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ABSTRACT The Ca21 signal is essential for the activation
of plant defense responses, but downstream components of the
signaling pathway are still poorly defined. Here we demon-
strate that specific calmodulin (CaM) isoforms are activated
by infection or pathogen-derived elicitors and participate in
Ca21-mediated induction of plant disease resistance re-
sponses. Soybean CaM (SCaM)-4 and SCaM-5 genes, which
encode for divergent CaM isoforms, were induced within 30
min by a fungal elicitor or pathogen, whereas other SCaM
genes encoding highly conserved CaM isoforms did not show
such response. This pathogen-triggered induction of these
genes specifically depended on the increase of intracellular
Ca21 level. Constitutive expression of SCaM-4 and SCaM-5 in
transgenic tobacco plants triggered spontaneous induction of
lesions and induces an array of systemic acquired resistance
(SAR)-associated genes. Surprisingly, these transgenic plants
have normal levels of endogenous salicylic acid (SA). Fur-
thermore, coexpression of nahG gene did not block the induc-
tion of SAR-associated genes in these transgenic plants,
indicating that SA is not involved in the SAR gene induction
mediated by SCaM-4 or SCaM-5. The transgenic plants
exhibit enhanced resistance to a wide spectrum of virulent and
avirulent pathogens, including bacteria, fungi, and virus.
These results suggest that specific CaM isoforms are compo-
nents of a SA-independent signal transduction chain leading
to disease resistance.

The resistance of plants to invading pathogens is accompanied
by the deployment of a complex array of defense responses (1).
These responses include rapid death of challenged cells leading
to the formation of local lesions (termed the hypersensitive
response, HR) (2) and nonspecific immunity to subsequent
infection by a variety of pathogens known as systemic acquired
resistance (SAR) (3). Accumulating evidence implicates the
involvement of a Ca21 signal in certain plant defense re-
sponses. A Ca21 ion influx is one of the earliest events in
challenged cells (4–9) and has been shown to be essential for
the activation of defense responses such as phytoalexin bio-
synthesis, induction of defense-related genes, and hypersensi-
tive cell death (10–13). However, the molecular target(s) of
this Ca21 signal and how it regulates downstream events in the
defense signaling pathway is not well understood. In particular,
little is known about the Ca21 signal receptors and the
mechanisms by which these Ca21-modulated proteins trans-
duce the Ca21 signal into defense responses. Based on phar-
macological studies with calmodulin (CaM) antagonists (10–
12), it has been proposed that CaM, a major Ca21 signal
transducer in both animals and plants (14), is involved. How-
ever, CaM antagonists also can influence other cellular pro-
cesses not related to the Ca21yCaM signaling (15). Thus,
whether CaM is an actual component of plant defense signal-

ing and, if so, what is the identity of the CaM-modulated
enzymes andyor proteins involved remain to be determined.

Previously, we cloned five CaM isoform genes from soybean
(SCaM-1 through SCaM-5) (16). Although some of these
isoforms (SCaM-1, -2, and -3) are .96% identical with mam-
malian CaM, two isoforms (SCaM-4 and SCaM-5) exhibit
only '78% identity and are thus the most divergent isoforms
reported thus far in the plant and animal kingdom. The ability
of these two divergent isoforms to activate two CaM-
dependent enzymes in vitro is very different from that of the
highly conserved isoforms, SCaM-1, -2, and -3 (16). This
difference in their ability to activate a variety of target enzymes
is presumably because of their divergent primary structure
(17). These data suggest that SCaM-4 and SCaM-5 may play
different roles in the plant cell.

In this paper, we describe a role of the divergent CaM
isoforms in plant disease resistance responses, as evidenced by
pathogen-induced rapid increase in gene expression level and
activation of plant defense responses in the absence of patho-
gens. We provide in vivo evidence not only for functional
differences among CaM isoforms but also for a potential role
of SCaM-4 and SCaM-5 in plant defense signaling.

MATERIALS AND METHODS

Plant Materials and Treatments. Soybean suspension cell
culture (SB-P) was maintained in KN-1 medium as described
(18). A 10-day-old subculture that had been dark-adapted for
3 days was used for the treatments. Fungal elicitor was
prepared from Fusarium solani or Phytophthora parasitica var.
nicotianae as described (19) and added to the cell culture at a
final total reducing sugar concentration of 50 mgyml.

