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Abstract
Chlamydomonas sp. UWO241 is a psychrophilic alga isolated from the deep photic zone of a perennially ice-covered Ant-
arctic lake (east lobe Lake Bonney, ELB). Past studies have shown that C. sp. UWO241 exhibits constitutive downregulation 
of photosystem I (PSI) and high rates of PSI-associated cyclic electron flow (CEF). Iron levels in ELB are in the nanomolar 
range leading us to hypothesize that the unusual PSI phenotype of C. sp. UWO241 could be a response to chronic Fe-
deficiency. We studied the impact of Fe availability in C. sp. UWO241, a mesophile, C. reinhardtii SAG11-32c, as well as 
a psychrophile isolated from the shallow photic zone of ELB, Chlamydomonas sp. ICE-MDV. Under Fe-deficiency, PsaA 
abundance and levels of photooxidizable P700 (ΔA820/A820) were reduced in both psychrophiles relative to the mesophile. 
Upon increasing Fe, C. sp. ICE-MDV and C. reinhardtii exhibited restoration of PSI function, while C. sp. UWO241 exhib-
ited only moderate changes in PSI activity and lacked almost all LHCI proteins. Relative to Fe-excess conditions (200 µM 
Fe2+), C. sp. UWO241 grown in 18 µM Fe2+ exhibited downregulation of light harvesting and photosystem core proteins, 
as well as upregulation of a bestrophin-like anion channel protein and two CEF-associated proteins (NdsS, PGL1). Key 
enzymes of starch synthesis and shikimate biosynthesis were also upregulated. We conclude that in response to variable Fe 
availability, the psychrophile C. sp. UWO241 exhibits physiological plasticity which includes restructuring of the photo-
chemical apparatus, increased PSI-associated CEF, and shifts in downstream carbon metabolism toward storage carbon and 
secondary stress metabolites.
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Δ/A820	� Proportion of photooxidizable P700
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CEF	� Cyclic electron flow
Chl a	� Chlorophyll a

e−/P700	� Intersystem electron pool size per PSI reaction 
center

ELB	� East lobe Lake Bonney
F685	� 77 K fluorescence maximum, 685 nm
F715	� 77 K fluorescence maximum, 715 nm
FR	� Far red
FV/FM	� Maximum photosynthetic efficiency
HNLC	� High nutrient, low chlorophyll
LHCI	� Light harvesting complex I
LHCII	� Light harvesting complex II
MT/ST	� Multiple turn-over/single turn-over actinic light 

flash
NPQ	� Nonphotochemical quenching
P700+	� Photochemical reaction center of photosystem 

I, oxidized form
pmf	� Proton motive force
PSI	� Photosystem I
PSII	� Photosystem II
qP	� Photochemical quenching
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t1/2
red	� Half-time for re-reduction of P700+

Y(PSI)	� Effective quantum yield of PSI
Y(PSII)	� Effective quantum yield of PSII
Y(NA)	� Energy loss due to acceptor side limitation
Y(ND)	� Energy loss due to donor side limitation
Y(NO)	� Energy dissipation from nonregulated processes
Y(NPQ)	� Nonphotochemical energy dissipation from 

antenna quenching

Introduction

Iron, one of the most abundant elements on Earth, resides in 
multiple forms in aquatic environments, including solutions 
or colloids. The soluble, bioavailable form of iron, ferrous 
(Fe2+), is often below biological needs in aquatic environ-
ments (Martin and Fitzwater 1988). Although essential for 
multiple metabolic pathways involving redox reactions, iron 
is particularly important for several photosynthetic activities 
and therefore has important implications on global primary 
production. Almost 50% of primary production occurs in 
oceans which contain sub-nanomolar Fe concentrations, 
i.e., much of the carbon fixation in aquatic habitats occurs 
under Fe-limiting conditions (Bowie et al. 2002; Behrenfeld 
and Kolber 1999; Coale et al. 2004). The “iron hypothesis” 
predicts that over large geological time scales iron supply 
played a critical role in oscillations in atmospheric CO2 
concentrations and climate through control of ocean phyto-
plankton productivity (Martin 1990).

The photosynthetic electron transport chain is enriched 
in iron. Fe-limitation specifically targets photosystem I 
(PSI) as it requires three 4Fe–4S centers (i.e., 12 atoms of 
Fe per complex) as electron acceptors and contains almost 
half of the iron content present within the photosynthetic 
apparatus (Merchant et al. 2006). The Cyt b6f complex also 
has relatively high Fe needs (6 atoms per complex), while 
PSII requires only two Fe atoms per complex. Ratios of PSI/
PSII are significantly reduced in cyanobacteria and algae 
acclimated to Fe-limiting conditions (Straus 1994; Strze-
pek and Harrison 2004; Moseley et al. 2002; Ivanov et al. 
2000; Glaesener et al. 2013). Moreover, deficiencies on the 
electron acceptor side of PSI lead to rapid over-reduction of 
PSI photochemistry and generation of the reactive oxygen 
species, superoxide (Spreitzer and Mets 1981; Sonoike and 
Terashima 1994; Sonoike et al. 1995). As PSI lacks an effi-
cient repair cycle, photoprotection of PSI is important under 
Fe-limitation. This is accomplished in part by downregula-
tion of PSI through uncoupling of light harvesting complex 
I (LHCI) from PSI (Desquilbet et al. 2003; Merchant et al. 
2006) (i.e., functional downregulation), as well as degrada-
tion of specific LHCI subunits (i.e., structural downregula-
tion) (Naumann et al. 2005, 2007) in plants and algae. Major 
remodeling of LHCI-PSI as well as accumulation of novel 

PSI antenna proteins has been observed in cyanobacteria 
(Bibby et al. 2001) and algae (Yadavalli et al. 2012; Varsano 
et al. 2006). LHCI-PSI downregulation can be monitored as 
a reduction in PSI-associated low temperature (77 K) Chl a 
fluorescence emission peak at 715–720 nm (Yadavalli et al. 
2012). Iron deficiency also results in a reduction in the level 
of photooxidizable P700 and faster rates of P700+ re-reduc-
tion (Elkhouni et al. 2018; Ivanov et al. 2012).

A large proportion (up to 70%) of the Earth’s habitable 
space is permanently or seasonally cold (< 5  °C) (e.g., 
world’s oceans, polar regions, alpine habitats) (De Maayer 
et al. 2014). Where there is light and low temperature, food 
webs are supported by the “photopsychrophiles”, represent-
ing cold-adapted cyanobacteria, photosynthetic bacteria, and 
algae (Morgan-Kiss et al. 2006; Cvetkovska et al. 2017). 
Photopsychrophiles employ novel strategies to balance 
energy flow between processes which are largely tempera-
ture-insensitive (i.e., light absorption, energy transduction) 
and downstream metabolic pathways which are highly sensi-
tive to the external thermal environment. Last, cold adapted 
photosynthetic microorganisms must survive permanent low 
temperatures combined with other stresses (nutrient stress, 
hypersalinity, high UV, desiccation), including nanomolar 
concentrations of bioavailable iron in the Antarctic (De Baar 
et al. 1995) and northeast Pacific subarctic oceans (Martin 
and Fitzwater 1988). While there have been numerous stud-
ies on the effect of Fe-availability on polar phytoplankton 
productivity (Boyd et al. 2000; Martin and Fitzwater 1988; 
Coale et al. 2004), a thorough understanding of the addi-
tive effects of photosynthetic adaptation to low temperatures 
combined with chronic Fe-deficiency is currently lacking.

The McMurdo (MCM) Dry Valleys (southern Victoria 
Land, Antarctica) are a polar desert with annual tempera-
tures averaging − 20 °C and annual precipitation < 10 cm 
(Lyons et al. 2000). Despite these extreme conditions, 
microbial-dominated food webs persist in water columns 
of numerous ice-covered lakes and ponds (Morgan-Kiss 
et al. 2006; Priscu et al. 1999). The Antarctic psychro-
phile, Chlamydomonas sp. UWO241 was isolated from the 
deep photic zone (17 m depth) of east lobe Lake Bonney 
(ELB), one of several highly studied MCM lakes. Due to 
the unusual physicochemistry of the ELB water column, C. 
sp. UWO241 is adapted to low temperatures, hypersalinity 
and extreme shade of unusual spectral quality (blue wave-
lengths) (Neale and Priscu 1995). The permanent ice-cover 
prevents vertical mixing: phytoplankton communities of 
variable composition are layered within a highly strati-
fied photic zone characterized by freshwater/oligotrophic 
conditions at the surface and hypersaline/mesotrophic in 
the deeper layers (Bielewicz et al. 2011). Early studies 
showed that ELB phytoplankton are extremely phospho-
rus deficient (Priscu 1995; Dore and Priscu 2001; Teufel 
et al. 2017). Micronutrients were not investigated in these 
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studies, but iron is low or below detection limits within the 
photic zone of ELB (Weand et al. 1976; Ward et al. 2003; 
Angino et al. 1964).

