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Abstract Many herbivorous insects induce preferences
for host plants. Recent work in Manduca sexta indicates
that induced preferences are mediated by a ÒtuningÓ of the
peripheral taste system to chemicals within host plant foli-
age. We tested this hypothesis by rearing caterpillars on
artiWcial diet or potato foliage, and then examining olfac-
tory- and taste-mediated responses to potato foliage extract.
First, we conWrmed earlier reports that consumption of
potato foliage tunes the peripheral taste system by reducing
responsiveness to glucose and increasing responsiveness to
foliage extract. Second, we oVered caterpillars a choice
between disks treated with foliage extract (experimental) or
solvent alone (control). The foliage-reared caterpillars
approached and consumed the experimental disks dispro-
portionately, whereas the diet-reared caterpillars
approached and consumed both disks indiscriminately. This
indicated that induced preferences involve olfaction and
taste. Third, we ran choice tests with foliage-reared cater-
pillars deprived of either olfactory or gustatory input.
Caterpillars lacking olfactory input approached both disks
indiscriminately, but fed selectively on experimental disks.
In contrast, caterpillars lacking gustatory input approached
experimental disks selectively, but fed indiscriminately on
both types of disk. We conclude that even though olfaction
helps caterpillars locate potato foliage, it is the ÒtunedÓ
gustatory response that ultimately mediates the induced
preference.
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Introduction

In many phytophagous insects, dietary experience with a
particular plant species can increase the relative acceptabil-
ity of that species (Jermy et al. 1968; Yamamoto 1974;
Hanson 1976; de Boer and Hanson 1984; Jermy 1987; Ting
et al. 2002). Although the strength of these induced food
preferences varies across insects and host plants (Hanson
1976; Szentesi and Jermy 1990), there are instances where
the induced preference is so strong that insects (e.g., Pieris
rapae and Manduca sexta) starve to death rather than eat
alternative foods (Ma 1972; Renwick and Huang 1995; del
Campo and Renwick 1999). Our understanding of the
mechanisms underlying induced food preferences is limited
(Bernays and Weiss 1996), but signiWcant advances have
been made recently in one phytophagous insectÑ the
tobacco hornworm, M. sexta. Del Campo et al. reported that
dietary experience with host plants ÒtunesÓ its peripheral
taste system, enhancing the acceptability of host foliage
(del Campo et al. 2001; del Campo and Miles 2003). Here,
we further explore the nature of induced preferences in
M. sexta, and determine the extent to which they involve
changes in both olfactory and taste responsiveness.

The tobacco hornworm is a facultative specialist on
plants within the family Solanaceae (e.g., potato, tomato
and tobacco). Larvae reared on solanaceous (i.e., host) foli-
age show strong preferences for host over non-host (e.g.,
cowpea) foliage. In contrast, larvae reared on non-host foli-
age (or artiWcial diet) are indiVerent to host foliage
(Yamamoto and Fraenkel 1960; Schoonhoven 1967; Jermy
et al. 1968; Yamamoto 1974; StŠdler and Hanson 1978; de
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Boer 1993). The experience-induced preference for host
foliage appears to be mediated predominantly by chemo-
sensory input. For instance, when host plant-reared larvae
were oVered a choice between a control disk (treated with
solvent) and experimental disk (treated with either a crude
leaf extract or a constituent of that extract, indioside D),
they took their Wrst bite almost exclusively from the experi-
mental disk. On the other hand, when larvae reared on a
wheat-germ-based artiWcial diet were oVered the same
choice, they failed to discriminate between the control and
experimental disks (del Campo and Renwick 1999, 2000;
del Campo et al. 2001). In these choice tests, the investiga-
tors minimized the potential contribution of visual and tac-
tile input by using the same foliage (i.e., cowpea) in both
disks.

The peripheral chemosensory system of M. sexta larvae
consists of 13 bilateral pairs of sensilla (see Table 1). Each
sensillum contains two to four chemosensory neurons,
whose axons project directly to the central nervous system.
Available evidence indicates that several of the chemosen-
silla contribute to the induced preference for solanaceous
plants: (1) the medial and lateral basoconic sensilla on the
antennae (Schoonhoven and Dethier 1966; Itagaki and Hil-
debrand 1990) and the lateral styloconic sensil la on the
maxilla (StŠdler and Hanson 1975) respond to host plant
odors; (2) the medial styloconic sensilla respond to host
plant saps (StŠdler and Hanson 1975); (3) the lateral and
medial styloconic sensilla respond to indioside D, a steroi-
dal glycoside in host foliage (del Campo et al. 2001; del
Campo and Miles 2003); and (4) ablating the lateral and
medial styloconic sensilla, antennae, and/or maxillary palps
attenuates the induced preference for both host foliage
and non-host foliage treated with solanaceous extract
(Waldbauer and Fraenkel 1961; Hanson and Dethier 1973;
de Boer 1991, 1993; del Campo et al. 2001; del Campo and
Miles 2003; de Boer 2006). These studies establish that a
variety of chemosensilla contribute to the induced prefer-
ence for host foliage, but they oVer little insight into the
speciWc roles of olfactory versus gustatory input.

