OVERDUE_FINES:
25¢ per day per item
RETURNING LIBRARY MATERIALS:

Place in book return to remove
charge from circulation records




GENETICS AND THE MECHANISM OF OZONE TOLERANCE IN
SELECTED CULTIVARS OF PHASEOLUS VULGARIS L.

By

Asaf Zvi Guri

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

Department of Crop and Soil Sciences

1981



ABSTRACT

GENETICS AND THE MECHANISM OF OZONE TOLERANCE IN
SELECTED CULTIVARS OF PHASEOLUS VULGARIS L.

By

Asaf 2zZvi Guri

The purposes of this thesis were: a) to establish the

genetic background of differences in response to ozone in two

tolerant and two sensitive cultivars of Phaseolus vulgaris L.

and b) to suggest a physiological mechanism for the observed
differences which would be consistent with the results from
the genetic analysis.

Four varieties, two ozone-tolerant, Nep-2 and FH, and
two ozone-sensitive, PHR and 0669, were selected from among
12 cultivars initially screened, to be used in this study.

The genetic study suggested that at least two major
interacting dominant alleles at different loci control the
expression of tolerance to ozone in these 4 varieties. 1In
addition to the two major genes, there appeared to be an
undetermined number of genes of minor effect involved in
the overall genetic control system.

Measurements of stomatal conductivity (prior to and
after 4 hours of ozone fumigation), and stomatal density,

revealed that unlike some other studies in the past, the
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two tolerant varieties exhibited a significantly higher
capacity for gaseous conductivity (both abaxial and adaxial)
than the two sensitive varieties. Similar results were
obtained in regard to stomatal density. These findings
imply that under the conditions of this study ozone uptake
of the tolerant varieties might have been even higher than
that of the sensitive varieties.

Production of ethane, due mainly to ozonation of lin-
olenic acid, was similar in all four varieties, which suggests
that the content of the most prevalent unsaturated fatty acid
in bean plants (linolenic acid) is identical in the four
varieties. Ethylene production, however, was higher in the
ozone-injured leaves of the sensitive varieties. Since
ethylene production increases after almost any kind of leaf
injury, this difference in ethylene production between
tolerant and sensitive varieties after ozone exposure cannot
imply any particular mechanism. Production of ethylene due
to ozone injury, however, can be used in the future for
standardization of visual injury determinations.

The measurements of the two antioxidant substances;
glutathione (GSH) and ascorbic acid (AA), which might be
involved in repair of ozone injury, showed that leaves of
the tolerant variety Nep-2 had a higher GSH concentration
(on the basis of fresh weight) than the other three varieties
immediately following ozone fumigation. No such difference
was detected in AA concentration. Further research has
revealed that the specific activity of the enzyme GSSG

reductase, which catalyzed the conversion of oxidized
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glutathione (GSSG) to its reduced form (GSH), was signifi-
cantly higher in the two tolerant varieties, both before and
after ozone fumigation. The inconsistency of high enzymatic
activity and low GSH concentrations after fumigation in the
tolerant variety FH is not understood and can be interpreted
in different ways.

The fact that GSSG reductase in plants (similar to GSSG
reductase in higher animals and yeast) is composed of two
polypeptide subunits, could be related to the two major genes

deduced from the genetic study.
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INTRODUCTION

For two decades air pollution in urban and many agri-
cultural areas has remained one of the most serious man-made
problems affecting crop production. Air pollutants may reduce
growth and yield in many crops, depending on the pollutants,
their concentration, time of exposure, sensitivity of the
plant, and environmental factors. Pollutants may also mark
and discolor foliage, reducing visual appeal and thereby the
marketability of both ornamental and edible products. 1In
the U.S. alone, it is estimated that annual crop losses due
to pollution amount to well over one billion dollars. Damage
to natural and horticultural vegetation cannot be estimated,
but certainly is extensive (Ting and Heath, 1975).

Two serious types of air pollution exist in the world
today. The first, commonly known as London smog, is composed
of reducing components resulting largely from the combustion
of fossil fuels of high sulfur content. The second type is
comprised of oxidizing components in the air, primarily ozone
(03), fluorine (F), nitrogen oxide (NOy), and peroxyacetyl
nitrate (PAN). Most photochemical smogs arise from the
incomplete combustion of fuels by the internal combustion
engine. High temperatures and insufficient combustion yield

hydrocarbon fragments, which act as catalysts in oxidation



reactions. Also formed are oxides of nitrogen, largely NO,.
The NO, is photochemically cleaved to NO and nascent oxygen.
The resultant oxygen radical quickly reacts with molecular
oxygen to form ozone. The ozone molecules are very reactive
with a standard redox potential of approximately +2.1 V
(Throp, 1954). The ozone active molecule is thought to

be an ionic form (one resonance form is 5-6=0), in acidic
media, in which ozone is more soluble in water than oxygen.
In alkaline solutions, ozone rapidly decomposes, releasing
molecular oxygen (Alder and Hill, 1950).

