Phytophthora infestans effector AVRblb2 prevents
secretion of a plant immune protease at the
haustorial interface
Tolga O. Bozkurta,1, Sebastian Schornacka,1, Joe Wina, Takayuki Shindob, Muhammad Ilyasb, Ricardo Olivaa,
Liliana M. Canoa, Alexandra M. E. Jonesa, Edgar Huitemaa,2, Renier A. L. van der Hoornb, and Sophien Kamouna,3
a
The Sainsbury Laboratory, Norwich Research Park, Norwich NR4 7UH, United Kingdom; and bPlant Chemetics Laboratory, Max Planck Institute for Plant
Breeding Research, 50829 Cologne, Germany

Edited by Brian J. Staskawicz, University of California, Berkeley, CA, and approved November 10, 2011 (received for review August 4, 2011)

In response to pathogen attack, plant cells secrete antimicrobial
molecules at the site of infection. However, how plant pathogens
interfere with defense-related focal secretion remains poorly
known. Here we show that the host-translocated RXLR-type effector protein AVRblb2 of the Irish potato famine pathogen Phytophthora infestans focally accumulates around haustoria, specialized
infection structures that form inside plant cells, and promotes virulence by interfering with the execution of host defenses.
AVRblb2 signiﬁcantly enhances susceptibility of host plants to
P. infestans by targeting the host papain-like cysteine protease
C14 and speciﬁcally preventing its secretion into the apoplast.
Plants altered in C14 expression were signiﬁcantly affected in susceptibility to P. infestans in a manner consistent with a positive
role of C14 in plant immunity. Our ﬁndings point to a unique
counterdefense strategy that plant pathogens use to neutralize
secreted host defense proteases. Effectors, such as AVRblb2, can
be used as molecular probes to dissect focal immune responses at
pathogen penetration sites.
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o enable parasitism and symbiosis, plant-associated organisms
intimately interact with plant cells often through specialized
cellular structures. Some biotrophic fungal and oomycete pathogens form accommodation structures termed haustoria that invaginate the host cell plasma membrane to deliver pathogenicity
effector proteins and acquire nutrients (1, 2). In response to and
to restrict pathogen colonization, the attacked plant cell undergoes signiﬁcant cellular reorganization, involving organelle relocation, cell-wall reinforcements around contact sites, and
polarized secretion of antimicrobial molecules (3, 4).
An important group of host-secreted defense components are
papain-like cysteine proteases (PLCPs). As a countermeasure,
effective pathogens such as Phytophthora infestans, the oomycete
pathogen that causes potato late blight, secrete extracellular
protease inhibitors of cysteine proteases (EPICs) that bind and
inhibit PLCPs in the apoplast (5). The existence of protease
inhibitors from unrelated pathogens, such as Cladosporium fulvum Avr2 and P. infestans cystatin-like EPIC2B, that both target
and inhibit apoplastic PLCPs RCR3 and PIP1 of tomato points
to a key role of this group of proteases in immunity (6). Furthermore, a secreted PLCP RD19 from Arabidopsis is targeted
and mislocalized to the host cell nucleus by the bacterial type III
secreted effector PopP2 from Ralstonia solanacearum (7). Given
the importance of apoplastic host defenses, it is likely that P.
infestans has established multiple strategies to counteract secreted defense components, potentially including direct targeting
of elements of the polarized secretion pathway.
The P. infestans genome encodes large families of host-translocated effectors (8, 9). The best-studied group of P. infestans
effectors is the RXLR effector family, named for the presence of
a conserved arginine-X-leucine-arginine motif. RXLR effectors
operate inside the host cell to enable successful infection. Similar

20832–20837 | PNAS | December 20, 2011 | vol. 108 | no. 51

to other RXLR effectors, AVRblb2 (PexRD40170–7) (10) is
a modular protein with the N-terminal half comprising a signal
peptide and the RXLR domain involved in trafﬁcking to host cell
cytoplasm and the C-terminal region carrying the biochemical
effector activities (10). As noted for other RXLR effectors with
avirulence activity, Avrblb2 and its paralogs are sharply up-regulated during infection, peaking early during biotrophy (8, 10).
These genes are important for P. infestans ﬁtness because every
known strain of the pathogen carries multiple intact coding
sequences (10). Members of the AVRblb2 family are recognized
inside plant cells by the broad-spectrum resistance protein Rpiblb2 of the wild potato Solanum bulbocastanum (10). However,
the primary activity of AVRblb2 and other RXLR effectors is to
promote virulence, and the precise modes of action and host
targets of these effectors remain largely unknown (11). Only
recently, the RXLR effector AVR3a was shown to manipulate
plant immunity by stabilizing the host E3 ligase CMPG1 (12).
However, the extent to which plant pathogen effectors interfere
with defense-related focal secretion is poorly known.
Here we show that the host-translocated RXLR-type effector
protein AVRblb2 of the Irish potato famine pathogen P. infestans focally accumulates around haustoria inside plant cells and
promotes virulence by interfering with the execution of polarized
host defenses. Furthermore, we demonstrate that AVRblb2
targets PLCP C14 and prevents its secretion into the apoplast.
C14 knockdown via RNAi-mediated silencing results in enhanced susceptibility toward P. infestans and promotes its hyphal
growth. We present evidence that C14 is a unique plant defense
protease and its overexpression limits P. infestans infection efﬁciency. However, this effect is partially reversed by in planta
overexpression of AVRblb2. Our data point to a unique counterdefense strategy that plant pathogens use to neutralize secreted plant defense proteases. Effectors, such as AVRblb2, can
be used as molecular probes to dissect focal immune responses at
pathogen penetration sites.
Results and Discussion
AVRblb2 Localizes to the Cell Periphery and Accumulates Around
Haustoria in Infected Cells. To gain insight into AVRblb2 virulence

activities inside host cells, we constructed a functional N-
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Fig. 1. AVRblb2 localizes to the plasma
membrane and accumulates around haustoria to promote P. infestans virulence. (A)
Agrobacterium tumefaciens-mediated transient expression of GFP:AVRblb2 or RFP:
AVRblb2 fusion proteins revealed peripheral localization, which was not affected by
plasmolysis and overlapped with a plasma
membrane marker (pm-RK). (B) P. infestansinfected cells (red) focally accumulated GFP:
AVRblb2 (green) around haustoria (arrowheads). Magenta represents the signal from
plastids. (C) GFP:Avrblb2 transgenic N. benthamiana plants (5 wk old) were more susceptible to infection and enabled faster
P. infestans sporulation compared with
controls. (D) Quantitative scoring of infection stages and GFP expression intensities on WT, control (GFP), and GFP:
Avrblb2 transgenic lines. The x axis represents the position on the intensity transect, and the white line represents GFP
signal intensities of transgenic lines. The y
axis depicts the number of successful
infections (each leaf is inoculated with
Phytophthora at six different spots).

