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Pathogen-inducible antimicrobial defense-related proteins have emerged as key antibiotic peptides and enzymes involved in
disease resistance in plants. A novel antimicrobial protein gene, CaAMP1 (for Capsicum annuum ANTIMICROBIAL PROTEIN1),
was isolated from pepper (C. annuum) leaves infected with Xanthomonas campestris pv vesicatoria. Expression of the CaAMP1
gene was strongly induced in pepper leaves not only during pathogen infection but also after exposure to abiotic elicitors. The
purified recombinant CaAMP1 protein possessed broad-spectrum antimicrobial activity against phytopathogenic bacteria and
fungi. CaAMP1:smGFP fusion protein was localized mainly in the external and intercellular regions of onion (Allium cepa)
epidermal cells. The virus-induced gene silencing technique and gain-of-function transgenic plants were used to determine the
CaAMP1 gene function in plant defense. Silencing of CaAMP1 led to enhanced susceptibility to X. campestris pv vesicatoria and
Colletotrichum coccodes infection, accompanied by reduced PATHOGENESIS-RELATED (PR) gene expression. In contrast,
overexpression of CaAMP1 in Arabidopsis (Arabidopsis thaliana) conferred broad-spectrum resistance to the hemibiotrophic
bacterial pathogen Pseudomonas syringae pv tomato, the biotrophic oomycete Hyaloperonospora parasitica, and the fungal
necrotrophic pathogens Fusarium oxysporum f. sp. matthiolae and Alternaria brassicicola. CaAMP1 overexpression induced the
salicylic acid pathway-dependent genes PRI and PR5 but not the jasmonic acid-dependent defense gene PDF1.2 during P.
syringae pv tomato infection. Together, these results suggest that the antimicrobial CaAMP1 protein is involved in broad-
spectrum resistance to bacterial and fungal pathogen infection.

In response to microbial attack, plants activate a
complex series of responses that lead to the local and
systemic induction of a broad spectrum of antimicro-
bial defenses (Kunkel and Brooks, 2002; Kim and
Martin, 2004). When induced defense responses are
rapidly and coordinately triggered during a given
plant-pathogen interaction, plants become resistant
to diseases. These defense responses include the
strengthening of mechanical barriers, the oxidative
burst, and the production of antimicrobial compounds
(Hammond-Kosack and Parker, 2003; Park, 2005).

Much research has focused on proteins that are spe-
cifically induced in resistant plants during infection.
These proteins are referred to as PATHOGENESIS-
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RELATED (PR) proteins, some of which have enzy-
matic activities, while others have no clearly defined
functions. The induced resistance response of plants to
diseases correlates intimately with the accumulation of
PR proteins. A number of signaling molecules, includ-
ing salicylic acid (SA), ethylene, and jasmonic acid
(JA), have been shown to amplify and regulate defense
responses in plants during initial activation events,
such as oxidative bursts or the expression of PR genes
(Johnson et al.,, 2003; Schenk et al.,, 2003; Lee and
Hwang, 2005).

The past decade has seen advances in understand-
ing the activation of antimicrobial proteins in plant
defense and their roles in determining the outcome
of many plant-pathogen interactions (Selitrennikoff,
2001). Antimicrobial peptides and proteins have been
isolated from numerous plants (Selitrennikoff, 2001)
and appear to be involved in constitutive or induced
resistance to various pathogens. Their modes of action
are varied and include fungal cell wall degradation,
membrane channel and pore formation, inhibition of
DNA synthesis, damage to cellular ribosomes, and cell
cycle inhibition (DeGray et al.,, 2001; Selitrennikoff,
2001; Shatters et al., 2006).

Virus-induced gene silencing (VIGS), a method that
utilizes the RNA interference pathway to induce tran-
sient knockdown expression of endogenous plant
genes, involves a homology-based degradation mech-
anism triggered by double-stranded RNA molecules
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(Dinesh-Kumar et al., 2003; Robertson, 2004; Hein
et al., 2005; Scofield et al.,, 2005). VIGS has been
especially powerful for dissecting signaling events
involved in disease resistance (Liu et al., 2002; Peart
et al., 2002). The tobacco rattle virus (TRV)-based VIGS
has been performed for functional genetics in various
solanaceous plant species, such as tobacco (Nicotiana
tabacum), tomato (Solanum lycopersicum), pepper (Cap-
sicum annuumy), potato (Solanum tuberosum), and petu-
nia (Petunia hybrida; Chung et al., 2004; Robertson, 2004;
Senthil-Kumar et al., 2007). More recently, defense-
related genes encoding pepper peroxidase CalP’O2 and
lipase CaGLIP1 were functionally characterized in
pepper plants using VIGS (Choi et al., 2007; Hong
et al., 2008).

Strategies to enhance plant disease resistance based
on transgenic approaches have used genes associated
with plant defense pathways (Makandar et al., 2006;
Zhang et al., 2007), genes encoding plant or fungal
hydrolytic enzymes (Lorito et al., 1998; Bieri et al.,
2003), and genes encoding defense-related transcrip-
tion factors (Chen and Chen, 2002; Sohn et al., 2006)
and antimicrobial proteins (DeGray et al., 2001; Li
et al., 2001). The accumulation of PR proteins repre-
sents a major quantitative change in protein composi-
tion that occurs during the hypersensitive response
(HR), leading to the synthesis of low molecular weight
compounds, proteins, and peptides with antimicro-
bial activity (Fritig et al., 1998). Many plant proteins
are known to possess antimicrobial activity in vitro
(Spelbrink et al., 2004; Oh et al., 2005; Prost et al., 2005),
and they are characterized by low molecular weight,
globular structures with disulfide bonds and domains
rich in Cys (Garcia-Olmedo et al., 1998; Spelbrink et al.,
2004). To date, several proteins with antibacterial and/
or antifungal properties have been isolated and char-
acterized from different plant species (Selitrennikoff,
2001). Some of these have been classified as thionins,
lipid transfer proteins, plant defensins, chitinases, and
ribosome-inactivating proteins (Lee et al., 2000; Wang
et al., 2001; Soares-Costa et al., 2002; Gonorazky et al.,
2005). One of the best known examples of protection
conferred by transgenic expression of plant antifungal
genes is the overexpression of chitinase and B-1,3-
glucanase (Brogue et al., 1991; Sareena et al., 2006).
Transformation of plants with genes encoding antimi-
crobial proteins is a promising approach for conferring
resistance to a wide range of bacteria, fungi, and
viruses (Zasloff, 2002). A plant defensin gene, alfAFP
from Medicago sativa, was successfully expressed in
tobacco and potato (Gao et al., 2000), and transgenic
potato plants overexpressing a synthetic cecropin-
melittin chimeric peptide gene exhibited field-level
resistance to Verticillium dahliae (Osusky et al., 2000).
More recently, overexpression of the pepper SARS.2
gene in Arabidopsis (Arabidopsis thaliana) conferred
enhanced resistance to infection by Pseudomonas syrin-
gae pv tomato DC3000 (Pst DC3000), Fusarium oxy-
sporum f. sp. matthiolae, and Botrytis cinerea (Lee and
Hwang, 2006).
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In this study, the antimicrobial CaAMP1 (for C.
annuum ANTIMICROBIAL PROTEIN1) gene was iso-
lated and functionally characterized from pepper
leaves infected with the avirulent strain Bv5-4a of
Xanthomonas campestris pv vesicatoria (Xcv). The anti-
microbial activity of the CaAMP1 protein toward
several fungi and bacteria was examined to better
understand the function of the pepper CaAMP1 gene.
We also used the VIGS technique with a TRV vector to
determine the CaAMP1 loss-of-function phenotype in
pepper plants. CaAMPI-overexpression (OX) trans-
genic Arabidopsis plants were further evaluated for
their resistance to infection by plant pathogenic bac-
teria, oomycetes, and fungi.

RESULTS
Isolation of the CaAMP1 Gene

The putative pepper pathogen-induced protein
gene CaAMP1 was isolated from a pepper cDNA
library made from HR lesions of leaves inoculated
with the Xcv avirulent strain Bv5-4a, using the differ-
ential hybridization technique (Jung and Hwang,
2000). The CaAMP1 cDNA comprises an open reading
frame of 185 amino acids, and the mature protein has a
molecular mass of 21,152 D and a pl of 5.9. The
putative protein encoded by CaAMP1 (accession no.
AY548741) was 94.1% identical to the potato (accession
no. ABB29920), 88.6% identical to the grape (Vitis
vinifera; accession no. CA069376), 80.0% identical to
the poplar (Populus spp.; accession no. ABK92491),
78.2% identical to the pea (Pisum sativum; accession no.
AAV85853), and 77.5% identical to the Arabidopsis
(accession no. NP_200128) putative AT-rich binding
protein (Fig. 1). The functions of these proteins have
not been elucidated.

