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THE VARIOUS MECHANISMS OF PHOTOSYNTHESIS
LIMITATION IN HEAT-TREATED BARLEY SEEDLINGS
OF DIFFERENT AGES

N. L. Pshybytko*, L. N. Kalituho, L. F. Kabashnikova

Institute of Photobiology, the National Academy of Sciences of Belarus, 27 Akademi-
cheskaya str., 220072 Minsk, Belarus

Summary. The effect of heat shock (40ºC, 3 h) on the photosynthetic activity
of 4-, 7- and 11-day-old barley seedlings was studied. The rate of CO2 gas
exchange in young leaves was not changed under heat shock while in 11-day-
old seedlings the high temperature affected both the average quantum yield
and the shape of light response curves of photosynthesis. Nevertheless, in
chloroplasts of young heated leaves the rate of potassium ferricyanide re-
covery was reduced. The impairment of PSII activity and diminution of
oxidizing ability of the Cyt b6/f complex caused the inhibition of photosynthe-
tic electron transport. The preheating of 4-day-old leaves at 40ºC led to a
marked decrease of the nonphotochemical quenching of Chl fluorescence.
It was related mainly to the lowering of ∆pH-dependent quenching mechan-
isms. Thus high temperature inhibited the photosynthetic reactions in young
seedlings by the decrease of both electron transport rate and the transthylakoid
proton gradient. The suppression of photosynthesis by heat shock in old
leaves was caused mainly by a reduction of CO2 uptake and by a decrease
of carboxylation activity. These effects led to the impairment of ATP and
NADPH consumption by the Calvin cycle and an increase in the transthylako-
id proton gradient. As a results, the level of plastoquinone pool reduction was
also increased and electron flow was decreased. According to the data ob-
tained, the heating of young leaves inhibited the photosynthesis by reduction
of the electron transport rate while in old leaves the activity of Calvin cycle
enzymes was mainly limited. The suppression of photosynthetic activity by
heat shock in old leaves was more compared to the young leaves.
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Abbreviations: Chl – chlorophyll; Cyt b6/f complex – cytochrome b6/f com-
plex; Cyt fHP – high potential form of cytochrome f; Fm – maximum chloro-
phyll fluorescence yield; FV – variable Chl fluorescence yield; LHCII – light
harvesting complex PS II; NPQ – nonphotochemical quenching of Chl
fluorescence; PFD – photon flux density; PS II – photosystem II; QA, QB –
primary and secondary quinone acceptors; qE, qT qI – nonphotochemical
quenching related to high energy state, state transition, photoinhibition, cor-
respondently; Rubisco – ribulose-1,5-bisphosphate carboxylase/ oxygenase;
ΦPS II – effective quantum yield of PS II photochemistry.

Introduction

High temperature is considered to be one of the most important environmental factors
influencing photosynthetic reactions in plants (Bukhov and Mohanty, 1999). Heat
shock alters photosynthetic activity owing to both suppression of chloroplast electron
transport and inhibition of the Calvin cycle activity (Feller et al., 1998; Pastenes and
Horton, 1996b). It is considered that PSII is the most sensitive component of the photo-
synthetic chain (Pastenes and Horton, 1996a; Bukhov and Mohanty, 1999; Yamane
et al., 1998; Yamane et al., 2000). Other sites that are sensitive to heat stress damage
include the Cyt b6/f complex and formation of the pH transthylakoid gradient linked
to linear electron flow (Bukhov and Mohanty, 1999). Although water soluble Calvin
cycle enzymes were found to be heat stable (McCain et al., 1989), light activation of
Rubisco is one of the most heat-sensitive functions (Feller et al., 1998; Weis, 1981).
In 1981 Weis reported that light-dependent activation of Rubisco in spinach chloro-
plasts was inhibited by moderately elevated temperatures and that inhibition was close-
ly correlated with reversible inhibition of CO2 fixation.

