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Abstract

Acclimation to different light regimes is at the basis of survival for photosynthetic organisms, regardless of their ev-
olutionary origin. Previous research efforts largely focused on acclimation events occurring at the level of the pho-
tosynthetic apparatus and often highlighted species-specific mechanisms. Here, we investigated the consequences
of acclimation to different irradiances in Chlorella vulgaris, a green alga that is one of the most promising species for
industrial application, focusing on both photosynthetic and mitochondrial activities. Moreover, proteomic analysis of
cells acclimated to high light (HL) or low light (LL) allowed identification of the main targets of acclimation in terms
of differentially expressed proteins. The results obtained demonstrate photosynthetic adaptation to HL versus LL
that was only partially consistent with previous findings in Chlamydomonas reinhardtii, a model organism for green
algae, but in many cases similar to vascular plant acclimation events. Increased mitochondrial respiration measured
in HL-acclimated cells mainly relied on alternative oxidative pathway dissipating the excessive reducing power pro-
duced due to enhanced carbon flow. Finally, proteins involved in cell metabolism, intracellular transport, gene expres-
sion, and signaling—including a heliorhodopsin homolog—were identified as strongly differentially expressed in HL
versus LL, suggesting their key roles in acclimation to different light regimes.
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Introduction

Photosynthesis is the metabolic process by which light energy into organic molecules, as sugars. In eukaryotic photosynthetic
is harvested and converted into chemical energy to fix CO, organisms, PSI and PSII are the pigment-binding complexes

Abbreviations: ABC1K1, activity of bc1 complex kinase 1; ACS, acetyl-CoA synthase; AOX, alternative oxidase; CBB, Calvin-Benson-Bassham; Chl, chlorophyll;
DBMIB, 2,5-dibromo-6-isopropyl-3-methyl-1,4-benzoquinone; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; ECS, electrochemical shift; FDR, false discovery
rate; GO, Gene Ontology; HL, high light; LHCSR, light-harvesting complex stress related; LL, low light; LRR, leucine-rich repeat; NPQ, non-photochemical quench-
ing; PAT, phosphate acetyltransferase; Pmax, maximum light-dependent net oxygen evolution rate; PTOX, Plastid Terminal Oxidase; gL, fraction of open reaction
centers in PSIl; SHAM, salicylhydroxamic acid; TCA, tricarboxylic acid.
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located in the thylakoid membranes that harvest photons and
use the excitation energy to generate electron transport from
water to NADPH,; this electron transport is coupled with
proton transport that generates an electrochemical gradient
across thylakoid membranes, enabling ATP biosynthesis. The
Calvin—Benson—Bassham (CBB) cycle is the subsequent meta-
bolic process occurring in the stroma where ATP and NADPH
are consumed to fix CO,. Among photosynthetic organisms,
unicellular microalgae raised interest due to the possibility to
cultivate them in artificial systems in industrial environments
to exploit their photosynthetic capability to fix CO, into bio-
products of interest including food additives, proteins, lipids,
antioxidants, biostimulants, and possibly biofuels (Chisti, 2008;
Camacho et al., 2019; Koyande et al., 2019; Rosch et al., 2019;
Rani et al.,2021). Several microalgae species were considered for
industrial application, such as Chlorella species, which are char-
acterized by fast growth and high resistance to biotic and abiotic
stresses (Blanc ef al., 2010; Juneja et al., 2016; Treves et al., 2016;
Zuniga et al., 2016; Ananyev et al., 2017; Sarayloo et al., 2017,
Arriola et al.,2018; Niccolai et al., 2019; Sathasivam et al., 2019).
Indeed, some Chlorella species are already on the market as food
and feed supplements (Lum et al., 2013). Chlorella vulgaris is one
of the few microalgae species approved as novel food for human
consumption (Bernaerts ef al., 2019).

Microalgae photosynthetic efficiency and productivity are
strictly dependent on their capacity to adapt and acclimate to
the conditions of growth where irradiance, temperature, CO»,
and nutrient availability are among the key parameters influ-
encing cell growth (Vecchi ef al., 2020). The consequences of
growing at different light intensities were investigated in depth
in several microalgae species in previous works: the chlorophyll
(Chl) content per cell and Chl to carotenoid ratio are gener-
ally reduced for different microalgae species grown in high
light (HL) compared with cells acclimated to low light (LL)
(Bonente et al., 2012; Simionato et al., 2011). Moreover, the
light-harvesting capacity, or functional ‘antenna size’, of PSII,
measured from the Chl a fluorescence induction curve in the
presence of a PSII inhibitor, or estimated from the Chl a/b
ratio, was reported to be reduced in several species such as
Dunaliella salina, Dunaliella viridis (Smith et al., 1990; Gordillo
et al.,2001), and diatoms (Lavaud et al.,2004) upon acclimation
to HL. In contrast, in the case of the model organism for green
algae, Chlamydomonas reinhardtii, and in Nannochloropsis gaditana,
similar functional antenna sizes were measured in cells grown
at low or high irradiance (Simionato ef al.,2011; Bonente et al.,
2012). Cells grown in HL conditions are also generally char-
acterized by an increased capability to induce photoprotective
mechanisms as thermal dissipation of the light absorbed (or
non-photochemical quenching, NPQ) as reported in the case
of C. reinhardtii (Peers et al., 2009), diatoms (Zhu and Green,
2010; Lepetit et al., 2012), and Nannochloropsis (Chukhutsina
et al., 2017). Regulation of CBB enzyme accumulation and
activity was also reported to have a key role in acclimation to
HL, with a general increased capacity for carbon fixation in

cells acclimated to high irradiance (Bonente et al., 2012). It is
important to note that in eukaryotic photosynthetic organisms
as in microalgae, photosynthetic metabolism is coupled with
mitochondrial metabolism (Johnson and Alric, 2013; Bailleul
et al.,2015; Uhmeyer et al.,2017), where organic molecules are
oxidized to CO,, producing reducing power that can in turn
be used to produce ATP. The mitochondrial electron trans-
port chain, also known as the cytochrome pathway, includes
an ATP synthase complex (complex V) and four oxidoreduc-
tase complexes that oxidize the reducing power and produce
ATP by an electrochemical gradient that is formed across the
membrane. In addition, an alternative oxidase (AOX) might
directly couple ubiquinol oxidation with the reduction of O,
to H,O, serving as an alternative route that bypasses the elec-
tron transport chain, thus dramatically reducing the energy
(ATP) yield. In plants, AOX was reported to have a role in
respiratory chain protection mechanisms by preventing sat-
uration of the electron carriers (Boekema and Braun, 2007,
Vanlerberghe, 2013). An additional alternative oxidase, called
PTOX (Plastid Terminal Oxidase), was characterized in the
chloroplast as being involved in chlororespiration transfer-
ring electrons from the plastoquinone pool to oxygen (Arnon
et al., 1981; Bennoun, 1982; Rumeau et al., 2007; Kedem et al.,
2021). PTOX activity has been previously reported to pre-
vent electron transport chain saturation (Niyogi, 2000; Kedem
et al., 2021), but at same time its activity has been shown to
be crucial for carotenogenesis (Shahbazi et al., 2007; Li et al.,
2010). It is important to note that crosstalk between plastids
and mitochondria was proposed in several microalgae species,
where the activity of one of the two organelles influences the
redox state of the other (Bailleul et al., 2015; Uhmeyer et al.,
2017; Burlacot et al., 2019; Cecchin et al.,2021b). In this con-
text, the impact of mitochondrial activity in HL acclimation in
microalgae has not been fully elucidated.

In this work, we investigated the consequences of acclima-
tion at high or low irradiances in C. vulgaris with a focus on
photosynthetic and mitochondrial activities. Moreover, prote-
omic analysis of cells acclimated to HL or LL allowed us to
identify the main target of acclimation in terms of variable
protein expression, suggesting possible targets for future bio-
technological modifications.

Materials and methods

Chlorella vulgaris cultivation

Chlorella vulgaris strain 211-11p (Cecchin et al., 2019) was obtained from
the Culture Collection of Algae at Goettingen University. LL and HL
acclimation was induced by growing C. vulgaris cells in photoautotro-
phy in BG-11 medium (Allen and Stanier, 1968) at 25 °C (Serra-Maia
et al., 2016) in flasks at 70 pmol m ™2 s™" or 850 wmol m 2 ™! white light
irradiation. No additional inorganic carbon was supplied, and a rotary
shaker (150 rpm) was used to prevent cell sedimentation and induce gas
exchange. The cell cultures were exposed to light from the bottom of the
flask, and the light path (from the bottom to the top of the culture) was
1 cm. The light gradient at which the cells were exposed during growth
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was calculated from the pigment concentration in the cultures and their
transmittance spectra (Supplementary Fig. S1). The cells grown in LL
and HL conditions were refreshed at least 10 times, diluting the cells to
pre-exponential phase before the experiments. Sampling for physiolog-
ical measurements and for proteomic analysis was done during the expo-
nential phase for at least three different biological replicates grown at the
same time. At the end of the growth curve, the dry weight determination
was performed: the cell culture was harvested by centrifugation at 4500
¢ for 5 min at 20 °C, freeze-dried for 48 h, and then net dry weight was
calculated. Protein concentration was determined by bicinchoninic acid
(BCA) protein assay (Thermo Fisher Scientific, Waltham, MA, USA).

