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Ethylene (ET) signal transduction may regulate plant growth and defense, depending on which components are recruited into
the pathway in response to different stimuli. We report here that the ET pathway controls both insect resistance (IR) and plant
growth enhancement (PGE) in Arabidopsis (Arabidopsis thaliana) plants responding to harpin, a protein produced by a plant
pathogenic bacterium. PGE may result from spraying plant tops with harpin or by soaking seeds in harpin solution; the latter
especially enhances root growth. Plants treated similarly develop resistance to the green peach aphid (Myzus persicae). The
salicylic acid pathway, although activated by harpin, does not lead to PGE and IR. By contrast, PGE and IR are induced in both
wild-type plants and genotypes that have defects in salicylic acid signaling. In response to harpin, levels of jasmonic acid (JA)
decrease, and the COI1 gene, which is indispensable for JA signal transduction, is not expressed in wild-type plants. However,
PGE and IR are stimulated in the JA-resistant mutant jar1-1. In the wild type, PGE and IR develop coincidently with increases
in ET levels and the expression of several genes essential for ET signaling. The ET receptor gene ETR1 is required because both
phenotypes are arrested in the etr1-1 mutant. Consistently, inhibition of ET perception nullifies the induction of both PGE and
IR. The signal transducer EIN2 is required for IR, and EIN5 is required for PGE because IR and PGE are impaired
correspondingly in the ein2-1 and ein5-1 mutants. Therefore, harpin activates ET signaling while conscribing EIN2 and EINS to

confer IR and PGE, respectively.

Ethylene (ET) plays important roles in plant defense
(Dong, 1998, 2001; Wang et al., 2002) and in growth
and development (Price et al., 2003; Guo and Ecker,
2004). Action by ET in these processes essentially
depends on its perception by plants, which determines
how the pathway is executed. In the absence of an ET
signal, ETreceptors, like ETR1 and ERS1 (Gamble et al.,
2002), activate the Raf-like kinase CTR1, which in turn
inhibits the downstream pathway (Clark et al., 1998).
When ET is present, its binding inactivates the recep-
tors, causing deactivation of CTR1, which allows the
metal-transporter EIN2 protein (Alonso et al., 1999) or
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the uncharacterized component EIN5 (Roman et al.,
1995) to positively regulate the pathway. Downstream,
the EIN3 or ERF1 families of transcription factors may
regulate the transcription of effector genes (Kieber,
1997; Chao et al., 1997). According to epistatic analysis,
EIN3 and EINS5 act allelically, while EIN2 and EIN3
may act sequentially (Bleecker and Kende, 2000). EIN3
can bind to the promoter region of ERF1 (Chao et al.,
1997; Solano et al., 1998). Consistently, expression of
ERF genes confers constitutive ET response in ein3
backgrounds (Solano et al., 1998). Thus, EIN2 and
EIN3 or EIN5 may act through ERF1 to regulate ET-
dependent processes (Guzman and Ecker, 1990; Wang
et al., 2002; Li et al., 2003, Traw and Bergelson, 2003).
However, EIN3 also interacts with specific F boxes,
which function to suppress ET action and promote
plant growth (Potuschak et al.,, 2003; Gagne et al,,
2004). How the downstream divergences in the ET
pathway occur and subsequently lead to the diverse
plant phenotypes is unclear.

The type of stimuli or elicitors critically affects
which particular pathway is activated and which
pathways intersect. Activation of salicylic acid (SA)-
mediated systemic acquired resistance (SAR) sup-
presses jasmonic acid (JA)-dependent induced
systemic resistance and insect resistance (IR; Felton
et al., 1999); nevertheless, both pathways cross-talk
under modulation by the NPR1 protein (Spoel et al.,
2003). Application of SA or its analogs to tomato
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(Lycopersicon esculentum) induces SAR but suppresses
IR (Doares et al., 1995; Doherty et al., 1998). In
Arabidopsis (Arabidopsis thaliana), blocking SA accu-
mulation causes increase in JA levels and expression of
JA-inducible genes (Spoel et al., 2003). Expression of
a G protein in transgenic tobacco plants causes eleva-
tion in JA levels but abolishes SA production (Yoda
and Sano, 2003). The JA/ET synergism also is affected
by the type of stimuli. In Arabidopsis, attack by aphids
and mechanical wounding activate both SA- and JA-
inducible genes (Reymond et al., 2000; Moran and
Thompson, 2001). In rice (Oryza sativa), treatment with
the SA analog dichloro-isonicotinic acid (INA) and JA
results in greater expression of defense genes than
treatment with only INA (Schweizer et al., 1997).
Interestingly, SA inhibits JA-induced generation of
Arabidopsis trichomes (Traw and Bergelson, 2003),
suggesting that JA and SA also antagonistically act
on morphogenesis. Moreover, Glc antagonizes ET in
modulating action by EIN3 and thereby affects the
downstream portion of the ET pathway. Whereas ET
appears to promote EIN3 stability, Glc promotes its
breakdown (Yanagisawa et al., 2003). Quite intrigu-
ingly, several signals that are diverse in properties
often are engaged in the same processes. For example,
reactive oxygen species mediate cell expansion and
plant growth (Neill et al., 2002; Laloi et al., 2004),
which requires ET (Li et al., 2003). Clearly, character-
ization of how the sophisticated signaling networks
function in response to different stimuli or elicitors is
a prodigious challenge. Thus far, studies with specific
elicitors have resulted in scant information concerning
how plant defense pathways coordinate with growth
regulation.