Past studies have described in detail how the photosyn-
thetic apparatus of C. sp. UWO241 is restructured compared 
with other mesophilic model algae to survive conditions of 
constitutive long-term stress (Morgan et al. 1998; Morgan-
Kiss et al. 2002a, b, 2005; Szyszka et al. 2007). One of the 
more intriguing characteristics of C. sp. UWO241 is an 
apparent permanent downregulation of PSI, estimated by 
the absence of a measurable PSI-associated low tempera-
ture (77 K) Chl a fluorescence emission peak (Morgan et al. 
1998) combined with low levels of photooxidizable P700 
(ΔA820/A820), and an apparent absence of all or most LHCI 
proteins (Morgan et al. 1998; Morgan-Kiss et al. 2002b; 
Szyszka-Mroz et al. 2015). In addition, C. sp. UWO241 
maintains constitutively high rates of PSI-associated cyclic 
electron flow (CEF) rates which are associated with forma-
tion of a stable PSI supercomplex (Morgan-Kiss et al. 2005; 
Szyszka et al. 2007; Szyszka-Mroz et al. 2015). The unusual 
characteristic of an apparent downregulation of PSI in C. sp. 
UWO241 resembles an Fe-deficient phenotype in other algae 
grown under laboratory-controlled conditions (Merchant 
et al. 2006; Yadavalli et al. 2012). As a strategy for survival 
under long-term Fe-limitation, natural communities of oce-
anic diatoms reduce their cellular Fe requirements relative 
to coastal diatoms by significantly lowering PSI and Cyt 
b6f levels (Strzepek and Harrison 2004). Thus, one explana-
tion which has not been considered in previous studies of C. 
sp. UWO241 is that permanent downregulation of PSI may 
reflect adaptive strategy to survive long-term Fe-limitation 
in its natural habitat.

Recently, a second psychrophilic Chlamydomonas, C. 
sp. ICE-MDV, was isolated from east lobe Lake Bonney 
(ELB) (Raymond and Morgan-Kiss 2017; Li et al. 2016). In 
contrast with C. sp. UWO241 which was isolated from the 
hypersaline deep photic zone of ELB (temperature ~ 5 °C; 
specific conductivity at 15 °C > 6 S m−1), C. sp. ICE-MDV 
dominates the shallow photic zone where it is exposed to 
higher irradiance, extreme oligotrophy, and low salinity 
(temperature ~ 2 °C; specific conductivity at 15 °C < 0.2 S 
m−1) (Dolhi et al. 2015; Kong et al. 2012; Spigel and Priscu 
1998). The natural light levels of ELB are extreme shade 
enriched in blue-green wavelengths (Neale and Priscu 
1995). Natural PAR levels experienced by C. sp. ICE-MDV 
(~ 50 µmol m−2 s−1) are fivefold to tenfold higher compared 
with that of C. sp. UWO241 (< 10 µmol m−2 s−1) (Kong 
et al. 2012). Cold adaptation in both ELB isolates involves 
expression of multiple isoforms of ice-binding proteins when 
grown under low temperature (Raymond and Morgan-Kiss 
2013, 2017). However, it is unknown whether C. sp. ICE-
MDV shares other phenotypic characteristics with C. sp. 
UWO241. More specifically, does C. sp. ICE-MDV exhibit 

remodeling of the photosynthetic apparatus, downregulation 
of PSI and high rates of PSI-associated CEF?

We hypothesize that constitutive downregulation of PSI 
in C. sp. UWO241 may reflect adaptation to permanent Fe-
deficiency in ELB. Furthermore, as C. sp. ICE-MDV was 
also isolated from ELB, we further predict that this psychro-
phile might share some of the unique characteristics as pre-
viously described in C. sp. UWO241. To test these predic-
tions, we compared PSII and PSI photochemical function in 
the ELB isolates (C. sp. UWO241 and C. sp. ICE-MDV) and 
the model alga C. reinhardtii grown under standard growth 
conditions as well as a gradient of Fe, ranging from deficient 
(2 µM Fe2+) to excess (200 µM Fe2+). We also compared 
the proteome of C. sp. UWO241 grown in standard growth 
medium (18 µM Fe2+) versus Fe-excess (200 µM Fe2+) con-
ditions. Our results revealed that both psychrophiles altered 
photochemical function in response to Fe-availability; how-
ever, C. sp. UWO241 is distinct from both C. reinhardtii 
and C. sp. ICE-MDV because it maintains the unique fea-
tures at the level of PSI regardless of Fe concentration. The 
psychrophilic C. spp. UWO241 and ICE-MDV represent a 
unique opportunity for further analyses into how long-term 
isolation under a suite of extreme environmental conditions 
can lead to different survival strategies among the extremo-
philic algae.

Materials and methods

Strains and growth conditions

The mesophilic Chlamydomonas reinhardtii (SAG11-
32c) was obtained from the Chlamydomonas Resource 
Center. The psychrophilic Chlamydomonas sp. UWO241 
(CCMP1619) was originally isolated by J Priscu in 1995 
from the deep photic zone (17 m sampling depth) of ELB 
(Neale and Priscu 1995). The psychrophilic Chlamydomonas 
sp. ICE-MDV was isolated in 2014 from an enrichment cul-
ture of 15 m ELB water (Raymond and Morgan-Kiss 2017). 
Both of the ELB psychrophiles are stored in a low tempera-
ture culture laboratory at Miami University and are main-
tained at low temperatures (4 °C). Cultures for all experi-
ments were grown in acid-washed 250 mL Pyrex tubes in 
temperature-regulated aquaria and bubbled with sterile air 
(Morgan-Kiss et al. 2008). The mesophilic and psychrophilic 
strains were grown under temperature/irradiance regimes of 
20 °C/100 µmol−2 s−1 and 8 °C/100 µmol−2 s−1, respectively. 
For standard conditions, cultures were grown in Bold’s Basal 
Medium (BBM) (Bold 1949) which contained an FeSO4 
concentration of 18 µM Fe2+. In iron treatment experiments, 
cultures were grown in BBM supplemented with the fol-
lowing FeSO4 concentrations: (i) deficient = 2 µM Fe2+, (ii) 
replete = 20 µM Fe2+, and (iii) excess = 200 µM Fe2+. Iron 
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treatments were defined based on previous studies in C. rein-
hardtii (Glaesener et al. 2013). Growth was monitored as 
change in optical density at 750 nm according to Morgan 
et al. (1998).

For phylogenetic analysis, a fragment of 18S rRNA was 
amplified using universal primers (Bielewicz et al. 2011) 
from genomic DNA isolated from mid-log cultures of C. 
sp. ICE-MDV. A purified PCR product was sequenced at 
the Center for Bioinformatics and Functional Genomics at 
Miami University. Comparative sequences of representative 
Chlamydomonas lineages were selected from GenBank, and 
closely affiliated sequences were identified using BLASTN 
search. Alignment of DNA sequences was performed with 
ClustalW in Mega7 (Kumar et al. 2016). A neighbor-join-
ing analysis was performed, and bootstrap consensus tress 
(500 pseudoreplicates) were generated using the Maximum 
Likelihood method based on the Tamura-Nei model (Tamura 
et al. 2004).

Chlorophyll a and b concentrations were determined from 
whole cell extractions in 90% acetone according to Jeffry 
and Humphrey (1975).

Microscopy

A Zeiss LSM-170 confocal laser scanning microscope was 
used to generate images of C. spp. UWO241 and ICE-MDV. 
A 488-nm argon ion laser was used as an excitation source, 
and chlorophyll fluorescence was detected at 650–750 nm. 
Differential interference contrast images were generated 
using the transmission light mode.

Chlorophyll a fluorescence

Room temperature Chl a fluorescence was measured in 
vivo in exponentially growing cultures using a Dual-PAM 
100 fluorometer (Hienz Walz GmbH, Effeltrich, Germany). 
Before each measurement, 10 mM NaCO3 was added and 
the sample was exposed to far red light for 2 min to fully 
oxidize the photosynthetic electron transport chain. The 
fluorescence parameters FV/FM (maximum photochemical 
efficiency), qP (photochemical quenching or proportion 
of open PSII reaction centers), Y(PSII) (quantum yield of 
photochemistry), Y(NPQ) (nonphotochemical energy dis-
sipation from antenna quenching) and Y(NO) (energy dis-
sipation from nonregulated processes) were calculated dur-
ing steady-state photosynthesis at the growth temperature/
irradiance/iron regimes.

Low-temperature (77 K) Chl a emission spectra were 
collected on a LS50B Luminescence Spectrometer (Perkin 
Elmer, Buckinghamshire, England) equipped with a sample 
holder for liquid nitrogen (Morgan et al. 1998). Samples 
from mid-log phase cultures were dark adapted for 10 min 
at the growth temperature and flash frozen in liquid nitrogen. 

