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INTRODUCTION

Plants synthesize a diverse array of organic compounds.
Several of these compounds, termed plant hormones or
plant growth regulators, are biologically active within the
plant and influence physiological processes such as growth,
differentiation, and development at low concentrations. The
effects of some plant hormones, such as auxin, gibberellins,
cytokinins, abscisic acid (ABA), and ethylene, have been de-
scribed and characterized for over 50 years (for a review,
see Kende and Zeevaart, 1997, in this issue). In many cases,
the roles of these “traditional” plant hormones were eluci-
dated initially from experiments with exogenous hormones.

More recently, however, several other compounds that
can affect plant growth and development have been de-
scribed. In many cases, the roles these compounds play in
modulating growth and development are being defined by
the analysis of mutants or transgenic plants with either al-
tered perception or levels of the plant hormone under study
(an approach that is also shedding new light on studies of
the traditional plant hormones; see Kende and Zeevaart,
1997, in this issue). This review describes recent observa-
tions on three classes of “nontraditional” plant hormones:
oligosaccharins, brassinolides, and jasmonates. The roles of
other nontraditional plant regulators such as salicylic acid
(Raskin, 1992; Bennett and Wallsgrove, 1994; Gross and
Parthier, 1994; Dempsey and Klessig, 1995; Hunt et al.,
1996) and polyamines (Galston and Kaur-Sawhney, 1990;
Kakkar and Rai, 1993) have been reviewed elsewhere. Far
less is known about compounds such as turgorins, strigols,
and other promotors/inhibitors of seed germination and
plant growth (for a recent review, see Gross and Parthier,
1994).

OLIGOSACCHARINS

Oligosaccharins are complex carbohydrates that are capable
of modulating plant growth and development at low concen-

To whom correspondence should be addressed. E-mail mullet@
bioch.tamu.edu; fax 409-862-4790.

trations. Some oligosaccharins, such as oligogalacturonids,
act as elicitors and evoke pathogen defense responses.
These defense responses include the accumulation of phy-
toalexins, proteinase inhibitors, lignin, peroxidase, lipoxyge-
nase (LOX) and B-1,3 glucanases (Ryan, 1988; Hahn et al.,
1989; Ebel and Cosio, 1994). The effect of elicitors on de-
fense responses, which is probably mediated in part via al-
terations in the levels and/or sensitivities of jasmonic acid
(JA; see below) and salicylic acid, is not covered in this sec-
tion. Rhizobial lipo-chitin oligosaccharins (i.e., Nod factors)
have also been reviewed recently (Spaink and Lugtenburg,
1994) and are not discussed here. Instead, we briefly focus
on those oligosaccharins that exert dramatic effects on
plant growth and development that are unrelated to disease
responses. Additional information can be obtained in other
excellent reviews covering oligosaccharins as elicitors and
growth modulators (Aldington and Fry, 1993; Fry et al,
1993a; Co6té and Hahn, 1994; Fry, 1994; Ozeretskovskaya
and Romenskaya, 1996; John et al., 1997).

Pectic Oligosaccharins

Pectins are the major polysaccharide in the primary cell wall
and are composed primarily of «-1,4-galacturonic acid-
linked subunits. Pectins may also contain galactose, arabi-
nose, and rhamnose. In many studies, biologically active
pectic oligosaccharins are generated by chemical or enzy-
matic hydrolysis of cell walls, pectin, or polygalacturonic
acid and purified to varying degrees. Pectic fragments (Fig-
ure 1A) generated by these procedures vary in size, with de-
grees of polymerization ranging from two to 20. Fragments
are usually resolved by anion exchange chromatography.
Several lines of evidence from experiments utilizing excised
tissues or tobacco thin-cell layer (TCL) explants suggest that
exogenous pectic oligosaccharins (oligogalacturonides with
a degree of polymerization ranging from 10 to 17) antago-
nize auxin action at levels 10- to 100-fold lower than those
required for the elicitation of plant defense reponses. For ex-
ample, oligogalacturonides inhibit auxin-induced growth of
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Figure 1. Chemical Structures of Nontraditional Plant Hormones.

{A) Oligogalacturonide. Galu represents a-galacturonic acid-(1—4).
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(B) Two typical xyloglucan fragments. Fuc, a-fucopyranosyl-(1-2); Gal, a-galactopyranosyl-(1-52); Glc, B-glucosy!-(1—-4) residues; Xyl,

a-xylopyranosyl-(1—6).
{C) Brassinolide. The A and B rings are indicated, as is carbon 6.
(D) (-)-JA.

isolated pea stem segments (Branca et al., 1988), auxin-
stimulated rooting in leaf explants (Filippini et al., 1992), and
auxin-dependent somatic embryogenesis in carrot cuitures
(LoSchiavo et al., 1991; Filippini et al., 1992).

In some studies, TCL explants have been used to study
the role of oligogalacturonides in morphogenesis. TCLs con-
tain a limited number of cell types (epidermis, chloren-
chyma, collenchyma, and parenchyma), and organogenesis
occurs in TCL explants without callus formation. Hence,
TCLs are an excellent system for studying the changes that
occur when tissues are induced to form new organs. TCLs
will form roots, flowers, or vegetative shoots, depending on
the auxin/cytokinin ratio (Mohnen et al., 1990). Oligogalactu-
ronides can induce flower formation or inhibit root formation
in tobacco TCLs or leaf explants (Eberhard et al., 1989;
Mohnen et al., 1990; Marfa et al., 1991); they may act by
interfering with auxin binding sites (LoSchiavo et al., 1991;
Filippini et al., 1992) or by altering auxin metabolism (Pressey,
1991). However, little is known about the role of these pectic
oligosaccharins in whole plant growth and development.

Xyloglucan Oligosaccharins

Another group of oligosaccharins that modulate plant
growth is derived from xyloglucans (York et al., 1984;
McDougall and Fry, 1989). Xyloglucans are components of
the hemicelluloses, which form strong noncovalent bonds
with cellulose microfibrils in plant cell walls. This cross-linking
between cellulose and xyloglucans has been suggested to
be a major factor controlling cell elongation and growth (see
Cosgrove, 1997, in this issue).

Xyloglucan fragments can be obtained following enzy-
matic hydrolysis with an endo-$-1,4-glucanase and subse-
quent purification by size exclusion chromatography and
HPLC. The most common xyloglucan oligosaccharides pro-
duced by endo-B-1,4-glucanase are XXXG, XXFG, and
XLFG (Figure.1B; endo-B-1,4-glucanase cleaves the xylo-
glucan backbone at unbranched sugars, i.e., approximately
every fourth residue). Because xyloglucan oligosaccha-
rides can be considered to be oligomers of B-1,4-glucosyl
residues, the nomenclature utilizes an abbreviation defined



for different side chain substitutions in the glucan backbone
(Fry et al., 1993b). For example, G and X represent p-glucosyl
residues lacking a side chain or containing a xylosyl residue,
respectively. The side chains need not consist of a single sugar
residue; the abbreviation L is defined to be -galactopyrano-
syl-(1-2)-a-xylopyranosyl, whereas F is defined as a-fuco-
pyranosyl-(1—2)-galactopyranosyl-(1—2)-a-xylopyranosyl.

Some xyloglucan fragments can modulate plant growth.
For example, XXFG inhibits auxin-, gibberellin-, proton-, and
fussicoccin-induced growth as well as endogenous growth
at concentrations of ~1 nM (York et al., 1984; McDougall
and Fry, 1989). By contrast, at higher concentrations (~1
mM), XXFG (and also XXLG, XLLG, and XXXG}) can promote
pea stem elongation in the absence of auxin (McDougall and
Fry, 1890).

It has been suggested that these oligosaccharins (XXFG,
XXLG, XLLG, and XXXG) stimulate growth by acting as sub-
strates for a xyloglucan endotransglycosylase (XET; Fry et
al., 1992; Nishitani and Tominaga, 1992). XET acts by hydro-
lyzing a xyloglucan polymer and transferring the newly re-
leased xyloglucan strand to the end of another xyloglucan
polymer (Fry et al., 1992; Nishitani and Tominaga, 1992). If
xyloglucan polymers act to restrain cell expansion by hydro-
gen bonding to celiulose, transient breakage of xyloglucans
by XET may cause temporary wall loosening (Fry, 1989).
However, if the cut xyloglucan polymer were transferred in-
stead to small xyloglucan oligosaccharins, the net result
could be an accumulation of xyloglucan polymers, which
may cause altered wall properties (Fry, 1989). XXFG proba-
bly inhibits growth by a different mechanism because the K,
of XET for xyloglucan oligomers is ~10 mM (i.e., 10,000-fold
higher than is the concentration at which maximum growth
inhibition is achieved).

A genetic approach has been informative in understand-
ing the role of xyloglucan oligosaccharins in plant growth
and development. Reiter et al. (1993) isolated an Arabidop-
sis mutant deficient in fucose (mur?). The mutant exhibits
dwarfed stature, short petioles, reduced apical dominance,
and weak stems. Because the presence of fucose on XXFG
was thought to be essential for the growth inhibitory activity
of this oligosaccharin, the dwarf phenotype of mur? plants
was unexpected. However, Zablackis et al. (1996) showed
that xyloglucans in mur1 plants contain L-galactose in place
of L-fucose. Thus, one possibility is that the dwarf pheno-
type in mur1 arises because this new oligosaccharin (XXJG)
is catabolized at a slower rate than is XXFG. This or a similar
mechanism must be invoked to explain the mur? phenotype
because the growth inhibitory properties of XXJG and XXFG
are identical.

