
A conserved RxLR effector interacts with host RABA-type
GTPases to inhibit vesicle-mediated secretion of
antimicrobial proteins

Iga Tomczynska, Michael Stumpe and Felix Mauch*

Department of Biology, University of Fribourg, chemin du mus�ee 10, 1700, Fribourg, Switzerland

*For correspondence (e-mail felix.mauch@unifr.ch).

SUMMARY

Plant pathogens of the oomycete genus Phytophthora produce virulence factors, known as RxLR effector pro-

teins that are transferred into host cells to suppress disease resistance. Here, we analyse the function of the

highly conserved RxLR24 effector of Phytophthora brassicae. RxLR24 was expressed early in the interaction

with Arabidopsis plants and ectopic expression in the host enhanced leaf colonization and zoosporangia for-

mation. Co-immunoprecipitation (Co-IP) experiments followed by mass spectrometry identified different

members of the RABA GTPase family as putative RxLR24 targets. Physical interaction of RxLR24 or its homo-

logue from the potato pathogen Phytophthora infestans with different RABA GTPases of Arabidopsis or

potato, respectively, was confirmed by reciprocal Co-IP. In line with the function of RABA GTPases in vesicu-

lar secretion, RxLR24 co-localized with RABA1a to vesicles and the plasma membrane. The effect of RxLR24

on the secretory process was analysed with fusion constructs of secreted antimicrobial proteins with a pH-

sensitive GFP tag. PATHOGENESIS RELATED PROTEIN 1 (PR-1) and DEFENSIN (PDF1.2) were efficiently

exported in control tissue, whereas in the presence of RxLR24 they both accumulated in the endoplasmic

reticulum. Together our results imply a virulence function of RxLR24 effectors as inhibitors of RABA GTPase-

mediated vesicular secretion of antimicrobial PR-1, PDF1.2 and possibly other defence-related compounds.

Keywords: Phytophthora, RxLR effector, RABA GTPases, secretion, plant immunity, Arabidopsis thaliana,

Solanum tuberosum.

INTRODUCTION

Plants have evolved an innate immune system comparable

to innate immunity of animals (Jones and Dangl, 2006;

Dodds and Rathjen, 2010). Plasma membrane localized pat-

tern recognition receptors (PRRs) monitor the extracellular

environment for molecules of microbial origin (pathogen-

associated molecular patterns; Zipfel, 2014). Activated

PRRs initiate pattern-triggered immunity (PTI) that provides

a broad level of basic disease resistance to a wide variety

of microbes (Boller and Felix, 2009). To counteract the neg-

ative effects of PTI, pathogens evolved effector molecules

that are delivered into the host to interfere with defense

responses or alter plant metabolism to the advantage of

the pathogen. Effectors include low-molecular-weight com-

pounds as well as proteins that are either delivered to the

host apoplast or into host cells (Rafiqi et al., 2012; Le Fevre

et al., 2015). In turn, plants evolved a second class of

intracellular immune receptors in the form of disease resis-

tance proteins that can recognize the presence of effectors

and initiate effector-triggered immunity (Jones and Dangl,

2006; Takken and Tameling, 2009).

The ultimate immune reactions interfering with patho-

gen progress include cytological and biochemical changes

(Chisholm et al., 2006). Plants cells can initiate local apop-

totic cell death at the site of pathogen attack or strengthen

the cell walls via deposition of the glucan polymer callose

to prevent pathogen entry. Important components of bio-

chemical defences include enhanced production of reactive

oxygen species and a variety of antimicrobial molecules.

The initial interactions between pathogen and host plant

take place at the plant surface and in the apoplast where

filamentous pathogens such as fungi and oomycetes

extend their hyphae into the intercellular space.
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Consequentially, plants secrete in response to pathogens

many antagonistic compounds, such as hydrolytic

enzymes, enzyme inhibitors, and antimicrobial proteins and

metabolites. Vesicle-mediated exocytosis is also responsi-

ble for the delivery to the plasma membrane of other immu-

nity-related compounds, such as PRRs, callose synthase and

NADPH oxidases that are involved in the generation of reac-

tive oxygen species (Frei dit Frey and Robatzek, 2009; Inada

and Ueda, 2014; Wang et al., 2016). Functioning secretory

pathways were shown to be essential for disease resistance

(Wang et al., 2005; Kwon et al., 2008; Du et al., 2018).

The involvement of vesicular trafficking in the targeting and

delivery of many immune-relevant compounds makes the

secretory process an attractive target for pathogen effectors.

Effectors from Pseudomonas syringae, powdery mildew and

Phytophthora infestans, respectively, were shown to directly

interact with components of the secretory machinery

(Nomura et al., 2006; Schmidt et al., 2014; Du et al., 2015).

The oomycete genus Phytophthora contains more than

120 species, including some of the most devastating plant

pathogens (http://www.phytophthoradb.org/species.php).

For example, P. infestans causes the late blight disease of

potato and tomato that is considered as a serious threat to

food security (Haas et al., 2009; Cooke et al., 2012). Dis-

eases caused by Phytophthora species generate not only

substantial economic losses, estimated at €5.2 billion per

year for the late blight disease alone (Haverkort et al.,

2009), but also can threaten woodlands as seen in forest

diebacks (Anderson et al., 2010).

The success of Phytophthora as a pathogen depends on

its complement of effector proteins. Genome analysis

revealed the presence of hundreds of different effectors in

individual Phytophthora species (Tyler et al., 2006; Haas

et al., 2009). By far the largest group is defined by a con-

served Arg-any amino acid-Leu-Arg (RxLR) sequence motif,

which is located about 30 amino acids downstream of the

signal peptide and often is followed by a dEER (Asp-Glu-

Glu-Arg) motif (Whisson et al., 2007; Dou et al., 2008). Effec-

tor delivery depends on the presence of the RxLR sequence

motif, but the mechanism of translocation into host cells is

still under debate (Dou et al., 2008; Ellis and Dodds, 2011;

Kale, 2012; Wawra et al., 2013; Yaeno and Shirasu, 2013).

The C-terminal sequences of RxLR effectors comprising the

actual effector function rarely contain motifs that would

suggest a known biochemical function. Many RxLR effectors

have been shown to compromise disease resistance when

expressed directly in plants, and some of their targets have

been identified. These targets are very diverse, and include

the host ubiquitin E3 ligase CMPG1 (Bos et al., 2010), the

lectin receptor kinase LecRK-I.9 (Bouwmeester et al., 2011),

the phosphatase BSL1 (Saunders et al., 2012), NAC tran-

scription factors (McLellan et al., 2013), MAPKKK epsilon

(King et al., 2014), a component of small RNA pathway

(Qiao et al., 2015), DYNAMIN-RELATED PROTEIN 2

(Chaparro-Garcia et al., 2015), RNA binding protein StKRBP1

(Wang et al., 2015), PROTEIN PHOSPHATASE TYPE 1C

(Boevink et al., 2016), EXOCYST COMPONENT SEC5 (Du

et al., 2015), NPH3/RPT2-Like Protein StNRL1 (Yang et al.,

2016); autophagy cargo receptor ATG8CL (Dagdas et al.,

2016), and endoplasmic reticulum (ER)-luminal binding

immunoglobulin proteins (Jing et al., 2016).

Here, we focus on the functional characterization of the

RxLR effector 24 (RxLR24) of Phytophthora brassicae

(P. brassicae) with unusual high sequence conservation

across Phytophthora species. RxLR24 is expressed during

the infection process of Arabidopsis, and is active as a viru-

lence factor as in planta expression enhanced disease sus-

ceptibility towards P. brassicae. We show that RxLR24 of P.

brassicae, a pathogen of Arabidopsis thaliana, and the corre-

sponding homologue of P. infestans physically interact with

various RABA GTPases to inhibit host vesicular trafficking

and interfere with the secretion of antimicrobial compounds.

