References and Notes

1. S. B. Carter, Nature 213, 261 (1967).

2. D. C. Aldridge, J. J. Armstrong, R. N.
Speake, W. B. Turner, J. Chem. Soc. C
1967, 1667 (1967).

3. N. K. Wessels, B. S. Spooner, J. F. Ash,

. M. O. Bradley, M. A. Luduena, E. L. Taylor,
J. T. Wrenn, K. M. Yamada, Science 171,
135 (1971).

4. T. E. Schroeder, Biol. Bull. Mar. Biol. Lab.
Woods Hole, Mass. 137, 413 (1969); Z.
Zellforsch. 109, 431 (1970).

5. J. Lash, R. A. Cloney, R. R. Minor, Biol.
Bull. Mar. Biol, Lab. Woods Hole, Mass.
139, 427 (1970).

6. J. W. Sanger, S. Holtzer, H. Holtzer, Nature
New Biol. 229, 121 (1971).

7. R. D. Estensen, M. Rosenberg, J. D. Sheri-
dan, Science 173, 356 (1971).

8. J. G. Bluemink, Cytobiologie 3, 176 (1971).

9. A. Krishan and R. Ray-Chaudhuri, J. Cell
Biol. 43, 618 (1969).

10. M. M. Perry, H. A. John, N. S. T. Thomas,
Exp. Cell Res. 65, 249 (1971).

11. D. Shepro, F. A. Belamarich, L. Robblee, F.
C. Chao, J. Cell Biol. 47, 544 (1970).

12. A. C. Allison, P. Davies, S. dePetris, Nature
New Biol. 232, 153 (1971).

13. O. Behnke, B. 1. Kristensen, L. E. Nielsen,
J. Ultrastruct. Res. 37, 351 (1971); in Plate-
let Aggregation, J. Caen, Ed. (Masson, Paris,
1971), p. 3.

14, H. Ishikawa, R. Bischoff, H. Holtzer, J. Cell
Biol. 43, 312 (1969).

15. W. F. H. M. Mommaerts, Methods Med.
Res. 7, 1 (1958).

16. O. H. Lowry, N. J. Rosebrough, A. L. Farr,
R. J. Randall, J. Biol. Chem. 193, 265 (1951).

17. J. L. Bailey, Techniques in Protein Chem-
istry (Elsevier, New York, 1967), chap. 11.

18. O. Behnke and J. Emmersen, Scand. J.
Haematol., in press.

19. H. E. Huxley, Science 164, 1356 (1969).

, J. Mol. Biol. 7, 281 (1963).

21. J. G. White, in Platelet Aggregation, J. Caen,
Ed. (Masson, Paris, 1971), p. 15.

22. O. Behnke, unpublished observations, In
these experiments the cytochalasin B was a
gift from Dr. S. B. Carter, whom we thank
for this.

23. O. Behnke, A. Forer, J. Emmersen, Nature
234, 408 (1971).

24. G. F. Smith, M. A, C. Ridler, J. A. Faunch,
ibid. 216, 1134 (1967); R. L. Ladda and
R. D. Estensen, Proc. Nat. Acad. Sci. U.S.
67, 1528 (1970); D. M. Prescott, J. Kates, J.
B. Kirkpatrick, J. Mol. Biol. 59, 505 (1971).

25. Supported in part by grants Nos. 512-149/69
and 512-1008/71 from the Danish Medical
Research Council to O.B. and grant No.
511-703 from the Danish Science Research
Council to A.F.

14 October 1971 ™

Wound-Induced Proteinase Inhibitor in Plant Leaves:

A Possible Defense Mechanism against Insects

Abstract. Wounding of the leaves of potato or tomato plants by adult Colorado
potato beetles, or their larvae, induces a rapid accumulation of a proteinase inhibi-
tor throughout the plants’ tissues that are exposed to air. This effect of insect
damage can be simulated by mechanically wounding the leaves. The transport of a
factor out of damaged leaves takes place rapidly after the wound is inflicted and
the levels of proteinase inhibitor, in both damaged and adjacent leaves, rises
strikingly within a few hours. The rapid accumulation of a powerful inhibitor of
major intestinal proteinases of animals in response to wounding of the leaves is

probably a defense mechanism.

