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Preface

The toxic effects of sulfur dioxide, nitrogen dioxide and ozone on plants have been
extensively studied at the intitute by conducting a special research program since 1976, The
results of the first three years program were published in the Research Report No. 11 (1981)
entitled “Studies on the Effects of Air Pollutants on Plantsand Mechanisms of Phytotoxicity™.

In the first program, most studies were concerned in the effects of the single air pollutant.
However, plants are usually exposed to the mixed air pollutants in the urban area and few
results have been reported on the effects of mixed air pollutants on plants. For clear
understanding of the effects of the mixed pollutants. the second three years research program
“Studies on Effects of Air Pollutant Mixtures on Plants™ have been conducted from 1979 to
1982,

Mixed gas showed eitheradditive, synergistic or antagonistic effect of the single gases. The
sensitivity of plants to mixed pollutants was changed by species and by combination of the
pollutants, The mechanism of phytotoxicity was studied from physiological, biochemical and
micrometebrological standpoints. These results are collected in this report. The detailed
description of the facilities in which the experiments are conducted is also included. The
extensive studies should be continued to reach the complete understanding of the mechanism of
phytotoxicity.

The previous report No. 11 (1981) seems to call attention among biologists as well as
environmental scientists. We appreciate that the useful suggestions and discussion are given to
the report.

It is hoped that this report is also of some use for scientists who are interested in the toxic

effects of atmospheric pollutants.

Jiro Kondo, Eng. D.

Director of the National Institute
for Environmental Studies

eod o3

January 1984
i
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Res. Rep. Natl. Inst. Environ. Stud.. Jpn.. No.66. 1984,

Effects of NO; and O; Alone or in Combination or Kidney Bean
Plants. I. Growth, Partitioning of Assimilates and Root Activities

Osamu Ito', Kunio Okano'. Miyoko Kuroiwa’ and Tsumugu Totsuka'

' Division of Environmental Biology. the National Institute for Environmental Studics.
Yatabe-machi. Iharaki 305, Japan.

* Research Collaborator of the National Institute for Environmental Studies.
Present Address: Central Research Laboratory, Mitsubishi Petrochemicals Co. Ltd., Ami.
Inashiki, Ibaraki 300-03, Japan,

Ten-day old kidney bean plants ( Phaseolus vulgaris L. cv. Sin-edogawa) were exposed
to 2.0 and 4.0 ppm NO:, and 0.1.0.2. and 0.4 ppm O; alone or in combination for 2. 4 and 7
days. The effects of those air pollutants were examined with respect to the growth,
partitioning of assimilates, nitrogen uptake. soluble sugar content, and respiration by
focusing our attention especially on root activities.

The reductionin dry matter production was observed in all treatments except NO; at 0.2
and Oy at 0.1 ppm where the increase in dry weight of the plants at early stage of the exposure
was nearly equal with control plants, The exposure to mixture of both gases at low
concentration produced more than an additive effect on the growth at 2 to 4 days after the
start of the exposure. The percent of nitrogen in whole plants was increased by all treatments.
The higher percent of nitrogen found in O, exposure will result from the growth retardation
which pushed up the concentraticn of nitrogen in the plants as the absorption of nitrogen by
roots was unaffected by Oy exposure. The coexistence of O, with NO, significantly red uced
the incorporation and assimilation of NO: by the plants, '

The concentration of soluble sugars in roots was thinned by the gas treatments. The high
correlation was obtained between soluble sugar content and dry weight in roots. In spite of
the decrease in soluble sugar level, root respiration was unchanged until 5 days after the start
of the exposure. Itis suggested [rom those results that, although biomass and soluble sugars
translocated from leaves are reduced by the exposure to NO, and Oy, root activities relating
with nitrogen absorption and respiration are maintained at almost the same level as control
plants,

Key words: NO,—O,—Kidney bean — Growth— Sugars— Root respiration,

Since air pollution was recognized to cause serious problems on human activities and
biomass production of natural and agricultural ecosystems, many extensive works have been
done in regard to the complex effect of air pollutant mixture, The focus of the researches ranged
widely from the biochemical view points in order to solve the action mechanism of the
pollutants to the chronical influences of long-term gas exposures on foliage and dry weight
growth of plants. A number of review paper has covered those subjects (Heath 1980, Heggestad
and Heck 1971, Horsman and Wellburn 1976) where there are sometimes crucial contradictions
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among precisely documented data. Forecample. in several reports, ozone generally acted asan
inhibitor to plant growth (Heagle et al 1972, Oshima et al 1975, Tingey et al 1971, Tingey et al
1973). while in other reports ozone stimulated the growth (Bennett 1977). Those facts suggest
that a more analytical research has to be performed.

In the series of our studies, we intended to reexamine the effect of air pollutants, especially
NO; and O, alone or in combination on photosynthetic CO; assimilation, the translocation of
photosynthates, and the growth indry weight. The present report will deal with the effect of the
pollutants on the growth of whole plants, the partitioning of assimilates among each plant part
and root activities in kidney been plants.

Materials and Methods

Two seeds of kidney bean plants ( Phaseolus vulgaris L. ey, Shin-edogawa) were sown on a
plastic pot(7emindiameterand Il emin depth) which contained an artificial soil; vermiculite,
peat moss, perlite and fine gravel (2:2:1:1 V/ V). The basal fertilization consisting of | g of
Magamp K (N:P;Os:K;0 = 6:40:5 from W. R. Grace Co., Tennessee, U.S.A.) and 3 g of
magnesia lime was carried out. No additional fertilizer was applied during the course of the
experiment. The plants were germinated and grown in an artificially lit growth cabinet.

The environmental conditions in the cabinet were set up at 25 Klux, 14-10 hr day and night
eyele, 25°Cand 70% R.H. One of plants in a pot was thinned 7 days after sowing to equalize the
visible plant size in the community which usually consists of more than 90 pots in one set of the
experiment, The exposures of plants to NO; and O; alone or in combination were started on the
10th day and ended on the 17th day after sowing. NO; was exposed at 2,0 and 4.0 ppm, and O; at
0.1,0.2,0.4 ppm. In the mixed gas treatments. the combinations of NO; and O; concentrations
were 2.0 and 0.1, 2.0 and 0.2, 2.0 and 0.4, and 4.0 and 0.2 ppm.

Twelve plants were harvested in the morning (usuvally from 10 to Il am) of 12, 14 and 17
days after sowing. One half of the plants were dried at 80°C fora few day to measure their dry
weight, The other hall were divided into two and were frozen in a freezer at around —20°C for
sugar analysis after measuring the fresh weight. The dried samples of each plant part were
divided into two and ground to fine powder with a vibrating sample mill (T1-100, Seiko
manufactory Ltd.. Tokyo) for the determination of nitrogen content by a Yanaco CN-corder
(MT-500, Yanagimoto Co., Ltd.. Kyoto). The frozen smaples of the trifoliate leaf, primary leafl
and root were homogenized with 80% ethanol by a Polytron (type 10/35, Kinematica,
Switzerland). Ethanol extract was evaporated nearly to dryness and then centrifuged at 10,000
rpm for 10 min to remove chlorophyll insoluble to water, A dried aliguot of alcohol-water
soluble fraction was warmed at 70°C for 20 min with TMS (trimethylsilane) to synthesize the
volatile derivatives of sugars for the gas chromatographic analysis. A silicon OV-17 at 2% on
chromosorb W (AW-DMSC 60/80 mesh) was packed in a glass column (5 mm in inside
diameterand 2 min length) through which nitrogen was flownat 60 ml/ min asa carrier gas. The
sugars were determined by a gas chromatograph analyzer (Shimazu Co., Ltd., GC-5A) with a
flame ionization detector. Phenyl-B-glucoside was selected as an internal standard.

The root respiration was measured in the separate experiment where NO, and Oy was
exposed singly at 2.0 and 0.2 ppm. respectively, to the plants under the exactly same conditions
as descrived above. The roots of threee plants were harvested |, 3, 5and 7 days alter the start of
gas exposure. The roots were thoroughly washed with tap water and cut into small pieces. The
root segments (5-10 mg dry weight) were introduced into a cell with 3 ml of distilled water and
their Oy uptakes was determined by a Clark-type oxygen electrode,
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Results

Growth of a whole plant and each plant part of kidney bean unexposed toair pollutantsare
illustrated in Fig, | with the logarithmic scale in a vertical line, The whole plant shows a nearly

straight curve which means the constant relative growth rate (0.15 g/g'day £ 0.056 in the
average of five determinations with standard deviations) throughout the experiment ranging
from B to 20 days after sowing. The primary leal grew relatively slowly, stopped the growth 2
weeks after sowing and then decreased the dry weight gradually. It is thought that the primary
leal has almost matured during the gas exposure period (10-17 days after sowing). The trifoliate
leafl which commenced to unfold just before the start of gas exposure, grew exponentially, and
then its growth rate declined at the middle of gas exposure. The root growth seems to keep pace
with the growth of a whole plant as it showed a similar growth rate with that of whole plant.
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Fig. | Growth curves of the whole plant and each organ of kidney bean from 8 to 20 days
after sowing. The treatments of gas exposure to NO; and Oy were carried out 10 to |7 days
after sowing (indicated with a black bar in the figure).

Changes indry weight growth of the whole plant during the gas exposure period are shown
in Fig. 2. The exposures to NO; at 2.0 ppm or O;at 0.1 ppm resulted in the insignificant decrease
in dry weight growth for the first 4 days. No visible injury was observed in both treatments
during this period. The leaves exposed to NO: at 2.0 ppm became apparently dark green, which
suggests an activation of chlorophyll synthesis by the assimilation of nitrogen from NO;. The
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significant decrease in dry weight growth occurred when the plants were kept in gas mixture 2.0
ppm NO;and 0.1 ppm O, for 7 days. NO: treatment at 4.0 ppm caused typical symptoms of the
visible damage especially on the primary leaf and considerable reduction in dry weight growth
of a whole plant. Waxy and water-soaking appearances developed along the margin of the leal
for the first 1-2 days and then the collapsed, irregular-shaped discoloration between the vein
spread overthe leal as the exposure period was prolonged. In the case of exposures to O, at0.2
and 0.4 ppm. the typical symptom of Os injury so called silvery flecks and reddish purple stipple
was observed all over the leaves from the early phase of gas exposures. The dry matter
production was deteriorated more heavily than other gas exposures when treated singly.
especially with 0.4 ppm O; where dry weight of the plants increased only slightly during the 7
days incubation. The mixed exposure of NO:and Oyat 2.0and 0.1 ppmandat2.0and 0.2 ppm
resulted ina more drastic decrease in dry weight growth than expected from an aditive effects of
the exposure to each gas singly for the first 4 days, but it became less than additive effects at 7
days after the start of exposure. The combination of 2.0 ppm NO; and 0.4 ppm O; showed an
almost similar pattern to that in the case of the exosure to Oy singly, which implies the growth in
that combination is determined by the high concentration of O, above the threshold. Visible
injuries found in the mixed gas exposures were mostly an Os-dominant type.
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Fig. 2 Effect of the exposures to NO; and O, alone or in combination on dry weight of the
whole plant of kidney bean plants.
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Itisanticipated that the exposure to NO; and Oj singly or in combination should affect the
distribution of photoassimilated carbon to each plant organ. The percent of dry weight in each
part among whole plant are shown in Fig. 3. As for control plant, the percent of primary leaf,
which nearly reached maximum development at the start of gas exposure (Fig. 1), decreased
with time during the gas exposure. In contrast, percent of trifoliate leal and stem including
newly formed young leaves increased with time, while that of root stayed quite constant. The
plants exposed to NO; at 2.0 ppm or O; at 0.1 ppm possessed the distribution patterns almost
identical to the contorl plant. In the plants treated with other gas concentrations and
compositions there was a general trend in the distribution pattern that the percents of root and
trifoliate leaf become lower and that of primary leafl is kept higher until the end ol gas exposure
than the percent in the control plant.

50

Fig. 3 Effect of the exposures to NO; and O; alone of in combination on the relative dry
weight of each organ in kidney bean plants,

The result in Fig. 3 arouse the thought that the ratio of root over shoot should be changed
by most of gas treatments. The calculated root/shootratio, shown in Table 1, fell into the range
from0.20 t0 0.24 in the control plant. The eposure to 0.1 ppm O; gave slightly higher values than
the control. Little difference was observed in NO; at 2.0 ppm. In other treatments, however,
there was a tendency that the values went down with time and were considerably lower than the
control. The lowered value of root/shoot ratio suggest that the exposures to NO, and/or O, at
concentrations and combinations applied in the esperiment could weaken the translocation of
photosynthates of leaves to roots.

Table | Root/shoot ratio of kidney bean plants exposed to NO; and/or O, at various concentrations

NO; (ppm) 0 2 4 0 0 0 2 2 2 4

0O; (ppm) 0 0 0 A 2 4 A 2 4 2
2 days 20 .19 15 27 .6 24 21 .19 2 .19
4 days 23 6 13 28 Q8 U8 8 U8 .19 .15
7 days 24 2 27 a3 U8 6 .14 16 .13
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The total nitrogen percent in a whole plant of the control has a decreasing tendency with
time (Fig. 4). The percentat the end of the exposure period was almost a half of the value at the
start of exposure. This suggests that under the culture condition in the present experiment the
supply of nitrogen from the artificial soil in pots should become limited as the plants grow up.
The growth of plants was supported by the basal nitrogen fertilizer and no additional
application of nitrogen was carried out until the end of experiment. The exposure to NO; acted
to push up the level of nitrogen percent in the plants as expected. suggesting that the plants
incorporate and utilize nitrogen from NOs. The plants in the control obviously have a lower
nitrogen percent than the plants exposed to O; (except 0.1 ppm) which fully depend on nitrogen
absorbed by root unlike in the case of NO; exposure. The increased nitrogen percent by O,
exposure implied either the stimulation of nitrogen uptake by root or the concentration of
nitrogen due to the decrease in the biomass production. The same phenomenon was also
observed in the mixed treatments,
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Fig. 4 Percent of nitrogen based on dry weight in the whole plant of kidney bean plants
exposed to NO; and O, alone or in combination.

The differences in the amount of nitrogen ina whole plant between0to2,2tod4and4to7
days after the start of the exposure show how much nitrogen is incorporated into the plants
during those periods. The nitrogen uptake rate is calculated from the average of three individual
values obtained form three intervals and is expressed by mg/ whole plant.days (Fig. 5). Since the
plants exposed to NO; have the sources of nitrogen, one from atmospheric NO; and the other
from nutrient in the artificial soil, if the absorption of nitrogen by the root is unaffected by NO;
exposure, nitrogen above the level of the control can be considered to come from atmospheric
NO,. The incorporation of NO; by leaves was performed at a considerably higher rate than the
absorption of medium nitrogen by roots in both 2.0 and 4.0 ppm NO; treatments as shown in
Fig. 5. The exposure to Oy seems to be unaffective to nitrogen uptake by roots. This is a rather
contradictory result because Oy exposure lowered the percentage in dry weight occupied by
roots among a whole plant, which makes us conjecture the decrease in absorption activity ol
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nutrients by the root of the plants exposed to O;. Supposing that O, does not change nitrogen
uptake rate even in mixed treatments with NO;, the excess nitrogen over the control is
considered to originate from atmospheric NO;, When NO; was mixed with O,, its absorption by
leaves was greatly suppressed. In the combinations of NOyand Oyat2.0and 0.2,and 2.0and 0.4
ppm, little incorpotation of NO; was observed. Actually, for the result to be convincible, the
experiment with an isotopic nitrogen should be conducted to distinguish between the two
sources of nitrogen.

Soluble sugar content was determined as a major indicator relating with metabolic
activities in the plants. Four species of sugars, ie. glucose, [ructose, inositol and sucrose were
detected on a gas chromatogram. One more peak occaisonally appeared as a minorcomponent
among sugars. This peak could not be identified. The primary and trifoliate leaves did not show
any consistent changes in sugar content and composition with the treatments of gas exposures,
therefore, data are not shown, On the other hand, in the root, the percent of glucose among
soluble sugars tended to decline as the damages from gas exposures increased (Fig. 6). Glucose
was undetectable in the exposure to 0.4 ppm Oy, and 4.0 ppm NO; and 0.2 ppm O, for 7 days.
The percent of fructose stadyed quite constant regardless of gas exposures.

50

30f
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Fig. 5 Nitrogen uptake rate of kidney bean plants exposed toNO; and O, alone or in

combination. The rates were calculated from the difference in nitrogen content of the whole

plant at three consecutive sampling points,

The content of soluble sugars including four species of individual sugar was decreased in
roots of plants exposed to air pollutants. The dry weight ol roots 7 days after the start of the
exposure was plotted against soluble sugar content at that time. Asshown in Fig. 7, a relatively
high correlation was obtained between the two, This result suggest that the amount of soluble
sugar in roots has some relationship with the dry matter production of roots.

Since the absorption of major nutrients like nitrogen is an energy-dependent process, root
respiration may partly reflect the activity of the nutrient uptake affected by the gas exposure.
The root-respiration was measured by an oxygen electrode with excised roots of potted plants
exposed to NO; at 2.0 ppm or Oy at 0.2 ppm. In this experiment the mixed gas exposure to NO;
and Oy was omitted, As shown in Fig, 8, no significant decrease in O; uptake was observed in
either of the treatments until 5 days after the start of the exposure. The root respiration became
considerably lower than the control at 7 days, and especially O, induced a more drastic decrease
than NO,.
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Fig. 6 Distribution of glucose, fructose, inositol and sucrose in soluble sugars extracted
from roots of kidney bean plants expose to NO; and O; alone or in combination

Discussion

Effect on growth and partitioning of dry matter in the plans

In the present experiment the visible symtoms of injuries tended to firstappear and develop
most severely in the almost mature primary leaf which has been exposed to air pollutants for the
longest period. The apeparance of the symptoms on the first trifoliate leaf just at a developing
stage was observed in the case of the prolonged exposure to high concentration of air pollutants.

The concentration of NO; at which the plant growth is suppressed seems to be higher than
that of O;. The exposure of kidney bean plants to NO; at 0.1 ppm for 10 to 15 days caused no
significant decrease in dry weight (Totsuka et al. 1978a). The growth of the plants was even
stimulated when the fumigation was carried out during nighttime at 0.3 ppm for 2 weeks
(Yoneyama et al. 1980). When the concentration was raised to higher levels than those values,
the growth suppression was reported to hecome apparent. The pinto bean plants exposed to 0.5
ppm NO, for [0 to 19 days decreased the dry weight by 6 to 22% over the control (Taylor and
Eaton 1966). The fumigation to | ppm NO; for 2 weeks resulted in 15% inhibition in dry matter
production of kidney bean (Totsuka etal 1978b). Two ppm NO; used in the present experiment
as the lowest concentration had little effect on dry matter production during 2 to 4 days
exposure, while the significant reduction was observed at 7 days (Fig. 2). Four ppm NO; was too
high for the plants to maintain the normal growth from the first 2 days,

The considerable reduction in the dry matter production was associated with Oy exposure
atall range of concentrations used in this experiment as expected from the results reported by
many researchers (Heagle et al. 1972, Oshima et al. 1975, Tingeyetal. 1971, Tingey etal. 1973).
In this experiment the plant growth was already affected by the exposure to 0.1 ppm O; for only
2 days. Bennet et al (1974) confirmed that the growth of kidney bean plants was apparently
stimulated by the exposure to 0.03 ppm O; for 12 days. Considering both results, the threshold
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may fall into somewhere between 0.03 and 0.1 ppm in the plants.

In our result the combinations of NO; and O; at the low concentraiton, i.e. 2.0 and 0.1 ppm,
or 2.0 and 0.2 ppm, produced more than the additive effect on the inhibition of growth at the
early stage ol the exposure. In other combinations, the plants were severely damaged by the
exposure to either gas alone, thus it is considered futile to discuss on the combined effect.

Fig. 3 and Table | clearly demonstrate that the root growth is impaired most by gas
exposures except in the case of the low concentrations of NO; and O; alone. The decrease in the
root/shoot ratio by O; expousre has already been reported by several research workers (Bennet
and Runeckles 1977, Horsman et al. 1980, Ogata and Maas 1973, Oshima et al. 1978, Reinert
and Weber 1980). The specific inhibition of root growth implies that the translocation of
photosynthates from the source leaf with the biggest contribution to the roots is affected by the
gasexposure. In the kidney bean plants used here, suchan organ is considered to be the primary
leaf. Okano etal. (1984a and b) substantiated using “Casa tracer that the translocation rate of
photosynthetically assimilated carbon from the primary leal to the root is heavily slowed down
by the exposure to NO, and Oy, alone or in combinaiton. The plant may have an inherited

. nature to put the priority on the shoot growth under the stressed conditions even though the
root growth is sacrificed (Wardlaw et al 1968). Whitmore and Mansfield (1983), however,
reported with several grasses exposed to 0.1 ppm NO; that the root/shoot ratio was unaffected
even when the plant growth was signicantly retarded on the basis of dry weight.

Effect on nitrogen input

Since the plant has an ability to incorporate atmospheric NO; into its body constituents
(Matsumaru etal 1979), it is quite understandable that NO, exposure should push up the level of
nitrogenin the plant as seen in Fig. 4. The atmospheric NO; at 2.0 and 4.0 ppm contributed more
to total nitrogen economy in kidney bean plants than medium nitrogen absorbed by roots did
(Fig. 5). The percent of nitrogen in the whole plant was also significantly clevated by O;
exposure which unaffected the absorption rate of nitrogen from roots. The higher percent of
nitrogen caused by O, exposure will be the result of the growth retardation of the plants which
uptake medium nitrogen at the similar rate as the control plants do. A ladino clover exposed to
0.3 and 0.6 ppm O; for 2 hr a day for a week possessed a higher percent of nitrogen than the
control (Letchworth and Bulm 1977).

Effect on soluble sugars and root respiration

The alternation in the composition of soluble sugars occurred in wheat leaves exposed to
NO; at | ppm (Prasad and Rao, 1980). Fructose became detectable, which was abscent in the
control plants. In the case of Oy treatment, Banes (1972) and Dugger et al (1966) reported the
increase in reducing sugars with pine and lemon seedlings respectively. In contrast, three-year
old ponderosa pine needle exposed to 0.3 ppm Os reduced 80% ethanol soluble sugars (Miller et
al. 1969). In our experiment, soluble sugar contents in leaves fluctuated unexpectedly and no
clear-cut trend was produced by gas exposures.

The amount of soluble sugars in the roots was consistently decreased by both NO; and O,
exposures. Among soluble sugars the percent of glucose declined remarkably with increasing
concentration of either gas alone or in cimbinaiton (Fig. 6). High correlation was found between
sugar content and dry weight of roots (Fig. 7). Those results confirm that the reduced
translocation of sugars from leaves to roots should cause the reduction in dry matter production
of roots. The O; fumigation significantly leveled down the content of starch, sucrose and
reducing sugar in the roots of green ash seedlings (Jensen 1981),
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Fig. 7 Carrelation between the dry weight and the sugar content in kidney bean roots
sampled 7 days after the start of gas exposures,

Since soluble sugars in plant organs are utilized as substrates for the respiration, it is
expected that the reduction in their contents would suppress the root respiration. Contrary to
this anticipation, the effect of both NO; and O; appeared very slowly and did not become
significant until 7 days after the exposure (Fig. 8). The pools of soluble sugars for the root
respiration and the synthesis of body consitituents might be separated, and the gas exposure
might only affect the pool for the latter. The result that medium nitrogen uptake by roots, which
is thought tobe encrgy-dependent processes,was not altered by Oy exposure may support the
above interpretation. On the other hand, Hofstra ctal. (1981) reported that the exposure of bean
plant to O; turned root tips brown and reduced the respiratory activities measured by both
triphenyl! tetrazolium cloride staining and CO; evolution. Those phenomena became evident
well before the visible injury appeared on the leaves. Further investigations should be conduced
to clarify the reasons producing a discrepancy discussed above,
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Fig.8 Effect of the exposures of NO; and O, alone on respiration in excised roots of kidney
bean plants. The respiration was measured by an oxygen electrode.
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Res. Rep. Natl. Inst. Environ. Stud.. Jpn.. No.66. 1984,

Effects of NO; and O; Alone or in Combination on Kidney Bean
Plants. II. Amino Acid Pool Size and Composition

Osamu lto', Kunio Okano' and Tsumugu Totsuka'

" Division of Environmental Biology. the Naitonal Institute for Environmental Studies,
Yatabe-machi, Ibaraki 305, Japan.

The effects of NO; and O, exposures alone or in combination were investigated with
respect toamino acid pool size and composition. The short-term exposures to NO> at 4.0 ppm
alone or in combination with O; a1 0.4 ppm induced rapid increase in total amino acids among
which glutamine occupied most of the part. Total amino acids were also increased by O,
exposure after 2 hours lag period. The accumulation of glutamine was predominant among
amino acids with increased amounts.

When the exposure period was extended to 2to 7 days, increase in total amino acids was
observed in all the three treatments, though most remarkable in4.0 ppm NO,. Inthe root, the
exposure to Oy resulted in the highest concentration of total amino acids. Aspamgi;le. in place
of glutamine, became a major amino acid. The percent of asparagine was especially increased
by the mixed exposure to NO; and Os. Incontrast, a decreasing trend was found in glutamate.
Those results indicate that glutamine which accumulates extensively in an early phase of the
gas exposure seems to be gradually converted into other amino acids, mainly aﬁparaginu.
Summarizing the relationship between the changes in each amino acid brought about by the
exposure toair pollutants, the high correlation was obtained among amino acids belonging to
the serine family such as glycine. serine and cysteine. '

Key words: NO; —0,— Kidney bean— Amino acids.

Metabolic activities in plants are reported to be disturbed by the exposure to air pollutants,
Numbers of enzymes and body constituents such as sugars, amino acids, organic acids and so on
have been tested in this regard (Wellburnetal. 1980). In the previous paper, the single and mixed
exposures of NO; and Oy were found to decrease sugar content in the root of kidney bean plants
(Itoetal. 1984a). The contents of soluble sugars and amino acids in the leaves were increased by
the O; exposure (Dugger et al. 1966, Ting and Mukerji 1967), Only limited information on
metabolic changes is available in connection with the NO; exposure which may cause the
considerable impact on amino acid metabolism as nitrogen from NO; can readily be utilized by
the plants if nitrite reductase is active (Yoneyama et al. 1979). The present study ws initiated to
make clear what changes would take place in the amino acids individually and asa whole upon
the exposure to NO; and O; alone or in combination.

Materials and method

The plant (Phaseolus vulgaris 1. cv. Shin-edogawa) was grown exactly the same as
previously reported (Ito et al. 1984a). In the short-term experiment, 12-day-old plants were

15


tukuba
長方形


Osamu Ito, Kunio Okano and Tsumugo Towsuka

exposed to NO; at 4.0 ppm and O; at 0.4 ppm singly or in combination for 2,4 and 8 hrs. The
samples of the long-term experiment, where the gas exposures at various concentrations were
carried out 10 to 17 days alter sowing, were brought over from the previous work (lto et al.
1984a).

To determine the totalamount and the composition of amino acids, ethanol-water-soluble
fractions from the trifoliate leaf, primary leal and root were loaded on an amino acid
autoanalyzer (Model 835, Hitachi Co. Ltd.), where lithium buffers were used for better
separation of glutamine and asparagine. The total amino acids were the sum of 21 species of
amino acids determined by the analyzer. The total nitrogen was measured by a Yanaco CN
corder (Model MT 500, Yanagimoto Co. Ltd.). All analyses were performed with duplicate
samples, each of which consisted of three plants.

Results

The short-term experiment

Fig. | shows the effect of NO; and O; exposure alone or in combination on the total amount
and the composition of amino acids. The total amino acids in the first trifoliate leafl of kidney
bean plantsexposed to NO; at 4.0 ppmincreased rapidly, and reached the plateau 4 hours after
the start of the gas fumigation. Among 21 species of amino acids tested here, the accumulation
of glutamine was the most remarkable and was in parallel with the increase in the amount of
total amino acids (Fig. la). The amount and composition of amino acids in the first trifoliate
leal of the plants unexposed to the air pollutants stayed almost constant during the course of
experimént, The content of glutamine was nearly 10 times of the level at the start of the
experiment. The amounts of threonine, serine, y-aminobutyric acid (GABA) and asparagine
also increased, while their extents were only twice as much as the initial and their percents in
total amino acids were relatively low as compared with that of glutamine. Other amino acids
merely chﬁnged the amounts throughout the NO; exposure.

The exposure to O; also induced the increase in the amino acid pool size (Fig. Ib). In this
case, however, the amount of total amino acid content remained at the initial level for the first 2
hrand then increased rapidly. The percent of glutamine became prominently higher with time.
The accumulation of glutamine occurred prior to the increase in the total amino acids. Most of
amino acids except glycine, alanine and minor amino acids (designated by “others™ in this
paper) increased their amounts 4 to 8 hrs after the start of the gas exposure.

When NO; and Oy were exposed to the plants in combination, the changes in the amount of
total amino acid content followed the same trend as that of the exposure to NO; alone. In spite
of the co-presence of Oy, nitrogen from NO; accumulated quite rapidly in the form of amino
acids. It should be noted that the initial level of amino acids was significantly low in this
particular experiment as known by the comparison of Fig. l¢ with Figs. laand b. The difference
in amino acid content is thought to be caused by the variation of the plants used in each
experiment, though the plants were grown in the artificially-lit growth cabinet from the
germination to the harvest under carefully controlled environments. Although the increase in
the amount of glutamine was most predominant, the pool size of other amino acids also became
bigger.
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Fig. | Changes in the concentration of total amino acids and amino acid compositionin the
trifoliate leaf of kidney bean plants exposed to NO; and 05 alone orin combination for 2 to
8hours. (a) NO; at 4.0 ppm. (b) Os at 0.4 ppmand (¢) NO; and O, at the same concentration
as (a) and (b). Asp: Aspartate, Thr: Threonine. Ser: Serine. Glu: Glutamate, Gin:
Glutamine, Gly: Glycine, Ala: Alanine, GABA: y-Aminobutyric aric. Asn: Asparagine and
Others include valine, cysteine, isoleucine. leucine, tyrosine, phenylalanine, S-alnine, 8-
amino-iso-butyric acid, lysine, histidine, arginine and proline. i

The long-term experiment

In the next experiment, the effects of air pollutants on the amino acid pool size and
composition were overviewed from the longer time scale (2 to 7 days). Fig, 2 shows the changes
in the amount of amino acids in the trifoliate leaf, primary leaf and root of kidney beean plants
exposed to NO, and O; alone or in combination. The unexposed plants had a tendency to
decrease the amount of amino acids with time in all parts of the plants tested here. The expousre
to NO; significantly pushed up the size of amino acid pool in the trifoliate and primary leaves,
while smaller changes were observed in the root. In particular, the amount of amino acids in the
roots of the plants exposed to NO; at 2 ppm was nearly equal with that of the control throughout
the gas exposure period. The exposure to 0.1 ppm ozone had no effect on all the three parts of
plants. The more increase in ozone concentration significantly enlarged the size of amino acid
pool. This effect was emphasized especially in the root. The amino acid concentration was also
increased by the mixed exposure to NO; and Os in most of the combinations.

The percent of total amino-nitrogen over total nitrogen in the three parts of kidney bean
plants was calculated (data not shown). It hasalready been reported in the previous paper (Ito et
al 1984a) that the percent of total nitrogen is increased by the exposure to NO; and O;alone orin
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combination. The increase in the percent means that the enlargement of amino acid pool size
exceeds that of total nitrogen. This trend was observed in most of cases, especially clearly in NO;

exposure at 4.0 ppm.
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Fig. 2 The concentration of total amino acids in the trifoliate leaf (a), primary leafl (b) and
root (¢) of kidney bean plants exposed to various concentrations of NO; and O, alone or in
combination.
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Ammonium was excluded to calculate the amount of total amino acids, while it is
considered to be an important substrate for the synthesis of amino acids. Table | shows the
ammonium concentration in kidney bean plants. In the control plants, the ammonium
concentration decreased with time in all the three parts, of which the primary leal tended to have
the highest concentration in all treatments, The exposure to NO; at 4.0 ppm brought about a
significant rise in the concentration, particularly 4 to 7 days after the start of the exposure. An
obscure pattern of changes in the concentration was observed in the exposure to O;. In the
mixed exposure to NO; and Oy, the concentrations in all the four treatments were higher than
thatin the control 7 days after the start of the exposure. The exposure to NOy and Oy at 4.0 and
0.2 ppm, respectively, gave a extremely high value, which may be caused by the deterioration of

cellular metabolism,

Table | Concentration of NH; in kidney bean plants exposed to NO; and or O; at various
concentrations (umole/g FW)

NO:(ppm) 0 2 4 0 0 0 2 2 2 4
Osfppm) 0 0 0 i 2 & 4 B & 3

2 days 0.55 080 072 020 078 0.59 024 0.53 039 0.57
Trifohate Leafl 4 days 0.53 0.64 108 0.16 040 042 063 039 043 042
7 days 016 021 196 0.2 033 034 024 044 067 1.12

2 days 1.3 1.9 243 034 101 040 040 064 070 046
Primary Leaf 4 days 098 091 305 027 173 054 079 051 097 1.4
7 days 037 1.21 357 040 075 093 120 0.63 049 24.3

2 days 058 024 062 0.16 065 022 011 027 037. 0.43
Root 4 days 022 040 070 009 045 041 0.16 030 042 1.0l
7 days 0.1 011 027 006 020 065 015 020 055 1.0l

The amides, especially glutamine, are the first acceptors of ammonium and play important
roles in the assimilation of inorganic nitrogen and in the storage of the excess nitrogen.The
percent of the amides in total amino acids was the highest in the root and decreased with time in
all the three parts (Table 2). There was a clear tendency that the gas exposures pushed up the
percent of amides in total amino acids, though a few exception existed. The tendency was
emphasized by the mixed exposure to NO; and Oy, The amides in the trifoliate leal exposed to
0.1 ppm Os could not be separated from the peak of glutamate due to the former’s amount lower
than the latter's.

