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A B S T R A C T   

The persistent low temperature that characterize polar habitats combined with the requirement for light for all 
photoautotrophs creates a conundrum. The absorption of too much light at low temperature can cause an energy 
imbalance that decreases photosynthetic performance that has a negative impact on growth and can affect long- 
term survival. The goal of this review is to survey the mechanism(s) by which polar photoautotrophs maintain 
cellular energy balance, that is, photostasis to overcome the potential for cellular energy imbalance in their low 
temperature environments. Photopsychrophiles are photosynthetic organisms that are obligately adapted to low 
temperature (0⁰- 15 ◦C) but usually die at higher temperatures (≥20 ◦C). In contrast, photopsychrotolerant 
species can usually tolerate and survive a broad range of temperatures (5⁰- 40 ◦C). First, we summarize the basic 
concepts of excess excitation energy, energy balance, photoprotection and photostasis and their importance to 
survival in polar habitats. Second, we compare the photoprotective mechanisms that underlie photostasis and 
survival in aquatic cyanobacteria and green algae as well as terrestrial Antarctic and Arctic plants. We show that 
polar photopsychrophilic and photopsychrotolerant organisms attain energy balance at low temperature either 
through a regulated reduction in the efficiency of light absorption or through enhanced capacity to consume 
photosynthetic electrons by the induction of O2 as an alternative electron acceptor. Finally, we compare the 
published genomes of three photopsychrophilic and one photopsychrotolerant alga with five mesophilic green 
algae including the model green alga, Chlamydomonas reinhardtii. We relate our genomic analyses to photo
protective mechanisms that contribute to the potential attainment of photostasis. Finally, we discuss how the 
observed genomic redundancy in photopsychrophilic genomes may confer energy balance, photoprotection and 
resilience to their harsh polar environment. Primary production in aquatic, Antarctic and Arctic environments is 
dependent on diverse algal and cyanobacterial communities. Although mosses and lichens dominate the Ant
arctic terrestrial landscape, only two extant angiosperms exist in the Antarctic. The identification of a single 
‘molecular key’ to unravel adaptation of photopsychrophily and photopsychrotolerance remains elusive. Since 
these photoautotrophs represent excellent biomarkers to assess the impact of global warming on polar ecosys
tems, increased study of these polar photoautotrophs remains essential.   

1. Introduction 

A surprise to many people is the fact that Earth can generally be 

considered a cold place. Oceans cover about 70% of the Earth’s surface 
with temperatures ≤5 ◦C, the north and south polar regions of the Arctic 

and Antarctic respectively together constitute approximately 20%, and 
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finally, the mountainous, alpine regions of Asia, Europe, North and 
South America constitute another 5% of the Earth’s surface (Casanueva 
et al., 2010). The extreme environments of the terrestrial and aquatic 
habitats in polar regions provide an exceptional opportunity to explore 
the basis of adaptation to extreme environments (Chown et al., 2015; 
Priscu et al., 1998; Bielewicz et al., 2011; Morgan-Kiss, 2006; Baker
mans, 2012; Yumoto, 2013; Zakhia et al., 2008; Vincent, 2000, 2007; 
Dolhi et al., 2013; Kennicutt et al. 2014, 2015; Xavier et al., 2016). 

Although persistent low temperature is a predominate characteristic 
of Antarctic and Arctic environments, this may be coupled with pre
dictable variation in light intensities and annual photoperiod as well as 
altered salt and nutrient levels depending on the specific polar habitat. 
The combination of extreme low temperature combined with variations 
in light can result in the absorption of light that exceeds the capacity of 
photosynthesis to utilize this energy (Ort, 2001). This results in cellular 
energy imbalances that can limit photosynthetic performance, growth 
and survival (Hüner et al. 1998, 2003, 2016; Kramer and Evans, 2011). 
Adaptation of photoautotrophs to a polar environment must compensate 
for the potential energy imbalances experienced by living in a low 
temperature environment. Thus, non-model biological species endemic 
to natural, seemingly inhospitable Antarctic and Arctic ecosystems al
lows one to preview the evolution of individuals and populations that 
have survived and adapted to life under these extreme conditions 
(Kennicutt et al. 2014, 2015; Xavier et al., 2016; Grossman, 2021). 
Primary production in perpetually cold Antarctic and Arctic environ
ments is largely dependent on aquatic, micro- and macroalgae that 
inhabit diverse aquatic habitats that include the water column below 
perennially ice-covered lakes such as Lake Bonney, Antarctica (Biele
wicz et al., 2011; Morgan-Kiss et al., 2006; Priscu et al., 1998; Chrismas 
et al., 2015), meltwater pools of the McMurdo ice shelf (Sutherland 

et al., 2020), sea ice (Arrigo, 1997; Thomas and Dieckmann, 2002; Liu 
et al., 2006; Zhang et al., 2019), coastal waters (Wiencke and Hop, 
2016) and snowfields (Rogers, 2007; Morgan-Kiss et al., 2006; Zhang 
et al., 2019). Species diversity of these aquatic photoautotrophs is rich 
and includes rotifers, ciliates, phytoplankton, bacteria, and viruses 
(Bielewicz et al., 2011; Morgan-Kiss et al., 2006; Priscu et al., 1998). 
Despite the diversity of aquatic protists and micro-organisms, they 
represent some of the least studied organisms in one of the most 
important ecosystems on Earth (Kennicutt, 2014, 2015; Xavier, 2016; 
Priscu, 1998; Rogers, 2007; Bielewicz, 2011; Morgan-Kiss et al., 2006; 
Cvetkovska et al., 2017). In contrast to the biodiversity of aquatic or
ganisms, the diversity of terrestrial polar plant populations is more 
restricted and dominated by mosses and lichens (Chown et al., 2015). 
There are only two angiosperms endemic to the Antarctic peninsula, 
Colobanthus quitensis (Kunth) Bartl., a dicot (Supplementary Fig. 1A) and 
Deschampsia antarctica Desv., a monocot (Supplementary Fig. 1B) (Bravo 
et al., 2001; Bravo and Griffith, 2005). 

Psychrophiles are obligately adapted to cold climates and usually 
have optimal growth temperatures of ≤15 ◦C and typically do not sur
vive temperatures exceeding 18◦- 20 ◦C (Morita, 1975). Heterotrophic 
psychrophiles include the Bacteria and Archeae as well as eukaryotic 
species such as yeast and fungi. Photospychrophiles, a term first intro
duced by Morgan-Kiss et al. (2008), are distinguishable from all het
erotrophic psychrophiles by their dependence on the process of 
photosynthesis and their use sunlight as their external energy source. In 
contrast to photopsychrophiles, organisms that exhibit maximum 
growth rates at ≥ 20 ◦C but can also acclimate, grow and survive at low 
temperatures (0◦–5 ◦C) are considered to be cold tolerant, that is, either 
psychrotolerant (Morita, 1975) or photopsychrotolerant. However, 
other terms frequently found in the cold tolerance literature associated 

Abbreviations 

AFP anti-freeze proteins 
C carbon 
CBB Calvin-Benson-Bassham cycle 
CEF photosystem I cyclic electron flow 
C-169 Antarctic isolate of Coccomyxa subellipsoidea 
Chl chlorophyll 
chlL, chlN, chlB genes involved in Chl biosynthesis 
Cytb6f cytochrome b6/f complex 
dN/dS nonsynonymous to synonymous substitution rates 
DPOR light-independent protochlorophyllide oxidoreductase 
EEE excessive excitation energy 
Ek the light intensity at which the rate of photosynthetic 

electron transport matches the turnover of the electron 
sinks 

Fd ferredoxin 
HGT horizontal gene transfer 
HSDs highly similar gene duplicates 
IBPs ice-binding proteins 
ICE-L, ICE- MVD, ICE-W, isolates of the Antarctic psychrophile 

Chlamydomonas sp. ICE 
ITS internal transcribed spacer DNA 
LEF linear electron flow 
LHCI light harvesting complex associated with photosystem I 
LHCII light harvesting complex associated with photosystem II 
Lhca polypeptide of the family of light harvesting proteins 

associated with LHCI 
Lhcb polypeptide of the family of light harvesting proteins 

associated with LHCII 
LPOR light-dependent protochlorophyllide oxidoreductase 
n the number metabolic sinks that consume photosynthetic 

electrons 
N nitrogen 
NPQ nonphotocheimical quenching 
petA gene encoding cytochrome f 
PETC photosynthetic electron transport chain 
petF gene encoding the major form of ferredoxin; pmf; proton 

motive force 
PQ plasoquinone 
PQH2 plastoquinol 
PSI photosystem I 
PSII photosystem II 
PsaN gene encoding the N-subunit of photosystem I 
psbA gene encoding the D1 photosystem II reaction centre 

polypeptide; 
Psb-P, subunit of the photosystem I-cytochrome b6f 

supercomplex 
rbcL, gene encoding the large subunit of Rubisco 
RCC2488 isolate of the Arctic psychrophile, Chlamydomonas sp. 
RCC2488 ROS, reactive oxygen species 
S sulfur 
SAG49.72 strain of Chlamydomonas raudensis 
σPSII the absorptive cross section of photosystem II 
Stt7, Stl1 genes encoding thylakoid protein kinases in 

Chlamydomonas reinhardtii 
STN7, STN8 genes encoding thylakoid protein kinases in Arabidopsis 

thaliana 
SDS-PAGE sodium dodecylsulfate polyacrylamide gel 

electrophoresis 
τ the turnover of electron sinks 
TE transposable elements 
UWO241 isolate of the Antarctic psychrophile, Chlamydomonas sp. 

UWO241  
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with macroalgae, invertebrates and fish include ‘stenotherm’ and ‘eur
ytherm’ (Bligh and Johnson, 1973). The former represents organisms 
that can grow and survive only over a narrow temperature range in 
contrast to eurythermal organisms that exhibit growth and survival over 
a broad temperature range. Based on these definitions, psychrophiles 
and photopsychrophiles are stenotherms while psychrotolerant and 
photopsychrotolerant organisms are eurytherms. A more detailed dis
cussion of this issue can be found in the recent review by Cvetkovska 
et al. (2017). 

The study of organisms from extreme polar environments gives us a 
glimpse of the phenotypic plasticity, and hence the resilience, that is 
possible due to long-term evolution under extreme environments. A goal 
of this review is to illustrate how the study of non-model, polar, aquatic 
and terrestrial photosynthetic species, in contrast to model photoauto
trophs such as Chlamydomonas reinhardtii and Arabidopsis thaliana, pro
vide evidence of what is not only biologically feasible but also 
biologically possible through the slow but inexorable process of evolu
tion in polar environments. For example, using a video camera that 
provided access to the surface of a boulder located more than 1 km 
below the surface of the Antarctic Filchner Ice Shelf, Griffiths et al. 
(2021), discovered a benthic community of apparently filter-feeding 
organisms including sponges. Incredibly, this sessile community was 
estimated to be between 624 and 1500 km from the nearest photosyn
thetic region! (Griffiths et al., 2021). Furthermore, Planococcus hal
ocryophilus strain Or1, a bacterium isolated from the Arctic permafrost, 
has been reported to grow and survive at the lowest temperature (− 15 
◦C) of any biological organism to date and remains metabolically active 
at temperatures as low as − 25 ◦C while frozen in permafrost (Mykytczuk 
et al., 2013). Clearly, the polar regions continue to provide surprising 
examples of what is evolutionarily possible for life at the edge (Jackson 
et al., 2021; Sommers et al., 2017). Thus, research on cold adapted polar 
species can provide unprecedented insights into the evolution and 
adaptation over the past 100M years to harsh, extreme environments 
(Rogers, 2007). More important, these polar habitats exhibit the greatest 
global warming due to climate change. Thus, the status and biodiversity 
of these polar species are excellent biological markers for the assessment 
of the impacts of global warming associated with climate change 
(Gooseff et al., 2017; Obryk et al., 2016; Neukermans et al., 2018; 
Terrado et al., 2013). 

