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ABSTRACT DNAs complementary to a size-selected frac-
tion of poly(A)+ RNA present in elicitor-treated cells of bean
(Phaseolus vulgaris L.) were inserted into pAT153 and used to
transform Escherichia coli strain C600. Five clones were
identified by hybrid-selected translation and cross-hybridiza-
tion that contained sequences complementary to mRNA en-
coding phenylalanine ammonia-lyase (EC 4.3.1.5), which
catalyzes the first reaction of phenylpropanoid biosynthesis.
The longest insert contained a single open reading frame of
1520 base pairs together with 223 base pairs of 3' untranslated
sequence. RNA blot hybridization showed that elicitor caused
a rapid, marked but transient increase in phenylalanine
ammonia-lyase mRNA that was closely correlated with changes
in translatable mRNA activity in vitro and enzyme synthesis in
vivo. Blot hybridization of newly synthesized mRNA purified
by organomercurial affinity chromatography following in vivo
pulse-labeling with 4-thiouridine indicates that elicitor caused
a rapid stimulation of phenylalanine ammonia-lyase mRNA
synthesis as an early event in the defense response leading to
accumulation of phenylpropanoid-derived phytoalexins.

Phenylalanine ammonia-lyase (EC 4.3.1.5) is a key enzyme of
plant metabolism catalyzing the first reaction in the biosyn-
thesis from L-phenylalanine of a wide variety of natural
products based on the phenylpropane skeleton (1). Fluctua-
tions in phenylalanine ammonia-lyase levels are a major
element in the control of phenylpropanoid biosynthesis in
higher plants (1, 2). For example, enzyme levels are markedly
increased by light concomitant with the onset of accumula-
tion of flavonoids (3) or hydroxycinnamic acid esters (4),
excision leading to wound-induced accumulation ofhydroxy-
cinnamic acid esters (4), and hormonal changes leading to
lignification during xylem differentiation (5). Furthermore,
phenylalanine ammonia-lyase activity is characteristically
stimulated by microbial infection leading to the synthesis of
lignin-like, wall-bound phenolic material and phenylpro-
panoid-derived phytoalexin antibiotics (1-3). These defense
responses can also be induced by elicitors present in fungal
cell walls and culture filtrates (2, 6-9).

Labeling in vivo and translation studies in vitro have shown
environmental control over de novo synthesis of phenylala-
nine ammonia-lyase (1-3). In particular, marked increases in
phenylalanine ammontia-lyase synthesis and translatable
mRNA activity have been observed in response to elicitor
treatment or infection in a number of systems (10-21). Thus,
treatment of suspension-cultured bean (Phaseolus vulgaris
L.) cells with an elicitor heat-released from cell walls of the
fungus Colletotrichum lindemuthianum causes a rapid in-
crease in the rate of synthesis of phenylalanine ammonia-

lyase and at least three other enzymes of phenylpropanoid
biosynthesis associated with the accumulation of wall-bound
phenolic material and isoflavonoid phytoalexins such as
phaseollin (refs. 10-13; unpublished data). The increase in
phenylalanine ammonia-lyase synthesis from low basal rates
reflects an increase in mRNA activity (13, 14), which,
together with modulation of the apparent stability of the
enzyme in vivo (11), is responsible for a marked stimulation
of enzyme activity leading to increased phenylpropanoid
biosynthesis and expression of the defense responses. De-
tailed physiological and cytological studies have established
the importance of phytoalexin accumulation for disease
resistance in bean (22).

Further investigation of the early molecular events under-
lying expression of disease resistance in biologically stressed
cells and elucidation of the organization of phenylalanine
ammonia-lyase genes in relation to activation by environ-
mental factors requires specific hybridization probes. A
cDNA clone containing sequences complementary to a
phenylalanine ammonia-lyase mRNA that accumulates fol-
lowing illumination of parsley cells has been identified (23).
In the present investigation we constructed a cDNA library
complementary to size-selected poly(A)+ RNA present in
elicitor-treated bean cells. From this library a number of
clones containing phenylalanine ammonia-lyase sequences
have been identified, sequenced, and used to measure by
RNA blot hybridization the kinetics of phenylalanine ammo-
nia-lyase mRNA accumulation in response to elicitor.

