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Abstract Cabbage loopers, Trichoplusia ni, cut a narrow
trench across leaves of plants that release exudate, then
feed distal to the trench in an area of reduced exudation.
The larvae do not normally trench plant species such as
plantain, Plantago lanceolata, that lack exudate. To
determine what cues elicit trenching, I reared larvae
to the ®nal instar on plantain, then applied test solu-
tions to their mouthparts during feeding. Loopers that
received latex from Lactuca serriola (Asteraceae) or
phloem exudate from watermelon, Citrullus vulgaris
(Cucurbitaceae), often responded by cutting a trench in
plantain, even though these larvae had not previously
encountered exudate nor previously trenched. Loopers
that were allowed to trench and feed on L. serriola for 1
day prior to the assay subsequently cut trenches in
plantain more frequently and in response to more ¯uids,
including a viscous solution of polyethylene glycol and
latex from a non-host, poinsettia (Euphorbia pulcher-
rima). Subsequent bioassays with larvae reared entirely
on plantain tested whether bitter cucurbitacins or gela-
tion are essential cues for trenching. Sap from non-bitter
cucumber plants (Cucumis sativus) caused larvae to
trench, showing that cucurbitacins are not required to
induce trenching. Loopers also trenched after receiving
cucumber sap that did not gel due to the addition of
mercaptoethanol. An extract of sap lacking the proteins
that cause gelation likewise triggered trenching. Further
fractionation revealed that cucumber sap and also but-
ternut squash sap (Cucurbita moschata) contain trench-
ing stimulants that are small (molecular weight < 3,000)
water-soluble molecules.
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Introduction

In 1980, C.R. Carroll and C.A. Ho�man described a
striking adaptation in squash beetles (Epilachna trede-
cimnotata) for overcoming host defenses. The beetles cut
a circular trench in cucurbit leaves before feeding within
the trench (Carroll and Ho�man 1980). Subsequent re-
search has shown that comparable behaviors occur in
diverse insect groups that include various caterpillars,
beetles, katydids, and saw¯ies (Dussourd and Denno
1991; Dussourd 1993 and references cited therein;
Becerra 1994; McCloud et al. 1995). These insects cut
trenches, sever leaf veins, or girdle petioles before feed-
ing distal to the cuts on the portion of the plant isolated
by the cuts.

Although insects could potentially accrue a variety of
bene®ts from these behaviors (Dussourd 1993), two
hypotheses have attracted the most interest. Carroll and
Ho�man (1980) and Tallamy (1985) proposed that
trenching by Epilachna beetles functions to prevent the
plant from mobilizing bitter cucurbitacins to leaf tissue
within the trench. Support for this hypothesis includes
(a) evidence that damage to cucurbit leaves induces in-
creases in cucurbitacin titers, (b) behavioral assays
showing that Epilachna borealis beetles in the laboratory
avoid damaged leaves, and (c) feeding trials showing
that E. borealis has lower survivorship and fecundity
when fed damaged foliage (Tallamy 1985; Tallamy and
Krischik 1989). Recent observations, however, do not
con®rm the cucurbitacin hypothesis. Notably, labora-
tory feeding assays have documented that cucurbitacins
actually stimulate feeding by Epilachna (Tallamy and
McCloud 1991; McCloud et al. 1995). Furthermore,
beetles in the ®eld trench nonbitter plants lacking
cucurbitacins, not just bitter plants (Dussourd and
Denno 1991; Tallamy and McCloud 1991). The beetles
often cut multiple trenches in the same plant (even the
same leaf ), suggesting that tissue outside the trench has
not become unpalatable as predicted (Tallamy and
McCloud 1991; McCloud et al. 1995).
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Alternatively, insects may cut trenches to reduce their
exposure to exudates during feeding. Most insects that
sever veins or cut trenches occur on plants that, when
damaged, emit viscous exudate from latex canals (la-
ticifers), resin ducts, or phloem (Dussourd and Denno
1991). These ¯uids are stored under pressure within the
canals (Buttery and Boatman 1976). The cuts rupture
the canals, thus blocking the ¯ow of secretion to the
insect's feeding site and draining some secretion from
this distal section (Dussourd and Denno 1991). Plant
exudates have a twofold e�ect on insects. The exudates
often contain noxious chemicals (Farrell et al. 1991),
such as cardiac glycosides in milkweed latex (Seiber
et al. 1982; Sady and Seiber 1991) and terpenes in conifer
resin (Cates and Alexander 1982; Gershenzon and
Croteau 1991). They also often coagulate upon exposure
to air, and may even entrap small herbivores or gum up
their mouthparts (Rudinsky 1966; Zalucki and Brower
1992; Dussourd 1993, 1995). McCloud et al. (1995)
suggest that Epilachna beetles cut trenches in cucurbits
speci®cally to reduce their exposure to the physical
stickiness of phloem sap. Cucurbits have unusually large
pores in their sieve plates (Esau and Cheadle 1959);
damage causes immediate exudation of phloem sap that
gels rapidly upon exposure to air (Read and Northcote
1983; Alosi et al. 1988).