The seedlings of different ages are characterized by various rates of the photo-
synthetic reactions. Photosynthetic activity decreases with aging of the leaves (Sestak,
1985; Tobias et al., 1995), which is conditioned by the destruction of electron transport
chain in chloroplasts and by the inactivation of Calvin cycle enzymes. Therefore it
is possible to suppose that seedlings of different ages could possess variable stability
under stress treatment.

In the present study the effect of heat treatment at 40ºC during 3 hours on the
photosynthetic activity of barley seedlings was examined and the response of young
and old leaves to high temperature was compared. It was shown that the response of
barley leaves to high temperature as well as targets of heat shock action depend on
their age.
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Materials and Methods

Experiments were carried out on primary leaves of 4-, 7- and 10-day-old Hordeum
vulgare L. cv. Honar seedlings. Barley plants were grown on tap water at 120 µmol
photons m–2.s–1, 16-h light/8-h dark photoperiod, 70% humidity, and a thermal regime
of 24/22ºC day/night. Heat treatment of intact plants was performed in an air thermo-
stat for 3 hours at 40ºC at 120 µmol photons m–2.s–1.

CO2 gas exchange rate was measured by infra-red gas analyzer “Infralyt-3” (Jun-
kalor, Germany) under 0.03% CO2 (Bukhov et al., 1992). Chl fluorescence of intact
primary barley leaves was measured at room temperature using Teaching-PAM Chl
fluorometer (Walz, Germany). The basic Chl fluorescence terms were calculated ac-
cording to Rohacek and Bartak (1999). The dark reoxidation kinetics of QA

– were
measured and decayed into four kinetically distinct components as was described in
Bukhov at al. (2001). The dark kinetic curves of NPQ were deconvoluted according
to Horton and Hague (1988) and Walters and Horton (1991). The electron transport
rate (Hill reaction) was detected in chloroplast suspension (Hill, 1951). The quantifica-
tion of the amount of Cyt f HP was performed by the method of difference spectroscopy
(Farineau, 1976) using “Shumadzu YB-300” (Shumadzu, Japan) spectrophotometer.
The total Rubisco assay was conducted as described by Salvucci and Anderson (1987).

Results

The light response curves of photosynthesis of 4-, 7- and 11-day-old leaves at 0.03%
CO2 in control and experimental (3 h, 40ºC) variants is shown in Fig. 1. High tempera-
ture significantly influenced the light response curve of photosynthesis in 11-day-old
leaves and almost did not change the CO2 gas exchange of young plants. In old barley
leaves heat shock led to a decrease of photosynthesis quantum yield by 25%, to the
lowering of steady-state level of CO2 fixation by 75% and the photosynthesis satura-
tion point of stressed leaves was shifted from 750 µmol m–2.s–1 to 167 µmol m–2.s–1.

The activity of electron transport in the chloroplasts and efficiency of the dark
reactions of CO2 assimilation were studied to evaluate a reason for inhibition of photo-
synthesis. Heat stress suppressed the chloroplast linear electron flow measured by
means of the Hill reaction (Fig. 2). The most essential changes were observed in young
leaves. Rubisco activity was reduced in old leaves under high temperature, but in
young seedlings the heating did not affect carboxylation activity (Fig. 2).

The state of the some electron carriers was studied for identification of the origin
of inhibition of chloroplast photochemical activity. Potential quantum yield of PSII
photochemistry did not change in heat stressed leaves in comparison with controls
while ΦPS II was reduced in heated young leaves (Table 1). Photochemical quenching
(Table 1) characterizing the fraction of oxidized reaction centers of PSII was not altered
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Fig. 1. Light response curves of the rate of CO2 gas exchange for primary
leaves of 4- (A), 7- (B) and 11-day-old control (open circles) and heat
stressed (closed circles) barley seedlings. Numbers at the linear fits
indicate the values of maximum quantum yield of photosynthesis. Each
data point is the average of 3 measurements done with different leaves.
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Fig. 2. Changes in the photochemical activity of chloroplasts, Rubisco activity and
Cyt f content during leaf ontogenesis (A) and under high temperature (B).
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under heat stress. The electron flow to the secondary quinone acceptor, QB, was esti-
mated by the means of dark reoxidation of QA

