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Abstract The effect of pulegone chiral center configuration
on its antifeedant activity to Myzus persicae was examined.
Biological consequences of structural modifications of (R)-
(+)- and (S)-(—)-pulegone, the lactonization, iodolactoniza-
tion, and incorporation of hydroxyl and carbonyl groups
were studied, as well. The most active compounds were
(R)-(+)-pulegone (1a) and d-hydroxy-y-spirolactones
(58,6R,85)-(—)-6-hydroxy-4,4,8-trimethyl-1-oxaspiro[4.5]
decan-2-one (5b) and (5R,6S,85)-6-hydroxy-4,4,8-tri-
methyl-1-oxaspiro[4.5]decan-2-one (6b) derived from (S)-
(—)-pulegone (1b). The compounds deterred aphid probing
and feeding at preingestional, ingestional, and postinges-
tional phases of feeding. The preingestional effect of (R)-
(+)-pulegone (1a) was manifested as difficulty in finding
and reaching the phloem (i.e., prolonged time preceding the
first contact with phloem vessels), a high proportion of
probes not reaching beyond the mesophyll layer before first
phloem phase, and/or failure to find sieve elements by 20%
of aphids during the 8-hr experiment. The ingestional
activity of (R)-(+)-pulegone (1a) and hydroxylactones Sb
and 6b resulted in a decrease in duration of phloem sap
ingestion, a decrease in the proportion of aphids with
sustained sap ingestion, and an increase in the proportion of
aphid salivation in phloem. §-Keto-y-spirolactone (5R,8S)-
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(—)-4,4,8-trimethyl-1-oxaspiro[4.5]decan-2,6-dione (8b)
produced a weak ingestional effect (shortened phloem
phase). The postingestional deterrence of (R)-(+)-pulegone
(1a) and &-hydroxy-y-spirolactones (5R,6S,8R)-(+)-6-hy-
droxy-4,4,8-trimethyl-1-oxaspiro[4.5]-decan-2-one (5a),
5b, (5S,6R,8R)-6-hydroxy-4,4,8-trimethyl-1-oxaspiro[4.5]
decan-2-one (6a), 6b, and d-keto-y-spirolactone 8b pre-
vented aphids from settling on treated leaves. The frans
position of methyl group CH3;—8 and the bond C5-O1 in
lactone 6b appeared to weaken the deterrent activity in
relation to the cis diastereoisomer (5b).

Keywords Antifeedant - Pulegone - Chirality -
Peach potato aphid - Probing behavior - EPG

Introduction

Substances that alter insect behavior have attracted much
attention as potential crop protection compounds that, at
least in part, might replace traditional pesticides (Unelius et
al. 2006); they comprise repellents, oviposition inhibitors,
antifeedants, etc. The most widely known antifeedants
belong to different chemical groups and come from natural
sources (Ley and Toogood 1990; Wawrzyniak 1996;
Simmonds 1998). Plant terpenoids are one of the major
classes of secondary metabolites synthesized by plants that
are toxic, unpalatable, or at least repellent to herbivores. As
such, they function as defensive agents (Pickett 1991;
Harrewijn et al. 2001; Wittstock and Gershenzon 2002).
Discovery of insect control substances include, among
others, ajugarin, azadirachtin, and polygodial. The sesqui-
terpenoid polygodial was successfully applied in the field
against bird cherry-oat aphid Rhopalosiphum padi. 1t gave
results similar to those obtained with the broad-spectrum
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pyrethroid cypermethrin (Pickett et al. 1994). Monoterpe-
noids are components of many plant essential oils and often
show insecticidal, feeding deterrent, and repellent activities
(Simmonds 1998). Citral appeared toxic to Mediterranean
fruit fly Ceratitis capitata, American cockroach Peripla-
neta americana, and housefly Musca domestica (Salvatore
et al. 2004; Choi et al. 2006; Price and Berry 2006) and
repellent to termites Coptotermes formosanus (Zhu et al.
2001) and mosquitoes Aedes aegypti (Oyedele et al. 2002).

Annual world crop loss due to aphids is estimated at 2%
of all losses attributed to insect feeding (Wellings et al.
1989). Apart from removing vital fluids from plant sieve
elements, aphids are effective vectors of virus diseases:
approximately 60% of all plant viruses are spread by aphids.
According to Blackman and Eastop (1985), the peach aphid
Mpyzus persicae (Sulz.) can infest plants belonging to over 40
different families that include many economically important
ones, and it has the ability to transmit more than 100 plant
viruses. Elimination or at least reduction of penetration of
plant tissues by aphids may save plants from infection by
pathogenic agents (Martin et al. 1997).

