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ABSTRACT Salicylic acid (SA) plays an important role in
signaling the activation of plant defense responses against
pathogen attack including induction of pathogenesis-related
(PR) proteins. To gain further insight into the SA-mediated
signal transduction pathway, we have isolated and character-
ized a tobacco mosaic virus (TMV)-inducible myb oncogene
homolog (mybl) from tobacco. The mybl gene was induced
upon TMYV infection during both the hypersensitive response
and development of systemic acquired resistance in the resis-
tant tobacco cultivar following the rise of endogenous SA, but
was not activated in the susceptible cultivar that fails to
accumulate SA. The mybl gene was also induced by incom-
patible bacterial pathogen Pseudomonas syringae pv. syringae
during the hypersensitive response. Exogenous SA treatment
rapidly (within 15 min) activated the expression of mybl in
both resistant and susceptible tobacco cultivars with the
subsequent induction of PR genes occurring several hours
later. Biologically active analogs of SA and 2,6-dichloroisoni-
cotinic acid (a synthetic functional analog of SA), which
induce PR genes and enhanced resistance, also activated the
mybl gene. In contrast, biologically inactive analogs were poor
inducers of mybl gene expression. Furthermore, the recom-
binant Mybl protein was shown to specifically bind to a
Myb-binding consensus sequence found in the promoter of the
PR-1a gene. Taken together, these results suggest that the
tobacco mybl gene encodes a signaling component down-
stream of SA that may participate in transcriptional activa-
tion of PR genes and plant disease resistance.

Tobacco mosaic virus (TMV) infection of tobacco cultivars
(e.g., Nicotiana tabacum cv. Xanthi nc) that carry a dominant
disease resistance gene (e.g., N gene) leads to the hypersen-
sitive response and is subsequently accompanied by the in-
duction throughout the plant of systemic acquired resistance.
The hypersensitive response is characterized by host cell death
and necrosis at the site of infection and restriction of pathogen
growth and movement. Establishment of systemic acquired
resistance results in enhanced resistance to a secondary chal-
lenge by the same or even unrelated pathogens. An increasing
body of evidence suggests that salicylic acid (SA) is an impor-
tant component of the signal transduction pathway(s) leading
to local and systemic plant defense responses, including the
activation of pathogenesis-related (PR) proteins (1-5). Studies
in our laboratory suggest that one mechanism of SA action is
to inhibit catalase and ascorbate peroxidase, thereby elevating
endogenous H,O; levels and generating salicylate free radicals
(refs. 6-8; Z. Chen and D.F.K., unpublished data). The
increased levels of HyO, and/or products of reactions induced
by salicylate free radicals such as lipid peroxide may act as
signals for the activation of plant defense genes such as the
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PR-1 gene. However, little is known about the molecular
mechanisms beyond these signals. To better understand the
SA-mediated signal transduction pathway, therefore, it is
essential to identify other signaling components.

Oncogenes such as myb play an important role in animal
pathogenesis and the immune response; by analogy their plant
homologs may also function in plant pathogenesis and defense
responses. Animal myb genes encode transcription factors
involved in cell cycling, proliferation and differentiation. The
c-myb gene, the cellular counterpart of the transforming gene
(v-myb) of the avian myeloblastosis virus, is essential for the
development of hematopoietic tissue, including the formation
of lymphocytes and other leukocytes important for the im-
mune response. The Myb protein not only regulates the
expression of cell proliferation genes (e.g., c-myc, DNA-
polymerase-a, and p344<?), but also activates genes related to
the immune response and pathogenesis (e.g., lysozyme, mim-1,
CD4, and T-cell receptors) (9, 10).

During the past several years plant homologs of myb onco-
genes have been isolated from maize, barley, petunia, potato,
Antirrhinum, and Arabidopsis (11-19). They were shown to
regulate flavonoid biosynthesis in maize (11) and Antirrhinum
(16) and to determine epidermal cell (trichome) differentia-
tion in Arabidopsis (17). Recently, myb genes have also been
shown to be involved in dehydration and salt stress of Arabi-
dopsis (18) and the gibberellin-response pathway of barley
(19). However, their involvement in plant-microbe interactions
has not been demonstrated. Here we report the isolation and
characterization of a tobacco myb oncogene homolog that is
induced by TMV infection. The encoded tobacco protein,
designated Myb1, appears to function as a signaling compo-
nent downstream of SA where it may participate in transcrip-
tional activation of PR genes.

