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Abstract—Larvae of the leaf-feeding beetles Neolema sexpunctata and Lema
trilinea carry feces on their backs that form shields. We used the generalist
predatory ant, Formica subsericea, in a bioassay to determine whether shields
were a physical barrier or functioned as a chemical defense. Fecal shields
protected both species against ant attack. Larvae of both species reared on
lettuce produced fecal shields that failed to deter ants. Commelina communis,
N. sexpunctata''s host, lacks noxious secondary compounds but is rich in
phytol and fatty acids, metabolites of which become incorporated into the
fecal defense. In contrast, the host plant of L. trilinea, Solanum dulcamara,
contains steroidal glycoalkaloids and saponins, whose partially deglycosylated
metabolites, together with fatty acids, appear in Lema feces. Both beetle
species make modifications to host-derived precursors before incorporating
the metabolites into shields. Synthetic chemicals identified as shield metab-
olites were deterrent when applied to baits. This study provides experimental
evidence that herbivorous beetles form a chemical defense by the elimination
of both primary and secondary host-derived compounds. The use of host-
derived compounds in waste-based defenses may be a more widely employed
strategy than was hitherto recognized, especially in instances where host plants
lack elaborate secondary compounds.
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INTRODUCTION

The larvae of herbivorous insects, because they are flightless and lack the hard
exoskeleton of the adult, are often the most vulnerable stage in the life cycle.
Larvae that graze on leaf surfaces are especially at risk from numerous ecological
vicissitudes, such as desiccation, plant allelochemicals, and predation (South-
wood, 1973; Strong .et al., 1984; Bernays and Graham, 1988). When disturbed,
many larvae reflexively eject oral fluids or anal effluents. Such enteric emissions,
if derived from diets that are chemically noxious, may serve to deter or repel
predators (Eisner and Meinwald, 1966; Duffy, 1980; Peterson et al., 1987;
Pasteels et al., 1988; Blum et al., 1987; Whitman et al., 1990; Blum, 1994;
Olmstead, 1994; Vasconcellos-Neto and Jolivet, 1994; Dickinson, 1996). If the
chemical relationships between host, herbivore, and predator are unknown, how-
ever, it cannot automatically be assumed that such regurgitants and fecal dis-
charges effectively function as chemical defenses. Experimental verification is
necessary to determine whether or not these emissions are incidental by-products
of digestion or are adaptations for defense.

The folivorous larvae of shining leaf beetles, members of the subfamily
Criocerinae (Coleoptera: Chrysomelidae), have an unusual variation of the
enteric-discharge theme: instead of discarding their feces, they conceal them-
selves beneath a copious mass, or shield, of excrement (Figure 1). Fecal shields
are formed by a dorsal anus, which deposits feces on top of the larva, and by
rhythmic muscular contractions that then propel feces forward until the larva
becomes covered. Shields have long been thought to provide some kind of
protection (Bethune, 1909). Putative functions of fecal shields include camou-
flage, insulation, and predator defense (Olmstead, 1994). For example, mor-
phological appendages, like the urogomphi of larval tortoise beetles (Hispinae)
and the larval cases of Camptosomata (Clytrinae, Crytocephalinae, Chlamisinae,
and Lamprosomatinae) that include a fecal component, have been found to
function primarily as physical barriers to attack (Root and Messina, 1983; Olm-
stead and Denno, 1993). True chemical defense (toxicity, repellence, or deter-
rence), although long suspected (Eisner et al., 1967), has not been demonstrated
for any leaf beetle species that possesses some kind of waste-based structure or
fecal shield system (Pasteels et al., 1988; Blum, 1994; Olmstead, 1994, 1996).

In addition to their unusual shield-forming behavior, larval Criocerinae are
also one of only a few herbivorous insect groups to have colonized successfully
members of both mono- and dicot plant families. In the New World for instance,
members of the genus Lema feed almost entirely on plants in the dicotyledenous
family Solanaceae. Larvae of the closely related genus Noelema feed exclusively
on plants in the monocotyledenous family Commelinaceae (Schmitt, 1988;
White, 1993). The two plant families are not known to have any secondary
compounds in common. Secondary compounds, such as terpenoids, phenolics,
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FIG. 1. Larva of the leaf-beetle, Lema trilinea, on its host plant, Solanum dulcamara.
The fecal shield is evident as the glistening mass on top of the larva. The anus (arrow)
opens dorsally in the 9th abdominal segment. Peristaltic flexions of the terga convey
feces forward to eventually cover the body.
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and alkaloids, are often the source of precursors for insect chemical defenses
(Eisner and Meinwald, 1966; Whitman et al., 1990 and references therein). The
Solanaceae, for example, are well known for the medicinal, antimicrobial, and
insecticidal properties of their steroidal glycoalkaloids (SGAs) and steroidal
saponins (Evans, 1979; Tingey, 1984; Mitchell and Harrison, 1985; Roddick,
1986; Hegnauer, 1992). In contrast, the Commelinaceae are notable for the lack
of complex secondary compounds (Hegnauer, 1992).

