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Abstract Polar Regions (continental Antarctica and the Arctic) are characterized by a
range of extreme environmental conditions, which impose severe pressures on biolo-
gical life. Polar cold-active cyanobacteria are uniquely adapted to withstand the envi-
ronmental conditions of the high latitudes. These adaptations include high ultra-violet
radiation and desiccation tolerance, and mechanisms to protect cells from freeze—thaw
damage. As the most widely distributed photoautotrophs in these regions, cyanobacteria
are likely the dominant contributors of critically essential ecosystem services, par-
ticularly carbon and nitrogen turnover in terrestrial polar habitats. These habitats in-
clude soils, permafrost, cryptic niches (including biological soil crusts, hypoliths and
endoliths), ice and snow, and a range of aquatic habitats. Here we review current
literature on the ecology, and the functional role played by cyanobacteria in various
Arctic and Antarctic environments. We focus on the ecological importance of
cyanobacterial communities in Polar Regions and assess what is known regarding the
toxins they produce. We also review the responses and adaptations of cyanobacteria to
extreme environments.
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Introduction

The severe environmental conditions of continental Antarctica and high Arctic (> 80°N)
terrestrial habitats, which include freeze-thaw cycles, wide irradiance fluctuations (in-
cluding Photosynthetically Active Radiation (PAR) and UV), and low nutrient supplies,
results in generally depauperate habitats and very short seasons for biological growth (Cary
et al. 2010; Convey et al. 2014; Cowan et al. 2014). The variability in the environmental
factors, together with the less than ideal levels of nutrients required for biological activity,
severely restrict microbial communities in polar environments. In the absence of other
photoautotrophic clades, it is accepted that cyanobacteria are largely responsible for pro-
viding the most important ecosystem services, and that cyanobacterial autotrophy supports
substantial and diverse populations of heterotrophic microorganisms (such as Actinobac-
teria, Proteobacteria, Firmicutes and Bacteroidetes) together with smaller numbers of or-
ganisms in higher trophic levels (Aislabie et al. 2006; Babalola et al. 2009; Chan et al. 2012;
Stomeo et al. 2012; Makhalanyane et al. 2013a; de los Rios et al. 2014; Yung et al. 2014).

Both classical and modern microbiological techniques have highlighted the presence of
cyanobacteria in a wide range of terrestrial Arctic and Antarctic niches, including per-
mafrost (Jansson and Tas, 2014), ice shelves (Vincent et al. 2004; Bottos et al. 2008), rocks
(Chan et al. 2012; de los Rios et al. 2014; Makhalanyane et al. 2014), ponds and lakes
(Taton et al. 2003b; Bonilla et al. 2005), glaciers and the resulting meltwater streams
(Nadeau and Castenholz 2000; Jungblut et al. 2005), and mineral soils (Wood et al. 2008b;
Lee et al. 2012; Makhalanyane et al. 2013a). Cyanobacteria are thought to be the primary
colonizers in these niches (Vincent 2000), and are known to contribute to structural sta-
bility, moisture retention and fertility (Belnap and Gardner 1993). Indeed, microbial
components of cyanobacteria-driven biofilms produce large amount of exopolysaccharides
(EPS), generating an exopolymer matrix where the biological and biogeochemical inter-
actions take place (Paerl and Pinckney 1996; Nichols et al. 2005). This EPS matrix also
plays an important structural role in these microbial consortia (Dupraz et al. 2009; de los
Rios et al. 2014) and is responsible for the creation and maintenance of microenvironments
within relatively spacious pores (Ve zina and Vincent 1997; Krembs et al. 2002). EPS also
facilitates important buffering, cryoprotection and desiccation protection for a wide range
of microorganisms (de los Rios et al. 2014).

Due to the extensive latitudinal range, conditions are completely different between
maritime and continental Antarctica. In the high latitude zones (> 80°S), as a direct con-
sequence of the stringent environmental conditions present, plants are nearly or completely
absent and cyanobacteria constitute the dominant photoautotrophs (Cary et al. 2010). This is
comparable with the high arctic (> 80°N) even though this region is relatively warmer and
has numerous lakes, ponds and flowing water bodies. These polar cyanobacterial cohorts are
usually present with a number of eukaryotic photoautotrophs including di-atoms, green
algae and/or mixotrophic organisms (Vela“zquez et al. 2011). It is widely accepted however
that cyanobacteria are responsible for sustaining crucial ecosystem services in high latitude
Polar Regions.

An extensive array of research has been undertaken recently on polar-based
cyanobacterial populations and their imprint on these systems. Given the ecological im-
portance of cyanobacteria in these fragile areas that are strongly influenced by climate
change (e.g. the Antarctic Peninsula as well as some regions in the Arctic have experienced
some of the most rapid air temperature increases on Earth (Turner et al. 2002; Steig and
Orsi 2013)), this work has significant merit. For example, cyanobacteria may represent



important indicator species for understanding how such changes will affect ecosystem
dynamics in polar habitats (Curtis 2006). Cyanobacterial nomenclature remains con-
tentious and this has been discussed elsewhere (Oren 2011, 2014). In this review, we
present the relevant information towards examining the importance of cyanobacterial
populations in different microhabitats spread across the Polar Regions. Firstly, we examine
the specific polar niches giving an in-depth account of the cyanobacterial populations
therein. We then focus on the functional significance of polar cyanobacteria before ex-
tracting some conclusions and proposing some fruitful avenues for future research. We have
not focused on cyanobacteria in seepage habitats, which are also prominent polar regions,
however these are reviewed elsewhere (Koma'rek et al. 2008; Komarek and Koma rek
2010).

