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Abstract
Oxygenic photosynthesis is driven by light absorption in photosystem I (PSI) and photosystem II (PSII). A balanced exci-
tation pressure between PSI and PSII is required for optimal photosynthetic efficiency. State transitions serve to keep this 
balance. If PSII is overexcited in plants and green algae, a mobile pool of light-harvesting complex II (LHCII) associates with 
PSI, increasing its absorption cross-section and restoring the excitation balance. This is called state 2. Upon PSI overexci-
tation, this LHCII pool moves to PSII, leading to state 1. Whether the association/dissociation of LHCII with the photo-
systems occurs between thylakoid grana and thylakoid stroma lamellae during state transitions or within the same 
thylakoid region remains unclear. Furthermore, although state transitions are thought to be accompanied by changes 
in thylakoid macro-organization, this has never been observed directly in functional leaves. In this work, we used confocal 
fluorescence lifetime imaging to quantify state transitions in single Arabidopsis (Arabidopsis thaliana) chloroplasts in folio 
with sub-micrometer spatial resolution. The change in excitation-energy distribution between PSI and PSII was investi-
gated at a range of excitation wavelengths between 475 and 665 nm. For all excitation wavelengths, the PSI/(PSI + PSII) 
excitation ratio was higher in state 2 than in state 1. We next imaged the local PSI/(PSI + PSII) excitation ratio for single 
chloroplasts in both states. The data indicated that LHCII indeed migrates between the grana and stroma lamellae during 
state transitions. Finally, fluorescence intensity images revealed that thylakoid macro-organization is largely unaffected by 
state transitions. This single chloroplast in folio imaging method will help in understanding how plants adjust their photo-
synthetic machinery to ever-changing light conditions.
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Introduction

Light absorbed by photosystems drives photosynthesis. In 
oxygenic photosynthesis, photosystem I (PSI) and photo-
system II (PSII) work in series. For optimal photosynthetic 

efficiency, the excitation rates of PSI and PSII should be ba-
lanced, even though the absorption spectra of PSI and PSII 
differ (Pfannschmidt, 2005; Walters, 2005; Taylor et al., 
2019). PSI shows more absorption at wavelengths above 
680 nm, and around 520 and 420–440 nm, while PSII absorbs 
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stronger in the 470–500 nm interval, around 560 nm, and 
around 650–660 nm (Hogewoning et al., 2012; Johnson and 
Wientjes, 2020; Mattila et al., 2020). Natural variations in 
the wavelength and intensity of irradiance, for example sun 
and shade alternation, continuously alter the excitation dis-
tribution between the photosystems. State transitions are 
the acclimation response of the photosynthetic apparatus 
which is able to rebalance the excitation distribution be-
tween the photosystems in about 10 minutes. The antenna 
sizes of PSI and PSII are adjusted by the association/dissoci-
ation of light-harvesting complex II (LHCII) with either PSI 
or PSII (Allen, 1992; Rochaix, 2014; Goldschmidt-Clermont 
and Bassi, 2015). State transitions are essential processes, be-
cause they enhance plant fitness and were shown to increase 
CO2 assimilation in land plants (Lunde et al., 2000; Bellafiore 
et al., 2005; Frenkel et al., 2007; Tikkanen et al., 2010; Taylor 
et al., 2019).

State transitions are controlled by the oxidation state of 
the plastoquinone (PQ) pool, sensed at the Q0 site of the 
cytochrome b6f complex, and regulated by phosphoryl-
ation and dephosphorylation of LHCII (Vener et al., 
1997; Zito et al., 1999). When PSI is overexcited and the 
PQ-pool is oxidized, most LHCII is connected to PSII, a 
condition named state 1. Overexcitation of PSII leads to 
a reduction of the PQ-pool. Upon over-reduction of the 
PQ-pool, state 2 is induced: the serine/threonine protein 
kinase 7 (STN7) is activated which phosphorylates LHCII 
(Bellafiore et al., 2005). After its phosphorylation, a mobile 
pool of LHCII antenna dissociates from PSII and connects 
to PSI, as such decreasing PSII’s absorption cross-section 
and increasing that of PSI. State 1 and state 2 are the 
two extreme states often induced in experiments; how-
ever, under physiological conditions, the thylakoid is usu-
ally in an intermediate instead of one of the extremes 
(Goldschmidt-Clermont and Bassi, 2015).

It is well-known that LHCII binds PSI at the PSI-H, -L, and 
-O subunits of the PSI core (Kouril et al., 2005; Galka et al., 
2012; Pan et al., 2018). In addition, recent work suggests 
that additional LHCII complexes can transfer energy to PSI, 
most likely via LHCI (Benson et al., 2015; Bressan et al., 
2018; Bos et al., 2019; Schiphorst et al., 2021). Upon depho-
sphorylation by the protein phosphatase TAP38/ 
PPH1 (Protein phosphatase 1), LHCII dissociates from PSI 
and associates with PSII (state 1). This phosphatase is as-
sumed to be constitutively active (Pribil et al., 2010; 
Shapiguzov et al., 2010), meaning that the system returns 
to State 1 in absence of STN7 activity. Although we generally 
understand how state transitions are induced, the resulting 
movement of LHCII and possibly photosystems in the thyla-
koid membrane is still debated.

