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When leaves of atrazine-resistant (AR) and atrazine-sensitive (S) Erigeron canadensis (L.)
plants grown at 5 °C were exposed to an elevated temperature (35 °C) for 30 min, the critical
(T.) and peak temperatures (7},) of the F, vs. T curves were considerably higher for the
leaves of the S biotype, but not for those of the AR biotype. The temperature dependences
of F,/F, and AF/F,’" were not greatly different for the heat-treated cold-acclimated AR
biotype, in contrast with the situation for the S plants. This short-term heat treatment resulted
in a more significant shift in the optimal thermal interval of CO, fixation for the S than for

the AR biotypes.

Introduction

It has been reported that there are differences
in lipid/fatty acid composition between atrazine-
resistant (AR) and atrazine-sensitive (S) plants
(Pillai and St John, 1981; Burke et al., 1982; Chap-
man et al., 1985; Lehoczki et al., 1985; Tremolieres
et al., 1988). The thylakoid fractions of AR plants
rich in photosystem II (PS II) are characterized by
higher concentrations of monogalactosyl-diacyl-
glycerol (Lehoczki et al., 1985; Tremolieres et al.,
1988) and the thylakoids of AR plants have been
reported to contain more unsaturated fatty acids
(Lehoczki et al., 1985). Some authors consider that
these differences in lipid/fatty acid composition of
the thylakoid membranes may cause the enhanced
heat sensitivity of AR plants (Havaux, 1989). As
compared with S plants, this sensitivity is revealed
at a moderately higher temperature by a generally
decreased rate of O, evolution, an increased pro-
portion of the quinone~ (QA ) level and reduced
CO, fixation (Ducruet and Lemoine, 1985; Po6los
et al., 1986; Ducruet and Ort, 1988; Havaux, 1989;
Dulai et al., 1995, 1998). However, stress physio-
logical research results seem to suggest that, be-
sides having a decreased heat tolerance, the chlo-
roplasts of AR E. canadensis plants (with modified
lipid composition) lack a temperature adaptation
mechanism, which is linked to the capacity to
change the membrane fluidity. In accordance with

the above-mentioned findings, the thermal opti-
mum of CO, fixation was earlier found to be at
low temperature for both cold and warm-accli-
mated AR plants (Dulai et al., 1998). These fea-
tures may play a role in the fact that the biomass
productivity of AR plants grown under moder-
ately low-temperature conditions is increased
(Richroch et al., 1987), and these biotypes are ca-
pable of efficient photosynthesis only in a rela-
tively narrow, moderately cold temperature in-
terval (Dulai et al., 1998).

By investigating the effects of short-term tem-
perature stress on the photosynthetic apparatus,
some authors have recently shown that chloro-
plasts possess a rapid adaptive mechanism that
senses a moderate temperature elevation and pro-
duces the fast conversion of PS II to a heat-resis-
tant state. In parallel with this increased heat tol-
erance, the conversion of the xanthophyll cycle
pigments begins (Havaux and Gruszeczki, 1993;
Havaux and Tardy, 1995, 1996). However, it is
known that, besides a decreased long-term tem-
perature adaptation capacity arising from modifi-
cation of the membrane fluidity, AR E. canadensis
has a reduced xanthophyll cycle activity (Varadi et
al., 1994).

The present paper reports on a short-term heat
treatment-induced response of the initial fluores-
cence (Fy), various fluorescence induction param-
eters associated with the PS II activity, and the
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CO, gas exchange in leaves of AR and S biotypes
of E. canadensis grown under low-temperature
conditions.

Materials and Methods

All main experiments were performed on intact
leaves of cold-acclimated (3-month-old plants
were transferred to 5 °C for 3 months) AR and S
biotypes of E. canadensis. Both biotypes were
grown under fluorescent illumination with a 16-h
photoperiod of white light at a photon flux density
of 100 umol m~2 s~!. Unless otherwise indicated,
the fully expanded leaves of 6-month-old cold-ac-
climated plants, in the rosette stage, were used in
all experiments before and after a short heat treat-
ment (30 min at 35 °C under a 100 umol m=2 s~!
photon flux density). Warm acclimated plants
were grown at 25 °C for 3 months in the same light
conditions as cold-acclimated plants. The break-
points of F, vs. T curves of these plants are given
only for comparison with the heat tolerance
increase in cold-acclimated pre-heated plants.

The responses of the in vivo chlorophyll-a fluo-
rescence of the AR and S C. canadensis biotypes
to temperature change were measured in dark-
adapted leaves with a pulse amplitude modulation
fluorometer (PAM 101-102-103, Walz, Effeltrich,
Germany) as described by Schreiber et al. (1986),
and recorded with a potentiometric chart recorder
(NE-244, EMG, Budapest, Hungary) and a com-
puter as detailed in a previous paper (Dulai ez al.,
1998). The variables and equations for quenching
analysis were determined according to van Kooten
and Snel (1990). The quantum efficiency of photo-
chemistry was calculated as AF/F,,’, as reported
by Genty et al. (1989).

