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Genes encoding the virulence-promoting type Il secretion system
(T3SS) in phytopathogenic bacteria are induced at the start of
infection, indicating that recognition of signals from the host plant
initiates this response. However, the precise nature of these signals
and whether their concentrations can be altered to affect the
biological outcome of host-pathogen interactions remain specula-
tive. Here we use a metabolomic comparison of resistant and sus-
ceptible genotypes to identify plant-derived metabolites that induce
T3SS genes in Pseudomonas syringae pv tomato DC3000 and report
that mapk phosphatase 1 (mkp1), an Arabidopsis mutant that is
more resistant to bacterial infection, produces decreased levels of
these bioactive compounds. Consistent with these observations,
T3SS effector expression and delivery by DC3000 was impaired
when infecting the mkp1 mutant. The addition of bioactive metab-
olites fully restored T3SS effector delivery and suppressed the en-
hanced resistance in the mkp7 mutant. Pretreatment of plants with
pathogen-associated molecular patterns (PAMPs) to induce PAMP-
triggered immunity (PTI) also restricts T3SS effector delivery and
enhances resistance by unknown mechanisms, and the addition of
the bioactive metabolites similarly suppressed both aspects of PTI.
Together, these results demonstrate that DC3000 perceives multiple
signals derived from plants to initiate its T3SS and that the level of
these host-derived signals impacts bacterial pathogenesis.

lants evoke resistance against invading bacteria using plasma

membrane-localized pattern recognition receptors (PRRs) to
detect the presence of pathogen-associated molecular patterns
(PAMPs) in the extracellular space (1). Activation of PRRs by
PAMPs results in numerous defense responses that limit bacte-
rial growth (1). However, the actual mechanisms by which plants
suppress virulence and restrict bacterial growth remain unclear.
Pseudomonas syringae is a model bacterial pathogen that infects
a wide range of economically important crops as well as the
laboratory model plant Arabidopsis (2). P. syringae uses several
different virulence strategies to suppress host defenses, including
a type III secretion system (T3SS) that secretes up to 30 effector
proteins into plant cells (3, 4). Many effectors function to sup-
press PRR-induced signaling, thereby allowing the bacteria to
avoid detection and proliferate (4). Mutants of P. syringae lack-
ing a functional T3SS are not fully virulent, demonstrating that
this system is essential for a successful infection (5, 6). Moreover,
recent studies have revealed that PAMP-triggered immunity
(PTI) leads to a restriction in the delivery of type III effectors
into host cells, suggesting that plants possess an unknown
mechanism(s) to block type III secretion (7, 8).

Despite the critical role of the T3SS in P. syringae virulence,
T3SS structural components and effectors are not constitutively
present but are produced at the onset of infection (9, 10). Early
attempts to identify plant signals perceived by P. syringae
revealed that synthetic medium mimicking the plant apoplast,
namely a minimal nutrient medium with acidic pH and including
a sugar such as fructose, is capable of inducing T3SS-associated
genes (9-12). However, in some instances expression of the T3SS
was higher in planta than in synthetic medium, indicating that
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additional plant-derived factors likely were required for full in-
duction (10, 12). These results imply the presence of plant-
derived signal(s) that induce the T3SS, and various signals have
been proposed to be capable of inducing the T3SS in different
plant pathogenic bacteria based largely on in vitro experiments
(10, 12-17). However, whether any of these signals affect the
biological outcome of the host—pathogen interaction remains
speculative because of the lack of genetic mutants altering the
abundance of these chemical signals in the host.

In the present work, we identify host chemical signals that
DC3000 uses to switch to its virulence program and demonstrate
that this recognition event plays an important role in a successful
infection. The identification of an Arabidopsis mutant, MAPK
phosphatase 1 (mkpI), in which the delivery of the P. syringae pv
tomato DC3000 effector is suppressed, provided an important
genetic model for investigating the basis for T3SS induction.
Using a metabolomics comparison of mutant and WT plant
exudates, we identified several plant-derived metabolites that are
present at lower levels in mkpl and induce the T3SS in DC3000.
The biological significance of these compounds was demonstrated
by showing that reintroducing these T3SS-inducing metabolites
can overcome both the suppression of effector delivery and the
enhanced resistance in mkpl plants. Furthermore, the addition of
these metabolites also can overcome enhanced resistance induced
in plants pretreated with PAMPs. Together, these results dem-
onstrate that DC3000 perceives multiple signals derived from
plants to initiate its T3SS and that the levels of these host-
derived signals contribute to susceptibility or resistance.

