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Abstract

Thermal dissipation of excess excitation energy, called nonphotochemical quenching (NPQ), is 1 of the main photoprotective
mechanisms in oxygenic photosynthetic organisms. Here, we investigated the function of the monomeric photosystem Il (PSII)
antenna protein CP26 in photoprotection and light harvesting in Chlamydomonas reinhardtii, a model organism for green al-
gae. We used CRISPR/Cas9 genome editing and complementation to generate ¢p26 knockout mutants (named k6#) that did
not negatively affect CP29 accumulation, which differed from previous cp26 mutants, allowing us to compare mutants specif-
ically deprived of CP26, CP29, or both. The absence of CP26 partially affected PSII activity, causing reduced growth at low or
medium light but not at high irradiances. However, the main phenotype observed in k6# mutants was a more than 70% re-
duction of NPQ compared to the wild type (Wt). This phenotype was fully rescued by genetic complementation and comple-
mented strains accumulating different levels of CP26, demonstrating that ~50% of CP26 content, compared to the Wt, was
sufficient to restore the NPQ capacity. Our findings demonstrate a pivotal role for CP26 in NPQ induction, while CP29 is crucial
for PSII activity. The genetic engineering of these 2 proteins could be a promising strategy to regulate the photosynthetic ef-
ficiency of microalgae under different light regimes.

Introduction production, required for CO, fixation. However, increased

light-harvesting capacity may become harmful upon expos-
ure to high light (Long et al. 1994). An excessive light irradi-
ance causes the saturation of the electron transport chain
and overload of RCs, blocking or limiting the forward elec-
tron transport and preventing the photochemical use of
the received energy. Limitation at the acceptor side can ex-
tend the lifetime of excited chlorophylls (Chls), increasing

Photosynthetic complexes absorb photons and transfer elec-
trons to redox reactions, leading to the synthesis of NADPH
and ATP used to fix CO, into organic molecules (Hill and
Scarisbrick 1940). Two photosystems are organized into 2
major moieties: reaction center (RC) and antenna subunits
(Suga et al. 2015). Light-harvesting antenna proteins allow

to increase the rate of light energy capture, efficiently trans-
ferring the excitation energy to the RC (Croce and Van
Amerongen 2011). In limiting light conditions, this increased
energy capture is crucial to maximize ATP and NADPH

the probability of generating their triplet states. Triplets, in
turn, can react with oxygen, causing the formation of reactive
oxygen species (ROS) and leading to photodamage
(Neidhardt et al. 1998). Photosystem Il (PSIl) RC components
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are particularly sensitive to photodamage (Vass et al. 1992)
with a specific repair cycle allowing to replace the damaged
RC in the membrane (Aro et al. 1993). Photodamage can be
related to excessive light but also to variable environmental
conditions that could cause sudden changes in light irradi-
ation (sun flecks), rapidly changing the number of photons
received and transiently overloading the RCs (Graham
et al. 2017). Moreover, possible overload of the photosyn-
thetic apparatus can be a consequence of reduced regener-
ation of ADP and NADP" due to metabolic impairment or
nutrient deficiency. Therefore, an efficient ability to regulate
the energetic fluxes along the photosynthetic electron trans-
port chain is a crucial requisite for the fitness of photosyn-
thetic organisms. As a result, photosynthetic organisms
need to constantly regulate the mechanisms of light captur-
ing and utilization to maintain sufficient photochemical ac-
tivity but avoiding photodamage (Erickson et al. 2015).

Evolution provides photosynthetic organisms with mechan-
isms to protect photosystems and preserve their functionality.
Among these, the most responsive is the nonphotochemical
quenching (NPQ) of Chls that rapidly dissipates the excess en-
ergy absorbed as heat, preventing triplet state formation
(Horton 1996). NPQ response is triggered through a feedback
mechanism by thylakoid lumen acidification, which is caused
by saturation of the photosynthetic electron transport chain
(Genty et al. 1989). Understanding the molecular mechanism
of NPQ activation and deactivation processes has a great bio-
technological relevance to improve the fitness and yield of
photosynthetic organisms (Kromdijk et al. 2016; Gtowacka
et al. 2018). Microalgae are interesting for biotechnological ap-
plications, being photosynthetic microorganisms that can be
cultivated in industrial environments such as biofactories for
bioproducts of interest, like food additives, nutraceuticals, anti-
oxidants, biostimulants, and even biofuels (Medipally et al.
2015; Bernaerts et al. 2019; Camacho et al. 2019; Koyande
et al. 2019; Rani et al. 2021). In the model organism for green
algae Chlamydomonas reinhardtii, the key proteins responsible
for this mechanism activation are the pigment-binding proteins
Light-Harvesting Complex Stress-Related 1 (LHCSR1) and
LHCSR3 subunits, with the latter having a predominant role
(Peers et al. 2009). Expression of LHCSR genes is strongly in-
duced upon high light exposure. LHCSR proteins were reported
to sense lumen acidification upon protonation of specific ex-
posed residues, thus being able to switch from a light-harvesting
state to a quenched 1 triggering NPQ (Peers et al. 2009; Liguori
et al. 2013; Ballottari et al. 2016; Troiano et al. 2021).

While LHCSR is the trigger, it needs to interact with other
antenna proteins of the photosystems to efficiently induce
NPQ (Tokutsu and Minagawa 2013; Dinc et al. 2016). In C. re-
inhardtii, PSII light antennas are organized in 2 different moi-
eties: trimeric major light-harvesting complexes (LHCII) and
monomeric subunits (Shen et al. 2019). Trimeric LHCII are
encoded by 9 genes, Ihcbm1 to Ihcbm9 (with M referring
to “major” antenna complexes) (Minagawa and Takahashi
2004; Drop et al. 2014). Conversely, CP26 and CP29 are 2
monomeric LHC subunits that have a key role as a linker
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between the RC and the external LHCII (Drop et al. 2014;
Semchonok et al. 2017; Cazzaniga et al. 2020). Indeed, the
C. reinhardtii PSI homodimer RC is surrounded by 2 antenna
layers (Tokutsu et al. 2012): the inner layer is composed of
CP29, CP26, and S-LHCII (strongly bound), forming along
with the core the C,S, particle, whereas the outer layer is
made of M-LHCII (moderately bound), forming along with
GC,S, the GC,S,M, supercomplex. An additional LHCII
(N-LHCII) can be connected directly to the PSIl core in the
position that in vascular plants is occupied by the third
monomeric antenna CP24 (absent in C. reinhardtii), forming
the larger C,S,M,N, (Drop et al. 2014).

