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Abstract
Accumulation of carotenoid (Car) triplet states was investigated by singlet–triplet annihilation, measured as chlorophyll 
(Chl) fluorescence quenching in sunflower and lettuce leaves. The leaves were illuminated by Xe flashes of 4 μs length at 
half-height and 525–565 or 410–490 nm spectral band, maximum intensity 2 mol quanta  m−2  s−1, flash photon dose up to 
10 μmol  m−2 or 4–10 PSII excitations. Superimposed upon the non-photochemically unquenched Fmd state, fluorescence was 
strongly quenched near the flash maximum (minimum yield Fe), but returned to the Fmd level after 30–50 μs. The fraction 
of PSII containing a 3Car in equilibrium with singlet excitation was calculated as Te = (Fmd—Fe)/Fmd. Light dependence of 
Te was a rectangular hyperbola, whose initial slope and plateau were determined by the quantum yields of triplet formation 
and annihilation and by the triplet lifetime. The intrinsic lifetime was 9 μs, but it was strongly shortened by the presence 
of  O2. The triplet yield was 0.66 without nonphotochemical quenching (NPQ) but approached zero when NP-Quenched 
fluorescence approached 0.2 Fmd. The results show that in the Fmd state a light-adapted charge-separated  PSIIL state is formed 
(Sipka et al., The Plant Cell 33:1286–1302, 2021) in which  Pheo−P680+ radical pair formation is hindered, and excitation is 
terminated in the antenna by 3Car formation. The results confirm that there is no excitonic connectivity between PSII units. 
In the  PSIIL state each PSII is individually turned into the NPQ state, where excess excitation is quenched in the antenna 
without 3Car formation.
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Abbreviations
Car  Carotenoid
Chl  Chlorophyll
ETC  Electron transport chain
Fo  Fluorescence yield with open centers
Fmd  During a saturation pulse, without NPQ
Fm  During a saturation pulse, with NPQ
Ff  After a single-turnover flash
Fe  During the maximum quenching by triplets
LED  Light-emitting diode
LHCII  Trimeric light-harvesting complex of PSII
Lhcbm  Monomeric light-harvesting subunit

Lut  Lutein
NPQ  Non-photochemical quenching
PFD, PAD  Photon flux density, incident and absorbed
Pheo  Pheophytin
PSI, PSII  Photosystem I and II
P680  PSII central pigment complex
STFS  Saturating single-turnover flash
QA  Primary quinone acceptor of PSII
QB  Secondary quinone acceptor of PSII
qE  Energy-dependent NPQ

Introduction

A principal problem of photosynthesis is termination of 
excess excitation. It cannot safely occur on a Chl mole-
cule, since with high probability excitations populate the 
3Chl↑↑ triplet state (Bowers and Porter 1967), which rapidly 
exchanges an electron with the natural 3O2↓↓, to form 1O2 
↓↑ and 1Chl↑↓. Preventing singlet oxygen formation is the 
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essential task of photoprotective mechanisms (Rutherford 
et al. 2012).

The photosynthetic electron transport chain contains two 
photosystems. In PSI, electrons cycle back to the donor side 
when carriers downstream are fully reduced (Golbeck 1987; 
Laisk et al. 2007, 2010). Thanks to continuous cycling, 
in this photosystem electron transfer is rarely blocked by 
acceptor side reduction, as indicated by low Chl fluorescence 
from PSI (Schreiber 2023). PSII is not able to rapidly cycle 
electrons and their transfer stops, leaving the primary 
acceptor  QA reduced. The principal difference between the 
two photosystems is that in PSII excitation remains bound to 
the antenna while electron transfer is blocked downstream, 
but in PSI this does not happen. Our recent measurements 
have shown that, when exposed to a xenon flash, Chl 
fluorescence yield immediately doubles to the 2 Fo level but 
keeps rising to the flash Ff level over microseconds: i.e., a 
time-dependent fluorescence rise is superimposed on the  QA 
reduction-dependent fluorescence rise (Christen et al. 1998; 
Oja and Laisk 2020). This suggests a protein conformation 
change preventing trapping of excitation in the primary 
radical pair (Sipka et al. 2021).

A protective mechanism is needed to prevent damage 
by 1O2 formed from 3Chl when excitation is terminated on 
Chl. The effective photoprotective mechanism featuring 
accessory carotenoid pigments—nonphotochemical 
quenching, NPQ—has been a top theme in photosynthesis 
research. Carotenoids are present in all pigment-proteins of 
the photosynthetic machinery. For example, in the trimeric 
LHCII, each monomer binds 14 chlorophylls, two luteins 
(Lut1 and Lut2), violaxanthin, and neoxanthin. Carotenoids, 
such as Lut, possess two excited states in visible light:  S2 
generates a wide absorption band near the Soret band of 
Chl below 500 nm, but the energy level of the  S1 band 
around 680 nm is close to that of the Chl  Qy transitions. 
Interestingly, the  S1 band is optically “dark”, being “dipole 
forbidden” for absorbing incident light. The  S1 band can 
be excited by internal conversion from the  S2 state or by 
excitation transfer from Chl. The latter has been suggested to 
be the sole mechanism for NPQ (Ruban et al. 2007): energy 
is transferred from Chl a to the low-lying  S1 (or a nearby 
S*) excited state of a carotenoid, identified as Chl a612/
Lut620 (Ballottari et al. 2013; Agostini et al. 2021). The 
short excited-state lifetime of 10–20 ps (Walla et al. 2000) 
makes the  S1 band an efficient quencher of excitation.

In this work we show that in leaves, before the onset 
of NPQ, the high-fluorescent Fmd state is still protected 
against 1O2 formation by a mechanism exploiting 3Car 
triplet formation on the Car-Chl pair. As shown on isolated 
pigment-protein complexes, the triplet state is rapidly 
transferred from 3Chl to 3Car in a way that the triplet 
wavefunction is shared between the carotenoid and the 
adjacent chlorophyll (Groot et al. 1995; Peterman et al. 

1997; Ballottari et al. 2013; Gruber et al. 2015; Gall et al. 
2011). As the lowest triplet energy level of carotenoids is 
below that of 1O2, transfer of the triplet from 3Car to 3O2 is 
considered impossible (Siefermann-Harms 1987).

