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Pathogenesis-related Gene Expression by Specific Calmodulin
Isoforms Is Dependent on NIM1, a Key Regulator of Systemic
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Plants produce numerous calmodulin isoforms that
exhibit differential gene expression patterns and sense
different Ca2+ signals. This diversity results in different physiological responses to particular stimuli. GmCaM-4 and -5 are two divergent calmodulin isoforms
from the soybean (Glycine max) that have been reported to be involved in plant disease resistance. However, little is known about the pathway by which these
specific isoforms transduce the defense signal and upregulate pathogenesis-related (PR) genes. Here we report that overexpression of GmCaM-4/-5 induces constitutive PR gene expression and enhances disease resistance in wild-type Arabidopsis, but not in the nim1
mutant of Arabidopsis. GmCaM-4/-5 also appear to
activate trans-acting elements that bind to cis-acting
elements in the Arabidopsis PR-1 promoter. Thus upregulation of PR genes by these GmCaM isoforms is
dependent on NIM1 (Non immunity 1) and unknown
transcription factors.
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Introduction
Plants have an elaborate defense system that acts both
locally and systemically in response to pathogen attack
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(Jackson et al., 1996). Local acquired resistance (LAR)
has been well characterized and involves a hypersensitive
response (HR) that leads to the formation of local lesions
that restrict pathogen growth and spread (Goodman et al.,
1994). Over a period of hours to days after the primary
infection, systemic acquired resistance (SAR) develops
throughout the plant (Ryals et al., 1996). This is manifested by enhanced and long-lasting resistance to secondary challenge by a variety of pathogens, including even
unrelated pathogens. Accumulating lines of evidence suggest that Ca2+ signaling is involved in plant defense responses (Dixon et al., 1994). Ca2+ influx is one of the
earliest events that occurs in pathogen-challenged cells
and has been shown to be essential for the activation of
defense responses such as phytoalexin biosynthesis, the
induction of defense-related genes, and hypersensitive cell
death (Levine et al., 1996; Sacks et al., 1993; Tavernier et
al., 1995; Vogeli et al., 1992). However, the molecular target(s) of the Ca2+ signals and how they regulate downstream events remain unclear.
Many components of the plant defense signaling pathway in Arabidopsis have been identified by genetic approaches. Of these, ETR1, COI1 and NIM1 are known to
be particularly important (Glazebrook et al., 1996; Roman
et al., 1995; Ryals et al., 1997; Xie et al., 1998), since
Arabidopsis etr1, coi1, and nim1/npr1 (Non immunity
1/Non expressor of PR genes 1) mutants fail to develop
LAR or SAR and do not express pathogenesis-related
Abbreviations: CaM, calmodulin; cfu, colony forming unit; GmCaM, Glycine max (soybean) calmodulin; HR, hypersensitive
response; LAR, local acquired resistance; NIM1, Non immunity