The second law of thermodynamics dictates that a constant flux of 
energy from the environment is an absolute requirement to sustain life 
on Earth by maximizing available free energy while minimizing entropy 
(Schroedinger, 1947; Atkins, 2010; England, 2020). Thus, Schroedinger 
(1947) concluded that life in general may be defined as ‘negative en
tropy’. Photosynthesis is the process that provides access to a relatively 
constant and reliable external energy source in the form of sunlight, 
either directly, in the case of photoautotrophs, or indirectly for all other 
forms of heterotrophic life on our planet through their diet of photo
synthetic organisms (Nelson, 2011). The goals of this review are to, first, 
summarize the basic concepts of energy balance and photostasis; second, 
to compare the photoprotective mechanisms that underlie the attain
ment of energy balance (Hüner et al. 1998, 2003; Petrou et al. 2010, 
2011; Kramer and Evans, 2011) and survival in aquatic cyanobacteria 
and green algae as well as terrestrial Antarctic (mosses, lichens and 
angiosperms) and Arctic plants (angiosperms and conifers); third, to 
compare the published genomes of 3 photosychrophilic and one pho
topsychrotolerant species with 5 mesophilic species including the model 
green alga, Chlamydomonas reinhardtii, to gain insights into evidence for 
adaptation at the genomic level. We suggest that the attainment of 
photostasis through photoprotective mechanisms combined with 
genomic redundancy may confer resilience to the harsh polar 
environment. 

2. Photostasis and energy balance 

The oxygenic, photoautotrophic lifestyle of cyanobacteria and 

chloroplasts of green algae and terrestrial plants absorb light by the 
photosynthetic pigments bound to light harvesting pigment-protein 
complexes. Subsequently, energy is transferred to photosystem I (PSI) 
and photosystem II (PSII) reaction centres where photochemical 
oxidation of P700 and P680 respectively convert the absorbed energy 
into electrons (see legend to Fig. 1 for details). The light harvesting 
complexes present in the thylakoid membranes of cyanobacteria are rod- 
like structures called phycobilisomes and are localized on the surfaces of 
the thylakoid membranes (Fig. 1A). Chloroplasts of green algae and 
terrestrial plants originated through successive rounds of endosymbiosis 
resulting in the fusion of a cyanobacterium and a eukaryotic hetero
trophic host to produce the first photoautotrophic eukaryotic cell 
(Sagan, 1967; Gray, 2017). In contrast to cyanobacteria, the light har
vesting complexes (LHCII and LHCI) of chloroplasts are integral thyla
koid membrane pigment-protein complexes (Fig. 1B). 

The very rapid, temperature-insensitive photobiophysical processes 
of light absorption and energy transfer associated with the light har
vesting complexes coupled to the photochemistry associated with PSI 
and PSII reaction centres are integrated with the much slower and highly 
temperature-sensitive, redox reactions associated with the intersystem 
photosynthetic electron transport chain (PETC) and the soluble enzymes 
of the Calvin-Benson-Bassham Cycle (CBB) which utilize the photosyn
thetic reductant, NADPH, and ATP to reduce C, N and S required either 
for energy storage or for growth, development and reproduction (see 
legend Fig. 1 for details). Thus, a major challenge for all photoauto
trophs endemic to the polar regions is to balance the energy flux of 
absorbed photons from the Sun with the energy consumed (NADPH and 
ATP) through enzyme-catalyzed metabolism for growth, development 
and reproduction in an extremely inhospitable, and thermodynamically 
challenging environment (Hüner et al. 1998, 2003; Petrou et al. 2010, 
2011; Kramer and Evans, 2011). The maintenance of such cellular en
ergy balance in photoautotrophs is called photostasis (Melis, 1998; 
Hüner et al., 2003; Hollis and Hüner, 2014). Falkowski and co-workers 
(Durnford and Falkowski, 1997; Falkowski and Chen, 2003) have shown 
that the following relationship (equation (1)) reflects the balance be
tween energy acquired through the rapid photobiophysical and photo
chemical processes versus energy consumed through slower, 
photosynthetic and respiratory carbon metabolism:  

(σPSII) (Ek)=n (τ− 1)                                                                         (1) 

where σPSII is the absorptive cross section of PSII, n is the number 
metabolic sinks that consume photosynthetic electrons, τ− 1 is the 
turnover of these electron sinks and Ek is the light intensity at which the 
rate of photosynthetic electron transport matches the turnover of the 
metabolic electron sinks (see legend to Fig. 2 for details). Consequently, 
exposure to low temperature can mimic the effects of high light exposure 
such that either condition can lead to absorbed excitation energy that 
exceeds the requirement for photosynthetic CO2 assimilation (Hüner 
et al. 1998, 2003) Exposure to excessive excitation energy (EEE) (Kar
pinski et al., 1999) will result in an imbalance in energy flux such that  

(σPSII) (Ek) > n (τ− 1)                                                                       (2) 

Such an imbalance can be detected as an increase in excitation 
pressure measured as the relative reduction state of the PETC 
(Ensminger et al., 2006; Hüner et al., 2003). As discussed in detail 
below, the maintenance of photostasis may involve the regulation of 
energy transfer from light harvesting complexes to reaction centers, the 
regulation of electron flow through linear (LEF) versus cyclic electron 
pathways (CEF) or the use of alternative electron acceptors such as O2 
rather than CO2 (Fig. 1A and B). In addition to the regulation of 
photochemistry itself, mechanisms have evolved that govern the parti
tioning of energy between photochemical versus nonphotochemical 
pathways (Fig. 2). Nonphotochemical pathways dissipate EEE safely as 
heat either via the PSII light harvesting antenna or via PSII reaction 
centers (Fig. 2). This affects σPSII either through adjustments in the 
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physical size of the light harvesting complexes through photosynthetic 
redox regulation of the expression and accumulation of light harvesting 
polypeptides in photosynthetic eukaryotes or the polypeptides of the 
phycobilisomes of cyanobacteria. Alternatively, the functional size of the 
light harvesting complexes can be adjusted by the induction of the 
xanthophyll cycle in plants and green algae which enhances the safe 
dissipation of EEE as heat through nonphotochemical quenching pro
cesses (NPQ) (Demmig-Adams and Adams, 1996; Horton and Ruban, 

2005) (Fig. 2). The cost of these photoprotective mechanisms is 
decreased photosynthetic efficiency. The benefits include enhanced 
probability of survival usually associated with an impressive phenotypic 
plasticity as a consequence of the changes in pigmentation associated 
with short-term acclimation and long-term adaptation of photosynthetic 
organisms to EEE (Hüner et al. 1998, 2003, 2016; Ensminger et al., 
2006; Verhoeven, 2014). Thus, regulation of photochemistry through 
electron flow (Fig. 1A and B) as well as energy partitioning (Fig. 2) help 

Fig. 1. Schematic representations of linear photosynthetic electron flow (LEF), PSIdriven cyclic electron flow (CEF) and alternative electron flow (AEF) pathways in 
cyanobacteria (A) and higher plants/green algae (B) thylakoid membranes. During growth and development under optimal conditions the plastoquinone (PQ) pool 
remains preferentially oxidized because the rate of consumption of photosynthetic electrons through major metabolic sinks such as carbon fixing reactions in the 
Calvin–Benson–Bassham (CBB) cycle, as well as, N and S reduction keeps pace with the rate at which PSII undergoes charge separation to reduce the PQ pool. In 
cyanobacteria and chloroplasts, PSI and PSII are linked in series by an intersystem photosynthetic electron transport chain (PETC) consisting of coupled redox 
carriers, plastoquinone (PQ), the cytochrome b6/f complex and plastocyanin (PC), all localized within the plane of the thylakoid membrane (Fig. 1A and B). Co
ordination of these events results in the production of the strongest oxidizing agent in nature associated with PSII (P680+) with the concomitant production of O2 
and the strongest reducing agent in nature (reduced Fd) as a consequence of the photooxidation of P700 to P700+ and the storage of reductant in the form of NADPH 
coupled to the generation of a proton motive force (pmf) which the chloroplast ATPase converts into ATP (Hopkins and Huner, 2009). The photosynthetic reductant 
and ATP are consumed in CO2 fixation by the Calvin-Benson-Bassham cycle (Fig. 1). Under normal conditions, linear photosynthetic electron flow (LEF, dark blue 
solid arrows) from PSII (water splitting) to PSI (NADP + generation) dominates, although additional PSI cyclic electron flow (CEF, blue dashed lines) and alternative 
electron transport pathways (gray dashed arrows) may also be induced. When under various environmental stress conditions such as low temperature, the rate of 
electron consumption governed by the metabolic sink capacity of the CBB-cycle may be insufficient to consume all of the photochemically-generated electrons. 
Consequently, the excess photosynthetic electrons are diverted at ferredoxin (Fd) serving as the major electron distribution hub, and re-circulated by NDH and 
FQR-dependent PSI-driven CEFs and/or safely utilized through oxygen-dependent electron sinks by PTOX- and/or FLVs-alternative electron pathways. Regulation of 
the circulation of electron flow contributes to the protection of the photosynthetic apparatus from photodamage due to exposure to excess excitation energy (EEE). 
PSII, photosystem II; PSI, photosystem I; PQ, plastoquinone pool; Cytb6/f; cytochrome b6/f complex; PTOX, plastid terminal oxidase; PC, plastocyanin; Cyt oxidase; 
cytochrome oxidase; Fd, ferredoxin; NDH, NADPH dehydrogenase; FNR, ferredoxin-NADP + reductase; FLVs, flavodiuron proteins. 
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to attain photostasis and protect of the photosynthetic apparatus from 
potential photodamage due to exposure to EEE in extreme environments 
(Fig. 3). 

