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Abstract

In eukaryotic autotrophs, photosystems are composed of a core moiety, hosting charge separation and electron 
transport reactions, and an antenna system, enhancing light harvesting and photoprotection. In Chlamydomonas 
reinhardtii, the major antenna of PSII is a heterogeneous trimeric complex made up of LHCBM1–LHCBM9 subunits. 
Despite high similarity, specific functions have been reported for several members including LHCBM1, 2, 7, and 9. In 
this work, we analyzed the function of LHCBM4 and LHCBM6 gene products in vitro by synthesizing recombinant 
apoproteins from individual sequences and refolding them with pigments. Additionally, we characterized knock-down 
strains in vivo for LHCBM4/6/8 genes. We show that LHCBM4/6/8 subunits could be found as a component of PSII 
supercomplexes with different sizes, although the largest pool was free in the membranes and poorly connected to 
PSII. Impaired accumulation of LHCBM4/6/8 caused a decreased LHCII content per PSII and a reduction in the ampli-
tude of state 1–state 2 transitions. In addition, the reduction of LHCBM4/6/8 subunits caused a significant reduction 
of the Non-photochemical quenching activity and in the level of photoprotection.
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Introduction

Life on Earth is fueled by photon energy harvested by pho-
tosynthetic systems. In green algae and land plants, photo-
synthesis occurs in chloroplasts, where two pigment-binding 
protein complexes, PSI and PSII, catalyze the light-depend-
ent steps of electron transport from water to NADP+ which is 
coupled to proton transport to the thylakoid lumen for ATP 
synthesis. Each photosystem includes two moieties: a core 
complex binding electron transport cofactors and a peripheral 
antenna system enhancing the cross-section and providing 
photoprotection. The PSII core complex is highly conserved 
in all photosynthetic organisms and is comprised of the 
chlorophyll-binding subunits D1 and D2, the Chl a-binding 

antenna complexes CP43 and CP47, and the cytochrome b559. 
The outer antenna system of PSII is made up of pigment-
binding light-harvesting complexes called LHCII (light-har-
vesting complex II), a trimeric complex made by 22–26 kDa 
polypeptides with three transmembrane and two amphipatic 
α-helices exposed to the lumen (Kühlbrandt et al., 1994; Liu 
et  al., 2004; Standfuss et  al., 2005), each binding up to 14 
chlorophylls and four xanthophylls. These chromophores are 
bound to multiple specific sites for xanthophylls (L1, L2, N1, 
and V1) as well as for chlorophylls (Chl601-614) (Croce et al., 
1999a, b; Caffarri et al., 2001, 2004, 2007; Liu et al., 2004; 
Ballottari et al., 2012). LHC proteins harvest light energy and 
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transfer excitons to the core complexes. LHCs also have a cru-
cial role in photoprotection (Havaux and Tardy, 1997; Elrad 
et al., 2002; Ballottari et al., 2012; Dall’Osto et al., 2010; Grewe 
et  al., 2014), provided by their carotenoid ligands, namely 
lutein, neoxanthin, and violaxanthin, which are involved in 
quenching chlorophyll triplet excited states and reactive oxy-
gen species (ROS) scavenging (Dall’Osto et al., 2006, 2007, 
2013; Li et  al., 2009; Ballottari et  al., 2012, 2013). In high 
light conditions, when absorbed energy exceeds the capac-
ity of downstream metabolic reactions, photoprotection is 
enhanced by synthesis of zeaxanthin, which replaces violax-
anthin (Havaux et al., 2007; Ahn et al., 2008; Dall’Osto et al., 
2010). Furthermore, LHC proteins are involved in fast regu-
lative responses to unbalanced excitation of PSI versus PSII 
in limiting light, namely state 1–state 2 transitions (Allen and 
Pfannschmidt, 2000; Finazzi et al., 2002; Depège et al., 2003; 
Ferrante et al., 2012; Galka et al., 2012; Allorent et al., 2013; 
Benson et  al., 2015) and in non-photochemical quenching 
of excitation energy (NPQ) (Elrad et al., 2002; Ruban et al., 
2007; Peers et al., 2009; de Bianchi et al., 2011; Betterle et al., 
2015) in excess light. Optimal use of limiting light is obtained 
by balancing PSII and PSI antenna sizes by transferring a 
subset of the LHCII from PSII to PSI whenever plastoqui-
none is over-reduced. Over-reduction of the plastoquinone 
pool activates a kinase (STT7) phosphorylating LHCII and 
favoring its migration to PSI (Allen and Pfannschmidt, 2000; 
Finazzi et al., 2002; Depège et al., 2003; Ferrante et al., 2012; 
Galka et al., 2012; Allorent et al., 2013; Drop et al., 2014a, b; 
Ünlü et al., 2014; Benson et al., 2015; Nawrocki et al., 2016). 
In Chlamydomonas reinhardtii, trimeric LHCII is encoded by 
nine genes called LHCBM1–LHCBM9, with M referring to 
‘major’ antenna complex (Merchant et  al., 2007; Ferrante 
et  al., 2012). The LHCBM4, 6, 8, and 9 genes are local-
ized on chromosome 6, LHCBM2 and 7 on chromosome 
12, and LHCBM5 on chromosome 3, whereas the isoforms 
LHCBM1 and LHCBM3 have not yet been mapped (Drop 
et  al., 2014a). LHCBM gene products have sequence iden-
tity of ~70% and cluster into four groups: Type I (LHCBM3, 
LHCBM4, LHCBM6, LHCBM8, and LHCBM9), Type 
II (LHCBM5), Type III (LHCBM2 and LHCBM7), and 
Type IV (LHCBM1) (Drop et al., 2014a), with members of 
the same subgroup showing identity up to 99% (Natali and 
Croce, 2015). Knowledge of LHCII structure and function 
is based on the orthologous complexes from higher plants. 
Common features include amino acid ligands for chloro-
phylls, the lumen-exposed tyrosine residue, essential for bind-
ing neoxanthin, and the N-terminal domain exposed to the 
chloroplast stroma which mediates interactions such as trim-
erization (Hobe et al., 1995; Natali and Croce, 2015). Despite 
their high similarity, LHCBM components are function-
ally specialized: reverse genetics applied to LHCBM2/7and 
LHCBM5 (Takahashi et al., 2006; Ferrante et al., 2012) sug-
gest that they are involved in state 1–state 2 transitions, while 
LHCBM1 (Elrad et al., 2002) plays an important role in ther-
mal energy dissipation probably as an interactor of LHCSR3, 
the trigger for NPQ (Peers et al., 2009; Bonente et al., 2011). 
A special case is LHCBM9, which is preferentially expressed 
in nutrient starvation or anaerobiosis (Nguyen et al., 2008) to 

provide protection for PSII (Grewe et al., 2014). Structural 
analysis suggests that LHCBM1, LHCBM2, and LHCBM3 
participate in PSII supercomplexes while LHCBM5 belongs 
to the ‘extra’ LHCII pool more loosely associated with the 
core complexes (Drop et al., 2014a). Here, we have studied the 
role of the LHCBM4, LHCBM6, and LHCBM8 proteins by 
using artificial microRNA (amiRNA) silencing to silence co-
ordinately gene subfamilies sharing identical regions, while 
keeping the level of expression of others unaltered (Molnar 
et al., 2009; Zhao et al., 2009; Ferrante et al., 2012; Grewe 
et al., 2014). The phenotypic analysis was complemented by 
studying biochemical and spectroscopic proteins of pigment–
protein subunits obtained by refolding in vitro the apoproteins 
expressed in bacteria, to yield a comprehensive explanation 
of the function of these three LHC subunits in C. reinhardtii.

