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Summary. The effects of artificially applied acid rain on functional activity
of PS2 and oxygen evolution of bean plants (Phaseolus vulgaris L.) were
investigated. The plants were subjected to single treatment with acid rain of
different pH – pH 5.6 (control) and 2.4, 2.2, 2.0 and 1.8. Measurements were
carried out in dynamics – at time intervals of 3–168 hours. The results
showed that the treatment of plants with pH 2.4 and 2.2 did not change sig-
nificantly initial (F0) and variable (Fv) chlorophyll fluorescence as well as
Fv/F0 and Fv/Fm ratios characterizing the efficiency of PS2. Most important
changes were established in plants sprayed with pH 1.8 cocktail. A similar
trend was found in oxygen evolution measurements. It remained about 50%
lower in plants treated with pH 1.8 in comparison with the control. We pos-
tulate that single treatment of bean plants with simulated acid rain caused
considerable changes both in PS2 functional activity and oxygen evolution,
but they were still reversible, although to a different extent.

Key words: acid rain, bean, chlorophyll a fluorescence, oxygen evolution,
photosystem 2

Abbreviations: PS2 – photosystem 2; F0 and Fv – initial and variable chlo-
rophyll fluorescence; QA – primary electron acceptor of PS2

Introduction

Among atmospheric stress factors which reduce germination, growth and survival,
acid rain is potentially one of great importance (Sheppard et al., 1993). Long-term
exposure to acid rain can cause vegetation injury over large areas (Esher et al., 1992).
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Acid rain/mist can affect plants both through contact with the cuticle and via soil
acidification. Direct contact of acid rain with leaves can cause significant impairment
to assimilative organs (Hogan, 1992): first, it can alter the cuticular surface (Barnes
and Brown, 1990) and the functioning of stomata. Consecutively, variations in cation
leaching from foliage (Hogan, 1992), photosynthesis, water relations (Barnes et al.,
1990), and carbon metabolism (Hampp, 1992) can also be found. Second, input of
excess protons into stroma can depress the rate of enzymic reactions of Calvin’s cy-
cle (Woodrow et al., 1984), thus increasing sensitivity of the photosynthetic appara-
tus to photodamage (Osmond, 1981). Increased acidity in chloroplasts can also be
harmful for chlorophyll-proteins, particularly those involved in PS2 (Siefermann-
Harms, 1992).

In chloroplasts isolated from seedlings of tropical tree species a decrease in the
activities of PS2 and whole electron transport chain was observed only at pH 3.0 and
2.0, but no significant change in PS1 activity was evident (Muthuchelian et al., 1995).

The results of Hogan and Taylor (1995) suggest that levels of acid precipitation from
pH 3.0 to 5.5 did not act as a primary stress on physiological processes (gas exchange,
chlorophyll a fluorescence). No significant interactive effects of simulated acid rain
(pH 3.0 and 2.3) were observed on chlorophyll contents, carbon allocation and bio-
mass accumulation of armand pine seedlings (Shan et al., 1995). The exposure of Pinus
armandi seedlings to simulated acid rain (pH 2.3) reduced the net photosynthetic rate
per unit chlorophyll a+b content, but did not induce a significant change in the other
assessed parameters (transpiration rate, water-use efficiency and dark respiration rate)
(Shan et al., 1996). A combination of twice-ambient ozone and pH 3.0 rain lowered
Pinus ponderosa seedling solute potential, turgor loss point and cell-wall elasticity,
but increased the pressure potential and simplistic water content, whereas total wa-
ter content was unchanged (Momen and Helms, 1995). Chlorophyll fluorescence
kinetics showed significant alterations following ozone treatment, reflecting a pertur-
bation in the photochemical functioning of thylakoids, and specific disturbances of
the water-splitting enzyme system of PS2 in Vicia faba (Guidi et al., 1993).

In this study, we present data about the effect of simulated acid rain of different
pH on some chlorophyll fluorescence parameters and O2 evolution in bean plants.

Materials and Methods

Plant material

Bean plants (Phaseolus vulgaris L. cv. Cheren Starozagorsky) were grown in 1.5 l
glass vessels on Knop’s nutrient solution in climatic chamber at 23–25°C, photon
flux density (PFD) 120 µmol.m-2.s-1 and 12/12h day/night photoperiod. Each vessel
was covered with a lid which did not permit acid rain to contaminate the nutrition
solution. During the experiment its pH was controlled in order to verify if it changes

Acid rain, chlorophyll fluorescence and oxygen evolution



16

as a result of ion release from roots but such changes were not observed. Ten-day-
old plants were separated into variants and sprayed only once. In preparing simulated
acid rain the “cocktail” proposed by Seufert et al. (1990) was used. The plants were
subjected to single treatment with acid rain of different pH – pH 5.6 (control) and
2.4, 2.2, 2.0 and 1.8. The measurements were carried out in dynamics – at time inter-
vals of 3–168 hours.