Frozen samples were exposed to an excitation wavelength 
of 436 nm. Emission spectra were collected using excitation 
and emission slit widths of 4 nm. Spectra are the average 
of three scans per replicate. Decompositional analysis of 
77 K fluorescence emission spectra was performed using a 
nonlinear least squares algorithm using Microcal OriginPro 
version 8.5.1 (Microcal Origin Northampton, MA). The fit-
ting parameters for the Gaussian components (position, area 
and full width half-maximum, FWHM) were free running 
parameters.

Measurements of PSI parameters

Photooxidation of P700 was measured as the far-red light-
induced changes in absorption at 820 nm (ΔA820) on the 
DUAL-PAM instrument (Ivanov et al. 1998; Morgan-Kiss 
et al. 2005). Samples of exponentially growing cultures were 
dark adapted for 10 min at the growth temperature. A vol-
ume of culture (5–10 mL) representing 25 µg total Chl a per 
sample was concentrated by vacuum filtration onto a What-
man GF/C 25 mm filter and attached to the fluorometer using 
the leaf attachment. The proportion of photooxidizable P700 
(∆A820/A820) was determined as the change in absorbance 
at 820 nm after turning on the far red light (λmax = 715 nm, 
10 Wm−2, Scott filter RG 715). Once the signal reached a 
steady state in the presence of far red (FR) light, single (ST) 
and multiple (MT) turn-over flashes (parameters) were used 
to determine the MT/ST ratio, representing the intersystem 
electron pool size. The half-time for the reduction of P700+ 
to P700 (t½

red) was calculated after the FR light was turned 
off to estimate relative rates of alternative electron flow 
around PSI (Ivanov et al. 1998; Morgan-Kiss et al. 2005). 
P700 photooxidation was also measured under white actinic 
light (AL) (200 µmol m−2 s−1) in the presence and absence 
of 40 µM DCMU to estimate the contribution of electrons 
from PSII (Ivanov et al. 2012).

Quantum yields of energy conversion in PSI, or PSI 
energy partitioning, were measured on the Dual-PAM 
instrument according to Pfündel et al. (2008). PSI effec-
tive photochemical quantum yield was calculated as 
[Y(I)] =

(

P
�
m

− P
)

∕P
m

 . Donor side limitation [Y(ND) 
= (P−Po)/Pm] represents energy dissipation due to a 
shortage of electron donors. Acceptor side limitation 
[

Y(NA) =
(

P
m
− P

�
m

)

∕P
m

]

 represents energy dissipation 
due to a shortage of electron acceptors.

Thylakoid isolation

Thylakoid membrane isolation was performed according to 
Morgan et al. (1998). Cell pellets from mid-log phase cul-
tures were resuspended in Tricine-NaOH buffer (pH 7.8) 
containing 0.3 M sorbitol, 5 mM MgCl2, 10 mM NaCl and 
1 mM Pefabloc (Sigma–Aldrich). Cells were broken by 
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passing twice through a chilled French Pressure Cell (10,000 
psi). The lysate was washed twice in Tricine buffer in the 
absence of sorbitol. Glycerol (10%) was added to samples 
before flash freezing in liquid N2 and stored at − 80 °C.

SDS–PAGE and immunoblotting

Thylakoid samples were solubilized by boiling for 2 min 
in 60 mM Tris buffer (pH 7.8) containing 1 mM EDTA, 
12% (w/v) sucrose and 2% SDS). Total protein was quanti-
tated using a Bradford protein assay kit (Biorad). Thylakoid 
proteins were loaded on an equal protein basis (10 µg) and 
separated on TGX FastCast™ SDS–PAGE polyacrylamide 
gels (Bio-Rad). Gels were transferred to methanol-activated 
PVDF membranes using a TransBlot Turbo™ Transfer 
System (Bio-Rad). Transferred membranes were blocked 
overnight in 5% nonfat milk and probed with primary anti-
bodies (Agrisera, Sweden) against the PSI reaction center 
protein, PsaA (Cat No. AS06-172), D1 protein, PsbA (Cat 
No. AS01-016), and Ferredoxin, Fdx1 (Cat No. AS06-121). 
Membranes were then exposed to Protein A conjugated to 
horseradish peroxidase, and blots were detected with ECL 
Select™ Western Blotting Detection Reagent (Amersham).

Proteomic analyses by liquid 
chromatography‑tandem mass spectrometry 
(LC‑MS/MS)

Proteomics analyses were conducted following a similar 
procedure in our previous work (Wang et al. 2016). Briefly, 
mid-log phase cultures of C. sp. UWO241 grown in either 
BBM (18 µM Fe2+) or iron excess (200 µM Fe2+) media 
were harvested by centrifugation. 100 µg of total protein 
from each sample was subjected to denaturing by 8 M urea 
and digestion using Trypsin Gold (Promega, Madison, WI) 
with 1:50 w/w at 37 °C for 18 h. The digested peptides were 
further cleaned up using a Sep-Pak C18 plus column (Waters 
Corporation, Milford, MA). The Multidimensional Protein 
Identification Technology (MudPIT)-based shotgun prot-
eomics were performed by loading digested peptides onto 
a biphasic strong cation exchange/reversed phase capillary 
column. The two-dimensional (2D)-LC-MS/MS was con-
ducted on a LTQ ion trap mass spectrometer (Thermo Finne-
gan, San Jose, CA) operated in the data-dependent acquisi-
tion mode by recording the full ass spectra of 300–1700 m/z, 
and fragment the 5 most abundant peaks of each scan for 
MS/MS analysis. The MS/MS raw data were analyzed by 
first converting into MS2 files, followed by database search 
using ProLuCID (Xu et al. 2006). The UWO 241 protein 
database was generated based on our transcriptomics data 
supplemented with 37 common contaminants and their 
reversed sequences as quality control system to restrain false 
positive discovery to 0.05. Differentially expressed proteins 

were analyzed using PatternLab for Proteomics (Carvalho 
et al. 2008). The proteomics raw data have been deposited 
to the ProteomeXchange Consortium via the PRIDE (Viz-
caíno et al. 2015) partner repository with the dataset identi-
fier PXD010433.

Supercomplex isolation

Sucrose density centrifugation was performed to visual-
ize major chlorophyll–protein complexes as described by 
Szyska-Mroz et al. (2015) with some modifications. Mid-
log phase cultures (500  ml) of C. sp. UWO241 grown 
under deficient (2 µM Fe2+), replete (20 µM Fe2+) or excess 
(200 µM Fe2+) iron conditions were pelleted and washed 
twice in Buffer 1 (0.3 M Sucrose, 25 mM Hepes-KOH [pH 
7.5], 1 mM MgCl2). The resuspension was passed through a 
chilled French Press as described above. Broken cells were 
pelleted, resuspended in Buffer 2 (0.3 M Sucrose, 5 mM 
Hepes-KOH [pH 7.5], 10 mM EDTA) and centrifuged at 
50,000xg for 30 min. Thylakoid pellets were resuspended 
gently in Buffer 3 (1.8  M Sucrose, 5  mM Hepes-KOH 
[pH 7.5], 10 mM EDTA) and transferred to a thin-walled, 
ultra-clear 14 ml tube (Cat No. 344,060, Beckman Coul-
ter, USA). The thylakoid prep was overlaid with Buffer 4 
(1.3 M Sucrose, 5 mM Hepes-KOH [pH 7.5], 10 mM EDTA) 
followed by Buffer 5 (0.5 M Sucrose, 5 mM Hepes-KOH 
[pH 7.5]) and centrifuged at 288,000×g for 1 h at 4 °C in a 
Sw40Ti rotor (Beckman coulter, USA). Pure thylakoids were 
extracted from the gradient and diluted in Buffer 6 (5 mM 
Hepes-KOH [pH 7.5], 10 mM EDTA) and centrifuged at 
50,000×g. For supercomplex isolation, the membrane 
(0.4 mg total chlorophyll) was resuspended in solubilization 
buffer containing 1% n-dodecyl-alpha-maltoside (α-DDM) 
(Cat No. D99020, Glycon Biochemicals, Germany) and 
incubated on ice for 25 min. Solubilized membranes were 
loaded onto a linear sucrose gradient (0.1–1.3 M sucrose) 
containing 0.05% α-DDM. Gradients were centrifuged at 
40,000 rpm for 21 h at 4 °C. Representative gradients are 
shown in Fig. 9S.

Results

Phylogenetic analysis and cell morphology of C. spp. 
UWO241 and ICE‑MDV

Phylogenetic analyses showed that Chlamydomonas sp. ICE-
MDV is part of the C. pulsatilla clade. C. sp. ICE-MDV 
is closely related to other psychrophilic Chlamydomonas, 
including two Antarctic marine species, C. sp. ICE-L and 
C. sp. ICE-W (Fig.  1S). Chlamydomonas sp. UWO241 
is closely affiliated with the marine strain, C. parkae. C. 
sp. UWO241 is closely related to psychrophilic snow alga 
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(Chlamydomonas sp. 75.94) and a halotolerant strain (Chla-
mydomonas sp. HS-5) (Fig. 1S). The two ELB psychrophiles 
are not closely affiliated with each other genetically; how-
ever, C. sp. UWO241 is more closely related to C. rein-
hardtii SAG 11–32c.