RESULTS

Characterization of an evolutionary conserved

Phytophthora RxLR effector

We were interested in highly conserved RxLR effectors as

sequence conservation argues for a conserved function of

effector homologues in different hosts. Here, we focus on

the P. brassicae effector RxLR24 (PbRxLR24) and its homo-

logue of P. infestans (PiRxLR24). PbRxLR24 encodes a pro-

tein of 155 amino acids with a molecular mass of 17.7 kDa.

It contains a predicted 21-amino-acid-long N-terminal sig-

nal peptide followed by an RxLR-dEER motif starting at

position 52 and a putative functional C-terminal domain.

PbRxLR24 shares extensive sequence identity with homo-

logues of other Phytophthora species (Figure S1;

Table S1). PiRxLR24, for example, shares 51% sequence

identity (65% similarity) with PbRxLR24.

RxLR24 is expressed by Phytophthora brassicae during

infection

To explore the possible contribution of PbRxLR24 to P. bras-

sicae virulence, transcript levels at different infection stages

were analysed by quantitative polymerase chain reaction

(qPCR). The susceptible Arabidopsis mutant cyp79B2

cyp79B3 was inoculated with zoospores of P. brassicae iso-

late CBS 179.87 (Schlaeppi et al., 2010). PbRxLR24 transcripts

were present in the zoospores, and their relative expression

level with regard to ß-tubulin and actin transcripts of P. bras-

sicae increased during the infection process to reach a maxi-

mum of 12-fold induction at 96 hpi (Figure S2).

Analysis of transgenic Arabidopsis with ectopic

expression of PbRxLR24

To learn more about the function of PbRxLR24, Arabidop-

sis plants of the accession Wassilewskija (Ws-0) were
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transformed with two different constructs expressed under

the control of the CaMV-35S promoter. In the first RxLR24

fusion protein the signal peptide was replaced with a

3xFLAG tag (FLAG-RxLR24), and in the second one with a

GFP tag (GFP-RxLR24). Interestingly, in planta expression

of RxLR24 lead in some lines to developmental abnormali-

ties in the form of severely reduced growth (Figure 1a),

suggesting interference of RxLR24 with house-keeping pro-

cesses. Analysis of RxLR24 transcript abundance with

qPCR (Figure 1b) and protein abundance with immuno-

blots (Figure 1c) revealed a correlation between the

RxLR24 expression level and reduced plant growth. High-

est RxLR24 transcript levels were present in the severely

dwarfed homozygous Arabidopsis lines L3, L4 and L5.

Medium levels were found in plants with small growth

retardation (hemizygous lines L3, L4 and L5), whereas

plants with low expression level showed a wild-type (WT)

phenotype (homozygous L1 and L2 lines). This correlation

was also reflected at the protein level.

RxLR24 contributes to pathogen virulence

The test for disease resistance of the RxLR24 expressing

Arabidopsis lines was restricted to low and medium

expression lines as the growth phenotype excluded the

high expression lines from meaningful analysis. After leaf

inoculation with a zoospore suspension of P. brassicae

(CBS 179.87), the disease phenotype was scored 7 dpi

based on symptom development and zoosporangia pro-

duction (Figure 2). Inoculation of WT plants caused symp-

toms limited to a few brown necrotic lesions (Figure 2a).

The RxLR24 lines showed extended lesions that remained

within the area of the inoculation droplet in low expression

lines (lines L1 and L2) and did outgrow this area in med-

ium expression lines (hemizygous lines L3, L4, L5). Quanti-

tative analysis based on resistance scores on a scale of 0–4
(0 = fully susceptible; 4 = fully resistant; Schlaeppi et al.,

2010) confirmed statistically significant differences

between WT, the low and the medium expression lines

(Figure 2b). RxLR24 influenced the capacity for asexual

reproduction. Phytophthora brassicae could not proliferate

in WT plants beyond small lesions at the infection site,

whereas it colonized the leaf tissue of RxLR24 lines to

reproduce in the form of zoosporangia (Figure 2c). Quanti-

tative analysis detected no zoosporangia in WT plants,

whereas up to 35% of the leaves of RxLR24 lines contained

zoosporangia (Figure 2d). The expression level of RxLR24

correlated with the level of zoosporangia production. In

summary, ectopic expression of RxLR24 in Arabidopsis

enhanced the virulence of the hemibiotrophic oomycete

P. brassicae, indicating that RxLR24 is a functional viru-

lence factor with a putative immunity-related target in Ara-

bidopsis. In contrast, the ectopic expression of RxLR24 did

not affect the virulence of the necrotrophic fungal patho-

gen Botrytis cinerea (Figure S3).

RxLR24 homologues of Phytophthora brassicae and

Phytophthora infestans specifically associate with

members of the RABA GTPase subfamily

In planta co-immunoprecipitation (Co-IP) followed by liquid

chromatography-tandem mass spectrometry (LC-MS/MS)

was applied to identify putative host targets of PbRxLR24.

The FLAG-RxLR24 fusion protein was immunoprecipitated

from extracts of transgenic Arabidopsis with magnetic

beads coated with anti-FLAG antibody. Mass spectrometry

identified 12 Arabidopsis proteins that appeared to specifi-

cally associate with RxLR24 in the immunoprecipitate com-

pared with negative controls consisting of three unrelated

FLAG-RxLR fusion proteins (Table S2). The top 11 proteins

represented members of the RABA GTPase subfamily, fol-

lowed by RABG3f and two chloroplast proteins. The last

two candidates were excluded from further analysis as

respective peptides were also identified in the immunopre-

cipitate of the negative controls. A list of peptides identi-

fied in the Co-IP of RxLR24 is shown in File S1. Reciprocal

Co-IP was performed to further test the specificity of the

interaction between RAB GTPases and PbRxLR24. Candi-

dates from different subfamilies, RABA1a, RABA2a and

RABA4a, and RABG3f were individually co-expressed as

Myc-tagged fusion protein in agro-infiltrated Nicotiana

benthamiana leaves together with FLAG-RxLR24. The Myc-

tagged RAB proteins were immunoprecipitated with anti-

Myc antibody-coated agarose beads and the precipitate

was tested for the presence of FLAG-tagged PbRxLR24

(Figure 3a). The results showed that the Myc-antibody did

not directly precipitate the FLAG-RxLR24 protein. RxLR24

did not Co-IP with RABG3f, whereas it was present in the

Co-IPs of all three tested RABA proteins, confirming physi-

cal interaction between PbRxLR24 and RABA proteins.

Similar Co-IP experiments were performed to test the inter-

action of PiRxLR24 of P. infestans with three RABA pro-

teins of potato. To this end a FLAG-PiRxLR24 fusion

protein and Myc-tagged potato homologues of RABA1a,

RABA2a and RABA4a were transiently expressed in N. ben-

thamiana leaves, and immunoprecipitation was performed

with anti-Myc antibody-coated agarose beads. PiRxLR24

was not directly precipitated by the anti-Myc antibody,

whereas it was pulled down in the presence of any of the

three Myc-tagged potato RABA proteins (Figure 3b).

Together, our results support the conclusion that RxLR24

proteins of P. brassicae and P. infestans interact with

RABA GTPases of the respective host species.

RxLR24 co-localizes with RABA proteins

The subcellular distribution of PbRxLR24 was analysed by

confocal microscopy in leaves of N. benthamiana that tran-

siently expressed the GFP-RxLR24 fusion construct (Fig-

ure 4). GFP-RxLR24 localized to a continuous layer at the

cell periphery and to mobile dot-like structures (Figure 4a,
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left; Movies S1 and S2). Deletion of the C-terminus of

RxLR24 in RxLR24DC changed the localization of GFP fluo-

rescence to the cytoplasm and nucleus (Figure 4a, right).

The GFP-RxLR24 signal co-localized with the membrane

marker dye FM4-64 (Figure 4b), indicating an association

of RxLR24 with the plasma membrane and vesicles with a

diameter of approximately 0.8–2 lm (Figure S4). The asso-

ciation of RxLR24 with membranes was confirmed by cellu-

lar fractionation performed with leaf tissue of

N. benthamiana expressing FLAG-RxLR24. RxLR24 was
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Figure 1. Characterization of Arabidopsis PbRxLR24 over-expression lines.