Aphids respond to many monoterpenoids. The repellent
properties of linalool and o-terpineol to Myzus persicae were
reported by Hori (1998, 1999). Gutierrez et al. (1997) found
that geraniol inhibited Myzus persicae settling on host plants.
(S)-Limonene restrained phloem sap ingestion and had other
negative effects on the behavior of the peach potato aphid
(Halarewicz-Pacan et al. 2003). Citral and linalool had
repellent effects that were manifested in a significant
decrease in time spent on leaves, decreased total and mean
time of penetration, and lower numbers of probes compared
to controls. Citral, linalool, (S)-limonene, «-ionone, and
camphene reduced the total and mean probing time of aphids
and settling on the leaves (Gabrys et al. 2005).

Our interest in pulegone and its likely antifeedant effect
on Myzus persicae was inspired by reports on the
compound’s broad spectrum biological activity. Pugelone
is repellent to birds, including the common starling Sturnus
vulgaris, red-winged blackbird Agelaius phoeniceus, and
Northern bobwhite Colinus virginianus (Avery et al. 1996;
Mason and Epple 1998). It is also toxic to the German
cockroach Blatella germanica, Musca domestica, and
storage pests [rice weevil Sitophilus oryzae, red flour
beetle Tribolium castaneum, and the sawtoothed grain
beetle Oryzaephilus surinamensis (Franzios et al. 1997,
Lee et al. 2003)]. Pulegone downgrades reproduction and
development of the pea aphid Acyrthosiphon pisum,
probably by killing aphid symbionts Buchnera sp., which
is attributed to its bactericidal activity (Harrewijn et al.
2001). The fungicidal effect of pulegone has also been
reported (Gata-Gongalves et al. 2003).

Pulegone is the major component of essential oils of
several species of Mentha (e.g., M. pulegium, M. arvensis,

M. longifolia, and M. spicata) and occurs in two isomeric
forms: (R)- and (S)-pulegone (Phatak and Heble 2002;
Vetere et al. 2002; Conover and Lyons 2005). The
enantiomers of a chiral compound may differ significantly
in respect to their interaction with biological receptors, thus
resulting in a different biological activity (Juza et al. 2000).
The biological activity depends not only on the stereo-
chemistry but is related also to the presence of various
functional groups. Often, natural antifeedants are lactones
with one or more additional functional groups (Ley and
Toogod 1990; Wawrzenczyk et al. 1997). From the
practical point of view, the use of plant-derived antifeedants
on a large scale is not justified economically. Synthetic
analogs of natural compounds are more accessible for
application.

The aim of this work was to assess the effect of pulegone
chiral center configuration on its antifeedant activity to
Mpyzus persicae and to study the biological consequences of
structural modifications of (R)-(+)- and (S)-(—)-pulegone:
the lactonization, iodolactonization, and incorporation of
hydroxy and carbonyl groups. The biological study includ-
ed various aspects of aphid host plant selection and
acceptance processes. The behavioral responses of Myzus
persicae to pure and structurally modified pulegone
enantiomers were investigated to reveal the biological basis
of their deterrent activity.

Methods and Materials

Chemicals (R)-(+)-Pulegone (>98%), (S)-(—)-pulegone
(>99%), (1S,2R,5S)-(+)-isopulegol (>99%), and
(1R,2S,5R)-(—)-isopulegol (>99%) were purchased from
Aldrich and Fluka. Test lactones 3-8 (Fig. 1) were
synthesized from optically pure isomers of pulegone and
isopulegol. The synthetic methodology for compounds 3—6,
based on the orthoacetate modification of the Claisen
rearrangement and iodolactonization of v,d-unsaturated
acids or acidic lactonization of epoxy esters, was described
earlier (Dams et al. 2004a,b). 8-Hydroxy-y-spirolactones
5-6 were oxidized with pyridinium dichromate to the
corresponding 6-keto-y-spirolactones 7-8 (Dams et al.
2004b). The structures of synthesized lactones were
determined on the basis of spectroscopic and crystallo-
graphic methods. The enantiomeric purity of the final
products was higher than 97% as determined by gas
chromatography by using chiral columns: CP-Cyclodex-
trin-f3-2,3,6-m-19, 25 mx0.25 mmx0.25 wm and Chirasil-
Val-L, 25 mx0.25 mmx25 pum. It was not possible to
obtain pure enantiomers of 6a and 6b. To evaluate their
activity, it was necessary to use 6a/6b mixtures. The
activity of 6a was studied as a mixture 5a/6a=28%:72%
and 6b—5b/6b=28%:72%.
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1a (R)-(+)

