Eur J Plant Pathol (2019) 154:17-29
https://doi.org/10.1007/s10658-019-01713-2

SI: JOHANNA WESTERDIJK

Clade 5 aspartic proteases of Phytophthora infestans

®

Check for
updates

are virulence factors implied in RXLR effector cleavage

Charikleia Schoina - Natalie Verbeek-de Kruif -
Francine Govers - Klaas Bouwmeester

Accepted: 7 March 2019 /Published online: 23 March 2019
© The Author(s) 2019

Abstract Late blight caused by the oomycete pathogen
Phytophthora infestans is one of the most destructive
diseases in potato cultivation. To successfully colonize
its host, P, infestans secretes a suite of effector proteins
that undermine plant immunity, many of which contain
a conserved N-terminal RXLR motif that strongly re-
sembles the host targeting motif in effectors of the
malaria parasite Plasmodium falciparum. In this study,
we focus on three P, infestans clade 5 aspartic proteases
(PiAPs) that are homologous to Plasmepsin V (PMV), a
Pl falciparum AP responsible for cleaving effectors
prior to translocation into red blood cells. Malaria para-
sites expressing mutated PMV are impaired in effector
translocation and are less virulent. To determine whether
clade 5 PiAPs play similar roles in virulence, we char-
acterized P. infestans transformants with either reduced
or enhanced PiAP expression levels. Phytophthora
infestans transformants with altered PiAP10 or PiAPI2
expression were found to be impaired in mycelial
growth and sporangia production, and are hampered in
their virulence on potato leaves. This was not observed
in PiAP11 transformants. Activity assays showed that
PiAP10 and PiAP12 possess moderate protease activity,
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and can potentially cleave the RXLR effector PIAVR4,
but not a PIAVR4 version with a mutated RXLR motif.
These findings imply that P. infestans APs function in
the proteolytic cleavage of RXLR effectors, and warrant
further investigation to verify and confirm the role of
clade 5 PiAPs in effector processing.
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Introduction

Plant pathogenic microorganisms — including bacteria,
fungi and oomycetes — secrete effector proteins that
suppress host immune responses to facilitate successful
host colonization. The potato late blight pathogen
Phytophthora infestans — as well as related oomycete
species — harbor an extended arsenal of effector proteins,
of which the majority contains the conserved N-terminal
RXLR (Arginine-x-Leucine-Arginine) peptide motif
(Anderson et al. 2015). These so-called RXLR effectors
are considered to be translocated into host cells via
specialized infection structures, such as haustoria. Mul-
tiple studies show that the RXLR motif is essential for
the delivery of P. infestans effectors into host cells, and
that mutation of the RXLR motif hampers effector
translocation (Whisson et al. 2007; Schornack et al.
2009). It was only recently shown that RXLR effectors
indeed shuttle into host cells by visualizing an mRFP-
tagged RXLR effector that accumulates in the plant cell
nucleus (Wang et al. 2017). The exact mechanism that
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supports translocation of RXLR effectors, however, has
not been fully resolved.

The Phytophthora RXLR motif strongly resembles
the host translocation motif RXLX™?® of PEXEL ef-
fectors secreted by the malaria pathogen Plasmodium
falciparum. Studies by Boddey et al. (2010) and Russo
et al. (2010) showed that the N-terminal RXLX®?P
motif of Plasmodium PEXEL effectors is cleaved after
the Leucine (L) residue by the aspartic protease
Plasmepsin V (PMV) prior to host translocation into
red blood cells. PMV harbors a C-terminal transmem-
brane domain, and was found to reside in the endoplas-
mic reticulum (ER) of the pathogen (Russo et al. 2010).
Inhibition of PMV activity by using either HIV inhibi-
tors, the aspartic protease inhibitor pepstatin or a
PEXEL-mimetic inhibitor, was shown to impact effector
export and to result in loss of virulence (Russo et al.
2010; Sleebs et al. 2014). Translocation of cleaved
PEXEL effectors into host cells is mediated by the
Plasmodium translocon of exported proteins (PTEX)
complex, which comprises as core components the
exported protein EXP2, the AAA™-ATPase HSP101
and PTEX150, a novel Plasmodium protein with un-
known function (Elsworth et al. 2014).

The strong resemblance of host translocation motifs
(RXLXF/QP yersus RXLR) in effectors of
Phytophthora spp. and Pl falciparum suggested that
both organisms make use of similar export mechanisms
to deliver effectors into host cells (Bhattacharjee et al.
2006; Bouwmeester et al. 2011). The current predomi-
nant model emphasizes cleavage of the RXLR motif to
initiate effector translocation into host cells.
(Bouwmeester et al. 2011; Petre and Kamoun 2014;
Wang et al. 2017; Wawra et al. 2017). Phytophthora
genomes, however, lack genes encoding homologs of
PTEX components and as such the mechanism by
which RXLR effectors are translocated remains elusive
(Bouwmeester et al. 2011). Another model suggests that
the RXLR motif binds to phosphatidylinositol 3-
phosphate (PI(3)P) in host membranes, thereby activat-
ing effector translocation by pathogen-independent lipid
raft-mediated endocytosis (Kale et al. 2010).

