
1 
 

Light quality affects chlorophyll biosynthesis and 1 

photosynthetic performance in Antarctic Chlamydomonas 2 

 3 

 4 

Mackenzie C. Poirier1, Kassandra Fugard1, Marina Cvetkovska1*  5 

1Department of Biology, University of Ottawa, Ottawa, ON, Canada 6 

 7 

*Corresponding author:  8 

Marina Cvetkovska  9 

Department of Biology, University of Ottawa, 30 Marie-Curie Pr., Ottawa, ON, Canada, K1N 6N5 10 

Email: mcvetkov@uottawa.ca  11 

ORCID: 0000-0002-7080-8203 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

Author contributions: M.C. and M.P. conceptualized the work and designed the experiments. M.P. 21 

preformed the majority of experiments and wrote the initial draft of the manuscript. K.F. contributed to 22 

the bioinformatics analysis of LHC genes and M.C. contributed to bioinformatic analysis of chlorophyll 23 

biosynthesis genes. M.C. supervised the work. All authors contributed towards manuscript preparation 24 

and editing. 25 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 5, 2024. ; https://doi.org/10.1101/2024.08.01.606229doi: bioRxiv preprint 

about:blank
https://doi.org/10.1101/2024.08.01.606229
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 
 

Abstract 26 

The perennially ice-covered Lake Bonney in Antarctica has been deemed a natural laboratory for 27 

studying life at the extreme. Photosynthetic algae dominate the lake food webs and are adapted to a 28 

multitude of extreme conditions including perpetual shading even at the height of the austral summer. 29 

Here we examine how the unique light environment in Lake Bonney influences the physiology of two 30 

Chlamydomonas species. Chlamydomonas priscuii is found exclusively in the deep photic zone where is 31 

receives very low light levels biased in the blue part of the spectrum (400-500 nm). In contrast, 32 

Chlamydomonas sp. ICE-MDV is represented at various depths within the water column (including the 33 

bright surface waters), and it receives a broad range of light levels and spectral wavelengths. The close 34 

phylogenetic relationship and psychrophilic character of both species makes them an ideal system to 35 

study the effects of light quality and quantity on chlorophyll biosynthesis and photosynthetic 36 

performance in extreme conditions. We show that the shade-adapted C. priscuii exhibits a decreased 37 

ability to accumulate chlorophyll and severe photoinhibition when grown under red light compared to 38 

blue light. These effects are particularly pronounced under red light of higher intensity, suggesting a loss 39 

of capability to acclimate to varied light conditions.  In contrast, ICE-MDV has retained the ability to 40 

synthesize chlorophyll and maintain photosynthetic efficiency under a broader range of light conditions. 41 

Our findings provide insights into the mechanisms of photosynthesis under extreme conditions, and 42 

have implications on algal survival in changing conditions of Antarctic ice-covered lakes.  43 
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Introduction 55 

Light is an essential energy source for the fixation of atmospheric CO2 into organic carbon forms, but 56 

photosynthetic organisms are faced with variable and often rapidly changing light environments. The 57 

capture of light by chlorophyll (Chl) in the light harvesting antenna complexes (LHCs) is the first step in 58 

this process of biological carbon fixation. Green algae have two types of chlorophyll (Chl a and Chl b), 59 

with maximal absorbance in the blue (~400-500 nm) and red (~600-700 nm) part of the visible spectrum. 60 

Chl a is found in the reaction centers of photosystem I (PSI) and photosystem II (PSII), as well as within 61 

the LHCs associated with each photosystem while Chl b is only present in the antennae. Photosynthetic 62 

complexes require strict Chl a/b stoichiometry for optimal energy transfer at different light conditions 63 

(Tanaka and Tanaka 2007). Furthermore, the presence of Chl b is necessary for the correct assembly, 64 

accumulation, and stability of LHCs in algae (Bujaldon et al. 2017), bryophytes (Zhang et al. 2023) and 65 

angiosperms (Kim et al. 2009; Krόl et al. 1995; Nick et al. 2013; Reinbothe et al. 2006;). Thus, the ability 66 

to accumulate stable levels of Chl and appropriate Chl a/b ratios are key requirements for acclimating to 67 

variable light. 68 

Chl is synthesized in a complex multi-step pathway, tightly regulated by the availability and spectral 69 

composition of light (reviewed by Kobayashi and Masuda 2019; Masuda and Fujita 2008; Yong et al. 70 

2024). The penultimate regulatory step in this pathway is the reduction of protochlorophyllide (Pchlide) 71 

to chlrophyllide a (Chlide a), a direct precursor to Chl a. This reaction is catalyzed by two 72 

nonhomologous enzymes: light-dependent (LPOR) and dark-operative (DPOR) protochlorophyllide 73 

oxidoreductases (Masuda and Yuichi 2008; Vedelankar and Tripathy 2019). The nuclear-encoded LPOR is 74 

ubiquitously present in all photosynthetic eukaryotes and is only active when Pchlide absorbs light 75 

(Griffiths et al. 1996; Shui et al. 2009). The plastid-encoded protein complex DPOR, on the other hand, 76 

has been lost multiple times independently throughout eukaryotic evolution and does not require light 77 

for activity (Hunsperger et al. 2015; Kim et al. 2017; Shui et al. 2009). Chl b is derived from Chl a solely 78 

through the action of the enzyme chlorophyllide a oxygenase (CAO; Tanaka et al. 1998). The details of 79 

CAO regulation are not fully understood, but it is known that light intensity regulates CAO gene 80 

expression (Biswal et al. 2012; Biswal et al. 2023; Pattanayak et al.  2005; Tanaka and Tanaka 2005) and 81 

the accumulation of its product Chl b regulates CAO protein stability (Nakagawara et al. 2007; Sakuraba 82 

et al. 2009; Yamasato et al. 2005). These crucial steps influence the total availability of chlorophylls, Chl 83 

a/b ratios, and consequently, the size of the LHCs.  84 
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Many of the intricacies of how light intensity and spectral wavelengths affect green algae come from 85 

studies on the model Chlamydomonas reinhardtii, an alga well adapted to a wide range of light 86 

conditions (Li et al. 2023; Salomé et al. 2019). Green algae can employ multiple strategies to optimize 87 

light absorption and minimize light-induced damage to the photosynthetic apparatus when exposed to 88 

variable light conditions.  Short-term acclimation occurs on the time scale of seconds to minutes and 89 

includes the dissipation of excess light energy as heat through non-photochemical quenching (NPQ), 90 

balancing the excitation state of PSII and PSI through state transitions, inducing alternative electron 91 

routes through cyclic electron flow (CEF), and phototactic movement towards or away from light. Long-92 

term acclimation happens on the time scale of hours to days through changes in gene expression and 93 

protein accumulation of key photosynthetic proteins that ultimately alter the composition of pigments, 94 

accumulation of LHCs, and the size of the photosynthetic complexes (reviewed in Allorent and 95 

Petroutsos 2017; Erickson et al. 2015; Lu et al. 2022; Pinnola 2019). C. reinhardtii has been crucial for 96 

elucidating many photosynthetic traits but this temperate species lacks the capacity for survival under 97 

extreme conditions (Sasso et al. 2018). Algae are ubiquitous and found in many environments that are 98 

unsuitable for the growth of most models (Rappaport and Oliverio 2023), and the mechanisms behind 99 

light perception and energy balance in these non-model species are yet to be understood.   100 