MATERIALS AND METHODS

Chemicals and Plant Materials. SA and its analogs were
purchased from Sigma or Aldrich. The N. tabacum cvs. Xanthi
nc (NN genotype) and Xanthi (nn genotype), N. sylvestris, and
N. tomentosiformis were grown in growth rooms at 22°C in a
14-h light cycle for 6—8 weeks before being used in experi-
mentation.

Pathogen Inoculations and Chemical Treatments. Two
leaves on each tobacco plant were inoculated with TMV strain
U1 at a concentration of 1 wg/ml in 50 mM phosphate buffer
(pH 7.0) by rubbing with carborundum. Mock-inoculated
plants were rubbed with buffer and carborundum. In temper-

Abbreviations: SA, salicylic acid; CHX, cycloheximide; INA, 2,6-
dichloroisonicotinic acid; MBS, Myb-binding site; MBSI and MBSII,
MBS type I and type II; PR, pathogenesis-related; TMV, tobacco
mosaic virus.
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ature-shift experiments, plants were moved to 32°C after TMV
inoculation and incubated for 48 h before shifting to 22°C. For
bacterial infection, suspensions of Pseudomonas syringae pv.
syringae strain Pss61 was adjusted in 5 mM MgSQOy solution to
2 X 108 cells per ml and infiltrated into tobacco leaves. For
chemical treatments, tobacco leaves were pricked with a
needle and then infiltrated with 1 mM solutions of SA,
2,6-dichloroisonicotinic acid (INA), or their analogs (adjusted
to pH 6.5 with KOH). In cycloheximide (CHX) tests, leaves
were pretreated with CHX (0.3 mM) for 30 min as described
(20) before injection of SA (1 mM) plus CHX (0.3 mM). All
experiments were performed at least twice.

Isolation and Sequencing of the mybl cDNA. Two degen-
erate oligonucleotides corresponding to highly conserved re-
gions of Myb proteins were synthesized: forward, 5'-
AAGTCNTG(C/T)(A/C)GN(C/T)TI(A/C)GITGG-3'; re-
verse, 5'-AT(C/T)TCGTTGTCNGTNC(G/T)NCC-3'. DNA
purified from a tobacco cDNA library (made from TMV-
infected leaf mRNA, A. Guo and D.F.K., unpublished data)
was used as the template for PCR reactions. The amplified
PCR fragments were purified on a 2.5% agarose gel and cloned
into pGEM-T vector (Promega). After one of the PCR frag-
ments was identified to be part of a TMV-inducible myb gene
by RNA blot analysis, it was used as a probe to screen ~10°
plaques of the TMV-induced tobacco cDNA library. Positive
plaques were purified by a second round of plaque hybridiza-
tion. The pBK-CMV phagemid containing the mybl cDNA
was excised in vivo from the ZAP Express vector using the
ExAssist helper phage (Stratagene). The sequence of mybl was
determined for both strands by the dideoxy sequencing method
and analyzed using the LASERGENE software (DNAstar, Mad-
ison, WI) and GCG package (version 7.0, Genetics Computer
Group, Madison, WI).

DNA and RNA Analysis. DNA and RNA were purified from
leaf tissues by phenol/chloroform extraction. Fifteen micro-
grams of genomic DNA was digested with restriction enzymes,
fractionated on a 1% agarose gel, and blotted onto a nylon
membrane (Nytran Plus, Schleicher & Shuell). For detection
of mybl mRNA, 25 ug of total RNA was fractionated on a
1.5% agarose gel containing formaldehyde and blotted onto a
nylon membrane. The [a-3?P]dCTP-labeled probe correspond-
ing to the gene specific 3’ region (from 724-1344 bp of myblI)
was made by the random-priming method with an oligolabeling
kit (Pharmacia). Hybridization and washing were performed
according to the method of Church and Gilbert (21).

