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VOLATILE SS FROM FSVIXA-INFESTE D PEAR TREES AN D 
THEIRR POSSIBL E INVOLVEMEN T IN ATTRACTIO N OF 
ANTHOCORI DD PREDATORS 

Chapterr 4 shows that anthocorid predators aggregate around gauze cages containing 

Psy/to-infestedd trees in a pear orchard. Because anthocorids responded to odour from 

Psy/to-infestedd leaves in a laboratory test, it was hypothesized that these aggregative 

responsess in the field were triggered by olfaction of compounds associated with Psylla 

injury.. W e present chemical analyses of volatiles from damaged and undamaged plants and 

studiess on behavioral responses of anthocorid predators to compounds released by 

damagedd plants. Leaf headspace volatiles from clean and Psy/fo-infested pear trees were 

collectedd on Tenax and identified by GC/MS after thermodesorption. Twelve volatiles 

weree found exclusively in headspace samples from PsyJ/a-infested leaves. Six were present 

inn significantly higher quantities in samples from infested leaves: the monoterpene, (E,E)-a-

farnesene,, the phenolic, methyl salicylate, and the green leaf compounds, (Z)-3-hexen-1 -yl 

acetate,, (Z)-3-hexen-1-ol, I-hexyl-acetate and I-penten-3-ol. These compounds are 

knownn to be produced by plants, and damage by pear psyllids seems to trigger their 

emission.. Blend composition varied, and was partly correlated with tree or leaf age and 

degreee of Psy/fa-infestation. To study whether compounds associated with leaf injury elicit 

olfactoryy responses in anthocorid predators, apple-extracted (£,£)-a-farnesene, synthetic 

methyll salicylate and (Z)-3-hexen-1-yl acetate were offered in a Y-tube olfactometer to 

field-collectedd adult Anthocoris spp. Significant positive responses were found to both the 

monoterpenee and the phenolic, but not to the green leaf volatile. The results lend support 

too the hypothesis that predator attraction to herbivore-infested pear trees is mediated by 

herbivory-inducedd plant volatiles. 

PublishedPublished as: P. Scutareanu, B. Drukker, J. Bruin, M A Posthumus & M.W. Sabelis (1997) 

Volatiless from Psy/Ja-infested pear trees and their possible involvement in attraction of 

anthocoridd predators./ Qiem. Ecol. 23: 2241-2260 

AA plant may defend itself against herbivores by promoting the effectiveness of the 
herbivores'' antagonists, a phenomenon called extrinsic or indirect defense {Price et al, 
1980).. One way to achieve this is by the production of herbivory-induced volatiles in the 
plant.. Irrespective of their origin, these volatiles are beneficial to both predator and plant, 
ass they enable the predator to locate its prey, which consequently alleviates herbivore 
pressuree on the plant. Such volatiles are termed synomones (sensu Dicke and Sabelis, 
1988)) and are reported for several acarine and insect predator-prey and parasitoid-host 
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systemss on plants [e.g., Dicke et al, 1993; Takabayashi and Dicke, 1996). In these 
systems,, the origin of the volatiles is based on general plant biochemical pathways and 
thee existence of systemic responses to damage. Evidence for a role of herbivory-induced 
plantt volatiles in plant defense has been inferred from the following laboratory 
observations:: (l ) predators or parasitoids respond to odors from leaves infested with their 
preyy or hosts {e.g., Sabelis and Van de Baan, 1983; Turlings et al, 1990; McCall et al, 
1993);; (2) headspace volatiles of herbivore-infested plants differ from those of clean and 
mechanicallyy damaged plants (Dicke et al, 1990a; Turlings and Tumlinson, 1992; 
Takabayashii  et al, 1994); (3) specific components elicit responses of the herbivore's 
antagonistss (Dicke etal, 1990a; Turlings etal, 1991). 

Recently,, field evidence for synomone-mediated attraction of predators to herbivore-
infestedd plants was obtained in a system consisting of pear trees [Pyrus communis L.), pear 
psyllidss [Psylla pyri L., P. pyricola Forster), and anthocorid predators (Anthocoris nemorum 
L.,, A. nemoralis (Fabricius), and various Orius spp.) (Drukker et ai, 1995; Chapter 4). In an 
orchardd with very low density of pear Psylla, significantly more anthocorid predators 
weree attracted towards cages containing trees heavily infested with pear Psylla, than 
towardss cages with uninfested trees. These predators migrate into the orchard from 
surroundingg hedgerows where they feed on other homopteran prey (Drukker et al, 1992; 
Scutareanuu et al, 1993, 1999; Chapter 3). One of the hypotheses explaining the 
aggregativee response to prey density is mediation by herbivory-induced plant volatiles 
(Drukkerr etal., 1995; Chapter 4). 

Too test this hypothesis derived from field experiments we previously performed 
laboratoryy experiments to demonstrate the Psylla-mduced emission of pear volatiles. We 
providedd evidence for the involvement of several specific compounds in predator-
attraction.. The evidence is based on Y-tube olfactometer-tests in which individual 
predatorss were offered the choice between clean air and air from Psy//a-infested leaves, or 
airr from uninfested leaves (Drukker and Sabelis, 1990; Drukker, unpublished results). In 
thiss paper, we focus on additional evidence: chemical analysis of headspace volatiles from 
damagedd and undamaged pear trees, and behavioral analysis of the predator response to 
singlee herbivory-associated components. 

MATERIA LL AN D METHODS 

Youngg potted pear trees of variety 'Conference', grafted on either quince or pear root 
stockss and purchased from commercial nurseries, were kept uninfested or were infested 
withh P. pyricola (Homoptera, Psyllidae) collected in a pear orchard (Watergraafsmeer, 
Amsterdam,, The Netherlands). 

