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ABSTRACT Within 4 hr after wounding the lower leaves
of young potato and tomato plants, a rapid and remarkable
change is induced in the cells of upper undamaged leaves that
results in extensive lysis of protoplasts during their isolation.
Protoplast yields from unwounded upper leaves, 4 hr after
wounding a lower leaf by crushing with a hemostat, decreased
25% below yields from leaves of unwounded plants. From 8 to
>20 hr after wounding, protoplast yields were less than half of
those from control plants. Multiple woundings decreased
yields even further, as did chewing of the lower leaves by to-
bacco hornworms over a period of several minutes. In addi-
tion, within 4 hr of excising young tomato plants at their base
with a razor blade, a 90% decrease in leaf protoplast yields
was recorded. The major loss of protoplasts induced by
wounding was primarily due to an increased cell lysis during
protoplast isolation. Cell lysis was apparently due to a weak-
ened cell membrane, because newly recovered protoplasts re-
leased from leaves of wounded plants were extremely fragile
and exhibited 70% lysis during low speed centrifugation, com-
pared to 20% lysis of protoplasts recovered from control
plants. We conclude that a signal is released by wounding that
is rapidly transmitted or transported through the plants to in-
duce a profound change in the leaf cell membranes that ren-
ders them fragile during protoplast isolation. It is proposed
that this signal may play a role in inducing cellular changes in
the plant cells as part of their responses to environmental
stress such as pest attacks.

Systemic induced immunity in plants to viruses, bacteria,
and fungi has been well documented over the past 4 decades
(1), and numerous reports of induced insect resistances that
are systemically mediated have appeared within the past 5
years (2). Only a few of these systemic resistance responses
toward microorganisms and insects have been studied at the
biochemical or molecular biological levels. However, three
systemic wound signals have been identified and studied in
some detail: (i) a lipopolysaccharide fragment from bacterial
cell walls appears to play a role in systemic induced immuni-
ty toward bacterial infections in tobacco plants (3), although
the molecular basis of the resistances are not clear; (ii) a pec-
tic polysaccharide, a fragment of the plant cell wall, has been
shown to induce the synthesis and accumulation of antinu-
trient proteinase inhibitor proteins in excised tomato and po-
tato leaves that are systemically regulated in these plants by
wounds from insects (4); and (iii) electrical signals have been
implicated in systemic responses induced by mechanical
wounding (5). Little is known of the intracellular mecha-
nisms that accompany the amplification or reception of any
of these signals, and nothing is known of their mechanism(s)
of gene activation.

In this communication, we report that systemic signals re-
sulting from mechanical damage to tomato and potato leaves

profoundly change properties of the cells of undamaged
leaves many centimeters away. This change is manifested in
strikingly decreased yields of protoplasts isolated from these
cells. We suggest that the wound-induced changes in the
properties of the leaf cells may be an early recognition event
of the plant's responses to pest attacks.

MATERIALS AND METHODS
Tomato plants (var. Bonnie Best) and potato plants (var.
A6595-3) were grown from seeds in a growth chamber under
30% humidity with a daily schedule of 17 hr of light (150 x
10-6 einsteins/m2 per sec) at 30'C and 7 hr of dark at 220C.
Tomato plants were used for experiments 15-18 days after
planting. They were -3 cm tall and possessed 2-3 expanding
leaves. Potato plants were used 4-5 weeks after planting.
They were -5 cm tall and possessed 4-5 expanding leaves.

Plants were wounded by crushing the appropriate leaves
across the midvein with a hemostat. The lowest terminal
leaflet of tomato plants and two to three lower terminal leaf-
lets of potato plants were wounded. The upper nonwounded
leaves from the plants were used to prepare protoplasts.
Tomato plants excised and supplied with proteinase inhib-

itor inducing factor (PIIF) were used -20 days after planting
and had two expanding leaves and a small spiral leaf. The
plants were excised just above the soil level and allowed to
take up solutions of 0.05 M sodium phosphate (pH 6.0) or
PIIF at 1 mg/ml dissolved in the same buffer for 60 min. The
plants were then supplied with water for the appropriate
times at 150 x 10-6 einsteins/m2 per sec at 30'C and assayed
for inhibitor I or used for protoplast isolations.
Tobacco hornworm larvae (Manduca sexta) in the fourth

instar stage were allowed to feed on one lower leaf of 17-day-
old tomato plants for 15-30 min or until approximately one-
third of the leaf had been consumed. The plants were main-
tained insect free in light as described above for 20 hr when
protoplasts were prepared from the adjacent upper undam-
aged leaves.

