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Abstract Bacterial flagellin is known to stimulate host
immune responses in mammals and plants. In Arabidopsis
thaliana, the receptor kinase FLS2 mediates flagellin per-
ception through physical interaction with a highly con-
served epitope in the N-terminus of flagellin, represented
by the peptide fig22 derived from Pseudomonas syringae.
The peptide fig22 is highly active as an elicitor in many
plant species. In contrast, a shortened version of the same
epitope derived from Escherichia coli, fig15" ", is highly
active as an elicitor in tomato but not in A. thaliana or
Nicotiana benthamiana. Here, we make use of these spe-
cies-specific differences in flagellin perception abilities to
identify LeFLS2 as the flagellin receptor in tomato. LeF-
LS2 is most closely related to AtFLS2, indicating that it
may represent the flagellin receptor of tomato. Expression
of the LeFLS2 gene in Arabidopsis did not result in
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accumulation of its corresponding gene product, as indi-
cated by experiments with LeFLS2-GFP fusions. In con-
trast, expression of LeFLS2-GFP fusions in N.
benthamiana, a species that, like tomato, belongs to the
Solanaceae, was obviously functional. N. benthamiana
plants transiently expressing a LeFLS2-GFP fusion ac-
quired responsiveness to flg15F <" to which they are nor-
mally unresponsive. Thus, LeFLS2 encodes a functional,
specific flagellin receptor, the first to be identified in a plant
family other than the Brassicaceae.

Keywords FLS2 homologue - fig22 - Immunity -
PAMP - Solanaceae

Abbreviations

At Arabidopsis thaliana

BAKI1 BRI1-associated kinase 1
BRIl Brassinosteroid Insensitive 1
CDNA Complementary DNA
CLV1 CLAVATA 1

Col-0 Columbia-0

E. coli Escherichia coli

EFR EF-Tu receptor

EF-Tu Elogation factor Tu

ER Endoplasmic reticulum

ERAD ER-associated protein degradation
flg22 Flagellin elicitor-active epitope
FLS2 Flagellin Sensing 2

GFP Green fluorescent protein

GUS p-Glucoronidase

Le Lycopersicum esculentum

LRR Leucine-rich repeat
MAPK Mitogen-activated protein kinase
PAMP Pathogen-associated molecular pattern
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PRR Pattern recognition receptor

P. syringae  Pseudomonas syringae

RACE Rapid amplification of cDNA ends

RLK Receptor-like kinase

ROS Reactive oxygen species

RT-PCR Reverse transcriptase polymerase chain
reaction

TLR Toll-like receptor

Ws-0 Wassilewskaja-0

Introduction

Plants, like animals, contain a sophisticated array of
immune receptors to distinguish between self and non-
self (Medzhitov and Janeway 2002; Akira and Takeda
2004; Chisholm et al. 2006). A family of pattern recog-
nition receptors (PRRs) enables the plant basal innate
immune system to sense diverse microbial pathogen-
associated molecular patterns (PAMPs) such as fungal
xylanase, bacterial flagellin and EF-Tu (Felix et al. 1999;
Kunze et al. 2004; Ron and Avni 2004). PAMP percep-
tion triggers numerous immune responses including the
rapid production of reactive oxygen species (ROS), eth-
ylene and changes in gene expression (Felix et al. 1999;
Kunze et al. 2004; Zipfel et al. 2004), which mostly
exhibit a transient behavior. Downstream PAMP re-
sponses include the accumulation of antimicrobial
metabolites and cell wall alterations such as callose
deposition (Gomez-Gomez et al. 1999; Zipfel et al.
2004). PAMP signaling pathways involve the rapid and
transient activation of a mitogen-activated protein (MAP)
kinase cascade (Nuhse et al. 2000; Asai et al. 2002;
Zipfel et al. 2006).