I here describe a novel bioassay with cabbage loopers,
Trichoplusia ni, that directly implicates plant exudates as
the trigger for trenching behavior. Cabbage loopers are

generalist folivores that feed on herbaceous plants in
over 20 families (Eichlin and Cunningham 1978; Suth-
erland and Greene 1984). Hosts include plants that emit
latex (Asteraceae), resin (Apiaceae), or phloem sap
(Cucurbitaceae), as well as many species that do not
produce exudates when damaged. Notably, the loopers
only cut trenches in plants that release exudate (Dus-
sourd and Denno 1994). On these plants, the loopers
nibble back and forth across the leaf before feeding
beyond the trench (Fig. 1). On Lactuca serriola (Aster-
aceae), trenching often lasts 1±2 h, although some indi-
viduals may require over 6 hours to complete a trench
(D.E. Dussourd, unpublished work). Plant species that
do not release exudate, such as plantain (Plantago
lanceolata, Plantaginaceae) are not trenched (Dussourd
and Denno 1994). The loopers simply feed directly on
the leaf without ®rst cutting leaf veins. This facultative
response provides the basis for the bioassay. Loopers
can be induced to trench leaves of P. lanceolata by ap-
plying L. serriola exudate to their mouthparts as they
begin to feed. This paper compares the e�ectiveness of
di�erent ¯uids in eliciting trenching, examines the e�ect
of prior trenching experience on larval propensity to
trench, tests whether cucurbitacins and gelling proteins
are necessary to elicit trenching, and ®nally describes a
partial characterization of trenching stimulants from the
phloem sap of cucumber (Cucumis sativus) and butternut
squash (Cucurbita moschata).

Fig. 1 Cabbage loopers A re-
ceiving a 1-ll dose of latex from
prickly lettuce, Lactuca serriola,
B grooming, C cutting a trench
in a Plantago lanceolata leaf,
and D feeding beyond the
trench. Their response to the
latex resembles E the normal
behavior of cabbage loopers on
L. serriola. Cabbage loopers
normally do not cut trenches in
P. lanceolata
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Materials and methods

Trenching bioassay ± general description

Cabbage loopers were reared on potted Plantago lanceolata grown
in the greenhouse. Upon reaching the mid-®nal instar, each larva
was starved for 1±2 h, then allowed to crawl onto the underside of
an excised P. lanceolata leaf held in a water pik to maintain tur-
gidity. Flat mature leaves with a maximum width of 1.2±2.1 cm
were selected to minimize variation in leaf shape. Wide leaves and
leaves with curled edges are more di�cult for loopers to trench and
thus were avoided. When a larva began feeding, a small drop of
¯uid was applied with a capillary (Drummond microcap) to the
side of the larva's mouth. When the drop was consumed, additional
droplets were added until the entire dose was dispensed. Larvae
exposed to deterrent solutions often reared back on their prolegs.
The remainder of the ¯uid sample was then applied directly to their
mouthparts. In rare cases, loopers walked o� the leaf after re-
ceiving a test solution (7 out of 382 larvae in all tests). Because
these larvae neither fed nor trenched, the tests were repeated with
new larvae.

Inexperienced larvae that had not previously encountered exu-
date nor previously trenched were used in all experiments except for
the ®rst study, which examined the e�ects of prior experience on
trenching. The treatments of each experiment were presented to
larvae in random order, with the exception again of the ®rst ex-
periment. In all cases, each larva was tested with only a single
solution, and a new capillary was used with every larva.

Two minor changes were made in the trenching bioassay over
the course of this study. For the later tests (e�ect of gelling pro-
teins; fractionation of sap; characterization of trenching stimulant),
5-ll Wiretrol micropipettes (Drummond) were used instead of
microcaps, because they allow greater precision in delivering ¯uids.
To simulate more accurately the natural out¯ow of exudate, solu-
tions in some experiments (fractionation of sap; characterization of
trenching stimulants) were applied as a series of three to ®ve
droplets (per 1.5 ll dose) delivered only to the mouthparts of
feeding loopers. Larvae responded to deterrent solutions by wiping
and cleaning their mouthparts, and sometimes by moving to new
locations to feed. Each subsequent droplet of solution was applied
only after the larva resumed feeding. Frequently, with active ex-
tracts, only a portion of the dose was applied before a looper began
trenching.

