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Abstract—Tomato pinworms, Keiferia lycopersicella (Walsingham), sur-
vived better and developed faster on tomato plants, Lycopersicon esculentum
Mill., damaged by ozone than on plants not subjected to ozone fumigation.
Other measures of fitness, including survival during pupation, sex ratio of
adults, female longevity, and fecundity, were not affected. Analyses of ozon-
ated foliage at zero, two, and seven days following fumigation demonstrated
a transient but significant increase (18-24 %) in soluble protein concentration.
Although the concentration of the total free amino acids in ozonated foliage
did not increase significantly, significant changes were observed in at least
10 specific amino acids, some of which are critical for either insect devel-
opment or the production of plant defensive chemicals. A reduction in total
nitrogen in ozonated foliage at seven days postfumigation indicated that ni-
trogen was being translocated to other portions of the plant. The implications
of increases in assimilable forms of nitrogen in ozonated foliage, which lead
to improved host-plant suitability for insect herbivores, are discussed both in
relation to some current ecological theories and in regard to pest-management
strategies.

Key Words—Ozone, nutrition, insect-plant interactions, nitrogen, second-
ary plant compounds, Keiferia lycopersicella Lepidoptera, Gellechiidae, to-
mato, Lycopersicon esculentum.
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INTRODUCTION

Ozone, a colorless, highly reactive gas formed from the interaction of the prod-
ucts of fossil fuel combustion and oxygen, causes more plant damage in the
United States than any other air pollutant (EPA, 1978). Losses in southern Cal-
ifornia are reportedly in excess of 275 million dollars annually (Leung et al.,
1982). Upon entering leaves through the stomata (Dugger et al., 1962), ozone
reacts with plant membranes and cellular structures such as chloroplasts, re-
sulting in structural damage and, in some cases, the onset of premature senes-
cence (Mudd et al., 1969; Chang, 1971a; Heath, 1980). Such physiological
changes reportedly decrease photosynthesis in several species (Ormrod et al.,
1981; Reich and Amundson, 1985); both photosynthesis (Todd and Probst,
1963) and partitioning of photosynthates are affected in tomatoes (McCool and
Menge, 1983).

An important action of ozone on foliar tissues is the apparent release of
large amounts of soluble nitrogenous compounds from plant structural forms.
Nitrogen in soluble form (soluble proteins and free amino acids) is apparently
more easily digested by insects than many protein complexes in plants (Slansky
and Feeny, 1977). Ozone has been shown to preferentially oxidize certain amino
acids, specifically cysteine, methionine, tyrosine, histidine, and cystine (Chang,
1971b; Mudd and Freeman, 1977). This action breaks structural proteins into
their component parts, causing membrane dissociation and producing signifi-
cant increases in free amino acid concentrations (Menzel, 1971; Ting and Mu-
kerji, 1971; Craker and Starbuck, 1972), and in some reports, soluble protein
levels (Beckerson and Hofstra, 1979). However, these results cannot be gen-
eralized across all plant species, as some exceptions have been reported (Ting
and Mukerji, 1971; Tingey et al., 1973).

The implications of increased concentrations of readily available forms of
nitrogen for insect herbivore development are considerable (Mattson, 1980;
White, 1984). Researchers have clearly demonstrated that nitrogen availability
affects such basic life processes as growth rates, survival, and reproductive
capacity (Onuf, 1978; Prestidge, 1982). White (1984) speculated that improved
host quality resulting from an increase in free amino acid concentration follow-
ing an episode of plant stress would greatly enhance survival of newly enclosed
larvae. Although a variety of physiological changes have been reported for plants
(primarily evergreens) stressed by SO, (Alstad et al., 1982), increased concen-
trations of free amino acids in foliage due to SO, injury have been suggested
as the causal factors for improved survival in both aphids (Dohmen et al., 1984)
and beetles (Jaeger et al., 1972). Since air-pollution incidents typically occur
over broad areas of crop production (Perkins, 1974), the cumulative effects on
herbivores at the population level may be quite significant. Thus, potential
changes in plant physiology due to stress or direct injury resulting from air
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pollutants may well have more serious consequences than surveys of direct eco-
nomic losses have suggested.

Little research is available concerning the impact of ozone on insect-plant
interactions. In the most detailed study to date, Endress and Post (1985) dem-
onstrated that the Mexican bean beetle preferred to feed on excised soybean
foliage damaged by ozone, but the authors only speculated as to the physiolog-
ical mechanisms underlying the changes in foliage suitability. In a related study,
Jeffords and Endress (1984) reported a preference by gypsy moth larvae for
ozonated foliage excised from white oak. Hughes et al. (1981) showed a similar
preference by the Mexican bean beetle for foliage damaged by SO,.

Earlier research on the direct impact of ozone on insects suggested there
were no significant effects on two species of cockroaches or on fire ants (Levy
et al., 1974). Prolonged exposure to high ozone concentrations on housefly
populations caused insignificant variations in growth and survival, but appar-
ently stimulated oviposition (Beard, 1965). However, insects in these two latter
studies were not fed living plant material, so any potential ozone-induced
changes in nutritional quality of their food source would not occur.