Significance

Pathogenic bacteria inject effector proteins into the host to
suppress its defenses. However, bacteria produce the effector
proteins and injection machinery only upon recognition of
a potential host. Here we identified an Arabidopsis mutant,
mapk phosphatase 1 (mkp1), with decreased levels of chemical
signals recognized by the bacterium, thus making the plant
more resistant by suppressing the ability of the pathogen,
Pseudomonas syringae, to express and inject effector proteins.
Reapplying these chemical signals not only eliminated resistance
in the mkp1 mutant but also suppressed resistance in wild-type
plants with a preinduced immune response. These results dem-
onstrate an important layer in determining the biological out-
come during host-pathogen interactions and may provide new
targets for enhancing resistance against bacterial pathogens.
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Results

Bacterial Effector Delivery Is Reduced in the mkp1 Mutant. We re-
cently identified MKPI as a negative regulator of multiple PAMP-
induced defense responses in Arabidopsis (18). Consistent with
enhanced PAMP-induced responses, loss-of-function mkpI mutants
also were more resistant to infection by the normally virulent strain
P. syringae pv tomato DC3000, and this enhanced resistance re-
quired the function of a specific MAPK, MPK6 (18). In light of
recent reports linking PTI with the restriction of T3SS function
(7, 8), we hypothesized that DC3000 may have decreased levels
of type III effector delivery in the mkpl mutant. WT and mkpl
plants were infected with DC3000 expressing the type III effector
AvrPto fused to an adenylate cyclase (CyaA) reporter enzyme
that produces cAMP only when delivered into eukaryotic cells
(19, 20) (Additional details of experimental methods are given
in SI Materials and Methods). Three hours postinfection, cAMP
significantly increased in infected WT plants, whereas 80% less
cAMP was measured in infected mkpl plants (Fig. 14). As a con-
trol, an increase in cAMP was not detected in WT plants infected
with a T3SS-deficient DC3000 /4rcC™ strain also expressing AvrPto-
CyaA (Fig. S1), demonstrating that a functional T3SS is required
for cAMP production. In an mkpl mpk6 double mutant in which
the enhanced mkpI resistance against DC3000 is suppressed
(18), cCAMP levels were restored to those observed in WT plants
(Fig. 14). No significant difference in the number of bacteria in
infected WT and mkpl plants was observed within this short
treatment time (Fig. 1B), indicating that the difference in effector
delivery is not a result of differences in bacterial numbers.
Decreased effector delivery in mkpl could be caused by in-
creased physical barriers in the plant that prevent efficient T3SS
function or by decreased deployment of the T3SS itself. Callose
deposits are believed to reinforce the cell wall to prevent access
of pathogens to the host cell or cellular contents (21). However,
we did not detect any preformed callose or enhanced callose
deposition within the short (4-h) infection with DC3000 in mkp1
plants (Fig. S2). Another possibility was that DC3000 failed to
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Fig. 1. Delivery and production of the type Ill effector AvrPto by DC3000 is
restricted in mkp1 plants in an MPK6-dependent manner. (A) WT, mkp1, and
mkp1 mpké plants were infected with 1 x 108 cfu/mL DC3000 expressing
AvrPto fused to an adenylate cyclase reporter (AvrPto-CyaA). cCAMP levels
were measured in plants 3 h postinfection (Pl). Graphed data are means + SE
of percent cAMP relative to cAMP in WT plants. Data shown were pooled
from four independent experiments, each with six samples per genotype;
n = 24. (B) Serial-dilution plating of bacteria isolated from infected plants 3 h
postinfection. Graphed data are means + SE; n = 6. Each sample comprises
three infected plants. (C) qRT-PCR analysis of avrPto transcripts in plants
infected with 5 x 108 cfu/mL DC3000 for 4 h. avrPto transcript levels were
normalized to the levels of bacterial RooD and 16S rRNA transcripts detected
in each sample. Each sample was RNA extracted from three infected plants.
Six samples were analyzed for each genotype with technical replication of
each. Graphed data are means + SE of percent avrPto transcripts relative to
mean avrPto transcript levels in infected WT plants; n = 12. Asterisks in A and C
denote significant differences based on Student’s t-test: *P < 0.05, **P < 0.01.
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induce T3SS gene expression. WT, mkp1, and mkpl mpk6 plants
were infected with DC3000 for 4 h, and the levels of avrPto ex-
pression in the infected seedlings were measured by quantitative
RT-PCR (qRT-PCR). avrPfo transcripts were detected in DC3000-
infected WT seedlings (Fig. 1C). Similar to the pattern of effector
delivery, avrPto transcripts were reduced to 35% of WT levels in
mkpl plants and were restored to WT levels in mkpl mpk6 plants
(Fig. 1C). Together, these results demonstrate that the loss of
MKP1I leads to an MPK6-mediated reduction in both the expression
and delivery of a type III effector.

