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In fungi and metazoans, extracellular signals are often perceived by G-protein-coupled receptors (GPCRs) and transduced through
heterotrimeric G-protein complexes to downstream targets. Plant heterotrimeric G proteins are also involved in diverse biological
processes, but little is known about their upstream receptors. Moreover, the presence of bona fide GPCRs in plants is yet to be
established. In Arabidopsis (Arabidopsis thaliana), heterotrimeric G protein consists of one Ga subunit (G PROTEIN a-SUBUNIT1),
one Gb subunit (ARABIDOPSIS G PROTEIN b-SUBUNIT1 [AGB1]), and three Ggs subunits (ARABIDOPSIS G PROTEIN
g-SUBUNIT1 [AGG1], AGG2, and AGG3). We identified AGB1 from a suppressor screen of BAK1-interacting receptor-like
kinase1-1 (bir1-1), a mutant that activates cell death and defense responses mediated by the receptor-like kinase (RLK) SUPPRESSOR
OF BIR1-1. Mutations in AGB1 suppress the cell death and defense responses in bir1-1 and transgenic plants overexpressing
SUPPRESSOR OF BIR1-1. In addition, agb1 mutant plants were severely compromised in immunity mediated by three other
RLKs, FLAGELLIN-SENSITIVE2 (FLS2), Elongation Factor-TU RECEPTOR (EFR), and CHITIN ELICITOR RECEPTORKINASE1
(CERK1), respectively. By contrast, G PROTEIN a-SUBUNIT1 is not required for either cell death in bir1-1 or pathogen-associated
molecular pattern-triggered immunity mediated by FLS2, EFR, and CERK1. Further analysis of agg1 and agg2 mutant plants indicates
that AGG1 and AGG2 are also required for pathogen-associated molecular pattern-triggered immune responses mediated by FLS2,
EFR, and CERK1, as well as cell death and defense responses in bir1-1. We hypothesize that the Arabidopsis heterotrimeric G proteins
function as a converging point of plant defense signaling by mediating responses initiated by multiple RLKs, which may fulfill
equivalent roles to GPCRs in fungi and animals.

Receptor-like kinases (RLKs) represent one of the
largest protein families in plants and play diverse
roles in plant development and stress signaling
(Morillo and Tax, 2006). In Arabidopsis (Arabidopsis
thaliana), there are over 600 RLKs (Shiu and Bleecker,
2001). Most RLKs contain an extracellular domain, a

single transmembrane motif, and a cytoplasmic kinase
domain. It is believed that the extracellular domains
are involved in ligand recognition that subsequently
leads to activation of the cytoplasmic kinase domain.
Pathogen-associated molecular pattern (PAMP) recep-
tors FLAGELLIN-SENSITIVE2 (FLS2), Elongation Fac-
tor (EF)-TU RECEPTOR (EFR), and CHITIN ELICITOR
RECEPTOR KINASE1 (CERK1) all belong to the RLK
family. FLS2 and EFR function as receptors for bacterial
flagellin and EF-Tu, respectively (Gómez-Gómez and
Boller, 2000; Zipfel et al., 2006), while CERK1 is in-
volved in the perception of chitin, a common compo-
nent of the fungal cell wall (Miya et al., 2007; Wan
et al., 2008). CERK1 was also shown to play an im-
portant role in defense against bacterial pathogens
(Gimenez-Ibanez et al., 2009). Another RLK, Brassi-
nosteroid Insensitive1-associated receptor kinase1
(BAK1), functions as a coreceptor for FLS2 and EFR
(Chinchilla et al., 2007; Heese et al., 2007). In addition,
a rice (Oryza sativa) RLK, Xa21, functions as the re-
ceptor for a peptide derived from AvrXa21 (Song et al.,
1995; Lee et al., 2009).

Activation of different PAMP receptors often leads to
rapid downstream responses, such as oxidative burst,

1 This work was supported by funding from the Natural Sciences
and Engineering Research Council of Canada and the Chinese Min-
istry of Science and Technology (grant no. 2011CB100700).

2 These authors contributed equally to the article.
3 Present address: University of OklahomaHealth Sciences Center,

Biomedical ResearchCenter 366, 975NE10th St.,OklahomaCity,OK73104.
* Corresponding author; e-mail yuelin.zhang@ubc.ca.
The author responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
Yuelin Zhang (yuelin.zhang@ubc.ca).

[C] Some figures in this article are displayed in color online but in
black and white in the print edition.

[W] The online version of this article contains Web-only data.
[OA] Open Access articles can be viewed online without a subscrip-

tion.
www.plantphysiol.org/cgi/doi/10.1104/pp.112.212431

2146 Plant Physiology�, April 2013, Vol. 161, pp. 2146–2158, www.plantphysiol.org � 2013 American Society of Plant Biologists. All Rights Reserved.

mailto:yuelin.zhang@ubc.ca
http://www.plantphysiol.org
mailto:yuelin.zhang@ubc.ca
http://www.plantphysiol.org/cgi/doi/10.1104/pp.112.212431


calcium influx, mitogen-activated protein kinase (MAPK)
activations, and the up-regulation of defense gene ex-
pression (Boller and Felix, 2009). However, our knowl-
edge of how defense responses are regulated downstream
of the RLKs remains limited. Genetic analysis of mu-
tants defective in EFR-mediated PAMP responses
showed that endoplasmic reticulum (ER) quality con-
trol plays an important role in the accumulation of EFR
(Li et al., 2009; Lu et al., 2009; Nekrasov et al., 2009;
Saijo et al., 2009). ER-resident chaperones are also re-
quired for the accumulation of the tobacco (Nicotiana
tabacum) INDUCED RECEPTOR-LIKE KINASE (Caplan
et al., 2009). BOTRYTIS-INDUCED KINASE1 (BIK1)
encodes a cytoplasmic RLK that directly interacts with
FLS2 and likely EFR and CERK1 (Lu et al., 2010;
Zhang et al., 2010). Knocking out BIK1 leads to modest
reductions of PAMP-induced callose deposition, H2O2
accumulation, and pathogen resistance. Recently, a
group of redundant calcium-dependent protein ki-
nases (CDPKs) were identified as critical regulators of
MAPK-independent defense pathways downstream of
FLS2 (Boudsocq et al., 2010).
In yeast (Saccharomyces cerevisiae) and metazoans,