A major challenge for all terrestrial plants and aquatic micro- 
organisms endemic to the polar regions is the maintenance of photo
stasis (Fig. 3) which includes restructuring and reorganization of 
photosynthetic apparatus governed by redox retrograde signalling to 
regulate the expression of photosynthetic nuclear genes in plants and 
algae (Pfannschmidt, 2003; Pfannschmidt and Yang, 2012; Nott et al., 
2006; Jung and Chory, 2010; Woodson and Chory, 2008; Hollis and 
Hüner, 2014). Similarly, the redox status of the PETC of cyanobacteria 
(Fig. 1A) governs the remodelling of their photosynthetic apparatus in 
response to changes in light, temperature and nutrient status (Fujita 
et al., 1994; Bhaya et al., 2000; Grossman et al., 2010; Vincent, 2007; 
Zakhia et al., 2008). Exposure to EEE may result in photoinhibition of 
photosynthesis. Chronic photoinhibition normally leads to damage to 
PSII reaction centres and is only slowly reversible due to the require
ment for resynthesis of damaged PSII reaction centre polypeptide, D1 
(psbA). In contrast, dynamic photoinhibition is considered photo
protective, is rapidly reversible involving nonphotochemical quenching 
processes (Fig. 2) associated either with light harvesting antenna com
plexes or PSII reaction centres (Aro et al., 1993; Hüner et al., 1993; 
Osmond, 1994; Long et al., 1994; Adams III and Demmig-Adams, 1993; 
Demmig-Adams and Adams III, 1996; Ivanov et al., 2003; Verhoeven, 
2014; Melis, 1999; Oquist et al., 1992; Ȍ;quist and Hüner, 2003; Murata 
et al., 2007). Interestingly, exposure to EEE under extreme environ
ments does not appear to be restricted photoautotrophs. Coleine et al. 
(2020) recently reported that the heterotrophic microbial diversity and 

abundance localized to the endolithic surfaces of rocks on the ice-free 
land surfaces of the Antarctic are also extremely sensitive to light 
exposure (Coleine et al., 2020). 

Psychrophiles and photopsychrophiles are excellent biological sys
tems to elucidate the physiological, biochemical and molecular bases for 

Fig. 2. A model of PSII illustrating the possible fates of absorbed light 
energy. In vivo Chla fluorescence (red arrow) is a powerful research tool to 
assess the fates of light energy in the process of photosynthesis (Schreiber et al., 
1986; Maxwell and Johnson, 2000; Krause and Weis, 1991; Kramer et al., 2004; 
Hendrickson et al., 2004; Baker, 2008). At room temperature, the major site 
from which room temperature Chl fluorescence emanates is PSII as illustrated 
in Fig. 2. PSII is a multi-subunit pigment-protein complex. PSII Chla-binding 
reaction center polypeptides include D1 and D2 that bind the P680 Chla re
action centre Chl. The family of light harvesting polypeptides in bright green 
include Lhcb1, 2, 3,4,5 and 6. The oxygen evolving complex polypeptides 
(grey) on the lumen side of the thylakoid membrane. Polypeptides B (CP47), C 
(CP43), BE, F, H, I, J, K, L, M, N, and X represent the PSII core complex. Light is 
initially absorbed by the light harvest complex and the energy transferred to the 
PSII reaction centre. This induces PSII reaction center photochemistry resulting 
in the oxidation of P680 to P680+ + e. The electron (e) is subsequently 
transferred via Pheo, QA, QB, to the thylakoid plastoquinone pool and the 
intersystem electron transport chain (see Fig. 1B) and ultimately consumed in 
the reduction of CO2 by the stromal Calvin-Benson-Bassham Cycle (see Fig. 1B). 
In turn, P680+ is reduced back to P680 through the oxygen evolving complex 
situated on the lumen side which oxidizes water and releases O2 plus protons 
that contribute to the thylakoid proton gradient for the biosynthesis of ATP 
(see Fig. 1B). 

Fig. 3. Schematic illustration of the concept of photostasis and energy balance. 
Photostasis is achieved through the balance of energy flow from sources to sinks 
where σPSII is the effective absorption cross-section of PSII, Ek is the irradiance 
(I) at which the maximum photosynthetic quantum yield balances photosyn
thetic capacity (estimated from a photosynthetic light response curve) and τ-1 
is the rate at which photosynthetic electrons are consumed by a terminal 
electron acceptor such as CO2 under light-saturated conditions. An imbalance 
between energy absorbed versus energy utilized will occur whenever the rate at 
which the energy absorbed through PSII and the rate at which electrons are 
injected into photosynthetic electron transport exceeds the rate of temperature- 
dependent metabolism (that is, whenever σPSII x Ek > n τ-1). Such an imbal
ance can be generated either by exposure to high growth irradiance that ex
ceeds Ek at a given σPSII (red arrow) or by exposure to low growth temperature 
at a constant irradiance whereby σPSII x Ek > τ-1 because of the temperature- 
dependent decrease in τ-1 (blue arrow). Adjustments of photosynthesis to 
balance the flow of energy and to obtain photostasis can either occur via an 
increase in the rate of enzymatic metabolic reactions or by increasing the 
concentration of enzymes controlling the metabolic sinks (n). Alternatively, 
energy balance can be attained by decreasing the efficiency of light harvesting 
of energy and its conversion to electrons in the PETC (green arrows). The size of 
the yellow circles are intended to illustrate the relative rates at the level of 
photosynthetic electron transport source (σPSII x Ek) versus the rates of 
metabolism (n τ-1). Reproduced from Ensminger et al. (2006). 

N.P.A. Hüner et al.                                                                                                                                                                                                                             



Journal of Plant Physiology 268 (2022) 153557

6

adaptation to extreme low temperature environments (Siddiqui and 
Cavicchioli, 2006; Siddiqui et al., 2013; Morgan-Kiss et al. 2006, 2008; 
Cvetkovska et al., 2017). Furthermore, it has been suggested that psy
chrophiles from extreme environments such as the McMurdo Dry Val
leys (Morgan-Kiss, 2006; Wynn-Williams, 2000) may extend our insights 
into exobiology, that is, the possibilities for life on other planets (Priscu 
et al., 1998; Wynn-Williams, 2000). More important, photoautotrophs 
that flourish in the Earth’s cold environments fix a significant proportion 
of the total CO2 in our biosphere, and consequently, contribute sub
stantially to the mitigation of global climate change (Lyon and Mock, 
2014). 

3. Photostasis and photosynthetic adaptation to polar life 

Cold adaptation to polar terrestrial and aquatic environments is 
typically focussed on heterotrophic prokaryotes and animals. Hence, 
much of the scientific literature on molecular adaptation to extreme 
environments is biased towards animals and heterotrophic micro- 
organisms (Hochachka and Somero, 2002; Feller and Gerday, 1997; 

Feller and Gerday, 2003; D’Amico et al., 2006; Collins et al., 2008; 
Somero, 2004; Hochachka and Somero, 1973; Kashefi and Lovley, 2003; 
Rainer, 2000; Pinney et al., 2021). Since terrestrial plants, green algae 
and cyanobacteria are photoautotrophic, adaptation to life in cold, polar 
environments is unique and necessarily more complex than that of an
imals and other heterotrophic organisms because of their photosynthetic 
nature and their requirement to maintain photostasis (Hüner et al. 1998, 
2011, 2016; Ensminger et al., 2006). 

Antarctic photoautrophic biodiversity is more diverse than one may 
expect (Chown et al., 2015). Microbes represent the largest proportion 
of the Earth’s biomass and they also dominate the cold, polar, aquatic 
environments of the Antarctic and Arctic regions (Mock et al., 2014). It 
has been estimated that the North Atlantic, above 30◦N, and the 
Southern Ocean, below 50◦S, account for 32% of the global anthropo
genic CO2 inventory which makes these polar aquatic basins major sinks 
for the sequestration of atmospheric CO2 (Sabine et al., 2004) and 
consequently are important components that govern global carbon 
balance and moderate the impact of climate change on the biosphere. 
We have restricted this review to cold adaptation of micro- and 

Fig. 4. Image of a snow and ice-covered lake located in the Taylor Dry Valleys. (Top) Map illustrating Antarctica and the positions of Lake Bonney where Chla
mydomonas sp UWO241 and Chlamydomonas ICE-MDV were isolated and the Zhongshan site where Chlamydomonas ICE-L was isolated. 
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macro-photosynthetic organisms as well as terrestrial plants. Since we 
can not cover all aspects of cold adaptation of plants to polar environ
ments, we direct the reader to several excellent books (Whitton and 
Potts, 2000; Margesin et al., 2008; Vincent, 2007; Seckbach, 2007) and 
reviews (Morgan-Kiss et al., 2006; Dolhi et al., 2013; Vincent, 2000, 
2007; Zakhia et al., 2008; Priscu et al., 1998; Mock and Thomas, 2008; 
Lyon and Mock, 2014; Kennicutt et al. 2014, 2015; Xavier et al., 2016) 
that have been published on adaptation of eukaryotic and prokaryotic 
organisms to polar environments. Below, we summarize the major 
photosynthetic adaptations that contribute to photoprotection, the 
maintenance of photostasis and adaptation of photopsychrophilic uni
cellular green algae, as well as photopsychrotolerant cyanobacteria, 
macroalgae and terrestrial plants to Antarctic and Arctic environments. 

3.1. Permanently ice-covered lakes - a model photopsychrophilic green 
alga 

Chlamydomonas sp. UWO241 isolated from Lake Bonney, Antarctica 
(Fig. 4) was originally named Chlamydomonas subcaudata (Morgan et al., 
1998; Gudynaite-Savitch et al. 2006, 2007) which was subsequently 
changed to Chlamydomonas raudensis UWO241 (Pocock et al., 2004). 
However, RAPD analyses (Gupta, 2013) combined with independent 
re-sequencing of nuclear rDNA (18S and 28S) and the plastid-encoded 
large subunit of Rubisco (rbcL), confirmed that UWO241 is a distinct 
species from SAG49.72 positioned in the Moewusinia clade of the 
Chlamydomonadales. Henceforth, this Antarctic photopsychrophile was 

renamed Chlamydomonas sp. UWO241 (Possmayer et al., 2016). Most 
recently, UWO241 has been renamed Chlamydomonas priscuii. 

UWO241 can exist either as a single, biflagellate, motile cell (Fig. 5a, 
b, d, f) or as a collection of 4–16 individual cells called a palmelloid 
enclosed by a limiting membrane (Fig. 5c,d,e). The growth data (Fig. 5A 
and B) confirm that UWO241 is photopsychrophilic since it does not 
grow above 20 ◦C but is resilient to light levels that are at least 5-fold 
higher than the natural light levels of Lake Bonney. Furthermore, 
shifting UWO241 from a permissive growth temperature of 10 ◦C to a 
non-permissive growth temperature of 24 ◦C causes cell death over time 
as measured by SYTOX-Green staining (Fig. 5). Interestingly, UWO241 
was more sensitive to cell death at 24 ◦C in the light than in the dark at 
24 ◦C supporting the role of light and photostasis as critical determinants 
for the survival from stress of this photopsychrophile (Fig. 5). 

