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Abstract Permanently cold habitats dominate our planet
and psychrophilic microorganisms thrive in cold environ-
ments. Environmental adaptations unique to psychrophilic
microorganisms have been thoroughly described; however,
the vast majority of studies to date have focused on cold-
adapted bacteria. The combination of low temperatures in the
presence of light is one of the most damaging environmental
stresses for a photosynthetic organism: in order to survive,
photopsychrophiles (i.e. photosynthetic organisms adapted to
low temperatures) balance temperature-independent reactions
of light energy capture/transduction with downstream tem-
perature-dependent metabolic processes such as carbon fixa-
tion. Here, we review research on photopsychrophiles with a
focus on an emerging model organism, Chlamydomonas
raudensis UW0241 (UWO241). UWO241 is a psychrophilic
green algal species and is a member of the photosynthetic
microbial eukaryote community that provides the majority of
fixed carbon for ice-covered lake ecosystems located in the
McMurdo Dry Valleys, Antarctica. The water column exerts a
range of environmental stressors on the phytoplankton com-
munity that inhabits this aquatic ecosystem, including low
temperatures, extreme shade of an unusual spectral range
(blue-green), high salinity, nutrient deprivation and extremes
in seasonal photoperiod. More than two decades of work on
UWO241 have produced one of our most comprehensive
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Abbreviations

cDNA Complementary DNA
Chl Chlorophyll

Ea Activation energy
ELB East lobe Bonney

HSP Heat shock proteins

IBP Ice-binding proteins

kear Catalytic constant

KEGG Kyoto Encyclopedia of Genes and Genomes

LHC Light-harvesting complex

MGDG Monogalactosyldiacylglycerol

PQ Plastoquinone

PSI Photosystem I

PSII Photosystem II

NR Nitrate reductase

Oa Quinone A

O Ared.ox Reduced or oxidized quinone A

qE Energy-dependent quenching

gPCR Quantitative PCR

RubisCO Ribulose-1,5-bisphosphate carboxylase/
oxygenase

Tnax Maximum growth temperature

WLB West lobe Bonney

Introduction

Microorganisms dominate low temperature ecosystems at
the level of biodiversity and abundance (Morgan-Kiss et al.
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2006). Research on cold-adapted microorganisms has
resulted in a considerable breadth of knowledge on eluci-
dating the adaptations to low temperature in laboratory
isolates and natural communities (D’amico et al. 2006;
Margesin and Miteva 2011; Morgan-Kiss et al. 2006). A
phylogenetically diverse group of microbial eukaryotes
(protozoa, unicellular algae, fungi, chytrids, yeasts) have
been detected in a variety of cold habitats (Alexander et al.
2009; Bielewicz et al. 2011; Jungblut et al. 2012; Lopez-
Garcia et al. 2001; Lovejoy et al. 2006). Yet the study of
psychrophilic microbial eukaryotes lags far behind their
bacterial counterparts. The focus of this review is psy-
chrophilic organisms that rely on photosynthesis for energy
production. Our aim is to present recent findings on cold
adaption with particular emphasis on the eukaryotic green
alga Chlamydomonas raudensis UWO0241 (UWO241).
Originally isolated from a permanently ice-covered lake in
the dry valleys of Antarctica (Neale and Priscu 1995), this
alga is currently maintained in a number of laboratories as
well as the National Center for Marine Algae and Micro-
biota culture collection (https://ncma.bigelow.org/; strain

Fig. 1 a Site of isolation of C.
raudensis UW0241, Lake
Bonney in Taylor Valley,
Antarctica. b and ¢ General
physicochemical characteristics
of the east lobe of Lake Bonney.
C. raudensis was isolated from a
lake sample collected at 17 m.
Hatched square shows
permanent ice cover. PAR
photosynthetically available
radiation, DIN dissolved
inorganic nitrogen. Nutrient
data kindly provided by
McMurdo Long Term
Ecological Research Program
(http://www.mcmlter.org)

CCMP 1619). UWO241 is not capable of photoautotrophic
growth at temperatures above 16 °C and is, therefore, a
photopsychrophile (Morgan et al. 1998). After nearly two
decades of research, UW0241 is a model for adaptation of
photosynthetic processes to permanent cold.

Natural habitat and identity of C. raudensis UW0241

UWO0241 was isolated from the water column of an ice-
covered lake (Lake Bonney) located in the McMurdo Dry
Valleys, Antarctica (Fig. 1la). UWO0241 was originally
classified by morphology as Chlamydomonas subcaudata
(Neale and Priscu 1995). However, more recently it was
discovered that the internal transcribed spacer (ITS)
sequences of UWO241 are identical to those of the type
strain, C. raudensis SAG49.72 (SAG49.72), while the ITS
sequences of both C. raudensis strains were distantly
related to C. subcaudata and the model green alga C.
reinhardtii (Pocock et al. 2004). Despite identical ITS
sequences, C. raudensis SAG49.72 was isolated from a
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pond in the Czech Republic and has been shown to be
mesophilic as it has an optimum temperature for growth of
29 °C (Szyszka et al. 2007). The sister strains of C.
raudensis represent a unique comparative system for
understanding environmental adaptation in permanent low
temperature habitats, whereby differences that may have
arisen due to the evolution of psychrophily versus specia-
tion can be distinguished.