Microscopic examination of the psychrophiles grown 
under standard growth conditions revealed that cells of both 
C. spp. UWO241 and ICE-MDV are biflagellate, ovoid and 
exhibit relatively high abundance of lipid bodies (Fig. 2S). 
The average cell size of C. sp. ICE-MDV (15–20  µm 
× 10–15  µm) was larger than that of C. sp. UWO241 
(10–15 µm × 5–8 µm) (Table 1).

Chlamydomonas. spp. UWO241 and ICE‑MDV exhibit 
altered photochemistry under standard growth 
conditions

Chlamydomonas. sp. UWO241 has been highly studied for 
> 20 years and is a model for cold-adaptation of photosyn-
thesis (see reviews by Cvetkovska et al. 2017; Dolhi et al. 
2013; Morgan-Kiss et al. 2006). While C. sp. UWO241 
resides in the deep photic zone (Neale and Priscu 1990), C. 
sp. ICE-MDV dominates the oligotrophic shallow layers of 
ELB (Kong et al. 2012). Both ELB isolates are true psychro-
philes and therefore exhibited comparable growth responses 
to low temperature (Table 1). Under standard growth condi-
tions (BBM; temperature/light regime of 8 °C/100 µmol m−2 
s−1 and 20 °C/100 µmol m−2 s−1 for the ELB psychrophiles 
and mesophilic C. reinhardtii cultures, respectively), growth 
rates of both psychrophile strains C. spp. UWO241 and ICE-
MDV were ~ 50% lower relative to that of the mesophile C. 
reinhardtii (Table 1). Mid-log phase cultures for all strains 
exhibited high PSII photochemical efficiency (FV/FM) and 
PSII oxidation state (qP) values. Despite comparable PSII 
photochemistry, both psychrophile strains exhibited signifi-
cantly higher cellular Chl levels compared to the mesophile 
C. reinhardtii (Table 1).

Low-temperature (77 K) Chl a fluorescence emission 
spectra were monitored as an estimate of energy distribu-
tion between PSII and PSI (Fig. 1a). C. reinhardtii cultures 
grown under control conditions exhibited a typical 77 K 
fluorescence emission spectrum with Chl a fluorescence 

emission peaks at 685 nm (F685) and 715 nm (F715), rep-
resenting light harvesting complex (LHCII) and PSI fluo-
rescence, respectively (Fig. 1a) (Krause and Weis 1991). In 
contrast with C. reinhardtii and in agreement with previous 
reports (Morgan et al. 1998; Szyszka et al. 2007), C. sp. 
UWO241 lacked a defined F715 peak (Fig. 1a). Conversely, 
C. sp. ICE-MDV exhibited a 77 K emission spectrum which 
resembled that of C. reinhardtii with prominent peaks at F685 
and F715 (Fig. 1a).

Functional measurements of PSI were taken by moni-
toring far red light (FR)-inducible P700 photooxidation 
(Fig.  1b–d). C. reinhardtii exhibited an expected P700 
induction curve (Fig. 1b) which matched those from pub-
lished reports (Morgan-Kiss et al. 2005). An increase in A820 
was detected following FR illumination, indicating oxidation 
of P700 to P700+. Flashing of the ST and MT actinic light 
(AL) source induced partial and full transitory reduction in 
P700+ to P700, respectively. P700+ was re-reduced back to 
P700 once the FR light was turned off (Fig. 1b). Cultures of 
C. sp. UWO241 grown under standard conditions exhibited 
relatively low FR-induced photooxidation of P700 to P700+, 
and transitory reduction of P700+ by ST and MT was unde-
tectable (Fig. 1c). In contrast, C. sp. ICE-MDV exhibited a 
P700 induction curve which was more comparable with that 
of C. reinhardtii than s C. sp. UWO241 (Fig. 1d).

While FR light exclusively excites PSI, P700 measure-
ments in the presence of white AL reflect excitation of PSI 
and PSII. To investigate the contribution of linear electron 
transport from PSII to P700, A820 was monitored under AL 
(200 µmol m−2 s−1) and in the presence or absence of the 
PSII inhibitor, DCMU (Table 2). In the absence of DCMU, 
electrons from PSII resulted in a ΔA820/A820 which was 
1.45-fold higher in C. sp. UWO241 compared with C. rein-
hardtii and C. sp. ICE-MDV. In contrast, when electrons 
from PSII were blocked by DCMU, both C. reinhardtii and 
C. sp. ICE-MDV exhibited an increase in ΔA820/A820 (2.0- 
and 1.6-fold, respectively), while DCMU-treated cells of C. 
sp. UWO241 exhibited no change in ΔA820/A820 (Table 2). 
These results indicate that the contribution of electrons from 
linear electron transport is relatively low in C. sp. UWO241, 
relative to C. reinhardtii and C. sp. ICE-MDV. Together with 
the results from the 77 K fluorescence spectra, the P700 

Table 1   Growth rates and photosynthetic parameters of C. reinhardtii, C. sp. UWO241, and C. sp. ICE-MDV grown under control conditions

All strains were grown in Bold’s medium and moderate light levels (100 µmol m−2 s−1). C. reinhardtii was grown at 20 °C, and the psychro-
philes were grown at 8 °C. FV/FM, maximum photochemical efficiency

Species Growth rate (day−1) FV/FM Chl a/b ratio (mol/mol) Chl/cell (pmol cell−1) Cell size
(µm)

C. reinhardtii 0.50 ± 0.14 0.78 ± 0.01 2.58 ± 0.22 0.23 ± 0.06 9.0 ± 1.0
C. sp. UWO241 0.27 ± 0.05 0.70 ± 0.00 2.04 ± 0.24 1.96 ± 0.59 12 ± 2.5
C. sp. ICE-MDV 0.26 ± 0.04 0.75 ± 0.00 2.24 ± 0.14 3.41 ± 0.63 17 ± 2.3



Photosynthesis Research	

1 3

oxidation–reduction results indicate that despite exhibiting 
similar growth physiology under standard conditions, func-
tional organization of PSI appears to be significantly differ-
ent between the two ELB species.

Natural Fe levels in Lake Bonney

Iron concentrations in ELB have not been measured rou-
tinely. Past reports have noted that total iron levels in the 
upper photic zone are near or below the levels of detection 
of the methods used (~ 180 nM (Weand et al. 1976; Angino 
et al. 1964; Armitage and House 1962; Ward et al. 2003). To 
our knowledge, the only published profiles of total iron in 
ELB were determined using atomic absorption spectrometry 
(Weand et al. 1976), Fig. 3S). Samples for these measure-
ments were collected during the 1974–1975 austral summer 
(November to January) in the eastern portion of ELB when 
the lake levels were about 8 meters lower than they are today. 
Using data on lake levels collected routinely as part of the 
McMurdo LTER program, we were able to estimate the total 
iron levels in1989 and 2014 when C. spp. UWO241 and 
ICE-MDV were isolated, respectively. Assuming that most 
of the iron in the photic zone is derived from upward diffu-
sion across the chemocline and that photic zone losses are 
constant over time, we estimate total iron levels of 9.7 and 
1.1 µM for the water layer where these respective organ-
isms were originally collected. The availability of this iron 
to phytoplankton not only depends on total concentration 
but also its chemical speciation, cellular C:Fe ratios, and the 
physiochemical properties of the system that alter specia-
tion (Molot and Dillon 2003; Shaked et al. 2004). Unfortu-
nately, no such information exists for ELB. Although most 
studies of Fe-deficiency in phytoplankton have focused on 
marine systems (e.g., Frost and Franzen 1992; Martin 1992; 
Behrenfeld et al. 1996), Morton and Lee (Morton and Lee 
1974) and Pollingher et al. (1995) have shown that total iron 
concentrations between 1.8 and 18 µM can alter community 
composition of the phytoplankton in lakes.

Effect of Fe on growth physiology 
and photosynthesis

Given the striking differences in apparent PSI functional 
organization between the ELB psychrophiles C. spp. 
UWO241 versus ICE-MDV and that PSI downregulation 
is a major target when cells are exposed to limiting iron 
(Merchant et al. 2006), we tested whether differential Fe 
requirements could account for these marked differences in 
the photochemical apparatus. Cultures were grown under 
the standard temperature/irradiance regimes described 
above, with the exception that BBM-Fe was supplemented 
with variable iron to represent: (i) Fe-deficient (2 µM 
Fe2+), (ii) Fe-replete (20  µM Fe2+), or (iii) Fe-excess 

660 680 700 720 740

0.2

0.4

0.6

0.8

1.0

1.2

C
hl

 a
 fl

uo
re

sc
en

ce
 (R

.U
.)

