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Glandular secreting trichomes of cultivated tomato (Solanum lycopersicum) produce a wide array of volatile and nonvolatile
specialized metabolites. Many of these compounds contribute to the characteristic aroma of tomato foliage and constitute a key
part of the language by which plants communicate with other organisms in natural environments. Here, we describe a novel
recessive mutation called odorless-2 (od-2) that was identified on the basis of an altered leaf-aroma phenotype. od-2 plants
exhibit pleiotrophic phenotypes, including alterations in the morphology, density, and chemical composition of glandular
trichomes. Type VI glandular trichomes isolated from od-2 leaves accumulate only trace levels of monoterpenes, sesquiter-
penes, and flavonoids. Other foliar defensive compounds, including acyl sugars, glycoalkaloids, and jasmonate-regulated
proteinase inhibitors, are produced in od-2 leaves. Growth of od-2 plants under natural field conditions showed that the mutant
is highly susceptible to attack by an indigenous flea beetle, Epitrix cucumeris, and the Colorado potato beetle, Leptinotarsa
decemlineata. The increased susceptibility of od-2 plants to Colorado potato beetle larvae and to the solanaceous specialist
Manduca sexta was verified in no-choice bioassays. These findings indicate that Od-2 is essential for the synthesis of diverse
trichome-borne compounds and further suggest that these compounds influence host plant selection and herbivore community
composition under natural conditions.

The plant epidermal surface provides a formidable
protective barrier to invasion by pathogens and ar-
thropod herbivores. Hair-like protuberances, called
trichomes, are among the most conspicuous defense-
related structures on the aerial epidermis of leaves,
stems, and floral organs. Trichomes are typically clas-
sified morphologically as being either nonglandular or
glandular. Nonglandular trichomes physically impede
the movement of small arthropod herbivores on the
plant surface. Molecular and ecological studies indi-
cate that trichome density is both a highly adaptive
and a functionally important trait for resistance to
herbivory (Kennedy, 2003; Kivimaki et al., 2007). In-

depth knowledge of the molecular mechanisms that
control trichome development in Arabidopsis (Arabi-
dopsis thaliana), which produces unicellular nongland-
ular trichomes, has provided significant insight into
the genetic basis of variation in trichome habit
(Marks, 1997; Karkkainen and Agren, 2002; Yoshida
et al., 2009).

In contrast to our understanding of nonglandular
trichomes, much less is known about the develop-
ment and ecological function of glandular trichomes,
many of which are multicellular. These epidermal
structures synthesize a diverse array of specialized
(i.e. secondary) metabolites that exert toxic or repellent
effects on myriad phytophagous animals (Kennedy,
2003; Shepherd et al., 2005; Schilmiller et al., 2008).
Rupture of the cuticle upon insect contact releases
gland contents, which can rapidly oxidize to form a
sticky exudate that physically entraps small insects.
Among the major classes of compounds involved in
trichome-mediated resistance are terpenoids, alka-
loids, flavonoids, and defensive proteins (Shepherd
and Wagner, 2007; Schilmiller et al., 2008). Large-scale
sequencing of ESTs isolated from purified glands has
provided unprecedented insight into the biochemical
pathways that operate in glandular trichomes (Lange
et al., 2000; Aziz et al., 2005; Wang et al., 2008, 2009;
Xie et al., 2008; Schilmiller et al., 2009a; Dai et al., 2010).
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Many key biosynthetic genes in these pathways have
been identified and characterized (Iijima et al., 2004;
Falara et al., 2008; Slocombe et al., 2008; Ben-Israel
et al., 2009; Marks et al., 2009; Schilmiller et al.,
2009a).
Cultivated tomato (Solanum lycopersicum) and its

wild relatives produce several different types of
nonglandular and glandular trichomes on aerial tis-
sues (Luckwill, 1943; Kang et al., 2010). The chemical
composition of glandular trichomes varies signifi-
cantly within and between tomato species (Antonious,
2001; Schilmiller et al., 2008; Besser et al., 2009). Acyl
sugars secreted by Solanum pennellii type IV trichomes
provide effective resistance to a wide range of insects
(Goffreda et al., 1990; Rodriguez et al., 1993; Juvik
et al., 1994). Methyl ketone and sesquiterpene deriv-
atives produced in type VI glands of Solanum habro-
chaites also exert powerful toxic and repellent effects
on numerous insect pests (Williams et al., 1980; Maluf
et al., 2001; Antonious and Snyder, 2006). Recent
studies indicate that trichomes are also an important
component of induced anti-insect defenses that
are regulated by the plant hormone jasmonate (JA).
For example, the density of type VI trichomes on
tomato leaves is regulated by the JA pathway (Li
et al., 2004; Boughton et al., 2005; Peiffer et al., 2009).
JA also plays a role in controlling the accumulation of
defense-related terpenoids in type VI glands (Li et al.,
2004; van Schie et al., 2007). Recent studies provide
evidence that type VI trichomes accumulate JA
and may function as sensors for detecting insect
movement on the leaf surface (Peiffer et al., 2009).
These collective observations highlight the importance
of glandular trichomes in shaping plant-insect rela-
tions.
Our current understanding of the role of trichomes

