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Abstract

Lorenc-Plucinska G. 1986. Some effects of exposure to sulphur dioxide on the metabolism
of Scots pine in winter. Il. Effects on the photosynthetic carbon metabolism. Arbor. Kérnickie 31:
237 - 246.

The effect of sulphur dioxide was examined on the uptake of 14CO2 and the distribution
of among photoassimilates during the winter depression of activity and emergence from
it in SO2-tolerant, SO2-relatively tolerant and SO2-susceptible clones of Scots pine {Pinus syl-
vestris L.). Detached twigs were treated with 1.0 ppm SO2, 6 h daily over 3 consecutive days.
The fumigated twigs were then exposed to 14CO2 for 5 min. Low winter temperatures and ex-
posure to SO? inhibited the subsequent total 14CO?2 uptake, decreased the percentage of label
in starch, glycolate, glycine and serine. On the other hand there was a marked increase in the
percentage of label in sucrose, aspartate, glutamate, alanine and malate. The degree of inhibi-
tion or stimulation varied with the susceptibility of trees to SO2 and was greatest in the most
susceptible one.

Additional key words: Pinus sylvestris, 14CO2 uptake, photoassimilates.
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INTRODUCTION

The inter- and intraspecific variation in resistance to SO2 has been widely studied,
however the mechanisms responsible for these differences are little understood.

It has been suggested that the variation in SO, resistance which exists between
plants could reflect differences in the rate of SO2 absorption (Caput et al. 1978), in
SO? avoidance (Bressan et al. 1978), in stomatai conductance and in resistance of
photosynthesis to SO2 (Winner and Mooney 1980), and in biochemical (enzymatic
or nonenzymatic) detoxication of SO, incorporated into cells (Kieliszewska-Ro-
kicka 1979).

* This study was performed under the MR 11/16 program coordinated by the Institute of Den-
drology of the Polish Academy of Sciences.
Abbreviations: RuDP — ribulose 1,5 biphosphate, PEP — phosphoenolpyruvate.
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Studies on the level of variation in the sensitivity of plants to SO?2 basically con-
centrate on herbaceous plants (Bressan et al. 1978, Omura et al. 1980). It is rarely
that differences in the SO2 phytotoxicity are being investigated on trees, particularily
coniferous ones (Bortitz 1969, Eckert and Houston 1980). This is most probably
caused by differences in the activity of trees during the vegetative season and the
related variability in the degree of injury by SO2 (Czarnowski 1977). Thus the
majority of results concern the effect of SO2 on trees during the summer period, i.e.
when the photosynthetic activity is at its maximum. There is very little data on the
variation in SO?2 resistance during the winter and after warming up in the spring.

In an earlier study (Lorenc-Plucinska 1986) it has been shown that the action
of SO?2 on Scots pine during the winter and later as the weather warms up causes a
much greater depression of photosynthesis (PN) and photorespiration (RL) in the
sensitive clones than in the tolerant ones. On the other hand the direction of change
in dark respiration (RD) was different depending on the duration of fumigation with
S0? and the time of warming up.

In the present study the influence of SO2 under controlled conditions was in-
vestigated during winter depression of CO2 exchange and after its termination due to
warming up on the assimilation of 14CO2 and the distribution of 14C among the first
products of photosynthesis in Scots pines differing in resistance to SO2.

MATERIAL AND METHODS

Current year twigs of Scots pine {Pinus sylvestris L.), that is grown in the prece-
ding vegetative season, have been used in the study. They were collected from 18
years old clones differing in susceptibility to SO2. They are registered in the Institute
of Dendrology under the numbers K-08-02 (tolerant to SO2 — T), PSI-6 (relatively
tolerant to SO2 - 1) and K-01-16 (susceptible to SO2 - S) (Lorenc-Plucinska
1982).

The twigs were treated with SO2 for 3 days, 6 h a day at a concentration of 1.0 ppm
according to the method of Karolewski and Bialobok(1979). Twigs which were
detached at the same time were left in SO2 free air to be used as controls. The pro-
ducts of photosynthesis labelled with radioactive carbon were synthesized directly
after the third fumigation. Twigs were placed in a photosynthetic chamber with
plexiglass integrated with a closed circulation system of 2.67 | capacity. After 20 min
of pre-illumination with 240 Wm~2 irradiance at 18-20°C in a normal atmosphere
i4CO?2 was introduced into the system. The total radioactivity introduced was
100 pCi and the initial CO2 concentration was 0.04%. The twigs were exposed to
14C02 for 5 min. Photosynthesis was stopped by Killing the needles in boiling 80%
ethanol.