2a (5R,65,8R)-(+)
1b (5)-(-)

5b (55,6R,85)-(-)

3a (SR,8R)-(-)
3b (55,85)-(+)

oN

e

5a (5R,65,8R)-(+)
5b (55,6R,85)-(-)

6a (55,6R,8R) 7a (5R,8R)-(-) 8a (5S,8R)-(+)
6b (5R,6S,85) b (55,85)-(+) 8b (5R,85)-(-)
Fig. 1 Structures of pulegone and pulegone-derived lactones. 1a (R)-
(+)-pulegone, 1b (S)-(—)-pulegone; 2a (5R,6S,8R)-(+)-6-iodo-4,4,8-
trimethyl-1-oxaspiro[4.5]decan-2-one, 2b (5S,6R,8S5)-(—)-6-iodo-
4,4,8-trimethyl-1-oxaspiro[4.5]decan-2-one; 3a (5R,8R)-(—)-4,4,8-tri-
methyl-1-oxaspiro[4.5]dec-6-en-2-one, 3b (55,85)-(+)-4,4,8-trimethyl-
1-oxaspiro[4.5]dec-6-en-2-one; 4 4,4,8-trimethyl-1-oxaspiro[4.5]
decan-2-one; 5a (5R,6S,8R)-(+)-6-hydroxy-4,4,8-trimethyl-1-oxaspiro
[4.5]-decan-2-one, 5b — (5S,6R,8S)-(—)-6-hydroxy-4,4,8-trimethyl-1-
oxaspiro-[4.5]decan-2-one; 6a (5S,6R,8R)-6-hydroxy-4,4,8-trimethyl-
1-oxaspiro[4.5]decan-2-one, 6b (5R,6S5,85)-6-hydroxy-4,4,8-tri-
methyl-1-oxaspiro[4.5]decan-2-one; 7a (SR,8R)-(—)-4,4,8-trimethyl-1-
oxaspiro[4.5]decane-2,6-dione, 7b (58,85)-(+)-4,4,8-trimethyl-1-oxas-
piro[4.5]decane-2,6-dione; 8a (5S,8R)-(+)-4,4,8-trimethyl-1-oxaspiro
[4.5]decane-2,6-dione, 8b (5R,85)-(—)-4,4,8-trimethyl-1-oxaspiro[4.5]
decane-2,6-dione

Aphids, Plants, and Compound Application Aphids (Myzus
persicae) and plants (Chinese cabbage Brassica pekinensis)
were reared in laboratory at 20°C, 65% RH, and 16:8 L/D
photoperiod. Compounds were applied to the adaxial surface
of leaves as 0.1% ethanolic solutions, 0.01 ml/em? of the leaf
according to a method described by Polonsky et al. (1989).
All biological assays were performed 1 hr after compound
application to allow evaporation of the carrier solvent.
Iodolactones were not studied in electronic penetration graph
(EPG) experiments due to their instability.

Behavioral Responses of Aphids The antifeedant effect of
pulegone and its structural analogs was assessed by watch-
ing the settling behavior of freely moving aphids and by
electronically monitoring aphid stylet activities in plant
tissues (probing behavior).

Settling of Myzus persicae was studied by using the “half-
leaf test” (Polonsky et al. 1989). Compounds were applied
to one half of a leaf; the other side of the midrib was coated
with 0.1% ethanol and considered the “control.” Aphids
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were offered a choice between equal areas of treated and
control surfaces. Aphids that settled on each side of the
midrib (i.e., aphids that did not move and had their
antennae directed backwards, indicating probing) were
counted at 15-, 30-min, 1-, 2-, and 24-hr intervals after
access to the leaf (8 replicates, 20 viviparous apterous
females/replicate). The relative index of deterrence was
calculated after Powell et al. (1997): R=(C-1)/(C+T). C
represents the number of aphids settled on the control half
of the leaf and 7=the number of aphids settled on half of
the leaf coated with the tested compound. R values may
range from “—1” (indicating a good attractant) to “1”
(indicating a good deterrent). Statistical differences in
settling/no settling between treatment and control were
tested for each substance by Student’s z-test.

