
Plant Cell Physiol. 44(10): 1064–1070 (2003)
JSPP © 2003
Predicting the Extent of Photosystem II Photoinactivation Using Chlorophyll 
a Fluorescence Parameters Measured during Illumination
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;
The temperature dependence of the relationship be-

tween the decline in activity of photosystem II (PSII) and a
chlorophyll a fluorescence parameter combining the excita-
tion pressure (1–qP) and efficiency of excitation energy cap-
ture by open PSII reaction centers in the light-acclimated
state (Fv�/Fm�) was investigated in cotton leaves. A formula
for the prediction of PSII inactivation is proposed on the
basis of the results obtained. By comparison of the pre-
dicted and actual levels of PSII photoinactivation, the rate
of PSII recovery was estimated from chlorophyll a fluores-
cence parameters measured during the day for attached
cotton leaves exposed to suboptimal morning temperatures
in a greenhouse.

Keywords: Cotton — Gossypium hirsutum L. — Photoinhibi-
tion — Photosystem II — Repair.

Abbreviations: EF, excessive light flux, Fv, variable chlorophyll
fluorescence in dark-adapted state, Fv�, variable chlorophyll fluores-
cence in light-adapted state, Fm, maximal chlorophyll fluorescence in
dark-adapted state, Fm�, maximal chlorophyll fluorescence in light-
adapted state, NPQ, non-photochemical chlorophyll fluorescence
quenching coefficient, qP, photochemical chlorophyll fluorescence
quenching coefficient, PFD, photon flux density.

Introduction

The extent of photosystem II (PSII) photoinactivation has
been shown to depend directly on the redox state of QA (Öquist
et al. 1992, Ottander et al. 1993, Melis 1999) and inversely on
the level of thermal energy dissipation (Demmig-Adams and
Adams 1992, Osmond et al. 1993, Niyogi 1999) in PSII com-
plexes. The QA redox state and the level of thermal energy dis-
sipation are traditionally estimated using the photochemical
(qP) and non-photochemical (NPQ) chlorophyll fluorescence
quenching coefficients, respectively (reviewed by Maxwell and
Johnson 2000, Rohácek 2002). Combination of these parame-
ters can provide a quantitative expression of the susceptibility
of PSII to photoinhibition. For instance, the ratio (1–qP)/NPQ,
has been introduced as an index of PSII susceptibility to light
stress (Osmond 1994, Park et al. 1995a, Park et al. 1996).
Ögren (1991) described an alternative means of using photo-

chemical and non-photochemical coefficients of chlorophyll
fluorescence quenching to predict the decline in PSII activity.

The principal disadvantage to the use of NPQ is that this
parameter requires knowledge of dark-adapted maximal fluo-
rescence (Fm; Maxwell and Johnson 2000). Fm can be imprac-
tical or impossible to measure in some experimental settings. A
meaningful comparison of Fm� with Fm, as in the calculation of
NPQ (Fm/ Fm�–1), requires that both are measured from pre-
cisely the same region of the leaf with the probe of the fluor-
ometer at precisely the same distance and orientation relative to
the leaf surface. These measuring conditions can be hard to
achieve, particularly in the field. Furthermore, in response to
environmental stress, particularly to cold temperatures, many
plants exhibit sustained thermal energy dissipation that persists
through the evening and results in quenched pre-dawn values
for Fm (Adams et al. 1995). The use of such quenched values
for Fm in the calculation of NPQ will lead to an underestimate.

The ratio of variable to maximal chlorophyll a fluores-
cence measured for light-adapted leaves (Fv�/Fm�) is considered
as an alternative measure of the level of non-photochemical
energy dissipation in PSII complexes (Rohácek 2002). Fv�/Fm�

is widely applied to estimate the efficiency of excitation energy
capture by open PSII reaction centers for light-acclimated
leaves (Harbinson et al. 1989, Genty et al. 1989). Development
of non-photochemical energy dissipation in PSII complexes
brings about a decrease in Fv�/Fm�. Therefore this parameter is a
measure of the ability of the photosynthetic apparatus to dissi-
pate light energy absorbed by PSII antennae (Oxborough and
Baker 1997).

(1–qP)Fv�/Fm�, an analog of the parameter (1–qP)/NPQ, can
be used to estimate the susceptibility of PSII to photoinhibition.
Demmig-Adams et al. (1996) applied this parameter as an esti-
mate for so called “excessive” light energy (E). The meaning of
the parameter was also discussed by Weis and Lechtenberg
(1989). According to Demmig-Adams et al. (1996) E = (1–
qP)Fv�/Fm� represents the portion of light energy absorbed by
PSII antennae that is not used in electron transport nor dissi-
pated thermally. The parameter was alternatively referred to as
“unaccounted for” (Adams and Barker 1998, Adams et al.
1999) light energy. The approach has been successfully
employed in studies comparing the extent of PSII photoinacti-
vation and (1–qP)Fv�/Fm� levels during exposure to stressful
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environmental conditions, such as drought, low temperature,
and high photon flux density (PFD), especially for shade-
acclimated plants transferred to high light (Martin et al. 1999,
Fleck et al. 2000, Kornyeyev et al. 2002, Olivera and Penuelas
2001, Lima et al. 2002, Kato et al. 2003). Such conditions gen-
erally lead to an increase in the level of (1–qP)Fv�/Fm�. In the
present article, we applied this parameter to predict PSII inacti-
vation under continuously changing environmental conditions
in a greenhouse.

