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Comparative analysis of expressed CRN and RXLR effectors
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Plasmopara halstedii and Plasmopara viticola are the causative agents of downy mildew of two economically important
crops, sunflower and grapevine, respectively. These phylogenetically related oomycetes are obligate biotrophs belonging
to Peronosporales but have different pathological profiles. Despite the economic importance of diseases caused by both
Plasmopara, genomic resources are very limited and their effector repertoire is unknown. In this study parallel tran-
scriptome sequencing of P. halstedii and P. viticola was performed, and a Plasmopara species cDNA database (Plas-
moparaSp) released containing 46 000 clusters. In oomycetes, two classes of effectors are translocated into the host
cytoplasm, the RXLRs and the CRNs. The PlasmoparaSp database was screened in order to identify the repertoire of
expressed effectors used by both Plasmopara species; about 50 putative RXLR and 60 CRN were identified for each.
These effectors were compared within both species and with seven publicly available oomycete species representative of
Peronosporales and Albuginales. Sequence analyses revealed the presence of 55 RXLR families, 12 of them shared by
both Plasmopara, and 19 showing amino acid conservation with predicted peptides from at least one oomycete species.
Analyses of Plasmopara spp. CRN C-terminal variable regions revealed sequence conservation inside Plasmopara spp.
and across oomycetes, with the exception of Hyaloperonospora arabidopsidis. Finally, the analyses confirmed the pres-
ence of eight CRN C-terminal domains described in Phytophthora infestans and identified CRN effectors showing simi-
larity to serine proteases. Species-specific effectors were identified that may be involved in host specificity, as well as
effectors conserved among oomycetes that might play important roles in the pathogen biology.
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Introduction

Successful infection of plants by pathogens such as bacte-
ria, fungi or oomycetes, relies on pathogenicity factors
called effectors that modify the metabolism of the host
to their benefit (Bozkurt et al., 2012). Oomycetes consti-
tute a distinct phylogenetic lineage of stramenopile
eukaryotes closely related to photosynthetic brown algae
and diatoms. The Peronosporales, containing 1300 spe-
cies, forms the largest and most important group of
oomycetes. Many species in the Peronosporales are
pathogenic on plants, causing diseases on hundreds of
species, including the devastating potato late blight
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pathogen Phytophthora infestans (Thines & Kamoun,
2010). The Peronosporales include oomycetes with dif-
ferent life styles: biotrophs, requiring a living host plant
to accomplish their life cycle (Bremia, Hyaloper-
onospora), necrotrophs (Pythium) and hemibiotrophs
(Phytophthora spp.), whose life cycle combines bio-
trophic and necrotrophic stages. Obligate biotrophic
oomycetes, causing downy mildew, constitute the largest
group in the Peronosporales, with 800 species grouped
into eight genera including the crop pathogens Bremia,
Hyaloperonospora, Peronospora, Plasmopara and Pseu-
doperonospora. Important plant pathogenic oomycetes
are also found in the Albuginales, which is composed
exclusively of biotrophs that have wide host ranges, such
as Albugo candida (Thines & Kamoun, 2010).
Plasmopara halstedii and Plasmopara viticola are the
causative agents of downy mildew of two economically
important crops, sunflower and grapevine, respectively
(Viennot-Bourgin, 1949). They are phylogenetically clo-
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sely related obligate biotrophs belonging to Peronospo-
rales and have a similar genome size, estimated at
approximately 110 Mb (Voglmayr & Greilhuber, 1998;
Gascuel et al., 2015). Both Plasmopara spp. are invasive
plant pathogens in Europe, of American origin (Ahmed
et al., 2012; Fontaine et al., 2013). They have a narrow
host range, restricted to some Compositae plants for
P. halstedii and to the Vitis genus for P. viticola, and
induce similar leaf disease symptoms consisting of dis-
taining of infected regions and sporulation on the lower
leaf side (Viennot-Bourgin, 1949). There are 36 identified
P. halstedii pathotypes worldwide, named by an interna-
tional system for pathotype nomenclature (Gascuel et al.,
2015), 16 of which are found in France today (Ahmed
et al., 2012). The adaptation of P. viticola to grapevine
resistance has resulted in the emergence of virulent iso-
lates in Europe (Peressotti et al., 2010; Delmotte et al.,
2014). Besides differences in host range, P. halstedii
infects sunflower germlings and young plantlets through
roots, hypocotyls and leaves (Gascuel et al., 2015),
whereas P. viticola infects grapevine leaves, tendrils and
fruits. They both produce haustoria in infected cells and
share similar life cycles, with primary spring and sec-
ondary summer infections and dissemination through
motile biflagellate zoospores (Viennot-Bourgin, 1949).
Comparing effectors from both Plasmopara spp. should
help to understand their role in pathogen biology and
host adaptation and to identify conserved effectors puta-
tively involved in essential virulence functions.

Oomycete effectors are divided into apoplastic effec-
tors that function in the extracellular space between the
pathogen and the host cell, and cytoplasmic effectors,
which are translocated into the cytoplasm of the plant
cell targeting different cellular compartments (Bozkurt
et al., 2012; Stam et al., 2013). Two major classes of
cytoplasmic oomycete effectors have been described.
They are characterized by the presence of conserved
amino acid motifs in their N-terminal region: the RXLR
class, containing an RXLR followed by (D)EER motif,
and the Crinkler (CRN) class, containing an LXLFLAK
motif (Torto et al., 2003; Rehmany et al., 2005). The
RXLR-(D)EER and LXLFLAK motifs have been
described as essential for the translocation of effector
proteins into the plant cell (Whisson et al., 2007; Schor-
nack et al., 2010). Although RXLR and CRN effectors
are expected to present in their N-terminal region a sig-
nal peptide allowing them to exit the oomycete cell,
there are reports of CRNs that do not contain a canoni-
cal signal peptide (Stam ef al., 2013).

CRN effectors present a characteristic modular struc-
ture composed of an N-terminal conserved region includ-
ing the LXLFLAK motif and extending until an
HVLVVVP motif, followed by variable C-terminal
domains. CRNs are secreted proteins initially described
as inducing crinkling and necrosis following their ectopic
expression in planta (Torto et al., 2003). The necrotic
activity of several CRNs has been shown to be depen-
dent on their targeting to the nucleus of the host plant
(Schornack et al., 2010). Haas et al. (2009) described 36

types of CRN C-terminal domains and eight additional
singletons in Phytophthora infestans, most of which are
also found in other Phytophthora species (Stam et al.,
2013). However, most of these domains do not seem to
correspond to any known function, and the role of most
CRN proteins is still unknown, with the exception of
P. infestans CRNS, which shows kinase activity in planta
and is important for full virulence (van Damme et al.,
2012), and two CRN effectors from Phytophthora sojae
that were shown to be involved in pathogen virulence
and in the induction or suppression of plant cell death
(Liu et al., 2011).

