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Parsley (Petroselinum crispum 1.) is  known to respond to ultra- 
violet irradiation by the synthesis of flavone glycosides, whereas 
fungal or elicitor stress leads to the synthesis of furanocoumarin 
phytoalexins. We tested how these defensive pathways are affected 
by a single ozone treatment (200 nL 1-'; 10 h). Assays were 
performed at the levels of transcripts, for enzyme activities, and 
for secondary products. The most rapid transcript accumulation 
was maximal at 3 h, whereas flavone glycosides and furanocou- 
marins were maximally induced at 12 and 24 h, respectively, after 
the start of ozone treatment. Ozone acted as a cross-inducer 
because the two distinct pathways were simultaneously induced. 
These results are consistent with the previously observed ozone 
induction of fungal and vira1 defense reactions in tobacco, spruce, 
and pine. 

The phytotoxicity of the air pollutant ozone in plants is 

well documented (Guderian, 1985; Treshow and Anderson, 

1989). The emphasis is usually placed on detrimental effects 

on primary metabolism, such as photosynthesis, carbon al- 

location, and growth. Our previous studies in different plant 

species have shown that secondary metabolism provides even 

more strongly affected targets, because single, subacute ozone 

pulses were sufficient to induce genes (Sandermann et al., 

1990; Emst et al., 1992b), enzymes (Sandermann et al., 1990; 

Galliano et al., 1993), and biosynthetic products (Guderian, 

1985; Sandermann et al., 1989). These responses included 

the induction of stilbene phytoalexins (Rosemann et al., 1991) 

and of putative plant defense proteins such as /3-1,3-glucan- 

ase, chitinase, and PR proteins (Eckey, 1992; Schraudner et 

al., 1992). The results have supported the hypothesis that a 

major effect of ozone is to change the phytopathological 

disposition of plants (Sandermann et al., 1989). 

To further extend these studies, parsley zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Petroselinum cris- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
pum L.) seedlings have now been exposed to ozone. Parsley 

represents a well-studied phytopathological model system in 

which two separate defensive pathways are present (Hahl- 

brock et al., 1976). UV irradiation induces the flavone gly- 

coside pathway (Hahlbrock et al., 1976; Hahlbrock and Well- 

mann, 1970; Hahlbrock and Scheel, 1989), whereas fungal 

spores or fungal elicitor induce the furanocoumarin phyto- 
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alexin pathway (Hahlbrock et al., 1976; Hauffe et al., 1986). 

Both phenylpropanoid pathways are induced from very low 

background levels in parsley cell-suspension cultures. In con- 

trast, these pathways are also present constitutively in certain 

tissues of intact parsley plants (Knogge et al., 1987). Flavone 

glycosides are localized mainly in the leaf epidermal cell 

layer, and furanocoumarins are localized in the leaf oil ducts. 

UV irradiation induced the CHS mRNA in total leaf extracts 

about 4- to 8-fold compared to etiolated seedlings (Schmelzer 

et al., 1988). The high constitutive leve1 of the furanocou- 

marin pathway has prevented detection of zoospore induc- 

tion in total leaf extracts of parsley (Knogge et al., 1987). 

Histochemical methods including in situ hybridization have 

more clearly revealed the induction of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo distinct path- 

ways in intact parsley leaves. UV treatment resulted in an 

increase of the flavone glycoside pathway in epidermal cells 

(Hahlbrock et al., 1976; Schmelzer et al., 1988). Funga1 

infection led to furanocoumarin accumulation near the infec- 

tion sites and to secretion of the metabolites into infection 

droplets (Hahlbrock et al., 1976; Tietjen et al., 1983; Scheel 

et al., 1986). 
It will be reported in this paper that ozone acts as a cross- 

inducer because parameters of both defensive pathways were 

simultaneously induced in intact parsley plants. This study 

could not be performed with parsley cell-suspension cultures 

because of their insensitivity to ozone (Eckey, 1992). Some 

of the results have been communicated in abstract form (Emst 

et al., 1992a). 

MATERIALS AND METHODS 

Chemicals 

~-[2,6-~H]Phe and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS-adenosyl-~-[methyl-'~C]Met were pur- 

chased from Amersham Buchler (Braunschweig, Germany). 

Alkaline phosphatase-coupled anti-rabbit IgG from goat was 

obtained from Gibco BRL Life Sciences (Eggenstein, Ger- 

many). Antisera for CHS and MAT-3 were kindly supplied 

Abbreviations: CAD, cinnamyl alcohol dehydrogenase; CHS, chal- 

cone synthase; 4CL, 4-coumaroyl-COA ligase; Eli, elicitor; HRGP, 

hydroxyproline-rich glycoprotein precursor; IWF, intercellular wash 

fluid; MAT-3, malonyl-CoA.flavono1-3-O-glucoside malonyltrans- 

ferase; PAL, phenylalanine ammonia-lyase; POD, peroxidase; PR, 

pathogenesis-related; XMT, S-adenosyl-methionine:xanthotoxol- 
O-methyltransferage. 
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by Professor K. Hahlbrock (Max-Planck-Institut für Züch- 

tungsforschung, Koln, Germany) and by Professor U. Matem 

(Universitat Freiburg, Germany), respectively. 

