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Summary. Both adults and larvae of the sumac flea
beetle, Blepharida rhois (Forster), are dietary specialists
that feed on smooth sumac, Rhus glabra, on Long
Island, NY. Instead of discarding their feces, B. rhois
larvae retain it on their backs to form fecal ‘shields.’
We observed that ants attacking shielded larvae re-
treated and groomed vigorously, indicating the possible
presence of chemical deterrents. To examine whether
shields were chemical rather physical barriers against
predation, we employed a generalist ant predator as a
bioassay. Shields of larvae reared on R. glabra thwarted
ants while larvae that had their shields removed were
readily taken. Moreover, larvae reared on a substitute
diet of lettuce were defenseless. However, protection
was restored after their lettuce-derived shields were
replaced with shields obtained from larvae reared on R.
glabra. We then extracted and fractionated shields in
order to locate active deterrents. To determine whether
larvae synthesized defensive compounds or obtained
them from the host, leaves were also analyzed and
compared to the chemicals found in shields. The shield
defense was a mixture of three fatty acids, a suite of
tannins, their metabolites and phytol. All shield com-
pounds or their precursors were obtained entirely from
the host plant. Pure standards of shield compounds
were found to be deterrent when assayed. This is one of
the first instances of an insect using a mixture of
primary and secondary substances for defense against
predators.
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Introduction

Most plants are rich in noxious secondary chemicals
that form part of their defensive arsenal against her-
bivory. Some herbivorous insects, however, have
evolved means of sequestering their host plant’s sec-
ondary compounds as a readily available source of

pre-fabricated repellent and deterrent substances. The
sequestration process requires specialized enzymatic
machinery for the safe handling and compartmentaliza-
tion of potentially toxic plant compounds. Undoubt-
edly, these mechanisms represent the culmination of a
long history of interaction between host, herbivore, and
predatory and parasitic enemies. Although systems of
plant-toxin sequestration are well studied (Bowers 1990
and references therein), they occur in many, but not all
insect species (Urguhart 1960; Rothschild et al. 1973).
There is another, perhaps more common response to
attacking enemies: adults and larvae of many insect
species readily defecate or regurgitate reflexively when
disturbed. Numerous larval herbivores use feces and
detritus to conceal their bodies. For example, nearly
7000 species of leaf beetles (Chrysomelidae) have larvae
with various kinds of fecal coverings (Blum 1994; Olm-
stead 1994). Some of these waste-based structures may
well be repellent or deterrent to natural enemies, espe-
cially if their hosts are chemically ‘noxious’. In many
species, plant toxins are, in fact, eliminated in regurgi-
tants or digestive wastes (Self et al. 1964; Bowers &
Puttick 1986; Blum et al. 1987; Fiedler et al. 1993;
Bowers & Larin 1989; Ehmke et al. 1991; Montllor et
al. 1990; Rojas et al. 1992; Szentesi & Wink 1991).
However, only a few of these fore and aft enteric
discharges have been demonstrated to effectively thwart
predators (Eisner et al. 1967; Brower 1988; Peterson et
al. 1987).

The subject of the present study, the sumac flea
beetle, Blepharida rhois (Forster), is a widespread North
American member of the herbivorous beetle family
Chrysomelidae (Alticinae). Both adults and larvae are
dietary specialists that feed on members of the sumac
genus Rhus (Anacardiaceae). For unknown reasons, the
pattern of beetle herbivory is extremely patchy. Adja-
cent clones experience defoliation while nearby ones
remaine unscathed. It has been suggested that extreme
patchiness in herbivory may be related to variation in
secondary chemistry among clones (Strauss 1990, 1997).

The most notable feature of the sumac flea beetle is
its larvae. Instead of discarding their feces, B. rhois
larvae retain copious amounts of it on their backs to
form viscous mounds, or ‘shields’. Shields are the result
of a dorsal anus and a neuromuscular propulsion sys-
tem that conveys feces forward over the larva (Fig. 1).Correspondence to: F. V. Vencl
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Fecal shields, unlike reflexive discharges, remain ‘de-
ployed’ as long as the larvae continue to eat. Although
their function is unknown, fecal shields were long
thought to provide some benefit, perhaps as conceal-
ment, insulation or as physical or as chemical barriers
against natural enemies (Riley 1874; Pasteels et al.
1984; Blum 1994; Olmstead 1994).

