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ABSTRACT We have used suspension-cultured parsley
cells (Petroselinum crispum) and an oligopeptide elicitor de-
rived from a surface glycoprotein of the phytopathogenic
fungus Phytophthora megasperma f.sp. glycinea to study the
signaling pathway from elicitor recognition to defense gene
activation. Immediately after specific binding ofthe elicitor by
a receptor in the plasma membrane, large and transient
increases in several inorganic ion fluxes (Ca2+, H+, K+, Cl-)
and H202 formation are the first detectable plant cell re-
sponses. These are rapidly followed by transient changes in the
phosphorylation status of various proteins and by the acti-
vation of numerous defense-related genes, concomitant with
the inactivation of several other, non-defense-related genes. A
great diversity of cis-acting elements and trans-acting factors
appears to be involved in elicitor-mediated gene regulation,
similar to the apparently complex nature of the signal trans-
duced intracellularly. With few exceptions, all individual
defense responses analyzed in fungus-infected parsley leaves
have been found to be closely mimicked in elicitor-treated,
cultured parsley cells, thus validating the use of the elici-
tor/cell culture system as a valuable model system for these
types of study.

A crucial and rapidly expanding area of research concerns the
chemical communication within and among organisms. This
basic level of intercellular and interorganismic communication
plays a critical role in determining the composition and dynamic
behavior of ecosystems through such processes as the discrim-
ination between self and nonself and the determination of
symbiotic and pathogenic relationships. In functional terms,
the chain of molecular events comprising these pathways can
be divided into three parts: (i) generation and recognition of
extracellular signals, (ii) intracellular signal conversion and/or
transduction, and (iii) signal-specific responses of target cells.
We are studying elements of all three functionally intercon-

nected parts of such a signal-response chain, exploiting the fact
that many details of the non-host-resistance response of pars-
ley leaves (Petroselinum crispum) to infection with the soybean
pathogen Phytophthora megasperma f.sp. glycinea (Pmg) can be
mimicked by treatment of suspension-cultured parsley cells
with an elicitor preparation from this fungus. We have focused
our interest on the following elements:

* the nature and mechanism of action of a Pmg-derived
molecule with high elicitor activity on parsley cells;

* rapid cell membrane- and cell wall-associated changes, as
well as intracellular changes, in metabolic activity; and
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* the elicitor-mediated activation and inactivation of nu-
merous defense-related and non-defense-related genes.

Prior to a discussion of some mechanistic details of the
responses of cultured parsley cells to treatment with Pmg
elicitor, the present state of knowledge of the whole-plant
interaction of parsley leaves with the intact fungus will be
briefly summarized.

Responses of Parsley Leaves to Pmg Infection

Young, primary parsley leaves were used for most of our
studies (1-4), since a higher rate of infection with Pmg was
obtained than with old leaves under the conditions used (1).
Combining all of the results obtained so far with Pmg-infected
parsley leaves, three major steps in the overall defense re-
sponse can be distinguished (Fig. 1).

Following leaf inoculation with fungal zoospores, cyst for-
mation, germination, and formation of appressoria and infec-
tion vesicles (-4 hr postinoculation), the first microscopically
visible sign of a plant defense response is hypersensitive (very
rapid and highly localized) cell death. This hypersensitive
response is associated with reinforcement of the affected cell
wall-for example, by apposition of callose and incorporation
of phenolics. The newly incorporated phenolics are readily
detectable without histochemical staining by their autofluo-
rescence under blue/UV light (1-4). Results obtained recently
with a similar system, potato (Solanum tuberosum L.) leaves
infected with Phytophthora infestans, indicate that the pene-
trating fungal infection vesicle is killed concomitantly with
hypersensitive plant cell death (5). In both the parsley and
potato systems, as well as in many others, hypersensitive cell
death appears to be a particular early-plant-defense response
initiated by those cells that are invaded by the fungus or in
direct contact with fungal structures. Available evidence sug-
gests a close correlation between the frequency of hypersen-
sitive cell death (provided it occurs at all) and the degree of
resistance (5).
The second line of defense consists of numerous rapidly

accumulated enzymes, structural proteins, and metabolites, at
least some of which possess antifungal activity. Among these
antifungal compounds are the so-called phytoalexins, plant
species- or family-specific classes of broad-range antibiotics. In
parsley, the phytoalexins are a mixture of linear furanocou-
marins (6-8), which are easily detectable by their blue auto-
fluorescence under UV light. Many of these second-line
defense reactions are activated transcriptionally, as demon-

Abbreviations: Pmg, Phytophthora megasperma; PAL, phenylalanine
ammonia-lyase; 4CL, 4-coumarate:CoA ligase; C4H, cinnamate 4-hy-
droxylase; PR proteins, pathogenesis-related proteins; PRH, homeo-
domain-containing PR protein; BPF, box P-binding factor; BIF, box
I-binding factor; CPRF, common plant regulatory factors.

