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Despite the fact that roots are the organs most subject to microbial interactions, very little is known about the response of
roots to microbe-associated molecular patterns (MAMPs). By monitoring transcriptional activation of B-glucuronidase
reporters and MAMP-elicited callose deposition, we show that three MAMPs, the flagellar peptide Flg22, peptidoglycan, and
chitin, trigger a strong tissue-specific response in Arabidopsis thaliana roots, either at the elongation zone for Flg22 and
peptidoglycan or in the mature parts of the roots for chitin. Ethylene signaling, the 4-methoxy-indole-3-ylmethylglucosi-
nolate biosynthetic pathway, and the PEN2 myrosinase, but not salicylic acid or jasmonic acid signaling, play major roles in
this MAMP response. We also show that Flg22 induces the cytochrome P450 CYP71A12-dependent exudation of the
phytoalexin camalexin by Arabidopsis roots. The phytotoxin coronatine, an lle-jasmonic acid mimic produced by Pseudo-
monas syringae pathovars, suppresses MAMP-activated responses in the roots. This suppression requires the E3 ubiquitin
ligase COI1 as well as the transcription factor JIN1/MYC2 but does not rely on salicylic acid-jasmonic acid antagonism.
These experiments demonstrate the presence of highly orchestrated and tissue-specific MAMP responses in roots and

potential pathogen-encoded mechanisms to block these MAMP-elicited signaling pathways.

INTRODUCTION

Although plant roots are surrounded by a biologically active zone
rich in microorganisms, root-microbe interactions are poorly
characterized in part because roots are relatively inaccessible
and because many rhizosphere microbes cannot be cultured
(Singh et al., 2004). Root-microbe interactions can be either
beneficial, as in the case of mycorrhizas or N,-fixing bacteria,
or pathogenic (Whipps, 2001). Most of the characterized root
pathogens are filamentous fungi, oomycetes, or filamentous
bacteria (Okubara and Paulitz, 2005). A few nonfilamentous
bacterial species, including Ralstonia solanacearum and Agro-
bacterium tumefaciens, also infect roots (Hayward, 1991).
Although many bacteria in the genus Pseudomonas are suc-
cessful foliar pathogens, they have not been described as root
pathogens, even though they are successful root colonizers.
Indeed, many Pseudomonas strains actually promote plant
growth by protecting the roots against potential pathogens by
sequestering nutrients, inhabiting key ecological niches in the
rhizosphere, or producing antimicrobial compounds (Whipps,
2001). Some plant growth—promoting Pseudomonas species
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also trigger systemic resistance against a broad spectrum of
fungal and bacterial pathogens. This process, known as induced
systemic resistance, primes the activation of defense genes in
leaves, allowing the plant to respond more strongly when at-
tacked by a foliar pathogen (Pieterse et al., 1998; van Loon et al.,
1998). Induced systemic resistance is mediated by jasmonate
(JA) and ethylene (ET) signaling and requires the transcriptional
regulator NPR1, a key regulator in salicylic acid (SA) signaling
(Pieterse et al., 1998).

Like animals, plants recognize conserved epitopes of microbe-
derived molecules called microbe-associated molecular patterns
(MAMPs), such as bacterial flagellin (Felix et al., 1999) and
bacterial elongation factor Tu (Kunze et al., 2004). Other MAMPs
include chitin, a major component of the fungal cell wall,
lipopolysaccharides, and peptidoglycans (PGNs) (Felix et al.,
1993; Newman et al., 1995; Meyer et al., 2001; Gust et al., 2007;
Miya et al., 2007). MAMP recognition, which is mediated by
pattern recognition receptors, activates the plant innate immune
response. In leaves, MAMP recognition triggers an oxidative
burst, ET and nitric oxide production, as well as a complex
cascade of mitogen-activated protein kinases that leads to the
activation of transcription factors and defense response genes.
MAMP recognition in leaves also triggers the deposition of
callose, a B(1-3)-glucan polymer, which frequently accumulates
at the site of pathogen penetration and is believed to provide a
physical barrier to pathogen attack (Aist and Bushnell, 1991). In
contrast with leaves, relatively little is known about MAMP-
mediated responses in roots.
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Because roots are constantly subjected to microbial interac-
tions and because constitutive activation of induced resistance
mechanisms affects plant fitness (Heil, 2002; Heil and Baldwin,
2002), we reasoned that roots may not respond directly to
MAMPs. Instead, root defense may rely more on strong pre-
invasive strategies, including a tough impermeable cell wall and
the constitutive secretion of relatively low levels of antimicrobial
compounds. On the other hand, at least three examples of
MAMP-like signaling in roots have been studied in the case of
beneficial interactions. First, purified flagella from Pseudomonas
putida WCS358, as well as lipopolysaccharides from Pseudo-
monas fluorescens WCS417r and P. putida WCS358, was shown
to trigger induced systemic resistance against Pseudomonas
syringae in Arabidopsis thaliana (Leeman et al., 1995; Meziane
etal., 2005, Bakker et al., 2007). Second, Rhizobium Nod factors,
which are structurally related to chitin and are important for
nodule initiation, are recognized by LysM receptor kinases in
legume roots (Limpens et al., 2003; Radutoiu et al., 2003). Finally,
a leucine-rich repeat receptor-like kinase (LRR-RLK), SYMRK
(for symbiosis receptor-like kinase) is required for rhizobial and
mycorrhizal symbiosis in Lotus japonicus (Stracke et al., 2002).
These studies showed that roots might be more responsive to
MAMPs that previously thought.

Many pathogens have evolved strategies to counteract the
plant immune response, including, in the case of bacteria, the
injection of virulence effectors directly into the plant cell using
the type Il secretion system (Block et al., 2008). In leaves, type llI
effectors play a key role in the virulence of pathogenic bacteria
such as P. syringae by suppressing the plant basal immune
response activated by MAMP recognition. So far, there is no
evidence that pathogens suppress immunity in roots using the
type Il secretion system, although Rhizobium species use the
type Il secretion system for the delivery of nodulation out
proteins (Nops) to root cells (Kambara et al., 2009).

Assuming that there is an inducible immune response in roots,
what mechanisms other than type Il effectors could soil-borne
microbes employ to downregulate host immunity? Many P.
syringae pathovars secrete the low molecular weight phytotoxin
coronatine (COR) that functions in leaves as a mimic of JA-lle, the
active intracellular amino acid conjugate form of JA (Ichihara
et al., 1977; Mitchell, 1982; Bereswill et al., 1994; Kunkel and
Brooks, 2002). By activating the JA pathway, COR triggers a
mutually antagonistic interaction between the SA and JA signal-
ing pathways and suppresses SA signaling, a key component in
basal resistance against P. syringae. In addition, COR represses
the Flg22-elicited activation of the Arabidopsis gene NHO1,
which is important for resistance against Pseudomonas infection
(Lu et al., 2001; Li et al., 2005). Finally, COR suppresses MAMP-
induced stomatal closure, believed to block epiphyte pathogens
such as P. syringae from entering the interior of leaves through
these natural openings (Melotto et al., 2006). The suppressive
ability of COR to block SA signaling and stomatal closure is
mediated by COI1, an E3 ubiquitin ligase involved in JA signaling
and a key component of the defense response against necrotro-
phic pathogens and insect herbivores (Feys et al., 1994; Thomma
et al., 1998; Xie et al., 1998).

In this work, using B-glucuronidase (GUS) reporters corre-
sponding to MAMP-activated genes as well as MAMP-elicited

callose deposition responses, we show that three MAMPs,
Flg22, chitin, and PGN, trigger strong tissue-specific responses
in Arabidopsis roots. FIg22 is a 22—-amino acid synthetic poly-
peptide corresponding to a highly conserved epitope of the
Pseudomonas aeruginosa flagellin protein (Felix et al., 1999) that
is widely used as a proxy of flagellin-mediated signaling in
Arabidopsis. In particular, we show that the FIg22 and PGN
responses are restricted to the elongation zone of the root tip,
whereas the response to chitin is localized in the mature zone
of the roots. We also demonstrate that FIg22 triggers the pro-
duction and the exudation of camalexin, a well-studied antimi-
crobial compound, by the roots and that camalexin production
requires the cytochrome P450 CYP71A12. We show that MAMP-
triggered callose deposition in roots is dependent on indole
glucosinolate biosynthesis, on the PEN2 myrosinase, and on
ET signaling, similar to what was previously shown in cotyledons
(Clay et al, 2009). We also show that P. syringae and
P. fluorescens suppress MAMP responses in the roots, but
unlike in leaves, suppression is not dependent on the type llI
secretion system, but rather on the production of COR in the
case of P. syringae and unidentified compound(s) in the case of
P. fluorescens. In contrast with the expectation that COR
suppresses MAMP responses by antagonizing SA-activated
defense pathways, we demonstrate that MAMP-triggered cal-
lose deposition in roots is independent of SA signaling, even
though the COR-mediated suppression of MAMP responses is
dependent on COI1 and JIN1/MYC2, two major players in the JA
signaling pathway. These experiments have uncovered many
previously unknown features of the root response to pathogen
attack and the mechanisms that pathogens in turn employ to
block the host innate immune response.

