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Abstract The activation of the phenylpropanoid path-
way in plants by environmental stimuli is one of the
most universal biochemical stress responses known. In-
duction of enzymes such as phenylalanine ammonia-
lyase and peroxidase and the accumulation of such
phenolics as lignin can occur in response to insect and
pathogen attack, exposure to oxidizing pollutants, and
mechanical stimulation, and are thought to function in
the resistance of plants to damage by these stresses. I
investigated whether induction of components of this
generalized stress response by wind-induced mechanical
stimulation could in¯uence the resistance to pests of
common bean. In greenhouse studies, exposure of 7- to
10-day-old bean seedlings to daily periods of fan-pro-
duced wind led to increased activities of peroxidase and
cinnamyl alcohol-dehydrogenase and enhanced the ac-
cumulation of lignin in primary leaves of these plants.
Egg production and population growth of two-spotted
spider mites were reduced when o�ered leaves of me-
chanically-stimulated plants in leaf-disk and whole-plant
bioassays. Infection by anthracnose after inoculation in
a detached-leaf bioassay was also reduced in leaves of
mechanically-stimulated plants. The consistent positive
association between the enhanced activity of the lignin
branch of the phenylpropanoid pathway and enhanced
resistance to pests found in leaves of mechanically-
stimulated plants illustrates one way in which exposure
of plants to environmental stimuli that activate a gen-
eralized stress response (e.g., wind) can in¯uence the
interactions of those plants with other environmental
stimuli (e.g., pests).
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Introduction

Plants must respond to a diverse, interacting array of
environmental stimuli throughout their lifetime. A few
generalized biochemical responses have been identi®ed
that are induced by many distinct stimuli and appear to
play a broadly protective role against potentially dam-
aging ones. For example, the activation of genes en-
coding enzymes in the phenylpropanoid pathway (e.g.,
phenylalanine ammonia-lyase and peroxidase) and the
accumulation of its products (e.g., lignin) occurs in
many plants in response to such diverse environmental
stimuli as light, pathogen attack, exposure to oxidizing
pollutants (e.g., ozone), and non-injurious mechanical
stimuli (e.g., touch, rubbing, or shaking such as that
provided by wind) (Hrazdina and Parsons 1982; Hahl-
brook and Scheel 1989; Lorenzini et al. 1994; Sharma
et al. 1996; DeJaegher et al. 1985) making it one of the
most widespread biochemical stress responses known.
Mounting evidence in the literature suggests that the
generality of some stress responses like this may be due,
in part, to the activation of a limited number of shared
metabolic pathways in plants, such as those that gener-
ate an oxidative burst, that are used to signal many
distinct forms of stress (Sharma et al. 1996). Such gen-
eral responses can be contrasted against the speci®c
induction of stress metabolites (e.g., phytoalexins) that
may require elicitation by speci®c biochemicals (e.g., cell
wall fragments) or gene products from a particular
abiotic or biotic stressing agent that cue the presence of
a speci®c attacker (Jacobek and Lindgren 1993).

Because such general biochemical responses as en-
hanced ligni®cation are inducible by a wide array of
environmental stimuli, exposure of a plant to one stim-
ulus may in¯uence its subsequent response to others,
producing a wide range of ecological consequences. For
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example, enhanced peroxidase activity in broad bean
and pea induced by rust infection was associated with an
enhanced resistance to subsequent injury by ozone,
sulphur dioxide, and paraquat (Lorenzini et al. 1994).
Likewise, enhanced peroxidase activity and lignin ac-
cumulation in broad bean induced by red light increased
the resistance of plants to mechanical bending (Casal
et al. 1994). Examples of enhanced resistance to patho-
gens induced by pre-exposure of a plant to the same
or other pathogens abound in the literature and often
involve enhanced peroxidase activity and/or lignin
accumulation (e.g., Hammerschmidt et al. 1982).

