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Abstract--Ethylene emission from excised and intact American basswood 
tissue was increased after seedlings were infested with the bud-feeding her- 
bivore, Thrips calcaratus. Gas chromatographic analysis showed that thrips- 
infested tissue produced significantly more ethylene than mechanically dam- 
aged or control tissue. The possibility that thrips feeding enhances ethylene- 
mediated stress signals is discussed. 
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INTRODUCTION 

Ethylene is a volatile gaseous phytohormone that plays important regulatory 
roles in a number of physiological processes, including leaf senescence, leaf 
and bud abscission, radial growth, wood formation, leaf epinasty, seed germi- 
nation, and fruit ripening (Pratt and Goeschl, 1969; Jackson and Osborne, 1970; 
Lipe and Morgan, 1973; Beyer et al., 1984; Little and Savidge, 1987; Abeles 
et al., 1992). Endogenous ethylene levels show diurnal, seasonal, and pheno- 
logical periodicity (Rikin et al. ,  1984; Eklund, 1990, 1993; Ingemarsson et al., 
1991; Abeles et al. ,  1992). 

In addition to maintaining routine metabolic activities, ethylene can also 
regulate plant secondary chemistry. Both woody and herbaceous plants produce 
ethylene in response to a variety of  biotic and abiotic stresses, including diseases 
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(Williamson, 1950; Hislop et al., 1973; Archer and Hislop, 1975), insects 
(Shain and Hitlis, 1972; Wien and Roesingh, 1980; Grisham et al., 1987; Kap- 
pel et al., 1987; Martin et al., 1988; Burden et al., 1989; Kendall and Bjostad, 
1990), drought (Apelbaum and Yang, 1981; but see Morgan et al., 1990; Nara- 
yana et al., 1991), flooding (Tang and Kozlowski, 1984; Yamamoto and 
Kozlowski, 1987), temperature extremes (Autio and Bramlage, 1986, Kondo 
and Takahashi, 1989), mechanical wounding (Yu and Yang, 1980), perturba- 
tions (Telewski, 1990), and synthetic chemicals (Kimmerer and Kozlowski, 
1982; Corey et al., 1987). 

American basswood, Tilia americana L. (Tiliaceae), is widely distributed 
across the northeastern United States and is an important component of subcli- 
max forests in the Great Lakes region. The phytochemistry of this species has 
not been thoroughly studied, but related species are known to contain phyto- 
alexic phenolic sesquiterpenes (Burden and Kemp, 1983). 

The introduced basswood thrips, Thrips calcaratus Uzel (Thysanoptera: 
Thripidae), is an early-season defoliator of American basswood. Thrips out- 
breaks occur immediately following budbreak, with characteristic symptoms 
including bud or premature leaf abcisson, silvering of the leaf epidermal cells, 
thinned crowns, branch dieback, and reduction of radial growth (Raffa and Hall, 
1989; Rieske et at., 1992). 

Wien and Roesingh (1980) and Kendall and Bjostad (1990) showed that 
feeding by thrips can stimulate ethylene production in herbaceous plants. This 
response could be partially due to chemical interactions between thrips and host 
plants, rather than simple mechanical injury. Thrips feeding activity often 
involves injection of salivary secretions, which predigest plant material (Lewis, 
1973). Insect salivary injections may trigger imbalances in phytohormones such 
as ethylene, and alter plant structure (Purtich and Petty, 1971). 

Little research has been conducted on insect-induced ethylene emission by 
intact deciduous plants. Likewise, our understanding of host-plant chemical 
interactions associated with bud-feeding is particularly limited. The objectives 
of this study were to determine whether introduced basswood thrips induced 
ethylene emission by its deciduous host, T. americana, and to compare these 
emission patterns with those produced by mechanically damaged and uninjured 
hosts. 

METHODS AND MATERIALS 

Two-year old T. americana seedlings (McKay Nurseries, Waterloo, Wis- 
consin) with pruned root systems were transplanted into 25-cm-diam. plastic 
pots in soilless media (Fafard 3B, Carlin Sales, Milwaukee, Wisconsin). Seed- 
lings were grown in a lightly shaded glasshouse under natural lighting and 
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watered as needed. When leaf expansion reached 5-25 mm, seedlings were 
fitted with gas collection chambers. 

Basswood buds were collected in May 1994 from field sites in northern 
Wisconsin (Forest County) where there was a heavy infestation of T. calcaratus. 
In the laboratory, thrips were aspirated from the foliage for use in assays. 