Lake Bonney is separated into two basins named East
and West Lobe Bonney (ELB and WLB, respectively). Ice
covers minimize wind-driven mixing as well as allochth-
onous inputs, resulting in permanently stratified water
chemistry and isolated microbial communities. The vast
majority of organic carbon is provided by photosynthetic
microbial eukaryotes (Bielewicz et al. 2011; Kong et al.
2012). UWO0241 was isolated from the deep photic zone in
ELB at a depth of 17 m. The unusual light environment at
this depth is extreme shade below the light compensation
point for photosynthesis (~5 pmol photons m~2 s™' dur-
ing mid-day in the summer; Fig. 1b), a light spectral dis-
tribution that is heavily biased to short wavelengths
(450-550 nm), and extreme seasonality in intensity (24 h
summer daylight/24 h winter darkness) (Lizotte and Priscu
1992; Lizotte et al. 1996). There is minimal exchange of
gases between the water column and the atmosphere, with
dissolved oxygen levels being very high and peaks at
>200 % saturation at the chemocline where primary pro-
ductivity is at maximum levels (~ 15 m depth; Fig. 1b).
Under-ice surface waters of Lake Bonney are ultra-oligo-
trophic and phosphorus-limited (Fig. 1c), while deeper
layers of the lake are hypersaline (up to 10 times seawater)
(Fritsen et al. 1988; Priscu 1995). Thus, UWO241 is a
polyextremophile, possessing environmental adaptations to
survive a range of extreme limits on growth.

Adaptation to permanent low temperatures
Membranes

Maintenance of proper membrane fluidity is paramount to
membranes serving as selective barriers and also influences
the embedded proteins that function in transport, receptor/
recognition, and energy generation. The most common
changes to lipids in response to low temperature include
increases in fatty acid unsaturation and decreases in fatty
acid length. Both of these responses are found in all major
taxonomic groups and result in increased membrane flu-
idity and lower the temperature at which the transition from
liquid-crystalline to gel phase takes place (Chintalapati
et al. 2004; D’ Amico et al. 2002; Hughes and Dunn 1996).
The lipid class profile of UWO241 exhibits similarities
with other Chlamydomonas species: over 75 % of the total

lipid content of UWO241 was found to be associated with
the chloroplast, which is common for single-celled photo-
synthetic eukaryotes (Morgan-Kiss et al. 2002a). A com-
parison of chloroplast lipids with C. reinhardtii showed
that UWO241 has significantly higher levels of polyun-
saturated fatty acids for the chloroplast galactolipids
monogalactosyldiacylglycerol (MGDG), digalactosyldia-
cylglycerol and sulfoquinovosyldiacylglycerol. The major
MGDG fatty acid species in UWO241 was found to be
18:4, whereas C. reinhardtii was enriched in 18:1 fatty
acids. Additional work by Morgan-Kiss et al. (2002a) has
shown that UWO241 possesses novel polyunsaturated fatty
acids where the double bond is positioned closer to the
head group. This alteration in the position of the double
bond is likely to increase the cross-sectional area of the
fatty acyl chains thereby increasing their fluidity. We have
also recently identified multiple homologs for fatty acid
desaturases in a cDNA sequence library from UWO0241
(Morgan-Kiss, Kiss & Raymond, in prep.). However,
highly unsaturated fatty acids are not essential for pho-
topsychrophiles: an Antarctic algal mat isolate, Chlorella
BI sp., exhibits unsaturated fatty acid levels that are more
comparable with mesophilic algae (Morgan-Kiss et al.
2008). Unlike UWO241, photoautotrophy is dispensable in
the mat alga, and it can grow in the dark on a suitable
organic carbon source (Jaffri 2011; Morgan-Kiss et al.
2008). Thus, highly unsaturated fatty acids within the
photosynthetic membranes could be essential in obligate
photoautotrophic eukaryotes such as UWO241.

Enzymes

Organisms which live in permanently cold environments
must cope with the exponential loss of reaction rates at low
temperatures. Many fully characterized cold-adapted
enzymes have been described which exhibit high catalytic
rates at lower temperatures (k.,), reduced thermostability
and inactivation at even moderate temperatures, as well as
low activation energy (E,) requirements. These properties,
which are typical of enzymes at low temperatures, are
associated with increased plasticity or structural flexibility
in comparison to homologous mesophilic counterparts
(D’amico et al. 2006; Doyle et al. 2011; Siglioccolo et al.
2010). Several studies have reported polar algal species
exhibiting cold active enzymes. The Antarctic chlorophyte
Koliella antarctica exhibits maximum nitrate reductase
(NR) activity in crude lysate at lower temperatures (15 °C),
as well as an increase in thermal lability of the enzyme
compared to the mesophile Chlorella sorokiniana (Rigano
et al. 2006). A low temperature for maximum NR activity
was also observed in the Antarctic Chloromonas sp. ANT1
(Loppes et al. 1996), in sea-ice cultures dominated by the
diatoms, Nitzschia stellata Mangin and Amphiprora
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Fig. 2 a RubisCO abundance determined by immunoblotting against
the large RubisCO subunit (RbcL) and quantified by densitometry in
mesophilic and psychrophilic C. raudensis strains SAG49.72 (SAG)
and UWO0241 (UWO), respectively. Abundance is relative to that for
C. raudensis SAG49.72. Inset a representative western blot.

