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Summary. The effect of temperaturesin the range of 5to 45°C on the kine-
ticsof prompt and millisecond delayed fluorescence of herbicide-treated pea
leaves was studied. The leaves were treated for 2h at 22°C with herbicide
solutions of diuron, atrazine and dinoseb, belonging to two super-families —
urealtriazines and phenalic herbicides. Luminescence characteristics were
registered at different temperatures after 3 min preincubation of the leaves
in a dark measuring chamber. Temperatures of about 30-35°C were found
to be optimal for photosynthetic electron transport giving highest levels of
delayed fluorescence emission and variabl e fluorescence. The effect of diuron
and atrazine was found to be negligible at low temperatures (5-10°C) and
expressed in greater extent at el evated temperatures (up to 45°C). Dinoseb
induced strong inhibiting effect at all temperatures. A conformational change
inthe D1 protein was suggested regarding the affinity of the herbicide molec-
ules towards the Qg-binding site, in away that the herbicide can not com-
pete with the plastoquinone at low temperatures and is readily displaced.

Key words: delayed fluorescence, electron transport, herbicides, high and low
temperature, Pisum sativum L., variable chlorophyll fluorescence

Abbreviations: DF —delayed fluorescence; DCMU — 3-(3,4-dichlorophenyl)-
1,1-dimethylurea; F,— constant (ground) fluorescence; F, — variable fluores-
cence; F,,—maximal fluorescence; F;—quasi stationary fluorescence level;
l,.4and D, s — parameters of the delayed fluorescence induction kinetics, PF
— prompt fluorescence; PQ — plastoquinone; PSI — Photosystem 1, PSII —
Photosystem 2; PSA — photosynthetic apparatus
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Introduction

Herbicides are abackbone component of modern agriculture in developed countries.
Their use has resulted in dramatic increases of crop productivity over the last four
decades. Herbicides modify the cell cycle, plastid metabolism, or they act as endogen-
ous growth regulators, but for the most part they affect the photosynthetic reactions
— dark reactions or photo-induced €electron transport (electron transport inhibitors,
artificial acceptors and inhibitors of ATP synthesis) (Percival and Baker, 1991). A
cardinal site of inhibition of the photosynthetic electron transport is the PSII donor
side. The mechanism of inhibition stands on a competitive binding of the herbicide
to the Qg-site on D1-protein in the reaction centre of PSII (Velthuys, 1981; Lavergne,
1982; Vermaaset al ., 1984; Trebst, 1987) thus preventing Qj to reduce Qg. Two amino
acid residues binding with the quinone molecule in the region of D1 exist — Ser-264
and His-215. Herbicides are divided into two typesin respect to their corresponding
binding amino acid as well as to their structure — (these are) the urealtriazine type
and the phenol type respectively (Trebst, 1987; Oettmeier, 1992). The former includes
the herbicides diuron and atrazine which bind to Ser-264. Dinoseb belongs to the
latter, phenol type. In contrast to the el ectrostati ¢ i nteractions between plastoquinone
and D1, the herbicide binding mechanism involves forming of hydrogen bonds due
to sterical correspondence between herbicide molecules and the Qg-site (Mets and
Thiel, 1989; Fuerst and Norman, 1991).

The prompt and delayed chlorophyll fluorescence kinetic measurements are non-
invasive and highly informative methods for monitoring the state of PSII and the
photo-induced electron transport (Duysens and Sweers, 1963; Havaux and Lannoye,
1983). From the induction kinetic curves of prompt fluorescence one can estimate
the photosynthesis quantum yield, fluorescence quenching, size and redox state of
the PQ pool (Lavergne, 1974; Buittler, 1977; Krause and Wel's, 1984). DF allows asses-
sing the influence of environmental stress on the overall process of photosynthesis
(Havaux and Lannoye, 1983; Yordanov et a., 1987; Bilger and Schreiber, 1990). In-
duction curves of DF are assumed to be good indicators for the electron transport cap-
acity (Schreiber and Schliwa, 1987; Bilger and Schreiber, 1990) and the proton gradi-
ent across the thylakoid membranes (Havaux and Lannoye, 1983; Fork et al., 1985;
Bilger and Schreiber, 1990; Hartel et al., 1993). Thus, they provideinformation about
energization and the integrity of thylakoid membranes (Havaux and Lannoye, 1983;
Fork et al., 1985; Bilger and Schreiber, 1990).

