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Plants and green algae optimize photosynthesis in changing light
conditions by balancing the amount of light absorbed by photosystems I and II. These photosystems work in series to extract
electrons from water and reduce NADP+ to NADPH. Light-harvesting complexes (LHCs) are held responsible for maintaining the balance by moving from one photosystem to the other in a process
called state transitions. In the green alga Chlamydomonas reinhardtii, a photosynthetic model organism, state transitions are
thought to involve 80% of the LHCs. Here, we demonstrate with
picosecond-fluorescence spectroscopy on C. reinhardtii cells that, although LHCs indeed detach from photosystem II in state 2 conditions,
only a fraction attaches to photosystem I. The detached antenna
complexes become protected against photodamage via shortening
of the excited-state lifetime. It is discussed how the transition from
state 1 to state 2 can protect C. reinhardtii in high-light conditions and
how this differs from the situation in plants.
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xygenic photosynthesis is the most important process for
fueling life on earth. Light capture and subsequent charge
separation processes occur in the so-called photosystems I and II
(PSI and PSII). In plants and green algae, both PSs consist of
a pigment–protein core complex surrounded by outer light-harvesting complexes (LHCs). Electronic excitations induced by the
absorption of sunlight lead to charge separation in the reaction
centers (RCs) of PSI and PSII, located in the cores of the PSs.
These PSs work in series to extract electrons from water and
reduce NADP+ to NADPH. For optimal linear electron transport from water to NADP+, a balance is needed for the amount
of light absorbed by the pigments in the two PSs.
Besides carotenoids, the PSII core contains 35 chlorophylls
a (Chls a), whereas this number is close to 100 for PSI (1). The
outer LHCs consist of various components: The major lightharvesting complex LHCII (a trimer) harbors 12 carotenoids
(Cars) and 42 chlorophylls (Chls), 24 of which are Chls a (2), the
pigments that are largely responsible for excitation energy
transfer (EET) to the PSII RC. In higher plants, there are also
three monomeric minor LHCs per core, called CP24, CP26, and
CP29, which show high sequence homology with LHCII (see,
e.g., ref. 3). In nonstressed conditions, between 85% and 90% of
the excitations in PSII lead to charge separation in the RC (4).
PSI in plants binds four LHCs (Lhca1–4) (5). The amount of
LHCII in the plant membranes is variable and usually ranges
from approximately two to approximately four trimers per PSII
core, most of which are functionally connected to PSII, although
part is also associated with PSI (6). In Chlamydomonas reinhardtii, PSI antenna size differs and there are nine Lhcas per PSI
(7). Nine LhcbM genes, plus CP29 and CP26, codify for the
antenna complexes of PSII (8), and it was recently shown that, in
addition to CP26 and CP29, the PSII supercomplex contains
three LHCII trimers per monomeric core (9). In addition, there
are usually three to four extra LHCII trimers present per
monomeric core (10) (see also below).
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Although both PSI and PSII contain Chls and Cars, their absorption spectra differ, with PSII being more effective in absorbing blue light and PSI in absorbing far-red light (11–13).
Because intensity and spectral composition can vary, organisms
need to rapidly adjust the relative absorption cross-sections of
both PSs. This regulation occurs via so-called state transitions,
and it involves the relocation of Lhcs between PSII and PSI (14).
In higher plants, all LHCII is bound to PSII in state 1, whereas
in state 2, which can be induced by overexciting PSII, part of
LHCII (around 15%) moves to PSI (14, 15). State transitions are
regulated by the state of the plastoquinone (PQ) pool via the
reversible phosphorylation of LHCII (14, 16–19). The green alga
C. reinhardtii, which has widely been used as a model system in
photosynthesis research and which might also become important
for the production of food and feed ingredients and future biofuels (20), is thought to exhibit state transitions to a far larger
