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SUMMARY

The pathogen Pseudomonas syringae requires a type-III protein secretion system and the effector proteins

it injects into plant cells for pathogenesis. The primary role for P. syringae type-III effectors is the suppres-

sion of plant immunity. The P. syringae pv. tomato DC3000 HopK1 type-III effector was known to suppress

the hypersensitive response (HR), a programmed cell death response associated with effector-triggered

immunity. Here we show that DC3000 hopK1 mutants are reduced in their ability to grow in Arabidopsis,

and produce reduced disease symptoms. Arabidopsis transgenically expressing HopK1 are reduced in

PAMP-triggered immune responses compared with wild-type plants. An N-terminal region of HopK1 shares

similarity with the corresponding region in the well-studied type-III effector AvrRps4; however, their C-

terminal regions are dissimilar, indicating that they have different effector activities. HopK1 is processed

in planta at the same processing site found in AvrRps4. The processed forms of HopK1 and AvrRps4 are

chloroplast localized, indicating that the shared N-terminal regions of these type-III effectors represent a

chloroplast transit peptide. The HopK1 contribution to virulence and the ability of HopK1 and AvrRps4 to

suppress immunity required their respective transit peptides, but the AvrRps4-induced HR did not. Our

results suggest that a primary virulence target of these type-III effectors resides in chloroplasts, and that the

recognition of AvrRps4 by the plant immune system occurs elsewhere. Moreover, our results reveal that dis-

tinct type-III effectors use a cleavable transit peptide to localize to chloroplasts, and that targets within this

organelle are important for immunity.
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INTRODUCTION

The plant immune system can be considered as two over-

lapping branches, which are distinct based on which mole-

cules are recognized (Jones and Dangl, 2006). The first

branch involves the recognition of pathogen (microbe)-

associated molecular patterns (PAMPs/MAMPs), molecules

highly conserved in microorganisms (Ausubel, 2005; Boller

and Felix, 2009). PAMPs include bacterial flagellin, transla-

tion factor EF-Tu, peptidoglycan and fungal chitin, and they

are sensed at the plant cell surface through pattern-recog-

nition receptors, leading to PAMP-triggered immunity (PTI;

Dodds and Rathjen, 2010; Segonzac and Zipfel, 2011).

The other branch of the plant immune system recog-

nizes pathogen effector proteins, and is called effector-trig-

gered immunity (ETI). Resistant plants can recognize

specific effectors such as those from bacteria [i.e. aviru-

lence (Avr) proteins] using immune receptors called resis-

tance (R) proteins. R proteins recognize effectors either

directly or by recognizing the modification of target plant

proteins by effectors (Van der Biezen and Jones, 1998;

Jones and Dangl, 2006). Both PTI and ETI appear to acti-

vate similar signaling pathways and immune responses.

These responses include the rapid production of reactive
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oxygen species (ROS) and callose deposition at the cell

wall, a late immune response (Gimenez-Ibanez and Rath-

jen, 2010; Tsuda and Katagiri, 2010); however, ETI gener-

ally activates these responses in a more prolonged and

robust fashion than PTI, and usually includes the hypersen-

sitive response (HR), an immunity-associated programmed

cell death (Tsuda and Katagiri, 2010).

The Gram-negative bacterial plant pathogen Pseudomo-

nas syringae requires a type-III protein secretion system

(T3SS) to cause disease. The T3SS is a nanosyringe that

allows many animal and plant pathogens to translocate, or

inject, type-III effector proteins into eukaryotic cells (Butt-

ner, 2012). Although the majority of the activities and/or

plant targets of P. syringae type-III effectors are unknown,

there has been significant recent progress (Hann et al.,

2010; Block and Alfano, 2011; Feng and Zhou, 2012). Type-

III effectors can suppress plant immunity using a variety of

strategies, including interference with immune receptor

signaling, inactivating MAPK pathways, blocking RNA pro-

cesses and vesicle trafficking, and altering organelle func-

tion (Block and Alfano, 2011; Feng and Zhou, 2012).

Several P. syringae type-III effectors have been shown to

localize to discrete subcellular plant compartments. A rela-

tively common localization site for these within plant cells

is the plasma membrane (Block and Alfano, 2011). For

example, the well-studied type-III effectors AvrRpm1 and

AvrPto are both localized to the plasma membrane (Nim-

chuk et al., 2000; Shan et al., 2000). Two P. syringae type-

III effectors, HopI1 and HopN1, localize to chloroplasts

using uncharacterized non-cleavable transit peptides (Jel-

enska et al., 2007, 2010; Rodriguez-Herva et al., 2012).

HopG1 has been shown to localize to plant mitochondria

(Block et al., 2010). Finally, HopM1 has been shown to

localize to the trans-Golgi network/early endosome (Nom-

ura et al., 2011).

The type-III effectors from P. syringae pv. tomato

DC3000 were separated into classes based upon their abil-

ity to suppress the HopA1-induced HR (Jamir et al., 2004;

Guo et al., 2009). Eight DC3000 effectors, including an

effector named HopK1, were identified as class-I suppres-

sors because they possessed a robust ability to suppress

HopA1-induced ETI. Little is known about HopK1 other

than that DC3000 could inject HopK1 into the plant cells via

the T3SS (Petnicki-Ocwieja et al., 2002).

Here we show that DC3000 hopK1 mutants are greatly

reduced in virulence, and that HopK1 can suppress PTI.

The N-terminal 147 amino acids of HopK1 are similar to

the well-studied type-III effector AvrRps4. Surprisingly, the

processed forms of HopK1 and AvrRps4 are found primar-

ily in chloroplasts. Thus, the conserved N-termini of HopK1

and AvrRps4 contain a chloroplast transit peptide. The abil-

ity of HopK1 and AvrRps4 to suppress PTI-induced

immune responses was dependent on their chloroplast

transit peptides, indicating that their ability to suppress PTI

required chloroplast localization, and that chloroplast

targets are important components of plant immunity.

