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stages of flower development L02 is expressed.
The results indicate that L02 RNA is present
throughout style development (fig. S5A). More-
over, while L02 is mainly expressed in develop-
ing stylar tissue, some expression can also be
observed around the ovules (fig. S5, B to E).
Further, the long-style NIL differs from the short-
style NIL in that the former accumulates greater
quantities of the L02 transcript throughout style
development (fig. S5A), a finding consistent
with the prediction that the Style 2.1 QTL is at-
tributable to mutations in the 5′ regulatory por-
tion of the L02 gene rather than to changes in the
amino acid sequence of the encoded protein.

In an effort to shed light on the mechanism
by which L02 modulates style elongation, we
recorded cell number and size along the entire
length of mature styles from both short-style and
long-style genotypes (Fig. 3, A to C). Although
the two genotypes differed significantly in style
length, they did not differ with regard to the
total number of cells in the long axis of each
style, which suggests that increased cell elonga-
tion is responsible for the longer style length of
the long-style genotypes (Fig. 3B). To investi-
gate this hypothesis, each cell file along the
longitude of individual styles was divided into
consecutive sectors of 10 cells and measured (Fig.
3C). The average cell length of the two genotypes
did not differ, except for the sector encompass-
ing the 91st to 130th cells. In this distal region,
cells of the long-style genotypes were signifi-
cantly longer (P < 0.01) than their counterparts
in the short-style genotypes (Fig. 3C). Thus,
allelic variation at the L02 gene modulates style
length, and hence stigma exsertion, through lo-
calized, differential cell elongation in developing
styles. These results also suggest that L02 is a pos-
itive regulator of cell elongation, because greater
accumulation of the L02 transcript (as seen in the
long-style genotype) is associated with greater
cell elongation and hence with exserted styles.

The nucleotide sequence of the 5′ promoter
region of L02 (contained within the crossover
interval that delimits the Style2.1 QTL) (Fig. 2D
and fig. S6) was compared between the long-
style allele and the short-style allele. The results
revealed a number of sequence differences, in-
cluding 450-bp (base pair) and 750-bp deletions
that were 4 kb and 8 kb upstream from the L02
start codon, respectively (fig. S7). Sequence anal-
ysis from a broader cross section of tomato
species revealed that only the 450-bp deletion is
specific to the short-style allele found in the
cultivated tomato and hence is a candidate for
the cause of the down-regulation of L02 asso-
ciated with short styles (table S2). However, we
cannot rule out the possibility that other, more
subtle, sequence changes in the 5′ region of
the L02 promoter may be causal to the down-
regulation of L02 expression associated with the
transition from long to short styles.

The evolution from allogamy to autogamy in
plants is often associated with both a loss of self-
incompatibility (mutation of the S locus) and a

loss or reduction in stigma exsertion. Which
occurs first is a matter of conjecture, but one
would predict that self-incompatibility would be
lost first (rendering the plants capable of self-
pollination), followed by loss or reduction of
stigma exsertion (making it more likely that the
plants would automatically self-pollinate). If the
loss of stigma exsertion occurred before the loss
of self-incompatibility, the plants would be un-
able to either cross-pollinate or self-pollinate—a
selective disadvantage. Examination of the phylo-
genetic tree of tomato and its wild relatives, with
regard to mutations in the self-incompatibility
(S) locus and short-style allele of L02, supports
the previous order of events. Self-incompatibility
was lost in the branch leading to the clade of
five self-compatible species (fig. S8). However,
the short-style allele of L02 apparently occurred
later in the branch of the phylogenetic tree lead-
ing to the cultivated tomato (fig. S8 and table
S2). However, it must be recognized that this
conjecture is based on genetic studies and se-
quencing on a relatively small subset of tomato
species accessions. A fuller understanding of
the evolution of the Style 2.1 gene throughout
the clade of tomato species must await further
studies.
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Plant Pathogen Recognition Mediated
by Promoter Activation of the Pepper
Bs3 Resistance Gene
Patrick Römer, Simone Hahn, Tina Jordan,* Tina Strauß, Ulla Bonas, Thomas Lahaye†

Plant disease resistance (R) proteins recognize matching pathogen avirulence proteins. Alleles of
the pepper R gene Bs3 mediate recognition of the Xanthomonas campestris pv. vesicatoria (Xcv)
type III effector protein AvrBs3 and its deletion derivative AvrBs3Drep16. Pepper Bs3 and its
allelic variant Bs3-E encode flavin monooxygenases with a previously unknown structure and are
transcriptionally activated by the Xcv effector proteins AvrBs3 and AvrBs3Drep16, respectively.
We found that recognition specificity resides in the Bs3 and Bs3-E promoters and is determined
by binding of AvrBs3 or AvrBs3Drep16 to a defined promoter region. Our data suggest a
recognition mechanism in which the Avr protein binds and activates the promoter of the
cognate R gene.

