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A tobacco (Nicotiana tabacum 1. cv Samsun NN) cDNA clone 
coding the enzyme phenylalanine ammonia-lyase (PAL) was iso- 
lated from a cDNA library made from polyadenylated RNA purified 
from tobacco mosaic virus (TMV)-infected leaves. Southern analy- 
sis indicated that, in tobacco, PAL is  encoded by a small family of 
two to four unclustered genes. Northern analysis showed that PAL 
genes are weakly expressed under normal physiological conditions, 
they are moderately and transiently expressed after wounding, but 
they are strongly induced during the hypersensitive reaction to 
TMV or to a fungal elicitor. Ribonuclease protection experiments 
confirmed this evidence and showed the occurrence of two highly 
homologous PAL messengers originating from a single gene or 
from two tightly co-regulated genes. By in situ RNA-RNA hybridi- 
zation PAL transcripts were shown to accumulate in a narrow zone 
of leaf tissue surrounding necrotic lesions caused by TMV infection 
or treatment with the fungal elicitor. In this zone, no cell specificity 
was observed and there was a decreasing gradient of labeling from 
the edge of necrosis. Some labeling was also found in various cell 
types of young, healthy stems and was shown to accumulate in 
large amounts in the same cell types after the deposition of an 
elicitor solution at the top of the decapitated plant. 

In plants, PAL (EC 4.3.1.5) catalyzes the conversion of L- 
Phe to trans-cinnamic acid in the first step of the phenylpro- 
panoid pathway, which supplies the precursors for flavonoid 
pigments, lignin, UV protectants, and furanocoumarin phy- 
toalexins (Hahlbrock and Grisebach, 1979; Vance et al., 1980; 
Grisebach, 1981; Hahlbrock and Scheel, 1989; Lewis and 
Yamamoto, 1990). The phenylpropanoid metabolism is acti- 
vated in response to a wide array of developmental and 
environmental cues, and, consequently, phenylpropanoids 
are synthesized during the normal process of development 
and under various stress conditions such as UV irradiation, 
mechanical wounding, or pathogen attack (Lawton and 
Lamb, 1987; Dixon and Lamb, 1990). Phenylpropanoids are 
also known to act as molecular signals in recognition proc- 
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esses between Agrobacterium and Rhizobium and their host 
plants (Lynn and Chang, 1990). 

Fluctuation in PAL activity has been shown to be a key 
element controlling the synthesis of phenylpropanoids, and, 
in many cases, an increase in the amount of PAL mRNA has 
been shown to underlie the increase of PAL activity (Edwards 
et al., 1985; Fritzemeier et al., 1987; Lawton and Lamb, 1987; 
Orr et al., 1993). In elicited cultured pine cells, for instance, 
the induction of PAL activity occurs concurrently with in- 
creases in the activities of lignin-specific enzymes and is 
followed by the deposition of apparently genuine gymno- 
sperm lignin in the cell walls (Campbell and Ellis, 1992a, 
1992b). Activity of PAL and other enzymes of the phenyl- 
propanoid pathway is also highly stimulated in tobacco (Ni- 
cotiana tabacum L.) leaves reacting hypersensitively to TMV 
(Fritig et al., 1973; Legrand et al., 1976). Activation of phen- 
ylpropanoid metabolism is believed to result in phenolic 
polymer deposition, which builds up new mechanical bamers 
against pathogen invasion (Favali et al., 1978; Legrand, 1983). 

Among tobacco enzymes involved in the phenylpropanoid 
metabolism, OMTs of class I and I1 and cinnamyl alcohol 
dehydrogenase have been cloned (Jaeck et al., 1992; Knight 
et al., 1992; Pellegrini et al., 1993). Class I OMT and cinnamyl 
alcohol dehydrogenase genes have been shown to be consti- 
tutively expressed in vascular tissue of healthy plants, 
whereas class I1 OMT transcripts were detected only upon 
infection or elicitation of tobacco tissues. Only a very partial 
PAL cDNA has been obtained from a tobacco cDNA library 
(Brederode et al., 1991), but these authors did not detect any 
PAL gene expression during the hypersensitive reaction of 
tobacco to TMV. 

Here we report the characterization of a near full-length 
clone isolated from a cDNA library made from 48-h TMV- 
infected tobacco leaves. By RNA blot analysis and in situ 
RNA hybridization the pattem of expression of PAL genes 
has been investigated in healthy or TMV-infected or elicitor- 
treated tobacco plants. Genomic DNA blot analysis disclosed 
the presence of a very limited number of bands, indicating 
the presence of two to four genes in the tobacco genome. 
RNase protection assay revealed the presence of two highly 

Abbreviations: DIG, digoxigenin; OMT, O-methyltransferase; 
PAL, phenylalanine ammonia-lyase; SSC, standard sodium citrate; 
TMV. tobacco mosaic virus. 
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identical messengers originating either from differential pol- 
yadenylation of the same transcript or from the co-expression 
of two highly homologous genes. 

MATERIALS AND METHODS 

Plant Material 

Tobacco plants (Nicotiana tabacum L. cv Samsun NN) were 
grown in a greenhouse under controlled conditions. Thirty- 
day-old plants were infected by rubbing fully expanded 
tobacco leaves with a TMV suspension (0.2 &mL) in water 
containing carborundum powder as abrasive. An 8.0 pg/mL 
solution of megaspermin, a fungal elicitor purified from 
culture medium of Phytophthora megasperma (Kauffmann et 
al., 1993), was sprayed underneath fully expanded tobacco 
leaves (approximately 0.8 mL/leaf). Leaves rubbed with an 
aqueous carborundum suspension or sprayed with water 
were used as wounded samples or unwounded controls, 
respectively. Samples were harvested at different times after 
infection or elicitation and frozen in liquid nitrogen. For 
elicitation of stems, plants were decapitated and 0.1 pg of 
megaspermin in 20 pL of water was applied on the stem 
section. For in situ hybridization, 1.5 X 0.3 cm leaf strips 
including infection sites identified by UV epifluorescence 
were cut. Each sample consisted of material collected from 
three plants (one leaf per plant). 