Soils

A considerable proportion of the Antarctic continental surface is permanently covered by
an expansive ice-sheet, with less than 4 % of the total landmass being ice-free (Cowan and
Ah Tow 2004; Convey et al. 2014). These ice-free areas include mountain ranges, nunatuks
and coastal deserts, some of which are bare depauperate arid soils. These regions offer a
wide array of chemistries (Lee et al. 2012) and soil types (Bockheim and McLeod 2008),
and can be readily distinguished on the basis of morphological properties, particularly the
amount and distribution of soluble salts and the degree of chemical weathering. For in-
stance, the dominant soil types in the McMurdo Dry Valleys (MDV) include Typic An-
hyorthels, Typic Haploturbels and Typic Anhyturbels, while the dominant soils on the
Antarctic Peninsula are of ornithogenic origin (Ugolini and Bockheim 2008), although
vegetation present in this region allows for more developed soils (Otero et al. 2013). High
Arctic soil cover is present as an ‘active layer’ overlying thick permafrost, which is limited
to wind swept small islands, narrow strips of terraces and colluvial foothills (Kimble 2004)
with about 2 months of ice-free conditions during summer where temperatures rise
above 0 °C.

In Antarctica, the differences in soil types between the Peninsula region and the MDVs
are likely to directly affect the soil dynamics and possibly lead to distinctions in
cyanobacterial community structure. A study assessing the relationship between Antarctic
soil classification and bacterial diversity reported that there were no resulting differences in
diversity as a consequence of soil classification (Aislabie et al. 2008). This is a surprising
finding, as it has been shown that soil types influence bacterial community structure and
composition (Fierer et al. 2003; Fierer and Jackson 2006), suggesting that this relationship
may need further interrogation in Antarctic soils (Van Horn et al. 2013). Indeed, a study
undertaken in the high Arctic (Kastovska” et al. 2005) found that although there was a
predominance of cyanobacteria sp. in the four soil types analysed (subglacial and
deglaciated), physicochemical parameters (soil texture and water content) were found to be
important drivers of diversity and abundance.

The distribution of cyanobacteria in Antarctic soil seems to be largely influenced by both
contemporary and past events. Firstly, cyanobacterial distribution may respond to
environmental gradients (i.e. they exhibit biogeographical patterns). For example,
cyanobacterial abundance has been shown to be linked to latitudinal gradients, with the
highest diversity of cyanobacteria between 70°S and 80°S (Namsaraev et al. 2010),
although these authors also reported that 79 % of Antarctic terrestrial cyanobacterial have a
cosmopolitan distribution. Similarly, cyanobacterial diversity at Mars Oasis and Ells-
worth Mountains sites demonsted clear distributional patterns across latitudinal zones
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Yergeau et al. (2007) (Table 1). This study also demonstrated that cyanobacteria from
Antarctic soils may follow similar distribution patterns as those from marine environments
(Ferna'ndez et al. 2010; Zehr 2011). More studies encompassing larger datasets
using modern molecular microbiology approaches (e.g. high-throughput sequencing) may
shed more light on these distributional patterns.

Secondly, it has been suggested that soil cyanobacteria may represent historical sig-
natures of aquatic cyanobacterial mat biomass distributed from lake margins by aeolian
processes (Vincent 2000; Harding et al. 2011). This suggestion is supported by the
demonstration that cyanobacteria in soils of the low altitude maritime Miers Valley were
similar to those from nearby microbial mats (Wood et al. 2008b). However, the presence of
specialised cryptic cyanobacterial-dominated lithic communities (see below) suggests that
lake-derived cyanobacterial biomass does not fully account for cyanobacterial diversity in
Antarctic terrestrial habitats.

Cryptic niches

Cryptic and refuge niches (namely biological soil crusts (BSCs), hypoliths, and endoliths)
support the most specialised and unique microbial communities in the Polar Regions
(Fig. 1). While these niches may be physically dominated by cyanobacteria, they include a
wide range of bacterial and fungal phylotypes. BSCs are found on soil surfaces, while lithic
communities depend on the mineral substrate (Vincent 2004; Bu del and Colesie

Table 1 Cyanobacterial diversity from five distinct Dry Valley niches

Cyanobacterial taxon Niche

Hypolith Chasmoendolith Cryptoendolith Soil Mat
Acaryochloris * %
Anabaena % *
Chroococcidiopsis * * * % *
Cylindrospermum *
Gloeocapsa * %
Hormathonema *
Leptolyngbya frigida * * * ® ®
Lyngbya * ®
Microcoleus vaginatus ®
Nodularia *
Nostoc * * * % %
Oscillatoria #* * *
Phormidium * * *
Plectonema ®
Schizothrix %
Synechococcus * *

Compiled using data from Bahl et al. (2011), Cary et al. (2010), Chan et al. (2012), Cowan and Tow (2004),
Cowan et al. (2011), De La Torre et al. (2003), Friedmann et al. (1988), Jungblut et al. (2005), Khan et al.
(2011), Pointing et al. (2009), Smith et al. (2006), Taton et al. (2003a, b), Wong et al. (2010), and Wood
et al. (2008a, b)



Fig. 1 a An upturned hypolith community. The green biofilm layer is distinctive of cyanobacteria-dominated
type I hypoliths. b Green cryptoendoliths colonise porous rocks such as sandstone a few millimetres below
the rock surface. ¢ Black endoliths are shown here—pigmented fungal colonisers provide the observed
colouration. (Color figure online)

2014; Makhalanyane et al. 2014). BSCs are a dominant feature of many semi-arid and arid
environments, and are thought to significantly improve the stability and nutrient status of
soils (Belnap and Lange 2002). Hypolithic communities are restricted to the ventral and
lateral surfaces of translucent rocks, while endolithic communities are found embedded in
porous sandstones and weathered granitic rocks (Makhalanyane et al. 2015). Both niches
provide the physical stability which allow slow-growing cyanobacteria to develop (Cas-
tenholz 1988; Agawin and Agusti 1997).

