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Summary. The ability of young bean plants to increase the thermal tolerance
of their photosynthetic apparatus after treatment with different high tempera-
tures or at fixed temperature with different duration was studied. Parameters
of chlorophyll fluorescence induction kinetics were used as a criterion to evalu-
ate the photosynthetic activity of primary leaves. The thermosensitivity of pho-
tosynthesis was estimated immediately after the acclimation procedure, as well
as after additional stress treatment at 55°C for 5 hours. Exposure of the plants
for 5 hours to high temperatures (38, 43, 45 or 47.5°C) led to a marked in-
crease (2–3°C) in thermal tolerance of the photosynthetic apparatus. This
effect was most obvious in plants exposed at 45°C for 5 hours. Additional
stress caused further development of plant resistance. It was shown that un-
der the experimental conditions used, maximal stability was achieved at
sublethal temperatures.  The dynamics of temperature acclimation was fol-
lowed by changes in thermosensitivity of fluorescence parameters after 0.5,
1, 2, 4, and 8 hour’s exposure of the plants at 45°C. It was found that even a
very short treatment (30min) led to well-expressed acclimation allowing the
plants to endure additional stress. Thermal stability (T50) of variable fluores-
cence (Fv/Fm) was unchanged at short-term acclimation (0.5–1h), but it rose
from 45°C up to 48°C after 8 h hardening. It was assumed that acclimation
effect is realized primarily not on the level of primary photosynthetic reac-
tions, but on the cellular level.
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Abbreviations:  A – Acclimated plants; AS – Acclimated stressed plants; C
– Control plants; CS – Control stressed plants; F0 – Initial chlorophyll fluo-
rescence; Fm – Maximal chlorophyll fluorescence; Fv – Variable chlorophyll
fluorescence; PS1 – Photosystem 1; PS2 – Photosystem 2

Introduction

Under mild stress conditions, plants react by increasing their tolerance to them and
sometimes to other treatments (Alexandrov, 1975; Santarius and Müller, 1979, 1981).
It is well known that thermal acclimation involves all levels of organisation of liv-
ing systems. Thermal  stress for a definite period of time (10–60min or more) can
imitate the short periods of overheating in a habitat with  huge temperature ampli-
tude (Kappen, 1981). An increase in thermal hardening of plants was achieved by a
second heat shock, followed by optimal temperature (Alexandrov, 1975; Yordanov,
1981; Yordanov et al., 1986).

The ability of plants to acclimate to contrasting temperature regimes is indeed a
hardening at the photosynthetic level (Björkman, 1975; Berry and Raison, 1981). It
is connected with a considerable rearrangement of the thylakoid membrane, includ-
ing adaptive changes in the lipid content and in molecular composition of the pig-
ment system (Armond et al., 1978; Süss and Yordanov, 1986), ensuring an optimal
for functioning membrane physical state (of lipid matrix). The protein synthesising
apparatus plays also an important role in the process of thermal acclimation as heat
shock proteins favour acquirement of heat tolerance (Ougham and Stoddart, 1986;
Süss and Yordanov, 1986; Neumann et al., 1989; Kritenko and Titov, 1990). The
exogenous cytokinin BAP, stimulating the protein synthesizing system’s activity,
increases the thermal tolerance of the plants (Titov et al., 1986).

According to Weis (1984), the acclimation of the photosynthetic apparatus to
high temperature could be perceived as a long-term response of the leaves, to changes
in the temperature regime for several days or weeks. However, significant changes
for some hours, in diurnal temperature can often be observed as well.

The mechanism of photosynthetic acclimation to very rapid temperature varia-
tions is still poorly understood. Temperature coefficients of different photosynthetic
reactions (e.g. primary photosynthetic processes, electron transport, enzyme cataly-
sis) differ significantly. It is therefore assumed that temperature fluctuations act on
the balance between them. It is supposed that after a short period of hardening some
reversible temperature-induced transitions in the thylakoid structure and in the dis-
tribution of absorbed energy in favour of PS1 take place.

Usually it is presumed that the best acclimation to high temperature could be
achieved in a temperature interval slightly higher than that, in which a maximal ac-
tivity of a given process is reached (Alexandrov, 1975), so that even for thermophilic
cultivars such as beans it is hardly probable for a process of acclimation to take place
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over 40°C. Some contradictory opinions exist about the connection between the dura-
tion of treatment with elevated temperature and the extent of the acclimation effect.