UWO241 maintains a comparable energy balance as that of a mes
ophile albeit under drastically different thermodynamic constraints 
(Szyszka et al., 2007). As discussed below, we suggest that is partly 
accounted for by the reorganization of the structure of the photosyn
thetic apparatus of UWO241 relative to the model mesophile 
C. reinhardtii (Szyszka-Mroz, 2015, 2019). The reorganization of the 
photosynthetic apparatus in UWO241 is illustrated by comparing the 
77K fluorescence emission spectra and thylakoid polypeptides of 
UWO241 with those of the mesophile C. reinhardtii (Fig. 6). As expected, 
the mesophile exhibits two major emission bands: one at about 685nm 
associated with PSII and another at about 715nm associated with PSI. In 
contrast, UWO241 consistently exhibits a very distinctive 77K emission 

Fig. 5. Light and transmission electron micrographs of UWO241. (a) Light microscopic image of UWO24. (b and c) Images of a biflagellate, single cell (b) and a 
multicellular palmelloid (c). (d, e, f) TEM cross-section of s single cell. (e), a palmelloid and (f) flagella of UWO241. (A) Growth temperature response of UWO241. 
(B) Light response curve for the growth rate of UWO241. (C) The effects of a temperature shift on the viability of UWO241 based on Sytox- Green fluores
cence staining. 
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spectrum characterized by the absence of the prominent PSI emission 
band even though PSI is present and functional (Kalra et al., 2020; 
Morgan et al., 1998; Morgan-Kiss et al., 2005; Szyszka-Mroz et al. 2015, 
2019; Cook et al., 2019). This novel 77K fluorescence emission spectrum 
can be accounted for, at least in part, by the following: (1) a reduction 
and/or absence of 7 of the 11 Lhca polypeptides normally associated 
with PSI (Morgan et al., 1998); (2) the presence of a novel PSI-Cytb6/f 
supercomplex (Fig. 7) which appears to be important in the regulation 
of cyclic electron flow around PSI (CEF) (Kalra et al., 2020; Szysz
ka-Mroz et al., 2015) and (3) a major reorganization in the distribution 
of PSI-LHCI and PSII-LHCII complexes within thylakoid membranes 
based on digitonin fraction experiments combined with immunoblot 
analyses (Szyszka-Mroz et al., 2019), and last, an unusually low Chla/b 
ratio of 1.8–2.0 (Morgan et al., 1998). Typically plants and green algae 
exhibit a Chla/b ratio of about 3.0 when grown under optimal condi
tions (Hopkins and Hüner, 1999). We note with interest that a photo
psychrophilic, Arctic isolate (Chlamydomonas sp. RCC2488) exhibits 
comparable 77K emission spectra to that of UWO241 (Fig. 6). Further 
research is required to determine whether the Arctic photopsychrophile 
exhibits a similar reorganization of its photosynthetic apparatus as re
ported for UWO241. 

State transitions are essential for the maintenance of photostasis and 
photoprotection during acclimation to a fluctuating light environment 
for all known green algae and terrestrial plants (Supplementary Fig. 3). 
The molecular mechanism is governed by the reversible 

phosphorylation of LHCII that is regulated by the thylakoid protein ki
nases, Stt7 and Stl1, in C. reinhardtii and by STN7 and STN8, in Arabi
dopsis thaliana (Rochaix, 2014; Wunder et al., 2013; Pesaresi et al., 
2011). These protein kinases sense excitation pressure, that is, the 
reduction state of the intersystem PETC (Allen et al., 1981; Oxborough 
et al., 1987; Allen, 1992; Bennett, 1991; Zer and Ohad, 2003). An 
enhanced reduction state of the intersystem PETC induces the phos
phorylation of a mobile population of LHCII. This results in the disen
gagement of phosphorylated LHCII from PSII and its subsequent 
migration in the plane of the thylakoid membrane to become physically 
associated with PSI (Supplementary Fig. 3). Thus, state transitions 
represent a mechanism to modulate the energy distribution between 
PSII and PSI in a co-ordinated manner under fluctuating light conditions 
for photoprotection from EEE and attempts to maintain photostasis by 
adjusting σPSII to maximize rates of photosynthetic electron transport 
and CO2 assimilation. 

Since UWO241 exits in a relatively constant but low light environ
ment conditions during 6 months of austral summer (Morgan-Kiss et al., 
2006), is the capacity for short-term state transitions essential for the 
survival of UWO241 in Lake Bonney? UWO241 consistently fails to 
exhibit classic state transitions assessed as a change in the ratio of the 
PSII/PSI emission bands in 77K fluorescence emission spectra regardless 
of conditions used to induce them (Fig. 8) (Morgan-Kiss et al. 2001, 
2005; Szyszka et al., 2007; Szyszka-Mroz et al., 2019; Gudynaite-Sa
vitch, 2006, 2007; Kalra and Morgan-Kiss, unpublished). This is a novel 

Fig. 6. Fluorescence emission spectra of the 
photosynthetic apparatus of Chlamydomonas 
reinhardtii, Chlamydomonas sp UWO241 and 
Chlamydomonas sp RCC2488. (A) Growth curves 
of Arctic isolate, Chlamydomonas sp RCC2488. 
(B) 77K fluorescence emission spectra of the 
mesophile, Chlamydomonas reinhardti (solid red), 
the Antarctic psychrophile, Chlamydomonas sp 
UWO241 and the Arctic psychrophile, Chlamy
domonas sp RCC2488. (C) Light microscopic im
ages of UWO241 and RCC2488.   
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feature of this photopsychrophile even though it is able to maintain high 
rates of photosynthesis at low growth temperature (Pocock et al., 2007). 
The lack of state transitions in UWO241 was correlated with an unusual 
Cytf/b6 complex in which the Cyt f is 7kD smaller than that of 
C. reinhardtii based on SDS-PAGE despite the fact that both proteins 
show 79% identity in amino acid sequence and are of comparable 
calculated molecular masses based on the gene sequences for petA. 
Furthermore, the photopsychrophilic form of Cyt f was less heat stable 
than that of C. reinhardtii (Gudynaite-Savitch et al., 2006). It was hy
pothesized that the inability to undergo state transitions in UWO241 was 
due to the presence of its unique Cyt f. However, the C. reinhardtii ΔpetA 
mutant transformed with petA from UWO241 retained the capacity to 
undergo state transitions comparable to WT indicating that the novel 
Cyt f of UWO241 did not explain the inability of UWO241 to undergo 

classic state transitions Gudynaite-Savitch (2006); Gudynaite-Savitch 
(2007). Thus, it appears that a capacity for photoprotection through 
classic short-term state transitions is not essential for the survival of 
UWO241 in Lake Bonney. 

The photopsychrophilic chlorophyte, Chlorella sp. strain BI was iso
lated from a pond on the Ross Ice Shelf near Bratina Island, Antarctica 
(Fig. 4). Phylogenetic analyses placed this strain in the Chlorella clade 
(Morgan-Kiss et al., 2008). However, unlike UWO241, Chlorella sp. 
strain BI exhibits the capacity for classic short-term state transitions as 
does the photopsychrophile, Chlamydomonas ICE-MVD (Fig. 8). Clearly, 
the absence of short-term state transitions are not prerequisites for 
photopsychrophily in eukaryotic algae. This may reflect the very 
different habitats and ecosystems occupied by UWO241, Chlorella sp. 
strain BI and Chlamydomonas ICE-MVD. 

Fig. 7. Model illustrating the organization of UWO241 PSI-Cytb6/f supercomplex. (TOP). Model of the typical organization of the eukaryotic PETC illustrating 
normal linear electron flow (LEF) and other proteins of the chloroplast thylakoid membrane. In LEF, photons absorbed by the light harvesting complex (LHCII) are 
transferred to the photosystem II reaction centre which results in the photo-oxidation of P680 to P680+ + e. P680+ is reduced back to P680 by the oxidation of water 
and the release of oxygen. Electrons obtained from the photo-oxidation of photosystem II are transferred to plastocyanin (PC) via the plastoquinone pool (PQ) and the 
Cytb6f complex. Light absorbed by the light harvesting complex of photosystem I (LHCI) is transferred to the photosystem I reaction centre which results in the 
photo-oxidation of P700 to P700+ + e. This electron is used to reduce NADP + to NADPH via ferredoxin (Fd)- FNR complex and consumed to fix CO2 via the Calvin- 
Benson-Bassham cycle. LEF generates a proton motive force (pmf) across the thylakoid membrane consumed by the chloroplast ATP synthase complex (grey box) to 
generate the ATP required for CO2 fixation by the Calvin-Benson-Bassham cycle in the stroma. (BOTTOM) Proposed model illustrating the reorganization of PETC 
and PSI of UWO241 into a PSI-Cytb6f-supercomplex. The PSI-Cytb6f supercomplex stimulates cyclic electron flow (CEF) via Fd, the PQ pool, and PC and around PSI 
which regulates the distribution of reductant between pmf (solid black arrows) for CO2 fixation by the Calvin-Benson-Bassham cycle (broken black arrow). P il
lustrates the protein phosphorylation sites detected in the PsbPlike and the FtSH subunits of UWO241–PSI-Cytb6f supercomplex. NDPK3, PsbP-like protein, HSP70, 
heat shock protein 70, FtSH, ATP-dependent Zn-metlloprotease; ATP translocase. All subunits illustrated in the model were identified after purification of the PSI- 
Cytb6/f supercomplex initially by sucrose density centrifugation followed by 2D IEF-SDS-PAGE and the subsequent identification of individual polypeptides by liquid 
chromatography-IEF-nanotandem mass spectrometry (Szyszka-Mroz et al., 2015). 
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Nevertheless, we were surprised to discover that despite the inability 
to undergo classic state transitions, the UWO241 genome and proteome 
clearly exhibit the presence of Stt7 and Stl1 (Szyszka-Mroz et al., 2019; 
Zhang et al., 2021). Consistent with adaptation to its low temperature 
environment, the extent of thylakoid protein phosphorylation in 
UWO241 was highest at 5 ◦C but was inhibited at 25 ◦C whereas the 
opposite was observed for the mesophile, C. reinhardtii (Szyszka-Mroz 
et al., 2019). The kinase domain of the UWO241 Stt7 (Fig. 9) exhibited 
significant structural alterations which were interpreted to indicate its 
predisposition to function maximally at low temperature and exhibit 
minimal sensitivity to the known protein kinase inhibitor, staur
osporine, compared to that of C. reinhardtii (Szyszka-Mroz et al., 2019). 
Furthermore, the complement of light harvesting polypeptides and PSII 
core polypeptdes phosphorylated was distinct in UWO241 compared to 
C. reinhardtii. In addition, UWO241 exhibited novel phosphorylation 
sites including distinct subunits of the PSI-Cytf/b6 supercomplex not 
observed in the mesophile. Furthermore, the phosphorylation status of 
these subunits combined with the requirement for high salt governed the 
stability of the PSI-Cytf/b6 supercomplex and the rates of CEF in 
UWO241 (Szyszka-Mroz et al., 2019; Kalra et al., 2020). UWO241 
Stt7/Stl1 kinases are examples of membrane-associated, cold-adapted, 
enzymes that function optimally at cold temperatures but are inhibited 
at high temperatures (Aquist et al., 2017). Hepworth et al. (2021) sug
gest that the novel PSI-supercomplexes observed in green algae such as 
C. reinhardtii (Takahashi et al., 2013; Iwai et al., 2010) and UWO241 
(Szyszka-Mroz et al., 2019; Kalra et al., 2020) may govern the ratio of 
CEF/LEF in green algae (Fig. 1B). Thus, the structure and function of the 
PSI-Cytf/b6 supercomplex as well as the cold adapted properties of the 
UWO241 Stt7/Stl1 kinases appear to be important in the manitenance of 
photostasis in UWO241 by regulating the ratio of CEF/LEF. Whether this 

is true of all photopsychrophiles has yet to be determined. 
Fig. 1 illustrates the important role of photosynthetic ferredoxins 

