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Chlorophyll a fluorescence is a highly sensitive, non-destructive, and reliable tool for measuring, rather
quickly, photosynthetic efficiency, particularly of Photosystem II (PSII), the water-plastoquinone oxidore-
ductase. We briefly review here the connection between the fast (up to 2 s) chlorophyll fluorescence rise
and PSII, as well as the empirical use of the fluorescence rise kinetics in understanding photosynthetic
reactions, particularly of PSII. When dark-adapted photosynthetic samples are exposed to light, a fluores-
cence induction is observed, known as the Kautsky effect, after Hans Kautsky, the discoverer of the phe-
nomenon showing the existence of variable fluorescence. The chlorophyll fluorescence intensity rises
from a minimum level (the O level), in less than 1 s, to a maximum level (the P-level) via two interme-
diate steps labeled J and I. This is followed by a decline to a lower semi-steady state level, the S level,
which is reached in about one minute. We provide here an educational review on how this phenomenon
has been exploited through analysis of the fast OJIP fluorescence transient, by discussing basic assump-
tions, derivation of equations, as well as application to PSII-related questions.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Background

The tiny (2–10% of the absorbed light [1]) Chlorophyll (Chl) a
fluorescence has proven to be an open window in the heart of
the photosynthesis process, due to its intricate connection with
the numerous processes taking place during the energy conver-
sion of light into a stable chemical form (reviewed in [2] and
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in Papageorgiou and Govindjee [3]). The analysis of the kinetics
of Chl a fluorescence has been a widespread non-invasive tech-
nique used extensively for the study of oxygenic photosynthetic
organisms (higher plants, algae and cyanobacteria), both in basic
and applied research. It has provided both qualitative as well as
quantitative information on a large variety of photosynthetic
events (see e.g., many reviews [4–24] published during 1966–
2009).

The fluorometers, that are currently in use for kinetic fluores-
cence studies, are based on different approaches to measure the
variable Chl a fluorescence [25], differing in the manner by which
the photochemistry is saturated (e.g., shutterless and LED-based
instruments for direct fluorometry, as plant efficiency analyser
(PEA) [26,27], pulse amplitude modulation, PAM, fluorometry
[28], the pump and probe (P & P) fluorometry [29,30], the fast rep-
etition rate (FRR) fluorometry [31], the pump during probe (PDP)
fluorometry [32], and several others that are functionally similar,
such as the fluorescence induction and relaxation (FIRe) technique
[33], the background irradiance gradient single turnover (BIG-STf)
fluorometry [34], and advanced laser fluorometry (ALF) [35]).
However, the main phenomenon under analysis, in all these
instruments, is the same. When photosynthetic samples, kept
in darkness (e.g., for 10 min) are illuminated, Chl a fluorescence
intensity shows characteristic changes called fluorescence
the Kautsky effect (chlorophyll a fluorescence induction) and Photosystem
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induction, fluorescence transient, or simply the Kautsky effect,
named after Hans Kautsky (1891–1966). (See the brief 1931 paper
by Kautsky and Hirsh [36]; also see http://www.fluoromatics.com/
kautsky_effect.php.) For higher plants and algae, Chl a fluorescence
induction curve measured under continuous light has a fast (with-
in a second) increasing phase, and a slow (within a few minutes)
decreasing phase (see Fig. 1). Further, light-exposed samples also
exhibit fluorescence changes, upon change of wavelength [37], or
intensity of light (see e.g., Strasser [38]; and Srivastava et al.
[39]) (and reviews in [2,3]). After the light is turned off, and a suf-
ficiently long dark period is given (e.g., 15–30 min to an hour), the
original fluorescence induction kinetics are observed again when
the same light is turned back on. This transient has inflection
points (see [14] for a history of the nomenclature used for fluores-
cence transient curves): the fast phase is labeled as OJIP, where O is
for origin, the first measured minimal level, J and I are intermediate
levels, and P is the peak. The slow phase is called PSMT [40,41],
where S stands for semi-steady state, M for a maximum, and T
for a terminal steady state level; sometimes the maximum M is
missing, or several steady states and maxima labeled S1M1, S2M2

are observed [42]. For the fast phase we will use in this review
the OJIP label introduced, in 1991 and 1992, by Strasser and Gov-
indjee [26,27]. Tsimilli et al. [43] showed that in some photosyn-
thetic samples (foraminifers, zooxanthellae, lichens and some
algae), the P-level splits into two steps, called G (a peak that does
not exist in angiosperms, as a consequence of an early activation of
the ferredoxin-NADP+-reductase, FNR, [44]), and H (equivalent to
P). In some heat-stressed samples, another step called K [45–47]
appears between O and J levels, at about 300 ls.
Fig. 1. Chlorophyll a fluorescence induction transients of a pea leaf (kept in
darkness for �20 min before the measurement). Top graph: on a linear time scale;
Bottom graph: on a logarithmic time scale. Wavelength of excitation: 650 nm.
Excitation light intensity for curves labeled 1, 2 and 3 was, respectively, 32, 320, and
3200 lmol photons m�2 s�1 at the leaf surface. For definition of OJIPSMT symbols,
see text. Fluorescence is given in arbitrary units. Source of the original figure:
Strasser et al. [50]; modified by Alaka Srivastava.
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Fluorescence changes during the fast part of the transient (i.e.,
until the fluorescence yield reaches its maximum value at P) can
be primarily correlated with the events taking place in the course
of successive reduction of the electron acceptors of the entire pho-
tosynthetic electron transport chain (see e.g., reviews in reference
[3]). The slow part is more difficult to interpret, as an increasing
number of different processes begin to be involved during this
phase (e.g., non-photochemical Chl a fluorescence quenching,
ATP synthesis, Calvin–Benson cycle, State 2 to State 1 transition,
among others); this will not be discussed in this review. For a his-
tory of the development of the State transitions, see Papageorgiou
and Govindjee (this special issue).

1.2. The connection of Chlorophyll a fluorescence induction with the
Photosystem II

Several experimental and theoretical studies have been dedi-
cated to the fast phase of the fluorescence induction since it is eas-
ier to be analyzed than the slow phase (see [48–50] for
experimental work; [18,51–57] for modeling; and [24,58,59] for
reviews). The conventional understanding of the OJIP transient is
based mainly on the hypothesis discussed, in 1963, by Duysens
and Sweers [60]. In their theory they assumed that Photosystem
II (PSII) is responsible for Chl a variable fluorescence, and the rate
of PSII photochemical conversion is limited by the electron accep-
tor side (i.e., the side that is reduced by PSII); further, the fluores-
cence yield was suggested to be controlled by a PSII acceptor
quencher (called ‘‘Q’’), later identified as the bound plastoquinone
QA in its oxidized state (see e.g., van Gorkom and co-workers
[61,62]). In this theory, the fast fluorescence rise is a reflection of
the concentration of reduced QA, i.e., Q�A , as affected by the kinetics
of several different redox reactions in the photosynthetic electron
transport chain. Thus, the OJIP transient has the potential to be
used for the characterization of the photochemical quantum yield
of PSII photochemistry, and the electron transport activity. Further,
the OJIPS Chl fluorescence transient has been an excellent monitor
for the specific effects of various inhibitors, stressors, and muta-
tions on the photosynthetic apparatus and its function. The
involvement of other processes controlling the variable Chl a fluo-
rescence during the fast phase of Chl a fluorescence induction, be-
sides the QA quenching, has also been proposed: [63] for PSII
connectivity; [64,65] for P680+, the PSII reaction center in its oxi-
dized state; [66,67] for pheophytin (Phe�); [68] for non-photo-
chemical quenching by the plastoquinone (PQ)-pool; and [69] for
the influence of the electric field on the kinetics of some redox
reactions and/or directly on the fluorescence yield; these will not
be discussed in this review.

In photosynthetic samples, which have been kept in darkness,
the electron acceptor side of PSII is mostly in the oxidized state
(i.e., the PSII reaction centers are open, and the fluorescence inten-
sity is minimal, Fo – represented on the fluorescence transient
curve as O, for ‘Origin’, as mentioned earlier). The O to J rise, known
as the photochemical phase, is very fast (approx. 2 ms), and de-
pends strongly on the intensity of the exciting light, whereas J–I
and I–P parts of the fluorescence curve, known as thermal phases
(temperature sensitive), are much slower (especially the I–P por-
tion) (see bottom graph in Fig. 1). (For an early discussion of pho-
tochemical and thermal phases, see e.g., Morin [70], and Delosme
[71].) In less than 1 s, Chl a fluorescence reaches the peak P (also
called FM or Fmax, when the exciting light intensity is high and sat-
urating). At the FM level, in agreement with the hypothesis of the
quencher ‘Q’, introduced by Duysens and Sweers [60], all QA mole-
cules are completely reduced (i.e., all active PSIIs are closed), due to
the reduction of the entire linear electron transport chain as a re-
sult of a traffic jam of electrons on the acceptor side of PSI (see
Munday and Govindjee [72,73]; Schansker et al. [74]). At low light
the Kautsky effect (chlorophyll a fluorescence induction) and Photosystem
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intensities (see bottom graph in Fig. 1), the O–J part of the transient
is not observed, and the fluorescence intensity at the P-level has a
lower value than the maximum fluorescence FM (see e.g., [50]). In
this review we will discuss only the fast fluorescence induction
curve measured under saturating excitation light (when P (or
FP)� FM), since important information regarding the photosyn-
thetic activity can be obtained even by using just Fo and FM.
2. The empirical use of fluorescence induction data

2.1. Photosynthetic samples that had been kept in darkness

In numerous studies, fluorescence induction data, from samples
that had been kept in darkness, are used empirically (i.e., without
an explicit correlation with the biophysical processes taking place
in the sample). The most common empirical parameters are either
the Fo or the FM values themselves, or expressions based on these
two parameters. In normal non-stressed plant leaves, the ratio FM/
Fo has a constant high value (5–6) under various physiological con-
ditions [75]. In addition, the difference between FM and Fo, called
the variable fluorescence, FV, and the ratio FV/FM (in most higher
plants having usually the value in the range of 0.78–0.84 [75]),
are used extensively; the parameter FV/FM has been related to
the maximum quantum yield of primary PSII photochemistry
[14,15,76–78]. Another parameter that is frequently used in graph-
ical presentations of fluorescence induction data is the relative var-
iable fluorescence at time t, Vt = (Ft � Fo)/(FM � Fo); it is a double
normalization of the fluorescence induction curve that allows a
comparison of transients measured under different conditions
and/or on different samples, turning absolute fluorescence intensi-
ties into relative contributions to the variable fluorescence. Consid-
ering the theory of Duysens and Sweers [60], and knowing the
connectivity among different PSII units, i.e., excitation energy ex-
change migration among several PSIIs [79–85], the relative vari-
able fluorescence Vt can be correlated with the fraction of closed
PSII centers Bt ¼ ½Q�A �t=½Q A�total, since Vt = Bt/[1 + C � (1 � Bt)], where
C is the connectivity parameter, whose value depends upon the
overall probability of connectivity between the PSII units [79–
83]. Therefore, Vt is�Bt when there is no energetic connectivity be-
tween PSII units.
2.2. Fluorescence parameters for samples that are kept in light

Several other fluorescence parameters have been defined in
studies that involve samples kept in light showing fluorescence
induction, as mentioned earlier. Fluorometers working on the pulse
amplitude modulation (PAM) principle, and supplemented with the
saturation pulse method [28,86], are assumed to separate photo-
chemical and the so-called non-photochemical quenching (Schrei-
ber [21]); yet, this type of measurement can also be made using
direct fluorescence instruments [17,18,87]. A pulse of intense light
during the P to S phase of fluorescence induction leads to a transi-
tory increase of the fluorescence to a maximum value, labeled as
F0M, which is usually lower than FM obtained with samples that
had been in dark. In general, the decrease of the fluorescence max-
imum during the slow phase of fluorescence induction is attributed
to non-photochemical processes [88]. However, Schansker et al.
[87,89] have provided experimental evidence that, after the light
activation of FNR (which happens 1–2 s after the onset of the light
[74]), and in some cases even sooner [89]), F0M ceases to be a true
maximum (i.e., not all active PSII RCs are closed at F0M-level).

The Fo value of the fast transient of a sample, which was kept in
light, is labeled as F0o, and it is different from Fo [90,91], being plant
species, or even variety, dependent, but quite often this change is
assumed to be small enough that F0o ¼ Fo.
Please cite this article in press as: A. Stirbet, Govindjee, On the relation between
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Assuming the photochemical activity to be zero both at FM and
F0M levels, a parameter NPQ, which stands for nonphotochemical
quenching, is defined to be equal to ðFM � F0MÞ=F0M [92] (a formula
in which Fo and F0o values are not needed). However, we note that
F0M is affected, to some extent, by photochemical quenching also
[87,89]. Based on the time range of the recovery from the quench-
ing process, three major components of the non-photochemical
quenching have been defined [93–95]: (1) the energy-dependent
quenching qE, a quickly reversible component caused by DpH
across the thylakoid membrane in the presence of PsbS protein,
in many cases, and zeaxanthin (a carotenoid responsible for the in-
crease of the light energy dissipation as heat in PSII antenna)
[92,96–100]; (2) the so-called state transition quenching qT, due
to the transition of the photosynthetic apparatus from the so-
called State 1 (high fluorescent) to State 2 (low fluorescent), fol-
lowing reversible phosphorylation of the light-harvesting complex
of PSII (LHCII) (see e.g. [93,101]); and (3) the quenching component
related to the photoinhibition qI ([94,102–104]). The relative con-
tributions of these components can vary, and the intensity of the
light has been shown to be a very sensitive factor in controlling
these events [105]. We note, however, especially in the qT and
the qI cases, that the mechanisms behind them are still a matter
of debate. For example, on the basis of combined fluorescence
and 77 K measurement, and qT-determination, qT was related to
the State transitions at low light intensities [106,107]. However,
based on simultaneous measurements on fluorescence induction
and transmission changes at 820 nm, Schansker et al. [87] related
qT with the process of dark inactivation of FNR, than with LHCII-
phosphorylation. Further, qI was shown to contain a contribution
of State transitions.

Results obtained with samples, which had been kept in dark,
can in addition serve as a reference for normalization of data ob-
tained with samples that had been in light. An example is the
expression for qN, also often used in the literature to characterize
non-photochemical quenching [21]: qN ¼ 1� F0M � F0o

� �
= FM � Foð Þ.

If we consider that F0o ¼ Fo; qN becomes ðFM � F0MÞ=ðFM � FoÞ. The
photochemical quenching, on the other hand, is expressed as:
qP ¼ ðF

0
M � FtÞ=ðF0M � F0oÞ. However, the symbols qN and qP lead to

confusion, as they give the impression that the two terms are com-
plementary, which is not the case (i.e., qP + qN – 1) (see discussion
in [108]).

