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Abstract

In seedlings of the tropical tree species Erythrina variegata Lam. and Hardwickia
binata Roxb. exposed to different acidic mist (H,SO,, pH S, 3 and 2) for 5 d
significant reduction in seedling growth, biomass accumulation and 4CO, fixation
were determined. In isolated chloroplasts a decrease in the activities of photosystem
2 and whole electron transport chain was observed only at pH 3 and 2, but no
significant change in photosystem 1 activity was observed. SDS-PAGE analysis of
crude leaf extracts of ribulose 1,5-bisphosphate carboxylase (RuBPC) indicated a
significant loss of 55 and 15 kDa polypeptides at pH 2 in Erythrina. The reduction in
the RuBPC activity in seedlings grown under acidic mists correlated well with CO,
fixation.
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Introduction

Wet deposition by mist, rain, hail, sleet or snow is often collectively called acid
precipitation or acid rain (when pH is less than 5.6). They bring sulphates and
nitrates to soil systems, increase soil acidity and cause mobilization or leaching of
nutrient cations which then threaten soil fertility. Acid rain damages leaves due to
local acidity which causes weathering or degradation of the waxy leaf cuticle. Strong
acids oxidize and hydrolyse the waxy esters and release some of the long fatty acid
chains from the waxy matrix. This changes the water repelling (hydrophobic)
characteristics of leaf cuticle and increases the wettability (Wellburn 1988,
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Scherbatskoy 1989). Recent studies have been made on physiological and
biochemical responses of crop plants to acidic mists (Muthuchelian er al. 1993,
1994) and on the effects of gaseous air pollutants on higher plants (Weigel ef al.
1989).

The degree of injury by acid rain depends to a large extent on the effective dosage
which is a function of both the concentration and the period of exposure (Wellburn
1988). Acid rain affects chlorophyll content (Takemoto et al. 1987, Franzen ef al.
1989, Smith et al. 1990, Sasek e al. 1991, Muthuchelian et al. 1994), stomatal
conductance (Chappelka et al. 1988, Saxe 1991, Muthuchelian et al. 1994) and net
photosynthetic rate (Takemoto et al. 1987, Martens et al. 1989, Muthuchelian et al.
1994). Acid rain affects also certain enzyme activities like nitrate reductase and
RuBPC (Muthuchelian er al. 1993), or glutathione reductase and ascorbate
peroxidase (Chen et al. 1991).

Studies on growth, photosynthesis and other physiological as well as biochemical
changes due to simulated acidic mists in tropical tree seedlings are rare. Hence,
investigations were carried out to understand the influence of simulated acidic mist
on growth and photosynthetic acitivities in Erythirna variegata Lam. and Hardwickia
binata Roxb.

Materials and methods

Plants: Pre-soaked seeds Erythrina variegata Lam. and Hardwickia binata Roxb.
were germinated in earthen pots in a greenhouse (temperature 28 + 2 °C; relative
humidity 65 * 5 %; maximum irradiance 1800 umol(PAR) m-2 s-!; photoperiod
14 h). After 15 d, when the cotyledonary leaves had expanded, the seedlings were
given the appropriate acidic mist treatment. Seedlings (five per pot) were exposed to
three different pH treatments (pH 5, 3 and 2) with H,SO, solution acidic mists and
deionized water as control according to Muthuchelian er al. (1993). Seedlings were
sprayed daily, until the leaves were completely wet (09.30) for 5 d with a sprayer and
gave 2 mm precipitation. The soil was covered with a plastic hood to avoid indirect
effects of acid precipitation. Both control and treated pots were arranged in a
randomised complete block design with five replication per treatment. Fully
expanded leaves of plants were harvested 40 d after emergence for determining the
growth attributes (Radford 1967).

Chlorophyll (Chl), carotenoids and soluble protein contents were determined
spectrophotometrically by the methods of Amon (1949), Goodwin (1954) and Lowry
et al. (1951), respectively. The content of total carotenoids in the 80 % acetone
extract was determined using an absorbance coefficient of Ay73 1 % = 2500.