We describe the results of three experiments. First, we
tested the chemosensory tuning hypothesis by examining
how dietary exposure to potato foliage alters the response
of the lateral and medial styloconic sensilla to a variety of
chemical stimuli. Second, we asked whether the induced
preference for potato foliage extract involves changes in
both olfactory- and taste-mediated components of the
induced preference. Third, we determined which chemo-
sensory organs were necessary for the olfactory- versus
taste-mediated components of the induced preference.

Mater ials and methods

Subjects

The tobacco hornworms (M. sexta; Sphingidae) were
derived from eggs donated by the Manduca rearing facility
at the ARL Division of Neurobiology, University of Ari-
zona, AZ, USA. The caterpillars were maintained in an
environmental chamber with a 16 h light: 8 h dark cycle at
25¡C. To control for any potential diVerences among cater-
pillars from diVerent egg batches, individuals from each
batch were interspersed randomly across treatment levels,
according to a blind procedure. We provide sample sizes in
the Wgure legends. We began all experiments during the
second day of the caterpillarsÕ fourth larval instar.

Rearing diets

Caterpillars were raised from eggs on one of two diets. Half
received the standard wheat germ diet (Bell and Joachim
1976) (henceforth, diet-reared), and the other half received
potato leaves (Solanum tuberosum) (henceforth, foliage-
reared). Larvae were reared in groups of six in a clear-plas-
tic Petri dish (12 cm diameter, 2.5 cm height), and were
kept in the environmental chamber described above. Diet
and foliage was always available ad libitum. Each day, we
cleaned the Petri dish and provided fresh diet or foliage.

Table 1 Numbers and attributes of known chemosensilla on Manduca sexta

Sources: Schoonhoven and Dethier 1966, Schoonhoven 1972, Kent and Hildebrand 1987 and Schoonhoven and van Loon 2002

Chemosensory organ Chemosensilla Porous or 
multiporous?

Presumed 
sensory modality

Number of 
bilateral pairs

Galea Lateral styloconic Uniporous Taste 1

Medial styloconic Uniporous Taste 1

Labrum Epipharyngeal Uniporous Taste 1

Maxillary palp Outer basiconic Uniporous Taste 5

Inner basiconic Multiporous Olfaction 3

Antenna Lateral basiconica Multiporous Olfaction 1

Medial basiconica Multiporous Olfaction 1
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Plants

To obtain potato foliage, we planted individual potato
tubers in separate pots (20 £ 10 cm, diameter £ height).
To obtain cowpea (Vigna sinensis; Fabaceae) foliage, we
raised plants from seeds in separate pots. We harvested
leaves when the plants were 4Ð6 weeks old. We grew the
plants in the Barnard College greenhouse under natural
lighting (May to June).

Generation of host plant extract

We derived the potato leaf extract with a procedure similar
to that described in del Campo and Renwick (2000) and
del Campo et al. (2001). First, we obtained 250 g of potato
leaf material (minus stems and mid-ribs) from ten diVerent
plants, and boiled it for 10 min in 0.5 l of H2O. We cooled
and Wltered the extract under vacuum, and then washed the
residue four times with 50 ml of H2O. Second, we
removed the polar compounds by solid-phase extraction in
a 50 mm diameter glass chromatography column packed
with 40 g of silica C18 (125 • ). To this end, we passed the
extract and then 400 ml of water through the column, dis-
carding all eZ uents. Afterward, we eluted the active (non-
polar) fractions stepwise with 200 ml of MeOH in H20
(25, 50 and 75%). Third, we pooled the active fractions
and concentrated them in a rotovaporator at È55¡C.
Finally, we poured the concentrated extract on top of a
30 mm diameter chromatography column (packed with 25
grams of silica C18), and then eluted the active fractions
stepwise a second time with 200 ml of MeOH in H20 (50,
60, 70, and 80%) under air pressure, and then combined
and concentrated the fractions with a rotovaporator at
È55¡C. We will refer to this active fraction as the potato
leaf extract.

How does feeding on potato leaves alter responsiveness 
of the lateral and medial styloconic sensilla? 
(Experiment 1)

Del Campo et al. postulated that consumption of solana-
ceous foliage ÒtunesÓ the peripheral taste system to the
chemical composition of this foliage (del Campo et al.
2001; del Campo and Miles 2003). In support of this
chemosensory tuning hypothesis, these investigators
reported that the peripheral taste system of foliage-reared
caterpillars diVered from that of diet-reared caterpillars in
the following ways. First, taste cells in lateral styloconic
sensilla showed a weaker phasic response to glucose, KCl
and tomatine, and a stronger phasic and tonic response to
indioside D (del Campo et al. 2001; del Campo and Miles
2003). Second, taste cells in the medial styloconic sensilla
displayed a weaker phasic response to glucose (del Campo

and Miles 2003). Here, we sought to provide the Wrst inde-
pendent replication of these seminal Wndings, and to extend
our understanding of the plasticity phenomenon by testing
additional chemical stimuli.