in mediating S. lycopersicum interaction with arthro-
pod herbivores comes mainly from insect bioassays
performed under controlled laboratory conditions
(Kennedy, 2003; Li et al., 2004; Bleeker et al., 2009;
Peiffer et al., 2009; Kang et al., 2010). Much less is
known about the ecological relevance of trichomes
in tomato plants grown under more natural condi-
tions in the field. Here, we report the characteriza-
tion of a tomato mutant, odorless-2 (od-2), that was
identified on the basis of an altered leaf-aroma phe-
notype. This mutant exhibits defects in the develop-
ment and density of glandular trichomes. Detailed
chemical analysis of isolated type VI glands showed
that od-2 disrupts the production of diverse special-
ized metabolites, including volatile terpenes and
flavonoids. Consistent with important ecological
roles for these compounds in host plant selection
and defense, we show that od-2 plants are highly
susceptible to natural populations of insect herbi-
vores. Our results suggest that trichome-based chem-
ical defenses play a major role in the resistance of
cultivated tomato to opportunistic herbivores and
also influence herbivore community composition un-
der natural conditions.

RESULTS

Identification of a Tomato Mutant Affected in Leaf
Aroma and Terpene Production

During an Agrobacterium tumefaciens-mediated trans-
formation experiment to overexpress the hydroperoxide
lyase (HPL) gene in tomato, we regenerated a primary
(T0) line from tissue culture whose foliage lacked the
distinct tomato leaf odor. The altered aroma pheno-
type of this line, which we called od-2, was heritable in
the next (T1) generation. Genomic DNA-blot analysis
and retesting of T1 seedlings for kanamycin resis-
tance failed to provide evidence for transgenesis (see
“Materials and Methods”). These observations and
subsequent genetic analyses (see below) indicated that
the mutation responsible for the od-2 phenotype likely
occurred spontaneously or was generated as a result of
the tissue culture procedure, which is known to be
mutagenic (Phillips et al., 1994). In addition to the leaf-
aroma phenotype, the overall growth stature and leaf
size of od-2 plants were decreased in comparison with
the wild-type parental line. Comparison of 3-week-old
seedlings showed that od-2 leaf area and mass were
59% and 80%, respectively, of those of wild-type plants
(Supplemental Fig. S1).

To investigate the biochemical basis of the altered
aroma phenotype, we used a solid-phase microex-
traction (SPME) fiber and gas chromatography-mass
spectrometry (GC-MS) to analyze volatile com-
pounds emitted by wild-type and od-2 leaves. Under
the GC conditions used, six monoterpenes (a-pinene,
2-carene, a-phellandrene, a-terpinene, limonene, and
b-phellandrene; Fig. 1A) and lower levels of two
sesquiterpenes (b-caryophyllene and a-humulene;
data not shown) were identified in the head space
collected from unwounded wild-type leaves. These
compounds were not emitted from unwounded od-2
leaves (Fig. 1B). Mechanical wounding of the lamina
of wild-type leaves prior to head space sampling
resulted in a large increase (approximately 50-fold)
in terpene emission as well as the production of
the C6 green-leaf volatile cis-3-hexenal (Fig. 1C).
Wounded od-2 leaves emitted wild-type levels of cis-3-
hexenal but only trace amounts (less than 0.5% wild-
type levels) of monoterpenes and sesquiterpenes (Fig.
1D). These findings indicate that od-2 impairs the
production of volatile terpenes but does not affect
the HPL pathway leading to the production of cis-3-
hexenal.

od-2 Is a Single Recessive Mutation on Chromosome 11

The terpene deficiency of od-2 leaves provided a
robust phenotype with which to study the genetic
basis of the mutation. F1 hybrid plants obtained from a
cross between od-2 and its wild-type parent (S. lyco-
persicum ‘Castlemart’) showed normal terpene levels,
indicating that the mutation is recessive. Analysis of
an F2 population (186 plants) produced from self-
pollination of an Od-2/od-2 heterozygote showed that
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the proportion of terpene-producing (terp+) to ter-
pene-deficient (terp2) progeny was 140:46 (3.04:1).
This result is in good agreement with the ratio pre-
dicted for a single recessive mutation (x2 = 0.007; P =
0.933).

Genetic mapping of single-gene traits in S. lycoper-
sicum is typically performed with F2 populations
derived from crosses with S. pennellii or other suitable
wild species. Our initial attempt to map Od-2 using
such an F2 population was unsuccessful owing to the

lack of discrete terp+ and terp2 phenotypic classes
among the F2 progeny (Supplemental Fig. S2). This
phenomenon likely reflects large differences in the
density, terpene composition, and distribution of
trichome types between S. lycopersicum and S. pennel-
lii (Schilmiller et al., 2009a). Mapping with a back-
cross population (BC1) can circumvent this problem
because the genetic background of BC1 progeny is
predominantly that of the recurring S. lycopersicum
parent, thus favoring the appearance of discrete phe-
notypic traits (Li et al., 2003, 2005). We used S.
pennellii to generate an interspecific BC1 population
and then employed a quantitative GC-based “leaf-
dip” assay (Kang et al., 2010) to measure terpene
levels in single leaflets from 153 BC1 progeny. The
ratio of terp+ to terp2 plants in the population was
102:51. Although this value deviates from the expected
ratio of 1:1 (x2 = 17; P , 0.0001), segregation of unam-
biguous terp+ and terp2 phenotypes indicated that the
population was suitable for use in mapping experi-
ments. collection of PCR-based markers dispersed
among the 12 S. lycopersicum chromosomes (Frary
et al., 2005) was used to genotype 98 BC1 individuals,
including 63 terp2 and 35 terp+ progeny. The resulting
mapping data positioned Od-2 within a 6-centimorgan
interval between markers C2_At1g44790 and TG400 on
chromosome 11 (Fig. 2). No recombination events were
observed between the target locus and four linked
markers (C2_At1g65280, C2_At2g14260, C2_At5g13390,
and C2_At4g10050) located in this interval (Fig. 2).