Twoo experiments were carried out in successive year: in the first, variability due to 
leafagee (incorporating seasonal effects) was taken into account; in the second, variability 
duee to time since Pïy//a-colonization was considered. 

Experimen tt  I 

Inn late March 1993, one 4-year old tree (tree no. 2, Fig. l) was placed in a cage in a 
climatee room {ca. 20°C; 60-70% RH; L:D= 17:7h). Field-collected twigs with several 
dozenn P. pyricola adults and eggs were supplied to infest the tree. In July, when the Psylla 
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populationn had reached high density, two additional trees of similar age (not yet infested; 
treee no. 3 and 4, Fig. l) were transferred from the field to the same cage (tree no. 3 in the 
firstt week of July, no. 4 in the last) which was now placed in another climate room (ca. 
23°C;; 65-70% RH; L:D= 16:8h). As a control, one outdoor tree of the same age was kept 
uninfestedd throughout the experiment (tree no. 1, Fig. l). In early May, shortly after the 
treess had started to flush, one sample of 10 young leaves (tree l) and two samples of 9 
leavess each (tree 2) were collected (total fresh weight of leaf blades: 3.2, 0.9 and 1.1 g, 
respectively;; mean infestation level of the samples: 0, 31.3 and 40.6 nymphs per leaf, 
respectively).. In late August, shortly after the trees had stopped to flush, samples of 10 or 
99 mature leaves were taken from tree 1, 3 and 4 (total fresh weight: 4.7, 1.9 and 2.3 g, 
meann infestation level: 0, 1.8 and 96.6 nymphs per leaf, respectively). All leaves were 
sampledd randomly and used for headspace analysis of volatile compounds. Fresh weight 
andd number of nymphs were assessed immediately after collection of volatiles. 

Althoughh control tree and treated trees were under different environmental 
conditions,, weekly inspections showed that the control tree was free of psyllids and any 
otherr herbivores throughout the season. To what extent, if any, this tree had suffered 
fromm herbivory in previous years is unknown. 

Experimen tt  2 
Inn early January 1994, two 1-year old trees were placed in separate cages in a climate 
roomm (ca. 2S°C; 65-70% RH; L:D= 16:8h). After the release - in late January - of several 
dozenn P. pyricola adults one tree gradually became infested (as shown in Fig. 1, Exp. 2), 
thee other tree was kept uninfested (not shown in Fig. l) to serve as a control. At regular 
intervalss (specified in Fig. 1, Exp. 2), random samples of 5 to 10 young leaves were taken 
fromm each tree for analysis of headspace volatile compounds (total leaf blade fresh 
weights:: 1.2-4.0 g for clean leaves, 1.2-2.7 g for infested leaves). The samples from the 
infestedd tree were also used for monitoring Psylla infestation. The first headspace sample 
(dayy 0) was taken just before release of psyllids; the second (day 20) shortly after the first 
larvaee and honeydew were observed on leaves (infestation level 9.3 nymphs per leaf); the 
3rdd (day 25) and 4th (day 50) were taken when levels of infestation had increased (20.0 
andd 31.6 nymphs per leaf, respectively). Weighing of leaves took place after collection of 
volatiles. . 

Collectio nn and identificatio n of leaf volatile s 

Freshh leaves (blades and petioles), cut just prior to headspace sampling, were put into a 
5000 ml glass jar. Incoming air was purified by drawing it through silica gel and activated 
charcoall  (both 400 ml). Volatiles were trapped on Tenax adsorbant (90 mg) packed in a 
1600 x 4 mm i.d. glass tube (Chrompack, The Netherlands). Airflo w rate was ca. 100 
ml/min.,, and sampling time was 120 min. (except once - in experiment 1, tree 2 - where 
samplingg time was 30 min.). The Tenax tubes were closed and stored in the dark at room 
temperaturee until they were subjected to thermodesorption. 

Adsorbentss were first released from the Tenax by thermodesorption at 250°C for 10 
minutess with a helium flow of 10 ml/min. Desorbed compounds were cryofocused in a 
coldd trap at -90°C (M-16200, Chrompack, The Netherlands) and subsequently analysed 
onn a Supelcowax-10 capillary column (60 x 0.25 mm i.d., 0.25 mm film thickness). The 
temperaturee program of the gas chromatograph was 40°C (4 min.), rising to 140°C at 
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3cC/m in.. and then to 270°C at 6°C/min. T he column was connected to a Finnigan 
M A T 9 55 mass spectrometer, operated in the 70 eV EI ionization mode with scanning 
fromm mass 24 to 400 at 1.05 s cycle time. 

Compoundss were identified by comparison of mass spectra with those in the Wi ley-
L ibraryy (McLafferty and Staufer, 1989) and our own specialized l ibrary of natural 
productss (M.A . Posthumus, Organic Chemistry, Wageningen), and by comparison of 
retent ionn t imes with our home-built data-base of retent ion indices based on authentic 
samples.. Quantif ication was based on the average response of a mixture of 10 selected 
naturall  compounds run in a separate trial (1000 counts corresponded to 70 ng in all 
samples,, except the two samples taken on day 50, Exper iment 2, where 1000 counts 
correspondedd to 200 ng). 

