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Abstract Cyanobacteria form extensive macroscopic mats in
shallow freshwater environments in the High Arctic and
Antarctic. In these habitats, the communities are exposed to
seasonal freezing and desiccation as well as to freeze-thawing
and drying-rewetting cycles. Here, we characterized the an-
nual cycles of two Phormidium communities in very shallow
seepages located in central Svalbard. We observed the struc-
ture of the communities and the morphology, ultrastructure,
metabolic activity, and viability of filaments and single cells.
The communities overwintered as frozen mats, which were
formed by long filaments enclosed in thick multilayered poly-
saccharide sheaths. No morphologically and/or ultrastructur-
ally distinct spore-like cells were produced for surviving the
winter, and the winter survival of the communities was not
provided by a few resistant cells, which did not undergo vis-
ible morphological and ultrastructural transformations.
Instead, a high proportion of cells in samples (85 %) remained
viable after prolonged freezing. The sheaths were the only
morphological adaption, which seemed to protect the tri-
chomes from damage due to freezing and freeze-associated
dehydration. The cells in the overwintering communities were
not dormant, as all viable cells rapidly resumed respiration
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after thawing, and their nucleoids were not condensed.
During the whole vegetative season, defined by the presence
of water in a liquid state, the communities were constantly
metabolically active and contained <1 % of dead and injured
cells. The morphology and ultrastructure of the cells remained
unaltered during observations throughout the year, except for
light-induced changes in thylakoids. The dissemination events
are likely to occur in spring as most of the trichomes were split
into short fragments (hormogonia), a substantial proportion of
which were released into the environment by gliding out of
their sheaths, as well as by cracking and dissolving their
sheaths. The short fragments subsequently grew longer and
gradually produced new polysaccharide sheaths.

Keywords Phormidium - Life cycle - Overwintering - Polar
Regions - Viability - Hormogonia

Introduction

Cyanobacteria are amongst the most abundant photosynthetic
organisms in both the High Arctic and Antarctica, where they
have to cope with harsh physical conditions and experience
physiological stresses during much of the year [1, 2]. Despite
these constraints, different taxa of cyanobacteria colonize a
wide range of terrestrial and freshwater habitats including
deep and shallow lakes, streams, glaciers, soils, and surfaces
of rocks and may achieve considerable biomass in these
environments [3].

Polar habitats are highly variable, with seasonal and diurnal
fluctuations of environmental conditions such as temperature,
light intensity, and availability of water and mineral nutrients
[2—6]. The amount of water and its availability during the year
greatly define the physicochemical stability of a particular
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habitat and may affect the species composition and survival
strategies of cyanobacteria. For instance, the presence of lig-
uid water during the whole year in stable lacustrine environ-
ments enables organisms to avoid both freezing and desicca-
tion [7, 8] as well as seasonal fluctuation of salinity related
with freezing and drying [9]. Furthermore, due to its high heat
capacity, water plays a role in maintaining a constant temper-
ature regime [2]. In contrast, terrestrial habitats (e.g., fellfield
soils) are characterized by great diurnal fluctuations of tem-
perature, rapid and frequent drying-rewetting and freeze—
thawing events, and long-term freezing and desiccation pe-
riods due to the limited availability of moisture [6].

In the present study, we focused attention on hydro-
terrestrial habitats, in which water is available during spring
melt and in early summer, but these often dry out by the end of
summer and are completely frozen during winter [9]. Because
most of these habitats are not shadowed, organisms there are
exposed to continuous sunlight in summer months, which
may exceed 2000 umol m 2 s~2 on sunny days [10] and ele-
vated levels of UV radiation [3], but they are devoid of light
during polar winters. Furthermore, these environments are
also subjected to drying-rewetting and repeated freeze—
thawing episodes [4, 11]. In the Polar Regions, hydro-
terrestrial habitats are commonly represented by shallow melt-
water pools, streams, and seepages.

Species of Phormidium, a genus of filamentous
cyanobacteria, are very common and often dominant in these
habitats, where they form extensive macroscopic films and
mats [12—16]. Despite the evidence that Phormidium species
are well adapted to stresses occurring in hydro-terrestrial hab-
itats [5, 11, 17], annual development of communities has not
been described yet, and only a few studies have mentioned
their overwintering strategy. The previous field studies
employed community-level methods for assessing viability
and physiological activity (e.g., measurement of respiration
and photosynthesis measured by oxygen evolution/uptake,
recovery of photosynthesis, etc.), but omitted observation of
cell morphology and ultrastructure, and evaluation of viability
and metabolic activity at the single-cell level [5, 18, 19].
Therefore, it is not known whether Phormidium species pro-
duce any structurally specialized cells to survive winter, their
survival is attributed to only a few morphologically non-
specialized cells, or their entire communities overwinter in a
vegetative state.

This study describes a set of observations over the full
annual cycle of two Phormidium communities in close vicin-
ity of the CzechPolar station in the High Arctic (Petuniabukta,
Billefjorden, Central Spitsbergen, Svalbard Archipelago). The
description is based on field observation of populations in
winter and from early summer to autumn, as well as on a
spring thaw simulated under laboratory conditions. Both pop-
ulations were represented by films/mats, one in a shallow
meltwater stream and the other one in a shallow pool.
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During our study, we monitored the environmental conditions,
described the spatial structure of the communities and the
morphology and ultrastructure of cells and filaments, and
assessed their viability and metabolic activity at the single-
cell level. We aimed to investigate (i) whether viability, mor-
phology, and ultrastructure of cells and filaments change dur-
ing the vegetative season; (ii) the length of physiologically
active period over the annual cycle; (iii) the overwintering
strategy of the communities, including the proportion of cells
which survive winter and their metabolic activity, morpholo-
gy, and ultrastructure.