od-2 Affects Trichome Development and Density

Light microscopy and scanning electron microscopy
(SEM) showed that the most conspicuous trichome-
related phenotype of od-2 leaves was the failure of type
I trichomes to taper toward the tip, resulting in the
appearance of swollen or rod-shaped structures (Fig.
3; Supplemental Fig. S3). Additional trichome-related
defects were observed, including trichome clustering
and a reduction in the size of type VI glandular heads

Figure 1. Volatile profiles of wild-type (WT) and od-2 leaves. A and B,
GC traces of volatiles released from detachedwild-type (A) and od-2 (B)
leaflets. C and D, GC traces of volatiles released from detached wild-
type (C) and od-2 (D) leaflets that were mechanically damaged prior to
collection of head space-containing volatiles with a SPME fiber. Num-
bers and letters correspond to the following compounds: C, CO2; 1,
hexanal; 2, cis-3-hexenal (coeluting with hexanal); 3, a-pinene; 4,
2-carene; 5,a-phellandrene; 6,a-terpinene; 7, limonene; 8,b-phellandrene.
Sesquiterpenes (b-caryophyllene and a-humulene) eluted at later
retention times (data not shown).

Figure 2. Genetic map of Od-2. Od-2 was mapped in a BC1 popula-
tion (98 plants) to a genetic interval between C2_At1g44790 and
TG400 on chromosome 11. Molecular markers are indicated above the
line. Numbers in parentheses indicate the number of recombination
events identified between that marker and the target gene. Numbers
under the line indicate genetic distances relative to the top (0 centi-
morgan) and bottom (100 centimorgan) of chromosome 11, according
to the Tomato-EXPEN 2000 map (http://solgenomics.net/).
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(Fig. 3; Supplemental Fig. S3). The diameter of wild-
type and od-2 type VI glands on the adaxial leaf surface
was 68 6 1 mm and 54 6 1 mm, respectively (mean 6
SE; n = 17–24 type VI glands on each of four leaflets;
unpaired t test, P , 0.001). The density of type VI
trichomes on od-2 leaves (621 6 187 cm22) was also
reduced in comparisonwith the wild-type (1,1126 180
cm22; n = 6 per genotype; unpaired t test, P, 0.001), as
was the density of type VI trichomes on od-2 stems
(Supplemental Fig. S3, G and H). SEM analysis
showed that epidermal pavement cells of od-2 leaves
are more raised and irregularly shaped than pavement
cells on wild-type leaves (Fig. 3, H and I).

Type VI Glandular Trichomes on the od-2 Mutant Do Not

Accumulate Terpenoid and Flavonoid Compounds

The reduced density and size of type VI glands on
od-2 leaves cannot account for the severe terpene
deficiency (less than 0.5% wild-type levels) of the
mutant (Fig. 1). Therefore, we measured the terpene
composition in isolated type VI glands. In one ap-
proach, a stretched-glass pipette was used to selectively
collect individual glands into a solution containing
methyl tert-butyl ether (MTBE) followed by GC-MS
analysis. From 200 type VI glands collected from wild-
type leaves, we identified four monoterpenes (a-pinene,
2-carene, a-phellandrene, and b-phellandrene) and
three sesquiterpenes (d-elemene, b-caryophyllene,
and a-humulene; Fig. 4A). These compounds were
not detected in extracts obtained from the same
number of od-2 leaf trichomes. Analysis of leaf
surface extracts obtained by brief immersion of
detached leaflets in MTBE yielded very similar re-
sults; terpene levels in od-2 leaves were less than
0.5% of those from wild-type leaves (Fig. 4B). We
also determined the terpene profile in type VI tri-
chomes by applying a SPME fiber directly to the
glandular head, followed by GC-MS analysis. This
procedure was sufficiently sensitive to detect mono-
terpenes in a single wild-type type VI gland (Sup-
plemental Fig. S4). Despite the high sensitivity of
this method, monoterpenes and sesquiterpenes were
not detected in od-2 trichomes. Cis-3-hexenal and
other C6 green-leaf volatiles were not detected in the
SPME-collected glands from either wild-type or od-2
leaves (Supplemental Fig. S4).

The amount of rutin (a flavonol glycoside) in type VI
glands collected from od-2 leaves was less than 1% of
that in the wild-type (Fig. 5A). We also found that od-2
trichomes contain only trace amounts or undetectable
levels of kaempferol-rhamnoside, quercetin-trisaccha-
ride, and 3-O-methylmyricetin (Fig. 5A). Analysis of
leaf surface extracts obtained by brief immersion of
detached leaflets in an isopropanol/acetonitrile sol-
vent system yielded similar results (Fig. 5B). Analysis
of these extracts also showed that od-2 leaves contain
normal levels of surface-extractable chlorogenic acid
and quinic acid (Fig. 5B). The amounts of a-tomatine,
dehydrotomatine, and acyl sugars in extracts from
od-2 leaves were comparable to or slightly less (60%–
77%) than those in extracts from wild-type leaves
(Supplemental Fig. S5). These results support the
hypothesis that od-2 affects metabolic pathways that
operate mainly in type VI glands.

