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We analyzed the developmental regulation and the activation by wounding o f several stress- 
related genes in various parsley organs. The genes encode phenylalanine ammonia-lyase 
(PAL) and 4-coum arate: CoA ligase (4 CL), two enzymes o f general phenylpropanoid metabo­
lism; a flavonoid specific enzyme, chalcone synthase (CHS); a furanocoumarin specific en­
zyme, bergaptol O-methyltransferase (BMT); and a pathogenesis-related protein (PR 1). All 
genes or gene families exhibited high levels o f expression in roots and during certain stages o f  
leaf development. PAL, 4 CL and CHS were preferentially expressed in young leaves, BMT 
and PR 1 in old leaves. An appreciable increase in CHS m R NA  levels was observed in wound­
ed leaves. By contrast, root wounding led to a decrease in the existing CHS m R NA  levels. A 
biphasic response (a decrease followed by an increase) to wounding was seen for BMT and 
PR 1 m R N A s in roots and for BMT m R N A  in attached leaves. Using gene-specific oligonu­
cleotide probes to measure the expression rates o f three o f the four PAL genes and o f the two 
4 CL genes separately we observed a differential behavior o f the individual family members 
under many o f the conditions tested. While PAL-3 was preferentially activated in wounded 
leaves and 4CL-1 in wounded roots, PAL-2 and 4CL-2 were primarily responsible for the high 
constitutive expression levels in roots and flowering stems respectively. Despite the differential 
expression o f  their individual members, the PAL and 4 CL gene families displayed very similar 
changes in the overall patterns o f expression, reflecting their closely related functions in phen­
ylpropanoid metabolism.

Introduction

Several genes have been studied with respect to 
their organ and cell specific or stress related ex­
pression in parsley leaves [1-3] or cell suspension 
cultures [4-7], Among these genes are those en­
coding phenylalanine ammonia-lyase (PAL) and
4-coumarate: CoA ligase (4 CL), two enzymes ca­
talyzing key reactions of phenylpropanoid metab­
olism [8], PAL converts phenylalanine to cinnamic 
acid, thus connecting primary with secondary 
plant metabolism, and 4 CL generates the common 
phenolic substrate for numerous developmentally 
regulated and stress responsive branch pathways.

In parsley, PAL is encoded by a small family of 
four genes [6, 9] and 4 CL by two genes [5, 10]. 
Gene-specific probes have been used to demon-
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strate that at least three of the four PAL genes and 
both 4 CL genes are activated in cultured parsley 
cells upon irradiation with UV light or treatment 
with fungal elicitor [5, 6]. In an initial experiment 
with intact plants, evidence was obtained for a dif­
ferential response of the PAL gene family in 
wounded roots [6].

In view of the many important functions of PAL 
and 4 CL in plant development, tissue differentia­
tion and stress resistance [8], and with the aim of 
understanding the role of multiple PAL and 4 CL 
gene copies, we have now further analyzed the ex­
pression patterns of the individual genes in differ­
ent organs and in response to wounding.

Included in these studies were three stress re­
sponsive genes whose transcriptional regulation 
and tissue specific expression have also been inves­
tigated to various extents: a single-copy gene en­
coding chalcone synthase (CHS), the key enzyme 
of the flavonoid branch pathway [1, 11]; a gene 
probably also occurring in only one copy [12] that
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encodes bergaptol O-methyltransferase (BMT), a 
late enzyme of the furanocoumarin branch path­
way [2]; and a gene present in three copies encoding 
a pathogenesis-related protein (PR 1) of unknown 
function [3].

Materials and Methods
Plant material

Parsley plants were grown in a greenhouse un­
der a 16 h/8 h light/dark cycle and were at least 6 
months old. Leaves from different developmental 
stages were defined as young (all leaves that were 
not yet fully expanded), intermediate (all fully ex­
panded leaves excluding old leaves) and old (larg­
est leaves not showing signs of senescence). Stems 
were defined according to the age of the leaves 
they supported.

Wounding o f attached leaves

Intermediate leaves were cut in half with sharp 
scissors. After the indicated times, slices (~3 mm) 
parallel to the original cut were removed from the 
previously wounded leaves and immediately 
frozen in liquid nitrogen. Intact leaves served as 
controls.

Wounding o f detached leaves and roots

Leaves (~3 mm segments) or roots (—5 mm seg­
ments) were sliced with sharp scissors and the seg­
ments incubated at room temperature over a moist 
filter paper in a large tray covered with a damp 
cloth and then frozen in liquid nitrogen.

Cell cultures

Diploid parsley cell cultures [5, 11] were grown 
in continuous darkness for 6 days and then ex­
posed to UV-containing white light [13] or treated 
with 50 |ig/ml elicitor derived from the fungus 
Phytophthora megasperma f. sp. glycinea [14, 15], 
or with a combination of UV light and elicitor.

RNA isolation and blot hybridization

RNA was isolated, separated by formaldehyde- 
agarose gel electrophoresis, blotted and hybridized 
to 32P-labeled cDNA probes as described previous­
ly [6].