The goal of the present study was to investigate the rela-
tionship between PSII activity and the total amount of “exces-
sive” light (excessive light exposure) at different temperatures
in order to develop a formula for the prediction of the decline
in PSII activity in cotton leaves treated with lincomycin, an
inhibitor of PSII repair. Secondarily, comparison between pre-
dicted and actual levels of PSII photoinactivation (those
observed in the absence of lincomycin) offers the opportunity
to estimate the rate of PSII repair under fluctuating light and
temperature regimes.

Results

In analogy to a widely used approach to estimate the rate
of electron transport through PSII on the basis of the quantum
yield of electron transport in PSII (qP�Fv�/Fm�), and taking into
account the incident PFD, coefficients for leaf absorbance, and
for the sharing of absorbed photons between PSI and PSII
(Genty et al. 1989, Maxwell and Johnson 2000), we propose
that excessive light flux (EF) can be estimated using the fol-
lowing formula:

EF = (1–qP)Fv�/Fm��PFD�0.75�0.5 = E�PFD�0.75�0.5 (1)

The value of the last coefficient (0.5) assumes an equal distri-
bution of excitation between PSI and PSII (Krall and Edwards
1992). The coefficient 0.75 is used to account for cotton leaf
absorbance (see Björkman and Demmig 1987). A similar
approach was used previously by Kato et al. (2003). Changes in
EF during a dark-to-light transition (Fig. 1) reflect the decrease
in the portion of “excessive” light (E) caused by the develop-
ment of photochemical and non-photochemical energy quench-
ing. Integration of EF over the time of illumination (see Fig. 1)
gives an estimate for the total amount of photons trapped by
PSII complexes in excess of that which could be used in
electron transport or safely dissipated as heat (excessive light
exposure):

Excessive light exposure = t � (EFi + EFi-1)/2 (2)

t is time between EF measurements; EFi and EFi–1 are the levels
of EF measured at the current and previous time-points, respec-
tively; n = total number of time-points. Fv/Fm was used as the
level of E at t = 0, because at the beginning of the chilling treat-
ment (i = 1) qP was assumed to be 0. The average level of EF

calculated as (EFi + EFi–1)/2 for each time period was multi-
plied by the duration of this period and the results obtained for
all periods were summed to obtain the estimation of total of
excessive light absorbed during the period of the light treat-
ment. In this paper, the term “excessive light exposure” is used
instead of the previously introduced “Time-dependent aver-
aged E” (Kornyeyev et al. 2001, Kornyeyev et al. 2002)
because such integration represents cumulative “excessive”
light energy. Excessive light exposure reflects the amount of
photons captured by “closed” but potentially active PSII com-
plexes with QA in reduced state. Light energy captured by PSII
complexes with QA in reduced state (QA

–) results in double
reduction of QA (QA

2–) thereby triggering processes leading to
PSII inactivation (Noguchi 2002).

In order to study the relationship between excessive light
exposure and the extent of PSII inactivation, we assessed the
decline in dark-adapted Fv/Fm as a manifestation of PSII pho-
toinactivation and a measure of the decrease in the amount of
functional PSII reaction centers (Öquist et al. 1992, Flexas et
al. 2001, Rohácek 2002). It should be stressed that while
decreases in Fv/Fm and PSII photoinactivation are well corre-
lated, the loss of D1 protein has been shown to lag behind the
loss of PSII activity during chilling-induced photoinhibition
(Aro et al. 1990, Schnettger et al. 1994). This indicates that the
decline in D1 protein content and PSII inactivation are differ-
ent processes (Salonen et al. 1998, Ottander et al. 1993). There-
fore, the results we present do not address D1 protein dynam-
ics, specifically. PSII photoinactivation can also be measured as
a decrease in the rate of photosynthetic oxygen evolution under
light and CO2 saturation. However, it has been established pre-
viously that the combined action of illumination and low tem-
perature brings about a significant decline in PSI activity as
well as PSII activity, especially for chilling sensitive species,

i 2=

n

�

Fig. 1 Changes in the level of excessive light flux (EF = (1–qP)Fv�/
Fm��PFD�0.75�0.5) during dark-to-light transition at 10�C. Cotton
leaves used for this experiment were pre-treated with lincomycin.
Hatched area represents the total amount of photons captured by PSII
complexes with QA in reduced state (excessive light exposure). PFD =
500 �mol m–2 s–1, data are means � SD, n = 3–6.
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such as cotton, the subject of the present study (Kornyeyev et
al. 2003, see also Sonoike 1996, Terashima et al. 1998). PSI
limitations on the rate of oxygen evolution may complicate the
interpretation of this technique as a measure of PSII activity for
samples previously exposed to illumination under chilling con-
ditions.