Harpins, proteins produced by several Gram-
negative plant pathogenic bacteria, cause multiple ef-
fects in plants (Kim and Beer, 2000). Harpin or harping,
from Erwinia amylovora independently triggers hyper-
sensitive cell death and the SAR pathway (Dong et al.,
1999; Peng et al., 2003). The protein also stimulates
ion channels (El-Maarouf et al.,, 2001) and kinases
(Desikan et al., 2001), which have not been related
to any particular plant phenotypes. Harping,,, from
Pseudomonas syringae pv phaseolicola may require
a kinase localized on cell membranes for pathogen
defense in tobacco (Nicotiana tabacum). Binding of
harping,,,, to membranes is correlated with defense
gene expression, which, however, is abolished by
a kinase inhibitor (Lee et al., 2001a). Harpinp,, makes
pores in artificial membranes and activates Ca*"
channel responses (Lee et al.,, 2001b). If similar re-
sponses occur in planta during bacterial infection, they
could facilitate production and transportation of some
virulence effectors that function intracellularly. There-
fore, the several different effects of harpins in plants
may be attributed to activation of several distinct
pathways.

We have studied effects of harpins on plants to
understand some aspects of the signaling networks
underlying plant defense and growth regulation
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(Dong et al., 1999; Kim et al.,, 1999; Kim and Beer,
2000; Peng et al., 2003, 2004a, 2004b). Here, we describe
how ET responds to the treatment with harpin and
how the hormone signaling simultaneously regulates
IR and plant growth enhancement (PGE).

RESULTS
Characterization of Harpin-Induced PGE and IR

Figure 1A shows differences in morphology of
plants incubated under vegetative growth conditions
between treatments with 15 ug mL™' harpin and
empty vector preparation (EVP), which contained
15 ug mL ™" of inactive proteins. Seedlings sprayed
with harpin were obviously larger at 40 d posttreat-
ment (dpt) than similarly grown plants that were
treated with EVP. Plants treated with EVP showed
signs of senescence 60 d after sowing, while plants
treated with harpin appeared vigorous at the same
time (Fig. 1A, plants grown in pots). The fresh weight
of seedlings sprayed with harpin was approximately
1.6-fold greater than seedlings sprayed with EVP by
20 dpt, and this trend continued for at least another
10 d (Fig. 1B, a) Concentrations of harpin greater than
15 ug mL™! did not result in more growth than
treatment with 15 ug mL ™! harpin (Fig. 1B, b).

Soaking seeds in solutions of harpin also resulted in
enhanced growth of seedlings, although the effect was
not evident until 20 to 25 dpt (Fig. 1A, insets). We
determined whether harpin promotes seedling growth
through affecting seed germination. Untreated seeds
that were chilled for 4 to 5 d usually germinated within
24 h; those chilled for 2 d, or not chilled, generally
required 6 to 7 d to germinate. Roots were evident 24 h
after seed germination. Roots of plants grown from
seeds soaked in harpin solution (15 ug mL~ Y for 6 h
prior to germination were longer than the controls
(Fig. 1C). The effect was evident in 5 to 7 dpt and
increased with time (Fig. 1D, a). Soaking seeds 1r1
concentrations of harpin greater than 15 ug mL™"
did not 1ncrease root length more than soaking in
15 ug mL~" of harpin.

Harpin-induced resistance to insects first was sug-
gested based on observations of field-grown peppers.
Plants that had been treated with harpin incurred
fewer injuries from the European corn borer than
comparable untreated plants. Insect repellency was
observed in harpin-treated cucumber; striped cucum-
ber beetles preferred to colonize control plants rather
than harpin-treated plants (Zitter and Beer, 1998). We
studied effects of harpin treatment on the green peach
aphid (Myzus persicae). The effect of colonization on
plants by approximately 200 aphids per pot was
evaluated based on plant vigor (Fig. 2A, a). After 30 d
of insect colonization, plants treated with EVP were
seriously damaged; most plants were dead. By con-
trast, damage to harpin-treated plants was much less
severe and most plants still were growing (Fig. 2A, a).
To quantify IR effects, 5 to 10 mature aphids were
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Figure 1. Effects of harpin on the growth of Arabidopsis. A, Appearance
of plants grown in pots. B, Quantification of plant growth in pots.
Subsection a, Increase in plant weight with time. Subsection b, Effects
of harpin dose on growth. C, Appearance of roots grown on agar
medium. D, Quantification of root growth on agar medium. Subsection
a, Increase of root length with time. Subsection b, Effects of harpin dose
on root growth. Plants in A and B were grown in pots in a controlled-
environment chamber. Harpin at 15 ug mL™", or the indicated dose,
and 15 ug mL™" EVP were applied 20 d after sowing by spaying plants
to runoff. The plants shown in the insets in A are representative of those
grown from seeds that were soaked in 15 ug mL™" harpin or 15 pg
mL~" EVP for 6 h. Plants shown in the pots in the main photo of A were
grown from untreated seeds. In B, plant weight was determined at the
indicated times (a) or at 25 dpt (b). In C, plants shown are representative
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moved from nurse seedlings to the lower surfaces of
leaves of treated plants; aphid reproductive rate was
evaluated based on counting the numbers of nymphs
reproduced on leaves. The insects seemed to prefer the
undersides of leaves (Fig. 2A, b); sometimes, they
moved to other parts of plants (Fig. 2A, c). Spraying
plants with harpin markedly reduced subsequent
aphid reproduction. The effect became apparent at
3 to 5 dpt (Fig. 2B, a). The greatest inhibition of aphid
reproduction resulted from a moderate dose of harpin
(Fig. 2B, b).

T test (P = 0.05) indicated that amounts of plant
growth and rates of insect multiplication were signif-
icantly different between treatments with EVP and
harpin. Apparently, as the concentratlon of harpin
applied increased above 15 ug mL}, the effects on
PGE and IR decreased proportionally (Flgs. 1,Band D,
and 2B). The Mann-Whitney U test (U test) at P = 0.05
suggested that levels of PGE and IR were s1gn1f1cantly
different for the treatment with harpin at 15 pg mL™"'
versus treatment with all other concentrations, which,
however, were not significantly different one another
for both phenotypes.

