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EXECUTIVE SUMMARY
Product NPS/AQD-90-004, September 1990

Final Contract Report: "The Effects of Consuming Ozone-injured Milkweed Leaves on Feeding,
Growth, and Development of Monarch Butterflies"

The influence of ozone air pollution on the plant-insect relationship of the monarch (Danaus plexippus)
and two of its host plants, common milkweed (Asclepias syriaca) and bloodflower (Asclepias curassavica),
was investigated under controlled environment conditions. Preliminary fumigations of bloodflower with ozone
(up to 0.15 ppm) revealed considerable changes in physiological parameters such as primary and
secondary metabolites that are relevant to insect nutrition. Soluble sugars were found to be significantly
decreased whereas amino acid and total phenol concentrations were significantly increased.

Based on these experiments, a series of insect assays were performed to test changes in the feeding
preference, growth, and nutritional indices of monarch larvae on ozone-treated host plants. In dual-choice
tests, a strong feeding preference of 3" instar larvae was noted for ozone-treated Asclepias curassavica
leaves, whereas 4" instar larvae showed no preference between treatments on either host plant. Visible
damage (i.e., purple stippling) did not deter the feeding larvae. Larvae fed fumigated tissue throughout their
development grew and developed significantly faster than the corresponding controls fed on untreated host
plants. Relative growth rate (RGR) and relative consumption rate (RCR) were greatest on fumigated foliage
of either species, but none of the other nutritional indices (ECI, ECD, OR AD) was altered by fumigation.
Regression of RGR against RCR showed the lines for insects fed ozone-treated leaves to be the same as
those for insects fed control leaves. These results indicate that the greater rate of growth on fumigated
leaves is due primarily to a greater rate of consumption (i.e., ozone increased "acceptability” of the host
more than it did "suitability"). While overall larval performance seemed to be improved on ozone-treated
plant tissue in these tests, we have no information on the long-term effect of these changes on
population dynamics of this insect. Also, no information is available concerning effects on adult fecundity
or longevity.

The results of this study warrant further investigation with this plant-insect system in the field, with open-top
chambers. In ambient air under natural conditions additional environmental factors could considerably
amplify changes in plant metabolites and result in a greater effect on monarch larvae. Also, effects of ozone-
induced changes in plant reproduction and/or senescence could be investigated.

Form of report: Bound report, 8% x 11 inches, 62 pages (including 28 figures).
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THE EFFECTS OF CONSUMING OZONE-INJURED
MILKWEED LEAVES ON FEEDING, GROWTH, AND
DEVELOPMENT OF MONARCH BUTTERFLIES

1. RESEARCH OBJECTIVES AND APPROACH

Plant-herbivore relationships represent a dynamic equilibrium between plant defense against herbivory
and insect feeding adaptation on host plants. Recent studies have shown that environmental stresses such
as air pollution can shift the balance of these relationships (Hughes 1988). Ozone, a major pollutant in
civilized regions and elevated altitudes, shows insidious effects on plants. Visible foliar damage is merely
the end of a long process in which the plant has attempted to adjust to the environmental stress. However,
before the appearance of symptoms, drastic metabolic changes have occurred within the plant, largely as
a result of scavenging and detoxification processes. Therefore, the question arises as to whether these
metabolic changes might affect the plant-insect interaction significantly, especially because many of these
changes involve metabolites upon which insects depend.

The primary objectives of the research conducted were (1) to study the biochemical effects of ozone
injury on two milkweed species, and (2) to determine the indirect effect of ozone on monarch performance
under controlled laboratory conditions.

Plants of two milkweed species, the bloodflower (Asclepias curassavica) and the common milkweed
(Asclepias syriaca), were subjected to various levels of ozone to produce the visible symptoms encountered
in natural habitats (i.e., purple stippling; Duchelle and Skelly 1981). At the same time, primary and
secondary metabolites (soluble sugars, proteins, amino acids, cardenolides, starch and phenols) were
analyzed to reveal chronic and "invisible" changes in the fumigated plants that could be relevant to herbivore
nutrition or behavior or both. This phytocentric approach allows a more profound understanding of the
interaction of the air pollutant with the plant than is provided by other approaches; eventually, both the
observed and the potential effects on such herbivores as monarch larvae can be much better discussed and
understood. Based on these investigations of changes in plant chemistry, a variety of insect assays were
performed to assess the effects of ozone on feeding and growth of monarch butterflies.