A striking feature of the thylakoid membrane is its com-
plex 3D structure, formed from a continuous membrane 
that encloses a single interior aqueous phase. Stacked cylin-
drical grana membranes are connected to unstacked stroma 
lamellae membranes, which are wrapped around the grana 
(Paolillo, 1970; Bussi et al., 2019). The membranes that 

connect the grana and stroma lamellae are called slit junc-
tions or grana margins (Mustardy et al., 2008; Rantala et al., 
2020). While the majority of PSII is located in the grana 
stacks, PSI and ATP (adenosine triphosphate) synthase are 
mostly found in the stroma lamellae (Goodenough and 
Staehelin, 1971; Andersson and Anderson, 1980; Dekker 
and Boekema, 2005). Considering the spatial separation of 
PSI and PSII, phosphorylated LHCII is thought to migrate be-
tween PSII in the grana stacks and PSI in the stroma lamellae 
(Kyle et al., 1983; Larsson et al., 1983, 1987; Bassi et al., 1988). 
However, it has also been suggested that PSII-LHCII-PSI 
megacomplexes are formed in the grana margins after 
LHCII phosphorylation (Tikkanen et al., 2008; Grieco et al., 
2015; Suorsa et al., 2015).

The thylakoid macro-organization is thought to dynamic-
ally respond to state transitions, following observations ob-
tained with electron microscopy on fixed materials and 
(structured illumination) microscopy on isolated chloro-
plasts (Rozak et al., 2002; Chuartzman et al., 2008; 
Anderson et al., 2012; Pietrzykowska et al., 2014; Iwai et al., 
2018; Wood et al., 2018, 2019). Upon the transition to state 
2, the number of grana stacks per chloroplast has been re-
ported to increase, while the grana diameter and the number 
of membranes per stack decreased. Alternatively, it has been 
suggested that the whole grana organization would dis-
appear (Chuartzman et al., 2008). It is at present unclear 
how the complex 3D thylakoid architecture can be recon-
ciled with such a high level of plasticity (Johnson and 
Wientjes, 2020).

The relative PSI and PSII absorbance is a key factor for 
linear electron transport. Several studies have investigated 
how much light is absorbed by each photosystem. For 
spinach (Spinacia oleracea) grown under white light condi-
tions, this led to estimated PSI/PSII chlorophyll ratios vary-
ing between 0.54 and 1.4. This large spread is most 
probably partially caused by the indirect measuring techni-
ques used, e.g. gel electrophoresis (Melis et al., 1987) or 
membrane fractionation (Albertsson, 1995) combined 
with optical measurements and electron spin resonance 
(Danielsson et al., 2004). More recently, action spectra of 
PSI and PSII were resolved in folio, which were used to cal-
culate the relative PSI and PSII excitation fraction (Laisk 
et al., 2014). Confocal microscopy has been used to study 
the change in the PSI/PSII excitation ratio during state 
transitions in chloroplasts of protoplasts based on the dif-
ference in PSI and PSII emission spectra (Kim et al., 2015). 
Although changes can be observed with this method, they 
do not directly reflect the PSI/PSII excitation ratios as the 
fluorescence quantum yield of PSII is variable and consid-
erably higher than that of PSI. At present, it is not known 
how the PSI/PSII excitation ratio is affected by state 
transitions.

Confocal microscopy allows for monitoring the dynamic 
process of state transitions under nearly physiological condi-
tions, while the spatial resolution in the x-y plane is large en-
ough to distinguish grana from other regions of the thylakoid 
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membrane. Also, the same chloroplast can be imaged in state 
1 and state 2, which is impossible with experiments on fixed 
material. Indeed, single-cell state transitions measurements 
have recently been demonstrated with advanced fluores-
cence microscopy methods for algae and cyanobacteria 
(Bhatti et al., 2021; Zhang et al., 2021).

Here, we use confocal fluorescence lifetime imaging (FLIM) 
to visualize the grana organization and the energy distribu-
tion between PSI and PSII (Wientjes et al., 2017) during state 
transitions in Arabidopsis (Arabidopsis thaliana). With FLIM, 
a distinction between emission from PSI and PSII is made 
based on the fluorescence decay kinetics. The fluorescence 
lifetime of PSI is ≤100 ps for open and closed reaction cen-
ters, while the lifetime of PSII with closed reactions centers 
is about 1–2 ns. FLIM has previously been used to investigate 
state transitions in the alga Chlamydomonas reinhardtii (Iwai 
et al., 2010). In this work, the energy distribution between PSI 
and PSII was measured in the grana and stroma lamellae of 
Arabidopsis in state 1 and state 2 by in folio FLIM. 
Concomitantly, the effect of state transitions on the grana 
macro-organization was investigated.

Results
Redistributing the energy between PSI and PSII
In this work, confocal fluorescence lifetime imaging (FLIM) is 
used to investigate state transitions in folio. LEDs emitting in 
the far-red (λmax = 706 nm) were used to bring the leaves to 
state 1, while blue LEDs (λmax = 467 nm) were used to induce 
state 2, as done before (Bos et al., 2019). Figure 1 shows the 
LED spectra, the PSI (Wientjes et al., 2011) and PSII (Caffarri 
et al., 2009) absorption spectra, and the PSI/(PSI + PSII) ab-
sorption ratio, demonstrating that the blue light indeed over-
excites PSII, while the far-red light overexcites PSI.