While CRNs have been described in all oomycete spe-
cies, RXLR effectors sensu stricto seem to be restricted
to the Peronosporales group (Schornack et al., 2010). An
alternative QXLR translocation motif has been described
in secreted proteins of Pseudoperonospora cubensis (Tian
et al., 2011) and specific in planta recognition has been
shown for GKLR secreted proteins of Bremia lactucae
(Stassen et al., 2013). Outside of Peronosporales, a small
group of secreted proteins of Albugo candida presenting
a RXL variant motif have been proposed as putative
RXLRs (Links ez al., 2011). Several RXLRs are recog-
nized by plant resistance (R) genes or act as suppressors
of plant innate immunity (Vleeshouwers et al., 2008; Oh
et al., 2009; Fabro et al., 2011). Indeed most of the
oomycete Avr proteins characterized belong to the
RXLR effector family (Jiang & Tyler, 2012). Genomic
sequences are available for four hemibiotrophic Phytoph-
thora species, P. infestans, P. ramorum, P. sojae and
P. capsici (Tyler et al., 2006; Haas et al., 2009; Lamour
et al., 2012) as well as the necrotroph Pythium ultimum
(Levesque et al., 2010). Available genomic resources
from obligate biotrophic oomycetes include the genome
sequence of Hyaloperonospora arabidopsidis, (Baxter
et al., 2010), a draft assembly of the P. cubensis genome
(Tian et al., 2011), transcriptome-based resources in
B. lactucae (Stassen et al., 2012) and, outside the
Peronosporales, genomic sequences from A. candida and
A. laibachii (Kemen et al., 2011; Links et al., 2011).
Increasing the number of obligate biotrophic oomycetes
for which genomic resources are available should con-
tribute to a better understanding of their biology and
may lead to the identification of effector genes linked to
this particular life style.

A preliminary search for P. halstedii effectors in an
EST library derived from infected sunflower resulted in
the identification of five RXLR and 15 CRN putative
effectors (As-sadi et al., 2011). Sequencing of 1543
c¢DNA clones of an in vitro germinated spore library of
P. viticola resulted in the identification of two putative
RXLR effectors that are expressed upon infection (Mes-
tre et al., 2012). Nevertheless, despite the economic
importance of both pathogens, genomic resources for
P. halstedii and P. viticola are limited; in particular their
effector repertoire is unknown.

This study presents parallel transcriptome sequencing
from inoculated plant material and in vitro germinated
spores of P. halstedii and P. viticola, and the release of a
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Plasmopara species cDNA database (PlasmoparaSp). An
in silico search was performed on the database in order
to provide an inventory of the putative RXLR and CRN
effectors of P. halstedii and P. viticola. These effectors
were compared within both Plasmopara and with seven
representative sequenced oomycete species.

Materials and methods

Pathogen materials and sample preparation

Sunflower (Helianthus annuus) line GB susceptible to all patho-
types of P. halstedii was infected with pathotypes 100, 304, 703
and 710 in confined growth chambers according to Mouzeyar
et al. (1993, Supplementary References in Data S1). About 100
infected sunflower hypocotyls per pathotype were harvested
when sporulation was abundant on cotyledons, between 11 and
15 days after infection. Hypocotyls were immediately frozen in
liquid nitrogen and stored at —80°C. Sporulating cotyledons
were placed in sterile water, in order to release zoosporangia. In
vitro germinated P. halstedii zoospores were obtained as
described in Riemann et al. (2002, Suppl. References in Data
S1), using an incubation time of 4 h before addition of 10 mm
NaCl for 1 h. After checking zoospore germination with a
microscope, zoospores were collected by centrifugation as
described by Mestre et al. (2012) and frozen in liquid nitrogen
before storage at —80°C.

Plasmopara viticola isolates SC and SL (Peressotti et al.,
2010) were used to inoculate the susceptible Vitis vinifera ‘Mus-
cat Ottonel’. For the preparation of cDNA libraries, P. viticola
infected leaves and germinated zoospores were obtained as
described by Mestre et al. (2012). Plasmopara viticola-infected
leaves were sampled 48 h post-infection.

RNA extraction and cDNA synthesis

Total RNA from germinated zoospores was extracted using the
RNeasy Plant Mini kit (QIAGEN) following the manufacturer’s
instructions. Total RNA from infected sunflower hypocotyls was
extracted using the RNeasy Plant Midi kit (QIAGEN). Total RNA
from infected grapevine leaves was extracted according to Zeng &
Yang (2002, Suppl. References in Data S1). Residual genomic
DNA was removed by DNase treatment of RNAs using the
Ambion Turbo-DNAfree kit (Life Technologies). RNA quantity
and quality were checked as described in As-sadi ez al. (2011).

Clontech SMARTer ¢cDNA synthesis kit (Clontech) was used
to synthesize all double-stranded c¢DNAs. For P. halstedii,
c¢DNAs were synthesized from 4 ug total RNA by long distance
(LD)-PCR using 18, 20 or 23 cycles of amplification depending
on the amplification tests performed on each of the eight sam-
ples. For P. viticola, cDNAs were synthesized from 1 ug of total
RNA by LD-PCR using 19 cycles of amplification.

c¢DNA sequencing and sequence assembly

Eight P. halstedii and four P. viticola libraries each consisting of
11 to 18 pg ds cDNAs were sequenced at Genoscope (Evry,
France). The sequencing runs were performed on a Roche 454
GS-FLX Titanium sequencer following the manufacturer’s recom-
mendations. Initial cleaning of the sequences consisted of remov-
ing in silico the incorporated adaptors used during ¢cDNA
synthesis (CAP and polyA adaptors). Ribosomal sequences and
reads shorter than 40 nucleotides were removed. Clustering was
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carried out for each species separately with a modified version of
TGICL (Pertea et al., 2003, Suppl. References in Data S1) named
TGICL++. Briefly, the TGicL++ package was optimized to accommo-
date very large data sets. Using NRCL and TCLUST, tools available in
the TGICL package, the TGIcL++ pipeline performed successive clus-
tering steps, being very strict at first then increasingly permissive.
The starting parameters were a match identity of 97% with an
overlap of at least 100 bases. Parameters for final assembly were
an overlap length cut-off superior to 40 bp and an overlap per-
centage identity cut-off superior to 97%. For P. halstedii
sequences, TGICL (-p 97 -1 40) was run on the cleaned data from
the eight libraries generated in this study merged with H. annuus
and P. halstedii sequences available from public domains (August
2010), and from HP database (As-sadi et al., 2011). For P. viti-
cola sequences, the same process was used for the clean-up of
sequences from the four libraries merged with V. vinifera
sequences available from public domains (August 2010) and from
a P. viticola germinated zoospore library (Mestre et al., 2012).

Preliminary draft genomic sequences were obtained following
Illumina HiSeq paired-end sequencing of genomic DNA at 100x
coverage. Genome assemblies were done using a combination of
VELVET (Zerbino and Birney, 2008, Suppl. References in Data
S1), SOAPpeNnovo and SOAPGarCroser (Luo et al., 2012,
Suppl. References in Data S1) software. Assemblies featured as
follows, after removing clusters smaller than 500 nt: P. halstedii
(Num: 7276, N50 bp: 56 667, N5Onum: 376), P. viticola
(Num: 48 820, N50 bp: 5535, N50num: 5139). Comparison of
c¢DNA sequences to draft genomic sequences was performed
with GENOMETHREADER v. 1.3.1 (-dpminintronlen 39 -exdrop 1 -
gcemincoverage 50).

Sequence analysis

All Brast (Altschul ez al., 1997, Suppl. References in Data S1)
analyses were performed on the PlasmoparaSp portal (https:/
www.heliagene.org/PlasmoparaSpecies), which provides tools for
exploring gene function and protein families and includes the
databases listed in Table S1.

pSI-TBLASTN (PSSM) was performed independently on each Plas-
mopara database using the annotated sequences for oomycete
RXLR and CRN effectors available at NCBI in March 2010 as
models and BLASTPGP software (v. 2.2.26) with the following argu-
ments: Expectation value (e): 1e-4, Filter query sequence with
SEG (F): False, e-value threshold for inclusion in multipass model
(h): 1e-4, Maximum number of passes to use in MULTIPASS V. (j):
10. PaTScaN (Dsouza et al., 1997, Suppl. References in Data S1)
analyses were performed on the PlasmoparaSp database on the
GETORF predicted longest peptides from the two Plasmopara spp.
using the pattern "M 25...50 (R,H,Q)X(L,Y,F,M)(R,Q,G) and
allowing only one position to be different from the canonical
RXLR. Additionally, the pattern *M 30...90 (D,E)EER was used
to identify proteins carrying the dEER motif.