Kay et al. (2011) identified 12 aspartic proteases
(APs) in P, infestans, including three clade 5 PiAPs —
i.e. PIAP10, PiAP11 and PiAP12 — that are homologous
to PL falciparum PMV. APs are endopeptidases usually
containing two active aspartate residues in their catalytic
site that bind a water molecule to initiate cleavage of
protein substrates. Well-known eukaryotic APs are
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pepsins, cathepsins and renins (Revuelta et al. 2014).
Several plant APs have been shown to play keys role in
pathogen defense and abiotic stress response (Simdes
and Faro 2004). In fungi, APs are involved in various
physiological processes, including fitness and growth.
Inhibition of aspartic proteases in diverse plant patho-
genic fungi, such as Alternaria and Fusarium species,
was shown to result in growth inhibition (Dash et al.
2001). Examples of APs involved in pathogen-host
interactions are HIV-1, which functions in protein cleav-
age of structural components to generate infectious HIV
virions, and the secretory aspartic proteases SAP1-10 of
the yeast Candida albicans that are involved in patho-
genicity and cleavage of host proteins (Craig et al. 1998;
Monod and Borg-von Zepelin 2002; Naglik et al. 2003;
Silva et al. 2014). ASP5, an AP from the zoonotic
parasite Toxoplasma gondii, was found to be located in
the Golgi apparatus and plays a key role in the cleavage
of GRA effectors at a PEXEL-like motif. Deletion of
ASPS5 resulted in reduced parasite fitness and virulence
(Hammoudi et al. 2015; Cassone et al. 2016).

This study focuses on P. infestans clade 5 aspartic
proteases (PiAPs) that are homologues to Plasmodium
PMV. Here, we determined the involvement of three
PiAPs in virulence by functionally characterizing
P, infestans transformants with altered PiAP gene ex-
pression levels. In order to test whether the clade 5
PiAPs have a similar role in effector modification as
PMYV, we assessed the potential activity of the PiAPs in
effector cleavage using the P. infestans RXLR effector
AVR4 as substrate.

Materials and methods

Phytophthora culture conditions and plant infection
assays

Phytophthora infestans isolates were grown at 18 °C on
rye sucrose (RS) agar plates supplemented with appro-
priate antibiotics. P, infestans transformants were select-
ed and grown on RS agar plates supplemented with
5 mg/L geneticin (G418). Zoospores were isolated by
flooding two-week old mycelium with ice-cold water
for 2-3 h. Inoculum concentrations were adjusted to 1 x
10° zoospores/ml. Five-week old potato plants (cv
Désirée, [RO]) were spray-inoculated with P infestans
zoospore suspensions until run-off. Inoculation assays
on detached Nicotiana benthamiana and potato leaves
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were performed by placing 10 pl droplets of inoculum
on abaxial leaf sides. Mock-inoculation was performed
with water. Inoculated plants were incubated at 18 °C
and high humidity. Lesion sizes were determined at
5 days post inoculation (dpi) as described by
Vleeshouwers et al. (1999). Statistical analysis was per-
formed using One-way ANOVA with Tukey’s HSD
post-hoc tests (p < 0.05).

Nucleic acid isolation and quantitative RT-PCR

Phytophthora infestans DNA was extracted using
TRIzol reagent, and RNA was isolated with a Quick-
RNA Mini-prep kit according to the manufacturer’s
instructions. cDNA was synthesized from 1 pug of total
RNA using oligo(dT) primers and M-MLV reverse tran-
scriptase. Quantitative RT-PCR was performed in tripli-
cate on an ABI7300 SDS real-time qPCR machine.
Transcript levels of PiAPs were quantified using gene-
specific primers and PiActA as endogenous control
(Table S1). Data were analyzed based on the 2'AACT
method (Schmittgen and Livak 2008). Samples were
taken at eight time points from 0 to 72 h post inoculation
(hpi).