Protoplast Preparation. The epidermis of the selected
leaves were abraded with a plastic brush and the leaves were
cut into 2- to 4-mm sections. The leaf tissue (0.45 g) was
placed in 10 ml of a solution of 0.3 M mannitol containing
0.3% (wt/vol) cellulase RS/0. 1% (wt/vol) macerozyme R-10
(both from Yakult Pharmaceutical Industries, Nishinomiya,
Japan)/0.3 mM dithiothreitol/0.3 mM CaCl2/25 mM 2-(N-
morpholino)ethanesulfonic acid, pH 5.6, and incubated in a
gyratory shaker at 15 rpm for 3.5 hr at 270C in the dark. The
digested material was filtered through a polypropylene
screen with a 100-pnl opening (Tetko, Elmsford, NY). The
remaining leaf debris was washed once with 0.3 M mannitol
buffer as described above without enzymes (one-half of the
original volume) and filtered again. The filtered solutions
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were pooled and ptotoplast numbers were monitored using a

hemocytometer. For purification of protoplasts, the solution
was spun at 50 x g for 7 min. The precipitate was resus-

pended in 5 ml of 10% (wt/vol) Ficoll (Sigma) containing 0.3
M mannitol/0.3 mM dithiothreitol/0.3 mM CaCl2/25 mM 2-
(N-morpholino)ethanesulfonic acid, pH 5.6, and overlayered
with 5 ml of a 5% (wt/vol) Ficoll solution (containing the
same components and concentrations as the 10% Ficoll solU-
tion). After centrifugation at 50 x g for 15 min, purified pro-

toplasts were collected from the upper surface of the 5% Fi-
coll layer.
Mannosidase was assayed as described by Boller and

Kende (6). One unit of activity is that amount of extract that
hydrolyzes 1 nmol of p-nitrophenyl a-D-mannopyranoside
pet min. Chlorophyll Was assayed according to Strain et al.
(7).

Tomato leaf proteinase inhibitor I was assayed by radial
immunodiffusion as dscribed by Ryan (8), and the data
were plotted as described by Trautman et al. (9).
Tomato PIIF was prepared from tomato leaves as de-

scribed (10).

RESULTS AND DISCUSStON
Our observations of decreased leaf protoplast yields from
wound-damaged potato and tomato plants resulted from our
research bn the wound induction of two proteinase inhibitors
in plant leaves (11, 12). Two inhibitors (inhibitors I and II)
accumulate in substantial quantities in leaves of potato and
tomato plants in response to a wound-releksed systemic sig-
nal. (13). The inhibitor proteins were shown by electron mi-
croscopy to be sequestered as protein aggregates in the cen-
tral vacuoles of leaf cells (14). These observations were later
confirmed when vacuoles were isolatdd from leaves of
wounded tomato plants and were shown quantitatively to
contain the two inhibitors (15).
During the isolation of vacuoles, we noticed consistently

lower yields of protoplasts and vacuoles from unwounded
leaves of wounded plants than from leaves of control plants.
We have investigated the possible reasons for the lower pro-
toplast yields from wounded plants. In this communication,
we report that a systemic signal released from wounded
leaves induces cells from unwounded leaves throughout the
plant to become more fragile during protoplast isolation.
This phenomenon is readily apparent when young potato and
tomato plants are used.
A time course of the loss in yields of pro'toplasts from po-

tato and tomato leaves during the peribd after wounding is

shown in Fig. 1. The percent loss in yield is calculated by
comparing yield of protoplasts prepared from the upper non-
damaged leaves of wounded plants with that of unwounded
control plants, all maintained in the same environments of
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FIG. 1. Protoplast yields from upper nonwounded leaves of po-
tato plahts (o) and tomato plants (d) wounded twice on the lower
leaf.

