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Plants utilize tightly regulated mechanisms to defend themselves against pathogens. Initial recognition results in activation of
specific Resistance (R) proteins that trigger downstream immune responses, in which the signaling networks remain largely
unknown. A point mutation in SUPPRESSOR OF NPR1 CONSTITUTIVE1 (SNC1), a RESISTANCE TO PERONOSPORA
PARASITICA4 R gene homolog, renders plants constitutively resistant to virulent pathogens. Genetic suppressors of sncl may
carry mutations in genes encoding novel signaling components downstream of activated R proteins. One such suppressor was
identified as a novel loss-of-function allele of ENHANCED RESPONSE TO ABSCISIC ACID1 (ERA1), which encodes the
B-subunit of protein farnesyltransferase. Protein farnesylation involves attachment of C15-prenyl residues to the carboxyl
termini of specific target proteins. Mutant eral plants display enhanced susceptibility to virulent bacterial and oomycete
pathogens, implying a role for farnesylation in basal defense. In addition to its role in sncl-mediated resistance, eral affects
several other R-protein-mediated resistance responses against bacteria and oomycetes. ERA1 acts partly independent of
abscisic acid and additively with the resistance regulator NON-EXPRESSOR OF PR GENESI in the signaling network. Defects
in geranylgeranyl transferase I, a protein modification similar to farnesylation, do not affect resistance responses, indicating
that farnesylation is most likely specifically required in plant defense signaling. Taken together, we present a novel role for
farnesyltransferase in plant-pathogen interactions, suggesting the importance of protein farnesylation, which contributes to the

specificity and efficacy of signal transduction events.

Plant immunity to microbial pathogens requires an
intricate signaling network, components of which are
subjects of current investigation. An integral part of
pathogen-specific defense is mediated by Resistance
(R) proteins, which recognize pathogenic effector mol-
ecules or results of their pathogenic activity (Jones and
Dangl, 2006). According to their structure, most
known R proteins belong to the nucleotide binding
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site (NBS)-Leu-rich repeat (LRR) class, with carboxyl-
terminal LRRs and a central NBS domain. NBS-LRR
proteins are similar to mammalian receptor modules,
the Toll-like receptors and NOD proteins, which rec-
ognize general pathogen-associated molecular patterns
as a first step in the innate immune response (Ausubel,
2005). Activation of R proteins initiates discrete and
overlapping signaling events, usually culminating in
programmed death of cells at the site of infection
(hypersensitive response [HR]) and containment of
the invading pathogen (Nimchuk et al., 2003).

Proper localization of defense signaling components
and interaction with other proteins are imperative for
successful defense responses, and these often depend
on posttranslational modifications. For example, mem-
brane association has been demonstrated for the neg-
ative regulatory and avirulence target protein RPM1
INTERACTING PROTEIN4 (RIN4), which is tethered
to the plasma membrane most likely via palmytoyla-
tion at its C terminus (Kim et al., 2005). RIN4 release
from the membrane after proteolytic cleavage by the
Pseudomonas syringae type III effector AvrRpt2 results
in its degradation by the proteasome and activation of
the associated R protein RESISTANCE TO PSEUDO-
MONAS SYRINGAE2 (RPS2; Kim et al., 2005).

Although many R genes have been cloned, the
signaling events downstream of R-protein activation
remain elusive. To search for additional components
required for R-protein signaling, we took advantage
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of the plant autoimmune model suppressor of nprl
constitutivel (sncl), a unique gain-of-function allele of
a TIR-NBS-LRR R gene homologous to RESISTANCE
TO PERONOSPORA PARASITICA4 (RPP4) and RPP5.
Apart from constitutive resistance against virulent
bacterial and oomycete pathogens, the sncl mutant
also displays increased levels of endogenous salicylic
acid (SA) and constitutive expression of PR genes (Li
et al., 2001; Zhang et al., 2003). sncl-mediated resis-
tance completely depends on EDS1/PAD4 and in-
volves several branches of a downstream signaling
network, dependent or independent of SA and NON-
EXPRESSOR OF PR GENES1 (NPR1), or both (Zhang
et al., 2003). Components identified in the modifier
of sncl (MOS) screen unraveled the existence of a con-
served signaling complex potentially involved in tran-
scriptional control (Palma et al., 2007) and revealed the
essential requirement of nucleocytoplasmic traffick-
ing, RNA processing, and ubiquitination in basal and
R-protein-mediated defense (Palma et al., 2005; Zhang
etal., 2005; Zhang and Li, 2005; Goritschnig et al., 2007).

Here, we present mos8, an independent suppressor
of sncl-mediated defense responses. mos8 is a novel
allele of ENHANCED RESPONSE TO ABA1 (ERAI),
which encodes the protein farnesyltransferase 8-subunit
and has been shown to be important in development
and hormonal responses (Cutler et al., 1996; Yalovsky
et al., 2000; Ziegelhoffer et al., 2000). mos8 affects basal
resistance against virulent pathogens as well as some
R-protein-mediated resistance responses. This novel
function of farnesylation in response to biotic stresses
adds another layer of complexity to the signaling net-
work of plant innate immunity.