Plasmid construction

Full-length sequences of PiAPI10, —11 and —12 were
PCR-amplified from genomic DNA of P. infestans iso-
late 88069 using proof-reading DNA polymerase and
primers that generate restriction sites (Table S1). PCR
fragments were introduced by directional cloning into
plasmid pMCherryN, which carries a geneticin resis-
tance cassette and a mCherry sequence under control
of a ham34 promoter (Ah-Fong and Judelson 2011).
Sequences encoding PiAP domains (PiAP10gg_413,
PiAP11967441, PiAP12917430) were amphﬁed from
cDNA with primers containing a 6His sequence
(Table S1). Sequences encoding C-terminal 6His/
3Myc-tagged PIAVR4™™® (AA,5 5g;) and the RXLR
mutant version PIAVR4**** (RFLR—AAAA) were
obtained via gene synthesis. Gene fragments were in-
troduced by restriction digestion to plasmid pFLAG-
ATS. Plasmid PMV-3His encoding Pl falciparum
Plasmepsin V was provided by Boddey et al. (2010).
All constructs were introduced to E. coli strain BL-21
for protein production. Full length PiAP sequences am-
plified from cDNA were introduced in plasmid pENTR/
D-TOPO, and subsequently in the binary plasmid

pGWBS via LR reaction (Invitrogen). The recombinant
plasmids were transformed by electroporation into
A. tumefaciens strain AGL1 for Agrobacterium—medi-
ated transient transformation assays.

Transformation of Phytophthora infestans

Protoplasts of P. infestans T35-3 were obtained by
treating 2-days-old mycelium for 1 h with 5 mg/ml
cellulase and 10 mg/ml {3-glucanase. Prior to transfor-
mation, 25 pg plasmid DNA was mixed with 60 pl
lipofectin and incubated for 15 min at RT. Protoplasts
were transformed using the PEG transformation proto-
col as described by Ah-Fong et al. (2008). Transformed
protoplasts were kept 24 h in liquid RS medium con-
taining 5 mg/L geneticin (G418) and subsequently plat-
ed on RS agar plates with geneticin. Colonies were
cultured on fresh RS agar plates and covered with a thin
layer of RS agar supplemented with 5 mg/L geneticin.
Emerging colonies were isolated and grown for 2 weeks
on selective medium. Mycelial growth and sporangia
production were determined 12 days after inoculation of
a mycelial plug (5 mm in diameter) in the centre of a
fresh RS agar plate.

Agroinfiltration assays

Agrobacterium tumefaciens AGLI1 strains carrying bi-
nary vectors were grown overnight at 37 °C in LB
medium supplemented with appropriate antibiotics.
Bacterial pellets were resuspended to an ODgq of 1.0
in induction medium (per L: 20 g sucrose, 5 g MS basal
salt mixture, 1.95 g MES, 200 mM acetosyringone,
pH 5.6). Agroinfiltrations were performed on abaxial
sides of N. benthamiana leaves using a needleless sy-
ringe. Plants were kept in a climate chamber at 21 °C
and a 70% relative humidity.

Electrolyte leakage assays

Six leaf disks (9 mm in diameter) were excised per
agroinfiltrated area and incubated for 3 h in 5 ml MQ
under gentle agitation. After incubation, sample conduc-
tivity was measured using a digital conductivity meter
equipped with LabX direct PH 2.1 software (Mettler
Toledo). Total conductivity was measured after boiling
leaf disks in solution for 15 min. Electrolyte leakage was
calculated by dividing sample conductivity by the total
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conductivity. Experiments were repeated in triplicate
each consisting three replicates per sample.

Protein production and purification

Recombinant E. coli strains were grown overnight
as pre-cultures in 25 ml LB medium containing
appropriate antibiotics at 37 °C. Individual pre-cultures
were used to inoculate in 1 L of LB medium, and grown
at 37 °C for 2 h to an ODg( of 0.5. Recombinant protein
production and purification was performed as described
in Fig. S1. Protein production was induced by adding
0.35 mM IPTG and cultures were subsequently grown
for 4 h at 30 °C. Cells were collected by centrifu-
gation at 5000 rpm for 30 min, and lysed in 40 ml
lysis buffer (per 100 ml: 7.4 g sodium phosphate,
10 ml glycerol, 300 ml lysozyme, 6.26 ng DNAse)
for 1 h at room temperature (RT, ~21 °C). Samples
were snap-frozen in liquid nitrogen and thawed at
RT. Supernatants (soluble protein fractions) were
obtained by centrifugation at 14000 rpm for
45 min. Pellets were resuspended in 5 ml denatur-
ing buffer (100 mM NaH,PO,, 100 mM Tris-HCI,
6 M GdnHCI, pH 8.0), incubated for 40 min at RT,
and subsequently centrifuged at 14000 rpm for
45 min (denatured protein fractions). Protein frac-
tions were stored at —20 °C. Protein purification
was performed with Ni-NTA agarose beads. Protein
extracts were mixed with beads (200 pl beads per
1 ml extract) and incubated for 2 h at 4 °C. Beads
were collected by centrifugation at 800 rpm for
5 min and rinsed twice with washing buffer
(50 mM NaH,PO,, 300 mM NaCl, 10 mM imidaz-
ole, pH 8.0). Bound proteins were eluted by incu-
bation for 15 min at 4 °C with elution buffer
(50 mM NaH,PO,, 300 mM NaCl, 250 mM imid-
azole, pH 8.0). Purified proteins from soluble frac-
tions were dialysed (Spectra/Por 3 RC dialysis tub-
ing, MWCO 3,5 kDa, Spectrum Labs, USA)
against 20 volumes of dialysis buffer (150 mM
NaCl, 50 mM Tris-Cl, pH 8.0) overnight at 4 °C.
Denatured protein fractions were washed and eluted
in buffers additionally supplemented with 6 M gua-
nidine hydrochlorite (GdnHCI). Purified denatured
proteins were step-wise refolded using dialysis
buffer with decreasing GdnHCI concentrations (6,
5,4,3,2,1, 0.5 and 0 M). Dialysis buffer was
changed every 12-15 h. Purified proteins were
stored in 20% glycerol at —80 °C.
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Protein detection