Total soluble sugars and starch: Sugars were thoroughly extracted with boiling 80 %
ethanol and estimated by the anthrone reagent method (Dubois ef al. 1956). Soluble
starch was extracted and its concentration was determined following the method of
Mc Cready et al. (1950).
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Activities of electron transport: Type II broken chloroplasts were prepared from
control and acid mist treated seedlings of E. variegata and H. binata according to the
method of Reeves and Hall (1973). Photosynthetic partial reaction mediated by PS2
and PS1 were measured as described by Noorudeen and Kulandaivelu (1982). Whole
chain electron transport (H,0 — MV) was measured as described by Armond et al.
(1978).

14CO, fixation was measured on leaf segments in 5 cm3 of 50 mM KH,PO4-KOH
buffer (pH 7.5) containing 50 mM MgCl,, 35 mM NaCl, and 10 mM NaHCO;
irradiated for 5 min (40 W 'white' fluorescent tubes). NaH!4CO; (1850 kBq) was
injected into the reaction medium and incubated at 25 °C for 30 min under white
light (900 pumol m2 s'1). The reaction was stopped by cold acetic acid (final
concentration 10 %). The leaf segments were washed and ground in an inocubation
medium and the volume was made upto 3 cm3. Aliquots of 10 mm3 of the
homogenate were loaded on to the Whatman No.l filter paper discs and dried at
room temperature under incandescent lamps. The radioactive carbon fixed was
measured using the Packard model 2425 liquid scintillation counter.

Extracts and assay of RuBPC activity: Fully expanded leaves were cut into small
pieces and homogenized in a grinding medium of 50 mM Tris-HCL, pH 7.8, 10 mM
MgCl,, 5 mM dithiothereitol or 10 mM 2-mercaptoethanol, and 0.25 mM EDTA.
The extract was clarified by centmfugation at 20 000 g for 10 min. The clear
supernatant was decanted slowly and used as the crude RuBPC source. All these
steps modified method of Bowes and Ogren (1972). The incubation mixture
contained 50 mM DTT and 10 mM NaH!CO; (9.25 kBq pmol-!) in a total volume
of 2.0 cm3. The reaction mixture was placed in Pyrex tubes. After flushing with N,
for 3 min, the tubes were sealed with serum caps and gently shaken in a water bath at
32°C for 3 min. Aliquots of 0.2 cm3 of the enzyme extract were then injected
through the serum cap into the mixture to initiate the reaction. After 3 min at 32 °C
the reaction was stopped by injecting 0.2 cm3 of 6 M glacial acetic acid. The known
aliquots were transferred to Whatman No. 3 filter paper discs, dried under infra-red
lamp, and the radioactivity was determined using a Packard model 2425 liquid
scintillation counter. Soluble proteins were estimated by the procedure of Lowry
etal. (1951).

SDS-PAGE was performed as described by Laemmli (1970) using a polyacrylamide
gradient of 8 - 16 % gel.

Nitrate reductase (NR) activity: The in vivo NR activity was assayed according to
Jaworski (1971) with suitable modifications. Leaf segments of 1 cm? (0.25 g) were
incubated in 5 cm? of incubation medium composed of 100 mM KH,PO,-KOH
(pH 7.5), 100 mM KNOs, and 1 % (v/v) n-propanol until the tissue was completely
wet. Incubation was carried out in the dark at room temperature (27 + 2 °C) for
60 min. Suitable aliquots of the infiltration medium were then assayed for nitrite with
sulfanilamide and N-(1-naphthyl) ethylene diamine dihydrochloride (Muthuchelian
et al. 1990).
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Results and discussion

Acidic mists (pH 3 and 2) greatly retarded the shoot elongation and leaf expansion in
both plant species (Table 1). Besides the overall stunted growth of the plant, leaves
were small, thin and leathery in texture with less cuticular waxes on the upper
surface of leaves. Morphological symptoms such as curling of leaves, deterioration of
the cuticular barriers and cracking of the thin waxy plugs which cover the stomata
were also observed. Similar reduction in leaf size and cracking of the thin waxy
plugs have been reported in tree seedlings exposed to acidic mists (Wellburn 1988,
Van Elsacker and Impens 1989). Moreover, acidic mist significantly reduced leaf
area, leaf area index, specific leaf mass and relative growth rate in comparison with
control seedlings (Table 1).

