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SUMMARY

Plant-pathogenic microbes secrete effector molecules to establish

themselves on their hosts, whereas plants use immune receptors

to try and intercept such effectors in order to prevent pathogen

colonization. The tomato cell surface-localized receptor Ve1 con-

fers race-specific resistance against race 1 strains of the soil-

borne vascular wilt fungus Verticillium dahliae which secrete the

Ave1 effector. Here, we describe the cloning and characterization

of Ve1 homologues from tobacco (Nicotiana glutinosa), potato

(Solanum tuberosum), wild eggplant (Solanum torvum) and hop

(Humulus lupulus), and demonstrate that particular Ve1 homo-

logues govern resistance against V. dahliae race 1 strains

through the recognition of the Ave1 effector. Phylogenetic analy-

sis shows that Ve1 homologues are widely distributed in land

plants. Thus, our study suggests an ancient origin of the Ve1

immune receptor in the plant kingdom.

Keywords: Ave1 effector, leucine-rich repeat, receptor-like

protein, RLP, Verticillium dahliae.

INTRODUCTION

In order to activate immune responses to ward off invading micro-

organisms, plants employ immune receptors that detect patho-

gen(-induced) ligands of various nature (Boller and Felix, 2009;

Thomma et al., 2011). The recognition of such ligands by immune

receptors results in the activation of defence responses, which are

often accompanied by a hypersensitive response (HR), in which

the necrosis of plant tissue surrounding the site of attempted pen-

etration is activated to restrict further pathogen invasion.

Verticillium wilts are vascular wilt diseases caused by

soil-borne fungal pathogens that belong to the Verticillium genus.

Verticillium dahliae is the most notorious species and can infect

hundreds of dicotyledonous hosts (Fradin and Thomma, 2006;

Inderbitzin et al., 2011). In tomato (Solanum lycopersicum), the

Ve locus that confers race-specific resistance against Verticillium

has been characterized (Fradin et al., 2009; Kawchuk et al., 2001).

This locus contains two closely linked and inversely oriented

genes, Ve1 and Ve2, which encode extracellular leucine-rich

repeat receptor-like proteins (eLRR-RLPs) (Kawchuk et al., 2001;

Wang G et al., 2008, 2010). Of these, only Ve1 was found to pro-

vide V. dahliae resistance in tomato (Fradin et al., 2009). Interest-

ingly, interfamily transfer of Ve1 from tomato to Arabidopsis

resulted in Verticillium resistance in the latter species (Fradin

et al., 2011, 2014; Zhang et al., 2014), implying that the underly-

ing immune signalling pathway is conserved (Fradin et al., 2011;

Thomma et al., 2011).

Comparative genomics of V. dahliae race 1 and 2 strains iden-

tified the Ave1 effector that activates Ve1-mediated immunity (de

Jonge et al., 2012). Interestingly, Ave1 homologues were found in

the bacterial plant pathogen Xanthomonas axonopodis pv. citri

(XacPNP) and in the plant-pathogenic fungi Colletotrichum higgin-

sianum (ChAve1), Cercospora beticola (CbAve1) and Fusarium

oxysporum f. sp. lycopersici (FoAve1), and these homologues

were differentially recognized by Ve1 (de Jonge et al., 2012). Dur-

ing the optimization of an agroinfiltration assay in tobacco for the

functional analysis of Ve1 signalling, we found that the expression

of Ave1 in leaves of Nicotiana glutinosa triggered an HR, suggest-

ing that this species contains an endogenous Ve1 allele (Zhang

et al., 2013a). Indeed, inoculation experiments revealed that N.

glutinosa is resistant to race 1 V. dahliae, whereas an Ave1 dele-

tion strain was able to cause Verticillium wilt disease on these

plants (Zhang et al., 2013a).

So far, several Ve1 homologues have been identified within

and outside the Solanaceae family, such as SlVe1 from Solanum

lycopersicoides (Chai et al., 2003), StVe1 from S. tuberosum

(Simko et al., 2004a), StVe and StoVe1 from S. torvum (Fei et al.,

2004; Liu et al., 2012), mVe1 from Mentha longifolia (Vining and

Davis, 2009), Vr1 from Lactuca sativa (Hayes et al., 2011), VvVe

from Vitis vinifera (Tang et al., 2016) and GbVe, Gbve1, Gbvdr5

and Gbvdr3 from Gossypium barbadense (Chen et al., 2016; Yang

et al., 2014; Zhang et al., 2011, 2012). However, the functionality

of these homologues against Verticillium wilt often remains

obscure. Here, we describe the cloning and functional*Correspondence: Email: bart.thomma@wur.nl
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characterization of Verticillium wilt resistance genes from tobacco

(N. glutinosa), potato (S. tuberosum), wild eggplant (S. torvum)

and hop (Humulus lupulus), and demonstrate that particular Ve1

homologues govern resistance against V. dahliae race 1 strains

through the recognition of the Ave1 effector.

RESULTS

Isolation of NgVe1 from N. glutinosa

In our first attempt to clone the previously identified Ve1 homo-

logue from N. glutinosa (Zhang et al., 2013a), a single cDNA frag-

ment of �2800 bp was obtained using primers that were

designed on the tomato Ve1 sequence (Table S1, see Supporting

Information). To obtain the full-length N. glutinosa Ve1 (NgVe1)

transcript sequence, 30 rapid amplification of cDNA ends (RACE)

polymerase chain reaction (PCR) was performed, resulting in a sin-

gle fragment of approximately 1200 bp. Likewise, a fragment of

approximately 640 bp was amplified with 50 RACE (Methods S1,

see Supporting Information). The sequences of the three frag-

ments were aligned to deduce the full-length NgVe1 cDNA

sequence. Subsequently, a pair of NgVe1-specific primers (NgVe1-

F and NgVe1-R; Table S1) was designed and amplicons amplified

from N. glutinosa cDNA and genomic DNA were sequenced, indi-

cating that both amplicons are identical (GenBank accession:

KT895339) and that NgVe1 is an intronless gene.

The full-length cDNA of NgVe1 is 3225 bp and contains a pre-

dicted translation initiation site (ATG) at nucleotide position 34

and a stop codon (TGA) at nucleotide position 3178, resulting in a

single open reading frame of 3147 bp. The predicted NgVe1 pro-

tein comprises 1048 amino acids (GenBank accession: ALK26499)

and shares an overall identity of 76% with tomato Ve1 (Fig. S1,

see Supporting Information). Immunoblotting analysis using green

fluorescent protein (GFP) antibody displayed clear signals for

NgVe1-GFP and Ve1-GFP in transiently transformed tobacco

leaves (Fig. S2, see Supporting Information).

Co-expression of Ave1 and NgVe1 induces an HR in

N. tabacum

Recently, an optimized agroinfiltration assay has been developed

for Ve1-mediated immune signalling in N. tabacum, revealing a

swift HR on co-expression of tomato Ve1 with V. dahliae Ave1

(Zhang et al., 2013a). To test the functionality of NgVe1, co-

expression with Ave1 on agroinfiltration in N. tabacum was per-

formed. At 5 days post-infiltration, the infiltrated leaves developed

clear necrosis, and the HR induced on co-expression of NgVe1

and Ave1 was as strong as the HR induced on co-infiltration of

tomato Ve1 and Ave1, for which the complete infiltrated areas

became fully necrotic (Fig. 1A). In contrast, agroinfiltration of

NgVe1 or Ave1 alone did not induce necrosis (Fig. 1A). These

data strongly suggest that NgVe1 is a functional homologue of

tomato Ve1.

