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SUMMARY
The apparent lack of durability of many resistance (R) genes highlights the need for the constant identification of new genetic
sources of resistance for the breeding of new disease-resistant
crop cultivars. To this end, we screened a collection of accessions
of eggplant and close relatives for resistance against
Pseudomonas syringae pv. tomato (Pto) and Xanthomonas
euvesicatoria (Xeu), foliar plant pathogens of many solanaceous
crops. Both pathogens caused substantial disease on most genotypes of eggplant and its relatives. Promisingly, however, some of
the genotypes were fully or partially resistant to either of the
pathogens, suggesting the presence of effective resistance determinants in these genotypes. Segregation of resistance to the
growth of Xeu following infiltration in F2 progeny from a cross of
a resistant and susceptible genotype suggests that resistance to
Xeu is inherited as a multigenic trait. With regard to Pto, a mutant
strain lacking all 28 functional type III secreted effectors, and a
Pseudomonas fluorescens strain expressing a P. syringae type III
secretion system (T3SS), both elicit a strong cell death response on
most eggplant lines. Several genotypes thus appear to harbour a
mechanism for the direct recognition of a component of the T3SS.
Therefore, eggplant and its close relatives are promising resources
to unravel novel aspects of plant immunity and to identify new
candidate R genes that could be employed in other Solanaceae in
which Xeu and Pto cause agriculturally relevant diseases.
Keywords: avrptoB, eggplant, EtHAN, Pseudomonas syringae,
Solanum melongena, type III secretion system (T3SS),
Xanthomonas euvesicatoria.

INTRODUCTION
One of the main approaches to control bacterial plant pathogens
is the introduction of new genetic resistance into crops. For
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example, the introduction of the resistance (R) gene Pto into
tomato controlled outbreaks of bacterial speck disease (Martin
et al., 1993; Pitblado et al., 1984), and the transfer of the R gene
Bs2 from pepper to tomato conferred resistance to bacterial spot
disease (Tai et al., 1999). However, durable genetic resistance has
proven to be elusive, as the eventual failure of the R genes Pto and
Bs2 demonstrates (Gassmann et al., 2000; Kunkeaw et al., 2010).
Indeed, populations of plant pathogens can rapidly shift to overcome plant resistance through the loss or gain of avirulence or
virulence components, respectively. Therefore, novel sources of
genetic resistance are in constant demand by plant breeders.
In general, active plant defences rely on the specific recognition
of pathogen elicitor molecules or their action on plant processes.
As the first branch of active immunity, plants detect conserved
microbial- or pathogen-associated molecular patterns (MAMPs or
PAMPs) via pattern recognition receptors (PRRs) and trigger a
complex defence response, known as pattern-triggered immunity
(PTI) (Katagiri and Tsuda, 2010). MAMPs are considered to be
indispensible for pathogen lifestyle and are thus good targets for
immune recognition (Boller and Felix, 2009). Highly conserved
regions of the bacterial flagellin protein, for example, contain
important MAMPs (Clarke et al., 2013; Felix et al., 1999).
Adapted pathogens must overcome PTI to cause disease. This is
generally accomplished through the deployment of immunitysuppressing effector proteins via (in bacteria) the type III secretion
system (T3SS) (Feng and Zhou, 2012). The importance of effectors
for pathogen virulence is well demonstrated by the fact
that T3SS-deficient mutants of Pseudomonas syringae and
Xanthomonas are severely attenuated in pathogenicity (Hirano
et al., 1999; Noël et al., 2001). The PTI-suppressing ability of effectors is best demonstrated through the actions of the effectors
avrPto1 and avrPtoB, which interfere with PTI elicited by bacterial
flagellin (Martin, 2012). Indeed, the predominant role of AvrPto1
and AvrPtoB is the suppression of PTI triggered by flagellin, as
demonstrated by the fact that deletion of the flagellin-encoding
fliC gene is sufficient to rescue the virulence defect of an avrPto1/
avrPtoB double mutant (Kvitko et al., 2009). Moreover, these two
effectors form the top tier of the Pto effector hierarchy, being
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required for full function of all other P. syringae pv. tomato (Pto)
effectors in Nicotiana benthamiana (Cunnac et al., 2011).
In response to pathogen deployment of effectors, plants have
evolved R proteins capable of detecting specific effectors, leading
to the defence response known as effector-triggered immunity
(ETI) (Chisholm et al., 2006). Therefore, effectors are double-edged
swords for the pathogen: essential for virulence in compatible
interactions, but also leading to avirulence in incompatible interactions (Grant et al., 2006). The effectors avrPto1 and avrPtoB are
again an informative example: both of these effectors are recognized by the plant R protein Pto, ultimately betraying the presence
of the harbouring pathogen and leading to avirulence in Ptoexpressing plants (Kim et al., 2002).
