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Abstract

Pseudomonas syringae pv tomato strain DC3000 (Pto) delivers several effector proteins promoting virulence, including
HopM1, into plant cells via type Il secretion. HopM1 contributes to full virulence of Pto by inducing degradation of
Arabidopsis proteins, including AtMIN7, an ADP ribosylation factor-guanine nucleotide exchange factor. Pseudomonas
syringae pv phaseolicola strain NPS3121 (Pph) lacks a functional HopM1 and elicits robust defenses in Arabidopsis thaliana,
including accumulation of pathogenesis related 1 (PR-1) protein and deposition of callose-containing cell wall fortifications.
We have examined the effects of heterologously expressed HopM1p,, on Pph-induced defenses. HopM1 suppresses Pph-
induced PR-1 expression, a widely used marker for salicylic acid (SA) signaling and systemic acquired resistance. Surprisingly,
HopM1 reduces PR-1 expression without affecting SA accumulation and also suppresses the low levels of PR-1 expression
apparent in SA-signaling deficient plants. Further, HopM1 enhances the growth of Pto in SA-signaling deficient plants.
AtMIN7 contributes to Pph-induced PR-1 expression. However, HopM1 fails to degrade AtMIN7 during Pph infection and
suppresses Pph-induced PR-1 expression and callose deposition in wild-type and atmin7 plants. We also show that the
HopM1-mediated suppression of PR-1 expression is not observed in plants lacking the TGA transcription factor, TGA3. Our
data indicate that HopM1 promotes bacterial virulence independent of suppressing SA-signaling and links TGA3, AtMIN7,
and other HopM1 targets to pathways distinct from the canonical SA-signaling pathway contributing to PR-1 expression and
callose deposition. Thus, efforts to understand this key effector must consider multiple targets and unexpected outputs of
its action.
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Introduction Salicylic acid (SA) is one of several plant hormones produced
during plant defense responses. In addition to its role in systemic
resistance, SA-signaling also figures prominently in local MAMP-
and effector-triggered defense responses [4—6]. SA accumulation
re-localizes nonexpresser of PR genes (NPR1) to the nucleus where
it functions as transcriptional co-activator [7]. SA regulates the
activity and stability of NPR1 by binding to and affecting the
[2]. Effectors are pathogen-encoded molecules that perturb host interaction of NPR1 with two of its paralogues, NPR3 and NPR4
processes to promote pathogen virulence, but are sometimes [8]. NPR1 activates the expression of genes involved in a defense-
recognized by plant-encoded resistance (R) proteins. Defense associated protein secretion pathway through TL1 promoter
responses induced upon activation of MAMP-receptors and R- clements [9]. NPRI also activates the expression of numerous
proteins are similar with the latter typically being more rapid and pathogenesis related (PR) genes, including PR-1, by promoting the

robust and more frequently associated with host cell death called binding of TGA-family transcription factors to as-I promoter
the hypersensitive response (HR) [3].

Microbes induce active plant defense responses, the elicitors of
which can be divided into two classes, microbe/pathogen
associated molecular patterns (MAMPs) and pathogen encoded
effector proteins [1]. MAMPs are conserved microbial molecules
that are directly recognized via plant-encoded MAMP-receptors
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elements [10]. Out of 10 TGA transcription factors in Arabidopsis,
7 have been found to interact with NPR1 [11].

The PR-1 promoter is also subject to additional layers of
regulation. Multiple PR-I/ promoter clements are differentially
regulated by positively and negatively acting WRKY and TGA
transcription factors [12,13]. Characterization of single and
multiple knockout mutants revealed that TGA3 plays a significant
role as an activator of PR-I expression [14]. ARR2, a key
transcription factor in the cytokinin signaling pathway also binds
to TGA3 and activates PR-/ expression in a cytokinin-dependent
manner [15]. Suppressor of NPR1 induciblel (SNI1) negatively
regulates PR-I expression, and that negative regulation is
alleviated through interaction with DNA repair proteins [16—
18]. Conversely, ethylene has been shown to enhance PR-I
expression in the presence of low levels of SA [19].

Gram-negative phytopathogenic bacteria deliver type III
effectors (T'3Es) via a type III secretion system (I'T'SS) into the
cytosol of plant cells. A major function of T3Es is to dampen
MAMP- and/or effector-elicited defenses [20]. In P. syringae, the
TTSS is encoded by a single cluster of genes adjacent to which is
the conserved effector locus (CEL) [21]. The T3Es encoded in the
CEL of P. syringae pv. tomato strain DCG3000 (Pto) are necessary for
full virulence. Compared to wild-type Pto, a mutant strain in
which the CEL is deleted (PtoACEL) grows less and causes
reduced disease symptoms in Arabidopsis and tomato [22,23].
Plasmid expression of either of two T3Es from the CEL, HopM1
or AvrEl, can complement growth of PtoACEL and suppress SA-
dependent deposition of callose in Arabidopsis [23]. Both effectors
also contribute to Pto-induced necrosis on tomato [22,24].
Therefore, HopM1 and AvrEl are T3Es that make critical and
functionally redundant contributions to the virulence of Pto.