heterotrimeric G proteins, composed of a-, b-, and
g-subunits, serve as essential signaling intermediates be-
tween cell surface G-protein-coupled receptors (GPCRs)
and their downstream targets (Temple and Jones,
2007). Binding of ligands to GPCRs leads to the ex-
change of GDP for GTP in the a-subunit, resulting in
the activation of the G protein. In Arabidopsis, there is
one Ga subunit (G PROTEIN a-SUBUNIT1 [GPA1]),
one Gb subunit (ARABIDOPSIS G PROTEIN b-SUB-
UNIT1 [AGB1]), and three Ggs subunits (ARABI-
DOPSIS G PROTEIN g-SUBUNIT1 [AGG1], AGG2,
and AGG3; Temple and Jones, 2007; Chakravorty et al.,
2011). Whereas AGG1 and AGG2 are closely related,
AGG3 only shares very limited homology to AGG1
and AGG2. GPCR-like proteins have been identified
in plants, and their interactions with Ga have been
experimentally proven, although their status as bona
fide GPCRs remains controversial (Liu et al., 2007;
Gookin et al., 2008; Pandey et al., 2009).
Heterotrimeric G proteins have been shown to be

involved in a wide range of biological processes, in-
cluding plant immunity (Perfus-Barbeoch et al., 2004).
Analysis of rice dwarf1 mutants with defects in the Ga
subunit indicates that the rice Ga subunit plays an im-
portant role in resistance against rice blast (Suharsono
et al., 2002). In Arabidopsis, loss of function of the
Gb or Gg subunits leads to compromised resistance
against the necrotrophic pathogen Plectosphaerella
cucumerina (Llorente et al., 2005; Delgado-Cerezo et al.,
2012). By contrast, loss of function of the Ga subunit
GPA1 results in enhanced resistance against the path-
ogen (Llorente et al., 2005). Resistance against other
necrotrophic pathogens, such as Fusarium oxysporum,
Alternaria brassicicola, and Botrytis cinerea, was also
found to be compromised in AGB1- and AGG1/
AGG2-deficient mutants (Trusov et al., 2006, 2007,
2009). In addition, loss of function of the Gb subunit

leads to reduced elf18-induced resistance against
Agrobacterium tumefaciens as well as reduced reactive
oxygen species (ROS) production triggered by flagel-
lin22 (flg22) and elf18 (an 18-amino acid peptide that
represents the N terminus of bacterial EF-Tu; Ishikawa,
2009). Multiple surface residues of AGB1 were recently
shown to play important roles in resistance against
necrotrophic pathogens and flg22-induced ROS pro-
duction (Jiang et al., 2012).

Arabidopsis GPA1 was also found to play an im-
portant role in stomatal defense. In gpa1 mutants, flg22-
induced inhibition of stomatal opening and inward K+

channels in guard cells are blocked (Zhang et al., 2008b).
Growth of the coronatine-deficient Pseudomonas syringae
pv tomato DC3118 is dramatically increased in gpa1
mutant plants (Zeng and He, 2010). In Nicotiana ben-
thamiana, silencing of the Ga and Gb subunits also leads
to reduced elicitor-induced stomatal closure as well as
hypersensitive responses induced by harpin (Zhang
et al., 2012a).

Arabidopsis BAK1-INTERACTING RECEPTOR-LIKE
KINASE1 (BIR1) encodes a BAK1-associated RLK (Gao
et al., 2009). Knocking out BIR1 results in constitutive
activation of cell death and defense responses in a
manner that is partially dependent on PHYTOALEXIN
DEFICIENT4 (PAD4), a positive regulator of resistance
mediated by the Toll-Interleukin-1 Receptor-like-
Nucleotide-Binding-Leu-Rich Repeat domain class of
resistance proteins. To identify signaling components
downstream of BIR1, a suppressor screen was performed
in the bir1-1 pad4-1 double-mutant background. A number
of suppressor of bir1-1 (sobir) mutants suppressing the
seedling lethality phenotype of bir1-1 were identified.
SOBIR1 encodes another RLK whose overexpression is
sufficient to activate cell death and defense responses
(Gao et al., 2009). Combining the sobir1-1 and pad4-1 mu-
tations results in complete suppression of cell death and
enhanced pathogen resistance in bir1-1, suggesting that
SOBIR1 and PAD4 function in parallel to regulate cell
death and defense responses. Here, we report the dis-
covery and characterization of SOBIR2, which encodes
the Arabidopsis heterotrimeric G-protein b-subunit
AGB1 that functions downstream of SOBIR1 to regu-
late cell death and defense responses.

RESULTS

Identification and Characterization of sobir2-1
bir1-1 pad4-1

The sobir2-1 mutant was identified from a suppressor
screen in the bir1-1 pad4-1 background as previously
described (Gao et al., 2009). The sobir2-1 bir1-1 pad4-
1 triple mutant is significantly larger than bir1-1 pad4-
1 (Fig. 1A) and can easily grow to maturity and set seeds
at 23°C. The expression levels of defense marker genes
PATHOGENESIS-RELATED1 (PR1; Fig. 1B) and PR2
(Fig. 1C) in sobir2-1 bir1-1 pad4-1 are considerably lower
than those in bir1-1 pad4-1. In addition, enhanced resis-
tance to Hyaloperonospora arabidopsidis Noco2 in bir1-1
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pad4-1 is completely abolished in the sobir2-1 bir1-1 pad4-
1 triple mutant (Fig. 1D). Taken together, our data show
that sobir2-1 suppresses the constitutive defense responses
observed in bir1-1 pad4-1.

SOBIR2 Encodes the Heterotrimeric G-Protein b-Subunit

To map the sobir2-1 mutation, sobir2-1 bir1-1 pad4-
1 (in the Columbia ecotype background) was crossed
with the Landsberg erecta ecotype to generate a seg-
regating mapping population. Crude mapping using
the F2 progeny showed that the sobir2-1 mutation is
located between marker T16L1 and F8D20 on chro-
mosome 4. Further fine mapping narrowed the sobir2-
1 mutation to a 40-kb region between markers F10M10
and T4L20 (Supplemental Fig. S1). Sequence analysis
of genes in this region in the sobir2-1 mutant identified
a single G-to-A mutation in At4g34460, which encodes
the heterotrimeric G-protein b-subunit. The mutation
created an early stop codon in the gene (Fig. 1E); thus,
sobir2-1 was renamed agb1-4. Semiquantitative reverse
transcription (RT)-PCR analysis showed that AGB1 is
expressed at a slightly lower level in agb1-4 compared
with the wild type (Supplemental Fig. S2), suggesting
that a truncated AGB1 protein may still be expressed
in the mutant. Whether the truncated protein retains
part of the function of AGB1 is unclear.

