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Minor light-harvesting complexes (Lhcs) CP24, CP26 and CP29 occupy a position in photosystem II (PSII) of
plants between the major light-harvesting complexes LHCII and the PSII core subunits. Lack of minor Lhcs
in vivo causes impairment of PSII organization, and negatively affects electron transport rates and
photoprotection capacity. Here we used picosecond-fluorescence spectroscopy to study excitation-energy
transfer (EET) in thylakoid membranes isolated from Arabidopsis thaliana wild-type plants and knockout lines
depleted of either two (koCP26/24 and koCP29/24) or all minor Lhcs (NoM). In the absence of all minor Lhcs,
the functional connection of LHCII to the PSII cores appears to be seriously impairedwhereas the “disconnected”
LHCII is substantially quenched. For both double knock-out mutants, excitation trapping in PSII is faster than in
NoM thylakoids but slower than in WT thylakoids. In NoM thylakoids, the loss of all minor Lhcs is accompanied
by an over-accumulation of LHCII, suggesting a compensating response to the reduced trapping efficiency in
limiting light, which leads to a photosynthetic phenotype resembling that of low-light-acclimated plants. Finally,
fluorescence kinetics and biochemical results show that the missing minor complexes are not replaced by other
Lhcs, implying that they are unique among the antenna subunits and crucial for the functioning and macro-
organization of PSII.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Oxygenic photosynthesis is performed in the chloroplast by a
series of reactions which transform sunlight energy into chemical
energy [1]. Absorption of light, excitation energy transfer (EET) and
electron transfer are the primary events of the photosynthetic light
phase and take place in photosystems (PS) I and II [2–10]. PSII is a
large supramolecular pigment–protein complex located in the thyla-
koid membranes of plants, algae and cyanobacteria. Its reaction
center (RC) consists of several subunits carrying the cofactors for
electron transport and forms, together with the proteins CP43 and
CP47 a so-called core complex [11,12]. Core complexes form dimers
(C2), which bind a system of nuclear-encoded light-harvesting
proteins (Lhcbs): CP29 and CP26 are monomeric antennae located
in close connection to the core, and seem to mediate the binding of
an LHCII trimer (the major antenna complex of PSII) called LHCII-S
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(strongly bound), thus forming the basic PSII supercomplex struc-
ture C2S2 [13]. Moreover, in higher plants another monomeric sub-
unit (CP24) and one more trimeric LHCII (LHCII-M, “moderately”
bound) bind the PSII core to extend the light-harvesting capacity of
the supercomplex (called C2S2M2). Besides light harvesting, the
outer antenna of PSII plays a crucial role in photoprotective and
regulatory mechanisms such as limiting the level of Chl triplet states
[14–16], scavenging of reactive oxygen species [17] and activating
non-radiative de-excitation pathways [18].

Excitations are used to induce primary charge separation (CS) with-
in the RC, after which electrons are transferred in succession to the
acceptors QA and QB, while the oxidizing equivalents in the Mn cluster
are used to catalyze water splitting [1]. The quantum efficiency of CS
depends on the rate constants of different molecular events, namely
1) EET from the outer antenna to the RC; 2) CS and charge recombina-
tion; 3) secondary electron transfer to QA, and 4) relaxation processes,
such as intersystem crossing, internal conversion and fluorescence
emission [19].

Among the antenna complexes of PSII, monomeric Lhcs CP24,
CP26 and CP29 are of particular interest, because the location of
these complexes in between LHCII and the RC makes them crucial
for facilitating EET from LHCII, forming the major part of the antenna
system, to the core subunits, although it seems that also direct EET
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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from LHCII-S to the core is possible [20,21]. Indeed, depletion of spe-
cific monomeric Lhcs in vivowas shown to impair the organization of
photosynthetic complexes within grana partitions, and to negatively
affect electron transport rates and photoprotection capacity [22].
Evidence that these gene products have been conserved over at least
350 million years of evolution [23] strongly indicates that each complex
has a specific role in the PSII function over the highly variable conditions
of the natural environment.

CS in the reaction centers of PSI and PSII occurs within tens to
hundreds of picoseconds (ps) after light absorption. A great chal-
lenge in studying EET and charge separation in thylakoidmembranes
is to disentangle the kinetics related to both photosystems. Broess
et al. [24] and Caffari et al. [20] recently provided a more detailed
picture of EET in PSII membranes and supercomplexes of plants
while van Oort et al. [25] investigated EET in entire thylakoids of
WT andmutant Arabidopsiswith the use of ps-fluorescence spectros-
copy, using different combinations of excitation/detection wave-
lengths, in order to distinguish PSI and PSII kinetics. The exciton/
radical-pair-equilibrium (ERPE) model has often been used to
describe the kinetics of EET in PSII preparations with open RCs,
i.e. with the electron acceptor QA fully oxidized [26,27]. This model
assumes that EET to the RC is too fast to contribute substantially to
the charge separation time [26]. To provide a more accurate descrip-
tion for grana-enriched membranes, the ERPE model was extended
after analyzing ps-fluorescence measurements using different exci-
tation wavelengths and applying a coarse-grained model to deter-
mine the excitation migration time to the RC [24]. Comparison of
the fluorescence kinetics obtained for 412 nm (more excitations in
the core) and 484 nm excitation (more excitations in the outer
antenna), led to the conclusion that the average migration time of
an excitation toward the RC contributes 20–25% to the average trap-
ping time in PSII membranes and around 50% in full thylakoid mem-
branes [25,28,29] and the overall migration time to the RC is around
150 ps in WT thylakoids, four times longer than for grana-enriched
membranes [24] which is likely due to additional antenna complexes
that are less well connected to the PSII RC [21,25,28–30] and that are
lost during preparation of grana membranes [21]. Recently, also
models were presented that assume excitation trapping the time of
which is entirely dominated by migration of excitations to the RC
[31,32].