Both HopM1 and AvrEl are hypothesized to suppress plant
defenses by disrupting G-protein-mediated endomembrane traf-
ficking which is essential to plant defense [25]. Polarized secretion
delivers antimicrobial cargo, including PR-proteins, reactive
oxygen, and components or enzymes required for reinforcing
the plant cell wall [9,26-28]. During Pto infection, HopM1 causes
the proteasome-dependent degradation of AtMIN7, an Arabidop-
sis ADP ribosylation factor-guanine nucleotide exchange factor
(ARF-GEF) [29]. Thus, HopM1 likely alters the function of small
G-proteins through elimination of a GEF protein. Degradation of
AtMIN7 by HopMI is blocked by immune responses activated
through R-protein-mediated recognition of T3Es, AvrRpt2,
AvrPphB and HopAl, indicating that part of the R-protein-
mediated response might be to maintain the integrity of AtMIN7-
dependent basal defense [30]. AtMIN7 (also known as BENI)
localizes to the trans-Golgi network/early endosome where it
regulates endocytic cycling of plasma membrane localized proteins
[30,31]. Though no molecular function has been identified for
AvrEl, mutations in motifs of AvrEl that are putatively involved
in GEF-mimicry disrupt its virulence contribution to Pto [32-34].

P. syringae pv. phaseolicola NPS3121 (Pph) is a pathogen of bean,
but is non-pathogenic on Arabidopsis. We showed previously that
Pph elicits robust defenses in Arabidopsis, including PR-1 protein
accumulation and callose deposition, without eliciting host cell
death [35]. A stop codon located midway through the /hopM1py,
gene renders it nonfunctional [22,29]. When Pph delivers
HopM1py, (hereafter simply referred to as HopM1), Pph-induced
defense responses in Arabidopsis are suppressed [35]. This strain,
Pph (HopM1), elicits less PR-1 protein and callose than Pph, but
still grows poorly on wild-type Arabidopsis. However, Pph
(HopM1) does grow to high levels in Arabidopsis plants with
mutations in defense signaling genes [35]. Thus, Pph/Arabidopsis
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1s a useful model system to study a heterologous T3E delivered
naturally through the TTSS of Pph.

Here we used Pph to investigate suppression of Arabidopsis
defense responses by HopMI. Based on the putative role of
AtMIN7 as a GEF, we hypothesized that HopM1 interferes with
trafficking of PR-1 to the apoplast. However, HopM1 did not
affect the ratio of secreted to non-secreted PR-1. Instead, HopM1
suppressed Pph-induced PR-1 expression without reducing levels
of SA. Pph-induced PR-1 protein accumulation was reduced in
plants lacking TGA3 in addition to TGAs 2,5 and 6 and HopM1
could not further inhibit PR-1 accumulation in these plants,
indicating that TGA3 is a positive regulator of the SA-independent
pathway. Consistent with a virulence function of HopM]1 that is
independent of suppressing SA-signaling, HopM1 enhanced the
growth of PtoACEL in SA-signaling deficient mutants. Surpris-
ingly, HopM1 did not cause degradation of AtMIN7 during Pph
infection and HopM1 suppressed Pph-induced callose deposition
equally well in wild-type and atmin7 mutant plants. Thus, we favor
a model in which HopM1 suppresses plant defense independent of
SA-signaling by targeting proteins other than AtMIN7.

Materials and Methods

Plant Materials and Bacterial Strains

Arabidopsis thaliana accession Col-0 was the wild type and the
background for all mutants. The atmin7 knock out (SALK_013761)
plants, described previously [29], were obtained from ABRC at
The Ohio State University, Columbus, Ohio. The RNA-null
status of atmin7 was confirmed by RT-PCR (data not shown). The
sid2-1, nprl-1, tga2-1 tgad-1 1gab-1(iga256), and tga2-1 tga3-1 igad-1
lgab-1 ({ga2356) mutants were reported previously [14,36-38].
Plants used in the study were approximately five weeks old and
were grown in cycles of 8 hours of light (115 umol m™? s7') at
23°C and 16 hours of dark at 16°C.

The Pph strain used in the study was P. syringae pv. phaseolicola
strain NPS 3121. Pph (HopM1) refers to strain 3121 carrying a
plasmid expressing the type III effector HopM]1 from Pseudomonas
syringae pv. tomato strain  DC3000, which was generated as
described previously [35]. Bacteria were grown on KB plates with
appropriate antibiotic selection, suspended in 10 mM MgCl, and
pressure infiltrated into the underside of leaves from a needleless
1 em® syringe at a concentration of 10® CFU/ml (ODgpo =0.2) for
PR-1 expression, SA quantification and callose deposition assays or
10° CFU/ml (ODgoo = 0.002) for growth curve assays, which were
performed as described [39]. Growth curve assays with Pto strains
were done using an initial bacterial titer of 10° CFU/ml

(ODGOO = 00002)

Protein

Leaf protein preparations were made as previously described
[40]. Samples were resolved on 12% SDS-PAGE gels (Mini-
PROTEAN, Bio-Rad) and transferred to polyvinylidene difluoride
membrane (Millipore, http://www.millipore.com/). Immunoblots
were performed by standard procedures using anti-AtMIN7 sera
at a dilution of 1:3000 [29], anti-PR-1 sera at a dilution of 1:5000,
or anti-CSD1 sera at a dilution of 1:500 [41]. The blots were
developed using ECL Plus Western Blotting Detection Kit, images
were acquired using a Storm 840 phosphorimager, and the protein
bands were quantified using imageQuant software (GE Life-
sciences, http://www.gelifesciences.com/).

Isolation of Intercellular Fluid

To extract intercellular fluid, 8 plant leaves were collected and
submerged completely in extraction buffer (300 mM NaCl,
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50 mM NaPO,, pH 7.0) and the buffer was vacuum infiltrated
until leaves were almost entirely water-soaked. The vacuum
infiltrated leaves were then placed inside the barrel of a 10 ml
needleless syringe from which the plunger was removed. The
syringe was held inside a 50 ml centrifuge tube and spun for 20
minutes at 2000 xg. Apoplastic fraction was retrieved from the
bottom of the tube and the tissue remaining after the extraction of
apoplastic fluid was used for cellular fraction. Protein separation
by SDS-PAGE gel and immunoblotting were performed as
described above.