4150



Proc. Natl. Acad Sci. USA 92 (1995) 4151

Pathogen
V

plant defense gene activation

Relative Timing
Responses of invaded cell(s)

Brown ing/autofluorescence
Oxidative reactions rapidCallose deposition
Intracellular rearrangements
Hypersensitive cell death
etc.

Local gene activation
Phenylpropanoid pathways rapid/
Pathogenesis-related (PR) proteins intermediate
Phytoalexins
etc.

Systemic gene activation
1.3-P-Glucanases intermediate/Chitinases slowOther PR proteins
etc.

FIG. 1. Schematic representation of three major types of plant
defense response to fungal infection. HR, hypersensitive response.

strated by in situ mRNA hybridization in Pmg-infected parsley
leaves (3, 4, 9). The affected tissue is depicted in Fig. 1 as the
area undergoing "local gene activation" and is restricted to a
defined area surrounding the fungal penetration site. Relative
to the small number of cells displaying the hypersensitive re-
sponse, however, the number of cells exhibiting local gene
activation is large.

In contrast, the third line of defense is induced systemically
throughout the entire infected leaf, and often the entire
organism as well, and comprises yet another set of antifungal
activities. This systemic response, which in potato (10), to-
bacco (11), and various other plants has been shown to include
the systemic activation of genes encoding several chitinase and
1,3-3-glucanase isoforms, is most likely to occur also in Pmg-
infected parsley leaves.

Systemic gene activation appears to be slow relative to
hypersensitive cell death and local gene activation but gradu-
ally leads to the accumulation of large amounts of protein and
enzyme activity (12). A particularly interesting aspect of this
third-line systemic response is the phenomenon of "systemic
acquired resistance," which renders a previously infected plant
more resistant to a second infection, even by a different type
of pathogen (13).

Thus, the complex, multicomponent defense response of
parsley leaves to Pmg infection can be subdivided into three
distinct stages: (i) hypersensitive cell death; (ii) concurrent but
physically distinct local-defense gene activation in the sur-
rounding tissue; and (iii) subsequent systemic activation of
additional defense genes. It remains open at the present time
whether the two successive steps of local and systemic gene
activation are causally linked by sequential signaling events. In
contrast, we have recently obtained evidence that cell death is
not a prerequisite for concomitant local gene activation to
occur (14), suggesting that a fungus-derived signal triggers
local gene activation. The following results support this notion.

CElicwall ////////
Elicitor I- M ;: c

FIG. 2. Schematic illustration of major, partly hypothetical com-

ponents of the signaling cascade from elicitor recognition to defense
gene activation.

FIG. 3. Immunohistochemical localization of elicitor in a cross
section of a Pmg-infected parsley leaf bud. Methods were the same as
described (1), except that a polyclonal antiserum raised against the
purified, deglycosylated elicitor protein (21) was used. (A) Autofluo-
rescence under UV-epifluorescent light, indicating hypersensitive cell
death. (B) Same section under visible light, showing indirect immu-
noperoxidase staining of elicitor. (C) Adjacent section used for the
control reaction with preimmune serum. (Bar = 40 iLm.)
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FIG. 4. Chou-Fasman prediction of the structure of the 42-kDa elicitor protein as determined by the PLOTSTRUCTURE program of the GCG
(Genetics Computer Group) package (24). The amino acid sequences of the 13-meric oligopeptide elicitor and the smallest elicitor-active derivative
(box) as well as their positions within the full-length protein predicted from cDNA sequence information (23) ate indicated. Arrows indicate
positions critical for activity as determined by alanine substitution mutation analysis (18).
The Oligopeptide Elicitor from Pmg:
Molecular Characterization and Mode of Perception

