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Abstract

In this review, I revisit the groundbreaking discovery of pheophytin a (Pheo) in the primary charge separation
of photosystem II (PSII) reaction centres (RCs) and draw attention to key observations that concern the origin of
the variable chlorophyll a fluorescence (Fy) of PSII as well as the partitioning of the absorbed quanta between different
de-excitation pathways. In particular, I recall data from the 1970s and 1980s, which have revealed photoreduction
of Pheo in closed PSII (PSIlc) containing the primary quinone acceptor in reduced form, and in photoinhibited
PSII with largely suppressed F,. Taken together with recent experiments on the turnover of the Psg'Pheo™ radical
pair and thoroughly documented large F, values in PSIlc, these data invalidate the fundamental assumption
of the so-called Q4 model of chlorophyll a fluorescence (ChlF): that PSIIc displays no photochemical activity, and
thus the F.,/F,, ratio can be equated with the photochemical quantum efficiency of PSII (F.,, maximum fluorescence
yield elicited by a saturating flash). Consequently, the co-dependent quantities — namely, the quantum efficiencies of
the alternative pathways — cannot be derived from conventional ChlF measurements. It is proposed that monitoring
the redox transients of Pheo and the P¢so"Pheo™ radical pair may provide deeper insight into the photochemical activity
and structural dynamics of PSII reaction centres, as well as the utilization or dissipation of absorbed excitation energy —
thereby improving our understanding of the mechanisms underlying various biotic and abiotic stresses affecting PSII.
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Introduction

Photosystem II (PSII) is a large multi-subunit pigment—
protein complex embedded in the thylakoid membranes
of oxygenic photosynthetic organisms. This enzyme,
the water-plastoquinone oxidoreductase, is the ultimate
source of virtually all reducing equivalents in the biosphere
and is therefore often referred to as the engine of life (Barber
2004). Today, the basic photophysical and photochemical
functions of its reaction centre complexes (RCs) are
reasonably well understood (Shen 2015, Romero et al.
2017, Shevela et al. 2023, Hussein et al. 2024), thanks
to decades of extensive research and key discoveries in
numerous laboratories worldwide. One of the fundamental
discoveries concerning the molecular architecture of
the RC of PSII and its primary photochemistry has been
the identification of pheophytin a (Pheo) as the primary
electron acceptor of PSII (Klimov ef al. 1977).

Fig. 14 shows that the electron transfer of PSII
proceeds on the active branch of the RC, involving Pheop;.
It also depicts the participation of the redox-active Tyry,
and the Mn,CaO:s cluster of the oxygen-evolving complex
(OEC) on the donor side, and the non-heme iron (Fe), and
the second, exchangeable plastoquinone molecule (Qg)
on the acceptor side. Fig. 1B displays the initial steps and
approximate half-time values of the forward and backward
electron transfer reactions.

As pointed out by Bruce et al. (2026), the discovery
of Pheo as an active component in PSII RC, and its basic
characterization (Klimov et al. 1977, 1979, 1980) were not
accepted immediately by the community of photosynthesis
researchers. Indeed, the 1980 Annual Review of Plant
Physiology still used the conventionally accepted view
on PSII photochemistry: “In the primary reaction of PSII,
the reaction centre chlorophyll "Pgg," donates an electron
to the primary acceptor "Q"” (Velthuys 1980). However,
ayear later, Vermaas and Govindjee (1981) already pointed
out that “There is an overwhelming evidence that Pheo
is an intermediate in electron transport from the reaction

centre Pggo to the quinone Q”. (Here, Q stands for Qa,
the first, stable plastoquinone acceptor of PSII.)

Surprisingly, similar corrections in the field of
chlorophyll a (Chl a) fluorescence induction and Chl a
fluorescence transitions (ChlF), in general, despite some
attempts (to be discussed in later paragraphs), had not been
implemented for decades. This is especially remarkable
given that, since the 1960s, ChlF has arguably been
the most widely used technique for monitoring
the functional activity of PSII and the fate of excitation
energy. In fact, the “mainstream”, so-called Qa model of
ChIF has remained in use and was essentially unchanged
since its foundational principles were established in
the 1960s and 1970s — evidently, because of the immense
successes of ChlF in numerous important discoveries.
However, it must also be noted that the Qs model has
never been free of controversy, which, at least in part,
can be attributed to the fact that the fundamentals of this
model were established before the discovery of Pheo in
PSII RCs. The controversial features of the Q. model are
often overlooked in primary photosynthesis texts, which
implicitly or explicitly use the simplified photochemical
model of Butler (1978) — as e.g., in recent reviews of
Calzadilla et al. (2025), van Amerongen and Croce (2025),
Zuo (2025), and Konyukhov et al. (2026).