The PSI/(PSI + PSII) excitation ratio will be assessed based 
on the fluorescence decay kinetics of the chlorophyll emis-
sion. State 1 and state 2 Arabidopsis leaves will be com-
pared for a range of excitation wavelengths. Based on the 
different fluorescence lifetimes of PSI (≤ 100 ps for open 
and closed reaction centers) (Croce et al., 2000; Slavov 
et al., 2008; Wientjes and Croce, 2012) and PSII (1–2 ns 
for closed reaction centers) (Roelofs et al., 1992; 
Matsubara and Chow, 2004; Wientjes et al., 2017), the rela-
tive contribution of each photosystem can be quantified. 
The PSI/(PSI + PSII) excitation fraction can be calculated 
based on the fraction of ≤100 ps PSI decay and the contri-
bution of PSI and PSII emission at the detection wave-
lengths, see “Materials and Methods” and Wientjes et al. 
(2017). For this method, it is essential that the PSII reaction 
centers are closed, such that their lifetime is in the nano-
second range and can be easily separated from the faster 
PSI decay. This means that the laser power used to excite 
the sample in the microscope should be high enough to 
close the reaction centers. However, the laser intensity 
should not be too high, since that can induce 

nonphotochemical quenching, damage the photosystems, 
and/or lead to singlet-triplet annihilations, thereby short-
ening the fluorescence lifetime (Barzda et al., 2001). For 
488 nm light, several laser intensities were tested, and an 
intensity of 0.12 µW was found to fulfill the requirements 
(Supplemental Figure 1). This laser intensity was verified 
to be suitable for other excitation wavelengths as well 
and used for further experiments.

A balanced PSI verus PSII excitation pressure is essential 
for optimal linear electron transport. How state transitions 
affect the wavelength-dependent PSI versus PSII excitation 
ratio has not been reported yet. Using the FLIM based meth-
od, the PSI/(PSI + PSII) excitation ratio was measured for 
eight excitation wavelengths within the spectral region of 
photosynthetically active radiation. The far-red (state 1) 
and blue (state 2) lights were used to induce state 1 or state 
2 in wild-type (WT) plants. The same light conditions were 
used on STN7 plants, locked in state 1, as negative control. 
FLIM images were recorded after excitation with the follow-
ing wavelengths: 475, 488, 515, 561, 594, 633, 650 and 
665 nm. Next, the PSI/(PSI + PSII) excitation ratio was calcu-
lated (Figure 2). For WT plants, the energy distribution be-
tween PSI and PSII is different for state 1 and state 2 at all 
measured excitation wavelengths (P value of Student’s t 
test <0.001). Instead, for STN7 plants, the PSI/(PSI + PSII) 
values of both light conditions overlap. For WT plants, the 
difference in excitation-energy distribution between the 
photosystems in state 1 and 2 is similar for the different ex-
citation wavelengths. Excitation with 488 nm laser light was 
used in the following experiments.

State-transitions under the microscope
Next, we aimed to study state-transitions at the level of single 
chloroplasts. First, we checked if state transitions can be re-
versibly induced in leaf sections of WT plants, while STN7 
plants were used as a negative control. The plants were illu-
minated with far-red light (state 1 condition), and a leaf sec-
tion was placed between a microscope slide and a cover glass. 
Three chloroplasts were imaged with 488 nm excitation light. 
Then, the sample was illuminated for 30 minutes on the 
microscope with blue light (state 2 condition), and three 
other chloroplasts were imaged. Finally, the sample was illu-
minated for 12 minutes with far-red light after which three 
chloroplasts were imaged again. For every image, the 
PSI/(PSI + PSII) excitation ratio was calculated from the 
fluorescence decay kinetics. The results are shown in 
Supplemental Figure 2. For WT plants, the PSI/(PSI + PSII) ex-
citation ratio was 0.39 ± 0.01 in state 1, increased to 0.42 ± 
0.01 upon transitioning to state 2 and reversed to 0.35 ± 
0.00 when going again to state 1 conditions. As expected 
for STN7, state 1 and state 2 light conditions do not substan-
tially affect the PSI/(PSI + PSII) excitation ratio. This shows 
that state-transitions were successfully induced in the leaf 
section under the microscope. Afterwards, we investigated 
the reversibility when state transitions are induced and a sin-
gle chloroplast is followed. The chloroplast was imaged in 

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac561#supplementary-data
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state 1, then in state 2 and again in state 1. The results are 
shown in Supplemental Figure 3. The increased PSI/(PSI + 
PSII) excitation ratio upon transition to state 2 is reversed 
when state-1 conditions are applied. These results show 
that state transitions can be successfully induced under the 
microscope and that it is possible to follow the changes in 
a single chloroplast.

Evaluating state transitions at the single chloroplast 
level
The FLIM-based method allows to assess the PSI/(PSI + PSII) 
excitation ratio and the overall thylakoid organization in folio 
with sub-micrometer resolution. WT and STN7 leaves were 
illuminated with far-red, state-1-inducing light and a chloro-
plast was imaged. Then, while the chloroplast was still in the 

Figure 1 Absorption of photosystems and lamp spectra. Intensity spectra of the far-red (λmax = 705 nm) and blue lamp (λmax = 467 nm) used in the 
experiments to induce state 1 and state 2, respectively, PSI and PSII (C2S2M2) absorbance spectra (normalized to their Qy maximum), and PSI/(PSI + 
PSII) absorbance ratio spectrum.

Figure 2 PSI/(PSI + PSII) excitation ratio of WT and STN7 leaves of Arabidopsis measured using FLIM. The leaves were imaged in state 1 and state 2 at 
various excitation wavelengths. The measurements are displayed in a boxplot. The middle line gives the median of the data. The values inside the box 
represent 50% of the measured data, and the whiskers together with the box comprise 95% of the measured values; number of chloroplasts imaged 
per condition is 9. The circles that remain are the outliers. State 1 and state 2 are significantly different in WT at all measured excitation wavelengths 
with a P-value of the Student’s t test of P < 0.001.

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac561#supplementary-data
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focus of the microscope objective, the leaf sample was illumi-
nated for 8 minutes with blue light, and the same chloroplast 
was imaged again (Figure 3).