MATERIALS AND METHODS
Enzyme Induction. Treatment of bean cell suspension

cultures (24) with elicitor heat-released from mycelial cell
walls (25) of C. lindemuthianum (26), extraction, and assay of
phenylalanine ammonia-lyase activity (12) were as described.
One unit of enzyme activity (1 kat) is defined as the amount
of enzyme required for the formation of 1 mol of product in
1 sec under the assay conditions. Measurement of the rate of
enzyme synthesis in vivo by incorporation of [35S]methionine
into immunoprecipitable phenylalanine ammonia-lyase
subunits (12, 27) was as described.

Isolation of RNA. Polysomal RNA was isolated from cells
by a modification (28) of the method of Palmiter (29). Total
cellularRNA was isolated from cells homogenized directly in
a phenol/0.1 M Tris-HCl, pH 9.0, emulsion as described by
Haffner et al. (30). Further purification of the phenol-
extracted total RNA was identical to that used for polysomal
RNA. Newly synthesized RNA was isolated by two cycles of
organomercurial affinity chromatography (Affi-Gel 501, Bio-
Rad) from the total cellular RNA fraction derived from cells

Abbreviation: bp, base pair(s).
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pulse-labeled with 4-thiouridine (1 mM) for 1 hr immediately
prior to harvest as described (31).

Protein Synthesis in Vitro. Isolated polysomal RNA or total
cellular RNA was translated in vitro in the presence of
[35S]methionine with an mRNA-dependent rabbit reticulo-
cyte lysate translation system (32) and incorporation of
[35S]methionine into total protein was measured as described
(14). Phenylalanine ammonia-lyase was separated from other
translation products by indirect immunoprecipitation with
monospecific antiserum to P. vulgaris phenylalanine ammo-
nia-lyase and protein A-Sepharose followed by NaDodSO4/
polyacrylamide gel electrophoresis (27). Phenylalanine am-
monia-lyase mRNA activity is defined as the incorporation of
[35S]methionine into immunoprecipitable enzyme subunits as
a percentage of incorporation into total protein (14).

Cloning Procedure. Poly(A)+ RNA (100 gg) from cells
harvested 3 hr after elicitor treatment was fractionated by
centrifugation at 40,000 x gaV for 16 hr at 40C in a 5-30%
sucrose gradient containing 0.1 M LiCl, 20 mM Tris HCl (pH
7.2), and 10 mM vanadyl ribonucleoside complexes
(Bethesda Research Laboratories). Fractions containing
translatable phenylalanine ammonia-lyase mRNA activity
were used to construct a cDNA library essentially as de-
scribed (33) except that double-stranded cDNA was size-
fractionated on a 1.5-ml Bio-Gel A-150m column. DNA larger
than 600 base pairs (bp) was tailed with dC residues and
inserted into dG-tailed pAT153 (34). The resulting plasmids
were used to transform Escherichia coli strain C600 (35).
Recombinants were picked into microtiter plates and were
transferred subsequently to Biodyne nylon membranes (Pall,
Portsmouth, United Kingdom) for colony hybridization.