With the exception of our recent studies of the fecal
shields found in the members of the tortoise beetles
(Chrysomelidae: Hispinae) and the shining leaf beetles
(Chrysomelidae: Criocerinae) discussed below, true
chemical repellence or deterrence has never been
demonstrated for any enteric emission, shield, fecal
annex or other form of waste-based structure in any of
the several thousand chrysomelid species that are
known to possess them (Pasteels et al. 1988; Blum 1994;
Olmstead 1994).

This study was prompted by field observations that
provided us with the first clue about shield function:
when foraging predatory ants attacked shielded larvae,
they immediately withdrew, groomed their antennae
and wiped their mouth parts against the substrate –
behaviors indicative of chemical deterrence (Eisner &
Meinwald 1966; Eisner et al. 1967). We thus suspected
that chemistry might be responsible for the intense
rejection of these larvae by predators. If so, we won-
dered what active chemical compounds might be
present in shields and whether the larvae synthesized
them de no6o or obtained them from the host plant.

Thus, the purpose of the present study was to
examine the defensive efficacy B. rhois fecal shields,
to determine if chemistry was involved, and if so, to
identify the compounds responsible and whether
they were derived from the host plant or by means
of autogenous synthesis. We also analyzed host and
non-host plants in search of an explanation for why
some plants are preferred while others are not. We
compared the present findings with those from our
recent studies of the larval shield systems found in the

shining leaf beetles with the hope of elucidating the
ecological factors responsible for the convergent evolu-
tion of waste-retention in these two unrelated beetle
groups.

Materials and methods

Bioassays, sample collection and field observations were carried out
at S.U.N.Y., Stony Brook and Crystal Brook Park on Long Island,
New York. Chemical analyses were conducted at the Pesticide Re-
search Laboratory at the Pennsylvania State University.

Sample collection

Beetle larvae used in bioassays (N=60), collected as 3rd instars, had
their shields removed and were divided into two culture groups.
Larvae were maintained in petri dishes either on leaf cuttings from
their host plants (N=32) or on a substitute diet of lettuce (N=28)
for three days before predator bioassay. Larvae from their first
culture group were either assayed with their shields intact or with
their shields mechanically removed. Larvae from the modified-diet
culture group were further divided into two treatments: some were
assayed with their lettuce-derived shields while the others had their
lettuce-based enteric discharges moved and replaced with shields
transferred from larvae reared on the host. Larvae from each treat-
ment group were randomly assayed. Larvae were not harmed by the
removal and transferal of shields.

Fecal shields for chemical analysis were collected in bulk from B.
rhois larvae feeding on R. glabra and pooled in 80% MeOH. Leaf
samples were collected from neighboring host (i.e., colonized) and
non-host clones (N=2, respectively).

Bioassays

We employed the generalist predatory ant, Formica subsericea, in a
bioassay to test the hypothesis that fecal shields functioned as a
defense. This species is the most common predator patrolling foliage
in beetle habitat on Long Island, NY. Predatory ants are acknowl-
edged to be important sources of larval mortality (Selman 1988;
Hölldobler & Wilson 1990; Cox 1996) and to be reliable detectors of
chemically active substances (Eisner & Meinwald 1966) justifying
their use as standard bioassay species. Assays were conducted in the
field during June of 1994 and July of 1996 and consisted of exposing
beetle larvae to ant attacks along foraging trails. Each assay lasted 5
min or until the test item was removed from the 2×2 CM waxed
paper used as the assay arena. An assay was counted if a minimum
encounter rate of two ants per min was observed throughout the trial
period.