Targeting of NgVe1 expression in N. glutinosa

compromises Ave1-induced HR, but not Verticillium

resistance

To investigate the role of NgVe1 in N. glutinosa Verticillium resist-

ance, we used virus-induced gene silencing (VIGS). Tobacco rattle

virus (TRV)-based VIGS is a well-established method for gene

functional analysis in several Solanaceae species, and also for the

investigation of Ve1-mediated Verticillium resistance (Fradin

et al., 2009; Senthil-Kumar et al., 2007; Zhang et al., 2013a). In

an attempt to establish VIGS in N. glutinosa, a 1 : 1 mixture of

Fig. 1 Expression of NgVe1 in tobacco mediates the Ave1-triggered

hypersensitive response (HR). (A) Co-expression of NgVe1 and Ave1 in

tobacco results in an HR. Photographs were taken at 5 days post-infiltration

and show representative leaves of at least three independent assays. As a

positive control, HR was induced on co-infiltration of Ve1 and Ave1. As a

negative control, NgVe1 and Ave1 were expressed separately. (B) Ave1-

triggered HR, but not VdNLP1-mediated cell death, is attenuated in NgVe1-

silenced Nicotiana glutinosa plants, whereas Avr9 does not trigger cell death.
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Agrobacterium tumefaciens cultures carrying pTRV1 and

pTRV2::PDS to target the phytoene desaturase (PDS) gene was

infiltrated into cotyledons of N. glutinosa plants. Visible photo-

bleaching symptoms were observed in all agroinfiltrated N. gluti-

nosa plants by 4 weeks post-infiltration (Fig. S3A, see Supporting

Information), albeit that a strongly varying degree of photobleach-

ing was observed (Fig. S3A). Nevertheless, a recombinant TRV

vector was designed to target NgVe1 expression (pTRV2::NgVe1).

As a negative control, a construct (pTRV2::GUS) containing a frag-

ment of the b-glucuronidase (GUS) gene was used. At 4 weeks

after TRV infection, mature leaves were agroinfiltrated to express

Ave1, with VdNLP1 as a positive control (Santhanam et al., 2013)

and the functionally and structurally unrelated effector Avr9 from

the tomato leaf mould pathogen Cladosporium fulvum as a nega-

tive control (van Kan et al., 1991; Van der Hoorn et al., 2000).

Agroinfiltration of Ave1 in N. glutinosa on GUS targeting resulted

in a clear HR within 5 days, confirming that TRV infection did not

compromise Ve1-mediated HR (Fig. 1B). However, targeting of

NgVe1 expression in N. glutinosa significantly compromised HR

on expression of Ave1 (Fig. 1B). As expected, VdNLP1-mediated

cell death was not compromised on targeting of NgVe1 expres-

sion, whereas Avr9 expression never triggered HR (Fig. 1B).

To test the role of NgVe1 in Verticillium resistance, 3 weeks

after TRV inoculation, plants were challenged with either V. dah-

liae race 1 strain JR2 (Faino et al., 2015) or a transformant from

which the Ave1 gene had been deleted (V. dahliae JR2DAve1; de

Jonge et al., 2012), and monitored for disease development (stunt-

ing, wilting, chlorosis and necrosis) up to 14 days post-inoculation

(dpi). As expected, no disease symptoms were observed in N. glu-

tinosa plants on GUS targeting and subsequent mock inoculation

or on inoculation with V. dahliae JR2, whereas the Ave1 deletion

strain caused clear Verticillium wilt disease (Fig. S3B). However,

unexpectedly, in repeated assays, no Verticillium wilt symptoms

were observed on NgVe1 targeting and subsequent inoculation

with V. dahliae (Fig. S3B). However, in line with the extremely

variable photobleaching (Fig. S3A), assessment of the silencing

efficiency revealed only a slight reduction in NgVe1 expression in

NgVe1-targeted N. glutinosa plants when compared with GUS-

silenced plants (Fig. S3C), and attempts to increase the silencing

efficiency were unsuccessful. These results confirm previous obser-

vations that N. glutinosa is not very amenable to TRV-based VIGS

(Senthil-Kumar et al., 2007; Zhang et al., 2013a) and, furthermore,

suggest that the moderate silencing efficiency obtained in our

experiments is sufficiently high to compromise NgVe1-mediated

HR, but insufficient to compromise NgVe1-mediated resistance.

Expression of NgVe1 in Arabidopsis confers

Verticillium resistance

As TRV-based VIGS did not appear to be very suitable for gene

functional analysis in N. glutinosa, we pursued other strategies to

functionally characterize NgVe1. We have shown previously that

interfamily transfer of tomato Ve1 to Arabidopsis results in resist-

ance to race 1 Verticillium strains, providing a relatively fast

method to assess Ve1 functionality (Fradin et al., 2011, 2014;

Zhang et al., 2014). To further confirm functionality in Verticillium

resistance, heterologous expression in Arabidopsis was obtained

(Fig. S4, see Supporting Information). No obvious developmental

alterations were observed in transgenic plants when compared

with wild-type plants (Fig. 2A) and, subsequently, three independ-

ent NgVe1-transgenic lines (NgVe1-1, NgVe1-2 and NgVe1-3), as

well as transgenic plants expressing tomato Ve1 (Fradin et al.,

2011) and non-transgenic controls, were inoculated with V. dah-

liae JR2. Interestingly, like tomato Ve1-expressing plants, NgVe1-

transgenic plants were clearly resistant to race 1 V. dahliae, as sig-

nificantly fewer Verticillium wilt symptoms were observed when

compared with non-transgenic control plants (Fig. 2A,B). In con-

trast, NgVe1 and Ve1 transgenic plants were as diseased as non-

transgenic controls on inoculation with the Ave1 deletion strain

(Fig. 2A,B). These data are further supported by fungal biomass

quantifications which revealed significantly reduced fungal accu-

mulation in NgVe1-transgenic and Ve1-expressing Arabidopsis

plants for V. dahliae carrying Ave1, but not for the Ave1 deletion

mutant, when compared with wild-type Arabidopsis plants (Fig.

2C). Collectively, these data confirm that NgVe1 acts as a func-

tional homologue of tomato Ve1 that recognizes race 1 V.

dahliae.