Induction of the CaAMP1 Gene in Pepper Tissues by
Biotic and Abiotic Stresses

RNA-blot analysis was performed to determine
whether the CaAMP1 gene is constitutively expressed
in different organ tissues of pepper plants (Fig. 2A).
CaAMP1 transcripts were not detected in leaf and root
tissues, but high levels of transcripts were found in
stem, flower, green fruit, and red fruit tissues.

The transcription levels of CaAMP1 were analyzed
in compatible and incompatible interactions of pepper
with Xcv (Fig. 2B). Pepper leaves inoculated with the
virulent strain Ds1 did not exhibit any symptoms at 24
h after inoculation, while typical chlorotic and necrotic
symptoms developed 6 d later. In contrast, pepper
leaves infected with the avirulent strain Bv5-4a ex-
hibited the HR at 18 h after inoculation (Lee and
Hwang, 1996). In incompatible interactions, CaAMP1
transcripts accumulated rapidly and extensively in
infected leaves, compared with those in compatible
interactions. The CaAMPI gene was strongly ex-
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Figure 1. Alignment of deduced amino
acid sequences of the pepper CaAMP1
protein with related sequences of po-
tato (accession no. ABB29920), grape
(acaﬁﬂonno.CAO6937®,poMarmc—
cession no. ABK92491), pea (acces-
sion no. AAV85853), and Arabidopsis
(accession no. NP_200188) proteins.
Identical amino acids are represented
by white letters on black. Dashes indi-
cate gaps introduced to maximize the
alignment of homologous regions.

CaAMP1

Potato ABB29920
Grape CA069376
Poplar ABKS2491
Pea AAV85853

At NP 200188

CaAMP1

Potato ABB29920
Grape CA069376
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pressed at 12 to 24 h after inoculation with the avir-
ulent strain Bv5-4a.

To determine whether CaAMP1 expression is trig-
gered by pathogenicity factors of living pathogens,
including effector proteins, live or dead cells of viru-
lent Ds1 and avirulent Bv5-4a of Xcv and nonpatho-
genic Pst DC3000 were inoculated on the abaxial side
of pepper leaves as described (Jung et al., 2004; Gust
et al., 2007). Consistent with the results shown in
Figure 2B, the CaAMPI1 gene was more strongly in-
duced in the avirulent Xcv-infected leaves compared
to the virulent Xcv-infected leaves (Fig. 2C). However,
infection with the nonpathogenic bacterium Pst DC3000
did not induce CaAMP1 expression. Interestingly,
dead bacterial cells of virulent and avirulent Xcv or
nonpathogenic Pst DC3000 strongly induced CaAMP1
expression. These results suggest that expression of
CaAMPI1 is strongly induced by pathogen-associated
molecular patterns (PAMPs) of virulent and avirulent
Xcv and nonpathogenic Pst.

Plant signal molecules, including ethylene, methyl
jasmonate (MeJA), and SA, which may accumulate
upon pathogen infection, are involved in the signal
transduction pathways that mediate defense re-
sponses (Glazebrook, 2001). To assess the involvement
of ethylene in CaAMP1 expression, pepper plants were
treated with ethylene (Fig. 2D). CaAMP1 transcripts
were first detected at 6 h after ethylene treatment,
with maximal levels at 18 and 24 h. The three abi-
otic elicitors were evaluated for their ability to induce
CaAMP1 gene expression. In MeJA-treated pepper
leaves, CaAMP1 transcripts started to accumulate at
1 h after treatment and reached a peak at 12 h. SA has
been implicated as a key component in the signal
transduction pathway leading to plant resistance to
various pathogens (Ryals et al., 1996). Benzothiadi-
azole (BTH), an analog of SA, is an inducer of systemic
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acquired resistance (Sticher et al., 1997). CaAMP1
transcription started to be induced at 24 h after SA
treatment. As shown in Figure 2D, treatment with BTH
slightly induced CaAMP1 transcription during an 18-
to 24-h exposure. Hydrogen peroxide (H,O,) acts not
only as a local signal for HR but also as a diffusible
signal for the induction of defense genes in adjacent
cells (Alvarez et al., 1998). CaAMP1 expression was
evaluated in pepper leaves following H,O, treatment.
Transcripts were first detected in leaves at 18 h after
treatment and declined thereafter. In response to me-
chanical wounding, CaAMP1 expression was induced
in pepper plants. CaAMP1 expression was observed in
leaves at 0.5 h after wounding, but transcripts gradu-
ally disappeared thereafter (Fig. 2D).

In Vitro Antimicrobial Activity of the CaAMP1 Protein

To determine whether the CaAMP1 protein has a
direct antimicrobial effect, the CaAMP1 protein was
purified from CaAMP1-expressing Escherichia coli (Fig.
3A). The in vitro antimicrobial activity of the CaAMP1
protein was evaluated against plant pathogenic fungi,
oomycetes, yeast, and bacteria (Table I). The CaAMP1
protein completely inhibited the growth of B. cinerea,
Cladosporium cucumerinum, Phytophthora capsici, Can-
dida albicans, Saccharomyces cerewszae and Bacillus sub-
tilis at levels below 30 ug mL™~"'. However, the growth
of Rhizoctonia solani and Micrococcus luteus was unaf-
fected, even at levels above 100 ug mL L. The anti-
fungal activity of the purified recombinant CaAMP1
protein at various concentrations was tested against
Alternaria brassicicola and F. oxysporum £. sp. matthiolae
using a microtiter broth dilution assay (Fig. 3B). The
purified recombinant CaAMP1 protein completely
inhibited the growth of F. oxysporum f. sp. matthzolae
at 100 ug mL~Tand of A. brassicicola at 50 g mL ™" (Fig.
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A = B Figure 2. RNA-blot analysis of the expres-
L E 3 X. campestris pv. vesicatoria sion of the CaAMPT gene in pepper plants.
w E 5 g o s Mock Virulent Avirulent A, Constitutive expression of CaAMPT in
§ % @ L-f—_’ g & various pepper plant organs. B, Expression
C1 6 18 ‘/’2 126 121324 ‘/21 261218 24 h of CaAMPT in pepper leaves at various
CaAMP1 - - — - time points after inoculation with the vir-
ulent strain Ds1 and the avirulent strain
rRNA Bv5-4a of Xcv at the six-leaf stage. C,
Expression of CaAMP1 in pepper leaves at
C XcevDs1 XcvBv5-4a Pst DC3000 12 and 24 h after inoculation with live (L)
Mock L D L D L D and dead (D) bacterial cells of Xcv virulent
H 12 24 12 24 12 24 12 24 12 24 12 24 12 24h strain Ds1 and avirulent strain Bv5-4 and
CaAMP1 — S — — nonpathogenic Pst DC3000. D, Expression
of CaAMPT in pepper leaves at various
rRNA time points after treatment with ethylene
(10 L L"), MeJA (100 pm), SA (5 mm), BTH
D Mock Ethylene Mock _ Methyl jasmonate (10 uw), wounding, and H,0, (100 pua).
f I 1 f I 1
C 118051 2 6 12 18 24h C 118051 2 612 18 24h
CaAMP1 -—— - - ®
rRNA
Mock Salicylic acid Mock  Benzothiadiazole
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C 118051 2 612 18 24h C 118051 2 6 12 18 24h
CaAMP1 - -
rRNA
Wounding Mock Hydrogen peroxide
[ 1 I
C 051 2 6 12 18 24 h C 118 05 1.2 6 12 18 24h
CaAMP1 - -
rRNA

3, B and D). Fungal spore germination was inhibited
by recombinant thioredoxin-CaAMP1 protein but not
by th1oredox1n alone (Fig. 3C). Treatment with 100 ug
mL ™! purified recombinant CaAMP1 protein com-
pletely inhibited spore germ1nat1on (Fig. 3D).
CaAMP1 protein at 1 ug mL ™" did not suppress the
conidial germination of A. brassicicola and F. oxysporum
f. sp. matthiolae. However, the germination of A.
bmssicicola was strongly inhibited at 5 and 10 ug

~". The hyphal growth of A. brassicicola and F.
oxysporum f. sp. matthlolae was completely inhibited at
50 and 100 ug mL ™", respectively. These results indi-
cate that CaAMP1 directly affects the growth of bac-
terial or fungal pathogens.