The od-2 Mutant Is Susceptible to Diverse
Insect Herbivores

Wild-type and od-2 plants grown under natural field
conditions revealed striking differences in the nature
and prevalence of plant-herbivore interactions dur-
ing the growing season. Epitrix cucumeris (potato flea
beetle) was the most frequently observed insect on

Figure 3. Trichome morphology on leaves in wild-type (WT) and od-2
plants. A and B, Light microscopic images of the adaxial surface of
wild-type (A) and od-2 (B) leaves. C and D, Scanning electron micro-
graphs of the adaxial surface of wild-type (C) and od-2 (D) leaves. E to I,
Cryoscanning electron micrographs of the adaxial surface of wild-type
(E and H) and od-2 (F, G, and I) leaves. All images were taken from
plants at the seedling (approximately 3-week-old) stage. Type I, VI, and
VII trichomes are indicated by arrows and uppercase characters. I* in B
denotes abnormal rod-shaped type I trichomes.
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wild-type and mutant tomato plants (Supplemental
Fig. S6A). The number of flea beetles observed on od-2
was approximately 8-fold higher than that on the wild
type (Fig. 6A). As estimated from the number of
lesions produced by flea beetle feeding, it was also
apparent that these insects inflicted significantly more
damage to od-2 foliage (Fig. 6B). Increased levels of flea
beetle herbivory on the mutant were also observed in
a second field trial performed at a different location
(Supplemental Fig. S7).

Many field-grown od-2 plants were heavily infested
with Colorado potato beetle (CPB) larvae (Leptinotarsa
decemlineata; Supplemental Fig. S6B). Remarkably,
however, CPB larvae were not found on more than
90 wild-type (Od-2/Od-2) plants grown side by side
with od-2 plants (Fig. 6C). No-choice feeding bioassays
confirmed that od-2 is compromised in resistance to
CPB larvae, as determined both by increased damage
to od-2 foliage and an approximately 2.5-fold increase
in the average weight of larvae reared on the mutant
(Fig. 7; Supplemental Fig. S8). To determine whether
od-2 affects host resistance to lepidopteran herbivores,
wild-type and mutant plants were challenged with

Figure 4. Comparison of terpene levels in isolated type VI glands from
wild-type (WT) and od-2 leaves. A, The data show the amount of each
of the indicated monoterpene (left panel) and sesquiterpene (right
panel) compounds present in 200 type VI glands manually collected
(into MTBE) from the adaxial leaf surface of 3-week-old plants. B,
Measurement of the same compounds in leaf-dip extracts obtained by
briefly immersing detached leaflets in MTBE. Under the GC conditions
used, minor amounts of limonene coeluted with b-phellandrene. Each
data point represents the mean + SE of four biological replicates.
Asterisks denote significant differences between the wild type and od-2
(unpaired t test: * P ,0.05, ** P ,0.01, *** P , 0.001). nd, Not
detected.

Figure 5. Comparison of nonvolatile secondary metabolite levels in
type VI glands from wild-type (WT) and od-2 leaves. A, The data show
the amount of each of the indicated compounds present in 200 type VI
glands collected from the adaxial leaf surface of 3-week-old plants. B,
Measurement of the same compounds in leaf-dip extracts obtained by
briefly immersing detached leaflets in a solution containing isopropanol-
acetonitrile-water. Each data point represents the mean + SE of five
biological replicates. Asterisks represent significant differences between
wild-type and od-2 plants (unpaired t test: * P , 0.05, ** P , 0.01,
*** P , 0.001). nd, Not detected.
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newly hatched larvae of the solanaceous specialist
Manduca sexta. The results showed that M. sexta larvae
grown on od-2 plants were significantly heavier than
larvae reared on wild-type plants (Fig. 8).

od-2 Does Not Impair the Accumulation of
Wound-Inducible Proteinase Inhibitors

To test whether the increased performance of insect
herbivores on od-2 plants results from reduced expres-
sion of JA-regulated defensive proteins, we measured
the level of the wound-inducible Ser proteinase inhib-
itor (PI-II). In response to mechanical wounding, PI-II
levels in od-2 leaves were comparable to those in wild-
type leaves (Fig. 9A). PI-II levels in foliage of field-
grown od-2 plants were much higher than in the wild
type (Fig. 9B), which may reflect the increased level of
herbivory on the mutant. These findings indicate that
increased susceptibility of od-2 plants to herbivory is
not caused by reduced expression of foliar proteinase
inhibitors that are regulated by the JA pathway.

DISCUSSION

Volatile organic compounds are an integral part of
the language with which plants communicate with
other organisms (Pichersky and Gershenzon, 2002;
Unsicker et al., 2009; Dicke and Baldwin, 2010). Iden-
tification of genes involved in the synthesis, storage,
and emission of plant volatiles is an important goal of
research aimed at deciphering this ancient form of
communication. Here, we describe the characteri-
zation of a novel tomato mutant (od-2) that was identi-
fied on the basis of an altered leaf-aroma phenotype.