Cloning and functional analysis of Ve1 homologues

from potato and wild eggplant

Ve gene homologues occur in the solanaceous species S. lycoper-

sicoides (SlVe1; Chai et al., 2003) and the wild eggplant species S.

torvum (StVe and StoVe1; Fei et al., 2004; Liu et al., 2012). More-

over, in tetraploid potato (S. tuberosum), a quantitative trait locus

(QTL) for Verticillium resistance was identified using the tomato

Ve1 gene as a probe. This locus was found to contain at least 11

genes, all putatively encoding LRR-type receptor-like proteins

(Simko et al., 2004a). The tomato and potato genomes are highly

collinear and the QTL locus was mapped to a region on potato

chromosome 9 that is syntenic to the short arm of tomato chromo-

some 9 that carries Ve1 and Ve2 (Diwan et al., 1999; Simko et al.,

2004b). Subsequently, this Verticillium resistance QTL locus was

annotated and found to contain two predicted receptor-like pro-

tein 12-like genes [National Center for Biotechnology Information

(NCBI): XM_006362308 and XM_006362309] in the genome

sequence of S. tuberosum group Phureja DM1-3 516 R44 (Xu

et al., 2011). Here, the coding sequences (CDSs) of Ve gene

homologues were amplified from cDNA of the heterozygous dip-

loid potato breeding line S. tuberosum group Tuberosum RH 89-

039-16 (Xu et al., 2011), sequenced and submitted to NCBI as

StuVe1 and StuVe2 (GenBank accessions: KT946795 and
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KT946797) (Methods S1). The predicted StuVe1 and StuVe2 pro-

teins are composed of 1053 and 1138 amino acids (GenBank

accessions: ALK26501 and ALK26503), respectively, and share

87% and 84% identity with tomato Ve1 and 81% and 91% iden-

tity with tomato Ve2, respectively, and 82% identity with each

other (Fig. S1).

To study the composition of the Ve locus in wild eggplant, the

CDSs of Ve gene homologues were cloned from the cDNA of the

Verticillium-resistant S. torvum genotype Tuolubamu, sequenced

and deposited at NCBI as StoVe1 and StoVe2 (GenBank acces-

sions: KT946794 and KT946796) (Methods S1). The predicted

StoVe1 and StoVe2 proteins comprise 1051 and 1135 amino acids

(GenBank accessions: ALK26500 and ALK26502), respectively,

and share 83% and 80% identity with tomato Ve1 and 81% and

85% identity with tomato Ve2, respectively, and 92% identity

with each other (Fig. S1).

To check the functionality of StuVe1, StuVe2, StoVe1 and

StoVe2, mature tobacco leaves were co-infiltrated with a 1 : 1 mix-

ture of A. tumefaciens cultures carrying Ave1 and the various Ve1

homologues. Intriguingly, agroinfiltration in at least three independ-

ent assays revealed that the expression of Ave1 together with

StuVe1 or StoVe1 induced signs of a weak HR at 5 days post-

infiltration (Fig. 3A). However, when compared with the HR induced

on co-agroinfiltration of tomato Ve1 and Ave1, only a minor part of

the infiltrated region developed necrosis (Fig. 3A). Agroinfiltration of

Ave1 with StuVe2 or StoVe2 induced no such responses at all (Fig.

3A). Immunoblotting confirmed that the StuVe1, StuVe2, StoVe1

and StoVe2 fusion proteins were expressed (Fig. 3B).

As VIGS-based gene silencing in potato genotype Tuberosum RH

89-039-16 and wild eggplant genotype Tuolubamu has not been

established, we did not attempt VIGS-based assays to test the role

of these Ve1 homologues in Verticillium resistance. Rather,

Fig. 2 Expression of NgVe1 in

Arabidopsis mediates resistance

against race 1 Verticillium dahliae.

(A) Typical appearance of non-

transgenic Arabidopsis and

transgenic lines that constitutively

express NgVe1 on mock inoculation

or inoculation with V. dahliae strain

JR2 or V. dahliae JR2 DAve1 at 21

days post-inoculation (dpi). (B)

Quantification of Verticillium wilt

symptoms in Arabidopsis Col-0 and

transgenic plants at 21 dpi. Bars

represent quantification of symptom

development as the percentage of

diseased rosette leaves with

standard deviation, with Col-0

(control) set to 100%. (C) Fungal

biomass determined by quantitative

real-time polymerase chain reaction

in Arabidopsis Col-0 and transgenic

plants at 21 dpi. Bars represent

Verticillium internal transcribed

spacer (ITS) transcript levels relative

to AtRuBisCo (RuBisCo, ribulose-1,5-

bisphosphate carboxylase/oxygenase)

transcript levels (for equilibration)

with standard deviation in a sample

of five pooled plants. The fungal

biomass in Col-0 (control) is set to

100%. Three independent lines are

shown (1, 2 and 3). Asterisks

indicate significant differences when

compared with Col-0 (P< 0.05).

Ve1 transgenic plants were used as

a positive control. The data shown

are representative of at least three

independent experiments.
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heterologous expression in Arabidopsis was pursued (Fig. S4). No

developmental alterations were observed in transgenic plants when

compared with Ve1-expressing and wild-type plants (Fig. 4A), and

three independent transgenic lines expressing StuVe1, StuVe2,

StoVe1 or StoVe2 were assayed for V. dahliae resistance. Intrigu-

ingly, despite the weak HR observed on agroinfiltration together

with Ave1 in N. tabacum, StoVe1- and StuVe1-expressing plants

were clearly resistant to race 1 V. dahliae strain JR2, similar to Ve1-

transgenic plants (Fig. 4A,B). In contrast, StuVe2 and StoVe2 trans-

genes were as diseased as non-transgenic controls (Fig. 4A,B).

Importantly, all genotypes were equally susceptible to the V. dahliae

Ave1 deletion mutant (Fig. 4A,B), suggesting that all of these Ve1

alleles recognize the Ave1 effector. The phenotypes correlated with

the degree of V. dahliae colonization as determined by real-time

PCR (Fig. 4). Collectively, these data confirm that StuVe1 and

StoVe1, but not StuVe2 and StoVe2, act as functional homologues

of tomato Ve1 that confer resistance to race 1 V. dahliae.

HLVe1-2A, but not HLVe1-2B, recognizes Verticillium

effector Ave1

Polygenic resistance to Verticillium spp. has also been described

in several non-solanaceous species, including hop, alfalfa, cotton

and strawberry (Antanaviciute et al., 2015; Bolek et al., 2005;

Jakse et al., 2013; Wang HM et al., 2008; Yang et al., 2008).

