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Fast Upward Propagation of the Wound Signal That Systemically
Elevates Phosphatidic Acid
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Phosphatidic acid (PA) increases in response to wounding at the neighboring unwounded leaf as well as at the
wounded leaf of many plants (Lee et al., 1997). This indicates that a signal propagates from the wounded leaf to its
neighboring leaves. In this paper, we report the speed and direction of propagation for a systemic wound signal that
elevates PA. When a leaf of a soybean (Glycine max) seedling at the 2-leaf-stage was wounded, the PA level of the
neighboring leaf did not change within the first min, but did increase significantly in 2 min, returning to the control
level after 15 min. This implies that the systemic wound signal was generated at least within 2 min of wounding, and
was propagated at a speed of at least 10 - 16 mm/min. When we wounded individual leaves of soybean and tobacco
(Nicotiana tabaccum) seedlings that had 3 or 4 leaves, PA levels were elevated only in the younger leaves located
above the wounded leaf, but not in the older, lower leaves. Thus, the PA-elevating wound signal preferentially moves

upward in these plants.
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When plants are wounded, they develop a series of
defense responses including transcriptional activation
of genes that encode proteins with defensive functions
(Lawton and Lamb, 1987; Brederode et al.,, 1991;
Hemerly et al., 1993; Memelink et al., 1993). Interest-
ingly, these defense responses occur not only at the
wound site, but also systemically, i.e., at distant locations
(Bowles, 1993). The induction of a systemic defense
response implies that a signal is generated at the
wound site, and propagates to other parts of the plant
(Bowles, 1997, 1998).

A few signals are responsible for the systemic induc-
tion of proteinase inhibitor (Pl) gene expression, the
best characterized systemic wound response (Pearce
et al., 1991; Ryan, 1992; Wildon et al., 1992; Mal-
one and Alarcon, 1995). Wound signals differ chemi-
cally and in their speed of propagation. For example,
McGurl et al. (1992) found that systemin, a peptide
hormone comprising 18 amino acids, was generated
enzymatically from its inactive precursor, prosystemin,
upon wounding. Their investigations using "*C-systemin
revealed that it took 30 min for systemin to spread
throughout the wounded leaf and 60 -90 min to
arrive at the petiole of the wounded leaf. Systemin
has been found in the phloem, suggesting its move-
ment is through that tissue (Narvaez-Vasquez et al.,

*Corresponding author; fax +82-54-279-2199
e-mail ylee@postech.ac kr

1995). In tomato seedlings, an electrical signal that
was recorded when the cotyledons were wounded
spreads to the petiole of the lowest leaf (the first true
leaf) within 5 min of wounding (Wildon et al., 1992).
Hydraulic dispersal of chemicals, resulting from a
hydraulic pressure change, occurs instantaneously
after wounding as a mass flow. This pressure change
can distribute chemicals applied to the cut-end to
other leaves as rapidly as in 30 s (Malone et al., 1994;
Malone and Alarcon, 1995).

Studies of wound signals have been mainly limited
to identifying those factors that induce systemic Pl
gene expression. However, many other systemic wound
responses exist, and some of them, such as activation
of protein kinases (Bogre et al., 1997; Zhang and Kles-
sig, 1998; Seo et al., 1999) and elevation of phospha-
tidic acid (PA) (Ryu and Wang, 1996; Lee et al.,
1997), occur much faster than does Pi gene expression
(Graham et al., 1986; Lee et al., 1997). To understand
the early steps of wound signaling, it is necessary to
characterize the signals that elicit these fast systemic
wound responses.

PA is elevated rapidly and systemically after wound-
ing (Ryu and Wang, 1996; Lee et al., 1997), and has
been shown in many organisms to play important
roles in signaling. It is a signal mediator for ABA in the
barley aleurone layer and in Vicia faba guard cells
(Ritchie and Gilroy, 1998; Jacob et al., 1999). Moreover,
PA is involved in host defense of phagocyte (Exton,
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1994) and proliferation (Fukami and Takenawa, 1992),
an essential step in the wound- healing process of
animal cells.

Because PA does not move to the neighboring leaf
when applied to the wounded leaf (Lee et al., 1997), a
wound signal evidently is propagated to the unwounded
neighboring leaf, where the PA level then becomes
elevated. In the current study, we addressed how fast
and in what direction the PA-inducing factor was
propagated in soybean and tobacco plants, as a step
toward identifying the nature of the signal that ele-
vates PA levels systemically in wounded plants.

