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Structure-activity relationships of phenolic and nonphenolic
aromatic acids as oviposition stimuli for the spruce budworm,
Choristoneura fumiferana (L epidoptera: Tortricidae)
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Abstract - In astudy of carboxylic acids affecting oviposition preference of the spruce budworm,
amajor defoliator of conifers in North America, nonphenolic aromatic acids and phenolic acids
were compared in a dual-choice bioassay to assess structure-activity relationships. Among a series
of nonphenoalic aromatic acids with a C, - Cg alkanoic, C3 - C,4 alkenoic or C3 alkynoic side chain,
females displayed the greatest preference for acids with a saturated Cs - C4 side chain (MW = 150
-164) at dosages of 78.6 and 786 nmol/cm?. This behavioral activity was consistent with the pre-
viously reported strong oviposition preference of female budworm for aliphatic acids of similar
molecular weight; that is, for Cg - C4g straight chain carboxylic acids (MW = 144 - 172) and cy-
clohexyl carboxylic acids (MW = 142 -170). In contrast, comparable phenolic acids at the same
dosages acted as oviposition deterrents. In general, the deterrent effect of phenolic acids was
greatest when the length of the acid side chain consisted of 3 carbons and the number of hydrox-
yl and/or methoxy groups on the aromatic ring was greater than one. Ferulic and sinapic acids
exemplified this trend and were the strongest deterrents among the phenolic acids tested. Appar-
ently, the presence or absence of an hydroxyl (or methoxy) group on the aromatic ring accounts
for the difference in the observed behaviora effects between the two groups of aromatic com-
pounds.
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Introduction

The spruce budworm, Choristoneura fumiferana (Clemens), isamaor defoliator of
spruce and balsam fir forests in North America. It is a difficult insect to control and
new pest control agents and strategies would be welcome. Phytochemicals that
modify insect oviposition behavior could be useful as part of an integrated control
strategy or have other practical applications. The spruce budworm also provides a
useful model system to study oviposition stimuli. Recently, we found that aliphatic
carboxylic acids applied to artificial substrate substantially increased oviposition
preference of the spruce budworm for treated substrate (Grant et a. 2000). Peak ac-
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tivity was associated with a series of straight chain Cg — Cy carboxylic acids and
cyclic analogs of similar molecular size, specifically Cg - C,, cyclohexane acids (e.g.
cylcohexanepropanoic acid). The structural similarity of the cyclohexane acids to
simple aromatic acids such as benzoic and cinnamic acid derivatives, and to more
complex phenolic acids (aromatic acids characterized by one or more hydroxyl
groups on the aromatic ring), suggested that some aromatic acids might also act as
oviposition stimuli for the spruce budworm. Benzoic acid, for example, is a suspected
oviposition host cue for the silkworm moth, Bombyx mori (L.), which has antennal ol-
factory receptors specifically tuned to this compound (Popoff 1997). In contrast, p-
coumaric acid, a phenolic acid from a nonhost plant, deters oviposition by Etiella
zinckenella (Treitschke) (Hattori et a. 1992). Many aromatic and phenolic com-
pounds are common constituents of plants, including conifers (Strack et al. 1989,
Kraus and Spiteller 1997) that are hosts for the spruce budworm. Preliminary studies
with various classes of phenolic compounds, including acids, have shown that phe-
nolics tend to deter oviposition of the spruce budworm (Abou-Zaid et al. 2000).

The objective of this report was to expand our study of carboxylic acids as
oviposition stimuli for the spruce budworm to determine how aromatic and phenolic
acids affect oviposition preference, and how changes in the constituents of these
acids modify this preference. The exploration of structure-activity relationships can
provide useful insights into the active moiety of oviposition stimuli (Cole et al. 1989,
Douglass et a. 1993, Breeden et al. 1996). This information could rationalize devel -
opment of new compounds with greater stimulating or deterring effects, or with bet-
ter environmental stability (Cole et al. 1989, Honda 1995).