Subcellular Localization of CaAMP1 in Onion
Epidermal Cells

To examine the subcellular localization of CaAMP1
protein, we used the biolistic transformation system in
onion (Allium cepa) epidermal cells. Computational
analyses of the predicted protein sequence revealed
that CaAMP1 may be a cytoplasmic protein (PSORT;
65%), but it has no known signal peptide sequence
(http:/ /www.expasy.org). The soluble-modified GFP

Plant Physiol. Vol. 148, 2008

gene (smGFP) was fused to the C-terminal region of
CaAMP1 under the control of the cauliflower mosaic
virus 35S promoter (Fig. 4A). The 355:CaAMP1:smGFP
fusion construct and a 355:smGFP control were intro-
duced into onion epidermal cells by particle bombard-
ment. As shown in Figure 4B, the control smGFP was
uniformly distributed throughout the cell. However,
CaAMP1:smGFP fusion protein was mainly localized
in external and intercellular regions of the cell. In-
triguingly, the onion epidermal cells expressing the
CaAMP1:smGFP construct were shrunken in an abnor-
mal cell shape, compared with its neighboring cells.
Furthermore, cell nuclei were localized in the periph-
ery of the CaAMPI-expressing cell.

Enhanced Susceptibility of CaAMP1-Silenced Pepper
Plants to Xcv Infection

The VIGS technique was used to further investigate
the roles of CaAMP1 in pepper plant defense re-
sponses. Pepper seedlings were inoculated with re-
combinant TRV silencing constructs. The efficiency of
VIGS was tested by reverse transcription (RT)-PCR in
empty vector control (TRV:00) and CaAMP1I-silenced
(TRV:CaAMP1) pepper leaves at 18 h after inoculation
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Figure 3. Antifungal activity of the
CaAMP1 protein against A. brassicicola
and F. oxysporum f. sp. matthiolae at
various concentrations. A, SDS-PAGE of
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with virulent and avirulent strains of Xcv (Fig. 5A).
CaAMP1 expression was compromised in CaAMPI-
silenced pepper leaves; however, it remained at a
slightly visible level in silenced leaves infected with
the avirulent Xcv strain. To determine whether
CaAMPI1 silencing affects the expression of genes in
the defense response pathway, the expression levels of
several defense-related genes were further analyzed
by RT-PCR (Fig. 5A). Silencing of CaAMP1 remarkably
reduced the induction of CaBPR1 and CaPR10 but not

1008

10 100 O 1 10 100
Concentration (ug protein/mL)

of CaPOA1 compared with empty vector control plants
(TRV:00).

Silencing of CaAMPI1 not only compromised the
expression of some PR genes but also led to a highly
susceptible response to infection by the Xcv virulent
strain Dsl, accompanied by more severe disease
symptoms at 5 d after inoculation (Fig. 5B). Consistent
with these results, CaAMP1-silenced leaves exhibited
significantly higher levels of bacterial growth com-
pared with empty vector control plants (Fig. 5C).
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Table I. Minimum inhibitory concentrations of the CaAMP1 protein
against microorganisms, including plant pathogenic bacteria,

fungi, and oomycetes, as determined by the microtiter broth
dilution method

Minimum Inhibitory

Microorganism .
8 Concentration®

pgmL™'!
Alternaria brassicicola 50
Alternaria mali 70
Botrytis cinerea 20
Cladosporium cucumerinum 5
Colletotrichum coccodes 50
Fusarium oxysporum f. sp. matthiolae 50
Magnaporthe grisea 50
Phytophthora capsici 10
Rhizoctonia solani >100°
Sclerotinia sclerotiorum 50
Candida albicans 30
Saccharomyces cerevisiae 5
Bacillus subtilis 10
Micrococcus luteus >100
Pseudomonas syringae pv tomato 100
Ralstonia solanacearum 50
Xanthomonas campestris pv vesicatoria 100

“The lowest concentration of the CaAMP1 protein required for
complete inhibition of microbial growth. bValues of >100 indicate
that growth of the microorganisms was not completely inhibited by the
CaAMP1 protein at 100 ug mL™".

These results indicate that CaAMPI expression is
required for the PAMP-triggered immunity of pepper
plants to Xcv infection (Jones and Dangl, 2006). To
investigate the role of CaAMP1 during HR-based
immunity, empty vector control (TRV:00) and CaAMP1-
silenced (TRV:CaAMPI) plants were inoculated with
various concentrations of the Xcv avirulent strain
Bv5-4a (108, 107, and 10° colony forming units [cfu]
mL""; Fig. 5D). CaAMP]I-silenced pepper plants did
not show distinctive changes in the HR phenotype
compared with empty vector control plants. Bacterial
growth was only slightly and insignificantly enhanced
in CaAMPI-silenced plants compared with empty
vector control plants (Fig. 5E). Overall, these findings
indicate that CaAMP1 expression plays a crucial role in
basal defense of pepper plants against Xcv infection
rather than in HR-based immunity induced by effector
proteins via the type III secretion system (Jones and
Dangl, 2006).

Enhanced Susceptibility of CaAMP1-Silenced Pepper
Plants to Colletotrichum coccodes Infection

Purified recombinant CaAMP1 exhibited strong in
vitro antifungal activities against diverse phytopatho-
genic fungi (Table I; Fig. 3). To examine the role of
CaAMP1 in the defense response of pepper plants
to fungal pathogens, we inoculated empty vector con-
trol (TRV:00) and CaAMP1-silenced (TRV:CaAMPI)
pepper leaves with a conidial suspension of virulent

Plant Physiol. Vol. 148, 2008
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Colletotrichum coccodes isolate 2-25 (10° conidia mL ™),
the causal agent of pepper anthracnose. CaAMPI-
silenced pepper leaves exhibited remarkably en-
hanced susceptibility to C. coccodes (Fig. 6). Disease
severity was rated at 5 d after inoculation based on the
extent of brown or dark brown areas (Fig. 6A). Ap-
proximately 55% of CaAMP1-silenced leaves exhibited
severe disease symptoms (class 3: enlarged dark
brown lesions with severe chlorosis) compared with
20% of empty vector control plants (Fig. 6B). CaAMP1-
silenced plants showed remarkable differences in av-
erage disease severity compared with empty vector
control plants. These data demonstrate that CaAMP1
expression is important for the PAMP-triggered resis-
tance of pepper plants to the fungal pathogen C.
coccodes.

Enhanced Resistance of CaAMP1-OX Transgenic Plants
to Pathogen Infection

Arabidopsis transgenic plants overexpressing the
entire CaAMP1 precursor were generated to determine
the in vivo effect of a gain of function of the CaAMP1
gene. To verify 355:CaAMPI1 transgene expression
in independent T2 lines, northern-blot analysis was
performed using the CaAMP1 cDNA as a probe.
CaAMP1-OX transcription was confirmed in these
lines (Fig. 7A).

The bacterial pathogen Pst DC3000 is virulent to
Arabidopsis ecotype Columbia (Col-0) plants and
causes symptoms similar to bacterial speck disease
of tomato (Whalen et al., 1991). To determine whether
CaAMP1 overexpression affects disease responses to
this pathogen, plants were inoculated with Pst DC3000
and the progress of infection was observed over 7 d
(Fig. 7B). CaAMP1-OX plants did not exhibit macro-
scopic signs of infection, as shown in Figure 7B. In
contrast, wild-type plants displayed chlorotic symp-
toms compared with CaAMPI-OX plants, indicating a
high susceptibility to Pst DC3000. To confirm that
these macroscopic disease symptoms reflect bacterial
proliferation inside the plants, bacterial growth was
measured in wild-type and CaAMP1-OX plants upon
inoculation and at 1, 3, and 5 d thereafter (Fig. 7C). The
bacterial population at the inoculation site of the wild-
type leaves infected with Pst DC3000 was approxi-
mately 4- to 15-fold higher than that of transgenic
lines. In the inoculated leaves of transgenic line 9, the
rate of bacterial growth was much lower than that in
transgenic lines 7 and 8.