RNA Extraction and mRNA Purification 

Total RNA was prepared from frozen leaves (-80OC) by 
several successive extractions with 0.3 M Tris-HC1, pH 8, and 
with phenolchloroform and precipitation with 2 M LiCl and 
ethanol. The RNA was dissolved in water and stored at 
-2OOC. By spectrophotometry, the yield was estimated to 
about 280 pg RNA g-' fresh weight. The integrity of RNA 
was checked by electrophoresis on 1% agarose gels and 
ethidium bromide staining. Poly(A)' RNA was isolated by 
oligo(dT)-cellulose (New England Biolabs) chromatography 
(Aviv and Leder, 1972; Sambrook et al., 1989). 

cDNA Library Screening 

A XZapII (Stratagene) cDNA library made from 48-h TMV- 
infected leaves (Pellegrini et al., 1993) was screened using a 
597-bp tobacco PAL cDNA fragment (N. Favet, unpublished 
result). cDNA inserts were rescued in pBluescript SK(+) plas- 
mids by R408 helper phage-mediated in vivo excision, as 
described by the manufacturer (Stratagene). Plasmidic DNA 
was purified with Qiagen columns (Qiagen, Hilden, Ger- 
many). cDNA inserts were excised by Not1 digestion and 
sized on 1 % agarose gels. 

Nucleotide Sequence Analysis 

cDNA clones were sequenced on both strands by the 
dideoxy chain-termination method (Sanger et al., 1977) using 
double-stranded plasmid templates (Sambrook et al., 1989) 
and T7 DNA polymerase (Pharmacia). Deleted clones were 
generated by exonuclease I11 digestion and sequenced at their 
extremities. Synthetic oligonucleotide primers (20 mer) were 

designed from the cDNA sequence previously determined 
and used to sequence the internal regions. The DN.4 sequence 
was analyzed using the Genetics Computer Group software 
(Devereux et al., 1984). 

Subcloning and Probe Synthesis 

Plasmid PAL.E-3' was constructed by subcloning a 387- 
bp, BglII-Not1 digest into the vector pSK(+) (Strata gene). This 
construct consisted in the last 183 bp of the 3' translated 
region and the 204 bp of the 3' untranslated region of PAL.E 
cDNA insert, including an 18-base poly(A) tail. According to 
standard methods (Sambrook et al., 1989) and the manufac- 
turer's recommendation, [a-32P]UTP-labeled (Amersham) or 
DIG-UTI'-labeled (Boehringer) RNA transcripts were gener- 
ated by in vitro transcription of the PAL.E-3' plasmid in 
sense or antisense orientation using T3 or T7 RNA polymer- 
ase (Boehringer), respectively. 

[c~-~~P]dCTP-labeled DNA probes were generated by ran- 
dom oligonucleotide-primed synthesis from the @,el-purified 
NotI/Nofl insert of the PAL.E clone. The probe, purified on 
Sephadex G-50 columns (Pharmacia), was used at a 2 X lo6 
dpm/mL concentration in standard hybridization solution. 

Genomic DNA Analysis 

Nuclear genomic DNA from N. tabacum was purified from 
5 g of young leaves according to Saghai-Maroof et al. (1984). 
DNA digested to completion with one or two restriction 
enzymes was phenol/chloroform purified, ethan 01-precipi- 
tated, and resolved on 0.75% agarose (FMC BioProducts, 
Strand, Denmark). Depurinated gels were blotted on Hybond 
N membranes (Amersham) and hybridized at 42OC in stand- 
ard hybridization solution containing 50 or 30% l'ormamide 
for high- or moderate-stringency conditions, respectively. 
After 14 h of hybridization the filters were washed twice in 
2X SSC, 0.1% SDS at 6OoC for 15 min. Two additional 
washes were performed for 15 min at 6OoC in D.lX SSC, 
0.1% SDS or l x  SSC, 0.1% SDS for high or moderate 
stringency, respectively. 

RNA Blot Analysis 

Ten micrograms of total RNA was resolved on formalde- 
hyde-agarose gels and blotted on Hybond N membrane 
(Amersham). Prehybridization, hybridization, arid washes 
were carried out at the most stringent conditions according 
to standard methods (Sambrook et al., 1989). Hylnidization 
signals were revealed by exposing the membrane; to an RX 
film (Fuji) at -8OOC for 15 to 24 h with an intensifjing screen 
(DuPont). 

RNase Protection Analysis of PALE Transcripts 

[a-32P]UTP-labeled antisense PAL.E-3' transcripts (2 X lo5 
cpm) were ethanol precipitated with 5 pg of total cellular 
RNA or 5 pg of Escherichia coli tRNA (RNase free, Boehrin- 
ger). The pellet was rinsed with ice-cold 70% ethanol and 
resuspended in 20 pL of hybridization buffer (1C m~ Tris- 
HCl, pH 7.5, 1.2 M NaCl, 5 m~ EDTA). Samples were heated 
at 85OC for 5 min to denature the RNAs and then incubated 
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for 2 h at 7OOC. RNaseONE digestion buffer for adenine 
uracil-rich sequences (10 m Tris-HC1, pH 7 . 5 , l  m~ EDTA) 
(105 pL) and 5 units of RNaseONE (Promega) were added 
and samples were incubated at 2OoC for 1 h. RNaseONE 
digestion was stopped by addition of 180 FL of stop solution 
(300 m~ Na acetate, pH 5.5, 0.1% SDS, 100 &mL E. coli 
tRNA) followed by vortexing. Samples were ethanol precip- 
itated, washed in ice-cold 70% ethanol, and resuspended in 
6 pL of loading dye (80% formamide, 10 m EDTA, 0.1% 
bromophenol blue, 0.1% xylene cyanol, 0.1% SDS). Protected 
fragments were resolved on a polyacrylamide/7 M urea se- 
quencing gel, fixed in a fixing solution (5% methanol, 5% 
acetic acid), and dried prior to autoradiography. 