RESULTS

HopK1 contributes to P. syringae virulence

We became interested in HopK1 when we identified it as a

strong suppressor of the HopA1-induced HR (Jamir et al.,

2004; Guo et al., 2009). The hopK1 gene is in a single gene

operon predicted to encode a 338 amino acid long protein

(Figure S1A). To determine the extent that HopK1 contrib-

utes to the virulence of P. syringae, we constructed inde-

pendent DC3000 hopK1 mutants (Figure S1B). A hopK1

mutant was spray-inoculated onto Arabidopsis plants. The

DC3000 hopK1 mutant was significantly reduced in its abil-

ity to grow in plant tissue, compared with wild-type

DC3000 (Figure 1a). The hopK1 mutant also produced

reduced disease symptoms compared with the wild-type

strain at 4 days post-inoculation (Figure 1b). The reduced

growth and the reduced disease symptom production

exhibited by the hopK1 mutant was complemented when

hopK1 was re-introduced (Figure 1a, b). Thus, HopK1

contributes significantly to DC3000 virulence.

HopK1 suppresses PTI responses

To evaluate the effect of HopK1 on plant immunity, we

made Arabidopsis thaliana Col-0 transgenic plants that

express HopK1 fused to a hemagglutinin (HA) tag when

induced with estradiol. These plants were confirmed to pro-

duce HopK1-HA upon induction with estradiol (Figure S2A).

Wild-type Col-0 plants and HopK1-HA-expressing plants

were treated with flg22 (a peptide derived from bacterial fla-

gellin) and two PTI responses, ROS production (an early PTI

response) and callose deposition (a late PTI response), were

evaluated. HopK1-HA-expressing plants produced signifi-

cantly less ROS (Figure 1c) and callose (Figure 1d) than un-

induced HopK1-HA transgenic plants and wild-type Col-0

plants, clearly indicating that HopK1-HA can suppress flg22-

induced PTI. Similar results were observed when PTI was

induced with elf18 (a peptide derived from EF-Tu) or chitin

(Figure S3). Therefore, HopK1 can suppress PTI.

The N-terminal half of HopK1 is homologous to the Avr

protein AvrRps4

The N-terminal 147 amino acids of HopK1 have 75%

identity to the corresponding amino acids of AvrRps4

(Figure 2a), a well-studied Avr protein from P. syringae pv.

pisi, the casual agent of bacterial blight in Pisum sativum

(pea; Hinsch and Staskawicz, 1996). A region of HopK1

encompassing amino acids 53–147 (HopK153-147) is homol-

ogous to a similarly located region within the Xanthomo-

nas campestris pv. vesicatoria type-III effector XopO. XopO

is homologous to AvrRps4, beginning after the amino acid

at position 53, and continuing throughout the remainder of
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the 221 amino acid long AvrRps4 protein (Figure 2a; Sohn

et al., 2009), and therefore probably possess a similar

effector domain. The HopK1 C-terminal effector domain is

homologous to the Xanthomonas type-III effector XopAK

(Potnis et al., 2011). AvrRps4 and XopO have been shown

to be processed in planta between two conserved glycine

residues (residues 133 and 134 in AvrRps4) within this con-

served region, but not when expressed in bacteria or yeast

cells (Sohn et al., 2009).

To determine if HopK1 is cleaved when expressed

in planta, similar to AvrRps4, we transiently expressed

HopK1-HA in Nicotiana benthamiana and subjected it to

immunoblot analysis with anti-HA antibodies. We could

clearly detect that the majority of the HopK1-HA protein

was in a band at about a molecular mass of 22 kDa

(Figure 2b), which is smaller than the predicted molecular

mass of the full-length HopK1-HA (~36 kDa). We made

transgenic Arabidopsis plants that produced HopK1-HA,

and immunoblot analysis of samples from these plants

again showed the primary HopK1-HA band to be at about

22 kDa (Figure 2b). Soluble extracts from DC3000 express-

ing HopK1-HA contained only full-length HopK1-HA (Fig-

ure 2b), indicating that HopK1 is processed in planta, but

not in bacteria, similar to the in planta processing of

AvrRps4 (Sohn et al., 2009). We isolated the processed form

of HopK1-HA, subjected it to Edman degradation sequenc-

ing, and found that it was cleaved within the conserved

region of HopK1 between Gly133 and Gly134 (Figure 2c), the

identical location of the in planta cleavage sites identified in

AvrRps4 and XopO (Sohn et al., 2009). Additionally, the

R112 residue, which was required for AvrRps4 processing,

is also required for HopK1-HA processing, as transient

expression of HopK1R112L-HA in N. benthamiana produced

a HopK1-HA derivative that was no longer processed

in planta (Figure 2d). Taken together, these data indicate

that HopK1 is processed in planta within the conserved

N-terminal region, identically to AvrRps4 and XopO.

(a) (b)

(c) (d)

Figure 1. HopK1 contributes to the virulence of Pseudomonas syringae.

(a) Arabidopsis plants were spray-inoculated with wild-type DC3000, the

hopK1 mutant, the complemented hopK1 mutant hopK1(Tn7-hopK1) and

the hrcC mutant defective in type-III secretion. The bacteria were enumer-

ated at 0 and 4 days post-inoculation. Different letters indicate a statistically

significant difference (P < 0.05).

(b) Representative disease symptoms of Arabidopsis plants inoculated with

the bacterial strains in (a) are shown at 5 days post-inoculation.

(c) Estradiol-inducible HopK1-HA transgenic plants were treated with 1 lM
flg22 and ROS was measured.

(d) Wild-type and estradiol-inducible HopK1-HA transgenic plants were trea-

ted with 1 lM flg22 and callose deposition was quantified.

(c and d) Error bars represent standard errors (n = 20). Different letters indi-

cate a statistically significant difference (P < 0.05). Plants were treated with

10 lM estradiol (+Est) or without estradiol (�Est) for 16 h prior to flg22 treat-

ment.

(a–d) Each experiment was repeated at least three times with similar results.

(a) (b)

(c) (d)

Figure 2. HopK1 is processed in planta identically as AvrRps4.

(a) Schematic regions of HopK1 and the related proteins AvrRps4, XopO

and HopAQ1. HopK1, AvrRps4 and HopAQ1 share the same type-III secre-

tion signal at their N-termini (white; type-III secretion signal of XopO is stip-

pled). HopK1, AvrRps4 and XopO have a conserved domain after the type-III

secretion signal (light grey). AvrRps4 and XopO share a conserved effector

domain (dark grey). The effector domain of HopK1 (black) is distinct from

these proteins.