E�ect of di�erent ¯uids and prior experience on larval trenching

The trenching bioassay was used to test each of the following
solutions with ten cabbage loopers: latex from prickly lettuce,
Lactuca serriola (Asteraceae); latex from poinsettia, Euphorbia
pulcherrima (Euphorbiaceae); phloem sap from watermelon,
Citrullus vulgaris var. Bush Sugar Baby (Cucurbitaceae); a viscous
aqueous solution of polyethylene glycol (molecular weight, 15,000±
20,000; 0.5 g/ml); and water as a control. Each looper received a
1-ll dose applied with either a 2-ll or 10-ll capillary (Drummond
microcaps) depending on solution viscosity. Each 1-ll sample of
latex or sap was collected fresh from a potted plant by severing leaf
veins or petioles, and collecting 1 ll of exudate directly into the
capillary. The number of loopers cutting trenches in response to a
test solution versus the aqueous control was compared with 1-tailed
Fisher exact tests (Abacus Concepts 1992). The total time a looper
spent trenching and the number of times that the looper nibbled
across the leaf were also recorded.

To determine how prior exposure to exudate a�ects larval be-
havior, some larvae were reared to the early ®nal instar on potted
P. lanceolata, then were transferred to potted plants of prickly
lettuce, Lactuca serriola. These larvae were allowed to trench and
feed on L. serriola for 24 h, then were starved for 1±2 h and tested
using the bioassay described above. Henceforth, these loopers will
be referred to as experienced loopers, whereas larvae reared entirely

on P. lanceolata will be labeled inexperienced larvae because they
have not previously encountered exudate nor previously trenched.
Experienced larvae were tested with prickly lettuce latex, poinsettia
latex, polyethylene glycol, and water as described above. Fisher
exact tests were used to compare the number of experienced versus
inexperienced loopers that cut trenches.

E�ect of cucurbitacins on trenching

Varieties of cucumber (Cucumis sativus) with and without cu-
curbitacin have been developed (Andeweg and Bruyn 1959; Rob-
inson et al. 1976). I tested sap from Marketmore 80 cucumber
plants, a nonbitter variety lacking cucurbitacins, plus sap from
bitter plants of Marketmore 76, which produce cucurbitacins. Sap
samples from bitter and nonbitter plants were tested in random
order, each with ten cabbage loopers, using the bioassay described
previously. Each larva received a single 1-ll dose of sap collected
fresh with a 10-ll capillary from the severed vein of a mature leaf.
A separate 2-month-old plant was used with each larva. After the
test, a small piece of leaf was tasted to con®rm that plants were
correctly classi®ed as bitter or nonbitter. If larvae cut trenches
speci®cally in response to cucurbitacins, then only loopers exposed
to Marketmore 76 sap should cut trenches. Alternatively, if cu-
curbitacins are absent in cucurbit sap as reported (D.W. Tallamy,
unpublished work, cited in McCloud et al. 1995), then no larvae
should trench. Finally, if other factors trigger trenching besides or
in addition to cucurbitacins, then both bitter and nonbitter sap
should elicit trenching.

Another approach for determining the importance of cucurbi-
tacins would be to test these compounds directly. Unfortunately,
cucurbitacin in Cucumis occurs exclusively as the aglycone (Reum
et al. 1957; Guha and Sen 1975), which is not su�ciently soluble in
water to test with the trenching bioassay.

E�ect of gelling proteins on trenching

Cucurbit sap gels due to the oxidative formation of disul®de bonds
between phloem proteins in the exudate (Read and Northcote 1983;
Alosi et al. 1988). Gelation can be prevented or reversed by adding
a thiol reagent such as mercaptoethanol (Walker and Thaine 1971;
Read and Northcote 1983). If the adhesiveness of gelling sap alone
elicits trenching, then loopers that experience a sap/mercaptoeth-
anol solution should not be stimulated to trench.

To evaluate the importance of gelation, I tested cabbage loopers
with the following three solutions: 2 ll cucumber sap mixed with
0.4 ll water; 2 ll cucumber sap + 0.4 ll 0.3 M mercaptoethanol
(producing an overall 0.05 M solution); and a mercaptoethanol
control (0.05 M). Each of the three treatments was tested with 15
larvae in a randomized sequence using the trenching assay. Each
larva received 1.5 ll of the test solution. Sap was collected fresh
from the youngest full-size cucumber leaf by cutting the midvein
�1 cm from the petiole. A separate 2-month-old Marketmore 80
(nonbitter) plant was used with each larva.