To confirm that the mutation in At4g34460 causes
suppression of the bir1-1 phenotypes, we crossed agb1-2
into bir1-1 pad4-1. agb1-2 contains a transfer DNA inser-
tion that disrupts the expression of AGB1 (Supplemental
Fig. S2). The agb1-2 bir1-1 pad4-1 triple mutant restored
the size and appearance of bir1-1 pad4-1 to almost wild-
type levels (Fig. 1F), suggesting that SOBIR2 encodes
AGB1. Further analysis showed that expression of both
PR1 and PR2 was dramatically reduced in the triple
mutant (Fig. 1, G and H). In both agb1-4 bir1-1 pad4-1 and
agb1-2 bir1-1 pad4-1, the levels of salicylic acid (SA) were
much lower than those in bir1-1 and bir1-1 pad4-1 (Fig.
1I). In addition, enhanced resistance to H. arabidopsidis
Noco2 in bir1-1 pad4-1was completely lost in agb1-2 bir1-
1 pad4-1 (Fig. 1J).

Figure 1. Characterization and cloning of sobir2-1. A, Morphology of
wild-type, bir1-1, bir1-1 pad4-1, and sobir2-1 bir1-1 pad4-1 plants.
Plants were grown on soil at 23˚C and photographed about 3 weeks
after planting. B and C, PR1 (B) and PR2 (C) expression in wild-type,
bir1-1, bir1-1 pad4-1, and sobir2-1 bir1-1 pad4-1 seedlings. Values
were normalized to the expression of ACTIN1. Error bars represent SDs
from means of three measurements. D, Growth of H. arabidopsidis

Noco2 on the wild type, bir1-1, bir1-1 pad4-1, and sobir2-1 bir1-
1 pad4-1. E, Predicted gene structure of SOBIR2/AGB1. Boxes are
exons, and lines indicate introns. The ATG start and TGA stop codons
are indicated. F, Morphology of the wild type, bir1-1, bir1-1 pad4-1,
and agb1-2 bir1-1 pad4-1. G and H, PR1 (G) and PR2 (H) expression in
the wild type, bir1-1, bir1-1 pad4-1, and agb1-2 bir1-1 pad4-1. Values
were normalized to the expression of ACTIN1. Error bars represent SDs
from means of three measurements. I, Total SA levels in the wild type,
bir1-1, bir1-1 pad4-1, agb1-4 bir1-1 pad4-1, and agb1-2 bir1-1 pad4-
1. Statistical differences among different genotypes are labeled with
different letters (P, 0.01). J, Growth of H. arabidopsidis Noco2 on the
wild type, bir1-1, bir1-1 pad4-1, and agb1-2 bir1-1 pad4-1. Statistical
differences among different genotypes are labeled with different letters
(P , 0.001). WT, Wild type. [See online article for color version of this
figure.]
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Mutations in AGB1 Suppress Cell Death and Defense
Responses in bir1-1

To determine whether mutations in AGB1 can sup-
press the cell death and defense responses in bir1-1, we
obtained the agb1-4 bir1-1 double mutant by crossing
agb1-4 bir1-1 pad4-1 with wild-type Columbia and
agb1-2 bir1-1 by crossing agb1-2 and bir1-1. Unlike bir1-
1 mutant plants, agb1-4 bir1-1 and agb1-2 bir1-1 can
grow to maturity and set seeds at 23°C. agb1-4 bir1-
1 and agb1-2 bir1-1 are much larger than bir1-1, though
smaller than the wild type (Fig. 2A). To determine
whether cell death was blocked in the double mutants,
trypan blue staining was performed on seedlings. As
shown in Figure 2B, cell death in bir1-1 was inhibited
by the agb1-4 and agb1-2 mutations. Accumulation of
H2O2 in bir1-1 was also partially blocked in agb1-4 bir1-
1 and agb1-2 bir1-1 (Supplemental Fig. S3). In addition,
constitutive expression of PR1 in bir1-1 was dramati-
cally reduced in the double mutants (Fig. 2C), whereas
the expression of PR2 was only modestly reduced (Fig.
2D), suggesting that cell death is a major contributor to
the activation of PR1 expression and the expression of
PR2 is largely independent of cell death in bir1-1. Both
agb1-4 bir1-1 and agb1-2 bir1-1 accumulated less SA
than bir1-1, but SA levels in the double mutants were
still much higher than that in the wild type (Fig. 2E).
Consistent with the reduced SA levels, agb1-4 bir1-
1 and agb1-2 bir1-1 supported much higher growth of
H. arabidopsidis Noco2 than bir1-1, but supported less
growth of the pathogen than the wild type (Fig. 2F).

AGB1 Is Required for Cell Death in Transgenic Plants
Overexpressing SOBIR1

It was previously shown that bir1-1 activates SOBIR1-
dependent cell death (Gao et al., 2009). To test whether
AGB1 functions downstream of SOBIR1, we introduced
the agb1-2 mutation into SOBIR1 overexpression (OX-2),
a transgenic line overexpressing SOBIR1 that exhibits
spontaneous cell death (Gao et al., 2009). Semiquantita-
tive RT-PCR analysis indicates that SOBIR1 is expressed
at similar levels in the wild type and agb1-2 carrying the
35S-SOBIR1 transgene (Supplemental Fig. S4). As shown
in Figure 3A, agb1-2 partially suppresses the dwarf phe-
notype of the SOBIR1 overexpression line. Trypan blue
staining showed that cell death in the transgenic line was
suppressed by agb1-2 (Fig. 3B), suggesting that AGB1
functions downstream of the RLK SOBIR1 to regulate
cell death.

AGB1 Is Required for PAMP-Mediated Immunity

To determine whether AGB1 is also required for re-
sistance responses mediated by three other RLKs, FLS2,
EFR, and CERK1, we first analyzed bacterial growth in
wild-type and agb1-2 plants pretreated with flg22, a
peptide derived from bacterial flagellin that is recog-
nized by FLS2 (Gómez-Gómez and Boller, 2000). As

shown in Figure 3C, flg22-induced resistance to
P. syringae pv tomato DC3000 was blocked in agb1-2
compared with wild-type plants. Analysis of bacterial
growth in the wild type and agb1-2 treated with elf18, a
peptide derived from bacterial EF-Tu, showed that elf18-
induced resistance to P. syringae pv tomato DC3000 was
also reduced in agb1-2 (Fig. 3D). Furthermore, chitin-
induced resistance to P. syringae pv tomato DC3000
was lost in agb1-2 as well (Fig. 3E). By contrast, flg22-,
elf18-, and chitin-induced resistance to P. syringae pv
tomato DC3000 was not impaired in the Ga mutant gpa1-
3 (Fig. 3, C–E). The reduction in PAMP-induced resistance
observed in agb1-2 can be complemented by expressing
the wild-type AGB1 with a C-terminal FLAG tag. These
results suggest that AGB1 is required for PAMP-triggered
immunity mediated by the RLKs FLS2, EFR, and CERK1.

