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Evidence for a Mechanically lnduced Oxidative Burst' 

Tami Yahraus', Sreeganga Chandra, Laurent Legendre3, and Philip S .  Low* 
Purdue University, Department of Chemistry, 1393 Brown Building, West Lafayette, Indiana 47907 

Rapid release of H,O, may constitute an initial defense response 
mounted by a plant. lnauguration of this oxidative burst is  known to 
occur upon stimulation with chemical elicitors, but the possibility 
of mechanical elicitation arising from pathogen penetration/weak- 
ening of the cell wall has never been examined. To introduce an 
adjustable mechanical stress on the plasma membrane, cultured 
soybean (Clycine max Merr. cv Kent) cells were subjected to de- 
fined changes in medium osmolarity. Dilution of the medium with 
water or resuspension of cells in sucrose solutions of reduced 
osmolarity yielded an oxidative burst similar to those stimulated by 
chemical elicitors. Furthermore, the magnitude of oxidant biosyn- 
thesis and osmotic stress correlated directly. Upon return of the 
cells to normal tonicity, the oxidative burst abruptly halted, indi- 
cating that its expression depended on maintenance of the osmotic 
stress and not on any externa1 chemical signal. To confirm the 
ability of soybean cells to respond to a mechanical stimulus with 
induction of an oxidative burst, cells were subjected to direct 
physical pressure. Application of pressure yielded a characteristic 
oxidative burst. Because neither these cells nor those subjected to 
osmotic pressure were damaged by their treatments, we conclude 
that plant cells can detect mechanical disturbances and initiate a 
classical defense reaction in response. 

Production of reactive oxygen species has long been 
known to occur during a plant's defense response (for 
reviews, see Sutherland, 1991; Mehdy, 1994). Recently, the 
role of these plant-generated oxidants in disease resistance 
has risen into prominence as new contributions of H,O, 
and O,-* to both local and systemic disease-resistance 
mechanisms have been discovered. Thus, host-generated 
H,O, may not only serve as the mediator of salicylate's 
systemic effects (Chen et al., 1993; Dempsey and Klessig, 
1994), but in the immediate vicinity of pathogen attack it 
may also act as a microbicidal agent (Keppler and Baker, 
1989; Peng and Kuc, 1992; Legendre et al., 1993a), promote 
cell wall stabilization (Bradley et al., 1992; Olson and Var- 
ner, 1993), assist in induction of phytoalexin production 
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(Apostol et al., 1989; Degousee et al., 1994), and help ini- 
tiate the hypersensitive response (Doke, 1983; Keppler and 
Novacky, 1987; Greenberg et al., 1994; Levine et al., 1994), 
although the absolute requirement of active oxygen for the 
latter defense mechanism has recently been questioned 
(J.A. Glazner, E.W. Orlandi, and C.J. Baker, personal com- 
munication). Further, since rapid generation of oxidative 
species can occur within minutes of pathogen recognition 
(Low and Heinstein, 1986; Apostol et al., 1989; Levine et al., 
1994; Mehdy, 1994), it may also constitute the earliest de- 
fense mechanism mounted by the besieged plant. 

Elicitors of the oxidative burst are generally thought to 
be pathogen-derived macromolecules. Examples of such 
bioactive ligands include carbohydrates and/or polypep- 
tides from Verficillium dakliae (Low and Heinstein, 1986; 
Davis et al., 1993), Pkyfopkfhora megasperma (Linder et al., 
1988), Erwinia amylovora (Baker et al., 1993), Heferobasidion 
annosum (Schwacke and Hager, 19921, and Cladosporium 
fulvum (Vera-Estrella et al., 1992). Host cell-wall fragments 
released during microbial invasion may also stimulate ox- 
idant biosynthesis. For example, an OGA fragment (degree 
of polymerization = 14 t 3)  can trigger production of 
approximately l O - I 4  mo1 H,O, min-' cell-' in soybean 
(Glycine max) cell suspension cultures, a rate almost iden- 
tical to the biosynthesis of O,--/H,O, by stimulated hu- 
man neutrophils (Legendre et al., 1993a). 