The different LHC subunits have similar biochemical and
biophysical properties (Natali and Croce 2015), but despite
these structural similarities, different antennas have been
suggested to have different roles in the light-harvesting
mechanism and photoprotection. Indeed, the NPQ pheno-
type of specific lhcbm knockout or knockdown mutants
led to the suggestion of specific roles in NPQ for LHCBM1
and LHCBM4-6-8. In the case of monomeric antenna LHC
subunits, single mutants of CP26 or CP29 genes, called k6
and k9, respectively, and a double CP26-and-CP29 mutant,
called k69, were recently reported in C. reinhardtii showing
a strong reduction of light-harvesting and NPQ mechanisms
in the absence of both antenna proteins (Cazzaniga et al.
2020). However, in the k6 mutant previously described, the
absence of CP26 also caused the absence of CP29, resulting
in a similar phenotype as the k6 and k69 mutants. Detailed
information on the specific role of CP26 and CP29 in photo-
protection and light harvesting are thus still missing. In this
study, we further characterized the role of monomeric anten-
nas in C. reinhardtii using CRISPR/Cas9 genome editing and
complementation strategies, obtaining original cp26 mutants
(herein named k6#) where CP29 expression was similar to the
wild type (Wt). The k6# mutants were characterized by par-
tially reduced photosynthetic efficiency, reduced growth
compared to its parental strain, and a strong impairment
in NPQ induction. This finding, supported by genetic com-
plementation, demonstrates an important difference be-
tween the function of CP26 in green algae and vascular
plants: in the latter, the absence of CP26 had a minor effect,
if any, on NPQ induction (de Bianchi et al. 2008).

Results

Analysis of CP26 and CP29 protein sequences

The protein sequences of CP26 and CP29 from C. reinhardtii
are reported in Supplemental Fig. S1 aligned with the protein
sequence of CP29 from spinach (Spinacia oleracea), for which
a 3-dimensional protein structure was previously solved (Pan
et al. 2011). CP26 and CP29 from C. reinhardtii share 40.52%
sequence identity at the amino acid level, presenting large
differences mainly at the N-terminus and in the loop before
the predicted helix B. The putative Chl-binding residues iden-
tified in CP29 from spinach are conserved in both CP26 and
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CP29 from C. reinhardtii except for the Chl614-binding resi-
due (H), which is absent in CP29, while the Chl612-binding
residue is histidine in CP29 (both from spinach and from C.
reinhardetii) and asparagine in CP26, as previously reported
in trimeric LHCII from plants (Liu et al. 2004). Interestingly,
the tyrosine residue previously reported to be involved in
neoxanthin binding is absent in CP26, suggesting a possible
loss in this protein of the external N1 carotenoid-binding
site, usually occupied by neoxanthin (Caffarri et al. 2007).

Expression of CP29 protein in the absence of CP26
and generation of CP26-deficient mutants

in Chlamydomonas

The absence of CP29 in the previously reported k6 mutant sug-
gested a possible destabilization of CP29 binding to PSII in the
absence of CP26 (Cazzaniga et al. 2020). To test this hypothesis,
CP29 complementation was attempted in the double mutant
k69 background introducing the whole CP29 genomic se-
quence including the native promoter, 5’-UTR, 3’-UTR, and
terminator (Supplemental Fig. S2). Complementation with
the CP29 genomic sequence in the single mutant k9 was per-
formed as a control (Supplemental Fig. S3). Transformant lines
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successfully accumulated the CP29 subunit to a similar level
compared to Wt in both k9 and k69 backgrounds, thus even
in the absence of CP26 in the double mutant k69. While
CP29 complementation of the single mutant k9 fully restored
the NPQ phenotype to the Wt level, this was not the case in
the k69 background, where despite CP29 accumulation, com-
plemented strains were characterized by a strong reduction of
NPQ similar to their background (k69 mutant), suggesting a
pivotal role for CP26 in NPQ. These findings prompted us to
generate CP26 mutants to investigate the role of this antenna
protein in C. reinhardtii. A reverse genetic approach was ap-
plied to knock out the CP26 gene (Ihcb5, Cre16.g673650) in
a Wt background through CRISPR/Cas9-mediated gene disrup-
tion (Baek et al. 2016; Kim et al. 2020a, 2020b) (Fig. 1). The
sgRNA target located in exon 4 yielded successful results, lead-
ing to nonhomologous end joining and Cas9-mediated
hygromycin-resistance (HygR; aphVIl) gene cassette insertion
in the target site (Fig. 1A). Insertion of the HygR gene cassette
in the coding DNA sequence (CDS) of the target gene was con-
firmed by PCR and Sanger sequencing (Fig. 1; Supplemental
Fig. S4 and Table S1), and the lines were named k6#1 to
k6#11. Ten mutants were validated by immunoblotting analysis
with a specific antibody against CP26, confirming the absence

A Cre16.g673650 B
1 chromosome_16:6411056..6413437 forward 2381
— = P P Wt k6#1 k6#2 k6#4 k6#8
b
) Forward Reverse (bp)
; 3,000
Exon 4 2000
GCTTGCCGCTGCCGGTATCCTGATCCCCGAGGGCCTGCAGGCCAACGGTGCCAACATCAAG 4
GGTGGCACCTGGTTCGAGACCGGCGCTGAGATGCTCAACGGCGGTACCCTGAACTACTTCG 1,000
CCGTGCCTTGGGGCATTGTGTCCAACCCCCTGCCCCTGTTCGCCGTCATCGCCGTTGAGGT it
CGGCCTGATGGGCGCCGTGGAGTTCTACCGCCGCAACGGCACCGGCCCCGCCGGCTACTC
CCCGGGCATTGGCAAGTTCGACTCGTCGGTCTTCGACGGCCTGGACCCCCTGTACCCCGGC 500
GGCCCCTTCGACCCCCTGGGCCTGGCTGACGACCCCGAGGTCCTGCAGGAGCTGAAGGTC
AAGGAGATCAAGAACGGCCGCCTGGCCATGGTCTCCGTGCTGGGCTTCGCCGTCCAGTCCT
ACGTGACCGGCGAGGGCCCCTACGCCAACTGGACCAAGCACGTGGCCGACCCCTTCGGCT
ACAACCTGCTGACCGTCCTGGGCGCCGAGGAGCGCACCCCCACCCTGTAA
Cc D
CP26 sgRNA target site In/del Wt  k6#1 k6#H2 k6H4 k648
Q- CPA3 St e c— — —
Wt CCCGAGGGCCTGCAGGC ——r CAACGG -
a- CP26
k6#1 CCCGAGGGCCTGCAGGC (HygR (F)) AEGG +1975 /-4
k6#2 CCCGAGGGCC (HygR (R)) CAACGG +1258/-9
k6#4 CCCGAGGGCCTGCAGGC (HygR (F)) CAACGG +1606
k648 CCCGAGGGCCTGCAGGC (HygR (F)) CAACGG +1264

Figure 1. CP26 knockout by CRISPR/Cas9 genome editing. A) Location of the Cas9 target site in the CP26 gene. Empty and solid boxes indicate UTR
and exons, respectively. Nucleotides highlighted indicate the sgRNA sequence and its PAM sequence (CGG). Arrows indicate the primer sets for
colony PCR. B) Colony PCR of the selected CP26 knockout mutants using the specific primers designed near the Cas9 target site of CP26. C)
Sanger sequencing of the selected CP26 knockout mutants. In/del values represent inserted or deleted nucleotides in the sgRNA target site of
CP26 in Wt. The hygromycin-resistance gene (HygR/aphVIl) cassette inserted in the target site of the CP26 gene was identified with either forward
(F) or reverse (R) orientation. The size of the HygR cassette is 1,624 bp. The CGG is reported and the deleted sequence in the sgRNA target site was
crossed out. D) Immunoblotting analysis of the 4 selected CP26 knockout mutants with a specific antibody directed against CP26. Immunoblotting

against CP43 was added as a loading control.
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of the protein (Fig. 1D; Supplemental Fig. S3B). Southern blot
analysis on the selected lines showed that k6#4 and k6#8 con-
tained a single insertion of the HygR gene in the genome, while
the others displayed multiple insertions (Supplemental Fig.
S1C). These 2 mutants were considered for subsequent
analysis.

