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Endogenous signal molecules such as jasmonic acid (JA)
and salicylic acid (SA) play an important role in induced
resistance against pathogen infection and insect herbivory.
In rice seedlings, JA is an effective inducer of systemic
acquired resistance (SAR) against infection of blast fungus
(Pyricularia grisea). To gain further insights into JA-
mediated defense signaling pathways, we isolated and
characterized a pathogen- and JA-induced rice gene
(JAmyb) that encodes a Myb transcription factor. The
JAmyb gene was induced within 1 day after fungal infec-
tion in resistant and susceptible interactions prior to lesion
formation. Unlike most defense-related genes that are ac-
tivated faster and stronger in resistant interactions, JAmyb
induction by blast fungus is much higher in susceptible
interactions, accompanied by large lesions and extensive
tissue damage. Significant induction of JAmyb also was
observed during cell death and lesion formation in certain
lesion mimic mutants. Interestingly, JAmyb was activated
rapidly by JA or wounding, independent of de novo pro-
tein synthesis, but not by other endogenous signal mole-
cules such as SA and abscisic acid or SAR inducers such
as benzothiadiazole and probenazole. We used SA-
deficient transgenic plants to further demonstrate that
depletion of SA in rice did not abolish but rather enhanced
blast-induced JAmyb expression. These results suggest
that JAmyb is related closely to host cell death and is in-
volved in the JA-mediated, SA-independent signaling
pathways in rice.

Additional keywords: disease susceptibility, hypersensitive
response, plant defense response, rice blast fungus.

Pathogen-induced defense response in plants frequently is
manifested by the development of a hypersensitive response
(HR) and the subsequent establishment of systemic acquired
resistance (SAR). The HR is a rapid defense response charac-
terized by localized host cell death and necrosis at the infec-
tion site (Goodman and Novacky 1994). In contrast, SAR
occurs throughout the entire plant (even in uninfected parts)
and often provides long-lasting, broad-spectrum resistance
against a variety of pathogens (Ryals et al. 1996). A large
body of evidence has shown that salicylic acid (SA) is a key

endogenous secondary signal involved in the activation and/or
potentiation of plant-defense responses (Dempsey et al. 1999).
Ryals and coworkers (1996) used SA-deficient transgenic
plants overexpressing a bacterial salicylate hydroxylase to
demonstrate that SA is required for the establishment of SAR
(Delaney et al. 1994; Gaffney et al. 1993). Recently, jasmonic
acid (JA) also was demonstrated to play an important role in
the induction of defense responses through a distinct, SA-
independent signaling pathway (Dong 1998; Pieterse and Van
Loon 1999; Reymond and Farmer 1998). For example, Arabi-
dopsis mutants impaired in JA perception or biosynthesis are
unable to deploy effective defense responses against pathogen
infection (Penninckx et al. 1996; Thomma et al. 1998; Vijayan
et al. 1998; Xie et al. 1998). Therefore, multiple endogenous
molecules (including SA, JA, and ethylene) are involved in
the complex network of signaling pathways that lead to local
and systemic disease resistance. Furthermore, crosstalk be-
tween these defense signaling pathways appears to be very
common and important in the regulation of plant defense re-
sponses (Reymond and Farmer 1998).

Although a complex network of signal transduction is in-
volved in plant defense responses, many of defense signals
such as SA and JA are probably integrated into a few terminal
pathways that lead to the transcriptional activation of defense
genes in the cell nucleus (Yang et al. 1997). As a result, SA-,
JA-, or pathogen-activated transcription factors may play an
important role in controlling defense gene expression and
resistance responses. Currently, at least five major families of
plant transcription factors, including bZIP, WRKY, EREBP,
Myb, and homeodomain proteins, have been shown to partici-
pate in the regulation of plant defense responses (Rushton and
Somssich 1998). Most, if not all, of them were isolated from
dicotyledonous plants. However, very little is known about
defense-related transcription factors from monocotyledonous
plants.