Firstt experiment 

aa 120 

ii  loo 
c c 
e e 
11 80-
22 60-u u 
-2 2 
aa 40-

20 0 
(1) ) 

66 May 

10 0 

(3) ) (1) ) 

77 May 20 Aug 20 Aug 31 Aug sample date 

99 10 9 10 sample size 

Secondd experiment 

88 50 

o.. 40 

500 day 
100 sample size 

Figuree 1 The abundance (mean number  standard error) of Psylla fiyricola nymphs on leaves. 
Firstt experiment; tree 1: uninfested, tree 2,3,4: infested. Al l samples were used for headspace 
samplingg (GC/MS analysis). Second experiment, infested tree; day 0: before infestation, day 20: 
firstfirst nymphs present, day 25: 5 days after first presence of nymphs; day 50: 30 days after first 
presencee of nymphs; samples collected on these days were used for assessment of nymph density 
andd for headspace sampling. On day 34 only nymphs were counted. 'Sample size' refers to 
numberss of leaves. 
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Olfactomete rr  bioassay s 
Experimentss were carried out to determine whether anthocorids respond to two volatiles 
{(£,£)-a-farnesenee and methyl salicylate) found abundantly in headspace samples of 
infestedd trees, but not or only in minute quantity in samples of uninfested trees. 
Attractivenesss of these two compounds was compared to (Z)-3-hexen-l-yl acetate, found 
inn both infested and uninfested trees. 

AA Y-tube olfactometer was used (cf. Sabelis and Van de Baan, 1983; Dicke et al, 1990a). 
Thee two upper arms of the Y-tube were connected to tubes containing the stimuli. One of 
thee tubes contained the experimental stimulus - a hexane solution of the volatile 
administeredd on filter paper. The other contained the control stimulus - the solvent on 
filterfilter  paper without the test chemical. Prior to testing, the hexane was allowed to 
evaporatee for 3 minutes (a pre-test had shown that more than 99.9% of the solvent 
evaporatedd within this period). After five runs, tubes with experimental and control 
stimulii  were reversed. The basal arm of the Y-tube was connected to an air pump with a 
valvee insuring a constant air flow of 0.25-0.35 m/s in both upper arms. In the center of 
thee Y-tube a Y-shaped metal wire served to guide the insects. Predators were released 
onee at a time on the downwind end of the wire, from where they could walk to the 
junctionn where the two odor plumes met. At this point, the predator could choose to go 
towardss either of the odor sources. A trial was ended when the predator stepped off the 
wiree and reached the end of either of the upper arms, or five minutes after the start of a 
test.. In the former case, the predator's behavior was interpreted as preferential for the 
stimuluss concerned, in the latter, it was interpreted as not preferential for either of the 
stimuli.. When the predator sat motionless for more than one minute on the glass beyond 
thee end of the wire, its behavior was also interpreted as preferential for the stimulus. 

Testss were performed with 0.24 mg of (£,£)-a-farnesene (isolated from apple extracts, 
providedd by TNO, Delft, The Netherlands), 2.3 mg of synthetic methyl salicylate 
(Aldrich,, The Netherlands), and 5 mg of synthetic (Z)-3-hexen-l-yl acetate (Aldrich). 
Odorr sources were renewed every hour, except with farnesene (renewal every half hour). 
Hexanee (100 ul) was used as solvent for (£,£)-a-farnesene and methyl salicylate. (Z)-3-
Hexen-l-yll  acetate was administered without solvent. The concentrations of chemicals 
offeredd in the olfactometer were rough estimates of concentrations which anthocorids 
couldd encounter in the field (see Results — Olfactometer bioassays). 

AnthocorisAnthocoris nemorum males and females were collected in August and September 1994 
andd 1995 from pear trees in an experimental orchard at Lienden, and A. nemoralis males 
andd females from pear trees in a commercial orchard at Goes, The Netherlands. All 
predatorss were kept at 4°C and were starved at 25°C for at least 2 hours prior to testing. 

Statisticall tests 

Chemicall  samples were compared using Mann-Whitney-U test for equal or 'unequal 
samplee sizes (Siegel, 1956). Responses of anthocorids in the olfactometer were analysed 
withh a 2-tailed binomial test (null hypothesis: both odor sources are equally attracive). 
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F iguree 2 Representative gas chromatograms of headspace volatiles sampled from pear tree leaves 
(firstt experiment). Temperature program of the gas chromatograph was W°C for 4 min., then 
risingg to 140°C at S°C/min., then to 270°C at 6°C/min. (A) Uninfested young leaves (May); (B) 
Heavilyy infested young leaves (May). Peak numbers correspond to the compounds in Table 1. 

RESULTS S 

Compositio nn of volatil e blend s 

Representat ivee gas chromatograms (Fig. 2A, B) il lustrate the differences of the volatile 

blendss from infested and uninfested leaves. For further analysis we selected compounds 

basedd on the following criteria: ( l ) potential plant origin, and (2) presence in two or more 

samples.. W e subsequently focussed on compounds which were damage-related and hence 
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couldd potentially mediate plant-predator communication. For this we used a third 
criterion:: difference in frequency between infested and uninfested leaf samples exceeding 
33 and/or difference in (mean) abundance between infested and uninfested leaf samples 
exceedingg 25 ng. The purpose of the 3rd criterion was merely to serve as a conservative 
selectionn of compounds; the discriminators '3' and '25' are thus arbitrary. In the 14 
samples,, a total of 42 compounds satisfied the first and second criterion, 36 of which were 
foundd in Experiment 1 (Table l), 29 in Experiment 2 (Table 2), whereas 10 compounds 
mett the third criterion (summarized in Table 3). Al l 10 compounds were more abundant, 
andd 8 compounds were more frequent in samples from infested leaves. For 6 the 
differencess in abundance were statistically significant (Table 3), namely l-penten-3-ol, 1-
hexyl-acetate,, (Z)-3-hexen-l-yl acetate, (Z)-3-hexen-l-ol, (£,£)-a-farnesene and methyl 
salicylatee (Table 3). Two compounds, 3-hexen-l-yl-butanoate and linalool, were on 
averagee more abundant in samples from uninfested leaves, although not statistically 
significant.. The frequency of linalool, however, was higher in infested than in uninfested 
leaff  samples. 

Consideringg the proportion of each compound in the blend, it appears that the "green 
leaf-compoundss (Z)-3-hexen-l-yl acetate and (Z)-S-hexen-l-ol are the most abundant 
(Tablee 1 and 2). They make up 73% (42.8-97.5%) of the blend in infested leaves and as 
muchh as 90.5% (63.7-98.9%) in uninfested leaves. 

