Chapter 6
Viable Cyanobacteria and Green Algae
from the Permafrost Darkness

Tatiana A. Vishnivetskaya

6.1 Introduction

Photosynthetic organisms, i.e., plants, algae, cyanobacteria and photosynthetic bacteria,
have developed efficient systems to harvest the light of the sun and to use the light
energy to drive their metabolic reactions, such as the reduction of carbon dioxide to
sugar. It is through photosynthesis that Earth’s biosphere derives its energy from sun-
light. On the other hands, cyanobacteria are the most ancient oxygen-releasing pho-
tosynthetic organisms on the Earth. The stromatolite fossils and carbon isotope ratios
confirm that autotrophs fixing carbon via the Calvin cycle must have existed for 3.5
billion years (Schopf and Packer 1987). The characteristic fossil structures formed by
cyanobacteria were discovered on the Precambrian rocks and, probably, on meteorites
(Zhmur et al. 1999; Boyd 2001). There is also an opinion that green algae were origi-
nated from symbiosis of cyanobacteria and a non-photosynthetic eukaryotic ancestor
(Margulis 1993; Douglas 1998), the origin of photosynthetic eukaryotes that gave rise
to the first alga having occurred 1.5 billion years (Yoon et al. 2004). Early algae probably
gave rise to multicellular plants (Graham 1996).

Photoautotrophic microorganisms live mostly in aquatic environments, but some
unicellular and filamentous algae and cyanobacteria dwell in moist soils; others join
with fungi to form lichens. A number of microscopic algae and cyanobacteria
inhabit different extreme environments, such as cold waters and ice, hot springs and
geysers, acid ponds or salt waters, dry hot and cold deserts. A description of diverse
communities of microalgae and cyanobacteria in cold habitats such as the Arctic and
Antarctic lakes, rivers, seas, sea ice, glaciers, cold soils may be found elsewhere
(Malone et al. 1973; Friedmann and Ocampo 1977; Sinclair and Ghiorse 1989;
Getsen 1990; El-Sayed and Fryxell 1993; Nienow and Friedmann 1993; Palmisano
and Garrison 1993; Vincent et al. 1993a, b; Abyzov et al. 1998; Priscu et al. 1998;
Willerslev et al. 1999; Comte et al. 2007).
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6.2 Cyanobacteria and Green Algae from Permafrost
Environments

6.2.1 Permafrost

Permafrost is defined as a subsurface frozen layer, primarily soil or rock, which
remains frozen for more than 2 years. The age of permafrost ranges from a few
thousand years up to 2-3 million years and even older in Antarctica. Permafrost
makes up more than 20% of the land surface of the Earth, including 82% of Alaska,
50% of Russia and Canada, 20% of China, and most of the surface of Antarctica
(Harris 1986; Williams and Smith 1989). Permafrost underlies the glaciers and soils
of polar and alpine regions. Permafrost soils contain about 20-70% of ice and 1-7%
of unfrozen water in the form of salt solutions with low water activity (a, = 0.85)
(Gilichinsky et al. 1993). Since life depends upon liquid water, permafrost is one of
the most extreme environments on the Earth. In addition, permafrost is characterised
by constant negative temperature, inaccessibility of nutrient supplies, and complete
darkness. It is surprising to discover photoautotrophic microorganisms which need
to use light energy to drive their metabolic reactions within permafrost sediments.
Because of the difficulty of studying permafrost in an undisturbed form, interactions
among the organisms that live in it are not yet well understood.

6.2.1.1 Arctic Permafrost

The study sites have been located on Kolyma lowland, Northeast Russia (67-70°N,
152-162°E). The Arctic permafrost represents an anaerobic oligotrophic environment
with a mean annual temperature of —10°C, redox potential Eh = +40 to —250), and
an organic carbon content in the range 0.05-7% (Gilichinsky 2002). Nitrogen in
form of NH*, NO?, or NO*~ was determined (Janssen and Bock 1994). A total of
293 permafrost samples differentiated in lithology, genesis, and physico-chemical
properties were screened for the presence of photosynthetic microorganisms. The
distances between boreholes ranged from 50 to 300km. The deepest sample was
from a depth of 61 m, and the oldest sample was 3 million years old. The permafrost
samples were hydrocarbonate-calcium fresh composition with a low salinity and
neutral pH, and of marine origin with significantly higher salinity and dominance
of ions Na* and CI".