(b) Immunoblot analysis of HopK1-HA produced transgenically from Arabid-

opsis (At transgenic), transiently in Nicotiana benthamiana (Nb transient),

or in DC3000 grown in culture [DC3000(phopK1-HA)]. A processed form of

HopK1-HA can only be detected in the plant samples.

(c) Amino acid sequence alignment of HopK1, AvrRps4 and XopO in the

region adjacent to the cleavage site (indicated by the black arrow and scis-

sors). A conserved arginine (R112) found to be indispensable for cleavage

and a conserved KRVY domain are indicated in red.

(d) Nicotiana benthamiana was transiently transformed with Agrobacterium

carrying pLN462-hopK1-HA or pLN462-hopK1R112L-HA. Immunoblot analy-

ses of HopK1-HA with anti-HA antibodies indicate that the HopK1R112L-HA

cannot be processed in planta. (b and d) Full-length HopK1 (FL); processed

HopK1 (CL).
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HopK1-GFP and AvrRps4-GFP localize to chloroplasts

To determine the subcellular location of HopK1 and

AvrRps4, we transiently (constitutively) expressed HopK1-

GFP and AvrRps4-GFP in N. benthamiana using agroinfil-

tration. The infiltrated plant leaf tissue was viewed using

confocal microscopy, and the fluorescence was found in

the cytoplasm and nucleus for both HopK1-GFP and Av-

rRps4-GFP (Figure 3a). To get uniformed expression we

made transgenic Arabidopsis lines that conditionally

expressed HopK1-GFP or AvrRps4-GFP after induction with

estradiol. Interestingly, both HopK1-GFP and AvrRps4-GFP

appeared to localize to chloroplasts in these plants when

viewed with confocal microscopy (Figure 3b). We con-

firmed with immunoblots that both transiently and trans-

genically expressed HopK1-GFP and AvrRps4-GFP were

expressed and processed (Figure S4). AvrRps4-GFP was

recently reported to be localized to the cytoplasm and the

nucleus in Agrobacterium-mediated transient assays (Sohn

et al., 2012). The localization of transgenically expressed

full-length AvrRps4-GFP has not been previously reported.

We do not know why there was a difference in the localiza-

tion of these effector-GFP fusions when these were

expressed transiently versus transgenically. It may result,

at least in part, from the plant species used: transient

expression was carried out in N. benthamiana and trans-

genic expression was carried out in Arabidopsis. We did

find that less of the effector-GFP fusion is processed in

transient than in transgenic expression (Figure S4), which

is consistent with less of the effector fusion being localized

to the chloroplast, and may make it more difficult to

visualize.

We next sought to determine whether the N-terminal

137 amino acids of HopK1 or AvrRps4, which are within

the conserved N-terminal region, are sufficient to target a

GFP reporter to chloroplasts. This length was chosen

because it extends several amino acids beyond the

processing site of both of these proteins (Figure 2c).

Transgenic Arabidopsis plants were made that constitu-

tively express HopK11–137-GFP or AvrRps41–137-GFP. Both

HopK11–137-GFP and AvrRps41–137-GFP were found to

primarily localize to chloroplasts (Figure 3c).

Biochemical fractionation experiments support chloroplast

localization for HopK1 and AvrRps4

To further address the possibility that HopK1 and AvrRps4

localize to chloroplasts, we used Arabidopsis plants that

conditionally express either HopK1-HA or AvrRps4-HA and

harvested plant tissue 24 h after estradiol induction. We

separated these plant extracts into total soluble protein,

cytoplasmic, nuclear, and chloroplastic fractions, and they

were subjected to SDS-PAGE and immunoblot analyses

using anti-HA antibodies. The chloroplast fraction was

found to contain the processed form of both HopK1-HA

and AvrRps4-HA, but not the full-length forms (Figure 4a,

b). Conversely, the nuclear fraction was found to contain

full-length HopK1-HA and AvrRps4-HA, but not the pro-

cessed form of these proteins (Figure 4a, b). Additionally,

we localized the effector derivatives that lacked their puta-

tive transit peptides (HopK1C and AvrRps4C) using confocal

microscopy and biochemical fractionation, and these effec-

tor derivatives were not found in chloroplasts and

remained mostly in the cytoplasmic fractions (Figure S5).

(a) (b)

(c)

Figure 3. HopK1 and AvrRps4 localize to plant chloroplasts.

(a) HopK1-GFP and AvrRps4-GFP were transiently (constitutively) expressed in Nicotiana benthamiana, and imaged 2 days after infiltration using confocal

microscopy.

(b) Transgenic Arabidopsis plants expressing GFP, HopK1-GFP or AvrRps4-GFP were imaged 1 day after induction with 10 lM estradiol.

(c) Transgenic Arabidopsis that constitutively express HopK11–137-GFP or AvrRps41–137-GFP were imaged using confocal microscopy. The transgenic Arabidopsis

expressing AvrRps4-GFP were in ecotype Col-0 rps4-2. All other transgenic Arabidopsis were made using wild-type Col-0. All confocal images are of single opti-

cal sections.
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Importantly, antibodies that recognize a chloroplast protein

(ribulose-1,5-bisphosphate carboxylase/oxygenase, RuBi-

sCO) and a nuclear protein (Histone H3) were used to

assess the integrity of the chloroplast and nuclear fractions

(Figure 4a, b). Taken together these data indicate that

HopK1-HA and AvrRps4-HA localize to the chloroplast, and

that these proteins are likely to be processed upon import

into this organelle.