Table 2 Percent of glutamine and asparagine over total amino acids in kidney bean plants exposed to
NO; and/or O; at various concentrations

NO; (ppm) 0 2 4 0 0 0 2 2 2 4

Os(ppm) 0 0 0 Jd 2 # A 2 4 2
2 days 81 121 342 ND 215 197 53 290 317 524
Trifoliate Leaf 4 days 64 246 334 ND 325 346 254 383 538 523
7 days 34 44 414 ND 7.7 329 548 504 308 619

! 2 days 258 232 310 223 364 424 613 727 467 783
Primary Leaf 4 days 220 209 368 248 1.8 246 622 563 537 752

7 days 40 125 313 178 142 195 551 56.7 433 619
2 days 83.2 815 824 70,7 B82.0 873 435 90.5 894 896
Root 4 days 59.2 743 905 645 B0.2 929 822 904 889 78.0

7 days 26,3 378 898 435 822 920 861 862 889 914
ND: Not Determined
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Effects of XO:and Oy on amino acid metabolism

Glutamate occupies a key position in amino acid metabolism. In the non-exposed control
plants, the percent of glutamate was higher in the leaves than in the root and showed little
changes with time (Table 3). The exposure of the plant to air pollutants tended to decrease the
percent of glutamate with a few exception as in the case of the trifoliate and primary leaves of the
plants exposed to 4.0 pm NO,. The decrease in the percent of glutamate might mainly be due to
the elevated percent of the amides by the gas exposures as mentioned above,

Table 3 Percent of glutamate over total amino acids in kidney bean plants exposed to NO; and/or O, at
various contentrations

NOy(jppm) © 2 4 0 0 ©0 2 2 s 4
Oy (ppm) 0o 0 0 i 2 4 a4 2 4 &

2 days 379 284 144 38 262 24. 29 232 174 04
Trilolate Leal 4 days 274 216 424 223 I58 146 136 170 7.0 9.l
7 days 27.7 180 286 21.2 186 134 112 90 149 5.

2 days 188 165 424 132 98 58 28 33 58 08
Primary Leal 4 days 26,7 18.1 344 |53 197 109 57 64 45 22
7 days 188 B8 47 150 99 33 38 34 43 0.2

2 days 0.1 0.1 06 13 03 0 0.1 0 01 0

Root 4 days 32 02 00 26 01 O 03 0 01 0

7 days 53 37 01 58 03 0 L6 39 00 o

Few peaks unidentified with a standard amino acid mixture appeared in the region ol
acidic amino acids (Fig. 3). The peaks were detected only when the plants were exposed to NO,.,
The peak intensities increased with the concentration of NO; exposed. The peak #1 was assumed
to be ureides such as allantoin, but not yet critically identified. The retention time of the peak #2
was 16.82 £ 0.19 (n=15), which was almost identical with that of glutathione (16.96). The
intensities of the peak #2 were not so great as compared with those of neighboring well-known
amino acids like aspartate and threonine, which occupied the small portionin total amino acids.
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Fig.3 A part of chromatograms fromamino acid autoanalyzer, Extracts [rom the primary
leal of kidney bean plants exposed to NO: a1 2.0 and 4.0 ppmor Oy at 0.2 and 0.4 ppm for 7
days were loaded on the analyzer. A: Aspartate, T: Threonine, The peak #1, 2 and 3 could
not be identified with a standard amino acid mixture.
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Effects of SO. and Oy on amino acid metibolism

The calculation of correlation coefficient between 16 species of amino acids, ammonium
and total amino acid was carried out using the data from the long-term experiment, which
consisted of ten treatments and three sampling points (#=30) for each component in the
trifoliate and primary leaves of kidney bean plants (Fig. 4). There were |1 and 9 species of amino
acids or ammonium which had the correlation coefficient of more than 0.7 with total amino
acids in the trifoliate and primary leaves, respectively, Threonine, serine, glycine, alanine,
phenylalanine, arginine and asparagine were included in both plant parts. Aspartate, glutamine,
tyrosine and GABA were less correlated with total amino acids (r < 0.7) in both parts. Among
amino acids tested here, threonine and serine had the highest frequency of possessing the
correlation coefficient of more than 0.7 with other amino acids. On the other hand, there was no
example where glutamine clearly showed any correlations with other amino acids. The pairs of
amino acids which were reciprocally correlated with the coefficient of 0.8 to 0.9 in both plant
parts were threonine-serine, threonine-phenylalanine, scrine-alanine, serine-phenylalanine and
asparagine-total amino acids. The amides was well correlated with total amino acids with the
coefficients of 0.88, 0.87 and 0.99 in the trifoliate, primary leaves and root, respectively. It is
known from the above analysis that the increase in the percent of the amides by gas exposures
(Table 2) is mostly explaiend by asparagine.

Asp | Thr [ Ser |Glu [Gln [Gly | Als | Val | Cys Tie | Leu Tyt | Phe [ ABA NHy| Arg | Asn | T-A
Asp * | hh * * *
Thr *h dkkihnk| & | | A | W [ ha| w | w *
Sar ik LRI ] LR A *
Glu * 3
Gin 2
| =
Gly sk e * -
2
Ala * [an *h \ *h | * | ow | w | en * | ]
‘5 val * dk fhk | W k| N | o ok
® Cys * * LR e * *
.
s lie hh| ok * * *k *
b=
= Lew *
Tyr 123 \\ i
Phe Ak | hk * *k [ hk *
rABA * \
NH3 * & *
Arg *
Asn * [k ok [k * | & "k *h
T-A Wk | W wh | ow | * | & * * [k

Fig. 4 The correlation between the individual amino acids, ammonium and total amino
acids. The number of values used for the calculation of correlation coefficient(r) was 30.
0.9 s r.¥%:08 <r<9and ™ 07<r<0.8.
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Discussion

Nitrogen dioxide absorbed by the leaf is dissociated to the liquid phase in the forms of
nitrate and nitrite ions, which are then reduced to ammonium ion if the activities of reductases
correspondent to nitrate and nitrite exist. Since the plants used in the present experiment were
fertilized with nitrate nitrogen as the basal application, it is assumed that both reductases had
already been induced before the start of the gas exposure. Trace amounts of nitrate and nitrite
were detected by the colorimetric analysis (data not shown), which suggests that the absorbed
NO; rarely accumulates in the form of nitrate and nitrite. The concentration of ammonium was
significantly increased by the exposure to NO; alone or in combination with Oy, while the most
drastic increase in the amount occurred in glutamine within 2 hour (Fig. la and c). The result
indicates that the absorbed N O;-nitrogen is temporally stored in glutamine when the plants are
exposed to high concentration of NO; that is thought to be above the plants’ capabilitics to
maintain the normal metabolism. The extreme accumulation of glutamine may be caused by the
weakness of its further assimilation. The first step of glutamine metabolism is mediated by
glutamate synthase which transfers amide base of glutamine to 2-oxoglutarate to form two
molecules of glutamate (Lea and Miflin 1974). The activity of the enzyme may not be high
enough to convert the enormous amount of glutamine produced from NO; to glutamate, from
which various species of amino acids are formed by transamination reaction and thus which is
located in a key position of amino acid metabolism.

When the plants were exposed to NO; alone or in combination with O; for more than two
days, the concentration of total amino acids and the percent of the amides in total amino acids
increased (Fig. 2 and Table 2) as observed in the short term experiment. However,the low
correlation coefficient of glutamine with total amino acids (Fig. 4) demonstrates that the
increase in the percent is mostly explained by asparagine not by glutamine, Glutamine which
accumulates extensively in ealry phase of the gas exposure seems to be gradaully converted to
other amino acids, above all asparagine which is highly correlated with total amino acids (Fig. 4)
and is thought to be a more stable storage form of amino acids.

The increase in the amino acid pool size was observed also by the exposure to Oy in both
short-and long- term experiments (Figs. Iband 2). Tingand Mukerji(1971) reported the same
phenomenon in cotton plants exposed to O; at 0.8 ppm for an hour. The increase in the amino
acid pool size by the O; treatment can be considered as the result of the inhibition of protein
synthesis or the promotion of protein degradation. Tomlinson and Rich (1967) supported the.
former assumption on the basis that the incorporation of "C into protein fraction was reduced
to one third of the control by the Oy treatment. Tingand Mukerji (1971) proposed the evidence
favorable to the latter according to the fact that the amount of soluble protein was reduced by
03. The determination of soluble protein was performed in the present experiment, while
insignificant changes were obtained during 8 hours’ exposure to Oy at 0.4 ppm (data not shown).
It still remains unclear how and from which source amino-nitrogen is supplied in Os-treated
plants.

The increase in amino acids by the O; exposure was most striking in the root (Fig. 2c).
There might be two possibilities to explain the above phenomenon. One is that the root directly
responds to Oy penetrating from atmosphere to the vermiculite which has a relatively large
portion of air space. According to Blum and Tingey (1977), however, the penetration of O, is
limited only to the surface of soil. The other is a rather indirect effect, that is, the promotion of
the translocation of amino acids [ormed in the leaves to the root, or the production of a
substance stimulating the enlargement of amino acid pool size in the root.
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The exposure of the plants to Oy is known to cause stomatal closure (Hill and Littlefield
1969). In fact, nitrogen uptake rate from NO, was remarkably reduced upon the mixed exposure
to NO; and O; (Ito et al, 1984a), probably because the penetration of NO, into the leaf tissue is
prevented by the increased stomatal resistance. From the view-point of amino acid concentra-
tion, however, little difference was found between the short term exposure to NO; alone and in
combination with Oy (Figs. la and c¢). In spite of the reduction of NO; penetration, the amount
of amino acids may be considerably enhanced by the supply from the degradation processes of
proteins initiated by O;.

In the long run, the concentration of amino acid and the percent of total amino-N over
total-N in the mixed exposure clearly differed from those in the exposure to NO; alone (Figs. 2
and 3). Their trends were similar to that of Os, suggesting that the effect of the mixed exposure
on amino acid content is a rather ozone-dominating type. As for the amino acid composition, all
the three treatments resulted in some differences, especially in amides (Table 2). It may be
possible to distinguish the effects of the three treatments on a basis of amino acid content and
composition.

Ureides are considered as important substances for the transport of nitrogen gained by
nitrogen fixation from roots to leaves in leguminous plants (McClue and Israel 1979). Nitrogen
metabolism may be activated by the NO; exposure, thus the excess nitrogen may be converted to
ureides, which then are translocated to the leaves and accumulate there. Although the area of
the peak #1 in Fig. 4, which is thought to be correspondent to ureides, is relatively small, the
significant amount must be present as their sensitivity to ninhydrin is very low.

The appearanceof glutathione was characteristic to theNO; exposure,though its amount was
not so great. Glutathione readily becomes a reduced form catalyzed by glutathione reductase
(Wirth and Latzko 1978), It is considered that its reduced form functions in the stabilization of
cysteine, homocysteine and protein by maintaining their thiol group, and in the detoxication by
degrading the deleterious amount of H,O; (Wolosiuk and Buchanan 1977). The accumulation
of glutathione may be a metabolic adaptation of the plants to alleviate the detrimental effect of
NO; which is thought to be a strong oxident. It is reported that the content of ascorbate is
decreased by the exposure to 1.0 ppm NO; for 2 hrs every day (Prasad and Rao 1980). This may
result from the oxidative decompositon by NO.. ;

The majority of amino acids was well correlated with total amino acids in both trifoliate and
primary leaves (Fig. 4). This means that the amount of the individual amino acids is increased by
the gas exposures and its change proceeds to keep balance asa whole. No example was found for
glutamine to have high correlation with other components. This fact suggests that theamount of
glutamine changes in a peculiar manner. There were cases where the amides (glutamine and
asparagine) became dominant upon the gas expousres especially the mixed exposure of NO,
and Oy, The increase in the amides must be mostly brought about by asparagine, and not by
glutamine, as known [rom Fig. 4 where the high correlation is obtained between asparagine and
total amino acids. Asparagine is reported to accumulate in the plants deficient in minerals such
as K, S, P, Mg, Zn and so on (Stwart and Larther 1980), and in water stressed plants
(McMichael and Elmore 1977), although the reason for its accumulation under such stressed
conditions remains unsolved.

Amino acids can be classified in several categories such as glutamate, aspartate, pyruvate,
serine, aromatic families and so on (Manicol 1977), according to the similarity of the synthetic
pathway. It is anticipated that amino acids belonging to the same family show the similar
behaviour when the environments around the plants are changed. In this experiment, though, it
is not the case except with the serine family whose members like serine, glyeine and cysteine have
relatively high correlation with each other (Fig. 4). The incorporation of "C from “COj; into

23


tukuba
長方形


glycine and serine is enhanced and their amounts are also increased by the exposures to NO; and
Oy alone or in combination (Ito et al. 1984b). Good correlation was found between threonine-
serine and phenylalanine, and serine-alnine and phenylalanine, even if they belong to different
families. Whether the high correlation between them is only accidental or has some meaning is
unknown.

References

Blum., U.and D. T. Tingey (1977) A study of the potential ways in which ozone could reduce root growth
and nodulation of soybean. Atmos, Environ., [ 1: 737-739.

Dugger, W. M. Jr.. J. Koukoland P. L. Palmer (1966) Physiological and biochemical effects of atmospheric
oxidants on plants. J. air Pollut. Control Assoc., 16: 467-471. -

Hill, A. c. and N, Littlefield (1969) Ozone. Effect on apparent photosynthesis, rate of transpitation, and
stomatal closure in plants. Environ. Sci. Tech., 3: 52-56

Ito, O,, K. Okano, M, Kuroiwa and T. Totsuka: (1984a) Effects of NO: and Oy alone or in combination on
kidney bean plant | Growth, partitioning of assimilates and root activities, Res. Rep. Natl. Inst.
Environ. Stud, No. 66, 1- 14,

Ito, O, F, Mitsumori and T, Totsuka (1984b} Effects of NO; and Oy and alone or in combination on kidney
bean plants 111 Photosynthetic 13CO; assimilation observed by 13C nuclear magnetic resonance. Res,
Rep. Natl, Inst. Environe. Stud. No. 66, 27-38.

Lea. P. ). and B. J. Miflin (1974) Alternative route for nitrogen assimilation in higher plants. Nature, 251:
514-616.

Macnicol, P. K. (1977) Synthesis and interconversion of amino acids in developing cotyledons of pea
( Pisum sativim L..). Plant Physiol.. 60: 344-348,

McClue. P. R.and D. W. Israel (1979) Transport ol nitrogen in the xylem of soybean plants, Plant Physiol.,
64: 414-416.

McMichael, B. L. and C. D. Elmore (1977) Proline accumulation in water stressed cotton leaves. Crop Sci..
17: 905-908.

Prasad. B.j.and D. N. Rao (1980) Alternations in metabolic pools of nitrogen dioxide exposed wheat plant.
Indian J. Exp. Bot., 18: 879-882.

Stewart, G. R. and F. Larher (1980) Accumulation of amino acids and related compounds in relation to
environmental stress. In The Biochemistry of Plants. A Comprehensive Treatise Volume 5 Amino
Acids and Derivatives. ed by b. J. Miflin Academic Press,p.609-635,

Ting, 1. P.and S. K. Mukerji (1971) Leaf ontogeny as factor in susceptibility to ozone: Amino acid and
carbohydrate changes during expansion. Amer. J. Bot., 58: 497-504,

Tomlinson, H. and S. Rich (1967) Metabolic changes in free amino acids of bean leaves exposed to ozone.
Phytopathol., 57: 972974,

Wellburn, A, R,, T, M, Capron, H, S, Chanand D. C. Horsman (1980) Biochemical effects of atmospheric
pollutants on plants. In Society for Experimental biology. Seminar Series | Effects of air Pollutants,
ed by T. A, Mansfield, p.105-114,

Wirth, E.and E. Latzko (1978) Partial purification and properties of spinach leaf glutatione reductase. Z.
Pllanzenphysiol.. 89: 69-75,

Wolosiuk, R. A. and B, b. Buchanan (1977) Thioredoxin and glutathione regulate photosynthesis in
chloroplasts, Nature (London), 266: 565-567.

Yoneyama, H. Sasakawa, S. Ishizuka and T. Totsuka (1979) Absorption of atmospheric NO, by plants and
so0ils (1) Nitrite accumulation, nitrite reductase activity and diurnal change of NO; absorption in
leaves, Soil Sci. Plant Nutr., 25: 267-275.

24



TR ANHTEI_RIEBREA YV OB RUVEARTBOE
I 7I/BEEEHERK

ik " sk FE a

THEBELA Sy ORMBOWERENSA 2 ADT I BER SRR RIE
THEERNLZERHME U TARERIZTON . ML #%4.0ppm O SERE B52
IKEDRT I/ BERODM KT D SN, EOKEBIBIIVEY I VickoTU I,
BT I/BREA Y VI k> T H REBRIEE 2 IE S 50 < 0 TIEH HHHML
o MERBE T RICRENMOBE & TR MM 2R U,

SRMHSBEERIORE S 2 A 6 THREE SN EBPAKIE, TXTORICHEN
TRT I /BEEROHMMHIE Sh, B _BLEH40ppm KicBWTEHETH - 12,
RIEBOTRAV Y RBICLOLT I /BEENFLIOED SN BIHRBICEL T,
TWH I RD>TT ANT ¥y NEBELERICBCH - 12, BEEARBOBA I
FANRT X DEHLHENMA LI, SHRICRLTINY 3 v BEd 2800 % 7R
Lfze CNFORFRISEMIMICE L EWI 5705 3 2L RBERERE OB ICPEZ W
W DEMDOT I /8, ST ANRFTEVICHERINTOL SEEZRELTWS, B
RHTARBIZL->THEREINSGBADOT I /EROLEB 2B THEBE, £V T
W—TEE$25) vy, €) v, YAT4 vORIHWEBEEEL S hiz,

1 FESCAERIAEGES 7305 FIRRSTHARS HARNT/NEFI16- 2

25



Res. Rep. Natl. Inst: Environ. Stud.. Jpn.. No.66. 1984,

Effects of NO; and O; Alone or in Combination on Kidney Bean
Plants. I11. Photosynthetic'’CO, Assimilation Observed by '°C
Nuclear Magnetic Resonance

Osamu Ito', Fumiyuki Mitsumori’ and Tsumugu Totsuka'

' Division of Environmental Biology, the National Institute for Environmental Studies,
Yatabe-machi, Tsukuba, Ibaraki 305, Japan.

* Division of Environmental Health Sciences, the National Institute for Environmental
Studies, Yatabe-machi, Tsukuba, Ibaraki 305, Japan.

The effect of exposures to NO; and O; alone or in combination on the fate of "CO;
assimilated by photosynthesis was examined by means of "C-NMR with kidney bean
primary leaves fed with "*CO; for 10 min, There were more than 70 peaks appearing in the
"C-NMR spectra of ethanol and water soluble fraction from leaf extract, among them 16
relatively well resolved peaks, correspondent to 3 sugars, 2 organic acids and 4 amino acids,
were selected for the determinations of the pool size and the "'C incorporation.

Although the gas exposure increased the amount of sucrose and fructose, the-increases
were not accompanied by the incorporation of the "C label, which suggests the presence of
photosynthetically inactive pools of sucrose and fructose. This phenomenon was especially
remarkable in the case of O; treatment where no " Cincorporation into sucrose was observed
within 10 min. The pool size of glycine and serine and "'C incorporation into them were
increased by the gas exposure. This implies that carbon flow through glycolate pathway is
stimulated in the leaves exposed to NO; and/or O,.

The incorporation of " C into alanine was stimulated by NO; exposure both alone or in
combination with Oy, but not by exposure to O, alone. The activation of amino acid
metabolism by NO; assimilation may accelerate the carbon flow from photosynthetically
lixed CO; 1o alanine through three carbon-intermediates in the reductive pentose cycle.

Itis proven in the present study that, with only simple procedure of sample preparations,
"C-NMR provides satisfactory informations on the metabolic cha nges in the photosynthetic
pathway under the conditions stressed by the air pollutants,

Key Words: NO; — O, — Kidney bean — Photosynthesis — CO; assimilation - "' C-NMR.

Recent studies have proven that Fourie transform nuclear magnetic resonance (FT-NMR)
is a useful tool for the study on metabolism in the living materials as it offers an enormous
amount of informations on each carbon atom of molecules present in inhomogenous samples.
Due to this great advantage objective compounds can be observed by FT-NMR with only a little
single separation and purification procedures. The improvements of sensitivity and versatility
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achieved by the development of high magnetic field NMR made it possible even to delineate
metabolism in whole cells and intact organsThe FT-NMRis thought to be the only method that
has the potential to follow biosynthetic pathway rapidly and non-destructively. Researches
performed with meticulous attention to the intactness of samples have so far been confined to
bacteria and animals (Shylman 1979). In most of those studies phosphorus is selected as a target
nucleus to get information about the quantity, and kinetics of phosphorus metabolites or to
determine physiological environment and intracellular pH (Gadian and Radda 1981). The
oxygenated Saccharomyces cerevisiae revealed a higher pH by 0.5-0.7 pH unit and a higher
ATP level than those of resting and anaerobic cells, suggesting the operation of active proton
transport (Navon et al. 1979). A similar phenomenon was observed with phototrophic
bacterium Rhodopseudomonas shaeroides when they were illuminated by argon ion laser beam
in the NMR tube located at superonducting fields (Nicolay et al. 1981).

The "C NMR has been used for isotopic tracer experiment as its natural abundance is
sufficiently low for that purpose. Hollander et al (1979) calculated backward /forward ratios of
aldolase-triosephosphate isomerase reactions in yeast cells supplied with l-and 6-"'C glucose
from the accumulated spectra in | min blocks. Attempts have already been made to apply to this
field the "N, which has much lower sensitivity to NM R measurement than those isotopes (*'P
and ""C) mentioned above, The incorporation of "*N into nitrogenous compounds which stand
at intermediary points of nitrogen metabolism was studied with intact mycelia of Neurospora
crassa, and the turnover time of glutamine was estimated from the results (Legerton et al. 1981).
NMR studies with intact tissues and organs have recently made further great progress in
medical science with increasing needs to observe metabolic activities for the diagnosis of
patients by non-invasive manners.

In contrast, the application of NMR to plants is far behind. The intracellular pH changes
caused by fusicoccin treatment (Roberts et al. 1981) and the difference in the cytoplasmic and
vacuolar pHs (Roberts et al. 1980) were estimated with detached maize root tips. Protein
incorporation of asparagine,which is thought to be a major translocating nitrogenous substance
from roots, was followed by magic-angle single and double cross-polarization “Cand "N NMR
with lyophilized soybean cotyledons (Schaferetal. 1981). These are pioneer works where NMR
technique was applied to study the physiology of plant tissues, although those plant tissues are
not intact.

In other attempts, crude extracts or partially purified compounds from plant materials
were subjected to NMR measurements, Photorespiration was characterized by the appearance
of "C-""C doublet in anomeric carbon of glucose component of sucrose separated from soybean
and corn, which had been fed with "CO; under various CO; and O, concentrations (Schafer et
al, 1980). The incorporation of "C into photosynthetic metabolites was detectable by NMR
within 30 sec after the feeding of "CO;, and the differences in CO, assimilation pathways
between Cy and C4 plants were clearly manifested in "C-NMR spectra of ion-exchanged
fractions (Mitsumori 1982).

Photosynthetic CO; assimilation has been investigated by means of "*C as the only tracer
with an enormous number of plant species and under different environmental conditions.
though it requires rather complicated, skilful and laborious techniques, The "“C NMR,
however, has a great advantage over the conventional method on account of its simplicity of
sample preparations and the extensive amount of obtainable information in one analysis.

In the previous papers (Ito et al. 1984a and b) we reported that the exposures of kidney
beans to Osand/or NO; resulted in considerable changes in the level of active metabolites such
as sugars and amino acids. This implies that CO; assimilation pattern might be modified by
these gas exposures. The present study was undertaken to elucidate this point with the analytical
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assistance of "C-NMR.
Materials and Methods

Plant Culture

Kidney bean plants ( Phaseolus vulgaris L. cv. Shin-edogawa) were grown in the growth
cabinet under exactly the same conditions as mentioned in the previous paper (Ito at al. 1984a),
The plants were transferred to the gas-exposure chamber 10 days after the germination and
exposed to either Oy at 0.2 ppm, NO; at 2 ppm alone or in combination. The gas concentration
was maintained at those levels throughout the gas exposure treatments,

“CO, Feeding
Twelve plants were selected from more than 70 plants in each treatment on the basis of
visible uniformity of the height and leaf size. One of the primary leaves in each plant was placed
inside a gas-tight chamber where cooling units, a heater and a humidifier were installed to make
an automatic regulation of the temperature and humidity at the same level as outside the
-chamber, and were sealed at their petioles with adhesive vinyl tapes. The air inside was replaced
by CO,-free air to deplete non-labeled CO;. When CO; concentration went down to 30 to 50
ppm, for which it usually took 10 to 12 min, I N HCI was injected through a tygon tubing to
Ba''CO; (30 atom %) suspension in a beaker placed inside the chamber with continuous stirring.
The CO; concentration was monitored with an infrared CO; gas analyzer (Fuji Electric CO.,
ZFD) and maintained at around 350 ppm throughout the feeding experiment, The primary
leaves were taken out from the sealed chamber [0 min after the injection of HC and put into
liquid nitrogen as quickly as possible. Opposite leaves of the fed leaves were also harvested as
zero time'controls at the end of the experiment. It has been proven that there is a negligible
intermovement of photosynthates between the primary leaves within a short term period.

Sample Preparation for NMR Measurement

The frozen leaves were homogenized with 80% ethanol by a Polytron (type PT 10/35 from
Kinematica in Switzerland). The homogenates were kept ina refrigerator overnight for the
further extraction. The residues were removed with Toyo filter paper No.6. The filtrates were
then evaporated completely dry and dissolved with a small volume of distilled water.
Chlorophyll insoluble to water was spun down by the centrifugation at 15,000 rpm for 10 min.
The supernatants were again dried up and supplied for the NMR mesurement,

NMR Measurement

The dried ethanol and water soluble compounds were dissolved with a small volume of
water and pH was adjusted at 7.0 with IN NaOH and HCI. In the case of the formation of the
suspended matter as a result of pH changes, another centrifugation was performed. The final
volume was adjusted to 2.0 ml which contained D;O at 10% to achieve the field frequency
locking. The size of sample tubes was 10 mm in outside diameter. The "C-NMR spectra were
obtained by Bruker SXP-4-100 spectrometer in the pulsed Fourier transform mode operated at
22.63 M Hz with wide band proton noise decoupling (10 watts). The temperature of samples was
maintained at 5°C throughout the experiment. For all samples in the present experiment 50,000
free induction decays were accumulated after 45° pulses with a reeycle time of 1.0 sec. The
quadratune phase detection was employed. Data points were 4K X 2 words for the spectral
witdh of 6,000 Hz. Fourier transformation was done in 8K X 2 words with zero supplements. To
improve the signal to noise ratio the digital exponential window was employed which caused the
I Hz line broadening.
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Chemical shifts calculated by (s —yref)/yref X 10° in which s and yref are the absolute
resonance frequencies of a particular sample and the reference peaks, respectively, were
reported with respect to TMS (tetramethylsilane). Neat methanol sealed in the coaxial capilary
tube was used here as an actual reference whose chemical shift value was determined at 48.8 ppm
downfield from that of TMS.

Results and Discussion

BC-NMR Spectra

Primary leaves used in this experiment for *CO; feeding had nearly reached the fully
expanding stage at the start of gas exposures. The leaves were keptin atmosphere containing
air pollutants for four full days, which resulted in the most severe influences from the gases
compared with leaves at other leaf positions. The leaves turned darker green by NO, treatment
than the ones in control, probably due to the enhancement of chlorophyll synthesis from the
assimilated NO,, Minute silvery flecks were associated with Oy treatment, When NO; and O,
were exposed in combination, the visible symptom seemed to be an Os-dominant type. The
flecks grew into the coalescent lesions to form necrotic large spots. The leal fresh weight was also
affected by gas exposures. The NO; exposure caused only a slight decrease in fresh weight, 1.02g
per leaf over 1.10g control, while the significant changes were obtained in O; and mixture
treatments, 0.95g and 0.78g per leaf.

Fig. | shows '"C-NMR spectra of the ethanol-water soluble fraction of the leaf extract from
control and from O, treatment. Three sugars, four amino acids, two organic acids, and an
unknown compound were identified in the spectra. The presence of a considerable amount of
sugars such as sucrose, glucose, fructose rather complicates the spectra, because they give totally
36 peaks in theory, most of which stand at the region of 60-80 ppm and are undistinguishable
from each other. The peaks correspondent to sucrose 2°and 5, glucose-f1 and fructose-2 were
relatively well-resolved and satisfactory enough to be used for the quantitative determination.
The peaks of sucrose-l1 and glucose-al are unseparated but looked quite sharp. The peak
intensities of carboxyl carbons in amino acids and organic acids were suppressed due to the too
short recycling time and the lack of nuclear overhauser effect as compared with those expected
from other carbons in these compounds. There were two weak peaks which can be slightly
distinguished over the noise level, They are unseparated glycine and serine-1 and the unknown
compound. The hitherto unknown compounds has not yet been indentified clearly, while it is |
assumed to be 2-methyltetronic acid orits isomer on the basis of the signal location of its methyl
carbon at 22.6 ppm and carboxyl carbon at 181.9 ppm (Mitsumori 1982),

Peak intensities measured from the spectra shown in Fig. | were calibrated against those
for methanol used as an external standard at evey measurement, and then were expressed per
gram fresh weight. The results are shown in Fig. 2. The white bar represents the peak intensity of
the zero time sample which contains '*C at natural abundance, and is thought to be
guantitatively correlated with the pool size of each compound. The dotted bar represents the
peak intensity of labeled samples fed with '*CO; for 10 min. The differences in the peak intensity
between zero time and labeled samples must correspond to the incorporation of "C into the
compound.
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Fig. | "C-NMR spectra ofethanol-water soluble [raction from kidney bean primary leaves
before and after " CO, feeding for 10 min, The lower two spectra are from non-gas exposed
control plantsand the upper two from O; exposed plants. Peak numbers are as follows: (1)
sucrose-| and glucose-ae1, (2) sucrose-2", (3) sucrose-5', (4) glucose-f-1, (5) fructose-1, (6)
malate-3, (7) unknown acid-CHjs, (8) unknown acid-COOH (9) alanine-2, (10) alanine-3,
(11) glycine-2, (12) serine-2, (13) glycine-I and serine-1, (14) glutamate-2, (15) glutamate-3

and (16) glutamate-4.
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Sugars

It is shown from the peak intensity at zero time of sucrose-2’ and 5 that the amount of
sucrose is significantly increased by all gas treatments, The highest amount was observed in the
leaves exposed to Oy at 0.2 ppm. Barnes (1972) reported that the chronic exposure of pine
seedlings to 0.05 ppm O, for 11 weeks resulted in significantly higher amounts of total soluble
sugars mainly consisting of sucrose. Little change in sucrose level, however, is obtained with
lemon seedlings exposed to 0.25 ppm Os, 8 hoursa day, 5 days a week for 9 weeks (Dugger et al,
1966). The discrepancy between those two reports may come from the difference in plant species
used, analytical method or some other factors.

In our experiment,no incorporation of “Cinto sucrose was observed in O;-treated leaves,
which meant a negligible direct synthesis of sucrose from photosynthetic assimilates. Other
sources of sucrose should be considered to account for its increased level, which will probably be
supplied from the degradation of starch. It has been reported that the amount of starch
decreased in lemon seedlings exposed to O; (Dugger et al, 1966). The degraded starch might be
converted into sucrose and temporarily stored in its form in O exposed kidney bean leaves. In
the experiment which has been performed exactly by the same manner as the present studies, O,
exposure was reported to decrease the export of *C-labeled photosynthetates from the primary
leaves to other plant organs (Okano et al. 1984). The inhibition of "'Cincorporation into sucrose
may be one of the causes to decrease the translocation of photosynthetically assimilated CO,, as
sucrose is a major translocating substance among photosynthates (Ziegler 1975).

From the experiment with "“CO; as a tracer, it is substantiated that the distribution of “C
among soluble compounds in pine seedlings exposed to O, was decreased in soluble sugar
fraction where sucrose was predominant, and was increased in sugar phosphates (Wilkinson
and Barnes [973). The result sugpgests that enzymes converting sugar phosphates derived from
Calvin cycle to sucrose are impaired by O; exposure, Unfortunately this could not be provenin
our experiment because the level of sugar phosphates was below the sensitivity of "C-NMR.