Experimental approach

There were three notable diVerences between our
approach and that of del Campo et al. First, we tested a
whole-leaf extract rather than a single component of the
extract (i.e., indioside D). We did this to ensure that the
host plant stimulus was as realistic as possible, and
because prior studies (del Campo and Renwick 1999,
2000) demonstrated that this extract produces behavioral
eVects similar to those of indioside D alone. Second, we
deWned the phasic component as the initial 200 ms of
response, and the tonic response as the period 200Ð
1,000 ms following stimulation. Third, we tested two
plant compounds that have not been examined previously
by del Campo et al.: myo-inositol and caVeine. We used
inositol because it stimulates the same taste cell as glu-
cose in both the lateral and medial styloconic sensilla
(Glendinning et al. 2007). Given that larvae reared on
potato foliage exhibit a reduced peripheral gustatory
response to glucose (del Campo et al. 2001; del Campo
and Miles 2003), the response to inositol should indicate
whether diet treatment reduces responsiveness of the glu-
cose/inositol-sensitive taste cell or whether it selectively
reduces responsiveness of the glucose signaling pathway.
We used caVeine because it activates the bitter-sensitive
taste cell in both the medial and lateral styloconic sensilla
(Glendinning et al. 1999). We reasoned that results from
caVeine should indicate whether the eVect of diet treat-
ment generalizes to aversive compounds.

Chemical stimuli

We tested 9% potato leaf extract, 10 mM myo-inositol,
5 mM caVeine, 100 mM glucose. We used a 9% concentra-
tion of the potato leaf extract because it approximated the
concentration of host plant chemicals present in the aque-
ous fraction of the original 250 g of potato foliage. We used
10 mM myo-inositol and 5 mM caVeine because they are
the lowest concentrations that elicit a maximal response in
the lateral and medial styloconic sensilla (Glendinning
et al. 1999, 2007). We used 100 mM glucose because that
is what del Campo et al. (2001) and del Campo and Miles
(2003) used. Whereas del Campo et al. used a complex
mixture (50 mM KCl, 0.16% polyvinylpyrrolidone-80,
0.1% ethanol and 1% methanol) as the background electro-
lyte solution, we used 100 mM KCl in deionized water. We
dissolved all chemical stimuli in the 100 mM KCl solution,
and presented them at room temperature.
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Electrophysiological recordings

We recorded responses of the lateral and medial stylo-
conic sensilla to chemical stimuli using a non-invasive
extracellular tip-recording technique (Gothilf and Hanson
1994; Glendinning et al. 1998). In brief, we placed a glass
electrode containing a taste stimulus solution over the tip
of a lateral or medial styloconic sensil lum. We recorded
extracellular AC signals with the Taste-Probe ampliWer
system (Syntech; Hilversum, The Netherlands; Marion-
Poll and Van der Pers 1996). We pre-ampliWed each
recording 10X, ran it through a band-pass Wlter set at 100Ð
1,200 Hz, fed it into a computer through a 16-bit analog-
to-digital converter board, and then analyzed it oV-line
with Auto spike software (Syntech; Hilversum, The Neth-
erlands).

To minimize carry-over eVects between recordings, we
paused at least 3 min between stimulations. To minimize
solvent evaporation at the tip of the recording/stimulating
electrode, we drew Xuid from the tip with a piece of Wlter
paper immediately before stimulation. To minimize order
eVects, we randomized the order of stimulus presentation.
Finally, to ensure that our neural recordings were indepen-
dent (in a statistical sense), we stimulated only one taste
sensillum per caterpillar.

Data analysis

Virtually all of the responses to the potato leaf extract
involved multiple taste cells. Because these multi-unit
responses could not be analyzed reliably with the use of
spike amplitude and spike timing approaches, we decided
to forgo any attempts to assign spikes to diVerent taste
cells. Furthermore, to make the analysis approach consis-
tent across taste stimuli, we made no attempt to assign
spikes to diVerent cells when analyzing responses to the
caVeine, glucose, inositol and KCl solutions. Instead, we
simply tallied the total number of spikes. It should be
noted however, that spikes from a single taste cell domi-
nated the responses to caVeine, glucose and inositol, as
has been reported elsewhere (e.g., Glendinning et al.
2001, 2007).

To compare the responses of the diet- and foliage-
reared caterpil lars, we ran MannÐWhitney U tests, sepa-
rately for each chemical stimulus, sensil lum and phase of
response. We used this nonparametric test because the
data were not normally distributed. To be consistent, we
also used nonparametric measures of central tendency
(median) and variation (median absolute deviation).
Because all of these comparisons were independent of one
another, it was not necessary to perform Bonferroni cor-
rections. In this and all subsequent tests, we set the alpha
level at 0.05.

