschia palea (Kützing) W.Smith SP13 Aug 2014 Spitsbergen, Billefjorden,
Mathiessondalen, lake 1

78° 34′ 52.2′′N 16° 33′ 00.0′′ E

Pinnularia catenaborealis Pinseel, Hejduková,
Vanormelingen, Kopalová, Vyverman &
Van de Vijver

EVA-P3 Feb 2014 Antarctica, James Ross Island,
Black Lake

63° 57′ 56.9′′ S 57° 52′ 59.2′′W
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(Nomarski) optics under oil immersion at 1000× magnifica-
tion (Fig. S1). Microscopic slides are stored at the Department
of Ecology, Charles University, Prague, Czech Republic and
available upon request.

For scanning electron microscopy, suspensions of oxidized
material were filtered through a Porafil PC 0.4-μm polycar-
bonate membrane filter (Macherey-Nagel, Dueren, Germany)
and fixed on aluminium stubs. The stubs were sputter-coated
with a gold layer of approximately 5 nm in a Bal-Tec SCD
050 device (Bal-Tec, Balzers, Liechtenstein) and studied in a
FEI Helios NanoLab 660 G3 UC scanning electron micro-
scope (Thermo Scientific, Wilmington, DE, USA) (Fig. 2).

Experimental setup

Diatom strains were exposed to −20 °C freezing as four dif-
ferently treated cultures: vegetative cells and resting cells in-
duced by three modifications of the cultivation conditions
(Table 2). Prior to the experiments, cultures were grown in
12-well plates in WC medium at standard culture conditions
of 15 °C, 12:12h light:dark period and photon fluence rate 20–
40 μmol·m−2·s−1 depending on the plate position on the ex-
perimental shelf. Culture densities were estimated using their
basal fluorescence of chlorophyll (F) by a FluorCam 800MF
device (Photon Systems Instruments, Brno, Czech Republic)
using a default setting, electronic camera shutter = 3 (100 μs),
camera sensitivity (gain) = 10, F duration = 2 s and F period =
200 ms, following 15 min of dark adaptation (Consalvey et al.
2005). Fluorescence was measured on eight consecutive days,

which allowed for assessing the value at which the cultures
became stationary. A 4-day growth period ensured that all
cultures were still in the early to mid-exponential phase.
Upon recalculation, a relative F value of 0.03 was chosen
for reinoculation of all cultures.

To standardize the physiological conditions, exponentially
growing cultures for the vegetative treatment (WC-veg) were
reinoculated twice at F = 0.03, each time followed by 4 days
of exponential growth as per the diagram of the sampling
design (Fig. 3), in standard WC medium. Three wells per
strain were used as replicates. Prior to each reinoculation,
the medium of each well was replaced. For resting cell induc-
tion, exponentially growing cultures were inoculated the same
way as vegetative using the following media during the sec-
ond reinoculation: standard WC medium (WC-rest), standard
WC medium was substituted with either phosphorus-free
(WC-P) medium or nitrogen-depleted WC (WC-N) medium
(McQuoid and Hobson 1995). Strains were then kept under
standard culture conditions for 7 days to allow the cells to
become stationary and exhaust all available phosphorus or
nitrogen, after which all these resting cell induction treatments
(WC-rest, WC-P, WC-N) were placed for 14 days in the dark
at 4 °C to induce dormancy (McQuoid and Hobson 1996).
Typical resting cell characteristics were observed: condensed
organelles, larger vesicles of storage products, granular cyto-
plasm, enlarged vacuoles or oil droplets and contracted chlo-
roplasts (McQuoid and Hobson 1996) (Fig. 4). Approximate
cell numbers were counted in at least ten randomly chosen
microscopic squares and 200 cells per well using an inverted

Fig. 1 Location of the sampled localities-James Ross and Vega Island (Antarctica) and Svalbard (High Arctic). Topography based on maps provided by
the Norwegian Polar Institute (2019) and Scientific Committee on Antarctic Research (2020)
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light microscope and ranged from 1000 to 400,000 (median
8887; mean 14,532). The cell densities varied widely between
species due to different cell sizes. Both the vegetative and
resting cells of the examined strains were frozen the same
day. Not all strains could be tested at the same moment; thus,
the experiments were conducted as two sets.