Production and Purification of the Recombinant Mybl
Protein. The mybl cDNA was recloned into the Ndel /Xhol site
of the pET28a(+) vector (Novagen) and the in-frame fusion
was verified by DNA sequencing. Cells of Escherichia coli
strain BL21 (DE3) transformed with the recombinant plasmid
were grown at 37°C in Luria—Bertani medium (22) containing
50 pg/ml kanamycin. The production of the polyhistidine—
Myb1 fusion protein was induced in mid-logarithmic E. coli
cultures by addition of isopropyl B-D-thiogalactopyranoside (1
mM). After 3 h of growth at 30°C, bacterial cells were
harvested and proteins were purified on nickel chelate affinity
columns as described by the manufacturer (Novagen). The
purified Mybl1 protein was eluted from the column using the
elution buffer (20 mM Tris, pH 7.9/500 mM NaCl/500 mM
imidazole) and stored at —80°C after addition of glycerol to
20%. Protein concentrations were determined with the Brad-
ford reagent (Bio-Rad).

Gel Mobility-Shift Assay. The PR-Ia promoter fragments
were amplified by PCR and labeled by filling the 5’ overhangs
with [a-3?P]dATP and the Klenow fragment. Myb-binding site
type I (MBSI) (5'-CGGAATTCCCTAACTGACGCATC-
GATGGGA-3") and MBSII (5'-CGGAATTCTGTTTGG-
TATGCATCGATGGGA-3’) oligonucleotides and their mu-
tated forms (see Fig. 8B) were annealed with a primer
(5’-TCCCATCGATGC-3") and then extended with the Kle-
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now fragment in presence of [a-32P]dCTP to make double-
stranded probes for the assay. DNA binding reactions were
performed in 20 ul of binding buffer (10 mM Tris, pH 8.0/50
mM NaCl/1 mM dithiothreitol/1 mM EDTA/1 pg/ul BSA/
10% glycerol) that contained 2 ug of double-stranded poly(dI-
dC), 200 ng of the purified recombinant Myb1 protein, and
0.5-2 ng of 32P-labeled probe (10,000-40,000 cpm). After
incubation at 4°C for 30 min, the reaction mixtures were
electrophoresed on a 5% polyacrylamide gel in 0.5X
Tris:borate'EDTA buffer (22) at 100 V. The gels were then
dried and autoradiographed.

RESULTS

Cloning and Sequence Analysis of a TMV-inducible myb
Homolog. To study the potential role of myb homologs in the
tobacco-TMYV interaction, PCR fragments (160 bp) of tobacco
myb genes were amplified and cloned from TMV-induced
tobacco cDNAs using degenerate oligonucleotide primers
corresponding to highly conserved regions of Myb proteins
(underlined in Fig. 14). Sequence analysis of 20 myb PCR
fragments indicated the existence of at least three groups of
tobacco myb genes with DNA sequence identity among them
ranging from 56-72%. Based on Northern blot analysis, one
group was found to be induced upon TMV infection. The
corresponding TMV-inducible tobacco myb gene, designated
mybl,was isolated by screening a cDNA library made from the
resistant N. tabacum cv. Xanthi nc after TMV infection. This
cDNA is 1344 bp in length and contains a 194-bp 5’ untrans-
lated region and a 363-bp 3’ untranslated region with a typical
polyadenylation signal. The ORF encodes a full-length Myb1
protein of 278 amino acid residues with a predicted molecular
mass of 32 kDa (Fig. 14). The hydrophilic Myb1 protein has
a calculated isoelectric point of 5.62. Among Myb proteins, the
basic N-terminal region is conserved. In the tobacco Mybl, it
is composed of two imperfect tryptophan repeats of 53 (res-

A
1 MVRAPCCEKM GLKKGPWIPE EDQILISFIQ TNGHGNWRAL
41 PKQAGLLRCG KSCRLRWINY LRPDIKRGNF TKEEEETIIQ
81 LHEMLGNRWS ATAAKLPGRT DNEIKNVWHT HLKKKLKDYK
121 PPONSKRHSK SKNHDSKGPT TSESSNNSDL TIINTQKHID
161 SPVLAPNSPQ ISSSTEMSTV TLVDDHQOMVV IKQEVMESSE
201 YFPEIDESFW TDELTTDNNW SSTDHVMVAA NQELQVQLPF

241 SSFKEENVDI LATKMEDDMD FWYNVFIKTD DLPELPEF

B

DNA binding  activation
Tobacco
Myb1

R2 R3 NLS 278 aa

DNA binding activation negative regulation

Mouse
ol I BT

Rt R2 R3 NLS Lz 636 aa

F1G. 1. The tobacco Mybl1 protein. (4) The deduced amino acid
sequence of the Myb1 protein. The underlined sequences were used to
design degenerate primers for the PCR amplification of the conserved
regions of myb genes. The conserved redox sensitive cysteine residue
at position 53 is indicated in boldface. (B) Schematic comparison of
structural features between Myb1 and the mouse c-Myb. R, tryptophan
repeat; Cys, conserved redox sensitive cysteine (Cys-53 in Mybl and
Cys-130 in c-Myb); P, phosphorylation sites; NLS, nuclear localization
sequences; LZ, leucine zipper; aa, amino acid residues.



