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Figure 2. N. benthamiana homologs of AtBAK1. ClustalW alignment of SERK3 homologs from Arabidopsis and Nicotiana benthamiana. Amino
acid residues are shaded black if identical or gray if similar. The signal peptide was predicted using SignalP3 web prediction tool (see methods).

Domain identities are labelled above sequences. Asterisk indicates difference between NbSERK3A and NbSERK3B.

doi:10.1371/journal.pone.0016608.g002

was observed on the control silenced leaves (Fig. 3E). SimilF1 purified from P. infestans triggers cell death and a

results were obtained with two oth@r infestans isolates (Fig. S2),

indicating thatNaSerk3 silencing enhanced the susceptibility\of
benthamiana 10 P.infestans infection.

Silencing of NbSerk3 in N. benthamiana does not alter
resistance to P. mirabilis

late ROS burst in N. benthamiana
A well-studied elicitor ofP. infestans that is recognised by.

benthamiana is the INF1 protein, which is secreted by the pathogen
into the extracellular space. Heese et al. (2007) established a link

between INF1 responses (cell death, ROS burst) Abgki3
mainly using recombinant INF1 protein produced h¥.coli

To study whether NbSERK3A and NbSERK3B are also (INF1[Ec]).

required for resistance towar@smirabilis we carried out zoospore

To expand these results and to exclude modulation of PAMP

drop inoculations of MbSerk3- or control silenced leaves as responses by residual. i PAMPs that induce SERKS3-
described above. We did not observe any difference in infections

with P. mirabilis betweenNbSerk3-silenced and control leaves, while

P. infestans infections were enhanced (Fig. 4). UV autofluorescence

within the leaf area under the droplet suggested a localised defen:

response (Fig. 4). Drop inoculations on the host plafiyubilis
Jalapa showed sporulating

infections 3-4 days post spore
inoculation and confirmed viability of th@. mirabilis zoospores

pTRV::NbSerk3

pTRV::GFP

P mirabilis P infestans P mirabilis P infestans

(data not shown). This data suggest that other mechanisms besic . -

NbSERK3-mediated defence response contribute to resistanc

towardsP. mirabilis infection.

TRV::GFP

A TRV::NbSerk3

infection sites €9

O = N W s O

TRV::NbSerk3 TRV::GFP

B sporulation Bgrowing necrosis Ono symptoms

Figure 3. NbSerk3 silenced N. benthamiana shows enhanced
susceptibility to P. infestans infection. N. benthamiana plants were
silenced using tobacco rattle virus vectors harbouring an empty cloning
site (TRV::GFP) or a partial NbSerk3 sequence (TRV::NbSerk3, [7], see also
Fig. S1). Nineteen days later, leaves were detached and spore droplet
inoculated within the dotted lines with P. infestans 88069 (A) or 88069td
(B). Pictures were taken 6 dpi (A) and 3 dpi (B). Infection stages of at
least 5 independent plants of each silencing construct were scored 4
dpi (O).

doi:10.1371/journal.pone.0016608.g003

@ PLoS ONE | www.plosone.org

Figure 4. NbSerk3 -silenced N. benthamiana leaves are not
infected by the non-host pathogen P. mirabilis. NbSerk3 -silenced
(left) or control silenced plants (right) were inoculated with P. mirabilis
(left leaf halves) or P. infestans 88069 (right leaf halves). Images were
taken three dpi with UV illumination. Dotted lines represent infected
areas. Note the occurrence of autofluorescent spots at P. mirabilis
infection sites.

doi:10.1371/journal.pone.0016608.g004
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dependent responses, we used INF1 purified frlBminjestans  Cell death triggered by INF1 protein purified from
(INF1[Pi]). To that end, we purified INF1[Pi] fronP. infestans P. infestans requires NbSERK3

strain 88069 culture supernatant using anion exchange chroma- 15 address whether NbSerk3 variants are required for
tography. INF1 elution fractions did not show additional protein INFL[Pi-triggered responses, we silencédSek3A/ B using
bands in silver-stained protein gels (Fig. 5A). VIGS. Plants were either infected with TRGEP (negative

Similar to the data obtained with INF1[Ec] we found that conroly or TRV:ABS#k3. Nineteen days later, leaves were
|NF1[PI]. protein |nf||trat|qr_1 |nt_0N. bent/zamzana_lnduced cell (_jeath, infiltrated with A. amefaciens harbouring INFI-expressing T-DNA
suggesting that the purification process did not affect its knowRyngirycts, or with purified INF1[Pi]. We observed a cell death
activity (Fig. 5B). . . . . response wittin planta expressed INF1 and 40g/ml INF1[Pi] in