GFP:Avrblb2#7

25

pm-RK

merged

10

10

10

B

C

P.infestans

5

merged

4
3
2

25
GFP:Avrblb2

25

25
P.infestans

1

merged

cys
SP

Pro

Peptidase

P Granulin

preC14

Peptidase

P Granulin

iC14

AVRblb2 AVR3a

B

C14

- +

- +

Input

GFP:Avrblb2# 7

GFP:Avrblb2# 3

GFP:Avrblb2# 1

GFP4

Signal peptide (SP)
Proinhibitory domain (Pro)

mC14

EV

D

- +

Catalytic cysteine (Cys)
C14:GFP + RFP

iC14
mC14

WB:C14

Co-IP

plasma membrane-localized RFP (pm-RK), conﬁrming that
AVRblb2 accumulates at the host plasma membrane (Fig. 1A).
Similar membrane localization of AVRblb2 was observed with
an N-terminal RFP fusion (Fig. 1A) and in stable transgenic
GFP:AVRblb2 lines of N. benthamiana (Fig. S1C). To determine
the extent to which localization of AVRblb2 is altered during
infection, we inoculated the GFP:AVRblb2 N. benthamiana lines
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terminal GFP fusion to mature AVRblb2 (lacking the signal
peptide) (Fig. S1 A and B). The GFP:AVRblb2 fusion protein
accumulated mainly at the cell periphery when expressed in
Nicotiana benthamiana (Fig. 1A). The ﬂuorescence signal remained associated with the plasma membrane after salt-induced
plasmolysis of the epidermal cells (Fig. 1A). The AVRblb2 signal
largely overlapped with the red ﬂuorescence of a coexpressed
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Fig. 2. AVRblb2 associates with C14 in
planta. (A) Domain organization of C14.
C14 accumulates in cells as immature
(iC14) and mature (mC14) isoforms. (B)
AVRblb2 coimmunoprecipitates with C14
in planta. FLAG:Avrblb2 or FLAG:Avr3a
was transiently coexpressed alone or with
C14 in N. benthamiana. Immunoprecipitates obtained with anti-FLAG antiserum
and total protein extracts were immunoblotted with appropriate antisera. (C)
C14pep:RFP was detected in vacuoles and
as apoplastic aggregates, which did not
colocalize with plasma membrane CFP
(pm:CFP; Upper). Coexpression of GFP:
Avrblb2 increased C14pep:RFP intensity
at the plasma membrane (Lower). Fluorescence intensities of CFP/GFP/RFP in
membrane transects (yellow arrowheads)
at 3 d postinﬁltration (dpi) are illustrated.
(D and E) C14:GFP (D) and C14pep:GFP (E)
accumulate at haustorial sites (arrowheads). Accumulation was enhanced upon
RFP:Avrblb2 coexpression. Pictures were
taken at 3 d post infection (D) and 4
d post infection (E).
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with several P. infestans strains, including 88069td, a transgenic
strain expressing the red ﬂuorescent marker tandem dimer RFP
(known as tdTomato) (13). The AVRblb2 signal preferentially
accumulated around haustoria inside infected plant cells,
whereas its even distribution at the plasma membrane remained
unaltered in cells without haustoria (Fig. 1B). Haustorial accumulation of AVRblb2 ﬁrst occurred at discrete focal sites (one
per haustorium) before covering the entire surface of the haustoria (Fig. 1B and Fig. S1C). Perihaustorial accumulation of
AVRblb2 only partially overlapped with callose deposited
around haustoria and was not associated with callose encasements (Fig. S1D) (14).
AVRblb2 Enhances P. infestans Virulence. To determine the degree
to which AVRblb2 affects P. infestans infection, we performed
pathogen assays with the transgenic GFP:AVRblb2 N. benthamiana plants. The GFP:AVRblb2 plants showed enhanced
susceptibility to P. infestans, resulting in increased pathogen
colonization and sporulation relative to control lines (Fig. 1 C
and D and Fig. S2). This ﬁnding indicates that AVRblb2 has
a virulence activity and suggests that it causes signiﬁcant impairment of host defense responses.
AVRblb2 Associates with C14 Protease in Planta. To identify the host
targets of AVRblb2, we used in planta coimmunoprecipitation
(co-IP) followed by liquid chromatography–tandem mass spectrometry (LC-MS/MS). In total, we detected ﬁve N. benthamiana
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Fig. 3. AVRblb2 inhibits secretion of C14. (A) FLAG:Avrblb2 or FLAG:RFP was
transiently coexpressed with C14 in N. benthamiana (two biological replicates
for both FLAG:AVRblb2 and FLAG:RFP were used). Apoplastic and intracellular
leaf extracts were separated and stained with Coomassie Brilliant Blue (CBB).
Immunoblots with appropriate antisera showed reduced apoplastic iC14 (i)
and mC14 (m) levels. (B) Confocal sectioning of epidermal cells revealed that
apoplastic accumulation of C14pep:RFP (Upper) was reduced and shifted to
intracellular vacuoles (Lower) upon transient coexpression with GFP:Avrblb2.
(C) P. infestans colonization of tomato is associated with a decrease in apoplastic C14. Apoplastic or intracellular C14 and P69B protein levels were
assessed from infected tomato leaves over a time course. Immunoblotting of
apoplastic ﬂuids and intracellular protein extracts showed a marked reduction
of apoplastic C14 levels starting at 24 h after inoculation, whereas intracellular
iC14 levels increased. In contrast, a signiﬁcant increase in both apoplastic and
intracellular P69B levels were observed.
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proteins that speciﬁcally associated with AVRblb2 (Table S1).