RESULTS
mos8 Suppresses Constitutive Resistance in sncl npri-1

The suppressor screen of sncl nprl-1 was described
previously (Zhang and Li, 2005). mos8 was isolated
based on partial suppression of the small size and
constitutive expression of the pBGL2-GUS reporter
gene in the sncl nprl-1 mutant background (Fig. 1A;
data not shown). The mutant, however, displayed a
very distinct morphological phenotype with flat, dark-
green leaves and delayed flowering. When back-
crossed with sncl nprl-1, the F, progeny exhibited
the characteristic sncl phenotype, and in the F, prog-
eny, 424 out of 556 plants had sncl-like morphology
(expected 3/4, x>: 047, P = 05), confirming that the
phenotype is caused by a recessive mutation in a
single nuclear gene. Constitutive PR gene expression
and enhanced resistance are abolished in mos§ sncl
nprl-1 (Fig. 1B). When infected with virulent bacteria
P. syringae pv maculicola (P.s.m.) ES4326, mos8 sncl
nprl-1 sustained high levels of bacterial growth, sig-
nificantly greater than Columbia (Col) wild type (Fig.
1C; P value < 0.0001, ¢ test). When challenged with
virulent Hyaloperonospora parasitica (H.p.; previously
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called Peronospora parasitica) Noco2, mos8 sncl nprl-1
restores more than wild-type-like susceptibility (Fig.
1D). Furthermore, elevated levels of endogenous SA,
which are observed in sncl nprl-1 mutant plants, are
drastically reduced in mos8 sncl npri-1 (Fig. 1E). Thus,
mos8 suppresses not only the morphological but also
all the enhanced resistance phenotypes of sncl.
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Figure 1. mos8 suppresses sncl-mediated resistance phenotypes. A,
Morphology of 5-week-old soil-grown plants of indicated phenotypes.
B, Semiquantitative reverse transcription-PCR of pathogenesis-related
genes PRT and PR2. Fragments were amplified from standardized
c¢DNA in 30 cycles. Actin is included as normalization control. C and D,
mos8 suppresses constitutive resistance to virulent bacteria and
oomycetes. C, Five-week-old soil-grown plants were infected with
P.s.m. ES4326 (OD;,,=0.0001) and quantified at O (white bars) and 3
(dark bars) dpi. D, Two-week-old seedlings were inoculated with H.p.
Noco2 and conidia were quantified 7 dpi. E, mos8 reduces endogenous
SAin sncT npri. Total SA was extracted and analyzed with HPLC. Bars
represent the average of six (C) and four (D and E) biological replicates,
error bars represent sp. All experiments were repeated at least twice
with similar results. fw, Fresh weight. [See online article for color
version of this figure.]
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mos8 Contains a Mutation in a
Farnesyltransferase Subunit

The mutation in mos8 was identified using a map-
based approach. mos8 sncl nprl-1 was crossed with
sncl in the Landsberg erecta (Ler) background (Ler-sncl;
Zhang and Li, 2005) to generate a mapping population
in the F, progeny. The approximate map position of
mos8 was determined on the bottom arm of chromo-
some 5 (Fig. 2A). Using 918 F, plants, the region
containing the mos8 mutation was localized to a 723-
kb region between markers MULS and K1013, with 56
recombinants remaining. The phenotypes of these re-
combinants were confirmed in the next generation and
they were used to narrow down the region containing
mos8. The final position of mos§ was flanked by the
markers MSN9-2 and MPO12-4, with two remaining
recombinants, respectively. This region encompassed
40 kb and contained seven genes. Sequencing of the
coding regions of these genes revealed a point muta-
tion in mos8, substituting G to C in At5g40280 (Figs. 2
and 3). At5g40280 encodes the B-subunit of protein
farnesyltransferase. A loss-of-function mutant in
At5g40280, eral, was first identified based on delayed
germination in the presence of abscisic acid (ABA;
Cutler et al.,, 1996) and was later found to display a
variety of morphological phenotypes, including an
increase in floral organ number and enlarged meri-
stems (Bonetta et al., 2000; Yalovsky et al.,, 2000;
Ziegelhoffer et al., 2000). Closer inspection of m0s8
mutant plants revealed an increase in the number of
floral organs, as described for the wiggum alleles eral-4,
-5, and -6 (Running et al., 1998).

We crossed mos8 sncl nprl-1 with several available
alleles of eral including Salk_110517,a T-DNA insertion
allele in an exon of At5¢40280 from the Arabidopsis
Biological Resource Center (ABRC; Alonso et al., 2003),
to test for complementation. The eral-2 allele contains a
7.5-kb deletion encompassing At5¢40280 (Cutler et al.,
1996). Point mutations in the wiggum alleles eral-4 and
eral-5 cause premature stop codons, and in eral-6 an
altered splice site results in truncated protein products
(Ziegelhoffer et al., 2000). All eral mutant alleles were
unable to complement the m0s8 mutation, confirming
that MOS8 is allelic to ERAT (Supplemental Table S1).
Therefore, mos8 was subsequently referred to as eral-7,
and Salk_110517 was renamed eral-8. Figure 2B shows
the similarity in the morphological phenotypes of three
eral alleles, which are late flowering and have darker
rosette leaves than the Col wild type. Moreover, eral-2
sncl and eral-8 sncl double mutants were obtained, and
both alleles were able to suppress sncl-associated mor-
phology and resistance (Supplemental Table S2; data
not shown). All these data confirm that MOS8 is indeed
ERAL.