1; NPR1, Non expresser of PR genes 1; PR, pathogenesisrelated; SA, salicylic acid; SAR, systemic acquired resistance.
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(PR) genes after being treated with ethylene, jasmonic
acid or salicylic acid (SA). In addition, the nim1 mutants
fail to express PR genes in response to benzothiadiazole
(BTH) and 2,6-dichloroisonicotinic acid (INA). Nim1-1
plants have one adenine nucleotide inserted into the
NIM1/NPR1 locus resulting in the alteration of seven
amino acids and deletion of 349 others (Ryals et al.,
1997). They have enhanced susceptibility to pathogen
infection, even after treatment with SA (Cao et al., 1997;
Delaney et al., 1995; Glazebrook et al., 1996; Shah et al.,
1997). These observations suggest that NIM1 is a key
regulator of SAR in Arabidopsis.
The promoters of several plant SAR genes have been
characterized at the molecular level (Henning et al., 1993;
Uknes et al., 1993; Van de Rhee et al., 1990). One of
these is the Arabidopsis PR-1 promoter. Deletion analysis,
10-bp linker-scanning mutagenesis, and in vivo footprinting, have revealed that this promoter contains several cisacting elements, including zinc finger-binding elements,
bZIP-binding elements, PR-boxes, and putative NF-κBbinding sites (Baeuerle et al., 1996; Hart et al., 1993; Lebel et al., 1998; Ramachandran et al., 1994; Rushton et al.,
1996; Vinson et al., 1989). WRKY factors, major transcriptional regulators belonging to the zinc-finger transcription factor family, recognize various W-box elements
(TGACC/T) (Eugem et al., 2000). Although these factors
are still poorly studied, it has been reported that WRKY6
stimulates PR-1 promoter activity and that it may be involved in the function of NIM1 (Robatzek et al., 2002).
NIM1 has in fact been shown to interact with TGA factors
in vitro, in yeasts, in protoplasts, and in transgenic plants
(Despres et al., 2000; Fan and Dong, 2002; Zhang et al.,
1999; Zhou et al., 2000), and to enhance the ability of
TGA proteins to bind to two cis-acting elements (Despres
et al., 2000; Niggeweg et al., 2000). Both of these cisacting elements contain the complementary sequence of
TGACGT (ACGTCA), reported to be a preferred binding
site for TGA factors (Schindler et al., 1992).
We showed previously that two calmodulin (CaM) isoforms from the soybean, Glycine max, namely, GmCaM-4
and -5, were activated by pathogen infection and participate in Ca2+-mediated disease resistance responses. Transgenic GmCaM-4/-5 tobacco plants formed spontaneous
lesions, activated PR genes, and had enhanced resistance to
a broad spectrum of pathogens (Heo et al., 1999). To determine how these GmCaM-4/-5 isoforms regulate downstream signaling events and thereby generate disease resistance, we expressed GmCaM-4/-5 constitutively in
wild-type and mutant Arabidopsis plants. As we observed
when these genes were overexpressed in tobacco, the
transgenic Arabidopsis plants expressed PR genes constitutively and developed SAR. However, when the genes
were overexpressed in a nim1 background, the PR genes
were not induced indicating that NIM1 is an important
component of the GmCaM-4/-5 signaling pathway. We