In mammals, flagellin induces inflammatory responses
through Toll-like receptor 5 (TLRS). Monomeric flagellin
binds directly to TLRS, which is mediated through a do-
main formed by a conserved N- and C-terminal part of the
protein (Smith et al. 2003). In contrast, plants respond to a
single amino acid stretch covering the most conserved re-
gion in the N-terminus of the flagellin protein (Felix et al.
1999). A 22 amino acid peptide spanning this region in the
flagellin of Pseudomonas syringae, fig22, is sufficient to
elicit the whole array of typical immune responses in a
broad variety of plants. Comparative studies between the
Brassicaceae Arabidopsis thaliana and the Solanaceae
tomato showed that both hold a highly sensitive perception
system for flg22, but also revealed distinct specificities for
variants of this peptide. Whereas the peptide figl5, a
N-terminally shortened version of flg22, elicits responses
only at higher concentrations in A. thaliana, it is highly
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active in tomato (Meindl et al. 2000; Bauer et al. 2001;
Chinchilla et al. 2006). This discrimination between pep-
tide requirements in A. thaliana and tomato is even more
pronounced with a flg15 variant corresponding to the fla-
gellin sequence of E. coli, fig15%°" (Meindl et al. 2000;
Bauer et al. 2001).

In A. thaliana, the receptor for flagellin is encoded by
the FLS2 gene (Flagellin Sensing 2). Mutant plants lacking
the FLS2 receptor are insensitive to flg22 (Gomez-Gomez
and Boller 2000), are impaired in flg22 binding (Gomez-
Gomez et al. 2001), and they show enhanced susceptibility
to infection with pathogenic bacteria (Zipfel et al. 2004).
FLS2 codes for a leucine-rich repeat (LRR) receptor serine/
threonine kinase with a single transmembrane region. FLS2
is localized at the plant plasma membrane and undergoes
endocytosis upon stimulation (Robatzek et al. 2006). It
physically interacts with flg22, as shown by cross-linking
experiments; in addition, upon heterologous expression of
FLS2, tomato cells gained the flagellin perception system
characteristic for A. thaliana (Chinchilla et al. 2006).

Receptor-like kinases (RLK) form a large gene family
with more than 600 members in A. thaliana, and the
LRR-type RLKs represent the largest subgroup with
about 200 (Shiu and Bleecker 2001). Functionally only
few of them have been identified, of which e.g. CLAV-
ATA1 (CLV1) plays a role in meristem development,
Brassinosteroid Insensitive 1 (BRI1) and BRI1-associated
kinase (BAK1) mediate perception of the plant hormone
brassinosteroid, and FLS2 as well as the recently iden-
tified EF-Tu receptor (EFR) are involved in non-self
detection (Dievart and Clark 2004; Zipfel et al. 2004;
Vert et al. 2005; Zipfel et al. 2006). Additional insights
into their functions can be provided by comparative
analysis of homologous receptors in another species. For
example, the tomato RLK SR160 has been postulated to
exhibit dual functionality as receptor for brassinosteroid
and systemin (Montoya et al. 2002).

In this study, we aimed at identifying and functionally
characterizing the corresponding flagellin receptor in to-
mato, especially because of its distinct ligand specificities
compared to Arabidopsis FLS2. We amplified a sequence
from both, tomato cell cultures and tomato plants that
displayed high amino acid sequence homology to AtFLS2.
Expression of LeFLS2 under the control of the ArFLS2
promoter did not lead to LeFLS2 protein accumulation in
A. thaliana. However, we achieved expression of LeFLS2
fused to the green fluorescent protein (GFP) in the more
closely related solanaceous species Nicotiana benthamina.
Exploiting species-specific differences within the flagellin
perception systems of tomato and N. benthamiana we
demonstrate that LeFLS2 encodes the tomato flagellin
receptor, the first functionally characterized AtFLS2
ortholog.
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Materials and methods
Cloning and construction of LeFLS2