The eral-7 Mutation Affects the Start Codon of ERA1

The phenotype of eral-7 is comparable to the dele-
tion allele eral-2, suggesting that eral-7 is a complete
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loss-of-function allele. Based on the annotation of the
published ERAI open reading frame (Ziegelhoffer
et al., 2000), the G to C point mutation in eral-7
changes a codon for Met to Ile 40 amino acids down-
stream of translation initiation (Fig. 3A). In accordance
with the null-allele phenotype in eral-7, and also
because ERA1 homologs in other organisms have start
codons close to where the eral-7 mutation lies (Sup-
plemental Fig. S1), we hypothesized that the mutation
in eral-7 affects the actual start codon of ERAI, result-
ing in an aberrant protein product as the translation
initiates at the next available ATG (Fig. 3A). To test this
hypothesis, we transformed mos8 sncl nprl-1 plants
with the ERAT cDNA beginning at the newly predicted
start codon. Because we were using a hypothetical full-
length cDNA, the cauliflower mosaic virus 35S pro-
moter was used to simplify the experiment. Constitutive
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Figure 2. mos8 is allelic to ERAT. A, Positional cloning of mos8. BAC
clones and recombinants are indicated. A mutation (*) was identified in
At5g40280/ERAT. B, Two additional alleles of eral display the same
late-flowering phenotype as the mos8 (eral-7) single mutant. Pictures
were taken at 7 weeks after planting. [See online article for color
version of this figure.]
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Figure 3. The mutation in mos8/eral-7 affects the ERAT start codon. A,
The G to C mutation in eral-7 (indicated by *) causes loss of the
endogenous ATG start codon. Translation of the wild type and the
mutant gene are indicated below and above the alignment, respec-
tively. B, Complementation of eral-7 sncl npri-1 with ERAT cDNA
initiating at the start codon mutated in eral-7 restores snc1 morphol-
ogy. Representative 5-week-old plants are shown among 20 transgenic
T1 plants. [See online article for color version of this figure.]

expression of 355::cERA1 fully complemented m0s8
and restored typical sncl morphology in all 20 T1
transgenic plants (Fig. 3B), indicating that the ERA1
protein may indeed be smaller than previously sug-
gested. Complementation was also observed when
eral-2 and eral-7 single mutant plants were transformed
with 355::cERA1 (data not shown).

eral Exhibits Enhanced Disease Susceptibility

Since mos8 sncl nprl-1 was shown to be more
susceptible than Col to virulent bacteria, we suspected
that eral might also play a role in basal resistance. We
generated the mos8/eral-7 single mutant by backcross-
ing with wild type and tested it together with the other
available alleles in Col background in infection assays.
The eral-7 single mutant showed about 20-fold more
growth of virulent P.s.m. ES4326 compared with Col,
similar to eral-2 and eral-8 (Fig. 4A). Furthermore, the
eral alleles in Col background were more susceptible
to the virulent oomycete H.p. Noco2 (Fig. 4B). These
data suggest that ERA1 plays an essential role in basal
defense signaling in responses to different virulent
pathogen species. To test whether mos8/eral is defec-
tive in pathogen-associated molecular pattern re-
sponses, we also examined the growth of the mutant
eral plants in the presence of flg22, a well-studied
peptide derived from the Escherichia coli flagellum
(Gomez-Gomez and Boller, 2002). As shown in Sup-
plemental Figure S2, flg22 response is not altered in
mos8/eral alleles.

Plant Physiol. Vol. 148, 2008

ERA1 in Plant Immunity

eral Affects Resistance to Avirulent Pathogens

Several of the mos mutants identified in the sncl
suppressor screen have been shown to also exhibit
reduced resistance toward avirulent pathogens (Palma
etal., 2005, 2007; Zhang et al., 2005; Zhang and Li, 2005).
To investigate whether mutations in ERAT affect other R
protein signaling pathways, single mutant plants were
infected with avirulent bacterial and oomycete patho-
gens. We did not observe significant differences com-
pared with Col in susceptibility toward P. syringae
expressing the effectors AvrB or AvrRpt2, which trigger
defense signaling of the R proteins RPM1 and RPS2,
respectively (data not shown). However, in infection
experiments with P. syringae pv tomato (P.s.t.) DC3000
expressing AvrRpm1 or AvrRps4, effectors recognized
by the R proteins RPM1 and RPS4, respectively, we
observed small but significantly increased susceptibil-
ity in eral alleles compared to Col wild type (Fig. 5, A
and B). These data indicate that ERA1 might be pref-
erentially required in the interaction between some
bacterial effectors and their cognate R protein.