Bacterially delivered HopK1-HA and AvrRps4-HA are

processed in planta, and only the processed forms are

found in chloroplasts

We next asked if bacterially injected HopK1-HA and

AvrRps4-HA were also localized to chloroplasts. To accom-

plish this, A. thaliana Col-0 leaves were infiltrated with

DC3000 or a DC3000 hrcC mutant, both carrying a con-

struct encoding HopK1-HA or AvrRps4-HA. At the time of

infiltration and 7 h later leaf tissue was harvested and

HopK1-HA and AvrRps4-HA levels were assessed with

immunoblots. At 7 h, samples from plant tissue infiltrated

with DC3000(phopK1-HA) or DC3000(pavrRps4-HA) were

found to have the full-length and the processed forms of

HopK1-HA and AvrRps4-HA, respectively, further confirm-

ing that these effectors are only processed in planta (Fig-

ure 4c, d). Moreover, processed HopK1-HA or AvrRps4-HA

were not detected in plant tissue infiltrated with the hrcC

mutant, indicating that processing is dependent on a func-

tional T3SS. Chloroplast fractions were isolated from a

subset of these plant tissues, and only the processed forms

of HopK1-HA and AvrRps4-HA were detected in the chloro-

plast fractions (Figure 4c, d). In contrast, we found that

HopK1C-HA and AvrRps4C-HA were not present in chloro-

plast fractions in similar biochemical fractionation experi-

ments (Figure S5). Taken together, these data further

indicate that the N-terminus of HopK1-HA and AvrRps4-HA

act as chloroplast transit peptides, and that these effectors

are processed inside chloroplasts.

HopK1 and AvrRps4 localized to chloroplasts in

chloroplast import assays

To independently confirm that HopK1 and AvrRps4 local-

ized to chloroplasts, we performed in vitro chloroplast

import assays using radiolabeled HopK1 or AvrRps4,

produced by in vitro transcription and translation of their

corresponding genes. Radiolabeled full-length HopK1 and

AvrRps4 were incubated with isolated pea chloroplasts,

followed by treatment with the protease trypsin. After the

trypsin treatment the chloroplasts were recovered, lysed,

and separated into membrane and soluble fractions. Our

results indicate that the processed forms of HopK1 and

AvrRps4 were protected from trypsin degradation, indicat-

ing that they are present inside chloroplasts (Figure 5).

Moreover, each protein was found in the soluble chloro-

plast fraction (Figure 5a, b), indicating that they localize to

the chloroplast stroma. These results are consistent with

our confocal microscopy and our biochemical fractionation

experiments (Figures 3 and 4). Thus, we have independent

lines of evidence that indicate that HopK1 and AvrRps4

are localized to the chloroplast, and that they possess

N-terminal transit peptides.

The virulence activities of HopK1 and AvrRps4 require

their chloroplast transit peptides

To test whether the transit peptide of these effectors were

needed for their activities inside plant cells, we made

transgenic Arabidopsis plants that expressed the pro-

cessed form of HopK1-HA (HopK1C-HA) or the processed

form of AvrRps4-HA (AvrRps4C-HA) (Figure 2). We con-

firmed that these plants expressed proteins of the pre-

dicted molecular mass after induction with estradiol

(Figure S2). The Arabidopsis plants expressing HopK1C-HA

were unable to complement the reduced-growth pheno-

type exhibited by the hopK1 mutant (Figure 6a), indicating

that full-length HopK1 is required to restore virulence to

the hopK1 mutant. Likewise, the ability of HopK1 and Av-

(a) (b)

(c) (d)

Figure 4. HopK1 and AvrRps4 localize to chloroplasts when expressed

transgenically, and when delivered by bacteria.

(a and b) Transgenic Arabidopsis plants expressing HopK1-HA or AvrRps4-

HA were induced with estradiol, and 16 h post-induction intact chloroplast

and nuclear-enriched fractions were isolated. HopK1-HA (a) and AvrRps4-

HA (b) were detected with anti-HA antibodies, anti-ribulose-1,5-bisphos-

phate carboxylase oxygenase (RUBISCO) antibodies were used to detect

chloroplast-localized RuBisCO, and nuclear-localized histone H3 was

detected with anti-histone H3 antibodies.

(c and d) DC3000 (DC) or the hrcC mutant expressing plasmid-encoded

HopK1-HA (c) or plasmid-encoded AvrRps4-HA (d) were infiltrated into Ara-

bidopsis leaves at a cell density of 1 9 109 cells ml�1. Constructs pLN5252

and pLN5253 encoded HopK1-HA or AvrRps4-HA, respectively. Immediately

after infiltration (0 h) and after 7 h, leaf disks were harvested. Chloroplasts

were isolated from a subset of the leaf tissue and total protein (TP) and

chloroplast (Chlo) fractions were subjected to SDS-PAGE and immunoblot

analyses.

© 2013 The Authors
The Plant Journal © 2013 John Wiley & Sons Ltd, The Plant Journal, (2014), 77, 310–321

314 Guangyong Li et al.



rRps4 to suppress ROS production and callose deposition

after PAMP treatment required their transit peptides

(Figures 6 and S3). The presence of AvrRps4 inside plant

cells is recognized by the R protein RPS4 inducing ETI.

AvrRps4C retained the ability to elicit an RPS4-induced HR

(Figure 6d), indicating that AvrRps4 is recognized by the

RPS4 R protein outside of the chloroplast.

As a matter of course, we also evaluated two other

HopK1 derivatives for their ability to restore growth

in planta to a hopK1 mutant, and whether they retained

the ability to suppress PTI responses. Transgenic Arabid-

opsis plants expressing the N-terminal portion of HopK1

fused to GFP (HopK11–137-GFP) after estradiol treatment

were unable to restore the growth of the DC3000 hopK1

mutant to wild-type levels (Figure S6A). Additionally,

plants expressing HopK11–137-GFP were not reduced in

their PTI responses after induction with flg22 (Figure S6B

and C). This HopK1-GFP fusion is localized to chloroplasts

(Figure 3c), but lacks the C-terminal portion of the protein

that is likely to contain its effector domain. Transgenic Ara-

bidopsis plants conditionally expressing HopK1R112L-HA

after induction with estradiol restored growth to the

DC3000 hopK1 mutant, and were capable of suppressing

PTI responses (Figure S7). This HopK1 mutant is no longer

cleaved in planta; however, it retains the ability to localize

to chloroplasts (Figure S7). Together, these data indicate

that the processed form of HopK1 carries its virulence

activity, and that cleavage of the HopK1 transit peptide is

not required for its virulence activity.

