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1. Introduction

Cyanobacteria are commonly thought of as microbial phototrophs that are char-
acteristic of warm water environments such as hot springs (Steunou et al., 2006),
stratified lakes during summer (Vazquez et al., 2005) and tropical oceans
(Johnson et al., 2006). It is less widely known that many cyanobacterial taxa
achieve their greatest ecological success at the opposite thermal extreme, in polar
and alpine environments. One of the first discoveries of the prolific growth of
cyanobacteria in the cryosphere (the ensemble of cold environments containing
snow and ice) was by the Swedish-Finnish explorer Adolf Erik Nordenskiold. In
his expedition across the Greenland Ice Cap in 1870 his team discovered black
sediment that he called ‘cryoconite’, cold rock dust collecting in melt holes
(Leslie, 1879). On closer inspection they observed that this material was com-
posed of not only inorganic sediments but also black-pigmented cyanobacteria,
now known to be mostly the heterocystous species Calothrix parietina (Gerdel
and Drouet, 1960). They concluded that because of its dark colouration, this
cyanobacteria and its bound sediment absorbs radiation and hastens melting of
the ice, a process more recently documented on glaciers (Takeuchi et al., 2001)
and ice shelves in the Canadian High Arctic (Mueller and Vincent, 2006).

The early expeditions to Antarctica such as those by Scott and Shackleton
also brought back evidence of cyanobacteria forming extensive communities in
some south polar habitats (Vincent, 2000). Current research shows that cyanobac-
teria are the phototrophic dominants in many types of communities in both Polar
Regions. In some meromictic lakes, picocyanobacteria are the most common pho-
tosynthetic cell type, for example in lakes of the Vestfold Hills Antarctica (Powell
et al., 2005) and at the northern coastline of High Arctic Canada (Van Hove et al.,
2006). They are also abundant in many arctic rivers (Rae and Vincent, 1998),
although are much less common in coastal and offshore marine waters (Waleron
et al., 2007). Viable cyanobacteria are a frequent constituent of permafrost soils
(Vishnivetskaya et al., 2005) and also occur commonly within and on the outside
of rocks in the desert landscapes of both Polar Regions (Cockell and Stokes,
2004). The cyanobacteria-dominated assemblages that form in cryoconite holes
and pools on glaciers continue to be of great interest to microbial ecologists to
address questions concerning microbial distribution and diversity, biogeochemical
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processes in microbial consortia and microbial strategies for survival and success
in the cryosphere (Wharton et al., 1981; Christner et al., 2003; Mueller and
Pollard, 2004; Porazinska et al., 2004; Stibal et al., 2006; Tranter et al., 2004) The
most luxuriant growth of cyanobacteria in the Polar Regions occurs as benthic
mats and films in shallow thermokarst (eroded permafrost) lakes (Vézina and
Vincent, 1997; Rautio and Vincent, 2006), in ice shelf ponds of the Arctic (Vincent
etal., 2004a, b; Mueller et al., 2005) and Antarctica (Howard-Williams et al., 1989;
Sabbe et al., 2004; Jungblut et al., 2005), in rivers and streams (Vincent et al., 1993;
Elster et al., 1997; McKnight et al., 1999; Fernandez-Valiente et al., 2007) and in
ice-covered lakes (Wharton et al., 1983; Hawes and Schwarz, 2001; Singh and
Elster, 2007; Taton et al., 2006; Vopel and Hawes, 2006). Littoral communities of
benthic cyanobacteria are also well known from cold, alpine habitats (Vinebrooke
and Leavitt, 1996; Sommaruga and Garcia-Pichel, 1999).

The common occurrence of cyanobacteria in cold habitats has implications
for the development of microbial ecosystems on early Earth. Although debate con-
tinues as to the thermal regime throughout the Precambrian, there is mounting
evidence that extreme cold and freeze-up was experienced during several glacial
periods, perhaps even during the earliest stages in the appearance and evolution of
microbial life (Vincent et al., 2004a, b, and references therein). Major freeze-up of
much of the planet is believed to have occurred during the Proterozoic Era, specif-
ically during the Paleoproterozoic 2.3 billion years bp (Melezhik, 2006) and during
the Neoproterozoic, 600-700 million years bp (Hoffman and Schrag, 2002). The
fossil record suggests that cyanobacteria would have been present throughout these
Proterozoic events, and perhaps during earlier periods of global cooling. There is
evidence for the continuity of life throughout these glacial episodes, and cyanobac-
teria-dominated ecosystems in the modern cryosphere are increasingly viewed as
analogues for such conditions (Olcott et al., 2005; Corsetti et al., 2006).