Diatom cultures were exposed to freezing at −20 °C in an
ordinary freezer. To slow the temperature change rate (to sim-
ulate natural processes), six layers of bubble foil were used as

insulation of the experimental plates. Two Minikin Tie
dataloggers (EMS Brno, Brno, Czech Republic) were
enclosed to monitor the temperature. The freezing procedure
took 30 h after which the plates were kept at the same condi-
tion for 8/81 days. Thawing was carried out in the dark at 5 °C
for 32 h. The rate of temperature changes was less than 1 °C
per hour. After thawing, the plates were placed in standard
culture condition and covered with paper for 1 h to avoid light
stress. Additionally, control plates were inoculated the same

Fig. 2 Scanning electron microscopy pictures of the experimental strains:
a Achnanthidium lineare, b Caloneis falcifera, c Chamaepinnularia
krookiformis, d Encyonopsis descripta, e Gomphonema sp., f
Hantzschia abundans, g Hantzschia amphioxys, h Luticola muticopsis,

i Mayamaea atomus, j Meridion circulare, k Nitzschia palea, l
Pinnularia catenaborealis, scale bar a, c, e, h, i, j = 1 μm, b, d, f, g, k,
l = 10 μm

Table 2 Culture conditions used
for strain cultivation prior to
freezing

Treatment Cell type Cultivation medium Light conditions Temperature

WC-veg Vegetative Standard WC 12:12h light:dark 15 °C

WC-rest Resting Standard WC Dark 4 °C

WC-P Resting Phosphorus-depleted WC Dark 4 °C

WC-N Resting Nitrogen-depleted WC Dark 4 °C
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way described above in standard WC medium and kept in
standard culture conditions to monitor the viability of all the
strains without freezing event.

Viability evaluation

The cultures were observed using an inverted light micro-
scope the first, seventh and fourteenth day after the freezing
procedure to distinguish dead cells from living ones by their
empty silica frustules or shrivelled and colourless cell content.

Basal fluorescence of chlorophyll (F) was assessed using de-
fault settings (see above) and was measured during ten subse-
quent days, starting the day of thawing (day 1). The ratio of
fluorescence values measured 9 days after thawing to fluores-
cence values measured immediately after thawing (Fday 9/
Fday 1) is referred to as relative increase. The fluorescence
value for day 9 was chosen because most cultures were still
showing an exponential growth. A positive increase demon-
strates recovery of growth after the freezing treatment. A rel-
ative increase observed in replicates that did not survive the
treatment, but that still gave a fluorescence signal at day 9 due
to the presence of residual chlorophyll, was adjusted to zero.

Furthermore, cell viability was evaluated immediately after
the thawing process using amultiparameter fluorescent staining
protocol originally developed for filamentous cyanobacteria
(Tashyreva et al. 2013). Three fluorescent dyes were combined:
SYTOX Green nucleic acid stain (S7020, Molecular Probes,
Eugene, OR, USA), CTC (5-cyano-2,3-ditolyl tetrazolium
chloride, Polysciences Europe GmbH, Eppelheim, Germany)
and DAPI (4′,6-diamidino-2-phenylindole, Molecular Probes,
Eugene, OR, USA). SYTOX Green is a green-fluorescent nu-
clear and chromosome counterstain detecting membrane disin-
tegration and serving as an indicator of dead cells, because it
does not penetrate living cells. CTC shows respiration activity
by accumulation of formazan crystals in the mitochondria of
active cells, which appears as a red fluorescence. DAPI stains
dsDNA in both living and dead cells and is detected by a blue
fluorescence of nuclei. The method was combined with light
microscopy and enabled evaluation of the exact physiological

Fig. 3 Diagram showing the
experimental schedule. WC
media used for reinoculation:
standard (WC), phosphorus-
(WC-P) and nitrogen-free
medium (WC-N)