14974  Plant Biology: Yang and Klessig

idues 12-64) and 51 (residues 65-115) amino acids, while the
mouse c-Myb contains three tryptophan repeats (R1-R3, Fig.
1B). Secondary structure analyses of Myb1 (and mouse c-Myb)
predict that the tryptophan repeats form helix—turn-helix
DNA-binding motifs. Myb1 and c-Myb also share a potential
ATP/GTP-binding site (P-loop), a redox sensitive cysteine,
and a nuclear localization sequence within their N-terminal
DNA-binding domains. The acidic C-terminal region of Mybl1
(residues 179-278, pl 3.6) forms amphiphathic a-helices,
which are characteristic of transcriptional activation domains.
The corresponding activation domain of the mouse c-Myb does
not share sequence homology with Myb1 and is bounded on its
C-terminal ends by a large phosphorylatible negative regula-
tory domain that controls the activity of c-Myb (Fig. 1B). This
negative regulatory domain is absent from Mybl.

The putative DNA-binding domain of the tobacco Mybl is
highly homologous with that of animal and plant Myb proteins.
Amino acid sequence comparisons of the DNA-binding do-
mains reveal that Myb1 is 90% identical to Myb.Ph2 of petunia
(12), 52% identical to Atmyb2 of Arabidopsis (18), and 45%
identical to mouse c-Myb (9). Outside of the DNA-binding
domain, only petunia Myb.Ph2 shows limited homology with
the C-terminal region of Myb1. In contrast to tobacco Mybl,
Myb.Ph2 is constitutively expressed in petunia leaf tissues (12).

Southern blot analysis of tobacco (cvs. Xanthi nc and
Xanthi) genomic DNAs digested with EcoRI and HindIII
identified two bands when probed with the gene-specific 3’
region (from position 724 bp to 1344 bp) of mybl cDNA (Fig.
2). The two copies of mybl found in the amphidiploid N.
tabacum cultivars are probably derived from the diploid pa-
rental species N. sylvestris and N. tomentosiformis as one of the
two bands was present in N. sylvestris and the other in N.
tomentosiformis. Two different size RNAs (1.4 kb and 1.2 kb)
that hybridized with the gene-specific mybl probe were found
in N. tabacum (see Fig. 3). Since both RNAs were also detected
in N. sylvestris and N. tomentosiformis, which contain only one
mybl gene each (data not shown), they may result from
alternative splicing or polyadenylation of the myb1 transcript.

Induction of mybl Expression by TMV and Bacterial Infec-
tions. To examine the expression of mybI in response to TMV
infection, RNA blots prepared from mock- and TMV-infected
tobacco were probed with the 3’ gene-specific mybl cDNA.
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FiG. 2. Southern analysis of the mybl gene with genomic DNAs
from several Nicotiana species. The genomic DNAs (15 pg) of the
amphidiploid N. tabacum (cvs. Xanthi nc and Xanthi) and its parental
diploid species, N. sylvestris and N. tomentosiformis were digested with
EcoRI (lanes 1, 3, 5, and 7) or HindIII (lanes 2, 4, 6, and 8). After
blotting, the DNAs were hybridized with a gene-specific mybI probe.
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FiG. 3. Induction of mybl by TMV infections during the hyper-
sensitive response. (4) RNA blot analysis of mybl and PR-I1 gene
expression following TMV infection at 22°C in the resistant tobacco
cultivar Xanthi nc. Time is indicated in h postinfection. (B) Accumu-
lation of mybI and PR-1 mRNA following shift of Xanthi nc plants
from a temperature where resistance to TMV cannot develop (32°C)
to a temperature at which resistance is established (22°C). RNAs were
isolated from inoculated leaves. Time is indicated in h posttemperature
shift. TMV- and mock-inoculated plants were maintained at 32°C for
48 h after inoculation before being transferred to 22°C.