One of these targets is the PLCP C14, a conserved solanaceous
protein orthologous to Arabidopsis RD21, rice Oryzain, and
maize Mir3 cysteine proteases (15–20). C14 is a complex modular protein featuring a predicted N-terminal secretion signal
and a self-inhibitory prodomain, which is followed by peptidase,
proline-rich, and granulin domains (Fig. 2A). In plant cells, C14/
RD21 converts into immature (iC14) and mature (mC14) isoforms (Fig. 2A) that accumulate into various subcellular compartments and the apoplast (16–18). C14 and other PLCPs have
been implicated in plant immunity, including pathogen perception and disease resistance (5, 21). Like some other PLCPs, C14
is also targeted by apoplastic protease inhibitor effectors of P.
infestans and other ﬁlamentous pathogens (5, 6, 18), and the
expression of the potato C14 gene is rapidly induced during P.
infestans infection (15). Thus, we decided to initially focus on
C14, and we will study other AVRblb2-associated proteins in
the future.
We validated the speciﬁc in planta association between
AVRblb2 and tomato C14 (LeC14) with co-IP (Fig. 2B).
AVRblb2-puriﬁed immunocomplexes contained iC14 (Fig. 2B),
and, occasionally, the less abundant mC14 isoform of the protease could be detected (Fig. S3). We next addressed whether
C14 associates with AVRblb2 in planta by using confocal microscopy. As previously reported for the C14 ortholog RD21 (16,
17), ﬂuorescently tagged full-length C14 and a C14 construct
lacking the granulin domain (C14pep) localized to the endoplasmic reticulum (ER), endomembrane compartments, vacuoles, and apoplast (Fig. 2C and Fig. S4 B–E) and accumulated
around haustoria in infected cells (Fig. S4F). Notably, in the
presence of AVRblb2, the localization of C14 dramatically
shifted toward the cell periphery, resulting in a marked overlap
with the ﬂuorescence signals of AVRblb2 and a plasma membrane marker (Fig. 2C and Fig. S5A). A similar shift in C14
distribution was observed in plant cells containing haustoria
(haustoriated plant cells), resulting in colocalization and focal
accumulation of AVRblb2 and C14 around haustoria (Fig. 2D).
Altogether, these results indicate that AVRblb2 associates with
C14 and alters its subcellular distribution.
AVRblb2 Prevents Secretion of the C14 Protease. The increased
peripheral accumulation of C14 triggered by AVRblb2 prompted
us to address whether AVRblb2 affects secretion of C14.
AVRblb2 signiﬁcantly reduced apoplastic levels of C14 without
affecting its intracellular accumulation (Fig. 3A and Fig. S5B).
AVRblb2 did not inhibit secretion in general because it did not
affect secretion of the pathogenesis-related serine protease P69B
nor did it reduce overall protein levels in the apoplast (Fig. S5C).
We conﬁrmed these observations by microscopy. AVRblb2 signiﬁcantly reduced the apoplastic accumulation of a C14pep:RFP
fusion protein but increased its levels in the cytoplasm, mainly in
the cell periphery and vacuoles (Fig. 3B). In contrast, AVRblb2
did not alter the apoplastic levels of a fusion of basic chitinase
signal peptide to GFP (SP:GFP), conﬁrming again that AVRblb2
does not generally prevent secretion (Fig. S5D). In summary, these
results indicate that AVRblb2 inhibits secretion of the host
protease C14.
Consistent with these observations, we noted a gradual decrease in C14 levels in the tomato apoplast during P. infestans
infection starting at 24 h after inoculation (Fig. 3C). Intracellular
levels of C14 were also altered during infection with an increase
in iC14 levels (Fig. 3C). These changes contrast sharply with the
well-known increase in apoplastic levels of pathogenesis-related
proteins, such as P69B, over the course of infection (Fig. 3C)
(22). The decrease in apoplastic C14 during infection could be
attributable to the preferential targeting of this protein to
haustorial sites, where it is prevented from secretion. However,
Bozkurt et al.
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based on this experiment, we cannot exclude that the observed
effect might involve additional effectors to AVRblb2.
AVRblb2 Localization Is Required for Its Virulence Function. To address the link between AVRblb2 haustorial localization and its
function, we tested several deletion mutants and identiﬁed an 8aa C-terminal deletion mutant (AVRblb247–92) that did not exclusively accumulate at the cell periphery or around haustoria
(Fig. 4 A–C). Notably, this mutant lost its ability to enhance
P. infestans growth (Fig. 4D), weakly associated with C14 protease, and failed to attenuate apoplastic C14 accumulation (Fig.
4 E and F). Thus, localization of AVRblb2 and C14 secretion
Bozkurt et al.

inhibition are genetically linked to the enhanced virulence activity of this effector. Conversely, the mutant retained its activity
to trigger an Rpi-blb2–dependent hypersensitive response (Fig.
4G). These results indicate that AVRblb2 localization is essential for its virulence function but not for its avirulence activity.
C14 Protease Positively Contributes to Immune Responses Against
P. infestans. To determine the extent to which C14 contributes to