Though 3Car formation somewhat shortens the excitation 
lifetime, this photoprotection only slightly reduces the 
quantum yield of photochemistry. While in Chl a solutions 
fluorescence lifetime is about 6 ns (Kaplanova and Parma 
1984), in detergent solutions the typical lifetime in isolated 
light-harvesting antenna complexes is 3.5  ns (Pascal 
et  al. 2005; Gruber et  al. 2015) and 1–2  ns in the Fmd 
state of leaves (Belgio et al. 2012; Holzwarth et al. 2009; 
Chukhutsina et al. 2019; Farooq et al. 2018). These lifetimes 
are still much longer than the electron transfer time of about 
150 ps, ensuring a high yield of photochemistry (Rutkauskas 
et al. 2012).

We measured triplet formation and decay in leaves using 
the property of 3Car to strongly quench 1Chl fluorescence 
by singlet–triplet annihilation (van Grondelle and Duysens 
1980; Mathis et al. 1979; Schödel et al. 1999), as recently 
reported in intact leaves illuminated by xenon flashes of 
microseconds duration (Oja and Laisk 2020). We show that 
in closed PSII units, while NPQ has not yet been developed 
and fluorescence yield is Fmd, the excitation-terminating 
pigment pair involves Car, which quenches excitation by 
forming the triplet state with a high yield. Each such Car-
Chl pair quenches excitation within one antenna, without 
excitonic connectivity between PSIIs. The 3Car is quenched 
by atmospheric oxygen via a first-order reaction, whose 
rate exceeds the intrinsic triplet decay rate. Following 
exposure to high actinic light, the triplet-forming Chl-Car 
pair is turned into a non-photochemically quenching state 
individually in each PSII.

Materials and methods

Measurements were carried out basically as described earlier 
(Oja and Laisk 2020), except that in the previous work the 
xenon flashes were applied on leaves in the Fo state under 
low light, but in this work the leaves were preconditioned 
in the Fmd state by applying a 300-ms saturation pulse 
immediately before the xenon flash. The fluorescence level 
so obtained was maximal, as time was insufficient to develop 
NPQ.

Poplar Populus nigra L. leaves were excised from a tree 
growing outdoors. Sunflower Helianthus annuus L. plants 
were grown in a growth chamber (Laisk et al. 2016). Lettuce 
(Lactuca sativa, var. afficione) plants were grown in the 
commercial greenhouse of Grüne Fee Estonia near Tartu. 
For better stomatal opening, plants were selected during 
their fast growth phase at about a half of the harvesting size.
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An attached leaf was enclosed in the 30-mm diameter leaf 
chamber of the dual channel gas system (Laisk and Oja 1998; 
Laisk et al. 2002). The leaf chamber was equipped with a 
branched fiber-optic light guide, designed for simultaneous 
illumination by three light sources and optical measurements 
by multiple detectors (Oja et al. 2010). At the end of the 
300-ms saturation pulse, driving the leaf into the Fmd state, 
a xenon flash was fired, providing several excitations for 
each PSII. Fluorescence yield was measured as the ratio 
of two signals—one recording fluorescence emission, the 
other the exciting flash intensity. The flash generated 3Car 
triplets quenching Chl fluorescence most strongly near the 
maximum of the flash intensity.

Details of the optical system have been described (Oja 
and Laisk 2020). Briefly, one illumination branch was 
connected to a 700 nm LED, providing background far-red 
light to completely oxidize the ETC and randomize S-states 
due to weak PSII excitation. Another branch was connected 
to a 460 nm LED, providing up to 6200 μmol quanta  m−2  s−1 
to drive the leaf into the Fm state. Single-turnover flashes 
were generated by a Machine Vision Strobe MVS7020 
(EG&G Optoelectronics, Salem, MA), connected to the third 
illumination branch. When equipped with a 4 μF discharge 
capacitor the lamp generated a flash 4 μs wide at the half-
height and with a 12 μF capacitor the half-height was 6 μs 
wide, most energy coming during 10 μs. A much wider 
flash was shaped by connecting an induction coil between 
the capacitor and the lamp (Oja and Laisk 2020). The flash 
profiles were accompanied by a low intensity tail lasting 
about 40 μs, which was used as “measuring light” to monitor 
fluorescence yield after the flash had elapsed. The flashes 
were band-filtered between 525 and 565 or 410–490 nm. 
Illumination by the green light minimized the intensity 
gradient across the leaf, but the blue flash provided stronger 
absorption. The flashlight was measured by calibrated fiber 
optic spectrophotometer PC2000 (Ocean Optic, Dunedin, 
FL). The spectra of leaf transmittance, reflectance and 
absorptance were measured in an integrating sphere (Laisk 
et al. 2014).

Flash intensity was monitored by recording light 
reflected from the leaf chamber cover glass and leaf 
surface. Fluorescence emission was recorded via a 680 nm 
interference filter (Oja and Laisk 2020). The flash and 
fluorescence intensity signals were recorded simultaneously 
by a two-channel oscilloscope LeCroy MSO 64 MXs-B 
(Chestnut Ridge, NY, USA). The oscilloscope performed 
one million signal conversions during a flash, which were 
averaged by groups of 500, recording 2000 data points per 
flash.

Oxygen evolution was measured in a flow-through system 
(Laisk and Oja 1998; Laisk et al. 2002) with a zirconium 
 O2 analyzer (S-3A, Ametek, Pittsburgh, PA, USA) on a 
background of 10–20 ppm  O2 in  N2 and 200 ppm  CO2 as 

described earlier (Oja and Laisk 2000; Oja et al. 2011; Laisk 
et al. 2012; Laisk and Oja 2020). With randomized S-states, 
4·O2 evolution represented integral PSII electron transport 
during a flash.

Results

During a xenon flash superimposed on the fluorescence satu-
ration pulse in the Fmd state, fluorescence yield temporarily 
declined but returned to the Fmd level after the flash (Fig. 1). 
Fluorescence quenching was stronger the more intense the 
flash (Fig. 1b). As the xenon flash is not rectangular but bell-
shaped, cumulative photon dose is plotted on the abscissa for 
convenient further analysis (Fig. 1c).