Chemical fractionation protocol

The extraction and fractionation protocol, modified from Brown
(1987), was designed to remove all organic compounds of moderate
to high polarity, deactivate enzymes, and selectively separate the
extract into non-polar acidic, moderately polar alkaline (or basic),
and polar fractions (Morton & Vencl 1998). Fresh leaves or feces
were extracted by vigorous maceration (leaf) or sonication (feces) in
80% MeOH. Extracts were vacuum filtered and evaporated under
reduced pressure at 35°C to 1/10th their volume. The aqueous
suspension was acidified to pH�1.2 by the addition of dilute sulfuric
acid. The acidic solution was extracted with CHCl3, dried in anhy-
drous sodium sulfate, filtered, and then evaporated to yield the
non-polar, acidic A fraction. The remaining aqueous phase was made
basic (pH\10) and extracted twice with CHCl3: MeOH (3:1) and
then two times with CHCl3. This second organic phase was reduced
in volume as above to yield the moderately polar, alkaline B fraction.
The remaining aqueous solution was evaporated to dryness and
re-dissolved with MeOH (X 3 with filtration) to yield the salt-free,
polar C fraction.

Fig. 1 Larva of the leaf-beetle, Blepharida rhois (Forster) on its host
plant, Rhus glabra (L.). The fecal shield is evident as the glistening
mass on top of the larva. Deposition of feces on the larval dorsum is
the result of a dorsal anus that opens in the 9th tergum (arrow). When
gently touched, larvae ‘wag’ their abdomens rapidly from side-to-side
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Table 1 Ant bioassay of Blepharida rhois larvae reared on a diet of Rhus glabra or on a substitute diet

Natural diet Substitute diet

host-derived no lettuce-reared lettuce-reared
shield shield shield transferred shield

takena 1 13 PB0.001b 12 0 PB0.001b

not taken 18 0 0 16

a Predator response; b probabilities calculated by 2×2 test of independence using G

Identification of shield compounds

Gas Chromatography-Mass Spectrometry (GC-MS) was carried out
using an HP-5890 GC equipped with DB-5 column (60 m×0.32 mm,
25 micron film), and temperature programmed for 40°C–280°C at
4°C/min, initial hold 5 min, final hold 20 min, 0.5 ul splitless
injection, injector 250°C, He carrier with a rate of 1.9 ml/min.
Compounds resolved by GC were fragmented by EI-MS with an
HP-5970 mass spectrometer (70 eV) and the spectra generated were
then compared by computer with the NBS library or the Wiley/NBS
Mass Spectral Registry (McLafferty and Stauffer 1989). Standards of
hexadecanoic acid (Aldrich) and phytol (Sigma) and a mixture of
fatty acid methyl esters (Sigma) were used to confirm retention times
and identities of major fraction A components.

Fraction C was analyzed on a Waters HPLC system equipped
with an Alltech Econosphere silica column (150 by 4.6 mm, 5 micron
bead). Compounds were eluted isocratically using a mobile phase of
THF and citric acid brought to 500 ml with MeOH (125 ml:1.25
g:500 ml) and visualized with a Waters 996 PDA detector. Gallic
acid, tannic acid (Sigma) and 3,4,5-trihydroxybenzoate (methyl gal-
late) (Aldrich) were run as standards and peaks were identified by
co-chromatography and comparison of UV spectra.

Bioassay of identified shield compounds

Baits were used in ant bioassays to test chemical fractions and
standards of identified compounds for bioactivity. We used pieces of
water-canned tuna with size and weight similar to 3rd instar larvae
(32.294 mg, N=12). Tuna baits were topically coated with feces
fractions, pure compounds identified from feces, or solvent only
(controls). Baits were placed in 2 ml of test solution of either shield
fractions or authentic compounds and allowed to evaporate in air for
60 min before being assayed. Standards of compounds identified from
feces were dissoved in solvent to form 1.0, 0.1, and 0.01% solutions
and applied as above.

Results

Shield deterrence

The first assay compared larvae with intact shields to
larvae with shields mechanically removed. Ants avoided
larvae with intact host-derived shields but readily cap-
tured larvae without shields (Table 1). The second assay
examined the host plant’s role in shield efficacy. Larvae
whose natural shields had been removed and were then
reared on a substitute diet of lettuce were defenseless,
even though their lettuce-derived shields were copious
(Table 1). However, larvae with their lettuce-derived
shields mechanically removed and then replaced with
host-derived shields obtained from other larvae, were
fully protected by the replacement-shields (Table 1).
These results indicate that host-derived shields are nec-
essary for protection, and that they are more than

physical barriers. Furthermore, the host-derived com-
ponent(s) are located in the feces forming shields and
not sequestered on the surface of the larva, nor inside
the herbivore’s body.