Screening and Hybrid Selection of Phenylalanine Ammonia-
Lyase mRNA. Plasmid DNA was prepared from those colo-
nies showing hybridization to cDNA complementary to RNA
from cells 3 hr after elicitor treatment but not to cDNA
complementary to RNA from control unelicited cells. Plas-
mid (20 ,g) was linearized by cleavage with HindIII and
bound to 1-cm2 Biodyne nylon membranes. Hybrid selection
was performed as described (36) except that hybridization
was at 50°C, Selected RNA was translated in vitro and the
translation products were analyzed by immunoprecipitation
with anti-phenylalanine ammonia-lyase serum and NaDod-
S04 gel electrophoresis as described above. DNA was
sequenced by the dideoxy method (37) using M13 phages
(38).
RNA Blot Hybridization. RNA (15 ,g) was denatured with

glyoxal, separated by electrophoresis on a 1.2% agarose gel
in 10 mM phosphate buffer (pH 7.0) (39), and blotted onto
nitrocellulose (40). The blots were hybridized with a probe
prepared by nick-translation of the 800-bp insert fragment
generated by digestion of pPAL1 with Pst I and separated
from the vector by electroelution following gel electropho-
resis. Hybridization was performed at 42°C in a buffer
containing 50o formamide, 0.75 M NaCl, 0.075 M sodium
citrate (pH 7.0), 0.1% Ficoll, 0.1% polyvinylpyrrolidone,
0.1% bovine serum albumin, 5 mM EDTA, 0.1% NaDodSO4,
and 100 jig of calf thymus DNA per ml. Filters were
preincubated for 24 hr in buffer without probe followed by
hybridization for 48 hr in the presence of 32P-labeled probe.
Following autoradiography mRNA was quantitated by scan-
ning densitometry calibrated by reference to internal stan-
dard phenylalanine ammonia-lyase mRNA samples.

RESULTS
A library of about 2500 colonies was constructed containing
cDNA complementary to a size-selected fraction ofpoly(A)+
RNA from elicitor-treated cells. By differential colony hy-
bridization with cDNA probes complementary to RNA from
elicitor-treated and control cells, about 80 colonies from this
library were identified as containing elicitor-induced se-
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FIG. 1. Hybrid-selected translation with the insert of plasmid
pPAL1. Substrates for the in vitro translations were derived from
poly(A)+ RNA isolated from bean cells 3 hr after elicitor treatment.
Lane 1, no exogenous RNA control; lanes 2 and 5, total unselected
poly(A)+ RNA; lanes 3 and 6, RNA hybrid selected by pAT153
(vector); lanes 4 and 7, RNA hybrid selected by the plasmid carried
by clone CG12 (pPAL1). For lanes 1-4, 5.0 ul of the respective
3"S-labeled polypeptide products was mixed with sample buffer and
loaded directly onto the gel. For lanes 5-7, 15 1ul of the respective
35S-labeled polypeptide products was treated with monospecific
antiserum to bean phenylalanine ammonia-lyase, and the im-
munoprecipitated material was resuspended in sample buffer and
applied to the gel. The polypeptide immunoprecipitated by antiserum
to phenylalanine ammonia-lyase (lane 7) accounted quantitatively for
all of the polypeptide material encoded by mRNA hybrid selected
specifically by the insert ofpPAL1 (lane 4). The presence ofantibody
protein in samples run in lanes 5 and 7 slightly affected the mobility
of phenylalanine ammonia-lyase subunits compared to lane 4.

quences. These clones were further characterized by restric-
tion fragment analysis and hybrid selection. Clone CG12 was
found to contain an 800-bp insert that hybrid selected mRNA
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FIG. 2. Induction of phenylalanine ammonia-lyase mRNA in
elicitor-treated bean cells. Total cellular RNA was isolated from
untreated control cells (lane 1) and cells 3 hr after elicitor treatment
(lane 2) and was fractionated by electrophoresis in agarose gels. After
transfer to nitrocellulose, phenylalanine ammonia-lyase mRNA was
detected by autoradiography following hybridization with
[32P]cDNA from the insert ofpPAL1. mRNA size (given in kilobases)
was determined by comparison with HindIII fragments of X DNA
(lane 3).
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IleAlaGlyLeuLeuThrGlyArgProAsnSerLysAlaValGlyProSerGlyGluvalLeuThrAlaLysGlnAlaPheGluLeu1 GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGATTGCTGGTTTGCTCACTGGCAGACCTAACTCCAAAGCTGTTGGACCTTCTGGAGAAGTACTTAC-.GCTAAGCAAGCTTTTGAATTG