Materials and methods

Strains and culture conditions
Unless indicated differently, C. reinhardtii cells were grown at 25 °C 
with fluorescent white light (60  μE m−2 s−1) with a 16  h light:8  h 
dark photoperiod in HS medium. The cell wall-less cw15 strain was 
transformed with the recombinant pChlamyRNA3 vectors (Molnar 
et  al., 2009) containing the amiRNAs for silencing of LHCBM6 
or LHCBM4, LHCBM6 and LHCBM8. Nuclear transformation 
was performed as described (Kindle, 1990). Transformants were 
selected on TAP agar plates containing paromomycin (10 μg ml−1) 
as previously described (Ferrante et al., 2012). To screen the silenced 
LHCBM6 and LHCBM4+6+8 transformants based on Chl a/b 
ratios, cells were grown in 96-well microtiter plates in 200 μl of TAP 
at 25 °C until the stationary phase (2 × 10 7 cells ml−1) with fluores-
cent white light (60 μE m−2 s−1) with a 16 h light:8 h dark photoper-
iod. Ninety transformants were analyzed for each construct. Chl a/b 
ratios were determined on pigment extracts as described in Ferrante 
et al. (2012). To perform quantitative real-time PCR, transformants 
showing increased Chl a/b ratios were grown in 4 ml of TAP medium 
in 24-well microtiter plates until the late-log phase with fluorescent 
white light (60 μE m−2 s−1) with a 16 h light:8 h dark photoperiod, 
and cells were harvested for RNA extraction.

Plasmid construction and quantitative real-time RT-PCR
amiRNAs used to silence LHCBM genes were designed using the 
WMD3 software (Web micro RNA designer Version3, http://wmd3.
weigelworld.org/cgi-bin/webapp.cgi?page=Home;project=stdwmd) 
and verified using the EST database (http://est.kazusa.or.jp/en/plant/
chlamy/EST/blast.html). Two amiRNAs were designed for silenc-
ing of the LHCBM6 gene, the former (LHCBM6A) annealing in the 
3'-untranslated region (UTR) and the latter (LHCBM6B) annealing 
in the 5'-UTR of the gene. Cloning of the amiRNAs in the pChla-
myRNA3 vector, total RNA extraction from Chlamydomonas transfor-
mants, and real-time RT-PCR were performed as previously described 
(Ferrante et  al., 2012). In particular, cells were harvested for RNA 
extraction in the light period after 6 h of light. Oligonucleotides used 
for RT-PCR are reported in Supplementary Table S1 at JXB online.

Protein purification and in vitro reconstitution
LHCBM4 and LHCBM6 coding sequence for the mature proteins 
were cloned in the pET28 expression vector and overexpressed in 
Escherichia coli. The signal peptide sequence was identified as 
described in the literature (Turkina et  al., 2006). Inclusion bodies 
we purified as previously described (Giuffra et al., 1996) and in vitro 
refolding upon addition of pigments was performed as previously 
reported (Giuffra et al., 1996; Grewe et al., 2014).

http://wmd3.weigelworld.org/cgi-bin/webapp.cgi?page=Home;project=stdwmd
http://wmd3.weigelworld.org/cgi-bin/webapp.cgi?page=Home;project=stdwmd
http://est.kazusa.or.jp/en/plant/chlamy/EST/blast.html
http://est.kazusa.or.jp/en/plant/chlamy/EST/blast.html
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Pigment analysis
Pigment analysis were performed by HPLC as described in Lagarde 
et  al. (2000). Chl a/b and chlorophyll/carotenoid ratios were cor-
rected through fitting analysis of the absorption spectrum (Croce 
et al., 2002).

Thylakoid preparation from C. reinhardtii cells
Chlamydomonas reinhardtii stacked thylakoids were purified as 
described in Ferrante et al. (2012).

SDS–PAGE and immunoblotting
Denaturing SDS–PAGE was performed in the presence of 6 M urea 
with the Tris-Tricine buffer systems (Schägger and von Jagow, 1987). 
Immunoblotting analyses were performed using α-CP43, α-PsaA, 
and α-LHCBM5 (herein renamed α-LHCII) from Agrisera and 
using α-LHCSR3 described in Bonente et al. (2012) and α-LHCBM6 
described in Berger et al. (2014).

Native electrophoresis
Thylakoid membranes were solubilized in the presence of 1.2% 
α-dodecyl-maltoside and separated by Clear Native (CN)–PAGE as 
described in Grewe et al. (2014).

PSI and PSII functional antenna size
Relative PSI antenna size was estimated from kinetics of  P700 
oxidation in limiting orange light (12  μE m−2 s−1) in thylakoids 
treated with DCMU [3-(3,4-dichlorophenyl)-1,1-dimethylurea], 
ascorbate, and methyl viologen, as described in Bonente et  al. 
(2012). In particular, the P700 oxidation kinetics were fitted with 
exponential functions and the reciprocal of  rate constants extrap-
olated were used to estimate the PSI antenna size (Bonente et al., 
2012). PSII antenna size has been estimated in whole cells from 
Fm saturation kinetics (1/τ2/3) in the presence of  10−5 M DCMU 
(Cardol et al., 2008).

State transitions
The amplitude of state 1–state 2 transition was investigated by two 
approaches: (i) LHCII detachment from PSII upon state 2 induction 
was followed by measuring the differences in the maximal fluores-
cence emitted by PSII in state 1 or state 2 conditions as previously 
described (Bonente et al., 2012; Ferrante et al., 2012; Fleischmann 
et al., 1999). The second method (ii) consisted of measuring the 77K 
fluorescence emission spectra of whole cells in state 1 or state 2 con-
ditions: the extent of induction of state transitions was expressed 
as the ratio between the peaks of PSI in state 2/state 1, prior to 
normalization to the peak of PSII in the two different conditions, 
respectively.