Biological soil crusts

BSCs are good model systems in community, landscape and ecosystem ecology (Bowker et
al. 2014; Makhalanyane et al. 2015). Non-polar regions BSCs are often dominated by a
singular filamentous species of the genus Microcoleus: M. vaginatus (Belnap 2003; Garcia-
Pichel et al. 2013; B "u del et al. 2014), whereas Antarctic BSCs are unique to the extent
that this species has only been identified from Schirmacher Oasis (Pankow et al. 1991) and
Windmill Islands (Ling and Seppelt 1998) sites. The majority of Antarctic BSCs are
composed of filamentous cyanobacteria such as Nostoc commune and Tolypothrix, Calo-
thrix and Leptolyngbya species (Bu'del and Colesie 2014). Interestingly, no cyanobacteria
were identified in a recent microscopic survey of BSCs from the Diamond Hill area of East
Antarctica, in contrast to other Antarctic environments (Pointing and Belnap 2012). This
discrepancy may be due to the use of light microscopy and the failure to identify cells at low
abundance, rather than the complete absence of cyanobacterial taxa. In the northern land
limit of the high Arctic, members of Nostocales, Chroococcales and Oscillatoria were
found in BSC communities adjacent to Ward Hunt Lake (Steven et al. 2013). Here it was
shown that the filamentous Oscillatoriales-related cyanobacteria consistently increased
inside water catchment soil when compared to dry soil, suggesting that these may be
hotspots for primary production in this region.

Studies from temperate zones have demonstrated that increasing environmental
temperatures can result in a significant reduction in richness and diversity of biological soil
crust communities (Escolar et al. 2012). In Antarctic regions (particularly the Antarctic
Peninsula), which are subjected to substantial warming trends, it is projected that the
growth and diversity of BSCs will also be reduced. This is also the case with BSC
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productivity in the High Arctic (Yoshitake et al. 2010). Such changes are likely to result in
diminished ecosystem functionality, nutrient cycling, soil stabilization, and water dy-
namics (Castillo-Monroy et al. 2010; Escolar et al. 2012; Maestre et al. 2013; Bowker et al.
2014; B "u del et al. 2014; Makhalanyane et al. 2015). Antarctic BSCs have recently
been comprehensively reviewed by Bu'del and Colesie (2014) and by Pointing and
Belnap (2012).

Hypoliths

The underside of rocks in climatically extreme deserts acts as a ‘refuge’ niche for photo-
synthetic microorganisms (defined as ‘hypoliths’) and their community (the ‘hypolithon”)
(Pointing et al. 2009; Chan et al. 2012; Makhalanyane et al. 2013b, 2014; Ramond et al.
2015), where they photosynthesise at irradiance levels less than 0.1 % of the incident light
(Schlesinger et al. 2003). Here, the community is protected from abiotic stressors such as
harsh ultraviolet radiation and wind scouring, with trapped moisture providing bioavailable
liquid water. Interestingly, Cyanobacteria have been found to form the basis for community
structure and functional processes in hot deserts (Valverde et al. 2015).

Hypolithic communities have been reported from a number of Dry Valleys in the East
Antarctic region and in other ice-free areas, with these sub-lithic communities typically
dominated by cyanobacteria (Cowan et al. 2010; Khan et al. 2011; de los Rios et al. 2014).
Antarctic hypolithic communities have been surveyed in considerable detail (Smith et al.
2000; Wood et al. 2008b; Pointing et al. 2009; Makhalanyane et al. 2013a). A clone library
based analysis of hypolith samples indicated that sequences with close homology to
Nostocales and Oscillatoriales were dominant (Khan et al. 2011). Microscopic examina-
tion of colonized quartz rocks also showed a dominance of oscillatorian cyanobacterial
morphotypes, probably of the genus Leptolyngbya (Pointing et al. 2009). A recent study by
de los Rios et al. (2014) used electron microscopy to assess the spatial distribution of
hypolithic communities in the Miers Valley. The authors showed that cyanobacteria-
dominated hypoliths displayed a layered spatial organization structured by filamentous
cyanobacteria and associated extracellular polymeric components (de los Rios et al. 2014).
The presence of EPS was proposed to facilitate the survival of cyanobacteria in this water-
limited environment, through improving water retention.

The Arctic hypoliths are also dominated by cyanobacteria. Species found include
Gloeocapsa cf. atrata Ku'tzing, Gloeocapsa cf. punctata Na'geli, Gloeocapsa cf.
kuetzingiana Na“'geli and Chroococcidiopsis-like cells; unicellular algal chlorophytes
are also present (Cockell and Stokes 2004). Strikingly, the annual primary production of
hypoliths on Devon Island (Nunavut, Canada) was estimated to be similar to plants,
lichens and bryophytes (Cockell and Stokes 2004). Although predicted productivity rates
of approximately 1 g C m™ > year ' are exceptionally low, hypolithic production provides
an important food source for grazing nematodes and protozoans, therefore providing the
basis for the survival of a whole ecosystem in an extreme environment (Thomas 2005;
Cowan et al. 2014).

Four recent reviews with a focus on the microbial ecology of hypoliths are available
(Chan et al. 2012; Pointing and Belnap 2012; Makhalanyane et al. 2014, 2015).
Endoliths

The mode of endolithic colonization depends primarily on the micromorphological and

structural properties of the rock (Makhalanyane et al. 2014), where chasmoliths are found
in surface cracks and endoliths inhabit the pore spaces between mineral grains, the depth of
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the endolithic community being dictated by the translucence of the mineral (Golubic et al.
1981; Nienow et al. 2003; B "u del et al. 2009). Cyanobacteria are the dominant colonists
in these niches (Bu'del et al. 2009), although both bacterial and algal taxa may be
present (Bu'del et al. 2008). Early studies indicated that free-living cyanobacteria
dominated en-dolithic communities (Friedmann et al. 1988). This was enhanced by a
study on gypsum crusts on Alexander Island, west of the Antarctic Peninsula, where
the presence of the cyanobacterium Chlorogloea sp. was shown (Hughes and Lawley
2003). Similarly, a recent study analysing gypsum crust endolithic communities in the
Canadian High Arctic highlighted a predominance of phototrophic cyanobacteria (21 %
of total bacterial py-rosequencing reads) with Nostoc sp., Loriellopsis sp. and
Chroococcidiopsis sp. all rep-resented (Ziolkowski et al. 2013).