In the field, we observed that foraging ants attacking shielded larvae of
both genera immediately withdrew, groomed their antennae, and vigorously
wiped their mouth parts against the substrate—behaviors indicative of chemical
deterrence (Eisner and Meinwald, 1966). We suspected that shields might func-
tion in defense against predation and predicted that the defense was a chemical
one. We anticipated that L. trilinea larvae, feeding on chemically complex hosts,
would in some way utilize host-plant secondary compounds. In contrast, N.
sexpunctata larvae, feeding on hosts lacking complex secondary compounds,
conceivably might synthesize their own defensive compounds.

We combined bioassays and chemical analyses to: (1) evaluate the effec-
tiveness of shields as a defense, (2) ascertain whether defensive activity was
physical or chemical, (3) locate and characterize any active chemical compo-
nents, and (4) determine if the defensive compounds were host-derived or syn-
thesized by the larvae.

METHODS AND MATERIALS

Sample Collection. Lema trilinea White feeds on Solarium dulcamara L.
(Solanaceae) while N. sexpunctata Say feeds on Commelina communis L. (Com-
melinaceae). Larvae of both species were collected as second or third instars
from wild populations on their respective hosts in Stony Brook, Long Island,
New York. Lema trilinea larvae were maintained in growth chambers on host
cuttings. Neolema sexpunctata larvae were reared on potted C. communis grown
from locally collected seed. Feces for chemical analysis were collected daily
and pooled in 2-g aliquots in methanol (MeOH) and refrigerated. Plant samples
were collected for chemical analyses from the same plants used to feed beetles.

Lema trilinea and N. sexpuntata third instars were field-collected from their
respective hosts for use in the bioassay experiments. Larvae had their natural
shields removed and were randomly assigned to either a host-diet group or to a
diet-modified group. The host-diet culture group, consisting of a total of 71 L.
trilinea and 89 N. sexpunctata larvae were maintained in Petri dishes on cuttings
from their respective host plants two to three days before testing. All larvae
produced large, viscous shields. The remaining field-collected larvae (100 of
each species) were placed in the diet-modified culture group and maintained on
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lettuce for two to four days in Petri dishes. Of these, 68% produced normal-
appearing shields and were used in the bioassay.

Bioassays. We employed the predatory ant, Formica subsericea, in a bioas-
say to examine the effectiveness of shields and to help direct our search for
biological active substances. Predatory ants are important sources of mortality
for folivorous beetle larvae (Selman, 1988; Holldobler and Wilson, 1990; Cox,
1996; Olmstead, 1996; Vend, personal observation). They are recognized as
reliable indicators of the presence of bioactive compounds (Deroe and Pasteels,
1977; Hare and Eisner, 1993; Dyer and Floyd, 1993; Cornelius and Bernays,
1995).

Assays were conducted along foraging trails of the ant at two field sites on
Long Island, New York, during June and July of 1993-1996. Assays consisted
of exposing beetle larvae to ant attacks. An assay consisted of the placement of
a larva (or bait, described below) in an arena formed by a 3-cm x 3-cm wax-
coated weighing paper. Each assay was monitored for 5 min or until the test
item was taken. An assay was counted if a minimum encounter rate of two ants
per minute was observed. In assays with host-derived shields, larvae were
induced to regurgitate and eliminate their crop contents before the start of exper-
iments by gently tapping the Petri dish holding the larva. As the droplet of crop
fluid appeared, it was immediately soaked up with filter paper, with care taken
not to contaminate the shield. This procedure was repeated until the crop con-
tents were depleted, thus limiting the scope of analysis to the feces alone. Crop
contents were not emptied and regurgitant not removed during trials with lettuce-
reared larvae. Larvae from each treatment group were randomly assayed.
Removal and transferal of shields were accomplished with soft forceps, without
harm to larvae.