More than 70% of Earth’s biosphere is permanently cold (<5°C). Virtually all cold-water food webs are 101 

supported by photosynthetic microbes, including eukaryotic alga (De Maayer et al. 2014). Lake Bonney 102 

is part of the McMurdo Long Term Ecological Research in Antarctica and has been studied as a natural 103 

laboratory for life at the extreme since 1993 (mcmlter.org). The perennial ice-cover prevents wind-104 

driven mixing and environmental input resulting in a very stable environment. The microbial food webs 105 

in the lake are dominated by vertically stratified and diverse photosynthetic communities (Bielewicz et 106 

al. 2011; Li and Morgan-Kiss 2019) adapted to life at perpetually low temperatures, nutrient 107 

deficiencies, high salinity and high oxygenation levels. In addition, photosynthetic algae in the lake are 108 

challenged with extreme shading under the ice even at the peak of the austral day, narrow spectral 109 

range (450-550 nm) due to the attenuation of higher wavelengths by the water column, and perpetual 110 

darkness during the austral night. These psychrophiles (cold extremophiles) truly push the boundaries of 111 

photosynthetic life.  112 

Two psychrophilic Chlamydomonadalean species have recently emerged as excellent systems to study 113 

algal adaptation to extreme conditions. Chlamydomonas priscuii (previously UWO241) has been studied 114 

for more than 30 years (reviewed in detail in Cvetkovska et al. 2022a; Dolhi et al. 2013; Hüner et al. 115 
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2022) and was propelled to the status of model psychrophile by the recent sequencing of its genome 116 

(Zhang et al. 2021). This alga is found exclusively in the deep photic zone (17-18m) of Lake Bonney 117 

(Neale and Priscu 1995), where is receives very low light levels (~10 µmol photons m-2s-1) biased in the 118 

blue-green spectrum (400-500 nm). Chlamydomonas sp. ICE-MDV is the dominant chlorophyte in the 119 

upper layers of the lake and has been detected at various depths (5-15 m; Li and Morgan-Kiss 2019) 120 

including shallow seasonally open-water moats between the two lobes of the lake (Sherwell et al. 2022). 121 

Thus, ICE-MDV is represented at a broad range of light levels and spectral wavelengths, including the 122 

high light ice-free surface waters of Lake Bonney (~190 µmol m-2 s-1) (Sherwell et al. 2022).  123 

Life at the extreme has influenced the physiology of both species, but to a different extent. C. priscuii 124 

has a ‘locked’ physiology and largely lacks the capacity to respond to short-term environmental 125 

challenges.  This alga has an attenuated heat stress response at non-permissive temperatures 126 

(Cvetkovska et al. 2022b), minimal PSI restructuring under iron stress (Cook et al. 2019), has lost the 127 

ability to balance PSI and PSII light excitation through state transitions (Morgan-Kiss et al. 2002; Szyszka-128 

Mroz et al. 2015) and has a very weak phototactic response (Poirier et al. 2023). Curiously, C. priscuii 129 

lacks the genes that encode for DPOR and thus relies solely on LPOR to synthesize chlorophyll 130 

(Cvetkovska et al. 2018a). In contrast, ICE-MDV displays a more flexible physiology and a photosynthetic 131 

apparatus similar to its non-extremophilic relatives. ICE-MDV has retained the capacity for state 132 

transitions, PSI restructuring and phototaxis (Cook et al. 2019; Kalra et al. 2023; Poirier et al. 2023), and 133 

can induce protective mechanisms under temperature stress (Cvetkovska et al. 2022b). Its plastid 134 

genome does encode for DPOR, giving this alga the flexibility of both light dependent and independent 135 

chlorophyll biosynthesis (Smith et al. 2019).  The reason behind these different physiologies is not 136 

known, but it has been suggested that ICE-MDV is a more recent arrival in Lake Bonney that has not yet 137 

been constrained by the highly stable conditions underneath the ice (Smith et al. 2019).  138 

Lake Bonney is one of the last perennially ice-covered and pristine lakes on our planet, but even this 139 

isolated environment has suffered anthropogenic disturbances. The permanent ice cover has thinned in 140 

the past decades leading to the appearance of open water perimeter moats (Gooseff et al. 2017; Obryk 141 

et al. 2019), which has had a profound effect on the shade-adapted phytoplankton communities.  Field 142 

and experimental studies on native Lake Bonney microbiota demonstrated that shade-adapted 143 

phytoplankton were severely impacted by the higher light conditions present in open-water moats. The 144 

increased light intensity caused inhibition of photochemistry and downregulation of the photosynthetic 145 

apparatus, leading to population declines, particularly evident in the Chlorophyta (Sherwell et al. 2022). 146 
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Changing ice cover alters not only the intensity but also the spectral wavelengths of available light 147 

(Howard-Williams et al. 1998). Building on these insights, we tested the impact of light intensity and 148 

spectral wavelengths on two psychrophilic species native to the lake. We hypothesized that the 149 

dominant lake Chlorophyte ICE-MDV found throughout the water column (including seasonally open 150 

waters), will be better equipped to acclimate to light variability when compared with the shade-adapted 151 

‘denizen of the deep’ C. priscuii.  152 

Materials and Methods 153 

Growth conditions: Chlamydomonas priscuii (previously UWO241; strain CCMP1619) and 154 

Chlamydomonas sp. ICE-MDV were grown axenically in Bold’s Basal Medium (BBM) supplemented with 155 

70 mM NaCl at 8°C, conditions previously shown to support robust growth and high photosynthetic 156 

efficiency (Szyszka et al. 2007). Cultures were grown under continuous light provided by LED light bulbs. 157 

Light intensity was either ~100 µmol photons m-2 s-1 (increased light, standard lab culturing conditions; 158 

Hui et al. 2023) or ~10 µmol photons m-2 s-1 (low light, equivalent to light levels at ~15-m depth in Lake 159 

Bonney; Lizotte and Priscu 1992). Light intensity was measured with a quantum sensor attached to a 160 

radiometer (Model LI-189; Li-COR). Light quality was determined by spectroscopic measurements (Fig. 1; 161 

HR2 VIS-NIR Spectrophotometer, OceanOptics). Blue light (420-500 nm) was chosen to resemble the 162 

light quality in the under-ice aquatic habitats of Lake Bonney. Conversely, red light (620-690) is limited in 163 

these environments and represents a light quality that these species do not naturally experience (Neale 164 

and Priscu 1995). Cultures were grown in 250 mL glass Pyrex tubes in a temperature regulated aquaria 165 

and aerated with sterile ambient air provided by aquarium pumps. Experimental cultures were seeded 166 

and acclimated to the respective light conditions prior to measurements. All experiments were done on 167 

actively growing cultures during mid-log phase of exponential growth.  168 

 169 
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 170 

Fig. 1 The spectral distribution of LED light sources used in this study. Absorption spectra of algal 171 

chlorophyll extracted in 80% acetone is also provided to demonstrate the overlap with the major light 172 

peaks examined in this study (Blue: 420-500 nm; Red: 620-690 nm). Normalized count values are a 173 

measure of signal intensity produced by the light source at a given wavelength 174 

 175 

Growth measurements and chlorophyll quantification: Algal growth was monitored by optical density 176 