–. According to Bukhov et al. (2001) in
the dark kinetics of Fv relaxation it is possible to distinguish the four components
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delayed with half-times of several seconds (“slowest” component), 650–680 ms
(“slow” component), 60–80 ms (“middle” component) and 6–8 ms (“fast” component).
The slowest component is suggested to represent a minor population of inactive PSII
centers (Cao and Govindjee, 1990, Bukhov et al., 2001) that was almost unchanged
after high temperature impact (Table 1). The other three components reflect electron
flows from QA

– with different rates. The heating decreased the fast and middle com-
ponents and increased the amplitude of the slow phase in 4- and 7-day-old seedlings
(Table 1). In old leaves high temperature did not affect the middle phase but reduced
the fast component due to an increase in the slow phase (Table 1). The oxidation ability
of Cyt b6/f complex was determined by the amount of Cyt f HP. Fig. 2 shows that heat
shock decreased the content of Cyt f HP especially in old leaves.

The efficiency of the light stage of photosynthesis was estimated by the para-
meters of Chl fluorescence quenching. Nonphotochemical quenching of Chl fluores-
cence (NPQ) decreased in 4- and 7-day-old leaves and increased in old stressed seed-
lings (Table 1). It is postulated that NPQ may be caused by three major mechanisms:
energy-dependent quenching (qE), quenching related to transition from state 1 to state
2 (qT), and photoinhibitory quenching (qI) (Krause and Weis, 1991). The contribution
of each component to total nonphotochemical quenching was estimated by means of
NPQ relaxation kinetics. The changes of NPQ induced by heat were mainly caused
by the alteration of the energy-dependent quenching mechanism. High temperature
decreased qE in young seedlings and increased this parameter in old leaves (Table 1).
The middle component of the dark Fv relaxation (qT) also decreased in 4- and 7-day-
old seedlings under heat stress. In old leaves qT was absent. The contribution of com-
ponent related to photoinhibitory quenching was almost unchanged under heating
(Table 1).

Discussion

According to our data obtained the thermostability of the light and dark reactions of
photosynthesis was strongly dependent on leaf age. The CO2 gas exchange analysis
indicated essential suppression of photosynthesis in old leaves under heat stress while
the efficiency of both light and dark photosynthetic reactions in young leaves was
not changed (Fig. 1). In order to identify the sites of photosynthesis inhibition the
activity of certain carriers of the chloroplast electron transport chain and Rubisco activ-
ity were studied.

In young leaves heat shock was found to inhibit the photochemical activity of
chloroplasts (Fig. 2). The suppression of the linear electron flow could be connected
to the heat-induced damage of electron carriers. PS II is considered as the most heat
sensitive component of the electron transport chain (Pastenes and Horton, 1996a;
Bukhov and Mohanty, 1999; Yamane et al., 1998; Yamane et al., 2000). However ac-
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cording to our data the primary reactions in PS II reaction centers, which was described
by potential quantum yield of PS II photochemistry, was not changed under heat stress
(Table1). The decrease of ΦPS II (Table 1) showed inhibition of linear electron flow
on the acceptor side of PS II in heated young leaves. Since the photochemical quench-
ing of Chl fluorescence was not changed by heat shock (Table1) the high temperature
did not affect the state of the primary qiunone acceptor QA. The analysis of dark re-
oxidation of QA demonstrated that linear electron transport was particularly suppressed
between QA and the plastoquinone pool because the heat shock decreased the fast and
middle components of the nonphotochemical quenching and raised the amplitude of
the slow phase (Table1). According to Bukhov et al. (2001) and Krause and Weis
(1991) the fast component shows rapid reoxidation of QA