Materials and Methods
Study Site

The study site is located in the central part of Svalbard in the
northernmost part of the Billefjorden, in Petunia bay (latitude
78°40'49.3" N; longitude 16° 27" 18.1" E), in close vicinity to
the Josef Svoboda Czech Arctic Station. Vegetative seasons,
defined by the availability of liquid water, in this area are
relatively short. Recent 2-year measurements of meteorologi-
cal parameters showed that mean ground surface temperature
in this area exceeded 0 °C for about 4 months—from the end
of May until the end of September. Snow cover, accordingly,
persisted for approximately 8 months—from the beginning of
October to the beginning of June (measured by the surface
albedo). Relative air humidity fluctuated between 60 and
100 % except for a few drier episodes during winter [10].

The area is represented by an ice-free marine terrace with
mainly mineral substrate covered with scarce moss vegetation.
The substrate is saturated with water supplied mostly by melt-
ing of the permafrost, which forms numerous shallow (a few
centimeters deep) pools and streams or seepages. These shal-
low water habitats often dry up by the end of summer.

Field Observations

We monitored two cyanobacterial seepage communities: a
film from a slow-flowing shallow stream and a mat-like com-
munity from a shallow pool. Inside each of the sites, ten
marked poles were installed for observation and repeated sam-
pling. The biomass was sampled from those points and imme-
diately used for viability assays. In addition, an aliquot of
biomass from every point was fixed with 2 % p-
formaldehyde for further laboratory light and electron micros-
copy investigation. The communities were sampled and
photographed every 3 days during the observation periods.
Observations of morphology and ultrastructure of cells and
filaments were carried in both 2010 and 2011, but viability
tests were carried out in 2011 only. The field observations
included several periods: June 26 to July 15, 2010, and July
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3 to 20, 2011 (late spring—early summer), and August 24 to
September 15, 2010, and September 10 to 25, 2011 (late sum-
mer—autumn). Additionally, samples of frozen biomass from
the sites were collected in the first half of April 2012 (winter
samples), transported frozen at —15 °C to the
Czech Republic and kept in a freezer at —15 to —20 °C.
Since it was impossible to access the sites during spring
melt, it was simulated under laboratory conditions using
these samples.

In order to give a general thermal characteristic of habitats,
the temperature in the study sites was measured with a
Minikin T datalogger (EMS Brno, Czech Republic) at a 1-h
interval. Minikin is a small datalogger with embedded sensors
for precise monitoring of temperature with 0.2 °C accuracy
of probe. One datalogger was installed in the stream and the
two others in a shallow and in the deeper part of the pool. The
measurements were made between April 10, 2012, and
August 18, 2012; temperature measurement in the deeper part
of the pool continued until August 29, 2013. Due to technical
reasons, temperature measurements during 2010-2011 were
not possible. Incident global solar radiation was monitored
with a LI-200 pyranometer (LI-COR, USA) at an automatic
weather station (AWS) located about 3 km northwest of the
study site. The AWS was located on a flat marine terrace at the
geographical coordinates 78° 42.11' N, 16° 27.64' E and the
altitude of 15 m a.s.l. (Laska et al. 2012). Radiation readings
were recorded as 30-min averages.

Chemical Analysis of Water

Water was collected three times for chemical analysis (July 15,
August 3, and September 20, 2011) from each of the sampling
sites, filtered through GF/C filters (Whatman), transported to
the Czech Republic, and stored frozen until the analysis.

Phosphorus (as dissolved reactive phosphorus (DRP)) and
nitrogen (as dissolved inorganic nitrogen (DIN)) were deter-
mined spectrophotometrically using a flow injection analyzer
(FIA, Lachat QC8500, USA). DRP (PO4* -P) was analyzed
by a reaction with ammonium molybdate and a reduction by
stannous chloride to phosphomolybdenum blue (ISO 15681-
1:2003). The detection limit for DRP was 10 pg I"'. Nitrate
nitrogen (NO;3 -N) was reduced to nitrite nitrogen (NO, -N)
in cadmium column and analyzed by a reaction with sulfon-
amide and a subsequent reaction with N-(1-naphthyl)-
ethylenediamine dihydrochloride (EN ISO 13395:1996).
Ammonium nitrogen (NH,-N) was measured by the gas dif-
fusion method and a reaction with hydrogen iodide (EN ISO
11732). The detection limit for NH;*-N, NO; -N, and NO, -
N was 10 ug "', The sum of nitrate, nitrite, and ammonium
nitrogen gave values of DIN. The total nitrogen (TN) and total
phosphorus (TP) were measured as a concentration of NO3 -
N and PO, -P after mineralization with potassium persulfate
(ISO 11905-1).