Localization of shield deterrence and compound
identification

After shield feces were extracted, fractionated and ap-
plied to baits, two of the three fractions were signifi-
cantly deterrent to ants (Fig. 2). Deterrence was
significant in both the non polar A and polar C frac-
tions. The moderately polar, alkaline B fraction af-
forded no significant protection.

A fraction analysis : The major non-polar compo-
nents of the R. glabra A fraction contained phytol,
vitamin E, gamma-sitosterol in addition to minor
amounts of several fatty acids (Fig. 3 top; Table 2).
After passing through the larval gut, the major non-po-
lar components of B. rhois fecal shields were phytol and
fatty acids including hexadecanoic, octadecanoic, oc-
tadecadienoic, and octadecatrienoic acid methyl esters
(Fig. 3 bottom; Table 2).

Fig. 2 Bioassay of tuna baits. Baits consisted of 30–40 mg frag-
ments of tuna soaked in (I) shield fractions, (II) 5 ml of 0.1%
standards of identified shield compounds and, (III) solvent only.
Bioassay protocol as in Table 1. N=16–20 assays/compound. Con-
trols (N=92) were assays of baits treated with solvent only. Probabil-
ities calculated by Mann–Whitney U-test: significance levels:
*=PB0.05; ***=PB0.001
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Fig. 3 Comparison of the GC-MS total ion count trace of the
non-polar, A fraction of the host plant, R. glabra (top= larval
‘input’) and of the fecal shield of B. rhois (below= larval ‘output’).
Letters refer to major peaks of compounds with \1% relative
abundance and their identities are provided in Table 2. Note the time
differences. Rhus glabra contains late eluting compounds not present
in the beetle’s feces

Discussion

The bioassay results demonstrated that the fecal shield
of B. rhois is a very effective defense against a naturally
relevant, generalist predatory ant. The results from the
diet-substitution/shield-transfer experiment strongly
supported the hypothesis that shields are not physical
barriers, but instead function to chemically thwart at-
tacking predators. Fecal shields were effective, even
without regurgitants. The bioassay of larvae with diet-
modified shields further implicated deterrents, rather
than repellents, as the chemicals agents responsible for
shield efficacy.

As mentioned earlier, B. rhois is notable for its
patchy distribution across the host plant population.
Some sumac clones are heavily infested while others, in
close proximity, suffer little or no damage (Strauss
1990). We found this in our study as well. We com-
pared neighbouring host (colonized) and non-host
sumac plants to look for differences in chemistry. Our
data, although preliminary, suggests that non-host
sumacs differ in the relative proportions of tannic acid
conjugates and of phytol. For example, host clones
contained more 6 and 7 galloyl-glucose and GA but less
5 galloyl-glucose and MG than adjacent non-host
clones. Non-host plants also had 1/5th the phytol con-
tent of nearby hosts (unpubl. data). Differences be-
tween host and non-host clones in levels of defoliation
are correlated with genotype and environmental effects
(Strauss 1990). The underlying mechanism may be re-
lated to variation among clones in plant secondary
chemistry (Furth & Young 1988; Strauss 1997). Our
data suggest that hosts and non-hosts may differ
greatly in the amounts of chemicals that are available
for incorporation into the shield defense. Although
chemical differences between host species may be im-
portant determiners of adult preference in other species
of Blepharida (Furth & Young 1988), qualitative differ-
ences amoung clones may be more important where
larval defense is host-derived, as it is in B. rhois (see for
e.g., Denno et al. 1990; Rank 1992). Future study of
sumac flea beetles should examine the relationship be-
tween female oviposition choice and larval survival in
relation to differing levels of the host-derived defensive
chemicals identified here.

Rhus glabra is noted for its high tannic acid content
which can range from 9.8% to 15.7% (Campbell 1984).
We detected very high levels of tannic acids, GA, and
MG in amounts in both plant and fecal extracts that
were consistent with these high levels. Tannins and
their derivatives were the only secondary compounds in
fraction C of B. rhois feces. The large increase in free
GA relative to host-input is most likely produced in the
larval gut, as it is in Locusta migratoria (Bernays 1978),
through hydrolysis of tannic acids, a process which also
releases glucose as a by-product for use in general
metabolism.