Results of studies on the consequences of abiotic
stress on plant resistance to pests have been equivocal.
Exposure of plants to such stresses as ozone has led in
some cases to enhanced resistance to disease-causing
bacteria (Sharma et al. 1996) and fungi (Coleman et al.
1992). However, in other cases, exposure to ozone has
led to decreased resistance to leaf-feeding beetles (En-
dress and Post 1985) and larval Lepidoptera (Endress
et al. 1991) and no e�ect on a variety of other plant pests
(Coleman et al. 1992). The e�ects of abiotic stress on
plant resistance to pests can vary greatly depending on
such factors as the e�ect of the stress on plant mor-
phology and physiology and the integrated response of
the pests in question to any physiological or biochemical
changes brought about in the plant by exposure to the
stress.

Lignin is a large phenolic polymer that is the end-
product of one branch of the phenylpropanoid pathway
(Hahlbrook and Scheel 1989). Lignin imparts rigidity to
plant cell walls and is characteristic of secondarily-
thickened tissues of all vascular plants. Because lignin is
resistant to microbial penetration and degradation and
may deter feeding by herbivores by increasing leaf
toughness and reducing digestibility, it can serve as
an important defense mechanism in many plants (e.g.,
Moerschbacher et al. 1990). Two of the enzymes re-
sponsible for production of lignin are cinnamyl alcohol-
dehydrogenase (CAD) and peroxidase (POD). CAD is a
lignin-speci®c enzyme that catalyzes the production of
cinnamyl alcohol subunits that form the three-dimen-
sional structure of lignin (Walter et al. 1988). POD is a
multi-functional enzyme that serves a variety of defense-
related functions in plants which may include catalyzing
the oxidative polymerization of the cinnamyl alcohol
subunits into the lignin polymer and producing hydro-
gen peroxide or other phenoxy radicals that may be
toxic to pathogens or interfere with herbivore digestion
(Felton et al. 1989; Appel 1993; Dowd 1994). The en-
hanced activity of these enzymes and the accumulation
of lignin appear to function as disease and/or herbivore
resistance factors in plants as diverse as cucumber, bean,
wheat and spruce (Hammerschmidt et al. 1982; Walter
et al. 1988; Moerschbacher et al. 1990; Lange et al.
1995).

I investigated the possibility that exposing plants to
non-injurious wind-induced mechanical stimulation
could in¯uence their subsequent resistance to pests and

that the activation of the lignin branch of the phenyl-
propanoid pathway could provide a mechanistic basis
for enhanced resistance. In greenhouse studies, I inves-
tigated whether fan-produced wind led to the increased
activity of POD and CAD and enhanced the accumu-
lation of lignin in leaves of the common bean Phaseolus
vulgaris L. In turn, I investigated whether leaves from
mechanically stimulated plants exhibited a greater
degree of resistance to an arthropod herbivore (two-
spotted spider mite, Tetranychus urticae Koch) and
a fungal pathogen [bean anthracnose, Colletotrichum
lindemuthianum (Sacc. and Magn.) Bri. and Cav.], than
did leaves from unstressed plants. This is the ®rst study
to my knowledge to demonstrate enhanced plant resis-
tance to pests induced by wind-induced mechanical
stimulation.

Materials and methods

Study species

I used a bush variety of common bean (cv. OSU 4091-G) as a
model system in this study. Along with wild cucumber, Bryonia
dioica (DeJaegher et al. 1985), common bean is one of the ®rst and
only plants in which responses to mechanical stimulation (MS)
have been characterized in a high degree of morphological and
physiological detail (e.g., Ja�e et al. 1984, 1985). Many of the
biochemical traits measured in this study have been identi®ed and
characterized as important plant defense responses using bean (e.g.,
Jacobek and Lindgren 1993). Also, bean is subject to attack by
many generalist pest species in the ®eld including those used in this
study. Therefore, because most plants studied thus far (both wild
and cultivated species) exhibit morphological and/or physiological
responses to MS (Ja�e and Forbes 1993), and all vascular plants
contain the lignin pathway (the pathway of interest in this work),
the information derived from the use of bean as a model system in
the study of MS and pest resistance should be su�ciently general
with which to make ecological arguments.