This chapter considers the range of conditions that cyanobacteria may have
had to contend with in the cryosphere during glacial periods on Precambrian
Earth, and the range of ecophysiological strategies that modern-day cyanobacte-
ria in culture or in polar and alpine regions employ to deal with such conditions.
There are two distinct sets of stresses imposed by a glacial environment: (i) the
freeze-up process and resultant ice regime and (ii) the persistence of cold temper-
atures for metabolism, growth and survival in aqueous habitats. These two sets of
environmental conditions are treated separately below.

2. Freeze-up and the Implications of Ice Formation

The phase transition from liquid water to ice poses a number of challenges for
phototrophic growth and survival. These include the osmotic and mechanical
stresses during ice formation, the need to retain viability during periods of pro-
longed dormancy, and an ability to capture light and achieve net growth despite
the attenuating effects of the overlying ice and snow cover.
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2.1. ICE FORMATION

Many polar and alpine habitats such as shallow ponds and streams freeze solid
each year. During this process, solutes are excluded from the ice and the remain-
ing water surrounding the cells can achieve high osmolarities. This process is well
known in sea ice where the freeze-concentrated brines within channels between
the ice crystals may achieve salinity values many times that of sea water (Thomas
and Dieckmann, 2002). This process is also known in polar lakes and ponds
where benthic microbial mats experience relatively freshwater conditions in late
summer to salinities up to five times that of seawater, and liquid water tempera-
tures down to —12°C, during the final stages of freeze-up in winter (Schmidt et al.,
1991). Additionally, the formation of ice can destroy membranes, particularly if
the crystals are formed intracellularly (Vincent, 1988; Fuller, 2004).

Cyanobacteria have a variety of strategies to minimize the osmotic and
mechanical stresses of freeze-up. Like sea ice microbiota, the mat-forming species
in cold environments such as on the McMurdo Ice Shelf (de los Rios et al., 2004)
form copious quantities of mucopolysaccharides (exopolymeric substances,
EPS). This material likely slows the flow of liquid water during freeze-up and
thaw, and may also force ice crystal formation to occur well away from the cells.
Experiments on Nostoc commune indicate that EPS is critical to surviving desic-
cation as well as freeze-up (Tamaru et al., 2005).

Many cyanobacteria produce compatible solutes (Mackay et al., 1984) that
reduce the osmotic effects of freeze-up, although this has not been examined in
detail in polar and alpine taxa. Some of these osmoregulatory substances protect
proteins from denaturation and deactivation, for example glycine betaine (N-
trimethyl glycine) protects the photosystem II complex against dissociation
(Papageorgiou and Murata, 1995).

Like other phototrophs, cyanobacteria from some polar environments are
known to produce macromolecular substances that cause pitting and other mod-
ifications of growing ice crystals. The exact role of these ice-active substances is
not known at present, but they are thought to play a cryoprotective role
(Raymond and Fritsen, 2000).

2.2. PROLONGED DORMANCY

One of the prerequisites for life in a seasonally frozen environment is the ability
to maintain viability until the next period of thaw. Freeze-drying is a method to
preserve microbes, and cyanobacterial strains in some culture collections are
stored in this way. In Antarctica, freeze-dried mats have been shown to resume
photosynthesis and other physiological processes within minutes to hours after
rethawing. It is less clear however, what the upper limit may be to survival at much
longer time scales. For example, the postulated ‘snowball Earth’ scenario suggests
that microbes could be frozen for up to millions of years. There is a variety of
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evidence that ancient microbes immured in glacial ice, permafrost soils or salt
crystals can brought to life (e.g. Vishnivetskaya et al., 2005). In part this may
strongly depend on the physical and chemical properties of the surrounding envi-
ronment during dormancy, for example the extent of exposure to UV radiation
and to reactive oxygen species (ROS).

2.3. LOW IRRADIANCE

Clear ice allows a high transmittance of photosynthetically available radiation
(PAR) as well as UV radiation. However, bubbles, particles and snow cover have
a strong effect on albedo (back reflection) and scattering, and can result in a
severe reduction in underwater energy supply (Belzile et al., 2001). Some eukary-
otic algal species are known to be highly adapted to such extreme shade
conditions. One of the best studied examples is the chlorophyte Chlamydomonas
raudensis UW0241 isolated from a permanently ice-covered Antarctic lake where
it is one of the dominant phototrophs. This psychrophilic species has a growth
optimum at 8°C and is unable to grow at temperatures above 18°C. It is a shade
species adapted to optimal growth in its ambient environment of extremely low,
blue-green irradiance. Among its many features tuned towards this low light
regime are a low Chla:Chlb ratio, a reduction in PSI light-harvesting Chl-pro-
teins, a high concentration of the Chlb light-harvesting protein complex and a
limited ability to adjust to high irradiances (Morgan-Kiss et al., 2006; and refer-
ences therein).