kufferathii Mangin (Priscu et al. 1989), as well as two
psychrotrophic Stichococcus sp. (Chen et al. 2012). Glu-
cose 6-phosphate dehydrogenase (G6PDH) catalyzes the
first reaction in the oxidative pentose phosphate pathway,
and has been implicated in cold hardening in plants and
animals (Bredemeijer and Esselink 1995; Joanisse and
Storey 1994). G6PDH from K. antarctica exhibits catalytic
activity at low temperatures (10 °C) (Ferrara et al. 2013),
and two different isoforms of G6PDH are thought to play a
role in freezing tolerance in Chlorella vulgaris C-27
(Honjoh et al. 2003). Last, glutathione reductase purified
from Chlamydomonas sp. ICE-L exhibits an increasing
catalytic rate at temperatures ranging from 0 to 25 °C, as
well as enhanced thermolability (Ding et al. 2007). Further
characterization of cold-adapted enzymes and the com-
parison to their thermostable homologs will help to eluci-
date which structural modifications are important for
catalytic activity at low temperature.

Another strategy psychrophiles employ to overcome a
low turnover rate of specific enzymes in crucial metabolic
pathways is increase in the relative abundance of critical
enzyme(s). UWO241 possesses higher levels of the large
subunit of RubisCO than that of SAG49.72 (Fig. 2a).
Despite possessing higher levels of RubisCO, in vivo
activity was 30 % lower in the psychrophile compared with
the mesophilic strain when grown at their respective opti-
mal growth temperatures of 8 and 29 °C (Fig. 2b). This
discrepancy may be due to the complex regulation of Ru-
bisCO activity which requires an additional enzyme, Ru-
bisCO activase, for full activation of the enzyme (Parry
et al. 2008; Sage et al. 2008). A homolog for RubisCO
activase was identified in a cDNA sequence library of
UWO0241 (Morgan-Kiss, Kiss & Raymond, in prep.), and
efforts are currently underway to heterologously express
the psychrophilic RubisCO activase and characterize its
thermal properties.
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b RubisCO activity of soluble lysates extracted from psychrophilic
and mesophilic C. raudensis strains grown under optimal conditions
(8 °C and 20 pmol protons m~2s~', 29 °C and 110 pumol protons
m2s7) respectively) (mean + SE; N = 3-4)

Ice-binding proteins

Ice-binding proteins (IBPs) have diverse functional roles in
cold-adapted organisms, including antifreezes, ice recrys-
tallization inhibitors and ice nucleators, and have been
described in taxonomically divergent organisms, including
fish, insects, plants, fungi and bacteria (Griffith and Yaish
2004; Lee et al. 2010; Raymond and Kim 2012). Multiple
IBP isoforms have been discovered in several polar algal
isolates, suggesting that IBPs also play an essential role in
survival of algae in icy environments (Janech et al. 2006;
Raymond et al. 2009). A recent study found that UW0241
culture supernatant exhibits ice-binding activity (Raymond
and Morgan-Kiss 2013). Moreover, UWO241 expresses
multiple putative IBP isoforms when grown at its minimal
growth temperature of 1 °C (Raymond and Morgan-Kiss
2013). To confirm the function of these putative IBPs, a
type 1 IPB from UWO241 was heterologously expressed
and purified. The resultant protein exhibited clear ice-
binding activity, confirming that this protein is an IBP
(Raymond and Morgan-Kiss 2013). In contrast, the meso-
philic sister species SAG49.72 did not exhibit ice-binding
activity and no IBP sequences were recovered from a
transcriptome of the mesophile (Raymond and Morgan-
Kiss 2013). Secreted IBPs in UWO241 and other algae
from polar environments may confer increased freezing
resistance by maintaining a liquid environment and the
formation brine pockets as water freezes.