Proteins samples were boiled for 5 min in SDS-loading
buffer and separated on 4-20% gradient Mini-
PROTEAN TGX Stain-free Precast protein gels (Bio-
Rad). After electrophoresis, proteins were transferred to
Immuno-Blot polyvinylidene difluoride membranes
(Bio-Rad). Proteins were detected by incubating mem-
branes with «-His or «-FLAG antibodies (diluted to
1:5000 in TBST) in 5% skimmed milk for 1 h at RT.
Western blot signals were visualized using SuperSignal
West Dura substrate (Thermo Fisher Scientific) using a
ChemiDoc XRS system. Protein blots were subsequent-
ly stained with Coomassie Brilliant Blue R250.

Zymography and in vitro cleavage assays

In-gel zymography assays were performed according to
Hassani et al. (2014) with slight modifications. In brief,
12% polyacrylamide gels containing 1.5 mg/ml gelatin
were loaded with purified soluble and refolded PiAP
proteins at a concentration of 10 pg. Trypsin was used
as a positive control for protein digestion. Trypsin ac-
tivity was inhibited using 50 uM protease inhibitor mix
(cOmplete ULTRA, Sigma-Aldrich), and AP activity
using 5 uM pepstatin A (Sigma-Aldrich). After electro-
phoresis, gels were incubated with 1% Triton X-100 for
1 h at RT, and subsequently washed overnight in 50 mM
Tris-Cl pH 7.4, 5 mM, CaCl, and 1 mM ZnCl, at RT
under constant agitation. Gels were stained with
Coomassie Brilliant Blue R250.

In vitro activity assays were performed according to
Boddey et al. (2010), with modifications. Purified
PiAPs and PMV (2 pg) were mixed with soluble
PiAVR4RR or PIAVR4AAAA (1 pig) in 100 pl activity
buffer (25 mM Tris, 25 mM MES, pH 6.5), and incu-
bated for 1 h at RT under constant shaking. Hereafter,
samples were boiled for 5 min in SDS-loading buffer
prior to SDS-PAGE. Proteases and substrate proteins
were detected with immunoblotting using «-FLAG
and «-His antibodies, respectively.

Multiple sequence alignment and phylogenetic analysis

Protein sequences of P, infestans APs and PI. falciparum
Plasmepsin V were retrieved from Kay et al. 2011, and
aligned with Clustal Omega or MAFFT using default
settings. A phylogenetic tree was constructed with
MEGAG6 using maximum likelihood analysis. Tree
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robustness was assessed by bootstrap analysis using
1000 replicates.

Results

PiAP expression is enhanced in pre-infection stages
and peaks during host colonization

To gain insight into the biological functions of clade 5
PiAPs (Fig. la), we first assessed the expression of
PiAP10, PiAPIl, and PiAPI2 in four different
P infestans life stages, i.e. mycelium, sporangia, zoo-
spores and germinating cysts. Quantitative RT-PCR
using gene-specific primers revealed that clade 5 PiAPs
are expressed in all developmental stages, with highest
transcript levels in germinating cysts (Fig. 1b). Expres-
sion of PIAP10 and PiAP1l was also found to be in-
duced in zoospores, whereas PiAPI2 transcription is
elevated in sporangia. Next, we determined PiAP ex-
pression during potato leaf infection, i.e. at time points 0
to 72 hpi. The three PiAPs were found to be expressed
during all time points, and show remarkably similar
profiles including a sharp increase in expression at 36
hpi (Fig. 1c). This distinct peak in expression could be
related to full establishment of disease or to haustoria
development (Zuluaga et al. 2016).