To directly determine whether the virulence activity of

HopK1 resides inside chloroplasts, we made transgenic

Arabidopsis plants expressing a HopK1 derivative (TP-K1C-

HA) that substituted the HopK1 native transit peptide with

the transit peptide from pea ribulose 1,5-bisphosphate car-

boxylase (Nawrath et al., 1994; Zhong et al., 2003). We

confirmed that a protein of the approximate molecular

mass was made and processed when these transgenic

plants were treated with estradiol (Figure 7a). Plants

expressing TP-K1C-HA restored in planta growth to the

DC3000 hopK1 mutant, and were reduced in their PTI

responses, indicating that TP-K1C-HA retained the ability to

suppress PTI (Figure 7). These data clearly indicate that the

primary virulence activity of HopK1 occurs inside chlorop-

lasts, and that the N-terminal portion does not carry detect-

able virulence activity.

The AvrRps4 transit peptide directs an oomycete effector

to chloroplasts

To test whether the transit peptide of AvrRps4 could direct

a heterologous effector to chloroplasts, we made trans-

genic Arabidopsis plants expressing the effector domain of

the Hyaloperonospora arabidopsidis effector ATR13

(ATR142–154) fused to the AvrRps4 transit peptide at its

N-terminus and GFP at its C-terminus. Leaf tissue from

Arabidopsis plants expressing this fusion protein was

confirmed to produce this fusion protein when induced

with estradiol (Figure 8a). Estradiol-induced leaf tissue was

viewed with confocal microscopy, and the majority of the

GFP signal was found in chloroplasts, indicating that the

AvrRps4 transit peptide (AvrRps41–136) directed ATR1342–154
to chloroplasts (Figure 8b). These data provide additional

evidence that the N-terminal portion of AvrRps4 can act as

a chloroplast transit peptide.

DISCUSSION

Pseudomonas syringae type-III effectors generally contrib-

ute weakly to virulence, as illustrated by the weak reduc-

tion in virulence of most P. syringae mutants defective in

single effector genes (Lindeberg et al., 2012). In contrast,

HopK1 makes a significant contribution to virulence, based

on the reduced growth in planta and disease symptom

production of DC3000 hopK1 mutants (Figure 1a, b).

HopK1 is probably not a widely distributed effector within

P. syringae, because of the 35 P. syringae genomes that

are available online, the hopK1 gene is found only in

DC3000. This may suggest that HopK1 is a more recently

acquired effector, or that it may be specific for a narrow

range of host plants. The virulence contribution of HopK1

(a) (b)

(c)

Figure 5. HopK1 and AvrRps4 are imported into isolated chloroplasts and

are localized to the chloroplast soluble fraction.

(a) [35S]HopK1, (b) [3H]AvrRps4 and (c) [35S]small subunit of RUBISCO

(prSSU) were incubated with isolated intact Pisum sativum (pea) chlorop-

lasts for 40 min at room temperature (23�C) in the presence of 3.0 mM

Mg-ATP. After completion of the import, all reactions were treated with

trypsin for 30 min on ice. Intact chloroplasts were recovered, lysed, and

fractionated into pellet (P) or soluble (S) fractions. All fractions were then

analyzed by a 14% tricine gel and fluorography. prSSU was used as a chlo-

roplastic stromal marker. The labeled translation products (TP) are shown

after the in vitro transcription/translation reaction, prior to mixing with iso-

lated chloroplasts. Full-length (FL) proteins and processed (CL) proteins are

indicated. This experiment was repeated three times with similar results.

© 2013 The Authors
The Plant Journal © 2013 John Wiley & Sons Ltd, The Plant Journal, (2014), 77, 310–321

HopK1 and AvrRps4 effectors target chloroplasts 315



is likely to arise from its ability to suppress ETI (Jamir

et al., 2004; Guo et al., 2009) and PTI (Figure 1c, d).

Because of its significant virulence contribution, HopK1 is

likely to target immunity components inside plant cells that

are not targeted by the majority of the other P. syringae

effectors.

The N-terminal sequence similarity of HopK1 to the

type-III effectors AvrRps4 and the X. campestris XopO

led us to investigate the function of this conserved N-ter-

minal region. Hypothetically, this region could represent

a second effector domain; however, the N-terminal

region of HopK1 did not make a detectable contribution

to virulence, nor did it possess the ability to suppress

PTI (Figure S6). Additionally, the processed forms of both

HopK1 and AvrRps4 are found only in chloroplasts,

based on biochemical fractionation and in vitro import

assays (Figures 4 and 5). When GFP is fused to this N-

terminal region, it is sufficient to direct GFP to the chlo-

roplast (Figure 3c). Thus, the conserved N-terminal

region acts as a chloroplast transit peptide. Moreover,

the virulence activity of HopK1 requires that it be local-

ized to the chloroplast, based on the pathogenicity phe-

notypes of DC3000 hopK1 mutants (Figure 6a). The

ability of HopK1 and AvrRps4 to suppress PTI-induced

immune responses also requires that plants expressed

full-length effector proteins: their processed forms did

not have this activity (Figure 6). Perhaps most impor-

tantly, we were able to restore the virulence activity of

HopK1 by providing a heterologous transit peptide (Fig-

ure 7), clearly illustrating that HopK1 needs to be local-

ized to the chloroplast to contribute to virulence.

However, we cannot exclude the possibility that the full-

length forms of these effectors act in other subcellular

compartments within the plant cell.

(a) (b) (c)

(d) (e) (f)

Figure 6. Chloroplast localization is required for the virulence role of HopK1 and AvrRps4, but is not required for AvrRps4 to be recognized by RPS4.

(a) In planta bacterial growth assays of the hopK1 mutant were performed in wild-type Arabidopsis, and in transgenic plants expressing the full-length HopK1-

HA or expressing the processed HopK1 (HopK1C-HA).

(b) Transgenic Arabidopsis plants expressing HopK1C-HA were treated with 1 lM flg22 and reactive oxygen species (ROS) were measured.

(c) Transgenic Arabidopsis expressing HopK1C-HA were treated with 1 lM flg22 and callose depositon was quantified.

(d) Estradiol-inducible transgenic wild-type Arabidopsis (Col-0) expressing AvrRps4-HA or AvrRps4C-HA were induced with 10 lM estradiol, and evaluated for HR

production. Representative leaves are shown 3 days post-induction. The ratio of the number of leaves exhibiting an HR for the total number of leaves infiltrated

is shown below each leaf picture.