The extent of PSII photoinactivation, measured as the
decrease in Fv/Fm, was compared to the level of excessive light
exposure at different temperatures for samples treated with lin-
comycin to inhibit repair processes (Fig. 2). At each tempera-
ture, an inverse linear relationship was observed, and the slope
was insensitive to the PFD of the exposure. Interestingly, the
steepness of the slope was positively correlated with tempera-
ture, i.e. the same level of excessive light exposure corre-
sponded to a higher extent of PSII photoinactivation at warmer
temperatures. It should be noted that, in contrast to the steep-
ness of the slope for the relationship between Fv/Fm and exces-
sive light exposure, the rate constant of PSII photoinactivation
increases as the temperature declines below optimum. In our
experiment, the level of the rate constant of PSII photoinactiva-
tion was 1.5 times higher at 10�C than at 25�C (PFD =
500 �mol m–2 s–1). This difference can be explained by a faster
increase in excessive light exposure at lower temperatures,
which occurs because of the slow development of photochemi-
cal and non-photochemical energy quenching. Despite a lower
sensitivity to excessive light exposure observed at low tempera-
ture, the levels of (1–qP)Fv�/Fm� detected under these conditions
are noticeably higher, especially at the beginning of the illumi-
nation (Fig. 3).

The temperature dependency of the slope for the relation-
ship between Fv/Fm and excessive light exposure can be
described as follows:

slope = –18.6 e0.071T (R2 = 0.991), (3)

where T is temperature in �C. Equation 3 is based on the data
obtained at 10–30�C (see inset in Fig. 2). In order to check for
a possible hysteresis effect, leaf discs were illuminated for 1-h
periods at 25, 10, and then 25�C. PFD was 1,000 �mol m–2 s–1

during the entire light treatment. Slopes calculated for data
obtained before (88�3% mol–1 m2) and after (83�5% mol–1 m2)
low temperature period were not significantly different (P =
0.273, values are means � SD, n = 3). Therefore no evidence of
a hysteresis effect was observed.

One may suggest that Equation 3 can be used to predict
the value of Fv/Fm after light exposure:

Fv/Fm (% of control) = 
100 – 18.6 e0.071T � Excessive light exposure (4)

Equation 4 was obtained for lincomycin-treated leaves. Never-
theless, it can be used to estimate the overall percentage of PSII
photoinactivation in untreated leaves during light treatment.

Fig. 2 Values of Fv/Fm expressed as the percent of initial,
dark-acclimated values measured before the photoinhibitory
treatment versus excessive light exposure for cotton leaf discs
at different temperatures and PFDs in the oxygen electrode
chamber. Leaf discs were pretreated with lincomycin to
inhibit chloroplast repair processes. Insertion. Temperature
dependence of the slope for the relationship between Fv/Fm

and excessive light exposure. PFD = 500 �mol m–2 s–1, data
are means � SD, n = 3–6.

Fig. 3 Time course of (1–qP)Fv�/Fm� during light adaptation at different
temperatures. PFD = 500 �mol m–2 s–1, data are means � SD, n = 3–6.
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PSII recovery (reactivation) and PSII photoinactivation occur
simultaneously in untreated leaves. As a result, the level of
PSII activity manifested in untreated leaves is higher than that
in lincomycin-treated leaves (Tyystjärvi and Aro 1996) where
recovery is inhibited. The following equation can be applied to
estimate the rate of PSII recovery for the period of time (t):

Rate of PSII recovery = (Predicted loss of PSII activity 
– Actual loss of PSII activity)/t (5)

The loss of PSII activity in the absence of recovery can be pre-
dicted on the basis of excessive light exposure (see Equation 6
derived from Equation 4), and the actual loss of PSII activity
can be calculated as the difference between Fv/Fm levels meas-
ured at the beginning and at the end of the time period of
analysis.

Predicted loss of PSII activity (% of control) 
= 18.6 e0.071 T � Excessive light exposure (6)

Other researchers have developed alternative means of estimat-
ing the rate of PSII repair from chlorophyll a fluorescence
emission (see Wünschman and Brand 1992, Lee et al. 2001).
According to the literature cited above, the rate of PSII recov-
ery depends on the content of damaged PSII complexes:

dA/dt = kREC (1–A), (7)

where A represents the fraction of PSII complexes which are
photosynthetically active and kREC is the first order rate con-
stant for recovery of PSII activity. dA/dt is the rate of recovery.
Therefore,

kREC = rate of PSII recovery/(1–A) (8)

In order to verify the validity of our approach for the esti-
mation of PSII recovery on the basis of excessive light expo-
sure we calculated kREC using the values of the rate of PSII
recovery obtained from Equation 5 (Fig. 4). An increase in the
leaf temperature led to higher levels of kREC. Similar results were
previously obtained by Lee et al. (2001) and Wünschman and
Brand (1992). Lee et al. (2001) reported the rate of PSII recov-
ery of 0.34 �mol PSII m–2 h–1 for leaves of Capsicum annuum at
25�C and PFD of 900 �mol m–2 s–1 (34% of initial activity per
hour taking into account the initial level of PSII activity of
1 �mol PSII m–2). Applying the same photoinhibitory treatment
for cotton leaf discs, we found that 21�3% of the initial PSII
activity was recovered during 1 h (mean � SD, n = 3).

