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Abstract—To honor Academician Alexander Abramatch Krasnovsky we present here an educational review on the rela

tion of chlorophyll a fluorescence transient toarious processes in photosynthesis. The initiabatin oxygenic photosyn

thesis is light absorption by chlorophylls (Chls), carotenoids, and, inme® cases, phgobilins; these pigments form the
antenna. Most of the energy is transferred to reaction centers where it is used for charge separation. The small part of ener
gy that is not used in photochemistry is dissipated as heat or re-emitted as fluorescence. When a photosynthetic sample is
transferred fron dark to light, Chla fluorescence (ChlIF) intensity show characteristic changes in time called fluorescence
transient, the OJIPSMT transient, where O (the origin) is for the first measured minimum fluorescencelle¥ and | for
intermediate inflections; P for peak; S for semi-steady statedewW for maximum; and T for terminal steady state lel

This transient is a real signature of photosynthesis, sincedie egnts can be related to it, such as: changes in redox states
of components of the linear electron transport flgunvolvement of alternatie electron routes, the build-up of a transmem
brane pH gradient and membrane potential, acétion of different nonphotochemical quenching processes, aetiwn of

the Calvin—Benson cyle, and other processes. In this reviewe present our view on how different segments of the
OJIPSMT transient are influenced byarious photosynthetic processes, and discuss a number of studiedving mathe
matical modeling and simulation of the ChlF transient. A special emphasis i®gito the slower PSMT phase, for which

many studies hay been recently published, but they are less known than on the faster OJIP phase.

DOI: 10.1134/S0006297914040014
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Dedication—This review is dedicated to the memory of Alexander Abramovitch Krasnovsky (1913-1993), an internation

al pioneer of photobiochemistry, literally an academic giant. According to Govindjee’s presentation, at the Russian

Academy of Sciences, on October 10, 2013, in Mpsddvis 100th birth anniversgnAcademician Krasnovskywas

always ahead of his tinfe In 1948, he discovered the reversible photochemical reduction of chlorophyll by ascorbic acid;

this vas the first reversible photochemical reaction of chlorophyll (that became knowKrasloesky reaction). In

1956, Krasnovsky and covkers discovered different spectral forms of chlorophyll a in vivo that were only much later

observed by others, including Govindjee (one of the coauthors of this review), to belong thffinemivphotosystems

of photosynthesis. By 1963, Krasnovsky had shown that chlorophyll can indeed be used in model systems to serve as a

uphill electron carrierlong before the term “artificial photosynthesis” became a comoron And, by 1977, V. V.

Klimoy, A. V. Klevanik, and V. A. Shuvaloworking with him, discovered that pheophytaswa photosystem Il electron

acceptor preceding the first plastoquinone electron accgp@ui@hg the 1980s, Krasnovsky’s group adopted liposomal

systems and succeeded in using methyl viologen as an electron acceptor; more intpeytavghe able to show hydro

gen evolution in the presence of bacterial hydrogenase — again ahead of time, as Govindjee stated in his talk in Moscow
Academician Krasnovskyas not only a scientist of great repute, but an excellent artist. Thus, we honor him with a

unique photograph of green leaves of Ficus microcarpa as well as red fluorescence from them (Fig. 1), the topic of the pres

ent review(See the legend for details; photograph and its legend is a courtesy of Eugene Maksimov and Maria Maksimova)

* To wham correspondence should be addressed.
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In oxygenic photosynthetic organisms (higher related to it (see review [14-25]; and chapters in books
plants, algae, and @nobacteria), tvo photosystems [9, 26-28]).
(PS), PSI and PSII, vork in tandem to oxidize \ater to ChIF transients are measured by using mainlyotw
oxygen, to reduce nicotinamide adenine dinucleotide types of fluoraneters: (1) one that uses modulated light
phosphate (NADP'), and produce AP that are used (e.g. a AM (Pulse Amplitude Modulation) instrument;
together with NADPH in the Calvin—Benson cgle for Walz, Germany), in which the excitation light is applied at
CO, fixation or in other assimilatory processes (Fig. 2). a specific frequency that can be detected preferentially by
PSIl oxidizes wvater and reduces a cytochnoe (see a light detector; and (2) another that uses non-modulated
reviews [1, 2]), while PSI oxidizes the reduced (continuous) light for excitation (e.g. a PEA (Photosyn-
cytochrome and reduces NADP (see review [3]). The thetic Efficiency Analyser) instrument; Hansatech, UK).
proton motive force pmf, i.e. the pH gradient DpH) In addition to the abae fluorometers, ve hawe fast repeti
plus the membrane potentialdY), which is built across tion rate (FRR) fluorometers, pump and probe (P&P) flu
the thylakoid membrane during the photosynthetic elec orometers; pump during probe (PDP) fluonmeters; flue
tron transport (PSET), is used for AP synthesis by the rescence induction and relaxation (FIRe) instruments;
ATP synthase. Br the basics of oxygenic photosynthesis,background irradiance gradient single turmer (BIG-STf)
see references [4-7]; and for a background on chlorophylifluorometers; and adanced laser fluormeters (ALF) (see
(Chl) afluorescence, see chapters indvbooks [8, 9]. review [29]). There is another method, in which digitally

The initial event in oxygenic photosynthesis is light controlled illumination is used as a source of actinic light
absorption by chlorophylls (Chls), carotenoids (Cars), and for physiological studies with aA&M fluorometer [30]; it
phycobilins (in cyanobacteria and in red algae); these pig provides an unprecedented flexibility in the control of dif
ments are embedded in light-haesting canplexes ferent aspects of the projected actinic light field. Special
(LHCs), or phycobilisomes (PBSs), the antenna systems.protocols for fluorescence analysis habeen desloped
The excitation energy is transferred efficiently and rapidly for each of these techniques (see reviefl, 23, 31-33]).
within the antenna, until it reaches the reaction centers Here we will discuss mainly ChlF induction cur@s meas
(RCs), where the photochemistry (i.e. the charge separaured by direct fluoranetry (see Fig. 3 for seval ChlF
tion) takes place. The small part of excitation energy that istransients measured in different photosynthetic organ
not used in photochemistry is dissipated either as heatsms).
(internal conwersion), or re-emitted as fluorescence (2- Variable and constant fluescence.The variable
10% [10]). Since these three processes, i.e. photochemistryichlorophyll) fluorescence is generally assumed to origi
heat dissipation, and fluorescence, are not independent,nate fran PSIl antenna, while PSI fluorescence is cen
but are in canpetition with each other the fluorescence sidered constant. Furtherthe constant part of PSII flue
yield contains information on the efficiency of the other rescence has much higher yield than the PSI fluorescence
two processes. In higher plants and green algae, chlorophy([i34-36]; the extent of PSI contribution to the werall flu-
fluorescence, at rom temperature, has a major peak cen orescence signal depends on the PSI/PSII ratio and the
tered around 685 m (attributed mainly to light-hanesting wawelength at which the fluorescence is measured (see a
antenna in PSIl), and a broad shoulder beéen 700 and review on PSI fluorescence [37]). The PSI fluorescence,
750nm (that includes vibrational sub-bands of PSIl Cld  at room temperature, usually represents only ~10% of the
emission and an emission band froPSI Chlis). In phyco- initial minimum fluorescence when measured at 686n
bilisome (PBS)/Chl a-containing cyanobacteria, accessory [15, 38], while at vawlengths greater than 716m, it
pigments (C-phyocyanin (CPC) and allophygocyanin  could be as high as ~30% [39-41]. Moreer, fluorescence
(APQ)) also contribute to fluorescence signal, since exeita from unconnected antenna amplexes m# also con
tion energy transferfrom them, to Chl a is not 100%. tribute to the non-variable fluorescence [42]. In the case
Moreover, cyanobacteria (except prochlorophytes) do not of cyanobacteria, Chla fluorescence is predninantly
contain Chlb, and the ratio of PSI to PSll ranges fro 3to  that sensitized by PBS, the direct fluorescence contribu
5 [11], in contrast to green algae and higher plants wherdion of Chl a, CPC, and APC to the total fluorescence
this ratio is close to 0.6-1.0 [12]. signal being small (see discussion in [22]). Since tlagiv

The Kautsky effect: chlaphyll fluoescence @n  able fluorescence originates fno Chl a in PSII, ChIF
sient. Kautsky and Hirsh ([13], also see http://www transient is frequently used to estimate PSIl photochem
fluoromatics.can/kautsky_effect.php) disceered that, in ical activity (e.g. the quantum yield of the primary PSII
contrast to fluorescence of Chd in solution, intensity of photochemistry [43]). In principle, the constant PSI flu
Chl a fluorescence (ChlIF)in vivois not constant under orescence, as &l as the fluorescence fro unconnected
steady light excitation, but shos/characteristic transitory antenna canplexes, must be subtracted frothe total flu-
changes in time, called ChIF induction, or transient; it orescence signal (see a procedure for PSI correction in
became known simply as the Kautsky effect. Gifluo- [41]) to obtain quantitative information on the quantum
rescence represents a real signature of photosynthesigield of PSII photochemistry but frequently these correc-
since a large ariety of photosynthetic esnts hae been tions hae been neglected
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Fig. 1. Top: Academician Alexander Abramatch Krasnovsky Bottom: a unique photograph of leas of Ficus microcarpgby Eugene
Maksimov and Maria Maksimaa) taken in a dark rom showing both green le@s and leass with red fluorescence. Left: white light fro

Light Emitting Diodes (LEDs) was praided from behind the leaes; they absorbed red and blue light and transmitted green light. Right:
chlorophyll fluorescence; UV light fron LEDs (390 nm peak, 400nm band-pass filter; Thorlabs Inc., ($A) was gien on the front of the
leaves. A 450nm Thorlabs long-pass filter @s mounted in the lens hood to block the light used for fluorescence excitation, but it a&tbw
measurement of green transmitted light (left) and of red fluorescence light (right) at the same time. A digital mirror-less camera (Sony NEX5n
with 30 mm macro lens) w&s used to take this photograph; the camerasamounted on a tripod since arbin exposure \as needed to obtain

the right part (fluorescence) image.
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Fig. 2. Diagram of a thylakoid membrane showing four major protein roplexes, which are used for the production offR and NADPH.
From left to right: Photosystem Il (PSII; vater-plastoquinone oxidoreductase), cytochme (Cyt) b, f (plastoquinol-plastocyanin-oxidore-
ductase), Photosystem | (PSI; plastoayin-ferredoxin-oxidoreductase), and AP synthase. The AP and NADPH produced during the light
phase of photosynthesis are used in the Calvin—Bensonleyto fix CO, to produce sugarg1) PSll: Mn,OsCa is the manganese-oxygen-cal
cium cluster in the oxygen-esving canplex (OEC); Y, (tyrosine-161 on the D1 protein) is a secondary electron donor in PSll;,Ya tyro-
sine on the D2 protein, which does not participate in normal electron transport; P680 is the primary PSII electron donorjPftiee primary
electron acceptor) and Phg (inactive) are pheophytins on the D1 and D2 proteins, respeeliy; Q, is the secondary electron acceptor (a one-
electron accepting plastoquinone tightly bound to a site on the D2 protein); (@ two-electron accepting plastoquinone located on the D1
protein, on the strana side of the membrane); HCQis a bicarbonate anion bound to a non-heme iron ) that sits betwen Q, and Q;,
which is assumed to participate in ¥ protonation; PQ is one of the seval plastoquinone molecules in the mobile PQ pool in the thylakoid
membrane; PQH is plastoquinol;(2) Cyt b, f: (Fe-S) is an iron-sulfur protein, known as the Rieskeeb protein; Cytf is cytochranef; Cyt b,
(situated tovard the lumen, close to the electrically positivside of the membrane, the &ide) and Cytb, (situated tovard the strana, close
to the electrically negatig side of the membrane, the G¥ide) are tvo cytochromesbs, which participate in the oxidation and reduction of
PQH, and PQ, respectigly (PQH, is oxidized at the @-site by Cyth,, while PQ is reduced, during the so-called “Q-cje”, at the Q,-site by
the Cyth,); FNR, a ferredoxin-NADP *-reductase, and PGRS5, a proton gradient regulat@re inwlved in cyclic electron flow (CEF) around
PSI involving ferredoxin (Fd); (3) PSI: PC is plastocgnin, a mobile vater-soluble copper protein functioning as a secondary PSI electron
donor (there are more than one PC molecules per PSI); P700 (a special@wir) is the primary electron donor of PSI; A(a special Chla
molecule) is the primary PSI electron donor; Alvitamin K1) is the secondary PSI electron acceptoreb represents three non-heme iron-
sulfur centers; @ is ferredoxin, a mobile ater-soluble non-heme iron protein (there are more than oneal fnolecules per PSI); NADP is
nicotinamide-adenine dinucleotide phosphate, which is reduced to NADPH via FNR (ferredoxin NADP-reductase); W@Ws the
water—water cycle in which G, is reduced to @ by reduced fé, and subsequentlythe H,0, formed can be conerted to water. (4) ATP syn-
thase:CF, and CF, are the lumen-exposed and the transmembrane part of tHEPAsynthase, respectdly; ADP is adenosine diphosphate;
ATP is adenosine triphosphate;; s inorganic phosphatepmfis the proton motive force (made up of the membrane potentidDY) and the
transmembrane proton concentration differenceDpH)) that is used by the AP synthase. This diagram as modified by A. Stirbet and
Govindjee fran an earlier diagram by Stirbet and Gindjee [24]; it also includes information frm other references [23, 273, 366, 367].eW
thank Wlliam Cramer for suggestions to impke an earlier grsion of this diagram. A similar figure has also been\pded to Rapageorgiou
and Govindjee for publication in their chapter in a forthaming book [215].