Does olfaction contribute to the induced preference? 
(Experiment 2)

This experiment had two goals. First, we sought to conWrm
a previous Wnding (del Campo and Renwick 2000): that cat-
erpillars reared on potato leaves prefer cowpea leaf disks
treated with potato leaf extract (i.e., experimental disks)
over the same disks treated with solvent alone (i.e., control
disks). Second, despite evidence that the induced prefer-
ence for potato foliage is mediated by a ÒtuningÓ of the
taste system (del Campo et al. 2001; del Campo and Miles
2003), it is likely that olfaction also contributes to the
induced preference. This inference is based on the observa-
tions (1) that the antennae of larval M. sexta (Itagaki and
Hildebrand 1990) and Yponomeuta species (Roessingh
et al. 2007) respond to host plant odors; (2) that dietary
experience with a food containing a distinctive odor cue
causes caterpillars of M. sexta (Saxena and Schoonhoven
1978, 1982) and Spodoptera littoralis (Carlsson et al. 1999)
to orient selectively toward that odor cue; and (3) that sur-
gical ablation of the antennae and/or maxillary palps can
eliminate induced preferences for host plants in M. sexta
(e.g., Hanson and Dethier 1973; de Boer 2006). If the
induced preference for potato foliage extract was mediated
by a combination of olfaction and taste, then we predicted
that when given a choice between an experimental and a
control disk: (a) the foliage-reared larvae would approach
and ingest the experimental disk disproportionately, but (b)
the diet-reared caterpillars should approach and ingest both
types of disk indiscriminately.

Behavioral testing procedure

We tested each caterpil lar in a circular arena (12 cm
diameter). The Xoor of the arena consisted of piece of
moist Wlter paper (14 cm in diameter), which was laid on
top of a piece of Styrofoam. Immediately prior to a test,
we positioned four leaf disks (1.4 cm diameter) within the
arena in a square conWguration such that they were
approximately equidistant from each other, and È2 cm
from the edge of the arena. To enable the caterpil lars to
feed easily upon the control and experimental disks, we
sandwiched each of them between two small acetate disks
(0.2 cm diameter), impaled the acetate disks and Wlter
paper with a pin, and then inserted the pin into the Styro-
foam until the leaf disk was È0.5 cm above the surface of
the Wlter paper. To prevent the caterpil lar from escaping,
we placed an inverted Petri dish (12 cm diameter, 2.5 cm
high) over the arena.

For a given test, we cut four disks from the same cowpea
leaf. The two experimental disks were treated with potato
leaf extract, and the two control disks with solvent alone.
To prepare an experimental disk, we pipetted 20 ! l of
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potato leaf extract onto each side of the disk, and then
placed it in a fume hood for 15 min to dry. The potato leaf
extract was diluted so that each experimental disk con-
tained 0.01 GLE (gram leaf equivalents) of potato leaf
extract (0.005 GLE per side). We prepared the control disks
in the same manner, except that we added the same volume
of solvent (100% methanol) alone to each side of the disk.
We arranged the experimental and control disks in an alter-
nating fashion within the arena. To avoid any bias, the data
recorder was blind with respect to the identity of the experi-
mental and control disks.

Following 1 h of food deprivation, we placed a cater-
pil lar in the center of the test arena, approximately equi-
distant from each of the four disks. This constituted the
beginning of the test. First, we determined which type of
disk that the caterpillar approached initially. We deWned
an approach as the caterpil lar moving toward a disk and
then contacting it with its mouthparts, but not necessarily
taking a bite. If caterpil lars showed a biased approach to
one type of disk, then we inferred that this behavior was
mediated by primarily by olfaction. Second, once the
caterpil lar had initiated biting, we allowed the test to con-
tinue until (a) È50% of the total leaf area (calculated
across all four disks) was consumed, or (b) two hours had
elapsed. Then, we quantiWed consumption from each disk
(to the nearest 10%) by photocopying it, enlarging the
photocopied image 2-fold, and then measuring the area
removed from the disk by hand. If a caterpil lar fed dispro-
portionately on one type of disk, then we inferred that this
behavior was mediated by a combination of olfaction and/
or taste.

Data analysis

To determine whether the foliage- or diet-reared caterpil-
lars were more likely to approach one type of disk, we used
the binomial test. To determine whether the foliage- or diet-
reared caterpillars ate a greater percentage of the experi-
mental or control disk, we used the paired t test.