(a) Comparison of growth phenotype of the Arabidopsis wild-type (WT) accession Ws-0 with five independent lines constitutively expressing either FLAG- or

GFP-tagged RxLR24.

(b) Relative PbRxLR24 transcript abundance compared with transcripts of expG as reference gene (Czechowski et al., 2005) in WT and RxLR24 expressing

homozygous (ho) and hemizygous (he) lines. Results represent the mean values (� SD) of two experiments.

(c) Immunoblot analysis of RxLR24 protein accumulation in WT and different RxLR24 expressing lines. Blots were developed with FLAG- and GFP-specific anti-

bodies, respectively. Ponceau-S (PS)-stained Rubisco large subunit served as a loading control.

4

ht
tp
://
do
c.
re
ro
.c
h



quantitatively associated with the membrane fraction, and

this association depended on the presence of the RxLR24

C-terminus as FLAG-RxLR24DC accumulated in the soluble

fraction (Figure S5). Lack of co-localization with the
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Figure 2. Effect of ectopic RxLR24 expression on disease resistance of Ara-

bidopsis to Phytophthora brassicae (CBS 179.87).

Homozygous FLAG-RxLR24 lines (L1 and L2) and hemizygous GFP-RxLR24

lines (L3, L4 and L5) were included in the test.

(a) Disease symptoms 7 dpi of leaves inoculated with a zoospore suspension.

(b) Relative distribution of susceptibility scores based on symptom develop-

ment measured as lesion size (0 = fully susceptible; 4 = fully resistant). The

results are based on two experiments each including 30 fully developed

leaves of 10 plants per line. Statistically significant differences labelled with a,

b, c based on multiple pairwise comparison using Fisher’s exact test

(P < 0.05; P-values adjusted for multiple testing by the method of Benjamini

and Hochberg).

(c) Percentage of leaves containing sporangia in wild-type (WT) and RxLR24

lines. The results are derived from two experiments including a total of 60

leaves per line. Insert: zoosporangia formation (dark blue) 7 dpi in the suscep-

tible hemizygous RxLR24 line 3 compared with hypersensitive lesion forma-

tion (dark blue) in the resistant WT. Samples were stained with lactophenol-

trypan blue. Scale bar: 50 lm. Results represent the mean (� SD) of two

experiments.
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Figure 3. Co-immunoprecipitation (Co-IP) experiments demonstrating inter-

action between RxLR24 and different RABA GTPases.

Input used for the assays are protein extracts of Nicotiana benthamiana

leaves infiltrated with combinations of the indicated constructs (+). Control
immunoblots show the FLAG-tagged protein input. Ponceau-S (PS)-stained

Rubisco large subunit served as a loading control. Immunoprecipitation (IP)

of RAB proteins was performed with an anti-Myc antibody (a-Myc). Co-IP of

RxLR24 was detected with an anti-FLAG antibody (a-FLAG).

(a) PbRxLR24 of Phytophthora brassicae binds to three different RABA fam-

ily members of Arabidopsis but not to RABG3f.

(b) PiRxLR24 of Phytophthora infestans interacts with three different RABA

GTPases of potato.
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membrane dye FM4-64 confirms that GFP-RxLR24DC is not

associated with membranes (Figure 3c). To compare the

subcellular localization of RxLR24 and one of its putative

targets, GFP-RxLR24 was co-expressed in N. benthamiana

together with Arabidopsis RABA1a containing a N-terminal

RFP-tag (RFP-RABA1a). The red fluorescence of RFP co-

localized with the green fluorescence of GFP in dot-like

structures (Figure 4d) and at the cell periphery (Figure 4e).

Because RABA proteins are known to localize to vesicles

and the plasma membrane (Feraru et al., 2012), we con-

cluded that RxLR24 localizes to vesicles and to the plasma

membrane. The results of co-localization analysis were

confirmed with intensity profiles taken from pictures

shown in Figure 4b–e (Figure S6).

RxLR24 perturbs the secretory pathway

RABA GTPases are involved in vesicle trafficking (Vernoud

et al., 2003). Hence, the physical interaction of RxLR24 with

members of the RABA subfamily suggested that RxLR24

might interfere with vesicle trafficking. This hypothesis

was tested with the help of a fusion construct encoding a

secreted pH-sensitive version of GFP (secGFP; Bartetzko

et al., 2009), which loses fluorescence upon secretion into

the acidic apoplastic space. The secGFP protein was co-

expressed with either FLAG-RxLR24, empty vector or

FLAG-RxLR24DC in leaves of N. benthamiana. When co-

expressed with an empty vector control, the GFP signal

was present in vesicle-like structures (Figure 5a). In the

presence of RxLR24 the GFP signal was, however, localized

to the reticulate network of the ER and to large round

structures. The ER retention of secGFP depended on the

presence of the RxLR24 C-terminus as the subcellular

distribution of the fluorescence signal in response to

co-expression of RxLR24ΔC was similar to the empty vec-

tor control. Co-expression with RxLR24 leads to a retention

of the GFP signal within cells compared with the two con-

trols, as shown in low-magnification pictures (Figure 5b)

and by quantitative analysis of the cellular GFP signal (Fig-

ure 5c). The fourfold higher intracellular GFP fluorescence

in the presence of RxLR24 was not a result of different

levels of GFP expression between the treatments as the

total amount of secGFP analysed by immunoblotting were

comparable between the experiments (Figure 5d).

Together, the results suggest that RxLR24 interferes with

protein secretion at the level of the ER.

RxLR24 inhibits the secretion of antimicrobial PR-1 and

PDF1.2 proteins

The previous results suggested that RxLR24 may con-

tribute to the virulence of P. brassicae via inhibition of

secretion of defence-related proteins. To test this hypothe-

sis the effect of RxLR24 on secretion of antimicrobial pro-

teins was analysed. Two cargo proteins were chosen as

candidates: PR-1 (PATHOGENESIS-RELATED PROTEIN 1)

and DEFENSIN PDF1.2. Transcripts of PR-1 and PDF1.2

accumulated in response to inoculation of Arabidopsis

leaves with P. brassicae (Figure S7), and both proteins are

secreted into the extracellular space (Van Loon and Van

Strien, 1999; Thomma et al., 2002). To differentiate

between cellular and extracellular accumulation, C-term-

inal fusion constructs were prepared with a pH-sensitive

version of GFP (phGFP; Bartetzko et al., 2009) and tran-

siently co-expressed in N. benthamiana epidermal cells

with either empty vector control or FLAG-RxLR24. Confocal

microscopy revealed that RxLR24 affected the subcellular

localization of PR-1-phGFP and PDF1.2-phGFP (Figure 6). In

control tissue the GFP signal of both proteins was

restricted to punctate cellular structures likely to represent

secretory vesicles with their respective cargo proteins. Co-

expression together with RxLR24, however, led to a dra-

matic change of the subcellular GFP localization to the

reticulate network of the ER and to round bodies of a diam-

eter of about 10 lm. The intracellular retention of PR-

1-phGFP and PDF1.2-phGFP in the presence of RxLR24 was

also detectable at lower magnification (Figure 7). No GFP-

signal derived from phGFP-fusion proteins was detectable

in the absence of RxLR24, whereas enhanced GFP fluores-

cence, indicating cellular retention, was observed in the

presence of RxLR24 (Figure 7a). Quantification showed that

RxLR24 caused about a three times higher fluorescence

emission compared with vector control experiments (Fig-

ure 7b), although the total amount of GFP was reduced in

the presence of RxLR24 (Figure 7c).