2. MATERIALS AND METHODS

2.1 HOST PLANTS AND BUTTERFLIES

2.1.1 Asclepias curassavica (Bloodflower)

For the preliminary exposure experiments, Asclepias curassavica plants were propagated from stem
cuttings in sand. Because the analysis of foliage showed no important differencé in data homogeneity
between seed-grown plants and cloned plant material, and because the propagation from stem cuttings
produced plants of uneven growth and shape, all subsequent plants were grown from seeds (Thompson
and Morgan Ltd., Ipswich). Cuttings and seedlings were transferred after six weeks to 5-in pots. Cornell
Mix A (Boodley and Sheldrake 1977) containing 40 g Osmocote 9-6-12 (N-P-K) per kg mixture was used
initially as a soil substrate.

Following transfer from the greenhouse to the CSTR fumigation chambers, the plants developed
symptoms of nutrient deficiency; this problem was traced to insufficient development of the roots under the
conditions of growth in the greenhouse. A change of soil substrate to Redi-Earth™ and a careful fertilization
regime with Osmocote Sierrablend after sufficient root development in the greenhouse yielded healthy plants
that remained vigorous even after being moved to the artificial light and high temperature/humidity
conditions of the fumigation chambers. All plants were grown in charcoal- and Purafil-filtered air to remove
common air contaminants including ozone. Temperature and humidity in the greenhouse was held at 28
+ 4°C and 50-70%, respectively. The plants were watered twice per day and fertilized weekly with Peters
20-20-20 (N-P-K) solution (2.4 g-I'). Supplemental lighting was provided by metal halide high intensity
discharge lights.

2.1.2 Asclepias syriaca (Common Milkweed)

Plants of Asclepias syriaca could not be propagated successfully from stem or root cuttings on a routine
basis. Therefore, seeds (Seed Service, Woodstock, lllinois) were stratified for at least one month at 4°C in
humid and sterilized vermiculite. This type of stratification was the only procedure of those tried that
enabled successful germination of the seeds after purchase; any type of scarification (acid, mechanical
scratching or breaking of testa) or biochemical treatment (ethylene, giberellic acid) was not satisfactory.
The best germination was obtained from freshly collected, naturally (winter) stratified wild seeds (Wildflower
Garden, Cornell, Ithaca). The seeds were germinated in vermiculite and transplanted twice to Redi Earth™
in 5-in pots. After the roots were nicely developed, the plants were given 4 g Osmocote Sierrablend every
two weeks.



2.1.3 Danaus plexippus (Monarch Butterfly)

For the insect assays, a colony was established from two pairs of monarch butterflies obtained from
Dr. L.P. Brower. Once established, the colony was divided into two groups whose generations overlapped
to provide insects at all times. The adults were kept in an insect cage (0.6 x 0.6 x 0.6 m) in the greenhouse
at 28 + 3°C and were fed with a 20% (v/v) honey solution (soaked foam pads). Egg deposition was allowed
on either Asclepias curassavica or Asclepias syriaca seedlings or on a larger Asclepias curassavica shoot
that had been rehydrated under pressure to overcome wilting. Seedlings with eggs were transferred to a
growth chamber (24°C, 60% RH) for hatching while shoots were placed under a glass bell jar with high
humidity until hatching occurred. The eggs hatched within three to five days and the larvae were transferred
to fresh shoots in food crispers (35 cm x 24 cm x 12 cm). Fresh leaf tissue was provided daily. Moisture
buildup in the boxes was kept to a minimum to prevent diseases. When prepupae were first seen (9-10
d), all larvae were transferred into styrofoam cups where they began to migrate up to the lids for pupation.
After the adult butterflies had emerged (S-10 d) in the cups, they were put in the insect cage where they
reached fertility after another four days. For the insect assays, egg deposition was allowed for 24 h to
obtain enough larvae of similar age and reared separately from the colony.

2.2 OZONE FUMIGATION

2.2.1 Fumigation Chambers and Ozone Generation

Plants were exposed in continuous-flow stirred tank reactors (CSTRs, 1.2m° each) (Heck et al. 1978) to
filtered air and ozone-poiiuted air (Figure 1). The environmental conditions in the CSTRs were maintained
at 28 + 2°C, 70 + 15% RH, and 550-600 pE-m*.s™ photosynthetic photon flux density (PPFD) for 16 h per
day. The flow rate of the chamber air was about 2.8 m* min™' corresponding to a 2.3-fold air exchange every
minute. Ozone (O,) was generated by an oxygen-supplied discharge ozone generator (OREC 03V5-0 or
Griffin GTC-0.5B). The O, output from the generator was captured first in a stainless steel cylinder and
distributed over a manifold with flow meters to the chambers. Ozone concentration in each chamber was
monitored sequentially for a period of 5 min every 20 min by means of a Monitor Labs ozone monitor (Model
8410) connected to a sequential sampling valve (Scanivalve Corp., San Diego, CA). The monitor was
calibrated regularly before and after the fumigation experiment to check for baseline shifts. In addition to
this, span checks (zero and 0.15 ppm) were performed at least weekly.
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Figure 1. CSTR diagram (one chamber shown).