plant immunity, we altered C14 expression in N. benthamiana.
Stable RNAi N. benthamiana lines, carrying two independent
C14 hairpin constructs (5), showed signiﬁcantly enhanced susceptibility to P. infestans compared with control lines as assessed
PNAS | December 20, 2011 | vol. 108 | no. 51 | 20835
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Fig. 4. An AVRblb2 mutant is impaired in haustorial localization and virulence effects but retains avirulence activity. (A) Overview of the constructs. The
numbers correspond to AVRblb2 full-length protein amino acid residue positions. (B) Immunoblots of constructs expressed in N. benthamiana. (C) GFP:
AVRblb247–100 (GFP:AVRblb2) shows localization to the cell periphery in uninfected leaves and focal accumulation around haustoria (arrowheads) in leaves
infected with P. infestans 88069, whereas the mutant GFP:AVRblb247–92 shows a subcellular distribution that resembles GFP (nucleocytoplasmic) and does not
focally accumulate at haustoria at 3 d post infection. (Scale bars: 25 μm.) Green color is GFP, and magenta is plastid ﬂuorescence. (D) AVRblb2 mutant does not
enhance pathogen growth. (E) Co-IP of GFP:AVRblb2, GFP:AVRblb247–92, and GFP with C14. (F) Levels of apoplastic C14 are reduced by coexpression of
AVRblb2 but not by GFP:AVRblb247–92 or GFP. (G) GFP:AVRblb247–92 retains avirulence activity. A. tumefaciens-mediated transient expression of GFP-fused
Avrblb2 constructs or control (GFP) in Rpi-blb2 transgenic and WT N. benthamiana.
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Fig. 5. A positive role for C14 in plant immunity against P. infestans. (A)
Differential growth of P. infestans 88069 on tomato C14pep:RFP-expressing
N. benthamiana lines (5 wk old). Pictures were taken at 8 d after infection.
(B) Leaf apoplastic C14pep:RFP levels in descendants of two independent
transgenic N. benthamiana lines were measured by using confocal microscopy. (C) Plants with apoplastic C14pep:RFP accumulation showed reduced
hyphal growth of P. infestans 88069 compared with ER-GFP–expressing
control N. benthamiana lines (5 wk old). Growth efﬁciency was plotted as
average total growing necrosis diameter (n = 6) at 5 d after infection.

by increased disease symptoms (Fig. S6). Conversely, overexpression of both C14 and C14pep in N. benthamiana resulted
in reduced P. infestans colonization relative to controls (Fig. 5
and Fig. S7 A and B). This enhanced immunity conferred by C14
could be partially reversed by simultaneous overexpression of
AVRblb2 (Fig. S7 C and D). In the course of these experiments,
we also determined that C14 silencing did not affect Rpi-blb2
recognition of AVRblb2, indicating that C14 is not “guarded” by
Rpi-blb2 (Fig. S8) (23, 24). These results indicate that C14 plays
a positive role in plant immunity. We propose a model in which
C14 is targeted by two classes of effectors in separate plant cell
compartments: whereas AVRblb2 prevents secretion of C14
within haustoriated plant cells, other P. infestans effectors inhibit
C14 in the apoplast as shown by Kaschani et al. (5) (Fig. 6).
A Plant Pathogen Effector That Probes Defense-Related Polarized
Secretion. In this study, we showed that the P. infestans effector

AVRblb2 interferes with defense-related secretion in haustoriated plant cells. AVRblb2 can enhance susceptibility by reducing overall C14 levels in the host apoplast. The execution of
plant cell-autonomous immunity requires cytoskeleton reorganization and polarized secretion (25, 26). Although some
bacterial effectors are known to target secretory pathways, little
is known about the underlying cellular and molecular processes
(27–29). The role of focal secretion in immunity has been difﬁcult to dissect with standard genetic approaches because mutants
often show pleiotropic effects that perturb plant development
(26, 30). Our work indicates that effectors can be used as molecular probes to unravel unknown facets of focal immunity
and potentially dissect the diversity of secretory vesicles and
their cargo.
Our results implicate focal secretion of a plant defense protease in plant immunity. C14 could contribute to immunity by
degrading non-self molecules or by playing a signaling role. C14
is known to accumulate during senescence and dehydration
stress, but whether it also contributes to these processes is unclear (31, 32). During abiotic stress, C14 undergoes complex
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Fig. 6. Model of C14-EPIC-AVRblb2 interplay. C14 defense protease is
secreted to the apoplast and inhibited by EPICs (5), which are secreted
from growing P. infestans hyphae. Upon formation of haustoria, C14 is
focally secreted to the extrahaustorial matrix. The RXLR effector AVRblb2
is translocated from P. infestans hyphae into the host cells and prevents
secretion of C14.