The use of the term ozone injury is common and it
includes several symptoms, like "water-logging", "bronzing",
"flecking”", and "necrosis". These symptoms refer to a
generalized dullness of the leaf surface, although each may
represent slightly different processes occurring within the
leaf. Under most conditions, exposure to ozone is likely to
be expressed as a combination of the above symptoms. Visible
injury is associated with a decrease in total leaf photo-
synthetic activity, and hence reduced leaf productivity (Todd,
1958), and ultimately cell death. 1In addition, the following
cryptic symptoms occur within the leaf after exposure to
ozone: 1) a reduction of the plant's photosynthetic activity,
2) a build-up of the pollutant's by-products within the leaf,
3) overall unhealthy appearance without necrotic lesions, 4)
reduced growth or yield over a considerable length of time,
and 5) increased susceptibility to disease, parasite or insect
invasion (McCune et al., 1967). It is quite obvious that

visible injury is the result of a series of events beginning



at the primary site of damage within the leaf and leading to
the final collapse of whole cellular regions.

It is generally accepted that ozone, like other pollutant
gases, enters the plant through the stomates. Stomatal closure
results in little or no injury. Ozone then reacts with water
in the substomatal cavity and can be modified to other active
species like hydrogen peroxide and hydroxyl ions, both of which
can be detrimental to leaf cells (Heath, 1980). Next, ozone
may react with the charged groups, such as cellulose, amino
acids, galacturonic acid residues, lignic acid and bound Cgt in
the cell wall or with the few enzymes present (Somers, 1973).
Reactions of ozone at the plasmalemma are likely to be with the:
(a) unsaturated fatty acid residues, (b) aromatic residues and
primary amines, and (c) exposed sulfhydryl groups (Ting and
Heath, 1975). Reaction at the membrane may alter binding sites
of various plant pathogens and alter membrane permeability.
Changes in permeability would, in turn, affect the movement of
ions through membranes, affecting the net osmotic potential
across the membrane. Chloroplasts and mitochondria may be
particularly sensitive to osmotic changes (Heath and Frederick,
1979). Consequently, regulatory mechanisms of normal cellular
metabolism begin to fail and eventually this leads to tissue
collapse and death.

The objectives of this thesis are:

1) To continue attempts to explain the heritable

basis of ozone tolerance in selected cultivars

of Phaseolus vulgaris.

2) To try to identify a physiological mechanism



which might be compatible with data obtained

in the genetic study:

a) To determine whether ozone-tolerant plants
absorb less ozone into their leaves (due to
lower stomatal conductivities) than ozone-
sensitive varieties.

b) To determine whether leaf tissues of tolerant
varieties have higher concentrations than
sensitive varieties of antioxidant compounds,
such as ascorbic acid and glutathione.

c) To determine whether ethane and ethylene
production in the leaves may be related to

ozone injury.



LITERATURE REVIEW

The role of stomata in ozone injury has been recognized
since the beginning of air pollution study with plants, due
to the fact that ozone must enter the leaf before it can
elicit the physiological responses of cells and bring about
the characteristic necrotic spotting. Treatments which cause
the stomata to close or partially close, such as withholding
irrigation, reduce damage from weather fleck (Dean, 1972).
Application of the phytohormone abscisic acid (ABA) which
closes stomata also reduces ozone injury in the treated
plants (Flecher et al., 1972). The stomata of resistant
onion varieties were reported to close upon exposure to low
concentrations of ozone (Engel and Gabelman, 1966). Ozone
at low concentrations caused a loss of differential perme-
ability in the guard cells, resulting in stomatal closure.
The guard cells recovered soon after the ozone level was
lowered. In addition, Dean (1972) in tobacco, and Butler
and Tibbitts (1979) in beans, showed that ozone-resistant
cultivars have lower stomatal densities than ozone-sensitive
cultivars.

Evans and Ting (1973) and Perchorowicz and Ting (1974),
reported that ozone had a considerable effect on cell perme-

ability. Following ozone fumigation of bean leaves, membrane



permeability to titrated water decreased, but increased for
internal solutes and labeled rubidium and glucose. The
authors believed that cellular membranes might be a primary
target for ozone,

Tomlinson and Rich (1968) believe that sulfhydryl
compounds are critically involved in ozone injury, based on
evidence that an ozone-resistant tobacco variety had fewer
sulfhydryl groups than an ozone-susceptible variety. They
found a slight drop in total sulfhydryl content after ozone
exposure of beans and spinach plants. Furthermore, tobacco
varieties treated with sulfhydryl-binding agents, such as
iodoacetate and iodoacetamide, developed symptoms similar to
those produced by ozone. Since sulfhydryl groups are essential
for fatty acid synthesis, it was suggested that ozone affected
membrane permeability by inhibiting fatty acid synthesis
(Tomlinson and Rich, 1969).

Many workers believe that the critical sites for ozone
injury are the unsaturated fatty acid residues of the membrane
lipids and that damage occurs by a process similar to lipid
peroxidation. Lipid peroxides are formed by a cyclic reaction
involving:

a) extraction of a hydrogen atom from a methylene

carbon between the double bonds,

b) attack of the free radical by molecular oxygen,

and

c) a further extraction of hydrogen from another

fatty acid, in a cyclic reaction (Lundberg,

1962).



The first reaction of ozone with unsaturated fatty acids

is believed to involve the production of an ozonide (ozone
addition across the double bond) with one possible breakdown
product being melanodialdehyde upon multiple ozonide forma-
tion (Ting and Heath, 1975).