A molecular mass marker protein set zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(14.4-94 kD) was 

purchased from Pharmacia-LKB (Freiburg, Germany). 5- 
Bromo-4-chloroindolyl-3-phosphate and nitroblue tetrazo- 

lium were obtained from Sigma Chemie (Deisenhofen, Ger- 

many). The commercially available natural substances (apiin, 

coniferyl alcohol, xanthotoxol, bergapten, psoralen, isopim- 

pinellin, xanthotoxin, and umbelliferone) were purchased 

from Roth (Karlsruhe, Germany). 

The cDNA probes for PAL (Eli 4), CHS, 4CL, Eli 16, HRGP 

(Eli 9), POD (Eli ll), PR-1-1, and PR-2 from parsley were 

kindly supplied by Dr. I. Somssich (Max-Planck-Institut für 

Züchtungsforschung). These clones were described by Soms- 

sich et al. (1989). A ~-1,3-glucanase clone from tobacco 

(Mohnen et al., 1985), a superoxide dismutase clone from 

tobacco (Bowler et al., 1989), and a carrot extensin clone 

(Chen and Vamer, 1985) were donated by the respective 

authors. Actin-cDNA from soybean was a gift of Dr. R. B. 

Meagher (Shah et al., 1982). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Plant Material 

Seeds of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPetroselinum crispum L. (Hamburger Schnitt) were 

obtained from a local garden center. Seeds were germinated 

on a 2:l mixture of standard substrate (type T; Fruhstorfer, 

Lauterbach, Germany) and perlite in a dark environmental 

growth chamber. Growth conditions were 24OC and 78% 

RH. After 10 d in the dark, seedlings were transferred to 

continuous white light zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(150 pE m-’s-’ PPFD) for 2.5 weeks. 

Biochemical analyses were camed out with the pooled excised 

leaves (Eckey-Kaltenbach et al., 1993). 

Ozone Exposure 

If not noted otherwise, the standard ozone treatment was 

performed with 200 nL L-’ of ozone for 10 h under the 

conditions of precultivation. Ventilation was applied at 0.5 

m s-’. Ozone was generated by electrical discharge in dry 02, 
The desired ozone concentration was maintained as described 

by Galliano et al. (1993). 

Metabolite Analysis 

Furanocoumarins 

Frozen parsley leaves (100-150 mg) were ground in liquid 

Nz to a powder using a Microdismembrator instrument 
(Braun, Melsungen, Germany). This step was followed by 

four consecutive extractions at 4OC with a total volume of 10 

mL of methanol. After centrifugation (15,00Og, 5 min, 4OC), 

the methanolic extracts were concentrated to 2 mL, and 10- 
pL aliquots were subjected to reversed-phase HPLC using a 

Spherisorb ODSII column (5 pm; 250 X 4.6 mm; Bischoff, 

Leonberg, Germany) at a flow rate of 1 mL min-’ with 

HzO:tetrahydrofurane (7:3, v/v) containing 1 % H3P04. The 

HPLC method was adopted from Knogge et al. (1987). The 

eluates were monitored at 300 nm with a UV-visible analyzer 

(absorption detector 163; Beckman, München, Germany). 

Peak areas were integrated and related to known amounts of 

reference substances. For additional identification, a diode 

array detector was used. 

Flavone Clycosides 

The extraction and quantification of flavone glycosides by 

Aa4a measurement were performed as described by Hahlbrock 

et al. (1976). Where noted, separation of flavone glycosides 

was performed with a special HPLC system adopted from 

Zielke and Sonnenbichler (1990). For routine identification 

and quantification of 6”-O-malonylapiin and apiin, the 

above HPLC system for determination of furanocoumarins 

was used. 

Enzyme Assays 

Extraction and determination of PAL activity in parsley 

plant material was done according to the method of Rose- 

mann et al. (1991). The assay used 3H-labeled Phe as sub- 

strate, with the 3H-labeled product cinnamic acid being ex- 

tracted with ethylacetate. Extraction and determination of 

XMT enzyme activity were performed as described by Hauffe 

et al. (1986). Measurement of CAD activity was carried out 

by the previous assay procedure (Galliano et al., 1993). 