Triplets in equilibrium with light

The light and oxygen dependence of the flash-induced 
fluorescence quenching suggests its basis is singlet–triplet 
annihilation of 1Chl by 3Car (van Grondelle and Duysens 
1980; Mathis et al. 1979; Schödel et al. 1999). The fraction 
of PSII units containing 3Car in the antenna is successfully 
described by the following budget equation, stating that 
triplet states are formed by singlet excitations in PSII not 
containing a triplet, and decay by singlet–triplet annihilation 
and an intrinsic first-order reaction in PSII containing a 
triplet:

where T is the fraction of PSII containing a triplet, S = 1—T 
is the fraction not containing a triplet, I is light intensity 
(μmol  m−2 μs−1 = mol  m−2  s−1, we prefer to count time in 
μs, the unit characteristic of the triplet decay rate); a, and 
b,  m2 μmol−1, are the optical (functional) cross-sections 
of a μmol of PSII units: a, for triplet formation (1/a is 
the number of photons, μmol  m−2, necessary to generate 
a triplet in each PSII unit—i.e., to quench fluorescence to 
zero) and b, for triplet annihilation (1/b is the number of 
photons, μmol  m−2, necessary to annihilate the triplet in each 
PSII); c is the triplet decay rate constant (μs−1). As triplet 
decay is enhanced by atmospheric oxygen, we present the 
corresponding rate constant in two parts:

where the subscript i denotes the intrinsic decay by 
intersystem crossing and the first term denotes the 
 O2-enhanced rate constant for intersystem crossing.

According to Eq. 1, changes in the relative content of 
triplets, T, lag behind changes in the flashlight intensity 
I: during the initial, accumulation phase there are fewer, 

(1)
dT

dt
= aIS − bIT − cT ,

(2)c = kO2[O2] + ki,
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and during the final decay phase there are more, triplets 
than would have been in equilibrium with a constant light 
intensity I (t) at time t. At maximum triplet content (mini-
mum fluorescence, Fe) the fraction of PSII containing a 
triplet is momentarily in equilibrium with light intensity, 

Ie. Thus, at this moment triplet formation and decay rates 
are equal so that dT/dt = 0 in Eq. 1.

At equilibrium, Eq. 1 yields a hyperbolic function for 
the triplet content:

Fig. 1  Measurement of triplet accumulation in leaves. The leaves 
were pre-adapted for 15  min under 60  μmol   m−2   s−1 of 700  nm 
LED light, then a 0.3 s saturation pulse of 6200 μmol   m−2   s−1 from 
a 460 nm LED was applied, to reach the Fmd state. Finally, a band-
filtered Xe flash (410–490  nm) was superimposed (red line, scale 
on the left axis, μmol  m−2  μs−1). Chl fluorescence emission f was 
recorded at 680 nm and the yield F = f/I was calculated. a Poplar leaf; 
oxygen concentration was 0% (blue), 21% (green) and 100% (navy 
blue); data points joined with vertical lines indicate fluorescence and 
light intensity values used for equilibrium analysis. b Sunflower leaf; 
the leaf was brought into the Fmd state as in a, then blue flashes of 
different power were applied and fluorescence yield recorded. The 
flashlight intensity was (from the top) 0.08, 0.19, 0.45, 0.71, 1.32 and 
2.09  μmol   m−2  μs−1 at the peak (the maximum intensity was used 
twice, as the first and the last of the series); enlarged data points at 

the minimum fluorescence yield were used for triplet equilibrium 
analysis; oxygen concentration was 96% in this measurement. c Fluo-
rescence yield F and flashlight intensity, I, from b are plotted against 
cumulative dose, Q, μmol photons  m−2; flashes of different peak 
intensity (shown at the curves) provided different full doses, indi-
cated as the abscissa value at the end of each trace. Fraction of PSII 
containing a 3Car triplet state in equilibrium with light intensity was 
calculated as Te = (Fmd − Fe)/Fmd (an example shown for the strong-
est flash); initial slope of the triplet-induced fluorescence quenching 
extrapolates to the photon requirement of 2.7 μmol  m−2 for triplet for-
mation in all PSII (dotted line). d Triplet fraction Te in equilibrium 
with light intensity Ie; measurements of panels b and c were carried 
out at different  O2 concentrations, beginning, and ending with 96%. 
Lines were calculated from Eq. 3
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Pairs of values of light intensity, Ie, and the 
corresponding fraction of PSII containing a triplet, Te, 
from the experiment of Fig. 1c, are plotted in Fig. 1d. The 
lines were calculated from Eq. 3, after properly setting the 
rate constants.

The rate constants were extracted from the hyperbolic rela-
tionships of Fig. 1d after the rate constant for intrinsic decay, 
ki (Eq. 2), was measured separately. A strong short flash was 
applied upon the Fmd level, but the generated triplets were not 
measured during the actinic flash. A chase flash was applied 
after the time interval indicated on the abscissa of Fig. 2. Fluo-
rescence yield was measured with the low excitation intensity 
in the beginning of the chase flash. Thus, only the decaying tail 
of the triplet states, generated mainly at the peak of the actinic 
flash, was measured within the time range of 60 to 80 μs. Not-
withstanding the difficult experimental conditions, an expo-
nential decay with the time constant of 9 μs (ki = 0.11 μs−1) 
was measured (Fig. 2). This lifetime is basic information, 
showing that the investigated fluorescence quenching was 
caused by the carotenoid, not chlorophyll, triplet state.

The rate constants a and kO2 were found from the measured 
initial slope of the curves in Fig. 1d. The initial slope of the 
hyperbolae, dTe/dIe = a/c, is determined by the optical cross-
section a and the decay constant c—in the latter the unknown 
part is kO2 now (Eq. 2). Using the measured initial slope values 
at 5% and 96%  O2 a system of the following two equations 
was compiled:

(3)Te =
aIe

(a + b)Ie + c
.

where the factors before parentheses are the measured 
dTe/dIe values from Fig.  1d. The system solves with 
a = 0.285  m2  μmol−1 and kO2 = 0.0065  (s−1 per %  O2). 
The latter value quantifies the rate of reaction between the 
atmospheric  O2 and 3Car in leaves: at 17%  O2 the triplet 
quenching rate doubles, and at 100%  O2 the rate is six 
times faster than the intrinsic rate in the absence of oxygen. 
The cross-section area a = 0.285  m2 μmol−1 indicates that 
1/0.285 = 3.5 μmol  m−2 incident flash photons are required 
to generate a 3Car triplet in each PSII. Roughly evaluating, 
about 85% of the blue flashlight photons are absorbed by 
the leaf, and about half of these photons are exciting PSII. 
If these 1.5 μmol photons  m−2 generate triplets in 1 μmol 
PSII  m−2, the quantum yield would be 1/1.5 = 0.66. The 
remainder of the energy is partitioned to internal conversion 
(24%) and fluorescence (10%). This exercise shows that leaf 
absorptance, excitation partitioning, and density of PSII 
must be known for meaningful analysis of triplet formation.