(OD), chlorophyll content, and cell counts. Change in OD was measured spectrophotometrically at 750 177 

nm (Cary 60 UV-Vis spectrophotometer, Agilent Technologies). Chl a and b concentrations were 178 

determined from whole cell extracts in 90% acetone and measured spectrophotometrically at 647 and 179 

665 nm. Pigment content was calculated according to Jeffery and Humphrey (1975). Cell numbers and 180 

their approximate size were determined with a Countess II FL Automatic Cell Counter (ThermoFisher 181 

Scientific) using brightfield imaging. Cell death was measured with the fluorescent dye SYTOX Green 182 

(Ex/Em = 504/523 nm; ThermoFisher Scientific) that accumulates in dead cells only. In all cases, 2 µM 183 

SYTOX Green was added to culture samples, followed by 15 min dark incubation prior to visualization. 184 

Cell death was quantified as a proportion of green-fluorescing cells by fluorescence imaging (EVOS™ Cy5 185 

and GFP Light Cubes, ThermoFisher Scientific). Growth curves were produced by graphing OD750 as a 186 

function of time. Growth rate was calculated using the natural log transformation of OD750 values during 187 

exponential growth according to the following formula (t = time; x = OD750 at that given time point): 188 
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𝐺𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒 (𝑂𝐷750 𝑑𝑎𝑦−1) =
ln(𝑥2) − ln (𝑥1)

𝑡2 − 𝑡1
 189 

Gene identification: The C. priscuii nuclear and plastid genomes were recently sequenced (Zhang et al. 190 

2021; Cvetkovska et al. 2018a). The genome of ICE-MDV has been sequenced (Raymond and Morgan-191 

Kiss 2017) but is not fully assembled and annotated (331,087 contigs). Thus, we used the ICE-MDV data 192 

in combination with the published genome of the closely related Antarctic sea-ice alga Chlamydomonas 193 

sp. ICE-L (Zhang et al. 2020) to identify full-length homologs of our genes of interest. ICE-MDV and ICE-L 194 

share ~100% identity in the sequences of several genes (Cook et al. 2019; Smith et al. 2019), indicating 195 

that these algae are very closely related or represent different strains of the same species. These 196 

datasets were screened for the presence of chlorophyll biosynthesis and light harvesting genes.  197 

The full-length sequences for the genes encoding LPOR and CAO in the genome of C. priscuii and DPOR 198 

in the genome of ICE-MDV were previously identified (Cvetkovska et al. 2018a; Smith et al. 2019). In all 199 

other cases, we used sequences from C. reinhardtii (Craig et al. 2023; Merchant et al. 2007; Table S1) 200 

and conserved key domains obtained from Phytozome (Goodstein et al. 2012) as queries. Gene 201 

sequences were identified through tBLASTn searches (e-value < e-10) and manually inspected for 202 

redundancy and accuracy. The genomes of closely related algae were obtained from PhycoCosm 203 

(Grigoriev et al. 2021). Multiple sequence alignments were done with Clustal Omega (Sievers et al. 204 

2011). Phylogenetic trees were constructed in MEGA XI (Kumar et al. 2018), with bootstrap confidence 205 

values calculated from 1000 iterations. Visualization was done in iTOL (v6.8.2; Letunic and Bork 2024).  206 

Gene expression: Gene specific primers (Table S1) were developed with Primer3 (v2.3.7; Untergasser et 207 

al. 2012). Since the genes encoding for the three DPOR subunits were not detected in the C. priscuii 208 

plastid genome (Cvetkovska et al. 2018a), we designed primers to highly conserved regions of these 209 

genes within several related species (ICE-MDV, C. reinhardtii, C. eustigma, V. carteri). To obtain RNA, 210 

algal cells were collected by centrifugation (5 000 g, 5 minutes), flash frozen in liquid nitrogen and 211 

stored at -80°C. RNA was extracted from frozen algal pellets using a modified CTAB protocol (Possmayer 212 

et al. 2016) and genomic DNA was removed using the Ambion TURBO DNA-free kit (ThermoFisher 213 

Scientific). The concentration and quality of RNA was determined spectrophotometrically using a 214 

Nanodrop 2000 (ThermoFisher Scientific). cDNA was synthesized with the GoScript Reverse 215 

Transcriptase kit following the manufacturer’s instructions (Promega). Droplet digital PCR (QX200 216 

ddPCR; Bio-Rad) with EvaGreen Supermix (Bio-Rad) was used to quantify gene expression. Droplet 217 

generation was done according to manufacturer’s instructions (QX200 Droplet Generator; Bio-Rad). PCR 218 
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cycling conditions were as follows: 1) 1x 95°C for 5 minutes; 2) 50x of a three-step cycling protocol (95°C 219 

for 30 seconds, 58°C for 1 minute, and 72°C for 30 seconds); 3) 1x 90°C for 5 minutes; 4) 1x 4°C for 5 220 

minutes. Droplet reading was done using absolute quantification and results were analyzed with 221 

QuantaSoftTM Software (Bio-Rad). Gene expression values are represented as gene copies µL-1 in the 222 

original cDNA sample. All experiments were performed with three biological replicates.  223 

SDS-PAGE and immunoblotting: Protein quantification was carried out based on the methods by Cook 224 

et al. 2019 and Szyszka-Mroz et al. 2015. In brief, total proteins were extracted from frozen cells by 225 

resuspending the pellet in 1.1 M Na2CO3 then freezing at -20°C for 1 hour. Protein samples were 226 

solubilized by adding an equal volume of Solubilization buffer (5% (w/v) SDS, 30% (w/v) sucrose) and 227 

heated for 5 minutes at 85°C. Protein concentration was quantified with a BCA protein Assay Kit 228 

according to manufacturer’s instructions (Bio Basics). Proteins were loaded on an equal protein basis (10 229 

µg), separated on a 12.5% (v/v) SDS-PAGE gel as described previously (Szyszka-Mroz et al. 2015), and 230 

transferred to 0.2 µm PVDF membrane (Bio-Rad) using the Trans-Blot Turbo Transfer System (Bio-Rad). 231 

Transferred membranes were blocked with TBS-T containing 5% (w/v) non-fat milk overnight and 232 

probed with primary antibodies (Agrisera, Vännäs, Sweden) raised against proteins from the model alga 233 

C. reinhardtii: Lhcbm5 (1:5000, product #AS09 408), PsbA-D1 (1:15 000, product #AS05 084A), and PsaA 234 

(1:10 000, product #AS06 172). These antibodies have been confirmed to bind to their C. priscuii and 235 

ICE-MDV homologs previously (Cook et al. 2019). Membranes were then exposed to HRP-conjugated 236 

secondary antibody for 1 hour (1:10 000 Goat anti-rabbit IgG HRP conjugate; Bio-Rad). Antibody-protein 237 

complexes were visualized using enhanced chemiluminescence detection reagents (Clarity Western ECL 238 

Substrate, Bio-Rad) and imaged using the ChemiDocTM Imaging System (Bio-Rad). All experiments were 239 

done in at least three biological replicates.  240 

Room temperature chlorophyll a fluorescence: In vivo room temperature Chl a fluorescence was 241 

measured using a pulse amplitude modulated chlorophyll fluorometer with a DR detector (DUAL-PAM-242 