Effector families inside Plasmopara spp. were established
using a BLASTN (v. 2.0MP-WashU) analysis on the PlasmoparaSp
database using the effector set from each species as a query.
Entries producing hits (E value <10e-3, score >100) were con-
sidered as belonging to the same family. Effector families among
oomycetes were established using a TBLASTN analysis on the pre-
dicted transcriptome of seven oomycete species using the effec-
tor set from each Plasmopara species as a query. Entries
producing hits (E value <10e-4) were considered as belonging
to the same family.

Prediction of signal peptides and transmembrane domains was
done with SiIGNALP v. 4.1 and T™HMM v. 2.0, respectively, at
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CBS (http://www.cbs.dtu.dk/services). Structural homology pre-
diction ~was  performed wusing the HHpred server
(http://toolkit.tuebingen.mpg.de/hhpred) with default parame-
ters. The probability reported by HHpred is the probability that
the database match is homologous to some part of the query
sequence, and can be interpreted literally (Soding et al., 20035,
Suppl. References in Data S1). Sequence alignments were per-
formed with muscLe implemented in seaview (Gouy et al., 2010,
Suppl. References in Data S1) and identities were highlighted
using BoxSHADE at Swiss EMBnet (http://www.ch.embnet.org/).
Phylogenetic trees were constructed using PHYML after align-
ment curation with Gerocks, with LG model and 100 bootstrap
repetitions, performed at http://www.phylogeny.fr (Dereeper
et al., 2008, Suppl. References in Data S1).

All reads obtained are available at SRA (Sequence Read
Archive), accession numbers SRR1141084 to SRR1141091 for
P. halstedii, and SRR1141092, SRR1141093, SRR1138574 and
SRR1138575 for P. viticola.

Results

c¢DNA sequencing: statistics and clustering

To create genomic resources for the identification of
expressed effectors, cDNA was sequenced from both
Plasmopara spp. Total RNA was collected from inocu-
lated plant material and from iz vitro germinated spores,
the latest stage of the pathogen life cycle that can be
obtained in vitro. Four pathotypes were used for P. hal-
stedii (100, 304, 703 and 710) and two isolates for
P. viticola (SL and SC).

cDNA sequencing using Roche 454 and cleaning of
reads resulted in 843 116 and 996 983 reads from P. hal-
stedii and P. viticola tissues, respectively. Detailed results
are presented in Table S2. Because of the presence of
plant sequences in the cDNA, the available sunflower and
grapevine ¢cDNA or mRNA sequences from NCBI were
integrated in the assembly. The assembly also included
144 P. halstedii EST and mRNA sequences present in
GenBank (January 2009) as well as Plasmopara spp. EST
sequences obtained previously (285 766 sequences from
P. halstedii and 482 sequences from P. viticola; As-sadi
et al., 2011; Mestre et al., 2012). Clustering was per-
formed separately for each Plasmopara species.

Clustering produced 80 354 contigs and 130 678 sin-
gletons for P. halstedii, with 89-6% of transcripts clus-
tered. For P. viticola, 67 164 contigs and 98 992
singletons were obtained, with 92-8% of transcripts
forming contigs. Libraries were named P. halstedii+ and
P. viticola+ to indicate the presence of sequences from
plant and pathogen origin. Consensus sequences smaller
than 100 nt were discarded. The mean sizes were 447
and 682 nt for P. halstedii and P. viticola, respectively.
The size distributions of contigs and singletons for each
library are presented in Figure 1a, b. The contigs and sin-
gletons, designated hereafter as clusters, were annotated
as Plhal or Plvit followed by a six-digit number. FRAMEDP
was run to predict peptides from clusters using the Swiss-
Prot database as a reference library. A total of 118 976
and 109 539 peptides longer than 29 amino acids were

predicted from P. halstedii+ and P. viticola+ libraries,
respectively, with mean sizes 128 and 183 aa (Fig. 1a, b).

Constructing PlasmoparaSp database

In order to create a transcriptomic resource containing
only P. halstedii and P. viticola clusters, a curated data-
base was constructed from P. halstedii+ and P. viticola+
libraries. To select for oomycete clusters, preliminary
draft genomic assemblies from both Plasmopara spp.
were used, derived from Illumina paired-end sequencing
of spore genomic DNA. Sequences were compared to
draft genomic assemblies and those not producing hits
were discarded. This step might lead to the elimination
of some bona fide pathogen sequences, but it ensures
having a set of sequences with unambiguous oomycete
origin. Finally, selected sequences were compared to
grapevine and sunflower genomic sequences and those
producing significant hits were discarded. From the ini-
tial amount of 377 188 plant and Plasmopara spp. clus-
ters from P. balstedii+ and P. viticola+ databases,
136 233 (90 019 singletons and 46 214 contigs) fulfilled
such criteria and were considered as expressed sequences
from either oomycete. For quality reasons, only contigs
were included in the database.

The selected 46 214 clusters constituted a new data-
base, named PlasmoparaSp (https://www.heliagene.org/
PlasmoparaSpecies). The mean cluster size is 621 nt. In
total, 28 862 peptides were predicted, 17 417 from
P. halstedii and 11 445 from P. viticola, with a mean
size of 163 aa (Fig. 1c¢).

The PlasmoparaSp portal gives a summary of informa-
tion on each cluster and its predicted peptide (sizes, num-
bers and sequences of reads, protein patterns detected by
INTERPROSCAN) as well as BLAST results obtained with refer-
ence libraries (Fig. 2). It allows the user to search for
motifs and to undertake analyses on selected databases.

Identification of Plasmopara spp. candidate effector
proteins

The following searches were performed in order to iden-
tify Plasmopara spp. candidate effector proteins: (i) psi-
BLAST of the whole data set against a library of oomycete
effector sequences; and (ii) a motif search on the Plas-
moparaSp database using PATSCAN.

The procedure for identification of candidate RXLR
effector proteins is described in Figure 3a. The PATScAN
search took account of the different variations of the
RXLR motif allowing cell entry as well as the QXLR
motif found in P. cubensis. The pattern (R,H,Q)X(L,Y,F,
M)(R,Q,G) was used, allowing only one position to be
different from the canonical RXLR (Fig. 3a). In addition,
proteins carrying the dEER motif in the first 90 amino
acids were identified using the pattern (D,E)EER. The
motif GKLR found in B. lactucae was also searched for.
Output sequences from psi-BLAST and PATSCAN searches
were screened for completeness, presence of signal pep-
tide, absence of transmembrane domains, and selected
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Figure 1 Distribution of clusters and peptides in Plasmopara spp. databases. Size distribution of clusters (left) and peptides (right) from
P. halstedii+ (a), P. viticola+ (b) and PlasmoparaSp (c) databases. Diagonal stripes show scale break in the cluster size axis.

based on their sizes. The identity of the sequences was
confirmed by comparing them with draft genomic assem-
blies. Finally, comparison with available oomycete
sequences allowed identification of eventual false posi-
tives in the form of strong hits to core/structural proteins
and/or proteins too large (>400 aa).

Results of the search are presented in Table 1 and Fig-
ure 3b. Forty-nine RXLR were identified for P. halstedii
and 45 for P. viticola, with average sizes of 147 and 200
aa, respectively. For both species, the PATScaN-based strat-
egy was more successful than psi-sLast. Eleven P. halstedii
and nine P. viticola RXLRs were identified using both
methods, making them strong candidate RXLR genes.