Previous methods of estimating PSII photoinactivation
and recovery (Wünschman and Brand 1992, Lee et al. 2001)
cannot be applied to fluctuating light and temperature regimes
that would be encountered in field and greenhouse settings. We
employed Equations 5 and 6 to estimate the rate of PSII repair
in warm-acclimated cotton subjected to photoinhibitory condi-

tions of cool morning temperatures and natural illumination for
two consecutive days (Fig. 5A). On both days, the minimum
Fv/Fm in the time-courses coincided with the middle of the solar
day (Fig. 5B). This suggests that the greatest disequilibrium
between PSII photoinactivation and repair occurred prior to
midday. Interestingly, midday levels of Fv/Fm were higher on
the second day of the experiment in comparison to the first.
The application of the parameter (1–qP)Fv�/Fm� allowed us to
compare the rates of PSII recovery on the first and second day
of stress treatment.

The rate of PSII recovery (expressed as % of initial activity
per hour) for the period between two consecutive time points
was calculated as the difference between predicted and actual
losses of PSII activity divided by the duration of time (t)
between these time points (Equation 5). Actual loss of PSII
activity was calculated as the differences between Fv/Fm

obtained for samples taken at the time points mentioned above.
PSII activity was expressed as % of the control level deter-
mined for non-stressed leaves before sunrise. The calculation
of the loss of PSII activity (% of initial activity) was based on
excessive light exposure (Equation 6) assessed for the same
period as for determination of actual loss of PSII activity with
leaf temperature averaged between the values taken during cur-
rent and previous measurements. Excessive light exposure was
calculated separately for every leaf used in the experiment on
the basis of periodic chlorophyll a fluorescence and PFD meas-
urements. Leaf temperatures slightly above 30�C were
recorded for a few time points (Fig. 5A). However, only tem-
peratures between 10 and 30�C were used for calculation of the
predicted loss of PSII activity, because T in Equation 6 is the
average between the temperature values registered at current
and previous measurements for the same leaf. The same time
points for collection of samples and determination of the
parameter (1–qP)Fv�/Fm� were used in the calculation of both
actual and predicted PSII activities.

The maximal rate of PSII repair was detected in the early
afternoon (Fig. 5C) when PFD was high and Fv/Fm was declin-

Fig. 4 Temperature dependence of the rate constant of PSII recovery
(kREC). PFD = 900 �mol m–2 s–1, data are means � SD, n = 3.
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ing. An increase in the rate of PSII repair was observed on the
second day of the cool morning experiment, suggesting that
PSII repair is subject to acclimatory increases in capacity in
response to environmental conditions that increase the rate of
PSII photoinactivation.

Discussion

In the present paper we continued the investigation of the
linear relationship between the PSII activity and the total
amount of the light energy absorbed in excess of what can be
utilized in photosynthesis or dissipated as heat (Kornyeyev et
al. 2001, Kornyeyev et al. 2002). The previously published data
support the approach of using the parameter (1–qP)Fv�/Fm� to
estimate the susceptibility of PSII to photoinhibition proposed
by Demmig-Adams et al. (1996). It was recently demonstrated
by Kato et al. 2003 that the rate constant of the PSII photoinac-
tivation was proportional to the absolute level of the excess
energy (the parameter similar to excessive light flux used in the
present paper). The measurements of excessive light flux, how-
ever, can be used to predict the extent of PSII photodamage
only under confined conditions. The magnitude of excessive
light flux changes temporally even when illumination and tem-
perature are held constant (Fig. 1, see also Kornyeyev et al.
2002). These changes reflect the increase in the level of regula-
tory thermal dissipation (down-regulation) and electron trans-
port, which minimize the proportion of light that is excessive
during the adaptation to illumination. A decrease in the leaf
temperature brings about a noticeable delay in the develop-
ment of both photochemical and non-photochemical energy
quenching in PSII complexes. As a result of this delay, the
share of excessive light ((1–qP)Fv�/Fm�) declines more slowly at
low temperatures, reaching the steady-state level only after sev-
eral hours at 10�C (Fig. 3). It was shown earlier that the rate
constant of photoinhibition calculated for the first 40 min of
illumination at low temperature (10�C) was significantly higher
in comparison to that calculated for the period between 300 and
360 min (Kornyeyev et al. 2002). On the one hand, these data
support the relationship between the level of excessive light
and the extent of photoinhibition (higher level of E (E = (1–
qP)Fv�/Fm�) at the beginning of the illumination is associated
with higher rate constant of photoinhibition). On the other
hand, the results described above suggest that it could be more
effective to use the total amount of photons trapped by PSII
complexes in excess (excessive light exposure) for the predic-
tion of PSII photodamage instead of using the magnitude of
excessive energy flux at a single time-point. The advantage of
the application of excessive light exposure is self-evident in the
case of the fluctuating light and temperature regimes.