Nevertheless, an interesting discrepancy arises by 
comparing the areas a and b, detectable from the maximum 
triplet fraction, Tem, at saturating light intensity. Though in 
our experiments the available flash intensities were below 
saturation at high  O2 concentrations, the hyperbolic model 
(Eq. 3) predicts all the curves in Fig. 1d approach the same 
plateau, Tem = a/(a + b) = 0.71. Knowing a, we obtain 
b = 0.116 and b/a = 0.4, which means that while a 3Car triplet 
is quenching singlet excitation, in less than half of these 
cases it annihilates itself. Though the plateau of Tem = 0.71 
was extrapolated from the hyperbolic relationships of 
Fig. 1d, it is clear the 5%  O2 curve exceeds the critical 
value of Tem = 0.5-expected if every singlet quenching is 
accompanied by triplet annihilation—but in no case does it 
approach the value of Tem = 1.0-expected if the triplet does 
not annihilate while quenching the singlet.

Dynamics of triplet formation and decay

The functional cross-section of triplet formation is 
accessible via the initial slope of the fluorescence traces 
(Fig.  1c): dT/dt = aI when T = 0 (and S = 1, Eq.  1). As 
dT/dt = dT/dQ·dQ/dt and I = dQ/dt, we obtain dT/dQ = a. The 
straight line based on the initial slope of the fluorescence 
curves crosses the axis of abscissa at 1/a = 2.7 μmol  m−2, 
yielding a = 0.37  m−2 μmol−1. From the initial slope of the 
equilibrium curves (Fig. 1d) the yield was 0.29  m2 μmol−1. 
Such a big difference between the cross-sectional areas 
calculated from the equilibrium state and the initial rate 
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Fig. 2  Measurement of triplet lifetime at 0%  O2 in sunflower. Triplets 
were generated by a blue actinic flash like in Fig. 1. A chase flash was 
applied after the time interval indicated on the abscissa. Fluorescence 
yield was measured with the low excitation intensity in the beginning 
of the chase flash (each data point is an average of nine measure-
ments, bars indicate standard error). The line is an exponential with 
the time constant of 9 μs, approaching Fmd
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of the triplet-induced fluorescence quenching is a warning 
about serious limitations in our experimental setup. 
These values characterize the number of incident photons 
necessary to generate a triplet state in each PSII unit, 
based on fluorescence visible to our instrument. Gradients 
across the leaf in flashlight absorption and fluorescence 
re-absorption strongly interfere with these estimations.

In the following experiment we related triplet formation 
to photochemical charge separation in PSII, both indicated 
by Chl fluorescence and therefore similarly influenced by 
leaf optical thickness. The PSII photochemical quantum 
yield was estimated from Chl fluorescence induction dur-
ing a weaker but longer flash, avoiding triplet accumula-
tion. For this experiment, the charge energy of the 12 μF 
capacitor, usually converted into the flashlight during about 
10 μs, was discharged over a longer time by connecting an 
induction coil between the capacitor and the xenon tube. 
As a result, the flash extended to 160 μs, decaying about 
exponentially. Most of the flash photons were generated 
during 100 μs—a time short enough to assume minimal 
 QA →  QB electron transfer. Different flash intensities were 
used to maximize  QA reduction on one hand but keeping 
triplet accumulation minimal on the other (Fig. 3). The ini-
tial slope of the fluorescence induction transient indicated a 
requirement of 2.5 μmol photons  m−2 to reach the maximum 
flash fluorescence level Ff = 0.54 Fmd. For comparison, from 

the standard flash applied on Fmd the quantum requirement 
for triplet formation was 2 μmol  m−2 in this leaf. Accord-
ing to this result, obtained with the two spectrally similar 
flashes, the quantum yield of triplet formation in the Fmd 
state was not lower, but rather was higher than the quantum 
yield of PSII charge transfer in the Fo state. Note that during 
the strong short flash applied in the Fo state, the initial slope 
of fluorescence induction was by half slower than during 
the retarded flashes, though triplets had not yet accumulated 
in both cases. This confirms the microseconds-dependent 
fluorescence rise, interpreted to show protein conformation 
change leading to isolation of the PSII reaction center from 
the antenna (Oja and Laisk 2020). During the short flash 
triplets accumulated later, quenching about the same per cent 
of Ff fluorescence as when the same flash was applied on 
the Fmd state.

So far, the yield measurements have been related to 
the dose of photons incident to optically thick leaves of 
unknown PSII content, resulting in the optical cross-section 
of the investigated process. A more meaningful value is 
the quantum yield of triplet formation in an individual 
PSII unit. In the following experiments we measured the 
absorbed photon dose and minimized the gradients using 
pale green lettuce leaves illuminated by green-filtered xenon 
flashes (Oja and Laisk 2020). Not only the equilibrium 
data point was analyzed from each measured trace, but the 
whole trace was mathematically modeled. To simulate leaf 
optical gradients—e.g. limited visibility of the fluoresced 
red light—the model was solved separately for 20 sub-
layers of the leaf cross-section, for which the actinic green 
light absorption and red fluorescence light visibility were 
described by exponentials (Oja and Laisk 2020). The leaf 
response was calculated as the sum of the layer’s responses. 
For the layers, components of the triplet budget were varied, 
to find the best fit between the modeled response and the 
experiment result for the whole leaf.