The procedure for identification of candidate CRN
effectors is described in Figure 3c. It is the same as for
the RXLRs but excluding the search for a signal peptide.
Search for CRNs resulted in 54 candidate genes for
P. halstedii and 60 for P. viticola, with average sizes of
254 and 223 aa, respectively (Table 1; Fig. 3d). A con-
siderable number of identified proteins were relatively
small (Table 1), appearing to encode a small C-terminal
motif. The PsI-BLAST strategy was more efficient for the
identification of CRN effectors.
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Accessions corresponding to RXLR and CRN effectors
are listed in Table S3.

Analysis of RXLR effectors

To compare the RXLR genes identified for both Plas-
mopara spp., a BLASTN analysis (E value < 10e-3, score
>100) was performed on the PlasmoparaSp database
using the set of effector genes from each species as a
query. This should also identify other putative RXLR
genes not detected by PATSCcAN and/or PSI-BLAST searches.
Plasmopara viticola RXLR search provided 212
sequences, 199 from P. viticola and 13 from P. halstedii,
forming 29 groups on the basis of nucleotide sequence
identity. Plasmopara halstedii RXLR search provided
157 sequences, 138 from P. halstedii and 19 from
P. viticola, forming 33 groups. The exclusivity of the
groups, i.e. absence of sequences belonging to more than
one group, was verified manually. Each of these groups
will hereafter be referred to as a family (Table S4). Sev-
eral RXLR families contained only members from one
species, whilst 12 families contained RXLR effectors
from both Plasmopara spp. Thus species-specific RXLR
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Figure 2 The PlasmoparaSp database. Screenshot of an entry from the PlasmoparaSp database showing the different information and tools

available.

effectors as well as effectors conserved in both Plas-
mopara species were identified.

To assess the presence of the Plasmopara spp. RXLR
families across oomycetes, a TBLASTN analysis (E
value < 10e-4) was performed on the predicted tran-
scriptome of seven oomycete species. For the individual
genes, 28 out of 45 P. viticola and 26 out of 49 P. hal-
stedii proteins showed hits with at least one other oomy-
cete (Table 2). Nine out of 43 families specific to each
Plasmopara spp. showed hits with other oomycetes. Ten
out of 12 families with members from both Plasmopara
spp. presented hits to at least one Phytophthora species,
four had hits to P. cubensis, three to H. arabidopsidis
one to P. ultimum and none to A. candida. Interestingly,
three families (PlvitRxL10-PlhalRxL30, PlvitRxL15, and
PlvitRxL58) were reduced in P. halstedii compared to
other oomycetes (Table S5). The RXLR effector comple-
ment from Plasmopara spp. seems to be more closely
related to Phytophthora spp. than to other oomycetes.

To perform detailed analysis of conservation of Plas-
mopara spp. RXLR families, the sequences of the pre-
dicted RXLR transcripts were corrected using the draft
genomic assembly and the encoded proteins were used in
a BLASTP analysis (E value < 10e-10) against all oomycete
species (including Plasmopara spp.). Analysis of sequence
variability revealed RXLR effectors conserved between
oomycete species. Plvit007953 and Plhal024201, belong-
ing to family PlvitRxL11-PlhalRxL39, showed similarity
to P. sojae Avrlb (both 41% identity and 93% cover-
age), and Plvit007530, belonging to family PlvitRxL10-
PlhalRxL30, was slightly similar to P. sojae Avh147
(28% identity and 52% coverage). It is worth noting
that Plvit000250, a member of family PlvitRxL56, is pre-
dicted to contain a Nudix-hydrolase domain but did not
show hits to P. sojae Avr3b, containing the same
domain. The best conservation levels were obtained with
Plasmopara spp. families showing few hits to Phytoph-
thora spp. Figure 4 shows the phylogenetic analysis for
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of CRN effectors from searches described in (c).

two of such families. For all families analysed, the effec-
tors from both Plasmopara spp. clustered together inside
each family, separated from those from other oomycetes
(Fig. 4), bringing together the two closely related species,
as one would expect from conserved proteins.

Analysis of CRN effectors

CRN effectors from both Plasmopara species were used
as queries in TBLASTN analysis (E value < 10e-4) against
the PlasmoparaSp transcriptome and the predicted tran-
scriptome of the same oomycete species used for the
analysis of RXLR effectors. Results revealed hits with all
oomycetes (Table S6), but most hits corresponded to the
N-terminal part of the protein including the conserved
LXLFLAK motif and the DWL domain. To gain better
knowledge of the level of conservation of Plasmopara
spp. CRNs among oomycete species, the sequences of
CRN proteins were cut in two parts: a conserved, N-
terminal portion, from the start codon to the HVLVVVP
motif, and a C-terminal portion starting after
HVLVVVP. For further analysis, proteins containing at
least 100 aa C-terminal to the HVLVVVP motif were
kept, resulting in 15 and 24 CRN effectors, respectively,
for P. viticola and P. halstedii. The C-terminal parts of
these proteins were used in a BLASTP analysis (E
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value < 10e-10) against all oomycete species, including
Plasmopara spp. All 15 P. viticola proteins and 23 out
of 24 P. halstedii proteins showed hits with at least one
other oomycete (Table 3). Numbers of genes from each
oomycete species showing similarity to the Plasmopara
spp. CRNs are shown in Table S7. The CRN comple-
ment from Plasmopara spp. appears to be closely related
to P. infestans and P. cubensis. Interestingly, no similar
proteins were found in the obligate biotroph H. ara-
bidopsidis.

The Plasmopara spp. CRN C-terminal regions were
screened for the presence of conserved domains as
defined by Haas etal. (2009) using Brastr (E
value < 10e-10). Eight among 36 described C-terminal
domains (DBE, DBF, DFB, DNS5, DN17, DO, DXZ and
newD2) and two out of eight described singleton regions
(SN4 and SN6) were found in the Plasmopara spp. C-
terminal regions, with some proteins presenting domain
combinations (Table 4). The DFB domain has not previ-
ously been reported in biotrophic oomycetes.

Analysis of conserved CRN C-terminal regions

Plasmopara spp. C-terminal regions showing strong simi-
larity (E value < 10e-80) with proteins from at least one
other oomycete were selected, and their level of conser-
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vation among oomycetes was studied. Strong similarity
was defined as a BLASTP output with an E value < 10e-
80, which considering the size of these proteins, corre-
sponded to >60% identity and >90% coverage of the
query sequence. Motif and structural homology searches

Table 1 Candidate RXLR and CRN effectors from Plasmopara spp.

Effector P. halstedii P. viticola
RXLR
Total 49 45
Method
PatScan 41 35
PSI-Blast 19 19
Common 11 9
Motif
RXLR 12 8
RXLR-EER 8 5
(QH)XLR 0 2
(QH)XLR-EER 1 3
RX(FYM)R 0 0
RX(FYM)R-EER 0 0
RXL(QG) 5 2
RXL(QG)-EER 4 7
dEER 14 8
GKLR 0 0
Other 5 10
Size
Average 147 200
Max 366 480
Min 80 84
CRN
Total 54 60
Method
PatScan 22 27
PSI-Blast 52 60
Common 20 27
Motif
LxLFLAK 15 31
LxLFL(S/G)K 5 0
LxLFLAR 4 25
LXLYLAK 1 4
LxLSLAK 19 0
Size
Average 254 223
Max 648 625
Min 80 88
Size distribution 28 < 200 aa 42 <200 aa
21 <150 aa 21 <150 aa
15 <130 aa 7 <130 aa

were performed in parallel, to gain insight on the puta-
tive function of these proteins. Most Plasmopara spp.
CRN C-terminal regions presented strong hits with P. in-
festans and P. cubensis CRN proteins, three were highly
similar to P. ramorum and P. sojae proteins and one
showed a strong hit with P. ultimum (Table 5). It is
worth noting that results obtained when comparing both
Plasmopara spp. against each other must be taken with
care, because the sequences may not be complete and
thus the percentage of similarity may be misevaluated.
The analysis revealed a high level of conservation for
selected CRN effectors.