Photosynthetic parameters

Photosynthetic parameters such as maximum photochemical efficiency
of PSII (PPSII), fraction of open reaction centers in PSII (qL), electron
transport rate (ETR), and NPQ were measured with a DUAL-PAM-100
fluorometer (Heinz—Walz, Effeltrich, Germany) at room temperature in
a1 X 1 cm cuvette mixed by magnetic stirring (Baker, 2008). PSII func-
tional antenna size was estimated from the fast Chl fluorescence induc-
tion kinetics with a DUAL-PAM-100 fluorometer after induction with
a red light of 11 pumol photons m s~ ' on dark-adapted cells (~2 x 10°
cells mI™) incubated with 50 uM DCMU [3-(3,4-dichlorophenyl)-
1,1-dimethylurea]. The reciprocal of time corresponding to two-thirds
of the fluorescence rise (12/3) was taken as a measure of the PSII func-
tional antenna size (Malkin ef al., 1981). The 77K fluorescence emission
spectra were acquired with a charge-coupled device spectrophotometer
(JBeamBio, La Rochelle, France) as previously described (Allorent ef al.,
2013). State transitions were measured on whole cells induced to state 1
or state 2 as previously described (Fleischmann ef al., 1999). The reduc-
tion rate of NAD(P)H was determined with the NADPH/9-AA module
of the DUAL-PAM 101 using 1400 umol photons m 2 s~ as actinic
light (Schreiber and Klughammer, 2009; Cecchin ef al., 2021b): NAD(P)
H formation was analyzed following the fluorescence emission in the
420-580 nm range upon excitation at 365 nm. The proton motive force
upon exposure to different light intensities was measured as the electro-
chemical shift (ECS) with MultispeQ v2.0 (PhotosynQ, East Lansing,
MI, USA) according to Kuhlgert ef al. (2016) and normalized to the
Chl content of the sample. PSI functional antenna size was measured in
thylakoids (300 pg ml™' Chl concentration) obtained from acclimated
cells with the DUAL-PAM-100 in the presence of DCMU and DBMIB
(2,5-dibromo-6-isopropyl-3-methyl-1,4-benzoquinone) following tran-
sient absorption at 830 nm upon exposure to actinic light (11 pmol
photons m ™2 s™"). Maximum P700 activity was measured as described in
Cecchin et al. (2021b).

Pigment analysis

Pigments were extracted with 100% DMSO at 60 °C in dark condi-
tions and measured with a JASCO V-550 UV/VIS spectrophotometer
(Halifax, NS, Canada). HPLC analysis was performed as described in
Perozeni et al. (2020).

Oxygen evolution and mitochondrial respiration

Oxygen evolution rates and mitochondrial respiration were measured at
25 °C with a Clark-type O, electrode (Hansatech, King’s Lynn, Norfolk,
UK), as described previously (Cecchin et al., 2021b). NaHCO; was sup-
plied before oxygen evolution measurement at 5 mM concentration. The
individual contributions of the alternative and cytochrome (complex III)
pathways in mitochondrial respiration were estimated by inhibiting them
with SHAM (salicylhydroxamic acid) and myxothiazol inhibitors, respec-
tively; the concentrations adopted, 2 mM and 5 pM, respectively, were
chosen according to previous results in the same species (Cecchin et al.,

2021b). Respiration was first measured in the absence of inhibitors (total
dark respiration) before alternative respiration was inhibited by adding
SHAM. Cytochrome-dependent respiration was then inhibited using
myxothiazol, and residual respiration was determined in relation to the
uninhibited state. The contribution of alternative respiration was deter-
mined by reversing the order of inhibitor addition (myxothiazol followed
by SHAM) (Bailleul et al., 2015).

SDS-FAGE and western blot analysis

SDS-PAGE and immunoblotting were performed as described in
Bonente et al. (2011). The following antibodies, a-RbcL AS03 037,
a-PsaA AS06 172, and a-PsbC (CP43) AS11 1787, were obtained from
Agrisera (Vannas, Sweden). Samples were compared only when loaded
on the same gel.

Subcellular localization prediction

Subcellular localization prediction was performed with the PredAlgo
tool (Tardif ef al., 2012).

Proteomic analysis

Chlorella vulgaris sample cell disruption was performed utilizing a CP02
cryoPREP Automated Dry Pulverizer (Covaris, Woburn, MA, USA);
total protein was extracted with the ReadyPrep Protein Extraction Kit
(Bio-Rad, Hercules, CA, USA) and a Tissue Lyser II system (Qiagen,
Hilden, Germany). Samples were then centrifuged for 5 min at 16 000
¢, and the supernatants (400 pl) were transferred to new tubes. Proteins
were precipitated by separately adding four volumes of acetone to one
volume of each protein extract, vortexed, and precipitated overnight at
—20 °C.The next day, individual tubes were centrifuged for 30 min at 10
°C at 16 000 g.The supernatants were removed, then one volume of pre-
chilled acetone was added to each tube. The tubes were centrifuged one
more time, and the previous step was repeated. The supernatants were
again discarded, and the protein pellets were dried using a speed vacuum
for <1 min.The dried protein pellets were separately resuspended in 200
pl of resuspension buffer [1 M urea, 0.5 M triethylammonium bicarbo-
nate (TEAB), 0.1% SDS], vortexed, and centrifuged at 16 000 ¢ for 25 s.
The samples were sonicated for 30 s then centrifuged for 1 min at 16 000
¢ before the supernatants were collected. Protein amounts were measured
with the Quick Start Bradford Protein Assay (Bio-Rad) utilizing BSA
as the standard. Protein concentrations were normalized to 1 pg ul™ in
resuspension buffer in a final volume of 30 pl. Protein reduction, alkyl-
ation, digestion, and purification were performed utilizing the Preomics
iST protein sample preparation for the LC-MS kit (Preomics, Planegg/
Martinsried, Germany) according to the manufacturer’s instructions. The
resulting purified peptides were resuspended in 30 pl of nanoLC-Buffer
A (5% acetonitrile, 0.2% formic acid). Samples were analyzed in protein
profiling mode using an EASY-nLC 1200 liquid chromatography system
(Thermo Fisher Scientific) coupled to a Q-Exactive HF mass spectrom-
eter (Thermo Fisher Scientific). Prior to MS measurements, samples were
diluted 2-fold with nanoLC-Buffer A spiked with 1/10 iRT peptides
(Biognosys, Schlieren, Switzerland); 2 pl of sample were injected and
fractionated in a 50 cm long C18RP RSLC ES803 Easyspray column
(Thermo Fisher Scientific) at a flow rate of 200 nl min™" with a 200 min
gradient from nanoLC buffer A to 40% acetonitrile, 0.2% formic acid.

A C. vulgaris protein sequence database was derived from our own
sequencing effort (Cecchin et al., 2019) and entries were annotated
based on species sequence orthology. Raw MS data were processed
using the Spectronaut software package (Version 15, Biognosys) against
the above-mentioned protein database in directDIA mode. A dataset
containing potential protein contaminants and sequences of iRT pep-
tides (Biognosys) used for retention time normalization was utilized for

20z ludy €2 U0 Jasn euoioA 1p 1pnis 11Bep eNsIaAuN Aq §902G L L/0YSH/S /v L/I0Me/axl/woo dno-olwapeoe)/:sdny woly papeojumoq


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erad170#supplementary-data

Chlorella vulgaris acclimation strategies to different irradiances | 4543

Spectronaut data processing. Further data processing was performed in
the R statistical environment. For each protein, the obtained quantifi-
cation values were summed for quantified peptides and charge states.
Proteins with missing values in <50% of the samples were retained.
Data were log-transtormed and normalized for equal medians across all
samples. For the detection of differentially expressed proteins, a linear
model was fitted for the treatment and control groups, and P-values
from moderated f-statistics were calculated with the empirical Bayes
approach (Gentleman ef al., 2004). The Benjamini—Hochberg false dis-
covery rate (FDR) method was used to correct for multiple hypotheses
testing.

Gene set enrichment analysis (GSEA) was performed using the GSEA
algorithm of the piano package for R (Viremo et al., 2013). Log2 fold
changes were used as gene-level statistics, and P-values were estimated
by gene sampling, followed by FDR adjustment for multiple hypothesis
testing.

Gene Ontology (GO) terms related to identitfied proteins were visual-
ized using REVIGO software (Supek et al., 2011).