In this paper, I will provide a brief overview of the main
characteristics of ChlF, the variable Chl a fluorescence (F,),
in particular. This will be followed by a section describing
the fundamentals of the Q. model — along with a list
of substantial controversies. Separate sections will be
dedicated to the sizeable photochemical activity of Pheo
(and the turnover of the Psgo"Pheo™ radical pair) in closed
RCs (PSIl¢), containing Qa~ — findings that cannot be
reconciled with the Qs model. It will be demonstrated
in the Appendix that the commonly employed equations,
using the rate constants of competing processes for
the quanta absorbed by PSII, must be complemented by
taking into account the non-zero photochemical rates
in PSIIc as well as in PSIlxpq (in the presence of NPQ,

Fig. 1. Cofactor structure (4) and the route of charge separation and approximate electron transfer and back reaction time constants (B)
in PSII RC of Thermosynechococcus (today, Thermostichus) vulcanus (pdb:5GTH). The figure is reproduced from Garab er al. (2023).
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the regulated nonphotochemical quenching of Chl a
fluorescence). The review will be closed with a short
Conclusion — emphasizing that recording the redox
transients of Pheo and/or of the Pss"Pheo™ radical pair,
in combination with ChIF measurements, will most
certainly aid in better understanding the structural and
functional complexity of PSII RCs.

Basic observations of Chl a fluorescence induction
Kinetics

For brevity and to focus on the basic transients, I restrict
the illustration of ChIF in dark-adapted samples to
the fast rise kinetics between the minimum level F, (or O)
and the maximum level, F, (or P), and to the variable
Chl a fluorescence F, = F,, — F,. (For slower transients
and different experimental conditions, as well as for
the case of NPQ, see e.g., Papageorgiou and Govindjee
2004, Tyystjarvi et al. 1999, Bernat et al. 2018,
van Amerongen and Croce 2025.)

As shown in Fig. 24, upon applying a long rectangular-
profile flash excitation on a dark-adapted leaf of a vascular
plant in the presence of DCMU, the fluorescence rapidly
rises to its maximum level. This inhibitor, by blocking
the electron transport between Q4 and Qg, allows only one
stable charge separation [DCMU, N'-(3,4-dichlorophenyl)-
N,N-dimethylurea]. In thylakoid membranes with active
whole-chain electron transport, the induction starts with
a fast (~2 ms) O-to-J rise, which is traditionally termed
the photochemical phase. This transition is followed
by much slower J-I and I-P steps, which constitute
the so-called thermal phase (Morin 1964, Delosme 1967,
Stirbet and Govindjee 2012). Fig. 2B demonstrates that
reaching F,, in the presence of DCMU requires several
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single-turnover saturating flashes (STSFs) (c¢f Joliot
and Joliot 1979); further, it demonstrates that the STSF-
induced fluorescence increments are essentially insensitive
to doubling the flash intensity by using two synchronously
fired STSFs (Garab 2024).

Fundaments and controversial features of the Q, model

Briefly, the Qa model of ChIF of PSII rests on two pillars:
(i) the RCs exist either in open (PSIlo) or in closed (PSIlc)
states, displaying F, and F, levels, respectively; and
(i1) the quantum yield of PSII photochemistry of a dark-
adapted sample is ®p = F,/Fi,.

It was posited by Duysens and Sweers (1963) that
the “RCs of PSII exist in two states, quenched and
unquenched, containing oxidized and reduced quenchers,
Q and QH”. (In 1963, the nature of Q, its identity as
Qa, as the first, stable quinone acceptor of PSII, was
not known.) These authors explained F, as follows:
“The excitation energy [...] is trapped if the centre is in
oxidized state” but the “reduced reaction centre, QH, does
not trap the excitation energy and thus does not quench
the fuorescence”. Accordingly, “in order to reach F,, it is
necessary, and sufficient, to have Qi completely reduced in
all the active PSII centres” (Stirbet and Govindjee 2012).