Variabilityy due to leaf age (Experiment I) 

Thee number and total amount of compounds found in young leaves (May) was higher 
thann in old leaves (August), both uninfested and infested (Table 1; normalized 
chromatogramss in Fig. 3). Three aldehydes, consistently present in May (both in 
uninfestedd and infested leaves), were absent in August: octanal, nonanal and decanal. 3-
Pentanoll  was present only in infested plants in May but not in August. (E)-B-ocimene 
wass found in infested plants in August, while absent in May. Hexanal and methyl 
salicylatee were more abundant in May, whereas (E)-4,8-dimethyl-l,S,7-nonatriene and 
(£,£)-a-farnesenee were more abundant in August. Methyl salicylate was detected in high 
quantitiess in infested young leaves, but in much lower absolute and relative values in 
heavilyy infested, old leaves (August) (Table 1, Fig. 3). 

Bothh in May and in August, amounts of volatiles increased with the degree of 
infestationn (Table l). Some compounds showed a consistent quantitative increase from 
uninfestedd to highly infested leaves, e.g. hexanal and (£,£)-a-farnesene. Methyl salicylate 
andd (£)-P~ocimene were most abundant in August in the headspace of the mildly infested 
leavess and absent or scant in the samples from uninfested and highly infested trees. These 
resultss are consistent with those obtained in experiment 2, when only young leaves were 
analysedd (Table 2). 

Variabilityy due to t ime since colonization (Experiment 2) 

Bothh the total number and amount of volatiles found in infested plants (experiment 2, 
Tablee 2) increased over time until day 25, then slightly decreased remaining higher than 
beforee infestation. In uninfested plants, the number of compounds remained the same, but 
thee total amounts decreased consistently (Table 2). Most compounds steadily increased 
afterr the onset of infestation. Five of them ((Z)-S-hexen-l-yl acetate, (Z)-S-hexen-l-ol, 
methyll  salicylate, benzyl-alcohol and an unidentified compound (m/z 43 (100%), 79 
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(75%),, 80 (81%)) were present before the tree was inoculated with Psylla. Seven 
compoundss (butyl acetate, 2-pentanal, S-pentanol, unknown (m/z 66 (81%), 96 (100%)), 
l-penten-3-ol,, 1-hexyl-acetate and 3-hexen-l-yl-benzoate) were detected after the 1st lar-

Tablee 1 Headspace volatiles (ng/h/g fresh leaf) collected from clean pear leaves and leaves with 
variouss levels of Psylla infestation, in May (young leaves) and August (old leaves) (Experiment 
1)* * 

Nymphs/leaf: : 
Volatiless Tree: 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

10 0 
I I I 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 

19 9 

20 0 
21 1 
22 2 
23 3 
24 4 
25 5 

26 6 
27 7 
28 8 
29 9 
30 0 
31 1 
32 2 
33 3 
34 4 
35 5 
36 6 

2-butanone e 
2-methylbutanal l 
3-methylbutanal l 
3-pentanone e 
11 -penten-3-one 
butyll acetate 
hexanal l 
2-pentenal l 
3-pentanol l 
11 -butanol 
l-penten-3-ol l 
(E)-2-hexenal l 
limonene e 
(E)-p-ocimene e 
11 -pentanol 
11 -hexyl acetate 
octanall a 
(E)-4,8-dimethyl-1,3,7--
nonatriene e 
(Z)-3-hexen-11 -yl 
acetate e 
11 -hexanol 
(Z)-3-hexen-11 -ol 
nonanall a 
(E)-2-hexen-l-ol l 
unknownn (43,79,80) 
3-hexen-11 -yl 
butanoate e 
11 -octen-3-ol 
decanall a 
linalool l 
11 -octanol 
P-caryophyllene e 
a-copaene e 
ct-farnesene e 
6-cadinene e 
methyll salicylate 
caproicc acid 
benzyll alcohol 

Totall amounts 
(ng/h/gg fresh weight) 
Totall number of compounds 

Volatil l 
Mayy (young leaves) 

0 0 
1 1 

2.84 4 

1.46 6 
7.19 9 

2.38 8 

1.68 8 

2.02 2 
3.83 3 
3.18 8 

13.38 8 

302.14 4 

1.86 6 
19.76 6 
16.42 2 

8.68 8 
9.09 9 

5.25 5 
20.66 6 

6.65 5 
3.18 8 

3.41 1 

13.53 3 

3.07 7 
452 2 

22 2 

31 1 
2 2 

23.21 1 

13.21 1 
64.88 8 

31.34 4 
trace e 

30.49 9 
27.44 4 

2080.04 4 

24.23 3 
269.70 0 

87.08 8 

47.94 4 
155.18 8 

19.65 5 

254.12 2 
110.12 2 

3239 9 

16 6 

»» amount 

41 1 
2 2 
16.73 3 
5.07 7 
5.14 4 

34.59 9 
46.42 2 

235.30 0 
18.62 2 
19.82 2 
27.36 6 
63.63 3 

691.03 3 

8.16 6 
77.76 6 
6.03 3 

15.36 6 

1289.35 5 

42.48 8 
266.98 8 

23.31 1 
22.42 2 
16.08 8 

17.18 8 
9.19 9 

72.79 9 

202.73 3 
22.29 9 
20.30 0 
3276 6 

27 7 

(ng/h/gg fresh leaf) 
Augustt (old leaves) 