Fractionation of sap by molecular weight

To test further the importance of gelation, bulk samples of sap were
separated into three fractions by molecular weight: MW > 30,000,
MW 3,000±30,000, and MW < 3,000. Sap was collected from four
2-month old Marketmore 80 cucumber plants. Each plant was se-
vered near the base with a clean razor blade. The distal stem was
blotted with ®lter paper to remove contents of ruptured cells, then
all sap ¯owing from the stem was collected with 20-ll Wiretrol
capillaries that were discharged into a vial held on ice. When ex-
udation ceased, the stem was severed again �20 cm from the pre-
vious cut and exuding sap was collected in the same fashion, this
time from both sides of the cut. Additional cuts were made pro-
gressing from the base to the tip until the entire plant had been bled
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for sap. The four plants together yielded 2 ml sap. Previous studies
have documented that ¯uid collected with this method is indeed
phloem sap (Eschrich et al. 1971; Weber et al. 1974). Exudate was
not collected from the base of the plant, which exudes xylem sap
(Satoh et al. 1992). To prevent gelation of the phloem sap, mer-
captoethanol was added to produce a 0.02 M solution. To remove
the gelling proteins, a portion of the sap was placed in Centricon
30 concentrators (Amicon) and spun at 5,000 g in a Beckman J2-
HS centrifuge for 1 h at 4°C. The retentate containing compounds
with a molecular weight greater than 30,000 was dissolved in a
solution of 0.02 M TRIS bu�er (pH 7.5), 0.02 M mercaptoethanol
equal to the initial sap volume. Without mercaptoethanol, this
fraction gels, documenting the presence of the phloem protein(s)
that causes gelation. In another cucurbit, Cucurbita maxima, the
protein responsible for gelation has a molecular weight of 96,200
(Read and Northcote 1983). The ®ltrate was transferred to
Centricon 3 concentrators and centrifuged at 6,500 g for 2 h at
4°C. Tris bu�er (0.02 M, pH 7.5) was added to the retentate frac-
tion, which contains intermediate size molecules (MW 3,000±
30,000), to restore the initial volume of the sap. Water was added to
the ®ltrate containing small molecules (MW < 3,000), again to
restore the initial volume. A bu�er control was also prepared
consisting of 0.02 M TRIS bu�er (pH 7.5), 0.02 M mercaptoetha-
nol. The three sap fractions and the control were each tested with
ten loopers in random order using the trenching bioassay. Each
looper received 1.5 ll containing a dose equivalent to 1.5 ll sap.

Characterization of trenching stimulant

In the preceding experiment, only the ®ltrate fraction containing
small molecules (MW < 3,000) elicited trenching. To characterize
the trenching stimulant further, the ®ltrate was extracted with a
solvent series. Sap was collected from four Marketmore 80 cu-
cumber plants and fractionated with Centricon 30 and Centricon
3 concentrators, as previously described. The ®ltrate was rinsed
with hexane followed by ethyl acetate, then dried under vacuum.
The residue was rinsed with methanol, and the insoluble remnants
were taken up in a volume of water equal to the initial volume of
the ®ltrate. The hexane, ethyl acetate, and methanol extracts were
dried, then water was added to each to restore the initial ®ltrate
volume. These three solvent extracts and the aqueous extract were
each tested with ten loopers in the trenching bioassay. Each looper
received 1.5 ll containing an amount of material equivalent to
�3 ll sap (hereafter sap equivalents).

Only the aqueous extract elicited trenching in the previous ex-
periment. To determine if the active chemical in this fraction was
proteinaceous, the aqueous extract was digested with proteinase K.
Proteinase K is a nonspeci®c proteinase (Kraus and Femfert 1976;
Butler et al. 1991) that is often used to digest proteins in cell
fractions (Berger and Kimmel 1987; Sambrook et al. 1989). Sap
was collected from an additional ®ve cucumber plants and frac-
tionated using ®ltration and solvent extraction as described previ-
ously. Following extraction with methanol, the ®ltrate residue was
taken up in 0.01 M TRIS (pH 7.8) instead of water. Proteinase K
(50 ll/ml) was added to a portion of this fraction, which was then
incubated at 37°C for 1 h. A second portion was incubated without
proteinase K. A control consisting of TRIS bu�er (0.01 M) +
proteinase K (50 ll/ml) was also incubated. Ten loopers were tes-
ted with each of the three fractions using the trenching bioassay.
Each looper received 2 ll containing �3 ll sap equivalents.

