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Abstract The Earth is a cold place. Most of it exists at or

below the freezing point of water. Although seemingly

inhospitable, such extreme environments can harbour a

variety of organisms, including psychrophiles, which can

withstand intense cold and by definition cannot survive at

more moderate temperatures. Eukaryotic algae often

dominate and form the base of the food web in cold

environments. Consequently, they are ideal systems for

investigating the evolution, physiology, and biochemistry

of photosynthesis under frigid conditions, which has

implications for the origins of life, exobiology, and climate

change. Here, we explore the evolution and diversification

of photosynthetic eukaryotes in permanently cold climates.

We highlight the known diversity of psychrophilic algae

and the unique qualities that allow them to thrive in severe

ecosystems where life exists at the edge. We focus on

psychrophilic green algae from the Chlamydomonadales,

discussing recent discoveries and directions for future

research, and argue that they are among the best available

models for studying psychrophily and life at the edge in

photosynthetic eukaryotes.
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Introduction

Almost 80 % of the Earth’s biosphere is permanently

below 5 �C, including most of the oceans, the polar, and

alpine regions (Feller and Gerday 2003). These seemingly

inhospitable places are some of the least studied but most

important ecosystems on the planet. They contain a huge

diversity of prokaryotic and eukaryotic organisms, many of

which are permanently adapted to the cold (psychrophiles)

(Margesin et al. 2007). The environmental conditions in

such habitats severely limit the spread of terrestrial plants,

and therefore, primary production in perpetually cold

environments is largely dependent on microbes. Eukaryotic

algae and cyanobacteria are the dominant photosynthetic

primary producers in cold habitats, thriving in a surprising

variety of niches—from perennially ice-covered lakes to

the volatile environments of sea ice and snowfields (Mor-

gan-Kiss et al. 2006).

Psychrophiles can be excellent systems for studying

adaptation to extreme environments and the diversification

of life (Siddiqui et al. 2013). They can also provide clues to

possible life on other planets (exobiology) (Gao et al.

2013)—a topic that has gained recent widespread attention

with the discovery of liquid water of Mars. Photosynthetic

species that flourish in the cold are responsible for a sig-

nificant proportion of the inorganic carbon fixed each year

and thus are crucial for mediating climate change (Lyon

and Mock 2014). And the fact that psychrophilic green

algae accumulate higher levels of lipids as compared to

their mesophilic counterparts makes them attractive targets

for commercial biofuel production (Mou et al. 2012).

Here, we review the evolution of psychrophily in plas-

tid-bearing protists. We first explore the definition of psy-

chrophily in eukaryotes and then highlight the diversity and

abundance of psychrophilic algae across the eukaryotic
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domain, documenting some of the driving forces for their

survival at frigid temperatures. We pay particular attention

to psychrophilic green algae from the Chlamydomon-

adales, describing some of the best-studied cold-adapted

algae to date (Chlamydomonas sp. UWO241, Chlamy-

domonas nivalis, Chlamydomonas sp. ICE-L). These spe-

cies are closely related to the model algae, Chlamydomonas

reinhardtii and Dunaliella salina, and are poised to become

leading systems for investigating cold adaptation. Finally,

we outline directions for future research, such as the

exceptional potential of comparative genomic analyses of

psychrophilic Chlamydomonadales with C. reinhardtii.

‘‘A rose by any other name’’: defining
psychrophily

Organisms that thrive in cold climates and falter in warmer

ones are broadly called psychrophiles. The precise meaning

of this term, however, is debated and can differ between

disciplines, often leading to confusion (Table 1). For

instance, many organisms found in permanently cold

environments are psychrotrophs, meaning that they can

survive at low temperatures, but their maximal growth

temperature is[20 �C. One of the most common definition

of psychrophily (Morita 1975) applies to microorganisms

that survive and reproduce when temperatures are\15 �C
and have an upper survival limit of B20 �C, as determined

by growth rate. This definition has drawbacks. It does not

apply to most cold-adapted eukaryotes, and the upper

temperature limit corresponds to that from a typical labo-

ratory setting rather than to a natural environment. More-

over, using growth rate to determine the optimum

temperature does not take into account the physiological

state of the organism. For instance, although the growth

rate of cold-adapted bacteria can increase with the tem-

perature, other key cellular processes, such as protein

synthesis and membrane permeability, can be negatively

affected (Morgan-Kiss et al. 2006).

Given their remarkable diversity, psychrophilic

eukaryotic algae—the focus of this review—are not easily

grouped under a single definition of psychrophily. The term

photopsychrophile, for example, is regularly used to dis-

tinguish psychrophilic photoautotrophs from heterotrophs,

but many cold-adapted algae are mixotrophic (Laybourne-

Parry and Pearce 2007). Nevertheless, measuring the

temperature that provides the highest rate of growth and the

upper temperature limit for survival are still the most

common approaches for the verification of psychrophily in

algae. However, these simplified approaches do not always

account for the following:

1. The upper survival temperature can depend on expo-

sure time, which is known to range from one day for

unicellular species to three months for multicellular

ones (Wiencke et al. 1994). This is especially true in

seaweeds, where a single living cell among mostly

dead tissue can resume growth under favourable

conditions (Wiencke et al. 1994).

Table 1 Available definitions of cold-adapted life

Term Definition Organisms References

Psychrophile or obligate

psychrophile

Microorganisms that have optimal growth temperatures of

\15 �C and upper cardinal temperatures of\20 �C
Bacteria, Archaea, Yeast,

Fungi, Microalgae,

Macroalgae

Morita (1975)

Psychrotroph,

psychrotolerant, or

facultative psychrophile

Organisms that can grow at low temperatures, but have

optimal and maximal growth temperatures[15�C and

[20 �C, respectively

Bacteria, Archaea, Yeast,

Fungi, Microalgae,

Macroalgae

Morita (1975)

Stenotherm Organisms that can only grow and survive within a narrow

(10 �C) temperature range

Macroalgae, Invertebrates,

Fish

Bligh and Johnson

(1973)

Eurytherm Organisms that can grow at a wide range of temperatures Macroalgae, Invertebrates,

Fish

Bligh and Johnson

(1973)

Psychroactive Organisms capable of growth B-1 �C Bacteria, Archaea Panikov and Sizova

(2006)

Cryophile Organisms capable of growth at temperatures ranging from

-20� to 10 �C
Bacteria, Plants,

Invertebrates, Fish

Morita (1975)

Eutectophile Organisms living at the interphase between water and ice Bacteria Deming (2002)
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2. Measuring the upper survival temperature is further

complicated by temperature-dependent changes in

development and reproduction. For example, the

psychrophilic fungus Myriosclerotinia borealis shifts

from vegetative hyphae at low, permissive tempera-

tures to the formation of resting bodies (sclerotia) at

high, nonpermissive temperatures; hyphal growth then

resumes following exposure to low temperatures

(Newsted et al. 1985; Newsted and Hüner 1987).