0 0 
1 1 

2.21 1 

0.48 8 

63.15 5 

12.67 7 

1.86 6 

12.28 8 

93 3 

6 6 

1.8 8 
3 3 

3.58 8 

3.47 7 
36.30 0 

107.05 5 

417.03 3 

52.38 8 

9.52 2 

2.57 7 

5.70 0 
3.43 3 

37.01 1 
3.52 2 

51.75 5 

734 734 

13 3 

97 7 
4 4 

9.43 3 
9.43 3 

32.21 1 

10.60 0 
41.03 3 

155.48 8 

5.88 8 
21.66 6 
9.76 6 

88.92 2 

436.67 7 

49.28 8 
197.87 7 

78.81 1 
14.40 0 

81.95 5 

4.17 7 
4.35 5 

113.63 3 

7.47 7 

18.52 2 
1392 2 

21 1 

**  Comparison using Mann-Whitney-U test (ni=n2=3) for each compound showed significant 
differencess between leaf samples in May and August at the P=0.05 level, indicated by a. 
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vaee and honeydew were observed on leaves, i.e. day 20. For these 5+7=12 compounds 
theree was a significant difference between the 3 samples from the infested tree and the 4 
sampless from the uninfested tree. From day 25 onwards, four additional compounds were 
foundd (5-ethyl-2{5H)-furanone, (E,£)-a-farnesene, 5-cadinene and ethyl salicylate). On 
dayy 50, only one additional compound ((JE)-2-hexenal) was detected. The relationship 
betweenn the progression ofPsylla infestation and the emission of volatile compounds from 
youngg leaves of a 1-year old pear tree is depicted in Fig. 4. 

Tablee 2 Headspace volatiles (ng/h/g fresh leaf) collected from Psylla-infested pear leaves before 
andd after 20, 25 and 50 days of infestation, compared to an uninfested tree (experiment 2)* 

Identificatio n n 
11 3-pentanon e 
22 1 -penten-3-on e 
33 but/ I acetat e 
44 hexana l 
55 2-pentena l 
66 3-pentano l 
77 1 -butano l 
88 unknow n (66,96) 
99 1 -penten-3-o l 

100 (E)-2-hexena l 
11 1 limonen e 
122 1 -hexy l acetat e 
133 (Z)-3-hexen- 1 -yl acetat e 
144 anisol e 
155 (Z)-3-hexen-l-o l 
166 nonana l 
177 unknow n (43, 79, 80) 
188 3-hexen- 1 -yl butanoat e 
199 3-hexen-l-y l 2-

methylbutanoat e e 
200 linaloo l 
211 P-caryophyllen e 
222 a-copaen e 
233 5-ethyl-2(5H)-furanon e 
244 a-farnesen e 
255 8-cadinen e 
266 methy l salicylat e 
277 ethy l salicylat e 
288 benzy l alcoho l 
299 3-hexen- 1 -yl benzoat e 

Tota ll  amount s (ng/h/g 
freshh weight ) 

Tota ll  numbe r of 
compound s s 

a a 

a a 
a a 

a a 
a a 

a a 
a a 

a a 

a a 

a a 

a a 
a a 

Days s 
Volatil ee amoun t 

afterr  star t (mean no. 
nymphs/leaf )) in uninfeste d 

0(0) ) 
0.02 2 
0.05 5 

0.09 9 

0.19 9 

0.26 6 

61.21 1 

9.53 3 
0.13 3 
0.31 1 
0.21 1 

0.06 6 
0.10 0 

1.24 4 

73 3 

13 3 

20(0) ) 

0.05 5 

0.02 2 

62.93 3 

4.12 2 

0.48 8 
0.09 9 
0.01 1 

0.02 2 
0.10 0 

68 8 

9 9 

25(0) ) 
trac e e 
trac e e 
0.01 1 
0.01 1 

0.05 5 
0.04 4 

0.02 2 

51.10 0 
0.02 2 
1.00 0 
0.02 2 
0.45 5 
0.02 2 

0.08 8 
0.05 5 

0.03 3 
0.01 1 

53 3 

17 7 

tree e 
50(0) ) 

0.01 1 

0.01 1 

0.12 2 

0.03 3 

30.35 5 
0.17 7 
0.44 4 
0.01 1 
0.31 1 

0.02 2 
0.17 7 

0.11 1 

32 2 

12 2 

(ng/h/gg fresh leaf) 
Dayss after star t (mean no. 

nymphs/leaf) ' ' 
0(0) ) 

24.82 2 

1.92 2 

0.09 9 
0.07 7 

0.51 1 

0.07 7 

27 7 

6 6 

200 (9.3) 
0.02 2 
0.03 3 
0.02 2 
0.07 7 

trac e e 
0.19 9 
0.09 9 
0.01 1 
0.04 4 

0.11 1 
0.37 7 

147.41 1 
0.01 1 
9.74 4 

0.62 2 
0.30 0 
0.09 9 

0.02 2 
0.13 3 

3.92 2 

0.16 6 
0.22 2 
164 4 

21 1 

nn infeste d tree 
255 (20.0) 

0.08 8 
0.10 0 
0.03 3 
0.07 7 
0.04 4 
0.92 2 
0.06 6 
0.14 4 
0.19 9 

0.08 8 
1.72 2 

538.16 6 

81.83 3 

1.71 1 
2.16 6 
0.41 1 

0.07 7 
0.09 9 

0.14 4 
0.28 8 
0.09 9 
6.51 1 
0.02 2 
0.29 9 
0.53 3 
636 6 

25 5 

500 (32.3) 
0.19 9 
0.76 6 
0.06 6 
0.68 8 
0.07 7 
1.20 0 
0.09 9 
0.09 9 
0.50 0 
1.82 2 
0.42 2 
0.93 3 