extent than higher plants. The widely accepted view is that,
during the transition from state 1 to state 2, 80% of the major
antenna complexes dissociates from PSII and attaches to PSI
(21). This picture is based on results that were obtained with
photoacoustic measurements that were used to determine the
quantum yield of both PSs in different states. This view has been
supported by the finding that the PSII supercomplex is largely
disassembled in state 2 (22). However, although a PSI–LHCII
supercomplex from C. reinhardtii has been isolated (23), the
amount of LHCII associated with it has not been quantified and
it has also not been shown that the additional LHCII is capable
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of transferring energy to the PSI core. More recently, it was
argued based on biochemical analysis that also CP26 and CP29
are participating in state transitions in C. reinhardtii (22–25), but
again a quantitative analysis is missing.
Besides biochemical techniques, time-resolved fluorescence
spectroscopy can be helpful to study state transitions and to
enlighten the EET processes. The main advantage of this technique is that it can provide both quantitative and functional information for the different states in vivo (6). However, the
number of time-resolved fluorescence studies on green algae and
especially their state transitions is limited (26–29). Wendler and
Holzwarth (27) studied state transitions in the green alga Scenedesmus obliquus using time-resolved fluorescence spectroscopy. They interpreted their data at that time in terms of reversible
migration of LHCs between PSII α- and β-centers during state
transitions, whereas it was concluded that the size of PSI was not
measurably changing (27). Another study was performed by Iwai
et al. (28), who used fluorescence lifetime imaging microscopy
(FLIM) to visualize state transitions in C. reinhardtii. The authors
reported the dissociation of LHCII from PSII during the first part
of the transition from state 1 to state 2, but they did not investigate
what was happening during the later phase (28). Recently,
Wientjes et al. (6) performed a study on light acclimation and
state transitions in the plant Arabidopsis thaliana, and among
others it was demonstrated quantitatively how time-resolved
fluorescence properties of thylakoid membranes change when
the relative amount of LHCII attached to PSI and PSII changes
(6): When LHCII attaches to PSI, the amplitude of a component
with fluorescence lifetime below 100 ps increases significantly,
whereas the contribution of the components with lifetimes of
several hundreds of picoseconds concomitantly decreases, and
the corresponding lifetimes become shorter (6). The former
component is mainly due to PSI (with or without LHCII connected) and the latter are due to PSII (with varying amounts of
LHCII connected). It is important to point out that the amplitudes of the decay components are directly proportional to the
number of pigments that correspond to these decay components
(6, 30). Therefore, if during state transitions LHCs are moving
from PSII to PSI, then the amplitude(s) of the PSI decay components will increase, whereas those of PSII will decrease. In
general, such a reorganization will also lead to some changes in
the fluorescence lifetimes. If in addition also quenching processes are introduced, this will lead to an additional change in
the lifetime but not in the amplitude (31).
Here, we applied time-resolved fluorescence spectroscopy to
study changes in PSI and PSII antenna size in response to state
transitions for wild-type (WT) C. reinhardtii in vivo. The cells
were locked in different states, using the same method as used
for previous photoacoustic measurements (21, 32), and fluorescence decay curves were recorded at room temperature. The
results lead us to challenge some of the generally accepted views,
especially concerning the structure of the PSI supercomplex in state
2 and the fate of the detached LHCII. The main changes during
state transitions occur in PSII, whereas changes in the PSI supercomplex turn out to be less pronounced. In addition, it appears that
both in state 1 and 2 a pool of LHCII exists that is neither connected to PSI nor to PSII, whereas its size is larger in state 2.
Results
Low-Temperature Steady-State Fluorescence. The 77 K steady-state

