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Octadecanoid Precursors of Jasmonic Acid Activate the
Synthesis of Wound-lnducible Proteinase lnhibitors
Edward E. Farmer and Clarence A. Ryan'
lnstitute of Biological Chemistry, Clark Hall, Washington State University, Pullman, Washington 99164-6340

Jasmonic acid and methyl jasmonate have been shown previously to be powerful inducers of proteinase inhibitors in
tomato, tobacco, and alfalfa leaves. We show here that when proposed octadecanoid precursors of jasmonic acid, i.e.,
linolenic acid, 13(S)-hydroperoxylinolenic acid, and phytodienoic acid, were applied to the surfaces of tomato leaves,
these compounds also senred as powerful inducers of proteinase inhibitor I and I1 synthesis, a simulation of a wound
response. By contrast, compounds closely related to the precursors but which are not intermediates in the jasmonic
acid biosynthetic pathway did not induce proteinase inhibitor synthesis. These results suggest that the octadecanoid
intermediates may participate in a lipid-basedsignaling system that activates proteinase inhibitor synthesis in response
to insecl and pathogen atlack.

INTRODUCTION
Wound damage to the leaves of plants from a number of families results in the synthesis of proteinase inhibitor proteins at
the wound sites as well as in dista1 leaves (Green and Ryan,
1972; Brown and Ryan, 1984; Roby et ai., 1987; Bradshaw et
ai., 1989). Severa1 plant-derived chemicals that can regulate
the expression of wound-inducible proteinase inhibitor genes
have been identified. These include oligouronides arising
from the plant cell wall (Bishop et al., 1981; Ryan, 1987), the
growth regulators abscisic acid and auxin (Peiia-Cortes et ai.,
1989; Kernan and Thornburg, 1989), methyl jasmonate and
jasmonic acid (Farmer and Ryan, 1990; Farmer et ai., 1992),
and an 18-amino acid polypeptide, systsmin (Pearce et ai.,
1991).
Our recent observation that methyl jasmonate, a volatile
fatty acid-derived compound, is a potent inducer of proteinase inhibitors in tomato, tobacco, and alfalfa leaves raised
the possibility that jasmonates could be components of the
signaling pathway for proteinase inhibitor gene expression
(Farmer and Ryan, 1990). The biosynthesis of jasmonic acid
has been proposed to originate from linolenic acid through
the introduction of oxygen to the carbon chain, followed by
a dehydration, a reduction, and a series of a-oxidations (Vick
and Zimmerman, 1984).
In this report, we demonstrate that three of the octadecanoid precursors of jasmonic acid, i.e., linolenic acid, 13(S)hydroperoxylinolenic acid, and phytodienoic acid, can act as
signals for proteinase inhibitor induction in tomato leaves
when applied to leaf surfaces. These results suggest that
wound-inducible proteinase inhibitor synthesis may be regulated by a lipid-based signaling pathway activated by wounding.
To whom correspondence should be addressed.

A model is proposed in which systemin and oligouronides
produced by insect or pathogen attack interact with receptors
in target cells to initiate the octadecanoid-based signaling
pathway.