RNA Blot Analysis. Isolation of total RNA and Northern
hybridization were performed as described (16). The tobacco
pathogenesis-related (PR)-protein probes were kindly pro-
vided by J. Ryals (CIBA–Geigy), and the phenylalanine am-
monia-lyase gene cDNA probe was generously donated by C.
Lamb (Salk Institute, San Diego, CA).

Construction of Transgenic Plants. For construction of the
transgenic tobacco plants (Nicotiana tabacum cv. Xanthi-nc),
the SCaM-4 or -5 cDNA was ligated into a plant binary vector,
pGA643 (20), in which the SCaM cDNAs were placed under
the control of the caulif lower mosaic virus (CaMV) 35S
promoter in a sense orientation. The recombinant plasmids
were introduced into Agrobacterium tumefacience EHA101,
and transformed tobacco plants were obtained by a standard
leaf disc transformation method (21). R1 progeny of transgenic
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plants expressing high levels of SCaM-4 or SCaM-5 were used
for the experiments and maintained at 25°C day and 20°C night
temperature, a 16-h photoperiod, and 65% relative humidity.
To generate transgenic tobacco plants coexpressing SCaM-4,
SCaM-5, and nahG genes, the NahG-10 tobacco plants (gift
from J. Ryals) were transformed with the CAMBIA vector
(pCAMBIA1300) harboring hpt as a selection marker, in
which SCaM inserts were placed under the control of the
CaMV 35S promoter. Plant transformation was performed as
described above, and transformed plants were selected by
kanamycin and hygromycin resistance.

Analysis of Transgenic Plants. Bacterial pathogens were
grown in King’s B medium supplemented with appropriate
antibiotics (22) and pressure-inoculated into leaves by using a
1-ml syringe. Infection of tobacco mosaic virus (TMV) and
Phytophthora parasitica pv. nicotianae were performed as de-
scribed (23). Salicylic acid (SA) levels were determined from
the fourth or fifth leaves of mature tobacco plants as described
by Meuwly and Métraux (24).

RESULTS

Rapid Induction of Specific CaM Isoforms By Pathogen. To
investigate whether CaM is involved in plant defense signaling,
we first examined expression of the five SCaM genes encoding
different CaM isoforms (SCaM-1, -2, -3, -4, and -5) (16) after
treatment with a fungal elicitor (19). Treatment of soybean cell
suspension cultures with a nonspecific fungal elicitor prepared
from Fusarium solani resulted in a dramatic rise (.10 fold) in
mRNA encoded by SCaM-4 and SCaM-5 (Fig. 1A), the two
SCaM genes whose sequences are most diverged from other
CaM genes and subsequently will be referred to as the
divergent CaM. Their mRNA levels peaked at 1 h and then
slowly declined to basal levels by 12 h. The basal expression
levels of these two SCaM genes in untreated cells were very low
in comparison to those of the highly conserved SCaM genes,
SCaM-1, -2, and -3. In contrast to SCaM-4 and SCaM-5,
expression of the three conserved SCaM genes was not acti-
vated by the elicitor treatment (Fig. 1A). Consistent with the
changes in SCaM mRNA levels, the protein levels of SCaM-4
and -5 but not SCaM-1, -2, and -3 also increased within 30 min
of treatment (Fig. 1B). SCaM-4 and -5 protein levels reached
their maximum of approximately 0.5 mgymg of soluble protein
after 2 h and then slowly declined after 12 h. In contrast,
SCaM-1, -2, and -3 protein levels were not changed signifi-
cantly by the fungal elicitor treatment. Interestingly, the in-
duction of the SCaM-4 and SCaM-5 genes expression preceded
that of the phenylalanine ammonia-lyase gene whose mRNA
level began to increase 3 h after treatment (see Fig. 1 A). An
elicitor prepared from Phytophthora parasitica var. nicotianae
had a similar effect on the expression of these CaM genes (see
Fig. 1C).

