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Abstract
Photosynthesis powers nearly all life on Earth. Light absorbed by photosystems drives the conversion of water and carbon
dioxide into sugars. In plants, photosystem I (PSI) and photosystem II (PSII) work in series to drive the electron transport
from water to NADP + . As both photosystems largely work in series, a balanced excitation pressure is required for optimal
photosynthetic performance. Both photosystems are composed of a core and light-harvesting complexes (LHCI) for PSI
and LHCII for PSII. When the light conditions favor the excitation of one photosystem over the other, a mobile pool of trimeric LHCII moves between both photosystems thus tuning their antenna cross-section in a process called state transitions. When PSII is overexcited multiple LHCIIs can associate with PSI. A trimeric LHCII binds to PSI at the PsaH/L/O site
to form a well-characterized PSI–LHCI–LHCII supercomplex. The binding site(s) of the “additional” LHCII is still unclear, although a mediating role for LHCI has been proposed. In this work, we measured the PSI antenna size and trapping kinetics
of photosynthetic membranes from Arabidopsis (Arabidopsis thaliana) plants. Membranes from wild-type (WT) plants
were compared to those of the DLhca mutant that completely lacks the LHCI antenna. The results showed that
“additional” LHCII complexes can transfer energy directly to the PSI core in the absence of LHCI. However, the transfer is
about two times faster and therefore more efficient, when LHCI is present. This suggests LHCI mediates excitation energy
transfer from loosely bound LHCII to PSI in WT plants.

Introduction
In oxygenic photosynthesis photosystems I (PSI) and PSII
work in series to oxidize water and reduce NADP + . Both
photosystems are composed of a core complex, which comprises the reaction center (RC) and the electron transport

chain, and an outer light-harvesting (antenna) system
(Blankenship, 2014; Croce and van Amerongen, 2020). In
vascular plants the outer antenna of PSI, light-harvesting
complex I (LHCI), is composed of four Lhca complexes,
called Lhca1-4 (Knoetzel et al., 1992; Jansson et al., 1997;
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same for State 2. Under most of the light regimes usually experienced by plants, part of the “extra” LHCII pool is phosphorylated and enlarges the PSI antenna in the PSI–LHCI–
LHCII supercomplex, thus resulting in a “partial” State 2
(Tikkanen et al., 2008; Wientjes et al., 2013). Yet, illuminating
the leaves with light that specifically overexcites PSII e.g.
470-nm or 650-nm light (Hogewoning et al., 2012), leads
to a more “extreme” State 2.
Besides the association of one LHCII trimer with PSI in
State 2, several reports indicate that unphosphorylated (digitonin sensitive) LHCII can function as PSI antenna in State 1
(Benson et al., 2015; Bressan et al., 2018; Bos et al., 2019)
and that more than one LHCII complex can increase the PSI
absorption cross section (Bassi and Simpson, 1987;
Andreasson and Albertsson, 1993; Jansson et al., 1997; Bell
et al., 2015; Benson et al., 2015; Grieco et al., 2015; Bos et al.,
2017, 2019; Bressan et al., 2018; Chukhutsina et al., 2020). As
mutant plants devoid of specific Lhcas also show impaired
state-transitions, it has been suggested that these
“additional” non-PsaH/L/O binding LHCII trimers transfer
energy to the LHCI-site of PSI–LHCI (Benson et al., 2015).
However, a subsequent study on DLhca Arabidopsis
(Arabidopsis thaliana) plants, that lack all four Lhca antennas, showed that the thylakoid architecture of these plants
is substantially modified with respect to the WT. It was concluded that the altered thylakoid organization makes the
chlorophyll fluorescence analysis of state transitions problematic (Bressan et al., 2018). As such, it is at present not
clear if the “additional” LHCII trimers indeed transfer their
excitation energy to the LHCI site of PSI–LHCI, let alone
how fast and efficient this energy transfer is.
In this work, we investigate the role of LHCI in mediating
the energy transfer from LHCII to PSI in the stroma lamellae
membranes. To this end, we compared the PSI antenna size
and excitation energy transfer and trapping in State 1 versus
State 2 membranes from wild-type (WT) and DLhca A.
thaliana plants.