Structural similarity searches using HHpred revealed
putative functions for some Plasmopara spp. C-terminal
regions, and by extension for some of the domains iden-
tified by Haas et al. (2009). As expected, CRNs contain-
ing the DBF domain showed a high level of structural
similarity to protein kinases (>100 hits with 100% prob-
ability). CRNs containing the SN4 and SN6 singletons
showed structural similarity to ATP-binding proteins (79
and 100 hits with >99% probability, respectively). The
DN17 domain showed low structural similarity to
restriction endonucleases (three hits with >95% probabil-
ity), but the presence of coiled-coils in the hit proteins
could invalidate the observation. Finally, CRNs contain-
ing the DNS domain showed structural similarity to ser-
ine proteases from different species, from bacteria to
human (19 hits with >95% probability).

Interest was then centred on entries Plhal000298Cter
and Plhal000572Cter, possessing the DBF domain and
thus showing structural similarity to protein kinases.
Closer examination of both entries revealed that they
were almost identical, so Plhal000298Cter was kept for
further analysis. Figure Sla shows an alignment of
oomycete full-length proteins similar to Plhal000298Cter
(BLASTP E < 10e-10). Unlike that observed for RXLR
conserved proteins, P. viticola and P. halstedii sequences
did not cluster together following phylogenetic analysis
(Fig. S1b). Apart from the high level of conservation of
the C-terminal region from Plhal000298, it is worth not-
ing that whilst the P. halstedii, P. viticola and P. infes-
tans entries correspond to predicted CRN proteins, the
remaining entries lack the typical CRN N-terminal
domain. Manual examination of the sequences upstream
of the predicted genes for P. sojae, P. ultimum and
A. candida confirmed that misannotation was not
responsible for the absence of conserved N-terminal
CRN motifs. Thus CRN C-terminal domains were found

Table 2 Conservation of Plasmopara spp. RXLR effectors among oomycetes. Table shows the number of RXLR genes from P. halstedii (Plhal) and
P. viticola (PIvit) showing hits to the proteome of different oomycetes following TBLASTN (E value < 10e-4)

Query Plvit? Plhal Phinf Phram Phsoj Hyara Pscub Pyult Alcan No hits
Plvit 45° 24 18 14 16 6 10 3 2 17
Plhal 14 49 16 6 10 4 2 2 0 23

@Plvit: Plasmopara viticola, Plhal: Plasmopara halstedii, Phinf: Phytophthora infestans, Phram: Phytophthora ramorum, Phsoj: Phytophthora sojae,
Hyara: Hyaloperonospora arabidopsidis, Pscub: Pseudoperonospora cubensis, Pyult: Pythium ultimum, Alcan: Albugo candida.
®Shaded boxes indicate the total number of genes from each Plasmopara species used as query.
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Figure 4 Conserved oomycete RXLR effector genes. Alignment of two families of conserved RXLR effectors and resulting phylogenetic trees.
Predicted signal peptide, RXLR and dEER motifs are underlined. Black shading indicates identity; grey shading indicates similarity. Numbers at
branches indicate bootstrap support based on 100 replicates. Oomycete abbreviations as in Table 2. (a) Family PIvitRxL11-PlhalRxL39. Plvit.
PIvit007953, Plhal: Phal024201, Phinf1: PITG_07594T0, Phinf2: PITG_18609T0, Phinf3: PITG_07597T0, Phinf4: PITG_07587T0, Phinf5:
PITG_22828T0, Phram1: Phyral_1_87087, PhramZ2: Phyral_1_79397, Phsoj1. Physo1_1_135627, Phsoj2: Physo1_1_135626, Pscub:
AHJF01013746.1. (b) Family PIvitRxL14-PlhalRxL29. Plvit: PIvit008290, Plhal: Plhal008929, Phinf1: PITG_04279T0, Phinf2: PITG_19526T0, Phinf3:
PITG_19528T0, Phram1: Phyral_1_84626, Phram2:. Phyral_1_84627, Phsoj1: Physo1_1_136266.

Table 3 Conservation of the C-terminal domain of Plasmopara spp. CRN effectors among oomycetes. Table shows number of CRN genes from
P. halstedii (Plhal) and P. viticola (Plvit) showing hits to the proteome of different oomycetes following sLasTP (£ value < 10e-10) using the C-terminal

part of the protein.

Query Plvit Plhal Phinf Phram Phsoj Hyara Pscub Pyult Alcan No hits
Plvit 152 14 15 4 8 0 15 9 2 0
Plhal 13 24 17 7 18 0 21 15 3 1

2Shaded boxes indicate the total number of genes from each Plasmopara species used as query.

Oomycete abbreviations as in Table 2.

Table 4 Effector domains and domain combinations found in
Plasmopara spp. CRN proteins. The number of CRN proteins found for
each domain is indicated (- indicates domain absent). Domains as
defined in Haas et al. (2009).

Domain P. viticola P. halstedii

DBE 3
DBF 1
DFB -
DN5 -
DN17 3
DO 1
DXz 1
newD2
SN4
SN6
SN6-DO

—“ N NN = =W

=N
-

that may be present either as independent genes or as
part of a CRN in different oomycetes.

The focus then turned to entry Plhal003764Cter,
which contains domain DNS and shows structural
homology to serine proteases. Alignment of C-terminal
regions from oomycete proteins similar to Plhal03764C-
ter (BLASTP E < 10e-10), which form a large family in
P. infestans, revealed important conservation between
species (Fig. 5a, b). Alignment of selected CRNs with
proteases to which they show structural homology
allowed the identification of a putative catalytic triad
and revealed conserved motifs characteristic of trypsin-
like serine proteases (Fig. Sc, d). One of the P. cubensis
and both P. sojae entries were missing predicted catalytic
sites. The results reveal the existence of a family of CRN
effectors with trypsin-like protease motifs, suggesting
that proteolysis may play a role in the interference with
plant processes during oomycete infection.

Discussion

Oomycete RXLR and CRN effectors are reported as
being involved in pathogenicity and host adaptation.
Unveiling the effector complement from oomycete species
is pivotal not only for understanding the biology of each
species but also to increase knowledge about oomycete
evolution and host specificity. This study described the
identification of RXLR and CRN effectors from two
obligate biotrophic oomycetes belonging to the genus
Plasmopara, as well as the creation of a Plasmopara spp.
database as a portal for sequence analysis. Comparing
Plasmopara spp. sequences with other oomycetes
resulted in the identification of eight families of RXLR
effectors conserved among the Peronosporales, with two
RXLRs, Plvit007950 and Plvit007530, showing similar-
ity to P. sojae Avrlb and Avh147, respectively. The
same analysis revealed 16 CRN effectors conserved
among oomycetes. Finally, structural homology analyses
identified putative functions for four C-terminal domains
of CRN effectors.

Similar amounts of effector sequences were found for
both Plasmopara species. This similarity is surprising,
taking into account the fact that infected tissues from
both pathosystems were sampled at two different infec-
tion stages. Although it cannot be ruled out that this is
due to chance alone, it is tempting to speculate that,
because this is looking at cDNA sequences, the amount
of identified effectors would be representative of the set
of expressed effectors in Plasmopara spp. It has been
reported that a low percentage of RXLR effector
sequences are highly or moderately expressed upon infec-
tion, with numbers of expressed RXLRs varying from 18
for H. arabidopsidis to 79 for P. infestans (Haas et al.,
2009; Cabral et al., 2011; Wang et al., 2011). The 49
and 45 RXLRs found, respectively, in P. halstedii and
P. viticola are thus consistent with previous reports.