Although infectious bacteria and fungi may release cell- 
wall fragments during colonization of a plant, not a11 cell- 
wall fragments constitute elicitor-active species (Nothnagel 
et al., 1983; Bishop et al., 1984). Therefore, it is conceivable 
that certain microbes might escape early detection if the 
host plant is forced to rely solely on chemical signals to 
trigger its response. A potentially more universal sensor of 
pathogen invasion might arise if the plant were to trans- 
duce mechanical signals deriving from degradation, punc- 
ture, or deformation of its cell wall/plasma membrane. 
Since some physical distortion of the cell wall/plasma 
membrane may occur during even the most benign patho- 
gen invasion, a mechanical trigger could explain why even 
compatible microbes trigger some resistance. 

We have noted previously that plant cells in suspension 
culture can be stimulated to produce H,O, simply by stir- 
ring the suspension very vigorously (Legendre et al., 
1993a). Because mechanical stress was hypothesized to be 
the trigger of H,O, biosynthesis, we have sought a more 
calibrated method of initiating this putative mechanical 
signal. In this paper, we impose the desired mechanical 

Abbreviations: OGA, oligogalacturonic acid; pyranine, 8-hy- 
droxypyrene-1,3,6-trisulfonic acid. 
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stress by two independent methods: direct physical pres- 
sure on the cultured cells and a change in osmotic pressure 
of the medium. We report that raising the turgor pressure 
within the plant cell not only induces the oxidative burst, 
but also probably initiates the response by a mechanical 
transducer. We further show that direct application of 
physical pressure to the cultured cells induces the same 
response. These data suggest that plant cells can detect a 
physical disturbance at their cell surfaces and initiate the 
oxidative burst reaction in response. 

MATERIALS A N D  METHODS 

Plant Cell Culture 

Cell suspension cultures of soybean (Glycine max Merr. 
cv Kent) were maintained in W-38 medium as described 
previously (Low and Heinstein, 1986). Briefly, 9 cm3 of 
filtered cells were transferred to 100 mL of fresh W-38 
medium every 8 d. When an experiment was to be con- 
ducted, cells were allowed to grow for approximately 36 h 
before use unless stated otherwise in the figure legend. 

Oxidative Burst Assay for Cells in Suspension 

H,O, production was determined by monitoring the ox- 
idative quenching of the fluorescent peroxidase substrate 
pyranine (trisodium salt: excitation wavelength 405 nm, 
emission wavelength 512 nm; Molecular Probes, Eugene, 
OR), as described previously (Legendre et al., 1992). 
Briefly, 1.5 mL of cells were treated with 7 pL of pyranine 
(0.2 mg/mL) and maintained in suspension by mild stir- 
ring in a spectrofluorimeter cuvette. Under these condi- 
tions, no oxidant production was detectable until addition 
of elicitor or dilution with water. Then, production of H,O, 
was monitored by following the decrease in pyranine flu- 
orescence due to H,O,-mediated oxidation of the dye by 
plant peroxidases. The fluorescence signal of the pyranine- 
labeled cell suspension was set arbitrarily at 80% of full 
scale, and the rate of pyranine quenching was assessed 
from the steepest portion of the quenching curve. A11 stud- 
ies reported in a single figure were obtained from the same 
flask of cells to assure consistency in cell behavior. Addi- 
tionally, a11 studies were repeated at least once on a sepa- 
rate flask of cells. Peroxidase activity was also evaluated to 
assure that it was never rate limiting in the oxidative burst 
assays. Severa1 experiments used varying amount of cells, 
and these changes are mentioned in the figure legends. SUC, 
a common additive in these studies, was shown not to 
influence the oxidative burst assay. 

Elicitor Preparation 

An OGA fraction (degree of polymerization = 14 2 3) 
that contained 0.5 mg/mL uronic acid equivalents as de- 
termined by the method of Blumenkrantz and Asboe-Han- 
sen (1973) was prepared as described earlier (Nothnagel et 
al., 1983; Legendre et al., 1993a). This oligogalacturonide 
has been shown to be a potent elicitor of the oxidative burst 
(Legendre et al., 1993a). 
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Osmometry 

Osmotic strength measurements were conducted using a 
Wescor model 5100C vapor pressure osmometer (Wescor 
Inc., Logan, UT) as described previously (Premachandra et 
al., 1994). 