Ethylene Emission from Excised Tissue. Gas collection chambers consisting 
of inverted 54 ml (15 × 2.5 cm) glass tubes were fitted on to American basswood 
seedlings, which were then subjected to one of three treatments: thrips infes- 
tation, mechanical injury, and control. Insect-treatment seedlings were infested 
with 100 newly emerged, field-collected, adult T. calcaratus, with an additional 
50 insects added 8 hr later. Mechanical damage consisted of  puncturing each 
bud or leaf cluster two times with a group of five 000 sterile insect pins (area 
= 16 mm 2 per group; puncture depth = 1 mm), and an additional group of 
punctures to each bud or  leaf cluster 8 hr later. Control tissue was untreated. 
There were five plants each of  thrips-infested, mechanically damaged, and con- 
trol plants, for a total of  15 plants. 

Since the basswood buds were not fully opened, and T. calcaratus feeds 
within the opening bud, the actual area of  thrips-damaged tissue was impossible 
to measure. However, the mechanical injury resulted in 48 mm 3 (16 mm 2 per 
group × 3 punctures × 1 mm deep) of damage per seedling. Modeling clay 
(VanAken International, El Monte, California) was used to seal the area around 
the stem and keep the gas collection chamber from contacting soil. 

Seedlings were clipped at the base 24 hr following the initial damage, the 
clay was removed, and each collection chamber was fitted with a gas-tight 
septum. Headspace was analyzed for ethylene emission immediately and at each 
successive 8-hr interval, for a total of 96 hr. 

Techniques for gas chromatographic analysis of  head space were adapted 
from those of  Shain and Hillis (1972). A 2-ml gas sample was withdrawn from 
each collection chanber using a 5-ml Hamilton Gastight syringe. Headspace 
samples were injected into a Shimadzu GC-9A gas chromatograph with a flame 
ionization detector fitted with a capillary Alumina column (30 m × 0.53 mm, 
J & W Scientific, Folsom, California). The gas chromatograph was operated 
isothermally at 35°C with an injection port temperature of  100°C; compressed 
air was used as the carrier gas at a flow rate of 30 ml/min. Samples were 
integrated with a Shimadzu Chromatopak C-R3A. External standards of 9.900 
and 1.060 ppm were used for quantitation. Preliminary experiments demon- 
strated a highly reliable standard curve for ethylene analysis (peak area = 
2400.91 * (ppm ethylene) + 45.000; R 2 = 0.997). 

Following each sampling, the septum was removed and the collection 
chamber was flushed for 10-15 sec using a steady stream of  ethylene-free air. 
Assays were maintained at 23°C under constant light for the duration of  the 
experiment. 
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Buds, leaves, and petioles were dried (96 hr at 65°C) and weighed 120 hr 
following the initial damage. Ethylene emission was analyzed on a dry weight 
basis. Nondispersed thrips were counted in an attempt to correlate dispersal with 
feeding activity, so that the number of dispersed thrips present might be related 
to ethylene emission. 

Ethylene Emission from Intact Plants. Glass globes (1160 ml, 16.5 × 8 
cm) fitted with gas-tight septa were placed over American basswood seedlings 
and sealed with modeling clay as described above. Seedlings were infested with 
400 adult T. calcaratus initially, followed by 200 additional thrips 8 hr later. 
Mechanical injury was applied as described above, with each bud or leaf cluster 
receiving two sets of five punctures, followed by one set of  five punctures 8 hr 
later. There were six plants each of thrips-damaged, mechanically damaged, 
and control plants, for a total of  18 plants. Assays were maintained at 23°C 
under constant light for the duration of  the experiment. 

As described above, headspace samples were analyzed for ethylene emis- 
sion 24 hr following the initial damage. Samples were taken at 8 hr intervals 
over 96 hr, with the exception of hour 80. Buds, leaves, and petioles were 
subsequently dried (96 hr at 65°C) and weighed, and ethylene emission was 
expressed on a dry-weight basis. Nondispersed thrips were counted in an attempt 
to correlate the number of dispersed thrips with ethylene emission. 

Statistical Analyses. A repeated-measures analysis of variance using 
SuperANOVA (Abacus Concepts, 1989) was used for data analysis; Fisher's 
protected LSD was used for mean separations where appropriate. 

RESULTS 

The retention time for ethylene under the chromatographic conditions used 
was approximately 2.2 rain. Figure 1 shows a typical chromatogram from an 
uninfested (Figure la) versus thrips-infested plant (Figure lb). 

Ethylene Emission from Excised Plants. Adult 7". calcaratus remained very 
active on thrips-damaged excised tissue for up to 96 hr following infestation; 
some remained alive for the duration of the experiment. The first visible signs 
of  thrips feeding were observed 24 hr after infestation. 