In principle, the dynamic model is the numeric solution 
of the time-dependent differential Eq. 1. For the bell shape 
of the xenon flashes, light intensity was calculated as the 
time-dependent increase (derivative) of the cumulative 
photon dose per PSII. To do this, the photon dose step dQ 
per time step dt (flashlight intensity) was calculated from 
the shape of the flash and substituted for I in the numeric 
solution. For convenient fitting to the fluorescence traces in 
Fig. 4 the differential equation was numerically solved in 
Microsoft Excel for the singlet fraction:

Here QII = sII·A·Q/nII is the total flash dose of excitations 
per PSII unit, where Q is the incident flash dose, A is leaf 

(4)
Si+1 = Si−Si ⋅ a ⋅ QII ⋅
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Fig. 3  Comparison of quantum requirements for triplet formation and 
for photochemical electron transfer. Fluorescence yield (continuous 
blue) was quenched in a sunflower leaf down from the Fmd = 1 state 
by triplets generated by a 6 μs-long standard flash. Initial slope of the 
fluorescence quenching extrapolates to zero at the quantum require-
ment of 2 μmol  m−2 (dashed light-blue line). Extended-length flashes 
generating few triplets were applied on open PSII (three flashes 
of increasing power, green lines). Their initial slope extrapolates to 
the requirement of 2.5 μmol photons  m−2 to reach the flash fluores-
cence yield Ff (dashed green line). Black line is drawn with the initial 
slope of the weakest flash and the maximum neglecting triplets. The 
green line at Fmd = 1 is the weak flash superimposed on the Fmd state 
to show that no triplets were generated. The violet line was recorded 
with the standard 6  μs flash. Note the saturating flash-fluorescence 
yield Ff = 0.54 Fmd
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absorptance, sII is the partitioning fraction of excitation to 
PSII and nII is PSII density per  m2, measured from the flash 
 O2 evolution. Other denotations in Eq. 4: q is the fraction 
of the flash dose absorbed between the steps i and i + 1, 
a is now the quantum yield of triplet formation per PSII 
excitation, b is the quantum yield of triplet annihilation 
while quenching singlet excitation, c is the rate constant of 
the triplet state decay, dt is the integration time step (usually 
0.05 μs), i is the number of time-steps. Two examples of 
the fitting quality are shown in Fig. 4a. The initial slope of 
the rising fluorescence quenching is fitted by varying the 
quantum yield of triplet formation, a. The maximum degree 
of quenching is mainly determined by the flash dose, Q, 
quantum yield of triplet annihilation, b, and to some extent 
by triplet lifetime, τ = 1/c. The final decay rate is mainly 
determined by triplet lifetime, which strongly depends on 
 O2 concentration (Eq. 2).

Such fluorescence traces were measured and modeled 
in growing lettuce plants, exhibiting gradually greener 
leaves with rising PSII density. The fitted quantum yield 
of triplet formation, a = 0.65 was practically independent 
of the PSII density (Fig. 4b). While the model parameters, 
leaf absorption coefficient and PSII density, were measured, 
the relative excitation partitioning to PSII, sII, was a free 
parameter. We started the fitting, setting sII = 1. This resulted 
in low quantum yields—for triplet formation a = 0.39 and 
for triplet annihilation b = 0.6. Decreasing the fraction of 
the PSII light to sII = 0.6 (Laisk et al. 2014) increased the 
annihilation yield to b = 1 and the triplet formation yield to 
a = 0.65, not changing the triplet lifetime τ.

Triplet states during non‑photochemical quenching

In this section we related the triplet fraction to singlet 
excitation, this time varied not by changing the flashlight 
intensity but by adjusting the degree of non-photochemical 
quenching (NPQ). Triplet measurements were carried out 
with blue xenon flashes, superimposed on Fm saturation 
pulses, applied periodically during relaxation of pre-
induced NPQ. The direction was chosen to minimize the 
NPQ gradient over the leaf cross-section: we assumed that 
once induced completely in all mesophyll cells, under low 
light NPQ relaxes uniformly in all cells. Relaxation of Fm 
quenching started with an initial exponential time constant 
of 3 min, but soon it slowed, passing the half-way point at 
5 min, while 40 min were required to approach the initial 
unquenched Fmd level. Typical fluorescence signal traces 
during the xenon flashes are shown for  O2 concentration of 
2.5%, plotted against the cumulative photon dose (Fig. 5a). 
Temporal sequence of the traces begins with the bottom 
curve, measured right at the end of the qE-inducing illumi-
nation. At the beginning of the flash the fluorescence yield 
was 0.25 Fmd, it decreased very little by triplet formation. 
Flashes given later during the relaxation of NPQ begin 
at higher Fm but fall deeper due to the triplet-induced 
quenching. For each curve the equilibrium triplet level was 
calculated as Te = (Fm –Fe)/Fm, where subscript e indicates 
fluorescence signal at the minimum (equilibrium between 
triplet formation and destruction) and Fm is the fluores-
cence signal at the beginning of the trace. In Fig. 5b these 
Te values are plotted versus the fluorescence signal fe as 
NPQ relaxed at different  O2 concentrations.

For comparison, the equilibrium triplet level was 
measured by regulating flash intensity in the absence of 

Fig. 4  Modeling of fluorescence traces measured by green-filtered 
flashing of lettuce leaves. a Two example experiments (indicated 
yymmdd). Experiment 200323 (green line) was carried out at  O2 con-
centration of 60% with incident flash dose of 6.05 μmol quanta  m−2, 
leaf absorption coefficient A = 0.309, PSII content 0.31  μmol   m−2. 
The red model line was calculated with the quantum yield for triplet 
formation a = 0.62 and the singlet–triplet annihilation yield b = 1.0, 

triplet lifetime τ = 1/c = 2 μs. Experiment 191125 was carried out at 
 O2 concentration of 2% with incident flash dose of 4.12 μmol quanta 
 m−2; A = 0.347, PSII = 0.39 μmol  m−2. The model line was calculated 
with a = 0.55 and b = 1.0. b Quantum yield of triplet formation per 
PSII excitation in lettuce leaves with different PSII content, measured 
during plant growth
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NPQ. The latter method reduces excitation intensity by 
adjusting the delivery of excitations, while NPQ reduces 
excitation intensity by limiting the lifetime at a constant 
delivery rate. The equivalent light intensities, one controlled 
by photon arrival frequency, the other by lifetime of each 
excitation, were made comparable via the corresponding Chl 
fluorescence intensity (not yield).