also obtained evidence that GmCaM-4/-5 activate as yet
unidentified transcription factors involved in the defense
pathway.

Materials and Methods
Material and reagents Arabidopsis ecotypes Columbia (Col-0)
and Wassilewskija (Ws-0) were obtained from the Ohio State
University Arabidopsis Biological Resource Center (USA), and
nim1 seeds were obtained from Dr. John A. Ryals (CIBA-Geigy,
Research Triangle Park, USA). Pseudomonas syringae pv
DC3000 (Pst DC3000) was resuspended in 10 mM MgCl2. Plant
tissues were collected from 3-week-old Arabidopsis plants
grown on plates, and total RNA isolation and Northern hybridization were performed as described (Kim et al., 2001). The
Arabidopsis PR gene probes (PR-1, PR-2, and PR-5; GenBank
accession Nos. M90508, M90509, and M90510, respectively)
were kindly provided by Dr. Ryals. In this study, the soybean
CaMs (SCaM) described previously (Lee et al., 1995), are referred to as glycine max CaMs (GmCaMs).
Construction of transgenic Arabidopsis plants To construct
transgenic Arabidopsis plants, the GmCaM-4/-5 cDNA was
ligated into the plant binary vector pCAMBIA1300, with the
GmCaM coding region under the control of the cauliflower mosaic virus (CaMV) 35S promoter in sense orientation. The recombinant plasmids were then introduced into Agrobacterium
tumefacience GV3101. Wild-type and etr1, coi1, and nim1
Arabidopsis plants were grown prior to transformation in 8-cm
pots filled with soil under a 14 h photoperiod at 22°C for 4 to 6
weeks and transformed by the vacuum infiltration method
(Bechtold et al., 1993). T3 transgenic plants expressing high
levels of GmCaM-4 or GmCaM-5 were selected on media containing 33 mg/L hygromycin. For complementation of nim1, the
wild-type NIM1 coding region was placed under the control of a
modified, constitutive CaMV35S promoter.
Examination of autofluorescence Leaf samples were taken
from plants ranging from 2 to 4 weeks in age and grown on MS
plates. Samples were prepared for autofluorescence examination
as described (Dietrich et al., 1994).
Effect of Pst DC3000 infection on leaf phenotype and measurement of bacterial growth Plants were grown on soil under a
14 h photoperiod at 22°C. To determine the effect on leaf phenotype of virulent Pst DC3000 bacteria, the leaves were injected
with a suspension of the bacteria with a 1 ml syringe and photographed three days later.
To measure the extent of Pst DC3000 infection, 4-week-old
plants were infiltrated by dipping them in a suspension of Pst
DC3000 (optical density at 600 nm at 0.2) in 10 mM MgCl2 and
0.01% silwet L-77. Twenty leaves were excised at various times
from wild-type and 12 independent GmCaM-5 transgenic plants,
and weighed for treatment as described in Bowling et al. (1994).
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Gel mobility shift assays Nuclear protein extracts were prepared from wild-type and GmCaM-5 plants according to Nagao
et al. (1993). Oligonucleotide probes spanning segments of the
PR1 promoter were prepared as follows: probes E1 to E6 were
obtained by PCR amplification (-941 to -826, -826 to -693, -693
to -601, -601 to -425, -425 to -254 and -254 to –134, respectively),
and the E3 probe was further subdivided into three probes,
namely, E3-A, E3-B and E3-C (E3-A; 5′-TCTCAATGGGTGATCTATTGACTGTTTC-3′, and 5′-TAGAGAAACAGTCAATAGATCACCCAT-3′, E3-B; 5′-CTCTACGTCACTATTTTACTTACGTCA-3′ and 5′- CCACATCTATGACGTAAGTAAAAT-3′,
E3-C; 5′-TAGATGTGGCGGCATATATTCTTCAGG-3′ and 5′TGGCTGAAAAGTCCTGAAGAATATATGCC-3′, respectively).
These were prepared by annealing synthetic single-stranded
oligonucleotides. Double-stranded oligonucleotides were labeled by a fill-in reaction to specific activities of approximately
105 cpm/ng with the Klenow fragment of DNA polymerase I and
[α-32P] dATP. The reactions were started by adding nuclear proteins and were incubated for 15 min at room temperature. The
products were loaded onto 5−8% polyacrylamide gels and run in
0.5% Tris-borate-EDTA (TBE) buffer at room temperature for 2
to 3 h at 10 V/cm. The gels were then dried in a vacuum gel
dryer on Whatman No. 3MM paper and exposed overnight for
autoradiography.
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Fig. 1. Constitutive expression of PR genes in transgenic
GmCaM-4/-5 Arabidopsis plants. Total RNAs were isolated
from a wild type (WT) plant and two representative transgenic
plants expressing GmCaM-4 and GmCaM-5 (GmCaM-4 OX
and GmCaM-5 OX). The mRNA levels of several Arabidopsis
PR genes were then examined. PR-1, PR-2, PR-5 and ribosomal
DNA were used as probes.

well as in tobacco.