(e) Estradiol-inducible transgenic Arabidopsis rps4-2 mutant plants expressing AvrRps4-HA or AvrRps4C-HA were treated with 1 lM flg22 and ROS were

measured.

(f) Estradiol-inducible transgenic Arabidopsis rps4-2 mutant plants expressing AvrRps4-HA or AvrRps4C-HA were treated with 1 lM flg22 and callose depositon

was quantified.

(a, c, f) Different letters indicate significant differences (P < 0.05), as calculated with a Student’s t-test.

(b, c, e, f) Plants were treated with 10 lM estradiol (+Est) or without estradiol (�Est) 16 h prior to flg22 treatment. Error bars represent standard errors (n = 24).

(e and f) Control plants were untransformed rps4-2 mutant plants.
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The transit peptide of HopK1 and AvrRps4 does not

share any obvious homology with transit peptides of other

proteins targeted to chloroplasts. Predicting the localiza-

tion of P. syringae effectors has been confounded by the

fact that the biochemical properties of P. syringae type-III

secretion signals resemble those of chloroplast targeting

signals (Guttman et al., 2002), even though these effectors

do not localize to chloroplasts. However, PSORT and

WOLF PSORT predict that the transit peptide regions of HopK1

and AvrRps4 (amino acids 53–160) are localized to chlo-

roplasts (Nakai and Horton, 1999; Horton et al., 2007).

Additionally, the experimentally defined transit peptides of

HopK1 and AvrRps4 both have biochemical characteristics

of chloroplast transit peptides, including high serine con-

tent and basic and hydrophobic amino acids. The KRVY

motif reported to be required for the virulence activity of

AvrRps4 (Sohn et al., 2009) and conserved in HopK1

(Figure 2c) is within a subsequence of these transit

peptides with these characteristics.

Two other P. syringae type-III effectors localize to the

chloroplast: HopI1 and HopN1 (Jelenska et al., 2007, 2010;

Rodriguez-Herva et al., 2012). Both of these proteins do not

use a cleavable transit peptide. Other than HopK1 and Av-

rRps4, we are unaware of other type-III effectors that use a

cleavable organelle targeting sequence including animal

and plant pathogen type-III effectors that target mitochon-

dria (Kenny and Jepson, 2000; Papatheodorou et al., 2006;

Block et al., 2010). Both HopK1 and AvrRps4 appear to

localize to the chloroplast stroma, as their processed forms

were found in the soluble portion of the chloroplast in

in vitro import assay experiments (Figure 5). Consistent

with this finding is that transgenic Arabidopsis and

tobacco (N. tabacum cv. Xanthi) plants expressing HopK1-

HA were reduced in their photosynthesis efficiency (Figure

S8). Future research will be focused on identifying the tar-

gets of HopK1 and AvrRps4 inside chloroplasts.

Recently, it was reported by two independent research

groups that AvrRps4 targets the immunity-associated EDS1

protein (Bhattacharjee et al., 2011; Heidrich et al., 2011).

Heidrich et al. found that AvrRps4 targets EDS1 in the cyto-

plasm and the nucleus, and that AvrRps4-induced ETI

requires nucleocytoplasmic coordination (Heidrich et al.,

2011). Bhattacharjee et al. found that AvrRps4 and another

P. syringae effector HopA1 targets EDS1 at the cytoplasmic

membrane, and that their corresponding R proteins (RPS4

and RPS6, respectively) are part of an R protein complex

with EDS1 (Bhattacharjee et al., 2011). Our finding that Av-

rRps4 localizes to the chloroplast is not in conflict with Av-

rRps4 being recognized at the cytoplasmic membrane.

Indeed, we found that the transgenic expression of the pro-

cessed form of AvrRps4, which cannot be imported into

chloroplasts, retained the ability to induce an HR, indicat-

ing that the recognition of AvrRps4 does not require that it

be localized to the chloroplast (Figure 6d). However, the

ability of AvrRps4 to suppress PTI-induced immune

responses did require that it be localized to the chloroplast,

which suggests that the virulence target (or targets) that

are required for this suppression reside in chloroplasts.

An important molecular tool, known as the effector

detector vector (EDV; Sohn et al., 2007; Fabro et al., 2011),

produces protein fusions where the N-terminal region of

AvrRps4 is fused to candidate plant pathogen effectors

(including those from fungal and oomycete pathogens),

allowing them to be delivered into plant cells by

P. syringae. This tool allows the delivery of a test effector

(a) (b)

(c) (d)

Figure 7. A heterologous chloroplast transit peptide restores the virulence

activities to the processed HopK1 form.

(a) An immunoblot using anti-HA antibodies (a-HA) of protein extracts from

transgenic Arabidopsis plants expressing a HopK1 derivative that contain

the transit peptide (TP) from the pea ribulose 1,5-bisphosphate carboxylase

enzyme fused to the processed form of HopK1 (TP-K1C-HA), with and with-

out induction by 10 lM estradiol (Est). Molecular mass markers and the full-

length (FL) and processed (CL) TP-K1C-HA are indicated.

(b) Wild-type Arabidopsis (Col-0) and transgenic Arabidopsis expressing TP-

K1C-HA (after induction with 10 lM estradiol) were spray-inoculated with

wild-type DC3000 (WT), the DC3000 hopK1 mutant and the DC3000 hrcC

mutant defective in type-III secretion. The bacteria were enumerated at 0

and 4 days post-inoculation. Different letters indicate statistically significant

differences (P < 0.05).

(c) Wild-type Arabidopsis (Col-0) and estradiol-inducible TP-K1C-HA trans-

genic plants were treated with 1 lM flg22 and reactive oxygen species (ROS)

were measured.

(d) Wild-type and estradiol-inducible HopK1-HA transgenic plants were trea-

ted with 1 lM flg22 and callose deposition was quantified.

(c and d) Error bars represent standard errors (n = 20). Different letters indi-

cate statistically significant differences (P < 0.05). Plants were treated with

10 lM estradiol (+Est) or without estradiol (�Est) 16 h prior to flg22 treat-

ment.