To understand the regulatory aspects of the energy distribution
among PSIIs, a theoretical treatment known as ‘‘energy partitioning
in PSII complexes’’ has been proposed by Kramer et al. [109], and
Hendrickson et al. [110,111]. According to the energy partitioning
approach (based on earlier work [76–78,108–113]), four energy
fluxes have been defined: one is associated with the photochemical
electron flow in active PSII reaction centers (JPSII), the second with
the thermal dissipation in photoinactivated, non-functional PSIIs
(JNF), the third with the light-regulated thermal dissipation in ac-
tive PSIIs (JNPQ), and the fourth is the combined flux of fluorescence
and constitutive light-independent thermal dissipation (Jf,D). Each
flux has its defined quantum efficiency that satisfies the relation
UPSII + UNF + UNPQ + Uf,D = 1. Hendrikson et al. [111] examined
the correlation of the rate constant of photoinactivation, kpi, with
various fluxes, and found that the combined flux JNPQ + Jf,D(=Jpi) is
nicely correlated with kpi, which led them to the conclusion that
the ratio Fs=F0M, where Fs is the steady state level of the fluores-
cence in the slow part of the fluorescence induction transient, is
an appropriate predictor of the rate constant of PSII inactivation.

2.3. A conceptual treatment of fluorescence induction data

In general, experimental data can be used as such, empirically,
or can be related in a theoretical manner to specific mechanisms.
The latter approach has the advantage of helping the researchers
the Kautsky effect (chlorophyll a fluorescence induction) and Photosystem
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to handle, in a reasonable manner, the experimental results, and in
planning new experiments. An analysis of the fast fluorescence
transient (OJIP) developed by Reto J. Strasser and his collaborators
(see e.g. [17,18,114–117]) is such an attempt; it is colloquially
termed the JIP test, which uses the major inflection points in the
fluorescence induction curve.

In this review we have attempted to present an objective view
(with pros and cons) of this JIP test, and its connection with the
structure and function of photosynthetic apparatus.
3. The analysis of fluorescence transient

3.1. Photosynthetic reactions: A background

Before we can analyze and understand the fluorescence induc-
tion (the Kautsky effect) in terms of photosynthetic reactions, we
need to first provide a basic background of reactions related to
photosynthesis, since there are many aspects of the process that
are relevant to the interpretation of the fluorescence induction
kinetics. The oxygenic photosynthesis involves two light reactions
operating simultaneously at PSII and PSI reaction centers (see e.g.,
Hill and Bendall [118], and Duysens et al. [119]). Fig. 2 is a diagram
of the well-known Z scheme for electron transfer from water to
NADP+ (see e.g., Fig. 1 in [120]; and Fig. 4 in [121]); the light en-
ergy, absorbed by the two photosystems, is converted into fluxes
of electrochemical Gibbs free energy that is used to oxidize water
to oxygen, reduce NADP+, and produce ATP (for a basic background,
see [122–124]). Most of the chlorophyll a fluorescence, at room
temperature, originates in the antenna complexes of PSII (see e.g.
[15]).
3.1.1. Light absorption and trapping
The first step of photosynthesis is the absorption of photons by

antenna molecules within femtoseconds, leading to the formation
Fig. 2. A Z-Scheme for electron transport in photosynthesis, from water to nicotinamid
reactions and two photosystems (PSII, photosystem II and PSI, photosystem I) – connecte
we have a tetranuclear manganese–oxygen–calcium cluster, Mn4O5Ca, and Yz, tyrosine-
P680; it is the primary electron donor of PSII; P680* is the excited electronic state of P
pheophytin (Phe) molecule, the first electron acceptor of PSII, QA, a tightly bound one-el
binds and unbinds from PSII; a bicarbonate (bicarb) ion is bound to a non-heme iron tha
molecules. In the Cyt b6f complex, we have an iron–sulfur (FeS) protein, known as Rieske
high (H) potential form). Plastocyanin molecule (PC) is a copper protein that transfers ele
more than one PC molecule. In PSI, there is P700, the primary electron donor of PSI, wher
we have A0, a special chlorophyll a molecule; A1, vitamin K1; and FX, FA, FB, three iron–s
ferredoxin–NADP+-reductase, and NADP+ is nicotinamide–adenine dinucleotide phosph
times for electron transport between intermediates are also shown. This diagram was m
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of excited chlorophylls (Chl⁄). The main function of the antenna
(the light-harvesting complex) is to transfer excitation energy to
the photosynthetic reaction centers (see a review [125]). Besides
the transfer of excitons from excited antenna chlorophylls to the
reaction centers (leading to photochemistry), part of the absorbed
light energy is dissipated as heat and emitted as fluorescence (see
Fig. 3). Primary charge separation occurs in both the PSI and PSII
reaction center complexes, involving P700 and P680, respectively.
Photochemistry is over within picoseconds, and all further reac-
tions can proceed in darkness.

3.1.2. Photosynthetic electron transport
See reviews in [126,127]; and the web sites cited in [121]. The

positive charges produced by PSII oxidize water to molecular O2

at the oxygen evolving complex (OEC), via Yz (tyrosine-161 on
the D1 protein); the key water oxidation unit is represented in
Fig. 2 as Mn4O5Ca. The negative charge (the electron) is first lo-
cated on a pheophytin molecule, Phe, and is then passed on to
the primary quinone QA, and then to the secondary quinone QB,
which is a two-electron acceptor; the reduced QB, after it is proton-
ated to become plastoquinol, PQH2, exchanges with a PQ molecule
from a pool of plastoquinone molecules, PQs (3–9 PQ per PSII)
[128–130]. PQH2 transfers one electron to cytochrome f, Cyt f, via
Rieske iron-sulfur center, FeS, and another electron to the low-
potential heme b (Cyt bL, sometimes labeled as Cyt bp, showing that
it is situated on the electropositive part of the membrane, the
lumen side); the reduced Cyt f reduces the copper protein plasto-
cyanin, PC. In the Cyt b6f complex, the reduced low-potential Cyt
bL transfers an electron to the high potential heme b (Cyt bH, also
denoted Cyt bn, since it is situated on the electronegative side of
the membrane). Cyt bH reduces a PQ molecule, from the PQ-pool,
to its semiquinone form, PQ�; a second electron, extracted from
another PQH2 molecule and transferred to Cyt bH via Cyt bL, re-
duces PQ� to PQH2 after two protons are added to it. The electron
transport from one reduced PQ molecule to Cyt b6f complex and
e adenine dinucleotide phosphate, NADP+. Oxygenic photosynthesis uses two light
d in series via a cytochrome b6f (Cyt b6f) complex. On the electron donor side of PSII,
161 on the D1 protein, and chloride ions. The reaction center chlorophyll of PSII is
680; for a detailed view, see [95]. On the electron acceptor side of PSII, we have a
ectron acceptor plastoquinone, and QB, a two-electron acceptor plastoquinone that
t sits between QA and QB. PQ in the scheme refers to a pool of mobile plastoquinone
FeS protein, a Cyt f, cytochrome f, and two cytochrome b molecules (a low (L) and a
ctrons from Cyt b6f to PSI (cyanobacteria often employ Cytc6 instead of PC); there is

eas P700* is the excited electronic state of P700. On the electron acceptor side of PSI,
ulfur centers. Fd represents ferredoxin; there is more than one Fd molecule, FNR is
ate. In this diagram, the ATP synthase is not shown. Estimated (or measured) half
odified from Fig. 1 (bottom) in Govindjee et al. [120]; also see Fig. 4 in [121].

the Kautsky effect (chlorophyll a fluorescence induction) and Photosystem
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Fig. 3. A schematic representation of the main energy pathway related to chlorophyll (Chl) a fluorescence. Since most Chl a fluorescence originates in photosystem II (PSII)
antenna, we have included here its absorbed photon flux, JABS, which represents the rate of photon absorption by all PSII antenna pigments, the dissipated energy flux JDI,
which represents the part of the absorbed photon flux dissipated through direct fluorescence (F) and other non-radiative processes (heat), and the trapped exciton flux, JTR,
which represents the rate of exciton trapping by the PSII reaction center P680. The trapped energy is used to do charge separation (forming P680þPheQ�A ). The flux JET

represents the rate of the photosynthetic electron transport from water to Fd, and eventually NADP+ (or other Fd acceptors), at any moment t of the transient. Not shown in
the figure are two values of JET estimated by the JIP test at two different moments during the OJIP rise (see Appendix A.1 for details): (i) JET2

o (ET0 in the original notation of R.J.
Strasser) that refers to the electron transport flux from QA to QB; and (ii) JRE1

o (from reduction of PS1 electron acceptors – RE0 in the original notation of R.J. Strasser), which is a
recently introduced JIP parameter [117,160], characterizing the electron transport flux until PSI acceptors. See text and Fig. 2 (and its legend) for further details; also see R.J.
Strasser and co-workers [17,18,117] for earlier schemes.
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back to an oxidized PQ molecule, as described above, is known as
the Q-cycle [131]. However, newer structural studies of Cyt b6f
[132] have revealed the presence of a fourth heme, of type c, situ-
ated in close proximity (�5 Å) of Cyt bH, and also, a FNR molecule,
both on the electronegative side of the membrane (not shown in
Fig. 2). Two other possible cycles have been proposed to take place
in the green plants, beside the Q-cycle [133]: (i) Cyt bL transfers
successively two electrons to the two-electron carrier formed by
Cyt bH and heme c, producing [Cyt bH–c]2�, which then reduces
one PQ molecule from the pool, to PQH2; (ii) the two-electron car-
rier [Cyt bH–c] receives one electron from Cyt bL, and another from
the FNR molecule, via Fd�, and then reduces one PQ molecule from
the pool to PQH2 (i.e., cyclic electron transport around PSI). Pro-
tons, H+s, are released into the lumen during water oxidation,
and on reoxidation of PQH2 by the Cyt b6f complex, both as a con-
sequence of the linear electron transport, as well as the cycles
around Cyt b6f (see Crofts [131]). PCs (present in less than 1 PC/
PSI in leaves with depressed carbon assimilation, and up to 5 PC/
PSI in leaves with high carbon assimilation rates [134]) are located
in the lumen, and, when in reduced state, act as electron donors to
PSI. The positive charge produced by PSI is reduced by reduced PC,
and the negative charge reduces ferredoxin, Fd (5–7 Fd molecules
per PSI [35,135]) via a series of redox reactions involving, in the fol-
lowing order: the primary acceptor of PSI, A0, a special chlorophyll
a molecule; A1, vitamin K1; and FX, FA, and FB, iron-sulfur centers.
The reduction of NADP+ by reduced Fd is catalyzed by FNR. In sam-
ples that had been in dark, FNR must be activated, a process that in
higher plants takes several seconds, but algae, lichen and corals
need only a few 100 ms (see e.g., [44,89]). Inactivation of FNR in
the darkness is plant species dependent; it is completed within
15 min in pea leaves [136], and it may take as much as an hour
in Pinus halepensis [89]. Reduced Fd can also act as an electron do-
nor in other processes in stroma, like for example the Mehler reac-
tion or the water–water-cycle [137,138] – not shown in Fig. 2.
Cyclic electron transport around PSI occurs in competition with
linear electron transport to the Calvin–Benson cycle and other pro-
cesses just mentioned [80]; here reduced Fd, or NADPH, acts as a
donor to the PQ-pool (see above). The physiological role of the cyc-
lic electron flow is to contribute to the formation of the DpH across
Please cite this article in press as: A. Stirbet, Govindjee, On the relation between
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the thylakoid membranes, which drives ATP synthesis (see below).
The pH of the lumen is also a regulator of heat dissipation in the
antenna; it also affects Chl fluorescence (see e.g. [139,140]).

3.1.3. ATP synthesis
See e.g. Junge et al. [141]. ATP is produced from adenosine

diphosphate, ADP, and inorganic phosphate, Pi, using the proton
motive force, pmf, built across the thylakoid membrane (Mitchell
[142]), and the enzyme ATP synthase. The pmf is made up of an
electrical potential (Dw) across the thylakoid membrane, and a
proton gradient (DpH). The proton gradient is basically from: (i)
protons released into the lumen during water oxidation; (ii) proton
translocation from the stroma side to the lumen during PQ reduc-
tion to PQH2, and PQH2 oxidation by Cyt b6f complex; (iii) Q-cycle
of Cyt b6f complex (see [131–133]); and (iv) cyclic electron trans-
port around PSI [133]. The protons are ‘‘driven out’’ from the thy-
lakoid lumen through the central core of the enzyme ATP
synthase (partially embedded in the membrane) causing confor-
mational (rotational) changes in the enzyme, which catalyze phos-
phorylation of ADP and the release of ATP on the stromal side (see
e.g.[143]).

3.1.4. The Calvin–Benson cycle
The reducing power generated via the so-called light reactions,

NADPH, as well as the energy available from ATP hydrolysis, are
critical for producing sugars from CO2 through the Calvin–Benson
cycle, a process that takes place in the stroma, with Rubisco (ribu-
lose 1,5-bisphosphate carboxylase/oxygenase) as a key enzyme of
the photosynthetic CO2 assimilation (see e.g. Benson [144] and
Bassham [145]). We do not present here the details of this process;
it is important to know that light not only provides the energy for
carbon assimilation, but it is also an important regulatory factor of
the carbon metabolism. Chloroplasts have developed a light-
dependent system for the control of the activities of key enzymes
involved in the Calvin–Benson cycle, partly through the ferre-
doxin/thioredoxin system [146,147]; the central component of this
regulatory system is the ferredoxin:thioredoxin reductase (FTR)
(unique to oxygenic photosynthetic cells). For details of proteins
involved, see [148,149]. The result of these activities is that the
the Kautsky effect (chlorophyll a fluorescence induction) and Photosystem
otobiol. B: Biol. (2011), doi:10.1016/j.jphotobiol.2010.12.010
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Calvin–Benson cycle is adjusted constantly with changing light
conditions.
3.2. How the dark/light transition and the stress influence the
fluorescence induction

It is well-known that in samples kept in darkness, the connec-
tion between the light driven electron transfer (the production of
NADPH and ATP), and the carbohydrate synthesis, through the Cal-
vin–Benson cycle, is severed. When the light is turned on, this con-
nection is reestablished in a relatively short time (hundreds of
milliseconds to minutes) via specific regulatory processes, one
being the ferredoxin/thioredoxin system (see the previous section;
and Buchanan and co-workers [150,151]). Moreover, the photosyn-
thetic systems in the dark state are extremely sensitive to light,
and short-term strategies are put in place for the protection of
the system; these include energy dissipation as heat following light
absorption, leading to non-photochemical fluorescence quenching
(see e.g. [152]). Another process taking place during dark/light
transition is related to the regulation of energy distribution be-
tween the two photosystems (i.e., the so-called state transition
[101], mentioned earlier). This affects mainly the slow phase of
the fluorescence induction (see Section 2.2), and the photochemi-
cal activity changes following the activation of FNR and Calvin–
Benson cycle. Yet, during the fast part of the transient, the OJIP
phase, when the fluorescence rises in less than one second, the
photosynthetic sample is assumed in general to preserve its initial
state, and the variations in the fluorescence intensity are expected
to be mostly due to changes in the redox state of the reaction cen-
ter complex of PSII. The fast transient is affected, however, by
changes occurring in the overall photosynthetic apparatus. Indeed,
it is shown that the kinetics of the OJIP transient change when the
photosynthetic samples are subjected to various environmental
conditions, such as different light intensities [50,153–155], tem-
peratures [45–47], drought [156], or when they are exposed to cer-
tain chemicals [157]. Extensive studies have established that,
during exposure to prolonged sub-optimal environmental condi-
tions, long-term strategies are brought to play by the organisms,
as for example changes in protein expression, activation of new
biochemical pathways, and repression of other pathways, which
are characteristic of the unstressed state. As a result of sustained
stress, the photosynthetic organism either acquires a new homeo-
stasis (and eventually, later, protective metabolic adaptations alter
physiological reactions of the whole plant) or, if the stress is severe,
and the stress factor activity is not eliminated in time, a rapid dam-
age of the plant occurs, leading to its death (see e.g., chapters in
[158]). Some of the early mechanisms of acclimation to stress are
oxygen radical scavenging, maintenance of ion uptake and water
balance, and reactions altering carbon and nitrogen allocation,
such that the reducing power is defused (see e.g., [159]). As a re-
sult, the OJIP fluorescence rise is affected in specific ways not only
by structural, but also by other functional changes in the photosyn-
thetic apparatus. This sensitivity of the fast fluorescence transient
to the effects, caused by environmental factors, is very useful in
studying different physiological states of plants.