The methods employed for extraction, separation and radioactivity assays of the
photosynthetic products have been describedby Grishinaet al. (1974). The following
photosynthetic products were analysed: glucose + fructose, sucrose, raffinose + malto-
se, starch, glycolate+glycine + serine, alanine, malate, aspartate + glutamate.
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The results presented are the mean values obtained from 10 SO2-treated twigs and
10 unfumigated controls from each of the three pine clones. The experiment was
performed in the winter (January).

RESULTS

Fig. 1 illustrates the intensity of 14C assimilation by pine needles after 5 min of
exposition in an atmosphere of 14CO2 in light. The intensity of 14CO2 assimilation
by needles of the tolerant clone and by the relatively tolerant clone after they were

Fig. 1. The effect of SO2 action on J4CO2 uptake after 5 min of photosynthesis of Scots pine
twigs (in January)

Cx — control, 1 h after transferring twigs from natural conditions into the laboratory, C2 — control (unfumigated

twigs) 3 d after transferring twigs from natural conditions into the laboratory, SO2 — twigs treated with 1.0 ppm

SO2 for 3 d, 6 h perday. T — clone tolerant to SO2, I — clone relatively tolerant to SO2, S — clone sensitive to SO2.
Bars indicate standard errors of the means.

transferred from the cold conditions (+5°C) into the laboratory (+20°C) was much
lower compared to that which was noted after three days of maintaining twigs in
the conditions of room temperature and after treating the twigs for 3 days 6 h daily
with SO2. On the other hand in the sensitive clone the intensity of 14CQO2 assimilation
by twigs transferred from the field into the laboratory was similar to that observed
after exposition to SO2, but substantially lower than observed after 3 days of
maintenance in warm room temperature conditions without SO2.

In Table | the percentage content of assimilated 14C in the analysed products
of photosynthesis is presented. After transfer of twigs from natural conditions into
the laboratory it was found that the labelled carbon is being incorporated primarily
into sucrose and glucose+fructose and to a lesser extent into malate, then into starch,,
aspartate +glutamate, alanine, glycolate +glycine +serine and raffinose, but not
maltose (no colour stain for maltose in the raffinose + maltose splot). The per-
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Table 1

Effect of SO, on the patterns of relative label distribution after 5 min of 14C fixation by needles
in light (in January)
Otherwise: see Fig. 1.

% of total 14C fixed

Compounds T | s

§ Ct C3 so, c, c, so? Ci c, so,
Glucose + fructose 18 10 7 17 1 7 10 12 5
Raffinose 5 3 5
Raffinose + maltose 1 10 18
Sucrose 34 14 30 39 16 33 44 20 35
Starch 15 56 27 12 50 25 10 43 15
Alanine 5 1 5 4 2 5 7 2 4
Aspartate-glutamate 7 2 7 7 2 5 6 2 8
Malate 10 2 5 13 3 7 14 4 10
Glycolate + glycine + serine 3 10 6 3 8 5 2 6 2
Other compounds 3 5 2 2 8 3 2 1 2

centage content of 14C in the analysed products of photosynthesis was different
in the studied clones of pine. The radioactivity of sucrose, malate and alanine
increased with an increase in the sensitivity of trees to SO2 while the radioactivity
of starch declined.

(Products of C4 pathway

products of C3 pathway
of 14C-fixation in light

Otherwise; see Fig. 1
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Fig. 2. Effect of SO, on the radioactivity rati

in pine needles after 5 min



Some effects of exposure to sulphur dioxide ... 1l 241

After three days of holding twigs at room temperature a percentage change was
observed in the content of assimilated 14C in individual products. It was manifest
by a substantial, almost three-fold increase in the incorporation of labelled carbon
into starch and glycolate + glycine + serine, particularily in the tolerant clone. At
the same time the participation of assimilated 14C declinedin all other products of
photosynthesis.

On the other hand as a result of the action of SO2 the percentage content of
labelled products of photosynthesis was similar to that observed in the needles
immediately after transfer from the natural low temperature conditions except for
glucose + fructose the label of which was substantially lowered after fumigation.
Besides, SO2 contributed to the incorporation of 14C into maltose, that is to a product
the radioactivity of which has not been observed in non-fumigated material. The
content of this sugar increased with an increase in the sensitivity of the pine clones
to SO2.