(a–d) Each experiment was repeated at least three times with similar results.
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inside plant cells via the P. syringae T3SS, and once inside

the AvrRps4 moiety of the fusion is cleaved away, allowing

the effector to function in its intended subcellular location.

Our results indicating the processed form of AvrRps4 is

localized to chloroplasts has important practical implica-

tions regarding the utility of the EDV, because it suggests

that the effector of interest introduced into plant cells using

the EDV system may be mis-localized to chloroplasts.

Indeed, we show that the AvrRps4 transit peptide can

direct a heterologous effector to chloroplasts in transgenic

Arabidopsis expressing the effector domain of the H. ara-

bidopsidis effector ATR13 fused to the AvrRps4 transit pep-

tide at its N-terminus, and to GFP at its C-terminus

(Figure 8). This fusion protein is identical to the ATR13

fusion protein used in the first description of the EDV

(Sohn et al., 2007).

It is important to note that it remains possible that some

of the AvrRps4-effector fusion remains outside of the chlo-

roplast, and that localization signals (if there are any) on a

test effector may override the AvrRps4 transit peptide,

allowing it to localize to the correct subcellular location.

However, the processed form of AvrRps4 or any processed

AvrRps4 effector fusion is likely to exist only in the chloro-

plast, because we only detect the processed forms of

HopK1 and AvrRps4 inside chloroplasts, where the stromal

processing peptidase that cleaves transit peptides has

been shown to be exclusively localized and is quite specific

(Li and Chiu, 2010). Thus, any effector screen using the

EDV system should use additional controls to confirm that

the effector of interest is not mis-localized to chloroplasts,

as well as independent assays to confirm any phenotypes

identified using it.

Which chloroplast targets of HopK1 and AvrRps4 can

result in the suppression of plant immunity? The chloro-

plast-localized HopI1 appears to suppress immunity by

reducing salicylic acid (SA) levels (Jelenska et al.,

2007, 2010). Transgenic Arabidopsis plants expressing

HopK1-HA or AvrRps4-HA did not suppress SA levels (Fig-

ure S9), and therefore appear to function differently than

HopI1. It is important to note that HopK1 and AvrRps4 con-

tain distinct effector domains, and these are predicted to

have different targets within chloroplasts. Because these

effectors suppress early and late immune responses, their

targets may be components of retrograde signaling: signal-

ing that transmit signals that originate in the organelles to

regulate nuclear gene expression (Pogson et al., 2008;

Woodson and Chory, 2008). The signals that mediate retro-

grade signaling from the chloroplasts are likely to be

metabolites; however, they and their production are not

well understood (Woodson and Chory, 2012). Recently, a

calcium sensor in the chloroplast was found to be required

for PTI and ETI, suggesting retrograde signaling via cal-

cium fluxes (Nomura et al., 2012). It seems plausible that

chloroplast-localized effectors such as HopK1 and AvrRps4

may suppress plant immunity by disrupting retrograde sig-

naling. In any case, understanding how these effectors

function to suppress plant immunity will shed important

light on the role that the chloroplast plays in plant-microbe

interactions.

EXPERIMENTAL PROCEDURES

Bacterial strains and media

The bacterial strains and plasmids used in this work are listed in
Table S1. Additional methods are described in the Appendix S1.

General DNA manipulation

A list of the primers is shown in Table S2. For cloning we used
Gateway technology (Invitrogen, now Life Technologies, http://
www.lifetechnologies.com).

Construction of DC3000 hopK1 mutants

An unmarked mutagenesis strategy was used to make DC3000
hopK1 mutants (House et al., 2004; Crabill et al., 2010). For the
complementation of the hopK1 mutants, hopK1 was recombined

(a) (b)

Figure 8. The AvrRps4 transit peptide can direct an oomycete effector to chloroplasts.

(a) An immunoblot using anti-GFP antibodies of crude extracts from transgenic Arabidopsis plants expressing the effector domain of the Hyaloperonospora ara-

bidopsidis effector ATR13 fused to GFP (ATR1342–154-GFP) or expressing the AvrRps4 transit peptide fused to ATR13 at its N-terminus and GFP fused to its C-ter-

minus (AvrRps41–136-ATR1342–154-GFP) after 16 h of treatment with 10 lM estradiol.

(b) Single optical sections of Arabidopsis leaf tissue expressing ATR1342–154-GFP or AvrRps41–136-ATR1342–154-GFP after 24 h of induction with 10 lM estradiol.
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into the Tn7 vector pLN2992 (Crabill et al., 2012). pLN2992 is a
Gateway destination derivative of pUC18T mini-Tn7. The resulting
Tn7 constructs were co-electroporated into hopK1 mutant strains.
The gentamicin-resistant colonies were selected for Tn7 transposi-
tion events.

Transgenic plant production

The transgenic Arabidopsis plants were transformed by the flo-
ral-dip method (Bechtold et al., 1993). The transgenic Arabidopsis
plants that constitutively expressed GFP fusions were made with
T-DNA binary vector pK7FWG2 (Karimi et al., 2002), carrying
either hopK1 or avrRps4. The HopK1-GFP and AvrRps4-GFP
inducible Arabidopsis lines were made by PCR cloning the
respective gene fusions from the constitutive T-DNA binary con-
structs into the Gateway destination vector pLN604. This is a
pER8 (Zuo et al., 2000) derivative containing an estradiol-induc-
ible promoter and nucleotides that encode a C-terminal HA tag.
The transgenic Arabidopsis plants that conditionally express
effector-HA fusions were also made with pLN604. The DNA of
interest was first cloned into a Gateway pENTR vector, and then
recombined into pLN604 using LR Clonase. Transgenic tobacco
plants expressing HopK1 derivatives were made using leaf-disc
transformation (Horsch et al., 1985). For AvrRps4-expressing
transgenic Arabidopsis, Col-0 rps4-2 mutant plants were used
(Wirthmueller et al., 2007), with the exception of the Arabidopsis
plants shown in Figure 6d, which were wild-type Col-0. The full
list of entry clones and destination constructs used to make
transgenic plants are listed in Table S1.