AlaAsnIleAsnSerGluPheTyrGluLeuGlnProLys~luGlyLeuAlaLeuValAsnGlyThrAlaValGlySerGlyketAlaSerIleValLeuPheAspAlaAsnIleLeuAla121 GCTAACATCAATTcTrGAGTTCTATGAATTGCAACCCAAGGAAGGCCTTGCCCTTGTTAATGGCACGGCTGTCGGTTCTGGCATGGCTTCTATAGTTCTCTTTGATGCAAATATACTAGCT
ValLeuSerGluValLeuSerAlaIlePheAlaGluValMetGlnGlyLysProGluPheThrAspHisLeuThrHisLysLeuLysHisHisProGlyGlnIleGluAlaAlaA~aIle241 GTGTTGTCTGAAGTTCTATCAGCTATTTTTGCCGAAGTGATGCAAGGGAAACCTGAGTTTACTGATCATTTGACACACAAGTTGAAGCACCACCCTGGTCAAATTGAGGCTGCTGCCATT

MetGluHisIleLeuAspGlySer~erTyrMetLysAspAlaLysLysLeuilisGluIleAspProLeuGlnLysProLysGlnAspArgTyrAlaLeuArgThrSerProGlnTrpLeu361 ATGGAGCACATTTTGGATGGAAGTTCCTACATGAAGGATGCTAAGAAGCTGCATGAAATAGATCCGTTGCAAAAGCCAAAACAAGATAGATATGCCCTCAGAACTTCACCACAGTGGCTT

GlyProLeuIleGluValIleArgPheSerThrLysSerIleGluArgGluIleAsnSerValAsnAspAsnProLeuIleAspValSerArgAsnLysAlaLeuHisGlyGlyAsnPhe481 GGTCCTCTCATTGAAGTCATTCGTTTCTCCACCAAGTCAATrTGAGAGAGAGATTAACTCCGTGAATGA\CAACCCTCTTATTGATGTTTCAAGGAACAAGGCATTGCATGGTGGTAATTTC

GlnGlyThrProIleGlyValSerMetAspAsnThrArgLeuAlaLeuAlaSerIleGlyLysLeuMetPheAlaGlnPheSerGluLeuValAsnAspPheTyrAsnAsnGlyLeuPro601 CAAGGAACCCCAATTGGAGTCTCCATGGACAACACTCGTTTGGCTCTTGCATCTATCGGCAAACTCATGTTTGCTCAATTCTCCGAGCTTGTCAATGATTTCTACAACAACGGTCTGCCT

SerAsnLeuThrAlaSerArgAsnProSerLeuAspTyrGlyPheLysGlyAlaGluIleAlaMetAlaSerTyrCysSerGluLeuGlnTyrLeuAlaAsnProValThrSerHisVa1721 TCAAATCTCACTGCTAGCAGAAATCCTAGCTTGGATTATGGTTTCAAGGGAGCTGAAATTGCCATGGCTTCCTATTGCTCTGAACTCCAGTATCTGGCAAATCCAGTAACAAGCCATGTC

GlnSerAlaGluGlnHisAsnGlnAspValAsnSerLeuAspLeuIleSerAlaArgLysThrAsnGluSerIleGluIleLeuLysLeuMetSerSerThrPheLeuMetGlyLeuCys841 CAAAGTGCTGAGCAACACAACCAAGATGTGAACTCTTTGGATTTGATTTCAGCTAGGAAGACAAATGAATCTATTGAGATCCTTAAGCTCATGTCTTCCACGTTCTTGATGGGACTTTGC