To determine if the presence of a small water-soluble trenching
stimulant was unique to cucumber sap, I repeated the above frac-
tionation steps using sap from butternut squash (Cucurbita mos-
chata). Sap was collected from 1-month-old plants of Waltham
butternut. Butternut fruits were just beginning to form. As previ-
ously described, the stems were sequentially cut into sections be-
ginning at the base. The stem was a poor source of exudate, so sap
was also collected from ¯ower stalks and young fruits, which
emitted sap in greater quantity. A total of 5.8 ml was collected from
30 plants. To prevent gelation, mercaptoethanol was again added
to produce a 0.02 M solution. The chilled sample was then centri-

fuged in Centricon 30 concentrators at 5,000 g and 4°C for 3 h. The
retentate was placed in 0.02 M TRIS bu�er (pH 7.5), 0.02 M mer-
captoethanol equal to the original sap volume. A white precipitate
in the retentate (also in the original sap/mercaptoethanol solution)
did not dissolve in the bu�er solution and could not be tested
adequately with the bioassay. The ®ltrate was transferred to
Centricon 3 units and spun for 4.5 h at 6,500 g and 4°C. To restore
the original sap volume, TRIS bu�er (0.02 M, pH 7.5) was added to
the retentate, and water was added to the ®ltrate. The three sap
fractions were tested in the trenching bioassay, together with raw
sap + mercaptoethanol (0.02 M) and a bu�er control (0.02 M

TRIS, pH 7.5 + 0.02 M mercaptoethanol). Each of the ®ve treat-
ments was tested with ten cabbage loopers. Each looper received a
dose of 1.5 ll containing the equivalent of 1.5 ll sap.

A sample of the ®ltrate from the Centricon 3 concentrators was
next subjected to solvent extraction. As previously with cucumber
sap, the ®ltrate sample was sequentially extracted with hexane,
ethyl acetate, methanol and water. The hexane fraction lacked
detectable weight and was not tested in the bioassay. Water was
added to the other dried fractions to restore the initial sap volume.
The three fractions and a portion of the ®ltrate were tested with ten
loopers. Each looper received 1.5 ll corresponding to 1.5 ll sap
equivalents.

Results

E�ect of di�erent ¯uids and prior experience

Cabbage loopers reared exclusively on Plantago lance-
olata often cut a trench after receiving a 1-ll drop of
prickly lettuce latex or watermelon sap (Table 1A). Even
though these larvae had not previously encountered
exudate nor previously trenched, the single exposure to
exudate su�ced to elicit the behavior. Water alone,
polyethylene glycol, and poinsettia latex did not stimu-
late trenching (Table 1A). The lack of trenching in re-
sponse to poinsettia latex is surprising because poinsettia
is listed as a host plant for T. ni (Eichlin and Cunning-
ham 1978). However, initial observations suggest that
poinsettia is not an acceptable host, at least for the
cabbage loopers tested here. Two hundred newly
emerged larvae placed on green leaves of a potted
poinsettia failed to feed, as did ®ve ®nal-instar larvae
sleeved individually on leaves for 2.5 days (D.E. Dus-
sourd, unpublished work). Only exudate from the two
suitable hostplants, prickly lettuce and watermelon,
triggered trenching.

Loopers that cut a trench exhibited a characteristic
sequence of behaviors. Upon contacting latex or sap, the
larvae typically wiped their mouthparts on the leaf, then
reared back on their prolegs. As the remaining exudate
was added to their mouthparts, the loopers often wiped
each drop of exudate o� on the leaf, although some
loopers consumed the entire dose. Many of the loopers
moved their mandibles together and apart repeatedly as
though chewing, then often lowered their head to the
legs to groom legs and mouthparts, often for several
minutes and sometimes for over half an hour (Fig. 1).
Before beginning to trench, the loopers ®rst positioned
themselves on the plantain leaf. They often walked to
the leaf tip, then returned to the middle. After turning
toward the tip again and stretching with their head to

365



each leaf margin, they began nibbling a shallow trench
across the underside of the leaf. Upon reaching the far
margin, they nibbled back along the trench. After
making multiple passes across the leaf, requiring several
minutes (Table 1A), the loopers started to feed at the
edge of the trench and proceeded towards the leaf tip
(Fig. 1). Their behavior was identical to the trenching of
cabbage loopers on prickly lettuce, except that loopers
on these plants often trench for a longer duration
(D.E. Dussourd, unpublished work). Loopers on plants
with exudate position themselves so the trench transects
a narrow portion of the leaf, then always feed distal to
the trench on the section of the leaf with reduced exu-
dation (Dussourd and Denno 1994).

Experienced cabbage loopers, which were allowed to
trench and feed on prickly lettuce for 24 h, cut trenches
in plantain not only in response to prickly lettuce latex,
but also to poinsettia latex and polyethylene glycol
(Table 1B). Watermelon sap was not tested with the
experienced larvae. Only the water control failed to elicit
trenching; the water drops were readily consumed, typ-
ically with no interruption of feeding. The experienced
loopers trenched more frequently than inexperienced
loopers in response to both prickly lettuce latex
(P � 0:01) and poinsettia latex (P � 0:002, Fisher exact
tests). Two of the experienced loopers even trenched a
plantain leaf before solution was applied to their
mouthparts. These two larvae were replaced and were
not included in the analysis. In contrast, in tests with
over 800 inexperienced cabbage loopers (this paper;
D.E. Dussourd, unpublished work), the larvae have
never cut trenches in plantain, except after exudate was
arti®cially administered to their mouthparts.