Laboratory Simulation of Spring Thaw

The frozen winter samples (including biomass and ice) were
melted in Petri dishes at +4 °C and 150 pmol m > s ! of white
light, mixed with water collected from sampling sites during
July, and incubated for 15 days. The appearance of the bio-
mass and morphology of cells/filaments were observed imme-
diately after melting and in 1, 2, 3, 7, and 15 days thereafter.
Viability tests were carried out immediately after
melting the biomass.

Viability Tests

Viability tests were based on simultaneous staining with three
fluorescent dyes: 5-cyano-2,3-ditolyl tetrazolium chloride
(CTC) was used to detect respiration, injuries to plasma mem-
branes were tracked with SYTOX Green, and the presence
and shape of nucleoids were shown with 4’,6-diamidino-2-
phenylindole (DAPI). Samples of biomass were transferred
to Eppendorf tubes with water from the sampling sites and
shaken to remove sand and then collected and split into small
pieces with preparation needles. The samples were stained
with 10-uM solution of SYTOX Green for 45 min, post-
stained with 5-mM CTC for 30 min and with 5 pg ml™'
DAPI for 30 min, and immersed into freshwater. While
stained, the samples were incubated in the dark at actual out-
door temperature or at +4 °C in the spring thaw simulation
experiment. According to the staining results, the cells were
identified as (i) active and intact: CTC- and DAPI-positive,
SYTOX Green-negative; (ii) active and injured: CTC-,
DAPI-, and SYTOX Green-positive; (iii) inactive and intact
or dormant: CTC- and SYTOX Green-negative, DAPI-
positive; (iv) dead: CTC-negative, SYTOX Green- and
DAPI-positive, or all negative. The detailed protocol for
CTC, SYTOX Green, and DAPI co-staining of field-
collected samples and properties of the dyes are described in
Tashyreva et al. [20]. At least 2500 cells were counted in each
of the observations.

Light and Fluorescence Microscopy

An Olympus BX53 microscope equipped with an Olympus
DP72 microscope digital camera was utilized for observing
the morphology of the cells and filaments using a resolution of
1024 x 1360 pixels. The optical system for fluorescence mi-
croscopy consisted of a 100-W ultrahigh-pressure mercury arc
lamp and four filter cubes for separately observing each dye
fluorescence (exCitation/emission/dichroic mirror): U-FUN
filter cube for DAPI (360-370/460-510/420 nm), U-FBWA
cube for SYTOX Green (460—495/510-550/505 nm), and
combined filter cubes for CTC—formazan (425-445/570—
625/455 nm) and autofluorescence of pigments (565—
585 nm/6001IF/595 nm). A series of several dark-field images
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were acquired to record the fluorescence of each of the signals,
and a bright-field image was taken for the total cell counts and
morphology observation.

Transmission Electron Microscopy

In order to remove sand particles from the samples, an aliquot
of cyanobacterial biomass was split into small pieces, re-
suspended by shaking in 2 ml of distilled water, and collected
with a micropipette. The cells were concentrated with mild
centrifugation. Two parts of dense sand-free cell suspension
were mixed with one part of 20 % bovine serum albumin
cryoprotectant in a 0.1 M phosphate buffer. Three microliters
of the mixture was placed into a flat specimen carrier made of
gold-plated copper (height 0.5 mm; inner diameter 1.2 mm;
depth 0.2 mm). The samples were rapidly frozen with liquid
nitrogen under 2100-bar pressure using a Leica EM PACT2
high-pressure freezing machine. The frozen samples were
quickly warmed up to —90 °C and freeze-substituted with
2 % Os0y in pure acetone for 96 h using Leica AFS system.
Following that procedure, the samples were slowly warmed at
+5 °C/h to —20 °C and subsequently at 3 °C/h to +3 °C. This
was followed by 8 h at +3 °C and 18 h at +4 °C. The

specimens were rinsed three times with anhydrous acetone
and infiltrated in a mixture of acetone: Epon resin (2:1, 1:1,
and 1:2 for 1 h at each step at room temperature). After over-
night incubation in pure Epon, the material was released from
the carriers, and the whole specimens were embedded in fresh
resin and polymerized at +62 °C for 48 h. Ultrathin sections
(70 nm) were cut using an ultramicrotome (UCT, Leica
Microsystems, Vienna, Austria) and collected on formvar-
coated copper grids. The grids were contrasted in ethanolic
uranyl acetate and lead citrate and observed at 80 kV using a
JEOL JEM 1010 transmission electron microscope equipped
with MegaView III digital camera (SIS GmbH).

Results
Environmental Conditions

According to the measurements provided by the data loggers,
the temperature reached zero in late May in both years and
remained there while the snow and ice melted (Fig. 1a).
Freezing began in the deeper part of pool at the end of
September, after which the temperature fluctuated between
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0.1 and —2.3 °C before the water became constantly frozen in
late October (Fig. 1b). The minimum temperatures for both
sampling sites were —11.1 and —11.4 °C. The highest temper-
atures were observed during the second half of June (2012):
15.3 °C in the deeper part of pool (Fig. 1a) and 14.8 °C in its
shallow part (not shown) and 17.6 °C in the stream (Fig. 1a).
The pool in its deeper part was more thermally stable with a
smaller diurnal temperature fluctuation and notably colder
than the stream and shallow part of the pool during the sum-
mer months (after snowmelt). The summer average/means of
diurnal amplitudes were 4.0/2.3 °C in deeper part of the pool
and 5.9/4.2 °C in its shallow part and 5.9 °C/5.2 °C in the
stream. The annual temperature regime was as follows: grad-
ual rising temperatures during snowmelt (the end of May),
strong diurnal fluctuations till the second half of June, and
weak diurnal fluctuations till late September, freeze—melt ep-
isodes at the end of vegetative season (in September—early
October), and normally constantly subzero temperatures in
winter (until spring snowmelt). However, 2 months before
we collected the winter samples, there was an uncommon 2-
week winter thaw in January—February 2012.