Table 1. Effect of acidic mist on plant height, leaf area index, relative growth rate, specific leaf mass
and plant biomass in Erythrina and Hardwickia seedlings. The seedlings were sprayed with solutions
of H,80, (pH 5, 3, 2) and deionized water (control). Figures in parentheses are percent inhibition
with reference to respective control. Values are the means of 25 seedlings.

Parameter Plant Control pH5 pH3 pH2
Plant height Erythrina 77.00 65.00 (16) 49 (36) 29.00 (62)
[em] Harawickia  45.00 40.00 (11) 36 (22) 29.00 (36)
Leaf area index Erythrina 0.0084 0.0077 ( 8) 0.0062 (26) 0.0051 (39)
Hardwickia 0.0034 0.0033 ( 3) 0.0028 (22) 0.0025 (31)
Relative growth rate Erythrina 2.78 245 (12) 1.6 (42) 098 (65)
[gkg! s1] Hardwickia 1.34 128 (5) 1.0 (25) 08 (37
Specific leaf area Erythrina 0.85 075 (12) 037 (56) 023 (73)
[kg m?] Harawickia 0.5] 048 (6) 039 (24) 028 (45
Plant biomass Erythrina 12.9 10.9 (16) 6.4 (50) 3.1 (76)
[g(d.m.) plant-] Hardwickia 43 39 (9 32 26) 23 47

Acidic mist treated seedlings had lower biomass accumulation than the control
seedlings. Conspicuous reductions in biomass of 16, 50, 76 % in Erythrina and 9, 26
and 47 % in Hardwickia were observed at pH 5, 3 and 2, respectively. This was in
agreement with the findings of Van Elsacker and Impens 1988, Van Elsacker ef al.
1989, and Lee et al. (1990).

Seedlings exposed to acidic mists had lower contents of Chl a+b and carotenoids
(Table 2), that could be due to an inhibition in biosynthesis or an increase in
breakdown of pigments or their precursors.

Total leaf soluble protein content was reduced drastically by 64 % in Erythrina
and by 46 % in Hardwickia at pH 2 (Table 2). The relatively low level of soluble
protein might have been due to decrease in the synthesis of RuBPC, the major
soluble protein of leaf. A loss of leaf protein would partially account for damaged
chloroplasts or be the result of inhibition of protein synthesis (Allen et al. 1978,
Muthuchelian ez al. 1993).
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The reduction in starch and sugar contents were resemblance with each other in
both the tree seedlings. At pH 2, the decrease in starch and sugar contents was higher
in Erythrina than Hardwickia. The reduction in RuBPC activity of seedlings grown
under acidic mist correlated well with the !4CO, fixation. !4CO, fixation of
Erythrina and Hardwickia was affected at pH 2. Inhibitions of 14CO, fixation by 17,
37, 68 % in Erythrina and 9, 17, 24 % in Hardwickia at pH 5, 3 and 2, respectively,
were observed. Reduction in 14CO, fixation of seedlings exposed to acidic pH 2 was
an indirect effect, due to the inhibition or destruction of photosynthetic pigments or
due to the increased stomatal diffusive resistance (Martens et al. 1989, Muthuchelian
etal. 1994),

Table 2. Effect of acidic mist treatment on total chlorophyll (Chl), carotenoids, protein content, starch
and sugar contents, '4CO, fixation, RuBPC and nitrate reductase (NR) activities of Erythrina and
Hardwickia seedlings. The seedlings were sprayed with H,SO, (pH 5, 3, 2) and deionized water
(control). Figures in parentheses are percent inhibition with reference to respective control. Values are
the means of six determinations from each replicate pot in various treatments and controls.

