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Corrections to current approaches used to calculate energy partitioning
in photosystem 2
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Abstract

We analyzed several approaches dealing with the components of non-photochemical energy dissipation and introduced
improved versions of the equations used to calculate this parameter. The usage of these formulac depends on the
conditions of the sample (acclimation to dark or irradiation, presence or absence of the “actinic light”). The parameter
known as “excess” cannot be used as a component of energy partitioning. In reality, this parameter reflects the
differences between potential and actual quantum yields of photochemistry.
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Introduction

Chlorophyll (Chl) fluorescence analysis is widely applied
to study energy partitioning in photosystem (PS) 2
complexes. However, several different approaches using
Chl fluorescence have been developed to investigate the
fate of excitation energy in the leaf (reviewed by Rohacek
2002 and Hendrickson et al. 2005, see also Kramer et al.
2004). The complexities of the formulae developed and
the shortage of comparative studies may lead to
confusion, undermining the practical application of these
methodologies. However, estimations of the portions of
excitation energy that enter different processes are
valuable to understanding how different plant species
utilize absorbed photon energy, especially when exposed
to environmental stresses. Therefore, additional efforts
are needed to analyze and compare the accuracy and
practicality of the existing approaches.

The photon energy absorbed by PS2 can be used to
drive photochemical reactions or it is dissipated as heat
(non-photochemical dissipation) or fluorescence. Infor-
mation about the proportion of absorbed energy entering
photochemistry and non-photochemical dissipation is
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very important for studies aimed at better understanding
the regulatory mechanisms that allow plants to deal with
the photon energy they absorb. Regulatory changes in
thermal dissipation are believed to be the main mecha-
nisms protecting PS2 from photoinhibition (Miiller et al.
2001). The extent to which energy enters each process
depends on many factors. For example, the efficiency of
thermal dissipation can vary depending upon the irra-
diance and the capacity to utilize the absorbed energy in
photochemistry. Such variation is linked to the activity of
the xanthophyll cycle and the phosphorylation of the
light-harvesting pigment proteins of PS2, which are
irradiance-dependent processes that are reversed in the
dark (Horton et al. 1996). Therefore, as was stressed by
Rohacek (2002), the calculations of quantum yields of
photochemistry and non-photochemical dissipation are
different for leaves in the dark-acclimated and irradiance-
acclimated states.

The quantum yield of photochemistry for irradiance-
acclimated leaves is often measured using the parameter
F,/F,'. To determine F,'/F,,, the minimal fluorescence of
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irradiance-acclimated leaves, Fy', must be measured along
with the maximal fluorescence level of an irradiance-
acclimated sample, F,,' (F,' = F/ — Fy'). To measure Fy',
researchers have routinely switched off the “actinic light”
to reach the complete oxidation of Q, pool. Thus, F,'/F'
really estimates the potential quantum yield of photo-
chemistry in the irradiance-acclimated state (®ps;) when
the Q4 of all PS2 complexes is oxidized. Note that the
sample is still considered as irradiance-acclimated,
because it is assumed that several seconds of darkness (or
far-red irradiation) used to determine Fy' will not induce
any significant changes in the xanthophyll cycle or cause
the transition from state 2 to state 1 (dephosphorylation
of light-harvesting complex LHC2 and lateral movement
of this complex from PS1 to PS2) (Schreiber ef al. 1998).

Another well-known parameter, 1 —Fy/F' (F; is the
fluorescence signal of the sample irradiated with “actinic
light”) proposed by Genty ef al. (1989) also estimates

Materials and methods

Plants: Tomato plants [Lycopersicon peruvianum (L.)
Mill., cv. Large Red Cherry] were grown in 3 000 cm’
pots in a greenhouse at ~28/24 °C (day/night) with
a natural photoperiod and were fertilized with Hoagland’s
solution once a week. The upper, fully expanded leaves
of 4- to 5-week-old plants were used for the experiments.