fluorescence spectra of state 1- and state 2-locked cells of WT C.
reinhardtii were recorded upon 440-nm excitation (Fig. 1). The
spectra show the changing ratio of the intensity at 688 and 710
nm, which is characteristic for state transitions. The difference in
ratio is thought to indicate that more LHCs are associated with
PSII (fluorescence around 688 nm) in state 1 than in state 2
when LHCs largely associate with PSI (fluorescence around
710 nm). To study the underlying processes in more detail, we
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Fig. 1. The 77 K fluorescence spectra of state 1-locked (dash) and state 2locked (line) C. reinhardtii cells. The λexc was 440 nm. Note that the concentrations of the cells were identical for both states, and the same was true
for all of the settings of the fluorimeter. Therefore, the intensities of the
spectra can be directly compared with each other in an absolute sense. The
fluorescence quantum yield of PSI in state 2 is only slightly higher than in
state 1.

performed time-resolved fluorescence measurements in vivo at
room temperature.
Room Temperature Time-Resolved Fluorescence. Time-resolved fluorescence measurements of C. reinhardtii cells in state 1 and 2
were performed with a time-correlated single photon counting
(TCSPC) setup. Subpicosecond laser pulses of 400 nm, exciting
relatively more Chls a, and pulses of 465 nm, exciting relatively
more Chls b (and thus more antenna complexes) were used (33,
34). For detection, use was made of 679-, 701-, and 720-nm interference band filters. Fig. 2 shows that the fluorescence decay
kinetics of state 1-locked cells is somewhat slower than those of
cells in state 2 for every excitation (λexc) and detection wavelength (λdet) and the exact difference depends on the combination of wavelengths.
To obtain quantitative information from these decay curves,
global analysis was performed and for all excitation and detection wavelengths the curves were fitted with the same lifetimes, at least for a specific state (6), even though individual
lifetimes do not necessarily correspond one-to-one to specific
physical processes. Global analysis of fluorescence decay curves
of state-locked C. reinhardtii cells requires five decay components but the very fast one (∼1 ps) has no real physical meaning
because it is far shorter than the instrument response function
(IRF), and it does not have to be considered further (Methods).
The residual plots for all different state-locked cells in SI Text
(Fig. S1) demonstrate that five exponentials are sufficient. Fitting results are given in Tables 1 and 2.
The lifetime τ1 in Tables 1 and 2, which is in the range 65–75
ps, is mainly due to PSI (27, 30). Because PSI fluorescence is redshifted compared with PSII fluorescence, the relative amplitude
of this component increases upon going from 679 nm to 720 nm.
Only small changes occur in both the value of τ1 and the corresponding amplitude due to the state change in C. reinhardtii.
For λexc = 400 nm, τ1 is identical for state 1 and 2, and the
corresponding amplitude is also the same. For λexc = 465 nm, τ1
is 6 ps shorter for state 1 than for state 2, whereas the corresponding amplitude is ∼4% higher in state 2. Therefore, although some increase of both amplitude and lifetime of the PSI
component can be observed, this increase is far smaller than one
Ünlü et al.