This parallels the germination of a resting cyst after a

period of dormancy in some unicellular psychrophilic

algae (Daugbjerg et al. 2000; Flaim et al. 2010;

Remias et al. 2010b). Complicating matters further,

different stages in the algal life cycle can have

different temperature requirements, a phenomenon

widely documented in macroalgae. For instance, in

Antarctic seaweeds, the maturation of reproductive

structures only occurs in the austral summer when

water temperatures reach 5 �C, and zoospores often

have higher upper survival temperatures than sporo-

phytes (Gómez et al. 2009).

3. Maximum growth rates and temperature survival limits

are also sensitive to growth media, particularly its salt

concentration, as shown for the green alga Chlamy-

domonas sp. ARC (Eddie et al. 2008) and the diatom

Thalassiosira antarctica (Aletsee and Jahnke 1992).

4. Finally, the growth rate and survival of psychrophilic

algae in their natural environment can be reliant on

complex interactions with other cold-adapted organ-

isms. For example, various chlamydomonadalean

snow algae, including Chlamydomonas nivalis, are

commonly found in large assemblages of bacteria and

fungi, which can form symbiotic or parasitic relation-

ships with the algae (Brown et al. 2015). Similarly, the

intensity and duration of large algal blooms dominated

by the Antarctic haptophyte Phaeocystis antarctica are

often governed by the surrounding bacterial commu-

nities (West et al. 2008; Delmont et al. 2014), possibly

through their requirements for exogenous supply of

essential nutrients and vitamins (Croft et al. 2005;

Koch et al. 2011).

Given all of the above factors, the definition of psy-

chrophily for eukaryotic algae needs to be based on

clearly defined temperature survival limits as well as

features relating to metabolism, physiology, and repro-

duction. For the purpose of this study, we will broadly

define psychrophilic eukaryotic algae as naturally exist-

ing plastid-bearing protists that are metabolically active

and able to reproduce at temperatures permanently close

to the freezing point of water and that cannot tolerate

more moderate (mesophilic) temperatures (C20 �C).

Cold and light: potential imbalances in cellular
energy budget

In contrast to heterotrophs, a photoautotrophic lifestyle

requires the integration of photophysical, photochemical

and biochemical processes involved in the conversion of

light energy into stable storage forms of carbon for growth

and metabolism. As such, access to light energy is a major

factor driving the evolution of photosynthetic organisms

(Rothschild 2008) and one that has to be considered when

discussing the evolution of photopsychrophiles. Sunlight is

abundant, its availability is reliable, and it is present in

inexhaustible quantities when measured on biological time

scales, but its utilization as the ultimate energy source for

photoautotrophic life at low temperatures poses unique

challenges and dangers.

The processes that convert light into stable carbon forms

vary in both their rate constants and their temperature

sensitivity. The biophysical processes of light absorption

and energy trapping (energy sources) occur on a picosec-

ond to microsecond (10-12 to 10-6 s) time scale and are

temperature insensitive. In contrast, biochemical reactions

such as the enzyme-catalysed energy conversion and stor-

age (energy sinks) occur on a time scale that can range

from millisecond (10-3 s) to hours and days and vary as a

function of temperature, with the rates of reaction

decreasing significantly in the cold due to thermodynamic

constraints (Hüner and Grodzinski 2011). The combination

of such extreme disparities in temperature sensitivities

coupled with rate constants that differ by 10 orders of

magnitude represents a formidable challenge for all pho-

tosynthetic organisms, and especially so for photopsy-

chrophiles. When temperatures are low, the rate at which

energy is absorbed through the temperature-insensitive

energy sources exceeds the rates at which energy is utilized

at the temperature-sensitive energy sinks, which leads to

imbalances in the cellular energy budget. Such an imbal-

ance is defined as excitation pressure (Hüner et al. 1998),

and chronic exposure to excess excitation energy (EEE)

can lead to overreduction of the chloroplast electron

transport chain (cETC), photoinhibition and photo-oxida-

tive damage due to the generation of harmful reactive

oxygen species (ROS), and ultimately cell death (Karpinski

et al. 1999; Hüner and Grodzinski 2011; Hüner et al. 2013).

Consequently, an essential component in the evolution of

photopsychrophile must be the capacity to maintain pho-

tostasis (Melis 1998)—a balance between energy input as

light and energy utilization through metabolism and

growth, under persistent and extreme cold temperatures.

Several mechanisms have evolved to allow the photo-

synthetic apparatus to balance the flow of energy to attain
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photostasis. Some multicellular organisms, such as terres-

trial freeze-tolerant plants, respond to low temperatures by

stimulating sink capacity through the upregulation of

photosynthetic CO2 assimilation and carbon export that

results in an increase in biomass accumulation and seed

yield (Bravo et al. 2007; Dahal et al. 2014). Unicellular

green algae can achieve photostasis by balancing the

energy absorbed by the photosystems II (PSII) and I (PSI)

of the thylakoid membranes of the chloroplast and thus

readjust the redox poise of the cETC and ensure optimal

rates of photosynthetic electron transport. This readjust-

ment can occur in the short term (seconds to minutes) via

the process of state transitions (Rochaix 2014), which

involves the phosphorylation and redistribution of the

mobile PSII light-harvesting complex (LHCII) from PSII to

PSI in response to overreduction of the cETC. In the long

term (minutes to days), the changes in absorption capacities

of PSII and PSI can be achieved through transcriptional

and translational regulation of their components (Kirchhoff

2013). In addition to the linear electron flow (LEF) from

PSII to PSI, overreduction can also induce cyclic electron

flow (CEF) where electrons are passed from PSI back to

the cETC. This process has been implicated in the pre-

vention of damage due to EEE (Shikanai 2007; Tikkanen

and Aro 2014; Chaux et al. 2015). Finally, EEE can be

dissipated as heat through non-photochemical quenching

(NPQ) via the pigments in the xanthophyll cycle. NPQ is

considered to act as a ‘‘safety valve’’ that protects the cETC

from photodamage (Demmig-Adams and Adams 1996;

Derks et al. 2015; Dietz 2015). Our knowledge on how and

to what extent these processes contribute to photosynthetic

efficiencies in modern-day photopsychrophiles is limited,

but it appears that the dominant photoprotective mecha-

nisms vary depending on the lifestyle of the individual

species (reviewed in Lyon and Mock 2014). We suggest

that the evolution of psychrophily in photosynthetic

organisms must be tightly associated with their capacity to

adapt to not only low temperatures, but their light envi-

ronment as well.