Pigment content and pigment—protein complex
stoichiometry in the mutant without CP26

Pigment content was analyzed in Wt and ké6# cell cultures
grown in photoautotrophy at 80 to 100 zmol m~2 s~ for
at least 3 generations (Table 1). The mutant, compared to
its parental line, displayed a similar Chl content per cell
but a slightly lower Chl a/b ratio. The Chl/carotenoid ratio
and the carotenoid composition were comparable between
the 2 genotypes, as confirmed by the HPLC analysis showing
only minor and not significant differences in loroxanthin and
antheraxanthin content. At this light intensity, zeaxanthin
accumulation was not detected.

A partial rearrangement of the photosynthetic complexes in
k6# lines could account for a lower Chl a/b ratio, being that Chl
b is only bound by antenna subunits while Chl a is present in all
pigment-binding complexes. To assess this hypothesis, we mea-
sured the relative amounts of PSI, PSIl, LHCII, and CP29 using
specific antibodies against the different photosynthetic subu-
nits (Fig. 2). In particular, CP43 and PSAA were used as proxies
for PSI and PSII content, respectively, while LHCII content was
investigated using an antibody recognizing the different
LHCBM subunits of C. reinhardtii (Girolomoni et al. 2017).
Compared to Wt, the k6# mutant showed increased PSI/PSII
and LHCII/PSII ratios. In particular, LHCII content per PSIl was
almost doubled, suggesting a possible compensation of the ab-
sence of monomeric antennas by an increase of the LHCII pro-
tein level (Fig. 2A). In the case of CP29, the CP29/PSII ratio was
similar in k6# compared to Wt, as in the k69 mutant comple-
mented with CP29 (Supplemental Fig. S1). The organization
of pigment-binding complexes was further analyzed by nonde-
naturing Deriphat-PAGE upon solubilization of thylakoid mem-
branes with dodecyl-o-D-maltoside (a-DM) (Fig. 2C). Different
pigment-binding bands were resolved: the k6# mutant showed
a relative increase of the bands corresponding to antenna pro-
teins and to PSI compared to the PSII core. It is important
to note that the reduced Chl a/b ratio and the increased
PSI/PSIl and LHCII/PSII ratios observed in k6# are essentially
in line with previous observations in the C. reinhardtii mutant

Table 1. Pigment analysis and F,/F,,
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k9, where CP29 was absent, while in the double mutant k69,
the LHCII and PSI per PSIl content were further increased
(Cazzaniga et al. 2020). However, it is important to point out
that while the CP29/PSII ratio was similar in k6# and Wt, in
the k9 mutant, an ~50% increase in the CP26/PSIl ratio com-
pared to the Wt was observed (Supplemental Fig. S5), likely
to partially compensate for the absence of CP29. Antenna pro-
teins associate with core complex subunits that could be desta-
bilized by the absence of monomeric antennas. Previous
experiments using chemical cross-linking on thylakoids isolated
from spinach have shown that CP26 interacts with the extrinsic
PSII subunits of the oxygen-evolving complexes PSII subunit P
(PSBP) and PSII subunit Q (PSBQ) (Ido et al. 2014). The PSBP
content per PSIl was thus analyzed by immunoblotting in the
generated mutant strains: in the k6# mutant, an ~30% reduc-
tion of the PSBP/CP43 ratio was observed compared to the Wt
(Supplemental Fig. S6). An almost identical decrease of the
PSBP/CP43 ratio was also detected in the k9 mutant, while
an ~40% reduction was observed in the double mutant k69
(Supplemental Fig. S6).

Light-harvesting efficiency

The consequences of CP26 absence on the activity of PSII
were initially evaluated by measuring PSIl maximum quan-
tum efficiency (F,/F.,) in dark-adapted cells (Butler 1973), re-
vealing a significant decrease in the mutant (0.67 vs. 0.72 in
ké# and Wt, respectively) (Table 1). Such difference is attrib-
utable to a higher basal fluorescence (Fy) in the mutant when
exposed to weak measuring light, as reported by the fluores-
cence values normalized to the Chl amount (Supplemental
Fig. S7): a higher F, value in k6# indicates that a fraction of
the absorbed light energy is not efficiently directed toward
photochemistry but reemitted as fluorescence. This alter-
ation can be observed also by measuring fluorescence emis-
sion spectra at 77 K (Fig. 3A): k6# cells were characterized by
an additional shoulder at ~680 nm, usually assigned to “dis-
connected” LHC complexes, meaning LHC proteins are im-
paired in energy transfer to photosystems, thus reemitting
fluorescence at shorter wavelengths (Garnier et al. 1986).
The ké6# mutant was thus characterized by an increased
LHCII content, which however is partially not able to transfer
energy to PSII: a similar phenotype could be observed in the
absence of CP29 (k9 mutant) or, to a greater extent, in the
double mutant k69, without both CP26 and CP29
(Supplemental Fig. S8A), consistent with previous data

Car/100 Chl
Chl (pg)/cell Chla/b Chl/Car Fy/Fm Neo Lor Viol Ant Lut B-Car
Wt 1.40 + 0.07 265+0.04 3.16+0.07 0.72+0.01 343+059 512+036 330+008 039+0.04 1385+0.50 4.42+0.71
ké# 1.47 +0.22 2.48 + 0.04 3.16 + 0.03 0.67 + 0.02* 3.60 + 0.96 399+037 323+027 0.15+0.14 15.03+090  4.21+0.47

Data were collected from cells grown in photoautotrophy at 80 to 100 ymol photons m™2 s™". Single carotenoid values were normalized to 100 Chls. In the case of k6#, the results
obtained were obtained from 2 independent mutant lines. Data are expressed as mean = sb (n = 4). Values that are significantly different (Student’s t test, P < 0.05) from the Wt
are marked with an asterisk (*). Abbreviations: Chl, chlorophyll; Car, carotenoids; Neo, neoxanthin; Lor, loroxanthin; Viol, violaxanthin; Ant, antheraxanthin; Lut, lutein; B-Car,
B-carotene.

£20Z 1890100 0| UO Jasn BuOIBA 10 AlsIaAun AQ 6/E€61.22/S9E L/2/€6 |/81o1nue/sAyd|d/woo dnorolwapeoe)/:sdny wol) papeojumoq


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad391#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad391#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad391#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad391#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad391#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad391#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad391#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad391#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad391#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad391#supplementary-data

Role of CP26 in photoprotection in Chlamydomonas

PLANT PHYSIOLOGY 2023: 193; 1365-1380 1369

A Cc
- — Wt k6#
[ ke#
*

Q i

5 ) %

5 *

[=]

£ (6) -

5 PSI (5) -

'é "

S 1.