GlnAlaIleAspLeuArgHisLeuGluGluAsnLeuLysSerSerValLysAsnThrValSerGlnValSerLysArgThrLeuThrThrGlyGlyAsnGlyGluLeuHisProSerArg961 CAAGCAATTGACTTGAGGCATTTGGAGGAGAATTTGAAAAGCTCGGTCAAGAACACTGTGAGTCAAGTTTCCAAGAGGACTCTTACCACAGGTGGCAACGGAGAACTCCATCCTTCAAGA

PheCyr.GluLy$AspLeuLeuLysValValAspArgGluTyrValPheSerTyrIleAspAspProTyrSerGlyThrTyrProLeuMetGlnLysLeuArgGlnValLeu~lalAspHis1081 TTTTGCGAAAAGGATCTGCTGAAAGTGGTTGACAGGGAGTATGTATTTTCCTACATAGATGACCCATACAGTGGTACATACCCACTGATGCAAAAACTTAGGCAAGTGCTTGTAGACCAT

AlaLeuIleAsnAlaGluAsnGluLysAspValAsnThrSerIlePheGlnLysIleAlaThrPheGluGluGluLeuLysThrIleLeuProLysGluValGluSerThrArgAlaAla1201 GCCTTGATAAATGCAGAGAATGAGAAGGATGTCAACACATCAATCTTTCAAAAGATTGCAACCTTTGAGGAGGAGTTGAAGACCATCTTGCCAAAGGAGGTTGAAAGTACAG(GGCTGCT

TyrGluSerGlyLysAlaAlaIleProAsnLysIleLysGluCysArgSerTyrProLeuTyrLysPheValArgGluGluLeuGlyThrGlyLeuLeulThrGlyGluLysValLysSer1321 TATGAGAGTGGGAAAGCTGCAATTCCAAACAAGATAAAAGAATGCAGATCTTACCCACTCTACAAGTTTGTGAGAGAGGAGTTGGGCACTGGGTTGCTAACTGGAGAAAAGGTGAAGTCA

ProGlyGluGluPheAspLysLeuPheThrAlaIleCysGlnGlyLysIleIleAspProLeuLeuGluCysLeuGlyGluTrpAsnGlyAlaProLeuProIleCys1441 CCAGGTGAAGAGTTTGACAAGTTATTCACAGCAATATGCCAGGGCAAAATTATTGATCCTCTTCTCGAATGCCTTGGAGAGTGGAATGGAGCTCCTCTTCCAATTTGTTGATTTTtACTGT

1561 CATTTTTATAAGTATTTTTCTCTGTATCTACGCAAGTGGAAACCATAATCATCGTGCAGTTTGGCGTAAGCCTlTTTACAAATCTACAqDGGAAAGCCGGATTCTAATGTTTCCTCCATGT

1681 CAGATAGGACCTTGTAATTTAATATTATAGTGAAATTTCAGTTGATTAATGATTCGTACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAMAAAAA 1775

FIG. 3. Restriction mlap, sequencing strategy, and nucleotide sequence of the cDNA insert of pPAL5. The partial amino acid sequence of
bean phcnylalanine ammonia-1yase was deduced from the nucleotide sequences of the single open reading frame.

encoding a polypeptide that was immunoprecipitable by By these criteria clone CG12 was shown to carry a plasmid
monospecific antiserum to bean phenylalanine ammonia- with an insert containing sequences complementary to bean
lyase and comigrated in NaDodSO4/polyacrylamide gel elec- phenylalanine ammonia-lyase mRNA and the plasmid was
trophoresis with i~mmunoprecipitated phenylalanine ammno- designated pPALl. Rehybridization of'the original library
nia-lyase subunits (Mr 77,000) synthesized in vitro from with an insert from pPAL1 revealed four additional clonespoly(A)+ RNA from elicitor-treated cells (Fig. 1). In RNA containing phenylalanine ammonia-lyase sequences with in-
blot hybridization, nick-translated3vP-labeled sequences of serts between 1500 bp and '1750 bp. Restriction fragment
the plasmid insert of clone CG12 hybridized specifically to a analysis failed to reveal sequence polymorphism between the
single RNA species of about 2.5 kilobases that was highly five inserts. pPALS carries the largest insert, which cont~ains
induced by elicitor treatment (Fig. 2). only one open reading frame representing 1520 bp of the
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FIG. 4. Induction kinetics of phenylalanine ammonia-lyase in
elicitor-treated bean cells. (A) Enzyme activity (o) and rate of
enzyme synthesis in vivo (e). (B) Hybridizable mRNA (v) and
translatable mRNA activity (o) in the polysomal RNA fraction. (C)
Hybridizable mRNA (m) and translatable mRNA activity (n) in the
total cellular RNA fraction. Enzyme synthesis, mRNA activity, and
hybridizable mRNA are expressed relative to the respective maximal
level attained during the time course. The dashed lines in B and C
denote corresponding changes in hybridizable chalcone synthase
mRNA as determined previously (41).