Run-on transcription

Isolation of nuclei, transcription and transcript 
isolation were performed as described in [15]. Blot 
preparation and hybridization have been de­
scribed in [6].

Hybridization with gene-specific oligonucleotides

Three gene specific oligonucleotides,
GC AGT AAG A AGCC ATT GC, 
GCAGTAACTAGCCATCGC and 
GC AGT AT GAT GCC AT GGC, corresponding to 
nucleotide sequences —920 bp upstream of the 
polyadenylation site of PAL-1, -2 and -3, respec­
tively [6], and two oligonucleotides,
CCGG AGGTT GT GAT C AAT and 
CCCGAGGTAGTGATCGAT, corresponding to 
a DNA stretch —520 bp downstream of the trans­
lation start site o f 4CL-1 and -2, respectively [10], 
were chemically synthesized (Applied Biosystems 
model 380 B). These oligonucleotides were end- 
labeled and used to probe RNA blots as described 
in [6], The specific conditions of high stringency 
hybridization and washing were determined from
[17].

Results
Developmental changes

As an indication of gene expression rates for 
PAL, 4 CL, CHS, BMT and PR1, RNA was ex­
tracted from different tissues at different stages of 
development, blotted, and hybridized with the cor­
responding cDNA probe. A more or less constitu- 
tively expressed gene of unknown function, pre­
viously designated as CON 2 [16], was included as 
a control. The results are shown in Fig. 1.

All tested m RNA levels were high in roots and 
at some stage during leaf development. An ob­
vious differential behavior was observed in aging 
leaves for PAL, 4 CL and CHS on the one hand 
and BMT and PR 1 on the other hand. While the 
former decreased greatly, the latter increased with 
leaf age. All mRNAs tested were considerably 
more abundant in the flowering stem than in the 
vegetative stems. Comparable mRNA levels were 
always found for PAL and 4 CL.

Changes upon wounding
The response to wounding was analyzed in roots 

and leaves by measuring RNA levels at various
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Fig. 1. Developmental changes in the expression pat­
terns o f defense-related genes in different parsley organs. 
Total R NA  (10 |ag) isolated from the indicated organs 
was separated on formaldehyde-agarose gels, blotted 
and hybridized with 32P-labeled cD N A  as indicated. 
Young (y), intermediate (i), flowering (0 and old (o) cor­
respond to the various developmental stages analyzed. 
The data from each row were obtained by hybridization 
and exposure o f a single blot and thus represent relative 
levels o f expression o f each gene in different organs. Two 
exceptions are the flower and flowering stem data for 
PAL.

time points. The wound response in leaves differed 
between the halves remaining attached to the plant 
and the detached, cut pieces that were incubated 
on a moist surface. Both sets of data are presented 
in Fig. 2, together with the results obtained for 
wounded, detached roots.

LEAF
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Time after wounding (h)

Fig. 2. Wound-induced expression o f  defense-related
genes in parsley roots and leaves. See legend o f Fig. 1 for
further explanation.

In wounded roots, where all five tested mRNAs 
were rather abundant, we observed a transient, 
coordinated increase in the PAL and 4 CL m RNA 
levels. The levels of the other three mRNAs de­
creased at least transiently. By contrast, the 
mRNAs of PAL, 4 CL and CHS, which were low 
in mature leaves, increased transiently upon 
wounding. This increase was very rapid and oc­
curred much earlier in attached than in detached 
parts of the leaves.

Two of the genes, 4 CL and PR 1, as well as the 
reference gene CON 2, were tested for transcrip­
tional activity in nuclei isolated from wounded, a t­
tached leaves. In agreement with the results shown 
in Fig. 2, in vitro “run on” transcription rates in­
creased rapidly for 4 CL and more slowly for PR 1. 
The transcriptional activity of CON 2 remained 
approximately constant (data not shown).

Differential responses within PAL and 4 CL gene 
families

Three synthetic oligonucleotides, specifically de­
tecting PAL-1, PAL-2 and PAL-3 mRNAs, re­
spectively, were available for these studies [6]. Re­
cently, the nucleotide sequence of a fourth, near 
full length cDNA complementary to PAL-4 
mRNA has been described [9], The portion of the 
PAL-4 sequence corresponding to the three oli­
gonucleotides turned out to contain several mis­
matches with respect to PAL-2 and PAL-3, but 
only one mismatch with respect to PAL-1. Al­
though our experimental conditions were likely to 
exclude cross-hybridization even between the 
PAL-1 and PAL-4 probes, this cannot be assumed 
with certainty. Thus, all of the following results 
clearly distinguish PAL-1, PAL-2 and PAL-3 from 
one another, whereas PAL-4 may or may not have 
been detected to some extent together with PAL-1. 
The oligonucleotide probes used for measuring 
4CL-1 and 4CL-2 mRNAs, respectively, contain 
three mismatches and thus were highly specific un­
der the conditions used. The first set of columns in 
Fig. 3 confirms these presumptions by demon­
strating the complete lack of cross hybridization 
among the three PAL or the two 4 CL probes.