Staying cool: the evolution of psychrophily

The evolution of psychrophily is believed to be a gradual,

stepwise process (Wiencke et al. 1994), beginning with

slight increases in cold tolerance, allowing a mesophilic

species to survive in a seasonally fluctuating and harsh

environment. Growth rate and reproduction then slowly

adjust to lower and lower temperatures, followed by a

reduction in the upper temperature survival limit. Eventu-

ally, the species can no longer survive at moderate tem-

peratures, becoming a true psychrophile. This scenario fits

with the geological history of the polar regions (Zachos

et al. 2001). Antarctic glaciation peaked *14 Mya,

whereas glaciation of the Arctic is thought to have hap-

pened no earlier than 3.5 Mya. This might explain why

most known psychrophilic algae come from the Antarctic

(Online resource 1). But even after existing for millions of

years in a cold climate, many Antarctic algae survive—and

flourish—well above ambient polar temperatures.

Some have hypothesized that extremophiles evolve from

species that thrive in a range of different environments

(‘‘generalists’’) because of their phenotypic plasticity

(West-Eberhard 2005). Such plasticity can result from

cryptic genetic variation, which is expressed only under

certain environmental conditions and has as a phenotypic

effect (Schlichting 2008). However, if conditions stabilize

over time (e.g. persistent cold temperatures), ‘‘generalists’’

can evolve through natural selection into ‘‘specialists’’,

such as psychrophilic algae. The unicellular diatom Aste-

rionellopsis glacialis is a good example of a generalist with

cryptic genetic variation: it is globally distributed and can

tolerate a variety of environmental conditions, including

the extreme cold (Kaczmarska et al. 2014).

Many of the traits needed for survival at cold tempera-

tures (drought resistance, high light and high UV tolerance,

shade adaptation, low nutrient stress) are also needed in a

variety of other environments, such as deserts, tropical and

subtropical oceans, and caves (Quesada and Vincent 2012).

For example, a reoccurring theme among plastid-bearing

extremophiles is mixotrophy—the ability to make use of

both inorganic (via photoautotrophism) and organic (via

chemoheterotrophism) carbon sources. Although metabol-

ically costly to maintain, mixotrophy can provide obvious

benefits for algae living in the low-nutrient and low-light

environments such as tropical oceans and polar snowfields

(Thingstad et al. 1996; Raven 1997; Zubkov and Tarran

2008). In fact, for some psychrophiles, such as the

prasinophyte Pyramimonas gelidicola and the cryptophyte

Gemingera cryophila, mixotrophy contributes significantly

to the overall carbon budget, regardless of the season

(Laybourne-Parry and Pearce 2007; McKie-Krisberg et al.

2015). We can speculate that organisms that evolved under

different stressful conditions could already carry some of

the adaptations needed for survival at cold temperatures

prior to their radiation into such habitats. This mechanism

has been proposed for the radiation of angiosperms in

freezing environments (Zanne et al. 2014) and for the

spread of several cold-adapted cyanobacterial lineages into

polar and alpine regions (Christmas et al. 2015).

The appearance of psychrophilic algae may be linked to

major glaciation events (Vincent et al. 2004). The Earth’s

biosphere likely experienced several intervals of extremely

low temperature, coinciding with the emergence and

diversification of life. Geological data suggest that during

these cooling periods, glaciation extended to the tropics in
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what is called ‘‘snowball Earth’’, where the entire planet

was covered in ice, or ‘‘slushball Earth’’ where a band of

open water persisted around the tropics in an otherwise

frozen landscape (Hyde et al. 2000). Ubiquitous snow and

ice would make ideal conditions for the emergence of

psychrophiles, but opponents to this view point out that

global freezing would result in mass extinctions. Some

have argued that only prokaryotes could survive such

conditions; however, the fossil record implies that many

eukaryotes prevailed as well (Hoffman and Schrag 2002).

Undoubtedly, a ‘‘snowball Earth’’ would have strong evo-

lutionary consequences, especially for photosynthetic

eukaryotes exposed to severe shading under the ice, in

addition to cold temperatures (Vincent et al. 2004). In such

harsh conditions, life could persist in local open water

environments, under relatively thin ice (McKay 2000), or

in microbial mats, as it is often seen in some present-day

polar algae (Vincent et al. 2004). Given that they are

composed of concentrated populations of diverse taxa,

microbial mats are considered to be ideal environments for

evolutionary processes, including mutualism, symbiosis,

and even eukaryogenesis (Nisbet and Fowler 1999). During

the coldest periods, when near-surface liquid water was

rare or non-existent, psychrophiles could enter a dormant

life cycle, such as a resting cyst, and survive beneath the

ice. This strategy is often encountered in modern psy-

chrophilic algae. For example, the alpine snow alga

Chloromonas nivalis enters a diploid, non-motile zygotic

life stage under freezing winter conditions. During the

warmer summer season in meltwater pools, these zygotes

undergo meiosis and produce motile haploid offspring that

can reproduce asexually (Remias et al. 2010b).

The arrival of warmer weather globally in a ‘‘snowball

Earth’’ scenario would have caused the extinction of many

obligate psychrophiles, although those with some thermal

tolerance could persist, contributing to the post-glaciation

diversification of life as observed in the fossil record

(Hoffman and Schrag 2002). While this theory does not

support the persistence of psychrophily as an ancestral trait,

it does provide evidence that organisms with greater phe-

notypic plasticity in terms of thermal adaptations can not

only survive, but also thrive and evolve under harsh tem-

perature conditions, subsequently giving rise to some of the

psychrophiles we see today in polar and alpine environ-

ments (Vincent et al. 2004).

Counting in the cold: unravelling the diversity
of psychrophilic algae

Eukaryotic algae are plastid-bearing protists with complex

(and sometimes convoluted) evolutionary histories, as

reflected by their phylogeny, which spans four of the five

eukaryotic ‘‘supergroups’’ (Keeling 2013) and includes at

least 42,000 species (Guiry and Guiry 2016). Indeed, algae

are ubiquitous in ocean and freshwater ecosystems and

commonly occur in extreme environments, such as deserts,

and even exist as symbionts or parasites. Thus, it is not

surprising that many algae are found in permanently cold

environments, but even so, most species still grow opti-

mally in warm habitats (e.g. psychrotrophs) (Quartino et al.

2005; Komárek and Nedbalová 2007; Kvı́derová 2011; Li

et al. 2016).

The study of psychrophilic algae is in its infancy, and

there are only about 90 confirmed psychrophilic species.

Although new algal species are continuously being iden-

tified in cold environments, data on their optimal and upper

survival temperatures and physiology are usually lacking.

Nevertheless, detailed growth statistics are slowly accu-

mulating for a small but eclectic list of plastid-bearing

psychrophiles (Fig. 1; Online resource 1). Albeit short, this

list includes unicellular and multicellular species and spans

major eukaryotic groups, such as green algae, rhodophytes,

stramenopiles, and dinoflagellates, reinforcing the idea that

psychrophily has evolved (and been lost) multiple times

independently throughout eukaryotic evolution. Determin-

ing the number of times that psychrophilic algae have

arisen is not straightforward. First, there is little informa-

tion on the precise number of psychrophiles within indi-

vidual groups, and the phylogenetic relationships among

psychrophilic species are typically poorly resolved. Sec-

ond, it can be hard to determine whether the shift to cold

tolerance was gained independently in multiple lineages or

whether it represents the ancestral state. That said, given

the small number of psychrophilic species in any given

family, it is unlikely that the condition is ancestral.