In the next section, we review the analysis of only the fast part
of the fluorescence induction transient.
4. Analysis of the fluorescence changes during the OJIP
fluorescence rise

Reto J. Strasser and his collaborators [17,18,114,116,117] devel-
oped a computational tool to analyze the OJIP fluorescence tran-
sient in terms of the various PSII reactions, based on earlier
general concepts of energy fluxes [81,83]. For simplicity, they
Please cite this article in press as: A. Stirbet, Govindjee, On the relation between
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called this test by an eye-catching name, the JIP test. In view of
the extensive use of the JIP test in the published literature
(�200–500 hits on Google search), we describe here the JIP test
(i.e., analysis and understanding of the OJIP transient).

Fig. 3 is a schematic view (based on [117]) of the so-called en-
ergy fluxes, ‘J’, related to the main phenomena occurring upon illu-
mination of the PSII antenna in the photosynthetic sample. The JIP
test, in its simplest form, assumes that there is no energy transfer
between the PSII units, i.e., there is no connectivity between the
PSII units, as if all the PSIIs exist independently, and thus it is called
a ‘separate package’ model. Inclusion of connectivity between 0 and
1 among PSII units is expected to affect the quantitative values of
results, as the connectivity leads to a characteristic increase in
the rate constant of QA reduction: kLt = kLo � (1 + C)/[1 + C�(1 � Bt)],
where kLt is the rate constant of QA reduction at any time t of the
fluorescence transient, kLo is the rate constant of QA reduction at
t = 0, C is the connectivity parameter, and Bt is the fraction of
closed PSII centers at any time t of the fluorescence transient
(see e.g., Joliot and Joliot [79], and Strasser [81]). The details of
the nomenclature of the terms we discuss here are described be-
low (see also Table 1). To improve the clarity of terms, we have
modified, in this review, the original notations for the energy fluxes
used by Reto J. Strasser and collaborators [114,117] (see below, and
the note in Appendix A). The total photon flux absorbed by the PSII
antenna pigments, JABS (ABS is the original notation), is partially
trapped by PSII reaction centers, JTR (TR is the original notation),
and partially dissipated as e.g., heat and fluorescence, JDI (DI is
the original notation). The trapped exciton flux, JTR, represents
the fraction of the absorbed photon flux used for the primary
charge separation and stabilization of the reaction center II as
P680þQ�A – i.e., ‘closing’ of PSII RCs. Lastly, the energy flux through
the linear photosynthetic electron transport chain, from H2O to Fd
(and eventually to NADP+ or other electron acceptors interacting
with Fd), is represented by the electron transport flux JET. This flux
has a transient phase that coincides with the OJIPS Chl fluorescence
induction period. The major changes in JET are mirrored by the var-
iation in time of the fraction of QA reduction (in agreement with
the theory of Duysens and Sweers [60]), especially during the fast
OJIP phase.

All these energy fluxes (i.e., JABS, JDI, JTR and JET) are interrelated,
and are dependent on structural property and photosynthetic
activity of the biological sample. Since the energy emitted as fluo-
rescence by antenna chlorophylls is part of the dissipation energy
flux, JDI, the fluorescence induction data can be theoretically re-
lated to the above energy fluxes [81,83,114].

The JIP test provides a number of parameters characterizing the
photosynthetic sample, which are mainly estimates of energy
fluxes per reaction center or per cross section (area) of the sample,
ratios of different energy fluxes, and other mathematical expres-
sions involving energy fluxes (see Table 1). These parameters are
calculated using specific fluorescence values from the measured
OJIP-transients, on the basis of a number of hypotheses regarding
the photosynthetic apparatus and its function, such as excitation
energy conversion, details of the electron transfer steps in the
two photosynthetic systems, and of components that are expected
to quench Chl a fluorescence (see Section 4.1 for the assumptions
of the model).

We note that in this analysis only the maximum (initial)
trapped exciton flux, JTR

o (TR0 is the original notation), is available,
as evaluated from the initial slope of the relative variable fluores-
cence curve, Vt, and the relative variable fluorescence value at
the J-level, VJ (see bottom of Fig. 1, Table 1, and Section 4.2.1 Eq.
(6), or Appendix A.1, Eq. (A15)). Also, two different values of the
electron transport flux, JET, have been estimated at two different
moments during the fast fluorescence induction period (see
Appendix A.1 for details): (i) JET2

o (ET0 is the original notation) refers
the Kautsky effect (chlorophyll a fluorescence induction) and Photosystem
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Table 1
Equations and definitions of JIP parameters (based on information presented by Strasser and co-workers [18,114,116,117,160,175]). For reasons of clarity, several notations and
definitions of JIP parameters used by Strasser and collaborators have been modified (for equivalence of notations, see text and Appendix A).

Information selected from the fast OJIP fluorescence induction (data necessary for the calculation of the so-called JIP parameters)

Fo = F20ls or 50ls First reliable fluorescence value after the onset of actinic illumination; used as initial value of the fluorescence
F300ls Fluorescence value at 300 ls
FJ � F2ms Fluorescence value at 2 ms (J-level)
FI � F30ms Fluorescence value at 30 ms (I-level)
FP(�FM) Fluorescence value at the peak of OJIP curve; maximum value under saturating illumination
tFmax Time to reach the maximum fluorescence value FM

Area Area between OJIP curve and the line F = FM

Technical flurescence parameters
Vv = Ft � Fo Variable Chl fluorescence
FV = FM � Fo Maximum variable Chl fluorescence
Vt = (Ft � Fo)/(FM � Fo) Relative variable Chl fluorescence
Mo = (DV/Dt)o = 4 ms�1 � (F300ls � Fo)/

(FM � Fo)
Approximate value of the initial slope of relative variable Chl fluorescence curve Vt (for Fo = F50ls)

Sm � Area/FV Normalized area (assumed proportional to the number of reduction and oxidation of one QA-molecule during the fast
OJIP transient, and therefore related to the number of electron carriers per electron transport chain)

Definitions of energy fluxes
JABS = JTR + JDI Rate of photon absorption by total PSII antenna-denoted as absorbed photon flux
JTR Rate of exciton trapping (leading to QA reduction) by all PSII RCs-denoted trapped exciton flux

JTR
o

Maximum (initial) trapped exciton flux

JDI Rate of energy dissipation in all the PSIIs, in processes other than trapping – denoted as dissipated energy flux

JET2
o

Electron transport flux from QA to QB

JRE1
o

Electron transport flux until PSI acceptors (defined at t = 30 ms, corresponding to the I-level)

Quantum yields and efficiencies/probabilities

uPo � JTR
o =JABS ¼ 1� Fo=FM Maximum quantum yield of primary PSII photochemistry

uPt � JTR/JABS = 1 � Ft/FM = uPo � (1 � Vt) Quantum yield of primary PSII photochemistry

uET2o � JET2
o =JABS ¼ 1� FJ=FM ¼ uPo � ð1� VJÞ Quantum yield of the electron transport flux from QA to QB

uRE1o � JRE1
o =JABS ¼ 1� FI=FM ¼ uPo � ð1� VIÞ Quantum yield of the electron transport flux until the PSI electron acceptors

wET2o � JET2
o =JTR

o ¼ 1� VJ Efficiency/probability with which a PSII trapped electron is transferred from QA to QB

wRE1o � JRE1
o =JTR

o ¼ 1� VI Efficiency/probability with which a PSII trapped electron is transferred until PSI acceptors

dRE1o � JRE1
o =JET2

o ¼ ð1� VIÞ=ð1� VJÞ Efficiency/probability with which an electron from QB is transferred until PSI acceptors

Specific energy fluxes (per active PSII reaction center)
JABS/RC = (Mo/VJ) � (1/uPo) Average absorbed photon flux per PSII reaction center (or also, apparent antenna size of an active PSII)
cRC2 � ChlRC/Chltot Probability that a PSII Chl functions as RC
RC/JABS = uPo � VJ/Mo = cRC2/(1 � cRC2) Number of QA reducing RCs per PSII antenna Chl

JTR
o =RC ¼ Mo=VJ Maximum trapped exciton flux per PSII

JET2
o =RC ¼ ðMo=VJÞ � ð1� VJÞ Electron transport flux from QA to QB per PSII

JRE1
o =RC ¼ ðMo=VJÞ � ð1� VIÞ Electron transport flux until PSI acceptors per PSII

Phenomenological energy fluxes/activities (per excited cross section CS)
JABS/CSo = Fo or JABS/CSM = FM Absorbed photon flux per cross section (or also, apparent PSII antenna size)
RC/CS = (RC/JABS) � (JABS/CS) The number of active PSII RCs per cross section

JTR
o =CS ¼ ðJTR

o =JABSÞ � ðJABS=CSÞ Maximum trapped exciton flux per cross section

JET2
o =CS ¼ ðJET2

o =JABSÞ � ðJABS=CSÞ Electron transport flux from QA to QB per cross section

JRE1
o =CS ¼ ðJRE1

o =JABSÞ � ðJABS=CSÞ Electron transport flux until PSI acceptors per cross section

De-excitation rate constants of PSII antenna

kN ¼ kF � JABS=FM Non-photochemical de-excitation rate constant; kF being the rate constant for fluorescence emission

kP = kF � JABS � FV/(Fo � FM) = kN � FV/Fo Photochemical de-excitation rate constant

‘‘Performance’’ indexes (combination of parameters)
PIABS = [cRC2/(1 � cRC2)] � [uPo/

(1 � uPo)] � [wET2o/(1 � wET2o)]
Performance index for energy conservation from photons absorbed by PSII antenna, to the reduction of QB

PItotal
ABS ¼ PIABS � ½dRE1o=ð1� dRE1oÞ� Performance index for energy conservation from photons absorbed by PSII antenna, until the reduction of PSI acceptors

PItotal
CSo ¼ Fo � PItotal

ABS ; PItotal
CSM ¼ FM � PItotal

ABS
Performance index on cross section basis

Driving forces (total driving forces for photochemical activity)

DFtotal
ABS ¼ logðPItotal

ABS Þ Driving force on absorption basis

DFtotal
CS ¼ logðPItotal

CS Þ Driving force on cross section basis
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to the electron transport flux from QA to QB and (ii) JRE1
o (from the

reduction of PS1 electron acceptors-RE0 original notation), which
is a recently introduced JIP parameter [117,160], refers to the elec-
tron transport flux until the PSI acceptors.

In the following sections we provide a detailed description of
the JIP test (i.e., analysis and understanding of the OJIP transient),
by first presenting the main assumptions that form the theoretical
basis of this model (Section 4.1), and then introducing the various
parameters and their derivations (see Table 1, Section 4.2, and the
Appendix A).
Please cite this article in press as: A. Stirbet, Govindjee, On the relation between
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4.1. The assumptions

In order to appreciate the analysis reviewed here, we present all
the assumptions made for a realistic understanding of this method.
Due to the obvious limitations that Chl a fluorescence is only one of
the pathways of de-excitation of the excited state of Chl a, a num-
ber of assumptions and restrictions must be imposed in the analy-
sis of the fluorescence induction data, and the derivation of the JIP
parameters that provide information on PSII reactions. Below we
specify the main theoretical hypotheses on which this analysis is
the Kautsky effect (chlorophyll a fluorescence induction) and Photosystem
otobiol. B: Biol. (2011), doi:10.1016/j.jphotobiol.2010.12.010
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based (see Strasser and co-workers [17,18,114,116,117]). A discus-
sion of the implications for the accuracy of JIP parameters, and the
limits of the JIP test method for the study of photosynthetic activ-
ity, will be briefly described in Section 5 (Pros and Cons of the JIP
test).

The assumptions (with relevant discussion) are:

(1) The structural–functional view of the photosynthetic appa-
ratus presented in Fig. 2 is correct.

(2) The fluorescence of PSI is constant [15,60,161], and at
room temperature its contribution to the total fluores-
cence signal is very low [162–166]; thus, PSI fluorescence
can be neglected in most cases, especially because we deal
with variable fluorescence that originates specifically in
PSII.

(3) In order to simplify the theoretical approach, PSII units are
considered to be homogeneous and active (i.e., all of them
are capable of photochemical activity). See, however, Sec-
tions 4.3.2 and 4.3.3 that show how we can obtain informa-
tion on heterogeneity of PSIIs and on inactive PSIIs from the
fast fluorescence induction data.

(4) In the same physiological state (i.e., in a sample kept in dark-
ness or in light), an open PSII center (i.e., with oxidized QA)
has a low (minimum) fluorescence emission, and a closed
PSII (i.e., with reduced QA) has a high fluorescence emission
(see [60]). The increase in the fluorescence intensity is there-
fore assumed to be due mainly to the reduction of QA, which
determines the entire shape of the OJIP curve. The contribu-
tions of oxidized PSII reaction center chlorophyll (P680+),
and reduced pheophytin (Phe�) to the fluorescence quench-
ing are ignored, since their contributions in this time range
are expected to be negligible (see [64,65] for (P680+); for a
different view on Phe�, see [67]). In addition, the possible
non-photochemical quenching by the oxidized plastoqui-
none PQ-pool observed by Vernotte et al. [68] (which most
probably takes place only in samples in which the integrity
of the photosynthetic apparatus is compromised, as in thy-
lakoids and PSII preparations [167]), and the eventual non-
photochemical quenching effect of the local electrical field
at the P680 level [58], are also neglected in the current JIP
test.

(5) Although all the measured fluorescence is from the antenna
pigment complex, the organization of the antenna pigments
proteins is ignored in the current analysis; they are consid-
ered to form homogeneous ‘‘blocks’’ of Chl a molecules serv-
ing each RC. Further, in the analysis, the contributions of
accessory pigments (e.g., Chl b; carotenoids; and the phyco-
bilins), if any, are ignored. In green algae and higher plants,
the efficiency of excitation energy transfer from Chl b to Chl
a is 100% (Duysens [168]); for cyanobacteria, which contain
phycobilins, see e.g., Nedbal et al. [169].