Figure 3, A and B shows the PSI/(PSI + PSII) excitation ratio 
(A) and the fluorescence intensity (B) of the same 

chloroplast in state 1 and state 2 from WT and STN7 plants. 
The grana stacks show up as bright spots in the fluorescence 
intensity images, while the stroma lamellae show up as dimly 
fluorescent areas in between (Gunning and Schwartz, 1999; 
Kim et al., 2015). As a guide to the eye, a selection of grana 

Figure 3 Fluorescence lifetime images of WT and STN7 Arabidopsis plants in state 1 and state 2. A, The PSI/(PSI + PSII) excitation ratio. B, The fluor-
escence intensity. C, Histogram with the PSI/(PSI + PSII) excitation ratios and their counted pixel frequency are shown. In the rows from top to 
bottom, state 1 and state 2 from WT and state 1 and state 2 from STN7 are shown. The crosses mark the grana stacks that can be found on 
the fluorescence intensity image of state 1. The same crosses are displayed on the PSI/(PSI + PSII) excitation ratio images and fluorescence intensity 
image of state 2. Because of chloroplast movement in between the measurements, the markers had to be rotated 7 degrees for WT, to fit the fluor-
escence intensity and PSI/(PSI + PSII) excitation ratio images of state 2. To avoid fitting noise, the background fluorescence signal (typically 10% of 
the maximum fluorescence intensity) was removed.
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is indicated with cross markings in state 1. The marks are 
shown at the same position in the PSI/(PSI + PSII) excitation 
ratio image. As expected, the grana stacks show a lower PSI/ 
(PSI + PSII) excitation ratio, compared with the stroma lamel-
lae membranes located in between, in agreement with the 
enrichment of PSII in the grana and PSI in the stroma lamel-
lae and with earlier observations (Wientjes et al., 2017). The 
cross markings are also shown in the state 2 chloroplast. The 
chloroplasts moved slightly during the 8 minute 
state-2-inducing illumination period. To correct for the dis-
placement the markings had to be shifted in the x, y plane 
and in the case of WT also rotated by 7 degrees. However 
the position of the cross markings relative to each other is 
the same as in state 1. From the images of the WT chloroplast 
(Figure 3 and Supplemental Figure 4 for more examples), it is 
clear that more energy is transferred to PSI in state 2 than in 
state 1, both in the stroma lamellae as well as in the grana. 
This is supported by the PSI/(PSI + PSII) excitation ratio dis-
tribution histogram of the pixels (Figure 3C) from the images 
in Figure 3A, which shows a shift to higher ratios upon state 2 
induction. For the WT chloroplast, the average PSI/(PSI + 
PSII) excitation ratio was 0.45 for state 1 and 0.58 for state 2 
(λex = 488 nm). On the other hand, the STN7 chloroplast 
shows a comparable energy distribution for both states, 
with an average PSI/(PSI + PSII) excitation ratios of 0.42 for 
state 1 and 0.42 for state 2 illumination conditions. From 
these results, it can be concluded that the observed redistri-
bution of excitation energy in the WT chloroplasts is caused 
by the state 1 to state 2 transition.

The thylakoid macro-organization is largely 
unaffected by state transitions
To investigate the effect of state transitions on the thylakoid 
macro-organization, WT chloroplasts were imaged in folio in 
state 1, illuminated for 8 minutes with blue light and next im-
aged in state 2. The PSI/(PSI + PSII) excitation ratio images 
show that the state 1 and state 2 were successfully induced 
(Supplemental Figure 4). Due to chloroplast movement, it 
was only possible to image the same chloroplast after the 
8 minute state-2-inducing light treatment in roughly 30%– 
40% of the cases. If the chloroplasts move in the imaging 
plane or in the z-direction, it is possible to correct for this 
and the two states can be compared. However, when the 
chloroplasts rotate such that a side view instead of a top 
view is observed, it is impossible to compare the thylakoid or-
ganization between the two states. As chloroplast movement 
in Arabidopsis is a blue light response (Kagawa et al., 2001; 
Sakai et al., 2001), we also used red (λmax = 650 nm) light 
to induce state 2 and used 514 nm excitation for imaging. 
However, the chloroplasts still moved, and therefore we 
decided to keep on using blue light to induce state 2. In 
Figure 4A, the confocal images of four WT chloroplasts in 
state 1 and state 2 are shown. In Figure 4B, a selection of 
grana is marked with crosses to facilitate the comparison 
of the thylakoid organization in the two states. These images 

have been corrected for rotations and translations that oc-
curred during the illumination period. The original images 
are reported in Supplemental Figure 4. More examples of 
chloroplasts brought from state 1 to state 2 with blue or 
red light, and from state 2 to state 1 with far-red light, are 
shown in Supplemental Figure 5. The fluorescence images 
show that the grana locations are very similar in state 1 
and state 2. This qualitative result demonstrates that the 
overall thylakoid macro-organization, e.g. the location of 
the grana stacks, is not required for state transitions and in 
fact does not occur as far as we can see.

Discussion
State transitions
Since the 1980s, state transitions in plants have been exten-
sively investigated (Andersson and Anderson, 1980; Larsson 
et al., 1987; Bassi et al., 1988; Allen, 1992; Rochaix, 2014; 
Goldschmidt-Clermont and Bassi, 2015). Most studies have 
been performed at the leaf level or on fixed or isolated chlor-
oplasts. Instead, in vivo studies at the chloroplast level are 
limited (Kim et al., 2015; Iwai et al., 2018) and absent at 
the single thylakoid level. As such, conclusions on changes 
in the thylakoid macro-organizations are based on ensemble 
averages and have never been observed directly. In this study, 
several aspects of the state-transition mechanism are investi-
gated. First, we use a FLIM-based imaging method (Wientjes 
et al., 2017) for in folio quantification of the wavelength 
dependent photosystem excitation energy distribution in 
state 1 and state 2. Next, we used the same method to inves-
tigate changes in the photosystem excitation-energy distri-
bution at the sub-micrometer level in a single chloroplast. 
Finally, we investigated the effect of state transitions on 
the thylakoid macro-organization.