Results
State transitions and changes of the PSI antenna
size
In order to investigate the role of LHCI in state transitions,
we analyzed thylakoids purified from detached leaves of WT,
DLhca, and Stn7DLhca plants after illumination of 45 min
with far-red light (State 1) or orange light (State 2), in order
to overexcite, respectively, PSI and PSII. Thylakoids from
these plants were isolated and the chlorophyll a/b ratio was
measured (Table 1). The chlorophyll a/b ratio of the WT
and mutant plants were not affected by the 45-min light
treatment, indicating that the PSI/PSII ratio and LHCII/PSII
ratio did not change during the treatment. The thylakoids
were solubilized with digitonin and the supernatant was analyzed using native polyacrylamide gel electrophoresis
(PAGE; Figure 1). Digitonin is a mild detergent, which solubilizes the unstacked parts of the thylakoid membrane and
preserves the binding interaction between the P-Lhcb21–
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Jansson, 1999; Croce et al., 2002; Ben-Shem et al., 2003;
Wientjes and Croce, 2011). The light-harvesting cross-section
of the PSII core is enlarged by the monomeric CP24 (Lhcb6),
CP26 (Lhcb5), and CP29 (Lhcb4) and trimeric LHCII complexes (combinations of Lhcb1-3; Jansson et al., 1997;
Jansson, 1999). A special pool of LHCII trimers can associate
with either PSI or PSII based on the light conditions (Allen
et al., 1981; Bassi et al., 1988). PSI and PSII are both embedded in the thylakoid membrane, but their distribution is
very heterogeneous. PSII is mainly found in the stacked
grana membranes, while PSI is mainly located in the interconnecting unstacked stroma lamellae membranes
(Andersson and Anderson, 1980; Dekker and Boekema,
2005).
As PSI and PSII work in series, a balanced excitation distribution between the two photosystems is required for optimal photosynthetic efficiency. However, PSI and PSII have
different absorption spectra and during the day the light
spectral composition can change depending on the time of
the day and the position of the leaf in the canopy (Croce
and van Amerongen, 2014; Johnson and Wientjes, 2020). At
twilight, when the sun sets below the horizon, the ambient
light becomes relatively enriched with colors of shorter
wavelengths due to the increased amount of ozone absorption (Spitschan et al., 2016). Blue light of 460–490 nm is
more readily absorbed by PSII, thus resulting in overexcitation of this photosystem when it is in state 1. Instead, below
a canopy the blue and red part of the sun light is absorbed
by upper leaves and the spectrum is enriched in green and
far-red light. The red forms of PSI absorb the light above
700 nm, thus resulting in overexcitation of this photosystem
(Coombe, 1957; Hogewoning et al., 2012; Johnson and
Wientjes, 2020).
State transitions form the well-known acclimation mechanism that rebalances the excitation pressure on the photosystems by relocating LHCII between PSI and PSII (Allen,
2003; Rochaix, 2014; Goldschmidt-Clermont and Bassi, 2015).
When PSII is overexcited the STN7 kinase phosphorylates
the Lhcb2 isoform in the mobile pool of LHCII trimers
(Lhcb12Lhcb21). The STN7 phosphorylated LHCII complex
moves to PSI (State 2), where it binds to the PsaL/H/O site
of the PSI core and forms a digitonin-resistant PSI–LHCI–
LHCII complex (Bellafiore et al., 2005; Kouril et al., 2005;
Galka et al., 2012; Crepin and Caffarri, 2015; Longoni et al.,
2015; Pan et al., 2018). Instead, when PSI receives too much
excitation energy, the LHCII is dephosphorylated by the
TAP38/PPH1 phosphatase and moves to PSII (State 1; Pribil
et al., 2010; Shapiguzov et al., 2010). State transitions are essential for plant fitness and maintaining a proper photosynthetic efficiency (Lunde et al., 2000; Bellafiore et al., 2005;
Frenkel et al., 2007; Tikkanen et al., 2010; Taylor et al., 2019).
The nomenclature, State 1 and State 2, might give the impression that there are only two absolute states; however,
this is not the case. While State 1 can be described as the
condition where LHCII is not phosphorylated and digitonin
stable PSI–LHCI–LHCII complexes are absent, this is not the
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Table 1 PSI functional antenna size and chlorophyll a/b ratios of WT,
DLhca, and Stn7DLhca plants
WT

State 1
State 2

2.81 ± 0.11
2.84 ± 0.09

State 1, %
State 2, %

100 ± 5.6a
130 ± 7.5b

DLhca

Stn7DLhca

Chlorophyll a/b ratio
3.07 ± 0.04
2.75 ± 0.09
3.03 ± 0.08
2.78 ± 0.11
PSI functional antenna size
79 ± 5.4c
81 ± 6.6c
104 ± 5.8a
81 ± 4.7c

For the chlorophyll a/b ratio the standard deviation of three measurements is indicated. The PSI antenna size is based on the P700 oxidation kinetics and expressed as
percentage of the antenna size of WT State 1. The superscripts a–c indicate significantly different values (ANOVA, P 5 0.02), based on five repetitions per sample and
two biological replicates.

Lhcb12 trimer and the PsaH/L/O side of the PSI core (Zhang
and Scheller, 2004; Kouril et al., 2005; Galka et al., 2012; Pan
et al., 2018). After illumination with far-red light the PSI–
LHCI–LHCII complex is absent in WT plants, and the
PSIcore–LHCII complex is absent in DLhca plants. Instead, illumination with orange light resulted in the association of
LHCII to about 50% of the PSI–LHCI complexes in WT
plants. Almost all PSI was found in the PSIcore–LHCII complex of DLhca plants, in agreement with previous results
(Bressan et al., 2016). As expected, the PSIcore–LHCII complex was not observed in Stn7DLhca plants, which lack the
LHCII kinase required for the phosphorylation of Lhcb2–
Lhcb12. It can be concluded that State 1 and State 2 were
successfully induced in the WT and DLhca plants, while
Stn7DLhca plants were locked in State 1.
To evaluate the functional PSI antenna size in intact thylakoids, the P700 oxidation kinetics was followed by absorption spectroscopy (Figure 2 and Table 1). In State 1 the PSI
antenna size was 79% ± 5% for DLhca plants and 81% ± 7%
for Stn7DLhca plants, relative to 100% for WT State 1 plants.
The smaller PSI antenna size of DLhca plants is consistent
with the lack of LHCI in this mutant. Moving to State 2 increased the PSI antenna size by 30% ± 9% in the WT
(Table 1) and by 25% ± 8% in DLhca. The increase in antenna size of the DLhca plants is comparable to that of WT
plants, showing that LHCII is still capable of enlarging the
functional antenna size of PSI in the absence of LHCI. No
change in the antenna size is observed for Stn7DLhca plants,
as is expected in the absence of STN7.