Genetic resistance against Verticillium wilt in hop (Humulus lupu-

lus) was introduced into breeding programmes from American

wild hop (H. lupulus var. neomexicanus) and is still used today as

the main resistance source (Darby, 2001). Genetic analysis identi-

fied a single significant QTL for this resistance, suggesting that

Verticillium wilt resistance in hop is conferred by more than a sin-

gle gene (Jakse et al., 2013; Majer et al., 2014). To investigate

the presence of Ve-like sequences in hop, Southern blotting with

the tomato Ve1 gene as probe was performed, revealing low copy

numbers of Ve-like sequences in hop cultivars (Fig. S5 and Meth-

ods S1, see Supporting Information). With thermal asymmetric

interlaced (TAIL)-PCR (Terauchi and Kahl, 2000), several Ve-like

sequences were identified (Methods S1). Further analysis revealed

two Ve1 alleles in the Verticillium-resistant hop cultivar ‘Wye Tar-

get’, designated HLVe1-2A (GenBank accession: KJ647426) and

HLVe1-2B (GenBank accession: KJ647427), which both encode

1039-amino-acid proteins (GenBank accessions: AIE39594 and

AIE39595) sharing 52% and 51% identity with tomato Ve1 and

Ve2, respectively, and 98% identity with each other (Fig. S1). To

investigate the functionality of HLVe1-2A and HLVe1-2B in Verti-

cillium resistance, co-agroinfiltration with Ave1 in N. tabacum

was performed. When mature tobacco leaves were co-infiltrated

Fig. 3 StuVe1 and StoVe1, but not StuVe2 and StoVe2, recognize Ave1 in Nicotiana tabacum. (A) Co-expression of StuVe1 and StoVe1, but not StuVe2 and StoVe2,

with Ave1 in tobacco induces signs of a relatively weak hypersensitive response (HR). Photographs were taken at 5 days post-infiltration and show representative

leaves of at least three independent assays. As a positive control, HR was induced on co-infiltration of Ve1 and Ave1. As a negative control, StuVe1, StuVe2, StoVe1,

StoVe2 and Ave1 were expressed separately. (B) Green fluorescent protein (GFP)-tagged StuVe1, StuVe2, StoVe1 and StoVe2 proteins are detected in planta by

immunopurification (IP) using GFP-affinity beads, followed by immunoblotting (IB) using a-GFP antibody. Coomassie blue staining (CBS) of the blot containing total

protein extracts showed equal loading in each lane based on the 50-kDa RuBisCo (ribulose-1,5-bisphosphate carboxylase/oxygenase) band.
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with a 1 : 1 mixture of A. tumefaciens cultures carrying Ave1 and

HLVe1-2A, signs of a weak HR were observed at 5 days post-

infiltration with a minor part of the infiltrated region developing

necrosis (Fig. 5A). However, in contrast, co-expression of Ave1

and HLVe1-2B in tobacco induced no such response, similar to the

co-agroinfiltration of Ve1, HLVe1-2A and HLVe1-2B with Avr9

(Fig. 5A). To test whether the failure of HLVe1-2B to induce an HR

was the result of the instability of the protein, the coding regions

of HLVe1-2A and HLVe1-2B were cloned to generate C-terminally

GFP-tagged expression constructs, and the stability of both pro-

teins was verified by immunoblotting (Fig. 5B).

To further assess the role of HLVe1-2A and HLVe1-2B in resist-

ance to V. dahliae, heterologous expression in Arabidopsis was

pursued (Fig. S4). No phenotypic alterations were observed in

plants that expressed HLVe1-2A or HLVe1-2B when compared

with Ve1-transgenic or non-transgenic plants (Fig. 6A), and three

independent transgenic lines for HLVe1-2A and HLVe1-2B were

assayed for V. dahliae resistance. Interestingly, despite the weak

Fig. 4 StuVe1 and StoVe1, but

not StuVe2 and StoVe2, provide

resistance against race 1

Verticillium dahliae in

Arabidopsis. (A) Typical

appearance of non-transgenic

Arabidopsis and transgenic plants

that were engineered to express

35S-driven StuVe1, StuVe2,

StoVe1 or StoVe2 on mock

inoculation or inoculation with V.

dahliae JR2 or V. dahliae JR2

DAve1 at 21 days post-

inoculation (dpi).

(B) Quantification of Verticillium

wilt symptoms in Arabidopsis Col-

0 and transgenic plants at 21 dpi.

Bars represent the quantification

of symptom development as the

percentage of diseased rosette

leaves with standard deviation,

with Col-0 (control) set to 100%.

(C) Fungal biomass determined by

quantitative real-time polymerase

chain reaction in Arabidopsis Col-

0 and transgenic plants at 21 dpi.

Bars represent Verticillium

internal transcribed spacer (ITS)

transcript levels relative to

AtRuBisCo (RuBisCo, ribulose-

1,5-bisphosphate carboxylase/

oxygenase) transcript levels (for

equilibration) with standard

deviation in a sample of five

pooled plants. The fungal

biomass in Col-0 (control) is set

to 100%. Three independent lines

are shown (1, 2 and 3). Asterisks

indicate significant differences

when compared with Col-0

(P< 0.05). Ve1 transgenic plants

were used as a positive control.

The data shown are

representative of at least three

independent experiments.
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Fig. 5 Co-expression of HLVe1-2A, but not HLVe1-2B, with Ave1 in Nicotiana tabacum activates a hypersensitive response (HR). (A) HLVe1-2A or HLVe1-2B was

transiently co-expressed with Ave1 in N. tabacum. As a negative control, Avr9 was co-expressed with Ve1 homologues. As a positive control, HR was induced on co-

expression of Ve1 and Ave1. (B) Green fluorescent protein (GFP)-tagged HLVe1-2A and HLVe1-2B proteins are detected in planta by immunopurification (IP) using

GFP-affinity beads, followed by immunoblotting (IB) using a-GFP antibody. Coomassie blue staining (CBS) of the blot containing total protein extracts showed equal

loading in each lane based on the 50-kDa RuBisCo (ribulose-1,5-bisphosphate carboxylase/oxygenase) band.

Fig. 6 HLVe1-2A, but not HLVe1-

2B, confers resistance to race 1

Verticillium dahliae in Arabidopsis.

(A) Typical appearance of non-

transgenic Arabidopsis and

transgenic lines that constitutively

express HLVe1-2A or HLVe1-2B on

mock inoculation or inoculation

with V. dahliae strain JR2 or V.

dahliae JR2 DAve1 at 21 days post-

inoculation (dpi). (B) Quantification

of Verticillium wilt symptoms in

Arabidopsis Col-0 and transgenic

lines at 21 dpi. Bars represent the

quantification of symptom

development as the percentage of

diseased rosette leaves with

standard deviation, with Col-0

(control) set to 100%. (C) Fungal

biomass determined by quantitative

real-time polymerase chain reaction

in Arabidopsis Col-0 and transgenic

plants at 21 dpi. Bars represent

Verticillium internal transcribed

spacer (ITS) transcript levels relative

to AtRuBisCo (RuBisCo, ribulose-

1,5-bisphosphate carboxylase/

oxygenase) transcript levels (for

equilibration) with standard

deviation in a sample of five pooled

plants. The fungal biomass in Col-0

(control) is set to 100%. Three

independent lines are shown (1, 2

and 3). Asterisks indicate significant

differences when compared with

Col-0 (P< 0.05). Ve1 transgenic

plants were used as a positive

control. The data shown are

representative of at least three

independent experiments.
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HR observed on agroinfiltration together with Ave1 in N. tabacum,

HLVe1-2A-expressing plants were clearly resistant to V. dahliae

race 1 strain JR2 as few, if any, symptoms were observed (Fig.

6A,B). In contrast, HLVe1-2B transgenic plants were as susceptible

as non-transgenic controls (Fig. 6A,B), and all genotypes were

equally susceptible to the V. dahliae Ave1 deletion mutant (Fig.