Chemical profiling experiments revealed that od-2
leaves are severely deficient in both constitutive and
damage-induced production of monoterpenoids and
sesquiterpenoids. These compounds, together with C6
aldehyde derivatives, contribute to the aroma of to-
mato leaves (Buttery et al., 1987; Cañoles et al., 2006).
The terpene-deficient phenotype of the mutant can be
attributed to a defect in the metabolic function of type
VI glandular trichomes, which are the major reservoir
for terpenoids in tomato leaves. od-2 also impairs the
production of the flavonoid compounds rutin, kaemp-
ferol- and quercetin-glycosides, and 3-O-methylmyr-
icetin. Rutin is reported to be the major polyphenolic
in type VI trichomes of cultivated tomato (Duffey and
Isman, 1981). Based on these results, we conclude that
Od-2 is required for the production of several chemical
classes of compounds in type VI glandular trichomes.

The terpene deficiency in od-2 leaves provided a
robust chemical phenotype with which to map Od-2.
Mapping with a BC1 population allowed us to posi-

Figure 6. Field-grown od-2 plants are susceptible to natural popula-
tions of insect herbivores. A, Mean6 SE number of flea beetles on wild-
type (WT) and od-2 plants. B, Mean 6 SE number of flea beetle feeding
sites (as measured by hole number) on each host genotype. Data in A
and B were determined for 20 replicate plants per genotype 9 d after
transplantation of seedlings to the field plot. C, Mean 6 SE number of
CPB on each host genotype. Beetles were counted on 18 replicate wild-
type and od-2 plants 40 d after plants were transplanted to the field plot.
Asterisks represent significant differences between the wild type and
od-2 (unpaired t test: * P , 0.05, *** P , 0.001).

Figure 7. Effect of od-2 on host resistance to CPB larvae. No-choice
bioassays were performed by placing newly hatched larvae on wild-
type and od-2mutant plants. A, Photograph of representative wild-type
(left) and od-2 (right) plants taken 5 d after initiation of the feeding trial.
B, CPB larvae recovered after 5 d of feeding on 12 replicate wild-type
(left dish) and od-2 (right dish) plants.
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tion Od-2 on chromosome 11 between markers
C2_At1g44790 and TG400. This location distinguishes
Od-2 from other previously described mutations af-
fecting tomato leaf odor, including the Od locus on
chromosome 3 (Mutschler et al., 1987) and the Spr-2
gene on chromosome 6, which encodes an v-3 fatty
acid desaturase (Li et al., 2003; Cañoles et al., 2006).
Systematic characterization of these and other odor-
related mutants promises to provide new insight into
the biochemical pathways and ecological function of
tomato leaf volatiles. Recent progress in sequencing
the genome of cultivated and wild species of tomato
(http://solgenomics.net) should facilitate these ef-
forts.

The effect of od-2 on the accumulation of multiple
classes of metabolites indicates that Od-2 is unlikely to
encode an enzyme in the biosynthetic pathway for
monoterpenes, sesquiterpenes, or flavonoids. A more

plausible explanation is that Od-2 plays a role in the
synthesis or transport of a primary metabolite, such as
a substrate or intermediate in glycolysis, which sup-
plies precursors for the synthesis of terpenoids and
flavonoids. Radiotracer studies performed with iso-
lated glands (McCaskill and Croteau, 1995) may be
useful to address this hypothesis. It is also possible
that Od-2 serves a regulatory function in coordinating
the synthesis of specialized metabolites in glandular
trichomes. A MYB-type transcription factor was
shown to control the expression of genes involved in
the production of benzenoid volatiles in petunia (Pe-
tunia hybrida; Verdonk et al., 2005). To our knowledge,
there is no precedent for the existence of transcription
factors that exert control over unrelated secondary
metabolic pathways, such as those for the biosynthesis
of terpenoids and flavonoids. Nevertheless, our results
provide genetic evidence that terpenoid and flavonoid
metabolism in type VI glands is coordinated.

In addition to defects in metabolism, od-2 plants
exhibit several developmental phenotypes, including
reduced size, altered leaf shape, and aberrant trichome
morphology. It is thus possible that Od-2 serves a
primary role in a developmental process, the pertur-
bation of which alters trichome- and defense-related
traits. Recent studies have revealed links between the
chemical composition and morphology of tomato tri-
chomes (Ben-Israel et al., 2009; Kang et al., 2010). It is
currently unclear whether the chemical deficiency in
od-2 is an indirect consequence of a primary defect in
a developmental process or whether a metabolic
block created by od-2 results in pleiotrophic effects
on growth and development. In support of the latter
hypothesis, mutations affecting phenylpropanoid me-
tabolism in Arabidopsis cause dwarfism, male steril-
ity, and other developmental defects (Schilmiller et al.,

Figure 8. Effect of od-2 on host resistance to M. sexta larvae. No-
choice bioassays were performed by placing first instar M. sexta larvae
on wild-type (WT) and od-2 mutant plants. A, Photograph taken 12 d
after initiation of the feeding trial. B, Mean 6 SE weight of M. sexta
larvae (n = 16) reared for 12 d on either wild-type or od-2 plants. Each
plant was challenged with two larvae. C, Results from an independent
bioassay in which threeM. sexta larvae were reared for 10 d on each of
eight wild-type and od-2 plants. Data show the mean 6 SE weight of
larvae (n = 24). Asterisks represent significant differences between
wild-type and od-2 plants (unpaired t test: ** P , 0.01).