(Fd) in governing the distribution of electrons from PSI to various 
essential metabolic sinks in cyanobacteria, green algae and plants 
(Knaff, 1996; McKay et al., 1999; Boehm et al., 2015; Schorsch et al., 
2018). Recently, a global interaction Fd network was identified for 
C. reinhardtii providing myriad putative roles for this protein in redox 
metabolism, carbohydrate modification, fatty acid biosynthesis, 
hydrogen production, nitrogen and sulfur metabolism, state transitions, 
and dark anoxia (Peden et al., 2013). PETF (Fd1) represents about 98% 
of all transcribed Fd genes in C. reinhardtii (Terauchi et al., 2009). 
However, ferredoxin from UWO241 is adapted to function in cold en
vironments (Cvetkovska et al., 2018) since the purified enzyme exhibi
ted highest structural stability and activity at 10 ◦C but is more labile at 
temperatures greater than 40 ◦C than that of C. reinhardtii. Tran
scriptome as well as polypeptide analyses indicated that, in contrast to 
other photoautotrophs, UWO241 expressed and accumulated two forms 
of Fd: Fd-1A and Fd-1B (Cvetkovska et al., 2018). Genomic comparisons 
of UWO241 Fd-1A and Fd-1B with 21 other Fd from green algae, di
atoms, terrestrial plants and cyanobacteria indicated that all Fd were 
highly conserved at the primary protein sequence (Fig. 10). The pre
dicted amino acid sequence indicated that the mesophilic C. reinhardtii 
and the photopsychrophilic UWO241 Fd differed by 11 amino acids 
which occur in regions distant from the active site and involved in Fe 
binding and protein-protein interactions (Fig. 10). It is interesting to 
note that such differences in predicted amino acid sequences can lead to 
such significant differences in temperature stability and activity. 
Although these observations for Fd in UWO241 are consistent with those 
of other psychrophilic as well as thermophillic enzymes examined to 
date (Feller and Gerday, 2003; D’Amico et al., 2006; Aquist et al., 2017; 
Rainer, 2000; Pinney et al., 2021) the precise molecular mechanism that 
underly these properties remains an enigma. However, it may, in part, 
reflect epistatic effects of amino acid residues (Starr and Thornton, 
2016). Thus, UWO241 Fd-1 is unique among psychrophilic proteins 
since it appears not only to exhibit enhanced activity and structural 
stability at low temperature, it also accumulates to levels twice that 
observed for Fd1 in mesophilic C. reinhardtii. This combination of 
increased τ− 1 and increased “n” for UWO Fd-1 may contribute to the 
higher capacity for photosynthetic electron transport and the mainte
nance of photostasis under its natural cold environment by enhancing 
sink capacity as estimated by n (τ− 1). 

In addition to adaptation to constant light levels during austral 
summer, UWO241 is also adapted to 6 months of darkness during austral 
winter. UWO241 exhibits a shade-adapted state and maintains normal 
Chl levels during the dark austral winter months (Morgan-Kiss et al. 
2006, 2015). This is unusual since most terrestrial plants become etio
lated when exposed to prolonged darkness (Nemhauser and Chory, 
2009). Despite being adapted to seasonal, prolonged darkness, UWO241 
is able to maintain high levels of Chl a and Chl b during the austral 

Fig. 8. Low temperature (77K) fluorescence spectra of the three different Chlamydomonas spp. under state I and state II conditions. Cultures were grown in Bold’s 
Basal media at their respective optimal temperatures (Photopsychrophiles (UWO241 and ICE-MDV) at 8 ◦C and mesophile C. reinhardtii at 23 ◦C). State transitions 
were induced using chemical inhibitors DCMU (State I, solid line) and FCCP (State II, dashed line) as described before (Iwai et al., 2010). Low temperature fluo
rescence spectra (Chl a) were recorded for each strain and condition. Fluorescence values are shown as relative fluorescence units (R.F.U). PSII and PSI fluorescence 
maxima are at 685 nm and 715 nm, respectively. During transition to state 2, PSI fluorescence increases due to migration of LHCII towards PSI. UWO241 (A); 
ICE-MDV (B); C.reinhardtii (C). 

Fig. 9. Predicted 3-D structures of Stt7 kinase domains in C. reinhardtii (A) and 
UWO241 (B). The important domains in each case are shown in red and 
highlighted with a black arrow. The critical residues that differ between 
C. reinhardtii and UWO241 are shown in yellow and labeled. 
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winter period (Morgan-Kiss et al., 2015). We note with interest that the 
diatom, Phaeodactylum tricornutum, grown under control temperatures 
also maintains a functional photosynthetic apparatus during exposure to 
dark periods coupled with rapid recovery upon re-illumination (Nymark 
et al. 2013). 

A rate-limiting step in chlorophyll biosynthesis in eukaryotic pho
toautotrophs is the conversion of protochlorophyllide to chlorophyllide. 
LPOR is the light-dependent and DPOR is the dark-independent proto
chlorophyllide oxidoreductase that catalyzes this reaction (Reinbothe 
and Reinbothe, 1996). However, the three genes (chlL, chlN, and chlB) 
that encode DPOR are absent not only from the UWO241 genome but 
also absent from its plastome and mitochondrial genome (Cvetkovska 
et al., 2019). In contrast, two other duplicated genes, GUN4 and CAO 
that govern Chl biosynthesis and retrograde signalling (Chory and Wu, 
2001; Nott et al., 2006; Tanaka and Tanaka, 2007) are present in the 
genome of UWO241. Thus, it appears that UWO241 does have a func
tional Chl biosynthetic pathway that is totally dependent on LPOR but 
has lost DPOR even though this alga is exposed to prolonged annual 
seasonal darkness. 

How can this astonishing conundrum be rationalized? At 17m below 
the bottom of the ice cover where UWO241 was isolated, Lake Bonney 
exhibits extremely high O2 concentrations (Morgan-Kiss et al., 2006). 
DPOR is very sensitive to O2 concentrations due the presence of an 
essential Fe–S cluster which is not present in LPOR. Consequently, we 
hypothesize that the evolutionary elimination of DPOR from UWO241 
would not result in a deleterious effect on UWO241. This may explain 
the absence of chlL, chlN, or chlB genes in UWO241 (Cvetkovska et al., 
2019). To validate this hypothesis with respect O2 concentrations and 
the absence of DPOR, more phototrophs from Lake Bonney must be 
examined. Furthermore, the mechanism by which UWO241 represses 
the process of etiolation in the dark and maintain normal Chl levels has 
yet to be elucidated. 

What physiological and biochemical adaptations allow UWO241 to 
persist through such a prolonged dark period? To address this question, 
an exquisite field experiment was performed by Morgan-Kiss and col
leagues (2015) in which laboratory cultures of UWO241 placed in 
dialysis bags containing water from Lake Bonney were transferred back 
into Lake Bonney and suspended at a depth of 17 m to allow the 

Fig. 10. A. Comparative gene organization of ferredoxin in Chlamydomonas reinhardtii and Chlamydomonas sp UWO241. (A) Graphical representation of the gene 
structure of photosynthetic ferredoxin genes in the psychrophile Chlamydomonas sp. UWO241 and the mesophile Chlamydomonas reinhardtii. In all cases, the non
coding intron sequences are shown in white and sequentially numbered, while the protein coding exon sequences are shown in color (orange for C. reinhardtii, and 
blue for UWO241). Both the full gene and the concatenated exonic sequences are shown, demonstrating the difference in gene structure between the two organisms. 
(B) Comparative 3-D structures of ferredoxin based on genome sequence data of Chlamydomonas reinhardtii and Chlamydomonas sp UWO241. Predicted tertiary 
structure of the two ferredoxin (Fd) isoforms from Chlamydomonas sp. UWO241 (Fd-1A in red; Fd-1B in black) superimposed on the structure of photosynthetic Fd 
(PETF) from Chlamydomonas reinhardtii (blue). The structure of C. reinhardtii PETF was obtained from PDB (ID: 2mh7). Fd-1A and Fd- 1B were modeled based on 
homologous proteins using the PHYRE2 Engine. The positions of the conserved cysteine residues involved in coordination of the [2Fe–2S] cluster are labeled and 
highlighted in yellow. The residues that are different between sequences are labeled and highlighted in green. 
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photopsychrophile to respond to the natural light, temperature and 
dissolved ions of Lake Bonney. Physiological and molecular analyses of 
the transplanted UWO241 cultures were compared with the natural 
phytoplankton community of Lake Bonney during a period of 6-weeks 
during the natural transition from the light period of austral summer 
to the darkness of austral winter (Morgan-Kiss et al., 2015). During this 
transition, the UWO monocultures ceased CO2 fixation with a concom
itant down-regulation of the Rubisco gene, rbcL, as well as the gene 
encoding the PSII reaction centre polypeptide, psbA. These trends were 
matched in the natural phytoplankton community of Lake Bonney 
(Morgan-Kiss et al., 2015). It was concluded that the transplanted cul
tures of UWO241 shifted from a light-adapted state to a shade-adapted 
state during the transition to polar night. This is consistent with the 
previously proposed model for dark adaptation in this polar alga 
(Morgan-Kiss et al. 2006, 2015; Mock and Thomas, 2008). The processes 
involved in the reactivation and the induction of photosynthesis in the 
transition from the darkness of austral winter to the light conditions of 
austral summer to maintain photostasis remain to be elucidated. A 
limiting factor in acquiring the necessary data under natural conditions 
is the logistical problem of safely gaining access to Lake Bonney during 
this transition period in the Antarctic. However, results from 
lab-controlled approaches can be integrated with exciting new tech
nologies which utilize automated sampling to gain year-round access to 
the native phytoplankton communities living in polar lakes such as Lake 
Bonney. It was recently reported that unlike strict photoautotrophic 
algae such as UWO241, that the diatom, Fragilariopsis cylindrus, can 
switch to alternative modes of energy acquisition and continue to grow 
even during the polar night (Kennedy et al., 2019; Gray et al., 2020). 

3.2. Coastal polar macro-algae 

In Antarctic and Arctic coastal regions, macro-algae represent key 
members of these shallow marine ecosystems (Wiencke and Hop, 2016). 
Coastal kelp beds represent prominent and vital components of these 
cold, benthic ecosystems. Kelp is sessile and consequently differ from 
unicellular, motile microbial green algae such as UWO241 discussed 
above. How do sessile, cold tolerant Arctic kelp such as Saccharina lat
issama respond to light and temperature stress? Although Saccharina 
latissama is cold tolerant, photosynthesis was most sensitive to the 
exposure of S. latissama to elevated light levels combined with high 
temperature (Heinrich et al., 2012). Polar kelp such as S. latissama are 
certainly photopsychrotolerant but given its sensitivity to high tem
perature S. latissma appears to be stenothermic. Is S. latissma photo
psychrophilic? We are unaware of any published data for Arctic 
S. latissama that distinguishes a photopsychrophilic nature from that of 
photopsychrotolerance. 