(=%

PSIl core (4) -
n A
e(’%@ o‘z’&. &
¢ @

B k6# LHCiI (3) - I
chl(ug) 2 1 05 0,25 2 1 0,5 0,25
O-PSAA S S s o N R e

Q-CP43 (D G Sl e S S S

Lheb (2) -

a-LHCII

0-CP29 == s s

Free pigments (1) -

Figure 2. Organization of the photosynthetic complexes. A) Immunotitration of Wt and ké6# thylakoid proteins using specific antibodies against the
PSI core (PSAA), LHCII, and CP29. Data were corrected for the CP43 amount and normalized to the Wt ratio. LHCII is shown as the total amount
(LHCII) or divided for 3 bands that are separated on the Tris-Tricine buffer system: the upper 1 corresponding to lhcbm3 to Ihcbm6 and lhcbm8 gene
products, the 1in the middle to Ihcbm1, and the lower 1 to lhcbm?2 and Ihcbm7 (Girolomoni et al. 2017). Data are represented as mean + so (n = 4).
k6# values that are significantly different (Student’s t test, P < 0.05) from the Wt are marked with an asterisk (*). B) Image of western blotting used
for the immunotitration. Specific antibodies were used on cellulose lanes loaded with 2, 1, 0.5, and 0.25 pg of Chls. C) Thylakoid pigment-binding
complexes were separated by nondenaturing Deriphat-PAGE upon solubilization with 0.8% a-dodecyl-maltoside. Thylakoids corresponding to 30 yig
of Chls were loaded in each lane. The composition of each band is indicated.

(Cazzaniga et al. 2020). The light-harvesting capacity of PSII,
or functional PSIl antenna size, was thus evaluated from the
kinetics of Chl a fluorescence induction in whole cells in lim-
iting light conditions upon treatment with the PSII inhibitor
N-(3,4-dichlorophenyl)-N-dimethylurea (DCMU): in this
condition, the rise time of Chl fluorescence is inversely pro-
portional to the PSII light-harvesting feature (Malkin et al.
1981). k6# showed a functional antenna size similar to the
Wt, even with a doubled LHCII/PSII ratio, further suggesting
a reduced antenna-to-core energy transfer efficiency in this
mutant (Fig. 3B). Energy transfer to the PSII RC was thus in-
vestigated on whole cells by measuring time-resolved fluores-
cence decay on Wt and k6# cells using 475-nm excitation
(Fig. 3C). In the absence of CP26, the fluorescence decay
traces were slower compared to the Wt. Similar results could
be obtained in k9 and k69 (Supplemental Fig. S8B). As re-
ported in Supplemental Table S2, fitting analysis with expo-
nential functions allows to estimate the average lifetimes of
fluorescence decay, which were increased in k6, k9, and k69
compared to Wt, with the longest lifetime in the double mu-
tant. These results confirm that in the absence of CP26,

energy transfer from LHCII to the RC was partially impaired,
with more evident consequences when both CP26 and CP29
were absent.

PSII photochemical activity was then investigated in k6#
and its parental strain by measuring PSII operating efficiency
(DPSII), PSII electron transport rate (ETR), and photochem-
ical quenching (1 — qgL) at different light intensities (Baker
2008). As reported in Fig. 4, these photosynthetic parameters
were not significantly different between the Wt and k6# mu-
tant. The only exception is represented by the ®PSII at low
light intensities, which was lower in k6# mutants. These re-
sults are different compared to k9 and k69, where a strong
reduction in the ETR and ®PSIl was observed, especially in
the double mutant k69 (Supplemental Fig. S8), consistent
with previous findings (Cazzaniga et al. 2020). The influence
of CP26 on light-dependent oxygen production was then in-
vestigated at different actinic light intensities (Fig. 4D).
Despite having a similar maximum light-dependent oxygen
production rate (Pmax), the k6# mutant was characterized
by a reduced oxygen production at low and intermediate ir-
radiances (Fig. 4D; Supplemental Table S3). The respiration in
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Figure 3. Light-harvesting properties of k6# mutants compared to Wt. A) Low-temperature fluorescence emission spectra of Wt (black) and k6#
(red) cells excited at 475 nm. Emission spectra are normalized at the maximum emission on the PSII peak. Error bars are standard deviations (n = 4)
indicated on the PSI peak. In the case of the k6# mutant, the results reported were obtained from 2 independent mutant lines. B) Variable Chl
fluorescence was induced with a weak red light on dark-adapted cells (2 - 10° cells/mL) in the presence of 50 um of DCMU. The traces for Wt
and k6# are the average of 12 curves from 3 different experiments. The reciprocal of time corresponding to two-thirds of the fluorescence rise
(1/733) is a measure of the PSII functional antenna size and is shown in the inset normalized to the Wt. Error bars are standard deviations
(n = 12). In the case of the k6# mutant, the results were reported from 2 independent mutant lines. C) Time-resolved fluorescence decay of Wt
and k6# whole cells. In the case of the k6# mutant, the results reported in A to C) were obtained from 2 independent mutant lines.

the dark was not affected by CP26 absence (Supplemental
Table S3). The partial destabilization of PSBP in k6# could
be the reason for the reduced oxygen evolution when the
light available is not saturating. However, a more evident de-
crease in oxygen production could be observed in the ab-
sence of CP29 in k9 and even further in the double mutant
k69, where the PSBP/CP43 content was similar to that in
ké# (Supplemental Fig. S6). From these data, k6# showed a
lower photochemical efficiency compared to Wt only at
low—-medium light, while a more severe reduction of PSIl ac-
tivity, even at high irradiances, could be observed in the ab-
sence of CP29 or both CP26 and CP29 (Supplemental Fig. S8).

Biomass productivity

To evaluate how these defects in k6# affect biomass yield,
growth curves of both Wt and k6# strains were monitored
in photoautotrophy at low (40 zmol m~ s™"), medium (80
to 100 umol m~> s~ '), and high lights (700 to 800 zmol
m~2 s~") (Fig. 5). Under low or medium irradiances, the ab-
sence of CP26 caused a significant delay in the growth rate,
reaching a cell density around half of the Wt in k6#.
However, in the absence of CP29 (k9 mutant) or both
CP26 and CP29 (k69 mutant), a much stronger reduction
in biomass productivity could be observed (Supplemental
Fig. S9). At higher light intensities, where light is not limiting,
the growth curves of Wt, k6, k9, and k69 strains were similar
(Fig. 5C; Supplemental Fig. S9).