Treatment of suspension-cultured parsley cells with a crude
Pmg mycelial wall preparation (crude Pmg elicitor) induces
most or all of the defense responses associated with local gene
activation in Pmg-infected leaf tissue (7-9, 15-17). Numerous
rapid and transient metabolic changes have been shown to
occur in parsley cells treated with the crude Pmg elicitor,
including inorganic ion fluxes across the plasma membrane, a
release of active oxygen species referred to as the oxidative
burst (18, 19), alterations in the phosphorylation status of
soluble and membrane-associated proteins (20), activation of
defense-related genes and inactivation of other genes (16, 21,
22), and accumulation of furanocoumarin phytoalexins (7).
These responses and the more recently identified elicitor
receptor (see below) are summarized schematically in Fig. 2
together with their possible causal interrelationships.
To study in detail the molecular mechanisms underlying

elicitor recognition and subsequent signal transduction, efforts
were undertaken to isolate homogeneous elicitor-active com-
pounds from various fungal sources. A 42-kDa glycoprotein
elicitor was purified from fungal culture filtrate whose elicitor
activity was found to reside solely in the protein moiety (21).
A monospecific polyclonal antiserum raised against the de-
glycosylated elicitor protein identified the antigen in the cell
walls of a few selected Phytophthora species but not in several
other phytopathogenic fungi (21). Moreover, use of the same
antiserum has localized the elicitor in situ to hyphal cell walls
of Pmg growing in or on parsley leaves (Fig. 3).
A peptide consisting of 13 amino acids was identified within

the intact glycoprotein to be sufficient to stimulate the same
responses as the crude Pmg elicitor and the glycoprotein
elicitor (18). The isolation of a cDNA encoding the glyco-
protein (23) allowed the localization of this oligopeptide to a
hydrophilic region within the C-terminal portion of this pro-
tein as shown in Fig. 4. A comparison of the peptide sequence
with sequences contained in several data bases did not reveal
significant similarity to known proteins, as was also found for
the glycoprotein elicitor at the amino acid and the nucleotide
levels (23). Deletion of one N- and C-terminal amino acid

yielded the minimum peptide with full elicitor activity (18)
(boxed sequence in Fig. 4). Substitution analysis, in which each
individual amino acid of this 11-meric peptide was replaced by
alanine, identified two residues critical for activity (arrows in
Fig. 4). All other exchanges exerted little or no effect on the
elicitor activity of the oligopeptide (18).
With use of the radioiodinated oligopeptide as a ligand in

binding assays, a single-class binding site with high affinity (Kd
= 2.4 nM) could be detected in parsley microsomal mem-
branes and protoplasts (18). The number of binding sites per
protoplast was estimated to be -2900. Binding of the peptide
elicitor was competable, reversible, saturable, and highly spe-
cific with respect to both structural properties of the signal
required for binding and plant species that recognized the
ligand. The oligopeptide binding site therefore meets a number
of criteria expected of an authentic receptor. A series of
peptide elicitor derivatives was tested for their ability to
compete for binding of the radioligand to parsley microsomes
and their effect on ion fluxes, oxidative burst, and phytoalexin
formation. The findings show a functional link between the
various plant responses to elicitor treatment, which in part may
constitute elements of the signal transduction chain leading to
defense-related gene activation and subsequent phytoalexin
production in parsley.
Intracellular Signal Transduction

The most rapid responses of parsley cells to elicitor treatment
detected so far are ion fluxes across the plasma membrane (18,
19). Within 2-5 min upon addition of elicitor, a transient influx
of Ca2+ and H+ and an efflux of K+ and Cl- are initiated.
Immediately thereafter, the concentration of H202 in the cell
culture medium increases greatly (oxidative burst), returning
to background levels several hours later (18). Within 5-30 min
after elicitation, phosphorylation of several proteins was ob-
served in vivo (20), and run-on transcription of the most rapidly
activated defense-related genes was detectable (16). Accumu-
lation of the respective mRNAs and increases in activity of the
corresponding enzymes were found to occur later but before
the formation of phytoalexins (7, 16).

Proc. Natl. Acad. Sci. USA 92 (1995)
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FIG. 5. Schematic representation of TATA-proximal regions of genes shown to be elicitor-responsive (E brackets) in cultured parsley cells.
Positions -300 to + 100 are represented, except for the PAL-2 gene, for which sequence is available only to position -242. Elicitor-activated genes
are indicated by an arrow directed upwards; elicitor-repressed genes, by an arrow directed downwards. For comparison, genes responding to UV
light (L brackets) and one control gene responding neither to elicitor nor to light (UBI4-2; ref. 39) are also shown. Boxes represent cis-acting
elements, with sequence similarity indicated by color or shading. Letters or numbers indicate elements identified functionally. DNA-binding proteins
are depicted as ovals located on the fragment used for their identification. See text for descriptions of these proteins. CHS, chalcone synthase;
TyrDC, tyrosine decarboxylase; H3-7, histone H3 subclass; PRH, homeodomain-containing PR protein; BPF, box P-binding factor; BIF, box
I-binding factor; dACE, duplicated ACGT-containing element.