Suppression of JA Signaling and Activation of the
ET and SA Pathways

SA, ET, and JA mediate basal plant defenses (Ryals
et al., 1996; Dong, 1998, 2001), affect plant develop-
ment (Traw and Bergelson, 2003), and may play roles
in the induction of PGE and IR. We reported pre-
viously that harpin activates the SA-mediated SAR
pathway (Dong et al., 1999; Peng et al., 2003, 2004a).
Here, we present evidence that harpin stimulates ET
and SA while it suppresses JA signaling during the
induction of PGE and IR.

First, we studied the three s1gna1s A basal level of
free JA (approximately 200 ng g ') was detected in
control plants that had been treated with EVP (Fig. 3A,
a). In harpin-treated plants, JA decreased to approxi-
mately one-half the basal level within 12 h posttreat-
ment (hpt) and remained at that level until it again
reached the basal level between 60 and 72 hpt. Thus,
treatment with harpin resulted in reduced JA pro-
duction. By contrast, as depicted in Figure 3A, sub-
section b, SA accumulated markedly in harpin-treated
plants, peaking at 12 hpt, and declined to basal levels
of approximately 55 ng g~ ' fresh tissue by 72 hpt.
Figure 3A, subsection ¢, shows that ET accumulation
was transiently induced by harpin in tlssues of potted
plants, increasing at 12 hpt to 148 ng g ' and falling to
basal levels of 48 to 51 ng g~ ' at 48 hpt. SA, ET, and JA
from plants treated with EVP remained at basal levels.

of those that grew from seeds soaked in 15 ug mL™" harpin or 15 pg
mL ™" EVP for 6 h prior to sowing on agar medium. In D, root length was
measured at indicated times (a) or at 15 dpt (b). Quantitative assays
were done 20 (A and B) or 10 (C and D) times; each assay was done
with 3 replicates (B-D); each replicate involved 5 plants. In graphs and
histograms (B and D), bars refer to statistical deviation.

Plant Physiol. Vol. 136, 2004
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Figure 2. Effects of harpin on colonization of Arabidopsis by green
peach aphids. A, Appearance of plants following treatment and in-
festation with aphids. Subsection a, Overall damage by the insects to
densely grown plants. Subsection b, Insect colonies on lower surfaces
of single leaves from treated plants. Subsection c, Insects on single
plants. B, Quantification of insect reproduction. Subsection a, Insect
multiplication progressed with time following treatment. Subsection b,
Effects of harpin concentration on insect reproduction. Twenty-day-old
plants had been sprayed separately with solutions of EVP and harpin at
15 wg mL~" or the indicated concentrations. At 5 dpt, aphids were
moved from nurse plants to the treated plants. Plants in A, subsection a,
were photographed 30 d after colonization by approximately 200
aphids per pot. In A, b and ¢, and B, mature aphids were placed on the
lower sides of two leaves of a plant, 10 insects per leaf for A, b and c,
and 5 insects per leaf for B. Leaves and plants were photographed 7 d
later. The number of nymphs per plant was counted at 5 dpt or at the
indicated times. Quantitative assays were done five times. For each
assay, five plants were treated and evaluated. The data are presented as
means * sp.

At each interval of assays, contents of three hormones
in harpin-treated plants were all significantly higher
than the basal levels observed in EVP-treated plants
(T test, P = 0.05).

ET levels also were determined after soaking seeds
and placing them on agar medium (Fig. 3A, d). Assays
were done until differences in root length between
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plants treated with EVP and harpin were evident. ET
fluctuated significantly (T test, P = 0.05) from a basal
level of 23 to 26 ng g~ in both germinating seeds and
growing roots, similar to that in potted plants. ET from
the harpin-soaked seeds increased to 48 ng g by 6 hpt
when germination started, peaked at 72 ng g~ by 12
hpt, and then returned to the basal level at approxi-
mately 24 hpt. After that, ET levels declined to 13 to
14 ng g™ in tissues of subsequently growing roots.

Next, we conducted reverse transcription (RT)-PCR
analyses to determine if expression of the genes asso-
ciated with the SA, JA, and ET pathways is coincident
with levels of the signals in response to treatment with
harpin. The effects of harpin were compared with those
of the known elicitors, INA, methyl jasmonate (MeJA),
and 1l-aminocyclopropane-1-carboxylic acid (ACC),
which activate the SA, JA, and ET pathways, respec-
tively (Ryals et al., 1996; Dong, 1998). The constitutively
expressed gene EF1a was used as a standard in the RT-
PCR protocol. Products were dissolved in gels and
stained with ethidium bromide; the staining intensity
of the EFla product was used to confirm uniform
loading of RNA in different samples, which also helped
us to evaluate relative levels of gene expression.

Figure 3B, subsection a, shows the behavior of the
genes that regulate the SA, JA, and ET pathways in
response to harpin and control solutions. Expression
of the NPR1 gene was induced in harpin-treated plants
within 6 hpt; in 12 to 24 hpt, the expression levels were
comparable to that induced by INA. By contrast, few
transcripts of NPR1 were detected in plants treated
with EVP, MeJA, or ACC. In the same experiment, we
studied the ETR1, ERS1, CTR1, EIN2, and ERF1 genes,
which require induction for expression and participa-
tion in an ET-signaling circuit (Bleecker and Kende,
2000; Wang et al., 2002). The expression levels of ETR1
and ERSI were greatly enhanced by treatment with
harpin at 12 to 24 hpt; the levels were similar to those
induced by ACC. EIN2 and ERF1 were expressed in
harpin-treated plants markedly, just as in ACC-treated
plants, but EIN2 and ERFI were not expressed in
plants treated with EVP, INA, or MeJA. CTR1, by
contrast, was not induced by treatment with harpin,
but it was slightly induced by ACC. Moreover, we
assessed COI1, since COI1 positively regulates the JA
pathway (Xie et al., 1998). The gene was expressed in
plants treated with MeJA but not in harpin-treated
plants. In addition, except for ERS1 and CTR1, which
showed low levels of constitutive expression, other
genes were not expressed in plants treated with EVP.
These results suggest that only genes that positively
regulate the SA and ET pathways are enhanced in
expression by treatment with harpin.