coding sequence for phenylalanine ammonia-lyase protein
together with a 3' untranslated region of 223 bp (Fig. 3).
The phenylalanine ammonia-lyase cDNA insert generated

by digestion of pPAL1 with Pst I was separated from the
cloning vehicle and used to measure the kinetics of phenyl-
alanine ammonia-lyase mRNA accumulation in elicitor-treat-
ed cells (Fig. 4). Phenylalanine ammonia-lyase mRNA was
almost completely absent from control cells but rapidly
accumulated following elicitor treatment. Increases in phen-
ylalanine ammonia-lyase mRNA could be observed 30 min
after elicitation and maximal accumulation occurred 3-4 hr
after elicitor treatment. Subsequently, the mRNA decayed
rapidly to relatively low levels. Phenylalanine ammonia-lyase
mRNA did not accumulate in mock-treated, unelicited con-
trol cells (data not shown).
Accumulation and decay of phenylalanine ammonia-lyase

mRNA in total and polysomal RNA fractions exhibited very

similar kinetics (Fig. 4). Furthermore, there was a close
correlation between changes in hybridizable mRNA, trans-
latable mRNA activity, and phenylalanine ammonia-lyase
synthesis in vivo. Maximal stimulation coincided with the
period of most rapid increase in phenylalanine ammonia-

lyase enzyme activity.
The effect of elicitor on the synthesis of phenylalanine

ammonia-lyase mRNA was monitored by blot hybridization

FIG. 5. Elicitor induction of the synthesis of phenylalanine
ammonia-lyase mRNA. Unelicited control cells and cells 2.5 hr after
elicitor treatment were labeled for 1 hr with 4-thiouridine. For
measurement of mRNA levels, 12 ,ug of total cellular RNA samples
(lanes 1, 2, 7, and 8) and 6 fig of affinity-separated RNAs (lanes 3,
4, 5, and 6) were fractionated by agarose gel electrophoresis prior to
blot hybridization with 32P-labeled bean phenylalanine ammonia-
lyase sequences. Lanes 1 and 2, total cellular RNA from 4-
thiouridine-labeled cells; lanes 3 and 4, 4-thiouridine-labeled, newly
synthesized RNA selected by organomercurial affinity chromatog-
raphy; lanes 5 and 6, unlabeled, preexisting RNA unbound during
organomercurial affinity chromatography; lanes 7 and 8, total cellular
RNA from equivalent unlabeled cells. Lanes 1, 3, 5, and 7 contain
RNA isolated from unelicited control cells; lanes 2, 4, 6, and 8
contain RNA isolated from cells 3.5 hr after elicitor treatment.

of newly synthesized RNA purified by organomercurial
affinity chromatography following in vivo pulse-labeling with
4-thiouridine. The relative abundance of phenylalanine am-
monia-lyase mRNA in the fraction of newly synthesized
RNA from cells pulse-labeled during the phase of rapid
increase in mRNA 2.5-3.5 hr after elicitor treatment was
-100-fold greater than in the equivalent fraction from
unelicited control cells (Fig. 5).