Sodium dodecyl sulphate–PAGE analysis of stroma
lamellae membranes
In the stroma lamellae almost all the light is harvested by
PSI and its antenna, while PSII is only present at very low
levels (Andersson and Anderson, 1980; Bressan et al., 2018).
This membrane fraction is therefore not only suitable to investigate how many LHCII trimers per PSI are present, but
also to study how the energy transfers from these LHCII
complexes to PSI in the presence (WT) and absence
(DLhca) of the LHCI system. For WT and DLhca membranes
the content of Lhcb1 and Lhcb2, which are the major components of the LHCII trimer, is clearly increased in State 2
relative to State 1 membranes (Figure 3). In line with the

greater abundance of chlorophyll b-rich LHCII complexes in
State 2 membranes, the chlorophyll a/b ratio was decreased
compared to State 1 (Figure 3). The densitometric analysis
of the sodium dodecyl sulphate–PAGE (SDS–PAGE) was
used to quantify the number of LHCII trimers per PSI
(Table 2). In State 1, the PSI antenna systems were already
endowed with 0.6 ±0.1 LHCII trimers in WT, 0.6 ±0.1 LHCII
trimers in DLhca and 0.5 ±0.1 in Stn7DLhca. Upon going to
State 2, this ratio increased to 1.6 ±0.1 LHCII trimers/PSI in
the WT and 1.8 ±0.1 LHCII trimers/PSI in DLhca stroma lamellae. Based on the analysis of the native gel, we estimate
that roughly 0.5 LHCII trimers per PSI is associated at the
PsaH/L/O site of the core in the digitonin stable PSI–LHCI–
LHCII complex of WT State 2 thylakoids and almost 1 LHCII
in the digitonin stable PSIcore–LHCII complex of DLhca thylakoids. Assuming that this ratio is similar in stroma lamellae
it follows that roughly 1 digitonin-sensitive LHCII per PSI is
present in the WT and 0.8 LHCII per PSI in DLhca State 2
stroma lamellae. As expected virtually no change of LHCII
trimers per PSI was observed for the Stn7DLhca stroma lamellae between State 1 and State 2.

Excitation energy transfer and trapping in stroma
lamellae membranes
Time-resolved fluorescence measurements using a streakcamera setup allowed us to follow the fluorescence intensity
with picosecond time resolution as a function of emission
wavelength. A fast decay of the fluorescence from PSI generally means that the excitation energy is quickly transferred
to the RC, where it is trapped (Russo et al., 2020). The faster
the energy is trapped by the RC the lower the possibility
that the energy is lost by other competing processes and as
such the higher the quantum yield of the photosystem. The
fluorescence of PSI core complexes from plants decays in
20–25 ps (Slavov et al., 2008; Wientjes et al., 2011), which is
two orders of magnitude faster than the ns decay of the isolated Lhc antenna, indicating that the quantum yield of
charge separation is close to unity. The fluorescence lifetime
of PSI–LHCI is longer due to three reasons. First, the number
of chlorophyll a molecules per RC has increased, which leads
to a longer average migration time from the antenna chlorophylls to the RC (van Grondelle and Gobets, 2004; Broess
et al., 2006). Second, the probability that the excitation is located on the RC is lower for a larger antenna system, thus
increasing the trapping time (Broess et al., 2006). Third,
Lhca3 and Lhca4, which are part of LHCI, contain the socalled red-forms, chlorophylls that absorb light at longer
wavelengths (lower energy) than the RC. The slower up-hill
energy transfer from the red-forms to the RC further
increases the fluorescence lifetime (Jennings et al., 2003).
Nevertheless, the average lifetime of plant PSI-LHCI is only
50–60 ps (Croce et al., 2000; Ihalainen et al., 2005; Slavov
et al., 2008; van Oort et al., 2008; Wientjes et al., 2011; Croce
and van Amerongen, 2020), showing that its efficiency is still
over 98%.
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In order to investigate the role of LHCI in mediating energy transfer from LHCII to PSI, we performed streak-camera
fluorescence decay measurements on the WT and DLhca
stroma lamellae membranes. In Figure 4A, the fluorescence
intensity is depicted by the color scale, the vertical axis
shows the time and the horizontal axis the wavelengths.
Along the horizontal axis, one can see how the fluorescence
spectrum changes at different time points after the excitation; as an example the white dashed line shows the average
fluorescence spectrum from 70 to 90 ps after the laser pulse
(indicated by the white dashed box). This spectrum of WT
State 1 stroma lamellae membranes shows a strong shoulder
around 715 nm, typical for PSI–LHCI. In WT State 2 membranes, the intensity of the peak at 680 nm is increased, in
agreement with the increased LHCII content. In the DLhca
membranes the shoulder around 715 nm is absent due to
the lack of the red forms of Lhca3 and Lhca4 (Croce et al.,
2002). Along the vertical axis, the fluorescence intensity is
followed over time. As an example, Figure 4, B and C shows
the fluorescence decay traces of the WT and DLhca membranes at 682 nm and 715 nm. In WT stroma lamellae
membranes, the fluorescence decay around 715 nm is slower
than around 682 nm, which can be readily explained by the
slow up-hill energy transfer from the red forms (around 715
nm) to the bulk chlorophylls (around 682 nm; Jennings
et al., 2003; Wientjes et al., 2011; Wientjes et al., 2011).