The concept of Duysens and Sweers was further
developed by Butler (1978), who performed experiments
on isolated thylakoid membranes (TMs) at 77 K in
the presence of an externally added quencher molecule
(dibromothymoquinone) (Kitajima and Butler 1975) and
employed a “simple photochemical model (a monomeric
Chl a molecule) in which photochemistry (P), fluorescence
(F), and nonradiative decay (D) all compete for
the excitation energy in the antenna chlorophyll of PSII

Fig. 2. Chl a fluorescence induction kinetics of dark-adapted samples, induced by intense rectangular-profile excitations (4) or by trains
of single-turnover saturating flashes (STSFs), followed by multiple-turnover (MT) SFs (B). Note that the F,/F,, ratios in these experiments
were very similar, >0.8. Panel 4 is modified from Stirbet and Govindjee (2011) with permission from Elsevier; it displays typical fast
Chl a fluorescence transients at room temperature of an untreated and a DCMU-treated pea leaf. Panel B is reproduced from Garab
(2024); it shows ChIF transients at 5°C of isolated DCMU-treated PSII core complexes (CCs) of Thermosynechococcus vulcanus.
STSF A and STSF B indicate that the corresponding traces were elicited with the Xe flashes A and B, respectively. These flashes possess
identical technical parameters. The label STSF A+B indicates that the given trace was recorded by synchronously firing the two flashes,

A and B.
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by first order rate processes”, characterized by the rate
constants kp, ks, and kp, respectively. Further, “photons
absorbed by a photosynthetic organism have three fates”
and “the sum of the quantum yields of each pathway
has to be 1.00”. Hence, with open RC, the ®p yield of
photochemistry is maximal: ®p = kp/(ks + kp + kp) and
the fluorescence yield is F, = ke/(kr + kp + kp). “However,
when the reaction centres are closed because the primary,
electron acceptors are reduced, ®p goes to zero and
the yield of fluorescence increases to a maximum”: hence,
with ke = 0, F, = ke/(kr + kp); here D is used to include
all other de-excitation routes. Using these equations,
the quantum yield of photochemistry can readily be
obtained as ®, = F,/F,. For details of deriving this
equation, see Blankenship (2021) and van Amerongen and
Croce (2025). The Appendix reproduces this derivation
but emphasizes that the turnover of Pheo and that of
the primary radical pair, Psso"Pheo”, must be taken into
account, because the assumption of @p = 0 (kp = 0) does
not hold.

The Qs model became canonical in photosynthesis
research and has been widely adopted in primary literature,
reviews, and textbooks, and served the research on
the mechanisms of photosynthesis (Genty et al. 1989,
Vavilin et al. 1999, Papageorgiou and Govindjee 2004,
Strasser et al. 2004, Farage et al. 2006, Baker 2008,
Murchie and Lawson 2013, Porcar-Castell et al. 2014,
Santabarbara et al. 2019, Taylor et al. 2019, Blankenship
2021, Gorbunov and Falkowski 2022). This widespread
acceptance can largely be attributed to numerous
observations showing that a high F./F,, ratio serves as
a hallmark of healthy, fully functional PSII, whereas
reduced values, generally, are indicative of photoinhibited
or damaged RC. However, these interpretations have been
challenged by concerns regarding a “lack of an adequate
theoretical basis” (Holzwarth 1993, see also Trissl et al.
1993, Trissl 1994), as well as by the development of
alternative or complementary models (Vredenberg 2008,
2011; Schansker et al. 2011), and the identification of
multiple unresolved questions (Kalaji et al. 2014). Also,
notable exceptions indicated that the F./F., ratio does
not necessarily correlate with PSII activity (Vavilin
et al. 1999, Treves et al. 2016). Recent data have led to
the conclusion that the interpretation of ChlF must be
placed on new conceptual foundations (Garab et al. 2023,
Garab 2025). Despite its known limitations and unresolved
controversies, the F,/F,, ratio continues to be widely —
and frequently uncritically — used in the literature as
a measure of the photochemical quantum efficiency of
PSII (e.g., Zuo 2025, Chang et al. 2025, Huang et al.
2025, van Amerongen and Croce 2025). Most recently,
Konyukhov et al. (2026) analyzed the “weak points”
of the determination of the F./F,, ratio — focusing mostly
on technical aspects, such as fluorescence spectroscopy,
short vs. long flash excitation, and time resolution,
and pitfalls related to the complexity of the biological
material, including PSI activity, state transitions, and
chlororespiration. Regrettably, many long-standing
fundamental controversies and recent experimental
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findings escaped the attention of these authors. This
justifies revisiting the main controversial aspects of the Qa
model and advancing additional arguments.

(i) During the so-called thermal phase (see Fig. 24),
all RCs experience multiple excitations (Morin 1964,
Delosme 1967, see also Neubauer and Schreiber 1987,
Lazar and Pospisil 1999), which are nevertheless unable
to generate P.