RESULTS
Our previous results showed that jasmonates, whether as airborne signals or applied in solution to the surface of leaves,
were readily taken up by tomato, tobacco, or alfalfa plants,
where they powerfully activated the synthesis of proteinase
inhibitor proteins (Farmer and Ryan, 1990; Farmer et al.,
1992). This property led us to suspect that jasmonic acid (or
a closely related molecule) may be part of the intracellular
signaling pathway for regulating proteinase inhibitor synthesis in response to insect and/or pathogen attack.
The pathway for the synthesis of jasmonic acid in plants,
proposed by Vick and Zimmerman (1984), is shown in Figure
1. The availability of linolenic acid, 13(S)-hydroperoxylinolenic acid, phytodienoic acid, and some closely related compounds that are not jasmonate intermediates provided the
opportunity to investigate whether these compounds might
behave as precursors of jasmonic acid in tomato leaves and
therefore act as signaling molecules that activate proteinase
inhibitor synthesis.
Figure 2 shows that suspensions of linolenic acid (18:3)
sprayed on tomato leaves strongly induced inhibitor I synthesis in tomato plants. The levels of inhibitor I that accumulated
in response to linolenic acid were much higher than those induced by wounding. Linoleic acid (18:2), sprayed at 10 mM
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when applied to leaves. A closely related compound that is
not an intermediate leading to jasmonic acid, 13(S)-hydroperoxylinoleic acid, was unable to induce inhibitor I synthesis
(Figure 4), again indicating that the specificity of induction by
13(S)-hydroperoxylinolenicacid and its precursor are consistent with their proposed roles as jasmonate precursors.
When phytodienoic acid, the cyclic product derived from
13(S)-hydroperoxylinolenicacid (Figure l), was applied to
tomato leaves, it was nearly as active as jasmonic acid in inducing proteinase inhibitor I synthesis. Figure 5 compares
the amounts of phytodienoic acid that induced inhibitor I in
leaves to the levels of linolenic acid, 13(S)-hydroperoxylinolenic acid, and jasmonic acid required for activity when applied to tomato leaf surfaces. Whereas the stability of each
precursor, the amounts of the compound that are taken up by
the plant, and the ease of conversion to a biologically active
signal (viz. jasmonic acid) would all be factors in their activities, it is clear that all of the precursors are potent inducers
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Figure 1. Proposed Scheme for Jasmonic Acid Biosynthesisin Angiosperms (Vick and Zimmerman, 1984).
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concentration, also induced the accumulation of inhibitor I in
tomato leaves, but the levels of inhibitor induced were less
than with linolenic acid (Figure 2). Severa1 other fatty acids
(12:0, 16:0, 18:O. 18:1, and 20:4) were essentially inactive inducers of the synthesis of inhibitor I (Figure 2). Thus, the induction of inhibitor I in leaves by 183 and 18:2 appears to be
specific and is not a general response to fatty acids.
To further examine the specificities of 183 in inducing proteinase inhibitor synthesis, a closely related isomer of linolenic acid, y-linolenic acid, with double bonds at positions 6,
9, and 12 instead of at positions 9, 12, and 15, was similarly
assayed for proteinase inhibitor-inducing activity when applied to leaves. In this case, fatty acid suspensions were applied to the adaxial leaf surfaces in 5-pL droplets containing
0.1% Triton X-100. Results of a typical experiment are shown
in Figure 3. Within 90 min after applying radiolabeled linoof the radioactivity
lenic acid on tomato leaf surfaces, '-6%
was converted to other compounds resembling 13(S)-hydroperoxylinolenic acid and its metabolites. The identity of these
compounds is under investigation (E.E. Farmer and C.A.
Ryan, unpublished data). y-Linolenic acid was shown to be
essentially inactive over a wide range of concentrations in
which linolenic acid showed high proteinase inhibitor-inducing activity.
The first step in the proposed pathway to jasmonic acid
(Figure 1) is the conversion of linolenic acid to 13(S)-hydroperoxylinolenic acid via lipoxygenase. Figure 4 shows that
this hydroperoxide induced proteinase inhibitor I synthesis
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Figure 2. Accumulation of Proteinase lnhibitor I in Tomato Leaves in
Response to Various Fatty Acids and to Wounding.

Fourteen-day-oldtomato plants were sprayed with 10 mM suspensions of various fatty acids in a carrier solution consisting of 0.10/0 Triton X-100 (v/v). Plants were then incubated in constant light at 28OC
for 24 hr; then the juice was expressed from the leaves and assayed
for proteinase inhibitor I by radial immunodiffusion. Fatty acids are
as follows: 12:0, lauric acid; 16:0, palmitic acid; 18:0, stearic acid;
183, oleic acid; 18:2, linoleic acid; 18:3, linolenic acid; 20:4, arachidonic acid. Data are for six plants f SE.
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Figure 3. Structural Specificity of Linolenic Acid Derivatives as Signals for Proteinase lnhibitor I lnduction in Tomato.
Each compound was applied to the adaxial surfaces of tomato leaves

as a 5-)LLdroplet. Plants were then incubatedin constant light at 28°C
for 24 hr before assaying for proteinase inhibitor I . lnhibitor I levels
are shown

* SE, n = 6. O , linolenic acid; A, y-linolenic acid.

of proteinase inhibitor I synthesis and that the induction is
highly specific for precursors of jasmonic acid.
In tomato leaves, two proteinase inhibitors are induced either by wounding, by systemin, by oligouronides, or by jasmonic acid. To establish whether both inhibitors I and II were
induced by the various jasmonic acid precursors, the induction of inhibitor II by these precursors was compared with induction by jasmonic acid. Table 1 shows that inhibitor II
synthesis was induced by all of the precursors, with the
potency of each compound in inducing inhibitor II synthesis
exactly paralleling its activity in inducing inhibitor I synthesis
(Figure 5). This result demonstrated that these compounds
are interacting with a signaling pathway that leads to the induction of synthesis of both inhibitor I and II and that they are
likely doing so through the synthesis of jasmonic acid.