Exogenous oligosaccharins can modulate the elicitation of
defense responses, growth in excised stem segments, mor-
phogenesis in tissue culture, and induction of root nodules.
However, in several studies, oligosaccharins are produced
in vitro by using treatments unlikely to be encountered in
vivo. In some cases, preparations of oligosaccharins may
not be chemically homogeneous. Use of pure preparations
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is essential to determine unequivocally a role for oligosac-
charins in the endogenous regulation of plant growth and
development. Much more information about oligosaccharins
is needed with regard to their biosynthesis, transport, bind-
ing factors, mode of action, and physiology in whole plants.

BRASSINOSTEROIDS

Brassinosteroids (BRs) are a group of naturally occurring poly-
hydroxy steroids. Brassinolide (Figure 1C), which was origi-
nally isolated from rape (Brassica napus L.) pollen in 1979,
was the first BR to be characterized (Grove et al., 1979).
More than 60 BRs have been identified. Of these, 31 have
been fully characterized, including two conjugates (Sakurai
and Fujioka, 1993). BRs have been identified in many plants,
including dicots, monocots, gymnosperms, green alga, and
a fern (Sakurai and Fujioka, 1993). BRs have been isolated
from seeds, fruits, shoots, leaves, flower buds, and galls at
levels between 0.5 pg and 30 ng/g fresh weight. BR levels
are relatively high in pollen (5 to 190 ng/g fresh weight).

Exogenous BR causes cell elongation and division in
excised stem segments and seedlings at micromolar to pi-
comolar concentrations (Sakurai and Fujioka, 1993). In addi-
tion to their growth-promoting activities, exogenous BRs
have been reported to inhibit root growth, enhance gravitro-
pism, retard leaf abscission, enhance resistance to stress,
and promote xylem differentiation (Sakurai and Fujioka,
1993). Several excellent reviews are available on the history,
chemistry, biochemistry, and physiology of BRs (Mandava,
1988; Cutler et al., 1991; Sakurai and Fujioka, 1993; Gross
and Parthier, 1994; Clouse, 1996; Yokota, 1997).

Variations in BR structure result from different substitu-
tions in the A/B rings and side chains created in oxidation or
reduction reactions that occur during biosynthesis. Of the
known BRs, the most abundant are brassinolide and its bio-
synthetically related precursors. Biosynthesis of brassino-
lide begins with the reduction of the 5,6 double bond of
campesterol to form campestanol (Figure 2A). The pathway
to brassinolide from campestanol may occur via an early ox-
idation of campesteronol to form cathasterone at carbon 6
(Figure 2A) or a late oxidation at carbon 6 (reviewed in
Yokota, 1997). Several BRs lacking an oxygen at carbon 6
are found in plants; however, there is no evidence for the
conversion of campestanol to 6-deoxoBRs.

The ability of many naturally occurring compounds such
as BRs to modulate strongly plant growth in bioassays or
whole plant studies suggests that they could function as en-
dogenous plant hormones. Unequivocal evidence that BRs
are essential for some aspects of plant growth and develop-
ment has been obtained with the isolation of BR-insensi-
tive (e.g., bri1, brassinosteroid insensitive; cbb2, cabbage;
lka) and BR-deficient (e.g., dwf1-6/cbb1, dwarf; cbb3/cpd,
constitutive photomorphogenic dwarf; det2, deetiolated;
Ikb) Arabidobsis and pea mutants (Clouse et al., 1996;



1214 The Plant Cell

A
s ""
—_—
—._.IT> e Sl s R
HO' det2 HO X cp d HO' i
campesterol campestanol cathasterone teasterone
',
———> HO;,
HO'
3 ;
-dehydroteasterone typhasterol castasterone brassinolide ks
B
AN NN A COOH
linoleic acid
l_fadJ -2 fad7-2 fad8
QOH
e s L O AP 498
NN T NN AN AN CO0H = — COOH -_'T>
linolenic acid 13-hydroperoxylinolenic acid defl (?)
SA (?)

\FWCOW AO C Reduda.se

(ILfl (?)

12,13-epoxy-octadecatrienoic acid S (9)  12-oxo-phytodienoic acid
&NV\//;\& 3x Boxidation &/\ Gene
= o - Expression
SRS LE pnienl)r (+)-7-iso-JA g 1]
cyclopentaneoctanoic acid :xdn: :
jind
SA

Figure 2. Biosynthetic Pathways for Brassinolides and JA.

(A) The biosynthetic pathway of brassinolides. This pathway begins with the reduction of the 5,6 double bond of campesterol to form
campestanol. lllustrated here is the pathway that includes the early oxidation at carbon 6 to form cathasterone (Fujioka et al., 1995). Another
possible pathway (not shown) utilizes 6-deoxy intermediates derived from campesterol (Yokota, 1997) with a final oxidation at carbon 6 to give
castasterone. Castasterone is then converted to brassinolide. Abbreviations in red indicate biosynthetic lesions or sensitivity mutants of Arabi-
dopsis and pea (/kb is not shown, but its lesion is before teasterone). See text for details.

(B) The biosynthetic pathway of JA. This pathway begins with the release of linolenic acid from lipids and its hydroperoxidation by LOX. After re-
actions catalyzed by allene oxide synthase (AOS) and allene oxide cyclase (AOC), 12-oxo-phytodienoic acid is formed. After a reduction and
three rounds of 8 oxidation, (+)-7-iso-JA is formed. Abbreviations in red indicate biosynthetic lesions, inhibitor blocks, or sensitivity mutants of
Arabidopsis and tomato. SA, salicylic acid.



Kauschmann et al., 1996; Li et al., 1996; Szekeres et al.,
1996; Nomura et al., 1997).

These mutants were isolated by using a variety of screen-
ing methods: bri1 by screening for a long root phenotype
when grown in the presence of 24-epibrassinolide; dwf1-6/
cbb1, cbb2, and cbb3 by visual identification; and det2 and
cpd by screening for characteristics of light-grown plants
when grown in the dark. Based on mapping and comple-
mentation tests, dwf71-6 and cbb1 are allelic to each other,
as are cbb3 and cpd. All of the Arabidopsis mutants exhibit
male sterility or reduced male fertility, severe dwarfism, and
reduced apical dominance. When they are grown in dark-
ness, they show reduced hypocotyl elongation, unregulated
opening of cotyledons, and emergence of primary leaves.
The pea mutants have similar phenotypes showing a reduc-
tion in internode and penducle length, diminished basal
branching, and a ridged surface (Reid and Ross, 1988). In-
terestingly, dark-grown lka and lkb pea seedlings do not
exhibit a deetiolated phenotype (Nomura et al., 1997), sug-
gesting that in peas, BRs may not play as strong a role in
photomorphogenesis as they do in Arabidopsis.

Four of the mutants, dwf1-6/cbb1, cbb3/cpd, det2, and
Ikb, appear to have blocks in the BR biosynthetic pathway
(Figure 2A; Kauschmann et al., 1996; Li et al., 1996; Nomura
et al., 1997) because exogenous BRs restore the phenotype
of these mutants to the wild type. Moreover, the deduced
amino acid of the DET2 gene product shares significant ho-
mology to mammalian steroid 5oa-reductases (Li et al.,
1996). Hence, DET2 may catalyze the removal of the 5,6
double bond of campesterol during its conversion to
campestanol. Similarly, the CBB3/CPD gene product shows
a significant degree of homology with mammalian cyto-
chrome P450 monooxygenases, a large family of enzymes
that includes steroid hydroxylases (Szekeres et al., 1996).
Thus, CBB3/CPD may catalyze one or several of the hydrox-
ylations occurring during the conversion of campesterol to
brassinolide (Figure 2A). Based on BR feeding studies, the
block in /kb appears to be before teasterone (Nomura et al.,
1997), but the exact position is not known.

The role of the DWF1 gene product is less clear. The dwf1
phenotype is less severe than that of cbb3 and det2. This
implies that a dwf7-mediated block in the biosynthestic path-
way leads to a moderate but not complete reduction in BR
levels. Similarly, the ability to suppress the dwf7-6 phenotype
with exogenous BRs may suggest that a partial insensitivity
to BRs is being overcome. The amino acid sequence of DWF1
indicates the presence of a FAD binding domain (Mushegian
and Koonin, 1995) and a nuclear targeting signal (Takahashi
et al., 1995). Consequently, DWF1 may act as a FAD-depen-
dent oxidase or have a regulatory role in the nucleus.

Two BR-insensitive mutants, bri7 (Clouse et al., 1996) and
chb2 (Kauschmann et al., 1996), have been isolated from
Arabidopsis, and one, /ka, has been isolated from pea (Nomura
et al., 1997). In Arabidopsis, the mutant loci map to the
same region on the lower half of chromosome 4, and prelim-
inary data (results from one successful cross) indicate that
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they are allelic (T. Altmann and S. Clouse, personal commu-
nication). The inability of exogenous BR to rescue the bri1/
cbb2 and lka phenotypes suggests that the BRI1/CBB2 and
LKA gene product(s) may be either a BR receptor or a com-
ponent of the BR signal transduction pathway.