In the Antarctic Dry Valleys, a total of 17 cyanobacterial species have been identified in
McMurdo Dry Valley endolithic communities where, depending on the dominant
cyanobacterium, three communities types were identified: Gloeocapsa, Hormathonema-
Gloeocapsa and Chroococcidiopsis (Friedmann et al. 1988). Other cyanobacteria mor-
phologically similar to Gloeocapsa, Plectonema, and Hormathonema species have also
been reported in Antarctica (de la Torre et al. 2003; de los Rios et al. 2004; de los Rios et al.
2005). Endoliths from the Taylor Valley contained several different genera of
cyanobacteria, including Chroococcidiopsis, Cyanothece, and Nostoc species (Bu'del et al.
2008). Coarse-grained marbles from Nussbaum Riegel in the central Taylor Valley was
dominated by Chroococcidiopsis (Bu'del et al. 2009). A culture-independent survey of
McKelvey Valley endoliths reported that Chroococcidiopsis-like morphotypes dominated
sandstone substrates (Pointing et al. 2009). A recent study of Miers Valley granite chas-
moendoliths demonstrated that Leptolyngbya (Oscillatoriales) was the dominant
cyanobacterial colonist (Yung et al. 2014). Interestingly, the authors reported a shift from
Chroococcidiopsis-like phylotypes on colder-drier slopes to Synechococcus-like phylo-
types on warmer-wetter slopes. A comparison between endolithic communities located in
the Antarctic Dry Valleys (76°S) and the Canadian High Arctic (75°S) highlighted that
although more extreme conditions (e.g. elevated UV radiation as a result of the depletion of
the ozone column) prevail in the Antarctic, a higher level of cyanobacterial biodiversity is
evident within the endolithic communities present when compared with High Arctic
counterparts (Cockell et al. 2003). Precipitation-driven water flow through the rock and the
more heterogeneous physical structure of the substrate was suggested to primarily account
for the lower biodiversity in Arctic-based endoliths.

Permafrost

Estimates suggest that 25 % of the northern hemisphere is underlain by permafrost (soil that
has remained frozen for at least two consecutive years; reviewed in Jansson and Tas 2014)
and may comprise up to 50 % of subsurface organic carbon stocks (Frank-Fahle et al. 2014).
The extent of permafrost distribution has decreased over the last century and it is predicted
that near-surface permafrost thawing will be a continuous feature in the coming years as a
feature of global warming (Steven et al. 2008). The microbial response to this permafrost
thawing is still unresolved, including the contributions of particular microbial groups to
CO, and CH, fluxes. Interestingly, cyanobacteria have been absent from numerous
phylogenetic surveys using Arctic permafrost samples, with actinobacteria and
proteobacteria predominating (Steven et al. 2008; Frank-Fahle et al. 2014). A metagenomic
study also reported no cyanobacteria signature in a 2-m deep permafrost sample
(Yergeau et al. 2010), although the possible detection of nitrogenase (nifH)
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belonging to cyanobacteria was proposed. The lack of cyanobacterial molecular signatures
in Arctic permafrost is surprising and requires further examination.

In the high latitude Antarctic, the permafrost layer is typically within a few tens of cm
from the soil surface (Cary et al. 2010) and is present beneath almost the entire ice-free
area. The seasonal thawing of permafrost may be a source of moisture for the overlying
active layer soils (Stomeo et al. 2012), although high altitude and latitude permafrosts may
show limited (or no) seasonal thaw. Relatively few studies have investigated the bacterial
diversity in Antarctic permafrosts. Drill cores from the McMurdo Dry Valleys (Gilichinsky
et al. 2007) contained up to 10* viable cells/g, ten times more than reported in Taylor Valley
core samples (Bakermans et al. 2014). Cyanobacterial taxa were present in all core samples,
but could not be cultivated. In a 4.2 m permafrost core from Deception Island, the microbial
community showed a well-stratified distribution (Blanco et al. 2012), with cyanobacteria
(Nostoc sp.) only present to a depth of 1.6-2.0 m. Cyanobacteria can ac-tively move in
response to wetting or drying events by migrating towards or retreating from the soil surface
(Garcia-Pichel and Pringault 2001). This behaviour, together with a tactic response to light,
may explain the localized distribution of cyanobacteria in the permafrost matrix.

Cryoconites

Cryoconites are cylindrical cavities in the ice surfaces with a thin layer of sediment, often
overlaid by water. Formation of these habitats is initiated through wind-blown dust
gathering on small depressions that absorb solar radiation and the subsequent ablation of the
surrounding ice (Wharton Jr et al. 1985; Podgorny and Grenfell 1996). This
microenvironment plays an important role in glacial ecosystems with different boundaries,
energy flow, and nutrient cycling. In these systems, sediment deposition is thought to
promote microbial colonization, growth and succession (Mueller et al. 2001). They have
been shown to act as refugia for microorganisms from harsh environments and are possibly
important biomass seeding sources in Arctic regions and Antarctica. Their relevance in
Antarctica, as seeding sources, could be related to the ice-free landmasses proximity and
their thermodynamics constraints that make cryoconites development only possible within a
few regions (Foreman et al. 2007).

Cyanobacteria can dominate microbial consortia formed in cryoconite glacier surfaces
mainly represented by Phormidium, Nostoc, and especially species from the genus Lep-
tolyngbya (Stibal et al. 2006; Cameron et al. 2012). These species are considered oppor-
tunistic organisms with wide ecological roles and strong colonizing potential, rather than
glacial specialists. Although one 16S rRNA gene-based clone library study suggested that
cyanobacteria are not predominant bacterial members within High Arctic cryoconite holes
(Edwards et al. 2011). A recent study employing deep sequencing showed that
cyanobacteria, namely Microcoleus and Phormidium were the most abundant bacterial
groups in cryoconite located in Svalbard located in the high Arctic (Edwards et al. 2011).

