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Plant heat shock protein Hsp70 is the major target of HopI1,
a virulence effector of pathogenic Pseudomonas syringae. Hsp70 is
essential for the virulence function of HopI1. HopI1 directly binds
Hsp70 through its C-terminal J domain and stimulates Hsp70 ATP
hydrolysis activity in vitro. In plants, HopI1 forms large complexes
in association with Hsp70 and induces and recruits cytosolic Hsp70
to chloroplasts, the site of HopI1 localization. Deletion of a central
P/Q-rich repeat region disrupts HopI1 virulence but not Hsp70 inter-
actions or association with chloroplasts. Thus, HopI1 must not only
bind Hsp70 through its J domain, but likely actively affects Hsp70
activity and/or specificity. At high temperature, HopI1 is dispensable
for P. syringae pathogenicity, unless excess Hsp70 is provided. A
working hypothesis is that Hsp70 has a defense-promoting activity(s)
thatHopI1orhigh temperature can subvert. Enhanced susceptibility of
Hsp70-depleted plants to nonpathogenic strains of P. syringae sup-
ports a defense-promoting role for Hsp70.
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To cause a successful infection, many plant pathogenic bacteria
use a type III secretion system through which dozens of dif-

ferent effector proteins are injected into plant cells (1). Pseudo-
monas syringae, a type III-requiring pathogen, causes disease on
foliage and fruits of diverse plants. Some P. syringae effectors can
restrict host range and/or disease potential, rendering the path-
ogen “avirulent,” when they are recognized by a plant’s defense
machinery (2). However, in many cases, effectors suppress plant
immune responses (1, 3). These virulence effectors are of intense
interest, because their study not only gives insight into pathogenic
mechanisms, but they can be used to identify previously unknown
defense components (1, 4, 5) whose engineering may lead to novel
approaches for creating disease-resistant plants.
The P. syringae pv.maculicolaES4326 (Pma) HopI1 effector, a J

protein (i.e., one that contains a J domain) suppresses accumula-
tion of the defense regulator salicylic acid (SA) and related plant
defenses (6). HopI1 localizes to chloroplasts where SA is synthe-
sized (7) and also affects thylakoid stack structure within chlor-
oplasts (6). HopI1-expressing plants can rescue the virulence
defect of PmaΔhopI1 bacteria, indicating that HopI1 exerts its
effects from within plant cells. All pathogenic P. syringae examined
have a HopI1 allele with a conserved 190-amino acid N-terminal
region of unknown function, a middle region with variable num-
bers of P/Q-rich 37/38 amino acid repeats (1–6) and a conserved
70-amino acid J domain. Several alleles with different repeat
numbers can complement the virulence defect of PmaΔhopI1,
indicating they all function similarly (6).
The J domain of HopI1 provides a clue to HopI1’s possible

mechanism of action. J proteins bind Hsp70 through the J domain
and stimulate Hsp70’s ATP hydrolysis activity as well as other
activities such as de novo folding of client proteins, intervening
when proteins are improperly folded—often during stress con-
ditions, protein degradation, and the disassembly of complexes,
protein translocation, and trafficking (8–10). A conserved HPD
loop of J domains is essential for interaction with Hsp70 and
modulating Hsp70 activities (8). Arabidopsis has 16 Hsp70s, at
least two in each cellular compartment (11, 12) and >100 J pro-

teins (13, 14). J proteins are divided to three classes depending on
the presence of other conserved domains. Classic cochaperones of
Hsp70 with similar organization as Hsp40 form class I (15). HopI1
belongs to class III, because it has no other domains found in
Hsp40 homologs. Known class III J proteins in plants play roles in
chloroplast movements and uncoating of clathrin vesicles (14).
HopI1’s J domain can functionally substitute for the J domain

of Ydj1 in yeast, because chimeric HopI1(J domain)-Ydj1ΔJ
rescues Δydj1 yeast growth at high temperature (6). An HPD
loop mutant (HPD/QAA) disrupts the ability of the J domain of
HopI1 to function in yeast and the ability of HopI1 to comple-
ment the virulence defect of PmaΔhopI1 (6), proving that the J
domain of HopI1 is functional.
Here, we provide biochemical evidence for the basis of HopI1’s

virulence activity, identify a region of HopI1 that is essential for its
function in promoting pathogen growth, and define the environ-
mental conditions under which HopI1’s role during infection is
important. We show that Hsp70 is essential for mediating HopI1’s
virulence effect and plays a role in basal resistance to a non-
pathogenic strain of P. syringae.