Ca21-Dependent Induction of SCaM-4 and SCaM-5. We
next examined the effect of several potential inducers of plant
defense-related genes to gain further insight into the molecular
signals involved in the induction of SCaM-4 and SCaM-5 gene
expression. Both P. parasitica elicitor and a bacterial pathogen,
Pseudomonas syringae pv. glycinea (Psg) carrying avrC, effec-
tively induced SCaM-4 and SCaM-5 gene expression (Fig. 1C).
Cycloheximide, a protein synthesis inhibitor, did not block
SCaM-4 and SCaM-5 induction by the P. parasitica elicitor. In
contrast, addition of a Ca21-chelator, 1,2-bis-(o-aminophe-
noxy)-ethane-N,N,N9,N9-tetraacetic acid, abolished the induc-
tion of SCaM-4 and SCaM-5, whereas the Ca21-ionophore
A23187 alone was sufficient to induce SCaM-4 and SCaM-5
expression as effectively as the fungal elicitor. However,
application of exogenous SA (1–5 mM) or hydrogen peroxide
(H2O2; 1–10 mM) did not induce the expression of SCaM-4
and SCaM-5 genes during a 24-h time course (data not shown).
A H2O2-generating system (glucose and glucose oxidase; ref.

22) and a superoxide-generating system (xanthine and xan-
thine oxidase; ref. 25) also failed to induce SCaM-4 and
SCaM-5 gene expression. Two unrelated signal molecules,
jasmonic acid (JA) (26) and abscisic acid (ABA) (27), also

FIG. 1. Rapid induction of SCaM-4 and SCaM-5 during plant defense
response. (A) Effect of a fungal elicitor on the expression of SCaM genes.
Soybean cell suspension culture (SB-P) was treated with fungal elicitor
prepared from Fusarium solani, and total RNA was isolated at the
indicated times and analyzed for SCaM-1, SCaM-4, SCaM-5, phenylal-
anine ammonia-lyase (PAL), and b-tubulin mRNA. (B) Changes in
SCaM protein levels upon fungal elicitor treatment. SB-P cells were
treated as described in A and relative protein levels of SCaM-4ySCaM-5
or SCaM-1ySCaM-2ySCaM-3 were examined by immunoblot analysis
using either anti-SCaM-4 or anti-SCaM-1 antibody, respectively (16).
Relative protein levels of SCaM isoforms were calculated by comparing
band intensities and areas in autoradiograms with those of known
quantities of standard SCaM-1 or SCaM-4 proteins by using scanning
densitometry. (C) Effect of various defense signaling molecules on the
expression of SCaM genes. SB-P cells were treated for 1 h as indicated
above the lanes, and the mRNA levels of the SCaM genes were examined
by Northern blot analysis. dH2O, water control; Psg, P. syringae pv.
glycinea carrying avrC; FE, fungal elicitor prepared from P. parasitica var.
nicotianae; FE1CHX, fungal elicitor plus 1 mgyml of cycloheximide;
FE1BAPTA, fungal elicitor plus 5 mM 1,2-bis-(o-aminophenoxy)-
ethane-N,N,N9,N9-tetraacetic acid; Ca211A23187, 25 mM Ca21 iono-
phore A23187 plus 5 mM CaCl2; H2O2, 2 mM hydrogen peroxide; G-GO,
glucose and glucose oxidase system; X-XO, xanthine and xanthine
oxidase system; SA, 2 mM salicylic acid; JA, 100 mM jasmonic acid; ABA,
100 mM abscisic acid.
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were unable to induce SCaM-4 and SCaM-5. These results
indicate that transcriptional activation of SCaM-4 and SCaM-5
genes does not require protein synthesis and either precedes
synthesis and accumulation of reactive oxygen species (ROS)
and SA or is in another disease-resistance signaling pathway.
Furthermore, their activation was specific; signaling com-
pounds associated with other stress responses such as wound-
ing (JA) and drought (ABA) did not induce SCaM-4 and
SCaM-5. However, their induction appears to be mediated by
an increase of intracellular Ca21 concentration.