Chemical Fractionation Protocol. The extraction and fractionation proto-
col, modified from Brown (1987), was designed to remove all organic com-
pounds of moderate to high polarity, deactivate enzymes, and selectively separate
the extract into nonpolar, alkaloid (alkaline), and polar fractions. Fresh leaves
or feces were weighed and extracted by vigorous maceration (leaf) or sonication
(feces) in 10 vol of 80% aqueous MeOH. Extracts were vacuum-filtered and
MeOH removed under vacuum at 40°C (a reduction to l/10th original volume).
The resulting aqueous suspension was acidified with an equal volume of 2%
H2SO4 to produce a pH of ~ 1.2. The acidic solution was extracted three times
with equal volumes of chloroform (CHC13). The pooled organic solvent was
dried with anhydrous sodium sulfate, filtered, and evaporated to dryness under
vacuum at 25°C to yield a nonpolar, nonalkaloid fraction A. The remaining
aqueous phase was made strongly basic (pH 10) by slow addition of concentrated
ammonium hydroxide (NH4OH). The basic solution was extracted with two
equal volumes of CHCl3-MeOH (3:1) and one to two times with 1.5 vol CHC13.
This second organic phase was dried and reduced in volume as above to yield
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a moderately polar, alkaline, and alkaloid-bearing fraction B. The remaining
aqueous solution was evaporated to dry ness under vacuum at 40 °C and extracted
with absolute MeOH (three times with filtration) to yield a highly polar extract
(C), leaving behind insoluble inorganic salts.

Identification of Shield Compounds: Gas Chromatography-Mass Spec-
trometry (GC-MS). The nonpolar A fractions of beetle feces, host plants, and
lettuce were subjected to GC-MS in an HP-5890 GC equipped with DB-5 col-
umn (60 m x 0.32 mm, 25-utm film), temperature programmed for40°-280°C
at 4°C/min, initial hold 5 min, final hold 20 min, 0.5 ml splitless injection,
injector 250°C, He carrier at 1.9 ml/min. Peaks were identified by computer
searches of the NBS library or the Wiley/NBS Mass Spectral Registry
(McLafferty and Stauffer, 1989). Fatty acid (FA) (Sigma No. 189-8; L2376)
and phytol (Aldrich No. 13, 991-2) standards were run for comparison on GC-
MS.

Identification of Shield Compounds: Fast-Atom Bombardment-Mass Spec-
twmetry (FAB-MS). The alkaloidal B fractions of L. trilinea and S. dulcamara
were analyzed on a Kratos MS 5/90TC mass spectrometer. Samples were dis-
solved in glycerol and analyzed in positive mode.

Bioassay of Shield Compounds. Baits were used to test chemical fractions
and synthetic standards of identified compounds. We used pieces of water-
canned tuna with the approximate average size and weight of fourth instars
without their shields (mean ± SE: 30.6 ± 4 mg; N = 22). Tuna baits were
topically coated with fecal fractions, pure compounds identified from feces, or
with solvent only (controls). Baits were placed in 5 ml of test solution and the
solvent allowed to evaporate in air for 60 min. Ant assays were scored as above.
Chemical standards of compounds identified from feces (or the closest com-
mercially available analog) were dissolved in solvent to form 1.0, 0.1, and
0.01% solutions and applied as above.

Data Analysis. Assays of larvae, reported as frequencies (taken as prey or
not taken as prey), were analyzed by using model II, 2 X 2 tests of independence
and G with the Williams correction (Sokal and Rohlf, 1995). Bioassays of
compounds were analyzed with the Mann-Whitney U test (Sokal and Rohlf,
1995).

RESULTS

Shield Bioassays. Larvae of both beetle species with host-derived fecal
shields had nearly 100% survival in the ant bioassays (Table 1). After direct
contact with shielded larvae, the ants in our assays immediately retreated, began
to groom their antennae vigorously, and wipe their mouth parts against the
ground. Larvae lacking fecal shields suffered nearly 100% mortality (Table 1).



LARVAL BEETLE DEFENSES 771

TABLE 1. ANT BIOASSAY OF Lema trilinea AND Neolema sexpunctata LARVAE REARED ON
NATURAL AND SUBSTITUTE DIETS

Predator
response

Taken

Not taken

Taken

Not taken

L. trilinea

Host-derived
shield

2

33

Lettuce-
reared
shield

36

0

No shield

33

3

Lettuce-
reared

+
transferred

shield

2

30

Natural diet

P < 0.001"

Substitute diet

P < 0.001"

N. sexpunctata

Host-derived
shield

5

40

Lettuce-
reared
shield

25

2

"Probabilities calculated by 2 x 2 test of independence using G.