The aim of the present study was to examine the ability of young bean plants to
increase the thermal tolerance of their photosynthetic apparatus (monitored by vari-
able fluorescence) after acclimation at different temperatures, or at definite tempera-
ture, but of different duration.

Material and Methods

Plant material

Bean plants (Phaseolus vulgaris L.), cv. Cheren starozagorski, were grown as water
culture in a climatic chamber at 23–26°C, light intensity 35 W.m-2 and a day/night
photoperiod 12/12 hours.

Acclimation procedure and temperature treatment

Seven-eight days young plants were divided into two groups: 1) controls (C), grow-
ing at 23–26°C; 2) acclimated plants (A), exposed at the same light conditions, but
at different temperature regimes:  a) for 5 hours at 38, 43, 45 or 47.5°C air tempera-
ture;  b) at 45°C for a different periods of time – 30min, 1, 2, 4, and 8 hours.

On the following day a number of control and acclimated plants were subjected
to 5-hour heat stress at air temperature either 53°C (in the case of a), or 55°C (in the
case of b) at the same growth light regime.

In this way 4 groups of plants were formed: control (C), acclimated (A), control
stressed (CS) and acclimated stressed (AS) plants.

Testing  the temperature sensitivity

Leaf’s sensitivity was evaluated immediately after the acclimation procedure or af-
ter the 5-hour stress treatment on the following day. As a criterion, the changes in
chlorophyll fluorescence parameters after 3min dark incubation of leaf discs at dif-
ferent (25–50°C) leaf temperatures were used.

All procedures described above are summarized in the Scheme 1.

Measurement of fluorescence

The photosynthetic activity of primary leaves was evaluated by the fast phase (OIDP)
of the chlorophyll fluorescence induction kinetics, measured by Chlorophyll Fluores-
cence Measuring System – PAM (H. Walz, Germany). The induction kinetics of fluo-
rescence was measured at different temperatures after 3min dark adaptation of leaf
discs at the same temperature. The measuring light intensity was 0.75µmol.m-2.s-1

and actinic photon flux density – 2250µmol.m-2.s-1.
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       A c c l i m a t i o n :
a/ 5h at 38, 43, 45 or 47.5°C
b/ 0.5, 1, 2, 4 or 8h at 45°C 

Control  plants

7÷ 8  day  old  pl ants ,  g rown at  23÷ 26°C

Leaf  d i scs  t r eatment  (3  min  in  the  dark  at  t emperatures
                                          25 ,  35 ,  40 ,  45 ,  47 .5  or  50°C)   

                   S t r e s s :
for var. a/ 5h at 53°C air temperature
for var. b/ 5h at 55°C air temperature

C C S A S A

Scheme 1. View of experimental approaches

Results

Heat acclimation at different temperatures

Induction kinetics parameters of control and treated plants are presented in Table 1.

Table 1. Dependence of chlorophyll fluorescence parameters on acclimation temperature.
Young been plants were grown for 8 days at 25°C (Control variant), treated once for 5 h at
corresponding temperature (38–47.5°C) and additionally on the next day for 5 h at 53°C
(Acclimated variant) or exposed directly for 5 h at 53°C (Control stressed variant). The data
shown are mean values ± standard errors (SE) from 4–5 experiments and are presented as a
percent to control variant values

T°C Variant F0±SE Fv±SE Fm±SE Fv/Fm±SE

38 Controls 100.0±3.0 100.0±1.0 100.0±0.8 100.0±0.8
Acclimated 88.8±2.9 86.4±2.3 87.0±2.3 99.5±0.5
Contr. stressed 90.4±3.5 87.2±1.6 87.9±2.1 99.2±0.4

43 Controls 100.0±3.7 100.0±3.2 100.0±3.2 100.0±0.5
Acclimated 92.8±6.0 90.4±3.9 90.9±4.2 99.5±0.6
Contr. stressed 130.3±26.3 88.3±2.5 97.2±5.8 91.8±5.2

45 Controls 100.0±1.6 100.0±2.9 100.0±2.5 100.0±0.5
Acclimated 93.4±3.3 90.1±3.8 90.8±3.7 99.2±0.4
Contr. stressed 103.9±2.4 90.5±5.9 93.2±5.0 97.0±1.2