Fluorescence klicroscopy 

Experiments were conducted essentially as described 
previously (Legendre et al., 1993a). Briefly, 0.75 mL of a 
soybean suspension was mixed with 5 p L  of a 100 mg/mL 
2',7'-dichlorofluorescin diacetate solution (Molecular 
Probes) or 50 p L  of a 1 mg/mL pyranine solution and 
observed under a fluorescence microscope ( l O X ) .  For ap- 
plication of physical pressure, circular metal washers were 
placed on the coverslip such that the cells under pre., 1-sure 
could be directly viewed through the central hole. Release 
of pressure was achieved by remova1 of the metal washers. 

RESULTS 

General Characterization of the Osmotic Pressure-lnduced 
Oxidative Burst 

To generate a calibrated mechanical stress on the plant 
cell wall, suspension-cultured soybean cells were diluted 
with known volumes of distilled water and examined for 
production of IH,O,. As shown in Figure 1, cells suspended 
in their growth medium (control) gave no oxidative burst, 
indicating that neither iso-osmotic media nor the stirring 
conditions of the assay trigger the burst. However, (addi- 
tion of as little as 0.33 volumes of water (one-fourth dilu- 
tion) promoted the biosynthesis of H,O,, leading to the 
oxidative quenching of the pyranine fluorescence. Supple- 
mentation of the medium with even greater water volumes, 
while keeping the volume of cells constant, resulted in 
increasingly stronger oxidative bursts. Importantly, the 
H,O, burst was not instantaneous, but followed imposition 
of the osmotic stress by 1 to 3 min, a delay analogous to 
that seen with elicitor-induced bursts (Legendre et  al., 
1993a). Since the diluted cells remained intact, as judged by 
Evans blue exclusion, we conclude that oxidant release is 
the response of a living cell to osmotic pressure, ncit the 
property of a ruptured cell running oxidative reactions out 
of control. It is interesting that hyperosmotic conditioris did 
not induce an oxidative burst in the soybean cell cultures. 

The response of cell cultures to imposition of osinotic 
stress varied with the stage of the cells in their growth 
cycle. Immediately after transfer to fresh growth medium, 
cells responded to dilution and generated small quantities 
of H,Oz upon addition of water (Fig. 2). For the next 
approximately 50 h, a completely refractory period ensued 
(i.e. between 50 and 100 h post-transfer) during which the 
cells were totally unresponsive to osmotic stress. Fina Ily, at 
>100 h post-transfer, the cells became highly responsive to 
changes in osniotic pressure. In contrast, stimulation of the 
oxidative burst by OGA was maximal approximately 20 h 
after subculturing in fresh medium, after which the cells 
lost sensitivity to this plant cell-wall component (Fig. 2). 
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Figure 1. Kinetics of the dilution-induced oxidative burst. A soybean 
suspension culture (0.75 mL; 10-15% packed cell volume) was 
mixed with varying amounts of distilled water i n  a fluorimeter cu- 
vette to obtain the dilutions indicated. Following dilution, 7 p L  of 
pyranine was immediately added and oxidative quenching of the dye 
was monitored spectrofluorimetrically. Cell suspensions that were 
not diluted with water served as the control. After monitoring the 
H,Oz burst, the cells were pelleted and the osmotic strength of the 
supernatant was measured. Similar results were obtained in three 
independent experiments at each dilution. mOsM, Milliosmolar. 

Whether developmental separation of the two bursts oc- 
curs in planta still remains to be investigated. Only be- 
tween 10 and 50 h post-transfer did cultured soybean cells 
respond to both stimuli. 