How do state transitions change the photosystem 
energy distribution?
The wavelength dependence of the excitation balance be-
tween PSI and PSII has been studied before (Hogewoning 
et al., 2012; Laisk et al., 2014). However, its dependence on 
state transitions has not been reported yet. Here, we obtained 
the energy distribution between PSI and PSII in state 1 and 
state 2 in Arabidopsis for a range of excitation wavelengths. 
Next to WT plants, STN7-deficient (STN7) plants, locked in 
state 1, were investigated. For WT state 1 (and STN7) plants, 
PSII was strongly overexcited with 475, 488, 560, 590, and 
650 nm light, PSI was overexcited with 514 nm light, while 
about equal PSI:PSII excitation was observed with 633 and 
665 nm light. This is in good agreement with the results 
in (Hogewoning et al., 2012) in which the excitation ratio 
was calculated based on in vivo measurements on cucumber 
(Cucumis sativus) plants grown under a white light spectrum.

Often state transitions are quantified based on pulsed amp-
litude modulation chlorophyll fluorescence measurements 
after excitation with a single excitation wavelength. The 

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac561#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac561#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac561#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac561#supplementary-data
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extent of state transitions is given by qT. The qT parameter 
provides a measure for the change in PSII antenna size based 
on the maximal fluorescence in state 1 and state 2 (Ruban and 
Johnson, 2009), qT = (FM′-state-1—FM′-state-2)/FM′-state 1, with FM′ 
the maximal fluorescence from a light-adapted leaf. The values 
reported for qT for WT Arabidopsis range from 0.08 to 0.13 
(Damkjaer et al., 2009; Wientjes et al., 2013; Benson et al., 
2015; Bressan et al., 2018; Sattari Vayghan et al., 2022). To com-
pare the qT values with our measurements, we need to calcu-
late the change in PSII antenna size based on the PSI/(PSI + PSII) 
excitation ratio. We take the 633 nm excitation data as an ex-
ample. For state 1, the PSI/(PSI + PSII) excitation ratio was 0.5, 
increasing to 0.56 for state 2. This equates to a 1:1 PSI:PSII an-
tenna size for state 1 and an 1.12:0.88 PSI:PSII antenna size 
for state 2, giving a qT value of 0.12. The average qT value of 
the eight excitation wavelengths was 0.13 ± 0.03. Overall our 
data agrees reasonably well with the range of qT values re-
ported before.

The qT value only quantifies changes in the PSII antenna 
size, while state transitions provide a mechanism to adjust 
the PSI:PSII excitation balance. Our study shows that for 
the WT Arabidopsis plants grown under white light, PSII is 

overexcited at most of the tested wavelengths under state 
1 conditions, while this shifts to PSI overexcitation under 
state 2 conditions. This suggests that during evolution 
Arabidopsis has optimized its antenna system aiming to 
keep the PSI:PSII excitation energy ratio around unity.

Where do state transitions take place?
At present, at least three models have been proposed that ex-
plain the redistribution of excitation energy between PSI and 
PSII during state transitions. (1) LHCII migrates between the 
stroma lamellae and the grana stacks, to associate with, re-
spectively, PSI or PSII (Kyle et al., 1983; Larsson et al., 1983, 
1987; Bassi et al., 1988). (2) In state 2 PSII, LHCII and PSI mi-
grate to the grana margins and form PSII-LHCII-PSI mega-
complexes that increase energy transfer to PSI at the cost 
of PSII (Tikkanen et al., 2008; Jarvi et al., 2011; Mekala et al., 
2015). (3) PSI, LHCII, and PSII are energetically connected in 
the grana margins in both states; however, LHCII phosphoryl-
ation in state 2 enhances the interaction required for efficient 
energy transfer to PSI (Tikkanen et al., 2008; Grieco et al., 2015).

Here, we present a confocal microscopy–based method 
to image the state-transition induced change of the 

Figure 4 Fluorescence images of WT Arabidopsis chloroplasts in state 1 and state 2. A, Fluorescence intensity image of individual WT chloroplasts 
imaged first in state 1 and next in state 2. State 2 was induced by 8 minutes illumination with blue light. B, As in (A), but with crosses indicating the 
bright fluorescence of grana stacks. Individual chloroplast images were digitally extracted for comparison. The scale bar is the same for all images. The 
contrast and signal to noise ratio of chloroplast WT3 and WT4 was enhanced with HyVolution software of Leica, while chloroplasts WT1 and WT2 
are displayed without enhancement. The high similarity between the fluorescence distribution of the same chloroplast in state 1 and state 2 shows 
that the overall thylakoid macro-organization is largely unaffected by state transitions.
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PSI/(PSI + PSII) excitation ratio and thylakoid organization in 
a single chloroplast within a leaf. This noninvasive method al-
lows for near-native measurement conditions. The lateral (x, 
y plane) resolution of confocal microscopy is ≤220 nm, while 
the radial (z-direction) resolution is ≤600 nm. The grana 
disks have a width ranging from 300 to 600 nm and are typ-
ically composed of 2–15 membrane stacks with a repeat dis-
tance of ≤20 nm, adding up to a height of 40–300 nm 
(Dekker and Boekema, 2005; Shimoni et al., 2005; 
Armbruster et al., 2013; Wood et al., 2019; Li et al., 2020; 
Sattari Vayghan et al., 2022). The stroma lamellae are 
wrapped around the grana and are separated by 
60–100 nm (Shimoni et al., 2005; Bussi et al., 2019). The lat-
eral resolution allows to discriminate between individual 
grana stacks. However, in the axial z-direction, grana and 
stroma lamellae membranes are not well resolved. As a con-
sequence, the typical measured PSI/(PSI + PSII) excitation ra-
tios ranged from around 0.25 in the grana to 0.55 in the 
stroma lamellae (Figure 3, Stn7) for 488 nm light. Instead, a 
value of 0 would be expected in the grana core and close 
to 1 for the stroma lamellae when both membrane fractions 
would be fully resolved (Andersson and Anderson, 1980; 
Wietrzynski et al., 2020). Despite this limitation in resolution, 
clearly different PSI/(PSI + PSII) excitation ratios are mea-
sured for the two membrane fractions and valuable informa-
tion on changes in the excitation energy distribution can be 
acquired.