changes in subcellular localization. It accumulates in atypical
ER-derived vesicles and, upon dehydration stress, can directly
trafﬁc into the vacuole in a nonclassical way bypassing the Golgi
pathway (16, 17). Also, during desiccation, C14 is released to the
cytosol and nucleus (32). We showed that perturbation of C14
trafﬁcking by P. infestans AVRblb2 limits its role in plant immunity. AVRblb2 association with C14 might occur directly or
indirectly through an intermediate transmembrane protein or
molecule. AVRblb2 could intercept C14 at various subcellular
sites, including during release or fusion of secretory vesicles to
the plasma membrane at the haustorial interface. Finally, our
ﬁndings that C14 overexpression overcomes AVRblb2 activity
and leads to enhanced resistance to P. infestans point to immediate biotechnological applications for engineering late blightresistant potato and tomato crops.
Materials and Methods
Plasmid Construction. Effector expression constructs were designed to have Nterminal epitope or ﬂuorescent tags replacing the native signal peptide to
enable intracellular expression in plant cells. Detailed information about the
plasmid constructs, transient gene-expression assays, and production of
transgenic plants is described in SI Materials and Methods.
Co-IP Experiments. FLAG:AVRblb2 and its plant interactors were coimmunoprecipitated with anti-FLAG resins under nondenaturing conditions. Co-IP
experiments, preparation of peptides for LC-MS/MS, and Western blot
analysis are described in SI Materials and Methods.
Secretion Inhibition Assays. Secretion inhibition assays were performed by
using Agrobacterium-mediated transient gene expression. Detailed procedures are provided in SI Materials and Methods.
Hypersensitive Response Cell-Death Assays. Hypersensitive response assays on
C14 silencing are described in SI Materials and Methods.
RT-PCR Assays. Detailed RT-PCR procedures are explained in SI Materials
and Methods.
Confocal Microscopy. Confocal microscopy analysis was performed on Leica
DM6000B/TCS SP5 confocal microscope (Leica Microsystems). Detailed procedures of confocal microscopy and callose/aniline blue staining of infected
material is described in SI Materials and Methods.
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SI Materials and Methods
Plasmid Construction. All of the primers used in this study are
available on request. FLAG:Avrblb2, FLAG:Avr3a, and FLAG:
RFP constructs were custom-synthesized with the signal peptide
regions removed (GenScript Corp.) and subcloned into the tobacco mosaic virus-based Agrobacterium tumefaciens binary vector pTRBO (1). The tomato C14 expression construct (pFK26::
C14) and tomato P69B construct (pBinPlus::P69B) used in this
study were described elsewhere (2, 3). Data mining to identify
the C14 domains was achieved with the MEROPS database of
proteases (http://merops.sanger.ac.uk/) and PFAM (http://pfam.
janelia.org/).
Avrblb2 was cloned into pDNOR207 (Invitrogen) by Gateway
BP recombination reaction (Invitrogen) with the PCR products
ampliﬁed by using pTRBO::FLAG:Avrblb2 as a template and
RD39/40-F + RD39/40-R as primers. GFP and RFP fusions of
Avrblb2 were generated by Gateway LR recombination (Invitrogen) of pDONR207::Avrblb2 and pK7WGF2 (GFP:Avrblb2)
or pGWB555 (RFP:Avrblb2) (4, 5). C14pep:GFP and C14pep:
RFP fusions were generated by cloning C14 peptidase PCR
amplicons produced by using pFK26::C14 as a template with
C14-FL-F/C14PepR_GW-TB primers into pENTR/D-TOPO
(Invitrogen) followed by Gateway LR recombination (Invitrogen) into pK7FWG2 or pGWB554. C14:GFP and C14:RFP
constructs were generated by cloning PCR amplicons produced
by using pFK26::C14 as a template with C14-FL-F + C14-FLYFP-R primers into pENTR/D-TOPO (Invitrogen) followed by
Gateway LR recombination (Invitrogen) into pK7FWG2 or
pGWB554. GFP:Avrblb247–100 and GFP:Avrblb247–92 were generated by cloning PCR amplicons produced by using primer pairs
Rd40_F + Rd40_R and Rd40_F + C2D_R into pENTR/DTOPO (Invitrogen) followed by Gateway LR recombination
(Invitrogen) into pK7WGF2. The GFP:3xHA construct and the
subcellular marker constructs plasma membrane-localized CFP
(pmC) and endoplasmic reticulum (ER)-CFP were described
previously (5, 6).
Hairpin-silencing constructs of Nicotiana benthamiana C14-1
(pTS54) and C14-2 (pTS55) were described by Kaschani et al.
(7). All of the mentioned vector constructs were transformed
into A. tumefaciens GV3101 strain by electroporation.
Transgenic N. benthamiana Lines. Multiple transgenic N. ben-

thamiana lines stably expressing GFP:Avrblb2 or C14pep:RFP
were generated as described elsewhere (8) with the pK7WGF2::
Avrblb2 and pGWB554::C14pep constructs, respectively. C14
knockdown N. benthamiana lines were generated by using pTS54
and pTS55 constructs.
Transient Gene-Expression Assays. A. tumefaciens-mediated tran-

sient expression (agroinﬁltration) experiments were performed
on 4- to 6-wk-old N. benthamiana plants. Plants were grown and
maintained throughout the experiments in a greenhouse with an
ambient temperature of 22–25 °C and high light intensity. in
planta transient expression by agroinﬁltration was performed
according to methods described previously (9). For each of the
A. tumefaciens strains, a ﬁnal OD600 of 0.3–0.4 in agroinﬁltration
medium [10 mM MES, 10 mM MgCl2, and 150 μM acetosyringone (pH 5.6)] was used. For all of the transient coexpression
assays, A. tumefaciens strains carrying the plant expression constructs were mixed in a 1:1 ratio in agroinﬁltration medium to a
ﬁnal OD600 of 0.4–0.6.
Bozkurt et al. www.pnas.org/cgi/content/short/1112708109

Coimmunoprecipitation (Co-IP) Experiments and LC-MS/MS Analysis.