BR-promoted pea epicotyl elongation exhibits a longer
lag time than does auxin-induced elongation. Auxin typically
causes elongation within 10 to 15 min, whereas the effects
of exogenous BRs are not apparent for 40 to 50 min (Zurek
et al., 1994). BRs appear to cause elongation by affecting
wall extensibility, increasing wall relaxation properties in
Brassica chinensis (Wang et al., 1993) and plastic extensibil-
ity in soybean (Zurek et al., 1994; for a review of wall exten-
sibility, see Cosgrove, 1997, in this issue).

Some insight into the molecular mechanisms underlying
these changes in wall extensibility comes from analyses of
the expression of BRU7, a BR-responsive gene, which is
high in apical regions of soybean hypocotyls and epicotyls
(Clouse et al., 1993). In addition to sequence similarity (Clouse
et al., 1993; Zurek and Clouse, 1994), recent evidence sug-
gests that the recombinant BRU1 protein possesses XET ac-
tivity and that XET activity in soybean epicotyls is increased
by BR treatment (Romanov et al., unpublished data, cited in
Clouse et al., 1996, and Clouse, 1996). That XET activity is
induced by exogenous BRs suggests that the dwarf pheno-
type of det2, dwf1, cbb2/bril, and cbb3 and the diminished
internode length in /ka and lkb could result from reductions
in BR levels or sensitivity, which in turn decrease XET activity,
and a reduction in cell wall extensibility (see above). The TCH4
{touch; Xu et al., 1995) and MERI5 (meristem; Medford et al.,
1991) genes also show a high degree of similarity to BRU1
and other XETs. That TCH4 and MERI5 show reduced expres-
sion in the dwf1, cbb2/bri1, and cbb3 mutants (Kauschmann
et al., 1996) provides further evidence in support of a role for
XETs and BRs in modulating plant growth. Experiments de-
signed to alter the activity of XET-encoding genes via sense
and antisense technology should shed light on the roles of
BRs and XETs in plant growth.

Measurements of changes in BR levels in response to me-
chanical perturbations such as touch and other environmen-
tal changes need to be performed, although the extremely
low levels of BRs in plants may make such analyses difficult.
In addition, in vitro demonstrations of enzymatic activity for
DET2, CBBS3, and DWF1 are needed to define the role of the
corresponding genes in the BR biosynthetic pathway. Nev-
ertheless, the pleiotropic effects of the det2, dwf1-6/cbb1,
cbb2, cbb3/cpd, bri1, Ika, and lkb mutations on leaf morphol-
ogy, pollen fertility, light development, and cell elongation
suggest that BRs are an important class of plant hormones.

JASMONATES

JA (Figure 1D) and its methyl ester (methyl jasmonate
{MeJA}) are linolenic acid (LA)-derived, cyclopentanone-
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based compounds. Early studies showed that exogenous
JA or MeJA can promote senescence and regule{te growth.
Subsequent research has revealed that JA specifically alters
gene expression and that wounding and elicitors can cause
JA and MeJA accumulation in plants. This section summa-
rizes our rapidly expanding knowledge of JA function, bio-
synthesis, distribution, and signal transduction in plants.
Additional information on this topic can be found in re-
cent reviews (Sembdner and Parthier, 1993; Creelman and
Muliet, 1997).

Distribution of JA

JA levels in plants vary as a function of tissue and cell type,
developmental stage, and in response to several different
environmental stimuli. For example, levels of JA in soybean
seedlings are higher in the hypocotyl hook, a zone of cell di-
vision, and in young plumules than they are in the zone of
cell elongation and more mature regions of the stem, older
leaves, and roots. High levels of JA are also found in flowers
and in the pericarp tissues of developing reproductive struc-
tures (Lopez et al., 1987; Creelman and Mullet, 1995).

Jasmonate levels are rapidly and transiently increased by
mechanical perturbations, such as those causing tendril
coiling (Falkenstein et al., 1991; Weiler et al., 1993), turgor
reduction induced by water deficit (Creelman and Mullet,
1995), and wounding (Creelman et al., 1992). In addition, JA
accumulation can be induced in cell cultures and plants by
oligosaccharides derived from plant cell walls, by elicitors
such as chitosans derived from fungal cell walls, and by
peptide inducers (Gundlach et al., 1992; Doares et al.,
1995b; Nojiri et al., 1996). These compounds may stimulate
JA biosynthesis via receptor-mediated processes.

Transcripts of JA and JA-responsive genes accumulate sys-
temically in plants in response to localized wounding (Pearce
et al., 1991). The systemic signal is apparently released at the
wound site and migrates through the phloem to other parts of
the plant. Systemin, an 18-amino acid peptide, has been
shown to miove in the phloem and to induce the synthesis of
JA and the expression of JA-responsive genes throughout the
apical portion of plants (Pearce et al., 1991). Systemin may be
released from the wound site upon hydrolysis of a precursor
polypeptide (McGurl and Ryan, 1992). The tomato mutant JL1
may be impaired in the ability to make or release systemin at
or near the site of wounding (Lightner et al., 1993).

JA Biosynthesis

The biosynthesis of jasmonates begins with LA (Figure 2B).
This fatty acid is converted to 13-hydroperoxyl A by LOX.
13-HydroperoxyLA is a substrate for allene oxide synthase
(AOS), the product of which is a substrate for allene oxide
cyclase (AOC). AOC catalyzes reactions that result in the
formation of 12-oxo-phytodienoic acid. Following reduction

and three steps of B-oxidation, (+)-7-iso-JA is formed (Fig-
ure 2B). However, two isomers of jasmonate are found in
plants, (+)-7-iso-JA and (—)-JA, which occur in a ratio of
~1:9. Due to increased steric hindrance, the cis orientation
of the side chains is less stable in {+)-7-iso-JA, and they
epimerize to the more stable trans configuration. This occurs
via a keto—enol tautomerization involving the C6 ketone and
the C7 proton to form the corresponding diastereomers.

Increases in JA levels could result from the activation of
phospholipases that release LA from membranes (Farmer
and Ryan, 1992). However, only indirect evidence for this
possibility is currently available. For example, in one study,
free LA levels doubled within 1 hr after wounding, whereas
JA levels rose 10-fold (Conconi et al., 1996a). Moreover,
treatment of tobacco cells with elicitors derived from the
fungus Phytophthora parasitica var nicotianae (Roy et al.,
1995) caused the amount of phosphatidylcholine to de-
crease concomitant with an increase in phaspholipase A ac-
tivity. Similarly, in soybean cell culture, harpin and an extract
from the pathogenic fungus Verticillium dahliae promoted
rapid increases in phospholipase A activity (Chandra et al.,
1996). Upon wounding of potato tuber tissue, JA levels rose
~100-fold in 4 hr, but two inhibitors of animal phospholi-
pase A, (manoalide and quinacrine) did not prevent the ac-
cumulation of JA (Koda and Kikuta, 1994). The close
similarities in the signaling pathways of defense reactions in
plants and animals (Bergey et al., 1996) suggest that a phos-
pholipase is involved in the production of free LA,

Many of the enzymes involved in JA biosynthesis are lo-
calized in chloroplasts. This raises interesting questions re-
garding wound signal transduction in light of the presumed
spatial separation of wound/elicitor signal perception on the
plasma membrane and JA synthesis in the plastid. The
physiological role of a chloroplast-targeted LOX was ana-
lyzed by reducing AtLOX2 accumulation in transgenic Arabi-
dopsis plants (Bell et al., 1995). The reduction of AtLox2
expression by using sense cosuppression caused no obvi-
ous changes in plant growth. However, wound-induced ac-
cumulation of JA, which was observed in control plants, was
significantly reduced in leaves of transgenic plants lacking
AtLOX2. Therefore, this plastid-localized LOX is required for
wound-induced synthesis of jasmonates in Arabidopsis leaves.

Flax and Arabidopsis AOS have been cloned and charac-
terized (Song and Brash, 1991; Song et al., 1993; Brash and
Song, 1995). Flax AOS is a 55-kD hemoprotein with the
spectral characteristics of a cytochrome P-450. The flax
cDNA encodes an N-terminal sequence characteristic of
chloroplast transit peptides, consistent with localization of
AOS activity in chloroplasts (Blée and Joyard, 1996). The
deduced amino acid sequence of the Arabidopsis AOS (ex-
pressed sequence tag 94J16T7), which shares a high de-
gree of identity with that of flax AOS, also contains a putative
N-terminal plastid targeting sequence (R.A. Creelman, E.
Bell, and J.E. Mullet, unpublished observations). Overex-
pression of flax AOS in transgenic potato plants increases
JA levels (Harms et al., 1995), indicating that the amount of



AOS protein is a rate-determining step for JA biosynthesis.
The tomato mutant def7 (defenseless) is inhibited in the con-
version of 13-hydroperoxyLA to 12-oxo-phytodienocic acid
(Figure 2B; Howe et al., 1996).