Loss- and gain-of-function experiments demonstrated that
all of these elicitor responses were strictly dependent on the
presence of Ca2+ in the cell culture medium (19, 25, 26), were
prevented by ion-channel inhibitors that suppress elicitor-
mediated fluxes of one or more ions (26), and were initiated
by compounds that stimulate all elicitor-induced ion fluxes in
the absence of elicitor (25, 26). Therefore, transient activation
of plasma membrane-located ion channels appears to be an

early component of elicitor signal transduction.
While both the oxidative burst and protein phosphoryla-

tion/dephosphorylation could be located downstream of ion
channel activation, their possible causal interconnections with
other signaling components remain to be elucidated. Circum-
stantial evidence suggests that the intracellular signal trans-
duction chain involves inositol phosphates but not GTP-
binding proteins or cAMP (27).
The scheme shown in Fig. 2 includes the most clearly

demonstrated components of the signal transduction chain
together with their potential causal relationships. A major
target of the signaling cascade is the up- or down-regulation of
numerous elicitor-responsive genes.

Regulation of Elicitor-Responsive Genes

The list of genes responding to elicitor treatment of cultured
parsley cells with rapid, transient activation is large. It includes
the genes or gene families encoding phenylalanine ammonia-
lyase (PAL) and 4-coumarate:CoA ligase (4CL), the first and
last steps of general phenylpropanoid metabolism (28, 29);
tyrosine decarboxylase (TyrDC) (30); S-adenosyl-L-methio-
nine synthetase (SMS) and S-adenosyl-L-homocysteine hydro-
lase (SHH), two enzymes of the activated methyl-group cycle
(31); one particular isoform of chitinase (32); anionic perox-
idase (POX) and a hydroxyproline-rich glycoprotein (HRGP),
two cell wall-associated proteins (33); and two intracellular
"pathogenesis-related" (PR) proteins, PR1 and PR2 (9, 34). In
addition, several functionally unidentified, elicitor-responsive
genes have been shown to behave similarly (16). The genes
encoding S-adenosyl-L-methionine:bergaptol O-methyltrans-
ferase [(BMT); a specific enzyme of furanocoumarin biosyn-
thesis (7, 35)] and another chitinase isoform (32) were acti-
vated more slowly than the other genes mentioned.
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Fewer genes are known to be down-regulated by elicitor,
although many such genes may exist. Among the well-
established cases are the genes encoding chalcone synthase
(CHS), a light-regulated enzyme of the flavonoid pathway
(22); a putative transcription factor, common plant regulatory
factor 1 (CPRF-1), possibly involved in light-dependent chal-
cone synthase gene activation (refs. 36 and 37; and A. Block,
personal communication); and the histone H3 subclass H3-7
(unpublished data).

It is generally believed that the stimulus-dependent signal
transduction pathway modulating gene expression involves
transcription factors binding to stimulus-specific cis-acting
elements. A comparison of elicitor-responsive genes for which
TATA-proximal sequences are available is presented schemat-
ically in Fig. 5. Cis-acting elements identified either experi-
mentally or by homology to previously identified elements are
also presented, together with the locations of sequences shown
to bind characterized DNA-binding proteins. These proteins
include: PRH, binding to box X of the PR2 gene promoter
(40); BPF, binding to box P of the PAL-1 gene promoter (4);
CPRF-1 through CPRF-4, binding to box II of the chalcone
synthase gene promoter (36, 37); and Myb-like BIF, binding to
box I of the chalcone synthase gene promoter (M. Feldbriigge,
M.P., K.H., and B. Weisshaar, unpublished results). It is
noteworthy that each type of DNA-binding protein belongs to
a different class of putative transcription factors (PRH, ho-
meodomain-containing; BPF, novel class; CPRF, bZIP (basic/
leucine zipper); BIF, Myb-like).