Recent studies on EET dynamics focused on the behavior of specific
pigment–protein complexes that constitute either PSI or PSII [33–35].
Reverse genetic approaches in model organisms such as Arabidopsis
thaliana allowed to isolate knock-out lines devoid of specific compo-
nents of PSII [36,37] and have been instrumental in order to dissect
the function of each subunit in vivo. Hopefully, applying time-resolved
spectroscopy on thylakoid membranes of different composition can
provide new knowledge on the primary events of the light phase at
the molecular level.

In this work, thylakoid membranes of A. thaliana have been stud-
ied with time-resolved fluorescence spectroscopy using different
combinations of excitation and detection wavelengths, in order to
(partly) separate PSI and PSII/LHCII contributions. In particular,
PSII/LHCII fluorescence decay kinetics have been measured on thyla-
koids isolated from wild-type Arabidopsis, from the double knock-
out mutants koCP26/24 and koCP29/24, and from a mutant depleted
of all minor antennae (NoM). The main goal of this study was to in-
vestigate how the depletion of specific Lhcs affects the excitation-
and electron-transfer parameters of PSII. In the absence of all minor
Lhcs of PSII, the functional connection between LHCII from the PSII
cores appears to be strongly impaired and LHCII is substantially
quenched which is probably related to the fact that the NoM plants
are strongly hampered in their growth as compared to WT plants.
For double knock-out mutants, the outer antenna is better connected
to the PSII core and the corresponding plants also grow significantly
better than the NoM plants.
2. Materials and methods

2.1. Plant material and growth conditions

WT plants of A. thaliana ecotype Col-0 and mutants koLhcb4.1,
koLhcb4.2, koLhcb5 and koLhcb6 were obtained as previously described
[36,37]. Multiple mutants koLhcb5 koLhcb6 (koCP26/24), koLhcb4.1
koLhcb4.2 (koCP29/24) and koLhcb4.1 koLhcb4.2 koLhcb5 (NoM) were
isolated by crossing single mutant plants and by selecting the progeny
through immunoblotting, using antibodies specific for the different
Lhcb subunits. Double mutant koLhcb4.1 koLhcb4.2 is devoid of both
CP29 and CP24 minor antennae, since accumulation of CP24 is
hampered when CP29 is missing, as previously reported [36]. Seedlings
were grown for 5 weeks at 100 μmol photons m−2 s−1, 23 °C, 70%
humidity, and 8 h of daylight.

2.2. Membrane isolation

Dark-adapted leaves were rapidly homogenized using mortar and
pestle, and stacked thylakoids were isolated as previously described
[38], with the following modifications aimed at preserving thylakoid
functionality: protease inhibitors (2 mM ε-aminocaproic acid, 2 mM
benzamidine-hydrochloride, 0.5 mM PMSF) were added to the buffers;
a maximum of 1 g of leaves was ground in 100 ml of GB; thylakoids
were resuspended in B4 buffer (0.4 M sorbitol, 15 mM NaCl, 10 mM
KCl, 5 mM MgCl2, and 15 mM Hepes pH 7.8) before being frozen in
liquid nitrogen.

2.3. Pigment analysis

Pigments were extracted from leaf disks with 85% acetone buffered
with Na2CO3, then separated and quantified by HPLC [39].

2.4. In vivo fluorescence measurements

PSII maximal photochemical efficiency was measured through Chl
fluorescence on dark-adapted leaves at room temperature with a
PAM 101 fluorimeter (Walz, Germany); saturating light pulses
(4500 μmol photons m−2 s−1, 0.6 s) were supplied by a KL1500
halogen lamp (Schott, UK) (for results, please see Supplementary data).