NPQ measurements
NPQ measurements were performed on cells acclimated to high 
light conditions (400 μE m−2 s−1) at exponential growth phase. Cells 
were pre-illuminated for 2 min with a weak (3 μE m−2 s−1) far-red 
light-emitting diode (LED) before NPQ analysis with a PAM-101 
(Waltz, Effeltrich, Germany); actinic light was 1600 μE m−2 s−1 and 
saturating light 4080 μE m−2 s−1. The far-red LED was kept on dur-
ing dark recovery.

Singlet oxygen production
Singlet oxygen production was measured in vivo by following the 
532  nm fluorescence emission of a Singlet Oxygen Sensor Green 
(SOSG) probe (Flors et al., 2006).

Results

In vitro study of LHCBM4/6/8 proteins

LHCBM4, LHCBM6, and LHCBM8 genes are paralo-
gous, with a high level of identity to each other (Ferrante 
et  al., 2012). The protein sequences of LHCBM4 
(XP_001695344.1), LHCBM6 (XP_001695353.1), and 
LHCBM8 (XP_001695467.1) are characterized by an identity 
of 97.63%, with only three substitutions in their amino acid 
sequence (Fig. 1), and one deletion in the case of LHCBM6 
localized in the first 26 residues constituting the transit peptide 
for chloroplast import. Alignment of LHCBM4, LHCBM6, 
and LHCBM8 sequences with LHCBM1 and LHCBM2 sug-
gested that all the residues involved in chlorophyll and neox-
anthin binding at the N1 site were conserved (Liu et al., 2004; 
Caffarri et al., 2007). Also, the DPLG motif  which was previ-
ously associated with lutein binding (Kühlbrandt and Wang, 
1991) is conserved in all the subunits herein considered. The 
trimerization motif  WYxxxR was conserved in LHCBM1 
and LHCBM2 but not in LHCBM4, 6, and 8 due to replace-
ment of W by F. The LHCBM4 and LHCBM6 apoproteins 
were produced by expressing the gene sequences in E.  coli, 
and holocomplexes were obtained by in vitro refolding with 
pigments (Giuffra et  al., 1996). The absorption spectra of 
both holoproteins showed a red shift of the Qy transition 
compared with free pigments in detergent solution (Fig.  2) 
while the Chl b → Chl a energy transfer efficiency was high 
as measured from overlapping fluorescence emission spectra 
with different excitation, namely 440, 475, and 500  nm for 
Chl a, b, or carotenoids (Supplementary Fig. S1), suggesting 
a correct folding of the protein–pigment complex (Giuffra 
et al., 1996). The fluorescence emission spectra at 77K of the 
LHCBM proteins revealed significant differences: LHCBM2 
emission was blue-shifted, with an emission peak at 677 nm, 
while LHCBM1 and LHCBM4 showed an intermediate 
behavior and LHCBM6 showed the red-most shifted subu-
nit with a peak at 679 nm. ‘Red’ emission forms are associ-
ated with chlorophyll ligands with low energy transitions. We 
thus proceeded to assess the relative fluorescence quantum 
yield of the reconstituted LHCBM4 and LHCBM6 pigment–
proteins. We used as a reference LHCBM1 and LHCBM2 
subunits previously characterized as the gene products with, 
respectively, the lowest and the highest fluorescence quantum 
yield (Fig.  2) (Grewe et  al., 2014; Natali and Croce, 2015). 
LHCBM4 and LHCBM6 showed an intermediate fluores-
cence yield, more similar to LHCBM1 than to LHCBM2. 
This result suggests a similar role for LHCBM4, LHCBM6, 
and LHCBM1 in defining the lifetime of the excited states of 
the antenna system. Pigment analysis of reconstituted pro-
teins showed a Chl a/b molar ratio ranging between 1.1 and 
1.4, while the number of xanthophylls ranged from three to 
four based on 14 chlorophylls bound by each subunit (Liu 
et al., 2004; Grewe et al., 2014; Natali and Croce, 2015). The 
number of lutein ligands varied from 1.21 to 1.81, violax-
anthin was substoichiometric (0.06–0.28), and neoxanthin 
ranged between 1.5 and 2.19. On this basis, it can be inferred 
that all LHCBM proteins analyzed bind lutein in the L1 site, 
as previously reported for LHCII (Liu et al., 2004), while the 
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L2 site can be occupied by lutein, violaxanthin, or neoxan-
thin, as previously reported for monomeric Lhcb subunits 
from higher plants (Ballottari et al., 2009; Pan et al., 2011). 
Neoxanthin is probably bound to the N1 site, while the most 
peripheral site, V1, can be partially occupied by violaxanthin 
or by neoxanthin according to previous suggestions (Caffarri 
et al., 2007; Natali and Croce, 2015). The high sequence simi-
larity between LHCBM8 and LHCBM4 (Fig. 1) suggests that 

conclusions drawn for LHCBM4 and LHCBM6 might also 
hold true for LHCBM8.

LHCBM4/6/8 accumulation in thylakoid membranes

Accumulation of LHCBM4/6/8 in thylakoid membranes 
in C.  reinhardtii was investigated by immunoblotting 
using recombinant proteins refolded in vitro as standards. 

Fig. 1. Alignment of LHCBM1, LHCBM2, LHCBM4, LHCBM6, and LHCBM8 polypeptide sequences. The signal peptide is indicated in green, the 
trimerization motif in blue, chlorophyll-binding sites in red, the lutein-binding motif in purple, and the tyrosine responsible for neoxanthin binding in the N1 
site is indicated in orange.
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Immunoblot analysis was performed on thylakoid mem-
branes purified from the C. reinhardtii wild-type strain using 
an antibody recognizing all LHCBM proteins (α-LHCII) 
and a specific antibody for LHCBM4/6/8 subunits (Berger 
et al., 2014). α-LHCBM4/6/8 antibody was tested for cross-
reactivity with other LHCBM proteins, revealing only a 
minor cross-reaction against LHCBM3 and LHCBM9, with 
signals respectively 16-, 40-, and 18-fold weaker compared 
with LHCBM4 and LHCBM6 (Supplementary Fig. S2). 
Immunoblotting reactions on thylakoid membranes using the 
α-LHCII antibody yielded three main bands with apparent 
mol. wts of ~26, ~23, and ~22  kDa (Ferrante et  al., 2012) 
(Supplementary Fig. S3). LHCBM1 was reported to be the 
only gene product in the band with intermediate mobility, 
LHCBM2 and LHCBM7 were reported to migrate with the 
most mobile band (Ferrante et  al., 2012), while LHCBM9 
migrated with the upper band (Grewe et  al., 2014). Using 
the α-LHCBM6 antibody yielded a single band, with mobil-
ity corresponding to the LHCBM band with the highest 
apparent molecular weight. Recombinant LHCBM4 and 
LHCBM6 were recognized by α-LHCBM6 antibody with 
a slightly higher apparent molecular weight compared with 
the native LHCBM4/6/8 subunits in thylakoid membranes. 
The same behavior was observed in the case of recombi-
nant LHCBM1 compared with the native LHCBM1: this is 
likely to be related to the presence of extra amino acids at the 
N-terminus in the recombinant proteins, part of the chloro-
plast transit peptide which are cleaved in the mature native 
proteins. By using recombinant LHCBM proteins and native 

LHCII trimers as standards it was possible to determine that 
LHCBM4/6/8 are present in the thylakoid membranes with a 
similar abundance to LHCBM1, contributing to ~30% of the 
total pool of LHCII (Supplementary Fig. S3).