The blots were also probed with a cDNA for the PR-I genes,
which served as a molecular marker for activation of plant
defense responses. The mybl genes were not detected in
healthy tobacco leaves, but were induced to low levels by 30 h
and to high levels by 36 h after TMV infection at 22°C in Xanthi
nc, which carries the N resistance gene (Fig. 34). The kinetics
of mybl expression closely paralleled the rise of endogenous
SA levels that occurs 24-36 h after TMV inoculation (1).
Expression of mybl peaked at 36 h after infection, preceding
activation of the PR-1 genes whose mRNA continued to rise
through at least 72 h post inoculation. In contrast, there was no
activation of mybl in the TMV-infected susceptible cultivar
Xanthi (data not shown), which lacks the N gene and does not
accumulate SA or express PR genes (1). The mybl genes also
were not induced by wounding with a hemostat (data not
shown) or by rubbing with carborundum (i.e., mock inocula-
tion in Fig. 3).

In cultivars containing the N gene, resistance to TMV is
reversibly blocked at high temperatures (>28°C) and there is
neither elevation of SA levels nor PR-I gene activation.
Shifting infected plants to a lower temperature (e.g., 22°C)
results in (i) a rapid and dramatic rise in SA between 4-6 h,
(if) activation of PR-1 genes, and (iif) development of resis-
tance (ref. 23; A. Guo and D.F.K,, unpublished data). At the
high temperature (32°C), TMV-infected Xanthi nc also failed
to express mybl genes while transfer to a lower temperature
(22°C) resulted in activation of mybI and PR-1 within 5 h (Fig.
3B).

Systemic expression of mybl was also analyzed in TMV-
infected tobacco (Fig. 4). The mybI gene, as well as PR-1 genes,
was induced in upper, uninoculated leaves within 6 days after
TMYV inoculation of lower leaves. Therefore, activation of
myb1 is associated with not only the hypersensitive response in
local, infected leaves, but also with the development of sys-
temic acquired resistance in distal, uninfected leaves.

To provide further evidence for the importance of mybl
expression in plant—pathogen interactions, the bacterial patho-
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F1G. 4. Induction of mybl by TMV infections during development
of systemic acquired resistance. The RNAs were isolated from upper,
uninoculated leaves of the resistant tobacco cultivar Xanthi nc fol-
lowing TMV infection of lower leaves. Time is indicated in days
postinfection.

PR-1

gen P. syringae pv. syringae strain Pss61 was tested for its ability
to induce mybI expression. Pss61 is an incompatible pathogen
of tobacco and elicits a rapid hypersensitive response. Infec-
tion of tobacco with Pss61 induced mybl expression within
16 h, closely followed by the continuous accumulation of PR-1
mRNAs (Fig. 5).

Rapid Activation of myb1 Expression by SA, INA, and Their
Biologically Active Analogs. Since the induction of mybl
appears to follow the rise of endogenous SA levels in TMV-
infected tobacco leaves, we tested whether SA treatments
would activate expression of mybI. Exogenous application of
1 mM SA induced expression of mybI within 15 min in both the
resistant cultivar Xanthi nc (Fig. 64) and the susceptible
cultivar Xanthi (data not shown). Activation of mybI by SA was
transient, with mybl mRNA levels peaking at 30 min and then
rapidly declining. This may be due to rapid inactivation of SA
via glycosylation in tobacco leaves (24). In contrast, PR-1
induction did not occur until 6-12 h after treatment.

The synthetic compound INA is a potent inducer of PR genes
and enhanced disease resistance and appears to act as functional
analog of SA (7, 25). It also induced myb! expression (Fig. 6B).
To further assess the functional relevance of SA and INA in the
activation of mybl, several analogs of SA and INA were com-
pared for their ability to activate mybl expression vs their
biological activity—i.e., the ability to induce PR genes and
enhanced disease resistance. Expression of mybl was effectively
activated by the biologically active analogs of both SA (acetylSA
and 4-chloroSA) and INA (analogs 3 and 7). Biologically inactive
analogs (3-hydroxybenzoic acid, 4-hydroxybenzoic acid, analogs 1
and 9) were much poorer inducers (Fig. 6B). Thus, there is a good
correlation between biological activity and the ability to induce
mybl gene expression.

