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Abstract

A gene encoding a basic-type pathogenesis-related protein from Nicotiana tabacum (prb-1b) was cloned,
sequenced and characterized. It contains an open reading frame of 179 amino acids that is ca. 65%
homologous with the acidic PR-1 class of pathogenesis-related proteins and 879, homologous with a
different basic-type PR-1 gene. In the light, physiological levels of ethylene rapidly (1 h) induced basic,
but not acidic-type, PR-1 transcript. Additional elicitors acting via ethylene, such as a-aminobutyric acid,
were shown to induce basic- and acidic-type PR-1 transcript accumulation in a light-dependent man-
ner. In contrast, xylanase, an ethylene-independent elicitor, induced transcript accumulation of basic-
and acidic-type PR-1 in a light-independent manner. Dark-induced accumulation of basic PR-1 tran-
script occurred at night in greenhouse-grown plants and, to a greater extent, in continuously dark-treated
plants. The novel dark regulation may point to additional nonpathogenesis-related roles for these genes

in plant-environment interactions.

Introduction

Pathogenesis-related (PR) proteins were initially
defined as a group of acidic-type proteins that
accumulate in the extracellular space of TMV-
infected leaves of hypersensitively reacting to-
bacco plants [3, 35]. Functions were assigned to
some of these proteins such as endoglucanases
(PR-2a, b and ¢ [14]) and endochitinases (PR-3a
and b [17]). Other PR proteins have suspected
functions based on sequence homology. One
of them, PR-5, is homologous to a bifunctional
a-amylase/trypsin inhibitor from maize [30] and
to an osmotic stress-inducible tobacco protein

termed osmotin [32]. In contrast, the PR-1 pro-
tein family has no assigned biological function
and no significant homology to any plant gene.
Very limited homology exists to a mammalian
sperm-coating glycoprotein [4], to a mammalian
testis specific protein [13], and to the white-face
hornet venom allergen [9].

Serological and molecular comparisons re-
vealed that most acidic-type PR proteins have
basic-type homologues as well [3, 8]. These pro-
teins differ in some cases from their acidic-type
counterparts in their induction pattern [24, 37]
and, in the case of basic glucanases, in their in-
tracellular distribution [ 15, 33]. The isolation and
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sequence of a basic-type PR-1 cDNA [34] and a
basic-type PR-1 genomic clone have been re-
ported [28]. They appear, in a fashion similar to
their acidic-type counterparts, to be encoded by
a gene family of up to 8 members [6]. Studies
involving the expression of the basic-type PR-1
cDNA revealed that the transcript accumulated
in virus-infected or ethephon-treated leaves, in
roots and in leaves of axenically cultured plants
[23, 24].

The induction of acidic-type PR proteins has
been shown to occur through at least two sepa-
rate signal transduction pathways [ 10, 20, 21, 36].
One induction pathway is ethylene-dependent in
its mode of action and is exemplified by the elic-
itors, TMV and a-aminobutyric acid. This was
demonstrated by the abrogation of their ability to
elicit acidic-type PR-1 protein accumulation in
the presence of inhibitors of ethylene biosynthe-
sis or action [21].The other induction pathway,
exemplified by the use of the elicitor xylanase,
does not require ethylene. The ethylene-depen-
dent induction was further characterized as re-
quiring light, while ethylene-independent induc-
tion did not. The existence of a basic-type PR
gene that is directly responsive to ethylene offers
an opportunity to further characterize these path-
ways. Here we report the isolation, characteriza-
tion, and unique dark-induced expression of a
basic-type PR-1 gene.

Materials and methods

Plant material

Nicotiana tabacum cv. ‘Samsun NN’ plants were
grown in the greenhouse, in 16 h day/8 h night
diurnal cycles. Experiments in the light were con-
ducted in the greenhouse on young potted plants
with four to five leaves of at least 10 cm length.