Plant growth

Plants were grown in 0.5-l pots from seed in vermiculite under
natural light conditions in a greenhouse. Greenhouse temperatures
ranged from 25 to 30°C. Seedlings were fertilized with full-strength
Peter's 20±20±20 N-P-K soluble fertilizer every 5 days throughout
the duration of each experiment (which ranged from 7 to 28 days)
and watered to maintain soil moisture levels near ®eld capacity.
Prior to the start of the treatments, plants were selected for uni-
formity in size and allocated randomly between treatments.
Treatments started when seedlings ®rst emerged from the soil and
the primary leaves had just begun to expand.

Wind treatment

MS was administered by shaking plants with fan-produced wind
for the duration of each experiment described below. Eight 50-cm
box fans were placed along the edge of the greenhouse benches and
blew laterally across the seedlings. Wind treatment produced con-
siderable stem and leaf shaking (seismic stress) and generally de-
¯ected stems to an angle of ~30°C from vertical. MS consisted of
two 1-h periods of wind per day (at 0700 hours and 1600 hours) at
a speed of 3 m s)1. Wind speed was measured with a hand-held
windspeed indicator (Davis Instruments, Hayward, Calif). This
particular wind speed was chosen arbitrarily, although other
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studies of plant responses to wind have considered wind speeds in
this range to be ``low'' (Retuerto et al. 1996) or near the yearly
average in some environments (Coutts and Grace 1995). Plants
were randomly moved daily within each treatment (and among
fans). Unstressed control plants were grown in a similar random-
ized fashion in the same greenhouse but were left unperturbed by
wind (i.e., wind movement was not detectable over the benches on
which they were placed). Plants from both treatments used in all
experiments were at the same developmental stage. The 7- to 10-
day-old plants used in this study had two fully-expanded primary
leaves with the bud of the ®rst (true) trifoliate leaf just beginning to
unfurl.

POD activity and lignin content

A 7-day study was done initially to assess the e�ect of mechanical
stimulation on soluble POD activity and lignin accumulation.
Primary leaves were collected from ten 7-day-old MS and ten 7-
day-old control plants, ¯ash frozen in liquid nitrogen and stored at
)20°C until analysis. Leaves were ground in ice-cold 100 mmol l)1

sodium phosphate bu�er pH 7.0 using a chilled mortar and pestle
in a bu�er to tissue ratio of 5 ml g)1 FW. Homogenates were
centrifuged at 4500 g for 18 min at 4°C and the cleared supernatant
used as the enzyme source. Soluble POD activity was analyzed by
following the formation of tetraguaiacol in a spectrophotometer
(modi®ed from Hammerschmidt et al. 1982). The reaction mixture
(1 ml) consisted of 10 ll extract and 990 ll guaiacol solution
containing 0.25% guaiacol (v/v) in 10 mmol l)1 sodium phosphate
bu�er pH 6.0 and 1.25% H2O2 (v/v). POD activity in the extracts
was measured as an increase in absorbance at 470 nm min)1 mg)1

protein. The reaction was linear with time and followed for 1 min.
Protein content of the extracts was determined after Bradford
(1976) using the BioRad dye reagent with bovine serum albumin as
the standard. Soluble protein contents varied slightly, but did not
di�er signi®cantly between MS and control plants in this or
subsequent experiments.

Lignin content of the cell walls from primary leaves of 7-day-
old plants was analyzed by dissolving alcohol insoluble cell wall
residues in acetyl bromide followed by lignin absorbance mea-
surements at 280 nm (modi®ed from Morrison 1972; Lagrimini
1991). The cell wall pellets remaining after centrifugation of leaf
homogenates were extracted exhaustively in a sequence of pure
methanol, ethyl acetate, and water. The residue was collected on
®lter paper, dried at 40°C overnight and weighed. For each sample,
25 mg of powdered residue were placed into a ¯ask and dissolved in
10 ml of 25% (v/v) acetyl bromide in glacial acetic acid at 70°C for
30 min. After cooling for 30 min, samples were diluted with 10 ml
2M NaOH and 10 ml glacial acetic acid and the absorbance at
280 nm was read immediately. Lignin content was measured as
percent alcohol insoluble cell wall dry weight. A standard curve was
generated using a lignin preparation isolated from bean leaves by
the acid-detergent lignin method (Van Soest 1963).