Our contention that wastes are selectively aug-
mented with particular metabolites for defense is sup-
ported by two possible modes of activity: toxicity and
behavioral modification. Although little information is

C fraction analysis : Rhus glabra leaves contained
large quantities of methyl gallate (MG) and the tannic
acid conjugate, five galloyl-glucoses (5GG), in addition
to lesser amounts of free gallic acid (GA), and galloyl-
glucose esters with one GA (1GG), four (4GG), six
(6GG) and 7 (7GG) (Fig. 4A; Table 3). The feces of B.
rhois larvae contained MG and GA in large amounts
along with a suite of GA conjugates dominated by large
amounts of the smaller GA conjugates of 1GG to 4GG
units (Fig. 4B; Table 2). The smaller tannin conjugates
appear to have increased at the expense of the larger
ones (Table 3).

Confirmation of deterrence

We bioassayed the main compounds identified in
shields using commercial standards. Baits treated with
phytol, palmitic acid, MG, GA, a mixture of tannins
which included 1GG to 7GG in proportions similar to
those observed in shields. All treatments were signifi-
cantly more deterrent to ants than were the solvent-
coated bait controls (Fig. 2). Lettuce, lettuce-derived
feces produced by larvae reared on the lettuce diet were
completely devoid of the metabolites that were found to
be bioactive in fecel shields.
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Table 2 Identification of the non-polar, A fraction compounds from Rhus glabra leaves and Blepharida rhois feces. Peaks are lettered by retention
time (see Fig. 3). For each peak, compound name, confidence index (%) of the identification (C.l.), relative abundance (% of total integrated peak
area) of Blepharida feces (B. r.) and host leaf Rhus (R. g.) compounds, molecular ion mass (M+), and the significant ionic fragments from El-MS
(m/z) are given

Peak Compound C.l. B. r. R. g. M+ m/z

A1 hexadecanoic acid methyl ester 99 31 270 43 60 73 129
A2 hexadecanoic acid 99 3 256 23 55 88 101
A3 hexadecanoic acid ethyl ester 93 1 284 71 87 43 57
B octadecadienoic acid methyl ester 99 4 294 71 43 81 123
C octadecatrienoic acid methyl ester 94 17 292 74 67 55 41
D phytol 91/92 43 54 296 74 87 89 43
E octadecanoic acid methyl ester 97 4 298 416 151 43 191
F octadecanoic acid 95 1 284 165 430 43 57
G b-tocopherol 64 trace 4 416 43 55 81 95
H vitamin E 95 trace 15 430 60 41 107 440
I d-sitosterol 64 11 414 67 81 55 41
J unidentified sterol – 6 440 74 93 43 55

available about their bioactivity, especially in a natural
setting, we suspect that tannins and their derivatives are
effective as behavioral modifiers, rather than as toxins
per se. Tannins, for example, are thought to disrupt
membrane integrity and to cause tissue damage

(Bernays 1978; Berenbaum 1983). We tested tannins,
GA and MG and found them here to act as behavioral
modifiers (i.e., deterrents). The high concentrations of
total tannic acids, at levels \10%, correspond to those
observed in previous studies that produced toxic lesions
after ingestion, superficial contact with shields likely
affects the chemosensory system of invertebrate preda-
tors like ants. This is may be the first report of the
expropriation of either tannins, GA, or MG by an
herbivore for anti-predator defense. In addition to their
deterrent effects, free GA, and MG have recently been
shown to have anti-microbial activity (Homer et al.
1992; Saxena et al. 1994) and thus may be important in
maintaining shields free of fungal pathogens.