Altered PiAP expression in P. infestans affects colony
growth

To further investigate the role of clade 5 PiAPs, we
transformed P. infestans isolate T35-3 with constructs
encoding full length PiAPs harboring mCherry tags.
Transformants selected for their resistance to geneticin
were verified by PCR, and subsequently analyzed by
qRT-PCR to determine PiAP expression levels.
Transformants with a>25% higher level in PiAP ex-
pression were considered to be overexpressing lines
(PiAP-OX), whereas those with a reduction in gene
expression of at least 25% were selected as silenced
lines (PiAP-Sil). In total, we obtained 16 PiAP-OX
lines; i.e. eight lines for PiAP10, four for PiAP11 and
four for PiAP12. Transformation also resulted in seven
PiAP-Sil lines; three silenced lines for PiAP10, two for
PiAP11 and two for PiAP12 (Fig. 2). In none of the Sil
or OX lines transformation of the target gene affected
the expression of the other two clade 5 PiAPs. Two
P infestans transformants that only express mCherry

were selected as empty vector controls (mCh22 and
mCh25). Phenotypic characterization showed that
transformants enhanced or silenced in PiAPI0 and
PiAP12 expression are affected in colony morphology.
All PiAP10- and PiAP12-Sil lines showed reduction in
mycelial growth and sporangia production (Fig. 3),
whereas such a clear effect on development was
not found among PiAP10- and PiAP12-OX lines.
In contrast, both the PiAP11-Sil and -OX lines
seem to be slightly enhanced in growth and pro-
duction of sporangia (Fig. 3), but no correlation
could be found between the degree of silencing or
overexpression and the observed phenotypic effects.
All PiAP11 transformants, regardless of their trans-
gene expression level, were able to produce zoo-
spores in amounts comparable to that of the control
lines. Taken together, these results suggest that
altered expression levels of PiAPI0 and PiAPI2
affects P. infestans growth and sporangia produc-
tion, while altered expression of PiAPIl had no
obvious effects.

P, infestans transformants with altered PiIAP10
or PiAP12 expression are hampered in virulence

In a next step, we assayed whether alteration of PiAP
expression influences P. infestans virulence. Potato
leaves were inoculated with similar amounts of zoo-
spores, and infection efficiency and lesion formation
were measured after 5 days. Control lines mCh22 and
mCh25 were found to behave in a similar way as the
recipient isolate T35-3. In contrast, potato leaves inoc-
ulated with P. infestans lines that overexpress either
PiAP10 or PiAPI2, resulted in significantly smaller
lesions (Fig. 4a). It should be noted that these OX-
lines also have lower infection efficiencies. This is
largely due to the fact that inoculation with these lines
frequently resulted in cell death (Fig. 4b). Transformants
overexpressing PiAP11 (PiAP11-OX) developed le-
sions comparable to the control, with no reduction in
efficiency and no induction of cell death (Fig. 4).
PiAP10- and PiAP12-Sil lines have a low infection
efficiency and show significantly reduced lesion sizes
on inoculated potato leaves, but did not induce cell death
(Fig. 4). Similar to the PiAP11-OX lines, transformants
silenced for PiAPIl did not show any reduction in
infection rate or lesion size in comparison to the control
lines (Fig. 4).
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Fig. 1 Phylogeny of aspartic proteases in Phytophthora infestans
and expression of clade 5 PiAPs in different P, infestans life stages
and during potato infection. a: Phylogenetic tree of P, infestans
APs based on full-length amino acid sequences. Clade 5 PiAPs
clustering with Plasmodium falciparum Plasmepsin V are outlined
in blue. Numbers at nodes indicate bootstrap values representing
the level of clade support inferred by Maximum Likelihood. b:
Expression profiles of PiAP10, —11 and —12 in different life
stages, i.e. mycelium (MY), sporangia (SP), zoospores (ZO), and

Expression of PiAP10 and PiAP12 in Nicotiana
benthamiana impairs colonization by P. infestans

To investigate if the observed cell death induced by
PiAP10- and PiAP12-OX lines is pathogen indepen-
dent, we transiently expressed PiAPs in
N. benthamiana leaves by agro-transformation. No cell
death was observed by the naked eye in PiAP-express-
ing zones at 5 dpi. Empty vector (EV) and the cell death-
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germinating cysts (GC). Expression levels were quantified by
qRT-PCR relative to the expression in mycelium (set at 1) and
with PiActA as endogenous control. ¢: Expression profiles of
PiAP10, —11 and —12 during infection of potato. Leaves of
spray-inoculated plants were harvested at different time points
between 0 and 72 h post-inoculation. RNA was isolated and
expression levels were quantified by qRT-PCR relative to the
expression at time point O (set at 1) . Bars represent averages +
SD of two biological replicates

inducing protein CRN2 (Torto et al. 2003) were used as
negative and positive controls, respectively. In addition,
we monitored ion leakage as a measure of cell death.
Agroinfiltrated leaves that transiently express PiAPI10
and PiAP12 showed an increase in ion leakage com-
pared to the negative control, but this was not compara-
ble to the strong response initiated by the positive con-
trol (Fig. 5a). Transient expression of PiAP// had only a
minor effect. Next, we performed infection assays on
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Fig. 2 PiAP-overexpressing and -silenced transformants.
PiAP10, —11, and —12 expression in P. infestans transformants
was analysed by qRT-PCR and transcript levels were quantified
relative to the level in the recipient strain T35-3 (R) (set at 1).

agroinfiltrated leaves with P. infestans zoospores. In
planta expression of PiAPI10 and PiAPI2 significantly
reduced leaf colonization, while leaves that express
PiAP1] were unaffected in lesion growth (Fig. Sb-c).