For determination of the critical and peak tem-
peratures (7. and T},) for heat injury to the photo-
synthetic apparatus, the method of heat induction
of fluorescence was applied as described by
Schreiber and Berry (1977). The leaves were dark-
adapted for 30 min, and then placed on the thermo-
electric module. During heating from the growth
temperature to 50 °C at a rate of 1 °C min~!, the
temperature was monitored by a thermocouple
thermometer. F,, was excited by a weak 650 nm
light beam modulated at 1.6 kHz; PS I was main-
tained in a state of oxidation by low-intensity far-
red background light. 7, and T, were determined
from the F, vs. T curves.

CO, assimilation was measured in normal air
with an infrared gas analyser (LCA-2, Analytical
Development Co. Ltd, Hoddesdon, UK) in an
open gas-exchange system. The white light for the
excitation of photosynthesis was provided by a
Schott KL-1500 light source through a fiberoptic.
The attached leaves were first exposed to the
growth temperature in a thermostated leaf cham-
ber (Analytical Development Co. Ltd, Hoddes-
don, UK). After measurement of the CO, fixation
rate at this temperature, the temperature was
raised in S min to the next value (in the interval
5-50°C). After stabilization of this new temper-
ature (again a 5-min period), the CO, fixation rate
was measured once more, and the temperature
increase was continued. These measurements were
made in the light-saturated state (800 umol m=2s~!
Photon flux density, PFD) of photosynthesis by
using a temperature controller (Haake, F3, Berlin,
Germany). The rates of net CO, fixation were cal-
culated by using the equations of von Caemmerer
and Farquhar (1981).

Results and Discussion

It is well documented that the critical (7,.) and
peak (7,) temperatures of Fj, vs. T curves are di-
rect indices of the thermostability of chloroplasts,
and can be used to estimate the thermotolerance
of higher plants (Smillie and Nott, 1979; Bilger et
al., 1984). When the cold-acclimated plants were
exposed to preheating (35 °C, 30 min), the temper-
ature dependence of F, for the leaves of S E. cana-
densis displayed characteristic changes. There was
a slow increase in F; for the preheated cold-accli-
mated AR biotype at 34.7°C (7;) and T, was at
39.3 °C, in contrast with the S biotype, where the
fluorescence level did not change up to 37.5°C
(T,), with T, at 40.5 °C (Table I). These short heat
treatment-induced upward temperature shifts led
to increases in £, indicating a higher thermal sta-
bility of PS II in the S biotype than in the AR
biotype. The approximately 3.9 and 3.3 °C upward
shifts in 7, and T}, in the F;, vs. T curves as com-
pared with the non-treated samples may be con-
nected with the fact that, in parallel with the expo-
sure to 35°C, the thylakoids of the S biotype
probably become significantly less fluid. Corre-
spondingly, at higher temperatures the membrane
is hyperfluidized and, in parallel with the preheat-
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Table I. Breakpoints (7, 7. and Tp) of Fy vs. T curves
for intact leaves of preheated (30 min at 35 °C) and non-
treated S and AR E. canadensis biotypes grown at 5 °C
and of non-treated warm-acclimated plants grown at
25 °C.

The results are means of data from ten independent
measurements on different leaves from different plants.

Susceptible biotype T, T T,

c P
Cold-acclimated 30.2+£0.84 36.6+0.81 445+1.25
Cold-accl. heat-treated 37.5£0.91 40.5+1.08 47.8+1.15
Warm-acclimated 37.4+0.57 41.1£0.59 47.7+£1.18
Atrazine resistant biotype

Cold-acclimated 32.4+£0.43 38.6+0.92 46.3£0.95
Cold-accl. heat-treated 34.7+1.18 39.3£1.05 47.1£1.56
Warm-acclimated 33.2+0.59 38.610.41 44.6+1.14
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ing, the photosynthetic apparatus becomes toler-
ant to even moderate temperature stress.

The temperature responses of the optimal
quantum yield of PS II photochemistry (F,/Fy,)
(measured after a 30-min dark relaxation) for
leaves of the S and AR biotypes grown at 5°C
differed in a wide range of heating temperature;
the curve decreased sharply from 39 °C for the AR
biotype and from 35 °C for the S biotype (Fig. 1).
However, for the S biotype, after the brief expo-
sure to 35 °C, the heating temperature dependence
of F,/F,, became tolerant to heat. In contrast with
the non-treated leaves, in the preheated S plants
F,/F,, decreased sharply only above 40 °C; in the
AR biotype, the change in the temperature depen-

T (°C)

AR

0 -+ + £ t
0 10 20 30 40 50
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Fig. 1. Effects of heating on optimal (F,/F,,, above) and effective quantum yields (AF/F,,’, below) of PS II photo-
chemistry for cold-acclimated (dashed line, filled circles) and pre-heated (30 min at 35 °C, continuous line, empty
circles) intact leaves of S and AR. E. canadensis biotypes. The results are means + SE of data from five independent

measurements on different leaves from different plants.
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dence of the optimal quantum yield was only less
significant.