Results
Pigment accumulation

Chlorella vulgaris cells were acclimated to LL (70 pmol m™?
s or HL (850 umol m 2 s™!) growth conditions for at least
10 generations. We determined the light gradient experi-
enced by the cell considering the pigment content and the
transmittance of the culture on different days (Supplementary
Fig. S1). The cells were exposed to a light gradient with the
maximum range (bottom—top of the culture) of 70-30 pmol
m s for LL cells and 850-390 pmol m 2 s™' for HL cells.
Cells grown in HL conditions were characterized by faster
growth rate and increased biomass production compared
with LL cells (Supplementary Fig. S2). As reported in Table 1,
cells grown in HL were characterized by an ~60% reduction
in Chl content per cell. Even stronger Chl reduction in HL
cells was evident upon normalization to total protein content
or to dry weight (Table 1). The residual Chl composition
in HL samples was also changed compared with LL, with
the Chl a/b ratio significantly increased at high irradiances.
Carotenoid content was not significantly different on a cell
basis but increased on a Chl basis in HL samples, with lutein
representing ~70% of total carotenoids in both the LL and
HL groups. In HL, zeaxanthin was also detectable, while the

other xanthophylls (neoxanthin and violaxanthin) were sig-
nificantly reduced on a cell basis in HL compared with LL.
The reduced Chl b content and Chl/Car ratio in HL com-
pared with LL suggest that exposure to different irradiances
induced a reorganization of the photosynthetic apparatus.

Photosynthetic activity and mitochondrial respiration

The increased Chl a/b ratio in HL suggests a decrease of
LHC antenna complexes per photosystem, since Chl b is
only bound to external antenna subunits. Light-harvesting
properties of PSIl—also known as functional ‘antenna
size’—can be measured by following the Chl a fluorescence
induction kinetics in DCMU-treated cells exposed to lim-
iting light as fluorescence emission is inversely related to the
light-harvesting properties of PSII. As shown in Fig. 1A, HL
cells were characterized by slower fluorescence induction
kinetics compared with LL cells, indicating a smaller PSII
antenna size (Supplementary Table S1). In the case of PSI,
its functional antenna size can be estimated by following the
kinetics of P700 oxidation in limiting light in the presence
of linear and cyclic electron transport inhibitors (DCMU
and DBMIB) to fully inhibit P700 re-reduction, adding ar-
tificial electron donors and acceptors (ascorbate and methyl-
viologen, respectively). As shown in Fig. 1B, there were no
differences between HL and LL cells in the case of PSI an-
tenna size.

LHCII antennae can migrate from PSII to PSI to balance
the excitation pressure among the two photosystems in a
process called state transitions (Finazzi et al., 2002; Lemeille
et al., 2010; Nawrocki ef al., 2016). State transitions are trig-
gered by the redox state of plastoquinones, with state 1 (S1)
or state (S2) being the conditions with minimum or max-
imum migration of LHCII to PSI, respectively; they can
be induced by consuming (S1) or increasing (S2) the re-
ducing power in the chloroplast (Fleischmann et al., 1999).
When state transitions occur, the migration of LHCII to
PSI increases its fluorescence emission, which consequently
decreases the emission of PSII. S1 and S2 were then esti-
mated by measuring fluorescence emission at 77K, where
both PSI and PSII emissions are detectable. As shown in

Table 1. HPLC analysis of pigment content in C. vulgaris cells grown in LL or in HL conditions

Chla/b  Chl/ Neo/  Vio/ Anthera/ Lut/ Zea/ B Chl/ Car tot/  Chl/ Car/ Chl/ Car/
Car cell cell cell cell cell car/ cell cell prot prot DW DW
cell
LL 3.24 2.59 0.23 0.22 ND 0.99 n.d. 0.24 4.36 1.92 105.71 40.81 33.62 12.98
SD 0.40 0.12 0.04 0.04 - 0.19 - 0.05 0.81 0.37 33.27 10.59 7.38 1.63
HL 4.19 1.01** 0.06** 0.16* 0.04** 1.02 0.25** 0.24 1.77** 1.81 40.98** 40.57 7.73* 7.65%
SD 0.84 0.01 0.01 0.02 0.02 0.04 0.02 0.02 0.06 0.06 7.10 1.23 1.44 1.43

Anthera, antheraxanthin; B car, § carotene; Chl, chlorophyll; Car, carotenoids; HL, high light; LL, low light; ND, not detectable; Neo, neoxanthin; Vio,
violaxanthin; Zea, zeaxanthin; Car tot: total carotenoids. Chlorophyll and carotenoid contents per cell are reported as pmol per 1 x 107 cells. Chlorophyll
and carotenoid content per total proteins (Chl/prot and Car/prot) or per dry weight (Chl/DW and Car/DW) are reported as pmol per mg of protein or mg of
dry weight. Errors are reported as SD (n=4). *P<0.05 or **P<0.01 for HL versus LL.
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Fig. 1. Functional antenna sizes of PSI and PSII, and the state transitions. (A) Chl a fluorescence emission kinetics of whole cells grown in low light

(LL) or high light (HL) treated with DCMU (representative of three independent biological replicates), related to the light-harvesting efficiency of PSII.

(B) Kinetics of PSI reaction center oxidation followed by pump—probe differential absorption at 800 nm measured in whole cells treated with DCMU,
methyl-viologen, and ascorbate (representative of three independent biological replicates) as described in the Materials and methods. (C and D) Chl a
fluorescence emission spectra measured at 77K for cells grown in LL (C) or HL (D) in state 1 (S1) or state 2 (S2); S1 was induced in LL (~5 pmol m? s7)
with 10 uM DCMU to oxidize the plastoquinone pool, while S2 was induced by adding 250 pM sodium azide to inhibit mitochondrial respiration and
reduce the plastoquinone pool. (E) Extent of state transition retrieved from fluorescence emission spectra reported in (C) and (D) from the maximum
fluorescence emission at 720 nm as (FS2-FS1)/FS2. Error bars are reported as SDs (n=3). *P<0.05 for HL versus LL.

Fig. 1, increased state transition capacity was measured for
LL-acclimated cells. This could be related to the presence of
mobile LHC antenna proteins that might be lost upon HL
acclimation.

Photosynthetic linear electron transport was then investigated
by measuring light-dependent oxygen evolution. As shown in
Fig. 2A, on a Chl basis, HL-acclimated cells were character-
ized by a higher oxygen evolution rate at light intensities >500
pmol m 2 s !, with an almost 3-fold increase in the maximum
oxygen evolution rate (Pmax, Table 2). Due to reduced Chl
per cell content, on a cell basis HL cells were evolving less
oxygen compared with LL cells at lower actinic lights, but a
similar oxygen production was achieved at a higher illumina-
tion range (Supplementary Fig. S3). HL-acclimated cells were
thus more efficient on a Chl basis in using the available light
energy to strip electrons from water molecules and transport
them across the photosynthetic electron transport chain. The
impact of cyclic electron transport compared with linear elec-
tron transport was then evaluated by measuring the ECS in the

presence or absence of DCMU, which inhibits linear electron
transport. ECS is directly related to thylakoid membrane po-
larization due to electron and proton transport; in the presence
of DCMUJ, the ECS signal is only related to cyclic electron
transport. In the absence of DCMU, there were no significant
differences when comparing HL- with LL-acclimated cells
(Fig. 2B). However, in the presence of DCMU, reduced ECS
was evident in the case of LL-acclimated cells.

The relative contribution of cyclic electron transport to the
ECS signal is reported in Fig. 2C for HL- and LL-acclimated
cells at the different actinic lights measured, being significantly
higher for HL cells. The increased cyclic electron transport
contribution to overall photosynthetic electron transport sug-
gests an increased ATP/NADPH ratio in HL for the cofactors
produced in the light phase of photosynthesis, as cyclic elec-
tron transport is only related to lumen acidification and ATP
biosynthesis.

PSI and PSII photosynthetic activities were then measured
in HL- compared with LL-acclimated cells. In the case of PSI,
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Fig. 2. Oxygen evolution and electrochromic shift (ECS) measurements.
(A) Light curves of LL- and HL-acclimated cells measured as net light-
dependent oxygen evolution rates at different actinic lights. Experimental
data were fitted with hyperbolic functions, and fitting results are shown

as dotted lines. (B) ECS measurements at different actinic lights for LL
and HL cells in the presence (dotted lines) or absence (solid lines) of
DCMU. (C) Percentage of residual ECS upon DCMU treatment compared
with untreated cells; the residual ECS may be related to cyclic electron
transport. Data are the means of three biological replicates with error bars
showing the SDs. *P<0.05 or **<0.01 for HL versus LL.