6A,B). The phenotypes correlated with the level of V. dahliae bio-

mass as determined by real-time PCR (Fig. 6). Collectively, these

data verify that HLVe1-2A, but not HLVe1-2B, acts a functional

Ve1 homologue that provides resistance to race 1 V. dahliae.

Functional Ve1 homologues mediate the recognition

of Ave1 homologues from multiple plant pathogens

We have shown previously that tomato Ve1 recognizes not only

V. dahliae and V. albo-atrum Ave1, but also homologues derived

from F. oxysporum f. sp. lycopersici (FoAve1) and C. beticola

(CbAve1) (de Jonge et al., 2012). To investigate whether the

newly identified functional Ve1 homologues similarly recognize

these Ave1 homologues, co-expression of the five functional Ve1

homologues with a series of Ave1 homologues [FoAve1, CbAve1,

ChAve1, CoAve1 (Colletotrichum orbiculare; Gan et al, 2013) and

XacPNP (Gottig et al., 2008)] was performed (Fig. 7A). Co-

expression of the effector Avr9 (van Kan et al., 1991; Van der

Hoorn et al., 2000) in combination with the Ve1 homologues was

used as a negative control. To compare the HR induced on co-

expression of Ave1 homologues and functional Ve1 homologues

in tobacco, HR development was measured by quantification of

the leaf area that developed necrosis at 5 days post-infiltration

(Fig. 7B). Co-expression of Ve1 with FoAve1 and CbAve1, but not

with ChAve1, CoAve1 and XacPNP, in N. tabacum resulted in HR

(Fig. 7). StuVe1 seems to recognize a wider panel of Ave1

Fig. 7 Distinct necrosis induced by Ave1 homologues through co-expression with functional Ve1 orthologues in Nicotiana tabacum. (A) Co-expression of functional

Ve1 orthologues with Ave1 homologues (Ave1, FoAve1, CbAve1, ChAve1, CoAve1 and XacPNP) in N. tabacum. Expression of Avr9 in combination with Ve1

homologues is shown as a negative control. Leaves were photographed at 5 days post-infiltration to visualize necrosis resulting from recognition by functional Ve1

homologues. (B) Quantification of necrosis resulting from the recognition of Ave1 homologues by functional Ve1 orthologues at 5 days post-infiltration. Bars

represent the average percentage of necrotic leaf area of infiltration zones with standard deviation.
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homologues, as co-expression with Ave1, FoAve1, CbAve1,

ChAve1, CoAve1 and XacPNP induced HR (Fig. 7). For NgVe1 and

StoVe1, co-infiltration with Ave1 and FoAve1 induced HR,

whereas infiltration with CbAve1, ChAve1, CoAve1 and XacPNP

failed to induce HR (Fig. 7). Finally, the most narrow recognition

spectrum is observed for HLVe1-2A which recognizes none of the

Ave1 homologues apart from that from V. dahliae (Fig. 7). These

data demonstrate that the newly identified functional Ve1 homo-

logues, similar to tomato Ve1, differentially recognize Ave1 homo-

logues from different plant pathogens.

Comparison of the protein sequences of Ve1

homologues

Tomato Ve1 is predicted to contain a signal peptide, an eLRR

domain composed of two eLRR regions, separated by a non-LRR

island domain (also referred to as C1, C3 and C2, respectively;

Figs S6 and S7, see Supporting Information), a transmembrane

domain and a short cytoplasmic tail that lacks obvious motifs for

intracellular signalling (Kawchuk et al., 2001; Wang et al., 2010;

Zhang and Thomma, 2013). Alignment of the functional Ve1 pro-

tein sequences identified in this study clearly shows the typical

eLRR-RLP domain architecture (Fig. S6). All Ve1 homologues con-

tain 37 eLRR repeats in two eLRR regions that are interrupted by

a non-LRR island domain (Fig. S6). Previously, we have deter-

mined that three eLRR regions are crucial for Ve1 functionality:

eLRR_1 to eLRR_8, eLRR_20 to eLRR_23 and eLRR_32 to

eLRR_37 (Zhang et al., 2014). A comparison of the functional Ve1

homologues studied here shows that the eLRR_1 to eLRR_8

(44.2% identity) and eLRR_20 to eLRR_23 (46.5% identity)

regions of the C1 domain are only slightly more conserved than

the eLRR_9 to eLRR_19 (40.2% identity) and eLRR_24 to

eLRR_31 (45.0% identity) regions of the C1 domain (Figs S6 and

S7). A similar comparison of the C1 domains among the non-

functional Ve1 homologues studied here shows that the eLRR_1

to eLRR_8 (50.2% identity) region of the C1 domain is slightly

more conserved than the eLRR_9 to eLRR_19 (45.5% identity)

region of the C1 domain, whereas the eLRR_20 to eLRR_23

(50.0% identity) region of the C1 domain is conserved to a similar

extent to the eLRR_24 to eLRR_31 (50.3% identity) region of the

C1 domain (Fig. S7). Further comparison among the functional

Ve1 homologues shows that the C3 domain (eLRR_32 to

eLRR_37, 48.4% identity) is more conserved than the C1 domain

(43.3% identity), C2 domain (8.0% identity) and C-terminal eLRR-

flanking domain (9.2% identity) (Figs S6 and S7). This result is

consistent with a previous comparison of tomato eLRR-RLPs,

which showed that the C3 domain is more conserved than the C1

domain (Fradin et al., 2014). Finally, a comparison of the non-

functional Ve1 homologues studied here shows that the C1

domain (48.7% identity) and C3 domain (eLRR_32 to eLRR_37,

53.3% identity) are more conserved than the C2 domain (8.0%

identity) and C-terminal eLRR-flanking domain (7.2% identity)

(Fig. S7). Collectively, these findings do not point towards a partic-

ular conservation of the three LRR regions that were previously

implicated in Ve1 functionality.

Phylogenetic analysis of Ve1 homologues in the plant

kingdom

To determine the phylogenetic breadth among Ve1 homologues in

plants, we systematically queried the available genomes of 41

plant species for the occurrence of Ve1 homologues. In these

genomes, we identified 1361 bona fide Ve1 homologues, all of

which occur in land plants (embryophytes) and none in green

algae (Fig. 8A). To further analyse the phylogenetic relationship of

tomato Ve1 and its close homologues, we used a neighbour-

joining phylogeny to guide the extraction of the tomato Ve1 clade

and the relevant sister clades (Figs 8B and S8, see Supporting

Information). These sequences were used to infer a refined maxi-

mum likelihood phylogeny containing 608 Ve1 homologues that

encompass monocots and dicots. This phylogeny revealed a Ve1

orthologous group, defined at the last common ancestor of mono-

cots and dicots, which contains all functional Ve1 homologues

that have been described so far (Figs 8B and S8). The broad phylo-

genetic distribution, with homologues present in all land plants,

establishes that Ve1 is an ancient immune receptor (Figs 8 and

S8), and that the last common ancestor contained at least a sin-

gle, but more likely several, Ve1-like genes. Moreover, we inferred

a Ve1 orthologous group that comprises both monocots and

dicots and includes all functional Ve1 genes, suggesting the con-

servation of function within this group of genes.