When plotted against the fluorescence emission signal, fe, 
the light-equilibrated triplet fraction, Te, increased linearly 
with singlet excitation, as the former increased due to NPQ 
relaxation. NPQ significantly suppressed triplet formation 
compared to the same excitation density applied in the 
unquenched state by properly controlling flash intensity. 

In the presence of NPQ oxygen still decreased the triplet 
level. The data of Fig. 5b characterizes the equilibrium pool 
of accumulated triplets. When triplet formation rate was 
characterized by the initial slope of the fluorescence trace 
of Fig. 5a, a similar linear relationship with an offset was 
obtained (Fig. 5c).

Discussion

Photoprotection is a widely used, multifaceted term 
whose mechanism is the focus of photosynthesis research 
now (Bassi and Dall’Osto 2021). Here intentionally 

Fig. 5  Triplet formation at different NPQ levels during its relaxation. 
a A sunflower leaf was illuminated for 150 s under 700 μmol  m−2  s−1 
of 460 nm light to induce maximum NPQ. Thereafter the actinic light 
was replaced by 60  μmol   m−2   s−1 of 700  nm background light. Fm 
pulses (0.3  s) were applied after regular time intervals to monitor 
relaxation of NPQ. A flash of high power (profile and time shown) 
was superimposed at the end of each Fm pulse, during which the tri-
plet-quenched fluorescence yield F was monitored (lines in temporal 
sequence upwards from the bottom). The equilibrium fraction of tri-
plets was calculated as Te = (Fm—Fe)/Fm, where Fm is fluorescence 
yield in the beginning of the flash and Fe is the minimum yield dur-
ing the flash. In this example  O2 concentration was 2.5%,  CO2 cocen-

tration 150 ppm. b Equilibrium triplet fraction during NP-quenched 
Chl fluorescence in sunflower leaves (black regression lines, filled 
data points). The experiment of a was repeated with different leaves. 
The equilibrium triplet fraction during flashes is plotted against Chl 
fluoresence signal fe at the flash minimum yield Fe (for different 
leaves, the f signal was normalized to unity at Fmd in non-quenched 
state). For comparison, in each leaf the triplet fraction was varied by 
decreasing flash intensity in the NPQ-off state (light-blue regression 
lines, empty data points). c Initial yield (cross-section) of triplet for-
mation, calculated as the initial slope of the fluorescence traces in a, 
plotted against the initial NP-quenched fluorescence yield
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we emphasize one aspect of it, that photoprotection of 
the photosynthetic machinery is avoidance of singlet 
oxygen which is formed from 3Chl (Rutherford et  al. 
2012). Photoprotection therefore is avoidance of excess 
excitation termination on chlorophyll by transferring 
the excitation to carotenoid to be terminated there. Mild 
photoprotection allows the triplet state to be formed on a 
Car-Chl pair, ending with 3Car. Strong photoprotection 
is nonphotochemical quenching: excitation is rapidly 
quenched by the Car-Chl pair with a mechanism not 
forming the triplet state.

Excitation transfer from Chl to Car has been investigated 
on isolated subcomplexes of the photosynthetic machinery. 
Carotenoid triplets with lifetime of about 10  μs were 
generated in CP47 (Groot et al. 1995) and 6.6 μs in LHCII 
(Peterman et al. 1997; Gruber et al. 2015). In the latter 
cited work, which methodically is close to ours, 3Car was 
generated in a single LHCII trimer by laser pulsing. The 
observed two-exponential (35 ps and 3.5 ns) fluorescence 
decay was intuitively understood as fast switching 
between an annihilation and a non-annihilation regime, 
corresponding to the presence and absence of a Car triplet 
state, respectively. Analyzing the data in their Fig. 3 with 
our model (Eq.  1), we obtained the functional cross-
section of triplet formation a = 0.05  m2 μmol−1 in isolated 
LHCII. The value six times smaller than in leaves is caused 
mainly by the small Chl a content of the LHCII trimer 
compared to the whole PSII antenna. Relating the triplet 
formation cross-section to the optical absorption cross-
section of an individual LHCII of 1.4·10–15  cm2 = 0.084 
 m2 μmol−1 (Krüger et al. 2010), the ratio of 0.6 results for 
the quantum yield of triplet formation—like our result in 
Fig. 4b.

Another interesting result of Gruber et  al. (2015) 
touches on the process of singlet–triplet annihilation. 
In physics the term means complete destruction of both 
participants of the process. In our experiments with the 
green flash the best fit between the model and experiments 
was obtained setting b = 1 (Eq. 4), in agreement with the 
complete decay of the triplet while annihilating singlet 
excitation. But while a 3Car triplet was quenching the 
blue flash, exciting carotenoids directly in experiments 
of Fig. 1d, the obtained b/a = 0.4 showed that the triplet 
annihilated in less than half of the cases. An extreme was 
reached under strong laser excitation of Gruber et  al. 
(2015), where the triplet state accumulated in 95% of 
LHCIIs under excitation density of 80 mol   m−2   s−1. It 
means in LHCII the 3Car triplet states did not annihilate 
while quenching the strong singlet excitation by the 
633 nm laser. It seems, the photosynthetic antenna may be 
a useful model object for further studies of the physics of 
singlet–triplet annihilation. But major results of our work 
are related to triplet formation, rather than to their decay.

During photosynthesis in full sunlight in the absence 
of NPQ, a triplet state would be formed after about every 
second excitation. However, the triplet lifetime is shorter 
(microseconds) than the interval between successive 
excitations (milliseconds) so that at sunlight intensities 
quenching of Chl fluorescence by annihilation with a triplet 
state would be minute (Schreiber et  al. 2019). Here, to 
measure the rates of triplet formation and decay, we applied 
xenon flashes of peak light intensity amounting to moles 
of photons  m−2  s−1, accumulating triplet states in a large 
fraction of PSII complexes—sometimes quenching Chl 
fluorescence by a half (van Grondelle and Duysens 1980; 
Paillotin et al. 1983; Gruber et al. 2015; Oja and Laisk 
2020). The intrinsic decay time constant of 9 μs (Fig. 2) 
shows that the triplet states investigated in this work are 
characteristic of 3Car. Chlorophyll triplet states may be 
generated in PSII, but their decay is biphasic with lifetimes 
of 1.6 ms and 6.6 ms (Groot et al. 1994).