Fig. 4 Four physiological resting cells of P. catenaborealis with visible
condensed organelles, granular cytoplasm, enlarged oil droplets and
contracted chloroplasts (McQuoid and Hobson 1996), scale bar = 10 μm
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state of single cells. The suspension of diatoms was scraped
from the bottom of eachwell into 1.5-ml Eppendorf tubes using
a pipette. The material was homogenized and stained by the
three fluorescent stains consecutively. SYTOX Green dye was
used first, at the final concentration of 1 μM. Stained samples
were incubated for 15 min in dark and cold conditions (8 °C)
and washed three times afterwards using WC medium. To es-
timate the respiratory activity, the samples were stained with 5-
mM CTC and kept in cold and protected from light by a layer
of aluminium foil for 120min. The dye solutions were removed
afterwards, the samples were rinsed once and stained with
DAPI at a concentration of 5 μg/ml and incubated for 30 min
under dark and cool conditions. The samples were then washed
three times, after which the suspension was transferred onto
glass microscope slides and studied using an Olympus BX53
fluorescent microscope equipped with a 100-W ultrahigh-pres-
sure mercury arc lamp (Olympus Corporation, Tokyo, Japan)
at 200× magnification (Tashyreva et al. 2013). To assess the
proportion of the physiological states of the cells, if possible, at
least 100 cells per sample were counted on a minimum of 10
random transects. In total, 17,829 cells were studied. According
to the staining results, five cell categories were distinguished:
active healthy cells, inactive but intact dormant cells (presum-
ably resting cells), injured but active cells, injured and inactive
cells and dead cells performing no fluorescence (Table 3). Cells
with no fluorescence, but with the presence of visible protoplast
remains, were determined to be dead (Fig. 5). The staining
process was performed twice: before the freezing event and
immediately after thawing.

Data analyses

Fluorescence data were analysed in GraphPad Prism 5.03
(GraphPad Software, La Jolla, CA, USA) using two-way
ANOVA with a Bonferroni post hoc test to demonstrate the
influence of treatment, strain and their interaction on dia-
tom freezing survival. The analyses were run on data of
strains that survived the experiments while excluding the
dead strains.

A principal component analysis (PCA) was run to summa-
rize the variability within the multiparameter staining dataset
(differences in proportions of cell types before and after each
treatment). The effect of freezing event, treatment and strain

were tested separately after removing the effects of other factors
using partial redundancy analyses (RDA) with permutation
tests to show the statistical significance. Prior to running the
PCA and RDA, the data were standardized across species
(mean variance standardization). The ordination analyses were
performed in Canoco 5 (Microcomputer Power, Ithaca, NY,
USA).

For graphical visualization of the results, ArcGIS (Esri,
Redlands, CA, USA), Zoner Photo Studio 16 (Zoner Software,
Brno, Czech Republic), InkScape 0.92.3 (Software Freedom
Conservancy, New York, NY, USA) and GraphPad Prism
5.03 (GraphPad Software, La Jolla, CA, USA) were used.

Results

According to light microscopy observation and chlorophyll
fluorescence measurements, only all the three replicates for
the strains K1-1 (Luticola muticopsis) and EVA-P3
(Pinnularia catenaborealis) survived −20 °C freezing as in
all the four treatments used (WC-veg, WC-rest, WC-P and
WC-N). Strain H5 (Hantzschia amphioxys) survived treat-
ment WC-rest (all the three replicates) and treatment WC-N
(one replicate only). Only one replicate of strain PI9 (Caloneis
falcifera) survived the WC-rest treatment. The other eight
strains did not survive any of the treatments; nevertheless,
all the strains survived the additional control reinoculation of
the strains without freezing event (data not shown).

Growth curves for each replicate and treatment based on
chlorophyll fluorescence data measured every day during 9
days after the thawing process are shown in Fig. 6. From the
initial values (day 1), it is obvious that cultivation condi-
tions for resting cell induction influenced the growth of
cultures before the freezing event. The WC-N treatment
showed low F values compared to WC-veg, which was
cultivated in standard condition without any additional
modification. Standard medium and phosphorus-free medi-
um allowed cultures to reach higher initial fluorescence
values during the period of resting cell induction. The
highest values were measured the last day with maxima
reached in the WC-rest and WC-P treatments.