DISCUSSION

In this article, we describe the cloning and characterization of Ve1

homologues within and outside the Solanaceae family, and dem-

onstrate that Ve1 homologues of tobacco (NgVe1), potato

(StuVe1), wild eggplant (StoVe1) and hop (HLVe1-2A) act as func-

tional homologues of tomato Ve1 by providing resistance to race

1 V. dahliae, mediated through the recognition of the Ave1 effec-

tor, implying that functional Ve1 homologues are conserved

across plant species within and outside the Solanaceae. We fur-

ther show that all functional Ve1 proteins contain a conserved

domain architecture with 37 eLRR repeats (Fig. S6). It has been

determined previously that two regions of the C1 domain, namely

eLRR_1 to eLRR_8 and eLRR_20 to eLRR-23, are required for Ve1

functionality, probably because they contribute to ligand binding

(Zhang et al., 2014). Here, these regions appear to be only slightly

more conserved than other regions within the functional Ve1

homologues (Figs S6 and S7). In addition, the C3 domain

(eLRR_32 to eLRR_37) has been shown to be critical for Ve1 func-

tionality (Zhang et al., 2014; Fig. S6), potentially through interac-

tion with common factors required for downstream signalling
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(Fradin et al., 2014; Fritz-Laylin et al., 2005; Zhang and Thomma,

2013). As expected, this region is most conserved among the

functional Ve1 homologues (Figs S6 and S7). Previously, Ve1

homologues from other plant species have also been associated

with Verticillium wilt resistance, although conclusive evidence for

a causal role in resistance has mostly been lacking. For example,

Vining and Davis (2009) showed that the mint Ve1 homologue

mVe1 associates with Verticillium wilt resistance. Genome-wide

analysis of disease resistance genes in lettuce, in combination

with QTL mapping, showed that three Ve homologues, including

Vr1, are located within a 100-kb region on chromosome 9 that co-

segregates with resistance to race 1 V. dahliae (Christopoulou

et al., 2015; Hayes et al., 2011). The grapevine Ve1 homologue

VvVe has been shown to enhance defence against V. dahliae in

N. benthamiana (Tang et al., 2016). Remarkably, cotton Ve1

homologues GbVe, Gbve1, Gbvdr5 and Gbvdr3 have been shown

to confer Verticillium resistance on ectopic expression in Arabidop-

sis or cotton (Chen et al., 2016; Yang et al., 2014; Zhang et al.,

2011, 2012), although this concerns V. dahliae isolates that do

not carry the Ave1 effector gene, and thus Verticillium wilt resist-

ance cannot be mediated by Ave1 recognition in these cases (Y.

Song et al., unpublished data).

Previously, we have noted the absence of correlation between

Ave1-induced HR and resistance through Ve1, as treatment with

Ave1 leads to HR in tomato and tobacco plants that express Ve1,

but not in N. benthamiana or Arabidopsis, whereas Ve1-trans-

genic Arabidopsis shows Ave1-triggered resistance (de Jonge

et al., 2012; Zhang et al., 2013a,b). Similarly, in the present study,

we observed robust resistance mediated by the S. torvum and hop

Ve1 homologues StoVe1 and HLVe1-2A, whereas only a weak HR

was observed on co-expression of Ave1. These findings suggest

that the HR may occur as a consequence of Ve1/Ave1-induced

immune signalling under particular conditions, but is not required

for V. dahliae resistance (Zhang et al., 2013b). This finding may

also explain why we were unable to compromise NgVe1-mediated

V. dahliae resistance on VIGS in N. glutinosa, but were able to

compromise Ave1-mediated HR.

Phylogenetic analysis revealed that Ve1 homologues are

widely distributed in phylogenetically distant plant species, imply-

ing an ancient origin of the Ve1 immune receptor. Nevertheless,

this origin does not imply functionality in V. dahliae resistance.

The most obvious example is the close tomato homologue Ve2

which, despite its homology, does not act as a functional V. dah-

liae resistance gene. Similarly, in this study, we identified the non-

functional Ve1 homologues StuVe2, StoVe2 and HLVe1-2B. The

Ve locus as it occurs in tomato, with two homologues Ve1 and

Ve2, appears to originate before speciation, as clustered Ve1 fam-

ily members also appear in potato and wild eggplant. Further-

more, a functional study addressing Ave1 recognition in the genus

Nicotiana only identified Ave1 recognition, and thus the presence

of a potentially functional Ve1 homologue, in the species N. gluti-

nosa (Zhang et al., 2013a). Considering the extremely wide host

range of V. dahliae, and the general occurrence of strains that

carry Ave1, the question arises as to whether the ancient progeni-

tor of the currently functional Ve1 orthologues already functioned

as a V. dahliae resistance gene, and thus several species/

Fig. 8 Phylogenetic analysis of Ve1 homologues indicates that they are

widely distributed in land plants. (A) Phylogeny of Ve1 proteins from 41 plant

species from the Phytozome database. Tomato Ve1 is indicated with a red

arrow. (B) Maximum likelihood phylogenetic tree of selected Ve1 homologues

(dark grey clades in A) displaying the tomato Ve1 clade and the relevant sister

clades. The tomato Ve1 clade is indicated by the highlighted background.

Official gene identifiers and species names are indicated. Bootstrap values are

shown in the tree. The scale represents the branch length expressed as the

relative number of amino acid substitutions.
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homologues lost the capacity to recognize Ave1 as a result of

adverse effects associated with Ve1 functionality, or whether sev-

eral species/homologues evolved the capacity to recognize Ave1

after the occurrence of speciation events. The latter hypothesis

would imply that Ave1 recognition evolved multiple times in the

plant kingdom through parallel evolution. Our present data do not

allow the verification or disqualification of either hypothesis.

Plants and animals employ germline-encoded pattern

recognition receptors (PRRs) to detect broadly distributed microbe-

associated molecular patterns (MAMPs) and to activate antimicro-

bial defence (Macho and Zipfel, 2014). We have noted previously

that tomato Ve1 is an ancient pathogen receptor with traits of

typical PRRs. This finding was based on the transferability of Ve1

across plant species and the observation that Ve1 resistance

affected three fungal species: V. dahliae, V. albo-atrum and

F. oxysporum (Fradin et al., 2011; de Jonge et al., 2012; Thomma

et al., 2011). We have now demonstrated that members of the

Ve1 gene family in N. glutinosa, S. tuberosum, S. torvum and

H. lupulus encode receptors that recognize Ave1 and are able to

mediate V. dahliae resistance in Arabidopsis. As our findings are

based on stable expression in a heterologous host, we realize that

definitive evidence for the role of Ve1 homologues in disease

resistance in the endogenous hosts from which the Ve1 homo-

logues are derived needs to be provided through targeted gene

deletion in these hosts, or stable expression in susceptible geno-

types of these species. We also discovered that the functional Ve1

homologues have divergent recognition specificities, suggesting

that some recognize an even wider spectrum of plant pathogens

than tomato Ve1 (Fig. 7). Collectively, these findings mean that

Ve1 has traits of a typical race-specific resistance protein as well

as of a typical PRR. Similarly, Arabidopsis RLP23 recognizes an epi-

tope of Nep-like effector proteins (NLPs) that are widely distributed

among bacteria, fungi and oomycetes (Gijzen and N€urnberger,

2006) to induce immune responses (Albert et al., 2015). Thus, it is

becoming apparent that MAMP receptor systems are more

dynamic than generally appreciated and are conditioned in a simi-

lar manner to prototypical resistance genes (Albert et al., 2015;

Cook et al., 2015; Shibuya and Desaki, 2015). Findings like these

have inspired the proposal of the ‘Invasion Model’, which

describes plant immunity as a surveillance system to detect inva-

sion, in which host receptors, termed invasion pattern receptors

(IPRs), detect either externally encoded or modified self-ligands

that indicate invasion, termed invasion patterns (IPs) (Cook et al.,

2015).