Results
HopI1 Is a Virulence Factor on Many Crops. During Pma infections
of the model plants Arabidopsis thaliana, Nicotiana benthamiana,
and N. tabacum, the HopI1 effector has a strong virulence role
(6). Because P. syringae causes disease on diverse plants of ag-
ricultural importance, we tested the virulence role of HopI1
during infection of various crops. The PmaΔhopI1 strain grew
less (Fig. 1) and caused less disease symptoms than Pma (Fig. S1)
on tomato (several cultivars), peas, and many mustard family
plants related to radish from which Pma was isolated (16). Thus,
HopI1 is an effective virulence factor on all tested crop plants.

HopI1 Interacts with Hsp70 and Stimulates ATP Hydrolysis via the J
Domain in Vitro. Because many J domains bind directly to Hsp70
proteins (8), we tested whether HopI1’s J domain can directly
interact with plant Hsp70s. Recombinant His-tagged HopI1Pma
J domain, but not the control protein His6-HopX2, specifically
bound in vitro full-length plant cytosolic and ER Hsp70 isoforms
fused to GST (Fig. 2A). It did not interact with a truncated version
of chloroplast Hsp70-GST that lacked the N-terminal region of
Hsp70 required for interaction with J domains (15). Because we
did not have soluble full-length recombinant chloroplast Hsp70,
we tested whether HopI1 can bind cpHsp70 from isolated chlor-
oplasts. Recombinant full-length His6-HopI1 from P. syringae pv.
syringae strain B728a (HopI1Psy; HopI1Pma was not tested because

Author contributions: J.J. and J.T.G. designed research; J.J. and J.A.v.H. performed re-
search; J.J. contributed new reagents/analytic tools; J.J., J.A.v.H., and J.T.G. analyzed data;
and J.J. and J.T.G. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence may be addressed. E-mail: jjelensk@uchicago.edu or
jgreenbe@midway.uchicago.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.0910943107/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.0910943107 PNAS | July 20, 2010 | vol. 107 | no. 29 | 13177–13182

PL
A
N
T
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0910943107/-/DCSupplemental/pnas.200910943SI.pdf?targetid=nameddest=SF1
mailto:jjelensk@uchicago.edu
mailto:jgreenbe@midway.uchicago.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0910943107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0910943107/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.0910943107


of its low solubility in Escherichia coli) immobilized on Ni2+-beads
pulled down cpHsp70 from pea chloroplast extracts, whereas His6-
HopX2 did not (Fig. 2B). Thus, HopI1 can interact with different
isoforms of plant Hsp70s in vitro, and J domain alone is sufficient
for binding.
Like other J proteins, HopI1Psy acted as a typical cochaperone

of Arabidopsis or human Hsp70 by increasing their ATP hy-
drolysis activities (Fig. 2C). This stimulatory activity largely
depended on an intact J domain, because an HPD/QAA J do-
main loop variant of HopI1Psy stimulated Hsp70 ATPase much
less (Fig. 2C). Thus, HopI1 has features of a typical J protein,
because it can bind Hsp70 and stimulate its activity.

HopI1 Interacts Mainly with Hsp70 in Vivo and Forms Large Complexes.
To discover the main HopI1-interacting proteins in vivo, we
immunoprecipitated (IP) complexes with an anti-HA matrix from
total or chloroplast-enriched extracts of HopI1Pma-HA-expressing
Arabidopsis (both uninfected and PmaΔhopI1-infected) (Fig. 3A).
Proteins in the two major specific bands found in the HopI1 com-
plexes, but absent from control plants, were identified by LC-MS/
MS as HopI1 and several forms of Hsp70, most predominantly
Hsp70-1 and -3, and one peptide specific for chloroplast cpHsp70-
1 (Hsp70-6) (Table S1). Hsp70-1 is a cytosolic isoform but was also
found in chloroplast stroma in proteomic studies (17, 18). Many
Hsp70 peptides identified by LC-MS/MS matched more than one
Hsp70 isoform. Consistent with the LC-MS/MS analysis, an anti-
body specific for cytosolic Hsp70s (cytHsp70) (19) showed strong
immunoreactivity with a 70-kDa band from HopI1-containing
complexes (Fig. 3B and Fig. S2), which was absent in control IPs
from vector-transformed Arabidopsis and N. benthamiana. Hsp70
isoformswere themain interactors ofHopI1 visible on Coomassie-
stained gels of proteins precipitated with HopI1-HA from total
and chloroplast-enriched plant extracts (Fig. 3 A and B and Fig.
S2). Blue native and 2D gels showed that HopI1 formed large
complexes (240–480 kDa) in vivo of similar sizes to complexes
formed by cytosolic Hsp70 inHopI1-expressing plants (Fig. 3C and
Fig. S3). Hsp70 was not detectable in such large complexes in WT
Arabidopsis (Fig. 3C and Fig. S3); however, such complexes were
formed during infection of WT plants with PmaES4326, albeit at
lower levels than in transgenic plants (Fig. 3C).