100; Walz, Germany). Live cultures (1 mL; 3.5 µg Chl/mL) were stirred with a magnetic stir bar and kept 243 

at constant temperature (8°C) using a water-jacketed quartz cuvette connected to an external water 244 

bath. After 10 minutes of dark adaptation, Chl fluorescence at open PSII reaction centers (Fo) was 245 

measured by excitation with a non-actinic measuring beam (0.13 µE) pulsed at 20 Hz. Maximum 246 

fluorescence at closed PSII reaction centers (Fm) was induced by a saturating pulse (200 ms, 5325 μE).  A 247 

rapid light curve was produced using actinic light increasing from 6 µE to 1763 µE based on methods by 248 

Ralph and Gademann (2005). The period for each light intensity was 10 seconds with saturating light 249 
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pulses (200 ms, 10 505 μE) after each step. The same cells were used to calculate dark relaxation 250 

kinetics by turning off the light and giving a saturation pulse (200 ms, 10 505 µE) after 30 seconds, 1 251 

minute, 2 minutes, 5 minutes, and 10 minutes in the dark. Data acquisition was managed using the 252 

WinControl software (Walz, Germany). All experiments were performed as at least three biological 253 

replicates. Fluorescence parameters were calculated using the equations described by Kramer et al. 254 

(2004) and Kitajima and Butler (1975). Maximum PSII photochemical efficiency (FV/FM) was calculated as 255 

FM–Fo/FM, using dark-adapted cells (Kitajima and Butler 1975). The quantum yield of steady-state 256 

photosynthesis was calculated as: Y(II) = (FM′–FS)/FM′, Y(NPQ) = (F/FM′)-(F/FM), Y(NO) = F/FM, where Y(II) is 257 

the yield of PSII  photochemistry, Y(NPQ) is the yield of non-photochemical energy dissipation by down-258 

regulation through antenna quenching, and Y(NO) is the yield of all other processes involved in non-259 

photochemical energy losses (Kramer et al. 2004). The curve of relative electron transport rate (ETR) at 260 

PSII during the rapid light curve was fit using the Platt, Gallegos, and Harrison 1980 model (Platt et al. 261 

1980) and the phytotools R package (Revell 2024) to determine the light harvesting efficiency (α), light-262 

saturated electron transport rate (ETRmax), and minimum saturating irradiance (Ek) values.  263 

Statistical analysis: All statistics were performed using R. For growth rates, Chl measurements, 264 

chlorophyll a fluorescence, and cell size data a multi-way ANOVA was performed with three 265 

independent variables of light quantity, light quality, and species. For gene expression data a two-way 266 

ANOVA was performed for each species with two independent variables of light quantity and light 267 

quality. Tukey’s HSD post-hoc test was used in each case to identify significant differences (p<0.05) 268 

between conditions.  269 

Results 270 

The effect of light spectral quality on growth physiology 271 

Both C. priscuii and ICE-MDV originate from different depths within the water column of the ice-covered 272 

Lake Bonney (Lizotte and Priscui 1992). We demonstrated that the growth rate of these species in a 273 

closed culture was significantly dependent on both light quality and quantity (Fig. 2a). Both C. priscuii 274 

and ICE-MDV exhibited the highest maximal growth rates under higher intensity blue light (0.63 and 275 

0.56 ΔOD750 d-1, respectively) when compared to lower intensity blue light (0.38 and 0.35 ΔOD750 d-1, 276 

respectively); however, we observed significantly different responses when these species were cultured 277 

under red light (Fig. 2a). While C. priscuii demonstrated only a small growth decrease in red light 278 

compared to blue light, we observed very low maximal growth rates in ICE-MDV in red light, regardless 279 
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of the light intensity (0.13-0.20 ΔOD750 d-1; Fig. 2a).  Furthermore, we demonstrate that in all cases 280 

cellular death was <10% (Fig. 2b), indicating that the low apparent growth is not due to algal death.  281 

 282 

Fig. 2 Maximal growth rates (a) and cell death (b) of exponentially growing C. priscuii and ICE-MDV 283 

cultures exposed to different steady state light conditions. Growth rates were determined based on 284 

changes in optical density (750 nm). Dashed line indicates 10% cell death. Statistically significant 285 

differences are represented as different letters as determined using Tukey’s post hoc test (p < 0.05). 286 

Values are means ± SD (n ≥ 9) 287 

 288 

Next, we examined the ability of the algae to accumulate Chl and to adjust the Chl a/b ratios under 289 

different light conditions. In accordance with previous work (Stahl-Rommel et al. 2021; Szyszka et al. 290 

2007), we show that both psychrophiles have more total Chl and lower Chl a/b ratios when grown under 291 

lower light intensity (Fig. 3). Acclimation to higher levels of blue light leads to a decrease in total Chl in 292 
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both species (Fig. 3a), accompanied with higher Chl a/b ratios (Fig. 3b). The most striking difference 293 

between species was observed in cultures grown under red light. C. priscuii maintained the ability to 294 

adjust cellular Chl a/b ratios but exhibited very low total Chl levels, regardless of the light intensity (0.74-295 

1.11 pg/cell; Fig. 3a). In contrast, ICE-MDV exhibited low Chl levels under higher intensity red light (1.22 296 

pg/cell) but retained the ability to accumulate more total Chl in lower intensity red light (4.13 pg/cell). 297 

The differences in cellular Chl levels were not due to changes in cell size. While C. priscuii cells are 298 

generally smaller (6.1-9.1 µm) compared to ICE-MDV (9.7-11.6 µm), we observed very little difference in 299 

cell size in cultures acclimated to different light conditions (Fig. S1).  300 

 301 

Fig. 3 Chlorophyll accumulation in C. priscuii and ICE-MDV grown under different steady state light 302 

conditions. Chl per cell levels (a) and Chl a/b ratios (b) determined in exponentially growing C. priscuii 303 

and ICE-MDV cultures. Statistically significant differences are represented as different letters as 304 

determined using Tukey’s post hoc test (p < 0.05). Values are means ± SD (n ≥ 9) 305 
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The presence and expression of key genes in the chlorophyll biosynthesis pathway   306 

To gain better insight into the processes that underlie chlorophyll accumulation, we examined the key 307 

components of the Chl biosynthesis pathway at the level of gDNA and mRNA. Examination of the C. 308 

priscuii and ICE-MDV genomes revealed a conserved Chl biosynthesis pathway (Table S2) with a few 309 

notable exceptions. First, previous computational analyses suggested that C. priscuii, but not ICE-MDV, 310 

lacks the plastid-encoded genes encoding all three subunits of DPOR (chlN, chlL, and chlB) (Cvetkovska 311 

et al. 2018a; Smith et al. 2019). We experimentally confirmed the lack of DPOR in C. priscuii and its 312 

presence in ICE-MDV by PCR amplification using primers designed to bind highly conserved regions of 313 

chlN and chlL (Fig. 4). This analysis further supports the hypothesis that C. priscuii relies solely on the 314 

light-dependent activity of LPOR to synthesize Chl (Cvetkovska et al. 2018a). It should be noted that the 315 

chlB subunit was not used to test for the presence of DPOR as this subunit is less conserved among 316 

species and it was not possible to design conserved primers. We also identified the gene encoding for 317 