6.2.1.2 Antarctic Permafrost

The study areas have been located in the McMurdo Dry Valleys of Southern
Victoria Land, Antarctica (77-78°S, 160-163°E). The temperature of the Antarctic
permafrost varies from —18.5°C (Taylor Valley) through —24°C (Beacon Valley) to
—27°C (Mt. Feather) (Gilichinsky et al. 2007b). The Antarctic permafrost is of
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fresh-water genesis, with the alkaline pH, low clay content and organic matter often
close to zero (0.05-0.25%) (Wilson et al. 1996). Since the Antarctic permafrost has
a low buffering capacity, the soil pH is sensitive to the total accumulation of soil
salts (Campbell and Claridge 1987). A total of 56 permafrost samples were ana-
lysed for presence of cyanobacteria and green algae. The Antarctic samples were
not so anaerobic (redox potential Eh = + 260 to + 480), and the gaseous phase con-
tained oxygen, nitrogen, methane, carbon dioxide, etc. (Rivkina and Gilichinsky
1996; Wilson et al. 1996).

6.2.2 Permafrost Sample Collection

The permafrost samples were obtained by slow rotary drilling without the use of
any drilling solutions between 1991 and 1999. Evaluation of the aseptic sampling
methods and contamination controls was done (Khlebnikova et al. 1990; Juck et al.
2005). The surface of extracted frozen core was trimmed away with a sterile knife,
then immediately divided into sections of 5cm long, placed in presterilized aluminum
tins, sealed, and placed in frozen storage. All samples remained frozen throughout
this process and during transport. In the laboratory, frozen samples were fractured
in a class II positive-flow hood with a sterile knife, and only sections internal to the
core were taken for microbiological analysis using sterile forceps (Shi et al. 1997,
Rivkina et al. 1998).

6.2.3 Isolation and Ildentification

For isolation of photoautotrophic microorganisms, prolonged enrichments (8—18
weeks) of thawed but otherwise undisturbed permafrost samples under continuous
illumination (1,000 1x) were applied. The enrichment cultures in BG11 (Rippka
1988), Bristol (Gollerbakh and Shtina 1969), BBM (Brown and Bold 1964) media
were incubated at 4 and 20°C. Enrichments were re-examined weekly to document
biodiversity (Table 6.1).

Isolates were initially examined by measuring of the fluorescence excitation
spectra at 686 nm (Vishnivetskaya et al. 2001). Identification of algae and cyano-
bacteria was based on morphological (Komarenko and Vasil’eva 1978; Rippka
et al. 1979; Andreeva 1998) and phylogenetic (Nubel et al. 1997; Krienitz et al.
2003) criteria. DNA was extracted from cyanobacteria (Smoker and Barnum 1988)
and green algae (Fawley and Fawley 2004). Bacteria-specific (8F and 1492R)
(Weisburg et al. 1991) and cyanobacteria-specific (CYA106F and CYA781R)
(Nubel et al. 1997) primers were used to amplify 16S rRNA gene from cyanobac-
teria. The 18S rRNA gene from the green algae was amplified with primers NS1
and 18L (Gilichinsky et al. 2007b).
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Table 6.1 The observation frequency of viable bacteria, cyanobacteria and green algae within
Siberian permafrost

Observation frequency* (%)

Sediment Age (years) Bacteria Cyanobacteria  Green algae

Lake-swamp loam  Holocene (1,000-10,000) 91 17 50

Alluvium sandy Late Pleistocene 80 9 18
loam (20,000-30,000)

Channel-fill sands  Late Pleistocene 40 0 0

(20,000-30,000)

Marine (littoral) Middle Pleistocene 40 0 0
sands (100,000-200,000)

Lake-alluvium Middle Pleistocene 90 8 39
loam and sandy (200,000-600,000)
loam

Lake-alluvium Late Pliocene-early 38 6 15
loam and sandy Pleistocene (0.6-1.8
loam millions)

Lake-alluvium Late Pliocene-early 44 13 9
loam and sandy Pleistocene
loam (2-3 millions)

“Two hundred and ninety three Siberian permafrost samples were studied; the observation
frequency is expressed as a percentage of samples with viable microorganisms