J Domain and Its HPD Loop Are Critical for Hsp70 Binding. Hsp70 did
not co-IP with HopI1-HA protein variants lacking the entire
J domain or harboring the J domain HPD/QAA loop mutation
stably expressed in Arabidopsis or transiently expressed in
N. benthamiana (Fig. 3B and Fig. S2). Because QAA and ΔJ var-
iants accumulate in plants to lower levels than WT HopI1 (prob-
ably due to the lack of stabilization by Hsp70), we confirmed the
requirement for HPD loop in the J domain for interaction with
Hsp70 by pull down with equal amounts of recombinant HopI1Psy
andQAAPsymutant (Fig. 3D). The loss of the interaction ofHopI1
J domain mutants with Hsp70 likely explains why they lack viru-

lence function (6). J domain loss of function phenotypes cannot be
explained by mislocalization, because HopI1 variants were tar-
geted to chloroplasts, similarly to full-length HopI1 (Fig. 3B).
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Fig. 1. HopI1Pma is a virulence factor on many crops. Arabidopsis, tobacco,
and peas were infiltrated with bacteria (OD600 = 0.0003), and bacterial growth
was quantified 3 days after inoculation (dpi). Tomato and mustard family
plants were sprayed with bacteria (OD600 = 0.005), and bacterial growth was
quantified 7 dpi. Deletion of hopI1 resulted in reduced bacterial growth (*P <
0.05). Gray bars, PmaΔhopI1 strain; white bars, PmaES4326 strain. Growth
experiments were repeated two or more times with similar results.
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Fig. 2. HopI1 specifically interacts with Hsp70. (A) The J domain of HopI1
specifically interacts with full-length Arabidopsis Hsp70s in vitro. (Upper)
Arabidopsis Hsp70 fused to GST and J domain of HopI1 fused to His6 were
expressed in E. coli (SDS/PAGE gel stained with Coomassie blue is shown;
GST proteins are from one gel and His-proteins from a different gel). cp(C),
C-terminal part of cpHsp70-2 (Hsp70-7, amino acids 413–718); cyt, cytosolic
Hsp70-1; ER, ER Bip2 (Hsp70-11); GST, GST control; J, J domain of HopI1Pma

(amino acids 334–432, 12 kDa with a His tag); c, HopX2 control (40 kDa).
(Lower) GST-pull down. Recombinant GST-Hsp70s and GST control were
immobilized on glutathione-agarose and incubated with an extract from E.
coli expressing the J domain of HopI1 with a His tag (J) or control His6-HopX2
(c). Eluted proteins were separated by SDS/PAGE and detected with Coomassie
stain (GST proteins) and with His6 antibody. HopI1 J domain interacted with
different full length Hsp70s but not with the C-terminal half (C) of cpHsp70-2
(the N-terminal part of Hsp70s is necessary for the interaction with J pro-
teins; ref. 15). Strong signal in GST control is cross-reaction with GST (27
kDa), not visible in GST-Hsp70s, because GST alone was purified in a higher
amount because of differences in solubility. Pulled-down J protein was not
detected by Coomassie stain. Signals for all samples are from one exposure of
one continuous membrane/gel. (B) HopI1 specifically interacts with Hsp70 from
pea chloroplasts. Recombinant His6-HopI1Psy was immobilized on Ni2+-NTA
and incubated with pea chloroplast extract (cp). Eluted proteins were sep-
arated by SDS/PAGE and detected with Coomassie stain (His6 proteins) and
antibody that specifically recognizes chloroplast cpHsp70. Control is His6-
HopX2. Signals for all samples are from one exposure of one continuous
membrane except recombinant protein input (E. coli extracts), which are
from different gel than pull-down samples. (C) HopI1 stimulates ATPase
activity of Hsp70 in vitro. (Left) White bars, human Hsp70 (h70); gray bars,
GST-AtHsp70-1 (cyt70); -, no J protein; Hlj1, yeast J domain-GST (positive
control); HopI, His6-HopI1Psy; QAA, His6-HPD/QAA HopI1Psy mutant. ATP hy-
drolysis was measured by using 0.3 μM Hsp70 and 0.5 μM J protein, in
duplicates. Average of Hsp70 ATPase activity after 2.5 h assayed in three
experiments (using two different recombinant protein preparations) is
shown with SEs. Recombinant proteins expressed and purified from E. coli
are shown on Right [HopI1, QAA, and AtHsp70-1 (cyt70) are from one gel
and Hlj1 and human Hsp70 (h70) from another gel].
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HopI1’s P/Q-Rich Region Is Dispensable for Interaction with Hsp70 but
Is Essential for Virulence.Deletion of the P/Q repeats of HopI1 did
not influence its ability to interact with Hsp70 in planta (Fig. 3B
and Fig. S2). A P/Q repeats deletion (Δr) variant of HopI1 was
unstable in Pma (6); therefore, we tested its virulence function by
attempting to rescue the attenuated growth of PmaΔhopI1 in
Arabidopsis expressing HopI1PmaΔr-HA. Although HopI1Pma-
HA expressed in Arabidopsis rescued the virulence defect of
PmaΔhopI1, HopIPmaΔr-HA did not (Fig. 3E), even though
HopI1PmaΔr-HA accumulated in plants to high levels and was
present in chloroplasts (Fig. 3B). Thus, the P/Q repeat region is
important for HopI1’s function in virulence.