Water-Soluble Plant Signals Stimulate Induction of the Bacterial T3SS.
Decreased effector expression and delivery may be caused by
altered abundance of plant-derived signals that affect expression
of the T3SS. To investigate the existence of these putative sig-
nals, water-soluble preparations (herein referred to as “exu-
date”) from intact Arabidopsis were bioassayed for induction of
T3SS expression in DC3000. Addition of exudate to a minimal
T3SS-inducing medium consistently resulted in increased AvrPto
protein levels (Fig. S34) as well as the accumulation of both
hrpL, an alternative sigma factor that regulates expression of the
T3SS (12), and avrPto transcripts (Fig. S3B) after 24 h of treat-
ment. Serial-dilution plating of bacteria after treatment revealed
no significant differences in bacteria numbers among all
treatment conditions (Fig. S3C), demonstrating that the en-
hanced responses were not a result of increased bacterial
growth. Exudates also enhanced T3SS gene expression within
a shorter timeframe relevant to T3SS deployment during infection,
because avrPto and hrpL transcript levels were greatly increased
within 2 h after treatment with exudate (Fig. 24), and immuno-
blot analyses confirmed these results for AvrPto at the protein
level (Fig. 2B).

Type lll-Inducing Signals Are Reduced in the mkp1 Mutant. Com-
parison of exudates from WT and mkp! plants showed reduced
T3SS-inducing activity in exudates from mkpl as determined by
the accumulation of avrPto and hrpL transcripts (Fig. 2C). In ad-
dition, the reduced AvrPto-inducing bioactivity in exudates from
mkpl was restored to WT levels in exudates from mkpl mpk6
plants (Fig. 2D), indicating that the T3SS-inducing bioactivity in
exudates followed the same genotypic pattern observed for the
cAMP accumulation assays (Fig. 14). No significant differences
in the size of mkpl plants could explain the differences in exudate
bioactivity (Fig. S4 A and B). Together, these data indicate that
an unknown signal(s) produced by Arabidopsis strongly induces
the expression of T3SS-associated genes. Moreover, the abundance
of the signal(s) can be influenced by the genotype of the plant.