LPOR in ICE-MDV and related chlorophytes. We show that the gene encoding for LPOR in C. priscuii had 318 

the highest homology to the LPOR gene encoded in the ICE-MDV genome (77.5% identity) and the 319 

acidophile Chlamydomonas eustigma (81.4% identity), including a short 24 amino acid domain not 320 

observed in non-extremophilic chlorophytes (Fig. S2).  321 

 322 

Fig. 4 Experimental evidence for the absence of DPOR in C. priscuii and its presence in ICE-MDV. Primers 323 

designed to bind to conserved regions of the genes encoding for the DPOR subunits in several algal 324 

species were able to amplify regions in chlN and chlL in ICE-MDV and C. reinhardtii but not in C. priscuii. 325 

A PCR reaction using primers specific to CAO1 (a gene that is present in all three algal species) was used 326 

as a positive control (+) with C. priscuii cDNA to confirm absence of DPOR bands was not caused by 327 

technical errors  328 

 329 
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Detailed examination of the ICE-MDV genome revealed two copies of the gene that encodes for CAO 330 

(Fig. S3), the enzyme that catalyzes the conversion of Chl a to Chl b (Tanaka and Tanaka 2019). 331 

Significantly, the only other known green alga that also harbours a CAO duplication in its genome is C. 332 

priscuii (Cvetkovska et al. 2018). To confirm that the detected CAO duplicates were not an artifact in the 333 

genome assemblies, these genes were amplified from both species and sequenced, confirming the 334 

presence of two CAO homologs experimentally (not shown). C. priscuii and ICE-MDV CAO1 and CAO2 are 335 

more similar within the species (71.8% and 75.6% identity, respectively) than C. priscuii CAO genes are 336 

to ICE-MDV CAO genes (59.1% and 65% identity) suggesting that the duplication event occurred 337 

independently within each species (Fig. S3).  338 

To understand the importance of these key genes in chlorophyll biosynthesis in different light conditions 339 

we examined their expression using ddPCR, a method that allows for absolute quantification of 340 

transcript copies. LPOR expression did not change significantly in any of the examined light conditions in 341 

either species (Fig. 5a). The expression of chlN, used as a proxy for DPOR expression in ICE-MDV, was 342 

also not significantly affected by light treatment (Fig. 5a). This suggests that Chl accumulation, while 343 

affected by light quality, is not regulated at the level of LPOR and DPOR expression. Our data also 344 

revealed another trend. LPOR expression was on average lower in ICE-MDV compared to C. priscuii (~6 345 

000 copies/µL vs ~11 000 copies/µl, respectively). However, we show that the combined expression of 346 

DPOR and LPOR in ICE-MDV was on par with the expression of LPOR alone in C. priscuii (~11,000 347 

copies/μL; Fig. 5a). Thus, it is possible that C. priscuii compensates for the lack of DPOR by increasing 348 

LPOR expression.  349 
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 350 

Fig. 5 Transcript concentrations of LPOR and ChlN (a), and CAO1 and CAO2 (b) in C. priscuii and ICE-MDV 351 

grown in steady state light conditions measured using ddPCR. In both C. priscuii and ICE-MDV CAO1 352 

expression was significantly affected by light quantity (two-way ANOVA, p=0.004 and p=0.002, 353 

respectively) while only C. priscuii was significantly affected by light quality (two-way ANOVA, p=0.03). 354 

CAO2 expression was not impacted by light quality or quantity in either species (two-way ANOVA, 355 

p>0.05).Different letters above the bars represent statistically significant differences between light 356 

conditions as determined using Tukey’s post hoc test (p < 0.05). Lowercase letters indicate significant 357 

differences in C. priscuii, capital letters indicate significant differences in ICE-MDV. LB, low blue; HB, high 358 

blue; LR, low red; HR, high red. Values are means ± SD (n = 3)  359 

 360 

The overall expression levels of CAO are affected by light treatment, with significant differences 361 

between the two gene homologs (Fig. 5b). In both species, the expression of CAO1 is significantly 362 

affected by light quantity.  In C. priscuii (but not ICE-MDV) CAO1 expression is also significantly affected 363 
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by light quality. In contrast, in both species CAO2 is expressed constitutively and neither light quality nor 364 

quantity have a significant effect on transcript levels. Overall, total CAO expression is higher in C. priscuii 365 

than ICE-MDV, with the highest levels observed in algae acclimated to low blue light (~6000 copies/µL vs 366 

~3400 copies/µL, respectively). Thus, it appears that the expression of CAO1 (but not CAO2) correlates 367 

with the ability of these species to modify Chl a/b ratios in response to light (Fig. 3b).  368 

Light-mediated changes in thylakoid polypeptide abundance  369 

Differences in light quality and abundance are typically accompanied by long-term adjustments in 370 

PSI/PSII stoichiometry and PSII antenna size (Aizawa et al. 1992; Ballottari et al. 2007; Bonente et al. 371 

2012; Melis et al. 1996). To investigate whether the abundance of major thylakoid proteins in the 372 

psychrophiles is affected by light, we analyzed the relative protein accumulation of PsaA, PsbA, and 373 

Lhcbm in cultures acclimated to different light conditions (Fig. 6).  PsbA accumulation did not respond to 374 

light treatment in either species. In both species, acclimation to higher intensity light leads to decreases 375 

in PsaA and Lhcbm levels, indicating an increase in the size of the PSII antenna and decrease in PSI/PSII 376 

stoichiometry. This suggests that both psychrophiles retain the ability to regulate the size of their light 377 

harvesting apparatus when exposed to higher intensity light, but this ability is not linked to the spectral 378 

composition of the available light.  379 

 380 
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Fig. 6 Representative immunoblots (n = 3) showing accumulation of Lhcbm, PsbA, and PsaA protein in C. 381 

priscuii and ICE-MDV in varied light treatments. Lanes were equally loaded with 10 µg of total protein. 382 

HB, high blue; LB, low blue; HR, high red; LR, low red 383 

 384 

We also determined that the genomes of C. priscuii and ICE-MDV encode for a full complement of LHC 385 

genes, comparable in number to the model C. reinhardtii (Table S3). The genes encoding for LHCA 386 

proteins share a close relationship to their mesophilic counterparts, but the genes encoding for the 387 

major classes of LHCB proteins (LHCBMs) are more similar to their closest homologs within species 388 

rather than to their inter-species counterparts (Fig. S4).   389 

Light-driven differences in PSII photochemistry between C. priscuii and ICE-MDV  390 

We observed major differences in total Chl amounts in C. priscuii and ICE-MDV grown under blue and 391 

red light (Fig. 3). To investigate whether differing Chl amounts affect the photosynthetic ability of these 392 

species, we measured Chl a fluorescence at the level of PSII. C. priscuii has very low maximum PSII 393 

photochemical efficiency (FV/FM) in higher intensity red light while ICE-MDV has moderately decreased 394 

levels of FV/FM (0.15 and 0.34, respectively), when compared to values previously reported for green 395 

algae in optimal conditions (Bonente et al. 2012; Qin et al. 2021). We observed similar FV/FM values in 396 

the cultures acclimated to blue or lower intensity red light (~0.6-0.7; Fig. 7). A low FV/FM can be 397 

interpreted as a damage to the photosynthetic machinery (Qin et al. 2021), suggesting more severe 398 

photoinhibition at the level of PSII in C. priscuii compared to ICE-MDV in higher red light (Fig. 7). C. 399 

priscuii acclimated to red light had very low Chl levels, regardless of the intensity (Fig. 3) but we 400 

observed low FV/FM values only in higher intensity red light (Fig. 7). These results indicate that reduced 401 

capacity for PSII photochemistry observed in C. priscuii in high red light is not caused by low Chl levels.  402 
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 403 