Which chemosensilla are necessary for the approach 
and ingestive components of the induced preference? 
(Experiment 3)

Previous studies (Hanson and Dethier 1973; de Boer and
Hanson 1987) demonstrated that the antennae, maxillary
palps, and lateral and medial styloconic sensilla all con-
tribute to the induced preference for host plants in
M. sexta, but they did not determine which chemosensory
organs were necessary for the approach versus consump-
tion phases of the feeding response. We predicted that
ablating the antennae and maxil lary palps would elimi-
nate the biased approach to experimental disks because

these chemosensil la are thought to serve an olfactory
function (Table 1). In contrast, we predicted that ablating
the lateral and medial styloconic sensilla would eliminate
the feeding preference for experimental disks because
these chemsosensil la are thought to serve a taste function
(Table 1). These predictions make two untested assump-
tions. One is that the lateral styloconic sensil lum does not
contribute to the orientation response. Contrary to this
assumption is the observation that the lateral styloconic
sensilla respond to host plant odors, albeit at ranges
á 0.6 mm (StŠdler and Hanson 1975). The other assump-
tion is that input from uniporous (gustatory) sensilla alone
is suY cient to mediate the discrimination between experi-
mental and control disks. In vertebrates, many foods are
identiWed and discriminated based on input from the taste,
olfaction and somatosensory systems (Verhagen and
Engelen 2006).

Experimental procedure

All caterpillars were reared on potato leaves. We conducted
the sensilla ablations (see below) during the second day of
the fourth instar, and ran the choice tests on the second day
of the Wfth instar. We used the same preference test
described in the prior experiment. There were Wve treat-
ment levels: (1) ablate lateral styloconic sensil la, (2) ablate
medial styloconic sensilla, (3) ablate lateral and medial
styloconic sensilla, (4) ablate maxillary palp and antennal
structures; and (5) touch all sensilla with scissors, but do
not ablate them (control treatment).

Ablation procedure

We performed the ablations with established procedures
(Glendinning et al. 1999). In brief, we secured the caterpil-
larÕs head in the same vial described earlier for the tip
recordings. The only diVerence was that the vial was Wlled
with water rather than a KCl solution. Once the caterpillar
became anesthetized, we used micro dissection scissors to
ablate speciWc bilateral pairs of chemosensory organs.
Immediately following the ablations, we returned the cater-
pillar to its holding cage and oVered it potato foliage. We
inspected all caterpillars once they completed their molt to
the Wfth instar (usually 3Ð4 days later). We rejected those
caterpillars that seemed feeble or unusually  small, had
incomplete ablations, and/or exhibited signs of surgical
complications; this amounted to approximately 3% of the
total.

Data analysis

We used the same analysis procedures as described in the
previous experiment.
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Results

How does feeding on potato leaves alter responsiveness 
of the lateral and medial styloconic sensilla? 
(Experiment 1)

In Fig. 1, we show typical neural responses to the
chemical stimuli in a lateral styloconic sensil lum from a
diet-reared and a foliage-reared caterpil lar. In caterpil-
lars from both diet treatments, the lateral styloconic
sensil la exhibited a predominantly unicel lular response
to the inositol, glucose and caVeine solutions, a result
consistent with previous reports (Glendinning et al.
2000, 2001, 2002). In contrast, the same sensil lum
exhibited mul ticel lular responses to the potato leaf
extract. The neural responses of the medial styloconic
sensilla to each of the same taste stimuli were qual i ta-
tively similar.

In Fig. 2, we compare foliage- and diet-reared caterpil-
lars in terms of median Wring rates during the phasic (left
column of panels) and tonic (right column of panels) por-
tions of the neural response. The lateral styloconic sensil-
lum of foliage-reared caterpillars exhibited a signiWcantly

weaker phasic (and tonic) response to glucose, but a signiW-
cantly stronger tonic response to potato leaf extract, than
did that of diet-reared caterpillars. There were no signiW-
cant eVects of diet treatment on the phasic or tonic
responses of the lateral styloconic sensillum to inositol,
caVeine or KCl. The medial styloconic sensillum of foliage-
reared caterpillars exhibited a weaker phasic (and tonic)
response to glucose, and a weaker tonic response to KCl,
than did that of diet-reared caterpillars (Fig. 2, bottom pan-
els). There were no signiWcant eVects of diet treatment on
the phasic or tonic responses of the same sensillum to inosi-
tol or caVeine.

Does olfaction contribute to the induced preference? 
(Experiment 2)

The diet-reared caterpillars did not discriminate between
the control and experimental disks (Fig. 3). They
approached both types of disk with equal probabili ty and
consumed them to similar degrees. In contrast, the foliage-
reared caterpillars approached the experimental disks dis-
proportionately, and once they contacted them, consumed
greater amounts of them.