We also took advantage of the availability of eral
alleles in different genetic backgrounds to investigate
their responses to avirulent oomycetes. H.p. Noco2 is a
virulent pathogen on the Col ecotype but avirulent on
Ler, which contains the RPP5 R gene. Infection assays
with H.p. Noco2 on eral alleles in different ecotypes
can thus provide insight into the involvement of ERA1
in both compatible and incompatible interactions. eral
mutants in the Col genetic background showed sig-
nificantly more growth of the oomycete pathogen (Fig.
4B). Inoculation of Ler plants induced a rapid HR,
which is apparent in trypan blue staining (Fig. 5E),
where the staining reveals hyphal structures and dead
cells, whereas live cells are not stained. The eral-4 and
eral-6 alleles in the Ler background suppress RPP5-
mediated resistance toward H.p. Noco2, visualized by
hyphal growth in infected tissues and the formation of
conidiophores (Fig. 5, C and E).
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Figure 4. eral confers enhanced susceptibility to virulent pathogens.
A, Enhanced susceptibility to virulent P.s.m. ES4326 in eral. Bacterial
growth was determined 0 (white bars) and 3 (dark bars) dpi. B, Several
eral alleles display enhanced susceptibility to virulent H.p. Noco2.
Conidia were harvested and quantified 7 dpi. Bars represent the
average of six (A) and four (B) biological replicates, error bars indicate
sb. Experiments were repeated twice with similar results.
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Figure 5. eral affects R-protein-mediated resistance. A and B, Mutant
eral plants exhibit enhanced susceptibility to avirulent bacteria. Five-
week-old plants were infected with P.s.t. DC3000 expressing AviRpm1
(A) or AvrRps4 (B) at ODy,=0.001 and bacterial growth quantified at 0
(white bars) and 3 dpi (dark bars). Susceptibility toward P.s.t. AvrRpm1
in the eral-8 mutant is significantly enhanced compared to Col wild
type (P = 0.0149, t test). Other treatments show very significant
differences compared to wild type (P < 0.0075, ttest). C and D, Growth
of H.p. isolates Noco2 and Emwa1 on eraT alleles in different ecotypes.
H.p. Noco2 is avirulent on Ler ecotype (C), and H.p. Emwa is avirulent
on Col (D). Wassilewskija (Ws) is included as a susceptible control.
Conidiospores were harvested and quantified 7 dpi. Bars represent the
average of six (A and B) or four (C and D) biological replicates, error
bars indicate sp. Experiments were repeated at least twice with similar
results. E, Visualization of oomycete growth by lactophenol trypan blue
staining at 7 dpi. TN, Trailing necrosis. Bars in E represent 100 um.
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When infected with H.p. Emwal, which is recog-
nized by RPP4 in Col, eral mutant plants showed
susceptibility (Fig. 5, D and E). Strong resistance to-
ward H.p. Emwal in Ler conferred by RPP5 and RPP8
was also compromised in eral-6, as demonstrated by
extensive trailing necrosis and occasional sporulation
on the mutant plants (Fig. 5E). Taken together, these
findings indicate that the farnesyltransferase encoded
by ERA1 and therefore farnesylation is important in a
subset of R-protein-mediated resistance responses to
bacterial and oomycete pathogens.

ERA1 Acts Additively with NPR1
in Resistance Signaling

Resistance signaling downstream of sncl has been
shown to combine the contributions of at least three
distinct signaling pathways, dependent and indepen-
dent on either SA or NPR1, or both (Zhang et al., 2003).
To genetically dissect the contribution of eral in the
sncl signaling pathway, we generated eral-7 sncl and
eral-7 nprl-1 double mutants and compared them with
their respective controls in bacterial infection assays
(Fig. 6A). The eral-7 sncl double-mutant plants ex-
hibited susceptibility comparable to Col, indicating
complete suppression of sncl-mediated resistance by
eral. The nprl-1 mutation confers greatly enhanced
susceptibility toward virulent bacteria, an effect that is
slightly increased in the presence of the eral-7 muta-
tion. The additive effects of the nprl and eral muta-
tions are also apparent in oomycete infection assays,
where the double mutant permitted increased growth
of virulent H.p. Noco2 (Fig. 6B). Interestingly, we also
observed a similar additive effect of eral and npr1-1 in
infection assays with avirulent H.p. Emwal (Fig. 6C).
We therefore conclude that ERAT most likely acts in an
NPRI-independent pathway to mediate resistance
signaling and that both genes act synergistically in
basal and RPP4-mediated resistance responses.

ABA Is Only Partially Responsible for Enhanced
Susceptibility of eral Mutant Plants

Another possible role of ERA1 in defense signaling
could come from its involvement in ABA signaling. eral
mutants are known to be hypersensitive to ABA, show-
ing enhanced responses to ABA during germination as
well as in the guard cell response (Pei et al., 1998), thus
implicating ERA1 in abiotic stress responses. Recent
reports suggest additional roles of ABA in response to
biotic stresses (Mauch-Mani and Mauch, 2005). Since
eral is hypersensitive to ABA and exhibits enhanced
disease susceptibility, we were interested in investigating
whether the increased susceptibility observed in eral is
caused by its defect in ABA signaling.

