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Abstract
Urban air basin produced oxidants, notably ozone, induce a decline in productivity in plants. This loss of productivity
is manifested by slower growth, hindered development, lower reproduction rates, impaired ability to resist disease,
and other stresses. While many metabolic events have been linked to oxidant exposure, three major shifts have been
well-studied: increased production and more rapid turnover of antioxidant systems; production of symptoms similar
to a mechanical wounding of the tissue, especially ethylene production; and decline in photosynthesis. Although these
processes may be linked metabolically at a fundamental level, the mechanisms leading to a decline in photosynthesis
have been shown to directly lower plant productivity. There are two distinct changes in physiology which can directly
alter the  photosynthetic rate by leaves: a closure of the stomata limiting CO2 concentration, and a decline in the
ability to fix CO2 within the chloroplast. In many studies it is difficult to discriminate which is more critical and
which triggers various effects because in the final analysis, both limit carbon assimilation. The mechanisms of
stomatal closure may be linked to the loss of membrane permeability and transport because of  oxidation of
membrane channels and transport  proteins and/or oxidation  to an     increased sensitivity of the stomata to closure
signals, such as internal Ca2+ levels or abscisic acid. On the other hand, impairment of the processes of photosynthesis
is probably not caused by changes in the light gathering photosystems, but rather by a loss of CO2 fixing ability
induced by a decline in Ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) or by an alteration in normal
metabolite flow via changes in ionic balance. It is not yet clear     which of     these mechanism is more critical to each
individual plant species under varied environmental conditions.     However, the loss of photosynthetic products is only
the first step in the loss of productivity. Much evidence indicates that translocation of the fixed carbon is altered by
oxidants. Because translocation is very sensitive to energy and carbohydrate status as well as membrane function of
the leaf, phloem loading would also be at risk by oxidant exposure. A decline in carbohydrate levels to roots and
growing shoot tips would have profound effects upon the plant’s ability to grow and respond normally to the
integrated effects of the remainder of the environment.

Introduction
Many studies that describe the attack of ozone upon the tissues and physiological
processes of green plants have used agriculturally important crops (Heagle 1989;
Heath 1980, 1994a, [In press]; Heck and others 1988; Karpinski and others 1993).
While native plants in the ecosystem may respond differently to ozone than crop
plants, certain fundamentals seem to be constant between species. Thus, some
generalities of physiology can be stated with certain confidence. To be sure, we
have much more to learn, but the concepts and ideas from basic research adds to
our “more practical” knowledge base. Understanding how ecosystems can be
protected from pollutants requires the foundations of basic research.

Definitions of Forest Decline
“Forest decline” can be defined as the negative changes within forest ecosystems
induced by a degeneration in air quality. Two examples of this decline include the
process of sinking to a “weaker” or inferior condition, or a diversion from the
“normal” development process. In both cases we are forced to define what is meant
by the terms “weaker” and “normal.” Studies of “normal” ecosystems are few;
thus, normal is not inadequate when defined experimentally. Currently, a “normal”
ecosystem is that with very low levels of air pollutants. Finding such an ecosystem
is not a simple task (Sandermann and others [In press]). A “weaker” ecosystem is
one which is not resistant to attack by biotic or abiotic stresses. The loss of trees in
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the San Bernardino Mountains in southern California is a good example because
ozone causes an early loss of foliage, seemingly giving the tree less resources to
fight a later attack by bark beetle which ultimately kills the tree (Miller 1992).

The observational definitions of plant “changes” caused by air quality include:
[1] visible injury, [2] loss of productivity, [3] inability to withstand other stresses,
[4] accelerated senescence, and [5] changes in metabolic pathways. Visible injury
is often used as the primary observation of forest decline and includes loss of
chlorophyll, necrosis, “water-logging” in deciduous leaves, and production of
anthocyanin-containing “spots” (Jacobson and Hill 1970). The loss of productivity
has been most easily measured by a decline in timber production in a forest. The
inability to withstand other stresses has been found in forests attacked by bark
beetles, and an inability to compensate for a lowering of nutrient and water
availability are examples of other natural abiotic stress. Accelerated senescence is
most easily observed as early loss of needles and crown thinning but can include
an altered leaf or root development. Changes in metabolic pathways are the most
difficult to observe in the field, yet these observations can most clearly indicate a
plant’s ability to respond ultimately to the ozone attack.