DISCUSSION

In tomato leaves, wounding resulting from herbivorous insect
attacks leads to the release of signals that can trave1 from the
wounded leaf to nearby and dista1 leaf tissues to activate proteinase inhibitor synthesis (Green and Ryan, 1972). A candidate for long-distance signaling was recently reported to be
an 18-amino acid polypeptide, systemin (Pearce et al., 1991).
The recent observation that methyl jasmonate and jasmonic
acid are also powerful inducers of proteinase inhibitor synthesis (Farmer and Ryan, 1990) raised the possibility that jasmonates could be intracellular signal intermediates in the
induction of proteinase inhibitor gene expression by wounding or through the action of systemin.
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Severa1 intermediates in the pathway from linolenic acid to
jasmoic acid (Figure 1) were assayed for their ability to activate proteinase inhibitor synthesis when applied to surfaces
of tomato leaves. As with jasmonic acid, these intermediates
could be applied to the plants at low concentrations in a nondestructive manner. In addition to the jasmonic acid intermediates, severa1 compounds similar in structure that were
not intermediates in jasmonic acid synthesis were tested for
proteinase inhibitor-inducing activities.
Linolenic acid, hydroperoxylinolenic acid, and phytodienoic acid were all found to be powerful inducers of inhibitor I and II synthesis when applied to tomato leaf surfaces
(Figures 1 to 5, Table 1). This result indicated that these compounds were being actively converted to jasmonic acid in the
plants and were activating the genes via a jasmonic acid biosynthetic pathway.
The specificity of the activation of the inhibitor genes by the
jasmonic acid intermediates appeared to be absolute, as severa1 closely related fatty acids (Figures 2 and 3), except
linoleic acid (which can be converted by the plant to linolenic
acid), were inactive as inducers of proteinase inhibitor synthesis. Also, hydroperoxylinoleic acid, differing from hydroperoxylinolenic acid only by the lack of a double bond at
carbon 15, was inactive (Figure 4). Cyclization of 13(S)hydroperoxylinolenic acid to phytodienoic acid was previously shown (Vick et al., 1980) to require a double bond at
carbon 15.
Taken together, these observations demonstrated that severa1 octadecanoids of the jasmonic acid biosynthetic pathway
signal cellular events in tomato plants, leading to the expression of proteinase inhibitor genes. It is possible, therefore,
that octadecanoids as well as jasmonate may be involved in
complex signaling networks that regulate defensive or developmental genes in plants. Octadecanoid signaling in plants
shows some interesting parallels to eicosanoid signaling in
animals. Eicosanoids comprise a diverse class of compounds,
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Figure 4. Structural Specificity of Hydroperoxides as Signals for

Proteinase lnhibitor I lnduction in Tomato Leaves.
A, 13(S)HPODE, 13(S)-hydroperoxylinoleic acid; O , 13(S)HPOTrE,
13(S)-hydroperoxylinolenicacid. Error bars show SE (n = 6).
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Signal Cornpound (nrnol/plant)
Figure 5. Relative Activities of Octadecanoid and OctadecanoidDerived Signals in lnducing Proteinase lnhibitor I in Tomato Leaves.
LA, linolenic acid; JA, jasmonic acid; 13(S)HPOTrE, 13(S)hydroperoxylinolenic acid; PDA, phytodienoic acid. Each compound was applied to the adaxial surfaces of tomato leaves as a 5-pL droplet.
Plants were then incubated in constant light at 28OC for 24 hr before
assaying for proteinase inhibitor 1. Data are for 12 plants f SE.