Quantitative Real Time PCR

PR-1 transcript levels were measured using quantitative real
time PCR (qRT-PCR). Total RNA was prepared from approx-
imately 100 mg of plant tissue using the Qiagen Plant RNeasy
mini prep kit (Qiagen, http://www.qiagen.com/). Total RNA was
quantified using a nanodrop (NanoDrop™ ND-2000, http://
www.nanodrop.com) and agarose gel electrophoresis, DNase
treated with DNasel, Amplification Grade (Invitrogen, http://
www.invitrogen.com/), and then cDNA synthesis was performed
using Reverse Transcription system (Promega, http://www.
promega.com/). Actin 2 was used as the reference gene for
gRT-PCR. ¢cDNA was amplified using the primer sets,

Actin 2 (at3g18780): fivd- 5'-ctaagctctcaagatcaaaggctta-3’
rev- b'-ttaacattgcaaagagtttcaaggt-3’
PR-1 (at2g14610): fwd- 5'-ctacgcagaacaactaagaggcaac-3’
rev- 5'-ttggcacatccgagtetcactg-3'

For each biological replicate, each cDNA sample was tested in
triplicates with each primer set. qRT-PCR reactions were set up
using i SYBR green supermix and run in an iQ5 real-time PCR
detection system (Bio-Rad).

Callose Deposition Assay

Whole leaves were collected at approximately 16 hours after
infiltration with bacterial suspension or buffer (10 mM MgCly).
Leaves were stained with aniline blue as previously described [39]
and callose deposition was examined with a Nikon Eclipse 801
epifluorescence microscope (Nikon, http://www.nikon.com). The
size and number of callose deposits were calculated using image J
software.

SA extraction and Quantification

Infiltrated leaves were ground in liquid Ny and 0.2 g was
extracted twice overnight in 350 ul of 100% MeOH in the dark at
4°C. The supernatants were removed after centrifugation at
13,000 rpm for 10 minutes, pooled, and stored at —20°Cl until
HPLC analyses. HPLC fluorescence analyses were performed
using an Alliance 2690 separation module (Waters, www.waters.
com/) equipped with an autosampler and a 474 Fluorescence
Detector (Waters). The autosampler and column temperatures
were set to 4 and 30°C, respectively. Chromatographic separation
of methanolic extracts was carried out using a Waters Xterra™™
RP18 analytical column (3.9 pm) coupled with a 3.0x20 mm
guard column. The binary mobile phase consisted of water/acetic
acid (A) (98:2, v/v) and methanol/acetic acid (B) (98:2, v/v) with a
flow rate of 1 ml/min. The gradient was as follows (percentages
refer to proportions of eluant B): 0 to 10% (0 to 4 min); 10 to 48%
(4 t020 min); 48 to 100% (20 to38 min). The injection volume for
all samples was 15 pl. Quantification of SA was achieved using
fluorescence detection set to Aoy, =400 nm. Identification of SA
was done by matching chromatographic profiles of individual
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samples to an external standard of SA. Individual peak areas of SA
were quantified against an external standard of SA.

Results

HopM1 suppresses PR-1 transcript accumulation
independent of SA accumulation

We first hypothesized that HopMI1 suppresses secretion of
defense associated cargo, including PR-1 protein. This hypothesis
was based on (1) the targeting of an ARF-GEF by HopM1 [29]
and (2) the fact that efficient secretion of PR-1 protein is necessary
for effective resistance [9,28]. Since a reduction in the secretion
efficiency of PR-1 protein is not apparent when Pph expresses
HopMI1 (Fig. S1), this hypothesis is not supported. However, since
reduced PR-1 secretion might be offset by reduced stability of non-
secreted PR-1, we cannot rule out an effect of HopM1 on secretion
of PR-1 or other defense cargo. These results prompted us to look
for other effects of HopM1 on PR-1 expression. The levels of PR-1
transcript following challenge of Arabidopsis with Pph or Pph
(HopM1) were measured with quantitative real-time PCR (qR'T-
PCR) (Fig. 1A). The induced expression of PR-1 was only ~60%,
and 50% as much in Pph (HopMI)-infected leaves as in Pph-
infected leaves at 24 and 48 hours after infiltration (hai),
respectively. These reductions in transcript were similar to the
observed reductions in PR-1 protein accumulation (Fig. 1B). We
previously showed that SIDZ2, which often is required for defense-
associated SA production, is required for full Pph-induced PR-1
protein accumulation [35,38]. Thus, we speculated that HopM 1
might reduce Pph-induced PR-/ transcript accumulation by
suppressing accumulation of SA. To test this idea, levels of free
SA in leaves of Arabidopsis infiltrated with buffer, Pph, or Pph
(HopM1) were measured (Fig. 1C). Very low levels of SA were
present at 6 hai with Pph or Pph (HopM1) and at all tested time
points following infiltration with buffer. Infiltration with Pph or
Pph (HopM1) elicited accumulation of free SA at 12, 24, and
48 hours and the levels of SA were not reduced by expression of
HopMI1. The apparent increase in SA induced by Pph (HopM1)
relative to Pph at 24 and 48 hai observed in figure 1C was not
reproducible (e.g. see 24 hour samples in figs. 2B and 3B).
Altogether, figure 1A—C shows that HopM1 suppresses the Pph-
induced accumulation of PR-1 transcripts and protein downstream
or independent of SA accumulation.