Changes of Water Chemistry During Season

Chemical analysis showed that concentrations of TN and
phosphorus in the interconnected pool and stream were simi-
lar and did not change significantly during the observation,
and there was no clear trend in change of total N/P ratio.
Phosphate and nitrite concentrations were always below the
detection limit of the method. The DIN content was slightly
higher at the end of vegetative season, and the conductivity
increased by a factor of 3.6 from July to the late September
(Table 1).

Species Composition

Both communities were dominated by species identified ac-
cording to their morphological and ultrastructural properties
as Phormidium sp. Group VIII [21], which were morpholog-
ically identical but had a different shape of their nucleoids,
when stained with DAPI (Fig. 2d, i). A group of
Phormidium species has been recently transferred to the genus
Microcoleus [22, 23]. However, both species belonged to the
genus Phormidium according to cytomorphological criteria:

cells are shorter (4 to 6 um) than wide (8 to 9 um); polar ends
in trichomes are not narrowed and lack calyptra and apical
cells are rounded; sheaths are multilayered and contain only
one trichome (Fig. 3); thylakoids appear irregular in length-
wise section and are not arranged radially at cross sections
(Fig. 4e); cell division is initiated before daughter cells from
previous division grow to the size of the mother cell [24, 25;
Komarek, personal communication].

Seasonal Changes of the Habitats and Communities

The sampling sites appeared similarly both years during first
half of July: the depth of water in the pool was 2 to 7 cm, and
the stream was shallower (<2 cm deep) so that cyanobacterial
biomass was covered with only a thin layer of slowly running
water. Both years, the sites were much drier in late summer
and autumn (end of August and September) than in July. On
the 24th of August 2010, both habitats were completely out of
water, but the substrate underneath the communities was still
wet. Nearly, the entire biomass from the pool community was
wet, whereas the stream community was drier, and some parts
of the crust were detached from the substrate and appeared to
be completely dry. During the following month, the crusts
were dried and rewetted several times with air moisture and
occasional precipitation. On the 15th of September, the water
and biomass in both sites were frozen solid but melt on the
next day. In 2011, both communities were moist until the
second half of September, and at least a small amount of water
was available at any time of observation.

In late June and early July, both communities contained
distinctly different pink and red areas (Fig. 5a). The pink bio-
mass formed a tight crust, which was attached to the mineral
substrate. The crust consisted mainly of empty extracellular
polysaccharide (EPS) sheaths and relatively few trichomes
enclosed in thick multilayered EPS sheaths, without inclu-
sions or with big oil-like inclusions located at the cell centers
(Fig. 3c, d). The color of pink biomass ranged from dark pink
to white depending on the content of red, carotenoid-
containing trichomes. Red biomass had a soft “cloudy” con-
sistence and floated on the surface of water. The red biomass
contained only long sheathless trichomes; many of the cells
accumulated storage material, apparently cyanophycin and
liquid oil-like inclusions of unknown nature, which were de-
posited mostly at the cross walls (Fig. 3a, b).

Table 1  Average for the pool and stream physicochemical properties of the water (means + SD; n=6)

Sample Conductivity (uS ecm™")  N-NH, (ug I'")  N-NO, (ug I'")  N-NO;(ugI™") TN (ugI™ P-PO, (ugI'") TP (ugI™)
July 176+35.5 38+18.8 <10 190.3+46.7 362.7+£56.3 <10 19.3+£22
August 2133+39.4 21.8+3.9 <10 140.2+37.7 32761146 <10 209+4.9
September 635+68.5 349+8 <10 268.4+44.9 4145+53.2 <10 232+19
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Fig. 2 Red biomass from the pool community (a—e) and pink biomass
from the stream community (f-j) in the early summer, viewed by light
microscopy (a, f) and stained with CTC (b, g), SYTOX Green (¢, h), and

Both years, in late summer—autumn (end of August and
September), the communities appeared as continuous tight
crusts with distinct red and pale pink areas (Fig. 5b). At the
end of August, the biomass from the red areas of crusts was
formed by long interlaced filaments, all enclosed in sheaths,
with sand incorporated between them (Fig. 6a). In September,

1%
\ b

5 3 A\ :
S ) ck F

3, Tl whaitalE
T W
IR .