such as prostaglandins and leukotrienes, that often mediate
localized stress responses in animals cells. Enzymes of eicosanoid biosynthesis are often constitutively present in the
animal cell, and the rate-limiting step for eicosanoid synthesis can be precursor fatty acid release (Needleman et al.,
1986). That exogenous precursors of jasmonic acid cause
proteinase inhibitor induction suggests that all of the enzymes responsible for jasmonate synthesis from linolenic
acid are probably present in tomato leaves before wounding.
Thus, a key event in the cellular signaling of wound-inducible
proteinase inhibitors would be the release of linolenic acid by
the activation, liberation, or synthesis of a lipase.
A model for the regulation of wound-inducible proteinase
inhibitor synthesis by an octadecanoid-based signaling pathway is shown in Figure 6.This model takes into account much
of the previous literature on proteinase inhibitor induction. We
have categorized known, plant-derived extracellular signals
that activate proteinase inhibitor genes into those likely
released as a consequence of wounding (herbivory), i.e., systemin (Pearce et al., 1991), and those likely to be produced
during pathogenesis, i.e., oligouronides, originating from the
plant cell wall (Bishop et al., 1981). Funga1 oligosaccharides
such as chitosan (Walker-Simmons and Ryan, 1984) and
0-glucan-containing elicitors (Rickauer et al., 1989) that are
not included in this model are also known to induce proteinase inhibitor synthesis and are likely to utilize similar
pathways. In the model, the key steps involve the interaction
of the signals with plasma membrane receptors, leading to
the activation of lipase and the release of linolenic acid into

the cytoplasm. Linolenic acid would be readily converted
through phytodienoic acid to jasmonic acid, which is proposed to interact with a receptor to activate proteinase inhibitor gene expression.
At present, there is no direct evidence for the existence of
the lipase implicated in our model; however, the systemic effects of wounding on protoplast fragility were reported several
years ago (Walker-Simmons et al., 1984), suggesting that a
systemic wound signal was exerting a major effect on the integrity of receptor cell membranes. Protoplasts isolated from
the upper leaves of tomato plants previously wounded on
lower leaves were significantly more fragile to isolation than
those isolated from the upper leaves of undamaged plants
(Walker-Simmons et al., 1984). The time course of the loss of
membrane integrity paralleled the time course of systemic
signal production from wounded leaves determined independently (Nelson et al., 1983). The loss of integrity could be
explained by the activation of lipase activity and release of
free fatty acids changing the physical properties of the
membrane.
In the model in Figure 6, linolenic acid released in response
to wound signals would be converted through several intermediates to jasmonate. The ability of jasmonic acid to more
powerfully activate the synthesis of proteinase inhibitors in
leaves as compared to wounding suggests that this compound is saturating a receptor system that regulates proteinase inhibitor gene expression. Wounds may not generate
sufficient quantities of linolenic acid to synthesize enough
jasmonic acid to fully saturate the receptors, which may function directly to activate the transcription of the gene.
Oligouronides, derived from the plant cell wall, are wellestablished signals for the induction of proteinase inhibitor
synthesis (Bishop et al., 1981; Farmer et al., 1991). These signals appear to be produced by pathogenesis (Pautot et al.,
1991) and not by wounding because they are not readily mobile within the plant (Baydoun and Fry, 1985) and the enzymes necessary for their release from cell wall pectin have

Table 1. lnduction of Proteinase lnhibitor II in Tomato Leaves
in ResDonse to Octadecanoids and Jasmonic Acid.
~~

Treatment
Control
Linolenic acid (100 nmol)
13(S)HPOTrE (20 nmol)

Phytodienoic acid (2 nmol)
Jasmonic acid 12 nmoh

lnhibitor II (M/Q tissue)

O
94 f 24
60 f 10

186 f 12
188
9

*

The control solution was 1.O% (v/v) Triton X-100 in water. Substances
tested were either dissolved in this solution (phytodienoic acid and

jasmonic acid) or suspended by sonication [linolenic acid and
I3(S)HPOTrE].All solutions were added to the adaxial surfaces of
tomato leaves of 14-day-oldintact plants as 10-pL droplets. Plants
were than incubated in constant light for 24 hr, at which time proteinase inhibitor II was measured by radial immunodiffusion. Values
are given +SE; n = 6.
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data supplied by the manufacturer. Phytodienoic acid (lS,2S-enantiomer) was a generous gift from Dr. B. Vick (USDA, ARS, Fargo, ND).
Louis, MO). All
Other fatty acids were from Sigma Chemical Co. (3.
substances were applied to plants in 0.1% (v/v) Triton X-100. Jasmonic
acid and phytodienoic acid were soluble in this solution. All otherfatty
acids and hydroperoxides were suspended in 0.1% (v/v) Triton X-100
by sonication and were used immediately.