2.5. Gel electrophoresis and immunoblotting

SDS-PAGE analysis was performed with the Tris–Tricine buffer
system [40], with the addition of 7 M urea to the running gel when
needed to separate Lhcb4 isoforms [36]. For fractionation of pigment–
protein complexes, membranes corresponding to 500 μg of Chls were
washed with 5 mM EDTA and then solubilized in 1 ml of 0.7% α-DM
and 10 mM HEPES, pH 7.8. Solubilized samples were then fractionated
by ultracentrifugation in a 0.1–1 M sucrose gradient containing 0.06%
α-DM and 10 mM HEPES, pH 7.8 (22 h at 280,000 g, 4 °C). Non-
denaturing Deriphat-PAGEwas performed following themethod devel-
oped in [41] with the modification described in [42]. The thylakoids
concentrated at 1 mg/ml chlorophylls were solubilized with a final
concentration of 1% α/β-DM, whereas 25 μg of Chls was loaded in
each lane. Bands corresponding to trimeric LHCII and monomeric PSII
core were excised from the gel, and purified complexes were then
eluted by grinding gel slices in a buffer containing 10 mM Hepes
pH 7.5 and 0.05% α-DM. LHCII/PSII core ratios were quantified by load-
ing thylakoids (15 μg of Chls), PSII core (0.25–0.5–0.75–1.0 μg of Chls)
and trimeric LHCII (1.0–2.0–3.0–4.0 μg of Chls) in the same slab gels.
After staining with Coomassie blue, the signal amplitude of LHCII and
CP43/CP47 bands were quantified (n = 4) by GelPro 3.2 software
(Bio-Rad, USA). By using the pigment composition of the individual
subunits [12,43] and the OD of each protein band, the number of LHCII
trimers per monomeric PSII core was calculated. For immunotitration,
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thylakoid samples corresponding to 0.1, 0.25, 0.5, and 1 μg of chloro-
phyll were loaded for each sample and electroblotted on nitrocellulose
membranes; proteins were detected with alkaline phosphatase-
conjugated antibody, according to Towbin et al. [44], and signal ampli-
tude was quantified by densitometric analysis (n = 4). In order to
avoid any deviation between different immunoblots, samples were
compared only when loaded in the same slab gel.

2.6. Photosystem activity measured with artificial donors and acceptors

These measurements were performed as previously described [38].
PSI electron transport from the artificial donor (TMPDH2, N,N,N,N-
tetramethyl-p-phenylene-diamine, reduced form) to NADP+ was
measured at 22 °C on functional thylakoids in the dual-wavelength
spectrophotometer Unicam AA (Thermo Scientific, USA), while PSII
electron transport to DMBQ (dimethyl-benzoquinone) was measured
following the O2 evolution in a Clark-type oxygen electrode system
(DW2/2, Hansatech Instruments, UK) both under red light illumination
(200 μmol photonsm−2 s−1, λ N 600 nm). Concentrations usedwere as
follows: 0.1 sorbitol, 5 mM MgCl2, 10 mM NaCl, 20 mM KCl, 10 mM
Hepes pH 7.8, 0.5 mM NADP+, 10 μM Ferredoxin, either 300 mM
DMBQ or 250 mM TMPDH2 and thylakoids to a final Chl concentration
of 10 μg/ml. When TMPDH2 was used, the reaction mixture contained
5 mM ascorbic acid, and after 1.5 min of illumination 1 μM DCMU was
added, followed by the artificial donor.

2.7. Time-resolved fluorescence

Time-correlated single photon counting (TCSPC) measurements
were performed with a home-built setup [45,46]. In brief, samples
were kept at room temperature (RT, 22 °C) in a flow cuvette coupled
to a sample reservoir. The sampleswere flown from reservoir to cuvette
with a speed of 2.5 ml/s and the optical path length of the cuvette was
3 mm. The samples were excited with 412 nm and 484 nm pulses of
0.2 ps duration at a repetition rate of 3.8 MHz. In order to avoid the
closure of reaction centers the excitation intensity was kept low
(0.5–1.5 μW) which resulted in a count rate of 30,000 photons per
second or lower (see Supplementary data for details, Fig. S1). The diam-
eter of the excitation spot was 2mm. The instrument response function
or IRF (70–80 ps FWHM)was obtainedwith pinacyanol iodide inmeth-
anol with a 6 psfluorescence lifetime [47,48]. Measurementswere done
by collecting photons for 5 min. Fluorescence was detected at 679 nm,
701 nm and 720 nm using interference filters (15 nmwidth). The data
were collected using a multichannel analyzer with a maximum time
window of 4096 channels typically at 5 or 2 ps/channel. One complete
experiment for a fluorescence decay measurement consisted of the
Fig. 1. Characterization of the KOmutants. (A) Phenotype of wild-type andmutant plants grow
(B) SDS/PAGE analysis of wild-type and mutant thylakoid proteins. Selected apoprotein bands
thylakoid proteins. Data of LHCII and PsaA subunits were normalized to the PSII core amount,
recording of data sets of the reference compound, isolated thylakoid
and again the reference compound, which was done at least three
times in this order with a fresh sample for each condition, in order to
check the reproducibility.

2.8. Data analysis

Data obtained with the TCSPC setup were globally analyzed using
the “TRFA Data Processing Package” of the Scientific Software Technol-
ogies Center (Belarusian State University, Minsk, Belarus). Fluorescence
decay curves were fitted to a sum of exponentials that was convoluted
with the IRF. The quality of a fit was judged from the χ2 value and by
visual inspection of the residuals and the autocorrelation thereof. The
number of exponentials was 5 in all cases, whereas one of these compo-
nents was an artifact with a very fast lifetime (between 0.1 ps and 1 ps)
which was mainly used to improve the fitting quality at early times.
These artifacts are not further considered or discussed below.