Cyanobacteria lack the light-harvesting chlorophyll proteins that are char-
acteristic of Chlamydomonas, however their phycobilisomes provide a highly
efficient protein complex of multiple phycobiliproteins for capturing light deep in
the water column, within microbial mats or under ice. For example, Hawes and
Schwarz (1999) have shown that microbial mats on the benthos of ice-covered
Antarctic lakes are coloured pink as a result of their high levels of the phyco-
biliprotein phycoerythrin. Laboratory gas-exchange measurements showed that
the communities have an unusually efficient light-capturing capacity, with photo-
synthetic quantum yields close to the theoretical maximum (Hawes and Schwarz,
2001). These results were subsequently confirmed by in situ measurements in
perennially ice-covered Lake Hoare in the McMurdo Dry Valleys using oxygen
micro-electrodes (Vopel and Hawes, 2006).

Cyanobacteria mats growing in exposed polar and alpine lakes are often
enriched in light-protecting pigments in their surface layers (Bonilla et al., 2005),
while their basal layers are deep blue-green associated with high concentrations of
the phycobiliprotein phycocyanin (PC). For example, a microbial mat from
Skeleton Lake in the Canadian High Arctic had a surface 1-mm thick pink layer
rich in carotenoids, and a basal 2-3 mm blue-green layer that contained more
than seven times the quantity of PC than in the surface layer and a 50% higher
PC:Chla ratio (Quesada et al., 1999).
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Phycobilisomes are now known to be dynamic light-capturing systems that
are free to diffuse horizontally in the photosynthetic membranes of cyanobacte-
ria (Joshua et al., 2005). The physical association between phycobilisomes and
reaction centers modulates the distribution of excitation energy, and influences
the degree of spillover between PSI and PSII. Spillover was initially thought to be
a rapid bright light acclimation response, but there is increasing evidence that in
cyanobacteria it is an adaptive physiological response to low light conditions
(Mullineaux and Emlyn-Jones, 2005).

2.4. PROLONGED DARKNESS

In some respects, prolonged darkness in liquid water conditions may be a much
greater constraint on viability that freeze-up. Respiration may continue through-
out such periods and the energetic costs of basal metabolism, maintenance and
repair may ultimately deplete cellular reserves. It is not known whether there may
be a threshold for such metabolism, with a loss of viability below which the cells
are unable to recover even when returned to available light conditions.

3. Implications of Persistent Low Temperatures

Low temperatures exert an obvious dampening effect on all metabolic processes,
although the magnitude of this cold inhibition varies greatly among species. The
net result is slow net growth rates, but this may not be an ecological constraint in
many habitats. For example mat communities in perennial ice-covered lakes, ice
shelf ponds and polar desert streams gradually accumulate biomass each year,
and this biomass then overwinters to provide a large inoculum for the next year
of microbial activity. In this way, cyanobacteria maintain their perennial coverage
of benthic substrates, resulting in pre-emptive competitive success at the begin-
ning of each season.

The cyanobacterial strategy of slow growth is likely to be much less success-
ful in ephemeral habitats and in ecosystems where loss processes are more severe.
For example, melting snowbanks offer a habitat for microbial growth for only few
weeks each year. These ephemeral meltwaters are subject to continuous losses by
percolation, and are more typically colonized by eukaryotic snow algae than
slower growing cyanobacteria (Vincent, 1988). Similarly, in the marine environ-
ment of both Polar Regions, cyanobacteria are conspicuously sparse or absent,
and this may reflect an inability to keep pace with substantial loss rates via
turbulent diffusion, advection and grazing by a diverse spectrum of zooplankton
(Vincent, 2000). In these oceanic environments, picoplanktonic phototrophs are
often abundant, but they are highly adapted psychrophilic eukaryotes that can
achieve much faster growth rates than cold-tolerant cyanobacteria. In earlier
times, such as the Paleoproterozoic before the emergence and radiation of
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eukaryotes, psychrotolerant cyanobacteria may have played a more important
role in cold ocean ecosystems.