Time course of POD and CAD activity

To assess the e�ect of mechanical stress on soluble POD activity
and soluble CAD activity in more detail, a separate time course
study was undertaken. Primary leaves were collected, frozen and
stored as above from six MS and six control plants each day
starting on day 7 of treatment and continuing through day 10 (only
three plants from each treatment could be used for day 7). Soluble
POD activity was analyzed in cleared leaf homogenates as in ex-
periment 1 with the following modi®cations. Leaves were homog-
enized in 100 mmol l)1 sodium phosphate bu�er pH 7.0 containing
0.01% b-mercaptoethanol in a bu�er to tissue ratio of 5 ml g)1

FW. Homogenates were centrifuged at 11600 g for 15 min at 4°C
and the cleared supernatant used immediately as the enzyme
source. The reaction mixture (1 ml) contained 50 ll extract and
950 ll guaiacol solution. Because protein contents in the extracts

did not di�er between MS and control plants, POD activity was
measured as an increase in absorbance at 470 nm min)1 g fresh
weight)1.

Soluble CAD activity was determined in the extracts by
following the oxidation of coniferyl alcohol (modi®ed from
Wyrambik and Grisebach 1975). The reaction mixture (1 ml)
contained 200 ll extract, 200 ll 5.6 mmol l)1 coniferyl alcohol in
ethanol, 200 ll 0.13 lmol l)1 NADP+, and 400 ll 100 mmol l)1

TRIS-HCl pH 9.3. Blanks contained the same mixture minus
coniferyl alcohol. CAD activity was measured as an increase in
absorbance at 400 nm min)1 g)1 FW. The reaction was linear with
time and followed for 10 min.

Leaf disk bioassay of mite resistance

To assess the quality of leaves from MS plants to an arthropod
herbivore, two-spotted spider mite egg production was quanti®ed
in a leaf disk bioassay (Harman et al. 1996). Mites were maintained
on Henderson Bush Lima beans grown in a growth chamber with a
16 h:8 h light/dark period at 22°C prior to use. Leaf disks were cut
from primary leaves of ten 7-day-old MS and ten 7-day-old control
plants and placed individually on one end of a 3 cm ´ 4 cm clear
plexiglas tube with the abaxial surface of the leaf facing inside. The
tubes contained a 0.5-cm-diameter mesh-covered hole for ventila-
tion. One mated adult female mite was placed on the leaf in each
tube and the tubes were sealed at both ends with para®lm. The
bioassay chambers were placed leaf end up in a growth chamber
with a 16 h:8 h light/dark period at 22°C and the mites allowed to
feed. Egg production was quanti®ed after 48 h and measured as
eggs d)1 g)1 FW of leaf disk. In this bioassay, where mites are given
access to a limited amount of leaf area, the use of leaf disks of the
same area and the expression of eggs g)1 FW of leaf disk removes
the possible e�ect of leaf quantity and isolates the e�ect of leaf
quality.

Whole-plant bioassay of mite resistance

To further assess the quality of leaves of MS plants to an arthropod
herbivore, two-spotted spider mite population growth was quan-
ti®ed using a whole-plant bioassay (modi®ed from Brody and
Karban 1992). Five adult female mites were placed on the primary
leaves of each of ten 10-day-old MS and ten 10-day-old control
plants spaced widely and randomly on the greenhouse benches, at
which time mechanical stress was discontinued. Mites were allowed
to feed and reproduce for 21 days (~2 generations) and the number
of mites present on all leaves and stems of each plant was quanti®ed
with the aid of a dissecting microscope. No interplant migration by
the initial females was observed. Approximately 75% of the mites
counted were recovered from the primary leaves on which the
initial females were placed, while ~25% were recovered from the
®rst trifoliate leaf that subsequently developed on each plant.
Plants from both treatments at harvest were at the same develop-
mental stage, although MS plants exhibited slightly less leaf area.
However, the densities of mites recorded from both MS and control
plants were well below the densities required to cause population-
level consequences resulting from the overexploitation of leaf area
(Helle and Sabelis 1985). Thus, results are presented as the number
of mites present per plant, rather than per leaf area which would
bias the results given no overexploitation.