The second set of results in Fig. 3 indicates a 
marked differential response in wounded roots, 
with the 4CL-1 gene being strongly activated and 
4CL-2 either inactivated or not affected. By con-



R. Lois and K. Hahlbrock • Differential Activation o f Gene Family Members in Wounded Plant Tissue 93

cDNA 
1 2 3 ROOT LEAF

attached detached FS.
CELLS 

c l  el/e
PAL-1 - i  m •»
PAL-2 • m m mm | - - r  m
PAL-3 m ! I • mm • m m mm

1 2
iCL-1 • ■m» mm mu — --- f mm
4CL-2 m — --- I m

0 2 U 8 10 2L 0 2 6 2L 0 2 i 8 24
Time after wounding(h)

Fig. 3. Differential expression o f individual members o f PAL and 4 CL gene families. Blots were hybridized with gene- 
specific end-labeled oligonucleotides corresponding to three o f  the four PAL and both 4 CL genes as indicated. In the 
first column (cD N A ), equivalent amounts o f respective cD N A s were blotted onto nylon membranes and hybridized in 
the same solutions as used for the corresponding m R NA  blots. F.S., flowering stem. Treatments o f cultured cells: 
c, control; 1, 6 h light; e, 3 h elicitor; 1/e, 3 h light and elicitor.

trast, all three PAL genes tested were activated to a 
similar extent, although a high basal level (see also 
Fig. 2) was mostly due to PAL-2. Only PAL and 
not 4 CL was measured in wounded leaves. In ac­
cord with earlier results, PAL-3 but not PAL-1 
and PAL-2 was rapidly activated under these con­
ditions.

A different situation was observed in flowering 
stems and cell suspension cultures, as shown in the 
last two sets of columns in Fig. 3. The high basal 
levels in flowering stems were due only to expres­
sion of 4CL-2 in the 4 CL family, and to expres­
sion of all three genes in the PAL family. In cell 
suspension cultures, however, the strongly induced 
levels in irradiated or elicitor treated cells were due 
to high rates of expression of all three PAL genes 
and both 4 CL genes.

Discussion

We have extended earlier observations that the 
amounts of PAL, 4 CL, CHS, BMT and PR 1 pro­
teins and mRNAs vary greatly among different tis­
sues and during development of parsley plants [18, 
19]. Particularly striking are the high levels of all 
five mRNAs in roots, where the metabolic func­
tions of the corresponding proteins have not been 
investigated.

The wound response seems to differ considera­
bly between roots and leaves. This applies to both 
the induction or repression of pathways and the

differential activation of PAL and 4 CL gene fami­
ly members. With respect to individual pathway 
activities, the results obtained for CHS and BMT 
allow to draw some general conclusions. Each of 
the two enzymes is specific for one particular 
phenylpropanoid branch pathway, CHS for fla- 
vonoid and BMT for furanocoumarin biosynthes­
is. Hence it seems justified to conclude that both 
pathways were at least temporarily repressed in 
wounded roots, where they were rather active 
prior to wounding, and temporarily induced in 
wounded leaves, where their activities had pre­
viously been low. The response was particularly 
rapid for CHS induction in attached wounded 
leaves and coincided with the induction of PAL 
and 4 CL.

This coincidence of PAL and 4 CL with CHS in­
duction may have the same causal connection in 
wounded leaves as in UV-irradiated parsley cell 
cultures [4] or epidermal cells in light-grown leaves 
[1, 2]. In both cases, all three enzymes probably act 
in concert in the production of various flavonoid 
glycosides [8]. Although a similar relationship of 
these genes in these two forms of stress is possible, 
this is not conclusive for two reasons. First, in con­
trast to the above-mentioned cases, the phenolic 
compounds derived from the products of PAL and 
4 CL in wounded leaves have not been identified; 
they may, perhaps even to a large extent, be differ­
ent from flavonoids. And second, there are ob­
viously major phenylpropanoid pathways other
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than flavonoid and furanocoumarin synthesis op­
erating in parsley, as suggested in wounded roots 
by the strong induction of PAL and 4 CL concomi­
tant with the repression of CHS and BMT (Fig. 2 
of this study), as well as in wounded or non­
wounded leaves by the in situ localization of PAL 
and 4 CL in areas where CHS and BMT are absent 
[2].

Perhaps the most striking of our results is the 
high degree of overall coordination of PAL and
4 CL m RNA levels that were always maintained 
despite the apparent differential regulation of indi­
vidual gene family members, and despite very little 
structural similarity between the PAL and 4 CL 
promoters analyzed so far ([5, 6] and E. Logemann, 
unpublished results). On the other hand, the clear- 
cut differential activation of 4CL-1 in wounded
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roots is surprising in view of the large structural 
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4 CL to the various developmental and environ­
mental stimuli.
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