A variety of other problems are imposed by persistent low temperatures.
Firstly, cells may be especially prone to photobiological damage due to ultravio-
let radiation and bright PAR irradiances. Photobiological effects can be direct
(e.g. DNA damage through UV-B absorption) or indirect (through the produc-
tion of ROS) and while these photochemical reactions are dependent on radiation
exposure, they are largely independent of temperature. On the other hand, cellu-
lar repair mechanisms such as DNA and photosystem II repair processes are
likely to depend on metabolic rates, and therefore reduced under low tempera-
tures. Persistent cold therefore has the potential to shift the damage-repair
balance towards net cellular damage (Rae et al., 2000). Cyanobacteria show a
remarkable suite of mechanisms to reduce such effects, including the production
of a great variety of photoprotective pigments. Additional challenges in the cold
are to maintain membrane fluidity, transport functions and enzymatic activities,
and cold-tolerant cyanobacteria provide excellent examples of this suite of
acclimation abilities.

3.1. PHOTOPROTECTIVE-SCREENING PIGMENTS

One of the first lines of protection against UV and high energy PAR exposure is
the production of light-screening pigments. Cyanobacteria of the cold regions
show two classes of such compounds. The first are the lipid-soluble sheath pig-
ments gloeocapsin and scytonemin. The former is present in the sheaths of some
Gloeocapsa species, for example the taxon G. ralfsiana that forms rust-coloured
crusts over rock in streams of the McMurdo Dry Valleys Antarctica (Vincent,
1988). This compound has been known for almost a century, with interest in the
way it changes colour with pH. However it is still not characterized either eco-
logically, physiologically or chemically. In contrast there is a large literature on the
sheath pigment scytonemin that is found in several cyanobacteria. This com-
pound absorbs maximally in the UV-A end of the spectrum (Garcia-Pichel and
Castenholz, 1991; Proteau et al., 1993) and can be in such high concentrations,
for example in Nostoc colonies, that the cyanobacterial mats or crusts are black.
High concentrations of this pigment occur in mat-forming communities in many
types of antarctic, arctic and alpine communities (Vincent and Quesada, 1993).

The second class of screening pigments is mycosporine-like amino acids
(MAA?S). These water-soluble compounds are found within the cells and absorb
maximally at the UVB end of the incident solar spectrum (Garcia-Pichel and
Castenholz, 1993; Cockell and Knowland, 1999). Studies on a High Arctic
cyanobacterial mat showed that these compounds were four times higher per unit
Chla in the surface relative to bottom layer (Quesada et al., 1999). A novel oligosac-
charide-mycosporine-amino acid found in Nostoc (Bohm et al., 1995) has recently
been identified in microbial mats on arctic ice shelves (Mueller et al., 2005).



COLD TOLERANCE IN CYANOBACTERIA 295

3.2. PHOTOPROTECTIVE-QUENCHING PIGMENTS

One of the most severe damaging effects of exposure to high solar radiation is the
production of ROS such as singlet oxygen, superoxide and hydrogen peroxide.
Cyanobacteria have a variety of enzymatic and pigment strategies for quenching
these highly toxic photochemically produced products, including the production of
superoxide dismutase and ROS-quenching carotenoids (Vincent and Quesada,
1993; Hirschberg and Chamovitz, 1994). The latter is immediately apparent in
cyanobacterial mats in streams, thermokarst lakes, ice shelf ponds and other shal-
low, brightly lit habitats that are often pigmented orange or pink with high
carotenoid pigmentation. For example, in the Skeleton Lake mat, the bright orange
surface layer had a fivefold high carotenoid concentration per unit Chla relative to
the phycocyanin rich bottom layer (Quesada et al., 1999). An antarctic mat-form-
ing cyanobacterium in culture showed major increases in carotenoid pigmentation
with decreasing temperature, increasing PAR and exposure to UV radiation. After
a period of acclimation, the cultures growing under UV radiation had almost as
high a growth rate as the controls not exposed to UV, and the observed production
of photoprotective carotenoids is likely to have been one of the acclimation mech-
anisms allowing this near-optimal growth (Roos and Vincent, 1998).