Blotting Procedures 

Electrophoresis of protein extracts prior to westem blot 

analysis was performed in the presence of SDS according to 

the method of Laemmli (1970). A commercially available 

protein marker set (Pharmacia-LKB, Freiburg, Germany) was 

used for molecular m a s  determination. Electroblotting onto 

a membrane (Immobilon PVDF, Millipore, Eschbom, Ger- 

many) was performed according to the manufacturer’s in- 
structions. Transfer of proteins was monitored by staining 

with Ponceau S. After destaining and pretreatment with BSA, 

the membrane was incubated with the primary antibody 

(rabbit IgG) for 2 h. CHS antiserum was diluted by a factor 

of 1:4000, and MAT-3 antiserum was diluted by a factor of 

1:5000. After incubation with an alkaline phosphatase-cou- 

pled secondary antibody (goat anti-rabbit IgG alkaline phos- 

phatase conjugate; Gibco BRL Life Sciences) in a dilution of 

1:3000, the antibodies were detected by addition of 5-bromo- 

4-chloroindolyl-3-phosphate and nitroblue tetrazolium 

(Eckey, 1992). The blots were scanned at 600 nm for quan- 

tification. 

Total RNA was extracted as previously described (Kuhn et 

al., 1984). RNA blotting and hybridization (northem and dot 

blot analyses) using Hybond N membranes (Amersham 

Buchler) were performed as described by Sambrock et al. 

(1989). For hybridization the cDNA probes were 32P-labeled 

with a random-primed DNA-labeling kit (Hexa Prime I; 
Appligene, Heidelberg, Germany). Autoradiograms were 

scanned with a densitometer (Elscript 400; Hirschmann, Un- 

terhaching, Germany) and quantified relative to the reprob- 

ing signal obtained with an actin-cDNA probe. 

j 

Microscopy and Preparation of IWF 

The preparation of leaf sections, aniline blue staining for 

callose, and general microscopic methods were carried out as 
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Biochemical Plant Responses to Ozone 69

described by Jahnen and Hahlbrock (1988) and Eckey (1992).

Excised parsley leaves were vacuum infiltrated (260 mbars)
in sterile water for five 1-min periods. 1WF was then collected

by centrifugation (lOOOg; 10 min; 4°C) as described by Eckey-

Kaltenbach et al. (1993).

RESULTS

Ozone Effect s on Parsle y Plant s

Parsley seedlings were exposed to ozone at high RH to
reduce stomatal effects. After a 10-h treatment with 200 nL

L~' of ozone, the first visible symptoms appeared (Fig. 1A).

Parsley leaves were scored for percentage of necrotic area of

total leaves (Eckey-Kaltenbach et al., 1993). After the stand-

ard ozone treatment (200 nL L"
1
, 10 h), the percentage of

necrosis reached 40% at 24 h and 50% at 48 to 72 h (Fig.

IB). Leaf damage then progressed further. The onset of ozone
exposure is defined as time zero, and postincubation in

ozone-free air begins at 10 h. After the seedlings were fumi-

gated with only 100 nL L"
1
 of ozone for 10 h, the formation

of lesions was delayed but then reached the same extent of
necrosis (40% at 84 h) as in the standard fumigation. The
necrotic area contained large amounts of callose as detected

by staining with aniline blue reagent (Fig. 1C). Under UV

light (340-380 nm), the necrotic area showed a strong bluish

fluorescence, probably due to the presence of phenolic com-
pounds (Fig. ID).

Accumulatio n of Secondar y Metabolite s

The leaf content of flavone glycosides and of furanocou-
marins was followed during the standard ozone exposure
and the postincubation period. The HPLC method used was
adopted from Knogge et al. (1987) for direct comparison with

pathogen-induced secondary compounds. It yielded a good

resolution of the furanocoumarins with the following reten-

tion times: umbelliferone, 7.1 min; xanthotoxin, 10.3 min;
bergapten, 15.5 min; psoralen, 12.0 min; and isopimpinellin,
12.3 min. Flavone glycosides appeared at 7.8 min (6"-O-

malonylapiin) and 5.5 min (apiin). The healthy plants exhib-

ited high constitutive levels of total furanocoumarins (about

Figur e 1. Ozone effects on parsley plants. A, The first visible symptoms at the end of the 10-h treatment with 200 nL L"'
of ozone in comparison with a control leaf. B, Formation of lesions and necrosis after 30 h of standard ozone exposure
and postincubation in comparison with a control leaf. C, Detection of callose with aniline blue reagent. D, Detection of
phenolic compounds by their bluish fluorescence under UV light (340-380 nm). Panels C and D were obtained after
30 h of standard ozone exposure and postincubation. The bars correspond to lengths of 1.5 nm (A and B) and 10 nm (C
and D).
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Figure 2. Effect of ozone treatment on furanocoumarins (A) and 

flavone glycosides (B) of parsley plants. The secondary metabolites 
were determined at several time points in parsley plants kept in the 
absence of ozone (open bars) or treated during the  indicated 10-h 

interval with 150 nL L-' (dashed bars) or 200 nL L-' of ozone 
(crossed bars) (mean values & SE, n = 5 or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6).  