Myzus persicae probing behavior was monitored by using
electronic registration of aphid stylet penetration in plant
tissues referred to as EPG. This technique is commonly used
in insect—plant studies. Aphids and plants become incorpo-
rated into an electric circuit; the circuit is closed when aphids
insert their stylets into plant tissues. A weak voltage is applied
through the circuit, and all changes in electrical properties are
recorded as EPG waveforms that can be correlated with aphid
activities and stylet position in plant tissues (Tjallingii 1994).
The values of parameters derived from EPG recordings, e.g.,
the duration of probing, duration of phloem sap ingestion,
number of probes, etc., reflect the suitability of a food source
to the aphids (Mayoral et al. 1996). After attachment of the
wire electrode, aphids were starved for 1 hr before the start
of an experiment. The probing behavior of 16 apterous
females was tested per substance and monitored continuous-
ly for 8 hr with a four-channel DC EPG recording device.
Signals were analyzed with Probe 2.1 software provided by
W.F. Tjallingii. The following EPG patterns were distin-
guished: np (non penetration—aphid stylets remained out-
side of the plant), A, B, C, F (pathway phase—penetration of
non-phloem tissues), E1 (salivation into sieve elements), and
E2 (ingestion of phloem sap). The E1/E2 transition patterns
were included in E1. A number of sequential (i.e., describing
the sequence of events during the recording) and non-
sequential (i.e., referring to frequency, total, and average
duration of patterns) parameters were calculated (Van Helden
and Tjallingii 1993). Results were analyzed statistically with
analysis of variance (Kruskal-Wallis test) by using Statistica
6.1 (StatSoft axxp505b946905ar28).

Results

(R)-(+)-Pulegone and its Analogs Significantly fewer aphids
settled on the leaf halves coated with (R)-(+)-pulegone
(1a), (+)-5-iodo-y-spirolactone (2a), d-hydroxy-y-spirolac-
tones cis(5R,65,8R)-(+)-5a and trans(5S,6R,8R)-6a than on
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control leaf halves. The relative indices of deterrence after
24-hr observation were 0.43, 0.72, 0.25, and 0.31,
respectively. The unsaturated y-spirolactone (5S,8R)-(—)-
v-spirolactone (3a) showed strong deterrent properties
during the first 2 hr of an experiment (R=0.82). However,
this activity had ceased by 24 hr (Fig. 2).

The most distinctive modification of aphid behavior during
probing (EPG experiments) was observed on plants treated
with (R)-(+)-pulegone (1a) (Table 1, Fig. 2). Total time of
probing was significantly shorter on treated leaf halves—
72% of 8-hr experimental time—compared to 90% for
control plants. Aphids penetrated mainly peripheral tissues
(78% of penetration time compared to 47% on control
tissue). The time before reaching phloem vessels was nearly
twice as long with non-penetration accounting for one third
of that time. On (R)-(+)-pulegone-treated plants, aphid
probes that preceded the first phloem phase were numerous
(2.6 times as many as on the control half of leaves), but the
probing was short, usually not longer than 2—10 min (83%
of all probes). Moreover, some aphids failed to reach
phloem vessels. Among those that got through to the
phloem, most did not ingest sap for longer than 10 min (i.e.,
there was no sustained sap ingestion in more than 30% of
aphids). The high proportion of salivation during penetra-
tion of phloem vessels (18% of all activities in sieve
elements) was noteworthy. In 44% of aphids, recurrent
alterations between E1 and E2 during every period of
phloem phase were observed (the E1/E2 transition patterns
were included in El; data not shown). In general, aphid
behavior generally did not change on leaf halves treated
with &-hydroxy-y-spirolactones Sa and 6a compared to
control leaf halves. However, on these plants, as on plants
treated with (R)-(+)-pulegone (1a), aphids usually did not

Fig. 2 Indices of deterrence of 1,0-
(R)-(+)-pulegone and (R)-(+)-
pulegone-derived lactones

show sustained sap ingestion during the first contact with
phloem vessels (Table 1).