HopI1 Affects the Abundance and Location of Cytosolic Hsp70. In-
fection with pathogens increases the level of Hsp70 transcripts (20,
21) and protein (21). To test whether HopI1 might specifically af-
fect Hsp70 amount and/or localization, wemonitoredHsp70 levels
in HopI1-expressing and control plants with two antibodies,
α-cytHsp70 (19) and α-cpHsp70, which is specific for the chloro-
plast Hsp70s (22). HopI1-expressing Arabidopsis had higher
cytHsp70 levels and showed an increase of cytHsp70 that was
recruited to chloroplasts (Fig. 3B and Fig. S4 A and B). Although
cytHsp70 is present mainly in cytosol, it has been reported in
chloroplasts, similarly as numerous other proteins without appar-
ent transit peptides (17, 18). We also observed HopI1-dependent
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Fig. 3. HopI1 forms complexes with Hsp70 in planta and induces Hsp70 levels. (A) Hsp70 is a major interactor of HopI1 in planta. Proteins were immuno-
precipitated with anti-HA matrix from control (WT) and HopI1Pma-HA-expressing Arabidopsis, separated by SDS/PAGE and stained with Coomassie blue.
Experiment was repeated with plants infected with PmaΔhopI1 with the same results. Strong bands were identified by LC-MS/MS as Hsp70 isoforms and
HopI1. *, not specific (antibody). (B) J domain and HPD loop are necessary for HopI1 interaction with Hsp70. P/Q repeats of HopI1 are dispensable for this
interaction. (Left) Western blots with HA antibody show that chloroplast-enriched fractions from transgenic Arabidopsis were also enriched in HopI1Pma-HA
variants (I, HopI1; Δr, Δrepeats; ΔJ, ΔJ domain; Q, HPD/QAA mutant; v, vector control plants) comparing with total extracts. Plants expressing HopI1 and
Δrepeats variants had elevated levels of cytHsp70, especially associated with chloroplasts (quantification is shown in Fig. S4B), whereas levels of chloroplast
Hsp70 isoforms were not changed. Coomassie-stained membrane (Rubisco) shows similar loading. The same membrane was incubated with cytosolic Hsp70
monoclonal antibody and later with cpHsp70 polyclonal antibody and stained with Coomassie blue; HA signals are from another membrane with the same
samples. Signals for all extract samples are from one exposure of one continuous membrane. (Right) Proteins from chloroplast-enriched extracts were
immunoprecipitated with anti-HA matrix (due to uneven accumulation of HopI1-HA variants, twice more plant extract was used for IP of QAA and ΔJ than for
HopI1 and Δr), separated by SDS/PAGE and stained with Coomassie blue or detected by HA antibody or cytosolic Hsp70 antibody (in separate gels/mem-
branes). cytHsp70 precipitated with HopI1 and Δrepeats. cpHsp70 was not detected with cpHsp70 antibody in IP. Signals for all IP samples are from one
exposure of one continuous membrane. IPs and immunoanalyses were repeated at least twice each with transgenic Arabidopsis plants and different HopI1
variants transiently expressed in N. benthamiana (Fig. S2), with the same results. LC-MS/MS analysis was done for two independent IPs from Arabidopsis total
extracts and one from chloroplasts. (C) HopI1 and Hsp70 form high molecular mass complexes in planta. Blue-native gel of protein leaf extracts from WT and
HopI1-HA (I)-expressing Arabidopsis shows HopI1 in 240–480 kDa complexes (Top). In plants expressing HopI1, Hsp70 is recruited to such high molecular mass
complexes (300–350 kDa), larger than Hsp70 complexes in WT plants. The same membrane was incubated with HA antibody, and later with cytosolic Hsp70
antibody and stained with Coomassie blue. Two-dimensional gels of the same samples in Fig. S3 show that signals are from proteins of correct sizes. Large
cytHsp70 complexes of similar size as in HopI1-expressing plants also formed in plants infected with Pma 1 d after infiltration at OD600 = 0.01 or spraying at