To further examine the relationship between HopM1 and SA-
signaling, we tested the effect of exogenously applied SA on PR-1
protein accumulation after infiltration with Pph (HopM1). We
reasoned that if HopM1 functioned independent of SA-signaling,
then the reduced levels of PR-1 induced by Pph (HopM1) would
not be restored by SA-supplementation. Col-0 leaves were
infiltrated with buffer, Pph, or Pph (HopM1). After the infiltrate
dried, plants were sprayed with 300 pM SA or were left
unsprayed. PR-I expression was measured by anti-PR-1 immu-
noblotting at 24 and 48 hai (Fig. S2). At each time point, the
amount of PR-1 protein induced by infiltration with Pph (HopM1)
was set to 1. Notably, the level of PR-1 accumulation induced by
Pph was not significantly increased by SA spray at either time
point, indicating that SA-signaling is fully activated by Pph. Thus,
the observation that the lower level of PR-1 induced by Pph
(HopM1) was not restored by spraying with supplemental SA
indicates that SA is still not rate limiting and therefore HopM1
likely targets an SA-independent process. This result reinforces the
conclusion that HopM1 can suppress PR-1 expression in a manner
that is independent of the level of SA.

We also examined the ability of HopMI1 to suppress PR-/
expression in plants with compromised SA-accumulation and/or
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Figure 1. HopM1 suppresses Pph-induced PR-7 expression without reducing accumulation of SA. A) Col-0 leaves were infiltrated with
buffer, Pph, or Pph (HopM1), sprayed with 500 uM SA, or left untreated. Quantitative real time PCR (qRT-PCR) was used to measure the amount of PR-
1 transcript (relative to actin) at 12, 24, and 48 hai. The graph shows combined values from three independent biological replicates normalized with
Pph in Col-0 at 24 hai set to 1. Error bars represent standard deviations. Paired two-tailed t-tests indicate that Pph (HopM1) induced less PR-1
transcript than Pph at 24 (¥, P=0.0001) and 48 (**, P =0.004) hai. PR-1 accumulation with SA treatment was also significantly higher compared to Pph
infiltration at 12 hai (***, P=0.02). B) From leaves treated as in (A), total protein was extracted at 24 and 48 hai and subjected to anti-PR-1
immunoblotting. PR-1 protein in each sample was quantified and normalized with the value for Pph at 48 hai set to 1. The numbers shown below the
blots indicate the average and standard deviation of combined data from three independent biological replicates. Paired two-tailed t-tests indicate
that Pph (HopM1) induce less PR-1 protein than Pph at both 24 and 48 hai (P<0.05). The cross-reacting band above PR-1 and ponceau staining of
RuBisCo indicate equal loading of samples. C) From leaves treated as in (A), SA was extracted at 6, 12, 24, and 48 hai and measured by HPLC. Shown is
the combined data from three biological replicates and error bars represent standard deviations. Samples marked with asterisks (*) contained too
little SA for accurate quantification.

doi:10.1371/journal.pone.0082032.g001

signaling. Col-0, sid2, nprl, or sid2nprl plants were infiltrated with was set to 1. Pph-induced PR-1 accumulation was reduced in each
Pph or Pph (HopM1) and the accumulation of PR-1 protein was of the mutants. HopM1 further suppressed the low levels of PR-1
measured at 24 and 48 hai (Fig. 2A). At each time point, the that accumulated by 48 hai in the mutants. Because plants can
amount of PR-1 protein induced by infiltration of Col-0 with Pph produce SA from chorismate (dependent on SID2) or from
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Figure 2. HopM1 suppresses Pph-induced PR-7 expression in SA-signaling deficient backgrounds. A) Col-0 and SA-signaling mutant
plants were infiltrated with buffer, Pph, or Pph (HopM1) and the amount of PR-1 protein was measured by immunoblotting at 24 and 48 hai.
Quantified data were normalized with the amount of PR-1 induced by Pph in Col-0 set to 1. The average and standard deviation of values from three
independent biological replicates are shown below the PR-1 blot. SD values for those samples that showed detectable PR-1 levels in only one
replicate are not calculated (-). Ponceau stains of the membranes demonstrating equal protein loading are shown below. B) Plants were treated as in
(A) and SA levels in leaves were measured at 12 and 24 hai. Shown is the combined data from three independent biological replicates and error bars

represent standard deviations.
doi:10.1371/journal.pone.0082032.g002

phenylalanine (independent of SID2), we sought to determine
whether Pph elicits SA accumulation in the sid2 mutant. SA
measurements in sid2 plants indicated that infiltration with buffer,
Pph, or Pph (HopM1) each elicit similar, low levels of SA (Fig. 2B).
These data provide evidence for the existence of an SA-
independent pathway for PR-I expression and indicate that
HopM1 affects PR-1 expression at least in part by suppressing the
SA-independent defense pathway.

AtMIN7? positively contributes to PR-1 expression induced
by Pph

The ability of HopMI to eliminate AtMIN7 is part of its
contribution to full growth of the Arabidopsis pathogen Pto [29].

PLOS ONE | www.plosone.org

We compared Col-0 and atmin/7 mutant plants to test the
contribution of AtMIN7 to PR-I expression in response to Pph
(Fig. 3A). At 28 hai, Pph elicited only ~40% as much PR-I
transcript in atmin7 as in Col-0, indicating a positive contribution
of AtMIN?7 to this Pph-induced defense response.