light, temperature, and humidity. As seen in Fig. 1, the
wound-induced loss in protoplast yields from both potato
and tomato leaves is time dependent. Within 3-4 hr of
wounding, the yields of protoplasts dropped to 75% of con-

trols, and after 8-10 hr the yields dropped to <50% of con-
trol plants.
The magnitude of the decreased yields of protoplasts from

wounded plants depends od the severity of wounding. In Ta-
ble 1, data are presented for protoplast yields and two cellular
markers from unwounded, upper leaves of once- and twice-
wounded tomato plants. The yields from plants wounded
only once, 4 hr before isolation, were 74% those of control
plants, whereas those wounded twice (4 and 3 hr before iso-
lation of protoplasts) were 53% of controls. Chlorophyll and
mannosidase levels per protoplast from each treatment were

similar, indicating the consistency of the protoplast prep-
arations. In Table 1, the relationship of single and double
wounds was also compared with the levels of proteinase in-
hibitor I that were induced to accumulate in leaves of tomato
plants of similar age and size during a 24-hr period after
wounding, These results show twice-wounded plants accu-
mulating about 2 times the quantity of inhibitor I induced by
a single wound, confirming observations previously reported
(16).
Decreased yields of protoplasts after wounding appear to

Table 1. Effects of single and double wounding of leaves of tomato plants on protoplast yields and
proteinase inhibitor I levels

Chlorophyll/mannosidase Leaf content of
Protoplasts (X 10-6) (X 10-4) in isolated proteinase inhibitor I,

Treatment per g fresh wt protoplasts ILg per ml of leaf juice

Unwounded 2.33 (100%) 55 0.6
Wounded once 1.72 (74%) 51 28.3
Wounded twice 1.24 (5i%) 55 53.5

Once-wounded tomato plants were wounded across the midvein 4 hr before protoplast preparation.
Twice-wounded plants were wounded 4 and 3 hr before protoplast preparation. Protoplasts were pre-
pared from the opposite nonwounded leaves of the plant. Two sets of plants were treated for each set
of experiments. One set was used to isolate protoplasts, and a second set was incubated under light
(150 x 10-6 einsteins/m2 per sec) for 24 hr and the levels of inhibitor I were determined immundlogi-
cally to assess the effectiveness of the wounding. All data represent assays from five sepatate experi-
ments. Chlorophyll values were evaluated as ,Ag per g fresh weight of leaf tissue, and mannosidase
activity was evaluated in units per g fresh weight. The levels ifi both mannosidase and chlorophyll per
protoplast remained constant in all of the experiments.
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Table 2. Comparison of chlorophyll, mannosidase, and intact protoplasts initially released from leaves of wounded and
control potato and tomato plants during protoplast isolation

Total components (intact plus lysed protoplasts)

Intact protoplasts (x 10-6) Chlorophyll, gg Mannosidase (x 10-'), Chlorophyll/
Leaf tissue per g fresh wt per g fresh wt units per g fresh wt mannosidase

Potato*
Control 1.34 ± 0.12 459 ± 52 25.4 ± 8.9 10.1
Wounded 0.64 ± 0.16 462 ± 192 26.1 ± 9.6 17.7

Tomatot
Control 21.8 604 9.0 67
Wounded 8.96 533 9.3 57

Leaf tissue (0.9 g) was incubated in 20 ml of mannitol solution containing cell-wall digesting enzymes. After 3.5 hr, each
leaf tissue digest preparation was filtered through a 100-/.m mesh polypropylene screen. Undigested leaf material remain-
ing on the screen was resuspended in 10 ml of the mannitol solution and was refiltered through the polypropylene screen
and the two filtrates were combined. Intact protoplasts were counted and the levels of chlorophyll and mannosjoase in the
digest were assayed.
*Average of four experiments, each with five replicate protoplast counts. The lower leaves of the potato plants were
wounded 20 hr before harvest, and upper nonwounded leaves were used for the experiment.
tOne experiment with five replicate protoplast counts. One leaf of each tomato plant was wounded 19 and 20 hr before
harvest. The opposite, nondamaged leaves were used for the experiments.