3. Results

In order to isolate knock-out (KO) lines of A. thaliana lacking two or
three minor antennae, kolhcb4.1, kolhcb4.2, kolhcb5 and kolhcb6
homozygous KO lines were identified in seed pools obtained from
NASC by immunoblot analysis using specific antibodies raised against
CP29, CP26 and CP24 antenna proteins, as previously described [36,
37]. KO double mutants kolhcb5 kolhcb6 retain Lhcb4 (CP29) as the
only minor antenna [37], while deletion of both CP29 isoforms in the
kolhcb4.1 kolhcb4.2 double mutant results in a plant retaining CP26 as
the only minor antenna, since accumulation of CP24 is hampered in
this genotype [36]. Triplemutant kolhcb4.1 kolhcb4.2 kolhcb5 is lacking
all minor antennae: indeed, deletion of both lhcb4.1 and lhcb4.2 yielded
a plant devoid of CP29, and lack of CP29 hampered CP24 stability and
accumulation [37]; thus the triple KO only retains subunits of the
major antenna complex LHCII. In the following, we will refer to
these genotypes as koCP26/24 (kolhcb5 kolhcb6), koCP29/24
(kolhcb4.1 kolhcb4.2) and NoM (kolhcb4.1 kolhcb4.2 kolhcb5).
When grown in control conditions (100 μmol photons m−2 s−1,
23 °C, 8/16 h day/night) for 4 weeks, koCP26/24 and koCP29/24plants
did not show significant reduction in growth with respect to the WT
plants, while NoM plants were much smaller than WT plants
(Fig. 1A). Thylakoid membranes were isolated from WT and mutant
plants, and the lack of the corresponding gene product was confirmed
by SDS-PAGE (Fig. 1B) and western blotting (see Supplementary data,
Fig. S2). The pigment content of mutant thylakoids showed a significant
decrease in the Chl a/Chl b ratio with respect to the membranes from
WT (reflecting a relative increase of the amount of outer antenna
n in control conditions (100 μmol photonsm−2 s−1, 23 °C, 8/16 h day/night) for 4 weeks.
are marked. Fifteen micrograms of Chls were loaded in each lane. (C) Immunotitration of
CP47 content, and normalized to the corresponding WT content.



Table 1
Chlorophyll composition and LHCII content determined on thylakoids fromwild-type and
KO mutants.

Sample Chl a/b LHCII trimeric/PSII monomeric

WT 2.75 ± 0.05 4.2 ± 0.3
NoM 2.35 ± 0.04 6.1 ± 0.3
KoCP29/24 2.64 ± 0.03 4.8 ± 0.3
KoCP26/24 2.61 ± 0.02 5.1 ± 0.3
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complexes): double mutants koCP26/24 and koCP29/24 showed a ratio
of 2.61 and 2.64 respectively, vs. 2.75 for WT thylakoids. The lowest
ratio (2.35) was observed for NoM (Table 1). In order to detect possible
alterations in the relative amount of protein components of the photo-
synthetic apparatus upon removal of minor antennae, we determined
the stoichiometry of themain subunits of both photosystems by immu-
noblotting titration, using antibodies specific for the subunits CP47
(PsbB, inner antenna of PSII core complex), PsaA (main subunit of
PSI core complex) and LHCII (the major outer antenna of PSII). The
PSI/PSII (PsaA/CP47) ratio was essentially the same in WT, koCP26/24
and NoM membranes, while a slight increase in CP47 relative content
was detected for koCP29/24 as compared toWT. The LHCII/PSII ratio in-
creased with the removing of monomeric antennae: both koCP26/24
and koCP29/24 had a significantly higher amount of LHCII with respect
to WT, while the LHCII content was even higher in NoM (Fig. 1C). The
stoichiometric ratio of trimeric LHCII andmonomeric PSII core complex
was determined by quantifying the Coomassie staining of the corre-
sponding bands on an SDS/PAGE, by integrating the optical density of
each band (see Supplementary data, Fig. S3; see Materials and
methods for details). Results confirmed a far higher LHCII content in
NoM (6.1 trimeric LHCII per monomeric PSII) with respect to the WT
(4.2 trimers), while koCP29/24 and koCP26/24 showed an intermediate
content (respectively, 4.8 and 5.1 trimers per monomeric PSII)
(Table 1).

To analyze the organization of pigment–protein complexes,
thylakoid membranes isolated from WT and KO mutants were solubi-
lized with 0.7% dodecyl-α-D-maltoside (α-DM), then Chl-binding
proteins were fractionated by sucrose gradient ultracentrifugation.
The fractionation patterns are shown in Fig. 2. Six major green bands
were obtained for the wild type: the PSI–LHCI complex was found as a
major band in the lower part of the gradient, corresponding to a
complex more stable than PSII that does not dissociate into smaller
complexes upon mild solubilization of thylakoids; the PSII–LHCII
components are visible as multiple green bands, namely PSII core
Fig. 2. Sucrose density gradient fractionation of wild-type and KO mutant solubilized
thylakoids. Solubilization was performed with 0.7% α-DM. Composition of the green
bands are indicated.
complex, CP29–CP24–LHCII-M antenna supercomplex, trimeric LHCII
and monomeric Lhcb; a large band with an apparent molecular
mass higher than PSI–LHCI, which contained undissociated PSII
supercomplexes of different LHCII compositions, was detected in the
lower part of the gradient. Themajor difference detected in KOmutants
with respect to thewild type was the lack of the antenna supercomplex
CP29–CP24–LHCII. Moreover, PSII supercomplexes were differentially
represented in these genotypes: faint bands of PSII supercomplexes
were still detectable in the lower part of the gradient in both koCP29/24
and koCP26/24, although their amounts were strongly reduced as com-
pared to WT, while NoM thylakoids were completely devoid of PSII
supercomplexes.