Arabidopsis thaliana (L.) Heynh. (cv. Columbia and
npg4-1 mutants lacking PsbS protein) plants were grown
in 500-cm’ pots in a greenhouse under conditions similar
to those for tomato plants. The youngest fully expanded
leaves of 5- to 8-week-old plants were used for all
analyses. In order to increase the level of PS2 photo-
inactivation, the leaves were treated with lincomycin, an
inhibitor of PS2 repair, as described in Kornyeyev et al.
(2004). The concentration of lincomycin in the bulk leaf
tissue (C;) was 0.8 to 1.9 mM as estimated from the
formula: C; = Cs (Mg/Mp), where Cg is the inhibitor
concentration in the solution, Wy is the mass of the
solution taken up by a leaf, and My is the fresh mass of
the leaf (Bilger and Bjorkman 1994).

Cotton plants (Gossypium hirsutum L. cv. Coker 312)
were grown at the Texas Tech University experimental
fields in Lubbock, TX (33.6°N, 101.9°W). The irrigated
plot was established in mid-May of 2001. Measurements
were made on the first fully expanded stem leaves (4™ or
5™ leaf from the top) of seedlings. The leaves were
located on the south-facing side of each plant.

Fluorescence measurements: Chl a fluorescence
emissions for Arabidopsis and tomato plants were
measured in the laboratory with a pulse amplitude-
modulated fluorometer (PAM 101/103, H. Walz,
Effeltrich, Germany). The plants were kept in the green-
house in the darkness overnight. Then the leaves were
collected and placed in a temperature-controlled
Hansatech oxygen electrode chamber (Hansatech, King's

quantum yield of photochemistry in irradiance-acclimated
leaves, but it is related to the situation when the Q, pool
is partially reduced (i.e. under irradiation). 1-Fy/F,'
reflects the actual quantum yield of PS2 photochemistry
denoted as ®p, whereas the potential quantum yield of
PS2 photochemistry estimated as F,/F,' is somewhat
hypothetical, because there is no real photochemistry
when the “actinic light” is off.

Despite the fact that most researchers agree on the
interpretation of the fluorescence parameters employed to
calculate potential and actual quantum yields of photo-
chemistry, several self-excluding approaches for calcu-
lating quantum yields of non-photochemical quenching
exist. The goal of this article is to carefully analyze those
approaches and identify the appropriate way to estimate
the quantum yields of non-photochemical quenching
under various experimental conditions.

Lynn, Norfolk, UK) for 20 min prior to performing
measurements at 25 °C. A flow of humidified air was
used as the CO, supply. Measurements on leaf discs were
conducted through a port in the chamber at various times
during the treatment. The experimental protocol
described by Schreiber et al. (1986) and nomenclature of
van Kooten and Snel (1990) were employed for the
fluorescence analysis. Prior to irradiation, the values of
variable and maximal fluorescence were measured and
denoted as F,y and F\, respectively. During the irra-
diation, the levels of F,, F,', and Fy' (steady state,
maximal, and minimal levels of Chl fluorescence for
irradiance-acclimated  samples, respectively) were
recorded at different time periods after the start of irra-
diation. F,' was recorded as the maximal level of fluo-
rescence during the saturating flash and F' was measured
as the level of fluorescence after the “actinic light” was
temporarily switched off. Short-term far-red irradiation
was applied to insure the oxidation of all Qa during
measurements of Fy'. Immediately after the last measure-
ments of Fy, F,,)', and F(', leaf discs were collected using a
cork borer to determine values of F,pi/Fp; after 3 h of
dark incubation on wet Whatman paper in a Petri dish at
room temperature. Fyp; = Fp; — Fopr, where Fop; and Fpp
are minimal and maximal levels of Chl fluorescence
measured for the dark-acclimated sample previously
irradiated, respectively.