Results
Constitutive PR expression in GmCaM-4/-5 Arabidopsis plants To determine whether GmCaM-4/-5 can also
activate plant defense responses in Arabidopsis, we constructed transgenic Arabidopsis plants that overexpressed
GmCaM-4/-5 under the control of the CaMV35S promoter.
These are referred to as GmCaM-4 OX and GmCaM-5
OX, respectively. Expression of GmCaM-4/-5 and PR
genes was then assessed by Northern blot analysis. Both
transgenic plants expressed PR genes at high levels, even
in the absence of pathogens (Fig. 1).
Phenotypes of the transgenic plants Unlike the wild
type plants, the transgenic plants accumulated bright UVexcitable fluorescent materials in their leaves (Fig. 2A),
as observed previously in transgenic GmCaM-4/-5 tobacco plants (Heo et al., 1999). We tested the pathogen
resistance of the transgenic plants by injecting them with
Pst DC3000. This caused severe chlorosis on the leaves of
wild type plants but only mild disease symptoms on the
leaves of the transgenic plants (Fig. 2B). In addition, disease symptoms developed much more slowly in the challenged transgenic plant leaves, and monitoring of the
growth rate of the bacteria in the infected leaves revealed
that the numbers of the bacterial pathogen fell by more
than 10-fold in the transgenic plants compared to the
wild-type plants (Fig. 2C). Thus, GmCaM-4/-5 overexpres
sion enhances resistance to pathogens in Arabidopsis as

PR gene induction by GmCaM-4/-5 in etr1, coi1, and
nim1 mutant plants To identify other components of the
GmCaM-4/-5-mediated plant defense signaling pathway,
we expressed these genes in etr1, coi1 and nim1 mutants.
As shown in Fig. 3A, overexpression of GmCaM-4/-5
induced PR-1 expression in etr1 and coi1 plants but not in
nim1 plants (Fig. 3B). Thus, GmCaM-4/-5 may activate
the expression of PR genes via NIM1.
To confirm this NIM1-dependence, we transformed the
nim1 plants with the 35S::NIM1 construct (GmCaM-4/-5
OX+NIM1 in the Ws-0 nim1 strain). These derivatives
now expressed PR genes.
Gel mobility shift assays with wild-type and transgenic
plants To identify the PR-1 promoter targets of GmCaM4/-5, we performed gel mobility shift assays with probes
based on different parts of the promoter. The PR-1 promoter contains several cis elements that are recognized by
transcription factors such as TGA, WRKY, and ethylene
response element-binding protein (ERF) (obtained from
the Database of Plant Cis-acting Regulatory DNA Elements: http://www.dna.affrc.go.jp/htdocs/PLACE). A schematic representation of the 1000 bp of the PR-1 promoter
upstream from the transcription initiation site (Neuenschwander et al., unpublished data) is shown in Fig. 5A.
This fragment was divided into six parts to yield probes
E1 to E6. Only the ~93-bp E3 probe revealed differences
in DNA binding between nuclear extracts of wild-type
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Fig. 2. Pathogen resistance of GmCaM-4/-5 transgenic Arabidopsis plants. A. Spontaneous micro-HR formation in GmCaM4/-5 transgenic Arabidopsis plants. Leaf tissues of wild type
(WT) and transgenic GmCaM-5 (OX #8) Arabidopsis plants
were illuminated with white light (visible) and ultra-violet light
(UV) to detect autofluorescent materials. B. Effect of Pst
DC3000 infection on leaf phenotype. Representative images are
shown of the disease symptoms caused by Pst DC3000 in wild
type (left) and GmCaM transgenic leaves (right), three days
after infection. C. Bacterial growth is inhibited in GmCaM-5
transgenic plants. Plants were infected by injection of Pst
DC3000 and samples were collected at various times with a hole
punch to obtain a leaf disc. These experiments were replicated
three times.

and transgenic plants; the nuclear extracts of the transgenic plants formed several retarded bands not formed by
wild type extracts (Figs. 5B and 5C).
To map the cis elements that interact with the nuclear

Fig. 3. GmCaM-4/-5 overexpression induces PR gene expression in etr1 and coi1 mutant plants but not in nim1 plants. A.
RNA was extracted from untransformed wild type (Col-0, WT)
and GmCaM-4/-5-expressing plants (GmCaM-4/-5 OX), as well
as from etr1 and coi1 mutant plants that did or did not express
GmCaM-4/-5. As a loading control, ribosomal DNA was used. B.
RNA was extracted from untransformed wild type (Ws-0 strain),
nim1, GmCaM-4/-5-expressing and GmCaM-4/-5-expressing nim1
plants. All plants were grown on MS plates for four weeks. The
blots were duplicated and probed for Arabidopsis PR-1, PR-2,
PR-5 and ribosomal DNA transcripts.