Enhanced disease resistance in Arabidopsis is often
accompanied by elevated transcript levels of PR genes
(AtPR1 and AtPRb5) associated with the SA-dependent
pathway, whereas the induction of AtPDF1.2 is asso-
ciated with the ethylene/JA-dependent pathway
(Uknes et al., 1992; Rogers and Ausubel, 1997). To
examine the possible involvement of stress genes in
the enhanced pathogen resistance of CaAMP1-OX
transgenic plants, the expression of AtPRI1, AtPR5,
and AtPDF1.2 was analyzed using RT-PCR (Fig. 7D).
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Figure 4. Analysis of the subcellular localization of the CaAMP1
protein using transient expression of the CaAMPT:smGFP construct in
onion epidermal cells. A, Schematic maps of the smGFP-tagged
CaAMP1 construct and of a control construct. The smGFP gene was
fused to the 3’ region of the CaAMP1 gene. B, Transient expression of
smGFP or CaAMP1:smGFP in onion epidermal cells, as detected by
confocal laser scanning microscopy at 24 h after biolistic transforma-
tion. White arrowheads indicate CaAMP1 protein localized in the
intercellular spaces. Red arrowheads indicate nuclei of cells neighbor-
ing the CaAMP1-expressing cells. Bars = 100 um.

The expression of AtPR1 and AtPR5 was more rapidly
and strongly induced by Pst DC3000 infection in
transgenic plants than in wild-type plants. In particu-
lar, overexpression of CaAMP1 in transgenic line 9 was
effective at inducing AtPR1 expression at an earlier
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time during Pst DC3000 (avrRpt2) infection. However,
infection by this pathogen did not induce AtPDF1.2
expression in either wild-type or CaAMPI-OX trans-
genic plants. These data indicate that CaAMP1-OX
plants effectively activate SA-dependent gene expres-
sion.

To determine whether the ectopic expression of
CaAMP1 in Arabidopsis plants alters their resistance
to biotrophic pathogens, we tested the response of
CaAMP1-OX transgenic plants to the biotrophic oo-
mycete Hyaloperonospora parasitica isolate Noco2 (Fig.
8). Wild-type (Col-0) and transgenic seedlings were
inoculated with a suspension of an asexual inoculum
of H parasitica isolate Noco2 (5 X 10* conidiospores
mL "), which is virulent on Arabidopsis Col-0. Over
200 Arabidopsis seedlings were inoculated and the
number of sporangiophores produced on cotyledons
was scored at 5 d after inoculation. As shown in Figure
8A, the cotyledons of wild-type (Col-0) and transgenic
seedlings responded to H. parasitica infection by stim-
ulating parasite sporulation. The cotyledons of wild-
type and transgenic plants supported different levels
of mycelial growth, oospores, and sporangiophores, as
judged by trypan blue staining (Fig. 8A). CaAMP1
overexpression resulted in decreased pathogen growth.
Five and 6 d after inoculation, CaAMP1-OX transgenic
lines showed enhanced resistance to H. parasitica in-
fection (Fig. 8, B and C). Spore counts allow accurate
quantification of pathogen reproduction, especially
under conditions of high sporangiophore coverage
of the cotyledons. As expected, wild-type plants per-
mitted heavy sporulation (Fig. 8B), while spore pro-
duction was significantly reduced in CaAMP1-OX
transgenic lines. The production of spores on inocu-
lated CaAMP1-OX transgenic lines was approximately
1.5- to 3-fold greater than that on wild-type plants. As
shown in Figure 8C, quantitative disease ratings are
expressed as the mean number of sporangiophores per
cotyledon. Enhanced resistance resulted in less spo-
rangiophore formation in cotyledons of CaAMP1-OX
transgenic lines compared with wild-type plants. In
transgenic plant lines, the level of susceptibility was
somewhat less than in wild-type plants infected by H.
parasitica isolate Noco2. The frequency of cotyledons
with over 20 sporangiophores and the average number
of sporangiophores were reduced in transgenic plants
relative to wild-type plants. In particular, the fre-
quency of cotyledons with over 20 sporangiophores
(full susceptibility) was 13% in wild-type plants but
only 8%, 8%, and 2% in transgenic lines 7, 8, and 9,
respectively (Fig. 8C). Induction of reactive oxygen
species (ROS) generation and the HR may play a
critical role in the defense of plants against invading
pathogens, including H. parasitica (Alvarez et al., 1998;
McDowell et al., 2000; Knoth et al., 2007; Jung et al.,
2008). To determine whether the enhanced resistance
of CaAMPI1-OX transgenic lines is associated with the
HR or H,0, accumulation, we also performed trypan
blue and 3,3’ -diaminobenzidine staining at 18 and 24 h
after inoculation with H. parasitica. However, we could
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Figure 5. Enhanced susceptibility of CaAMP1T
gene-silenced pepper plants to Xcv infection. A,
RT-PCR analysis of the expression of CaAMP1 and
of pepper defense-related genes in empty vector
control (TRV:00) and CaAMPIT gene-silenced
(TRV:CaAMP1) pepper plants at 12 h after inoc-
ulation with the Xcv virulent strain Ds1 (C, com-
patible) and the avirulent strain Bv5-4a (I,
incompatible). 18S rRNA served as a control. H,
Uninoculated healthy leaves; CaBPR1, pepper
basic PR1; CaPR10, pepper PR10; CaPOA]1, pep-
per ascorbate peroxidase. B, Disease symptoms
developed on empty vector control and CaAMP1-
silenced leaves at various time points after inoc-
ulation with the Xcv virulent strain Ds1 (5 X 10°
cfu mL™"). C, Bacterial growth in empty vector

control and CaAMPT gene-silenced pepper leaves
at 0, 3, and 5 d after inoculation with the Xcv
virulent strain Ds1 (10* cfu mL™"). D, Disease
symptoms developed on empty vector control
and CaAMP1-silenced leaves at 24 h after inoc-
ulation with various concentrations of the Xcv
avirulent strain Bv5-4a (10% 107, and 10% cfu
mL ™). E, Bacterial growth in empty vector control
and CaAMP1 gene-silenced pepper leaves at 0, 3,
and 5 d after inoculation with the Xcv avirulent
strain Bv5-4a (10* cfu mL™"). Experiments were
repeated three times with similar results. Data are
means * sp from three independent experiments.
Asterisks indicate significant differences as deter-
mined by Student’s ¢ test (P < 0.05). [See online
article for color version of this figure.]
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not find any significant differences between wild-type
plants and CaAMP1-OX transgenic lines in the HR or
in ROS formation (data not shown).

As shown in Figure 9, CaAMP1-OX transgenic lines
were evaluated for their levels of resistance to F.
oxysporum f. sp. matthiolae and A. brassicicola. Wild-
type (Col-0) plants were severely damaged by F.
oxysporum f. sp. matthiolae infection. However, typical
disease symptoms did not appear in CaAMPI-OX lines
at 7 d after inoculation (Fig. 9A). When inoculated

Plant Physiol. Vol. 148, 2008

with F. oxysporum f. sp. matthiolae, only 4% to 11% of
inoculated transgenic plants showed disease symp-
toms at 7 d after inoculation, in contrast to 90% of
wild-type plants (Fig. 9B).

Arabidopsis Col-0 and Wassilewskija (Ws-0) were
used as natural wild-type ecotypes that are resistant
and susceptible to A. brassicicola, respectively (Kagan
and Hammerschmidt, 2002). We generated Arabidop-
sis (Ws-0) transgenic plants overexpressing CaAMP1
to determine the role of CaAMP1 during A. brassicicola
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Figure 6. Enhanced susceptibility of CaAMP1-silenced (TRV:CaAMP1)
pepper plants to virulent C. coccodes isolate 2-25 infection. A, Disease
severity rated on a 0 to 3 scale (0, no symptoms; 1, weakly visible
symptoms; 2, dark brown lesions with mild chlorosis; 3, enlarged dark
brown lesions with severe chlorosis). B, Percentage of empty vector
control and CaAMP1 gene-silenced pepper leaves exhibiting the
indicated extent of disease at 5 d after inoculation with virulent C.
coccodes isolate 2-25 (10° conidia mL™"). Disease severity was mon-
itored on more than 50 leaves. Asterisk indicates significant difference
between means as determined by Student’s t test (P < 0.05). M, Means
of disease severities. [See online article for color version of this figure.]

infection. CaAMP1 transgene transcription was con-
firmed in independent transgenic lines by northern-
blot analysis (data not shown). Five days after inoculation
with A. brassicicola, wild-type leaves showed signifi-
cantly larger disease lesions than did transgenic leaves
(Fig. 9E). As visualized by trypan blue staining, the
spreading lesions were heavily colonized by fungal
hyphae. Five days after inoculation, more than 50% of
the area of the inoculated wild-type leaves was killed
by the infection, with clearly visible concentric brown
infection rings typical of A. brassicicola (Fig. 9, C and
D). CaAMP1-OX transgenic plants were resistant to
A. brassicicola, exhibiting only restricted lesions that
affected less than 10% of the inoculated leaf areas.