@;;-:::95_'-.\:;‘9;&-‘:.;;' 5
B s
R

> ]

Yh
PR N A
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(a, b) and pink biomass (¢, d). Biomass is fixed with formaldehyde. Scale
bars are 20 um
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DAPI (d, i) and showing weak pigment autofluorescence (e, j). The
injured cell is marked with an arrow. Scale bars are 20 pm

the sheaths became thick and often multilayered (Fig. 6b, d).
A small number of trichomes disintegrated into short frag-
ments or hormogonia. The pink biomass appeared similar as
in July and consisted mainly of empty sheaths and a few
filaments enclosed in thick multilayered sheaths. Some fila-
ments in both red and pink areas of the crusts had big- or
medium-size oil-like inclusions, whereas others lacked them
completely. Cells from the pool community usually accumu-
lated more material than cells from the stream community; in
2010, both sites contained more cells with inclusions than in
2011. Apart from presence of sheaths and inclusions, cells in
both pink and red areas of each community were morpholog-
ically identical and did not change their morphology during
vegetative season.

Ultrastructure of Cells

Samples collected from the red areas of both studied sites were
examined by electron microscopy. Preparation of samples
from the pink areas as well as a sample of crust, collected in
winter from the pool, was not possible since the sam-
ples contained numerous non-removable sand particles
bound to EPS sheaths.

Early Summer Samples

Electron microscopy showed that the central cytoplasm of
cells contained dispersed, unfolded nucleoids and numerous
polyhedral bodies (Fig. 4a, b). Nucleoplasm was surrounded
by a peripheral system of a few solitary thylakoids of irregular
pattern (Fig. 4a, b). The thylakoid membranes were often
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Fig. 4 Ultrastructure of cells and filaments of red biomass from
the stream community. Longitude sections of filaments in the
early summer (a), in autumn (e), and in winter (h); cross
sections of cells in the early summer (b), in autumn (f), and
in winter (i); longitude section of a cell with inhomogeneous

separated with a wide space or formed large sac-like vesicles
(Fig. 4b). There were no discernable phycobilisomes on the
outer surface of thylakoid membranes with the maximum
magnification of 100,000, which we employed. The cell en-
velopes had structure, typical for Oscillatoriaceae [26]: a thick
peptidoglycan layer deposited between an outer cell mem-
brane and plasmalemma and an external serrated layer
(Fig. 4c). Formation of new cross walls preceded formation
of'a continuous cell wall from previous cell division (Fig. 4a).
The thickness of the cell walls in cross sections ranged from
61 to 74 nm. However, the longitude sections revealed that
cell walls were inhomogeneous in thickness (Fig. 4d): from
37 nm immediately at the cross walls up to 92 nm away from
the cross walls. The external serrated layer was consistently
ca. 50 nm thick. Trichomes were surrounded by fibrous extra-
cellular sheaths (hardly or not discernable in a light micro-
scope) of loose structure and consistent density; no layers
different in density or structure were observed (Fig. 4a, b).
The round oil-like inclusions at cross-walls, which were visi-
ble in light microscope, appeared black (image not shown)

cell wall in summer (c); cross sections through cell walls in
the early summer (d), in autumn (g), and in winter (j). Ca
carboxysomes, Cri cross walls, CW cell walls, In inclusions,
N nucleoids, S EPS sheaths, 7 thylakoids. Scale bars are
2 um and 500 nm (¢, d, g, j)

and showed internal structure. No other types of inclusions
were observed.

Autumn Samples

As in the spring samples, the cells contained unfolded nucle-
oids and polyhedral bodies in the central cytoplasm (Fig. 4e,
f). The thylakoid system was well developed: numerous thy-
lakoids were arranged mostly in parallel to the cell walls in the
cross sections and often interconnected with each other
(Fig. 4f). In the longitude sections, thylakoids formed irregular
patterns, or groups of thylakoids were oriented either parallel
or perpendicular to the cross walls (Fig. 4e). The thylakoid
membranes had very narrow intramembrane space and carried
no discernable phycobilisomes viewed with 100,000x magni-
fication. No additional layers associated with the cell walls
were observed; neither was the cells surrounded with any
extra envelope-like structures (Fig. 4g). The thickness and
structure of the cell walls as well as the character of cell divi-
sion were very similar to those in the early summer. The
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Fig. 5 Fragments of the pool Phormidium community in the early
summer (a) and in autumn (b)

trichomes were surrounded with thick fibrous multilayered
sheaths. The layers of the sheaths clearly differed in density,
which was visible as an alternation of darker and lighter bands
(Fig. 4e, f). Only the oil-like inclusions were observed, which
appeared similar to those in the spring samples.

Winter Samples

The thylakoid system was very poorly developed: the thyla-
koids were small and flat and carried no discernable
phycobilisomes (Fig. 4h, i). The cell walls appeared similar
as in the early summer and autumn cells (Fig. 4j). The
other ultrastuctural features did not differ from those in
the autumn samples.

Viability and Metabolic Activity During Vegetative Season
Early Summer Samples

Staining with CTC showed that in July, more than 99 % of
cells were active (i.e., maintained respiration) in both commu-
nities, including filaments from pink biomass, as they reduced
CTC to insoluble CTC—formazan crystals. The pattern of CTC
deposition in cells (Fig. 2b, g) was similar to that of actively
growing laboratory cultures, which we observed in previous
experiments [20]. A few inactive cells (CTC negative) were
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also SYTOX Green positive, indicating damage to their plas-
ma membranes, and therefore were classified as dead cells. A
few CTC- and SYTOX-positive cells (i.e., injured) occurred at
the polar ends of filaments, whose membranes were apparent-
ly damaged due to a disruption of filaments during the staining
procedure (Fig. 2a—c). Dormant cells (inactive and intact)
were not observed. DAPI staining showed that all nucleoid-
containing cells had unfolded nucleoids (Fig. 2d). The content
of phycobiliproteins (C-phycoerythrin and C-phycocyanin)
seemed to be low as only dim fluorescence was observed
under 565-585-nm light (Fig. 2e), which is suitable to excite
both pigments [20].