(i1) The first STSF, closing all PSII RCs, was shown to
induce F; (<F.) and additional excitations were required
to reach F,, (Joliot and Joliot 1979, Magyar et al. 2018,
¢f. also Laisk and Oja 2020) (see Fig. 2B). It has also
been shown by Kolber ef al. (1998) and Vredenberg et al.
(2006) that to reach F,, multiple single-turnover flashes
are needed.

(iii) In addition, it has been discovered that, for
completing each of the Fi-to-F,-to-F;...F, increments,
sufficiently long At waiting times are required between
consecutive STSFs (Magyar et al. 2018). Note that
the existence of At waiting times and the required multiple
excitations explains the sigmoidicity of the O-to-P rise,
induced by a long flash in the presence of DCMU. This
has been proposed to reflect the composite character of
the rise, containing more than one exponential component
(Vredenberg 2011). The sigmoidicity is retained in
monomeric and dimeric PSII core complexes (Sipka
et al. 2021), ruling out its origin in energetic connectivity
between PSII units, as explained in the Q4 model (Stirbet
and Govindjee 2012).

(iv) The F./F,, ratio was found to be largely independent
of the intensity of the excitation — using single or double
STSFs (Fig. 2B) or varying the photon flux density of
the long flashes between 0.9 and 15 mmol(photon) m2 s™!
(Schansker et al. 2011). For similar earlier observations,
see Kolber et al. (1998).

(v) PSIIc is capable of gradually converting into
the light-adapted charge-separated state (PSII.) with
improved stabilization of the charges; in fact, repetitive
excitations have been shown to generate multiple
intermediate states between PSIIc and PSII, (Sipka ef al.
2021).

(vi) The induction kinetics of DCMU-treated PSII
core complex (CC) have been shown to depend strongly
on the temperature in the cryogenic range (Magyar
et al. 2018, Sipka et al. 2021) — in sharp contrast to
the photoreduction of Qa, which is an activationless
process that is accelerated below 100 K (Kirmaier et al.
1985).

(vii) It has also been shown that the magnitude of F,
and the amplitude of the initial phase of the O-to-P rise
depend sharply on the pH between 6.5 and 7.0 (Magyar
et al. 2025), in contrast to the photoreduction of Qa,
which is pH independent between 6.0 and 8.0 (Demeter
et al. 1985). In broad terms, these data are in harmony
with earlier hypotheses on donor-side effects (Vredenberg
2008, Klughammer ef al. 2024) and on the dependence
of fluorescence yield on the S-states of the OEC
(Delosme and Joliot 2002, Ananyev and Dismukes 2005).
Period-of-four oscillation of the fluorescence Ilevel,



associated with the activity of OEC, was also reported by
Vredenberg et al. (2007).

(viii) As testified by experimental data at cryogenic
temperatures, the direct contribution of the photoreduction
of Qa to F, is small (<20%) (Schansker et al. 2011, Sipka
et al. 2021, Magyar et al. 2025).

(ix) The O-to-P rise kinetic traces of DCMU-poisoned
pea leaves between 0 and —100°C contain an essentially
activationless fast kinetic component, being responsible
for 19.6% of the rise, and two slower components with
13 and 16 kJ mol™ activation energies (Schansker ez al.
2011). Similar activation energies, 13.8 = 0.8 and
11.3 = 3.8 kJ mol™!, were obtained from F,, decay kinetics
in spinach TMs and PSII CC of T. vulcanus, respectively,
in cryogenic temperature ranges preventing the reoxidation
of Qa~ (Magyar et al. 2018).

Three further fundamental points, linked to the
photochemical activity of Pheo in PSII, will be discussed
in the section below.

Role of redox transients of Pheo in F,

The following data, obtained in the Institute of
Photosynthesis (Pushchino, USSR), the Bakh Institute
of Biochemistry (Moscow, USSR), the Department
of Biophysics (Moscow State University, Moscow,
USSR), and the Institute of Microbiology (Ttebon,
Czechoslovakia), are of pivotal relevance to the origin of
F, of PSII:

(i) Reversible photoreduction of Pheo was observed in
pea subchloroplast particles at redox potentials between
-50 mV and —550 mV, when Q. was in the reduced
form (Klimov et al. 1977). The redox potential of Pheo
was determined first to be —610 mV on PSII particles,
which were not capable of splitting water (Klimov
et al. 1979). It should be noted here that, subsequently,
Allakhverdiev et al. (2010) determined the redox potential
in two cyanobacteria with different special-pair Chls.
In Synechocystis sp. PCC 6803 and Acaryochloris marina
MBIC 11017, whose special pairs consist of Chl ¢ and
Chl d, respectively, and obtained midpoint redox potential
(Em) values of =536 + 8 mV and —478 + 24 mV. Further,
measurements of the redox potentials of Q, in the two
cyanobacteria and in PSII with and without active OEC
showed some variations in the energetics of PSII, but,
in general, it was conserved, even though the redox
potentials of QA and Pheo were sensitive to the molecular
architecture and functional activity of PSII (Allakhverdiev
etal 2011).