In Situ RNA-RNA Hybridization 

Fresh tissue from TMV-infected leaves, megaspermin-elic- 
ited leaves and stems, and healthy leaves and stems was 
fixed in fixing solution (4% paraformaldehyde, 0.25% glutar- 
aldehyde in 100 m~ sodium phosphate buffer, pH 7.2) and 
embedded in Paraplast Plus (Sherwood Medical, Athy, Ire- 
land). Six-micrometer sections were cut using a rotary micro- 
tome (Jung, Nussloch, Germany), mounted on gelatin-coated 
slides, and heated at 5OoC overnight. After removal of Par- 
aplast with toluene, sections were treated with proteinase K 
(0.2 &mL, Sigma) in 1 m CaC12 solution for 6 min at 2OoC 
and re-fixed for 30 min in fixing solution. Tissue sections 
were covered with 60 pL of hybridization solution (50% 
deionized formamide, 10% dextran sulfate, 4X SSC, 5X 
Denhardt’s solution, 0.1% SDS, containing 600 ng of DIG- 
labeled sense or antisense PAL.E-3’ transcript) under a sealed 
coverslip. Sealed slides were incubated overnight at 5OoC 
and washed in 0.5X SSC for 4 h at 42OC, then rinsed in the 
same solution at 37OC for 30 min and treated with RNase A 
(20 pg/mL, Sigma) for 30 min at 37OC to remove single- 
stranded RNA. Slides were washed again for 2 h in 0.5X SSC 
at 42OC and then rinsed in the same solution for 15 min at 
room temperature. 

Immunodetection of DIG-labeled RNA transcripts was per- 
formed with alkaline phosphatase-conjugated anti-DIG an- 
tigen-binding fragments (Boehringer) following the manufac- 
turer’s recommendations. Pictures were taken using a stand- 
ard bright-field Reichert microscope. 

Assay of PAL Activity 

PAL activity was assayed by measuring the rate of forma- 
tion of labeled cinnamic acid from labeled Phe. Soluble 
proteins were extracted by gnnding 10 g of freshly harvested 
leaf tissues at 4OC in 50 mL of 0.1 M borate buffer, pH 8.8, 
containing 5 m~ mercaptoethanol in the presence of quartz 
sand. The mixture was filtered through a double layer of 
cheesecloth. The filtrate was centrifuged at 13,000 rpm for 
10 min and the supematant was used for enzymatic assays. 
Protein concentration was measured by the Bradford method 
(Bradford, 1976). PAL activity was assayed with 1 mL of 0.25 
M borate buffer, pH 8.8, containing 300 p~ 14C-labeled Phe 
and with 50 or 100 p L  of enzyme extracts. After 1 h of 
incubation at 37OC, the reaction was stopped with two drops 
of 9 N sulfuric acid. The labeled cinnamic acid was extracted 

and its radioactivity was measured by scintillation counting 
as described earlier (Legrand et al., 1976). 

RESULTS 

Isolation and Sequence Analysis of PAL cDNA Clones 

A 597-bp cDNA that shared over 74% identity with the 
PAL gene sequences available in the EMBL data bank (N. 
Favet, unpublished results) was used as probe to screen a 
XZapII (Stratagene) cDNA library made from 48-h TMV- 
infected tobacco leaves (Pellegrini et al., 1993). Approxi- 
mately 1.0 x lo5 plaque-forming units were plated. Four 
rounds of screening allowed the isolation of nine positive 
clones. Their cDNA inserts were sized on agarose gels after 
excision by Not1 digestion and were found to have different 
lengths, ranging from 1.7 to 2.4 kb. Only one clone, named 
PAL.E, harbored a cDNA insert corresponding to the ex- 
pected full-length size. Therefore, PAL.E was sequenced on 
both strands by sequencing deleted clones obtained by exo- 
nuclease I11 digestion. Figure 1 shows the nucleotidic se- 
quence of PAL.E, which is 2431 bp long with an open reading 
frame of 2136 bp (positions 91-2226), a 90-bp leader se- 
quence, and a 3’ untranslated region of 204 bp, including an 
18-nucleotide poly(A) tail. A putative polyadenylation signal 
was found 20 nucleotides before the poly(A) tail. 

The analysis of the PAL.E cDNA clone predicted a poly- 
peptide of 712 amino acids whose calculated molecular mass 
was 76,515 D. This value is about 5,000 D larger than the 
molecular mass estimated by SDS-PAGE for PAL partially 
purified from TMV-infected tobacco leaves (P. Geoffroy, 
personal communication). This result may indicate that to- 
bacco PAL protein is rapidly proteolyzed, as it is in bean and 
alfalfa, where a native PAL subunit of 77 kD is inherently 
unstable and gives rise to shorter degradation products (Bol- 
well et al., 1985; Jorrin and Dixon, 1990). The predicted 
isoelectric point of PAL.E is 6.65. 

The deduced tobacco PAL.E protein shares, at the amino 
acid level, a degree of similarity higher than 80% with those 
deduced from cDNA clones isolated from dicotyledonous 
species such as bean (Edwards et al., 1985), parsley (Lois et 
al., 1989), alfalfa (Gowri et al., 1991), potato (Joos and 
Hahlbrock, 1992), pea (Kawamata et al., 1992), loblolly pine 
(Wetten and Sederoff, 1992), and poplar (Subramaniam et 
al., 1993). When this paper was in process a very similar 
cDNA clone was isolated from tobacco cell culture (Nagai et 
al., 1994). Also, six potential N-glycosylation sites (Asn-X- 
Thr/Ser, underlined in Fig. 1) are conserved in PAL.E, thus 
suggesting the glycosylation of tobacco PAL, as has been 
demonstrated for potato PAL (Shaw et al., 1990). 