Chlorophyll fluoescence induction cuev When a as OlLl,P [44], but later renamed as OJIP [45, 46]; here,
sample kept in dark is exposed to light, ChIF intensity O (origin) is the first measured minimum fluorescence
shows characteristic changes called fluorescence induclewel, J and | are intermediate inflections, and P is the
tion, fluorescence transient, or simply the Kautsky peak; (2) a slowr wawe (seconds to tens of minutes),
effect. ChlF induction curne displas two transient phas labeled as PSMT [47, 48], where S stands for semi-steady
es (or vawes) that are generally labeled by using thestate,M for a maximum, and T for a terminal steady state
obsened inflection points (see Fig. 3; for a history of the level. The ChIF transients are in general ressible, if the
ChlIF transient nanenclature, see [16]): (1) a fastave samples are darkened for 15-30in before a new meas
(up to hundreds of milliseconds) that as earlier labeled urement is made. W& note that, in general, the OJIP
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Fig. 3. Chlorophyll fluorescence (ChlIF) transients measured in different oxygenic photosynthetic organisms. Ghi& transients shown in
the figure vere measured inAcaryochloris marinaa Chl d/Chl a-containing cyanobacterium that lacks phyobilisomes (redrawn fron the
original figure by Rpageorgiou et al. [22])Synechococcusp. PCC 7942 cells, a Chh-containing cyanobacterium (redrawn fran the origk
nal figure by Bimilli-Michael et al. [146]); and leaes ofPisum sativunfredrawn fram the original figure by Strasser et al. [69]). The O, J, |,
P S, M, and T steps (where O (origin) is the first measured minimum fluorescencelle® is the peak; S stands for semi-steady statellev
are marked in the diagram. All cues vere measured with the PEA (Photosynthetic Efficiency Analysetansatech) instrument under red
light of 3000nmol photons-nT2-s?, with the exception ofPisum sativunfcurve 2), which was measured with 3@mol photons-nt?-s?. Left
curves are on log (time) scale, whereas the right @s\are on linear (time) scale.
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phase is much more reproducible than the PSMT phaseassumed that the fluorescence yield is controlled by a
Further, the integrity of chloroplasts is important for the PSII electron acceptor that also acts as a quencher “Q” of
retention of both the OJIP and PSMT wa\es, and thus the fluorescence, which s later identified as the primary
ChlIF transient can also be used as a monitor of the func quinone acceptor Q in its oxidized state [54]. Rearsal of
tional integrity of chloroplastsin vivoandin vitro[16, 43, this quenching (i.e. fluorescence rise) takes place in PSlI
49]. RC when Q, is reduced, i.e. ¥ P680* Phe Q ® Y,
Besides the main inflection points, mentioned P680° Phe Q,® Y; P680 Phe Q (see Fig. 2 and its leg
above, additional ones haw been obseed under certain end; Y; is tyrosine 161 on D1 protein; it is the electron
conditions, such as in heat-stressed samples, wheronor to P680, P680 is the reaction center of Chl(s) of
another inflection called “K” was obsered betveen the O  PSII, and Phe is pheophytin, the primary electron accep
and J leels, at ~0.3 ms [50, 51]. Also, in foraminifers, tor of PSII). Although we will use the theory of Duysens
zooxanthellae, lichens, and soe algae, the P-lesl was and Sweers to interpret Chl fluorescence rise, a few addi
found to split into two: G and H (the latter considered tional components that can transiently affect the OJIP
equivalent to P with G being a new lesl [52]) (Fig. 4a). induction will be also considered, as e.g. P68QChlz,
It is also important to note that, in contrast to higher and Phe that hawe also been shown to act as quenchers of
plants and algae, in which the maximum fluorescencefluorescence (see [24] for a list of factors influencing Chl
yield during the transient is obseed at the peak Pwith a fluorescencein vivg. Moreover, we note that the
the subsequent peall being much lower or absent (Fig. nanosecond (ns) delgd light emission (DLE; also called
3), the maximum fluorescence in ploobilisome (PBS)- DF for delayed fluorescence) generated by charge reco
containing cyanobacteria occurs at th# level, which is  bination of the primary radical pair P68@Phe when Q,
much higher than the P lest (see Fig. 3). is reduced has also been suggested to explain the entire
The origin of wriable chloophylla fluorescenceThe [55], or a small part [56] of the ariable fluorescence (see
conwventional understanding of the origin of theaviable a discussion in [57]). Furtherother alternatiwe views to
fluorescence during the OJIP rise is based on the hypoththe theory of Duysens and Sers exist in the literature
esis of Duysens and Swrs in 1963 [53], who had (see review [24, 25, 58]) where it is assumed that: (1)
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Fig. 4.a) Different steps (O, K, J, I, H, G, and P) obseerd in fast chlorophyll fluorescence transients) OJIP fluorescence transient meas
ured in dark-adapted pea leaf under 34@®nol photons-nt?-s? red light (no treatment);2) in pea leaf incubated for &in at 47°C in vater;
3) in potato leaf incubated for 13nin at 44°C in vater; 4) in lichen Umbilicaria hirsuta(no treatment). Graphs were redrawn fron the origk
nal figure by Lazar [19]. b) Light intensity dependence of OJIP-transients measured in peaedsast fluorescence transientsare measured
under light intensities of 30001(), 5000 @), 7500 @), 10,000 @), and 15,000 ) nmol photons-nT2-s*. Curves vere normalized at both |
and F,. Changes in the J position, as a function of light intensiaye shown by a line in the diagram. Graph®re redrawn fron the original
figure by Schansker et al. [70].
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most of Q, is reduced during the O-J rise; and (2) a hypo from different samples, @ need to normalize the tran
thetical second quencher is remved (or another process sients by using either: (1) a simple normalization ag, By
leads to fluorescence increase) during the J-I-P rise.using R/F ,(where F is the fluorescence at timg, which
These alternatie theories will not be discussed in this usually \aries between 1 and 5; or (2) a double normaliza
review tion, i.e. at both F,and F,,, which gies the relatie \ari-
During the slow PSMT vawe, besides the effects of able fluorescence at timg V(t) = (F, - F)/(F,— F,) =
Q,, the fluorescence yield is also modulated by emal  F£(t), where F(t) is the fluorescence yield (withalues
other processes such as, e.g. nonphotochemical quenchbetween zero and 1). The raw fluorescencalwes at dif
ing (NPQ) of excited state of Chh in PSII antenna; this ferent inflection points are also used to calculate addi
is triggered by: low pH in the lumen; “state changes” tional fluorescence parameters that characterize much
(State 1 being more fluorescent than State 2); changes imore fully the photosynthetic samples under iestiga
cyclic electron flow around PSI; and esn indirectly due tion (see e.g. [20, 21, 23]).
to activation of Calvin—-Benson cyle (and enzymes In agreement with the theory of Duysens and Bers
therein), sane of which remain to be still understood (see [53], and after a dark adaptation period, most,Qnole-
e.g. [22, 59-62]). The fact that Chla fluorescence is cules are in the oxidized state (i.e. at BImost all actie
directly or indirectly affected by cmplex physical and PSIl units are “open”), being gradually reduced during
biochemical processes, as those just mentioned, make itlumination, until the P level is reached; under saturating
very suitable for mathematical modeling and simulation, light, all Q, molecules are reduced in all acBWPSII units
especially since many photosynthesis-related quantitiesat the P leel (i.e. F, is attained when all acti¥ PSII units
very useful for modeling, are now ailable [63]. This kind are “closed”). The inflections of the ChIF induction
of approach is &ry useful for the emuation of different curve reflect changes in the net reduction rate of,Q
hypotheses in relation to specific mechanisms olved, which depend on the kinetics of the redox reactions
and the characterization of samples under gstigation. between \arious canponents of the photosynthetic elec
The rapid deelopment of canputers has preided new tron transport (PSET). This allow the use of the OJIP
opportunities to simulate fast FI cums (the OJIP phase, transient as a quick monitor of both the electron donor
which is over within a second). W note that it all started and the electron acceptor sides, and of the effects of
with the pioneering vark of Renger and Schulze in 1985 inhibitors and mutations on these processes [16, 43].
[64], who presented a model based on changes in redoBelow we will discuss the tav segments of the fast OJIP
states of the electron acceptors of PSII. Latéhne electron  rise, O-J and J-I-P
donor side of PSII, recanbination between PSII electron
acceptors and donors, the build-up of the transmembrane
pH gradient OpH) and membrane potential DY), fluo- The O-J Rise
rescence quenching by oxidized PQ pool and other NPQ
(nonphotochemical quenching) processes of the excited The O-J rise, which under saturating light takes
state of Chl(s) in both major and minor PSII antenna, place within ~2 ms, represents the photochemical phase
electron transport reactions beynd PSII involving Cyt  of the ChIF induction [67-69], since the relatig height
bs f, PSI, alternative electron transport routes, such as the(see Fig. 4b) and initial slope of this phase depend strong
water—water cycle, Calvin—Benson cgle and other phys |y on the number of photons absorbed by the sample
iological processes, @re included in detailed models (see (which is proportional to the irradiance and PSII absofp
chapters in [27]). In this revieywwe will focus on different tion cross section), and is notery sensitie to tempera
steps of the OJIPSMT transient and their relation t@ak#  ture. Experimental data [70], simulations of the OJIP
ious photosynthetic processes (see also a review [22]), andansient [71-73], as wll as mathematical analysis of
on theoretical results obtained through mathematical experimental OJIP cures [74, 75], predict that part of
simulations, with emphasis on models related to the slowclosed PSII centers present at the J step musténander
PSMT phase, which had rece@d less attention in the past gone more than one turneer, so that at this legl PSlI
(see review on modeling Chla fluorescence induction units are mainly in QQg, QxQg, and Q,Qg states. By
transients [18, 19, 24, 65]). increasing light intensitythe PSII fraction in the QQg
state increases, and the position of J shifts to éswimes
(Fig. 4b). The dip after J, obseed especially at high light
THE FAST Chl FLU ORESCENCE INDUCTIO N intensities (see Fig. 4b), has been assumed to reflect a
WAVE: MICR OSECONDS TO ABOUT A SECOND transient reoxidation of @Q and an accumulation of
P680 (i.e. the oxidized primary donor of PSlI that is also
The OJIP wawe (up to hundreds of milliseconds) is a quencher of Chl fluorescence [76, 77]) due to a tran
visually obvious when presented on a logarithmic-time sient limitation on the PSII donor side [70,78]. This
scale [45, 46, 66], since the O-J, J-1 and I-P phases bav explanation is supported by mathematical simulations
different kinetics (see Fig. 3). In order to copare cunes [79].
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PSIlI excitonic connectivity Joliot and Joliot [80] during the fluorescence induction [35, 84, 87-90] mpabe
found that in the green alg&hlorella both oxygen and taken as an argument against the idea ofntiins con
fluorescence yields had a hyperbolic relationship with thetaining smaller number of units.
fraction of closed PSII reaction centers. They succeeded Equations showing the hyperbolic dependence of the
in fitting the experimental data (Fig. 5) with a theoretical fluorescence yield E () on the fraction of open R (q)
model based on the concept of excitonic connectivity that were deried using different theoretical models are:
between PSII reaction centers, in which an exciton fno

antenna visiting a closed PSII & goes to another open Fr=@-p)(1-09)[1 —p(1-0q),

PSIlI RC. As a result, the trapping cross section of the

open RCs increases as their neighbors bamclosed (see with p= w(1 - F/F ) [84], )
reviews on PSIl excitonic connectivity [81, 82]).

Experimental and theoretical data support the idea that Fr=(@-9)[1 + pys(Fn/F,—1)q] [91], (2)
PSII excitonic connectivity inwlves at least four to fav

PSIl RCs [83-86]. In this sense, the quasi-linearity & F-=(@-09)/(1 +Jq) [85], 3)

versust,, (i.e. awrage fluorescence lifetime) obsed
where p is the connectivity parameter defined as the
probability of the excitation energy transfer fro a closed
PSIlI RC to a neighboring onew has alues betwen 0
(when all PSII units are assumed isolated, i.e. the “pud
dle” model) and 1 (when all PSII units are assumed inter
connected, i.e. the “lake” model); pg is the overall
grouping (G) probability which depends on the probabil
ities of excitation transfer beteen different PSII antenna
domains [82, 91, 92]; furtherd= Cvp = Pog(F/Fo— 1)
Chlorella represents the sigmoidicity parameter (or hyperbola eon
stant). e note that Eq. (1) is a generalization of the rela
tionship derived previously by Joliot and Joliot [80].
While these theoretical approaches haled to dif
ferent formulae for the relationship beteen Fr and q
5-=08 (see abuwe), they are all equialent, and their parameters
are correlated: ¥ Cyp = Poc(Fn/Fo—1) = p/(1 —p). It
is important to note that p and g; hawe different signifi
cance and glues. Indeed, if w giwe to J and E/F , ratio
the experimental wlues obtained in higher plants, i.e.
) b J(= Cuyp) = 1.5 and F,/F ,= 5, we obtain: p= 0.6, w =
0.75 and pg = 0.375. The aerall grouping probability pg
has lover values thanw because it represents the proba
Chlorella bility for energy transfer beteen PSII units when they
are all open, whilew represents the probability for energy
transfer betveen PSII units when they are all closed [93].
The use of p; or win studies analyzing the PSII exciton
ic connectivity is reconmended, since p and J (or &p)
depend on Kand F, values, which are not influenced by
the degree of PSII connectivity [57], and therefore reflect
variations that are not exclusely related to PSII exciton
ic connectivity (see e.g. [94]).
q Plotting the difference betwen double normalized
Oxygen/flash 0-J kinetics of two samples, with different degrees of
PSII excitonic connectivity reweals the presence of a
Fig. 5. Evaluation of the connectivity parameter (p) in a cell sus “peak” around 100-150ns (which is labeled as the L-

pension of a green algahlorella a) Chla fluorescence induction band [95]). Besides this simple qualitagvcanparative
kinetics in Chlorellacells (solid line) and theoretical transients ~ method that ma be used to emphasize differences in

Chl afluorescence, r.u.