PiAP10 and PiAP12 potentially cleave P. infestans
RXLR effector AVR4

To assess whether clade 5 PiAPs function in RXLR
effector cleavage, we performed in vitro experiments
with heterologously produced aspartic domains of
PiAP10, PiAP11 and PiAP12. FLAG/His-tagged gene
fragments encoding aspartic domains (i.e. PiIAP10;
AA66—413’ PlAPll, AA96_441, P1AP12, AA91430) were
constructed and expressed in E. coli (Fig. 6a).
Recombinantly produced and purified PiAPs were first
analyzed for proteolytic activity by so-called in-gel
zymography; assays based on enzymatic degradation
of high-molecular-weight substrates integrated in poly-
acrylamide gels that can be visualized by electrophore-
sis (Choi et al. 2009). In our assays we used gelatin, a
mixture of proteins derived after enzymatic hydrolysis
of collagen. As control we included trypsin, a serine
protease that cleaves between lysine (K) and arginine
(R) residues. Results show that trypsin was able to
digest gelatin efficiently, as indicated by the strong
discoloration of the gel (Fig. S2). Discoloration of the

PiActA was used as endogenous control. Transformants with in-
creased or decreased PiAP transcript levels are referred to as
overexpressing (-OX) or silenced (-Sil) lines, respectively. Bars
represent averages + SD of two biological replicates

gel was also observed upon incubation with both soluble
and refolded PiAP10, —11, and —12, although much
weaker as observed with trypsin (Fig. S2). When we
added the aspartic protease inhibitor pepstatin no dis-
coloration was observed, suggesting that clade 5 PiAPs
have AP activity.

Based on the fact that the aspartic protease PMV of
the malaria parasite PL falciparum cleaves PEXEL ef-
fectors after the L residue within the motif RXLX®?P,
we performed activity assays to determine if PiAPs can
cleave RXLR effectors in a similar fashion. For this
purpose, we heterologously produced a tagged version
of the P, infestans RXLR effector AVR4 (AVR4RTER),
Two bands were detected by immunoblotting, one with
an expected size of approximately 40 kDa and a lower
band at 25 kDa that could be a degradation product.
Incubation of AVR4®™™® with PiAP10 and PiAP12
resulted in the appearance of a third band slightly small-
er than AVR4®"R_ The size of this band is around
35 kDa, which is the expected size of AVR4 when
cleaved in or near the RXLR motif. A similar sized band
was not detected in assays using PiAP11 and PMV,
suggesting some sort of enzyme specificity (Fig. 6b).
These results suggest enzymatic cleavage of AVR4 at
the N-terminus.

To further validate the involvement of the RXLR
motif in effector cleavage we produced a version of
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Fig. 3 Altered PiAP expression affects P. infestans growth and
sporulation. a: Colony size and b: sporangia production of
P, infestans -OX and -Sil lines at 9 dpi. Lines transformed with
the empty vector pMCherryN (mCh22 and mCh25) were included

AVR4 in which the RXLR motif is mutated into AAAA
(AVR4) which migrated as a single 40 kDa band.
Activity assays using AVR4**** as substrate did not
result in a comparable sized extra band of 35 kDa upon
incubation with any of the recombinant PiAPs (Fig. 6¢).
These results imply that AVR4 is cleaved in the RXLR
motif, or that the RXLR motif is important for the
cleavage process.

Discussion

APs are an important class of enzymes involved in
virulence of several mammalian parasites, and shown
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PiAP10-Sil

PiAP11-0X PiAP11-Sil PiAP12-0X PiAP12-Sil

as controls. Bars represent averages + SD of two biological re-
peats. Different letters indicate significant differences (One-way
ANOVA, p < 0,05)

to play key roles in host cell manipulation to facilitate
disease. Well-studied examples are PMV from PL.
falciparum that modifies PEXEL effectors to activate
translocation into the host erythrocytes and ASPS from
T. gondii, which modifies effectors at the PEXEL-like
motif and plays a role in the pathogen fitness and viru-
lence (Hammoudi et al. 2015; Boddey et al. 2010; Russo
et al. 2010). A large amount of effectors secreted by
plant pathogenic oomycetes harbour a N-terminal
RXLR motif sequence highly similar in sequence to
the PEXEL motif. This led to the tempting hypothesis
that a similar mechanism exists for RXLR effector
translocation. Early studies showed that PEXEL and
RXLR motifs are interchangeable, however, PMV was
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Controls PiAP10-OX
b IE (%)