Figure 9. od-2 plants are not defective in PI-II accumulation. A, Leaves
of 15-d-old wild-type (WT) and od-2 plants (five replicates per geno-
type) were mechanically wounded (W) with a hemostat, and PI-II levels
were measured 2 d after wounding. Control (C) plants were not
wounded. Data showmean6 SE PI-II levels in leaves from five replicate
plants of each genotype. B, Mean 6 SE PI-II levels in leaf tissue from
field-grown wild-type and od-2 plants. PI-II levels were measured 14 d
after transplantation of plants to the field site. Asterisks represent
significant differences between wild-type and od-2 plants (unpaired t
test: * P , 0.05).
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2009b). Likewise, mutations affecting flavonol compo-
sition influence multiple aspects of development, in-
cluding changes to the leaf epidermis (Ringli et al.,
2008).
Interestingly, the od-2-mediated metabolic defi-

ciency is accompanied by reduced density in type VI
trichomes on leaves and stems. This observation im-
plies the existence of a mechanism to coordinate the
density and metabolic output of type VI glands. To-
mato jai-1mutants that are defective in the JA receptor
also exhibit reduced trichome density and terpene-
deficient phenotypes (Li et al., 2004; Katsir et al., 2008).
A key role for JA in regulating trichome function is
supported by studies showing that exogenous JA and
wound-induced endogenous JA increase trichome
density as well as the terpene content of type VI
glands (Thaler et al., 2002; Ament et al., 2004; Boughton
et al., 2005; van Schie et al., 2007; Peiffer et al., 2009;
Yoshida et al., 2009). The hypersusceptibility of od-2
plants to insect attack also raised the possibility that
the mutant might be defective in the JA pathway,
which plays a central role in induced resistance of
tomato to a broad spectrum of arthropod herbivores
(Howe et al., 1996; Thaler, 1999; Li et al., 2002; Kant
et al., 2004; Howe and Jander, 2008). However, this
hypothesis is not supported by the ability of od-2
plants to accumulate the JA-regulated defensive pro-
tein PI-II in response to wounding. The od-2 mutant
may provide a useful tool to disentangle the anti-insect
role of trichomes from other aspects of JA-mediated
defense in tomato foliage.
We conducted field studies as an unbiased approach

to understand how od-2 affects the interaction of
tomato with other organisms. These experiments re-
vealed that od-2 plants are hypersusceptible to two
coleopteran pests, namely the potato flea beetle and
CPB. No-choice feeding assays confirmed that the
performance of CPB andM. sexta larvae is significantly
increased on od-2 plants in comparison with the wild
type. CPB is the major insect pest of potato (Solanum
tuberosum) and is responsible for significant economic
losses worldwide (Hare, 1990). CPB is not considered a
serious pest of tomato (Hare, 1990; Harding et al.,
2002), which is consistent with the results of our field
studies, in which CPB was observed on od-2 but not on
wild-type plants. The od-2 mutant may be useful for
future studies of CPB host specificity and the identi-
fication of compounds that confer resistance to this
important pest.
Our results suggest that the increased susceptibility

of od-2 to CPB and other insect herbivores results, at
least in part, from a metabolic defect in type VI
trichomes. Terpenes, which are produced at only trace
levels in od-2 leaves, are well known for their role in
mediating defenses that are directly toxic to insects as
well as indirect defenses that serve to attract predators
or parasitoids of the herbivore (De Moraes et al., 1998;
Thaler, 1999; Kessler and Baldwin, 2001; Rasmann
et al., 2005). The sesquiterpene zingiberene, which is
produced in type VI trichomes of S. habrochaites, has

been implicated as a factor for CPB resistance (Carter
et al., 1989a, 1989b; Antonious and Kochhar, 2003).
Zingiberene was not among the sesquiterpenes that
we identified in the wild-type parent (cv Castlemart)
of od-2. However, other sesquiterpenes in type VI
trichomes of cultivated tomato, including d-elemene,
b-caryophyllene, and a-humulene, may also serve
important roles in anti-insect defense (Eigenbrode
et al., 1994; Antonious and Snyder, 2006). Reduced
levels of rutin, 3-O-methylmyricetin, and conjugated
forms of quercetin and kaempferol may also contrib-
ute to the increased susceptibility of the mutant, as
these and related compounds exert growth-retarding
effects on insects (Duffey and Isman, 1981; Elliger
et al., 1981; Isman and Duffey, 1982; Koul, 2005). The
ability of od-2 leaves to accumulate other defense-
related metabolites, including chlorogenic acid, quinic
acid, acyl sugars, and the glycoalkaloids a-tomatine
and dehydrotomatine, indicates that these compounds
are not likely responsible for the altered patterns of
herbivory on the mutant.