6.2.4 Cyanobacteria

Thirty viable non-axenic cyanobacterial strains were isolated from 28 Siberian
permafrost cores. Filamentous heterocystous (Nostocales) and non-heterocystous
(Oscillatoriales) cyanobacteria were recovered (Vishnivetskaya et al. 2001). The
16S rRNA genes from representative strains of each order were sequenced. Seven
out of eight strains of the order Oscillatoriales were close to each other and to
Leptolyngbya with identity 80-95.8%, and one strain was closely related to
Microcoleus with identity 96.8% (Fig. 6.1). The phylogenetic analyses were con-
firmed by studying the morphological features of the isolates. Cyanobacteria of the
Oscillatoria-Leptolyngbya group, with narrow straight uniseriate trichomes, were
often isolated from both young and old permafrost sediments. The Microcoleus-like
strain 195A20 grew at both 27°C and 4°C, with a doubling time of 20h at 24°C.
The strain 195A20 showed morphological plasticity with respect to growth tem-
perature, trichomes usually being shorter and wider at 27°C than at low temperature
(Vishnivetskaya et al. 2003). According to the 16S rRNA analysis, three cyanobac-
terial strains had close relatives within the order Nostocales (Fig. 6.1). Viable
strains of the Nostoc and Anabaena formed heterocysts in the absence of a com-
bined nitrogen source, and were characterized by different phycoerythrin/phycocy-
anin ratios depending on nitrogen source and light wavelength (Erokhina et al.
1999, 2000; Vishnivetskaya et al. 2001). Viable cyanobacteria were dominated by
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non-heterocystous filamentous cyanobacteria of the order Oscillatoriales. While no
viable cyanobacteria were detected in any of 56 Antarctic permafrost samples, a
few 16S rRNA cyanobacterial environmental clones were obtained from the total
community genomic DNA extracted from Antarctic permafrost of depth 1.7m
(Gilichinsky et al. 2007b). The phylogenetic analyses of the environmental clones
and isolates obtained from the permafrost samples of both Polar Regions did not
show any matches. Nine environmental clones were affiliated with the genus
Anabaena, and they were closely related to an uncultured cyanobacterium found in
river epilithon (O’Sullivan et al. 2002). We have found that viable permafrost
cyanobacteria were closely related to strains and more often to uncultured cyano-
bacterial clones derived from a microbial mat or cryptoendolithic communities in
Antarctica (Gilichinsky et al. 2007b).

6.2.5 Green Algae

Viable green algae were widely distributed in Siberian permafrost and were
detected in 76 out of 293 permafrost cores. A total of 106 strains of green algae
were isolated, and half of them, small non-motile globular cells, were identified as
Chlorella spp. (Vishnivetskaya et al. 2001, 2005). Along with Chlorella spp., the
species Chlorella vulgaris and Chlorella sacchorophilla and the genera Mychonastes
sp., Pseudococcomyxa sp., Chodatia sp. (Chodatia tetrallontoidea), Stichococcus
sp., Chlorococcum sp., Scotiellopsis sp. were identified using morphological criteria
(Komarenko and Vasil’eva 1978; Andreeva 1998). Only three strains of green
algae, classified as Chlorella sp., Mychonastes sp., Chlorococcum sp., were found
in borehole 1/99 located in Beacon Valley, Antarctica (Gilichinsky et al. 2007b).
These green algae were isolated from a permafrost layer sandwiched between bur-
ied ice horizons at depths of 14.1-14.8 m.

The 18S rRNA gene sequences of the viable green algae from Siberian (six
strains) and Antarctic (three strains) permafrost were analyzed (Fig. 6.2). Among
unicellular green algae were representatives of the genera Nannochloris, Chlorella
(both in the order Chlorellales), Stichococcus (order Microthamniales), and
Paradoxia (uncertain position) within Trebouxiophyceae. We found that two iso-
lates from Siberian permafrost and three isolates from Antarctic permafrost were
closely related to each other and to Nannochloris sp. JL4-6 (99%) and Chlorella
protothecoides (97.8%).