Next, we tested whether induction of ROS production
by flg22 and elf18 was affected in agb1-2. As shown in
Figure 3, F and G, flg22- and elf18-induced ROS pro-
duction was clearly reduced in the mutant, consistent
with the previous report that ROS production induced
by flg22 and elf18 was reduced in agb1-2 (Ishikawa,
2009). We further tested whether induction of ROS pro-
duction by chitin is affected in agb1-2. As shown in
Figure 3H, chitin-induced ROS production was also
reduced in agb1-2. These data suggest that AGB1 is re-
quired for PAMP-triggered induction of ROS. The
gpa1-3 mutant lacking the Ga subunit has little or no
effect on ROS induction by flg22, elf18, or chitin.

To test whether AGB1 functions as a general regulator
of the stability of PAMP receptors, we analyzed the ac-
cumulation of FLS2 in agb1-2 and agb1-4 by western-blot
analysis. As shown in Supplemental Figure S5, the levels
of FLS2 protein in agb1-2 and agb1-4were comparable in
the wild type and the agb1 mutants, suggesting that
AGB1 is not required for the accumulation of FLS2.

To test whether activation of the MAPKs MPK3 and
MPK6 by flg22 is affected by agb1-2, we analyzed phos-
phorylated MPK3 and MPK6 in plants treated with flg22
by western blot using an anti-Erk1/2 (for Extracellular
signal-regulated kinase) antibody specific for phosphor-
ylated MAPKs. As shown in Figure 3I and Supplemental
Figure S6, flg22-induced activation of MPK3 and MPK6
was not affected in the mutant, which is consistent with
the previous report that activation of MPK3 and MPK6
by flg22 was not affected by agb1-2 (Ishikawa, 2009).
We further tested whether agb1-2 affects flg22-induced
expression of FLG22-INDUCED RECEPTOR-LIKE KI-
NASE1 (FRK1) and WRKY DNA-BINDING PROTEIN29
(WRKY29), twomarker genes for activation of theMPK3/
MPK6-signaling pathway. As shown in Supplemental
Figure S7, induction of these two genes was not affected
in agb1-2 either, suggesting that AGB1 functions in a de-
fense pathway independent of MPK3 and MPK6.

Next, we tested whether activation of MPK4 by flg22
is affected by mutations in AGB1. MPK4 was immu-
noprecipitated from the wild type and agb1 mutants
using anti-MPK4 antibodies and assayed for its kinase
activity using myelin basic protein (MBP) as a sub-
strate. As shown in Figure 3J, activation of MPK4 was
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reduced in both agb1-2 and agb1-4, suggesting that
AGB1 is required for full activation of MPK4.

Both MAPK-dependent and independent signaling
pathways are activated during PAMP signaling. In-
duction of GLUTATHIONE S-TRANSFERASE1 (GST1)
expression by flg22 was previously shown to be in-
dependent of MAPK signaling (Asai et al., 2002). To
determine whether AGB1 is required for induction of
GST1 by flg22, we compared the expression levels of
GST1 in flg22-treated wild-type and agb1-2 plants. As
shown in Supplemental Figure S8, induction of GST1
by flg22 was not affected in the agb1-2 mutant.

The agg1 agg2 Double Mutant Suppresses Cell Death
in bir1-1

Next, we tested whether the G-protein subunits Ga
and Gg are also required for cell death and defense re-
sponses in bir1-1. The gpa1-3 bir1-1, gpa1-4 bir1-1, agg1-1c
bir1-1, and agg2-1 bir1-1 double mutants and the agg1-1c
agg2-1 bir1-1 triple mutant were obtained by crossing
bir1-1 with gpa1-3, gpa1-4, and agg1-1c agg2-1, respec-
tively. As shown in Supplemental Figure S9, gpa1-3 bir1-1
and gpa1-4 bir1-1 exhibited morphology similar to bir1-1
and were seedling lethal, suggesting that GPA1 is dis-
pensable for the seedling lethality phenotype of bir1-1.
Both agg1-1c bir1-1 and agg2-1 bir1-1 show slightly in-
creased size compared with bir1-1 (Fig. 4A). By contrast,
the agg1-1c agg2-1 bir1-1 triple mutant is much bigger
than bir1-1 and is able to complete its life cycle at 23°C,
suggesting that AGG1 and AGG2 function redundantly
to regulate cell death in bir1-1. Suppression of cell death
in bir1-1 by agg1-1c agg2-1 was further confirmed by
trypan blue staining (Fig. 4B). Real-time RT-PCR analysis
showed that the constitutive expression of PR1, but not
PR2, was considerably reduced in agg1-1c bir1-1 and
agg1-1c agg2-1 bir1-1 compared with bir1-1 (Fig. 4, C and
D). The agg1-1c agg2-1 bir1-1 triple mutant also accu-
mulated less SA (Fig. 4E) and supported much higher
growth of H. arabidopsidis Noco2 (Fig. 4F) than bir1-1.
Taken together, AGG1 and AGG2 are required for the
cell death and part of the constitutive defense response
phenotypes in bir1-1.

AGG1 and AGG2 Are Involved in PAMP-Mediated
Defense Responses

To determine whether AGG1 and/or AGG2 are also
required for resistance responses mediated by the RLKs
FLS2, EFR, and CERK1, we analyzed flg22-, elf18-, and
chitin-induced resistance to P. syringae pv tomato
DC3000 in the wild type, agg1, agg2, and the agg1 agg2
double mutant. Treatment with flg22 (Fig. 5A), elf18 (Fig.

Figure 2. Suppression of cell death and defense responses in bir1-1 by
agb1-4 and agb1-2. A, Morphology of wild-type, bir1-1, agb1-4 bir1-1,
and agb1-2 bir1-1 plants. Plants were grown on soil at 23˚C and
photographed about 3 weeks after planting. B, Trypan blue staining of
the wild-type, bir1-1, agb1-4 bir1-1, and agb1-2 bir1-1 mutant seed-
lings. Plants were grown at 23˚C for 2 weeks on one-half-strength MS
plates. C and D, PR1 (C) and PR2 (D) expression in the wild type, bir1-
1, agb1-4 bir1-1, and agb1-2 bir1-1. Values were normalized to the
expression of ACTIN1. Error bars represent SDs from means of three
measurements. E, Total SA levels in the wild type, bir1-1, agb1-4 bir1-
1, and agb1-2 bir1-1. Statistical differences among different genotypes
are labeled with different letters (P , 0.01). F, Growth of H. arabi-
dopsidis Noco2 on the wild type, bir1-1, agb1-4 bir1-1, and agb1-2