All nine cDNA clones isolated were shown to have the 
same restriction map as the PAL.E clone (data not shown). 
These clones were sequenced for approximately 350 bp at 
each extremity and in some internal regions using primers 
designed for PAL.E cDNA sequencing. All of these nucleotide 
sequences matched perfectly those of PAL.E, suggesting that 
all of the cDNAs isolated were synthesized from the same 
PAL mRNA species. 
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301 GCTRAARCTGTAAAAGTGGAGCTTTCTGAAGGAG~~GAGCTGGTGTTA~AG~TAGTAG~GATTGGGTT*~GGATAGTA~GAGT-GG~CTGATAGTTATGGTGTTACTACTGGTTTTGGTGCTACTTCACATAGGA~AACCAAGRRC 

4 5 1  GGTGGTGCTCTTCRRAAGGACTAATTAGGTTCT~GAATGCTGGAGTTTTTGGC~TGG~CAGAGTCATGTCACACATTACCACAATCAGGGAC~GGGCAGCTATGCTAGTTAGAATCAACACACTCCTACMGGAT~TTCTGGCATC 

L N W E M A A D S L K G S H L D E V K K M V A E F R K P V V K L G G E T L T V A Q V A A I A A K D N  70 

A K T V K V E L S E G A R A G V K A S S D W V M D S M S K G T D S Y G V T T G F G A T S H R R T K N  120 

G G A L Q K E L I R F L N A G V F G ~ E S C H T L P Q S G T R A A M L V R I N T L L Q G Y S G I  110 

601 AGATTTGAAATCTTGGAAGCAATCACTRRATTGCTTAACCACAATGTCACTCCATGTTTGCCCCTTCGCGGCACAATCACCGCCTCTGGTGATCTCGTCCCCTTGTCCTACATTGCTGGTTTACTCACAGGTCGGCCTA~TTCCAAAGCC 
R F E I L E A I T K L L N H U P C L P L R G T I T A S G D L V P L S Y I A G L L T G R P N S K A  2 2 0  

1 5 1  ATTGGACCTAATGGTGAGACCCTCAATGCTGAAG~GCGTTCCGTGTTGCTGGAGTTAACAGTGGATTTTTCGAGTTGCAGCCTAAGGAAGGCCTTGCTCTTGTGRRTGGTACTGCAGTTGGTTCTGGTTTGGCCTCAA~GGTCCTCTTT 
I G P N G E T L N A E E A F R V A G V N S G F F E L Q P K E G L A L V - A V G S G L A S M V L F  270 

9 0 1  GATGCTAACATTCTCGCGGTCTTTTCTGAAGTTCTCTCAGCTATTTTCGCTGAGGTGATGAATGGAAAGCCCGAGTTCACTGACCACTTGACACACAAGTTGAAGCATCACCCCGGACAAATTGAGGCTGCTGCTATTA~GGAACACATT 
D A N I L A V F S E V L S A I F A E V M N G K P E F T D H L T H K L K H H P G Q I E A A A I M E H I  3 2 0  

1051 TTGGATGGTAGCTCTTATGTGAAGGCGCCTCAGAAGCTTCACGAAACGGATCCTCTTCAAAAACCAARGCIV~GATCGTTACGC:CTCAGAACIITCACCCCAGTGGCTTGGCCCTCAARTTGAGGTCATCCGTTCTGCAACCRRGATGATT 
L D G S S Y V K A P Q K L H E T D P L Q K P K Q D R Y A L R T S P Q W L G P Q I E V I R S A T K M I  3 7 0  

1351 GCCCAATTCTCCGAGCTTGTCAACGATTACTACAACAACGGGTTGCCATCTAATCTGACAGCAGGAAGGAATCCAAGCTTGGA~:TATGGTTTCAAGGGATCTGAGATTGCCATGGCTTCATACTGTTCAGAACTTCRATTCTTGGCRAAT 
A Q F S E L V N D Y Y N N G L P S U A G R U L D Y G F K G S E I A M A S Y C S E L Q F L A N  470 

1501 CCAGTGACTAACCACGTACAGCGCCGAGCAACACACAACC~GATGTGAACTCCTTGGGCTTAATCTCAGCTAG~CAGCTGAAGCTGTGGACATCTT~GCT~TGTCATCCACATATCTAGTCGCACTTTGCCAAGCGATAGAC 

1651 TTGAGGCATTTGGAAGATCTGAGGAATGCAGTCAAG~CACGGTGAGCC~GTCGCTAAGAGAACCTTGACAATGGGTGCCARTGGAGAACTTCATCCATCAAGATTCTGCGRRARGGACTTGCTTCGAGTCGTGGACAGGGAATAC 

P V T N H V Q S A E Q H N Q D V N S L G L I S A R K T A E A V D I L K L M S S T Y L V A L C Q A I D  5 2 0  

L R H L E E N L R N A V K N T V S Q V A K R T L T M G A N G E L H P S R F C E K D L L R V V D R E Y  570 

1801 G T C T T T C G T T A C G C T G A T G A C G C C T G C A G C G C C ~ C T A C C C A C T G A T G C A G A C T A A G G C A A G T C C T T G T C G A C C A C G C C T T A G R A A A T G G C G l G A T A C T A G C T T T T G A A G G C  
V F R Y A D D A C S A N Y P L M Q K L R Q V L V D H A L E N G E N E K N A U I F Q K I L A F E G  620 