Emission wavelength (nm)

C. reinhardtii
C. sp. UWO241
C. sp. ICE-MDV

a

0 10 20 30 40 50

0.15

0.10

0.05

0.00

0 10 20 30 40 50

0.15

0.10

0.05

0.00

0 10 20 30 40 50

0.15

0.10

0.05

0.00

MTFRon

∆ 
A

82
0 (

V
)

∆ 
A

82
0 (

V
)

∆ 
A

82
0 (

V
)

FRoffST

 Time (s)

d - C. sp. ICE-MDV

c - C. sp. UWO241

b - C. reinhardtii

Fig. 1   Comparison of photosystem I functional characteristics of 
mesophilic and psychrophilic algal cultures grown under standard 
conditions (20 °C/100 µmol−2 s−1 and 8 °C/100 µmol−2 s−1, respec-
tively). Representative traces of low temperature (77 K) fluorescence 
emission spectra (a) and PSI oxidation/reduction kinetics (b–d) of 
C. reinhardtii, C. sp. UWO241, and C. sp. ICE-MDV grown under 
standard conditions in Bold’s Basal Medium (BBM). b–d P700

+ oxi-
dation/reduction kinetics of C. reinhardtii (b), C. sp. UWO241 (c), 
and C. sp. ICE-MDV (d). The iron concentration in BBM was 18 µM 
Fe2+. All values represent normalized data



	 Photosynthesis Research

1 3

(200 µM Fe2+). Growth rates of C. spp. UWO241 and ICE-
MDV were comparable across all Fe-treatments, with the 
exception that Fe-deficient cultures of C. sp. UWO241 
exhibited a 1.5-fold lower growth rate compared with Fe-
replete or Fe-excess conditions (Fig. 4S). Absorption spec-
tra of isolated thylakoid membranes for all three strains 
grown under variable Fe is shown in Fig. 5S. In general, 
all strains exhibited an increase in absorbance in the blue 
region of the spectra in response to increasing Fe.

FV/FM remained high in C. reinhardtii regardless of 
Fe treatment (Fig. 2a). Both psychrophiles exhibited a 

moderate reduction in FV/FM when grown under Fe-defi-
cient conditions (Fig. 2a). qP also remained high across 
all strains (Fig. 2b). However, all three strains exhibited 
higher sensitivity to Fe deficiency at the level of the 
effective quantum yield of PSII [Y(PSII)] (Figs. 2c, 3a, c, 
e). Last, while both psychrophiles exhibited higher NPQ 
values across all Fe treatments relative to C. reinhardtii 
(Fig. 2d), Fe-deficient cultures of C. sp. UWO241 exhib-
ited significantly higher Y(NPQ) (Fig. 3c), while cultures 
of both C. reinhardtii and C. sp. ICE-MDV exhibited 

Table 2   Effects of DCMU on 
P700 oxidation in white actinic 
light excitation (200 µmol m−2 
s−1)

Cultures were grown under control growth conditions

Strain ΔA820/A820 Absorbance change ratio in 
+ DCMU versus −DCMU

−DCMU + DCMU

C. reinhardtii 0.064 ± 0.020 0.131 ± 0.042 2.04
C. sp. UWO241 0.093 ± 0.020 0.092 ± 0.037 0.98
C. sp. ICE-MDV 0.064 ± 0.014 0.105 ± 0.015 1.64

Fig. 2   Effects of iron concentra-
tion on maximum photochemi-
cal efficiency of PSII (FV/FM, 
a), photochemical quenching 
(qP, b), photochemical yield of 
PSII (ɸPSII, c), and nonphoto-
chemical quenching (NPQ, d) 
in cells of C. reinhardtii, C. sp. 
UWO241, and C. sp. ICE-MDV. 
Cultures were grown under 
varying concentrations of Fe2+. 
Values are means ± SD (n = 3)
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higher nonregulated energy dissipation [Y(NO), Fig. 3a, 
e].

Effect of Fe on PSI function

To investigate whether there were differential impacts of 
Fe availability on PSI structure/function, 77 K fluorescence 

Fig. 3   Effect of iron concentra-
tion on energy partitioning in 
PSII and PSI in C. reinhardtii 
(a, b), C. sp. UWO241 (c, d), 
and C. sp. ICE-MDV (e, f). 
Y(PSII), photochemical yield 
of PSII; Y(NO), nonregulated 
energy dissipation; Y(NPQ), 
nonphotochemical quenching; 
Y(PSI), photochemical yield of 
PSI; Y(ND), donor-side limita-
tion of PSI; Y(NA), acceptor-
side limitation of PSI. Values 
are means ± SD (n = 3)
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emission spectra and P700 photooxidation kinetics were per-
formed in all three strains grown under all Fe-treatments. 
At the level of 77 K fluorescence emission, Fe-deficiency 
induced a reduction in F715 across all three strains (Fig. 4), 
suggesting functional and/or structural downregulation of 

PSI. However, when grown under Fe-excess, cultures of C. 
reinhardtii and C. sp. ICE-MDV exhibited a recovery of PSI 
(F715) fluorescence (Figs. 4a, c, 5), while C. sp. UWO241 
appeared to be minimally impacted by Fe concentration 
(Figs. 4b, 5). Moreover, C. sp. UWO241 exhibited a promi-
nent peak at 695 nm (F695) under both Fe-replete and -excess 
conditions (Fig. 4b).

Decompositional analysis was performed on the 77 K 
fluorescence emission spectra of all strains grown under 
Fe-deficient versus Fe-replete conditions (Table 3; Fig. 6S). 
A best fit for all samples (R2 > 0.999) was attained with four 
major spectral components corresponding to 683–685 nm 
(LHCII), 696–699 nm (PSII core complex), 708–711 nm 
(PSI) and 735–738 nm (near-infrared vibrational transi-
tions) (Morgan-Kiss et al. 2002a). While all strains exhibited 
peak positions within the expected range, the relative area 
of the subbands was strain specific and dependent upon Fe 
availability. Regardless of the Fe treatment, C. sp. UWO241 
showed significantly lower subband areas corresponding to 
the PSI core complex compared to C. reinhardtii and C. sp. 
ICE-MDV (Table 3). However, in response to increased Fe 
availability, C. sp. UWO241 cells grown under Fe-excess 
conditions exhibited a 1.7-fold increase in PSI-associated 
band area which was comparable to C. reinhardtii (Table 3). 
In contrast with C. sp. UWO241, C. sp. ICE-MDV exhib-
ited no change in the relative band area of PSI in Fe-excess 
versus Fe-deficient conditions. Instead, Fe-excess cells of C. 
sp. ICE-MDV exhibited a 1.45-fold decline in the LHCII-
associated band area at 684 nm (Table 3). Thus, in response 
to an increase in iron availability, all strains responded 
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with a redistribution in energy partitioning in favor of PSI, 
although the overall effect on PSI/PSII fluorescence emis-
sion was most pronounced in C. reinhardtii (222% increase 
in PSI/PSII band area for Fe-excess vs. Fe-deficient cells) 
compared with the psychrophiles (155% and 143% for C. 
spp. UWO241 and ICE-MDV, respectively).

P700 photooxidation dynamics in response to Fe-
availability were monitored as FR light-inducible ∆A820. 
All strains exhibited low ∆A820/A820 when grown in Fe-
deficient growth media, with this effect being most pro-
nounced in C. sp. UWO241 (Figs.  6a, 7S). Following 
FR illumination, rates of P700 + re-reduction in the dark 
reflect the contribution of alternative electron transport 
pathways, primarily PSI-associated CEF (Ravenel et al. 
1994; Ivanov et al. 2012). The re-reduction time of PSI 
(t1/2

red) was consistently slower in the mesophilic C. 
reinhardtii relative to both psychrophile strains across 
all conditions (1.2- to 3.8-fold higher t1/2

red in the meso-
phile C. reinhardtii vs. C. spp. UWO241 and ICE-MDV, 
respectively; Fig. 6b), suggesting that both psychrophile 
strains possess constitutively higher rates of CEF rela-
tive to the mesophile, regardless of the growth condition. 
In particular, Fe-deficiency was associated with signifi-
cantly slower t1/2

red in C. reinhardtii, while Fe-availabil-
ity had minimal impacts on t1/2

red in both psychrophile 
strains (Fig. 6b). The ratio of MT/ST area (e−/P700) is an 
estimate of the functional electron pool size of intersys-
tem electron transporters (Asada et al. 1992). Under all 
conditions, the MT and ST were undetectable in C. sp. 
UWO241 (Fig. 6c and 7S). These data agree with the P700 
AL measurements under standard growth conditions, sug-
gesting that electrons originating from intersystem elec-
tron transport are constitutively low in C. sp. UWO241 

(Table 2). In contrast, both C. reinhardtii and C. sp. ICE-
MDV exhibited relatively comparable MT/ST areas. Last, 
C. reinhardtii and C. sp. ICE-MDV exhibited lower MT/
ST areas with reduced Fe-availability (Fig. 6c), suggesting 
an impairment in donor side sources of electrons in both 
species under Fe-deficient conditions.