Time

s

0=05

Rate of O, evolution

(dash-dotted lines) calculated foralues of the connectivity con PSIl excitonic connectivity betveen samples, another
stant of 0.0, 0.5, and 0.8. b) Rates of oxygerlkexion (circles) in method has been used to determine quantitaﬂy the
Chlorellacells as a function of the fraction of ac&vPSII units, . . ; L. B
See text for details. The figureas redrawn fren the original fig degree of PSII excitonic connectivity in a sample, which
ure by Joliot and Joliot [80]. requires the measurement of ChlF transient in the pres
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ence of 3-(3,4-dichlorophenyl)-1,1-dimethylurea 110]. In this case, the difference bet&n the normalized
(DCMU) [96]. F or seeral other methods, which employ O-J kinetics of the nutrient-deficient and control samples
directly the OJIP transient to ealuate the connectivity rewals the presence of a K-band thata®/ suggested to
parameter (see [71, 82, 97-100]);eanote that in [99] and indicate a low to moderate inactation of the OEC in
[100], authors used equations that had been dedvby these samples [111]. Hosver, the interpretation of the K-
Lavergne and Tissl [85] to fit the O-J phase of the fluo band appearing in difference cuevis not straightfonard,
rescence transient. & the ewluation of the PSIl exci  as it can hag different possible interpretations. Therefore,
tonic connectivity, by any method, it is important to haar  additional experimental data are necessary to obtain the
an accurate Evalue, since an increased appareng Wwill  final conclusion on the meaning of the K-band. Data
lead to a truncated sigmoidal part of the O-J rise, whichobtained fran thermoluminescence and fluorescence
will be wrongly interpreted as a lasv or een absence of decay measurements show clearly that unlike heating,v2
PSIl excitonic connectivity (see discussion in [86]). sulfur nutrient deprivation does not lead to the inhibition
However, if the F,value is accurate, a true Jfis not nec  of OEC [110], but a K-band is obserd; this K-band vas
essary for a correct eluation of p,g (or w) [82]. Finally, assumed to originate frm differences in antenna size and
we note that there are alternativexplanations for the sig in the redox state of the PQ podtee details below).
moidicity of the fluorescence transient; these deny the PSIlI heterogeneity Another factor that can influ
existence of excitonic connectivity beten PSIl units ence the O-J rise is the heterogeneity of PSIl population
[70, 101]. Further examination and research is needed tg112, 113], which mg be related to the PSII repair e
check the nalidity of these challenges to the widely (i.e. thein vivocontinuous assembly/disassembly of PSII
accepted concept of connectivity be®en PSII units. units that are irreersibly damaged [114, 115]).

The K step.As mentioned earlierhigh temperature The presence of at least twtypes of PSII units,
treatment leads to the appearance of a new inflectionPSlla and PSllb, has been inferred fnm analysis of flu
point or a maximum (at ~0.3 ms) in the OJIP transient orescence transient in samples treated with DCMU [116-
[50, 51, 102, 103], labeled as K (see Fig. 4a). Under highl19]. The PSlk centers (~70% of PSII units), which are
heat stress (e.g. leas incubated for Bnin at 47°C), flue  thought to be dimeric superamplexes [120] (i.e. tw
rescence decreases after the K step (and the inflections BSIl core camplexes sharing a e¢omon peripheral
and | disappear); furthera second maximum equalent antenna), which are localized mostly in grana lamellae,
to P appears with a rise time of 0.2-2 s (Fig. 4a). Exposurdawe a higher antenna size than the P8lkenters, and
of plants to high temperature is known to lead to inacti are excitonically connected. On the other hand, the
vation of Rubisco actiase and of the oxygen-elwing PSllb centers, which represent different stages in PSII
complex (OEC) of PSIlI (the latter by the remwal of maturation and repair cgle, are unconnected monmers
extrinsic proteins and by the release of calcium and man located in strana lamellae [121]. A method to analyze
ganese ions frm their binding sites), as @il as possible PSIl antenna heterogeneity using PSIl models isalv
damage of the D1 and D2 proteins (see e.g. discussion iable, in which fluorescence transients in the presence of
[104-106] and references therein). A mathematical DCMU, measured at different light intensities, are fitted
model, which includes fast reactions around PSII [107], simultaneously with the assumption that twto four types
supports the idea that the K-band reflects inacaitton of of PSII, with different antenna sizes, contribute to the
the OEC (i.e. the PSII donor side). Initially fluorescence fluorescence signal [122].
rises, in heat-treated samples, as it does in untreated-sam Under sulfur deficiency (widely used to obtain
ples: after charge separation (P680*Plee P680'Phe”), hydrogen production in green algae) [123], or when oxy
Q, receiwes an electron frm the reduced pheophytin gen is remeed fram the system, the heterogeneity of PSI|
Phe’, while P680 (a ery efficient Chl fluorescence population was shown to change considerably [109, 110].
quencher [24]) is rapidly reduced by Y (Fig. 2). Antal et al. [110] studied PSIlI heterogeneity in
However, further, when Q, receives an electron frm Chlamydomonas reinhardtsamples using the method
Phe for a second time, P680cannot be reduced, since, described in tw papers [116, 117], but without using flu
due to an inactie OEC, the Y5, formed earlief remains orescence transients in the presence of DCMU; instead,
oxidized; therefore, fluorescence is quenched both bythey analyzed ChIF curgs induced during a 7006 pulse
P680 itself, and by a fast charge reatbination between of strong actinic blue light (photosynthetic photon flux
Q. and P680, which leads to the appearance of the K density (PPFD), 12,000nmmol photons-nt?-s?), where
peak, around 300rs. The fluorescence rise to the secondQ, is assumed to be reduced only once, as in samples
maximum P was shown to be related to slow electrontreated with DCMU. The results of this analysis suggest
transport fram alternate intrinsic PSII donors capable of ed that the obsem®d changes in PSIlI heterogeneity in
reducing P680, as e.g. ascorbate [104-106]. Chlamydomonasells mg involve: (1) a primary inactia-

A related effect, an increase of the initial O-J slope, tion of PSllb as canpared to PSla centers; and (2) an
has been obseed in higher plants and green algae grownaccumulation of PSlla dimers in a semi-closed state (i.e.
under nutrient (e.g. nitrogen or sulfur) deficiency [108- dimers with one PSII core closed). Furthethe obsered
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decline in sigmoidicity of the PSIla component was A fraction of PSllb centers (~10% of PSII popula
attributed by Antal et al. [110] to a partial closure of PSUstion in normal samples [125, 126]) do not hawvthe abilk

in PSlla dimers (see the earlier discussion about truncat ty to oxidize @ and reduce the PQ pool due to a non-
ed sigmoidicity). In order to check the alidity of these functional Qg-site; these are known as gnonreducing
hypotheses, fluorescence dataeve simulated with a PSIlI [127, 128]. Models that take into account these
Monte-Carlo model in which only three conponents of inactive PSllb centers [79, 125, 129] predict that, under
the PSII electron transport wre used: P680, Phe, and low light conditions, the accumulation of closed §
Q,; the OEC, and the secondary donor X(i.e. the PSII  nonreducing PSII units takes place during the initial part
donor side) vere not explicitly included in the abee of the fluorescence rise. Under high light, the presence of
model, these steps being replaced, for simplicithy Qg-nonreducing centers &s shown to increase the initial
reduction of P680 with a fixed rate constant [124]. In slope of the O-J rise and the J-lelin simulated cures
this model, excitation energy in a closed reaction center[130]. In a way the presence of @nonreducing PSII
(P& Qa state) could be deactated through heat dissipa units seems to induce changes in the OJIPaw that
tion or fluorescence emission, or transferred into the resembles those produced by a dark reduced PQ pool, but
neighboring center within a PSk dimer, if the latter was  without an increase in the Flewel (see below).

in the open state (BQ,) (Fig. 6). Simulations vere per The influence of the PQ pool darkduction on the [
formed considering different multi-particle systems cen and the J legls. Often a fraction of PSII units with
sisting of only PSlh (dimers), only PSllb (monomers), reduced Q is present after a light-dark transition, so
or both PSII types mixed in different proportions. The that the apparent initial fluorescence fis higher than
simulated O-J fluorescence cues showd good similari  the “true” F, (i.e. when all actie PSII units are open).
ty to the experimental kinetics, indicating that the v This happens, for example, when thegand/or the PQ
proposed hypotheses (see aled could explainthe much  pool are partially reduced in the dark, as this leads to the
steeper initial fluorescence rise under sulfur or oxygerreduction of Q, through the equilibrium established
depletion conditions (see more on oxygen depletion inbetween Q/Q, and the PQ pool [131, 132]; see also a
the next paragraph). Other stress-induced modifications, discussion on the relation beteen F,and the redox state
such as changes in antenna structure anangmsition, or  of the PQ pool in [133]. In many cases, a short (few sec
of energy deactiation pathways in PSII, were also con onds) preillumination of a sample with low far-red light
sidered as possible mechanisms that ynaxplain the can decrease a high apparengthrough PSI driven oxr

obsenred changes in fluorescence parameters. dation of Q;; we note that this useful feature has been
Pheo Pheo Pheo
Peso Peso Peso
PSU1L PSU1

Fig. 6. Model of Antal et al. [110], which includes PSII heterogeneity andas used for simulation of the initial O-J phase of the Ghfluo-
rescence transient. o types of PSll are: (1) PSH, a dimer of two subunits, PSU1 and PSU2; each PSU has reaction center core proteins
D1 and D2, core antenna (CA), and a peripheral antenna — light-hasting canplex of PSIl (LHC) (cf. Fig. 2); and (2) PSlb, a monamer
made up of a single PSU. In this model, excitation energy (EE) can be exchanged onlydegtthe tvo subunits, PSU1 and PSU2, of a PSlI
dimer. The excitation energy flow frm antenna to the reaction centeand the electron transport pathays vere included in the simulation of
the initial O-J fluorescence kinetics. Figure & redrawn fron Antal et al. [110].
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incorporated in sane cammercial fluorometers [99, (see review [23, 24]). Howewer, mathematical simula
100]. tions of the OJIP transient has clearly shown that mod
In higher plants and algae, under certain circum els considering only PQ pool reduction by PSII are not
stances, the PQ pool can beow reduced rather than oxi able to describe correctly the thermal phase, because in
dized in the dark [134-136]; here the PQ pool is nonpho this case the estimated rise time of the OJIP transient is
tochemically reduced by stnmal electron donors, through clearly shorter than the experimental one [71, 72, 79, 145,
chlororespiration [137-142]. The absence of oxygenl147-149]. Indeed, Mundy and Govindjee [150] found
(anaerobiosis) is a @ll-known condition when the equi  that PSI activity influences the I-P rise, it being the cause
librium in chlororespiration shifts tovard PQ pool redue  of the dip (D) that is sonetimes obsered after the | step.
tion [139]. Besides the increase of the apparent Btime-  Further, they suggested that the fluorescence risenird
dependent increase of the J-stepaw obserd, which to P is the result of a “traffic jam” (or bottleneck) of elec
ewentually becanes an O-J (=P) rise after prolonged treat trons at the acceptor end of PSI, due to transient dark
ment in darkness (an hour of anaerobiosis) [143, 144].inactivation of ferredoxin-NADP™-reductase (FNR) and
Toth et al. [105] hae shown that the J-lesd in OJIP tranr  of the Calvin—-Benson cgle [151, 152]. Therefore, when
sients, measured under anaerobic conditions, is linearlythe oxidation of the PQ pool by PSI via Cyit;f was also
related to the area abe the J-I phase (3-30 ms), which considered in the models, the theoretical cuenof the fast
parallels the reduction of the PQ pool (see below); further OJIP transient had considerably impred [59, 60, 73,
they suggest that the J lelivdepends on the ailability of 153-155]. Moreover, it was shown [59, 60] that models
oxidized PQ molecules for the @site at the beginning of including electron transport reactions beynd PSII can
the fluorescence transient, and thus it is a good indicatorbe used to simulate absorbance changes at 820
of the redox state of the PQ pool in the dark. émote that (reflecting P700 redox kinetics [156]). Lazar [73]ag able
an in silico experiment with a PSII model [145], which to simulate both the OJIP transient and the transmission
consisted of simulation of tw consecutie OJIP transients changes at 820m, as measured in [151]: (1) in samples
separated by a short dark period (during which the PQexposed to different light intensities; (2) in samples treat
pool is only partially re-oxidized), led to results that fore ed with methyl viologen (MV a PSI electron acceptor);
saw the conclusions ofcdkh et al. [105].) or with (3) dibromothymoquinone (DBMIB, an inhibitor
In cyanobacteria, the respiratory and photosynthetic of PQH, reoxidation at the Cyth, f level [157]).
electron transport coexist in the thylakoid membrane and The inflection point | and the subsequent plateau
share the same PQ pool and other electron transportwere shown to reflect a transient steady-state of the elec
components of the intersystem chain (see [7] for a reviewtron transport, when the reduction of the PQ pool by
on photosynthesis of @nobacteria). This leads to a res PSII and its oxidation by PSI via Cyb,f are in balance
piration-driven accumulation of plastoquinol in the dark. [60, 74, 151, 158]. Theoretical results show that at the |
As a consequence of the presence of reduced PQ pool istep, the PSIl centers are mainly in {®z and Q,Q3
the dark, higher K and J leels are often obseed in states, with a fraction of open PSII units still present that
cyanobacteria (see in Fig. 3 the ChlF transient measureds gradually closed during the I-P phase, whereas at F
in Synechococcusp. PCC 7942 [146]). Finallywe men  all active PSII units are closed [73, 154].
tion that the reduction of the PQ pool can induce “state The I-P rise was highly retarded in intact chloroplasts
changes” in plants, algae, and aypobacteria [61]; these treated with decyl-plastoquinone [159], which indicates
will be discussed latem relation to the slow PSMT we. that this phase is related to the accumulation of PQH
Howe\er, while the PQ pool and the plastoeyin PC (1-
4 PC/PSI [160, 161]) are mainly reduced during the J-I
The J-I-P Rise rise, the end acceptors of PSI (i.e. 5-7 ferredoximfPSI
and its \arious acceptors, such as thioredoxin, nitrite
The J-I-P phase of the fluorescence induction cuev reductase, and glutamic acid synthase) are reduced during
(rise time ~200ms, under saturating light) is also called the I-P rise [160]. Therefore, an increased | lel will
the “thermal” phase of the fast OJIP awe, since it vas reflect a slover electron flow to the PSI acceptors [111]. A
shown that it is more sensitevto temperature ariations, larger plateau (or a dip) after | will indicate an increased
disappearing at subfreezing temperatures, and is muclmumber of PSI end acceptors (often related to alternativ
less affected by changes in light intensity than the O-Jlectron transfer routes that act as electron sinks, such as
phase [67] (Fig. 4b). As mentioned in the introduction, the water—water cycle (WWC), Mehler-ascorbate peroxi
we hae accepted in this review the cosemtional dase pathwy and cyclic electron flow around PSI (CEF-
approach, where the fluorescence rise during this phase iBSl); see Fig. 2). Br information on alternative electron
due to a progressé/reduction of Q. transfer routes, see seral papers [162-169].
PQ pool oxdo-reduction.The J-I-P rise is generally An activation of FNR (Ferredoxin NADP Reduc-
correlated with the reduction of the PQ pool (6-12 PQ tase) can affect considerably the OJIP transientorF
molecules per PSII) by the PSlI-drien electron transport example, it vas assumed that the twpeaks, labeled as G
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Fig. 7. Diagram of the reersible radical pair (RRP) model for Photosystem Il (PSII) photochemistrin this model, it is assumed that all pig
ments associated with PSII in the light-haesting canplex (LHC), in the PSII Core complex, and the reaction center P680, form a single pool
(LHC-Core-P680), and that the charge separation in PSIlI is ressible [56]. LHC represents the pigments in light-hasting proteins; Core
represents the pigments of the core reaction centemgiex of PSII; P680 is the PSII primary electron donor; Phe is pheophytin, the primary
PSII electron acceptorke is the rate constant of radiatevenergy dissipation (fluorescence emission, deld light emission) in the PSII anten
na; kyp is the rate constant of nonradiatés energy dissipation (internal comvsion, quenching by triplet states or exogenous fluorescence
quenchers, transfer to another PSII, or energy spiler to PSI) in the PSIl antennak; is the rate constant related to the intrinsic rate con
stant of charge separatiork _, is the rate constant of radiateszcharge recmbination that leads to re-excitation of the antenna and dgdal light
emission (DLE); k, is the rate constant of charge stabilization through electron transfer tg & one-electron acceptor plastoquinone; is
the rate constant of the degeof the radical pair througHChl generation;k, is the rate constant of the degaof the radical pair through non
radiative recanbination to the ground state. W note that the rate constants, k_,, andk, hawe different \alues for open than for closed PSII
centers. Modified fran the original figure by Dau [57].