Silencing of LHCBM genes

Chlamydomonas strains with reduced level of LHCBM4, 
LHCBM6, and LHCBM8 subunits were produced by 
amiRNA silencing according to previous reports (Molnar 
et al., 2009; Ferrante et al., 2012; Grewe et al., 2014). Two 
amiRNAs were designed to silence the LHCBM6 gene 
(Supplementary Table S2; Supplementary Fig. S4), while 
four different amiRNAs were selected for the simultaneous 
silencing of LHCBM4, LHCBM6, and LHCBM8, but only 
one (Supplementary Table S2; Supplementary Fig. S4) was 
effective in triggering silencing of this subgroup of genes 
(Supplementary Fig. S4). The designed amiRNAs were 
expressed under the control of the PSAD constitutive pro-
moter in the cw15 strain (referred to as the as the wild type in 
the following) and 90 transformants for each construct were 
screened based on their absorption spectra for Chl a/b ratios 
and confirmed by HPLC: since Chl b is bound to LHC proteins 
only while Chl a is bound to both LHC and core complexes, 
an increased Chl a/b ratio is a good indicator of reduced LHC 
protein content. A selection of transformants (~10 per con-
struct) showing an increased Chl a/b ratio were investigated 
by real-time PCR, in order to confirm the silencing of the tar-
get genes. From this analysis, we selected the transformants 

Fig. 2. Absorption spectra and fluorescence yield of LHCBM1, LHCBM2, LHCBM4, and LHCBM6 recombinant proteins. (A) Absorption spectra in the 
350–750 nm range normalized to the maximum peak in the Qy region. (B) Absorption spectra of LHCBM complexes zoomed in the 630–700 nm range. 
(C) 77K fluorescence emission spectra of LHCBM complexes upon excitation at 440 nm. (D) Relative fluorescence quantum yield of LHCBM1, LHCBM4, 
and LHCBM6 compared with LHCBM2, set to 100%. SDs are reported for each sample (n=5).
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showing the highest level of silencing: clones L6_A and L6_B 
(Supplementary Table S2; Supplementary Fig, S5). As shown 
in Fig.  3, the L6_A and L6_B transformants showed an 
~40% decrease in LHCBM6 mRNA level and a concomitant 
decrease of the LHCBM4 mRNA level, while the LHCBM8 
gene in these strains was overexpressed as compared with the 
wild type. The increased expression of the LHCBM8 gene 
when LHCBM4 and LHCBM6 are down-regulated suggests 
that the functions of these three subunits are redundant and 
that LHCBM8 probably accumulates in order to compensate 
for the reduction in LHCBM4 and LHCBM6. The L_468 
transformant shows instead a decrease of ~65, ~70, and 
~50–60%, respectively, in the level of LHCBM4, LHCBM6, 
and LHCBM8 mRNAs. In order to evaluate the levels of off-
target silencing, the expression level of all LHCBM genes was 
evaluated (Supplementary Fig. S4). Some off-target silencing 
was found for LHCBM3 in the L6_A transformant and for 
LHCBM7 and LHCBM5 in the L6_B transformant, while 
the L_468 transformant did not show statistically significant 
off-target silencing. The off-target effects were different in the 
different strains and were disregarded in the case of a consist-
ent phenotype among the analyzed strains (Supplementary 

Fig. S5). Interestingly, in the strain with a lower expression 
of LHCBM4, LHCBM6, and LHCBM8 genes, namely the 
L_468 strain, an increased LHCBM1 and LHCBM9 expres-
sion was detected (Supplementary Fig. S5).

Photosynthetic protein abundance in knock-down strains

Knock-down strains were analyzed by western blotting in 
order to evaluate the accumulation of  LHCBM protein(s) 
compared with the wild type. All knock-down mutants 
showed a decrease in LHCBM6/4/8 content per chloro-
phyll as compared with the wild type, especially in the case 
of  the L_468 strain. As reported in Fig. 4B, the accumu-
lation of  the different bands recognized by the α-LHCII 
antibody were similar in all cases, with the exception of 
L_468 where an increased accumulation of  LHCBM1 
was accompanied by a reduction of  the signal at the 
higher apparent molecular weight, consistent with the 
strong reduction LHCBM4/6/8 subunits revealed by the 
α-LHCBM6 antibody (Fig.  4). Partial compensation of 
LHCBM4/6/8 reduction by accumulation of  LHCBM1 is 
consistent with the transcript analysis reported in Fig. 3. 
Knock-down strains were characterized by a similar accu-
mulation of  CP43 and PsaA per chlorophyll compared 
with the wild type, The amount of  Rubisco was also inves-
tigated, as an indicator for the accumulation of  Calvin–
Benson cycle enzymes in the transformants compared 
with the wild type, yielding a similar Rubisco/chlorophyll 
ratio in wild-type and knock-down strains. The organiza-
tion of  photosynthetic pigment–proteins was evaluated 
by 2D electrophoresis of  solubilized thylakoid mem-
branes on non-denaturing CN–PAGE as the first dimen-
sion while the second dimension was SDS–PAGE (Grewe 
et al., 2014) (Fig. 5). Distinct subunits of  the protein com-
plexes were detected after 2D electrophoresis by immuno-
blotting with specific antibodies against PsaA (sbunit of 
PSI), CP43 (subunit of  PSII), LHCII, and LHCBM4/6/8 
(Fig.  5). The chlorophyll distribution in the CN–PAGE 
and the levels of  immunoblot signals were quantified by 
densitometry and reported in Supplementary Fig. S6, for 
the wild type. PSII and PSI complexes were resolved at a 
high apparent molecular weight in CN–PAGE as PSI(I)–
core, or as supercomplexes binding different amounts of 
LHC subunits. LHCII subunits could be found as mon-
omers, trimers, or in supercomplexes, together with PSI 
or PSII subunits (Fig. 5; Supplementary Fig. S6). In the 
wild type, LHCBM4/6/8 subunit distribution was similar 
to other LHCII subunits and yet the intensity of  the sig-
nal corresponding to trimers and monomers was clearly 
higher than that corresponding to PSII supercomplexes 
(Supplementary Fig. S6). The pattern of  PsaA, CP43, 
LHCII, and LHCBM6 was not significantly altered in 
knock-down strains compared with the wild type, except 
for a reduced intensity of  LHCBM4/6/8, as expected 
(Fig. 5). This result suggests that LHCBM4/6/8 could be 
preferentially found as free LHCII trimers, even if  a minor 
fraction of  these subunits was associated with PSI and 
PSII supercomplexes of  different size.