Next, we investigated whether treatment with har-
pin affects the expression of relevant effector genes.
Transcription of acidic PR genes, like PR-1 in Arabi-
dopsis, is mediated by SA (Ryals et al., 1996); Hel is
mediated by ET and weakly by SA, and PDF1.2 and
basic PR genes, like PR-3b, are mediated by JA or ET,
depending on exogenous stimulation (Pieterse et al.,
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Figure 3. Effects of harpin on the JA-, SA-, and ET-signaling pathways in Arabidopsis. A, Quantification of the hormones.
Subsections a and b, Endogenous levels of free JA and SA. Subsections c and d, Amounts of ET released. B, The effects of harpin
and known elicitors on expression of genes involved in the pathways. Subsections a to ¢, RT-PCR analysis of signaling regulatory
genes, defense genes, and expansin genes. Subsection d, RNA gel-blot analysis to confirm RT-PCR results. In A, a solution
containing 15 ug mL™" harpin (rectangles) or 15 ug mL™" EVP (triangles) was applied by spraying the seedlings (A, a—c) or by
soaking seeds for 6 h before incubation on agar medium (A, d). Levels of JA, SA, and ET were quantified as described in the text
based on fresh weight of tissues (A, a—c) or germinated seeds (A, d). The data points indicate means = sp of results. In B, lower
leaves of plants were sprayed separately with solutions containing the indicated compounds. Twelve hours later, or at the
indicated times, RNA was extracted from untreated upper leaves. The constitutively expressed gene EFTa was used as a standard
in the RT-PCR protocol. RT-PCR products of genes in B, a and b, were loaded to gel separately; products of genes in B, subsection
¢, were loaded in a mixture of equal amounts. In B, subsection d, harpin 12 and harpin 24 refer to leaf sampling at 12 and 24 hpt
with harpin. Treatment with harpin resulted in increased expression of ETRT and ERST encoding the ET receptors ERF1 and NPR1
that are required, respectively, for ET and SA signal transduction. Harpin did not induce expression of CTR1, which functions in
the absence of an ET signal. Harpin also did not induce expression of COI1, which is required for JA signaling.

1998; Clarke et al., 2000; Spoel et al., 2003). Figure 3B,
subsection b, shows that PR-1, PR-3b, and Hel were all
expressed in harpin-treated plants by 3 dpt, similarly
as in plants treated with the known elicitors. Tran-
scription of PDF1.2 was enhanced by treatment with
harpin in 1 to 5 dpt. PR-3b and PDF1.2 were weakly
expressed constitutively; their expression was en-
hanced by INA and MeJA or ACC, respectively. These
results are consistent with previous results that ET
and JA signaling affects activation of the two genes
(Penninckx et al., 1998; Thomma et al., 1998; Andi et al.,
2001). Thus, expression patterns of these genes are
consistent with the behavior of the signals and regu-
latory genes. The expression of PDF1.2 and PR-3b
seems mediated by ET rather than JA, inasmuch as JA
production and COI1 expression were suppressed in
harpin-treated plants.

3632

The effector genes AtEXP2 and AtEXP7 encode the
Arabidopsis expansins EXP2 and EXP7, which func-
tion to loosen cell walls and promote cell division and
extension, mediated by ET, thereby promoting plant
growth (Choi et al., 2003; Li et al., 2003). Figure 3B,
subsection ¢, shows that expression of both genes was
greatly enhanced by treatment with harpin. The accu-
mulation of AtEXP2 transcripts increased by 12 hpt
and reached higher levels in 2 to 3 d. Comparatively,
AtEXP7 was activated earlier and more strongly; its
expression started by 6 hpt and increased thereafter.

Results of RNA gel-blot analyses for AtEXP2 and
AtEXP7 (data not shown) and other genes (Fig. 3B, d)
confirmed the results of the RT-PCR analyses. For
example, expression of NPR1 and defense genes was
induced by harpin to higher levels, while only MeJA
activated COI1. Responses of these genes to known

Plant Physiol. Vol. 136, 2004
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elicitors also were consistent with the RT-PCR results
and previous studies (Ryals et al., 1996; Clarke et al.,
2000). ETR1 evidently was activated by MeJA or ACC
but not by INA. NPR1 was activated slightly by ACC
and strongly by INA. MeJA and ACC induced PDF1.2
expression, while INA did not. PR-1 and PR-3b were
induced only by treatment with INA or ACC.

Representative genotypes with defects in the SA, ET,
or JA pathways (Ryals et al., 1996; Dong, 1998) were
compared with wild-type plants for expression of
defense and EXP7 genes, in response to harpin. Gene
expression patterns varied with genotypes and treat-
ments (Fig. 4A). Transcript levels of a gene in other
genotypes treated differently were relative to the level
in wild-type plants treated with EVP (Fig. 4B). Ex-
pression levels were similar for most of the genes
evaluated in EVP-treated plants of different geno-
types, while differences primarily were provided by
the treatment with harpin. We first assayed NahG
plants that fail to accumulate SA (Delaney et al., 1994)
and the nprl-1 mutant that contains a nonfunctional
NPR1 gene (Cao et al., 1994, 1997). In both phenotypes,
patterns of PR-3b, Hel, PDF1.2, and EXP7 expression
were similar as in the wild type. Expression levels of
these genes were greatly increased to different extents
by treatment with harpin, as compared to EVP. How-
ever, PR-1 behaved differently. In the wild type, PR-1
transcript evidently accumulated, but its expression
did not increase substantially in NahG and nprl-1
plants, following the application of harpin. Then, we
tested the MeJA-insensitive mutant jarl-1. Levels of
PDF1.2 expression were lower in jarl-1 compared to
wild type, irrespective of treatments, and little in-
creased in the mutant plants treated with harpin in
contrast to EVP. Other genes were all expressed at
higher levels in jarl-1 plants following the application
of harpin, relative to EVP. Noticeably, harpin-induced
expression of Hel, PR-1, and AtExp7 was greater in
jar1-1 than wild type. Finally, we investigated the ET-
insensitive mutant efrl-1, which possesses an ETRI
locus with a dominant mutation that prevents ET
binding to the receptor ETR1 (Schaller and Bleecker,
1995; Gamble et al., 2002). In ert1-1 plants, expression
of all the genes studied was suppressed, except PR-1,
which was strongly expressed. These results suggest
that harpin-induced expression of PR-1a is suppressed
only by defects in the SA pathway, while that of others
is impaired by insensitivity to ET instead of JA. Thus,
with the exception of PR-1, ET signaling is critical for
harpin to stimulate expression of the expansin and
defense genes.