and H, which were obsergd after the | step iffrebouxia Available data [132, 180] show that PQ pools of -dif
containing lichens, are due to FNR actation [170]. As ferent sizes and diffusion rates are accessible to the PSII
mentioned earlier this type of fast fluorescence transient units. This type of functional PSIl heterogeneity as
was also obseed in foraminifers [52] and zooxanthellae studied by Hsu [181], whoerified this hypothesis on flu
[171]. A different explanation for the G peak &g gien by orescence induction cures, measured atarious light
Lazar [172]: based on his PSI fluorescence model, he hamtensities and in presence of different concentrations of
suggested that the G peak mde a manifestation of PSI DCMU, a PSII inhibitor that functions by displacing
variable fluorescence. In his opinion, this idea is also sup “Q " from its binding pocket [182].
ported by experimental data showing that PSI can emit Transmembaine popton motiwe force (pmf).The reg
significant \ariable fluorescence under strong reducingulation of photosynthetic electron transfer byransmem
conditions (e.g. in the presence of dithionite [173]). brane proton motie force pmf which is the sum of the
The caomplementary area wer the fluorescence membrane potential DY) and the pH difference
induction curve was shown to be a coewient tool for between the strona and lumen; see Fig. 2) isell known
calculating the number of electron acceptorsailable to [183, 184]. The existence of an electrogenic process-cou
PSII, relative to the concentration of Q [21, 92, 116, pled with redox reactions of the PQ pool predicts that a
117, 119, 174-176]. As already mentioned, experimentssufficiently largeDY (positive inside) vould slow the rate
of Munday and Govindjee [150] showd that methyl vie  of plastoquinol oxidation, and consequently the electron
logen, an electron acceptor of PSI, abolishes the I-Ptransfer rate fron PSIl to PSI [185]. Moreover, an
phase, leading to the suggestion that the “P” khis due increase by ~10% of the initial fluorescence,Anduced
to a “traffic jam” of electrons beynd PSI. Since at the | by a membrane potential of 106V, was obsergd in iso
step, electron acceptors at the end of PSI are mainly inlated chloroplasts; it s attributed to the electric field
the oxidized state [151], the aaplementary area wer the effect on the rate constants of the charge separation and
I-P phase can be correlated with the number of theserecombination reactions [57], as defined in the revsible
acceptors. In agreement with the role of PSI electronradical pair (RRP) model of Schatz et al. [56], which
acceptors being reduced during the I-P phase, the | steplescribes the PSIlI photochemistry (see the rate eon
is absent in ChlF transients measured in PSIl membranesstantsk; and k_; in the diagram of this model shown in
[177, 178] or after treatment of thylakoids with DBMIB Fig. 7).
[152]. On the other hand, the cmplementary area A PSIl model has been deloped by Rubin and
increase associated with the J-1 riseaw related to the coworkers [149, 154, 186-193], in which it is assumed
number of oxidized PQ molecules ailable at the begin that the electron transport rates at the steps directednor
ning of the fluorescence measurement [179]. mally to the membrane surface depend oDBY. The
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dependence of the rate constants on transmembrane

electric potential OY) was calculated as (see [194]):
K.(DY) = exp(—d-a-DY-(F/RT))-k,,

k_(DY) = exp(—d-a-DY-(F/RT))-k_,

wherek, and k_ are the forvard and backwrd rate con
stants, respectiely, atDY = 0; a is the fraction ofDY that

is generated by charge transfer across the membralis;
the fraction ofaxDY that affects the rate constant of the
forward reaction;F is the Faraday constant;R is the gas
constant; andT is the absolute temperature. FurtheDY
changes are described by a simple exponential law [195]

DY = DYOEXD(- t/ty),

whereDY,andt. are the initial amplitude and the dega

time of DY, respectiely, andt is the time.

Belyae\a et al. [192] simulated the OJIP transient in
pea leaes using an extended PSIlI model in which they
took into account the dependence of electron transfer
reactions on the lumenal pH (pH), the stranal pH
(pH), and theDY. The changes in pi(t), pH(t), and
DY (1) during illumination were approximated by sums of
exponentials. The coefficients of these functionsere
evaluated by fitting with the PSII model the fluorescence
curves measured at low (306mol photons-nt?-s?t) or
high (1200mmol photons-nt2-s?) light, and in the pres
ence of ionophores (that dissipate the membrane poten
tial, DY = 0). The fitted values of these parametersve
in good agreement with known data on the generation of
DpH(t) and DY (t) across the thylakoid membrani& vivo

(see Fig. 8).

The maximum DY obtained with this model s
~90 mV, and ~40mV in the stationary state dbpH » 1.8.
Based on results of these simulations [192], an increase
level of nonradiative recanbination losses at the reaction
center (RC) level under high light conpared to low light
was obtained. In fagr of this mechanism are studies
showing that under long-term high light stress, rates of
recambination reactions in PSII can be modified [196].
Also, light-induced membrane potential DY) is expect
ed, in sane cases, to stimulate charge raunbination
[197]. A similar energy dissipation enhancement, at
increased light intensity had also been suggested by
Belyaew et al. [190, 191], who had used the same model
as that of Belgewa et al. [192] to simulate the fluores
cence rise and degainduced by ery short (ns) laser
flashes. Chlorophyll (Chl) a fluorescence induction
measured after a short (femtoseconds to microseconds)
single turnover flash (9F) is often used in the study of
ultrafast PSII reactions (e.g. excitation energy transfer
charge separation, and stabilization; see an early review
by Govindjee and Jursinic [198]). After a B, fluores
cence maximum FE,(STF) is only 50-65% of F,that was
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Fig. 8. Simulation of “fast” Chl afluorescence (ChlIF) induction
curves and build-up of transmembrane pH gradient and mem
brane potential DY) using the PSIl model of Belgew et al.
[192]. Experimental fluorescence data on pea leav(circles)
were fitted here with this model. Measurementseve made
under both low and high light intensities (i.e. 300 and 12@thol
photons-nT2-s?) in untreated leaes, as wll those treated with
an ionophore (\alinomycin). TransmembraneDpH was calculat
ed as the difference beten pHs and pH_, where, pH; is stro
mal, and pH,_ is the luminal pH, wherea®Y (membrane poten
tial) was calculated as the difference betenDY (t) and DY, (see
text for details). a) Simulated cumes, fitting data on untreated
pea leaes; these had been calculated using an excitation rate
constant k, of 600 s!' (corresponding to 1200 nmol
photons-nT2-s?). b) Simulated cures fitting data on pea le@s
treated with \alinomycin, which were calculated with an excita
tion rate constantk, of 600 s' (corresponding to 12001mol
photons-nT2-s?); ¢) the same as in (b), but the simulated ces
were calculated usinds, of 150 st (corresponding to 300ymol
photons-nT2.s'). Redrawn fran the original figure by Belgewa
et al. [192].
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measured in continuous light. Also a significant dglin  207]. The shape of this phasenes in different organ
fluorescence rise is obsardl, which has been attributed to isms, depending on their nature and history (Fig. 3) (see
the time taken for the reduction of the quencher P68By a review [15]). For example, in higher plants, the maxi
Y, [77, 199], or to the photo-generation of a carotene mum M is often missing; furtheran oversupply of CQ,
triplet (3Car), which is also a quencher [200]. Resultsor limitation in NADP *, and/or phosphate pools, leads to
obtained by Belgewa et al. [189-191] for simulation of sewral SM oscillations, labeled as,8 ;, and SM,, due
ChIF transients after a ns B are discussed in the to processes that regulate the Calvin—-Bensonctsy [208,
Appendix in this paper 209]. These Chhfluorescence oscillations &re shown to
The ChIF transient has been simulated with another take place at the same time with oscillations in, &wlu-
model that includes reactions until the end electron tion, CO, uptake (Fig. 9), and transmembranépH,
acceptors of PSI [154]; here, the rates of reduction of PQwhich, in general, appear as antiparallel and phase-shift
and of oxidation of PQH were modulated by using mem ed (to longer times) relatie to Chl a fluorescence [14,
brane potential DY) calculated at each mment of the 210]; see also discussion in [22].
transient (the most important csmponent of thepmfdur- Only after the introduction of the RAM (Pulse
ing the OJIP vaw [183]). Results of these simulations Amplitude Modulation) fluorescence technique (see
predict a significantly large influence dDY on the fluo-  above), it was possible to obtain quantitagvinformation
rescence yield during the thermal phase, which affects theon processes that are induced during the slow PSMT
appearance and position of the inflection point I. These phase [211, 212]. It became evident that this phase is
conclusions are supported by experiments showing that imodulated not only by the redox state of {i.e. by pho
the marine diatan Thalassiosira weissfloglie | step of tochemical quenching [213]), but also by short term (sec
the OJIP transient is missing (or is significantly reduced), onds to minutes) regulatory processes that are collegtiv
but it reappears wheDY is eliminated by treatment with ly known as nonphotochemical quenching (NPQ) of the
valinomycin [201]. excited state of Chh; it decreases the fluorescence yield
without productive energy storage (see revie\\61, 214-
216]). These NPQ mechanisms, which pvale short-
THE PSMT PHASE: SECONDS TO MINUTES term protection from excessig excitation to PSII, inwlve
adjustments in light hargsting through deactiation of
After Chl fluorescence reaches the P kvat about the first excited state of Chd to the ground state, and are
500 ms, it declines to the S ley; followed by the slow regulated by photosynthetic electron transport andrR
(seconds to minutes) SMT ae. This second e, and synthesis (with which they are indirectly correlated).

relatively slow fluorescence change,aw first systemati The following general expression at the PSII kv
cally studied in the laboratory of Gandjee [47, 48, 202- can be written at a certain nmoent of the PSMT vawe
[61]:
12 Ke[Chl a*¥]-(I ags/l o) = ke:[Chl @] + ky-[Chl a*] +
o Fluorescence + kp[Chl @¥] + Kypo-[Chl &%), (7)
g ©
S 08 where |, and l,gs are the incident and absorbed light
S intensities per unit time; [Chla*] is the concentration of
§ 0.6 the singlet excited state of CHl; kg is the excitation rate
] constant; k,, is the rate constant of spontaneous thermal
§ 0.4 dissipation (that is independent of the PSET is the
S rate constant of fluorescence emissioky, is the rate con
v 0.2 Co;, stant of the photochemical use of the excitation energy

for PSET, andkypq is the rate constant of the PSET-reg

ulated thermal dissipation of the excitation energy
0 100 200 300 400 Under certain conditions, only a redistribution of
excitation energy beteen the two photosystems takes
place in processes called “state changes”, which dhxe
phosphorylation of LHCIlI proteins and extensi®
Fig. 9. Oscillations in chlorophyll a fluorescence, CQ uptake, rearrangements of thylakoid membranes. Although the
and rate of Q emission induced by abrupt re-illumination in a above-mentioned processes are considered NPQ type
spinach leaf. ¥rtical bars indicate that anti-parallel fluorescence hani th t " NP .
signal is shifted to shorter times ompared to that for carbon mec amsmfc” e_y are not ‘true Q processes, since
uptake. Redrawn fran the original figure by \&flker and Siak they can either increase or decrease the fluorescence
[210]. yield, the dissipation of the thermal energy is not

Time, s
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changed, and are folloed by productie energy storage
(i.e. photochemical, orDpH) [215].