Fig. 3. Quantification of LHCBM mRNA levels in knock-down strains. 
LHCBM4, 6, and 8 mRNA abundance was quantified through quantitative 
real-time RT-PCR. The amounts of LHCBM mRNA are expressed using 
as reference the ribulose bisphosphate carboxylase/oxygenase small 
subunit 2 (RBCS2) mRNA level. Two different transformants silenced in 
the LHCBM6 gene (L6_A and L6_B) and one transformant silenced in 
LHCBM4, LHCBM6, and LHCBM8 genes were analyzed (L_468).



LHCBM4/6/8 functions in state transitions and npq in Chlamydomonas | 633

Fig. 4. Immunoblot analysis of photosynthetic proteins in knock-down strains. Immunoblot analysis was performed using a specific antibody for PSI 
(α-PsaA), PSII (α-CP43), LHCs (α-LHCII), and LHCBM6 (α-LHCBM6). Three different sample amounts were loaded based on the chlorophyll content 
(0.9, 0.3, and 0.015 µg of chlorophyll). Densitometric quantification of each band normalized to the wild type is reported in (B). SDs are reported for each 
quantification (n=4).

Fig. 5. Analysis of the thylakoid membrane pigment–protein complexes by 2D electrophoresis and immunoblotting. Thylakoid membranes of knock-
down strains grown in control light were solubilized with 1% dodecyl-maltoside (α-DM) and separated by CN–PAGE followed by a second dimension 
separation by SDS–PAGE. Immunoblot detection of LHCBM4/6/8, LHCII, PSI (antibody α-PSAA), and PSII (antibody α-CP43) is also reported. (This 
figure is available in colour at JXB online.)
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Roles of LHCBM4/6/8 in light harvesting and 
photoprotection

The effect of LHCBM4/6/8 gene silencing on the stability 
of PSII was monitored in vivo by measuring the maximum 
quantum efficiency of PSII, Fv/Fm, by pulse-amplitude fluor-
imetry. Fv/Fm values were found to be similar in wild-type 
and knock-down strains, scoring between 0.6 and 0.7 in all 
genotypes (Table 2). Similar values were obtained when cells 
were grown under high irradiance (400 µmol m−2 s−1), imply-
ing that PSII was functional even at high excitation pressure 
(Table 2). In order to evaluate the role of LHCBM4/6/8 in 
light harvesting, PSI and PSII functional antenna size was 
measured in dark-adapted wild-type and knock-down strains 
as previously described (Bonente et al., 2012). In the case of 
PSI (Fig. 6A), functional antenna size was measured from the 
kinetics of P700 oxidation in thylakoid membranes treated 
with DCMU and methyl viologen. In particular, PSI antenna 
size was estimated as the reciprocal of the exponential lifetime 
(1/τ) obtained by fitting the oxidation kinetics with the expo-
nential function (Bonente et al., 2012). The kinetics were sim-
ilar in all genotypes analyzed, and the (1/τ) values obtained 
for silencing were not statistically significant compared with 
the wild type. The antenna size of PSII was measured from 
the kinetics of Chl a fluorescence emission in DCMU-treated 
cells: fluorescence kinetics were fitted with exponential func-
tion by which the times required to reach two-thirds of the 

maximum fluorescence emission (τ2/3) were calculated. The 
reciprocal of the τ2/3 values was then used to estimate the PSII 
antenna size (Fig. 6D) as previously reported (Cardol et al., 
2008). No significant difference was detected for 1/τ2/3 values 
in silencing strains compared with the wild type, suggest-
ing that the LHCII trimers destabilized upon LHBCM4/6/8 
silencing are not essential for light harvesting function, 
consistent with the hypothesis that it belongs to the ‘extra’ 
LHCII pool free in the thylakoid membranes (Drop et  al., 
2014a). We then proceeded to verify the effects on regulative 
processes associated with the antenna system. In particular, 
we investigated if  depletion of LHCBM4/6/8 affected the 
process of state 1–state 2 transitions, namely the migration 
of LHCII from PSII to PSI. The amplitude of state transi-
tions was evaluated by measuring the differences in fluores-
cence emission upon pausing cells in either state 1 or state 
2 at room temperature (Fleischmann et al., 1999; Wollman, 
2001) or at 77K (Allorent et  al., 2013). Room temperature 
florescence emission from whole cells essentially comes from 
PSII, as the fluorescence quantum yield of PSI is extremely 
low (Borisov and Il’ina, 1973): changes in maximum fluo-
rescence emission at room temperature upon induction of 
state 1 to state 2 transition are reported in Fig. 7A, showing 
a similar amplitude for wild-type and knock-down strains. In 
order to investigate the effect of state transition on PSI, fluo-
rescence emission spectra from whole cells in either state 1 or 

Fig. 6. PSI and PSII antenna size measurements. PSI antenna size (A) was measured in wild-type (WT) and knock-down strains by following the kinetics 
of P700 oxidation in limiting light conditions in DCMU-, ascorbate-, and methyl viologen-treated thylakoids. P700 oxidation kinetics were fitted with 
exponential functions, and the reciprocal of time constants associated with fitting functions are reported in (B) normalized to the WT as an estimate of PSI 
antenna size. PSII antenna size (C) was measured by following the fluorescence emission kinetics of PSII in DCMU-treated cells. Fluorescence kinetics 
were fitted with exponential functions by which τ2/3 was calculated as the time required to reach two-thirds of the maximum fluorescence emission: the 
reciprocal of τ2/3 is plotted in (D) as an estimation of PSII antenna size. Data reported in (B) and (D) were tested for their statistical significance compared 
with the WT by Student t-test (n=3), obtaining in all cases P-values >0.05, indicating that the differences observed were not statistically significant.
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state 2 were also measured at 77K (Fig. 7B): 77K fluorescence 
emission spectra were characterized by two major peaks at 
682 nm and 715 nm (Supplementary Fig. S7), related to PSII 
and PSI emissions, respectively. When cells were induced to 
state 2, PSI fluorescence emission increased more, upon nor-
malization to PSII fluorescence, in the wild type compared 
with knock-down strains, suggesting LHCBM4/6/8 is part 
of the mobile LHCII pool transferred upon state transitions, 
increasing the antenna size of PSI (Drop et  al., 2014b; Le 
Quiniou et al., 2015). In particular, since the PSII fluorescence 
emission measured at room temperature decreased similarly 
in wild-type and knock-down strains upon transition to state 
2, the LHCBM4/6/8 subunits involved in state transitions 
are probably those located free in the membrane. The role 
of LHCBM4/6/8 in excess energy dissipation was evaluated 
by measuring the NPQ. Since in C. reinhardtii NPQ is fully 
activated upon acclimation to high light (Peers et al., 2009; 
Bonente et  al., 2012; Allorent et  al., 2013), these measure-
ments were performed upon acclimation to 400 µmol m−2 s−1  
light. In these conditions, the number of LHCBM4/6/8 

subunits per PSII in the wild type was comparable with that of 
cells grown in control light, and the decrease of LHCBM4/6/8 
in knock-down strains was maintained (Fig. 8C, E). Knock-
down strains acclimated to high light were characterized 
by a reduced NPQ activity (Fig.  8D), which was more evi-
dent in strain L_468. This result suggests a possible role for 
LHCBM4/6/8 in NPQ activity.