The Myb family of transcription factors is conserved struc-
turally throughout eukaryotes, including animals, plants, and
fungi (Lipsick 1996). Transcription factors encoded by animal
myb genes are involved in cell cycling, proliferation, and dif-
ferentiation. The c-myb gene, the cellular forebear of the v-
myb oncogene from the avian myeloblastosis virus, is essen-
tial for the development of hematopoietic tissues, including
the formation of lymphocytes and leukocytes important for the
immune responses. Recently, animal Myb proteins also were
demonstrated to participate in controlling apoptosis through
the regulation of a new Myb target gene, bcl-2 (Oh and Reddy
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1999; Weston 1998). In plants, myb genes belong to a large
multigene family (more than 100 members in Arabidopsis)
(Kranz et al. 1998; Meissner et al. 1999) with very diverse
functions (Jin and Martin 1999; Martin and Paz-Ares 1997).
Plant myb genes are known to regulate the phenylpropanoid
pathway (Grotewold et al. 1994; Moyano et al. 1996; Paz-
Ares 1987; Sablowski et al. 1994; Tamagnone et al. 1998),
tryptophan biosynthesis (Bender and Fink 1998), cellular
morphogenesis (Noda et al. 1994; Oppenheimer et al. 1991;
Waites et al. 1998), hormone-responsive pathways, and abiotic
stresses (Gubler et al. 1995; Hoeren et al. 1998; Iturriaga et al.
1996; Magaraggia 1997; Urao et al. 1993). Previously, it was
shown that a tobacco myb gene is activated by tobacco mosaic
virus (TMV) infection immediately preceding the N resistance
gene-mediated HR and SAR (Yang and Klessig 1996). This
myb gene also is rapidly (within 15 min) activated by SA
treatment. Most recently, Arabidopsis myb genes were shown
to be induced by bacterial pathogens (Daniel et al. 1999;
Kranz et al. 1998). One of them, Atmyb30, was induced by an
avirulent strain of Xanthomonas campestris pv. campestris
and was related to programmed cell death in Arabidopsis le-
sion mimic mutants. To date, however, it is not known
whether myb genes are induced by fungal infection and are
involved in defense responses in monocotyledonous plants.

Here, we report on the isolation and characterization of a
novel rice myb gene that is induced by the infection of blast
fungus (Pyricularia grisea) during resistant and susceptible
interactions. Expression of JAmyb also is associated closely
with host cell death in certain lesion mimic mutants of rice
plants. In contrast to the SA-inducible tobacco myb1 gene,
rice JAmyb expression is independent of SA but is mediated
by JA, an effective inducer of SAR in rice.

RESULTS

Cloning and sequence analysis of JAmyb from rice.
In higher plants such as Arabidopsis, the myb gene family

contains over 100 members that are induced differentially in
response to various developmental and environmental cues
(Kranz et al. 1998). To increase the probability of isolating
pathogen-induced myb genes, mRNAs prepared from blast
fungus-infected rice seedlings were used as templates for
cDNA synthesis. Rice myb cDNA fragments (160 bp) were
then amplified by polymerase chain reaction (PCR) with de-
generate oligonucleotide primers designed according to the
conserved domains of Myb proteins. Sequence analysis of 75
cloned myb fragments indicated the presence of five distinct
groups (with DNA sequence identity ranging from 53 to 68%)
of rice myb genes. RNA blot analysis demonstrated that one
group of myb genes was induced by blast fungus.

In order to isolate full-length myb genes, a rice cDNA li-
brary was constructed with mRNAs from leaves of blast-
infected seedlings. Subsequent screening of the library led to
the isolation of a full-length cDNA corresponding to the blast-
induced myb gene. Because this myb gene was later shown to
be activated specifically by JA, it was designated JAmyb. The
JAmyb cDNA is 1,343 bp in length and contains a 126-bp 5′
untranslated sequence and a 359-bp 3′ untranslated region
with a typical polyadenylation signal (Fig. 1). The predicted
open reading frame encodes a full-length protein of 285 amino
acid residues, with an estimated molecular mass of 32.8 kDa.

The hydrophilic JAMyb protein has a calculated isoelectric
point of 5.74. Sequence analysis reveals that JAMyb contains
two imperfect tryptophan repeats (R2 and R3) in the N-
terminal conserved region, which is characteristic of most
plant Myb transcription factors. Furthermore, secondary
structure analysis of JAmyb predicts that the tryptophan re-
peats form helix-turn-helix (H-T-H) DNA-binding motifs.
Similar to many animal and plant Myb transcription factors,
JAMyb also contains a potential ATP–GTP-binding site (P-
loop), a redox-sensitive cysteine, and a nuclear localization
sequence in the N-terminal DNA-binding domain. In contrast
to the H-T-H motifs in the basic DNA-binding domain, the
acidic C-terminal region of JAMyb forms amphipathic a-
helices, which are characteristic of a transcriptional activation
domain.