The Abundance of Multiple Type lll-Inducing Metabolites Is Genetically
Regulated. Using differential extraction of the exudates, we found
that all bioactivity was recovered in the aqueous rather than in the
organic phase (Fig. S4C). Using aqueous-phase extraction as an
enrichment step, we prepared exudate samples from WT, mkpl,
and mkpl mpko6 plants for metabolomic analyses by GC-MS. From
all metabolites identified (Dataset S1), we selected for subsequent
analysis those that followed the pattern of bioactivity, i.e., signif-
icantly lower abundance in exudates from mkpl plants than in WT
plants (Fig. 34). Interestingly, the relative abundance of most of
these metabolites was restored at least partially toward WT levels
in exudates from mkpl mpk6 plants (Fig. 34). Each metabolite
identified in Fig. 34 was tested at 200 pM for the ability to induce
the accumulation of AvrPto protein in the presence of minimal
medium containing fructose (Fig. 3B). Five of these metabolites
(pyroglutamic, citric, shikimic, 4-hydroxybenzoic, and aspartic acids)
strongly induced AvrPto expression and remained extremely potent
inducers of T3SS at 100 pM after only 4 h of treatment (Fig. S54).
Although all five highly bioactive compounds possess carboxyl
groups, the observed effects cannot be the result of a change in
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Fig. 2. Soluble signals in Arabidopsis exudates strongly enhance the expression of T3SS-associated genes in DC3000 and are genetically regulated by MKP1
and MPK6. (A) Arabidopsis exudate was mixed with DC3000 in minimal medium with or without 50 mM fructose. qRT-PCR analysis of hrpL and avrPto
transcripts was performed using samples isolated at the indicated times. Graphed data are means + SE; n = 4. 4, —fructose/—exudate; [J, +fructose/—exudate;
A, +fructose/+exudate. **P < 0.01, ***P < 0.001 based on a t test comparison of +fructose/—exudate and +fructose/+exudate treatments. (B) Immunoblot
of AvrPto from DC3000 treated as described in A. CBB, Coomassie Brilliant Blue staining. (C) DC3000 was incubated with WT or mkp1 exudate, and hrpL (Left)
and avrPto (Right) transcript levels were measured by qRT-PCR 2 and 24 h posttreatment, respectively. Graphed data are means + SE; n = 4. *P < 0.05.
(D) Immunoblot of AvrPto in DC3000 24 h posttreatment with WT, mkp1, or mkp1 mpk6 exudate. A cross-reacting (x-react) band shows equal loading.

pH, because buffers were present in at least 25-fold molar excess.
All five bioactive compounds required the presence of fructose
(Fig. S54) or other sugars (Fig. S5B) to enhance AvrPto accu-
mulation. Previously, citric and aspartic acids, when used at 10-mM
concentrations, were reported to inhibit rather than promote
type III expression in P. syringae pv. glycinea (11). To address this
apparent discrepancy, we performed a dose-response experiment
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Fig. 3. Abundance of virulence-inducing metabolites in Arabidopsis exu-
dates is genetically regulated by MKP1 and MPK6. (A) Identification of
metabolites present in WT, mkp1, and mkp1 mpk6 exudates by GC-MS.
Three biological replicates were analyzed with technical replicates for each.
All metabolites shown were significantly decreased in mkp1 versus WT
exudates by pairwise t tests; P < 0.05. Metabolites in bold were significantly
different in mkp1 and mkp1 mpké exudates; P < 0.05. Graphed data are
means + SE of log,-transformed peak area values for mutant/WT; n = 6. (B)
DC3000 was incubated with 200 pM of individual metabolites in minimal
medium plus 50 mM fructose. (Upper) Immunoblot of AvrPto in bacteria 4 h
posttreatment. (Lower) Coomassie Brilliant Blue (CBB) staining to confirm
equal loading. gba, 4-guanidinobutyric acid; ggl, glucosylglycerol; pga,
pyroglutamic acid; 4-hba, 4-hydroxybenzoic acid; tea, triethanolamine.
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(Fig. S5C) which revealed that citric acid promotes AvrPto accu-
mulation in DC3000 at lower, more physiological concentrations
(22, 23) but becomes inhibitory at higher (>1 mM) concentrations
(Fig. S5C). Interestingly, this biphasic effect was not observed for
all T3SS-inducing metabolites, because aspartic acid does not
become inhibitory even at 5 mM (Fig. S5D). These results in-
dicate that multiple metabolites can influence T3SS expression and
that concentration is an important consideration when evaluating
each metabolite.