Detached-leaf bioassay of fungal resistance

The resistance of leaves of MS plants to infection by the fungus
Colletotrichum lindemuthianum, the causal agent of bean anthrac-
nose, was assessed using a detached-leaf bioassay (Tu 1986). Cul-
tures of C. lindemuthianum (race alpha) were grown on Mathur's
agar (Mathur et al. 1949) and maintained in a dark incubator at
22°C. Spores were collected from 3-week-old colonies by ¯ooding
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several petri plates with sterile distilled water and gently scraping
the surface of each colony with a spatula to dislodge spores. Spores
were counted in a hemacytometer and the combined suspension
was adjusted to 5 ´ 106 spores ml)1. One primary leaf was detached
from ten 10-day-old MS and ten 10-day-old control plants and
placed individually in a lidded 10 cm ´ 25 cm clear plastic box.
Leaves from both treatments were selected for uniformity in size.
Five 50 ll droplets of spore suspension were placed onto the ab-
axial surface of each leaf and the leaves were incubated in a growth
chamber at 22°C and 100% relative humidity with a 16 h:8 h light/
dark period. After 9 days, the leaf area necrotic and/or yellowed by
infection with anthracnose was quanti®ed for each leaf. Area in-
fected never exceeded two-thirds of the total area of any leaf from
either treatment indicating that no overexploitation of the leaf area
by the fungus could have occurred and in¯uenced the results. No
symptoms were observed on mock inoculated (water treated)
leaves.

Statistical analysis

The random allocation of plants to treatments and the daily ran-
domization of plants within benches and among fans allowed the
use of a completely randomized design. Data were analyzed sepa-
rately for each experiment with one-way analysis of variance
(PROC GLM, SAS Institute) with wind treatment as the main
e�ect. Discontinuous data (mite eggs and numbers) were square-
root transformed prior to analysis. Asterisks on ®gures indicate
signi®cant di�erences between treatments at a � 0:05.

Results

POD activity and lignin content

Soluble POD activity in primary leaves of 7-day-old MS
plants was enhanced about 40% relative to controls
(MS: 50.3 � 5.8 DAbs470 min)1 g)1 FW; control:
30.1 � 3.2 DAbs470 min)1 g)1 FW; P < 0.05). Like-
wise, lignin content of primary leaves of 7-day-old MS
plants was enhanced about 25% relative to controls
(MS: 5.1 � 0.4% cell wall DW; control: 3.9 � 0.1%
cell wall DW; P < 0.05).

Time course of POD activity and CAD activity

The time course of POD activity (Fig. 1) indicates that
MS induced a signi®cant and sustained increase in POD
activity in 7- to 10-day-old plants relative to controls.
The enhancement ranged from 77% on day 8 to 96% on
day 9. In studies involving tobacco mosaic virus infec-
tion in tobacco, enhanced POD activity has been shown
to persist for at least 14 days after infection (Lagrimini
and Rothstein 1987), which suggests that MS plants
used in the whole-plant bioassay of mite resistance in
this study likely exhibited enhanced POD activity
throughout the duration of the bioassay. The results
shown in Fig. 2 indicate that MS also induced a signi-
®cant increase in CAD activity on days 7 and 8 which
returned to control levels during days 9 and 10. It is
likely that the combined early enhancement of CAD,
catalyzing the production of lignin subunits, and the
sustained enhancement of POD, catalyzing the poly-

merization of lignin subunits into the lignin polymer, are
responsible for the enhanced ligni®cation in leaves of
MS plants.

Leaf-disk bioassay of mite resistance

Mites laid 20% fewer eggs while feeding on leaf disks
from 7-day-old MS plants than while feeding on leaf
disks from 7-day-old control plants (MS: 18.3 � 0.8
eggs d)1 g)1 FW; Control: 22.4 � 0.1 eggs d)1 g)1 FW;
P < 0.05), yielding a positive association between the
enhanced POD activity and lignin accumulation found
in leaves of MS plants and increased resistance to an
arthropod herbivore as measured by reduced mite egg
production.