No shield

39

5

Lettuce-
reared

+
transferred

shield

2

24

P < 0.001"

P < 0.001"

Larvae of both species, if restricted to a substitute diet of lettuce, suffered high
mortality, even though they were covered by normal-looking shields (Table 1).
Deterrence was fully restored to lettuce-reared larvae by mechanical removal of
lettuce-derived shields and replacement with host-derived shields transferred
from larvae eating their natural diets (Table 1).

Bioassay of Fractions. The actively deterrent constituents of N. sexpunc-
tata's shields are in the nonpolar, A fraction (Figure 2). There was no significant
activity in fractions B or C. Lema trilinea feces, however, exhibited significant
deterrent activity in the A (nonpolar), the B (alkaloid) fraction, and in the polar
C fraction (Figure 2).

Identification of Nonpolar Fraction A Compounds. Major nonpolar com-
ponents of the A fraction from C. communis included free phytol, five fatty
acids (FAs), and derivatives present mostly as their methyl esters (Figures 3A
and 4; Table 2). After passing through the larval gut, the major nonpolar com-
ponents of N. sexpunctata feces were primarily palmitic (hexadecanoic) acid
and two new phytol derivatives, 6,10,14-trimethylpentadecan-2-one and 6,10,14-
trimethylpentadecan-2-ol (Figure 3B: peaks 2 and 3; Table 2). The two latter
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FIG, 2. Ant assay of shield fractions and treated baits. Hatched bars: baits treated with
shield fractions A (nonpolar), B (alkaloid), or C (polar). Grey bars: baits treated with
pure standards of identified shield compounds. Solid bar: solvent-only control. Baits
were coated with 0.1 % test solutions; N = 25-30 trials/compound or fraction; error bars
= SEM). Probabilities were calculated with the Mann-Whitney U test; significance
levels: */> < 0.05; ***P < 0.001.

compounds appear to be formed by modification of phytol. We estimate that
the insect accumulates these derivatives on the order of 1.7 times the concen-
tration of the phytol precursor found in the host (0.15 mg/fresh wt feces: 0.093
mg/g fresh wt plant).

The major components of the 5. dulcamara A fraction were phytol and the
methyl ester of palmitic acid (Figure 3C: peaks 4 and 10). Lema trilinea feces
contained high concentrations of palmitic acid (Figure 3D: peak 5), but not its
methyl ester. We also detected three metabolites of diosgenin, including dios-
genone and diosgenone minus two hydrogens (Figure 3D: peaks 26 and 28;
Figure 4; Table 2). However, the A fraction of L. trilinea feces contained only
trace amounts of phytol and the phytol metabolites phytanic acid and 6,10,14-
trimethylpentadecan-2-one, in addition to small amounts of FAs that were not
detected in the host plant. Thus, L. trilinea appeared to metabolize phytol almost
completely. It was found in feces only in trace amounts, even though it was
abundant in its host. The diosgenin aglycone derivatives found in fecal fraction
A came from plant glycosides that were found chiefly in fraction C of the host
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Retention Time (mins.)
FIG. 3. Comparisons of GC spectra from the nonpolar A fractions. Host-plant input is
above (A and C) and the respective larval feces output below (B and D). Peak numbers
refer to major compounds (>5% relative abundance) that were characterized by MS and
are described in Table 2.

plant. The majority of L. trilinea's fraction A compounds were derivatives of
host precursors.

Solanum Alkaloid Fraction and Lema Feces Metabolites. The L. trilinea B
fraction was highly deterrent (Figure 2). The host FAB-MS ion fragmentation
pattern of 5. dulcamara fraction B corresponds closely to spectra obtained by
Price et al. (1985) for solasodine-chacotrios and solasodine-solatrios, which
are two steroidal glycoalkaloids (SGAs) found in S. tuberosum (Table 3). The
host input appeared to be a mixture of two glycosides of solasodine that differed
only in the configuration of the trisaccharide moiety. The most informative peaks
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TABLE 2. GC-MS CHARACTERIZATION OF MAJOR FRACTION A COMPONENTS FROM HOST
PLANTS AND FECAL SHIELDS

Peak

2

3

4
5

7, 8

10
13
15

26, 28

"<5%

Retention
time (min)

17.4

18.1

1 8 . 2
18.5

19.1-19.5

19.5
19.75
19.8

31.0-31.8

abundance.