might expect based on literature (21). The small increase in
lifetime and amplitude lead to a small increase of the amount of
PSI steady-state fluorescence, which becomes more pronounced
at 77 K and is (largely) responsible for the change in the ratio of
fluorescence at 688 and 720 nm (Fig. 1).
The lifetimes τ2 and τ3 in Tables 1 and 2 are mainly due to
PSII with the highest amplitude at λdet = 679 nm, as expected for
PSII (27); there is also some contribution from disconnected
LHCs (discussed below). Lifetime τ2 becomes shorter in state 2,
216 ps instead of 266 ps for λexc = 400 nm, but for λexc = 465 nm,
τ2 remains more or less unchanged, 259 ps for state 2 vs. 254 ps
for state 1. The amplitude remains the same for both excitation
wavelengths. The shortening of τ3 upon going to state 2 is more
pronounced: for λexc = 400 nm, τ3 goes down from 663 to 551 ps,
whereas the amplitude remains more or less constant, and for
λexc = 465 nm from 837 to 715 ps, whereas the amplitude drops
by 12%. In general, the average lifetime for PSII is shorter in
state 2 (for both excitation wavelengths), whereas the total amplitude remains more or less constant for λexc = 400 nm. Finally,
the small contribution (at most 3%) of the longest component
(τ4) in state 1-locked cells is ascribed to some free chl but mainly
to disconnected LHCs [note that the contribution of τ4 to the
average lifetime was even smaller when cells were grown in
higher light conditions (SI Text, Table S1)]. However, it should
be noted that the amplitude of τ4 increases for state 2-locked
cells (5% at λexc = 400 nm, 10% at λexc = 465 nm when detecting
at 679 nm), which may be due to an increase of the amount of
disconnected LHCs (26).
The main purpose of the present study is to understand the
functional/organizational differences for PSI, PSII, and dissociated LHCII in state 1 and 2. Whereas PSI has its own characteristic red-shifted fluorescence, the spectra of PSII and LHCII
at room temperature largely overlap. To at least qualitatively
distinguish between PSII and LHCII, the fluorescence decay
kinetics was measured for state 1- and state 2-locked cells using
different excitation wavelengths: 400 nm (excites relatively
more the PSII core complexes) and 465 nm (excites relatively
more the outer antenna complexes) (34). Comparison of the
decay curves for both excitation wavelengths shows that the
decay is significantly slower for λexc = 465 nm, both in state 1
and 2. Whereas τ1 predominantly reflects the PSI decay time
τ2–τ4 correspond to PSII and LHCII, and because it is a priori
difficult to discriminate between PSII and LHCII, we start by
considering these lifetimes together. For state 1, the amplitudeweighted average lifetime τavg of τ2–τ4 is 547 ps for λexc = 400
nm (relatively more core excitation), whereas it is 660 ps for
λexc = 465 nm (λdet = 679 nm in both cases). The substantial
difference (113 ps) indicates that either part of the antenna
complexes is very badly connected to PSII core or not connected at all (30). The same conclusion can be drawn from the
data on state 2-locked cells, where τavg is 510 ps for λexc = 400
nm, and it is 638 ps for λexc = 465 nm (λdet = 679 nm in both
cases). In conclusion, both for state 1- and state 2-locked cells,
we find a substantial fraction of badly connected or even fully
detached LHCII. To confirm that this is an intrinsic property of
individual cells and it is not due to a fraction of damaged or
dead cells, we also performed two-photon FLIM experiments
to monitor the variation between cells and a typical picture with
Ünlü et al.

densely packed cells is given in Fig. 3, demonstrating that the
fluorescence lifetime of all cells are very similar (on average
around 400 ps) and thus that these long lifetime components
are indeed an intrinsic property of individual C. reinhardtii cells.
It is worth mentioning that the FLIM lifetimes that were previously determined by Minagawa and coworkers (28) were far
shorter (around 200 ps), possibly because of the high excitation
densities in their one-photon FLIM experiments, which can
lead to singlet–singlet annihilation (35). In contrast, it is possible with the two-photon FLIM setup used here to record
images with lifetimes that are very similar to lifetimes that are
obtained with “macroscopic” TCSPC and streak-camera picosecond fluorescence setups (36, 37).
Discussion
Energy partitioning between PSI and PSII has already been the
subject of intense research for many years (13, 38). Genetics
approaches have led to the discovery of key proteins involved,
such as kinases and phosphatases, regulating the phosphorylation state of LHCII and its relocation between PSII and PSI (16,
19, 39). Biochemical and physiological studies have provided
information about the mechanism and importance of state
transitions in plants (40, 41) and the green alga C. reinhardtii (22,
23). Important differences seem to exist between state transitions
in C. reinhardtii and plants, such as the participation of the
monomeric antennae CP26 and CP29 only in C. reinhardtii (22,
23) and the percentage of LHCII that participates (80% for
C. reinhardtii vs. 15% for higher plants) (14, 21).
Recently, long-term acclimation and state transitions in
A. thaliana were studied in detail, using amongst others timeresolved fluorescence techniques (6). It was shown that the amplitude of the fluorescence lifetime that is due to PSI increases
significantly when LHCII becomes attached to it (21). It is thus
remarkable that in C. reinhardtii only relatively minor differences
can be observed between the PSI fluorescence kinetics for states
Table 1. Global analysis results for TCSPC data obtained by
excitation at 400 nm at room temperature for state-locked
C. reinhardtii
λdet, nm