bir1-1. Statistical differences among different genotypes are labeled
with different letters (P, 0.001). WT, Wild type. [See online article for
color version of this figure.]
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Figure 3. agb1-2 suppresses cell death in transgenic plants overexpressing SOBIR1 and compromised PAMP-triggered im-
munity. A, Morphology of the wild type, 35S-SOBIR1 transgenic line number 2 (SOBIR1 OX-2; Gao et al., 2009), and agb1-2
carrying the 35S-SOBIR1 transgene from line number 2 (agb1-2 SOBIR1 OX-2). Plants were grown on soil at 23˚C and pho-
tographed approximately 3 weeks after planting. B, Trypan blue staining of the indicated genotypes. Plants were grown at 23˚C
for 2 weeks on one-half-strength MS plates. C to E, flg22-induced (C), elf18-induced (D), or chitin-induced (E) resistance to P.
syringae pv tomato DC3000 in the wild type, gpa1-3 (SALK_066823), agb1-2, and a transgenic line expressing AGB1 under its
own promoter in agb1-2 background (agb1/AGB1). Plants were pretreated with the indicated PAMPs (+) or water (2) 1 d before
infiltration with P. syringae pv tomato DC3000 (OD600 = 0.001). Bacterial titers on day 3 are shown. Error bars represent SDs
from means of six measurements. Asterisks above the bars indicate significant difference between samples treated with or
without the indicated elicitors (*P , 0.01). Statistical differences among the elicitor-treated samples are labeled with different
letters (P , 0.01). F to H, Oxidative burst triggered by flg22 (F), elf18 (G), or chitin (H) in the indicated genotypes. Leaf slices of
4-week-old plants were treated with 1 mM flg22, 1 mM elf18, or 200 mg mL–1 chitin, and ROS was subsequently measured. Error
bars represent SDs from means of eight samples. I, Activation of MPK3 and MPK6 in the wild type and agb1-2 by flg22. Two-
week-old seedlings grown on one-half-strength MS medium were treated with or without 1 mM flg22. Phosphorylated MPK3 and
MPK6 were detected by western blot using an anti-Erk1/2 antibody specific for the phosphorylated MAPKs. mpk3 and mpk6
knockout mutants were included as controls. J, Activation of MPK4 in the wild type and agb1 mutants by flg22. Two-week-old
seedlings grown on one-half-strength MS medium were treated with or without 1 mM flg22. MPK4 was immunoprecipitated
from total protein extracts using anti-MPK4 antibodies (Sigma) and assayed for its kinase activity (autoradiograph) using MBP as
the substrate. WT, Wild type. [See online article for color version of this figure.]
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5B), or chitin (Fig. 5C) resulted in reduction of bacterial
growth in the wild type, agg1-1c, and agg2-1, but not in
agg1-1c agg2-1, indicating that flg22-, elf18-, and chitin-
induced resistance is blocked in the double mutant.
Thus, AGG1 and AGG2 play redundant roles in the
PAMP-mediated resistance induced by flg22, elf18, and
chitin.

Next, we tested whether mutations in AGG1 andAGG2
affect PAMP-induced oxidative burst. In wild-type plants,
treatment with flg22, elf18, or chitin leads to a rapid ox-
idative burst. As shown in Figure 5, D and F, the oxida-
tive bursts triggered by flg22 and chitin were not severely
affected in either of the single Gg mutants agg1-1c and
agg2-1, but was dramatically reduced in the double agg1-
1c agg2-1 mutant. The elf18-induced oxidative burst was
markedly reduced in agg1-1c and almost completely
blocked in agg1-1c agg2-1, while agg2-1 did not show any
difference with the wild type (Fig. 5E). These data further
support that AGG1 and AGG2 are critical signaling
components in the response to flg22, elf18, and chitin.

We also analyzed flg22-induced activation of MPK3
and MPK6 in agg1-1c, agg2-1, and the agg1-1c agg2-
1 double mutant by western blot. As shown in Figure
5G and Supplemental Figure S10, activation of MPK3
andMPK6 was not affected in these mutants. We further
tested whether activation of MPK4 by flg22 is affected in
agg1-1c, agg2-1, and agg1-1c agg2-1 mutant plants by
assaying the kinase activity of MPK4 from the wild type
and the mutant plants. As shown in Figure 5H, activa-
tion of MPK4 was reduced in the agg1-1c agg2-1 double
mutant, suggesting that AGG1 and AGG2 are also re-
quired for full activation of MPK4.

Next, we tested whether flg22 induction of GST1, a
marker gene activated independent of MAPK signaling,
was affected in agg1-1c, agg2-1, and agg1-1c agg2-1 mu-
tant plants. As shown in Supplemental Figure S11, in-
duction of GST1 was comparable in the wild type and
the mutant plants, suggesting that AGG1 and AGG2 are
not required for the induction of GST1 by flg22.

The Gb- and Gg-Protein Subunits Are Required for
Resistance against Nonpathogenic Bacteria

To further test whether AGB1 and GPA1 are required
for PAMP-mediated resistance against nonpathogenic
bacteria, we challenged agb1-2 and gpa1-4with P. syringae
pv tomatoDC3000 hrcC (a nonpathogenic mutant defective
in type III secretion). As shown in Figure 6A, growth of
P. syringae pv tomato DC3000 hrcC is comparable in
gpa1-4 and wild-type plants, but is significantly higher in

Figure 4. Suppression of cell death and defense responses in bir1-1 by
agg1-1c agg2-1. A, Morphology of wild-type, bir1-1, agg1-1c bir1-1,
agg2-1 bir1-1, and agg1-1c agg2-1 bir1-1 plants. Plants were grown on
soil at 23˚C and photographed when they were about 3 weeks old. B,
Trypan blue staining of the indicated genotypes. Plants were grown at
23˚C for 2 weeks on one-half-strength MS plates. C to D, PR1 (C)
and PR2 (D) expression in the indicated genotypes. Values were

normalized to the expression of ACTIN1. Error bars represent SDs from
means of three measurements. E, SA levels in the indicated genotypes.
Asterisks above the bars indicate significant difference from bir1-
1 (*P , 0.01). F, Growth of H. arabidopsidis Noco2 on the indicated
genotypes. Asterisks above the bars indicate significant difference from
bir1-1 (*P , 0.001). WT, Wild type. [See online article for color ver-
sion of this figure.]
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agb1-2. We also challenged agg1, agg2, and agg1 agg2
double-mutant plants with P. syringae pv tomato DC3000
hrcC. As shown in Figure 6B, growth of P. syringae pv
tomato DC3000 hrcC is comparable in wild-type, agg1-1c,
and agg2-1 plants, but is about 3-fold higher in the agg1-
1c agg2-1 double mutant. These data suggest that Gb and
Gg, but not Ga, are required for PAMP-mediated resis-
tance against nonpathogenic bacteria.
FLS2 plays a very important role in stomatal defense

against P. syringae pv tomato DC3000 (Melotto et al., 2006;
Zeng and He, 2010). To test whether the Gb and Gg
subunits are required for stomatal defense, we sprayed

agb1-2, agg1-1c, agg2-1, agg1-1c agg2-1, and wild-type
plants with P. syringae pv tomato DC3118, a P. syringae
pv tomato DC3000 mutant deficient in the phytotoxin
coronatine. Compared with wild-type plants, a small but
significant increase of P. syringae pv tomatoDC3118 growth
was observed in agb1-2 and agg1-1c agg2-1 (Fig. 6C).