The major A fraction compounds we identified were
phytol and several fatty acids. There was an apparent
discrepancy between the large amounts of free octade-
catrienoic acid methyl ester in feces and the low levels
of any precursor detectable in the host. We suspect that
the beetle does not absorb this fatty acid after its
liberation by hydrolysis from the abundant triacylglyc-
erols and phospholipids in plant cell membranes. The
excretion of large amounts of FAs as waste is rather
surprising. Why would an animal excrete such valuable
resources? All FAs are high energy sources. All insects
require unsaturated C18 FAs, particularly linolenic acid
(Thompson 1973). It is unlikely that this insect lacks
the enzymatic machinery for the uptake and
metabolism of these FAs. We therefore suspect these
particular FAs are in fact more valuable as components
of the shield defense than they are as nutrients.

Although toxic at relatively high concentrations, on
the order of 0.2% (Lawrence et al. 1994), the levels of
FAs in feces did not approach toxicity. We estimate
total FA concentrations in shields to be 50.02% of the
total chemical profile, an order of magnitude less than
the tannic acid component. Several FAs, including
those found in our beetle’s feces, evoke necrophoresis
(‘under-taker’) behavior in members of several genera
of predatory ants in the family Formicidae (Blum 1970;
Haskins 1970; Howard & Tschinkel 1975; Hölldobler &
Wilson 1990) and thwart ant attacks in polistine wasps
(Dani et al. 1996) and lacewings (Eisner et al. 1996).

Fig. 4 HPLC of the polar, C fraction of R. glabra (A=host ‘input’)
and of the B. rhois fecal shield (B= larval ‘output’). Peak numbering
corresponds to the compounds identified in Table 3
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Table 3 HPLC analysis of the polar, C fractions from Rhus glabra leaves and Blepharida rhois feces compared to tannin, methyl gallate (MG)
and gallic acid (GA) standards. Relative abundances (%) are provided

Compound Peak numbera

1 2 3 4 5 6 7 8 9
methyl gallate gallic acid 1 GG 2 GG 3 GG 4 GG 5 GG 6 GG 7 GG

MG standard 98.2
GA standard 99.0
tannin standard 22 11.2 1.5 1.6 7 27.4 24.6 3.8 trace
Rhus non-host 20.2 15.4 0.6 – trace trace 37.1 22.9 3.0
Rhus host 36.4 7.0 – 1.8 trace 1.3 46.7 6.6 0.3
Blepharida feces 17.7 35.3 6.1 14 1.0 5.5 20 – –

a peaks 1 to 9 are: methyl gallate (=MG); gallic acid (=GA); tannic acid conjugates (MG+<galloyl-glucose units)

Necrophoresis is elicited at concentrations approximat-
ing those seen in this experiment. The mixture of hex-
adecanoic, octadecanoic, octadecadienoic, and octa-
decatrienoic acids in B. rhois feces may serve to manip-
ulate ant behavior through mimicry of chemcial cues
that modulate ant house-keeping behavior. Thus, the
incorporation of FAs in feces may represent another
example of limited metabolic alteration and selective
elemination of primary plant metabolites for defense.

Although phytol is toxic at high concentrations
(Steinberg et al. 1966), we estimate phytol concentra-
tions in feces to be low (50.002%). Phytol, like FAs,
probably acts as a behavioral modifier. For example,
the phytol derivative 6,10,14-trimethylpentadecan-2-one
at low concentrations is a phagostimulant in the noc-
tuid moth Spodoptera frugiperda (Mohamed et al.
1992). Low levels of phytol are potent oviposition
deterrents in the moth Spodoptera littoralis (Anderson
et al. 1993).

The presence of significant amounts of free phytol
in beetle feces warrants further consideration. Although
phytol is ubiquitous in plants, free phytol is uncommon
because it is usually bound to chlorophyll, and as a
consequence, was overlooked in phytochemical analyses
for many years (Sims & Pettus 1976). Recently, reports
of unbound phytol have come from a number of plants
with medicinal properties (Albini et al. 1994; Aoki et al.
1982; Brown 1994; Pongprayoon et al. 1992; Rasool et
al. 1991; Singh et al. 1991). This pharmacological activ-
ity supports the idea that phytol may well have potent
physiological properties. Mammals, however, are gener-
ally capable of utilizing phytol, as they would any FA,
as an energy source through its oxidation to CO2 via
b-oxidation (Mize et al. 1966; Steinberg et al. 1966) so
its occurrence in insect feces is noteworthy. Unfortu-
nately, there have been no studies of phytol metabolism
in insects.