HopM1 has been shown to interact with and target proteins
other than AtMIN7 (Nomura e al, 2006). Consistent with
figure 1A, Pph (HopMI1) induced accumulation of less PR-I
transcript than did Pph in Col-0. Figure 3A shows that HopM]1
similarly reduced PR-I transcript accumulation in the absence of
AtMIN7. Following infiltration of atmin7 plants, Pph (HopMI)
induced only ~40% as much PR-/ transcript as did Pph. The
combined effects of the absence of AtMIN7 and the action of

December 2013 | Volume 8 | Issue 12 | e82032
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Figure 3. AtMIN7 positively regulates Pph-induced PR-7 transcript accumulation without affecting accumulation of SA. A) Col-0 or
atmin7 plants were infiltrated with buffer, Pph, or Pph (HopM1). PR-1 transcript levels were measured by qRT-PCR at 28 hai. The graph shows
combined data from three independent biological replicates normalized with Pph in Col-0 set to 1. Paired two-tailed t-tests indicate significant
differences between PR-1 transcript levels induced by Pph in Col-0 versus atmin7 and by Pph versus Pph (HopM1) in atmin7 plants (¥, P<0.001). B)
Plants were treated as in (A) and SA levels in leaves were measured at 12 and 24 hai. Shown is the combined data from three independent biological
replicates and error bars represent standard deviations. Paired two-tailed t-tests indicate that SA levels induced by Pph in Col-0 versus atmin7 differed
at 12 hai (P=0.03) and that differences with Pph versus Pph (HopM1) in Col-0 or atmin7 were not apparent at 12 or 24 hai (P=0.5). C) Plants were
treated as in (A) and total protein samples from 24 and 48 hai were subjected to anti-PR-1 immunoblotting. Quantified data were normalized with the
amount of PR-1 protein induced by Pph in Col-0 set to 1. The average and standard deviation values for four independent biological replicates are
shown below the blots. Paired two-tailed t-tests did not show significant differences between PR-1 levels in Col-0 versus atmin7 plants infiltrated with

Pph or Pph (HopM1) (P=0.3). The cross-reacting band above PR-1 and ponceau staining of RuBisCo indicate equal loading of samples.

doi:10.1371/journal.pone.0082032.g003

HopM1 are striking; Pph (HopM1) in atmin7 induced only ~15%
as much PR-1 transcript accumulation as did Pph in Col-0. Since
HopMI1 reduces PR-1 transcript levels induced by Pph to a similar
extent in Col-0 and atmin7 plants, this defense suppressing activity
is mediated independent of targeting AtMIN7 or through
elimination of AtMIN7 and perturbation of additional plant
targets.

We used atmin7 plants to further examine the role of SA-
independent PR-I expression in response to Pph infection. SA
levels were measured at 12 and 24 hai of atmin7 and Col-0 plants
with buffer, Pph, or Pph (HopM1) (Fig. 3B). As was observed in
figure 1C, the accumulation of SA in wild-type Arabidopsis in
response to Pph was not reduced by the expression of HopMI.
Furthermore, the levels of Pph- and Pph (HopM]l)-induced SA
were similar in wild-type and atmin7 mutant plants. Although levels
of PR-1 transcript were lowest following infiltration of atmin7 with
Pph (HopM1), the amount of free SA was still not reduced. These
results provide additional evidence that HopM1 suppresses PR-/
expression and AtMIN7 makes a positive contribution towards the
elicitation of this defense response without affecting SA accumu-
lation.

AtMIN7 contributes to PR-T transcript accumulation
following infiltration of Pph but not spraying of SA

AtMIN7 could contribute to Pph-induced PR-1 expression in
either of two ways: (1) it could be required for SA-signaling
downstream from SA accumulation (e.g. regulating the nuclear
function of NPRI) or (2) it could otherwise regulate PR-/
expression (eg. a Pph-induced pathway that independently
impinges on the PR-/ promoter or that alters PR-I transcript
stability). A prediction based on the second hypothesis is that the
absence of AtMIN7 will not affect PR-I expression induced by
direct application of SA. To test this hypothesis, Col-0 and atmin7
plants were sprayed with water or 300 pM SA or infiltrated with
Pph and the levels of PR-1 transcript were measured after 12 and
24 hours (Fig. 4A). As observed in figure 3, Pph infiltration elicited
~40% as much PR-1 transcript in atmin7 as in Col-0. Contrary to
Pph infiltration, spraying with SA elicited comparable levels of PR-
1 transcript in atmin7 and Col-0 plants. These results demonstrate
that AtMIN7 is not required for SA-induced PR-I transcript
accumulation. Thus, we infer that AtMIN7 contributes to Pph-
induced PR-1 transcript accumulation independent of the
canonical SA-signaling pathway.

Contrary to its positive contribution to PR-T transcript
accumulation, AtMIN7 negatively affects PR-1 protein
accumulation

During the course of this work we repeatedly observed that, on
a per PR-1 transcript basis, the PR-1 protein accumulates more
efficiently in atmin7 than in Col-0 plants. For example, the levels of
PR-1 protein induced by Pph infiltration were similar between
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Col-0 and atmin7 plants (Fig. 3C and 4B), despite the lower levels
of PR-1 transcript in atmin7 (Fig. 3A and 4A). Figure 4 also shows
that the enhanced PR-1 protein accumulation in afmin7 is not
specific to Pph infiltration. Spraying Col-0 and a#min7/ plants with
SA-induced comparable levels of PR-1 transcript in both
genotypes, but induced more PR-1 protein in atmin7. Collectively,
these results indicate that the absence of AtMIN7 reduces Pph-
induced PR-/ transcript accumulation while nonetheless increas-
ing the amount of PR-1 protein that accumulates per transcript.
The same effect is not observed when Pph expresses HopMI,
presumably because HopMI fails to eliminate AtMIN7 during
Pph infection (see below).