The first objective of the study reported here was to evaluate the influence
of ozone on interactions between K. lycopersicella, a specialist herbivore of
economic significance in the United States, and its host plant, L. esculentum.
Secondly, we wished to document some of the chemical and physiological
changes in ozonated tomato plants which might alter the nutritional or defensive
status of the foliage.

METHODS AND MATERIALS

Tomato pinworm (TPW) larvae, K. lycopersicella, used in all tests were
reared in the laboratory from a colony initiated in 1982 with insects collected
from commercial tomatoes in Orange County, California. The cuiture was
maintained at 26 + 1°C in a photoperiod of 14L: 10D on tomato plants (variety
VEN 7718). All tomatoes used in these studies (VFN 7718) were grown from
the same seedlot in a glasshouse and were planted in one-gallon pots containing
UC soil mixture (Matkin and Chandler, 1957). Fertilization was standardized
within each test. All plants were eight weeks old (six true leaf stage) at the
initiation of each experiment.

Ozone fumigation chambers utilized in these tests were either large (2.5 m
diameter) outdoor chambers (Musselman et al., 1986) or smaller (1.37 m di-
ameter) chambers located in a glasshouse (1.1 air exchanges/min, similar to
Heck et al., 1978). Temperatures and relative humidities during fumigation
ranged from 20 to 25.5°C and 35 to 42 %, respectively. The outdoor chambers
operated continuously, and plants received all ambient ozone present. Glass-
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house fumigation chambers, which are suitable for precise metering of ozone,
were utilized for developmental tests since temperature could be maintained
near 26°C, the optimum for TPW (Lin and Trumble, 1985). Regardless of size,
both multiple chamber facilities were equipped with electrical arc ozone gen-
erators and activated charcoal filters for filtered air (low ozone) fumigation.
Ozone concentrations within individual chambers were recorded using Dasibi
UV ozone monitors linked to data loggers.

Insect Development, Survival, and Fitness: TPW developmental rates and
survival on ozonated plants, and the potential effects of direct exposure to ozone,
were evaluated in glasshouse chambers using three treatments: (1) control, no
ozone; (2) two ozone fumigations prior to TPW infestation of plants; and (3)
two ozone fumigations prior to, and two fumigations after, TPW infestation.
All fumigations lasted three hours and were two to three days apart; treated
plants received 0.28 ppm ozone and control plants received filtered air. Such
concentrations of ozone are not unrealistic for agroecosystems in the Los An-
geles-Riverside area, as ozone levels usually exceed 0.20 ppm (first-stage alert)
on at least 30 days per year, and levels of 0.35 ppm (second-stage alett) occur
annually.

Five plants with 10 eggs per plant (i.e., 50 eggs/treatment) were exposed
in each treatment. Age of the eggs was standardized by using eggs oviposited
during a 2-hr period. Eggs were transferred to test plants prior to randomization
for the three ozone treatments. Following the last fumigation, the tomato plants
were moved to the laboratory (maintained at 26 + 2°C) and placed on trays
covered with sand. The pots were covered at this time to prevent larvae exiting
the foliage from pupating in the soil.

The time of host abandonment, signaling the cessation of feeding and the
onset of the prepupal stage, was used to determine developmental rate and sur-
vival of larvae. The sand, serving as a pupation medium for larvae exiting the
leaves, was sifted at 8-hr intervals until all surviving larvae had exited the leaves.
The numbers of larvae successfully pupating and emerging as adults were sub-
sequently recorded.

A second experiment, designed to evaluate general fitness parameters of
TPW, was conducted in the outdoor fumigation chambers. Three treatments
were investigated: high ozone = 35.8 ppm-hours (ambient levels plus four, 4-
hr fumigations with 0.28 ppm ozone over the course of 10 days); ambient ozone
concentrations = 31.6 ppm-hours; and a filtered air control = 7.7 ppm-hours.
Total dose is reported because the daily ozone dosage varies with ambient in
field studies. The filtered air treatments contained background levels of ozone
due to the inability of the activated carbon filters to completely remove ozone.
Forty-five plants per treatment were arranged in a randomized complete block
design within nine fumigation chambers which had been previously selected at
random for treatments. Each plant was infested with five eggs, for a total of
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225 eggs/treatment, prior to randomization. Following the fumigations, the
plants were returned to the laboratory and prepared as in the previous test. The
pupation medium was sifted at 24-hr intervals, and all pupae were segregated
by treatment and held to adult emergence. The first time this experiment was
conducted, only sex ratio data were collected. In a second trial, with the iden-
tical exposure and infestation schedule (high ozone = 38.8 ppm-hours; ambient
= 34.2 ppm-hours; control = 12.4 ppm-hours), males and females emerging
from within each treatment were paired and allowed to oviposit on an artificial
substrate (Schuster and Burton, 1982). Total egg production by each female
was recorded at 48-hr intervals. Longevity of the females was assessed by re-
cording survival at 24 hr intervals. All data from these experiments were ana-
lyzed using analysis of variance followed by Duncan’s (1955) multiple-range
test (DMRT) as appropriate.