D% 0 O 44 70 68 39 6 37 72 72 0

Fig. 4 Infection assay of P. infestans PiAP transformants on
detached potato leaves. A: Lesion sizes on potato leaves at 5 dpi.
Data are an average of three biological repeats + SD (n = 18).
Different letters indicate significant differences (One-way
ANOVA, p < 0,05). B: Infection efficiency of PiAP transformants.

not able to cleave RXLR effectors (Bhattacharjee et al.
2006). In a later study Bhattacharjee et al. (2012a)
showed that in Plasmodium, export of PEXEL effectors
is facilitated by passage via the ER. Their findings lead
to a model in which host targeting of PEXEL effectors is
mediated by binding to PI(3)P in the parasite’s ER and is
independent of PMV-mediated PEXEL cleavage
(Bhattacharjee et al. 2012a, b). A recent study by
Boddey et al. (2016) could not find sufficient evidence
to support this model and showed that the modification
of the PEXEL effectors by PMV is the essential step to
initiate effector translocation.

RXLR effectors are found to accumulate around
haustoria, the site where they supposedly enter the host
cells. Several studies have been focussing on the mech-
anism responsible for effector translocation into the host
cell, and most of them indicated that the RXLR motif is
essential (Schornack et al. 2009). However, several stud-
ies show that the presence of the pathogen is not neces-
sary for the export of RXLR effectors. The P. sojae
effector AVR1 was found to enter host cells via a mech-
anism independent of the pathogen (Dou et al. 2008).
However, experiments showing this autonomous uptake
were not repeatable (Wawra et al. 2013). A different

PiAP10-Sil

0

PiAP11-OX PiAP11-Sil PiAP12-OX PiAP12-Sil

0 o0 0 o 0 o 0 /52 63 78 56 0 0

Green and white sectors in the pie charts depict the percentages of
successful and unsuccessful infection, respectively. Numbers con-
nected to the white sectors represent percentages of cell death
observed among unsuccessful infections at 5 dpi. Data are an
average of three biological repeats (n =30)

mechanism of translocation that is mediated by external
PI(3)P binding of the RXLR motif of effectors has been
suggested (Kale et al. 2010). This model of effector
translocation has also been under heavy debate, with
more recent studies indicating that the RXLR motif is
not sufficient for PI(3)P binding and that the uptake is
pathogen-dependent (Yaeno and Shirasu 2013; Petre and
Kamoun 2014; Petre et al. 2016).

In this study we focused on three clade 5 APs of
P infestans that show similarity to PMV of Pl
falciparum. PiAPs and PfPMYV share structural features,
including signal peptide and propeptide regions. Like
PMYV, PiAPs harbor a C-terminal transmembrane do-
main, which in PfPMV confers ER localization (Fig.
S3) (Russo et al. 2010; Tarr and Osborne 2015).

We hypothesized that these APs may be involved in
virulence of P. infestans by modifying RXLR effectors.
As a first approach, the potential role of PiAPs on
P infestans virulence was examined by altering their
expression. Overexpression of PiAPs did not have a
severe effect on growth and sporulation. However, si-
lencing of PiAP10 and PiAPI2 resulted in reduced col-
ony growth and sporulation suggesting that these APs
have a role in pathogen fitness. Similar results have been
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Fig. 5 PiAP10 and PiAP12 a 5 . a
inhibit growth of Phytophthora T 18
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expressing PiAPs compared to § 1.2 - b
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control. Conductivity values were 8 o5 -

measured 5 days after g c

agroinfiltration. Data are an aver- % 06 1

age of three biological repeats + e 0.4 1

SD (n = 15). Different letters in- 0.2 4

dicate significant differences with 0

the control (One-way ANOVA, p EV PiAP10 PIAP11 PiAP12 CRN2
< 0,05). B: Mean sizes of b 500 - a a

P, infestans lesions at 5 dpi on 450 -

N. benthamiana leaves transiently = 400 -

expressing PiAPs. Data are aver- E 350 - b
ages of three biological repeats + o 300 - b

SD (n = 30). Different letters in- E 250 -

dicate significant differences with 2 200 -

the control (One-way ANOVA, p LR

< 0,05). C: Images taken under 100 -

UV light showing leaves of 50 4

N. benthamiana that were o . . .
agroinfiltrated with the PiAP EV PIAP10 PIAP11 PiAP12
constructs (as in B) and subse-

quently inoculated with c

P, infestans

reported in other studies, where inhibition of APs resulted
in growth inhibition of several fungal species (Dash et al.
2001), while deletion of ASP5 in 7. gondii led to reduced
fitness of the pathogen (Hammoudi et al. 2015).