In general, PSI energy partitioning was less effected by 
Fe availability relative to PSII (Fig. 3). However, cultures 
of all strains grown under Fe-deficiency exhibited a lower 
quantum yield of PSI [Y(I)] due to higher energy dissipation 
from both donor-side limitation [Y(ND)] and acceptor-side 
limitation [Y(NA)] (Fig. 3b, d, f).

Immunoblotting for major photosynthetic proteins

Given the differential functional changes in PSI between the 
C. sp. UWO241 versus C. reinhardtii and C. sp. ICE-MDV, 
we investigated whether PSI was also structurally downregu-
lated in C. sp. UWO241. Abundance of the PSII and PSI 
core proteins, PsbA and PsaA, as well as the PSI electron 
acceptor, ferredoxin (Fd), were monitored by immunoblot-
ting (Fig. 7). All strains exhibited reduced levels of PsbA, 
PsaA and Fd in response to growth under Fe-deficient con-
ditions (Fig. 7). However, under Fe-replete conditions (i.e., 
20 µM Fe), both C. reinhardtii and C. sp. ICE-MDV exhib-
ited a significant increase in PsbA, PsaA and Fd, while levels 
of all three polypeptides remained low in C. sp. UWO241. 
Thus, C. sp. UWO241 required levels of iron > 20 µM to 
upregulate expression of core PSI and PSII polypeptides, 
while 20 µM Fe was sufficient to support maximal levels of 
these major photosynthetic proteins in C. reinhardtii and C. 
sp. ICE-MDV.

Table 3   Gaussian fitting 
parameters for subband 
decomposition of 77 K Chl a 
fluorescence emission spectra 
from cultures grown under 
Fe-deficient (2 µM Fe2+) versus 
Fe-excess (200 µM Fe2+) 
conditions

Percentage represents the ratio of subband 3 to subband 1 in Fe-excess versus Fe-deficient conditions. 
Analysis was performed on the means of 9 replicates per sample

Subband C. reinhardtii C. sp. UWO241 C. sp. ICE-MDV

Fe-deficient Fe-excess Fe-deficient Fe-excess Fe-deficient Fe-excess

1 λMax 683.7 685.3 682.8 683.6 684.0 684.0
FWHM 14.99 15.17 12.64 13.13 12.40 12.23
Area % 13.12 9.52 8.80 10.08 8.20 5.64
2 λMax 698.1 698.5 694.1 696.3 695.9 696.0
FWHM 10.54 10.30 19.33 14.89 10.45 14.26
Area % 1.10 1.40 5.72 5.01 1.48 2.84
3 λMax 708.8 710.4 709.0 707.9 709.6 711.4
FWHM 30.90 30.01 27.55 28.71 32.27 28.51
Area % 14.20 22.95 7.44 13.19 18.99 18.67
4 λMax 736.9 737.5 735.6 734.7 738.5 734.9
FWHM 39.97 42.93 44.38 48.11 45.84 44.78
Area % 6.17 10.91 4.77 9.67 9.75 12.06
R2 0.9998 0.9998 0.9998 0.9998 0.9994 0.9998
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Supercomplex formation in UWO241

A recent paper reported that high rates of CEF in C. sp. 
UWO241 were associated with formation of a PSI-super-
complex (Szyszka-Mroz et al. 2015). We performed sucrose 
density gradient ultracentrifugation on purified thylakoids 
from C. sp. UWO241 grown under variable iron (Fig. 8S). 
Under Fe-deficient conditions, three distinct bands were 
resolved, representing oligomeric LHCII (band 1), PSII core 
(band 2) and PSI core (band 3). A fourth, poorly resolved 
band was detected at the bottom of the sucrose gradient 
which may represent a PSI supercomplex. In contrast, thy-
lakoids isolated from cultures grown under higher Fe lacked 
this heavier band (Fig. 8S).

Proteomic analyses of C. sp. UWO241 in standard 
versus Fe‑excess

To further investigate the impact of iron availability on C. 
sp. UWO241, we performed a preliminary proteomic analy-
sis of C. sp. UWO241 grown under Fe-excess (200 µM Fe) 
versus standard (BBM growth medium, 18 µM Fe) condi-
tions. Proteins associated with the processes of photosyn-
thesis and protein biosynthesis were most effected by Fe 
availability (Fig. 8). We discovered that the abundance of 
several key photosynthetic proteins was significantly altered 
under the standard versus excess Fe conditions (Fig. 9). Pro-
teins associated with PSI core complex, LHCII and PSII 
core complexes, Cytochrome b6f, as well as several subunits 
from the chloroplastic ATP synthase were upregulated in 
Fe-excess relative to standard conditions (Fig. 9). Thus, the 
proteomic analyses supported the results from the immu-
noblots that PSII and PSI core complexes are both down-
regulated in C. sp. UWO241 under Fe-replete conditions 
(Fig. 7). In contrast, two proteins involved in the PSII repair 
cycle (HHL1 and UPF0603) were present at higher levels 

1 10 100
0.00

0.02

0.04

0.06

0.08

0.10

1 10 100
0

200

400

600

800

1 10 100

0

2

4

6

8

10

P
70

0 
ph

ot
oo

xi
da

tio
n 

(∆
A

82
0/A

82
0)

Fe2+ concentration (µM)

C. reinhardtii
C. sp. UWO241
C. sp. ICE-MDV

a

b

P
70

0 
re

-re
du

ct
io

n 
ra

te
(t 1/

2 
re

d ) (
m

s)

Fe2+ concentration (µM)

c

In
te

rs
ys

te
m

 e
le

ct
ro

n 
po

ol
 s

iz
e 

(e
-/P

70
0)

Fe2+ concentration (µM)

Fig. 6   Effect of iron availability on steady-state P700
+ parameters in 

C. reinhardtii, C. sp. UWO241, and C. sp. ICE-MDV. a ΔA820/A820, 
relative change in absorbance at 820  nm after the far red light was 
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in cells grown in standard growth medium compared with 
those grown in Fe-excess medium (Fig. 9). Five additional 
photosynthetic proteins were highly abundant in BBM- ver-
sus Fe-excess-grown cultures: (i) a bestrophin (BEST)-like 
anion channel, (ii) subunit IV of the Cyt b6f complex (PetD), 
(iii) one ATP synthase subunit (AtpE) and (iv) two proteins 
associated with CEF, a subunit of NAD(P)H-quinone oxi-
doreductase (NdhS) and PGR5-like protein (PGR1) (Fig. 9). 
In addition, relative to Fe-excess conditions, under standard 
conditions C. sp. UWO241 exhibited high levels of three 
proteins involved in Ca+ signaling (Table 1S). These were 
a chloroplastic calcium sensing receptor (CAS) and two 
calcium-dependent protein kinases (CPK12 and KCC2D) 
(Table 1S). Last, several key enzymes from carbon metabo-
lism pathways were upregulated under standard conditions 
relative to Fe-excess. These proteins included one enzyme 
from the CBB cycle (RbcL), four enzymes involved in starch 
synthesis (GlgB1, PsL5, and two isoforms of GlgS1), and 
three from the chorismate biosynthesis pathway (AroC, 
AroF, AroG) (Table 2S).
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redox
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starch biosynthesis
lipid biosynthesis

CBB Cycle
unknown function

central metabolism
ATP synthase

stress response
amino acid biosynthesis

gene regulation
protein processing & transport

protein biosynthesis
photosynthesis

0 5 10 15 20 25 30 35 40
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Fig. 8   Functional categories of proteins upregulated (black) or down-
regulated (gray) under excess Fe (200  µM Fe2+) relative to stand-
ard Fe (18 µM Fe2+) conditions in C. sp. UWO241 (n = 3 and 2, for 
standard and excess Fe conditions, respectively)

Fig. 9   Comparative quantitation of photosynthetic proteins from C. 
sp. UWO241 cultures grown under standard (18  µM Fe2+) versus 
iron excess (200 µM Fe2+) conditions. The y-axis represents the mean 
ratio of the respective photosynthetic proteins in standard/Fe-excess 

conditions. The solid line separates proteins upregulated (left) versus 
downregulated (right) in response to excess iron. The dashed lines 
visualize twofold differences (n = 3 and 2, for standard and excess Fe 
conditions, respectively)
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Several studies have reported that the model alga C. rein-
hardtii reorganizes the LHCI–PSI complex in response to 
iron availability, including changes in abundance of sev-
eral of the LHCI proteins (Naumann et al. 2005, 2007). In 
contrast with these previous findings, we observed minimal 
changes in LHCI protein abundance in response to Fe-availa-
bility in the C. sp. UWO241 proteome (Fig. 9). C. reinhardtii 
possesses a large LHCI antenna complex composed of 9 
Lhca Chl binding proteins (Lhca1—Lhca9) (Stauber et al. 
2009). However, when we queried proteomic samples of C. 
sp. UWO241 grown under either standard or Fe-excess con-
ditions, we were only able to identify a total of two LHCI 
proteins, Lhca3 and Lhca5 (Table 3S). The absence of the 
other LHCI proteins was not due to an inability to identify 
them as a search of the C. sp. UWO241 transcriptome identi-
fied 9 Lhca homologues (data not shown).