FLS2 sequences were aligned against plant EST assemblies
from MIPS and plant EST sequences from GenBank. Best
matches to Arabidopsis FLS2 and rice sequences as well as
phylogenetic analysis of the kinase domains identified
EST273998 (GI5889499) as the closest homologue from
tomato. Poly-A-RNA was extracted from tomato Msk§ cell
cultures (Meindl et al. 2000), and tomato plants variety
““Roter Gnom’’ (Syngenta), and used for cDNA synthesis
(Ambion). Nested primer pairs 5-AAT CCT GTT GGA
CAA CGT CCA GTC ATC CTC-3" and 5-CAG ATC
CAA GTG CTG CAA GTA TGA TCC AGG-3’, 5-CCT
GGA TCA TAC TTG CAG CAC TTG GAT CTG-3’ and
5’-GAG GAT GAC TGG ACG TTG TCC AAC AGG ATT
G-3’ for 5’- and 3’-RACE, respectively were designed
based on the EST273998. 5’- and 3’-RACE sequences were
amplified using the RLM-RACE kit (Ambion), products
were cloned into TOPO vector (Invitrogen) and sequenced.
Full length LeFLS2 was amplified on genomic DNA ex-
tracted from tomato plants using Expand High Fidelity Taq
Polymerase (Roche) with primers 5-TCT TTT GAA ATG
ATG ATG TTA AAG ACA GTT G-3" and Sall-containing
5’-TTA AGT CGA CTA ATC TTT TAC CAA ATG AGA
AGG CAT AC-3’. The genomic LeFLS2 product was
introduced into the pCAMBIA2300-FLS2p::FLS2-3myc-
GFP (Robatzek et al. 2006) construct by replacing FLS2—
3myc-GFP with LeFLS2 at blunted BamHI and Sall
restriction sites. For GFP tagging the LeFLS2 stop codon
was mutated by PCR with the Sall-containing primer 5’-
TTA AGT CGA CTT GAT CTT TTA CCA AAT GAG
AAG GCA TAC-3’, and GFP was subsequently cloned in-
frame into the Sall site. All sequencing was done at
Microsynth. Deduced protein sequence analysis and
alignments were performed using Pileup of the GCG soft-
ware package, Box Shade from at http://www.ch.embnet.org/
software/Box_form.html; protein motif inspection at
http://searchlauncher.bcm.tmc.edu/

http://homepage.univie.ac.at/herbert.mayer/Main-
PROT.html

http://www.expasy.ch

http://dbptm.mbc.nctu.edu.tw/prediction.html

Plant transformation and analysis

A FLS2p::LeFLS2-GFP construct was used to transform
A. thaliana Ws-0 (Ws/LeFLS2-GFP) and N. benthamiana
leaves. Controls were FLS2p::FLS2-GFP, SIRKp::GUS
constructs, and the Ws/FLS2-GFP transgenic line (Zipfel
et al. 2004; Robatzek et al. 2006). Stable transgenic lines
were generated using the standard A. tumefaciens-mediated

gene transfer procedure of inflorescence infiltration. Inde-
pendent transformed plant pools were kept separate for
selection of independent transgenic lines based on their
kanamycine resistance. Plants of T2 and T3 generation
were chosen for experiments. To assay transgene expres-
sion, RNA extraction was done using the Plant RNeasy kit
(Qiagen), and RT-PCR was performed with primer pairs 5’-
CCT GGA TCA TAC TTG CAG CAC TTG GAT CTG-3’
and 5-CAA TCC TGT TGG ACA ACG TCC AGT CAT
CCT C-3’ (LeFLS2), and 5-TTG TGC ACC GAG CCA
TCG TG-3’ and 5-GAG AGT GAG AAG ATG TAC TC-
3’ (RPL4) using the RT-PlusPCR kit (Eppendorf). Wes-
tern-blot analysis was done on crude membrane extracts of
liquid grown seedlings using a polyclonal anti-GFP rabbit
serum (Molecular Probes).

Transient transformation of N. benthamiana was per-
formed as described (Zipfel et al. 2006). Western blot
analysis and cross-linking experiments were done on crude
membrane extracts of pooled transformed leaves according
to Zipfel et al. 2006.

Functional complementation by LeFLS2-GFP was as-
sayed in standard procedures measuring chemical binding,
oxidative burst, ethylene production, and seedling fresh
weight (Felix et al. 1999; Gomez-Gomez et al. 1999;
Bauer et al. 2001). Flagellin peptides were used with fol-
lowing sequences: fig22 - QRL STG SRI NSA KDD AAG
LQI A, figl5 - RIN SAK DDA AGL QIA, and figl55<°" -
RIN SAK DDA AGQ AIA.