A database search indicated that the N-terminal, putative
DNA-binding domain of JAMyb is highly similar to that of
animal and plant Myb proteins. The C-terminal region of
JAmyb is distinct and shares no significant homology with
other plant Myb proteins, although short stretches of homolo-
gous sequences were found in several plant Myb proteins,
including CpMyb5, CpMyb7, and CpMyb10 of Craterostigma
plantagineum; GhMyb of cotton; NtMyb1 of tobacco; THM18
of tomato; PhMyb of petunia; and AtMyb2 of Arabidopsis.
Phylogenetically, JAMyb is not the most closely related to the
other 12 rice Myb proteins found in the database (Fig. 2).
Rather, it is most closely related to C. plantagineum Myb
proteins and Arabidopsis AtMyb2, both of which are induced
by abscisic acid (ABA) and/or dehydration.

To determine the copy number of JAmyb, rice genomic
DNA was digested with EcoRI and HindIII, respectively, and
probed with the gene-specific 3′ region (position 550 to 1,343
bp) of JAmyb cDNA. Southern blot analysis revealed single
hybridizing fragments (12 and 2 kb for EcoRI and HindIII
enzyme digests, respectively), indicating that JAmyb is a sin-
gle-copy gene in rice.

Induction of JAmyb
by blast infection precedes lesion formation.

An avirulent blast isolate and its virulent mutant were used
to elicit resistant and susceptible interactions, respectively, on
rice cultivar Drew (Oryza sativa spp. japonica). Because the
virulent strain is a race-change mutant of the avirulent isolate
(Harp and Correll 1998), they are basically isogenic and likely
differ only in the presence or absence of avirulence gene(s).
The avirulent isolate typically elicits HR on Drew, resulting in
small, reddish-brown lesions, whereas the virulent race-
change mutant elicits large, diamond-shape lesions. To ana-
lyze the expression pattern of JAmyb in response to blast in-
fection, RNA blots prepared from mock- and blast-infected
rice leaves were probed with the 3′ gene-specific region (550
to 1,343 bp) of JAmyb. In addition, the same blots were
probed with the cDNA of PBZ1, a rice defense gene encoding
an intracellular PR-10 protein (Midoh and Iwata 1996). RNA
blot analyses indicated that JAmyb is expressed at very low
levels in the mock-inoculated leaves of rice plants but is sig-
nificantly induced by avirulent and virulent isolates of blast
fungus in resistant and susceptible reactions (Fig. 3). The
JAmyb gene was induced within 1 day, continuously increas-
ing 4 days postinoculation in blast-infected leaves. The levels
of JAmyb expression appear to be higher in the susceptible



Vol. 14, No. 4, 2001 / 529

reaction than in the resistant reaction. In contrast, induction of
PBZ1 was faster and lasted longer in the resistant reaction
than in the susceptible reaction.

Expression of JAmyb is associated
with host cell death in lesion mimic mutants.

Because JAmyb expression is associated with blast fungus-
induced cell death during resistant and susceptible reactions,
we wanted to know whether JAmyb also is related to pro-
grammed cell death that occurs during lesion formation in rice
lesion mimic plants. Three lesion mimic mutants of rice were
tested, including two Sekiguchi lesion mutants (B689A-sl and

Labelle-sl) and a purplish-brown lesion mutant (Labelle-pbl)
(Marchetti et al. 1983). B689A-sl and Labelle-sl are allelic to
the Sekiguchi mutation and exhibit reddish-brown lesions.
The sl mutation causes much larger lesions and more exten-
sive cell death than the pbl mutation. RNA blot analysis indi-
cated that JAmyb was expressed only in lesioned parts of the
leaf but not in nonlesioned parts, suggesting that JAmyb ex-
pression was associated closely with localized cell death (Fig.
4). There is a distinct difference between the Sekiguchi mu-
tants and the purplish-brown lesion mutant in terms of JAmyb
expression levels during lesion formation. Much stronger in-
duction of JAmyb was observed in B689A-sl and Labelle-sl

Fig. 1. Nucleotide and deduced amino acid sequences of rice JAmyb cDNA (GenBank accession no. AY026332). The shaded amino acid sequence repre-
sents the conserved DNA-binding domain containing two imperfect tryptophan repeats (R2 and R3) that are characteristic of most plant Myb transcrip-
tion factors. The underlined sequences were used to design degenerate primers for the amplification of 160-bp polymerase chain reaction fragments of
rice myb genes.
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(large, brown lesions) than in Labelle-pbl (small, purplish
lesions). In contrast, PBZ1 expression levels were about the
same in the lesioned parts of all three mutants (Fig. 4).