We first asked whether endogenous ABA levels are
altered in sncl similar to the SA levels, thus potentially
contributing to its enhanced resistance phenotype.
When ABA levels were measured in Col and sncl,
we consistently observed slightly lower levels of ABA
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Conidia were harvested and quantified 7 dpi. Bars represent the
average of six (A) and four (B and C) biological replicates, error bars
indicate sp. Experiments were repeated twice with similar results.

in sncl, and substantially lower levels of the major
product of ABA catabolism, phaseic acid (Supplemen-
tal Fig. S3), suggesting that ABA could contribute
negatively to the sncl-mediated resistance signaling.
This is consistent with previous reports describing a
negative correlation between ABA and susceptibility
to biotrophic and necrotrophic pathogens (Audenaert
et al., 2002; Mohr and Cahill, 2003).

Second, to dissect further the contribution of ABA,
we tested whether the eral mutant phenotypes are
mainly attributable to the defect in ABA signaling. To
uncouple the ABA responses from the enhanced sus-
ceptibility in eral, we generated double mutants be-
tween eral-7 and the ABA biosynthesis mutants aba2-1
and abal-5, since using ABA biosynthesis mutants
would give a more straight forward interpretation
than using the ABA signaling mutants. The eral-7
aba2-1 double mutants display characteristics of both
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single-mutant phenotypes, i.e. late flowering but dark
and slender leaves, suggesting additive roles for eral
and ABA. Figure 7A shows the effect of the abal-5 and
aba2-1 mutations on susceptibility toward P. syringae.
aba mutants display wild-type-like susceptibility to
virulent Ps.m. and the presence of aba in the eral
background is not sufficient to reduce the increased
susceptibility observed in eral to wild-type levels.
Similar trends were observed when the double-mutant
plants were infected with H.p. Noco2 (Fig. 7B), Ps.t.
DC3000 carrying AvrRpml or AvrRpm4, and H.p.
Cala2 carrying AvrRPP2 (Supplemental Fig. S4). These
data indicate that the role of ERAT in defense signaling
can only partially be explained by its involvement in
ABA signal transduction. We therefore conclude that
there are at least two parallel pathways involving
ERA1 in innate immunity, one, which functions in
ABA signaling and another, which functions indepen-
dently of ABA.
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Figure 7. Enhanced susceptibility of eral-7 is only partially due to
ABA. Plants were infected with virulent P.s.m. ES4326 (A) or virulent
H.p. Noco2 (B) as described in Figure 4. Experiments were repeated at
least twice with similar results. Bars represent the average of six
biological replicates, error bars indicate sp.

353



Goritschnig et al.

Geranylgeranyltransferase 1 Is Not Required
in Defense Responses

Protein farnesyltransferase is a modular enzyme in
which the a-subunit forms a scaffold for the barrel-
shaped B-subunit, which performs the addition reac-
tion (Park et al.,, 1997). In an alternative prenylation
pathway, protein geranylgeranyltransferase 1 utilizes
the same a- but a distinct 8-subunit to transfer ger-
anylgeranyl units to different target proteins. The
enhanced susceptibility of the eral mutant toward
virulent and avirulent pathogens prompted us to in-
vestigate a potential role of geranylgeranylation in
defense responses. We obtained a T-DNA insertion
line with a defect in At2¢g39550, the gene encoding
the geranygeranyltransferase B-subunit (GGB), from
the ABRC (Salk_040904; Alonso et al., 2003). The
Salk_040904 line, representing the ggb-2 allele de-
scribed previously (Johnson et al., 2005), carries the
T-DNA insertion in the first exon. Although ggb-2
represents a null allele with no detectable GGB tran-
script, the ggb-2 mutant did not exhibit significant
morphological differences compared with wild type
(Johnson et al., 2005). However, the mutant has been
described to affect several aspects of hormone signal-
ing (Johnson et al., 2005).

We challenged the ggb-2 mutant plants with virulent
P.s.m. ES4326 and avirulent P. syringae. In contrast to
the eral alleles, the mutant did not exhibit enhanced
susceptibility (Fig. 8A; data not shown). The ggb-2
mutant showed a slight but not statistically significant
increased susceptibility to H.p. Noco2 compared to
wild type (P = 0.3307, ¢t test), and did not exhibit the
extensive oomycete growth observed in eral (Fig. 8B).
Furthermore, RPP4-mediated resistance toward H.p.
Emwal was only mildly affected in ggb-2 as visualized
by the development of trailing necrosis and delayed
HR in the mutant (Fig. 8C). These data imply a minor
involvement of geranylgeranylation in some aspects of
defense responses.

To test whether the ggb-2 mutation had an effect on
sncl-mediated resistance, we generated the sncl ggb-2
double mutant. We did not observe any suppression of
sncl-associated morphological and disease pheno-
types (data not shown). Taken together, our findings
suggest that specifically farnesyltransferase, and not
geranylgeranyltransferase 1, plays an important role
in both basal and R protein defense signaling.