For co-IP experiments, total proteins were extracted from N.
benthamiana leaves at 3 d after agroinﬁltration of pTRBO::
FLAG:Avrblb2 or pTRBO::FLAG:RFP constructs and subjected
to immunoprecipitation as described previously (10).
Preparation of peptides for liquid chromatography–tandem
mass spectrometry (LC-MS/MS) was performed as follows. Proteins were separated with SDS/PAGE. Gels were cut into slices
(∼5 × 10 mm). Proteins contained in gel slices were prepared for
LC-MS/MS as described previously (11). LC-MS/MS analysis was
performed with a LTQ Orbitrap mass spectrometer (Thermo
Scientiﬁc) and a nanoﬂow-HPLC system (nanoACQUITY; Waters Corp.) as described previously (12) with the following differences: MS/MS peak lists were exported in mascot generic ﬁle
format by using Discoverer v2.2 (Thermo Scientiﬁc).
The database was searched with Mascot v2.3 (Matrix Science)
with the following differences: (i) The database searched with
Mascot v2.3 (Matrix Science) was against a custom collection of
translated sequences from transcript assemblies (TIGR Plant
Transcript Assemblies; http://plantta.jcvi.org) of solanaceous
plants (Solanum lycopersicum, N. benthamiana, Nicotiana tabacum, Solanum tuberosum, Capsicum annuum, and Petunia hybrida) and Phytophthora infestans sequences containing 1,000,691
sequences (98,308,278 amino acid residues) with the inclusion of
sequences of common contaminants such as keratins and trypsin.
(ii) Carbamidomethylation of cysteine residues was speciﬁed as
a ﬁxed modiﬁcation, and oxidized methionine was allowed as
a variable modiﬁcation.
Other Mascot parameters used were as follows: (i) Mass values
were monoisotopic, and the protein mass was unrestricted. (ii)
The peptide mass tolerance was 5 ppm, and the fragment mass
tolerance was ± 0.6 Da. (iii) Two missed cleavages were allowed
with trypsin. All Mascot searches were collated and veriﬁed with
Scaffold (Proteome Software), and the subset database was
searched with X! Tandem (The Global Proteome Machine Organization Proteomics Database and Open Source Software;
www.thegpm.org). Accepted proteins passed the following
threshold in Scaffold: 95% conﬁdence for protein match and
minimum of two unique peptide matches with 95% conﬁdence.
To validate the in planta association of AVRblb2 and C14, coIP assays were performed as follows. FLAG:Avrblb2, FLAG:
Avr3a, or FLAG:RFP pTRBO constructs were transiently coexpressed in N. benthamiana with pFK26::C14 by agroinﬁltration
followed by extraction of proteins.
Western Blot Analysis. Western blot analyses were performed on
SDS/PAGE-separated proteins as described elsewhere (12). Monoclonal FLAG M2 antibodies and polyclonal GFP antibodies were
obtained from Sigma and Invitrogen, respectively. C14 antisera (2)
were raised in rabbits with peptides DTEEDYPYKERNGVC and
DQYRKNAKVVKIDSYC (Eurogentec).
Secretion Inhibition Assays. Independent secretion inhibition
experiments were executed by using pTRBO::FLAG:Avrblb2 or
pTRBO::FLAG:RFP as well as the A. tumefaciens binary constructs of GFP:Avrblb2 or GFP:3xHA (under the control of the
cauliﬂower mosaic virus 35S promoter). Secretion inhibition assays were performed by agroinﬁltration of Avrblb2 or RFP/GFP
constructs (OD600 of 0.3) followed by agroinﬁltration of C14 or
P69B (OD600 of 0.3) together with P19 (OD600 of 0.1) silencing
suppressor construct at 24 h after the ﬁrst set of inﬁltrations.
Apoplastic ﬂuids were extracted as described elsewhere (2) at 3
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d after the ﬁrst agroinﬁltrations. Intracellular proteins were extracted from the remaining leaf pellets that were used for apoplastic ﬂuid isolation.
The effect of AVRblb2 on C14pep:RFP secretion was also
addressed with imaging of confocal planes of N. benthamiana
epidermal cells and apoplast after initial A. tumefaciens-mediated
expression of GFP:Avrblb2 followed 1 d later by agroinﬁltration of
C4pep:RFP. Confocal settings were as described below, and multipass scanning was used to prevent bleed-through.
To study whether AVRblb2 inhibits secretion of other proteins,
a fusion of basic chitinase signal peptide to GFP (SP:GFP) (13)
was coexpressed in N. benthamiana together with 35S-XopJ (13),
FLAG:Avrblb2, or FLAG:RFP by agroinﬁltration.
Secretion inhibition assay during P. infestans colonization on
tomato was performed as follows. After spray-inoculation of
P. infestans 88069 zoospores (10,000 zoospores per mL) on tomato
leaves, apoplastic ﬂuids and intracellular proteins were extracted
at time points 0, 6, 12, 24, 48, and 72 h after inoculation. Immunoblot analyses were performed as described above.
Hypersensitive Response Cell-Death Assays. A. tumefaciens strains
carrying short hairpin-silencing constructs (pTP5-hpC14-1 and
pTP5-hpC14-2) of NbC14-1 and NbC14-2 were inﬁltrated into
N. benthamiana leaves (whole leaf surface) stably expressing the
Rpi-blb2 resistance gene, either individually or by mixing both
strains in a 1:1 ratio to a ﬁnal OD600 of 0.3 in induction buffer [10
mM MgCl2, 5 mM MES (pH 5.3), and 150 μM acetosyringone].
pTP5 empty vector was used as a control for the hypersensitive
response assay. At 2 d after delivery of silencing constructs, A.
tumefaciens strains harboring the binary expression constructs
GFP:Avrblb2, GFP, or p35S-Inf1 (9) were inﬁltrated on each silenced leaf panel. Rpi-blb2–mediated hypersensitive response cell
death was monitored at 4 d after GFP:Avrblb2 expression.
RT-PCR Assays. For transient C14 silencing and Rpi-blb2–mediated
hypersensitive response assays, total RNA was extracted according to the manufacturer’s protocol (Qiagen) with 100 mg of
leaf samples collected from each C14-silenced and control
N. benthamiana leaves at 6 d after silencing. For selection of C14
knockdown lines, 100-mg leaf samples were collected from 6-wkold N. benthamiana transgenic plants, and total RNA was extracted as described above. Extracted total RNAs (10 mg) were
subjected to DNase I treatment (Ambion) according to the
manufacturer’s protocol. cDNA was generated with 1 μg of
DNase-treated RNA and diluted to a 1:5 ratio for PCR. Primer
combinations Nbrd21-F-TB + Nbrd21-R-TB and Nbrd21-F2-TB +
Nbrd21-R2-TB were used to detect NbC14-1 and NbC14-2 transcripts. GAPDH was used as a control for RT-PCR analysis and
ampliﬁed with primers SILG3PF-TB + SILG3PR-TB.