(S)-(—)-Pulegone and its Analogs Significantly fewer
aphids settled on leaf halves treated with (55,6R,8S)-(—)-0-
iodo-y-spirolactone (2b), 6-hydroxy-y-spirolactones: cis
(58,6R,8S5)-(—)-5b, trans (5R,68,85)-6b, and trans (5R,8S)-
(—)-6-keto-y-spirolactone (8b) than on control leaf halves.
The relative indices of deterrence after 24-hr were 0.34,
0.49, 0.48, and 0.67, respectively (Fig. 3).

Aphid probing on plants treated with (S)-(—)-pulegone
(1b) was similar to that on control plants. The most
noticeable changes occurred after application of hydroxylac-
tone Sb (Table 2). Although aphid stylet penetration was not
inhibited on Sb-treated leaf halves, the total duration of
phloem activities was reduced by a half, and fewer aphids
showed sustained sap ingestion compared to controls [62 vs.
100% on control leaf halves or 94% on (S)-(—)-pulegone-
treated plants]. The time to reach phloem elements was
doubled, the duration of first phloem sap ingestion period
was half, and the proportion of salivation in all activities in
sieve elements was five times greater than on the control half
of the leaves. On 8b-treated plants, 81% of aphids reached
phloem vessels, but the duration of first phloem phase was
half as long as on control plants. On 6b-treated plants, the
first phloem phase was delayed by more than 2 hr on
average, 32% fewer aphids reached sieve elements, and the
proportion of salivation in the phloem phase was six times
greater compared to controls. None or few aphids showed
sustained sap ingestion during first phloem phase on plants
treated with (S)-(—)-pulegone and lactones 5b, 8b, and 6b.
Thirty-two percent (6b) and 38% (Sb) of aphids failed to
ingest phloem sap for longer than 10 min at a time (Table 2).
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Table 1 Probing behavior of Myzus persicae (Sulz.) on plants treated with (R)-(+)-pulegone and its analogs®

Parameters

Total penetration time (h)
Total duration of phloem phase (h)

Proportion of phloem phase in penetration (%)

Time from Ist probe to 1st phloem phase (h)

Duration of non-penetration before 1st phloem phase (min)
Number of probes before 1st phloem phase (number)

Probes < 2 min (number)
Probes 2—-10 min (number)
Probes > 10 min (number)

Proportion of aphids reaching phloem phase (%) 100
Proportion of aphids with sustained phloem sap ingestion (%) 100
Duration of 1st phloem sap ingestion time (h)
Proportion of salivation (E1) in phloem phase (E1 + E2) (%) 1.6

Control, mean (R)-(+)- (5R,6S8,8R)- (5S,6R,8R)- P

(£SE) pulegone, Sa, mean (+SE)  6a, mean (+SE)  value
mean (£SE)

7.2 (x0.2) a 5.8 (x04)b 7.1 (£0.1) ab 7.2 (£0.2) a 0.003
3.8 (+0.4) ab 1.9 (+0.5) b 2.9 (+0.5) ab 4.6 (£0.6) a 0.004
53.0 ab 325b 40.2 ab 633 a 0.006
1.2 (£0.3) a 3.0 (x0.5)b 1.5 (£0.2) ab 1.7 (+0.4) ab  0.009
150 (#4.3)a  64.0(=12.9)b 18.7 (¥3.9)a 21.8 (£7.5) a 0.002
6.0 (x1.3)a 15.8 (£2.3) b 7.0 (1.2) ab 7.5 (x1.6) ab  0.039
2.6a 9.9b 1.9a 3.5 ab 0.001
1.8a 5.8b 3.9ab 2.6 ab 0.002
1.6a 3.2a 1.2a 14 a 0.206
81.3 93.8 100 0.098
68.8 81.3 87.5 0.108
1.2 (x0.4) 1.4 (£0.6) 1.6 (£0.6) 2.6 (£0.5) 0.893
18.4 33 1.2 0.396

# Parameters derived from 8-hr EPG recording. Values followed by different letters in rows represent significant differences. P values of Kruskal—

Wallis test

Discussion

Behavioral Aspects of Feeding Deterrent Activity of
Pulegone and its Analogs Frazier and Chyb (1995)
suggested that insect feeding can be inhibited at three
levels: preingestional, immediate effect associated with host
finding and host selection processes involving gustatory
receptors; ingestional, related to food transport and produc-
tion, release, and digestion by salivary enzymes; and
postingestional, long-term effects involving various aspects
of digestion and absorption of food. Aphids differ from
chewing herbivores with respect to the location of their
main gustatory receptors. Mouthparts lack external chemo-