Induction of PR transcripts in leaves

Induction by TMV was achieved by applying
TMYV (U2 strain) at an inoculum concentration

that yielded 200 lesions per leaf [21]. Chemical
induction was achieved by spraying leaves until
run-off with a solution of either 5 mM acetyl-
salicylic acid, 7mM ethephon or 5mM a-
aminobutyric acid. All solutions contained 0.01%,
Tween 20. Induction by purified xylanase was
achieved by injecting a solution of 10 ng/ml into
leaves as described [21]. For ethylene treatments
a constant stream of air containing 18 ul/l ethyl-
ene was applied to a sealed glass box housing the
potted plants. Light was provided by a mixture
of ‘Cool White’ and ‘Grolux’ fluorescent lamps
(25-30 uE m~? s~ '). Nocturnal measurements
of transcript were carried out in the greenhouse.
The background light measured at night was less
than 0.05 uEm ™% s~ '. Extended dark treatments
were in dark chambers with constant air ex-
change.

RNA isolation and northern blot hybridization

Total RNA was isolated [19] from leaves frozen
in liquid nitrogen and stored at —80 °C. Twenty
ug of total RNA were fractionated in a formal-
dehyde denaturing gel and transferred to nitro-
cellulose [31]. Blots were hybridized to nick-
translated acidic-type or basic-type PR-1 DNA
probes at 50 °C, 509 formamide. Under these
relatively stringent hybridization conditions no
cross-hybridization between basic-type and
acidic-type PR-1 was detected. The basic-type
PR-1 probe was prb-1b. The acidic-type PR-1
probe was an undescribed, expressed, gene 949,
homologous to PR1-b (Y. Eyal, unpublished).

Construction and screening of a genomic library

Nicotiana tabacum cv. Samsun NN genomic
DNA was used to prepare a genomic library in
phage A-EMBL3. Primary recombinants (1 x 10°)
were amplified to create a stable library. Plaques
(4 x 10°) were screened using Colonyscreen mem-
branes (NEN). Positive clones were plaque-
purified by two more screening rounds.



Sequencing and primer extension analysis

Phage inserts were subcloned into Bluescript
plasmids (Stratagene) and sequenced by the
dideoxy chain termination technique using Se-
quenase (USB). For primer extension, a synthetic
end-labelled oligonucleotide (5'-TGTCCCATG-
TCATGGGA-3") corresponding to nucleotide
position 131-147 (Fig. 1) was used to prime
poly(A)-enriched RNA isolated from TMV-
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induced tobacco leaves. Primer extension was
carried out as previously described [31].
Results

Isolation of a basic-type PR-1 genomic clone and
sequence analysis

A genomic library was constructed from DNA of
Nicotiana tabacum cv. Samsun NN and screened

-863 CATGAAAGAGCTATAATGTTAGTTATTCGTTCGGACGAACTCGATAATTTTTGTTTAACTTGTATTAGAAAATTTATTARATATATATAA  ~774

-773 |ATATTTTAATIACAGACTCATTAACTTARAAGAAGATATAGACTCATTAACTTAAAAGARGATATAGATTCCAACACAAGTTCAARATTC  —684

-683 ATAAACGTCAATCTTGGCTAAATTTCTGAACATCAATGCATTCCTTTAAMATATAGATAATAAGTTAGGATGTTGTCACTTTCTTARAGE  —594

-593 ATATTCCGACTGAGTCTGGTAGAATCTCATAAACTTTAGGCCTTATCTCTTCAATTAGGCARTTACTTACCTCOGCTCTACTTTARGAAA  ~504

-503 ATTCAATGGAGTACACCATTATTAA CATATAAAAATAMAATTATATTAATTCTGTCTCTTGTTGGTTCGCTCTATCTTTTTCTGTTT  —414

—413  TCCTGCTTCAACCATAACATATACAAGAACTACATTTTCCAAGCTAGATATATCTAACATGACTGACTTTGTARATTTCTITTGCCAAGT  —324

-323 TAAAGAAAAAAAATGATGTTATCCAARTAATAAAGAGAAAGAGCCCTAATGAMAAAAATGATTTACTATTAGAGITGTTCAGCTAATCAC  ~234

-233 ATCAATTATGGITTTCAmcrATGAcmAmGosGCTmATc@TGTGACATTGAAATTm'rGACTTTAACACTAATGTc -144

-143 ATATGCMCAAAITAATAATCOGATAAAGTCTGCPAACATGIGACH‘@]THHCTTTTACAAAL TGCAGACTTTTCAACTCTT 54

-53  ATTCCQTATTAARACCCATCCATACTATTCCTTGTTTCTCACCAAAACCCAAAATCGCATACTCCACAACATTAGTTGCTTGTTTCATTA 36

M 6GY STTTLVACTFTIT

37 CCTTTGCTATATTATTTCACTCATCTCAAGCTCARAACTCTCCCCARGATTATCTTAACCCTCACAATGCAGCTCGTAGACAAGTTGGTG 126
FAILTFHSSQBAOQNSPQDTYTLNPHNAAREROTYGV