NPQ induction

Previous works demonstrated that the photoprotective in-
duction of NPQ was essentially impaired in the absence of
CP26 and CP29 but still active in the absence of CP29 only

(Cazzaniga et al. 2020). The availability of a single k6# mutant
depleted of CP26 allows us to investigate the specific func-
tion of this LHC in NPQ induction in C. reinhardtii. Because
LHCSR proteins are required to induce NPQ (Peers et al.
2009), Wt and ké6# strains were exposed to high light
(1,200 ymol m™2 s7') for 2d to induce LHCSR1 and
LHCSR3 as previously reported (Allorent et al. 2013).
Immunoblotting analysis revealed an increased content per
PSII of both LHCSR1 and LHCSR3 in k6# compared to Wt
(Supplemental Fig. S10). Despite the increased LHCSR con-
tent per PSIl, NPQ induction in k6# was strongly reduced
compared to the Wt with a residual NPQ ranging from
~6% at 150 ymol photons m~>s™' to ~30% at 2,400 ymol
photons m~> s~ ' in the mutant (Fig. 6; Supplemental Fig.
S11). In the same measuring conditions, NPQ was further re-
duced in the double mutant k69 (Supplemental Fig. $12),
with a residual NPQ compared to Wt ranging from 0% at
150 ymol photons m™>s™' to 10% at 2,400 ymol photons
m~>s~", consistent with previous findings (Cazzaniga et al.
2020). The absence of CP29 instead had a minor effect on
NPQ with a residual NPQ compared to the Wt ranging

from 50% at 150 ymol photons m™>s™' to 90% at

2,400 ymol photons m~>s™".

NPQ is triggered by thylakoid lumen acidification. The
NPQ phenotype observed in the k6# mutant could in prin-
ciple be related to a reduced capacity in the mutant to gen-
erate a proton gradient across the thylakoid membrane upon
illumination. To overcome this possible bias, light-
independent NPQ activation was induced by direct lumen
acidification by adding an acid solution to the cells as previ-
ously reported (Tian et al. 2019). Cells were first adapted to
high light for 2 d to induce LHCSR, and then maximum
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Figure 4. Photosynthetic electron flow in k6# mutants compared to Wt. Dependence of the A) ®PSII, B) 1 — gL (reduced Q4 fraction), C) relative
ETR, and D) photosynthetic O, evolution on actinic light intensity for Wt (squares) and k6# (circles). Net photosynthetic rate data were fitted with
the Hill equation. In the case of the k6# mutant, the results reported were obtained from 2 independent mutant lines. Error bars are standard devia-
tions (n > 3). k6# values that are significantly different (Student’s t test, P < 0.05) from Wt are marked with an asterisk (*).

fluorescence emissions were measured by applying saturat-
ing pulses before (F,,) and after (F3,) decreasing the pH
with an acid solution (Fig. 7). In the Wt, the acidification in-
duced a strong decrease of F3, compared to F, with a calcu-
lated NPQ of 1.76, whereas in k6#, the same procedure
induced only a limited decrease of the Fp, and a NPQ of
0.52. These differences between Wt and k6# are comparable
to the ones obtained inducing NPQ by light exposure, further
suggesting that the impaired quenching in k6# is mainly
caused by a hampered NPQ mechanism rather than an im-
pairment in the thylakoid lumen acidification. To validate
the procedure, we tested direct acidification on a null NPQ
mutant (npqg4 lhcsrl, lacking both LHCSR1 and LHCSR3)
and its parental strain (4a+), observing an absence of
pH-dependent quenching in the absence of LHCSR subunits
(Supplemental Fig. S13). The same approach tested on k9 and

k69 cells showed that the mutant without CP29 had a level of
NPQ similar to Wt, while the double mutant k69 showed a
strongly reduced level of quenching (Supplemental Fig. S14).

Genetic complementation of the k6# mutant

A genetic complementation approach was performed to as-
sociate the observed phenotypes with the absence of CP26.
First, we tried to use the whole CP26 genomic sequence in-
cluding the native promoter, 5'-UTR, 3'-UTR, and terminator
(Supplemental Fig. S15). However, we were unable to synthe-
size or amplify the 1,000-bp upstream of the CDS due to its
complexity and the presence of an unsequenced region in
the genome. To overcome this issue, we decided to exploit
the 1,000-bp upstream region of the other monomeric an-
tenna CP29 (Cre17.g720250) as a putative promoter, which
did not pose the same challenge as the CP26 region. This
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(100 to 120 zmol m™ 5™, CL), or C) high light (700 to 800 zmol m™ 5™, HL), and the cell content was measured. Growth curves were fitted with
the Hill equation. D) Specific growth rate (u) calculated for all the different light conditions. Error bars are standard deviations (n > 3). k6# values
that are significantly different (Student’s t test, P < 0.05) from Wt are marked with an asterisk (*). In the case of the k6# mutant, the results reported

were obtained from 2 independent mutant lines.

chimeric construct (CP29, 1,000-bp upstream-CP26 gene
from 5’-UTR to 3’-UTR-CP26, 300-bp downstream) was
then introduced in the k6#8 mutant line, resulting in the suc-
cessful accumulation of CP26 protein. The CP26-expressing
lines in the k6# background were named ké6#c (ko cp26 com-
plemented): different levels of CP26 expression were ob-
served in k6#c lines, ranging from ~10% to 200% of the Wt
CP26/PSII ratio (Supplemental Fig. S16). Five lines with a
CP26/PSII ratio identical to the Wt were selected and re-
named k6#c1 to k6#c5. These lines were characterized by
their pigment content, light-harvesting efficiency, and

biomass productivity. In k6#c, the amount of Chl per cell
and the Chl a/b and Chl/carotenoid ratios were identical
to those in the Wt (Supplemental Table S4), recovering the
small pigment changes associated with CP26 absence in
the k6# mutant (Table 1). In the case of PSIl maximum quan-
tum efficiency, the reduced F,/F,, values observed in k6# mu-
tants were not observed in complemented ké6#c lines, which
showed an F,/F,,, almost identical to the Wt (Supplemental
Table S4). Consistently, the ®PSII at the lower actinic light in-
tensities, which was lower in k6#, reverted to a value identical
to the Wt in the complemented ké#c lines (Supplemental
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Figure 7. Acid-induced quenching in k6# mutants compared to Wt. A, B) PAM Chl fluorometer traces of Wt A) and k6# B) before and after acidifi-
cation with acetic acid. The arrow indicates when the acid was added. Fluorescence was recorded in the dark with 2 saturating pulses before and 2 after
the acidification. C) NPQ calculated for each trace as (F,,, — Fa)/Fon, Where F,,, and F3, are the fluorescence before and after acidification. Error bars are
standard deviations (n > 3). k6# values that are significantly different (Student’s t test, P < 0.05) from Wt are marked with an asterisk (*).

Fig. S17). The light-dependent oxygen evolution, investigated
at different actinic light intensities, was also similar between
Wt and k6#c, while k6# showed a reduced oxygen production
at light intensities between 150 and 1,200 umol m™—2 s~
The complemented lines were tested also for biomass
productivity growing cells at the 3 different light intensities
described before (low, medium, and high lights)

(Supplemental Fig. S18). At all 3 light intensities tested, the
complemented ké6#c lines showed a growth rate identical
to the Wt, recovering the reduced growth phenotype at
low and medium light intensities observed in the k6# mutant.