OD600 = 0.1 (Middle). Levels of Pma and PmaΔhopI1 (ΔI) bacteria were similar 1 dpi (P > 0.3; Bottom). –, uninfected plants. Signals for infiltrated plants are
from one exposure of one membrane and for sprayed plants from another membrane. (D) Interaction with Hsp70 depends on HopI1’s HPD loop. Recombinant
His6-HopI1Psy (I) and HPD/QAA mutant of HopI1Psy (Q) were immobilized on Ni2+-NTA and incubated with Arabidopsis protein extract. Extract from E. coli
transformed with empty vector was a control (v). Eluted proteins were separated by SDS/PAGE and detected with Coomassie stain (His6 proteins) and cytHsp70
antibody. Inputs are E. coli and plant extracts. Signals for all pull-down samples are from one exposure of one continuous membrane and input samples are
from another membrane. Pull-down experiments were done twice with similar results. (E) P/Q repeats are necessary for virulence function of HopI1. Growth
of PmaΔhopI1 strain in planta (infiltrated at OD600 = 0.0003; 3 dpi) was rescued in HopI1-expressing, but not HopI1Δrepeats-expressing Arabidopsis (protein
accumulation in transgenic plants is shown in B). *P < 0.05. Growth experiments were repeated at least twice with each of two independent HopI1Δrepeats
transgenic lines, giving similar results. (F) HopI1 induces and recruits Hsp70 to chloroplasts during infection. Cytosolic Hsp70 was induced by infection and
recruited to chloroplasts to a greater extent when Pma harbored the HopI1 effector. Chloroplast-resident cpHsp70 levels were unaffected by infection. The
same membrane was incubated with cytosolic Hsp70 monoclonal antibody and later with cpHsp70 polyclonal antibody and stained with Coomassie blue. Pma,
PmaES4326 extracts showing that the cytHsp70 antibody does not recognize bacterial proteins; cp, chloroplast extracts; ΔI, PmaΔhopI1; Pma, PmaES4326; –,
uninfected plants. Arabidopsis was sprayed with bacteria at OD600 = 0.1 or infiltrated at OD600 = 0.01 (shown) and Hsp70 levels were examined by Western
blot analysis 1 dpi, when levels of both bacteria strains were similar (C). The average amount of cytosolic Hsp70 associated with chloroplasts was 2.2 times
higher and total cytosolic Hsp70 1.5 times higher in plants infected with WT Pma than PmaΔhopI1 (Fig. S4B). At least six independent samples in two or more
experiments were evaluated. Signals for all samples are from one exposure of one continuous membrane.
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increased levels and chloroplast association of cytHsp70 in plants
infected with Pma (Fig. 3F and Fig. S4B). The level of chloroplast-
specific isoforms (cpHsp70) of Hsp70 was not altered in HopI1-
expressing plants or after infection (Fig. 3B andF).Quantitationof
total and chloroplast-associated cytHsp70 inplantswithmodulated
Hsp70 levels relative to cytHsp70 in WT plants and controls for
contamination are shown in Fig. S4. Plants that overexpressed
Hsp70-1 (Hsp70-1-OE) or were treated with high temperature
showed proportionally increased cytHsp70 in chloroplast-enriched
and total fractions (Fig. S4). However, the presence of HopI1
(expressed in plants or during Pma infection) caused significantly
higher fold enrichments of cytHsp70 associated with chloroplasts.
Elevated cytHsp70 levels and/or its altered localization could not
fully mimic the effects of WT HopI1. Indeed, cytHsp70 levels and
localization were also altered in HopI1Δr-expressing plants (Fig.
3B and Fig. S4B), even though these plants could not rescue the
attenuated growth of PmaΔhopI1 (Fig. 3E). Moreover, Hsp70-1-
OE plants did not rescue the virulence defect of PmaΔhopI1
(Fig. 4A). These observations suggest that HopI1 has a specific
function in addition to causing an increase in the Hsp70 level.