In the treatments other than O; exposure, considerable incorporation of C into sucrose
was observed within 10 min. Since the present experiments have not been performed
quantitatively, the real specific activity of each carbon in a compound cannot be calculated. The
ratio of the difference in peak intensities of zero time and 10 min over one at zero time, however,
must have a direct relationship with specific activity. When we look back on the data from this
point, specific activities of sucrose-2"and 5" in the control seem to be the highest, which suggests
the most active turnover.The incorporation of *CinNO; and mixed treatments was lower than
that in the control in spite of larger pool sizes, resulting in lower specificactivities. This suggests
the presence of photosynthetically inactive pool in those two treatments. NO; seems to alleviate
the complete inhibition of ’C incorporation into sucrose byO; exposure when it is mixed with
05, The mixture of NO; and O, had produced the synergistic effect on the appearance of visible
symptoms and the-growth depression as shown in the previous paper (Ito et al. 1984a). The
alleviative effect of NO; is contrary to the generally known observations reported so far. Its
mechanism has not yet been clarified.

Glucose showed somewhat different behaviors from those of sucrose. The pool size was the
highest in theNO; exposure,but the pool size inO; andmixed treatments was lower than that in
the control unlike in the case of sucrose. The significant incorporation of "*C into glucose was
observed except in O; treatment where the incorporation was negligible as the same as sucrose.
The peak intensity of fructose was too weak to be detected in the control at zero time, while a
considerable amount of fructose was present in the gas-exposed leaves, Prasad and Rao (1980)
reported the appearance of fructose, which was absent in the control plants, by the exposure of
wheat plantsto | ppm NO; for 2 hrs daily overa total period of 80 days. In spite of the small pool
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size, the control plant showed relatively high incorporation of "*C into fructose which will
certainly resulted in the highest specific activity, suggesting faster turnover than any other
treatments,

Organic Acids

Malate seems to be photosynthetically inactive in all treatments due to little incorporation
of "Cintoits C-3 position carbon,Since the kidney bean belongs to Cs-plant, malate will receive
PC-label from CO; through sugars, which are then metabolized via Embden-Meyerhof
pathwayand enter TCA cycle. Because of that factand the supression of the glycolysisand TCA
cycle operation under photosynthetic condition, it will need a much longer feeding time to
observe the 'C label detectable by NMR in malate. The amount of malate in the NOs-treated
leaves was remarkably larger than in other treatments. This may be the result of the increasing
demand for organic acids, substrates of amino acid synthesis which was greatly enhanced by
NO; exposure,

The acid tentatively called “the unknown acid” (UA) in this paper will probably be the
isomer of 2-methyl tetronic acid or its closely related compounds, The "C-NMR spectra of
partially purified acid were similar to the spectra of the acid isolated from sunflower leaves
(Mitsumori 1982). Since the slight differences was observed in chemical shift value of its
methene carbon, we still cannot definitely identify the compound. The presence of 2-methyl
tetronic acid in kidney beans had been confirmed by Schramn (1979) with GC-MS. Although
UA present in both kidney beans and sunflowers in relatively high concentration as compared
with other substances, there had been so far no report relating to its physiological function. The
gas exposures caused insignificant changes both in the amount of UA and in the incorporation
of "Cinto UA.

Amino Acids

Comparing peak intensities of alanine-2 and 3 at zero time, we found a slight disagreement
there. No significant difference in pool size of alanine was demonstrated from the result of
alanine-2, while as foralanine-3 the apparent peak above the noise level was observed only in the
control. Fundamentally both should show a similar trend. This may be due to the error in
measuring the peak height which is extremely small especially in unlabeled zero time samples.
Then it can be conclusively mentioned that the gas exposures hardly affect the pool size of
alanine in the leaves. Ting and Mukerji (1971) reported a slight reduction of alanine in cotton
leaves exposed to 0.8 ppm O; for [ hr. )

The "C label may be introduced into alanine from "“CO, through three-carbon
intermediates in Calvin cycle, which is finally converted into pyruvate before the transami-
nation from glutamate. The appearance of the label in alanine will indicate the rapid progress of
the above mentioned pathway. Actually the considerable ''C incorporation into alanine was
observed in all treatments within the *CO, feeding period chosen in this experiment (10 min).
The " Cincorporation was especially enhanced by NO; exposures alone or in combination with
0,. The stimulation of amino acid metabolism by NO, exposure may accerclate the flow of
carbon from photosynthetically fixed CO; toalanine. It is concluded that in NO; treated leaves
alanine shows more rapid turnover than in the other two treatments, On the other hand, the O,
exposure resulted in the similar incorporation of “Cinto alanine with the control.In contrast to
our result the distributionof 'Cin alanine among soluble compounds was remarkably increased
in the white pine (Wilkinson and Barnes 1973) and the bean (Tomlinson and Rich 1967) exposed
1o O;.

Glycine and serine are thought to be related with photorespiration, and hold an important
position in glycolate pathway through which a part of the fixed CO; flows fast especially in
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C;-plants like kidney beans used in this experiment (Zelitch 1971). The signal of carboxyl
carbon for glycine and serine overlaped at the similar chemical shift and cannot be separated.
The pattern of its peak intensity, however, was nearly identical to that of glyeine-2. Therefore,
this carboxyl signal may correspond mainly to glycine, The amount of glycine was increased by
O, alone and mixed exposures of O3 and NO,. This trend stood out particularly in the latter
treatment. The incorporation of "’C into glycine was made much faster by all treatments, A
similar tendency was observed in serine as regards *C incorporation, but in conjunction with
the pool size the increase was not as intensive as in glycine. Those results suggest that the gas
exposure should accelerate the carbon flow through glycolate pathway. It had been shown that
the enrichment of nitrogen nutrient in the medium increased enzyme activities relating with
photorespiration such as RuBP oxygenase, glycolate oxidase and catalase (Cresswell etal. 1979,
Fair et al. 1974). In pine leaves exposed to Oy, the distribution of "*C in serine was greatly
increased as compared with control plants (Wilkinson and Barnes 1973). Such reports support
the assumption derived from our result that the photorespiration should be enhanced by the
exposure to NO; and O,

As for glutamate, the increase of peak intensities during 10 min of *CO, feeding was
insignificant in all treatments, which indicated that the compound located considerably far from
the photosynthetic site in metabolic pathway. Three carbons in glutamate (2.3 and 4) gave a
consistent trend in terms of its pool size. The exposures of NO; alone and in combination with
O, increase the amount of glutamate. From the view-point that glutamate plays an important
role in amino acid metabolism, in other words that various amino acids are synthesized from
glutamate as a fundamental substance, our result is quite reasonable because NO; receives the
active assimilation under the condition used in this experiment which will result in the activation
of amino acid synthesis. The amount of glutamate was also increased by O; exposure, but not as
greatly as by NO; exposure.

In the present experiment the "C-NMR was successfully applied to the studies on
photosynthetic CO; assimilation pathway which would be affected by many environmental and
nutritional factors like O; and NO; exposure examined here as one of those factors. Although
the compounds observable by ""C-NMR are limited to those present at a relatively higher
concentration in plant tissues, major changes in metabolic activities can be deduced from the
information provided by the "C-NMR.

In conclusion it is demonstrated by the present experiment that increase in the pool size of
sucrose by the exposure to NO; and O; can be distinguished from the incorporation of "' C label,
and that glycolate pathway may be accerelated by the exposure to NO;, O; and their mixture,

Acknowledgement: Authors wish to thank Mrs. I. Takakura for the preparation of figures and
typing the manuscript.

References

Barnes, R.L. (1972) Effects of chronic exposure to ozone on soluble sugar and ascorbic acid contents of pine
seedlings. Can. 1. Bot., 50:215-219.

Cresswell, C.F., F.J. Tew and O.A.M. Lewis (1979) The regulation of carbon metabolism in C;
photosynthetic plants by inorganic nitrogen. In “Nitrogen Assimilation of Plants” ed. by E.J. Hewitt
and C.V. Cutting, Academic Press, p.451-473.

Dugger, S.M., Ir. J. Koukol and P.L. Palmer (1966) Physiological and biochemical effects of atmospheric
oxidants on plants. J. Air Pollut. Control Assoc., 16:467-471.

Fair, P., A.J. Tewand C.F. Cresswell (1974) Enzyme activities associated with carbon dioxide exchange in
illuminated leaves of Hordeum vulgare 1.. 111 Effects of concentration and form of nitrogen supplied
on carbon dioxide compensation point. Ann. Bot., 38:39-43 (1974).

35



Osamu Tto, Fumiyuki Mitsumori and Tsumugu Tolsuka

Gadian, D.G, and G, K. Radda (1981) NMR studies of tissue metabolism. Ann. Rev. Biochem., 50:69-83
(1981).

Den Hollander, J.A., T.R. Brown, K. Ugurbil and R.G. Shulman (1979) Nuclear magnetic resonance
studies of anaerobic glycolysis in suspensions of yeast cells. Proc. Natl. Acad. USA., 76:6096-6100

Ito, O, K. Okano, M. Kuroiwa and T. Totsuka (1984a) Effects of NO; and O; alone or in combination on
kidney bean plants | Growth, partioning of assimilates and rootactivities. Res. Rep. from the National
Inst. for Environ. Studies,

Ito, O.K. Okano and T. Totsuka (1984b) Effects of NO; and O; alone or in combination on kidney bean
plants 1l Amino acid pool size and composition. Res. Rep. from the National Inst. for Environ.
Studies.

Legerton, T.L., K. Kanamori, R.L. Weiss and J.D, Roberts (1981) “N NMR studies of nitrogen
metabolism in intact mycelia of Neuwrospora crassa. Proc. Natl. Acad. Sci. USA, 78:1495-1498.
Mitsumori, F, (1982) Nuclear magnetic resonance studies on biological inhomogenous systems. Ph. D,

thesis, University of Tokyo, Japan.

Navon, G., R.G. Shulman, T. Yamane, T.R. Eccleshall, K.B. Lam, J.J, Baronofsky and J. Marmur (1979)
Phosphorus-31 nuclear magnetic resonance studies of wild-type and glycolytic pathway mutants of
Saccharomyees cerevisiae. Biochem., 18:4487-4499,

Nicolay, K., R, Kaptein, K.J. Hellingwerfand W.N, Konings (1981) "' P nuclear magnetic resonance studics
of energy transduction in Rhodopseudomonas sphseriodes Eur. 1. Biochem., 116:191-197,

Okano, K., O. lto, G. Takeba, A. Shimizu and T. Totsuka (1984) Effects of NO; and O, alone or in
combination on kidney Bean Plants. V. Alteration of '’C-assimilate partitioning induced by O; Res.
Rep. from the National Inst. for Environ. Studies.

Prasad, B.). and D.N. Rao (1980) Alternations in metabolic pools of nitrogen dioxide exposed wheat plant.
Indian I. Exp. Bet., 18:879-882.

Roberts J.K.M., P.M, Ray, N. Wade-Jardetzky and O. Jardetzky (1980) Estimation of cytoplasmic and
vacuolar pH in higher plant cells by *'P NMR. Nature, 283:870-872.

Raoberts, J.K.M., P.M. Ray, N. Wade-Jardetzky and O. Jardetzky (1981) Extent of intracellular pH
changes during H' extrusion by maize root-tip cells. Planta, 152:74-78.

Schaffer, J., L.D. Kier and E.O. Sgtejskal (1980) Characterization of photorespiration in intact leaves
using''C dioxide labeling. Plant Physiol., 65:254-259.

Schaefer, J., T.A. Skokut, E.O. Stejskal, R.A. Mckay, and J.E. Varner (1981) Asparagine amide
metabolism in developing cotyledons of soybean. Proc. Natl. Acad. Sci. USA., 78:5978-5982.
Schramm, R.W. (1979) Sugar acids of the leguminous plants. Biochem. Physiol. Pflanzen., 174:398-403.
Shylman, R.G., T.R. Brown, K. Ugurbil, S. Ogawa. S.M. Cohen and J.A, den Hollander (1979) Cellular

applications of "'P and "C nuclear magnetic resonance. Science, 205:160-166.

Ting, I.P. and S.K. Mukerji (1971) Leaf ontogeny as a factor in susceptibility to ozone: Amino acid and
carbohydrate changes during expansion. Amer. J. Bot., 58:497-504,

Tomlinson, H. and S. Rich (1967) Mectabolic changes in free amino acids of bean leaves exposed to ozone,
Phytopath,, 57:972-974,

Wilkinson, T.G. and R.L. Barnes (1973) Effects of ozone on '*CO; fixation patterns in pine, Can, J. Bot.,
51:1573-1578.

Zeliteh, 1. (1971) Glycolate metabolism and the mechanism of photorespiration. In Photosynthesis,
Photorespiration and Plant Productivity. Academic Press, p.173-212,

Ziegler, H, (1975) Nature of transported substances. In Encyclopedia of Plant Physiology, Transport in
Plants | ed. by M.H. Zimmerman and J.A. Milburn. Springer-Verlag Berlin Heidelberg, New York,
p.59-100,

36



AT AT I _MIEBREA VO OERBRRVBERBORE
M *AKIcL->TRIEE hi="3C0O, D "*C-NMR I & ZHERE

B 1B SR FR O

WA & 4RI ADRMEIC T 5 ZHILERE LAV v OB WA ENSA ¥
i A OPEREICO, 21053 MBS L PC-NMR OF ARV A & EIZ LD |AS
Nize Yt & OHMED T8 / — —Kli5r D PC-NMR 22 hov Liig70Ll Lo
V- NHER AN, FNBOS 5 SHOM, 2HMOHME, 10T I /BT
% RIS BED REF 1016 ¥ — 7 15, BERIRE OV AS & SROWED 1z i 1z,

BERAARBII LY Va0 —AET T 7 b—-AOERIENY 555, BERED
HU AL AS I Epolz, COZERY2—I0—RARET T I b —ADERT R
ICRKERD RN T —VHTEET A EERBLTWVWSD, COBRBUEA Y/  RIEL
HMOBSIZHICEEC, 100y 2— 70— AAOERIRFEON N AH 14 <
bBhighotr, )y vEt) v OEREFNZSAOERKFEON Y A S LHR A AL
MIc koAU, COZERTY) aL— MEMZBARFEOTN A REER/EIS A
VyRRBRANECBOTHBEZNATIEERLTVAS,

T 9=y AOBBMRFEOR DA SRILEBROPMB A/ L OHERBICLY
X hah, AV vk CREBshab- i, ZRIEEROFLICED T3
J BRI ARG X R B ERARIC & O BEIE S NIz RREH A D b v ¥ v (AR O = Hilk
A ZRET T 7 = ~ORFOTRNSEDL LN B LD EHERIN S,

AFBRIZ L0 BC-NMR 28, JERICHBERRNIE G ©, KAHBRN AR%E £
- THIERIEND A b LU ARN T CORARMRERICE o 2 MEMICHET 5 R &
A% 5 EMRE N,

1 EYAMUIRN EHEESE 7305 KRS MR NEF)I16- 2
2 EVAHUIRR BEERS T305 KL ERAMARRT/NEF)I16- 2

317



Res. Rep. Natl. Inst. Environ. Stud.. Jpn.. No.66, 1984,

Effects of NO; and O alone or in combination on kidney bean
plants. IV. Alteration of '’ C-assimilate partitioning induced by
0;*

Kunio Okano', Osamu Ito', Go Takeba®, Akira Shimizu’

and Tsumugu Totsuka'

' Division of Environmental biology, the Naitonal Institute for Environmental Studies,
Yatabe-machi, Tsukuba, Ibaraki 305, Japan.

* Visiting Fellow of the National Institute for Environmental Studies. Present Address:
Faculty of Living Science, Kyoto Prefectural University, Sakyo-ku, Kyoto 606, Japan.

' Division of Engineering, the Naitonal Institute for Environmental Studies, Yatabe-
machi, Tsukuba, Ibaraki 305, Japan.

A quantitative tracer experiment was conducted in order to elucidate the effects of
continuous exposure of ozone (Os) at 0.2 ppm on the translocation and the distribution of
BC-labelled assimilates from the individual source leaves in 14-day-old kidney bean plants.

The amount of labelled assimilates exported from the primary leaf, which acted as a
mainsource of photosynthates for the root growth, deereased remarkably by O; due to botha
considerable reduction of *CO, fixation (by 627;) and the inhibition of the translocation,
Whereas, that from the Ist trifoliate leaf, which mainly nourished the immaturé growing
leaves, was not so decreased by O; because a smaller reduction of *CO: fixation (by 24%) was
almost compensated by the acceleration of the translocation. The pattern of the assimilate
distribution was altered by Os, so that a greater proportion of assimilates was partitioned to
the growing leaves at the expense of the root and the stem. Consequently, the amount of
labelled assimilates translocated to the non-photosynthetic organs (stem and root) decreased
by 53%, while that to the photosynthetic organs (leaves) was reduced by only 289, Those
results suggest that the plants might have adapted themselves to O; environment so that the
reduction of growth efficiency caused by O; could be minimized,

Key words: Oy — Assimilate — "C — Translocation — Partitioning, — Kidney bean

Ozone, which is a major component of photochemical oxidants, is the mostimportant and
widespread of the air pollutants phytotoxic to plants in Japan, Growth responses of plants to O;
have been extensively documented. Tingeyetal. (1971) first reported that O; affected differently
the growth of various plant parts; the root growth of radish was depressed more severely than
the foliage growth. Other studies on soybean (Tingey et al. 1973), carrot (Bennett and Oshima
1976) and crimson clover and annual ryegrass (Bennett and Runneckles 1977) have also shown
the root system to be highly sensitive to Os. Blum and Tingey (1977) demonstrated that O, did
not penetrate into the soil to cause a direct effect on root growth, rather the reductions in root
growth might result indirectly from O;-induced alterations in foliar metabolism and transloca-

*This study will be published in; New Phytol. 97(2) (1984)
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tion.

Oshimaetal. (1978, 1979) showed the dynamic response of plants to O, stress by employing
the growth analysis techniques. The relative growth rates (RGR) of both parsley and cotton
plants wereinitially lowered by the exposure of low concentration of O due to the reduction of
net assimilation rate (NAR), thereafter RGR in the O;-treated plants recovered above that of
the contorl plants. The Os-fumigated plants were characterized by larger leaf area ratio (LAR),
which could account for the elevated RGR. Consequently, O; depression of leaf dry weight was
less than that of the other parts such as root and stem. A similar growth response to Oy was
observed in several species of grasses (Horsman etal. 1980) and sunflower (Shimizu etal, 1981).
Those results suggest that Oy should initially depress the photosynthetic rate and then cause an
alteration in the pattern of the assimilate partitioning in favour of the leaves. There have been,
however, no report which verifies directly that this sequence of events indeed occurs in the
Os-exposed plants.,

In the present study, we attempted to demonstrate the effect of continuous exposure of 0.2
ppm Oy on the fixation of "*CO, and on the translocation and distribution of “C-labelled
assimilates [rom the individual source leaves in 14-day-old kidney bean plants. Although the O,
concentration of 0.2 ppm used in this study was fairly higher than the ambient level, the
concentration was selected in order to obtain the reasonably definitive effects within a relatively
short-term cxposure to Oj.

Materials and methods

Plant materials

Two kidney bean ( Phaseolus vulgaris L. cv. Shin-edogawa) seeds were sown in a pot
containing 300 ml of artificial soils (mixture of vermiculite, peat moss, perlite and fine gravel,
2:2:1:1, vl'!v}‘ | g of Magamp K (N: P,0s: K,O = 6:40:5, W.R. Grace Co., Tennessee, U.S.A.)
and 3 g of magnesia lime. The germination and the consecutive growth were achieved in an
artificially-lit growth room (30 klx, light period 14h, 257 C, R.H. 70%). One of the two seedlings
ina pot was eliminated at seven days after the sowing to increase the uniformity among the
plants in a set of the culture which usually consisted of nearly 90 pots.

Oy exposure and " CO, feeding

The exposure of the plants to O; at 0.2 ppm was started 10 days after the sowing, The
exposure treatment was conducted continuously throughout day and night in an artificially-lit
fumigation room as described by Shimizu et al. (1981). After four days-exposure (14 days after
the sowing), 24 uniform plants were selected for the " CO; feeding experiment. In this growth
stage, the plants had a pair of fully-expanded primary leaves, the Ist trifoliate leal with 70 to
80% of its maximum leal area and unexpanded immature leaves (Fig. 1). Since the immature
leaves scarcely exported the asimilates to the other parts (Okanoand Ito, unpublished data), all
of the carbon translocating in the plant seemed to be derived from either a pair of the primary
leaves or the Ist trifoliate leaf. Therefore!” C-labelled carbon dioxide was administered to either
one side of the primary leaves or the Ist trifoliate leal.

Feeding of CO; to single leaves was conducted in a rectangular feeding box (130 X 50 X 30
cm, made of plexiglass) placed in another artificially-lit fumigation room, The primary leaves
and the Ist trifoliate leaves of 12 plants were inserted into the box and sealed in with vinyl tapes
at their petioles. The airin the box was purged out by CO;-free air down to 20 ppm CO; within
10 min, and then "*CO; was introduced into the box from a cylinder. The procedure to produce
"CO; gas was as follows; *CO; gas was evalved by the addition of 1 N hydrochloric acid to
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“C-labelled barium carbonate (90.7 atom % “C) in vacuo, and trapped into the cylinder
refrigerated in the liquid nitrogen. The concentration of CO, in the box was monitored
continuously and regulated at 350 ppm by a feedback system consisted of an infrared gas
analyzer (Type ZFD, Fuji Electric Co., Ltd., Tokyo), a PID controller (Chino manufactory
Co., Ltd., Tokyo) and a mass flow controller (Ohkura Electric Co., Ltd.. Tokyo) as shown in
Fig. 2

In parallel with the feeding of *CO,, O; was simultaneously introduced to both inside and
outside of the feeding box. The concentration of Qs inside the box was monitored every 30 sec
and maintained at 0.20 £+ 0.02 ppm by a controlling system with a UV absorptive O, analyzer
(TUV-1100, Tokyo Industries Inc. Tokyo) (Fig. 2). Each primary leaf and trifoliate leaf inserted
into the box were fed with ''CO; for eight hours under the fumigation of 0.2 ppm Oy in the

Fig. | Schematic diagram of a |4-day-old kidney bean plant used in the present
experiment, For details, see text.
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Fig. 2 Diagram of "'CO; feeding system under constant environmental conditions.

1. compressed CO; cylinder, 2. IR gas analyzer, 3.0, generator, 4. UV absorplive O,
analyzer, 5. mass flow controller, 6. P1D controller, 7. recorder, 8. R/V converter, 9.
temperature and humidity sensor, 10. temperature and humidity controller, 11, on-off
relay, 12. humidifier, 13. heater, 14. water pump, |5. dehumidifier, 16. cooler, 17, water
chiller, 18, fan.
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controlled environment. The air in the box was mixed with the fans set in the box. The
temperature and relative humidity in the box were monitored continuously and regulated at
25.0 4 1.5°C and R.H. 70 - 5% by a controlling system consisted of a cooler, a heater, a
humidifier and a dehumidifier described in Fig. 2. Oxygen concentration in the box rose
gradually during the 8h-feeding period (from 21% at the start to 30% at the end of feeding
period) probably due to the introduciton of Os.

Sampling

The plants wer sampled at 2,4, 6 and 8 hours after the start of *CO; feeding. Two groups of
three plants were taken at every sampling time. One group of the plants which were fed *CO,
through the primary leaf were separated into the *CO;-fed leaf (P1), the leaf opposite to the fed
leal (P2), the Ist trifoliate leaf (T), the immature growing leaves (Y), the upper stem (US,
between the primary leaves and the Ist trifoliate leaf), the lower stem (LS, between the primary
leaves and the root; hypocotyl and epicotyl) and the root (R) (Fig. 1). Another group of the
plants which were fed '*CO; through the Ist trifoliate leaf were separated into the ' CO,-fed leaf
(T), primary leaves (P), Y, US, LS and R.

Determination of " C

Separated plant parts were dried in an oven at 80°C for three days, and ground to a fine
powder with a vibrating sample mill (T1-100, Heiko manufactory Ltd., Tokyo). Total carbon
content of the samples was determined with a Yanaco CN-corder (MT-500, Yanagimoto Co.,
Ltd., Kyoto)and "’ C content was measured by the infrared absorption spectrometry which had
been recently developed (Okano et al. 1983) using a JASCO EX-130 CO; analyzer (Japan
Spectroscopic Co., Ltd., Tokyo).

The experiments were repeated three times on consecutive three days. The results are
expressed asa mean value of nine plants from three replications. Another series of experiments
without the exposure to Oy were designated as the control.

Results

Foliar injuries called “white fleck™ or “bronzing™ were observed on the primary leaves by the
continuous exposure to 0.2 ppm O; for four days. In contrast, the Ist trifoliate leaf which was
younger than the primary leaves was less visibly injured; only a slight shrinkage and dark
greening were observed.,

Table | shows the effects of Os exposure on the *CO,; fixation of each source leaf. The
amount of "C fixed by the primary leaf of Os-treated plants decreased by 62% as compared with
the control plant, whereas that by the 1st trifoliate leaf was reduced by only 24%. Thus,
photosynthesis of the primary leaf was inhibited more severely than the Ist trifoliate leaf by the
exposure to Oy, Menser et al. (1963) observed that recently matured tobacco leaves were more
Os-sensitive than overmature or rapidly expanding leaves. Ozone sensitivity of the leaves seems
to be inversely related to the leaf maturity. No respiratory loss of *C from the whole plant was
detected at least within 8h-experimental period.

The effects of O, exposure on the export of labelled carbon from the individual source
leaves are shown in Table 2. Twenty to thirty percent of the "’C assimilated in cach source leaf
was exported to the other parts throughout the feeding period, and this value increased with the
feeding time. The export ratio of “C from the primary leaf was slightly depressed by the
exposure to Oy. On the contrary, that from the Ist trifoliate leaf wassignificantly clevated by the
same treatment, Ozone affected the export of labelled carbon from the two kinds of source
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leaves in the opposite way.

Table 3 summarizes the relative inhibition of photosynthesis and translocation in the
individual source leaves of Os;-fumigated plants. Ozone-inhibition of translocation in the
primary leafl was greater than that of photosynthesis, while any inhibition of translocation was
not detected in the Ist trifoliate leaf despite the depression of photosynthesis by 25 to 30%.

Table | Effects of 0.2 ppm O; on the “CO; fixation® of individual source
leaves in 14-day-old kidney bean plants.

Source leal Cont (o]}
Primary leafl 9.26 + 1.29" (100) 3,50 + 0.46 (389
Ist trifoliate leal 1181 4+ 1.02 (100) 9,02 4 1.15(76 )

a. The amount of "C (mg) in whole plant at the end of 8h-
feeding period.

b, Mean of three replications & standard deviation,

¢. Relative values to control (100).

Table 2 Effects of 0.2 ppm Oy on the export ratio “ of fixed ''C from the individual
source leaves.

Time Primary leafl Ist trifoliate leafl
(h) Cont 0 Cont (o}
2 184+ 1.7° 148+238 162+ 2.1 19.9+3.2
4 214424 186+ 1.6 197+ 1.6 27,1 £ 1.0
6 245432 226 +6.8 26+ 1.9 290+1.2
8 278442 252+7.1 224426 30.1 £2.3

amount of ""C exported from the source leaf
amount of "'C in whole plant

a. Export ratio = * 100

b, Mean of three replications =+ standard deviation.

Table 3 Relative inhibitions of photosynthesis and translocation in the individual
source leaves of Os-treated plant,

Time Primary leal Ist trifoliate leaf
(h) Fixed *C Exported *C Fixed "C Exported 'C
2 41° 32 68 B4
4 36 31 71 98
6 36 33 77 99
8 38 N 76 103

a. Numerals are relative values to control plant (100).
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The effects of O, exposure on the distribution percentage of labelled carbon in the various
plant partsare shown in Table 4. In the control plant, 67% of the ’C exported from the primary
leaf was distributed to the lower parts including the lower stem and the root, and 22% was
partitioned to the younger leaves. In contrast, 39% of the *Cexported from the Ist trifoliate leaf
was distributed to the lower parts, and 36% was partitioned to the younger leaves. By the
exposure to O, percentage distribution of ’C exported from the primary leaf to the lower parts
decreased from 67% to 53%, in contrast, that to the younger leaves increased from 22% to 36%.
Similarly, the distribution of "'C from the Ist trifoliate leaf to the younger leaves also increased
from 369% to 42% due to the decrease of distribution to the stems. Thus, the pattern of assimilate
distribution was altered by the exposure to Os; a greater proportion of the assimilates was
partitioned to the growing leaves at the expense of the stem and the root,

Table 4 Effeet of 0.2 ppm O; on the distribution (%)" of exported "'C in
the various parts of l4-day-old kidney bean plant.

Primary leaf Ist trifoliate leal

Plant part : Cont R Cont o
Younger leaves 2+ 1° 36+ 4 3643 42+2
Ist trifoliate L. 441 241 - -_
Upper stem 640 §t+1 2442 1943
Primary L.-1 — -
Primary L.-2 i gl I1x1 it 150
Lower stem 40 £ 1 32 20+ 1 1712
Root 27+2 2+1 19+4 21+ 4

a. Values are averages for all samples from 2 h to 8 h,
b. Mean =+ standard deviation.

Figure 3 shows the effect of O; on the amount of "*C translocated from the individual
source leaves to the other leaves and the stem and root during the 8h-feeding period. Figure 3
also indicates the contributions of the two kinds of source leaves to the various sink organs,
Since all of the carbon translocating at this growth stage of the plant would be derived from
those fixed by either a pair of the primary leaves or the st trifoliate leaf as mentioned in
Materials and Methods, total amount of carbon imported into the sink organs could be
determined quantitatively. In the control plant, two-thirds of the assimilates required for the
stem and root growth was originated from the primary leaves. On the other hand, the leaves
were supplied with the assimilates from both source leaves by nearly equal proportion. By the
exposure to O3, the amount of '*C exported from the primary leaves decreased remarkably due
to both the large reduction of '*CO; fixation and the inhibition of translocation (Table 3).
Whereas, the amount of " C exported from the Ist trifoliate leaf hardly or barely decreased by
05 because the reduction of "CO; fixation was almost compensated by the acceleration of the
translocation (Table 3). Furthermore, since the pattern of assimilate distribution was altered by
O; in favour of the growing elaves (Table 4), the amount of "*C translocated to the stem and root
decreased by 53%, while that to the leaves was reduced by only 289,
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Leaves Stem & Root

Cont 100

03

Fig. 3 Effect of 0.2 ppm O, on the amount of " C translocated from the individual source
leaves to the other leaves and the stem and root during 8h-leeding period.

P; "C translocated from a pair of the primary leaves.

T; "'C translcoated from the Ist trifoliate leaf,

Numerals in the figure show the relative values to control (100)

Discussion

Direct inhibition of translocation by O

Translocation of the assimilates from the fed leaf may be altered by the rate of
photosynthesis. Ryle and Powell (1976) reported that the barley leaves kept under low light
showed enhanced export of *C-assimilates as compared with those kept under high light.
Generally, the ratio of the amount of carbon translocated to that fixed increases as the rate of
carbon fixation decreases (Teh and Swanson 1982). This was also true in the Ist trifoliate leaf of
the present experiment (Table 2) where the export ratio of the labelled carbon was significantly
accelerated by O, since the carbon fixation of the leaf was considerably lowered. However, the
export ratio of the labelled carbon in the primary leaf was not enhanced, rather slightly inhibited
by Os, although photosynthesis of the primary leaf was severely depressed by the treatment
(Table 2). Those results suggest that the translocation processes in the primary leaf might be
impaired directly by the exposure to Os. Noyes (1980) reported with kidney bean plants that the
translocation process of '*C-assimilates from the fed leaf was directly inhibited by the low
concentration of sulfur dioxide (SO;) whose concentration was below the level to affect the net
photosynthesis. His autoradiographic observations suggested that one mechanism of SO,
damage on translocation might be the inhibition of sieve-tube loading. Teh and Swanson (1982)
showed that the translocation rates determined experimentally from SO;-stressed bean leaves
were lower than the rates expected from the observed reduction in photosynthesis, and also
inferred that under SO; stress the phloem loading system became a major limiting step in
controlling the translocation rate. Recently, McCool and Menge (1983) reported that tomato
leaf tissue exposed to O retained more of the labelled photosynthetic products than did
unexposed controls. Ozone may act on the translocation process in the same way as SO,.

Alteration in the pattern of assimilate distribution

Percentage distribution of the labelled carbon exported from both source leaves to the root
and the stem decreased by the exposure to Oy, while that to the younger leaves increased (Table
4). Thus, a greater proportion of the assimilates was partitioned to the growing leaves at the
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expense of the root and the stem in the O;-stressed plants. This kind of alteration in the patern of
assimilate partitioning seems to be brought about not only by the exposure to O; but also by
other stresses which cause the reduction of photosynthesis. Ryle and Powell (1976) reported
that grasses grown in low light exported a greater proportion of their assimilates to immature
growing leaves and a smaller proportion to their roots and tillers than the corresponding plants
in high light. This genereal pattern of the response to the limitation of assimilates has some
similarity with the pattern obtained when a stress was imposed by the physical removal of a part
of the photosynthetic organs (Ryle and Powell 1975). Therefore, no matter what the causes may
be, a reduction in the amount of available assimilate seems to cause such a change in the
assimilate distribution (Wardlaw 1968).

From the results indicated in Fig. 3, the specificinhibition of the root growth caused by O;
could be explained by the following two factors. First, the physiological functions of the lower
mature leaves which acted as main sources of assimilates for the root growth were impaired
more severely by Os than those of the upper younger leaves which mainly nourished the newly
growing leaves. Secondly, resultant lower production of photosynthates caused an alteration in
the pattern of the assimilate distribution, and a greater proportion of the assimilates was
partitioned to the growing leaves at the expense of the root and stem. The reduction in the
amount of assimilates translocated to the root should have led to the eventual decline of the root
growth (Tto et al. 1984). Consequently, the root growth would be inhibited drastically by the
exopsure to 0;, while the growth of the new leaves would not so reduced by the same treatment.