To test the photosynthetic activity of both photosystems in our
thylakoid preparations, artificial electron donors and acceptors were
used. The rate of linear electron transport (ET) from H2O to DMBQ,
which accepts electrons at the QB site, was measured polarographically
as the rate of O2 evolution, while the ET capacity of PSI was measured
spectrophotometrically as the rate of NADP+ reduction, upon addition
of the plastocyanin electron donor TMPDH2 (see Materials and
methods for details). Results reported in Table S1 show that all photo-
systems retained their ET capacity, which clearly indicates that all the
preparations are active and can efficiently drive photosynthesis.
However, a reduction in O2 evolution and NADPH accumulation on a
Chl basiswasobserved in themembranes of NoMmutants (respectively,
−30% and −20% as compared with the WT); this result might be
ascribed to a lower PSII efficiency due to the presence of badly connected
LHCII in the NoM mutant as compared to WT.

Fluorescence decay curves were measured with the TCSPC setup
stacked thylakoids from A. thaliana. This approach aimed to be close to
the native situation and was preferred above measuring on grana-
enriched membranes (BBYs), which are known to constitute a hetero-
geneous system and to retain a far lower amount of trimeric LHCII
than the number generally reported to be bound per RC in thylakoid
preparations. Either 412-nm laser pulses, exciting relatively more PSII
core complexes, or 484 nm laser pulses, exciting relatively more outer
antenna complexes, were used. For detection 679 nm-, 701 nm- and
720 nm-interference band filters were used. By combining the results
for different excitation and detection wavelengths it is in principle
possible to differentiate between PSI and PSII kinetics and to estimate
the average migration time of excitations to the PSII reaction centers
[25].

The fluorescence decay curves of thylakoid preparations from WT,
NoM, koCP29/24 and koCP26/24 mutants were strikingly different
from each other (Fig. 3). The decay of WT thylakoids was the fastest
Fig. 3. Time-resolved fluorescence decays of thylakoid membranes from WT, KoCP29/24,
KoCP26/24 and NoM strains. The excitation wavelength is 412 nm and the detection
wavelength is 680 nm.

image of Fig.�2
image of Fig.�3


Table 2
Fitted lifetimes (and amplitudes in brackets) for thylakoids at room temperature with an
excitation wavelength of 412 nm and a detection wavelength of 680 nm.

WT koCP2624 koCP29CP24 NoM

τ1 52 ps (25%) 64 ps (23%) 66 ps (21%) 59 ps (30%)
τ2 166 ps (32%) 273 ps (23%) 278 ps (23%) 294 ps (20%)
τ3 409 ps (42%) 912 ps (53%) 732 ps (52%) 1.001 ns (48%)
τ4 5.6 ns (1%) 2.8 ns (1%) 2.1 ns (4%) 2.9 ns (2%)

Confidence intervals of fluorescence lifetimes (τ) as calculated by exhaustive search
were b5%; lifetimes were calculated from 2 to 6 repeats.

Table 3
PSII–LHCII (with possible free LHCII) kinetics for thylakoid membranes.

Excitation τavg (ps) Difference (ps)

412 nm 484 nm

WT 259 285 26
KoCP29/24 523 565 42
KoCP26/24 617 687 70
NoM 601 778 178

The PSII–LHCII (with possible free LHCII) kinetics were derived from the kinetics of
thylakoid membranes by removing the PSI contribution, as explained in van Oort et al.
[25] before.
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followed by those of koCP29/24, koCP26/24 and NoM, in that order. To
get more quantitative information from the decay curves, they were
fitted to a sum of exponential decay functions. The fitting results are
given in Table 2 (more detailed results are given in Supplementary
data, see Table S2, Table S3, Table S4 and Table S5).

The lifetime τ1, which is in the range of 50 ps–70 ps, is largely due to
PSI, although also PSII does contribute to some extent [25,28,49].
Because PSIfluorescence is red-shifted as compared to PSIIfluorescence,
the relative amplitude of this component increases upon going from
detection wavelength 679 to 720 nm. The value of τ1 and the
corresponding amplitude only differ to a limited extent for the different
thylakoid preparations. WT Arabidopsis shows the shortest value for
τ1 with 52 ps, whereas the τ1 value for the NoM mutant is only 7 ps
slower (59 ps). The τ1 value is somewhat slower for koCP26/24 and
koCP29/24 with 64 ps and 66 ps, respectively. The relative amplitude
of τ1 ranges from 21 to 30% for the different thylakoid preparations
(for λexc = 412 nm, λdet = 679 nm; more detailed results are given in
Supplementary data; see Table S2, Table S3, Table S4 and Table S5).