The function of naturally occurring
proteinase inhibitors in plant tissues has
been the subject of speculation (7).
These inhibitors are usually found in
high concentrations in plant storage
organs such as seeds or tubers. Some of
these proteins have the capacity to in-
hibit proteolytic enzymes of insect and
microbial origins, but rarely proteolytic
enzymes of plant origin (2). Because
of their specificities, they may be pro-
tective agents against invading micro-
organisms -and insects (3, 4).
arguments for proteinase inhibitors func-
tioning in seeds as protective agents
against insects (4) are based on the
ability of several of them to inhibit
insect digestive proteinases. Our recent
discovery of the presence, in potato
tubers, of a powerful inhibitor of the
two major animal pancreatic exopepti-
dases (carboxypeptidase A and B) (5)
further supports the argument for a pro-
tective function.

We have been studying the biochem-
istry, physiology, and function of a well-
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characterized protein from potato
tubers called “inhibitor I,” a potent in-
hibitor of the animal endopeptidases,
chymotrypsin and trypsin (6). By im-
munological techniques, we found that
this protein was present in potato and

Table 1. Colorado potato beetle-induced ac-
cumulation of chymotrypsin inhibitor I in
tomato plants. Each value is an average ob-
tained from 11 trifoliate leaves (from the
second leaf down from apex). Ranges are
given in parentheses. Adult beetles were al-
lowed to feed randomly on plants for 24
hours. After an additional 24 hours the tis-
sues were assayed immunologically for inhibi-
tor I (7). Experiments were carried out in a
greenhouse under natural light. Leaf damage
varied from minor damage of a single leaflet
to severe damage of all leaflets. The accumu-
lation of inhibitor in leaves varied in propor-
tion to the insect damage inflicted on the
plants.

Average inhibitor I

Leaf concentration (ug/ml) in:
damage
Leaves Main stem Roots
Beetle 202 (77-235) 52 (0—73) <15
No damage 47 ( 0-120) <15 <15

tomato leaves as well as in potato
tubers. In leaves of both species, the
inhibitor was a transient component and
was present, in general, at periods pre-
ceding and during the breaking of apical
dominance. In many instances, its pres-
ence in leaves could be correlated with
a physiological event. Occasionally,
however, differences in amount of in-
hibitor I in plants of the same age
were extraordinary (five- to tenfold vari-
ations). Such results led us to suspect
that some environmental factor might
be responsible for this variability; micro-
organisms, insects, or physical injury
were likely candidates.

The effect of insect damage on in-
hibitor I concentrations was tested by
allowing Colorado potato beetles, com-
mon pests of potatoes and tomatoes, to

feed on the leaves of young tomato

plants. Concentrations of inhibitor I in
damaged and undamaged leaves of the
plants were subsequently assayed im-
munologically (7). As shown in Table
1, we found that leaves of beetle-
infested plants accumulated greater
amounts of inhibitor I than did un-
infested control plants. Data from in-
dividual assays showed that both dam-
aged and apparently undamaged leaves
from the beetle-infested plants had ac-
cumulated inhibitor I,

We confirmed the observation that
damage by beetles to a single leaf
could effect the concentration of inhib-
tor I in undamaged leaves. Adult
beetles were then allowed to feed on a
single leaf from each of three potato
plants without access to the rest of
the plants. The beetles fed for 48 hours
on the individual leaves and nearly
consumed them. At the end of the feed-
ing period, the unwounded leaves of the
three plants had an average of 336 ug
of inhibitor I per milliliter of leaf juice
whereas unwounded control plants had
an average of 103 ug of inhibitor T per
milliliter.

The accumulation of inhibitor I in
leaf tissue far removed from the wound-
ing site suggested that an inducing fac-
tor was introduced into the vascular
system of the plant when it was
wounded. The origin of this factor was
undetermined, however, as it could
have either entered the leaf cytoplasm
from the beetle or originated within the
leaf in response to the wound.

The wounding of the leaf appeared
to be the primary cause of the induction
of inhibitor I accumulation since nearly
any type of crushing would cause the
same induction. Reproducible results
were obtained by using a paper punch
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Fig. 1. The accumulation of inhibitor I in
leaf juice of the tomato plant as a result
of mechanical wounding by crushing leaves
between a wooden dowel and file A—A;
and by punching holes in leaflets with a
paper punch @ —@. The tomato plants
were young, 8 to 10 cm in height, with
two well-developed leaves, a lower tri-
foliate and an upper adjacent pentafoliate

leaf. The lower leaf was wounded to initi-

ate the experiment. Plants were maintained
under midsummer greenhouse conditions
for 48 hours. The terminal leaflet of the
pentafoliate leaf was assayed immuno-
logically for inhibitor I (7).