47.5 Controls 100.0±3.3 100.0±1.6 100.0±1.9 100.0±0.5
Acclimated 96.8±4.7 91.2±2.6 92.3±2.9 98.9±0.6
Contr. stressed 99.6±6.7 89.2±3.7 91.3±4.0 97.7±1.0
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Evidently, the initial (F0) and the variable fluorescence (Fv), measured at 25°C im-
mediately after the stress treatments vary very slightly for both groups of plants (the
differences are not statistically significant), notwithstanding the acclimation tempera-
ture. The variations of fluorescence values (mostly for F0) around these of the con-
trol, are most probably due to individual phenotypic differences of the plants. It is
noteworthy that the plants not submitted to preliminary acclimation procedure – con-
trol stressed plants (CS), were greately damaged. Judging visually, only about 30%
of their leaves were not fully damaged. The other 70% were almost dried, could not
be used in experiments so the measurements were carried out with the less injured
(e.g. more resistant) 30% of leaves. Therefore, data, shown in Tables 1 and 2 about
CS plants, included only a small part of this group, and are not representative.

Fig. 1. Temperature dependence of initial chlorophyll fluorescence (F0) in leaf discs from bean plants
subjected to different acclimation procedures. Acclimation was carried out 5 h at different tempera-
tures: 38°C – (A), 43°C – (B), 45°C – (C) and 47.5°C – (D). Control and acclimated plants were analyzed
either directly (¡ and  l, respectively) or after 5 h additional stress treatment at 53°C of
acclimated plants (marked ∇). Leaf discs dark incubation (3 min) and fluorescence kinetics meas-
urement were carried out at the same temperature. Exciting light intensity was 2250 µmol.m-2.s-1. Data
are presented in percent to F0 value measured at 25°C
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Most stable of all fluorescent parameters (least affected by stress treatment) was
the Fv/Fm ratio, the maximal deviation not extending 7% (excluding 1 case of CS –
8.2%) of the average control value (0.805±0.008). The difference in temperature sen-
sitivity of the photosynthetic apparatus between plants of the 3 groups showed more
significant variations. Changes in F0, Fm and Fv/Fm, following 3min incubation of
leaf discs at elevated temperature and measured at the same temperature, are pre-
sented in Fig. 1, 2 and 3. Two typical intervals: 25–45°C and 45–50°C could be dis-
tinguished when the temperature dependence of F0 had been analyzed (Fig. 1, A, B,
C and D). In the first interval a slight monotonous decline of the fluorescence inten-
sity could be observed, reaching 80% of the control value (the value of this param-
eter at 25°C). The courses of the curves, as well as the absolute values of the decrease,
are very much alike for all groups of plants. Significant variations appear after plant
treatment at 47.5–50°C. In this temperature range, F0 intensity sharply rises and the
degree of the increase is determined by the physiological state of the plant, modi-
fied by acclimation procedures. No acclimation effect could be observed after accli-
mation with 38°C and a slight one – after stress treatment (Fig. 1A). The maximal
value of F0 at 50°C increased for all variants.

A more pronounced acclimation effect in connection with this parameter is dis-
played in plants, heated for 5 hours at 43°C (Fig. 1B). The increase of F0, induced
by 3min incubation of leaf discs at  50°C, is lower in acclimated as well as in stressed
plants, as compared to the control (62±3, 36±4 and 126±4%, respectively). This
means that the acclimated plants exhibit increased stability, which is further devel-
oped after 5-hour-treatment at 53°C on the next day.

Highest stability of F0 was observed after acclimation with 45°C (Fig. 1C). Im-
mediately after acclimation, the value of F0 at 50°C increased twice in the control
plants, and only 60±2% in the acclimated plants. The differences were more pro-
nounced after stress treatment and the increase in this group of plants was only with
33±2%. The situation was similar to that in plants, acclimated at 47.5°C (Fig. 1D).

Hence, the enhanced thermotolerance of the photosynthetic apparatus in regard
to F0 is expressed as a shift of its sharp increase to higher temperatures (which has
been demonstrated by Schreiber and Berry, 1977; Yordanov and Weis, 1984) and as
a result of this – a decrease of initial fluorescence at 50°C.

An interesting fact is the presence of acclimation effect in CS plants, treated di-
rectly at 53°C for 5 hours (data not shown). Obviously, even this sublethal treatment
could provoke a certain increase in the heat tolerance of surviving plants, which en-
dured the stress.

