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Abstract Previously it has been shown that theXoral
scent of snapdragonXowers consists of a relatively sim-
ple mixture of volatile organic compounds (VOCs).
These compounds are thought to be involved in the
attraction of pollinators; however, little is known about
their eMect on other organisms, such as neighboring
plants. Here, we report that VOCs from snapdragon

Electronic supplementary material The online version of this
article (doi: 10.1007/s00425-006-0464-6ontains supplementary
material, which is available to authorized users.

J.-i. Horiuchi - D. V. Badri - J. M. Vivanco
Department of Horticulture and Landscape Architecture,
Colorado State University, Fort Collins, CO 80523, USA

J.-i. Horiuchi - D. V. Badri - M. W. Paschke -

J. M. Vivanco (& )

Center for Rhizosphere Biology, Colorado State University,
217 Shepardson Building, Fort Collins, CO 80523, USA
e-mail: j.vivanco@colostate.edu

B. A. Kimball

United States Department of Agriculture,
USDA WS National Wildlife Research Center,
Fort Collins, CO 80521, USA

F. Negre - N. Dudareva
Department of Horticulture and Landscape Architecture,
Purdue University, West Lafayette, IN 47907, USA

M. W. Paschke

Department of Forest Rangeland and Watershed
Stewardship, Colorado State University,

Fort Collins, CO 80523, USA

Present Address:

F. Negre

Department of Plant Sciences,

University of California, Davis, CA 95616, USA

Xowers inhibit Arabidopsis root growth. Out of the three
major snapdragon Xoral volatiles, myrcene, (E)- -ocim-
ene, and methyl benzoate (MB), MB was found to be
primarily responsible for the inhibition of root growth.
Ten micromoles MB reduced root length by 72.6%. We
employed a microarray approach to identify the MB tar-
get genes inArabidopsis that were responsible for the
root growth inhibition phenotype in response to MB.
These analyses showed that MB treatment %ected
1.33% of global gene expression, including cytokinin,
auxin and other plant-hormone-related genes, and genes
related to seed germination processes inArabidopsis.
Accordingly, the root growth of cytokinin ( crel) and
auxin (axrl) response mutants was less\&ected than
that of the wild type by the volatile compound: roots of
the treated mutants were reduced by 45.1 and 56.2%,
respectively, relative to untreated control mutants.

Keywords Snapdragon - Floral volatiles -
Allelopathy - Root growth - Methyl benzoate

Introduction

Plant chemicals known as volatile organic compounds
(VOCs) mediate intra-organismal communication,
including interactions between plants and insects, and
plants and microbes. In some species, leaf VOCs attract
enemies of leaf-feeding insects, thereby acting as an
indirect plant defense response against insect herbivory
(Pare and Tumlinson 1999 Dicke and Van Loon 200Q
Horiuchi et al. 200J). It has been recently reported
that the VOC (E)- -caryophyllene, released from the
roots of maize in response to feeding by larvae of the
beetle Diabrotica virgifera virgifera, attracts an
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entomopathogenic nematode Heterorhabditis megidis
(Rasmann et al. 2005). Plant VOCs can also have anti-
microbial activity that inhibits the spread of plant
pathogens (Cardoza et al. 2003; Huang et al. 2003; Hol-
opainen 2004). Volatiles emitted by some plants are
also involved in plant-plant communication. Volatiles
such as methyl jasmonate, terpenoids, green leaf vola-
tiles, and methyl salicylate are emitted from damaged
or attacked leaves and serve as a signal to induce
defenses in neighboring plants, thus facilitating positive
plant-plant communication (Arimura etal. 2000a;
Dicke and Bruin 2001; Engelberth et al. 2004; Shulaev
etal. 1997). Furthermore, isoprene emitted from the
foliage of many woody species (Sharkey and Yeh 2001)
is thought to increase photosynthesis rates, allowing
neighboring plants to tolerate high temperatures by sta-
bilizing thylakoid membranes (Sharkey et al. 2001).