Nitrogen, Free Amino Acid, and Chlorogenic Acid Analyses: Eighteen to-
mato plants were exposed to four, 2-hr, 0.18 ppm ozone fumigations at three-
day intervals in glasshouse chambers. Eighteen control plants received identical
treatment but were fumigated with ozone-free air. Immediately following the
last fumigation, individual leaves, consisting of seven leaflets each, from six
randomly chosen plants per treatment were divided into roughly equal aliquots
for analysis of total nitrogen, soluble proteins, free amino acids, and chloro-
genic acid. Samples were weighed immediately after collection and frozen for
later analysis. Enough foliage was available on a single plant to provide four
pairs of samples for each of the variables analyzed. Leaves were chosen on the
basis of position on the main stem, starting with the third fully expanded leaf
from the top; above this level not all leaves had been exposed to all four fu-
migations. At 7 and 14 days postfumigation, foliage from six ozone-fumigated
plants and six control plants were evaluated in an identical fashion, except that
only soluble protein and chlorogenic acid concentrations were assessed at 14
days postfumigation.

In a related test, five tomato plants were exposed to two, 3-hr fumigations
at 0.28 ppm of ozone. Fumigations were three days apart. As in the previous
trial, five additional plants were fumigated for an equivalent time with ozone-
free air. Two foliage samples per plant from control and treated plants were
collected at two days postfumigation as described previously and analyzed for
soluble protein content.

Total nitrogen was analyzed using the micro-Kjeldahl technique (Mc-
Kenzie and Wallace, 1954). The technique was modified by replacing the mer-
curic oxide catalyst with copper sulfate and by utilizing bromocresol green in
place of methylene blue as an indicator.

Soluble protein was quantified using methods modified from Hare (1983,
Jones, Hare, and Compton, unpublished). Frozen samples (1-2 g fresh weight)
were ground and extracted with 10 ml 0.1 M NaOH for 30 min at room tem-
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perature. Leaf tissue was removed by centrifugation (11,500g for 10 min) and
the supernatant was brought to 10 ml. Protein concentration of the NaOH so-
lution was measured with the Bradford (1976) reagent using ribulose 1,5-bi-
phosphate carboxylase (RuBPCase) (Sigma Chemical Co.) as the standard.
Samples were diluted when necessary to avoid deviations from linearity due to
NaOH at high protein concentrations. Duplicate readings were made on each
extraction. Values are reported as milligrams RuBPCase equivalent protein per
gram (fresh weight) of foliage.

Free amino acids were qualitatively and quantitatively evaluated by ex-
traction from additional foliage samples (1-2 g, fresh weight) with 10 ml 0.2
M trichloroacetic acid (TCA) for 30 min at room temperature. Samples were
gravity-filtered through Whatman No. 1 filter paper to remove leaf tissue and
then centrifuged at 11,500g for 10 min to remove small particles and precipi-
tated protein. The filtrate was subsequently brought to a volume (in ml) 10 times
the original weight of the leaf tissue, diluted 1:4 with additional TCA, and
analyzed by automated ion-exchange chromatography at the Biotechnological
Instrumentation Facility at the University of California, Riverside. Specific
amino acid concentrations are reported as micrograms of amino acid per gram
(fresh weight) of foliage. Total amino acid concentration was calculated as the
sum of the individual amino acids per sample.

Chlorogenic acid content of foliage was quantified using high-pressure lig-
uid chromatography (after Elliger et al., 1981). _

Chemical data were analyzed by nested analysis of variance (ANOVA).
The variation between treatments was tested over the variation among plants
within treatments, and the variation among plants was tested over the variation
between samples within plants.

Pearson product-moment correlation coefficients were calculated between
plant means of percent nitrogen, soluble protein concentration, and total free
amino acid concentration in order to determine if these three parameters varied
independently.

RESULTS AND DISCUSSION

Insect Survival, Development, and Fitness. Survival of larvae developing
on ozonated foliage was significantly greater than larvae fed control plants (Ta-
ble 1). Survival was more than doubled for TPW fed plants exposed to two
fumigations. A significant decrease in survival was observed for TPW devel-
oping on foliage exposed to four fumigations, as opposed to two fumigations.
Whether such an effect was due to contact toxicity, irritation, or some other
cause, warrants additional investigation. Upon entering the tentiform leaf-min-
ing stage (instars 3 and 4), adverse effects of ozone were apparently lessened,
as counts of mines on the foliage equaled numbers of larvae exiting from leaves.
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TABLE 1. DEVELOPMENTAL RESPONSE OF K. Iycopersicella To OZONATED AND
CoNTROL L. esculentum®

% Completing % Successfully % Adult
Treatment larval development pupating® emergence’
Control 28 a 93 a 100 a
Two O,
fumigations 62 ¢ 94 a 95a
Four O,
fumigations 46 b 100 a %4 a

“Five replicates of 10 larvae per treatment; numbers in column followed by the same letter are not
significantly different (P < 0.05), arcsine transformation, DNMRT.
bPercentage of those individuals completing the previous stage.