Results
Identification and cloning of LeFLS2

Tomato is highly responsive to flagellin peptides in a
characteristic manner. Biochemical cross-linking experi-
ments with radiolabeled flg22 in tomato cells revealed a
specific band at ~175 kDa, which is similar to the previ-
ously described Arabidopsis flagellin binding site (Suppl.
Fig. 1). Using BLAST programs we screened available
tomato EST databases, and we found EST273998
(GI5889499) from Lycopersicum esculentum (recently re-
named Solanum lycopersicum) to exhibit striking homol-
ogy to AtFLS2. Starting from this EST sequence we
performed 5’- and 3’-RACE on RNA derived from either
tomato cell culture (Msk8) or tomato plants (L. esculen-
tum). The sequences obtained from the respective RACE
products were used to amplify a full-length sequence from
genomic DNA. The gene called LeFLS2 was found to en-
code a transmembrane LRR receptor kinase of 1170 amino
acid with a calculated mass of approximately 130 kDa
(Fig. 1). LeFLS2 has a predicted signal peptide, and on its
extracellular part a LRR domain consisting of 28 tandem
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1
MMMLKTVVYALAIFSITFLIPLSSGQ

27
NPRFEVEVAALKAFKSSISDDPFSALVDWT
DVNHR[ENWSGI If§DPSSNHVINISLIETQL
KGEISPF

94
LGN SKEQVEDETLNS FEGNEBPO
LGHCTDLVELVFYONSEFGEIBAE
LGNEKKLOLIDFGNNFLNGSIBDS
ICNCTELLLVGFNNNNFTGKLPSE
IGNLANLOLFVAYTNNLVGFMETS
IGMLTALHTEDESENOLSGPEPPE
IGNLSSLGILOLHLNSLSGKIPSE
LGLC INLFTENMY TNOFTGSTPPE
LGNEENLOMLREYNNKENSSTRAS
IFHLKSLTHLGLSONELTGNIPPO
LESLTSLEVLTLHSNKLSGEIRST
ITNLANLTYLSLGFNLLIGSLPSE
FELLYNLKNLTANNNLLEGSTBLS
TINCSHLLVLSEEFNRITGEIPNG
LGQHSNLTFLSLGSNKMMGETIRDD
LFNSSMLEVLDLSDNNFSGKLKPM
IGREAKLRVLRAHSNSFLGPIPPE
IGKLSQLLDLARHKNSFSGATPPE
ISMLSNLQGLLLSDNKEEGELPVOQ
LFELKQLNELRLKNNNFFGPIPHH
ISKLESHSLMDLEGNKENGTIPES
MTSLERREMTVDLSHNLLTGTLPRAVL
ASMRSMQLYENVSSNLLHGETBDE
IGVEEMVQETDMSNNNLSGSIPRS
LERCKNEFSLDESGNMLSGPARGET
LTKESELVFENLSRNRLEGSEPE
IAGLSHLSSLDVSONKFKGIIPER
FANMTALKYLNESFNOEEGHIPKG

signal peptide

N-terminus

LRR domain

IG LxxL 2 LS N. LSG 1IP. |
LXXXXXLXTXXTX XX

675
GVFNNIRLEDLLGNPSLEGKKFLSPEHIKR
NRTSSHGFSKKTWIILA

722
ALGSVFSLILLVLGIFLFHRYMKKKK

intracellular 749
juxtamembrane VNDTEFTNPKCTAALSLQRFYQKDLEHAT

788
NNFRPENIIGASSLSTVYKGTLEDGKIVAV
KELNHQFSAESGKCFDREVKTLSQLRHRNL
VEVLGYAWESKKLRALVLEYMENGNLDNMI
ﬂQQVEDDWTLSNRIDILVSVASGLSYLHSG
YDFPIVHCDMKPSNILLDKNMEAHVSDFGT
ARMLGIHLODG@STSSASAFEGTIGYMAPE
LAYMRKVTTKVDVFSFGVIVMEIITKRRPT
SLTGADELPITLHQIVQONALANGINKLVQI
VDPNLASHVSKKQDVVEGLLNLALSCTSPD
PEDRFPDMEQVLSS

1063
LSKLSKMDCMESHLVEKD

consensus

extracellular
juxtamembrane

transmembrane

S/T kinase domain

C-terminus

repeats with the plant characteristic consensus sequence
LGxLxxLxxLxLSxNxLSGxIPxx (Kobe and Kajava 2001).
Adjacent to the LRR domain is a region with paired cy-
steines typical for LRR receptor kinases (Dievart and Clark
2003), followed by a single transmembrane domain, an
intracellular juxtamembrane region, and a serine/threonine
kinase domain (Walker 1994). Similarly to AtFLS2, the
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4Fig. 1 The LRR receptor kinase LeFLS2. Deduced amino acid

sequence of the LeFLS2 genomic clone from tomato plants. The
predicted signal peptide, the N-terminal domain, the LRR domain and
its derived LRR consensus, the extracellular juxtamembrane region,
the single transmembrane domain, the intracellular juxtamembrane
region, the serine/threonine (S/T) kinase, and the C-terminal tail are
indicated. Paired cysteine residues are highlighted in black boxes,
residues matching the LRR consensus are marked in gray boxes, the
predicted PEST-like motif is underlined in bold, and residues
differing/lacking between LeFLS2 from tomato plants and cell
culture are boxed