Autumn Samples

In September, as winter approached, the number of injured
and dead cells was still very low (<1 %), and nucleoids in live
cells remained unfolded (Fig. 6g). All SYTOX Green-
negative cells (Fig. 6d) produced CTC—formazan crystals
(Fig. 6e), but their size, number, and shape often differed from
filament to filament (Fig. 6¢). The average number of CTC—
formazan deposits per cell seemed to be lower than in spring.
Cells in some of the filaments contained only a few deposits,
but we did not observe any SYTOX Green-negative cells,
which completely lacked deposits (i.e., dormant cells). The
fluorescence of phycobiliproteins was more intensive than in
the early summer (Fig. 6h).

Winter Samples and Simulation of Spring Thaw

In April, the communities were frozen solid under 35 cm of
ice, which was covered with a thin layer of snow. After melt-
ing under laboratory conditions, the crusts from samples
looked similar to those in September, with pink and red
patches of biomass. The filaments had pale-red pigmentation
under transmitted light (not shown) and were enclosed in
sheaths (Fig. 7b); some of the sheaths were sealed and
incrusted with sand at the polar ends (Fig. 7a). Most of the
trichomes within sheaths were split into short fragments (hor-
mogonia), whose length varied from one cell to several dozens
of cells. Hormogonia were separated from each other with
characteristic necridic (dead) cells or by rows of dead cells,
which were revealed by simultaneous staining with SYTOX
Green, CTC (Fig. 7b—d), and DAPI (not shown). Nucleoids
were not condensed and appeared similar as in cells collected
during vegetative season (not shown). Apart from necridic
cells, live and non-decayed dead cells were morphologically
similar (Fig. 7b) and did not notably differ from cells in late
summer—autumn period (compare Figs. 3a and 6a). Filaments
enclosed in sheaths contained ca. 15 % of dead cells (includ-
ing necridic cells), whereas sheathless filaments contained as
much as 67 % of dead cells. The proportion of dead cells
among the sheathless filaments possibly was even higher
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Fig. 6 Filaments from the red areas of the stream community in
August (a) and second half of September (b—h), viewed by
light microscopy (a, b, d) and stained with CTC (¢, e),
SYTOX Green (f), and DAPI (g) and showing pigment

because some of the trichomes, containing live cells, might
have left their sheaths during melting and staining procedure.
Staining the biomass only with CTC immediately after
thawing showed that the cells quickly regained respiration
activity: just 20 min after melting cells accumulated visible
fluorescent inclusions of CTC—formazan. Similar to
September, the pattern of CTC deposits within the cells was
different in some proportion of filaments and did not corre-
spond with SYTOX Green staining.

During further incubation at low temperature, the morphol-
ogy of communities and filaments changed markedly. After a
day of cultivation, live cells of hormogonia within sheaths
turned from pale-red to pale-green, and dead cells sustained
lysis and decay (Fig. 8a). During the second day, live cells
turned intensively green and moved within the sheaths
(Fig. 8b), and the dead cells underwent complete decay.
Hormogonia started to escape from the sheaths by gliding
out through the polar ends (Fig. 8d), as well as by actively
cracking (Fig. 8c) and dissolving the sheaths (Fig. 8¢) wher-
ever the polar ends of the sheaths were blocked. After 7 days
of cultivation, a substantial number of trichomes were out of

autofluorescence (h). Morphologically similar filaments (b)
display notably different patterns of CTC—formazan deposition
(¢). a—c¢ Biomass is fixed with formaldehyde. Scale bars are
20 pum

the sheaths, and after 15 days, some of the trichomes started to
accumulate at cross walls similar material as those in the sam-
ples collected in the early summer (data not shown).

Discussion
Viability, Metabolic Activity, and Morphology of Cells

The microalgae, which inhabit terrestrial and hydro-terrestrial
environments in the Polar Regions, form annual or perennial
communities [5, 27, 28]. The annual growth implies that the
communities are re-established every year from a few highly
resistant cells while the majority of cells do not survive winter;
this strategy is rather common for eukaryotic microorganisms,
e.g., green algae [17, 28, personal observation]. In contrast,
cyanobacteria typically form perennial mats and films, in
which a large proportion of cells survive winter to provide
high inoculum for the following vegetative season. Slow bio-
mass accumulation on new substrates and very low photosyn-
thetic rates suggest that extremely high biomass of

@ Springer



896

D. Tashyreva, J. Elster

Fig. 7 Morphology and viability
of cells and filaments after
melting, viewed by light
microscopy (a, b) and stained
with SYTOX Green (¢) and CTC
(d); dead cells are SYTOX Green
positive and CTC negative. Scale
bars are 20 pm

Phormidium mats can be achieved only over several seasons
of growth [5, 18]. The ability of Phormidium species to toler-
ate desiccation and freezing provides additional evidence of
their perennial life strategy [19, 29]. In these studies, perennial
strategy of Phormidium communities was described using
community-level-based methods such as measurements of re-
spiratory and photosynthetic rates. However, no study previ-
ously described the changes in spatial structure of communi-
ties, morphology and ultrastructure of cells, and viability and
activity at the single-cell level.