The loss of fatty acid material from ozonated tissue
would be evidence of ozone attack of fatty acid residues.
Actually, such losses are reported to be very low. Swanson
et al. (1973) showed that while relative concentrations of
Cl6:2 (fatty acid with 16 carbon atoms and 2 double bonds)
and Cl6:3 declined slightly (5-10%), the concentration of
Cl6:0, Cl6:1, C18:0, and Cl8:1 increased in leaves of ozone-
treated plants as compared with control. Tomlinson and Rich
(1969) reported a decline in all fatty acids in ozonated
tobacco leaves, with the largest decline in Cl16:0 and Cl18:3.

There appears to be some relationship between levels of
some nitrogenous compounds and ozone injury. MacDowell (1965)
reported that tobacco leaves were most sensitive to ozone
just after full leaf expansion and that sensitivity was
associated with a decline in total protein. Ting and Mukerji
(1971) suggested that free amino acids play a role in ozone
sensitivity, since their concentration declines at about the
same time as maximum ozone sensitivity. In addition, many
amino acids increased after ozone exposure while protein
content decreased. Therefore, ozone may affect protein
metabolism either by enhancing protein hydrolysis, resulting
in an increase of free amino acids, or by interfering with

protein synthesis without affecting amino acid accumulation



(Ting and Heath, 1975). The decline in protein synthesis
could occur if the endoplasmic reticulum was disrupted, or
if the internal ionic medium (k% or Mg++) was altered
(Pestka, 1971).

Dugger et al. (1962) first noted that concentrations of
reducing and soluble sugars in beans were lowest in leaves
of greatest ozone sensitivity. External application of a
simple hexose solution reduced ozone sensitivity of leaves,
although it was not clear how much entered the leaf. 1In
addition, the ozone sensitive developmental stage in cotton
leaves was correlated with a depletion of soluble sugars
(Ting and Mukerji, 1971).

Both Tomlinson and Rich (1968) and Pell and Brennan
(1973) have observed a small decline in ATP levels in bean
plants exposed to ozone. This decline was observed within
one hour of exposure and was interpreted as an initial
response. In addition, Mudd et al. (1974) have shown that
the nicotine-amide ring of NADH is cleaved when ozone is
bubbled through an aqueous system containing this compound.
Since the ratio of NADH : NAD' regulates cellular metabolism,
it is likely that metabolism would be affected by the reduced
nucleotide loss. Cracker and Starbuck (1972) found, in beans,
that ozone fumigation decreased RNA content in primary leaves
due to a corresponding increase in the level of RNAase. On
the other hand, Tingey et al. (1975) could find no increase
in the activity of RNAase in soybean plants after ozone
fumigation.

Ozone has a deleterious affect on photosynthesis. Nobel



(1974) reported that ozone fumigation can reduce the chloro-
phyll content of pea chloroplasts. Nobel and Wang (1973)
found that ozone fumigation could inhibit photophosphoryla-
tion in pea chloroplasts. This was apparently related to an
increase in chloroplast membrane permeability. In contrast,
Coulson and Heath (1974) found that ozone fumigation inhibited
the electron transport of photosystem I and photosystem II
without uncoupling photophosphorylation. The authors postu-
lated that ozone, unlike detergents, disrupted the normal
pathway of energy flow from light-excited chlorophyll into
the electron transfer compounds by "loosening" but not
completely disrupting the membrane.

The importance of the age at which tissue is exposed to
ozone has become evident. Early studies showed that older,
more mature leaves were injured more readily than young leaves
(Dugger et al., 1962). Bobrov (1955) observed in oats that
neither young nor mature leaves were ozone susceptible, and
that only leaves which had just completed expansion were
injured.

Engel and Gabelman (1966) observed that an ozone sensitive
inbred onion line maintained open stomata after ozone exposure,
whereas stomata of the resistant inbred line closed. They
hypothesized that the guard cells of the resistant plants
became leaky after ozone exposure, resulting in subsequent
closure; later, stomata functioned normally. Genetic crosses
in this case suggested that resistance was controlled by a
dominant genetic system, but it was not ascertained that

resistance was due to a single gene difference. Butler et
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al. (1979) in beans, Huang et al. (1975), and Povilaitis (1967)
in tobacco, reported that ozone resistance is recessive and
cytoplasmic factors are not involved. Other studies by Hanson
et al. (1976) in petunia, Cameron (1975) in sweet corn, and
Saettler (1975) in beans showed that resistance to ozone is
partial or completely dominant involving one or a few genes.
Hucl and Beversdorf (1979) suggested that genetic control of
ozone tolerance in beans is rather complex and could involve
many genes.

The factors of quality, quantity, and duration of light
appear to be very important in governing plant sensitivity to
ozone. First, light affects stomatal opening which regulates
the amount of ozone uptake by leaves. Numerous studies show
that high light intensity treatment tends to protect plants
against ozone injury; e.g., bean plants on 8 hour photoperiods
are less sensitive to ozone at 30,000 ft.c. than at 20,000 ft.c.
(Heck and Dunning, 1967). Similar results were reported by
Ting and Heath (1975) and by Ting and Dugger (1971), in tobacco.
To account for this, Dugger et al. (1962) claimed that high
light intensity results in high soluble sugar levels which
then protect against ozone injury. There is some circumstan-
tial evidence that plant sensitivity to ozone is influenced
by certain wave lengths (Heck, 1968). Temperature controls
stomatal aperture, which then indirectly influences sensitivity
to ozone (Ting and Heath, 1975).