127 TTGGICCCATGACATGGGACARTAGGTTAGCGGCCTTTGCCCARAATTATGCAAATCAGAGAGCTGGGGACTGCAGGATGCAGCATICCG 216
G PMTWDEXNZRLAAMFA AGOQNTYA ANGO QRAGTDTCRMOEHSG

217 GTGGCCCTTACGGCGARAACCTAGCCGCCGCCTACCCTCAGCTCCACGOGGCGGGAGCAGTARAGATGTGGGTTGATGAGAAGCAATTTT 306
G PYGENTLARBAMBAYTPOQTLIHAABAGAYVEKMWYDTETE KT QTEFY

307 ACAATTATAATTCAAATACTTGTGCAGCGGGAAACGTGTGTGGACACTATACTCAGGTGGTGTGGCGTAACTCAGTACGTCTTGGTIGTG 396
NYNSNTCAAGNVYVCGHTYTO QVVWRDNSTYVR RILGTC CA

397 CTAGGGTTCGATGCAACAATGGGTGGTATTTTATAACATGCAATTATGATCCACCTGGTAATTGGAGAGGACAACGTCCCTACGGTGATC 486
RVRCNNGWYFTITCNTYTDEPPGNWRGORPTYGD L

487 TTGAAGAGCAACATCCCTTTGATTCCAAGITGGAACTTCCAACTGATGTCTAGTAATAACGGTTTACGTGATCAAATAATGAATARRAGE 576
EEQHPFDSEKTLTETLTPTTDV *

577 TTTGTCATGTGTTAAGGAAAATTAAATAAATACCAGTACTATGCTATGTGATGTTATCTTCTTACCCAGTGGATAATAATCCAATGGTGT 666

667 AGCAAGGGGTGGATTTACTGTTATCTACTTGTTTTACAT TTGT TTTTGGTGGTATTATGGAGGTGTGTATATGIATGTGTITTTGATGAAT 756

*
757 AAACARAGTGAACAAGGTGATGAGTCAACGGCAGTTAATTGTCITGTATIA 807

Fig. 1. Nucleotide sequence of prb-1b. A decoded open reading frame of 179 amino acids is shown in one-letter code. The up-
stream region of the gene features two AT-1 [7] like sequences (boxes 1 and 2), a G-box [11] consensus core sequence (box 3)
and putative CAAT (box 4) and TATA (box 5) boxes. Transcription initiation (denoted by arrow) occurs 12 bp upstream of the
translation initiation codon. Polyadenylation signals (underlined) occur at three sites downstream of the translational stop codon.
The star at nucleotide 783 denotes the transcription termination in the previously published cDNA sequence[34].
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using an acidic-type PR-1 genomic clone as de-
scribed in Materials and methods. Low-strin-
gency screening yielded a basic-type PR-1 clone,
the sequence of which appears in Fig. 1. Hence-
forth, this gene will be referred to as prb-1b to
conform with suggested nomenclature conven-
tions [25]. ‘P’ identifies it with the basic-type sub-
class of PR-1 genes and ‘b’ differentiates it from
a previously isolated basic-type PR-1 gene char-
acterized thus far only by sequence, which will be
henceforth termed prb-1a [28]. The open reading
frame codes for a 179 amino acid protein which
shares 87% homology with the deduced amino
acid sequence of prb-1a [28], and 64 % homology
with the acidic-type protein PR-1b ([5, 29],
Fig. 2). At the nucleotide sequence level the prb-
1b transcribed region appears to be identical, in
the coding and noncoding regions, to a previously
published basic-type PR-1cDNA [34]. However,
a sole difference, an additional ‘C’ present in prb-
1b at position 476, results in a shift in the read-
ing frame relative to the published basic-type PR-
1 ¢cDNA sequence [6]. The predicted amino acid
sequence of the carboxy terminus of the basic-
type PR-1 cDNA which lacks this C is both longer
and at variance with prb-1b and with prb-la (
[28], Fig.2). While the previously published
cDNA may be encoded by an additional gene of
the prb-1 subclass, it is most likely an RNA prod-

uct transcribed from prb-1b. We have detected
sequence compression artifacts in that region,
which may account for the discrepancy.