Another important parameter of prompt fluorescence induction kinetics is Fm,
representing its maximal effectiveness when all reaction centres in PS2 are closed.
The temperature dependence of Fm is presented in Fig. 2. Similarly to Fig. 1, there
are (as regard the character of experimental curves) two distinct temperature inter-
vals, too. For all variants in the interval 25–45°C, a relatively slow monotonous de-

Thermal acclimation of the photosynthetic apparatus



18

Fig. 2. Temperature dependence of maximal chlorophyll fluorescence (Fm) in leaf discs from
bean plants subjected to different acclimation procedures. The conditions of acclimation and
measurement procedures as well as the curves symbols are as in Fig. 1. Data are presented in
percent to Fm value measured at 25°C

crease of fluorescence intensity was observed and after 45°C with the rise of tem-
perature fluorescence sharply decreased. The change of fluorescence in the first inter-
val correlated with the course of F0 temperature dependence, though the absolute val-
ues of the decrease were about twice higher. This means that the drop is due not only
to reduced quantum effectivity of F0, but also to Fv decline, provoked by inhibition
of photochemical reactions. A drastic fall of the variable component of induction ki-
netics was observed in the second temperature interval, which not only compensated
the steep temperature dependent increase of F0, but predetermined the sharp decrease
of Fm. Almost all acclimation procedures as well as the stress treatment at 53°C led
to heat tolerance of the photosynthesizing apparatus rise. The thermostability of Fv,
as judged by half-inactivation temperature (T50), did not differ significantly from that
of the controls when measured immediately after the acclimation procedure. After the ad-
ditional stress treatment, a visible positive effect of acclimation was observed, ex-
pressed in the weaker inhibition of fluorescence, especially in the 45–50 °C interval.
In case the effectiveness of acclimation procedures was compared at 38°C (Fig. 2A),
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43°C (Fig. 2B), 45°C (Fig. 2C) and 47.5°C (Fig. 2D), a noticeable increase of T50 at
45°C was observed. In that case T50 showed a shift of 5°C towards higher temperature.

The Fv/Fm ratio is frequently used to characterize the functional state of PS2 and
the electron transport between the two photosystems (see Krause and Weis, 1991).
Incubation of leaf discs for 3min at temperature up to 45°C did not provoke consid-
erable changes in Fv/Fm in all variants (Fig. 3). The data show the presence of
acclimation effect on the relative variable fluorescence, the latter being strongly dis-
played only after additional stress (AS variant). The thermal tolerance of acclimated
plants increases with the rise in acclimation temperature until a definite limit. For
example, the Fv/Fm ratio in control plants, measured at 50°C, was about 10±8% of
that registered at 25°C (Fig. 3). After the acclimation this ratio was preserved at higher
level: about 40±15% for 38°C (Fig. 3A), 46±14% for 43°C (Fig. 3B), 72±16% for
45°C (Fig. 3C), and 50±5% for 47.5°C acclimation temperature (Fig. 3D).

F
v/

F
m

, %
 t

o 
25

o C

20

40

60

80

100

A

20

40

60

80

100

B

Temperature, oC

25.0 35.0 45.0 47.5 50.0

F
v/

F
m

, %
 t

o 
25

o C

0

20

40

60

80

100

C

Temperature, oC

25.0 35.0 45.0 47.5 50.0
0

20

40

60

80

100

D

Fig. 3. Temperature dependence of relative variable fluorescence (Fv/Fm) in leaf discs from bean plants
subjected to different acclimation procedures. The conditions of acclimation and measurement proce-
dures as well as the curves symbols are as in Fig. 1.  Data are presented in percent to Fv/Fm value
measured at 25°C
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Influence of duration of acclimation

The acclimation effect on the photosynthetic apparatus developed according to the
duration of plant treatment. The parameters of induction kinetics were not modified
considerably immediately after applying different acclimation procedures (Table 2),
but the latter could alter the thermal sensitivity of plants.  As already mentioned, accli-
mation influenced the course of F0 heat tolerance, the most noticeable effect being

Table 2. Effect of acclimation procedure duration on chlorophyll fluorescence param-
eters. Young been plants were grown for 8 days at 25°C (Control variant), treated for a
definite time (30 min–8 h) at temperature 45°C and on the next day for 5 h at 55°C
(Acclimated variants) or exposed directly for 5 h at 55°C (Control stressed variant). The
data shown are mean values ± standard error (SE) from 4–5 experiments and are pre-
sented as a percent to control variant values