Interestingly, the subcellular localization to vesicles of a

third secreted defense-related protein, PLANT NATRIURE-

TIC PEPTIDE A (PNP-A) was not affected by RxLR24 (Fig-

ure 6). The total cellular GFP signal was comparable

between vector control and RxLR24-expressing plants, sug-

gesting that PNP-A-phGFP was efficiently secreted despite

the presence of RxLR24 (Figure 7a and b). Immunoblot

analysis revealed similar levels of total PNP-A-phGFP pro-

tein in control and RxLR24-expressing N. benthamiana

leaves (Figure 7c). Another secretion-dependent defence

response is callose deposition in the apoplast at sites of

pathogen penetration. No difference in local callose accu-

mulation was found between WT Arabidopsis plants and

RxLR24 lines in response to inoculation with a zoospore

suspension of P. brassicae (Figure S8). Our results suggest

that RABA-dependent and RABA-independent secretion

processes are involved in delivering immunity-related

compounds to the apoplast.

DISCUSSION

Considering the shared phylogenetic origin of Phytoph-

thora, it is surprising that only a few of the hundreds of

RxLR effectors are highly conserved across species bound-

aries. For example, comparison of predicted effectors

between Phytophthora sojae, Phytophthora ramorum and
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P. infestans identified only 16 effectors that were highly

conserved in all three species (Haas et al., 2009). Sequence

conservation across species boundaries suggests that such

homologous effectors, defined also as core effectors, play

important roles in pathogen virulence and share compara-

ble modes of action in different host plants (Anderson

et al., 2012, 2015).

Our aim was to functionally characterize the conserved

effector PbRxLR24 of the Arabidopsis pathogen P. brassi-

cae and its homologue PiRxLR24 of P. infestans. As

observed with other effectors (Haas et al., 2009; Wang

et al., 2011a; Anderson et al., 2012), PbRxLR24 transcript

level was induced upon contact of P. brassicae with the

host, and constitutive expression of PbRxLR24 directly in

Arabidopsis resulted in enhanced disease symptoms and

positively influenced asexual reproduction of P. brassicae.

Hence, PbRxLR24 has an immunity-relevant host target in

Arabidopsis. This target is also required for processes

beyond immunity as Arabidopsis plants expressing high

levels of PbRxLR24 were dwarfed. The correlation between

FM4-64                                 GFP-RxLR24                        Merge

RFP-RABA1a                        GFP-RxLR24                       Merge

RFP-RABA1a                       GFP-RxLR24                        Merge

(a)

(b)

(c)

(d)

(e)

FM4-64                                 GFP-RxLR24ΔC                   Merge

GFP-RxLR24 GFP-RxLR24ΔC 

Figure 4. Subcellular localization of PbRxLR24 and selected RABA proteins.

GFP-RxLR24 and RFP-RABA1a were co-expressed in leaves of Nicotiana benthamiana.

(a) Left: GFP-RxLR24 localizes to the cell periphery and to dot-like structures in epidermal cells. Right: truncation of the C-terminal effector domain in RxLR24DC
caused a re-localization of the GFP signal to the cytosol and nucleus. Chloroplast autofluorescence is marked in yellow.

(b) GFP-RxLR24 co-localizes with the FM4-64 dye to plasma membranes and dot-like structures marked with the arrows.

(c) Cytosolic location of RxLR24-DC is proven by lack of overlay with membrane dye FM4-64.

(d) Co-localization of GFP-RxLR24 and RFP-RABA1a signals in dot-like structures (arrows).

(e) Co-localization of GFP-RxLR24 and RFP-RABA1a signals at the plasma membrane. Each panel of confocal images shows a single focal plane. Scale bar repre-

sents 5 lm (b, d, e) or 10 lm (a and c). For all constructs OD600 = 0.1 was used and pictures were taken 24 h after agroinfiltration.
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expression level and growth phenotype indicated that

increasing PbRxLR24 levels titre a function that is impor-

tant for plant development. Plant immunity was, however,

more sensitive to PbRxLR24 than plant growth as trans-

genic lines with a WT growth phenotype were compro-

mised in their disease resistance towards P. brassicae.

RxLR24 expression had no significant impact on disease

resistance towards the fungal pathogen B. cinerea.

Because multiple components contribute to disease resis-

tance, it is not possible to draw conclusions from this

negative result with regard of the importance of secretion

for resistance towards B. cinerea.

Our conclusion that PbRxLR24 proteins physically inter-

act with members of the RABA GTPase family is supported

by several lines of evidence. First, untargeted immunopre-

cipitation of FLAG-PbRxLR24 expressed in Arabidopsis fol-

lowed by mass spectrometry identified as the 11 top hits

different RABA GTPases belonging to the subfamilies

RABA1, RABA2 and RABA4. In contrast, negative control

experiments with FLAG-tagged versions of three unrelated
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se
cG

FP + em
pty

 ve
cto

r 

se
cG

FP + FLA
G-R

xL
R24

 

se
cG

FP + FLA
G-R

xL
R24

ΔC

α-GFP

α-FLAG

(a)

(b)

(c) (d)

secGFP + empty vector                     secGFP + FLAG-RxLR24                  secGFP + FLAG-RxLR24ΔC

0

20

40

60

80

100

120

secGFP + empty
vector

secGFP + FLAG-
RxLR24

secGFP + FLAG-
RxLR24ΔC

M
ea

n 
G

FP
 s

ig
na

l i
nt

en
si

ty

25

PS 

17

25

PS 

a

b

a

Figure 5. Effect of RxLR24 on the secretion of pH-sensitive GFP (phGFP).

Leaves of Nicotiana benthamiana were agroinfiltrated with a fusion construct encoding a secreted version of phGFP (secGFP), which loses fluorescence in the

acidic extracellular space. OD600 for agroinfiltration was 0.1 for secGFP and 0.3 for effector and empty vector constructs. Samples were analysed by confocal

microscopy 48 h after agroinfiltration.

(a) GFP fluorescence is present in dot-like structures in the absence of RxLR24 (empty vector) and in the presence of RxLR24DC, respectively. In the presence of

RxLR24 the GFP signal is retained in the reticulate network of the endoplasmic reticulum (ER) and large round structures. Each photo represents a stack of 15

images. Chloroplast autofluorescence is marked in red. Scale bar: 20 lm.

(b) No GFP signal is visible at a six times lower magnification compared with (a) in the absence of RxLR24 (empty vector) or in the presence of RxLR24DC. Co-
expression of RxLR24 traps fluorescent secGFP in the symplast. Photos after background subtraction. Scale bar: 100 lm.

(c) Quantification of fluorescence representing symplasmic GFP. Quantification for each construct combination was performed on 48 confocal images collected

from three plants. Two leaves per plant were analysed at eight randomly chosen locations. The eight results obtained per leaf were pooled together as one

mean value. Results represent the mean (� SD) obtained for six leaves. Statistically significant differences between group means were determined by one-way

ANOVA at the P < 0.05 level for F2 = 176.5, P = 3.77E-11 and labelled with a and b based on Tukey (HSD) multiple comparisons of means (P < 0.05). The experi-

ment was repeated once with similar results.

(d) Verification of expression of FLAG-RxLR24 and secGFP by immunoblot analysis with anti-FLAG or anti-GFP antibodies, respectively. Ponceau-S (PS)-stained

Rubisco large subunit served as a loading control.
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P. brassicae RxLR effectors did not give a single hit for a

RABA-derived peptide. Second, the physical interaction of

RxLR24 with three RABA GTPases, RABA1a, RABA2a and

RABA4a, was confirmed by targeted reciprocal immuno-

precipitation experiments with agro-infiltrated N. ben-

thamiana co-expressing Myc-tagged RABA versions and

FLAG-PbRxLR24. Similarly, also PiRxLR24 of P. infestans

was co-immunoprecipitated with each of three Myc-tagged

RABA GTPases of potato. Hence, the homologues of

P. brassicae and P. infestans both interacted with mem-

bers of the RABA GTPase family. Third, PbRxLR24 and Ara-

bidopsis RABA1a co-localized to the plasma membrane

and to vesicles. Fourth, in line with a function of RABA

GTPases in vesicle-mediated secretion the ectopic expres-

sion of PbRxLR24 inhibited the secretory process leading

to an accumulation of secretory proteins in the ER.