A relative increase in the data calculated from the F values
of the surviving strains per replica was the highest in the WC-

Table 3 Classification of cells
according to light and
fluorescence microscopy

Physiological state Cell content DAPI SYTOX Green CTC

Active healthy x x x

Inactive but intact (dormant) x x

Injured but active x x x x

Injured and inactive x x x

Dead x
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N treatment (Fig. 7). Values in the other treatments were rel-
atively comparable. Average relative fluorescence increase for
all strains is shown in Fig. S2. Statistical analyses of all the
surviving strains showed the significant influence of strain,
treatment and their interaction (two-way ANOVA, P values
< 0.0001, Table 4). If the strains in which all the three repli-
cates survived in all the four treatments were tested, only the
influence of treatment was significant (two-way ANOVA, P =
0.0042).

Average proportions of the physiological cell statuses of
the strains before and after the freezing event for each treat-
ment are shown in Fig. 8. Before the freezing process, the
highest number of active cells was observed in cultures from
the WC-veg treatment, which were growing in standard con-
ditions. The other treatments showed much lower numbers of
active cells, but the proportions of inactive or dead cells were
higher which corresponds to the fluorescence data. After
thawing, dead and injured inactive cells prevailed in all the
treatments in all the strains with the exception of K1-1 from
the WC-P treatment and EVA-P3 from WC-N. Surprisingly,
there were still dormant inactive and active cells present im-
mediately after thawing, even in the cultures that did not

survive according to the fluorescence data. The exception
was the EU12 strain, which showed dead cells in all the treat-
ments excluding WC-veg. The effects of freezing, treatment
and strain were significant explaining 18.8%, 13.6% and
43.6%, respectively (partial RDAs, test on all axes in all cases
P = 0.002).

Differences in physiological cell status proportions per
strains before and after freezing showed that the number of
dead cells increased in all the treatments at the expense of
active, injured active and/or dormant inactive cells (Figs. 9,
10). The WC-rest and WC-veg treatments were relatively
comparable, except that the difference in the number of in-
jured inactive cells slightly increased in WC-veg in compari-
son to that in WC-rest. The WC-N treatment showed a similar
trend, but the difference in injured inactive cells varied a lot
depending on strain. The number of injured inactive cells de-
creased in the WC-P treatment, but the numbers of dormant
inactive cells changed almost equally in all strains. According
to the statistical analyses, both the effect of treatment (partial
RDA, test on all axesP = 0.01) and strain (partial RDA, test on
all axes P = 0.002) were significant explaining 9.3% and
26.8%, respectively.

Fig. 5 Microphotographs of
strain H5 (H. amphioxys), active
healthy cell (upper right) and
injured but active cell (lower left):
a under light microscope,
simultaneously stained with b
SYTOX Green, c CTC and d
DAPI fluorescent dyes, scale bar
= 40 μm
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Discussion

In this study, the impact of four different culture conditions on
the freezing tolerance of 12 polar strains of freshwater diatoms
was compared in order to disentangle the possible stress factors
enhancing survival of vegetative cells. Various environmental
aspects have been proved to have a ‘hardening’ impact on
stress survival of plants and some algae (e.g. Meryman 1974;
Bertrand andCastonguay 2003; Pichrtová et al. 2014a, 2014b).
Surprisingly only two strains (EVA-P3, P. catenaborealis and
K1-1, L. muticopsis) as all the three replicates survived the −20
°C freezing experiment used in all the four treatments

according to long-term light microscopy observation and fluo-
rescence measurements, while the two strains (H5,
H. amphioxys and PI9, C. falcifera) only survived some of
the treatments as some replicates. Environmental stresses as
desiccation, heating and freezing were earlier shown to be
harmful for diatoms from temperate (Hostetter and Hoshaw
1970; Souffreau et al. 2010, 2013a) and polar habitats
(Hejduková et al. 2019). In this study two more strains exhib-
ited certain freezing tolerance (with only a few surviving rep-
licates) giving a slightly better ratio for polar strain (species)
survival in comparison to only three survivors out of 34 exam-
ined species originating from temperate habitats (Souffreau