(6) The PSII reaction centers are considered independent, and
thus, not connected to each other (however, see Sec-
tion 4.3.1, where it is shown how we can obtain information
on connectivity between the PSII antenna from the fast fluo-
rescence induction data).

(7) The fluorescence rise from the O to the P-level is assumed to
be so fast that no significant change of the physiological
state of the sample occurs, i.e., it is assumed that the struc-
ture and conformation of the photosynthetic apparatus
remain constant during this fast transient.

(8) In samples that had been kept in darkness for a few minutes,
QA as well as the PQ-pool are considered to be in the oxi-
dized state. (We know that there are cases where this is
not true, and, thus, care must be exercised in interpreting
data from different samples.)
Please cite this article in press as: A. Stirbet, Govindjee, On the relation between
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(9) It is assumed that all active PSII reaction centers close with a
sufficiently strong light pulse. Therefore, when the maxi-
mum fluorescence FM � FP is measured at the end of the OJIP
transient, all QA molecules are considered to be in reduced
state, Q�A , in the active PSIIs. This hypothesis is not always
valid, as for example in the case of light adapted samples
[89], or severely heat-treated plants [170].

(10) The well-known formula for the photochemical quantum
yield of PSII photochemistry, uPt = 1 � Ft/FM [76–78] is
derived in the context of the JIP test theory [17], considering
the assumption that the dissipated energy flux, JDI, is directly
proportional to the measured fluorescence F : JDI

t ¼ a � Ft,
where a is the proportionality constant (see Appendix A.1,
Eq. (A2), and [17]).

Different ways to obtain the photochemical quantum yield
of PSII photochemistry have been proposed [see e.g.,
14,15,17,18,76–78,83]. In this review the formula for uPt

was obtained using an assumption written as: JDI =
aop � Fop + acl � Fcl, where Fop and Fcl represent the fluores-
cence emitted, respectively, by the open and closed PSIIs,
and aop and acl are their specific proportionality constants
(see Appendix A.6).

(11) The trapped exciton flux, JTR, represents the fraction of the
absorbed photon flux used for PSII primary charge separation
and stabilization as P680þQ�A . Therefore, the number of elec-
trons transferred to QA, in the photosynthetic sample, is equal
to the number of excitons trapped by PSII RCs. With this defi-
nition of the exciton trapping, the possible occurrence of
charge recombination between the primary reaction center
pair P680+ and Phe� is not expected to affect the value of JTR

(see Section 4.2.1 Eq. (2), and Appendix A.1, Eq. (A12)).
(12) QA is reduced only once (i.e., it undergoes a single turnover)

as the fluorescence rises to the J-level; in strong light, it
reaches its maximum at �2 ms (FJ = F2ms) (see bottom graph
in Fig. 1). The justification for this hypothesis is based on the
experimental evidence obtained by Strasser and Strasser
[114], suggesting that the O–J phase of the relative variable
fluorescence of a normal photosynthetic sample, normalized
to VJ, is very similar to the relative variable fluorescence
obtained in the presence of 3-(30,40dichlorophenyl)-
1,10dimethylurea (DCMU), when the electron transfer from
QA to QB is blocked (see e.g. [171]); in the presence of DCMU,
QA is known to be reduced only once until the fluorescence
rises to FM. Therefore, the initial slope of the relative variable
fluorescence curve of a DCMU treated sample, Mo_DCMU, is
approximated with the ratio Mo/VJ, where Mo and VJ are
respectively, the initial slope, and the J-level value of the rel-
ative variable fluorescence curve Vt of the untreated sample
(see Section 4.2.1 Eq. (6), and Appendix A.1, Eq. (A15)). As a
result, the specific rate of the electron transport from QA to
QB, labeled as JET2

o =RC, is obtained theoretically as depending
on the VJ value (i.e., a fraction of the maximum specific
trapped exciton flux: JET2

o =RC ¼ ðJTR
o =RCÞ � ð1� VJÞ – see Sec-

tion 4.2.2, Eq. (10), and Appendix A.1, Eq. (A19)).
(13) Studies of the OJIP transient through numerical simulations

[53,55,56,172] suggest that, during the initial part of the J–I
phase of fluorescence transient (see the bottom graph in
Fig. 1), the PQ-pool begins to be reduced. On the other hand,
simultaneous measurements of the fluorescence transient
and the transmission changes at 820 nm, due to PC and
P700 (see [74]), indicate that, at the end of this phase (i.e.,
at the I-level), the electrons generated by PSII just reach
PC, and start to be transferred to the end of the electron
acceptor side of PSI (see Fig. 2; and also [173]); in the case
of samples kept in the dark, in which FNR is inactive for
1–2 s after the onset of the light [74], Fd can be considered
the Kautsky effect (chlorophyll a fluorescence induction) and Photosystem
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as the end PSI electron acceptor in the linear photosynthetic
electron transport chain during the OJIP transient. Conse-
quently, a specific electron transport flux, labeled JRE1

o =RC,
can also be defined at the time of the I-level (t = 30 ms), also
as a fraction of the maximum specific PSII trapped exciton
flux: JRE1

o =RC ¼ ðJTR
o =RCÞ � ð1� VIÞ (see Table 1 and Appendix

A.1, Eq. (A24)); this represents the specific electron transport
flux until PSI acceptors.

(14) The normalized area between the fast fluorescence induc-
tion curve and the upper line defined by the FM level,
Sm = Area/(FM � Fo), is proportional to the number of elec-
trons passing through the electron transport chain, with
N = Sm/Ss (where Ss represents the normalized area for single
turnover events), meaning the number of times QA becomes
reduced and re-oxidized again, until the maximum fluores-
cence intensity FM is reached (i.e., the turnover number)
(see Malkin and Kok [174] and Schreiber et al. [21]).

(15) The absorbed photon flux, JABS, approximates PSII antenna
chlorophyll content of the measured sample, Chlant (see
Appendix A.1, A.1.3, Eq. (A47)).

(16) The fluorescence value of Fo (or FM) approximates the phe-
nomenological absorbed photon flux, expressed as the ratio
JABS/CS, where CS represents the excitation cross section of
PSII (see Table 1 and Appendix A.2, Eqs. (A28) and (A29)).

(17) The inverse of the initial slope of the relative variable fluo-
rescence curve of a DCMU treated sample (Mo,DCMU)�1,
approximates the normalized area over the fluorescence
transient, SS (see Appendix A.4, Eq. (A45)).

4.2. Fluorescence parameters

Changes in Chl a fluorescence intensity when plants kept in
darkness are exposed to continuous light can be recorded with a
high time resolution, from microseconds to seconds, using com-
mercial instruments such as the PEA (Plant Efficiency Analyser),
HandyPEA, M-PEA, or PocketPEA (Hansatech Instruments, Kings
Lynn Norfolk, UK). (Other available instruments are not mentioned,
as they were not used for the data presented in this review.) For
the HandyPEA and the PEA, the actinic light (peak at 650 nm) is
supplied by an array of three or six light emitting diodes, respec-
tively, and is focused on the sample surface to provide a homoge-
neous irradiation of the exposed area (4 mm diameter). A
maximum intensity of 600 Wm�2 (3200 lmol photons m�2 s�1) is
routinely used in most experiments [18].

The polyphasic Chl a fluorescence rise during the first second
of illumination is characteristic of the majority of the oxygenic
photosynthetic organisms (see Papageorgiou et al. [22] for differ-
ences between different organisms). For their JIP test, Strasser
and Strasser [114] used raw fluorescence data collected during
the first second of illumination; seven selected values were
stored separately in order to be processed into the JIP parameters
(see also Table 1): (1) the first reliable fluorescence value in the
transient (e.g., the fluorescence at t = 20 ls when using Handy-
PEA, M-PEA or PoketPEA instruments, or 50 ls for PEA) is used
as the initial fluorescence value, Fo, for samples that had been
kept in darkness for a few minutes; (2) FM, the maximum fluo-
rescence level of the OJIP transient, measured under saturating
light conditions; (3, 4 and 5) three intermediate fluorescence val-
ues measured at 300 ls, 2 ms, and 30 ms, and labeled as F300ls,
FJ, and FI, respectively; (6) the time following the onset needed
to reach the maximum fluorescence value, tFmax; and (7) the area
between the fluorescence curve and the level of the maximum
intensity FM (measured in ms � fluorescence relative units), la-
beled Area.

The summary of the JIP parameters, calculated with these
selected fluorescence data, is shown in Table 1 (based on publica-
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tions by Strasser and co-workers [17,18,114,116,117,175]). The
table is divided into several main categories: technical fluores-
cence data; quantum efficiencies and energy flux ratios; specific
energy fluxes or activities (defined per reaction center); phenom-
enological energy fluxes or activities (defined per cross section);
de-excitation constants; performance indexes and driving forces.
The detailed derivation of all the JIP parameters is shown in the
Appendix A. Below, we present only the derivation of the maximum
specific trapped exciton flux, JTR

o =RC, and that of the specific elec-
tron transport flux from QA to QB, JET2

o =RC, which are central to
this analysis. We will also present information on what is called
the performance index, PI, an important parameter to plant
biologists.

4.2.1. The maximum flux of excitons trapped per PSII (leading to QA

reduction), designated as the specific maximum trapped exciton flux,
JTR

o =RC
The (maximum) trapped exciton flux, JTR

o , is obtained from the
initial slope of the relative variable fluorescence measured on
DCMU treated samples, in which the electron transfer from Q�A to
QB is blocked (since QB is displaced by DCMU [176,177]). The slope,
Mo,DCMU = (dV/dt)o, can be approximated from the experimental
data as DVo/Dto:

Mo;DCMU ¼ ðdV=dtÞo ffi DVo=Dto ¼ D Q�A
� �

= Q A½ �total

� �
o=Dto ð1Þ

With this slope, which equals the rate of increase of the fraction
of closed RCs (Eq. 1) we can evaluate the maximum trapped exci-
ton flux, JTR

o (see below) only when the PSII units are not connected.
Since all PSII units are considered homogeneous (assumption

(3), Section 4.1), every active PSII has a QA, and the total number
of active PSII reaction centers (RC) in the measured area of the
sample is equal to [QA]total. Therefore the initial slope Mo,DCMU

can be written also as:

Mo;DCMU ffi D Q�A
� �

=RC
� �

o=Dto ¼ D Q�A
� �

o=Dto
� �

=RC; ð2Þ

where D½Q�A �o=Dto approximates the initial rate of QA reduction, or
in other words, the initial rate of closure of the PSII reaction centers.
Consistent with the definition of JTR (see assumption (11), Sec-
tion 4.1), one RC is closed QA ! Q�A

� �
for every exciton trapped,

and the initial rate of QA reduction will be a measure of the (maxi-
mum) trapped exciton flux, JTR

o :

JTR
o ¼ d Q�A

� �
=dt

� �
o ffi D Q�A

� �
o=Dto ð3Þ

Then, from Eq. (2) and (3), the maximum specific (per PSII reac-
tion center) trapped exciton flux will be:

JTR
o =RC ¼Mo;DCMU ffi DVo=Dto ð4Þ

In order to have an accurate estimate of the initial slope Mo,D-

CMU, the time interval Dto must be very small, since Dto is an
approximation of dto, which is an infinitesimal small time interval.
In the JIP test [114], the time interval of 0.25 ms has been used
(Dto = 0.3–0.05 ms). However, the fluorescence curve of photosyn-
thetic samples has a sigmoidal shape, due to PSII connectivity
[77,79,81] which can affect the evaluation of Mo,DCMU. F300ls is a
good choice for this evaluation, because numerous experimental
data show that its value is least affected by the connectivity
([17,1,178,179]; also see Section 4.3.1). Thus:

JTR
o =RC ffiMo;DCMU ffi DVo=Dto

¼ 4 ms�1 � F0:3ms � F0:05msð Þ= FM � F0:05msð Þ ð5Þ
the Kautsky effect (chlorophyll a fluorescence induction) and Photosystem
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For practical reasons, Mo,DCMU cannot be directly measured under
field experiments. Nevertheless, it can be evaluated using fluores-
cence data obtained on samples untreated with DCMU. In this case,
the initial slope of the relative variable fluorescence curve, Mo, is
smaller than Mo,DCMU, because the relative fluorescence at t = 0.3
ms is lowered by reoxidation of Q�A as a result of electron transfer
to QB (see the electron transfer chain in Fig. 2). However, some exper-
imental results [114] suggest that Mo,DCMU can be approximated
with the ratio Mo/VJ (assumption (12), Section 4.1). Hence, for con-
trol samples (i.e., not treated with DCMU), the maximum specific
trapped exciton flux JTR

o =RC can be obtained as follows:

JTR
o =RC ¼Mo=VJ

¼ 4 ms�1 � ðF0:3ms � F0:05msÞ=ðFM � F0:05msÞ½ �=
ðF2ms � F0:05msÞ=ðFM � F0:05msÞ½ �

¼ 4ms�1 � ðF0:3ms � F0:05msÞ=ðF2ms � F0:05msÞ ð6Þ

JTR
o =RC represents the initial rate of the closure of photoactive

RCs per total number of photoactive RCs. However, under stress
conditions, some of the PSII centers are inactivated (i.e., are no
longer capable of reducing QA to Q�A ), being transformed into so-
called ‘silent’ reaction centers (see e.g. [180]; and also the Sec-
tion 4.3.2). Nonetheless, JTR

o =RC still refers only to the active PSII
centers. The same is valid for all the JIP parameters expressed as
a function of RC (i.e., specific JIP parameters), since their derivation
is based on JTR

o =RC.
Using the maximum quantum yield of primary PSII photochem-

istry, uPo � JTR
o =JABS ¼ FV=FM (see [8,76–78]; also Appendix A.1,

Eq. (A7)), the average absorbed photon flux per reaction center,
JABS/RC, can be evaluated as:

JABS=RC ¼ ðJTR
o =RCÞ=ðJTR

o =JABSÞ ¼ ðJTR
o=RCÞ � ð1=uPoÞ ð7Þ

Then:

JTR
o =RC ¼ uPo � J

ABS=RC ð8Þ

Based on Eq. (8), the JIP parameter JABS/RC is regarded also as
a measure of the apparent antenna size, i.e. the average amount
of absorbing antenna chlorophylls per fully active (QA-reducing)
reaction center, Chlant/RC [114]. However, because JABS/RC is not
equal, but only proportional, to the amount of absorbing Chl an-
tenna molecules per active RC, it can be used as a measure of
Chlant/RC only in a comparative manner. As uPo represents an
average maximum photochemical quantum yield of all different
types of PSII RCs in the sample, this ‘antenna size’ is also an aver-
age. Nevertheless, it offers a way to detect eventual inactivation of
RCs (see Section 4.3.2).