Plants with adequate nitrogen levels are generally more
sensitive to ozone and other oxidants than are those with

deficient or excess nitrogen (MacDowell, 1965) and (Leone et
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al., 1966). Brewer (1960) reported that increased phospho-
rous decreased spinach and mango leaf weight and reduced
oxidant injury. Potassium had no effect on leaf weight
but did increase injury when available phosphorous was low.
When nitrogen was high, potassium reduced injury, suggesting
a significant interaction among the macro-elements. Mass et
al. (1973) and Hoffman et al. (1973) reported that salinity
reduced both growth and ozone injury to pinto beans. The
authors concluded that greater ozone tolerance was related
to lower uptake of ozone.

There are a few reports concerning the effects of oxi-
dants on plants infected with pathogens. Resh and Runeckles
(1973) found that bean leaves infected and noninfected with

Uromyces phaseoli did not respond differentially to low

ozone levels. On the other hand, wheat leaves infected with

Puccinia helcaniki were less injured by ozone than healthy

leaves (Heagle and Key, 1973). The protection afforded by
pathogens seems to be specific, viz. mesophyll cells directly
below stomata with visible appressoria and cells adjacent
to inoculated areas were protected. For these reasons, the
authors suggested that protection of cells was due to a
diffusible material from the fungus. Brennan and Leone (1969),
observed reduced ozone injury in tobacco leaves infected with
mosaic virus and suggested that virus infection may alter
susceptibility to ozone by hastening maturity.

As mentioned previously, ABA application leads to
stomatal closure, which then leads to reduced ozone uptake

and decreased leaf injury. Certain other chemicals which
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reduce stomatal aperture including phosphon D, 8-=hydroxy-
guinolin sulfate, and phenylmercuric acetate tend to protect
against injury from ozone as well as other pollutants (Seidman
et al., 1965). Unfortunately, plant productivity is reduced
by these chemicals due to lack of CO, absorption. Attempts
to offset the adverse effect of ozone in beans has been
successful by using antioxidants such as ascorbic acid, and
nickel-N-dibutyl dithiocarbamate (NBC) or prevention of SH
bond oxidation by treatment with glutathione (Dass and
Weaver, 1968). In tobacco, herbicides like isopropalin and
pebulate reduced ozone sensitivity (Sung and Moore, 1979),
and in turfgrasses the systemic fungicides benomyl were
effective in reducing ozone injury (Papple and Ormrod, 1977).
Tomlinson and Rich (1973) found that free sterol content of
bean leaves decreased after ozone fumigation. However,
treatment with cytokinins such as kinetin, N-6 benzyladenine,
and benzimidazole resulted in less ozone injury, accompanied
by higher levels of free sterol in the leaf. Howell (1974),
suggested that increased phenol synthesis by ozone inhibits
ATP synthesis, oxidative phosphorylation and SH-dependent

enzyme activity.



MATERIALS AND METHODS

Genetic Study

Twelve bean varieties were exposed to ozone 12-14 days
after planting. The ozone concentration was maintained at
0.28-0.32 ppm for 10 hours. Of the 12 varieties, the follow-
ing four varieties, French Horticulture (F.H.), a cranberry
type; Pink Half Runner (P.H.R.), an old dry bean variety;
Nep-2 and MSU #0669, both navy bean varieties, expressed the
highest stability for the studied trait, and were selected
for further studies. To eliminate genetic variability within
cultivars, seeds from only one mother plant per variety were
utilized. Twelve crosses (including reciprocals) were made
among the ozone-sensitive P.H.R. and 0669 and ozone-tolerant
F.H. and Nep-2. The majority of the F; seeds were planted
to obtain the F, generations. The parents, F; and F, genera-
tions were fumigated with ozone inside a plexiglas exposure
chamber 12-14 days after planting (primary leaf stage) at
0.28-0.34 ppm for 10 hours. The exposure chamber was large
enough to contain 36 plants. Ozone was regenerated by passing
ambient air over a u.v. tube and was carried to the chamber by
a flow of ambient air. The moisture content inside the chamber
was adequate to maintain normal growth and photosynthesis.

Plants were watered prior to fumigation and were planted in

13
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plastic pots to decrease ozone absorption by the pots.

Each group of plants included Fl and F2 plants from the
same cross and their two parents. Plants were arranged in a
completely randomized design, since no detectable gradient in
ozone injury had been found in a preliminary test. Amount of
leaf injury on each plant was visually evaluated on a scale of
0 to 4, 2 days post-fumigation, where 0 represents no damage,
1 - minor damage, 2 - moderate damage, 3 - severe damage, and
4 - very severe damage.

In addition, F; and F, generations and the four varieties
were planted in the field in two consecutive summers (1979 and
1980). A space of 15 cm was maintained between plants and 30
cm between rows, in order to prevent interaction between neigh-
boring plants. Plants after anthesis were visually evaluated
for presence or absence of ozone injury.