– during electron flow to the
plastoquinone pool. The middle component of Fv dark relaxation indicates a restricted
electron transfer from QA

– to a mostly reduced plastoquinone pool. The formation of
the slow component occurs only after the plastoquinone pool became fully reduced.
It may be a result of the damage of the QB-binding site of D1 protein (Krause and
Weis, 1991). The slow component is caused by recombination between QA

– and the
S2 state of the water-splitting complex. Thus, heat shock inhibited the linear electron
flow in young leaves by means of the excessive reduction of the plastoquinone pool.
The increase of the reduced plastoquinone amount under high temperature could be
caused by the diminution of oxidizing ability of Cyt b6/f complex because a decrease
of Cyt f HP was observed (Fig. 2).

The analysis of nonphotochemical quenching of Chl fluorescence showed that
heat stress decreased the efficiency of the light stage of photosynthesis. NPQ is known
to include several mechanisms of dissipative quenching related to high energy state
(qE), state 1–2 transition (qT) and photoinhibition (qI) (Horton and Hague, 1988, Wal-
ters and Horton, 1991, Krause and Weis, 1991). The reduction of NPQ in young leaves
under high temperature was caused by the decrease of qE and qT. Since qT is related
to the transfer of absorbed energy from PSII to weakly fluorescent PSI due to the phos-
pho-LHCII migration, the decrease of the middle phase of NPQ dark relaxation
kinetics can be caused by reduction of the LHCII quantity or inactivation of phospho-
LHCII phosphatase. The decrease of qE showed a reduction of the ability of chloro-
plasts to form a proton gradient across the thylakoid membrane. Thus high temperature
suppressed the linear electron flows in chloroplasts of young leaves by means of the
excessive reduction of the plastoquinone pool and decrease of the amount of active
Cyt f. The stress-induced delay of the electron transport rate caused a decrease of the
transthylakoid proton gradient and thus reduced the efficiency of the light photosyn-
thesis stages without marked influence on the dark carboxylation reactions (Fig. 2)
and CO2 assimilation (Fig. 1).

The reaction of old leaves on the heat stress was different compared to the young
seedlings. High temperature depressed both electron transport in chloroplasts and the
dark the reactions of Calvin cycle in old leaves while in young seedlings only photo-

The various mechanisms of photosynthesis  limitation in heat-treated barley . . .
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chemical activity of chloroplasts was changed by heat stress. In addition, the linear
electron transport was decreased in old leaves less than in young seedlings (Fig. 2).
The proton transthylakoid gradient in old leaves was increased under heat stress
(Table1). These data indicated that in old leaves the ability of chloroplasts to the forma-
tion of transthylakoid ∆pH was unchanged, but the reactions of the photosynthesis
dark phase dissipating the proton gradient were partially inhibited. This conclusion
was confirmed by the data that Rubisco activity (Fig. 2) and reactions of CO2 assimi-
lation (Fig. 1) in old leaves was strongly suppressed by heating. Apparently, an inhibi-
tion of the dark photosynthetic reactions by heat shock caused the reduction of ATP
and NADPH consumption by Calvin cycle and feedback depression of linear electron
transport. The inhibition of linear electron flow may be a result of overreduction of
the electron carriers. Analysis of the dark kinetics of reoxidation of QA showed that
decrease of the fast component under heating was due to the rise of the slow compo-
nent (Table). Thus, heat-induced suppression of the chloroplast linear electron trans-
port may be caused by the overreduction of the carriers of the electron transport chain.

The results obtained led to conclusion that there are various mechanisms of heat
damage to photosynthesic processes in seedlings of different ages. According to the
data obtained the heating of young leaves inhibited the photosynthesis by limitation
of the electron transport rate while in old leaves the enzymes of Calvin cycle were
the most vulnerable.
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