4.2.2. Specific electron transport flux from QA to Q B; JET2
o =RC

For normal photosynthetic samples, the initial slope of the rela-
tive variable fluorescence curve, Mo, indicates the net rate of the clo-
sure of PSII RCs. The exciton trapping increases the number of closed
centers, and the electron transport from QA to QB decreases it:

Mo ¼ JTR
o =RC� JET2

o =RC and then JET2
o =RC ¼ JTR

o =RC�Mo ð9Þ

Using Eq. (6), the specific electron transport flux from QA to
QB; JET2

o =RC, is calculated as:

JET2
o =RC ¼ ðMo=VJÞ �Mo ¼ ðMo=VJÞ � ð1� VJÞ

¼ ðJTR
o =RCÞ � ð1� VJÞ ð10Þ
4.2.3. Performance index (PI), an important JIP parameter, and the
driving force (log PI)

In general, in a large number of photosynthetic studies, the ratio
FV/FM = (FM � Fo)/FM is used as a stress indicator. However, this
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empirical parameter, based on Fo and FM fluorescence values, is
not always sensitive enough to observe differences between di-
verse samples. Srivastava et al. [116] (see also [17,18,117]) used
a new, more responsive, and important, parameter, named perfor-
mance index PI. This JIP parameter is based on a different ap-
proach, as in Goldman-equation, in which it is assumed that the
total potential of a system can be calculated by multiplying the
Nernst-equations for the individual components (Goldman [181];
also see Hodgkin and Katz [182]). The performance index, PI, is cal-
culated in the same way as a Goldman-equation, from three (or
four) components, which depends on the reaction center density,
the trapping efficiency, and the electron transport efficiency (see
below). Consequently, if a stress affects any of these components,
the effect will show up in the performance index, which therefore
has a higher sensitivity than that achieved by any of its isolated
components. A driving force, expressed as log (PI) can then be cal-
culated, just as is done in chemistry. In many cases [183–187], the
expressions of PI and the driving force have been shown to be very
sensitive to different stresses, and therefore very useful for physi-
ological, environmental and biotechnological screening.

4.2.4. Performance index on absorption basis, PIABS

Initially, the product of three independent JIP parameters, com-
bining structural properties of PSII (i.e., RC/JABS, uPo, and wET2o; see
Table 1), was used to define an expression, called ‘‘structure–func-
tion index’’ SFIPo(ABS) [43]:

SFIPoðABSÞ ¼ ðRC=JABSÞ �uPo � wET2o ð11Þ

Since JABS/RC is also regarded as a measure of the apparent an-
tenna size, i.e., the amount of absorbing antenna chlorophylls per
fully active (QA-reducing) reaction center (see Appendix A.1,
A.1.3), then:

RC=JABS ffi ChlRC=Chlant ¼ ChlRC=ðChltot � ChlRCÞ
¼ ðChlRC=ChltotÞ=ð1� ChlRC=ChltotÞ ð12Þ

where ChlRC represents the total PSII RC chlorophylls, and Chltot the
total PSII Chl. Expressing the fraction of PSII RC chlorophylls relative
to the total PSII chlorophyll as cRC2 = ChlRC/Chltot, we have:

RC=JABS ¼ cRC2=ð1� cRC2Þ ð13Þ

And:

SFIPoðABSÞ ¼ ½cRC2=ð1� cRC2Þ� �uPo � wET2o ð14Þ

Srivastava et al. [116] presented the performance index, on
absorption basis, PIABS, in which all the constitutive terms were
introduced as ratios, similar to Eq. (14) (a yield divided by its com-
plementary function):

PIABS ¼ ½cRC2=ð1� cRC2Þ� � ½uPo=ð1�uPoÞ� � ½wET2o=ð1� wET2oÞ� ð15Þ

The total performance index, PItotal, is obtained by multiplying
Eq. (15) with a fourth term, characterizing the efficiency of the
electron transport flux until PSI acceptors, dRE1o (see Table 1 and
[117,160]):

PItotal
ABS ¼ PIABS � dRE1o=ð1� dRE1oÞ
¼ ½cRC=ð1� cRCÞ� � ½uPo=ð1�uPoÞ� � ½wET2o=ð1� wET2oÞ�
� ½dRE1o=ð1� dRE1oÞ� ð16Þ
4.2.5. Performance index on cross section basis, PICS

The performance index on cross section basis, PICS, is obtained
by multiplying the performance index on absorption basis PIABS

(Eq. (16)), by the phenomenological energy flux, JABS/CS = Fo (or
FM):
the Kautsky effect (chlorophyll a fluorescence induction) and Photosystem
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PItotal
CS;o ¼ Fo � ½cRC=ð1� cRCÞ� � ½uPo=ð1�uPoÞ�

� ½wET2o=ð1� wET2oÞ� � ½dRE1o=ð1� dRE1oÞ� ð17Þ

PItotal
CS;M ¼ FM � ½cRC=ð1� cRCÞ� � ½uPo=ð1�uPoÞ�

� ½ðwET2o=ð1� wET2oÞ� � ½dRE1o=ð1� dRE1oÞ� ð18Þ
4.2.6. Driving forces: DFABS and DFCS

The performance index was especially designed (see Eqs. (15)–
(18)) as a product of terms in the form pi/(1 � pi), similar to what is
done for the Nernst equation. Extrapolating this concept from
chemistry, the log(PI) can be considered as the total driving force
for the photochemical activity of the observed system; it would
be the sum of the partial driving forces for the events involved in
OJIP fluorescence rise. Therefore:

DFtotal
ABS ¼ logðPItotal

ABS Þ ¼ logðRC=JABSÞ þ log½uPo=ð1�uPoÞ�
þ log½wET2o=ð1� wET2oÞ� þ log½dRE1o=ð1� dRE1oÞ� ð19Þ

DFtotal
CS ¼ log PItotal

CS

� 	
¼ log PItotal

ABS

� 	
þ log JABS=CS

� 	
ð20Þ
4.3. Additional information obtained from OJIP fluorescence
transient

Reto J. Strasser and collaborators have designed several original
methods to obtain, based on the fast fluorescence induction data,
structural and functional information on the photosynthetic organ-
isms: the overall probability for the connectivity of PSII units; the
evaluation of the fraction of non QA-reducing PSII reaction centers;
and the evaluation of the fraction of non-QB-reducing PSII. These
are reviewed below.
Fig. 4. The OJIP chlorophyll a fluorescence transient at room temperature of a
control, and a DCMU (3-(30 , 40 dichlorophenyl)-1,10dimethylurea) treated pea leaf,
presented on a logarithmic time scale. For the DCMU treatment, a droplet of 500 ll
(170 lM DCMU in distilled water) was added on the axial side of the leaf, and the
leaf was kept in the dark for 24 h. The excitation light intensity was 3200 lmol pho-
tons m�2 s�1 (wavelength, 650 nm). Fluorescence is given in arbitrary units. The
inset shows three curves presented on a linear time scale: (1) W is a normalized
OJIP curve of the form Wt = Vt/VJ, where the relative variable fluorescence of the
control sample, Vt, is calculated as Vt = (Ft � Fo)/(FM � Fo); (2) WE is a theoretically
constructed exponential curve of the form WE(t) = 1 � exp[�k � (t � to)], where
k = [1/(t0.3ms � to)] � ln(1 �W0.3ms); and (3) WE �W is the difference between the
WE(t) and Wt curves (multiplied by 10). See text for further details. Source of the
original figure: Stirbet et al. [178]; modified by A.S.
4.3.1. Evaluation of the overall probability for the connectivity of PSII
units

The shape of the OJIP fluorescence induction curve is influ-
enced by excitation energy transfer among PSII units, commonly
called as PSII connectivity [77,79,63], or as grouping ([81]). The
quantitative relation between the relative variable chlorophyll
fluorescence, V(t) = (F(t) � Fo)/(FM � Fo), and the fraction of PSII
with reduced QA, B(t), has an hyperbolic form in the case of single
turnover situation (DCMU treatment), and is described by the
relation [81,83]:

VðtÞ ¼ BðtÞ=½1þ C � ð1� BðtÞÞ�; ð21Þ

where C is the parameter for the curvature of the hyperbola, being
dependent on the overall probability of the connectivity between
the PSII units, p:

C ¼ p � ðFas � FoÞ=Fo ¼ p � ½ðFM � FoÞ=Fo� � Vas ð22Þ

with Fas being the fluorescence value used in the normalization of
the fluorescence curve (the asymptote).

Eq. (21) shows that for the unconnected photosystems (sepa-
rate package model), with p = 0 and therefore C = 0, the relative
variable fluorescence is identical to the fraction of closed reaction
centers of PSII, and the fast kinetics of the fluorescence transient
becomes exponential:

VEðtÞ ¼ BEðtÞ ¼ 1� exp½�k � ðt � toÞ� ð23Þ

The exponential constant k can be calculated using the expo-
nential fluorescence curve, FE(t), as:

k ¼ ½1=ðt � toÞ� � ln½ðFas � FoÞ=ðFas � FEðtÞÞ� ð24Þ
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Here we present a method to evaluate the overall connectivity
constant p from an experimental OJIP fluorescence induction curve,
measured in vivo, on a sample that has been kept in darkness, un-
der physiological conditions (for detailed information, see Stirbet
et al. [178]; Strasser and Stirbet [179]). Fig. 4 shows the fast fluo-
rescence transient of a normal pea leaf (the OJIP curve), and of
the DCMU treated pea leaf (the DCMU curve), on a logarithmic
time scale. As mentioned earlier (assumption (12), Section 4.1),
Strasser and Strasser [114] proposed that the O–J part of relative
variable fluorescence curve measured in vivo in control samples,
normalized to VJ, can be considered very similar to the relative var-
iable fluorescence rise measured on DCMU treated samples. Nam-
ing W(t) the normalized V(t) curve of the normal sample, we have:

WðtÞ ¼ VðtÞ=VJ ¼ ðFðtÞ � FoÞ=ðFJ � FoÞ ð25Þ

In the inset of Fig. 4, the sigmoidal form of the curve W(t) can be
clearly seen, proving the existence of an energetic connectivity
among PSII centers of the sample. An exponential curve, with the
asymptote Vas = VJ, can be constructed, for a hypothetical uncon-
nected PSII population, which undergoes a single QA reduction
(see Eq. (26), and the curve WE(t) in the inset of Fig. 4):

WEðtÞ ¼ VEðtÞ=VJ ¼ ðFEðtÞ � FoÞ=ðFJ � FoÞ
¼ 1� exp½�k � ðt � toÞ� ð26Þ

The curves W(t) and WE(t) have a common point, besides the
origin (an intersection point), Wcom = (WE)com, which can be used
in equation Eq. (24) for the evaluation of the exponential constant
k:

k ¼ ½1=ðtcom � toÞ� � ln½ðFJ � FoÞ=ðFJ � FcomÞ�
¼ ½1=ðtcom � toÞ� � lnð1�WcomÞ ð27Þ

The value tcom = 0.3 ms was chosen to evaluate the exponential
constant k, and construct the exponential curve WE(t) using Eq.
(26).

The difference between the experimental and simulated curve,
WE(t) �W(t) = DW(t) can be calculated (see the inset of Fig. 4;
for clarity, the curve has been magnified 10 times); it shows the ef-
fect of energetic connectivity between the photosynthetic units.
The relative variable fluorescence V(t) and VE(t), or W(t) and
WE(t), are expressed as functions of the fraction of closed reaction
the Kautsky effect (chlorophyll a fluorescence induction) and Photosystem
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centers. For short time intervals, up to t = 0.3 ms, B is considered
equal to BE; therefore:

B ¼ BE ¼ VE ¼WE � VJ ð28Þ

Thus, the curvature constant of the hyperbola C can be derived,
based on Eqs. (21), (23) and (26) as:

C ¼ ðB� VÞ=½V � ð1� BÞ� ¼ ðBE � VÞ=½V � ð1� BEÞ�
¼ ðVE � VÞ=½V � ð1� VEÞ� ¼ ðWE �WÞ=½W � ð1�WEVJÞ� ð29Þ

The value of C is obtained using WE and W, calculated at
t = 0.1 ms, when DW is maximum (see the curve DW = WE �W
in the inset of Fig. 4).

Finally, the overall probability of the connectivity between PSII
units, p, is calculated using Eq. (22):

p ¼ C � ½Fo=ðFJ � FoÞ� ð30Þ

The results obtained with this method show that p from the
analysis of the OJIP transient has a value close to that obtained
using the DCMU transient (p = 0.23 and 0.26 respectively, for the
fluorescence transients presented in Fig. 4 [178].

4.3.2. Evaluation of the fraction of non-QA-reducing PSIIs, or the so-
called ‘silent’ reaction centers

The ‘‘JIP test’’ (see above) of fluorescence transient in photosyn-
thetic organisms, exposed for short times to light, heat or other
abiotic stress ([43]; see also [188,189]) revealed a marked decrease
in uPo ¼ JTR

o =JABS, measured as FV/FM, a stable (unchanged) JTR
o =RC,

measured as Mo/VJ, and no change in the absorption photon flux
JABS. Tsimilli-Michael et al. [43] (also see [190], and the review
[17]) proposed that this apparently inconsistent result was due
to the transformation of some active PSII reaction centers to inac-
tive RCs, which act as efficient exciton traps, but dissipate all their
excitation energy as heat (also see inactive PSIIs described by
Cleland et al. [191], and Krause et al. [180]). The FV/FM of the
sample represents an average value of the trapped exciton flux,
but JTR

o =RC is calculated based on the kinetics of the variable fluo-
rescence, and therefore refers only to photochemically active RCs
(i.e., those that can reduce QA). Moreover, a concomitant increase
of JABS/RC does not imply a true increase of the antenna size, but
refers to an increase of the ‘apparent’ antenna size (i.e., of the total
absorption divided by the ‘active RCs’).

Strasser and Tsimilli-Michael [190] proposed the use of the
term ‘‘silent RCs’’ for such inactive reaction centers, because they
neither reduce QA, nor contribute to the variable fluorescence.
Their fluorescence yield remains low, equal to that of open RCs.
This type of inactivation is reversible soon after the stress, which
had provoked the transformation, is removed. If the number of ac-
tive and silent PSII centers in the sample are, respectively, RCa and
RCsilent, and the parameters of the control sample (i.e., the sample
as it was before the application of the stress) are referred to as
‘ct’, the fraction of PSII transformed to silent RCs, RCsilent/(RCa)ct,
can be calculated as follows (see details in [190]):

RCa=ðRCaÞct ¼ ðJ
ABS=RCaÞct=ðJ

ABS=RCaÞ ð31Þ

Further, the fraction of active PSII centers, RCa/(RCa)ct, can be
calculated using the relation JABS/RC = (Mo/VJ)/(1 � Fo/FM) (see
Appendix A.1, A.1.3), as:

RCa=ðRCaÞct ¼ ½ðMo=VJÞct=ð1� Fo=FMÞct�=½ðMo=VJÞ=ð1
� Fo=FMÞ� ð32Þ

Knowing that RCa/(RCa)ct + RCsilent/(RCa)ct = 1, the fraction of the
inactive (silent) PSII will be:

RCsilent=ðRCaÞct ¼ 1� RCa=ðRCaÞct ð33Þ
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It is important to note that the above interpretation of the dis-
crepancies between uPo ¼ JTR

o =JABS (measured as FV=FMÞ; JTR
o =RC

(measured as Mo/VJ), and the absorption photon flux JABS, are justi-
fied only if Fo and P(=FM), measured on stressed samples, represent
true fluorescence minimum (i.e., all PSIIs open), and maximum
(i.e., all active PSIIs closed). Indeed, Tóth et al. [170] show that, in
the case of severely heat-stressed leaves (i.e., after a heat treatment
at 48–50 �C for 20–40 s), the fast fluorescence transient doesn’t
reach the maximum fluorescence value, due to an early activation
of FNR. The activation of FNR, before the maximum fluorescence FP

is reached, leads to an increased rate of the electron transport,
which prevents the creation of the transient electron transport
block leading to the complete reduction of QA [72–74], and there-
fore to FM. Thus, in those situations when the JIP parameters are
not well correlated, it is important to verify not only that JABS is un-
changed, but also that all active PSIIs are closed at the P-level (e.g.,
by using DCMU treatment), and that Fo is not changed. Only if this
is confirmed, the hypothesis of a possible inactivation can be
considered.