Fig. 3 Indices of deterrence of 11

(8)-(-)-pulegone and (S)-(-)-

receptors, and the taste organ is located in the hypopharynx,
i.e., the hypopharyngeal gustatory organ; hence the inges-
tion of sap is crucial for recognition and acceptance of a
host plant (Wensler and Filshie 1969; Ponsen 1987;
Harrewijn 1990). Before reaching the phloem vessels of
host food plants, aphids ingest small samples of parenchy-
ma cell contents for gustatory purposes (Martin et al. 1997).
Gabrys and Tjallingii (2002) showed that aphids can
distinguish a host from a non-host plant before reaching
sieve elements. Because aphid-probing behavior cannot be
observed directly, the parameters derived from EPG record-
ings are used as reliable indicators of preingestional and
ingestional factors that affect feeding. Long penetration

pulegone-derived lactones 0,8
0,6
041 DETERRENT
3
INACTIVE
4
041 TIME ATTRACTANT
0,61
o5 —% (§-)-pulegone 1b —e— (2S,6R.8S)--)2b  —h—(58,85)(+)-3b —— (55,6R,8S)-5b |
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Table 2 Probing behavior of Myzus persicae (Sulz.) on plants treated with (S)-(—)-pulegone and its analogs®
Parameters Control (8)-(—)-pulegone  (5S,6R,85)-5b (5R,6S,85)-6b (5R,85)-8b P
mean (£SE) mean (£SF) mean (£SE) mean (£SE) mean (£SE) value
Total penetration time (h) 7.2 (£0.2) 7.2 (£0.2) 6.7 (£0.2) 6.7 (+0.3) 6.8 (£0.1) 0.199
Total duration of phloem phase (h) 3.8 (+0.4) a 3.4 (+0.4) ab 1.8 (+0.4) b 2.7 (x0.7) ab 2.2 (x0.4)ab  0.019
Proportion of phloem phase in 53.0 a 47.7 ab 26.8 b 39.9 ab 32.8 ab 0.019
penetration (%)
Time from st probe to 1st phloem 1.2 (#0.3) a 2.8 (£0.5) ab 2.4 (+0.4) ab 34 (+0.5)b 1.2 (x0.2) a 0.005
phase (h)
Duration of non-penetration before 15.0 (#4.3) 34.1 (£8.2) 29.4 (£7.5) 449 (£11.3) 19.0 (£5.8) 0.111
Ist phloem phase (min)
Number of probes before 1st phloem 6.0 (£1.3) 13.3 (£3.4) 13.0 (£2.7) 13.5 (£2.9) 9.3 (£2.0) 0.167
phase (number)
Probes <2 min (number) 2.6 (£0.6) 6.1 (£2.1) 5.5 (x1.5) 6.7 (¥2.0) 5.3 (£1.6) 0.627
Probes 2—-10 min (number) 1.8 (0.5) 4.9 (£1.2) 43 (£1.1) 3.6 (x0.8) 3.1 (£0.5) 0.187
Probes >10 min (number) 1.6 (0.5) a 2.3 (+0.6) a 32 (x09) a 3.2 (£0.5) ac 0.9 (£0.2) ab  0.028
Proportion of aphids reaching phloem 100 93.8 100 93.8 100 0.551
phase (%)
Proportion of aphids with sustained 100 a 938 a 62.5b 68.8 ab 81.3 ab 0.032
phloem sap ingestion (%)
Duration of Ist phloem sap 1.2 (0.4) a 1.9 (£0.5) ac 0.5 (0.3) b 1.6 (+0.3) abc 0.6 (£0.3) ab  0.005
ingestion (h)
Proportion of salivation (E1) 1.6 a 23a 8.1b 9.4 ab 4.4 ab 0.002

in phloem phase (E1 + E2) (%)

 Parameters derived from 8-hr EPG recording. Values followed by different letters in rows represent significant differences. P values of Kruskal—

Wallis test

times of non-phloem tissues compared to total penetration
time, a large number of short vs. long probes before the first
phloem phase, a relatively long time to first phloem phase
within a probe, and a failure to find sieve elements may be
interpreted as preingestional effects of antifeedants on
aphids that restrain probing at the level of non-phloem
tissues. Short (<10 min) probes are limited either to the
epidermis (<2 min; Van Hoof 1958) or do not reach beyond
the mesophyll layer (2—10 min; Gabrys et al. 1997).
Similarly, the short total and mean duration of phloem sap
ingestion and the high proportion of salivation during
penetration of phloem vessels may point to feeding
deterrence at the ingestional level (Mayoral et al. 1996;
Gabrys and Pawluk 1999). Particularly, prolonged saliva-
tion is characteristic of aphid behavior on resistant plant
cultivars or non-host plants (Van Helden and Tjallingii
1993; Wilkinson and Douglas 1998; Gabrys and Pawluk
1999).