Roles of LHCBM4/6/8 in stabilizing LHCSR3

Differences in NPQ induction could be related to a differ-
ent accumulation of LHCSR1–LHCSR3, since LHCSR pro-
teins are essential for triggering NPQ in C. reinhardtii (Peers 
et al., 2009 Bonente et al., 2011, 2012). The accumulation of 
LHCSR proteins was thus investigated by immunoblot analy-
sis in samples grown in high light, yielding a slightly lower 
level of LHCSR3 in all knock-down strains as compared 
with the wild type (Fig. 8C, E), suggesting a possible role for 
LHCBM4/6/8 in stabilizing LHCSR3 in thylakoid membranes. 
LHCBM1 has been suggested to be partner for LHCSR3 
since its depletion in the npq5 mutant caused a strong reduc-
tion in NPQ activity (Elrad et  al., 2002; Peers et  al., 2009; 
Bonente et  al., 2011). The LHCBM1 level was measured 
by immunoblot analysis in the knock-down samples grown 
in high light, showing no significant difference as compared 
with the wild type (Fig. 8C, E). As reported in Supplementary 
Fig. S8, a positive linear correlation was found between the 
LHCBM4/6/8 accumulation and NPQ activation, but only 
for NPQ values >0.6. In contrast, no such linear correlation 
was found between NPQ induction and LHCBM1 or LHCSR 
accumulation, suggesting that the NPQ phenotype observed 
in silenced strains was specifically related to LHCBM4/6/8 
subunits. The potential role of LHCBM4/6/8 as a binding 
site for LHCSR protein was then investigated by 2D elec-
trophoresis on CN–SDS–PAGE of solubilized thylakoids 
from samples grown in high light conditions (Supplementary 
Fig. S9) coupled with immunoblot analysis using antibodies 
directed to PSI and PSII core subunits (PsaA and CP43) and 
to antenna components (LHCBM4/68 and LHCSR). In all 
clones the LHCSR protein was detected with mobility cor-
responding to that of monomeric LHC proteins or higher. 
The appearance of LHCSR signals at high apparent molec-
ular weight in CN–PAGE, although weak, suggests forma-
tion of oligomers and or interactions with other thylakoid 
components (Bonente et al., 2011; Tokutsu and Minagawa, 
2013; Xue et al., 2015). It should be noted that the LHCSR-
specific reaction was very weak at the mobility correspond-
ing to LHCII trimers, inconsistent with the presence of LHC 
heterotrimers including LHCSR3. We cannot exclude, how-
ever, the formation of LHCSR3 homodimers or heterodimers 
with other LHC subunits, which might then interact with PSI 
and/or PSII supercomplexes. The distribution patterns of 
LHCSR3 and LHCBM4/6/8 in CN–PAGE were different 
in each strain investigated. Moreover, LHCBM4/6/8 strong 
reduction observed in the L_468 strain did not significantly 
influence the LHCSR3 distribution compared with the wild 
type; these results suggest that LHCBM4/6/8 and LHCSR1/3 
do not form stable interactions with each other.

Fig. 7. State 1–state 2 transition analysis. (A) Maximal capacity of 
switching LHCII antenna from PSII to PSI was analyzed in wild-type 
(WT) and knock-down strains by measuring the variation in maximum 
fluorescence emission in state 1 (Fm

ST1) and state 2 (Fm
ST2) at room 

temperature. The changes in Fm are related to PSII fluorescence emission. 
(B) Fluorescence emission spectra of cells in state 1 or state 2 were 
measured at 77K, the spectra were normalized to PSII peaks (686 nm), 
and the ratio between the PSI peaks (712 nm) in state 2 and state 1 is 
reported as 77K F712 nmST2/77K F712 nmST1. The changes in 712 nm 
fluorescence emission are related to PSI. In both panels, the stt7 mutant 
was used as the negative control. Error bars indicate the SD (n=3).
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Roles of LHCBM4/6/8 in stress defense

In order to investigate further the role of LHCBM4/6/8 in 
stress defense, the production of singlet oxygen (1O2) was 
measured (Fig.  9). 1O2 is produced from the reaction of 
molecular oxygen with chlorophyll triplet excited states and 
accumulates when the rate of excitation energy quenching is 
exceeded. 1O2 production was measured by using a specific 
probe, SOSG, which increases its fluorescence at 530 nm pro-
portionally to the accumulation of 1O2 (Flors et  al., 2006). 
Cells acclimated in low light (60 µmol photons m−2 s−1) and in 
high light (400 µmol photons m−2 s−1) conditions were incu-
bated in the presence of SOSG and excited by a red (680 nm) 
light at 840 µmol photons m−2 s−1. 1O2 production was higher 
in the strains acclimated in low light than in high light, sug-
gesting that the growth in high light activates several photo-
protective mechanisms decreasing photo-oxidative stress, in 
agreement with previous reports (Baroli et al., 2003; Bonente 
et al., 2012; Allorent et al., 2013). Increased 1O2 production 
was observed in knock-down strains acclimated to both low 
and high light as compared with the wild type. In particu-
lar, strain L_468 showed the highest 1O2 production both in 

Fig. 8. LHCBM4/6/8 accumulation and non-photochemical quenching (NPQ) induction in high light. Accumulation of LHCBM4/6/8 in high light (HL) 
compared with control light (CL) was analyzed by western blot (A; chlorophyll loading in each lane is reported on the top of the figure) and estimated 
upon normalization to CP43 content (B). The NPQ induction kinetics were collected by using an actinic light of 1500 µmol photons m−2 s−1 on 
HL-acclimated cells (C). Accumulation of LHCII, LHCSR3, and CP43 proteins in HL cells was determined using a specific antibody (D; chlorophyll loading 
in each lane is reported on the top of the figure). LHCBM4/6/8, LHCBM1 (the intermediate band recognized by α-LHCII antibody), and LHCSR level per 
PSII (normalized to CP43 content) are reported (E, F, G). The mean value of three independent measurements (n=3) and the respective SDs are shown.