223.59 9 
0.20 0 

46.13 3 

0.56 6 
0.10 0 

0.80 0 
2.03 3 
0.15 5 

25.93 3 
0.11 1 
0.31 1 
0.32 2 
307 7 

24 4 

**  Comparison with a Mann-Whitney-U test (ni=4, n£=3) for each compound showed significant 
differencess between infested and uninfested leaf samples at the P=0.05 level, indicated bya 
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Tablee 3 Summary of compounds collected from clean and pear Psylla infested pear leaves; 
responsee by two species of anthocorid predators to some of some chemicals* 

Volatiles s 

11 hexanal 
22 2-pentenal 
33 1-penten-3-ol 
44 (E)-2-hexenal 
55 1 -hexyl-acetate 
66 (E)-4,8-dimethyl-

1,3,7-nonatriene e 
77 (Z)-3-hexen-l-yl 

acetate e 
88 (Z)-3-hexen-l-ol 
99 (E,E)-a-farnesene 

100 methyl salicylate 

Psyll Psyll 
Identifiedd in: 

aa pyricola infested leaves 

ng/h/j: : 
42 2 
2.7 7 
15 5 
126 6 
17 7 
30 0 

733 3 

132 2 
35 5 
79 9 

a a 

a a 

b b 

b b 
a a 
a a 

frequency frequency 
7 7 
4 4 
5 5 
4 4 
6 6 
3 3 

7 7 

7 7 
6 6 
7 7 

%GCarea a 
1.5 5 
0.1 1 
0.77 a 
4.7 7 
0.77 a 
3.0 0 

62.2 2 

10.1 1 
2.3 3 
4.88 a 

ng/h/K K 
1.4 4 
0 0 
0 0 
0 0 

0.6 6 
1.9 9 

85 5 

7 7 
0.8 8 
2.2 2 

Uninfestedd leaves 

frequency y 
5 5 
0 0 
0 0 
0 0 
1 1 
1 1 

7 7 

7 7 
2 2 
5 5 

%GCarea a 
0.6 6 
0 0 

0.0 0 
0.0 0 
0.1 1 
0.4 4 

83.8 8 

6.7 7 
0.4 4 
0.9 9 

Responsee by 
AnthocorisAnthocoris Anthocoris 
nemoralisnemoralis nemorum 

0 0 

++ + 
++ + 

**  Amounts are expressed in n g / h /g fresh weight of leaves estimated from peak areas of gas 
chromatogrammess (means of 7 leaf samples), frequencies are per 7 leaf samples, %GC-area 
expresss the proportion of each compound in the total blend of volatiles (means of 7 leaf samples). 
Comparisonn using Mann-Whitney-U test (ni=n2=7) for each compound showed significant 
differencess between infested and uninfested leaf samples at the P = 0.05 and O.Ol level, indicated 
byy a and b respectively. 

DD old 

** 4000-

U U 
O O 

!!  M 34 I? tfi 

peakk number 

Figuree 3 Normalized GC peak areas of the main volatile compounds in young and old leaves of 
thee 4-year-old pear trees related to the degree of Psylla infestation (first experiment). A: 
uninfestedd tree 1, B: infested trees 2, 3 and i. (Peak numbers as in Table 1). 
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Figuree 4 Normalized GC peak areas of the main volatile compounds in young leaves of the 1-
year-oldd pear trees related to the development of Psylla infestation (2nd experiment), (a)...(d) 
uninfestedd tree, (e)...(h) infested tree. Day 0, 20, 25, 50 as in Fig. 1. (Peak numbers as in Table 2). 
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Tablee 4 Response in Y-tube olfactometer by orchard-caught Anthocoris mmoralts and A. ntmorum 
adultss to (E,£)-a-farnesene, methyl salicylate and (Z)-3-hexen-l-yl acetate, tested versus clean air 
(2-tailedd binomial test; HQ: p(+)=p(-)=0.5) 

Experimentall (+) stimulus 
0.244 mg (E,£)-a-farnesene 

2.33 mg methyl salicylate 

55 mg (Z)-3-hexen-1 -yi acetate 

species s 
A.. nemoraiis 
A.A. nemorum 
A.A. nemoraiis 
A.A. nemorum 
A.A. nemoraiis 

n(+) ) 
49 9 
50 0 
41 1 
39 9 
8 8 

n{.) ) 
15 5 
20 0 
10 0 
8 8 
14 4 

n(0) ) 
6 6 
8 8 
5 5 
7 7 
8 8 

n(+V/{n(+)+n(-)> > 
0.77 7 
0.71 1 
0.80 0 
0.83 3 
0.36 6 

P P 
0.00002 2 
0.0004 4 

0.00001 1 
0.000006 6 
0.33 (ns) 

Interexperimenta ll  variabilit y 

Theree were no consistent differences between 1-year old trees in 1994 (Table 2) and 4-
yearr old trees in 1993 (Table l) with respect to number of volatiles, in infested or 
uninfestedd plants. Total amounts, however, were consistently higher in 4-year old trees 
thann 1-year old trees. Some compounds from 1-year old trees were absent in samples 
fromm 4-year old trees (isobutyl-acetate, unknown (66, 96), anisole, S-hexen-1-yl 
butanoate,, 5-hexen-l-yl methylbutanoate, 5-ethyl-2(5H)-furanone, ethyl salicylate and 3-
hexen-1-yll  benzoate). Others were exclusively present in samples from 1-year-old trees 
(2-butanone,, 2- and S-methylbutanal, (E)-p-ocimene, 1-pentanol, octanal, (E)-4,8-
dimethyl-l,S,7-nonatriene,, 1-hexanol, nonanal, (-E)-2-hexen-l-ol, l-octen-3-ol, decanal 
andd l-octanol). Caution, however, should be taken when attributing the observed 
differencess to differential tree age, since trees also differed with respect to season and 
yearr of investigation and in the rootstock upon which they were grafted — quince ("kwee-
C")) for 4-year old trees and seedlings for 1-year old trees. 