Figure 3 and Supplemental Figure 4 show that, relative to 
state 1, in state 2, the PSI excitation is enhanced in both the 
grana and the stroma lamellae. This is in line with model 1. 
In state 2 LHCII leaves the grana, resulting in relative less PSII 
excitation and thus relatively more PSI excitation. The LHCII 
moved to the stroma lamellae to harvest energy for PSI and 
thus increasing the PSI excitation in this membrane frac-
tion. This is in agreement with previous findings showing 
an increased number of LHCII complexes in state 2 stroma 
lamellae membranes (Kyle et al., 1983; Larsson et al., 1983; 
Staehelin and Arntzen, 1983; Bressan et al., 2018; 
Schiphorst et al., 2021). For model 2, the migration of PSI, 
LHCII, and PSII to the grana margins, an increase in relative 
PSI excitation would be expected for the grana as PSII is 
leaving, but in contrast to the results, a decrease in PSI ex-
citation would be expected in the stroma lamellae as the PSI 
concentration is decreasing in this membrane fraction. 
Model 3 predicts that in state 2 more energy would be 
transferred to PSI in the grana margins at the cost of energy 
transfer to PSII in the grana and grana margins, while no 
changes in the stroma lamellae are expected. Our data in-
deed shows an increase in energy transfer to PSI in the grana 
and grana margins (which are not resolved at diffraction 
limited resolution). However, our data also shows an in-
crease in energy transfer to PSI in the stroma lamellae, 
which is not in agreement with model 3. In summary, our 
data is in agreement with the theory that LHCII relocates 
between the grana and stroma lamellae during state 
transitions.

What is the effect of state transitions on the thylakoid 
macro-organization?
Grana stacking depends on a delicate balance between attract-
ive and repulsive forces (Barber et al., 1980; Puthiyaveetil et al., 
2017). The phosphorylation of LHCII in state 2 adds negative 
charge to LHCII and has been proposed to alter the grana or-
ganization (Barber, 1982). Based on ensemble measurements it 
was concluded that the thylakoid organization changes after 
several minutes up to 2 hours of exposure to light of different 
colors or intensity (Rozak et al., 2002; Chuartzman et al., 2008; 
Anderson et al., 2012; Pietrzykowska et al., 2014; Iwai et al., 
2018; Wood et al., 2018, 2019). Relative to state 1 conditions, 
state 2 shows: 35%–40% less membranes per grana stack 
(Pietrzykowska et al., 2014; Wood et al., 2018, 2019), 10%– 
30% more grana stacks per chloroplast (Wood et al., 2018; 
Wood et al., 2019), and an 15%–35% smaller grana diameter 
(Iwai et al., 2018; Wood et al., 2018, 2019). As the thylakoid 
membrane is a tightly interconnected system, changes of 
this order of magnitude would result in a large overall reorgan-
ization of the thylakoid macrostructure within a single 
chloroplast.

Our confocal microscopy images allow to visualize the 
thylakoid macro-organization in a single chloroplast under 
state 1 and state 2 conditions, while the FLIM data provides 
the evidence that the respective state was indeed successfully 
induced. Visual inspection of the data presented in Figure 3, 
Figure 4 and Supplemental Figure 5 shows that the grana lo-
cations are largely unaffected by the state 1 to state 2 tran-
sition. This means that there are no major changes in the 
number of grana stacks per thylakoid. Furthermore, it can 
be hypothesized that the number of membranes per grana 
stack remains the same, as it seems unlikely that this number 
can change without an overall reorganization of the inter-
twined 3D thylakoid membrane architecture. However, the 
lateral resolution of confocal microscopy is too low to visual-
ize this. A super-resolution in vivo imaging method, which 
can resolve the number of membranes per grana stack, is re-
quired to proof or falsify this hypothesis. Changes in the 
grana diameter cannot be excluded based on these measure-
ments, as the resolution of our in folio confocal microscopy 
experiment does not allow to resolve small changes in the 
granum diameter. In fact, a small decrease in the granum 
diameter is expected as the PSII antenna size decreased by 
about 12% in state 2, which is ascribed to the migration of 
LHCII from the grana to the stroma lamellae. If 70%–80% 
of the granum surface is protein and we assume that this is 
mostly PSII-LHCII, then a simple calculation tells us that in 
state 2 the area is expected to decrease with ≤0.7 × 0.12 × 
100% = 8.4% to 91.6% of the state 1 value. The area scales 
with the diameter squared, and as such, based on the de-
creased LHCII content, the granum diameter in state 2 is ex-
pected to be ≤96% that of state 1. Changes in the grana 
swelling and the grana stacking interactions might cause 
additional changes in the grana diameter (Barber et al., 
1980; Puthiyaveetil et al., 2017; Li et al., 2020).