Effects of Genetic Blocking of ET Signaling on
PGE and IR

To attribute PGE and IR to particular pathways, we
determined if harpin could induce the phenotypes
in the same mutants as tested above. Based on the
lengths of roots grown on agar medium (Fig. 5A)
and the number of aphid nymphs reproduced on

Plant Physiol. Vol. 136, 2004

A Wild type NahG npri-1 jart-1 efr1-1 100 bp
EVP Harpin EVP Harpin EVP Harpin EVP Harpin EVP Harpin ladder

AtEXPT

Gene expression levels (Arbitrary units)

WT NahG npri-1 jari-1 etr1-1
Genotypes

WT NahG npri-1 jari-1 etri-1

Figure 4. Effects of Arabidopsis genotypes on expression of several
effector genes in SA, ET, and JA signaling in response to harpin. A, Gel
patterns of gene expression. B, Relative levels of gene expression. RT-
PCR was conducted with RNA isolated at 3 dpt from untreated upper
leaves of plants that had been sprayed on lower leaves with EVP or
harpin. In gel photos, the brightest band of the 100-bp ladder is 600 bp.
Gene expression levels are presented as white and black bars, re-
spectively, for treatments with EVP (control) and harpin. For each gene,
the arbitrary units were determined by verification based on defining
the expression level in controls as 10. Data are given as means * sb
from three replicates.

potted plants (Fig. 5B), PGE and IR were differently
affected by some genotypes of Arabidopsis. After
treatment with harpin, roots of the wild-type, jarl-1,
and nprl-1 mutants and NahG transgenics were sig-
nificantly longer than the controls treated with EVP
(T test, P = 0.05). Similarly when these four genotypes
were treated with harpin, their ability to support
multiplication of aphids was greatly reduced relative
to plants treated with EVP. Thus, the JA and SA
pathways are not likely to result in PGE and IR in
response to harpin. By contrast, harpin did not affect
plant growth and IR relative to the effect of EVP in the
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Figure 5. Effects of Arabidopsis genotypes on the development of PGE
and IR in response to harpin. A, Root length of seedlings grown on agar
medium. B, The number of aphids on leaves of potted plants. Plants
were observed at the indicated times after soaking seeds (A) or spraying
seedlings (B) with EVP (triangles and left insets) or harpin (rectangles
and right insets). Seedlings in insets were photographed when the
effects were evident by 5 dpt for the wild type, jari-1, and NahG and
8 dpt for others. The data points indicate means = sp of results from
three replicates each containing approximately 120 seedlings in A and
15 plants in B.

etr1-1 mutant. The roots that grew from harpin-soaked
seeds of the mutant were not longer than those from
EVP-soaked seeds. The number of reproduced
nymphs was similar in harpin-treated and control
plants. These results confirm that ET signaling is
essential to harpin-induced PGE and IR.

The ET signal transducers EIN2 and EIN5 act
downstream of ET receptors and lead to stress re-
sistance and root elongation in Arabidopsis (Bleecker
and Kende, 2000). The ein2-1 and ein5-1 mutants were
assayed to determine if they differ from the wild type
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in the induction of IR and PGE. In ein2-1 plants, IR was
impaired while PGE was not impaired in response to
harpin, based on aphid multiplication on the plants
grown in pots and growth of seedlings from the seeds
incubated on agar medium. Soaking ein2-1 seeds in
a harpin solution resulted in significantly more seed-
ling and root growth (T test, P = 0.05) than similar
plants treated with EVP (Fig. 5A). However, aphids
multiplied equally well in potted plants treated with
harpin and EVP (Fig. 5B). In contrast with ein2-1
plants, ein5-1 plants displayed IR (Fig. 5B) but not
PGE (Fig. 5A) after treatment with harpin. Clearly,
harpin recruits EIN2 and EIN5 to confer IR and PGE,
respectively.

Pharmacological Inhibition of PGE and IR

Amonooxyacetic acid (AOA) and AgNO; inhi-
bit synthesis and perception of ET, respectively
(Ghassemian et al., 2000). We determined whether
the inhibitors are active in eliminating PGE and IR in
Arabidopsis plants treated with harpin. When both
inhibitors were applied alone or with EVP to wild-type
plants, there was no effect on PGE or IR (Fig. 6A, a—).
However, when either of the two inhibitors was
applied together with harpin to plants growing in
pots, PGE and IR, which were observed in the absence
of the inhibitors, did not occur (Figs. 6A, a and b). In
potted plants treated with harpin, an approximately
1.5-fold increase in growth (Fig. 6A, a) and an approx-
imately 2.4-fold reduction in the number of nymphs
occurred (Fig. 6A, b). These effects were eliminated by
including AOA or AgNO; in the treatment. However,
only AgNO, abolished the enhancement of root
growth on agar medium (Fig. 6A, c). Thus, root growth
promotion requires ET perception, while the induction
of PGE and IR in potted plants requires ET production
as well.