Increased trichome density often correlates with the
increased resistance of tomato to arthropod herbivores
(Kennedy, 2003). The reduced density of type VI
trichomes on od-2 leaves may thus contribute to the
enhanced susceptibility of the mutant. Decreased
numbers of type VI trichomes may not only reduce
the total amount of insect toxins and repellents but
may also impair the plant’s ability to properly sense
and respond to insect movement on the leaf surface
(Peiffer et al., 2009). Regardless of the precise mecha-
nism involved, our results support the view that type
VI glandular trichomes constitute a major component
of cultivated tomato’s defense system against insect
attack. Further characterization of the Od-2 locus
should provide insight into the underlying mecha-
nisms of metabolic control in glandular trichomes and
may also have practical importance for breeding pro-
grams aimed at producing solanaceous crops with
broad-spectrum resistance to insect pests.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Tomato (Solanum lycopersicum ‘Castlemart’ [LA2400]) was used as the wild

type for all experiments. Seedlings were grown in Jiffy peat pots (Hummert

International) in a growth chamber maintained under 17 h of light (265 mE

m22 s21) at 27�C and 7 h of dark at 18�C and 60% humidity. Three- to 4-week-

old plants were sampled for the analyses of trichome morphology, secondary

metabolites, and for an herbivore feeding test. The od-2 mutant was identified

serendipitously during an Agrobacterium tumefaciens-mediated transformation

experiment. Tomato (cv Castlemart) cotyledon explants were infected with

Agrobacterium (strain AGLO) containing the binary vector (pBI121) in which

the LeHPL cDNA (Howe et al., 2000) was cloned behind the cauliflower

mosaic virus 35S promoter. Primary (T0) transformants were selected for

resistance to kanamycin and subsequently regenerated as described previ-

ously (Li andHowe, 2001). Leaves from one regenerated line (od-2) were noted

to lack the distinct tomato leaf aroma. Genomic DNA-blot analysis performed

with a 32P-labeled cDNA probe for HPL detected the endogenous HPL gene

but not additional transgenic copies of the cDNA (data not shown). Consistent

with this finding, germination and growth of od-2 seedlings (T1 generation) on

Murashige and Skoog medium containing kanamycin (100 mg mL21) showed
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that this line is fully sensitive to kanamycin. All experiments were performed

with an od-2 mutant line that was backcrossed two times to its parent (cv

Castlemart).

Genetic Analysis and Mapping of od-2

The od-2mutant (T1 generation) was crossed to its wild-type parent (cv

Castlemart [LA2400]), and the resulting F1 plant was self-pollinated to

generate a segregating F2 population. F2 plants in this population were

scored with a dissecting light microscope for the trichome morphology

phenotype. In addition, a single leaflet from each F2 plant was used to

prepare a leaf-dip extract for GC-based analysis of terpene levels. A

genetic mapping population was constructed by crossing a homozygous od-2

plant with the wild tomato species Solanum pennellii (LA0716). A single F1

plant from this cross was backcrossed to the od-2 parental line to generate a

BC1 mapping population. The terpene phenotype (terp+ or terp2) of 98 BC1

individuals was scored as described above. PCR-based anchor markers were

used for mapping as described previously (Frary et al., 2005). Primer

sequences used for mapping experiments, listed in Supplemental Table S1,

are available from the Tomato-EXPEN 2000 map at the Solanaceae Genomics

Network (http://www.solgenomics.net). Genomic DNA from parental lines

and the individual BC1 plants was used as a template for PCR assays

performed with a DNA Engine Dyad Thermal Cycler (Bio-Rad). Each 20-mL

reaction contained 20 to 50 ng of template DNA, 10 pmol of each forward and

reverse primer, and 10 mL of 23 Taq-Pro Red COMPLETE reaction mix

(Denville Scientific). The amplification protocol included an initial 5-min

denaturation step at 94�C, followed by 35 cycles in which the template was

denatured for 45 s at 94�C, annealed for 30 s at 52�C, and extended for 1 min at

72�C, followed by a final incubation for 10 min at 72�C. Amplified products

were separated on 2% to 3% agarose gels run at 4�C in 13 Tris-acetate-EDTA

buffer at 100 V.

Analysis of Trichome Density and Morphology

A dissecting microscope (Leica MZ16) equipped with KL 2500 LCD light

sources (Schott) and a Leica DFC 290 camera was used to document trichome

morphology, size, and density. SEM and cryoSEM were performed as de-

scribed previously (Kang et al., 2010). All measurements were performed on

wild-type and od-2 plants grown side by side under the same growth con-

ditions.

Volatile Analysis

For leaf volatile analysis, compounds in the head space were collected on

a SPME fiber (65-mm PDMS-DVB; Supelco) following the procedure de-

scribed by Song et al. (1997). One leaflet (approximately 40 mg) from each

experimental unit was placed in a 25-mL glass vial and left intact or crushed

five times with a rod (1 cm diameter) wrapped with Teflon. Vials were

sealed with a cap housing a valved septum (Mininert; Supelco). A SPME

fiber was held in the vial for 3 min to allow the absorption of volatile

compounds. To analyze volatiles from glandular heads of type VI trichomes,

we applied a SPME fiber directly to glandular heads for 10 s or less. Direct

contact between the fiber and the glands ruptured the cuticle and allowed

the released compounds to be absorbed by the SPME fiber. We desorbed the

volatiles from the fiber coating by inserting the SPME fiber through a

septumless injection port (Merlin Microseal; Supelco) and into a glass-lined

injector port (200�C) of a GC instrument (HP-6890; Hewlett-Packard)