Our mathematical analysis of the 3Car budget (Eq. 1) is 
based on excitonically isolated PSII complexes (Oja and 
Laisk 2012, 2020). When an antenna containing a Car triplet 
is excited, the exciting singlet photon is annihilated as soon 
as the hopping excitation hits the 3Car. On this assumption, 
only one 3Car may accumulate per PSII. If in a leaf excitation 
transfer time before annihilation happens to be much longer 
than the 35 ps in LHCII (Gruber et al. 2015), our reported 
quantum yield of triplet formation must be increased in 
proportion with the fraction of residual fluorescence during 
the annihilation. For example, if the residual fluorescence 
were 10% of Fmd, the quantum yield of triplet formation 
would be 0.73 in Fig. 4b.

The fact that the light curves of equilibrium triplet con-
tent (Fig. 1c) are rectangular hyperbolae as predicted by the 
model ignoring connectivity (Eq. 1), is another proof for 
the absence of excitonic connectivity between PSII. If exci-
tation lifetime suddenly decreases in a PSII—as happens 
with 3Car formation—it would absorb excitation from its 
connected neighbors. The graphs in Fig. 1c would have had a 
steeper initial slope and faster saturation than the rectangular 
hyperbolae if PSIIs were excitonically connected. Similarly, 
if excitation lifetime suddenly increases, as happens after 
turning NPQ off in a PSII, its connected neighbors still rap-
idly catch the excitation, causing fluorescence to rise sigmoi-
dally, not linearly, in Fig. 5b. In the absence of connectivity, 
the widely used Stern–Volmer Law is valid for calculation 
of the yield of fluorescence in a single PSII unit, because 
in its antenna different quenchers compete for excitation 
indeed. Large photosynthetic systems are communities of 
individual noninteracting photosystem complexes, where 
the observed global parameters are linear averages based on 
the proportions of photosystems having alternate properties. 
The sigmoidal rise of Chl fluorescence during induction is 
caused by the rising fluorescence yield of  QA-reduced PSII 
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units (Oja and Laisk 2012, 2020; Laisk and Oja 2020; Sipka 
et al. 2021, 2022).

The strict equality of the growth of the triplet-forming 
and diminution of the quenching fractions of PSII dur-
ing relaxation of qE (Fig. 5b,c) indicates that one and the 
same PSII is switched between the triplet-forming and NP-
quenching modes without “lake-type” excitation transfer 
between PSII units (Ruban et al. 2012; Belgio et al. 2014; 
Liguori et al. 2015). The offset of the graphs on the fluores-
cence axis is consistent with the model that one and the same 
Car-Chl site is switching between the triplet-forming and 
quenching modes. If distinct Car-Chl sites for triplet forma-
tion and NPQ were to compete for excitation in an individual 
PSII then the rate constant for triplet formation (kT) would 
remain constant even as the rate constant for NPQ (kN) var-
ied. Hence, the yields of triplet formation T and fluores-
cence emission F would be related as T = kT/(kF + kT + kN) 

and F = kF/(kF + kT + kN). Furthermore, the ratio T/F = kT/kF 
would be constant for all kN values. Thus the black lines in 
Figs. 5b and c would approach zero without an offset. By 
contrast, the clear presence of an offset means that kT is not 
fixed leading us to reject the separate site hypothesis.

The scheme of Box 1 illustrates the following model of 
PSII excitation. Under low light when  QA is oxidized, the 
 Pheo−P680+ radical pair traps antenna excitation, by far 
outcompeting other excitation terminators. At higher light 
intensities, when  QA becomes reduced, protein conforma-
tion changes in the PSII reaction center, turning it into the 
light-adapted, charge-separated  PSIIL state (Sipka et al. 
2021, 2022). In this PSII state excitation is detained in the 
antenna—with the prospect of being terminated via 3Chl and 
consequent 1O2 formation. To outcompete this detrimental 
prospect, a Car-Chl pigment pair traps the excitation within 
1–2 ns into 3Car, allowing for a lowering of fluorescence 
yield. The presence of the  PSIIL state under light satura-
tion of photosynthesis could be the primary alarm signal to 
improve photoprotection by inducing NPQ, but presently we 
only know other, inertial signal mediators like transmem-
brane proton gradient, zeaxanthin and PsbS, come into play 
in the NPQ induction process (Bassi and Dall’Osto 2021), 
somehow switching the triplet-forming Car-Chl site into the 
qE singlet-quenching mode (Mascoli et al. 2019).

The basis for the model of Fig. 6 and Box. 1 is the micro-
seconds rise of Chl fluorescence from Fo to Ff (Oja and 
Laisk 2020), seen also in Fig. 3 of this work. Recently it 
has been shown that following  QA reduction, a protein con-
formation change in the PSII reaction center is induced 
by recurring formation and recombination of the primary 
 Pheo−P680+ radical pair (Sipka et al. 2019, 2021, 2022; 
Magyar et al. 2022). We propose that the so obtained confor-
mation-dependent  PSIIL state, as defined by these authors, 
underlies Chl fluorescence increases to the Ff or Fmd state. 
The flash-induced, Ff, and saturation pulse-induced, Fmd, 
fluorescence yields are still enigmatic. Relevant to the pre-
sent work is the fact that excitation is terminated by 3Car 
formation in both states (Oja and Laisk 2020 and Fig. 3 of 
this work), though fluorescence yield (excitation lifetime) 
is almost by a half lower in the Ff state compared to the 
Fmd state. As  QA reduction induces Ff but both  QA and  QB 
need to be reduced in the Fmd fluorescence state (Prášil et al. 
2018; Laisk and Oja 2020), it means the speed of the exci-
tation terminating 3Car formation in the antenna is tightly 
controlled by reduction state of the reaction center (Farooq 
et al. 2018). There are weighty arguments in favor of LHCII 
as the most likely site of the Car-Chl pair in the quenching 
state (Liguori et al. 2015; Ruban and Wilson 2020), with the 
caveat of 30–40% NPQ occurring in the minor antenna and 
in the PSII core (Nicol et al. 2021).