Plant Pathology (2016) 65, 767-781



777

Expressed effectors in Plasmopara species

‘@ouanbes Aienb ey} Jo 9BBIBA0O %06< PUB AMIUSPI %09< 0} pepuodse.liod sueioid ey} Jo 8zis ey} Bulepisuod yoiym ‘08-e0L > 3 yim suiejoid 1yBiybly sexoq pspeys,
‘BpipuRd 06Nqy ‘wnwiin wniyif4 ‘sisueqno eiodsouoiedopnas ‘eelos eioyiydoifyd ‘wniowel BioyiydoiAy4 ‘sueissjul ioyiydoiAyd ‘ejoonin eredowseld ‘lpejsjey eiedowse|d,

VN SN SN l¢g®6¥ €rer00L  I8®r€ 621600k SN SN SN SN 98288 01S/¢€¢ vE=o/.¢c 9060r0eUld  19I0r06E00NAD
ZINA SN SN ¢¢9¢'§ GegcloL  €8-99€  /98Ec0L  LE9GG €99¢el  ¥E€96¢ 69€/.  G€9G€ 018¥8cc  ¢cv99'6 G¥O000EUId  1910¢tLEOONAID
ZINd SN SN lg®¢G GegeloL ¢89€G  /98Ec0L  SE—o¢ | €99¢elL  €€-999 69€//  €€-9GL 018¥8cc  6€°L-L Gr9000EUId  I191DEECCO0NAI

VN SN SN 8¢99/ ¢€ver00L ZLOL®L'L 62600k SN SN SN SN 601966 01S/¢€¢ veolc G/96e0BUld  J1910E62000HAId

NS SN SN 0§-96¢ ¢€ver00L /LSG29¥ 621600k SN SN SN SN 0 01SZceec 16799 66¢900[eUld  J9IOGY | 000HAID
ONS-Od €1-99¢ 26520008 SN SN 6698¢ €lEL00k [Faciogt €90LY L SN SN L9-96¢ 0198ccc 9LL—3p€ G69L00BYUId  J9IOS80000HAId
NS SN SN 0999¢ ¢€ver00L 89L-9c. 61600k SN SN SN SN 0 01SZ¢e¢ c69c | 66c900EUId  I191D8S0000HAId
oa SN SN Ge-9®y9 [06¢L0L  Ov—or | 1292001  00F-®Z:| 0S89¢ | SN SN SN SN ¢&99¢  86E8LONAH 1910S50/.50BuId
g4d SN SN SN SN SN SN G291t 9806€} SN SN 80k—=c} 01e€es8t SN SN J810r000r0IeYld
cameu  @l-o/L  g5ebge000s  82-06'S  L080L0L LLL—O0'€ 229800k SN SN 0 VEIP8  98-98¢ 01/9¢¢l 02991  88LLIONAID  191D9E86C0EUId
SNa SN SN SN SN €8°r€ 699000}  0G-9G-L 898.€1 SN SN Z¢l—28€ O0le€I8L c¢&9¢8  <¢9g800NAd  189101¥9.E00IBUId
ZINA SN SN 9998/ GegcloL LOL-®L  vIOVIOL  Ze-®v¢E 0/¥6EL  vel-—8L€ G€9¢8 ¥SIL-9L9 0L/¥88L  SE€-98F€  €86L00HAN 49101 LY L00BYId
490 e6corc  ¥8b/eL00s 8ye0-8 LKOYOOL LG9Sk 20/E00) SN SN SN SN 0 0lcl9clt <c9l-°e-€  LEBOOONAId  191D¢/S000EYId
ZXd SN SN 0 9¢Scl0ol Ivi—®€€ 999000} SOL-9y8 I7/80L G898 9€0c/. €ELI-®L'9 01€/86F 09-9c| L09010NAId  181087S000IBYId
490 6968  ¥80/€L00S /y—e9L /yOYOOL  €5OF'L  20.E00L SN SN SN SN 0 016L9¢L 9G1-98F ¢ZEB000NAId  191086¢000EUId
od SN SN 9¢-9¢-G /[06cI0L Oyt L/9¢00L 669 0S89€1 SN SN SN SN c&9¥¢  86EBLONAIL  1910G60000IeYId
fiow 181y eneAg  dl HdACOY  enleAs  dl LNAd eaneA 3 dl 0drHY anea 3 dl L LosAuyd aneA 3 dl b LelAud eneans  dl9lid anjeA 3 al @l ausb NHO
epipued 'y wnwnin o sisueqno o4 orlos 4 wniowel ‘o suejssajul ‘o BjOoNIN “d/lpdlsiey o

‘sipisdopiqele viodsouosodojeAH wol} puno} alem suiglold Jejius
ou Jey) 8loN “(0L—e0L> J J0-IN0) umoys aJe seloads 81e0Auo0 Yoes o) siiy 1seg ,Ss81edAwo0 Jayio woly suiejold o} Ajejiwis Buodis Buimoys suoibel [euiwsl-g ulejold NYO "dds esedowseld G ejqeL

Plant Pathology (2016) 65, 767-781



778

(a

Plhal
Phinfl
Phinf2
Phinf3
Phinf4
Phinf5
Phinfé
Phinf7
Phinfs
Phsojl
Phsoj2
Pscubl
Pscub2
consensus

Plhal
Phinfl
Phinf2
Phinf3
Phinfd
Phinfs
Phinf6
Phinf7
Phinfs
Phsojl
Phsoj2
Pscubl
Pscub2
consensus

Plhal

Phinfl
Phinf2
Phinf3
Phinfd
Phinf5s
Phinf6
Phinf7
Phinfs
Phsojl
Phsoj2
Pscubl
Pscub2

1 rstg

[KDALEIALY

---- --- - -
1 DTAARSAVERSKIQEACELATVRORI. MY
1---- [EMERDGLVERRSSRSIKI
1 --xvnEvARGERKR

adda:

xDARVAQPRRKS]

KDANVAMQPRRKSPRTTANKTE)

--VGLLEPHIISITA- - - -| R}
amktna1stP1vaeqL1Ddttkpeevxtisldkdtcw sSA

O PRRRS PRI
3

=015 TVEHOI- - STTET
s na

pkvg 1ol yvRvase

Plhal
Phinfl
Phinf2
Phinf3
Phinfd
Phinfs
Phinf6
Phinf7
Phinfs
Phsojl
Phsoj2
Pscubl
Pscub2
consensus

Plhal
Phinfl
Phinf2
Phinf3
Phinf4
Phinfs
Phinf6
Phinf7
Phinf8
Phsojl
Phsoj2
Pscubl
Pscub2
consensus

Plhal
Phinfl
Phinf2
Phinf3
Phinfld
Phinfs
Phinf6
Phinf7
Phinf8
Phsojl
Phsoj2
Pscubl
Pscub2
consensus

(b)

\L}
APDEATPKVAVERDNRLVRCRM
[AFDFAIFKVAVPRDNKLVRCKI
neorasrRvABeRONKLYRCK

ap

fGiF DF A T FEVA Y PEDNKLERC]

SGSEST

SGSEST

SGSEST

274 mxuvqunoxnvx Ty

301 pssl

SGSEST

VDVFGFPGALDO] R}
sLKAYDTKNVDVFGFPGALQDQHFGNAYASFPAKITG
[SLKAYDTKNVDVFGFPGALQDQHFEHAYASFPAKITG
LEAYDTENVDVFGFPAALQDOETGHATASTEAKITA