Instead the decay kinetics are almost independent of the
wavelengths for the DLhca membranes. Increasing the PSI
antenna size with LHCII in State 2 slows down the fluorescence decay kinetics in both WT and DLhca membranes,
showing that it takes on average more time to transfer the
excitation energy to the RC.
To make a quantitative comparison of the excitation energy transfer and trapping kinetics the data are described
with decay-associated spectra (DAS). For each wavelength
the fluorescence decay is described with a sum of exponentials: FðtÞ ¼ a1 et=s1 þ a2 et=s2 þ   , in which the lifetimes
(s) are the same for each wavelength and the amplitudes
(an) are plotted as the DAS, showing how much each lifetime contributes to the fluorescence decay at that wavelength. In Figure 5, the DAS of the WT and DLhca stroma
lamellae after 400-nm excitation are compared to the decay
of isolated PSI–LHCI (from Bos et al., 2017) and PSI core
complexes (see “Materials and methods”). All samples have
a spectrum associated with a short 5 ps lifetime, with
both a maximum around 680–690 nm and a minimum
around 715 nm. This represents excitation energy equilibration between bulk chlorophylls a and the low-energyemitting chlorophylls a (red-forms) of the PSI core and especially of Lhca3 and Lhca4 (Wientjes and Croce, 2011). In
PSI–LHCI the fluorescence decays with two lifetimes, a 26-ps
component with a maximum at 680–690 nm and an 86-ps
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Figure 1 Organization of thylakoid pigment–protein complexes. Photosynthetic complexes from WT, DLhca, and Stn7DLhca were separated by
nondenaturing Blue native polyacrylamide gel electrophoresis (BN–PAGE) following solubilization of membranes with 0.1% a-DM + 0.5% digitonin. The composition of major green bands is indicated based on earlier work (Jarvi et al., 2011). St, State, C2S2M2, dimeric PSII core, with two
strongly (S) bound LHCII and two moderately (M) bound LHCII complexes, C2S2M, C2S2, C2S2M, C2S, and C2M accordingly.

Excitation energy transfer from LHCII to PSI

component with a red-shifted emission maximum of  715
nm. The WT State 1 stroma lamellae with 0.6 LHCII trimers
per PSI show increased emission around 680 nm in the 37ps and 121-ps DAS when compared with the 26-ps and 86ps DAS of isolated PSI–LHCI complexes. Indeed, an increase
in amplitude at 680 nm is expected as this is the emission
maximum of LHCII. Furthermore, all stroma lamellae DAS
show a 1 ns component with a maximum at 680 nm,
which is ascribed to PSII core complexes that are known to
be present in stroma lamellae membranes (Andersson and
Anderson, 1980). Upon transitioning to State 2 the number
of LHCII complexes per PSI increase to 1.6, this results in a
further relative increase in the DAS around 680 nm. The average PSI–LHCIIn fluorescence lifetime increases from 89 ± 8
ps in WT State 1 stroma lamellae membranes to 102 ± 4 ps
in State 2 (Table 3). The average increase in lifetime (State
2–State 1) is 14 ± 4 ps (Table 3), which can be ascribed to
the increase in antenna size with 1.1 LHCII trimers (Table 2).
This increase of the lifetime is due to the increased trapping
time plus the LHCII to PSI migration time (Broess et al.,
2006). Based on the absorption spectra and the number of
chlorophylls per complex the additional LHCIIs absorb 19%
of the light at 400 nm (Supplemental Figure S1). If all excitations would occur in LHCII the increase in lifetime would
have beenhttp://doi.org/ (van Oort et al., 2008), setting the
limit for the average time it takes to transfer excitation energy from the extra State 2 LHCIIs to PSI to a maximum of
74 ± 21 ps.
The fluorescence decay of the PSI core could be described
with one lifetime of 29 ps. A small 4 ns contribution was
also present, but this can be attributed to a contamination
of uncoupled light-harvesting complexes and/or free chlorophylls. In the DLhca State 1 stroma lamellae membranes the
PSI core antenna size is enlarged by 0.6 LHCII trimers. These
LHCII trimers contribute mainly to the new DAS with a

| 2245

Figure 3 Fractionation of thylakoid proteins by SDS–PAGE and chlorophyll a/b ratio of WT, DLhca, and Stn7DLhca stroma lamellae membranes. The region of the Lhcs and the PsaD PSI core polypeptides are
shown, as indicated in the figure. Contrast is enhanced for improved
clarity. St1, State 1; St2, State 2, Chl a/b, chlorophyll a/b ratio.

Table 2 Number of LHCII trimers per PSI in WT, DLhca, and
Stn7DLhca stroma lamellae membranes based on the SDS–PAGE gel
LHCII trimer/PSI

WT

DLhca

State 1
State 2
State 2–State 1

0.58 ± 0.08
1.64 ± 0.09
1.06 ± 0.12

0.55 ± 0.06
1.80 ± 0.11
1.25 ± 0.13

Stn7DLhca
0.53 ± 0.13
0.62 ± 0.12
0.1 ± 0.2

The standard deviation of four replicas from two biological samples is provided.

lifetime of 221 ps. In State 2, the shortest trapping lifetime
increases from 29 ps to 50 ps, clearly indicating that LHCII
influences this component. In addition, a 200-ps DAS
strongly contributes to the decay (Figure 5). In State 2,
DLhca membranes the LHCII/PSI ratio is increased by 1.3
LHCII trimers compared to State 1. The additional State 2
LHCII is responsible for 28% of the 400 nm light absorption.
The average lifetime of State 2 compared to State 1 membranes is 34 ± 4 ps longer (Table 3). It can thus be estimated
that the sum of the increased trapping time and the transfer
time from the additional LHCIIs to the PSI core is . The DAS
of State 1 and State 2 Stn7DLhca membranes look very similar to that of DLhca State 1 membranes, with a small increase in the amplitude of the 200 ps component in State
2 (Supplemental Figure S2).