RESULTS

MAMPs Elicit a Strong Response in the Roots

To determine whether Arabidopsis roots respond to MAMPs,
and if so, in which cell types, promoter:GUS transgenic lines
were generated for four genes (CYP71A12, MYB51, WRKY11,
and AT5G25260) that are upregulated in seedlings treated with
Flg22 (Denoux et al., 2008). CYP71A12 encodes a cytochrome
P450 that is very simlar to CYP71A13, which catalyzes the con-
version of indole-3-acetaldoxime to indole-3-acetonitrile during
camalexin biosynthesis (Nafisi et al., 2007). MYB51 is a transcrip-
tion factor essential for the regulation of indole-glucosinolate
biosynthesis (Gigolashvili et al., 2007). The transcription factor
WRKY11 is a negative regulator of basal resistance in Arabidopsis
(Journot-Catalino et al., 2006). Finally, AT6G25260 encodes a
nodulin-like protein of unknown function that is an ortholog of the
mammalian protein flotillin-1 involved in lipid raft formation.

All four GUS reporter genes were activated after FIg22 treat-
ment in the elongation zone (EZ) of seedling roots (Figure 1A).
This response was completely abolished in fls2 and bak1-3
mutants, lacking a functional FIg22 receptor (FLS2) (Gomez-
Gomez et al., 2001) or an associated receptor kinase (BAK1)
(Chinchilla et al., 2007), respectively (Figure 1B). Moreover, no
induction was observed after treatment with a control Fig22
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Figure 1. FIg22 Elicits Promoter:GUS Reporter Gene Expression in
Transgenic Arabidopsis Seedlings.

(A) Fig22 elicits expression of GUS reporter genes in the root EZ. Transgenic
seedlings carrying CYP71A12,,:GUS, MYB51,,,:GUS, WRKY11,,,:GUS, or
AT5G25260,,:GUS reporters were treated with 100 nM FIg22 or an equal
volume of water as a control for 3 h (MYB57 and WRKY117) or 5 h (CYP71A12
and AT5G25260) before GUS staining. Bar = 100 pm.

(B) FIg22 elicitation of CYP71A12,,,:GUS depends on the Fig22 receptor
FLS2 and the accessory receptor-like kinase BAK1. Transgenic fls2
CYP71A12,,5:GUS or bak1-3 CYP71A12,,,:GUS seedlings were treated
with 100 nM FIg22 or water for 5 h before GUS staining.

(C) A peptide corresponding to A. tumefaciens flagellin does not activate
CYP71A12,,,:GUS. Transgenic CYP71A12,,:GUS seedlings were
treated with 100 nM Flg2249 for 5 h before GUS staining.

(D) Flg22 elicitation of a CYP71A12,,:GUS is blocked by the kinase
inhibitor K252a and the membrane transport inhibitor BFA. Transgenic
CYP71A12,,,:GUS seedlings were cotreated with 100 nM FIg22 plus 1%
DMSO, 1 uM K252a in DMSO, or 100 n.g/mL BFA in DMSO for 5 h before
GUS staining.
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polypeptide derived from A. tumefaciens that does not activate
FLS2-mediated signaling (Figure 1C). Finally, the general kinase
inhibitor K252a, which blocks FLS2 internalization (Robatzek
et al., 2006) and impairs FLS2-BAK1 interaction (Chinchilla
et al., 2007), and brefeldin A (BFA), which inhibits FLS2 recycl-
ing to the membrane (Robatzek et al., 2006), suppressed the
Flg22 response in the roots (Figure 1D). MYB51, WRKY11, and
AT5G25260 (but not CYP71A12) were also activated by FIg22 in
seedling leaves (see Supplemental Figure 1 online). Therefore,
we conclude that FIg22 is recognized in roots and induces genes
involved in the plant immune response.

To explore further the response of plant roots to FIg22, we
examined the induction of other defense mechanisms. Consis-
tent with the results in Figure 1 showing that FIg22-elicited gene
expression in roots is localized in the EZ, FIg22 also elicited
callose deposition that was localized to the epidermal layer in
the EZ of roots (Figure 2). Callose deposition is a well-studied
response to MAMPs in leaves. Similar to the GUS reporter
assays results shown in Figure 1, callose deposition was com-
pletely abolished in fls2 and bak1-3 mutants. In addition, no
callose deposition was observed in the pmr4-1 mutant that lacks
a functional callose synthase.

Three additional MAMPs, PGN, EIf26, and chitin, were also
tested for GUS reporter gene activation and callose deposition in
Arabidopsis seedling roots. PGNs consist of a polymer of alter-
nating N-acetylglucosamine and N-acetyl-muramic acid resi-
dues cross-linked by small peptides. PGN from Bacillus subitilis,
a well-known root colonizer, strongly activated CYP71A12 and
MYB51 inthe EZ, similar to the FIg22 response (see Supplemental
Figure 2A online), and activated WRKY11 and AT5G25260 to a
lesser extent. At least in the case of PGN-mediated activation of
CYP71A12, this response was not due to flagellin contamination of
the PGN since CYP71A12 was still induced by PGN in an fis2
mutant background (see Supplemental Figure 2B online). PGNs
also triggered callose deposition in the EZ. However, this latter
response was much weaker and more variable than was the Fig22-
elicited response (see Supplemental Figure 3A online). Interestingly,
the GUS response to PGNs was abolished in the bak7-3 mutant
(see Supplemental Figure 2C online), suggesting that BAK1 is
involved in PGN as well as flagellin-mediated signaling. EIf26 did not
activate any of the GUS reporters or callose deposition in the roots
(see Supplemental Figures 2A and 3A online). This was not due to a
lack of activity of the EIf26 preparation since it did trigger callose
deposition in wild-type cotyledons but not in the EIf26 receptor
mutant efr-2 (see Supplemental Figure 3B online). Finally, chitin, a
sugar polymer of N-acetylglucosamine, triggered a strong root
response, but in contrast with FIg22 and PGN, GUS reporter gene
activation and callose deposition occurred throughout the entire
mature zones of the roots (Figure 2F; see Supplemental Figure 4
online) but not in the EZ. The chitin-elicited callose response was
abolished in the cerk7-2 mutant that is insensitive to chitin, as well
as in the callose synthase mutant pmr4-1 (see Supplemental
Figures 5C and 5D online). In contrast with FIg22 and PGN and
consistent with chitin-elicited signaling in leaves (Shan et al., 2008),
the response to chitin was independent of BAK1 (see Supplemental
Figures 4 and 5E online). Having established the existence of tissue-
specific MAMP responses in plant roots, we chose to further
characterize the EZ-specific response of plant roots to FIg22.
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Figure 2. FIg22 and Chitin-Elicited Callose Deposition in Wild-Type and
Mutant Arabidopsis Roots.

Callose staining in roots of seedlings treated with water (A), 1 uM Flg22
(IB] to [E]), or 500 wg/mL chitin (F) for 18 h. Col-0 ([A], [B], and [F]); fls2
(C); bak1-3 (D); and pmr4-1 (E).

Flg22 Triggers the CYP71A12-Dependent Production of
Camalexin in Seedling Roots

A common root defense mechanism is the production of antimi-
crobials and their exudation into the rhizosphere (Badri and
Vivanco, 2009). The root EZ is known to be a major site of
root exudation (McDougall and Rovira, 1970). We therefore
investigated if FIg22 signaling could trigger the production and
exudation of phytoalexins by Arabidopsis seedling roots. The
best-characterized phytoalexin in Arabidopsis is camalexin, an
indolic compound derived from Trp that is important for resis-
tance against necrotrophic fungi such as Botrytis cinerea and
Alternaria brassicicola (Thomma et al., 1999; Ferrari et al., 2003;
Kliebenstein et al., 2005). In vitro, purified camalexin inhibits the
growth of B. cinerea, Alternaria brassicicola, Alternaria brassicae,
and P. syringae as well as the root pathogenic fungus Rhizoctonia
solani (Rogers et al., 1996; Pedras and Khan, 2000; Ferrari et al.,
2003; Kliebenstein et al., 2005; Sellam et al., 2007). In addition,
camalexin is synthesized and exuded by Arabidopsis roots
infected by the root-pathogenic oomycete Pythium sylvaticum
(Bednarek et al., 2005). Seedling roots treated with FIg22 for 24 h
exuded 5- to 10-fold more camalexin than did untreated roots
(Figure 3). This response was abolished in an fls2 mutant, as well
as in the camalexin-deficient mutant pad3 and the double mutant
cyp79B2 cyp79B3, which is unable to convert Trp into indole-3-
acetaldoxime, a major precursor of camalexin (Figure 3).

As shown in Figure 1, CYP71A12,,,:GUS is highly induced by
FIlg22 in the EZ. CYP71A12 is a close homolog of CYP71A13,
sharing 89% amino acid identity and 94% amino acid similarity,
and CYP71A12 and CYP71A13 are located adjacent to each other
on the Arabidopsis genome. Because CYP71A13is known to be a
camalexin biosynthetic enzyme (Nafisi et al., 2007) catalyzing the
conversion of indole-3-acetaldoxime to indole-3-acetonitrile dur-
ing camalexin biosynthesis, we hypothesized that CYP71A12 may
be an important player in the biosynthesis of camalexin in roots.
Indeed, a cyp71A12 insertion mutant was dramatically impaired
for camalexin accumulation in the roots (Figure 3).