Fig. 6 Growth curves for each
strain (mean and SEM) and
treatment based on measurements
of basal chlorophyll fluorescence
(F, in absolute units) conducted
during 9 days after thawing.
Vegetative cells growing in
standard WC medium under
standard culture conditions (WC-
veg), resting cells induced by cold
and dark acclimation (WC-rest),
concurrent phosphorus (WC-P) or
nitrogen deficiency (WC-N). For
strain codes, see Table 1

Table 4 Results of two-way
ANOVA analyses of fluorescence
data

Source of variation Degrees of freedom Sum of squares Variation P value

Interaction 12 1,617,000 32.77% < 0.0001

Treatment 4 759,932 15.40% < 0.0001

Strain 3 1,187,000 24.07% < 0.0001
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et al. 2010). A survival ratio of polar strains in a previous
experiment characterized by gradual freezing and fast thawing
was 12 out of 14, while it was 2 out of 10 in abrupt freezing and

slow thawing settings (Hejduková et al. 2019). It should be
noted that in the current experiments, the freezing and thawing
procedure was rather slow (approximately < 1 °C·min−1) to

Fig. 7 Box plots of relative
fluorescence increase for
surviving strains 9 days after
freezing for each treatment.
Replicate values for each strain
indicated by shapes: box, first and
third quartiles; whiskers, min-
max. Vegetative cells growing in
standard WC medium under
standard culture conditions (WC-
veg), resting cells induced by cold
and dark acclimation (WC-rest),
concurrent phosphorus (WC-P) or
nitrogen deficiency (WC-N). For
strain codes, see Table 1

Fig. 8 Average proportion of physiological statuses of the cells per strain
before and after each treatment. Vegetative cells growing in standardWC
medium under standard culture conditions (WC-veg), resting cells

induced by cold and dark acclimation (WC-rest), concurrent
phosphorus (WC-P) or nitrogen deficiency (WC-N). For strain codes,
see Table 1
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simulate a natural process. These results thus support previous
findings about the influence of temperature change rate on the
survival of microalgae (Cañavate and Lubian 1995, 1997;

Hejduková et al. 2019) when rapid changes increase intracellu-
lar ice crystals formation and/or recrystallization processes with
mechanical damage as a consequence (Mazur 1963, 1984).

Fig. 9 Differences in the proportions (in %) of physiological cell statuses
per strains before and after freezing. Average values for each strain
indicated by shapes: box, first and third quartiles; whiskers, min-max.
Vegetative cells growing in standard WC medium under standard

culture conditions (WC-veg), resting cells induced by cold and dark
acclimation (WC-rest), concurrent phosphorus (WC-P) or nitrogen defi-
ciency (WC-N). For strain codes, see Table 1

Fig. 10 Principal component
analysis (PCA) showing the cor-
relation between treatments and
the differences in the proportions
of the physiological status of
cells. The samples are represented
by individual strain/treatment.
Vegetative cells growing in stan-
dard WC medium under standard
culture conditions (WC-veg),
resting cells induced by cold and
dark acclimation (WC-rest), con-
current phosphorus (WC-P) or
nitrogen deficiency (WC-N). For
strain codes, see Table 1
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A diatom species complex that has recently captured a lot
of attention is Pinnularia borealis Ehrenberg, which appeared
to be able to survive freezing (Davey 1991; Souffreau et al.
2010, 2013a) even in liquid nitrogen (Stock et al. 2018;
Hejduková et al. 2019), suggesting it is adapted to living in
extreme environments. Strain P3 ofP. catenaborealis is close-
ly related to lineages within the P. borealis species complex
(Pinseel et al. 2017a, 2017b). Its polar lineages from
Antarctica have lower optimal growth and lethal temperatures
in comparison with temperate ones (Souffreau et al. 2013b),
which is believed to be an adaptation to life in extreme envi-
ronments. Similar preferences were described for
H. amphioxys (Souffreau et al. 2013b) represented by the
strain H5 in our experiments, which survived the WC-N and
WC-rest treatments as a few replicates.