Discussion
How fast and efficient does LHCII transfer energy to
PSI?
In recent years evidence accumulated which suggests that
LHCII operates as PSI antenna, not only in State 2, but also
in State 1 (Benson et al., 2015; Grieco et al., 2015; Bressan
et al., 2018; Bos et al., 2019; Chukhutsina et al., 2020). In this
work, we investigated how efficient LHCII transfers energy to
PSI in stroma lamellae membranes, with the emphasis on
the role of LHCI in mediating energy transfer from LHCII to
PSI. In DLhca membranes, devoid of LHCI, a decay component with a lifetime of 221 ps was attributed to LHCII in the
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Figure 2 Functional PSI antenna size in intact thylakoids. P700 oxidation kinetics of WT and DLhca thylakoids in State 1 and State 2 was
followed by absorption spectroscopy (k = 830–875 nm). The oxidation kinetics of Stn7DLhca thylakoids, in both far-red and orange
adapted leaves, overlapped with the DLhca State 1 thylakoids.
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Table 3 Average fluorescence lifetime of PSI–LHCII complexes in the
stroma lamellae
Average lifetime

WT

DLhca

Stn7 DLhca

State 1
State 2
State 1–State 2

89 ± 8 ps
102 ± 4 ps
14 ± 4 ps

67 ± 10 ps
93 ± 14 ps
34 ± 4 ps

75 ± 9 ps
90 ± 10 ps
15 ± 3 ps

The average fluorescence lifetimes were calculated based on the relative area of the
DASs colored red and blue in figure 5, whereas the 1 ns lifetime attributed to PSII
core fluorescence was not taken into account. The standard deviation is provided
based on three measurements; the stroma lamellae membranes were isolated twice
form different batches of plants. One set of samples was measured twice on different days and the other set was measured once. The difference in lifetimes between
State 1 and State 2 was calculated based on one set of measurements and then averaged for the three replicates. Excitation was at 400 nm.

results section. The total decay rate of 1,000/221 = 4.5 ns–1
is the sum of the LHCII to PSI transfer rate and the intrinsic
LHCII decay rate (ktot ¼ ktransfer þ kintrin decay ). The intrinsic
decay rate of LHCII in a membrane is hard to determine as
it strongly depends on its aggregation state. Lifetimes between 1 ns and 3 ns were measured for LHCII in liposomes
(corresponding to rates of 1–0.33 ns–1), depending on the
protein to lipid ratio (Natali et al., 2016), and an average
rate of 1.7 ns–1 has been determined for disconnected
LHCIIs in the CP24 knockout mutant (van Oort et al., 2010)
and for lamellar LHCII aggregates (Miloslavina et al., 2008).
As we assume that the LHCII complexes in the stroma lamellae are not aggregated we will use a value of 0.5 ns–1, as