It is well established that JA rather than SA is
involved in a major signaling pathway mediating the
resistance of Arabidopsis to A. brassicicola (Penninckx
et al., 1998; van Wees et al., 2003). Two genes, PDF1.2
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and OPR1, which were previously used as markers of
the JA pathway, were selected to determine whether
the JA signaling pathway affects the resistance of
CaAMP1-OX transgenic plants to A. brassicicola. PDF1.2,
which encodes a plant defensin (Penninckx et al.,
1998), and OPR1, which encodes 12-oxophytodienoate
reductase, are involved in JA biosynthesis (Biesgen
and Weiler, 1999). Leaf tissues were harvested im-
mediately and at 6, 12, and 24 h after inoculation, and
expression levels were determined by RT-PCR analy-
sis (Fig. 9F). The PDF1.2 and OPRI1 genes were in-
duced in wild-type plants and exhibited expression
patterns similar to those seen for CaAMP1-OX trans-
genic plants (Fig. 9F). These results suggest that the
resistance of CaAMP1-OX plants to A. brassicicola may
be due to the antimicrobial activity of the CaAMP1
protein rather than to a JA-mediated defense response.

DISCUSSION

In this study, we have isolated the pathogen-
induced CaAMP1 gene, which encodes a novel antimi-
crobial protein from pepper. Pepper leaves inoculated
with the Xcv virulent strain Ds1 exhibited no visible
symptoms at 18 h after inoculation. In contrast, the HR
appeared in pepper leaves at 18 h after inoculation
with the avirulent strain Bv5-4a. Many of the defense
responses of plants to microbial infection are triggered
by signals generated during the initial stages of the
host-pathogen interaction (Lamb and Dixon, 1997).
The CaAMP1 gene was induced by Xcv infection and
by treatment with abiotic elicitors such as ethylene,
MeJA, SA, BTH, and H,O,. In incompatible interac-
tions, a marked increase in CaAMP1 expression was
observed during the early stages of infection. Plant
defense-related genes are known to be activated by the
generation of endogenous plant signal molecules fol-
lowing the primary recognition of pathogen-encoded
elicitors (Yang et al., 1997; Maffei et al., 2007). CaAMP1
transcripts were induced rapidly and strongly during
incompatible interactions, which suggests that the
CaAMP1 gene may be involved in defense responses.
Furthermore, dead cells of virulent and avirulent Xcv
and nonhost pathogen Pst strongly induced CaAMP1
expression in pepper leaves compared with the live
cells. Recently, many pathogen effectors were pro-
posed to suppress plant defense responses triggered
either by PAMPs or by other effectors due to recogni-
tion by cognate resistance (R) proteins (Kjemtrup etal.,
2000; Alfano and Collmer, 2004; Chisholm et al., 2006;
Jones and Dangl, 2006). The downy mildew effector
proteins ATR1 and ATR13 promote disease suscepti-
bility by suppressing PAMP-triggered callose deposi-
tion and ROS generation in Arabidopsis plants (Sohn
et al., 2007). Thus, enhanced expression of CaiAMP1 in
pepper leaves infected with dead cells of Xcv and Pst
supports the notion that the CaAMPI gene may be
induced by PAMPs of those bacterial pathogens but
suppressed by unknown pathogenesis factors of living
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Figure 7. Enhanced resistance of CaAMP1-OX transgenic Arabidopsis
plants to Pst DC3000 infection. A, RNA-blot analysis of the expression
of the CaAMPT gene in wild-type and CaAMP7-OX transgenic Arabi-
dopsis plants (T2). Total RNA (10 ug) from leaf samples was loaded. The
EcoRlI/Xhol fragment of the putative pepper CaAMPT cDNA insert in
pBluescript SK— was used as a probe. A duplicate gel was stained with
ethidium bromide as a control for RNA loading. B, Disease symptoms
developed on leaves of wild-type or transgenic plants at 5 d after
infiltration with Pst DC3000 (10° cfu mL™"). C, Bacterial growth in
leaves of wild-type and transgenic plants at different time points after
infiltration with Pst DC3000 (10° cfu mL™"). Data are means * sp from
three independent experiments. D, RT-PCR analysis of the expression of
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bacterial cells, including effector proteins. However,
the knockout mutants of the type III secretion system
of Xcv, which cannot deliver effector proteins into host
cells, are required to resolve this issue clearly (Keshavarzi
et al., 2004). Northern-blot analyses also revealed that
the expression of CaAMP1 could be induced by JA and
ethylene. Some abiotic elicitors, including SA, ethyl-
ene, and JA, are known to be significant in triggering
disease resistance in plants (Robert-Seilaniantz et al.,
2007).

Many of plant PR proteins are localized in extracel-
lular regions, including PR-2 (1,3-8-glucanase), PR-3
(endochitinase), and PR-4 (endochitinase; Fritig et al.,
1998). When plant pathogenic microorganisms invade
plants, they initially multiply in the intercellular
spaces of the plant cells. Therefore, the presence of
antimicrobial proteins in the intercellular space is
important for their antimicrobial ability to inhibit the
invading pathogens. Analysis of the subcellular local-
ization of smGFP-tagged CaAMP1 protein revealed
direct secretion of CaAMP1 protein from onion epi-
dermal cells to the intercellular space. Proteins in cells
are often targeted to a specific cellular location by
signal peptides found at their N or C termini. Our
computational analyses with the predicted amino acid
sequence of CaAMP1 did not reveal any signal peptide
sequence motif in CaAMP1 protein. Therefore, unex-
pected extracellular localization of CaAMP1 remains
to be verified in further studies. Strikingly, expression
of CaAMP1 led to the lethal effects on onion epidermal
cells. As observed with a confocal microscope, the
CaAMP1-expressing cells exhibited abnormal cell mor-
phologies, including the shrinkage and darkening of
the cells. This suggests that the CaAMP1 protein exerts
cytotoxic effects on onion epidermal cells as well as in
vitro antimicrobial activities against various phyto-
pathogens. Furthermore, nuclei of neighboring cells
surrounding CaAMPI-expressing cells moved toward
the CaAMP1-expressing cells. Cell polarization, rear-
rangements of cytoskeletons, and translocation of nuclei
constitute a crucial process in development, morpho-
genesis, and defense (Schmelzer, 2002). Recognition of
attacking pathogens triggers cell polarization, which
thus allows the localized delivery of barrier materials
and cargo proteins for defense execution around the
penetration site (Gross et al.,, 1993; Skalamera and
Heath, 1998). Therefore, we can propose a possible
mechanism for CaAMP1-induced cell polarization of
neighboring cells. To minimize potential damage,
neighboring cells may undergo cell polarization and
accumulate barrier materials or defense-related pro-
teins to the cytotoxic CaAMP1-exposed region. How-
ever, we could not find any deleterious effect of the

the Arabidopsis AtPR1a, AtPR5, and AtPDF1.2 genes in wild-type and
transgenic plants (T2) inoculated with Pst DC3000. Ubiquitin (UBQ)
expression level was analyzed as a quantification control. Mock, 10 mm
MgCl, infiltrated; WT, Col-0 plants. [See online article for color version
of this figure.]
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Figure 8. Enhanced resistance of CaAMPT-OX
transgenic Arabidopsis plants to H. parasitica
isolate Noco2 infection. A, Disease symptoms
and trypan blue-stained pathogen structures on
7-d-old cotyledons of wild-type (Col-0) and trans-
genic plants at 7 d after inoculation. Sporangio-
phores, hyphae, and oospores of H. parasitica are
indicated with red arrows, bold black arrows, and
thin black arrows, respectively. dpi, Days after
inoculation. Bars = 0.5 mm. B, Average number of
spores per cotyledon at 6 d after H. parasitica
infection. Each experiment contained the spore
counts from 40 inoculated cotyledons of wild-type
and transgenic lines. C, Number of sporangio-
phores per cotyledon of wild-type and transgenic
plants at 5 d after inoculation with H. parasitica.
Sporangiophores were counted on over 50 coty-
ledons per genotype. Average numbers of sporan-
giophores produced on the cotyledons of wild-type
and transgenic lines are shown below each of the
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expressed CaAMP1 protein on the cellular structure
of Arabidopsis, possibly due to the small amount ex-
pressed in the intercellular spaces of cells, when over-
expressed in transgenic Arabidopsis plants (data not
shown). These results also support the possibility that
other host factors in Arabidopsis may prevent abnor-
mal cell morphologies caused by CaAMP1.