In this study, pulegone and some of its structural analogs
were found to deter aphid probing and feeding at the
preingestional [(R)-(+)-pulegone], ingestional [(R)-(+)-pule-
gone, O-hydroxy-y-spirolactones Sb and 6b, &-keto-y-
spirolactone 8b], and postingestional [(R)-(+)-pulegone
(1a), d-hydroxy-y-spirolactones 5a, Sb, 6a, 6b, and 0-
keto-y-spirolactone 8b] levels.

The preingestional effect of (R)-(+)-pulegone (1a) was
characterized by aphid difficulties in finding and reaching
phloem tissues. These difficulties were manifested in:
prolonged time preceding the first contact with phloem
vessels (2.5 times as long as on controls), greater number of
probes not reaching beyond mesophyll layers before first
phloem phase (3.6 times as many as on controls), and a
failure to find sieve elements by 20% of aphids during 8-hr
experiments. Azadirachtin- and S-limonene-derived lactone
have similar effects on Myzus persicae during the pre-
phloem phase (Nisbet et al. 1993; Halarewicz-Pacan et al.
2003). On non-host plants or resistant varieties of crop
plants, aphid probing may also be impeded at the level of
peripheral tissues. Caillaud (1999) showed that Acyrthosi-
phon pisum did not reach or ingest phloem sap from non-
host plants. There were only short probes to the mesophyll.
Likewise, Aphis gosypii on resistant lines of Cucumis melo
showed a high number of short probes that never reached
phloem vessels (Garzo et al. 2004). Pathway activities of
cabbage aphid Brevicoryne brassicae were suppressed on
the non-host plant Vicia faba and accidental host plants
Thlaspi arvense and Lunaria annua (Gabrys and Pawluk
1999).

The ingestional effect of (R)-(+)-pulegone (1a) was
characterized by a decreased duration of phloem sap
ingestion (by as much as 50% compared to controls),
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decreased proportion of aphids with sustained sap ingestion
(by 30%), and increased proportion of salivation in aphid
activities in phloem (about 12 times). Furthermore, the
ingestional effect of feeding deterrence was observed after
application of 8-hydroxy-y-spirolactones 5b and 6b. There
was a decrease in the total duration of phloem phase, the
duration of first phloem phase, and the proportion of
phloem phase in activities related to stylet penetration (5b).
Between 30-40% of aphids failed to ingest sap for longer
than 10 min on 6b- and Sb-coated leaves, respectively, and
the duration of salivation into sieve elements was five times
longer than on control leaves. Weak ingestional effects
occurred with 8-keto-y-spirolactone 8b-treated leaves and
were manifested in shortened phloem phase. Ingestion of
the phloem sap for longer than 10 min reflects the
acceptance of a plant by an aphid (Tjallingii and Mayoral
1992). The mechanism of resistance of plant varieties or
cultivars to aphids is manifested in the reduction of time in
sap ingestion (Cole et al. 1993; Sauge et al. 1998; Powell
2004). The presence of azadirachtin in the phloem sap
results in the termination of feeding (Nisbet et al. 1993). A
decrease in the duration of sap ingestion is a good
indicator of the deterrent properties of specific chemical
compounds—shown via the use of artificial diets by
Givovich and Niemeyer (1995). Frequent interruptions of
E2 in phloem phases and the relatively high proportion of
salivation in aphid activities in phloem are possible
responses of aphids to resistance mechanism in plants
(Tjallingii 2001). Increased salivation duration is often
reported in aphids that feed on resistant varieties of crop
plants (Van Helden and Tjallingii 1993; Mayoral et al.
1996; Wilkinson and Douglas 1998). Sauge et al. (1998)
found frequent alterations between E1 and E2 patterns
during the phloem phase of Myzus persicae on resistant
varieties of peach, and Van Helden and Tjallingii (1993) in
Nasonovia ribis-nigri on lettuce. In the present study, such
interesting phenomenon occurred after the application of
(R)-(+)-pulegone (1a). Miles (1990) and Miles and Oertli
(1993) suggest that aphid saliva may neutralize plant
resistance factors in the phloem. Tjallingii and Cherqui
(1999) showed that the watery saliva secreted into phloem
elements contained various proteins, including detoxifica-
tion enzymes. Leszczynski (2001) is of the opinion that
the enzymes present in the saliva may help to metabolize
toxic allelochemicals encountered during sap ingestion.
The postingestional deterrence by pulegone and some of
its analogs may be assumed because of their influence on
aphid settling. The effect of (R)-(+)-pulegone (1a) was
long-term and discouraged aphids from settling on plants
24 hr after application, suggesting a role in postingestional
activity. The 8-hydroxy-y-spirolactones Sa and 6a derived
from (R)-(+)-pulegone (1a) were probably also postinges-
tional antifeedants. Application of these compounds did not
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affect aphid behavior during the pre-pholem or phloem
phase of stylet penetration; however, aphids refused to
settle on leaf halves treated with these compounds or with
5b, 6b, or 8b within 24 hr after treatment. The postinges-
tional effect of these terpenoids will require a separate study
into their influence on digestive physiology and/or metab-
olism in aphids.