The NPQ phenotype of k6#c complemented lines was then
investigated and compared to the k6# mutant and Wt. k6#c
lines were adapted for 2d in high light, and NPQ was
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measured upon exposure to 1,200 ymol photons m~2 s~ ac-

tinic light. As reported in Fig. 8A, in the case of k6#c comple-
mented lines, the NPQ induction kinetics were similar
between Wt and the selected ké#c lines, highlighting that
the NPQ phenotype in k6# was specifically due to the ab-
sence of CP26. NPQ values obtained for the different comple-
mented lines expressing different levels of CP26 were then
plotted as a function of the CP26/PSIl ratio considering
also other ké#c lines with different levels of CP26 accumula-
tion (Fig. 8B). When the CP26 content per PSIl was at least
50% of that of the Wt, the NPQ induction capability was sa-
turated and similar to the Wt. These data confirm the crucial
role of CP26 in the mechanism underlying NPQ in C. rein-
hardtii, indicating that half of the CP26/PSIl content ob-
served in Wt is sufficient to ensure the complete activation
of this photoprotective mechanism.

Discussion

In a previous study, we analyzed the effect of the absence of
CP29 or both CP26 and CP29 in C. reinhardtii (Cazzaniga et al.
2020). The simultaneous absence of CP26 and CP29 affected
both photosynthetic efficiency and photoprotection with an
almost complete impairment of NPQ induction (Cazzaniga
et al. 2020). However, a comprehensive study of the specific
role of CP26 protein in light-harvesting and NPQ mechan-
isms still lacked so far. The CRISPR/Cas9 approach attempted
in our previous work to obtain a single cp26 mutant indeed
resulted in the absence of both CP26 and CP29 (Cazzaniga
et al. 2020), leading to the suggestion of a possible destabil-
ization of CP29 accumulation in the absence of CP26.
However, when we complemented the double mutant k69
with CP29 only, it was possible to obtain complemented
strains expressing CP29 even in the absence of CP26,
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confuting our previous hypothesis (Supplemental Fig. S1).
On the basis of our findings, we can thus suggest that the ab-
sence of CP29 in the lines generated by CRISPR/Cas9 targeted
to the CP26 gene in our previous work (Cazzaniga et al. 2020)
was likely related to some off-target mutations at the level of
the CP29 gene or to some other genes, which control the ex-
pression of CP29 at the translational or posttranslational le-
vel. We cannot exclude that some off-target mutations might
be present also in the k69 mutant, where the CP26 mutation
was generated as in the case of the previous k6 mutant, but
these mutations are extremely difficult to be detected and
properly evaluated. This result suggested to further investi-
gate the role of CP26 in C. reinhardetii by selecting different
target regions for Cas9 activity to obtain mutants depleted
of this minor LHC protein. Here, the availability of a single
k6# mutant and its complemented lines allow us to investi-
gate the effects of the lack of this monomeric antenna on
photosynthesis and cell physiology. In the complemented
lines, the phenotypes observed in the k6# mutant on pig-
ment accumulation, PSII activity, oxygen evolution, biomass
productivity, and NPQ induction were recovered to the Wt
level (Supplemental Figs. S16 and S17), confirming that these
phenotypes were specifically due to the absence of CP26 in
ké# lines.

In the absence of CP26, F,/F,,, was lower due to an increase
of Fy fluorescence, and the low-temperature fluorescence
showed a shoulder around 680 nm that represents defective-
ly connected LHCII (Fig. 3). Similar results were obtained in
the absence of CP29 in the k9 mutant and were even more
evident in the double mutant k69 (Supplemental
Figure S8A). These data imply a reorganization of the PSII
supercomplex in the absence of monomeric antenna subu-
nits, with a reduced efficiency of energy transfer from a por-
tion of the antenna system to the core. Accordingly,
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Figure 8. NPQ in the k6# complemented lines. A) NPQ using an actinic light of 1,200 umol m™? s™" in 5 k6# lines complemented with CP26. The
selected lines (named k6#c1 to k6#c5) accumulate CP26 to the same level as the Wt. Wt (squares) and ké6# (circles) NPQ traces were added as re-

ferences. B) Association between the amount of CP26 and the NPQ reached after 15 min of illumination with actinic light at 1,200 gmol m™" s
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Different ké#c lines are indicated as blue triangles, Wt as a black square, and k6# as a red circle. Error bars are standard deviations (n = 3).
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time-resolved fluorescence analysis on whole cells demon-
strated a reduced energy transfer from PSIl antenna com-
plexes to the RC in the absence of CP26, CP29, or both
(Fig. 3G Supplemental Fig. S8B). Moreover, in k6#, the
LHCIl content was strongly increased compared to Wt
(Fig. 2), similar to a previous result on the single mutant
k9, even if a further increased LHCII content was observed
in the double mutant k69 strains (Cazzaniga et al. 2020).
This compensatory increase in LHCIl was not entirely suc-
cessful for all mutant strains, as can be seen by the appear-
ance of fluorescence signatures at 77 K related to
“unconnected” LHCII in the absence of CP26, CP29, or
both. Moreover, in k6#, the functional antenna size was simi-
lar to the Wt even if the amount of LHCII was almost doubled
(Fig. 3). It is important to note that “unconnected” LHCII has
a higher fluorescence yield compared to LHCII connected to
PSIl, making the 77-K spectra not suitable to investigate the
PSI/PSII ratio in k6# mutants: indeed, despite a similar ratio
between the PSI and PSII peaks in the 77-K spectra between
Wt and k6# mutants (Fig. 3), the immunoblotting analysis de-
monstrated a 30% increase in PSI/PSII in the absence of CP26
(Fig. 2). The reduced energy transfer efficiency in the absence
of CP26 influenced the photosynthetic activity of PSII, caus-
ing reduced light-dependent oxygen evolution, especially at
low—medium irradiances (Fig. 4; Supplemental Table S3).
The absence of CP29 and/or CP29 caused the partial desta-
bilization of the oxygen-evolving complex subunit PSBP
(Supplemental Fig. S6) and possibly of other subunits such
as PSBQ or PSBR. The destabilization of extrinsic subunits in-
volved in oxygen evolution might partially explain the re-
duced light-dependent oxygen production observed in the
ké# mutant, restored in the complemented ké6#c lines.
However, the similar Pmax of Wt and k6# mutants suggests
that proper PSIl photochemical activity can be restored even
in the absence of CP26, providing increased photons to coun-
terbalance the reduced light-harvesting efficiency observed
in the mutant. These results differ from that of the mutant
strains without CP29 (k9 and k69), where despite a similar de-
stabilization of PSBP compared to #k6 mutants, the oxygen
evolution rates were always lower than Wt and #k6, resulting
in reduced Pmax.