be due to protoplast lysis, as judged by analysis of total cel-
lular components released into the medium during protoplast
isolation. After incubation of leaf tissue with cell-wall digest-
ing enzymes for 3.5 hr, the'protoplasts, together with orghn-
elles, small fragments of broken tissqe, and soluble'compo-
nents from lysed cells were separated from undigested leaf
tissue by filtering through a polypropylene screen with a 100-
A.m mesh opening. In Table 2, the yields of protoplasts and
the two markers, chlorophyll (a choloroplast marker) and
mannosidase (a vacuolar marker), in the filtrates from leaves
of wounded and control plants are compared. The yields of
the two markers from both wounded and control plant di-
gests are similar, indicating that about the same number of
cells were released from both digests. Since the yields of in-
tact protoplasts from wounded plants are only half of those
obtained from control plants, the decreased yield appears to
have resulted from either lysed protoplasts and whole cells
or from incomplete conversion of released whole cells to
protoplasts.
A major concern was that wounding may have caused a

change in the plants that decreased the numbers of whole
cells that were being converted intp protoplasts during diges-
tion with protoplast-releasing enzymes. Fpr example, Ge-
balle and Galston (17) have reported the development of a

resistance of oat leaves to cellulolytic digestion in response
to wounding. In tomato protoplast preparations from wound-
ed plants, an increase in whole cells was noted over prepara-

tions from unwounded plants. This increase in whole cells
could account for only 27% of the loss of protoplast yields.
In potato protoplast preparations from wounded plants, we
carl detect no increase at all in whole cells over those from
unwounded plants. Thus, it appears that the major losses in
protoplasts from both tomato and potato leaves are from
protoplast and/or cell lysis.
The induced fragility of the newly isolated protoplasts was

particularly pronounced during centrifugation of the proto-
plasts at low speed. In Table 3, the results of an experiment
are shown in which newly released protoplasts from un-
wounded leaves from both wounded and unwounded plants
were centrifuged at low speed. Recoveries of protoplasts
from wounded plants immediately after incubation with the
cell-wall digesting enzymes were -67% of control yields.
However, on centrifugation at 25 x g for 7 minm, 70% of the
protoplasts from wounded plants were broken compared to
20% breakage of control protoplasts. When the newly har-
vested protoplasts were centrifuged at 100 X g, =70% of the
protoplasts from wounded plants were again broken, but at
this speed only 40% of the protoplasts from control plants
had lysed. This experiment indicates that two populations of
protoplasts may exist in leaves of wounded plants: one popu-
lation that is easily lysed on centrifugation, and a second,
stable population, that remains unbroken even under the
higher 100 x g forces.

Inhibitor I has been shown to accumulate in excised young

Table 3. Effect of centrifugal stress on protoplast recovery from leaves of wounded
and control plants

Control plants Wounded plants

Frotoplasts (x10-6) Protoplasts (X10-6)
Treatment per g fresh wt % recovery per g fresh wt % recovery

Initial protopl~ist recovery 12.8 100 8.56 100
Initial protoplasts

Centrifuged at 25 x g
Pellet 1.44 0.78
Supernatant 8.89 1.83
Total 10.33 80 2.61 31

Centrifqged at 100 x g
Pellet 6.83 2.28
Supernatant 0.89 0.44
Total 7.66 60 2.72 32

Unwounded leaves from tomato plants wounded twice at 19 and 20 hr previously or from control
plants were incubated with hydrolytic enzymes to release protoplasts. After the initial incubation of
3.5 hr, the protoplast preparation was divided into equal aliquots and was treated as described in the
table. CentrifugatiQn was for 7 min.
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tomato plants when supplied with a purified preparation of
PIIF (18). Excision alone induced little or no inhibitor when
a razor blade was used to cut the base of the main stem (18).
We therefore isolated protoplasts from leaves of excised
young tomato leaves 4 hr after supplying them with buffer or
PIIF, and we compared the yields of protoplasts from the
leaves of these plants with those from leaves of intact plants.
The accumulation of inhibitor I in similarly treated leaves
was also recorded 24 hr after excision. Fig. 2 shows that an
809o-90% decrease in protoplast yields resulted from exci-
sion. The decrease occurred whether buffer or PIIF was sup-
plied to the leaves. However, inhibitor I accumulated only in
the leaves of plants induced with PIIF. Thus, in excised
leaves the induction of inhibitor I synthesis is not obligatori-
ly linked to the process that decreases protoplast yield, sug-
gesting that separate signals may trigger the two phenomena.
The data do not, however, rule out the possibility that some
change in the cellular organization of the leaves may be oc-
curring that is predisposing the cells to receive the informa-
tion carried by PIIF. If this important change in protoplast
fragility due to excision occurs in other plant genera, then
such changes should be taken into account whenever ex-
cised plants are used for experimental study.