JA Function in Plants

JA and MeJA inhibit the germination of nondormant seeds
and stimulate the germination of dormant seeds (see Bewley,
1997, in this issue for a review of germination and dormancy).
JA, MeJA, ABA, and ethylene inhibit the germination of the re-
calcitrant seeds of Quercus robur (Finch-Savage et al., 1996).
When these desiccation-sensitive seeds were dried, the con-
centrations of MeJA and JA increased prior to the loss in
seed viability. The increase in jasmonate was correlated with
lipid peroxidation, suggesting that the production of jas-
monate may not regulate germination but rather is a conse-
quence of membrane damage. The level of jasmonate in
soybean seeds 12 days after anthesis is low (~0.1 ng/g
fresh weight), whereas in older seeds, JA levels are higher
(0.5 ng/g fresh weight; Creelman and Mullet, 1995). Twelve
hours after imbibition, the level of JA increased fourfold to 2
mg/g fresh weight in seed axes. The observed increase in
JA levels following imbibition is correlated with seed reserve
mobilization and may be a consequence of rather than a
trigger for germination. The seeds of the Arabidopsis jin4
(jasmonate insensitive) and jar? (jasmonate response) mu-
tants show increased sensitivity to ABA (Staswick et al,,
1992; Berger et al., 1996), suggesting that JA may stimulate
seed germination by decreasing sensitivity to ABA.

In addition to its effects on seed germination, JA also
strongly inhibits root growth by a mechanism that is not me-
diated by ethylene (Berger et al., 1996). JA also inhibits in-
doleacetic acid-stimulated coleoptile elongation, possibly
by blocking the incorporation of glucose into cell wall
polysaccharides (Ueda et al., 1995). Furthermore, JA acti-
vates the differential growth involved in tendril coiling in pea,
a response that does not directly involve ethylene or in-
doleacetic acid (Falkenstein et al., 1991).

That JA may play a role in the formation of flowers, fruit,
and seed is suggested by the relatively high levels of this
compound in developing plant reproductive tissues. The
presence of jasmonate and related volatile fatty acid deriva-
tives in the flower may indicate a function in insect attraction
and thus pollen dispersal. Other aspects of flower, fruit, and
seed development that can be modulated by jasmonate in-
clude fruit ripening, fruit carotenoid composition (Czapski
and Saniewski, 1992), and the expression of genes encod-
ing seed and vegetative storage proteins (VSPs). By contrast
to the effects of JA on root growth, jasmonate-stimulated
tomato and apple fruit ripening most likely occurs through
the activation of ethylene-forming enzyme and the produc-
tion of ethylene (Czapski and Saniewski, 1992).

A role for JA in mediating the accumulation of secondary
plant products has also been proposed (Gundlach et al.,,
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1992). Exogenous JA causes the accumulation of paclitaxel
and related taxanes in Taxus (Yukimune et al., 1966), alka-
loids in Cantharanthus and Cinchona (Aerts et al., 1994), an-
thocyanins in soybean (Franceschi and Grimes, 1991), and
rosmarinic acid in Lithospermum (Mizukami et al., 1993).

JA levels are high in vegetative sink tissues, such as soy-
bean axes, plumules, and the hypocotyl hook, suggesting
that JA may be involved in the regulation of protein storage in
plants (Creelman and Mullet, 1995). In six-week-old soybean
seedlings, JA levels are higher in young growing leaves that
are importing carbon and nitrogen than they are in older, fully
expanded leaves (Creelman and Mullet, 1995). High levels of
JA are also present in developing reproductive structures, es-
pecially pods, with lower levels in seeds. JA or a derivative,
tuberonic acid, has been proposed to play a role in the forma-
tion of tubers, a specialized vegetative sink (Pelacho and
Mingo-Castel, 1991; Koda, 1992; Ravnikar et al., 1992).

A second reason to suggest that jasmonates play an im-
portant role in protein storage during plant development
derives from the discovery that genes encoding VSPs
(Staswick, 1994) are regulated by JA (Anderson, 1988).
VSPs accumulate in the vacuoles of paraveinal mesophyll
and bundle sheath cells in soybean leaves (Franceschi and
Grimes, 1991). If pods are continuously removed from
plants, VSPs accumulate and can account for as much as
45% of the soluble protein in leaves (Wittenbach, 1983).
Other studies showed that VSPs accumulate in pods and
other parts of the developing reproductive structure but not
in seeds (Staswick, 1989a).

VSP accumulation in soybean axes, hypocotyl hooks, and
young developing leaves is correlated with Vsp expression
and endogenous levels of JA (Mason et al., 1992, 1993;
Creelman and Mullet, 1995). Included among the soybean
VSPs are two proteins with low acid phosphatase activity
(VSPa and VSPb; DeWald et al., 1992) and LOX (Tranbarger
et al., 1991; Kato et al., 1993). The genes encoding these
proteins are regulated in a complex way by JA, sugars,
phosphate, nitrogen, and auxin (Staswick et al., 1991;
Mason et al., 1992; DeWald et al., 1994; Sadka et al., 1994).

Soybean Vsp genes and the Arabidopsis AtVsp genes show
high expression in flowers and developing fruit (Staswick,
1989a, 1989b; Berger et al., 1995). VSPs in these tissues may
provide temporary storage of carbon and nitrogen arriving at
the reproductive apex for use during rapid synthesis of seed
storage proteins. The AtVSP proteins are barely detectable in
flowers of coi? (coronatine insensitive} mutants, which are
also JA insensitive, and expression of AtVsp could be in-
duced by exogenous JA in wild-type plants (Benedetti et al.,
1995). Moreover, the JA- and LA-deficient triple mutant of
Arabidopsis, fad3-2 fad7-2 fad8 (for fatty acid desaturase
deficient), does not express AtVsp unless the plants are pro-
vided with exogenous JA (McConn et al., 1997). Ovules of
the LA-deficient mutant were viable, indicating that JA and
expression of the AtVsp genes are not essential for seed for-
mation. Therefore, although JA may modulate expression of
genes encoding seed storage proteins (Wilen et al., 1991),
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JA is not essential for the production of viable ovules in Ara-
bidopsis. However, the fad3-2 fad7-2 fad8 and coi1 mutants
fail to produce viable pollen unless supplied with JA (McConn
and Browse, 1996).

With regard to effects of JA on gene expression, applica-
tion of JA to leaves decreases expression of nuclear and
chloroplast genes involved in photosynthesis (Weidhase et
al., 1987; Bunker et al., 1995). JA treatments also cause a
loss of chlorophyll from leaves and cell cultures (Weidhase
et al., 1987). The ability of JA to cause chlorosis led to the
suggestion that this compound plays a role in plant senes-
cence (Ueda et al., 1981). However, this suggestion is diffi-
cult to reconcile with the high levels of JA that are found in
zones of cell division, young leaves, and reproductive struc-
tures. Unfortunately, a complete analysis of JA levels in se-
nescing leaves has not been performed, although a limited
study of this question in soybean revealed only small
changes in JA amounts in leaves during pod fill (Bunker et
al., 1995). Thus, although JA can induce senescence-like
symptoms, the role of this hormone in mediating senes-
cence is at present unclear (see Bleecker and Patterson,
1997, in this issue, for a review).

The ability of JA to inhibit expression of genes involved in
photosynthesis suggests that jasmonates could help reduce
the plant’s capacity for carbon assimilation under conditions
of excess light or carbon. Inhibition of genes encoding the
photosynthetic apparatus under these conditions would
eventually balance the absorption and utilization of light en-
ergy. In the short term, JA-mediated induction of VSP syn-
thesis under conditions of high sugar accumulation creates
a sink for carbon and nitrogen and releases phosphate from
sugar phosphate pools for further carbon fixation.

Application of jasmonate to plants causes large changes in
translation, transcription, and mRNA populations (Sembdner
and Parthier, 1993). For example, decreased translation of the
large subunit of ribulose-1,5-bisphosphate carboxylase/oxy-
genase (rbcl) in plastids was correlated with a site-specific
cleavage in the 5’ untranslated portion of the rbcL mRNA
(Reinbothe et al., 1993a, 1993b, 1993c). The modified rbcL
mRNA 5’ end presumably reduces access to the ribosome
binding site located near the site of translation initiation. Re-
duced synthesis of the small subunit of ribulose-1, 5-bisphos-
phate carboxylase/oxygenase and other cytoplasmic proteins
occurred through the suppression of translation initiation
and the reduction of mRNA levels (Reinbothe et al., 1993c).

Inducible plant defenses to UV light may be mediated in
part by alterations in JA levels (Conconi et al., 1996b). Treat-
ment of tomato leaves with UV-B or UV-C irradiation induced
the accumulation of defense gene transcripts encoding the
protease inhibitors Pin1 and Pin2. However, no accumulation
of Pin1 or Pin2 mRNA was observed in response to UV-B/UV-C
when leaves were treated with salicylic acid, a strong inhibitor
of JA biosynthesis and action (Doares et al., 1995a). The UV-
mediated induction of these genes was also blocked in def7,
a tomato mutant with a defect in the JA biosynthetic pathway
{Conconi et al., 1996b; see above). This result suggests that

some defense responses to UV irradiation are mediated in
part by alterations in JA and its signaling pathway.