Adaptive response of plant 1o O; exposure

Although the amount of "’C exported from the source leaves was reduced in the ozonated
plant, a larger proportion of "*C was distributed to the photosynthetic organs (leaves) and a
smaller to the non-photosynthetic organs (stem and root) (Fig. 3). This alteration in the
assimilate partitioning would result in a greater LAR which could maintain RGR at a higher
level by compensating the reduced NAR, as observed in many species of the plants (Oshima et
al. 1978, 1979, Horsman et al. 1980, Shimizu et al. 1981), The plants seem to show the adaptive
response to O; exposure in order to minimize the reduction in growth efficiency caused by Os.
Walmsley et al. (1980) demonstrated that the adaptation process of a radish to continuous Oy
fumigation consisted of two components. The first component was an alteration in the pattern
of the assimilate distribuiton, so that new leaves were produced more rapidly in the ozonated
plants at the expense of hypocotyl development. The second component was the progressive
increase in tolerance to O; shown by the new leaves emerging successively, Their measurement
of stomatal resistance suggested that this was an acquired, rather than an inherent,
characteristic of the new leaves. As for a similar phenomenon to the latter component, Tanaka
and Sugahara (1980) reported that the younger poplar leaves exposed to SO; at 0.1 ppm
increased more superoxide dismutase (a scavenger for active oxygen) activity than the older
ones, and thereby became more tolerant to SO; toxity.

Ozone-induced increase of assimilate partitioning to the newly growing leaves which will
become the sites of carbon assimilation may be advantageous to the plant growth with respect to
the dry matter production.On the other hand,it may be worthy to consider the changes of root
functions in ozonated plants. Ozone causes a reduction of the assimilate supply to the root,
which may subsequently bring about the lowered carbohydrate level in the root (Tingey et al.
1976, Ito et al. 1984), the reduced root respiration (Hofstra et al. 1981) and changes in
mycorrhizal association (Tingey and Blum 1973, McCool and Menge 1983). The decline in root
functions due to the lack of energy substrates will result in the reduction in the supply of water

46



Alleration of assimilate partitioning by O,

and mineral nutrients to the shoot. These changes in root metabolism will ultimately be
expressed as a reduciton of whole plant growth.
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The effects of ozone(0;)at 0.2 ppm and nitrogen dioxide(NO;)at2.0 ppm alone or in
combination on the translocation and distribution of "'C-labelled assimilates from the
individual source leaves in 14-day-old kidney bean plants were investigated.

The plants exposed to NO; showed no visible foliar injury, while the mixture of O, and
NO; caused severe ozone-type injuries on the primary leaves,

Exposure to 2.0 ppm NO; scarcely affected the translocation processes except for the
export from the primary leaves. Since the photosynthetic activities of the both source leaves
were significantly enhanced by the exposure to NO;, the amount of labelled assimilates
translocated to the various sink organs was considerably increased,

The mixture of O; and NO, reduced the ""CO; fixation of both source leaves more
severely, and altered the pattern of assimilate distribution more drastically than would be
expected from the effects induced by the exposure to each pollutant alone. Consequently, the
amount of labelled assimilates translocated to the root and the lower stem was remarkably
reduced by the mixture of Os and NO; (by 85% in the root and 80% in the lower stem),
whereas that to the younger leaves was less decreased (by 33%).

Those results suggest that the plants might respond to the mixture of O; and NO; by
diverting relatively more assimilates into the growing leaves and that the subthreshold
concentration of NO; could modify the susceptibility of the plants to ;. Possible
mechanisms fo the greater than additive effect induced by Oy and NO; are discussed.

Key words: Pollutant combination — Oy — NO; — "C — Assimilate = Translocation -
partitioning — Kidney bean

In the urban and industrial areas, the atmosphere contains a complex mixture of
phytotoxic gases and plants growing in the fields will often be exposed to several pollutants
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simultancously. Menser and Heggestad (1966) first reported that mixture of sulfur dioxide
(S0O2) and O; caused foliar injury to tobacco at concentrations of the single gases which would
not normaly cause the visible foliar injury. They suggested that this combination of pollutants
lowered the threshold concentration for the injury and that the effect was synergistic.
Thereafter, a number of investigations have been conducted to define the effects of pollutant
combinations, mainly SO; and O; or SO; and NO;, on the foliar injury and plant growth (see
Reinertetal. 1975, Araiand Totsuka 1979, Ormrod 1982). The information relating to the other
combination of pollutants, however, have been limited hitherto. Ozone and NO; occur together
in photochemical oxidants which are the most serious air pollutants in Japan, but little is known
of how such a combination might affect the plants.

In the previous study (Okano et al. 1984a), we demonstrated that the pattern of assimilate
distribution in kidney bean plants was altered by 0.2 ppm O; so that a greater proportion of
assimilate was partitioned to the growing leaves and a smaller proportion to the root and the
stem. The present paper describes the tracer experiments designed to assess the effects of 0.2
ppm Oj and 2.0 ppm NO;, applied both singly or in combination, on the translocation and the
distribution of "'C-labelled assimilates exported from the two kinds of source leaves in 14-day-
old kidney bean plants. The objective of this study is to determine whether NO, modify the
susceptibility of the plants to O,, as measured by the changes in the translocation and
distribution of the assimilates.

Materials and Methods

Plants

Kidney bean ( Phaseolus vulgaris L. cv, Shin-edogawa) plants were grown in a controlled-
environment growth room (30klx, 25°C, R.H. 70%, photoperiod 14 h) as described previously
(Okano'et al. 1984a).

Exposure to pollutants

Exposure of plants to O; and/ or NO; were started 10 days after the sowing. All fumigations
were carried out in a controlled-environment fumigation room with the same environmental
conditions as the growth room. Ozone was generated by a silent electrical discharge in dry
oxygen. Nitrogen dioxide was supplied from a pressurized cylinder of predetermined
concentration, Controlled levels of pollutants were released through a thermal mass-flow
controllerinto the air stream entering the fumigation room, The treatments were as follows; (a)
control: charcoal filtered-air, (b) 0.2 ppm O, (¢) 2.0 ppm NO,, (d) 0.2 ppm Oy + 2.0 ppm NO,.
Pollutant concentrations within the fumigation room were monitored continuously using a
chemiluminescent Oy analyzer (Model 806, Kimoto Electric) for Osand a chemiluminescent
NO-NO;-NO; analyzer (Model 14, Thermo Electron) for NO; to ensure that they remained at
the required levels.

Feeding of " CO,

After four days-exposure to O; and/or NO; (14 days after the sowing), 24 uniform plants
were selected for the 'CO, feeding experiment. Feeding of *CO; to single leaves was conducted
in a rectangular feeding box placed in an another controlled-environment fumigation room.
The apparatus and techniques used to provide a constant concentration (350 ppm) of *CO; to
single leaves have been described elsewhere (Okano et al. 1984a). ’C-labelled carbon dioxide
(made from 90.7 atom % Ba'*CO;) was administered continuously for eight hours to either one
side of the primary leaves or the Ist trifoliate leaf.
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In parallel with the feeding of *CO;, O; and/or NO; were simultaneously introduced to
both inside and outside of the feeding box. The concentrations of Oy and NO; inside the box
were regulated by a system similar to that described for controlling ' CO; concentration (Okano
et al. 1984a) using a UV absorptive O; analyzer (TUV-1100, Tokyo Industries) and a
chemiluminescent NO, analyzer (Model 258, Kimoto Electric), and were maintained at 0.20 +
0.02 ppm for Os; and at 2,0 £+ 0.1 ppm for NO,. The fans set in the box created sufficient air
movement to ensure the complete mixing of gases and to lower the boundary layer resistance
around the leaves. The temperature and relative humidity in the box were monitored
continuously and regulated at 25.0 1= 1.5° Cand 70 & 5% respectively by a controlling system as
described previously (Okano et al. 1984a).

Sampling and " C determination

The plants were sampled at 2,4, 6 and 8 hours after the start of '*CO; feeding, and separated
into each part in the same way as previously reported (Okano etal. 1984a). Total carbonand He
content of the samples were determined as described previously (Okano et al. 1984a). Each
experiment was repeated three times on consecutive three days, so the results are expressed asa
mean value of nine plants from three replications.

Result

Although the effects of 0.2 ppm O; on the translocation of the assimilates in the kidney
bean plants have been fully described in the previous paper (Okano et al. 1984a), the same data
are included in the following tables and figures for the comparison with the additional data.

The plants exposed to 2.0 ppm NO; for four days did not show any foliar visible injury,
rather appeared to be greener and healthier than those grown in charcoal filtered-air. The total
nitrogen contents of all leaves in the NO;-fumigated plants were significantly higher than those
in the control plants (data not shown). The mixture of 0.2 ppm O, and 2.0 ppm NO; caused
severe ozone-type injuries on the primary leaves, while produced no foliar injury on the Ist
trifoliate leaf except for a downward curvature of the leaf.

The effect of Oyand/ or NO, on the "*CO; fixation of each source leaf were shown in Fig, 1.
Exposure to 2.0 ppm NO; did not depress the ""CO, fixation, rather enhanced the
photosynthetic activity by 18% in the primary leaf and by 39% in the Ist trifoliate leaf. However,
the mixture of O; and NO; inhibited the photosynthesis of the both source leaves more severely
than expected from summing up the effects of the individual gases. The mixture effect was
greater than additive with respect to photosynthetic CO; fixation. It means that the
subthreshold concentration of NO; promoted the inhibitory effect of O; on the photosynthesis
of the kidney bean leaves. The mixed gases reduced the photosynthetic activity of the primary
leaf more severely (by 70%) than that of the Ist trifoliate leaf (by 48%). The mature leaves
appeared to be more sensitive to the mixture of O; and NO; than the younger leaves. A similar
result was also observed in 0.2 ppm O, treatment.

. Table 1 shows the effects of O; and/orNO; on the export of thelabelled carbon from the
individual source leaves. As well as Oy treatment, NO; slightly lowered the export ratio of *C
from the primary leaf, whereas elevated that from the Ist trifoliate leaf. The mixture of O; and
NO; inhibited the export of *C from the primary leaf more furiously than O; or NO; alone, and
the effect of pollutant combination was equal to additive effects of single pollutants. The
mixture also accelerated the export of the labelled carbon from the Ist trifoliate leaf, but the
degree of acceleration was less than that caused by Oy alone.
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Fig. | Effects of Oy and NO; alone or in combination on the 'CO; fixation of individual
source leaves in 14-day-old kidney bean plants during Bh-feeding period. Vertical bar
indicates the standard deviation. Numerals in the figure show the relative value to control
(100).

Table | Effects of Oy and NOy alone or in combination on the export ratio® of fixed " C from
the individual source leaves at the end of 8h-feeding period.

Source leaf
Treatment
Primary leaf Ist trifoliate leafl
Cont* 278+42" 224 + 2.6
0y 232471, 30,1 £23
NO; 252127 262+ 1.1
Oy + NOy 222+ 0.7 276+ 1.3

amount of "*C exported from the source leafl % 100
T
amount of “C in whole plant

b. Mean of three replications + standard deviation.
¢. Data from Okano et al. (1984a).

a. Export ratio =

Figure 2 and 3 show the changes in the distribution patterns of the labelled carbon in the
plants by the exposure to O; and/ or NO;. Exposure to NO; alone did not significantly affect the
distribution pattern of assimilates exported from both source leaves, In the NO;-treated plants
as well as the control ones, two-thirds of the assimilate exported from the primary leaf were
distributed to the lower parts, such as the lower stem and the root, and a quarter to the younger
leaves (Fig. 2). Whereas, the lIst trifoliate leaf contributed to both the lower parts and the
younger leaves by similar proportion (Fig. 3). The mixture of Oy and NO; increased the
distribution percentages of '’C exported from both source leaves to the younger leaves or the
upper stem, while decreased those to the root or the lower stem. Especially, the Ist trifoliate leaf
of the plant exposed to the mixture distributed a large proportion (60%) of its assimilates to the
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Fig. 2 Effects of O; and NO; alone or in combination on the distribution of "'C exparted
from the primary leaf of kidney bean plants. Y: younger leaves, US: upper stem, LS: lower
stem, R: root, and O: others (P or T).
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Fig. 3 Effects of Os and NO; alone or in combination on the distribution of "’C exported
from the st trifoliate leaf of kidney bean plants. Symbols are the same as in Fig. 2.

growing leaves, and only a small proportion (6%) to the root (Fig, 3). The combined effect of Os
and NO; on the distribution of the assimilate was greater than additive for the st trifoliate leaf,
while seemed to be equal to additive for the primary leaves,

From the data described above, the actual amount of the labelled carbon translocated to
the various parts from both a pair of the primary leaves and the Ist trifoliate leaf could be
calculated, and summarized in Fig. 4. Exposure to NO; alone increased the amount of labelled
assimilates translocated to both the younger leaves and the root about 1.5 times as compared
with the control, This was mainly due to the increase of CO; fixation in the source leaves of
NO;-treated plants (Fig. 1). The mixture of O3 and NO; caused a greater reduction of the
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Fig. 4 Effects of Oy and NO; alone or in combination on the amount of B translocated
froma pair of primary leaves and the Ist trifoliate leaf to the various sink organs. Symbols
are the same as in Fig. 2.

assimilate translocated to all sinks than expected from the effects induced by the exposures to
each pollutant alone. In particular, the amount of assimilate translocated to the root and the
lower stem was remarkably reduced by the mixture of O; and NO; (by 85% in th rootand by 80%
in the lower stem), while that to the younger leaves was less decreased (by 33%). A larger
reduction of “CO; fixation of the primary leaves (Fig. 1) and the alteration of the pattern of
assimilate distribution (Fig. 2 and 3) could account for the observed greater reduction of the
assimilates translocated to the root and the lower stem in the mixed gas-treated plants.

Discussion

Effects of exposure 1o NO, alone

The exposure of the kidney bean plants to 0.2 ppm O, for four days inhibited the "CO;
fixation and export of the assimilate from the mature leaves, and altered the pattern of
assimilate distribution in the plants (Okano et al. 1984a). In contrast to Os, 2.0 ppm NO;
scarcely prevented the translocation processes except for the export from the primary leaves.
The photosynthetic activities of both source leaves were rather significantly enhanced by the
exposure to NO; (Fig. ). Consequently, the amount of assimilates translocated to the various
sink organs were considerably increased (Fig. 4). Those results imply that 2.0 ppm NO; may not
affect the plants as a toxic air pollutant, but act as a nitrogen fertilizer from the atmosphere
(Okano etal. 1984b). The fact that the nitrogen content of the leaves was significantly increased
by the exposure to NO; may also support the above assumption. Although high concentrations
(above 3to4 ppm) of NO; could cause the acute injurious effects on the physiological functions
of the plant leaves probably through the accumulation of nitrite (Kato etal. 1974, Yoneyama et
al. 1979), low concentrations of NO; absorbed in the leaf could be easily converted into nitrite
and nitrate, and further assimilated into amino acids (Yoneyama and Sasakawa 1979). A
beneficial effect of low concentration of NO; on the plant growth might be therefore be
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anticipated, and has been actually confirmed with rice (Fujiwara 1973), tomato (Troiano and
Leone 1977) and cucumbcr(-Yoneyama et al. 1980). Exposure to 2.0 ppm NO; exceptionally
inhibited the export of the assimilate from the mature primary leaves (Table 1), Even low
concentrations of NO; which unaffects the net photosynthesis may inhibit the phloem loading
of the assimilate in a similar way with low concentrations of SO; as proposed by Noyes (1980).

Combined effects of Oy and NO,

Although singly applied 2.0 ppm NO; might act beneficially on the plant growth, the
inhibitory effect of 0.2 ppm O; on the plants was amplified by the presence of 2.0 ppm NO,. The
mixture of Oy and NO, reduced the *CO; fixation of both source leaves more severely, and
altered the pattern of assimilate distribution more drastically than O; alone did. Furukawa and
Totsuka (1980) reported that the simultaneous fumigation of Oy at 0.2 ppmand NO; at 0.2 or 1.0
ppm inhibited the net photosynthesis of sunflower to a greater extent than expected from the
sum of the inhibition caused by individual gases. Omasa et al. (1979)also showed with sunflower
that the mixture of Oy and NO; at the concentrations of the each gas below the threshold caused

“ the stomatal closure and the foliar injury.

The mechanisms causing the greater than additive effect induced by O3 and NO; are not
known at present, but several possible mechanisms can be raised. First, O; and NO; may react
chemically with each other in the fumigation room to produce unknown chemicals which are
more toxic to the plants than the original pollutants. In the present experiment, however, the air
in the fumigation room was frequently ventilated (50 to 60 times/h) with the charcoal-filtered
ambient air, and the concentrations of the reaction produets in the fumigation room could be
controlled at a lower level which would not affect the plants (Matsumoto et al. 1979), l:lowever.
the possibility that the unknown chemicals might generate in the feeding box during the
8h-""CO;-feeding period coult not be ruled out. Secondly, O; might destroy the ability of the
plant to reduce the nitrite originated from NO; fumigation into the amino acids. Wellburn et al.
(1981) found that although NO; induced a significant increase in nitrite reductase (NiR) activity
of the several grasses, the mixture of SO, and NO; completely prevented the induction of NiR
activity. They assumed that this inhibition of a potential detoxification mechanism of nitrite
might be one of the main reasons why the SO; + NO; combination exhibited more than additive
effects upon the growth of grasses. Since NiR activity of the plants has been found to be quite
sensitive to ozonation (Leffler and Cherry 1974), the mixture of O; and NO; might also inhibit
the reduction of nitrite in a similar way as SO, + NO; combination. Thirdly, NO; might amplify
the inhibitory effects of O3 on the plants. The fact that the mixture of Oy and NO; caused severe
ozone-type injuries on the primary leaves suggests that this will be most possible, Although
many workers have contributed to a better understanding of the injuries brought about by Oy,
the precise biochemical mechanisms of O; demage to the organism have not yet been
satisfactorily characterized, Therefore, there was little information about the mechanism of the
third possibility that NO; might modify the sensitivity of the plants to O,

Alteration of assimilate partitioning

No matter what the mechanisms may be, the mixture of Oy and NO; inhibited the leaf
photosynthesis more severely than the sum of their individual effects, A larger reduction of
available assimilates would result in the more pronounced alteration of assimilate partitioning;
a greater proportion to the growing leaves and a smaller proportion to the root and the stem.
This was clearly indicated in the Ist trifoliate leaf of the plants exposed to the mixture of O; and
NO;, where 60% of the labelled carbon was distributed to the growing leaves and only 6% to the
root (Fig. 3). Besides the alteration of assimilate partitioning, the pollutant mixture injured the
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primary leaves, which mainly nourished the root and the lower stem, more severely than the 1st
trifoliate leaf. Consequently, the amount of assimilates translocated to the root and the lower
stem remarkably reduced by the mixture of O; and NO;, while that to the younger leaves was
less decreased (Fig. 4). When environmental factors such as light, water and air pollutants
become limiting to the plant growth, the alteration in photosynthate partitioning may be one of
strategies for the plants to minimize the detrimental effects of the unfavourable conditions. For
example, Silvius et al. (1977) and Chatterton and Silvius (1980) found that soybean root growth
was favoured over shoot growth when vegetative plants were exposed to low soil moisture, while
more priority was given to the shoot growth than root growth when the plants were grown under
a short photosynthetic period. The kidney bean plants used in the present experiment might
respond to the mixture of Os and NO; by diverting relatively more assimilate into the growing
leaves which will become the sites of carbon assimilation.
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To investigate the fate of NO;-nitrogen in plants after it was absorbed, "' C-labelled
carbon dioxide and "*N-labelled nitrogen dioxide were simultaneously administered to a
mature leaf of rice plants at reproductive stage, and the behaviours of the two isofopes in the
plants were followed and compared over eight days.

Most of the transfer of **C from the fed leaf to the other parts took place within one day,
and during this time 219 of the photoassimilated "’C was lost through respiration. Transfer
of NOs-nitrogen from the fed leaf occurred gradually throughout the experimental period
with a rapid efflux in the first several hours, and no significant loss of '*N from the plant was
detected during this period.

Higher abundances of both C and '*N were observed in the panicle, the tillers and the
upper roots which were the organs actively developing. The close similarity of labelling
patterns of 'C and "N in the various plant parts suggested that the "' C-labelled sugars and
the “N-labelled nitrogenous compounds derived from NO, might flow together in phloem as
a bulk stream at least during the phase of primary distribution. The "C/"N ratios in the
various plant parts indicated that the relative distribution of carbon and nitrogen might be
partly regulated by the characteristics of the sink organs,

We concluded that NOs-nitrogen once incorporated into proteins in plant leaves was
then hydrolyzed to amino acids and transferred to the rapidly growing organs probably
through phloem, and that this kind of nitrogen would be utilized for the growth of new tissues
in the same manner as the nitrogen taken up by roots.

Key words: NO; — Nitrogen assimilation — Transfer — Absorption of NO, — "N — "'C
—Rice plant

The plants are considered to have the capacity to remove air pollutants, such as nitrogen
dioxide (NO;) and sulfur dioxide (SO;), from the atmosphere (Hill 1971, Bennett and Hill 1973).
A large proportion of the air pollutants is absorbed through stomata of the plant leaves.

* A part of this study was presented in; Japan. Jour. Crop Sci. 52: 331-341 (1983),
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Yoneyama and Sasakawa (1979) demonstrated, using "N, that NO, absorbed in spinach leaves
was converted into nitrate and nitrite, which were then rapidly assimilated into amino acids and
proteins. Most of NO,-nitrogen takeh up by plant leaves was once incorporated into protein
fraction, thereafter hydrolyzed and transferred to the other organs, although some of NO,-
nitrogen was directly exported form the fed leaf (Kaji et al. 1980, Okano et al. 1981)

However, the fate of NO;-nitrogen in plants after it is absorbed has not been sufficiently
determined hitherto. It is necessary to clarify the behaviour of NO; and its derivatives in plants
foran adequate understanding of the NO; effects on plant growth and the removing capacity of
NO; from the atmosphere by plants. We expected that a part of this problem could be
ascertained by comparing the movement of NO;z-nitrogen with that of CO;-assimilates.
Previous work on sunflower (Yoneyama et al. 1980) indicated that some nitrogenous
compounds originated from NO; were transferred from the fed leaf as fast as CO, assimilates
and that NO,-nitrogen was mainly translocated to growing organs.

In the present study, " N-labelled nitrogen dioxide and "C-labelled carbon dioxide were
simultaneously administered to a mature leaf of rice plants at reproductive stage, and the fate of
NO;-nitrogen and CO;-assimilates in the plants was followewd over eight days,

Materials and methods

Plants

Pre-germinated rice seeds (Oryza sativa L. cv. Nihonbare) were grown on a salan net
floating in a vat with a 10-fold dilution of Kasugai's rice culture solution (Baba and Takahashi
1956) in a naturally-lit growth room with a constant temperature at 25°C and a relative
humidity at 70%. The plants were grown under a short-day condition during October to
November. At the 5th leal emergence (Oct. 27, 1980), 120 seedlings were transplanted spacing 4
em X 4 cm into a water culture bed filled with a 4-fold dilution of Kimura’s B culture soluton
(Baba and Takahashi 1956) which contained both NH4-N and NO;-N as nitrogen source, The
culture solution was renewed twice a week and adjusted to pH 5.5 with | NHCland | N KOH.
The roots of main stem were classified into three sets of different nodal roots by the method of
Tatsumi and Kono (1980). 1) Lower roots (LR): the roots emerged from lower than the 2nd
node. 2) Middle roots (MR): the roots from the 2nd and 3rd nodes. 3) Upper roots (UR): the
roots from the 4th node.

Feeding of " CO, and “NO; 10 single leaves.

On November 20, 1980, when the plants were at boot stage and the 7th leaf (terminal leaf)
had fully expanded, 50 plants were selected and transplanted to an another water culture bed in
an artificially-lit growth room (30 klx, light/dark 14h/10h, 25°C, R.H. 70%). Composition of
the nutrient solution was the same as before. The feeding experiment was carried out in the same
room on the next day. Feeding of ?CO;and *NO; to single leaves of each plant was conducted
inan assimilation chamber (130 X 50 X 30 cm, made of plexiglass) into which the 7th leaf blades
of 50 plants were inserted and sealed in with urethane resin at their basal parts. The air in the
assimilation chamber was purged by CO:-free air for 10 min and CO; concentration was
reduced toaround 20 ppm. Then, the evolution of ' C-labelled CO; was initiated by addition of
anappropriateamount of | N HCl to Ba"*CO; (90.7 atom % "*C). The concentration of " CO; in
the chamber was monitored with an infrared gas analyzer (Tye ZFD, Fuji Electric Co., Ltd.,
Tokyo), and was maintained between 350 to 400 ppm by occasional addition of 1 N HCI to
Ba"CO;,

Y N-labelled NO; was introd uced simultaneously with the generation of '?CO, by a syringe.
“NO; gas was made from K"*'NO; (99.7 atom % '*N) as described elsewhere (Yoneyama et al.
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1978). The concentration of "NO; in the chamber was monitored continuously every minute
with a NO, analyzer (Model 258, Kimoto Electric Co., Ltd., Osaka) and was maintained
between 2.5 to 3.5 ppm by additional injection of “NO,.

The 7th leaf blades of 50 plants were fed with "' CO; and "*NO, for two hours in light, Any
visible NO; injury was not observed on the leaf surface. At the end of the feeding period, the
concentrations of " CO, and '""NO; remaining in the chamber were reduced to around 20 ppm
and 0.2 ppm respectively through the introduction of CO;-free air for 10 min, then the
assimilation chamber was opened. Ten plants were sampled immediately after the termination
of isotopes feeding (Day 0). The rest of the plants were kept in the same growth room, then
sampled at 1/4 (6 h, Day 1/4), | (Day 1), 3 (Day 3) and 8 (Day £) days after. Roots of the
harvested plants were washed with running tap water, then the plants were separated into the fed
leaf (FL), the lower leaves (LL, 3rd to 6th leaf), the young panicle (P), the culm (C), the upper
roots (UR), the middle roots (MR), the lower roots (L.LR) and the tillers (T). The leaf sheath was
included in each leaf smaple. Separated parts of the plant were dried inan ovenat 80° C for three
days,and ground to a fine powder with a vibrating smaple mill (T1-200, Heiko Seisakusho Ltd.,
Tokyo).

Determination of " C and "* N

Total carbon content of the smaple was determined with a Yanaco CN-corder (MT-500.
Yanagimoto Co., Ltd., Kyoto), and “C content was measured by infrared absorption
spectrometry (Okano et al. 1983) usinga JASCO EX-130 €O, analyzer (Japan Spectroscopic
Co., Ltd., Tokyo). Tatal nitrogen content was determined by the distillation method after
Kjeldahl digestion where salicylic acid was used so that the nitrate nitrogen would be measured.
"N content was measrued by emission spectrography (Muhammad and Kumazawa 1974) with
a JASCO NIA-1 ”N analyzer,

Results

Plant growth

Since rice plants used in the present experiment were grown under short-day condition
during October to November, the young panicle had already differentiated on the main stem at
the 6th leaf stage. The tillers had also formed at the axils of the 4th and 5th leaf at the time of
feeding experiment. Changes in dry weight of various parts of the plant during the isotope-chase
period are shown in Fig, |. The tillers, the roots, the culm and the young panicle increased their
dry weight with their growth, especially in the tillers dry weight increased vigorously. On the
contrary, gradual decrease of dry weight was observed in the fed leaf and the lower leaves. Dry
weight of the upper roots increased linearly, In contrast, dry weight did not show any significant
changes in the middle roots, while some decrease occurred in the lower roots. Changes in total
carbon content and total nitrogen content in the various plant parts during the isotope-chase
period were similar to those in dry weight, therefore detailed data are not listed here.

Export and respiratory loss of isotopes

Table | shows the changes in the amount of *Cand '*N recovered in the whole plant during
the isotope-chase period. Rapid respiratory loss of "'C from the whole plant occurred during the
first one day, followed by a gradual loss throughout the isotope-chase period. By Day 1, 21% of
the originally assimilated "*C was respired and a further 11% was lost in the following seven
days. In contrast, *N recovered in the whole plant did not show any significant loss over eight
days.
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Fig. | Changes in dry weight of the various plant parts (A) and the different nodal roots (B).
A: Isotope-fed leaf (@), young panicle (@), lower leaves (O), culm (C)), tillers (@), and roots
(A).

B: Upper roots (O), middle roots (@), and lower roots (@).

Table | Recoveries of ’C and "N in whole plants

Days after the feeding of isotopes

Isotopes

0 1/4 I 3 8

He 5134* 4476 4028 3812 3481
(100)** (87) (79) (74) (68)

5N 236* 229 247 259 225
(100)** (97) (105) (110) (95)

* ug/ 10 plants
** Relative value to that in Day 0,

Most of the efflux of *C from the fed leaf also took place within one day, and subsequent
slow efflux continued thereafter (Fig. 2). In contrast, *N was exported more slowly than *C
from the fed leaf. Gradual decrease of "*N from the fed leaf was observed throughout the
experimental period with a rapid decrease in the first several hours. By Day |, 75% of the fixed
C had been exported to the other parts or lost in respiration, whereas only 219 of the
assimilated "“N was cxported to the other parts from the fed leaf. This general pattern of export
of "C and "N, and of the loss of "C in respiration, were very similar to those previously
reported on sunflower plant (Yoneyama et al. 1980).
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Fig, 2 Efflux of Cand N from the fed leaf,

Distribution of " C and ° N in the plant

Table 2 shows the changes in "C and N abundances (atom % excess) in the various parts
of the rice plant. "Cand '*N abundances in the fed leaf decreased continuously with the outflow
from the leaf or respiratory loss. '*C abundance in all parts except for the fed leaf increased
rapidly up to Day I and then decreased mainly due to the dilution by non-labelled carbon newly
assimilated. "*N abundance in vegetative parts also increased up to Day I, followed by a gradual
decrease thereafter. In the young panicle, *N abundance increased up to Day 3, then very small
changes were observed. The young panicle showed the highest '*C and "*N abundances among
the plant parts at Day |, followed by the tillers, the culm and the root. Within the whole root, the
highest abundances of both ' Cand "*N were detected in the upper roots followed by the middle
and the lower roots. Very low isotopes abundances were detected in the lower mature leaves.

Table 2 Changes in C and "N abundances in various parts of rice plant fed from a terminal
Jeafl on the  main stem with "CO; and *NO;.

Plant Part

B¢ abundance (atom % excess)

"N abundance (atom % excess)

0 1/4 1 3 8 0 1/4 I 3 8
Young panicle 058 1.14 216 136 0.84 0.13 033 054 065 0.61
Leaves 7%* 204 150 078 053 043 1.18 106 093 079 059
6 0.00 0.08 0.16 0.02 0.05 0.01 0.05 0.07 003 0.03
5 0.00 0.00 0.01 0.01 0.01 0.00 001 002 002 001
3-4 0.00 0.00 000 0.00 0.00 0.00 0.00 001 000 0.00
Culm 0.17 038 062 054 0.44 005 0.19 025 024 0.15
Tillers 0.15 047 118 075 0.28 004 021 035 034 0.24
Roots upper 003 024 088 058 0.22 0.05 009 020 015 0.11
middle 0.00 003 021 0.2 0.07 0.00 005 0.08 006 0.02
lower 0.00 0.00 005 001 0.00 0.01 004 003 001 0.02
whole 001 006 033 027 0.14 001 006 0.11 009 0.07

* Days after the feeding of isotopes.

** UCO, and “NO; were fed to 7th leaf for two hours.
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The distributions of the two isotopes in the plant are summarized in Fig. 3. Extremely large
amount of ’C was transported to the tillers. Transfer of ''C to the tillers continued up to Day 3
when the tillers received more than 509% of the exported C. The amount of ’C in the young
panicle, the culm and the roots increased rapidly up to Day 1. Labelled carbon in the young
panicle and the culm tended to increase slightly from Day I to Day 8, while significant decrease
was observed in the roots during this period.

1001 (B)

( pg/ 10 plants]

0o 3
Days after the feeding of isotopes Days after the feeding of isotopes

Fig. 3 Distribution of "'C (A) and "N (B) in the various parts of rice plants fed from a
terminal leal on the main stem with "CO; and "“NO;.
Young panicle (@), culm (CJ), tillers (B) and roots (A).

The amount of "*N in the tillers and the young panicle continued to increase up to Day 8
with a gradual efflux of "N from the fed leaf. The tillers received a large proportion (73%) of
exported N at Day 8. Labelled nitrogen in the roots and the culm increased up to Day 1,
thereater *N in the roots was maintained at a steady level, Only a small amount of both "*Cand
"N was translocated to the lower leaves.