Resistance (R) proteins, a class of plant
immune receptors that mediate recogni-
tion of pathogen-derived avirulence (Avr)

proteins, are a well-studied facet of the plant
defense system (1). The bacterial plant pathogen

Xanthomonas campestris pv. vesicatoria (Xcv)
uses a type III secretion (T3S) system to inject
an arsenal of about 20 effector proteins into the
host cytoplasm that collectively promote viru-
lence (2). R protein–mediated defense in response
to Xcv effector proteins is typically accompanied
by a programmed cell death response referred to
as the hypersensitive response (HR).

One Avr protein that R proteins recognize is
AvrBs3, a member of a Xanthomonas family of
highly conserved proteins (3). The central region
of AvrBs3 consists of 17.5 tandem near-perfect
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34–amino acid repeat units that determine
avirulence specificity (4). AvrBs3 also contains
nuclear localization signals (NLSs) and an acidic
transcriptional activation domain (AD) (5, 6),
similar to eukaryotic transcription factors, and
induces host gene transcription (7). Mutations in
the NLS or AD of AvrBs3 abolish pathogen
recognition by the matching pepper R gene Bs3
(5, 8), which suggests that recognition involves
the transcriptional activation of host genes.

Previously we identified bacterial artificial
chromosome (BAC) clones derived from the pep-

per (Capsicum annuum) cultivar Early California
Wonder 30R (ECW-30R) that cover the Bs3
gene (9). For complementation-based identifica-
tion, fragments of a Bs3-containing BAC (9)
were cloned into a plant transformation vector
and were delivered into Nicotiana benthamiana
leaves via Agrobacterium tumefaciens–mediated
transient transformation. Two nonidentical clones
carrying the same coding sequence triggered an
HR in N. benthamiana when cotransformed with
avrBs3. A genomic DNA fragment containing
only the predicted coding sequence and ~1 kb

of sequence upstream of the ATG mediated
AvrBs3 recognition, confirming that this gene is
Bs3 (Fig. 1A).

AvrBs3 mutants lacking the AD (AvrBs3DAD)
or repeat units 11 to 14 (AvrBs3Drep16) did not
trigger HR in pepper Bs3 plants (4, 5) and also
failed to trigger HR in N. benthamiana when
coexpressed with the cloned Bs3 gene (Fig. 1A).
AvrBs4, which is 97% identical to AvrBs3 but
is not recognized by pepper Bs3 genotypes (10),
also did not trigger HR in N. benthamiana when
coexpressed with Bs3 (Fig. 1A). Therefore, Bs3
mediates specific recognition of wild-type AvrBs3
in both pepper and N. benthamiana, but not when
AvrBs3 lacks the AD or repeat units 11 to 14;
nor does Bs3 mediate recognition of the AvrBs3-
like AvrBs4 protein (Fig. 1C).

The Bs3 gene has three exons and two in-
trons (Fig. 1D), is 342 amino acids long (fig. S1),
and is homologous to flavin-dependent mono-

Fig. 1. (A) Recognition specificity of the Bs3 allele from ECW-30R. The Bs3 gene and/or avr genes were
expressed transiently in N. benthamiana leaves via A. tumefaciens (OD600 = 0.8). Dashed lines mark the
inoculated areas. Four days after infiltration, the leaves were cleared to visualize the HR (dark areas).
(B) Bs3-E and/or avr genes were transiently expressed in N. benthamiana leaves. (C) The relationship
between domain structure and activity of AvrBs3, AvrBs3 derivatives, and AvrBs4. Plus and minus signs
indicate presence or absence of the HR in N. benthamiana upon coexpression of the pepper Bs3 or Bs3-E
allele, respectively. For details, see Fig. 1A. White- and gray-boxed areas in the central part of the protein
represent the repeat region of AvrBs3 and AvrBs4, respectively. AD refers to the C-terminal acidic
transcriptional activation domain. (D) Gene structure of the ECW-30R Bs3 and the ECW Bs3-E alleles.
Exons, introns, untranslated regions, and promoter regions are displayed to scale as white, black, gray,
and hatched boxes, respectively. The length of these elements (in base pairs) is indicated within the
boxes. Differences between the Bs3 alleles are marked in boldface. A 13-bp insertion in the Bs3-E promoter
relative to the Bs3 promoter is underlined. Nucleotide positions of the promoter and exon 3 polymorphisms
are relative to the transcriptional and translational start sites, respectively. Amino acids encoded by the
polymorphic region in exon 3 (E, Glu; L, Leu; F, Phe) are depicted above and below the nucleotide
sequences.

Fig. 2. Chimeras containing the promoter (arrow)
of the Bs3 allele (white) and the coding region
(box) of the Bs3-E allele (black) or the reciprocal
combination (right side of the leaf) were expressed
together with avrBs3, avrBs3Drep16, and deriva-
tives as indicated. Asterisks mark areas in which
only A. tumefaciens delivering the chimeric con-
structs was infiltrated. Dashed lines mark the inoc-
ulated areas. Four days after inoculation, leaves
were cleared to visualize the HR (dark areas).

Fig. 3. Semiquantitative RT-PCR on cDNA of non-
infected and Xcv-infected pepper ECW-30R (Bs3) and
ECW (Bs3-E) leaves 24 hours after infection. The
avrBs3-like genes that are expressed in the given
Xcv strains are indicated in parentheses. Elongation
factor 1a (EF1a) was amplified as a control.
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