According to the data described in the present paper, the
prediction of PSII photoinactivation on the basis of excessive
light requires taking into account the leaf temperature. It was
determined that the same level of excessive light exposure is
associated with higher decrease in PSII activity at warmer tem-

Fig. 5 (A) Diurnal changes in leaf temperature and photon flux den-
sity (PFD) during “cool mornings” experiment in the greenhouse for
two consecutive days. Attached untreated with lincomycin leaves were
used for experiment. (B) Diurnal changes in Fv/Fm reflecting the time-
course of PSII photoinactivation. (C) The rate of PSII repair calcu-
lated as differences between the predicted and actual levels of PSII
photoinactivation. The prediction of PSII inactivation was based on the
measurements of chlorophyll fluorescence parameter (1–qP)Fv�/Fm�

(see text for details). The measurements of the leaf temperature and
PFD (A) were conducted the same day as measurements of Fv/Fm (B).
The results were used for calculation of the rate of PSII repair (C).
Data are means � SD, n = 4.
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perature (Fig. 2). This non-intuitive temperature dependency of
PSII photoinactivation has been observed previously for iso-
lated thylakoids (Aro et al. 1990) and in vivo (Schnettger et al.
1994). Although low temperatures have been shown to inhibit
proteolytic degradation of D1 (Ottander et al. 1993, Salonen et
al. 1998), PSII photoinactivation can occur in the absence of
D1 degradation, especially during exposure to chilling. What-
ever the mechanism, lower vulnerability to PSII photoinactiva-
tion during exposure to chilling may be viewed as photoprotec-
tive and may be mediated by chilling-induced phosphorylation
of D1 and possibly other PSII core proteins (Kruse et al. 1997,
Salonen et al. 1998).

One of the potentially interesting applications of the
approach for the calculation of PSII photodamage introduced in
the present paper could be the estimation of the rate of the PSII
recovery. An example of this application is shown in Fig. 5. An
increase in the rate of PSII recovery was observed on the sec-
ond day of exposure to stressful conditions (low morning tem-
perature). Enhanced resistance to photodamage via increased
rates of thermal dissipation or electron transport may also
occur over this time-scale; however, these processes are
accounted for during in the calculation of excessive light expo-
sure.

In the middle of the solar day, the rate of PSII repair (cal-
culated as the percentage of PSII activity on the basis of Fv/Fm

measurements) is estimated as 65–70% of the control level per
hour (Fig. 5C, second day of stress treatment). Taking into
account the correlation between Fv/Fm and the amount of func-
tional PSII complexes (Flexas et al. 2001, Park et al. 1995b),
one may suppose that more than a half of the PSII complexes
are renewed in cotton leaves during one hour of light exposure.
This observation confirms the importance of the PSII repair
cycle as a component of photoprotection in cotton plants.

Materials and Methods

Cotton plants, Gossypium hirsutum L. cv. Coker 312, were grown
in 8-liter pots in a greenhouse at ~30/26�C (day/night) with a natural
photoperiod. Plants were fertilized with Hoagland’s solution twice a
week. The youngest fully expanded leaves of 5- to 8-week-old plants
were used for all analyses. The leaves were treated with lincomycin, an
inhibitor of chloroplast protein synthesis and PSII repair processes, as
described previously (Kornyeyev et al. 2002). The leaves were har-
vested at sunrise by cutting their petioles under water. They were
immediately transferred to microcentrifuge tubes containing 1 mg ml–1

lincomycin (863 units mg–1) and kept in the dark for 3 h at room tem-
perature. At the end of this dark incubation period, the concentration
of lincomycin in the bulk leaf tissue (CL) was 1.22–2.47 mM as esti-
mated from the formula: CL = CS(WS/WL), where CS is the inhibitor
concentration in the solution, WS is the weight of the solution taken up
by a leaf, and WL is the fresh weight of the leaf (Bilger and Björkman
1994). The discs from leaves treated with lincomycin and subjected to
photoinhibitory conditions exhibited no increase in Fv/Fm when subse-
quently exposed to conditions that favored repair processes (3 h at
10 �mol photons m–2 s–1 and room temperature).

Chlorophyll a fluorescence emission was measured with a pulse
amplitude-modulated fluorometer (PAM 101/103, Heinz Walz GmbH,
Effeltrich, Germany). The experimental protocol of Schreiber et al.
(1986) and the nomenclature of van Kooten and Snel (1990) were
used. Measurements on discs from lincomycin-treated leaves were
conducted through a port in the oxygen electrode chamber (Hansatech,
King’s Lynn, Norfolk, U.K.) at various times during the treatment.
Leaf discs (10 cm2), acclimated to darkness for 1.5 h, were exposed to
the desired temperature for 20 min prior to illumination in the cham-
ber. A flow of humidified air was used as the CO2 supply. Attached,
untreated leaves were used for diurnal experiments in a temperature-
controlled greenhouse.