Discussion

Carbon dioxide taken up in rice leaves could be converted into sugars and translocated to
the other parts as mainly sucrose (Asada etal. 1960). Most of the transfer of "C from the fed leaf
to the other parts took place within one day, and during this time 21% of photoassimilated "'C
was lost from the whole plant through respiration (Table 1, Fig. 2). The end of the rapid phase of
respiration was associated with the cessation of export of labelled carbon from the fed leaf. The
synchronism between the intense respiratory loss of *CO; and the translocation of "*C to the
growing tissues observed during one day is indicative of a causal relationship. Although we did
not determine the respiratory loss of *C by each plant part, the bulk of the respiratory loss of ''C
might occur from the plant parts importing *C from the fed leaf (Gordon et al. 1979).
Retransfer of the carbon from once distributed part seemed to be very small, and most of "'Cin
the plant appeared to be immobilized at the sites to which it had been translocated during the
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first one day. Continuous transfer of "*C to the actively growing parts such as the tillers, the
young panicle and the upper roots observed after Day | (Table 2, Fig. 3) might be due to the
transfer of the temporary metabolites accumulated in the fed leal. These characteristics of
carbon transfer in rice plant were very similar to those in uniculm barley (Gordon et al. 1977)
and sunflower (Yoneyama et al. [980). It seems that the utilization system of carbon in rice plant
may be also organized on a diurnal basis with little carry-over of one day's assimilates to another

as Gordon et al. (1977) indicated on uniculm barley.
Transfer of NO;-nitrogen from the fed leaf occurred gradually throughout the experi-

mental period with a rapid efflux in the first several hours (Fig. 2). Nitrogen dioxide absorbed in
the leaf through stomata could be converted into nitrite and nitrate and further assimilated into
amino acids via glutamine synthetase and glutamate synthase system (Yoneyama and Sasakawa
1979). Some of amino acids synthesized may be directly exported from the fed leaf to the other
parts through phloem in the first several hours, while others may be incorporated into proteins
and other nitrogenous compounds in the fed leaf. The latter could be hydrolyzed later and
amino acids produced weré exported from the leafl gradually (Kaji et al. 1980, Okano et al.
1981). Yoneyama and Sano (1978) reported that in mature rice leaves the proteins involved were
turned over and that the nitrogen once incorporated into the constituents of the mature leaves
was then retranslocated to the young growing parts. Thus, in contrast to carbon, NOz-nitrogen
once incorporated into the leaf constituents may be easily remobilized and utilized repeatedly
according to the demand of meristematic tissues.

Sink activity for NO;-nitrogen expressed as the abundance of '*N was highest in the yong
panicle, followed by the tillers, the culm, the whole roots and the lower leaves (Table 2). This
labelling pattern of '*N in the various plant parts was very similar to that of ’C. Only small
amounts of both ""C and "N were translocated to the mature lower leaves where the phloem
might be active in export but not in import (Kaneko et al. 1980). These results suggest that the
“C-labelled sugars and the '*N-labelled nitrogenous compounds derived from NO; might flow
together in the phloem as a bulk stream at least during the phase of primary distribution
(probably within the first one day). This assumption may be supported by the finding (Hanson
and Tully 1979) that the translocation velocities of **C-labelled glutamate and proline in phloem
were similar to those of "*CO; assimilates.

The "C/"N ratios at Day | or Day 3 may indicate the relative requirement of carbon and
nitrogen in the various plant parts (Table 3). In the young panicle and the tillers, the ratio
decreased from Day | to Day 3; this was attributed mainly to a gradual influx of "N, A high
PC /N ratio observed in the young panicle, the culm and the upper roots may reflect the high
synthetic activity of cell wall constituents in these parts. Active protein synthesis probably
occurred in the tillers might result in a relatively low C/"N ratio in this part. Those results
suggest that the relative distribution of carbon and nitrogen might be partly regulated by the
characteristics of the sink organs.

The present result on rice and the previous ones on sunflower and corn (Yoneyama et al.
1980, Okano et al. 1981) show that NO;-nitrogen incorporated into amino acids and proteins in
plant leaves was then retransferred to the rapidly growing organs probably through phloem
along with the photosynthates. The distribution pattern of nitrogen derived from NO; in rice
plant was very similar to that of nitrogen retransferred from mature rice leaves whose nitrogen
was supplied through root as ammonium sulfate (Yoneyama and Sano 1978). Therefore,
NO;-nitrogen absorbed through plant leaves would be utilized for the synthesis of the new
tissues in the same manner as the nitrogen taken up by roots as nitrate or ammonium. This
implys that in some cases, low concentrations of NO; which would not cause acute injuries may
affect beneficially on plant growth as a nitrogen fertilizer from the atmosphere.
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Table 3. The C/Nand ""C/"*N ratios in the various parts of rice
plant fed ""CO, and "*NO, from a terminal leaf on the main stem.

Days after the feeding of isotopes

Plant part 1 3
C;N ”CJ’I’N CJIIN ISCIISN

Young panicle 124 49 8 12.8 26.8
Tth leal* 11.2 9.4 1.4 1.7
Lower leaves 12.4 — 12.7 =
Culm 17.1 423 20.3 45.6
Tillers 9.3 31.2 9.5 21.0
Roots upper 10.8 47.8 1.7 45.4

middle 12.2 319 14.2 28.4

lower 21.1 — 28.4 =

* 3C0, and "NO; were fed to 7th leaf for two hours.
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Image instrumentation of plants exposed to air pollutants
(1) Quantification of physiological information included in
thermal infrared image
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Inorder to evaluate spacial patterns of physiological informations such as transpiration
rate. stomatal resistance, and air pollutant sorption from leal temperature distribution
measured by an instrumentation system of thermal infrared image. heat and mass transfer on
a leal was examined, and then models for the evaluating were derived. Furthermore,
paramelers of the models, accuracies of environmental controls and measurementsand so on
were examined by the experiments. Asa resull, transpiration rate and stomatal resistance to
water vapor diffusion on the leal were evaluated withinaccuracies of 0,02 > 10 "grem 5™ and
0.3 s.em”', respectively. Accuracy of transpiration rate may be applied correspondingly to
that of the sorption rate of air pollutants such as SO;, NO;, O; and PAN from an analogy
between the models Tor the evaluating transpiration rate and sorption rates of these air
pollutants. Finally, changes in spacial distributions of physiological informations mentioned
above were evaluated from the change in distribution of leal temperature during SO,
exposure,

Key words: Thermal infrared image — Air pollutant — Leafl temperature — Sorption
—Stomatal resistance — Transpiration

In the research fields concerned with the production of plants, the effects of environmental
pollutants on plants, and their purification functions. it is necessary to measure the
physiological reaction and the heat and mass transfer of growing plants without destroying or
touching them (Takatsuji etal. 1979, Hashimoto et al. 1982, Omasa and Aiga 1984). Recently,
methods for measuring and evaluating these physiological informations as the image have been
developed (Hashimoto et al. 1982, Omasa and Aiga 1984).

Leaf temperature of the plants is not only an important factor determining physiological
reactions such as photosynthesis and respiration (Berry and Bjorkman 1980) but also a useful
factor as a physiological information because it relates 1o water balance and heat and mass
transfer (Raschke 1960, Takiuchi and Hashimoto 1977, Omasa et al, 1980). The thermography
has been used for measuring surface temperature of the object. Cetas(1978) examined problems
in measuring the surface temperature with it. Schurer (1975) applied it to the observation of leafl
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temperature distribution. Recently. Hashimoto et al. (1979, 1980) and Omasa et al. (1980)
introduced image instrumentation systems with a thermal camera of scanning type and a
computer in order to process very numerous image data. They also reported that the leaf
temperature distribution gave qualitatively spacial patterns of physiological informations
such as stomatal movement. transpiration, and air pollutant sorption. However, the mathemati-
cal modetand the experimental apparatus must be closely examined in order to quantify these
physiological informations. Therefore, we made the present study to develop a method for
obtaining quantitative distributions of physiological informations such as stomatal resistance,
transpiration rate, and air pollutant sorption rate from the leaf temperature distributions.

Principle for quantification of physiological informations of plants

Hear and mass transfer model at the local site on a leaf
Water vapor evaporates from cell wall of stomatal bottom and diffuses into the free air
through substomatal cavity. stomatal throat. and leal boundary layer (Fig. 1). Flux of the

? Free alr
Stomalal
Culicle throat [* Guard cell

Epldermis

Interlace

Mesophyll cells

Fig. | Schematic cross-section of a stoma.

transpiration at the local site on a leal is fundamentally determined by the difference of the water
vapor density and the diffusion resistance between the free air and the gas-liquid interface of
stoma. If the leaf temperature, stomatal conditions and leal boundary layer are assumed to be
equal at both sides on a leal, transpiration rate, W, (grem s ') at the local site is

W=2{ Xs (Th,) = SXLTDY (Fyay + Fisy) (1)

where Tjis leal temperature (°C), T, is air temperature (°C), X, (7) is saturated water vapor
densityat T°C (g-cm"‘). @ is relative humidity, ry, is boundary layer resistance to water vapor
diffusion (s-em ') and r,, is stomatal resistance to water vapor diffusion (s-em '), The subscript x
denotes the values at the local site x on the leaf,

On the other hand, air pollutants intrude into plant’s tissues through the opposite process
to that of water vapor. As for the model for the transfer of air pollutants. it is necessary to
consider the reaction and the transfer in the tissues. These are represented by the gas
concentration of the gas-liquid interface in the stomata. Therefore, air pollutant sorption rate,
Q. (grem s ') at the local site is given by

Qy=2P,— Ph)“rgn_r"' Fexe) (2)
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Pt = (Dl D vy (3)
and
rgx_.- — [ Dh; Dg)rll'x_\u [4)

where P, is gas concentration of the gas-liquid interface in the stomata (g-em™), P, is gas
concentration of air (grem™), ry, is boundary layer resistance to gas diffusion (sem™'). re is
stomatal resistance to gas diffusion (s:cm™"). D, is air-water vapor diffusivity (= 0.249 cm™s ™"
259C) and D, is air-gas diffusivity (= 0.129 cm™s ': SO;. 25°C). The gas concentration of the
gas-liquid interface of majorair pollutantssuch as SO;, NO2, Oyand PAN, P, can be assumed
to be nearly equal to zero, because the metabolism and transfer in the plant’s tissues are very
large (Omasa and Abo 1978, Omasa et al. 1979, Omasa 1979, Nouchi 1980).

Heat balance at the local leaf site
Heat balance at the local site on the leaf is

ewd T jdt = E + Sc— LW, + M.+ G, (5)

where Eis net radiation (cal-em s '), § is sensible heat transfer by convection (cal'em *s™'), M
is reaction heat (cal'em *s™"), G is heat conduction from other sites (cal-em™s"), ¢/ is specific
heat (cal-g™-2C ). wy is weight (g'em ?). ristime (s). and Lis latent heat by evapolation (= 583.3
cal-g™;25°C).

Net radiation, E, in Eq. (5) is

E.\ = apEs_.. + E{ En'x =5 20(273"'5 + _Th;)‘l {b)
and sensible heat transfer, S, is
S = 2pc(Ta— Th,)| Fiay ™

where £ is shortwave radiation from the environment (cal-cm s '; wavelength < 3 um), £, is
longwave radiation {romthe environment(cal-cm”s ';wavelength 3um), 14, is boundary layer
resistance to heat transfer (s:cm™'), a, is absorption coefficient of shortwave radiation of the leaf
(=0.67, sunflower), € is emissivity of longwave radiation of the leaf, ¢ is Stefan-Boltzmann
constant (=1,354 X 10" cal-em %5 'K ™) and pc, is volumetric heat capacity. of air (=0.285 X
107 cal'em 2 C™'; 25°C).

From an analogy of heat transfer and mass transfer, ratio of boundary layer resistance to
water vapor diffusion to that to heat transfer, rya/ r'ta, 15 given by

Fuas] Tesy = (k] Do)? (8)

where « is thermal diffusivity of air (=0.222 em™s™;25 °C).

Reaction heat, M, by photosynthesis, respiration and so on is usually within 2 to 3% of
shortwave radiation. In the case of 0.2° C-min ' change of leaf temperature of a thin leaf suchas
sunflower plant, the accumlated heat, ¢;w,d T3,/ d1 is ca. 2 to 3% of latent heat by transpiration
or net rediation. Heat conduction from other sites, G, is ca. 5%, when heat conduction by
1°C:em ' heat gradient arises in 0,5 cmd site, Usually, ¢;wy 71,/ drand G, at the local site of the
leaf exposed to air pollutants are within above-mentioned values, Therefore, Eq. (5) can be
simplified as follows.
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Ec+8—LW:=0 &)

Substituting Egs. (6)and (7) in Eq. (9) gives the following equation for transpiration rate at
the local site,

W, = [apE, + el vy — 20(273.05 + 110"} +2pe(To — T1 ) 1a)/ L (10)

When environmental conditions such as air temperature, humidity, radiation and air current
are kept constant, only leaf temperature, Ty, is left as a variable in the right side of Eq. (10).
Therefore, transpiration rate can be evaluated by measuring the leaf temperature. Furthermore,
stomatal resistance to water vapor diffusion, r..,, which is an indicator of the degree of stomatal
opening,. is evaluated from Eqgs. (1) and (8).

Fusy = 2{ Xe(Th)) — @ XL T} Wi — (] D) 110, (11)

In addition, since the stomatal resistance to air pollutant diffusion, r,,, and the boundary layer
resistance to air pollutant diffusion, ry, can be determined from the relationship between Eqs.
(3). (4) and (8), the sorption rate, Q, of air pollutants, such as SO;, NO,, O; and PAN., at the
local site is evaluated by substituting these resistances in Eq. (2).

Epitome and performance of apparatus

Thermal infrared image instrumentation system

The block diagram of a thermal infrared image instrumentation system is shown in Fig. 2.
The thermal camera is an optical-mechanical scanning type and its detectorisan HgCdTe (8 to
13 pm, cooled by liquid nitrogen). The detected signals from the thermal camera are converted
into 12-bit digital signals (256"x240", quantization error 0.0125°C) by a video processor and
analyzed'by a computer, The system also has a vidicon camera for evaluating the visible injury
on a leaf surface.

The detected image was enhanced by integrating using the video processor. The
temperature resoving power, the uniformity of image, and the drift were within0.05°C,£0.1°C
and +0.05°C/4hr, respectively. The image resolving power was ca. 507x40" in the measuring at
error within 4% (0.2°C).
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Fig. 2 Block diagram of a system for image instrumentation of plants.
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Environment control system
Experiments were carried out in an environmental control chamber which was designed
and constructed for studies of air pollution effects on plants (Aiga et al. 1982). Control
accuracies of air temperature, humidity and air pollutant concentration in the chamber were
within +0.19C, +1% and £0.04 volppm. respectively. Anapparatus for lixing an intact leaf ora
model leal horizontally and fans for maintaining uniform air current on the leaf surface were set
in the chamber (Fig. 3). The intact leaf or the model leaf was attached to a thin plastic sheet (20 X
20 cm) which was cut out in a shape similar to that of the leal, and was placed on the fixing plate
with stretched fishing-line (Fig. 3). The Yoko lamp (Toshiba) with heat absorbing filter was used
as a light source. The scattering filter was placed between the light source and the fixing
apparatus in order to prevent the direct exposure of shortwave radiation from the light source to
the leal. The wall in the chamber was covered with a black wool paper and a lawn.
Consequently, the spatial distribution of shortwave radiation on a leal surface set on the fixing
apparatus was within £:29% ofl the mean value, Furthermore, the temperature distribution of the
model leal (black wool paper) was kept within £ 0.2° C exceptat the lealedges by controlling air
‘current. This result means that local boundary layer resistance is constant at every sites on the
leal. Boundary layer resistances of both sides on the leaf were kept the same by adjusting the air
current,

E Thermal
an camera
Leal head

v g

§ 1 f 1
[_Balance | [ ]
() (e)

Fig. 3 Schematic diagram of an apparatus for fixing a leafl, Environmental conditions on
the leal were maintained constant,

Other instruments

Temperature was calibrated with a standard glass thermometer (accuracy +0.03°C) and
thermocouples of 0.1 mm diameter. Humidity was measured with a dew-point instrument (EG
and G, Model 660, accuracy 4+0.2°C), shortwave radiation with radiometers (Eko, Model
MS-42and LI-COR Model L.1-185), SO; concentration with a pulsed fluorescent SO; analyzer
(Thermo Electron, Model 43), and weight with electric balances (Mettler, Model PK 16 and
PL3000, limit of weighing 0.1g).

Problem in quantification and its experimental accuracy

Absorption coefficient of shortwave radiation and emissivity of longwave radiation of intact
plant leaf or model leaf
The absorption coefficient of shortwave radiation of sunflower leaves grown for 3 to 6
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weeks after sowing, a;, was 0.68 £ 0.03 and that of model leaves (black wool paper) was 0.98 +
0.02, these were measured with the Model MS-42 radiometer (effective wavelength: ca.0.4 to 3
um). Their longwave emissivities, e measured with the thermal camera were 0,98 £ 0.02,
Although the effective wavelength of the thermal camera is 8 to |3 um, the obtained emissivity is
regarded as the mean value in the range of the longwave because the spectral emissivity of the
leal is approximately constant in the range above 3 um. The emissivity of healthy leafl was
compared with that of leaf exposed to SO; for about 2 hours, but there was no difference.

Influence of environment in measuring the leaf temperature

Although the thermal camera hasa function for correcting the influence of radiation from
the environment, it may cause the error when the radiation from the environment is not
uniform. Therefore, we examined the influence of the environment in measuring leafl
temperature in the chamber. Experiment was carried out in such a way that the infrared camera
was horizontally fixed, and then the angle of the leaf surface to the camera face was altered from
60° to —60°. Although the leal surface received different radiation from various parts of inside
of the chamber according to altering the angle between the leaf surface and camera face, the
difference between temperature measured with the infrared camera and that with the
thermocouple was within +0.1°C regardless of difference of the angle.

Longwave radiation from environment and boundary laver resistance
Substituting Eqs.(6) and (7) in Eq.(9) gives the following heat balance equation.

ap B+ eby, — 260(273.15 + T1,)' + 2pe(Ta — T1 )/ Fiay — LW, =0 (12)

Since E.,, E,,. W,. T, and ry,, are constant all over the model leaf surface on the above-
mentioned apparatus, Eq.(12) may be regarded as a heat balance equation of one leaf.
Therefore, longwave radiation from the environment, E,., and boundary layer resistance to heat
transfer, ry,, can be evaluated by substituting leaf temperature, transpiration rate and shortwave
radiation obtained from experiments of a dry or wet model leaf in Eq.(12) and by solving the
obtained simultaneous equations. In order to examine the accuracy of this method, ri,
evaluated from Eq.(12) was compared with that from the following equation obtained by
substituting Eq.(8) in Eq.(1) where r,,, was assumed to be zero s.em ',

Pray = 2 Xol Th) — @X( T}/ [ Wilie/ D)) (13)

where Ty, and W, of a wet model leaf were substituted. This resultis shown in Fig, 4. Although
rtay Obtained by Eq.(12) tended to be smaller than that by Eq.(13), the difference between both
values was within 0.1 s.em ™', Furthermore, the difference in E,, evaluated by substituting Fkay I
Eq.(12) was within | X 107 calem™s ™",

Accuracy of quantification of plant physiological information

In order to examine the accuracy of the evaluataion using the above-mentioned method,
transpiration rate and stomatal resistance to water vapor diffusion of sunflower leaves obtained
by this method were compared with those obtained by the weighing method. This result is
shown in Fig. 5. Fig. 5 (a) shows the relationship between transpiration rate, W,,, obtained by
the weighing method and W, calculated from Eq.(10). Symbol I denotes distribution of W, and
symbol o denotes the mean value of all over the leaf surface in this figure. Being the mean value
of one leaf, W, are compared with the mean value of W,. When transpiration rate was below 0.1
X 10 grem™ 5™, the leaf wilted and the leaf color slightly altered. The difference between W,
and the mean value of W, was within 0.02 X 10~ grem s ' except above case. Fig. S (b) shows
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Fig. 5 Accuracies in evaluating transpirtion rate (W,) and stomatal resistance to water
vapor diffusion (#.,). Conditions and parameters: 7,=24.9 — 254°C, d=58 — 60%RH,
Fray=1.64srcm™, £, =3.01 X 107 calem™s ™' (ca. 30 kix), £, =22.21 X 107" calem™s ',

the relationship between stomatal resistance to water vapor diffusion, r,,, obtained from W,
and that obtained from W,. When 7., was below 10 sscm ', the difference between 7y, from W,
and that from the mean value of W, was within 0.3 s:cm ', Although the accuracy of evaluation
of transpiration rate and stomatal resistance depend on the environmental conditions, we can
expect sufficient accuracy under usual environmental conditions from this result. Furthermore,
the accuracy of transpiration rate may be applied correspondingly to that of the sorption rate of
air pollutants such as SO,, NO;, O; and PAN from an analogy between the models for the
evaluating the transpiration rate and the sorption rate of these air pollutants.
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Image instrumentation of leaf temperature of intact plant exposed to air pollutant
and quantification of its physiological information

The above-mentioned method for the image instrumentation of leaf temperature and the
quantification of physiological information was applied to the evaluation of physiological
reaction of a sunflower plant under SO; exposure. An intact leaf of the test plant was placed on
the fixing apparatus, and then environmental factors such as air temperature, humidity.
radiation [rom environment and boundary layer resistance were maintained constant. After the
plant was sufficiently acclimatized to the new conditions, the exposure to ca. 1.5 volppm SO;
was carried out for 60 minutes. Figure 6 shows changes in the leaf temperature distribution. The
leal temperature was 23.4 1o 24.5°C before the SO; exposure, began to rise after the exposure
and reached 24.7 to 26.8° C after 60 minute exposure, Figure 7 shows changes in distributions of
transpiration rate, stomatal resistance to water vapor diffusion and SO; sorption rate evaluated
from the leal temperature shown in Fig. 6. Transpiration rate, stomatal resistance and SO,
sorption rate before the exposure were 0.56 10 0,72 X 107 grem 57", 0.6 to 1.5 s-em ' and 0.0
grem ™™ and after 60 minute exposure, they became 0.19 t0 0.52 X 107 grem s 1.8 10 9.
s.em™ and 0.04 to 0.17 X 10 grem s, respectively. The stomatal resistance, which is an
indicator of the stomatal aperture, increased and the transpiration rate and SO, sorption rate
decreased with lapse of exposure time. However, their behaviors varied randomly at different
sites on a leal. This result means that stomatal sensitivity to SO; varies at the local site of a leaf.
S0; caused physiological effects such as decrease of photosynthesis. fading of vegetal pigments
and destruction of cells. Although these phenomena also vary at different sites of the leaf, the
relationship between the sorption at local site and their phenomena will be elucidated by
introduging this method.

Exposure llme
0 min 30 min 60 min

Fig. 6 Anexample of changes in temperature distribution of a sunflower leal during SO,

cxXposure. .
Conditions: T,=25.1°C, &=69%RH, ri,=0.875scm™'. E, =291 X 107 calem s,
E,,=22.13 X 107 calem ™5™, P,=1.5 volppm.
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0.0 5.0 10.0 °

“000 015 .
x108g.enmZ.s”
Exposure time

Q min 30 min 60 min

Fig. 7 Changes in distributions of transpiration rate, stomatal resistance to water vapor
diffusion and SO; sorption rate obtained from the leal temperature distributions in Fig, 6.

Conclusion

In this paper, we have examined heat and mass transfer at the local site on a leaf and derived

models for evaluating the spacial distribution of physiological information such as transpiration
rate, stomatal resistance and sorption rate of air pollutants from the leaf temperature
distribution. We have also examined problems in quantification of these physiological
information experimentally. Consequently, the transpiration rate and the stomatal resistance to
water vapor diffusion on the leaf were evaluated within accuracies of 0.02 X 10™ gem™s™" and
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0.3 s-cm™", respectively. The accuracy of transpiration rate may be applied correspondingly to

that of sorption rate of air pollutants such as SO, NO;, Oy and PAN from an analogy between
the models for the evaluating the transpiration rate and the sorption rate of these air pollutants,
Finally, the change in distribution of the physiological information during SO, exposure was
evaluated as an application, :

This method may be effective for elucidation of the mechanism of stomatal movement, the
relationship between sorption of air pollutants and their effects, and the physiological resistance
to air pollutants, Furthermore, this method may be applied to not only analysis of the plant
reaction toair pollutant, but also that of the phenomena related to mass transfer of plants such
as plant production.

This study was published in Transactions of the Society of Instrument and Control
Engineers (Omasa et al, 1981).
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Image instrumentation of plants exposed to air pollutants
(2) Relationships between SO, or NO, sorption and their acute
effects on plant leaves
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We have reported on a method for evaluating the distributions of stomatal resistance to
water vapor diffusion and SO, or NO; sorption on a leaf, using a thermal infrared image
instrumentation system. In the present paper, we examined quantitatively the relationships
between the acute effects, such as stomatal response and visible injury, of SO; or NO; on a leafl
and gas sorption, using the image instrumentation method. The results obtained were as
follows.

1) There was a tendency for stomata to close during SO; or NO; exposure. However, the
behavior varied randomly at different sites on a leaf. The differences in stomatal response at
local sites were not dependent on those in integrated SO; or NO; sorption for 60 minutes
exposure. These results suggest that there are differences in the stomatal sensitivity to SO; or
NO:; at local sites on a leaf.

2) There was a tendency for visible injury to occur at sites where the integrated SO; or
NO; sorption was over a threshold value. Injured leaves were generally separated into two
areas, a healthy area and an injured one. It was seen that the characteristic visible injuries were
caused by differences in boundary layer and stomatal resistances at local sites governing the
Bas sorption,

Key words: Image - Leal temperature - SO; or NO; sorption - Acute effects - Stomatal
response - Leal injury

Sulfur dioxide and nitrogen dioxide are major air pollutants that cause various effects on
plants (Mudd 1975, Taylor er al. 1975, Hotsman and Wellburn 1976). The degree of the effects
of SO; or NO; in relation to the concentration, dosage size and the amount of sorption on one
leal or a whole plant has been frequently discussed (Thomas 1961, Mudd 1975, Taylor et al.
1975, Bressan er al. 1978). However. visible injury and stomatal response, which are
conspicuous symptoms of the acute effects, vary strikingly at different sites on the leaf (Barrett
and Benedict 1970, Taylor and Maclean 1970, Omasa er al. 1980, 1981a). Under the usual
exposure conditions in the field and growth chamber, the leaf boundary layer and stomatal
resistances governing SO; and NO,; sorption also vary (Monteith 1973, Omasa er al. 1980,
1981a). Therefore to better understand the effects of SO; and NO; sorption, it is necessary to
clarify relationships between local sorption, factors governing the sorption, and the degree of
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the effects at local sites.

We have recently developed an instrumentation method for studying the distribution of the
sorption of air pollutants, transpiration, and stomatal diffusion resistance of leaves using a
thermal infrared image instrumentation system, and have measured changes in the distributions
of leal temperature, transpiration rate, sorption rate and stomatal resistance to water vapor
diffusion during SO, exposure(Omasa er al. 198la). However, the relationships between
sorption and its effects all over the leaf surface have not been determined.

We therefore made the present study to elucidate the relationships between the distribution
patterns of SO, or NO; sorption and its acute effects such as visible injury and stomatal response
on leaves.

Materials and methods

Plant materials

Sunflower plants (Helianthus annuus L. cv. Russian Mammoth) were grown in a
phytotron at 25/20°C day/night temperature and 709%RH under natural light for 6 to 7 weeks
(1.800 to 2,500 cm? leaf area/plant and 20 to 25 leaves/plant) after sowing in pots (10 cm in
diameter and 20 cm in height). The pot was filled with a 4:2:4:1 (v/v) mixture of vermiculite,
perlite, peat moss and fine gravel which was moistened with nutrient solution. The plants were
irrigated daily. Intact mature leaves (130 to 140 cm’ leaf area) were used in the experiments.

Environment control system(Omasa et al. 1981a)

SO; and NO; were introduced into the environment control chamber designed and
constructed for studies of air pollution effects on plants. Air temperature and humidity in the
chamber were maintained at 25.0+0.1°C and 62=1%RH. SO, and NO; concentrations were
kept at the desired values of ca. 2 volppm and 7 volppm, respectively. An apparatus for fixingan
intact leaf horizontally and fans for maintaining a uniform air current on the leaf surfaces were
set in the chamber. The intact leafl was attached to a thin plastic sheet (20 X 20 em?) cut out
geometrically in a shape similar to that of the leaf (cut area; ca, 100 em?), and was placed on the
fixing apparatus. The distributions of shortwave radiation, longwave radiation, illumination
and boundary layer resistance to heat transfer on the leaf surface were maintained at 2.374+0,05
X 107 calrem s 7', 2.2340,01 X 107 calem™+s ', ca. 25klx, and 1.540. 1 s=em™ except at the leaf
edges. )

Instrumentation system(Omasa et al. 1981a)

Distributions of integrated SO; or NO; sorption and stomatal resistance to water vapor
diffusion were evaluated from the leaf temperature distribution, measured by using a thermal
infrared image instrumentation system. Equations for evaluating their distributions were as
follows:

(1) Stomatal resistance to water vapor diffusion at local site x, 7y (s:em™'), is expressed by

2AXe (Ti) = B X, (To)} K N
=S ~l5) =

L

(n
and

_ byt e B — 20(273.15 + To)'} + 206 To — To) | Piax
L v

2)
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where Tjis leal temperature (°C), T, is air temperature (°C), X, (7) is saturated water vapor
density at 7°C (g-em™), ® is relative humidity, W is transpiration rate (grem s '), req is
boundary layer resistance to heat transfer (s-cm '), x is thermal diffusivity of air (=0.222cm?s™"),
D, is air-water vapor diffusivity (=0.249cmz-s")_. E; is shortwave radiation from the
environment (cal-em™s™'), E, is longwave radiation from the environment (cal-cm™s™), apis
absorption coefficient of shortwave radiation of the leaf (=0.68, sunflower), ¢ is emissivity of
longwave radiation of the leaf (=0.98, sunflower), o is Stefan-Boltzmann constant (=1.354 X
107" calrem *:s “K ), pc, is volumetric heat capacity of air (=0.285 X 10 * cal-em *°C ') and L
is latent heat by evaporation (=583.3 cal-g™"). The suffix x denotes the values at local site x on
the leaf surface.
" (2) Integrated SO; or NO; sorption at local site x, Quy (grem™), is expressed by

Ons =[] Ot @)
2P,

ML 4

e Fiax + Ty @

oo =(§') Fhes )

and

D,
Fom = E)rm. (6)

where Qis SO, or NO; sorption rate (g-em s '), Tis exposure time (s), £ is time (s), s is SO; or
NO; concentration of air (grem™), ry, is boundary layer resistance to SO; or NO, diffusion
(sem '), rys s stomatal resistance to SO, or NO; diffusion (s'em™) and Dy is air-S0O; or -NO;
diffusivity (=0.129m"s™" (S0,), =0.155cm™s " (NO,)). :

This image instrumentation system was calibrated by a blackbody source (Electro Optical
Industries, Models PD1401X and D254) with chromel-constantan thermocouples which were
traceable to the National Bureau of Standards in the U.S.A. The error in measuring leaf
temperature using this system was within £0.1°C, and errors in'cva]uating sorption and
stomatal resistance to water vapor diffusion were within ca. 10% and 0.3s-cm™, respectively,
until beginning of fading of plant pigments. The resolution of this system was 256" X 240"
pixels, Air temperature was measured with a calibrated copper-constantan thermocouple of 0.1
mm diameter, humidity with a dew-point instrument (EG and G, Model 660), SO;
concentration with a pulsed fluorescent SO; analyzer (Thermo Electron, Model 43), NO;
concentration with a chemiluminescent NO-NO,-NO, analyzer (Thermo Electron, Model 14),
and shortwave radiation or illumination with radiometers or a photometer (Eko, Model MS-42
and LI-COR, Model LI-185). Longwave radiation and boundary layer resistance to heat
transfer were evaluated by substituting values obtained from experiments, where dry and wet
model leaves were used instead of a real leaf, in the following Eq. 7 and by solving the
simultaneous equations thus obtained.

26, (T, — Th)

a By + €E — 260 (273.15 + 1) + ;
kax

— LW;=0 1))
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where E,.. Ew. Wi Ti and ry. were maintained constant all over the leaf surface. Leafl
temperature and transpiration rate were measured with this image instrumentation system and
electric balances (Mettler, Models PK 16 and PL 3000). The errors in evaluating longwave
radiation and boundary layer resistance to heat transfer were within 1 X 107 calem™s 'and 0.1
sem”', respectively. The signals detected with these instruments were converted into digital
signals and were transmitted to a computer for the image instrumentation system,
Experimental methods

An intact leaf of a test plant grown in a phytotron was attached to a thin plastic sheet and
was placed horizontally on the fixing apparatus in the chamber. After the plant was sufficiently
acclimatized Lo the new conditions, exposure to SO; or NO; was carried out for 60 minutes. The
changes in leaf temperature distribution were measured at intervals of 2 minutes during the gas
exposure by using the image instrumentation system, and the measured data were filed on
magnetic tapes. The changes in distributions of stomatal resistance to water vapor diffusion and
integrated SO; or NO, sorption were evaluated from the filed image data of the leafl
temperatures, according to Egs. | to 6. The visible injury images on the leal surfaces were
photographed one day later,

Results and discussion

Figure | shows changes in the distribution of stomatal resistance to water vapor diffusion
on a leaf surface during exposure to ca. 2 volppm SO;. The stomatal resistances distributed in
the range of 0.4 to | .4s-=cm™' before the start of SO, exposure, began to increase within 5 minutes
after the start and reached 0.7 to 3.2s«cm ' after 60 minutes exposure. From a series of image
data, there was an observable tendency for the stomatal resistance to be great and to increase
especially in the vicinity of veins and leaf edges. Stomatal resistance is generally an indicator of
the degree of stomatal opening and increases at sites of stomatal closure under usual growing
conditions, except in cases of water-soaking and wilting (Monteith 1973, Omasa er al. 1981a).
Figure 2 shows changes in the distribution of integrated SO; sorption during the exposure and a
photograph (f) taken one day later under lighting. The integrated SO, sorptions were 0.05 to
0.10 X 10 g-ecm * after 8 minutes of SO, exposure, 0.31 to 0.50 X 10~ g-em ™ after 30 minutes
exposureand 0.62 to 1.05 X 107 g-cm ? after 60 minutes. Visible injuries progressed successively
with water-soaking, wilting, fading of pigments and necrosis or chlorosis. Water-soaking began
to appear slightly at sites of the smallest stomatal resistance after 60 minutes exposure.
However, wilting and fading of vegetal pigments did not appear during SO; exposure, The
injuries in Fig. 2, (f) which occurred one day later, reached the stage of necrosis and chlorosis,
There was a tendency for the visible injury to occur at sites where the integrated SO sorption at
the end of 60 minutes exposure was over a threshold value of ca. 0.85 X 10™ g-em™. The
differences in stomatal response at local sites were not dependent on those in the integrated SO,
sorption.