E�ect of cucurbitacins and gelling proteins

Cabbage loopers cut trenches in response to sap from
both bitter and nonbitter cucumber plants (Table 1C).
There was no signi®cant di�erence in number of loopers
trenching (P > 0.9 Fisher exact test), trenching time
(P > 0.6 Mann-Whitney U-test), or number of passes
the larvae made across the leaf (P > 0.8 Mann-Whitney
U-test). The cucumber sap gelled rapidly and adhered
readily to larval mouthparts. Several larvae had to bite
through thin strands of congealing sap that temporarily
glued them to the capillary or even to the leaf as they
attempted to wipe their mouthparts. Upon receiving a
drop of sap, the typical larva wiped its mouthparts
vigorously on the leaf, chewed on the remaining sap,
groomed, then positioned itself on the leaf for trenching.
Most larvae began to trench before receiving the entire
microliter of sap.

Adding mercaptoethanol to cucumber sap eliminated
gelation, but not trenching (Table 2A). Indeed, more
larvae cut trenches in response to the sap/mercaptoeth-
anol solution than to sap/water, although this di�erence
was not signi®cant (P � 0:16, Fisher exact test). Mixing
water with the sap did not prevent gelation; indeed, 7 of
the 15 larvae tested with the sap/water solution were
temporarily glued to the capillary by congealing sap. In
another cucurbit, Cucurbita moschata, dilution actually
causes gelation to progress more rapidly (Alosi et al.
1988). The reduced trenching with the sap/water solu-
tion suggests that rapid gelation decreases trenching in
this assay, not the converse. The mercaptoethanol con-
trol had little e�ect on larval feeding and did not elicit
trenching.

Table 1A±C Percentage of cabbage loopers, Trichoplusia ni, that
cut trenches in Plantago lanceolata leaves after a 1-ll drop of ¯uid
was applied to their mouthparts (n � 10 larvae/solution). The ca-
terpillars were reared to the ®nal instar on P. lanceolata and had
either no previous experience with exudates and trenching (in-
experienced loopers), or had fed for 1 day on the latex-bearing
Lactuca serriola just prior to the test (experienced loopers). The

loopers responded to some solutions by nibbling back and forth
across the leaf before beginning to feed. The total time spent
trenching and the number of passes across the leaf is recorded.
Asterisks indicate treatments in experiments A and B that di�er
signi®cantly from the water control (P < 0.05, Fisher exact test
comparing number of loopers trenching) (MW molecular weight)

Percent Trenching time No. of passes
trenching Mean � SD (min) Mean � SD

A Inexperienced loopers tested with exudates and other ¯uids

Prickly lettuce latex 40* 5.8 � 2.6 4.8 � 1.3
Poinsettia latex 0
Watermelon sap 90* 8.2 � 5.9 4.0 � 1.9
Polyethylene glycol 0
(MW 15,000±20,000; 0.5 g/ml)
Water control 0

B Experienced loopers tested with exudates and other ¯uids

Prickly lettuce latex 100* 9.9 � 3.2 (N � 9) 6.3 � 1.7 (N � 9)
Poinsettia latex 70* 8.4 � 3.8 6.3 � 3.6
Polyethylene glycol 20 7.5 5.5
(MW 15,000±20,000; 0.5 g/ml)
Water control 0

C Inexperienced loopers tested with cucumber sap

Sap from nonbitter plants 70 7.9 � 3.4 5.0 � 2.2
Sap from bitter plants 60 6.5 � 2.2 4.8 � 1.2
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When sap constituents were fractionated according to
size, only the ®ltrate containing small molecules (MW<
3,000) elicited trenching (Table 2B). The large molecule
fractions, which contained the gelling proteins, were
completely inactive. Due to the addition of mercapto-
ethanol, none of the solutions in this test gelled. Nev-
ertheless, larvae still cut trenches in response to the
®ltrate and also the sap/mercaptoethanol mixture. This
mixture was not diluted with an aqueous solution as in
the previous experiment, which may explain the higher
percentage of larvae trenching (100% vs. 53% in
Table 2A).

Characterization of trenching stimulant

When the small molecule fraction (MW < 3,000) was
extracted with solvents, only the aqueous fraction elic-
ited trenching (Table 2C). The same number of larvae
trenched with the aqueous fraction as the unaltered ®l-
trate, indicating that the initial extractions with hexane,
ethyl acetate, and methanol removed little or no activity.
Subjecting the aqueous fraction to proteinase K had

little e�ect on larval trenching (Table 2D). Evidently,
the active compound in the aqueous fraction is not
proteinaceous.