Aquatic habitats

Inland aquatic systems are widely distributed in continental Antarctica and parts of the
Arctic. Early studies suggested that aquatic ecosystems in Antarctica contained low levels
of cyanobacterial diversity. For example, only two cyanobacterial taxa, Phormidium fri-
gidum and Lyngbya martensiana, were described in Lake Fryxell on the basis of micro-
scopic observations (Wharton et al. 1983). However, 20 years later, the use of both 16S
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rRNA genes and internal transcribed spacer (ITS) regions show an entirely different picture
(Taton et al. 2003a). Fifteen phylotypes belonging to the genera Geitlerinema, Nostoc,
Hydrocoryne, Leptolyngbya, Lyngbya, Pseudanabaena, Phormidium, Oscillatoria, Schi-
zothrix and Nodularia were recorded in the microbial mats of Lake Fryxell in McMurdo
Dry Valleys.

It is now accepted that life in these water bodies is essentially microbial. Indeed,
microbes can reach very high levels at the bottom of lakes, ponds and streams where
benthic mats and films are formed with layering structures responding to biogeochemical
gradients (Vincent 2000; Rochera et al. 2013). Planktic organisms also play a relevant role
in these ecosystems (Lizotte 2008). Filamentous cyanobacteria, namely heterocytous
Nostocales and non-heterocystous Oscillatoriales are critical in structuring these microbial
mats (Vincent 2000); although other microbes, such as diatoms (eukaryotes) and
heterotrophic bacteria are also commonly found (Varin et al. 2012b; Stanish et al. 2013). In
addition, cyanobacteria contribute significantly to the productivity in these ecosystems
(Taton et al. 2003a; Koma'rek et al. 2008). This has been shown for Ace Lake in the
Vestfold Hills region where cyanobacteria were proposed to contribute to primary pro-
duction in the oxic zone of this lake with the genus Synechococcus well represented (Lauro
et al. 2010; Ng et al. 2010). It is probable that its proximity to marine waters may have
influenced the perseverance of Synechococcus spp. in the deep chlorophyll maximum
(DCM) of Ace Lake (Laybourn-Parry and Bell 2014); which is one of the most important
cyanobacteria in the global ocean ecosystem. This group is also present in a number of other
lakes in the Vestfold Hills (Powell et al. 2005).

A molecular study targeting 16S rRNA genes in high Artic microbial mats has suggested
the global distribution of low-temperature cyanobacterial ecotypes throughout the cold
terrestrial biosphere (Jungblut et al. 2010). Cyanobacterial sequences were >99 %similar
to sequences from Antarctica, including taxa previously assumed to be endemic to
Antarctica, implying a lack of biogeographic patterns. However Nodularia, described
regularly for Antarctic microbial mats, in particular in the McMurdo Ice Shelf, McMurdo
Dry Valleys and Larsemann and Vestfold Hills (Taton et al. 2003a; Jungblut et al. 2005;
Taton et al. 2006), was not found at any of the Arctic sites. These findings, as well as others
(Papke et al. 2003; Verleyen et al. 2010; Bahl et al. 2011), suggest that cyanobacteria follow
biogeographic patterns more typical of macroscopic organisms, and that both dispersal and/
or settlement limitation likely play important roles in explaining the distribution of
cyanobacterial genotypes. In fact, the high morphological diversification of Phormidum
autumnale, thriving in the Antarctic from Paleozoic times, suggests the coevolution of
lineages and formation of complex associations, resulting in a specific endemic Antarctic
cyanobacterial flora (Strunecky” et al. 2012).

An alternative explanation is that the biogeography of Antarctic cyanobacteria reflects
the influence of environmental variation. Comparing five samples from four lakes spanning
a range of different ecological environments in Larsemann Hills, Vestfold Hills and Rauer
Islands, 17 morphospecies and 28 ribotypes belonging to the Oscillatoriales, Nostocales
and Chroococcales were identified (Taton et al. 2006). Most cyanobacterial ribotypes (20 of
28) were unique to the respective sample and none of them were found in more than three
samples. Interestingly, two samples (Heart and ReidJ), collected at the same depth (~4 m),
shared four OTUs not found in any other sample. Different cyanobacterial morphotype
assemblages were also present in deep lakes and shallow ponds located in the Larsemann
Hills and Bglingen Islands, East Antarctica (Sabbe et al. 2004). Filamentous Leptolyngbya
dominated deep-water assemblages, while shallow-water assemblages were taxonomically
more diverse, containing several members of the Oscillatoriales and Nostocales as
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the most characteristic taxa. Overall, these findings suggest depth and consequently light
intensity as important factors in explaining the cyanobacterial com-munity composition
observed (Sabbe et al. 2004; Taton et al. 2006). Other factors such as temperature
fluctuation and exposure to freezing can also vary with depth.

The effect of environmental factors was also observed in a study conducted on 13 ponds
formed after an original larger pond was drained by a crack in an ice dam from the
McMurdo Ice Shelf (Sutherland 2009). Two years after their formation, the cyanobacterial
population distribution varied greatly among the new ponds, whereas a great proportion (60
%) of the diatom species where shared among all ponds. Cyanobacterial community shifts
were mainly driven by nitrate, Dissolved Organic Carbon (DOC), desiccation and
conductivity (Sutherland 2009). Conductivity (a proxy for salinity) has been previously
reported to be an important factor in shaping cyanobacterial assemblages in other Antarctic
aquatic ecosystems, including Larsenman Hills, Prydz Bay and Ross Ice Shelf regions
(Sabbe et al. 2004; Jungblut et al. 2005; Taton et al. 2006; Vyverman et al. 2010). In direct
contrast, cyanobacterial communities did not separate well along the environmental
gradients found in six ponds in the Pyramid Trough Wetland (Jungblut et al. 2012), as might
be expected if community structure is determined by the environment (species sorting or
habitat filtering). These random assembly patterns are better explained by neutral theories
(Hubbell 2001) rather than niche-driven dynamics.