Figure 3 shows changes in the distribution of stomatal resistance to water vapor diffusion
on a leal surface during exposure to ca. 7 volppm NO;. The stomatal resistances were 0.4 to
[.4s:cm™ before the start of NO; exposure, began to increase within a few minutes after the start
and reached 4.8 to 17s'em™ after 60 minutes exposure. Unlike the phenomena observed during
SO, exposure, the sites where increase of the stomatal resistance was striking could not be
specified. Figure 4 shows changes in the distribution of integrated NO; sorption during the
exposure, and a photograph (f) taken one day later under lighting. The integrated NO; sorptions
were 0,08 100,14 X 107 g.em  at 8 minutes exposure, 0,55 to 1,0.X 107 g-cm * after 30 minutes
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oo 10 20 30 . {min)
Stomatal resistance sem*! Stomatal resistance  s-em*! § Exposure time
(d) 46 min (e) ©0 min (r)

Fig. 1 Changes in distribution of stomatal resistance to water vapor diffusion on a leal
during exposure to ca. 2 volppm SO,. (a) to (e) show distribution patterns of the stomatal
resistance at given periods of exposure. (f) shows changes with time of maximum (——),
minimum (-—--) and mean ( ) stomatal resistances and SO; concentration during the
exposure. Environmental conditions: air temperature, 25.0°C; humidity, 62%RH;
shortwave radiation, 2.37 X 107 cal-em™s™"; longwave radiation, 2.23 X 107 cal-em™s ;
illumination, 25kIx; boudary layer resistance to heat transfer, 1.5s-cm ™.

000 040 080

020
Integrated SO, sorption x10%gem™? Integrated SO, sorption x108gem™?
(b)16min () 30 min

1.20 000 040 0.80 1.20

Integrated SO, sorption x108gem'? Integrated SOz sorption x10%gem™?
(d) 46 min (e) 60min (1) visible injury

Fig. 2 Changes in distribution of integrated SO, sorption during the exposure in Fig. | and
visible injury photographed one day later. (a) to (e) show distribution patterns of the
integrated SO; sorption at given periods of exposure. (f) shows the distribution pattern of
the visible injury.
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Fig. 3 Changes in distribution of stomatal resistance to water vapor diffusion on a leaf
during exposure to ca. 7 volppm NO;. (a) to (e) show distribution patterns of the stomatal
resistance at given periods of exposure. (F) shows changes with time of maximum ( )
minimum (-----) and mean ( ) stomatal resistances and NO; concentration during the
exposure. Environmental conditions were the same as those in Fig. 1.

000 070 140 210

Integrated NO, sorption  x10%-cm?
(c) 30min

000 070 140 210 000 070 140 210
Integrated NO, sorption  x108gem? Integrated NO, sorption  x108gem?
(d) 46min (e) 60min \ ) visible injury

Fig. 4 Changes in distribution of integrated NO, sorption during theexposure in Fig. 3and
visible injury photographed one day later. (a) to (e) show distribution patterns of the
integrated NO; sorption at given periods of exposure. () shows distribution pattern of the
visible injury.
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exposurcand 0,83 to 1.85 X 107 g-em™ after 60 minutes. Visible injuries progressed successively
with water-soaking, wilting, fading of pigments and necrosis or chlorosis in a manner similar to
that seen in the images with SO; exposure. Water-soaking began to appear at the sites with the
smallest stomatal resistance after 30 minutes exposure, and saturation occurred at the sites with
small stomatal resistances after 40 minutes. It was observed that successive wilting began at the
same sites after 50 minutes. The injuries in Fig. 4, (f) which occurred one day later, reached the
stage of necrosis and chlorosis. There was a tendency for the visible injury to occur at sites where
the integrated NO; sorption at the end of 60 minutes exposure was overa threshold value of ca.
1.2X 10 g-em™, The differences in stomatal response at local sites were not dependent on those
in the integrated NO; sorption.

Stomatal responses to SO; or NO; are complex; Several investigators have shown that the
stomatal responses vary with plant species, culture conditions and gas concentrations(Majernik
and Mansficld 1970, 1972, Unsworth 1972, Kondo and Sugahara 1978, Furukawa e/ al. 1979,
Omasa et al, 1979). Recently, by using the image instrumentation method, we have noticed that
the stomatal responses to SO, vary at different sites on a leaf, and that the stomata behaved

“randomly(Omasa er al. 1980, 1981a). In the present study, we recognized that the stomatal
response to NOy at local sites is also random. We further noticed that differences in stomatal
response at local sites are not dependent on those in the integrated SO; or NO; sorption. These
results suggest that there are differences in the stomatal sensitivity to SO; and NO; at local sites
on a leal,

Some investigators have attempted to analyze quantitatively the relationship between the
amount of SO; or NO; sorption and the degree of visible injury from the standpoint of one leaf
or of a whole plant(Thomas and Hill 1935, Bressan er al. 1978). However, they did not pay
attention to differences in gas sorption and the visible injury at local sites. It is a characteristic of
S0; and NO; visible injuries, which reached the stage of necrosis and chlorosis, that an injured
leaf is generally separated into two areas, a healthy area and an injured one. In the present study,
we examined the relationship between integrated sorption and visible injury at local sites all
over the leal surface, and showed that the characteristic injuries were caused by the slight
differences in these vicinities of the threshold value of the integrated sorption,

In the present experiments, differences in the integrated SO; or NO; sorption at local sites
were caused by differences in the stomatal resistance because the boundary layer resistance was
kept constant all over the leaf surface, and the SO, or NO; concentration at the gas-liquid
interface in the substomatal cavity was assumed to be zero volppm(Omasa and Abo 1978,
Omasa et al. 1979, Omasa 1980), Under the usual exposure conditions in the field and growth
chamber, however, the differences in the gas sorption at local sites depend on both boundary
layer and stomatal resistances. Therefore, it can be said that the characteristic injuries of SO; or
NO; are caused by differences in the boundary layer and stomatal resistances at local sites.

We sincerely wish to thank Messrs. Naka Ito and Takeshi Yamada of the University of
Tsukuba for their assistance in these experiments, and the members of the Engineering Division
who maintained the equipment and cultivated the plants used in the experiments.

This study was published in Environment Control in Biology(Omasa et al. 1981b).
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We examined the relationships between Os sorption and the acute effects of the O; on
sunflower leaves, such as changes in stomatal response and visible injury, using an image
instrumentation method. The results obtained were as follows.

1) Changes in stomatal response to Os varied randomly at different sites on a leaf, and
were not dependent on the integrated O; sorption at these sites. This result suggests that there
are differences in stomatal sensitivity to O; among local sites on a leaf.

2) The degree of visible injury at local sites on a leaf, which reached chlorosis and
necrosis, was not related to the integrated O, sorption at these sites. This result suggests that
the differences in the degree of the visible injury among local sites on a leal are dependent on
differences not only in factors related to O; sorption, but also in other physiological factors

among these sites,
Key words: Image — Leal temperature — O; sorption — Acute effects — Stomatal response
Leal injury '

Ozone is a major air pollutant of photochemical oxidant, which is produced in the
atmosphere by a series of photochemical reactions involving nitrogen oxides and gaseous
hydrocarbones (Demerjian et al, 1974, Hecht et al. 1974). Entry of Oy into a leal through the
stomata causes various effects on leaves (Dugger and Ting 1970, Heath 1975, Horsman and
Wellburn 1976, Manning and Feder 1976). The degree of the effects varies at different sites ona
leaf. Forexample, chlorotic and necrotic visible injuries caused by Oy, which are conspicuous
symptoms of the acute effect, are generally characterized by numerous discrete lesions scattered
overall ora large portion of the leaf surface. Depending on the plant species and the severity of
the injury, the lesions range from small superficial spots to a large necrotic area (Hill eral. 1961,
1970). Therefore, to better understand the effects of O; sorption, it is necessary to define
relationships between local gas sorption, factors governing the sorption, and the degree of the
gas sorption effects at local sites.

As described in the preceding papers (Omasa er al. 1981a, b), we have developed an
instrumentation method for studying the distribution of the sorption of air pollutants,
transpiration, and stomatal diffusion resistance of leaves using a thermal infrared image
instrumentation system, and have examined quantitatively the relationships between the acute
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effects, such as changes in stomatal response and visible injury, of SO; or NO; on a leaf and gas
sorption. However, the relationships between Os sorption and its effects all over the leaf surface
have not been clarified.

We therefore made the present study to elucidate the relationships between the distribution
patterns of Oy sorption and its acute effects such as changes in stomatal response and visible
injury on a leaf,

Materials and methods

Plant materials

Sunflower plants (Helianthus annuus L. cv. Russian Mammoth) were grown in a
phytotron at 25/20° C day/ night temperature and 709%RH under natural light for 6 to 7 weeks
(1,800 to 2,500 cm’ leaf area/plant and 20 to 25 leaves/ plant) after sowing in pots (10 ¢m in
diameter and 20 cm in height). The pot was filled with a 4:2:4:1 (v/v) mixture of vermiculite,
perlite, peat moss and fine gravel which was moistened with nutrient solution, The plants were
irrigated daily. Intact mature leaves (130 to 140 cm” in leal area) were used in the experiments.

Environment control system (Omasa ef al. 1981 a, b)

O was introduced into the environment control chamber designed and constructed for
studies of air pollution effects on plants. Air temperature and humidity in the chamber were
maintained at 25.0 £ 0.1°Cand 62+ %R H. O; concentrations were kept at the desired values
of ca. 1.2 volppm and 1.0 volppm. An apparatus for fixing an intact leaf horizontally and fans
for maintaining a uniform air current on the leaf surfaces were set in the chamber. The intact leaf
was attached to a thin plastic sheet (20 X 20 cm®) cut out geometrically in a shape similar to that
of the leaf (cut area; ca. 100 cm?), and was placed on the fixing apparatus. The distributions of
shortwave radiation, longwave radiation, illumination and boundary layer resistance to heat
transfer.on the leaf surface were maintained at 2.37 +0.05 X 10 cal-em s, 2.23 4 0.01 X 107
cal-em 57", ca. 25klx, and 1.5 & 0.1 s'cm™, except at the leaf edges.

Instrumentation system (Omasa et al. 1981 a, b)

Distributions of integrated O; sorption and stomatal resistance to water vapor diffusion
were evaluated from the leaf temperature distribution, measured by using a thermal infrared
image instrumentation system. The system was calibrated by a blackbody source (Electro
Optical Industries, Models PD1410X and D254) with chromel-constantan thermocouples.
which were traceable to the National Bureau of Standards in the U.S.A. The error and
resolution in measuring leafl temperature using this system were 0, 1°C and 256" X 240" pixels,
and errors in evaluating sorption and stomatal resistance to water vapor diffusion were within
ca. 10%and 0.3s:cm ', respectively, until the beginning of fading of vegetal pigments, Radiation
and boundary layer resistance to heat transfer were measured within precisions of 1 X 107
calrem s ' and 0. 1s.em !, respectively, using this system and electric balances (Mettler, Models
PK 16 and PL 3000). Air temperature was measured with a calibrated copper-constantan
thermocouple of 0.1 mm diameter, humidity with a dew-point instrument (EG and G, Model
660), O, concentration with a chemiluminescent O; analyzer (Kimoto, Model 806), and
shortwave radiation orillumination with radiometers or a photometer (Eko, Model MS-42 and
LI-COR, Model LI-185). The signals detected with these instruments were converted into
digital signals and were transmitted to a computer for the image instrumentation system.

Experimental methods
An intact leaf of a test plant grown in a phytotron was attached to a thin plastic sheet and
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was kept horizontally on the fixing apparatus in the chamber. After the plant was sufficiently
acclimatized to the given conditions, O; exposure to plant was carried out for 60 minutes. The
changes in leaf temperature distribution were measured at intervals of 2 minutes during the gas
exposure by using the image instrumentation system, and the measured data were filed on
magnetic tapes. The changes in distributions of stomatal resistance to water vapor diffusion and
integrated O; sorption were evaluated from the filed image data of the leafl temperature,
according to the method reported previously (Omasa er al. 198 1a, b). Chlorotic and necrotic
visible injury on the leaf surface was photographed after keeping the plant under lighting in the
chamber for one day after the exposure treatment.

Results and discussion

Relationships between distribution patterns of Oy sorption and its acute effects, such as
changes instomatal response and chlorotic and necrotic visible injury on a leaf, in two cases with
typical symptoms of Oy injury are shown in Figs. 1 1o 4. Figure | shows changes in the
distribution of stomatal resistance to water vapor diffusion on a leaf surface during exposure to
ca. | volppm O,. The stomatal resistances, distributed in a range of 0.3 to 1,2s.cm ' before the
start of Oy exposure, began to increase after a few minutes of exposure and showed a peak after
ca. 30 minutes, The stomatal resistances then decreased, but increased again thereafter and
reached 1.0 to 4.5s'cm™ after 60 minutes of exposure. There was a tendency for the phenomenon
to bestriking at sites with faster initial increases in the stomatal resistance, such asat sites in the
vicinity of veins. Figure 2 shows changes in the distribution of the integrated O; sorption during
the exposure, and a photograph (f) taken one day after the gas exposure. The integrated O,
sorptions were 0.02 to 0.04 X 10”g-em ™ after 8 minutes of O; exposure, 0.12 to 0.20 X
107 g-em™ after 30 minutes exposure and 0.25 t00.39 X 10~ g-cm ? after 60 minutes. Visible
injuries such as water-soaking, leaf wilting and fading of vegetal pigments did notappear during
Oy exposure, The chlorotic and necrotic injuries in Fig. 2 (f) were observed one day later,
Irrespective of differences in the O; sorption among local sites, the degree of injuries was fairly
uniform all over the upper leaf surface. From the data in Figs. | and 2, it was also shown that
changes in the stomatal response at local sites were not dependent on the integrated O sorption
at these sites.

Figure 3 shows another case of changes in the distribution of stomatal resistance to water
vapordiffusion on a leaf surface during exposure to ca. 1.2 volppm O, The stomatal resistances
were 0.3 to 1.2s)cm ' before the start of O exposure and began to increase after a few minutes of
exposure, and reached 1.0 to 3.8s-cm ™’ after 60 minutes of exposure. Then the stomatal
resistances at the sites fluctuated with time, Like the phenomenon observed in Fig, |, there wasa
tendency for the phenomenon to be striking at sites with faster initial increases in the stomatal
resistance. However, we could not specify sites where the phenomenon was striking, Figure 4
shows changes in the distribution of integrated O; sorption during the exposure, and a
photograph (f) taken one day after gas exposure.The integrated O sorptions were 0.03 to 0,05 X
10 g-em * after 8 minutes of Oy exposure, 0.14 to 0.25 X 10 g-em™ after 30 minutes exposure
and 0.30t0 0.45 X 10 g-cm ™ after 60 minutes. Water-soaking began to appear after 50 minutes
of exposure, and became remarkable at the sites with a large integrated O sorption after 60
minutes. However, leaf wilting and fading of vegetal pigments did not appear during O;
exposure. The chlorotic and necrotic injuries in Fig. 4 (f) were observed one day later.
Irrespective of the small amount of integrated O: sorption in the vicinity of veins, the chlorotic
and necrotic injury at these sites was much more remarkable than that at other sites. From the
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Fig. | Changes in distribution of stomatal resistance to water vapor diffusion on a leafl
during exposure to ca. | volppm O, (a) to (e) show distribution patterns of the stomatal
resistance at given periods of exposure. (f) shows changes with time of maximum (— - —),
minimum (- - - - - ) and mean (——) stomatal resistance and O; concentration during the
exposure. Environmental conditions: air temperature, 25.0°C; humidity, 62%RH; short-
wave radiation, 2.37 X 107 calem™s™'; longwave radiation, 2.23 X 107 calem™s !
illunfination, 25klx; boundary layer resistance to heat transfer, 1.5 ssem™.

000 020 040 060 000 020 0.40 0860
Integrated O, sorption  x109g.cm™? Integrated O sorption  x10%gem?
(d) 46 min ' (e) 60 min (f) visible injury

Fig. 2 Changes in distribution of integrated O sorption during the exposure in Fig. | and
visible injury photographed one day later. (a) to (¢) show distribution patterns of the
integrated O; sorption at given periods of exposure. (f) shows the distribution pattern of the
visible injury.
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Fig. 3 Another case of changes in distribution of stomatal resistance to water vapor
diffusion on a leaf during exposure to ca. 1.2 volppm O;. (a) to (¢) show distribution
patterns of the stomatal resistance at given periods of exposure. (f) shows changes with time

of maximum (— - —), minimum (- - - - - ) and mean ( ) stomatal resistances and O,
concentration during the exposure. Environmental conditions were the same as those in
Fig. 1.
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Fig. 4 Changes in distribution of integrated O, sorption during the exposure in Fig. 3and
visible injury photographed one day later. (a) to (e) show distribution patterns of the
integrated O; sorption at given periods of exposure. (f) shows distribution pattern of the
visible injury.
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deta in Figs. 3 and 4, it was also shown that changes in the stomatal response at local sites were
not dependent on the integrated O; sorption at these sites,

Stomatal resistance is generally accepted as an indicator of the degree of stomatal opening
under usual growing conditions, except in cases of water-soaking and wilting (Meidner and
Mansfield 1968, Monteith 1973). Several investigators have evaluated a stomatal response to Oy
by using the stomatal resistance determined with a resistance porometer (Dugger and Ting 1970,
Heath 1975, 1980), while Evans and Ting pointed out that the stomatal resistance was
influenced by destruction of the palisade parenchyma and upper epidermis resulting from O;
exposure (Evans and Ting 1974). Another available method for evaluating stomatal response to
O; is a stomatal impression method (Lee 1965, Meidner and Mansfield 1968). However, these
methods are not effective for evaluating the stomatal response and the relationship between the
response and Oj sorption all over a leaf surface. In the present study, by using our image
instrumentation method, we showed that changes in stomatal response to O varied randomly at
different sites on a leal, and were not dependent on the integrated Oy sorption at these sites, This
result suggests that there are differences in the stomatal sensitivity to Os among local sites on a
leal similar to those observed in experiments with SO, or NO; exposure (Omasa er al. 1981b),

Several investigators have reported that resistance of plant leaves to O; was dependent on
stomatal conditions such as the number and opening of the stomata (Lee 1965, MacDowall
1965, Engle and Gabelman 1966). They have reported a positive correlation between the degree
of O; damage and the stomatal opening, but others have failed to confirm these conclusions
(Dugger et al. 1962, Menser e al. 1963, Ting and Dugger 1968). However, since Oy sorption
depends on not only stomatal conditions, but also leaf boundary conditions at local sites
(Monteith 1973, Omasa etal. 1979), the resistance or susceptibility of plant leaves to O, must be
evaluated by elucidating relationships between stomatal condition, O sorption and leaf damage
at local sites all over a leafl surface. In the present study, we took two cases with typical
symptoms of Os injury and examined the relationship between the integrated O; sorption and
the chlorotic and necrotic visible injury at sitesall overa leaf surface, and showed that the degree
of the visible injury was not correlated with the integrated sorption, irrespective of the patterns
in the symptoms. These results differ from those obtained in the preceding study on SO; or NO;
exposure, where there was a tendency for visible injury to occur at sites where the integrated SO;
or NO; sorption was over a threshold value (Omasa er al. 1981b). They also suggest that the
differences in the degree of the visible injury among local sites on a leaf are dependent on
defferences not only in factors related to Os sorption, but also in other physiological factors
among these sites,

We sincerely wish to thank Messrs. Naka Ito and Takeshi Yamada of the University of
Tsukuba for their assistance in these experiments, and the members of the Engineering Division
who maintained the equipment and cultivated the plants used in the experiments.

This study was published in Environment Control in Biology (Omasa ef al. 1981¢).
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Methods for automatic evaluation of degree of necrotic and chlorotic visible injury caused
by air pollution were examined using a multi-spectral image instrumentation system.

The spectral characteristics of the injured parts of 8O;-and NO;-injured leaves at bands of
0.45,0.55and 0.67 um differed from those of healthy parts. The gray levels of the injured parts
at those bands were clearly separated from those of the healthy parts, Therefore, we separated
a spectral image of an injured leaf into injured parts and healthy parts using a threshold gray
level value, and evaluated the degree of SO, or NO; visible injury of a leaf ‘from the
determining ratio of the injured area to the leaf area, The most effective wavelength for the
separation was 0.67 pm.

The spectral characteristics of the injured parts of Os-injured leaves at bands of 0,45, 0.55
and 0.67 ym also differed from those of the healthy parts. However, the above method was
not useful because the gray levels of injured parts at these bands were distributed over a wide
range. Therefore, we used a mean value of gray levels of the spectral image of an injured leaf as
an indicator for the evaluation. The mean value of gray levels related to content of total
chlorophylls, which were major components of plant pigments faded by air pollution. The
correlation was highest in the case of band ratio of 0.55 um/0.90 pm.

In polluted areas, air pollutants rarely exist alone; instead, the air environment consists of a
complex mixture of phytotoxic gases. We can evaluate the degree of visible injury by such
mixed pollutants using both methods mentioned above.

Key words: Image — Air pollution — Necrotic and chlorotic visible leaf injury — Automatic
evaluation

Necrotic and chlorotic visible leaf injuries are used as animportant index for evaluating the
effects of air pollutants on plants in polluted areas and laboratories because they are the most
conspicuous symptoms of the effects (Jacobson and Hill 1970, Japan Society of Air Pollution
1973, Mudd and Kozlowski 1975). Discrimination of the symptoms for the evaluation of the
visible injuries and quantification of the degree have been performed by visual observation
(Chester 1959, Jacobson and Hill 1970, Japan Society of Air Pollution 1973). However, these
methods are not objective because the results depend upon the persons performing the
discrimination and quantification, Therefore, methods of objective evaluation which can

automatically process many samples must be developed (Mortensen and Weisberg 1980, Omasa
et al. 1980, Omasa and Aiga 1984). We proposed a method using an image instrumentation
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system in the previous report (Omasa ef al. 1980). In the present paper, we examined more
minutely methods adapted to automatic evaluation of the degree of visible injuries.

Materials and methods

Plant materials

Sunflower plants (Helianthus annuus L. cv. Russian Mammoth) were grown in an
environment-controlled greenhouse (Aiga er al. 1982) at 25/20 °C day/night temperature and
70% RH under natural light for 4 to 6 weeks (1,500 to 2,500 cm” leaf area/plant and 15 to 25
leaves/plant) after sowing in pots. The pots were filled with a 4:2:4:1 (v/v) mixture of
vermiculite, perlite, peat moss and fine gravel which were moistened with nutrient solution. The
plants were irrigated daily.

Gas exposure

Test plants were exposed to 2 volppm SO,, 8 volppm NO; or | volppm Os for | hourinan
environment-controlled chamber (Aiga et al. 1982). Air temperature, humidity and illumination
in the chamber were maintained at 25°C, 60% RH and 30 klx. After the exposure, the plants
were returned to the greenhouse and grown for ca. | to 3 days. Thereafter, the fading of vegetal
pigments at the injured parts did not progress.

Image instrumentation and processing

After healthy and injured leaves were cut away, spectral reflection images of these leaves or
healthy and injured parts (20 X 20 mm?) of these leaves were immediately measured through
various interference filters (central wavelength um (half-band width pm); 0.45 (0.03), 0.55
(0.01),0.67(0.01),0.78 (0.01),0.90(0.01)) under constant lighting with a silicon vidicon camera,
The detected signals from the camera were converted into B-bit (256 gray levels) by a video A/ D
converter, transmitted to a computer through a video I/O interface and analyzed by the
computer (Omasa er al. 1983). The resolution of the obtained leaf image was ca. 0.8 mm.

Determination of chlorophyll

After spectral reflection images of healthy and injured parts of leaves were measured, these
parts were cut out, and then homogenized in 80% acetone, respectively. After centrifuging, the
absorption spectra of the supernatant solution were measured with spectrophotometer.
Chlorophyll content was determined using absorption coefficient of Mackinney (Mackinney
1941).

Results and discussion

Figure | shows photographs of typical acute SOz, NO;-and Os-injured leaves of sunflower
plants, these reach to the necrosis and chlorosis stage. It was observed that large areas of clearly
visible injury occurred on the SO;- or NOz-injured leaf, whereas numerous discrete, not clearly
visible injury occurred on the Os-injured leaf.

Figure 2 shows spectral characteristics with the average gray levels of healthy, SOz-injured
and NOs-injured parts. The spectral characteristics of the injured parts at bands of 0.45, 0.55
and 0.67 pum differed from those of the healthy parts. The gray levels of the injured partsat these
bands were clearly separated from those of the healthy parts. Therefore, we can separate a
spectral image of a injured leaf into injured parts and healthy parts using a threshold gray level
value, and can evaluate the degree of SO, or NO, visible injury of.a leaf from the determining
ratio of the injured area to the leaf area. Table | shows the mean value and standard error of gray
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levels of all SO;-and NO;-injured and healthy parts at each band of 0.45, 0.55 or 0.67 um. The
most effective wavelength for the separation is 0.67 um because the difference between the mean
values of the healthy parts and the injured parts is the greatest and the standard error of the
healthy parts is smallest, Figure 3 shows an example of evaluation of degree of visible injury in

Fig. | Photographs of typical acute SO;-. NOs- and Oy-injured leaves of sunflower plants.
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Fig. 2 Spectral characteristics with the average gray levels of healthy, SO;-injured and
NOs-injured parts of sunflower leaves

Table | Mean value and standard error of gray levels of all SO;- and NO;- injured and
healthy parts at each band of 0.45, 0.55 or 0.67 um in Fig. 2.

Wavelength Healthy part Injured part
Mean Standard Mean Standard
e value error value error
0.45 61.3 6.2 134.4 18.9
0.55 71.9 7.1 111.9 11.7
0.67 53.5 3.7 132.3 15.5
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Fig. 3 An evaluation of degree of visible injury in different leaf positions of a sunflower
plant exposed to SO,.

different leal positions of a sunflower plant exposed to SO:. A threshold value for the
separation, Gy was given by G, + 4G, =70, where G,, is the mean value of the gray levels of the
injured parts at the 0.67 um band (= 53.5) and G.. is the standard error (= 3.7). The degree of
visible injury was greater at lower leaf positions. This result suggests that the leaf resistance to
SO; is smaller in low positions than in high positions.

Figure 4 shows spectral characteristics with the average gray levels of healthy and Os-
injured parts. The spectral characteristics of the injured partsat bands of 0.45,0.55 and 0.67 um
differed from those of the healthy parts. However, the above method is not useful because the
gray levels of injured partsat these bands were distributed over a wide range. Therefore, we have
exmained an evaluation method using mean value of gray levels of the spectral image of an
injured leaf as an indicator. Table 2 shows the correlation coefficient and standard error which
indicate the relationship between total chlorophyll contents of healthy and O;-, SO;- and
NO;-injured parts, Cy; (pgrem ™) and the average g'ray levels of the spectral images, G,, or the -
band ratios of the images, B,. The correlation was highest in the case of band ratio 0f 0.55/0.90,
where the correlation coefficient was —0.95 and the regression line was given by Cj; =—69.6B,+
82.6 (ugrem®). The standard error in evaluating total chlorophyll content according to this
equation was 4.2 pgeem °. The visible injuries were caused by fading of plant pigments.
Chlorophylls are major components of the faded pigments. Therefore, we can evaluate the
degree of O, visible injury of a leaf by determining the ratio of the total chlorophyll content of
the exposed leaf to the average content of the healthy leaves. Figure 5 shows an example of
evaluation of degree of visible injury in different leaf positions of a sunflower plant exposed to
0;. The average content of the healthy leaves was 36.1 pgem™ and the standard error was 4.3
pgrem *. The degree of visible injury was greater at lower leaf positions similar to SO, exposure.

In polluted areas, air pollutants rarely exist alone; instead, the air environment consists of a
complex mixture of phytotoxic gases. We can evaluate the degree of visible injury by such mixed
pollutants using both methods mentioned above. It is a future problem to develop evaluation
methods including automatic discrimination of symptoms of visible injuries caused by air
pollution, sickness, insect and so on.
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We sincerely wish to thank Mr. Taketoshi Ino of the Ehime University for his assistance in
these experiments, and the members of the Engineering Division who maintained the
equipment and cultivated the plants used in the experiments.

This study was published in Technological and Methodological Advances in Measurement

(Omasa er al. 1983),
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Fig. 4 Spectral characteristics with the average gray levels of healthy and Oy-injured parts
of sunflower leaves. d

Table2 Correlation coclficient and standard error which indicate the relationship between
total chlorophyll contents of healthy and Os-, SO;- and NOz-injured parts and the average
gray levels of the spectral images or the band ratios of the images.

o e o Conmil S
0.45 pm —0.91 5.6 ugrem™
0.55 —0.89 6.1
0.67 —0.87 6.7
0,78 —0.09 —

0.90 0.03 -
0.45/0.90 —0.93 5.1
0.55/0.90 —0.95 4.2
0,67/0.90 —0.88 6.4
0.78/0.90 —10.20 -

0.45/0.78 —0.91 5.7
0.55/0.78 —0.91 5.8
0.67/0.78 —0.86 6.9
0.45/0.67 0.16 —
0.55/0.67 0.60 10,9
0.45/0.55 —0.78 8.5
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Image instrumentation of plants exposed to air pollutants
(5) Evaluation of early visible leaf injury by polarized spectral

reflection image
Kenji Omasa', Yasushi Hashimoto® and Ichiro Aiga'
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We developed a method for evaluating the visible leal injury using an image
instrumentation system for measuring and analyzing the polarized spectral reflection image.
Since this method corrected the error caused by the leal uneveness and the difference ol
distance from the light source at local sites on the leaf, we could exactly evaluate not only the
necrotic and chlorotic visible injury but also the early visible injury such as water-soaking and
wilting.

Key words: Image — Air pollution — Water-soaking — Wilting — Evaluation method
—Polarized spectral reflection,

Acute leaf injuries caused by air pollutants progress successively with water-soaking,
wilting and fading of pigments, and reach to the necrosis and chlorosis stage (Jacobson and Hill
1970, Mudd and Kozlowski 1975). Methods for objective evaluation ‘of the injuries in the
necrosis and chlorosis stage have been reported (Omasa er al. 1980, 1983, 1984), However,
methods for evaluating the early visible injuries such as water-soaking and wilting have not been
developed.

Light reflected from the object's surface is polarised. The characteristics of the polarised
light vary with properties of the object’s surface, Therefore, the polarized light from the leaf
surface involves many informations concerned with properties of leafl surface. Eguchi et al.
(1982) recently reported a method for evaluating acute leaf injury using reflectance of the
polarized reflection image. However, this method had large error in the evaluation because the
reflectance at local sites on the leaf, which was influenced by leaf unevenness and a distance from
the light source, was not corrected, In addition, the relationships between the leal surface
conditions and their reflectances were not shown.,

We, therefore, made the present study to develop an evaluation method, which was not
influenced by leal uneveness and a distance from the light source, using an image instrumenta-
tion system for measuring and analyzing the polarized spectral reflection image. We also
examined the relationships between the polarized spectral reflection image and the leaf surface
conditions,
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Materials and methods

Plant materials

Sunflower plant (Helianthus annuus L. cv. Russian Mammoth) was grown in an
environment-controlled greenhouse (Aiga er al.. 1982) at 25/20°C day/ night temperature and
70% RH under natural light for 5 weeks after sown in a pot. The pot was filled with a 4:2:4:1
(v/v) mixture of vermiculite, perlite, peat moss and fine gravel, which was moistened with
nutrient solution, The plant was irrigated daily. A mature leaf (ca. 150 cm” leaf area) of the intact
plant was used in the experiment.

Instrumentation and environment control systems

Figure | shows a diagram of our image instrumentation system for measuring and
analyzing the polarized spectral reflection image. An intact leaf was attached to a thin plastic
sheet (20 X 20 em?) cut out geometrically in a shape similar to that of the leaf (cut area; ca. 100
em?), and was horizontally placed on a fixing apparatus set in an environment-controlled
chamber (Aiga ef al., 1982). Air temperature and humidity in the chamber was maintained at
25°C and 65% R H. SO; concentration was kept at the desired value of ca. 2 volppm for | hour.
The metal halide lamps and a tungsten lamp through the heat absorbing glass filters were used as
a light source, and the illumination was ca. 40 kix. The tungsten lamp was set in an angle of 30
degrees to the leaf surface, and the polarized reflection image from the leaf surface was
measured witha TV camera (chalnicon) set in an angle of —30 degrees through a polarized light
filter and an interference filter (central wavelength 0.67 um and half-band width 0,01 gm). The
polarized light filter was adjusted to a slit angle where the polarized reflection from the
water-soaked leaf surface was the largest. The measured image was converted into 8-bit digital
signals by a video A/ D converter, transmitted to a computer through a video 1/ O interface and
analyzed by the computer (Omasa ef al., 1983).