Energetics

A major trend that has been observed across many psy-
chrophiles (including UWO241) is high intracellular
adenosine 5'-triphosphate (ATP) concentrations (Napolit-
ano and Shain 2004, 2005). In conjunction with high cel-
lular levels of ATP, UWO241 exhibits higher levels of two
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Fig. 3 Photosynthetic electron transport chain in green algae and
plants. Light energy absorption occurs via light-harvesting com-
plexes/antenna and is transferred to chlorophyll reaction centers in
PSII and PSI. Oxidized PSII reaction centers drive electron separation
from a water molecule by the oxygen evolving complex. Electrons
pass through PSII to the mobile electron carrier plastoquinone which
delivers electrons to Cyt bsf. The lumenal protein plastocyanin carries
electrons to oxidized PSI reaction centers where NADP™ is reduced to

major subunits of the chloroplastic ATP synthase compared
with the mesophilic C. reinhardtii (Morgan et al. 1998).
Such an increase may offset the reduction in diffusion rates
as temperature declines and allow for the maintenance of
sufficiently high concentrations of ATP required for the
activity of enzymes that catalyze endergonic (biosynthetic)
reactions. Higher ATP levels may also be needed in natural
communities of UWO241 residing in the hypersaline
waters of the deep photic zone to actively pump Na™ across
the cell membrane, which is a common adaptive mecha-
nism in salt-tolerant algae such as the model halophile,
Dunaliella salina (Liska et al. 2004). In addition to higher
ATP levels, a recent survey of the KEGG database shows
that the genomes of many psychrophilic organisms are
enriched in adenosine 5’-monophosphate (AMP) synthetic
pathways, while mesophilic organisms tend to possess
more AMP degradative enzymes (Parry and Shain 2011).

Photosynthesis at low temperatures

The photosynthetic apparatus of UW0241

UWO241 is a green alga and thus the organization of its
photosynthetic apparatus is very similar to plants. The

transformation of light energy into chemical energy occurs
through photosynthetic electron transport, which is

NADPH via Ferredoxin-NADP™" reductase. Lumenal protons are
utilized by chloroplastic ATP synthase to generate ATP. The dotted
line shows the alternative cyclic electron transport pathway. The
redox state of the PQ pool is an early sensor of imbalances between
turnover rates of PSII and PSI (gray box). LHC light harvesting
complex, OEC oxygen evolution complex, PS photosystem, PQ
plastoquinone, Cyr cytochrome, PC plastocyanin, ATPase ATP
synthase

composed of a group of supramolecular pigment-binding
protein complexes and related molecules associated with
the thylakoid membrane of the chloroplast (Fig. 3). Pho-
tosynthetic electron transport is driven by absorption of
light energy by the pigment/proteins that constitute the
light-harvesting complexes (LHCs) of photosystem II
(PSII) and photosystem I (PSI). Electron transport between
PSII and PSI is facilitated by a pool of plastoquinone and
the Cytochrome bgf complex (Fig. 3). NADPH is the
product of electron transport; ATP is generated by chlo-
roplastic ATP synthase, which uses the proton gradient that
is established across the thylakoid membrane during elec-
tron transport. As the demand for ATP and NADPH is not
always constant, the photosynthetic apparatus can switch
rapidly from linear electron transport that generates both
molecules, to cyclic electron flow which generates addi-
tional ATP (Fig. 3; dotted line). Compared with C. rein-
hardtii, rates of cyclic electron transport are up to 2-fold
greater in UWQO241 which probably provides additional
proton gradient to drive a higher demand for ATP in the
photopsychrophile (Morgan-Kiss et al. 2002b).
Photoautotrophs inhabiting low light environments tend
to have larger LHCs compared to organisms found in high
light habitats (Falkowski and Owens 1980). LHC size can
be inferred by the ratio of chlorophyll (Chl) a to Chl b: Chl
b is found exclusively in LHCs, so a lower Chl a/b ratio
reflects increased LHC size. UWO241 has been found to
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have a very low Chl a/b of ~1.5 (Morgan et al. 1998;
Pocock 2004), compared to a ratio >3 for most other
species of green algae. This was accompanied by a rela-
tively high oligomeric:monomeric LHC ratio in UW0241
(Morgan et al. 1998). Unlike the vast majority of other
laboratory-studied algal species, LHC size in UW0241 is
generally invariant regardless of growth regime. These data
indicate that UWO241 is adapted for growth under low
light conditions and has limited ability to acclimate to
changes in light intensity by adjusting photosystem antenna
size.

Photosynthetic organisms sense and respond to changes
in the wavelength distribution of incoming light (i.e. light
quality). Such adjustments are required because while PSII
and PSI have distinctly different absorption characteristics
(PSII preferentially blue-green light and PSI red light),
light absorption by both photosystems needs to be balanced
to maintain linear electron transport (Wilson et al. 2006).
State transitions are a short-term mechanism used by plants
and algae to redistribute absorbed energy between PSII and
PSI (Wollman 2001). The ability to perform state transi-
tions requires reversible phosphorylation of LHCII proteins
and rearrangements within the thylakoid membranes
(Bennett et al. 1980). Data from chlorophyll fluorescence
spectroscopy indicate that UWO241 does not appear to
perform state transitions, and biochemical data using
antibodies against phosphorylated proteins provide evi-
dence that LHCII proteins are not phosphorylated in
UWO0241 (Morgan-Kiss et al. 2002b; Szyszka et al. 2007;
Takizawa et al. 2009). However, unidentified pro-
tein(s) within the PSI core complex of UWO241 are
reversibly phosphorylated in response to high salinity, and
may play a role in controlling rates of PSI-driven cyclic
electron transport and ATP synthesis (Morgan et al. 1998;
Szyszka et al. 2007). Last, a homolog of the LHCII kinase
stt7 was identified in the UWO241 cDNA sequence library
(Morgan-Kiss, Kiss & Raymond, in prep.) which is
essential for LHCII phosphorylation in C. reinhardtii
(Depege et al. 2003), indicating that the lack of a state
transition response in the psychrophile is not due to the
absence of the kinase.