After 24 h of FIg22 treatment, the camalexin concentration in
the media reaches ~2 ng/mL (10 nM). Assuming that camalexin
exudation in the soil is limited to the rhizosphere immediately
adjacent to the EZ and that camalexin is confined within a
30-pm-thick mucilaginous film around the root surface (Watt
et al., 2006), the camalexin concentration would be ~200 wM in
the rhizosphere surrounding the EZ. In vitro, 100 uM camalexin
inhibits the hyphal growth of B. cinerea by 80%, A. brassicicola
by 50%, and R. solani by 40% (Pedras and Khan, 2000;
Kliebenstein et al., 2005; Sellam et al., 2007). Thus, MAMP
signaling in Arabidopsis roots leads to the production and
exudation of a well-characterized antimicrobial compound at
levels known to inhibit the growth of a variety of necrotrophic
fungal pathogens.

Indole Glucosinolates and ET Signaling Are Required for
Callose Deposition in Roots

Our laboratory previously reported that Flg22-elicited callose
deposition in Arabidopsis cotyledons is dependent on the
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Figure 3. FIg22 Activates the Exudation of Camalexin in the Roots via
CYP71A12.

Liquid chromatography-mass spectrometry (LC-MS) analysis of cama-
lexin in the exudate of 15-d-old seedling roots treated with 1 wM FIg22 for
24 h. Data represent the mean = SE of three replicate samples. *P < 0.05;
two-tailed t test.



biosynthesis of indol-3-ylmethylglucosinolate (I3G), which is in
turn dependent on the transcription factor MYB51 (Clay et al.,
2009). Callose deposition in cotyledons is also dependent upon
the cytochrome P450 CYP81F2, involved in the methoxylation of
I3G to form 4-methoxy-I3G, the PEN2 myrosinase, which is
thought to hydrolyze 4-methoxy-I13G, and the PEN3 ABC trans-
porter. Here, we observed that in roots, the FIg22-elicited callose
deposition is abolished in myb51-1, cyp79B2 cyp79B3 (impaired
in I3G biosynthesis), cyp81F2-1, and pen2-1 mutants (Figure 4).
Significantly, we obtained the same results for chitin-elicited
callose deposition (see Supplemental Figure 5 online), even
though the pattern of chitin- and FIg22-elicted callose deposition
is dramatically different. Consistent with the localization of the
Flg22 response in the root EZ, PEN2 is also upregulated by Fig22
in the root EZ (see Supplemental Figure 6A online). The PEN3
ABC transporter, required for the FIg22-elicited callose response
in the cotyledons, is also required for the chitin-elicited response
in roots, but interestingly, not for the FIg22-elicited response in
the root EZ (Figure 4F; see Supplemental Figure 5P online). This
latter observation correlates with the observation that PEN3,.:
GUS is expressed throughout the entire root except in the root
tip (see Supplemental Figure 6B online), a pattern that matches
chitin-triggered callose deposition. Moreover, PEN3,,,:GUS ex-
pression in roots is activated by chitin but not by FIg22 (see
Supplemental Figure 6B online). It is possible that another ABC
transporter, expressed in the root EZ, substitutes for PEN3 after
Flg22 elicitation.

Our laboratory also reported that ET signaling plays a key role
in the FIg22-elicited transcriptional response and callose depo-
sition in cotyledons (Clay et al., 2009). The ET mutants ein2-1,
etr1-3, and ein3-1 were all compromised for both FIg22 and
chitin-elicited callose deposition in the roots (Figure 4; see
Supplemental Figure 5 online), showing that ET signaling is
necessary for detectable callose deposition in the roots as well.
The ET signaling mutant ein2-1 was also impaired in Flg22-
elicited activation of the CYP71A12,,,:GUS, MYB51,,,:GUS,
and WRKY11,,,:GUS reporters (Figure 5A) in roots.

Flg22-elicited activation of MYB51 and CYP71A12 was also
analyzed by quantitative RT-PCR (qRT-PCR) in wild-type and
ein2-1 roots. The levels of MYB51 and CYP71A12 transcripts
were lower in the FIg22-treated ein2-1 roots compared with wild-
type roots, confirming the GUS staining results (Figure 5B).
However, the basal expression level of these genes was also
lower in ein2-1 mutant roots, and a significant activation by Flg22
was observed for both genes in ein2-1 seedlings, even though
GUS staining driven by the MYB51 or CYP71A12 promoters was
not observed. These data indicate the existence of a Flg22-
elicited ET-independent signaling pathway for the activation of
MYB51 and CYP71A12. A lower basal expression of MYB51,,:
GUS was also observed in ein2-1 cotyledons compared with the
wild type (see Supplemental Figure 1 online).

The gRT-PCR results shown in Figure 5B suggest that a low
level of FIg22-elicited activation of MYB57 and CYP71A12 oc-
curs in ein2-1 roots and that under appropriate staining condi-
tions, it should be possible to observe a low level of GUS activity
for the two reporters in ein2-1 seedlings. Indeed, a weak activa-
tion of MYB51,,,:GUS and CYP71A12,,,:GUS in the ein2-1 mu-
tant background was detected by staining overnight instead of
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Figure 4. MYB51, CYP81F2, PEN2, and ET Signaling Are Required for
Flg22-Elicited Callose Deposition in Roots.

Callose staining in the roots of Col-0 (A); myb51-1 (B), cyp81F2-1 (C),
cyp79B2 cyp79B3 (D), pen2-1 (E), pen3-1 (F), ein2-1 (G), ein3-1 (H), or
etr1-3 (l) treated with 1 wM FIg22 for 18 h.

4 h (see Supplemental Figure 7 online). The absence of ET
signaling in the roots of the ein2-1 mutant seedlings was con-
firmed by qRT-PCR analysis of ERF1, whose expression is
known to be EIN2 dependent (Lorenzo et al., 2003) (Figure 5B).

Additional evidence for the existence of a FIg22-activated ET-
independent pathway came from analysis of the AT56G25260,,.:
GUS reporter line. Unlike MYB51,,,,:GUS, CYP71A12,,,:GUS,
and WRKY11,,,:GUS, AT5G25260,,,:GUS was strongly activated
by FIg22 in the ein2-1 mutant (Figure 5A). Taken together, these
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Figure 5. The FIg22 Response in the Roots Is ET Dependent.

(A) Transgenic seedlings carrying CYP71A12,,,:GUS, MYB51,,,:GUS, or
WRKY11,,,:GUS reporters in an ein2-1 mutant background were treated
with 100 nM Flg22 or water for 3 h (for MYB51 and WRKY11) or 5 h (for
CYP71A12 and AT5G25260) before GUS staining.

(B) gRT-PCR analysis of MYB51, CYP71A12, and ERF1 transcript levels
in the roots of 2-week-old Col-0 or ein2-1 seedlings grown on vertical
plates and treated with 1 wM FIg22 or water for 3 h. Data represent the
mean *+ SD of three replicates. *P < 0.05, **P < 0.01, ***P < 0.001; two-
tailed t test.

data show that MYB51 and CYP71A12 can be activated by both
ET-dependent and ET-independent signaling pathways.
COR Suppresses MAMP Responses in the Roots

To study further MAMP signaling activation in Arabidopsis roots,
we tested whether P. fluorescens WCS417r, a root colonizer and

inducer of induced systemic resistance, activates CYP71A12,,,:
GUS. Heat-killed WCS417r strongly activated both the CYP71A12
reporter and callose deposition in the root tip, showing that
WCS417r synthesizes many MAMPs (Figure 6). Intriguingly,
however, inoculation with live WCS417r did not activate the
CYP71A12 reporter (Figure 7A). To test the hypothesis that
WCS417r actively suppresses MAMP responses in the roots,
seedlings were preinoculated with P. fluorescens WCS417r prior
to FIg22 treatment. WCS417r suppressed the Flg22-elicited
activation of the CYP71A12 reporter (Figure 7A) as well as the
Flg22-elicited deposition of callose in the root EZ (Figure 7C).

Although P. syringae is generally considered to be a leaf
pathogen, it is also known to colonize roots (Bais et al., 2004)
and was found in the rhizosphere of various plants, including
apple (Malus domestica), tobacco (Nicotiana tabacum), and
potato (Solanum tuberosum) (Knoche et al., 1994; Mazzola and
Gu, 2000; Andreote et al., 2009). We therefore tested whether
P. syringae also suppresses MAMP-elicited gene induction in
Arabidopsis seedlings. Similar to P. fluorescens WCS417r, heat-
killed P. syringae pv tomato strain DC3000 (Pst DC3000) acti-
vated the CYP71A12 reporter and callose deposition in the EZ
(Figure 6). Also, similarly to P. fluorescens WCS417r, inoculation
of live Pst DC3000 did not activate any of the four GUS reporters
or the deposition of callose in the root EZ and suppressed the
Flg22-elicited activation of the reporters and callose deposition
(Figures 7B and 7C). Similar results were obtained with P.
syringae pv maculicola strain ES4326 (Psm ES4326) for the
CYP71A12,,,:GUS reporter (see Supplemental Figure 8A online).
Therefore, both P. fluorescens and P. syringae actively suppress
Flg22-elicited responses in Arabidopsis roots.