LeFLS2 kinase contains a PEST-like motif in its C-termi-
nal part, which is a polypeptide sequence enriched in
proline, glutamate, serine, and threonine that may mediate
attachment of ubiquitin molecules targeting proteins for
degradation (Rechsteiner and Rogers 1996). The LeFLS2
ortholog from Msk8 cell cultures, a hybrid derived from
L. esculentum and L. peruvianum was also cloned. Com-
parison of the respective LeFLS2 sequences revealed five
amino acid differences in the following positions (tomato
plant/Msk8 cells): 61R/H, 324N/Y, 744-/K, 879G/C,
and 949S/G), which might reflect differences between
L. esculentum and L. peruvianum (Felix et al. 1991).

Sequence alignments of AtFLS2, LeFLS2, and the
receptor for bacterial EF-Tu, AtEFR (Zipfel et al. 2006),
were performed. The AtFLS2 and LeFLS2 LRR domains
share 55% amino acid identity (Suppl. Fig. 2), their
respective kinase domains 59% (data not shown). Inter-
estingly, lowest homology was found in a region stretching
from LRR-2 to LRR-5. For comparison, LeFLS2 revealed
only 36% and 40% amino acid identity with the LRR and
the kinase domain, respectively, when aligned to EFR,
which groups into the FLS2 subfamily LRR-XII. There-
fore, LeFLS2 appears to be an appropriate candidate for the
flagellin receptor in tomato. Genomic Southern blot anal-
ysis showed that LeFLS2 is a single copy gene in tomato
(Suppl. Fig. 3). Furthermore, sequence analysis of the
LeFLS2 genomic clone identified a small single intron
following codon 1049, at the identical position as the intron
in AtFLS2 (data not shown).

Heterologous expression of LeFLS2

In order to examine whether LeFLS2 functions as a fla-
gellin receptor, we stably introduced LeFLS2 into the A.
thaliana ecotype Ws-0, a natural occurring fIs2 mutant, and
the T-DNA insertion line in Col-0 background fls2 (Zipfel
et al. 2004). The LeFLS?2 transcription was driven by the
AtFLS2 promoter to ensure similar expression levels and
patterns compared with AtFLS2. We could establish several
independent lines showing similar LeFLS2 transcript
accumulation as AfFLS2 in Col-0 wild-type plants
(Fig. 2A). We assayed these lines for their ability to bind
radiolabeled fig22 peptides. None of the Ws/LeFLS2 and
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Fig. 2 Heterologous expression of LeFLS2 in Arabidopsis Ws-0 and
fls2 lines. (A) RT-PCR of LeFLS2 transcript accumulation in
indicated lines (7) compared to its level and A7FLS2 expression in
control Arabidopsis (Col-0) and tomato plants, respectively. (B) Total
binding and non-specific binding of '*I-Tyr-flg22 (+100nM fig22)
measured in homogenates of respective lines. Depicted are represen-
tative bars of two independent measurements. Dashed lines indicate
background levels according to negative control lines Ws-0 and fis2;
positive control lines are Ws/FLS2 and Col-0

fls2/LeFLS2 lines showed significant total flg22 binding
above the control lines (Fig. 2B). When analyzing their
responsiveness to flg22 and figl5 by measuring seedling
growth, we were not able to detect any effect in the LeFLS2
transgenic lines (Suppl. Fig. 4). This suggests that there are
no functional flagellin binding sites present.