Although there was no significant pH change in the 
medium during the course of either the osmotically in- 
duced burst (data not shown) or the OGA-induced burst 
(Horn et al., 1992), externa1 pH was nevertheless found to 
modulate both bursts. Lowering medium pH from its nor- 
mal value of 4.8 to 3.8 promoted a more rapid release of 
H202 in response to dilution with water (data not shown). 
This pH dependence contrasts with the OGA-induced 
burst, where lowering the pH over the same range inhib- 
ited H202 production (Legendre et al., 1993a). 

l h e  Osmotically lnduced Burst 1s Promoted by a 
Mechanical Signal 

Previous work from our laboratory has demonstrated 
that citrate, a common metabolite of cultured plant cells, is 
a potent inhibitor of the oxidative burst and other defense 
responses (Aposto1 et al., 1987). To ensure that the osmot- 
ically induced burst was not a trivial consequence of dilu- 

tion of some endogenous inhibitor such as citrate, soybean 
cells were filtered and resuspended in Suc solutions of 
decreasing osmolarity. As shown in Figure 3A, iso-osmotic 
Suc solution (approximately 200 milliosmolar) promoted 
no measurable synthesis of oxidant, whereas hypo-osmotic 
solutions induced a burst similar to that seen upon direct 
dilution of the cell suspension. Figure 3B compares the 
magnitudes of the H202 burst in Suc and growth medium 
of different osmotic strengths. Within reasonable limits, the 
two dependencies are similar, suggesting that dilution of 
an inhibitor or any other medium component is not a 
causative factor of the dilution-triggered burst. 

It was also conceivable tlxit osmotic stress might pro- 
mote release of a previously sequestered chemical inducer 
or an enzyme (eg. polygalacturonase) that could liberate 
an oxidative burst agonist. To test this possibility, cells 
were induced to produce H,02 by one-half aqueous dilu- 
tion, and following termination of the burst, the cells were 
removed and replaced with unstimulated cells (Fig. 4). As 
expected, exposure of the unstimulated cells to the same 
diluted growth medium induced their participation in the 
oxidative burst. However, supplementation of this previ- 
ously “active” medium with Suc to restore its native osmo- 
larity eliminated any induction of the burst. Thus, stable 
inducing factors do not appear to be released during an 
osmotically stimulated oxidative burst. 

To unequivocally establish the absence of a chemical 
induction mechanism in the dilution-triggered burst, soy- 
bean cells were induced to generate H202 by 50% dilution 
with water and then treated at various times with SUC to 
restore osmolarity. As shown in Figure 5, regardless of the 
duration of engagement in burst activity, restoration of 
osmolarity rapidly halted H202 biosynthesis. These data 
thus demonstrate that no stable chemical agonist is present 

O 50 1 O0 150 200 
Time (hrs) 

Figure 2. Comparison of the cell age dependence of the OCA- and 
dilution-induced bursts. The rate of H,O, production (determined as 
the rate of fluorescence decrease) was measured over the course of 
the 8-d growth cycle of the cells. Briefly, 1.5 mL of cells were taken 
at different times post-transfer and treated with either 4.8 pg/mL 
OCA (O) or diluted with an equal volume of water (O), and the rate 
of decrease in pyranine fluorescence was monitored. Rates observed 
at early time points (<I0  h) represent autoelicitation, i.e. production 
of H,O, in the absence of a stimulus. A similar profile was seen in 
two separate experiments. Zero time is  taken as the time of cell 
transfer to fresh medium. 
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Figure 3. Response of filtered soybean cells upon resuspension in 
iso-osmotic and hypo-osmotic Suc solutions. A, Cells (1.5 mL; 10- 
15% packed cell volume) were filtered and resuspended into 1.5 mL 
of diluted media or Suc solutions of different osmotic strengths. The 
oxidative burst was followed by the protocol described in "Materials 
and Methods." Cells resuspended in fresh growth medium and spent 
growth medium served as iso-osmotic controls. B, Craphic represen- 
tation of the osmotic strength dependence of the oxidative bursts 
triggered by dilution (O; data from Fig. 1 ) and by resuspension into 
hypo-osmotic-strength Suc solutions (O; data from Fig. 3A and 
from other, unpublished scans). The curves fitted to the data show 
similar trends over the same range of osmotic strengths. mOsM, 
Milliosmolar. 