The lifetimes τ2 and τ3 in Table 2 are mainly due to PSII–LHCII
(and possibly some detached antenna with the highest amplitude at
λdet = 679 nm, as expected for PSII–LHCII) [25]. WT thylakoids show
the lowest values for both τ2 (166 ps) and τ3 (409 ps). These lifetimes
become considerably longer for the mutants. The τ2 values for the
various mutants are very similar to each other, ranging from 273 ps to
294 ps. On the other hand, the difference in τ3 for the mutants is signif-
icantly more pronounced. τ3 is 732 ps for the koCP29/24 mutant,
whereas it is 905 ps for koCP26/24 and 1.00 ns for NoM. In comparison
toWT, the amplitude for τ3 becomes rather high in all mutants whereas
the amplitudes for τ2 decrease substantially. Finally, the slowest compo-
nent (τ4) can be ascribed to free chlorophyll and/or disconnected light-
harvesting complexes with very low amplitudes and possibly some
closed RCs although this is rather unlikely with the current excitation
conditions (total amplitude is at most 4%) [25]. It should be noted that
the amplitude for τ4 is lower than 1% forWT thylakoids (detailed results
are given in Supplementary data, see Table S2, Table S3, Table S4 and
Table S5).

To estimate the PSII–LHCII kinetics, PSI and PSII kinetics were
separated from each other using the method recently presented by
van Oort et al. [25]. In brief, the PSII–LHCII contribution to the
sub-100 ps component was determined by using different excitation
and detection wavelengths [25] and together with the long lifetimes
τ2 and τ3, which are solely attributed to PSII–LHCII, the kinetics of
PSII–LHCII, with possibly some free LHCII, can be calculated [25]. The
obtained PSII–LHCII kinetics differ considerably for WT and mutant
thylakoids. For excitation at 412 nm, the WT preparation shows the
fastest PSII–LHCII kinetics with an average lifetime of 259 ps, whereas
the mutants are significantly slower; 523 for koCP29/24, 617 ps for
koCP26/24, and 601 ps for NoM. For excitation at 484 nm, the PSII–LHCII
kinetics of all mutant and WT preparations become slower. The
PSII–LHCII average lifetime for WT cells is then 285 ps. For the mutant
preparations, the average lifetimes are 565 ps, 687 ps and 771 ps for
koCP29/24, koCP26/24 and NoM, respectively (Table 3).

The difference in PSII–LHCII average lifetime for different excitation
wavelengths is approximately proportional to the average migration
time of excitons needed to reach the RC for the first time, but the
presence of detached antennae also affects this difference. The differ-
ence is 26 ps for WT thylakoids, whereas it becomes larger for the mu-
tants: 41 ps and 70 ps for koCP29/24 and koCP26/24, respectively,
whereas it is even 170 ps for NoM mutants. It should be noted that
detached or loosely bound antennae cause a significant increase of the
difference between PSII–LHCII kinetics for different excitation wave-
lengths (Table 3). In addition, it should bementioned that the difference
between overall average lifetimes (i.e. without correction for PSI) with
different excitation wavelengths for WT and mutant strains has the
same trend as the difference in PSII–LHCII average lifetime for different
excitation wavelengths (see Supplementary data Table S2, Table S3,
Table S4 and Table S5), which shows that the differences between
corrected lifetimes upon different excitation wavelengths are not artifi-
cially created or exaggerated because of corrections and calculations.
The calculated PSII–LHCII average lifetime values will be discussed
hereafter.

4. Discussion

The monomeric antennae CP24, CP26, and CP29 are three of the six
light-harvesting subunits that compose the PSII peripheral antenna
system of higher plants. They are the only Lhc subunits that can occupy
the position between the inner antennae CP43/CP47 and the outer LHCII
trimers within the PSII supercomplex [50] (Fig. 4). Although these
pigment–protein complexes are homologous and are expected to
share a common three-dimensional organization on the basis of the
structural data available [43,51], they cannot be exchanged between
each other in the supercomplexes [50].

Earlier work [52] has characterized Arabidopsis plants devoid of
LHCII, and proposed a high degree of redundancy among Lhcb subunits;
indeed, the PSII supercomplex organization was maintained in the
absence of LHCII by over-accumulating Lhcb5. Instead, the knock-out
of monomeric antennae leads to destabilization of PSII–Lhcb
supercomplexes, meaning that the minor antennae are essential for
PSII organization. This conclusion is supported by the fact that removal
of two or more different monomeric Lhcbs increases the trapping time
of excitons in the RCs substantially as compared to WT thylakoids,
meaning that the absence of minor antenna complexes leads to badly
connected or disconnected LHCII as will be discussed further below.