Leaf discs possessed values for Fv/Fm of 0.78�0.01 (mean � SD,
n = 20) prior to the period of experimental light exposure. For some of
the 10-cm2 leaf discs, smaller (1 cm2) discs were removed during illu-
mination to determine Fv/Fm following 3 h of incubation in darkness at
25�C. No significant differences were found in the levels of Fv/Fm

when identical photoinhibitory treatments were followed by 3 h of
dark acclimation at 10�C or 25�C (data not shown).

Acknowledgments

This study was supported by grant #99-35100-7630 from the
U.S. Department of Agriculture, National Research Initiative, Compet-
itive Grants Program.

References

Adams, III W.W. and Barker, D.H. (1998) Seasonal changes in xanthophyll
cycle-dependent energy dissipation in Yucca glauca Nuttall. Plant Cell Envi-
ron. 21: 501–511.

Adams, III W.W., Demmig-Adams, B., Logan, B.A., Barker, D.H. and Osmond,
C.B. (1999) Rapid changes in xanthophyll cycle-dependent energy dissipation
and photosystem II efficiency in two vines, Stephania japonica and Smilax
australis, growing in the understory of an open Eucalyptus forest. Plant Cell
Environ. 22: 125–136.

Adams, III W.W., Demmig-Adams, B., Verhoeven, A.S. and Barker, D.H.
(1995) ‘Photoinhibition’ during winter stress: involvement of sustained xan-
thophyll cycle-dependent energy dissipation. Aust. J. Plant Physiol. 22: 261–
276.

Aro, E.-M., Hundal, T., Carlberg, I. and Andersson, B. (1990) In vitro studies on
light-induced inhibition of photosystem II and D1 protein degradation at low
temperature. Biochim. Biophys. Acta 1019: 269–275.

Bilger, W. and Björkman, O. (1994) Relationship among violaxanthin deepoxi-
dation, thylakoid membrane conformation, and nonphotochemical chloro-
phyll fluorescence quenching in leaves of cotton (Gossypium hirsutum L.).
Planta 193: 238–246.

Björkman, O. and Demmig, B. (1987) Photon yield of O2 evolution and chloro-
phyll fluorescence characteristics at 77 K among vascular plants of diverse
origins. Planta 170: 489–504.

Demmig-Adams, B. and Adams, W.W. III (1992) Photoprotection and other
responses of plants to high light stress. Annu. Rev. Plant Phys. Plant Mol.
Biol. 43: 599–626.

Demmig-Adams, B., Adams W.W. III, Baker D.H., Logan B.A., Bowling D.R.
and Verhoeven A.S. (1996) Using chlorophyll fluorescence to assess the frac-
tion of absorbed light allocated to thermal dissipation of excess excitation.
Physiol. Plant. 98: 253–264.

Fleck, I., Aranda, X., Omari, B.L., Permanyer, J., Abadia, A. and Hogan, K.P.
(2000) Light energy dissipation in Quercus ilex resprouts after fire. Austr. J.
Plant Physiol. 27: 129–137.

Flexas, J., Hendrickson, L. and Chow, W.S. (2001) Photoinactivation of photo-
system II in high light acclimated grapevines. Aust. J. Plant Physiol. 28: 755–
764.

Genty, B., Briantais, J.M. and Baker, N.R. (1989) The relationship between the
quantum yield of photosynthetic electron transport and quenching of chloro-
phyll fluorescence. Biochim. Biophys. Acta 990: 87–90.



Prediction of photosystem II photoinactivation1070
Harbinson, J., Genty, B. and Baker, N.R. (1989) Relationship between the quan-
tum efficiencies of photosystems I and II in pea leaves. Plant Physiol. 90:
1029–1034.

Kato, M.C., Hikosaka, K., Hirotsu, N., Makino, A. and Hirose, T. (2003) The
excess light energy that is neither utilized in photosynthesis nor dissipated by
photoprotective mechanisms determines the rate of photoinactivation in pho-
tosystem II. Plant Cell Physiol. 44: 318–325.

Kornyeyev, D., Logan, B.A. and Holaday, A.S. (2002) Chlorophyll fluores-
cence analysis of the allocation of radiant energy absorbed in photosystem 2
antennae of cotton leaves during exposure to chilling. Photosynthetica 40:
77–84.

Kornyeyev, D., Logan, B.A., Payton, P., Allen, R.D. and Holaday, A.S. (2001)
Overexpression of genes encoding chloroplast-targeted antioxidant enzymes
reduces chilling-induced PS II photoinhibition in cotton. Physiol. Plant. 113:
323–331.

Kornyeyev, D., Logan, B.A., Payton, P.R., Allen, R.D. and Holaday, A.S. (2003)
Elevated chloroplastic glutathione reductase activities decrease chilling-
induced photoinhibition by increasing rates of photochemistry, but not ther-
mal energy dissipation, in transgenic cotton. Funct. Plant Biol. 30: 101–110.

Krall, J.P. and Edwards, G.E. (1992) Relationship between PSI and PSII activ-
ity and CO2 fixation in leaves. Physiol. Plant. 86: 180–187.

Kruse, O., Zheleva, D. and Barber, J. (1997) Stabilization of photosystem two
dimers by phosphorylation: implication for the regulation of the turnover of
D1 protein. FEBS Lett. 408: 276–280.