Nonetheless, the published photosynthetic responses of S. latissama 
indicate that the maintenance of photostasis during exposure to EEE 
caused by high light combined with high temperature plays an impor
tant role in the survival of this macro-alga to changes in temperature and 
light (Heinrich et al., 2012). For example, photoacclimation of 
S. latissama suppresses the accumulation of nuclear transcripts encoding 
light harvesting polypeptides combined with alterations in the pigment 
content and composition (Heinrich et al., 2012). Unfortunately, in this 
transcriptomic study, no data are available regarding changes in light 
harvesting polypeptide levels. Assuming that changes in mRNA levels 
were correlated with suppressed light harvesting polypeptide accumu
lation, these data are consistent with suggestion that S. latissama 
maintains photoprotection and photostasis, during abiotic stress, in part, 
by decreasing σPSII and therefore decreasing photosynthetic efficiency to 
protect its photosynthetic apparatus from EEE. 

3.3. Polar cyanobacteria 

Although cyanobacteria, like plants and green algae, are oxygenic 
and exhibit similar photosystems (PSI and PSII), phycobilisomes are the 

light harvesting pigment-protein complexes that service these two 
photosystems (Fig. 1A). Phycobilisomes consist of protein-bound phy
coerythyrin, phycocyanin and allophycocyanin. Phenotypic plasticity as 
reflected in alterations in pigmentation of cyanobacteria represents a 
photoprotective response to EEE and is, in part, a consequence of altered 
structure and composition of the phycobilisomes which reduces the light 
harvesting efficiency of cyanobacteria to maintain photostasis by 
adjusting σPSII (Miskiewicz et al. 2000, 2002; Bailey et al., 2008; 
Grossman et al. 1993, 1994; Hüner et al., 2012; Wilson et al., 2006). In 
addition to adjustment of phycobilisomes in response to EEE, many 
aquatic cyanobacteria contain an orange carotenoid protein (OCP) to 
quench the excess energy absorbed by the phycobilisome which in
creases non-photochemical energy dissipation in the form of heat and 
photoprotection from EEE (Fig. 2) (Kirilovsky, 2007, 2015). 

Phormidium subfuscum isolated from a microbial mat in an Antarctic 
lake on the McMurdo ice-shelf and Phormidium tenue isolated from the 
rock surface in an Arctic river bed, exhibited remarkable plasticity with 
respect to growth and photosynthetic responses to temperature. Even 
though both species originated from a polar environment, Phormidium 
tenue exhibits eurythermic growth response whereas Phormidium sub
fuscum is stenothermic (Tang and Vincent, 1999). This differential 
growth response was consistent with a greater capacity to adjust 
photosynthetic performance over a wider temperature range in P. tenue 
than P. subfuscum even though both species originated from a polar 
environment. Thus, a eurythermal acclimation strategy may provide an 
advantage in a daily fluctuating environment whereas a stenothermal 
strategy may provide a significant benefit in environments characterized 
by relatively constant seasonal temperatures such as exhibited in 
perennially ice-covered lakes of Antarctica (Morgan-Kiss et al., 2006). 

The phenotypic and photosynthetic response of P. tenue to low 
temperature to maintain photostasis include adjustments in pigment 
content and composition as well as decreases in σPSII. These are 
consistent with the responses of the eurythermal green algae, Chlorella 
vulgaris and Duneliella salina (Krol et al., 1997; Maxwell et al. 1994, 
1995a, 1995b) as well as the eurythermal filamentous cyanobacterium, 
Plectonema boryanum (Miskiewicz et al. 2000, 2002) at low temperature. 
In addition, Antarctic cyanobacteria accumulate carotenoids combined 
with increased levels of UV-absorbing compounds (Tang et al., 1997; 
Tang and Vincent, 1999; Vincent, 2000, 2007; Ivanov et al., 2000; 
Miskiewicz et al., 2002; Zakhia et al., 2008) similar to that reported for 
Antarctic marco-algae (Hoyer et al., 2001). We suggest that these 
observed adjustments in σPSII and UV-absorbing compounds are photo
protective mechanisms that help to explain the dominance of cyano
bacteria and coastal kelp in these cold Antarctic and Arctic aquatic 
ecosystems (Tang and Vincent, 1999; Nadeau and Castenholz, 2000; 
Vincent, 2000; Wiencke and Hop, 2016). 

3.4. Polar terrestrial plants 

Terrestrial vegetation in maritime ecosystems of the Antarctic 
peninsula is dominated by mosses and lichens which are poikilohydric 
and therefore, metabolically active only when in the hydrated state 
(Schroeter et al., 2017). Brophytes tend to dominate this maritime 
ecosystem whereas lichens tend to dominate the drier, Antarctic eco
systems where light coupled with the extreme low temperatures is a 
major seasonal stress (Schroeter et al., 2017). At southern latitudes 
greater than 60⁰ S, approximately 111 species of bryophytes have been 
identified (Perara-Castro et al., 2021). Endemic mosses are exposed to 
extreme low temperature coupled with freezing conditions during most 
of their life cycle (Perara-Castro et al., 2021). The comprehensive study 
of Perara-Castro et al. (2021) assessed the mechanism(s) that 15 bryo
phyte species on Livingston Island, Antarctica, employed to protect their 
photosynthetic apparatus from EEE for long-term survival. Although 
survival to freezing in the hydrated state varied depending on the spe
cies, in the dehydrated state the analyzed species were able to survive a 
temperature of − 20 ◦C (Perara-Castro et al. (2021). In the hydrated 
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state, these Antarctic bryophytes down-regulated PSII activity and 
adjusted σPSII through reaction center quenching (Perara-Castro et al. 
(2021) (Fig. 2) as a major mechanism for photoprotection and energy 
balance and the attainment of photostasis (Ȍ;quist et al., 1992; Ivanov 
et al., 2003; Ȍ;quist and Hüner, 2003). Reversible dehydration appears 
to be a prominent protective mechanism for many Antarctic mosses and 
lichens to avoid light stress. However, in contrast to most Antarctic 
bryophytes, low temperature combined with light does not appear to be 
a problem for the Antarctic moss, Bryum argenteum (Schroeter et al., 
2012). This species constitutively exhibits high levels of the xanthophyll 
cycle pigments (Schroeter et al., 2012) which protects the photosyn
thetic apparatus from EEE through nonphotochemical dissipation 
(Fig. 2) and modulation of σPSII. 

Lichens are composed of a fungal mycobiont which lives symbioti
cally with a photobiont, either a green alga or a cyanobacterium (Colesie 
et al., 2018). Seasonal adjustments in lichen photosynthesis appears to 
be governed mainly by temperature and light (MacKenzie et al., 2002). 
However, the response of lichens to long-term environmental change is 
complex due to their slow growth rates coupled with their longevity and 
exposure to many successive seasonal cycles (Schroeter et al., 2017; 
Colesie et al., 2018). Respiration represents a major sink [n (τ− 1)] in 
cellular energy balance and photostasis [(σPSII) (Ek)=n (τ− 1)]. Energy 
homeostasis in lichens involves the balance between the response of 
respiratory loss of CO2 of the heterotrophic mycobiont and the response 
of photosynthetic CO2 uptake of the photobiont. Colesie et al., (2018) 
reported that increased respiration in 3 lichens examined was not 
associated with any respiratory down regulation during long-term 
exposure to elevated temperatures. Thus, surprisingly, the three li
chens examined failed to show respiratory thermal acclimation typically 
observed in terrestrial plants (Atkin and Tjoelker, 2003; Way and 
Yamori, 2014). Clearly, Antarctic mosses and lichens have evolved 
several different photoprotective mechanisms to ensure survival in this 
extreme environment (Schroeter et al. 2012, 2017; Colesie et al., 2018; 
Perara-Castro et al., 2021). 

There are only two angiosperms endemic to the Antarctic continent, 
Colobanthus quitensis (Kunth) Bartl., a dicot (Supplementary Fig. 1A) and 
Deschampsia antarctica Desv., a monocot (Supplementary Fig. 1B) found 
in the maritime Antarctic peninsula, 68◦42’ S (Fig. 4). Both terrestrial 
angiosperms grow and photosynthesize during austral summer when the 
mean temperature is about 3 ◦C but remain under the snow and dormant 
during the austral winter (Bascunan-Godoy et al., 2006; Bravo and 
Griffith, 2005; Bravo et al., 2001). The light-dependent photosynthetic 
reduction of O2 (Fig. 1B) represents an alternative pathway for the 
consumption of photosynthetically-generated electrons (Asada, 1994; 
Fryer et al., 1998; Ort, 2001; Stepien and Johnson, 2009; Queval and 
Foyer, 2012; Ivanov et al., 2012; Johnson and Stepien, 2016) and pho
toprotection upon exposure to EEE (Ort and Baker, 2002) to maintain 
photostasis by the enhancing sink capacity [n (τ− 1)]. However, the 
reduction of O2 may generate reactive oxygen species (ROS) which 
contribute to oxidative damage. Recently, it was reported that the 
accumulation of ROS at low temperature as well as exposure to UV-B 
radiation caused significant genetic damage in Colobanthus quitensis 
and Deschampsia antarctica under natural Antarctic field conditions 
(Acuña-Rodríguez et al., 2021). Therefore, use of O2 as an alternative 
electron acceptor must be accompanied by the concomitant accumula
tion of antioxidants to mitigate potential oxidative damage (Asada, 
1994). However, ROS may also provide protection through their posi
tive roles in signal transduction networks induced by myriad environ
mental stresses (Karpinski et al., 1999; Baxter et al., 2014; Dietz et al., 
2016; Foyer et al., 2017). 

The PETC in C. quitensis was reported to be insensitive to changes in 
O2 concentrations indicating that O2 was not utilized as an alternative 
photosynthetic electron acceptor (Fig. 1B) in C. quitensis, whereas, 
approximately 30% of its PETC activity was linked to the reduction of 
oxygen in D. antarctica (Perez-Torres et al. 2004, 2007). Thus, 
C. quitensis appeared to be more dependent on NPQ for photoprotection 

(Fig. 2) which affects σPSII from EEE whereas D. antarctica increased sink 
capacity [n (τ− 1)] by using O2 as an alternative electron acceptor (Ort 
and Baker, 2002) indicating that these two polar terrestrial plants 
appear to be dependent on different photoprotective mechanisms to 
maintain photostasis and survive the harsh terrestrial Antarctic 
environment. 