Plant Physiology and Ozone
Various hypotheses have been proposed to explain the interaction of plant
physiological processes and ozone attack (table 1). Although the hypotheses
overlap at the fundamental biochemical level, each hypothesis is an independent
process, and individual research groups tend to focus on only one at a time. The
antioxidant protection hypothesis involves both the amount of each antioxidant
present and the ability to produce antioxidants which serve to eliminate ozone so
that ozone cannot move into any cellular site where it will induce damage. Ozone

Table 1Table 1Table 1Table 1Table 1 — Various hypotheses that explain the modification of plant physiological processes induced by ozone.

GeneralGeneralGeneralGeneralGeneral SpecificSpecificSpecificSpecificSpecific DetailedDetailedDetailedDetailedDetailed

Antioxidant protectionAntioxidant protectionAntioxidant protectionAntioxidant protectionAntioxidant protection
Superoxide:

Superoxide dismutase
Hydrogen peroxide

Peroxidases
Hydroxyl radical

Ascorbate, glutathione
Tocopherol

Wounding responseWounding responseWounding responseWounding responseWounding response
Wounding proteins or pathogen
response proteins

Chitinase
β -glucanase

Ethylene production
Loss of photosynthetic capacityLoss of photosynthetic capacityLoss of photosynthetic capacityLoss of photosynthetic capacityLoss of photosynthetic capacity

Inappropriate stomatal response
Photosynthetic processes

Photo-inhibition of photosystems
Loss of carboxylation
Slowing of translocation

Membrane dysfunctionMembrane dysfunctionMembrane dysfunctionMembrane dysfunctionMembrane dysfunction
Loss of ion channels (K+ , Ca2+)
Loss of permeability

Channels
Membrane structure

Loss of signal transduction receptors
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itself is not expected to be stable within the cell or its wall because of its high
reactivity. Three major transformation species are currently believed to be formed:
superoxide (O2

-), hydrogen peroxide (H2O2), and hydroxyl radical (HO.) (Grimes
and others 1983, Möller 1989, Mudd [In press]). Other possibilities, such as ozonide
radical (O3

.) and peroxyl radical (HOO.) have been described (Heath 1986), but
their reactions are currently poorly understood. Data seem to indicate that many
oxidative species from ozone can be detoxified easily by reactions with ascorbic
acid or glutathione (Benes and others 1995, Bors and others 1989, Chameides 1989,
Gupta and others 1991, Guzy and Heath 1993, Kangasjärvi and others 1994, Luweand
others 1993, Polle and others 1995, Willekons and others 1994).

If interception by antioxidants is unsuccessful, then ozone (or its oxidative
products) will alter the membrane function through oxidation of critical sulfhydryls
of ion channels or pumps and induce an increase in general membrane permeability
via inhibition of channel closure or alterations in the membrane structure (Heath
1988, 1994a). Another, but unproved, mechanism is the false triggering of the
signal transduction receptors by a direct or indirect chemical modification. Both
effects would lead to a non-natural balance of ions across all membranes. The
most critical of these ions is Ca2+; its plasmamembrane efflux pump is inhibited
and its general permeability is increased by ozone (Castillo and Heath 1990).
Many metabolic processes are in turn activated as the Ca2+ concentration within
the cell rises.