No significant differences were detected in either percent pupation or successful
adult emergence from pupal cases (Table 1). Although TPW larvae feeding on
ozonated plants survived better, no corresponding improvement in other fitness
parameters was observed; significant differences were not detected for ratios of
males to females, female longevity, or fecundity (Table 2).

Developmental rates for TPW larvae feeding on ozonated tomato plants
were faster by more than 32 hr than larvae feeding on control plants (Figure 1).
Mean times for emergence from the plants (setting the first emergence as time
zero) were 75.9 hr for larvae fed control foliage, 55.5 hr for TPW fed on plants
exposed to two ozone fumigations, and 49.4 hr for larvae fed tomatoes fumi-
gated four times. These values represent increases in overall larval development

TABLE 2. INFLUENCE OF OZONATED AND CONTROL PLANTS ON SELECTED BIOLOGICAL
PARAMETERS OF K. lycopersicella

Mean No.
Sex ratio Mean longevity eggs per
Treatment Test” (male-female) per female (days)” female (N)°
High 1 0.92 ’ — —
ozone? 2 0.81 6.1 15.9 (18)
Ambient 1 0.85 — —
2 0.67 5.5 19.4 (14)
Filtered air 1 0.76 — —
2 1.12 5.6 16.8 (25)

“Test 1 = 3 replicates of 75 TPW per treatment; test 2 = 3 replicates of 50 larvae per treatment.
*Based on 3 replicates of 11-36 females/treatment monitored daily.

‘N = paired males + females; oviposition evaluated on artificial substrate, see text for details.
?See text for fumigation, ambient and filtered air dosages of ozone.
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Fig. 1. Effects of ozone fumigation on time of emergence for larvae exiting ozonated
and control foliage. Ozone fumigations in glasshouse chambers; dosage for each fumi-
gation was 0.28 ppm.
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rates of 1.3%, 7.1%, and 10.6%, respectively, as compared to expected larval
developmental time predicted at 26°C by Lin and Trumble (1985). Although
the observed increase in developmental rate may have occurred in response to
ozone-induced stomatal closure in tomato foliage (which would elevate tem-
perature through a decrease in evaporative cooling), Dugger et al. (1962) re-
ported that ozone fumigation resulted in either no change or an increase in
stomatal opening in beans.

If the observed effect of increased survival and developmental rate on
ozonated plants proves applicable to other agricultural systems, two interesting
implications for pest management programs become evident. First, programs
dependent on developmental models driven by temperature will underestimate
both stage of development and population size. To our knowledge, this effect
has not yet been reported, but this manuscript reports the first results suggesting
that the exposure of host plants to ozone is an important developmental factor
for phytophagous insects. Also, those programs dependent on monitoring fruit
and/or foliage for determination of threshold levels may require more frequent
sampling (examples for the TPW include Wellik et al., 1979; and Wolfenbarger
et al., 1975). Second, increased developmental rates may affect the success of
biological control agents. For example, even though increased density of TPW
may allow increases in the most common parasite species (Oatman et al., 1979),
the time period for most successful parasitization would be shortened to less
than the reported 48-hr period (2- to 3-day-old TPW at 26°C; Cardona and
Oatman, 1971), thus decreasing the opportunity for parasites to utilize the most
effective ‘‘window’’ for oviposition.

Nitrogen, Free Amino Acid, and Chlorogenic Acid Analyses. Since the
biological effects of feeding on ozonated foliage were more evident for larvae
than adults, we speculated that either the nutritional suitability of the foliage
was improved for the neonate larvae as suggested for stressed plants by White
(1984), or the plant’s ‘‘defensive’’ system was being adversely affected. Anal-
yses of total nitrogen content suggested that ozone-damaged foliage should be
less nutritious than untreated leaves by one week following exposure to ozone
fumigations (Table 3). However, total nitrogen analysis with the Kjeldahl
method also includes nitrogen from structural proteins, nonprotein amino acids,
and nitrogen incorporated in defensive compounds (Hare, 1983). Significant
enhancement of soluble protein concentrations for up to two days postfumiga-
tion provided an increase in readily assimilable nitrogen available for the larvae,
which suggests a plausible explanation for the observed improvement in larval
survival. Similar increases in soluble protein concentrations have been docu-
mented for beans exposed to ozone (Beckerson and Hofstra, 1979), but reports
in the literature have not been consistent (Ting and Mukerji, 1971).