In parsley, there is an intimate metabolic connection be-
tween elicitor- (pathogen-) and UV light-triggered responses
(see below). This is reflected in particular by a partial overlap
in the involvement of cis-acting elements in elicitor- and
light-mediated PAL-1 gene activation (boxes P, A, and L in
elicitor responsiveness and boxes P and L in UV light respon-
siveness; ref. 28) and in general by the complexity of up- and
down-regulatory effects exerted by these two stimuli (brackets
in Fig. 5). With respect to elicitor-regulated gene activity,
several major conclusions can be drawn from the results
obtained so far.

*No common stimulus-specific cis-acting elements have
been detected among the various elicitor- and UV light-
responsive gene promoters.

* The combinations of those cis-acting elements that have
been shown functionally to be involved in elicitor-
mediated gene activation (boxes i, X, P, A, and L in Fig.
5) may be similar within gene families or between partic-
ularly closely interconnected gene families, such as PAL
and 4CL, but generally differ greatly among gene families.

* Notable exceptions appear to be ACGT-containing ele-
ments (ACE; green boxes in Fig. 5), which occur fre-
quently in plant gene promoters (37). These elements are
present in all promoters (or functional units thereof; refs.
37 and 41) tested that are either down-regulated (CHS,
CPRF-1, and H3-7 gene promoters among others) or
unaffected (UBI4-2) by elicitor (ref. 22 and unpublished
data).

* These ACEs and dACE versions thereof (see Fig. 5) are
likely to be involved in both gene activation and gene
repression, depending on the sequence context (36) and
metabolic conditions (unpublished data).

* The three boxes (P, A, and L) originally identified in the
PAL-1 promoter by in vivo DNA footprinting (28) are
present in similar form in all known PAL and 4CL gene
promoters from numerous plant species, strongly indicat-
ing their functional importance.

Further evidence for the functional relevance of box P was
provided by the formation of specific DNA-protein complexes
in mobility-shift assays with nuclear extracts from parsley cells

and by cloning and characterization of one such protein, BPF-1
(4). The interaction of BPF-1 with its target sequence box P
could be shown to occur in vivo: in cotransfection experiments,
a chimeric protein containing the DNA-binding domain of
BPF-1 fused to the transcriptional activation domain of viral
protein VP16 (42) could specifically activate transcription
from an artificial promoter containing a tetramer of box P
(M.P. and K.H., unpublished results). Box L has also been
found to interact with nuclear proteins. The formation of one
of the DNA-protein complexes exhibits the property of being
stimulus (elicitor)-inducible (Fig. 6). The same nucleotide
sequence that was previously shown to display an elicitor-
inducible footprint was now found to form elicitor-inducible
interactions in vitro. Such inducibility by elicitor was observed
neither for the complexes formed with box P, although the
BPF-1 mRNA level in elicitor-treated parsley cells is to a large
extent transcriptionally regulated (4), nor for a recently re-
ported complex formed specifically between box X of the PR2
gene promoter (Fig. 5) and a homeodomain-containing pro-
tein, PRH (40). Further strong evidence for the functional
importance of box L is provided by the observation that a
tetramer of box L activates transcription when fused to a het-
erologous promoter (M.P. and K.H., unpublished results).
The biochemical functions of PR1, PR2, and some products

of elicitor-responsive genes and the overall physiological sig-
nificance of elicitor-mediated accumulation of enzymes of the
general phenylpropanoid pathway [PAL, cinnamate 4-hydrox-
ylase (C4H), and 4CL; refs. 43 and 44] have yet to be fully
elucidated. Fig. 7 outlines those functional relationships that
have been established to date for elicitor-stimulated genes or
gene families associated directly or indirectly with phenylpro-
panoid metabolism.

Regulation of UV Light-Responsive Genes

The extensive overlap in the regulation of secondary metab-
olism by elicitor and UV light is manifest in the responsiveness

Box L cgcgtTATTCTCACCTACC AAAATACgcgcg
mut L5 cgcgtTA2 ©~CCCTACC AAAATACgcgcg
mut Lc cgcgtTATTCTCAAAa AAAATACgcgcg
mut L3' cggtTAT TCTCACCTACC CgCgcgc

competitor: L L5 Lc L3'

0 100 O 100 0 100 0 100

0o -lOo lo ro- II + elickor I

FIG. 6. Gel mobility-shift assays performed with nuclear extracts
from untreated (control) or 3-hr elicitor-treated parsley cells and a box
L-containing labeled probe (Upper, top line; box L enframed). Unla-
beled competitors were either the same box L-containing probe or
mutated versions (Upper) as indicated, used at 0-, 25-, 50- and 100-fold
molar excess (Lower). By this criterion, the elicitor-inducible shift
(arrowhead in Lower) is specific for intact box L. Methods were
essentially the same as those described previously for box P-binding
proteins (4).