The fecal shield of the shining leaf beetle, Neolema
sexpunctata (Chrysomelidae: Criocerinae) also contains
phytol and its derivatives (Morton & Vencl 1998). In
contrast, the related leaf beetle, Lema trilinea, and the
unrelated tortoise beetle, Plagiometriona cla6ata, which
both feed on a high-phytol plants (Solanum spp.), elim-
inated no phytol and only small amounts of its deriva-
tives in their feces (Morton & Vencl 1998; Vencl et al.,
subm.). We surmise that phytol can either be a nutrient,

whose fate is complete metabolism, or it can be a major
defensive component, as it is in the fecal shields of N.
sexpunctata and of B. rhois. Thus, like FAs, phytol
appears to have greater selective value as a defensive
element than it does as a nutrient.

What ecological factors were responsible for the
remarkable evolutionary convergence of the dorsal
anus with other fecal-laced appurtenances that form
shields in leaf beetles? The larvae of Blepharida rhois,
the vast majority of tortoise, and of shining leaf beetles
are external feeders on the surface of leaves. Besides the
other formidable problems associated with herbivory
(see for e.g., Southwood 1973; Strong et al. 1984),
folivorous larvae had to overcome another major eco-
logical hurdle in order to colonize the leaf surface
adaptive zone, to wit, natural enemies (Price et al. 1980;
Jeffries & Lawton 1984). Flightless and lacking a hard
cuticle, larvae grazing on leaf surfaces are exposed and
vulnerable to predation. For example, the larval stage
of alticines and criocerines alone have respectively 41%
and 58% of all the reported predators and parasitoids
for the entire life cycle (Schmitt 1988; Cox 1996).
Ectophytic larval insects that utilize a feces-based de-
fense gain two benefits: (1) elimination of plant toxins
by compartmentalization in the gut before they can
adversely affect the herbivore and (2) the plant’s own
defenses are usurped and redirected against higher
trophic levels without the incursion of the metabolic
cost of de no6o synthesis. Thus, we believe that the
development of fecal retention and shield formation, in
addition to the availability of particular compounds in
their unbound form, were incipient evolutionary steps
that facilitated the exploitation of the leaf-surface adap-
tive zone by the larval leaf beetle life-stage.

Despite their ubiquity, our knowledge about the
possible roles regurgitants and retained wastes play as
herbivore defenses remains limited. They likely repre-
sent the most direct dependence on diet for chemical
defense. Furthermore, because they do not require com-
plex enzymatic machinery for transport and storage,
waste-based defenses may have been short-cuts in the
evolution of leaf ectophagy (Vencl & Aiello 1997).
Although this is only the second instance of an insect
using a mixture of primary and secondary substances in
enteric discharges for defense against predators (Mor-
ton & Vencl 1998), we suspect that this overlooked
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strategy to be more widespread than is presently appre-
ciated. As Berenbaum (1995) recently observed, plants
may use primary metabolites in defensive roles and,
according to the results of this study, so too, may their
insect herbivores.
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Pasteels JM, Grégoire JC, Rowell-Rahier M (1983) Chemical Defense
in Arthropods. Ann Rev Ent 28:263–284

Pasteels JM, Rowell-Rahier M, Braekman JC, Daloze D (1984)
Chemical defenses in Leaf beetles and their larvae: The ecologi-
cal, evolutionary and taxonomic significance. Biochem Sys and
Ecol 12:395–406



F. V. Vencl and T. C. Morton CHEMOECOLOGY32

Pasteels JM, Braekman JC, Daloze D (1988) Chemical defense in the
Chrysomelidae. Pp 231–250 in Jolivet P, Petitpierre E, Hsiao TH
(eds) The Biology of the Chrysomelidae. NL-Dordrecht: Kluwer
Academic Publishers

Peterson SC, Johnson DN, LeGuyader JL (1987) Defensive regurgita-
tion of allelochemicals from host cyanogenesis by eastern tent
caterpillars. Ecology 68:1268–1272

Price P, Bouton C, Gross P, McPheron B, Thompson JN, Weise AE
(1981) Interactions among three trophic levels: Influence of
plants on interactions between insects and natural enemies. Ann
Rev Ecol Sys 7:487–505