400 pg g-' fresh weight). In contrast, parsley cell-suspension 

cultures showed only about 400 ng g-' fresh weight as the 

basal total content after 7 d of growth (Eckey, 1992). As 
shown in Figure 2A, there was a 2-fold increase of total leaf 

furanocoumarins after the standard ozone treatment (200 nL 

L-', 10 h). Maximum accumulation was reached at 12 to 24 

h. The individual furanocoumarins listed above were also 

quantified. They showed the same induction kinetics and the 

same extent of accumulation as the total furanocoumarins. 

The induction factors (1.3- to 2.7-fold) increased linearly with 

ozone concentration (100-250 nL L-'; 10 h). The basal 

amounts of furanocoumarins increased slightly with plant 

age, but the induction factors were independent of age. 

The amount of total flavones and flavonoid glycosides was 

measured by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA340 (Hahlbrock et al., 1976) after the standard 

ozone fumigation. During the first 1 2  h, there was a transient 

1.6-fold accumulation, as shown in Figure 28. There was a 
second increase 2 d after ozone treatment (at 72 h). More 

than 10 different but unidentified flavone compounds were 

detected by a special HPLC system (Zielke and Sonnenbi- 

chler, 1990) in the methanolic parsley plant extracts. 

Attempts were made to study the leaf apoplastic compart- 

ment, which is assumed to be the first reaction site of ozone 

(Heath, 1989). The IWF was collected by centrifugation after 

a vacuum infiltration step. Xanthotoxin and bergapten were 

most prominent and accumulated 7- and 2-fold at 12 h. 

lnduction of Biosynthetic Enzymes 

The enzyme PAL is involved in both the furanocoumarin 

and flavone glycoside biosynthetic pathways. The ozone 

response of this enzyme activity is shown in Figure 3A. A 3- 

fold increase was reached at the end of the ozone exposure 

period, followed by a decrease to the initial level. A second 

less pronounced increase in activity occurred during lesion 

development at 72 h. 

XMT was tested as a specific enzyme of furanocoumarin 

biosynthesis. The standard ozone treatment led to a 2-fold 

increase (Fig. 3B) at 12 and 24 h. 

CHS, a specific enzyme of the flavone glycoside pathway, 

could not be reliably determined because of high endogenous 

hydrolase activities. However, westem analysis showed a 

single protein band with an apparent molecular mass of 44 

kD (Eckey, 1992). Scanning of the alkaline phosphatase 

indicator stain revealed a 1.2-fold increase at 6 and 12 h (data 

not shown). 

Westem blotting was also performed' for MAT-3. In this 

case a single protein band with a molecular mass of 40 kD 

was detected (Eckey, 1992). A 1.2-fold increase was found at 

12 h (data not shown). Because of the known malonylesterase 

activity in 2.5-week-old parsley plants (Matem, 1983), ma- 

lonyltransferase activity could not be determined reliably. 

The lignin biosynthetic enzyme CAD showed statistically 

significant maxima (1.5-fold) at 12 h as well as at 72 h. The 

basal activity of this enzyme was 125 pkat/kg of protein 

(Eckey, 1992). 

lnduction of Transcript Accumulation 

Northem blotting of total RNA from ozone-treated and 

control parsley leaves revealed that transcript amounts of 
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Biochemical Plant Responses to Ozone 71

PAL as well as 4CL (not shown) increased about 10-fold at
6 h (Fig. 4A). A comparative study of PAL transcript amount
and PAL enzyme activity showed the expected difference in

the time course of the induction processes (Fig. 4B). The same

time course of transcript induction was found for 4CL as

well as for CHS, which showed a 13- and 2-fold increase,

respectively.

Transcripts not associated with phenylpropanoid metabo-

lism were also examined using homologous stress-induced
cDNA probes. The transcripts of the two PR proteins PR-1
and PR-2, as well as an elicitor-induced cDNA probe with

unknown function (Eli 16; Somssich et al., 1989), showed
maximal amounts (5- to 7-fold) at 3 h. Transcripts measured

with POD (Eli 11) and HRGP (Eli 9) cDNA probes were

induced about 2.4- and 6.7-fold, respectively, with a maxi-

mum at 12 h. One set of original data for each group is
shown in Figure 5.

No transcript accumulation could be detected using

the cDNA probes available for the basic isoform of /M,3-glu-
canase, Mn-dependent superoxide dismutase, and carrot
extensin.