proteins of the transgenic plants, we subdivided E3 into
three parts, yielding probes E3-A, -B, and -C (Fig. 5A).
The E3-A probe contains the cis element sequence
(TTGACT; W-box) for the zinc-finger transcription factor
WRKY, the E3-B probe contains two cis-acting elements
(TGACGT) for the TGA and bZIP transcription factors
(Lebel et al., 1998), and the E3-C probe contains a PRbox (also denoted as a GCC-box; GCCGCC) that is recognized by ERF and a putative NF-κB-binding site
(GGACTTTTC). Surprisingly, clear retarded bands were
observed when each of the E3 probes were incubated with
nuclear extracts of the transgenic plants (Fig. 5C, lanes 3,
6, and 9). In contrast, the E3-A and E3-C probes were not
retarded by wild type extracts (Fig. 5C, lanes 2 and 8),
and only a small amount of complex was formed with the
E3-B probe (Fig. 5C, lane 5). This is consistent with a
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Fig. 4. The absence of GmCaM-4/-5-mediated PR gene expression in nim1 plant is reversed by wild type NIM1. RNA was
isolated from nim1 mutant plants that co-expressed GmCaM-4/5 with NIM1 (GmCaM-4/-5 OX + NIM1) and blots were probed
for Arabidopsis PR-1 mRNA, and ribosomal DNA as a loading
control.

weak interaction between the TGA family and the as-1like element in uninfected plants (Despres et al., 2000).
These results suggest that the retarded complexes are
most likely formed by binding of transcription factors
induced by GmCaM-4/-5 to the W-box in E3-A, and the
PR-box and NF-κB-binding site in E3-C (Figs. 5A and 5C,
lanes 3 and 9). Interestingly, incubation of GmCaM-4/-5
transgenic plant extracts with the E3-B probe resulted in
much more complex formation, than with control extracts,
although the mobility of the DNA-protein complex was
not altered (Fig. 5C, lane 6). To examine the specificity of
the DNA binding observed with the E3-B probe, competition experiments using unlabeled E3-B probe were performed. The addition of 40-fold unlabeled oligonucleotide
completely abolished the binding of nuclear proteins to
the labeled probe (Fig. 5D). Thus, the constitutive expression of the PR gene in GmCaM-4/-5 transgenic Arabidopsis plants may correlate with the binding of activated
transcription factors to cis elements in the PR gene promoters.

Discussion
Induction of the PR genes by GmCaM isoforms is dependent on NIM1 We have shown above that that GmCaM-4/-5 induces PR gene expression in Arabidopsis via
a NIM1-dependent signaling pathway (Figs. 3 and 4).
There are several ways in which NIM1 might be involved
in the expression of PR genes. First, GmCaM-4/-5 might
induce NIM1 gene expression. However, we have shown
that expression of NIM1 is not enhanced in transgenic

C

D

Fig. 5. Enhanced binding of nuclear proteins from transgenic
GmCaM-5 plants to cis elements of the PR-1 promoter. (A)
Schematic depiction of the Arabidopsis PR-1 promoter from 978 to -134. The regions covered by the E1-E6 and E3-A, E3-B
and E3-C probes are shown. The transcription start site (+1) is
marked with an arrow. Gel retardation assays with wild type and
GmCaM-5 transgenic extracts using E1 through E6 probes (B)
and E3-A, E3-b, E3-C (C). Lanes 1-3, 4-6, and 7-9 contain
equal amounts of radiolabeled E3-A, E3-B, and E3-C probes,
respectively. Lanes 1, 4 and 7 contained the indicated probes
only (FP). Lanes 2, 5 and 8 contained the indicated probes and
wild type nuclear extracts (WT). Lanes 3, 6, and 9 contained the
indicated probes and GmCaM-5 nuclear extracts (OX). Free,
nonspecific and bound complexes are indicated by arrows (C).
Competition assays were performed by adding unlabeled E3-B
probe at the indicated concentration together with radiolabeled
E3-B probe. In lanes 3 and 4, unlabeled E3-B was used as competitor. Free probe and bound complexes are indicated by arrows (D).