Role of habitat

The freezing tolerance could also be connected to habitat pref-
erences and geographical position of original localities. It is
interesting to note that the strains surviving at least some treat-
ments at the minimum of two replicates (EVA-P3, K1-1, H5)
originate from Antarctica, which offers an explanation in
context of its biogeographical history and limited dispersal
capacity, which is supported by large number of endemic
diatom species (Vyverman et al. 2010; Verleyen et al.
2021). In contrast Arctic and temperate strains of
P. borealis are able to survive similar freezing as well
(Souffreau et al. 2010, 2013a; Hejduková et al. 2019).
Along the soil-aquatic gradient, some diatoms (including
the three surviving strains from the genera of Hantzschia,
Luticola and Pinnularia) are largely classified as ‘terrestri-
al’ (Ettl and Gärtner 2013; Zidarova et al. 2016) but can
also be found in the littorals of water bodies (Kopalová
et al. 2019). It was recently shown that only terrestrial spe-
cies survived freezing experiments focused on temperate
diatoms. Hardly any aquatic species exhibited resistance
to freezing or desiccation indicating that freshwater dia-
toms in contrast to their soil-inhabiting counterparts do
not develop protection against freezing and desiccation
stress due to their habitat which is buffered against abrupt
fluctuations (Souffreau et al. 2010, 2013a). Habitat depen-
dency of stress survival and differences in overwintering
strategies were reported in many other algal groups and
cyanobacteria as well (Hawes and Davey 1989; Davey
1989; Hawes et al. 1992; Šabacká and Elster 2006). The
freshwater polar strain E16-5 (Mayamaea atomus) did not
survive the treatments during this study, whereas it sur-
vived a different experimental setting more favourable for
survival (gradual freezing and fast thawing) (Hejduková
et al. 2019). Interestingly, another strain of the same species
from a terrestrial temperate habitat survived abrupt freezing
and slow thawing relatively well both as vegetative cells

(Souffreau et al. 2010, 2013a) and resting cells induced
by N limitation (Souffreau et al. 2013a), suggesting high
ecophysiological plasticity within the species.

Resting stages survival

In this study, three ways of vegetative-looking resting cell
induction were tested to assess their effect on freezing sur-
vival. Higher tolerance to freezing and desiccation has pre-
viously been observed in the resting cells of some terrestrial
diatoms treated in nitrogen-free medium and kept in dark
and cool conditions (Souffreau et al. 2013a). In contrast,
comparably induced and nitrogen-starved resting cells of
aquatic diatoms from both polar and temperate habitats
demonstrated higher freezing tolerance only in mild sub-
zero temperatures (Hejduková et al. 2019). According to
the differences in physiological cell statuses before and af-
ter the freezing event, the lowest increase in the proportion
of dead cells was observed in the WC-N treatment. This
was also supported by the fluorescence data, which re-
vealed the highest relative increase in this treatment except
for the control cultivation without freezing. When we com-
pare the effect of the three resting cell treatments, a rela-
tively high number of dormant non-active cells were detect-
ed also in the WC-N treatment before the freezing event
implying an important role of nitrogen limitation in fresh-
water polar diatom resting cell formation.

Nitrogen depletion is quite often used and shown to be
effective for diatom resting stage induction in laboratory con-
ditions (Kuwata et al. 1993; McQuoid and Hobson 1995,
1996; Kuwata and Takahashi 1999; Jewson et al. 2008;
Sugie and Kuma 2008; Souffreau et al. 2013a; Pelusi et al.
2020). Nevertheless, few examples have been documented
concerning enhanced resting stage formation under other nu-
trient depletions in comparison to nitrogen limitation, e.g. un-
der phosphate limitation from a freshwater environment
(Jewson et al. 2008) and iron limitation from marine habitats
(Sugie and Kuma 2008). Regarding the freshwater polar en-
vironment, it is not easy to provide a clear judgement about
nutrient limitations. Field studies from polar environments
propose both N and/or P limitations (Davey and Rothery
1992; Levine and Whalen 2001; Arnold et al. 2003;
Brutemark et al. 2006; Hogan et al. 2014).