Effects of Insect Attacks. Insect attacks have been shown
to be effective in inducing proteinase inhibitor accumulation
in leaves of tomato plants (13). In fact, the continuous chew-
ing of leaf-consuming insects may be the most effective
method of inducing the accumulation of proteinase inhibitors
I and II in plants. We have often found levels of inhibitors to
be higher in insect-infested field-grown plants than we can
induce in the laboratory. We allowed M. sexta larvae, which
are avid feeders on tomato leaves, to briefly feed on the low-
er leaves of young tomato plants until they had consumed
about one-third of a lower leaf of a plant. After a 20-hr incu-
bation under normal growing conditions, we compared the
yields of protoplasts from undamaged leaves with those of
control plants. The larvae decreased protoplast yields to
43% of controls. At the time of protoplast isolation (20 hr
after insect attacks) the plants had accumulated >60 ,ug per g
of tissue of inhibitor I in the undamaged leaves. Both chloro-
phyll and mannosidase assays again ensured us that the pro-

x

4..

V:

on

p

Ct

4-
Q.
To
A_

CLI

Attached Detached Detached

control + buffer + PIIF

._

04

EL

0

:2Ct

CZl

7S
._

u

FIG. 2. Protoplast (En) yields from excised tomato leaves sup-
plied with buffer and tomato PIIF 4 hr before protoplast isolation.
The yields are compared with proteinase inhibitor I (i) induced to
accumulate during a 24-hr incubation under constant light.

toplasts were of the highest purity. Thus, even a short period
of continual feeding by an insect is sufficient to induce sig-
nificant losses in protoplast yields in leaves of tomato plants.
The cumulative data lead us to speculate that the lysis of

protoplasts results from a systemic signal that triggers a
change in the protoplast membrane. This could be an enzy-
mic process resulting from changes in the leaf cytosol and/or
a conformational or compositional change in the membrane
that renders the protoplast membrane more susceptible to
lysis when released into the digestion media. This response
is not understood from a functional standpoint, but it shows
that injury of tissues by mechanical damage or insect attacks
can cause profound changes in the properties of plant cell
envelopes many centimeters away. We suggest that these
changes may be involved in mobilizing plant defenses in
these cells. The systemic signal is apparently different from
the signal PIIF that induces proteinase-inhibitor synthesis
and accumulation in potato and tomato plants (4, 10, 18), but
it could be part of an overall communication system that pre-
disposes the receptor cells to receive information conveyed
by PHIF or other signals. It is not clear whether the signal
that decreases protoplast yields is electrical or chemical.
Electrical signals have been measured in wounded plants (5)
and may be involved with a rapid wound-induced polysome
formation in tomato plants (19). In addition, Theologis and
Laties have observed a rapid induction of phospholipase ac-
tivity that can act on membrane lipids in wounded potato
tubers (20). This latter signal has not been identified, but
membranes in cells several millimeters from the wound site
display lipolysis within 15 min after slicing. Corn roots have
also been shown to respond to wound signals originating
from mechanical injury. After cutting, root plasma mem-
brane H+/K' ATPase decreases, accompanied by an in-
creased membrane permeability, which causes ion influx
(21). The cutting caused a rapid (within 30 min) partial col-
lapse of the electrogenic H+/K' ATPase of the plasma
membrane in tissues 2 cm away (22). Nothing is yet known
of the signals that induce this response or of the mechanisms
that cause the changes in the membrane properties.

In contrast to the aforementioned examples, the systemic
effects observed in this report occur several centimeters
away in distal tissues. Nevertheless, it is possible that all of
these processes are related through the same signals or
through similar biochemical responses. Analysis of mem-
branes of wounded and unwounded plants for both composiP.
tion and chemical properties may provide clues toward un-
derstanding the biochemical and chemical processes that
contribute to the systemic wound-induced changes in leaf
cells reported here.
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