Parameter Plant Control  pHS pH3 pH2

Chl a+b Erythrina 2.77 2.35 (15) 175 (37) 138 (43)
(g kgt (fm)] Hardwickia 1.32 115 (13) 1.03  (22) 092 (20)
Leaf soluble proteins Erythrina 23.00 19.25 (14) 905 (60) 8.0 (64)
[g kg '(f.m.)} Hardwickia 11.00 1020 ( 7) 805 (22) 59 (46)
Starch Erythrina 22.78 2015 (12) 1670 (27) 1336 (41
[g kgl(fm))] Hardwickia 19.05 17.38 (9) 1436 (25) 1261 (38)
Sugar Erythrina 17.76 16.65 (6) 1265 (29) 1198 (33)
g kgt(fm)} Erythrina 16.09 16.00 (5) 1331 (21) 1281 (24)
14C0, fixation Hardwickia ~ 59.00 4900 (17) 37.00 (37) 2000 (68)
[pmol(CO,) kg (Chl) 51| Erythrina 4600 4200 (9) 3800 (17) 3500 (24)
RuBPC activity Hardwickia ~ 70.00 6500 (7) 47.00 (33) 3500 (54)
[umol(CO,) kg™l (prot.) s'1] Hardwickia — 58.00  55.00 ( 5) 4500 (23) 4100 (30)
NR activity Erythrina 12400 120.00 (17) 50.00 (60) 7.00 (94)

[umol(NO,) kg-(Em.) 51| Hardwickia 265 251 (9) 168 (37) 094 (65)

Marked changes in the RuBPC activity in leaf extracts were observed in both tree
seedlings when expressed on protein basis. The inhibition of RuBPC activity
increased with an increase in the pH of the acidic mist in both the tree seedlings; it
may be due to protein destruction and/or enzyme inactivation.

RuBPC peptide profiles of crude leaf extract of Erythrina seedlings (Fig. 1)
showed that acidic mist (pH 2) markedly affected both the large (55 kDa) and small
(15 kDa) subunits. 55 and 15 kDa polypeptides was marginally decreased at pH 5
and 3, respectively.

The overall photosynthetic electron transport (H,0 — MV) showed a significant
inhibition of 8, 20 and 60 % in Erythrina and of 5,12 and 40 % in Hardwickia at pH
5, 3 and 2, respectively (Table 3). PSI activity showed no significant change in
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acidic mist treated seedlings. In contrast to this, PS 2 activity mediated by BQ
declined significantly, more in Erythrina than Hardwickia at pH 2. No clear
conclusion has been reached on the mechanism(s) or site(s) of inhibition of electron
transport systems by acidic mist treatments. Destruction of structural integrity of
chloroplast thylakoids induced by acidic mist treatment contributes to the decrease in
PS 2 activity, but does not affect much the PS 1 activity (Table 3).

a b c d

[kDa]

Fig. 1. SDS-PAGE profiles of crude leaf ribulose 1,5-bisphosphate carboxylase proteins in Erythrina
seedlings: control (a) and acidic mists treatments, pH 5 (b), 3 (¢) and 2 (d).

Table 3. Effect of acidic mist treatment on the whole chain and photosystems (PS) 2 and 1 electron
transport in Erythrina and Hardwickia chloroplasts. The seedlings were sprayed with H,SO, (pH 5,
3, 2) and deionized water (control). Figures in parentheses are percent inhibition with reference to
respective controls. Values are the means of six determinations from each replicate to in various
treatments and controls.