Structure—Activity Relationships The starting point for our
experiments were two optical isomers of natural mono-
terpenoid pulegone: (R)-(+)- and (S)-(—)-pulegone. We
found that only (R)-(+)-pulegone (1a) was deterrent to
Myzus persicae; (S)-(—)-pulegone (1b) had no effect on
aphid probing or feeding behavior. (R)-(+)-pulegone (1a)
appears to be a feeding deterrent with the broadest spectrum
of activity of the compounds studied. It affected aphid
behavior during the initial, intermediate, and final (sap
ingestion) phases of probing. (R)-(+)- and (S)-(—)-pulegone
were the initial substrates for the synthesis of the bicyclic
lactones with a p-mentane system, various functional
groups, and different configuration of chiral centers. The
incorporation of iodine into the bicyclic spirolactones (i.e.,
2a and 2b) had the most dramatic impact on activity of all
of the structural modifications. The deterrence indices of 2a
and 2b were twice and four times as high as those of (R)-
(+)-pulegone (1a) and (S)-(—)-pulegone (1b), respectively.
Lactones with hydroxy and carbonyl groups were also
active (5a, 5b, 6a, 6b, and 8b); however, there were
differences in the activity levels among the enantiomers.
Generally, lactones synthesized from (S)-(—)-pulegone (1b)
were more active (e.g., hydroxylactones Sb and 6b) and
showed broad spectrum deterrence while 5a and 6a
deterred aphid settling but had no effect during the
preingestive and ingestive stages of aphid probing. There
was also a difference in activity between two diastereoiso-
meric hydroxylactones Sb and 6b, with the 5b having
broader spectrum of activity. The trans position of methyl
group CH3—8 and the bond C5-01 in the lactone ring of 6b
appeared to weaken the deterrent activity in relation to
diastereoisomer Sb with cis configuration.

Our comparative study of the biological activity of
enantiomeric pairs of pulegone and pulegone-derived
lactones shows a correlation between chiral center config-
uration and expression of biological activity. Chirality is a
unique character of most known biological processes, and
enantiomers of bioactive molecules show different activities
toward living organisms (Avalos et al. 2000). These studies
confirm other reports that suggest that (R)-(+)-pulegone is a
more bioactive compound than the (S)-isomer. For exam-
ple, the hepatotoxicity and pneumotoxicity of pulegone is
attributed to (R)-configuration of pulegone (Chan 2001).
Addition of a lactone moiety and a hydroxyl group to (S)-
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(—)-pulegone introduced antifeedant properties not pos-
sessed by the inactive substrate, thus confirming the
importance of the lactone moiety to expression of biolog-
ical activity. Similar effects were obtained in feeding
deterrence studies of pulegone and pulegone-derived
spirolactones toward the Colorado potato beetle Leptino-
tarsa dacemlineata Say, lesser mealworm Alphitobius
diaperinus Panzer, confused flour beetle Tribolium con-
fusum Duv., grain weevil Sitophilus granarius L., and
khapra beetle Trogoderma granarium Ev. (Szczepanik et al.
2005; Wawrzenczyk et al. 2005).
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