Moreover, during the PSMT phase, the FNR and
Calvin—Benson cycle are actiated via the ferredoxin—
thioredoxin system (when the pH of the stnoa increases
to ~8.8 [217]). The metabolic processes indirectly influ
ence fluorescence quenching mechanisms by increasin
ATP consumption (which reduces th@pH, and there
fore also the part of NPQ sensitvto pH [217]). We note
here that inwolvement of the photochemical quenching
component gP during the S-M rise in plants is supported
by studies showing simultaneous rise in the rates gf O
ewlution [47, 48], or of CQ, uptake [208]; these parallel

Fluorescence

S - . 5 10 15 20 25
kinetics hae been related to an increase in the rate ol ) _
photochemistry and fluorescence, but significantly to a Time, min
parallel decrease in the rate of Chl excitation energy-dis
sipation through internal conersion [48]. In addition, in Fig. 10.Measurement of nonphotochemical quenching (NPQ) of

certain cyanobacteria the S-M rise. which is quite chlorophyll excitation state using RM (Pulse Amplitude
' ' Modulation) fluorometer in saturation pulse (SP) mode. After

prominent ewven in the presence of DCMU, is absent in a application of a saturating pulse on dark-adapted leav of
mutant that shove no state changes [218]; thus, a large Arabidopsisplant (grown under 130mmol photons-nT2-s?),
component of S-M rise is suggested to be due to State 2 chlorophyll fluorescence rises fra the minimum (F;) to the
(|0W ﬂuorescence) to State 1 (high ﬂuorescence) transi  Maximum (Fy) lewel. Uzndler continuous moderate actinic light

. - . (750 mmol photons-m“-s™), fluorescence decreases due to a
tion. Similar results hae been obseed in Chlamyde combination of photochemical quenching (gP) and nonphoto
monas reinhardtiif219]. Thus, any modeling of SMT chemical quenching (NPQ) of the excited state of chlorophyll.
wawe must include the phenmenon of state change as The difference betwen F, and the maximal fluorescence under
one of its major explanations. actinic light after a saturating light pulsé=@) is a measure of NPQ

The NPQ lewel is usually measured using the\Rl " " aoe dependent NPQ, and 1 1 photoinhbiton-
fluorescence technique in the saturation pulse (SP) mode dependent NPQ; see text for detailsF,¢recovers in segral min
(see abwe), by camparing the maximum fluorescence utes after the actinic light is switched off, reflecting the relaxation
yield measured in a dark-adapted sample obtained after a °f the gE canponent of NPQ. Redrawn fran the original figure
. . . by Muller et al. [221].

saturating pulse (F), with the maximum fluorescence
yield by the same pulse, when the sample is in strong-con
tinuous light (F¢, the prime reflecting that the E is being
measured when the sample has been in light). Here, thejuenching process since it imlves change in antenna
NPQ is activated by exposure to high light; the relaxation size, and not necessarily a change in rate constant of any
of F¢ to F,, is measured after the continuous light is de-excitation pathvay; the State 1 to State 2 transition
turned off (Fig. 10). The ratio (F,— F§)/F¢is used to (qT,,) deprives the PSII IC of excitation, while the State
characterize the NPQ, and it increases when the quench 2 to State 1 transition (q7J,) supplies extra excitation to
ing is induced in the light, and decreases when thePSII RC. Further, the nature of gl has many different
guenching relaxes in the dark (see a discussion about theauses [115, 224-230].
NPQ in [220]). We discuss below correlations beten different phe

Sewral types of NPQ haw been identified [221] tosynthetic processes (e.g. primary reactions at the PSII
involving different mechanisms, which can be alsoRC lewl, linear electron flow (LEF), cxlic electron flow
species dependent, as different strategies among photo/CEF), alternative electron flovs, various NPQ mecha
synthetic organisms hayvewlved during ewlution, lead-  nisms, Calvin—-Benson cgle, respiration or chlororespi
ing to different solutions to the problem of adjustment of ration) and the two segments of fluorescence transient, P-
thermal energy dissipation [214]. Nonphotochemical S and S-M-T, of the PSMT waw, as well as theoretical
guenching of excited state of chlorophyll is of sal dif  results obtained by mathematical simulations based on
ferent types: energy-dependent (qE) (which includes thedifferent hypotheses.
so called gZ [222], as all as gL (lutein) and gD (diadi
noxanthin)), state change-dependent (qT) [223], and

photoinhibition-dependent (ql) [216], which differ in The P-S Phase: Influence of gE

timescales of actiation and relaxation. Generallyrelative the High Energy NPQ Component
contributions of different NPQ mechanisms are strongly

dependent on the light quality and intensitand duration As seen in Fig. 3, chlorophyll fluorescence intensity

of light exposure. W note that qT is not necessarily a shows a decline frm the maximum P to a transient
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steady-state S. The principal causes attributed to the P-Srotein in green algae [241, 242] and LHCX6 protein in
decy include: (1) a gradual reoxidation of plastoquinol diatoms [243], as wll as phgobilisome-dependent NPQ
(PQH,) by PSI [150, 205, 207]; (2) induction of the qE in cyanobacteria, which is mediated by an Orange
component of NPQ, triggered by the energization of the Carotenoid Protein, OCP [244, 245] (Fig. 11).
thylakoid membrane (i.e. the build-up opmf, particular- The gE quenching in plants and algae is associated
ly of DpH) [231-233]. Below we will discuss mainly the with a decrease of Chl fluorescence lifetime fro~2.0 to
influence of gE on the P-S decrease, aslhas its simula ~0.3 ns [246], and by a change in absorption spectrum at
tion by seeral mathematical models ailable in the liter 535 nm DAs39) [247], which is in the region of S® S2
ature. absorption band of a carotenoid (used often to assess
The high energy NPQ component (gEjhe P-S transmembraneDpH [248]). Moreover, gE was shown to
phase of the fluorescence transient is usually correlateihduce structural changes in the thylakoid membrane,
with energy-dependent quenching (qE), which appearswhich haw been attributed to conformational changes
within seconds, and is the most important NPQ ampo-  within PSII antenna [239, 249, 250].
nent. The qE is triggered by th®pH build-up during During gE, a significant amount of excitation energy
photosynthetic electron transport [234, 235], and it leadsis suggested to be dissipated as heat, through processes
ultimately to the dissipation of excess PSIl excitation triggered byDpH in PSIl antenna canplexes [251, 252],
energy as heat through de-excitation of the first excitedthat, in higher plants, inolve a PsbS protein [240] and
state of Chla in PSII antenna; qE is reersible, within  xanthophyll cycle epoxides zeaxanthin (Z) and anthera-
minutes, in darkness (see review[215, 236, 237]). xanthin (A) [253, 254]. Further CP26 and CP29, minor
Seweral photosynthetic processes hawa strong indirect PSII light-harvesting canplexes, are also irolved in qE
influence on qE: (1) PSETwhich is affected by feedback [236, 255, 256]. Hovwewer, since the xanthophyll cgle is
regulation through reactions of PSIl and PSI; (2) PPase activated in tens of seconds [257], it rgacontribute to
activity; and (3) ATP and NADPH consumption by the fluorescence quenching later than in the P-S detas
Calvin—Benson cxcle. Also, in plants, grana stacking has proposed by Nilkens et al. [222] who defined a separate
been suggested to affect NPQ [238, 239]. zeaxanthin-dependent NPQ cmponent, gZ (see abee).
Several types of gE mechanisms haewlved in dif  Howe\er, the constitutive [Z+A], present in the thylakoid
ferent species [214], as e.g. LHCII-dependent NPQ membrane after dark adaptation, & shown to partici
mediated by the PsbS protein in higher plants [240],pate in fluorescence quenching during the P-S dgca
Light-Harvesting Canplex Stress-Related (LHCSR) [258].

Fig. 11.Models for nonphotochemical quenching (NPQ) of chlorophyll excitation states inayobacteria (left), in green alg&€hlamydomonas
reinhardtii (middle), and in higher plants (right). The model for plopbilisome (PBS)-dependent NPQ, in cgnobacteria, show inwolvement
of the orange carotene protein, OCRvhich after actiation with blue-green light changes fro an orange to a red form [289, 290]. FRP is the
Fluorescence Receery Protein, which is invlved in the detachment of the red OCP fro the PBS and its corersion to the inactie orange
form; the carotene molecule in the red OCP istBydroxychinenone, a carotenoid, which is nona@lently bound to the OCPand induces a
decrease in the fluorescence yield of PBSs (see text). The model for stress-induced ligrestiany canplex protein (LHCSR)-dependent
NPQ, in Chlamydomonas reinhardtishows a role for LHCBM1 (a LHC type protein) to act as an antenna-docking site for LHCSR [369].
Further, the model for PSBS-dependent NPQ in higher plants shew rearrangement of the PSII supermoplex, where CP represents minor
LHC proteins (CP29, CP26, and CP24). The carotene molecules in LHCSR, LHC, andlare epoxy-xanthophylls in the limiting (low) light
state (here, the photogenerated transmembrabpH is low); the xanthophylls are in the deepoxidized state in the “flexible” NPQ state (i.e.
when the photogenerated transmembrampH is high, and the photosynthetic organisms show flexibility by inducingetise, species depend
ent, NPQ mechanisms). Redrawn fim the original figure by Niypgi and Tuong [214], and as presented bypageorgiou et al. [368].
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Many aspects of gE are notey understood, such as indicating a negatie cooperatie reaction (see also a dis
structural changes that create high-energy state of theussion on gE kinetics in [220]).
membrane. One hypothesis is that the macro-rearrange Models of gE based on antenna quenchifsgcording
ment of the membrane mg induce conformational to Bradbury and Baker [213], ChIF induction frm the P
change in specific proteins, which could affect interac lewel to the steady-state T lel may be explained simply by
tions between pigments in antenna coplexes and alter an interplay between photochemical quenching qP (defined
energy transfer dynamics [259]. The mechanism ofas the fraction of open PSII units at a certain mmnt of the
quenching and its location are still a matter of debate,fluorescence transient) and gqE, at least at low light (~100
since both Chl-Car quenching [260, 261], and Chl-Chl mmol photons-nt2-s') and a gien metabolic state. This
quenching [262] hae been proposed (see discussion inapproach has been used in all the qE models that will be
[215] and references therein). These hypotheses arepresented beloybecause possible fluorescence modulation

howeer, not mutually exclusie.
Quenching of excited state of Chl that imles dissi
pation processes at the PSII®Rleel (i.e. RC quenching

through state changes (gT) and photoinhibition (gl) had
been neglected in these studies. This implies that further
research is needed where none of the known pheemon

through charge recmbination) has also been proposed to that affects the P to T phase will be neglected.

take place during the P-S phase (see a review [263]).