P700 photochemical activity on a Chl basis was higher in
HL versus LL (Fig. 3A). PSII photosynthetic properties were
then analyzed by measuring the fluorescence-based parame-
ters Y(II), 1—qL, and NPQ (Fig. 3B-E), representing the PSII

Table 2. Oxygen evolution

LL HL
Pmax (umol O, ™' ug 64.68 + 1.49 204.50 + 5.92**
ChI
Half-saturation intensity 142.78 + 6.50 509.39 + 26.72**

(umol photons m2 s7")
Light compensation point
(umol photons m=2 s77)

22.59 + 4.33 128.50 + 24.55**

The light curves in Fig. 2A were fitted by hyperbolic functions to determine
the photosynthetic parameters Pmax and half-saturation intensity. Half-
saturation intensity, actinic light intensity at which the oxygen evolution rate
is Pmax/2; HL, high light; LL, low light; Pmax, maximum light-dependent
net oxygen evolution rate; Light compensation point, light intensity at
which light-dependent oxygen evolution is equal to respiratory oxygen
consumption. Dark respiration values normalized on a cell or chlorophyll
basis are reported for LL- and HL-acclimated cells. **P<0.01 for HL versus
LL.

quantum vyield, the redox state of plastoquinone, and the ca-
pacity to thermally dissipate the light energy absorbed, respec-
tively. Y (II) was higher for HL-acclimated cells for actinic lights
up to 1400 pmol m™ 57!, indicating increased photochemical
efficiency. Consistently, 1-qL values were lower in the same
light range in HL cells, suggesting that the plastoquinone pool
was less reduced and the photosynthetic electron transport
chain less saturated.

The activity of PTOX in LL and HL cells was then investi-
gated, being correlated to plastoquinone oxidation by chloro-
respiration. PTOX activity can be measured following the PSII
fluorescence kinetics upon light to dark transition in the pres-
ence or absence of the PTOX inhibitor n-propylgallate (PG)
(Houille-Vernes et al., 2011). As shown in Supplementary Fig.
S4, in the case of LL cells, light to dark transition caused a fast
decay of fluorescence emission, which was delayed in the pres-
ence of PG.This result demonstrates that PTOX is active in LL
cells and contributes to plastoquinone oxidation transferring
electrons to oxygen. In the case of HL cells, a more complex
situation was evident: without inhibitor, a transient dark rise
of fluorescence was measured upon light to dark transition,
suggesting that when the light is turned off a transient plas-
toquinone pool reduction occurs due to the high reducing
power in the chloroplast which cannot be consumed by the
carbon fixation pathway. In the presence of PG, HL cells were
characterized by a continuous rise of fluorescence upon light
to dark transition, indicating an important effect of PTOX on
relaxing the plastoquinone pool which is essential in HL cells
to properly balance the redox state of plastoquinones.

NPQ induction was characterized by complex kinetics:
NPQ was induced to a higher level in HL-acclimated cells
exposed to actinic light compared with the case for LL; how-
ever, after ~1 min of light exposure, NPQ relaxed and reached
values similar to LL cells. When actinic light was turned off,
NPQ dark relaxation was reduced in LL cells compared with
HL, demonstrating increased qE induction in HL, as qE is
the fast-relaxing component of NPQ induced by lumen
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acidification. This behavior was observed for all the different
actinic lights (Supplementary Fig. S5). NPQ relaxation during
actinic light exposure was suggested to be related to the acti-
vation of Calvin cycle enzymes that consume NADPH and
ATP and restore their precursors NADP* and ADP, which are
required to desaturate the photosynthetic electron transport
chain (Cardol et al., 2010).

NAD(P)H/NAD(P) balance was thus analyzed following
fluorescence emission at ~500 nm, where the reduced NAD(P)
H form is emitted. It is important to note that is not possible to
discriminate between NADH and NADPH following 500 nm
fluorescence emission, and the results obtained are related to
the overall balance of NAD(P)H oxidation and reduction
in the whole cell. As depicted in Fig. 3 NAD(P)H fluores-
cence was initially increased upon exposure to actinic light in
both LL and HL, indicating NADP" reduction; in the case of
HL-acclimated cells, NADPH fluorescence emission reached a
steady state, resulting from a similar rate of NADPH oxidation
and NADP™ reduction. In LL-acclimated cells, a continuous
increase in NAD(P)H fluorescence was measured during ac-
tinic light exposure, suggesting relatively faster NAD(P)" re-
duction than NADPH oxidation, with a consequent decrease
in the amount of NAD(P)" available as acceptors for electrons
transported across the photosynthetic electron transport chain.
These results are indeed consistent with the increased photo-
synthetic rates measured on a Chl basis in HL cells at the ac-
tinic light herein used for NAD(P)H measurement, and with
the increased PTOX activity being able to prevent over-reduc-
tion of chloroplast reducing power (Fig. 2A). When the light
was turned off, the NAD(P)H fluorescence signals decreased
in both LL- and HL-acclimated cells, but the signal slowly
and partially recovers after a few seconds, indicating ongoing
NAD(P)" reduction that is likely to be related to light-inde-
pendent NAD(P)H formation through the pentose phosphate
pathway and/or by glycolysis and tricarboxylic acid (TCA)
pathways.

Next, we evaluated mitochondrial respiration (Fig. 4)
and found an increased oxygen consumption rate in the
dark in the case of HL-acclimated cells compared with LL.
Accordingly, the light compensation point measured for HL
cells was higher compared with LL cells (Table 1). The con-
tribution of cytochrome and alternative pathways was then
investigated by measuring dark respiration in the presence of
two specific inhibitors: SHAM that inhibits AOX and the al-
ternative pathway, and myxothiazol that locks complex III,
thereby blocking the cytochrome pathway (Dang et al., 2014).
The sums of the estimated alternative and cytochrome respi-
ratory pathways, even if slightly lower, were not significantly
different compared with the total dark respiration measured
in the absence of inhibitors. The increased mitochondrial res-
piration in HL-acclimated cells was due specifically to the
increased alternative pathway activity (Fig. 4). Electron trans-
port through AOX is not coupled with proton transport across
the inner mitochondrial membrane, and it does not support

ATP biosynthesis. The relatively higher alternative pathway ac-
tivity in HL-acclimated cells indicates more rapid regeneration
of NAD". Higher AOX and PTOX activity in HL-acclimated
cells probably allows correct tuning of the reducing power of
chloroplasts and mitochondria, preventing over-reduction of
electron transport carriers, consistent with the case of the ex-
tremely high light-tolerant strain Chlorella ohadii (Treves et al.,
2020; Kedem et al., 2021).

Proteomic analysis

To investigate the molecular details underlying acclimation to
HL or LL conditions, we performed a comparative proteomic
analysis on protein extracts from acclimated cells. Microalgal
proteins were extracted, digested, and purified to obtain pep-
tides, which were separated using reversed-phase nanoLC and
analyzed by an Orbitrap mass spectrometer (see the Materials
and methods for details). A direct data-independent acqui-
sition (directDIA) method was leveraged to determine pro-
tein compositions and differential protein abundances under
the two acclimation conditions. In total, 4457 proteins were
identified and quantified (Supplementary Dataset S1), dem-
onstrating an improved resolution compared with previous
proteomic datasets obtained from C. vulgaris, where <3000
proteins were identified (Guarnieri et al., 2013). Protein con-
tent per cell was similar in HL and LL cells (Supplementary
Fig. S6A), but the protein percentage of dry weight was
reduced in HL (Supplementary Fig. S6B), consistent with pre-
vious finding (Cecchin ef al., 2019). Differential protein ex-
pression was then analyzed (Fig. 5). It is important to note
that even if the different replicates analyzed were characterized
by a similar growth curve for each condition (Supplementary
Fig. S2), there was more variance in HL cells compared with
LL cells in terms of protein expression as reported by prin-
cipal component analysis (PCA) (Fig. 5A), suggesting a more
dynamic adjustment of protein expression in the former: the
higher growth rates of HL cells compared with LL cells imply
a faster transition between the different cell growth phases,
possibly increasing the variance during samplings. The volcano
plot obtained upon expression analysis demonstrates that most
of the identified proteins were not differentially expressed in
HL versus LL conditions (Fig. 5B). Accordingly, considering
adjusted P-values below 0.05, only 89 and 147 proteins were
up-regulated and down-regulated, respectively, in HL, with
a log2 fold change >1 or < —1 (Supplementary Dataset S2).
The top 10 up-regulated or down-regulated proteins in HL
versus LL are shown in Fig. 5C. GSEA was then performed
on the GO terms retrieved (Fig. 5D); significant results were
obtained only for GO terms down-regulated in HL, most of
which were involved in the light phase of photosynthesis as
PSI and PSII components, Chl-binding proteins, and/or pro-
teins located in the thylakoidal membranes. This result is con-
sistent with the decrease in Chl content per cell observed in
HL versus LL cells (Table 1). Moreover, significant enrichment
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Fig. 3. Photosynthetic parameters and NAD(P)H reduction rates. (A) Maximal PSI activity (P700 oxidation) on a chlorophyll basis measured in LL- or
HL-acclimated cells. (B and C) PSII quantum yield (B) and 1—qL (reduced Q, fraction, C), at different actinic light intensities for LL- or HL-acclimated
cells. (D) NPQ kinetics measured upon exposure of dark-adapted LL or HL cells to 1400 umol m= s~ actinic light for 8 min followed by dark
relaxation. (E) NPQ values at the end of the actinic light exposure as described in (D) at different actinic light intensities for LL- or HL-acclimated cells
(see Supplementary Fig. S1 for more details). Data are means of three biological replicates with error bars showing the SDs. (F) Kinetics of NAD(P)