DISCUSSION

Proteins are frequently altered posttranslationally to
modify their solubility, compartmentalization, or in-
teraction with other proteins. The most common lipid
modification, prenylation, involves the covalent at-
tachment of farnesyl- or geranylgeranyl-diphosphate
moieties to the C termini of a small group of target
proteins, which contain a conserved CaaX motif
(Galichet and Gruissem, 2003). Fatty acid acylation
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and prenylation of proteins has recently been shown to
play important roles in trafficking and correct mem-
brane targeting of signaling molecules (Resh, 2006).
Unlike in yeast (Saccharomyces cerevisiae) and Drosoph-
ila, mutations in prenyltransferases are not lethal in
Arabidopsis (Arabidopsis thaliana), suggesting that
plants may have evolved alternative mechanisms to
bypass the essential requirement for protein prenyla-
tion (Trueblood et al., 1993; Therrien et al., 1995).

Protein prenyltransferases are modular enzymes and
mutations in several subunits have been described in
Arabidopsis (Galichet and Gruissem, 2003; Running
et al., 2004; Johnson et al., 2005). Pleiotropic phenotypes
of mutants in the farnesyltransferase S-subunit ERA1
include hypersensitivity to ABA, increased size of the
floral meristem, and delayed flowering (Cutler et al,,
1996). Guard cell responses to ABA are affected in eral,
resulting in enhanced drought resistance of the mutant
plants (Pei et al., 1998). This phenomenon was used in
the production of transgenic Brassica napus, in which
silencing of endogenous ERAI by an antisense con-
struct results in increased drought resistance (Wang
et al., 2005).

Here we show that protein farnesylation is not only
important in development and abiotic stress responses,
but also in biotic interactions. The enhanced suscepti-
bility of eral toward virulent bacterial and oomycete
pathogens indicates the involvement of farnesylation in
basal defense responses. In addition, signaling mediated
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Figure 8. Involvement of geranylgeranylation in defense responses. Col
wild type, ggb-2, and eral plants were infected with virulent P.s.m.
ES4326 (A), virulent H.p. Noco2 (B), and avirulent H.p. Emwa1 (C).
Bacterial growth in A was determined 0 (white bars) and 3 (dark bars)
dpi. Oomycete growth was determined by quantifying conidia (B) and
trypan-blue staining of infected plant tissue 7 dpi. Experiments were
repeated at least twice with similar results. Bars represent the average of
six (A) and four (B and C) biological replicates, error bars indicate sp.
Asterisks indicate statistically significant differences (t test). Bars in C
represent 100 um. [See online article for color version of this figure.]
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by several R proteins relies on functional ERA1, further
demonstrating the existence of divergent signaling
events downstream of different R-protein classes.

Interestingly, a mutant in the alternative prenyltrans-
ferase B-subunit, ggb-2, displayed no defense-related
phenotype and was unable to suppress constitutive
resistance mediated by sncl (Fig. 8). Geranylgeranyl-
transferase 8 (GGB) was previously shown to partially
compensate a lack of farnesyltransferase activity and
overexpression of GGB complemented the eral pheno-
type (Running et al., 2004; Johnson et al., 2005). The
double mutant ggb-2 eral-4 was shown to exhibit a
phenotype similar to pluripetala (plp), a mutant in the
a-subunit of prenyltransferase that exhibits an aggra-
vated eral-like phenotype (Running et al., 2004; Johnson
et al., 2005). However, in our cross between ggb-2 and
eral-7, both in the Col ecotype background, we did not
see the drastic increase of floral meristem size and
the plants resembled eral-7 (data not shown). It has
been shown previously for the wig mutants that back-
crosses with Col increased the number of floral organs
(Running et al., 1998). Hence, the plp-like phenotype
observed in the ggb-2 eral-4 double mutant may be a
result of the hybrid Col and Ler ecotype cross (since
eral-4 is wigl isolated in the Ler ecotype).

The differential requirement for farnesylation and
geranylgeranylation in defense responses suggests
that one or more targets of farnesyltransferase are
involved in defense signaling. Farnesyl- and geranyl-
geranyltransferase target proteins differ with respect
to their C-terminal CaaX consensus sequence, where C
represents the prenylation target Cys and “a” indi-
cates an aliphatic amino acid. While the “X” in
farnesylated proteins could be Met, Ala, GIn, Ser, or
Cys, the geranylgeranylated proteins usually have a
Leu in this position (Rodriguez-Concepcion et al.,
1999). Since completion of the Arabidopsis genome,
more than 100 proteins with a protein prenyltransfer-
ase CaaX consensus sequence at the C terminus have
been identified, roughly twice the number identified in
the human genome (Galichet and Gruissem, 2003;
Roskoski, 2003; W. Gruissem, personal communica-
tion). Among putative prenylated proteins with a
CaaX consensus, cell cycle regulators, metal-binding
proteins, and signaling proteins represent the majority
(Galichet and Gruissem, 2003).