Together these results provide evidence that RxLR24 effec-

tors target members of the RABA GTPases subfamily to

inhibit vesicular secretion.

In the classical secretory pathway, newly synthesized pro-

teins are transported from the ER to the Golgi via vesicles,

and from there to the trans-Golgi network (TGN) to be deliv-

ered to either the plasma membrane or as cargo by exocy-

tosis to the extracellular space. The secretory pathway

depends on the activity of small GTPases that cycle

between an active GTP-bound membrane-associated state

and an inactive GDP-bound cytosolic state. Activation is

catalysed by specific guanine nucleotide exchange factors

(GEFs), and inactivation is mediated by GTPase-activating

proteins (GAPs; Vernoud et al., 2003; Stenmark, 2009).

Small GTPases are divided into three families: RAB

GTPases; ROP GTPases (Rho of plants); and ARF GTPases

(ADP-ribosylation factor). RAB GTPases form the largest

group of small GTPases in plants (Stenmark, 2009). The Ara-

bidopsis genome encodes 57 members that are grouped

into eight clades (RABA-RABH; Vernoud et al., 2003). Inter-

estingly, RABA forms the largest subclade consisting of 26

members. The extension of the RABA GTPase family in

plants compared with the corresponding RAB11 family in

mammals (three members) and Ypt31/32 in yeast (two

members) suggests plant-specific functions of some RABA

proteins. Together with their regulatory proteins, RABA

GTPases play a role in anterograde vesicle transport from

the TGN to the plasma membrane, and they may also func-

tion in endocytosis (Chow et al., 2008; Feraru et al., 2012).

The analysis of subcellular localization and the results

from membrane fractionation experiments revealed that

PbRxLR24 associates with membranes. Membrane anchor-

ing of RAB GTPases is mediated by geranylgeranylation of

cysteine residues at the C-terminus (Hutagalung and

Novick, 2011). RxLR24 proteins contain neither an integral

membrane domain nor any prenylation or myristoylation

sites. The subcellular localization to plasma and vesicular

membranes is most likely the result of binding of

PbRxLR24 to membrane-localized RABA proteins. This

hypothesis is difficult to test as it would require combined

knockout of all interacting RABA GTPases that is expected

to be lethal considering the dwarfed phenotype of Ara-

bidopsis plants with partially inhibited RABA protein func-

tionality. It is clear that the RABA binding domain resides

in the C-terminal part of PbRxLR24. Deletion of the C-term

in RxLR24DC abolished binding to RABA proteins and

caused redirection of the truncated effector to the cyto-

plasm. The loss of RABA and membrane association of

RxLR24DC correlated with a loss of the ability to inhibit

secretion of secGFP. Many RABA family members were

previously shown to localize to vesicles transporting cargo

from the TGN to the plasma membrane (Qi and Zheng,

2013; Berson et al., 2014), and localization to the plasma

membrane was reported for RABA1b (Feraru et al., 2012)

and RABA4c (Ellinger et al., 2014) both of which are

included in our list of RxLR24 interacting proteins. Hence,

the co-localization of PbRxLR24 and RABA proteins indi-

cates that RxLR24 associates with the TGN and with the

plasma membrane.

empty vector                           FLAG-RxLR24

empty vector                           FLAG-RxLR24

empty vector                           FLAG-RxLR24

PR-1-
phGFP

PDF1.2-
phGFP

PNP-A-
phGFP

Figure 6. Effect of RxLR24 on secretion of host defence proteins.

The effect of RxLR24 on the localization of phGFP-tagged defence proteins

was analysed in agro-infiltrated Nicotiana benthamiana leaves. OD600 for

agroinfiltration was 0.1 for phGFP-tagged protein vectors, and 0.3 for

effector and empty vector constructs. Pictures were taken 48 h after agroin-

filtration. Left panel: co-expression of PR-1-phGFP, PDF1.2-phGFP and PNP-

A-phGFP together with empty vector control. Right panel: co-expression of

phGFP fusion proteins together with FLAG-RxLR24. Scale bar: 25 lm.

Chloroplast autofluorescence marked in red. Each confocal microscopy pic-

ture represents a stack of 37–73 single slices.
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Functional analysis of RABA GTPases is mainly based

on Arabidopsis knockout mutants. Single knockout

mutants of RABA1a, RABA1b, RABA1c and RABA1d exhib-

ited normal growth phenotypes, and the quadruple mutant

only had slightly shorter roots than WT plants (Asaoka

et al., 2013). Similarly, no effect on growth was observed

for single Arabidopsis knockout mutants, such as raba1a,

raba1c, raba1d, raba1i, raba2b, raba2d, raba3, raba4a,

raba4b and raba4e (Lunn et al., 2013). The lack of develop-

mental phenotypes is most likely caused by functional

redundancy within the large RABA family. In contrast to

single or multiple RABA mutants, expression of PbRxLR24

leads to a dose-dependent reduction of plant growth. The

fact that RxLR24 had a stronger effect on plant develop-

ment than multiple knockouts of RABA family members

supports the conclusion that RxLR24 interacts with many

RABA GTPases. The initial screen for RxLR24 interacting

partners identified 11 RABA proteins as top candidates.

Considering that some RABA proteins are only weakly or

not expressed in leaves (Szumlanski and Nielsen, 2009), it

seems likely that PbRxLR24 interacts with the majority of

RABA proteins. We provide no experimental evidence

about how exactly RxLR24 might interfere with RABA func-

tionality. In principle, RxLR24 binding could interfere with

RABA regulation, with the association to the cytoskeleton

or with the binding to specific proteins located in target

membranes. As PbRxLR24-positive vesicles remained

mobile, attachment to the cytoskeleton seems to be func-

tional.

The role of RABA proteins has been mainly addressed in

the context of plant development. RABA1d (Berson et al.,

2014) as well as members of RABA2 and RABA3 sub-

classes were shown to be involved in cell plate formation

(Chow et al., 2008), and lack of RABA4d caused abnormal

shape of pollen tubes with altered localization of pectin

(Szumlanski and Nielsen, 2009), and some RABA GTPases

have been reported to play a role in cell wall formation

(Lunn et al., 2013). Little is known, however, about the role

of RABA proteins in abiotic or biotic stress. Members of

the RABA1 clade were required for salinity stress tolerance,

but their precise role remained unclear (Asaoka et al.,

2013). RABA4c over-expression in Arabidopsis led to pene-

tration resistance against the powdery mildew pathogen

Golovinomyces cichoracearum (Ellinger et al., 2014). Inter-

estingly, RAB11 of Drosophila melanogaster (homologous

to plant RABA GTPases) was shown to play a role in the

vesicular delivery of the antimicrobial peptide drosomycin

to the haemolymph, and inhibition of drosomycin secre-

tion resulted in higher death rates after infection with bac-

teria (Shandala et al., 2011).

The physical interaction of RxLR24 with RABA GTPases

is expected to affect the secretory process. We used a

secreted pH-sensitive version of GFP (secGFP; Bartetzko

et al., 2009) to test this hypothesis. Because secretion to

the acidic intercellular space causes loss of GFP fluores-

cence, secGFP functions as a tool to distinguish between

cellular and extracellular GFP accumulation (Zheng et al.,

2005; Bartetzko et al., 2009). Co-expression of PbRxLR24

and secGFP in N. benthamiana leaves caused cellular

retention of GFP-fluorescence that was not observed in

vector control plants. This effect was not an artefact of

unequal GFP production. The results show that PbRxLR24

interferes with the secretion of secGFP, and caused its

retention in the ER and in large round structures. We can

only speculate about the causes of secGFP retention in ER.