H fluorescence emission measured on dark-adapted LL or HL cells: actinic light (1400 umol m= s~') was turned on after 20 s and turned off at 120 s.
NAD(P)H fluorescence emission kinetics were normalized to the initial rise upon exposure to actinic light. *P<0.05 or **P< 0.01 for HL versus LL.

of proteins with peptidyl-prolyl isomerase activity was iden-  chains, a key step for protein folding. Significant enrichment
tified as down-regulated in HL (Supplementary Table S2): of GO terms encoding cytosolic large ribosomal subunits was
peptidyl-prolyl isomerases catalyze cis—frans isomerization of also identified as down-regulated in HL, suggesting a general
peptide bonds N-terminal to proline residues in polypeptide  decrease of protein biosynthesis in HL cells, consistent with
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Fig. 4. Dark respiration of Chlorella vulgaris cells grown in LL or HL
conditions. Dark respiration is reported as total dark respiration measured
in the absence of inhibitors (TOT) and the relative contribution of
cytochrome (CYTOCHROME) and alternative respiration (ALTERNATIVE)
measured in the presence of SHAM or mixothiazol, inhibiting AOX and
complex lll, respectively. Data are the means of three biological replicates
with error bars showing the SDs. *P<0.05 or **£<0.01 for HL versus LL.

the reduced percentage of protein content per dry weight at
high irradiance.To provide a more general view of the protein
expression in HL versus LL conditions, GO terms resulting
after GSEA with an adjusted P-value <0.25 were visualized
by the REVIGO tool (Supek et al., 2011) analyzing separately
the enriched GO terms which were up-regulated or down-
regulated in HL (Supplementary Fig. S7). In addition to the
main GO terms down-regulated in HL, such as those involved
in photosynthesis and peptidyl-prolyl isomerases, REVIGO
analysis allowed the identification of ‘ATP binding’ and ‘intra-
cellular transport’ as enriched GO terms up-regulated in HL at
the limit of significance (adjusted P-value of 0.056). Moreover,
the most significant enriched GO terms referring to cellular
compartments were related to the mitochondria for up-regu-
lated genes and to the chloroplast envelope, plastoglobuli, and
photosystems for genes down-regulated in HL versus LL. The
GO terms and KEGG orthology identifiers of the differen-
tially expressed proteins were then used to analyze their func-
tions are described below and summarized in Fig. 6.

Photosynthesis

Cells acclimated to HL were characterized by down-regula-
tion of several proteins annotated as LHC subunits. In partic-
ular, most of the proteins previously annotated in C. vulgaris
as antenna proteins of PSI (Lhca) or PSII (Lheb) (Cecchin
et al., 2019) were down-regulated in HL-acclimated cells.
Similarly, several subunits of the PSI and PSII core complexes
were down-regulated in HL (Supplementary Table S3).These
results are consistent with the reduced Chl content per cell
measured in HL compared with LL (Table 1). The reduced
accumulation of PSI, PSII, and LHCII subunits was then con-
firmed by western blot analysis using a-PsaA (subunit of PSI

core complex), 0.-CP43 (subunit of PSII core complex), and
0a-LHCII antibodies (Supplementary Fig. S8). HL cells also
showed down-regulation of Low PSII Accumulation (LPA)
protein expression. These proteins are involved in PSII as-
sembly, and gene deletions in Arabidopsis thaliana or C. rein-
hardtii severely impaired PSII accumulation (Schneider et al.,
2014; Cecchin et al., 2021a; Wakao et al., 2021; Spaniol et al.,
2022). Interestingly, no significant differential expression for
proteins involved in carbon fixation was found in HL versus
LL C. vulgaris cells (Supplementary Dataset S3). This result
was confirmed on a cell basis by western blot analysis in the
case of the large subunit of Rubisco (Supplementary Fig. S8).
It is interesting to note that, as the Chl content per cell is
reduced in HL, the similar Rubisco content per cell means
an increased accumulation of the main enzyme involved in
carbon fixation on a Chl basis in HL conditions; the increased
Rubisco content per Chl could contribute to the increased
electron transport properties measured in the case of HL cells,
due to increased regeneration of ATP and NADPH precur-
sors. A protein predicted as chloroplast ferredoxin-thioredoxin
reductase (g1978.t1) was down-regulated in HL. This enzyme
is involved in activation of Calvin cycle enzyme depending
on the redox state of the chloroplast. The plastid localization
of the g1978.t1 gene product was confirmed by TargetP, and
its down-regulation in HL indicates that thioredoxin-based
activation of the Calvin cycle enzyme is required more in LL
rather than in HL conditions. Finally, HL cells were character-
ized by reduced accumulation of proteins encoded by g10107.
tl and g5581.t1 genes, predicted as carbonic anhydrase, a
component of the CCM (carbon-concentrating mechanism).
The CCM is found in microalgae and enables an increased
intracellular concentration of CO, (Wang et al.,2015;Yamano
et al., 2008). It is possible that the increased carbon flow and
mitochondrial respiration in HL conditions enhance CO,
concentrations in the cells, which would induce a decrease in
CCM activity (Fig. 6).

Pigment biosynthesis

Coproporphyrinogen III oxidase (g5001.t1), chlorophyll(ide) b
reductase (g9809.t1), and porphobilinogen deaminase (g4163.
t1) are enzymes involved in Chl biosynthesis and were reduced
in HL-acclimated cells. This observation is consistent with the
reduced Chl content per cell observed for HL compared with
LL. In the case of carotenoid biosynthesis, the only enzyme
identified as significantly differentially expressed was zeaxan-
thin epoxidase (g9297.t1), which was down-regulated in HL,
while the violaxanthin de-epoxidase enzyme was down-reg-
ulated in HL at the limit of the threshold herein considered
(P-value of 0.05 and log2 fold change >1; Supplementary
Dataset S3). Both zeaxanthin epoxidase (ZE) and violaxanthin
de-epoxidase (VDE) are involved in zeaxanthin metabolism:
ZE catalyzes the epoxidation of zeaxanthin to antheraxanthin
and violaxanthin, while VDE is the enzyme that upon light
stress triggers the conversion of violaxanthin into zeaxanthin.
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Fig. 5. Analysis of differentially expressed proteins in HL- versus LL-acclimated Chlorella vulgaris cells. (A) PCA of the replicates analyzed for HL and
LL samples. (B) Volcano plots representing the systems response profiles. For each protein, the protein expression change (calculated as the log2 fold
change) is plotted on the x-axis and the statistical significance (proportional to the negative log10-adjusted P-value) is plotted on the y-axis. Yellow and
cyan dots highlight proteins that are statistically significantly up- and down-regulated, respectively (FDR-adjusted P<0.05). (C) Top 10 proteins up- or
down-regulated in HL versus LL by log2 fold change. (D) GSEA performed on GO terms. Gene set statistics shown for significantly affected gene sets
(FDR-adjusted P-value <0.05). Note that only down-regulated gene sets were identified as significantly enriched in the GSEA.
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The decreased expression of ZE in HL cells is in line with the
increased zeaxanthin fraction of total carotenoids measured in
HL-acclimated cells (Table 1). Similarly, the reduced violax-
anthin content in HL reduces the requirement for the VDE
enzyme as a significant fraction of zeaxanthin has already accu-
mulated. It is important to note that zeaxanthin is involved in
several photoprotective mechanisms in C. vulgaris (Girolomoni
et al.,2020).

Nitrogen assimilation and amino acid metabolism

Ferredoxin nitrate reductase (g9255.t1) was down-regulated in
HL-acclimated cells. Nitrate reductases are chloroplast enzymes
required for nitrogen assimilation to produce ammonia from
nitrate, which was provided to LL and HL cells as the nitrogen
source during growth. Considering the requirement of am-
monia for Chl biosynthesis, nitrate reductase expression is
likely to be linked with the regulation of the accumulation
of pigments at different growth irradiances. Accordingly, fer-
redoxin nitrate reductase expression was reduced in HL condi-
tions, as was the Chl content per cell. Considering the increased
growth rate observed for cells grown in HL, we cannot ex-
clude that nitrogen assimilation fluxes could be similar or even
increased in HL versus LL cells due to post-translational regu-
lation. Nitrate assimilation was also reported in A. thaliana (Lea

et al., 2006) and C. reinhardtii (Gonzalez-Ballester et al., 2004)

as being regulated by the intracellular concentration of amino
acids, even if this mechanisms has not been fully elucidated yet
in the case of green algae (Sanz-Luque ef al.,2015).