The prb-1b upstream promoter region is
ca. 709, homologous to the prb-1a upstream re-
gion (allowing for large gaps in the comparison)
up to position —654 where homology abruptly
stops (not shown). Homology with the upstream
region of acidic-type PR-1 genes is very low and
limited to several boxes in the first 150 bases of
the promoter [8]. Several sequences resembling
putative nuclear protein binding sites were found
in the prb-1b upstream region (Fig. 1). The most
outstanding of these include a G-box core motif
[11] and two AT-1 like sequences [7].

Primer extension analysis was performed using
a gene specific oligonucleotide (Fig. 3). It local-
ized transcription initiation to a sequence resem-
bling the consensus sequence for initiation, at a
point 12 bp upstream of the translation initiation
codon, resulting in a relatively short RNA leader
sequence [ 12]. An additional fainter band migrat-
ing at 1 bp slower mobility, presumably indicates
transcription initiation from a different gene in
this subfamily. Indeed, the distance between the
primer binding site and the presumed transcrip-
tion initiation site present in prb-lais also greater
by one base relative to prb-1b. Thus the addi-
tional primer extension product is consistent with

*
Acidic PR-1b MGFFLFSOMPSFFLVSTLLLFLI I SHS SHAQNSQODY LDAHNTARADVGVEPLTWDNGVAAYA
I [ T O T o e o I R I N B SO
Basic PRB-1b  MGY....... STTLVACFITFAILFHSSQAQNSPODY L.NPHNAARROVGVGPMTWDNRLAAFA
It RN R R R N RN NN R R A RN R R R RN R
Basic PRB-1a MGF....... LTTIVACFITFAILIHS SKAQONSPODY LNPENAARRQVGVGPMTWDNRLAAYA
Acidic PR-1b ONYVSQLAADCNLVHSHGQYGENLAQGSGDFMTAAKAVEMVVDEKQY Y DHDSNTCAQGOVCGH
. [ N R N I AR R [ N R R PICLE 0 tre
Basic PRB-1D  ONYANQRAGDCRMQHSGGPYGENLAAAYPQLH . AAGAVKMAVDEKQFYNYNSNTCAAGNVCGH
) AR R AN A N A N R R R R A O A R R AN
Basic PRB-1a  ONYANQRIGDCGMIHSHGPYGENLAARFPOLN . AAGAVKMAVDEKRFYDYNSNSCY . GGVCGH
Acidic PR-1b YTQVVWRNSVRVGCARVKCNNGGYVVSCNYDPPGNVIGQSPY* 168
FECLRLIETID 10 Id bing PLELITLYE 0 )
Basic PRB-1b  YTOVVWRNSVRL.GCARVRCNNGWYF I TCNYDPEGNWRGORPYGDLEEQHPFDSKLELPTDV* 179
) R R R N R R R NN R R O R R AN R RN R RN R AN
Basic PRB-1a  YTOVVWRNSVRLGCARVRSNNGWEF I TCNYDPPGNFIGORPFGDLEEQ. PFDSKLELPTDV* 177

Fig. 2. Comparison of acidic-type PR-1 and basic-type prb-1 deduced amino acid sequences. Spaces were integrated into the
sequences to allow for maximum alignment. Match lines indicate sequence homologies to prb-1b. The amino acid sequence length
of each open reading frame is indicated at the end of the sequence. The star denotes the first amino acid of the mature acidic PR-1

polypeptide.



Fig. 3. Autoradiograph of primer extension analysis of basic
prb-1b mRNA. An oligonucleotide complementary and spe-
cific for prb-1b transcript was used to prime the reverse tran-
scription of leaf mRNA isolated from TMYV inoculated leaves
(right lane). The same oligonucleotide was used to prime nu-
cleotide sequence reactions from the appropriate cloned DNA
(lanes marked TCGA). Arrow and bold letter denote prb-1b
transcription initiation site.

primer extension originating from a putative prb-
la transcript.