Howeer, convincing evidence for the main part of qE to
be antenna based phentenon, not inwlving charge

Modeling gE in higher plantsLaisk et al. (1997)
model.Laisk et al. [270], see also [59, 60], hasimulated
nonphotochemical quenching of excited state of Chl

recambination processes, is the fact that Chl emissioninduced by transmembrane pH gradient in higher plants,

spectra at 77 K in leaas, measured during qE quenching,

showed selectie quenching in PSII light-haresting can-
plexes [264]. Finallythere are a number of studies sug
gesting that, during the P-S phase, thapH induces for
mation in the grana margins of PSI-PSII supercoplex-
es that allow “spilloer” of excitation energy fron short-
wawelength absorbing PSII to the longer-awelength

and studied interdependence beégn quantum yields of
photochemical and nonphotochemical quenching. They
modified their previous model of C3 photosynthesis [271,
272], in which the fluorescence yield ag estimated by
using a reersible radical pair (RRP) model of PSIlI R
reactions, and where processes related to the build-up of
transmembraneDpH had already been incorporated. The

absorbing PSI; the fluorescence vyield is reduced in thisgprocesses contributing to the formation and the use of

case, since PSI fluorescence is much lemthan that of
PSII fluorescence [265]. Hower, the inwlvement of
excitation spillover during the P-S decahas been consid
ered improbable in at least twpublications [231, 266].
Dependence of gE obpH. Briantais et al. [231]
found a linear relation betwen the P-S amplitude and the
intrathylakoid proton concentration. The qE dependence
on pH has been quantitatiy studied [259, 267, 268], and
found to follow a Hill type of relationship (an empirical
equation originally deried from the oxygen-binding cure

DpH in this model were: (1) vater “splitting”; (2) reduc-
tion of PQ, followed by oxidation of PQH (as vell as
inclusion of an actie “Q cycle” [273]); (3) ATP synthe
sis, assuming the consumption of 4HATP formed; (4)
proton leakage, proportional to the proton concentration
difference between the lumen and the stroa; (5) pseu
do-cyclic electron flow fram the electron acceptor side of
PSI (i.e. the Mehler-type reduction of @[163]); and (6)
malate dehglrogenase-mediated shuttle of NADPH fnm
the chloroplast to the cytosol [274]. In the model of Laisk

of human hemoglobin [269], which describes the fraction et al. [270], protonation of PSIl antenna quenching sites
of a receptor saturated by a ligand as a function of ligandvas assumed to trigger gE. Once actigd, these quench
concentration, and takes into account the degree of ceop ing sites wre assumed to induce conformational changes

erativity involved in the ligand binding to the receptor).
For example, 9-AA (amino acridine) quenching acid titra
tions (used to measure pH) eve fitted to a cure defined
by the following Hill equation [259]:

qE = qEn.2pH"(pH " + pHg), (8)
where &, is the theoretical maximum gqE; pH is the pH
of the bulk medium; pH, (pK) is the pH \alue at which
gE = 0.54E,.,; andn is the sigmoidicity parameter (the
so-called Hill coefficient, which is related to the cooper
ativity of ligand binding). Ifn = 1, the model is reduced
to the Michaelis—Menten equation, indicating a non-
cooperative reaction; ifn > 1, gE kinetics is sigmoidal,
indicating an allosteric, or positig cooperatie reaction;
and if n < 1, qE increases asymptotically t@wd oy,
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followed by an increase in the fraction of excitation ener
gy dissipated as heat, at the expense of that emitted as flu
orescence. The fraction of actated quencher sites ag
ewvaluated by considering fast protonation of the quench
ing sites, the actiation being treated in a digital manner
(yes/no). The rate constant of nonphotochemical
quenching k¢ was calculated, using Eq. (9); here, cen
formational changes, induced by protonation of the
quenching sites in the antenna,exe relatively slow can-
pared to the protonation steps (see details in [270]):
dk@dt = RG(QHKk, - k). 9)
whereRG,, is the rate constant of conformational change
(assumed to be 0.03%9; QH (with values betwen 0 and
1) is a parameter related to the equilibrium of the
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allosteric proton sites with free protons in the lumeand Lambrev et al. [275] used a RRP model to auate
k., is the maximum alue ofkg. the quantum yield ofChl generated at the PSII B lewel
Further, the rate constant of PSII electron transport in presence of different types of NPQ. They reached a
(from the donor to the acceptor side) ag calculated as a similar conclusion as Laisk et al. [270], regarding pheto
function of light intensity and losses due to gE quenchingprotection againsfChl through NPQ of the excited state
and fluorescence. Simulated (O)PSMT cues by Laisk et of Chl in the antenna: they has shown that NPQ at the
al. [59], obtained with a model that included a gE meeh antenna leel shorten the agrage Chl excited-state life
anism similar to that in [270], s quite similar to the time and increase proportionally both the photoprotec

experimental ChlF transients (cum1in Fig. 12).

tion and the fluorescence quenching factors. Moress,

Moreover, results obtained in [270] suggest anthey found that NPQ at the antenna eV assures a high
approximate canplementarity between the quantum er protection against photodamage induced Bghl* than

yield of photochemical quenching (¥), and that of non
photochemical quenching (Y), i.e. Yp + Y » 0.8, which

a reduction in antenna size.
Serodio and Lavaud (2011) mode&erodio and

implies a good balance beten electron and proton pres Lavaud [276] hae presented a simpler model than that
sures: a decrease in the quantum yield of photochemicalised by Laisk and coevkers to simulate qE quenching,
quenching (Y) is accanpanied by an increase in the based on its dependence on the xanthophyllcty in

quantum vyield of energy dissipation . On the other

plants and diatons. The relationship beteen qE (labeled

hand, as mentioned earlieran increase in the quantum below as NPQ) and the irradiance Eas described by a
yield of energy dissipation () is related to a decrease in Hill equation:

Chl excitation lifetime [246]. Since shorter lifetimes of
Chl singlet excited state implies a reduction in triplet Chl

(3ChlI*) formation [228], and, thus, production of reactie

NPQ(E) = NPQ E"/(E5,+ EM), (10)

oxygen species and radicals (that induce photodamage aoifhere NPQ(E) is related to the fraction of violaxanthin

the photosynthetic apparatus [224]), Laisk and covkers
concluded that the cenplementarity betveen the phote
chemical and nonphotochemical quenching pya a phe
toprotective role.

1.2

1.0

0.8

0.6

0.4

Relative fluorescence

0.2 S

(V) or diadinoxanthin (DD) molecules deepoxidized into
zeaxanthin (Z) or diatoxanthin (DT), which are then
“activated” by protonation; NPQ,, is the maximum NPQ
value reached during illumination; E, is the irradiance
level at which NPQ attains aalue of 50% of NPQ,; and
nis the sigmoidicity parameter of the cuev(the Hill coef
ficient). Results obtained with this model @re canpared
to NPQ versus E curgs measured irabidopsis thaliana
and in the diaten Nitzschia paleain which two different
types of xanthophyll cgles (violaxanthin—antheraxan
thin—zeaxanthin and diadinoxanthin—diatoxanthin) exist.
A systematic dekain the NPQ buildup, relatie to the sat
uration of photochemistry was obsered in this study
Moreover, results obtained by Serodio and Lavd suggest
that in the organisms possessing a diadinoxanthircley
the same lesl of NPQ is induced at a loer irradiance
than in those possessing a violaxanthinctsy.

Ebenhoh et al. (2011) modeéinother simple model
of the gE kinetics is by Ebenhoh et al. [277] (see Fig. 13).
In this model, a quasi-steady-state approximation for the
fast dynamics of PSII charge separation and oxygen-ev

lution was assumed; this is based on the fact that the
dynamics of qE quenching is slow (i.e. in seconds), and

0 20 40 60 80

Time, s

100

Fig. 12. Simulated (O)PSMT fluorescence transients. Simulated
Chl afluorescence induction cures, in dark-adapted leaf illumi
nated with continuous actinic light, calculated by Laisk et al. [59]
(curve 1), and by Zhu et al. [62] (cure 2). O (origin) is the first
measured minimum fluorescence lel; P is the peak; S stands for
semi-steady stateM for a maximum; and T for a terminal steady
state leel. Redrawn after the original figures by Laisk et al. [59]
and by Zhu et al. [62].

thus processes faster than these can be assumed to be in a

stationary state.

Light harvesting in PSII, followed by excitation
energy transferand charge separationave described by
a single transition fron the open RC (state Al) to the
closed RC (state A2), which could be partially inhibited
by a direct quencher (i.e. zeaxanthin). The quencher
which can hae either an inactie (No) or an active (N)
form (with N, + N = 1), was assumed to be actited fok
lowing a pH-dependent Hill-type reaction of the form:
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Ve = keX1 - N)X[HTY(H *]" + Kg)), (11)
wherev, is the actiation rate of the quencher (dependent
on the luminal pH); kg is the maximum rate constant of
guencher actiation; [H*] is the proton concentration in
the lumen;nis the sigmoidicity parameter (the Hill coef
ficient); and K is a constant at pH- 6. When fitted to the
awailable experimental data, the ale equation led to a
Hill coefficient n of 5.3 [278]. (For the inactivation rate
(v;), a simple mass action lawag assumed.)

The calculated proton budget (i.e. the relagvcon
tribution of different processes to the build-up of the
transmembrane pH gradient) in this model included (see
Fig. 13): (1) vater splitting by OE, coupled to transition
of PSII RC from state A2 to a third state A3; (2) redox
reactions at the PQ leal during electron transport; and
(3) ATP synthesis (14 /3 ATP [279]) and consumption
(in the Calvin—Benson cyle or other metabolic process
es). As can be seen in Fig. 13, Qyf complex, PSI, all
the end acceptors of PSI, and Calvin—Bensondg, were
not included explicitly in this model; for simplicity all
these steps @re replaced by a fixed rate constant) of
PQH, oxidation. F, the fluorescence signal (OF “ 1) was
calculated taking into account the fraction of PSII s in
the A3 state and the non-quenched fraction of the excita
tion emitted as fluorescence, i.e. equal to-1N (with N
representing the fraction of excitation energy dissipated
as heat). Wh this very simplified model of photosynthe
sis, Ebenhoh and cowarkers vere able to simulate chloro
phyll fluorescence yield, and aopare these results with
the experimental data obtained in a typicalA® experi-
ment for qE ewaluation (Fig. 10). The simulation, of both
the induction (in high light) and decs (in low light) of
gE, matched qualitatiely the experimental results.
Howe\er, sewral discrepancies bewen the model and
experimental data had to be attributed to excegssim
plifications used in the model.

Zhu et al. (2012) modeAnother model of canplete
photosynthesis, in which the gE quenching has been sim
ulated, is by Zhu et al. [62]; it incorporates tvof their
earlier models, one for PSII light reactions [72], and
another for dark reactions [280]. NPQ of the excited state
of Chl ais assumed to be influenced by [Z+A], but only
after protonation of acidic ligands in PSII antenna, under
low luminal pH. A proton budget vas calculated based on
protons translocated during ater oxidation, redox reac
tion at the PQ leel, the Q-cycle at the Cyths f complex,
cyclic electron flow around PSI, NADF reduction, and
ATP synthesis (assuming 4.67 “HATP) [281]).
Moreover, the ion transport (i.e. of C&", Mg?*, and CI)
across the thylakoid membrane, aseillv as the buffer
capacities of strma and lumen, vere taken into account
for the enaluation of DY. The rate of gE quenching as
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Fig. 13.Diagram of Ebenhoh et al. [277] model. Light-haesting
complexes (LHC) absorb light, and the excitation energy is trans
ferred to open PSIlI Cs (Al state), leading to charge separation
(A2 state); an actie quencher (N) inhibits this process. The
donor side of the K is reduced by the oxygen-eiving camplex
(OEC), resulting in A3 state of PSII and release of protons in the
lumen following water splitting. On the acceptor side of PSII, PQ
is reduced to plastoquinol (PQK), which, for protonation,
receies protons fron strama. PQH, is re-oxidized by Cytbgf,
which is not shown in the figure, and protons are released into the
lumen. High proton concentration in the lumen actiates a
guencher (Ny® N), where Ny and N represent the inacti¥ and
active form of the quencherrespectiely. The production of ATP
from ADP and inorganic phosphate (i is driven by the trans
membrane proton gradient. AP is consumed by external
processes. State A3 can be excited, but the excitation energy is not
used for charge separation, the non-quenched fraction of this
excitation energy being emitted as fluorescenceafw arrow).
The stoichianetries of reactions are not shown. Redrawn fino
the original figure by Ebenhoh et al. [277].

dissipation vas assumed to be iewsely related toa so-
called X, defined to equal [Z]/([V] + [Z] + [A]), where
the sum ([V]+ [Z] + [A]) was considered to remain con
stant during the OJIPSMT fluorescence transient [62].
The stability (and performance) of this model as
checked by setting seval experimentsn silicg including
the simulation of the OJIPSMT transient (see in Fig. 12
the PSMT phase simulated by Zhu et al.), aelvas the
fluorescence yield kinetics in a typicalAM experiment,
used for the ealuation of gE.

Zaks et al. (2012) modeZaks et al. [282] conpared
the qE kinetics inArabidopsis thalianéeawes at both low
(100 nmol photons:nT2-s*), and high (1000nmol pho-
tons-n?-s?) light intensities with cures simulated by a
mathematical model that \as inspired by state-space
models of engineering control theoryand gqE models
published earlier (as those presented &bp The equa
tions of the model were of the form:

dx/dt = F(X; p) + GI(1); p), (12)

simulated using the equations described by Laisk et alwhere X is a ector that contains all the ariables of the

[269] (see abee), and a [K,value of the putatie antenna
ligands of 4.5 [247]. The maximum rate constant for heat
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ential equations wre grouped in eight separated modulesof the “potential” qE sites that are modulated by the PshS
labeled F1 through F8, corresponding to particular protein [283], which was fixed at 0.6 for thérabidopsis
processes that describe the timedaution of the X com-  thalianawild type (to fit experimental data). The fraction
ponents: i.e. (1) light hargsting; (2) qE quenching; (3) of quenching sites in the PSII antenna that are able to-dis
electron transfer through the PQ pool; (4) PQ}oxida-  sipate excitation energy by gEas calculated as:
tion at the Cytbsf complex; (5) electron transfer through
plastocyanin (PC) and PSI to ferredoxin (@); (6) reduc [Q] = FppfPsbS]™[Z] + [A]), (13)
tion of intermediates in the strma by reduced H; (7)
activation of the proton efflux via the AP synthase; and where [PshS]* is the fraction of PSII units with a proto
(8) the proton and ion dynamics in the lumen and strta.  nated PsbS; [Z] and [A] are the fractions of zeaxanthin
The Calvin—Benson cgle was, hovewer, not considered and antheraxanthin binding sites in PSIlI that contain
in the model, the Kl being assumed to be rapidly reexi zeaxanthin, and antheraxanthin, which perform gE.
dized with a single rate constant. The proton budget s determined, just asag done
The gE quenching s modulated by the fraction of in other models described alve, by taking into account
activated quenching sites [Q] in PSIl antenna, with the the following processes: (1) ater splitting at PSII; (2)
assumption that each site is actited by the presence of a proton pumping at Cyth,f; (3) proton efflux through AP
deepoxidized xanthophyll [257] and an actted PsbS synthesis; and (4) parsing of themfinto separateDpH
protein [240] (see Fig. 14a that shava feedback loop and DY components by ion meement across the thy
governing the gE used in this model). Here, quenching lakoid membrane (withDY decreasing wer time [183,
was assumed to occur infinitely fast, so that the quench 284]). The CEF-PSI was implicitly considered in this
ing sites alays remain “open” (in contrast to the PSII maodel, its contribution to the proton budget being oo
RCs, which are closed when Qs reduced). On the other pensated by altering the necessary/ATP ratio of ATP
hand, the actiation of the PsbS and the enzyme viola- synthase to 12 : 3, which g a 3 : 2 ratio of AP to
xanthin deepoxidase (VDE) ws triggered by low lumen NADPH production [285].
pH, but with different pK,s and Hill coefficients (see Fig. The difference in NPQ betwen the wild type and
14b). A fixed concentration of zeaxanthin epoxidase, andnpg4mutant of Arabidopsis thalianavas the experimental
a constant rate of zeaxanthin epoxidation,as assumed. obsenable to which the model ws fit in this studysince it
Further, the abave model also incorporated an effec could be used as a measure of the NPQ (of the excited state
tive PsbS dosage factd¥..,5 Which represents the fraction of chlorophyll) due only to the gE component. The simu