Several enzymes involved in amino acid catabolic metab-
olism were up-regulated in HL-acclimated cells, including
2-oxoisovalerate dehydrogenase E1 component alpha subunit
(g10682.t1) and 3-methylcrotonyl-CoA carboxylase alpha
subunit (g10016.t1) involved in leucine degradation, with the
former also catalyzing reactions involved in valine and isoleu-
cine degradation. In HL-acclimated cells, enzymes catalyzing
transfer or removal of nitrogenous groups were also up-reg-
ulated, such as r-asparaginase (g5102.t1) and aromatic amino
acid aminotransferase II (g7030.t1). Moreover, increased ac-
cumulation of three proteases was observed in HL (g8295.t1,
g1394.t1, and g10206.t1); up-regulation of enzymes involved
in amino acid degradation could be related to a strategy to
recycle the amino group when nitrate reductase expression
is decreased. Increased amino group recycling could also be
related to increased photooxidative stress in HL cells and
increased protein damage.

Intracellular transport and trafficking

Several proteins involved in intracellular transport and traf-
ficking were up-regulated in HL (Supplementary Table S4),
including a Sec24-like subunit involved in vesicle formation.
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Moreover, several intracellular and extracellular transport com-
ponents were up-regulated in HL, including transporters for
amino acids (g8327.t1, g1827.t1, g1828.t1, and g9008.t1). In
contast, HL cells showed down-regulation of a peptide ABC
transporter (g6888.t1). These findings suggest a reorganization
of amino acid and peptide transport in cells upon acclimation
to different light intensities. These results could be linked to
the increased expression of amino acid catabolic enzymes and
reduced protein content per dry weight in HL cells. It is in-
teresting to note that in HL cells a protein annotated as being
in the MATE (multidrug and toxic compound extrusion) ef-
flux family (g9504.t1) was strongly up-regulated. The MATE
protein family was reported to be involved in detoxification
processes in different organisms, including land plants and
microalgae (Nimmy et al., 2022). The increased accumulation
of a MATE protein in HL cells suggests a role for this subunit
in HL acclimation.

Sulfur assimilation

Sulfur assimilation requires sulfate import into cells, which is
activated by adenylation of adenosine 5’-phosphosulfate (APS).
APS can then be reduced to produce sulfite, which can be used
for cysteine and methionine biosynthesis, or phosphorylated
to produce PAPS (3’-phosphoadenosine-5"-phosphosulfate),
which serves as a sulfate donor to synthesize sulfated metabo-
lites (Klein and Papenbrock, 2004). In the case of the sulfur as-
similation pathway, the enzyme adenylyl-sulfate kinase (g1541.
t1) that catalyzes APS phosphorylation was down-regulated in
HL. Down-regulation of enzymes involved in APS phospho-
rylation was previously observed in A. thaliana in the setting
of sulfur deficiency, when sulfate transporters are up-regulated
(Bohrer et al.,2014). Consistently, a sulfate transporter (g7389.
t1) was up-regulated in HL-acclimated cells, while a predicted
homocysteine S-methyltransferase (g5360.t1) involved in me-
thionine biosynthesis was down-regulated in HL. Moreover,
up-regulation of adenylyl-transferase and sulfotransferase
MOCS3-like protein (g360.t1) was observed in HL cells; this
enzyme is involved in molybdenum cofactor biosynthesis and
thiocarboxylation of the adenylated C-terminal glycine of
the ubiquitin-related modifier 1 (URM1) (Mayr et al., 2021).
URM1 is involved in either thiolation of tRNA or urmylation
of target proteins (Schmitz et al., 2008; Nakai et al., 2012).
Urmylation is a post-translation protein modification that is
reportedly involved in oxidative stress in plants, and in nutrient
sensing and budding in yeast (Goehring et al., 2003). The role
of urmylation in microalgae has not been sufficiently investi-
gated, but in C. vulgaris 2 homolog of URMI1 is encoded by
gene g314.t1 (Supplementary Fig. S10), which was not differ-
entially expressed in HL versus LL conditions.

Nucleotide metabolism

HL-acclimated cells were characterized by up-regulation of
a predicted ribonucleoside-diphosphate reductase (g6171.
t1). This key enzyme for purine and pyrimidine metabolism

catalyzes the formation of deoxyribonucleotides from ribo-
nucleotides. Increased deoxynucleotide biosynthesis could be
related to the higher growth rate observed in HL-acclimated
cells (Cecchin et al., 2019), as more DNA replication is re-
quired for cell division.

Lipid metabolism

Enzymes involved in lipid biosynthesis or catabolism were gen-
erally not differentially expressed in HL- versus LL-acclimated
cells, with the exception of down-regulation of a caleosin/
peroxygenase 2-like protein (g8244.t1) in HL (Supplementary
Dataset S3). This protein is a predicted calcium-binding per-
oxygenase involved in the degradation of oil bodies (Rahman
et al., 2018), and its down-regulation in HL is consistent with
the increased lipid and triacylglycerol accumulation in HL
cells previously reported for C. vulgaris (Cecchin et al., 2019).
A solanesyl diphosphate synthase (g5152.t1) was also up-reg-
ulated in HL. Solanesyl diphosphate synthase is an enzyme in-
volved in ubiquinone and plastoquinone biosynthesis, where
plastoquinones are required to desaturate the photosynthetic
electron transport chain. Previous work demonstrated dual lo-
calization of solanesyl diphosphate synthase in the chloroplasts
and mitochondria of plants (Ohara et al., 2010). In the case of
the g5152.t1 gene product, it was not possible to identify a
transit peptide for chloroplasts or mitochondria, and further
work is required to investigate the localization of function for
this enzyme. Finally, enzymes involved in sterol biosynthesis
were up-regulated in HL, including an NADPH:adrenodoxin
reductase (g1319.t1), a cytochrome P450 (g7370.t1), and a
3-beta-hydroxysteroid-A8,A7-isomerase  (g6761.t1). Steroid
metabolites (ergosterol and brassicasterol) were previously
shown to be produced in Chlorella species, and sterol content
was reportedly enhanced at increasing irradiances in various
microalgal species (Randhir et al., 2020).

Mitochondrial oxidation pathways

A mitochondrial succinate dehydrogenase assembly factor
(g8306.t1) was up-regulated in HL cells. Succinate dehydro-
genase 1s an enzyme involved in the TCA cycle that strips
electrons from succinate and reduces ubiquinone to fuel ox-
idative phosphorylation reactions. Increased accumulation of
mitochondrial succinate dehydrogenase assembly factor is thus
consistent with the higher level of mitochondrial respiration
observed in HL. It is important to note that one of the pro-
teins with the strongest up-regulation in HL-acclimated cells
was a phosphate acetyltransferase (PAT encoded by g6335.
t1). This enzyme catalyzes the reversible production of acetate
from acetyl phosphate, which can be produced by acetyl-CoA
synthase (ACS).The gene product of g6335.t1 has a predicted
mitochondrial target peptide; in C. reinhardtii, ACS and PAT
enzymes were identified in both the mitochondria and plastids,
where they are involved in dark fermentation of sugars to pro-
duce acetate (Yang et al., 2014). It is possible that the increased
carbon flow in HL-acclimated cells enhances the production
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of acetyl-CoA, which can be converted into acetate that then
diffuses back to the chloroplast or the cytosol as a precursor
for fatty acid biosynthesis (Lin and Oliver, 2008; Cecchin et al.,
2019). Interestingly, HL-acclimated cells exhibited increased
accumulation of a protein annotated as adenylate kinase
(g3460.t1). Its localization is predicted in the mitochondria,
while another two adenylate kinases located in chloroplasts
(g1121.t1, g2609.t1) were down-regulated in the same growth
conditions. Adenylate kinase enzymes are involved in the reg-
ulation of ATP, ADP, and AMP homeostasis; they catalyze the
reversible reaction where a phosphate group is transferred from
ATP to AMP to form two ADP molecules (Lange et al.,2008).
The reduced accumulation of adenylate kinase in chloroplasts
in HL-acclimated cells can be explained by the increased re-
quirement of ATP for CO, assimilation at high irradiances and
the consequent continuous regeneration of ADP. Alternatively,
considering the requirement of AMP for amino acid activa-
tion, reduced expression of AMP-producing adenylate kinase
in the chloroplast could be associated with the reduced protein
synthesis of photosynthetic subunits measured in HL versus
LL cells. In contrast, the greater accumulation of mitochon-
drial adenylate kinase in HL cells could be related to increased
carbon flow and mitochondrial respiration which require
higher ADP availability for ATP production and relaxation of
the proton gradient across the inner mitochondrial membrane
generated by NADH oxidation. In the case of mitochondrial
localization, adenylate kinase was suggested to only be present
in the intermembrane space in plants (Stitt ef al., 1982), while
in human cells adenylate kinase isoforms were found also in
the mitochondrial matrix. No specific information is available
for adenylate kinase localization in the case of green algae: con-
sidering its possible localization in the intermembrane space in
C. vulgaris, a different possible role for mitochondrial adenylate
kinase in HL acclimation is that this enzyme regulates the level
of adenylates after export of ATP across the inner membrane
by the ATP/ADP translocator, as previously suggested in the
case of plants (Stitt ef al., 1982; Roberts et al., 1997).