KDANVIIMQPRRKSPRTTAMKTPALSGKPLVVVEQLLPDTTKPEEV IRFSLDRDTCHSSAL
KDANVAMQPRRKS[FRTTAMKTPALSGKPLVVVEQLLPDIIFKPEEVIRFSLDKDTCW[gSSA|
RTAMKTEAL SEKPEVVVEQLLPETTKPEEVEIRF SLDKDTCHIZESA
[KDANVAMQPRRKSPRTTAMKTPQLSGKPLVVVEQLLPDTTKPEEVIRFSLDKDTCWSSA|
|ILSGKPLVVVEQLLPDTTKPEEVIRFSLDKDTCWWSSA]

BED)
B B o e SR R B B e
ss RLnxPQ VVEQLLEDTTKPHE HRFSEBSDTCWRSSA

P. Mestre et al.

[3aE1 P10l

oM ERF 15
HrgnqulsslsnpglsgsnvaTk gvpVGYigG ldgsmknkqygsyaftfqglipel

 Phsojl

0.91

Pscub2

1Phsoj2

0.96 |
Plhal

Phinf4

0.3

Pscubl

()

spla
Degs

g5
Rv367cl
Htral
Splb
Plhal
Phinf2
Phinf4
Phinf7
Phsojl
Phsoj2
Pscubl
Pscub2
consensus

Spla
Degs

g5
Rv367cl

Phsoj2
Pscubl
Pscub2
consensus

spla
Degs

g5
Rv367cl
Htral
splb
Plhal
Phinf2
Phinf4
Phinf7
Phsojl
Phsoj2
Pscubl
Pscub2
consensus

spla
Degs

Rv367cl
Htral
splb
Plhal
Phinf2
Phinf4
Phinf7
Phsojl
Phsoj2
Pscubl
Pscub2
consensus

spla
Degs
Deg5
Rv367cl
Htral

consensus

spla
Degs

Rv367cl
Htral
Splb
Plhal
Phinf2
Phinf4
Phinf7
Phsojl
Phsoj2
Pscubl
Pscub2
consensus

--ERKNVKEITDATKE[]-
--MRSLNPLSTPQFDSTDETPASYNLAV! RAAFAVVmV
ALEQFKEKEEE. LFQKTS] ==
SALLNTSGLPAVLEPFSRTPVIZVASPDPALV
-=---MGQEDPNSLRHKYNFIADVVEKIA} Aﬂ——VHIEL
- -ENNVTKVKDTNIF
GSAVDDGAWSARL&SAVD
RSTGDDYALSPNDLCTLD D)
- 4R
DTAAASAVKKSKTWSAEELATVH|ZR|
- -GGWHMERDGLVHRR|
-xvnsvxus!axnsnznn TVDEQ)
t v p
*
¥YNERRG KEHIAKSNDIFKNR'
YNRGLNTNgH--- vhd [KEVINDADQIIVARQ
YIEAIELPKTSSGDILTDEENGKIEGTE F Y| IAKLATDQFG)
NNPmATEPSVVKIRSLAPRCQK [LEEF YT SPD - - - -RVMpUALIVVAGSNNVTVY - -
FRKLPFSKRE--- VP ASGEGFI [SEDG- - -LIVpy 'V-TNKHRVKVEL
o] YKVGDRIT
E--- - D L.
E--~- - D AT
E--- - D AT)
E--- -D
S--- LSSKE] JOR:
S--- SSKE|
JECFFDCCSGYCNKYDI

ic| L L
dv sgtgvvvdkt thlylvTnlhiw

KGKGGGNYDVKDIVEYPG-
- --DGRVFE!

IDVAKQ]

LLEP)
“aa 1i 3

TRKST!

DE[FKVE!
i

~--KLPVLLL

NF--- -
ILFDRTKPEEVH TI-SLKVTDEM
ILPDTTKPEEVI KM - SLKAY DK
ILPTTTK: T - SLTVYD
ILPDTTKPEEVI RSKM- SLKAYDRK
ANKMASFGVVPM

ASKMASFGVVERIM

REITI- - FLKVSQM

RERM-AIGVORML

c i i

-NKNVSYTKF - ADGAKVKDRISVIGYPKGAQTKYKMFES
NARRVPHIEDV VLAIGNPYNL[EQTITQGII
GTSNDLRV|ZQS
V-FAAEPAKTGA DVVVLGYPGGGNFTATPARIREAIRLSGPDIYGDPEPVTRD
VVAIGSPFSL T ELGLRNS-D--MD
KYVRYESTGPVMSVEGS -

AGERIKVIGYP—--HPYK
DHAFFYI I|

T BEe@Y-FGVYFTPQ.
INTLSFDKSNDGETPEGIGFAIP
AIP
FVLT.
FAID

LKEFIQNNI-
FQLATKIM

IDTVVRT]
AGEVAGQPA
T

SDKIKKF

FTPE

IKKFIAENI-

YGYT
[YAFT

FHEVIPENT-
FQOLIPENS-

IYAFT

ICGYR

gv vG

lsapglsgsavvct dgsgkn y sfay

--ER-
- -DKLIRDGRVIRHHHHHH

- -ESHDRQAKGKLEHHHHHH
--DK
--gsteppT-
S BLTPKVKQRTSYSLYSASGSEST
--BSLTPDTEGEIKIEI-
--BLIPKVKQRTSYSLYSASGSEST

P o i
--QTSLKSNQSTDA----

--EKLPQKKMNQKRVKIY
s 1

Plant Pathology (2016)

ICGYRLE|

FQETTHOMRY-
FQELIPERY-
ITLLDIRL -
TLLDIRY-

gvi elp

LE|

65, 767-781



Expressed effectors in Plasmopara species 779

However, it must be kept in mind that BLAST searches
with the complete effector set revealed additional
sequences from Plasmopara spp., which coded for
incomplete proteins and eventually could enlarge the list
of expressed effectors. It is also worth noting that by
selecting the transcripts against a preliminary pathogen
genome assembly, some sequences that would be missing
in the genomic assembly may have been lost, as hap-
pened with some CRN genes (Table S3). A deeper tran-
scriptome sequencing effort would be required to unveil
the actual set of Plasmopara spp. expressed effectors.

The RXLR motif is involved in translocation inside
the host cell. In the search for RXLR effectors, variations
of the RXLR motif allowing protein translocation were
included, as described by Kale e al. (2010). Candidate
proteins in both Plasmopara spp. containing the RXL(Q,
G) or HXLR motifs were found, but no protein with the
RX(F,Y,M)R motif was found, suggesting that replacing
the leucine (L) at the third position may have adverse
consequences for the function of the protein. The search
found several effectors from P. viticola containing the
QXLR motif, which had been described only in effectors
from P. cubensis (Tian et al., 2011). However, a parallel
PaTScAN search ("M 25...50 GKLR) could not find
proteins containing the GKLR motif described in effec-
tors from B. lactucae (Stassen et al., 2013). Several of
the putative effector proteins possessed only a dEER
motif and no obvious RXLR motif; these effectors could
work similarly to ATRS, the H. arabidopsidis protein
recognized by RPPS5, which possesses a dEER motif and
is translocated into the host cell without an RXLR motif
(Bailey et al., 2011).