The most straightforward explanation is that RxLR24 inhi-

bits the activity of RABA proteins associated with vesicle

budding at the ER. This would, however, be unusual as

RABA GTPases are described as markers of TGN (Vernoud

et al., 2003; Qi and Zheng, 2013; Berson et al., 2014), and

association with ER was considered as a side-effect of

over-expression (Rehman et al., 2008). We have tested the

subcellular localization of RABA1a and did not find indica-

tions of ER localization. An alternative explanation for ER

retention of secretory proteins would be that PbRxLR24

negatively affects the regulation of RABA GTPases in the

TGN resulting in a traffic jam that feeds back to the ER.

Consistent with this interpretation, a non-functional mutant

version of tomato RABA1a with an inactive GTP binding

site caused a partial retention of secGFP in the ER (Rehman

et al., 2008).

The secretory process has been shown to be targeted by

a number of pathogen effectors. The most prominent

example is the macrocyclic lactone brefeldin A that has

become an important tool for studying secretory pro-

cesses. The bacterial pathogen P. syringae produces the

Figure 7. Effect of RxLR24 on secretion of host defence proteins.

PR-1-phGFP, PDF1.2-phGFP and PNP-A-phGFP were individually expressed in leaves of Nicotiana benthamiana together with either empty vector control or

FLAG-RxLR24. OD600 for agroinfiltration was 0.1 for phGFP-tagged protein vectors, and 0.3 for effector and empty vector constructs. Pictures were taken 48 h

after agroinfiltration.

(a) Confocal microscopy of GFP signal in epidermal cells expressing the indicated phGFP-fusion proteins in the presence or absence of FLAG-RxLR24. Each pic-

ture shows a representative area of 500 9 730 lm. Background subtraction was applied to make the pictures comparable. Scale bar: 100 lm.

(b) Quantification of GFP fluorescence of the experiments shown in (a). Quantification for each construct combination was performed on 48 confocal images col-

lected from three plants. Two leaves per plant were analysed at eight randomly chosen locations. These eight results obtained for each leaf were pooled

together as one mean value. Results represent the mean (� SD) obtained for six leaves in single experiment. Statistically significant differences between group

means were determined by Student’s t-test and labelled with an asterisk (P < 0.05). The experiment was repeated once with similar results.

(c) Immunoblot showing that all constructs were correctly expressed. Ponceau-S (PS)-stained Rubisco large subunit served as a loading control.
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type III effector HopM1 that physically binds to the Ara-

bidopsis protein AtMIN7 to initiate its degradation

(Nomura et al., 2006, 2011). AtMIN7 encodes an ARF-GEF,

which is an activator of ARF GTPases localized in TGN and

involved in vesicle trafficking. Two other bacterial type III

effectors were shown to inhibit protein secretion, although

their host target remained unknown (Bartetzko et al., 2009;

Schulze et al., 2012). The powdery mildew effector BEC4

targets an ARF-GAP involved in the activation of ARFs and

contributes to enhanced virulence (Schmidt et al., 2014).

The RxLR effector Avr1 of P. infestans interacts with the

exocyst component Sec5 and affects secretion of PR-1 and

callose deposition (Du et al., 2015). Another RxLR effector

of P. infestans, AVRblb2, was shown to interfere with the

secretion of a plant immune protease (Bozkurt et al., 2011).

Many plant immune responses depend on functional

secretion of vesicle cargo and on the delivery of membrane

proteins to the cell surface. The classical example is secre-

tion of antimicrobial proteins, such as PR-1 and PDF1.2,

into the apoplast to inhibit the early colonialization of the

intercellular space. Co-expression of PbRxLR24 together

with phGFP-tagged PR-1 or PDF1.2 in N. benthamiana

resulted in their intracellular retention. Similar to the

results with secGFP, PR-1 and PDF1.2 accumulated in the

ER. The secretion of PR-1 and PDF1.2 appears to depend

on RABA-positive vesicles, and PbRxLR24 likely contributes

to host plant susceptibility via restriction of PR-1 and

PDF1.2 secretion. Because the defence functions of many

immunity-related compounds depend on a functional

secretory pathway, it is not possible to quantify the contri-

bution of reduced secretion of the two antimicrobial pro-

teins to the enhanced disease susceptibility phenotype of

PbRxLR24-expressing Arabidopsis lines.

Surprisingly, the secretion of the stress-induced protein

PNP-A, whose role in abiotic and biotic defence is not yet

clear (Wang et al., 2011b), was not affected by PbRxLR24.

Apparently, stress-associated proteins are secreted by both

RABA-dependent and RABA-independent pathways. Simi-

larly, the accumulation of local callose depositions in

response to P. brassicae was not affected by PbRxLR24 in

Arabidopsis, suggesting functional delivery of the ß-1,3-

glucan synthase PMR4 and its substrates by RABA-inde-

pendent pathways. It remains to be seen whether or not

PbRxLR24 affects transport and targeting of other immune

relevant compounds.

In summary, RxLR24 effectors of P. brassicae and P. in-

festans interact with members of the RABA GTPase sub-

family that play roles in the transport of vesicles from the

TGN to the plasma membrane. The interaction causes an

inhibition of secretory processes that export the antimicro-

bial proteins PR-1, PDF1.2 and possibly other defence-

related compounds, which may explain the observed

enhanced disease susceptibility of PbRxLR24 expressing

Arabidopsis lines towards P. brassicae. With regard to

functional diversification in plants, our results provide evi-

dence for a specific function of RABA GTPases in the secre-

tory process that cannot be fully substituted by other

subclades of the RAB GTPase family. Because the RxLR24

effector targets many RABA GTPases, it can be used in the

future as a molecular tool to better define RABA GTPase-

mediated vesicular transport.

EXPERIMENTAL PROCEDURES

Identification of RxLR24 homologues

RxLR effector candidates identified in an EST library of P. brassi-
cae were used for a blast similarity search for corresponding RxLR
effector homologues of other Phytophthora species (NCBI data-
base Phytophthora taxid: 4783). One of the identified conserved
effector candidates, named PbRxLR24, was chosen for further
analysis. The amino acid sequence of PbRxLR24 was used for
sequence alignment with homologues from selected Phytoph-
thora species using Clustal Omega (https://www.ebi.ac.uk/Tools/
msa/clustalo/) and BoxShade (https://embnet.vital-it.ch/software/
BOX_form.html). Signal peptides identified with SignalP 4.1
(http://www.cbs.dtu.dk/services/SignalP/) were excluded from
sequence comparisons.

Biological material and disease resistance tests

Nicotiana benthamiana plants were grown under 16 h light at
28°C and 8 h of darkness at 25°C. Arabidopsis plants accession
Wassilewskija (Ws-0) were cultivated with a 12 h light cycle, and
21°C daytime temperature and 19°C night temperature. For tests
of disease resistance, the adaxial leaf surface of 3-week-old Ara-
bidopsis plants was inoculated with 30 ll droplets of a zoospore
suspension (105 zoospores ml�1) of the P. brassicae isolate CBS
179.87 (Roetschi et al., 2001). Three fully developed leaves per
plant were inoculated, and 10 plants per genotype were used in
each test. The Arabidopsis double mutant cyp79B2 cyp79B3 was
used as a susceptibility control, and disease resistance was evalu-
ated based on lesion size according to a previously described
scale (Schlaeppi et al., 2010). Inoculation with B. cinerea strain
BMM was performed as described (L’Haridon et al., 2011). Four
leaves per plant were infected with a 6 ll droplet of a spore sus-
pension (2 9 105 spores ml�1). Lesion size was measured 3 days
after infection. Two independent experiments were performed
with similar results. In total, 32 plants per genotype were tested.