Field Chl fluorescence data on cotton were collected
using a FMS?2 portable fluorometer (Hansatech Instru-
ments, UK) following the protocol similar to the one
described above. F,y and F,, for attached leaves were
determined before sunrise (predawn). Later, F,, F,,, and
Fy' were determined at different times during the light
period of the day. The leaves were kept at their natural
angle during the fluorescence measurements. The
magnitudes of photon flux density (PFD) and temperature
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were monitored by means of the sensors located on the
measuring clip of the fluorometer. The measurements of
F,' were conducted while the leaves were covered with a
piece of opaque (black) cloth. In order to obtain the
fluorescence parameters for dark-acclimated leaves
previously irradiated, leaf discs were collected using a
cork borer, placed on wet Whatman paper in a Petri dish
and acclimated to darkness for 3 h prior to measurements
of Fopr and Fpr.

Analysis of the equations used to calculate the
contribution of photochemical and non-photochemical
quenching to energy partitioning in PS2: As stated
above, PS2 of irradiance-acclimated samples can be in
two distinct states differing in the extent of Q4 reduction.
Such a difference can be taken into account by
introducing two rate constants: (/) the bimolecular rate
constant for PS2 photochemistry (kps;) and (2) the
(pseudo)monomolecular rate constant of photosynthesis
(kp), which reflects the actual photochemical utilization
(Shinkarev and Govindjee 1993, see also Kitajima and
Butler 1975). kp = kpsy[Qa], where [Q4] is the relative
amount of PS2 complexes with Q4 in the oxidized state.
According to the basic concept in photobiology, the
quantum yield of a process is equal to the ratio of its rate
constant to the sum of the rate constants of all
participating processes. In terms of rate constants, the
parameters F,'/F,,' and 1 — F/F,' can be expressed in the
following ways:

k
F\/Fy' = ®pg, = — 2 (1)
Kpg, +knp
k
1-F/F, =®p= —F ()
kp +kyp

where kyp iS a combined rate constant of all non-
photochemical processes, including fluorescence. Note
that kp was used in the equation for ®p, while kps, was
used in the equation for ®pgy. An understanding of the
distinction between the two irradiation-acclimated states
of the sample (in the absence and in the presence of
“actinic light”) is critical for the correct interpretation of
the parameters applied to calculate energy partitioning in
PS2.

The very important implication of the differences
between ®ps, and @p is that the portion of absorbed
photon energy dissipated as heat derived by Demmig-
Adams et al. (1996), the parameter D, cannot be used to
describe the quantum yield of non-photochemical
dissipation under irradiation, since D = 1-F,/F,' =
1 — ®pg,. Kramer et al. (2004) noted this problem and
proposed an additional coefficient (Fy/Fy') in order to
calculate non-photochemical energy dissipation (®yp)
when [QA]<1. In terms of fluorescence levels ®@yp can be
expressed as the following:
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F, k
D= (1-F,"/F,") == =F/F,'= —2—  (3)
Fy kp + kNP
Kramer et al. (2004) used this coefficient in a slightly
F,' F F,-F, F
different way: @yp = 1——V' 5’ D=1--- '0 5' ,in
Fm FO Fm FO

the original). Eq. 3 gives the correct ratio of the rate
constants corresponding to the definition of the quantum
yield of non-photochemical quenching for irradiated,
irradiance-acclimated samples (with kp in the de-
nominator instead of kpsy). Unfortunately, Kramer et al.
(2004) did not mention that, since D could be applied
only when [Qa] = 1, then the usage of the parameter
“excess” as a component of energy partitioning would be
inappropriate. This parameter results from the use of D
and ®p in the same balance equation describing the
energy partitioning in PS2 complexes. There is no extra
component, such as “excess”, when ®yp from Eq. 3 is
applied instead of D:

F F
OptDyp=1-——+(1-F,'/F,")—==1 @)
F,' F,'