The altered photosynthetic activity in the absence of CP26
also affected biomass accumulation when grown in limiting
light conditions, where the k6# exhibited a lower cellular
density and the growth rate was reduced compared to Wt.
However, a more severe reduction in the growth rate could
be observed in the case of k9 and k69 (Supplemental Fig.
S9), consistent with the lower photosynthetic activity mea-
sured in the absence of CP29 or both CP26 and CP29 com-
pared to the case where only CP26 was missing. These
phenotypes on biomass productivity could be at least partial-
ly related to the destabilization of PSBP in k6#, k9, and k69
mutants limiting PSIl activity. However, when mutant strains
were grown at higher light intensities (700 to 800 zmol m™—>
s™"), similar growth curves were observed for Wt and mutant
strains, suggesting that in these conditions, light harvesting
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and PSII activity were not limiting the growth. All these
data point out that both monomeric antenna proteins are
important for efficient light harvesting in C. reinhardtii but
CP29 has a prominent role. These functional differences asso-
ciate with the position of the 2 antennas in the PSII super-
complex: CP29 is located in the inner layer of the antenna
and interacts with trimers S-LHCIl and M-LHCII and margin-
ally with additional N-LHCII, while CP26 is in a more external
position and interacts only with S-LHCII that is still con-
nected to the RC from the other side through CP29 (Shen
et al. 2019). Due to this organization, the absence of CP29
had a stronger impact on PSIl antenna complexes and on
the efficiency of energy trasfer to the core complex. Our
data indicate that CP26 not only interacts with PSBP, as al-
ready suggested (Ido et al. 2014), but that monomeric anten-
nas are also important for its accumulation and/or stability.
Detailed study of other PSIl subunits and direct structural
analysis, by crystallography or cryo-EM, will be further re-
quired to reveal the detailed relationships between CP26,
CP29, PSBP, and other core subunits.

Photosynthetic organisms evolved specific strategies to
maximize light harvesting in low light conditions and avoid ex-
cess energy absorption in high light. In the case of the model
organism for green algae C. reinhardtii, NPQ induction re-
quires the presence of LHCSR proteins, which, upon thylakoid
lumen acidification, are activated through their pH-sensing re-
sidues (Liguori et al. 2013; Ballottari et al. 2016). LHCSR pro-
teins need to interact with other antenna proteins to
efficiently redirect and quench the excess light energy ab-
sorbed (Liguori et al. 2013; Ballottari et al. 2016).
Alternatively, it cannot be excluded that LHCSR can trigger
a conformational change in other antenna subunits, leading
to the formation of additional energy dissipation sites
(Tokutsu and Minagawa 2013). Previous works demonstrated
by electron microscopy the interaction of LHCSR3 dimers
with CP26 and LHCII subunits, but the specific functions of
the different antenna proteins in the NPQ process have not
been fully elucidated yet. In the case of LHCII, the absence
of LHCBM1 (Elrad et al. 2002) or downregulation of
LHCBM4-6-8 subunits (Girolomoni et al. 2017) caused a re-
duction of NPQ induction, suggesting these subunits as po-
tential partners for LHCSR3. Our previous findings
demonstrated that in the absence of monomeric CP26 and
CP29 subunits, NPQ induction was essentially impaired in C.
reinhardtii (Cazzaniga et al. 2020). Here, we can narrow
down our knowledge, demonstrating a specific function for
CP26 in NPQ (Fig. 6; Supplemental Fig. S11). The absence of
CP29 in k9 also caused a decrease in NPQ compared to Wt
but to a lesser extent compared to that in k6# while a
more dramatic NPQ phenotype was observed in the absence
of both CP26 and CP29 subunits in the k69 mutant
(Supplemental Fig. S11). The impaired NPQ mechanism in
ké# could be due to a decreased LHCSR/LHCII ratio, which
was reduced in k6# compared to that in Wt. The relatively re-
duced LHCSR/LHCII stoichiometry in k6# could indicate a
lower possibility to quench the increased amount of trimers
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in the absence of CP26, resulting in a lower level of NPQ.
However, in the k9, the LHCSR/LHCII ratio was similar to
that in k6# (Cazzaniga et al. 2020), but the NPQ induction
was less affected. Thus, reduced NPQ in the absence of
CP26 may not be due to the alteration of the LHCSR/LHCII ra-
tio. Different lumen acidification could also be excluded as a
possible explanation for reduced NPQ observed in k6, accord-
ing to the similar NPQ impairment observed upon induction
of NPQ in the dark by artificial lumen acidification. The specif-
ic role of CP26 in NPQ was confirmed by the genetic comple-
mentation of k6# mutants (Fig. 8). Interestingly, the
accumulation of CP26 per PSII to a 50% level compared to
the Wt case was sufficient to fully restore NPQ. PSII supercom-
plexes are included in the tightly stacked grana of the thyla-
koid membranes, and a single PSIl can pair up with near
complexes or connect with complexes across the stromal
gap (Albanese et al. 2017). It is possible to speculate that these
close interactions may allow CP26 to interact with different
complexes, reducing the amount needed of this subunit to
transfer excitation energy from PSIl to the quenchers, as
LHCSR proteins. These data confirm the fundamental import-
ance of monomeric antenna subunits in the quenching mech-
anism (Cazzaniga et al. 2020) but indicate CP26 as the
monomeric antenna protein with a prevalent role in NPQ.
These results are consistent with previous evidence that
points out to CP26 as a docking site for LHCSR3 on PSII super-
complexes (Kim et al. 2017; Semchonok et al. 2017). Being in
an external position, CP26 could represent a more accessible
point for a direct interaction with LHCSR3, while CP29 is
clamped between the core and the S- and M-LHCII (Drop
et al. 2014; Cao et al. 2020). The dramatic difference in NPQ
between k6# and k9 could be influenced also by the change
of expression levels of the remaining monomeric antenna in
the single mutants. While in Wt and ké6# the relative amount
of CP29 is similar, k9 shows an overaccumulation of CP26 pro-
tein, with an increase of ~50% compared to Wt. This compen-
satory mechanism has never been observed in Arabidopsis
(Arabidopsis thaliana), where the CP29-binding site cannot
be occupied by other subunits (de Bianchi et al. 2011). In A.
thaliana, where the absence of CP26 had no effect on the
quenching mechanism, the simultaneous deletion of all
monomeric subunits reduced the light-harvesting capacity
but had a minor role in NPQ (de Bianchi et al. 2008;
Dall'Osto et al. 2020). The interaction between LHCSR and
the core complex involves also other PSII subunits. Previous
studies have shown that PSBR is necessary for the efficient
binding of LHCSR3 to the core complex, and PSBR interacts
with PSBP, which is reduced in the k6# mutant. Although
we were unable to quantify PSBR subunits in our samples,
the reduction of PSBP hints at the possibility of a decrease
in this subunit as well. Further investigation of the interaction
between CP26 and other PSII core subunits will be necessary
to gain a more comprehensive understanding of the molecu-
lar mechanisms involved and evaluate this hypothesis.
However, in the k9 mutant, where the NPQ was only slightly
reduced compared to the Wt case, the PSBP ratio was similar

Cazzaniga et al.

to that in k6#, indicating that the reduction in PSBS is not the
primary cause of the NPQ phenotype in k6# mutants.

The data from this study further confirm the differences
between the LHCSR-dependent NPQ observed in C. reinhard-
tii and the PSBS-dependent NPQ in vascular plants. In both
cases, LHCSR proteins and PSBS need to interact with LHC
proteins to trigger NPQ (Niyogi and Truong 2013; Sacharz
et al. 2017): a possible different affinity of LHCSR and PSBS
for the specific LHC antenna could explain the different
phenotype observed in the LHC mutant in C. reinhardtii
compared to A. thaliana.