The F, segregants from the crosses FH x PHR, FH x 0669,
PHR x 0669, and Nep-2 x PHR (30 plants per cross) were sepa-
rately exposed to ozone in the chamber at 12-14 days, and
injury recorded 2 days later. They were then allowed to
yield F3 seeds. Ten seeds from each plant were planted in
the field in 1980, and the amount of injury was recorded
after anthesis, as mentioned previously. In all field
experiments, the groups of plants (group = variable number
of plants from the same variety, cross or generation) were

arranged in completely randomized designs.

Stomatal Densities and Conductivities

Stomatal densities were determined by the leaf impres-
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sion method. A cellulose acetate film and acetone were used
to obtain an accurate impression of the primary leaf surface.
Primary impressions were made on 8 plants each of the four
varieties at 13 days after seeding. One adaxial and two
abaxial leaf surface impressions were taken on both primary
leaves. The impressions were made at about the same position
between major veins on all leaves. Stomata number per mm?2
was determined from the cellulose acetate replicates using
a Ziess light microscope (x41).

Thirteen-day old plants of each variety (seven plants
per variety) were placed inside the chamber 2 hours prior
to the exposure to ozone. Plants were watered and exposed
to ozone (0.28-0.34 ppm) for 8 hours. Stomatal resistance
was measured with an autoporometer (Li-65 automatic diffusive
resistance meter) immediately before the fumigation and at 4
and 6 hours after the beginning of fumigation. Four measure-
ments were taken per plant; two in each primary leaf, one on
the abaxial and one on the adaxial surface. The experiment
was replicated three times and the stomatal resistance figures

obtained were converted to their reciprocals, viz. stomatal

conductivities.

Ascorbic Acid (AA) and Glutathione (GSH) Assay

Ascorbic acid assay was conducted by using the 2,6-
dichloro-phenollindophenol (DCIP) photometric method described
by Hanson et al. (1971). One g. fresh weight of primary leaves
of uniform size were quickly detached and ground with sorvall

omni mixture in 10 ml of an ice cold 0.0005 M di-sodium EDTA
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solution containing 3% TCA (trichloro-acetic acid) for 1-2
minutes. The homogenate was quickly filtered through Whatman
#4 paper and brought up to 20 ml with EDTA-TCA extracting
solution. One ml distilled water, 2 ml DCIP reagent and 20
ml filtered leaf extract were added to each test tube and
their optical densities at 600 nm were determined from a
standard curve which was prepared previously, using various
determined concentrations of AA. 1In the GSH assay, 2 g.
of primary leaves were chopped and homogenized with 10 ml
EDTA-TCA in an ice bath, the homogenate was quickly filtered
through Whatman #4 paper and brought to 15 ml with EDTA-TCA.
Each homogenate (for each treatment) was titrated with
1.5 ml1 0.1N NaOH to pH range of 6.0-8.0. Each test tube con-
tained 0.5 ml distilled water, 2.0 ml leaf homogenate, 0.5 ml
0.2M potassium phosphate buffer pH 7.0, and 0.1 ml the reagent
Dithiobis-2-nitrobenzoic acid (DTNB). The optical densities
for each set of test tubes was determined at 412 nm from a
standard curve of known concentrations of GSH. A test tube
(one per each set) containing all the above ingredients and
concentrations but without the reagent DTNB was used as blank.
This was done because of the high absorption in 412 nm by the
leaf homogenate prior to the reagent application. Similar
assays were made for each one of the 4 varieties simultaneously

at pre- and post-10 hours of ozone fumigation.

Glutathione Reductase Activity

Prior to and immediately after ozone fumigation, 2 g.

fresh weight leaves were chopped, ground and homogenized
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with 25 ml 0.1M of Tris HCl buffer, pH 7.5, and 2 g. Poly
Vinyl Pyrrolidone (PVP) in an ice bath. The homogenate was
centrifuged at 12,500 RPM (20,000 g.) for 10 minutes and the
supernatant collected and recentrifuged at 17,500 RPM (37,000
g.) for 10 minutes. Supernatants were collected and used as
a crude leaf enzyme extract. To determine enzymatic activi-
ties, 0.7 ml distilled water, 0.2 ml 0.1M Tris HC1l buffer pH
7.5 and 0.15 ml of the supernatant were added to one cuvette
used as blank, while the same ingredients plus 0.01 ml 0.1lM
EDTA and 0.03 ml 0.005M NADPH were added to a second cuvette.
The reading of the second cuvette at 340 nm (peak for NADPH
absorbance) was registered on a chart recorder for 5 minutes.
Then 0.005 ml of 0.1M oxidized glutathione (GSSG) was added
as an electron acceptor as in the following equation: GSSG
+ NADPH + HY -------->> 2 GSH + NADP*. This reaction is
catalyzed by glutathione reductase and its velocity can be
determined from the slope of the line (absorbance units/min)
which represents the drop in absorbance at 340 nm due to
conversion of NADPH to NADP'. The slope of the line before
GSSG addition was subtracted from the slope after GSSG
addition. The reaction rate was then calculated as follows.

