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We examined changes to subcellular
architecture during the compatible

interaction between the biotroph patho-
gen Hyaloperonospora arabidopsidis (Hpa)
and its host Arabidopsis. Live-cell imag-
ing highlighted rearrangements in plant
cell membranes upon infection. In parti-
cular, the tonoplast appeared close to the
extrahaustorial membrane surrounding
the haustorium. We investigated the
subcellular localization patterns of Hpa
RxLR effector candidates (HaRxLs)
in planta. This subcellular localization
screening led to the identification of
an extrahaustorial membrane-localized
effector, HaRxL17 that when stably
expressed in Arabidopsis increased plant
susceptibility to Hpa during compatible
and incompatible interactions. Here,
we report that the N-terminal part of
HaRxL17 is sufficient to target the
plant cell membranes. We showed that
both C- or N-terminal fluorescent-tagged
HaRxL17 localizes around Hpa haustoria,
in early and in late stages of infection.
As with Hpa infection, GFP-HaRxL17
also localizes around haustoria during
infection with Albugo laibachii. Thus,
HaRxL17 that increases plant susceptibi-
lity to Hpa during both compatible
and incompatible interactions, localizes
around oomycete haustoria when stably
expressed in Arabidopsis.

Introduction

Hyaloperonospora arabidopsidis (Hpa), a
widely occurring eukaryotic biotroph
pathogen of Arabidopsis (Fig. 1A), is one
of the two most used model pathogens —
along with Pseudomonas syringae (Pst)—

for studies of the plant immune system.1

During the compatible interaction
(Fig. 1B), Hpa maintains a delicate bal-
ance between extracting sufficient resour-
ces from the plant to complete its life
cycle, while avoiding killing its host. The
haustorium (Fig. 1C), a projection from
the pathogen into the plant cell is sur-
rounded by a membrane from unknown
nature and origin, called the extrahaustor-
ial membrane.2 In contrast to plasma
membrane markers that are excluded from
the extrahaustorial membrane, the tono-
plast appears to be in close vicinity to the
membrane surrounding the haustorium.3

In addition, we observed a close asso-
ciation between the plant cell nucleus and
haustoria using live cell imaging.3 Using
trypan blue staining in fixed tissues, here
we show that whereas the nucleus is free
in the cytoplasm in non-infected cells, the
plant cell nucleus is positioned close to
the haustorium in infected cells along the
growing hyphae (Fig. 1C). Using callose
staining, we analyzed callose deposition
during compatible interactions between
Hpa Waco9 and Arabidopsis Col-0
(Fig. 1D, 1E). At the tip of the Hpa
hyphae, callose deposition occurs first at
the haustorial neck, leading eventually to
a thick haustorial encasement in older
hyphae4 (Fig. 1E). However, the role of
callose deposition during Hpa-Arabidopsis
interaction remains unclear.

Results

Subcellular localization of the Hpa RxLR
effector repertoire. In Hpa, over one
hundred RxLR effector candidates
(HaRxLs) are predicted based on the
presence of signal peptide and RxLR
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motifs.5 Recently, the analysis of a collec-
tion of over 50 HaRxLs reveals redundant
roles of those candidate effectors in sup-
pression of PAMP-Triggered Immune

responses.6 We took advantage of this
collection to screen for the subcellular
localization of the candidate effectors
in planta.3 By transiently expressing a

fluorescent tagged version of HaRxL
candidates, we identified HaRxL17, that
localized to the tonoplast.3 We validated
the GFP-HaRxL17 localization observed

Figure 1. Hpa is a model organism in plant pathology. (A) Hpa macroscopic symptoms in Arabidopsis infected leaves (B-C) Trypan blue staining Hpa
Waco9 hyphae in Arabidopsis Col-0 leaves five days after infection (5DAI). (D-E) Aniline blue staining of callose deposition in Arabidopsis Col-0 leaves
5DAI. Asterisk, haustoria; n, nucleus.

Figure 2. Non-synonymous amino acid polymorphisms in HaRxL17 among the Hpa isolates. The motifs in the sequence are indicated in red.
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in the screening by generating Arabidopsis
transgenic lines.