State

τ, ps

679
p

701
p

720
p

State 1
67
266
663
1,902

(τ1)
(τ2)
(τ3)
(τ4)

0.36
0.28
0.33
0.03

0.55
0.23
0.21
0.01

0.56
0.20
0.23
0.01

66
216
551
1,285

(τ1)
(τ2)
(τ3)
(τ4)

0.38
0.25
0.29
0.08

0.54
0.21
0.22
0.03

0.55
0.20
0.22
0.03

State 2

Confidence intervals of fluorescence lifetimes (τ) as calculated by exhaustive search were <5%; lifetimes were calculated from two to four repeats;
p indicates relative amplitudes.
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Fig. 2. Fluorescence decay curves for state 1- (black)
and state 2-locked (red) C. reinhardtii cells at λdet
of 679, 701, and 720 nm and excited at 465 and
400 nm. These data were globally analyzed by TRFA
software.

Table 2. Global analysis results for TCSPC data obtained by
excitation at 465 nm at room temperature for state-locked
C. reinhardtii
λdet, nm

State

τ, ps

679
p

701
p

720
p

State 1
68
254
837
1,909

(τ1)
(τ2)
(τ3)
(τ4)

0.39
0.24
0.34
0.03

0.54
0.20
0.23
0.03

0.54
0.19
0.24
0.03

74
259
715
1,222

(τ1)
(τ2)
(τ3)
(τ4)

0.43
0.24
0.20
0.13

0.58
0.20
0.15
0.08

0.57
0.20
0.14
0.09

State 2

Confidence intervals of fluorescence lifetimes (τ) as calculated by exhaustive search were <5%; lifetimes were calculated from two to four repeats;
p indicates relative amplitudes.

1 and 2, whereas the percentage of moving antenna is thought to
be much higher (80% vs. 15%). If indeed 80% of the LHCII
would move from PSII to PSI upon going from state 1 to state 2,
this should lead to an increase of the relative amplitude of the
PSI component by almost 40% (SI Text), but the observed increase is at most 4%. Even if on average only one LHCII trimer
would move from PSII to PSI this should still already lead to an
increase of PSI amplitude by 6% (SI Text). Therefore, it should
be concluded that the change in the average size of PSI is clearly
smaller than one might have expected. This is further supported
by the fact that also the corresponding lifetime hardly increases
(only by 6 ps, at most).
To confirm in an independent way the fact that the amount of
LHCII moving to PSI is substantially lower than what is generally
believed, we also recorded 77 K fluorescence excitation spectra
in states 1 and 2, while monitoring the fluorescence of PSI at 712
nm and of PSII/LHCII at 680 nm (SI Text, Fig. S2). When
comparing the excitation spectra of PSI and PSII, it is clear that
the spectral contributions around 475 and 650 nm are much
smaller for PSI. These contributions are arising from Chl b and
thus from the connected LHCs. Upon going from state 1 to state
2, there is a minor increase of this contribution for PSI (in
particular around 650 nm), whereas a small decrease can be
observed for PSII (especially around 475 nm). So the low-temperature fluorescence excitation spectra confirm the fact that
little LHC is moving to PSI. A similar conclusion can be drawn
from the 77 K emission spectra recorded for different excitation
wavelengths (SI Text, Fig. S3).
Although the changes in amplitude and lifetime of PSI are
relatively minor, there is, however, a significant decrease of the
average lifetime (not amplitude) of the slower decay components, which are usually thought to originate from PSII. Our data
imply that there must be a substantial change in PSII organization in agreement with earlier biochemical data (22). The decrease of the average “PSII” lifetime can in principle be
explained by a mechanism that is partly similar to the one that
was recently proposed by Minagawa and coworkers (28).
According to this mechanism, a dynamic equilibrium exists between LHCII associated to PSII, LHCII associated to PSI, and
LHCII dissociated from both PSs, being self-aggregated in
a separate LHCII pool, where the fluorescence (excited state) of
LHCII is quenched. In state 1, the majority of LHCII is bound to
PSII, whereas for state 2 the equilibrium shifts direction LHCII
bound to PSI via aggregated LHCII. Our data do not confirm the
association of a large amount of LHCII to PSI (at most a small
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1319164111