One major response of ozone exposure mimics a general wounding, either
mechanical or pathogen induced. Since one of the initial triggers of wounding
responses is a rise of Ca2+ level within the cell, wounding fits well with what is
known about ozone attack. This rise in Ca2+ level, in turn, triggers a series of
metabolic cascades, ultimately generating ethylene and the production of
pathogen-response (PR) proteins (Fengmeier and others 1994, Kärenlampi and
others 1994, Langebartels and others 1991, Schraudner and others 1992, Sharma
and Davis 1994). It is not clear that ozone directly produces these responses; some
oxidative product of ozone may be the key chemical. For example, the prevention
of ethylene release has been shown to prevent the induction of visible injury
(Mehlhorn and Wellburn 1987, Mehlhorn and others 1991), and the visible injury
ultimately has been considered a result of the chemical interaction of ozone and the
double bond of ethylene producing a toxic product (Gunderson and Taylor 1991,
Taylor and others 1988, Tingey and others 1976).

A clear, but mechanistically confusing, plant response to ozone is the loss of
photosynthetic capacity. Stomata generally partially close during ozone exposure
but, under some conditions, can open further (Heath 1994b). Under many
conditions the level of the primary enzyme of CO2 fixation (ribulose 1,5-
bisphosphate carboxylase/oxygenase, Rubisco) declines (Dann and Pell 1989, Nie
and others 1993, Pell and others 1994). Yet one clear visible injury pattern, the loss
of chlorophyll, signals a problem within the photosystems of the chloroplast
(Heath 1989). Photoinhibition can be induced if CO2 fixation becomes too slow for
a given rate of photon capture. Many observed events suggest that while carbon
assimilation within the leaf declines, translocation of carbon is inhibited even more
so such that growing points of the plant are inhibited and root/shoot ratios are
altered (Dugger and Ting 1970, Tjoelker and others 1995).

Examination of the changes in photosynthetic capacity suggests that a multiple
series of declines are at the heart of a loss in productivity and resource accumulation
of the plant. In general, stomata partially close during ozone exposure. The
apertures of stomata are governed by a dynamic balance of water loss and internal
CO2 concentration (which is fixed by a balance of gas flow through the stomata and
carbon assimilation) (Farquhar and Sharkey 1982). We do not know if a membrane
imbalance first leads to a loss of osmotically accumulated water from the guard cell
or if the imbalance is caused by an inhibition of CO2 fixation. In fact, there are many
possible interactive mechanisms: stomata closure can occur with an influx of Ca2+

into the guard cell in which its higher concentration changes the sensitivity of the
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Figure 1 — Changes in the
production of m-RNA for the
small subunit of Rubisco. Tomato
plants, grown in a growth
chamber for 3 weeks, were
fumigated with 0.33 ppm ozone
(produced within O2 stream) at
an air temperature of 28 degrees
C and a relative humidity of 25
percent for 3 hours. No visible
injury could be seen even after
several days, but a slight (ca. 40
percent) stomatal closure could
be observed towards the end of
the fumigation period (fig. 3). The
message RNA was probed
(Cohen and Bray 1990) and
quantified on the slot blot
membrane by the phosphor
Imager System (Molecular
Dynamics). 3

3 Mention of trade names or products is
for information only and does not im-
ply endorsement by the U.S. Depart-
ment of Agriculture.

guard cell to abscisic acid (ABA) transported to the leaf from the roots or produced
within the leaf due to a lowered cell water potential (Atkinson and others 1990).
These interactive mechanisms make understanding of the full process difficult.

A poor balance between light gathering (photosystems) and CO2 fixation by
Rubisco seems to lead to photoinhibition (Farage and others 1991). Changes in
chlorophyll fluorescence patterns and in kinetics of protein production (e.g., the
D1 protein of photosystem II) (Barber and Anderson 1992, Osmond 1981) suggest
that this is a real mechanism with the possibility that it is not expressed in all plants
(Nie and others 1993, Pino and others 1995). The loss of Rubisco is difficult to
measure as Rubisco is present in very high concentration. Its level declines in
senescing leaves much faster after ozone exposure, suggesting a role in early
senescence. An easier method to follow Rubisco changes is by measuring the
concentration of its m-RNA leading to the production of the protein rbcS (the
message for its small subunit is nuclear transcribed). According to studies by Pell
and others (1994) and Reddy and others (1993), a rapid, but not complete, loss of
the protein message occurs within an hour or so of exposure but recovers within
a day after the exposure ceases (fig. 1).