Much of our knowledge of psychrophiles comes from

subtidal macroalgae, such as the rhodophyte Palmaria

decipiens, which dominates Antarctic shallow and deep

benthic environments and supports a complex community

of epiphytes, grazers, and decomposers (Becker et al.

2011). Substantial data also exist for various unicells, many

of which are dominant in polar and alpine snowfields, sea

ice, cold-water lakes, and surface transitory ponds (Mor-

gan-Kiss et al. 2006). The diatom Fragilariopsis cylindrus,

for instance, can be found in Arctic and Antarctic seawater

and sea ice and regularly forms large ice-edge blooms

(Mock and Hoch 2005). Similarly, the green alga Ch-

lamydomonas sp. ICE-L is prominent in Antarctic coastal

marine environments, and because of its high lipid content,

it is being studied for potential biofuel production (Mou

et al. 2012).

Genomic technologies have transformed the field of

algal research. Alongside the pioneering genome

sequencing studies of the red alga Cyanidioschyzon

merolae (Matsuzaki et al. 2004) and the green alga C.

Polar Biol (2017) 40:1169–1184 1173

123



reinhardtii (Merchant et al. 2007), many other model and

non-model algae have had their genomes sequenced,

improving our understanding of photosynthesis (Chlorella

variabilis, Blanc et al. 2010), multicellularity (Volvox

carterii, Prochnik et al. 2010; Gonium pectorale, Hanschen

et al. 2016), endosymbiosis (Guillardia theta and Bigelo-

wiella natans, Curtis et al. 2012), carbohydrate and silica

metabolism (Thalassiosira pseudonana; Armbrust et al.

2004), and salt tolerance (Dunaliella salina, early-release

genome, Joint Genome Institute). Although there is not yet

a complete genome sequence from a psychrophilic alga,

various research teams are in the process of developing

one. The United States Department of Energy Joint Gen-

ome Institute has generated draft genome assemblies of the

psychrophilic diatom F. cylindrus and haptophyte P.

antarctica, and draft transcriptome sequences exist for
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Fig. 1 a Tree of eukaryotes highlighting lineages harbouring known

psychrophilic algae (Adapted from Burki 2014). Only major eukary-

otic groups containing plastid-bearing photosynthetic organisms are

shown. The branching pattern does not necessarily represent

relationships between lineages. The dotted lines represent uncertain

relationships and conflicting positions within the tree. b Overview of

the phylogeny of the chlorophytes, showing the core chlorophytes and

major prasinophytes (adapted from Leliaert et al. 2012). In both a and

b, the lineages containing psychrophiles are boxed in [total number of

species/known number of psychrophilic species] *the embryophyte

lineage contains several species that are adapted to permanently cold

environments, such as the Antarctic plants Deschampsia antarctica

(Gramineae) and Colobanthus quitensis (Caryophyllene). These

species, while permanently adapted to the cold, do not fit the

definition of psychrophiles presented in this work and thus are not

included in our discussion
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other cold-adapted algae, many of which were sequenced

as part of the Marine Eukaryotic Transcriptome Sequenc-

ing Project (Keeling et al. 2014).

Researchers are also using environmental sequencing to

characterize algae from cold environments (Bielewicz et al.

2011; Dolhi et al. 2015; Li et al. 2016). Again, the chal-

lenge facing this kind of work is that detailed growth rates

and metabolic data are often lacking, thus preventing

species from being formally categorized as psychrophiles.

In other cases, significant amounts of sequencing and

growth rate data are available from polar algae that,

although living in extremely cold environments, do not

meet the strict definition of psychrophily, as is the case for

the psychrotolerant green alga Coccomyxa subellipsoidea,

which has had its entire genome sequenced (Blanc et al.

2012). Nevertheless, these and other studies are giving

insights into the evolution of psychrophily.

Chlamydomonadalean algae: an icebox of model
psychrophiles

Although plastid-bearing psychrophiles are broadly dis-

tributed across the eukaryotic tree of life (Fig. 1a), certain

lineages appear to have an abundance of cold-adapted taxa.

For instance, the Chlorophyta harbours more than a third of

all confirmed photopsychrophiles, almost all of which (23

species) belong to the order Chlamydomonadales (Fig. 1b;

Online resource 1).

With more than 1700 described species (Guiry and

Guiry 2016), the order Chlamydomonadales has fascinated

evolutionary biologists for decades. Its members span the

gamut of complexity, from unicells (e.g. C. reinhardtii) to

undifferentiated colonies (e.g. G. pectorale) to multicellu-

lar individuals (e.g. V. carteri), providing a unique plat-

form for studying major transitions in evolution (Prochnik

et al. 2010; Hanschen et al. 2016). The group also harbours

non-photosynthetic species (e.g. Polytomella parva) (Fig-

ueroa-Martinez et al. 2015) and a large number of extre-

mophiles, most notably the halophile D. salina and the

acidophiles Dunaliella acidophila and Chlamydomonas

acidophila (Varshney et al. 2015). Chlamydomonadalean

algae are generally easy to collect, cultivate, and manipu-

late, and many species are available from public culture

collections. Most importantly, there is a large arsenal of

genomic and molecular tools that are freely available,

including complete genome and transcriptome sequences

as well as a host of well-described mutants (Umen and

Olson 2012).

Cold-adapted Chlamydomonadales are no less diverse

and represent some of the best-studied photopsychrophiles

to date. These organisms can be found in a number of polar

and alpine environments, such as ice-covered lakes, sea ice,

transitory meltwater ponds, and snowfields. They often

employ common strategies for coping in permanently cold

environments, including the presence of high levels of

polyunsaturated fatty acids in their lipid membranes, cold-

adapted enzymes, and cryoprotectant compounds. These

features can be found in a variety of other photosynthetic

and non-photosynthetic organisms living in the cold and

have been reviewed in detail elsewhere (Morgan-Kiss et al.

2006; Dolhi et al. 2013; Siddiqui et al. 2013; Lyon and

Mock 2014). Certain psychrophilic species, however, are

highly specialized and harbour unique features that help

them survive in their extreme environments, especially

regarding traits related to their photosynthetic machinery.

In the following sections, we highlight a few best-known

chlamydomonadalean psychrophiles and their shared and

unique qualities (Fig. 2).