(i) Analyses of the temperature dependences, in
the range from —-30 to —100°C, of key fluorescence
parameters of isolated PSII particles and chloroplasts
revealed the involvement of sizeable activation energies
(Klimov et al. 1978).

(iii) It has been shown by Allakhverdiev et al. (1987)
that different photoinhibitory treatments (under aerobic,
anaerobic, and strongly reducing conditions), which all
suppress F, and the PSII electron transport from H,O
to p-benzoquinone, do not impair the primary charge
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separation, i.e., the formation of the Pgg"Pheo™ primary
radical pair.

Evidently, the photochemical activity of Pheo in
the presence of Q4™ cannot be reconciled with the Q4 model,
according to which “reduced reaction centre, [containing]
QH, does not trap the excitation energy”. Also, according
to the Q4 model, the diminished F, in photoinhibited PSII
should indicate diminished photochemical rates. However,
the persisting redox transients of Pheo indicated high rates
of primary photochemistry in PSII. (Note that the main
tenets of the Q4 model were laid down before the discovery
of Pheo as the primary electron acceptor in PSII RC.)

To correlate the photochemical activity of PSII with
F,, Klimov et al. (1977) proposed that F, arises from
the recombination of the Peso"Pheo radical pair, which
possesses a 2—4-ns lifetime. However, more detailed time-
resolved spectroscopic investigations have shown that
“the long-lived, nanosecond chlorophyll fluorescence
is not charge-recombination luminescence but rather
emission from equilibrated excited states of antenna
chlorophylls” (Schatz et al. 1987). For further discussion,
see also Dau (1994). An alternative model, taking into
account the involvement of Pheo in F,, was proposed by
Vredenberg et al. (2009). These authors observed that
the F,/F,, value, induced by the first 35-us long saturating
flash, was 0.67, and the maximum, 0.8, could only be
achieved by the second flash. These two F./F. values
were proposed to originate from single- and double-
reduced Q,, more precisely from [PheoQa]” and
[PheoQa]*, respectively, in the Qg-nonreducing RCs.
To my knowledge, this hypothesis has not been
substantiated. Also, it is difficult to reconcile it with more
recent data, such as the multistep fluorescence increments,
especially at low temperature, the rapid recombination of
the primary radical pair in PSIlc, as well as the pH and
temperature dependences of the main parameters of ChlF
(see above).

At this point, it is also important to note that, in
contrast to photoinhibition, heat-induced inactivation of
PSII does lead to the loss of the primary charge separation,
approximately parallel with the diminishment of the F,/Fy,
ratio (Allakhverdiev et al. 1996). Hence, the same
diminishing F,/F,, ratios may be associated with very
different photochemical rate constants. Thus, ChIF
measurements per se may not provide correct information
on the fate of absorbed quanta, and on the partitioning
of the excitation energy between different pathways.
Nevertheless, variations in the magnitude of the F./F,
ratio have important diagnostic value for the functional
activity and structural dynamics of PSII. Note also that,
as emphasized earlier (Garab 2024), because ®@p# F./F,
the co-dependent quantity, the quantum efficiency of
the so-called constitutive nonphotochemical quenching,
Dno, also loses its physical meaning (see Appendix).
Correct interpretation of ChlF parameters requires careful
assessment of all processes and complementary data. Also,
multiple fluorescence levels between F, and F,, indicate
multiple intermediate states between PSIIc and PSII,,
which must be taken into consideration. The accurate
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determination of ®p, Dnpg, and dno usually also requires
knowledge of all the rate constants (see Appendix).

Regarding the physical mechanism(s) underlying
the ChIF transients, it has been proposed that the gradual
light-induced PSIIc-to-PSII, transition, and the multistep
Fi-to-F,, rise, originates from subtle conformational
changes (most likely) on the donor side of the RC matrix,
and dielectric relaxation processes driven by a combination
of stationary and transient electric fields, due to
the presence of Q™ and the rapidly recombining Pego"Pheo™
radical pair, respectively (Sipka ez al. 2021, 2022; Magyar
et al. 2025).