1951 GAGTTRAAGGCCGTGTTACCAARRGAAGTCGAGAGTGCAAGAATCTCGCTGGRAAATGGGAACCCTGCATTGCCAACAGGAT~GGA4TGCAGATCTTATCCACTCTACAGGTTTGTTAGAGAAGAACTTGGAGCTGAATTATTGACA 
E L K A V L P K E V E S A R I S L E N G N P A I A N R I K E C R S Y P L Y R F V R E E L G A E L L T  6 7 0  

:?lo1 GGAGRARAAGTCAGGTCACCAGGTGAAGAATGTGACRAAGTGTTCACAGCAATGTGCAATGGACAAATTATTGATTCATTATT~GAGTGICTCAAGGAATGGAATGGTGCTCCTCTTCCAATCTGTTAGAAGTTGGTTCTCRAACAACAG 
G E K V R S P  G E E . C D K V F  T A M C  N G Q  I I D S L L E C  L K E  W N G A P  L P  I C  + 712 

:?251 GATCTTTGTTTATGTTTGTCAATTACTTGTTATTTTTCTATTAATTTTTATATTTACTTTTTCTTTTGAGGTTGATTAATTGT~CTC'IGTTGAATATGTTGGTTTGTAGTTATATAAGTCTCTTTTCAGT~~GTG 

2401 A C A A T G T G C T T A T P  

Figure 1. Nucleotide and deduced amino acid sequences of t h e  tobacco PAL cDNA. Nucleotides are numbered from 
the first base of the cDNA insert. A potential polyadenylation signal and glycosylation sites are underlined. The deduced 
amino acid sequence is indicated below the nucleotide sequence in the single-letter code. The first Met of the open 
reading frame is designated as t h e  first amino acid of the putative PAL protein. The termination codon is indicated by an 
asterisk. 

PAL Gene Organization 

Southem analysis performed at the most stringent hybrid- 
ization conditions using PAL.E cDNA as a probe lighted up 
three to four fragments (Fig. 2). Identical results were ob- 
tained using moderate-stringency conditions (data not 
shown), thus making unlikely the presence of other PAL 
genes with high similarity to PAL.E. The number of the 
hybridized fragments obtained with restriction enzymes that 
have (BamHI and HindIII) or do not have (EcoRI and EcoRV) 
a recognition sequence within the PAL.E cDNA indicates that 
the tobacco PAL gene family is composed of two to four 
genes. 

All PAL genes studied so far contained at the same position 
a single intron that splits an Arg codon conserved in most 
PAL genes (Gowri et al., 1991). A codon for an Arg residue 

is also found in PAL.E cDNA and may indicate the 
same type of gene organization in tobacco. The small number 
of hybridizing restriction fragments revealed by Southem 
analysis is also in accordance with this hypothesis, since it 
makes unlikely the occurrence of large intervening sequences. 

Northern Blot Analysis 

It has been reported that PAL gene expression was not 
stimulated in tobacco leaves by TMV infection, wounding, or 

UV light (Brederode et al., 1991). These data were at odds 
with PAL gene inducibility by various stimuli shown in many 
plant species and with the increased PAL activity measured 
in tobacco leaves reacting hypersensitively to ThIV (Fritig et 
al., 1973; Legrand et al., 1976). Therefore, we reinvestigated 
PAL expression at the level of both gene expression and 
enzyme activity in tobacco leaves reacting hype rsensitively 
to TMV or in leaf and stem tissues treated wi:h a fungal 
elicitor or in wounded leaf tissues. 

Northem analysis using the full-length PAL. E cDNA to 
synthesize the labeled probe revealed a single band of ap- 
proximately 2.5 kb. A high level of accumulabon of PAL 
transcripts was observed in tobacco leaves reactin:; hypersen- 
sitively to TMV (Fig. 3, lanes E and F). The most intense 
signal was detected 38 h after infection, as soon as the first 
lesions appeared. A strong stimulation of PAL activity was 
measured in the same samples. The maximum of enzyme 
activity was found 45 h postinoculation (Table I), in agree- 
ment with detailed kinetic studies described prcviously for 
several enzymes of the phenylpropanoid pathws y (Legrand 
et al., 1976). Tobacco leaves and stems were also elicited with 
megaspermin, a fungal elicitor inducing necrosis of tobacco 
tissues within a few hours after treatment (Kauffinann et al., 
1993). A transient, rapid, and sharp induction o1 PAL tran- 
script accumulation was observed in megaspennin-treated 
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Figure 2. DNA blot analysis of tobacco genomic DNA. The full-
length tobacco PAL.E cDNA was used as probe. Ten micrograms of
DNA digested with FcoRV + H/ndlll (lane 1), SamHI + EcoRI (lane
2), H/ndlll (lane 3), EcoRV (lane 4), EcoRI (lane 5), or SamHI (lane
6) was analyzed. Molecular marker sizes are in kb.

leaves (Fig. 3, lanes L, M, N) and stems (data not shown).
Signal intensity was maximum as soon as 8 h posttreatment
and then decreased slowly (Fig. 3, lanes L, M, N). An increase
in enzymatic activity was measured over the same period
(Table I), in agreement with the fact that PAL messenger
amount remained above the control level (compare lanes L,
M, N to lanes G, H, I).

Wounding by carborundum treatment was found to induce
a rapid and transient accumulation of PAL transcripts. How-
ever, in wounded samples (Fig. 3, lanes B, C, D) PAL tran-
scripts accumulated much less than in TMV-infected or elic-
ited tissues, and no significant increase in PAL activity was
detected (Table I). Moreover, 45 h after wounding PAL
mRNAs (Fig. 3, lane D) dropped to values close to those
measured in untreated leaves.