Fig. 14.Modeling the gE (i.e. the energy-dependent agponent of NPQ) in plants. a) Scheme of the feedback loopvgming qE (solid
frames), and the timescales of processes giving rise to gE (dashed framel9)Fliting parameters of individual reactions that contribute

to the triggering of gE. The gE in plants is triggered by low lumen pH andoives protonation of the PsbS protein, of the enzyrvedeep
oxidase (VDE), and probably of other light-haesting proteins [215]; the K, and the Hill coefficient of each protonation step needs to be
ewaluated, and the interaction betaen quenching pigments and protonated proteins that leads to a qE state needs to be characterized, in
order to fully understand the qE triggerin@) fitting effective parameters of werall gE triggering. In absence of experimental data on indi
vidual reactions triggering gE, the relationship beé&n gE and lumen pH is fitted phemoenologically to the eerall data, and gigs an
effectie pK, and Hill coefficient. Redrawn fran the original figures by Zaks et al. [282].
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lated gE kinetics cure obtained with this model as in rea
sonable agreement with the experimental data. Finatlye

results obtained with this model suggest that gE quenching

does not affect the luminal pH in plants, en if the
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quenched state in @nobacteria is a multistep process
involving both photoinduced and dark reactions.

This hypothesis s checked with a three-state kinet
ic model, in which the conersion of the OCP fron its dark

quenching is triggered by it, and therefore does not regulatesstable state (OCF) to the quenched state (OCH takes
the linear electron flow under steady state conditions. place via an intermediate nonquenching state of OCP
Modeling gE in Chla-containing cynobacteria. (OCP;). For simplicity, the transition of OCR to OCP, was
Similar to eukarptes, Chl a-containing cyanobacteria assumed, on the short-term, to be irrexsible. The rate of
ewlved photoprotectie NPQ mechanisms in order to dis this light driven transition was considered to be proper
sipate excess absorbed energy as heat, whicbhlmg an tional to the product of photon flux density (E) and effec
orange carotene protein (OCP) [245, 286-290]. The NPQ tive absorption cross-sections(), with s (that depends on
in cyanobacteria can be monitored using the usuahf®  wawelength of actinic light,| ) given by the product of the
experiment, in which the modulated low-intensity measur optical absorption cross-sections(,) of OCP and the
ing light used ws at 650nm (mostly absorbed by PBSs), quantum vyield of the formation of quenching centers.
and the fluorescence (emitted fra both Chl and PBSs Results of the analysis of the Gorbunaet al. model wre
[291]) was detected alt > 700nm. In this case, a decrease in agreement with experiments. The maximum fluores
in fluorescence lesls could be the result of a decrease oftence yield in light F¢§) was related to OCP as follosv
either the PBSs emission, or the Chl-antenna emission, or
caused by a decrease of the energy transfanftoe PBS to
PSII. Therefore, other types of measurementgrg made to
resole betveen these possible fluorescence changes [287]where F, is the maximum fluorescence yield in dark-
The OCP acts as a blue-green (450-500n) light adapted state, and fzq is the fluorescence yield in the
sensor After its actiation, the OCP changes fim an  OCPyp, State.
orange to a red form. Furtherbesides its role as a pho By fitting the model to experimental data, Gorbuno
toreceptor OCP also reduces the amount of energy trans et al. [293] vere able to ealuate different parameters of
ferred fram the PBSs to PSIl and PSI by a quenching the system, such as the effe@iabsorption cross-section
process as described belowhe quenching is triggered by of NPQ activation, or the rates, actiation energy and
3¢hydroxyechinenone, a carotenoid, which is nonea- quantum yield for the formation of the quenched states
lently bound to the OCP; it induces a decrease in the-flu (not discussed here).
orescence yield of PBSs at 660-68n, simultaneously Models of gE based on both antenna quenching and
with a reduction of excitation energy transfer fno PBSs reaction center () quenchingAlthough major focus in
to both the photosystems | and Il (Fig. 11). This NPQ this field of research has been on NPQ mechanisms based
can take place ean under conditions when the PQ pool is on antenna quenching, alternatey mechanisms based on
completely oxidized (and therefore is not due to a statedissipation of excess excitation at PSlIGRIewel hawe his
change), as it ws shown to be unaffected by DCMU torical precedence [294-302]; also see reviey263, 303].
treatment [244]. Another protein, the Fluorescence The PSII bipartite model of Kitajima and Butler [36] has
Recovery Protein (FRP), is inwlved in the detachment of often been used to classify NPQ either as antenna
the red OCP fran the phycobilisome and its regrsion to quenching type (i.e. through exciton deaction in
the inactive orange form, being essential in the regoy antenna canplexes), or as R quenching type (i.e.
of the full antenna capacity under low light conditions through increased P680* deacttion), since conforming
after exposure to high irradiance (see reve{289, 290]). to this model, the antenna quenching is associated with
Finally, it is important to note that the abee-described F,quenching, while the R quenching is not. Howe\er,
NPQ mechanism is not uniersal in all cnobacteria, as this distinction does not hold true when the RRP model
only the strains containing the OCP gene can perform ais used (Fig. 7; also see reference [57]).
blue-light induced photoprotectie mechanism [292]. An important condition for efficient dissipation of
Gorbunov et al. (2011) moddlhe only model of the excess excitation energy within PSIIRis belieed to be
NPQ kinetics in cyanobacteria to our knowledge is by the presence, under steady state conditions, of a high
Gorbunov et al. [293], based on measurements infraction of reduced Q [304]. RC quenching mechanisms
Synechocystisp. PCC 6803. In this model, the flux of were suggested to pfaan important role in photoprotee
excitation energy fron phycobilisomes to PSll is assumed tion during acclimation of higher plants, green algae, and
to decrease during NPQ induction. The experimental cyanobacteria to low temperatures, or to high growth
data showed that OCP in dark-adapte@®ynechocystisells irradiance [305]. Segral reactions are assumed to be
is not normally attached to the PBS, but it beotes involved in RC quenching that lead to dissipation of
attached to it (and forms quenching centers) only after itexcess excitation (see Fig. 7; cf. Fig. 2); they are: (1)
is activated by blue-green light (Fig. 11). These results ledcharge recmbination of the primary PSII radical pair
Gorbunov et al. to the idea that the formation of a P680"'Phe, especially when the Oxygen Blving

F¢= Fn([OCP(] + [OCP|]) + Fnpo[OCPypol, (14)
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Complex (OEC) is inactivated; (2) charge recmbination
between Q, (or Qg) and the S states of Q& [231, 294];
(3) direct nonradiative P680Q; recombination [304]; (4)
PSII cyclic electron flow: Cyth559® Chl, ® b -Car ®
P680°. Often, a particular RC quenching mechanism is
favored by alterations in the free energy gap beem dif
ferent redox canponents implicated in the process (espe
cially between Q, and Q;, or between P680 and Q),

STIRBET et al.

Influence of “State changes”.State changes (i.e.
State 1« State 2) are short term regulatory mechanisms
characteristic of all oxygenic photosynthetic organisms,
which alter the balance of excitation energy distribution
between the tw photosystems under changing light
regimes and/or metabolic needs, in order to optimize the
photosynthetic yield [61, 223, 310-316]. State changes
are accanpanied by macro- and micro-structural

which may lead to an increase in the fraction of reducedchanges in the thylakoid membranes [249].

Q, under steady state conditions. &will not discuss here
details of different -C quenching mechanisms.

Bukhov et al. (2001) modeBukhov et al. [298] hae
presented a mathematical model, which iolves tvwo
potential RC quenching mechanisms, aselN as antenna
quenching. Fluorescence data obtained in lesss of
Spinacia oleraceand Arabidopsis thalianaand in the
moss Rhytidiadelphus squarroswgere used to test this
model, which includes reactions at the PSIIR lewel. In

State 1, as cmpared to State 2, has higher rates of
PSII reaction, higher Chl fluorescence intensity at roo
temperature, and higher ratio of PSII emission (F685 and
F696) to PSI emission (F720-F740) at 77 K (see review
[61, 223]).

In higher plants and algae, state transitions take
place through association/dissociation of mobile PSII
antenna fran PSII to PSI and then fran PSI to PSII fol-
lowing their phosphorylation/dephosphorylation by a

contrast to the RRP model, the rate constant of the protein kinase/dephosphatase [317]; the adcdition of

charge separation (P680*Ph® P680'Phe) does not
depend on the redox state of Qn this model. Instead,
based on the idea of Klime et al. [55, 306], the major
part of the \ariable fluorescence (f= F,,— F,) is consid
ered to be ns DLE (delged light emission) resulting fnm
radiative recanbination of the radical pair P680Phe .
However, we note that this hypothesis contradicts time-
resohed fluorescence studies in s&al laboratories [56,
85, 307-309]. Thus, Bukhwo et al. model [298] has not
been generally accepted (see discussion in [57]).

In contrast to the RRP model, hoewer, the model of
Bukhov et al. predicts differences in the relation beten
F,quenching and E quenching, depending on whether the
quenching originates frm the antenna or the R. These
types of differences &re, indeed, obserd experimentally
by Bukhov et al., and led them to conclude that: (1) anten
na quenching is the predainant mechanism in the moss
Rhytidiadelphus squarrosusut (2) RC quenching is more
significant in spinach andArabidopsis Moreover, both
types of quenching ere found to be actiated by thylakoid
protonation, but only the antenna quenching as strongly
enhanced by zeaxanthin. Further research is needed
come to firm conclusions on this aspect.

The S-M-T Phase: Influence of State Changes
Calvin—Benson Cygle, and Phobinhibition

The S-M-T phase of the slow PSMT wae is quite
complex, because many
processes take place within this timescale. Th
Calvin—Benson cycle and seeral other correlated physio-
logical processes are induced during this period, adlhas
other NPQ mechanisms besides qE (i.e. qZ,,gand ql),

these enzymes is regulated by the redox state of plasto
quinone [318]; further it involves the binding of PQHto
the Q, site of the cytochrane bsf complex (see Fig. 2)
[319]. State transitions are usually assumed, especially in
Chlamydomonasto regulate the ratio of oglic (CEF-
PSI) to linear electron flow (LEF), and consequent/ythe
ATP/ADRP ratio in the cells [223]. Howeer, the connec
tion between state changes and the CEF-PSI is being
questioned in sme studies. The formation of CEF super
complexes (i.e. PSI-LHCI-LHCII-FNR-Cyt  bsf—
PGRL1 [320, 321]) was thought to contribute to the
enhancement of CEF-PSI rates in State 2, since they are
more abundant in State 2 than in State 1 conditions.
However, it was shown [322] that these changes Baw
direct correlation with state changes, the CEF-PSI being
in fact regulated only by the redox pa@w (i.e. the degree
of PQ pool reduction).

Besides differences in antenna organization and its
composition between plants and cgnobacteria, state
transitions are assumed to be relaly similar in these
organisms. State transitions in eypobacteria are attrib
taited to changes in the energetic coupling of the PBSs
with PSI and PSII ([323], see review [324, 325]). This
energetic coupling has been discussed in terms ob tw
basic models, i.e. (1) “mobile PBS” (PBSs transfer exci
tation energy to PSIl and PSI alternataly, through their
movement along the thylakoid membranes [326-328];
and (2) “spillover of energy” (i.e. PBSs transfer excitation
energy only to PSII units, which then transfer part of it to

interconnected dynamic PSls in a spilleer manner; see references [310, 329]).