The generation of stable transgenic mutants in pep-
per is time consuming and very difficult. The VIGS
technique provided a fast and effective means to
mimic loss-of-function phenotypes and allowed us to
identify the role of defense-related genes in pepper
plants (Choi et al., 2007; Hong et al., 2008). Since the
CaAMP1 gene was distinctively induced by Xcv infec-
tion and abiotic elicitor treatments that trigger defense
signaling, we tested whether the silencing of CaAMP1
alters the resistance of pepper plants to bacterial and
fungal pathogen infection. Phenotypic differences were
not observed between empty vector control (TRV:00)
and CaAMPI-silenced (TRV:CaAMP1) pepper plants
during growth and development. However, infection
of empty vector control and CaAMPI-silenced pepper
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plants with the bacterial pathogen Xcv and the fungal
pathogen C. coccodes showed that CaAMPI-silenced
plants exhibited increased susceptibility to both bac-
terial spot and anthracnose diseases. Furthermore,
CaBPR1 and CaPR10 expression was significantly com-
promised in CaAMP1-silenced pepper plants after in-
oculation with Xcv. Consistent with the observed in
vitro antimicrobial activity of CaAMP1, these findings
strongly support the notion that CaAMP1 may be re-
quired for the PAMP-triggered resistance of pepper
plants to bacterial and fungal diseases. PAMP-triggered
resistance is considered to be a weak response to viru-
lent pathogens, and its molecular mechanism is not
fully understood (Jones and Dangl, 2006).

Although CaAMP1 was strongly induced in pepper
leaves by avirulent Xcv infection, silencing of CaAMP1
did not significantly alter the susceptibility of pepper
plants to avirulent Xcv infection. These findings sug-
gest a pivotal role of CaAMP1 in basal resistance rather
than in R gene-mediated resistance (Nimchuk et al.,
2003; Jones and Dangl, 2006). However, the lack of a
role of CaAMP1 for HR-based immunity in pepper
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Figure 9. Inhibition of fungal pathogen infection in
CaAMP1-OX transgenic Arabidopsis lines. A, Disease
T symptoms developed on wild-type (Col-0) and trans-
genic plants at 7 d after inoculation with F. oxy-
sporum f. sp. matthiolae strain 247.61 (5 X 10°
spores mL™'). B, Number of sporangiophores per
cotyledon of wild-type and transgenic plants at 7 d
after inoculation with H. parasitica. Sporangiophores
were counted as percentages of wild-type and trans-
genic plants showing typical disease symptoms at 5 d
after inoculation with F. oxysporum f. sp. matthiolae.
Data points represent average frequencies of dead
* seedlings = sp; a minimum of 50 plants were mea-

* * sured. Asterisks indicate significant differences as de-
[/T/J [/A termined by Student’s ttest (P < 0.05). C, Leaves from
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plants may be due to the inefficient silencing of
CaAMP1 in pepper leaves inoculated with avirulent
Xcv. VIGS of CaAMP1 did not completely eliminate all
CaAMP1 transcripts from pepper leaves infected with
avirulent Xco. Residual CaAMP1 transcripts may suf-
fice in the defense response to avirulent Xcv in pepper
plants. Thus, a role for CaAMP1 in HR-based immu-
nity cannot be excluded. The knockout mutants of
CaAMP1 are required to resolve this issue. Together,
these VIGS findings suggest that CaAMPI expression
positively contributes to the basal defense response of
pepper plants to bacterial and fungal pathogens.

We revealed the involvement of CaAMP1 in plant
defense against a variety of pathogens. These results
clearly showed that CaAMPI-OX transgenic plants
were more resistant to biotrophic and necrotrophic
pathogens than were wild-type plants. The production
of antimicrobial compounds including proteins may
be involved in disease resistance (Ferrari et al., 2003;
Denby et al., 2004). We next found that treatment with
the CaAMP1 protein inhibited spore germination of
plant pathogenic fungi, suggesting that CaAMP1 may
directly interfere with an early process of fungal
infection. Ectopic expression of CaAMP1 in Arabidop-
sis strongly enhanced the PAMP-triggered resistance
of these plants to bacterial (Pst DC3000), oomycete (H.
parasitica), and fungal (F. oxysporum and A. brassicicola)
pathogens. Consistent with our results, the overex-
pression of THI2.1, which encodes the thionin protein
in Arabidopsis, enhanced resistance to F. oxysporum,
possibly due to a direct effect on the growth of fungal
hyphae (Epple et al., 1997). Earlier studies showed that
antimicrobial proteins derived from plants and ani-
mals are inhibitory to either fungi or bacteria but not
to both (Hancock and Lehrer, 1998). However, the
CaAMP1 protein exhibited a broad-spectrum antibi-
otic activity against fungi, oomycetes, and bacteria.
Moreover, any abnormal growth phenotypes were not
observed in CaAMPI-OX transgenic plants. These
results suggest that enhanced resistance of CaAMP1-
OX plants to fungal and bacterial diseases may not be
due to metabolic perturbation.

The CaAMP1 protein may directly inhibit pathogen
infection and/or trigger the production of SA-dependent
defense signaling molecules. CaAMP1-OX Arabidop-
sis plants were significantly resistant to infection by
the virulent strain Pst DC3000, accompanied by rapid
expression of the AtPR1 and AtPR5 genes. SA is not
only associated with plant resistance to biotrophic
pathogen infection, such as by P. syringae and H.
parasitica, but also with cross talk with other defense
signaling molecules, including ethylene and Me]A
(Veronese et al., 2004; Liu et al.,, 2005). SA also is
known to regulate the expression of different sets of
PR genes, such as PR1 and PR5 (Uknes et al., 1992; Gu
et al., 2002). Members of the PR1 and PR5 families,
which include thaumatin, osmotin, and related pro-
teins, have been shown to possess antimicrobial activ-
ity against several pathogens (Fritig et al., 1998; Coca
et al., 2000; Shatters et al., 2006). However, CaAMP1-
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OX transgenic plants did not constitutively express
Arabidopsis PR genes. Therefore, the enhanced resis-
tance of CaAMP1-OX plants to bacterial infection most
likely is not due to the constitutive activation of defense-
related genes. In Arabidopsis, defense responses un-
der SA control are critical for resistance to the bacterial
pathogen Pst DC3000 (Glazebrook, 2001). The signif-
icant expression of the AtPR1 and AtPR5 genes may be
due, in part, to an increased SA level. Induction of the
AtPR1 and AtPR5 genes may also be triggered by in-
direct effects of the overexpressed transgene, which
thus contributes to the induction of resistance to path-
ogen infection. Another possibility is that CaAMP1
overexpression in Arabidopsis primes the defense path-
way to trigger a PAMP-triggered resistance response
to pathogen attacks. Such a “priming” of the defense
pathway has been observed in NPR1-OX transgenic
plants, in which SA-dependent PR genes are activated
more strongly and rapidly than in wild-type plants
(Cao et al., 1998). These results suggest that CaAMP1
may play dual roles in the defense response to patho-
genic bacterial infection. Namely, CaAMPI may not
only directly inhibit bacterial and fungal pathogens but
also may influence SA-dependent defense signaling in
plants. SA is necessary for systemic acquired resistance
in plants (Nandi et al., 2004; Block et al., 2005; Mishina
and Zeier, 2007), which provides protection against
secondary challenge infection by biotrophic pathogens
and is correlated with the expression of PR proteins,
including some with antimicrobial activity (Cao et al,,
1998; Dewdney et al., 2000).

JA-regulated defense signaling is an important com-
ponent of plant resistance to necrotrophic fungi (van
Wees et al., 2003; Veronese et al., 2004; Coego et al.,
2005). CaAMP1 overexpression in Arabidopsis con-
ferred enhanced resistance to infection by the necrotro-
phic fungi F. oxysporum f. sp. matthiolae or A. brassicicola.
The PDF1.2 and OPRI1 genes involved in JA biosyn-
thesis were similarly induced in both wild-type and
CaAMP1-OX transgenic plants, although these genes
were not constitutively expressed in CaAMP1-OX trans-
genic plants. The hevein-like protein Ac-AMPs, isolated
from amaranth (Amaranthus caudatus), has been reported
to show potent antifungal activity in vitro (Broekaert
et al., 1990). However, overexpression of the Ac-AMP
gene in tobacco plants did not confer resistance to
B. cinerea or Alternaria longipes (De Bolle et al., 1996).
Our data support the notion that the enhanced resis-
tance of CaAMP1-OX plants to necrotrophic fungal
pathogens may be due to the antimicrobial activity of
the CaAMP1 protein rather than to a JA-dependent
defense mechanism.