EXPERIMENTAL PROCEDURES

Plant growth conditions and manipulations

Plants were grown at 218C/198C during 16 h/8 h light/dark photoperiods

in a climate chamber or glasshouse with a relative humidity of �75% and

100 W/m2 supplemental light when the light intensity dropped below 150

W/m2. Arabidopsis transformations were performed as described previ-

ously (Clough and Bent, 1998).

Isolation of Ve1 homologues

The isolation of Ve1 homologues from N. glutinosa, S. tuberosum, S. tor-

vum and H. lupulus is described in Methods S1 and Tables S2–S4.

Binary over-expression constructs and transient

expression in planta

For NgVe1, StuVe1, StuVe2, StoVe1 and StoVe2 constructs, CDS regions

were amplified from N. glutinosa, S. tuberosum and S. torvum cDNA,

respectively, whereas the CDS regions of HLVe1-2A and HLVe1-2B were

amplified from the corresponding plasmids (Table S1). The CDS fragments

were cloned into pDONR207 using GatewayVR BP ClonaseVR II Enzyme Mix

(Invitrogen, Carlsbad, CA, USA). All pDONR207 clones were sequenced,

and fragments were subsequently transferred to pEarleyGate 100,

pSol2095 (C-terminal GFP tag) (Zhang et al., 2013a) or pFAST_R02 as

described previously (Shimada et al., 2010) using GatewayVR LR ClonaseVR

II Enzyme Mix (Invitrogen). Constructs for the constitutive expression of

Ave1, FoAve1, CbAve1 and ChAve1 have been described previously (de

Jonge et al., 2012). CoAve1 (Gan et al., 2013) and XacPNP (Gottig et al.,

2008) were obtained by gene synthesis (Eurofins MWG Operon, Ebers-

berg, Germany), and subsequently recombined into the destination vector

pSol2092 (Zhang et al., 2013a) to generate expression constructs

pSol2092::CoAve1 and pSol2092::XacPNP. All constructs were trans-

formed to A. tumefaciens strain GV3101 (pMP90) by electroporation.

Agrobacterium tumefaciens carrying expression constructs was infil-

trated into tobacco plants as described previously (Zhang et al., 2013a).

Agrobacterium tumefaciens cultures containing constructs to express

Ave1 and Ve1 homologues were mixed in a 1 : 1 ratio and infiltrated into

the leaves of 5–6-week-old tobacco plants. At 5 days post-infiltration,

photographs were taken, and necrosis was quantified using ImageJ to

measure the area of necrosis as the percentage of the total infiltrated leaf

area.

Protein extracts and immunoblotting

For the detection of GFP-tagged Ve1 homologues, A. tumefaciens carrying

the corresponding expression constructs was infiltrated into mature

tobacco leaves as described previously (Zhang et al., 2013a). The co-

immunopurifications and immunoblotting were performed as described

previously (Zhang et al., 2014).

Quantitative real-time PCR and reverse transcription-

PCR (RT-PCR)

The target specificity of the constructs TRV::GUS and TRV::NgVe1 was

determined in TRV-infected N. glutinosa plants. Four weeks after TRV

inoculation, whole tobacco plants were collected, frozen in liquid nitrogen

and stored at 2808C for total RNA isolation.

For the expression of Ve homologues in the corresponding transgenic

plants, 2-week-old Arabidopsis seedlings were harvested and ground into

a powder in liquid nitrogen. Total RNA extraction, cDNA synthesis and RT-
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PCR were performed as described previously (Zhang et al., 2013b; Table

S1). To analyse the expression of NgVe1 in TRV-targeted N. glutinosa

plants, quantitative real-time PCR was conducted using the primers

NgVe1-F(qRT) and NgVe1-R(qRT) with tobacco Actin as an endogenous

gene (Table S1), employing the qPCR Core Kit for SYBR Green I (Eurogen-

tec Nederland BV, Maastricht, the Netherlands) as described previously

(Fradin et al., 2009).

VIGS

Constructs pTRV2::PDS and pTRV2::GUS were used as controls. To silence

NgVe1 in N. glutinosa, the construct pTRV2::NgVe1 was generated. TRV

vectors were agroinfiltrated as described previously (Liu et al., 2002;

Zhang et al., 2013a). Briefly, cotyledons of 10–15-day-old N. glutinosa

seedlings were infiltrated with 1 : 1 mixtures of pTRV1 and pTRV2 con-

structs. Photobleaching was observed at 4 weeks after agroinfiltration of

pTRV2::PDS. For HR assays, 4 weeks after virus inoculations, mature

leaves were agroinfiltrated to individually express Ave1, VdNLP1 (Santha-

nam et al., 2013) and Avr9 (van Kan et al., 1991; Van der Hoorn et al.,

2000). VdNLP1 and Avr9 were used as positive and negative controls,

respectively. Five days after agroinfiltration, leaves were examined for the

development of HR. For Verticillium disease assays, 3 weeks after TRV

infection, the TRV-infected plants were inoculated with race 1 V. dahliae

strain JR2 (Faino et al., 2015), the corresponding Ave1 deletion mutant

(V. dahliae JR2 DAve1; de Jonge et al., 2012) and tap water as control.

The inoculated plants were evaluated by the observation of disease symp-

toms at 14 dpi.

Disease assays

Verticillium dahliae was grown on potato dextrose agar at 228C, and coni-

dia were collected from 7–10-day-old plates and washed with tap water.

Verticillium disease assays on N. glutinosa plants were performed as

described previously (Zhang et al., 2013a). Briefly, 5-week-old plants were

uprooted, the roots were rinsed in water, dipped for 3 min in a suspension

of 106 conidiospores/mL water and transferred to soil. Verticillium disease

assays on Arabidopsis, as well as Verticillium biomass quantification in

infected Arabidopsis plants, were performed as described previously

(Ellendorff et al., 2009).