We examined whether the bacterial suppression of the Fig22-
elicited response occurs similarly to what has been previously
observed in plant leaves. The injection of P. syringae effectors
directly into plant cells via the type Il secretion system is known
to suppress MAMP-mediated responses in leaves (Li et al.,
2005; He et al., 2006). However, a nonpolar hrcC mutant of Pst
DC3000, CUCPB5112, which is unable to inject its type three
effectors, still suppressed both Flg22-elicited CYP71A12,,,:
GUS reporter gene expression and callose deposition in roots
(Figures 7B and 7C), indicating that the suppression is indepen-
dent of the type Ill secretion system. We then tested if Pst
DC3000 and WCS417r were able to suppress the FIg22 response
by secreting an effector in the media surrounding the roots.
Indeed, the medium surrounding seedlings infected with either
Pst DC3000 or P. fluorescens WCS417r (later referred as exu-
date) filtered through a 0.22-uM filter suppressed both Flg22-
elicited GUS reporter gene expression and callose deposition
(Figure 8; see Supplemental Figure 9 online).

We next tested the hypothesis that the P. syringae effector that
is suppressing MAMP expression seedlings roots is the phyto-
toxin COR, which has been shown to play a role in suppressing
MAMP-mediated defense responses in leaves (Li et al., 2005;
Melotto et al., 2006). As described in the Introduction, COR has
been shown to function in leaves as a mimic of JA-lle, the active
intracellular amino acid conjugate form of JA (Ichihara et al.,
1977; Mitchell, 1982; Bereswill et al., 1994; Kunkel and Brooks,
2002). The exudates of several COR-deficient mutants of Pst
DC3000 (Figure 8A; see Supplemental Figure 9 online) and the
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Figure 6. Heat-Killed P. syringae DC3000 and P. fluorescens WCS417r
Activate the CYP71A12,,,:GUS Reporter and Callose Deposition.

(A) Heat-killed Pst DC3000 and Ps. fl. WCS417r activate the
CYP71A12,,,:GUS reporter expression in the root EZ. Transgenic seed-
lings carrying CYP71A12,,,:GUS were treated with heat-killed bacteria
at a final ODgg Of 0.1 or an equal volume of water as a control for 5 h
before GUS staining.

(B) Heat-killed Pst DC3000 and Ps. fl. WCS417r activate the deposition of
callose in the EZ of Arabidopsis roots. Col-0 seedlings were treated with
heat-killed bacteria at a final ODggg of 0.1 for 18 h before callose staining.

COR-deficient cfa6 mutant of Psm ES4326 (see Supplemental
Figure 8A online) failed to block Flg22-elicited GUS reporter gene
activation in the root EZ. Furthermore, the exudate of the COR-
deficient Pst DC3000 DB29 mutant did not suppress Flg22-
elicited callose deposition (Figure 8B). The concentration of COR
produced by Pst DC3000 in the exudate reached 250 nM at the
time of the FIg22 treatment (18 h after inoculation with Pst
DC3000) as determined by mass spectrometry (Figure 8C).
These experiments also confirmed that Pst DB29 is totally
compromised for the production of COR (Figure 8C). To deter-
mine whether COR is sufficient to suppress the FIg22 response,
seedlings were cotreated with FIg22 and purified COR. In the
absence of bacteria, 1 .M COR fully suppressed the Flg22-
elicited GUS and callose responses (Figures 8B and 9; see
Supplemental Figure 10 online). Purified COR also suppressed
activation of the GUS reporters by PGN and chitin (see Supple-
mental Figures 2 and 4 online), as well as chitin-elicited callose
deposition (see Supplemental Figure 11B online). Escherichia
coli was unable to suppress the Flg22-elicited activation of
CYP71A12,,,:GUS in the roots, showing that the ability to
suppress the MAMP response in roots is not shared by all
bacteria (see Supplemental Figure 8A online). In addition, P.
aeruginosa strain PA14 was not only unable to suppress Flg22-
triggered gene expression but also functioned as a potent
inducer of FIg22 responses, consistent with the fact that the
amino acid sequence of the FIg22 peptide derives from the P.
aeruginosa flagellin protein (see Supplemental Figure 8B online).

COR is a polyketide composed of two parts, coronafacic acid
and coronamic acid, linked through an amide bond. Coronafacic
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acid and coronamic acid trigger different transcriptional re-
sponses in tomato (Solanum lycopersicum), partially overlapping
with the response to COR (Uppalapati et al., 2005). To test which
component of COR is necessary or sufficient for the suppressive
effect on innate immunity, the exudate of Pst DC3000 mutants
DB4G3, deficient in coronafacic acid, AK7E2, deficient in

A No bacteria Ps. fl. WCS417r
B Flg2 Flg22
B PstDC3000 PstDC3000 hrcC
Flg22 Fig22

pstDC3000/Fig22

hreC/Flg22

Figure 7. P. syringae and P. fluorescens Suppress Flg22-Elicited Re-
sponses in Arabidopsis Roots.

(A) P. fluorescens WCS417r suppresses Flg22-elicited expression
of CYP71A12,,,:GUS. Transgenic CYP71A12,,,:GUS seedlings were
treated with 100 nM FIg22 for 5 h or preinfected at an initial ODggg Of
0.002 with WCS417r for 18 h and then treated with 100 nM FIg22 for 5 h
before GUS staining.

(B) The P. syringae DC3000 type lll secretion system is not required for
suppression of FIg22-elicited expression of CYP71A12,,,:GUS. Trans-
genic CYP71A12,,,:GUS seedlings were preinfected at an initial ODgqg Of
0.002 with Pst DC3000 or Pst DC3000 hrcC (CUCPB5112) for 18 h and
then treated with 100 nM FIg22 for 5 h before GUS staining. The final
bacterial titers were ~108 cells per mL for Pst DC3000 and Pst DC3000
hreC and 10° cells per mL for Ps. fl. WCS417r

(C) P. syringae DC3000 and P. fluorescens WCS417r suppress the Flg22-
elicited deposition of callose in Arabidopsis roots. Col-0 seedlings
treated with 1 wM FIg22 for 18 h (a) or preinfected with P. fl. WCS417r
(b), Pst DC3000 (c), or Pst DC3000 CUCPB5112 (hrcC) (d) for 12 h and
then treated with 1 wM Flg22 for 18 h.
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A PstDB29 PstDB4G3 PstAK7E2
PstDC3000 cfabecmaA cfab cmaA
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P. fl. WCS417r/FIg22

PstDC3000/Flg22 PstDB29/FIg22

Flg22/COR Cont. Pst DB29

Figure 8. COR Secreted by P. syringae DC3000 Suppresses the Flg22-
Elicited Responses in Arabidopsis Roots.

(A) COR synthesized by P. syringae DC3000 suppresses Flg22-elicited
expression of CYP71A12,,,:GUS. Col-0 seedlings media were infected
at an initial ODggg of 0.002 with Pst DC3000 or the COR-deficient mutant
DB29 (cfa—; cma~), DB4G3 (cfa~), or AK7E2 (cma~) for 22 h. The
collected media (exudate) were filtered. Transgenic CYP71A12,,,:GUS
seedlings were incubated in the filtered media for 1 h and treated with
100 nM FIg22 for 5 h before GUS staining. The final bacterial titers were
~108 cells per mL for all bacterial strains.

(B) COR suppresses the Flg22-elicited deposition of callose in Arabi-
dopsis roots. Col-0 seedlings were treated with 1 wM Fig22 for 18 h (a),
pretreated with P. fluorescens WCS417r exudate (b), Pst DC3000
exudate (c), or Pst DB29 (cfa—; cma~) exudate (d) for 1 h and then
treated with 1 WM FIg22 for 18 h, cotreated with 1 uM FIg22 and 1 pM
COR for 18 h (e).

(C) LC-MS analysis of the amount of COR secreted by Pst DC3000 and
Pst DB29 in the media of Col-0 seedlings infected for 18 h. Data
represent the mean £SD of three replicates.

coronamic acid, and DB29, deficient in both coronafacic acid
and coronamic acid, were tested for their ability to suppress the
Flg22 response in the roots. Exudates corresponding to all three
mutants failed to suppress the CYP71A12,,,:GUS reporter re-
sponse (Figure 8A), suggesting that intact COR is required for

suppression. Because the bacterial strains used in these exper-
iments were isogenic and grew at similar rates, it is highly unlikely
that the lack of suppression of the cor— mutant exudates was due
to a nonspecific growth defect.

Although COR is known to be a chlorosis-inducing toxin, the
following observations make it unlikely that COR blocks MAMP-
activated responses simply because of its toxic effect on roots.
First, no visible cell damage was observed in the roots by
microscopy observation after COR treatment. Second, COR did
not affect the expression of other GUS reporters expressed in the
root tip, such as the auxin reporter DR5:GUS, or in the mature
zone of the root, such as PEN3,,,:GUS (see Supplemental Figure
6B online).

COR Represses Both the ET-Dependent and
ET-Independent Transcriptional Activation of
MAMP-Responsive Genes in Roots

Because our data show that ET is involved in MAMP signaling
in the roots (Figures 4 and 5), we sought to determine whether
COR blocks the transcriptional activation of key ET-dependent
genes involved in MAMP signaling. Among the ET-dependent

Control

Flg22 Flg22+COR Flg22+MeJA

WT U

8
jar1-1 ‘ ‘
coi1-1 . '
S ’ g
I ;‘4
jin1-7 + oy

Figure 9. COR Acts as a Mimic of JA-lle in Suppressing Flg22-Elicited
Expression of CYP71A12,,,:GUS in Arabidopsis Roots.