Spontaneous Lesion Formation in Transgenic Tobacco
Plants Constitutively Expressing SCaM-4 or SCaM-5. To
examine the biological functions of the divergent SCaM iso-
forms in plant defense responses, we constructed transgenic
tobacco plants that constitutively expressed SCaM-4 or
SCaM-5 under the control of the constitutive caulif lower
mosaic virus 35S promoter. Transgenic plant lines expressing
SCaM-4 or SCaM-5 first were selected by Northern analysis
and verified by immunoblot analysis (16). Interestingly, the
transgenic SCaM-4 and SCaM-5 plants often spontaneously
formed disease-like necrotic spots on their leaves (Fig. 2 A and
B). The lesions appeared first in the oldest mature leaves,
whereas the top 3–4 young leaves never developed lesions.
Lesions may form on older leaves as they senesce. Untrans-
formed wild-type and empty vector-transformed control trans-
genic plants grown under identical conditions did not show
these symptoms. To determine whether these lesions were
HR-like lesions, they were examined with a fluorescence
microscope. HR-like lesions accumulate fluorescent material
in the cell walls that is readily visible under UV illumination
(28, 29), whereas necrotic regions generated by mechanical
wounding or freezing and thawing have no such fluorescence
(23). Leaves of the transgenic plants exhibited accumulation of
bright UV-excitable fluorescent material in their lesions,
suggesting that these necrotic lesions resemble HR-like lesions
(Fig. 2 C and D). Similar spontaneous lesions have been found
in a variety of lesion-mimic mutants of Arabidopsis and maize
(30).

The constitutive expression of these divergent CaM iso-
forms, SCaM-4 and SCaM-5, did not affect the level of the

highly conserved endogenous tobacco CaM recognized by the
anti-SCaM-1 antibody (Fig. 3A). The anti-SCaM-1 antibody
recognized equally the highly conserved CaM isoforms
SCaM-1, SCaM-2, and SCaM-3 protein but not the divergent
SCaM-4 and SCaM-5. The anti-SCaM-4 antibody cross-
reacted with SCaM-5 but not with the highly conserved CaM
isoforms (ref. 16, data not shown). The amounts of SCaM-4
and SCaM-5 protein in these transgenic plants were estimated
to be 0.3–0.5 mgymg total soluble leaf protein, which is similar
to the maximal level of the SCaM-4ySCaM-5 protein induced
by a fungal elicitor in soybean cells (see Fig. 1B). Furthermore,
the levels of SCaM-4 and SCaM-5 in transgenic plants did not
exceed the protein levels of the highly conserved CaM iso-
forms (SCaM-1, SCaM-2, and SCaM-3). Thus, it is likely that
the formation of spontaneous lesions in the transgenic plants
is not the result of high-level overexpression of SCaM-4 or
SCaM-5 per se, which could lead to abnormal cellular re-
sponses (30, 31), but rather is caused by levels of these CaM
isoforms that are similar to those after activation of these genes
by pathogen attack.

Constitutive Expression of SAR Genes in Transgenic
SCaM-4 and SCaM-5 Plants. Plants that produce spontaneous
lesions often show elevated expression of genes encoding PR
proteins and increased resistance to pathogens (30, 31). In-
terestingly, in the absence of pathogens, the transgenic
SCaM-4 and SCaM-5 plants expressed at high levels all nine of
the SAR marker genes in tobacco that normally are activated
during the development of SAR (3, 32) (Fig. 3B). Wild-type
plants and control empty vector transgenic plants grown under
identical conditions did not express these genes. The SAR-
associated genes examined were constitutively expressed
throughout the growth and development of the SCaM-4 and
SCaM-5 transgenic plants and were apparent even in the leaves
of axenically grown young plants that are free of any visible
lesions when examined under the microscope (Fig. 3C). Thus,
expression of PR genes in the transgenic SCaM-4 and SCaM-5
plants was observed to be independent of lesion formation,
suggesting that PR gene expression in the transgenic plants
may not be a consequence of cell death.

SA-Independent SAR Gene Induction in Transgenic
SCaM-4 and SCaM-5 Plants. SA is known to be a natural
signaling molecule for the activation of certain plant defense
responses (3, 31, 33). The application of exogenous SA to
tobacco leaves mimics the pathogen-induced SAR responses
such as PR protein synthesis. In addition, endogenous SA
levels in several lesion-mimic mutants are substantially higher
than those of wild-type plants in the absence of pathogen
challenge (3, 31). Furthermore, transgenic plants that consti-
tutively expressed the bacterial nahG gene, which encodes a
SA-degrading enzyme, are defective in their ability to induce
SAR (34, 35). We therefore examined whether the elevated
levels of PR gene expression in SCaM-4 or SCaM-5 transgenic
plants might be the result of elevation of endogenous SA levels.
The levels of SA were assayed in the TMV-infected leaves, and
the leaves were harvested 10 days after TMV infection.
Surprisingly, SA levels in SCaM-4 and SCaM-5 transgenic
plants were similar to those of wild type. Moreover, infection
with TMV resulted in similar increases in SA levels in the
transgenic plants and wild-type plants, demonstrating that the
expression of SCaM-4 and SCaM-5 in the transgenic plants did
not affect endogenous SA accumulation (Table 1). Consistent
with these observations, the expression of nahG gene did not
suppress the constitutive expression of PR genes in SCaM-4
and SCaM-5 transgenic plants (Fig. 3D). Furthermore, the
infection of TMV on SCaM-4 or SCaM-5 transgenic plants did
not show significant additive effect on the levels of PR gene
expression (data not shown). These results strongly argue that
SA is not involved in the induction of PR gene expression
mediated by SCaM-4 or SCaM-5.