Eutrema salsugineum (Supplementary Fig. 1C), previously named 
Thellungiella salsuginea, is a cold-tolerant halophyte native to the Arctic 
and its Yukon ecotype can be found growing in the Takhini salt flats 
(60◦51.292N 135◦43.042W) near Whitehorse, Yukon Territory, Canada 
(Griffith et al., 2007). Since this species is a close relative of Arabidopsis 
thaliana, the Yukon (Griffith et al., 2007) and Shandong ecotypes (Ste
pien and Johnson, 2009) of Eutrema salsugineum are considered excellent 
model systems for comparative analyses to elucidate the genetic, mo
lecular and biochemical basis of plant stress tolerance (Griffith et al., 
2007; Kazachkova et al., 2018). Eutrema is generally more tolerant than 
Arabidopsis to a number of abiotic stresses (Kazachkova et al., 2018) 
including freezing (Griffith et al., 2007), N-deficiency (Kant et al., 
2008), and phosphate stress (Velasco et al., 2016). Eutrema vs Arabi
dopsis is another excellent example of the usefulness of exploiting 
non-model systems in comparison with model biological systems to 
address the mechanisms that underlie plant stress, acclimation and 
adaptation to extreme environments. 

With respect to photostasis, Stepien and Johnson (2009) compared 
the photosynthetic performance of the Shandong ecotype of 
E. salsugineum with WT Arabidopsis thaliana with respect to salt stress. 
Photosynthetic CO2 assimilation in WT Arabidopsis was inhibited with a 
concomitant decrease in rates of LEF due to feedback inhibition of 
photosynthesis as a consequence of lower sink activity [n (τ− 1)] upon 
exposure to high salt. To compensate for this limitation in LEF, WT 
Arabidopsis exhibited enhanced PSI CEF (Fig. 1B) in combination with a 
stimulation of NPQ (Fig. 2) to dissipate excess absorbed light as heat to 
protect the photosynthetic apparatus from EEE under salt stress (Stepien 
and Johnson, 2009) and consequently maintain photostasis. In contrast, 
Eutrema salsugineum exhibited minimal inhibition of photosynthetic CO2 
assimilation combined with minimal induction of either CEF or NPQ due 
to its ability to continue to consume photosynthetically-generated 
electrons even upon exposure to EEE due to its high sink capacity [n 
(τ− 1)]. In addition, Eutrema salsugineum showed elevated levels of PTOX, 
the plastid terminal oxidase, which oxidizes the PQ pool by reducing O2 
to water (Fig. 1B) which minimizes the accumulation of ROS (Aluru and 
Rodermel, 2004; Streb et al., 2005; McDonald et al., 2011; Nawrocki 
et al., 2015; Johnson and Stepien, 2016). Resilience to either low tem
perature, in the case of D. antarctica (Perez-Torres et al., 2007), or high 
salt in the case of Eutrema salsugineum (Stepien and Johnson, 2009; 
Johnson and Stepien, 2016) may, in part, be accounted for by the ability 
to utilize O2 rather than CO2 as a terminal photosynthetic electron 
acceptor (Fig. 1B) to maintain photostasis. 

The high-latitude boreal forests of North America and Eurasia cover 
approximately 1.3 billion hectares and store up to 33% of all terrestrial 
carbon on Earth. Consequently, this boreal ecosystem is crucial in gov
erning the global carbon cycle in response to climate change (Way and 
Oren, 2010). Boreal forests of the northern hemisphere consist of both 
deciduous and evergreen species which exhibit quite distinct strategies 
as discussed in detail elsewhere (Ȍquist and Hüner, 2003; Way and 
Oren, 2010; Way and Yamori, 2014). Due to the seasonal fluctuations in 
temperature from summer to winter, needles of boreal evergreens are 
exposed to EEE because they continue to absorb light during the winter 
even though most of this absorbed energy cannot be used productively 
due to the low temperature-induced inhibition of photosynthetic CO2 
assimilation (Ensminger et al., 2004; Ivanov et al., 2001; Krivosheeva 
et al., 1996; Öquist, 1983; Öquist and Huner, 1991; Oquist and Hüner, 
2003; Öquist and Martin, 1986; Sveshnikov et al., 2006; Stinziano et al., 
2015; Way and Sage, 2008; Busch et al., 2009; Fréchette et al., 2015; 
Chang et al., 2021). Boreal evergreens develop frost hardiness or 
freezing tolerance which enables them to survive extreme winter 
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conditions by exploiting two primary environmental cues. First, the 
shortened photoperiod in late summer and autumn induces dormancy 
which terminates active growth. Second, this is coupled to low, freezing 
temperatures in the fall and winter that induce maximum frost hardiness 
within the genetically determined limitations of individual species. 
Thus, the mechanism employed by boreal evergreens to protect the 
overwintering photosynthetic apparatus includes down regulation 
photosynthetic efficiency (σPSII) by converting PSII reaction centres from 
energy transformers to energy quenchers dissipating EEE safely as heat 
through non-photochemical processes associated primarily with PSII 
reaction centres rather than a complete dependence on the xanthophyll 
cycle associated with PSII light harvesting complexes (Fig. 2) (Ivanov 
et al., 2001, 2003; Chang et al., 2021; Verhoeven, 2014; Fréchette et al., 
2016; Ȍ;quist and Hüner, 2003). In the spring, quenched PSII reaction 
centers are converted back to energy transformers to provide the 
necessary energy for growth and development (Ȍ;quist and Hüner, 
2003). The reversible interconversion between PSII energy transformers 
vs energy quenchers contributes to photoprotection and photostasis 
during the overwintering season in these boreal evergreens by modu
lating σPSII. 

We note with interest that, although the Antarctic angiosperms, 
mosses, lichens, Arctic boreal forest evergreens as well as Eutrema sal
sugineum are generally considered extremophiles, we find no published 
experimental evidence to indicate that these photoautotrophs or any 
terrestrial plant species, for that matter, have been designated as pho
topsychrophilic despite their apparent adaptation to natural and 
extreme cold habitats. We conclude that similar to polar cyanobacteria 
(Tang and Vincent, 1999; Vincent, 2007) and the macro-alga, S. latissima 
(Schroeter et al. 2012, 2017), these Antarctic and Arctic terrestrial plant 
species are probably photopsychrotolerant rather than photo
psychrophilic from which we conclude that photopsychrophily is not an 
essential adaptive strategy for the survival of polar terrestrial plants. 

4. Phylogeny of photopsychrophily 

It has been proposed that fragmentation of the original 

supercontinent, Gondwana, was accompanied by successive wide- 
spread glaciation events of the Earth (Hoffman et al., 1998). Kirsch
vink et al. (2000) hypothesized that this extensive glaciation lead to a 
“snowball Earth” in which the oceans were ice covered. It has been 
suggested that these successive glaciation events followed by extreme 
greenhouse conditions (“hot house”) provided selective pressure on the 
evolution of life on Earth (Hoffman et al., 1998; Kirschvink et al., 2000). 
Prokaryotic organisms which dominated the Neoproterozoic era 1000 to 
500 million years ago survived these extremely stressful glaciation 
events which gave rise to the evolution of red and green algae prior to 
the terminal glaciation event (Hofmann et al., 1990). A “succession of 
snowball glaciations must have imposed an intense environmental filter, 
resulting in a series of genetic ‘bottleneck and flush’ cycles” (Hofmann 
et al., 1990) which may have resulted in small populations or demes 
(Carson, 1987) of microbes that led to the evolution of psychrophiles 
and photopsychrophiles (Morgan-Kiss et al., 2008). 

The Chlorophyta harbour more than a third of all confirmed photo
psychrophiles of which 23 species can be placed in the order Chlamy
domonadales (Fig. 11). Presently, researchers are employing shotgun 
environmental sequencing to characterize algal communities from cold 
environments (Bielewicz et al., 2011; Dolhi et al., 2013; Li et al., 2016). 
Cold-adapted Chlamydomonadales can be found in a number of polar 
and alpine environments, such as ice-covered lakes, sea ice, transitory 
meltwater ponds, and snowfields (Morgan-Kiss et al., 2006; Cvetkovska 
et al., 2017). At present, only about 93 confirmed algal photo
psychrophilic species have been identified which include unicellular as 
well as macroalgal species which span green algae, rhodophytes, stra
menopiles, and dinoflagellates (Fig. 11). This supports the thesis that 
photopsychrophily has probably evolved independently several times 
during eukaryotic algal evolution. However, establishing the number of 
times that photopsychrophily has arisen during algal evolution is not 
straightforward. This is a consequence of the minimal information 
available on the exact number of photopsychrophilic species within 
individual groups as well as their phylogenetic relationships. In addi
tion, it is difficult to determine whether the shift to cold tolerance over 
evolutionary time was gained independently in multiple lineages or 

Fig. 11. Tree of eukaryotes high
lighting lineages harboring known psy
chrophilic algae. Only major eukaryotic 
groups containing plastid-bearing 
photosynthetic organisms are shown. 
The branching pattern does not neces
sarily represent relationships between 
lineages. The dotted lines represent un
certain relationships and conflicting 
positions within the tree. The lineages 
containing psychrophiles are boxed in 
[total number of species/known number 
of psychrophilic species]. The branch 
containing the embryophyte lineage 
(marked with *) contains several species 
that are adapted to permanently cold 
environments, such as the Antarctic 
plants Deschampsia antarctica (Grami
neae) and Colobanthus quitensis (Car
yophyllene). These species, while 
permanently adapted to the cold, do not 
fit the definition of psychrophiles.   
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whether it represents an ancestral state. However, given the small 
number of photopsychrophilic species in any given family, we suggest 
that it is unlikely that the origin of algal photopsychrotolerance and 
photopsychrophily is ancestral. 

5. Comparative genomics of eukaryotic photopsychrophiles 

Compared to the plethora of genome sequences available in the 
molecular ecology of prokaryotes (Pinney et al., 2021), the genomic data 
base for eukaryotic microbes is substantially smaller (Keeling et al., 
2014). Furthermore, the genomic data base available for photo
psychrophiles is even more restricted. We highlight the novel genomic 
characteristics of confirmed green algal photopsychrophiles Chlamydo
monas sp. UWO241 (Zhang et al., 2021), Chlamydomonas ICE-L (Zhang 
et al., 2020) with the genomes of the mesophilic green algae, 
C. reinhardtii, C,eustigma, G. pectorale and V. carteri (Fig. 12; Fig. 13). 
ICE-L is the major contributor to primary productivity of the Antarctic 
sea ice ecosystem (Arrigo et al. 1997, 2012) in contrast to UWO241 
which exists in the water column below the permanently ice-covered 
Lake Bonney. In addition, we include a brief comparison with the 
genome of the Antarctic psychrophilic diatom, Fragilariopsis cylindrus 
(Mock and Valentin, 2004; Mock et al., 2017) as well as the photo
psychrotolerant, Antarctic green alga, Coccomyxa subellipsoidea (Blanc 
et al., 2012) (Fig. 12; Fig. 13). 