Olfactomete rr  bioassay s 

Inn the Y-tube olfactometer, both Anthocoris nemoraiis and A. nemorum showed positive 
responsess to methyl salicylate (80% and 83%, respectively) and (£,£)-a-farnesene (77% 
andd 71%, respectively) that significantly deviated from the 50% expected under the null 
hypothesiss (Table 4). (Z)-3-hexen-l-yl acetate, a compound not indicative of Psylla-
infestation,, did not elicit a positive response (only 36% of A. nemoraiis adults responded 
positively,, P - 0.3). 

Quantitativee results of the chemical analysis can be compared with amounts of 
compoundss administered in the olfactometer. Evaporation of compounds from the filter 
paperr was determined in a pre-test: 65% 4 mg, n=5) of methyl salicylate and 76% 

44 mg, n=5) of (Z)-S-hexen-l-yl acetate evaporated in 30 min. in the Y-tube (wind 
speed:: 0.3 liter/s). Evaporation of (ivE)-a-farnesene was not measured, but because this 
compoundd has a boiling point in between that of the other two compounds evaporation 
ratee is assumed to have an intermediate value. For methyl salicylate the concentration in 
thee odor plume in the olfactometer was calculated to be 2.78 |xg/l (mean value over 30 
min.).. In the airstream from the sampled infested leaves, the concentration was 6.58 
ng/1/leaff  (6 1 sampled, on average 79 ng/h/g fresh weight (Table 3), leaves weighing ca. 
0.55 gram). Therefore, ca. 420 infested leaves would be needed to cause the same 
concentrationn as 2.3 mg on filter paper (one single orchard tree wil l have manyfold 420 
leaves!).. Likewise, the used amounts of (E,E)-a-farnesene and (Z)-3-hexen-l-yl acetate 
aree equivalent to ca. 80 infested leaves. 
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DISCUSSION N 

Olfactometerr bioassays carried out with two of the volatile compounds that are correlated 
withh Psy//a-infestation in pear trees elicit a response in anthocorid predators, namely 
methyll  salicylate and (.E,E)-a-farnesene. Because these compounds are of plant origin, it 
mayy be inferred that their production is induced by Psylla injury. These chemical signals 
mayy be plant-predator synomones because upon herbivore attack plants may benefit from 
attractingg predators and predators profit from responding to prey-related signals (Dicke 
andd Sabelis, 1988). 

Wee did not make further attempts to investigate specificity with respect to the 
damagingg agent. Previous claims (Dicke et al., 1990a; Turlings et al, 1990; Mattiacci etal., 
1994)) that mechanical damage does not induce the production of volatiles in plants seem 
unwarrantedd because it is difficult, if not impossible, to mimiek the way {site and process) 
insectss damage a leaf, let alone to generate the damage as continually as the insect does. 
Thee only inference we can make from our data is that repetitive picking of leaves from 
uninfestedd trees does not trigger enhanced production of volatiles found in the headspace 
off  infested trees (Table 2). In fact, the levels of these volatiles are diminishing. 

Earlierr studies described volatiles from undamaged pear leaves (Miller et al., 1989) and 
fruitss (Jennings et al., 1960). Miller et al. (1989) analysed volatiles from pear leaves of two 
otherr pear cultivars: Bartlett and Bradford, cultivars considered to be susceptible and 
resistentt to pear Psylla attack, respectively. They identified fourteen compounds, eight of 
whichh were also present in one or more of our samples from infested trees: {E,E)-a-
farnesene,, (Z)-S hexen-l-yl acetate, (£)-P-ocimene, linalool, ct-copaene, P-caryophyllene, 
5-cadinenee and limonene. The compound they tentatively identified as perillene is most 
probablyy (£)-4,8-dimethyl-l,3,7-nonatriene, a methylene terpenoid with the same 
molecularr weight and almost the same mass spectrum as perillene and frequently present 
inn volatile blends from arthropod-attacked plants (lima bean-mites, apple-mites, 
Takabayashii  et al, 1991; cotton-caterpillars, McCall et al, 1994; corn-caterpillars, 
Turlingss et al, 1991; pear-psyllids, present study). Also the reported Kovats index 
correspondss well with the Kovats index on DB-1 for (£)-4,8-dimethyl-l,3,7-nonatriene 
(M.A.. Posthumus, unpublished data; see also Dicke etal, 1990a). Some other volatiles like 
methyll  salicylate were not found by Mille r et al. (1989). These authors did not specify the 
infestationn level of the trees they sampled, but in August, the time of sampling, it is rare 
too find trees devoid of psyllids in North American orchards (Watson and Wilde, 1963; 
Vann de Baan and Croft, 1991). Also the composition of the leaf volatiles suggest that the 
treess sampled by Mille r etal. (1989) may have been infested at the time of leaf sampling. 

Mille rr et al. (1989) found significant differences between the two cultivars: linalool was 
foundd only in Bradford, a-copaene only in Bartlett. We also have evidence for differences 
inn volatile composition between two pear cultivars, i.e. Conference and Beurré Hardy, the 
latterr failing to release methyl salicylate (Drukker and Posthumus, unpublished). Miller et 
al.al. (1989) argue that leaf volatiles are used by psyllids to locate their host plants. Thus, 
differencess in volatile composition can be indicative of differential cultivar susceptibility. 
Wee suggest that difference in volatile composition may, in addition, reflect cultivar-
relatedd differences in indirect defense by means of predator recruitment. The frequently 
reportedd heavy Psylla damage on Beurré Hardy compared to Conference (Drukker and 
Vann der Blom, unpublished) may be explained by this difference. 
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Variabilit yy  in blen d compositio n 

Severall  of the compounds we found associated with Psylla infestation, were also found to 
bee damage-associated in other, totally different plant-herbivore systems, such as apple-
spiderr mite (Takabayashi et al, 1991), lima bean-spider mite (Dicke et al, 1990a), 
cucumber-spiderr mite (Takabayashi et al, 1994), cotton-caterpillar (McCall et al, 1994), 
corn-caterpillarr (Turlings et al., 1991), Brussels sprouts-caterpillar (Mattiacci etal., 1994), 
broadd bean-aphid (Hardie et al, 1994), apple-sawfly larvae (Boevé et al, 1996), and 
cabbage-caterpillarr {Blaakmeer et al, 1994). Five compounds found exclusively in our 
infested-pearr samples have not been mentioned before in association with herbivory: 2-
andd 3-methyl butanal, 5-ethyl-2(5H)-furanon, ethyl salicylate, and anisole. 