interfaced to a time-of-flight mass spectrometer (Pegasus II; Leco). We

separated volatiles using a capillary column (HP-5; 5 m 3 0.1 mm i.d., 0.34-

mm coating thickness) under conditions for GC separation and time-of-

flight-MS analysis as described previously (Song et al., 1997), except that the

GC was run in the split injection mode (split ratio = 2:1). Identification of

volatile components was confirmed by comparison of collected mass spectra

with those of authenticated chemicals and reference spectra in a mass

spectrum library (NIST MS Search 1.5; National Institute for Standard

Technology). Quantification of volatile compounds was performed by

comparison with known concentrations of authenticated and high-purity

compounds in an external standard mixture as described previously (Song

et al., 1997). Standard mixtures were prepared with equal volumes of

1-hexanol, cis-3-hexen-1-ol, hexanal, cis-3-hexenal, trans-2-hexenal, a-pinene,

2-carene, a-phellandrene, a-terpinene, limonene, b-caryophyllene, and

a-humulene. A 0.5-mL sample of the standard mixture was applied to a

small paper filter disc at the bottom of a gas-tight 4.4-L glass volumetric

flask, which was fitted with a tapered ground glass stopper and a gas-tight

Mininert valve. The flask was sealed, and the liquid material was allowed to

vaporize. Limonene was used as a standard to determine a response factor

for monoterpenes. For trichome volatile analysis, a 0.1-mL sample of the

standard mixture was applied directly to a SPME fiber, and GC was

performed with a split ratio of 200:1. Quantification of terpene levels in

leaf-dip extracts and isolated type VI glands (collected with a stretched

Pasteur pipette) was performed as described previously (Kang et al., 2010).

Analysis of Flavonoid and Other
Nonvolatile Compounds

Leaves from 4-week-old plants were used to prepare leaf-dip or type VI

trichome exudates as described previously (Kang et al., 2010). Briefly, single

leaflets were incubated in 1 mL of isopropanol:acetonitrile:water (3:3:2) for 5

min with gentle shaking. Alternatively, type VI glandular heads collected with

a Pasteur pipette were dissolved in 100 mL of isopropanol:acetonitrile:water

(3:3:2). We analyzed the resulting extracts (10 mL) by liquid chromatography-

MS with aWaters LCT Premier mass spectrometer coupled to a Shimadzu LC-

20ADHPLC ternary pump and SIL-5000 autosampler as described previously

(Kang et al., 2010). Quantification of flavonoids, tomatines, and acyl sugars

was performed as described by Kang et al. (2010).

Plant Interactions with Insect Herbivores

Field experiments were performed in the summer of 2007 and 2008 at two

field sites in East Lansing, Michigan. Four- to 5-week-old plants grown in the

greenhouse were transferred to a field plot on the Department of Plant

Pathology Research Farm, Michigan State University, or at a second site

located on the main Michigan State University campus. Wild-type and od-2

plants were grown in alternating rows, with 100-cm spacing between plants

within and between rows. Plants were watered manually every other day for

1 week, after which they were allowed to grow under natural conditions.

Plants were monitored twice a week for the presence of naturally occurring

herbivores as well as for feeding damage caused by insect herbivores.

No-choice feeding bioassays were performed with 4-week-old wild-type

and od-2 plants maintained in a growth chamber as described above. Tobacco

hornworm (Manduca sexta) eggs and artificial diet were obtained from the

Department of Entomology, North Carolina State University in Raleigh. Eggs

were hatched at 26�C, as recommended by the supplier. Hatched larvae were

reared on artificial diet for 4 d before transfer to tomato plants. CPB

(Leptinotarsa decemlineata) eggs were obtained from the Phillip Alampi Ben-

eficial Insect Laboratory of the New Jersey Department of Agriculture. Eggs

were incubated at 26�C, and hatched neonate larvae were directly transferred

to 4-week-old tomato plants.

Proteinase Inhibitor Assays

PI-II levels in tomato leaves were determined by a radial immunodiffusion

assay as described previously (Li et al., 2003). A hemostat was used to make

crushing-type wounds on all leaflets of the lower (oldest) leaf of 15-d-old

tomato plants that contained two expanded leaves and a third emerging leaf.

Wounded plants were incubated for 2 d under standard growth conditions,

after which the wounded leaf was harvested for determination of PI-II protein

levels. Leaflets from the youngest leaf of plants grown under natural condi-

tions for at least 2 weeks were used to measure PI-II levels in field-grown

plants.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Phenotypic appearance of 3-week-old wild-type

and od-2 plants.

Supplemental Figure S2. b-Phellandrene levels in F2 plants from an

interspecific mapping population derived from a cross between S.

lycopersicum (od-2/od-2) and S. pennellii (Od-2/Od-2).

Supplemental Figure S3. Trichome morphology on leaves and stems in

wild-type and od-2 plants.
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Supplemental Figure S4.Volatile compounds in type VI glands fromwild-

type and od-2 leaves.

Supplemental Figure S5. Tomatine and acyl sugar levels in wild-type and

od-2 leaves.

Supplemental Figure S6. Insect herbivores observed on field-grown od-2

tomato plants.

Supplemental Figure S7.Herbivory on wild-type and od-2 plants grown at

a second field site in East Lansing, Michigan.

Supplemental Figure S8. Performance of CPB larvae on wild-type and

od-2 plants.

Supplemental Table S1. Description of PCR-based anchor markers.
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