or by crushing the leaf between the end
of a small circular wooden dowel (0.8
cm in diameter) and the rough surface
of a flat, bastard file. Figure 1 shows the
relation between the number of mechan-
ical wounds and the amount of inhib-
itor I accumulated in the unwounded
terminal leaflet 48 hours after wound-
ing with the paper punch and with the
dowel and file. The crushing action of
the dowel and file was more effective
than the paper punch in inducing inhib-
itor I and was utilized in subsequent
experiments. Scratching the surface of
the leaf with a razor blade was effec-
tive in inducing inhibitor I, but did not
give consistent reproducible results. Pin
pricks were less effective. The presence

of inhibitor I in the leaflets of young,

wounded tomato plants could be de-
tected in leaves within 12 hours. The ac-
cumulation of inhibitor I continued for
at least 100 hours, often reaching con-
centrations of more than half a milli-
gram per milliliter of leaf juice.
Although the effect of wounding per-
sisted for a considerable time (in terms
of inhibitor I accumulation), the pas-
sage of a signal from the wounded leaf
to unwounded leaves of the upper peti-
oles was found to be transmitted in an
initial pulse. Immediately after being
wounded, the leaves were detached
from some of the plants by a single
cut with a razor blade. Such an opera-
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tion, with minimum damage to the
petiole, does not induce accumulation.
Wounded leaves from the remaining
plants were detached in the same man-
ner at various intervals. All of the
plants were maintained in the green-
house for 48 hours after being wounded,
at which time the terminal leaflet of
the pentafoliate was. assayed for inhibi-
tor I concentration. - Detachment of
leaves immediately after being wounded
prevented the accumulation of inhibitor
I in adjacent leaves '(Fig. 2). Detach-
ment of wounded leaves at later in-
tervals was decreasingly effective in
preventing the signal from being trans-
mitted, as evidenced by an increased
accumulation of inhibitor I in the pen-
tafoliate leaf. The half-time of transmis-
sion of the inducing factor out of
wounded leaves was about 3% hours.
Detachment of the leaves after 10 hours
was ineffective in preventing accumula-
tion of inhibitor I in the pentafoliate
leaves.

Our results establish that proteinase

-iahibitor I can be induced to accumu-

late in aerial tissues of tomato and
potato plants as a direct consequence
of insect damage or mechanical wound-
ing of leaves. The chemical signal that
initiates inhibitor I accumulation is most
likely to be a substance produced or
released in the plant, at or near the
wound. We have tentatively called this
substance the proteinase inhibitor in-
ducing factor (PIIF). Injury near the
main vein of leaves is more effective
in inducing accumulation of inhibitor I
in adjacent leaves than injury to the
periphery of the leaves. This suggests
that the PIIF gets into the vascular
system of the plant through the vascular
system of the leaf.

The ability of potato and tomato
plant tissues to respond to insect injury
by accumulating large quantities of an
inhibitor of the animal proteinases chy-
motrypsin and trypsin, suggests that
these inhibitors may be regulated to
make the plant less palatable, and per-
haps lethal, to invading insects. Digesti-
bility of food is well known to be an
important factor in selection for leaf-
eating insects (8). The effectiveness of
proteinase ‘inhibitors as deterrents to
insects would depend upon their ability
to inhibit the proteinases in the insect
digestive tract.

The finding that a proteinase inhibitor
accumulates in large quantities in
leaves as a result of insect damage
demonstrates that insect behavior can
rapidly and effectively influence the
protein composition of plant leaves. The
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Fig. 2. The effect of detachment of wounded
leaves on the accumulation of inhibitor I in
tomato plants. Leaves wounded six to seven
times by crushing between a wooden dowel
and file were detached from the plants at
the times indicated. The concentration of
inhibitor I in unwounded leaves was de-
termined immunologically (7) 48 hours
after the initiation of the experiment. Con-
trols were those plants whose wounded
leaves were left intact. Experimental meth-
ods and conditions were the same as those
for Fig. 1.

fact that the accumulated protein is an
inhibitor of proteinases and therefore a
potential threat to the metabolism of
the insect suggests that its function may
be that of protection. Such a mecha-
nism of protection could provide an-
~other parameter for study in designing
new approaches and better methods for
biological pest control.

T. R. GreEN, C. A. RyaN
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Washington State University, Pullman
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