FIG. 2. Phenotypes of transgenic tobacco plants constitutively
expressing SCaM-4 or SCaM-5. (A) Formation of spontaneous disease
lesion-like necrotic regions in the transgenic plants. The whole plant
morphology of an 8-week-old representative transgenic SCaM-4 plant
(Right) shows that lesions appeared only in the older leaves. A normal
wild-type plant of similar age is shown (Left). (B) A closer look at the
spontaneous lesions formed on the leaf of a 10-week-old SCaM-5
transgenic plant (Right). A normal leaf of a similar age is shown (Left)
for comparison. (C and D) Accumulation of UV-excitable fluorescent
material in the cell walls of spontaneously formed lesions. Microscopic
examination of a spontaneous lesion under differential interference
contrast (C) and epifluorecence (D) optics after nuclear staining of
leaf tissues with 49, 6-diamidino-2-phenylindole. Magnifications: 350.
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Enhanced Disease Resistance of Transgenic SCaM-4 and
SCaM-5 Plants to a Wide Spectrum of Pathogens. Finally, we
assessed whether transgenic SCaM-4 and SCaM-5 plants had
altered resistance to pathogens. We used an oomycete fungal
pathogen, Phytophthora parasitica var. nicotianae (the causal
agent of black shank disease) to inoculate the transgenic and
wild-type plants. At 5 days after P. parasitica inoculation,
disease symptoms started to appear on the wild-type plants but
not on the transgenic plants. By 7 days after inoculation, the
wild-type plants had severe disease symptoms, such as leaf
wilting and stem rot, and eventually died by 8 days after
inoculation. However, the transgenic plants remained healthy
without appreciable disease symptoms. The inoculated
SCaM-4 or SCaM-5 transgenic plants did not show necrotic
lesions in the 4- to 5-week-old plants. However, the lesions
started to develop in the bottom leaves of 7- to 8-week-old
transgenic plants similarly to the uninoculated transgenic
plants (Fig. 4A). The leaves of the fungus-infected wild-type
plants showed uninterrupted spreading of fungal hyphae with
little callose deposition (Fig. 4B). In contrast, leaves of the
inoculated transgenic plants had no such growth of fungal
hyphae but instead exhibited bright fluorescence related to
callose deposition and accumulation of autofluorescent ma-

terial in the cells surrounding the fungal penetration sites (Fig.
4C), which is characteristic of an HR. Interestingly, P. para-
sitica var. nicotianae is a virulent pathogen on the parental,
nontransformed Xanthi-nc tobacco cultivar and does not
normally trigger an HR. The transgenic plants also showed
enhanced resistance to a virulent bacterial pathogen, Pseudo-
monas syringae pv. tabaci (Pst). They successfully blocked
development of disease symptoms, and the in planta growth of
Pst was retarded greater than 10-fold compared with their
growth in wild-type plants (Fig. 4D). In addition, transgenic
SCaM-4 and SCaM-5 plants exhibited increased resistance to
an avirulent viral pathogen, TMV. The transgenic plants
developed TMV-induced HR lesions approximately 12 h ear-
lier than wild-type plants. Furthermore, the transgenic plants
had fewer ('5-fold) and smaller TMV-induced lesions (Fig.
4E), which are two characteristics associated with enhanced
SAR to TMV.