Lee, H.-Y., Hong, Y.-N. and Chow, W.S. (2001) Photoinactivation of photosys-
tem II complexes and photoprotection by non-functional neighbours in Capsi-
cum annuum L. leaves. Planta 212: 332–342.

Lima, A.L.S., DaMatta, F.M., Pinheiro, H., Totola, M.R. and Loureiro, M.E.
(2002) Photochemical responses and oxidative stress in two clones of Coffea
canephora under water deficit conditions. Environ. Exp. Bot. 47: 239–247.

Martin, C.E., Tuffers, A., Herppich, W.B. and von Willert, D.J. (1999) Utiliza-
tion and dissipation of absorbed light energy in the epiphytic crassulacean
acid metabolism bromeliad Tillandsia oinantha. Int. J. Plant Sci. 160: 307–
313.

Maxwell, K. and Johnson, G.N. (2000) Chlorophyll fluorescence – a practical
guide. J. Exp. Bot. 51: 659–668.

Melis, A. (1999) Photosystem-II damage and repair cycle in chloroplasts: What
modulates the rate of photodamage in vivo? Trend. Plant Sci. 4: 130–135.

Niyogi, K.K. (1999) Photoprotection revisited: genetic and molecular
approaches. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50: 333–359.

Noguchi, T. (2002) Dual role of triplet localization on the accessory chlorophyll
in photosystem II reaction center: photoprotection and photodamage of the
D1 protein. Plant Cell Physiol. 43: 1112–1116.

Ögren, E. (1991) Prediction of photoinhibition of photosynthesis from measure-
ments of fluorescence quenching components. Planta 184: 538–544.

Olivera, G. and Penuelas, J. (2001) Allocation of absorbed light energy into pho-
tochemistry and dissipation in a semi-deciduous and an evergreen Mediterra-
nean woody species during winter. Austr. J. Plant Physiol. 28: 471–480.

Öquist, G., Chow, W.S. and Anderson, J.M. (1992) Photoinhibition of photosyn-
thesis represents a mechanism for long-term regulation of photosystem II.
Planta 186: 450–460.

Osmond, C.B. (1994) What is photoinhibition? Some insights from comparison
of shade and sun plants. In Photoinhibition of Photosynthesis: from Molecu-
lar Mechanisms to the Field. Edited by. Baker, N.R. and Bowyer, J.R. pp.1–
24. BIOS Scientific, Oxford.

Osmond, C.B., Ramus, J., Levavasseur, G., Franklin, L.A. and Henley, W.J.
(1993) Fluorescence quenching during photosynthesis and photoinhibition of
Ulva rotundata Blid. Planta 190: 97–106.

Ottander, C., Hundal, T., Andersson, B., Huner, N.P.A. and Öquist, G. (1993)
Photosystem II reaction centers stay intact during low temperature photoinhi-
bition. Photosynth. Res. 35: 121–200.

Oxborough, K. and Baker, N.R. (1997) Resolving chlorophyll a fluorescence
images of photosynthetic efficiency into photochemical and non-photochemi-
cal components – calculation of qP and Fv�/Fm� without measuring Fo�. Pho-
tosynth. Res. 54: 135–142.

Park, Y.I., Chow, W.S. and Anderson, J.M. (1995a) The quantum yield of pho-
toinactivation of photosystem II in pea leaves is greater at low than high pho-
ton exposure. Plant Cell Physiol. 36: 1163–1167.

Park, Y.-I., Chow, W.S. and Anderson, J.M. (1995b) Light inactivation of func-
tional photosystem II in leaves of peas grown in moderate light depends on
photon exposure. Planta 196: 401–411.

Park, Y.-I., Chow, W.S., Anderson, J.M. and Hurry, V.M. (1996) Differential
susceptibility of Photosystem II to light stress in light acclimated pea leaves
depends on the capacity for photochemical and non-radiative dissipation of
light. Plant Sci. 115: 137–149.

Rohácek, K. (2002) Chlorophyll fluorescence parameters: the definitions, photo-
synthetic meaning, and mutual relationships. Photosynthetica 40: 13–29.

Salonen, M., Aro, E.-M. and Rintamäki, E. (1998) Reversible phosphorylation
and turnover of the D1 protein under various redox states of Photosystem II
induced by low temperature photoinhibition. Photosynth. Res. 58: 143–151.

Schnettger, B., Critchley, C., Santore, U.J., Graf, M. and Krause, G.H. (1994)
Relationship between photoinhibition of photosynthesis, D1 protein turnover
and chloroplast structure: effect of protein synthesis inhibitors. Plant Cell
Environ. 17: 55–64.

Schreiber, U., Schliwa, U. and Bilger, W. (1986) Continuous recording of photo-
chemical chlorophyll fluorescence quenching with a new type of modulation
fluorometer. Photosynth. Res. 10: 51–62.

Sonoike, K. (1996) Photoinhibition of photosystem I: its physiological signifi-
cance in the chilling sensitivity of plants. Plant Cell Physiol. 37: 239–247.