Exogenous Supplementation of Type lll-Inducing Metabolites Is
Sufficient to Overcome Enhanced Resistance. Based on the bio-
activity of these metabolites as well as their accumulation pat-
terns in mkpl exudates, we hypothesized that the decreased
levels of one or more of these metabolites may play a role in the
decreased effector delivery from DC3000 into mkpI cells. Add-
ing 50 uM of a T3SS-inducing metabolite (citric, 4-hydroxybenzoic,
or aspartic acid) to the cAMP accumulation assay resulted in
significantly increased cAMP levels, and therefore effector de-
livery, in the mkpl mutant (Fig. 44). Moreover, mixing all three
metabolites in the assay increased cAMP accumulation in the
mkpl mutant back to normal WT levels. As expected of the
combined action of both endogenous and exogenous signals,
addition of metabolites also increased cAMP levels in WT plants
(Fig. 44). In contrast, a similar mixture of 50 pM each of three
other carboxylate-containing compounds (serine, threonine, and
valine) had no effect on cAMP accumulation in mkpl plants
(Fig. 44), demonstrating that not all the metabolites decreased
in mkpl plants (Fig. 34) can alter cAMP accumulation. In ad-
dition to type III effector delivery, the bioactive three-metabolite
mixture was sufficient to restore fully both the expression of
avrPto transcripts (Fig. S6) and bacterial growth (Fig. 4B) in
DC3000-infected mkp1 plants to the levels measured in infected
WT plants. Similar to the result from the cAMP assay, the ad-
dition of the non-T3SS-inducing amino acid mixture had no
effect on bacterial growth in mkplI plants (Fig. 4B).

We also tested the effect of T3SS-inducing metabolites on type
IIT effector delivery and bacterial growth in soil-grown mkpl
plants infected with DC3000 (Fig. S74). Similar to the results
with agar-grown plants, the addition of a mixture of 10 pM or 20
uM each of citric, aspartic, and 4-hydroxybenzoic acids restored
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Fig. 4. T3SS-inducing metabolites suppress both mkp7- and elf26-mediated inhibition of type Il effector delivery. (A) WT and mkp1 plants were infected with
DC3000 expressing AvrPto-CyaA as in Fig. 1 in the presence or absence of 50 pM each of citric acid (cit), aspartic acid (asp), and/or 4-hydroxybenzoic acid (4-hba) or
with a non-T3SS-inducing mixture of 50 uM each of serine (ser), threonine (thr), and valine (val). Graphed data are means + SE of cAMP levels 4 h postinfection;
n = 8. (B) WT and mkp1 plants were infected with DC3000 in the presence or absence of the indicated metabolites at concentrations of 100 uM each. Graphed
data are means + SE of bacteria 24 h postinfection; n = 12. (C) WT and efr-2 plants were treated with 1 pM elf26 or a mock control for 24 h. (Upper) WT or elf26-
treated plants were infected as described in Fig. 1 in the presence or absence of 50 uM of each of the indicated metabolites. CAMP levels were measured 4 h
postinfection. Graphed data are means + SE of percent cCAMP relative to cAMP in infected WT plants; n = 8. (Lower) WT or elf26-treated plants were infected with
DC3000 for 30 h in the presence or absence of 100 uM of each of the indicated metabolites. Graphed data are means + SE of bacteria; n = 12. Asterisks denote

t test comparison with mock-treated mkp17 in A and B, and with mock-treated WT in C; *P < 0.05, **P < 0.01, *** P < 0.001. ns, not significant.

DC3000 delivery of AvrPto-CyaA in mkpl plants in a dose-
dependent manner (Fig. S7B). Furthermore, the addition of the
bioactive metabolites suppressed the enhanced resistance to
DC3000 in soil-grown mkpl plants infected by either dip (Fig.
S7C) and or inoculation (Fig. S7D). Together, these results
demonstrate that the presence of T3SS-inducing metabolites, the
expression and delivery of T3SS effectors to the plant, and the
ability of the potential pathogenic bacteria to grow in the plant
are tightly correlated.