Transgenic seedlings carrying a CYP71A12,,,:GUS reporter construct in
the wild type, jar1-1, coi1-1, or jin1-7 backgrounds were cotreated with
1 wM COR or 10 uM MeJA and 100 nM FIg22 or with an equal volume of
water as a control for 5 h before GUS staining.



responses required for MAMP-induced callose deposition in
Arabidopsis cotyledons and roots is MYB51-dependent biosyn-
thesis of I3G. As shown in Figure 5B, FIg22 activates MYB51 by
both ET-dependent and ET-independent mechanisms. Monitor-
ing expression of MYB51 by gRT-PCR showed that Fig22-
mediated activation of MYB51 is repressed by COR (Figure
10). This result was confirmed by examining the MYB517,,,:GUS
transgenic line treated with FIg22 and COR (see Supplemental
Figure 10 online). Interestingly, AT5G25260 activation by FIg22 is
ET independent (Figure 5A), and COR is able to repress the
expression of this gene (see Supplemental Figure 10 online),
suggesting that COR can block both the ET-dependent and ET-
independent pathways activated by MAMPs. We therefore ex-
amined the expression of MYB51 and CYP71A12 by gRT-PCRin
ein2-1 roots after treatment with FIg22 and COR. COR repressed
MYB51 and CYP71A12 expression in the ein2-1 mutant (Figure
10A), showing that COR suppresses both the ET-dependent and
-independent pathways.
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Figure 10. COR Suppresses Both the ET-Dependent and -Independent
Flg22-Elicited Activation of MYB51 and CYP71A12 and Requires JIN1/
MYC2 for Suppression.

qRT-PCR analysis of MYB51 and CYP71A12 transcript levels in the roots
of 2-week-old Col-0 and ein2-1 (A) or Col-0 and jin1-7 (B) seedlings
grown on vertical plates and treated with 1 wM FIg22 with or without
0.2 1M COR for 3 h. Data represent the mean = sD of three replicate
samples. *P < 0.05, **P < 0.01, **P < 0.001; two-tailed t test.
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The MAMP Response Suppressed by COR in the Roots Is
Independent of SA Signaling

SA signaling plays a major role in Arabidopsis resistance to P.
syringae, and the mutual antagonism between the SA and JA
signaling pathways is well documented. It is generally accepted
that COR, similar to JA-lle, suppresses the SA pathway. We
reasoned that if COR suppresses MAMP-activated signaling as
a consequence of JA-SA antagonism, then MAMP-mediated
signaling pathways should be dependent upon SA signaling. To
test this hypothesis, two mutants in the SA pathway (sid2-2 and
npr1-1) and the transgenic line nahG, which is unable to accu-
mulate SA, were tested for their callose response to MAMPs in
roots. SID2 is an isochorismate synthase required for the pro-
duction of SA (Wildermuth et al., 2001). NPR1 is a key regulator of
many SA-responsive genes and is required for the SA-mediated
systemic acquired resistance (Cao et al., 1997). However, the
sid2-2 and the npr1-1 mutants as well as transgenic nahG plants
showed normal FIg22 and chitin-elicited callose deposition in the
roots (Figure 11C; see Supplemental Figure 5 online). These SA-
related mutants were also crossed with the four promoter:GUS
reporter lines. FIg22-¢licited activation of the GUS reporters was
similar to that of wild-type seedlings in the sid2-2 and npr1-1
mutants (Figure 11A). In addition, treatment of seedlings with
exogenous SA did not activate the CYP71A12,,,:GUS reporter or
trigger callose deposition (Figures 11B and 11C). Together, these
results show that the response to MAMPs in the roots, and by
extension, its suppression by COR, are independent of SA
signaling.

COR Acts through COI1 and JIN1/MYC2 to Suppress the
Response to MAMPs

As discussed above, COR is believed to act by mimicking JA-lle.
Accordingly, methyl-jasmonate (MeJA) also suppressed Flg22-
triggered gene induction and callose depositions, although at a
10-fold higher concentration than COR (Figures 6 and 11C; see
Supplemental Figure 10 online). MeJA also suppressed chitin-
elicited callose deposition (see Supplemental Figure 11C online).
To test if the COR/MeJA-suppressive effect of the FIg22 re-
sponse in roots is dependent on the canonical JA signaling
pathway, different mutants impaired in JA signaling were tested.
COI1 is a major component of JA signaling, and coi7 mutants are
severely impaired in multiple JA responses (Feys et al., 1994;
Xie et al., 1998). JA—amino acid conjugates such as JA-lle bind to
the E3 ubiquitin ligase COI1 (Katsir et al., 2008), which promotes
the downstream interaction of JAZ proteins (for jasmonate ZIM
domain) with the SCFCO'" ubiquitin ligase complex and their
targeting to the proteasome (Chini et al., 2007; Thines et al.,
2007). JAZ proteins are known to be repressors of the transcrip-
tion factor JIN1 (for jasmonate insensitive 1), also known as
MYC2 (Chini et al., 2007). Among other phenotypes, jin1/myc2
mutants are partially impaired in JA- and COR-mediated root
growth inhibition and are more susceptible to herbivorous in-
sects such as Helicoverpa armigera (Dombrecht et al., 2007).
Consistent with the hypothesis that COR signals through
the canonical JA signaling pathway to block MAMP-activated
gene expression, COR and MeJA were not able to suppress the
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Flg22-elicited GUS and callose deposition responses in the roots
of coi1-1 andjin1-7 mutants (Figures 9 and 12; see Supplemental
Figure 10 online). The repression of MYB51 and CYP71A12 by
COR after activation by FIg22 was also tested by qRT-PCR in
jin1-7 mutants. COR was unable to suppress MYB571 and
CYP71A12 in jin1-7 roots, confirming the essential role of
MYC2 in the COR-mediated suppression of MAMP responses
in roots (Figure 10B). These results also ruled out the possibility
discussed above that COR is blocking MAMP signaling by a
nonspecific toxic effect.

JART1 (for jasmonic acid resistant 1) is an amino acid conjugase
required for the formation of JA-lle. It is believed that the
conjugated form of JA is the actual signaling molecule because
jar1 mutants are resistant to JA, especially with respect to its root
growth inhibitory effect (Staswick et al., 1992). Consistent with
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Figure 11. The Flg22-Elicited Response Suppressed by COR in Roots Is
Independent of SA Signaling.

(A) FIg22 elicited CYP71A12,,,:GUS or MYB51,,,:GUS expression in
Arabidopsis seedlings. CYP71A12,,,:GUS or MYB51,,,:GUS seedlings
were treated with 100 nM Flg22 for 3 h (for MYB51) or 5 h (for CYP71A12)
in npr1-1 or sid2-2 mutant backgrounds.

(B) CYP71A12,,,:GUS seedlings were pretreated with 100 wM SA for 6,
12, or 24 h. No GUS staining was detected at any time point.

(C) Callose deposition in the roots of Arabidopsis seedlings. npr1-1 (a),
sid2-2 (b), nahG (c), or Col-0 (d) seedlings treated with 1 uM Flg22 for
18 h ([a] to [c]) or 100 wM SA for 18 h (d).

WT/FIg22 coi1-1/Flg22

WT/FIg22+COR coi1-1/Flg22+COR
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coi1-1/Flg22+MeJA™S

WT/Flg22+MeJA
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jin1-7IFIg22+MeJA jar1-1/F1g22+MeJA

Figure 12. The COR-Mediated Suppression of the Flg22-Elicited Cal-
lose Deposition in Roots Requires COI1 and JIN1/MYC2.

Callose staining in the roots of Col-0 ([A] to [C]), coi1-1 ([D] to [F]), jin1-7
([G] to [11); or jar1-1 ([J] to [L]) treated with 1 wM Fig22 ([A], [D], [G], and
[J1), 1 wM FIg22 and 1 uM COR ([B], [E], [H], and [K]), or 1 uM FIg22 and
10 uM MeJA ([C], [F], [1], and [L]) for 18 h.



the hypothesis that COR functions as a JA-lle mimic downstream
of JAR1, COR was still able to suppress the FIg22 response in the
jar1-1 mutant, whereas MeJA did not (Figures 9 and 12; see
Supplemental Figure 10 online). Significantly, analogous results
were obtained for COR and MeJA suppression of the chitin-
elicited callose deposition in coi1-1, jar1-1, and jin1-7 mutants
(see Supplemental Figure 11 online).

DISCUSSION

Using sensitive and relatively high-throughput assays to study
MAMP signaling in Arabidopsis roots, we demonstrated that
MAMPs elicit strong transcriptional responses and epidermal
callose deposition in MAMP-specific locations, as well as the
production and exudation of camalexin, despite the fact that
roots grow in a MAMP-rich environment. These results contra-
dict the hypothesis that roots respond weakly or not at all to
MAMPs to avoid constitutive activation of defense mechanisms
that could be detrimental to fitness. We propose instead that
Arabidopsis restricts its response to some MAMPs to very
localized tissues and areas of the roots that may be more
susceptible to pathogens, such as the epidermal layer of the
EZ, therefore limiting energy costs. We also found that COR
produced by P. syringae (a pathogen) and unidentified com-
pound(s) produced by P. fluorescens (a plant growth-promoting
bacterium) suppress the MAMP responses in roots. In the case of
P. fluorescens, suppression of MAMP responses may also be
beneficial for the plant, since it may be critical for root coloniza-
tion, which in turn limits access to the roots by pathogenic
microbes. The MAMP responses in roots that are suppressed by
COR are also independent of SA signaling, showing that COR
has a much more pervasive effect on immune signaling than just
simply suppressing SA-mediated response pathways.