In conclusion, these results point out a distinct role of the 2
monomeric antenna subunits in C. reinhardtii. While CP29 is
fundamental for efficient light harvesting and PSII activity,
CP26 plays a major role in NPQ induction. It is important
to note that a small NPQ induction at very high light could
still be observed in the absence of both CP26 and CP29: this
residual NPQ was probably due to the interaction of LHCSR1
or LHCSR3 with LHCII subunits, as previously reported (Kim
et al. 2017; Semchonok et al. 2017). These data could be use-
ful to further understand the different NPQ molecular me-
chanisms in microalgae compared to vascular plants and to
identify targets to tune this mechanism to increase product-
ivity under different light regimes.

Materials and methods

Culture conditions

C. reinhardtii CC503 (Wt) and mutant strains were grown at
24 °C in a high-salt (HS) medium (Kropat et al. 2011) on a ro-
tary shaker in Erlenmeyer flasks under continuous illumination
with white LED. Cell densities were measured using the
Countess |l FL Automated Cell Counter (Thermo Fisher
Scientific). Single mutants on CP29 (k9) and double mutants
on CP26 and CP29 (k69) were obtained (Cazzaniga et al. 2020).

Generation of C. reinhardtii mutants by CRISPR/Cas9
genome editing

To generate knockout CP26 mutants, the CRISPR/Cas9 RNP
complex-mediated genome editing method was performed
according to Kim et al. (20203, b) and Joo et al. (2022) (see
Supplemental Methods S1). To verify the integration and
copy number of the aphVIl gene in the genome, the genomic
DNA was digested by Kpnl or Ncol, and Southern blot ana-
lysis was performed using the aphVIl gene probe for the de-
tection of DNA integration. Bands were visualized using the
Gene Images AlkPhos Direct Labeling and Detection System
(Amersham, Little Chalfont, Bucks, UK).

Mutant complementation

The vector used for CP26 knockout mutant complementa-
tion was obtained by fusion PCR, merging the 1,000-bp up-
stream 5'-UTR of the CP29 gene (Cre17.g720250) with the
whole CP26 gene (Cre16.g673650) deprived of the promoter
region and extended of the 300-bp downstream 3’-UTR. In
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the case of CP29 complementation in the k69 background,
the genomic sequence of the CP29 gene from the 1,000-bp
upstream of 5’-UTR to the 300-bp downstream of 3'-UTR
was used. These sequences were cloned into the pOpt2 vec-
tor system and used for transformation. Nuclear transform-
ation was carried out by glass beads as previously described
(Perozeni et al. 2020) using 10 ug of linearized plasmids fol-
lowed by a selection of transformants on TAP agar plates
(Kropat et al. 2011) supplied by paromomycin (10 mg/L)
for 6 to 7 d. All the primer sequences used are reported in
Supplemental Methods S1.

Membrane preparation, gel electrophoresis,

and immunoblotting

Thylakoid membranes were isolated as previously described
(Bonente et al. 2008). SDS-PAGE analysis was performed using
the Tris-Tricine buffer system (Schagger and von Jagow 1987)
followed by Coomassie blue staining. For immunotitration,
thylakoid samples were loaded for each sample and electro-
blotted on nitrocellulose membranes; then, proteins were
quantified with an alkaline phosphatase—conjugated antibody
system. aCP26 (AS09 407), aCP29 (AS04 045), aLHCII (ASO1
003) aCP43 (AS11 1787), oPSAA (AS06 172), aLHCSR1
(AS14 2819), aLHCSR3 (AS14 2766), and oPSBP (AS06 167)
antibodies were purchased from Agrisera (Sweden).
Nondenaturing Deriphat-PAGE was performed following the
method developed in Peter et al. (1991). Thylakoids concen-
trated at 1 mg/mL Chls were solubilized with a final 0.8%
(w/v) a-DM, and 30 ug of Chls were loaded in each lane.

Pigment and spectroscopy analysis

Pigments were extracted from intact cells using 80% (v/v)
acetone buffered with Na,CO; and analyzed by reverse-
phase HPLC (Lagarde et al. 2000) as described in Perozeni
et al. (2020). The 77-K fluorescence emission spectra on fro-
zen cells were registered using a BeamBio custom device
equipped with a USB2000 Ocean Optics spectrometer
(Ocean Optics).

Time-resolved fluorescence on whole cells

Time-resolved fluorescence measurements were carried out
using a Ti:sapphire laser (Chameleon Ultra Il, Coherent, repe-
tition rate of 80 MHz and 140-fs pulse width). A B-barium bor-
ate (BBO) crystal was used to frequency-double the 950-nm
laser output in order to generate the 475-nm excitation wave-
length. The fluorescence signal from the cells was focused on
the entrance slit of a spectrograph (Acton SP2300i, Princeton
Instruments). A streak camera (C5680, Hamamatsu),
equipped with the Synchroscan sweep module, provides spec-
tral-temporal matrices with spectral and temporal resolu-
tions of ~1 nm and ~20 ps, respectively, for the temporal
window of 2 ns. A CCD (Hamamatsu ORCA-R2 C10600) re-
corded the streak image. The measurements were carried
out in cuvettes with an optical path length of 10 mm, and
the sample was under constant circulation from a reservoir
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of 30-mL sample volume through a tube and peristaltic
pump to avoid any photodamage of the samples.

Measurements of photosynthetic activity
Photosynthetic parameters ®PSII, qL, ETR, and NPQ were ob-
tained by measuring with a DUAL-PAM-100 fluorometer
(Heinz Walz) the Chl fluorescence of intact cells at room tem-
perature in a 1X 1-cm cuvette mixed by magnetic stirring.
@PSI, gL, and ETR were measured and calculated according
to Baker (2008) and Van Kooten and Snel (1990) upon
20 min of illumination. NPQ measurements were performed
on dark-adapted intact cells as described in Cazzaniga et al.
(2020) with the following modifications: cells were adapted
to high light only for 2 d before NPQ measurements, and
far-red light exposure was performed for 2 min before turning
on the actinic light. The PSII functional antenna size was mea-
sured from fast Chlinduction kinetics induced with a red light
of 11 umol photons m™> s~ on dark-adapted cells (~2 - 10°
cells/mL) incubated with 50-um DCMU. The reciprocal of
time corresponding to two-thirds of the fluorescence rise
(t2/3) was taken as a measure of the PSII functional antenna
size (Malkin et al. 1981). The oxygen evolution activity of the
cultures was measured at 25 °C with a Clark-type O, electrode
(Hansatech), as described previously (Cazzaniga et al. 2020).
NPQ acid induction in the dark was induced as previously de-
scribed (Tian et al. 2019). See Supplemental Methods S1 for
additional details.

Statistical analyses

The statistical significance of differences between Wt and
mutants was determined by Student’s t test (P < 0.05).
Error bars are standard deviations. Sample sizes are reported
for the different experiments in figure legends.

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers re-
ported in Supplemental Table S5.
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