Taking all of the available evidence together, we
have identified a novel antimicrobial protein gene,
CaAMP1, which was isolated from pepper leaves
infected with the Xcv avirulent strain Bv5-4a. Silencing
of CaAMP1 led to an enhanced susceptibility of pepper
plants to bacterial and fungal pathogen infection. In
contrast, CaAMP1 overexpression conferred enhanced
broad-spectrum disease resistance in plants. The CaAMP1
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gene, encoding a protein with a high antimicrobial
activity, may represent a new prospective transgene
for engineering disease resistance in crop plants.
However, identification of the target pathway for the
CaAMP1 gene is required to gain insights into the
plant defense mechanisms associated with CaAMP1
expression.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Pepper seeds (Capsicum annuum ‘Hanbyul’) were sown in a steam-sterilized
compost soil mix (peat moss, perlite, and vermiculite, 5:3:2, v/v/v), sand, and
loam soil (1:1:1, v/v/v). The pepper plants were raised in a growth room at
27°C + 1°C with approximately 80 umol photons m 2 s™! (white fluorescent
lamps) for 16 h per day.

Arabidopsis (Arabidopsis thaliana; ecotypes Col-0 and Ws-0) wild-type and
mutant plants were grown in a 9:1:1 mix of peat moss, perlite, and vermiculite
under controlled environmental conditions (130 wmol photons m s}, 24°C/
21°C with 60% relative humidity, and a 12-h-light/12-h-dark cycle). All seeds
were vernalized at 4°C for 2 d before transfer to growth conditions.

Pathogen Inoculation, Disease Rating, and
Tissue Staining

The Xanthomonas campestris pv vesicatoria (Xcv) virulent strain Ds1 and
avirulent strain Bv5-4a and the nonpathogenic strain Pseudonionas syringae pv
tomato (Pst) DC3000 were used in this study. To prepare bacterial suspensions for
inoculation of pepper leaves, bacteria were cultured overnight in yeast-nutrient
broth (5 g of yeast extract, 8 g of nutrient broth, and 1 L of water) at 28°C. Bacterial
suspensions were adjusted to 10° cfu mL™"! with sterile tap water prior to
inoculation. Pepper plants at the six-leaf stage were inoculated by infiltrating
bacterial suspensions into the abaxial side of fully expanded leaves (Chunget al.,
2007; Kim et al., 2007). To prepare dead bacterial cells of Xcv and Pst, bacterial
suspensions (10° cfu mL™"; optical density at 660 nm [OD,] = 0.06) were
autoclaved at 121°C for 15 min. The bacteria-inoculated pepper plants were
incubated in a growth room as described previously (Lee and Hwang, 1996).

Colletotrichum coccodes isolate 2-25 grown in potato dextrose agar medium
was sporulated on oatmeal agar medium at 28°C. After harvesting spores in
sterile tap water, the concentrations of the conidia suspensions were adjusted
to 10° conidia mL™' CaAMPI-silenced (TRV:CaAMP1) and unsilenced
(TRV:00) pepper plants were inoculated by spraying conidia suspensions.

Pst DC3000 virulent to Arabidopsis ecotype Col-0 were used in this study.
To prepare bacterial suspensions for inoculation of Arabidopsis leaves, Pst
DC3000 was grown as described previously (Lee and Hwang, 2006). The
density of the bacterial population was determined by plating serial dilutions
on King’s B medium supplemented with rifampicin (50 ug mL™") at 28°C.
Infected leaves were sampled immediately and at 1, 3, and 5 d after inocu-
lation. Data are means * sp of the log (cfu cm ) of six replicates.

Hyaloperonospora parasitica isolate Noco2 was maintained in Arabidopsis
(Col-0) by subculturing weekly. Seven- to 10-d-old seedlings were inoculated
to produce a large quantity of inoculum. Spores on leaves inoculated with H.
parasitica isolate Noco2 were collected in water. Seven-day-old seedlings were
challenge inoculated by spraying with a suspension of asexual inoculum (5 X
10* conidiospores mL™"). The inoculated seedlings were covered with a
transparent dome to maintain high humidity (80%-100%) and grown for 7 d at
17°C. Six days after inoculation, the degree of infection was determined by
harvesting 40 inoculated cotyledons in 1 mL of water. After vigorous vortex
mixing, the numbers of spores in three 10-uL aliquots from each spore
suspension were counted using a hemocytometer. Asexual sporulation of H.
parasitica also was visually assessed by counting the number of sporangio-
phores on both sides of cotyledons at 5 d after inoculation. A visual disease
rating consisted of five classes: 0 to 5, 6 to 10, 11 to 15, 16 to 20, and over 20
sporangiophores per cotyledon. The infection and development of H. para-
sitica isolate Noco2 were assessed by staining inoculated seedlings with
lactophenol-trypan blue (10 mL of lactic acid, 10 mL of glycerol, 10 g of
phenol, and 10 mg of trypan blue, dissolved in 10 mL of distilled water). Seven
days after inoculation with H. parasitica, infected cotyledons were boiled for
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5 min in the staining solution and destained overnight in chloral hydrate
(2.5 g of chloral hydrate dissolved in 1 mL of distilled water). The destained
cotyledons were then mounted in 70% glycerol for observation with a
microscope.

Fusarium oxysporum f. sp. matthiolae strain 247.61 (Centraalbureau voor
Schimmelcultures) and Alternaria brassicicola strain KACC40631 were grown
on potato dextrose agar at 26°C for 2 to 3 weeks. To inoculate plants, the fungal
spore density was adjusted to 5 X 10° spores mL ™' in sterile water.
Arabidopsis plants grown as described above were soil drenched with the
F. oxysporum spore suspension. Inoculation with A. brassicicola was performed
by applying a 10-uL drop of spore suspension (5 X 10° spores mL ™) to the
leaves. The inoculated plants were kept under a transparent cover to maintain
high humidity and transferred to a growth chamber with 24°C day and 21°C
night temperatures.

Isolation and Sequence Analysis of CaAMP1 cDNA

A pathogen-induced cDNA library was constructed using poly(A)" mRNA
extracted from pepper leaves inoculated with the avirulent strain Bv5-4a of
Xcv (Choi et al., 2007). The pathogen-induced CaAMP1 cDNA was isolated
from the pepper cDNA library using the differential hybridization method
(Jung and Hwang, 2000) and sequenced on the ABI 310 DNA sequencer
(Applied Biosystems).

Application of Elicitors

Stoppered 500-mL glass bottles containing pepper plants at the four-leaf
stage were injected with ethylene to yield a final concentration of 5 uL L™
MeJa (100 um), SA (5 mm), BTH CGA245704 (10 um), and H,O, (100 um) were
sprayed onto pepper plants at the six-leaf stage. Pepper plants treated with
MeJ A were incubated in a vinyl bag. Control plants were sprayed with water.
For wounding stress, the leaves were pricked with a needle.

Particle Bombardment

The coding region of the CaAMP1 gene was cloned between the cauli-
flower mosaic virus 35S promoter and the smGFP region of the binary vector
Pp326GFP to generate a C-terminal fusion of smGFP to CaAMP]1. For particle
bombardment, the plasmids were purified using Qiagen Plasmid Maxi Kits
according to the manufacturer’s instructions (Qiagen). Onion (Allium cepa)
epidermis was bombarded with gold particles coated with plasmids using a
Bio-Rad PDS-1000/He particle delivery system. Bombarded specimens were
incubated for 24 h on 1X Murashige and Skoog (MS) agar medium at 24°C and
observed using a MRC-1024 confocal laser scanning microscope (Bio-Rad).

VIGS

The TRV-based VIGS system was used to silence CaAMP1 in pepper plants,
as described by Liu et al. (2002). CaAMP1 sequences were amplified by PCR
with the primers 5'-GAATTCATGATGAATGCTAATGGATT-3’ (forward) and
5'-GAATTCAGTCTGTGATCCCCGC-3’ (reverse). Fragments of 338 bp corre-
sponding to the N-terminal coding region of the pepper CaAMP1 gene were
cloned into the vector pTRV2 to yield pTRV2:CaAMP1, which was transformed
into Agrobacterium tumefaciens strain GV3101. Transformants carrying pTRV1
or pTRV2:CaAMP1 were coinfiltrated into the fully expanded cotyledons of
pepper plants (OD, = 0.2). Plants were placed in a greenhouse at 25°C with a
16-h-light/8-h-dark photoperiod cycle to allow growth and viral spread.
Pepper plants silenced for 4 to 5 weeks were used for pathogen inoculation.