With regards to the more complex, O—J—I-P transients,
additional mechanisms and processes must be taken into
consideration (Garab 2025). It has earlier been established
that the activity of photosystem I (Schansker ez al. 2005),
the occupancy of the Qg binding site (Prasil ef al. 2018),
and donor-side effects (see above) play important roles.
In addition, competition between the rise and decay of
the Chl a fluorescence, governed, respectively, by the At
waiting times and the Q4™ to Qg electron transfer, must be
taken into account.

Turnover rates of PSII photochemistry; rate constants
associated with F, and F,,

Since, as shown above, the photochemical quantum
yield of closed PSII RCs does not drop to zero, i.e.,
kp > 0, it is of interest to estimate the “true” value of ®p

in different PSII states. This can, in principle, be done by
measuring the turnover rate of the Psso"Pheo™ radical pair,
which can be monitored by recording the decay kinetics of
the absorbance transients at around 820 nm (see Fig. 1B).
These transients on the nanoseconds-to-microseconds
timescale reflect the decay of Pego*; the electron transfer
between Pheo™ and Q4 occurs on the sub-ns scale.

Sipka et al. (2019) performed 819-nm absorbance
transient (AAsi9) measurements on dark-adapted DCMU-
treated PSII CC upon single and multiple flash excitations
(Fig. 3). In good agreement with the expectations, it was
confirmed that only the first STSF is capable of generating
stable charge separation. In contrast to the relatively
slow decay of AAgs after the first flash (Fig. 34), upon
the second flash (Fig. 3B) or repetitive excitations, AAsig
decayed with lifetimes of about 2 ns (~60%) and 10 ns
(~30%), attributed to recombination of the primary radical
pair.

These experiments have shown that the recovery
of AAso is relatively fast, ~75% and ~90% at 5 and
100 ps, respectively (Fig. 3B inset). Conversely,
the photochemically inactive time intervals of PSIIc are
relatively short when compared to the average rate of PSII
excitation and the re-opening of the RC, via the Q4 to Qg
electron transfer, which are in the range of several hundred
microseconds. Hence, under realistic conditions, kp and
the photochemical quantum efficiency of PSllc, albeit
decreased, remain comparable to the dark-state values.
According to Ostroumov et al. (2014), the quantum

Fig. 3. Traces and parameters of AAs;y in DCMU-treated, dark-adapted PSII CC from Thermosynechococcus vulcanus. (4) Single
flash excitation and repetitive (2 s™) flash excitations. (B) Traces recorded upon a second flash excitation, which followed a saturating
(pre-)fiash after different time intervals, as indicated; the smooth lines represent global biexponential fits of the curves; inset: dependence
of the fitted amplitudes on the delay between the first (pre-)flash and the actinic flash. The figure is reproduced from Sipka ez al. (2019).



efficiency of PSII upon closing the RC decreases from 89
to 76%. Note that these authors, similar to Butler (1978),
define ky as the rate constant that is associated with
the primary photochemical charge separation, as opposed
to the dissipative pathways, kic (internal conversion) and
kisc (intersystem crossing), and kr (see also Appendix).
When starting with active dark-adapted PSII, the charges
can be stabilized by secondary electron transfer steps, and
may eventually lead to oxygen evolution, the production
of NADPH, and ATP synthesis; alternatively, in
the presence of reduced Qa., the charges will recombine
(Fig. 3). Evidently, to monitor the fate of the photo-
chemically produced charges, additional rate constants
must be determined, which requires techniques independent
of conventional ChlF measurements.

By taking into account the high turnover rate of
the primary charge separation, the F,/F, ratio cannot
be equated with the quantum efficiency of PSIIL. It must
also be noted, however, that in our earlier work (Garab
et al. 2023), this key argument, i.e., that ®p > 0 and
ke > 0, was not used. Earlier, it was pointed out that
the implicit assumptions of Butler (1978) — that “none
of the rate constants change as the traps go from open
to closed, and that all the fluorescence that is observed
in both the F, and F,, states comes from a homogeneous
system in which all chlorophyll excited states are
equivalent” (quoted from Blankenship 2021) — do not
hold true. Thus, it was argued that F, = ke/(kro + kpo + kno)
should be compared with Fy, = ken/(kem + kom). However,
Garab et al. (2023) overlooked the facts that PSII¢ largely
retains its primary photochemical activity (Klimov et al.
1977, 1979; Allakhverdiev et al. 1987, Ostroumov et al.
2014, Sipka et al. 2019, Garab 2025); i.e., kpm # 0. Thus,
the correct expressions for F, and F; are as follows:
Fin = Ken/! (ka + kpm + kDm) and F; = kg/ (kFi + kpi + kDi),
where 1 =1,2,3... stands for the i-th intermediate between
F, and F,. (For the derivation of these equations and
further comments, see Appendix.) Evidently, neither
the F,/Fy, ratio nor any Fi/F.-type ratio provides a valid
measure of the photochemical quantum yield of PSII or
of co-dependent quantities such as ®@no (cf- Garab 2024).