The limited ability of UWO241 to adjust its PSI/PSII
stoichiometry is reflected, in part, by its surprising inability
to grow under red light (Morgan-Kiss et al. 2005). This
lack of plasticity has been explained by its constitutive
down-regulation of PSI that includes the presence of a very
small amount of LHCI; however, surprisingly, the tran-
scriptome of UWO241 possesses multiple homologs of
IhcA genes which encode for LHCI proteins (Morgan-Kiss,
Kiss & Raymond, in prep.). That UWO241 has lost the
ability to acclimate to red light is likely the result of long-
term adaptation to a native habitat that is dominated by
blue-green wavelengths as long-wavelength red light is
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attenuated by the water column. It has been postulated that
the unusual light quality response observed under lab-
controlled conditions mimics adaptation in natural
UWO241 communities to the Antarctic winter (Morgan-
Kiss et al. 2006). This model is based on the premise that
the photochemical apparatus of this photopsychrophile
remains intact during the Antarctic winter, but is shutdown
during the polar winter. This strategy is similar to that used
by overwintering evergreens which modulate photochem-
ical efficiency on a seasonal level, exhibiting a prolonged
state of lowered energy conversion efficiency for the entire
winter season and quickly converting to efficient energy
capture during the short growing season (Demmig-Adams
et al. 2012). The winter adaptation model was recently
tested in a series of experiments that monitored responses
of UWO241 cultures transplanted back to the organism’s
original habitat (i.e. 17 m sampling depth in ELB) in a
novel algal dialysis frame. In response to the loss of light
availability during the seasonal transition between Ant-
arctic summer and winter, transplanted cultures downreg-
ulated expression of genes essential for carbon fixation and
photochemistry (rbcL and psbA, respectively), but main-
tained essential photochemical proteins during the polar
night transition (Morgan-Kiss et al. in revision).

Photostasis

The balance between light absorption and its utilization is a
combination of acclimatory responses termed photostasis
(Hiiner et al. 2003). Maintaining photostasis is essential to
provide maximum amounts of usable energy to the cell,
while preventing the absorption of excess light, which may
be damaging. Low temperature presents unique challenges
to maintaining photostasis because the primary photo-
chemical events of photon capture and charge separation
are largely temperature independent, but the rate of
enzyme-catalyzed reactions of the Calvin cycle and other
metabolic processes decrease as temperature decreases
(Ensminger et al. 2006).

The redox state of the mobile electron acceptor, plas-
toquinone (PQ; Fig. 3), has been implicated in being cen-
tral to the photostasis sensing mechanism. The redox state
of PQ can be estimated by measuring the redox state of Qx:
Oared/(Oarea + Oaox), the first stable quinone electron
acceptor of PSII, using the non-invasive technique of Chl
a fluorescence quenching analysis (Baker 2008). The redox
state of O, is a measure of what is referred to as PSII
excitation pressure; an excitation pressure of zero (Q 4 fully
oxidized) occurs in the dark, while an excitation pressure
of 1 (Qa fully reduced) is achieved under very high irra-
diance (Hiiner et al. 1998). Although excitation pressure
can increase as a consequence of high light, it has also been
shown that a similar increase in excitation pressure can
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occur, by lowering the temperature (Maxwell et al. 1995a).
The explanation for this is that given a constant rate at
which QA (or PQ) is reduced by electrons from PSII, a
decrease in temperature has the effect of reducing the rate
of oxidation as the cellular demand for reductant decreases.
Evidence that photoautotrophs use the redox state of
intersystem electron transport as a sensor for acclimation
responses is provided by the finding that regardless of using
high light or low temperature, similar changes in excitation
pressure result in similar changes to the photosynthetic
apparatus (Gray et al. 1997, 2005; Maxwell et al. 1994,
1995b; Miskiewicz et al. 2000, 2002). Data collected from
a range of species suggest that photosynthetic organisms
use one of the two major mechanisms to adjust to increased
excitation pressure brought about by high light or low
temperature. In most single-celled systems (cyanobacteria,
algae), the response to high excitation pressure involves a
decrease in the size of LHCII and increased synthesis of
xanthophyll cycle pigments, which has the effect of
reducing the redox state of PQ and regaining photostasis
(Maxwell et al. 1994, 1995b; Miskiewicz et al. 2002).
Plants, however, have the ability to utilize the excess light
by upregulating carbon metabolism (Hiiner et al. 1998).