Proc. Natl. Acad Sci. USA 92 (1995)
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FIG. 7. Metabolic interconnections among various selected elicitor-inducible reactions in cultured parsley cells. Ovals indicate enzymes for which

elicitor-mediated gene activation has been demonstrated with the corresponding cDNAs. CAD, cinnamyl alcohol dehydrogenase; HTH,
hydroxycinnamoyl-CoA:tyramine hydroxycinnamoyltransferase; HMT, homocysteine S-methyltransferase; ACCS and ACCO, 1-aminocyclopro-
pane-1-carboxylic acid synthase and oxidase; XMT, S-adenosyl-L-methionine:xanthotoxol O-methyltransferase; SHH, S-adenosyl-L-homocysteine
hydrolase; SMS, S-adenosyl-L-methionine synthetase; BMT, S-adenosyl-L-methionine:bergaptol O-methyltransferase; TyrDC, tyrosine decarbox-
ylase; HRGP, hydroxyproline-rich glycoprotein; POX, anionic peroxidase.
of the three steps of general phenylpropanoid metabolism to
both stimuli (Fig. 8). While the synthesis of the three enzymes
PAL, C4H, and 4CL is strongly and coordinately induced by
both fungal elicitor and UV-containing white light, the sub-
sequent phenylpropanoid branch pathways are regulated in a
more narrow, stimulus-specific manner (44). Thus, induction
of the flavonoid branch pathway is strongly dependent on
specific light conditions (45, 46) and is repressed by elicitor
(22). On the other hand, formation of wall-bound phenolics
(1), furanocoumarin phytoalexins (6, 7), and phenolic esters
(47) is induced by elicitor, whereas light exerts little, if any,
effect (22).

This differential response of parsley cells to light and elicitor
raised the question of whether the individual members of the
PAL and 4CL gene families respond differentially to the two
stimuli as well. Although certain methodological difficulties
precluded a definite answer for 4CL (48), all available evi-
dence suggests that the two 4CL genes respond similarly to
light and elicitor. In contrast, recent studies using gene-specific
probes for the four PAL genes (ref. 48; E.L. and K.H.,
unpublished results) demonstrated clear-cut differential be-
havior of PAL-1, PAL-2, and PAL-3 on the one hand and
PAL-4 on the other. In cultured parsley cells, all four PAL

Phenylalanine

Shikimate
pathway

CARBOHYDRATE
METABOLISM

genes responded to elicitor, whereas only the first three, but
not PAL-4, were responsive to light (see also Fig. 5). Surpris-
ingly, the enzyme kinetic properties of all four PAL proteins
(49), as well as those of the two 4CL proteins (50), are almost
indistinguishable, making the need for differential induction of
isoenzymes difficult to explain.
PAL Gene Expression Patterns in Parsley Plants

These unexplained findings obtained in cultured parsley cells
prompted us to investigate the mode of PAL gene expression
in intact plants as well. Through use ofRNA probes formRNA
localization in situ, total PAL gene expression was detected
predominantly in three cell types of every organ tested,
including stem and flower (Fig. 9A and B): epidermal cells,
where PAL is probably involved in flavonoid biosynthesis (51);
oil-duct epithelial cells, the site of furanocoumarin production
(8); and collenchyma and lignifying cells of the vascular
bundles (38). At certain stages of flower development, anthers
(not shown) and ovaries (Fig. 9B) are additional sites of
abundant PAL mRNA accumulation.

Examination of the expression of individual PAL gene
family members with gene-specific probes for in situ hybrid-

kL CH(OH D CH I
C -OOC CoAS-C

II

Cinnamate 4-Coumarate 4-Coumaroyl-CoA

etc. etc.