at any time during the dilution-induced burst and that 
initiation of the pathway is likely promoted by a mechan- 
ical signal. The results further establish that the induction 
mechanism is rapidly reversible and that soybean cells are 
exquisitely aware of changes in the osmotic status of their 
environment. 

lnduction of the Oxidative Burst by Direct Applicationl of 
Physical Pressure 

To confirm by an independent technique that a plant cell 
has the ability to respond to a mechanical disturbance, 
suspension cultured soybean cells were treated with lhe 
oxidant-sensitive dye used in Figures 1 to 5 (pyranine) and 
placed under a glass coverslip on a microscope slide. In the 
absence of any exogenous physical pressure, no change in 
fluorescence of the pyranine was detected by fluorescence 
microscopy (Fig. 6, top left). However, upon application of 
weight (0.039 g/mm2) to the coverslip, a rapid diminution 
of fluorescence arising from oxidative quenching of the dye 
was observed (Fig. 6, middle left). Furthermore, when the 
weight was removed, the quenching reaction ceased, sug- 
gesting that continuous pressure on the cell surface was 
essential for continued expression of the burst. For com- 
parison, soybean cells treated with OGA chemical elicitor 
were similarly examined by fluorescence microscopy , and 
an analogous dye-quenching reaction localized to the vi- 
cinities of the activated cells was also seen (Fig. 6, bottom 
left). 
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Figure 4. Response of filtered soybean cells to resuspensio'n into 
hypo-osmotic and iso-osmotic cell culture supernatant. An oxidative 
burst was initiated by diluting 1 mL of cells with an equal volume of 
distilled water. After completion of the burst, the suspensicin was 
filtered and the diluted supernatant was collected. Fresh cells (1.5 
mL; 10-1 5% packed cell volume) were then filtered and addecl to 1.5 
mL of the previously collected supernatant in the presence or ab- 
sence of sufficient Suc to restore the osmotic strength of the medium. 
The oxidative burst was followed by the protocol described in "Ma- 
terials and Methods." 
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Figure 5. Arrest of the dilution-induced oxidative burst upon resto- 
ration of iso-osmolarity. An oxidative burst was initiated by diluting 
1 mL of cells with an equal volume of distilled water. At the specified 
times after dilution, 160 p L  of a 0.5 g/mL Suc solution (final con- 
centration 200 mM) were added to restore iso-osmolarity. 

To assure that the loss of fluorescence was not a trivial 
consequence of extrusion of the dye from the cell clusters, 
a second dye that becomes fluorescent only upon oxidation 
with H,O, (2',7'-dichlorofluorescin diacetate) was substi- 
tuted for pyranine in the same study. As seen in the right 
panels of Figure 6, little fluorescence was generated upon 
application of the coverslip alone (Fig. 6, top right). How- 
ever, after addition of 0.039 g/mm2 to the coverslip, a 
strong fluorescence localized to the cell clusters was seen 
(Fig. 6, middle right). Again, the change in fluorescence 
closely resembled that observed upon application of elici- 
tor (OGA) to the same cell suspension (Fig. 6, lower right). 
These data confirm that soybean cells can detect a mechan- 
ical perturbation of their cell walls and respond with a 
classical oxidative burst. 

In the course of these studies we had hoped to establish 
participation of stretch-activated channels in the mechani- 
cally induced oxidative burst by demonstrating sensitivity 
to gadolinium ion, a well-characterized, stretch-activated 
channel blocker in both plants and animals (Yang and 
Sachs, 1989; Ding and Pickard, 1993). Although gadolinium 
indeed inhibited the osmotically triggered burst with 50%- 
inhibitory concentration of approximately 0.5 mM (Fig. 7), 
it also inhibited the OGA-triggered burst with the same 
potency. Thus, an unequivocal evaluation of the involve- 
ment of stretch-activated channels in the mechanically trig- 
gered burst was not possible. Nevertheless, the data are not 
inconsistent with such a possibility. 