A hindrance in NPQ investigations has been the decep-
tive multiplicity of the investigation object: similar Car-Chl 

Fig. 6  Schematic depicting of alternative mechanisms of excess exci-
tation dissipation in PSII. When  QA is photo-reduced formation of the 
primary radical pair  P680+Pheo− is hindered. Consequent accumu-
lation of excited singlet chlorophyll (1Chl*) terminates in the 3Chl* 
triplet state, which reacts with atmospheric 3O2 to form singlet oxy-
gen (1O2) and 1Chl. This deleterious scenario is prevented by fast 
transfer of 3Chl* to a carotenoid, 3Car*, where the triplet state decays 
by intersystem crossing (ic) in 9 μs. Photoprotection is enhanced by 
nonphotochemical quenching, NPQ, which transfers excitation from 
1Chl* to 1Car* in competition with photosynthesis

Box 1  Schemes of excitation quenching in PSII. -Chl-Chl- illustrates 
the antenna, and approximate excitation termination times are indi-
cated. Dominating pathways are shown in bold shades of grey
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structures have been found in different subcomplexes of 
the PSII antenna. Isolated LHCII, as well as other subcom-
plexes, can be turned into quenching states (Ruban 2016; 
Xu et al. 2015). Different mechanisms have been suggested 
to explain it, like interactions between Chls (Miloslavina 
et al. 2008; Müller et al. 2010), energy/electron transfer 
between Chl and xanthophyll (Ruban et al. 2007; Ahn et al. 
2008), excitonic mixing of Chl and Xan (van Amerongen 
and van Grondelle 2001; Bode et al. 2009), and formation 
of a radical cation between zeaxanthin and lutein (Dall’Osto 
et al. 2017). Such diversity has, at least partly, been abetted 
by contradictions in understanding the role of carotenoids 
as accessory pigments harvesting light for photosynthesis. 
In isolated antenna subcomplexes, most of the excitation 
energy transfer occurs from the Car  S2 to Chl b (Croce et al. 
2001), but there have been reports about energy transfer from 
the Car  S1 excitation level to Chl a (Walla et al. 2002). In 
intact leaves and green algae, the “accessory” role of carot-
enoids in photosynthesis is not light harvesting but rather 
the opposite. About 30% of blue light energy is shielded by 
carotenoids from entering photosynthesis. A large part of 
excitation absorbed by carotenoids is not transferred to the 
photochemical center but is largely quenched (Emerson and 
Lewis 1942, 1943; Laisk et al. 2014).

The functional task of carotenoids thus is to absorb 
3Chl triplet states and to non-photochemically quench 
excessive excitation (Ruban et al. 2007; Mascoli et al. 2019; 
Agostini et al. 2021). The ability to quench excitation seems 
unnecessary for each individual Lhcb monomer, but this is 
so only while the subunit is assembled into the antenna, 
rapidly transferring excitation. There are occasions when a 
subunit is isolated. For example, it may happen before the 
freshly synthesized monomers have been assembled into the 
light-harvesting trimer and before the latter is assembled 
with the core antenna (Cutolo et al. 2023). And there is 
the state transition type regulation, where an LHCII unit 
is transferred between PSII and PSI, isolated from both 
photosystems (Allen 2003). For such cases the quenching 
mechanism is a safeguard preventing destruction of the 
temporarily detached pigment protein by singlet oxygen.

Now about the necessity for the two-step photoprotection 
mechanism. Transformation of the 3Car state to form 1O2 is 
considered impossible because of the inadequate energy of 
the carotenoid triplet state. The lowest triplet level of 3Chl 
a is 1.31 eV (10,500  cm−1) higher than the singlet ground 
level: 973 nm phosphorescence is emitted when 3Chl relaxes 
to 1Chl. In carotenoids of LHCII, the triplet level is only 
0.75 eV (about 6000  cm−1) higher than the singlet ground 
level: the phosphorescence wavelength is 1702 nm. Singlet 
 O2 relaxes to the ground 3O2 state emitting phosphorescence 
at 1270 nm, indicating an energy difference 1 eV. Thanks 
to this energy difference, carotenoids are believed to be safe 

protectors against singlet  O2 formation in the photosynthetic 
machinery (Siefermann-Harms 1987; Telfer 2014).

Notwithstanding this protection mechanism, at 
atmospheric concentration,  O2 significantly enhances 
quenching of 3Car states: in our experiments at 100%  O2 
their decay rate was six times faster than the intrinsic rate 
in the absence of oxygen. This paradox is resolved by 
suggesting enhanced intersystem crossing of 3Car to the 
ground singlet state in the presence of the paramagnetic 
oxygen (Ho et al. 2017). Nevertheless, 1O2 is produced in 
isolated PSII membranes (Vass et al. 1992; Telfer 2014; 
Krieger-Liszkay 2005), and recently has been intensely 
studied in intact plants (Dmitrieva et al. 2020). Though 
its most likely production site is the PSII reaction center 
(Mattila et al. 2023), the special way that the 3Chl and 3Car 
wavefunctions are shared in plants may provide a chance 
for a 3O2 molecule to interfere while the triplet state is 
transferred from 3Chl to 3Car (Gall et al. 2011): some 1O2 
is formed in isolated monomeric Lhcb5 subcomplexes 
indeed (Ballottari et al. 2013). This could be the biological 
reason why the dual photoprotection mechanism has been 
developed in evolution: the 3Chl → 3Car triplet transfer 
provides incomplete protection, which is elaborated into 
perfect qE-protection by internal conversion via the Car  S1 
(or S*) excitation level.

Such an integrated approach like the present work, 
carried out on intact leaves, provides information about 
in vivo kinetics of the in vitro processes studied, painting 
a picture of the whole process of excitation energy transfer 
and quenching in photosynthesis. But the integral approach 
cannot resolve the mechanisms. It remains to be investigated 
in vitro, what happens in the PSII reaction center during 
microseconds after electron transfer to  QA? What is the 
physical difference between the triplet-forming and qE 
quenching states of the photoprotective Car-Chl pair and 
how are xanthophylls and PsbS protein related to the 
transformation?
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