Discussion

Photosynthetic organisms living in permanently cold envi-
ronments are often exposed to multiple environmental stress-
ors, including chronically low iron. While the underlying 
mechanisms of psychrophily have been described in several 
model algal species (Cvetkovska et al. 2017, 2018; Morgan-
Kiss et al. 2006; Zhang et al. 2018; Yi-Bin et al. 2017; La 
Rocca et al. 2015; Mock et al. 2017; Lukeš et al. 2014), the 
combined impact of long-term Fe-deficiency and low tem-
peratures on the growth physiology of photopsychrophiles is 
less well understood. Our study shows that the psychrophilic 
C. spp. UWO241 and ICE-MDV respond differentially to 
Fe-availability. We hypothesized that the underlying mecha-
nism for this difference in C. sp. UWO241 is associated with 
the unique function and organization of PSI, a major protein 
complex target during Fe-deficiency, as an adaptive strategy 
to survive chronic Fe-stress combined with additional envi-
ronmental stressors.

One of the striking characteristics of the photosynthetic 
apparatus of C. sp. UWO241 is a downregulated PSI com-
bined with a limited ability to significantly modulate energy 
distribution between PSII and PSI under various short- and 
long-term stress treatments (Morgan et al. 1998; Morgan-
Kiss et al. 2002a, b, 2005; Szyszka et al. 2007). The inability 
to respond to environmental perturbation appears to be com-
pensated in C. sp. UWO241 by constitutively high rates of 
PSI-driven CEF (Morgan-Kiss et al. 2002b) as well as a high 
capacity for nonregulated energy dissipation (Szyszka et al. 
2007). Could these unusual phenotypic characteristics reflect 
adaptations shared among the algal populations which have 
evolved under the extreme and stable physicochemistry of 
ELB? Recently we reported that similar to C. sp. UWO241, 
C. sp. ICE-MDV requires growth temperatures < 15  °C 
for growth and possesses many functional isoforms of 

ice-binding proteins which protect these organisms from 
ice formation (Raymond and Morgan-Kiss 2013, 2017). 
Our results here demonstrate that when grown under stand-
ard conditions, both psychrophiles exhibited lower Chl a/b 
ratios and significantly higher Chl/cell, relative to C. rein-
hardtii (Table 1). These results are consistent with previous 
observations that C. sp. UWO241 possesses a photosynthetic 
apparatus which is adapted for efficient light capture under 
extreme shade enriched in blue-green wavelengths (Morgan 
et al. 1998; Neale and Priscu 1990, 1995). However, under 
standard growth conditions, cultures of C. sp. ICE-MDV 
exhibited a typical 77 K fluorescence emission spectrum in 
conjunction with significantly higher ΔA820/A820, relative to 
C. sp. UWO241 grown under identical conditions. Moreover, 
ΔA820/A820 under AL was comparably sensitive to DCMU 
in both the control alga C. reinhardtii and C. sp. ICE-MDV 
(Table 2), indicating that electrons originating from PSII 
contribute significantly to reduction in P700 in C. reinhardtii 
and C. sp. ICE-MDV. In contrast, AL-induced ΔA820 in cul-
tures of C. sp. UWO241 was largely insensitive to DCMU, 
indicating that PSII and PSI are largely uncoupled in this 
ELB isolate. This conclusion was also supported by a lack of 
a measurable P700 MT/ST ratio in C. sp. UWO241 (Fig. 6c). 
These results indicate that C. sp. UWO241 exhibits unique 
features in PSI function and sources of intersystem electrons, 
even compared with other phytoplankton isolated from ELB.

Differences between the two psychrophile strains may be 
due to variations in the environment from which they were 
isolated. While both C. spp. UWO241 and ICE-MDV were 
isolated from ELB and should exhibit shared adaptive strate-
gies to survive permanent low temperatures, studies on the 
natural populations indicate that these two species occupy 
different layers of the stratified photic zone. C. sp. UWO241 
resides in the deep photic zone (17 m), where it is adapted to 
extreme shade and higher levels of nutrients and dissolved 
ions, including salinity levels higher than fivefold seawater 
(Neale and Priscu 1995). In contrast, populations of C. sp. 
ICE-MDV dominate the shallow photic zone (5 m) of ELB 
(Bielewicz et al. 2011) and reside under significantly lower 
salt, higher light and oligotrophic conditions compared with 
C. sp. UWO241. Past studies on C. sp. UWO241 suggest 
that adaptation to permanent low temperatures and hyper-
salinity are major driving factors for its unusual photobiol-
ogy (Szyszka et al. 2007; Szyszka-Mroz et al. 2015). This 
current study extends this work by showing that two algal 
isolates from the same Antarctic lake exploit different adap-
tive strategies for surviving under permanent environmental 
stress.

Iron is a major environmental factor impacting the 
function of the photosynthetic apparatus. Since the pig-
ment–binding protein complex PSI is a key target during 
growth under Fe-limiting conditions, we predicted that 
the unusual PSI phenotype exhibited in C. sp. UWO241 
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could be partially explained by differential effects of iron 
between the two ELB strains. The mesophile alga C. rein-
hardtii exhibited functional and structural downregulation 
of PSI at the level of 77 K fluorescence (F715), photooxiz-
able P700 levels (ΔA820/A820) and PsaA protein. In agree-
ment with previous reports, growth under replete levels of 
Fe restored PSI activity and abundance to maximal levels 
in the mesophile. Increased Fe-availability in cultures of 
C. sp. UWO241 resulted in a moderate recovery of PSI 
activity, at the level of F715 and ΔA820/A820; however, the 
response of C. sp. UWO241 to iron was highly attenuated, 
relative to both C. reinhardtii and C. sp. ICE-MDV. These 
results suggested that iron requirements partially explain 
earlier reports that C. sp. UWO241 appears to exhibit a 
constitutively downregulated PSI (Morgan et al. 1998; 
Morgan-Kiss et al. 2002b; Szyszka et al. 2007).

Even under Fe-excess growth conditions, PSI 77 K 
fluorescence remained relatively low in C. sp. UWO241, 
despite significant increase the abundance of PsaA 
(Figs. 4, 7). In C. reinhardtii, LHCI is remodeled under 
Fe-stress to downregulate PSI and avoid PSI damage 
caused by acceptor-side limitation (Naumann et al. 2005, 
2007). Thus, high PSI fluorescence in Fe-excess cultures 
of C. reinhardtii and C. sp. ICE-MDV is likely due to 
upregulation of both PSI and LHCI. Proteomic analyses 
of C. sp. UWO241 indicated that while several proteins 
associated with the PSI and PSII core reaction centers as 
well as LHCII were upregulated under Fe-excess condi-
tions, LHCI protein abundance was not affected by iron 
concentration (Fig. 9). Moreover, only two LHCI proteins 
(Lhca3 and Lhca5, Table 2S) were detectable in the C. 
sp. UWO241 proteome (Table 3S). In C. reinhardtii, both 
Lhca3 and Lhca5 are associated with short wavelength 
77 K fluorescence emission, while Lhca 2 and Lhca9 are 
responsible for long-wavelength fluorescence emission 
(Drop et al. 2011). Thus, C. sp. UWO241 exhibits a per-
manently downregulated LHCI and lacks Lhca proteins 
associated with long wavelength emission, accounting 
for the constitutively low PSI fluorescence. These results 
agreed with Morgan et al. (1998) who reported that C. 
sp. UWO241 (formerly called C. subcaudata) exhibited 
reduced or undetectable levels of all Lhca polypeptides. 
Furthermore, these authors proposed that permanent 
downregulation of the PSI-LHCI complex in conjunction 
with a larger PSII-LHCII absorptive cross section could 
reflect adaptation of the photosynthetic apparatus of C. 
sp. UWO241 to efficiently harvest energy under a natu-
ral light environmental of extreme shade and blue-green 
wavelengths (Morgan et al. 1998). This hypothesis was 
further supported by the observation that C. sp. UWO241 
requires short wavelengths for growth and does not grown 
in red light (Morgan-Kiss et al. 2005). Conversely, this 
explanation does not extend to the psychrophilic C. sp. 

ICE-MDV which exhibits PSI-LHCI abundance and 
organization which is more comparable with the meso-
philic C. reinhardtii.