(50,000 zoospores per mL) and 88069td (100,000 zoospores per
mL) on six different spots. P. infestans hyphal growth was monitored by using confocal microscopy at 2–4 d postinfection (dpi),
and infection phenotypes were scored at 6 dpi. Infection phenotypes were scored as lesions of necrotic growth, sporulation, or
no visible growth. Successful infections at each Phytophthorainoculated spot were used to analyze the growth efﬁciency. The
assay was repeated at least three times, and a representative
dataset is used. Pathogenicity assays on C14-knockdown N.
benthamiana transgenic lines (10 wk old) were performed similarly with the P. infestans isolate 88069.
Infection assays assessing the effect of C14 overexpression on
disease were performed as follows. First, C14:GFP (or C14pep:
GFP) and GFP were transiently overexpressed side by side on
either halves of four independent N. benthamiana leaves (4 wk
old) by A. tumefaciens-mediated transient expression. At 48 h
postinfection, the inﬁltrated leaves were detached and inoculated
with 88069td on three spots for each leaf half. P. infestans hyphal
growth was monitored by using confocal microscopy at 5 dpi. The
growth efﬁciency was quantiﬁed by measuring the total area of
the red ﬂuorescent hyphae for each inoculated spot with the
ImageJ program (National Institutes of Health; http://rsbweb.nih.
gov/ij). An average growth value for each leaf was used to generate the histograms.
Transgenic N. benthamiana plants (5 wk old) stably expressing
C14pep:RFP were ﬁrst selected by examining RFP ﬂuorescence
with confocal microscopy. Pathogenicity assays on these lines
were performed with P. infestans 88069 zoospores as described
above, and phenotypes were scored at 6 dpi.
Pathogenicity assays to test the extent to which AVRblb2
circumvents the enhanced resistance conferred by C14 were
performed as follows. Combinations of RFP:Avrblb2, C14:GFP,
GFP, and RFP were expressed in N. benthamiana leaves (5 wk
old) by A. tumefaciens-mediated transient expression. P. infestans
zoospore suspensions (three droplets per treatment) were applied at 24 h postinﬁltration on 15 expressing leaf patches per
construct. Then, 3 d later, infection phenotypes were scored with
UV illumination, and autoﬂuorescent spots were counted.
Confocal Microscopy. Patches of N. benthamiana leaves were cut
and mounted in water and analyzed on a Leica DM6000B/TCS
SP5 confocal microscope (Leica Microsystems) with the following excitation wavelengths: CFP, 458 nm; GFP, 488 nm; and
RFP, 561 nm. Scanning was performed in sequential mode to
prevent signal bleed-through. Identical microscope settings were
applied for all individual images shown in a given ﬁgure to allow
comparison of ﬂuorescence intensities between samples.

thamiana were performed by droplet inoculations of zoospore
solutions on detached leaves as described earlier (14, 15).
Pathogenicity assays on N. benthamiana transgenic lines stably
expressing GFP:Avrblb2 and control plants that express an ERlocalized GFP (16c) were performed as follows: Detached leaves
(5 wk old) were challenged with P. infestans isolates 88069

Callose/Aniline Blue Staining of Infected Material. P. infestans-infected leaf material was rinsed twice with 50% ethanol and once
with 0.07 M phosphate buffer (pH 9.0). After incubation for 30
min in 0.07 M phosphate buffer (pH 9.0) at room temperature,
the buffer was replaced by freshly prepared 0.05% aniline blue
(wt/vol in 0.07 M phosphate buffer), and samples were incubated
for 60 min in the dark. Samples were mounted on slides in 0.05%
aniline blue and imaged with UV illumination.
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Fig. S1. GFP:AVRblb2 localizes at haustoria in P. infestans-infected cells. (A) Symptoms observed upon A. tumefaciens-mediated transient expression of GFP:
Avrblb2 or GFP in transgenic N. benthamiana leaves stably expressing Rpi-blb2 (Left) or WT (Right) at 5 d after agroinﬁltration. (B) GFP:AVRblb2 is a stable
fusion protein in N. benthamiana. (C) GFP:AVRblb2 accumulation at haustoria is initiated at focal spots (arrowheads) in stable transgenic GFP:Avrblb2 N.
benthamiana lines infected with P. infestans strain 88069. (Scale bars: 5 μm.) (D) Haustoria (arrowheads) are not surrounded by callose (papillae) encasements.
P. infestans 88069td-infected N. benthamiana leaves (red) were stained with aniline blue at 5 d after inoculation and revealed callosic deposition only in
haustorial neckbands (cyan). For 50% of haustoria, no callose was detectable by aniline blue staining. Aniline blue staining of leaf patches transiently expressing RFP:Avrblb2 and infected with P. infestans isolate 88069 showed that AVRblb2 haustorial accumulation is not attributable to papillae encasements
(Lower). Plastid autoﬂuorescence is shown in magenta in merged panels.
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Fig. S2. GFP:AVRblb2 transgenic N. benthamiana plants display enhanced susceptibility to P. infestans infection. Descendants of four independent transgenic
lines (5 wk old) with different GFP:AVRblb2 levels as assessed by GFP ﬂuorescence (Insets) were challenged with P. infestans isolates 88069 and 88069td. P.
infestans hyphal growth was monitored by using confocal microscopy at 2–4 d post infection (Left) and infection phenotypes at 6 d post infection (Right). We
observed intensiﬁed hyphal growth and a signiﬁcantly higher proportion of infection sites with lesions and sporulation in plants expressing GFP:AVRblb2
(Right) compared with control plants that express GFP (line 16c, ﬁrst row). GFP:Avrblb2#1 descendants without detectable GFP:AVRblb2 levels showed similar
levels of infection to those of control plants.
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Fig. S3. AVRblb2 associates with both immature (iC14) and mature (mC14) in planta. FLAG:Avrblb2 was coexpressed with C14 in planta by A. tumefaciensmediated transient expression and subjected to FLAG immunoprecipitation. FLAG:Avr3a coexpressed with C14 was used as a negative control. Puriﬁed immunocomplexes were analyzed by immunoblotting to identify association of coexpressed proteins with anti-C14 and anti-FLAG antibodies (IP FLAG). Two
bands representing iC14 (∼37 kDa) and mC14 (∼30 kDa) were detected in complex with AVRblb2 but not with AVR3a.
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Fig. S4. Cellular localization of C14 and C14pep proteins. (A) Confocal sections of N. benthamiana epidermis were analyzed for localization of C14 that was
expressed using A. tumefaciens-mediated transient assays. (B) RFP fusions of C14 and C14pep were detected in the apoplast, intercellular spaces and the central
vacuole at 2 d post inﬁltration. (C) Plasmolysis of C14pep:RFP- and ER-CFP–expressing cells showed shrinking vacuoles labeled with red ﬂuorescent C14pep. (D)
To speciﬁcally trace C14 localization inside the secretory pathway, we transiently expressed GFP fusions of C14 or C14pep, given that GFP is not ﬂuorescent
under apoplastic or vacuolar pH conditions and therefore enables visualization of secretory membrane compartments. Confocal microscopy revealed distribution in endomembrane compartments and networks typical of the ER for both constructs. (E) Presence of intact C14pep:GFP or C14:GFP fusion proteins in
protein extracts of N. benthamiana leaves transiently expressing the protease constructs with C14 antisera. (F) Confocal imaging of transiently expressed C14:
GFP, which accumulates around haustoria (arrowheads) of P. infestans 88069td (RFP) at 4 dpi.
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Fig. S5. AVRblb2 alters trafﬁcking of C14. (A) Confocal microscopy revealed that RFP:AVRblb2 localization was not affected by A. tumefaciens-mediated
transient coexpression of C14:GFP and remained peripheral and weakly nuclear in N. benthamiana. Transient expression of C14:GFP with the RFP control
resulted in an ER-like distribution of the C14:GFP fusion protein (First column). However, coexpression of RFP:Avrblb2 and C14:GFP resulted in an increased
amount of peripheral small endomembrane compartments for the C14:GFP fusion (Third column). Arrowheads mark nuclei. (Bars: 25 μm.) (B) GFP:AVRblb2
inhibits the secretion of C14. GFP:Avrblb2 or GFP constructs were transiently coexpressed with C14 in N. benthamiana leaves (two independent leaves for each
construct). Apoplastic and intracellular extracts from inﬁltrated leaves were separated followed by Coomassie Brilliant Blue (CBB) staining and immunoblotting. (C) GFP:AVRblb2 does not inhibit the secretion of the pathogenesis-related protein P69B. (D) AVRblb2 does not inhibit the secretion of SP:GFP.
Transient expression of SP-GFP with pTRBO::FLAG:RFP and pTRBO::FLAG:Avrblb2 did not result in gain of ﬂuorescence, whereas 35S-XopJ expression resulted in
intracellular retention of secreted GFP as previously reported (1). (Bars: 250 μm.)
1. Bartetzko V, et al. (2009) The Xanthomonas campestris pv. vesicatoria type III effector protein XopJ inhibits protein secretion: Evidence for interference with cell wall-associated
defense responses. Mol Plant Microbe Interact 22:655e664.
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Fig. S6. Silencing of NbC14-1 increases susceptibility to P. infestans. (A) Differential colonization of P. infestans 88069 on NbC14-1 silenced and nonsilenced N.
benthamiana transgenic lines (10 wk old). Pictures were taken at 6 d postinfection (dpi). (B) A histogram depicting the enhanced virulence of P. infestans on
C14 silenced lines shown in A. Symptoms were scored at 6 dpi by monitoring P. infestans growth on each inoculation spot (six different spots per leaf). (C)
Validation of C14 silencing by RT-PCR in the plants described in A. (D) Promoted growth of P. infestans on NbC14-2 silenced versus nonsilenced N. benthamiana
transgenic lines (10 wk old) transformed with binary constructs of pTP5-hpC14-2. NbC14-2 silenced and control lines were infected with droplet inoculations of
P. infestans zoospores at six different spots on each leaf. Pictures were taken at 6 dpi. (E) Histogram depicting the enhanced virulence of P. infestans on the C14
silenced lines described in D. Symptoms were scored at 6 dpi by monitoring P. infestans growth on each inoculation spot. (F) Validation of C14 silencing by RTPCR in plants described in D.