Fig. 9. Singlet oxygen (1O2) production in knock-down strains. Singlet 
oxygen production was measured in cells grown in control light (A) or 
high light (B) conditions upon exposure to red light at 840 µmol photons 
m−2 s−1 following the increase of the 530 nm fluorescence of the specific 
probe Singlet Oxygen Sensor Green (SOSG). SDs are reported for each 
sample (n=3).
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control light and in high light. These observations suggest a 
role for LHCBM4/6/8 in the mechanism of acclimation to 
high light conditions and photoprotection. One of the pro-
cesses activated upon high light exposure is the xanthophyll 
cycle, during which violaxanthin is converted to zeaxanthin 
and anteraxanthin. The xanthophyll cycle activity can be 
estimated from the de-epoxidation index (DI), calculated as: 
(zeaxanthin+0.5×anteraxanthin)/(violaxanthin+zeaxanthin
+anteraxanthin). A high DI was generally observed in high 
light-acclimated cells (Bonente et al., 2012). Upon high light 
acclimation, a lower DI was observed in the silenced strains 
compared with the wild type (Table 2). This result suggests 
that the violaxanthin bound by LHCBM4/6/8 proteins can 
be more easily de-epoxidated to zeaxanthin as compared with 
the violaxanthin bound by other LHC proteins. The reduced 
DI observed in silenced strains in high light compared with 
the wild type could be related to the higher singlet oxygen 
production observed in these strains due to the high efficiency 
of zeaxanthin in scavenging ROS (Havaux and Niyogi, 1999).

Discussion

The LHCBM gene family is composed of nine members, 
which are highly similar to each other. The functional roles 
of LHCBM1, LHCBM2/7, and LHCBM9 have been previ-
ously described: LHCBM1 was reported to be involved in 
NPQ induction, while LHCBM2/7 is involved in induction 
of state transitions (Elrad et al., 2002; Ferrante et al., 2012). 
The LHCBM9 subunit was found to accumulate in stress 
conditions only and was accompanied by an increased pho-
toprotection activity (Nguyen et al., 2008), as shown by the 
stabilization of both PSII supercomplexes and LHCII trim-
ers (Grewe et al., 2014). Little information was yet available 
for the remaining LHCBM subunits: combined silencing of 
LHCBM1, LHCBM2, and LHCBM3 was reported to increase 
light-driven hydrogen production (Oey et al., 2013). Recently 
LHCBM1, LHCBM2/7, and LHCBM3 were demonstrated 
to be the major components of the heterotrimers bound to 
PSII supercomplexes, while LHCBM5 was suggested to be 
mainly located in the ‘extra’ LHCIIs which are not tightly 

connected to the PSII core complex (Drop et al., 2014a). In 
agreement with these findings, LHCBM5 has been reported to 
be phosphorylated by STT7 kinase and was found in a com-
plex with PSI upon state 2 induction (Takahashi et al., 2006). 
It should be noted that, besides LHCBM5, also LHCBM1, 
LHCBM3, LHCBM4, LHCBM6, LHCBM8, and LHCBM9 
can be phosphorylated by STT7, and all the different types 
of LHCBMs together with CP26 and CP29 were found in the 
PSI–LHCII supercomplex, even in non-phosphorylated form 
(Lemeille et al., 2009; Drop et al., 2014b).

In this work we analyzed the functional role of LHCBM4, 
LHCBM6, and LHCBM8 subunits, which belong to the same 
subfamily and share high identity (Fig. 1). The biochemical 
and spectroscopic features of LHCBM4 and LHCBM6 subu-
nits were first analyzed in vitro and their physiological func-
tion was then studied in vivo by a reverse genetic approach 
obtaining strains silencing LHCBM4 and LHCBM6 (L6_A 
and L6_B) or the LHCBM4/6/8 (L_468) genes together. 
Pigment-binding properties of LHCBM4 and LHCBM6 
(Table  1) were comparable with those previously reported 
for other LHCBM proteins (Grewe et al., 2014; Natali and 
Croce, 2015). An important property was their low fluores-
cence yield, consistently measured for both LHCBM4 and 
LHCBM6 as compared with LHCBM2 (Fig. 2). Since fluo-
rescence yield is modulated by the activity of the concurrent 
heat dissipation channel, it can be concluded that LHCBM4 
and LHCBM6 are characterized by higher quenching activity 
compared with LHCBM2, but comparable with LHCBM1, 
the LHCBM subunit with the lowest fluorescence quan-
tum yield (Elrad et al., 2002; Grewe et al., 2014; Natali and 
Croce, 2015). The reverse genetic experiments reported here 
were aimed at understanding how the biochemical/biophysi-
cal properties of the individual gene products are translated 
into a functional role when integrated into thylakoid mem-
branes. Analysis of selected knock-down strains showed 
that amiRNA silencing was effective in reducing the level of 
gene products in vivo (Fig.  4). The levels of LHCBM4/6/8 
subunits were reduced on a chlorophyll basis in knock-down 
strains, especially in the case of L_468 (Fig. 3). Although the 
amiRNA silencing showed minor untargeted effect on other 

Table 1. HPLC analysis of pigment content in the recombinant and reconstituted LHCBM proteins LHCBM1, LHCBM2, LHCBM4, and 
LHCBM6 

The numbers of each pigment are expressed in picomoles, and normalized to 14 chlorophylls (the number of chlorophylls putatively bound by 
one LHCII monomer). 

Refolded complexes Chl Chl a/b Chl/Car Cars Nx Vx Ax Lut Zx

LHCBM1 14 1.41 4.1 3.4 1.5 0.28 0.03 1.54 0.034
LHCBM2 14 1.148 3.89 3.6 1.63 0.2 0.01 1.73 0.022
LHCBM4 14 1.3 3.41 4.1 2 0.24 0.012 1.81 0.026
LHCBM6 14 1.37 3.3 4.23 2.19 0.18 0.03 1.76 0.066

Chl, chlorophylls; Chl a/b, chlorophyll a/b ratio; Chl/Car, chlorophyll to carotenoid ratio, Cars, total carotenoids; Nx, neoxanthin; Vx, violaxanthin; 
Ax, antheraxanthin; Lut, lutein; Zx, zeaxanthin. 
Chl a/b and Chl/Car ratios are absolute values. 
SDs are in all cases <5% (n=3).
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LHCBM genes, the overall stoichiometry of LHCII proteins 
per PSII was not significantly reduced in knock-down strains 
(Fig.  4). LHCBM6 accumulation has been reported to be 
controlled by the translation repressor NAB1, which is accu-
mulated under CO2 deficiency, inducing an overall reduction 
in LHCII content and functional antenna size of PSII when 
cells are grown in the absence of CO2 (Berger et al., 2014). 
The similar LHCII per PSII stoichiometry and the similar 
PSII antenna size observed in silencing strains in this work 
suggest that the translational control of NAB1 is probably 
not limited to LHCBM6 but involves other LHCBM subu-
nits as well. In C. reinhardtii, PSII supercomplexes have been 
reported to have a larger capacity to bind LHCII trimers 
compared with higher plants, their antenna moiety in super-
complexes being constituted by at least six LHCII trimers 
in the C2S2M2N2 conformation, compared with the four 
LHCII trimers observed in Arabidopsis thaliana (C2S2M2) 
(Drop et al., 2014a). In addition, a pool of ‘extra’ LHCII was 
identified in C. reinhardtii, constituting LHCII-only domains 
in the thylakoid membranes, possibly acting as a buffer for 
state transitions.