One possibility to explain these results is a lack of
LeFLS2 protein expression or mis-localization. The well-
characterized antibody recognizing AtFLS2 does not detect
any signal in extracts of tomato, which can be explained by
significant differences in the amino acid sequence of
LeFLS2 and the AtFLS2 domain that has been used for
immunization (Chinchilla et al. 2006). Therefore, we
generated a LeFLS2-GFP fusion construct and stably
transformed it into Ws-0 plants. By RT-PCR analysis we
could clearly find transcript accumulation of the LeFLS2-
GFP transgene (Fig. 3A). However, Western blot analysis
using GFP-recognizing antibodies showed that the corre-
sponding protein product was missing (Fig. 3B). We used
ethylene production as an early response to flg22, and we
tested these Ws/LeFLS2-GFP lines in this respect. None of
them displayed increased ethylene levels above background
(Fig. 3C). As positive controls we used Ws/FLS2-GFP lines

that have been shown to fully complement the Ws-0 fis2
mutant phenotype (Robatzek et al. 2006). Thus, we suggest
that the LeFLS2 protein is either unstable, not expressed, or
mis-targeted in A. thaliana. Integrity of the LeFLS2-GFP
fusion construct was checked by biolistic bombardment of
onion cells. Microscopy analysis clearly revealed GFP flu-
orescence at the cell periphery indicating plasma membrane
localization (data not shown).

We analyzed N. benthamiana, which belongs to the
family of Solanaceae and therefore is more closely related
to tomato than Arabidopsis, for its potential to express
LeFLS2 supplied by transient transformation. Western blot
analysis using GFP-antibodies displayed clear signals for
LeFLS2-GFP and AtFLS2-GFP transiently transformed
leaves, whereas there were no signals in control (GUS) or
untransformed samples (Fig. 4A). The band for LeFLS2-
GFP indicates a molecular mass of ~200 kDa. The size of
AtFLS2-GFP appeared slighter larger, which might be due
to the additional triple myc-tag (Robatzek et al. 2006).
Since the predicted molecular mass of LeFLS2 fused to
GFP does not meet its detected size, it is very likely that
LeFLS2 is similarly highly glycosylated as AtFLS2
(Chinchilla et al. 2006). Screening for potential N-linked
glycosylation sites (NxS/T) revealed 17 putative sites for
the LeFLS2- and 18 for the AtFLS2-LRR domain, of which
12 appear to be conserved among both (data not shown). It
has been shown that nearly all predicted glycosylation sites
in the Cf-9 receptor-like protein are linked to carbohy-
drates, and also contribute to Cf-9 function (van der Hoorn
et al. 2005). Thus, glycosylation on multiple residues of the
LeFLS2-LRR domain may be important for LeFLS2
expression and activity.

Chemical cross-linking experiments using '*°I-Tyr-flg22
revealed a major band at ~175 KDa in untransformed N.
benthamiana, which was competed by an excess of unla-
beled flg22 (Fig. 4B, right panel). This likely represents the
endogenous flg22 binding sites of N. benthamiana,
NbFLS2 (Hann and Rathjen 2007). An additional weaker
band at ~150 kDa was also competed by unlabeled flg22.
Most probably, this is a breakdown product of the major
labeled band, as was also observed to occur for the EF-Tu
binding site (Zipfel et al. 2006). Infiltration of N. benth-
amiana leaves with A. tumefaciens led to an increase in
both, the ~175 kDa and the ~150 kDa band, which indi-
cates that their expression might be induced (data not
shown). When N. benthamiana was transiently transformed
with A. tumefaciens either delivering AtFLS2-GFP or
LeFLS2-GFP, an additional band of the size expected for
these fusion products was detected in cross-linking exper-
iments (Fig. 4B, left panels). Appearance of these bands
was strongly suppressed in the presence of unlabeled fig22.
Excess of unlabeled flgl5, for which tomato exhibits a
higher affinity than Arabidopsis (Chinchilla et al. 2006),
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Fig. 3 Heterologous expression of LeFLS2-GFP in the FLS2
deficient ecotype Arabidopsis Ws-0. (A) RT-PCR analysis of
LeFLS2-GFP transgenic Ws-0 lines was performed using LeFLS2-
specific primers. A control RT-PCR of RPL4 indicates equal loading.
(B) Western blot analysis was done on crude membrane extracts of
the indicated Ws-0 transgenic lines revealed by GFP antibodies. The
band corresponding to FLS2-GFP is labeled with an asterisk; all other
bands appear to be background. Ponceau staining is shown for equal
loading. (C) Ethylene production of leaf pieces after 4h incubation
without or with 1 puM fig22 detected on the respective control and
transgenic lines. Error bars indicate the standard deviation of four
replicates