fraction of LHCII becomes associated to PSI), but the fact that
the “PSII lifetimes” become faster in state 2 while the total
amplitude remains similar, can be explained by the detachment
of LHCII from PSII while at the same time LHCII becomes
quenched; otherwise one would expect the appearance of longlived fluorescence component of around 4 ns (42). A simple
explanation for such quenching can indeed be aggregation of
LHCII: Compared with monomeric and trimeric LHCII, aggregated LHCII is heavily quenched and the corresponding lifetimes can even be as short as 30 ps, although a typical average
lifetime is several hundreds of picoseconds (42). For a complete
understanding of the phenomenon of state transitions, it is important to sort out whether LHCII really dissociates and
aggregates upon going from state 1 to state 2, and to do so we
compared the kinetics for excitation at different wavelengths.
In a previous picosecond fluorescence study on thylakoid
membranes from A. thaliana, van Oort et al. (30) used two excitation wavelengths to maximally vary the relative number of
excitations in the core and outer antenna of PSII. The main
purpose of that work was to determine the migration time of
excitations to the RCs and to separate the PSI and PSII fluorescence kinetics from each other. It was, however, also found
that in a CP24-less mutant, part of the outer antenna is detached
from the PSII core, leading to a substantial increase of the
fluorescence lifetime when relatively more outer antenna is excited. At the same time, it could be concluded that this detached
antenna was quenched because the fraction of pigments with
a long fluorescence lifetime (several nanoseconds) was very
small. Also, in the present study, a substantial difference in the
average lifetime is observed for the two excitation wavelengths:
It becomes much longer when relatively more outer antenna is
excited at 465 nm as opposed to 400 nm. This means that a pool
of LHCII is rather badly connected to the PSII cores (leading to
long migration times and thus long fluorescence lifetimes) or

Fig. 3. Two-photon FLIM image of C. reinhardtii with the average lifetimes
per pixel plotted using a color scale. The fluorescence decay in each pixel was
analyzed by SPC image software, and the color scale is between 0 and 2,000 ps.
(The average lifetime distribution is also given in a histogram in SI Text, Fig. S4.)
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State Transitions: Chlamydomonas reinhardtii vs. Arabidopsis thaliana.

Despite the fact that state transitions are present in plants and
green algae, clear differences can be observed between this
process in the model organisms A. thaliana and C. reinhardtii. In
the plant A. thaliana, the amount of LHCII involved in the
process is relatively small (around 10–15% of the population),
and this mobile pool is part of the LHCII population that
transfers energy relatively slowly to the PSII core in state 1 (6),
but once it is attached to PSI (state 2) the transfer is extremely
fast and efficient (6). The amount of LHCII that dissociates from
PSII is identical to the amount that reassociates with PSI and
serves to maintain a balance between PSI and PSII excitation. In
the case of C. reinhardtii, we demonstrate here that state transitions seem to reduce the antenna size of PSII, whereas the
effect on PSI is rather small; less than one LHCII trimer attaches
per PSI complex on average. It has recently been demonstrated
that, in the case of A. thaliana, the association of LHCII to PSI
plays an important role in long-term acclimation to different
intensities of growth light because the antenna size of both PSI
and PSII can be modulated simply by the change in the amount
of LHCII (Lhcb1 and Lhcb2), which in most conditions serve as
antenna for both PSs (6). However, recent data on C. reinhardtii
have underlined the important role of state transitions as a shortterm response mechanism to increase photoprotection (46). This
different role of state transitions in algae and plants seems to be
related to the different mechanisms of nonphotochemical
quenching (NPQ) in the two organisms. Whereas A. thaliana can
Ünlü et al.