The results obtained by 2D CN–SDS–PAGE showed that 
LHCBM4/6/8 contribute to form monomeric and trimeric 
LHC bands or to PSII supercomplexes of different sizes. 
This evidence suggests that LHCBM4/6/8 can be part of -S, 
-M, or -N trimers. Nevertheless, their enrichment in super-
complexes was low, and most of LHBCM4/6/8 was found 
in the ‘free LHCII’ pool (Supplementary Fig. S6). In agree-
ment with this finding, PSII antenna size was essentially 
unaffected by LHCBM4/6/8 gene silencing. LHCII trimers 
free in the thylakoid membrane are suggested to be bound 
to PSI or forming LHCII-only domains (Nagy et al., 2014; 
Ünlü et al., 2014). When wild-type and knock-down strains 
were forced to undergo transition to state 2, the PSII fluores-
cence emission was similarly reduced in wild-type and knock-
down strains, while the increase of PSI fluorescence emission, 
detectable at 77K, was significantly smaller in knock-down 
strains compared with the wild type, indicating a reduced 
level of LHCII–PSI interaction. On this basis, we suggest that 
LHCBM4/6/8 are located in substoichiometric amounts in -S, 
-M, or -N trimers, while the majority of these subunits are 
located free in the membrane, with the latter participating in 
state transitions (i.e. migrating to PSI upon state 2 induction). 
The same conclusion can be extended to the other LHCII 
subunits forming heterotrimes with LHCBM4/6/8.

The down-regulation of LHCBM4/6/8 protein was corre-
lated with a decrease in the amplitude of NPQ activity (Fig. 8; 
Table 2; Supplementary Fig. S8). The high sequence identity 
of LHCBM4, LHCBM6, and LHCBM8 suggests that these 
proteins have similar functions, acting co-operatively, in the 
energy dissipative mechanisms. How LHCBM4/6/8 con-
tribute to NPQ is not clear. One possibility is that they are 
docking site(s) for the interaction of the PSII antenna system 
with LHCSR3, which, owing to its short fluorescence life-
time upon lumen acidification, could act as the site for energy 
dissipation (Peers et al., 2009; Bonente et al., 2011; Liguori 
et al., 2013; Tokutsu and Minagawa, 2013). Alternatively, it 
is possible that quenching sites are formed not only within 

LHCSR1/3 proteins but also in the interacting LHC subunits 
induced to switch to a dissipative conformation by the inter-
action with LHCSR proteins, in a mechanism similar to what 
was previously proposed for the PSBS-dependent quench-
ing in higher plants (Bonente et al., 2008). While the present 
data do not allow us to distinguish between these hypoth-
eses, the interaction between LHCSR3 and other pigment 
proteins appears to be very weak, at least in the fractiona-
tion conditions explored here. Indeed, the LHCSR distribu-
tion was not affected in knock-down strains (Supplementary 
Fig. S9). Thus, it is unlikely that LHCSR3 might form stable 
hetero-oligomers with LHCBM4/6/8. It is, however, possible 
that the relative abundance of high versus low fluorescence 
yield LHCM subunits might serve in the fine-tuning of the 
antenna system during long-term acclimation consistent, 
with the recent results with LHCBM9 (Grewe et  al., 2014) 
and with the LHCII populations with different quenching 
properties detected in vivo (Tian et al., 2015), rather than on 
the light-induced short-term NPQ mechanism. A  role for 
LHCBM4/6/8 in the formation of quenched LHCII domains 
is also consistent with the higher level of singlet oxygen in 
knock-down strains compared with the wild type (Fig.  9) 
during growth in both control and high light conditions. 
The level of ROS produced upon light exposure in pigment–
protein antennas depends on the level of chlorophyll singlet 
excited states, the conversion yield into triplets, and the ROS-
scavenging activity of xanthophylls (Ballottari et  al., 2013; 
Croce et  al., 1999b; Niyogi, 1999). Certainly, the reduced 
capacity for NPQ is likely to contribute to ROS synthesis in 
excess light conditions (Ferrante et al., 2012). However, dif-
ferences in ROS-scavenging activity cannot be excluded, espe-
cially considering the decrease of the de-epoxidation index 
measured in these strains (Table 2). Indeed, zeaxanthin has 
been involved in quenching of singlet chlorophyll excited 
states (Dall’Osto et  al., 2005), quenching of triplet chloro-
phyll excited states (Dall’Osto et al., 2012), and ROS scaveng-
ing (Havaux et al., 2004). Interestingly, while singlet oxygen 
production in high light-acclimated cells was generally lower, 
this was not the case in the L_468 strain, whose high light-
acclimated cells produced levels of singlet oxygen compara-
ble with cells receiving control light. These results, together 
with the reduced LHCSR3 accumulation and reduced 

Table 2. Fv/Fm and NPQ parameter of wild-type (WT) and  
knock-down strains

Fv/Fm values were determined by PAM fluorimetery on cells grown 
in control light (CL) or high light (HL). NPQ values were measured by 
PAM fluorimetry on HL cells. 

Fv/Fm (CL) Fv/Fm (HL) NPQ_max

WT 0.712 ± 0.02 0.663 ± 0.01 1.57 ± 016
L6_A 0.701 ± 0.01 0.628 ± 0.01 0.98 ± 0.04
L6_B 0.703 ± 0.02 0.663 ± 0.01 1.12 ± 0.03
L_468 0.709 ± 0.01 0.660 ± 0.01 0.54 ± 0.01

The SD dis reported in the table (n=5).
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de-epoxidation index in the L_468 strain, suggest that the 
reduction in level of the LHCBM4/6/8 proteins impairs the 
mechanisms of acclimation to high light.

We conclude that LHCBM4, LHCBM6, and LHCBM8, 
rather than having an essential function in photon capture, 
are likely to be involved in photoprotective mechanisms with 
a specific function within a pool of LHCII proteins free or 
very loosely connected to the PSII supercomplex. Beside their 
interest for the understanding of basic properties of light-
harvesting systems, these results will also be instrumental in 
designing domesticated strains of unicellular algae for optimal 
growth in photobioreactors by modulating the accumulation 
of specific members of the antenna system in order to improve 
either light harvesting, the photoprotection response, or both.
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