Gas exchange and chlorophyll fluorescence measurements

The measurements were made on the 3, 5, 24, 48, 72 and 168th hour after treatment.
The following parameters were measured on the primary leaves: a) chlorophyll fluo-
rescence induction kinetics – by pulse modulated fluorometer PAM (H.Walz, Ger-
many); b) O2 evolution – by oxygen electrode LD2/2 (Hansatech, UK) on leaf discs
(area 10 cm2) at 25–28°C and PFD 700 µmol.m-2.s-1.

Induction kinetics (IK) were registered and analyzed by computer programme FIP
4.3 (Tyystjarvi and Karunen, 1990).

All results were represented as means ±SE from at least 3 independent series of
experiments (3–5 measurements each). The significant differences were determined
by Student’s t test.

Results and Discussion

Chlorophyll fluorescence

The major part of chlorophyll fluorescence of dark adapted leaves radiated at room
temperature was that of chlorophyll a belonging to PS2 and light-harvesting complex
2 (LHC2) (Krause and Weis, 1991). In vivo measurements of chlorophyll fluorescence
parameters made it possible to assess the photochemical capacity of PS2. Our previ-
ous data showed that single treatment of plants with different pH values of the cock-
tail is a reason for serious changes both in the rate of integral photosynthesis process
(Velikova et al., 1996) and in the state of the thylakoid membranes evaluated by fluo-
rescence parameters.

Fig. 1 shows the changes of the fluorescence parameters (F0 and Fv) after acid
treatments. Most important changes were established in plants sprayed with pH 1.8
cocktail. F0 increased considerably (147%) already in the 3rd hour after spraying. Its
value also remained higher at the 5th hour (122%) after which it gradually decreased
to that of the control. Essential changes in F0 were not registered in the rest of the vari-
ants. The increase of F0 reflected the decrease of the transfer efficiency of the energy
absorbed from the antenna chlorophyll a to the reaction centre of the PS2 and/or
damages of the latter (Briantais et al., 1986). Schreiber and Armond (1978) suggest
that the increase of F0 caused by high temperature treatment leads most probably to
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dissociation of LHC from the RC of PS2, increasing in that way the F0 level. The
increase of F0 in the first hours (3rd and 5th) after pH 1.8 acid treatment decreased
and almost reached the reference values at the 168th hour. This provides a basis to

Acid rain, chlorophyll fluorescence and oxygen evolution

Fig. 1. Changes in F0 and Fv parameters of chlorophyll a fluorescence of bean plants treated with
simulated acid rain
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suggest that the conformation changes occurring in the thylakoid membrane and in
the organisation of the pigment systems, provoking an increase of F0, are reversible.

At our experimental conditions (treatment with pH 1.8) changes in the reduced
state of QA were the result of disbalance between the rates of QA reduction by PS2

Fig. 2. Changes in Fv/F0 and Fv/Fm ratios measured on leaf discs of treated bean plants with
simulated acid rain
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and the rate of Q–
A reoxidation by PS1. There are data indicating that Cu2+ treatment

led to decrease in Fm and inhibited not only in the oxidising side of PS2 but also on
P680 or in the reducing side of PS2 (Mohanty et al., 1989).

An important characteristic for PS2 activity is the variable fluorescence (Fv)
which correlates with photochemical activity. Our results also showed important
changes in respect to this component. Three hours after treatment by pH 1.8 Fv de-
creased to 48% and by pH 2.0 – to 88% of the control value. At the 5th hour in plants
treated with pH 1.8 Fv represented 57% of the control (Fig. 1).

The decrease of Fv (which correlates with electron flow rate through the PS2)
caused by simulated acid rain can be explained by the damage of the PS2 donor side
(Bukhov et al., 1987). Bilger et al. (1985) found out that in isolated chloroplasts the
decrease of Fv correlated with the degree of damage of the oxygen evolving system.
The Fv decrease is interpreted as an indication for lowered PS2 capacity to reduce
plastoquinone.