Chlamydomonas sp. UWO241: the evolution
of a lean, green photopsychrophilic machine

The McMurdo Dry Valleys of Antarctica are home to many

perennially ice-covered lakes, including Lake Bonney,

which is fast becoming one of the leading natural labora-

tories for studying psychrophily. The frozen surface of

Lake Bonney minimizes sediment input and wind-driven

mixing, resulting in a uniquely hermetic and stratified

environment, largely sheltered from human impact. The

organisms living in Lake Bonney, in addition to perpetual

cold, experience prolonged periods of darkness, low annual

levels of photosynthetically active radiation (PAR),

reduced concentrations of inorganic nutrients, and sus-

tained physical and chemical gradients (Morgan-Kiss et al.

2006). Relatively few species can withstand such condi-

tions, and as such, Lake Bonney is characterized by

extremely simplified food webs composed of microorgan-

isms. The key eukaryotic communities are strongly strati-

fied in the water column and dominated by chlorophytes,

cryptomonads, stramenopiles, and haptophytes. These

organisms possess diverse metabolic capabilities (pho-

toautotrophy, mixotrophy, heterotrophy, and/or para-

sitism), which likely contributes to their survival in this

harsh environment (Bielewicz et al. 2011; Li et al. 2016).

The unicellular, biflagellate green alga Chlamydomonas sp.

UWO241 (hereafter UWO241) is one of these organisms.

UWO241 was first isolated more than two decades ago

from the frigid, dark waters of Lake Bonney, 17 metres

below the surface. It was initially identified as Chlamy-

domonas subcaudata based on cell morphology (Neale and

Priscu 1995) and later as Chlamydomonas raudensis based

on gene sequencing (Pocock et al. 2004), but recent studies

have shown that UWO241 is a unique lineage within the

Moewusinia clade of the Chlamydomonadales (Fig. 2;
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Possmayer et al. 2016). In addition to withstanding con-

stantly cold temperatures (*5 �C year round), UWO241 is

exposed to perpetual shading (5 lmol photons m-2 s-1

during midday in summer) and seasonal extremes in pho-

toperiod (e.g. 24-h light during the peak summer), which

are biased towards the blue-green spectrum (450–550 nm).

Lake Bonney is also phosphorus limited and has a high

level of dissolved oxygen (200 % saturation) and high

salinity (0.7 M). Consequently, UWO241 has evolved a

number of unique cellular and physiological features to

cope with the extreme conditions of Lake Bonney, as

discussed previously (Morgan-Kiss et al. 2006; Dolhi et al.

2013) (Online resource 2).

The origin of UWO241 in Lake Bonney is unknown, but

it might be a descendant from a recent marine ancestor:

UWO241 is closely related to the marine alga Chlamy-

domonas parkeae (Possmayer et al. 2016), and Lake

Bonney has experienced marine incursions (Laybourne-

Parry and Pearce 2007). Alternatively, wind could have

carried UWO241 to Lake Bonney during the peak summer

months when the lake’s edges are often melted. In fact,

UWO241 DNA was recovered from a mixed culture grown

from a cyanobacterial mat embedded in Lake Bonney

surface ice (Raymond and Morgan-Kiss 2013). Wherever it

originally came from, UWO241 has undoubtedly under-

gone significant changes since arriving in Lake Bonney.

At first glance, UWO241 looks similar in structure to its

close chlamydomonadalean relatives: it is a 10–15-lm,

biflagellated unicell with a single chloroplast, a basally

located pyrenoid, and a small eyespot (Fig. 3). Closer

inspection, however, reveals a green alga unlike any

other—one that has been shaped by the extraordinary

conditions of Lake Bonney (Fig. 4). For example, UWO

has an unconventional photosynthetic apparatus, tailored to

work best at *8 �C, where it exhibits rates of photosyn-

thesis comparable to those of C. reinhardtii at 25–35 �C.

Phacotinia

Monadinia

Moewusinia

Chloromonadinia

Arenicolinia

Dunaliellinia

Polytominia

Chlorogonia

Stephanospaerinia

Reinhardtinia

Desmotetra

Oogamochlamydinia

Dunaliela salina

Chlamydomonas nivalis
Chloromonas nivalis
Chloromonas pinchiae
Chloromonas rubreolosa
Chloromonas polyptera
Chloromonas sp. ANT1, ANT3

Desmotetra antarctica
Desmotetra aureospora

Chlamydomonas reinhardtii 
Volvox carteri 

Chlamydomonas sp. UWO241
Chlamydomonas sp. ARC

Chlamydomonas moewusii 
Chlamydomonas parkeae
Chlamydomonas acidophila

Psychrophiles Notable  species

Chloromonas reticulata

Chlamydomonas sp. ICE-L 
Chlamydomonas sp. ICE-W Chlamydomonas monadina

Polytoma uvella

Desmoterta stigmatica

Fig. 2 The position of the known psychrophiles in the Chlamy-

domonadales phylogenetic tree in relation to important model species

(adapted from Nakada et al. 2008; Possmayer et al. 2016). Note that

only species with known phylogenetic relationships are included. The

three best-studied psychrophilic species described in this review

(Chlamydomonas sp. UWO241; Chlamydomonas sp. ICE-L; Chlamy-

domonas nivalis) are highlighted with a black arrow

1176 Polar Biol (2017) 40:1169–1184

123



Moreover, because it can rapidly repair photosystem II

reaction centres, UWO241 can avoid photoinhibition at

low temperatures. UWO241 can also shift from predomi-

nantly motile single cells at low temperatures to non-motile

palmelloid colonies upon exposure to higher temperatures

(Pocock et al. 2007).

Among the many unconventional features of UWO241

is its inability to undergo photosynthetic state transitions

Fig. 3 Electron micrographs of UWO241 grown under laboratory-

controlled conditions (8�C/20 lmol photons m-2 s-1) showing a

single cell (a) and a non-motile palmelloid (b). P pyrenoid,

C chloroplast, N nucleus, G, Golgi apparatus, M mitochondrion,

F flagellum. Scale bars 1.0 lm (Pocock et al. 2004)

General

Specific 

Cold-adapted enzymes 
Membrane lipid composition    

Ice binding proteins 
Cryoprotectants

Antifreeze proteins

Chloroplast lipid and fatty acid composition
Antioxidants 
Mixotrophy

Psychrophilic organisms

Psychrophilic algae

Chlamydomonas sp. UWO241

High PSI cyclic electron transport
Inability to grow under red light

Lacks state transitions
High PSII:PSI ratio

Fig. 4 A hierarchy of characteristics found in psychrophilic organ-

isms. General features are found in most psychrophiles from different

taxa and can be considered universal adaptations to permanently cold

temperatures. These include changes in the membrane composition to

increase its fluidity, the presence of cold-adapted proteins, ice-binding

proteins, antifreeze proteins, and cryoprotectants. In addition to these

features, psychrophilic algae exhibit adaptations related to their

photosynthetic lifestyle, such as chloroplast membrane composition,

increased levels of antioxidants, and a mixotrophic lifestyle. Note that

some of these survival strategies are also found in organisms living in

different harsh environments (i.e. low nutrient stress, Zubkov and

Tarran 2008). Finally, it can be expected that individual species will

develop a set of unique characteristics due to their specific habitat.