JA also plays an important role in plant insect and disease
resistance. Several lines of evidence support this conclu-
sion. First, JA accumulates in wounded plants (Creelman et
al., 1992) and in plants or cell cultures treated with elicitors
of pathogen defense (Gundlach et al., 1992). Second, JA ac-
tivates genes encoding protease inhibitors that help protect
plants from insect damage (Johnson et al.,, 1989), and JA
activates the expression of genes encoding antifungal pro-
teins such as thionin (Johnson et al., 1989), osmotin (Xu et
al., 1994), and the ribosome-inactivating protein RIP60
(Chaudhry et al., 1994; Reinbothe et al., 1994). JA modu-
lates the expression of genes encoding cell wall proteins,
such as hydroxyproline-rich glycoproteins and proline-rich
proteins (Creelman et al., 1992), which may be involved in
the synthesis of barriers to infection. Furthermore, JA in-
duces the expression of genes involved in phytoalexin
(Creelman et al., 1992; Choi et al., 1994) and phenolic bio-
synthesis (Doares et al., 1995b).

Another line of evidence for JA’s role in pest resistance
comes from analyses of plants having modified levels of JA.
For example, treatment of potato with JA increases resis-
tance to the fungus Phytophthora infestans (Cohen et al.,
1993), and the tomato mutant def? is more susceptible to
damage by larvae of the tobacco hornworm (Manduca
sexta; Howe et al., 1996). Furthermore, the Arabidopsis
fad3-2 fad7-2 fad8 triple mutant has very low levels of LA
and is unable to accumulate JA and to induce JA-respon-
sive genes after wounding (McConn and Browse, 1996;
McConn et al., 1997). These mutant plants are also very
susceptible to the larvae of a common sacrophagous fungal
gnat, Bradysia impatiens. Treatment of the mutants with JA
restores fungal gnat resistance, demonstrating an essential
role for JA in resistance to this pest in Arabidopsis.

JA Signal Transduction

It is presumed that jasmonate interacts with receptors in the
cell to activate a signaling pathway that ultimately triggers
changes in the transcription and/or translation of genes par-
ticipating in the responses mediated by JA. The JA signal
transduction pathway is being elucidated through analyses
of promoter elements that direct the JA-mediated activation
of gene transcription and of JA-insensitive mutants.

To date, up to four different classes of JA-insensitive mu-
tants have been identified: jar7, coi1, jin1, and jin4 (Staswick
et al., 1992; Benedetti et al., 1995; Berger et al., 1996). Ge-
netic studies have not been able to determine whether or
not jin4 and jar1 are allelic (Berger et al., 1996). The jar1, jin{,
and jin4 mutants were recovered by screening for plants ca-
pable of growing on concentrations of JA (~10 mM) that in-
hibit wild-type root growth. By contrast, the coi7 mutant was
identified by virtue of its resistance to coronatine (Feys et al.,
1994), a chlorosis-inducing toxin that has a chemical struc-



ture and biological activity similar to those of JA. Root
growth in coi? plants is also insensitive to MeJA.

The promoters of two jasmonate-inducible genes, Pin2
and VspB, have been analyzed in detail (Kim et al., 1992,
Mason et al., 1993). A 50-bp region that was identified in the
promoters of both genes confers JA responsiveness on trun-
cated reporter gene constructs. Each of these JA-responsive
regions contains a G-box sequence (CACGTG), which is a
potential binding site for bZIP transcription factors (Williams
et al., 1992). However, mutagenesis of the G-box in the RPin2
promoter did not prevent JA-mediated induction, demon-
strating that this element is not essential for JA modulation
of Pin2 transcription (Lorbeth et al., 1992). Interestingly, be-
statin, an inhibitor of aminopeptidases in plants and animals,
induces Pin2 expression in the absence of JA (Schaller et
al., 1995). This observation suggests that the expression of
Pin2, and perhaps that of other jasmonate-modulated plant
genes, is normally prevented by the action of an aminopep-
tidase. Therefore, the induction of JA-responsive genes
could be mediated via the inactivation of this hypothetical
protease or via stabilization of its target protein.

SUMMARY

Each of the nontraditional plant hormones reviewed in this
article, oligosaccharins, brassinolides, and JA, can exert ma-
jor effects on plant growth and development. However, in
many cases, the mechanisms by which these compounds
are involved in the endogenous regulation of morphogenesis
remain to be established. Nevertheless, the use of mutant or
transgenic plants with altered levels or perception of these
hormones is leading to phenomenal increases in our under-
standing of the roles they play in the life cycle of plants. It is
likely that in the future, novel modulators of plant growth and
development will be identified; some will perhaps be related
to the peptide encoded by ENOD40 (Van de Sande et al,,
1996), which modifies the action of auxin.

ACKNOWLEDGMENTS

Due to length restrictions and the availability of other reviews, we
apologize for being unable to cite all of the excellent publications on
these topics. The authors’ research on jasmonate has been sup-
ported by the U.S. Department of Agriculture National Research
Initiative (Grant No. 95-37304-2240 to E. Bell and R.A.C. and Grant
No. 91-37304-6658 to J.E.M.), the National Science Foundation (Grant
No. MCB95-14034), and the Texas Agricultural Experiment Station.

REFERENCES

Aerts, R.J., Gisi, D., Carolis, E.D., Luca, V.D., and Baumann, T.W.
(1994). Methyl jasmonate vapor increases the developmentally

Oligosaccharins, Brassinolides, and Jasmonates 1219

controlled synthesis of alkaloids in Catharanthus and Cinchona
seedlings. Plant J. 5, 635-643.

Aldington, S., and Fry, S. (1993). Oligosaccharins. Adv. Bot. Res.
19, 1-101.

Anderson, J.M. (1988). Jasmonic acid-dependent increases in the
level of specific polypeptides in soybean suspension cultures and
seedlings. J. Plant Growth Reg. 7, 203-211.

Bell, E., Creelman, R.A., and Mullet, J.E. (1995). A chloroplast
lipoxygenase is required for wound-induced jasmonic acid accu-
mulation in Arabidopsis. Proc. Natl. Acad. Sci. USA 92, 8675-8679.

Benedetti, C.E., Xie, D., and Turner, J.G. (1995). COl1-dependent
expression of an Arabidopsis vegetative storage protein in flowers
and siliques and in response to coronatine or methyl jasmonate.
Plant Physiotl. 109, 567-572.

Bennett, R.N., and Wallsgrove, R.M. (1994). Secondary metabo-
lites in plant defence mechanisms. New Phytol. 127, 617-633.

Berger, S., Bell, E., Sadka, A., and Mullet, J.E. (1995). Arabidopsis
thaliana AtVsp is homologous to soybean VspA and VspB, genes
encoding vegetative storage protein acid phosphatases, and is
regulated similarly by methyl jasmonate, wounding, sugars, light
and phosphate. Plant Mo!l. Biol. 27, 933-942.

Berger, S., Bell, E., and Mullet, J.E. {1996). Two methyl jasmonate~
insensitive mutants show altered expression of Atvsp in response
to methyl jasmonate and wounding. Plant Physiol. 111, 525-531.

Bergey, D.R., Howe, G.A,, and Ryan, C.A. (1996). Polypeptide sig-
naling for plant defensive genes exhibits analogies to defense sig-
naling in animals. Proc. Natl. Acad. Sci. USA 93, 12053-12058.

Bewley, J.D. (1997). Seed germination and dormancy. Plant Cell 9,
1055-1066.

Blée, E., and Joyard, J. (1996). Envelope membranes from spinach
chloroplasts are a site of metabolism of fatty acid hydroperoxides.
Plant Physiol. 110, 445-454.

Bleecker, A.B., and Patterson, S.E. (1997). Last exit: Senescence,
abscission, and meristem arrest in Arabidopsis. Plant Cell 9,
1169-1179.

Branca, C., de Lorenzo, G., and Cervone, F. (1988). Competitive
inhibition of the auxin-induced elongation by «-1,4-D-oligogalac-
turonides in pea stem segments. Physiol. Plant. 72, 493-504.

Brash, A.R., and Song, W.C. (1995). Structure—function features of
flax seed allene oxide synthase. J. Lipid Mediators Cell Signalling
12, 275-282.

Bunker, T.W., Koetje, D.S., Stephenson, L.C., Creelman, R.A.,
Mullet, J.E., and Grimes, H.D. (1995). Sink limitation induces the
expression of multiple soybean vegetative lipoxygenase mRNAs
while the endogenous jasmonic acid level remains low. Plant Cell
7, 1319-1331.

Chandra, S., Heinstein, P.F., and Low, P.S. (1996). Activation of a
phospholipase A by plant defense elicitors. Plant Physiol. 110,
979-986.

Chaudhry, B., Miiller-Uri, F., Cameron-Mills, V., Gough, S.,
Simpson, D., Skriver, K., and Mundy, J. (1994). The barley 60
kDa jasmonate-induced protein (JIP60) is a novel ribosome-inacti-
vating protein. Plant J. 6, 815-824.

Choi, D., Bostock, R.M., Avdiushko, S., and Hildebrand, D.F.
(1994). Lipid-derived signals that discriminate wound- and patho-
gen-responsive isoprenoid pathways in plants: Methyl jasmonate



1220 The Plant Cell

and the fungal elicitor arachidonic acid induce different 3-hydroxy-
3-methylglutaryl~coenzyme A reductase genes and antimicrobial
isoprenoids in Solanum tuberosum L. Proc. Natl. Acad. Sci. USA
91, 2329-2333.