4.3.3. Evaluation of the fraction of the non-QB-reducing PSII centers
PSII reaction centers are considered homogeneous in the simple

model used (assumption (4), Section 4.1), but we know that in vivo
there are several types of PSII heterogeneities, such as different an-
tenna size (i.e., a- and b-PSII centers), and inactive QA or QB (see
[192–194]). Exposure to different abiotic stresses affects these het-
erogeneities, altering the fractions of different PSII centers. Non-
QB-reducing centers are known to have a specific influence on
the fluorescence transient, especially the O–J part, which has been
sustained through numerical simulation [195]. A fast test for the
evaluation of the non-QB-reducing PSII fraction was proposed by
Strasser and co-workers [190,196,197], based on the fact that these
centers have a slow relaxation kinetics in the dark. The test neces-
sitates the measurement of two successive fluorescence transients,
induced by two subsequent identical light pulses (each of 1 s dura-
tion), separated by a short (maximum �500 ms) dark relaxation
interval (see the detailed description of the method in [190]).
The main assumption in this method was that the normal QB

reducing centers are all open during the dark relaxation period,
but not the non-QB-reducing centers (which need more than 1–
2 s to open through recombination of Q�A with the oxygen evolving
complex (OEC) in the S2 state). However, studies of dark-adapta-
tion kinetics of the OJIP-transient [74] showed that, after the first
second of illumination, the PQ-pool becomes reduced, and that it
remains reduced after a dark relaxation period of 500 ms. There-
fore, the PSII centers that remain closed after the dark relaxation
interval are not only non-QB-reducing centers, but also normal
QB-reducing centers, as the forward electron transfer reaction from
Q�A to QB is blocked, due to the PQ-pool being in the reduced state;
this leads to an overestimation of the non-QB-reducing fraction. As
a result, this method can eventually be used only qualitatively,
when comparing two samples, but we recommend using another
alternative method (see [198,199], and the references therein).

Schansker and Strasser [199] have used a different approach to
evaluate the non-QB-reducing fraction of PSII, in which the photo-
synthetic sample, kept in dark, was first preilluminated with far-
red light (k = 718 nm) at a low intensity (80 lmol photons m�2 s�1)
for a short period of time (10 s), in order to oxidize the PQ-pool.
Here, the far-red light-induced increase in Fo (measured as the
fluorescence value at 20 ls) was considered to be due not only to
the non-QB-reducing PSII, but also to a small fraction of closed
QB-reducing centers (related to the equilibrium effect). Analyzing
the dark-adaptation kinetics of F20ls for pea leaves, the 4–5% in-
crease of the fluorescence yield had two components: �2.5% due
to the equilibrium effect; and only 1.8–3% due to the non-QB-
reducing centers [199].
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5. Pros and Cons of the analysis of the OJIP transient by the so-
called JIP test

The JIP test is based on a well-structured theory, and in order to
accept it, we must agree on its assumptions, and the restrictions
associated with them (see Section 4.1 on Assumptions). The major
assumption that we must accept, assumption (4), is the thesis that
the variation of chlorophyll fluorescence intensity is due mainly to
the reduction of QA (Duysens and Sweers [60]). This is still the most
accepted view on the subject (see reviews in Papageorgiou and
Govindjee [3]). However, considering that QA may not be the only
component influencing the variable fluorescence, Vredenberg
([59,200]; and references cited there) has presented quite a differ-
ent model. As we already know, there are a number of theories
considering additional involvement of non-photochemical fluores-
cence quenching of different origins during the OJIP transient (see
e.g., [58,64,65,67,68,200]), which all, more or less, affect the valid-
ity of JIP test. Further, the slow fluorescence transient, the PSMT
transient, not discussed here, is significantly affected by changes
other than that related to QA (e.g. for the slow fluorescence de-
crease from FP to FS: conformational changes, changing kP and
kN, or absorption changes, JABS, based on some modifications of
spectroscopic propreties of the photosynthetic sample).

Some of the assumptions, as for example the non-consideration
of PSI fluorescence (assumption (2), Section 4.1), of homogeneity of
PSII units (assumption (3)), of the non-inclusion of non-photo-
chemical processes in the fluorescence quenching (assumption
(4)), of homogeneous antenna pigment structure (assumption
(5)), or of non-connectivity between PSII units (assumption (6)),
have been used often in different mathematical models simulating
the fast fluorescence induction, in order to simplify the theoretical
approach [16,24,51,59,172,201–203]. However, these processes do
affect the shape of the OJIP fluorescence transient, and at the same
time the values of the fluorescence intensities used in the JIP test to
calculate the JIP parameters (i.e., Fo, F300ls, FJ, FI and FM). Thus, the
values of the JIP parameters are certainly affected (see Section 4.2.2,
Eq. (10)). The same is true for assumption (8), where in the samples
that had been kept in darkness for a few minutes, QA as well as PQ-
pool are considered to be in the oxidized state. We are aware that
in some other cases, QA and the PQ-pool may not be completely
oxidized even when the samples have been in dark for a long time,
like in some algae and higher plants that have high chlororespira-
tory activity [204]. Assumption (14) in which the normalized com-
plementary area of the fast fluorescence induction curve is
considered to be proportional to the number of electrons passing
through the electron transport chain, N (the turnover number)
(see Appendix A.4), also requires proof, even if it is still used (see
e.g., [205]).

Some of the assumptions are specific to the JIP test, the most
important being the assumptions (12) and (13) (see Section 4.1).
The assumption (12) states that during the O–J part of the fluores-
cence transient of a normal sample that had been kept in darkness,
QA undergoes only a single turnover, as in the DCMU treated sam-
ple. However, numerical simulations of the fast fluorescence tran-
sient [53–56,172,206] show that a non-negligible fraction of QA (up
to 50%) is reduced a second time during the O–J time interval of the
OJIP transient. As a result, at the FJ level, instead of a hypothetical
mixture of PSII centers in the redox states Q�A Q B, and QAQ�B based
on the assumption (12), there will be a mixture of PSII centers with
Q�A Q B; QAQ�B and Q�A Q�B (Stirbet et al. [53], Zhu et al. [56], Chang-
Peng Xin, Jin Yang, and Xin-Guang Zhu (personal communication,
2010, to one of us, G)), The resemblance between the O–J phase
of the OJIP transient, and the fluorescence transient of DCMU trea-
ted sample, is not so close as it has been assumed in the current JIP
test analysis. Assumption (13) states that the rate of the electron
Please cite this article in press as: A. Stirbet, Govindjee, On the relation between
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transport flux per RC at the I-level of the fast fluorescence transient
(t = 30 ms), labeled as specific electron transport flux until PSI
acceptors, can be described as JRE1

o =RC ¼ ðJTR
o =RCÞ � ð1� VIÞ (see

Appendix A.1, Eq. (A24)). The JRE1
o , where RE1 refers to the reduc-

tion of the PS1 acceptors, is based on the experimental observa-
tions of Schansker et al. [74] suggesting that at the I-level the
electrons generated by PSII reaction centers have reached PCs,
and they have begun to reduce PSI acceptors. This suggestion is
supported by results on mathematical simulation of both the OJIP
transient and changes in 820 nm-transmittance signal (Lazár
[206]); we note however, that the model proposed by Lazár [206]
includes the PQ-pool quenching, even if the experimental results
used in the simulations were obtained in situ on leaves, in which
case the PQ-pool quenching is most probably absent [167].

A small number of JIP test approximations are rather bold, i.e.,
they have been used for simplicity, in order to extract the maxi-
mum possible information from the routinely measured fluores-
cence induction data alone, especially in those studies that
involve a large number of samples, as for example in the experi-
ments needed under field conditions. These assumptions (see Sec-
tion 4.1) are explicitly: (i) assumption (15) – the approximation of
PSII antenna chlorophyll content of the measured sample, Chlant,
with the absorbed photon flux, JABS (see Appendix A.1, A.1.3); (ii)
assumption (16) – the approximation of the phenomenological ab-
sorbed photon flux JABS/CS with Fo or FM values (see Appendix A.2,
Eqs. (A28) and (A29)); and (iii) assumption (17) – the approxima-
tion of the normalized complementary area of DCMU treated sam-
ples, SS, with (Mo,DCMU)�1 (see Appendix A.4, Eq. (A45)). The
assumption (16) has important repercussions, as all phenomeno-
logical JIP parameters are derived based on JABS/CS value (see Ta-
ble 1, and Appendix A.2).

Even if in the basic JIP test, the connectivity between the RCs
and the heterogeneity of PSII units are neglected, they have been
considered separately, as presented in Sections 4.3.1–4.3.3, and
determined quantitatively based on fluorescence induction data.
These additions to JIP test parameters help to characterize more
completely the photosynthetic samples under study. On the other
hand, the method proposed earlier [190] for the calculation of the
non-QB-reducing fraction using OJIP transient (see Section 4.3.3),
largely overestimates it, due to the reduced state of the PQ-pool.
The other method (discussed earlier) to evaluate this fraction, used
by Schansker and Strasser [199], involving 10 s preillumination of
the sample with far-red light, can be considered as one of the most
precise for the moment, but it is too complicated to be used in
screening studies, where the basic JIP test is more useful. Regarding
the assessment of the inactive PSII centers, which can result fol-
lowing a stress period [43,188,189], based on the observed discrep-
ancies between uPo ¼ JTR

o =JABS (measured as FV=FMÞ; JTR
o =RC

(measured as Mo/VJ), and the absorption photon flux JABS (see Sec-
tion 4.3.2), it is important to verify that the values of Fo and FM,
measured in the case of stressed samples, are truly the minimum
(i.e., all PSIIs being open) and maximum (i.e., all active PSIIs being
closed) of the fluorescence, since the calculated JIP parameters are
affected by them. In fact this is an important requirement when uti-
lizing JIP test that must be assured in all cases.

Finally, it is generally accepted today that Chl a fluorescence is a
signature of photosynthesis, but that is only true when all aspects
of fluorescence (e.g., kinetics; spectra; lifetimes; and many other
parameters) are exploited; see Papageorgiou and Govindjee [3].
The JIP test, in this context, is nothing more than a systematic method,
to be used as a practical tool, to obtain quick information on various
possibilities of effects on photosynthesis, particularly on PSII, and to
a limited extent on PSI. By itself it cannot be used to obtain detailed
information on the entire system, without direct measurements on
electron transport, and overall photosynthesis rates. Currently, this
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1 This assumption seems to be too restrictive, because even in the hypothesis of
homogeneous PSII, during the fluorescence transient their fluorescence properties
change, and the open PSII (with oxidized QA) have low fluorescence yield, and the
closed PSII (with reduced QA) have high fluorescence yield. We have verified a similar
alternative assumption, in which the dissipation energy flux has two parts:
JDI
t ¼ aop � Fop

t þ acl � Fcl
t , where Fop

t and Fcl
t represent, respectively, the fluorescence

of open and closed PSII centers, and aop and acl are the respective proportionality
constants. However, this alternative assumption leads to the same formula for the
quantum yield of the primary PSII photochemistry (i.e., Eq. (A6)) which was obtained
with the original assumption JDI

t ¼ a � Ft (see Appendix A.6).
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is being attempted, to a limited extent, through utilization of new
improved instruments that measure simultaneously, in vivo, the
prompt Chl fluorescence induction and 820-nm transmission
changes reflecting PSI changes [44,74,87,89,136,160,167,170,173,
197,199,207,208], or lately, with the multi signal instrument mPEA
of Hansatech Instruments, also the delayed fluorescence (that mea-
sures back reactions of PSII) [160], which offers new opportunities
for the development and improvement of this analysis of OJIP
transients.

6. Conclusions

The availability of user-friendly portable direct fluorescence
Fluorometers, and the specialized software for the analysis of raw
experimental data, make the so-called JIP test, which is nothing
more than a systematic tool for evaluating fluorescence rise kinet-
ics, very attractive; further, it allows quick measurements even in
the field conditions. Extremely rich information about the PSII
photochemical activity, electron transport events, and different
regulatory processes, is contained in the Chl a fluorescence
induction transient, and can be revealed through a systematic
theoretical treatment of the fluorescence curves. This is illustrated
not only through large number of the fluorescence parameters
available in the extensive literature, but more importantly, through
the numerous results obtained in both basic and applied studies
carried out all over the world (see for JIP parameters, Refs.
[187,208–217]). The analysis of the photosynthetic activity based
on the energy flux theory, of which Reto J. Strasser is a pioneer,
has the potential of further development, and (we are) sure that
the JIP test will expand even more in the future, especially because
it is being combined with parallel optical measurements on the
electron carriers in both Photosystems I and II.
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Appendix A

In the following, as well as in the main paper, we have used the
published material on JIP test (see e.g., [17,18,114,116,117,160]),
but departed, for clarity and convenience, from the original
nomenclature for some of the terms. We have used: (1) JABS, in-
stead of ABS, for the PSII absorption photon flux; (2) JDI, instead
of DI, for the PSII energy dissipation flux; (3) JTR, instead of TR,
for the PSII exciton trapping flux; (4) JET2

o , instead of ET0, for the
electron transport flux from QA to QB; and (5) JRE1

o instead of
RE0, for the electron transport flux until PSI acceptors.

A.1. The JIP test parameters expressed as quantum efficiencies, specific
energy fluxes, and flux ratios (see Table 1)

A.1.1. The quantum yield of primary PSII photochemistry, uP = JTR/JABS

One of the most important parameters used in fluorescence
induction studies is the ratio of variable to maximum fluorescence,
the Fv/FM ratio. It represents the quantum yield of the primary PSII
Please cite this article in press as: A. Stirbet, Govindjee, On the relation between
II: Basics and applications of the OJIP fluorescence transient, J. Photochem. Ph
photochemistry, uP [8,76–78]. Here we show the derivation of this
parameter in the framework of the so-called JIP test (see also [17]).