Fig. 7 Maximum PSII photochemical efficiency (FV/FM) in C. priscuii and ICE-MDV cultures grown in 404 

different steady state light conditions. Statistically significant differences are represented as different 405 

letters as determined using Tukey’s post hoc test (p < 0.05). Values are means ± SD (n ≥ 3) 406 

 407 

Light energy absorbed by PSII can be used for 1) photochemistry [Y(II)], 2) dissipated through regulated 408 

processes and antenna quenching [Y(NPQ)], or 3) through non-regulated processes [Y(NO)]; our results 409 

demonstrate a very different light partitioning mechanisms in the two psychrophiles. C. priscuii grown in 410 

higher intensity red light has a very low proportion of absorbed light energy used for photochemistry 411 

(Fig. 8a) or dissipated as NPQ (Fig. 8b; Fig. S5). Our data demonstrates that the largest proportion of 412 

absorbed light energy is dissipated in non-regulated ways as Y(NO), even at very low actinic light levels 413 

(Fig. 8c). This effect appears to be limited only to cultures acclimated to higher intensity red light, and 414 

cultures acclimated to blue or lower intensity red light maintain the capacity to use light energy through 415 

photochemistry or dissipate the excess in regulated ways as Y(NPQ).  In contrast, ICE-MDV grown in 416 

higher intensity red light uses a larger proportion of absorbed light for photochemistry (Fig. 8d) and can 417 

effectively dissipate excess energy through NPQ (Fig. 8e; Fig. S5). ICE-MDV is also able to maintain a 418 

similar proportion of Y(NO) in all tested light conditions (Fig. 8f). We also examined NPQ as a measure 419 

independent of light partitioning as Y(NPQ) and observed the same trend (Fig. S5). Finally, we observed 420 

rapid NPQ relaxation kinetics in the dark in all cases, even when the NPQ values in the light were very 421 
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high (Fig. S6), indicating that the majority of NPQ was reversible energy-dependent quenching and not 422 

photoinhibitory quenching (Ralph and Gademann 2005). 423 

 424 

Fig. 8 Effect of varied light conditions on energy partitioning in PSII in C. priscuii (a, b, c) and ICE-MDV (d, 425 

e, f). Total absorbed light distributed between: photochemical yield of PSII, Y(II); nonphotochemical 426 

quenching, Y(NPQ); nonregulated energy dissipation, Y(NO). Points represent individual biological 427 

replicates and lines represent mean (n ≥ 3)  428 

 429 

We also measured the saturation point (Ek), utilization efficiency of light energy (α), and maximum rates 430 

of electron transport (rETRmax). Both species have comparable saturation points in higher intensity red 431 

and blue light, suggesting similar light intensity tolerance (Jauffrais et al. 2022; Qin et al. 2021). Similarly, 432 

both species have reduced light utilization efficiencies and maximum rates of electron transport when 433 

grown in higher intensity red light, but this reduction is significantly more pronounced in C. priscuii 434 

compared to ICE-MDV (Table 1). This indicates a much-reduced ability to use higher intensity red light 435 

and a reduced ability to move electrons through the photosynthetic apparatus under these conditions, 436 
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particularly for C. priscuii (Table 1). Taken together, our photosynthetic measurements suggest that C. 437 

priscuii has significantly reduced ability for efficient photochemistry when grown in red light. Excess 438 

energy is dissipated as NPQ when light intensity is low but predominantly as NO when the cells are 439 

acclimated to higher intensity red light. These effects are much less pronounced in ICE-MDV.  440 

Table 1 Photosynthetic parameters derived from fitting curves of relative electron transport rate during 441 

rapid light curves in cultures of C. priscuii and ICE-MDV grown in different steady state light conditions. 442 

Light harvesting efficiency, α; light-saturated electron transport rate, ETRmax; minimum saturating 443 

irradiance, Ek. Statistically significant differences are represented as different letters as determined 444 

using Tukey’s post hoc test (p < 0.05). LB, low blue; HB, high blue; LR, low red; HR, high red. Values are 445 

means ± SD (n ≥ 3) 446 

 α Ek rETRmax 

 C. priscuii ICE-MDV C. priscuii ICE-MDV C. priscuii ICE-MDV 

LB 0.28 ± 0.03 a 0.28 ± 0.03 ab 88.0 ± 16.8 b 106.3 ± 18.4 b 24.5 ± 3.5 b 29.0 ± 1.6 b 

HB 0.17 ± 0.04 c 0.26 ± 0.03 ab 254.7 ± 129.8 a 170.6 ± 33.9 ab 39.7 ± 10.6 a 43.9 ± 6.7 a 

LR 0.23 ± 0.06 b 0.16 ± 0.02 c 99.9 ± 29.8 b 70.0 ± 20.4 b 21.4 ± 3.7 bc 11.8 ± 4.3 d 

HR 0.04 ± 0.01 e 0.11 ± 0.02 d 271.1 ± 137.9 a 138.4 ± 41.5 b 9.0 ± 2.9 d 14.4 ± 3.6 cd 

 447 

Discussion 448 

Chlorophyll biosynthesis in Lake Bonney: the mystery deepens 449 

While Chl is an essential and abundant pigment in all photosynthetic species but its biosynthesis 450 

requires tight regulation (Kobayashi and Masuda 2019; Tanaka and Tanaka 2007). Confirming previous 451 

computational analyses (Cvetkovska et al. 2018a) we experimentally show that DPOR is absent in C. 452 

priscuii (Fig. 4); and with it presumably the ability to synthesize Chl in the absence of light. As predicted 453 

(Smith et al. 2019), the genes encoding for the DPOR subunits are present in ICE-MDV (Fig. 4). The loss 454 

of DPOR in C. priscuii is not easily explained, since the presence of a light-independent enzyme in the 455 

light-limited environments of Lake Bonney may be seen as a benefit for maintaining adequate Chl levels. 456 

Indeed, it has been suggested that DPOR is particularly effective in deep or turbid aquatic environments 457 

where light limitations may pose a challenge for maintaining LPOR activity (Hunsperger et al. 2015). 458 

While DPOR has been independently lost throughout eukaryotic evolution, most notably in all 459 

angiosperms, many algal species have retained the genes encoding for the subunits of this enzyme (Fong 460 

and Archibald 2008; Hunsperger et al. 2015; Wicke et al. 2011). The presence of both DPOR and LPOR in 461 
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ICE-MDV conforms to this pattern, as this alga appears well equipped to modify its cellular Chl levels in 462 

the light conditions tested here (Fig. 3a).  The endolithic coral symbiont Ostreobium quekettii 463 

(Bryopsidales) is currently the only confirmed eukaryote that depends solely on DPOR for Chl 464 

biosynthesis, as detailed screening of its genome failed to detect the LPOR gene (Iha et al. 2021; 465 

Marcelino et al. 2016). The authors surmise that reliance on DPOR may be advantageous due to the 466 

extreme shading this alga experiences within the coral skeleton but C. priscuii appears to have 467 

developed different strategies for shade adaptation.  468 

In some species, LPOR duplication may compensate for the loss of DPOR (Hunsperger et al. 2015) but 469 

this does not appear to be the case for C. priscuii. Despite having a genome enriched in gene duplicates 470 