Cyanobacterial communities provide habitat and/or nutrition for other organisms
including prokaryotes, eukaryotic phototrophs and eukaryotic heterotrophs (Cary et al.
2010). Therefore, it is possible that species interactions play a role in the assembly of
microbial mat communities. Significant relationships were found between diatom
communities, cyanobacterial and heterotrophic bacterial communities studying microbial
co-occurrence patterns in mats from five Dry Valley streams (Stanish et al. 2013).
Specifically, cyanobacteria showed a higher percentage of associations with members of the
Acidobacteria, Deinococci, and Chloroflexi. However, co-occurrence does not necessarily
imply an interaction. A tangible understanding of complex biological communities requires
experimental verification of the strength, direction and reliability of large numbers of
potential positive and negative biotic interactions, a goal not currently feasible (Koch
2012). Thus, many questions remain about the factors and processes shaping
cyanobacterial community assembly in Antarctic aquatic ecosystems.

In freshwater bodies of the high Arctic, mainly in lakes, primary production is only
nutrient limited in the Planktic communities, whereas the microenvironments of the
cyanobacteria-dominated benthic mats have increased nutrient availability and sufficiency
(Vezina and Vincent 1997; Bonilla et al. 2005) showed that in the lakes, ponds and streams
of Bylot Island, picoplanktic Synechococcus sp. were dominant in the Planktic fraction but
the benthos was dominated by the filamentous oscillatoriacean strains. Arctic microbial
mats usually show a surface layer with higher density of cells with higher accumulation of
mineral precipitates underneath.

Factors such as habitat stability (Varin et al. 2012b), as well as the interactions and
activities that occur within (Tolker-Nielsen and Molin 2000), could generate the structural
and compositional differences observed between lake and stream microbial mats. The
physical heterogeneity intrinsic to streams and temporal heterogeneity in flow has been
suggested as the cause of species accumulation and diversification and explains the
coexistence of species with diverse adaptations and requirements in stream phototrophic
biofilms (Larson and Passy 2013). Highly pigmented cyanobacterial colonies are con-
spicuous in stream mats, which could be related to the more stressful conditions occurring
in these habitats subjected to frequent desiccation processes and periods with direct
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exposure to solar UV and PAR radiation, where some cyanobacterial taxa may have
physiological advantages to cope with such environmental conditions (Gan et al. 2014).
Nevertheless, the development of a consistent Dichothrix superficial gelatinous film only in
lake microbial mats could be related to the higher stability of this habitat (de los Rios et al.
2014). In turn, the presence of this dense film containing microbial cells and compact
calcium carbonate precipitates probably induces the formation of specific microenviron-
ments within lake mats. In fact the upper layer could modify the light reaching the rest of
the organisms and consequently the conditions for determining cyanobacterial composition
and the spatial distribution under the upper layer (Oppenheim and Paterson 1990; Petroff et
al. 2010). The lower water availability could also be determining factors in Chroococcales
and Nostocales composition found in flowing water ecosystems.

Functional roles of Arctic and Antarctic cyanobacteria

Current evidence suggests that both Arctic and Antarctic cyanobacteria are essential to
various ecosystem processes (Wynn-Williams 1996a; Cowan et al. 2011; Strauss et al.
2012; Chan et al. 2013). The rise in surface temperatures in some regions is likely to lead
to alterations, which may change the community dynamics in Polar habitats. One
immediate effect is the increase in cyanobacterial blooms within lakes as a
consequence of warmer waters and the increased nutrient input from catchments
(Wagner and Adrian 2009). Understanding cyanobacterial functionality is thus crucial to
predicting in what way global changes might affect key biogeochemical processes
mediated by microbes. Polar habitats may represent excellent model systems for
investigating how physical and chemical thresholds will be affected by climate change.
While the relationship between microbial diversity and functional redundancy is far
from certain, it is reasonable to expect that a decrease in diversity will affect
functionality. Recent evidence from studies in other soil systems suggests that even
moderate losses in microbial diversity may compromise functionality (Philippot et al.
2013; Singh et al. 2014).

Nitrogen cycling

Recently, it has been shown that climate change is likely to affect nitrogen-fixing mi-
croorganisms in general and cyanobacteria in particular (Singh et al. 2010; Santos et al.
2014). Through the application of modern molecular phylogenetic approaches, we are
beginning to better understand microbial functionality in Polar Regions. When the results of
these studies are taken together it becomes clear that cyanobacteria are central in this
environment (Ferna ndez-Valiente et al. 2001).

The first environmental microarray analysis of Antarctic soil communities found that
cyanobacteria increased with increasing latitude (Yergeau et al. 2008). This study
demonstrated a robust connection between community structure and functional gene dis-
tribution in Antarctic soils. Principal coordinate analysis showed a relationship between
cyanobacteria and genes for nitric oxide reductase (norB) (Yergeau et al. 2008). These
genes have previously been identified in the genome of the non-denitrifying cyanobac-
terium Synechocystis sp. strain PCC6803 (Busch et al. 2002). Surprisingly, the study by
Yergeau et al. (2008) does not appear to show a strong relationship between cyanobacteria
and genes implicated in nitrogen fixation (nifH), ammonium oxidizing bacteria (amoA), and
other genes associated with nitrogen cycling (nar, nos, nas). These genes appear, at least in
soil bacteria from the Peninsula, to show stronger relationships with Proteobacteria and
Chloroflexi. However, in a similar study undertaken on Arctic permafrost,
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cyanobacteria-mediated nitrogen fixation was suggested through the identification of a
single type of nitrogenase (nifH) (Yergeau et al. 2010).