Methods and M aterials

Insects were obtained from a long-established laboratory colony at the Canadian
Forest Service, Sault Ste. Marie, ON, Canada. Larvae were reared on artificial diet but
females were provided host foliage for oviposition. Candidate compounds were
evaluated in a dual-choice oviposition bioassay (Grant and Langevin 1994, 1995).
Mating pairs of spruce budworm were placed singly in small screen cages (9 cm
diam.) with a top and bottom made from plastic Petri dishes lined with filter paper
(Whatman No. 1), which served as the oviposition substrate. The top and bottom
dishes were separated by a 4.5 cm high aluminum screen spacer. Bioassays were
conducted in a well ventilated room maintained at 23-25EC, 50-60% RH, and on a
16:8 (L:D) h cycle.

Test chemicals were obtained from Sigma-Aldrich Canada (Oakville, ON). Can-
didate nonphenolic aromatic acids included six compounds with an akanoic side
chain of one carbon (benzoic acid) to six carbons (6-phenylhexanoic acid), two
compounds with an akenoic side chain (3-phenyl-trans-2-propenoic acid [= cinnam-
ic acid] and 4-phenyl-trans-3-butenoic acid), and one compound with an akynoic
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side chain (3-phenyl-2-propiolic acid). Thirteen candidate phenolic acids with aka-
noic side chains of 1 - 3 carbons or a 3-carbon alkenoic side chain (i.e. cinnamic acid
derivatives) and with 1- 3 hydroxy and O - 2 methoxy groups on the aromatic ring
were tested. The choice of test compounds was limited by commercial availability.

Test compounds were dissolved in 95% or absol ute acohol to produce concen-
trationsof 10 mM and 100 mM (Grant et al. 2000). In addition, five of the phenolic
acids with significant oviposition activity at the 10 mM level were tested further at a
1 mM concentration. A 0.25 ml aliquot of atest solution was pipetted evenly over
one-half (31.8 cn) of the filter paper substrate (visibly divided by alight pencil line),
resulting in dosages of 7.86, 78.6 and 786 nmol/cm?, respectively, for the 1,10 and
100 mM concentrations. The 78.6 nmol/cm® dosage was deemed to be a physiologi-
cally realistic stimulus level (Zhao et al. 1998, Grant et al. 2000).

A 0.25 ml aliquot of the solvent used to dissolve the test compound was ap-
plied to the other half of the filter paper to serve as the control. Both the top and bot-
tom filter papersin 25 arenas were treated for an experiment, which was replicated at
least once.

Oviposition preference, as indicated by the number of egg masses on treated
and control substrates after 2 days, was quantified by means of an oviposition pref-
erence index (OPI) = (treated - control) x 100 / (treated + control). Mean OPI values
ranged from -100% to +100%; statistically significant positive values indicated pref-
erence while significant negative values indicated nonpreference (deterrence). Re-
sults of replicated experiments were pooled if statistically homogeneous (i.e. P >
0.05), as indicated by the Mann-Whitney test for 2 replicates or the Kruskal-Wallis
test for more than 2 replicates (Zar 1984). Statistical significance (P # 0.05) of OPIs
was assessed with the Wilcoxon matched-pairs, signed-rank test (Zar 1984).

Results

Femal e spruce budworm oviposited on substrate treated with several of the nonphe-
nolic aromatic acids. At 78.6 nmol/cm?, preference was limited to three compounds: 3-
phenylpropionic acid and 4-phenylbutanoic acid with saturated side chains of 3 and
4 carbons respectively (Fig. 1), and 3-phenyl-2-propiolic acid (not shown in Fig.1)
with atriple bond in the C; side chain (OPI = 35.1%, p < 0.001). In contrast to their
saturated anal ogues, the two aromatic acids with a double bond in the C; side chain
(cinnamic acid and 4-phenyl-trans-3-butenoic acid) were not active at this dosage.
However, at the higher dosage (786 nmol/cm?), these unsaturated aromatic acids had
asignificant effect on oviposition along with their saturated analogs (Fig. 1). The ac-
tivity of 3-phenyl-2-propiolic acid increased at this higher dosage (OPI = 68.1%, p <
0.001).