The molar extinction of NADPH is 6.22 x 103 (mol/liter
at 340 nm). Therefore, 6.22 x 103 absorbance units per
minute are decreased due to the oxidation of 1 mol of NADPH
by GSSG. 1In this case, 0.00622 absorbance units per minute
were used as the extinction coefficient. This corresponds
to 1 nmM of NADPH oxidized to NADP* by GSSG. 1In addition,

the amount of soluble proteins in each sample was determined
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using 1 mg/ml Bovin serum albumin (BSA) as standard and
Coomassie Blue (Bradford assay) as a reagent. Soluble
protein content was determined spectrophotometrically at
595 nm from daily prepared standard curve of BSA. All the
elements were inserted in the following formula:

A X B
Cx DX E

= GSH reductase specific activity rate where
A* = the slope of the line represents the decrease
in 340 nm absorbance
B = the volume of all the ingredients in the 2
cuvettes = 1.095 ml
C = the volume of the plant extract in the 2
cuvettes = 0.15 ml
D* = the concentration of soluble proteins in the
plant extract
E = NADPH molar extinction coefficient = 0.00622
The GSH reductase catalyzation rate units are: nmMNADPH/min/
mg protein.
*The values are variable and depends on the cultivar and the
timing (before or after fumigation with ozone) when extractions

were prepared.

Application of Exogenous AA and GSH

Primary leaves of 60 plants, 30 each of PHR and 0669,
were sprayed 6 and 12 hours before ozone exposure (0.28-0.34
ppm) with distilled water (control), 0.005M AA or 0.005M GSH.
Ozone damage was determined visually (by classifying to 0-4

groups as mentioned above) one day after exposure.
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Formation of Ethane and Ethylene

Fourteen-day old plants of each variety (24 per variety)
were fumigated with ozone as described previously and when
injury symptoms appeared on the leaves, a disc of approxi-
mately 1.5 cm diameter was removed from the center of each
primary leaf. Discs were placed inside 25 ml flasks with
0.5 ml distilled water and sealed with rubber caps. All
flasks including empty control flasks were incubated 24
hours above a source of high intensity light (1-1.5 mv/cmz).
Subsequently, amounts of ethane and ethylene in each flask
were measured with gas chromatography techniques whereby
samples of flask gases were inserted by syringe into a
0.318 cm by 100 cm stainless steel column packed with
Porpak R and held at 80°C in a Varian model 2400 gas
chromatograph. Gas flows were: Np, 35 ml min'l; air, 300
ml min~1; Hy, 30 ml min~1l. Ethylene and ethane could be
detected down to 5 ml liter'l, ethylene appearing as the
first peak. 1Identities of ethylene and ethane were based

on order of appearance and retention time.



RESULTS

Genetic Analysis

Results from the ozone exposure chamber indicate that
the varieties FH (tolerant) and 0669 (sensitive) in this
experiment showed more stability in the expression of the
trait than the other two varieties, Nep-2 (tolerant) and
PHR (sensitive) (Tables Al-A6). The data of the F; plants
implies that cytoplasmic factors are not involved in the
genetic control of tolerance or sensitivity to ozone
"attack", since no differences have been found between Fl
progenies from reciprocal crosses (Tables Al-A6). The fact
that F, progenies from crosses between tolerant and sensitive
varieties were, in the majority of the cases, ozone tolerant
(Tables Al-A4) implies that most of the alleles which condi-
tion the expression of tolerance to ozone are partially or
completely dominant. The fact that most of the F; progenies
from the cross between the two sensitive varieties (Table A6)
were unexpectedly ozone tolerant, indicates that alleles of
different genes interact with each other in a complementary
way.

It is possible that the trait is controlled by several
genes since F, segregants have shown a wide assortment of
reaction classes in all the crosses, excluding the cross

between the two tolerant varieties (Table A5) in which a

20
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Table Al. Pattern of segregation for ozone injury score in
the cross (PHR x Nep-2), as observed in results
obtained from the ozone chamber.

Number Level of Ozone Injury
Varieties and Crosses Plgﬁts 0 1 2 3 4
Nep-2 56 27 19 10
PHR 69 3 6 25 28
a (PHR x Nep-2) Fi 17 11 4 2
b (PHR x PHR) F; 15 12 1 2
(PHR x Nep-2) F, 233 133 50 21 27
Observed 183 50
Expected 174.75 58.25

2 _
X" jaf =

[183 - 174.75 (-0.5)]2 [50 - 58.25 (—0.5)]2

174.75 58.25

= 1.96 N.S.

o = 0.05
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Table A2. Pattern of segregation for ozone injury score
in the cross (FH x PHR), as observed in results
obtained from the ozone chamber.

Number Level of Ozone Injury

Parents and Crosses Plgits 0 1 2 3 4
PHR (sensitive) 53 1 4 19 12 17
FH (tolerant) 38 24 9 5
(PHR x FH) Fy 16 9 6 1
(FH x PHR) Fl 15 9 4 1
(PHR x FH) F, 201 136 21 15 20 9
Observed 157 44
Expected 150.75 50.25
X2 1g¢ =
[157 - 150,75 (-0.5)]2 [44 - 50.25 (-0.5)]2 _

150.75 * 50.25 = 0-877 N.S.