The full scheme for the interaction between membrane dysfunction and Ca2+

changes and the other events observed during ozone exposure is not easily
decoded. However, the current data indicates that metabolic pathways are
regulated and mutually dependent. When ozone alters one metabolic event many
others far removed from that initial site of interaction are changed.

We have used a dual label isotope porometer (Johnson and others 1979) to
measure the stomata conductance of water vapor (using inward flowing 3H2O as
an analog for normal outward flow of water vapor from the leaf). Assimilation is
measured simultaneously by 14CO2 fixation. The gas stream passing over the leaf
has both isotopes (fig. 2). Knowing the stomata conductance for H2O vapor allows
the calculation of the conductance for O3 and with the known external level of
ozone, a dose of ozone within the leaf can be calculated (Heath 1994b). The
inhibition of stomata conductance is greater than the inhibition of assimilation, but
under the low light intensity of these experiments, the stomata can close a great
deal without inhibiting assimilation (Heath 1994b). We are currently using the
dual label porometer in the single label mode (using only 14CO2 at high specific
activity) to label photosynthetically- fixed carbon in a leaf in order to follow its
movement through translocation. Preliminary results suggest ozone exposure
dramatically slows carbon movement.

Another method to continuously measure stomata conductance involves the
use of leaf temperature as a probe of evaporative water loss through transpiration.
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Figure 2 — Dual isotope label
porometer (Johnson and others
1979). This machine allows the
measurement of water con-
ductivity (measured inversely by
the flow of tritiated water from
the gas stream into the leaf) and
carbon assimilation (measured by
the flow of 14C carbon dioxide
into the leaf). The area labeled is
a circle of diameter of 0.55 cm.

By using two thermocouples wired in series but with legs reversed (the same metal
joined at a common junction) and one thermocouple touching the leaf and the other
in the air just below the leaf, the differential temperature (dT = Tleaf - Tair) can be
continuously recorded. Calibrations allows dT to be used as a measure of
transpiration rate. By using the air temperature and relative humidity, the stomata
conductance can be calculated, and the ozone dose can be “measured” continuously
during exposure. A plot for tomato exposed to ozone was measured by using this
technique (fig. 3). The change in conductance is measured against the actual
delivered dose of ozone to six leaves. Each leaf begins with a slightly different
conductance (as they are different leaves on the two plants and are at different
developmental ages, which affects their conductance); thus, the total time of
exposure at which stomata begin to close varies. However, converting time into
accumulated dose for each gives clearer results; the dose for the beginning of
closure is about the same as 8 nmole cm-2-leaf area. The stomata close to about 50-
60 percent of the initial level  at a dose of about 30-35 nmole cm-2-leaf area. Higher
doses do not seem to close the stomata any further.

Conclusion

Figure 3 — Changes of stomatal conductance during fumigation of tomato plants with ozone. The data were collected and dose was
calculated by the amount of ozone in the air multiplied by the stomatal conductance for ozone each 210 seconds. This is an average
of thermocouple measurements for six leaves (2 on 2 plants, 1 on 4 plants). Several plants were destructively removed during the course of
the experiment for m-RNA sampling.
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Results of the various studies discussed in this paper have made sizable
advancement in the understanding of ozone induced plant changes. Several
testable hypotheses regarding the mechanism of ozone induced injury have been
formulated (Bors and others 1989, Castillo and Heath 1990, Eckardt and Pell 1994,
Langebartels and others 1991, Pino and others 1995) and cultivars and mutants of
varied species have been generated which differ in their sensitivities to ozone
(Guzy and Heath 1993, Sharma and Davis 1994). The understanding of the basic
processes of plants has made this progress possible. Our comprehension of how
plants respond to the environment continues to grow. In the future, better
technology to allow us to measure physiological events, and a more complete
understanding of genetics and the use of mutants should make it possible to
understand how ozone exposure puts a plant at risk and how we can aid the plant
in its attempt to protect and repair itself in the face of that risk.
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