Expression of JAmyb is independent of salicylic acid.
SA and JA are the most important endogenous signals me-

diating transcriptional activation of defense-related genes and
host defense response. To place JAmyb in a particular signal-

ing pathway, we examined the expression pattern of JAmyb
with SA-deficient transgenic rice that was generated by over-
expression of a bacterial salicylate hydroxylase (encoded by
nahG of Pseudomonas putida). These NahG plants contain
less than 0.1 µg of SA per g fresh weight, which is two orders
of magnitude lower than the normal SA level (5 to 30 µg per g
fresh weight in rice, and exhibit increased susceptibility to
blast infection, as indicated by larger lesions and more exten-
sive tissue damage (Yang and Qi 2000). Homozygous trans-
genic lines carrying the nahG transgene were infected with an
avirulent blast isolate and analyzed for JAmyb induction. Sur-
prisingly, depletion of SA did not reduce but significantly
increased blast-induced JAmyb expression as well as cell
death and tissue damage in NahG plants (Fig. 5). This result
not only demonstrates that JAmyb induction is independent of
the SA defense pathway, but further confirms that high-level
expression of JAmyb is associated with large lesions and ex-
tensive cell death/tissue damage.

Specific and rapid activation of JAmyb
by jasmonic acid or wounding.

To further evaluate the effect of signal molecules on JAmyb
expression, SA, JA, benzothiadiazole (BTH, an analog of
SA), probenazole (PBZ, a fungicide capable of inducing SAR
in rice), ABA, and wounding were applied individually to 2-
week-old rice seedlings. RNA blot analyses show that JAmyb
was rapidly activated (within 1 h) by JA, peaked at 2 h, and
decreased at 4 h after treatment (Fig. 6). The expression of
JAmyb also was induced at 2 h after wounding, a process that
could lead to production of JA. JAmyb, however, was not acti-
vated by SA, BTH, PBZ, or ABA. In comparison, PBZ1 was
induced in rice seedlings by all five chemicals. In rice-cell
suspension cultures, JA rapidly induced (within 30 min)
JAmyb, which was undetectable under normal tissue culture
conditions or by treatment of ABA, SA, BTH, or PBZ (Fig.
7). JA and BTH also induced PBZ1 in cell suspension cul-
tures. In contrast to its activation in seedlings, PBZ1 was not
induced by SA, ABA, or PBZ in suspension cells, indicating
differential expression of PBZ1 in seedlings versus cell sus-
pension cultures.

Effect of cycloheximide on JAmyb expression.
The rapid activation of JAmyb by JA suggests that its in-

duction might not require de novo protein synthesis. To inves-
tigate this possibility, protein synthesis was inhibited by pre-
treatment of rice plants with cycloheximide (CHX) at 30 minFig. 2. The relationship between rice JAMyb and other plant Myb proteins.

The dendrogram was generated based on the multiple sequence alignment
of the following Myb proteins: ZmP, Zea mays, U57002; Zm38, Z. mays,
P20025; AtMyb6, Arabidopsis thaliana, U26936; OsMyb2, Oryza sativa,
D88618; OsMyb1, O. sativa, D88617; ZmC1, Z. mays, P10290; OsMyb6,
O. sativa, Y15219; OsMyb3, O. sativa, D88619; OsMyb4, O. sativa,
D88620; PsMyb26, Pisum sativum, Y11105; AmMyb305, Antirrhinum
majus, JQ0958; AtMyb21, A. thaliana, AF062870; OsJAMyb, O. sativa;
CpMyb7, Craterostigma plantagineum, U33917; CpMyb5, C. plantagi-
neum, U33916; CpMyb10, C. plantagineum, U33915; GhMyb, Gossypium
nirsutum, AF034133; AtMyb2, A. thaliana, D14712; OsMyb5, O. sativa,
D88621; OsGAMyb, O. sativa, X98355; HvGAMyb, Hordeum vulgare,
X87690; OsMyb12, O. sativa, AF172282; AtMyb19, A. thaliana,
AF062868; PhPH2, Petunia hybrida, S26604; NtMyb1, Nicotiana taba-
cum, U72762; LeTHM18, Lycopersicon esculentum, T07395 GmMyb,
Glycine max, AB029159; OsMyb9, O. sativa, Y11350; OsMyb8, O. sativa,
Y11414; OsMyb11, O. sativa, Y11352; AtMyb30, A. thaliana, AF062873;
OsMyb7, O. sativa, Y11415; AtMyb74, A. thaliana, AF062907; Os-
Myb10, O. sativa, Y11351.