UWO241, for instance, has adapted to the environment in Lake

Bonney which resulted in the appearance of unique characteristics,

such as the lack of state transitions, increased PSI cyclic electron

flow, and the inability to grow under red light. We currently do not

know whether these characteristics are caused by cold temperatures,

the specific light environment that this organism has adapted to, high

salinity, or by a combination of multiple factors
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(i.e. state 1–state 2 transitions), which balance the energy

distribution between photosystems I and II (PSI and PSII)

(Morgan-Kiss et al. 2002a). Algae regulate the light-har-

vesting capacities of the two photosystems to optimize rates

of photosynthetic electron flow. This regulation, which is

mediated by the cytochrome b6/f complex and triggered by

changes in the redox status of the photosynthetic electron

transport chain, results in the reversible phosphorylation of

light-harvesting complex II (LHCII) polypeptides and their

physical shuttling from PSII to PSI (Rochaix 2014).

UWO241 is unique among all natural photosynthetic

organisms studied to date, in that it is permanently locked

in State 1 and is unable to reversibly shift to State 2

(Morgan-Kiss et al. 2006). The basis for this unorthodox

form of photosynthesis is unknown, but likely linked to the

photosynthetic machinery of UWO241. The cytochrome f

protein (the largest subunit of the cytochrome b6/f com-

plex) from UWO241 has subtle yet important differences

in its primary amino acid sequence as compared to its C.

reinhardtii counterpart, particularly in the small domain,

which can impact the enzymes’ molecular structure and

physical properties. Nevertheless, complementation of the

UWO241 gene for cytochrome f (petA) in a C. reinhardtii

background did not prevent state transitions in this model

organism (Gudynaite-Savitch et al. 2006). UWO241 does,

however, phosphorylate a novel PsbP-like protein associ-

ated with the PSI cytochrome b6/f supercomplex rather

than LHCII polypeptides—a strategy that appears to reg-

ulate cyclic electron flow around PSI. It is therefore pos-

sible that instead of state transitions, UWO241 achieves

optimal rates of photosynthesis via PSI cyclic electron

transport (Szyszka-Mroz et al. 2015). It is not yet known

whether the lack of state transitions and the induction of

PSI electron flow in UWO241 is an adaptation to perma-

nently low temperatures or a trait that has developed in

response to other stimuli, such as the precarious availability

of sunlight and/or high salt concentrations.

In addition to coping with low temperatures, UWO241

has to survive the austral winter. Polar algae have devel-

oped different strategies for withstanding sustained dark-

ness, such as mixotrophy, cyst formation, breakdown of

carbohydrate storage molecules, and/or changes to their

photosynthetic machinery (Lyon and Mock 2014). The

psychrophilic seaweed Gigartina skottsbergii (Wiencke

1990), for instance, grows whenever light conditions are

favourable. Conversely, UWO241 and other polar algae

have a seasonal growth pattern, likely regulated by pho-

toperiod (Morgan-Kiss et al. 2016). The population size of

UWO241 in Lake Bonney plummets in early austral winter

and then starts to increase in late winter, reaching its

maximum level in austral spring, thus allowing the alga to

enter the short summer season with an actively growing

population (Morgan-Kiss et al. 2006).

A recent study transplanted UWO241 laboratory cultures

to the water column of Lake Bonney (Morgan-Kiss et al.

2016) and revealed that during the shift to darkness there

was a reduction in the expression of photosynthetic genes

and a decline in the fixation of inorganic carbon. This

suggests that in the dark UWO241 undergoes a cascade of

physiological and molecular alterations to the photosyn-

thetic apparatus, which can quickly be reversed when light

becomes available again. For instance, the light-harvesting

antenna in UWO241 could shift from an energy dissipation-

protective mechanism in winter to an efficient light energy

transfer mechanism in summer (Morgan-Kiss et al. 2016).

This is in line with data from other photopsychrophiles

showing that in darkness the photosynthetic apparatus is

kept in a downregulated but functional form (Baldisserotto

et al. 2005), which can be rapidly reactivated by sunlight.

Such a strategy would presumably be advantageous in polar

environments where the growing season is short. Alterna-

tively, UWO241 could undergo a dormant stage as is seen in

other polar Chlamydomonadales. For example, the snow

alga Chloromonas nivalis produces zygotes late into the

growing season, which have a deep red colour due to car-

otenoid accumulation and thick cell walls resistant to harsh

conditions (Remias et al. 2010b). Unfortunately, few stud-

ies have examined the survival strategies of polar algae to

prolonged darkness, and more work is needed to understand

this intriguing topic.

Chlamydomonas nivalis: evolution under a bright
spotlight

Alpine and polar snowfields are harsh environments char-

acterized by low temperatures, extremely high light levels

(up to 5000 lmol photons m-2 s-1), intense UV radiation,

and frequent freeze–thaw cycles. Yet, there are rich and

metabolically active microbial communities within snow-

fields (Brown et al. 2015). ‘‘Coloured snow’’ is the

macroscopic expression of massive algal blooms composed

of hundreds of chlorophytes, mainly from the genera Ch-

lamydomonas and Chloromonas (Hoham and Duval 2001).

One of the best-known snow algae is Chlamydomonas

nivalis, which causes the well-documented phenomenon of

‘‘watermelon snow’’—red, sweet-smelling patches of snow

on exposed snowfields at high altitudes. The cells that make

up ‘‘watermelon snow’’ are typically non-motile, red

spheroids with a thick cell wall. Although these red cells

were originally described as a separate species, it was

recently recognized that they are the diploid zygotic stage of

the green alga Chlamydomonas nivalis, which has a com-

plex life cycle. During warmer summer season, these

zygotes undergo meiosis and produce green, motile, and

haploid offspring that can multiply asexually. The green
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motile stage is short-lived, susceptible to freezing damage

(Bidigare et al. 1993), and produces a new zygote late in the

growing season, which can withstand winter freezing

(Müller et al. 1998). This switch from an active, mobile

stage to a dormant stage is a common strategy for surviving

unfavourable conditions and has been described for other

psychrophilic species, including Chloromonas nivalis

(Remias et al. 2010b), as well as for prasinophytes (Daug-

bjerg et al. 2000) and dinoflagellates (Flaim et al. 2010).

Originally thought to be a cosmopolitan psychrophile

found in polar and alpine snowfields worldwide, Chlamy-

domonas nivalis and related Chloromonas species form a

closely knit collective of taxa, which are part of the larger

Chloromonadinia clade of the Chlamydomonadales (Fig. 2).