Tobacco plants were grown for 6 weeks in a 16:8 light:dark
photoperiod. Healthy, water-sprayed tobacco leaves were
harvested at 8 AM, 1 PM, 6 PM, and 10 PM, corresponding to 2,
7, 12, and 16 h of light, respectively. In northern analysis,
very similar amounts of PAL messenger were detected in the
different samples (Fig. 3, lanes A, G, H, I). However, PAL
activity measured in these samples showed a 2.5-fold higher
enzymatic activity in the samples collected in the morning
than in those harvested later (Table I), thus suggesting a
posttranscriptional control of PAL activity during the day,
but this was not investigated further. At any rate, these
fluctuations in PAL activity were limited compared to the
PAL levels reached after TMV infection or elicitation.

RNase Protection Experiments

RNase protection analysis was performed to investigate
whether several PAL genes were expressed in response to
stress. From the PAL.E-3' construct, a labeled antisense tran-
script of 456 bp was generated (Fig. 4A) and used to protect
PAL mRNAs from RNase degradation. The RNase protection
experiments are presented in Figure 4B. A radioactive band
was revealed in all samples (in the presence or absence of
cellular RNAs) and corresponded to a small portion of un-
degraded probe that probably hybridized with the DNA
template [Fig. 4, band P(456)]. Two other strong bands ap-
peared only after hybridization of the radioactive probe with
cellular RNAs extracted from TMV-infected leaves (Fig. 4,
lane 4) or megaspermin-elicited leaves (Fig. 4, lane 5). In the
presence of RNAs from healthy leaves faint bands were
detected at the same positions, thus demonstrating that the
same transcripts were present in healthy leaves but in much
smaller amounts. The two induced species clearly visible in
samples from tissues bearing TMV lesions or treated with the
elicitor were 387 and 329 bp long, respectively.

The longest protected fragment corresponded to the 183-
bp downstream region of the PAL.E open reading frame and
to the 204-bp 3' untranslated sequence of the PAL.E tran-
script as shown in Figure 4A. The other protected fragment
is 58 bp smaller and is probably derived from a transcript
homologous to PAL.E in the 3' coding region but with a
shorter or slightly divergent untranslated sequence. This sit-
uation may arise from alternate polyadenylation of the same
transcript or from the expression of two highly homologous
genes. In the latter case the two genes should be tightly co-
regulated, as indicated by the similar intensities of the two
protected bands (Fig. 4B). Another possibility would be that
the small fragment arose from a partially degraded PAL.E
mRNA, but this appears unlikely since only two definite
species were present when the RNase protection assay was
performed with RNAs from TMV-infected or elicitor-treated
leaves.

A B C D E F G H L M N

f*
,2.5
'kb

Figure 3. Northern blot analysis of PAL transcripts from various
tissues. Blots were probed with the full-length PAL.E cDNA insert.
Each lane was loaded with 10 /ig of total RNA from untreated
healthy leaves harvested at 8 AM (A); leaves rubbed with water and
carborundum and harvested 8 h (B), 38 h (C), or 45 h (D) after
treatment; TMV-infected leaves harvested 38 h (E) or 45 h (F) after
inoculation; leaves sprayed with water and harvested at 1 PM (C), 8
PM (H), or 10 PM (I); or leaves sprayed with megaspermin solution
and extracted 8 h (L), 18 h (M), or 23 h (N) after treatment. Tobacco
plants from the same batch were used. The position of a 2.5-kb
RNA marker is indicated.
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Table I. PAL activity in healthy, TMV-infected, and elicited tobacco leaves
Tobacco leaves were either infected by rubbing with a 0.2 jtg/mL TMV solution (controls were

mock-inoculated with water) or elicited by spraying with an 8.0 jjg/mL megaspermin solution (controls
were sprayed with water). PAL activity of the extracts was assayed with 1 ml of 0.25 M borate buffer
containing 300 HM "C-labeled Phe as substrate. Time after treatments is indicated in parentheses.
Each activity value, expressed as pkat/^g protein, represents the mean value of three measurements.

Control Sample
Time of Sampling

Treatment Activity Treatment Activity

1 PM

6 PM

10 PM

SAM
4 PM

Water-sprayed:
(8 h)

(18 h)
(23 h)

Mock-inoculated:
(38 h)
(45 h)

2.7
1.1
1.1

2.5
1.6

Megaspermin-sprayed:
(8 h)

(18 h)
(23 h)

TMV-infected:
(38 h)
(45 h)

3.2
5.3
8.0

10.1
12.6

A ATG B8> n St°P
_I_________I——1———. +1 pSK vector-i PAL.ECDNA

^~OCJ

'183 '204

B 1 2 3 4 5

• •• . P (456)

•387

to* •329

Figure 4. RNase protection analysis of tobacco PAL transcripts. The
PAL.E-3' clone was linearized by 8g/ll digestion and 32P-labeled
RNA was transcribed in vitro by T7 RNA polymerase. A, The region
of PAL.E and pSK(+) spanned by the probe. B, The radioactive
probe was analyzed on a polyacrylamide gel without treatment
(lane 1) or after RNaseONE treatment following hybridization with
5 pg of E. co/i tRNA (lane 2) or hybridization with 10 ^g of total
cellular RNA from healthy tobacco leaves (lane 3), from 38-h TMV-
infected leaves (lane 4), or from megaspermin-sprayed leaves har-
vested 8 h after treatment (lane 5). To detect the radioactive bands
in lane 3 the gel was exposed about 5-fold longer than in other
cases. Arrows denote protected PAL fragments, P denotes the
undigested probe, and numbers refer to the size in bp.