Signaling and gene expression

[t is interesting to note that the protein with the highest
fold change in HL compared with LL (g7323.t1, Fig. 5D)
was found to have 71% and 80.7% identity and similarity,
respectively, with a heliorhodopsin previously identified in
Chlorella variabilis (Pushkarev et al., 2018) (Supplementary
Fig. S9). Heliorhodopsins are microbial-like rhodopsins pre-
viously suggested to have light-sensing activity (Kovalev et al.,
2020; Chazan et al., 2022), which could be required for ad-
aptation of C. vulgaris cells to grow under high irradiance. In
HL, other signaling proteins were identified among the top 10
up-regulated proteins, such as the Gprl-like protein (g8989.
t1; g8994.t1). Gprl is a member of the G protein-coupled
receptor family and is likely to be a component of the signal-
ing pathway underlying the physiological response triggered
by HL acclimation. Notably, a protein annotated as TBC1

domain family member 2A (g4132.t1) was also up-regulated
in HL. Proteins with TBC domains have been reported in dif-
ferent organisms from humans to plants as GTP-ase activating
subunits that deactivate the signaling function of G proteins
(Pan et al., 2006), probably acting as a specific component
of signaling pathways for cell acclimation in HL. Moreover,
a subunit (subunit 6) of the COP9 signalosome (g8205.t1)
was up-regulated in HL-acclimated cells. COP9 is a protein
complex initially characterized in plants but then found in
several eukaryotic organisms; it is involved in the activation
of E3-cullin RING ubiquitin ligases (CRLs) that further
control protein degradation through ubiquitination (Barth
et al., 2016). In plants, COP9Y is a component of photore-
ceptor-mediated signaling (Wei ef al., 1994; Chamovitz et al.,
1996), and its increased accumulation in HL suggests a specific
role in cell responses at higher irradiances, even if the role of
COPY in microalgae has not been fully elucidated. Several
kinases and phosphatases were up-regulated in HL, while
only a histidine kinase (g6989.t1) and an LRR (leucine-
rich repeat) receptor-like serine/threonine kinase (g5516.
t1) were reduced in HL compared with LL-acclimated cells
(Supplementary Table S5). LRR receptor-like serine threo-
nine kinases belong to a multigene family considered to be
the largest family of plant receptor kinases that is reportedly
involved in plant development and immunity (Afzal et al.,
2008; De Smet et al., 2009), but their relevance in microal-
gae remains unclear. Interestingly, three different gene prod-
ucts annotated as chloroplast aarF domain-containing kinase
(g5742.t1, g9784.t1, and g7165.t1) were up-regulated in HL
cells. The protein homolog of aarF domain-containing kinase
in A. thaliana was renamed ABC1K1 (activity of bc1 complex
kinase 1) and was associated with plastoglobuli with a role in
triggering the biosynthesis of plastoquinone and carotenoid
that are required to prevent or mitigate photo-oxidative stress
(Martinis et al., 2014). For this reason, ABC1K1 activity can
be linked with HL acclimation mechanisms in C. vulgaris cells,
which are more likely to experience photo-oxidative stress
than cells grown in LL.

Transcription factors are usually in low abundance com-
pared with other proteins, and their identification by prote-
omic analysis is not trivial (Simicevic and Deplancke, 2017;
Simicevic ef al., 2013): here 83 different putative transcrip-
tion factors were identified (Supplementary Dataset S3).
Only two putative transcription factors were differentially
expressed in HL versus LL cells. The products of genes
¢5610.t1 and g2204.t1 were both annotated as transcription
factors and up-regulated and down-regulated in HL, respec-
tively. Possibly, the differential expression of other transcrip-
tion factors may have not been detected in our proteomic
analysis due to the low abundance of these proteins. It is
interesting to note HL up-regulation of proteins predicted
to be HASTY1 (g1408.t1) and TRANSPORTIN1 (g10026.
t1). Their homologous proteins in A. thaliana were reported
to have a function in miRNA activity; HASTY1 favors the
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nuclear export of miRNA, while TRANSPORTINT medi-
ates the interaction between miRNA and ARGONAUTE, a
protein required for miRNA-mediated post-transcriptional
regulation.

Discussion

Acclimation to different growth conditions is a key parameter
to be considered for microalgae cultivation in artificial systems.
Different cultivation set-ups imply varied exposure of cells to
light, CO,, nutrients, and temperature, which may significantly
influence the biomass and biomolecular properties of the cul-
tivated strains. In the case of C. vulgaris, our results reveal a dif-
ferent situation compared with the model organism for green
algae C. reinhardtii. Indeed, C. reinhardtii acclimation to HL does
not influence the stoichiometry of antenna subunits per PSII,
but it is accompanied by a strong increase in its photoprotec-
tive properties, with increased capability for NPQ induction
(Bonente et al., 2012). In C. vulgaris, HL acclimation was asso-
ciated with reduced accumulation of both LHC and the core
subunits of PSI and PSII, with a reduced functional antenna
size in the case of PSII, similar to the case of land plants accli-
mated to high irradiances (Ballottari et al., 2007). Chlorella vul-
garis HL-acclimated cells were also characterized by different
NPQ dynamics compared with LL cells. Even if the total NPQ
observed at the end of light exposure was similar in HL- and
LL-acclimated cells, the former induced a higher qE (the fast-
est component of NPQ), and cells showed higher NPQ values
during the first minute of illumination. The key proteins in-
volved in qE, such as LHCSR (light-harvesting complex stress
related) and PSBS subunits, were not differentially accumu-
lated in HL versus LL cells; however, considering the reduced
PSII core observed in HL, higher PSBS/PSII and LHCSR/
PSII contents are consistent with the observations of different
NPQ dynamics and increased qE.

It is worth noting that when the cell concentration increased,
in both LL and HL conditions, a light gradient was established
across the cell cultures, as reported in Supplementary Fig. S1.
The C. vulgaris cells were adapting to LL or HL conditions
while also facing the challenge of light fluctuations, especially
when cell density increased (Supplementary Fig. S1), requiring
rapid change in cell metabolism and photosynthetic activity. In
HL conditions, when cells were at the exponential phase, the
light gradient experienced by cells was between 850 pmol m™>
s " and 390 pmol m 25!, thus even below the half-saturation
intensity determined by the light curves reported in Fig. 2.
In the experimental conditions applied here, HL adaptation
is thus probably not driven mainly to prevent photooxidative
stress but to exploit the higher light intensity available more ef-
ficiently. Accordingly, HL cells were more efficient than LL cells
in using photosynthetically higher irradiances (Supplementary
Fig. S3). The drawback of this adaptation is that HL cells were
less efficient than LL cells at lower irradiances (Supplementary

Fig. S3), demonstrating that acclimation to HL or LL condi-
tions allows C. vulgaris to better use the light intensity available
in that specific condition.

The reduced accumulation of Chl-binding proteins in C.
vulgaris cells grown in HL is consistent with previous find-
ings in the case of C. reinhardtii or Synechocystis sp. PCC 6803
(Toyoshima et al., 2019). Moreover, a conserved feature be-
tween C. reinhardtii, Synechocystis sp. PCC 6803, and C. vulgaris
acclimation to HL is the unchanged accumulation of carbon-
fixing enzymes on a protein basis, but while ATP synthase and
NDH subunits were up-regulated in HL in Synechocystis sp.
PCC 6803, this was not the case for C. reinhardtii (Toyoshima
et al., 2019) or C. vulgaris (this work), suggesting a peculiar
adaptation in cyanobacteria, where photosynthetic electron
transport and respiration share several electron carriers and
ATP biosynthetic enzymes. For both C. reinhardtii and C. vul-
garis, HL acclimation resulted in improved photosynthetic ac-
tivity, with increased PSI activity, reduced saturation of the
photosynthetic electron transport chain, and improved light-
dependent oxygen evolution. The adaptation observed for the
photosynthetic electron transport chain allows cells to prop-
erly use the higher availability of photons in HL, increasing
the excitation pressure on PSI—which has a higher photo-
chemical efficiency compared with PSII—and allows them to
rapidly oxidize plastocyanin and consequently plastoquinones,
the electron acceptors for PSII. Moreover, the contribution of
PTOX in oxidizing plastoquinones was higher in HL cells, re-
vealing chlororespiration as a strategy to desaturate the photo-
synthetic electron transport as previously reported in the case
of the light-tolerant Chlorella ohadii (Kedem et al., 2021). The
increased solanesyl diphosphate synthase content suggests a key
requirement for HL cells to have sufficient plastoquinone and
ubiquinone availability as electron carriers. The consequences
of these adaptations are evident from the light-dependent ox-
ygen evolution curves of HL-grown cells, having an increased
efficiency on a Chl basis of PSII in stripping electrons for water,
releasing oxygen, and fueling the photosynthetic electron
chain. It is interesting to note that a relative increase in cyclic
electron transport could also be measured in HL-acclimated
cells from ECS measurements, leading to a potential increase of
the ATP/NADPH ratio for the ATP and NADPH produced
in the light phase of photosynthesis. Despite the higher photo-
synthetic electron flow in HL cells, the ECS signals were sim-
ilar in HL versus LL cells, demonstrating that increased proton
pumping in the lumen—associated with increased electron
transport—was rapidly used to produce ATP rather than to
induce lumen acidification.