The photosynthetic apparatus is the most heat-sensitive component of plants.
Temperature modifies the physicochemical properties of the thylakoid membrane —
permeability, fluidity, lipid and protein complex mobility (Schreiber and Berry, 1977),
aswell asthe electron transport rate. It is established that within the el ectron transport
chain PSII ismost vulnerable to temperature, on its donor side, aswell ason its accep-
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tor side, that indicated by itsinduction kinetics (Krause and Santarius, 1975; Havaux
et al., 1991). It was suggested that 2 of the 4 Mn atomsin the oxygen-evolving com-
plex could be split off. High temperatures |ead to dissociation of the light-harvesting
complex of PSII (Armond and Schreiber, 1978; Gounaris et a., 1984).

Temperature-induced changesin PSII influence the induction kinetics of PF and
DF (Krause and Weis, 1984; Schreiber et al., 1988; Larcher et al., 1990).

Since beyond-optimal temperatures alter membrane protein conformation, along
with the PSII reaction centre proteins, it could be assumed that such temperatures
would change the ability of D1 to bind herbicides (Vasil’ ev and Venediktov, 1993).

In the present work the effect of temperaturesin the range of 5-45°C on the kin-
etic characteristics of prompt and delayed fluorescence of pealeavestreated with her-
bicides wasinvestigated, in order to clarify how temperature determines the sensitivity
of PSII to herbicides.

Materialsand Methods

Objects of experimentswereleavesfrom 14-days pea plants (PisumsativumL.) grown
hydroponically in Knopp solution at temperatures of 23-25°C and illumination of
45umol.m2.s?.

The following solutions were used for object treatment:

1) Control — distillated water;

2) DCMU - 10°M in distillated water, made out of stock substance 3-(3,4-di-
chlorophenyl)-1,1-dimethylurea, SIGMA, min. 98%;

3) Atrazine—10°M in dist. water, made out of 2-ethylamino-4-chloro-6-isoprop-
ylamino-1,3,5-triazine, SERVA, p.a;

4) Dinoseb — 10*M in dist. water, made out of 6-(sec-butyl)-2,4-dinitrophenoal,
SERVA, p.a

Groups of about 20 leaves were arranged in Petry dishes over 10ml treatment
solution and incubated at 22°C for 2 hours (the 2nd hour in dark for PSA adaptation).

Prompt and delayed fluorescence induction kinetics measurements were conduc-
ted using a fluorometer FL 2006 (Test, Russia) asin Goltsev and Yordanov (1997).

The whole experiment took place in a dark room. Before measuring the leaves
were temperated in the measuring chamber of the phosphoroscope at the desired tem-
perature for 2 min. Measurements were conducted at temperaturesin the range 5-45°C
at intervals of 5°C. Induction kinetics of prompt and delayed fluorescence wereregis-
tered simultaneously for 3min.

At least 3 repetitions were accomplished for each experiment. Dispersion analysis
was applied to the data obtained.
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Results

Theinduction kinetics of PF and DF, recorded at temperaturesin the range of 5-45°C
are represented on Fig. 1. The curve's shape as well as the overall intensity change
with temperature.

With the temperature increase, the overall intensity of DF monotonously increas-
ed to maximal values at 30°C. Theincrease was more obvious during the slow phase,
representing the generation of membrane electrochemical potential. At the sametime,
considerable changesin the fast phase were observed — at low temperatures | ; predom-
inates over |,, the opposite is valid over 15°C. The time, required for reaching the
maxima valuesin the DF dow phase, monotonoudy decreased with temperature. This
may be due to the acceleration of the photosynthetic processes.

Fig. 1. Induction kinetics of
prompt and delayed fluorescen-
ce of control pealeaves, meas-
ured at different temperaturesin
the range of 5 to 45°C.

A — Déelayed fluorescence;

B — Prompt fluorescence.
Prior to registration the leaves
werekept in distillated water for
2h(1hinlight followed by 1h
in dark) and 3min in the mea-
suring chamber at the corres-
ponding temperature. The actin-
ic light intensity at the sample
level was 1.2mmol.m=2.s™. |,
I, —first and second maximums
of DF; D, — first minimum af-
ter I,; I3, 1, — slow maximums
of DF; D — DF level 180s af-
ter illumination (steady state).
F, — ground fluorescence (ex-
trapolated); F; —first maximum
of PF; F,,, — maximal fluores-
cence; F,— PF level 180s after
illumination.
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Fig. 2. Induction kinetics of prompt (lower plots) and delayed (upper plots) fluorescence of pea leaves treated for 2h (1h in light
followed by 1hin dark) with 10°°M DCMU, 10°M atrazine or 10*M dinoseb respectively, measured at 3 different temperatures. 1 —
control, 2— DCMU, 3 —atrazine, 4 — dinoseb. The experimental procedure was asin Fig. 1.