Because a number of researchers still use the term
“excess” (reviewed in Kornyeyev et al. 2003), it is
critical to the study of energy partitioning that this
conclusion be understood and not overlooked. In our
opinion, “excess” does not represent a real component of
energy partitioning but rather the difference between
potential and actual quantum yields of photochemistry:

Excess =1 *D*q)[): 1 —(1 _q)PS2)_q)P:
:chsz—q)p (5)

The new interpretation of “excess” proposed here
does not prohibit the application of the parameter as a
measure of the susceptibility of PS2 to photoinhibitory
irradiation as was investigated by Kato et al. (2003),
Kornyeyev et al. (2003), Tsonev and Hikosaka (2003),
and Hendrickson et al. (2005). However, it does take
“excess” out of the balance equation. Also, it does mean
that the approaches to studying energy partitioning that
include “excess” in the balance equation should be
revised. Moreover, according to Hakala et al. (2005) the
correlation between “excess” and the level of photo-
inhibition is not observed under certain conditions, i.e.
treatment with DL-glyceraldehyde and methyl viologen
(see also Kornyeyev et al. 2004).

As mentioned above, non-photochemical quenching
includes several components (Horton et al. 1996). The
ability to distinguish between those components in
physiological experiments is the key to understanding the
regulatory mechanisms controlled by different processes
participating in neutralizing the extra excitation energy
absorbed by PS2 antennae. The traditional way to
calculate these components based on the analysis of the
quenching coefficients (Quick and Stitt 1989, Walters
and Horton 1991, Lichtenthaler and Burkart 1999) is
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greatly affected by the history of the sample (see
Maxwell and Johnson 2000) and can not be easily
implemented under conditions when the fibre optics can
be moved in relation to the sample, for instance in field
experiments. Therefore, the usage of energy partitioning,
i.e. calculation of quantum yields for different
components of non-photochemical quenching in PS2
might be an attractive alternative. Below, we analyze
approaches to PS2 energy partitioning that consider the
complex nature of non-photochemical quenching.

Here we divide the combined rate constant of all non-
photochemical processes (knp) into several basic compo-
nents, namely, fluorescence (rate constant kg), constitu-
tive thermal dissipation (kcon), regulated, dark-reversible
non-photochemical dissipation (krgg), and thermal
dissipation associated with PS2 photo-inactivation (kyg).
The mechanisms controlling those components are
discussed elsewhere (Walters and Horton et al. 1993,
Miiller et al. 2001). The rate constant kyp is equal to the
sum kptkcontkregtkne. Also, it is important to
remember that the rate constants are applied to the pool
of PS2 complexes providing the fluorescence signal and
not subpopulations of them. More detailed descriptions of
this model are provided in Kornyeyev and Hendrickson
(2007). Such a model originates from the matrix model
by Kitajima and Butler (1975) and differs from it only in
the splitting of non-photochemical dissipation into several
components.

One of the common ways to check the fidelity of the
equations used to estimate the contribution of different
processes is to verify if such equations produce the
correct ratio of the rate constants. When we analyzed the
equation used by Hikosaka ef al. (2004) and Hendrickson
et al. (2005) for estimating the quantum yield of the
photo-inactivation component of non-photochemical
dissipation, ®yg, using the ratios of rate constants, it
became clear that this equation reflected the value of ®yg
in the dark-acclimated sample previously subjected to
a photo-inactivating treatment:

F,p; /F, k
Dy = 1— ! PI _ NF 6)
Fom /Fom Kpsy +Kp +keon +kyr
Fum/Fum 1S the ratio of wvariable to maximal

fluorescence measured for a dark-acclimated sample
before any photo-inactivation treatment. In terms of rate

k PS2

constants, F\/Fp\ corresponds to s
kpg, +kp +kcon

because krpg = 0 (the regulatory component of non-
photochemical quenching is relaxed in the dark) and
kng = 0 (no photoinhibitory treatment was applied).
Fypi/Fmpr 1s measured for a dark-acclimated sample
previously irradiated. Therefore, kyg>0, but kgpgg= 0 (the
sample was acclimated to darkness after the irradiation)
and F,pi/Fyp; corresponds to the following ratio of the rate

k
= The

constants )
Kpgy +kp+kcon +Knp

equations

contain the rate constant kpg, instead of kp, because Fp,
the minimal Chl fluorescence level used to calculate
variable fluorescence (Fyp; = Fip1 — Fopr), was measured in
the absence of the “actinic light” when [Qa] = 1. The
absence of krpg in the denominator of the ratio of rate
constants from Eq. 6 means that the formula describes ®yr
for the dark-acclimated state of the sample, when the
regulatory component is relaxed (krgg = 0).

F,'/F,'
F vPI /K, mPI

Eq. 6 meant to account for the acclimation to irradiance
(see Kornyeyev et al. 2001) gives the following ratio of

rate constants:
CDNF:(l_FVPI/FmPIJ( FV'/Fm‘ ] _
FVM /FmM FVPI /FmPl
k
NF )

Kpgy +kp +kcon +Knp +KRreg

The introduction of the coefficient

The improved formula describes the situation in
irradiance-acclimated samples (krgc>0). However, there
is still kps, instead of kp in the ratio of rate constants,
suggesting that the formula estimates the potential
quantum yield of photo-inactivation dissipation when the
“actinic light” is off and [Qa] = 1. To correct this
formula, we propose to add yet another coefficient, Fy/Fy,
which was initially used for the parameter D (see Eq. 3):

16} _[1_FVPI/FmPI][ Fv’/Fm’ ]&_
NF = .=
FVM / FmM FVPI / 1:mPI FO
— kNF
kP +kF +kCON +kNF +kREG

®)

Eq. 8 reflects the value of ®yr under irradiation
when the Q4 pool is partially reduced (kp instead of kps,
in the denominator). Finally, we have a set of equations
describing @yr for several experimental conditions,
namely, the dark-acclimated sample in the absence of
“actinic light” (Eq. 6), the irradiance-acclimated sample
in the absence of “actinic light” (Eq. 7), and the
irradiance-acclimated sample in the presence of actinic
irradiation (Eq. 8). It is easy to see that among those
equations only Eq. 8 will provide the actual value of
(DNF-

One may note that if ®yp describes all non-
photochemical processes combined, then the equation for
®yp can be easily obtained from Eq. 2. This would make
Eq. 3 redundant. However, we included it in order to
show that the coefficient Fy/F,' works for correcting D
and it might help to do an analogous job with @y and
Dreg-
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Similarly, the formula for @grgg previously proposed
in Kornyeyev et al. (2001) (see Eq. 9) can be modified:
F,'/F,'
DpiG = 1_A =
FVPI /FmPI
k
_ REG (9)
Kpgy +kp +kcon +knp +Kgreg

for an irradiance-acclimated sample right after the
“actinic light” is switched off ([Qa] = 1).

FvPI /FmPI F0 FvPIFm FO

Results

The pie diagrams reflecting the contribution of different
routes to energy partitioning in PS2 complexes of tomato
leaves at the end of a 2-h irradiation (1 500 pmol m2s™")
at 25 °C are shown in Fig. 1. The calculation was done
for irradiance-acclimated samples in the absence

A

00 [1LVM ]( R Ry ]
e " Fo APt Pt
- Dpe= {17FVPIIFmPI]( Fvllle ]
Fm/Fom AFupi/Fnmy

irradiance-acclimated in the absence of “actinic light*, [Qa] = 1

B _F (R'F R R
Orp= =+ ==
R \FmlFw R0’ Fo'

17FvPllFmPI][ Fvllle ]i
Fm/Fom A\Fopi/Fne1 /P’