eGenerally PBS mobility is belieed to be responsible for
state transitions. This hypothesis is supported by experi
ments on cynobacteria, using glyine betaine, in which
state transitions induced by blue light (that lead to State

which make the photosynthetic apparatus readjust itsl) and orange light (that lead to State 2)ewe shown to
functions through different regulatory processes until adepend on PBS mobility [330]. Howwer, this is not

final steady-state is reached (at the T &y

entirely true, since redox-induced state changes (as State
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1 ® State 2 during a period of dark adaptation (seeCalvin—Benson cycle), which would facilitate a canpari-
below), or State 2 State 1 induced by blue light in the son with experimental data.
presence of DBMIB) were shown to depend on both PBS Influence of the Calvin—Benson cle. The Calvin—
mobility and spillover [329]. Benson cyle connects the so-called light reactions with
As we mentioned earlierin cyanobacteria there is a CO, fixation (and other parts of carbon metabolism) (Fig.
respiration-driven accumulation of plastoquinol in the 2); it involves at least 11 enzymes acting on many inter
dark. The presence of a highly reduced PQ pool will leadmediates in a cmplex network of reactions. Usuallythe
to a State I® State 2 change, and therefore @gobacte  model that includes the Calvin—Benson @fe is of kinet
ria are frequently in State 2 after a dark adaptation peri ic or stoichiometric type (see a review [340] and refer
od [331, 332]; this is in contrast to algae and most plantsences therein), and often represents the core part in mod
that normally are in State 1 after a dark adaptation peri els of canplete photosynthesis [59, 60, 62, 270, 341].
od. In principle, both F, and F, (considering only Chla  Such studies of photosynthesis hewoth fundamental
contribution) should be lover in State 2 than in State 1. and practical importance, since these models allow the
Howeer, the presence of reduced PQ pool induces aninvestigation of different possibilities to drévor improve
increase in the measured ;,value in State 2, due to the biological systems in order to obtain higher photosyn
reduction of a fraction of Q molecules. Bimilli- thesis rates, and, consequently higher liass [342].
Michael et al. [146] used ariable to initial fluorescence Howewer, we do not discuss these aspects, betfocus on
ratio (F/F,) and the relatie height of the J-legl (V;= dynamic models that illustrate the influence of the
(F;— FI(F = F,) as indicators of the plastoquinone Calvin—Benson cycle on the slow PSMT wa\e.
redox poise and the state (1 or 2) ofaryobacteria in the Models of Laisk et al. (20082009) and Zhu et al.
dark. This type of analysis nyaalso apply to higher plants (2012). Simulated PSMT wawes hae been presented by
and algae that undergo a StateRl State 2 change in the Laisk et al. [59, 60] and Zhu et al. [342], with C3 photo
dark due to reactions related to chlororespiration, assynthesis models including light reactions, proton and
those reported by others [333-338]. Furtherthe electron transport, carbon metabolism, exchange of
higher M level, than that of the P le®l, often obsered in  intermediates betwen cytosol and stnma, photorespira
cyanobacteria (Fig. 3) has been attributed to a subsetion, amino acid synthesis, andarious regulatory mech
quent State 2D State 1 change taking place during the Sanisms. The curgs obtained with these models (Fig. 12)
to M rise [146, 218]. show a general resemblance with the experimental PSMT
Gordienko and Karavaev (2003) mod#lodeling wawes, with a relatie fast fluorescence decrease rfiche
state changes has many inherent difficulties, especiallymaximum P to the transitory steady-state S (induced by
due to scarce quantitatey information about processes qE quenching), folloned by the S-M-T phase induced by
that control them, and insufficient agilable data on flue the activation of the Calvin—Benson cgle; we note that,
rescence kinetics associated with them. One mathemati after the maximumM, the fluorescence decreases to the
cal model simulating the impact of a State @ State 2 terminal steady-state T in cums simulated by Laisk et al.,
change on the slow fluorescence is by Gordienko andout remains constant in those simulated by Zhu et al.
Karavaev [339]. This model does not include ogonents  (Fig. 12).
beyond the electron acceptors of PSI, and also it does not Models of Chl a fluorescence oscillations induced by
include mechanisms related to NPQ of the excited statesudden external perturbation&s mentioned earlierthe
of Chl a. The state change as modeled simply as a redis OJIPSMT transient show under certain conditions sew
tribution of the excitation energy beteen PSIl and PSI al S-M oscillations. The study of this type of dynamic
as a result of LHCII phosphorylation, which ws depend  response of the photosynthetic apparatus is important,
ent on the activity of a LHCII kinase. The actiation of since it can preide \aluable insight into the regulation
the LHCII kinase was assumed to depend on the degreamechanisms of photosynthesis.
of reduction of the intersystem electron transfer interme Oscillations of photosynthesis, and their dependence
diates and consisted in the formation of a LHCIl upon irradiance, temperature, and oxygen concentration,
kinase—LHCII complex. The simulations shoed that were discoered in 1949 by & der \éen [343, 344]. Later
fluorescence beynd the maximum fluorescence leV P is it was shown that after a sudden transition findow light
quenched progressaly, due to changes in excitation dis to high light, or a change in CQ concentration, slow
tribution between PSI and PSII. (~60 s) damped oscillations of Cha fluorescence take
Howeer, the kinetics of the state transition & too place simultaneously with antiparallel oscillations in oxy
rapid, the time for reaching the fluorescence steady-stateggen ewlution and CO, uptake [208, 210] (Fig. 9).
being ~0.4-4 s. In our opinion, the ideas used byMoreover, it was shown that photosynthesis oscillations
Gordienko and Karawaev to model the influence of state are also accmpanied by inerse oscillations in the
changes on ChlIF induction arealuable, but they should ATP/ADP and NADPH/NADP ratios, and in other
be re-ewaluated, preferably in the framewk of a more related metabolite pools (see a review [345]). Interest-
complex model (e.g. one that mainclude gE and the ingly, microscopic studies of ChIF kinetics in intact leag
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hawe rewaled a ery heterogeneous distribution of fluo terminal steady state [47, 48]. &/hae discussed in this
rescence oscillations among the individual cells [346,review the influence of arious photosynthetic processes on
347]. One important conclusion in the study of these different segments of the entire fluorescence transient,
oscillations is that the maximum rate of photosynthesis isemphasizing the necessity and importance of modeling and
not determined by maximum enzymic capacitput is simulation in the analysis of different hypotheses emerging
subject to control by a feedback mechanism. from experimental studies. Indeed, mathematical models
Some of the proposed mechanisms for photosynthe are essential to understand the dynamic behavior ofmeco
sis oscillations are: (1) an imbalance in the supply ofFA plex biological systems. Moraer, fitting of experimental
and NADPH to the Calvin—Benson cyle [348]; (2) an data with appropriate models has led to the estimation of a
imbalance in fructose 2,6-bisphosphate control of number of parameters characterizing the photosynthetic
sucrose synthesis and release of inorganic phosphafe (Papparatus, which is not, otherwise, possible.
[210]; (3) sugar transport beteen mesophyll cells [346]; We hae revieved here numerous simulation studies
(4) independent changes in PP/ADP and in DpH [349];  of the fast OJIP kinetics, which includes excitation cen
and (5) changes irDY related to oscillating ion fluxes nectivity among seeral PSIl units; PSIl heterogeneity
[350]. Different hypotheses wre tested in a number of and influence of different factors as e.g. transmembrane
theoretical studies by using kinetic models [351-356], inpH gradient, membrane potentiaDY, heat stress, and
which photosynthesis oscillations @ve modeled by intre  various chemical reactants (also see reveewy [23, 24,
ducing an arbitrary dela sanewhere in the sequence of 65, 154]). On the other hand, ery few modeling studies
the biochemical eents. on the PSMT waw are asilable, perhaps, because of the
Oscillations in Chl a fluorescence wre simulated complexity of the phenanena that controls this phase.
with seweral models including photosynthetic electron Since the processes influencing this segment of the
transport, formation of ATP, and its subsequent use in the chlorophyll fluorescence transient are numerous and
Calvin—Benson cycle [59, 60, 357-360]; see a discussionstrongly interrelated, mathematical simulation of this
in [65]. Here we briefly canment only on a model desl- phase of fluorescence transient is imperativ
oped by Laisk et al. [60], in which simulations of photo Although there has been an increased interest in quan
synthesis and fluorescence oscillations induced by a trantitative studies based on mathematical modeling of the
sition from limiting to saturating CQ concentration are kinetics of seeral nonphotochemical quenching (NPQ) of
presented; these oscillations could not be reproduced byhe excited state of Ché, further quantitative research is
models that postulate a phase shift in the main carbomeeded to ealuate the many suggested mechanisms that
stream, as in e.g. [361]; it appeared to Laisk et al. [60] thainvoke different regulatory mechanisms (searious chap
the mechanism producing the oscillations is related to theters in a forthcaning book [362]). Further we note that
pathway of alternative electron flow which is character quenching mechanisms at the reaction centers, which can
ized by rates ~50 times sl@awthan the main electron and fine-tune the entire process, havbeen often neglected in
carbon fluxes. Based on this hypothesis, simulated @gv the awilable models simulating fluorescence induction
were in much better agreement with the experimentalkinetics; also, state transitions, which, under certain cordi
ones than those obtained earlier [59]. tions, strongly influence fluorescence during the PSMT
wawe, hawe not et been included in the ailable models.
Moreover, it is also important to note that since NPQ
CONCLUDIN G REMARKS processes are species dependent [214], it is necessary to
establish specific models for each individual case, while for
This review on the relation of Cha transient to phe  the moment, with few exceptions, only NPQ mechanisms
tosynthesis has emphasized the role afious mathemat taking place in higher plants ha/been modeled. In con
ical models that hag been used to understand different clusion, construction of new models, including all photo
parts of chlorophyll fluorescence transient. A major point synthetic processes influencing chlorophyll fluorescence, is
is that by fitting fluorescence cuss with the models, @ necessary for a better understanding of the chlorophylkflu
can now determine quantitatigly seeral important orescence transient in plants, algae, ancaopbacteria.
parameters for different steps of the electron transport
chain of photosynthesis [190-192]. ol us, this is an

important step forvard as conpared to the earlier quali ACKNOWLEDGMENT S
tative description of the fluorescence induction cues.
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Pashchenko, T Yu. Plusnina, and FJ. Smitt. Govindjee simultaneous oxidation of all PS Il reaction centers, and
thanks all his past collaborators on chlorophyifluores  provides synchronization of electron transfer processes in
cence studies including the following (in alphabetical all the photosystems contained in the sample. Thus, dsv
order): Fred Cho, Julian Eaton-Rg, Adam Gilmore, Ted possible to obtain further new information on theavious
Mar, Prasanna Mohanty John C. Munday, George C. parameters of the system.
Papageorgiou, Alaka Srastawa, Sandra Stirbet, Reto The late Gernot Renger and coovkers [363, 364]
StrasserDaniel Wong, Chunhe Xu, and Xinguang Zhu. measured rise in chlorophyll fluorescence in less/ of
The work of G. R. and A. R. vas supported by the Arabidopsis thalianaand in the green algaChlorella
Russian undation for Basic Research grants (11-04- pyrenoidosatarting at 100 ns after a 10 ns laser flash(
010019 and 11-04-01268) and FCP 14.512.11.0097532nm), followed by its decaup to 10 s; these transients
Govindjee is thankful, for constant support, to the most were analyzed with a model, in which CHl fluorescence
wonderful staff in the Office of Information Echnology was assumed to be modulated by three quenchers: P80
Life Sciences, as all as in the Departments of Plant *Car, and Q..
Biology and of Biochemistry and in the Center of Several of these laser induced fluorescence transients
Biophysics & Quantitatie Biology at the Uniwersity of from A. thaliang and fram C. pyrenoidosawere simulat
Illinois at Urbana-Champaign. This review as canplet- ed and fitted by Rubin and coarkers [189-191] by incor
ed while he vas a Visiting Professor in the Department of porating the “3-quencher” concept in a PSIl model
Botany at Raenshaw Uniersity Cuttack, India. based on earlier models [149, 186, 365]. The PSIl model

2.5
2.0
15
1.0

2 s
0.5

Fluorescence yield, rel. un.

100 ns
0.0

50 ps 10 10°° 102107 10° 10' 10%? 10° 10%
Time, ms

Fig. 15.Simulation and fitting of Chla fluorescence rise and degalata fran leawes ofArabidopsis thalianaThe PSII model used for sim
ulation was that fron Belyaewa et al. [191]. lllumination was with 10ns laser flashes of different intensities. Chlorophwllfluorescence
kinetics induced in these experimentsere measured frm 100 ns to 10 s. The initial fluorescence, was measured with a low intensity
measuring light, 50rs before the flash. Experimental fluorescence data (circles), with laser flashess abtained at: 7.5-20 photons/cm?
(dark blue), 6.2-16° photons/cm? flash (magenta), 3.0-18 photons/cm? flash (beige); and 5.4-70 photons/cm? flash (light green). The
dotted magenta lines are traces of excitation rate constdq($) calculated using the equatiok (t) = K _yaexp(=t/t,) + K_yi, , which were
normalized to a coefficient of 10; here, k .y iS the maximum photon density of the laser pulsg, is the pulse duration, and,_y;, =
0.2 corresponds to photon density of the measuring light pulse. Numerical fits (lines) of fluorescence data, foatimusg flash intensi
ties, were calculated using different maximum excitation rate constakis,,, values: 7.2-10s? (dark blue); 6.0-18 s (red); 2.9-16 s*
(brown); and 5.2-16 s (green). Redrawn fren the original figure by Belgew et al. [191].
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involved 28 different redox states of PSII, and included al0.
rewversible radical pair (RRP) model for PSII photochem

istry [56] (see Fig. 7 in the body of the paper). Electron1l:
transport rates of the steps directed normally to the mem
brane surface ere assumed to be influenced Iy, the
membrane potential (see the text of this review); hew
er, the luminal and stranal pH values vere assumed to be 13
constant, sinceDpH formation was slow

Experimental fluorescence data orA. thaliang
measured at different flash intensities, and the correspon
ding simulated data, presented by Belg\a et al. [191] are  15.
shown in Fig. 15.

In this study an exponentially decging function was
used to simulate the actinic flash. At maximumT&
intensity, P680 molecules are rapidly oxidized (to P680
up to 95%, after which, in ~2vs, they are reduced by,Y 1g
the charge separation is subsequently stabilized by rapigg.
electron transfer fron Pheo to Q,. Quenching by®Car  20.
was shown to pha an important part during the first
~5 s, decreasing toery low \alues after ~10ns. The
maximum fluorescence lesl was reached in about 508
after excitation. The fitting of fluorescence data with the
PSII model also alloved ealuation of the rate constant of
nonradiative recanbination between P680 and Phe in
closed PSII centers (i.e. with Q); surprisingly these sim
ulations showved that the rate constant of this dissipativ 22,
reaction increased frm 3-1C to 8-1F s* when the flash
intensity was increased frm 5.4-1G* to 7.5-16° pho-
tons-cnt? per flash. Thus it is possible to @wate rate
constants of een those electron transfer steps, which24-
cannot be determined experimentally
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