Pongprayoon U, Baeckstrom P, Jacobsson U, Lindstrom M,
Bohlin L (1992) Antispasmodic activity of b-damascenone and
E-phytol isolated from Ipomea pes-caprae. Planta Medica 58:19–
21

Rank NE (1992) Host plant preference based on salisylate chemistry
in a willow leaf beetle (Chrysomela aeneicollis). Oecologia 90:95–
101

Rasool N, Ahmad VU, Malik A (1991) Terpenoids from Pentatropis
spiralis. Phytochemistry 30:1331–1332

Riley CV (1874) The jumping sumach beetle-Blepharida rhois (Forst.).
Sixth Ann Rep Miss Ent: 118–122

Rojas MG, Stipanovic RD, Williams HF, Vinson SB (1992)
Metabolism of gossypol by Heliothis 6irescens (F.) (Lepidoptera:
Noctuidae). Env Entomol 21:518–526

Rothschild M, Von Euw J, Reichstein T (1973). Cardiac glycosides in
a scale insect (Aspidiotus) a ladybird (Coccinella) and a lacewing
(Chrysopa). J Entomol 48:89–90

Saxena G, McCutcheon AR, Farmer S, Towers GH, Hancock RE
(1994) Antimicrobial constituents of Rhus glabra. J Ethnophar
42:95–99

Self LS, Gutherie FE, Hodgson E (1964) Adaptation of tobacco
hornworms to the ingestion of nicotine. J Insect Physiol 10:907–
924

Selman BJ (1988) Chrysomelids and ants. Pp 463–473 in Jolivet P,
Petitpierre E, Hsiao TH (eds) The Biology of the Chrysomelidae.
NL-Dordrecht: Kluwer Academic Publishers

Received 1 July 1997; accepted 8 October 1997.

Schmitt M (1988) The Criocerinae: Biology, phylogeny, and evolu-
tion. Pp 475–496 in Jolivet P, Petitpierre E, Hsiao TH (eds) The
Biology of the Chrysomelidae. NL-Dordrecht: Kluwer Academic
Publishers

Sims JJ, Pettus JA (1976) Isolation of free cis and trans-phytol from
the red alga Gracillaria andersoniana. Phytochemistry 15:1076–
1077

Singh B, Agrawal PK, Thakus RS (1991) Isolation of trans-phytol
from Phyllanthus niruri. Planta Medica 57:98–99

Strauss SY (1990) The role of plant genotype, environment and
gender in resistance to a specialist chrysomelid herbivore. Oe-
cologia 84:111–116

Strauss SY (1997) Lack of evidence for local adaptation to individual
plant clones or site by a mobile specialist herbivore. Oecologia
110:77–85

Strong DR, Lawton JH, Southwood TRE (1984) Insects on Plants.
Cambridge/MA: Harvard University Press

Southwood TRE (1973) The insect/plant relationship – an evolution-
ary perspective. Symp R Entomol Soc Lond 6:3–33

Steinberg D, Avigan J, Mize CE, Baxter JH, Cammermeyer J, Fales
HM, Highet PF (1966) Effects of dietary phytol and phytanic
acid in animals. J Lipid Research 7:684

Szentesi A, Wink M (1991) Fate of quinolizidine alkaloids through
three trophic levels: Laburnum anagyroides (Leguminosae) and
associated organisms. J Chem Ecol 17:1557–1574

Thompson JN (1973) A review and comparative characterization of
the fatty acid compositions of seven orders of insects. Comp
Biochem Physiol 45B:467–482

Urguhart FA (1960) The Monarch Butterfly. CAN–Toronto: Univer-
sity of Toronto Press

Vencl FV, Aiello A (1997) A new species of leaf-mining Oulema from
Panama (Coleoptera: Chrysomelidae; Criocerinae). J N Y Ento-
mol Soc 105:40–44

Whitman DW, Blum MS, Alsop DW (1990) Allomones: Chemicals
for defense. Pp 289–352 in Evans DI, Schmidt JO (eds) Insect
defense: Adaptive mechanisms and strategies of prey and preda-
tors. Albany/NY. State University of New York Press

.