In Situ RNA-RNA Hybridization

To define the spatial pattern of expression of PAL tran-
scripts in tobacco leaves and stems reacting hypersensitively,
serial sections of TMV-infected leaves and megaspermin-
treated leaves and stems were analyzed by in situ RNA
hybridization. When observed under UV light, 6-d-old le-
sions appear surrounded by a sharp, fluorescent ring of
reacting cells about 1 to 1.5 mm in width (Fig. 5A). The
fluorescence is due to the accumulation of phenylpropanoids,
primarily coumarins (Fritig et al., 1972). TMV-infected leaf
samples consisted of leaf strips, each containing a single 48-
h TMV lesion of less than 1 mm diameter. Collected samples
were quickly observed under UV light to verify the presence
of only one lesion per sample.

When observed at low magnification, in situ-hybridized
serial sections of TMV-infected leaves revealed different in-
tensities of labeling. The staining intensity increases from the
right to the left side of the section shown in Figure 5B, i.e.
when one gets closer to the necrotic area. This appears more
clearly at higher magnification: the cells that accumulate
fluorescent compounds also exhibit a strong accumulation of
PAL transcripts (Fig. 5F); the tissue of the intermediate area
covering a few hundred microns displayed a slightly weaker
signal (Fig. 5E); beyond this latter region (Fig. 5D) PAL signal
intensity was low and equal to that observed in the healthy
control (data not shown). However, the signal measured in
these nonelicited tissues (Fig. 5D) was significantly higher
than the background revealed by hybridizing the sections
with a sense probe (Fig. 5C). This demonstrates a constitutive
level of PAL gene expression in tobacco leaves, which is in
accordance with the results of northern and RNase protection
experiments and also with the enzyme activity measured in
healthy leaves. It is also noteworthy that no cell-specific or
tissue-specific expression of the PAL genes was observed in
either the healthy or the infected tobacco leaves.

Megaspermin spray treatment led to elicitation of the hy-
persensitive response in smaller areas than those observed
48 h after TMV inoculation, but the same distribution of PAL
transcripts was observed (data not shown).
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H
•<(

Figure 5. In situ hybridization of TMV-infected leaves and megaspermin-elicited tobacco stems. A, Six-day-old lesions
observed under UV light. B, Section through a tobacco leaf 2 d post-TMV infection corresponding to the fluorescent
area of A and hybridized with antisense PAL RNA. D, E, and F, Close-up photographs that correspond to the right,
middle, and left parts of the section presented in B, respectively. C, Control leaf section hybridized with PAL sense RNA.
G, H, and I, Sections through the stem 3 cm from the decapitation site. G, Section from elicitor-treated stem hybridized
to sense probe. H, Section from nontreated stem hybridized to antisense probe. I, Section from elicitor-treated stem
hybridized to antisense probe, c, Cortex; ep, external phloem; ip, inner phloem; pi, pith; x, xylem.
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Tobacco stems also reacted hypersensitively upon megas- 
permin treatment. Visual inspection under UV light showed 
a fast appearance of fluorescence along the stem within a 
few hours after treatment. Thin cross-sections of tobacco 
stems, 2 to 3 cm from the top of the decapitated megasper- 
min-treated plant (the site of elicitor deposition), were col- 
lected 6 h after elicitation. Compared to equivalent untreated 
healthy stems (Fig. 5H), a general increase in the amount of 
PAL transcript was clearly observed in the different tissues 
of the elicited stem (Fig. 51): PAL transcript accumulation 
appeared particularly intense in the intemal and external 
phloem tissues of the stem but was also detected in cortical 
cells and pith tissues. It is noteworthy that, because protein- 
aceous elicitor is known to migrate downward in the tobacco 
stem (Devergne et al., 1992), the intencity of the labeling 
detected in phloem cells may merely reflect the presence of 
a high concentration of eliciting molecules in these conductive 
tissues. No labeling at all was found in control sections 
hybridized with the sense probe (Fig. 5G), demonstrating the 
meaningfulness of the staining observed in nontreated stem 
(Fig. 5H). In fact, in this latter tissue a significant signal was 
observed in the same cell types that accumulate PAL tran- 
scripts in higher amounts upon elicitation. In particular, a 
clear signal was observed in some subepidermal cells. A 
similar localization has been reported for PAL of hybrid 
poplar (Subramaniam et al., 1993). The presence of PAL 
transcripts in various cell types of tobacco stems was con- 
firmed by observation at higher magrufication (not shown) 
and may arise from an intense metabolic activity in 
these young tissues. Older ligrufied tissues have not been 
examined. 

DISCUSSION 

The hypersensitive response of plants to pathogens has 
often been reported to result in cell wall thickening, which 
impairs the pathogen's spread through plant tissues. Lignin 
and lignin-like polymers deriving from the phenylpropanoid 
pathway are thought to play a major role in the building up 
of these mechanical bamers, which confine the virus to a 
limited number of cells. As the first enzyme of the phenyl- 
propanoid pathway, PAL plays a key role by controlling the 
metabolic flux entering the pathway. A strong accumulation 
of phenylpropanoids and a sharp increase in activity of many 
biosynthetic enzymes (including PAL) have been reported to 
occur in Samsun NN tobacco reacting hypersensitively to 
TMV (Fritig et al., 1973; Legrand et al., 1976). Surprisingly, 
in a recent work Brederode et al. (1991), using a partial PAL 
cDNA clone, were unable to detect the accumulation of PAL 
transcript in TMV-infected Samsun NN leaves. The present 
study was aimed at clarifying these discrepancies. 