In this study, we demonstrate that the Phormidium commu-
nities did not produce any morphologically and/or ultrastruc-
turally distinct spore-like cells at the end of the vegetative
season for surviving the winter period, unlike akinete-
forming cyanobacteria [30] and some species of non-
akinete-forming cyanobacteria [31]. The winter survival of
the communities was also not provided by a few resistant
cells, which did not undergo visible morphological and ultra-
structural transformations. Instead, a high proportion of cells
from the frozen samples remained viable, indicating that most
of the cells in the populations acquired resistance to winter
stress. Such successful overwintering provides additional
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evidence that Phormidium species form perennial communi-
ties in hydro-terrestrial habitats of Polar Regions. The propor-
tion of cells that survive winter may be normally even
higher than 85 %. In our observations, the survival rate
was possibly lowered by the 2-week thawing period
during winter when no light was available for photosyn-
thesis, and the cells could have been de-hardened by the
presence of low-salinity liquid water.

We have shown that all live cells in the communities were
constantly metabolically active from early spring to late au-
tumn and overwintered in a vegetative state since they re-
sumed respiration within minutes after thawing. Using
community-level methods, several studies have previously
demonstrated that respiration in Phormidium-dominated mats
could be detected immediately after thawing and rehydration
[5, 19]. However, this could have been attributed to the other
organisms highly abundant in mixed mat communities, such
as heterotrophic bacteria, protists, and invertebrates. Here, we
demonstrated that cyanobacterial cells themselves were capa-
ble of resuming respiration after prolonged freezing. In addi-
tion, nucleoids remained unfolded at any time of observations,
which indicated that cells did not have long-term cessation of
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transcription activity, which accompanies transition of cells
into a dormant state. In metabolically inactive cells, the nucle-
oids are typically condensed and attain a spherical or toroid
shape [32, 33].

Taken together, it seems that communities were inactive
only when they were limited by an absence of liquid water
during the winter months and possibly during seasonal dry up.
In addition to the short vegetative seasons on Svalbard, which
in our data were 3.5 to 4 months, very shallow aquatic habitats
there are subject to drying-rewetting and freeze—melting cy-
cles. The fact that communities do not need to enter dormancy
(and to carry subsequent germination) for surviving stress
conditions seems to give an advantage to slow-growing
cyanobacteria. This strategy prolongs the growth period and

enables them to continue their growth immediately after con-
ditions become favorable.

Adaptation to Winter Abiotic Stress

The main stresses associated with freezing are cell dehydra-
tion and mechanical disruption of cell structures by ice crys-
tals [2, 34, 35]. Dehydration occurs as a result of freezing
external (i.e., extracellular) medium. As water freezes, osmot-
ic pressure in unfrozen water around ice crystals increases due

to a concentration of solutes. As a result, water outflows from
cells along the osmotic gradient and freezes in extracellular
media, and the residual intracellular water does not freeze
even at low subzero temperatures. Freeze-induced dehydra-
tion prevents intracellular freezing, which is usually fatal for
cells. Expanding extracellular ice creates mechanical pressure
on cells, and growing ice crystals may pierce cell plasma
membranes [34].

It is not likely that freezing is initiated at the surface of cells
because cyanobacterial cells themselves are relatively poor ice
nucleators, e.g., lichen photobionts [36]. Our previous
(unpublished) experiments showed that laboratory-grown
Phormidium/Microcoleus cultures, isolated from terrestrial
habitats of the Arctic and Antarctic, initiated freezing at tem-
peratures as low as —10 to —8 °C (measured with differential
scanning calorimetry) after rinsing them with ultrapure water.
More probably, freezing takes place at higher subzero temper-
atures (i.e., close to 0 °C) in water that surrounds communities
because water normally contains bacteria as well as various
organic and inorganic particles that serve as ice nucleators [37,
38]. In this case, EPS sheaths may function as a barrier that
protects surface of cells from being in direct contact with ice
crystals. The fact that a much smaller percentage of cells
among sheathless trichomes survived freezing supports this
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assumption. Apart from sheath production and light-
dependent modification of thylakoids, the cells and filaments
from winter samples were similar in morphology and ultra-
structure to those in late spring. Therefore, it is likely that cells
acquire tolerance to freezing-associated dehydration via bio-
chemical mechanisms, e.g., accumulation of non-reducing
sugars [39].

Environmental Signals, Which Induce Stress Resistance

Desiccation and freezing tolerance of communities in early
summer and in autumn still has to be compared to find out
whether their tolerance is an induced or a constitutive proper-
ty. Nevertheless, we assume that populations change their rate
of stress tolerance during the vegetative season: our previous
investigations demonstrated that desiccation tolerance of
Microcoleus from terrestrial Arctic habitats was not a consti-
tutive trait but inducible by suboptimal conditions [40]. We
expected that a seasonal decrease of mineral nutrients, espe-
cially forms of nitrogen, or even starvation would stimulate
cyanobacterial cells to adapt to freezing and desiccation. This
assumption was based on the fact that nutrient starvation is a
very common inducer of bacterial tolerance to various stresses
[41, 42] and that nitrogen concentration in freshwater polar
habitats (McMurdo region, Antarctica) may decline by three
orders of magnitude over the course of the vegetative season
[5]. In addition, our recent experiments showed that
Microcoleus strains from terrestrial Arctic habitats acquired
a strong desiccation tolerance after a 2-week nitrogen starva-
tion [40]. However, a decrease in content of macronutrients
was not observed: the communities were constantly well sup-
plied with nitrogen the whole season and constantly limited
with dissolved forms of phosphorus.