Parameter Plant Control pHS5 pH 3 pH2

Whole chain, H0—->MV  Erythrina 76 70 (8 o6l 200 30 (60)
[umol(O,) mg ' (Chl) ']  Hardwickia 54 52 (4) 475 (12) 324 (40)
PS 2, H,0-BQ Erythrina 87 7 (10) T (18) 32 (63)
(umol(0,) mg'(Chl) s') Hardwickia 15 72 (4 675 (10) 435 (42)
PS 1, DCPIPH,—»>MV Erythrina 115 110 (4 1081 (6) 1058 (8

[umol(0,) mg'(Chl) s1]  Hardwickia 120 18 (1) 1164 (3) 1128 (6)

NR activity was more reduced at pH 2 than at pH 5 and 3 in both the tree species
(Table 2). The changes in the intercellular pH levels due to acidic mists treatment
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(Wellburn 1988) may affect transfer of nitrate (substrate) from vacuolar storage pool
to active cytoplasmic pool accessible to the enzyme. The inhibition of NR activity
may also be due to an inhibition of protein synthesis (Muthuchelian ez al. 1993) or it
may have stemmed out from decreased photosynthetic supply in the acidic mist
treated seedlings. A good correlation was observed between the decrease in NR
activity and leaf protein content in response to acidic mist.

Our experiments confirmed that £. variegata was more sensitive to acidic mist
than H. binata. The hard leathery upper epidermis of H. binata leaf could partially
resist the acidic mists. Further studies are in progress to find out the molecular
mechanism(s) or site of inhibition in photosynthetic machinery by acidic mists.

References

Amon, D.I.. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta vulgaris. - Plant
Physiol. 24: 1-15, 1949,

Allen, LH,, Jr., Vu, C.V., Berg, RH., Garrard, L.A.: Impact of solar UV-B radiation on crops and
crop canopies. - In: UV-B Biological and Climatic Effects Research. Final Report. USDA/EPA,
Washington 1978.

Armond, P.A., Schreiber, U., Bjérkman, O.: Photosynthetic acclimation to temperature in the desert
shrub Larrea divaricata. 11. Light harvesting efficiency and electron transport. - Plant Physiol. 61:
411-415, 1978.

Bowes, G., Ogren, W.L.: Oxygen inhibition and other properties soybean ribulose 1,5-diphosphate
carboxylase. - . biol. Chem. 247: 2171-2176, 1972.

Chappelka, A H., Chevone, B.1, Seiler, J.R.: Growth and physiological responses of yellow-poplar
seedlings exposed to ozone and simulated acidic rain. - Environ. Pollut. 49: 1-18, 1988.

Chen, Y.M., Lucas, P.W,, Wellbumn, AR.: Relationship between foliar injury and changes in
antioxidant levels in red and Norway spruce exposed to acidic mists. - Environ. Pollut. 69: 1-15,
1991.

Dubois, M., Gilles, K.N., Hamilton, J.K., Robers, P.A. Smith, F.: Colorimetric method for
determination of sugars and related substances. - Anal. Chem. 28: 350-356, 1956.

Ellis, J.: Chloroplasts proteins: synthesis, transport, and assembly. - Annu. Rev. Plant Physiol. 32:
117-137. 1981,

Franzen, J., Gross, K., Bonzon, M., Wagner, E.: Light quality and quantity effects on monoterpene
mediated photo-bleaching of conifer needles. - Ann. Sci. forest. 46(Suppl.): 565-567, 1989.

Goodwin, T.W.: Carotenoids. - In: Paech, K., Tracey, M.W. (ed.): Handbook of Plant Analysis. Vol.
III. Pp. 272-311. Springer-Verlag, Berlin 1954,

Jaworski, E.G.: Nitrate reductase assay in intact plant tissues. - Biochem. biophys. Res. Commun. 43:
1247-1279, 1971.

Kulandaivelu, G., Daniell, H.: Dichloropheny! dimethyl urea (DCMU) induced increase in chlorophyll
a fluorescence intensity. An index of photosynthetic O, evolution in leaves, chloroplasts and algae.
- Physiol. Plant. 48: 385-388, 1980.

Laemmli, U.K.: Cleavage of structural proteins during the assembly of the head of bacteriphage -T,. -
Nature 227: 680-685, 1970.

Lee, ES., Chevone, B.I, Seiler, J.R.: Growth response and drought susceptibility of red spruce
seedlings exposed to simulated acidic rain and ozone. - Forest Sci. 36: 265-275, 1990.