Fig. 1 Soluble peroxidase activity of primary leaves of 7- to 10-day-
old mechanically-stressed (MS) and 7- to 10-day-old control bean
seedlings; n � 6 (n � 3 for day 7) Abs = absorbance. Asterisks
indicate signi®cant di�erences

Fig. 2 Soluble cinnamyl-alcohol dehydrogenase activity of primary
leaves of 7- to 10-day-old mechanically-stressed (MS) and 7- to
10-day-old control bean seedlings; n � 6 (n � 3 for day 7) Abs =
absorbance. Asterisks indicate signi®cant di�erences
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Whole-plant bioassay of mite resistance

Mite populations were 35% smaller on MS plants
relative to controls 21 days after infestation (MS:
75.6 � 11.5 mites; control: 108.1 � 10.9 mites;
P < 0.05), providing further evidence of a positive as-
sociation between enhanced ligni®cation found in leaves
of MS plants and increased resistance to an arthropod
herbivore.

Detached-leaf bioassay of fungal resistance

Area of infection by anthracnose following inoculation
was reduced about 50% in detached leaves of 10-day-old
MS plants relative to controls (MS: 33.3 � 7.2 cm2;
control: 70.5 � 7.6 cm2; P < 0.05), providing evidence
for a positive association between enhanced ligni®cation
in leaves of MS plants and increased resistance to a
fungal pathogen.

Discussion

In this study, the induction of the lignin branch of the
phenylpropanoid pathway in leaves of bean plants by
non-injurious wind-induced MS was positively and
consistently associated with increased resistance to an
arthropod herbivore and a fungal pathogen. Although
wind may alter plant physiology (and thus, pest resis-
tance) through its complex e�ects on the transfer of
heat, water vapor, and CO2 (Retuerto et al. 1996), there
is increasing evidence that the mechanical component
of wind may be responsible for most of the morpho-
logical and physiological changes observed in plants
exposed to wind (e.g., Russell and Grace 1979; Braam
and Davis 1990; Retuerto et al. 1996). Because tem-
peratures varied only slightly between treatments (and
only during the 1-h periods of wind) and water was
freely available, I attribute the biochemical changes
(and thus, enhanced pest resistance) induced by wind in
this study primarily to the mechanical stimulation
provided by the wind.

The biochemical changes I observed in wind-treated
plants also occurred independently of changes in plant
growth rate. It has been shown that the e�ect of such
abiotic factors as temperature and photoperiod on the
induction of chemical defenses in aphid-infested plants is
mediated primarily through the e�ect of these factors on
plant growth rate (Gianoli and Niemeyer 1996). How-
ever, a full growth analysis performed on plants treated
identically to those in this study revealed that while both
5- and 10-day-old wind-treated plants had slightly lower
relative leaf area growth rates than 5- and 10-day-old
controls, no di�erences in overall relative mass growth
rates occurred between wind-treated and control plants
(D. Cipollini, unpublished work). Moreover, increasing
evidence in the literature illustrates that many of the
biochemical changes observed in wind-treated plants

(such as those measured in this study) are the result of
the rapid induction of stress signalling pathways and
stress-responsive genes by mechanical stimulation and
are not simply the result of changes in plant growth rate
(Braam and Davis 1990; Knight et al. 1992; Trewavas
and Knight 1994).