Fig. 3. Induction of JAmyb by blast fungus during resistant and suscep-
tible interactions. Total RNAs were isolated from rice seedlings follow-
ing infection with an avirulent isolate (resistant interaction) and its
virulent race-change mutant (susceptible interaction). The RNA blot was
sequentially probed with the cDNA fragments of rice JAmyb and PBZ1.
The same blot also was probed with a rice 25S rDNA fragment as load-
ing control.
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before treatment of JA. RNA blot analysis showed that CHX
did not block JA-mediated activation of JAmyb (Fig. 8). CHX
treatment alone, however, induced JAmyb and enhanced
JAmyb expression synergistically when combined with JA.
Similar results were reported with tobacco myb1 and barley
GAmyb expression in response to CHX treatment. In contrast
to JAmyb, induction of PBZ1 by JA was blocked by CHX
treatment, suggesting that PBZ1 expression is dependent upon
the synthesis of new proteins.

DISCUSSION

Endogenous plant molecules such as SA and JA are known
to mediate complex defense signaling pathways that lead to
the transcriptional activation of defense genes. Therefore, SA-
or JA-induced plant transcription factors are likely to be in-
volved in the regulation of defense gene expression and in-
duction of local and systemic resistance. Previously, a TMV-
and SA-induced tobacco gene encoding a Myb transcription
factor was shown to participate in N gene-mediated HR and
SAR (Yang and Klessig 1996). At least two Arabidopsis myb
genes also were induced by bacterial infection and/or related
to hypersensitive cell death (Daniel et al. 1999; Kranz et al.
1998). In this study, we demonstrated for the first time the
induction of a plant myb gene by fungal infection. To our
knowledge, JAmyb also is the first JA-induced transcription
factor gene isolated from monocotyledonous plants. Most
recently, JA-induced APETALA2 (AP2)-domain transcription
factors were isolated from periwinkle and shown to participate
in the regulation of primary and secondary metabolism
(Menke et al. 1999; Van der Fits and Memelink 2000).

The JAmyb gene encodes a novel rice protein with a distinct
C-terminal region as well as a conserved N-terminal region
containing tryptophan repeats characteristic of the Myb fam-
ily. Phylogenetically, JAMyb is related most closely to the
proteins encoded by the ABA-inducible myb genes of C.

Fig. 4. Expression of JAmyb during lesion formation in rice lesion
mimic mutants. Total RNAs were isolated from nonlesion (N, leaf seg-
ments without lesions) and lesion (L, leaf segments with lesions) parts of
rice leaves. B689A-sl and Labelle-sl carry the Sekiguchi mutation and
exhibit reddish-brown lesions. Labelle-pbl is not allelic to the Sekiguchi
mutation and exhibits purplish-brown lesions.

Fig. 5. Increased induction of JAmyb by blast fungus in SA-deficient
transgenic rice. NahG plants are from homozygous transgenic lines
carrying the bacterial salicylate hydroxylase transgene. Wild-type plants
are from segregation lines that lost nahG transgene. RNA samples were
prepared from rice seedlings infected with an avirulent blast isolate and
probed sequentially with rice JAmyb, PBZ1, and rDNA cDNAs.