HL cells grew faster and reached a higher biomass con-
centration compared with C. vulgaris grown in LL. Increased
biomass production in HL cells requires more CO, fixation,

which is consistent with the increased photochemical ac-
tivity leading to greater ATP and NADPH production (Fig. 6).
Moreover, the content of Rubisco was increased in HL cells
on a Chl basis (Supplementary Fig. S8), suggesting an increased
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capacity of carbon fixation enzymes to consume the products
of the photosynthetic light phase. ATP consumption by CO,
fixation reactions releases its precursor ADP, which can be used
by thylakoidal ATP synthase, leading to efficient proton flux
back to the stroma. Similarly, light-dependent NADPH con-
sumption implies rapid regeneration of NADP" as an electron
acceptor for photosynthetic electron transport. Consequently,
upon light exposure, NAD(P)H/NAD(P)" quickly reaches a
balanced pseudo-stationary phase only in HL cells, whereas the
reduction of NADPH exceeds its oxidation in LL cells (Fig. 2),
leading to reduced NADP™ availability and increased risk of
saturation of the photosynthetic electron transport chain.

Increased carbon fixation leads to greater carbon flow
through the cell, with effects on metabolism (Fig. 6); mito-
chondrial activity was indeed affected by the light used for
growth, with increased mitochondrial respiration observed in
HL cells. In the case of LL cells, the light gradient to which
cells were exposed (up to 70-30 umol m™3s~") is much closer to
the light compensation point (22.59 pmol m™* s™"), leading to
a major requirement for photosynthate to support cell metab-
olism and respiratory activity, reducing the carbon availability
for biomass accumulation (Supplementary Fig. S2). According
to the results obtained with specific inhibitors of the mito-
chondrial electron transport chain, the increased respiration in
HL cells was mainly due to higher activity in the alternative
electron transport pathway, which does not produce ATP but
consumes reducing power. We can speculate that in HL cells,
the higher carbon flow toward the mitochondria driven by
increased carbon fixation induced an increased electron flow
toward NADH or ubiquinones that must be oxidized to pre-
vent unbalanced availability of oxidized cofactors. Accordingly,
the proteomic analysis revealed that a succinate dehydrogenase
enzyme involved in the TCA cycle that causes reduction
of ubiquinone was up-regulated in HL cells. Moreover, the
increased contribution of alternative respiratory pathways in
HL conditions could be involved in dissipating chloroplast re-
ducing power arriving in the mitochondria through the malate
valve, by which malate is exported from the chloroplast to the
cytosol and then oxidized in the mitochondria (Ocheretina
et al., 2000; Scheibe, 2004;Vishwakarma et al., 2014): faster re-
generation of NADP™ in the chloroplast is indeed required
to support increased thylakoidal electron transport in cells
exposed to HL. The increased accumulation of an adenylate
kinase predicted to be localized in the mitochondria suggests
that a fraction of the ATP produced by the TCA cycle and ox-
idative phosphorylation is hydrolyzed to regenerate ADP. This
is a different situation compared with the plastid, where excess
ATP produced is rapidly consumed by carbon fixation reac-
tions to regenerate ADP.

One of the adaptation mechanisms observed for acclimation
to different light intensities observed in C. vulgaris shared with
C. reinhardtii is the decrease in Chl content in HL cells (Table
1). Chl biosynthesis is strictly dependent on nitrogen assimila-
tion; HL cells were characterized by reduced nitrate reductase

expression with consequently reduced potential for nitrogen
assimilation. However, nitrogen assimilation is required for am-
monium production and amino acid biosynthesis. HL cells were
indeed characterized by up-regulation of enzymes involved
in the degradation of amino acids and amino acid transport-
ers, suggesting amino acid catabolism as a strategy to recycle
the amino groups in conditions where nitrogen assimilation
is reduced to inhibit Chl biosynthesis. The reduced protein
content per dry weight measured in HL cells (Supplementary
Fig. S8) could be at least partially related to reduced content
of Chl-binding proteins. It is interesting to note that among
the enzymes involved in amino acid catabolism that were
up-regulated in HL, we identified L-asparaginase, an enzyme
used as a treatment for acute lymphoblastic leukemia. Chlorella
vulgaris was suggested as a potential source of L-asparaginase
(Ebrahiminezhad et al., 2014); here we showed that HL accli-
mation increased production of this enzyme.

HL acclimation was previously demonstrated in C. vulgaris
to increase the lipid fraction of the dry weight (Cecchin ef al.,
2019). In line with this, our proteomic analysis revealed that
HL cells had lower expression of a caleosin/peroxygenase
2-like protein, an enzyme involved in oil body degradation.
No enzymes involved in lipid biosynthesis were up-regu-
lated in HL, except for those involved in sterol biosynthesis.
Increased sterol content was reported in different microal-
gae species exposed to high light (Randhir ef al., 2020). The
specific role of sterols in microalgae has not been sufficiently
investigated, but these molecules are reportedly involved in
membrane fluidity, membrane-associated metabolic processes,
and signal transduction. Understanding the possible increase
in sterol biosynthesis in HL cells and its importance for HL
acclimation requires further dedicated work. Considering the
possible market opportunity for sterols produced by microal-
gae (Randhir ef al., 2020), the evaluation of the influence of
irradiance of growth on the sterol production yield could pave
the way for specific biotechnological applications.

Acclimation to different irradiances implies the activation
of cell signaling mechanisms controlling the activities of spe-
cific proteins and gene expression. Only two transcription
factors were differentially expressed in HL wversus LL cells
of C. vulgaris. Identifying transcription factors by proteomic
analysis is challenging due to their low abundance in protein
extracts. However, the identification of g2204.t1 and g5610.
t1 gene products up-regulated in LL and HL, respectively, sug-
gests their major role controlling the gene expression patterns
at these irradiances. A member of the heliorhodopsin protein
family had one of the highest fold changes in HL, suggest-
ing that photoreceptors may be involved in triggering cell
adaptations to increased irradiances (Fig. 6). Moreover, sub-
unit 6 of the COP9 signalosome was up-regulated in HL, and
COP?Y is a component of photoreceptor-mediated signaling in
plants exposed to HL (Wei et al., 1994; Chamovitz et al., 1996).
Other possible components of this signaling mechanism in-
clude a Gprl-like protein, a GTPase-activating subunit (TBC
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domain-containing protein), and several kinases and phospha-
tases (Supplementary Table S4). It is intriguing that the aarF
domain-containing kinases (g5742.t1, g9784.t1, and g7165.t1)
were up-regulated in HL cells, since their homolog in A. thali-
ana (ABC1K1) was reported to be associated with plastoglob-
uli-triggering of plastoquinone and carotenoid biosynthesis
(Martinis et al., 2014).

In conclusion, we clarified some specific mechanisms acti-
vated in C. vulgaris cells following long-term exposure to LL
or HL. Photosynthetic activity was improved in HL conditions
despite reductions in pigment content and light-harvesting
properties. The increased energy availability in HL stimulates
the photosynthetic apparatus to increase PTOX and PSI ac-
tivity, allowing for more efficient desaturation of the photosyn-
thetic electron transport chain. This, combined with increased
carbon fixation and ADP and NADP" regeneration, enables
cells to prevent saturation of the photosynthetic apparatus. The
possible increase in carbon flow in HL cells is likely to be at the
base of the enhanced mitochondrial respiration in this condi-
tion, mainly related to increased alternative oxidative pathway
activity without ATP production. The ATP demand in HL
conditions is probably sufficiently supplied by photosynthetic
activity in the chloroplasts. The proteomic analysis results clari-
fied which proteins are differentially expressed in LL versus
HL, and the list included several enzymes involved in cell me-
tabolism and intracellular transport. Moreover, several putative
components of cell acclimation mechanisms were identified as
differentially expressed, suggesting a major role for a heliorho-
dopsin homolog for cell response to different irradiances. It is
worth noting that the increased AOX and PTOX activity in HL
cells and the capacity to prevent over-reduction of NAD(P)*
to NAD(P)H is a shared feature between HL-acclimated C.
vulgaris and the extremely high light-tolerant C. ohadii, where
this adaptations was even more evident (Treves ef al., 2020):
the capacity to properly tune the redox state of mitochondria
and chloroplasts is probably a key strategy to ensure survival
and a high growth rate in HL conditions. The results described
here suggest that a specific mutagenesis approach is required to
elucidate the specific functions of the different proteins identi-
fied and clarify their possible roles in acclimation to different
irradiances.
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