_We then tested 1@g/ml of purified INF1[Pi] for its ability to - coqtro1 plants.  Interestingly, plants silenced fusek3A and
trigger a temporal accumu_latlon of R.OS' we ob_ser\_/ed aNpSerk3B showed a significantly reduced cell death response to
significant ROS burst peaking at 50 min post-application °f5’5S—INF1 and injected INFL[Pi] (Fig. 6). We conclude that

INF1. Notably, the burst was lower and delayed compared 10, ;31 and N3Serk3B are required for cell death triggered by the
flg22-triggered ROS burst peaks iN. benthamiana (Fig. 5C). secZeted proteinﬁlNFl fronl‘?gi}gfestans. 99 Y

However total photon counts were comparable between flg22
and INF1 response (Fig. 5D). This indicates that INFl-triggeredDiscussion

ROS response differs in kinetics and amplitude from the flg22-

triggered response without affecting the total amount of produced In this study we show that different specie®ifopithora have

ROS. varying degrees of virulence aW. benthamiana ranging from
A _ . _ B
kDa Marker fractions containing INF1[Pi]
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Figure 5. INF1 purified from P. infestans triggers cell death and a delayed ROS burst in N. benthamiana. INF1[Pi] was purified from P.
infestans 88069 culture supernatant and fractions loaded on a silver stained gel to confirm absence of contaminating proteins (A). Cell death inducing
activity in N. benthamiana was tested by infiltration of stepwise diluted INF1[Pi] protein solution or buffer into the plant apoplast and pictures were
taken 6 dpi (B). Incubation of leaf discs in INF1 or flg22-containing buffer triggered accumulation of ROS, measured in a peroxidase assay as emitted
photons. Accumulation of ROS is shown over time (C) or as total count (D).

doi:10.1371/journal.pone.0016608.g005
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PEXRDS8, and PEXRD39 which were shown to suppress INF1-
triggered cell death [19,20]. Conversely, NbSERK3-mediated
immunity is not required for the effective resistance Jof
benthamiana t0 P. mirabilis (Fig. 4). This NbSERK3-independent
resistance could be due to the recognition Mybenthamiana of
specific effector proteins by host disease resistance proteins.
Indeed, Wei et al. showed that recognition of a single effector
protein, HopQ1-1, was sufficient to define host-specificity in the
interaction betweerP. syringae DC3000 andN. benthamiana [29].

How doesP. infestans Suppress immunity to successfully colonize
N. benthamiana? Most likely this involves host-translocated effectors,
such as members of the RXLR family [30,31]. For instance, the
RXLR effector AVR3a targets the E3 ubiquitin ligase CMPGL1 to
suppress defence during the biotrophic stage of the late blight
disease [18]. CMPGL1 is a component of membrane receptor-
mediated immunity to several pathogens [18,32]. Interestingly,

A TRV::NbSerk3

L o

35S-INF1| | | .

B wer| £, || fé
10pg/mi | | o | £

buffer

Figure 6. Cell death triggered by INF1 in N. benthamiana
requires NbSERK3 variants. Leaves of NbSerk3 or control silenced
plants were infiltrated with A. tumefaciens harbouring 35S-INF1 for

transient in planta expression (A) or with P. infestans purified INF1 (B). both NbSERKS (Fig. 6) and CMPGL are required for responses to
Phenotypes were scored 6 dpi by visualizing cell death (dark areas) INF1, when this protein is delivered by infiltration into the
using UV trans-illumination. apoplast ofV. benthamiana [7,32]. In the future, identification of a
doi:10.1371/journal.pone.0016608.9006 membrane receptor for INF1 and unravelling its interplay with the