Phylogenetic identification

To obtain the phylogenetic relationship of tomato Ve1 and its homo-

logues, we identified similar sequences in 41 plant species acquired from

Phytozome (v9.1) (Goodstein et al., 2012) and manually added Ve1 homo-

logues of tobacco, potato, wild eggplant and hop. Sequence similarity

was established using BLAST (version 322.281), applying a conservative e-

value cut-off of 1e-50. To prevent spurious hits, we removed sequences in

which the matching area was less than 75% or the ‘actual matching’ was

less than 50% of either Ve1 or the subject. The matching area is defined

as the area from the start position of the first segment to the end position

of the last segment, and the ‘actual matching’ area is defined as the sum

of the covered area by each individual segment. Moreover, sequences

that deviate in length (<80% or >120% of the length of Ve1) or contain

protein domains other than leucine-rich repeats, as predicted by HMMER3

(version 3.0) (Finn et al., 2011) on a local PFAM database (version 27),

were discarded. Subsequently, all protein sequences were aligned using

MAFFT (version 7.047b) (Katoh et al., 2002) and the most consistent

alignment (LINSI) was chosen using trimAl (version 1.2) (Capella-Guti�errez

et al., 2009), after which the heuristic method of trimAl was applied to

trim the alignment. This cleaned alignment was used to construct an initial

phylogenetic tree employing quick tree (version 1.1; 1000 bootstraps). The

clade of interest (with tomato Ve1) and surrounding sequences were man-

ually gathered and realigned. The final phylogenetic tree was inferred

using RAxML (version 7.6.3) (Stamatakis, 2006), with the gamma model

of rate heterogeneity and the Whelan and Goldman amino acid substitu-

tion matrix.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online

version of this article at the publisher’s website:

Fig. S1. Percentage of amino acid identity shared between

nine Ve1 homologues. The highest percentage of homology

between two Ve1 homologues is indicated in red. Dashes (-)

represent identical sequences.

Fig. S2. Stability of green fluorescent protein (GFP)-fused NgVe1

protein in planta. Total protein extracts of transiently transformed

leaf tissue were subjected to immunopurification (IP) using GFP-

affinity beads. Immunopurified proteins were subjected to sodium

dodecylsulfate-polyacrylamide gel electrophoresis (SDS/PAGE) and

immunoblotted (IB) using a-GFP antibody. Coomassie blue stain-

ing (CBS) of the blot containing total protein extracts showed

equal loading in each lane based on the 50-kDa RuBisCo (ribu-

lose-1,5-bisphosphate carboxylase/oxygenase) band. GFP-tagged

Ve1 protein was used as a control.

Fig. S3. Tobacco rattle virus (TRV)-mediated gene silencing in

Nicotiana glutinosa. (A) Virus-induced gene silencing of the phy-

toene desaturase (PDS) gene results in patchy photobleaching in

leaves of N. glutinosa. Photographs were taken at 4 weeks after

TRV::PDS infiltration, and show representative infected plants of

at least three independent assays. (B) TRV::NgVe1-inoculated

plants show resistance to Verticillium dahliae strain JR2, but not

V. dahliae JR2 DAve1. Nicotiana glutinosa plants were inoculated

with a recombinant TRV targeting the b-glucuronidase (GUS)

gene as a control (TRV::GUS) or recombinant TRV targeting the

NgVe1 gene (TRV::NgVe1). At 3 weeks after TRV infiltration,

TRV-inoculated plants were inoculated with either V. dahliae

strain JR2 or V. dahliae JR2 DAve1 mutant. Photographs were

taken 2 weeks after V. dahliae inoculation, and show representa-

tive inoculated plants of at least three independent assays. (C)

Silencing efficiency was determined using quantitative real-time

polymerase chain reaction at 28 days post-infiltration in

TRV::NgVe1- and TRV::GUS-inoculated N. glutinosa plants. Bars

represent levels of NgVe1 transcripts relative to the transcript lev-

els of N. glutinosa actin (for normalization) with standard devia-

tion of a sample of three pooled plants. NgVe1 expression in

TRV::GUS-infected plants is set to unity.

Fig. S4. Expression of NgVe1, HLVe1-2A, HLVe1-2B, StuVe1,

StuVe2, StoVe1 and StoVe2 in transgenic plants was detected

by reverse transcription-polymerase chain reaction (RT-PCR). As

an endogenous control, a fragment of the AtRuBisCo gene

(RuBisCo, ribulose-1,5-bisphosphate carboxylase/oxygenase)

was amplified from cDNA. For each construct, three independ-

ent transgenic lines are shown (1, 2 and 3). Water was used

as a control.

Fig. S5. Southern blotting of seven hop cultivars with the

tomato Ve1 gene as a probe reveals the presence of Ve-like

sequences in the hop genome. Seven hop cultivars are indi-

cated: 1, ‘Wye target’; 2, ‘Fuggle’; 3, ‘Wye Challenger’; 4,

‘Savinjski Golding’; 5, ‘Aurora’; 6, ‘Celeia’; 7, ‘Yeoman’. Hop

genomic DNA was digested with the restriction enzymes EcoRI,

EcoRV and HindIII, separated on 0.8% agarose gel and blotted

on nylon membranes with the 32P-labelled tomato Ve1 gene

sequence as a probe.

Fig. S6. Primary structure and protein sequence alignment of

functional Ve1 proteins from tomato, tobacco, potato, wild

eggplant and hop. The N-terminal amino acids in the dashed

frame denote the predicted signal peptides (SPs) of the func-

tional Ve1 homologues. eLRR, extracellular leucine-rich repeat

(C1 domain and C3 domain); IS, non-LRR island domain (C2

domain); AC, acidic domain; TM, transmembrane domain; CT,

cytoplasmic domain. The locations of the predicted solvent-

exposed b-sheet (xxLxLxx) on the concave surface of the recep-

tor are indicated above the eLRR domains. Identical amino acid

residues are highlighted in red, whereas conserved amino acid

residues are highlighted in blue. Three consecutive eLRR

regions required for the functionality of Ve1 are indicated by

bold colour, whereas other regions that could not be implicated

in Ve1 functionality are indicated in light colour. Ve1 homo-

logue sequences can be found in the GenBank database using
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the following GenBank accessions: ACR33105 (Ve1), ALK26499

(NgVe1), ALK26501 (StuVe1), ALK26500 (StoVe1), AIE39594

(HLVe1-2A).

Fig. S7. Percentage of amino acid identity shared between the

C1 domain, C2 domain, C3 domain and C-terminal extracellular

leucine-rich repeat (eLRR)-flanking domain of the functional

and non-functional Ve1 homologues from tomato, tobacco,

potato, wild eggplant and hop.

Fig. S8. An unrooted phylogenetic tree based on protein

sequences of Ve1 homologues from the tomato clade and the

relevant sister clades. The tomato Ve1 clade is indicated by the

highlighted background. Official gene identifiers and species

names are indicated. Bootstrap values are shown in the tree.

The scale represents branch lengths expressed as the relative

number of amino acid substitutions.

Table S1. Primers used for amplification, sequencing and

expression of Ve1 homologues.

Table S2. Degenerative primers used for thermal asymmetric

interlaced-polymerase chain reaction (TAIL-PCR) amplification

of the flanking regions of putative hop Ve1 homologues.

Table S3. Primers used for the thermal asymmetric interlaced-

polymerase chain reaction (TAIL-PCR)-based isolation of hop

Ve1 sequences.

Table S4. Amplification conditions used for thermal asymmetric

interlaced-polymerase chain reaction (TAIL-PCR).

Methods S1. Isolation of Ve1 homologues.
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