UWO241 exhibits distinct acclimation strategies in
comparison with mesophilic algae. In cultures grown at
low temperature, an 8-fold increase in irradiance resulted
in the predicted increase in PSII excitation pressure in both
species, yet the value was always significantly lower in
UWO241 than cultures of Chlorella vulgaris. As well, only
C. vulgaris responded to the increase in irradiance by
downsizing light-harvesting capacity and increasing xan-
thophyll cycle pigment content (Maxwell et al. 1994). That
UWO241 failed to show these responses can be explained
by the fact that, unlike C. vulgaris, UWO241 was able to
increase its growth rate in response to the higher irradiance
which is consistent with higher rates of carbon fixation
potential (Morgan-Kiss et al. 2006). The increase in growth
rate would require increased photosynthetic energy utili-
zation, which has previously not been found in green algae
acclimated to low temperature. In support of this hypoth-
esis, UWO241 exhibits a linear increase in RubisCO car-
boxylation activity in response to higher growth irradiance
which would be utilized to support higher growth rates
(Morgan-Kiss and Dolhi 2011).

Response of UWQ0241 to environmental stress
High light
As discussed above, maintenance of photostasis reflects

acclimation to long-term shifts (i.e. days to weeks) in the
organism’s environment, whereas responses to short-term

environmental stress (i.e. minutes to hours) rely on rapid
induction of stress avoidance mechanisms. Exposure to
light in excess of photosynthetic capacity can result in a
decrease in photosynthesis referred to as photoinhibition
(Murata et al. 2007). Photoinhibition is often considered to
occur when the rate of damage to the photosynthetic
apparatus (most often the D1 polypeptide of PSII) exceeds
the rate at which it can be repaired. Photoinhibition may
also be the result of active quenching mechanisms that
dissipate excess energy after it is absorbed. Such mecha-
nisms include antenna quenching that involves the forma-
tion of the carotenoid zeaxanthin as part of the xanthophyll
cycle (Demmig-Adams and Adams 1992) that contributes
to the non-photochemical dissipation of excess light. Bo-
nente et al. (2008) observed that several algal species
isolated from low light environments lack PsbS, a protein
that is essential for photoprotective thermal dissipation
(qE). The transcriptome of UWO241 also revealed that this
shade-adapted organism lacks a psbS homolog (Morgan-
Kiss, Kiss & Raymond, in prep.). Moreover, UW0241
possesses a low capacity for induction of qE-dependent
energy dissipation under excessive absorption of light
energy (Pocock et al. 2007; Szyszka et al. 2007). Thus,
psbS and qE-dependent energy quenching may be nega-
tively selected in organisms residing in low light environ-
ments, such as UWO0241.

Because low temperature decreases the rate of the
enzyme-catalyzed reactions of the Calvin cycle as well as
the mechanisms involved in repairing damaged PSII units,
exposure to low temperature can result in photoinhibition
even under moderate light intensities (Hiiner et al. 1995).
Research by Pocock et al. (2007) demonstrated that com-
pared to C. reinhardtii, UWO241 is more susceptible to
photoinhibition upon exposure to excessive light at either
high or low temperatures. Yet surprisingly, this suscepti-
bility is met with an exceptional capacity to rapidly recover
photosynthetic efficiency that is not due to an enhanced
capacity to repair damage (Pocock et al. 2007). Taken
together, these data indicate that the ability of UWO0241 to
recover from photoinhibition is both novel and as yet
unknown. Reaction centre quenching appears to be a major
source of energy dissipation in UWO241 (Szyszka et al.
2007), and may also play a role in photoprotection in the
photopsychrophile.

Salinity

A number of psychrophilic microbes found in polar regions
are adapted to conditions of high salt (Krembs et al. 2000),
including Chlamydomonas sp. (Morgan-Kiss and Dolhi
2011). Lake Bonney is characterized as hypersaline with
the natural habitat of UWO241 having a NaCl concentra-
tion of approximately 700 mM (Priscu et al. 1998);
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however, it has been shown that UWO241 is not a true
halophile as originally assumed but rather is classified as
halotolerant (Pocock et al. 2011; Takizawa et al. 2009).
While UWO241 can grow well in a medium containing
700 mM NaCl, SAG49.72 is unable to grow at this salinity
(Pocock et al. 2004). This sets up an experimental system
for comparative genomics of the two strains to identify
novel genes that have evolved in UWO0241 to confer salt
tolerance. Such a study would complement the work of
Krell et al. (2007) who generated a cDNA library of the
psychrophilic diatom Fragilariopsis cylindrus. This work
led to the identification of a number of sequences related to
osmolyte synthesis and ion transport in addition to a new
class of ice-binding proteins (IBP) that seems to lack
homologs in animals, plants as well as mesophilic species
of diatoms (Krell et al. 2007). As mentioned above, several
IBP homologs have been identified in the transcriptome of
UWO241 grown in 0.7 M NaCl exhibiting ice-binding
activity in its spent medium (Raymond and Morgan-Kiss
2013).