it has been used before in LHCII to PSI energy transfer studies (Akhtar et al., 2016; Santabarbara et al., 2017). This gives
a rate of: ktransfer ¼ ktot  kintrin decay ¼ 4:5  0:5 ¼ 4ns1
(or a transfer time of 250 ps), for the unphosphorylated
LHCII to PSI core energy transfer in State 1 DLhca stroma lamellae. In State 2, DLhca membranes, the PSI antenna size is
increased by 1.3 LHCII trimers to 1.8 LHCII/PSI core, of
which one is present in the digitonin stable PSIcore–LHCII
complex. The other 0.8 LHCII likely interact with the PSI
core on other, yet unidentified, location(s). The newly arising
50-ps decay component (Figure 5) is reminiscent of the
main 58-ps decay component observed for digitonin isolated
PSIcore–LHCII complexes after excitation with 475-nm light,
which is strongly absorbed by LHCII (Bressan et al., 2016). It
is therefore likely to be due to the energy transfer from the
phosphorylated Lhcb12Lhcb21 trimer to the PsaH/L/O site of
the PSI core and occurs with a rate of: ktransfer ¼ ktot 
1
kintrin decay ¼ 1000
(transfer time of 60 ps).
58  0:5 ¼ 16:7 ns
This is consistent with previous energy transfer studies on
isolated PSI–LHCI–LHCII complexes which showed an increased amplitude in the 30–40 ps and 80–100 ps components, relative to PSI–LHCI (Galka et al., 2012; Wientjes
et al., 2013). Similar transfer times in the order of 60 ps
where observed for LHCII to PSI transfer in spinach
(Spinacia oleracea) PSI–LHCII membranes (Bos et al., 2017)
and in PSI–LHCI–Lhcb7 supercomplexes from Chlamydomonas
reinhardtii (Le Quiniou et al., 2015). It is also in agreement
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Figure 4 Streak-camera fluorescence decay measurements of WT and DLhca State 1 and State 2 stroma lamellae membranes. Excitation was at
400 nm. A, Streak-camera images and the fluorescence spectra 70–90 ps after the laser pulse. The white dashed lines show the fluorescence emission spectra at the time-interval indicated with the white dashed boxes. B, C, Fluorescence decay kinetics of WT (B) and DLhca (C) State 1 and
State 2 membranes at 682 ± 3 nm and 715 ± 3 nm. The fluorescence decay of State 2 membranes is slower than that of State 1 membranes for
both WT and DLhca stroma lamellae.
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with the 15 ns–1 transfer rate observed for 20% of the LHCII
to PSI transfer based on kinetic modeling of isolated PSI–
LHCI–LHCII decay (Santabarbara et al., 2017). However, it
is considerably slower than the main LHCII to PSI transfer
component of 55 ns–1 found in the same study (Santabarbara
et al., 2017). We note that based on our work, the presence
of a pool of fast transferring PsaH/L/O-LHCII cannot be entirely excluded, as it would mix with the PSI core trapping kinetics. The other, “additional” LHCII trimer present in the
State 2 DLhca membranes contributes to the 200 ps decay
component, indicating rather slow LHCII to PSI energy
transfer.
To get a better idea of the LHCII to PSI energy transfer
rates we modeled the time-resolved fluorescence data with
minimal schemes (Supplemental Text S1). For the State 1
DLhca stroma lamellae membranes we used one LHCII pool
and one PSI core pool, which were able to transfer energy
to each other (obeying the detailed balance equation for
backward and forward rates) and also decayed with their
own rates (0.5 ns–1 for LHCII and 33 ns–1 for the PSI core).
The wavelength-dependent fluorescence decay kinetics was
based on the decay kinetics of the individual pools and the
known emission spectra (Supplemental Figure S3). From
these data the DAS were calculated and compared to the
original data. The LHCII to PSI core transfer rate of 4 ns–1
(vida supra) did indeed yield a DAS similar to our measurements. For the State 2 DLhca membranes, we used 16.7 ns–1
for the digitonin stable PsaH/L/O-LHCII and obtained the
best results with a transfer rate of 3.8 ns–1 for the additional
digitonin-sensitive LHCII (Supplemental Figure S4).
For WT stroma lamellae it is not possible to extract the
LHCII to PSI–LHCI transfer times directly from the DAS as
they are very similar to the PSI–LHCI trapping times and are
therefore not resolved separately. However, based on the

increase in the average lifetime upon State 1 to State 2 transition, it was calculated that the sum of the increased trapping time and the LHCII to PSI migration time was 76 ± 22
ps, meaning that the 1.1 extra LHCII complexes transfer
their energy to PSI in less than this time. To model these
data red forms, responsible for the long-wavelength emission
of Lhca3 and Lhca4 (Schmid et al., 1997; Croce et al., 2002;
Castelletti et al., 2003; Wientjes and Croce, 2011), were
added as a pigment pool (Supplemental Figure S5). An
LHCII to PSI core transfer rate of 8 ns–1 (transfer time of
125 ps) gave the best results for the State 1 WT membranes
(Supplemental Figure S6). For State 2 WT membranes, the
best results were obtained when the digitonin-sensitive
LHCII transferred its energy with a rate of 8 ns–1 to the red
forms of LHCI. However, a transfer rate of 7.6 ns–1 to the
bulk pigment pool of LHCI and the PSI core gave comparable results (Supplemental Figure S7). Based on these data,
we cannot conclude if the digitonin-sensitive LHCII transfers
its energy mainly to Lhca3/Lhca4, or rather to Lhca1/Lhca2.
However, as the LHCII to PSI core transfer in the DLhca
membranes was twice as slow, it shows that LHCI has a role
in mediating energy transfer from LHCII to PSI, probably by
having LHCII binding positions, which allow for short
Chlorophyll–Chlorophyll distances, favorable for Förster resonance energy transfer. Instead the energy transfer from
“additional” LHCII complexes to PSI in the DLhca mutant is
probably caused by random interaction with the core, similar to what happens when PSI and PSII mix and excitation
energy spills over from PSII to PSI (Anderson, 1999).
Figure 6 gives a schematic overview of the transfer rates
and number of LHCII trimers per PSI in WT and DLhca
stroma lamellae. The width of the arrow indicates the speed
of excitation energy transfer. The efficiency of excitation energy transfer can be approximated from the transfer rate
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Figure 5 DAS of PSI–LHCI, PSI core, State 1 (St1) and State 2 (St2) WT, and DLhca stroma lamellae membranes. Excitation was at 400 nm. The
number of LHCII complexes per PSI, based on the SDS–PAGE analysis, is indicated in the figure.
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divided by the total decay rate of the LHCII involved. For
the digitonin-sensitive LHCII complexes in the DLhca mutant this is 89% (transfer rate of 4 ns–1), while it is 94% efficient in the WT (transfer rate 8 ns–1). The PsaH/L/O LHCII
has the highest transfer efficiency of 97%. The expected
phosphorylation states are also indicated in Figure 6. As
LHCII is not phosphorylated in State 1 membranes, we hypothesize that this pool of LHCII remains unphosphorylated
in State 2 membranes. Instead, the “additional” LHCII that
moves to the stroma lamellae membranes upon State 2 induction are phosphorylated.