(Zhang et al. 2021), a second copy of LPOR was not detected by Cvetkovska et al. (2018a) or in this 471 

study. Instead, our results suggest that this alga compensates for the lack of DPOR by increasing LPOR 472 

expression levels (Fig. 5a). The regulation of LPOR expression has been extensively studied in 473 

angiosperms and involves a complex network of developmental, hormonal, and light signals (Gabruk and 474 

Mysliwa-Kurdziel 2015; Kobayashi and Masuda 2019; Yong et al. 2024) but the situation is less clear in 475 

algae. While phytohormones have been detected in algae, their physiological roles remain unknown (Lu 476 

and Xu 2015). Phytochrome and cryptochrome photoreceptors are important regulators of LPOR 477 

expression in angiosperms, but C. priscuii lacks phytochromes (like all Chlorophytes; Li et al. 2015) and 478 

encodes for a significantly reduced complement of cryptochrome genes compared to its relatives 479 

(Poirier et al. 2023). The coordination of LPOR and DPOR expression in species that have both (such as 480 

ICE-MDV) is also poorly understood, although complementation of LPOR downregulation by DPOR has 481 

been reported in the cyanobacterium Fremyella diplosiphon (Shui et al. 2009).  482 

Consequences of the dependence on the light-active LPOR may be seen in the attenuated ability of C. 483 

priscuii to synthesize Chl in response to light availability. This is particularly obvious in cultures grown in 484 

red light that accumulate very low Chl levels regardless of the intensity (Fig. 3a). Work with land plants 485 

has shown that the LPOR substrate Pchlide has absorbance maxima in both red and blue regions of the 486 

light spectrum (Koski et al. 1948), but that the conversion of Pchlide to Chlide by LPOR was up to seven 487 

times more efficient when Pchlide absorbed red light (647 nm) rather than blue light (407 nm) (Hanf et 488 

al. 2012). The predicted high activity of land plant LPOR in red light contrasts with the low Chl levels 489 

observed in red light in C. priscuii. This presents another puzzle regarding the role of LPOR in chlorophyll 490 

biosynthesis in C. priscuii, an alga that is exposed solely to blue light in its habitat. Although it must be 491 

noted that the validity of the results by Hanf et al. (2012) have been questioned (Björn 2013), there 492 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 5, 2024. ; https://doi.org/10.1101/2024.08.01.606229doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.01.606229
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 
 

could be several other explanations to the low Chl levels observed in red light-grown C. priscuii cultures. 493 

First, the Chl biosynthesis pathway could be light constrained at an upstream step. For instance, the 494 

synthesis of 5-aminolevulinic acid (ALA), the universal precursor of tetrapyrrolesis also light regulated 495 

(Ilag et al. 1994; reviewed in Wu et al. 2019). Second, deep water algae such as C. priscuii may have a 496 

“blue-adapted” LPOR which is more efficient at shorter wavelengths. There are several reports of 497 

proteins from C. priscuii that are specifically adapted to function better in the extreme environment of 498 

Lake Bonney (Cvetkovska et al. 2018b; Szyszka-Mroz et al. 2019), demonstrating the possibility for 499 

evolving beneficial protein traits under environmental pressures. Detailed biochemical and 500 

transcriptional characterization of LPOR from psychrophilic algae would shed more light on the mystery 501 

of Chl biosynthesis in the depths of Lake Bonney and other blue light dominated environments.  502 

CAO gene duplication may confer a fine control of Chl b accumulation in polar algae 503 

Both C. priscuii and ICE-MDV encode for two CAO genes, representing the first report of CAO duplication 504 

in algae. This duplication was reported previously based on genomic analysis in C. priscuii (Cvetkovska et 505 

al. 2018a), but here we provide experimental evidence that both Lake Bonney psychrophiles encode for 506 

two highly similar CAO homologs (Fig. S3). CAO duplication has been reported only twice. Rice (Oryza 507 

sativa) encodes for two CAO genes, although only CAO1 is functional and necessary for maintaining Chl 508 

b amounts (Jung et al. 2021; Lee et al. 2005).  The bryophyte Physcomitrium patens also encodes for two 509 

CAO genes, both of which contribute to Chl b biosynthesis (Zhang et al. 2023). CAO is encoded by a 510 

single gene in all other examined plants and algae (Kunugi et al. 2016; Schumacher et al. 2022).  511 

We believe that the CAO duplications arose independently in C. priscuii and ICE-MDV, possibly driven by 512 

the environmental pressures of their extreme environment.  While both species were isolated from Lake 513 

Bonney, they are not the closest relatives within the Chlamydomonadales; C. priscuii belongs to the 514 

Moewusinia clade (Possmayer et al. 2016) while ICE-MDV (and related ICE strains) in the Monadinia 515 

clade (Cook et al. 2019; Zhang et al. 2020). Furthermore, the two CAO homologs share a closer identity 516 

within species (Fig. S3), suggesting an independent duplication event.  517 

It has been hypothesized that CAO gene expression is the primary method for regulating chl a/b ratios 518 

and antenna size (Tanaka and Tanaka 2019). In both species, CAO2 is constitutively expressed, while 519 

CAO1 is upregulated in cells acclimated to lower light intensity (although the change is significant only in 520 

blue light). Higher expression of CAO under lower intensity light (Fig. 5b) correlates with increased Chl b 521 

pigment (Fig. 3b) and LHCBM protein (Fig. 6) amounts in both C. priscuii and ICE-MDV. Accumulation of 522 
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Chl b affects the amount of LHCII present and in many plant and algal species growth in low light leads 523 

to higher Chl b amounts and larger antenna size (Harper et al. 2004; Kunugi et al. 2016; Masuda et al. 524 

2003; Stolárik et al. 2017; Tanaka and Tanaka 2005) including in C. priscuii (Szyszka et al. 2007). It is 525 

tempting to speculate that CAO duplication in these polar species leads to increased CAO protein 526 

amounts through gene dosage, as demonstrated for photosynthetic ferredoxin (Cvetkovska et al. 527 

2018b). This could support a finer control for increasing Chl b amounts and large PSII antennae in the 528 

light-limited environment of Lake Bonney. This would likely offer competitive advantage and be a very 529 

beneficial trait for maximizing light absorption under the polar ice.  530 

We also observed similar duplication patterns in the genes encoding for LHCBM proteins. LHCBM gene 531 

duplications were reported previously in the genome of C. priscuii (Zhang et al. 2021), and here we show 532 

that both ICE-MDV and C. priscuii have more genes that encode for Type IV (LHCBM1) and Type III 533 

(LHCBM2/7) proteins but lack Type II (LHCBM5) and have a reduced complement of Type I 534 

(LHCBM3/4/6/8/9) genes (Fig. S4). LHCBM genes are also more similar within species rather than to 535 

their homologs from other species, suggesting independent gene evolution. Interestingly, this appears 536 

to be the case only for LHCBM genes, and both species encode for a full complement of LHCA genes that 537 

share a close identity between species including C. reinhardtii (Fig. S4). Inherently low levels of PSI and 538 

the failure to detect LHCA proteins using immunoblotting in C. priscuii, combined with its inability to 539 

preform state transitions (Morgan et al. 1998; Morgan-Kiss et al. 2005; Szyszka et al. 2007) has led to 540 

questioning the importance of PSI in this alga. The more recent characterization of a unique PSI-541 

supercomplex, the discovery of energy spillover between PSI and PSII, and the detection of PSI peptides 542 

via proteomics (Kalra et al. 2020; Kalra et al. 2023; Szyzszka-Mroz et al. 2015; Szyszka-Mroz et al. 2019) 543 

revealed that PSI plays a different role in C. priscuii than its model relatives. Importantly, these studies 544 

also failed to detect a full complement of LHCBM peptides in C. priscuii (Kalra et al. 2020; Kalra et al. 545 