Fig. 6. Specific induction of Jamyb by jasmonic acid (JA) or wounding
in rice seedlings. Total RNAs were isolated from rice leaves treated with
H2O, JA (0.1 mM), abscisic acid (0.1 mM), salicylic acid (1.5 mM),
benzothiadiazole (0.25 mM), probenazole (0.25 mM), and wounding.
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plantagineum (CpMyb5, 7, and 10) and Arabidopsis thaliana
(Atmyb2), rather than those encoded by pathogen-inducible
myb genes (myb1, Atmyb19, and Atmyb30) or known rice myb
genes. Despite its closest homology with ABA-induced myb
genes, however, pathogen-induced JAmyb is activated tran-
siently by JA or wounding but not by ABA, SA, BTH, or PBZ
in seedlings and cell cultures. This result is not unexpected
because previous studies have shown that function or speci-

ficity of plant myb genes is not necessarily correlated with
their position in the phylogeny (Rosinski and Atchley 1998).
Moreover, jasmonate signaling can be uncoupled from ABA
signaling (Lee et al. 1996).

JA is a 12-carbon fatty-acid derivative produced from the
major plant plasma membrane lipid linolenic acid via the oc-
tadecanoid biosynthetic pathway. In addition to its well-
known role in signaling induced insect resistance, there have
been increasing reports demonstrating the importance of JA in
mediating defense responses against plant pathogens, particu-
larly fungi (Dong 1998; Reymond and Farmer 1998). In rice,
JA appears to be a major endogenous molecule mediating
phytoalexin production and SAR (Schweizer et al. 1998;
Tamogami et al. 1997; Y. Yang, unpublished data). We used
SA-deficient transgenic rice to show that blast fungus-induced
JAmyb expression was independent of the SA signaling path-
way. JAmyb, however, is induced specifically by wounding or
JA and may encode a component of the rice JA signaling
pathway. The specific and rapid activation of JAmyb by
wounding or JA also is consistent with the distinct feature of
the blast-infection process. Under our experimental condi-
tions, fungal spore germination and appressorium formation
occur within 12 h postinoculation. It is well known that blast
appressoria penetrate rice epidermis by generating enormous
turgor pressure that allows a penetration peg to rupture the
underlying cuticle. Therefore, the early activation of JAmyb
by blast fungus may result from mechanical force and
wounding associated with the infection process.

In contrast to tobacco myb1, which is activated by viral in-
fection only during the HR, JAmyb was induced by blast fun-
gus in resistant and susceptible interactions. These differences
in myb gene expression may be explained by the uniqueness
of each pathosystem. In the tobacco–TMV system, viral in-
fection of a resistant cultivar carrying the N resistance gene
results in SA induction, defense gene expression, and hyper-
sensitive cell death, whereas infection of a susceptible cultivar
leads to the development of mosaic symptoms but not defense
gene induction or host cell death. It is likely that TMV may
have actively suppressed defense gene activation and host cell
death to favor its own reproduction and spread in tobacco
plants. In the rice–P. grisea system, infection with the aviru-
lent pathogen results in rapid but limited hypersensitive cell
death, whereas the virulent isolate causes slower but more
extensive host cell death and tissue damage. In such a patho-
system, we found that many defense-related genes induced by
an avirulent blast pathogen during race-specific resistance
responses also are activated by a virulent isolate during the
susceptible interaction (Y. Yang, unpublished data). There-
fore, host defense responses may have been activated (at dif-
ferent levels of strength) by avirulent and virulent pathogens
through common defense signaling pathways.

Induction of JAmyb occurs within 1 day postinoculation of
either avirulent or virulent blast isolates, thus preceding the
formation of visible blast lesions. Surprisingly, induction of
JAmyb is stronger and lasts longer in the susceptible reaction
than in the resistant reaction. In NahG plants, increased sus-
ceptibility (indicated by extensive cell death–tissue damage
and increased fungal growth) to avirulent blast isolates also
was associated with significantly enhanced expression of
JAmyb. This pattern of gene expression clearly is different
from most, if not all, of the previously reported defense-

Fig. 7. Specific induction of Jamyb by jasmonic acid (JA) in rice cell
suspension cultures. Total RNAs were isolated from cell-suspension
cultures treated with H2O, JA (0.02 mM), abscisic acid (0.02 mM), sali-
cylic acid (0.5 mM), benzothiadiazole (0.05 mM), and probenazole
(0.05 mM).
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related genes that typically exhibit faster and stronger induc-
tion in resistant interactions than in susceptible interactions
(e.g., PBZ1 induction by an avirulent pathogen is stronger and
lasts longer than by a virulent pathogen [Fig. 3]). As men-
tioned below, one possibility is that JAmyb encodes a positive
regulator of cell death; therefore, the higher the expression
level of JAmyb, the more extensive cell death/tissue damage
in the susceptible reaction. Another possibility is that JAmyb
gene may participate in the signaling and regulation of sus-
ceptible responses in rice plants.