Hsp70-1 Is Necessary for HopI1’s Virulence Role. To test the hy-
pothesis that HopI1’s virulence function depends on Hsp70,
we analyzed the growth of Pma and PmaΔhopI1 in Arabidopsis-
harboring mutations in various Hsp70-encoding genes. Cytosolic
and chloroplast hsp70 mutant lines were characterized and shown
to have reduced expression of specific Hsp70 genes (21, 23). As
described, the cphsp70-1 line was small with abnormally shaped
leaves (23) and Hsp70-1-OE plants were small (21, 24), whereas
other mutants were morphologically normal (21, 24). Hsp70-1,
and to a lesser degree Hsp70-2, were important for HopI1’s vir-
ulence role. In hsp70-1 and hsp70-2 mutants, the difference in the
growth of Pma and PmaΔhopI1 strains was reduced or absent,
whereas infection of WT Arabidopsis resulted in a large growth
difference (Fig. 4A). The hsp70-1 and hsp70-2 mutants were more
susceptible than WT plants to PmaΔhopI1, but not to Pma.
We confirmed the importance of Hsp70 for HopI1’s virulence

role in N. benthamiana by using virus-induced gene silencing. PVX-
hsp70-1 specifically silenced only the hsp70-1 allele (25). Hsp70-1-
silenced N. benthamiana were stunted, as described (25) and had
reduced cytosolic Hsp70 protein level compared with PVX-vector
infected plants (Fig. 4B). In hsp70-1-silenced N. benthamiana,
PmaΔhopI1 grew to similar level as Pma (Fig. 4B). The growth
difference between Pma and PmaΔhopI1 in the Arabidopsis chlo-
roplast cphsp70-1 mutant was also highly reduced (Fig. 4A). To-
gether with the observed HopI1-dependent increase of cytosolic
Hsp70 associated with chloroplasts, these results suggest that Hsp70
in chloroplasts is critical for HopI1 function.

High Temperature and Hsp70 Levels Affect the Requirement of HopI1
for Pma Virulence. Our working hypothesis is that HopI1 reduces
defenses by suppressing (or reversing) a Hsp70 defense-promoting
function. Hsp70 also helps plants cope with temperature-induced
stress (26), a role that might supercede its defense role. Consistent
with these ideas, HopI1 is dispensable for virulence at high tem-
perature. Plants grown at 20 °C and then shifted to 30 °C at the time
of infection supported the same amount of high growth of both
PmaΔhopI1 and Pma (Fig. 4C). An acute, transient temperature
shock (35 min at 50 °C) followed by infection at 20 °C also resulted
in plants on which PmaΔhopI1 and Pma grew to the same high
level (Fig. 4D). Overexpression of Hsp70 restored the virulence
role for HopI1; in Hsp70-1-OE plants, PmaΔhopI1 grew less than
Pma during high temperature infections (Fig. 4C). In WT plants
infected at 30 °C, the PmaΔhopI1 growth defect was detected when
plants were allowed to acclimate to 30 °C for 1 d before infection
(Fig. 4D). Thus, HopI1’s virulence effect can occur at high tem-
perature, either when excess Hsp70 is provided or there is an ad-
aptation period that allows Hsp70 to be available for defense.

In support of the idea that defenses are limited at high tem-
perature, the Arabidopsis Nossen accession (on which Pma is not
an aggressive pathogen) showed highly increased growth and
symptoms of both Pma and PmaΔhopI1 at 30 °C relative to in-
fection at 20 °C (Fig. S5). HopI1 was dispensable on Nossen at
30 °C as well (Fig. S5).