MATERIALS AND METHODS

Plant Materials

Soybean (Clycine max L., cv Kent) and tobacco
(Nicotiana tabaccum L., cv Xanthi) plants were grown
in a greenhouse or a growth chamber at 23°C, with
light/dark cycles of 16/8 h. Wounding was applied
with a pair of pliers by pinching the distal area of a
leaf across the vein. Wounded plants were incubated
under constant light (200 - 300 pmol m™2 s) for vari-
ous lengths of time. The wounded leaves and their
neighboring leaves were then cut from the plants and
frozen immediately in liquid nitrogen.

Lipid Extraction

Lipids were extracted according to the Folch method
(Folch et al., 1957) with some modifications. Briefly,
the frozen leaf samples were ground in a mortar with
6 mL of Folch solvent (chloroform:methanol = 2:1, viv).
Afterward, 1.5 mL of 0.58% NaCl was added and the
mixture was vortexed. The organic layer was taken,
and washed once with 2 mL of pure upper-phase sol-
vent containing chloroform:methanol:0.6% NaCl (3:
48:47, v/v/v). The organic layer was taken, dried under
nitrogen gas, and redissolved in 1:1 (v/v) mixture of
chloroform and methanol.

Separation on TLC and Quantification of Lipids

The extracted lipids were separated with a two
developing-solvent system on a TLC plate (Merck
F254 60, Germany). First, the TLC plate was devel-
oped with the upper phase of ethylacetate:isooctane
:acetic acid:water (110:50:20:100, v/v/ V) to one-third
of the plate. It was then dried, and developed again
with the same solvent up to half way. After drying

J. Plant Biol. Vol. 44, No. 1, 2001

again, the plate was developed with hexane:diethyl
ether:methanol:acetic acid (90:20:3:2, v/Av/v/A) until
the solvent passed slightly over the top of the TLC
plate. The separated PA was identified by comparing
it with the lipid standard, using iodine staining. The
silica on TLC plate for PA was then scraped, and soni-
cated with 0.3 mL of 0.7 N HCl. PA was desorbed
from the silica with 1.9 mL chloroform and 1.9 mL
methanol. It was washed again with 1.9 mL of chloro-
form and 1.13 mL of 0.7 N HCl, evaporated at 70°C,
and quantified by phosphate assay (Bartlett, 1959).
The data were normalized with fresh weight of the
sample leaves and presented as a percentage of the
PA detected in control leaves of non-wounded plants.

RESULTS AND DISCUSSION

We tested how fast the systemic signal moved to
elevate PA levels in the unwounded leaf in soybean
seedlings at 2-leaf-stage. In many plants including
soybean, systemic PA increases within 5 min after
wounding (Lee et al., 1997). In the current experi-
ment, we measured the PA content earlier than 5
min. In wounded leaves, the PA level did not increase
much in the first min (111%, P < 0.2), but it did
increase to 197% (P < 0.05) in 2 min, to 789% (P <
0.005) in 5 min, and 243% (P < 0.1) in 15 min, com-
pared with levels measured in the control leaves of
non-wounded plants. In the neighboring leaf (sys-
temic site) on a wounded plant, PA content also did
not change in the first min, but did increase to
162.4% (P < 0.05) after 2 min, and to 250% after 5
min (P < 0.05), compared with the control. By 15
min after wounding, the PA content had returned to
the control level (Fig. 1). Thus the PA level increased
significantly as early as 2 min after wounding, both in
the wounded and in the neighboring leaves. This ele-
vation was transient, as is expected for a signal medi-
ator, returning to the basal level in 15 min. Moreover,
the time course for elevation of the systemic PA con-
tent was similar to what we reported for wounded
tomato seedlings at a similar developmental stage
(Lee et al., 1997). Therefore, these results clearly indi-
cate that the systemic wound signal that elevates the
PA level is generated within 2 min after wounding in
these plants.

Such rapid propagation of the wound signal for PA
elevation in soybean seedling of 2-leaf-stage elimi-
nates the possibility that systemin is the signal. The
speed of propagation cannot be calculated accurately
because of unknown factors. However, assuming that
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Figure 1. Time course of phosphatidic acid increase in response
to wounding in soybean seedlings. One leaf of the 2-leaf-stage
soybean seedlings was wounded and incubated for various
time periods, then both the wounded and the unwounded
neighboring leaves were harvested. Lipids were extracted
and PA band was scraped from the TLC plate and quantified
by phosphate assay. Values represent the mean + SE (n = 3 -
6) of PA content as % of PA in control leaves of non-
wounded soybean seedlings.