Differential expression pattern of basic-type and
acidic-type PR-1

The induction of basic isoforms of PR-1 genes
was shown to involve ethylene, with basic PR-1
transcripts accumulating 1-2 days after ethephon
treatment [24]. The use of an artificial ethylene
precursor precludes the estimation of ethylene
dose and time sequence of induction. We there-
fore exposed plants to a constant stream of
hormone-like physiological concentrations of eth-
ylene (18 ul/1) in the light and examined plants for
prb-1 transcripts. Based on densitometric mea-
surements, prb-1 transcripts increased 3-fold
within 1 h and accumulated 100-fold after 6 h
of exposure to ethylene (Fig. 4A). The hybridiza-
tion results represent the total accumulation of
basic-type prb-1 gene family transcripts and
do not differentiate between genes within this
family. Under these conditions little or no induc-
tion of acidic-type PR-1 transcript was detected
(Fig. 4B).
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Fig. 4. Northern analysis of RNA from leaves treated by eth-
ylene in the light. Each lane contains 20 ug of total RNA
extracted from leaves treated with 18 pl/l ethylene from 0 to
6 hours and hybridized with prb-1b probe in panel A and with
the acidic PR-1 probe in panel B.

Basic-type and acidic-type PR-1 genes were
found to be induced after infection by TMV. In
both cases accumulation of transcript began be-
tween 24 and 48 h after inoculation (Fig. 5, pan-
els A and E). Salicylic acid and ethephon were
relatively rapid inducers of prb-1 (Fig. 5, panels B,
C, F and G). However their inductive effect was
differential. Ethephon induced the expression of
the basic-type prb-1 genes exclusively (Fig. 5,
panels C and G), while salicylic acid induced both
types of genes (Fig. 5, panels B and F). Accumu-
lation of prb 1 transcripts began ca. § h after ethe-
phon treatment and reached a peak 12h after
treatment, followed by a gradual decrease in tran-
scripts abundance. The delayed response in tran-
script accumulation relative to ethylene (Fig. 4)
may reflect the additional time that it takes for
ethephon to penetrate the leaf and evolve into
ethylene. Repeated ethephon application and in-
terminable ethylene exposure induced stable ele-
vated transcript levels (data not shown). Appli-
cation of a-aminobutyric acid was shown to cause
ethylene evolution and induce microlesions on
tobacco leaves [21]. It was an efficient inducer of
both prb-1 and acidic PR-1 transcripts (Fig. 5,
panels D and H).

Dark-induced accumulation of basic-type PR-I
transcripts

Low transcript levels present in untreated plants
collected during early hours of the morning caused
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Fig. 5. Northern analysis of differential induction of basic-type prb-1 and acidic type PR-1 transcript accumulation. Each lane
contains 20 ug of total RNA extracted from leaves inoculated with TMV (panels A, E); sprayed with 5 mM acetylsalicylic acid
(panels B, F); sprayed with 7 mM ethephon (panels C, G); sprayed with 5 mM a-aminobutyric acid (panels D, H). Blots in panels
A-D were hybridized with prb-1b probe. Blots in panels E-H were hybridized with acidic PR-1 probe. Numbers in panels indi-
cate hours after treatment.

us to suspect a dark effect on prb-1 gene expres-
sion. When untreated green-house plants were
sampled over a 24 h period, we found that the
basal level of prb-1 transcript had a day/night
cycle (Fig. 6). During daytime the transcript in
untreated plants was undetectable. Several hours
of ‘natural’ darkness were sufficient for the accu-
mulation of detectable, albeit low, levels of tran-
script. Experiments involving elicitor induction
were therefore initiated at noon time. To further
substantiate the phenomenon of dark-induced
accumulation of prb-1 transcript, greenhouse
plants were transferred to extended complete
darkness for up to 72 h and were then returned
to the light. prb-1 transcript accumulated in the

12 24 02

Fig. 6. Northern analysis of diurnal cycle of basic prb-1 tran-

dark and reached maximum levels of 50-fold in-
duction, based on densitometric measurements,
after 48 h (Fig. 7). The steady state dark-induced
accumulation was 30%, of the maximum achieved

script accumulation. Each lane contains 20 ug of total RNA
extracted from greenhouse plants. Leaves were sampled at
noon (time = 12), midnight (time =24, 3 hours of darkness)
and at 02.00 (time = 02, 5 hours of darkness). The RNA blot
was hybridized using the prb-1b probe.
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Fig. 7. Northern analysis of dark-induced accumulation of
basic prb-1 transcript. Greenhouse plants were transferred to
a darkroom for up to 72 h after which they were returned to
the greenhouse for 12 additional hours. Each lane contains
20 ug of total RNA extracted from leaf samples taken at the
hours indicated. The RNA blot was hybridized with the prb-1b
probe.