Fig. S7. AVRblb2 can circumvent enhanced resistance mediated by C14. (A and B) A. tumefaciens-mediated transient overexpression of C14:GFP (A) or
C14pep:GFP (B) but not GFP in 5-wk-old N. benthamiana limits P. infestans 88069td growth. P. infestans isolate 88069td spore suspension (three droplets per
expression) was applied at 24 h postinﬁltration; 3 d later, infection phenotypes where scored with UV illumination. (C) AVRblb2 can overcome enhance resistance mediated by C14. Combinations of RFP:Avrblb2, C14:GFP, GFP, and RFP in N. benthamiana (5 wk old) were expressed by A. tumefaciens-mediated
transient expression (agroinﬁltration). P. infestans 88069 spore suspension (three droplets per expression) was applied at 24 h postinﬁltration; 3 d later, infection phenotypes where scored with UV illumination. Autoﬂuorescent spots (arrowheads) indicate an early partial defense response. (D) Frequency (with SD)
of ﬂuorescent spots in 15 leaves as observed at 3 d after transient expression of given constructs.

Bozkurt et al. www.pnas.org/cgi/content/short/1112708109

7 of 8

A

GFP-Avrblb2

inf1

control

nt

ro

-2

-1

14
C

hp

C
hp

hp

C

14

-1

+2

B

hpC14-2

l

hpC14-1+2

co

hpC14-1

14

Rpi-blb2

GFP

NbC14-1
Nbc14-2
GAPDH

Fig. S8. C14 is not required for Rpi-blb2–mediated hypersensitive response cell death. (A) Symptoms observed in NbC14 silenced and control leaves upon in
planta expression of Avrblb2, Inf1 (positive cell-death control), or GFP (negative control) constructs. C14 silencing constructs hpC14-1 and hpC14-2 were expressed alone or together by A. tumefaciens-mediated transient expression (agroinﬁltration) in N. benthamiana plants carrying Rpi-blb2. Empty vector was
used as a negative control. GFP:Avrblb2, GFP, or Inf1 was expressed in N. benthamiana C14 silenced and control leaves at 4 d after transient silencing by
agroinﬁltration. Pictures were taken at 5 d postinﬁltration (dpi) of Avrblb2 or control constructs. (B) Veriﬁcation of C14 silencing by RT-PCR.

Table S1. Plant proteins that associate speciﬁcally with AVRblb2 in planta
No. of unique peptides
Identiﬁed protein
C14
Proteinase inhibitor
Cystatin
GrpE
BiP 5

Description
Papain-like cysteine protease (PLCP)
Similar to S. tuberosum proteinase inhibitor I
Cysteine protease inhibitor
Chaperone
Chaperone

Accession no.
TC9688*
TC8657*
DV105642†
Q03685†
AF098635†

Sample 1

Sample 2

Sample 3

4
0
1
4
17

2
2
1
0
2

4
0
3
2
26

*Tobacco sequence accession no. from the Dana-Farber Cancer Institute N. tabacum Gene Index (http://compbio.dfci.harvard.edu/tgi/
plant.html). GrpE, glucose regulated protein E; BiP 5, binding immunoglobulin protein 5.
†
GenBank accession no.
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