Somee of the variation in blend composition may be attributed to leafage. We observed 
bothh qualitative and quantitative differences between young leaves in May and mature 
leavess in August, and not all of these differences could be attributed to the higher 
infestationn level in August. For example, (E)-P-ocimene was found only in August in leaf 
sampless that had a similar level of infestation to those in May. Alternatively, methyl 
salicylatee was absent in highly infested and uninfested old leaves in August, whereas it 
wass found in considerable quantities in infested young leaves in May. Age-related 
differencess were also found by Takabayashi et al. (1994) in samples from spider-mite 
infestedd cucumber leaves. 

Blendd composition may also be affected by age, rootstock, and attack history of the 
trees.. Our data leave these possible effects open, but we cannot assess their relative 
contributions.. Further research is needed, especially because effects of tree age and attack 
historyy are known for direct defensive responses, as reviewed by Haukioja (1990; see also 
variouss chapters in Tallamy and Raupp, 1991). This author also makes a useful 
distinctionn between induced responses based on the time scale of the induction process; 
hee distinguished between short-term and long-term (or delayed) induced responses. In 
ourr experiments, we used trees that originated from commercial nurseries. Hence, we 
cannott be absolutely sure that these trees had always been free of pests. 

Anotherr source of variation in blend composition stems from the accumulation of 
damagee since herbivore colonization. We observed a steady increase over time for most 
compoundss as the infestation proceeded. Some volatiles were observed already before the 
plantss were infested (methyl salicylate in very low quantity, (Z)-3-hexen-l-yl acetate and 
(Z)-3-hexen-l-ol),, others were only found after first appearance of Psylla nymphs and 
associatedd honeydew (l-hexyl acetate), 5 days later ((£,£)-a-farnesene, 5-ethyl-2(5H)-
furanone)) or 30 days later ((£)-2-hexenal). 

Predato rr  respons e to synomone s 

Thee responses of the two species of anthocorids to the three compounds tested are in line 
withh the findings by Dicke et al (1990a) for phytoseiid predators. They too found a 
significantt positive response to methyl salicylate and an indifferent response to (Z)-3-
hexen-1-yll  acetate. As the latter green leaf compound was not indicative of spider mite 
damage,, Dicke etal. (1990a) considered the indifferent response adaptive. However, in our 
pearr trees this green leaf compound is clearly more abundantly released by infested 
plantss and therefore, using the same line of reasoning (Dicke etal, 1990a), we could have 
expectedd the bugs to respond to it, but they appeared not to. Also in cotton, (Z)-S-hexen-
1-yll  acetate was found to be associated with herbivory (McCall et al, 1994) and here 
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parasitoidss actually do respond to this and other green leaf compounds (Whitman and 
Eller,, 1990). Thus, it is not clear why anthocorids do not respond to the green leaf 
compound,, but do respond to the other two damage-related volatiles. However, 
synergisticc effects among these (and any other) compounds in the headspace of the 
infestedd plants should not be ignored as a possibility. The other damage-related volatiles 
(Tablee 3) still remain to be tested, as well as the attractiveness of different concentrations 
off  all compounds, to anthocorid predators found to be responding to the total blend in the 
fieldfield (Drukker et al, 1995). 

Thee positive responses to the single compounds are surprising in that their 
informationn content can only be limited. The full blend, of course, contains much more 
information.. Nevertheless, additional olfactometer tests showed that responses of wild-
caughtt predators to full blends from infested pear leaves [A. nemoralis: 16%, n—13; A. 
nemorum:nemorum: 82%, «=6l; Drukker, unpublished data) were comparable to responses to (E,E)-
a-farnesenee and methyl salicylate (both species: 71-83%; see Table 4). Preliminary results 
showedd that one of the damage-related compounds, methyl salicylate, elicits positive 
responsess under field conditions as well; predatory bugs were found to be attracted 
towardss sticky traps with dispensers of methyl salicylate (on average 9.6 bugs per trap 
overr a period of 1-2 months, compared to 0.8 in unbaited control traps; Drukker, 
unpublishedd data). A possible explanation for positive responses to a single compound 
mayy be that the compound is a common denominator of damage inflicted by a wide range 
off  phytophages that include prey items on the menu. This may explain that A. nemorum 
respondss to odor blends from French bean leaves infested by prey mites (Tetranychus 
urticaeurticae and T. cinnabarinus-, Dwumfour, 1992), because these blends are known to include 
methyll  salicylate. Additional damage-related compounds may act in finetuning the 
informationn content of the signal, thereby enabling preferential responses. 

Onee wonders to what extent predatory arthropods can smell "the tree before the 
forest""  within the wealth of chemical information contained in the blends released by 
plantss upon herbivore attack. Whether their responses are plastic or fixed, is a major 
questionn for future research. In some cases natural enemies have been shown to change 
theirr behavior gradually over days of exposure to a stimulus (Dicke et al, 1990b; 
Dwumfour,, 1992), in others, associative learning was demonstrated over short-term 
exposuree to a stimulus (Lewis and Tumlinson, 1988). These possibilities are currently 
beingg investigated with respect to anthocorid predators (Drukker, in progress). 
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