In contrast to the above aromatic acids, the phenolic acids tended to deter
oviposition by the spruce budworm. Of the 13 phenolic acids tested, five were
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Figurel Effect of nonphenolic aromatic acids at two concentrations on oviposition preference
of the spruce budworm as indicated by the oviposition preference index (OPI %). Aromatic acids
illustrated from top of figure to bottom are respectively, benzoic acid, 2-phenylacetic acid, 3-
phenylpropanoic acid, 3-phenyl-trans-2-propenoic acid, 4-phenylbutanoic acid, 4-phenyl-trans-
3-butenoic acid, 5-phenylpentanoic acid, and 6-phenylhexanoic acid. An asterisk indicates a sig-
nificant OPI value (P # 0.05, Wilcoxon matched-pairs, sign rank test).
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significantly deterrent at 78.6 nmol/cm® and eight were deterrent at the 10-fold
higher dosage (Fig. 2), including gallic acid, 3,4,5-trihydroxybenzoic acid (not shown
in Fig. 2), which generated OPI values of -31.4% (p < 0.01) and -20.2% (p < 0.05) at
the low and high dosages, respectively. In general, the deterrent effect of phenolic
acids was greatest when the acid side chain consisted of three carbons (horizontal
comparison of compounds in Fig. 2) and the number of functional groups on the
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Figure 2 Structure-activity relationship between phenolic and nonphenolic aromatic acids and
oviposition by spruce budworm. Each panel represents a group of aromatic acids with the same
hydroxyl and/or methoxy substituents on the aromatic ring. Within each panel, the length of the
acid side chain on the aromatic ring increases from C; to Cs, with unsaturation present in the last
Cz compound. The Y -axis for each panel is the oviposition preference index (OPI %). An asterisk
over a column indicates a significant OPI value (P # 0.05, Wilcoxon matched-pairs, sign rank
test). Thefirst panel is modified from Fig. 1.
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aromatic ring was greater than one (vertical comparisons, Fig. 2). Sinapic and ferulic
acids, as the most deterrent compounds tested, exemplified this trend. Unsaturation in
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the C; side chain of the phenolic acids did not appear to affect behavioral activity as
occurred with two of the nonphenolic aromatic acids mentioned above.

There was no consistent difference in the effect of the phenolic acids at the
78.6 and 786 nmol/cm’ dosages (Fig. 2). However, of the five phenolic acids
bioassayed at a lower dosage (7.8 nmol/cm?), only ferulic acid remained deterrent
(Table 1). In contrast, the effect of gallic acid was reversed and females showed a
significant preference for substrate treated at this dosage (Table 1). This result may
illustrate the reversal in behavioral response sometimes observed in bioassays
covering arange of dosages (Torto et al. 1991).

Table1 Effect of selected phenolic acids at 7.8 nmol/cm? on ovi position of spruce budworm

Compound OPI(%)* PP
gdlicacid 314 0.001
syringicacid 94 0.52
caffeicacid -5.2 0.69
ferulicacid -28.6 0.03
sinapicacid -16.9 0.20

0Oviposition preference index
®Wilcoxon matched-pairs, sign rank test

Discussion

The resultssuggest that spruce budworm preference for nonphenolic aromatic acids
is dependent on the length of the acid side chain and dosage. The most stimulating
aromatic acids had C; — C, acid side chains. They aso closely matched the size (9 -
10 carbons, MW = 146 - 164) of the most stimulating straight chain and cyclohexane
aliphatic acids (Cg - Cyo, MW = 142 - 172) reported in Grant et a. (2000). At the
highest dosage (786 nmol/cm?), these aromatic acids remained stimulating in contrast
to the Cg - Cyp aliphatic acids, which becamerepellent or behaviorally inactive at this
higher dosage (Grant et al. 2000). The lower volatility of the aromatic acids in con-
trast to the corresponding aliphatic acids probably accounts for this difference.
Lower volatility would keep airborne concentrations from reaching too a high alevel
and thus becoming repellent.

The introduction of a double bond (trans) into the acid side chain of two stimu-
lating saturated aromatic acids (i.e. 3-phenylpropanocic acid and 4-phenylbutanoic
acid) apparently reduced their oviposition activity, as the unsaturated analogues
were inactive at 78.6 nmol/cm? (although they were active at the higher dosage). The
reason for this inactivity relative to the saturated analogues at this dosage is not
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clear. The result could be an anomaly, as 3-phenyl-2-propiolic acid with a triple bond
in the side chain was an effective stimulus at the same dosage. However, Douglass et
al. (1993) found that the introduction of a double bond into the acid side chain of
analogs of $-bergamotenoic acid, a host-produced oviposition stimulus for H. zea,
significantly reduced oviposition preference of this moth relative to the correspond-
ing saturated anal ogues.