Target(s) of HopM1 other than AtMIN7 are critical for
Pph-induced defense responses

Suppression of PR-1 transcript levels in aimin7 plants by HopM1
raised the possibility of HopM1 functioning either independent of
AtMIN7 or through perturbation of other targets in addition to
AtMIN7. Recent studies have shown that ETI can suppress
HopM1 mediated degradation of AtMIN7 [30]. Pph elicits much
stronger defense responses, including PR-/ expression, than does a
TTSS-deficient mutant of Pph, indicating that Pph may elicit ETI
in Arabidopsis [35]. Thus we tested for degradation of AtMIN7 by
HopM1 during Pph infection by examining levels of AtMIN7
protein after challenge of Col-0 plants with Pph or Pph (HopM1I).
At 9 and 24 hai, Pph induced elevated levels of AtMIN7 protein
and HopM!1 failed to eliminate protein accumulation (Fig. 5A).
Since HopMI fails to eliminate AtMIN7 during a Pph infection,
we concluded that PR-1 expression is suppressed via targets other
than AtMIN7.

We also wished to compare the effect of HopM1 on Pph-
induced PR-1 expression with its ability to suppress Pph-induced
callose deposition. We showed previously that Pph induces two
distinct types of callose deposits in Col-0 that are classified as small
and big callose [35]. Small callose deposits are sub-cellular and
indistinguishable from those elicited by flg22 or TTSS-deficient
bacteria, while big callose deposits are entire mesophyll cells
encased in callose. We also showed that the numbers of small and
big callose deposits induced by Pph are comparable in wild-type
Col-0 and in the sid2 and npr! mutants [35]. Thus, SA-signaling is
not required for Pph-induced callose deposition. We wondered if
HopM1 suppresses Pph-induced callose deposition via the same
mechanism that it suppresses Pph-induced PR-/ transcript
accumulation.

To address this question, we compared the pattern of callose
deposition in Col-0 and atmin7 following infiltration with Pph or
Pph (HopM1). Because callose deposition in response to PtoACEL
is reduced in atmin7 [29], we expected the mutation would also
impair Pph-induced callose deposition. We reproduced the results
of Nomura ¢ al. with PtoACEL (data not shown), but surprisingly
Pph elicited indistinguishable patterns of callose deposition in Col-
0 and atmin7 plants (Fig. 5B,C). Thus, AtMIN?7 is not necessary for
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band above PR-1 and ponceau staining of RuBisCo indicate equal loading of samples.

doi:10.1371/journal.pone.0082032.g004

the callose response against Pph. Furthermore, the ability of
HopMI1 to suppress Pph-induced callose is similar in Col-0 and
atmin7 plants (Fig. 5B,C). Thus, HopM1 suppresses Pph-induced
callose through a mechanism independent of AtMIN7. We are
unable to ascertain if AtMIN7 contributes in a functionally
redundant manner with one or more additional targets of HopM1.
However, contrary to its positive contribution to Pph-induced PR-
1 transcript accumulation, AtMIN7 does not make a detectable
contribution to Pph-induced callose deposition. These results,
which indicate (1) the existence of an AtMIN7-independent
pathway for Pph-induced callose deposition and (2) HopMI-
mediated suppression of this pathway through targets other than
AtMIN7, highlight the complexity of the plant defense signaling
network and that the network is targeted in multiple ways by
HopM1.

TGA3 transcription factor is a positive regulator of Pph-
induced, SA-independent pathway for PR-1 expression
Members of the TGA family of transcription factors are known
to be required for SA-dependent PR-I expression. TGA triple
(tea256) and quadruple (fga2356) mutants are defective in SA-
induced PR-1 expression [14,36]. We checked if TGA family
members are involved in SA-independent PR-1 protein accumu-
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lation. Wild-type,{ga256 and {ga2356 plants were inoculated with
Pph or Pph (HopMIl) and PR-1 protein accumulation was
analyzed at 24 and 48 hai (Fig. 6). As already noted, PR-1 protein
levels were reduced after inoculation with Pph (HopM1) relative to
Pph in wild-type plants. In {ga256 mutants, contrary to the
mability of SA to induce PR-I expression, Pph induced
accumulation of PR-1 protein. In this background, HopMI
suppressed PR-1 accumulation. In the quadruple {ga2356 mutant,
Pph induced low levels of PR-1 protein compared to either wild-
type or the {ga256 triple mutant. Remarkably, HopM1 was unable
to suppress PR-1 accumulation in {ga2356 plants indicating that
TGA3 plays a significant role in Pph-induced PR-1 protein
accumulation, possibly through its involvement in both SA-
dependent as well as SA-independent pathways.

HopM?1 suppresses defense responses independent of
SA-signaling to promote virulence in Pto

Ham et al showed that HopM1 enhances the growth of Pph
only when multiple defense pathways are interrupted [35]. Our
comparison of the growth levels of Pph and Pph (HopM1) in wild
type and SA-signaling mutant plants supported this finding. Pph or
Pph (HopMI) each failed to proliferate in Col-0 or SA-signaling
mutants (Fig S3).
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fluorescent microscopy. Representative pictures are shown. The scale bar in the bottom right picture is 100 microns. C) Image J was used to count
small and big callose deposits. Shown are the average and standard deviations from three independent biological replicates. Paired two-tailed t-tests
indicate that the callose deposits induced in Col-0 versus atmin7 did not differ for Pph or Pph (HopM1) (P>0.6).

doi:10.1371/journal.pone.0082032.9g005

To examine the ability of HopM1 to promote bacterial growth
while avoiding the use of multiple mutant plants, we turned to the
ACEL mutant of Pto. Col-0 and SA-signaling mutant plants were
infiltrated with Pto, PtoACEL, or PwACEL (HopMl) and
bacterial growth was compared after 4 days. In sid2 and npr!
single mutants, the growth of PtoACEL was partially comple-
mented by HopM1 showing that the suppression of defenses in
addition to those induced by SA are important for virulence
promotion by HopM1(Fig. 7A). Interestingly, PtoACEL (HopM1)
grew as well as wild type Pto in sid2nprl double mutants, strongly
supporting our conclusion that HopMI1 promotes virulence
independent of suppressing SA-mediated defenses. Why HopM1
promotes the growth of PtoACEL better in the double mutant
than in the single mutants is not known.