In addition to its activation during the blast-induced cell
death, the involvement of JAmyb in host cell death has been
demonstrated further with rice lesion mimic mutants. Previous
studies have shown that lesion mimic mutants produce spon-
taneous lesions that are phenotypically similar to hypersensi-
tive cell death triggered by blast infection (Takahashi et al.
1999). The JAmyb gene is activated only in the lesion part, not
in the healthy part of rice leaves. In contrast to PBZ1, which
has a similar level of activation during lesion formation in all
mutants, induction of JAmyb is very strong in Sekiguchi mu-
tants (with large lesions and extensive cell death/tissue dam-
age) but very weak in the purplish-brown lesion mutant (with
small lesions and limited tissue damage), suggesting that
JAmyb likely is involved in the cell-death pathway controlled
by Sekiguchi mutation. Recently, animal Myb proteins have
been shown to act as a regulator of programmed cell death
through regulation of its target gene, bcl-2 (Weston 1998). In
plants, tobacco myb1 and Arabidopsis Atmyb30 are related to
hypersensitive cell death (Daniel et al. 1999; Yang and
Klessig 1996). Our data suggest that JAmyb also is related to
the cell death process induced by blast infection or Sekiguchi
mutation. Because JAmyb activation precedes the HR and
blast lesion formation, it may act as a transcriptional regulator
of signaling pathway(s) leading to host cell death. To test this
hypothesis, we recently generated transgenic rice lines over-
expressing the JAmyb transgene. Preliminary analysis indi-
cates that overexpression of JAmyb led to lesion formation in
the leaves of transgenic plants (M.-W. Lee and Y. Yang, un-
published data). In addition to its potential role in cell death,
JAmyb also may participate in transcriptional regulation of
phytoalexin biosynthetic genes because plant myb genes are
known to regulate the phenylpropanoid pathway, and JA was
shown to activate biosynthetic genes involved in the produc-
tion of flavonoid phytoalexins in rice (Tamogami et al. 1997).
At present, we have not yet identified JAmyb’s target genes
and their biological function. Apparently, in vitro and in vivo
analyses (e.g., trans-factor–cis-element interaction, overex-
pression, gene silencing, and/or knockout mutation) are re-
quired to help elucidate the role of JAmyb in rice defense re-
sponses.

MATERIALS AND METHODS

Plant materials and fungal isolates.
Seeds of rice cultivar Drew were germinated and grown in a

growth room at 28°C under 16 h of light for 2 weeks before
being used in experiments. Rice lesion mimic mutants
(B689A-sl, Labelle-sl, and Labelle-pbl) were grown under the
same conditions as described above. The SA-deficient trans-
genic rice was generated by overexpression of bacterial nahG
gene via Agrobacterium-mediated transformation (Yang and

Qi 2000). Homozygous transgenic lines were selected by
Southern blots and segregation analyses. To obtain cell-
suspension cultures, rice callus was initiated first from Drew
seeds on N6 solid medium (Chu et al. 1975) supplemented
with 2 mg of 2,4-dichlorophenoxyacetic acid per liter. Subse-
quently, seed-derived callus was transferred into N6 liquid
medium. Cell suspension cultures were grown at 28°C and
subcultured weekly. The fungal isolates used in this study
belong to the IC-17 pathotype of P. grisea. The wild-type iso-
late is avirulent on Drew, but its race-change mutant is viru-
lent on the same cultivar (Harp and Correll 1998).