We similarly assayed ein2-1 and ein5-1 mutants.
Although ET declined 5-fold in ein2-1 roots grown
on agar medium from seeds soaked in harpin solution
(Fig. 6B, a), these roots still were 56% longer than
control roots (Fig. 6B, b). AgNO; applied together with
harpin eliminated the effect, but AOA applied to-
gether with harpin did not (Fig. 6B, b). In potted ein5-1
plants, the ET level increased 3.3-fold at 12 hpt with
harpin (Fig. 6C, a), while insect multiplication was
only 58% on these plants relative to control plants at 7
dpt (Fig. 6C, b). AOA or AgNO; applied with harpin
abolished the induction of IR (Fig. 6C, b). Clearly, both
synthesis and perception of ET are required for the
induction of IR in potted ein5-1 plants. Nevertheless,
enhanced root growth in ein2-1 plants grown on agar
medium requires only perception of ET.

DISCUSSION

Previous studies have shown that harpins activate
several plant defense pathways (Strobel et al., 1996;
Dong et al., 1999; Lee et al., 2001a; Peng et al., 2003).
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Figure 6. Effects of inhibitors and inducers of ET synthesis and
perception on the induction of PGE and IR by harpin in wild-type
Arabidopsis and ein mutants. A, Assays of wild-type plants in response
to different treatments. Subsection a, Fresh weight of plants grown in
pots. Subsection b, Numbers of aphids on leaves of plants grown in
pots. Subsection ¢, Length of roots grown on the agar medium. B,
Assays of ein2-1 plants grown on the medium. Subsection a, ET levels
from roots. Subsection b, Root length. C, Assays of ein5-1 plants grown
in pots. Subsection a, ET levels from leaves. Subsection b, Numbers of
aphids on leaves. Solutions that contained the indicated compounds
were applied separately by spraying 20-d-old potted plants or soaking
seeds for 6 h before germination. Soaked seeds were placed on the agar
medium for root growth. AOA and AgNO, (Ag) were applied together
with harpin and labeled as H + AOA and H + Ag, respectively. Fresh
weight of potted plants was determined at 20 dpt and is shown as
weight per plant. Nymphs present on each plant were counted at 7 dpt
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However, how multifunctional elicitors affect the
pathways that regulate plant growth is unclear. In
Arabidopsis plants treated with harpin, both PGE
and IR (Figs. 1 and 2) result from the activation of
ET signaling. The increase in ET levels (Fig. 3A) and
the absence of CTR1 expression (Fig. 3B) in harpin-
treated plants suggest that the elicitor activates an
ET-signaling circuit that does not involve CTR1, which
is active when ET is absent (Wang et al., 2002). Expres-
sion of ETR1 and ERS1 (Fig. 3B) predicts that the stim-
ulation by harpin is transduced to ETR1 and ERS], two
of the five functionally redundant ET receptors (Hua
and Meyerowitz, 1998) identified based on loss of ET
responses in any single-receptor mutant (Bleecker
and Kende, 2000). The dominant etrl-1 mutation
prevents ET binding to ETR1 at the receiver domain
(Schaller and Bleecker, 1995), which resides at the C
terminus of ETR1 and is absent in ERS1 (Gamble et al.,
2002). The failure of efr1-1 mutant plants to express
critical defense and expansin genes (Fig. 4), in re-
sponse to harpin, indicates that perception of ET is
required for the induced expression of the genes.
Relationally, the expression of ERF1, concomitant with
that of defense genes (Fig. 3B), is reminiscent of the
role that ERF1 plays in transcriptional regulation of
defense genes when under attack by pathogens or
insects (Berrocal-Lobo et al., 2002). The impairment of
AtEXP7 expression and the absence of PGE in harpin-
treated etr1-1 plants (Fig. 5) suggest the recruitment
of expansins into the process. This possibility is sup-
ported by recent findings that expansins promote
growth of plant cells and plants under mediation by
ET (Cho and Cosgrove, 2002; Choi et al., 2003; Li et al.,
2003). The failure of etr1-1 plants to develop both PGE
and IR following treatment with harpin (Fig. 5) sug-
gest that ET sensing is required for both processes.
Pharmacological studies with wild-type plants grow-
ing in pots bear out that ET synthesis is required as
well (Fig. 6A). However, similar studies with roots
grown on agar medium indicate that promotion of root
growth requires ET sensing but is not affected by
inhibition of ET synthesis (Figs. 3A and 6A). Therefore,
sensing ET is critical to the coordinate induction of
PGE and IR.

We have demonstrated how the same pathway
regulates the two distinct processes, by assessing the
ein2-1 and ein5-1 mutants (Guzman and Ecker, 1990;
Roman et al., 1995). The ein2-1 mutant has a defect in
EIN2, which positively regulates the ET pathway;
thus, the mutant lacks ET responsiveness throughout
plant development (Alonso et al., 1999). The ein2-1
mutation also impairs stress response, alters sensitiv-
ity to pathogens (Roman et al., 1995; Wang et al., 2002),
and, presumably, affects IR similarly. In ein2-1 plants,
harpin induced PGE but not IR (Fig. 5), which suggests

and are shown as the number of nymphs per plant. Lengths of roots
grown on medium were measured at 10 dpt. At 12 hpt, ET was
quantified with fresh weight (FW) of leaves. Bars in the histograms
represent sp.
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that EIN2 is required for IR but not for PGE. The EIN5
locus is epistatic to CTRI; the ein5-1 mutant is in-
sensitive to ET (Roman et al., 1995). As such, EIN5 is
believed to positively regulate an ET-signaling circuit
following the deactivation of CTR1 (Wang et al., 2002).
In ein5-1 plants, harpin induced IR but did not induce
PGE (Fig. 5). Therefore, EPG rather than IR requires
EIN5. Pharmacological studies with both ein2-1 and
ein5-1 confirmed the participation of ET signaling in
both PGE and IR. Growth promotion of ein2-1 roots
requires ET perception but does not require induced
synthesis of ET (Fig. 6B), although IR development in
the aerial parts of ein5-1 plants requires ET synthesis in
addition (Fig. 6C). This is coincident with changes in
ET levels in ein2-1 roots grown on medium (Fig. 6B)
and in leaves of ein5-1 plants grown in pots (Fig. 6C).
These results constitute convincing evidence that EIN2
and EIN5 are recruited to confer IR and PGE, re-
spectively, in response to harpin.