Pathogenicity assays

Pathogenicity assays were performed as described by Block et al.
(2010). For the pathogenicity assays with estradiol-inducible trans-
genic Arabidopsis lines, plants were first sprayed with 10 lM estra-
diol in 0.01% (v/v) Silwet L77.

Callose deposition assays

Callose deposition assays were performed as described by Jeong
et al. (2011).

ROS assays

HopK1-HA or AvrRps4-expressing transgenic lines were confirmed
as making the protein of interest after 16 h of induction with
10 lM estradiol. Leaf discs of 4 mm in diameter were taken from
expressed plants and kept in water in a 96-well plate overnight.
After 16 h the water was removed. ROS assays were performed as
previously described (Jeong et al., 2011). Luminescence was mea-
sured with a Synergy 2 luminometer (BioTek Instruments, http://
www.biotek.com).

Edman degradation sequencing

The processed form of HopK1-HA was purified from estradiol-
inducible transgenic lines, which were induced with 10 lM
estradiol for 16 h. Co-immunoprecipitation was performed with
anti-HA Affinity Matrix (Roche Applied Science, http://www.roche-
applied-science.com) according to the manufacturer’s instructions.
After SDS-PAGE the proteins were transferred to polyvinylidene
difluoride (PVDF) membrane. The band corresponding to
processed HopK1-HA was cut and N-terminal sequenced by the
Edman degradation method. The sequencing was performed by
the protein structure core facility at the University of Nebraska
Medical Center.

Confocal microscopy

The localization of GFP fusions was visualized by sequential laser
scanning confocal microscopy, using a Nikon AI microscope, with
sequential imaging at 488 nm excitation and 505–525 nm emis-
sion, and at 633 nm excitation and 660 nm emission.

Protein manipulation and immunoblots

Leaf disks of transgenic and wild-type plants were harvested with
a 0.64-cm2 cork borer, and were ground in liquid nitrogen. The
ground tissues were resuspended with 100 ll of 1.59 SDS sample
buffer, and centrifuged for 5 min at 20000 g. The decanted super-
natant was subjected to SDS-PAGE and immunoblot analyses.
Anti-HA antibodies (Roche), anti-RuBisCO antibody (Abcam, http://
www.abcam.com) and anti-Histone H3 antibody (Abcam) were
used to detect HA, RuBisCO, and histone proteins bound on PVDF
membranes. Proteins on immunoblots were visualized using the
CDP-Star chemiluminescence detection kit (Roche), followed by
autoradiography.

Biochemical fractionation

Estradiol-inducible Arabidopsis lines expressing HopK1-HA or Av-
rRps4-HA were induced with 10 lM estradiol for 16 h. The intact
chloroplasts were isolated using a continuous Percoll gradient cen-
trifugation, as previously described by Seigneurin-Berny et al.
(2008). Nuclear fractionationwas performed as previously described
by Xia et al. (1997). Nuclear and chloroplast fractions were evalu-
atedwith immunoblot analyses using anti-HA antibodies.

Bacterial effector injection assay

DC3000 or hrcC carrying plasmids that express HopK1-HA or Av-
rRps4-HA were infiltrated into Arabidopsis leaves at a cell density
of 1 9 109 cells ml�1 (OD600 = 1.0). After 7 h, leaf disks were har-
vested and subjected to immunoblot analyses. To determine the
extent that these proteins localized to chloroplasts, chloroplasts
were isolated as described above and subjected to immunoblot
analyses using anti-HA antibodies.

Chloroplast import assays

The DNA encoding HopK1 and AvrRps4 were PCR cloned into
pDEST14 according to the manufacturer’s instructions (Invitro-
gen). Intact chloroplasts were isolated from 8–12-day-old pea
seedlings and purified over a Percoll gradient, as previously
described (Bruce et al., 1994). Intact pea chloroplasts were re-iso-
lated and resuspended in import buffer (330 mM sorbitol, 50 mM

Hepes/KOH, pH 8.0) at a concentration of 1 mg chlorophyll ml�1.
HopK1 was radiolabeled using [35S]methionine and translated
with TNT� Coupled Reticulocyte Lysate System (Promega, http://
www.promega.com), whereas AvrRps4 was radiolabeled with [3H]
Leucine and translated with the TNT� Coupled Wheat-germ Lysate
System (Promega). Import assays were performed as described
by Tranel et al. (1995).

ACKNOWLEDGEMENTS

This research was supported by grants to JRA from the US
Department of Agriculture (award no. 2007-35319-18336) and the
Institutes of Health (award no. 1R01AI069146-01A2). The Division
of Chemical Sciences, Geosciences, and Biosciences, Office of
Basic Energy Sciences of the US Department of Energy (award no.
DE-FG02-91ER20021) funded the chloroplast import assays.

© 2013 The Authors
The Plant Journal © 2013 John Wiley & Sons Ltd, The Plant Journal, (2014), 77, 310–321

HopK1 and AvrRps4 effectors target chloroplasts 319

http://www.biotek.com
http://www.biotek.com
http://www.roche-applied-science.com
http://www.roche-applied-science.com
http://www.abcam.com
http://www.abcam.com
http://www.promega.com
http://www.promega.com


SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article.
Figure S1. A schematic map of the hopK1 gene locus and confir-
mation of the hopK1 mutant.

Figure S2. Immunoblots show that estradiol-inducible transgenic
Arabidopsis plants express HopK1-HA, HopK1C-HA, AvrRps4-HA
or AvrRps4C-HA.

Figure S3. The ability of HopK1 to suppress PTI was dependent on
its chloroplast localization.

Figure S4. Analysis of transient and transgenic expression of
effector-GFP fusions with immunoblots.

Figure S5. Processed HopK1 and AvrRps4 do not localize to chlo-
roplasts.

Figure S6. HopK11–137 does not contribute to the virulence of Pseu-
domonas syringae.

Figure S7. A HopK1 derivative that is not processed retains its
virulence activity and its ability to localize to chloroplasts.

Figure S8. HopK1 can inhibit photosynthesis, and the inhibition is
dependent on its chloroplast localization.

Figure S9. HopK1 and AvrRps4 cannot inhibit salicylic acid biosyn-
thesis.

Table S1. Strains and plasmids used in this study.

Table S2. Primers used in this study.

Appendix S1. Materials and methods.
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