. - [17 ' Py ]i
“ Fupi/Fmp1/Fo'

irradiance-acclimated under irradiation, [Qa] < 1

Fig. 1. The contribution of different processes (routes) to energy
utilization/dissipation in PS2 complexes in tomato leaves after a
2-h exposure to irradiance (1 500 pmol m 2 s™') at 25 °C. The
components of energy partitioning were calculated for the
samples with an oxidized pool of Q, immediately after the
“actinic light” was switched off (4) and for irradiated samples,
in which the Q, pool was partially reduced (B). The data from
three independent experiments were combined to calculate
averaged values of the parameters.
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_ Kpeg (10)
kp +kp +Keon + Ky +Kpeg

for an irradiance-acclimated sample under irradiation

([Qal<D).

The combined quantum efficiency (yield) of
fluorescence and constitutive thermal dissipation (®¢con)
can be estimated from the following equation:

®rcon =1 — Pp — Dgeg — One =
_F [i]F_F_ a1

Fo' \Fom/Fom ) Fo' Fy'

m

(Fig. 14) and in the presence (Fig. 1B) of irradiation.
According to these data, the largest portion of the
excitation energy is being dissipated through the
regulatory component of non-photochemical dissipation.
Despite strong irradiance (1 500 pmol m > s '), the effect
of photo-inactivated PS2 complexes is minor. This can be
explained by the low level of photo-inactivation due to
PS2 repair occurring during the treatment (Fy\/Fm
decreased from 0.80+0.01 to F,/F,,= 0.75+£0.01 after 2 h
of irradiation plus 3 h of relaxation in the darkness in
room temperature) and the strong influence of other
competitive processes (electron transport and zeaxanthin-
dependent energy quenching).

One can notice that the parameter @y calculated for
an irradiated sample contains a component associated
with the reduction of Q4. Therefore, in research focused
on non-photochemical energy dissipation and its
mechanisms, calculation of ®gpg or Oyr for irradiance-
acclimated samples in the absence of “actinic light” when
the pool of Q4 is oxidized (see Fig. 14) might be more
appropriate  (Kornyeyev et al. 2006). From this
perspective, the use of F,/F,' or D as indicators of
changes in the regulation of non-photochemical dis-
sipation may be valid. Numerous studies have shown that
it is effective in describing total energy dissipation
(Logan et al. 2007). However, the direct comparison of
values of D with ®p to assess the extent to which each
component contributes to energy utilization would be
problematic.

We used several approaches that satisfy the rate
constant criteria to calculate ®ynp, Prpg, and Oyr in the
experiment with tomato leaves described above. The
calculations produced similar, although not identical,
numbers (Table 1). Possible explanations for those minor
discrepancies will be discussed below.

As an additional test of our approach to energy
partitioning analysis, we calculated values of ®rpg and
Oyr for wild-type (WT) Arabidopsis plants and npg4-1
mutants lacking psbS protein after 20 and 40 min
of high irradiance exposure. These well-studied mutants
exhibit impaired development of non-photochemical
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Table 1. Quantum yields of non-photochemical components calculated using several approaches. The abbreviations used in the table
correspond to the definitions made in the text and are different from those used in the original publications cited. NPQ =

Fy,' F,,'—F

Fom— Fo)/F,, qL= —> —m S
(Fim ) q FSF,FO

(see Kramer ef al. 2004 for more details). “The approach proposed by Cailly et al. (1994) was

also incorporated in more recent models (Laisk et al. 1997, Hendrickson et al. 2004, Kornyeyev and Hendrickson 2007).