Results obtained show that F0 and particularly Fv are informative characteristics
for the processes of acidic injuries. They are in compliance with the available pub-
lished data obtained under various stress effects: high temperature (Yordanov et al.,
1997), photoinhibition (Stefanov et al., 1996), treatment by heavy metals (Krupa et
al., 1993; Ouzounidou et al., 1995). The Fv/F0 and Fv/Fm ratios are a measure for the
PS2 efficiency in primary photochemical reactions. The stress factors affecting mainly
the functional activity of this photosystem decreased these ratios (Krause and Weis,
1988). In plants treated with artificial acid rain at pH 1.8 on the 3rd hour the Fv/F0
ratio drastically decreased (with more than 70%) compared to the control (Fig. 2),
while in those treated by pH from 2.0 to 2.4 it decreased by about 20% during the
whole time of investigation. Similar decrease of Fv/F0 was reported for SO2 fumiga-
tion of various plant species (Omasa et al., 1987) and in bean leaves treated with
NaHSO3 (Covello et al., 1989). In the author’s opinion this obviously reflects the
inhibition of PS2 activity (Schimazaki et al., 1984).

According to Björkman (1987) the Fv/Fm ratio is proportional to the quantum
yield of the primary PS2 photochemical reaction. The value of Fv/Fm ratio is deter-
mined by the number of functioning reaction centres (Öquist et al., 1992). The re-
sults obtained show the same regularity in the change of Fv/Fm ratio as in Fv/Fo (Fig.
2). The Fv/Fm ratio is lower in the leaves treated with pH 1.8 acid rain at the whole
time of action. These changes are best expressed in the first hours (3rd and 5th), when
Fv/Fm decreases to 60% and 70% of the control, respectively. In the rest of the vari-
ants no important deviations from the reference values are observed.

Oxygen evolution

Data for oxygen evolution after the action of acid rain are presented in Fig. 3. Three
hours after treatment by pH 1.8 a strong decrease (by 70%) of this parameter was
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Fig. 3. Influence of simulated acid rain with different pH on oxygen evolution measured on
bean discs
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observed. A similar trend was found in the rest of the variants (pH 2.4, 2.2 and 2.0).
Oxygen evolution in plants treated with acid rain of different pH decreased as fol-
lows: 14% (pH 2.4), 31% (pH 2.2) and 42% (pH 2.0). The degree of oxygen inhibi-
tion was also preserved 5 h after treatment, excluding the variant sprayed with cocktail
of pH 1.8. These results showed that single spraying of bean plants with simulated acid
rain of low pH values (pH 2.0 and 1.8) did not lead to unreversible unfavourable
changes in the oxygen evolving system. Results in subsequent measurements (24–168h)
support our supposition. All treated plants showed a tendency, though to a different
extent, enhancing their oxygen evolving capacity. For example, oxygen evolution of
plants sprayed with acid rain of pH 2.4 reached almost the control value (Fig. 3C) on
the 24th hour and on 48th hour it was even higher (115%) than the control one (Fig.
3D). Therefore, acid rain of pH 2.4 applied singly did not lead to substantial changes
in oxygen evolution. Similar dependence was observed in plants treated with acid rain
of pH 2.2. The degree of oxygen evolution recovery reached about 90% of control
value after 48th and 72nd hours (Fig. 3C, D, E). A tendency to recovery was observed
even in plants treated with pH 2.0 and 1.8, but this process proceeded very slowly.
After spraying of plants with pH 2.0 the oxygen evolution recovered to about 60%
of the control (Fig. 3B-F). Naturally, the lowest ability to recover oxygen evolving
activity, about 50% of the control, was observed in heavily injured plants treated with
acid rain of pH 1.8.

It is obvious from these results that changes registered at the 3rd hour after treat-
ment by various pH values are the most important. Measurements in dynamics show
some recovery of the oxygen evolution in the plants treated with pH 2.4 while in the
other variants the measurements indicate its prolonged inhibition. In plants sprayed
with pH 1.8 oxygen evolution remained about 50% below the control, but at all time
intervals of measurement it was higher than the oxygen release at the 3rd hour, i.e.
some recovery could be observed.

Single treatment by different pH values of the cocktail is the reason for consid-
erable changes both in the rate of the integral photosynthetic process and in the state
of the thylakoid membranes as well as in the parameters of chlorophyll a fluorescence,
characterising the PS2 functional activity. These changes are related with the decrease
of PS2 efficiency in the first photochemical reactions (decrease of the Fv/F0 and Fv/Fm
ratios). The comparison of the data concerning oxygen evolution and chlorophyll fluo-
rescence, which characterize the influence of acid rain with different pH on the func-
tional activity of the photosynthetic apparatus showed that the oxygen evolving sys-
tem is definitely more affected and the degree of its recovery is lower in comparison
with the fluorescence parameters investigated.
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