Floral volatiles are well-characterized attractants of
pollinators (Henderson 1986; Raguso and Pichersky
1995; Jones et al. 1998; Reinhard et al. 2004), but much
less is known about the inter-organismal interactions
mediated by these volatiles. Some floral volatiles have
recently been reported to have anti-microbial or anti-
herbivore activity, serving to protect the reproductive
organs and their valuable germ line cells against poten-
tial foes (Chen et al. 2003; Friedman et al. 2002; Ham-
mer etal. 2003). However, nothing is known about
whether floral volatiles have a negative effect on neigh-
boring plants, or what the mechanism of such an effect
might be at the physiological and molecular levels.

To determine whether floral scents or individual
floral volatiles have allelopathic activity, we chose
snapdragon, Antirrhinum majus L., as a model system,
since its floral scent was already well characterized
(Dudareva etal. 2000, 2003; Kolosova etal. 2001;
Negre etal. 2003). Here we report that snapdragon
floral volatiles affect the root growth of Arabidopsis
thaliana, and we show that methyl benzoate (MB) is
the primary volatile compound responsible for this
allelopathic effect; we further discuss the volatile’s
effect on plants at the molecular transcription level
using microarray analysis. Our results indicate that
neighboring plants can sense and in this case negatively
respond to the effect of flower volatiles.

Materials and methods
Materials and volatile exposure studies
Garden snapdragon seeds (Antirrhinum majus) were

purchased from Ball Seed (West Chicago, IL, USA).
Snapdragon plants were grown from seed in mixed soil

@ Springer

[50% peat moss (Canadian Sphagnum) and 50% per-
lite (Persolite)] in a climate-controlled greenhouse
(24°C). MB (99%) and myrcene (>95%) were pur-
chased from Sigma/Aldrich (St. Louis, MO, USA), and
(E)-B-ocimene (90%) was purchased from International
Flavors Fragrances (New York, NY, USA). Arabidop-
sis thaliana (Col-0) and mutant seeds (auxin response
mutant: CS3075, ethylene: CS237 and CS8058, gibber-
ellin: CS63, jasmonic acid: CS8072, brassinosteroid:
CS291, cytokinin: SALK048970) were purchased from
the Lehle Seeds Co. (Round Rock, TX, USA) and
TAIR (Stanford, CA, USA). Before planting, seeds
were soaked in water for 3 days at 4°C, sterilized in
sodium hypochlorite solution (Sigma), and washed
three times with sterile distilled water. Ten seeds of
Arabidopsis or snapdragon were germinated on solid
Murashige-Skoog (MS) medium (Murashige and
Skoog 1962) with 1.5% agar in each of two sections of a
four-section divided plastic dish (VWR, see Supple-
mental Fig. 1). Two 3- to 5-day-old snapdragon flowers
or four mature leaves were collected, and were placed
in the other two sections. To apply pure compound
treatments, volatile organic compounds were diluted in
methanol and 5 pl of each compound was added to a
cotton ball in the other two sections instead of the flow-
ers or leaves. As a control, methanol without pure
compounds was added to a cotton ball in the other two
sections. The dishes were then sealed with parafilm and
transferred to a climate-controlled chamber (20°C, 16/8 h
light/dark cycle). After 6 days, roots were straightened
to their full length, and root and hypocotyl lengths
were measured with a ruler. These experiments were
repeated three times.

Root and hypocotyl growth in soil

Arabidopsis seeds (Col-0) were soaked in water for
3 days at 4°C. Then ten seeds were dropped on peat
pellets (Jiffy products, Canada). Five peat pellets were
kept in a lidded glass container, in combination with
four to six snapdragon flowers without leaves in a flask
(250 ml) of distilled water (see supplemental Fig. 2).
Flowers were changed after 1 week. After 2 weeks of
exposure to volatiles, Arabidopsis seedlings were gen-
tly removed with water from the peat pellet and root
and hypocotyl lengths were measured. These experi-
ments were repeated three times.

VOC analysis
Collection of volatiles from detached flowers and

leaves was performed in a growth chamber under con-
ditions of 21°C, 50% relative humidity, 150 pmol/m?/s
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