A Role for Hsp70 in Basal Disease Resistance. The host plant pro-
teins targeted by effectors often function in defense. Indeed, N.
benthamiana with reduced Hsp70-1 support increased growth of
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Fig. 4. Hsp70 is necessary for HopI1 virulence function. (A) Compared withWT
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the difference on WT Col in five experiments), cpHsp70-1 (≈2%) and (to lower
degree) Hsp70-2 (≈20%). a, growth of ΔhopI1 strain was higher on hsp70-1,
hsp70-2, and cphsp70-1mutants thanonWTArabidopsis (P<0.005); *, growthof
Pma strain was higher than ΔhopI1 on Col, hsp70-2, hsp70-3, Hsp70 OE, and
cphsp70-2plants (P<0.05). In someexperiments (3of5), growthof thePma strain
was slightly lower on hsp70-1 mutant than on WT Arabidopsis (P < 0.05) and
slightly higher (*) than the growth of ΔhopI1 (P < 0.05). 70-1, 70-2, 70-3, 70 OE,
hsp70 mutants, and overexpressing plants; cp-1 and cp-2, chloroplast cphsp70
mutants. Plants were spray inoculated at OD600 = 0.01, and bacterial growthwas
assayed 3 and 5 dpi (shown). (B) Silencing Hsp70-1 in N. benthamiana com-
plementedgrowth defect of ΔhopI1 strain. Plants were infectedwith PVX-vector
(PVX-v), PVX-NbHsp70-1 silencing construct (70-1), or mock treated with buffer
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membrane exposure. Expression of chloroplast Hsp70 in cphsp70 mutants was
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the nonhost pathogen P. chicorii (25). To test whether Hsp70 might
have a defense role during Pma infections, we measured the growth
of avirulent, virulent, and type III secretion-deficient P. syringae
strains on plants with reduced Hsp70-1 levels. The growth of
avirulent Pma carrying avrRpt2 (Fig. 5A) and virulent Pma (Fig.
4B) was not affected in hsp70-1-silenced N. benthamiana and not
affected or slightly reduced in hsp70-1 Arabidopsis (Fig. 4A; ref.
21). However, three type III secretion-deficient P. syringae strains
(hrcC−) grew to much higher levels in N. benthamiana with re-
duced Hsp70-1 (Fig. 5A). Thus, Hsp70-1 has a large role in basal
disease resistance. HopI1-expressing Arabidopsis also supported
higher growth of the Pma hrcC− strain when bacteria where
sprayed, but not when they were infiltrated (Fig. 5B; ref. 6).
However, growth of Pma hrcC− was higher in hsp70-1 plants than
in HopI1-expressing Arabidopsis. Thus, HopI1 may partially
suppress Hsp70’s function in basal defense.

Discussion
The ubiquitous effector HopI1 of pathogenic P. syringae has a crit-
ical role in virulence onmany crop plants. A key feature of HopI1’s
biochemicalmechanismof action is its interactionwith plantHsp70
proteins, which HopI1 binds through its J domain. HopI1 has bona
fide J protein activity, because it can stimulate the ATP hydrolysis
by Hsp70. This activity is an essential part of Hsp70’s biochemical
mechanism (8). Hsp70 is not only the major interactor of HopI1 in
planta, but it is necessary for the virulence function of HopI1. We
have strong biochemical and genetic evidence that HopI1 targets
plant Hsp70 and recruits it to plant chloroplasts where the large
complex likely actively suppresses plant defenses. HopI1 induces
similar changes in Hsp70 complexes as happen during infection.
In addition to the importance of the J domain, the P/Q-rich

region is essential for HopI1’s virulence role, but is not necessary
for binding Hsp70 or chloroplast localization. Therefore, HopI1
does not act by simply binding Hsp70 to compete with other
Hsp70-binding proteins. Because the P/Q-rich region is pre-
dicted to be unstructured, it may form a flexible linker between the
N terminus and the J domain. The G/F region in class I J proteins
provides such an unstructured linker between Hsp70 binding J
domain and client binding domain (14), bringing a client toHsp70.
The role of P/Q repeats in HopI1 may be similar, or they may di-
rectly bind client proteins.
HopI1 joins a growing list of pathogen effectors that induce

and/or recruit host target proteins to a specific subcellular
compartment (4, 27, 28). We don’t know the specific importance
of the induction of cytHsp70 accumulation and recruitment to
chloroplasts in response to HopI1. However, given the known
localization to and role of HopI1 in chloroplasts and its role in
suppressing accumulation of chloroplast-synthesized SA, it is