Parameter Formula Results Reference
On 1-@p = FJ/Fy' 0.808+0.043  Hendrickson et al. (2004)
DrectPne 0.528+0.066  Kramer ef al. (2004)
1
1-Dp— 7
NPQ+1+qL (=™ _1)
Fom
FS FS
m' Fay 0.565+0.057  Cailly et al. (1996)*
Drrg F, 0.52340.060  Kornyeyev and Hendrickson (2007)
' FmPI
‘/ F \J ]
Fopr /Fopr ) Fy' 0.660+0.072 see Eq. 10
D F, 0.042+0.008  Kornyeyev and Hendrickson (2007)
mM
VPI/FmPIJ[ FV'/Fm' j&
s/ Fat N Eopr 7 Epr ) Eo' 0.035£0.011  see Eq. 8
VPI/F FV‘/Fm‘ Fs
Fopr /Fopr ) F 0.035£0.011  see Eq. 14

fluorescence quenching (Li et al. 2000). Therefore, the
comparison of the ®rpg values obtained for the mutant
and WT may help to confirm that the equation used to
calculate this parameter is sensitive to modifications in
the efficiency of the regulatory component of non-photo-
chemical dissipation in PS2 complexes. Considering that
the biggest differences between the genotypes were
expected to occur at the beginning of irradiation when
non-photochemical quenching was developing, we used
lincomycin, an inhibitor of PS2 repair, to obtain notice-
able changes in the extent of PS2 inactivation during
relatively short exposure times. In accordance with
published data, the mutants had lower ®ggg in compa-
rison to WT (Fig. 24). At the same time, the WT plants
(cv. Columbia) had less PS2 photo-inactivation and
significantly lower values of @y than npg4-1 mutants.

Discussion

A comparison of the pie diagrams (Fig. 1) suggests that
the reduction state of Q, has a noticeable effect on the
distribution of the excitation energy in PS2. Also, the
changes in the portion of the energy that is controlled by
one component will lead inevitably to changes in the
contribution of other processes. Unlike the pie diagrams

The field data obtained for cotton plants are presented
in Fig. 3. The irradiance and leaf temperature (Fig. 34)
displayed significant diurnal variations, making obvious
the need for efficient dynamic management of energy
entering the photosynthetic apparatus. Using equations
described above, we estimated the portions of excitation
energy directed to non-photochemical quenching and its
components. In accordance with abundant data in the
literature, minimal levels of F,/F,, were observed in the
middle of the day (data not shown), when irradiance was
maximal. During the same time period, the contribution
of “down-regulation” and photo-inactivation of PS2
complexes changed in opposite directions while overall
non-photochemical dissipation remained relatively stable

(Fig. 3).

published in Demmig-Adams et al. (1996), the diagrams
in Fig. 1 not only divide total non-photochemical energy
quenching into its components, but, more importantly,
they distinguish between two different reduction states of
Qa in the irradiation-acclimated sample. In Demmig-
Adams et al. (1996), the parameter D = 1 — F,//F,,', which

175



D. KORNYEYEV, A.S. HOLADAY

06
OWT
npq1-4
_ 04}
[
=
&
o
F
4 -
€ o2} |
02}t e
T
=
ks
o
L
& 01
0

40
TIME [min]

Fig. 2. The values of ®ggg and Oyr calculated for Arabidopsis
leaves of different genotypes (WT — wild type Columbia,
npql-4 — mutants lacking PsbS protein) after 20 and 40 min at a
photon flux density of 1 000 pmol m~ s~ and 25 °C. The leaves
were previously treated with lincomycin. MeanstSD, n = 4-5.

estimates the quantum yield of non-photochemical
quenching in PS2 in the absence of irradiation ([Qa] = 1),
was placed in the same diagram with the parameter
P=(F,' — Fy)/F,' describing the energy partitioning to
electron transport in an irradiated sample ([Qa]<1). It
resulted in the generation of the parameter “excess”,
which, as concluded above, cannot be used in the balance
equation. This is an additional reason why the usage of
previously published equations for the de-convolution of
the non-photochemical dissipation in PS2 complexes
(Kornyeyev et al. 2001, Hikosaka et al. 2004) should be
reconsidered, because they were proposed on the
assumption that “excess” is a part of energy partitioning.
Recently, several new equations to estimate @ggg and
Oy were developed (Kornyeyev and Hendrikson 2007):