Pusniizedrf light filter
and interference
Lamp L‘E:.‘,,bmg filter TV camem@ Monochromatic

‘nﬁjj 7 filter W controller TV moniter
L :
/‘“- TV cameral

~ Leaf - Video A/D Monochromatic
307 L\30” head | onverter TV moniter
_____ | 64 gray levels
Video 1/0 Color
interface TV moniter
l 16 colors
Video
Computer |- processor
— — 256" x 240"

Fig. | Diagram of image instrumentation system for measuringand analyzing the polarized
spectral reflection image.
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Image processing

Let Sbe a polarized reflection image, and S, be the gray level at pixel (7, j)in §. In order to
correct the influences of leal uneveness and the distance from the light source, the rate of
increase of the reflection, Py(r) caused by the air pollutant exposure is given by

PN = {Sn)— S% 3/ SN (h

where 8% is gray level at pixel (i, j) of a healthy leaf before the exposure and t is time after
starting the exposure.

When the injured area isdefined by Py(1)= P ratio of the injured area to the leaf area, K(1)
is expressed by
I: Ps(t) = Py,

K(r) = Znyn] A, ny(r) ={0: Pit) < Py =

where Py, is the threshold value and A is number of pixels in the leaf. Furthermore, the rate of
increase of the average reflection at the injured area, X(1) is given by

X(1) = {Zny()Py(O} Zny(r) (3)

Results and discussion

Figure 2 shows frequency distributions in P;(0) of an original image of a healthy leaf at 1=
0 minutes and Z;(0) of an image corrected by Eq. (1), where; 8% in Eq. (1) was given by Sy(r)atts
=—10minutes, i.c.,10 minutes before theexposurc;ﬁ,—,—(ﬁ) was defined by the following equation
in order to compare with P; (0) .

P, (0) = {S/(0) — 5 (0)}/ 5(0) )

where S(0) is the average gray level of Sy(0). The distribution in Py(0) was improved to 1/5 of
that in ‘}-’;,{0) because the error caused by the leaf uneveness and the difference of distance from
the light source at local sites on the leaf was corrected. A threshold value for dividing the injured
area from the healthy area, Py, was given by Py, = 20%, where K(0) determined from Fig. 2 was
within 1%,

1.0{
209 —_Eij(O) %0
- = ek ij -O -
§ ol (0)
o
o <
o 02| || ’
©00——350 00

150
Pij(0),Pij(0) (%)

Fig.2 Frequencydistributionsin ﬁy(ﬂ]ﬂfﬂn original image of a healthy leal and Py(pyofan
image corrected by Eq.(1).
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The changes in K(r)and X(r) of a leaf after the exposure toca. 2 volppm SO; are seenin Fig.
3: K(r) began to increase according to the appearance of the water-soaking at 50 minutes after
starting the exposure and reached to a constant value after overshooting at 70 minutes: X(r) kept
onincreasing after the injury began to appear. Figure 4 shows typical microphotograph in each
stage of the visible leafl injury. The leaf injury progressed successively with water-soaking (B),
wilting (C) and fading of pigments, and reached to necrosis and chlorosis stage (D). However,
there was the mixture of these stages, especially water-soaking and wilting, in the leaf. Figure 5
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~ o | \0-0-«0’0 /l". | 9?’
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0 Time after starting the exposure t(hr)

Fig. 3 Changes in K(1) and X(1) of a leaf after the exposure to ca, 2 volppm SOs. Typical
stage ol visible leal injury: A, healthy; B, water-soaking: C, wilting: D, necrosis and

chlorosis.

Fig. 4 Microphotograph in each stage (A, B, C, or D) shown in Fig. 3,
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Fig.5 Two-valued image of the leal divided into healthy and injured areas by P, =20% in
each stage (A, B, C, or D) shown in Fig. 3.

shows changes in the two-valued image of the leaf divided into healthy and injured areas by Py,
= 200. Although the slight water-soaking and wilting area recovered its health, the serious area
progressed with fading of pigments, and reached to the necrosis and chlorosis stage.

The above-mentioned results denotes that this method is effective for evaluating not only
the necrotic and chloratic visible injury but also the early visible injury such as water-soaking
and wilting.

We sincerely wish to thank Mr. Taketoshi Ino of the Ehime Univesity for his assistance in
these experiments, and the members of the Engineering Division who maintained the
equipment and cultivated the plants used in the experiments.
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In order to observe the stomatal response of intact plants to environmental changes
under growing conditions, we developed a remote-control image instrumentation system
with a light microscope. This system is composed of: (1) a light microscope with a wide
working distance (13 mm) at high magnification (ca. 1.600-fold magnification on a TV
monitor); (2) a movable microscope stage designed to permit the passage of conditioned air
along both sides of a fixed leal and for illuminating from above and below; (3) a high-
sensitivity SIT camera (S20 type spectral response) and a monochromatic TV monitor with
high resolution and small distortion, used to observe the microscope image ina separate room
(stomata can be observed with single reflected or transmitted light above ca. 0.1 mW/em’), (4)
remote controllers to adjust camera sensitivity, microscope focus and movement of the visual
field of the microscope image from the separated observation room. This system solved the
problems encountered with an ordinary light microscope in observing stomatal movement of
intact growing plants. This system also can be used to observe many intact stomata because of
its easy and rapid operation, Furthermore, the stomatal aperture and the ratio of
transpiration from the cuticle to that from the stomata can be accurately determined using
this system,

Key words: Observation of stomatal movements - Intact plants - Image instrumentation -
Light microscope - Remote control.

Stomatal movement is greatly influenced by the plant's environment (Meidner and
Mansficld 1968, Burrows and Milthorpe 1976, Raschke 1979, Pospisilova and Solarova 1980,
Jarvis and Mansficld 1981a). The stomatal conductance or resistance, measured using
porometers (Meidnerand Mansficld 1968, Meidner 1981)and a thermal image instrumentation
system (Omasa et al. 1981a,1983a) has been used to evaluate the stomatal response of intact
leaves to environmental changes of growing plants (Meidner and Mansficld 1968, Kaufmann
1976, West and Gaff 1976, Omasa et al. 1981b, ¢). However, direct observation of the stomatal
movement of growing intact plants has been very difficult (Mcidner and Mansfield 1968,
Meidner 1981). Although the scanning electron microscope (Turner and Heichel 1977, Shiraishi
ct al. 1978) and the light microscope in which a piece of leaf is immersed in water or liquid
paraffin (Monzi 1939, Stalfelt 1959, Meidner 1981) can provide a clear image at high
magnification, obscrvation of intact stomata under their growing conditions is impossible. An
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ordinary light microscope can provide a clear image of the large stomata of an intact plantat low
magnification with transmitted or reflected light. Heath (1959) obtained a clear image of a large
stoma below 400-fold magnification with transmitted light from a condenser and a dry objective
corrected for the lack of a cover glass. However, observation of the small stomata, which
requires high magnification, was very difficult (Heath 1959). Furthermore, observation withan
ordinary light microscope under a plant’s growing conditions poses some problems (Meidner
and Mansfield 1968). First, visual observation under weak light is very difficult. Second, the
environment of the lower side of the leaf can not be controlled because the leaf is directly held on
the microscope stage; the environment is also affected by human manipulation of the
microscope. And third, the working distance, that is, the distance between the leaf and the
objective during the observation is very narrow at high magnification, thus subjecting the leaf to
the danger of sticking to the objective during focusing and destroying the plant’s environment
between the leaf and the objective.

We, therefore, developed a remote-control image instrumentation system using a new light
microscope with a wide working distance at high magnification and an SI1T camera with high
sensitivity, and observed the stomatal response of intact plants to environmental changes under
their growing conditions using this system,

Materials and methods

Plant marerials

Sunflower (Helianthus annuus L. cv. Russian Mammoth) and tomato (Lycopersicon
esculentum Mill. cv. Fukuju No.2) plants were grown in an environment-controlled greenhouse
(Aigaetal. 1982)at 25/20°C day/ night temperature and 70% RH under natural light for S to 6
weeks after being sown in pots. Broad bean plants (Vicia faba L. cv. Otafuku) were grown at
20/15°C day/night temperature and 70% RH for 6 to 7 weeks. The pots were filled witha 4:2:4:1
(v/v) mixture of vermiculite, perlite, peat moss, and fine gravel, which was moistened with
nutrient solution. The plants were irrigated daily. After the test plants had been moved to an
environment-controlled chamber (Aiga et al. 1982) and acclimatized to the new conditions,
mature leaves of the intact plants were used in the experiments.

Remore-control image instrumentation system with a light microscope

Fig. | shows a diagram of our remote-control image instrumentation system with a light
microscope and Fig. 2 a photograph of the system. This system has a light microscope with a
wide working distance (ca. 13 mm) at high magnification (a 50x objective, 1.5x and 2x amplifiers
and a TV adapter lens; ca. 1,600-fold magnification on a TV monitor) (Bausch & Lomb,
MicroZoom), an SIT camera with high sensitivity of S20 type spectral response, image
resolution above 600 TV lines, distortion within 2% and shading within 20% (Hamamatsu TV,
Model C1000-12) as a detector of the microscope image, a monochromatic TV monitor with
image resolution of ca. 1,000 TV lines and distortion within 3%(Chuomusen, Model MD2002A)
and remote controllers for adjusting camera sensitivity, microscope focus, and movement of the
microscope stage.

Observation of stomatal movemenis of intact plants under their growing conditions

The microscope with the SIT camera head was set in the environment-controlled chamber.
Air temperature in the chamber was maintained at 20.0 + 0.1°C (broad bean plants) or 25.0 +
0.1°C (sunflower and tomato plants) and humidity was kept at 70 + 1% RH. Illumination
(irradiance) [rom fluorescent lamps was varied with SCR electric manipulators and that from
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Fig. | Diagram of the remote-control image instrumentation system with a light
microscope.

Fig. 2 Photograph of the image instrumentation system.

tungsten lamps with autotransformers through the heat-absorbing glass filters. lllumination
was measured with a photometer/radiometer (LI-COR, Model LI-185).

Fig. 3 shows a schematic cross-sectional view of the microscope stage for holding a leaf of
the intact plant. The leaf (C) was held on a ring (F, 30 mm in inner diameter, 10 mm wide and 10
mm high) fixed to a remote-control movable stage (G) by a holding ring (E, the same diameter
and width as F, 3 mm in height) in order to have the conditioned air pass under the surface of the
leaf. Furthermore, since the center of the movable stage was cut out ina circle 30 mm in diameter
and the distance between the movable stage and a plate (H) lixed on a base (K) was kept at 10
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mm, the same temperature and humidity were maintained on both sides of the leaf. The movable
stage and the plate were made of transparent acrylic resin in order to allow light from the
environment to enter. A shade cover (B) was not used except in the observation with the
transmitted light. Although the observation was usually carried out with light from the
environment, a halogen lamp (L) was sometimes used as a supplementary light for the
observation with the transmitted light.

The microscope image of the leaf held on the movable stage was observed on the TV
monitor in the separate observation room. Camera sensitivily, microscope focus, and the
movement of the visualficld of the microscope image were adjusted with the remote controllers
in the separate room. The knobs for focusing and moving the stage were driven by the stepping
motors. The stomatal image displayed on the TV monitor was photographed with black and

white film,
20mm
A B

Eﬁ

—
H
[t}

Fig.3 Schematic cross-sectional view of the microscope stage for holding an intact leaf. A,
objective; B, shade cover; C, leafl; D, stem; E, holding ring; F, ring fixed to remote-control
movable stage; G, remote-control movable stage; H, plate: 1, heat absorbing glass filter: J,
diffusing filter: K, base; L, halogen lamp; M, mirror.

Experiment |

The performance of this instrumentation system was examined. We observed the reflection
and transmission images of the stomata of intact sunflower plants under various types of
ilumination from above and below in order to examine the sensitivity of the system. We also
checked a test chart for the microscope (Toppan Printing, Toppan resolution test target) to
examine the resolution of the system.
Experiment 2

This system was then used for continuous observation of the stomatal response of intact
broad bean plant to illumination change under its growing conditions. Anintact leaf of the test
plant was held on the microscope stage and illuminated at 30 kIx (11.9 mW - cm ?). After the leaf
had been sufficiently acclimatized to the new conditions, the illumination was changed from 30
to 2 kIx (0.5 mW - em ) and then from 2 to 20 kix (7.7 mW - em™). The microscope image was
observed with the reflected light.
Experiment 3

The relationships between stomatal apertures of sunflower, broad bean, and tomato plants
and their stomatal conductances were examined. An intact leaf of the test plant was held on the
microscope stage under constant illumination. After the leaf had been sufficiently acclimatized
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to the new conditions, ca, 35 stomata inanareaca. |5 mmin diameter of the leafl were randomly
observed with the reflected light, and then the stomatal conductance of the area was quickly
measured with a porometer (LI-COR, Model LI1-1600). This procedure was repeated for the
same area after the illumination was changed.

Results and discussion

The system was first evaluated and Fig. 4 shows microphotographs of an intact stoma
observed with reflected and transmitted light using this system. The stomatal image was clear at
high magnification (ca. 1,600-fold magnification on the TV monitor). The stoma was observed
with reflected light and then rapidly observed with transmitted light, and the stomatal aperture
was found to be the same for both. Although this system could provide stomatal images with a
mixture of reflected and transmitted lights, the clearest image was obtained with the single
reflected or transmitted light. The stomata could be observed with single reflected or
transmitted light above ca, 0.1 mW+ ¢cm ? [environmentillumination ;ca. 2kix (0.5 mW:cm ?)

_ with reflected light ca. 0.5 k1x (0.5 mW - cm™) with transmitted light]. If the observation with the
single light of 0.1 mW - ¢m™ is done by naked eye through the eyepicce instead of the SIT
camera, the eye must be sufficiently acclimatized in a dark room. Judging from the
microphotograph (Fig. 5) of the test chart measured using this system, we could tell that the
resolution of the microscope image was within | pm.

(b)

Fig. 4 Microphotographs of an intact stoma observed with reflected or transmitted light
using the image instrumentation system. (a) reflection image; (b) transmission image.

20 pm

Fig. 5 Microphotograph of test chart measured using the image instrumentation system.
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When this system was used lor continuous observation of the stomatal movement of
growing intact plant, we obtained microphotographs like those in Fig. 6 which show the
response of an intact stoma of the adaxial epidermis of broad bean plant to illumination change.
The illumination was changed from 30 to 2 klx at 0 min (a)and from 2 to 20 kix at 20 min (). The
movement of the central pore of the stoma could be continuously observed. Fig. 7 shows
changes in the width (1.) and degree of aperture (k;) of the stomatal pore shown in Fig. 6; |,
began to decrease within 5 min (b) after lowering the illumination (30 to 2 kix) and became 0 um
after ca, 15 min (d). It began to increase again within 15 min after raising the illumination (2 to
20 klx), and after 180 min (i), had recovered to ca. 75% of the value before the illumination
change. The degree of the stomatal aperture (k) was expressed by the ratio L/ lsmax, Where Iumax
was the length (13) of the stomatal pore of an opened stoma, that is, the maximum value of I,
(lomax= 28.3 um).

(a) 0 min

(9) 80 min (h) 120 min (i) 200 min

—_—
20pm

Fig. 6 Microphotographs of responses of an intact stoma of an adaxial epidermis of a
broad bean plant to illumination change. The time after the first illumination change is
shown under the photographs. The illumination was changed from 30 to 2 klx at 0 min (a)
and from 2 to 20 klx at 20 min (e).
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Fig.7 Changes of the aperture of the stoma shown in Fig. 6. O, width of stomatal pore (1,,):
®, degree of stomatal aperture expressed by 13/ hmax (ki), where [y, = 28.3 pm.

This system was used to analyze the relationship between the stomatal aperture and the
stomatal conductance, Fig. 8 shows the relaionships between 1,'s of the stomata of the adaxial
orabaxial epidermis of the various intact plants and their stomatal conductances (g,), There was
a positive correlation between 1, and g, measured in the same area of the leaf, However, the
regression curves varied with the kind of plant and epidermis, The maximum valuesof I, and g,
also varied. Since all regression curves were concentrated near the origin of the coordinate axes,
the transpiration from the cuticle of these plants was negligible in comparison with that from the
stomata. Table | shows the density of the stomata (n,) and the mean value of lyga [E(1pmas)] in
the same areas as Fig. 8. From Fig. 8 and Table I, we could see that g, was dependent not only
upon I, but also upon n,. The maximum values of g, of the sunflower plants with large n, and
E(lynay) were larger than those of the broad beanand tomato plants with small n, or E(ly,.). Fig.
9 shows the relationships between the degree of stomatal aperture (ki) and g. obtained fromFig.8
and Table 1. From the ratio E(1,) / E(lpua). where E(1,) was the mean value of 1, kj could be
calculated and was found to decrease at a given value of g, in the order of: tomato adaxial
epidermis > broad bean adaxial epidermis > broad bean abaxial epidermis > tomato abaxial
epidermis > sunflower adaxial epidermis > sunflower abaxial epidermis.

To overcome the difficulty of directly observing the stomatal movement of intact plants
under their growing conditions, we developed a new remote-control image instrumentation
system with a light microscope and used it for continuous observation of the stomatal response
to environmental changes and for analysis of the relationship between stomatal aperture and
conductance. This system is composed of (1) a light microscope with a wide working distance
(13 mm) at high magnification (ca. 1,600-fold magnification on a TV monitor); (2)a movable
microscope stage designed to permit the passage of conditioned air along both sides of a fixed
leaf and for illuminating from above and below; (3) an SIT camera with high sensitivity (820
type spectral response) and a monochromatic TV monitor with high resolution and small
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Fig.8 Relationships between |,'s of the stomata of adaxial or abaxial epidermis of various
intact plants and their stomatal conductances (g.). Symbols represent mean values of the 1,
and vertical bars indicate £ standard error, O, broad bean adaxial epidermis; ®, broad bean
abaxial epidermis: A, sunflower adaxial epidermis; A. sunflower abaxial epidermis; O,
tomato adaxial epidermis; B, tomato abaxial epidermis.

Table I Density of stomata (n.) and mean value of | ypax[E(] gy ) ] in the same areas as Fig. 8

Plant Kinds of Density of Mean value of
species epidermis stomala 1 bmax
(ny) (E(l b))
|:|ia:l::r:s!mrl::’I pm

Sunflower adax 86.6 30.1
abax 76.8 359

Broad bean adax 17.7 3
abax 34.7 319

Tomato adax 248 1.6
abax 77.8 14,5

distortion, to allow observation of the microscope image in a separate room (the stomata can be
observed with single reflected or transmitted light above ca. 0.1 mW/em?), and (4) remote
controllers for adjusting camera sensitivity, microscope focus, and visual ficld movement of the
microscope image. Thus, we were able to solve the problems of the ordinary light microscope in
observing the stomatal movement of intact plants under growing conditions, This system is also
effective for observing many intact stomata because of its easy and rapid operation.
Furthermore, the stomatal aperture and the ratio of the transpiration from the cuticle to that
from the stomata can be accurately determined with this system,
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Fig.9 Relationships between the degree of the stomatal aperture (k) and g, obtained from
Fig. 8 and Table 1. Symbols are the same as those in Fig. 8.

We wish to thank the members of the Engincering Division, The National Institute for
Environmental Studies, who maintained the equipment and cultivated the plants used in these
experiments.

This study was published in Plant & Cell Physiology (Omasa et al. 1983b)

Appendix

l,, width of a stomatal pore; Iy, length of a stomatal pore;lvmas, [ v in the case of an opened stoma,
i.e., maximum value of l; g, stomatal conductance; n,, density of the stomata; E(1,), mean
value of 1y E(lpmay), mean value of Iy ki, degree of the stomatal aperture expressed by |, /
Tomax ©F E(1L) [ E(lpua)s working distance, distance between the leal and the microscope
objective during observation; RH, relative humidity; SIT, silicon intensifier target.
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The effective characteristics of spectral reflectivity for estimating chlorophyll content of
leaves were investigated experimentally in eight species. Using regression equation between
chlorophyll content and reflectivity ratio rfNI’/rG’. where rNI"and rG* are the spectral
reflectivity at 800nm and 550nm, respectively, the chlorophyll content of the leaves was
estimated in May to December. The obtained value showed the standard error of about
Sugrem™ which is about 109 of the mean chlorophyll content of all leaves (sample size: 147)
examined, irrespective of plant species and seasons.

Keywords: Chlorophyll content of a leaf. spectral reflectivity, deciduous trees, evergreen
trees, sweet potato

The content of chlorophyllin leaves which isa principal photosynthetic pigment, may be an
important index of physiological activity of leaves. It is known that chlorophyll content of
leaves decreases to the demage of air and/ or soil pollutions (Knudson et al, 1977, Sakaki and
Kondo 1981). It is very usefull and convenient as a remote sensing technique if such decreases
can be evaluated without destroying leaf samples.

The authors (Aoki et al. 1980) have reported that the chlorophyll content of leaves in
camphor tree, oleander and Japanese viburnum can be detected by the use of reflectivity ratios,
such as rN1’/rG’and rNI’/rR’ where rNI’,rR"and rG’ are the spectral reflectivity at 800nm.
630nm and 550nm, respectively. They also showed that the estimation error was about 10% of
the chlorophyll content of healthy leaves and that the erroris induced mainly by the thickness of
leaves, and that the variation of leaf water content makes little error if the shortage of leaf water
content is not so severe.

The aim of the present paper is to clarify the most effective characteristics of spectral
reflectivity for estimating the chlorophyll content of leaves of various plant species in different
seasons.
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Materials and Methods

Species of plants tested were selected from three categories, that is the evergreen tree, the
deciduous tree and the herbaceous plants. As the evergreen trees, camphor tree ( Cinnamonium
camphora Sicb.)Japanese viburnum( ¥Viburnum awabuki K. Koch). (oleander Nerium indicum
Mill). Japanese holly oak (Quercus phillyraeoides A. Gray) and Japanese privet (Ligustrum
japonicum Thunb.) were selected. As the deciduous trees, poplar ( Populus nigra L.), plane tree
(Platanus orientalis L.)and Japanese zelkova (Zelkova serrata Makino) were chosen, and sweet
potato (Ipomea batatas Lam) was chosen as the herbaceous plant. The spectral reflectivity of
the leaves was measured at the wavelengths of 450nm, 550nm, 600nm, 630nm, 680nm and 800
nm using Cary 17DX Spectralphotometer (Varian Co. L.td.), The procedure of the measure-
ments was the same as reported before (3). The obtained spectral reflectivities in % were
expressed as rB’, rG’, rY’, rR’, rFR’ and NI, respectively. Total 42 kinds of reflection
characteristics which include the above mentioned six kinds of spectral reflectivities, the
reciprocals of them and the ratios between both reflectivities in all combinations among them
were thosen as an independent variable,

The measurements were repeated in late May, early July, late August and late December
1981 to investigate the seasonal changes in the reflectivity. The sample size of measurements in
each monthis shown in Table 1. Additional measurements were made for 25 leaves in camphor
tree, 25 leaves in Japanese viburnum and 20 leaves in oleander in July, and 30 leaves in Japanese
viburnum in August.

Table | Sample sizes of measurements in each month,

sample sizes ol measurement

plant species

May July Aug. Dec. (sum)

camphor tree - 5 5 3 19
Japanese viburnum 4 5 5 -] 19
oleander 4 5 5 -] 19
Japanese holly oak 5 5 5 5 20
Japanese privet - - - 5 5
poplar 5 5 5 5 20
plane tree 5 5 5 - 15
Japanese zelkova 5 5 ] - 15
sweel polato - 5 5 5 15

(sum) 32 40 40 35 147

Results

Fig. | shows the relationship between reflectivity ratios of rNI‘/rG’ and rNI’/rR’ and
chlorophyll content of leaves. For Japanese viburnum in August, reflection characteristics such
as INI'/rG’, eNI'/rY’, fNI'/rR’, rB'/rG’, rB’/rY’, 1B’/rR’, rG’ and 1/rG’ showed very high
correlation with chlorophyll content with correlation coefficient (r) of above 0.8, although the
other 34 reflection characteristics showed poor correlation.

The relation between reflectivity ratio rNT’/ rGand chlorophyll content showed the highest
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correlation (r=0.98) for seven species of plant (sample size, #=35) in December (Fig. 2). There
was a little difference in the relation among species. Table 2 shows the list of correlation
coefficient between several kinds of reflection characteristics and chlorophyll content for
camphor tree, oleander and Japanese viburnum in July using 20-25 leaves in each leaves in each
species, The numerals in Table 2 show that the reflectivity ratios rNI’/rB” and rNI’/rFR’
correlated poorly (r=0.01-0.07) with chlorophyll content, while other reflection characteristics
showed high correlation (r>>0.8). The correlation coeflicient for rNI’/rG’ obtained by 40
samples in 8 species (r=0.95) showed similar value to that obtained in each species of camphor
tree (r=0.98), oleander (+=0.94) and Japanese viburnum (5=0.95).

100 -~ Japanese viburnum
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Fig. | Relation between reflectivity ratios (rNI'/ rG”and eNI'/ rR") and chlorophyli content
of leaves in Japanese viburnum in August 1981 rNI*, rR"and rG’ are the spectral reflectivity
at 800nm, 630nm and 550nm. respectively. n is the sample size, and r is the correlation
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Fig. 2 Relation between reflectivity ratio rNI’/ rG” and chlorophyll content of leaves in 7
species examined in December 1981, Symbols in the ligure show the species as follows: O:
oleander A: camphor tree X: Japanese viburnum -+ Japanese holly oak ®: Japanese privet

A: poplar O sweet potato
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Table 2 Correlation coefficients for the relation between characteristics of spectral
reflectivity and chlorophyll content of leaves in camphor tree. oleander and Japanese
viburnum and 8 species in July. Species are shown in Table 1. n is the sample size. and ris
the correlation coefficient. Correlation coefficients tested in 9 species (n=147,see Table 1)

examined in May. July, Augustand December 1981 are also shown. NI, rFR" rR”, r Y’ rG’
and rB’ are the spectral reflectivity at 800nm. 680nm. 630nm. 600nm. 550nm and 450nm,
respectively.

reflectivity camphor olcander Japanese 8 species® 9 species**
ratio tree viburnum
n=25 n=120 n=25 n =40 n= 147

NI/ rB 0.68 0.13 0.23 0,36 0.44
NI G 0.98 0.94 0.95 095 0.95
NI Y 0.95 0.89 .89 0.87 0.89
(NI R 0.92 0.83 0.84 0.80 0.83
NI rFR! 0.70 0.18 0.30 0.42 0.5]
B rG 0.94 0.95 0.97 0.80 0.76
B Y’ 0.93 0.93 0,93 0.84 0.77
B/ rR* 0.90 0.90 0.90 0.82 0.71
G’ 094 —0.92 —0.91 —0.84 ~0.83
1/rG* 0.96 0.94 0.94 0.91 0.90

‘tamphor tree, Japanese viburnum, oleander, Japanese holly oak, poplar, plane tree, Japanese zelkova.
sweet potato (see Table 1),
**The eight species above mentioned and Japanese privet were mesured (see Table 1),

100 ¥=14.3+X -16.9
" gr=0.95 n=147

g Cii2

8

Chlorophyll content,

0 5 10
TNL' /TG’

Fig. 3 Scasonal changes in the relationship between reflectivity ratio rNI'/rG’ and
chlorophyll content of leaves tested in 7-8 species. Species tested are shown in Table |. The
regression line obtained for all samples(n=147)tested in 9 species and different months is
also shown in the figure, where ¥ and X are the chlorophyll content in pgrem’ and
rNI'/rG’, respectively. The correlation coeflicient (r) was 0.95 and the standard estimation
error (se) was 5.0 ygrem ™,
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Fig. 3 shows the seasonal changes of regression line between rNI'/rG’ and chlorophyll
contentexamined in 7-8 species (4-5 leaves in each species; n=32-40; see Table 1), The regression
lines in August and December when the leaves matured, showed slightly larger slope than those
in May and July when the leaves were still younger or unmatured. However, the calculated
correlation coefficient of rNI’/rG” examined for 147 samples including data obtained by 9
species in different months was 0.95, which was the largest among all the reflection
characteristics tested (see Table 2). Therefore, the reflectivity ratio rNI’/ rG’ seems to be the most
usefull reflection characteristics for evaluating chlorophyll content of leaves in any plant species
tested. Following correlation equation between chlorophyll content (¥, ugrem ) and rN1°/ rG*
(X) is applicable:

Y=143X— 169 (n
r=10.95
n= 147

se =50 pgrem”

The standard estimation error (se) was 5.0 pgrem ° chlorophyll, and the error was equivalent to
about 10% of the mean chlorophyll content of all leaves examined.

Discussion

The structures of transverse section of lamina are quite different among plant species
tested. However, the chlorophyll content of leaves in different species could be evaluated
accurately by the same correlation equation (1), irrespective of maturity of leaves. This finding
suggests that the evaluation of chlorophyll content of forest canopies composed of several plant
species can be performed with high reliability by a remote sensing technique using infrared color
photography, multi-spectral scanner.

The above mentioned results are applicable to a single leaf. [t is more important to develop
the remote sensing technique for evaluating chlorophyll content of plant canopies of herbes and
trees in larger area under field condition. The farther examination should be performed in this
respect,
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Phytotrons in the National Institute for Environmental Studies
Ichiro Aiga', Kenji Omasa' and Shigeru Matsumoto'

' Division of Engincering, the National Institute for Environmental Studies, Yatabe-
machi, Ibaraki 305, Japan.

Phytotrons in the National Institute for Environmental Studies (NIES) were intro-
duced. The feature of these facilities was described from the standpoint of engineering.
Furthermore, an experiment for analyzing the sorption of air pollutants by plant community
was shown.

Key words: Phytotron — Controlled Greenhouse — Growth Cabinet — Environment
Simulator — Plant Community — Environmental Study

The first-period Phytotron (Phytotron I) in the National Institute for Environmental
Studies (NIES) was built in December, 1975, and the second-period Phytotron (Phytotron I1)
was completed in August, 1981 in order to obtain basic data for planning the environmental
policy.These facilities belong to the great and new Phytotron in the world. The Phytotron | has
controlled greenhouses and growth cabinets for the air pollutant exposure, and the Phytotron Il
includes simulators to analyze the plant-environment system. Qutlines of these facilities and
their technical features are described in this paper.

Qutlines of facilities

Overall views of the Phytotron I and Il are shown in Photo 1. Fig. | is room layouts in the
Phytotrons. The Phytotron 1 is a building consisting of three floors above the ground and a
penthouse (total arca 3340 m?), In the southern area of each floor, the following facilities are
arranged three-dimensionally; six controlled greenhouses (growth room 40 m?) for the study of
correlations between environmental factors such as temperature and humidity and plant
reactions under the natural light, and four growth cabinets (4 m’, double chamber system) for
studying the effect of air pollutants on plants under the natural light. Nine growth cabinets of
the artificial-light type (4 m®) are also included for studying the influence of air pollutants on
plants.

On the other hand, the Phytotoron Il is a building consisting of three floors above the
ground, one floor under the ground, and a penthouse (total area 2090 m?). This Phytotron is
provided with two simulators (growth room 6 m?) for reproducing plant community's
environments (light, air, and soil), in order to examinc the effect of the environmental
deterioration on plants, the transfer phenomenon of the plant-environment system, and the
improvement capacity of environment by plants; also, there are three growth cabinets (11 m?)
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(a) Phytotron I, (b) Phytotron I1.

Photo | Overall views of the NIES Phytotron.
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' F 2 F J F
IF 2F 3F
101 managing room 201-203; growth cabinet 301; machinary room
102: office room 302-303; growth cabinet
103; control room 204: machinary room room (natural-light type)
104; seminar room 205; laboratory 304; machinary room
105: preparation room for 206, dark room 305-306; air conditioned
plant materials 207; laboratory corridor
106; storage 208; cold room SC1-2; growth cabinet
107; transformer room 209; dark laboratory (natural-light type)
108: central machinary 210; seminar room SG1i-2; growth cabinet for
room 211; machinary room air pollutant exposure
109-111: growth room of 212-214; growth room of (natural-light type)
controlled greenhouse controlled greenhouse
112; air conditioned 215; air conditioned
corridor corridor

HCI-3; growth cabinet (artificial-light type)
HG1-6: growth cabinet for (artificial-light type)
air pollutant exposure

(a) Phytotron I,
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aon oot | gy

B/ F tF 2 F 3 F
BIF :
BO1; central machinary 2F 3F
room 201; seminar room 301: laboratory
B02: transformer room 202 laboratory 302; instrumentation room
B0O3-04: utility 203; sterile room 303: chamber room
IF 204-205; dark laboratory 304: front area of growth
: 206 cold room cabinet
101; managing room 207: storage 305-306: machinary room
102: control room 307; storage
103 storage KGIl-3: growth cabinet

104; preparation room for
plant materials

105: simulator room

106: simulator control
room

S1-2; simulator for
analyzing the plant-
environment system

(b) Phytotron I1.

Fig. | Room layouts in the NIES Phytotron.

for performing various growth and physiological experiments under the artificial light.

Inaddition, as relative facilities, an energy center supplies heating and cooling sources such
as steam and cold water, and a storehouse provides gases used for the experiment. Furthermore,
there are equipments for supplying brine as a cooling source in each Phytotron.