The restriction of type III effector delivery and enhanced re-
sistance in the mkpl mutant is similar to effects described when
PTI is induced in plants (7, 8), raising the possibility that the T3SS-
inducing metabolites also may be able to overcome either of these
PTI-mediated effects. Consistent with previous reports (8), pre-
treatment of plants with a PAMP, elf26 (the conserved 26 amino
acid eliciting peptide from bacterial elongation factor-Tu), sig-
nificantly decreased the delivery of type III effector based on re-
duced cAMP accumulation (Fig. 4C, Upper, lanes 1 and 3, and this
decrease was dependent on EF-Tu receptor (24), the receptor for
elf26 (Fig. 4C, lanes 6 and 7). The addition of T3SS-inducing
metabolites (Fig. 4C, lane 4), but not the inactive metabolites (Fig.
4C, lane 5), restored cAMP levels to those in untreated WT
plants. The metabolites do not interfere with PAMP responses,
because both transcript accumulation (Fig. S84) and MAPK ac-
tivation (Fig. S8B) in response to elf26 were not affected by the
T3SS-inducing metabolite mixture. The growth of DC3000 (Fig.
4C, Lower) followed the pattern described for the cAMP accu-
mulation assay. Therefore, these results are consistent with
a model in which control of T3SS delivery by metabolite signals
present in host plants also plays a role in PTI.

Discussion

When a potential pathogen and host encounter each other,
a race ensues to deploy their respective virulence and defense
mechanisms. Genetic studies have firmly established the para-
digm that PAMP recognition by PRRs is an important com-
ponent of host nonself recognition leading to initial defense
responses (1) and that pathogens may alter the molecular nature
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of these PAMPs in an attempt to avoid detection (25-27).
However, the role of nonself recognition by the pathogen (i.e.,
pathogen detection of host) in contributing to the deployment of
virulence factors is less understood. The T3SS is a critical viru-
lence determinant of many phytopathogenic bacteria. Although
a number of molecules have been proposed to induce expression
of genes encoding the T3SS, these results are based largely on in
vitro assays (10, 12-17). Importantly, plant mutants with altered
levels of virulence-inducing signaling molecules have been lack-
ing, making it difficult to ascertain if the host is capable of ma-
nipulating these signals or if this manipulation would affect the
outcome of a host—pathogen interaction. In characterizing the
enhanced resistance response(s) in mkpl plants, we identified
such a mutant, thus providing strong evidence that T3SS-inducing
chemical signals play a biologically relevant role in the Arabidopsis-
DC3000 pathosystem.

Currently, the rapid delivery of effectors into plant cells is
considered a critical step for pathogens to disarm and/or evade
both extracellular (PRR-mediated) and intracellular [also called
“effector-triggered immunity” (ETI)] plant defenses, and our
results support a model in which the speed and/or magnitude of
effector delivery by P. syringae is a major determinant of patho-
genesis during a compatible interaction. However, given the cen-
tral role of type III effectors in both virulent and avirulent
interactions, the abundance of T3SS-inducing metabolites present
in plant tissues at the onset of infection also may influence the
outcome of any P. syringae—plant interaction. For example, de-
creased effector delivery may result in an attenuation of ETL In
this regard, it will be interesting to test whether the presence/
absence or relative abundance of specific bioactive metabolites is
a contributing factor in processes such as nonhost resistance that
determine the host range of P. syringae.

This study demonstrates that DC3000 can perceive multiple sig-
nals derived from plants to induce its T3SS rapidly. Although the
bioactive metabolites are all organic acids, they are not otherwise
highly related in structure. Moreover, they cannot be converted
easily to a common chemical intermediate. An interesting question
for future research is whether these disparate compounds are
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perceived by DC3000 through a shared mechanism (e.g., a single
receptor that recognizes all metabolites) or through multiple distinct
perception mechanisms (e.g., specific receptors for each metabolite)
that subsequently converge on T3SS induction. The use of multiple
host signals by DC3000 to regulate T3SS deployment and the
possibility that multiple receptors may mediate these responses may
explain why this layer of signaling has not been found previously in
genetic studies: The decreased abundance of a single T3SS-inducing
metabolite from the host or a single perception system from
DC3000 potentially might be masked by the remaining pathways.
These redundant perception strategies are reminiscent of the plant’s
ability to recognize multiple PAMP signals, indicating the general
importance of successful nonself recognition for both organisms
during infection.