Mean ethylene production from thrips-damaged tissue was 2.18 times higher 
than from mechanically damaged tissue, and 2.98 times higher than from control 
tissue (Figure 2). Ethylene emission from excised, mechanically injured leaves 
did not differ from controls (Figure 2). 

The temporal pattern of  ethylene emission from excised T. americana tissue 
over a 120-hr period is illustrated in Figure 3. Ethylene was detectable in all 
treatments 24 hr after initiation. All three treatments showed similar ethylene 
emission 8 hr following the initiation of measurements (32 hr following dam- 
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FIG. 1. Gas chromatograms comparing control (a) versus thrips-infested (b) seedlings. 
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FIG. 2. Mean ( + SE) ethylene production by control, mechanically damaged, and thrips- 
infested excised American basswood tissue. Means followed by the same letter are not 
significantly different, Fisher's protected LSDD: F = 2.897; df = 2,12; P = 0.09; N 

5 .  

age). However, ethylene production from thrips-infested tissue was greater than 
control tissue at all subsequent intervals (Figure 3). This increase became sta- 
tistically significant (P < 0.1) at 72 hr, and continued to be significant for the 
duration of  the experiment. Ethylene production from thrips-damaged tissue was 
also greater than mechanically damaged tissue 40 hr following damage. This 
difference was statistically significant (P < 0.1) at 72, 104, 112, and 120 hr. 
Although mechanically damaged tissue consistently emitted more ethylene than 
control tissue, there was no significant difference between mechanically dam- 
aged and control tissue at any time interval (Figure 3). 
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FIG. 3. Mean (+ SE) temporal ethylene emission over 120 hr by excised American 
basswood tissue (N = 5). Thrips-infested tissue: y = 0.801x + 19.587, R 2 = 0.833, P 
= 0.0001; mechanically damaged tissue: y = 0.170x + 22.272, R 2 = 0.211, P = 
0.1143; control tissue: y = -0.122x + 34.652, R 2 = 0.124, P = 0.2390. 

There was no relationship between the number of thrips present and cumu- 
lative ethylene emission from thrips-infested excised plants (R 2 = 0.021, P = 
0.8155). 

Ethylene Emission from Intact Plants. Thrips remained active on intact 
seedlings for the duration of the experiment. The first signs of thrips damage 
were visible at 24 hr, with symptoms becoming severe by 40 hr. 

Figure 4 shows mean ethylene emission from T. americana seedlings. 
Ethylene production from thrips-damaged tissue was 21.60 times higher than 
from mechanically damaged tissue, and 122.62 times higher than from control 
tissue (Figure 4). There was no significant difference in ethylene production 
between mechanically damaged and control plants. 

Temporal patterns of mean ethylene production for all treatments are shown 
in Figure 5. Mean values were higher from thrips-infested than mechanically 
injured or control seedlings, but ethylene emission varied substantially among 
plants. Temporal differences between thrips-damaged and control plants appeared 
statistically significant (P < 0.1) beginning at 88 hr and continued to be different 
for the duration of the experiment (Figure 5). Temporal differences between 
thrips-damaged and mechanically damaged plants was statistically significant (P 
< 0.1) at 96 hr and remained different throughout. As with the excised tissue, 
there was no statistical difference between mechanically damaged and control 
tissue at any time interval (Figure 5). 

Also consistent with the excised tissue, there was no relationship between 
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FIG. 4. Mean ( + SE) ethylene production by control, mechanically damaged, and thrips- 
infested American basswood seedlings. Means followed by the same letter are not sig- 
nificantly different, Fisher's protected LSD: F = 2.761; df = 2,15; p < 0.1; N = 6. 
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FIG. 5. Mean ( +  SE) temporal ethylene emission over 120 hr by intact American bass- 
wood seedlings (N = 6). Thrips-infested tissue: y = 1.397x - 30.744, R 2 = 0.816, P 
= 0.0001~ mechanically damaged tissue: y = 0.088x - 3.122, R 2 = 0.6t 1, P = 0.0027; 
control tissue: y = 0.028.r - 1.465, R 2 = 0.223, P = 0.1210. 

the n u m b e r  of  thrips present  and cumula t ive  e thylene produced (R ~ = 0 .001,  P 

= 0.4631).  
Intact  infested plants showed  a h igher  rate of  increase in e thylene produc- 

t ion than did excised,  thr ips- infested tissue. Moreover ,  intact plants showed 

temporal  osci l lat ions,  whereas  excised tissue showed  a relatively steady rate of  

increase (Figures 3 and 5). 
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DISCUSSION 

This is the first report of  thrips-induced ethylene production by an intact 
deciduous perennial host. Feeding by T. calcaratus induced ethylene production 
in both excised and intact basswood plants relative to controls and at levels 
greater than that of mechanical damage alone. The patterns of  ethylene emission 
among thrips-infested, mechanically damaged and control treatments were com- 
parable between the two experiments (Figures 2-5). The high variability in 
ethylene emission is consistent with that found by other researchers using both 
excised tissue (Grisham et al., 1987; Martin et al., 1988) and intact plants 
(Kendall and Bjostad, 1990). 