It is tempting to speculate about a requirement for
specific farnesylated proteins in defense responses,
and some prenylated proteins have been associated
with plant-pathogen interactions. AVRRPT2 INDUCED
GENET1 (AIG1) was identified as rapidly transcription-
ally up-regulated in response to infection with Ps.m.
ES4326 AvrRpt2 (Reuber and Ausubel, 1996), and the
amino acid sequence of the predicted protein termi-
nates in the geranylgeranylation consensus sequence
CSIL. The Arabidopsis genome contains a small family
of AIG1-like proteins clustered on chromosome 1, and
their function is predicted to involve GTP binding.
Other G proteins that contain the geranylgeranylation
consensus sequence are members of the plant RAC/
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Rho of plants family, which have been implicated in
the susceptible interaction between barley (Hordeum
vulgare) and the powdery mildew Blumeria graminis
f. sp. hordei (Bgh; Schultheiss et al., 2003). The func-
tional analogs of RAC/Rho of plants proteins in an-
imals are involved in cytoskeleton reorganization
(Takai et al., 2001). Interestingly, one of the RAC
proteins in barley may be involved in cell polarization
and actin rearrangements in the interaction with Bgh
(Opalski et al., 2005). Both of these examples concern
geranylgeranylation targets involved in defense re-
sponses, leaving an open question as to why mutations
in farnesyltransferase, but not geranylgeranyltransfer-
ase so severely affected resistance responses in our
study. It remains to be determined whether the puta-
tive Rab geranylgeranyltransferase 2, which recog-
nizes a distinct C-terminal motif, may be involved in
defense signaling.

We investigated a number of potential farnesylated
signaling components by a reverse genetics approach
using available T-DNA insertion lines from the Arabi-
dopsis stock center, but did not find any mutants
showing an altered response to either virulent P.s.m.
ES4326 or avirulent H.p. Emwal (Supplemental Table
S3). However, one has to be cautious with the inter-
pretation of these results, given that not all potential
targets were tested due to unavailability of T-DNA
insertions in a number of interesting genes (such as
AIGI) or potential redundancies among protein family
members. Also, among the mutants we tested, some
may not be null knockout mutants, such as the ones
with T-DNA insertions at 3’-untranslated region. Fu-
ture in-depth investigation of all potential ERA1 tar-
gets may reveal which proteins are the ones regulated
by ERAL1 that signal in defense, and how their signal-
ing activities are regulated by farnesylation.

It is widely accepted that ABA plays important and
complex roles in both biotic and abiotic stress re-
sponses and has been the subject of recent reviews
(Mauch-Mani and Mauch, 2005; Robert-Seilaniantz
et al., 2007). ABA was shown to have complex roles
in defense signaling, affecting defense responses on
multiple levels. Prior to pathogen penetration, ABA
induces guard cell closure, which contributes posi-
tively to prevent entry of the pathogen (Melotto et al.,
2006). Infection with virulent Ps.t. strains induced
ABA production in Arabidopsis, suggesting a positive
correlation between increased ABA levels in Arabi-
dopsis and susceptibility toward P.s.t. (Schmelz et al.,
2003; de Torres-Zabala et al., 2007). de Torres-Zabala
et al. (2007) suggest that ABA hormone homeostasis
might constitute a target of at least one bacterial
effector. At the same time, reduced levels of ABA in
abal-1 mutant plants correlated with increased resis-
tance toward virulent and avirulent isolates of the
biotrophic H.p., but the ABA insensitive mutant abi1-1
displayed wild-type susceptibility (Mohr and Cahill,
2003). ABA was also shown to suppress SA and lignin
accumulation in an incompatible interaction (Mohr
and Cahill, 2007). Yet on the other hand, ABA was
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found to act as positive regulator of defense responses
in the interaction between Arabidopsis and the ne-
crotrophic oomycete Phytium irrequlare, since ABA
deficient mutants were more susceptible to this path-
ogen (Adie et al., 2007; de Torres-Zabala et al., 2007).
Our data that the enhanced susceptibility in eral can be
partially suppressed by ABA biosynthesis mutations
support the role of ABA as a negative regulator of
defense, while at the same time revealing the existence
of other unknown regulators independent of ABA that
need to be farnesylated by ERA1 in defense signaling.

Taken together, data presented in this study stress
the importance of posttranslational lipid modifications
during disease resistance signaling, and future work to
search for farnesylation targets in innate immunity
will reveal further details of the mystery.

MATERIALS AND METHODS
Plant Growth and Mutant Characterization

Plants were grown at 22°C under long-day conditions (16 h light/8 h dark).
Seeds were surface sterilized using 5% hypochlorite solution and stratified for
7 d at 4°C before sowing. The screen for suppressors of the sncl npri-1 double
mutant was described previously (Zhang and Li, 2005). pBGL2-GUS expres-
sion was determined by histochemical staining of 20-d-old seedlings grown
on Murashige and Skoog following standard protocols. Measurements of
endogenous SA levels were performed as described (Li et al.,, 1999). RNA
extraction and semiquantitative reverse transcription-PCR were performed as
described (Zhang et al., 2003).