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac561#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac561#supplementary-data
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What is causing the discrepancy between our data, show-
ing no change in the number of grana stacks per chloroplast 
between state 1 and state 2, and previous results that showed 
a larger number of grana stacks in state 2? An important fac-
tor might be the illumination time used to induce a state. 
While the state 1 to state 2 transition is completed in about 
8 minutes and the reverse in 12 minutes (Damkjaer et al., 
2009), several studies use an illumination time of 1–2 hours 
(Pietrzykowska et al., 2014; Iwai et al., 2018; Wood et al., 
2018). Wood et al. have shown that the change in thylakoid 
organization occurs on a longer timescale than state transi-
tions (Wood et al., 2019). Taken together, this could indicate 
that state transitions have been mistakenly associated with 
an overall change in the thylakoid architecture, while instead 
slower processes must be responsible for the thylakoid archi-
tectural reorganization.

Conclusions
In this work, we visualize the difference in energy distribution 
between PSI and PSII as a consequence of state transitions in 
Arabidopsis. We determine how state transitions redistribute 
the excitation energy between PSI and PSII. Imaging state 
transitions in single chloroplasts indicates that the molecular 
mechanism that drives the excitation energy redistribution is 
the relocation of LHCII between the grana stacks and the 
stroma lamellae membranes. Our data shows that the grana 
macro-organization is largely retained during state transi-
tions. The described single chloroplast in folio imaging meth-
od is a promising addition to the toolbox for elucidating how 
plants adapt their photosynthetic machinery to cope with 
everchanging light conditions.

Materials and methods
Plant material
Arabidopsis (Arabidopsis thaliana; Columbia ecotype) WT 
and STN7-deficient (STN7) plants (SALK_073254) 
(Bellafiore et al., 2005) were grown in a growth chamber 
(Hettich Benelux, PRC 1200 WL) with photoperiod 8 hours 
with intensity 125 µmol photons m−2 s−1 of white LED light, 
a relative humidity of 60% and temperature of 22°C during 
the night and 24°C during the day. Plants of 3–4 weeks 
were used for the experiments.

Confocal FLIM measurements
Microscope slides were prepared with leaves in the imaging 
buffer: 0.3 M sorbitol, 20 mM tricine (pH 7.7), 5 mM 
MgCl2, 2.5 mM EDTA, and 10 mM NaHCO3. The measure-
ments were performed on a confocal Leica TCS SP8 system 
using a pulsed White Light Laser (Leica Microsystems). The 
laser intensity ranged from 0.07 to 0.24 µW as indicated in 
the text. A 63 × 1.2 NA water immersion objective was 
used, the laser repetition rate was 40 MHz and the scan 
rate was 100 Hz. The fluorescence was recorded by two de-
tectors. Detector 1 (fluorescence wavelengths from 675 to 

685 nm) was used in photon-counting mode for the fluores-
cence intensity images. Detector 2 (fluorescence wavelengths 
from 710 to 750 nm) was coupled to a time-correlated single 
photon counting module (Becker & Hickl GmbH, Berlin, 
Germany), with 32 ps/channel. Each image was recorded 
for 30 seconds. During the experiments, different excitation 
wavelengths (λex): 475, 48, 514, 561, 594, 633, 650, and 
665 nm, were used, all at laser power 0.12 µW. The image 
size was 9.2 µm × 9.2 µm with 128 × 128 pixels or 256 × 256 
pixels. FLIMfit (Imperial College, London) (Warren et al., 
2013) was used to fit the fluorescence decay kinetics. A bin-
ning of 3 was used, such that for every pixel the surrounding 
pixels in a 7 × 7 array are combined, thus greatly improving 
the signal to noise ratio. The instrument response function 
was recorded with pinacyanol chloride (Exciton) in methanol 
(Sigma-Aldrich) (van Oort et al., 2008).

Chloroplasts located close to the leave surface were se-
lected for the measurement to minimize reabsorption of 
the emitted fluorescence. The PSI/(PSI + PSII) absorption ra-
tio was determined from the fitted fluorescence decay data 
of detector 2 (710 nm—750 nm emission) as described in 
earlier work (Wientjes et al., 2017). In short, the fluores-
cence decay was fitted with three lifetimes, according to 
Equation 1.

F(t) = a1 × exp −
t
τ1

 

+ a2 × exp −
t
τ2

 

+ a3

× exp −
t
τ3

 

(1) 

In Equation 1, the amplitudes a1, a2, and a3 give the normal-
ized (a1 + a2 + a3 = 1) contributions of the fluorescence cor-
responding to lifetimes τ1, τ2, and τ3. The shortest lifetime 
(τ1) of ≤100 ps is ascribed to PSI, while the two other life-
times (τ2 and τ3) are in the ns-range and are ascribed to 
PSII. The amplitude of the ≤100 ps PSI lifetime (a1) depends 
on the fraction of PSI excitation (fPSI = PSIexcitation

PSIexcitation+PSIIexcitation
), 

the emission spectra of PSI and PSII, the wavelength de-
pendent detector sensitivity, and the detection wavelength 
range, according to Equation 2.

a1 =
fPSI × PSI

fPSI × PSI + (1 − fPSI)∗PSII
(2) 

With PSI = λend
λbegin

PSI emission × detector sensitivity dλ and 

PSII = λend
λbegin

PSII emission × detector sensitivity dλ, in which 
PSIemission and PSIIemission refer to the emission spectra of PSI 
and PSII, normalized to their total area under the spectra, 
detector sensitivity refers to the wavelength dependent sen-
sitivity of the detector and λbegin-end to the range of emis-
sion light that is detected. To measure the detector 
sensitivity, spectra of Atto 594 (Atto-Tec GmbH) dissolved 
in dimethyl sulfoxide (Sigma-Aldrich) recorded on a 
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Fluorolog 3.22 spectrofluorimeter (Jobin Yvon-Spex) and on 
the Leica TCS SP8 were compared. The PSI and PSII emission 
spectra and the detector sensitivity are reported in 
Supplemental Figure S6.