PAMP-Triggered Defense Responses Are Not Affected in
agg3 Single Mutants

To test whether the recently identified Gg subunit
AGG3 is required for PAMP-triggered defense responses,

Figure 5. PAMP-trigged responses in
the wild type, agg1-c, agg2-1, and
agg1-1c agg2-1. A to C, flg22-induced
(A), elf18-induced (B), or chitin-induced
(C) resistance to P. syringae pv tomato
DC3000 in the wild type, agg1-c, agg2-
1, and agg1-1c agg2-1. Plants were
pretreated with the indicated PAMP (+)
or water (2 ) 1 d before infiltration
with P. syringae pv tomato DC3000
(OD600 = 0.001). Bacterial titers on day
3 are shown. Error bars represent SDs
from means of six measurements. As-
terisks above the bars indicate signifi-
cant difference between samples treated
with or without the indicated elicitors
(*P , 0.01). D to F, Oxidative burst
triggered by flg22 (A), elf18 (B), or chitin
(C) in wild-type, agg1-c, agg2-1, and
agg1-1c agg2-1 plants. Leaf slices of 4-
week-old plants were treated with 1 mM

flg22, 1 mM elf18, or 200 mg mL–1 chi-
tin. ROS was measured using a luminol-
dependent assay (Trujillo et al., 2008).
Error bars represent SDs from means of
eight samples. G, Activation of MPK3
and MPK6 in the wild type, agg1-1c,
agg2-1, and agg1-1c agg2-1 by flg22.
Two-week-old seedlings grown on one-
half-strength MS medium were treated
with or without 1 mM flg22. Phosphor-
ylated MPK3 and MPK6 were detected
by western blot using an anti-Erk1/2
antibody specific for the phosphorylated
MAPKs. H, Activation of MPK4 in the
wild type, agg1-1c, agg2-1, and agg1-
1c agg2-1 by flg22. Two-week-old
seedlings were treated with or without
1 mM flg22. MPK4 was immunopreci-
pitated from total protein extracts using
anti-MPK4 antibodies (Sigma) and
assayed for its kinase activity (autoradi-
ograph) using MBP as the substrate. WT,
Wild type. [See online article for color
version of this figure.]
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we analyzed induction of oxidative burst by flg22,
elf18, and chitin in agg3-1 and agg3-2. As shown in
Supplemental Figure S12, A to C, oxidative bursts
triggered by flg22, elf18, and chitin were not affected
in the agg3 mutants. Next, we tested flg22-induced
resistance to P. syringae pv tomato DC3000 in agg3-
1 and agg3-2. As shown in Supplemental Figure S12D,
resistance to P. syringae pv tomato DC3000 induced
by flg22 was not affected by the agg3 mutations. In
addition, growth of P. syringae pv tomato DC3000
hrcC was comparable in wild-type and agg3 plants
(Supplemental Fig. S12E). We also checked activa-
tion of MPK3 and MPK6 by flg22 in the agg3 mutants.
As shown in Supplemental Figure S12F, activation of
MPK3 and MPK6 by flg22 was not affected in the
agg3 mutants either. These data suggest that PAMP-
triggered defense responses are not affected in the
agg3 single-mutant plants.

DISCUSSION

Arabidopsis BIR1 negatively regulates two parallel
defense pathways, one dependent on PAD4 and the
other dependent on the RLK SOBIR1 (Gao et al., 2009).
From a suppressor screen of bir1-1, we found that
mutations in AGB1 suppress cell death and defense
responses in bir1-1. Combining mutations in AGB1 and
PAD4 leads to more complete suppression of the mu-
tant phenotypes and enhanced pathogen resistance in
bir1-1, indicating that AGB1 functions in parallel with
PAD4. AGB1 is also required for cell death in trans-
genic plants overexpressing SOBIR1, suggesting that
the heterotrimeric G-protein b-subunit AGB1 functions
downstream of the RLK SOBIR1 to regulate activation
of cell death in bir1-1.

In agb1 null mutant plants, induction of PAMP-
triggered defense responses mediated by three other
RLKs, FLS2, EFR, and CERK1, is severely compro-
mised, suggesting that AGB1 is a common signaling
component for plant immunity mediated by different
RLKs. In addition, we showed that cell death in bir1-
1 and PAMP-triggered defense responses are severely
attenuated in the agg1 agg2 double mutant, suggesting
that the Gg subunits AGG1 and AGG2 also play im-
portant roles in the regulation of cell death and PAMP-
triggered immunity.

According to the classic paradigm, active G proteins
dissociate into two functional signaling elements, the
Ga subunit and the Gbg dimer. Although it was ini-
tially believed that signaling only occurred via the Ga
subunit, it is now clear that the Gbg dimer is actively
signaling in as many processes as the Ga subunit

Figure 6. Growth of P. syringae pv tomato DC3000 hrcC and P.
syringae pv tomato DC3118 in heterotrimeric G-protein mutants. A,
Growth of P. syringae pv tomato DC3000 hrcC in the wild type, gpa1-
3, agb1-2, and agb1-2 expressing a wild-type AGB1 transgene (agb1/
AGB1). Asterisks above the bars indicate significant difference from
the wild type (*P , 0.01). B, Growth of P. syringae pv tomato DC3000
hrcC in the wild type, agg1-1c, agg2-1, and agg1-1c agg2-1. Leaves of
6-week-old plants grown under short-day conditions (10-h day/14-h
night cycles) were infiltrated with P. syringae pv tomato DC3000 hrcC
(OD600 = 0.002). Bacterial titers at days 0 and 3 were measured by
taking leaf discs within the inoculated area. Error bars represent SDs from
means of six samples. Asterisks above the bars indicate significant differ-
ence from the wild type (*P , 0.01). C, Growth of P. syringae pv tomato
DC3118 in the wild type, agb1-2, agg1-1c, agg2-1, and agg1-1c agg2-1.