Time Sequenc e of Ozone Effect s

In the standard ozone treatment (200 nL L"
1
; 10 h) the

onset times of various parameters measured ranged from 3

to 72 h as summarized in Table I. At 3 h the first transcript

increases were measured for PR-1, PR-2, and Eli 16 (early

- 2,0 kb

- 0,5 kb

0 3 3 6 6 9 9 12 24 24 48 48 h

con 03 con 03 con 03 con 03 O3 con 03 con

el hybridization [%] PAL-aclivi ty [^kal/kg]

100 -

80 -

60 -

40 -

20 -

0 -

50

- 40

- X

- 20

40 50

time [h]

Figur e 4. Induction of transcripts in parsley plants. A, Northern
blotting of total RNA (5 ^g) in ozone-treated (O3) and control (con)
parsley leaves. Total RNA from control and treated plants (200 nL
L~'; 10 h) was separated electrophoretically and then hybridized to
a PAL cDNA probe. The marker bands are indicated at the right.
The slot for 48-h ozone shows an additional background spot. B,
Time courses of transcript accumulation (0) and enzyme activity
(4) of PAL. Transcript amounts (n = 4) and enzyme activity (n = 6)
were determined as described in "Materials and Methods." The
standard ozone treatment was applied and mean values are shown.

control ozone

0 3 6 12 24 48 h 0 3 6 12 24 48 h

I

Eli 16

PAL

HRGP

Figur e 5. Time course of transcript accumulation for an early (Eli
16), an intermediate (PAL), and a late (HRCP) stress gene. Total
RNA (1 Mg) from control parsley plants (left) or parsley plants
subjected to the standard ozone treatment (right) was analyzed by
slot blot hybridization. Maximal transcript accumulation was at 3,
6, and 12 h, respectively, as marked by arrowheads.

genes). In phenylpropanoid metabolism, the first effects at 6

h concerned the transcript amounts of PAL, 4CL, and CHS
(intermediate genes). The maxima of the corresponding en-
zyme activities were reached between 9 and 12 h when the
first visible symptoms also appeared. The pathway products
showed maximal accumulation at 12 and 24 h. At this time,

transcript amounts of the late genes (POD, HRGP) also

reached their maxima. There were secondary increases at 48

to 72 h for transcript amounts (PAL, 4CL, and CHS), enzyme

activity (PAL), and product accumulation (flavone glyco-

sides). All of these increases coincided with complete leaf
necrosis.

DISCUSSION

An exposure of parsley plants to 100 nL L"1 of ozone for
10 h was sufficient to induce subsequent lesions and necrosis
formation. The ozone symptoms observed (Fig. 1) were in

agreement with older reports (Hill et al., 1961; Oshima et al.,

1978) classifying parsley as an ozone-sensitive plant on the

basis of growth and assimilate-partitioning measurements.

The occurrence of callose and of fluorescent material during

late symptom development provides a good analogy to ozone
effects on tobacco leaves (Kerner, 1990; Schraudner et al.,

1992). It is interesting that callose and fluorescent phenolic

compounds have also been described for necrotic develop-
ment caused by Phytophthora megasperma f. sp. glycinea in

parsley (Jahnen and Hahlbrock, 1988). The detection of fur-

anocoumarins in the IWF was reminiscent of pathogen-

infected parsley leaves, which secreted furanocoumarins into
infection droplets (Tietjen et al., 1983; Scheel et al., 1986).

Apiin has previously been reported to increase about 10-fold
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Table 1. Time sequence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof ozone-induced stress reactions in parsley 

after 10 h of ozone exposure. 
The onset of ozone treatment is defined as time zero. Postincubation in ozone-free air started 

Time Reaction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
h 

3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 
9-10 Maximum of PAL activity 

Transcript accumulation of early genes (PR-1, PR-2, Eli 16) 
Transcript accumulation of intermediate genes (PAL, 4CL, CHS) 

Leaf spots as first visible damage 
Accumulation of flavone glycosides 
Transcript accumulation of late genes (POD, HRGP) 

Maximum accumulation of flavone glycosides 
Accumulation of furanocoumarins 
Maximum activity of XMT and CAD 

Reduction of total ascorbate, induction of apoplastic ascorbate 
(Eckey-Kaltenbach et al., 1993) 

Apoplastic accumulation of apiin (Eckey-Kaltenbach et al., 1993) 

and of furanocoumarins 
24 Maximum accumulation of furanocoumarins 

48 

72 

12-14 

Start of leaf necrotization 
Accumulation of callose, necrotic fluorescence 
Renewed transcript accumulation of PAL, 4CL, and CHS 

Renewed increase of PAL and CAD activities and of flavone 

Complete necrosis and death of leaves 
glycosides 

in the IWFs of ozone-treated parsley plants (Eckey-Kalten- 
bach et al., 1993). 

The present results revealed an approximate 2-fold increase 

of flavone glycosides as well as furanocoumarins after a 

standard ozone fumigation (200 nL L-'; 10 h). The ozone- 

induced accumulation of total flavone glycosides showed an 

early transient increase as well as a late secondary one. This 

induction pattem appeared to be due to a biosynthesis of 

flavone glycosides followed by metabolism or degradation 

and a renewed biosynthesis. This type of induction kinetics 

was also observed for enzyme activities and transcript 

amounts. The early increase in flavone glycosides can be 

compared to the UV response of intact parsley plants 

(Schmelzer et al., 1988). The later secondary increase ap- 

peared to be connected to complete necrosis development. 