Clouse, S.D. (1996). Molecular genetic studies confirm the role of
brassinosteroids in plant growth and development. Plant J. 10, 1-8.

Clouse, S.D, Langford, M., Hall, A.F, McMorris, T.C, and Baker,
M.E. (1993). Physiological and molecular effects of brassinoste-
roids on Arabidopsis thaliana. J. Plant Growth Reg. 12, 61-66.

Clouse, S.D, Langford, M., and McMorris, T.C. (1996). A brassi-
nosteroid-insensitive mutant in Arabidopsis thaliana exhibits multi-
ple defects in growth and development. Plant Physiol. 111, 671-678.

Cohen, Y., Gisi, U., and Niderman, T. (1993). Local and systemic
protection against Phytophthora infestans induced in potato and
tomato plants by jasmonic acid and jasmonic methyl ester. Phyto-
pathology 83, 1054-1062.

Conconi, A., Miquel, M., Browse, J.A., and Ryan, C.A. (1996a).
Intracellular levels of free linolenic and linoleic acids increase in
tomato leaves in response to wounding. Plant Physiol. 111, 797-803.

Conconi, A., Smerdon, M.J., Howe, G.A., and Ryan, C.A. (1996b).
The octadecanoid pathway in plants mediates a response to ultra-
violet radiation. Nature 383, 827-829.

Cosgrove, D.J. (1997). Relaxation in a high-stress environment: The
molecular bases of extensible cell walls and cell enlargement.
Plant Cell 9, 1031-1041.

Coté, F., and Hahn, M. (1994). Oligosaccharins: Structures and sig-
nal transduction. Plant Mol. Biol. 26, 1379-1411.

Creelman, R.A., and Mullet, J.E. (1995). Jasmonic acid distribution

“and action in plants: Regulation during development and
response to biotic and abiotic stress. Proc. Natl. Acad. Sci. USA
92, 4114-4119.

Creelman, R.A., and Mullet, J.E. (1997). Biosynthesis and action of
jasmonates in plants. Annu. Rev. Plant Physiol. Plant Mol. Biol.
48, 355-381.

Creelman, R.A,, Tierney, M.L., and Mullet, J.E. (1992). Jasmonic
acid/methyl jasmonate accumulate in wounded soybean hypocot-
yls and madulate wound gene expression. Proc. Natl. Acad. Sci.
USA 89, 4938-4941.

Cutler, H., Yokoto, T., and Adam, G. (1991). Brassinosteroids:
Chemistry, Bioactivity, and Applications. In ACS Symposium
Series, Vol. 474, M. Comstock, ed (Washington, DC: American
Chemical Society), pp. 1-358.

Czapski, J., and Saniewski, M. (1992). Stimulation of ethylene pro-
duction and ethylene-forming enzyme in fruits of the non-ripening
nor and rin tomato mutants by methyl jasmonate. J. Plant Physiol.
139, 265-268.

Dempsey, D.A., and Klessig, D.F. (1995). Signals in plant disease
resistance. Bull. Inst. Pasteur 93, 167-186.

DeWalid, D.B., Mason, H.S., and Mullet, J.E. (1992). The soybean
vegetative storage proteins VSPa and VSPb are acid phosphatases
active on polyphosphates. J. Biol. Chem. 267, 15958-15964.

DeWald, D.B., Sadka, A., and Mullet, J.E. (1994). Sucrose modula-
tion of soybean Vsp gene expression is inhibited by auxin. Plant
Physiol. 104, 439-444.

Doares, S.H., Narvaez-Vasquez, J., Conconi, A., and Ryan, C.A.
(1995a). Salicylic acid inhibits synthesis of proteinase inhibitors in
tomato leaves induced by systemin and jasmonic acid. Plant
Physiol. 108, 1741-1746.

Doares, S.H., Syrovets, T., Weiler, E.W., and Ryan, C.A. (1995b).
Oligogalacturonides and chitosan activate plant defensive genes
through the octadecanoid pathway. Proc. Natl. Acad. Sci. USA
92, 4095-4098.

Ebel, J., and Cosio, E. (1994). Elicitors of plant defense responses.
Int, Rev. Cytol. 148, 1-36.

Eberhard, S., Doubrava, N., Marfa, V., Mohnen, D., Southwick,
A., Darvill, A, and Albersheim, P. (1989). Pectic cell wall frag-
ments regulate tobacco thin-cell layer explant morphogenesis.
Plant Cell 1, 747-755.

Falkenstein, E., Groth, B., Mithdfer, A., and Weiler, EZW. (1391).
Methylijasmonate and «-linolenic acid are potent inducers of ten-
dril coiling. Planta 185, 316-322.

Farmer, E.E., and Ryan, C.A. (1992). Octadecanoid precursors of
jasmonic acid activate the synthesis of wound-inducible protein-
ase inhibitors. Plant Cell 4, 129-134.

Feys, B.J.F., Benedetti, C.E., Penfold, C.N., and Turner, J.G.
(1994). Arabidopsis mutants selected for resistance to the phyto-
toxin coronatine are male sterile, insensitive to methyl jasmonate,
and resistant to a bacterial pathogen. Plant Cell 6, 751-759.

Fifippini, F., LoSchiavo, F., Terzi, M., Branca, C., Bellincampi, D.,
Salvi, G., Desiderio, A., de Lorenzo, G., and Cervone, F. (1992).
Phytoalexin elicitor-active «-1,4-D-oligogalacturonides reduce
auxin perception by plant cells and tissues. In Progress in Plant
Growth Regulation, C. Carssen, L. Van Loon, and D. Vreugdenhil,
eds (Dordrecht, The Netherlands: Kluwer Academic Publishers),
pp. 517-521.

Finch-Savage, W.E., Blake, P.S., and Clay, H.A. (1996). Desicca-
tion stress in recalcitrant Quercus robur L. seeds results in lipid
peroxidation and increased synthesis of jasmonates and abscisic
acid. J. Exp. Bot. 47, 661-667.

Franceschi, V.R., and Grimes, H.D. (1991). Induction of soy-
bean vegetative storage proteins and anthocyanins by low-level
atmospheric methyl jasmonate. Proc. Natl. Acad. Sci. USA 83,
6745-6749.

Fry, S.C. (1989). Cellulases, hemicellulases and auxin stimulated
growth: A possible relationship. Physiol. Plant. 75, 5632-536.

Fry, S.C. (1994). Oligosaccharins as plant growth regulators. Bio-
chem. Soc. Symp. 60, 5-14.

Fry, $.C., Smith, R.C., Renwick, K.F., Martin, D.J., Hodge, S.K.,
and Matthews, K.J. (1992). Xyloglucan endotransglycosylase, a
new wall-loosening enzyme activity from plants. Biochem. J. 282,
821-828.

Fry, $.C., Aldington, S., Hetherington, P.R,, and Aitken, J.
(1993a). Oligosaccharides as signals and substrates in the plant
cell wall. Plant Physiol. 103, 1-5. '

Fry, S.C., York, W.S., Albersheim, P., Darvill, A., Hayashi, T.,
Joseleau, J.-P., Kato, Y., Lorences, E.P., Maclachlan, G.A.,
McNeil, M., Mort, A.J., Reid, J.S.G., Seitz, U., Selvendran, R.R.,
Voragen, A.G.J., and White, A.R. (1993b). An unambiguous
nomenclature for xyloglucan-derived oligosaccharides. Physiol.
Plant. 89, 1-3.



Fujioka, S., Inoue, T., Takatsuto, S., Yanagisawa, T., Yokota, T.,
and Sakurai, A. (1995). Identification of a new brassinosteroid,
cathasterone, in cultured cells of Catharanthus roseus as a bio-
synthetic precursor of teasterone. Biosci. Biotech. Biochem. 59,
1543-1547.

Galston, A.W., and Kaur-Sawhney, R. (1990). Polyamines in plant
physiology. Plant Physiol. 94, 406-410.

Gross, D., and Parthier, B. (1994). Novel natural substances acting
in plant growth regulation. J. Plant Growth Reg. 13, 93-114.

Grove, M., Spencer, G., Rohwedder, W., Mandava, N., Worley, J.,
Warthen, J., Jr., Steffens, G., Flippen-Anderson, J., and Cook,
J., Jr. (1979). Brassinolide, a plant growth-promoting steroid iso-
lated from Brassica napus pollen. Nature 281, 216-217.

Gundlach, H., Miiller, M.J., Kutchan, T.M., and Zenk, M.H. (1992).
Jasmonic acid is a signal transducer in elicitor-induced plant cell
. cultures. Proc. Natl. Acad. Sci. USA 89, 2389-2393.

Hahn, M., Bucheli, P., Cervone, F., Doares, S., O’Neill, R., Darvill,
A., and Albersheim, P. (1989). Roles of cell wall constituents in
plant-pathogen interactions. In Plant-Microbe Interactions: Molec-
ular and Genetic Perspectives, T. Kosuge and E. Nester, eds (New
York: McGraw-Hill), pp. 131-181.