Ten of the 20 amino acids quantified from ozonated foliage varied signif-
icantly from concentrations in control leaves (Table 4). Reductions in methio-
nine and tyrosine immediately following fumigation were anticipated from ear-
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TABLE 4. COMPARISONS OF FREE AMINO AcCID CONCENTRATIONS AT ZERO AND SEVEN
DAYs POSTFUMIGATION IN OZONATED AND CONTROL PLANTS

0 days postfumigation 7 days postfumigation
Amino acid® Ozone Control Ozone Control
Alanine 103.78 ** 80.78 157.51 ** 133.23
Aspartic acid 272.35 NS 221.79 344.53 * 305.95
Glutamine 39.58 ** 92.79 383.84 NS 353.24
Glycine 16.77 ** 13.28 35.66 * 27.80
Histidine 7.99 NS 7.29 85.55 * 68.72
Methionine 5.89 #* 9.46 4.52 NS 7.49
Proline 67.01 ** 107.20 96.11 ** 178.18
Serine 141.6] ** 113.12 919.23 * 442 .88
Tyrosine 9.98 ** 16.63 39.91 ** 717.74
Valine 68.89 ** 54.83 246.30 NS 238.83

“Includes only those amino acids with substantial changes in concentration, amino acid concentra-
tion in pg/g. Horizontal comparisons within 0 or 7 days postfumigation are not significant (NS),
significant at the P < 0.1 level (¥), or significant at the P < 0.05 level (**) as noted.

lier reports (Chang, 1971b; Mudd and Freeman, 1977), but significant
reductions in glutamine (57 %) and proline (37 %) had not been previously noted.
Of the other amino acids which reportedly react with ozone, cysteine and cys-
tine were only nominally present in tomato foliage, and histidine was not sig-
nificantly affected. Unlike previous studies (Menzel, 1971; Craker and Star-
buck, 1972), significant increases in the total pool of free amino acids were not
detected. However, a trend toward higher concentrations of total free amino
acids in ozone-treated plants was evident (ozonated plants = 1020.1 and 3310.5
pg/g; control plants = 968.6 and 2601.3 ug/g at 0 and 7 days postfumigation,
respectively).

Comparisons between amino acid concentrations immediately following
fumigation and concentrations at seven days postfumigation suggest an expla-
nation for the variable reports of amino acid fluctuations in the literature. While
proportions of some amino acids remained approximately the same on both
sampling dates, the relative amounts of others, specifically serine, glutamine,
histidine, and valine, increased considerably. Whether the tomato plant is stim-
ulated to compensate for ozone-induced reductions in certain amino acids such
as glutamine, or if the leaves are entering a premature senescence causing ni-
trogenous compounds to be converted to soluble forms available for realloca-
tion, should be the focus for additional research. The general increase in free
amino acid concentration in both ozonated and control plants over the course
of the experiment probably reflects a general mobilization of energy reserves
from the leaves to flowers or immature fruit (Ting, 1982). Regardless of the
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cause of amino acid concentration differences between ozonated and control
plants, time elapsed between ozone fumigation and leaf sampling can affect the
quantities of amino acids, soluble protein, and total nitrogen measured.

The implications of ozone-induced changes in amino acid concentrations
are potentially quite significant for insect populations. Of the 10 rat-essential
amino acids generally considered necessary for insect growth (Dadd, 1973),
only methionine and valine differed significantly in ozonated foliage. Since
growth of TPW was not inhibited by the transient reduction in methionine con-
centration, and valine concentrations increased, changes in these amino acids
were not limiting. Vanderzant (1966) reported that even relatively small changes
in concentrations of free amino acids can have significant and negative effects
on insect development if the amino acids compete for sites on the absorption
system. House and Barlow (1964) documented the negative effects of increasing
the amounts of amino acids in an artificial diet, and thereby altering the osmotic
balance of the diet. However, since our data indicated: (1) the total pool of free
amino acids was not significantly increased at either O or 7 days following ozone
fumigation, (2) the increase in total free amino acids between day O and day 7
was greater than the increase between ozonated and control foliage, and (3) the
concentrations of free amino acids in ozonated and control plants were similar
to those used in successful artificial diets for other phytophagous lepidopterans
(Vanderzant, 1957; Arai and Tto, 1964), neither competition for absorption sites
nor changes in osmotic balance of the host would be likely to exert a negative
effect in our system.

Potentially critical changes in free amino acid concentrations occurred in
the key supplementary amino acids (terminology after Dadd, 1973), all of which
increased significantly in ozonated foliage. Alanine, glycine, aspartic acid, and
serine have been reported as important growth factors for the silkworm (Ito and
Arai, 1966, 1967), while proline was documented as “‘semi-essential’” for the
silkworm (Ito and Arai, 1965) and critical to the development of many dipterans
(Friend, 1968; Gingrich, 1964). Thus, since changes in concentrations of these
amino acids were relatively major (up to 207% increase for serine), increased
availability of supplementary amino acids probably accounts for at least some
of the improved survival demonstrated for TPW fed on ozonated tomato foliage.
None of the correlation coeflicients between percent nitrogen, soluble protein,
or total free amino acid concentration were significantly different from zero in
either data set, suggesting that exposure to ozone affected these three aspects
of plant nitrogen metabolism independently.