The duration of increased ethylene emission differed between insect-infested 
and mechanically injured tissue. Ethylene emission continued to increase in 
thrips-infested treatments in both experiments up to 120 hr following the initi- 
ation of damage (Figures 3 and 5). This contrasts with plant responses to 
mechanical wounding, which results in a peak rate of ethylene emission within 
6 hr (Abeles et al., 1992). Whereas thrips feeding caused continuous injury over 
a 120-hr period with subsequent increases in ethylene emission, the mechanical 
injury was not continuous. Therefore, it is not surprising that thrips-induced 
ethylene emission was far greater than mechanically induced ethylene emission. 
In working with excised cotton infested with the cotton fleahopper, Pseudato- 
moscelis seriatus (Reuter), Grisham et al. (1987) found ethylene production 
peaked at 72 hr. 

The lack of a correlation between the number of  feeding thrips and ethylene 
emission from both excised and intact tissue was unexpected and suggests that 
adult thrips may be spending a considerable amount of  time in nonfeeding 
activities. Since 7". calcaratus is parthenogenetic (Raffa et al., 1992), the pri- 
mary nonfeeding activity would not be mating, but would most likely be location 
of suitable oviposition sites. 

The pattem of ethylene production by excised tissue shows none of the 
oscillations seen with intact tissue, suggesting that excision enhanced ethylene 
production. It is surprising that the overall level of ethylene measured from 
thrips-infested treatments was greater in the intact tissue, considering the greater 
than 20-fold increase in chamber volume and considering that wound ethylene 
caused by excising tissue is itself self-inducing (Abeles et al., 1992). However, 
the fourfold increase in the number of  thrips released seems to have compensated 
for the increase in chamber volume. In contrast, ethylene emission from mechan- 
ically damaged and control treatments were considerably lower in intact than 
excised plants (Figures 2 and 4). 

The low rate of  ethylene emission in the mechanically damaged treatments 
is not inconsistent with that found in other studies (Kendall and Bjostad, 1990). 
Since ethylene production requires living cells (Abeles et al., 1992), ethylene 
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emission decreases as leaf necrosis proceeds. Kimmerer and Kozlowski (1982) 
showed ethylene emission by paper birch decreased when necrosis reached 80 %. 
Although thrips feeding damage was not measured in this study, signs of necrosis 
were visible in both thrips-damaged and mechanically damaged treatments. The 
mechanical damage applied is equivalent to or exceeds the estimated 4.93 mm 3 
of  damage caused by daily feeding of Thrips tabaci Lindeman (Quartey, 1982). 
This suggests that the mechanical damage caused by thrips feeding is not solely 
responsible for the levels of  ethylene emitted. In addition to mechanical wound- 
ing, insects can induce ethylene production by the introduction of  microor- 
ganisms, the injection of  hydrolytic salivary secretions, the release of  elicitors, 
and inducing phytohormone imbalances (Abeles et al. ,  1992), The importance 
of  insect-associated microbes in ethylene production has been shown in other 
systems (Shain and Hiltis, 1972; Grisham et al., 1987). Martin et al. (1988) 
proposed that the role of the cotton fleahopper in ethylene-induced cotton bud 
abscission may be due, first, to physical wounding and salivary secretions, and 
secondly, to providing infection courts for opportunistic microorganisms. The 
pear thrips, Taeniothrips inconsequens (Uzel), which resembles T. calcaratus 
in life history and habits, has been associated with the opportunistic pathogenic 
fungus, Discula campestris (Pass.) von Arx, on sugar maple (Stanosz, 1993). 
Burden et al. (1989) found that the phytohormone indoleacetic acid and the 
ethylene precursor ACC (1-aminocycloproprane-l-carboxylic acid) were present 
in the cotton fleahopper; ethylene emission was enhanced not only by mechanical 
damage caused by feeding, but also by induced phytohormone changes. 

Given the complexity of  the roles of ethylene in primary and secondary 
plant metabolism, it seems reasonable that the mechanisms by which insect 
feeding increases ethylene evolution would be equally complex. More than 
likely, insect-induced increases in ethylene are due to a combination of these 
factors. 
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