Our discussion is focused on four novel genomic characteristics pu
tatively identified for photopsychrophilic green algae. First, the genome 
size of the two photopsychrophilic green algae, Chlamydomonas sp. 
UWO241 and Chlamydomonas ICE-L is at least twice the size of the model 
mesophile, C. reinhardtii (Fig. 12; Fig. 13). Second, this is correlated with 
a relative gene density (gene/Mb) for UWO241 and ICE-l that is 30–60% 
lower on average than the 4 mesophiles C. reinhardtii, C,eustigma, 
G. pectorale and V. carteri even though the total number of genes in these 
genomes varied by only 8–12%. This lower gene density may be 
accounted for, in part, by an increase in the number of introns per gene 
(Fig. 12) as illustrated for Fd in UWO241 (Fig. 10A). Although D. salina 
is a mespohile, it is a halophilic extremophile and exhibits a gene density 
similar to that of the extremophiles, UWO241 and ICE-L (Fig. 12). Third, 
the presence of highly similar duplicates (HSD) in the genomes of 
Chlamydomonas sp. UWO241 and Chlamydomonas ICE-L is 3 to 4-fold 

higher than that observed for the mesophiles examined (Fig. 13). The 
widespread gene duplication in UWO241 is unmatched in any chlor
ophyte genome studied to date totaling 1339 gene copies of HSDs 
(Zhang et al., 2021). Furthermore. the exonic sequences of more than 
half of the HSDs in UWO241 are under strong purifying selection based 
on low (<1.0) nonsynonymous to synonymous substitution rates 
(dN/dS), ranging from 0 to 0.5 (Zhang et al., 2021). Many of the HSDs in 
UWO241 are indistinguishable from each other at the amino acid level, 
and 65 HSDs exhibit identical nucleotide coding regions (Zhang et al., 
2021). Epistasis with respect to protein amino acid sequence refers to 
the subtle impacts of residue-residue interactions that can occur either 
locally or at a distance that can affect protein folding and catalytic ac
tivity (Starr and Thornton, 2016). Thus, the observed changes in the 
temperature-dependent activities and structural stability reported for 
Fd1 and Stt7 from UWO241 may be epistatic in nature. However, the 
role of protein epistasis in protein evolution (Starr and Thornton, 2016) 
indicates that our attempts to link changes in gene sequence due to the 
evolution of photosychrophiles to changes in the protein primary 
structure and to adaptive changes in the structure and function of en
zymes and proteins is much more complex than previously assumed by a 
strictly reductionist genomic approach. 

Fourth, another novel feature of the green algal photopsychrophilic 
genomes is the presence of genes encoding no fewer than 37 ice-binding 
proteins (IBPs) of bacterial origin in UWO241 (Zhang et al., 2021) versus 
12 in ICE-L (Zhang et al., 2020). These IBPs were presumably acquired 
by horizontal gene transfer (HGT). These data for UWO241 are among 
largest number of IBPs ever recorded in a photosynthetic protist (Zhang 
et al., 2021). The existence of IBPs in genomes is thought to be an 
adaptation to polar environments (Raymond and Kim, 2012). This may 
be expected in a species such as ICE-L that lives in the Antarctic sea ice 
where cells will be exposed to frequent freezing and thawing events 
(Zhang et al., 2020). Ice binding proteins inhibit ice recrystallization and 
include antifreeze proteins (AFP) which inhibit growth of ice crystals 
within the cytoplasm thus protecting cells from freezing damage (Grif
fith and Yaish, 2004; Griffith et al., 2005; Wisniewski et al., 2018). 
However, UWO241 exists within the Lake Bonney water column below 
the ice cover that remains at 5 ◦C year-round and therefore never 
freezes. Thus, the potential adaptive role of IBPs in UWO241 remains 
unclear. We suggest that the large number of genes encoding IBPs in 

Fig. 12. Comparative genomics of green algal species. Top illustrates the phylogeny of the illustrated species and light microscopic images of each species.  
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UWO241 may be a reflection of its ancestry rather than adaptation to its 
current environment. Alternatively, IBPs may have a unique but un
known function in UWO241. Further research is required to unravel this 
enigma. 

Regulation of cell membrane viscosity by modulation of membrane 
lipid unsaturation is a major response to acclimation and adaptation to 
low temperature in all organisms (Browse et al., 1991; Nishida and 
Murata et al., 1996; Murata and Los, 1997; Siegenthaler and Trem
olieres, 1998; Ivanov et al., 2012). Consistent with this role of mem
brane lipid unsaturation is the presence of expanded gene families 
associated with fatty acid unsaturation in ICE-L resulting in high levels 
of polyunsaturated fatty acids (PUFA) presumably to enhance mem
brane lipid viscosity at the consistent low temperature (Zhang et al., 
2020). This is supported by earlier studies which reported differential 
expression of several fatty acid desaturases in ICE-L in response to 
salinity (An et al., 2013; He et al., 2019). 

Fragilariopsis cylindrus is a photopsychrophilic diatom (Supplemen
tary Fig. 2A) which represents the primary producer in the Southern 
Ocean for which it is considered an indicator species (Mock et al., 2017). 
Its 61.1 Mb genome is 4–8 times smaller than either UWO241 or ICE-L 
but consists of more genes (21,066) than either green algal photo
psychrophile (Fig. 12) (Mock et al., 2017). Despite its smaller genome 
size, 29% of the Fragilariopsis cylindrus genes are represented by diver
gent alleles which indicates a high level of gene duplication (Proulx and 
Phillips, 2006). Thus, gene duplication appears to be a consistent feature 
of photopsychrophiles. Furthermore, like the two green algal photo
psychrophiles, a family of 11 ice-binding proteins of bacterial origin are 
present in the genome of Fragilariopsis cylindrus presumably acquired 
through HGT (Mock et al., 2017). 

Coccomyxa subellipsoidea C-169 is a small (3–9 μm), free-living, 
unicellular green alga (Supplementary Fig. 2B) with an optimal 
growth temperature of 20 ◦C isolated from Antarctic algal peat. This 
Antarctic green alga represents the first polar eukaryotic green alga to 
have its genome sequenced (Blanc et al., 2012). In contrast to the other 
Antarctic algae and Fragilariopsis cylindrus discussed above, 
C. subellipsoidea C-169 is classified as photopsychrotolerant rather than 
photopsychrophilic. Its 48.8 Mb genome size is similar to that of Fragi
lariopsis cylindrus but between 77 and 91% smaller than either green 
algal photopsychrophile (Fig. 12). Similar to the photopsychrophiles, 

Coccomyxa subellipsoidea C-169 exhibits marked gene duplication 
(7.2%) but approximately 50% fewer protein-encoding genes (9,851) 
(Blanc et al., 2012) than either the photopsychrophilic green algae or 
Fragilariopsis cylindrus. 

Our genomic analyses of indicate that genetic redundancy may be a 
hallmark of not only of photopsychrophily but also photo
psychrotolerance and adaptation to high salt environments. We hy
pothesize that genetic redundancy may be a prevalent characteristic of 
all photopsychrophilic and photopsychrotolerant extremophiles. How
ever, given the limited number of published genome sequences presently 
available, more genome sequences of photosynthetic extremophiles 
from various habitats is required to validate this hypothesis. 

6. Summary 

An impressive biodiversity of algae and cyanobacteria dominate 
Antarctic and Arctic aquatic life. Although lichens and mosses dominate 
the Antarctic terrestrial landscape, angiosperms are represented by only 
two species, one monocot and one dicot. Our survey of photosynthetic 
adaptation in these organisms indicate that photoprotection and the 
maintenance of photostasis is an essential characteristic of photoauto
trophic polar life whether terrestrial plant, or aquatic alga or photo
synthetic prokaryote and irrespective of whether they are 
photopsychrophilic or photopsychrotolerant. The down-regulation of 
photosynthetic efficiency through modulation of σPSII by adjustments in 
either nonphotochemical quenching or the physical size of the light 
harvesting complexes, or enhancing sink capacity [n (τ− 1)] by using O2 
as an alternative electron acceptor appear to be prominent photo
protective strategies that govern photostasis and photosynthetic adap
tation to polar ecosystems. The mechanism employed appears to be 
species-dependent. However, these mechanisms for photoprotection 
and photostasis in response to environmental stress are not unique to 
polar organisms but are also prevalent in many mesophilic photoauto
trophs (Demmig-Adams and Adams, 1996; Hüner et al., 2003; Horton 
and Ruban, 2005). This is consistent with the metaphor of evolution as a 
pliable “tinkerer” (Kohalmi, 2017) rather than a “ridged master”. 

These functional mechanisms are correlated with genome expansion 
and the genetic redundancy of the photosychrophiles and photo
psychrotolerant species examined despite drastic differences in genome 

Fig. 13. Comparative data illustrating the proportions of Highly Similar Duplicates (HSDs) in green algal species.  
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size. We suggest that the combination of the maintenance of energy 
balance through an array of photoprotective mechanisms and the 
inherent genetic redundancy of photopsychrophilic and photo
psychrotolerant species examined may confer the necessary resilience to 
survive the harsh polar environments. 

Despite the requirement for the maintenance of photostasis, the ev
idence presented indicate that the enigma of photopsychrophily and 
photopsychrotolerance can not be explained by the presence of a single 
gene or molecular key or even a single gene family. Rather, photo
psychrophily and photopsychrotolerance appear to be the result of a 
complex integration of myriad adaptations at various levels of cellular 
organization that evolved to allow survival in an extreme polar envi
ronment. Consequently, we suggest that photopsychrophily and photo
psychrotolerance represent emergent properties of evolution in these 
extremely cold environments. 

7. Future directions 

A crucial limitation in the unravelling of the enigma of photo
psychrophily and psychrotolerance is the lack of a sufficient number of 
sequenced genomes of Antarctic and Arctic photopsychrophilic and 
photopsychrotolerant species. Overcoming this limitation in the future 
is of paramount importance. This should contribute to understanding 
the link(s) between gene sequences, protein amino acid sequences, 
inherent protein temperature stability/activity and their link to low 
temperature adaptation. 

Given the impact of present global warming on the Arctic and Ant
arctic ecosystems, further research should be focussed on the ability of 
photopsychrophiles and psychrotolerant polar species to adapt and 
survive elevated temperatures. 

The ease with which eukaryotic photosynthetic model systems such 
as Chlamydomonas reinhardtii (Rochaix, 2014) and Arabidopsis thaliana 
(Kazachkova et al., 2018) can be cultured and genetically manipulated 
continues to be of critical importance in the identification of putative 
‘molecular keys’ to unlock basic molecular mechanisms of cellular 
development and reproduction, photosynthesis, respiration and energy 
metabolism. Given that photopsychrophily and photopsychrotolerance 
appear to be emergent properties, the identification of non-model sys
tems such as Chlamydomonas sp UWO241, Chlamydomonas ICE-L and 
Fragilariopsis cylindrus through which photopsychrophilic mutants can 
potentially be generated will be increasingly important to validate 
present assumptions linking the evolutionary significance to alterations 
in gene sequences. We can begin to address the genetic basis of photo
psychrophily through mutational analyses and genome editing ap
proaches using CRISPR-cas9 technology. However, it is essential that 
such a reductionist approach be combined with a systems approach that 
includes studies at the population level under controlled laboratory as 
well as natural field conditions (Kennicutt II et al., 2014; Kennicutt et al., 
2015; Xavier et al., 2016; Morgan-Kiss et al., 2015). 
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