Pathogen Assays

For Pseudomonas infections, 5-week-old soil-grown plants were infiltrated
with a bacterial suspension in 10 mm MgCl, at an optical density of ODgy, =
0.0001 for virulent P.s.m. ES4326 or ODy, = 0.001 for avirulent P.s.m. and Ps.t.
using a blunt syringe. Bacterial growth was measured 3 d postinfection (dpi) by
harvesting leaf discs and determining colony forming units (cfu). H.p. isolates
Noco2 and Emwal were inoculated on 2-week-old seedlings at a concentration
of 5 X 10° conidia/mL. At7 dpi, conidia were quantified by harvesting replicate
samples of 15 plants, vortexing, and counting using a hemocytometer. Plant
necrosis and hyphal growth were visualized using lactophenol trypan blue
staining following a protocol by Koch and Slusarenko (1990). Responses to
flagellin were tested as described (Gomez-Gomez et al., 1999).

Positional Cloning of mos8

The markers used to map mos8 were derived from the Ler/Col polymor-
phism database provided by Monsanto on the The Arabidopsis Information
Resource homepage (Jander et al, 2002; http://www.arabidopsis.org/
Cereon/). Marker MULS8 was amplified using primers MULS-F (5'-aaggttaa-
tagacctgtcgg-3') and MULS-R (5'-aagcacaagccatttgacca-3'), yielding PCR
fragments of 285 and 174 bp in Col and Ler, respectively. Marker K1013
was amplified using primers K1013-F (5'-tgatcacaacttcaccattg-3") and K1013-R
(5'-aatgtaaacaccaaagctge-3'), yielding PCR fragments of 352 and 230 bp in Col
and Ler, respectively. Marker MSN9-2 was amplified using primers MSN9-2F
(5'-gtggagaagtgggtttatgg-3') and MSN9-2R (5'-cgggaagatttgagagcage-3'),
yielding PCR fragments of 265 bp in Col and Ler, which were digested with
HinclIl only in Ler. The marker MPO12-3 was amplified using primers MPO12-
3F (5'-agacgtttatagcttcggag-3') and MPO12-3R (5'-actggttggagatggaatcg-3'),
yielding 397 bp PCR fragments in both ecotypes, which upon digestion with
Taq1 generated four fragments in Col and three in Ler.

Complementation of mos8 with 355::cERA1

ERA1 cDNA as predicted was amplified using Platinum Pfx DNA
polymerase (Invitrogen) with primers ERAlshort_5'_EcoRI: 5'-agaattcatggaa-
gagctttcaagee-3' and ERAlshort_3'_Notl: 5'-ttttgcggecgcteatgetgetttaaagaa-
gaac-3', containing novel restriction sites (underlined). The PCR fragment was
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subcloned into pBluescript (Alting-Mees et al., 1992) using EcoRI and NotI,
and sequenced. The fragment was subcloned into pBIN1.4 (Mindrinos et al.,
1994) under the control of the cauliflower mosaic virus 35S promoter and
transformed into mos8 sncl nprl-1 using the Agrobacterium floral dip method
(Clough and Bent, 1998). Transformants were identified based on kanamycin
resistance. Twenty independent primary transformants that restored sncl
morphology were obtained.

Generating the eral-7 Single and Double Mutants

To generate the eral-7 single and the eral-7 sncl and eral-7 nprl-1 double
mutants, mos8 sncl nprl-1 was crossed with Col carrying the pBGL2::GUS
reporter transgene. Mutant combinations were identified among the F, progeny
from selfed F, plants based on morphological phenotypes and genotyping with
PCR. Homozygosity of sncl in the eral-7 sncl double mutant was confirmed by
backcrossing with sncl, all F; progeny displayed sncl morphology.

To generate the eral-7 aba2-1 and eral-7 abal-5 double mutants, eral-7
plants were crossed with aba2-1 and abal-5 homozygous plants obtained from
Dr. J.-G. Chen and ABRC. F, progeny displayed wild-type phenotype and
were selfed. Among the F, progeny, plants displaying a combination of typical
mos8 and aba mutant morphology (late flowering, slender leaves) were
identified as potential double mutants. Backcrossing with the respective
parents was carried out to confirm the identity of the doubles.

Identification of Homozygous T-DNA Mutant Plants

The eral-8 allele was identified in Salk_110517 using the gene-specific
primers Salk_110517-A (5'-agaacacaaggggctgectg-3') and Salk_110517-B
(5’ -tgcttecctcttecttgatg-3'). Homozygous ggb-2 mutant plants were identified
in Salk_040904 using gene-specific primers Salk_040904-A (5'-tagtag-
gaaaggcctggaag-3') and Salk_040904-B (5'-gatccaagtgtccttgaacg-3'). Presence
of either T-DNA was verified using a combination of Lbal and Salk_110517-A
or Salk_040904-A.

ABA Measurement

The method for ABA and metabolite extraction and quantitative analysis
by liquid chromatography-tandem mass spectrometry was as described
(Feurtado et al., 2004). Three replicates of freeze-dried material (50 mg)
from rosette leaves were analyzed for each genotype.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number ABR08910.
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