How much are state transitions affected in the
DLhca mutant?
When evaluating state transitions with a pulse–amplitude–
modulation (PAM) chlorophyll fluorometer, the change in
the PSII antenna size by state transitions is reduced to 31%
(Benson et al., 2015) or even 13% (Bressan et al., 2018) in
the DLhca mutant relative to WT levels. Instead, judged by
the P700 oxidation kinetics, the change in the PSI antenna
size in the DLhca mutant is only reduced to 61% (Benson
et al., 2015) or 83% (this work). Furthermore (Wood et al.,
2019) showed that a change in grana size as a result of
LHCII phosphorylation still occurs in DLhca4 plants, indicating that LHCII relocation does happen in the absence of
LHCI. Even more, the increase in number of LHCII complexes per PSI upon transitioning from State 1 to State 2 is
similar for the stroma lamellae membranes from DLhca and
WT plants. These seemingly contradictory observations
probably arise from a combination of at least two factors.
First, the far-red 720 nm LED source used in the PAM to
overexcite PSI is probably not strong enough to fully induce
State 1 in DLhca plants, as they lack most of the red-forms,
which are located in LHCI. This light source will be especially
ineffective when used in combination with orange or red
light, which overexcites PSII as used by (Benson et al., 2015;
Bressan et al., 2018). Instead, the change in the PSI antenna

size was estimated from measurements on thylakoids that
were isolated from leaves illuminated by far-red light only
for at least 45 min, to induce State 1, or red/orange light to
induce State 2 (Benson et al., 2015 and this work). Second,
the relocation of LHCII during state transitions could be affected in the DLhca mutant by a change of the thylakoid ultrastructure (Bressan et al., 2018). A previous membrane
fractionation study showed that in WT plants the transition
from State 1 to State 2 resulted in an increase of LHCII in
the margins and stroma lamellae fraction at the cost of
LHCII in the grana fraction. Instead, in DLhca plants LHCII
only moved from the grana to the stroma lamellae fraction
(Bressan et al., 2018). Taken together, it can be concluded
that the presence of LHCI is not a requirement for the successful relocation of LHCII between grana and stroma lamellae membranes, nor for excitation energy transfer from
mobile LHCII to the PSI core.

Regulation of LHCII movement
This work further supports the recent observations that in
State 1 unphosphorylated LHCII enlarges the antenna of PSI
in A. thaliana (Benson et al., 2015; Bressan et al., 2018; Bos
et al., 2019). Future research needs to point out how the distribution of this unphosphorylated LHCII between the grana
and stroma lamellae membranes is regulated. One possible
mechanism is the reversible acetylation of LHCII lysines.
Acetylation of a lysine neutralizes the positive charge, as
such increasing the net negative charge of the LHCII surface.
The increased negative charge of phosphorylated LHCII is
one of the suggested mechanisms, which drives the dissociation of LHCII from PSII, after which it can move to PSI
(Allen, 1992). It has already been shown that lysine acetylation plays a role in state transitions, as A. thaliana plants
which lack the lysine acetyltransferase, NSI, cannot form the
PSI–LHCI–LHCII supercomplex under State 2 conditions
(Koskela et al., 2018).
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Figure 6 Rate of energy transfer from LHCII to PSI in State 1 and State 2 stroma lamellae membranes from WT and DLhca plants. The width of
the arrow represents the rate of the energy transfer. The number of LHCII trimers per PSI complex is based on the SDS–PAGE data. Color coding:
green–LHCII trimer; light blue–PSI core; dark blue– LHCI; P in yellow circle–phosphate group on Lhcb2 associating with the PsaH site of the PSI
core; P in orange circle–phosphate group on digitonin-sensitive LHCII.
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described in Wientjes et al. (2009). The bands were harvested with a syringe and the PSI core band (monomeric
and oligomeric state) were identified based on position in
the gradient, chlorophyll content, and absorption spectra.

Materials and methods

Normalization of absorption spectra

Plant material and growth conditions

The absorption spectra of LHCII, PSI–LHCI (Hogewoning
et al., 2012), and PSI core were normalized to respectively
42, 155, and 98 chlorophylls (Liu et al., 2004; Qin et al.,
2015) taking into account the chlorophyll a/b ratios of 1.3
(LHCII), 11.9 (PSI–LHCI), and 1 (PSI-core) and an oscillator
strength for chlorophyll b of 0.7 times chlorophyll a in the
region from 630 to 750 nm (Sauer et al., 1966).

WT plants of Arabidopsis (A. thaliana; Col-0), mutant
DLhca (Bressan et al., 2018), and double mutant stn7DLhca,
obtained by crossing the stn7 mutant (Bellafiore et al., 2005)
with the DLhca mutant (Bressan et al., 2018), were grown
for 6 weeks at 150 lmol photons m–2 s–1, 8 h of daylight
(OSRAM halogen HQI-T 250W and/or OSRAM lumilux cool
white L58W) and 23 C/20 C day/night at a humidity of
70%.