Intriguingly, DC3000 did not induce the T3SS in response to
plant exudates (Fig. S3) or purified metabolites (Fig. S54) alone.
Instead, the plant exudate or purified metabolites acted as
powerful synergistic factors when in the presence of fructose or
other sugars (Fig. 2 and Figs. S3 and S5). Similar synergistic
activity between simple sugars and plant-derived compounds also
enhances vir gene expression in Agrobacterium through the
combined action of a two-component system receptor, VirA,
together with a periplasmic sugar-binding protein, ChvE (28).
Simple sugars such as fructose also strongly enhanced the ex-
pression of syringomycin toxin-producing genes in P. syringae pv.
syringae induced by plant-derived phenolic glucosides (28, 29).
Integrating the perception of multiple nonself signals in phyto-
pathogenic bacteria would appear to be strong fail-safe mecha-
nism to prevent a waste of energy that would occur if virulence
genes were activated prematurely, and our results indicate that
a similar mechanism may be involved in DC3000.

Several of the bioactive metabolites identified in this work have
been reported to regulate aspects of DC3000 virulence other than
the T3SS. Citrate, along with succinate and malate, was reported
to be a strong chemoattractant for DC3000 (30). In addition, both
citrate and shikimate induced the expression of genes responsible
for biosynthesis of the phytotoxin coronatine (31). That multiple
virulence responses have been associated with perception of cit-
rate and shikimate suggests that these host-derived metabolites
can coordinately regulate multiple aspects of DC3000 virulence.
However, different requirements for sugars or metabolite signals
for induction of these distinct bacterial responses indicate that
regulation of virulence-associated responses in DC3000 is likely to
be complex. For instance, in contrast to T3SS gene expression,
genes involved in the biosynthesis of coronatine were not highly
induced in fructose-containing minimal medium (32). In addition,
both shikimate and citrate enhanced chemotaxis and coronatine
production in the absence of a simple sugar (30, 31). Together,
these observations indicate that DC3000 may integrate perception
of these metabolites differently to induce different aspects of
its virulence.

The lower levels of T3SS-inducing metabolites in the mkpl
mutant correlate with decreased bacterial effector expression
and delivery as well as with enhanced resistance. Moreover, ex-
ogenous application of these metabolites alone suppressed these
defense-related phenotypes. These results provide genetic evi-
dence that the control of host chemical signals defines a possible
mechanism involved in resistance. A decrease in levels of T3SS-
inducing signals would render the potential pathogen similarly
innocuous as the T3SS-deficient ~rcC™ mutant. If this strategy is
correct, the question arises as to why plants produce these ex-
tracellular signals if they may have detrimental effects. One
explanation is that secreting these metabolites is a normal
component of nutrient transport required for the proper growth
and development of the plant. Another possibility may involve
considering the plant in its ecological environment rather than
only in regards to host-pathogen interactions. Recent studies
indicate that plants exist in a complex balance with mutualistic
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microbes and that these interactions may provide an advantage
to the plant in the field (33, 34). Therefore, plants may provide
nutrients to these colonizers, and DC3000 may have developed
recognition strategies to activate the T3SS based on the presence
of metabolites that in other respects benefit the plants. An
important consideration of our results is that the bioactive
metabolites we identified also may serve as nutritional sources
for bacteria during infection. For instance, both citric and
aspartic acid are relatively abundant in plant tissue and can be
catabolized by DC3000 in vitro (22, 23, 35). Therefore, although
our data clearly indicate that these metabolites act as signaling cues
during early stages of infection (i.e., before changes in bacterial
growth occur), the decreased abundance of these metabolites in
mkpl plants may influence bacterial growth during later stages of
infection by depriving the bacteria of essential plant nutrients.