Since insect survival could also have been affected by the concentration of
plant defensive chemicals, we considered which compounds would be most
likely to be affected by ozone. Of the secondary plant compounds documented
in commercial tomatoes which have proven antibiotic properties against lepi-
dopterans, only chlorogenic acid has an ‘‘exposed’’ double bond susceptible to
rapid oxidation by ozone (J. Kumamoto, personal communication). Ozone-in-
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duced reductions in tyrosine would not effectively inhibit productivity of chlo-
rogenic acid in tomatoes, since this amino acid is only an important precursor
in monocotyledonous plants (Rhodes and Wooltorton, 1978). Since chlorogenic
acid production can be an induced response, occurring after stress from either
disease (Carrasco et al., 1978) or insects (Elliger et al., 1981), oxidation should
prevent chlorogenic acid levels from increasing as long as contact with ozone
is frequent. We found that chlorogenic acid levels did not differ significantly
from controls either immediately following the last fumigation or at seven days
postfumigation. However, by 14 days after the last fumigation, significant in-
creases in chlorogenic acid concentration were observed in ozonated plants
(ozone-treated plants = 31.1 pg/g fresh weight, control plants = 16.3 ug/g,
ANOVA, P = 0.05). Therefore, although stress generated by ozone may in-
duce chlorogenic acid production in tomato plants, benefits relating to insect
control may be minimized by repetitive exposures and subsequent oxidation.
Nonetheless, the increase in developmental rates and survival of TPW on ozon-
ated foliage cannot be explained by suppression of chlorogenic acid production
in our experiments.

CONCLUSIONS

The observed increase in survival and developmental rates of TPW larvae
feeding on ozonated tomato foliage was due to a complex of factors, the most
important of which were nutritional. Concentrations of readily assimilable ni-
trogenous compounds such as soluble protein and important supplementary
amino acids proved to be considerably better indicators of host suitability than
total nitrogen analysis. Although chlorogenic acid production in tomatoes may
be induced by exposure to ozone, the plant response occurred too late to effect
the enhanced growth and survival of TPW and could therefore be eliminated as
a primary cause for the observed effects.

Although our data show an increase in soluble nitrogenous compounds as
predicted by White’s (1984) hypothesis, this apparent agreement may be an
artifact. White proposed that the breakdown of insoluble proteins to smaller,
more soluble compounds was a general response to plant stress and adaptive to
the extent that the increase in free amino acid concentration stimulated seed
production during stressful periods. While this may be true for some stresses,
(e.g., drought), we do not believe that our results necessarily reflect an adaptive
response of plants to ozone damage. Rather, the increases in concentration of
soluble nitrogen following ozone exposure are more likely to be simply the
direct consequence of the chemical reactivity of ozone with plant proteins and
amino acids (Craker and Starbuck, 1972; Mudd and Freeman, 1977).

Acknowledgments—We wish to thank R. Teso for assistance with ozone fumigations, and H.
Nakakihara, W. Carson, A. Tarshis, and I. Ramadan for assistance with plant production and



216 TRUMBLE ET AL.

chemical analyses. The reviews of W. Osbrink, B. Martens, W. Wiesenborn, and W. Moar are
appreciated. This research was supported in part by a grant from the Academic Senate, University
of California, Riverside.

REFERENCES

ALSTAD, D.N., EDMUNDS, G.F., Jr., and WEINSTEIN, L.H. 1982. Effects of air pollutants on insect
populations. Annu. Rev. Entomol. 27:369-384.

ARAL, N., and Ito, T. 1964. Amino acid requirements of the silkworm, Bombyx mori L. J. Seric.
Sci. Jp. 33:107-110.

BEARD, R. 1965. Observations on house flies in high-ozone environments. Ann. Entomol. Soc. Am.
58: 404-405.

BECKERSON, D.W., and HoFsTRA, G. 1979. Effects of sulphur dioxide and ozone singly or in
combination on leaf chlorophyll, RNA, and protein in white bean. Can. J. Bot. 57:1940-
1945,

BRADFORD, M.M. 1976. A rapid and sensitive method for the quantification of microgram quan-
tities of protein utilizing the principal of protein binding. Anal. Biochem. 72:248-234.

CARDONA, C., and OATMAN, E.R. 1971. Biology of Apanteles dignus (Hymenoptera: Braconidae)
a primary parasite of the tomato pinworm. Ann. Entomol. Soc. Am. 64:996-1007.

CARRASCO, A., BOUDET, A.M., and MaRriGo, G. 1978. Enhanced resistance of tomato plants to
Fusarium by controlled stimulation of their natural phenolic production. Physiol. Plant Pathol.
12:225-232.

CHANG, C.W. 1971a. Effect of ozone on sulfhydryl groups of ribosomes in pinto bean leaves;
Relationship with ribosome dissociation. Biochem. Biophys. Res. Commun. 44:1429-1435,

CHANG, C.W. 1971b. Effect of ozone on ribosomes in pinto bean leaves. Phytochemistry 10:2863~
2868.

CRAKER, L.E., and STARBUCK, J.S. 1972. Metabolic changes associated with ozone injury of bean
leaves. Can. J. Plant Sci. 52:589-597.

DapD, R.H. 1973. Insect nutrition: Current developments and metabolic implications. Annu. Rev.
Entomol. 18:381-420.