Fig. 1 Representative neural 
responses of the lateral stylocon-
ic sensillum to Wve chemical 
stimuli (10 mM inositol, 5 mM 
caVeine, 100 mM glucose, 9% 
potato leaf extract, and 100 mM 
KCl) in a diet-reared (left col-
umn) and a foliage-reared (right 
column) caterpillar. The onset of 
stimulation occurred at the 
beginning of each 1,000 ms 
trace. Each prominent vertical 
line in a trace reXects the 
occurrence of an action poten-
tial. In the responses to inositol, 
caVeine and glucose, there 
appears to be a single taste cell 
Wring regularly with a constant 
inter-spike interval. In the 
responses to the potato leaf 
extract and KCl alone, there 
appear to be multiple taste cells 
Wring out-of-phase with one 
another. All taste stimuli 
contained 100 mM KCl as an 
electrolyte

Diet-reared Foliage-reared

Inositol

Glucose

Caffeine

Potato leaf
extract

KCl

200 ms
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Which chemosensilla are necessary for the approach 
and ingestive components of the induced preference? 
(Experiment 3)

Here, we assessed the necessity of the diVerent chemosen-
sory organs to the approach and consummatory phases of
the feeding response in foliage-reared caterpillars. As in the
previous experiment, the intact (i.e., non-ablated) caterpil-
lars approached and fed disproportionately on the experi-
mental disks (Fig. 4). In contrast, the caterpillars with
ablated antennae and maxillary palps approached both
types of disk indiscriminately, but fed disproportionately on
the experimental disk. These results establish that the
antennae and/or maxillary palps are necessary for the
biased approach to experimental disks, but not the biased
intake of the same disks.

The caterpillars with ablated medial and/or lateral stylo-
conic sensilla all approached the experimental disks dispro-
portionately, but fed indiscriminately on control and
experimental disks (Fig. 4). These results establish that
the lateral and medial styloconic sensilla are necessary for
the biased consumption of experimental disks, but not the
biased approach to the same disks. It is notable that even
though the caterpillars with lateral, medial, or lateral +
medial ablations all feed non-discriminately on the control

and experimental disks, those with medial ablations alone
consumed substantially less disk material overall.

Discussion

Peripheral gustatory changes associated 
with the ÒtuningÓ process

This study constitutes the Wrst independent attempt to repli-
cate the seminal work of del Campo et al. (2001) and del
Campo and Miles (2003). These authors hypothesized that
foliage-reared caterpillars develop preferences for potato
foliage (or extracts of potato foliage) because prior con-
sumption of potato foliage ÒtunesÓ taste cells in their lateral
and medial styloconic sensilla to the chemical composition
of the foliage. Our results provide general support for this
hypothesis. Like del Campo et al. (2001), we found that the
foliage-reared caterpillars (a) are more likely than diet-
reared caterpillars to consume the experimental disks; (b)
lose their preference for experimental disks following abla-
tion of the lateral and medial styloconic sensilla; and (c)
exhibit a weaker gustatory response to glucose and KCl,
and a stronger response to potato leaf extract than diet-
reared caterpillars.

Fig. 2 Excitatory responses of the lateral (top row of panels) and me-
dial (bottom row of panels) styloconic sensillum to Wve chemical stim-
uli (10 mM inositol, 5 mM caVeine, 100 mM glucose, 9% potato leaf
extract, and 100 mM KCl) in foliage- and diet-reared caterpillars. We
present the Wring rates during the phasic (i.e., 0Ð200 ms) and tonic (i.e.,
200Ð1,000 ms) portions of the 1,000 ms response. All chemical stimuli
contained 100 mM KCl for conductivity. We report total number of

action potentials within each time epoch, irrespective of whether they
involved multiple units. We compare the responses across diet treat-
ment with the MannÐWhitney U test (*P á 0.05), separately for each
chemical stimulus and panel. Each bar indicates median ¤ median
absolute deviation. We tested 10 foliage-reared and 12 diet-reared cat-
erpillars; for each caterpillar, we recorded from 1 lateral and 1 medial
styloconic sensillum
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The most robust eVect of diet treatment was on the
peripheral gustatory response to glucose. Phasic and tonic
responses of the lateral and medial styloconic sensilla to

glucose were signiWcantly lower in foliage-reared than in
diet-reared caterpillars, both in this study and that of del
Campo and Miles (2003). To determine whether the

Fig. 3 Approach and feeding 
responses of caterpillars to the 
control (i.e., solvent-treated) and 
experimental (i.e., foliage 
extract-treated) disks. We show 
responses of diet-reared (left 
column of panels) and foliage-
reared (right column of panels) 
caterpillars. In each of the top 
panels, we used the binomial test 
to compare the number of cater-
pillars that approached each type 
of disk. In each of the bottom 
panels, we use the paired t test to 
compare the percentage of each 
type of disk eaten (mean ¤ SE). 
For both statistical tests, 
*P á 0.05. We tested 38 diet-
reared and 25 foliage-reared 
caterpillars
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Fig. 4 Approach and feeding responses of foliage-reared caterpillars
to the control (i.e., solvent-treated) and experimental (i.e., foliage
extract-treated) disks, following ablation of diVerent chemosensilla.
We show ingestive responses of intact caterpillars and those lacking
their antennae + maxillary palps (Palps), lateral styloconic sensilla
(Lat), medial styloconic sensilla (Med), or Lat + Med. In each of the

top panels, we used the binomial test to compare the number of cater-
pillars that approached each type of disk. In each of the bottom panels,
we use the paired t test to compare the percentage of each type of disk
area eaten (mean ¤ SE). For both statistical tests, *P á 0.05. N = 23Ð
25 caterpillars per diet treatment