The association between enhanced ligni®cation and
enhanced pest resistance found in this study is consistent
with the wealth of evidence in the literature linking
phenol-oxidizing enzymes and lignin to disease and
herbivore resistance (e.g., Vance et al. 1980; Appel 1993;
Dowd 1994). However, despite previous suggestions that
plant responses to MS share a number of biochemical
and structural features with plant responses to pests,
including enhanced ligni®cation (Yahraus et al. 1995; De
Jaegher et al. 1985), this is the ®rst evidence to demon-
strate an important link between MS and pest resistance.
While previous studies of MS-induced ligni®cation have
focused on stem tissue (DeJaegher et al. 1985), this study
is also the ®rst to demonstrate the MS-induced en-
hancement of POD and CAD activity and lignin accu-
mulation in leaf tissue, thereby adding more ecological
relevance to studies involving leaf-attacking pests. Al-
though the association between MS and pest resistance
in this study is correlative, the particular biochemical
changes induced by MS and measured in this study are
well established as in¯uences on both fungal pests
(Vance et al. 1980) and arthropod herbivores (Dowd
1994). Other biochemical changes that can occur in re-
sponse to MS in some plants include alterations in
amino acid pro®les (A.I. Ramputh, personal communi-
cation), protein and carbohydrate contents (Kraus et al.
1994), callose deposition and ethylene evolution (Ja�e
et al. 1985), all of which may contribute to the increased
resistance seen in MS plants.

Because of the ubiquitous nature of wind and/or rain-
induced MS in the ®eld, the activation of this general
response probably occurs to some degree at all times.
However, average and maximal wind speeds experienced
by plants can vary greatly both within and among en-
vironments (Coutts and Grace 1995), illustrating that
variation in the intensity of this response is likely to
exist. Therefore, the relative strength and importance of
the interaction between MS and pest resistance is likely
to vary with the degree of exposure of plants to natural
sources of MS such as chronic wind. In the laboratory,
the reduction in stem elongation of bean plants to re-
peated stem rubbing has been shown to increase in
proportion to the intensity and/or duration of the rub-
bing treatment (Ja�e et al. 1985). The strength of the
induction by wind of the secondary signal messenger
calcium has been shown to correlate with the intensity of
the wind (Knight et al. 1992). And, throughout a wind
speed gradient from 1 m s)1 to 3 m s)1, soluble POD
activity of bean leaves increases about 25% with every
1 m s)1 increase in wind speed (D. Cipollini, unpublished
work). Thus, it seems likely that plants exposed to
chronic winds of high intensity or duration should ex-
hibit greater ligni®cation and possibly greater pest re-
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sistance than more protected plants. If this were the case,
plants found in areas exposed to chronic winds may
contain either fewer total herbivores or fewer species of
herbivores better able to exploit toughened foliage than
foliage of plants from less exposed areas.

Wind-induced resistance seems likely to be ecologi-
cally signi®cant and some examples of it may be found if
taken in the proper context. For example, Japanese
farmers have noted that their rice crop tends to be more
resistant to rice blast disease during exceptionally windy
years (Takahashi and Ja�e 1984). Feeney et al. (1996)
have shown that ponderosa pine individuals from stands
that had recently been thinned from a high to low den-
sity (and thus exposed to more of the e�ects of wind)
developed tougher needles and greater resistance to
insects than individuals from high-density stands. It has
also been noted that areas such as the windy el®n forest
characteristic of upland Costa Rican rainforests tend
to be depauperate in leaf-feeding herbivores (personal
observations). Explanations for observations like these
usually emphasize the direct e�ect of wind-induced
alterations in temperature or moisture on pests or the
plants on which they feed as the primary in¯uences on
plant susceptibility to attackers in windy environments
(Agrios 1988). While the direct e�ects of wind are un-
doubtedly important, the indirect e�ects of wind on host
plant characteristics, such as the induction of a gener-
alized stress response demonstrated here, may help to
provide a more integrated explanation for such patterns
of inter- and intraspeci®c variation in herbivore and
disease resistance, yet are only rarely considered. Field
studies designed to carefully examine the association
between MS and pest resistance should help to more
fully determine the ecological relevance of the results
presented in this study.

Taken as a whole, the potential link between MS-
induced ligni®cation and pest resistance identi®ed here
illustrates just one of the varied ecological consequences
of the activation of a general plant defense response by
an abiotic stress. These results provide more information
on the diverse roles of POD, CAD, and lignin in plant
interactions with the environment and a greater appre-
ciation of the potential selection pressures in¯uencing
the evolution of particular plant traits.
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