To support our assertion that HopM!1 functions independent of
suppressing SA-signaling, we checked free SA levels in wild type
and mutant plants following infiltration with these bacterial strains.
As expected, SA did not accumulate to detectable levels in sid2 and
sid2nprl mutants (Fig. 7B). Also, nprl plants accumulated more SA
compared to Col-0 (Fig. 7B), consistent with the earlier findings
that NPR1 mediates negative feedback regulation on the
production of SA [42]. Thus, HopMIl promotes bacterial
virulence independent of suppressing SA-signaling.

Discussion

PR-1 expression is a widely monitored readout of SA-signaling
in plant defense. Indeed, SA contributes significantly to Pph-

Col-0 tga256 tga2356
Buffer Pph Pph Buffer Pph Buffer Pph Pph
(HopM1) (HopM1) (HopM1)
PR-1 —— _— -—
. 1.0 04 0.1 0.9
Avg: 24 hours
SD: 0.2 0.1 0.04 0.07
— —
RuBisCo ———p
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(HopM1) (HopM1) (HopM1)
Avg : 1.0 0.6 13 0.7 0.4 04
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Figure 6. TGA3 is a positive regulator of Pph-induced PR-1 protein accumulation. Col-0, tga256, and tga2356 plants were infiltrated with
buffer, Pph or Pph(HopM1) and PR-1 protein levels were measured from samples collected at 24 and 48hai by immunoblotting. Protein levels were
quantified and the data were normalized with amount of protein induced by Pph at each time point set to 1. The average and standard deviations
from multiple replicates are shown below the blots. Ponceau staining of RuBisCo indicate equal loading.

doi:10.1371/journal.pone.0082032.g006
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induced expression of PR-I. However, Pph also elicits an SA- transporters [31], AtMIN7 may promote trafficking of PR-1

independent pathway that contributes to PR-I expression. Pph through the early endosome to the vacuole where it is unstable.
elicits significant accumulation of PR-1 protein without eliciting Second, our observation that HopM1 suppresses Pph-induced PR-
SA accumulation in sid2 mutant plants (Fig. 2). Highlighting the 1 transcript accumulation to levels that correlate well with the
potential significance of this non-canonical pathway to plant suppression of PR-1 protein accumulation provides a more
defense against P. syringae, HopM1, a key T3E from the CEL, parsimonious explanation.
suppresses SA-independent expression of PR-I induced by Pph There are several possible explanations why the secretion
through perturbation of one or more of its targets in Arabidopsis efficiency of PR-1 protein in SA-sprayed plants was higher than in
(Fig. S4). leaves infiltrated with Pph or Pph (HopMIl) (Fig. S1). Pph,
Our initial hypothesis that HopM1 destabilizes Pph-induced although non-pathogenic on Arabidopsis, may be somewhat
PR-1 protein by suppressing its trafficking is now disfavored for effective at inhibiting defense associated secretion of PR-1. Or,
two reasons. First, our analysis of PR-1 secretion efficiency did not incorporation of PR-1 into cell wall thickenings associated with the
reveal an effect of HopM1 on PR-1 trafficking (Fig. S1). However, defense response against non-pathogenic bacteria [28] may reduce

it remained possible that HopM1 suppresses PR-1 secretion and the efficiency with which PR-1 protein is extracted into the
non-secreted PR-1 is destabilized producing a negligible net effect apoplastic fluid. Or, SA spray may induce the expression of genes

on the ratio of extracellular to intracellular PR-1. Inconsistent with required for efficient secretion of PR-1 into the apoplast more
this idea, PR-1 protein appears to be stabilized in atmin7 mutant potently than Pph infiltration [9]. Regardless of the cause, this
plants. Similar to its hypothesized role in trafficking of auxin observation demonstrates that extraction of PR-1 protein in the
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apoplastic fluid can be highly efficient, lending more weight to the
similar and low extraction efficiencies observed following chal-
lenge with Pph or Pph (HopM1).

Our data support the hypothesis that HopM 1 suppresses an SA-
independent pathway and that TGA3, AtMIN7, and other targets
of HopM1 positively regulate the pathway (Fig. S4). Pph elicits less
PR-1 transcript accumulation when it expresses HopM1 or infects
atmin7 plants (Fig. 3A). Similar to the effect of HopM1, the atmin7
mutant shows reduced PR-1 expression without a reduction in SA
accumulation (Fig. 3B) and exogenous SA application elicits
comparable levels of PR-I transcript accumulation in Col-0 and
atmin7 (Fig. 4A), indicating that AtMIN7 positively regulates the
SA-independent pathway. However, in our growth conditions,
HopM1 fails to eliminate AtMIN7 during Pph infection suggesting
that it is affecting the SA-independent pathway by targeting
proteins other than AtMIN7 (Fig. 5A). It will be of great interest to
determine the nature of the HopM 1-suppressed pathway and what
genes, in addition to PR-1, are regulated by it.