A near-full-length cDNA encoding tobacco PAL has been 
isolated. This cDNA clone was used to synthesize DNA and 
RNA probes that were used in northern blots and RNase 
protection assays, respectively, to investigate the pattern of 
expression of PAL genes under various situations. Two dif- 
ferent transcripts were detected in low amounts in healthy 
material. Upon infection or elicitor treatment the two tran- 
scripts accumulated, as indicated by the high level of pro- 
tected fragments found after RNase action. The two tobacco 

genes thus appeared to be tightly co-regulated. Ln the same 
tissues PAL activity was found to be sharply increased, 
reaching its maximum a few hours after the maxirnum mRNA 
level. Thus, enzyme activity appears to be ccntrolled by 
messenger amount. Analysis of nuclear run-off transcripts in 
isolated nuclei has shown that elicitor treatment or UV illu- 
mination of cultured parsley cells (Chappell and Hahlbrock, 
1984) and wounding or infection of bean hypocotyl tissues 
(Lawton and Lamb, 1987) stimulate PAL gene txanscription. 
In tobacco a transcriptional control might also underlie PAL 
mRNA accumulation. 

Southern analysis disclosed the presence of a small family 
of two to four PAL genes in tobacco. PAL gene:, from other 
plants, namely parsley, bean, and Arabidopsis th aliana, have 
already been shown to be organized in small famllies of three 
to four genes that are expressed differentially dining devel- 
opment and in response to different types of environmental 
stimuli such as UV irradiation, treatment with fungal elicitor, 
or wounding (Liang et al., 1989; Lois et al., 1989; Oh1 et al., 
1990; Lois and Hahlbrock, 1992). In potato, the genomic 
organization of PAL is particularly complex, shice as many 
as 40 genes per haploid genome have been detected, but 
similar pattems of PAL expression have been reported (Ru- 
meau et al., 1990; Joos and Hahlbrock, 1992). In strawbeny, 
sunflower, and bamboo, only a single form of FAL enzyme 
has been characterized (Chen et al., 1988; Given et al., 1988; 
Jorrin et al., 1988), but no information is available about PAL 
genes in these plants. 

Three classes of PAL genes were characteri;:ed in bean 
(Cramer et al., 1989), and distinct pattems of rl?gulation of 
these genes result in a selective expression 01' functional 
variants of PAL enzyme possessing different K ,  values (Bol- 
well et al., 1985). A 8-glucuronidase-based reporter system 
has allowed the dissection of the spatial and temporal pat- 
terns of the bean PAL2 and PAL3 promoter activities in 
transgenic Arabidopsis, tomato, and tobacco plants (Shuffle- 
bottom et al., 1993). It has been proposed that the' differential 
expression of PAL isoforms accounts for a mechanism by 
which the plant exerts a metabolic priority for plienylpropa- 
noid biosynthesis under stress conditions (Liang et al., 1989). 
In tobacco we found a limited number of genes (one or two) 
whose expression is enhanced by wounding, elicitation, or 
TMV infection and is likely to account for the increase of 
PAL activity under these stress conditions. A distinct tobacco 
cDNA was cloned by Brederode et al. (1991) that shared 70% 
similarity with the sequence presented in Figure 1 (nucleo- 
tides 589-960). These authors discovered a small gene family 
whose pattern of expression differs clearly from that reported 
here, since no cognate messenger was detected under various 
stress conditions, including TMV infection. 

Expression of the bean PAL2 gene in tobacco resulted in a 
few transgenic tobacco plants with unexpectedly reduced 
levels of PAL activity and abnormal phenotypes (Elkind et 
al., 1990). It will now be possible to constitutively express 
the tobacco PAL cDNA in the sense or antisense direction 
(antisense RNA strategy) and to analyze the effects on PAL 
activity and phenylpropanoid synthesis. The study of such 
transgenic plants should enable us to dissect the multiple 
functions of phenylpropanoid compounds themselves or 
their derivatives. Indeed, trans-cinnamic acid has recently 
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been shown to be a precursor of salicylic acid, a plant signal 
implicated in the resistance of tobacco to pathogens (Malamy 
and Klessig, 1992; R a s h ,  1992; Gaffney et  al., 1993; Yalpani 
et al., 1993). 

In situ hybridization has shown that many leaf cell types 
react to  TMV infection or elicitor treatment by accumulating 
PAL transcripts. A similar distribution of PAL transcript 
throughout the leaf tissue was also found in  the case of 
potato infected with compatible or incompatible races of 
Phytophthora infestans (Cuypers et al., 1988). In parsley leaves 
reacting hypersensitively to  Phytophthora megasperma f. sp. 
glycinea a rapid and transient increase of PAL mRNA level 
was observed very close to  the infection sites (Schmelzer e t  
al., 1989; Kombrink et  al., 1993). In tobacco leaves bearing 
necrotic lesions the same localization as that of PAL has been 
demonstrated for class I1 OMT, a typical defense gene (Pel- 
legrini, 1994). PAL expression was also examined in stem 
tissues, and PAL mRNA was detected in various cell types. 
Sharp increases in mRNA level were shown to occur in the 
same cell types after elicitation. This contrasts with the data 
obtained in bean with probes specific for each class of PAL 
genes (Liang et  al., 1989) or in transgenic tobacco expressing 
a reporter gene under the control of the PAL2 or PAL3 
promoter (Shufflebottom et al., 1993). These studies showed 
that the three bean genes are expressed differentially during 
development and  in response to light, wounding, and  infec- 
tion. In the PAL2 promoter, elements necessary for xylem 
expression and a negative element that suppresses expression 
in phloem and perivascular parenchyma have been localized 
(Leyva et  al., 1992). Since the expression pat tem of the 
endogenous PAL gene of tobacco is different, it seems that 
PAL promoter structure and specificity may vary among 
plants. A differential regulation of two members of the PAL 
gene family of potato has  also been reported (Joos and 
Hahlbrock, 1992). In the case of tobacco a very limited 
number of PAL genes appear to respond in a similar fashion 
to  developmental and environmental cues. The characteriza- 
tion of the promoters of these genes and the study of their 
specificity by expressing chimeric constructs made of a PAL 
promoter fused to a reporter gene will provide an opportunity 
to delineate the spatial and temporal program of expression 
of each individual gene. 
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