P
er

ce
nt

ag
e

N
o.

 o
f c

at
er

pi
lla

rs

% of area
eaten from
each type
of disk

First disk
approached

0

4

8

12

16

20

0

20

40

60

80

100

"

Intact

Control
disk

Expmtl.
disk

"

"

Antennae
& palps
ablated

Control
disk

Expmtl.
disk

Lat & Med
ablated

"

Control
disk

Expmtl.
disk

"
Med ablated

Control
disk

Expmtl.
disk

"

Control
disk

Lat ablated

Expmtl.
disk



J Comp Physiol A (2009) 195:591Ð601 599

123

diminished glucose response reXected a generalized desen-
sitization of the glucose-sensitive taste cells or a speciWc
desensitization of the signaling pathway for glucose, we
stimulated the lateral and medial styloconic sensilla with
myo-inositol, a compound that activates the same taste cells
as glucose (Glendinning et al. 2007). The foliage-reared
caterpillars exhibited a reduced taste response to glucose
but not to myo-inositol, indicating that extended intake of
potato foliage selectively desensitized the glucose signaling
pathway. Previously, we reported an analogous Wnding in a
class of bitter-sensitive taste cell in M. sexta. Dietary expo-
sure to caVeine robustly desensitized the signaling pathway
for caVeine and salicin, but not that for aristolochic acid
(Glendinning et al. 2001).

There were two notable diVerences between our Wndings
and those of del Campo and colleagues. First, del Campo
and Miles (2003) found that indioside D activated a single
taste cell in both the lateral and medial styloconic sensilla,
whereas we found that the foliage extract activated multiple
taste cells (e.g., see Fig. 1). This discrepancy may be due to
fact that our potato leaf extract contained a mixture of plant
compounds (including indioside D), which activated a
greater number of taste cells. Second, del Campo et al.
reported substantially stronger gustatory responses to KCl
and glucose than were observed herein and elsewhere
(Gothilf and Hanson 1994; Bernays et al. 1998; Glendin-
ning et al. 2000). It is likely that the stronger response to
KCl and glucose reXects the fact that del Campo et al
(2001) and del Campo and Miles (2003) added two emulsi-
Wers (1% methanol and 0.1% ethanol) and a viscosity agent
(0.16% polyvinylpyrrolidone-80) to their taste solutions. In
a pilot study, we found that the lateral and medial stylo-
conic sensilla generated stronger responses to taste stimuli
when the electrolyte solution contained KCl plus the two
emulsiWers and viscosity agent than when the electrolyte
solution contained KCl alone (J.I. Glendinning, unpub-
lished data).

How do olfaction and taste contribute to the induced 
preference?

Our Wndings oVer several insights into how olfaction and
taste contributed to the induced preference for experimental
disks. For instance, we found that rearing caterpillars on
potato foliage caused them to orient selectively to experi-
mental disks. This Wnding is consistent with an earlier
report by Saxena and Schoonhoven (1982). Because this
orientation response often began several centimeters away
from the experimental disk, and because it was eliminated
by ablation of the antennae and maxillary palps, it was
almost certainly mediated by olfaction. Future studies
should determine whether this induced orientation response
involves ÒtuningÓ of the peripheral olfactory system,

altered central odor processing (Itagaki and Hildebrand
1990), and/or a conditioned odor preference (e.g., Smid
et al. 2007).

To ascertain the relative contribution of olfactory versus
gustatory input to the induced preference for experimental
disks, we ran choice tests with foliage-reared caterpillars
that were either fully deprived of olfactory input (i.e.,
antennae and maxillary palps ablated) or partially deprived
of gustatory input (i.e., lateral and/or medial styloconic sen-
silla ablated). We found that caterpillars lacking antennae
and maxillary palps approached both control and experi-
mental disks indiscriminately, but fed selectively on the
experimental disks. In contrast, caterpillars lacking lateral
and/or medial styloconic sensilla approached the experi-
mental disks selectively, but fed indiscriminately on both
types of disk. These Wndings demonstrate that even though
olfactory input helped the foliage-reared caterpillars locate
the experimental disks, it was the gustatory input that
caused them to feed selectively on them. It would appear,
therefore, that the gustatory tuning process, originally
reported by del Campo et al. (2001), is what mediates the
induced preference for potato foliage in M. sexta.