& = 0.05



23

Table A3. Pattern of segregation for ozone injury score in

the cross (FH x 0669),

obtained from the ozone chamber.

as observed in results

Parents and Crosses

0669 (sensitive)
FH (tolerant)
(0669 x FH) F;
(FH x 0669) F;

(0669 x FH) F,

Number Level of Ozone Injury
Plgits 0 1 2 3 4
40 2 7 12 19
43 34 9
18 8 8 2
16 10 5 1
224 105 48 30 28 13

Observed 153 71

Expected 168 56
2 =

X% 1af

[153 - 168 (=0.5)]2

168

@ = 0.05

+

[71 - 56 (-0.5)1% _ 5 004

56
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Table A4, Pattern of segregation for ozone injury score in
the cross (Nep-2 x 0669), as observed in results
obtained from the ozone chamber.

Number Level of Ozone Injury
Parents and Crosses Plggts 0 1 2 3 4
Nep-2 (tolerant) 48 19 16 5
0669 (sensitive) 43 1 2 13 18 9
(Nep-2 x 0669) F; 21 12 9 2
(0669 x Nep-2) F, 17 9 5 3
(Nep-2 x 0669) F, 181 100 31 27 16 7
Observed 131 50
Expected 135.75 45,25

2 _
X 1af T

[131 - 135.75 (-0.5)]2 , [50 - 45.25 (=0.5) ]2
135.75 45.25

= 0.532 N.S.

@ = 0,05



25

Table A5. Pattern of segregation for ozone injury score in
the cross (FH x Nep-2), as observed in results

obtained from the ozone chamber.

Number Level of Ozone Injury
Parents and Crosses Plgits 0 1
Nep-2 (tolerant) 28 13 9
FH (tolerant) 35 19 13
(Nep-2 x FH) Fy 16 11 5
(FH x Nep=-2) Fy 16 13 3
(Nep-2 x FH) F, 61 33 16
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Table A6. Pattern of segregation for ozone injury score in
the cross (PHR x 0669), as observed in results

obtained from the ozone chamber.

Number Level of Ozone Injury
Parents and Crosses Plzgts 0 1 2 3 4
PHR (sensitive) 55 2 6 15 20 12
0669 (sensitive) 54 13 15 25
(PHR x 0669) F; 22 15 3 4
(0669 x PHR) F; 9 4 5
(PHR x 0669) F, 197 41 75 53 13 15
Observed 116 81
Expected 110.8 86.187
X% q4¢ =

[116 - 110.8 (-0.5)]2

110.8

a = 0.05

+

[81 - 86.187 (-0.5)]%

86.187

= 0.452 N.S.
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narrow range of genetic variation probably exists.

The F3 families analysis (Tables A8-All) indicated that
in the majority of the cases (approximately 85%), visual
classification in the F); was essentially correct. In addition,
it was judged acceptable for genetic analysis that the line
between tolerance and sensitivity lies between classes 1 and
2 (Table Al2), inasmuch as the ratio of tolerants to sensitives,
comparing F3 plants with F, parents, changes sharply at that
point. Therefore, in order to facilitate genetic evaluation,
plants with a degree of injury of 0 to 1 were considered as
ozone tolerant while the remainder (classes 2 to 4) were
considered ozone sensitive. As a result of this rearrangement,

segregation in F, from 3 crosses between tolerant and sensitive

2
varieties (Tables Al, A2, and A4) suggests that only a single
dominant allelic difference is involved. In one cross (Table
A3), the X2 value for monogenic inheritance was significantly
greater than zero. The ratio 9:7 (tolerant:sensitive) in the
F, generation of the cross between the two sensitive varieties
(Table A6), suggests that two co-dominant complementary alleles
in two different loci are involved in the regulation of
tolerance to ozone.

Results from the field nursery (Table A7) indicate that
the majority of the alleles that express tolerance to ozone
injury in bean plants are partially to completely dominant.
Since results from the chamber implied nonexistance of
maternal effects, F; and F, seeds from reciprocal crosses

were composited and analyzed together. The test ratio 9:7

(tolerant:sensitive) in the F, generation of the cross
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Table A7. The field results in 1979-1980.

Varieties and
Crosses

PHR

Nep-2

0669

FH

(0669 x Nep-2) F;
(FH x PHR) Fj
(0669 x PHR) F;
(PHR x Nep-2) Fj;
(FH x 0669) F;
(FH x Nep-2) F;
(0669 x Nep-2) Fj
(0669 x FH) F»
(Nep-2 x FH) F)
(PHR x 0669) F»
(Nep-2 x PHR) Fj
(PHR x FH) Fy

Number Number
Total Ozone Ozone
Number Tolerant Sensitive
Plants Plants Plants X2 value
146 10 136
126 108 18
118 16 102
122 118 4
16 14 2
18 15 3
17 13 4
22 16 6
15 14 1
19 19
199 159 40 2.68 N.S.
206 172 34 S.
175 164 11
279 153 126 2.06 N.S.
292 185 107 S.
226 153 73 S.
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Test field of F3 families of the cross PHR x FH.