Variant F0±SE Fv±SE Fm±SE Fv/Fm±SE

Control 100.0±4.0 100.0±1.0 100.0±1.0 100.0±0.6
0.5 h acclimation 97.8±4.5 87.5±2.6 89.8±2.4 97.5±0.7
1 h acclimation 88.2±3.1 87.0±3.3 87.0±3.0 100.0±0.6
2 h acclimation 103.0±4.1 97.2±2.4 98.1±2.1 98.3±0.8
4 h acclimation 109.1±3.1 99.3±3.4 101.1±2.3 98.1±0.8
8 h acclimation 89.9±1.3 94.1±3.6 93.4±2.9 100.7±0.8
Control stressed 95.7±4.2 86.0±2.6 87.7±2.4 98.0±0.9

Fig. 4. Temperature dependence of initial chlorophyll fluorescence (F0) in leaf discs from bean plants
subjected to different acclimation procedures. Acclimation was carried out at 45°C different time: 0 h
(Control, ¡), 0.5 h (l), 1 h ( ), 2 h ( ), 4 h (¨) and 8 h (n). Acclimated plants
were analyzed either directly (A) or after 5 h additional stress treatment at 55°C (B). Leaf discs dark in-
cubation (3 min) and fluorescence kinetics measurement were carried out at the same temperature. Excit-
ing light intensity was 2250 µmol.m-2.s-1. Data are presented in percent to F0 value measured at 25°C
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observed in the 45–50°C interval (Fig. 4). The increase of F0 (in all acclimated plants
induced by 3 min preincubation of leaf discs at 47.5–50°C) was weaker, which could
be considered as a protective effect of acclimation. When the acclimation procedure
was prolonged from 30min up to 4h, the effect increased. A certain stabilization oc-
curred up to the 8 hour treatment (Fig. 4A). Leaving the plants for 5h at 55°C on the
day after  acclimation treatment, developed further the stabilizing effect (Fig. 4B).
The heat-induced (3min, 50°C treatment) F0 increase was 93±9% immediately af-
ter acclimation at 45°C, and after the stress procedure it was only 56±4%. These
values were respectively 56±2% and 53±3% in plants, acclimated for 8 h, which
means that obviously a maximal degree of acclimation was almost attained and ad-
ditional stay at 55°C enhanced it only insignificantly. Even a short time of acclimation
(30min or 1h) provoked a significant stabilizing effect in the variants with stress treat-
ment, which was not so strongly dependent on the duration of acclimation.

Fig. 5. Temperature dependence of maximal chlorophyll fluorescence (Fm) in leaf discs from bean plants
subjected to different acclimation procedures. The conditions of acclimation and measurement proce-
dures as well as the curves symbols are as in Fig. 4. Data are presented in percent to Fm value meas-
ured at 25°C

The temperature sensitivity of Fm changed in the process of acclimation in a more
complex way (Fig. 5). It was influenced by acclimation in a wider temperature interval
(35–50°C). The protective effect observed, was strongly dependend on the duration
of acclimation, when fluorescence kinetics was measured immediately after heating
the plants at 45°C (30min to 8h, Fig. 5A). The additional stress on the next day al-
most unified the temperature dependence of Fm in all samples (besides control) (Fig.
5B). The thermal stabilization of Fm by stress treatment is well expressed in 45–
47.5°C interval, which led to inactivation curve shift toward higher temperatures.
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An acclimation effect of high temperature treatment was also observed for Fv /Fm
ratio reflecting the relative change of variable fluorescence (Fig. 6). Evidently this
effect was revealed after incubation of leaf discs at temperature above 35°C and no
noticeable differences between the variants of this parameter, measured at room tem-
perature, could be observed (Table 2). In the 35–45°C interval, the acclimation was
expressed as a weaker inhibition of Fv/Fm after 3min incubation, and when heating
up to 45–50°C was applied – as T50 rise. An increase of thermotolerance was observed
with elongation the term of hardening as was the case with Fm (Fig. 6A). The accli-
mation effect was best expressed at 47.5°C and 50°C measuring temperature.