In Fig. 2 the ratio of radioactivity incorporated into the products characteristic
for the C4 and C3 pathways of carbon reduction is illustrated. In the material straight
from the cold conditions the ratio of radioactivity incorporated into the C4 dicarbo-
xylic acids (malate, aspartate + glutamate) to that incorporated into sugars and other
photosynthates was almost 4 times higher compared to that which was observed after
three days of warming up in the laboratory without SO2 fumigation. It was also
higher than that observed after fumigation with SO2.

It needs to be stressed that in the sensitive clone in the needles straight after
transfer from the winter conditions and particularily after fumigation with SO? a
significantly higher C4/C3 ratio was observed among the products of photosynthesis
compared to the tolerant and relatively tolerant clone.

DISCUSSION

The presented results indicate that SO2 changes the intensity of 14CO2 assimila-
tion and the metabolism of carbon in a similar manner as low temperature does, and
the similarities in the inhibition of photosynthesis by these two stress agents increase
with an increase in the sensitivity of the studied trees to SO? (Fig. 1).

Literature reports indicate that the winter depression in photosynthesis in coni-
ferous trees is caused by the inactivation of chloroplasts, a decline in the transport
of electrons from water to NADP, a lower permeability of the cuticule to CO? and
an increase in the resistance of mesophyll to CO2 penetration (Hashimoto and
Suzuki 1978, Martin et al. 1978). A reduction in the photosynthetic assimilation
of CO2 under the influence of SO? is also usually explained by injuries to chloro-
plasts (Malhotra 1976), by changes in resistance of leaves (Sisson et al. 1981) or by
an inhibition of carboxylation (Gezelius and Hallgren 1980).

Similarily as low temperature SO? resulted in a reduced incorporation of 14C into
starch and glycolate+glycine-+serine while at the same time an increase in label is
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observed in sucrose, malate and aspartate + glutamate. On the other hand low tempe-
rature caused an increase in the incorporation of 14C-glucose + fructose while SO?
into maltose which was not observed in non-fumigated material (Tab. 1).

It is reported that a winter accumulation of sucrose and monosaccharides as a
result of starch hydrolysis lowers the freezing temperature of water in the tissues,
stabilizes lipoprotein membranes of chloroplasts and mitochondria and constitutes
the main source of energy for oxidation (Heber 1968, Santarius and Heber 1972).

On the other hand Koziol and Jordan (1978) and Koziol and Cowling (1980)
suggest that increased amounts of free carbohydrates and decreased starch after
exposure to SO2 might serve as readily accessible substrates for respiratory/repair
metabolism. Energy utilisation of these substrates is reflected in increased respiration.
As injury to plants by SO2 increases a greater amount of energy is needed for its
repair, as a result of which the level of sugars will become lower as respiration in-
creases (Koziol and Jordan 1978).

In our study an inhibition ofthe rate of 14CO2 assimilation as well as an accumula-
tion of soluble sugars due to the action of SO2 was greatest in the clone most sensitive
to this gas. On the other hand an increase in respiration after exposition to SO2 was
noted only in the tolerant clone (Lorenc-Pluciniska 1982), in which the reduction
of photosynthesis and the accumulation of sucrose and raffinose + maltose was lower
than in the other trees (Fig. 1 and Tab. 1). Thus the commonly accepted hypothesis
of Koziol and Jordan (1978) is only partially capable of explaining the results. It
needs to be remembered however that the increased level of soluble sugars may have
an inhibitory effect on the activity of RuDP carboxylase, the consequence of which is a
lowering of photosynthesis.

Exposition to SO2 and the low winter temperature (winter stress) have lowered the
level of labelled glycolate + glycine + serine (Tab. 1). Incorporation of 14C into these
products declined proportionately with an increase in the sensitivity of the trees to
SO2. This inhibition is reflected also in the inhibition of photorespiration (Lorenc-
-Plucinska 1982). Decrease in the accumulation of the glycolic acid pathway inter-
mediates and of the rate of photorespiration cannot be regarded simply as a con-
sequence of glycolate oxidase inhibition or glycolate synthesis caused by SO2 as it
is commonly assumed (Libera, et al. 1975).