DonMEeN, G.P., McNELL, S., and BELL, J.N.B. 1984. Air pollution increases Aphis fabae pest
potential. Nature 307:52-53.

DUGGER, W.M., Jr., TAYLOR, O.C., CARDIFF, E., and THoMPSON, C.R. 1962. Stomatal action in
plants as related to damage from photochemical oxidants. Plant Physiol. 37:487-491.

Duncan, D.B. 1955. Multiple range and multiple F tests. Biometrics 11:1-41.

ELLIGER, C. A., WONG, Y., CHAN, B.G., and Walss, A.C., Jr., 1981. Growth inhibitors in tomato
(Lycopersicon) to tomato fruitworms (Heliothis zea). J. Chem. Ecol. 7:753-758.

ENDRESS, A.G., and Post, S.L. 1985. Altered feeding preference of Mexican bean beetle Epli-
lachna varivestis for ozonated soybean foliage. Environ. Pollut. 39:9-16.

ENVIRONMENTAL PROTECTION AGENCY. 1978. Diagnosing vegetation injury caused by air pollution.
Office of Air and Waste Management, Office of Air Quality Planning and Standards, Research
Triangle Park, North Carolina. Report EPA-450/3-78-005. 274 pp.

FRIEND, W.G. 1968. The nutritional requirement of Diptera, pp. 41-57, in M. Krippner (ed.).
Radiation, Radioisotopes and Rearing Methods in the Control of Insect Pests. Proc. IAEA,
Vienna, Austria.

GINGRICH, R.E. 1964. Nutritional studies on screworm larvae with chemically defined media. Ann.
Entomol. Soc. Am. 57:351--360.

HARE, I.D. 1983. Seasonal variation in plant-insect associations: Utilization of Solanum dulca-
mara by Leptinotarsa decemlineata. Ecology 64:345-361.

HeATH, R.L. 1980. Initial events in injury to plants by air pollutants. Annu. Rev. Plant Physiol.
31:395-431.



OZONE AND HOST-PLANT SUITABILITY 217

Heck, W.W., PHILBECK, R.B., and DUNNING, J.A. 1978. A continuous stirred tank reactor (CSTR)
for exposing plants to gaseous air pollutants: Principles, specifications, construction, and op-
eration. U.S. Dept. of Agric. ARS-S-181. 32 pp.

Housg, H.L., and BArLOWw, J.S. 1964. Effects on the parasitoid Agria affinis, of small molecules
in diets. J. Insect Physiol. 10:225-260.

HucHEs, P.R., POTTER, J.E., WEINSTEIN, L.H. 1981. Effects of air pollutants on plant-insect
interactions: Reactions of the Mexican bean beetle to SO,-fumigated pinto beans. Environ.
Entomol. 10:741-744.

ITo, T., and ARalL, N. 1965. Nutrition of silkworm, Bombyx mori, VIII. Amino acid requirements
and nutritive effect of various proteins. Bull. Seric. Expt. Stn., Tokyo 19:345-373.

Ito, T., and Aral, N. 1966. Nutrition of the silkworm, Bombyx mori—requirements for aspartic
and glutamic acids. J. Insect Physiol. 12:861-869.

Ito, T., and Aral, N. 1967. Nutritive effects of alanine, cystine, glycine, serine, and tyrosine on
the silkworm, Bombyx mori. J. Insect Physiol. 13:1813-1824.

JAEGER, H.J., PanLicH, E., and STeuBING, L. 1972. Die wirkung von Schweffeldioxid auf den
Aminosaure und proteingehalt von Erbsenkeimlingen. Angew. Bot. 46:199-211.

JEFFORDS, M.R., and ENDRESS, A.G. 1984. A possible role of ozone in tree defoliation by the
gypsy moth (Lepidoptera: Lymantriidae). Environ. Entomol. 13:1249-1252.

LEUNG, S.K., REED, W., and GENG, S. 1982. Estimations of ozone damage to selected crops grown
in southern California. J. Air Pollut. Control Assoc. 32:160-164.

Levy, R., JouveNnaz, D.P., and CroMrOY, H.L. 1974, Tolerence of three species of insects to
prolonged exposures to ozone. Environ. Entomol. 3:184-185.

LN, S.Y.H., and TRUMBLE, J.T. 1985. Influence of temperature and tomato maturity on devel-
opment and survival of Keiferia lycopersicella (Lepidoptera: Gelechiidae). Environ. Entomol.
14:855-858.

MATKIN, O.A., and CHANDLER, P.A. 1957. The U.C.-type soil mixes, pp. 68-86, in K.F. Baker
(ed.). The U.C. System for Producing Healthy Container Grown Plants. Calif. Expt. Stn.
Manual 23. Univ. Calif. Div. Agric. Sci., Berkeley. 332 pp.

MartTsoN, W.J., Jr. 1980. Herbivory in relation to plant nitrogen content. Annu. Rev. Ecol. Syst.
11:119-161.