The plants were kept under constant light to minimize diurna1 

rhythms and stomatal limitations for ozone uptake. However, 

the constant light regime leads to the possibility that ozone 

merely increases the induction potential of the applied zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAir- 
radiance rather than being a direct inducer. A similar expla- 

nation could apply for the report concerning the 1.8-fold 

apiin induction by a jasmonate precursor in light-grown 

parsley cells (Dittrich et al., 1992). 

In the present study, there was a simultaneous induction 

of the furanocoumarins, which generally are not light in- 

duced (Hahlbrock and Scheel, 1989). The furanocoumarins 

showed high constitutive levels in healthy parsley plants. On 

this elevated background, the ozone-dependent 2-fold accu- 

mulation in total leaf extracts was highly significant. Previous 

attempts to demonstrate the induction of the furanocoumarin 

pathway in total leaf extracts after infection with P. megas- 
perma f .  sp. glycinea zoospores had failed (Knogge et al., 

1987). An approximate 2-fold increase after ozone treatment 

was found for the total amount of furanocoumarins as well 

as for the individual components. 

On the basis of the time course of transcript accumulation, 

early, intermediate, and late stress genes could be defined. 

The three early genes for PR-1, PR-2, and Eli 16 were strongly 

induced at 3 h. The induction of intracellular PR proteins in 

parsley has also been described as one of the earliest effects 

after funga1 infection (Somssich et al., 1989). In addition, P- 
1,3-glucanase, chitinase, and PR protein l b  have been shown 

to be ozone induced in tobacco (Emst et al., 1992b). POD 

and HRGP were determined to be late stress genes. These 

genes are known also to be induced by fungi and other 

stressors (Somssich et al., 1989; Sauer et al., 1990; Sutherland, 

1991). In the phenylpropanoid pathway, ozone-induced tran- 

script accumulation preceded the increase of enzyme activity 

as well as product accumulation. 

In conclusion, a11 pathogen-responsive cDNA probes tested 

(PR-1, PR-2, Eli 16, PAL, 4CL, HRGP, POD) are shown here 

to be induced also by ozone treatment. However, ozone was 

an inducer that differed from the previous stressors in that 

the two distinct defensive pathways of parsley were induced 

simultaneously as shown in Figure 6. Ozone is thus termed 

a cross-inducer. In addition, parsley cDNA libraries have 

been constructed with poly(A)' RNA isolated from ozone- 
treated leaves. A number of ozone-induced, as well as ozone- 
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73 

FTJNGAL ELICITOR 

OZONE 

I 
Phenylalanine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c 

Figure 6. Model for the effects of ozone, UV irradiation, and fungal 

elicitor on the defensive pathways in parsley. 

repressed, cDNA clones were selected. First, sequence analy- 

sis resulted in the identification of clones for PR 1-1, PR 

1-3, and a small heat-shock protein (Emst et al., 1992a, and  

our unpublished results). 

An ozone induction of defense reactions was observed 

previously in  pine, in which ozone treatment led to a n  

increase of stilbene phytoalexins and  stilbene synthase in the 

needles (Rosemann et  al., 1991). Stilbenes are normally pres- 

ent  constitutively in heartwood and  are induced by fungi as 

phytoalexins in  pine softwood. In spruce, ozone led to the 

induction of polyamines (Sandermann et  al., 1990) and  CAD 

(Galliano et  al., 1993). Both responses are well-known plant 

defendive reactions. In tobacco, fungal and vira1 defense 

reactions (polyamines, ethylene, tyramine, stress proteins) 

were also induced by ozone (Sandermann et  al., 1989; 

Schraudner e t  al., 1992). Cross-induction of plant defense 

pathways by ozone may, therefore, be a fairly general 

phenomenon. 
A11 of these results lead to a number of scientific as well as  

practical questions. For example, it has  to be  clarified how 

the  signal chains for flavone glycoside and furanocoumarin 

induction can be activated at  the same time. How similar are 

the defense programs induced in plants by different stressors? 

It is interesting that induction of the two known defense 
pathways was not additive in cultured parsley cells upon 

simultaneous treatment with UV light and  elicitor, which 

completely blocked the light-induction of flavone glycosides 

(Lozoya et  al., 1991). Does the ozone induction of flavone 

glycosides and furanocoumarins occur in  their known histo- 

logical areas (epidermis and  oil ducts, respectively) or in  the 

areas of developing visible ozone lesions? A practical question 
is whether cross-induction of defensive pathways by ozone 

will also occur with crop plants and  weeds in the field. Recent 

experiments with tobacco have indeed shown that @-1,3- 
glucanase (Schraudner et al., 1992) and  ethylene metabolism 

(our unpublished results) react strongly to present ambient 

summer ozone concentrations. Changes in  disposition for 

plant diseases are, therefore, expected (Sandermann et al., 

1989), but this important possibility remains to be examined 

in further experiments. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ACKNOWLEDCMENTS 

We wish to thank Dr. C. Langebartels for valuable discussion and 

advice and Dr. D. Scheel, Max-Planck-Institut fiir Ziichtungsfor- 

schung, for his comments concerning the manuscript. Excellent tech- 

nical assistance was given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS .  Stich, E. Kiefer, and E. Mattes. The 

help of Dr. E. Back (Bundesamt fiir Umwelt, Wald und Landschaft, 

Beme, Switzerland) in the initial phase of this project is also acknowl- 

edged. 