Based on the general law of energy conservation, the total pho-
ton flux absorbed by all PSII antenna pigments in the measured
area of the photosynthetic sample can be written as the sum of
the trapped exciton flux, JTR, and the dissipation energy flux, JDI:

JABS
t ¼ JTR

t þ JDI
t ðA1Þ

Considering the physiological state of the sample to be
unchanged during the fast fluorescence transient (assumption
(7), Section 4.1, main text), and a constant illumination of the sam-
ple, the absorbed photon flux JABS will be also constant (i.e.,
JABS

t � JABS). In this case, any change in JTR will be compensated by
a change in JDI, or vice versa.

The dissipation energy flux, JDI
t , is assumed to be proportional to

the fluorescence emission at any time t of the fast fluorescence
transient, since in the JIP test, the non-radiative contributions to
JDI

t are considered constant during the OJIP fluorescence rise
(assumption (10), Section 4.1). Thus:

JDI
t ¼ a � Ft ðA2Þ

where a is a proportionality constant.1

In samples that had been kept in darkness, all PSIIs are assumed
to be open at the beginning of the fluorescence transient (i.e., all QA

molecules in the system are in the oxidized state – assumption (4),
Section 4.1). Under this condition, the fluorescence intensity is
minimal,Fo, and the trapped exciton flux, JTR

o , is maximal. Moreover,
at the P-level (in saturating light, when t = tFmax), all active PSIIs are
closed (i.e., all QA molecules of QA-reducing PSIIs are in the reduced
state, Q�A – assumption (4)), the fluorescence intensity is maximal,
FM, and the trapped exciton flux is zero, JTR

Fmax ¼ 0.
The substitution of JDI

t in Eq. (A1) with its value given by Eq.
(A2), gives:

JABS ¼ JTR
t þ a � Ft and then Ft ¼ JABS=a� JTR

t =a ðA3Þ

For t = tFmax the trapped exciton flux is zero (i.e., JTR
Fmax ¼ 0), and Eq.

(A3) becomes:

FM ¼ JABS=a ðA4Þ

Hence, the normalized fluorescence Ft/FM, obtained by dividing Eq.
(A3) by equation Eq. (A4), is:

Ft=FM ¼ 1� JTR
t =JABS ðA5Þ

On the other hand, the ratio of the output energy flux from
PSII antenna pigments (represented by the trapped exciton flux,
JTR

t ) to the total PSII input energy flux (represented by the ab-
sorbed photon flux JABS) corresponds to the quantum yield of pri-
mary PSII photochemistry, uPt, whose value can be therefore
estimated as:

uPt � JTR
t =JABS ¼ 1� Ft=FM ðA6Þ

At t = 0 the quantum yield of the primary PSII photochemistry is
maximum thus:

uPo � JTR
o =JABS ¼ 1� Fo=FM ¼ FV=FM ðA7Þ
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Further, by dividing Eq. (A6) by Eq. (A7), we obtain:

uPt=uPo ¼ ð1� Ft=FMÞ=ð1� Fo=FMÞ ¼ ðFM � FtÞ=ðFM � FoÞ
¼ ½FM � Fo � ðFt � FoÞ�=ðFM � FoÞ
¼ 1� ðFt � FoÞ=ðFM � FoÞ ¼ 1� Vt; ðA8Þ

where Vt is the relative variable fluorescence, which in the JIP test
represents also the fraction of the closed reaction centers (i.e.,
Vt ¼ ½Q�A �t=½QA�total), due to the fact that PSII units are considered
unconnected with each other (assumption (6), in Section 4.1).

Therefore, the quantum yield of the primary PSII photochemis-
try at any time t of the fluorescence transient is, in terms of the
maximum quantum yield uPo:

uPt ¼ uPo � ð1� VtÞ ðA9Þ

We note that this equation has been often used, where the con-
nectivity between the PSIIs has been assumed to be zero, but the
relation is valid in the case of connected PSIIs (see e.g., Paillotin
[77]).

A.1.2. The maximum flux of excitons trapped per PSII (leading to QA

reduction), given as the maximum specific trapped exciton flux, JTR
o =RC

The maximum trapped exciton flux, JTR
o , is obtained from the ini-

tial slope of the relative variable fluorescence rise measured in
DCMU treated samples, in which the electron transfer from Q�A to
QB is blocked (since QB is replaced by DCMU [176,177]). This slope,
Mo,DCMU = (dV/dt)o, can be approximated from the experimental
data as DVo/Dto:

Mo;DCMU ¼ ðdV=dtÞo ffi DVo=Dto ¼ Df½Q�A �=½Q A�totalgo=Dto ðA10Þ

This slope, that is equal to the rate of increase of the fraction of
closed RCs (Eq. (A10)), gives the maximum trapped exciton flux, JTR

o

only if the PSII units are not connected.
Since all PSII units are considered homogeneous (assumption

(3), Section 4.1), every PSII has a QA, and the total number of PSII
reaction centers in the measured area of the sample (denoted
RC) is equal to [QA]total. Therefore the initial slope Mo,DCMU can be
written also as:

Mo;DCMU ffi Dð½Q�A �=RCÞo=Dto ¼ ðD Q�A
� �

o=DtoÞ=RC; ðA11Þ

where D Q�A
� �

o=Dto approximates the initial rate of QA reduction, or
in other words, the initial rate of closure of the PSII reaction centers.
Consistent with the definition of JTR (see assumption (11),
Section 4.1), one RC is closed (QA ! Q�A ) for every exciton trapped,
and the initial rate of QA reduction will be a measure of the
maximum trapped exciton flux, JTR

o :

JTR
o ¼ ðd½Q

�
A �=dtÞo ffi D½Q�A �o=Dto ðA12Þ

Then, from Eq. (A11) and (A12), the maximum specific (per PSII
reaction center) trapped exciton flux will be:

JTR
o =RC ¼Mo;DCMU ffi DVo=Dto ðA13Þ

In order to have an accurate estimate of the initial slope
Mo,DCMU, the time interval Dto must be very small, since Dto is an
approximation of dto, which is an infinitesimal small time interval.
In the JIP test, originally proposed by Strasser and Strasser [114],
the time interval of 0.25 ms was used (Dto = 0.3–0.05 ms). How-
ever, the fluorescence curve of photosynthetic samples has a
sigmoidal shape, due to PSII connectivity [77,79,81] which can
affect the evaluation of Mo,DCMU. F300ls is a good choice for this
Please cite this article in press as: A. Stirbet, Govindjee, On the relation between
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evaluation because experimental data show that its value is less af-
fected by the connectivity ([17,18,178,179]; see also Section 4.3.1).
Thus:

JTR
o =RC ffiMo;DCMU ffi DVo=Dto

¼ 4 ms�1 � ðF0:3ms � F0:05msÞ=ðFM � F0:05msÞ ðA14Þ

For practical reasons, Mo,DCMU cannot be directly measured un-
der field experiments. Nevertheless, it can be ‘evaluated’ using
fluorescence data obtained on samples untreated with DCMU. In
this case, the initial slope of the relative variable fluorescence
curve, Mo, is smaller than Mo,DCMU, because the relative fluores-
cence at t = 0.3 ms is lowered by the reoxidation of Q�A as a result
of electron transfer to QB (see the electron transfer chain in
Fig. 2). However, some experimental results, [114], suggest that
Mo,DCMU can be approximated with the ratio Mo/VJ (assumption
(12), Section 4.1). Hence, for control samples (i.e., not treated with
DCMU), the maximum specific trapped exciton flux JTR

o =RC can be
evaluated as:

JTR
o =RC ffiMo=VJ

ffi 4 ms�1 � ½ðF0:3ms � F0:05msÞ=ðFM � F0:05msÞ�
=½ðF2ms � F0:05msÞ=ðFM � F0:05msÞ
¼ 4 ms�1 � ðF0:3ms � F0:05msÞ=ðF2ms � F0:05msÞ ðA15Þ

JTR
o =RC represents the initial rate of the closure of photoactive

RCs per total number of photoactive RCs. However, under stress
conditions, some of the PSII centers are inactivated (i.e., are no
longer capable of reducing QA to Q�A ), being transformed into so-
called ‘silent’ reaction centers (see e.g. [180]; and Section 4.3.2).
Nonetheless, JTR

o =RC still refers only to the active PSII centers. The
same is valid for all specific JIP parameters (see Table 1) since their
derivation is based on JTR

o =RC.

A.1.3. The average absorbed photon flux per reaction center, given as
specific absorbed photon flux, JABS/RC

The average absorbed photon flux per reaction center can be ob-
tained using Eq. (A15) and (A7):

JABS=RC ¼ ðJTR
o =RCÞ=ðJTR

o =JABSÞ ¼ ðJTR
o =RCÞ=uPo

ffi ðMo=VJÞ=ð1� Fo=FMÞ ðA16Þ

Based on the relation JTR
o =RC ¼ uPo � J

ABS=RC, the JIP parameter
JABS/RC is also regarded as a measure of the apparent antenna size,
i.e. the average amount of absorbing antenna chlorophylls per fully
active (QA-reducing) reaction center, Chlant/RC,[114]. However, be-
cause JABS/RC is not equal, but only proportional, to the amount of
absorbing Chl antenna molecules per active RC, it can be used as a
measure of Chlant/RC only in a comparative manner. As uPo repre-
sents an average maximum photochemical quantum yield of all
different types of PSII RCs in the sample, this ‘antenna size’ is also
an average. Nevertheless, it offers a way to detect an eventual inac-
tivation of RCs (see Section 4.3.2).

A.1.4. The specific electron transport flux from QA to QB; JET2
o =RC

For normal photosynthetic samples, the initial slope of the rel-
ative variable fluorescence curve, Mo, indicates the net rate of the
closure of PSII RCs. The exciton trapping increases the number of
closed centers, and the electron transport from QA to QB decreases
it:

Mo ¼ JTR
o =RC� JET2

o =RC and then JET2
o =RC ¼ JTR

o =RC �Mo ðA17Þ

Using Eq. (A15), the specific electron transport flux from QA to
QB, JET2

o =RC, is calculated as:

JET2
o =RC ¼ ðMo=VJÞ �Mo ¼ ðMo=VJÞ � ð1� VJÞ ðA18Þ
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A.1.5. The efficiency/probability with which the initial PSII trapped
electron is transferred from QA to QB, i.e., wET2o � JET2

o =JTR
o

Using Eq. (A15), Eq. (A17) can be written as:

JET2
o =RC ¼ ðMo=VJÞ � ð1� VJÞ ¼ ðJTR

o =RCÞ � ð1� VJÞ ðA19Þ

And therefore:

wET2o � JET2
o =JTR

o ¼ 1� VJ ðA20Þ
A.1.6. The quantum yield of the electron transport flux from QA to QB,
uET2o � JET2

o =JABS

The quantum yield of the electron transport flux from QA to QB,
JET2

o =JABS, can be obtained easily using Eqs. (A7) and (A20):

uET2o � JET2
o =JABS ¼

�
JET2

o =JTR
o

	
� ðJTR

o =JABSÞ ¼ wET2o �uPo

¼ uPo � ð1� VJÞ ðA21Þ

Using Eq. (A7) (for uPo as a function of fluorescence values), and
the definition of the relative variable fluorescence VJ, Eq. (A21) can
also be written as:

uET2o ¼ ½ðFM � FoÞ=FM� � ½1� ðFJ � FoÞ=ðFM � FoÞ�
¼ ½ðFM � FoÞ=FM� � ½ðFM � Fo � FJ þ FoÞ=ðFM � FoÞ�
¼ ðFM � FJÞ=FM ¼ 1� FJ=FM ðA22Þ

Also, using Eq. (A6) for the particular case Ft = FJ, the following
equality is evident:

uPj ¼ 1� FJ=FM ¼ uET2o ðA23Þ
A.1.7. The specific electron transport flux until PSI acceptors, JRE1
o =RC

Based on experimental results showing that at the I-level of OJIP
transient,electrons generated by PSII have reached plastocyanin
molecules, PCs, and just start to be transferred all the way up to
the end of electron acceptor side of PSI [74], an energy flux, labeled
as the specific electron transfer flux until PSI acceptors, JRE1

o =RC, is
defined in a similar manner as JET2

o =RC (see assumption (13), Sec-
tion 4.1, and (A19)).

JRE1
o =RC ¼ ðJTR

o =RCÞ � ð1� VIÞ ¼ ðMo=VJÞ � ð1� VIÞ ðA24Þ
A.1.8. The efficiency/probability with which a PSII trapped electron is
transferred until PSI acceptors, wRE1o � JRE1

o =JTR
o

The efficiency/probability with which a PSII trapped electron is
transferred until PSI acceptors, wRE1o, is calculated using Eq. (A24)
as:

wRE1o � JRE1
o =JTR

o ¼ 1� VI ðA25Þ
A.1.9. The quantum yield of the electron transport flux until PSI
acceptors, uRE1o � JRE1

o =JABS

Using Eqs. (A7) and (A25), the quantum yield of the electron
transport flux until PSI acceptors, uRE1o can be obtained as:

uRE1o � JRE1
o =JABS ¼ ðJRE1

o =JTR
o Þ � ðJ

TR
o =JABSÞ ¼ wRE1o �uPo

¼ uPo � ð1� VIÞ ðA26Þ
A.1.10. The efficiency/probability with which an electron from QB is
transferred until PSI acceptors, dRE1o ¼ JRE1

o =JET2
o

JRE1
o =JET2

o is obtained easily using Eqs. (A20) and (A25):

dRE1o � JRE1
o =JET2

o ¼ ðJRE1
o =JTR

o Þ=ðJ
ET2
o =JTR

o Þ ¼ ð1� VIÞ=ð1� VJÞ ðA27Þ
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A.2. JIP parameters defined in terms of fluxes and activities per cross
section of the sample

Different energy fluxes measured per excited cross section of
the photosynthetic sample, CS, as JABS=CS; JTR

o =CS, JDI=CS; JET2
o =CS,

and JRE1
o =CS (see below for the definitions), are descriptions of the

observed phenomena, and are denoted as phenomenological en-
ergy fluxes. Since a photosynthetic sample is usually not optically
homogeneous, and contains many cell layers of different depths,
the term ‘excited cross section’ has been used instead of ‘optical
cross section’ (the latter being suitable only for an optically homo-
geneous sample).

A.2.1. The absorbed photon flux per excited cross section, JABS/CS
The value of the absorbed photon flux JABS/CS can be ‘deter-

mined’ experimentally, being a measure of PSIIChlant/CS, in which
case, it is denoted as JABS/CSChl. However, in the JIP test, which
can be used in large-scale field experiments, the initial fluores-
cence Fo is assumed to be an approximation of JABS/CS [114], for
convenience:

JABS=CSo ¼ Fo ðA28Þ

JABS/CS is measured in relative units, being meaningful only in stud-
ies in which several samples are compared, and that too, for sam-
ples having the same fluorescence yield at Fo, uFo.