switch on its photoprotective mechanism of NPQ within seconds
in dangerous high-light conditions, due to the presence of the socalled PsbS protein in the membranes (47), this is not the case for
C. reinhardtii, where the protein that is required for NPQ is
expressed with a delay of several hours when the alga is put in
high-light conditions (48). In this time period, photoprotection is
assured by state transitions (46). Within this context, it makes
sense that state transitions in C. reinhardii are mainly affecting the
antenna size of PSII, which indeed needs to be immediately reduced in high-light conditions to avoid photodamage. A concomitant increase of the antenna size of PSI is not necessary, and
it would even be detrimental, creating PSI damage (49). In this
respect, there is again a resemblance with A. thaliana, where highlight stress is one of the very few conditions in which LHCII does
not attach to PSI (6). Very interestingly, it has been found for A.
thaliana that, in high light, as part of the NPQ mechanism, PsbS
induces the detachment of a significant fraction of the outer antenna from PSII, which gets concomitantly quenched (50). This is
very much reminiscent to what is now observed for C. reinhardtii
during the process that has always been denoted as state transitions.
In conclusion, in contrast to what is generally believed, not
80% of the LHCII is moving from PSII to PSI upon the transition from state 1 to state 2 but only a small fraction (in the order
of 10%). The rest of LHCII that detaches from PSII becomes
quenched, and this detachment seems to play an important role
in NPQ that protects PSII against dangerous overexcitation in
high-light conditions, similar to what is happening in plants when
PsbS is activated in high light.
Methods
Strains and Growth Conditions. WT C. reinhardtii (strain 137c) cells were
grown under continuous white-light illumination in Tris-acetate-phophate
medium (51). Cells were shaken in a rotary shaker (100 rpm) at 30 °C and
illuminated by a white lamp at 10 μmol·m2·s−1. All cells were grown in 250mL flasks with a growing volume of 50 mL and maintained in the logarithmic growth phase. Also, a higher light intensity (100 μmol·m2·s−1) was
used to grow cells, and the results are shown in SI Text (Table S1).
State Locking. Cells were locked in state 1 or 2 in the following ways commonly used for state transitions studies on C. reinhardtii (21, 25, 32, 52, 53):
State 1 was obtained by incubating the cells in the dark while vigorously
shaking for 2 h (to oxidize the PQ pool with oxygen present), and state 2 was
obtained by dark incubation in anaerobic conditions achieved by nitrogen
bubbling for 25 min (to overreduce the PQ pool in the absence of oxygen)
starting from cells in state 1, a method that was also applied by Delosme
et al. (21, 32, 53). Cells were directly used for time-resolved fluorescence
measurements without further treatment.
Fluorescence Measurements. Steady-state fluorescence. The 77 K steady-state
fluorescence spectra were recorded with a Jobin Yvon Fluorolog FL3-22
spectrofluorimeter using liquid nitrogen and corrected for wavelengthdependent detection sensitivity and fluctuations in lamp output. The λexc
was 440 nm; a bandwidth of 2 nm was used for excitation and emission.
Time-resolved fluorescence. TCSPC measurements were performed with
a home-built setup (54). Samples were excited with 400- and 465-nm
pulses of 0.2 ps at repetition rate 3.8 MHz. To avoid closure of RCs and
induction of unwanted state transitions, the excitation intensity was
kept low (0.5–1.5 μW) with a count rate of 3,000 photons per second or
lower. The size of the excitation spot was 2 mm. The IRF (40–50 ps FWHM)
was obtained with pinacyanol iodide in methanol with 6-ps fluorescence
lifetime (37, 42). Measurements were done for 5 min. Fluorescence was
detected at 679, 701, and 720 nm using interference filters (15-nm width).
Data were collected using a multichannel analyzer with a maximum time
window of 4,096 channels at 5 or 2 ps per channel. One complete experiment consisted of recording datasets of reference compound, state-locked
cells, and again reference compound, which was repeated at least twice