2.2.2 Summary of Fumigations Conducted

Randomized plants of the same age were exposed daily for 7 h between 0900 and 1700 seven days a
week. To assess the effects of ozone fumigation, a series of different fumigation regimes was tried (Table
1). One major problem encountered was to provide real replication for statistical inference. Because the
number of replicates (on a chamber basis) was governed by the availability of CSTRs, the degrees of
freedom obtained for statistical inference varied from experiment to experiment (see Table 3). In a
specifically designed experiment series (fumigations 5, 6 and 10), replicates through time were obtained by
repetition of the entire fumigation twice (three fumigations total).

2.3 PLANT ANALYSIS

As part of the study, plant tissue was analyzed in all fumigation experiments to reveal czone-induced
effects on plant biochemistry. Leaf tissue was sampled uniformly using leaf age as one classification in
addition to time and ozone concentration. At the same time, visible ozone damage was estimated using
either a percentage-based or a twelve-point grading system that takes into account the distinguishing ability
of the human eye as a logarithm of the light intensity (Horsfall and Barratt 1945). To assure consistence in
the sampling of leaves of the same physiological age, the nodes were numbered (Figure 2). The starting
node (node 0) was determined differently for the two plant species. For Asclepias syriaca, the leaf
pair/node following the distal-most internode measuring more than 1 cm was considered as node 1,
whereas for Asclepias curassavica the leaf pair/node following the distal-most node in which the angle of
the unfolding leaves exceeded 90° was considered as node 1. According to this system, different leaf age
classes could be sampled as an additional classification (see fumigation 4). Age class A referred to
leaf/node 1, age class B to leaf/node 4, and age class C to leaf 6, and are in the following described also
as the youngest/assimilate-importing, mature/exporting, and mature but senescing/exporting leaves.



Table 1. Summary of fumigations conducted during the investigation period.

Fumigation Purpose of Plant Duration O, applied Number of #CSTRs used Biochemical Age Remarks
No. fumigation' spoclesz (days) (ppb) plants/CSTR control/O, analysis® class
1 system test Ac., As. 4 0; 40; 80; 120 10 1/3 Pr - stomatal conductance
2 recovery of CHO Ac.; As.; Sb 7 0; 42; 83; 125 10 1/3 C; Pr; Aa B; v3 -
3 system test Ac. 4 0; 50; 100; 150 3/3 1/3 - - cancelled
4 blochem. dynamics Ac. 1,2, 4; 8; 16 0; 43; 84; 134 9 1/3 C; Pr; Aa A B; C stomatal conductance
1 biochem. dynamics Ac. 0;1;2; 4,8, 16 0; 43; 75; 121 9 1/3 C; Pr; Aa; Ca; St; Phe B -
5,6, 10 replication Ac. 10 0; 23; 43; 65 10 1/3 C; Ca (Aa; Pr) B stomatal conductance
7 system test Ac. 8 0; 30; 50; 80 5 1/3 - - GSH/GSSG
8 visible symptoms A.c. 1 0; 100; 200; 300 10 1/3 - A; B -
9 visible symptoms Ac.; As.; Sb 0,1, 0; 100; 200 9 1/2 C B; V3 -
12 FP; RGR/RCR Ac. 12 0; 130 10 3/3 C; Pr; Aa B preliminary test
13 FP Ac. 4 0; 130 10 3/3 - - cancelled
14 growth & development Ac. 13 0; 120 15 3/3 C; Pr; Aa B -
15 FP Ac. 10 0; 115 10 3/4 C; Pr; Aa; Ca; Phe B -
16 FP; RGR/RCR Ac. 17 0; 150 10 3/4 C; Pr; Aa; Ca; Phe B -
17 growth & development Ac. 16 0; 180 10 3/4 ; Pr; Aa B -
18 FP; RGR/RCR As. 14 0; 165 10 3/4 C; Pr; Aa; Phe B -
19 FP; RGR/RCR As. 19 0; 180 10 3/4 C; Pr; Aa; Ca A B -
20 purple stippling As. 4 0; 150-300 4 3/4 Phe B histology

VFP... feeding preference; RGR/RCR...relative growth and consumption rate.

2 Ac.: Ascleplas curassavica; A.s.: Asclepias syriaca; Sb: soybean.

3C...CHO; Pr...proteins; Aa...amino acids; Ca...cardenolides; St...starch; Phe...phenols.