Biological Assay
All experiments were conducted with intact tomato plants that were
14 to 15 days old, grown under previously described conditions
(Farmer et al., 1992). Chemicals were assayed for proteinase inhibitor-inducing activity by either spraying solutions directly on the plant
or by applying 5- or 10-pL droplets to the upper surfaces of each leaf.
Plants treated with inducing substances and control plants were incubated in constant light (300 pE m-z sec-I) at 28OC for 24 hr. Juice
was expressed from the leaves and assayed for proteinase inhibitors
Iand II by radial immunodiffusion (Ryan, 1967; Trautman et al., 1971).
The detection limit for the assay was -2 pg proteinase inhibitor per
gram of leaf tissue.

Figure 6. Proposed Model for the Signaling that Leads to the Expression of Wound-lnducible Proteinase Genes in Tomato Leaves.
PK, protein kinase; LOX, lipoxygenase; JA, jasmonic acid.
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METHODS

Chemicals
13(S)-Hydroperoxylinolenic acid, (9Z,llE,15Z,13(S)) 13-hydroperoxyoctadecatrien-1-oic acid and 13(S)-hydroperoxylinoleicacid, (9Z,1lE,
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Chemical Co. (Ann Arbor, MI). Methyl jasmonate was from Bedoukian
Research Inc. (Danbury, CT) and was deesterified to jasmonic acid
as previously detailed (Farmer et al., 1992). Methyl jasmonate was
90.6% lR,2R-enantiomer and 8.1% lR,2S-enantiomer according to

Received December 2, 1991; accepted December 5, 1991.

REFERENCES

Baydoun, E.A.-H., and Fly, S.C. (1985). The immobilityof pectic substances in injured tomato leaves and its bearing on the identity of
the wound hormone. Planta 165, 269-276.
Bishop, P.D., Makus, D.J., Pearce, G., and Ryan, C.A. (1981). Proteinase inhibitor-inducing activity in tomato leaves resides in
oligosaccharides enzymically released from cell walls. Proc. Natl.
Acad. Sci. USA 78, 3536-3540.
Bradshaw, H.D., Hollick, J.B., Parsons, T.J., Clarke, H.R.G., and
Gordon, M.P. (1989). Systemically wound-responsive genes in
poplar trees encode proteins similar to sweet potato sporamins and
legume Kunitz trypsin inhibitors. Plant MOI. Biol. 14, 51-59.
Brown, W.E., and Ryan, C.A. (1984). lsolation and characterization
of a wound-induced trypsin inhibitor from alfalfa leaves. Biochemistry 23,3418-3422.
Farmer, E.E., and Ryan, C.A. (1990). lnterplant communication: Airborne methyl jasmonate induces synthesis of proteinase inhibitors
in plant leaves. Proc. Natl. Acad. Sci. USA 87, 7713-7716.

134

The Plant Cell

Farmer, E.E., Pearce, G., and Ryan, C.A. (1989). In vitro phosphorylation of plant plasma membrane proteins in response to the proteinase inhibitor inducing factor. Proc. Natl. Acad. Sci. USA 86,
1539-1542.
Farmer, E.E., Johnson, R.R., and Ryan, C.A. (1992). Regulation of
proteinase inhibitor gene expression by methyl jasmonate and jasmonic acid. Plant Physiol., in press.

induced expression of the proteinase inhibitor IIgene in potato and
tomato. Proc. Natl. Acad. Sci. USA 86, 9851-9855.
Rickauer, M., Fournier, J., and Esquerd-Tugayb, M.-T. (1989). Induction of proteinase inhibitors in tobacco cell suspension culture
by elicitors of Phytophthoraparasitica var. nicotianae. Plant Physiol.
90, 1065-1070.

Farmer, E.E., Moloshok, T.D., Saxton, M.J., and Ryan, C.A. (1991).
Oligosaccharide signalling in plants: Specificity of oligouronideenhanced plasma membrane protein phosphorylation. J. Biol.
Chem. 266, 3140-3145.

Roby, D., Toppan, A., and Esquerre-Tugayb, M.-T. (1987). Cell surface in plant-microorganism interactions: VIII. lncreased proteinase inhibitor activity in melon plants in response to infection by
Colletotrichum lagenarium or to treatment with an elicitor fraction
from this fungus. Physiol. MOI. Plant Pathol. 30,453-460.