Received June 1, 1993; accepted September 27, 1993. 

Copyright Clearance Center: 0032-0889/94/l04/0067/08 

LITERATURE ClTED 

Bowler C, Alliotte T, De Loose M, Van Montagu M, Inze D (1989) 
The induction of manganese superoxide dismutase in response to 
stress in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANicotiana plumbaginifolia. EMBO J 8: 31-38 

Chen J, Varner JE (1985) Isolation and characterization of cDNA 
clones for carrot extensin and a proline-rich 33-kDa protein. Proc 
Natl Acad Sci USA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 2  4399-4403 

Dittrich H, Kutchan TM, Zenk MH (1992) The jasmonate precursor, 
12-0x0-phytodienoic acid, induces phytoalexin synthesis in Petro- 
selinum crispum cell cultures. FEBS Lett 309 33-36 

Eckey H (1992) Biochemische und molekularbiologische Untersu- 
chungen Ozon-induzierter Abwehrreaktionen in Petersilie (Petro- 
selinum crispum L.). Dissertation, Ludwig-Maximilians-Universi- 
tat, Miinchen, Germany 

Eckey-Kaltenbach H, Heller W, Sonnenbichler J, Zetl I, Schafer 
W, Ernst D, Sandermann H (1993) Oxidative stress and plant 
secondary metabolism: 6"-O-malonylapiin of parsley (Petrose- 
linum crispum) plants. Phytochemistry 3 4  687-691 

Ernst D, Eckey H, Sandermann H (1992a) Biochemical and molec- 
ular responses of ozone in Petroselinum crispum L. Physiol Plant 
8 5  A80 

Ernst D, Schraudner M, Langebartels C, Sandermann H (199213) 
Ozone-induced changes of mRNA levels of (3-1,3-glucanase, chi- 
tinase and 'pathogenesis-related protein l b  in tobacco plants. 
Plant Mo1 Biol20 673-682 

Galliano H, Heller W, Sandermann H (1993) Ozone induction and 
purification of spruce (Picea abies [L.] Karst.) cinnamyl alcohol 
dehydrogenase. Phytochemistry 3 2  557-563 

Guderian R, ed (1985) Air Pollution by Photochemical Oxidants. 
Formation, Transport, Control and Effects on Plants. Ecological 
Studies, Vol 52. Springer-Verlag, Berlin 

Hahlbrock K, Knobloch KH, Kreuzaler F, Potts JRM, Wellmann E 
(1976) Coordinated induction and subsequent activity changes of 
two groups of metabolically interrelated enzymes. Light-induced 
synthesis of flavonoid glycosides in cell suspension cultures of 
Petroselinum hortense. Eur J Biochem 61: 199-206 

Hahlbrock K, Scheel D (1989) Physiology and molecular biology of 
phenylpropanoid metabolism. Annu Rev Plant Physiol Mo1 Biol 

Hahlbrock K, Wellmann E (1970) Light induced flavone biosyn- 
thesis and activity of phenylalanine ammonia-lyase and UDP- 
apiose synthetase in cell suspension cultures of Petroselinum hor- 
tense. Planta 9 4  236-239 

Hauffe KD, Hahlbrock K, Scheel D (1986) Elicitor-stimulated fur- 
anocoumarin biosynthesis in cultured parsley cells: S-adenosyl-L- 
methionine: bergaptol and S-adenosyl-L-methionine: xanthotoxol 
O-methyl-transferases. Z Naturforsch 41c: 228-239 

Heath RL (1989) The biochemistry of ozone attack on the plasma 
membrane of plant cells. Rec Adv Phytochem 21: 29-54 

Hill AC, Pack MR, Treshow M, Downs RJ, Transtrum LC (1961) 
Plant injury induced by ozone. Phytopathology 51: 356-368 

Jahnen W, Hahlbrock K (1988) Cellular localization of nonhost 
resistance reactions of parsley (Petroselinum crispum) to fungal 
infection. Planta 173 197-204 

Kerner K (1990) Biochemische und physiologische Untersuchungen 
zur unterschiedlichen Ozontoleranz der Tabaksorten (Nicotiana 
tabacum L.). Dissertation, Ludwig-Maximilians-Universitat, 
Miinchen, Germany 