Localization of MAMP Responses in Roots

Flg22 and PGN trigger a response that is localized in the
epidermal layer of the EZ of the root tip. The EZ is generally
considered to be a major site for the exudation of secondary
metabolites (McDougall and Rovira, 1970), which may act as
chemoattractants and carbon sources as well as antimicrobials
for various microbes, including a number of root pathogens, such
as the oomycetes Phytophtora and Pythium and the pathogenic
bacteria R. solanacearum, all of which preferentially accumulate
and initiate infection at the EZ (Raftoyannis and Dick, 2006;
Attard et al., 2008). In addition, the EZ is particularly susceptible
to infections due to the remodeling of cell walls and the absence
of secondary cell walls in elongating cells. It is therefore possible
that plants use MAMP signaling in the EZ to trigger the deposition
of callose and the exudation of antimicrobials to limit pathogen
penetration and growth.

Unlike FIg22 and PGN, chitin elicits a defense response in
the mature zones of roots but not in the root tips, including the
EZ. This raises the interesting hypothesis that plants evolved
tissue-specific innate immune responses to different MAMPs
that depend on the nature of the attacking microorganism.
Pathogenic rhizobacteria, unlike fungi and nematodes, generally
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cannot directly penetrate the epidermal layers of roots and
therefore exploit the weakest part of the roots, as is the case in
R. solanacearum, which preferentially infects at the EZ and at the
natural openings present at the junctions between the main and
lateral roots (Vasse et al., 1995). Unlike bacteria, root pathogenic
fungi and nematodes, both of which synthesize chitin, are able to
successfully penetrate the epidermal layer and thus able to infect
throughout the entire root. Another difference that distinguishes
Flg22 and PGN from chitin is that unlike chitin, FIg22 and
PGN-elicited responses in the roots both require the accessory
LRR-RLK BAK1 (Figures 1B and 2D; see Supplemental Figures
2C, 4, and 5E online). This result, consistent with published
reports (Shan et al., 2008), suggests that the pattern recognition
receptor corresponding to PGN is probably associated with
BAK1 and is most likely an LRR-RLK like FLS2.

The restricted FIg22 response in the EZ is probably not due to
the localization of the FIg22 receptor in the EZ since FLS2 is
expressed in the entire root (Robatzek et al., 2006). FLS2
internalization is required for the FLS2-mediated signaling trans-
duction (Robatzek et al., 2006), and it is possible that this
internalization only occurs at the EZ. In preliminary experiments,
however, in contrast with cotyledons, we could not detect any
FLS2 internalization in the roots using an FLS2-green fluorescent
protein transgenic line (Robatzek et al., 2006).

Despite differences in localization and BAK1 dependency
with respect to FIg22 and PGN responses, on the one hand,
and chitin responses, on the other, we showed that most of the
MAMP signaling pathway leading to callose deposition is con-
served not only between FIg22 and chitin, but also between roots
and leaves. Common features of FIg22- and chitin-elicited
signaling pathways include the requirement of ET signaling,
MYB51-dependent 3G biosynthesis, CYP81F2-dependent
4-methoxylation of I3G, and the involvement of the PEN2 myro-
sinase. One difference that we observed between the FIg22 and
chitin responses, however, is that the ABC transporter PEN3,
required for Flg22-elicited callose deposition in cotyledons, is
required for the chitin-elicited but not Flg22-elicited callose
deposition in the roots. Therefore, it is possible that another
ABC transporter is substituting for PEN3 in the EZ of the root
tip. PEN3 belongs to the PDR ABC transporter subfamily, which
consists of 15 homologs. Examining Flg22-elicited callose de-
position in the corresponding ABC transporter gene mutants
may identify the PDR ABC transporter substituting for PEN3 in
the EZ.

COR Suppresses the MAMP Response in Arabidopsis Roots

In this study, we showed that P. syringae suppresses MAMP-
induced callose deposition in roots. Previous studies have shown
that various P. syringae type lll secretion system effectors sup-
press Flg22-induced callose deposition in leaves (Hauck et al.,
2003; Kim et al., 2005). Although a Pst DC3000 hrcC mutant did
not suppress Flg22-elicited callose deposition in seedling coty-
ledons (see Supplemental Figure 12 online), it suppressed MAMP
signaling in roots as efficiently as wild-type Pst DC3000. The
suppression of MAMP signaling by Pst DC3000 in roots is
dependent on the production of the phytotoxin COR, a structural
mimic of the signaling molecule JA-lle.
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COR is known to block root elongation, which raised the
possibility that COR is suppressing the MAMP-activated re-
sponses in the EZ simply by stopping root growth. This hypoth-
esis was discarded, however, as a consequence of the following
observations: First, other root growth inhibitors, such as auxin,
did not block the Flg22-elicited GUS response. Moreover,
Flg22 itself is known to block root growth (Gomez-Gomez and
Boller, 2000). Second, COR-mediated suppression of MAMP
responses is dependent on the ubiquitin ligase COI1, a key
regulator of JA signaling, similar to what was found for COR
suppression of MAMP-induced stomatal closure in Arabidopsis
leaves (Melotto et al., 2006). Finally, COR-mediated suppression
of the MAMP response in roots is dependent on the transcription
factor MYC2. Interestingly, the myc2 mutant jin1-9 was shown to
have a higher expression of MYB51 (Dombrecht et al., 2007).
Therefore, MYC2 may negatively regulate the MAMP-induced
callose deposition in roots by repressing MYB51, a central com-
ponent of that response.

Importantly, we found that COR suppresses MAMP-elicited
responses in the roots independently of JA-SA antagonism.
This result differs from the generally accepted model for the
mode of action of COR based on antagonism between JA and SA
signaling. Previously published work showed that growth of
COR-deficient mutants of P. syringae is restored to wild-type
levels in an Arabidopsis sid2 mutant and in the transgenic line
nahG, both unable to accumulate SA during infection (Brooks
et al., 2005). Similarly, COR-mediated suppression of MAMP-
elicited stomatal closure requires the SA biosynthetic enzyme
ICS1 (SID2) and the SA regulatory protein NPR1 (Melotto et al.,
2006). Consistent with these observations, stomatal closure is
induced by SA. In contrast with these published data, however,
we found that MAMP responses in roots that are suppressed by
COR are SA independent. Another example of COR-mediated
repression that may be independent of SA signaling is the
repression of the FIg22-induced Arabidopsis gene NHO1 by
COR (Lietal., 2005). NHOT1 is activated by the nonhost bacterium
P. phaseolicola independently of SA signaling, as demonstrated
by the finding that the transgenic line nahG shows normal
activation of NHO71 compared with wild-type plants (Kang
et al., 2003).

To our knowledge, there is no published data showing that root
pathogens synthesize COR or that COR production directly
assists root infection. However, the genomes of the bacterial root
pathogens Pectobacterium atrosepticum (formerly Erwinia car-
otovora subsp atroseptica) and Streptomyces scabies 87-22
contain a biosynthetic cluster important for virulence, which is
predicted to synthesize coronafacic acid or a similar compound
(Bell et al., 2004; Bignell et al., 2010). The fact that a homolog of
the P. syringae protein Cfl, believed to ligate coronafacic acid to
coronamic acid to form COR, is also present in P. atrosepticum
and S. scabies 87-22 suggests that coronafacic acid or corona-
facic acid-like amino acid conjugates similar to COR are syn-
thesized by root pathogens and may function as virulence
factors. Whether or not COR plays an important biological role
in root pathogenesis, we were nevertheless able to make use of
COR to reveal important features of the signaling pathways that
are stimulated as a consequence of MAMP recognition. More-
over, as described above, our work with COR points to a unique

mechanism by which root pathogens might overcome MAMP-
elicited defenses, and which is distinct from the SA-dependent
mechanisms by which foliar pathogens use COR to abrogate
host defense (Brooks et al., 2005; Cui et al., 2005; Melotto et al.,
2006).

Although there is no direct evidence that root pathogens
synthesize COR, a number of oxylipins acting as hormone-like
signals have been shown to be produced by pathogenic fungi,
including the root pathogen Fusarium oxysporum (Tsitsigiannis
and Keller, 2007). In particular, 20 JA species were shown to be
secreted by F. oxysporum, including JA-lle as one of the most
abundant (Miersch et al., 1999). It is therefore possible that the
mechanism mediated by COR to suppress the MAMP response
in roots is common to P. syringae and other pathogens, such as
F. oxysporum, and could constitute a widely used strategy to
increase virulence. In support of this hypothesis, the Arabidopsis
mutant coil is significantly more resistant to F. oxysporum,
independently of SA-mediated responses (Thatcher et al., 2009).