Mol.
wt.

268

270

270
258

292-4

296
280
306
412

Compound

A: 6,10,14-
trimethyl-
pentadecan-2-
one

B: 6,10,14-
trimethyl-
pentadecan-
2-ol

C: methyl palmitate
D: palmitic acid
E: methyl linoleate

+ methyl
linolenate

F: phytol
G: stearic acid
H: ethyl linolenate
1: diosgenone

Species system and
relative abundance

Commelina

11.0
10.6

22.5
11.8
7.1

15.1

Neolema

42.0

41.6

10.0

Solanum

it

10.4

"
72.0

Lema

Cl

"

27.5

"

46.0

included the parent ion (MH"1") at 884 and 868 mass units, and the typical
solasodine aglycone fragments at mlz 396, 412, and 442 (Table 3). In contrast,
the L. trilinea fraction B showed no indication of any large, glycosylated alka-
loid ions. The main spectral component had an mlz of 428, which is consistent
with a solasodine aglycone to which an additional hydroxyl and one additional
double bond have been added by the insect. This metabolite, with its two
hydroxyls and two double bonds, was consequently less polar than the plant
glycoside, but more polar than the plant aglycone.

FAB-MS of the L. trilinea fecal polar C fraction shows that not all of the
SGAs were deglycosylated as they passed through the larval gut. Some of the
SGA glycosides retained their sugars, which produced peaks 16 mass units
higher (at mlz 884.4 and 900.7) than the parent SGAs (Figure 5). The most
prominent ions relevant to hydroxysolasodine-chacotriose were at m/z 884, 720,
430, 428, and 412. The most prominent ions relevant to hydroxysolaso-
dine-solatriose were at m/z 900, 738, 458, 430, 428, and 412.
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TABLE 3. FAB-MS OF S. dulcamara SGAs AND L. trilinea FECES

Solasodine-
chacotriose"

m/z

868

850
836

750

722
721

705
704
632

558
542

442

414
413
412

397
396

RI (%)*

100

<1
<1

6

7
<1

<1
5
5

<1
<1

42

31
9

36

31
86

Solasodine-
solatriose"

m/z

884

866
852

766
750
738
737
736
722
721
720
705
704

542

442

414
413
412

397
396

"From Price et al. (1985).

RI (%)

77

4
<1

<1
5

<1
<1
<1

11
<1

5
<1

4

10

35

52
15
45

39
100

S. dulcamara
fraction B

m/z

884
868
866
852
850
836
766
750
738
737
736
722
722
720
705
704
632

558
542

442

414
413
412

397
396

RI (%)

6
30
11
2
4

<1
<1

4
<1
<1
<1

6
2
4

<1
5

<1

<1
<1

13

23
8

21

33
100

*RI (%) = relative intensity.

L. trilinea
fraction B

m/z

428
426

410

396

269
267

RI (%)

100
54

11

8

13
8

L. trilinea
fraction C

m/z

900
884
868
866

860
836
766

738

720
705
704

577
559

458

428

412

397
396
395

RI (%)

54
100

12
16

4
<1

12

16

15
4
6

20
18

52

55

100

52
38
50
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Chemical Analysis of Lettuce and Beetle Hemolymph. Lettuce and the
hemolymph of 100 N. sexpunctata larvae reared on the normal host were ana-
lyzed and found to be devoid of any secondary metabolites or any of the primary
metabolites we found active in criocerine shields.

Bioassay of Identified Shield Compounds. Pure standards of the major com-
ponents (or their nearest analogs) identified in both shield systems exhibited
significant deterrence with respect to controls (Figure 2). After antennation of
the test baits, ants immediately retreated and began to vigorously groom their
antennae, and they avoided baits entirely after inspection.

DISCUSSION

This study provides evidence for the defensive efficacy of waste-based
shield systems of both L. trilinea and N. sexpunctata. The consistent rejection
of shielded larvae and acceptance of deshielded larvae in the ant assays indicates
that the presence of a shield is necessary for protection at least against the
generalist predator used in these assays. Based on ant responses after contact
with shields, our suspicion that shield defenses had a chemical basis was con-
firmed. The vulnerability of larvae with diet-modified shields and the restoration
of protection to diet-modified larvae with experimentally transferred shields sup-
port the hypothesis that shields are defensive adaptations. Furthermore, the
active principles of both shield systems appear to be predominantly of dietary
origin.