Thus, the algae isolated from subsurface permafrost sediments had previously
characterized relatives from cold environments, mostly from Antarctica. Members
of the Chlorellaceae family, which consists of unicellular coccoid algae
with simple morphology and small size, are widespread in Antarctic cold fresh-
water environments and cryptoendolitic communities (Friedmann and Ocampo-
Friedmann 1976; Friedmann 1982; Wynn-Williams 1990; Vincent et al. 1993b;
Vishniac 1993).
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Nannochloris sp. JL4-6 (AY195983)
str. 594-GA199, Siberian permafrost 6.3 m
str. Ant-1, Antarctic permafrost 14.5 m
str. 193-GA188, Siberian permafrost 5.2 m
str. Ant-2 and str. Ant-3, Antarctic permafrost 14.8-14.9 m Chlorellales
Chlorella protothecoides var. acidicola 124, acidic soil (AJ439399)
Chlorella sp. RA1 (Y14950)
62 — Nannochloris bacillaris (AB080300)
Nannochloris sp.AS2-10 (AY195968)
Chlorella ellipsoidea SAG 211-1a, picoplankton (X63520)
Stichococcus bacillaris D10-1 (AB055865)
Stichococcus deasonii UTEX 1706 (DQ275460) Microthamniales
str. 594-GA18, Siberian permafrost 4.65 m
Stichococcus jenerensis D4 (DQ275461)

Chiorella angustoellipsoidea MES A74 (AB006047)

str. 594-GA375, Siberian permafrost 11.8 m
100 Chlorella sp. MBIC10747 (AB183635) Chlorellales

100 | Chlorella saccharophila MBIC10042 (AB183578)
Chlorella saccharophila SAG 211-9a, picoplankton (X63505)

Choricystis sp. AS 5-1 (AY195970)
Choricystis sp. Pic8/18P-11w (AY197629)

[ Chlorophyte BC98, endosymbiont (AJ302940) Trebouxiophyceae incertae sedis

str. 191-GA31, Siberian permafrost 34.0 m
100 |_|86 I: str. 294-GA206, Siberian permafrost 24.2 m
Paradoxia multiseta LB 2460 (AY422078)

61

100
96

_
0.005

Fig. 6.2 Phylogenetic relationship of green algae isolated from Siberian and Antarctic perma-
frost. Tree was created as described in Fig. 6.1. Sequences were deposited in GenBank

6.3 Life in Dark and Cold Ecosystems

While the mechanisms which protect bacteria against the adverse conditions that
include oxidation, cooling, high osmolarity/dehydration and starvation are well stud-
ied, our knowledge about adaptive and survival mechanisms of photoautotrophic
microorganisms in cold and dark ecosystems such as permafrost remains limited.
Obviously the upper soil and permafrost layers prevent photosynthetic activity of
any chlorophyll-containing organisms. However, green algae and cyanobacteria do
survive in the permafrost (Table 6.2). We have suggested that the permafrost algae
survive in the deep dark permafrost sediments below freezing point for thousands
and up to millions of years in the dormant or resting state (Vishnivetskaya et al.
2001). Permafrost photoautotrophic microorganisms endure the long-term impact of
cold and darkness but they are readily reversible to proliferation and they do not lose
the capability for photosynthesis (Vishnivetskaya et al. 2003). We have shown that
isolates of the genus Chlorella grew on solid nutrient media at the dark
(Vishnivetskaya et al. 2005). Recent studies have shown that contemporary unicel-
lular algae possess the ability for heterotrophic growth as a mechanism for survival.
For example, Chlamydomonas exhibited a remarkable resistance to starvation in the
dark (Tittel et al. 2005); the marine dinoflagellate Fragilidium subglobosum was
capable of phototrophic growth as well as of heterotrophic (phagotrophic) growth in
the dark (Skovgaard 1996); unicellular green algae (QOocystis sp.) and cyanobacteria
(Xenococcus sp.) were isolated from drinking water systems, and they demonstrated
the ability to grow in the dark as a consequence of their heterotrophic metabolism
(Codony et al. 2003).
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Table 6.2 List of the viable cyanobacteria and green algae
discovered in the permafrost

Arctic Antarctica
(Kolyma lowland, Northeast Russia) (Dry Valleys)

Green algae

Chlorella sp. Chlorella sp.
Chlore vulgaris Chlorococcum sp.
Chlorella sacchorophilla Mpychonastes sp.

Chlorococcum sp.
Chodatia sp.