Suppression of MAMP Signaling by Plant
Growth-Promoting Rhizobacteria

The suppression of MAMP responses in roots is not restricted to
pathogens. Indeed, the beneficial bacterium P. fluorescens
WCS417r also suppresses the FIg22 response in roots. This
result seems counterintuitive since beneficial rhizobacteria are
believed to protect the roots against potential pathogens by
inducing plant defense. However, it is possible that the suppres-
sion of MAMP signaling is necessary for successful root coloni-
zation by plant growth—promoting rhizobacteria. In addition, the
observation that P. fluorescens WCS417r suppresses MAMP
signaling in the roots is at odds with the prevailing view that
MAMPs are the molecular determinants responsible for induced
systemic resistance. It is possible that the early phases of root
colonization by plant growth—-promoting bacteria require the
suppression of MAMP signaling to protect the bacteria against
MAMP-elicited antimicrobial exudates. Once the colonization is
achieved, the bacteria may be protected against the plant
antimicrobials, at which point it may stop the suppression of
MAMP signaling, allowing induced systemic resistance. To our
knowledge, P. fluorescens does not produce COR or com-
pounds with related structures. Therefore, it is likely that this
bacterium suppresses the MAMP response in roots via a differ-
ent mechanism. The secretion of another low molecular com-
pound may mediate this suppression.

Another possible mechanism by which P. fluorescens sup-
presses MAMP signaling in roots may relate to the fact that
MAMP signaling is largely ET dependent. As shown in Figure 4,
ET signaling is necessary to observe detectable levels of callose.
A role for ET as an important modulator of plant defense
responses has also been described in many previous studies.
In particular, ET was shown to increase the expression of the SA
marker gene PR7 in response to SA (Lawton et al., 1994). In
addition, ET was shown to modulate NPR1-mediated crosstalk
between SA and JA (Leon-Reyes et al., 2009). Interestingly,
several P. fluorescens genomes encode an ACC deaminase,
which degrades ACC, the ET precursor, into 2-oxobutyrate and
ammonia. The ACC deaminases of beneficial rhizobacteria have



been shown to play a positive role in plant growth and coloni-
zation of roots by other beneficial microorganisms, such as
arbuscular Mycorrhizas (Wang et al., 2000; Gamalero et al., 2008;
Belimov et al., 2009). It is possible that beneficial microbes use
this enzyme to decrease ACC levels and ET production in roots,
thereby suppressing the MAMP response and allowing them to
colonize the root surface. Overall, the role of MAMP signaling in
plant growth—-promoting bacteria root colonization needs to be
clarified. Studying the expression of the ACC deaminase and the
suppression of MAMP signaling at different stages of P. fluo-
rescens root colonization could provide us with a better under-
standing of the mechanisms involved in root colonization and
induced systemic resistance. A systematic approach combining
the promoter:GUS lines and the assays described in this article
with transposon mutation libraries of various root-colonizing
bacteria, pathogenic or beneficial, will help us to determine the
strategies that different bacteria have evolved to suppress
MAMP-elicited responses in roots.

Conclusions

MAMP signaling in leaves has been extensively studied in recent
years, but relatively little was known about MAMP responses in
roots. Here, we described how roots respond to various MAMPs
in a tissue-specific manner and how beneficial and pathogenic
microbes suppress these responses. We also found a previously
undescribed role for COR in the suppression of MAMP re-
sponses in roots. Further work is needed to understand the
impact of MAMP signaling on soil-borne pathogens and the
importance of its suppression by both beneficial and pathogenic
microbes.

METHODS

Plant Growth Conditions

To carry out either callose deposition or GUS reporter gene staining
assays in the roots of Arabidopsis thaliana Columbia-0 (Col-0) seedlings,
seeds were sterilized in 20% bleach, washed three times with sterile
water, and germinated in 12-well microtiter dishes sealed with parafilm,
each well containing 10 to 15 seeds and 1 mL seedling growth medium
(SGM; 1X Murashige and Skoog basal medium with vitamins [Phyto-
technology Laboratories] containing 0.5 g/L MES hydrate and 0.5%
sucrose at pH 5.7). Seedlings were grown for 10 d at 22°C in a plant
growth chamber under 16 h of light at a fluence of 100 wE. The medium
was changed on day 8.

For experiments involving root RNA extraction, to easily separate the
roots from the shoots, plants were grown vertically in 20 X 100-mm
circular Petri dishes containing 25 mL of SGM medium solidified with 1%
phytagar (PlantMedia) for 2 weeks at 22°C in a plant growth chamber
under 12 h of daylight (100 wE). The plates were then placed horizontally
and flooded with 6 mL of SGM medium for 2 d before treatment with
elicitors and extraction.

In the case of camalexin quantification in root exudates, for each
sample, 5to 10 seeds were placed on a 1- to 2-mm disk of polyether foam
(Jaece, Identi-Plugs, L800-A) floating on 1 mL of SGM in 12-well micro-
titer dishes sealed with parafilm. This system allowed the roots to grow
through the foam into the media and made it easier to separate the roots
from the shoots. Seedlings were grown for 15 d at 22°C under 16 h of light
(100 nE), and the medium was changed on day 8. Roots were separated
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from the shoots, washed in SGM, and placed in 1 mL of SGM supple-
mented with the elicitors.

Bacterial Strains and Infections

Pseudomonas syringae and Pseudomonas fluorescens bacterial strains
were cultured on KB plates supplemented with appropriate antibiotics:
50 pg/mL rifampicin for P. syringae pv tomato (Pst) DC3000, Pst
CUCPB5112 (hrcC), and P. fluorescens WCS417r; 50 png/mL kanamycin
for Pst DB4G3 (cfa6), Pst DB29 (cfa6cmaA), and P. syringae pv maculicola
(Psm) ES4326 (cfa6); and 30 png/mL streptomycin for Pst AK7E2 (cmaA)
and Psm ES4326. For infection of seedlings grown in 12-well microtiter
dishes, bacteria were grown overnight in KB supplemented with an
appropriate antibiotic at 28°C. Bacteria were centrifuged, washed three
times with water, and resuspended in water to a final ODggg of 0.04. Ten-
day-old seedlings were infected by adding 50 pL of bacterial suspension
into each well to a final ODggg of 0.002. Pseudomonas aeruginosa PA14
and Escherichia coli DH5a were cultured on Luria-Bertani plates and
grown overnight at 37°C. Infection of seedlings by PA14 or DH5a was also
performed with an initial ODgog 0of 0.002. For experiments using heat-killed
bacteria, Pst DC3000 and P. fluorescens WCS417r were grown overnight
in KB and 50 ng/mL rifampicin at 28°C. Bacteria were centrifuged,
washed three times with water, and resuspended in water to a ODggg Of 2.
The bacteria were boiled for 10 min in 1.5-mL microcentrifuge tubes. Ten-
day-old seedlings were treated by adding 50 L of the boiled extract into
each well. For experiments designed to study the effect of bacterial
exudates on MAMP signaling, seedlings were removed and the medium
inoculated to a final ODggp Of 0.002. After 22 h at 22°C, the medium was
collected and filtered through a 0.22-pM filter (Millipore). Fresh 10-d-old
seedlings were then treated with this bacteria-free media and various
elicitors.

Treatment of Seedlings with Elicitors, Hormones, Toxins,
and Inhibitors

Elicitors, hormones, toxins, or inhibitors were used at the following
concentrations unless otherwise specified: 100 nM FIg22 or Flg22Agro
for GUS assays (Felix et al., 1999); 1 M FIg22 for callose assays, root
RNA extraction, and camalexin quantification in root exudates; 1 uM
EIf26; 100 wg/mL Bacillus subtilis peptidoglycan (Sigma-Aldrich);
100 wg/mL chitin (Sigma-Aldrich) for GUS assays; 500 ng/mL chitin
for callose assays; 1 uM COR (Sigma-Aldrich); 10 .M MeJA (Sigma-
Aldrich); 1 pM K252a (Sigma-Aldrich); 100 pg/mL BFA (Sigma-
Aldrich); and 100 puM SA. A 10 mg/mL chitin stock solution was
prepared by autoclaving 250 mg of chitin (Sigma-Aldrich) resus-
pended in 25 mL of water for 30 min. The solution was then centri-
fuged and the supernatant collected.

Root RNA Extraction and RT-PCR and qRT-PCR Analysis

Total RNA was extracted from the roots of ~15 2-week-old seedlings per
sample using TRIzol (Invitrogen) according to the manufacturer’s instruc-
tions. The roots were snap-frozen in liquid nitrogen and ground using a
mortar and pestle. Total RNA was treated with DNase | (Ambion) to avoid
genomic DNA contamination, and 1 pg of total RNA was reverse tran-
scribed using the iScript cDNA synthesis kit from Bio-Rad. gRT-PCR was
performed using a CFX96 real-time PCR machine (Bio-Rad) and iQ SYBR
Green Supermix (Bio-Rad). The program used for qRT-PCR was as
follows: 3 min at 95°C, 45 cycles of 15 s at 95°C/30 s at 53°C, followed by a
melt curve from 70 to 94°C with 0.5°C increments every 10 s. Expression
values were normalized to that of the eukaryotic translation initiation
factor 4A1 (EIF4A1). Primers used for qRT-PCR were as follows:
cyp71al2-f, 5'-GATTATCACCTCGGTTCCT-3’; cyp71ai2-R, 5'-CCAC-
TAATACTTCCCAGATTA-3'; myb51-f, 5'-ACAAATGGTCTGCTATAGCT-3';
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myb51-r, 5'-CTTGTGTGTAACTGGATCAA-3’; ERF1-F, 5'-TCGGCGA-
TTCTCAATTTTTC-3'; ERF1-R, 5-ACAACCGGAGAACAACCATC-3';
EIF4A1-F, 5'-TCTGCACCAGAAGGCACA-3’; and EIF4A1-R, 5'-TCA-
TAGGATGTGAAGAACTC-3'.