With respect to the phenolic acids, the results show that they tend to deter
oviposition by the spruce budworm. Although the series of compounds tested was
limited, it appears that the most deterrent phenolic acids have a Cs + C; structural
skeleton similar to the most stimulating aromatic acids (Cs + C; and Cg + C,). Com-
pounds with this structure, particularly phenylpropanoid (Cg + C;) derivatives, often
have broad stimulating or deterring effects on the behavior of other adult insects
(Metcalf 1987, Cowels et al. 1990, Hattori et al. 1992, Dudareva and Pichersky
2000). The difference in the respective behavioral effects of the simple aromatic acids
versus phenolic acids for the spruce budworm is apparently due to the presence or
absence of a hydroxyl (and/or methoxy) group on the aromatic ring, which would af-
fect both chemoreception and volatility. As the phenolic acids have little or no
volatility, they presumably act through contact chemoreceptors and thus function as
deterrents rather than repellents. However, mechanical or visual effects of the pheno-
lics cannot be ruled out (Tabashnik 1985).

Phenolic compounds are important oviposition stimuli for other Lepidoptera.
Chlorogenic acid (a phenylpropanoid derivative) and severa flavonoids are oviposi-
tion host stimulants for various butterfly species (Honda 1995, Haribal and Renwick
1996, Carter et al. 1998) and for Helicoverpa armigera (Hhbner), a moth species
(Smmonds 1998). On the other hand, phenolics derived from nonhost sources have
proved to be oviposition deterrents for a number of moth species, including Plutella
xylostella (L.) (Tabashnik 1985), Heliothis virescens (F.) (Ramaswamy et a. 1992),
E. zinckenella (Hattori et al. 1992) and Stotroga cerealella (Olivier) (Ge and We-
ston 1995).

Structure-activity relationships of carboxylic acids as oviposition stimuli have
been studied in a few other insects. Oviposition preference of femae H. zea for $
bergamotenoic acid, a host stimulant, appears to be due primarily to the carboxylic
function but, as in the spruce budworm, oviposition activity is modified substantially
by the length of the side chain to which the carboxyl function is attached and by the
presence or absence of a double bond in the side chain (Douglass et al. 1993, Bree-
den et al. 1996). In the case of the cabbage rootworm fly, Delia radicum (L.), the sit-
uation is much simpler. Sinapic acid is a naturally occurring oviposition deterrent for
thisfly, produced in the frass of a moth caterpillar feeding on the same plants (Jones
et al. 1988). The deterrent activity of sinapic acid was dependent solely on the car-
boxylic acid function. Neither the phenolic ring nor other structural features con-
ferred or affected deterrent activity (Cole et al. 1989). It remains to be seen how a
change at the carboxylic function would affect the spruce budworm response to the
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behaviorally active compounds reported here.

Few studies have examined how adult Lepidoptera detect nonvolatile phenolic
compounds. Electrophysiological studies with a Papilio butterfly species have
shown that tarsal contact chemoreceptors of females respond to host-derived pheno-
lics (trans-chlorogenic acid and a flavonoid) (Roessingh et a. 1991). Hence phenolic
acids can be expected to stimulate contact chemoreceptors on the tarsi or ovipositor
of the spruce budworm, or possibly chemoreceptors on the proboscis (Rivet and Al-
bert 1990). The deterrent effect of phenolic acids on the spruce budworm may reflect
an ability of its sensory receptors to detect potentially noxious substances through a
deterrent neuron (Schoonhoven 1991). We have shown previously that quinolizi-
dine alkaloids have strong deterrent effects on ovipositing spruce budworm (Zhao et
al. 1998) and the action of these deterrents may have a similar chemosensory path-
way. The relationships between the chemical structure of carboxylic acids and their
behavioral activity will provide useful comparisons for electrophysiological studies
of the contact chemoreceptors of the spruce budworm stimulated with these com-
pounds, and would help confirm the sensory mode of action of these compounds.
Those results could also lead to a better understanding of the chemical constituents
that stimulate or deter oviposition behavior.
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