by induction in light with «-aminobutyric acid
when northern analysis was carried out coinci-
dentally. Decrease of the relatively high transcript
levels occurred following the return of plants to
the light, so that after 12 h the transcript level was
barely detectable. Dark-induced accumulation of
transcript was not detected in the acidic-type PR-
1 family (data not shown).

Light requirement of the ethylene-dependent signal
transduction pathway

Light has been shown to be necessary for induc-
tion of acidic-type PR proteins via the ethylene
dependent signal transduction pathway [21]. A
second induction pathway, which does not re-
quire ethylene, was shown to be light-independent
[21]. Therefore, the differential effect of light on
these induction pathways was examined for
acidic-type PR-1 and basic-type prb-1 transcripts.
Plants were adapted for 24 h in the dark prior to
treatment with elicitors. The elicitor, «-amino-
butyric acid via ethylene (Fig. 8, panel B), did not
induce the basic-type prb-1 transcript in the dark
above the basal dark level (compare 48 h dark
treatment to 24 h dark treatment). Similarly, the
application of z-aminobutyric acid did not induce
accumulation of acidic-type PR-1 transcript in
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Fig. 8. Northern analysis of elicitor induced accumulation of
acidic-type PR-1 and basic-type prb-1 transcripts in the dark.
Plants were incubated in the dark for 24 h prior to treatment
with either xylanase, panels A, C or -aminobutyric acid, pan-
els B, D. Leaf samples were taken at the onset of darkness
(time = 0). One day later, in the dark, elicitor treatment com-
menced (time = 24). Leaves were sampled 24 and 48 hours
after elicitor treatment (time = 48 and 72). Each lane contains
20 ug of total RNA. The RNA blots were hybridized to either
the basic-type prb-1 probe (panels A, B) or the acidic-type
PR-1 probe (panels C, D).

the dark (Fig. 8, panel D) although it was an ef-
ficient inducer in the light (Fig. 5, panels H).
While the ethylene independent elicitor xylanase
appeared to enhance the level of basic-type prb-
1 transcript in the dark (Fig. 8, compare panels A
and B), the dark-induced basal level of prb-1
makes accurate estimation of this accretion dif-
ficult. However, clearly xylanase, in contrast to
o-aminobutyric acid, was capable of inducing
transcript accumulation of acidic-type PR-1 in
the dark (Fig. 8, compare panels C and D). To
unequivocally show that ethylene mediated in-
duction requires light, plants were treated with
physiological levels of exogenous ethylene in the
dark and in the light (Fig. 9). Accumulation of
prb-1 transcript after 6 h in the light was 5-fold
more than that obtained in the dark (compare
Fig. 9, panels A and B and the accompanying
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Fig. 9. Northern analysis of RNA from ethylene-treated leaves
maintained in the light (A) or dark (B) or without ethylene in
the dark (C). Each lane contains 20 ug of total RNA extracted
from leaves treated with or without 18 ul/l ethylene for 0 to 6 h.
The blots in A—C were hybridized together with the prb-1b
probe. A densitometric scan of the results in panels A-C is
shown in panel D.

graph in panel D). The application of ethylene to
leaves in the dark did not significantly enhance
dark-induced accumulation of prb-1 transcript
(compare Fig. 9, panels B and C, and the accom-
panying graph in panel D).