Effect of Cycloheximide on mybl Expression. The rapid acti-
vation of mybI by SA suggested that this induction did not require
synthesis of a new protein(s). To test this possibility, protein

Pss 61 Mock
0 16 24 48 24 48

oo v

myb1

Y ) PR-1

FiG6. 5. Induction of mybl by an incompatible bacterial pathogen.
RNAs were isolated from tobacco leaves infected with P. syringae pv.
syringae strain Pss61 or mock-inoculated with 5 mM MgSOj solution.
Time is indicated in h postinfection.
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Fic. 6. Effect of SA, INA and their analogs on mybl gene
expression. (4) Rapid activation of mybl by SA (1 mM) preceded
induction of PR-1. Time is indicated in h postinjection of SA (or HO
as a control) into tobacco leaves. (B) Induction of mybI by SA, INA,
and their biologically active analogs (acetylSA, 4-chloroSA, analogs 3
and 7). Inactive analogs [3- and 4-hydroxybenzoic acid (HBA), analogs
1 and 9] were poor inducers. Expression of myb1 was analyzed 30 min
after injection with 1 mM of the various compounds. The chemical
structures of the INA analogs were presented in a previous report (25).

synthesis was blocked by pretreatment for 30 min with CHX
before addition of SA and CHX. As anticipated, CHX did not
inhibit SA-mediated activation of myb! (Fig. 7). However, CHX
treatment alone induced the mybl genes and greatly enhanced
their expression when combined with SA. This is similar to barley
GAmyb expression in response to CHX and gibberellin treat-
ments (19). In contrast, SA induction of PR-1 genes was blocked
by CHX, in agreement with a previous report (20).

Specific Binding of the Mybl Protein to the PR-Ia Pro-
moter. Induction of PR-1 genes by SA required de novo protein
synthesis as demonstrated above. The tobacco Mybl protein
may be one of these newly synthesized factors since activation
of mybI by SA preceded the expression of PR-1 genes (Fig. 6).
In fact, sequence analysis uncovered multiple MBSs in the
promoters of several PR genes including PR-1 and PR-2
(encoding B-1,3-glucanase). Myb proteins are known to bind to
two types of MBS. Type I (MBSI) has the consensus sequence
(T/C)AAC(T/G)G and is bound by animal and some plant
Myb proteins (10, 18). Type II (MBSII) has the consensus

CHX -+ -+
SA - =+ o+
myb1 B———
(30 m) ‘

PR-1
(24 h) ’ .

Fic. 7. Effect of CHX on mybl and PR-1 gene expression. RNA
blot analysis of tobacco leaves pretreated with CHX (0.3 mM) for 30
min followed by treatment with SA (1 mM) plus CHX (0.3 mM) for
an additional 30 min or 24 h.
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sequence G(G/T)T(A/T)G(G/T)T and is bound by several
plant Myb proteins (11, 13, 16). The PR-Ia promoter (26)
contains both types of binding sites: MBSI (TAACTG) located
at —169 to —174 and MBSII (GTTTGGT) at —520 to —514.
In addition, four MBSI-like sites, with 5 of 6 nt matching the
consensus sequence, are positioned at —643 to —639
(AACTG), —526 to —522 (AACTG), —332 to —328 (TA-
ACG), and —241 to —237 (TAACT).

To examine the interaction between the Myb1 protein and
the PR-1a promoter, the histidine-tagged recombinant Myb1
protein was produced in E. coli and purified by nickel affinity
chromatography. Using the gel mobility-shift assay, purified
Myb1 was found to strongly bind to the P2 fragment (=679 to
—487) of the PR-1a promoter that contains a MBSII (GTT-
TGGT) and two MBSI-like sites. (Fig. 84). Mybl1 also weakly
bound to the P4 fragment (—237 to —65), which contains a
MBSI (TAACTG) and to the P3 fragment (—499 to —226),
which contains two type I-like sites. Myb1 did not bind to the
P1 fragment (—893 to —669), which does not contain MBS.