Previous studies demonstrated that PTT results in restricted
effector delivery, but it was not clear if this restriction arose from
the formation of mechanical barriers that block delivery (7, 8).
That the addition of T3SS-inducing metabolites can restore ef-
fector delivery in PAMP-treated plants argues against mechani-
cal barriers, because the bacteria clearly are capable of transmitting
effectors in the presence of the proper stimulating factors. Thus,
these results indicate that a component of PTI may involve
interference with bacterial T3SS induction. However, this sup-
pression could be achieved by host restriction of T3SS-inducing
molecules, by host production of chemicals that interfere with
the T3SS, or by a combination of the two.

The genetically altered abundance of T3SS-inducing signals in
the mkpl mutant raises the possibility of novel strategies to in-
troduce resistance in the field. Alternatively, identification of the
bacterial receptors for these compounds could provide new tar-
gets for antimicrobial treatments that render potential pathogens
less infectious. Finally, the investigation of whether other po-
tential pathogens use similar or unique nonself-recognition
strategies will be a fertile area of investigation in the future.

Materials and Methods

Preparation of Plant Exudates. Two-week-old Arabidopsis (ecotype Wassi-
lewskija, Ws) plants grown on Murashige and Skoog agar medium, as well as
the loss-of-function mutant mkp7(Ws) and mkp1 mpk6(Ws) plants described
previously (18), were placed in water. After incubation for 4 h to overnight,
the water (the “exudate”) was removed, filtered (0.22 pM), and stored
at —20 °C.

GC-MS Analysis of Plant Exudates. \Water-soluble metabolites in plant exu-
dates underwent a two-stage chemical derivatization as previously described
(36) and were analyzed by GC-MS using an Agilent GC 7890A coupled with
a MSD 5975C mass spectrometer. The data were processed using Metabolite
Detector (37), and metabolites were identified by matching to the Agilent
Fiehn Metabolomics Retention Time Locked (RTL) Library (38-40).

Treatments of Bacteria with Plant Exudates and Metabolites. Five hundred
microliters of plant exudate or H,0 was mixed with 500 pL of a modified hrp-
inducing medium (11) supplemented or not supplemented with 100 mM
fructose. For metabolite treatments, 500 pL of a 2x-concentrated stock was
substituted for the plant exudate. Then 100 pL of an ODggo = 2.0 solution of
Pto DC3000 bacteria was added, and the mixture was incubated at 20 °C for
the indicated times. Bacteria were pelleted by centrifugation, flash frozen in
liquid nitrogen, and stored at —80 °C until use.

Measurements of Protein and RNA Levels in Bacteria. RNA and protein were
extracted from treated bacteria using TRI reagent (Sigma-Aldrich) and the
manufacturer’s protocol. gRT-PCR was performed with the primers and
protocol described in S/ Materials and Methods. Immunoblotting with anti-
AvrPto (41) was performed as described previously (18).

In Planta Bacterial Growth and AvrPto-CyaA Delivery Assays. Two-week-old
plants were incubated for the times indicated in 5 mM Mes-KOH
(pH 5.7)-buffered solutions of DC3000 (ODggo = 0.001) or DC3000 expressing
pCPP3221 (20) (ODggo = 0.1) supplemented or not supplemented with metab-
olites. Bacteria levels in infected plants were measured by serial-dilution plating
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of plant extracts. cCAMP levels in infected plants were determined using the
Direct cAMP ELISA kit (Enzo Life Sciences).

avrPto Expression in DC3000-Infected Plants. Two-week-old plants were in-
cubated with 5 mM of Mes-KOH (pH 5.7)-buffered solution of DC3000
(ODgoo = 0.5) for 4 h, and avrPto transcript levels in total RNA extracted from
the infected plants were measured by SYBR Green-based qRT-PCR. avrPto
transcript levels were normalized to the levels of bacterial RpoD and 16S
RNA transcripts detected in each sample. Primer sequences and additional
protocol details are provided in S/ Materials and Methods.

elf26 Treatment of Plants. An N-terminal acetylated elf26 peptide as described
in ref. 42 was synthesized by Genscript Corp. and maintained as 10-mM
stocks in DMSO at —20 °C. Polystyrene Petri dishes (100 x 15 mm) containing
15-d-old plants growing on Murashige and Skoog agar at a density of 40
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