85

ASS}09 A pue MiqueT d



Temperature affects herbicide-sensitivity of pea plants 59

Temperature treatment affected the characteristics of PF (Schreiber and Bilger,
1987; Larcher et al., 1990). Elevated temperatures diminish the variable fluorescence.
Temperature of 45°C declines any variable fluorescence and fluorescence quench-
ing, whilethe level of dead fluorescence F, is considerably raised (Bilger et al., 1987;
Goltsev et a., 1994).

The two-hours incubation of leaves in herbicide solution modified the induction
kineticsin shape and scale, depending on temperature and herbicide applied (Fig. 2).
DCMU effect appears at temperatures of 35-40°C, atrazine—T = 25°C, while dinoseb
acts practically throughout the entire temperature range.

The DF induction kinetics of DCMU treated |eaves followed the control kinet-
ics. Apparent differences are noted during the slow induction phase. At low tempera-
tures, the inhibitory effect is insignificant, but increases with the further rise in the
temperature and is highest at 40°C.

Atrazine' sinhibitory effect was more pronounced than that of DCMU. The major
differences with the control are the lower level of |, and the considerably higher D,.
Dinoseb treatment strongly reducesthe overall intensity of DF at all temperatures and
the curve eventually becomes monophasic at 40°C with asingle peak — I ;.

At low temperatures the shape of the PF induction curves of atrazine and DCMU
treated probes was also alike to the control. The level of constant fluorescence F,
remains unchanged, as opposed to dinoseb, which shows a noticeably higher F,. At
elevated temperatures F, increases and the variable fluorescence tends to decrease.
The slow phases of the induction curves, reflecting the photoinduced fluorescence
guenching, are not affected, which leads to the assumption that the dark phase of the
photosynthesis remains unmodified.

The temperature dependence of the sensitivity to herbicide treatment was confir-
med by the analysis of some given parameters, estimated from the induction kinetics
of PF and DF (Fig. 3-6).

Themaximal DF intensity |, smoothly increased in the range of 5-30°C and was
3fold higher at 30°C than at 5°C (Fig. 3). A steep declinein theintensity is observed
over 30°C. DCMU and atrazine do not modify this parameter at low temperatures,
DCMU exhibits a considerable inhibitory effect at 40°C, atrazine — in the range of
25-40°C. The maximal DF intensity of the dinoseb-treated leavesisinsignificant as
compared to al remaining probes in the temperature range.

The ratio of the maximums in the fast phase of DF induction —1,/1,, — decreased
with temperature and reached its minimal values at 35°C (Fig. 4). Further increase
of temperature gives rise to 1,/1,, conforming to the maximal inhibition of the elec-
tron transfer. The effect is observed with control as with herbicide treated leaves.

The relative variable fluorescence — F, /F, gradually decreased with temperature
to atotal declineat 45°C (Fig. 5), as shown by the results of Georgievaand Yordanov
(1993). Herbicides decrease the value of F,/F,, dinoseb being most active, followed
by atrazine. The action of atrazine and dinoseb is pronounced in the entire tempera-
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Fig. 3. Effect of measuring temperature on the amplitude of the
delayed fluorescence induction maximum I , in pealeavestreated
by herbicides. The experimental conditionsasin Fig. 2.
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Fig. 4. Effect of measuring temperature on the ratio of the delayed
fluorescence induction maximums 1,/1, in pealeaves treated by her-
bicides. The experimental conditionsasin Fig. 2.
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Fig. 5. Effect of measuring temperature on the prompt fluo-
rescence relative parameter F,/F, in pealeavestreated by her-

bicides. The experimental

conditions asin Fig. 2.
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Fig. 6. Effect of measuring temperature on the prompt fluores-
cence relative parameter F,/F, in pealeaves treated by herbi-
cides. The experimental conditionsasin Fig. 2.
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ture range, but is emphasized at higher temperatures. DCMU provokes no signifi-
cant differences with the control below 35°C, its effect appears at 40°C.

The temperature dependence of the F,,/F, ration showed a maximum at around
35°C (Fig. 6). The maximal value for DCMU isat 30°C, for atrazine and dinoseb —
between 15 and 20°C. The herbicide effect is clear in the range of 10-40°C.

Discussion

Temperature, as an environmental factor with abroad range of activity, smultaneously
modifies the rates of virtually al photosynthetic reactions. Measuring the lumines-
cent characteristics of plants one can carry out aqualitative assessment of the tempera-
ture effect over different stages in the process of light energy transformation.

The effect of temperatures between 5 and 45°C is diverse. The photosynthetic
activity of the pea plants shows a general increase with increasing temperatures up
to an optimal temperature of about 35°C (Ludlow and Wilson, 1971; Larcher et d.,
1990) (Fig. 1). At temperatures around 40-45°C the normal functioning of the PSA
isgreatly impaired (Bilger et a., 1987; Bukhov et al., 1987; Larcher et al., 1990).