Consistent with salt stress affecting photosynthesis,
UWO241 grown in high salt (850 mM) conditions had an
increased excitation pressure compared to high salt con-
ditions for SAG49.72 (100 mM). This supports the idea
that UWO241 responds to this stress by modulating the
redox signal (PQ pool redox state) which may subsequently
affect gene expression to allow the organism to acclimate
to high salinity (Pocock et al. 2011). Last, PSI-driven
cyclic electron transport is enhanced in high salinity-grown
UWO241 cultures (Morgan-Kiss et al. 2002b; Szyszka
et al. 2007), which would support higher rates of ATP
synthesis.

High temperatures

In order to deal with high temperature stress, psychrophiles
induce the expression of a set of proteins upon temperature
increase, collectively referred to as heat shock proteins
(HSP). These can be involved in a variety of functions
including transcription, translation, protein folding, or cell
membrane modulation; however, heat shock responses
have not been extensively studied in psychrophiles. Like-
wise, rapid temperature change to low temperatures can
induce differential expression in cold shock proteins
(D’amico et al. 2006). In addition to HSPs, cellular
membrane structure, protein stability, antioxidants, and
solute production are important for surviving high tem-
perature stress (Allakhverdiev et al. 2008).

The ability to grow at low temperature is not restricted
to psychrophiles (Maxwell et al. 1994; Morgan-Kiss et al.
2006). It is the inability to grow at relatively moderate
temperatures (20-30 °C) that is definitive of psychrophiles,
yet little is known about the underlying biochemistry that
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limits the growth of psychrophiles at supraoptimal tem-
peratures. The most detailed study of supraoptimal tem-
peratures on molecular and physiological aspects of
UWO241 has recently been completed (Possmayer et al.
2011). Using the SYTOX green assay, Possmayer showed
that cells grown at 10 °C and 120 pmol photons m 2 s~
die when incubated at 24 °C with a half-time of 34.9 h.
Surprisingly, the role of light in cell death was found to be
relatively minor as incubation in total darkness delayed cell
death by about 25 %. This finding suggests that the primary
cause of cell death is not aberrant photosynthesis or
excessive ROS production generated within the chloro-
plast. To examine the plasticity of UW0241 to temperature
stress, 10 °C-grown cells were shifted to 24 °C for 12 h
then returned to 10 °C to recover. The 12 h incubation at
24 °C, which resulted in less than 10 % cell death, led to
declines in both light saturated rates of photosynthesis and
respiration, PSII photochemistry and energy partitioning.
In addition, changes to the abundance of specific gene
transcripts were also detected. For example, the transcripts
associated with the light-harvesting protein of PSII and
ferredoxin declined by 60 and 90 %, respectively. That this
was not a general cell response to supraoptimal tempera-
tures was reflected by the finding that other transcripts
remained unchanged or increased. The transcript abun-
dance of the small subunit of RubisCO (RBCSI) remained
largely unchanged during the 12-h shift-recovery regime
while the transcript abundance of mRNAs HSP90A and
HSP22A, encoding cytosolic heat shock proteins, increased
rapidly in abundance during exposure to 24 °C. Within
2448 h of being transferred back to 10 °C, all parameters
including transcript abundances returned to levels found in
10 °C-grown cells. This research shows that while 24 °C is
a temperature that is lethal to UWO241 this organism
displays considerable physiological and molecular plastic-
ity under high temperature stress.

Microbial eukaryote diversity and the impacts
of climate change in the dry valley lakes

UWO241 is a member of a diverse community of microbial
eukaryotes residing within Lake Bonney. A recent paper
reported on the phylogenetic diversity and distribution of
microbial eukaryotes residing in both basins of Lake
Bonney using 18S rRNA sequencing libraries coupled with
real time quantitative PCR (qPCR) (Bielewicz et al. 2011).
Both lobes are dominated by photosynthetic protists
including a cryptophyte species related to Geminigera
cryophila, a haptophyte (Isochrysis sp.) and a stramenopile
(Nannochloropsis sp.), which represent the major primary
producers in this closed-basin aquatic ecosystem. Analyses
of environmental gene expression using the major gene of
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Fig. 4 Response of dry valley
protist enrichments to
temperature. Cultures from
Lake Bonney enriched from
sampling depths of 6, 15 or

18 m were grown under a range
of temperatures and their
physiology was monitored as
specific growth rate (a) or
maximum photosynthetic
efficiency (b). Inset Bright field
image of the dominant algal
species in the cultures (related
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RubisCO (rbcL) as an indicator of carbon fixation support
the finding that these organisms are the major primary
producers (Kong et al. 2012).The deepest photic zone
(18 m) harbors a variety of chlorophyte species including
UWO0241 (Bielewicz et al. 2011). While UWO0241 is one
of the few phototrophic isolates from the dry valley lakes,
these new phylogenetic studies indicate that UWO241 is
actually a minor player in the Antarctic lake phytoplankton
community. Thus, it is important to increase attempts to
cultivate new phototrophic protists which could be more
critical in the primary production.