Continuous light, especially high intensity, nitrogen starva-
tion, and hyperosmotic stress are among the most common
inducers of EPS production in cyanobacteria [43]. The climat-
ic data suggest that light regime and its intensity did not play a
role in the induction of sheath production, since the duration
and intensity of sunlight were decreasing toward the end of the
vegetative season. Neither was the production of sheaths de-
pendent on nitrogen availability: concentration and forms of
dissolved nitrogen did not significantly change during the
vegetative season. The temperature regime during summer
did not seem to be the cause either because except for a short
period after the snowmelt, the temperature regime was rela-
tively stable until autumn.

Therefore, we hypothesize that increasing the conductivity
of water in habitats toward the end of vegetative season stim-
ulated the synthesis of EPS sheaths as well as the acquisition
of adaptation to freezing-associated dehydration. The other
factors which may influence EPS production, e.g., dilution
rate, growth phase, and presence/absence of metal cations
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and small organic molecules, have been sporadically studied,
but not consistently evaluated [43].

The Role of Hormogonia in Dissemination and Spatial
Structure of the Communities

Apparently, release of hormogonia in spring resulted in the
formation of pale-pink and red areas, which we observed in
the field at the beginning of summer: pink areas consisted of
mainly empty sheaths remaining after the release of hormogo-
nia, and soft red biomass contained viable and growing
sheathless trichomes. Production of new sheaths at the end
of the summer was responsible for the appearance of tight
continuous crusts with distinctly different pink (mostly empty
sheaths) and red (filaments in thick sheaths) parts.

It is thought that hormogonia serve for dispersing
cyanobacteria since short sheathless fragments of trichomes
may be passively transported by water flow or actively by glid-
ing, as well as for reproduction because a hormogonium
consisting of a few cells develops further into a long filament
[44, 45]. We observed that during the spring melt, Phormidium
hormogonia were actively leaving their sheaths, not only through
the polar ends, but also by dissolving their sheaths partly or
entirely. Partial dissolution of sheaths possibly prevented a mas-
sive accumulation of empty sheaths over several years.
Interestingly, a proportion of trichomes with metabolically active
and intact cells remained in their sheaths for the entire season.

It is not clear whether the production of hormogonia takes
place in late autumn shortly before freezing or in early spring
when liquid water becomes available. As we observed, only a
small proportion of hormogonia was produced at the end of
September, but in the winter samples (the first half of April),
nearly all trichomes were fragmented immediately after melt-
ing. Hormogonia might have been produced during the
uncommon-for-winter 2-week period of thaw in January
2012. Hormogonium production may be stimulated by envi-
ronmental changes both positive and negative for growth and
include changes in light, temperature, and chemical composi-
tion of an environment [46]. However, no single environmental
factor has been identified that induces hormogonium differen-
tiation in all capable strains [44, 45]. In our case, differentiation
of hormogonia might have been positively stimulated during
the winter thaw by an increase of temperature and dilution of
concentrated salt solution surrounding ice crystals with meltwa-
ter. The production and release of hormogonia during winter do
not seem to have any benefits, because sheathless trichomes are
more susceptible to damage imposed by ice crystals (as shown
in this study). Therefore, it is more likely that hormogonia are
normally produced during spring melt.

Interestingly, viable hormogonia were separated from each
other not only by characteristic necridic cells (necessary for
fragmentation of trichomes in species with tight cell-to-cell
connections), but also by rows of several dead cells. There
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was no obvious reason for that phenomenon since all cells
inside a sheath had similar environmental conditions.
However, we may hypothesize that they lost viability due to
self-mediated autolysis in response to environmental cues [47,
48] with a function of nutrient supply of live cells, as some
Phormidium species are capable of switching to heterotrophic
metabolism in the absence of light [49, 50].

Conclusions

The two Phormidium-dominated communities were found to
be perennial since a high proportion of cells survived winter.
The overwintering strategy did not involve any morphological
and ultrastructural modifications of cells. However, produc-
tion of thick polysaccharide sheaths was likely to protect the
cells from damage by freezing and freeze-induced dehydra-
tion. The cells were metabolically active shortly before freez-
ing and immediately after thawing, which means that commu-
nities survived winter in a vegetative state. The communities
changed their spatial structure over the annual cycle: release of
hormogonia in spring resulted in the formation of a sub-
population of sheathless trichomes along with a tight crust
which was composed mostly of empty polysaccharide sheaths
and a few viable trichomes. The length of the active period of
growth (or vegetative season) over the annual cycle was de-
fined by the presence of water in the liquid state; i.e., the
metabolic activity of cyanobacteria was discontinued only
by freezing in winter. The cells did not change their morphol-
ogy and ultrastructure during the vegetative season, except for
light-induced modification of thylakoids.
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