competed only the LeFLS2-GFP band efficiently. These
data demonstrate that LeFLS2-GFP can be heterologously
expressed in N. benthamiana, just like AtFLS2, and they
provide evidence that LeFLS2-GFP constitutes a functional
flg22 and flgl5 binding site.
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Fig. 4 Transient expression of LeFLS2-GFP in N. benthamiana. (A)
Western blot analysis using crude membrane extracts of transformed
N. benthamiana leaves mediated by Agrobacterium-infiltration of the
indicated constructs using GFP-specific antibodies. (B) Cross-linking
of 'I-Tyr-flg22 detected in homogenates of respective transformed
N. benthamiana leaves. Competition with 100nM unlabeled flg22 or
flg15 is indicated. The flg22 binding site of AtFLS2-GFP is labeled
with open circle, LeFLS2-GFP with open square, and those conferred
by the endogenous flagellin perception system of N. benthamiana
(control) with asterisk. Additionally bands of probably breakdown
products are marked with crosses

Functional characterization of LeFLS2 as the flagellin
receptor

Like most plant species, N. benthamiana is responsive to
flg22. In order to utilize their capability to accumulate
LeFLS2-GFP protein and at the same time apply functional
assays for flagellin responses, we screened for potential
characteristic differences in the flagellin peptide require-
ments between tomato and N. benthamiana. We found that
both plant species generated ROS upon stimulation by
flg22 and figl5 (Table 1). In contrast, using a flgl5 peptide
derived from the flagellin sequence of E. coli, flgl5%°",
we observed a significant difference within both species. N.
benthamiana plants were completely insensitive at con-
centrations tested, but tomato plants were fully reactive to
flg15%<°! and showed a clear oxidative burst.

Making use of these species-specific differences in fla-
gellin perception, we functionally tested LeFLS2-GFP
transiently transformed in N. benthamiana leaves. Our
oxidative burst data clearly show that only N. benthamiana
leaves expressing LeFLS2-GFP were responsive to
flg15%<° while samples from control transformed plants
and plants transiently transformed with AtFLS2-GFP
showed no reaction to this peptide (Fig. SA). Similarly, a
flig15%<°!i treatment triggered production of ethylene only
in the LeFLS2-GFP expressing N. benthamiana (Fig. 5B).
Control transformed leaves (GUS and AtFLS2) were able
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Table 1 Species-specific difference in the responsiveness to flagellin-derived peptides between tomato and N. benthamiana. Accumulation of
reactive oxygen species (ROS) in tomato (Le) and N. benthamiana (Nb) upon addition of 1 pM of the indicated flagellin-derived peptides

None fig22 figl5s fig1 5ol

Le - +

Nb - -
1200 - and is highly homologous to AtFLS2. To test whether
s | —e AtFLS2-GFP +ig15E i LeFLS2 indeed acts as a functional flagellin receptor,
o AFLS2-GEP heterologous complementation lines in A. thaliana were
800 generated. However, none of these lines showed accumu-

5 —=— LeFLS2-GFP +ig15 Ecl . .
3 e lation of LeFLS2. Generally, transmembrane proteins are
=om LeFLS2-GFP delivered across the endoplasmatic reticulum (ER) via the
400 - +ig15 ol secretory pathway. One possible explanation could be that
control the LeFLS?2 signal peptide is not recognized in A. thaliana.

200 X0 oo R

0 .
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control | AtFLS2-GFP | LeFLS2-GFP

Fig. 5 Heterologous expression of LeFLS2-GFP in N. benthamiana
leads to the presence of a flagellin perception system with the
characteristics of tomato. (A) Oxidative burst measured on leaf pieces
of transiently transformed N. benthamiana leaves with the indicated
constructs triggered by 1 uM flg15%°, For negative control a GUS
construct has been used. ROS generation is given in RLU as emitted
by luminescence. (B) Ethylene content of leaf pieces after 4h
incubation without or with 1 pM of each indicated flagellin peptide
detected in respective transiently transformed N. benthamiana leaves.
Error bars indicate the standard deviation of four replicates

to respond to fig22, but not to figl5%°", In summary, N.
benthamiana gained the flagellin perception system char-
acteristic for tomato when LeFLS2 expression was pro-
vided. We therefore conclude that the isolated and cloned
sequence LeFLS2 encodes the flagellin receptor of tomato.