A recent study by Chan et al. (2013), also used microarray-based technologies to assess
terrestrial microbes from the McKelvey Valley. This study found genes implicated in major
pathways of the nitrogen cycle and showed nitrogen input driven by Cyanobacteria together
with other bacteria. This study also reported that cyanobacteria were one of the most
abundant nitrifiers. Interestingly, the potential for soil nitrate removal through
denitrification was shown to be influenced more by Bacteroidetes and Deltaproteobacteria
(Chan et al. 2013). The study demonstrates the importance of lithobionts for nutrient input
in these extremely oligotrophic environments.

Cyanobacteria also appear to drive nitrogen fixation in moist soil communities
(Niederberger et al. 2012). For instance, it has been shown that the N,-fixation activity of
cyanobacteria in Arctic regions is primarily governed by moisture gradients associated with
topography that determines nutrient availability (Stewart et al. 2014). A study by
Niederberger et al. (2012) used cDNA clone library construction of nifH genes, quanti-
tative PCR, fingerprinting analysis, and nitrogenase assays to profile ephemerally wetted
soils from Miers Valley. The authors reported nitrogen fixation rates, which ranged from
undetectable to maxima approximating 5.8 nmol Ncm > h™" from hyporheic sites to lower
values ranging from 0.04 to 5.8 nmol N cm > h™' in arid sites. Noteworthy was the
dominance of cyanobacterial signatures from cDNA samples (81.6 % of the clone library).
The results of this study are in agreement with previous findings implicating cyanobacteria
as major input sources of nitrogen in Antarctic soils (Cowan et al. 2011).

Benhua et al. (2014) recently assessed biogeochemical responses to nutrient, moisture
and temperature manipulations on soil from Signy Island and South Orkney Islands in the
Maritime Antarctic. The authors conclude that increments in temperature, water avail-
ability, and organic compounds will probably increase soil microbial activity leading to
more rapid nitrogen and carbon cycling. This is anticipated to have a positive feedback on
biogeochemical cycling especially where or when these factors act in concert (Benhua
et al. 2014).

Carbon fixation

Cyanobacteria as a globally dominant photoautotrophic lineage are thought to be par-
ticularly important in Antarctic carbon cycling. However, using metagenomics Pearce et al.
(2012) reported cyanobacteria being underrepresented in southern maritime Antarctic soil,
with only 3.4 % of total sequences belonging to this phylum, although ~1 % of the genes
identified were involved in CO, fixation. This result is surprising and may be a localized
phenomenon, rather than representative of all southern maritime Antarctic soils. In any
event, cyanobacteria have been shown to use a number of methods in order to increase
photosynthesis (Rae et al. 2013). For example, they are able to produce carboxysomes,
which together with CO,-concentrating mechanisms (CCM) augment the chemical con-
ditions in the locality of the primary CO,-fixing enzyme (D-ribulose 1,5-bisphosphate
carboxylase/oxygenase (RubisCO)), resulting in increased photosynthesis (Rae et al. 2013).
In Antarctic habitats such mechanisms are essential for nutrient input.

Chan et al. (2013) recently reported the presence of key carbon cycling genes such as
RubisCO, the propionyl-CoA/acetyl-CoA carboxylase (pcc), and the carbon monoxide
dehydrogenase (CODH) in the reductive acetyl-CoA pathway, all of which are essential for
sequestering carbon. The authors assigned possession of Functional Form I RubisCO as
suggestive of photoautotrophic potential, and was largely attributed to cyanobacteria (Chan
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et al. 2013). Interestingly, Functional Forms II and III RubisCO were assigned to other
groups including Archaea, Actinobacteria and Proteobacteria, known chemolithotrophs.

The cyanobacterium, Nostoc commune, is a prominent primary producer in continental
Antarctica and has been used as a model for elucidating the ecological constraints on total
carbon fixation particularly for ice-free areas (Novis et al. 2007). This study used laboratory
experiments in order to investigate the effects of incident irradiance, tem-perature, and
desiccation on Nostoc commune. The gathered data, when coupled with previously
published data and field measurements of carbon fixation, allowed the authors to estimate
annual net carbon fixation to be within the range 14.5-21.0 g C fixed m 2 Nostoc mat,
depending on year/season. Estimates correlated with accumulated hours above 0 °C during
the year (thermal time), suggesting that there may be a trade-off between the ability to
exploit short phases of higher temperature and the efficient utilization of lower irradiance at
low temperature (Novis et al. 2007).

While evidence of genes implicated in functional processes is in of itself remarkable,
given the extreme conditions of the Antarctic, it is important to assess how soil commu-
nities (cyanobacteria in particular) might react to increased levels of carbon and nitrogen. A
simple yet elegant experiment by Hopkins et al. (2008) assessed the impact of additions of
carbon and nitrogen on the structure and activity of microbial communities. In this study the
rates of CO, production were measured along with enzymatic activities (dehydroge-nase, j3-
glucosidase, acid and alkaline phosphatase and arylsulphatase). When normalized with
respect to soil respiration, only arylsulphatase per unit of respiration showed a sig-nificant
increase with C and N additions, while no evidence of changes in the microbial community
structure was found as a result of the C and N supplementation treatments (Hopkins et al.
2008). Primary productivity in Antarctic soils is reviewed comprehensively by Hopkins et
al. (2014).