As with cucumber, sap from butternut squash proved
to be a potent stimulant of trenching, even when mixed
with mercaptoethanol (Table 3A). The ®ltrate fraction
(MW < 3,000) from the Centricon concentrators again
was most active. The aqueous extract of this fraction
elicited the most trenching. It was signi®cantly more
active than the methanol extract (P � 0:01, Fisher exact
test), which also triggered trenching (Table 3B). Thus,
both cucumber sap and butternut squash sap contain
water-soluble trenching stimulants with molecular
weights less than �3,000.

Discussion

Exudates of prickly lettuce, watermelon, and cucumber
su�ce to elicit trenching behavior in cabbage loopers.
No prior experience with these host plants nor previous
attempts at trenching are required. Even ®nal-instar
larvae show the entire behavioral repertoire after a single

Table 2A±D Percentage of
cabbage loopers that cut tren-
ches in P. lanceolata leaves after
1.5 ll of test solution was dau-
bed on their mouthparts (2 ll in
D). The caterpillars were reared
to the ®nal instar on P. lanceo-
lata and had no previous
experience with exudates or
trenching. Ten larvae (experi-
ments B, C, D) or 15 larvae
(experiment A) were tested with
each solution. Asterisks indicate
treatments in experiments A, B,
and D that di�er signi®cantly
from the controls (P < 0.05,
Fisher exact test comparing
number of loopers trenching)

Percent
trenching

A Nonbitter cucumber sap + water 27*
Nonbitter sap + mercaptoethanol (0.05 M) 53*
Mercaptoethanol control (0.05 M) 0

B Nonbitter cucumber stem sap, mercaptoethanol (0.02 M) 100*
MW > 30,000 fraction in 0.02 M TRIS (pH 7.5), 0.02 M mercaptoethanol 0
MW 3,000±30,000 fraction in 0.02 M TRIS (pH 7.5) 0
Filtrate (MW <3,000) + water 60*
0.02 M TRIS (pH 7.5), 0.02 M mercaptoethanol control 0

C Filtrate (MW <3,000) 70
Hexane extract in water 0
Ethyl acetate extract in water 0
Methanol extract in water 0
Aqueous extract of residue 70

D Aqueous extract in 0.01 M TRIS (pH 7.8) 60*
Aqueous extract in 0.01 M TRIS (pH 7.8) + proteinase K (50 lg/ml) 50*
0.01 M TRIS (pH 7.8) + proteinase K (50 lg/ml) control 0

Table 3A,B Percentage of cabbage loopers that cut trenches in
P. lanceolata leaves after 1.5 ll of test solution was daubed on their
mouthparts. The caterpillars were reared to the ®nal instar on
P. lanceolata and had no previous experience with exudates or

trenching. Ten larvae were tested with each solution. Asterisks in-
dicate treatments in experiment A that di�er signi®cantly from the
control (P < 0.05, Fisher exact test comparing number of loopers
trenching)

Percent
trenching

A Butternut squash sap, mercaptoethanol (0.02 M) 100*
MW >30,000 fraction in 0.02 M TRIS (pH 7.5), 0.02 M mercaptoethanol 10
MW 3,000±30,000 fraction in 0.02 M TRIS (pH 7.5) 0
Filtrate (MW <3,000) + water 80*
0.02 M TRIS (pH 7.5), 0.02 M mercaptoethanol control 0

B Filtrate (MW <3,000) from butternut squash sap 80
Ethyl acetate extract in water 0
Methanol extract in water 20
Aqueous extract of residue 80
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exposure to latex or sap. Their behavior is similar to
normal trenching on plants with exudate except that the
trench is completed in less time. However, trenching can
be prolonged simply by placing an additional drop of
exudate on a larva's mouthparts when it starts to feed
(D.E. Dussourd, unpublished work). Presumably, on
plants with secretory canals, a looper repeatedly en-
counters exudate during trenching. The larva continues
trenching until all canals crossing the trench have been
severed and distal pressures lowered, thus reducing lar-
val exposure to trenching stimulants.

All exudates tested in this study congealed upon
exposure to air. Their viscosity and adhesiveness can
undoubtedly be detected; Lepidoptera larvae have both
mechanoreceptors and chemoreceptors on their maxillae
and other mouthparts (Hanson 1983; Grimes and
Neunzig 1986; Frazier 1992). Larvae often responded to
exudates by masticating the congealing solutions and by
grooming at length. A viscous solution of polyethylene
glycol elicited trenching by experienced loopers suggest-
ing that viscosity or stickiness does elicit trenching.
However, inexperienced loopers cut trenches twice as
frequently when the sap did not gel (Table 2A). Appar-
ently, other cues are more signi®cant than gelation.
Rapid hardening of sap may actually prevent larvae from
detecting chemical factors in the sap that elicit trenching.