Terashima, I., Noguchi, K., Itoh-Nemoto, T., Park, Y.-M., Kubo, A. and Tanaka,
K. (1998) The cause of PSI photoinhibition at low temperatures in leaves of
Cucumis sativus, a chilling-sensitive plant. Physiol. Plant. 103: 295–303.

Tyystjärvi, E. and Aro, E.-M. (1996) The rate constant of photoinhibition, meas-
ured in lincomycin-treated leaves, is directly proportional to light intensity.
Proc. Natl Acad. Sci. USA 93: 2213–2218.

van Kooten, O. and Snel, J.F.H. (1990) The use of chlorophyll fluorescence
nomenclature in plant stress physiology. Photosynth. Res. 25: 147–150.

Weis, E. and Lechtenberg, D. (1989) Fluorescence analysis during steady-state
photosynthesis. Phil. Trans. R. Soc. Lond. B 323: 253–268.

Wünschman, G. and Brand, J.J. (1992) Rapid turnover of a component required
for photosynthesis explains temperature dependence and kinetics of photoin-
hibition in a cyanobacterium, Synechococcus 6301. Planta 186: 426–433.

(Received May 26, 2003; Accepted July 31, 2003)


	Predicting the Extent of Photosystem II Photoinactivation Using Chlorophyll
	Predicting the Extent of Photosystem II Photoinactivation Using Chlorophyll
	Predicting the Extent of Photosystem II Photoinactivation Using Chlorophyll
	Predicting the Extent of Photosystem II Photoinactivation Using Chlorophyll
	Predicting the Extent of Photosystem II Photoinactivation Using Chlorophyll


	Kornyeyev,D.
	Kornyeyev,D.
	Kornyeyev,D.
	Dmytro

	Holaday,S.
	Holaday,S.
	Scott

	Logan,B.
	Logan,B.
	Barry


	Department of Biological Sciences, Texas Tech University, Lubbock, TX 79409-3131, U.S.A.
	Department of Biological Sciences, Texas Tech University, Lubbock, TX 79409-3131, U.S.A.
	Department of Biological Sciences, Texas Tech University, Lubbock, TX 79409-3131, U.S.A.

	Biology Department, Bowdoin College, Brunswick, ME 04011, U.S.A.
	Biology Department, Bowdoin College, Brunswick, ME 04011, U.S.A.

	Institute of Plant Physiology and Genetics, Kyiv 03022, Ukraine
	Institute of Plant Physiology and Genetics, Kyiv 03022, Ukraine


	The temperature dependence of the relationship between the decline in activity of photosystem II ...
	Keywords
	Keywords

	Abbreviations: EF, excessive light flux, F

	Introduction
	Introduction
	Introduction

	Results
	Results

	Discussion
	Discussion

	Materials and Methods
	Materials and Methods

	Acknowledgments
	Acknowledgments

	References
	References


	Adams
	Adams
	Adams
	Adams
	Adams


	Adams
	Adams
	Adams


	Adams
	Adams
	Adams


	Aro
	Aro
	Aro


	Bilger
	Bilger
	Bilger


	Björkman
	Björkman
	Björkman


	Demmig-Adams
	Demmig-Adams
	Demmig-Adams


	Demmig-Adams
	Demmig-Adams
	Demmig-Adams


	Fleck
	Fleck
	Fleck


	Flexas
	Flexas
	Flexas


	Genty
	Genty
	Genty


	Harbinson
	Harbinson
	Harbinson


	Kato
	Kato
	Kato


	Kornyeyev
	Kornyeyev
	Kornyeyev


	Kornyeyev
	Kornyeyev
	Kornyeyev


	Kornyeyev
	Kornyeyev
	Kornyeyev


	Krall
	Krall
	Krall


	Kruse
	Kruse
	Kruse


	Lee
	Lee
	Lee


	Lima
	Lima
	Lima


	Martin
	Martin
	Martin


	Maxwell
	Maxwell
	Maxwell


	Melis
	Melis
	Melis


	Niyogi
	Niyogi
	Niyogi


	Noguchi
	Noguchi
	Noguchi


	Ögren
	Ögren
	Ögren


	Olivera
	Olivera
	Olivera


	Öquist
	Öquist
	Öquist


	Osmond
	Osmond
	Osmond


	Osmond
	Osmond
	Osmond


	Ottander
	Ottander
	Ottander


	Oxborough
	Oxborough
	Oxborough


	Park
	Park
	Park


	Park
	Park
	Park


	Park
	Park
	Park


	Rohácek
	Rohácek
	Rohácek


	Salonen
	Salonen
	Salonen


	Schnettger
	Schnettger
	Schnettger


	Schreiber
	Schreiber
	Schreiber


	Sonoike
	Sonoike
	Sonoike


	Terashima
	Terashima
	Terashima


	Tyystjärvi
	Tyystjärvi
	Tyystjärvi


	van Kooten
	van Kooten
	van Kooten


	Weis
	Weis
	Weis


	Wünschman
	Wünschman
	Wünschman



	(Received May 26, 2003
	(Received May 26, 2003
	Accepted July 31, 2003)