Cyanobacterial toxins

Temperate cyanobacteria produce a range of natural toxins collectively known as cyan-
otoxins (Quiblier et al. 2013; Moreira et al. 2014), whose production may be directly
influenced by environmental conditions (Neilan et al. 2013). However, very little is known
regarding the toxins produced by cyanobacteria in Arctic and Antarctic lakes, ponds or even
terrestrial environments. A study by Wood et al. (2008a) assessed microcystin (MC), the
largest and most structurally diverse group of cyanobacterial toxins, production and
cyanobacterial community structure of Antarctic microbial mat samples. This study
identified Nostoc sp. as a MC producer using amplification of the mcyE gene (Wood et al.
2008a). A variant of MC, as well as the neurotoxin saxitoxin (STX), has also been detected
in cyanobacterial communities in the Arctic (Kleinteich et al. 2012). The levels of MC
detected were comparable to those found in the Antarctic (1-15,900 pg MC/kg dry weight).
A more recent study by Kleinteich et al. (2014) reported cyanotoxins MC being detected in
26 of the 27 mats dominated by Leptolyngbya and Phormidium. The authors also confirmed,
for the first time, evidence of cylindrospermopsin through liquid chro-matography-mass
spectrometry and amplification of the coding genes cyrAB and cyr]. How changing climate
is likely to influence the production of cyanotoxins remains scantily understood. However,
Kleinteich et al. (2012) showed that temperature shifts to 8—16 °C, which are potentially
reached during summer months in polar areas, might affect cyanobacterial diversity, and in
some cases result in shifts to toxin-producing species. These findings suggest that elevated
toxin concentrations may drastically change fresh-water polar ecosystems (Kleinteich et al.
2012).
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Given the fact that several fatalities have been reported due to acute MC poisoning
(Jochimsen et al. 1998), it is important to understand the effects of global change on MC
concentrations. It has been shown through batch culture experiments that high MC pro-
duction in cyanobacteria is directly correlated to high nitrogen and phosphorus
concentration. Desert soils have been reported to contribute to dust-mediated impacts
(e.g. by means of atmospheric nutrient deposition) at regional scales (Pointing and
Belnap 2014), and it cannot be assumed that the effects may not be global.

Responses and adaptations to extreme environments

In general, temperature and water availability are thought to be the most important de-
terminants of microbial diversity and community structure in cold environments (Cary et al.
2010). At low temperatures, proteins are less flexible and are susceptible to denaturation,
cell membranes often lose their fluidity, which affects nutrient transport, and nucleic acids
are more stable, resulting in inhibition of replication, transcription and translation
(D’ Amico et al. 2006).

Cyanobacteria have evolved several strategies to survive freezing and desiccation. These
include entering a dormant state with low metabolic activity (Vincent et al. 2004). In
Antarctica, freeze-dried mats have been shown to resume photosynthesis and other
physiological processes within minutes to hours after re-thawing (Seckbach and Oren
2010). They produce specialized proteins (e.g. cold-shock proteins, antifreeze proteins) or
other molecules (e.g. glycine betaine, EPS) that enable the cells to survive. Cold-adapted
cyanobacteria also increase the production of unsaturated fatty acids to maintain membrane
fluidity (Los and Mironov 2013) and DEAD-box RNA helicases (Rocak and Linder 2004),
which aid in the maintenance of cellular processes despite the thermodynamic constraints.
A metagenomic analysis of stress genes in microbial mat communities from Antarctica and
the high Arctic has revealed genes coding for functional responses to environmental stress:
the alternative sigma factor (sigma B), EPS, cold-shock proteins and membrane modifi-
cations (Varin et al. 2012a). A more extensive review on the tolerance of Cyanobacteria to
cold can be found elsewhere (Vincent 2007).

Warming has also been shown to influence the size and composition of Cyanobacteria in
soil. A study which deployed screens over soils at Signy Island in the South Orkney Islands
reported an increase in the abundance of Cyanobacteria by 2-17 fold with substantial
increases in the biomass of Phormidium and Nostoc spp. in warmed soils (Wynn-Williams
1996b). A recent study by Dennis et al. (2013) concluded that warming may constrain
bacterial community responses to nutrient addition in some maritime Antarctic soils
(southern) but not others (northern). This is contrary to the earlier view that Cyanobacteria
(and eubacteria) may respond positively to environmental warming (Wynn-Williams
1996b; Yergeau et al. 2012).

Conclusions

We currently have no understanding on whether cyanobacterial communities will follow
the same patterns as other organisms in response to changing climates. In Antarctic habitats
cyanobacteria are crucial mediators of biogeochemical cycles, therefore elucidating their
responses to changing climate would be a worthy feat for future studies. It has been
proposed that changes in climate are likely to alter the ecological strategies of soil bacteria
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(Evans and Wallenstein 2014). Predicting the direct effects on Antarctic habitats, which are
subject to climate changes, requires further research.

There have recently been new technical advancements, which may assist in under-
standing cyanobacterial adaptations in Polar environments. For instance, single cell ge-
nomics, may allow sequencing of bacterial genomes and ‘viromes’ from Arctic and
Antarctic environments. There are currently no available cyanobacterial genomes from
Arctic and Antarctic habitats, although we are aware of two draft genomes of isolates from
Antarctic cyanobacterial mats (Pinnaka et al. 2013; Reddy et al. 2013). Such genome data
may be crucial in revealing mechanistic insights of polar cyanobacterial isolates as has been
done very recently with other phyla (Adriaenssens et al. 2014; Ferreras et al. 2014; Guerrero
et al. 2014; Ronca et al. 2015). There is also a general lack of publicly available
cyanobacterial virome data, which may lead to poor representation and potential under-
estimation of cyanophages in Antarctic environments (Zablocki et al. 2014). This deficit
negatively affects our understanding of intra- and interspecies interactions.

Studies which target the products of transcription are now more feasible, and may
provide insights into cyanobacterial metabolism in depauperate environments (Johnson-
Rollings et al. 2014). For instance, a recent study has assessed the effect of elevated
temperatures on proteomic responses of individual organisms within a biofilm community
(Mosier et al. 2014). An application of these methods would produce insights into
cyanobacteria in cryptic niches. Taken together this data may be crucial in providing
mechanistic insights of cyanobacterial adaptations.

We further propose expansion and extension of isotope approaches, which have been used
in both High Arctic and Antarctic environments previously (Hopkins et al. 2009; Lyons et al.
2013), in order to shed light on the biogeochemical responses of Arctic and Antarctic
cyanobacteria. Simulation studies, testing how changes in atmospheric CO, and temperature
affect cyanobacterial populations, would help us to understand how these phyla may evolve
in situ. Altogether this data would help us to elucidate how the ecology, biogeochemistry and
diversity of cyanobacteria may change as a response to environmental changes.
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