Recent molecular sequencing studies have shown that iso-

lates of these algae from different geographical locations

represent closely related but distinct lineages (Matsuzaki

et al. 2015), comprised of both psychrophiles and psy-

chrotrophs (Lukeš et al. 2014). The presence of cold-adapted

and cold-tolerant species within the same small group pro-

vides an excellent system for studying the emergence of

psychrophily, both evolutionarily and physiologically.

A conspicuous feature of Chlamydomonas nivalis and its

sister species is the abundance of the red secondary pig-

ment astaxanthin (Remias et al. 2005). This keto-car-

otenoid and its esterified derivatives are present at low

levels during the green motile life stages, but accumulate at

high levels in cytoplasmic lipid bodies as the cells mature

into resting spores (Řezanka et al. 2013; Remias et al.

2016). The physiological role of astaxanthin in these algae

is multifold: it prevents photoinhibition and UV damage by

protecting the chloroplast from excessive light, likely acts

as a powerful antioxidant, and is a metabolic sink for the

non-dividing yet metabolically active spores (Remias et al.

2010a, 2016). Although it provides protection from high

light, astaxanthin is not unique to snow algae and can be

found in high concentrations in other species. For instance,

the pathways involved in astaxanthin synthesis have been

well defined in the cosmopolitan chlamydomonadalean

Haematococcus pluvialis (Lemoine and Schoefs 2010),

which has been isolated from various habitats worldwide,

including the Arctic (Klochkova et al. 2013). In H. pluvi-

alis, astaxanthin accumulation is regulated by ROS and the

chloroplast redox state, but it is not yet known whether a

similar regulation mechanism exists in snow algae.

Chlamydomonas sp. ICE-L: at the forefront
of molecular studies on psychrophiles

Since it was first isolated from floating marine ice near the

Antarctic coast (Liu et al. 2006a), Chlamydomonas sp.

ICE-L has been a leading system for studying the

molecular biology of psychrophiles. Research on this alga

has led to novel methods for isolating protoplasts (Liu et al.

2006b), preparing cDNA libraries (Wu et al. 2010),

expressing cold-adapted proteins (Liu et al. 2011), and

validating housekeeping genes for real-time PCR (Liu et al.

2012; Mou et al. 2015). C. sp ICE-L has also become an

attractive target for biofuel production (Mou et al. 2012)

and is a promising candidate for space research (Gao et al.

2013) because it can withstand hyper-gravitational stress.

C. sp ICE-W belongs to the Monadina clade of the

Chlamydomonadales (Fig. 2), and closely related organ-

isms have been detected in other Antarctic locations such

as ice-covered lakes (Li et al. 2016) and cyanobacterial

mats collected from freshwater systems (Jungblut et al.

2012). Researchers are currently trying to understand how

this psychrophile can survive the harsh conditions in

floating ice. For instance, Wang et al. (2015) showed that

in C. sp ICE-L primary nitrogen metabolism is tightly

regulated by light exposure, suggesting that this is a

strategy for surviving continuous light in summer and

sustained darkness in winter. Similarly, Mou et al. (2013)

suggested that C. sp ICE-L protects its photosynthetic

apparatus during periods of high light by dissipating

light energy via a highly inducible non-photochemical

quenching (NPQ) mechanism.

C. sp. ICE-L can also synthesize large quantities of

polyunsaturated fatty acids (PUFAs), which increase the

fluidity of its cell and chloroplast membranes. High levels

of PUFAs have been found in a wide diversity of polar

algae (Becker et al. 2011; Lyon and Mock 2014), including

UWO241 (Morgan-Kiss et al. 2002b). The importance of

PUFAs in photosynthetic and non-photosynthetic psy-

chrophiles has been previously recognized (Siddiqui et al.

2013), but researchers are only just beginning to locate the

genes for PUFA synthesis in cold-adapted algae. Tran-

scriptomic analyses uncovered five fatty acid desaturases

(FADs) in C. sp. ICE-L (Zhang et al. 2011; An et al.

2013a). Three of these transcripts (all omega-3 FADs) were

found to be of vital importance for low-temperature

acclimation because their expression increased with

decreasing temperatures and coincided with the accumu-

lation of lipids and fatty acids. These three FADs were also

induced under hypersaline conditions (An et al. 2013b),

demonstrating that increased levels of PUFAs are vital not

only under temperature stress, but also under salinity stress.

FAD genes have also been found in UWO241 (Dolhi et al.

2013) and are particularly abundant in the genome of the

psychrotroph C. subellipsoidea (Blanc et al. 2012). A

global transcriptomic study of C. sp. ICE-L showed that

FAD genes, as well as genes encoding molecular chaper-

ones and membrane transport proteins, have high levels of

sequence identity to genes present in psychrophilic

Antarctic bacteria (Liu et al. 2016). Thus, C. sp. ICE-L
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might have acquired bacterial FADs via horizontal gene

transfer. Eukaryotic gene acquisition from prokaryotes is

believed to be a driving force for evolution in extreme

environments (Schönknecht et al. 2014) and is the possi-

bility of the mechanism through which UWO241 and other

psychrophiles acquired genes for ice-binding proteins

(Raymond and Kim 2012; Raymond and Morgan-Kiss

2013; Raymond 2014). Future analysis of these gene

sequences will help elucidate the origins of lipid metabo-

lism in psychrophilic algae.

Adaptations or genetic drift?

Although many aspects of psychrophily are poorly under-

stood, it is clear that it is a complex collection of traits and,

thus, challenging to understand from an evolutionary

standpoint. The study of distantly related psychrophiles

(Siddiqui et al. 2013) has shown that psychrophily requires

the combination of several traits, such as enzymes that

function at low temperatures, increased membrane fluidity,

and antifreeze compounds. However, our understanding of

psychrophily is largely shaped from studies on bacteria and

invertebrates, and the field as a whole is still in infancy,

especially regarding photosynthesises at cold temperatures.

Data on polar and alpine algae are slowly accumulating,

providing a glimpse into the complex evolutionary patterns

that govern psychrophily in photosynthetic species.

Although detailed information for individual species is

often limited, broadscale analyses are revealing common

traits between diverse psychrophilic taxa. This, in turn, will

help researchers understand which traits for cold tolerance

are more easily acquired than others and whether they are

acquired in a particular order.

As demonstrated above, closely related chlamydomon-

adalean psychrophiles exist in environments with extre-

mely high light (e.g. C. nivalis) as well as those exposed to

extreme shade and/or sustained darkness (e.g. UWO241).

Although it is tempting to link the various physiological

traits of these species with natural selection, one cannot

ignore the effects of nonadaptive (i.e. neutral) processes,

such as random genetic drift, recombination, and mutation,

in shaping the physiological make-up of these organisms.