The Commelina-Neolema System. Feces of N. sexpunctata's feces consist
mostly of phytol derivatives and palmitic (hexadecanoic) acid, and larval defense
appears to be based primarily on them. We suspect, based on the structural
similarity between phytol and the phytol-like compounds found in feces, that
larvae form these putative derivatives by the removal of two carbons from
phytol. If so, the limited transformation of phytol would be significant since it
might facilitate compartmentalization and elimination of this potential toxin,
perhaps by increasing its polarity, and may enhance its deterrent activity. Further
research is required to determine the functional significance, if any, of phytol-
related compounds. In N. sexpunctata''s case, these compounds are evidently
more valuable in the feces than they are as energy sources. This may be due in
part to the paucity of other defensive candidates in the diet and to the apparent
inability of larvae to synthesize their own defensive compounds. The fact that
phytol itself exhibits significant deterrence against ants is perhaps the best expla-
nation for the retention of phytol-like compounds in feces.

The Solanum-Lema System. In contrast to the simple, phytol-dependent
defense of N. sexpunctata, both nonpolarand alkaloid fractions exhibited deter-
rence in L. trilinea. Although phytol is the major component of the plant non-
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polar fraction, the lack of phytol or its derivatives in the feces indicates that L.
trilinea can metabolize this molecule completely. This interpretation is sup-
ported by the presence in feces of small amounts of phytanic acid, one of the
first degradation products of free phytol to CO2 in vertebrates (Steinberg et ah,
1966).

Lema trilinea feces also contain two derivatives of the saponin, diosgenin.
Diosgenin, however, was not found in the nonpolar fraction of S. dulcamara.
It is normally found in plants as a glycoside with a significantly higher polarity
and thus should have appeared in the C fraction of our fractionation scheme.
However, we were unable to detect diosgenin with FAB-MS in the C fraction.
This may have been the consequence of diosgenin having a molecular weight
only one mass unit higher than solasodine, and the high abundance of the sol-
asodine ion may have effectively masked diosgenin. We were able to identify
it in feces as the aglycone, diosgenone, indicating that the insect deglycosylated
it and then added an additional double bond to the diosgenin precursor.

The alkaloid fraction of L. trilinea feces was also deterrent in the bioassays.
The results of FAB-MS indicate that fecal alkaloids are of dietary origin and
that larvae are not passively eliminating these substances but are capable of
significantly transforming them. After addition of an hydroxyl to the SGAs, the
majority are then deglycosylated and are found in fraction B. It would appear
that the final step in the transformation of host SGAs is the addition of a double
bond. This must occur, however, after the removal of the three sugars since the
FAB-MS showed no sign of fragment ions two mass units less than the hy-
droxysolasodine trioses.

Successful elimination of natural products as wastes without energy expen-
diture for their detoxification would be a beneficial strategy, especially if the
process yielded a net energetic gain and rendered the compounds more voidable
or more bioactive. Lema trilinea employs part of this strategy in two instances.
Firstly, although the host was found to contain high levels of free phytol, its
absence in feces was surprising because the defense of the closely related N.
sexpunctata is based largely on phytol derivatives. Phytol is largely replaced by
steroidal compounds in feces of L. trilinea. We hypothesize that L. trilinea
metabolizes free phytol and the sugar moieties of both SGAs and diosgenin as
energy sources. Metabolism of sugar from host precursors leading to incorpo-
ration of the aglycone into glandular secretions of larval defenses is a strategy
found in the more derived chrysomelid lineages (Smiley et al., 1985; Pasteels
et al., 1990). Secondly, palmitic acid is present in relatively higher amounts in
feces than in the host. The host contains large amounts of palmitic acid methyl
ester. Thus, the most likely source of fecal palmitic acid is by demethylation,
although it may be augmented in feces by autogenous synthesis. Our analyses
could not definitively distinguish between autogenous versus diet-derived sources
of palmitic acid.
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Deterrent Properties of Shields. Based on previous studies (Eisner and
Meinwald, 1966; Pasteels et al., 1983, 1984), we initially assumed shields
would contain volatile repellents that thwart predators before they can damage
the soft larval cuticle. The behavior of ants in the bioassays indicated that the
defensive compounds identified here were deterrents, rather than repellents: Ants
rejected larvae and test baits only after directly inspecting them.