The signal transduction that leads to PGE may be
different in the aerial parts of plants and in roots.
Regulation of root growth by the ET receptors depends
on ET levels and putatively the proportion of the
receptors that are bound (Ghassemian et al., 2000;
Finkelstein et al., 2002). Application of 0.3 ug mL " or
less of ET to seeds and roots stimulates germination
and growth, but higher doses inhibit both processes
(Ghassemian etal., 2000). ET still is required to maintain
root growth, but the concentration is lower than that
required to break dormancy and stimulate germina-
tion (Leo-Kloosterziel et al., 1996; Kepczynski and
Kepczyska, 1997). In our experiments with harpin, ET
was modulated to a level that favors root growth (Figs.
1C, 3A, and 6B). In aerial parts of the plants, however,
the increase in ET levels is coincident with the in-
duction of PGE and IR (Fig. 6, A and C). Actually, ET
levels can be elevated by tens to 1,000-fold in leaves
while responding to environmental stress and during
phase transition like flower initiation (Wilkins, 1984).
More studies are needed to better define how stimu-
lation of plants by harpin is transduced to the ET
pathway:.

Although SA and JA mediate plant defense and
growth under many circumstances (Ryals et al., 1996;
Dong, 1998; Wang et al., 2002; Traw and Bergelson,
2003), the two hormones do not mediate PGE and IR.
Activation of the SA pathway (Figs. 3 and 4), which
regulates harpin-induced resistance to pathogens
(Strobel et al., 1996, Dong et al., 1999; Peng et al.,
2003, 2004a), did not lead to IR and PGE. Conversely,
IR and PGE were induced in NahG and npr1-1 plants
(Fig. 5) that have defects in SA signaling (Cao et al.,
1994; Delaney et al., 1994). JA, often synergizing ET, is
essential for insect resistance in plants that respond to
insect feeding and some elicitors (Penninckx et al.,
1998; Moran and Thompson, 2001). Rather surpris-
ingly, we found that harpin deactivates JA signaling
while inducing IR (Figs. 1-5). The decrease in JA levels
and nonexpression of the COI1 gene, which is in-
dispensable for JA signal transduction (Xie et al., 1998;
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Xu et al., 2002), did not affect activation of relevant
defense genes in wild-type plants (Figs. 3, A and B,
and 4). By contrast, PGE and IR were induced in the
jarl-1 mutant similarly as in wild type (Fig. 5). In
consistence, MeJA inhibits harpin-induced defense
response in tobacco (Andi et al., 2001). Apparently,
stimulation of plants by harpin separates roles of ET
and JA in insect defense. In harpin-treated plants, ET
no longer synergizes JA as does it in plants under
attack by insects (Moran and Thompson, 2001), for
example, but instead acts itself to mediate IR devel-
opment. Thus, ET, JA, and SA may be synergistic
(McConn et al., 1997; Reymond et al., 2000), antago-
nistic (Niki et al., 1998; Spoel et al., 2003), or indepen-
dent (Thomma et al., 1998) in controlling different
processes. The basis for such different interactions for
the hormones in plant defense and growth regulation
remains to be studied.

MATERIALS AND METHODS
Plant Growth and Insect Maintenance

Arabidopsis (Arabidopsis thaliana) plants used included the ecotype Colum-
bia (Col-O) and several mutants, nprl-1, jarl-1, etrl-1, ein2-1, and ein5-1
(CS1092, CS3726, CS8072, CS237, CS3071, CS8054), the ecotype Landsberg
erecta (Ler-O), and its mutants abil-1 and abi2-1 (CS20, CS22, CS23), obtained
from the Arabidopsis Biological Research Center, Columbus, Ohio (http://
Arabidopsis.org). Transgenic NahG plants in the Col-O background were also
included in this study. Seeds were disinfested in a 1.5% (w/v) solution of
sodium hypochlorite for 10 min and chilled at 4°C for 5 d. Plants for assays of
PGE and IR induced in aerial potions of the plants were grown in 60-mL pots
containing a mixture of sand and potting soil for 20 d before use, except as
specified otherwise. Seedlings for growth of roots were incubated in 10-cm
square plates containing an agar medium, composed of 0.8% (w/v) Phytagar
(Invitrogen Life Technologies, Carlsbad, CA) and 0.44% (w/v) Arabidopsis
germination medium (Beta Technologies, Ghent, Belgium). Plants were in-
cubated in chambers with a 14-h-day (200 uE m 2?5 ! at 24°C) and 10-h-night
(20°C) cycle. The green peach aphids (Myzus persicae) were collected near
Ithaca, New York, and near Nanjing in China for the experiments done earlier
(Figs. 1 and 2) and later (Figs. 5 and 6), respectively. Aphids were cultured in
nursery Arabidopsis seedlings and were transferred to fresh plants every 2
weeks.

Plant Treatment, PGE and IR Scoring, Hormone
Determination, and Data Analysis

Preparation and quantification of harpin and the EVP that contains
inactive proteins followed methods described previously (Bauer et al., 1995;
Dong et al., 1999). Both EVP and harpin were used at 15 ug mL !, except as
otherwise specified, based on different responses of genotypes of Arabidopsis
to various doses of harpin (Peng et al., 2003). MeJA, ACC, and INA (Sigma, St.
Louis) of 10 um, 1 mm, and 1 mm were used as positive controls for assays of IR
and PGE. Pharmacological studies were done with two compounds. An
aqueous solution of AgNO,; was used at 20 um. AOA was maintained in
a 100 mMm aqueous stock at 4°C and used at the final concentrations of 0.5 mm.
AOA or AgNO,; was mixed with a solution of harpin immediately prior
to application to plants by methods appropriate to purposes of the individ-
ual assays.