In the range of 5 to 35°C, the following changes in the PSA are observed by
means of luminescent characteristics measurement:

a) Acceleration of the electron transport between the Q, Qg complex and the PQ
pool, which is confirmed by therise in the level of |, at expense of |, (Fig. 1 and 4)
(Goltsev and Yordanov, 1997);

b) Acceleration of the intersystem electron transfer and a relatively low redox
state of PQ pool. This explains the rise of DF intensity at the D, minimum (Fig. 1),
the increased thylakoid membrane energization, and the slow rise of the DF induc-
tion kineticto 1, (Fig. 3);

c) Intersystem electron transfer is disturbed at unfavorabl e temperatures, which
is evident from the DF maximumsrratio, |,/I, (Fig. 4). It may be aresult of D1 pro-
tein conformational changes having an effect on itsinteractions with the PQ molecule.
Probably, at temperatures between 20 and 35°C the binding constant is optimal for
electron transfer through the Qg site.

d) Temperature induces general acceleration of the photosynthetic processes re-
sulting in reaching earlier DF maximums (Fig. 1A) and earlier engagement of the PF
guenching (Fig. 1B). Similar temperature effect was observed with barley leaves
(Zaharieva et al., 1999).

e) Faster activation of PSI and Calvin cycle reactions — apparent from the depth
of the | ,—D5 drop of DF and the quenching of PF (F,.—F,) (Fig. 1).

At temperatures of 40-45°C the electron transport is inhibited, which leads to
lowered levels of DF (Bukhov et al., 1987) and variable fluorescence (Larcher et al.,
1990). The raised constant fluorescence level F, suggests a dissociation of the light-
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scattering complex of PSII (Armond and Schreiber, 1978) or an inhibition of the elec-
tron transport in the acceptor complex of PSII (Bukhov et al., 1993). According to
Laasch (1987), Santarius and Weis (1988) the reduced variable fluorescence is due
to alimitation of electron donation to PSI|I.

The chosen herbicide concentrations and treating method indicate that dinoseb
is the most efficient among the three herbicides (dinoseb’s concentration surpassed
the others by one order). DCMU and atrazine act in alesser degree, the effect being
greatly dependent on the momentary object temperature. DF inhibition efficiency of
the applied herbicides is maxima for DCMU and minimal for dinoseb, in the case
of isolated chloroplasts (Doltchinkova et al., 1997). Native objects differ from thyl-
akoid membranes showing less sensitivity to DCMU and atrazine and higher sensitiv-
ity to dinoseb (Laasch, 1987).

Herbicide effect was less pronounced at low temperatures as estimated by vari-
able (Fig. 2 and 3) aswell as delayed fluorescence (Fig. 2 and 5). Thereduced |,-D,
drop isan evidence of the lowered ability of the reaction centresto transfer electrons
to PQ. The remaining noninhibited by herbicide reaction centres are oxidized by the
same PQ pool and are able to maintain lower redox level. Herbicide action increases
with temperature and is observed in greater extent in the range of 35—44°C.

Within the temperature range optimal for photosynthesis (20-35°C) the herbicides
provoke decreasein the electron flow aswell asin the transmembrane gradient (sup-
pressing I, I5). In presence of DCMU the photoinduced fluorescence quenching does
not decrease considerably until 30°C. Atrazine suppresses this property over 20°C,
and dinoseb — at all temperatures. May be the dark phase of photosynthesis remains
unaltered in treated objects, but the share of energetic quenching, depending of
intersystem transfer rate, decreases.

Electron transport is severely suppressed at 40°C, which showsthat DCMU and
atrazine inhibit very effectively at these temperatures.

We suppose that the change in the herbicide sensitivity of PSII to DCMU and
atrazine is related to temperature-induced conformational transitionsin the D1 pro-
tein of the reaction centre, altering the affinity of the Qg pocket to the corresponding
herbicide molecule (Vasil’ ev and Venediktov, 1993). At elevated temperaturesthe con-
formation of the herbicide-binding site in the reaction centre of PSII is optimal for
providing interactions with the herbicide molecule. At low temperatures (5-15°C)
the conformation of D1 determines low affinity for both the PQ and the herbicide,
hence they are not competitive to PQ at their low concentrations.

The absence of atemperature effect on dinoseb efficiency is probably related to
interactions of dinoseb with His-215, located within the hydrophobic part of the thyl-
akoid membrane, in contrast of Ser-264, that forms H-bonds with diuron and atrazine
moleculesin hydrophilic part (zone) of the thylakoid membrane (Trebst, 1987; Draber
et al., 1995).
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