RXLR effectors from Plasmopara spp. were grouped
into families based on nucleotide sequence identity.
Forty-three out of the 55 families identified were specific
for each species, whilst 12 families (22%) presented
members from both Plasmopara spp., suggesting that the
latter could play a role in the advent of the Plasmopara
lineage. Comparing the Plasmopara spp. RXLR families
to other plant pathogenic oomycetes resulted in the iden-
tification of RXLRs conserved between Plasmopara spp.,
Phytophthora spp. and P. cubensis, suggesting that these
effectors develop important functions in the biology of
these species. Other families were present only in P. viti-
cola or P. halstedii, suggesting a possible role of such

effectors on host specificity. It is worth noting that the
complement of RXLR effectors from P. halstedii seems
reduced compared to other oomycetes; indeed, three
families with several members in Phytophthora spp. and
P. viticola are absent or highly reduced in P. halstedii.

CRNSs are expected to possess a signal peptide allowing
them to exit the oomycete cell, but Stam et al. (2013)
reported that 58% of the Phytophthora capsici predicted
CRNs were missing a canonical signal peptide. SIGNALP
failed to predict a signal peptide for 80% of P. halstedii
and 52% of P. viticola putative CRNs. Interestingly,
comparing the consensus sequence corresponding to the
expected signal peptide of Plasmopara spp. and P. infes-
tans CRNs revealed a high level of consensus conserva-
tion (Fig. S2), suggesting a functional significance. An
important number of CRN effectors were small proteins
(61% smaller than 200 aa) and did not seem to code for
an effector domain. A similar observation was reported
for P. capsici, where only 35% of predicted CRN genes
coded for an effector domain (Stam et al., 2013). The
presence of small genes on ¢cDNA sequencing data sug-
gests that they may have functional significance.

Analysis of C-terminal effector domains of P. infestans
CRN proteins identified 36 domains (Haas et al., 2009),
27 of which have been also found in the closely related
species P. capsici and P. sojae (Stam et al., 2013). Eight
of these domains were found in the C-terminus of Plas-
mopara spp. CRNs, seven of which were already found in
the obligate biotroph P. cubensis, plus the DFB domain,
which was never found in biotrophic oomycetes (Stam
et al., 2013). With the exception of domain DBF, encod-
ing a protein kinase, most CRN effector domains defined
by Haas et al. (2009) are of unknown function. Structural
homology searches revealed that SN4 and SN6 singletons
are putative ATP-binding proteins. The proteins resulting
from the searches presented a variety of functions, from
hydrolases to proteasome subunits, so the precise role of
CRN effectors with predicted ATP-binding motifs remains
to be elucidated. CRNs containing the DNS5 domain
showed structural homology to serine proteases, and
alignment of similar oomycete CRN effectors to serine
proteases from diverse organisms ranging from human to
bacteria revealed sequence conservation around the pre-
dicted protease catalytic residues. Effector proteins show-
ing protease activity have been reported for different plant

Figure 5 A family of CRN effectors with putative serine protease function. (a) Alignment of the C-terminal effector domain (C-terminal to HVLVVVP)
of oomycete CRN effectors showing structural similarity to serine proteases. The complete sequence of Phsoj1 lacks the N-terminal CRN motifs,
while Phsoj2 appears to have an HVLVVVP-like motif. Pseudoperonospora cubensis predicted proteins were incomplete, so it is not known if they
code for a CRN protein. (b) Phylogenetic tree built using the alignments shown in (a). Numbers at branches indicate bootstrap support based on
100 replicates. (c) Alignment of oomycete proteins to serine proteases from different species, to which they show structural homology. Asterisks
mark protease catalytic residues. Conserved areas around catalytic residues are underlined. Several Phytophthora infestans proteins have been
removed for the sake of clarity. (d) HMM logo for conservation profile of the Trypsin_2 family of trypsin-like peptidases (PF13365). Underlined
regions correspond to underlined sequences in (c). Image taken from http://pfam.sanger.ac.uk/family/PF13365. Position 65 in logo has been
removed for clarity. Oomycete abbreviations and shading as in Figure 4. Plhal: PIhal003764, Phinf1: PITG_09043T0, Phinf2: PITG_09051T0, Phinf3:
PITG_09053T0, Phinf4: PITG_18133T0, Phinf5: PITG_18140T0, Phinfé: PITG_18148T0, Phinf7: PITG_21034T0, Phinf8: PITG_23182T0, PhsojT:
PHYSODRAFT_440636, Phsoj2: Physo1_1_137868, Pscub1: AHJFO1000669.1, Pscub2: AHJFO1004600.1, Spla: Spla serine protease of
Staphylococcus aureus, Degb: Arabidopsis thaliana serine protease Deg5, DegS: Escherichia coli serine protease Degb, Rv367c1: Rv3671c
protease from Mycobacterium tuberculosis, Htra1: human serine protease Htral, Splb: serine protease Splb from S. aureus.
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pathogens. AvrPi-ta from the fungus Magnaporthe oryzae
is a metalloprotease (Jia et al., 2000); in bacteria,
AvrRpt2 and AvrPphB from Pseudomonas syringae and
RipP2 (formerly known as PopP2) from Ralstonia solana-
cearum are cysteine proteases (Shao et al., 2002; Axtell
et al., 2003; Tasset et al., 2010). Interestingly, like most
oomycete CRN proteins (Schornack ez al., 2010; van
Damme et al., 2012; Stam et al., 2013), RipP2 is also tar-
geted to the nucleus (Deslandes et al., 2003). Although
the protease activity of CRN proteins needs to be con-
firmed, observations here suggest that nuclear targeted
proteases could be a tool widely used by plant pathogens
to colonize their hosts.

There is evidence suggesting that CRN diversification
occurs through recombination between CRN families
through the LXLFLAK and HVLVVVP motifs (Haas
et al., 2009). In the search for proteins similar to the C-
terminal domain of Plasmopara spp. CRN effectors, some
cases were found of highly similar proteins lacking the N-
terminal modules characteristic of CRNs, i.e. missing the
LXLFLAK and HVLVVVP motifs (see Fig. S1 for an
example). This observation opens up the possibility that
CRN proteins with new functions may appear by ‘recruit-
ment’ of cellular functions by N-terminal CRN modules.

No proteins were found from H. arabidopsidis similar
to the effector domain of CRN from both Plasmopara
spp. The same result was obtained with the reciprocal
search; searching the PlasmoparaSp database with the 32
predicted CRNs from H. arabidopsidis produced only
one hit. Hyaloperonospora arabidopsidis and both Plas-
mopara spp. are obligate biotrophs belonging to the
monophyletic group of the downy mildews. CRN effec-
tors are present in different groups of oomycetes and
they have been proposed as being oomycete ancestral
effectors that diversified later in evolutionary history
(Schornack et al., 2010). It could thus be expected that
comparing Plasmopara spp. CRN effectors with other
oomycetes would result in closer sequences inside the
downy mildews than in other species. However, observa-
tions reveal that this is not the case, suggesting that dras-
tic diversification of effectors played an important role
on specialization inside the downy mildews.

In summary, the search for CRN and RXLR effectors
from two obligatory biotrophic oomycetes from the genus
Plasmopara resulted in the identification of both con-
served and species-specific effectors. Although the data set
may be incomplete, effectors specific to each species are
candidates that may be involved in host specificity. The
differences observed between effector sets could also be
due to the stage when the infected tissues were harvested:
sunflower hypocotyls at early sporulation on cotyledons
for P. bhalstedii; infected grapevine leaves before sporula-
tion for P. viticola. The finding of CRN and RXLR effec-
tors conserved between oomycete species suggest that
they might play important roles in the pathogen biology.
The usefulness of effector genes for the identification of
resistance genes has been reported (Vleeshouwers et al.,
2008; Oh et al., 2009), and several authors have sug-
gested using conserved effectors in the search for durable

resistance against oomycetes (Michelmore, 2003; Birch
et al., 2008). Thus, the conserved effectors identified in
this study could contribute to the identification of poten-
tially durable resistance to these devastating pathogens.
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