It should be noted that there are contradictory reports in
the li terature regarding the importance of olfactory input to
induced preferences in M. sexta. For instance, Hanson and
Dethier (1973) raised caterpillars through the fourth-instar
on Jerusalem cherry Solanum pseudocapsicum (a preferred
host plant), ablated their antennae and maxillary palps, and
then oVered Wfth instar caterpillars a choice between foliage
from Jerusalem cherry and tomato Lycopersicon esculen-
tum. As in the present study, the ablated caterpillars feed
selectively on the inducing plant (i.e., Jerusalem cherry)
despite the loss of olfactory input. In contrast, when de
Boer (2006) subjected caterpillars to the same rearing and
ablation procedures, but oVered them a choice between
Jerusalem cherry foliage and moist Wlter paper, the caterpil-
lars feed indiscriminately on both types of stimuli. More
work is needed to determine whether these contradictory
Wndings are due to diVerences in the type of control (i.e.,
reference) disk used in the choice test.

What is the neural basis for the induced preference?

Before discussing neural underpinnings of the induced
preference, it is necessary to highlight three caveats about
our experimental approach. First, we do not know the
actual concentrations of nutrients and allelochemicals in
host foliage (or cowpea leaves). As a result, any conclu-
sions about relative Wring rates elicited by the test chemi-
cals (e.g., glucose and host plant extract) must be
considered tentative. Second, we do not know which epoch
of the peripheral taste response (e.g., 0Ð200 or 200Ð800 ms
after stimulation) is most relevant to the induced preference.
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This is an important consideration given that the eVect of
diet treatment was not always consistent over time. Third,
the fact that changes in peripheral taste responsiveness
were correlated with changes in behavioral responsiveness
to the experimental disks provides only indirect support for
the chemosensory tuning hypothesis. Further studies are
needed to exclude the contribution of changes in central
gustatory processing to the induced preference.

Notwithstanding the caveats discussed above, we pro-
pose that the development of an induced preference is a
two-stage process. In stage 1, the taste cells become tuned
to chemical constituents of the host plant. In stage 2, the
caterpillar develops a preference for the ÒtunedÓ pattern of
gustatory input. Accordingly, the foliage-reared caterpillars
would have used this tuned pattern of input to identify the
experimental disks. Based on results presented herein
(Fig. 2) and elsewhere (del Campo et al. 2001; del Campo
and Miles 2003), it is likely that a key feature of the tuned
pattern of input for potato foliage is weak input from glu-
cose-sensitive taste cells and strong input from potato
extract-sensitive taste cells. Given that M. sexta can rapidly
discriminate among diVerent solanaceous host plants, and
that each species of host plant produces a distinct pattern of
peripheral gustatory input (Dethier and Crnjar 1982), it is
likely that each species of host plant would ÒtuneÓ the
peripheral taste system in a unique manner.

Impact of sensillar ablations on the initiation of feeding

We found that ablating the medial styloconic sensilla
blocked feeding initiation in foliage-reared caterpillars
more eVectively than did ablating the lateral styloconic
sensilla alone or the lateral plus medial styloconic sensilla.
Given that ablating the medial styloconic sensilla fails to
impact feeding initiation on the artiWcial diet in diet-reared
caterpillars (Glendinning et al. 1999), it would appear that
there is something particularly disruptive about ablating
the medial styloconic sensilla in foliage-reared caterpil-
lars. For instance, the loss of input from the medial stylo-
conic sensilla may render the ÒtunedÓ pattern of input
aversive.

Ecological relevance

Our results conWrm prior work showing that feeding experi-
ence with one host plant induces a strong preference for the
same host plant in M. sexta caterpillars (e.g., Yamamoto
and Fraenkel 1960; Schoonhoven 1967; Jermy et al. 1968;
Yamamoto 1974; StŠdler and Hanson 1978; de Boer 1993).
From an ecological standpoint, this induced preference
would be highly adaptive for M. sexta caterpillars. For
instance, if they became dislodged from their host plant
(e.g., by a predator; Walters et al. 2001) or were forced to

move to another host plant (e.g., under crowded conditions;
McFadden 1968), then the induced preference would cause
them to return to the same species of host plant. Despite
their relatively high tolerance to the toxic chemicals in sola-
naceous plants (Hansberry and MiddlekauV 1940; Maddrell
and Gardiner 1976; Murray et al. 1994; Gaertner et al.
1998), M. sexta caterpillars must undergo an extended
period of physiological adaption to speciWc solanaceous
allelochemicals. For instance, it takes approximately 36 h
for M. sexta caterpillars to induce suY cient levels of P450
detoxiWcation enzymes to feed with relative impunity on a
nicotine diet (Snyder et al. 1994; Snyder and Glendinning
1996). It follows, therefore, that if the caterpillars must
spend so much time and energy adapting to allelochemicals
in a particular solanaceous species (Appel and Martin
1992), then they would beneWt from a chemosensory
mechanism that causes them to avoid switching to alternate
plant species.
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