Discussion

LeFLS2 accumulation is compromised in A. thaliana

In our study, we identified the tomato flagellin receptor
LeFLS2, which belongs to the family of plant LRR-RLKSs

In addition, mis-folded and non-functional proteins do not
enter the secretory pathway and are discarded by the so-
called quality control system, which is also known as ER-
associated protein degradation (ERAD) (Lord et al. 2000;
Pimpl et al. 2006). Reminiscent of TLRs, according to the
structural model of TLR3, plant flagellin receptor LRR
domains are likely to be masked by carbohydrates (Choe
et al. 2005). These N-linked glycosylation is not only
essential for proper protein folding, but also its degree and
type serve as a mark for the protein folding status by which
the quality control mechanism distinguishes mature pro-
teins from mis-folded ones (Helenius and Aebi 2004).
Although most of the potential glycosylation sites are
shared between AtFLS2 and LeFLS2, the few differences
could trigger LeFLS2 for ERAD in A. thaliana. It could be
shown for Cf-9 that removal of one glycosylation site in the
LRR domain resulted in a loss of protein accumulation
(van der Hoorn et al. 2005). In addition, certain amino acid
differences between both flagellin receptors may affect
molecular interactions with chaperones important for
quality control (Bukau et al. 2006). Mutation of the HSP90
chaperone was reported to decrease abundance of the
intracellular immune receptor RPM1 (Hubert et al. 2003).
Furthermore, it has been demonstrated that mutations of the
barley powdery mildew resistance protein MLO affect its
protein stability by targeting it to the ERAD pathway
(Muller et al. 2005).

Previously studied fls2 Arabidopsis mutants revealed
that fls-24 and fls2—17 are impaired in flg22 binding, the
first mutated in the LRR domain, and latter containing a
G to R point mutation at position 1064 in its kinase
domain (Gomez-Gomez and Boller 2000; Gomez-Gomez
et al. 2001). Such mutations within the kinase activation
loop result in a loss of autophosphorylation activity as
have been seen with fls2—17, clvi-2 and bril-101 (Go-
mez-Gomez et al. 2001; Dievart and Clark 2003). We
discovered that in contrast to fls2—24, the fls2—17 mutant
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lacks AtFLS2 protein accumulation (Suppl. Fig. SA). It
appears that this is the reason why this mutant fails to
bind flg22 (Gomez-Gomez et al. 2001). Moreover, the
fls2—17 point mutation was re-created in the FLS2°'0%
variant fused to GFP and introduced into Ws-0 plants.
Independent lines exhibiting FLS2°/°*.GFP mRNA
accumulation were selected and shown to not accumulate
respective FLS2°'°°“.GFP protein (data not shown and
Suppl. Fig. 5B). We propose that biologically inactive
AtFLS2 is subjected to degradation mediated by the
plant’s quality control system. Supporting our results,
autophosphorylation of Xa2l is mandatory for protein
stability (Xu et al. 2006). Furthermore, findings in yeast
show that cytoplasmic domains of transmembrane pro-
teins are critical for directing them to ERAD (Meusser
et al. 2005).

Expression of LeFLS2 confers a specific flagellin
perception system characteristic for tomato in N.
benthamiana

In animals, species-specific differences have been de-
scribed for the TLR response to RNA (Heil et al. 2004).
Similarly, different plants display specific characteristics
for their respective flagellin perception systems (Bauer
et al. 2001; Chinchilla et al. 2006). We found that there are
not only differences in the recognition of the flagellin
epitope between plant families, but also between species in
the same family. The solanaceous tomato and N. benth-
amiana contain both a highly sensitive perception system
for the 22 and 15 amino acid peptides derived from the P.
syringae flagellin, whereas the 15 amino acid peptide de-
rived from E. coli flagellin was only highly active in to-
mato. N. benthamiana expressing LeFLS2 gained
responsiveness towards flg15%°" and thereby acquired the
flagellin perception system specific for tomato. During the
past, several flagellin peptide variants have been discov-
ered that do not elicit defense responses in A. thaliana
(Bauer et al. 2001; Pfund et al. 2004; Sun et al. 2006).
Furthermore, the so-called broad-species active flg22
peptide did not trigger defense responses in rice cell cul-
tures, whereas they are responsive to a specific flagellin
from the incompatible strain P. avenae (Felix et al. 1999;
Che et al. 2000). It remains an open question what selec-
tive forces drive evolution of PAMP receptors such as the
flagellin receptor into different directions.
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