Five-week-old plants were inoculated by spraying with a bacterial sus-
pension at OD600 = 0.2. Samples were collected 3 d post inoculation to
determine the bacterial titers. Asterisks above the bars indicate significant
difference from the wild type (*P , 0.01). WT, Wild type. [See online ar-
ticle for color version of this figure.]
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(Clapham and Neer, 1997). Plant Gb and Gg interact
with each other in vitro and in vivo (Mason and
Botella, 2000, 2001; Kato et al., 2004). Our results
suggest that the Gbg dimer acts alone in regulating
PAMP-triggered defense responses and cell death in
bir1-1 and that the Ga subunit does not play an active
role in these processes. This kind of signaling mecha-
nism by G proteins, in which only the Gbg dimer is
involved in the propagation of the signal, was named
“classical route II” (Pandey et al., 2010). It can be used
to explain the expression patterns of some abscisic
acid-regulated genes in guard cells as well as roles of
the Gbg dimers in resistance against necrotrophic
pathogens (Pandey et al., 2010; Delgado-Cerezo et al.,
2012).
It will be important to determine the roles of the

different g-subunits in PAMP-mediated resistance and
whether they confer specificity against different PAMP
signals. Although our study has mostly shown re-
dundant roles for AGG1 and AGG2, for some re-
sponses, such as elf18-induced oxidative burst, AGG1
seems to play the leading role. A recent report has
described the third Gg subunit in Arabidopsis, AGG3,
with astonishing structural features never before seen
in other plant or animal g-subunits (Chakravorty et al.,
2011). AGG3 is involved in stomatal ion channel
regulation and development of reproductive organs
and has no effect on resistance to F. oxysporum
(Chakravorty et al., 2011). Our results suggest that
AGG3 is probably not involved in PAMP-mediated
defense either.
Plant heterotrimeric G proteins have been impli-

cated in the regulation of a wide range of biological
processes, yet the receptors that function upstream of
G proteins in these processes are still poorly under-
stood. Our study suggests that SOBIR1 and possibly
other RLKs, such as FLS2, EFR, and CERK1, function
upstream of AGB1 and AGG1/AGG2 to regulate cell
death and plant immunity. It is very interesting that
AGB1 and AGG1/AGG2 function not only as positive
regulators of cell death in bir1-1, but also as essential
components of PAMP-triggered immunity. One pos-
sibility is that there is a common signaling pathway
downstream of SOBIR1 and the PAMP receptors FLS2,
EFR, and CERK1 that is dependent on AGB1 and
AGG1/AGG2. Constitutive activation of this signaling
pathway in bir1-1 results in strong defense responses
and activation of cell death, whereas treatment with
PAMP signals induces weaker defense responses that
do not cause cell death.
Another RLK that may function upstream of AGB1

is ER. agb1-1 was originally identified in a screen to
look for mutants with an erecta (er) phenotype to find
proteins that function together with the RLKs ER in the
control of plant development (Lease et al., 2001). agb1
and er mutants share similar fruit phenotypes, and
they all have round leaves and shorter stems. Similar
to AGB1, ER is also required for resistance against P.
cucumerina (Llorente et al., 2005). Recently, both er and
agb1 mutants were found to have altered cell wall

structure (Sánchez-Rodríguez et al., 2009; Klopffleisch
et al., 2011; Delgado-Cerezo et al., 2012). The similarity
of the mutant phenotypes in er and agb1 mutants
suggests that AGB1 may be required for the functions
of ER in the regulation of development, cell wall structure,
and resistance against P. cucumerina.

agb1 mutant plants exhibit a number of develop-
mental phenotypes, including rounder leaves. One
question is whether the altered leaf morphology affects
plant immune responses. The rounder leaf morphol-
ogy is also present in agg3, but not in agg1, agg2, and
agg1 agg2 mutants (Trusov et al., 2006; Chakravorty
et al., 2011). Because attenuation of PAMP-triggered
defense responses was observed in agb1 and agg1 agg2,
but not in agg3 mutants, the rounder leaf morphology
probably does not contribute to the loss of PAMP-
triggered immunity in agb1 mutants.

The Ga subunit GPA1 was previously shown to
play an important role in stomatal defense again bac-
terial pathogens. Growth of the coronatine-deficient P.
syringae pv tomato DC3118 is dramatically increased in
gpa1 mutant plants (Zeng and He, 2010). When agb1
and agg1 agg2 mutants were inoculated with P. syrin-
gae pv tomato DC3118 by spraying, they supported a
small but significant increase of P. syringae pv tomato
DC3118 growth compared with the wild type, sug-
gesting that stomatal defense could be affected in these
mutants as well. In agb1mutants, stomatal density was
shown to be higher than in the wild type (Zhang et al.,
2008a; Klopffleisch et al., 2011). The increased stomatal
density is probably also a contributing factor to higher
P. syringae pv tomato DC3118 growth in the agb1
mutants.

AGB1 and AGG1 are colocalized to the plasma
membrane (Adjobo-Hermans et al., 2006), suggesting
that they may function together with RLKs such as
SOBIR1, FLS2, EFR, and CERK1 at the plasma mem-
brane. Preliminary experiments by our research team
failed to detect any interaction between the Ga/Gb/
Gg subunits and the kinase domains of SOBIR1, FLS2,
EFR, CERK1, and BAK1 in yeast two-hybrid assays and
bifluorescence complementation analysis, suggesting that
additional components could be involved in transducing
defense signals from the RLKs to Gb/Gg at the plasma
membrane.

Recently, theMAPK/ERK KINASE KINASE1 (MEKK1)-
MITOGEN ACTIVATED PROTEIN KINASE KINASE1
(MKK1)/MKK2-MPK4 kinase cascade was shown to
positively regulate basal resistance against pathogens
(Zhang et al., 2012b). We found that activation of
MPK4, but not MPK3 and MPK6, was reduced in agb1
and agg1 agg2 mutants, suggesting that compromised
activation of MPK4 is at least partly responsible for the
loss of PAMP-triggered immunity in these mutants.
Because blocking activation of MPK4 by mutations
in its upstream kinases MEKK1 and MKK1/MKK2
does not affect flg22-induced oxidative burst (Zhang
et al., 2012b), AGB1 and AGG1/AGG2 are most
likely also involved in activation of defense pathways
that are independent of MPK4. Multiple CDPKs
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functioning in a MAPK-independent pathway have
been shown to be required for flg22-induced resis-
tance against P. syringae pv tomato DC3000 (Boudsocq
et al., 2010). It will be interesting to determine whether
AGB1 and AGG1/AGG2 is required for activation of
defense responses mediated by these CDPKs.

Our study suggests that heterotrimeric G-protein
subunits AGB1 and AGG1/AGG2 function down-
stream of multiple RLKs, including SOBIR1, FLS2, EFR,
and CERK1, to activate resistance responses against
pathogens. We hypothesize that RLKs functioning up-
stream of the plant heterotrimeric G proteins may fulfill
the roles of GPCRs in fungi and animals. How the Gbg
dimer is activated by the RLKs remains to be deter-
mined. It is also unclear how AGB1 and AGG1/AGG2
regulate downstream defense responses. Identification
of downstream target proteins of AGB1 and AGG1/
AGG2 should lead to a better understanding of the
underlying mechanism of RLK-mediated immunity.