DISCUSSION

In this report, we have described a potential role for the major
Ca21 signal transducer, CaM, in plant defense signaling. Our
results argue that the divergent CaM isoforms act as both

FIG. 3. Constitutive expression of PR protein genes in transgenic SCaM-4 (S4TG) and SCaM-5 (S5TG) tobacco plants. (A) Immunoblots
showing elevated SCaM-4 and SCaM-5 protein levels in transgenic plants. Total soluble protein (50 mg) from three independent transgenic plant
lines was analyzed for CaM protein levels by using either the anti-SCaM-4 or anti-SCaM-1 antibody. (B) Constitutive expression of PR protein genes
in the transgenic plants. Total RNA was isolated from a wild type (WT), a control transgenic plant harboring an empty vector (CT), and three
representative independent transgenic plants expressing SCaM-4 (S4TG) or SCaM-5 (S5TG) and examined for the mRNA levels of tobacco SAR
genes (31). # indicates designation of transgenic plant line. (C) Comparison of PR-1a gene expression in lower old leaves that formed lesions (1)
and upper young leaves that did not form lesions (2) from SCaM-4 and SCaM-5 transgenic plants. The lesion (1) and lesion (2) leaf samples
were taken from the same transgenic plants. (D) SA-independent PR protein gene expression. The effect of constitutive expressing SCaM-4 or
SCaM-5 in wild-type plants or NahG transgenic plants (33) on PR protein gene expression was examined by RNA gel blot analysis using PR1a
and PR5 probes. Data shown are representative results obtained from at least 10 respective independent transgenic plant lines.
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signal receptor and transmitter of the pathogen-induced Ca21

signal. SCaM-4 and SCaM-5 resemble immediate early gene
products such as fos and jun in animal systems in that certain
external stimuli immediately activate their expression, which
then leads to cellular responses (36, 37). Thus, SCaM-4 and
SCaM-5 are two of the inducible components in plant defense
responses.

Transgenic plants that constitutively expressed SCaM-4 and
SCaM-5 had phenotypes similar to those of spontaneous
lesion-mimic (e.g., lsd and acd) mutants (28, 29); however,
there are several notable differences. The first concerns the
causal relationship between cell death and PR gene expression.
Although PR gene expression is tightly linked to cell death in
lsd and acd mutants, it is observed to be independent of
microscopic and macroscopic lesion formation in the SCaM-4
and SCaM-5 transgenic plants. The second major difference is
SA dependence. SA levels in most lesion-mimic mutants are
substantially higher than those in normal plants (3, 30, 31). In
contrast, in the SCaM-4 and SCaM-5 transgenic plants disease
resistance responses were activated without concurrent eleva-
tion of endogenous SA level. In addition, removal of SA in
these transgenic plants by coexpression of the nahG gene failed
to block the constitutive expression of PR genes (Fig. 3D).
Furthermore, activation of SCaM-4 and -5 gene expression was
independent of SA accumulation; exogenous supply of SA to
the SB-P cells failed to induce these genes (Fig. 1C), and the
induction was evident in NahG transgenic plants (data not
shown). The enhanced disease resistance by constitutive ex-
pression of SCaM-4 or SCaM-5 is also evident in the transgenic
plants coexpressing nahG gene and SCaM-4 or nahG gene and
SCaM-5 (unpublished data). These observations strongly sug-
gest that SCaM-4 and SCaM-5 activate plant disease resistance
responses via a SA-independent pathway(s).

Our results provide in vivo evidence for functional differ-
ences among plant CaM isoforms. Only SCaM-4 and SCaM-5
isoforms are induced by pathogens and enhanced defense
responses in transgenic plants, whereas the other highly con-
served CaM isoforms such as SCaM-1 and SCaM-2 did not
have these properties (data not shown). During preparation of
this paper, a role for CaM in the ROS production during the
plant defense response was reported (38). Those authors
propose that Ca21 activation of CaM stimulates NAD kinase
and the resulting increase of cellular NADPH levels then
activates NADPH oxidase, which produces ROS. This Ca21y
CaM pathway in ROS production is thought to be mediated by
the highly conserved CaM isoforms because the divergent
CaM isoforms are unable to activate NAD kinase (16, 17).
These observations support a model for concerted roles of

CaM isoforms in plant defense response against pathogens, in
which the highly conserved CaM isoforms mediate ROS
increases, whereas the divergent CaM isoforms activate pro-
grammed cell death and defense gene expression.