Pathogen inoculation and chemical treatments.
Fungal inoculation of rice plants was carried out by spray-

ing with P. grisea at a concentration of 750,000 spores per ml.
After incubation in a dew chamber (22°C) for 24 h, plants
were moved to a growth chamber and maintained at 28°C
under 16 h of light. For chemical treatments, 2-week-old rice
seedlings were sprayed with either SA (1.5 mM), JA (0.1
mM), BTH (0.25 mM), PBZ (0.25 mM) or ABA (0.1 mM). In
CHX tests, leaves were pretreated with CHX (0.3 mM) at 30

Fig. 8. Effect of cycloheximide on JAmyb and PBZ1 gene expression.
Total RNAs were isolated from control leaves treated with H2O, jas-
monic acid (JA) (0.1 mM) and cycloheximide (CHX) (0.3 mM) as well
as leaves that were pretreated with CHX for 30 min followed by treat-
ment with JA (0.1 mM) plus CHX (0.3 mM).
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min before spraying with JA (0.1 mM) plus CHX (0.3 mM).
Mechanical wounding was achieved by crushing rice leaves
with a hemostat. Chemical treatments of cell-suspension cul-
tures were performed by adding SA (0.5 mM), JA (0.02 mM),
BTH (0.05 mM), PBZ (0.05 mM), or ABA (0.03 mM) and
subsequent samplings of suspension cells. All experiments
were conducted at least twice.

Construction of a blast fungus-induced rice cDNA library.
Total RNAs were prepared by phenol–chloroform extrac-

tion from leaves of 2-week-old rice seedlings of Drew cultivar
inoculated with avirulent or virulent blast isolates. Approxi-
mately 5 µg of mRNA was obtained from 500 µg of pooled
total RNAs with the poly(A) mRNA isolation kit (Stratagene,
La Jolla, CA, U.S.A.). The cDNA library was constructed
with Stratagene’s cDNA synthesis and ZAP Express vector
kits, in accordance with the manufacturer’s instructions. First-
strand cDNAs were synthesized from the blast-induced
mRNAs. After removal of RNAs that bound to first-strand
cDNAs by RNase H enzyme, second-strand cDNAs were
synthesized with DNA polymerase. Subsequently, EcoRI
adapters were ligated to the uneven termini of double-stranded
cDNAs. The resulting adapted double-strand cDNAs were
then digested with XhoI enzyme, producing directional
cDNAs. After size fractionation with a drip column, cDNAs
were precipitated and ligated to the ZAP express vector at 4°C
for 48 h. The ligation products were packaged with Gigapack
III gold packaging extract (Stratagene) and amplified in Es-
cherichia coli strain XL-1 blue MRF′.

Isolation and sequencing of the JAmyb cDNA.
Two degenerate oligonucleotides corresponding to highly

conserved regions in the DNA-binding domain of plant Myb
proteins were synthesized: forward, 5′-AAGTCNTG(C/T)
(A/C)GN(C/T)TI(A/C)GITGG-3′; and reverse, 5′-AT(C/T)TC
0GTTGTCNGTNC(G/T)NCC-3′. The cDNAs synthesized
from blast-induced rice mRNAs were used as the template for
PCR amplification. The amplified fragments (approximately
160 bp) were purified from a 2% agarose gel and cloned into
pGEM-T Easy (Promega, Madison, WI, U.S.A.). After se-
quencing and Northern blot analysis, one of the PCR frag-
ments was identified to be part of a blast- and JA-induced myb
gene. This DNA fragment was used as a probe to isolate the
corresponding full-length JAmyb cDNA by screening ap-
proximately 106 plaques of the blast-induced cDNA library.
The pBK-CMV phagemid carrying the JAmyb cDNA was
then excised in vivo from the lambda ZAP Express vector
with the ExAssist helper phage (Stratagene). Finally, the se-
quence of JAmyb cDNA was determined for both strands with
the dideoxy chain termination method (automated sequencing
service provided by University of Arkansas for Medical Sci-
ence) and analyzed with Vector NTI Suite (InforMax, North
Bethesda, MD, U.S.A.) and BLAST.

DNA and RNA blot analysis.
Total DNA was isolated from rice leaves by phenol–

chloroform extraction. Ten micrograms of genomic DNA was
digested with EcoRI and HindIII, respectively; fractionated on
a 1% agarose gel; and blotted onto a nylon membrane. To
determine JAmyb transcript levels, total RNAs were isolated
from leaf tissues with TRIzol reagent (Life Technologies,

Rockville, MD, U.S.A). Ten micrograms of total RNA was
separated on a 1.2% agarose gel containing formaldehyde and
then transferred onto a nylon membrane. Both DNA and RNA
blots were hybridized with the [α-32P] dCTP-labeled gene-
specific probe (550 to 1,343 bp of JAmyb). Hybridization and
washing were conducted in accordance with the method of
Church and Gilbert (1984).
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