To prove that Mybl indeed binds to MBS in the PR-la
promoter, 30 bp oligonucleotides containing MBSI (TA-

A B

2883

ghgg Mybl - + + + +
1
zrza ‘FEH
]

W

C

MBSl MBSlim MBSI MBSIm
el |

o bl o - - (W

1 2 3 4 5 6

7 8 9% 10 11 12

F1G. 8. Gel mobility-shift assays with purified recombinant Myb1
protein. (4) DNA-binding activity of Myb1 to several PR-1a promoter
fragments. The locations of the fragments in the PR-Ia promoter
relative to the transcriptional start site are given in parenthesis. (B)
The Myb1 protein binds preferentially to MBSII (GTTTGGT) found
in PR-1a promoter fragment P2. The binding reaction fractionated in
the first lane did not contain Myb1 while those in other lanes contained
200 ng of Mybl. The following double-strand oligonucleotides were
used as probes: MBSI (5'-CGGAATTCCCTAACTGACGCATC-
GATGGGA-3"), MBSIm (5'-CGGAATTCCCTCCCTGACGCATC-
GATGGGA-3"), MBSII (5'-CGGAATTCTGTTTGGTATGCATC-
GATGGGA-3"), and MBSIIm (5'-CGGAATTCTGTTGCCTATG-
CATCGATGGGA-3"). (C) Competition for binding of Myb1 to the
MBSII probe. The binding assay was performed by preincubating
unlabeled competitor oligonucleotides for 15 min with Myb1 before
addition of 1 ng of 32P-labeled MBSII probe. Reactions fractionated
in lanes 1, 4, 7, and 10 contained no competitors, while those in lanes
2,5, 8, and 11 contained 20 ng competitors and those in lanes 3, 6, 9,
and 12 contained 200 ng competitors.
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ACTG), MBSII (GTTTGGT) or their mutated forms were
synthesized, labeled, and used in the gel mobility-shift assay.
Myb1 preferentially bound to MBSII and only very weakly
bound to MBSI (Fig. 8B). It did not bind the mutated forms
of MBSI and MBSII. Therefore, the tobacco Mybl protein
indeed binds to MBS in the PR-1a promoter. The much higher
binding affinity for MBSII is in agreement with its stronger
binding of the P2 fragment (which contains MBSII) than the
P4 fragment (which contains MBSI).

To further demonstrate the specific binding of Myb1 to MBSII,
competition experiments were performed with MBSII as the
labeled probe. Binding of Myb1 to MBSII was effectively reduced
by the addition of unlabeled MBSII (Fig. 8C). In contrast,
competition by MBSI was less effective, while the mutated forms
of MBSI and MBSII had marginal effects on binding. In sum-
mary, Mybl preferentially bound to MBSII in the PR-Ia pro-
moter, suggesting that Myb1 may be involved in the transcrip-
tional activation of this gene during plant defense responses.

DISCUSSION

A major objective in studying plant disease resistance is to identify
and characterize plant components crucial for signal transduction
processes involved in activation of host defenses after pathogen
attack. In this study, we have identified a TMV-inducible myb
oncogene homolog from tobacco and demonstrated its potential
role in SA-mediated induction of plant defense responses. Acti-
vation of mybI by TMV infection, which occurred during both the
hypersensitive response and development of systemic acquired
resistance, appears to depend on the N resistance gene-mediated
signaling process and is closely associated with the rise of endog-
enous SA levels (ref. 1, Figs. 3 and 4). In addition to TMV, the
incompatible bacterial pathogen P. syringae pv. syringae also
induced myb! expression (Fig. 5). Exogenous treatment with SA
rapidly activated expression of myb1, which preceded the induc-
tion of PR-1 genes (Fig. 6A4). Furthermore, analysis of analogs of
SA and INA showed a good correlation between biological
activity of the analogs and their ability to induce mybl gene
expression (Fig. 6B). Together, these results suggest that mybl
encodes a signaling component downstream of SA. Although myb
homologs have been isolated from several plant species, to our
knowledge, this is the first time that a myb gene has been shown
to be involved in plant defense responses against microbial
pathogens.

Currently, it is not known which transcription factor or factors
control PR gene expression. Activation of the mybI gene by SA
did not require de novo protein synthesis and preceded induction
of PR-1 genes that did require protein synthesis (Fig. 7). These
results suggest that mybl may encode a transcription factor
involved in PR gene expression. The discovery of multiple MBS
in the promoters of PR-1 and PR-2 genes and the specific binding
of purified recombinant Myb1 protein to these sites in the PR-Ia
promoter (Fig. 8) adds further support for this model. However,
it should be noted that a role for mybI in PR-1 gene expression
has yet to be rigorously established.