MATERIALS AND METHODS

Plant Material

bir1-1, bir1-1 pad4-1, and the 35S-SOBIR1 transgenic line 2 were previously
described (Gao et al., 2009). The sobir2-1 bir1-1 pad4-1 triple mutant was
identified from an ethyl methanesulfonate-mutagenized bir1-1 pad4-1 popula-
tion by looking for mutants that can grow to maturity and set seeds at 23°C.
gpa1-3, gpa1-4, and agb1-2 were provided by Ligeng Ma at the National In-
stitute of Biological Sciences. agg1-1c, agg2-1, agg1-1c agg2-1, agg3-1, and agg3-2
were described previously (Trusov et al., 2007; Chakravorty et al., 2011). agg1-
1c was obtained by backcrossing agg1-1w with wild-type Columbia eight
times. The agg1-1c and agg1-1c agg2-1 mutants were backcrossed one more
time with Columbia plants to identify mutant plants with homozygous Co-
lumbia-FLS2. All other mutants used in this study are also in the Columbia
background.

For transgene complementation analysis, a 2.9-kb genomic DNA fragment
containing AGB1 lacking the stop codon was amplified by PCR and cloned
into a modified pCAMBIA1305 vector with a 3xFLAG tag to obtain
pCAMBIA1305-AGB1-3xFLAG for expressing the AGB1-3xFLAG fusion pro-
tein under its native promoter. The plasmid was transformed into Agrobacterium
tumefaciens and subsequently into the agb1-2 by floral dipping (Clough and
Bent, 1998).

Mutant Characterization

For trypan blue staining, 2-week-old seedlings grown on one-half-strength
Murashige and Skoog (MS) plates were placed in microcentrifuge tubes con-
taining 1 mL lactophenol trypan blue solution (10 mg trypan blue, 10 g phe-
nol, 10 mL lactic acid, 10 mL glycerol, and 10 mL water) diluted 1:1 in ethanol
and boiled for 2 min. After removing the staining solution, the samples were
destained with 1.5 mL chloral hydrate solution (2.5 g mL–1 water) for 2 h and a
second time overnight on an orbital shaker. The destained samples were kept
in 70% (v/v) glycerol and examined by microscopy.

For 3,39-diaminobenzidine staining, 2-week-old seedlings grown on one-
half-strength MS plates were submerged in 2 mL 3,39-diaminobenzidine so-
lutions (1 mg mL–1, pH 3.8) in a 24-well tissue culture plate. The samples were
vacuumed for 2 min before incubating on an orbital shaker for 1 h. After re-
moving the staining solution, the samples were destained with 95% (v/v)
ethanol and examined by microscopy.

For gene expression analysis, RNAwas extracted from 2-week-old seedlings
grown on one-half-strength MS plates and reverse transcribed to obtain total
complementary DNA. Real-time PCR was subsequently performed using the
complementary DNA as template to determine the expression levels of the
target genes. Primers used for amplification of PR1, PR2, and Actin1 were
described previously (Zhang et al., 2003).

Infection of Hyaloperonospora arabidopsidis Noco2 was carried out by
spraying 2-week-old seedlings with spore suspensions at a concentration of
50,000 spores per mL water. The plants were kept at 18°C under 12-h day/
12-h night cycles in a growth chamber with 95% humidity. Infection was
scored 7 d later as previously described (Bi et al., 2010).

SA was extracted and quantified as previously described (Li et al., 1999).
The FLS2 antibodies (Zhang et al., 2010) were provided by Jianmin Zhou. The
anti-Erk1/2 antibody specific for the phosphorylated MAPKs was from Cell
Signaling Technology (no. 4370). The anti-MPK4 antibody was from Sigma.
MPK4 immunocomplex kinase assays were carried out as previously de-
scribed (Gao et al., 2008).

Elicitor Protection Assays

For elicitor protection assays, 5- to 6-week-old plants grown at 23°C under
short-day conditions (10-h day/14-h night cycles) were used. Two leaves from
each plant were preinfiltrated with 1 mM flg22, 1 mM elf18, or 200 mg mL–1 chitin.
Control plants were infiltrated with distilled, deionized water. The same leaves
were subsequently infiltrated with Pseudomonas syringae pv tomato DC3000
(optical density at 600 nm [OD600] = 0.001) in 10 mM MgCl2 24 h later. One leaf
disc was taken from each infiltrated leaf, and the two leaf discs from the same
plant were mixed as one sample. The samples were ground, diluted in 10 mM

MgCl2, and plated on King’s B medium. After incubation at 28°C for 2 d, bac-
terial colonies were counted, and colony-forming units were calculated.

Measurement of Oxidative Burst

Leaf strips with a size of approximately 3 3 5 mm from 5- to 6-week-old
plants grown under short-day conditions were placed in a 96-well plate, with
each well containing 200 mL water. After incubation at room temperature for
about 12 h, the liquid was removed, and 180 mL elicitor solution containing 20
mM luminol, 10 mg mL–1 horseradish peroxidase, and 1 mM flg22, 1 mM elf18, or
200 mg mL–1 chitin was added to each sample. Luminescence was recorded
using a GLOMAX 96 microplate luminometer (Promega).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Map-based cloning of sobir2-1.

Supplemental Figure S2. Semiquantitative RT-PCR analysis of AGB1 ex-
pression in the wild type, agb1-4, and agb1-2.

Supplemental Figure S3. DAB staining of wild-type, bir1-1, agb1-4 bir1-1,
and agb1-2 bir1-1 mutant seedlings.

Supplemental Figure S4. Semiquantitative RT-PCR analysis of SOBIR1
expression in the wild type, 35S-SOBIR1 transgenic line #2 (SOBIR1
OX-2), and agb1-2 carrying the 35S-SOBIR1 transgene from line #2
(agb1-2 SOBIR1 OX-2).

Supplemental Figure S5. FLS2 protein levels in the wild type, agb1-4, and
agb1-2.

Supplemental Figure S6. Activation of MPK3 and MPK6 in mature leaves
of the wild type and agb1-2 by flg22.

Supplemental Figure S7. Induction of FRK1 and WRKY29 by flg22 in the
wild type, agb1-2, and agb1-2 expressing a wild-type AGB1 transgene
(agb1/AGB1).

Supplemental Figure S8. Induction of GST1 by flg22 is not affected in agb1-2.

Supplemental Figure S9. Morphology of wild-type, bir1-2, gpa1-3 bir1-1,
and gpa1-4 bir1-1 plants.

Supplemental Figure S10. Activation of MPK3 and MPK6 in the wild type,
agg1-1c, agg2-1, and agg1-1c agg2-1 by flg22.

Supplemental Figure S11. Induction of GST1 expression in wild-type,
agg1-1c, agg2-1, and agg1-1c agg2-1 plants.

Supplemental Figure S12. AGG3 is not required for PAMP-triggered
immunity.
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