Since the cross section, CS, may be affected by changes taking
place during the light period, one must be cautious in comparing
these fluxes based on Fo values. Moreover, in order to have a very
accurate value of Fo, a separate experiment is necessary under low
light conditions, with instruments that allow precise measure-
ments of true Fo.

A similar relationship as that for Eq. (A28) can be obtained for
t = tFmax:

JABS=CSM ¼ FM ðA29Þ
Here also, care must be taken to measure true FM, as in the case of
Fo.

The use of phenomenological fluxes must certainly be made
with great care. In studies using different treatments, it is impor-
tant to check the stability of Fo and FM, in order to decide between
using CSo or CSM; it is necessary to select only the stable values. Be-
cause JABS/CS is included in the definition of all other phenomeno-
logical JIP parameters (see below), they are affected by the same
degree of imprecision as JABS/CS is.

A.2.2. The maximum trapped exciton flux per excited cross section,
JTR

o =CSo

The maximum PSII trapped exciton flux is calculated using Eqs.
(A7) and (A28):

JTR
o =CSo ¼ ðJTR

o =JABSÞ � ðJABS=CSoÞ ¼ uPo � Fo ¼ ð1� Fo=FMÞ � Fo

ðA30Þ
A.2.3. The electron transport flux from QA to QB, per excited cross
section, JET2

o =CSo

The electron transport flux from QA to QB per excited cross sec-
tion of the sample is calculated using Eqs. (A23) and (A28):

JET2
o =CSo ¼ ðJET2

o =JABSÞ � ðJABS=CSoÞ ¼ uET2o � FoÞ ¼ uPj � Fo

¼ ð1� FJ=FMÞ � Fo ðA31Þ
A.2.4. The electron transport flux until PSI acceptors, per excited cross
section, JRE1

o =CSo

The electron transport flux until PSI acceptors per excited cross
section of the sample is calculated using Eqs. (A24) and (A28):
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JRE1
o =CSo ¼ ðJRE1

o =JABSÞ � ðJABS=CSoÞ ¼ uRE1o � Fo ¼ uPi � Fo

¼ ð1� FI=FMÞ � Fo ðA32Þ
A.2.5. The number of active PSII per excited cross section, RC/CSo

The number of active PSII per excited cross section is (using Eqs.
(A16) and (A28)):

RC=CSo ¼ ðJABS=CSoÞ=ðJABS=RCÞ ¼ Fo �uPo � VJ=Mo

¼ Fo � ð1� Fo=FMÞ � VJ=Mo ðA33Þ
A.3. De-excitation constant kP (for photochemistry) and kN (for all
non-photochemical processes)

Each energy flux (JTR, JDI, or the fluorescence F) is proportional
to the corresponding de-excitation rate constant, ki, and to the con-
centration of the excited antenna chlorophyll [Chl⁄]:

Ji � ki � ½Chl	� ðA34Þ

Using kN as the sum of all non-photochemical rate constants
(i.e., the sum of kH, for heat dissipation, kF for fluorescence emis-
sion, and kX, for energy migration to PSI), and kP the photochemical
rate constant, the sum of all rate constants is:

Rki ¼ kP þ kN ðA35Þ

The absorption flux JABS, which is equal to the sum of all de-excita-
tion fluxes, can be therefore written, based on Eq. (A35), as:

JABS � ðkN þ kPÞ � ½Chl	� ðA36Þ

On the other hand, the maximum trapping flux JTR
o (when all reac-

tion centers are open) can be expressed as:

JTR
o � kP � ½Chl	� ðA37Þ

Hence, the ratio JTR
o =JABS is:

JTR
o =JABS ¼ uPo ¼ kP=ðkN þ kPÞ ¼ 1� ðFo=FMÞ ¼ FV=FM ðA38Þ

Other expressions, based on fluorescence values Fo and FM, can be
obtained for the photochemical rate constant kP, and the non-pho-
tochemical rate constant kN (see Havaux et al. [108]), as for
example:

kN ¼ ðJABS=CSÞ � kF � ð1=FMÞ ðA39Þ
kN þ kP ¼ ðJABS=CSÞ � kF � ð1=FoÞ ðA40Þ
kP ¼ ðJABS=CSÞ � kF � ð1=Fo � 1=FMÞ ðA41Þ

We note that the ratio of Eqs. (A40) and (A39) gives the well-known
relation for the maximum quantum yield of PSII primary
photoreaction:

kP=ðkP þ kNÞ ¼ ½ðJABS=CSÞ � kF � ð1=Fo � 1=FMÞ�=½ðJABS=CSÞ � kF � ð1=FoÞ�
¼ 1� ðFo=FMÞ ¼ uPo ¼ JTR

o =JABS ðA42Þ
A.4. The complementary area and the turnover number

The area over the OJIP fluorescence transient curve until the line
Ft = FM, from t = 0 to tFmax, the complementary area, is calculated
from the fluorescence rise as:

Area ¼
Z tFmax

0
ðFM � FtÞdt ðA43Þ

This Area is normalized by FV = FM � Fo, in order to compare differ-
ent samples. The normalized expression is:

Sm ¼ Area=ðFM � FoÞ ¼
Z tFmax

0
ð1� VtÞdt ðA44Þ
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The subscript ‘‘m’’ on ‘‘S’’ refers to the multiple turnover of QA

reduction. In DCMU treated samples, QA is reduced only once, and
the normalized area is minimal (denoted SS, where the index ‘s’
indicates a single turnover). The ratio between Sm and SS, measured
on the same sample, gives the total number of electrons transferred
into the electron transport chain, the so-called turnover number
N = Sm/SS. The relation N = Sm/SS is true only if one assumes a strict
proportionality between the normalized area Sm and N, which is not
a generally accepted idea.

Here also, for practical reasons, SS cannot be directly measured
under field experiments, but it is approximated as (Mo,DCMU)�1 (see
assumption (17), Section 4.1). We note however, that although this
is a rough approximation, it can be useful in qualitative compara-
tive studies.

Finally, applying the relation Mo,DCMU = Mo/VJ (see assumption
(12), Section 4.1), N can be calculated as:

N ¼ Sm=SS ¼ Sm=ðMo;DCMUÞ�1 ¼ Sm=ðMo=VJÞ�1 ðA45Þ
A.5. Performance index (PI), an important JIP parameter, and the
driving force (log PI)

In general, in a large number of photosynthetic studies, the ratio
FV/FM = (FM � Fo)/FM is used as a stress indicator. However, this
empirical parameter, based on Fo and FM fluorescence values, is
not always sensitive enough to observe differences between differ-
ent samples. Srivastava et al. [116] used a new, more responsive,
and important, fluorescence parameter, named performance index
PI. This JIP parameter is based on a different approach, as in Gold-
man-equation, in which it is assumed that a total potential of a sys-
tem can be calculated by multiplying the Nernst-equation for the
individual components [181,182]). The performance index, PI, is
calculated in the same way as a Goldman-equation, from three
(or four) components which depend on the reaction center density,
the trapping efficiency, and the electron transport efficiency (see
below). Consequently, if a stress affects any of these components,
the effect will show up in the performance index, which therefore
has a higher sensitivity than that achieved by any of its isolated
components. A driving force, expressed as log (PI) can then be cal-
culated, just as is done in chemistry.

A.5.1. The performance index on an absorption basis, PIABS

Initially, the product of three independent JIP parameters com-
bining structural properties of PSII (i.e., RC/JABS, uPo, and wET2o) was
used to define an expression ‘‘structure function index’’, SFIPo(ABS)

(Tsimilli-Michael et al. [43]):

SFIPoðABSÞ ¼ ðRC=JABSÞ �uPo � wET2o ðA46Þ

Since JABS/RC is also regarded as a measure of the apparent an-
tenna size, i.e., the amount of absorbing antenna chlorophylls per
fully active (QA-reducing) reaction center (see Appendix A.1,
A.1.3), then:

RC=JABS ffi ChlRC=Chlant ¼ ChlRC=ðChltot � ChlRCÞ
¼ ðChlRC=ChltotÞ=ð1� ChlRC=ChltotÞ; ðA47Þ

where ChlRC represents the total PSII RC chlorophylls, and Chltot rep-
resents the total PSII Chl. Expressing the fraction of PSII RC chloro-
phylls relative to the total PSII chlorophyll as cRC2 = ChlRC/Chltot we
have:

RC=JABS ¼ cRC2=ð1� cRC2Þ ðA48Þ

And therefore:

SFIPoðABSÞ ¼ cRC2=ð1� cRC2Þ �uPo � wET2o ðA49Þ
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The performance index, on absorption basis, PIABS, as presented
by Srivastava et al. [116], in which all the constitutive terms were
introduced as ratios, similar to Eq. (A48) (a yield divided by its
complementary function) is:

PIABS ¼ ½cRC2=ð1� cRC2Þ� � ½uPo=ð1�uPoÞ� � ½wET2o=ð1� wET2oÞ�
ðA50Þ

The total performance index, PItotal, is obtained by multiplying
Eq. (A50) with a fourth term, characterizing the efficiency of the
electron transport flux until PSI acceptors, dRE1o (see [117,160]):

PItotal
ABS ¼ PIABS � dRE1o=ð1� dRE1oÞ
¼ ½cRC=ð1� cRCÞ� � ½uPo=ð1�uPoÞ� � ½wET2o=ð1� wET2oÞ�
� ½dRE1o=ð1� dRE1oÞ� ðA51Þ
A.5.2. Performance index on cross section basis, PICS

The performance index on cross section basis, PICS, is obtained
by multiplying the performance index on absorption basis PIABS

(Eq. (A51)), by the phenomenological energy flux, JABS/CS = Fo (or
FM):

PItotal
CS;o ¼ Fo � ½cRC=ð1� cRCÞ� � ½uPo=ð1�uPoÞ�

� ½wET2o=ð1� wET2oÞ� � ½dRE1o=ð1� dRE1oÞ� ðA52Þ

PItotal
CS;M ¼ FM � ½cRC=ð1� cRCÞ� � ½uPo=ð1�uPoÞ�

� ½wET2o=ð1� wET2oÞ� � ½dRE1o=ð1� dRE1oÞ� ðA53Þ
A.5.3. Driving forces: DFABS and DFCS

In chemistry, an expression of the form log [pi/(1 � pi)] is some-
times used, where pi is a probability or fraction of a component;
when pi is the fraction of the reduced compound i, and (1 � pi)
the fraction of the oxidized compound i, the expression represents
the potential, or driving force, for the corresponding oxido-
reduction reaction (Nernst’s equation). The performance index
was especially designed as a product of terms in the form
pi/(1 � pi) (see Eqs. (A50)–(A53)). Extrapolating this concept from
chemistry, the log (PI) can be considered as the total driving force
for the photochemical activity of the observed system; it would
be the sum of the partial driving forces for the events involved in
OJIP fluorescence rise. Therefore we can write:

DFtotal
ABS ¼ logðPItotal

ABS Þ
¼ logðRC=JABSÞ þ log½uPo=ð1�uPoÞ�
þ log½wET2o=ð1� wET2oÞ� þ log½dRE1o=ð1� dRE1oÞ� ðA54Þ

DFtotal
CS ¼ logðPItotal

CS Þ ¼ logðPItotal
ABS Þ þ logðJABS=CSÞ ðA55Þ
A.6. The demonstration of the equivalence between the assumption
Jt

DI = a � Ft used in Appendix A.1 for the derivation of the quantum
yield of the primary PSII photochemistry (see Eq. (A2), assumption
(10) in Section 4.1, and Ref. [17]), and the similar assumption
JDI

t ¼ aopFop
t þ aclF

cl
t

We consider the fluorescence measured at time t, Ft, as the sum
of the fluorescence of open, Fop

t , and closed, Fcl
t , PSII units (based on

Duysens and Sweers theory [60], and neglecting PSI fluorescence;
see assumptions (2) and (4) in Section 4.1):

Ft ¼ Fop
t þ Fcl

t ðA56Þ

Using the original assumption, JDI
t ¼ a � Ft , for each component of Ft

in Eq. (A56), we obtain:

JDI
t ¼ aopFop

t þ aclF
cl
t ðA57Þ
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where aop and acl are specific proportionality constants for the open
and closed PSII RCs.

Next, we follow the same logic used to obtain the formula of the
quantum yield of primary PSII photochemistry, uP, as presented in
Appendix A.1, A.1.1 (see also [17]).

Based on the law of energy conservation and Eq. (A57) we can
write:

JABS ¼ JTR
t þ JDI

t ¼ JTR
t þ aop � Fop

t þ acl � Fcl
t ðA58Þ

At t = 0 all PSIIs are open. Therefore, Fcl
o ¼ 0 and Fo ¼ Fop

o . The
relation (A58) becomes:

JABS ¼ JTR
o þ aop � Fop

o ¼ JTR
o þ aop � Fo ðA59Þ

And therefore:

aop ¼ ðJABS � JTR
o Þ=Fo ðA60Þ

At t = tFmax all PSIIs are closed. Therefore, JTR
M ¼ 0; Fop

M ¼ 0 and
Fcl

M ¼ FM. Therefore, Eq. (A59) becomes:

JABS ¼ acl � FM ðA61Þ

and then:

acl ¼ JABS=FM ðA62Þ

Substituting in Eq. (A57) the proportionality parameters aop and acl

with their values calculated in Eqs. (A60) and (A62), we obtain:

JABS ¼ JTR
t þ ½ðJ

ABS � JTR
o Þ=Fo� � Fop

t þ ½J
ABS=FM� � Fcl

t ðA63Þ

Based on the relation Ft ¼ Fop
t þ Fcl

t (Eq. (A56)), we have:

Fcl
t ¼ Ft � Fop

t ðA64Þ

Substituting Fcl
t given by Eq. (A64) in Eq. (A63):

JABS ¼ JTR
t þ ½ðJ

ABS � JTR
o Þ=Fo� � Fop

t þ ½J
ABS=FM� � ðFt � Fop

t Þ ðA65Þ

Or, rearranging the terms in Eq. (A65):

JABS � JTR
t ¼ Fop

t � ðJ
ABS � JTR

o Þ=Fo þ JABS � ðFt � Fop
t Þ=FM ðA66Þ

Rearranging further the terms in Eq. (A66) leads to the expression:

JABS � JTR
t ¼ Fop

t � J
ABS � ½1=Fo � 1=FM � JTR

o =ðJ
ABS � FoÞ� þ JABS � ðFt=FMÞ

ðA67Þ

Dividing Eq. (A67) by JABS we obtain:

1� JTR
t =JABS ¼ Ft=FM þ ðFop

t =FoÞ � ð1� Fo=FM � JTR
o =JABSÞ ðA68Þ

Considering the term ðFop
t =FoÞ � ð1� Fo=FM � JTR

o =JABSÞ small
enough to be taken as zero, we obtain:

JTR
t =JABS ¼ 1� Ft=FM ¼ uPt and JTR

o =JABS ¼ 1� Fo=FM ¼ uPo

which are the same, respectively, Eqs. (A6) and (A7), obtained with
the assumption JDI

t ¼ a � Ft (see Appendix A.1, A.1.1, assumption (10)
in Section 4.1, and [17]).
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