F F
Dppe= —— (12)
Fm ' FmPI
F F
DN = —_— - (13)
FmPI FmM

Different nomenclature was used in the article cited
above. This is why Eqs. 12 and 13 were modified from
their original forms according to the nomenclature used
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in the current paper. These two equations represent more
detailed energy partitioning within the approach based on
the calculation of ratios between the level of fluorescence
under “actinic light” and the maximal levels of fluo-
rescence reached upon application of a saturating flash
under different conditions (see Laisk et al. 1997 for
formulae estimating overall non-photochemical quench-
ing). Egs. 12 and 13 satisfy the rate constant criteria, as
well as Egs. 8 and 10. However, despite the simplicity of
these formulae, it is difficult to implement this approach
in field trials, because for correct measurements of ®geg
and @y a stable position of the fibre optics should be
maintained throughout the entire experiment. In addition,
the measurement of the correct value of Fy, is a challenge,

40
2000
o
< 1500 .
IUJ &
e E
S <
e x
5 1000 N
2 m
o ® PFD "
500 O temperature 110 5
—
0 1 1 1 1 1 1 0
08 L
eregulatory thermal dissipation
o photochemistry
E 06
©
2
8 o04f
o
el
C
©
o
& 02}
O 1 1 1 1 1 1
C
05F
o
2 04}
©
2 O total non-photochemical
w quenching
g 03r @ photoinactivation
g component
s 02F
o
01F
0 1 1 1 1 1

6 8 10 12 14 16 18 20
LOCAL TIME [h]
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density (PFD) (4) and the partitioning of photon energy (B and
C) for cotton leaves in the field. Means£SD, n = 5. See
Materials and methods for details of experimental procedure.



CORRECTIONS TO CURRENT APPROACHES USED TO CALCULATE ENERGY PARTITIONING IN PHOTOSYSTEM 2

since the sample should not have any PS2 damage or
sustained down-regulation of PS2 activity from any
previous environmental stress (Logan et al. 2007). The
same problems can occur when the contributions of
regulatory and photoinhibitory components are analyzed
using the kinetics of dark-relaxation of non-photo-
chemical quenching. An approach based on the
comparison of F/F,, values (Egs. 8 and 10) is free of the
disadvantages described above. According to Eq. 10,
®rgg can be estimated without knowledge of the initial
state of the sample (Foy and F,, values before
irradiation). Moreover, a maximum value of F,/F, known
for a particular species could be used as F,\/Fv even
without actual measurements. This makes possible the
estimation of ®yr for a sample with unknown history
using the following equation:

FVPl /FmPl j{ FV‘/Fm‘ ] Fs

q)NF: (1— (14)

0.8 Fopr / Fopr J Fo'

The values of F\/F.u between 0.80 and 0.85 are
reported for most plants. Thus, ®rpgg may be estimated
without the measurement of F\/Fy,\ prior to the photo-
inhibitory treatment. The advantage of this simplified
version of Eq. 8 could be of substantial practical
importance. The actual measurements of F,y/F,y can be
used to generate an average level of the parameter for
given plants and growing conditions. This would make
such assessment more reliable. In our experiments with
tomato leaves the average Fy\/Fuw was 0.8. This is why
we used this value for calculating @y for Table 1.

Comparison of the results obtained when ®rpg and
®\r were calculated using the different approaches
mentioned above implies that they can produce similar
results (Table 1). Some minor discrepancies may be
explained by listing the sources of errors for both
approaches. In the case of the approach based on the
changes in the value of F, (Egs. 12 and 13), the potential
sources of the errors are Chl bleaching during irradiation,
movement of chloroplasts, incomplete relaxation of regu-
latory non-photochemical dissipation at the time when
Fopr is measured, and possible movements of the sample
during the experiment. The fidelity of the results obtained
using the approach based on the comparison of F,/F,
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