2023), explained here by the lack of the genes encoding them. Previous studies along with the genetic 546 

data we present here are revealing a unique photosynthetic apparatus in shade-adapted psychrophiles.  547 

Red light negatively affects photosynthetic performance in C. priscuii 548 

Up to this point, our results suggest that the two psychrophiles acclimated to different light conditions 549 

respond more strongly to light intensity rather than light quality, possibly related to decreased ability to 550 

sense and respond to spectral wavelengths (Poirier et al. 2023). These results contrast with those 551 

reported by Morgan-Kiss et al. (2005), where a sudden shift from white to red light caused a complete 552 

growth inhibition and led to re-arrangement in the stoichiometry of the two photosystems in C. priscuii. 553 
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These differences in responses between a sudden shift and long-term growth under different spectral 554 

wavelengths prompted us to further examine the impact of light quality on photochemistry. 555 

Higher intensity red light has a significant and negative effect on photochemistry in C. priscuii as 556 

demonstrated by very low FV/FM levels (Fig. 7), an effect not observed with lower intensity red light nor 557 

blue light. Higher intensity red light also dramatically affects light partitioning in this alga, and we 558 

observe most of the light energy being dissipated through non-regulated processes as Y(NO) rather than 559 

non-photochemical quenching as Y(NPQ) (Fig. 8). The light saturation coefficient (Ek) can be used as a 560 

proxy for the ability to tolerate higher light (Jauffrais et al. 2022; Qin et al. 2021; Ralph and Gademann 561 

2005). Comparable Ek values in high red light to those in blue light suggests that C. priscuii cells are 562 

absorbing similar light levels; however, in high red light they are not able to utilize this light for 563 

photochemistry or dissipate it through NPQ. Significantly, this effect is observed solely in algae grown at 564 

higher intensity red light, and higher intensity blue light does not appear to have the same 565 

photoinhibitory effect. This suggests that photoacclimation methods such as alteration of antenna size, 566 

PSI/PSII stoichiometry, Chl levels, and induction of NPQ are sufficient to avoid photoinhibition in blue 567 

light (even at higher intensity) but not in red light. 568 

Previous work has shown that C. priscuii has a higher capacity for NPQ, compared to related algae. For 569 

instance, when grown at optimal temperatures Y(NPQ) was almost twice as high in C. priscuii compared 570 

to the related mesophile Chlamydomonas raudensis SAG 49.72 (Szyszka et al., 2007). Growth at higher 571 

intensity white light led to doubling of both Y(NPQ) and Y(NO) when compared to growth at lower light 572 

(Szyszka et al. 2007) and an increase of NPQ was reported when cultures were rapidly shifted from 573 

white to red light (Morgan-Kiss et al. 2005). High Y(NO) and low Y(NPQ), reminiscent to those seen in 574 

our high red light grown cultures, were reported in C. priscuii multi-cell palmelloids (Szyszka-Mroz et al. 575 

2022). The authors suggested that the formation of palmelloids is a photoprotective mechanism in C. 576 

priscuii, but it is unlikely that a similar process is occurring in our red light-growth cultures. Palmelloids 577 

are larger cellular assemblages (Szyszka-Mroz et al. 2022), and we did not observe an increase in 578 

average cell size in red-grown cells when compared to those grown in blue light (Fig. S1). Thus, it 579 

appears that very low NPQ rates are unique to high red light acclimated C. priscuii. 580 

While red light also decreases photochemistry in ICE-MDV, the effect is much less pronounced. ICE-MDV 581 

grown at higher intensity red light has moderately decreased FV/FM values (~0.34) and slightly increased 582 

but comparable levels of Y(NPQ) and Y(NO) as blue light-grown cultures. Unlike C. priscuii, ICE-MDV has 583 

retained the ability to modify its photosynthetic apparatus under Fe-deficiency (Cook et al. 2019), can 584 
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balance PSI and PSII light excitation through state transitions (Kalra et al. 2023) and responds 585 

phototactically to light signals (Poirier et al. 2023) suggesting a photosynthetic apparatus similar to the 586 

mesophile C. reinhardtii. ICE-MDV is naturally adapted to a wider range of light conditions in Lake 587 

Bonney (Li and Morgan-Kiss 2019; Sherwell et al. 2022) compared to C. priscuii, which is reflected in its 588 

ability to maintain photosynthetic efficiencies under both red and blue light.  589 

One of the more puzzling findings of our study is the observation that C. priscuii can maintain relatively 590 

high growth rates and low cellular death in higher intensity red light (Fig. 2), despite very low Chl levels 591 

(Fig. 3) and severely inhibited photosynthetic capacity (Fig. 7, Fig. 8, Table 1). The very low FV/FM values 592 

in this alga acclimated to red light (~0.15) are reminiscent of polar microalgae that undergo very low 593 

growth rates or dormancy during extended periods of darkness (~0.1; Reeves et al. 2011; McMinn and 594 

Hegseth 2004). Many algal species, including C. reinhardtii and various polar alga, are mixotrophs and 595 

can use external carbon sources to support growth in the absence of light (Heifetz et al. 2000; Stoecker 596 

et al. 2018). All our experiments were performed under photoautotrophic conditions, so it is very 597 

unlikely that our cultures were using external organic compounds to fuel growth. One possibility is that 598 

most of the red light is preferentially absorbed by PSI (Melis et al. 1996), a parameter not measured by 599 

the methods used in our work. The importance of PSI and CEF within a unique supercomplex in C. 600 

priscuii has received significant attention recently (Kalra et al. 2020; Kalra et al. 2023; Szyszka-Mroz et al. 601 

2015), but all these studies have utilized a broad range white light. Future work examining the 602 

involvement of CEF and PSI under narrow-wavelength growth will shed further light on the unique 603 

photochemistry in deep-water psychrophiles.  604 

Conclusion  605 

Overall, we suggest that the unique physiology of C. priscuii is best suited for the extreme but very 606 

stable environment of Lake Bonney, Antarctica. Many psychrophilic traits that may confer adaptive 607 

benefits for life at the extreme, could be detrimental when the environmental conditions change 608 

(Cvetkovska et al. 2022a). Thus, the loss of short-term acclimation mechanisms may be what limits C. 609 

priscuii to the deep photic zone of Lake Bonney and what may ultimately harm its viability in a changing 610 

world. In contrast, ICE-MDV is much better equipped to manage changes in the spectral composition of 611 

light.  Rising temperatures are predicted to alter light availability within Lake Bonney as the ice cover 612 

thins, increasing the light intensity and variation in light quality (Clark et al. 2013; Howard-Williams et al. 613 

1998). Reduced photochemistry and growth due to changes in spectral composition would likely be a 614 

disadvantage in a competitive natural environment. We used narrow-range wavelengths to better 615 
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understand the effects of light quality, but observing the responses of these vulnerable species to white 616 

light enriched in red and blue wavelengths would be the next step to better understand the responses 617 

of these psychrophiles to a changing world.  618 
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