GmCaM-4/-5 Arabidopsis plants (data not shown). This is
consistent with the fact that PR gene expression is not
increased in NIM1-overexpressing plants unless they are
challenged with a pathogen (Kinkema et al., 2000). Thus,
NIM1 may be activated by some other pathogen-induced
component(s). Second, GmCaM-4/-5 might bind to and
activate NIM1, which would then activate plant defense
responses. Supporting this notion is our observation (unpublished) of a putative CaM-binding site in the aminoterminal region of NIM1. However, when we performed a
CaM overlay assay with NIM1 we failed to detect any
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binding (data not shown). Third, GmCaM-4/-5 may indirectly activate NIM1 via other signaling intermediates
and/or the redox potentials involved in defense signaling.
Our results were obtained in a heterologous systems,
but, but we previously detected an approximately 17 kDa
protein in Arabidopsis extracts that cross-reacted with a
GmCaM-4-specific antibody, suggesting the presence of a
GmCaM-4/-5 homolog or ortholog in Arabidopsis (Lee et
al., 1995). Although GmCaM-4/-5 are highly homologous
to AtCaM-8 (GenBank accession number AAD53314),
with only a few amino acid differences (81% amino acid
similarity), expression of AtCaM-8 gene is not pathogeninduced. In addition, AtCaM-9 (GenBank accession number AAD53315, 51% amino acid similarity) has an expression pattern similar to GmCaM-4/-5 (pathogen stress
inducible), but it does not cross-react with GmCaM-4
antibody and its overexpression does not lead to PR gene
expression or enhanced disease resistance. We are attempting to identify a GmCaM-4/-5 ortholog in Arabidopsis.
GmCaM-4/-5-induced PR gene expression is mediated
by activation of transcription factors As shown in Fig.
5C, GmCaM-4/-5 is able to promote the binding of unknown transcription factors to cis elements in the PR-1
promoter. These elements include an as-1-like element, a
W-box, a PR-box and an NF-κB-binding element (Lebel
et al., 1998). This suggests that transcription factors, including some member(s) of the TGA family (Despres et
al., 2000; Schindler et al., 1992; Zhang et al., 1999), are
involved downstream of Ca2+/CaM and NIM1. The enhanced binding of components of nuclear extracts of the
transgenic plants to the PR-1 promoter implies that
GmCaM-4/-5 enhances the DNA-binding activity of putative transcription factors without itself binding to the transcription activation complex on the PR promoter. The
promoters of the PR-2 and PR-5 genes in Arabidopsis
also contain several cis elements, including as-1-like and
W-box elements (http://www. dna.affrc.go.jp/htdocs/
PLACE). Thus, the constitutive expression of the PR
genes in GmCaM transgenic plants may be closely related
to the interactions of CaM-activated transcription factors
with cis elements in the PR gene promoters. We tested
whether the expression of Arabidopsis TGA members
(AtTGA-1 to -6) is enhanced in GmCaM-4/-5 transgenic
Arabidopsis plants but found no increase (data not shown).
In this study, we introduced soybean CaM isoforms
into the model plant, Arabidopsis, because the latter permits a wider range of genetic analyses. However, it remains important to isolate the Arabidopsis orthologs of
GmCaM-4/-5 as well as the downstream components that
form the transcription activation complexes on the PR-1
promoter. Our research is currently focused on a biochemical analysis of NIM1 and the isolation of transcription factors that are activated by GmCaM-4/-5.
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