Conclusion

With this short review, I wish — belatedly and with sincere
apologies — to give credit to Slava Klimov, Suleyman
Allakhverdiev, and their colleagues for their demonstration
of redox turnover of Pheo (and Peso) in the presence of Qa~
and in photoinhibited PSII.

Data showing that PSIlc possesses nonzero
photochemical activity invalidate the Q. model and
demonstrate that PSII quantum efficiency parameters
conventionally derived from ChlF measurements are not
physically valid.

Finally, I would like to stress that monitoring
the redox transients of Pheo and the formation and
decay of the Peso'Pheo™radical pair, in combination with
ChlF measurements and other complementary tools,
may lead to a deeper understanding of the photophysics,
photochemistry, and structural dynamics of PSII under
different, physiologically important conditions.
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Appendix

In this section, first, I present the simplified photo-
chemical model of PSII (Butler 1978), along with its
more recent formulations by Blankenship (2021) and
van Amerongen and Croce (2025). The role of Pheo in
the calculated photochemical and nonphotochemical
quantum efficiencies, derived from ChIF measurements,
will be discussed in later paragraphs.

In general, as pointed out by Butler (1978), variations
in ChIF are ultimately determined by changes in the kp,
ko, and kr rate constants of photochemistry (P), heat
dissipation (D), and fluorescence (F), respectively,
processes which compete for the absorbed excitation
energy of PSII. Assuming first order rates, the ® quantum
efficiencies can be given as a function of these rate
constants, e.g., for ®p:

(I)p = kp/(kp + k[) + k[:)

Evidently, the sum of the quantum efficiencies of all
competing processes must be 1.0:

(Dp+q)D+q)F: 10

This equation provides the framework to determine
the partitioning of the absorbed quanta among the different
de-excitation pathways in PSII.

In the general case, allowing NPQ, the maximum level
may decrease from F,, to F,'. The magnitude of NPQ is
conventionally determined using ChlF measurements:

NPQ = (F,, — F.')/Fu.

Note that, at the same time, F, may also change to F,'.

It was recognized by Genty et al. (1996) and later
emphasized and further elaborated by other authors
(Kramer et al. 2004, Klughammer and Schreiber 2008,
Calzadilla ef al. 2025) that it is important to introduce
an additional nonphotochemical quenching component
of Chl a fluorescence, NO, representing the so-called
nonregulated (or constitutive) energy dissipation pathway.
The introduction of NO warrants that the sum of quantum
efficiencies equals 1.0. This is because ®p < 1.0, and Dnpq
can be zero or very small. Hence:

Op = cDNPQ + (DNO.

ChlF is often used to determine the partitioning of
the absorbed quanta between different de-excitation
pathways in PSII by using the measured fluorescence
levels and the appropriate rate constants.

Accordingly, the fluorescence intensity in PSIl, can be
given as:

F, = C x ke/(ke + kic + kisc + kp),

where C is a constant, specific to the measuring device.

As van Amerongen and Croce (2025) and Blankenship
(2021) have shown, here, we discriminate between
direct and indirect dissipation pathways, corresponding
to internal conversion (IC) of the singlet excited state of
Chl a and the formation of triplet states via intersystem
crossing (ISC), respectively.
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By accepting the assumption of Butler (1978), that
upon the transition of PSIlo-to-PSIle, ®p and kp go to
zero and F, rises to F,, and adopting the terminology of
van Amerongen and Croce (2025), we obtain:

Fin = C % kg/(kr + kic + Kisc).

By combining ISC and IC again, and ignoring C, we
can write:

Fo = kF/(kF + kp + k[))
and
Fm = kF/(kF + kD)

From these equations, we obtain the widely used term
for PSII photochemical quantum efficiency, found in
photosynthesis texts (Blankenship 2021):

(I)p = Fv/Fm.

In the presence of excess light, and assuming again
®p = 0 and kp = 0, which, within the framework of the Qa
model, is a plausible assumption, the quantum efficiency
of NPQ is:

Dnpo = knpo/ (ks + kp),
which may be written as
(DNPQ = kNPQ/ (kF + kNO + kNPQ)~

It is to be noted, however, that these equations do not
apply for NPQ with PSIIo, because, even in the Qa model,
kp in PSII, is >0. It is interesting to note here that the kypg
rates have been shown to differ for open and closed RCs
(Farooq et al. 2018, van Amerongen and Chmeliov 2020).