DISCUSSION
The close correspondence between the kinetics for accumu-
lation oftranslatable mRNA activity and hybridizable mRNA
in both total cellular RNA and polysomal RNA fractions
indicates that the transient increase in phenylalanine ammo-
nia-lyase mRNA is the major factor governing the rate of
enzyme synthesis throughout the phase of rapid increase in
enzyme activity. The rapid increase from very low basal
levels suggests that elicitor stimulates mRNA synthesis. This
is confirmed by the abundance of 4-thiouridine-labeled,
newly synthesized phenylalanine ammonia-lyase mRNA
from elicitor-treated cells compared to equivalent, unelicited
control cells, which can be taken as a measure of the relative
rates of mRNA synthesis in elicited and control cells during
the pulse-labeling period (31). Elicitor activation of phenyl-
alanine ammonia-lyase gene transcription has been demon-
strated recently by comparison of run-offtranscripts in nuclei
isolated from elicited and control cells (unpublished).
Posttranscriptional control mechanisms may become impor-
tant in the later stages of the response, especially in relation
to the subsequent rapid decay in hybridizable phenylalanine
ammonia-lyase mRNA.
The rapidity ofmRNA induction and the close correlation

with stimulation of enzyme synthesis implies that elicitor
activation of phenylalanine ammonia-lyase genes is an early
event in the causally related sequence of events in bean cells
between elicitor binding to a putative receptor protein and
expression of the defense response. The kinetics for elicitor
induction of phenylalanine ammonia-lyase mRNA follow
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very closely those observed for the mRNA encoding the
phytoalexin biosynthetic enzyme chalcone synthase, which
catalyzes the first reaction in a branch pathway of
phenylpropanoid metabolism specific for flavonoid and
isoflavonoid biosynthesis (41). This highly coordinated in-
duction of mRNAs encoding two metabolically related en-
zymes strongly suggests that a similar mechanism operates
for many, if not all, of the enzymes of phenylpropanoid
phytoalexin biosynthesis. Furthermore, elicitor treatment
also causes a marked accumulation of mRNAs encoding
hydroxyproline-rich glycoproteins (42).
Recent studies have shown that elicitor treatment of

parsley cell suspension cultures induces mRNAs encoding
phenylalanine ammonia-lyase and 4-coumarate: CoA ligase,
the third enzyme of the phenylpropanoid pathway (23, 43).
However, in parsley, marked accumulation of hybridizable
phenylalanine ammonia-lyase mRNA is not observed until 5
hr after elicitor treatment (23). This is after the period ofrapid
enzyme synthesis (3-4 hr after elicitor treatment) that regu-
lates induction of enzyme activity and flux through the
pathway leading to accumulation of furanocoumarin
phytoalexins (44). Hence, mRNA induction by elicitor is
apparently less rapid than might be expected if phenylalanine
ammonia-lyase gene activation regulated expression of the
phytoalexin defense response in this system. Despite this
anomaly, the overall picture that begins to emerge from these
studies is that rapid, selective changes in the pattern of gene
expression characteristically underlie activation of plant
defense responses.
Recent work has demonstrated at least four forms of native

phenylalanine ammonia-lyase in suspension-cultured bean
cells (27). These multiple forms, which exhibit different
isoelectric points and kinetic properties, are differentially
induced by elicitor. Similarly, two-dimensional gel electro-
phoresis of immunoprecipitated enzyme subunits, synthe-
sized in vivo in elicitor-treated cells or synthesized in vitro
from total cellular RNA isolated from elicited cells, has
revealed the presence of multiple subunit forms of about the
same size (Mr 77,000) but with different isoelectric points
(27). Identification of cDNA clones containing sequences
complementary to bean phenylalanine ammonia-lyase
mRNA now provides the basis for analysis of the organiza-
tion and structure of phenylalanine ammonia-lyase genes in
relation to this polymorphism and specific activation by
elicitor, infection, and other environmental factors.
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