Cultivation attempts to increase the number of microbial
eukaryote isolates from the dry valley lake ecosystems have
been underway (Dolhi et al. 2012), and more recently there
are enrichment cultures from Lake Bonney which exhibit a
diversity of new protist species. Several cultures are dom-
inated by a large chlorophyte related to the Antarctic sea-ice
green alga, Chlamydomonas ICE sp. (Fig. 4a, inset), which
was a dominant chlorophyte in sequencing libraries from
Lake Bonney (Bielewicz et al. 2011; Kong et al. 2012). In a
preliminary experiment, we explored whether microbial
eukaryotes enriched from various depths in Lake Bonney
exhibit comparable adaptation to low temperatures
(Fig. 4a). Remarkably, despite isolation under permanent
low temperatures for hundreds of years, the new dry valley
lake protist cultures exhibited distinct responses to tem-
perature that were dependent upon the original sampling
depth. Shallow populations (6 m) exhibited a broad toler-
ance to growth temperature (7o, ~ 8-20 °C), while deeper
populations (15 and 18 m) were restricted to lower growth
temperatures (Top, ~ 12-15 °C). This differential temper-
ature response appears to be due in part to differences in
thermal lability of the photosynthetic apparatus: photo-
chemical efficiency (Fy/F\) in deeper populations was
thermally labile at lower temperatures (7p,.x = 20 °C) as
compared with shallow populations (T = 25 °C;
Fig. 4b). These preliminary experiments challenge our
assumptions that all microbial consortia residing in the dry
valley lakes are psychrophilic. These protist enrichment
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cultures will be powerful tools to examine many outstand-
ing questions regarding low temperature adaptation.

Polar and alpine environments are highly susceptible to
small changes in temperature, and are, therefore, acutely
sensitive to climate change (Williamson et al. 2009). As a
consequence of a warming climate, episodic events, or
“pulses”, causing short duration variations in major envi-
ronmental drivers of microbial carbon cycling (i.e. light,
temperature, and nutrients) are intensifying in frequency
and magnitude (Alley et al. 2003; Bernstein et al. 2007,
Jentsch et al. 2007). In the dry valleys region, increases in
episodic events associated with high summer flows will
increase nutrient loading to the lakes (Doran et al. 2008).
Current climate change models predict warmer, wetter
summers in the dry valleys that will result in higher stream
flow, larger perimeter moats and thinner ice covers resulting
in increased nutrients and dissolved inorganic carbon into
the water column (Fig. 5). Under current climatic condi-
tions, interactions between the streams and water column
are usually restricted to the upper 1-5 m of the water col-
umn (Fig. 5a); however, as the moat size increases we
predict that the mixing layer will extend deeper into the
lake, causing a displacement of the permanent chemocline
(Fig. 5b). It is largely unknown how these climate-induced
changes in lake chemistry will impact the microbial
eukaryote populations, but at a minimum thinner ice covers
in combination with alleviation of nutrient deprivation
could stimulate photosynthesis and may favor “aquatic
weeds” such as Chlamydomonas sp. that exhibit acclima-
tory plasticity over a range of environmental stresses.

Concluding remarks

Research in polar microbial physiology is critical as a
dynamic interplay between microbes and climate exists.
For example, atmospheric CO, content which impacts
climate change is dependent on photosynthesis and respi-
ration by primary producers. Due to this vital role in carbon
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Fig. 5 Predicted climate effects A B
in Antarctic lakes. a Dry valley \ air T air :
lakes are permanently ice- X m T TOUET m h‘
capped for most of the year, ) . v I l
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open water moats which form 3 :
around the perimeter of the lake Mixing layer
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February). The moat allows chemocline

input from glacial-fed streams
into the lake (dotted lines) and
limited mixing occurs between
the moat and layers of the water
column directly under the ice.
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Interactions between the water
column and the atmosphere are
minimal (double arrows). b As
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resulting in more stream input,
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covers. Images show examples
of a typical summer moat

(a) and an unusual large moat
on the east lobe of Lake Bonney
during the summer of 2010 (b).
Larger moats are anticipated to
be a more common occurrence
as the dry valleys slowly warm

cycling and their position at the base of the aquatic food
chain, it is important to understand how primary producers
and subsequently the aquatic ecosystem will respond to
climate change. Achieving this depth of knowledge will
require studies of photopsychrophiles not only in the lab-
oratory, but also in their native habitats relative to the
natural communities. Research conducted across a range of
laboratory and field-based studies on UWO0241 has resulted
in a broad picture of physiological function and ecological
relevance of this organism. However, to build upon our
current knowledge of this model photopsychrophile more
studies on the level of genomics are required. Recently, the
transciptome of UWO241 was sequenced and preliminary
results have revealed many homologs for proteins and
enzymes that play important roles in survival under a
variety of stresses. Genomic, transcriptomic, and proteomic
studies of UWO241 exposed to various environmental
conditions will provide critical insights into how this
organism not only survives, but also thrives in its harsh
environment. Additionally, these studies will help predict
how sensitive, low temperature, photosynthetic communi-
ties will respond to climate change.
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