HaRxL17 confers enhanced plant sus-
ceptibility. The role of the membrane-
localized HaRxL17 during Hpa infection
in Arabidopsis was assessed by examining
its effects on plant susceptibility, using
transgenic lines. We found that independ-
ent transgenic lines expressing GFP-
HaRxL17 are more susceptible to Hpa
than the wild type plant during both com-
patible and incompatible interactions.3

In silico analysis showed that
HaRxLR17 is a HaRxL of 306 amino
acids (aa), which has a predicted signal
peptide of 26 aa and RxLR-EER motif
(Fig. 3A). The HaRxLR17 sequence is
predicted to contain an alanine rich region
of unknown function and three coiled-coil
motifs (Fig. 3A). Notably, HaRxLR17
contained a W motif (LHLKWAVEAKS-
PKDVVERILKDL, Fig. 3A), a conserved
module found in already well characterized
Phytophthora sp Effectors.7

It is known for pathogen effectors that
can conder avirulence that polymorphism
is a marker of effector evolution.8 In order
to determine the polymorphism of
HaRxL17 among Hpa isolates, we per-
formed PCR using specific primer design
for Hpa Emoy2 isolate, in order to amp-
lify HaRxL17 in the nine Hpa isolates
(Emoy2, Emwa1, Waco9, Emco5,
Noco2, Cala2, Hiks, Hind2, Maks9).
Using this approach, we identified five
non-synonymous aa polymorphisms in
HaRxL17 among the examined Hpa
isolates (Fig. 2).

Recently, the generation of an interac-
tion network (PPIN1) between Hpa (and
Pst) effectors and Arabidopsis proteins
allowed the identification of HaRxLs

Figure 3. The N-terminal part of HaRxL17 is
sufficient to target it to the plant cell
membranes. (A) In silico prediction of the
domain organization in HaRxL17. (B-D) Single-
plane confocal images of RFP tagged
HaRxL17 truncated version and free RFP in
N. benthamiana epidermal cells 24 h after
infiltration. In order to determine the HaRxL17
truncated version localizations, the cells were
plasmolysed by adding sucrose (2M) prior the
observations. The Green color corresponds to
the RFP signal.
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putative plant targets.9 Out of this screen-
ing, perhaps due to the membrane
localization of this effector, HaRxL17 inter-
acts only with one protein encoded by
At1G14340. At1G14340 encodes a protein
that contains a RNA recognition motif,
(IPR000504) an Aldo/keto reductase domain
(IPR001395) and a Nucleotide-binding
domain (IPR012677). In the Arabidopsis
Interactome (AI1), At1g14340 encoded
protein interacts with proteins implicated
in vesicle trafficking and plant immunity.9,10

Notably, At1g14340 encoded protein
interacts with several prenylated RAB
acceptors and the binding partner of
acd11 named BPA1.9-11 Thus, functional
analysis of the plant proteins interacting
directly or indirectly with HaRxL17
would increase our knowledge on how
the pathogen manipulates host membrane
trafficking in order to promote virulence.

HaRxL17 localizes to the extrahaustor-
ial membrane when stably expressed in
Arabidopsis. We report that in both
transient and stably transformed plant
cells, C-terminal or N-terminal-tagged
HaRxL17 localizes to plant cell mem-
brane3 (Fig. 3B). However, bioinformatic
analysis didn’t allow us to find any parti-
cular motif on the sequence that could
explain this localization. We therefore
wanted to determine which part of
HaRxL17 protein was responsible for its
membrane localization. We transiently
expressed RFP-tagged truncated versions
of HaRxL17 and then performed plant
cell plasmolysis in order to determine the
precise subcellular localization. Using this
approach, we determined that 78 aa
from the N-terminal part of HaRxL17
are sufficient to target this effector to the
plant cell membrane (Fig. 3C). Recently,
Bozkurt et al.,12 described that the effector
AVRblb2 localizes to the cell periphery
and accumulates around haustoria in
Phytophthora infestans infected cells when
transiently expressed in N. benthamiana.

We next analyzed whether HaRxL17
localization changed during infection with

haustorium-forming pathogens using in
vivo cell imaging. As observed in the
early stage of infection,3 a strong re-
localization of HaRxL17-RFP was obser-
ved around the haustoria in late stages of
Hpa infection (Fig. 4A). In order to
determine if HaRxL17 localization was
specific to Hpa plant-haustorium inter-
face, we next tested Arabidopsis trans-
genic lines expressing GFP-HaRxL17
with another haustorium-forming Arabi-
dopsis pathogen. Seven days after infec-
tion with Albugo laibachii, GFP-HaRxL17
localized around haustoria, as we described
during Hpa infection (Fig. 4A). Thus,
HaRxL17 that increases virulence of Hpa
during both compatible and incompatible
interactions, localizes around oomycete

haustoria when stably expressed in
Arabidopsis.
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