plausible that the basal level of Hsp70 in chloroplasts is too low
for HopI1 to act without the additional recruitment of cytHsp70.
HopI1 function may also require a specific isoform(s) of Hsp70.
Plants may have to compensate for the amount of Hsp70 bound
to HopI1 (to provide enough Hsp70 for normal cell functions)
and, therefore, accumulate more cytHsp70.
Why does HopI1 target Hsp70? One possibility is that Hsp70

affects the folding/complex assembly of a chloroplast-resident
defense factor (possibly SA-biosynthesis or transport compo-
nents). When HopI1 is present, it might interfere with defense by
actively switching Hsp70 to a mode where it facilitates degra-
dation or disassembly the defense-promoting complex. The class
III J protein auxilin has a role in complex disassembly, so there is
precedent for this type of J protein-Hsp70 activity (14). This
scenario could explain why reducing Hsp70 levels phenocopies
plants in which HopI1 is present: Plants with reduced Hsp70
might promote the growth of PmaΔhopI1 because of the reduced
folding/assembly of defense complexes. Other mechanisms are
also possible, e.g., reduced turnover of a negative defense reg-
ulator. Ultimately, when the clients of the HopI1-Hsp70 complex
are known, the exact mechanism can be clarified.
Our experiments suggest that the amount of Hsp70 available

for defense functions that can be suppressed by HopI1 is limiting
during the high temperature infections. The observation that
heat shock or high temperature disrupts SA accumulation and/
or resistance responses to different pathogens (29, 30), and in
the defense mutant bon-1 (31), could also be due to pool of
Hsp70 being diverted to stress functions at the expense of the
defense response.
Hsp70 has a role in basal resistance to P. syringae that likely goes

beyond the function that HopI1 targets. This role is evidenced by
thehypersusceptibility ofhsp70-1mutants/down-regulatedplants to
type III-deficient Pma; HopI1-expressing plants are also more
susceptible to these nonpathogenic bacteria, but to a lower level
thanhsp70-1plants andonlywhen inoculatedby spraying.The large
requirementofHsp70 for basal resistancecould reflect a role for the
cytosolic pool of Hsp70 in basal defense. Hsp70 is important for
nonhost resistance to P. chicorii in N. benthamiana (25), and it is
a part of immune complex with SGT1 and Hsp90 (21). If Hsp70 is
involved in defense, its not clear why Hsp70-1-OE Arabidopsis are
hypersusceptible to P. syringae pv. tomato strain DC3000 and two
avirulent derivatives (21).However, these strains also harborhopI1;
it is possible that the increased susceptibility occurs through a
HopI1-dependent mechanism. Hsp70 is a common target of plant
and animal pathogens, which either exploit Hsp70 activity or sup-
press it (20, 21, 32, 33). A central goal will be to discern the mech-
anism by which Hsp70 participates in interactions with different
pathogens (identify client proteins and cellular processes that in-
volve Hsp70) that influence the outcome of an infection. In this
regard, HopI1will be a useful tool for determining the specificity of
different Hsp70-dependent events.

Materials and Methods
Bacteria and plant genotypes, antibodies, and detailedmethods are provided
in SI Materials and Methods.

Infections. HA-tagged HopI1Pma (JJ30) full length and mutant versions and
Agrobacterium-mediated plant transformation were described in refs. 6 and
34. Two Col and Nossen lines expressing Δrepeats (JJ196), QAA (JJ202), and
ΔJ (JJ197) were used. Bacterial infections and growth were as in ref. 35 and
SI Materials and Methods.

Pull Down Assays, Immunoprecipitation, and Protein Analysis. For pull downs,
recombinant proteins (SI Materials and Methods) from E. coli lysates were
immobilized on on Ni-NTA or gluthatione resins, incubated for 1h at 4°C
with E. coli lysate containg interacting partner or with plant extract, and
eluted and analyzed by immunoblotting. IP with anti-HA matrix (Roche)
followed manufacturer IP protocol (details in SI Materials and Methods).
LC-MS/MS protein identification was performed at Chicago Biomedical
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Consortium and Stanford University and data analyzed with Sequest and
Mascot software.

ATPase Activity of Hsp70. Phosphate released by ATP hydrolysis was measured
in colorimetric assay with molybdate and malachite green reagent (see SI
Materials and Methods).

Protein Complexes. Protein complexes in total and chloroplast enriched
extracts (see SI Materials and Methods) were analyzed by blue native (BN)
and 2-dimensional (2D) PAGE using Invitrogen gels according to manufac-
turer protocol and visualized by immunoblotting.
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