genetic element€MPGI, NbSerk34 and NbSerk3B will help in

incompatible to moderate virulence through to full aggressivenesainderstanding howP. infestans suppresses surface immunity and
Three of the tested specid3,infestans, P. palmivora, and P. capsici, whether these elements are targeted by dedicdtedfestans
can coloniseV. benthamiana, While a fourth specieB. mirabilis was  effectors.
avirulent. This suggests that this model plant species can be used towe discovered thav. benthamiana carries twaNbSerk3 variants
study a whole range afiytophthora-host interactions. We further unlike Arabidopsis, which only harbours a singlék7/SERK3
characterised the moderate virulencelofinfestans by testing the  gene. Most likely, this can be attributed to the allopolyploidic
hypothesis that surface immunity is implicated. To this purposenature ofN. benthamiana [23]. It remains to be determined whether
we identified twoVbSerks genes fromV. benthamiana that are similar — poth NsSerk3 homologs contribute to the same extent to basal
to the key regulator of surface immune receptors BAKL ofresistance t@. infestans. The two NbSerk3 genes are too similar to
Arabidopsis. NbSak3  silencing in N. benthamiana resulted in  enable specific silencing of individual copies and in our
markedly enhanced susceptibility £ infestans but did not alter  experiments transcript level reduction was observed for both
resistance t@. mirabilis. Silencing ofVbSerk3 also reduced the cell  ApSerk3 variants (Fig. S1). Interestingly, we also identified two
death response triggered by INF1 protein purified frBrinfestans. sequences similar t®4AK1/SERK3 in the recently sequenced
We conclude that\N. benthamiana exhibits an effective basal genome of tomato while only one copy was detected in the genome
resistance against. infestans, probably via recognition of the of wild potato Solanum phurea (See Methods). It remains to be
INF1 protein, resulting in a relatively moderate degree ofdetermined whether the copy number variation of t2€:5 genes
compatibility. Overall, these results further confirm the generalin solanacaeous plants is biologically relevant. However, knock-
importance of PTI in plant-pathogen interactions and suggest thatlown experiments suggest that the SERK3 proteins are important
the concepts developed for bacterial pathogens can be extended éements of surface immunity in the Solanaceae [7,11,12].
oomycetes [26]. We noted that differences between the NbSERK3 variants

There are seemingly conflicting reports in the literature on thealmost exclusively reside in the extracytoplasmic domains (Fig. 2).
extent to whichV. benthamiana is susceptible 8. infestans. An early By analogy with BAK1, NbSERK3 hetero-oligomerisation with
report by Kamounet al. [17] concluded that. infestans is avirulent  other RLKs is likely mediated by the kinase domain-containing C-
on .. benthamiana, and that resistance is partially due to recognition terminus while downstream signalling is mediated by the trans-
of the elicitin protein INF1. However, the authors noted the interacting partner RLK [10,33]. Less is known about the role of
occurrence of secondary hyphae and haustoriaVogenthamiana the extracytoplasmic domains of BAK1/SERK3 in interaction
although they were limited to the initial infection zone [17]. Later with the ligand-binding RLK or signalling. Mutations of
reports, including field and greenhouse trials Withbenthamiana, Arabidopsis BAK1 LZ domain residues L32E and L46E, which
concluded that this plant is susceptible to sevRrafesians isolates  are conserved in the NbSERK3 variants, affects heteromerisation
and that compatible interactions can be established [13,27,28}with BRI1 in yeast two-hybrid assays but alterations in the
More recently, Shibata et al. [14] confirmed th&t benthamiana is subcellular localisation or stability of the mutant BAK1 were not
susceptible but that the age of the host plant affects the ability of addressed [33,34].
infestans 10 infect. In this study, we confirmed th&t infestans can Further comparison of the NbSERK3 proteins to Arabidopsis
establish spreading infections ®nbenthamiana that are not limited ~ BAK1 revealed significant divergence within the signal peptide,
to the initial inoculation site (Fig. 1 and 3). We conclude that manythe proline/serine-rich hinge region and the non-kinase C-
P. infestans isolates, including 88069, can coloni¥e benthamiana. terminus (Fig. 2). Remarkably, the region between the transmem-
However, P. infestans shows clearly reduced levels of virulencebrane and kinase domains, which is often highly variable in LRR-
relative tOP. palmivora and P. capsici. RLKs, is conserved between all three proteins with only one

We found that the aggressivenes® afifestans was dramatically — conservative lysine/arginine substitution. By analogy with the
enhanced upon silencing 0fbSerk3 in N. benthamiana (Fig. 3), mammalian receptor EGFR this juxta-membrane region may
suggesting that variation in virulence between isolat&sigfstans contribute to heteromerisation with other RLKs [35]. Inspection
may depend on suppression of NbSERK3-mediated immunity,of known BAK1/SERK3 phosphorylated residues [33] showed
possibly by host translocated RXLR effectors such as AVR3athat both activating and suppressory phosphorylation sites are
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