Fy Plants

F3 Plants

Serial

Number
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Table A9. Test field of F3 families of the cross Nep-2 x

PHR.
Fy Plants F3 Plants
Number Number
Serial Ozone Ozone Tolerant

Number Level of Injury Tolerant Sensitive Total
1 0 6 4 0.6
2 1 8 2 0.8
3 2 5 5 0.5
4 0 10 0 1.0
5 1 7 3 0.7
6 3 3 7 0.3
7 1l 7 3 0.7
8 1 7 3 0.7
9 4 died - - -——
10 0 9 1 0.9
11 1 6 4 0.6
12 4 3 7 0.3
13 1 5 5 0.5
14 1 7 3 0.7
15 4 died - - -——
16 1 8 2 0.8
17 0 9 1 0.9
18 1 7 3 0.7
19 3 4 6 0.4
20 2 2 8 0.2
21 0 8 2 0.8
22 1 8 2 0.8
23 0 8 2 0.8
24 3 3 7 0.3
25 0 9 1 0.7
26 1 7 3 0.7
27 0 8 2 0.8
28 2 5 5 0.5
29 1 6 4 0.6
30 3 2 8 0.2
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families of the cross FH x

3

Test field of F

0669.

Table AlO0.

F3 Plants
Number

Number

Fy Plants

Ozone Tolerant
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Table All. Test field of F3 families of the cross 0669 x
PHR,

F2 Plants F3 Plants

Number Number
Serial Ozone Ozone Tolerant
Number Level of Injury Tolerant Sensitive Total
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Table Al2. sSegregation of the F3 plants in the field.

Level of Injury of

the Parental Plants

(F2)

0

1

Number Number
F3 Ozone F3 Ozone
Tolerant Sensitive Tolerant:
Plants Plants Sensitive
288 62 4,65:1
270 112 2.,4:1
62 118 1:1.9
38 112 1:2.9
5 15 1:3
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2 value not

between the two sensitive varieties produced a X
significantly different from zero. Only in one cross (out of
four) between tolerant and sensitive varieties (Nep-2 x 0669)

the Mendelian monogenic ratio of 3:1 (tolerant:sensitive) was

statistically (X2N.S. from 0) acceptable.

Stomatal Density

The data in Table B5 suggests that 0669, a sensitive

2 on the

variety, has significantly fewer stomata per mm
abaxial (lower) leaf surface than do the other 3 varieties.
FH, a tolerant variety, has significantly higher stomata per

2

mm“ on the adaxial (upper) leaf surface in comparison to the

other 3 varieties.

Stomatal Conductivity

With reference to the data in Tables Bl and B2, the
abaxial stomatal conductivity is about 8 to 10-fold greater
than the adaxial conductivity, which implies that most ozone
uptake occurs through the lower surfaces of the leaf canopy.
In general, both abaxial and adaxial conductivity decreased
significantly in all 4 varieties as ozone exposure time
increased (Tables Bl-B4). The two tolerant varieties exhib-
ited higher stomatal conductivity (both abaxial and adaxial)
prior to ozone fumigation and in the two periods of fumigation
in contrast to the two sensitive varieties (Tables Bl and B2).
The two main factors; variety and timing (period of fumigation)
were significant in both abaxial and adaxial analyses of

variance (Tables B3 and B4). The interaction between the
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Table Bl. Means of abaxial stomatal conductivity (cm/sec)
of the four bean varieties at different durations
of ozone exposure.

Length of Ozone
Fumigation (Hours) FH PHR Nep-2 0669 Mean
0 0.420 0.417 0.437 0.347 0.405
4 0.290 0.192 0.225 0.190 0.224
6 0.086 0.070 0.082 0.047 0.071
Mean 0.266 0.227 0.248 0.195

Table B2. Means of adaxial stomatal conductivity (cm/sec)
of the four bean varieties at different durations
of ozone exposure.

Length of Ozone
Fumigation (Hours) FH PHR Nep-2 0669 Mean
0 0.050 0.020 0.044 0.037 0.038
4 0.057 0.014 0.023 0.018 0.028
6 0.020 0.008 0.013 0.006 0.012
Mean 0.042 0.014 0.026 0.020
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Table B3. Analysis of variance for abaxial stomatal
conductivity for the four bean varieties.

Source d.f. SS MS
Total 503 16.2
Block 2 0.286 0.146
Variety 3 0.861 0.287
Timing 2 9.1 4.55
Variety x Timing 6 0.463 0.077
Error 22 0.335 0.015
Sample 216 3.691
Det. 252 1.464

Table B4. Analysis of variance for adaxial stomatal
conductivity for the four bean varieties.

Source d.f. SS MS

Total 503 0.294

Block 2 0.0072 0.0036
Variety 3 0.063 0.021
Timing 2 0.058 0.029
Variety x Timing 6 0.019 0.003
Error 22 0.0348 0.016
Sample 216 0.09

Det. 252 0.022
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variety and timing was significant only in abaxial conduc-

tivity (Table B3).

Ascorbic Acid and Glutathione Assay

When the 4 varieties were considered together, there
was a significant decline in the amounts of ascorbic acid
(AA) detected after ozone fumigation. On the other hand,
no differences in AA content were detected among the varie-
ties before and after exposure to ozone (Tables Cl and C2).
Glutathione (GSH) contents among the four varieties prior
to fumigation were not significantly different. However,
after ozone treatment, there was a significant decline in
the amount of GSH in the varieties PHR, 0669 (both sensitive)
and FH (ozone tolerant), while Nep-2 (ozone tolerant) showed

a significant increase.

GSSG Reductase, Specific Activity, and Protein Content

GSH reductase activity was significantly greater in
primary leaves of the two tole<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>