Lowry, O.H., Rosebrough, N.J, Farr, A L., Randall, R.J.: Protein measurement with the Folin phenol
reagent. - J. biol. Chem. 193: 265-275, 1951.

Martens, K.C., Landuydt, K., Impens, 1.: Direct effects of acidic wet deposition on photosynthesis
and stomatal conductance of two Populus clones (P. cv. Beaupre and P. cv. Robusta). - Ann. Sci.

361



K. MUTHUCHELIAN ef al.

forest. 46 (Suppl.): 586-589, 1989,

McCready, F.M., Guggolz, J., Silivera, V., Owen, H.S.: Determination of starch and amylose in
vegetables. - Anal. Chem. 52: 1156, 1950.

Muthuchelian, K., Nedunchezhian, N., Kulandaivelu, G.: Effect of simulated acid rain on '“CO,
fixation, ribulose-1,5 bisphosphate carboxylase and nitrate and nitrite reductases in Vigna sinensis
and Phaseolus mungo. - Photosynthetica 28: 361-367, 1993.

Muthuchelian, K., Nedunchezhian, N., Kulandaivelu, G.: Acid rain: Acidic mist induced response in
growth and photosynthetic activities on crop plants. - Arch. Environ. Contam. Toxicol. 26: 521-
526, 1994.

Muthuchelian, K., Paliwal, K., Gnanam, A: The effect of three long-chain aliphatic alcohols on
photosynthesis and growth of Pennisetum polystachyeon Schult. - Photosynthetica 24: 257-260,
1990.

Noorudeen, A M., Kulandaivelu, G.: On the possible site of inhibition of photosynthetic electron
transport by ultraviolet-B (UV-B) radiation. - Physiol. Plant. 5§5: 161-166, 1982.

Radford, P.J.. Growth analysis formulae - their use and abuse. - Crop Sci. 7: 171-175, 1967.

Reeves, S.G., Hall, D.O.: The stoichiometry (ATP/2e ratio) of non-cyclic photophosphorylation in
isolated spinach chloroplasts. - Biochim. biophys. Acta 314: 66-78, 1973.

Sasek, T.W., Richandson, C.J., Fendick, E.A., Bevington, S.R., Kress, L. W.: Carryover effects of
acid rain and ozone on the physiology of multiple flushes pine seedlings. - Forest Sci. 37: 1078-
1098, 1991.

Saxe, H.: Photosynthesis and stomatal responses to polluted air and the use of physiological and
biochemical responses for early detection and diagonostic tools. - Adv. bot. Res. 18: 1-128, 1991.

Scherbatskoy, T.: lonic interactions between precipitation and leaf cuticles. - Ann. Sci. forest. 46
(Suppl.): 149-157, 1989.

Smith, C.R., Vasilas, B.L., Banwart, W.L., Peters, D.B., Walker, WM.: Lack of physiological
response of two corn hybrids to simulated acid rain. - Environ. exp. Bot. 3: 435-442, 1990.

Takemoto, B.K., Shriner, D.S., Hohnston, 1. W.: Physiological responses of soybean to stimulated
acid rain and ambient ozone in the field. - Water Air Soil Poliut. 33: 373-384, 1987.

Van Elsacker, P., Martens, C., Impens, I.: Direct effects of acid wet deposition on photosynthesis,
stomatal conductance and growth of Populus cv. Beaupre. - In: Mathy, P. (ed.): Air Pollution and
Ecosystems. Pp. 728-733. D. Reidel Publ. Co., Dordrecht 1989.

Van Elsacker, P., Impens, 1.: Response of shoot growth and gas exchange of Picea abies clones to
rain acidity and the addition of ions. - Ann. Sci. forest. 46 {(Suppl.): 595-598, 1988.

Weigel, H.J., Halbwachs, G., Jager, H.G.: The effects of air pollutants on forest trees from a plant
physiological view. - Z. Pflanzenkrankh. Pflanzenschutz 96: 203-217, 1989.

Wellburn, A.R.: Air Pollution and Acid Rain: The Biological Impact. - Longman Scientific and
Technical, London 1988.

362