Transgenic plants constitutively expressing several other
transgenes also have been shown to have lesion-mimic phe-
notype and altered disease resistance. These genes include
Halobacterium opsin, mutant ubiquitin ubR48, cholera toxin
subunit A1, and yeast invertase (23, 39–41). These transgenic
plants have elevated levels of endogenous SA, which argues
that their altered disease-resistance responses result from SA
accumulation that may be ascribed to the metabolic stress
induced by these transgenes (30, 31). Indeed, it is unlikely that
these genes are bona fide components of the plant defense
response pathway(s). In contrast, the divergent CaM isoforms
represent one of the ‘‘natural’’ pathogen-inducible compo-
nents in plant defense signaling whose constitutive expression
leads to enhanced disease resistance. However, at the present

FIG. 4. Enhanced disease resistance of transgenic tobacco plants
constitutively expressing SCaM-4 or SCaM-5. (A) Disease responses to
the virulent fungal pathogen, P. parasitica var. nicotianae. At 7 days
after inoculation, plants were examined for disease symptoms. Rep-
resentative results of wild type (WT), transgenic plants expressing
SCaM-4 (S4TG) or SCaM-5 (S5TG) are shown. (B and C) Fluores-
cence micrographs of leaves infected with the virulent P. parasitica var.
nicotianae. Infected leaves were cleared, stained with aniline blue, and
examined under an UV-light epif luorescence microscope. In leaves of
the wild-type plants (B) the spreading of fungal hyphae is evident, but
leaves of the transgenic plants (C) show the accumulation of UV-
excitable fluorescent material in the cells surrounding the fungal
penetration sites without appreciable growth of fungal hyphae. (Scale
bars represent 100 mm.) (D) In planta bacterial growth. Pst was
inoculated into leaves of mature wild-type (WT) and transgenic
SCaM-4 (S4TG) and SCaM-5 (S5TG) plants at 105 cfuyml, and in
planta bacterial growth was monitored over 5 days. Data points
represent means of two determinations from five independent lines.
(E) Elevated resistance of SCaM-4 and SCaM-5 transgenic plants to
the avirulent pathogen TMV. The second or third fully expanded
young leaves from the uppermost part of plants were inoculated with
TMV by gently rubbing leaves with carborundum and 2 mgyleaf TMV,
and the development of HR lesions were monitored over 5 days. Data
shown are the numbers of HR lesions formed in these plants. In all of
these pathogen tests, control transgenic plants transformed with an
empty vector showed results essentially similar to those of wild-type
plants (data not shown).

Table 1. Endogenous SA levels in transgenic plants

Plants

Uninfected TMV-infected

Free SA Free SA Bound SA

Wild type 0.042 6 0.005 2.845 6 0.5 2.254 6 0.574
SCaM-4 0.031 6 0.010 4.121 6 1.0 2.465 6 0.832
SCaM-5 0.035 6 0.005 2.523 6 0.5 1.621 6 0.564
NahG 0.029 6 0.025 0.067 6 0.5 0.085 6 0.014
SCaM-4 1 NahG 0.038 6 0.072 0.083 6 0.7 0.079 6 0.021
SCaM-5 1 NahG 0.036 6 0.056 0.072 6 0.4 0.065 6 0.035

The levels of SA (mgyg fresh weight) were determined from the top
forth or fifth middle leaves of mature plants as described (41). SCaM-4,
SCaM-5, and NahG indicate transgenic SCaM-4, SCaM-5, and NahG
plants, respectively. SCaM-4 1 NahG and SCaM-5 1 NahG indicate
transgenic plants that coexpress SCaM-4 and nahG gene, and SCaM-5
and nahG gene. TMV was infected in the leaves of 6-week-old
transgenic plants that did not form lesions and leaf samples for SA
assay were taken from TMV-infected leaves 10 days after inoculation,
which appeared as HR lesions on leaves. Data are the means of two
determinations from five independent transgenic plant lines. Bound
SA levels were below detection limit in uninfected plants.
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time, it is not clear what the exact role of SCaM-4 and SCaM-5
is in various plant defense responses against pathogens because
our knowledge relies solely on the gain-of-function experi-
ment. Further loss-of-function studies such as antisense trans-
genic soybean plants or knockout mutations will help to
establish further the physiological role of SCaM-4 and
SCaM-5. Nevertheless, the results presented here not only
enhance our understanding of the pathway(s) leading to plant
disease resistance but also may provide opportunities to
genetically engineer plants with resistant to a wide spectrum of
pathogens.
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