We have shown by application of direct pressure and by 
dilution of the osmoticum bathing a plant cell that mechan- 
ical forces acting at the cell wall/membrane can induce the 
rapid synthesis of H,O,. The trigger for the osmotically 
stimulated oxidative burst was suggested to be mechanical 
in nature, since (a) it is independent of the osmotic species 
present, (b) it cannot be transferred from stimulated to 
unstimulated cells, and (c) it is rapidly neutralized upon 
restoration of native osmotic strength. The transducer for 
the physical pressure-induced oxidative burst was simi- 
larly proposed to be mechanical, since (a) no change in 
chemical content was required to promote or augment the 
burst and (b) oxidant production was halted upon removal 
of the applied weight from the cells. Therefore, we con- 
clude that plant cells can sense a mechanical perturbation 
at their cell surfaces and respond with an oxidative burst. 

There is abundant evidence that mechanical forces can 
stimulate biologically relevant responses in both the plant 
and animal kingdoms. In animals, mechano-sensitive de- 
tectors are involved in such processes as hearing, the sense 
of touch, control of balance, and osmoregulation. Impor- 
tantly, stretch-activated channels are thought to play a 
predominant role in initiation of the signal transduction 
pathways for each of these responses (Sachs, 1989). In 
plants, mechanically triggered pathways are also believed 
to contribute to osmoregulation (Schroeder and Hedrich, 
19891, but they may be further involved in thigmotropism, 
geotropism, ethylene generation, and callose biosynthesis 
(Jaffe, 1973; Jaffe et al., 1985; Pickard and Ding, 1992). As 
was the case with animal systems, stretch-activated ion 
channels are again hypothesized to help inaugurate these 
responses via sites of contact between the cytoskeleton and 
the cell wall (Trewavas and Knight, 1994). In fact, stretch- 
activated channels have already been identified in the 
plasma membranes of onion epidermal cells (Ding and 
Pickard, 1993), Vicia fuba guard cells (Schroeder and 
Hedrich, 1989), and cultured tobacco cells (Falke et al., 
1988). Similar channels have been characterized in plant 
vacuolar membranes, where they have been demonstrated 
to respond to changes in osmotic pressure (Alexandre and 
Lassalles, 1991). Based on these observations, it would not 
be difficult to imagine that a stretch-activated channel 
might participate in initiating an oxidative burst. 

In an attempt to simulate a mechanical force that might 
arise during penetration of plant tissue by a pathogen, we 
have imposed two types of physical pressure whose rele- 
vance to the mechanical forces during fungal/bacterial 
invasion in planta is difficult to assess. Thus, little infor- 
mation is currently available concerning the magnitudes 
and directions of the physical pressures that arise during 
microbe penetration/infestation of a plant. Further, extrap- 
olation of the behavior of cells in culture to their behavior 
in intact tissues requires assumptions that remain to be 
tested. Nevertheless, an estimate of the pressure imposed 
by a growing funga1 appressorium has been obtained and 
reported to be in excess of 80 bars (Howard et al., 1991). 
Comparison of this value with the direct pressure em- 
ployed in our studies (0.039 g/mm2 = 0.0039 bars) indi- 
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Figure 6. Fluorescence microscopy of mechan-
ically stimulated cells. Cells (36 h old, i.e. re-
sponsive to both elicitor and osmotic stimuli)
were treated with either pyranine (left panels) or
2',7'-dichlorofluorescin diacetate (right panels),
placed on a glass slide under a coverslip, and
observed using a fluorescence microscope as
elaborated in "Materials and Methods." Pictures
were taken either 4 min (2',7'-dichlorofluores-
cin) or 10 min (pyranine) after placement of the
cells on the glass slides. The top photographs are
of untreated cells, the middle photographs are of
cells exposed for 4 min to 0.039 g/mm2 pres-
sure, and the bottom photographs are of cells
treated at the time of mounting with 1 3.3 jug/mL
OCA elicitor. The exposure time for all micro-
graphs was 10 s. Kinetics of elicitation were also
examined on the same cell suspension using the
macroscopic oxidative burst assay to ensure that
the cells were normally responsive. The pyra-
nine dye (left panels) loses fluorescence upon
oxidation, whereas the 2',7'-dichlorofluorescin
dye (right panels) gains fluorescence upon
oxidation.

cates that our applied pressure is only a fraction of the
value reported above. It is, therefore, conceivable that plant
cells have developed the ability to detect mechanical in-
sults substantially more subtle than those involved in pen-
etration of a fungal appressorium, perhaps even the
changes that occur during bacterial invasion.