The presence or absence of cucurbitacins in cucumber
plants had no detectable e�ect on larval response to sap.
Whether cucurbitacins trigger trenching is still unre-
solved, however, because cucurbitacins may not occur in
cucumber sap, even when the plants are bitter. This
study documents that sap fractions lacking both cu-
curbitacins and gelling proteins still stimulate trenching.
Another factor must be present. This factor (or factors)
in cucumber sap has a molecular weight < 3,000, is
highly polar (soluble in water, but not methanol), and is
unlikely to be a protein. Butternut squash sap also
contains a small (MW < 3,000) polar molecule(s) that
elicits trenching. It is not known whether the trenching
stimulants are merely proximate cues or the ultimate
reason why loopers trench. However, the recent dis-
covery that such potent neurotoxins as nicotine, dec-
amethonium, and tubocurarine elicit trenching by
cabbage loopers (D.E. Dussourd and D.F. Wiemer,
unpublished work) suggests that trenching stimulants
may have negative e�ects on larvae. Thus, the trenches
may function partly or primarily to reduce larval expo-
sure to noxious stimulants. A complete characterization
of natural trenching stimulants would not only clarify
the function of trenching, but also potentially provide
new opportunities in pest management.

Trenching stimulants for cabbage loopers may also
have signi®cant e�ects on other cucurbit herbivores, in-
cluding Epilachna. The discovery that cucurbitacins do
not reduce Epilachna ®tness and actually stimulate
feeding suggests that some other unknown compound in
cucurbit leaves is responsible for the poor performance of
beetles on damaged leaves (Tallamy andMcCloud 1991).
It remains to be seen if trenching stimulants for cabbage

loopers cause the low ®tness of squash beetles on dam-
aged foliage, and whether these sap constituents trigger
trenching by the beetles. Considerable evidence suggests
that phloem sap causes Epilachna to trench. McCloud
et al. (1995) note that E. borealis adults cut trenches less
frequently in severed leaves allowed to wilt than in
freshly cut leaves that emit greater volumes of sap. Also,
Epilachna species found on cucurbit species that emit
copious amounts of sticky sap cut trenches, whereas
beetles on cucurbits that emit comparatively little sap do
not (McCloud et al. 1995). The potential importance of
sap stickiness, however, is supported only by the obser-
vation that dipping beetle heads in sap causes prolonged
grooming and inhibits further feeding, often for hours
(Tallamy and McCloud 1991). While this observation
clearly indicates the potential hazards of gelling sap for
herbivorous insects, the application of sap was arti®cial.
Final-instar E. borealis larvae cutting trenches in zuc-
chini (Cucurbita pepo) often step into and place their
mouthparts in drops of exudate. However, the exudate
appears to have little e�ect; typically, larvae only stop to
groom after reaching the leaf edge, and then for a few
minutes at most (D.E. Dussourd, unpublished work).

Cabbage loopers not only cut trenches in cucurbits,
but also in Asteraceae bearing latex canals (tribe
Cichorieae) and in Apiaceae, which have resin canals
(Dussourd and Denno 1994). The trenching bioassay
could be used to direct the isolation of trenching stimu-
lants from any of these host plants. Another generalist
moth, Erinnyis ello, feeds on numerous latex-bearing
plants in the tropics (Winder 1976), and has been ob-
served to cut trenches or constrict petioles in members of
the Euphorbiaceae, Caricaceae, and Moraceae (Dillon
et al. 1983; D.E. Dussourd, unpublished work). It also
feeds on plants that do not release exudate (Winder 1976).
Likewise, Epilachna admirabilis beetles cut trenches in
some members of the Cucurbitaceae, but not others
(McCloud et al. 1995). A bioassay similar to the T. ni
trenching assay could be developed using Erinnyis ello or
Epilachna admirabilis to identify trenching stimulants
from their host plants. Even insects that feed exclusively
on plants with exudates could potentially be used to id-
entify biologically signi®cant chemicals in exudate. Late-
instar larvae of the monarch (Danaus plexippus), for ex-
ample, cut a furrow in the midrib or petiole of a milkweed
leaf before feeding on the distal section (Dussourd and
Eisner 1987; Zalucki and Brower 1992). When a drop of
fresh latex is placed next to the mouthparts of a feeding
larva, it often stops to chew again on its prior midrib cut,
as though its initial e�ort had been inadequate (Dussourd
1990). Whether latex extracts would likewise elicit addi-
tional vein cutting is not known.

In summary, the bioassay described herein provides
evidence that plant exudates elicit trenching behavior in
cabbage loopers. The assay o�ers the potential for
guiding the isolation of plant chemicals of signi®cance to
insect herbivores ± chemicals of su�cient importance to
have selected for behavioral counteradaptations in
multiple insect lineages.
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