Discussion

The coordinated accumulation of the various PR
protein classes in response to pathogens might
give the impression, albeit misleading, of a com-
mon pathway for the induction of all PR protein
genes. However, analysis of induction by differ-
ent elicitors and the influence of light reveal a
complex expression pattern. prb-1 can be directly
induced by ethylene. Indeed the rapid accumu-
lation of prb-1 transcript in the presence of

hormone-like physiological quantities of ethylene
is the fastest response shown by PR genes with
any elicitor. The time sequence of events is sim-
ilar to the rapid appearance of senescence-related
gene products in ethylene-treated carnation pet-
als [16] and of transcripts that accumulate in
ethylene-treated green tomato fruit [18]. In con-
trast, the acidic-type PR-1 transcript level did not
respond directly to ethylene, although it was in-
duced with a-aminobutyric acid which depends
on ethylene evolution for elicitation [21]. Hence,
ethylene is necessary but not sufficient for induc-
tion of acidic-type PR-1 expression. The data are
consistent with a dual signal requirement for in-
duction of acidic PR-1 via ethylene dependent
elicitation. One component required is ethylene,
as inhibitors of ethylene biosynthesis and action
obstruct this induction pathway [21]. The nature
of the second component is unknown. Thus, even
closely related genes in the PR-1 family show
differential induction and alternative mediators
exist in the interaction between pathogens and
plants.

Light-dependent induction of acidic-type PR
proteins has been previously noted [1, 20, 21].
Here we confirm and extend this observation to
measurement of transcript accumulation of basic
and acidic-type PR-1 genes. The light require-
ment is not an inherent character of the genes, but
apparently influences the signal transduction
pathway. The elicitor, a-aminobutyric acid, which
acts through the ethylene-requiring pathway did
not induce acidic- or basic-type PR-1 transcript
accumulation in the dark. In contrast, xylanase,
an ethylene-independent elicitor, was able to in-
duce acidic-type PR-1 and seemingly basic-type
prb-1 transcript accumulation in the dark. We
have shown previously that the a-aminobutyric
acid elicitation of acidic PR-1 requires light but
not active photosynthesis [21]. As «-amino-
butyric acid provided a dual signal for acidic-type
PR-1 induction, we were unable to assign the site
of dark inhibition to ethylene or to the other, as
yet, undefined second component. However, the
light-dependent responsiveness of prb-1 to ethyl-
ene leads us to conclude that the light-requiring
step occurs somewhere in the ethylene compo-



nent of the signal transduction pathway. The ef-
fect of light on ethylene action reported here is not
to be confused with its previously reported, op-
posing, inhibitory effect on ethylene biosynthesis
[38]. A light requirement for PR transcript accu-
mulation during ethylene-mediated induction is
unexpected, since exogenously applied ethylene
was shown to be active in the dark during absci-
sion, fruit ripening and tissue senescence [26].
We note that our experiments are conducted in
relatively young leaves and that the light depen-
dence for PR protein induction via ethylene may
be limited to this tissue type.

Our results provide the first evidence for direct
dark-induced accumulation of a PR protein tran-
script. Thus, light plays a dual role in PR protein
accumulation. The presence of light is necessary
to maintain ethylene-dependent signal transduc-
tion. In the absence of light basic-type PR-1 tran-
scripts accumulate. The dark-induced accumula-
tion is physiologically significant as it appears
during normal diurnal growth cycles. The activ-
ity of this gene in the dark suggests a requirement
by the plant for prb-1 gene product during dark
growth that is advantageously enhanced during
pathogenesis. It may indicate non-stress-related
functions for prb-1 as have been proposed for
other PR proteins [20, 27]. Recently a senes-
cence-associated gene that showed limited ho-
mology to the PR-1 class was reported to be dark-
induced [2]. Whether the senescence-related gene
is induced by pathogens is not known. The dark
accumulation of transcript may involve enhanced
RNA stability or direct transcriptional activation.
Additional experiments including analysis of chi-
maeric transgenes should shed more light on this
question.

Northern analysis of multigene families cannot
discriminate between individual gene members.
However, the use of specific oligonucleotide-
directed reverse transcription illustrates directly
the activity of this gene or a related gene contain-
ing the same sequence. In addition, transgenic
plants containing 862 bp of upstream promoter
region of prb-1b fused to the GUS reporter gene
exhibit similar results (Y. Eyal, in preparation).
A protein product has yet to be described for
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prb-1b. We have recently raised antibodies spe-
cific for the basic-type PR-1 protein via genera-
tion of an engineered fusion protein in bacteria.
Significantly, the antisera detected a plant protein
product accumulating in ethylene-treated leaves
(Y. Eyal, in preparation). Studies of the expres-
sion pattern and cellular localization of the pro-
tein will point out parallels and differences be-
tween the prb-1b protein product and the basic
and acidic-type forms of other PR proteins.
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