Moreover, the cultivation conditions of the induction itself
can influence diatom growth according to measurements of
the basal fluorescence of chlorophyll. The higher initial values
of the WC-rest and WC-P treatments (day 1) suggest that
incubation in dark and cool conditions (WC-rest) and under
P limitation (WC-P) resulted in faster growth when compared
to the N-limited treatment (WC-N) and vegetative cells.
Although only two strains survived all four treatments, these
showed a particularly higher tolerance in the WC-rest and
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WC-N treatments, implying the possible role of resting stage
formation in freezing survival.

The ability to withstand freezing stress as vegetative cells
without forming specialized dormant stages was observed in
several cyanobacteria and algae (Hawes 1990; Hawes et al.
1992; Elster et al. 2008; Gupta and Agrawal 2008; Nagao
et al. 2008; Agrawal 2009; Tashyreva and Elster 2016) includ-
ing diatoms (Souffreau et al. 2010, 2013a; Hejduková et al.
2019). Furthermore, no resting spores of marine diatoms were
found to survive prolonged darkness and most presumably
survived as vegetative resting cells implying the importance
of vegetative resting cells (Peters 1996; Peters and Thomas
1996).

Other factors possibly influencing survival

Under laboratory conditions, nutrient starvation of various
algae and cyanobacteria resulted in advanced tolerance to
freezing (Nagao et al. 1999; Trumhová et al. 2019) and
desiccation stresses (Pichrtová et al. 2014b; Tashyreva
and Elster 2015). It should be noted that the resting cells
which exhibited higher survival rates in our experiments
were induced using nitrogen-free medium and incubated
in cool and dark. The effect of cold acclimation (Mock
and Valentin 2004; Nagao et al. 2008; Trumhová et al.
2019), light limitation (Peters and Thomas 1996) or desic-
cation (Hostetter and Hoshaw 1970; Pichrtová et al. 2014a)
was also earlier considered to strengthen stress resistance in
algae including diatoms. Higher survival rates of cold-ac-
climated, light-limited or nutrient-starved cultures probably
work through the low rate of energy consumption
(Sánchez-Saavedra 2006; Morin et al. 2019); increases of
various compound syntheses, for instance, PUFA (Nichols
et al. 1993; Mock and Kroon 2002b; Teoh et al. 2004,
2013), EPS (Smith and Underwood 1998, 2000), triacyl-
glycerols (Mock and Kroon 2002a; Mekhalfi et al. 2014;
Schaub et al. 2017) or eicosapentaenoic acid (Mekhalfi
et al. 2014); and cell structure changes such as vacuole
reduction, cytoplasmic volume increase, chloroplast en-
largement and growing numbers and sizes of starch grains
(Nagao et al. 2008; Lyon and Mock 2014).

Overall, a low proportion of strains survived the treatments
used in this study. Possibly, this result could have been affect-
ed by cell density and culture growth phase. As has been
proposed earlier, the stationary phase and other rather matured
cultures could exhibit enhanced stress resistance compared to
young vegetative cells or intermediate stages (Welsh 2000;
Pichrtová et al. 2014b; Trumhová et al. 2019). In contrast,
even young cells in their exponential phase showed a certain
level of stress tolerance (Hawes 1990). This factor could ex-
plain the high survivability of strain P24 Chamaepinnularia
krookiformis in the preliminary freezing experiment, but none
in the final experiments where lower inoculation densities

were used as we attempted to keep all cultures in the same
growth phase. Moreover, the ability of this strain to survive
freezing is known experimentally (Hejduková et al. 2019).