Harms, K., Atzorn, R., Brash, A., Kihn, H., Wasternack, C.,
Wilimitzer, L., and Pefia-Cortés, H. (1995). Expression of a flax
allene oxide synthase cDNA leads to increased endogenous jas-
monic acid (JA) levels in transgenic potato plants but not to a cor-
responding activation of JA-responding genes. Plant Cell 7,
1645-1654.

Howe, G.A,, Lightner, J., Browse, J., and Ryan, C.A. (1996). An
octadecanoid pathway mutant (JL5) of tomato is compromised in
signaling for defense against insect attack. Plant Cell 8, 2067-2077.

Hunt, M.D., Neuenschwander, U.H., Delaney, T.P., Weymann,
K.B., Friedrich, L.B., Lawton, K.A., Steiner, H.-Y., and Ryals,
J.A. (1996). Recent advances in systemic acquired resistance
research. Gene 179, 89-95.

John, M., Réhrig, H., Schmidt, J., Walden, R., and Schell, J. (1997).
Cell signaling by oligosaccharides. Trends Plant Sci. 2, 111-115.

Johnson, R., Narvéaez, J., An, G., and Ryan, C. (1989). Expression
of proteinase inhibitors | and Il in transgenic tobacco plants:
Effects on natural defense against Manduca sexta larvae. Proc.
Natl. Acad. Sci. USA 86, 9871-9875.

Kakkar, R., and Rai, V. (1993). Plant polyamines in flowering and
fruit ripening. Phytochemistry 33, 1281-1288.

Kato, T., Shirano, Y., lIwamoto, H., and Shibata, D. (1993). Soy-
bean lipoxygenase L-4, a component of the 94-kilodalton storage
protein in vegetative tissues: Expression and accumulation in
leaves induced by pod removal and by methyl jasmonate. Plant
Cell Physiol. 34, 1063-1072.

Kauschmann, A., Jessop, A., Koncz, C., Szekeres, M., Willmitzer,
L., and Altmann, T. (1996). Genetic evidence for an essential role
of brassinosteroids in plant development. Plant J. 9, 701-713.

Kende, H., and Zeevaart, J.A.D. (1997). The five “classical” plant
hormones. Plant Cell 9, 1197-1210.

Kim, $.-R., Choi, J.-L., Costa, M.A., and An, G. (1992). Identifica-
tion of a G-box sequence as an essential element for methyl jas-
monate response of potato proteinase inhibitor I promoter. Plant
Physiol. 99, 627-631.

Oligosaccharins, Brassinolides, and Jasmonates 1221

Koda, Y. (1992). The role of jasmonic acid and related compounds
in the regulation of plant development. Int. Rev. Cytol. 135, 155-199.

Koda, Y., and Kikuta, Y. (1994). Wound-induced accumulation of
jasmonic acid in tissues of potato tubers. Plant Cell Physiol. 35,
751-756.

Li, J., Nagpal, P., Vitart, V., McMorris, T., and Chory, J. (1996). A
role for brassinosteroids in light-dependent development of Arabi-
dopsis. Science 272, 398-401.

Lightner, J., Pearce, G., Ryan, C.A., and Browse, J. (1993). Isola-
tion of signaling mutants of tomato (Lycopersicon esculentum).
Mol. Gen. Genet. 241, 595-601.

Lopez, R., Dathe, W., Briickner, C., Miersch, O., and Sembdner,
G. (1987). Jasmonic acid in different parts of the developing soy-
bean fruit. Biochem. Physiol. Pflaz. 182, 195-201.

Lorbeth, R.,, Damman, C., Ebneth, M., Amati, S., and Sanchez-
Serrano, J. (1992). Promotor elements involved in environmental
and developmental control of potato proteinase inhibitor I
expression. Plant J. 2, 477-486.

LoSchiavo, F., Filippini, F., Cozzani, F., Vallone, D., and Terzi, M.
(1991). Modulation of auxin-binding proteins in cell suspensions. I.
Differential responses of carrot embryo cultures. Plant Physiol. 97,
60-64.

Mandava, N. (1988). Plant growth-promoting brassinosteroids.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 39, 23-52.

Marfa, V., Gollin, D., Eberhard, S., Mohnen, D., Danvill, A., and
Albersheim, P. (1991). Oligogatacturonides are able to induce
flowers to form on tobacco explants. Plant J. 1, 217-225.

Mason, H.S., DeWald, D.B., Creelman, R.A., and Mullet, J.E.
(1992). Coregulation of soybean vegetative storage protein gene
expression by methy! jasmonate and soluble sugars. Plant Phys-
iol. 98, 859-867.

Mason, H.S., DeWald, D.B., and Mullet, J.E. (1993). ldentification
of a methyl jasmonate-responsive domain in the soybean VspB
promoter. Plant Cell 5, 241-251.

McConn, M., and Browse, J. (1996). The critical requirement for
linolenic acid is pollen development, not photosynthesis, in an
Arabidopsis mutant. Plant Cell 8, 403-416.

McConn, M., Creeiman, R.A,, Bell, E., Mullet, J.E., and Browse,
J. (1997). Jasmonate is essential for insect defense in Arabidop-
sis. Proc. Natl. Acad. Sci. USA 94, 5473-5477.

McDougall, G.J., and Fry, S.C. (1989). Anti-auxin activity of xylo-
glucan oligosaccharides: The role of groups other than the termi-
nal a-L-fucose residue. J. Exp. Bot. 40, 233-239.

McDougall, G.J., and Fry, S.C. (1990). Xyloglucan oligosaccharides
promote growth and activate cellulase: Evidence for a role of cel-
lulase in cell expansion. Plant Physiol. 93, 1042-1048.

McGurl, B., and Ryan, C.A. (1992). The organization of the prosys-
temin gene. Plant Mol. Biol. 20, 405-419. ’

Medford, J.1., Elmer, J.S., and Klee, H.J. (1991). Molecular cloning
and characterization of genes expressed in shoot apical mer-
istems. Plant Cell 3, 359-370.

Mizukami, H., Tabira, Y., and Ellis, B.E. (1993). Methyl jasmonate—
induced rosemarinic acid biosynthesis in Lithospermum ery-
rorhizon cell suspension cultures. Plant Cell Reprod. 12, 706—-709.



1222 The Plant Cell

Mohnen, D., Eberhard, S., Marfa, V., Doubrava, N., Toubart, P.,
Gollin, D.J., Gruber, T.A., Nuri, W., Albersheim, P., and Darvill,
A. (1990). The control of root, vegetative shoot and flower mor-
phogenesis in tobacco thin cell-layer explants (TCLs). Develop-
ment 108, 191-201.

Mushegian, A., and Koonin, E. {1995). A putative FAD-binding
domain in a distinct group of oxidases including a protein involved
in plant development. Prot. Sci. 4, 1243-1244.

Nishitani, K., and Tominaga, R. (1992). Endo-xyloglucan trans-
ferase, a novel class of glycosyltransferase that catalyzes transfer
of a segment of xyloglucan molecule to another xyloglucan mole-
cule. J. Biol. Chem. 267, 21058-21064.

Nojiri, H., Sugimori, M., Yamane, H., Nishimura, Y., Yamada, A.,
Shibuya, N., Kodama, O., Murofushi, N., and Omori, T. (1996).
Involvement of jasmonic acid in elicitor-induced phytoalexin pro-
duction in suspension-cultured rice cells. Plant Physiol. 110,
387-392.

Nomura, T., Nakayama, M., Reid, J.B., Takeuchi, Y., and Yokota,
T. (1997). Blockage of brassinosteroid biosynthesis and sensitivity
causes dwarfism in garden pea. Plant Physiol. 113, 31-37.

Ozeretskovskaya, O.L., and Romenskaya, |.G. (1996). Oligosac-
charins as regulatory molecules of plants. Russ. J. Plant Physiol.
43, 648-655.

Pearce, G., Strydom, D., Johnson, S., and Ryan, C.A. (1991). A
polypeptide from tomato leaves induces wound-inducible protein-
ase inhibitor proteins. Science 253, 895-898.

Pelacho, A.M., and Mingo-Castel, A.M. (1991). Jasmonic acid
induces tuberization of potato stolons cultured in vitro. Plant
Physiol. 97, 1253-1255.

Pressey, R. (1991). Oxidized oligogalacturonids activate the oxida-
tion of indoleacetic acid by peroxidase. Plant Physiol. 96,
1167-1170.

Raskin, 1. (1992). Role of salicylic acid in plants. Annu. Rev. Plant
Physiol. Plant Mol. Biol. 43, 439-463.

Ravnikar, M., Vilhar, B., and Gogala, N. (1992). Stimulatory effects
of jasmonic acid on potato stem node and protoplast culture. J.
Plant Growth Reg. 11, 29-33.

Reid, J.B., and Ross, J.J. (1988). Internode length in Pisum: Two
further gibberellin-insensitivity genes, /ka and /kb. Physiol. Plant.
75, 81-88.

Reinbothe, S., Reinbothe, C., Heintzen, C., Seidenbecher, C.,
and Parthier, B. (1993a). A methyl jasmonate-induced shift in the
length of the 5’ untranslated region impairs translation of the plas-
tid rbcL transcript in barley. EMBO J. 12, 1505-1512.