LIGNIN lESTERS|
-F' "VON'iD.S ICOUMARINSI

WALL-BOUND PHENOLICS

FIG. 8. Biosynthetic relationship of general phenylpropanoid metabolism with various branch pathways, one ofwhich (stippled) is light-induced
and at least three of which (boxed) are elicitor-induced in cultured parsley cells.
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FIG. 9. PAL gene expression patterns in various parsley tissues. Cross sections of stem (A), gyneceum (B), and primary leaf buds that were 24-hr
dark-adapted (C), 16-hr reilluminated (D-F), or 6-hr Pmg-infected (G-K) were hybridized in situ (3, 4) with PAL-1 antisense RNA (hybridizing
with all PAL mRNA species) (A-D and H) or with PAL-1/PAL-2-specific (E and I) or PAL-4-specific (F and K) antisense RNA probes derived
from the 5' untranslated regions of the respective mRNAs. C-F and H-K are serial sections, respectively. G is identical to H but is shown under
UV-epifluorescent light for identification of the infection site (i) (arrow). c, Carpel; co, collenchyma; e, epidermis; o, ovary; od, oil duct; v, vascular
bundle. (Bars in A for A and B and in G for C-K = 100 ,um.)

ization has so far been successful for PAL-4 and for PAL-1 and
PAL-2 in combination (PAL-1/PAL-2). The results obtained
for PAL induction by light and Pmg infection are shown in Fig.
9 C-K. Total PAL mRNA was present in oil ducts in both
etiolated and illuminated leaf buds (Fig. 9 C and D) but
accumulated preferentially in the upper and lower epidermis
only in the latter. The same expression pattern was found with
the PAL-1/PAL-2-specific probe (Fig. 9E), whereas PAL-4
mRNA (Fig. 9F) was neither induced by light nor present in
detectable amounts in oil ducts. The opposite induction be-
havior was observed at Pmg-infection sites (Fig. 9G), where
PALmRNA had accumulated strongly by 6 hr postinoculation
with fungal spores (Fig. 9H). While PAL-1 mRNA (Fig. 91) was
not induced to detectable levels, PAL-4 mRNA (Fig. 9K)
exhibited the same accumulation pattern as that of total PAL
mRNA (see local gene activation in Fig. 1). Thus, in whole-
plant tissue as in cultured cells, induction of PAL-1/PAL-2 but
not PAL-4 mRNA was triggered by light, while PAL-4 mRNA
accumulated strongly at fungal infection sites. In contrast to
cultured cells, however, PAL-1/PAL-2 mRNA was not de-
tected in response to infection.

This discrepancy represents the first example of a major
difference in induction behavior of parsley cells in culture and
in infected tissue, although a large number of properties have
been examined. We tentatively assume that this apparent

discrepancy is associated with a particularly strict mode of cell
type-specific gene expression at infection sites, an intriguing
possibility for further investigation.
Conclusions

Suspension-cultured cells have proven to be an excellent model
system for studies of the various aspects of elicitor recognition,
signal transduction, and defense gene activation. In particular,
the proteinaceous nature of the Pmg elicitor that acts on
parsley cells enabled us to perform functional analysis by
expressing the corresponding gene and mutated versions in
Escherichia coli (23). Furthermore, the identification of an
oligopeptide as the elicitor-active determinant within the
protein allowed binding studies to be carried out, leading to the
establishment of a functional link between signal perception
via a peptide receptor on the cell surface, transient stimulation
of plasma membrane-located ion channels, and activation of
defense-related nuclear genes (18). Although several compo-
nents of elicitor signal transduction have now been identified
and interconnected, the present picture is still not complete. In
particular, a question that remains to be answered is how the
high specificity of the incoming elicitor signal is maintained
and transduced through the entire chain of events from
extracellular recognition to the activation and inactivation of
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numerous defense-related and non-defense-related genes. We
expect, however, that the combination of defined elicitors and
cultured cells will continue to serve as useful model systems for
expanding our knowledge about this particular type of signal-
ing between and within organisms.
An additional advantage of this cell culture system is the fact

that single cells or cell aggregates can be infected by the intact
fungus. This infection system represents an intermediate stage
between elicitor-treated cultured cells and fungus-infected,
intact plant tissue (14). Since infection stimulates all responses
analyzed thus far in both intact tissue and cultured cells (3, 5,
14) while elicitor treatment fails to stimulate hypersensitive
cell death and callose accumulation (19), cultured cells can be
used for micromanipulation, replacing the invading fungus by
local application of the elicitor. In particular, it will be
interesting to determine whether the physical force exerted by
the fungal penetration peg contributes to the recognition and
signaling mechanisms between the two organisms. In sum-
mary, we are beginning to appreciate how the great diversity
of organismic interactions in ecosystems is reflected by an
enormous complexity of integrated molecular networks within
individual, affected cells.
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