1) no time elapses for the propagated signal to elevate
PA level in the neighboring leaf and 2) the systemic
signal is generated from the wound site immediately
after wounding, then the speed of signal propagation
is 10 - 16 mm/min. These estimates are based on the
distance between the wound site and the neighbor-
ing leaf (from the wound site, the bottom of the blade
of the neighbor leaf was about 20 mm, and the mid-
dle of the neighbor leaf was about 32 mm). However,
it is also possible that the PA levelelevating wound sig-
nal arrived at the systemic site at the very instant of
wounding, thus causing a simultaneous change in PA
level both at the wounded and the neighboring
leaves. In the latter scenario, the speed of propaga-
tion is too fast to measure. The possible involvement
of either a hydraulic signal or an electrical signal in
wound-induced systemic elevation of PA merits fur-
ther study.

Next, to determine the direction of propagation for
the systemic wound signal involved in PA elevation,
we measured the PA levels in leaves above and
below the wounded leaf. Soybean seedlings with 4
fully developed leaves and tobacco seedlings with 3
fully developed leaves were used. The soybean plants
were wounded at the second leaf from the base, and
20 min later, the PA level was measured. PA contents
were 6.6, 19.6, 8.8, and 9.9 nmole/g fresh weight, for
the first, second, third, and fourth leaves, respectively.
In wounded leaves, the PA level increased to 346% (P
< 0.05) of that in the control at the same develop-
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Figure 2. Upward propagation of wound signal in soybean
and tobacco seedlings. The second leaf from the base of 4-
leaf-stage soybean seedlings (A) and the middle leaf of 3-
leaf-stage tobacco seedlings (B) were wounded. After 20
min (A) and 2 min (B) respectively, the wounded and neigh-
boring leaves were harvested. Other experimental proce-
dures were the same as described in Figure 1. Control values
are from non-wounded plants of the same developmental
stages. W, wounded leaf; L, the leaf located below the
wounded leaf on the stem; U, the leaf located above the
wounded leaf. U1 is the leaf directly above the wounded
leaf and U2 is the youngest leaf at the top of the stem. Val-
ues represent the mean + SE (n = 3 - 6).

mental stage. However, leaves below the wounded
leaf did not show any change in PA level, compared
with their own controls. Only the leaves above the
wounded leaf tended to show an increase in the PA
level, 197% (P < 0.2) of the control for the leaf
directly above the wounded leaf and 429% (P < 0.05)
for the youngest leaf at the top of the stem (Fig. 2A).
Tobacco leaves showed similar responses. When the
middle leaf of 3-leaf-stage tobacco was wounded, the
PA level was elevated after 2 min in the leaf located
above the wounded leaf, to 301% (P < 0.05) of the
control. However, PA content did not change in the
leaf below the wounded one (Fig. 2B). These results
indicate that the systemic wound signal that elevated
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PA levels was preferentially propagated upward both
in tobacco and soybean seedlings at 3- and 4-leaf-
stages, respectively. Previous studies on the direction
of propagation of wound signals showed differences
depending on the response. For example, Pl | mRNA
expression was induced only in leaves above the
wounded one in tomato seedlings (Nelson et al.,
1983). However expression of Pl Il mRNA was induced
in both the upper and the lower leaves of wounded
potato plants (Pefia-Cortes et al., 1988).

How the systemic wound signal elevating PA level
passes only to the leaves located above the wounded
leaf is yet to be solved. Although phloem may be
used for upward chemical movement, the speed of
phloem flow (Narvaez-Vasquez et al., 1995) is too
slow to elevate the PA within 2 min in unwounded
leaves. Neither can rapid hydraulic chemical dispersal
explain the exclusively acropetal PA-level elevation
because this dispersal occurs basipetally as well (Mal-
one et al., 1994).

In this study, we showed that the wound signal
involved in systemic PA elevation moved acropetally
at a speed of at least 10 - 16 mm/min. We are cur-
rently testing if PA has a role in wound signaling and/
or wound healing, as is found in animal cells. Further
studies on the relationship between PA-induced and
wound-induced responses, and the identity of the
systemic wound signal that elevates PA, will contrib-
ute to the understanding of wound signal transduc-
tion and defense response in plants.
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