4 0  347-369 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lp

h
y
s
/a

rtic
le

/1
0
4
/1

/6
7
/6

0
6
7
9
2
4
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



74 Eckey-Kaltenbach et al. Plant Physiol. Vol. 104, 1994 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Knogge W, Kombrink zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE, Schmelzer E, Hahlbrock K zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1987) Occur- 

rence of phytoalexins and other putative defense-related sub- 
stances in uninfected parsley plants. Planta 171: 279-287 

Kuhn DN, Chappell J, Boudet A, Hahlbrock K (1984) Induction of 
phenylalanine ammonia-lyase and 4-coumarate:CoA ligase 
mRNAs in cultured plant cells by UV light or funga1 elicitor. Proc 
Natl Acad Sci USA 81: 1102-1106 

Laemmli UK (1970) Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature 227: 680-685 

Lozoya E, Block A, Lois R, Hahlbrock K, Scheel D (1991) Tran- 
scriptional repression of light-induced flavonoid synthesis by 
elicitor treatment of cultured parsley cells. Plant J 1: 227-234 

Matern U (1983) Acylhydrolases from parsley zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Petroselinum hor- 
tense). Relative distribution and properties of four esterases hydro- 
lyzing malonic acid hemiesters of flavonoid glucosides. Arch 
Biochem Biophys 224 261-271 

Mohnen D, Shinshi H, Felix G, Meins F (1985) Hormonal regula- 
tion of fi-1,3-glucanase messenger RNA levels in cultured tobacco 
tissue. EMBO J 4 1631-1635 

Oshima RJ, Bennett JP, Braegelmann PK (1978) Effect of ozone on 
growth and assimilate partitioning in parsley. J Am SOC Hortic Sci 

Rosemann D, Heller W, Sandermann H (1991) Biochemical plant 
responses to ozone. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11. Induction of stilbene biosynthesis in Scots 
pine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Pinus sylvesfris L.) seedlings. Plant Physiol97: 1280-1286 

Sambrock J, Fritsch EF, Maniatis T (1989) Molecular Cloning: A 
Laboratory Manual, Ed 2. Cold Spring Harbor Laboratory Press, 
New York 

Sandermann H, Langebartels C, Heller W (1990) Ozonstrep bei 
Pflanzen. Friihe und 'Memorf-Effekte von Ozon bei Nadelbau- 
men. UWSF-Z. Umweltchem Okotox 2 14-15 

Sandermann H, Schmitt R, Heller W, Rosemann D, Langebartels 
C (1989) Ozone-induced early biochemical reactions in conifers. 

103: 348-350 

rn JWS Longhurst, ed, Acid Deposition. Sources, Effects and Con- 
trols. British Library, London, pp 243-254 

Sauer N, Corbin DR, Keller B, Lamb CJ (1990) Cloning and 
characterization of a wound-specific hydroxyproline-rich glyco- 
protein in Phaseolus vulgaris. Plant Cell Environ 1 3  257-266 

Scheel D, Hauffe KD, Jahnen W, Hahlbrock K (1986) Stimulation 
of phytoalexin formation in fungus-infected plants and elicitor- 
treated cell cultures of parsley. NATO AS1 Ser Ser A H 4  325-331 

Schmelzer E, Jahnen W, Hahlbrock K (1988) In situ localization of 
light-induced chalcone synthase mRNA, chalcone synthase, and 
flavone end products in epidermal cells of parsley leaves. Proc 
Natl Acad Sci USA 85: 2989-2993 

Schraudner M, Ernst D, Langebartels C, Sandermann H (1992) 
Biochemical plant responses to ozone. 111. Activation of the de- 
fense-related proteins p-1,3-glucanase and chitinase in tobacco 
leaves. Plant Physiol99 1321-1328 

Shah DM, Hightower RC, Meagher RB (1982) Complete nucleotide 
sequence of a soybean actin gene. Proc Natl Acad Sci USA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 9  

Somssich IE, Bollmann J, Hahlbrock K, Kombrink E, Schulz W 
(1989) Differential early activation of defense-related genes in 
elicitor-treated parsley cells. Plant Mo1 Biol 1 2  227-234 

Sutherland MW (1991) The generation of oxygen radicals during 
host plant responses to infection. Physiol Mo1 Plant Pathol 3 9  
79-93 

Tietjen KG, Hunkler D, Matern U (1983) Differential response of 
cultured parsley cells to elicitors from two non-pathogenic strains 
of fungi. 1. Identification of induced products as coumarin deriv- 
atives. Eur J Biochem 131: 401-407 

Treshow M, Anderson FK, eds (1989) Plant Stress from Air Pollu- 
tion. Wiley, New York 

Zielke H, Sonnenbichler J (1990) Natural occurrence of 3,3',4,4'- 
tetramethoxy-l,l '-biphenyl in leaves of stressed European beech. 
Natunvissenschaften 77: 384-385 

1022-1026 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lp

h
y
s
/a

rtic
le

/1
0
4
/1

/6
7
/6

0
6
7
9
2
4
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2