Recently, time-resolved fluorescence kinetic studies were per-
formed on different knockout mutants of A. thaliana. It was shown
that, in the absence of specific minor antenna complexes in most cases
the overall average lifetimes become longer as compared to those of
WT cells [25,30] and in particular the migration time of excitations to
the RCs increases [25,30]. These results confirm that there are disrup-
tions of the PSII–LHCII complex organization in the absence of minor
antenna complexes resulting in the formation of badly connected or
disconnected LHCII [25,30]. Among the mutants studied here, the
most explicit slowdown of the fluorescence kinetics is observed for
the NoM mutant as might have been expected since all minor antenna
complexes are missing. For koCP26/24 the slowdown of the fluores-
cence kinetics ismore pronounced than for koCP29/24. This observation
is in good agreement with previous work in [30], which indicates that
both double mutants have disconnected LHCII, but the koCP26/24



Fig. 4. Membrane organization of PSII in Arabidopsis thaliana. The core of PSII consists of
the reaction center (D1/D2) together with CP47 and CP43. Minor antenna complexes
(CP24, CP26 and CP29) with the major antenna complexes LHCII (dark green) form
peripheral antenna that surrounds the core. The binding strength of trimeric LHCII at
different locations is strong (S) or moderate (M). PSII structure is based on the study of
Caffari et al. [22].
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mutant has more, although the mutant that was lacking CP26 showed
faster fluorescence kinetics than mutants lacking either CP24 or CP29
or both [25].

Themost significant increase concerns the lifetimes of decay compo-
nents 2 and 3 for all mutants, and thismust originate from a reorganiza-
tion or “disassembly” of PSII–LHCII, in agreement with earlier studies
[25,30]. The increase in the lifetime of the PSII–LHCII components can
be explained by the existence of badly connected or disconnected
LHCII due to the absence of several minor antenna complexes. In the
presence of disconnected LHCII, long-lived fluorescence components
(around 4 ns) are expected, unless the LHCII complexes aggregate [48]
which leads to a shortening of the fluorescence lifetime [48]. In a previ-
ous picosecond fluorescence study on thylakoid membranes from
A. thaliana, it was shown that not only lifetime components 2 and 3
are responsible for the PSII–LHCII kinetics, but component 1 is also part-
ly due to PSII–LHCII [25]. In that study, van Oort et al. used two excita-
tion wavelengths in order to vary the relative amount of excitations in
the core and outer antenna of PSII [25]. Applying this method, we find
that the average lifetime of PSII–LHCII for the NoMmutant is 2.3 times
longer than the average lifetime of PSII–LHCII for WT. This huge differ-
ence is attributed to the disruption of PSII supercomplexes and the pres-
ence of detached LHCII. Furthermore, from the biochemical analysis it is
concluded that the LHCII/PSII ratio is increased by 50% in the NoM
mutant as compared to WT cells, which means that the number of PSII
pigments per RC in the NoM mutant is about 20% higher than in WT,
since monomeric antennae are lacking. This should lead to an increase
of the average lifetime of approximately 20% if all LHCII would be
connected equally well to the PSII RC as inWT thylakoids [25]. To figure
out the reason behind the increase of the average lifetime, themigration
time for theWT andNoMmutant are calculated by themethod vanOort
et al. [25]. According to this method, the difference Δτ in the average
lifetime of PSII for the two excitationwavelengths is approximately pro-
portional to the migration time [25]. For WT cells we find Δτ= 26 ps,
whereas for the NoM mutant the value of Δτ is far larger, i.e. 170 ps.
This dramatic increase cannot be explained by an increase of themigra-
tion timebecause of badly connected LHCII only but there should also be
a significant fraction of disconnected LHCII (see also Van Oort et al.
2010). The (partial) detachment of LHCII is confirmed by the absence
in NoM mutants of PSII supercomplexes containing LHCII-S, as shown
upon mild solubilization of thylakoids and fractionation of pigment–
protein complexes by ultracentrifugation (Fig. 2). Therefore, CP29 and
CP26 play a crucial role in mediating the association of trimeric LHCII
with the PSII complex. Moreover, the loss of all monomeric Lhcbs was
accompanied by an over-accumulation of LHCII (+45% as compared
to WT), suggesting compensation within the group of Lhcb proteins as
a general regulatory mechanism for PSII antenna size. The phenotype
of NoM is consistent with a recent study of A. thaliana acclimation to
low- vs. high-light [53], which showed that LHCII is, among the Lhcbs,
the major one responsible for the regulation of the PSII antenna size
during acclimation.

The efficiency of light harvesting, directly related to the plastoqui-
none redox state, might play a role in antenna-size regulation. Indeed,
the redox state is an indicator of the overall efficiency of photosynthetic
electron transport, and it was suggested to play a key role in themodu-
lation of antenna size through regulation of the Lhc genes expres-
sion [54]. More recent results [55] showed than upon long-term
acclimation, despite a lack of Lhcb transcriptional regulation, the level
of LHCII is tuned to environmental conditions, thus suggesting that the
steady-state level of LHCII depends on post-transcriptional, rather
than on transcriptional regulation, as assessed by the finding of a strong
differential translational control on individual Lhcb mRNAs [56]. Thus,
overaccumulation of LHCII in NoM would represent an adaptation
response: depletion of minor antennae leads to reduced trapping
efficiency in limiting light, and would trigger a compensative response
leading to a photosynthetic phenotype with high LHCII/PSII ratio,
namely resembling that of low light-acclimated leaves.