Figure 1 also shows the temperature depend-
ence of the effective quantum yield of PS II associ-
ated with the linear electron transport activity, cal-
culated at the end of a 15-min actinic light (AL)
illumination of 100 umol m~2s~!, expressed as AF/
F.,' (Genty et al., 1989). It can be seen that AF/F,,’
was lower above 25 °C for the S biotype grown at
5 °C than that for the AR biotype. For the S bio-
type, AF/F,," decreased continuously in parallel
with heating from the growth temperature. For the
AR biotype, the heating-induced decrease in AF/
F.," began only at 25 °C. The exposure to 35 °C
caused a decrease in this parameter for both bio-
types measured at all temperatures. The temper-
ature dependence of AF/F,," for the preheated S
plants clearly demonstrates that the temperature
optimum of linear electron transport in the S bio-
type shifts upward, while in the AR plants the shift
is not considerable. Apart from the temperature-
induced changes in F,/F,,, and F/F,’, this
increased thermostability is demonstrated by the
significant upward shift in the optimal thermal
range of the photosynthetic net carbon assimila-
tion (Fig.2). At the same time, the temperature
dependences of the above parameters for the AR
biotype are less sensitive to preliminary heat expo-
sure: preheating did not markedly modify the
heat-induced change in the photochemistry of
PS 1I.

The heat response curves for CO, assimilation
rates in leaves of cold-acclimated AR and S bio-
types of E. canadensis are shown in Fig. 2. The
temperature dependence of the net CO, fixation
was influenced differently by the preheating for
the cold-acclimated AR and S biotypes. For the
heat-treated cold-acclimated S biotype, the opti-
mal thermal interval of the assimilation rate was
shifted significantly upwards as compared with
that for the non-treated plants, but the maximal
net CO, fixation rates measured below 25 °C were
lower than the assimilation rates of non-treated S
plants. Further, the thermal optima of the net CO,
fixation measured at saturating light intensity are
close to one another for the preheated and non-
treated AR plants, which seems to suggest that the
heat stress tolerance of the photosynthetic appara-
tus of AR E. canadensis is not greatly influenced
by short-term heat treatment. This is reflected by
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Fig. 2. Temperature dependence of net photosynthesis
(at 800 umol m~2 s~! PFD) in cold-acclimated (filled
symbols) and pre-heated (30 min at 35 °C, empty sym-
bols) intact leaves of S (empty and filled circles) and AR
(empty and filled triangles) E. canadensis biotypes. The
results are means £ SE of data from five independent
measurements on different leaves from different plants.

the fact that there was a smaller difference be-
tween 7. and T}, in the F, vs. T curves for the
treated and non-treated AR biotype than for the
S plants. Moreover, the thermal stability of PS II
is known to be influenced by the fluidity of the
thylakoid membrane (Berry and Bjorkman, 1980;
Raison et al, 1982), which is manifested in the
temperature dependence of F,,. We therefore sug-
gest that the chloroplasts of AR E. canadensis
have a decreased short-term temperature adapta-
tion capacity, which is probably linked to the ca-
pacity to rapid change in the membrane fluidity.
The above-mentioned findings are in accord
with reports on the role of carotenoid pigments in
the thermal tolerance of PS II (Havaux and Grus-
zeczki, 1993; Havaux and Tardy, 1995; Havaux and
Tardy, 1996). Under certain conditions, these ca-
rotenoid changes are associated with an increased
stability of PS II to heat stress. More precisely, ele-
vated temperature in either light or darkness trig-
gers the first step of the violaxanthin— zeaxanthin
conversion. In agreement with this, a light-inde-
pendent zeaxanthin synthesis was observed in po-
tato leaves exposed to the elevated temperature
of 35°C (Havaux and Tardy, 1996), which was
probably accompanied by a decreased membrane
fluidity and an increased PS II thermal stability.
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Nevertheless, it is also known that AR E. cana-
densis has a reduced xanthophyll-cycle activity
(Véradi et al, 1994; Darké et al, 1996), which
might be connected with the fact that in this plant
the short-term temperature adaptation capacity is
limited. The background of the different short-
term temperature capacities in the AR and S bio-
types will be precisely elucidated in a future study.
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