The tobacco Mybl1 protein had different affinities for the
two types of MBS (Fig. 8B) as reported for several other plant
Myb proteins (11, 18). It preferentially bound to the MBSII
(GTTTGGT) found in the PR-Ia promoter (—520 to —514
bp). MBSII is a H-box-like sequence present in promoters of
many genes involved in phenylpropanoid biosynthesis (e.g.,
pal, chs, and dfr) and is implicated in the response to UV light
and other environmental stresses (16). Indeed, the maize,
petunia, and Antirrhinum Myb transcription factors are known
to control phenylpropanoid biosynthesis (11, 13, 16). Since
many phytoalexins (compounds with antibacterial and anti-
fungal activities) are derived from phenylpropanoids (27),
tobacco Myb1 may not only regulate PR gene expression, but
also transactivate phytoalexin biosynthetic genes that might be
induced by TMV or SA. Similar scenarios may extend to other
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plant species, especially those with well characterized fla-
vonoid phytoalexins.

There was a significant delay between SA activation of mybl
(within 15 min) and induction of PR-I genes (between 6-12 h;
Fig. 6). If Myb1 acts directly on the PR-1 promoters, this delay
suggests that while mybI activation by SA may be necessary, it is
not sufficient for induction of PR-I genes. Myb proteins are
known to activate gene expression in combination with other
transcription factors. The yeast Myb protein, BASI1, activates
HIS4 transcription only in combination with the homeodomain
protein, BAS2 (28). The chicken c-Myb and v-Myb proteins
require bZIP factors such as C/EBP to synergistically activate
mim-1 gene expression (29), while maize Myb and Myc-like
factors often act together to activate expression of flavonoid
biosynthetic genes (11). Therefore, the tobacco Mybl protein
may need additional factor(s) such as bZIP- or Myc-related
proteins for efficient activation of PR genes. In fact, the PR-1a
promoter contains three Myc-binding consensus sequences
(CANNTG) that are similar to the G-box core sequence
(CACGTG) and may serve as binding sites for a Myc-related
protein and/or a member of the bZIP class of G-box-binding
proteins.

Rapid induction of mybI gene expression by SA was insen-
sitive to cycloheximide treatment (Fig. 7) and thus does not
require de novo protein synthesis. In mammalian cells, mem-
bers of the NF-«B family have been shown to transactivate the
c-myb gene by binding to its first intron that contains NF-«B-
binding sites (30). The transcription factor NF-«B is posttran-
scriptionally activated by reactive oxygen species such as H>O»
and mediates expression of many genes involved in acute
phase, immune, and inflammatory responses (31). In plants,
elevation of H,O, levels, due to inhibition of catalase and
ascorbate peroxidase, appears to be one mode of SA action for
induction of PR genes (6-8). By analogy, a posttranslationally
activated NF-kB-like factor might be involved in the rapid
activation of the tobacco mybI gene by SA.

There are other intriguing parallels between animal and plant
defense responses as demonstrated by the structural and func-
tional conservation of some of their signal transduction processes.
The N gene of tobacco, which confers resistance to TMV, shows
considerable homology with the gene encoding the human in-
terleukin 1 receptor, which participates in interleukin 1 activation
of NF-«B (32). SA (and aspirin), H,O,, and Myb transcription
factors appear to affect or participate in not only animal immune
responses, but also plant defense responses. Interestingly, one of
the major plant PR proteins, PR-1, is conserved throughout
eukaryotes including mammals, insects, fungi, and plants (5,
33-35). The tobacco PR-1 has antifungal activity but its mecha-
nism of action is unknown (36, 37). A recent report has shown that
one of the human PR-1 homologs is associated with brain tumors
and is induced by viral infection or phorbal ester treatment (35).
Furthermore, the plant hypersensitive response triggered by
pathogen attack shares many cytological and biochemical char-
acteristics of animal programmed cell death (a key mechanism for
eliminating transformed or infected cells; ref. 38). Therefore,
characterization of plant signaling components such as mybI will
not only help elucidate plant defense mechanisms and develop
new strategies for plant disease control, but also enhance our
understanding of host-pathogen interactions in general.
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