Fig. 6. Temperature dependence of relative variable fluorescence (Fv/Fm) in leaf discs from bean plants
subjected to different acclimation procedures. The conditions of acclimation and measurement proce-
dures as well as the curves symbols are as in Fig. 4. Data are presented in percent to Fv/Fm value meas-
ured at 25°C

When the stress treatment was applied, differences from the control appeared al-
ready in plants subjected to 30min acclimation procedure. The effect remained ap-
proximately at a constant level for all other periods of acclimation (1–8h, Fig. 6B).
The maximal protective effect after 8-hour-treatment, combined with the stress pro-
cedure, was close to the measured immediately after acclimation of plants.

Our finding, that even 30min exposure at 45°C is sufficient for acclimation of
bean plants, is in agreement with Havaux’s results (Havaux, 1993) that transfer of
potato leaves from 25°C to temperature slightly lower than the threshold one (Tc)
for a short time (half-time ≈ 20min) causes an upward shift of Tc value without any
appreciable loss of PS2 activity. Unlike the results of Havaux, where the effect has
been demonstrated immediately after short hardening, in our experiments it was dis-
played only after additional high temperature stress. This may be a result of differ-
ent acclimation conditions used.
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As a criterion for the thermal tolerance of the photosynthetic apparatus,  the tem-
perature, T50, at which a 50% inhibition of the process occurs, was used (Goltsev et
al., 1987; Yordanov et al., 1987). The changes of T50 of the relative variable fluores-
cence, registered immediately after the acclimation procedure or after additional stress
treatment (5 hours, 55°C), versus duration of hardening are presented in Fig. 7. Evi-
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Fig. 7. Dependence of half-inactivation temperature (T50) of the Fv/Fm ratio on the duration of
acclimation at 45°C immediately after treatment (¡) or after additional 5 h, 55°C stress proce-
dure (l). With triangles the values of the parameter for Control (holed) and Control stressed plants
(filled) are presented

dently, T50 increased proportionally to duration of acclimation (open circles). After
stress treatment T50 increased with 2–3°C (closed circles) and its values were not
dependent on the duration of acclimation. The additional increase of Fv/Fm stability
as a result of stress treatment was maximal for the short periods of acclimation
(30min–1h) and insignificant for the longer ones (4–8 h).

Discussion

The heat stress in the interval from 30min up to several hours can imitate a situation
of naturally occurring short periods of overheat observed in areas with big tempera-
ture oscillations.

Acclimation time, h
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At conditions of temperature variation, including stress, acclimation depends on
the capability of plants living at moderate climate conditions, to endure an occasional
heat stress. In this case the plant adaptation includes a certain degree of physiologi-
cal tolerance and mechanisms for an escape of heat stress (Kappen, 1981). In most
cases the adaptive mechanisms to different heat regimes can be considered as com-
pensatory, because they allow the plants to buffer the effect of temperature shift on
their metabolic systems. The ability of easy recovery after heat stress is decisive,
because the functional disorders as inhibition of photosynthetic or protein metabo-
lism decreases the resistance power of the plant.

Thermal inhibition of photosynthesis occurs at temperatures that damage mem-
brane connected processes. The observation that heat injury leads to significant
changes in prompt and delayed chlorophyll fluorescence (Berry et al., 1975; Schreiber
and Berry, 1977; Schreiber and Armond, 1978; Berry and Björkman, 1980; Yordanov
et al., 1987; Goltsev et al., 1987; Bilger and Schreiber, 1990), as well as to abnormal
behaviour of the pigment and protein components (Smillie and Nott, 1979; Sundby
et al., 1986) shows that a fast disturbance of the integrity of chloroplast membrane
occurs when plants are exposed to high temperature. Uncoupling of photophosphor-
ylation and inhibition of the photoreductive ability of chloroplasts can be only symp-
toms of the more direct effect of high temperature on membrane structure (Mukohata
et al., 1974).

The acclimation effects that we observed, regarding thermal inactivation of fluo-
rescence parameters, show that the acclimation procedures applied, provoke an in-
crease of heat tolerance of photosynthetic reactions.

In regard to F0 the acclimation effect is expressed as a reduction of the heat-in-
duced increase in the 47.5–50°C interval. One probable reason for that is the heat-
induced transition of PS2α into PS2β centres with their following transformation  in
QB-nonreducing centres (Sundby et al., 1986; Cao and Govindjee, 1989; Guenther
and Melis, 1990). The inactivated centres of PS2 sharply increase the effectivity of
the emitted fluorescence so that even at very low light intensities (at which F0 is meas-
ured) a great part of it may include its variable component. This is presumably due
to the increase of the relative concentration of QA-states in QB-nonreducing reaction
centers of PS2 that have a long life-time – about 3 seconds (Chylla and Whitmarsh,
1989; Ort and Whitmarsh, 1990). An other cause for F0 rise could be the disturbance
of excitation energy migration from LHCII to PS2 core complexes.