GUS Histochemical Assay

After treatment with bacteria and/or elicitors, etc., plants grown in 12-well
microtiter dishes were washed with 50 mM sodium phosphate buffer, pH
7. One milliliter of GUS substrate solution (50 mM sodium phosphate, pH
7,10mM EDTA, 0.5 mM K4[Fe(CN)g], 0.5 mM Kz[Fe(CN)g], 0.5 mM X-Gluc,
and 0.01% Silwet L-77) was poured in each well. The plants were
vacuum-infiltrated for 5 min and then incubated at 37°C for 4 h unless
otherwise specified. Tissues were fixed with a 3:1 ethanol:acetic acid
solution at 4°C overnight and placed in 95% ethanol. Tissues were
cleared in lactic acid and observed using a Discovery V12 microscope
(Zeiss).

Callose Staining

Following treatment with elicitors, bacteria, etc., 10-d-old seedlings
grown in 12-well microtiter dishes were fixed in a 3:1 ethanol:acetic
acid solution for several hours. The fixative was changed several times to
ensure both thorough fixing and clearing of the tissues, which is essential
for good callose detection in the roots. Seedlings were rehydrated in 70%
ethanol for 2 h, 50% ethanol for an additional 2 h, and water overnight.
After two or three water washes, seedlings were treated with 10% NaOH
and placed at 37°C for 1 to 2 h to make the tissues transparent. This last
step was also very important for callose detection. After three or four water
washes, seedlings were incubated in 150 mM K;HPO,, pH 9.5, and 0.01%
aniline blue (Sigma-Aldrich) for several hours. The roots were mounted on
slides, and callose was observed immediately using an Imager Z.1 micro-
scope (Zeiss) under UV (excitation, 390 nm; emission, 460 nm).

Camalexin and COR Quantification in Liquid Media

The 1-mL liquid media samples were collected and placed at —20°C until
extraction. Samples were extracted using 1 mL of solid phase extraction
tubes (Discovery-DSC18) following the manufacturer’s instructions and
eluted with 800 p.L 90% acetonitrile supplemented with 0.1% formic acid.
The extracts were concentrated in a vacuum centrifuge to a final volume
of 150 pL. Concentrations of COR and camalexin were determined using
an Agilent 6520 qTOF LC-MS equipped with a dual electrospray ioniza-
tion source. Samples were separated using reverse-phase chromatog-
raphy (C18 extend, 50 X 2.1 mm, 5-pm particle size; Zorbax) at a flow rate
of 400 pL/min and a linear gradient of 97% A (water supplemented with
0.1% formic acid) to 10% B (acetonitrile supplemented with 0.1% formic
acid) over 1 min and then to 55% B over an additional 2.5 min. Compounds
were detected in extended dynamic range (2 GHz) mode between 100 and
1700 m/z using the following instrument settings: gas temperature 350°C;
drying gas (N») 8 L/min; nebulizer gas (No) 35 psig; fragmentor 200 V;
skimmer 65 V; OCT1 Rf Vpp 750 V; Vcap 3500 V; spectra rate 1.02/s, 977.5
ms/spectrum. The m/z values were corrected using internal mass refer-
ences. For analysis of COR, the instrument was run in negative ion mode.
For analysis of camalexin, the instrument was run in positive ion mode. The
extracted ion chromatograms were integrated (201.00 to 201.08 m/z for
camalexin and 318 to 321 m/z for COR) and compared with a standard
curve constructed using authentic standards.

Construction of Transgenic Lines

The 1.7 to 2.5 kb of the promoter regions of MYB51 (1.7 kb), WRKY11 (1.7
kb), AT6G25260 (2.5 kb), CYP71A12 (2.5 kb), or PEN2 (2 kb) were amplified
using Expand High Fidelity polymerase (Roche) and cloned into the

multiple cloning site of pBI101 (Jefferson et al., 1987), which confers
resistance to kanamycin. The promoter:GUS constructs were then se-
quenced and transformed into Agrobacterium tumefaciens strain GV3101.
Col wild-type plants were then transformed and progeny selected on
kanamycin as described (Clough and Bent, 1998). The Col reporter lines
were subsequently crossed with ein2-1, jar1-1, jin1-7, and coil-1 to
transfer the reporters into the mutant backgrounds. The primers used to
amplify the different promoters were as follows (the restriction site used
is underlined and the enzyme indicated in parentheses): p71A12-F,
5'-CGGAAGCTTGTTCTACCAGCAGCCTTGC-3"  (Hindlll); p71A12-R,
5'-GCTCTAGATTCTTGAATATTGCTCATGTATGAAAG-3’ (Xbal); pMYB51-F,
5'-ACACACCTGCAGTGTACTAAAGAACTACTGTAA-3' (Pstl); pMYB51-R,
5'-ACACACGTCGACCCATGGTCTTGATTCTTCAAACTTAGCT-3’ (Sall-
Ncol); pWRKY11-F, 5’-ACACACCTGCAGCTTCCCCACCCATATATAG-
CCA-3’ (Pstl); pWRKY11-R, 5'-ACACACGTCGACCCATGGGATGATTT-
CTTGGTCTGAGGAT-3’ (Sall-Ncol); pAT5G25260-F, 5'- GCTCTAGAC-
ATAAAGTTGTAGTAAGAC-3' (Xbal); pAT5G2520-R, 5'-TTCCCGGGTT-
GAACATGTCTAGGATC-3' (Smal); pPEN2-F, 5'-GCTCTAGAIGGACTA-
GCAAGGAATATC-3' (Xbal); and pPEN2-R, 5'-AAGGCCTCTTGTCTT-
GATTCAGAAG-3’ (Stul).

The PENS,,,:GUS line was provided by Yuki Ichinose (Okayama
University, Japan) (Kobae et al., 2006).

Mutant Seed Stocks

The following insertion lines were obtained from the ABRC: cyp81F2-1
(SALK_073776), myb51-1 (SM_3_16332), jin1-7 (SALK_040500), efr-2
(SALK_068675), and bak1-3 (SALK_034523).

The fls2 (SAIL_691_CO04) line was obtained from Jeffrey Dangl (Univer-
sity of North Carolina at Chapel Hill), the cyp71A12 (GABI-Kat 127 HO3)
insertion line from Jane Glazebrook (University of Minnesota), the
cyp79B2cyp79B3 line from John Celenza (Boston University, MA), and
the cerk1-2 (GABI_kat 096FQ9) insertion line from Naoto Shibuya (Meiji
University, Japan).

The Arabidopsis lines ein2-1 (Guzman and Ecker, 1990), ein3-1 (Kieber
et al., 1993), etr1-3 (formerly ein1) (Guzman and Ecker, 1990), pmr4-1
(Vogel and Somerville, 2000), npr1-1 (Cao et al., 1994), sid2-2 (Dewdney
etal., 2000), pen2-1 (Lipka et al., 2005), pen3-1 (Stein et al., 2006), pad3-1
(Glazebrook and Ausubel, 1994), jar1-1 (Staswick et al., 1992), coil-1
(Feys et al., 1994), and nahG (Delaney et al., 1994) have been described.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following acces-
sion numbers: CYP71A12, AT2G30750; MYB51, AT1G18570; ERF1,
AT3G23240; EIF4A1, AT3G13920; WRKY11, AT4G31550; and PEN2,
AT2G44490.
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The following materials are available in the online version of this article.

Supplemental Figure 1. Activation of Promoter:GUS Reporters in
Cotyledons.

Supplemental Figure 2. GUS Staining in the Roots of Promoter:GUS
Reporters after PGN or EIf26 Treatment.

Supplemental Figure 3. Callose Staining in Arabidopsis Seedling
Roots after PGN or EIf26 Treatment.

Supplemental Figure 4. GUS Staining in the Roots of Promoter:GUS
Reporters after Chitin Treatment.

Supplemental Figure 5. Callose Staining in Seedling Roots of
Various Arabidopsis Mutants after Chitin Treatment.



Supplemental Figure 6. GUS Staining in the Roots of PEN2 and
PEN3 Promoter:GUS Reporters.

Supplemental Figure 7. Overnight GUS Staining in the Roots of
CYP71A12pro:GUS and MYB51pro:GUS promoter:GUS Reporters in
Wild-Type or ein2-1 Backgrounds.

Supplemental Figure 8. GUS Staining in the Roots of Transgenic
CYP71A12pro:GUS Seedlings after Preinfection with Various Bacteria
Followed with or without FIg22 Treatment.

Supplemental Figure 9. GUS Staining in Seedling Roots of Promoter:
GUS Reporters after Pretreatment with Pst DC3000 or Pst DB29 (cfa-;
cma-) Exudates Followed by FIg22 Treatment.

Supplemental Figure 10. GUS Staining in Arabidopsis Promoter:
GUS Seedlings after FIg22 + COR or FIg22 + MeJA Treatments in
Col-0, coil-1, jin1-7, and jar-1 Seedlings.

Supplemental Figure 11. Suppression of the Chitin-Elicited Callose
Deposition in Seedling Roots by COR and MeJA in Col-0, coil-1,
jin1-7, and jar1-1 Seedlings.

Supplemental Figure 12. Fig22-Elicited Callose Deposition in Coty-
ledons of Col-0 Seedlings after Infection with P. syringae hcC and
Coronatine-Deficient Mutants.
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