Vector Construction and Arabidopsis Transformation

The binary vector pBIN35S was used to generate a plasmid for Arabidopsis
transformation. The full-length CaAMP1 cDNA sequence from pBluescript
SK— was obtained by digestion with BamHI and Kpnl and cloned into
PpBIN35S. The recombinant plasmids were verified by sequencing. The binary
plasmids were electroporated into A. tumefaciens strain AH109. The resulting
agrobacteria were used to transform Arabidopsis (Col-0 and Ws-0) plants
using the floral dipping procedure (Clough and Bent, 1998). Transgenic plants
containing the pBIN35S constructs were selected on MS agar plates containing
50 ug mL~! kanamycin.
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Prior to pathogen inoculation, surface-sterilized seeds of Arabidopsis
transgenic plants were plated on MS agar medium containing 50 pg mL ™’
kanamycin and vernalized at 4°C for 2 d. After selection for 10 d, the
kanamycin-resistant transgenic seedlings were grown in soil.

RNA-Blot and RT-PCR Analyses

Total RNA was prepared from Arabidopsis leaves using Trizol RNA ex-
traction buffer (Invitrogen). To analyze the level of gene expression by northern
blotting, equal quantities of RNA were separated on 1.2% formaldehyde-
agarose gels in the presence of ethidium bromide and transferred to nylon
membranes (Hybond N*; Amersham). The CaAMP1 cDNA was 3P labeled
using a random priming kit (Boehringer Mannheim). Prehybridization and
hybridization were performed at 65°C in 5% (w/v) dextran sulfate, 0.25 m
disodium phosphate, pH 7.2, 7% (w/v) SDS, and 1 mm EDTA. The membranes
were washed twice with 2X SSC, 0.1% SDS for 10 min each at room
temperature and three times with 0.1X SSC, 0.1% SDS for 5 min each at 65°
C. The hybridized blots were exposed to x-ray films.

To analyze gene expression in transgenic Arabidopsis plants by RT-PCR,
total RNA (2 ug) from wild-type and transgenic plants was reverse tran-
scribed using RT-AMV transcriptase (Roche) with oligo(dT) for 1 h at 42°C.
PCR was carried out using ExTag DNA polymerase (TaKaRa). The primers
used to amplify AtPRI were 5'-ATGAATTTTACTGGCTTCCAT-3' (forward)
and 5'-AACCCACATGTTCACGGCGGA-3' (reverse). The primers used to
amplify AtPR5 were 5'-TTCACATTCTCTTCCTCGTGTTCA-3’ (forward) and
5'-TCGTAGTTAGCTCCGGTACAAGTG-3' (reverse). The primers used to
amplify PDF1.2 were 5'-ATGGCTAAGTTTGCTTCCAT-3' (forward) and
5'-ACATGGGACGTAACAGATAC-3' (reverse). The primers used to amplify
OPR1 were 5'-GGTCGATGGTTTCTAGCCAA-3’ (forward) and 5'-GCAT-
GATCACATCAAACAGA-3' (reverse). To detect AtPR1 and AtPR5 expres-
sion, amplification was programmed for 27 cycles, with each cycle consisting
of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min. For PDF1.2 and OPR1,
amplification was also programmed for 25 cycles. The ubiquitin mRNA
expression level was used as a quantitative control. Aliquots of individual
PCR products were resolved by agarose gel electrophoresis and visualized
with ethidium bromide under UV light.

Expression and Purification of Recombinant CaAMP1

pET32a vectors were used for expression of the CaAMPI-thioredoxin
fusion protein in Escherichia coli. For construction of the CaAMP1:pET32a
plasmid, the CaAMP1 coding region was amplified using the primers
5'-GAATTCATGGTTTCCAAAAGTAGTATTTTT-3' (forward) and 5'-CTC-
GAGTTAGGCACAACAATAGTCACAACG-3’ (reverse). The DNA fragment
was excised by digestion with EcoRI and Xhol and ligated into the expression
vector pET32a. The resulting plasmid was used to transform E. coli BL21 and
was verified by sequencing. Bacteria were grown to an appropriate density
(ODgyy = 0.6) at 37°C and induced with 0.1, 0.2, 0.5, 1.0, or 2.0 mm isopropyl
thiogalactoside (IPTG) for various time periods to find optimum expression
conditions. Optimal induction of CaAMP1 protein expression was achieved
with 1 mm IPTG, and the culture was incubated for 4 h. Bacteria were
harvested by centrifugation at 5,000¢ for 5 min at 4°C and stored at —70°C. The
CaAMP1 protein was purified using the nickel-nitrilotriacetic acid agarose
purification system kit (Invitrogen). The bacteria were suspended in a native
binding buffer (50 mm NaPO, and 500 mm NaCl, pH 8.0) and 8 mg of lysozyme
for 30 min on ice, lysed by sonication on ice, and centrifuged at 5,000¢ for
15 min. Protein concentrations were assayed and SDS-PAGE was done. Soluble
recombinant proteins (8 mL) were added to a superflow resin column (poly-
propylene column) equilibrated with native binding buffer. The column was
washed with a native wash buffer (50 mm NaPO,, 500 mm NaCl, and 20 mm
imidazole, pH 8.0), and the recombinant protein was eluted with 5 mL of native
elution buffer (50 mm NaPO,, 500 mm NaCl, and 250 mm imidazole, pH 8.0).

Evaluation of in Vitro Antimicrobial Activity of the
CaAMP1 Protein

The in vitro antimicrobial activity of the CaAMP1 protein was measured
against plant pathogenic fungi, oomycetes, yeast, and bacteria. Minimum
inhibitory concentrations of the CaAMP1 protein against these microorgan-
isms were determined in a 48-well microtiter dish (Corning Glass Works).
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Protein samples were dialyzed for 24 h against 10 mm sodium phosphate
buffer, pH 7.8, at 4°C and subsequently filter sterilized through 0.2 um filters.
Protein concentrations were determined and adjusted appropriately. Protein
samples (100 uL) were pipetted into each well to give a total volume of 150 uL.
The inocula used in this test were a zoospore suspension (10* zoospores mL ')
of Phytophthora capsici, a mycelial suspension of Rhizoctonia solani, spore
suspensions (10" spores mL™") of other plant pathogenic fungi (Alternaria
brassicicola, Alternaria mali, Botrytis cinerea, Cladosporium cucumerinum, Colleto-
trichum coccodes, F. oxysporum f. sp. matthiolae, Magnaporthe grisea, and
Sclerotinia sclerotiorunt), yeast (104 cells mL™Y; Candida albicans and Saccharo-
myces cerevisiae), and bacteria (10* cells mL™Y; Bacillus subtilis, Micrococcus
luteus, Pseudomonas syringae pv tomato, Ralstonia solanacearum, and Xcv). A
volume of 10 uL of germ suspensions was added per well. The inoculated well
plates were incubated at 28°C on a rotary shaker. Growth of the test
microorganisms was evaluated after incubation for 2 to 4 d.

Bioassay of the Inhibition of Conidial Germination and
Hyphal Growth by the CaAMP1 Protein

Conidial suspensions of A. brassicicola and F. oxysporum f. sp. matthiolae
were shaken vigorously for 2 min. A 0.1-mL aliquot of the suspensions was
dispensed into a microtube containing potato dextrose broth (Difco; 0.4 mL,
0.5%), and the CaAMP1 protein was added. After incubating F. oxysporum f.
sp. matthiolae and A. brassicicola conidia for 6 h at 28°C, germinated conidia
were counted on a hemocytometer using a light microscope.

Conidial suspensions of F. oxysporum f. sp. matthiolae and A. brassicicola in
potato dextrose broth were incubated in microtubes until the hyphae had an
average length of 30 um. A 0.1-mL sample of the CaAMP1 protein at various
concentrations was then added to the conidial suspensions. The mixtures
were incubated until the control germlings attained an average length of
approximately 400 um. The lengths of 50 individual hyphae were determined
using a light microscope.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AY548741 (CaAMP1), At2g14610 (PRI),
At1g75040 (PR5), At5g44420 (PDF1.2), and At4g05320 (LIBQ).
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