Accumulation of a large amount of disconnected antenna proteins in
the NoM thylakoids suggests that LHCII is independently folded into
membranes, irrespective from its assembly with the PSII core complex
later on [57]. Therefore, even when assembly is prevented, LHCII is
stable in the membrane and does not undergo proteolytic degradation.
This evidence is consistent with the phenotype of PSII mutants such as
viridis-zd69 of barley [58] and of lincomycin-treated plants [59], which
revealed the stability of free LHCII in the thylakoids.

Isolation of the C2S2 supercomplex from koCP29/24 thylakoid
membranes [36] has shown that LHCII-S can be associated with the
core complex when CP26 is the only monomeric subunit present. This
evidence is consistent with the isolation of a stable monomeric core
with CP26 and the LHCII-S trimer [20]. In the absence of both CP29
and CP24, some C2S2M2 complexes can assemble in grana membranes,
but they are less stable and the molecular interactions are rather weak
[36]. Moreover, koCP29/24 plants show a 15% increase in LHCII content
with respect to thewild-type level (similar to the 20% for the koCP26/24
mutant). Thus, it is likely that a large part of the outer antenna is not
directly bound to the PSII supercomplexes; rather, other trimers are
interspersed among the C2S2 particles. This is confirmed by the time-
resolved fluorescence data. The PSII–LHCII kinetics slows down signifi-
cantly (average lifetime is almost doubled as compared to WT) while
the value of Δτ is 42 ps as compared to 26 ps for WT. In a previous
study, a CP29 antisense line was studied with the same method that
we used here and the results are slightly different [25]. In that case Δτ
was 30 ps instead of 42 ps [25]. However, it should be mentioned that
in the CP29 antisense mutant CP29 expression was only partially
blocked [60] as shown by detection of CP24 unlike the present mutant
[36]. For koCP29/24 a large fraction of uncoupled LHCII is observed,
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giving rise to a long lifetime of 732 ps (see τ3 in Tables 2 and S3). In ad-
dition, after correcting for the PSI contribution and the 2 ns component
the corresponding amplitude is around 65%, depending somewhat on
excitation wavelength. For koCP26/24 the fitted lifetime is 912 ps with
a similar amplitude around 64% after correcting for the PSI contribution.
These amplitudesmight correspond to the percentage of badly connect-
ed Chls a and since there are 5 LHCII trimers per PSII core in each
mutant, this implies that atmost one LHCII trimer plus oneminor anten-
na, either CP29 or CP26 depending on the type of mutant, would be
closely associated with the PSII core. This is in excellent agreement
with earlier work in which it was shown that LHCII-S can be associated
with the core complex when CP26 is the only monomeric subunit
present [36]. Such an interpretation of the lifetime data would be in
agreement with electron-microscopy observations, which show a high
number of LHCII complexes interposed between rows of connected
PSII cores in grana membranes [37]. These results would also be consis-
tent with recent biochemical characterization of PSII supercomplexes in
Arabidopsis [20], which indicates that LHCII-S binding is far less stable in
a mutant devoid of CP26. The absence of a PSII supercomplex binding
LHCII-M indicates that CP26 and CP24 have an important function in
mediating the association of the C2S2M2 complex.

A key consideration for the efficiency of primary productivity in
plants and algae is the size of the light-harvesting system. Ort, Zhu
and Melis have proposed antenna size reduction as a valuable strategy
for the optimisation of the light reactions: theoretical simulation of
net CO2 uptake suggested that a smaller antenna sizewould significant-
ly improve photosynthetic efficiency on crop canopies [61]. Even bio-
mass yield of microalgal cultures at industrial scale is currently limited
by several biological constraints, including the uneven light distribution
into photobioreactors [62]; therefore, the successful implementation of
biofuel production facilities requires domestication strategies, such as
decreasing the absorption cross section to enhance light penetration
and increase the size of metabolic sinks per chlorophyll [63,64].

However, strategies to improve light penetration must ensure that
truncated antenna mutants are not photosynthetically impaired in
ways other than reduced LHC content: indeed in higher plants, an
extreme reduction in LHC complement leads to a lower photochemical
yield and increases photoinhibition [65].

The present results show that depletion of even a sub-group of LHCs
strongly affects the PSII light-harvesting efficiency and thus the photo-
autotrophic growth. To ensure that truncated-antenna strainswill oper-
ate with improved light use efficiency, biotechnological approaches
aimed at reducing antenna cross-section must focus on trimeric LHCII,
rather than monomeric Lhcb, content: the latter leads to a strong
impairment of PSII light-use efficiency, thus canceling out benefits of
optical density reduction, although only for the NoM mutant this leads
to strongly reduced growth under continuous-light conditions.

In summary, we have found in this study that in the absence of all
minor antenna complexes of PSII, the functional connection of LHCII to
the PSII cores is strongly diminished. A large part of this LHCII has a
long excited-state lifetime although far shorter than the 4 ns of isolated
LHCII trimers. Most likely, the detached LHCII is aggregated which
leads to a shortening of the excited-state lifetime. In koCP26/24 and
koCP29/24mutants, it seems likely that only one LHCII trimer is directly
(specifically) connected to the PSII core (or two LHCII trimers per PSII
core dimer) whereas all other trimers are interspersed between the
supercomplexes and still lead to relatively good EET, not hampering
plant growth during continuous growth light conditions.
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