3.3. OTHER PHOTOPROTECTIVE STRATEGIES

Several other adaptive mechanisms allow cyanobacteria to deal with bright PAR
and UV radiation at the low temperatures that characterize the cryosphere. These
include the choice of habitat, or exclusion from more severe, highly exposed habi-
tats. For example, cyanobacteria in both Polar Regions are successful in habitats
in rock cracks, as layers beneath the surface of rocks and underneath translucent
rocks in which solar exposure is greatly attenuated (Smith et al., 2000; Cockell
and Stokes, 2004). Deep ice-covered lakes and the UV-screened habitat at the base
of optically thick biofilms similarly provide refugia from the damaging effects of
surface insolation. Another strategy seen in many mat communities is that of
motility in which trichomes are able to change their position in the vertical light
gradients by way of a gliding ability. A striking example of this response has been
recording in a meltpool microbial mat on the surface of the McMurdo Ice Shelf,
Antarctica (Nadeau et al., 1999).

3.4. MEMBRANE STRATEGIES

Microorganisms have a variety of adaptive strategies to maintain membrane fluid-
ity at low temperatures. The most common mechanism observed in cyanobacteria
is fatty acid desaturation to increase the production of unsaturated fatty acids that
remain fluid even in the cold. Specifically, saturated fatty acids such as C16:0 and
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C18:0 are converted to C16:1 and CI18:1 unsaturated fatty acids, respectively, by
acyl-lipid desaturases as a post-biosynthetic modification (Chintalapati et al.,
2004). Considerable interest is now focused on how cyanobacteria sense the cold
and initiate this process. The current model is that the signal transduction pathway
involves a two component system, a histidine kinase (Hik33) sensor located in the
membrane, and a response regulator (Rerl) located in the cytoplasm. Cold-shock
activates Hik33 that in turn activates Rerl. This interacts with DNA and activates
the transcription of the desB gene that produces acyl-lipid desaturatase. The result-
ant increase in cellular concentrations of this enzyme leads to increased
desaturation of lipids that are inserted into the membrane to reduce fluidity (Suzuki
et al., 2001). Other mechanisms that modulate membrane fluidity at low tempera-
ture include: alteration of the lipid head group; increased synthesis of polar lipids
(e.g. zeaxanthin) that stabilize the membrane relative to non-polar lipids (e.g.
B-carotene); decreases in membrane protein content, resulting in less protein-lipid
interactions that limit acyl chain flexibility; decreases in fatty chain length to pro-
duce short chains that have lower melting points and that are unable to span the
membrane, making it less gel-like; and an increase in the proportion of cis-relative
to trans-fatty acids (Chintalapati et al., 2004).

3.5. GROWTH RATES IN THE COLD

Cyanobacteria are often conspicuous components of the modern-day cryosphere
and are also likely to have been a major component of frigid ecosystems in Earth’s
past. Yet the growth rates of extant species in the Polar Regions show no evidence
of an impressive performance at low temperatures. All species tested in our own
laboratory have been found to be psychrotolerant rather than psychrophilic, with
slow growth rates at the low ambient temperatures in their native habitats (Tang
et al., 1997). Even under optimal conditions for growth, these species have long
doubling times relative to psychrophilic, eukaryotic algae, and relative to psy-
chrophilic, heterotrophic bacteria. A small number of psychrophilic cyanobacteria
have been identified, but although these show a temperature optimum below that
of most cyanobacteria and inhibition by moderately warm conditions, their growth
rates are still quite low at temperatures below 10°C. Two oscillatorian strains iso-
lated from the McMurdo Ice Shelf had growth optima at 8°C and did not grow at
24°C. However, even at the optimal temperature for growth, their doubling times
were long, ranging from 8.3 to 12.5 days (Nadeau and Castenholz, 2000).

4. Conclusions

Cyanobacteria do not seem to be specifically adapted to low temperatures in that
they are unable to maintain fast growth rates in the cold. On the other hand,
studies in the modern-day cryosphere show that they have a wide range of adap-
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tive mechanisms that allow them to survive freeze-up, growth under low irradi-
ances such as that produced by ice cover, and periodic exposure to UV radiation
and bright PAR. These mechanisms include light-harvesting pigments, light-
screening pigments, ROS-quenching compounds such as carotenoids, membrane
fluidity at low temperatures and cold-stable proteins. Despite the cold, polar and
alpine cyanobacteria can maintain slow but steady growth. This strategy of cold
tolerance has been highly successful in some habitats such as in the benthos where
communities can gradually accumulate over many seasons of growth to attain
prolific biomass stocks. However, psychrotolerance and slow growth in the cold is
not successful in ephemeral environments such as melting snowbanks, or in
ecosystems where losses are substantial, for example as a result of strong grazing
pressure or removal by advection.
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