Van Amerongen and Croce (2025) have pointed
out that NPQ can also be determined by measuring
the average lifetimes, using the overall physical correlation
between the de-excitation rate constants and the average
fluorescence lifetimes. For a fluorophore, the fluorescence
lifetime, 1, and the quantum yield, @, are related by
the equation @ = 1/ty, where 1, is the natural radiative
lifetime. Hence, an excited-state lifetime is defined by
the same rate constants that are used for the yields. For
example, in PSIl, (F, condition), the lifetime can be given
as

T, = 1/(ke + kic + kisc + kp).

It is essential to note that in all PSII states,
the decays comprise more than one, typically three, lifetime
components (e.g., Szczepaniak et al. 2009, Wientjes ef al.
2013, Sipka et al. 2021).

By measuring the lifetimes, artefacts, such as
reabsorption of the fluorescence emission, and non-PSII
contributions to F,, e.g., from photosystem I, can be
excluded. In harmony with the fluorescence yields, in
excess light, the average lifetimes typically decrease from
~2 ns to several hundred picoseconds, clearly illustrating
that NPQ, by reducing the excitation pressure on the RC,
acts as a photoprotective mechanism (Wientjes et al.
2013). In plants, NPQ is arguably the most substantial
photoprotective mechanism (Horton 2014, Ruban 2016).



It must be stressed here that all these ChIF yield- or
lifetime-based determinations of the different quantum
yields in PSIlcineono states relied on the assumption that
in RCs containing Q, in reduced form @, = 0 (and kp = 0).
As shown in previous sections, this assumption does not
hold true.

As pointed out in the main text, the fact that ®p # 0
could have been established by using the data on Pheo
turnover (Klimov ez al. 1977, 1979; Allakhverdiev et al.
1987), but it was Ostroumov et al. (2014) who clarified
it first that, upon closing the RC, ®p decreases only
marginally from about 89% to only about 76%. In excess
light, generating NPQ, i.e., in PSlIlxpq, the photochemical
quantum yield of PSII decreases further, but its value may
remain substantial; its magnitude evidently depends on
the intensity of the actinic light and the magnitude of NPQ.

Concerning the partitioning of the excitation energy, it
mustbe seen that—using conventional ChlF measurements —
it is not possible to discriminate between “efficient” and
“inefficient” photochemical yields, leading to stable
and transient charge-separated states, respectively. This
would require independent experiments, such as oxygen
polarimetry, Hill reaction, electrochromic absorbance
transients, efc. Also, since ®p # F./Fy, the co-dependent
quantity ®Ono = 1 — F,/F, loses its physical meaning; and
determination of ®npq may also be difficult, given that
its most convenient determination would be to use the
equation:

Onpg = 1 = (D + Do + D).

Evidently, ®r can be determined in different PSII states.
Under excess light conditions, the “ChlF-silent” dissipated

PHEOPHYTIN IN CHLF TRANSIENTS

energy might be large because NPQ often does not account
for all photosynthetically unused quanta. Transient
absorption techniques might aid the determination of
the quantum yields and rate constants of the different
de-excitation pathways (Park ef al. 2019, Sipka et al. 2019).
The values of ®p might also be determined by independent
techniques. These may thus lead to good estimates of
the @p, Ono, and Pnpq quantum yields.

In general, all quantum yields can be obtained from
the rate constants. ChlF measurements carry key
information, but the above analysis shows that, except
for the equations describing F,, the formulations should
be expanded to include all relevant state-specific rate
constants. Changes in fluorescence levels and fluorescence
lifetime measurements are highly informative for
determining kr. For internal conversion, some
simplifications may be applied, e.g., kico) = ki) [here,
(O) and (C) refer to PSIly and PSIlc, respectively]. With
sizeable NPQ components, invariance of kic, compared
to PSIIc with zero NPQ, is highly unlikely. With regards
to the rate constants of intersystem crossing, kisc, Chl a
triplet states in PSII in excess light most probably originate
from the recombination of the primary radical pair (Park
et al. 2019, Bhattacharjee ef al. 2023). The accumulation
of carotenoid triplets, which might be part of the protective
mechanism via quenching harmful Chl a triplets may be
recognized from transient quenching of ChlF (Klughammer
et al. 2024). The magnitude of kp in different states can
most readily be determined via measuring the turnover of
Pheo (Klimov et al. 1979, Allakhverdiev et al. 1987) or
the absorbance transients at around 820 nm (Sipka et al.
2019).
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