To study the role of the PiAPs in virulence, we
performed disease assays with transformants with si-
lenced PiAP expression. Lines that were silenced in
PiAP10 or PiAP12 —but not PiAP1] — expression were
found to be reduced in virulence, as indicated by the
formation of significantly smaller lesions on potato
leaves. Inoculation of potato leaves with transformants
overexpressing PiAP10 or PiAP12 induced cell death
and resulted in smaller lesions. Similar results were not
observed when using PiAPI]-overexpressing lines. Our
agroinfiltration assays showed that transient expression
of PIAP10 and PiAP12 in N. benthamiana leaves re-
duces lesion formation. This could suggest that PiAPs
can be active inside host cells, somehow stimulating
plant defense hindering host colonization. Protein struc-
ture prediction suggests that PIAP10 and PiAP12 are
membrane-bound and may function as a homodimers.
PiAP11 is as well membrane-bound, but it lacks the
essential cysteine residues to form dimers (Kay et al.
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2011). We hypothesize that this could be a potential
explanation for the observed differences between
PiAP10 and —12, and PiAP11.

To determine whether clade 5 PiAPs have a similar
biochemical function as PMV, we performed in vitro
experiments with heterologously produced aspartic do-
mains of PiAP10, PiAP11 and PiAP12. Enzymatic ac-
tivity assays using gelatin as a general substrate showed
that the aspartic domains of all three clade 5 PiAPs
harbour proteolytic activity and this was verified by
inhibition of their activity with the general AP inhibitor
pepstatin. Activity assays using recombinant PiAPs sug-
gest that both PIAP10 and PiAP11 are capable to cleave
the P, infestans RXLR effector AVR4. Furthermore, we
show that the RXLR motif in AVR4 is important, since
mutation of this motif resulted in loss of enzymatic
cleavage. The ability of clade 5 PiAPs to cleave at
neutral pH is potentially due to substitution of an alanine
residue, which in human renin contributes to enzyme
activity over an extended pH range (Yamauchi et al.
1988; Fig. S3).

Recently, Wawra et al. (2017) showed that the RXLR
effector AVR3 is cleaved in the N-terminus before
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Fig. 6 PiAP10 and PiAP12 can
cleave P, infestans effector AVR4.
a: Cartoons of recombinantly

produced PiAPs, PMV and AVR4RFR
PiAVR4. The red line i

AIVR 4RFLR ;l(rie A\;EZ}AI}AAA AVR4AAA
indicates the position of the PMV

RXLR motif. Boxes outlined in

blue indicate the tags (M: Myc, F:

FLAG, H: His). b: AVR4®R g

cleaved by PIAP10 and PIAP12, b
but not by PiAP11 and PMV.

Arrowheads point to the PIAVR4

fragments obtained after

cleavage. ¢: PIAP10 and PiAP12

a
PiAP10/11/12

AP domain ]
|
'
PMV domain
Soluble Refolded
— o o~ > o — o~ >
& a & = & & o =
< < < o- < < < o
a a a a a a
AVR4RFLR

are unable to cleave the mutated

version AVR44444 d: Soluble
and refolded PiAPs produced in
E. coli and detected on
immunoblots incubated with
FLAG antibodies. Protein sizes in
kDa are indicated

B T
* *

5= D - — - -

.- o
% K -

o-myc
c AVR4AAA
37— ——— | — —
o-myc
o 2 o S = o
d o o o = o o o =
< < < = < I < =
o o o o o o o o
S I ) ) )
rd ~ 7~ P
37 65 37 65 aflag

secretion. In that study, however, none of the clade 5
PiAPs was found to modify the effector and this is in
contrast to our findings. This could be due to differences
in experimental set-up of the activity assays or to the fact
that a different RXLR effector is used as substrate. It is
very well possible that not all RXLR effectors are mod-
ified by the same enzyme.

Taken together, our results indicate that PIAP10 and
PiAP12 play arole in P. infestans virulence and that they
are key components in the infection process. Based on
these findings, we propose a model in which specific
PiAPs act as key components in the modification of one

or a particular group of RXLR effectors and therefore
promote disease in a very precise and balanced manner
and that alteration of this balance affects the fitness and
the virulence of the pathogen. Reduced levels of PiAP
interferes with effector secretion which results in re-
duced virulence. Overproduction leads to uncontrolled
activity and causes imbalanced effector export, which
induces cell death. To unravel the underlying mecha-
nism, the role of PiAPs in RXLR effector processing
needs to be confirmed by further optimizing the activity
assays and by using a wide diversity of RXLR effectors
as substrate.
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