Disinfested and chilled seeds were soaked in filter-sterilized solution of
each compound for 6 h before placing the seeds on the agar medium.
Subsequent to growth on the medium, root length was determined. Plants
growing in pots were sprayed with each compound to be evaluated for IR and
PGE. PGE in potted plants was judged based on weight per plant. To study IR,
mature nymphs of aphids were moved from nurse Arabidopsis seedlings to
young leaves of the plants 5 dpt, except as otherwise specified. The extent of
IR was expressed as the percentage decrease in number of aphid nymphs
reproduced over time on plants treated with harpin, relative to controls.
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ET concentrations were determined by gas chromatography (Guzman and
Ecker, 1990). Gas was collected from the environment of seedlings growing in
pots, in sealed glass boxes or from imbibed seeds and growing roots on the
agar medium contained in sealed 5-mL glass bottles. Free forms of SA or JA
were extracted, as described (Penninckx et al., 1998; Clarke et al., 2000) and
quantified by HPLC (Meuwly and Metraux, 1993) and gas-liquid chromatog-
raphy-mass spectroscopy (Rao et al., 2000), respectively.

Each experiment was carried out three times, and each treatment was
applied to 15 plants, except as specified in figure legends. For quantitative
determination, data were treated statistically using the statistical analysis
tools in Microsoft Excel version 2003 (Microsoft, Beijing). The T test at P = 0.05
was applied for significance in the difference between each induction
treatment and the treatment with EVP. Multiple comparisons were done by
U test at P = 0.05 for significance in differences among different induction
treatments.

Gene Expression Analysis

RNA was isolated from leaves as described (Clark, 1997; Dong and Beer,
2000). RT-PCR was performed using RT-PCR Beads (Amersham Pharmacia
Biotech, Piscataway, NJ), as per the manufacturer’s protocol. The EFla gene,
which is highly conserved and constitutively expressed in eukaryotes (Gallie
etal., 1998), was used as a standard. The RT-PCR protocol has proven valid for
estimating levels of gene expression (Peng et al., 2003, 2004a, 2004b). Genes
tested were amplified for 25 to 30 cycles using specific primers. RT-PCR
products were cloned into the pGEM-T Easy Vector (Promega, Madison, WI),
sequenced (Takara Biotech, Dalian, China), confirmed by BLAST searches, and
visualized by staining with ethidium bromide in agarose gels following
electrophoresis. Levels of gene expression were evaluated by quantifying
RT-PCR products based on ethidium bromide-staining densities in bands
5 X 2.5 mm? in gels, determined by a scanner attached to the Image System
5X-100 (Shanghai Sixing, Shanghai, China). Northern-blot hybridization was
done as described previously (Dong et al., 1999; Peng et al., 2003). Replicates
of RNA blotted to nylon membranes were hybridized with [*2P]dCTP-labeled
cDNA produced by PCR, after confirmation of sequences similarly for RT-
PCR products. Uniform loading of RNA in gels was checked by probing blots
with a probe specific for EFla.

Primers specific for genes studied and sizes (bp) of the gene products are as
follows: NPR1, 5'-TACTCTCTATCAGAGGCACTTATTGGACGT-3' /5'-CCA-
TAGTGGCTTGTTTTGCGATCATGA-3’, 506; COI1, 5'-ATGCCTGAGAAGT-
ACATGAATCTGGTTT-3'/5'-AGTAAACAGACCCCTGAGGAAAAATAA-
AGA-3’, 1,001; ERS1, 5'-ATGGAGTCATGCGATTGTTTTGAGAC-3'/5'-CTG-
ATCCGCCACGTTTTCTACAA-3’, 906; CTR1, 5'-ATGGAAATGCCCGGTA-
3'/5'-CCAGAAACGATGTGAAAC-3', 648; EIN2, 5'-GATTCACTGAAG-
CAGCAGAGGAC-3'/5'-CTGTGGCAAACTGTAGGCATCTC-3’, 766; ERF1,
5'-CAATCCACTAACGATCCCTAA-3'/5'-CGCCAAGTATCACAAAAGTAC-3',
850; PR-1, 5'-CAAGATAGCCCACAAGATTATCTAAGGGTT-3'/5'-GGCTTC-
TCGTTCACATAATTCCCACG-3’, 408; PR-3b 5'-CTACAGCACCAGACGGAC-
CATA-3’, 5'-CTAAATAGCAGCTTCGAGGAGGCC-3', 539; Hel, 5'-AGACTT-
AGCATAACCATCATACTTTT-3' /5'-CATTGGTCCACTATTCTCACAG-3', 455;
PDF1.2, 5'-AGAAATATGCATGTCATAAAGTTACTCAT-3' /5'-CAATGGTGGA-
AGCACAGAAG-3', 244; AtEXP2, 5'-ACGGTAACTTACACAGCCAAGGC-3'/
5'-GCACAACATCGTAGCTCACAACAG-3', 557; AtEXP7, 5'-CATGGAGA-
TATGCTCACGCCAC-3' /5'-GCTTATCCAATTCGTCCGGCTA-3', 512; ABHI,
5'-AGAGCATTGAGAATGCGACT-3'/5'-CAAGTATCTCCCATGGCTGA-3’, 500;
and EFle, 5'-AGACCACCAAGTACTACTGCAC-3'/5'-CCACCAATCTTG-
TACACATCC-3', 495.

Sequence data from this article have been deposited with the GenBank
data libraries under accession numbers U76707 and AF036340 (NPRI),
AF002109 (COI1), U21952 (ERS1), L08790 (CTR1), AF141203 (EIN2),
AF076277 (ERFI1), M90508 (PR-1), AB023463 (PR-3b), U01880 (Hel), T04323
(PDF1.2), NM120611 (AtEXP2), NM101127 (AtEXP7), AF27289 (ABHI),
AJ223969, AF120093, AF181492, and X97131 (EFla).
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