Supply of energy and gas

Energy center

The sources of heating and cooling except brine are supplied from the energy center to
various facilities in the N1ES. The total amount of the sources supplied [rom the energy center
areestimated at 1.27 X 10" kcal/h for the heating source and at 8.35 X 10° kcal/ h for the cooling
source. These sources must be supplied stably without interruption throughout the year to the
facilities for biological experiments and intermittently to the facilities for physical experiments.

Fig. 2shows a system diagram of the steam supply system in the energy center. The steam to
the facility is supplied by three flue boilers that uses kerosene as fuel. The water consumption is
reduced by using the recovery drain for the boiler water. The load reduction on the softner is
also performed by reprocessing the waste water from the facility. The number of operated
boilers is determined according to the load fluctuation and the steam pressure supplied to the
facility is maintained 5 kg/cem’, The steam is used in the facility after the heat exchange or the
pressure reduction.
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B: boiler (5,388,000 kecal/ hx3) OP: feed oil pump
BC: boiler controller OSP:;  oil transfer pump
CB: continuous blow down controller OST: fuel oil service tank
CF; continuous chemical feeder oT: fuel oil storage tank
CP;”  control panel P: feed pump
DF: drain filter P/1; pressure transducer
DT:  drain tank PS; water pressure switch
LC: level controller SF: softner
LIs level indicator SH: steam header

MV: motor valve

Fig. 2 Steam supply system in the energy center,

Fig. 3 shows a system diagram of the cold water supply system in the energy center, Three
turbo-refrigerators and an absorption refrigerator are equipped to supply the cold water to the
facility. In order to respond to the load fluctuation a closed circulation system is introduced and
the number of operated refrigerators is determined according to the load. Since the recycled
water is used for cooling these refrigerators in a similar manner as the boiler water, the control of
pH and electroconductivity becomes easy. The temperature of cold water supplied to the facility
is 7°C.

Energy supply system in Phytotron

The energy supply sytem in Phytotron's central machinary room converts the steam and
the cold water supplied from the energy center according to the purpose of the application and
supplies to the controlled greenhouse, the growth cabinet, and the simulator for analyzing the
plant-environment system. The system also provides brine as a cooling source for these
equipments.
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Fig. 3 Cold water supply system in the energy center,

Fig. 4 shows a system diagram of the energy supply system in Phytotron Il. The stcam
supplied from the energy center is converted into hot water by a heat exchanger and is provided
to the simulator and the growth cabinet as a heating source. The steam for humidification is
generated by a steam converter using the treated water, which does not contain any harmful
substance to plants, and then is supplied to the simulator at a pressure of 2 kg/em?, It is also
supplied to the growth cabinet after the pressure is reduced to 0.5 kg/cm®. Asa cooling source,
besides the cold water from the energy center, the brine is provided for the simulator and the
growth cabinet, which have a wide temperature and humidily control range, by three
refrigerators, In the brine supply system, a brine tank is used to absorb the load variation in the
day and the experiment as a accumulator, and the number of operated refrigerators is
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determined according to the brine temperature in the tank. High control accuracy, which was
required for air temperature and humidity in the simulator and the growth cabinet, was
incorporated in the design of the control system of heating and cooling sources. As a result, hot
water can be supplied at +0.1°C, brine at & 0.1°C, and steam at +0.1 kg/cm?,

P1

HE |C7l ICTl |CTI
i3 HE hot water (50°C)
i £ hot or cold water
cold water (7°C = cold water (7°C
steam (& I=t.','/l:m?i steam {2 kg/cm?
sc steam (0.5 kg/em?)
brine (1°C)
P4
treated water '—--—v:l_——r——|
ps LOT RT
to energy center
BT: brine tank P4; feed pump
CT: cooling tower P5; drain pump
DT:  drain tank R: pressure reducing valve
HE: heat exchanger RB; reciprocal refrigerator
(369,000 kcal/h x 2) (244.000 keal/h x 3)
Pl hot water pump RT; water tank
P2 cooling water pump SC: steam converter
P3; brine pump (683 kg/h)

Fig. 4 Energy supply system in Pnytotron 11,

Gas supply system

A pas storehouse is provided in order to stably supply large amount of gas used in the
facility for biological experiements. Fig. 5 shows a system diagram of the gas supply system in
the gas storehouse, The gas used for the plant experiment should be carefully controlled in order
to inerease the reliability of the experiment. We use gases loaded in various storing containers
for 8O;, NOy, NO, or HC (C,Hy, CyHy). These gases have high traceability in concentration and
quality. As the storing container, a cylinder (47 /), a set of eylinders (47 / % 10) and a container
(175/) are selected according to the amount of the use and the storage conditions, Two series of
containers are always connected to each supply line to support longterm and continuous
experiments; the switchover is automatically performed according to the reduction of the
pressure in the supply line. In addition, NO; can be supplied by diluting liquefied NO; with N,.
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Gas supply system.

NIES phytatron

On the other hand, Oy, which cannot be supplied from the container is made from O, by a
O generator that utilize silent discharge. Fig. 6 shows a system diagram of the Oy generator, The
principal causes of fluctuation in concentration of O generated by silent discharge are the
change in flow of the supplied Os, the change in pressure within the discharge tube, and the
change in discharge voltage. Therefore, in this equipment, the O; flow rate is regulated by
mass-flow controllers, the pressure within the discharge tube by a pressure control valve, and
the discharge voltage by a stabilizer for power supply. By these counterplans, a stable supply of
constant concentration Oy is possible. The concentration of O, from the generator can be
selected by combining discharge tubes with different capacities and adjusting the primary

voltage of each discharge tube,

The other manipulation gas, CO; is produced from liquefied CO; by a vaporizer.
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cooling

water

O; gas supply O3

purge Oy

BT: bulfer tank PG; pressure gauge
DT, discharge tube PR; pressure reducing valve
MFC: mass Now controller SV solenoid valve
PC: pressure control valve TS thermal limit switch

Fig. 6 System diagram ol Oy generator,

Operation system

The Phytotron' is continuously operated day and night and some experiments are
continued for several months. Therefore, we should have some attentions to the design. the
maintenance, and the operation.

The ultra high-voltage substation receives electricity from two lines to guard against
accidents such as the falling of a thunderbolt. Furthermore, an independent electric power plant
secures all powers for the facility and one third of the lighting for one’s living during the failure
of commercial power supply. Also, by closely managing the operation corresponding to
fluctuation in the load of boilers and refrigerators, spare machines may be kept a stand-by
condition. For equipment that may frequently fail such as the pump system, two parallel series
are provided.

The operation is divided into three parts; daily monitoring, checking, and repair, The
monitoring function is concentrated into a central contorl panel, where there are emergency
alarms (buzzers and lamps) for the power system and each control system. When an emergency
occurs, the failure point can be located by tracing the alarm. Also, the steam pressure, the cold
water temperature, the brine temperature, the gas leakage, the gas pressure, etc. are being
monitored at many locations.

The check of the equipment is performed on an hourly, daily, weekly, monthly,
semiannually, or annually basis depending on piece of the equipment. Furthermore, an
overhaul isannually performed to maintain the normal operation of the equipment. The trouble
is repaired on occasion, The adjustment of equipments and the correction of each sensors are
performed from time to time.

Controlled greenhouse

Overall view of the controlled greenhouse in Phytotron | was shown in Photo I. In the
natural-light type facility, the light intensity should come near that in the natural world.
Therefore, every growth room of the controlled greenhouse fronts on the south to effectively
catch the sunlight. The room area is designed to be 40 m’, which is relatively large for this type of
greenhouse, in order to reduce the ratio of a area, where the light transmission decreases due to

140



NIES phytotron

the side glass, to the entire room area, Furthermore, to improve the spatial distribution of air
temperature and humidity, the entrance side wall is glazed, and the air-conditioned corridor is
installed. In addition, the influence of heat transfer is reduced by the pair glass.

Table 1 is a list of the basic performance of the controlled greenhouse. Photo 2 shows a
general view of the growth room, and Fig. 7 shows a sectional view, The air from the growth
room passes the air return duct and is mixed with fresh air in the mixing box. Furthermore, the
air, after the dust is removed by the filter, is regulated to the desired value of temperature and
humidity by air conditioners such as the heat exchanger and the humidifier, and then is blown
out from the floor to the growth room through the sending duct and the buffer chamber by the
blower, The floor with porous plates and the buffer chamber permitted to uniformly blow out
the air from the whole floor surface. Also, the structural design of the room such as the gradient
of the ceiling glass, the location of the air return port, etc. considers spatial distributions of wind
velocity, temperature and humidity in the room and the heat transfer from glass surfaces. In
addition, the roof is equipped with sprinklers in order to reduce the thermal load caused by solar
radiation in summer,

Fig. 8 shows a system diagram of the temperature and humidity control system for the
greenhouse. The PID controller is used to regulated the opening of the modutrol motor with the
proportioning relay for the heat exchanger and the humidifier. The temperature and humidity
conditions in the growth room can be optionally selected according to the object of the
experiment. Fig. 9 shows an exmaple of the program control of temperature and humidity.
Temperature and humidity can be regulated to accuracy within £ 1°C and £ 3%RH under
transient conditions,

Table | Characteristics of the controlled greenhouse.

characteristics

temperature range day 15-35°C
night 10-30°C
deviation +1°C (max)
distribution - o & tmax)l
humidity range 50-T0%RH
deviation +3%RH (max)
distribution +69%RH (max)
wind mean velocity 0.5m/s
distribution +0.35 m/s (max)
ventilation 500 m'/h

Photo 2 General view in the growth room of the controlled greenhouse.
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Ii air return port 10:  steam jet unit

2; air return duct 1 blower

3 [fresh airinlet 12;  air sending chamber

4;  bulfer chamber for return air 13:  air sending duct

5: mixing box 14;  blowoul position

6; ﬁltcr. . 15:  buffer chamber

7. cooling coil 16: floor with porous plates
8: dchumidifying coil 17:  ladder

9. heating coil 18: growth room

Fig. 7 Sectional view of the controlled greenhouse,
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(a) diagram of the air Mlow. (b) diagram of the signal.

B: blower P; psychrometer

C/C:  cooling coil HPS: program set station for humidity
D/C dehumidifying coil MM:  modutrol motor

FR: growth room PC; P1D controller

H: steam jel unit PR: proportioning relay

H/C:  heating coil TPS:  program set station for temperature
i resistance thermometer

Fig. 8 System diagram of the temperature and humidity control system for the greenhouse.
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Fig. 9 Ancexample of the program contorl ol temperature and humidity in the greenhouse.

Growth cabinet for air pollutant exposure

As mentioned above, various growth cabinets of artificial-light type and natural-light type
areincluded in Phytotron 1 and I1. Here the growth cabinet for exposure to mixed air pollutants
in Phytotron | is introduced.

Photo 3 shows a general view of the gas exposure cabinet. Table 2 is a list of the basic
performance of the cabinet, The feature of this cabinet is that it can keep the gas concentration
Lo the legal standard value for a long time under various conditions of air temperature, humidity
and light intensity in order to analyze the effect of the air pollutant on plants.

Fig. 10 shows a sectional view of the cabinet, which is composed of a fresh air processing
unit, a chamber to perform the gas exposure experiment on plants, and an exhaust processing
unit. The fresh air for ventilation is introduced into the chamber through an air conditioner and
both filters of active carbon and manganese in the fresh air processing unit. The frequency of
ventilation can be adjusted by D1~4 and Al~2 dampers, being variable from 0 to 280 times/h
in order to remove reaction products generated by chemical or photochemical reactions of the
air pollutants in the chamber,

Photo 3 General view of the growth cabinet for air pollutant exposure,

143



Ichiro Aiga. Kenji Omasa and Shigeru Matsumoto

Table 2 Characteristics of the growth cabinet for air pollutant exposure.

characteristics ~

temperature range 15-40°C

deviation £0.1°C (max)

distribution +0.3°C (max)
humidity range 50-80%RH

deviation +19%RH (max)

distribution 42%RH (max)
gas concentration range refer to range of gas analyzers.

o (Table 3)
deviation S0; £3.2 ppb (at 0.05 ppm)

NO; £0.6 ppb (at 0.05 ppm)
0; £0.2 ppb (at 0.01 ppm)
CO, + 1.4 ppm (at 450 ppm)
H C £10 ppb (at 0.2 ppm)

wind mean velocity 0.2 m/s
distribution 40.1 m/s (max)
lighting max 40 klx
ventilation 0-2,800 m*/ h
exhaust air
IS &= [ =] i
D‘c ! I lamp house
i i A-1] A-2
L]
c /I i | S
_X caf/e| _': growth :'
D- = D-3 y !
r T e :
|_vrar ; '
[ AR

fresh air
(a) fresh air processing unit. (b) chamber. (c) exhaust processing unit.
AL automatic damper E/C:  electric heating coil
AF; active carbon filter G gas jet unut
B; hlower H; steam jet unit
C/C:  cooling coil H/C. heating coil
D; manual damper MF:;  manganese [ilter
D/C:  dehumidifying coil PF; pre-filter

Fig. 10 Sectional view of the growth cabinet for air pollutant exposure.

Fig. 11 shows a system diagram of the control system for the cabinet. This sysiem is
controlled by a computer with analog PID controllers as a support system. For the ventilation,
the fresh airis introduced through th: fresh air processing unit and is mixed with the circulated
air in the chamber. The mixed air is cooled and dehumidified by brine coils, and then air
temperature and humidity in the growth room is regulated to the desired value by an electric
heater and a steam humidifier. The gas supplied from the gas storehouse or the O; generator is
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manipulated by the mass flow controller, according to instructions from the computer or the
analog controller, It is necessary to carefully select the gas analyzer used for the feedback sensor
from the standpoint of reliability, responsibility, and sensitivity. Table 3 shows a list of the
performance of the gas analyzer obtained from the operationThe analyzer is always calibrated
by the standard gas diluted with standard air using mass flow controllers. Fig. 12 shows an
example of the program control of gas concentration under mixed conditions of SO;, NO; and
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(b) diagram of the computer control system.
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(c) diagram of the analog back up system.
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Servo-actuator
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PID controller
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program set station (or
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Fig. 11 System diagram of the growth cabinet for air pollutant exposure.
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Table 3 Characteristics of gas analyzers.

NO, NO; S0; 0Oy CO, HC

principle chemilumi- pulse chemilumi- NDIR FID
nescence fluorescence nescence
range (ppm) 0.05-10.0 0.1-10.0 0.01-2.0 500-2,000 1-50
noise (ppb) 2 4 0.5 I (ppm) 10
zero drift (ppb/day) 0.25 1.0 0.4 I (ppm/day) 20
span drift (ppb/day) 0.5 1.0 0.5 2 20
response time (min) 2.0 35 1.0 0.1 0.1
T
L 502 * 0,05 ppm

B e -

3 u.5" NOz2 * 0.05 ppm |

€ 0.4 [oF]

o

= 0.3}

g

£ o.2f

£

8 o.a

O-G '} i
4] 1 2 3
time (h)

Fig. 12 An example of the program contorl of SO,. NO; and O, in the growth cabinet.

The artificial light source of the cabinet is described. Since the sunlight changes at every
moment, the artificial light source should be used to obtain the reproducibility of experiments.
Amonglamps sold at present, the xenon lamp and the special metal halide lamp approximate to
sunlight in the spectrum in the range of visible light. Metal halide lamps (400 W X 24 lamps) with
the emission spectrum of tin halide are used in the cabinet. Since the infrared emission from the
lamp is unnecessary for the growth of plants and may cause abnormal increase in plant
temperature, the phosphide glass containing iron oxide is used as the heat-absorbing filter. Fig,
13 shows spectral characteristics of the lighting in the growth cabinet. The infrared emission is
mostly removed by the filters, The wall surface of the cabinet is made to increase the light
intensity by stainless steel. The air inside the lamp house is maintained ca. 30°C in order to
protect the lamp and the heat-absorbing glass filter.

Simulator for analyzing plant-environment system

A general view of the simulator for analyzing the plant-environment system is shown in
Photo 4, and a list of basic performance of the simulator in Table 4. This simulator can
reproduce the plant community environment as a light-atmosphere-plant community-soil
system. Particularly, it is possible to change the spatial distribution of temperature, humidity,
and wind velocity in height with three kinds of the profile units. Also, spectrum and intensity in
the lighting can be freely changed.
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1 Spectral characteristics of the lighting in the growth cabinet,

Fig. 13 Spectral characteristics of the lighting in the growth cabinet.

Table 4 Characteristics of the simulator for analyzing the plant-environment system.

characteristics
atmgspheric environment
temperature range 10-35°C

deviation +0.1°C (max)
distribution +0.3°C (max)
stratification 10 stages, Ly, — b = 10°C

humidity range 30-80%RH '
deviation +0,1°C (max) (dew point)
distribution +0.2°C (max) (dew point)
stratification 10 stages. huue — how = S0%RH

wind range 0.1-2.7 m/s
deviation +0.1%FS (max) (revolution of blower)
distribution +39; (max)
turbulence intensity 39 (max)
stratification 10 stages, Viax/ V=8

gas concentration range refer to range of gas analyzers (Table 3)
deviation S0, 3.2 ppb (at 0.05 ppm)

NO; 0.6 ppb (at 0.05 ppm)
05 £0.2 ppb (at 0.01 ppm)
CO; *1.4 ppm (at 450 ppm)

solar simulator HC 110 ppb (at 0.2 ppm)
lighting range 4-60 klx (initial)
deviation +0.1%FS (max) (SCR output)
distribution +10 klx (at 60 kix)
soil environment )
temperature range —5—+35°C (brine temperature)
deviation *0.1°C (brine temperature)
ventilation range 50-250 m’/ h
deviation +2m'/h

147



Ichiro Aiga. Kenji Omasa and Shigeru Matsumoto

(a) upper tunnel, (b) lower tunnel.

Photo 4 General view of the simulator for analyzing the plant-environment system.

Fig. 14 shows a configuration of the simulator, This simulator is a special wind tunnel of the
low wind velocity and circuit type, The main air conditioner is installed in the lower tunnel and
the profile units for wind velocity, air temperature and humidity are equipped in the upper
tunnel. The growth room is also installed in the upper tunnel. On its upper and side surfaces, the
solar simulator, which can automatically regulate light spectrum and intensity, are mounted.
The soil environment control unit is installed on the lower surface of the room. Viewing the air
stream within the equipment, the air circulated from the growth room comes to the main blower
through the contraction cone, The fresh air is mixed with the circulated air in the cone and the
air pollutant in the corner, The air sent from the main blower comes to the main air conditioner
through the diffuser, After the air temperature and the humidity is decreased basic conditions
for forming temperature and humidity profiles by the main air conditioner, the air is introduced
into the settling chamber through the diffuser and the corner. By means of the settling chamber
with screen and honeycomb and the contraction cone (contraction ratio is 1/2) a rectification
flow is given and returned to the growth room through the profile units for air temperature,
humidity and wind velocity. In the profile units the humidity profile is adjusted by steam
humidifiers, the air temperature profile by electric heaters, and wind velocity profile by plates
with slits. Each profile unit is arranged in order of humidity, temperature, and wind velocity for
taking off droplets scattered by steam humidification and for maintaining the wind velocity
profile.

Fig. 15 shows a system diagram of the control system for the simulator, Photo 5 shows a
general view of the control room, This system is composed of a direct digital control (DDC)
system and analog PID controllers that backs up the computer. The introduction of DDC
system makes it possible to develop algorithms required for the profile control and the control
of the solar simulator,

The air temperature and humidity profiles are formed by heating and humidifying using the
profile units after decreasing to the air conditions required to make the profile by the main air
conditioner. The profile unit is composed of 10 stages, each of which can be independently
regulated by signals from the computer to provide any spatial distribution of temperature and
humidity in height, The temperature profile unit, in which for each stage 12 electric heaters are
arranged in the direction of perpendicular to the air flow, is considered to have uniform heat
exchange in the stage. The humidity profile unit have 28 steam jet nozzles for each stage; these
are attached to the four stage header, because it possible to continuously change the steam jet
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I;  settling chamber 15; main blower

2, screecn 16; electric motor

3; honeycomb 17: diffuser

4; contraction cone 18: main air conditioner
5;  humidity profile unit 19: cooling coil

6. temperature profile unit 20: heating coil

7. velocity profile unit 21: humidifier

8: lamp house air conditioner 22; corner vane

9, solar simulator 23; fresh air filter

10;  growth room 24; ventilation blower
11;  soil environment contorl unit 25: ventilation control valve
12: door 26; exhaust air filter

13, dust filter 27, gases supply system
14, corner

Fig. 14 Configuration of the simulator for analyzing the plant-environment system,

rate in the range of 0.2 to 12 kg/h. Fig. 16 shows an exmaple of temperature and humidity
profiles formed by the profile units.

The wind velocity profile is produced by the retardation using the profile unit after
preconditioning by the main blower. The velocity profile unit consists of 10 stages, each of
which is made by three plates with the slit of average 50% opening. Two plates are slid to change
the opening ratio within the range of 0 to 50% according to the signals from the computer. Fig.
17 shows an example of wind velocity profile.
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(b) diagram of the computer control system.

B:
BM;
BT
c/c;
DD
DS

F.
FD;

FY;
G
GA;
GR:
GS;
H;
H/C;
HP:

ventilation blower

main blower

brine temperature controller
cooling coil

dew point detector

dew point detector of the
humidity prolile system
filter

Mow rate detector of the
ventilation air

ventilation rate control valve
gas jet unit

gas amalyzer

growth room

gas sampling unit

steam jel unit

heating coil

humidity profile unit

5] Muorescent lamp

SA; spectrum analyzer

SE; soil environment control unit

S8t seltling chamber

b £ resistance thermometer

TP; temperature profile unit

TS resistance thermometer of the
temperature profile system

YP: wind velocity profile unit

CPU; central processing unit

CRT/KB: system console

EC: relay

EC: electropneumatic converter

FDD: flexible disk

FXD; fixed disk

EP; line printer

MFC;, mass Mlow controller

MT;
P10;
PM;
PTR/
SCR;
HDC,

HM:
HPS;

HS;
LC;
PC;
PMC:
PSS;
SC:
T™;

3

(¢) diagram of the analog back up system,

magnetic tape recorder
process 1/ O interface
pulse motor

P: paper tape reader and puncher
SCR electric manipulator
signal converter from relative
humidity 1o dew point
set station of humidity
selector of the steam jet unit for
the humidity profile
selector of the steam jet unit
solar simulator controller
PID controller
pulse motor controller
program sel station
signal converter
set station of temperature

Fig. 15 System diagram of environment control in the simulator.
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Photo § Control room of the simulator.
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distance from the blowout sereen of the profile unit

height in the growth room

Fig. 16 An example of created profiles.

The light spectrum and the intensity in the growth room are regulated by the solar
simulator, which consists of various fluorescent lamps (110 W X 224 lamps) with the SCR for
power contorl. Photo 6 shows a general view of the inside of the growth room. The control
system of fluorescent lamps can divide into 6 series for the upper surface and 3 series for the side
in the growth room. Fluorescent lamps coated with various luminous paints are made to order.
Fig. 18 shows spectral characteristics of the standard fluorescent lamps. They can be selected
according to the object of experiments. The light spectrum is performed by combining these
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color fluorescent lamps and by regulating their light intensity as shown in Fig. 19. Since the
temperature inside the lamp house affects the luminous efficiency of the lamps, an air
conditioner is installed to automatically regulate temperature of the lamp bulb wall.

Finally, the soil environment control unit is described. Six portable units (0.6 W X 0.9 D X
1.2 H m’) with carriers are provided in the growth room. This equipment has a brine tank
installed around the soil container. The soil temperature can be regulated by the control of brine
temperature. Also, an automatic sprinkling unit is furnished to adjust the water content in the
soil.

2.0
[ ,.(.
[ 5 %56m  ®
X 2.5m o
o x
“‘E'1.0- »
N | >
| A
i X
# ®
15 A S
0.0 1.0 2.0

mean velocity (m/s)

X: distance from the blowout screen of the profile unit
Z; height in the growth room

Fig. 17 Anexample of wind velocity profile.

Photo 6 Growth room in the simulator.
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Fig. 18 Spectral characteristics of the standard [uorescent lamps.
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Fig. 19 Spectrum of combination lighting with red and blue fluorescent lamps.
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An exmaple of the simulator experiement

Fig. 20 shows an experimental evidence on the function of plants for the purification of
polluted atmosphere. Introducing 200 poplar young trees in the growth room of the simulator,
we examined the absorption of Oy and NO; by the plant community. Air flow [rom point A to
point B was set at a vertical profile as shown in Fig. 20. Air temperature and humidity were
maintained 25°C and 60% R H. The vertical distributions in the gas concentration at each gas
sampling point were compared. A remarkable difference of the gas concentration between A
and B under lighting conditions (40 klx) was noticed. The decrease of the gas concentration is
resulted from the gas absorption by the plant community.

Experimental |ayout

|
Gos sampling point (B)
1.5} 1
L

£ Gos sampling point (A)
_‘é. 1.0
o
T

05
-
0.0
-05 oo 05 o 15 20 25 3.0
Distonce {m)
Conopy structure Wind velocity Gos cencentration (dark) Gos concentration (light)
(8.1 T
—8—0, IA) : —o—0, (A)
—0—0, (M) H —0—0, {8}
“rodee NOa (A) 2 ; b g lA) B
Bk | el Oy (R l nole NO B A
£ A
':;E‘ i L £
.-‘“'. 4
os - L L Ka."
Al
oo
0.2 et ; 3 A e
[ 5 0 00 oA B2 T.09 T0s G0z .08 008
Loal densitylm®m ™ Wind valocilyimes™} Gas concenfration lppm) Gas concentrofion (ppm}

Fig. 20 An example of the experiement in the simulator.
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A comparative study of adults and immature stages of nine Japanese species of the genus
Chironomus (Diptera, Chironomidae). (1978)
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& (1918)
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A morphological study of adults and immature stages of 20 Japanese species of the family
Chironomidae (Diptera). (1979)
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Studies on the effects of air pollutants on plants and mechanisms of phytotoxicity. (1980)
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Multielement analysis studies by flame and inductively coupled plasma spectroscopy utilizing
computer-controlled instrumentation. (1980)
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Studies on chironomid midges of the Tama River. (1980)

Part 1. The distribution of chironomid species in a tributary in relation to the degree of pol-

lution with sewage water.

Part 2. Description of 20 species of Chironominae recovered from a tributary,
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Preparation, analysis and certification of PEPPERBUSH standard reference material. (1980)
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Studies on chironomid midges of the Tama River. (1981)
Part 3. Species of the subfamily Orthocladiinae recorded at the summer survey and their distri-
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JPart 4. Chironomidae recorded at a winter survey.
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Studies on chironomid midges of the Tama River, (1983)

Part 5. An observation on the distribution of Chironominae along the main stream in June with
description of 15 new species.

Part 6. Description of species of the subfamily Orthocladiinae recovered from the main stream
in the June survey.

Part 7. Additional species collected in winter from the main stream.
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Studies on chironomid midges in lakes of the Nikko National Park (1984)

Part I. Ecological studies on chironomids in lakes of the Nikko National Park.

Part TI. Taxonomical and mophological studies on the chironomid species collected from lakes

in the Nikko National Park.
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atmospheric diffusion phenomena in the coastal region — Progress report in 1978-1979. (1980)
Preparation, analysis and certification of PEPPERBUSH standard reference material. (1980)
Comprehensive studies on the eutrophication of fresh-water areas — Lake current of Kasumigaura
(Nishiura) — 1978-1979. (1981)

Comprehensive studies on the eutrophication of fresh-water areas — Geomorphological and hydrome-
teorological characteristics of Kasumigaura watershed as related to the lake environment — 1978-1979.
(1981)
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Comprehensive studies on the eutrophication of fresh-water areas — Variation of pollutant load by
influent rivers to Lake Kasumigaura — 1978-1979. (1981)
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potential by algal assay procedure — 1978-1979. (1981)

Comprehensive studies on the eutrophication of fresh-water areas — Summary of rescarches — 1978-
1979. (1981)

Studies on effects of air pollutant mixtures on plants — Progress repot in 1979-1980, (1981)

Studies on chironomid midges of the Tama River, (1981)

Part 3. Species of the subfamily Orthocladiinae recorded at the summer survey and their distribution
in relation to the pollution with sewage waters.

Part 4. Chironomidae recorded at a winter survey,

Eutrophication and red tides in the coastal marine environment — Progress report in 1979-1980.
(1982)

Studies on the biological effects. of single and combined exposure of air pollutants — Research report
in 1980. (1981)

Smog chamber studies on photochemical reactions of hydrocarbon-nitrogen oxides system — Progress
report in 1979 — Research on the photochemical secondary pollutants formation mechanism in the
environmental atmosphere (Part 1), (1982)

Meteorological characteristics and atmospheric diffusion phenomena in the coastal region — Simulat-
ion of atmospheric motions and diffusion processes — Progress report in 1980. (1982)

The development and evaluation of remote measurement methods for environmental pollution — Re-
search report in 1980. (1982)

Comprehensive evaluation of environmental impacts of road and traffic. (1982)

Studies on the method for long term environmental monitoring — Progress report in 1980-1981.
(1982)
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ratory of Man-environment Systems. (1982)

Preparation, analysis and certification of POND SEDIMENT certified reference material. (1982)

The development and evaluation of remote measurement methods for environmental pollution —
Research report in 1981, (1983)

Studies on the biological effects of single and combined exposure of air pollutants — Research report
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Studies on chironomid midges of the Tama River. (1983)
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Part 5. An observation on the distribution of Chironominae along the main stream in June, with des-
cription of 15 new species.

Part 6. Description of species of the subfamily Orthocladiinae recovered from the main stream in the
June survey.

Part 7. Additional species collected in winter from the main stream.

Smog chamber studies on photochemical reactions of hydrocarbon-nitrogen oxides system — Progress
report in 1979 — Research on the photochemical secondary pollutants formation mechanism in the
environmental atomosphere (Part 2). (1983)

Studies on the effect of organic wastes on the soil ecosystem — Outlines of special research project
1978-1980. (1983)

Studies on the effect of organic wastes on the soil ecosystem — Research report in 1979-1980, Part 1.
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Studies on the effect of organic wastes on the soil ecosystem — Research report in 1979-1980, Part 2.
(1983)

Study on optimal allocation of water quality monitoring points. (1983)

The development and evaluation of remote measurement method for environmental pollution —
Research report in 1982. (1984)

Comprehensive studies on the eutrophication control of freshwaters — Estimation of input loading of
Lake Kasumigaura. — 1980-1982. (1984)

Comprehensive studies on the eutrophication control of freshwaters — The function of the ecosystem
and the importance of sediment in national cycle in Lake Kasumigaura. — 1980- 1982, (1984)
Comprehensive studies on the eutrophication control of freshwaters — Enclosure experiments for
restoration of highly eutrophic shallow Lake Kasumigaura. — 1980-1982. (1984)

Comprehensive studies on the eutrophication control of freshwaters — Seasonal changes of the bio-
mass of fish and crustacia in Lake Kasumigaura and its relation to the eutrophication, — 1980-1982.
(1984)

Comprehensive studies on the eutrophication control of freshwaters — Modeling the eutrophication of
Lake Kasumigaura. — 1980-1982, (1984) '

Comprehensive studies on the eutrophication control of freshwaters — Measures for eutrophication
control. — 1980-1982. (1984)

Comprehensive studies on the eutrophication control of freshwaters — Eutrophication in Lake Yunoko.
— 1980-1982. (1984)

Comprehensive studies on the eutrophication control of freshwaters — Summary of researches, —
1980-1982. (1984)

Studies on the method for long term environmental monitoring — Outlines of special research project
in 1980-1982. (1984)

Studies on photochemical reactions of hydrocarbon-nitrogen-sulfer oxides system — Photochemical
ozone formation studied by the evacuable smog chamber — Atomospheric photooxidation mecha-
nisms of selected organic compounds — Research report in 1980-1982 Part 1, (1984)

Studies on photochemical reactions of hydrocarbon-nitrogen-sulfer oxides system -~ Formation
mechanisms of photochemical aerozol — Research report in 1980-1982 Part 2. (1984)

Studies on photochemical reactions of hydrocarbon-nitrogen-sulfer oxides system — Research on the
photochemical secondary pollutants formation mechanism in the environmental atmosphere
(Part 1), —Research report in 1980-1982, (1984)
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Effects of toxic substances on aquatic ecosystems — Progress report in 1980-1983, (1984)
Eutrophication and red tides in the coastal marine environment — Progress report in 1981. (1984)
Studies on effects of air pollutant mixtures on plants — Final report in 1979-1981. (1984)

Studies on effects of air pollutant mixtures on plants — Part 1. (1984)

Studies on effects of air pollutant mixtures on plants — Part 2. (1984)

Studies on unfavourable effects on human body regarding to several toxic materials in the environ-
ment, using epidemiological and analytical techniques — Project research report in 1979-1981. (1984)
Studies on the environmental effects of the application of sewage sludge to soil — Research report in
1981-1983. (1984)

Fundamental studies on the eutrophication of Lake Chuzenji — Basic research report. (1984)

Studies on chironomid midges in lakes of the Nikko National Park — Part 1. Ecological studies on
chironomids in lakes of the Nikko National Park, — Part II. Taxonomical and morphological studies on
the chironomid species collected from lakes in the Nikko National Park. (1984)

Analysis on distributions of remnant snowpack and snow patch vegetation by remote sensing. (1984)
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