Non-adaptive processes might be especially important for

species with small population sizes, such as those existing

in highly confined ecosystems. For instance, certain per-

manently ice-covered lakes in the Antarctic have been cut

off from the atmosphere and other water bodies for thou-

sands of years (Laybourne-Parry and Pearce 2007),

including the lake from which UWO241 was isolated. As

already mentioned, UWO241 is the only known green alga

that lacks state transitions. Unlike UWO241, the psy-

chrophilic trebouxiophyte Chlorella sp. BI isolated from an

Antarctic transitory pond can dynamically regulate energy

distribution between PSI and PSII (Morgan-Kiss et al.

2008). The lack of state transitions in UWO241 and its

potential dependence on cyclic electron flow around PSI

could simply be a consequence of neutral or slightly

deleterious mutations being fixed by random genetic drift

(Lynch 2007). Indeed, other novel evolutionary features of

chlamydomonadalean algae, including the origins of mul-

ticellularity within this group, are believed to have arisen

through nonadaptive evolution (Libby and Ratcliff 2014).

Life at the edge: future work

The origins and evolution of life in extreme environments

has always intrigued scientists. Although the Earth abounds

with extremophiles, including psychrophiles, few are cur-

rently used as model research organisms. Consequently, we

know relatively little about the genetic and physiological

features that allow species to endure what often appears to

be the unendurable. Psychrophiles epitomize the existence

of life at the edge. Today, with rapid climate change upon

us, studying species that thrive under such severe condi-

tions is more important than ever. In contrast to the study

of model organisms, the study of non-model extremophiles

has the potential to provide novel insights into mechanisms

by which evolution can overcome the constraints imposed

by extreme environmental conditions. Since the polar

regions have been and will continue to be impacted by

changing climate (IPCC 2007), organisms living life at the

edge represent important biological markers for monitoring

the impacts of climate change on biodiversity. Garnering

information on the biodiversity and physiology of micro-

bial primary producers and defining their role in the mak-

ing and recycling of organic matter have been defined as

priorities for polar science in the next decades (Kennicutt II

and Chown 2014; Xavier et al. 2016).

Chlamydomonadalean algae as a group are ideal models

for studying psychrophily, especially since they harbour

several well-studied psychrophilic species, such as

UWO241, C. nivalis, and C. sp. ICE-L. These algae are

excellently placed for comparative investigations with

photosynthetic, non-photosynthetic, and psychrophilic

algae. The next logical step is to obtain complete genome

and transcriptome sequences of these psychrophiles and

compare them to those from other Chlamydomonadales.

Comparative genomics of a ‘‘true’’ psychrophile with those

from closely related mesophiles should reveal how photo-

synthetic algae function under extreme conditions. Key

questions that could be answered include: What is the gene

composition of a psychrophilic alga and how does it

compare to its mesophilic counterparts? Are there unique

genes or pathways present or absent from psychrophiles?

1180 Polar Biol (2017) 40:1169–1184

123



Other interesting avenues will be the comparison between

closely related psychrophiles and psychrotrophs, such as

comparisons between different strains of the snow alga

Chlamydomonas nivalis (Lukeš et al. 2014). Exploring the

loss of the ability to survive at mesophilic temperatures

will give further insights into the evolution of psy-

chrophily. Finally, we illustrated that psychrophiles origi-

nating from different habitats show a remarkable diversity

in their adaptive characteristics despite their close phylo-

genetic relationships. Comparing such species will allow us

to explore not only the evolution of psychrophily, but also

some of the fundamental mechanisms of how stressful

environments shape the genetic and physiological make-up

of photosynthetic organisms. Addressing these and similar

topics will surely improve our understanding of polar

bioenergetics, metabolic fluxes, and the input that psy-

chrophilic algae have on global biochemical processes.

However, exposing the complexities of psychrophilic

algae will require much more than genome sequencing and

bioinformatics. Detailed and sophisticated bench work will

be needed to unravel the mysteries surrounding the lack of

state transitions in UWO241, for example, or how so many

photopsychrophiles can survive prolonged darkness. Pop-

ulation genetic analyses and mutation rate estimates of

psychrophiles will be particularly interesting and could

help researchers understand the evolutionary origins—be

they adaptive or non-adaptive—of the various psy-

chrophilic traits.
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Kvı́derová J (2011) Research on cryosestic communities in Svalbard:

the snow alga of temporary snowfields in Petuniabukta, Central

Svalbard. Czech Polar Rep 2:8–19

Laybourne-Parry J, Pearce DA (2007) The biodiversity and ecology

of Antarctic lakes: models for evolution. Philos Trans R Soc

Lond B 362:2273–2289

Leliaert F, Smith DR, Moreau H, Herron MD, Verbruggen H,

Delwiche CF, De Clerck O (2012) Phylogeny and molecular

evolution of the green algae. Crit Rev Plant Sci 31:1–46

Lemoine Y, Schoefs B (2010) Secondary ketocarotenoid astaxanthin

biosynthesis in algae: a multifunctional response to stress.

Photosynth Res 106:155–177

Li W, Podar M, Morgan-Kiss RM (2016) Ultrastructural and single-

cell-level characterization reveals metabolic diversity in micro-

bial eukaryote community from an ice-covered Antarctic lake.

Appl Environ Microbiol 82:3659–3670

Libby E, Ratcliff WC (2014) Ratcheting the evolution of multicel-

lularity. Science 346:426–427

1182 Polar Biol (2017) 40:1169–1184

123

http://dx.doi.org/10.3389/fmicb.2014.00646
http://www.algaebase.org
http://www.algaebase.org
http://dx.doi.org/10.1038/ncomms11370
http://dx.doi.org/10.1371/journal.pbio.1001889


Liu C, Huang XH, Wang XL, Zhang XC, Li GY (2006a) Phylogenetic

studies on two strains of Antarctic ice algae based on morpho-

logical and molecular characteristics. Phycologia 45:190–198

Liu S, Liu C, Huang X, Chai Y, Cong B (2006b) Optimization of

parameters for isolation of protoplasts from the antarctic sea ice

alga Chlamydomonas sp. ICE-L. J Appl Phycol 18:783–786

Liu Y, Ding Y, Jian J-C, Wu Z-H, Miao J-L (2011) Prokaryotic

expression and its conditional optimization of glutathione

reductase gene of antarctic Chlamydomonas sp. ICE-L. Oceanol

Limnol Sin 42:817–821

Liu C, Wu G, Huang X, Liu S, Cong B (2012) Validation of

housekeeping genes for gene expression studies in an ice alga

Chlamydomonas during freezing acclimation. Extremophiles

16:419–425

Liu C, Wang X, Wang X, Sun X (2016) Acclimation of Antarctic

Chlamydomonas to the sea-ice environment: a transcriptomic

analysis. Extremophiles 20:437–450
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Newsted WJ, Hüner NPA (1987) Major sclerotial polypeptides of

psychrophilic fungi: temperature regulation of in vivo synthesis

in vegetative hyphae. Can J Bot 66:1755–1761
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