McCooL, P.M., and MENGE, J.A. 1983. Influences of ozone on carbon partitioning in tomato:
potential role of carbon flow in regulation of the mycorrhizal symbiosis under conditions of
stress. New Phytol. 94:241-247.

MCKENZIE, H.A., and WALLACE, H.S. 1954. The Kjeldah! determination of nitrogen: a critical
study of digestion conditions, temperature, catalyst and oxidizing agent. Aust. J. Chem. 7:55-
70.

MEeNzEL, D.B. 1971. Oxidation of biologically active reducing substances by ozone. Arch. Envi-
ron. Health 23:149-153.

Mubp, J.B., and FREEMAN, B.A. 1977. Reaction of ozone with biological membranes, pp. 97-
133, in S.D. Lee (ed.). Biochemical Effects of Environmental Pollutants. Ann Arbor Science
Publishers, Inc., Ann Arbor, Michigan.

Mupb, J.B., LEavITT, R., ONGUN, A., and McManus, T.T. 1969. Reaction of ozone with amino
acids and proteins. Atmos. Environ. 3:669-682.

MusseLmaN, R.C., McCooL, P.M., OssiMa, R.J., and TEso, R.R. 1986. Field chambers for
assessing crop loss from air pollutants. J. Environ. Quality. 15:152-157.

OATMAN, E.R., WyMAN, J.A., and PLATNER, G.R. 1979. Seasonal occurrence and parasitization
of the tomato pinworm on fresh market tomatoes in southern California. Environ. Entomol.
8:661-664.

ONuF, C.P. 1978. Nutritive value as a factor in plant-insect interactions with an emphasis on field
studies, pp. 85-96, in G. Montgomery (ed.). The Ecology of Arboreal Folivores. Smithsonian
Institution Press, Washington, D.C.



218 TRUMBLE ET AL.

OrMROD, D.P., BLACK, V.J., and LINswoRTH, M.H. 1981. Depression of net photosynthesis in
Victa faba L. exposed to sulphur dioxide and ozone. Nature 291:585-586.

PERKINS, H.C. 1974, Air Pollution. McGraw-Hill, New York, 407 pp.

PRESTIDGE, R.A. 1982. Instar duration, adult consumption, oviposition and nitrogen utilization
efficiencies of leathoppers feeding on different quality food (Auchenorrhyncha: Homoptera).
Ecol. Entomol. 7:91-101.

REicH, P.B., and AMUNDSON, R.G. 1985. Ambient levels of ozone reduce net photosynethesis in
tree and crop species. Science 230:566-570.

RuODES, J.M., and WooLTORTON, L.S.C. 1978. The biosynthesis of phenolic compounds in
wounded plant storage tissues, pp. 243-286, in G. Kahl (ed.). Biochemistry of Wounded Plant
Tissues. Walter de Gruyter, Berlin.

SCHUSTER, D.J., and BURTON, R.L. Rearing the tomato pinworm (Lepidoptera: Gelechiidae) in the
laboratory. J. Econ. Entomol. 75:1164-1165.

Sransky, F., Jr., and FEENY, P. 1977. Stabilization of the rate of nitrogen accumulation by larvae
of the cabbage butterfly on wild and cultivated food plants. Ecol. Monogr. 47:209-228.
StronG, D.R., LAwTON, J.H., and SoutHwooD, R. 1984. Insects on Plants. Harvard University

Press, Cambridge, Massachusetts, 313 pp.

TiNG, I.P. 1982. Plant Physiology. Addison-Wesley, Reading, Massachusetts, 642 pp.

TiNG, I.P., and Mukeril, S.K. 1971. Leaf ontogeny as a factor in susceptibility to ozone: Amino
acid and carbohydrate changes during expansion. Am. J. Bot. 58:497-504.

Tingey, D.T., Fites, R.C., and WickLirr, C. 1973. Folliar sensitivity of soybeans to ozone as
related to several leaf parameters. Environ. Pollut. 4:183-192.

Topp, G.W., and PropsT, B. 1963. Changes in transpiration and photosynthetic rates of leaves
during treatment with ozonated hexene or ozone gas. Physiol. Plantarum 16:57-65.

VaNDERZANT, E.S. 1957, Growth and reproduction of the pink bollworm on an amino acid me-
dium. J. Econ. Entomol. 50:219-221.

VANDERZANT, E.S. 1966. Defined diets for phytophagous insects, pp. 273-303, irn C.N. Smith
(ed.). Insect Colonization and Mass Production. Academic Press, New York, 618 pp.

WELLIK, M.J., SLossER, J.E., and KirBY, R.D. 1979. Evaluation of procedures for sampling He-
liothis zea and Keiferia lycopersicella on tomatoes. J. Econ. Entomol. 72:777-780.

WHITE, T.C.R. 1984. The abundance of invertebrate herbivores in relation to the availability of
nitrogen in stressed food plants. Oecologia 63:90-105.

WOLFENBARGER, D.O., CORNELL, J.A., WALKER, S.D., and WOLFENBARGER, D.A. 1975. Control
and sequential sampling for damage by the tomato pinworm. J. Econ. Entomol. 68:459-460.