Reinbothe, S., Reinbothe, C., and Parthier, B. (1993b). Methyl jas-
monate represses translation initiation of. a specific set of mMRNAs
in barley. Plant J. 4, 459-467.

Reinbothe, S., Reinbothe, C., and Parthier, B. (1993c). Methyl jas-
monate—regulated translation of nuclear-encoded chloroplast pro-
teins in barley (Hordeum vulgare L. cv. salome). J. Biol. Chem.
268, 10606-10611.

Reinbothe, S., Reinbothe, C., Lehman, J., Becker, W., Apel, K.,
and Parthier, B. (1994). JIP60, a methyl jasmonate-induced ribo-
some-inactivating protein involved in plant stress reactions. Proc.
Natl. Acad. Sci. USA 91, 7012-7016.

Reiter, W.-D., Chapple, C.C.S., and Somerville, C.R. (1993).
Altered growth and cell walls in a fucose-deficient mutant of Ara-
bidopsis. Science 261, 1032-1035.

Roy, S., Pouénat, M.-L., Caumont, C., Cariven, C., Prévost,
M.-C., and-Esquerré-Tugayé, M.-T. (1995). Phospholipase activ-
ity and phospholipid' patterns in tobacco cells treated with fungal
elicitor. Plant Sci. 107, 17-25.

Ryan, C. (1988). Oligosaccharides as recognition signals for the
expression of defensive genes in plants. Biochemistry 27,
8879-8883.

Sadka, A., DeWald, D.B., May, G.D., Park, W.D., and Mullet, J.E.
(1994). Phosphate modulates transcription of soybean VspB and
other sugar-inducible genes. Plant Cell 6, 737-749..

Sakurai, A., and Fujioka, S. (1993). The current status of physiology
and biochemistry of brassinosteroids: A review. J. Plant Growth
Reg. 13, 147-159:.

Schaller, A., Bergey, D.R., and Ryan, C.A. (1995). Induction of
wound response genes in tomato leaves by bestatin, an inhibitor
of aminopeptidases. Plant Cell 7, 1893-1898.

Sembdner, G., and Parthier, B. (1993). The biochemistry and the
physiological and molecular actions of jasmonates. Annu. Rev.
Plant Physiol. Plant Mol. Biol. 44, 569-589.

Song, W.C., and Brash, A.R. (1991). Purification of an allene oxide
synthase and identification of the enzyme as a cytochrome P-450.
Science 2563, 781-784.

Song, W.C,, Funk, C.D., and Brash, A.R. (1993). Molecular cloning
of an allene oxide synthase: A cytochrome P450ispecialized for
the: metabolism of fatty acid hydroperoxides:. Proc. Natl. Acad.
Sci. USA 90, 8519-8523.

Spaink, H.P., and Lugtenburg, B.J.J..(1994). Role of rhizobial lipo-
chitin oligosaccharide signal.-molecules in root nodule organogen-
esis. Plant Mol. Biol. 26, 1413-1422.

Staswick, P.E. (1989a). Developmental regulation and the influence
of plant sinks on vegetative storage protein gene expression in
soybean leaves. Plant Physiol. 89, 309-315.

Staswick, P.E. (1989b). Preferential loss of an abundant storage
protein from soybean pods during seed development. Plant Phys-
iol. 90, 1252-1255.

Staswick, P.E. (1994). Storage proteins of vegetative plant tissues.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 45, 303-322.

Staswick, P.E., Huang, J.-F., and Rhee, Y. (1991). Nitrogen and
methyl jasmonate induction of soybean vegetative storage protein
genes. Plant Physiol. 96, 130-136.

Staswick, P.E., Su, W., and Howell, S.H. (1992). Methyl jasmonate
inhibition of root growth and induction of a leaf protein are
decreased in an Arabidopsis thaliana mutant. Proc. Natl. Acad.
Sci. USA 89, 6837-6840.

Szekeres, M., Németh, K., Koncz-Kalman, Z., Mathur, J.,
Kauschmann, A., Altmann, T., Rédei, G., Nagy, F., Schell, J.,
and Koncz, C. (1996). Brassinosteroids rescue the deficiency of
CYP90, a cytochrome P450 controlling cell elongation and de-eti-
olation in Arabidopsis. Cell 85, 171-182.

Takahashi, T., Gasch, A., Nishizawa, N., and Chua, N.-H. (1995).
The DIMINUTO gene of Arabidopsis is involved in regulating cell
elongation. Genes Dev. 9, 97-107.



Tranbarger, T.J., Franceschi, V.R., Hildebrand, D.F., and Grimes,
H.D. (1991). The soybean 94-kilodalton vegetative storage protein
is a lipoxygenase that!is localized in paraveinal mesophyll cell
vacuoles. Plant Cell 3, 97.3-987.

Ueda, J., Kato, J., Yamane, H., and Takahashi, N. (1981). Inhibi-
tory effect of methyl jasmonate and its related compounds-on
kinetin-induced retardation of oat leaf senescence. Physiol. Plant.
52; 305-309.

Ueda, J., Miyamoto, K., and Kamisaka, S. (1995). Inhibition of the
synthesis of cell wall polysaccharides in oat coleoptile segments
by jasmonic acid: Relevance to its growth inhibition. J. Plant
Growth Reg. 14, 69-76.

Van de Sande, K., Pawlowski, K., Czaja, I., Wieneke, U., Schell,
J., Schmidt, J., Walden, R., Matvienko, M., Wellink, J., Van
Kammen, A., Franssen, H., and Bisseling, T. (1996). Modifica-
tion of phytohormone response by a peptide encoded by
ENOD40 of legumes and a nonlegume. Science 273, 370-373.

Wang, T.-W., Cosgrove, D.J., and Arteca, R.N. (1993). Brassino-
steroid stimulation of hypocotyl elongation and wall relaxation in
pakchoi (Brassica chinensis cv Lei-Choi). Plant Physiol. 101,
965-968.

Weidhase, R.A., Kramell, H.-M., Lehmann, J., Liebisch, H.-W,,
Lerbs, W., and Parthier, B. (1987). Methyljasmonate-induced
changes in the polypeptide pattern in senescing barley leaf seg-
ments. Plant Sci. 51, 177-186.

Weiler, E.W., Albrecht, T., Groth, B., Xia, Z.Q., Luxem, M., LiB, H.,
Andert, L., and Spengler, P. (1993). Evidence for the involvement
of jasmonates and their octadecanoid precursors in the tendril coil-
ing response of Bryonia dioica Jacq. Phytochemistry 32, 591-600.

Wilen, R.W., Rooijen, G.J.H., Pearce, D.W., Pharis, R.P., Holbrook,
L.A., and Moloney, M.M. (1991). Effects of jasmonic acid on
embryo-specific processes in Brassica and Linum oilseeds. Plant
Physiol. 95, 399-405.

Oligosaccharins, Brassinolides, and Jasmonates 1223

Williams, M.E., Foster, R., and Chua, N.-H. (1992). Sequences
flanking the hexameric G-box core CACGTG affect the specificity
of protein binding. Plant Cell 4, 485-496.

Wittenbach, V.A. (1983). Purification and characterization of a soy-
bean leaf storage glycoprotein. Plant Physiol. 73, 125-129.

Xu, W., Purugganan, M.M., Polisensky, D.H., Antosiewicz, D.M.,
Fry, S.C., and Braam, J. (1995). Arabidopsis TCH4, regulated by
hormones and the environment, encodes a xyloglucan endotrans-
glycosylase. Plant Cell 7, 15655-1567.

Xu, Y., Chang, P.-F.L., Liu, D., Narasimhan, M.L., Raghothama,
K.G., Hasegawa, P.M., and Bressan, R.A. (1994). Plant defense
genes are synergistically induced by ethylene and methyl jas-
monate.-Plant Cell 6, 1077-1085.

Yokota, T. (1997). The structure, biosynthesis and function of
brassinosteroids. Trends Plant Sci. 2, 137-143.

York, W.S., Darvill, A.G., and Albersheim, P. (1984). Inhibition of
2,4-dichlorophenoxyacetic acid-stimulated elongation of pea
stem segments by a xyloglucan oligosaccharide. Plant Physiol.
75, 295-297.

Yukimune, Y., Tabata, H., Higashi, Y., and Hara, Y. (1996). Methyl
jasmonate-induced overproduction of paclitaxel and baccatin Ill
in Taxus cell suspensioncultures. Nature Biotech. 14, 1129-1132.

Zablackis, E:, York, W.S., Pauly, M., Hantus, S., Reiter, W.-D.,
Chapple, C.C.S., Albersheim, P., and:Darvill, A. (1996). Substi-
tution of L-fucose by L-galactose in cell walls of Arabidopsis mur1.
Science 272, 1808-1810.

Zurek, D.M., and Clouse, S.D. (1994). Molecular cloning and
characterization of a brassinosteroid-regulated gene from elon-
gating soybean (Glycine max L.) epicotyls. Plant Physiol. 104,
161-170.

Zurek, D.M., Rayle, D.L., McMorris, T.C., and Clouse, S.D. (1994).
Investigation of gene expression, growth kinetics, and wall exten-
sibility during brassinosteroid-regulated stem elongation. Plant
Physiol. 104, 505-513.