Cloning and bacterial transformation

Gene-specific primers, cDNAs, destination vectors and final fusion
proteins are listed in Table S3. PCR amplifications were performed
using Phusion� High-Fidelity DNA Polymerase (New England Bio-
labs). The amplification products were cloned into pENTR
(pENTR

TM/D-TOPO� Cloning Kit; Invitrogen) and transformed into
Escherichia coli XL1 Blue cells. Following sequence verification,
the cDNA inserts were mobilized into Gateway destination vectors
to be used for transformation of Agrobacterium tumefaciens strain
GV3101 by the freeze–thaw method. The construction of fusion
proteins containing phGFP was based on a pENTR1a plasmid con-
taining the cDNA of phGFP (Bartetzko et al., 2009) with deleted
signal peptide sequence. After sequence verification and restric-
tion digestion, the PCR product was cloned into pENTR1a using
XhoI and EcoRV restriction sites to create pENTR1a:phGFPDSP.
PR-1, PDF1.2 and PNP-A cDNAs were cloned into NotI and SalI
restriction sites of pENTR1a:phGFPDSP. The C-terminal sequence
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of RxLR24 starting with amino acid position 105 was removed by
PCR to create the truncated FLAG-RxLR24DC fusion protein.

Agroinfiltration of Nicotiana benthamiana

Agrobacterium tumefaciens strain GV3101 was used for agroinfil-
tration experiments as described (Sch€utze et al., 2009). Leaves of
3–4-week-old N. benthamiana plants were infiltrated with a 1:1
mixture of Agrobacterium containing the respective construct and
a P19 silencing suppressor strain. The concentration of Agrobac-
terium suspensions used for agroinfiltration was adjusted depend-
ing on the experiment. A suspension with an OD600 of 0.1 was
used for localization experiments. To visualize secretion of phGFP,
a suspension with an OD600 of 0.1 was used for secGFP, PR1-
phGFP, PDF1.2-phGFP and PNP-A-phGFP, whereas the OD600 of
the bacterial suspension for agroinfiltration of FLAG-RXLR24,
empty vector control and P19 was adjusted to 0.3. For all other
assays the bacterial suspensions were adjusted to an OD600 of 0.7.
The agroinfiltrated plants were incubated for 24 h for localization
experiments, 48 h for the observation of secGFP and phGFP-
tagged protein secretion, and 72 h for all other experiments.

Arabidopsis transformation

Arabidopsis thaliana accession Ws-0 was transformed by the floral
dip method (Clough and Bent, 1998). Transformed plants were
selected either depending on red fluorescence emission in the
seeds (for GFP-RxLR24 plants; Shimada et al., 2010) or by screen-
ing with BASTA (for FLAG-RxLR24 plants). Transformants were
tested for transgene expression by qPCR analysis and
immunoblotting following standard procedures. Homozygous
FLAG-RxLR24 over-expressing lines carrying one copy of the
transgene were selected based on segregation analysis.

Membrane fractionation

Microsomal membrane fractions were isolated from 200 mg of
N. benthamiana leaf tissue expressing FLAG-RxLR24 or FLAG-
RxLR24DC. Preparation of the microsomal fraction was performed
as previously described (Abas and Luschnig, 2010). Soluble pro-
teins were precipitated with TCA and washed with cold acetone.
The precipitated soluble proteins and the pellet of the microsomal
fraction were solubilized in 30 ll sodium dodecyl sulphate (SDS)
sample buffer, and the total fractions were subjected to SDS–poly-
acrylamide gel electrophoresis (PAGE) analysis.

Immunoprecipitation and MS analysis

Immmunoprecipitation experiments were based on FLAG-tagged
RxLR24 constructs and included as negative controls FLAG-tagged
version of three unrelated RxLR effectors of P. brassicae
(Table S2). Leaves of 5-week-old Arabidopsis plants expressing
tagged effector proteins were frozen in liquid nitrogen and ground
to a fine powder. Proteins were extracted from 6 g of plant tissue
using ice-cold extraction buffer (25 mM HEPES, pH 7.4, 150 mM

NaCl, 0.5% TritonX-100, 1 mM EDTA) supplemented with Sigma
FASTTM Protease Inhibitor tablets (1 tablet per 50 ml extraction
buffer). All steps were performed at 4°C. After 1 h of incubation on
a stirring wheel, samples were centrifuged for 15 min at 15 000 g

and filtered with PES syringae filters of 0.22 lm. Protein concen-
trations of supernatants were adjusted to 1 mg ml�1 using the
Bradford protein assay. The samples were incubated for 4 h with
50 ll packed volume of capture resin (ANTI-FLAG M2 Magnetic
Beads, Sigma). Beads were collected by a magnet and subse-
quently washed as recommended by the manufacturer. The col-
lected beads were used to identify proteins co-purifying with

FLAG-RxLR24 by LC-MS/MS performed by the Protein Analysis
Facility (Center for Integrative Genomics, Faculty of Biology and
Medicine, University of Lausanne, Switzerland). MS data search
was performed with engine Mascot Version 2.4.1. Identified pep-
tides were matched to protein sequences with use of the Swiss-
Prot_ID 2013_12 & Trembl_ID 2013_1 databases containing 54 189
A. thaliana proteins as well as sequences of common contami-
nants. Results of Mascot search were processed with Scaf-
fold_4.3.3 software. Experiment-wide grouping with protein
cluster analysis was applied to group proteins. Peptide threshold
was set as 90% minimum. Only proteins identified with confi-
dence match minimum of 95% and at least two unique peptides
were considered as reliable result. To verify effector-target interac-
tion FLAG-tagged construct of RxLR24 from P. brassicae and its
homologue from P. infestans were transiently expressed alone in
N. benthamiana (as negative control) and in combination with
selected Myc-tagged RAB proteins from Arabidopsis and potato,
respectively. Half a gram of tissue was used for the reciprocal Co-
IP experiment employing mouse monoclonal Myc antibody (9E10:
sc-40; Santa Cruz Biotechnology) and agarose beads (sc-2003;
Santa Cruz Biotechnology) to immunoprecipitate Myc-Rab pro-
teins. Forty microlitres of antibody and 80 ll of beads were used
for each sample. The samples were processed as described above.
After the final washing step, the proteins collected on agarose
beads were solubilized in 50 ll of SDS sample buffer, and 25-ll ali-
quots were analysed by SDS–PAGE and immunoblotting.

Staining procedures

Lactophenol-trypan blue staining of pathogen structures was per-
formed as published before (Koch and Slusarenko, 1990). Staining
for callose (Ton and Mauch-Mani, 2004) was performed on 15
plants per treatment using three leaves per plant. The experiment
was repeated once with similar results. Staining with the plasma
membrane marker dye FM4-64 was performed by syringe infiltra-
tion of a 20 lM dye solution through the abaxial surface of leaves
(Rigal et al., 2015).

RNA extraction, cDNA synthesis and qPCR

Total RNA was extracted with the Spectrum Plant Total RNA Kit
(Sigma). Two micrograms of total RNA was used for cDNA syn-
thesis (Omniscript Reverse Transcription Kit; Qiagen). The mix for
qPCR reactions contained 7.5 ll of SYBR Green (Bioline), cDNA
(corresponding to 100 ng RNA) and primers at a concentration of
10 lM in a final volume of 15 ll. Runs were performed on a MIC
qPCR machine (Bio Molecular Systems). The final PCR products
were analysed by melting point analysis. The transcript level of
RxLR24 effector expressed during infection was determined with
P. brassicae isolate CBS 179.87 growing on susceptible cyp79B2
cyp79B3 Arabidopsis plants (Schlaeppi et al., 2010). Leaf discs of
6 mm diameter were cut around inoculation sites. Twelve leaf discs
from six plants were analysed per time point. The relative transcript
level of RxLR24 in P. brassicae was determined with ß-tubulin and
actin of P. brassicae as reference genes. Calculation of the relative
expression values was done as described (Vandesompele et al.,
2002). Transcript levels of PR-1, PDF1.2 and PNP-A in Arabidopsis
plants were calculated with expG as reference gene (Czechowski
et al., 2005) and the comparative cycle threshold method (DDCt).
Each experiment was performed at least twice with similar results.
qPCR primers used in this study are listed in Table S4.

Protein analysis

Sodium dodecyl sulphate–PAGE and immunoblotting were per-
formed with standard procedures. FLAG-tagged proteins were
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detected with monoclonal ANTI-FLAG�M2-Peroxidase (Sigma).
Detection of the Myc-tag was based on Myc antibody conjugated
with horseradish peroxidase (HRP; Santa Cruz Biotechnology) and
anti-GFP antibody conjugated with HRP (Santa Cruz Biotechnol-
ogy) were used for detection of GFP.