It has already been shown that the action of SO2 changes the content of individual
amino acids and organic acids (Jager and Grill 1975, Malhotra and Sarkar 1979,
Sarkar and Malhotra 1979). In the present investigation both the action of SO2
and the low temperatures (winter stress) have contributed to an increase in the la-
belling with radioactive carbon of malate, aspartate + glutamate and alanine (Tab. 1).
Particularily the labelling of malate increased significantly together with an increase
in the sensitivity of the studied pines to SO2.

The high radioactivity of malate was the decisive factor in the increase of the ratio
of radioactivity in the C4/C3 products in the material under winter conditions com-
pared to the control after 3 days of maintenance under room temperature (Fig. 2).
This result might indicate that during the winter PEP carboxylation is injured less
than RuDP.
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A lowering of the level of activity of carboxylase RuBP during winter stress has
been observed by Oquist et al. (1980) and Gezelius and Hallen (1980). The latter
authors have established that in the middle of the winter RuBP carboxylase extracted
from needles of Scots pine demonstrated only 50% activity of the summer period.

Changes in the level of glutamate, aspartate, alanine or malate under the in-
fluence of SO2 and the reasons for them and consequences have been already well
documented (Jager 1977, Hallgren 1978).

However in the present study it needs to be stressed that the increase in the
radioactivity of malate was differentiated depending on the degree of sensitivity of the
studied trees to SO2. In the sensitive clone the labelling of malate was twice as high
as in the tolerant one (Tab. 1). This difference was one of the main reasons why the
proportion of radioactivity passing through the C4/C3 pathways after the action of
SO2 was 60% higher in the sensitive clone compared to the other ones (Fig. 2). This
result may indicate that in the sensitive clone after fumigation with SO? there is a
greater need for compounds which could be carriers of a reductive potential (malate),
and therefore an accumulation of NADPH and inhibition of Calvin's cycle may
result.

The results presented have demonstrated that: I during the winter under the
influence of SO2 there occur abnormalities in the carbon metabolism during photo-
synthesis evidenced by an increased labelling primarily of malate and sucrose, which
was also observed during the summer (Lorenc-Plucinska 1982); 2° the direction
of metabolic changes in carbon assimilation are similar under the influence of an SO?
stress as during the winter depression; 3° the pine clones previously selected on the
basis of differences in visible needle injuries following SO? treatment (Lorenc-Plu-
cinska 1982) maintain their differential sensitivity to this gas also during the winter.

I wish to thank Dr. P. Karolewski for his help with the SO? fumigation of
plants, and laboratory assistants U. Fober and U. Chrabgszcz for technical
help.

SUMMARY

. The effect of sulphur dioxide was examined on the uptake of 14CO2 and the
distribution of 14C among photoassimilates during the winter depression of activity
and emergance from it in SO2-tolerant, SO2-relatively tolerant and SO2-susceptible
clones of Scots pine (Pinus sylvestris L.). Detached twigs were treated with 1.0 ppm
SO2, 6 h daily over 3 consecutive days. The fumigated twigs were then exposed to
14CO2 for 5 min. The labelled soluble sugars, starch, amino acids and dicarboxylic
acids were fractionated nad determined using ion-exchange chromatography, paper
chromatography and autoradiography. Low winter temperatures and exposure to
SO2 inhibited the subsequent total 14CO2 uptake, decreased the percentage of label
in starch, glycolate, glycine and serine. The degree of inhibition varied with the
susceptibility of trees to SO2 and was greatest in the most susceptible one. On the
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other hand there was a marked increase in the percentage of label in sucrose, asparta-
te, glutamate, alanine and malate. Changes in 14C labelling of sucrose and especially
of malate increased to a much greater degree in susceptible individuals than in to-
lerant ones. It is concluded that cold winter temperatures and SO?2 fumigation alters
14C0O2 uptake and the carbon reduction in photosynthesis in a similar manner.
Fumigation with SO2 during wintertime (in controlled conditions) distinctly ham-
pered the labelling of the C3 pathway and the products of //-carboxylation increased.
These disturbances are dependent on the degree of susceptibility of trees to SO2.