Green, T.R., and Ryan, C.A. (1972). Wound-induced proteinase inhibitor in plant leaves: A possible defense against insects. Science
175, 776-777.

Ryan, C.A. (1967). Quantitative determination of soluble cellular proteins by radial diffusion in agar gel containing antibodies. Anal.
Biochem. 19, 434-440.

Kernan, A., and Thornburg, R.W. (1989). Auxin levels regulate the
expression of a wound-inducible proteinase inhibitor Il-chloramphenicol acetyl transferase gene fusion in vitro and in vivo. Plant
Physiol. 91, 73-78.
Needleman, P., Turk, J., Jackshik, B.A., Morrison, A.R., and
Lefkowith, J.B. (1986). Arachidonic acid metabolism. Annu. Rev.
Biochem. 55, 69-102.

Ryan, C.A. (1987). Oligosaccharide signalling in plants. Annu. Rev.
Cell Biol. 3, 295-317.

Nelson, C.E., Walker-Slmmons, M., Makus, D., Zuroske, G.,
Graham, J., and Ryan, C.A. (1983). Regulation of synthesis and
accumulation of proteinase inhibitors in leaves of wounded tomato
plants. In Plant Resistance to Insects, American Chemical Society
Symposium Series 208, P.A. Hedin, ed (Washington, DC: American Chemical Society), pp. 103-122.
Pautot, V., Holzer, F.M., and Walling, L.L. (1991). Differential expression of tomato proteinase inhibitor I and II genes during bacteria1 pathogen invasion and wounding. MOI. Plant Microbe Int. 4,
284-292.
Pearce, G., Strydom, D., Johnson, S., and Ryan C.A. (1991).A polypeptide from tomato leaves induces wound-inducible proteinase
inhibitor proteins. Science 253, 895-898.
PeRa-Cortes, H., Shnchez-Serrano, J.J., Mertens, R., Willmitzer,
L., and Prat, S. (1989). Abscisic acid is involved in the wound-

Thaln, J.F., Doherty, H.M., Bowles, D.J., and Wildon, D.C. (1990).
Oligosaccharides that induceproteinase inhibitor activity in tomato
plants cause depolarization of tomato leaf cells. Plant Cell Env. 13,
569-574.
Trautman, R., Cowan, K.M., and Wagner, G.G. (1971). Data processing for radial immunodiffusion. lmmunochemistry 8, 901-916.
Vick, B.A., and Zimmerman, D.C. (1984). Biosynthesis of jasmonic
acid by severa1 plant species. Plant Physiol. 75, 458-461.
Vick, B.A., Feng, P., and Zimmerman, D. (1980). Formation of 12[180]oxo-cis-10-cis-15-phytodienoicacid from 13-[180]hydroperoxylinolenic acid by hydroperoxide cyclase. Lipids 15, 460-471.
Walker-Simmons, M., and Ryan, C.A. (1984). Proteinase inhibitor
synthesis in tomato leaves: lnduction by chitosan oligomers and
chemically modified chitosan and chitin. Plant Physiol. 76,
787-790.
Walker-Simmons, M., Hollaender-Czytko, H., Andersen, J.K., and
Ryan, C.A. (1984). Wound signals in plants: A systemic plant
wound signal alters plasma membrane integrity. Proc. Natl. Acad.
Sci. USA 81, 3737-3741.

Octadecanoid Precursors of Jasmonic Acid Activate the Synthesis of Wound-Inducible
Proteinase Inhibitors.
E. E. Farmer and C. A. Ryan
Plant Cell 1992;4;129-134
DOI 10.1105/tpc.4.2.129
This information is current as of September 25, 2020
Permissions

https://www.copyright.com/ccc/openurl.do?sid=pd_hw1532298X&issn=1532298X&WT.mc_id=pd_hw15322
98X

eTOCs

Sign up for eTOCs at:
http://www.plantcell.org/cgi/alerts/ctmain

CiteTrack Alerts

Sign up for CiteTrack Alerts at:
http://www.plantcell.org/cgi/alerts/ctmain

Subscription Information

Subscription Information for The Plant Cell and Plant Physiology is available at:
http://www.aspb.org/publications/subscriptions.cfm

© American Society of Plant Biologists
ADVANCING THE SCIENCE OF PLANT BIOLOGY