TGA transcription factors are key regulators of SA-dependent
and SA-independent PR-I expression [44]. We show here that
TGA3 is a positive regulator of Pph-induced PR-I expression
(Fig. 6). The dependence of TGA3 is observed in the background
of the tga256 triple mutant, which surprisingly has no effect on
Pph-induced PR-1 expression. Without testing the effectiveness of
HopM1 in a {ga2356 quadruple mutant that is also deficient in SA-
signaling, we cannot say for sure that the contribution of TGA3 is
mediated in an SA-independent manner. However, regulation of
PR-1 expression by TGA3 has been shown to be not completely
dependent on NPR1, a key regulator of SA-signaling pathway
[14,44]. TGAS3 is known to interact with the cytokinin reponse
regulator, ARR2 and this interaction is reported to be required for
cytokinin dependent PR-1 activation [15]. ARR2 is also shown to
be involved in ethylene signaling and is observed to affect the
expression of genes involved in other hormone signaling pathways
as well as biotic and abiotic stress responses [45]. Recently it has
been reported that ARR2 is degraded in a proteasome dependent
manner in order to maintain cytokinin signaling output at optimal
levels for plant growth and development [46]. By targeting a
regulator of TGA3 function, such as ARR2, HopM1 might be
able to disrupt multiple defense signaling pathways.

HopM1 also suppresses callose deposition via multiple plant
targets. HopMI1 suppresses SA-dependent callose deposition
elicited by PtoACEL [23] and elimination of AtMIN7 contributes
to this activity since PtoACEL elicits reduced callose in the atmin7
mutant [29]. The SA-dependence of callose deposition by
PtoACEL is due to the ability of coronatine to inhibit an SA-
independent pathway supporting this cell wall response [43].
HopMI1 also suppresses the deposition of SA-independent callose
elicited by Pph [35]. Remarkably, the atmin7 mutation has no
effect on Pph-induced callose deposition or its suppression by
HopM1 (Figs. 5B and 5C). Since HopMI1 suppresses PR-I
expression and callose deposition by elimination of targets other
than AtMIN7, Pph-induced defenses will be useful readouts to
study the role of HopM1 targets other than AtMIN7. Notably, the
ability of HopMI1 to suppress SA-independent responses is
biologically relevant as it significantly increases the growth of
PtoACEL in plants deficient in SA-signaling.

Supporting Information

Figure S1 HopM]1 does not alter the secretion efficiency
of PR-1 protein following Pph infiltration. A) Col-0 plants
were infiltrated with buffer, Pph, or Pph (HopM1) or were sprayed
with 500 pM SA. After 24 or 48 hours, apoplastic fluid was
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extracted from treated leaves and total protein was prepared from
leaves after apoplastic fluid extraction (Cellular fraction). Apo-
plastic and cellular fractions were subjected to anti-PR-1
immunoblotting (middle panels, lower band). Ponceau staining
of RuBisCo and immunoblot detection of CSDI1, a cytosolic
protein, and the anti-PR-1 cross-reacting band above PR-1
indicate that non-secreted cellular proteins are efficiently retained
in the cellular sample. The reduced amount of RuBisCo in the
bacterial infiltrated samples correlates with observed tissue
collapse. B) For four separate biological replicates of the
experiment shown in figure 1A, PR-1 protein in each sample
was quantified and the ratios of apoplastic to cellular for each
treatment were determined. Within each experiment at 24 and
48 hours, the ratios were normalized with the Pph treatment set to
1. The graph shows the composite of the normalized data from the
four experiments and the error bars represent standard deviations.
Paired two tail t-tests indicate that the apoplastic:cellular ratios of
samples sprayed with SA differed significantly from the samples
infiltrated with either Pph or Pph (HopMI) at 48 hours (¥,
P=0.03 for both comparisons). C) To establish a standard curve
for PR-1 quantification, a protein extract with very high levels of
PR-1 was serially diluted into an extract with no detectable PR-1
and subjected to anti-PR-1 immunoblotting. The graph at right
shows the relationship between band quantification and amount of
PR-1 protein. PR-1 was similarly quantified in other figures within
the paper.

(TIF)

Figure S2 HopMI1 suppresses PR-1 accumulation inde-
pendent of SA. Col-0 plants were challenged in two stages. First,
leaves were infiltrated with buffer, Pph, or Pph (HopM1). Second,
after 2 hours (sufficient time for the infiltrated tissue to dry) the
plants were left untreated or were sprayed with 300 uM SA,
indicated as (—) or (+), respectively. At 24 and 48 hours after the
infiltration step, total protein was subjected to anti-PR-1
immunoblotting. Quantified data was normalized for each time
point with the amount of PR-1 induced by Pph (HopM]1) set to 1.
The average and standard deviation values from five biological
replicates (except for Pph infiltration followed by SA spray, which
was from three biological replicates) are shown below the
representative blots. Paired two-tailed t-tests indicate that protein
levels induced by unsprayed, Pph or Pph (HopMI)-infiltrated
leaves did not significantly differ from Pph or Pph (HopM1)-
infiltrated leaves subsequently sprayed with SA at 24 (P=0.3) or
48 hours (P=0.4). Ponceau stains of the membranes demonstrate
equal protein loading.

(TIFF)

Figure S3 HopM1I fails to promote growth of Pph in SA
signaling mutants. Col-0, sid2, nprl and sid2nprl plants were
infiltrated with 10° CFU/ml of either Pph or Pph (HopM1).
Bacterial growth was assayed at 0, 2 and 4 days after infiltration.
Graph represents the combined result from 5 different biological
replicates for day 4 and 2 biological replicates for day 2. The
dashed line represents bacterial levels at day 0. Error bars
represent standard deviations.

(TIF)

Figure S4 Model for suppression of Pph-induced PR-1
expression and callose deposition by HopM1. Pph elicits
PR-1 expression and callose deposition via pathways independent
of the canonical SID2- and NPRI-dependent SA-signaling
pathway. AtMIN7 and TGA3 positively regulate the alternate
pathway leading to PR-1 expression. HopMI1 inhibits both the
alternate pathways by eliminating targets other than AtMIN7.
(TTF)
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