The ability of a plant to respond to mechanical as well as
chemical signals may be highly adaptive. Expression of
receptors for ligands secreted by all possible pathogenic
fungi, bacteria, and viruses would clearly represent a for-
midable task for any plant. Mutation of these receptors to
retain high affinity for such ligands as the microbes mu-
tated would further complicate this assignment. Since
plants are not able to rapidly develop new high-affinity
receptors for pathogens, as mammals do in the case of
antibodies, etc., an alternative strategy must be developed
to sense a perturbation common to all pathogens. Because
many pathogens must penetrate the cell wall to parasitize
a plant cell, a mechanical transducer that could detect cell
wall/plasma membrane perturbations might constitute
such a sensor. However, since such a sensor would not
readily discriminate a compatible from an incompatible

interaction, other defense responses would obviously also
be required to confer resistance.

Although the mechanical and OGA-induced oxidative
bursts are clearly initiated by different stimuli, they never-
theless appear to exhibit many common features. Thus,
both pathways are characterized by the same 1- to 2-min
interval between stimulation and oxidant production (Figs.
1 and 3). Additionally, both stimuli promote a similar rate
of H2O2 biosynthesis under optimum conditions (Fig. 2).
As shown in Figure 6, both pathways exhibit the same
sensitivity to Gd3+, and other, unpublished observations
suggest that the two pathways are also similarly sensitive
to citrate (Apostol et al., 1987; T. Yahraus, unpublished
data), various kinase inhibitors (Chandra and Low, 1995; T.
Yahraus, unpublished data), and Ca2+ channel blockers (T.
Yahraus, unpublished data). Taken together, it is conceiv-
able that the mechanical and chemical signaling pathways
may in fact converge and promote assembly of the same
activated oxidase complex on the membrane.

Although the focus of this research has been on plant
defense, it is not inconceivable that mechanically triggered
generation of H2O2 might serve other, unrelated functions.
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Figure 7. lnhibition of the dilution and OCA-induced bursts by 
gadolinium. Assays were conducted essentially as described in “Ma- 
terials and Methods.” Cells were mixed with 7 y L  of pyranine and the 
desired concentration of gadolinium (111) chloride (Aldrich) in a 
fluorimeter cuvette. The cells were then either diluted 1:l with 
distilled water (O) or treated with 6.6 pg/mL OGA (W), and the 
oxidative burst that ensued was monitored spectrofluorimetrically. 
Percent activity refers to the rate of H202 generation in the presence 
of the indicated concentration of gadolinium relative to the rate in its 
absence. Data presented here are the mean values of three indepen- 
dent experiments. The curves were drawn using a nonlinear regres- 
sion program. 

Thus, distortions of the cell wall/plasma membrane during 
freeze/thaw injury, or accompanying water stress, or in 
response to hormone-induced cell elongation could con- 
ceivably initiate some leve1 of oxidant production. How- 
ever, further studies under better-defined conditions will 
be required to verify this hypothesis. 

Finally, it should not go unnoticed that the mechanical 
trigger for the H,O, burst constitutes yet a fourth pathway 
for inducing the oxidative response. Previously character- 
ized pathways include two distinct signal transduction 
cascades initiated by oligogalacturonides (Legendre et al., 
1993b) and a third signaling pathway inaugurated by an 
extract from Verticillium dahliue (S. Chandra, P. Heinstein, 
and P.S. Low, unpublished observations). Importantly, ac- 
tivation of phospholipase C but not phospholipase A was 
found to be essential for the OGA-induced burst, whereas 
stimulation of phospholipase A was important for the V.  
dahliue-triggered response. The role of these phospho- 
lipases in the osmotically promoted H,O, burst is currently 
being investigated. As with the neutrophil oxidative burst, 
which can also be triggered by each of the above pathways, 
the plant oxidative burst may be regulated by a complex 
network of second messengers and signaling intermedi- 
ates. 
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