While all three strains exhibited significant structural and 
functional changes to PSI, only minor effects on growth or 
photobiology in response to Fe-availability were observed. 
These data suggest that despite reductions the PSI/PSII ratio, 
all strains compensated their photochemistry to promote 
energy balance between PSII and PSI, as evidence by main-
tenance of high qP levels across all conditions (Fig. 2b). Pho-
tosynthetic organisms appear to compensate for reduced PSI 
under Fe-deficiency by increasing the effective cross section 
of PSI-LHCI. In Fe-starved cyanobacteria cells, there is an 
increase in the Chl a antenna protein, IsiA (Burnap et al. 
1993; Michel and Pistorius 2004; Wilson et al. 2007; Chen 
et al. 2018), which forms an antenna ring around PSI trim-
ers to make the PSI-IsiA supercomplex (Chen et al. 2018). 
A similar process occurs in the halophytic alga, Dunaliella 
salina, which accumulates a novel antenna protein, Tidi, 
under iron stress (Varsano et al. 2006). The Tidi protein is 
also associated with PSI-LHCI complexes. The Tidi-PSI-
LHCI complexes migrated as large complexes on BN-PAGE 
and contained PsaA/B, PsaD as well as two Lhcas, p17.2 
(Lhca2) and Lhca3 (Varsano et al. 2006). Lhca3 has also 
been implicated in acclimation to iron stress in C. reinhardtii 
(Naumann et al. 2005). During Fe-deprivation, PSI-LHCI 
supercomplexes accumulate as PSI particles which migrate 
at a lower sucrose density during sucrose density centrifu-
gation and are associated with an N-terminally processed 
Lhca3 protein (Naumann et al. 2005). Interestingly, all of 
these examples of Fe-induced modifications to the LHCI 
antenna are associated with major changes in the 77 K 
fluorescence emission spectra including a loss of PSI fluo-
rescence at ~ 712 nm and/or a shift in PSI-LHCI emission 
from red to blue wavelengths (Varsano et al. 2006; Naumann 
et al. 2005). These changes in PSI Chl a fluorescence were 
proposed to reflect either a reduction in Lhca proteins asso-
ciated with red fluorescence and/or impairment of energy 
transfer from PSI to LHCI. Thus, while we did not directly 
study LHCI composition in this report, the loss of PSI-LHCI 
77 K fluorescence emission in all three strains fits well with 
modification of PSI-LHCI organization across all three 
strains when grown under Fe-deficient conditions. Moreo-
ver, since Lhca3 is one of the few LHCI proteins detectable 
in C. sp. UWO241, this protein may play a significant role 
in the constitutive reorganization of PSI-LHCI in this strain. 
Alterations in the banding patterns of C. sp. UWO241 chlo-
rophyll–protein complexes in sucrose gradients support also 
support the hypothesis that PSI-LHCI is reorganized under 
variable Fe availability (Fig. 8S).

P700 re-reduction kinetics showed that C. spp. UWO241 
and ICE-MDV share a common phenotype of constitutively 
high rates of PSI-driven CEF which were maximal under 
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Fe-deficient conditions (Fig.  6b). This is in agreement 
with earlier reports of a strong capacity for CEF in C. sp. 
UWO241 (Morgan-Kiss et al. 2002b; Szyszka et al. 2007). 
CEF plays an important role in plants and algae, generat-
ing additional transthylakoid proton motive force (Munek-
age et al. 2004). The additional proton motive force can be 
used either to generate extra ATP to relieve imbalances in 
the ATP/NADPH ratio (Lucker and Kramer 2013) or to 
increase lumen pH for photoprotection of PSII by activat-
ing energy-dependent quenching (Yamori et al. 2016). In 
most plants and algae, CEF appears to be a minor process 
under nonstress conditions (Kramer and Evans 2011) and 
is maximally induced during periods of short-term envi-
ronmental stress (Finazzi et al. 2002; Kono et al. 2014). In 
contrast, our results show that under steady-state growth 
conditions, both psychrophiles maintain constitutively high 
rates of CEF, regardless of growth conditions. While the 
mechanism of sustained CEF in the psychrophiles is not 
fully described, CEF in C. sp. UWO241 is associated with 
formation of a PSI supercomplex (Morgan-Kiss et al. 2005; 
Szyszka-Mroz et al. 2015). The physiological significance 
of sustained CEF remains to be fully defined. Higher steady-
state levels of NPQ in the ELB isolates (Fig. 2d) suggest that 
CEF in the photopsychrophiles may play a role in providing 
constitutive photoprotection. Alternatively, there is signifi-
cant evidence that growth under permanent low tempera-
tures requires higher levels of ATP (Napolitano and Shain 
2004). Last, CEF can prevent irreversible PSI photo-damage 
under environmental conditions (high salinity, low tempera-
tures, fluctuating light) which promote over-reduction of PSI 
electron acceptors (Ivanov et al. 1998; Yamori et al. 2016; 
Huang et al. 2012). C. sp. UWO241 may possess additional 
mechanisms for protection of PSI, such as multiple isoforms 
of ferredoxin which possess different thermal properties 
(Cvetkovska et al. 2018).

Is the novel PSI phenotype of C. sp. UWO241 physi-
ologically relevant? Reorganization of PSI demonstrates an 
important role in phytoplankton survival in low Fe-environ-
ments. The IsiA protein is highly expressed in high nutri-
ent low chlorophyll (HNLC) habitats, where phytoplank-
ton productivity is limited by Fe levels (Chen et al. 2018). 
Moreover, the effect of Fe on the adaptive strategy utilized 
by native phytoplankton populations is impacted by nutrient 
availability. In oligotrophic, low Fe conditions, IsiA is func-
tionally attached to PSI, while under conditions of Fe-stress 
and nutrient replete conditions (a condition which mimics 
HNLC conditions), a large population of IsiA is functional 
detached from PSI (Behrenfeld et al. 2006; Schrader et al. 
2011).

There are additional links between iron homeostasis and 
environmental stress. A recent proteomic study on a salt 
tolerant mutant of C. reinhardtii reported that relative the 
wild type strain, the mutant exhibited high expression of 

proteins associated with iron uptake and metabolism (Sith-
tisarn et al. 2017). C. sp. UWO241 is adapted to a hyper-
saline environment (> 700 mM) (Neale and Priscu 1990, 
1995). It has been proposed that long-term adaptation to 
high salinity has dramatically altered the photosynthetic 
apparatus of this psychrophile (Dolhi et al. 2013; Szyszka-
Mroz et al. 2015). Given the differential impact of iron on 
C. sp. UWO241 reported here, the high salinity environment 
could impact iron homeostasis. High salinity may interfere 
with iron uptake in C. sp. UWO241, resulting in permanent 
reorganization and/or downregulation of PSI as an adaptive 
strategy to chronic Fe-stress.

Based on our physiological and proteomic results of this 
study, we propose a model of restructuring of the photosyn-
thetic apparatus of C. sp. UWO241 in response to variable 
iron (Fig. 10). Under standard growth conditions (18 µM 
Fe2+), the photosynthetic apparatus is organized to support 
relatively high rates of PSI-mediated CEF. CEF-generated 
transthylakoid pmf produces ΔpH and membrane potential 
(Δψ) (Shikanai and Yamamoto 2017). A bestrophin-like 
protein dissipates Δψ through Cl− influx into the lumen 
(Fig. 10a), allowing for maintenance of high transthylakoid 
ΔpH (Duan et al. 2016). CEF-generated ΔpH supports gen-
eration of NPQ, downregulating PSII. In addition, altered 
photosynthetic energy production in favor of ATP produc-
tion may support rewired carbon metabolism, favoring car-
bon storage products (starch) and production of secondary 
stress metabolites through shikimate biosynthesis. When 
higher Fe levels are available, LEF is restored (although CEF 
remains relatively high) and fixed carbon is directed toward 
growth and biosynthesis (Fig. 10b).

In their native environment, the natural total iron levels of 
C. spp. UWO241 and ICE-MDV range within the Fe-defi-
cient concentrations noted in other lakes (Morton and Lee 
1974; Pollingher et al. 1995). Natural phytoplankton popula-
tions residing in the chemocline of ELB exhibit a 77 K fluo-
rescence emission spectrum which closely resembles that 
of C. sp. UWO241 (i.e., low PSI Chl a fluorescence) (Kong 
et al. 2014). When incubated in filtered water collected from 
the same depth, both C. spp. UWO241 and ICE-MDV also 
exhibit comparable 77 K emission spectra with little to no 
PSI fluorescence (Fig. 9S). Thus, it is likely that reorganiza-
tion of the PSI–LHCI complex is an important adaptation 
in the ELB phytoplankton populations to survive permanent 
low iron. Our results indicate that in its habitat of relatively 
freshwater and oligotrophic conditions at the surface of ELB, 
C. sp. ICE-MDV exhibits physiological plasticity and the 
ability to modulate its photosynthetic apparatus in response 
to environmental changes. Conversely, C. sp. UWO241 is a 
specialist, adapted to the deep photic zone where levels of 
macronutrients are sufficient, but hypersalinity is likely to 
play a significant role in the dramatic reorganization of the 
photosynthetic apparatus of this organism.
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