Information is meager about the biological activity, particularly in natural
situations, of the compounds we have identified in this study. There is, however,
a growing body of evidence that supports the hypothesis that both primary and
secondary compounds appear in feces because of their deterrent, rather than
their toxic, properties. These two effects may well be concentration-dependent.
At high concentrations, for example, primary and secondary metabolites can
have toxic effects (Honvitt, 1960; Lawrence et al., 1994; Berenbaum, 1995).
At lower concentrations, defensive compounds may act as deterrents or repel-
lents. More important than their possible role as toxins, primary metabolites,
such as FAs and phytol, can modulate behavior. Palmitic acid methyl ester for
example, was recently shown to deter ants (Eisner et al., 1996; Dani et al.,
1996). Several other FAs, including the ones we have identified in shield de-
fenses, evoke necrophoresis (undertaker activity) in predatory ants in the family
Formicidae (Blum, 1970). In fact, necrophoresis is elicited at concentrations
approximating those seen in this study (Haskins, 1970; Howard and Tschinkel,
1975; Holldobler and Wilson, 1990). The presence in feces of erstwhile nutrients
such as FAs may serve to manipulate ants, perhaps through mimicry of chemical
cues that modulate ant house-keeping behavior.

Free phytol and its derivatives require further comment. Free phytol is
uncommon in plants. It is usually bound to chlorophyll. As a result, it remained
undetected in phytochemical analyses for many years (Sims and Pettus, 1976).
Phytol and its derivatives modify feeding and oviposition behavior in several
herbivorous insects by directly stimulating sensory neurons that are specifically
tuned for their detection (Mohamed et al., 1992; Anderson et al., 1993). Pen-
tadecanone is a defensive secretion in at least one species of formicine ant
(Regnier and Wilson, 1968). Recently, reports of unbound phytol have come
from a number of plants known for their medicinal properties (Aoki et al., 1982;
Rasool et al., 1991; Singh et al., 1991; Pongprayoon et al., 1992; Albini et al.,
1994; Brown, 1994) and lend support to the idea that phytol and perhaps its
derivatives may well have potent physiological properties, perhaps by synergism
with other compounds.

The initial mode of activity producing deterrence may be by mechanisms
of cell injury. SGAs and saponins, for instance, have high binding affinities
with lipid-bilayer sterols. Sterol binding can disrupt membrane integrity in sen-
silla of the insect peripheral nervous system (Mitchell and Harrison, 1985;
Roddick et al., 1990) as well as in nonneuronal membranes (Appelbaum and
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Birk, 1979; Keukens et al., 1996). Additionally, by interfering with acetylcho-
linesterase function, SGAs can produce secondary toxic effects in the vertebrate
peripheral nervous system, and perhaps they do likewise in the CNS of insects
where acetylcholine (Ach) is the neurotransmitter (Zitnak, 1977). Thus, these
compounds may function in wastes as pharmacological agents.

In conclusion, shields, unlike reflexive discharges, remain continuously
deployed to form a standing defense. Although dependent on dietary sources,
larvae are capable of completely metabolizing particular host precursors while
selectively modifying and eliminating others as active deterrents. The physio-
logical and behavioral evidence support the claim that shield components are
deterrents that are incorporated in shields as selective responses to predation,
rather than as incidental by-products of digestion and waste elimination. We
therefore consider the dorsal anus in these two species to be a specialized deliv-
ery system for the conveyance of deterrent substances to a highly strategic
location, on top of the larva, where they form a chemical shield.

Our results from a bioassay-guided chemical analysis of the N. sexpun-
tata-C. communis system demonstrated that a diet evidently devoid of elaborate
secondary compounds was, nevertheless, an effective source of defensive pre-
cursors. Moreover, the active compounds in N. sexpunctata's shield were pri-
mary rather than secondary metabolites. In contrast, L. trilinea's defense was
based on a mixture of primary and secondary host compounds. We agree with
Berenbaum's (1995) suggestion that the role of primary metabolites as allelo-
chemicals mediating plant-herbivorous insect interactions may be greater than
presently appreciated, and, as our findings suggest, their importance in herbiv-
orous insect-predator interactions may be underestimated as well. We believe
this phenomenon may be a more widespread but overlooked strategy, especially
where hosts lack complex secondary chemistry.
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