Thylakoid and stroma lamellae isolation
State 1 and State 2 were induced as in Bressan et al. (2018)
with slight modifications; leaves from overnight darkadapted plants were placed on wet paper for 45 min with
either PSI light (a combination of far-red LEDs with a peak
at 730 nm and 850 nm) or PSII light (30-W warm white
fluorescent lamps filtered with Lee 105 orange filters).
Thylakoids were isolated as previously described (Berthold
et al., 1981). Leaves treated with State 1 or State 2 light
were directly homogenized using ice-cold buffer B1 (20-mM
tricine-KOH, pH 7.8, 0.4-M NaCl, 2-mM MgCl2, 0.5% milk
powder) and filtered with a nylon mesh before centrifugation at 1,500g, 4 C for 12 min. The pellet was washed in
buffer B2 (20-mM tricine-KOH, pH 7.8, 0.15-M NaCl, 5-mM
MgCl2) before centrifugation at 4,000g, 4 C for 12 min. The
pellet was resuspended in buffer B3 (20-mM HEPES-KOH,
pH 7.5, 15-mM NaCl, 5-mM MgCl2) and centrifuged at
6,000g, 4 C for 12 min. If thylakoids were stored, they were
resuspended in buffer B4 (20-mM HEPES-KOH, pH 7.5, 0.4M sorbitol, 15-mM NaCl, 5-mM MgCl2) and immediately
frozen in liquid nitrogen before storage at –80 C. Buffer B1–
B3 were supplemented, right before grinding or resuspending, with protease inhibitors (0.1-mM benzamidine, 0.1-mM
PMSF, 0.5-mM aminocaproic acid) and freshly prepared 10mM sodium fluoride. Stroma lamellae isolation was performed as previously described (Barbato et al., 2000), from
freshly prepared thylakoids in buffer B3. Solubilized thylakoids were seven times diluted with buffer B3 before the
centrifugation steps.

Pigment analysis
The pigment composition of the different states were analyzed by fitting the acetone extract spectrum with the spectra of the individual pigments as described (Croce et al.,
2002).

PSI antenna size measurements
P700 measurements were performed as described before
(Benson et al., 2015) on a Walz DUAL-PAM-100 in the dual
wavelength mode (830 and 875nm) using a concentration
of 50-mg chlorophylls per mL in the measuring buffer (0.4-M
sorbitol, 15-mM NaCl, 5-mM MgCl2, 10-mM HEPES, pH 7.5,
buffered KOH, 50-mM DCMU, 100-mM methylviologen, 500mM sodium ascorbate). The following protocol was used for
five cycles on every sample: 5-s dark, 10-s red light (635 nm)
at 6-lmol photons m–2 s–1, and 30-s dark recovery. Traces
were normalized between the minimum (beginning of each
cycle) and the maximum and fitted with an exponential
function to determine the t1/2 for the antenna size calculations. PSI antenna sizes are expressed as a percentage of the
WT State 1 value.

Polyacrylamide gel electrophorese
For the large pore-blue native gel the samples and gels were
prepared as described (Jarvi et al., 2011), and solubilization
of samples was carried out with 0.1% a-DM and 0.5% digitonin final concentration as described previously (Galka et al.,
2012). In total, 40 mg of chlorophylls were loaded in a
medium-sized gel (16 cm height). For the SDS–PAGE, a
modified Laemmli gel was used as described in Laemmli
(1970) and Ballottari et al. (2004).

Streak-camera measurements
PSI core isolation
Arabidopsis thaliana ch1 plants (ordered from TAIR database: CS126), which lack chlorophyll b and accumulate the
PSI core without LHCI associated (Havaux et al., 2007), were
grown as described above and the thylakoids were isolated.
Thylakoids at a chlorophyll concentration of 1 mgmL–1
were dissolved with an equal volume of 1.2% (w/v) ndodecyl b-D-maltoside. After 5-min incubation on ice the
mixture was centrifuged for 1 min at 13,000g and the supernatant was loaded on a 0.1–1 M sucrose density gradient as

Time-resolved fluorescence measurements were performed
with a streak-camera system as described previously (van
Stokkum et al., 2008; van Oort et al., 2009). The sample was
measured in a 1 cm  1 cm cuvette at a chlorophyll concentration of 20 lgmL–1 and continuously stirred during
the measurement. To excite the sample, pulsed laser light
with a repetition rate of 3.8 MHz, a wavelength of 400 nm
and an intensity of 50 lW, was focused in a spot with a
diameter of 100 lm. Time windows of 2 ns and 800 ps
were used for the measurements. The collected streak
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In conclusion, LHCI is not required for the “additional”
non-PsaH/L/O binding LHCII trimers to transfer energy to
PSI; however LHCI does facilitate fast and therefore efficient
excitation energy transfer to PSI.
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images were corrected for background signal and for spatial
variation of detection sensitivity. The corrected data sets
were globally analyzed using Glotaran and described with
decay-associated spectra (Mullen and van Stokkum, 2007;
Snellenburg et al., 2012).
Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers
AT3G5489- (Lhca1), AT3G61470 (Lhca2), AT1G61520
(Lhca3), AT3G47470 (Lhca4), AT1G68830 (STN7)._.

Supplemental data
The following materials are available in the online version of
this article.
Supplemental Figure S1. Absorption spectra of PSI–LHCI,
PSI core, and LHCII trimer.
Supplemental Figure S2. DAS of Stn7DLhca stroma lamellae membranes.
Supplemental Figure S3. Kinetic modeling approach.
Supplemental Figure S4. Kinetic modeling of DLhca
stroma lamellae excited-state kinetics.
Supplemental Figure S5. Kinetic modeling of PSI–LHCI.
Supplemental Figure S6. Kinetic modeling of WT State 1
stroma lamellae excited state kinetics.
Supplemental Figure S7. Kinetic modeling of WT State 2
stroma lamellae excited state kinetics.
Supplemental Table S1. Initial excitation of the compartments used for the kinetic modeling.
Supplemental Table S2. Detailed balance equation for
the compartments used for the kinetic modeling.
Supplemental Text S1. Kinetic modeling.
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