Chodatia tetrallontoidea
Mychonastes sp.
Nannochloris sp.
Paradoxia sp.
Pseudococcomyxa sp.
Scotiellopsis sp.
Stichococcus sp.

Cyanobacteria

Anabaena sp. No
Leptolyngbya sp.
Microcoleus sp.
Nostoc sp.
Oscillatoria sp.
Phormidium sp.

Our observations have shown that the appearance, morphology and growth rate of
ancient permafrost algae did not differ significantly from the findings on contemporary
algae from cold regions. The viable permafrost green algae grew at 27, 20 and 4°C, but
cyanobacteria had good growth at room temperature only (Vishnivetskaya et al. 2003).
Algae had a low growth rate, with a doubling time of 10-14 days. Rise in nitrogen, phos-
phorus or CO, concentrations did not affect the growth rate. On the other hand, the
growth of the Nostoc sp. was completely inhibited by ammonium chloride or ferric
ammonium citrate (Erokhina et al. 1999). The sources of organic ammonium such as
Na-glutamine, asparagine or glycine led to the reduction of heterocysts and the devel-
opment of akinetes (resistant resting cells) (Vishnivetskaya et al. 2003).

The content and composition of photosynthetic pigments in the cells of the ancient
cyanobacteria and green algae based on their absorption spectra, the second-derivative
absorption spectra, were studied (Erokhina et al. 1998, 2004). Comparative analysis
of the absorption spectra of the Siberian permafrost cyanobacteria Oscillatoria sp.,
Phormidium sp., Nostoc sp., and Anabaena sp. revealed the presence of chlorophyll
a, phycobiliproteins, and carotenoids in their cells (Erokhina et al. 1998). Spectral
analyses of the Antarctic permafrost green algae Chlorococcum sp. and Chlorella sp.
showed the presence of a low content of chlorophyll a, a high relative content of
chlorophyll b, and complex composition of carotenoids (Erokhina et al. 2004; Gilichinsky
et al. 2007b). The ability of Nostoc sp., and Anabaena sp. to form numerous hetero-
cysts when grown on nitrogen-free medium, and the presence of C-phycoerythrin,
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suggested that they were capable of nitrogen fixation (Erokhina et al. 1999;
Vishnivetskaya et al. 2001). The permafrost nitrogen-fixing cyanobacteria were capa-
ble of complementary chromatic adaptation, which involves the regulation of the
synthesis of the photosynthetic pigments, C-phycoerythrin and phycocyanin, by red
or green light (Erokhina et al. 2000; Vishnivetskaya et al. 2005).

In nature, algae inhabiting surface layers of cold regions show high resistance to
the temperature fluctuations which are caused by repetitive phase transitions of
water through the freezing point. Deep freezing (—40°C, —100°C, —196°C) and
desiccation, laboratory-tested on cyanobacterial and algal strains from maritime
and continental Antarctica, caused little harm to cyanobacteria, but was fatal for
more than 50% of the population of algae (Sabacka and Elster 2006). But how
would permafrost microalgae conduct themselves in such a situation? The fact that
algae have been recovered from permanently frozen sediments may suggest the
resistance of algae to both primary and long-term freezing. The most critical steps
where cells may receive injuries are the primary freezing and the thawing. The per-
mafrost samples with relatively high algal biomass and numerous cultivable green
algae units were exposed to repeated freeze—thaw cycles. During the experiments,
it was shown that permafrost algae themselves could survive the stresses associated
with transition through the freezing point. It appears that freezing induces the for-
mation of protective envelopes and resting cells, and as a result the permafrost algae
withstand dehydration and long-term inactivity (Vishnivetskaya et al. 2003).

6.4 Conclusion

The discovery of photoautotrophic microorganisms in permafrost is surprising, not
only because of the constant subzero temperature and complete darkness of the
sediments, but also because of the length of time the sediments have been frozen.
These organisms may well be the only living photoautotrophs that have survived
for a geologically significant period of time. These cyanobacteria and green algae
inhabiting such an absolutely extreme environment exist “on the edge”, near the
absolute limits of their physiological potential. Therefore, permafrost cyanobacte-
ria and green algae represent unique material for research on evolution and low-
temperature adaptation, and they defiantly possess unique mechanisms that allow
them to maintain viability for very long periods of time.
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