So, in frame of this concept, acclimation can influence the velocity of the heat-
induced diffusion of PS2 by changing the microviscosity of the lipid bilayer of the
thylakoid membrane (e.g. by raising the relative concentration of more saturated
digalactosyldiacyl glycerides in the acclimated chloroplasts), as it has been shown
by Süss and Yordanov (1986). On the other hand, the newly synthesized heat-shock
proteins in acclimated plants are disposed on the outer surface of the unstacked
thylakoid membrane building a protecting shield, thus keeping the proteins of PS2β
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from adverse conformational changes. Indirect confirmation of this proposition may
be the observed increase of negative electric surface charge density in chloroplasts
isolated from acclimated bean and pea plants (Goltsev et al., 1987; Georgieva et al.,
1989). It may be the result of association of newly sinthesized heat-shock proteins
with thylakoid membrane surface.

The variable component of fluorescence is sensitive to changes in excitation-en-
ergy transport rate within the pigment apparatus, as well as to photochemical and dark
reactions in the thylakoid membranes. The drop of Fm in thermoinactivated leaf discs
is most probably due to the electron transport inhibition in the donor side of PS2
(Katoh and San Petro, 1967; Yamashita and Butler, 1968; Goltsev and Yordanov,
1992). Another reason for it may be the acceleration of internal conversion at higher
temperature.

The degree of reducing maximal fluorescence measured at 45°C in acclimated
plants is considerably smaller than that of the controls, which is evidently connected
with the enhanced stability of O2 evolving complex. It consists of about 25–30% in
the variants with maximal expressed acclimation effect, which correlates to the fluo-
rescence diminution, due only to the elevated internal conversion in excited chloro-
phyll molecules (Goltsev and Yordanov, unpublished). This shows that in contrast
to control plants, the treatment of leaf discs of acclimated plants with 45°C does not
lead to inactivation of PS2 donor side.

Analyses of the acclimation effect’s dependence of the fluorescent parameters
on temperature and on duration of hardening show some peculiarities. The increased
thermal tolerance acquired as a result of hardening depends to a considerable degree
on quantitative characteristics of the provoking stress (time duration and tempera-
ture). A maximal acclimation effect is observed at temperatures close to lethal if the
plant can endure it and is able to normalize its functions. In our experiments such
effect was found after 5h treatment of the plants with 53°C or 55°C (air tempera-
ture). The ability of plants to endure such high temperature loading is build up after
their previous hardening at more moderate stress conditions. The acclimation pro-
cedure itself really leads to formation of increased thermal tolerance of fluorescence
parameters, as well as of integral photosynthetic process (unpublished data). Moreo-
ver, the degree of acquired thermal stability is defined by the regime of acclimation.
For all parameters investigated a monotonous increase of the stabilizing effect is
observed with the increase of the duration of hardening at a given temperature (Fig.
4–7), as well as with the increase of the hardening temperature (Fig. 1–3).

Acquired increased thermostability of the fluorescent parameters after stress treat-
ment (5h at 53°C or 55°C) does not practically depend on duration and temperature,
at which preliminary acclimation has taken place. This shows that all conditions of
hardening that we applied induce time-developing processes, which determine the in-
creased thermal tolerance. Moreover, when longer hardening is applied, the formation
of heat tolerance ends with the process of hardening itself, thus after 5 hour’s addi-

Thermal acclimation of the photosynthetic apparatus



26

tional treatment with 53°C or 55°C it changes insignificantly. Approximately the same
thermotolerance can be achieved by short acclimation combined with stress treatment.

Acclimation to a wide temperature range (38–47.5°C) develops high thermosta-
bility in young bean plants, which allows them to survive at stress conditions. The
acclimation process develops and ends after approximately 5 hours hardening at 45°C
is applied. Maximum thermal tolerance of the photosynthetic apparatus is achieved
at conditions, close to lethal ones. In initial periods of hardenning the thermotolerance
of fluorescence parameters is not enhanced, but the plants are able to endure a fol-
lowing stress, which allows the assumption that under this condition, acclimation ef-
fect is realized not on the level of primary photosynthetic reactions, but on the cellu-
lar level.
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