with a fresh sample for each condition to check reproducibility.
Two-photon excitation (860 nm) FLIM was also performed in vivo; cells
were pressed between microscope glass and cover glass, where they were
kept for 10 min in darkness in order to precipitate/immobilize and adapt
to the dark. The setup was described previously (37, 55). Fluorescence
of C. reinhardtii was detected via nondescanned single-photon counting
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even completely disconnected, which from a functional point of
view is nearly the same. Concurrently, this badly connected pool
of LHCII is substantially quenched, considering the relatively
short excited-state lifetimes. Remarkably, a large difference in
excited-state lifetime for the two excitation wavelengths is observed both for states 1 and 2, meaning that in both states part of
the antenna is disconnected from PSII. The existence of a pool of
uncoupled LHCII in C. reinhardtii has been discussed in many
studies on state transitions (28, 43). With the use of time-resolved
fluorescence, we have now demonstrated that such an LHCII pool
indeed exists, regardless of the state of the cell.
It is important to mention that the results obtained in the
present study in fact agree with an early proposal by Allen and
Melis (44), who, measuring cells of another green alga named
S. obliquus, at that time claimed that during state transitions
dissociated LHCII does not attach to PSI but instead is thermally
deactivated, which means nothing else than that the fluorescence
is quenched. Our results can also explain why Minagawa and
coworkers (28) could follow the detachment of LHCII from PSII
with the use of FLIM but did not report on what was happening
after the detachment. Although it was reported in several studies
that at least CP26, CP29, and LhcbM5 attach to PSI in state 2
(22–24, 43), our current data demonstrate that this can only be
true for a relatively small fraction. As was stated above, even if
only one LHCII trimer would move from PSII to PSI this would
already lead to an increase of PSI amplitude by 6%, which is
more than is experimentally observed. Therefore, it should be
concluded that for the state 1-to-state 2 transition on average less
than one LHCII trimer is moving from PSII to PSI. In fact, we
have to conclude from our data that, even if LHCII detaches
from PSII, only a fraction attaches to PSI, and in fact most of the
detached antenna complexes aggregate, leading to a shortening
of the excited-state lifetime. This shortening ensures that there is
no increase in photodamage of the antenna complexes upon
detachment, which would otherwise occur if quenching would
be absent (45). The fact that only a small amount of antenna
attaches to PSI in state 2 also explains why the amount of fluorescence of PSI at 77 K hardly increases (Fig. 1). In contrast, the
PSII (and LHC) fluorescence drops substantially, in line with the
observed decrease of the average lifetime at room temperature.

detection, through two bandpass filters of 700 nm (75-nm width). The average lifetimes per pixel were analyzed with the SCP image software. All
measurements were done at 22 °C.
Data analysis. Data obtained with the TCSPC setup were globally analyzed
using the “TRFA Data Processing Package” of the Scientific Software Technologies Center (Belarusian State University, Minsk, Belarus). Fluorescence
P
decay curves were fitted to multiexponential decay functions ð i pi e−t=τi Þ
with relative amplitudes (p) and corresponding lifetimes (τ) that were
convoluted with the IRF. The quality of a fit was judged from the χ2 value
and by visual inspection of residuals and autocorrelation thereof (Fig. S1). The

number of exponentials was five in all cases, whereas one of these components
was an artifact with lifetime between 0.1 and 1 ps, which was mainly used to
improve the fit quality at early times. These artifacts are not further considered.
The fit results were interpreted in terms of the average fluorescence lifetime
P
P
(τavg) for τ2, τ3, and τ4 according to τavg = 4i=2 pi τi where 4i=1 pi = 1.
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