Accepted for publication 1986
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Wplyw SO2 na metabolizm sosny zwyczajnej podczas zimy. 1. Wptyw na metabolizm
wegla w fotosyntezie

Streszczenie

Badano wptyw dwutlenku siarki na asymilacje 14CO2 i metabolizm wegla w fotosyntezie
podczas zimowej depresji i po jej przetamaniu wraz z ociepleniem u SO2-tolerancyjnego,
SO2 - wzglednie tolerancyjnego i SO2-wrazliwego klonu sosny. Obciete pedy traktowano
SO2 w stezeniu 1,0 ppm przez 3 dni po 6 godz. dziennie. Ekspozycja pedéw W atmosferze znaczo-
nego dwutlenku wegla trwata 5 min i nastepowata bezposrednio po ukorczeniu fumigacji. Za-
warto$¢ radioaktywnych cukréw rozpuszczalnych, skrobi, aminokwaséw i kwaséw dwukarbo-
ksylowych oznaczano za pomocg chromatografii jonowymiennej, bibutowej i autoradiografii.

Niska temperatura podczas zimy oraz dwutlenek siarki hamujg asymilacje CO2 i obnizajg
procentowg zawarto$¢ radioaktywnej skrobi, glikolanu, glicyny i seryny. Obnizenie zalezato od
stopnia wrazliwosci badanych klonéw na SO? i byto najwieksze w klonie wrazliwym. Z drugiej
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strony notowano znaczny wzrost zawartosci radioaktywnej sacharozy, asparaginianu, glutami-
nianu, alaniny i jabtczanu. Zmiany w znakowaniu sacharozy, a szczeg6lnie jabtczanu byty
znacznie wigksze w klonie wrazliwym W porédwnaniu z tolerancyjnym.

FABPUN3A JTOPEHU-MJTFOLUMNHBCKA

Bnuaune SO2 Ha MeTabonm3Mm yrnepofa COCHbl OObIKHOBEHHOM B 3MMHMIA NEpUO,
2. BnansHue Ha meTabonusM yrnepoga B (OTOCUMHTE3E

Pestome

Vccnefosann BAMSIHWE CEPHUCTOrO aHruapupa Ha accumunaumio  14CO2 u meTabonmsm
yrnepogas (hOTOCMHTE3e B MEPUOA 3VMHEN [enpeccuy W Nochne ee NPOXOXeHWs BO Bpems OTTa-
nBaHua y SO2 — ycrtoitumeoro, SO2 — OTHOCUTENIbHO YCTOYMBOrO0 1 SO2 — 4YyBCTBUTENILHOTO
K/IOHa coCHbl. Cpe3aHHble BeTKM 06pabaTbiBanin SO2 B KOHUeHTpaumu 1.0 yacTeil/MnH B TeueHue
3 AHei no 6 4yacoB B feHb. [106ern 3KCNOHMPOBa/IM B MPUCYTCTBUM MEYEHO [BYOKMCU Yrieposa
B TeYeHWe 5 MUHYT HerocpefCTBEHHO rocne rasaumu. CofepkaHue MeyeHbIX PacTBOPUMBIX Ca-
XapoB, Kpaxmasa, aMMHOKWUCAOT 1 AMKapBOKCUAOBbIX KUCNOT OMpesensinn nyTeM MOHOOOMEHHOM
N GyMaxHOI XpomaTtorpajuu 1 aBTopaauorpagum.

Huskas Temnepatypa B 3VIMHWIA Mepuog, a Takke CEPHUCTbIA aHrMapuz TOPMO3NAN accmu-
naumio CO2 1 NOHMXKANM MPOLIEHTHOE COLepKaHWe MEeYeHOro Kpaxmana, rMMKOMbeBOM KMUCIOTbI,
rMMLUMHA U cepuHa. TTOHMXKEHWEe 3aBUCWIO OT CTEMeHW YyBCTBUTENIbHOCTW WCC/eAyeMbIX KO-
HOB K SO2 1 6bl/10 CamMbIM 3HAUNTESIbHBIM B YyBCTBUTENBHOM K/1OHe. C pyroil CTOPOHbI, 0TMeYeHO
3HaunTeNbHbI POCT PafMOaKTVMBHOIO Caxapo3a, acrnaparMHoBOW, ryTaMUHOBOW K S6M0YHON
KWCNOT, a TakXKe anaHuHa. VI3MeHeHUs B MeYeHn caxapo3sa, a B 0COBEHHOCTW A6M0YHO KUCNOTbI
ObI/IN 3HAUNTENBHO BOMBLUVMMMW Y YYBCTBUTENIBHOTO K/OHA MO CPAaBHEHWIO C TONEPAHTHBIM.
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