Even though polar areas are considered as an extreme en-
vironment for life, the real conditions in natural diatom habi-
tats can be often less harsh than those tested by the experi-
mental setting in this study. For example, winter temperatures
recorded in Antarctic lakes and Arctic streams rarely fell be-
low −20 °C and −15 °C, respectively, and mostly oscillated
around −10 °C (Váczi et al. 2011; Hejduková et al. 2020).
Furthermore, the under ice temperature of Antarctic streams
was only −4 °C, while air temperature fell to almost −30 °C
(Hawes 1989) documenting that ice and snow cover become
an important thermal insulation (Hawes 1989; Davey et al.
1992). Likewise, some deep lakes are capped by ice but water
on the bottom remains liquid (Vincent et al. 2008). However,
a field study focused on annual diatom population develop-
ment in the High Arctic stated a high number of dead and
injured cells in winter samples from frozen freshwater streams
where the winter temperature dropped to −5 and −15 °C. A
small portion of viable cells was also present implying impor-
tance of surviving cells (viable and dormant) for spring pop-
ulation growth (Hejduková et al. 2020).

Another aspect when considering possible survival mech-
anisms that could increase freezing tolerance under natural
conditions is the possible vertical migration into the sediment.
This has been documented in the context of various environ-
mental factors (Consalvey et al. 2004; Perkins et al. 2010) but
could not be tested in our experiments. Moreover, heterotro-
phic growth was described in various freshwater and marine
diatoms (Lewin 1953; Tuchman et al. 2006; Pahl et al. 2010)
and could play an important role in improving diatom survival
in the conditions of the long polar winter nights (McKnight
et al. 2000; Morin et al. 2019).

The combination of two methodological approaches
used in this study enabled a deeper insight into the physio-
logical changes that occurred following the freezing event.
Even though the presence of at least some dormant inactive
cells was detected by multiparameter staining in almost all
the samples, the real number of surviving strains document-
ed by the fluorescence measurements and light microscopy
observation was low. This could be influenced by the fact
that the staining procedure was performed immediately af-
ter the thawing process, while the fluorescence data repre-
sent a ratio of values measured over 9 days of potential cell
recovery. This indicates that multiparameter staining pro-
vides a detailed insight into cell physiology. However, the
survival rate immediately after the freezing and thawing
processes can substantially differ from the survival on a
longer timescale, suggesting the cells were not able to re-
cover and died soon afterwards. Correspondingly, a study
on the green alga Zygnema sp., which used a comparable
experimental setup, demonstrated that a decline in
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fluorescence efficiency (effective quantum yield of photo
system II) observed after 24 h of recovery reflected the
physiological status of the cells more realistically than fluo-
rescent staining performed just after the thawing process
(Trumhová et al. 2019).

Our study confirms the sensitivity of vegetative and
resting cells of polar benthic freshwater diatoms to freez-
ing stress, which agrees with previous findings about tem-
perate and some polar diatoms and their tolerance to freez-
ing and desiccation (Souffreau et al. 2010, 2013a;
Hejduková et al. 2019). Two strains out of 12 survived
all the four −20 °C freezing treatments simulating changes
in environmental conditions, and two more strains exhib-
ited a certain freezing tolerance in some of the treatments,
suggesting the possible importance of resting cells for
freezing survival. Our study further supports current knowl-
edge about the success of diatom cryopreservation, which
could largely depend on cryoprotectants and species ecology
and seems to be species specific. Such sensitivity could affect
diatom dispersal effectivity and could explain the number of
regionally endemic species from isolated areas. Though our
study indicates that cells of at least some polar diatoms are
capable of surviving freezing, the reasons for such rare sur-
vival are not clear and should be further investigated.
However, a slightly improved trend in tolerance was seen in
nitrogen-depleted resting cells. It is believed nitrogen starva-
tion, together with dark and cold resting cell induction, could
result in more resistant cells in comparison to phosphorus or
no nutrient-limited resting cells and cells in the vegetative
state. It should be noted that the experimental conditions were
artificial and of course differentiated from the natural environ-
ment in many potentially important factors. Additional studies
could include some natural conditions into their scope and/or
focus on the molecular mechanisms underlying diatom stress
tolerance.
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