Confocal microscopy

Confocal microscopy was performed with a VisiScope CSU-W1
Spinning Disk Confocal Microscope equipped with Evolve 512
(Photometrics) EM-CDD camera and Scientific Grade 4.2 sCMOS
camera. The following excitation wavelengths were used: 488 nm
(200 MW) for GFP; and 515 nm (100 MW) for RFP. The emission
collected for GFP was done with a BP filter (525/50 nm), and for
RFP with a LP filter (575 nm). Images were projected and pro-
cessed with use of ImageJ software (https://imagej.net). All stacks
(voxel depth was 0.8 lm) were prepared with max intensity pro-
jection type. Figure preparation is based on Adobe Photoshop and
Adobe Illustrator.

Analysis of phGFP accumulation

SecGFP- and phGFP-tagged proteins were transiently co-expressed
with empty vector control or FLAG-RxLR24 in N. benthamiana.
Transformed tissue was imaged by confocal microscopy with a low
magnification lens (9 10) and sCMOS camera. Quantification for
each construct combination was based on 48 pictures obtained
from three plants (2 leaves per plant, 8 pictures per leaf). The size
of a single picture taken for measurement was 1331 9 1331 lm.
Mean values of signal intensity were calculated as described before
(Zavaliev and Epel, 2015). The experiment for each investigated
cargo protein was performed at least twice with similar results.

ACCESSION NUMBERS

PbRxLR24 (MG489826), PiRxLR24 (XP002997548/PITG

18405), P. parasitica RxLR24 (XP008915662), P. sojae RxLR24

(XP009516297), P. nicotianae RxLR24 (KUF87794), PbRxLR23

(MG489827), PbRxLR27 (MG489828), PbRxLR29 (MG489829),

P. brassicae actin (ES289919), P. brassicae b-tubulin
(ES283175), PR-1 (AT2G14610), PDF1.2 (AT5G44420), PNP-A

(AT2G18660), ExpG AT4G26410), Arabidopsis thaliana

RABA1a (AT1G06400), Arabidopsis thaliana RABA2a

(AT1G09630), Arabidopsis thaliana RABA4a (AT5G65270),

Solanum tuberosum RABA1a (XM_006348832), Solanum

tuberosum RABA2a (XM_006349248), Solanum tuberosum

RABA4a (XM_006353154).
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Figure S1. Amino acid sequence alignment of RxLR24 effector
homologs. Identical amino acids are highlighted in black and similar
residues are shown as grey boxes. Sequences encoding signal pep-
tides (SP) are not included. RxLR and dEER motifs are marked with
asterisks. Sequence accessions: P. brassicae RxLR24 (MG489826),
P. infestans RxLR24 (XP002997548/ PITG 18405), P. parasitica RxLR24
(XP008915662), P. sojae RxLR24 (XP009516297) and P. nicotianae
RxLR24 (KUF87794).
Figure S2. Relative RxLR24 expression of P. brassicae during infec-
tion of Arabidopsis. Leaves of the susceptible Arabidopsis mutant
cyp79B2_cyp79B3 were drop-inoculated with a zoospore suspension
and PbRxLR24 transcript levels were determined by qPCR. b-tubulin
and actin of P. brassicae served as reference transcripts. The relative
expression of RxLR24 at 96 hpi was set at 1. Error bars represent
mean values (� SD) of two biological replicates.
Figure S3. Effect of ectopic RxLR24 expression on disease resistance
of Arabidopsis to Botrytis cinerea. Plants were inoculated with
B. cinerea strain BMM. Diagram shows the diameter of lesions mea-
sured 3 dpi. Results represent the mean (� SD) values obtained for
128 leaves in 2 independent experiments. There are no statistically
significant differences between group means as determined by one-
way ANOVA at the P<0.05 level for F(2) = 0.65, P = 0.524.
Figure S4. High magnification pictures of GFP-RxLR24 positive vesi-
cles. RxLR24 positive vesicles observed under confocal microscope
in the cells of transgenic Arabidopsis leaf (upper panel) and root
(lower panel). White rectangles mark the fragments which are
zoomed in the panel on the right side. The approximate size of vesi-
cles varies from 0.8 to 2 μm. Scale bar represents 2 μm.
Figure S5. RxLR24 accumulates in the membrane fraction. N. ben-
thamiana leaves expressing FLAG-RxLR24 or FLAG-RxLR24DC,
respectively, were used for cell fractionation. Fractions representing
40 mg of leaf tissue were analyzed by SDS-PAGE and immunoblot-
ting with anti-FLAG antibodies. The FLAG-RxLR24 protein accumu-
lated in the membrane fraction (MF). In contrast, the truncated
FLAG-RxLR24DC was present exclusively in the soluble fraction (SF).
Ponceau-S (PS) stained Rubisco large subunit served as a loading
control for membrane purity.
Figure S6. Intensity profiles of the co-localization pictures shown in
Figure 4b–e. White arrows indicate locations analyzed by fluores-
cence intensity plots shown in graphs to the right side of each image.
The length of the arrows corresponds to the x-axis in the graphs.
Figure S7. Elevated expression level of PR-1, PDF1.2 and PNP-A tran-
scripts observed 24 h after inoculation with P. brassicae in Ws-0 wild-
type plants. Real time PCR analysis was performed with expG as
reference transcript. The results represent the mean value (� SD) of
two biological replicates.
Figure S8. Effect of RxLR24 on callose deposition in response to
P. brassicae. Leaves of Arabidopsis wildtype (WT) and different
Arabidopsis lines expressing RxLR24 (L1, L2, L3 and L4) were
stained 6 hpi for callose accumulation. The Arabidopsis mutant
pmr4 (powdery mildew resistant 4) with a defect in pathogen-
induced callose production served as a negative control. Scale
bar = 100 μm.

Table S1. Sequence comparison of RxLR24 homologs of selected
Phytophthora species. Percentage of identity (similarity) between
RxLR24 protein sequences of five different Phytophthora species.
Sequences encoding signal peptides were excluded from the
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comparison. The compared sequences correspond to the
sequences listed in Figure S1.
Table S2. Top target candidates identified by untargeted Co-IP/
mass spectrometry. Mass spectrometry data of Arabidopsis thali-
ana proteins with the strongest association to the RxLR24 effector
after co-immunoprecipitation. Predicted protein localization based
on UniProt database. Peptide spectrum matching results were
from Mascot (Matrix Science) searches and only those matching
with a probability score > 95% are shown. Numbers reflect the
number of total unique peptides matched per protein. In parallel
with PbRxLR24, three non-related FLAG-tagged RxLR effectors of
P. brassicae were used as negative controls. Proteins marked with
asterisks were chosen to verify the interaction with the RxLR24 in
reciprocal Co-IP experiments. Accession numbers: PbRxLR23
(MG489827), PbRxLR24 (MG489826), PbRxLR27 (MG489828) and
PbRxLR29 (MG489829).
Table S3. List of primers used for PCR amplification of cDNAs and
plasmids used for the generation of fusion proteins. † Obtained
from gene synthesis service (GenScript).
Table S4. List of primers used for qPCR analysis.

File S1. List of peptide sequences derived from proteins associ-
ated with PbRxLR24 in Co-IP experiment.

Movie S1. Movement of GFP-RxLR24 positive vesicles in leaf cells.
Movie (15 fps) shows vesicle movement observed with confocal
microscopy in epidermal leaf cells. The movie consists of 100 time
points and was recorded with use of EMCCD camera and 60x
magnification. Exposure time was 200 ms.

Movie S2. Movement of GFP-RxLR24 positive vesicles in leaf cells.
Movie (15 fps) shows vesicle movement observed with confocal
microscopy in the root cells. The movie consists 300 time points
and was recorded with use of EMCCD camera and 60x magnifica-
tion. Exposure time was 500 ms.
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