Based on Equation 2, it follows that the PSI/(PSI + PSII) ex-
citation ratio ( fPSI) is given by Equation 3. In which PSI and 
PSII are described above and a1 is the measured amplitude 
of the ≤100 ps lifetime.

fPSI =
PSII

PSI
a1

− PSI + PSII
(3) 

Laser intensity—For the analysis of the fluorescence decay data, 
it is essential that the PSII fluorescence lifetime is far longer than 
100 ps, so it can be easily separated from the quickly decaying 
≤100 ps PSI fluorescence lifetime. To achieve this, the reaction 
centers of PSII should be closed by the laser used in the experi-
ments. However the laser intensity should not activate nonpho-
tochemical quenching, nor lead to annihilation or PSII damage. 
To select the laser intensity that fulfills these requirements, 
the fluorescence decay kinetics of a dark-adapted leaf was com-
pared with that of an DCMU infiltrated leaf (50 µM DCMU 
(3-(3,4-dichlorophenyl)-1,1-dimethylurea, Sigma-Aldrich). DCMU 
assures that the PSII reaction centers are closed even under 
very low light conditions. The fluorescence was recorded 
from 710 to 750 nm after 488 nm excitation. Laser intensities 
of 0.07 µW, 0.12 µW, 0.17 µW, 0.24 µW, 0.30 µW and then 
again 0.07 µW were used. The fluorescence decay kinetics was 
recorded for 10 seconds per measurement. The laser power 
of 0.07 µW was measured again to verify that no permanent 
damage had occurred during the measurements with higher la-
ser power.

State transitions
To investigate the effect of state transitions on the wavelength- 
dependent PSI/(PSI + PSII), excitation energy distribution state 
transitions were induced on WT plants, and the same illumin-
ation conditions were used on STN7 plants that cannot per-
form state transitions and were permanently in state 1. For a 
minimum of 30 minutes, three WT and three STN7 plants 
were acclimated to 78 µmol photons m−2 s−1 of far-red light 
(λmax = 706 nm) to induce state 1. The same number of 
plants was exposed to 50 µmol photons m−2 s−1 of blue light 
(λmax = 467 nm) to induce state 2 in WT plants. From WT and 
STN7, three leaves originating from three different plants per 
light treatment were measured. Each leaf was imaged using 
various excitation wavelengths. For all excitation wavelengths, 
three individual chloroplasts were imaged per leaf.

To assess the reversibility of the state transitions process 
for leaf sections placed under the microscope, a WT and a 
STN7 plant were illuminated for 12 minutes with 78 µmol 
photons m−2 s−1 of far-red light (state 1 condition). Three 
chloroplasts were imaged (size of image 9.2 µm × 9.2 µm), 
and next the leaf sample on the microscope slide was illumi-
nated for 30 minutes with 25 µmol photons m−2 s−1 of blue 

light (λmax = 467 nm, state 2 condition), and three chloro-
plasts were imaged. The blue light was kept on during the 
measurement. Next, state 1 was induced again with 
40 µmol photons m−2 s−1 of far-red light for 15 minutes, 
whereafter three other chloroplasts were imaged.

For measurements on the same chloroplast in state 1 and 
state 2, the WT and STN7 plants were illuminated for 30 min-
utes with 78 µmol photons m−2 s−1 of far-red light (state 1 
condition). Next, the FLIM image was recorded in one 
chloroplast at excitation wavelength λex = 488 nm. Then, 
state 2 was induced by illumination with 25 µmol photons 
m−2 s−1 of blue light for 8 minutes. Afterwards, another im-
age was recorded upon excitation with 488 nm light. To 
evaluate the reversibility of the induced state transitions, 
one chloroplast from a WT plant was imaged a third time 
after 30 minutes of dark adaptation to induce state 1.

Statistical analysis
For statistical analysis, two-tailed independent sample t tests 
were used.

Accession numbers
Sequence data from this article can be found in the 
GenBank/EMBL data libraries under accession number 
AT1G68830 (STN7).

Data availability
The data underpinning this study can be found at doi 
10.4121/20473863.

Supplemental data
The following materials are available in the online version of 
this article.

Supplemental Figure S1. Effect of laser intensity.
Supplemental Figure S2. Photosystem I/(Photosystem I + 

Photosystem II) (PSI/(PSI + PSII)) excitation ratio of wild type 
(WT) and STN7 samples brought to state 1, then to state 2 
and again back to state 1.

Supplemental Figure S3. Photosystem I/(Photosystem I + 
Photosystem II) (PSI/(PSI + PSII)) excitation ratio and fluores-
cence intensity images of the same chloroplast from WT 
Arabidopsis which is first brought to state 1, then to state 
2 and again to state 1.

Supplemental Figure S4. Photosystem I/(Photosystem I + 
Photosystem II) (PSI/(PSI + PSII)) excitation ratio and fluores-
cence intensity images of WT chloroplasts which are first 
brought to state 1 and next to state 2.

Supplemental Figure S5. Fluorescence intensity images of 
WT chloroplasts in state 1 and state 2.

Supplemental Figure S6. Spectra used to calculate the 
PSI/(PSI + PSII) excitation ratio based on the ∼100 ps ampli-
tude of the thylakoid fluorescence decay kinetics.
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