The recognition of specific pathogen effectors by plant R proteins forms the molecular basis for what is classically known as
gene-for-gene resistance (Flor, 1971). Although the identification
and field deployment of effector-detecting R proteins can provide
plant resistance, durability is a major concern with this approach
because of the relative ease with which pathogens mutate or drop
effector-encoding genes (Dangl et al., 2013). Stacking of R genes
(Halpin and Douglas, 2010) and the deployment of defence genes
not involved in effector recognition (Monaghan and Zipfel, 2012)
have been suggested as strategies for the creation of more
durable forms of resistance in crops. PRRs, for example, have been
proposed as another type of defence protein that may provide
durable field resistance (Lacombe et al., 2010). In this work, we
refer to all genetic loci that encode defence-related proteins,
including effector-recognizing proteins and PRRs, as R loci.
Here, we investigated accessions of eggplant (Solanum
melongena) and S. linnaeanum belonging to the Solanaceae Core
Collection of Tomato, Eggplant and Pepper Genotypes (Core-TEP)
and included two supplementary resistance sources, S. melongena
MM127 and S. aethiopicum Aculeatum Group MM134. The CoreTEP collection of eggplant is composed of genotypes harbouring
resistance to the bacterial wilt pathogen Ralstonia solanacearum.
We sought to screen this collection for resistance to Pto, the
causative agent of bacterial speck disease of tomato, and
X. euvesicatoria (Xeu), one of the causative agents of bacterial spot
disease of tomato and pepper (Jones et al., 2004), and to begin to
dissect the molecular basis for resistance and susceptibility of
eggplant against these pathogens. We hypothesized that an initial
characterization of the pathogenicity and defence responses elicited by bacteria on eggplant and the identification of polymorphic
phenotypes within the eggplant collection would identify appropriate germplasm in which to find novel resistance determinants.
Although eggplant was considered to be a host of Pto in an
older phytopathology manual (Elliott, 1951), neither Pto nor Xeu is
known today to cause any disease in eggplant. Therefore, these
genotypes of eggplant and related species might contain potential
R loci that could be identified and transferred to other Solanaceae
on which these pathogens are disease threats. These R genes
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could then provide these crops with novel resistance determinants
not previously encountered by these pathogens. Breeders have
performed such intra-genus R-gene shuttling within Solanaceae
successfully in the past (Ano et al., 1991; Daunay, 2008).

RESULTS AND DISCUSSION
Pto strain DC3000 (PtoDC3000) is pathogenic
on eggplant
To determine whether the Core-TEP collection of eggplant genotypes contains a reservoir of R genes to control P. syringae, we
first ascertained the pathogenicity of PtoDC3000 (Buell et al.,
2003). Two accessions, S. melongena MM738 and S. linnaeanum
MM195, whose F2 progeny were used to build the first eggplant
linkage map (Doganlar et al., 2002; Wu et al., 2009), were inoculated via blunt-end syringe infiltration. PtoDC3000 population
levels were queried 2 and 5 days later. There was a 3.9 log increase
in the PtoDC3000 population size by 2 days in MM738 and a 2.5
log increase in MM195. By contrast, in the T3SS-deficient hrcC
mutant of PtoDC3000 (Kim et al., 2005), there was only approximately a 1 log increase in the population size in both MM738 and
MM195, revealing that full growth of PtoDC3000 in eggplant
depends on a functional T3SS (Fig. 1A). PtoDC3000 infection of
MM738, but not MM195, led to significant disease symptoms,
manifested as leaf collapse in the infiltrated region (Fig. 1B). Following spray infection of MM738, PtoDC3000 elicited brown
necrotic lesions with yellow halos (Fig. S1A, see Supporting Information) – very similar to the disease symptoms caused by Pto on
tomato and known as ‘bacterial speck’. Spray infection of MM195
with PtoDC3000 did not elicit any visible disease symptoms
(Fig. S1B). The hrcC mutant of PtoDC3000 did not elicit any symptoms in either line of eggplant (Fig. 1B). We conclude that
PtoDC3000 can colonize both MM738 and MM195 in a T3SSdependent manner, but that MM195 is, at least partially, resistant.
The PtoDC3000 effector repertoire is required for full
virulence on eggplant
We next employed multiple effector deletion mutant strains of
PtoDC3000 to better determine the role of effectors in PtoDC3000
colonization of eggplant. The D28E deletion mutant strain of
PtoDC3000, which is missing the 28 functional DC3000 effector
genes (Cunnac et al., 2011), was severely impaired in growth
potential, similar to the hrcC mutant. Notably, even a mutant
strain missing only the two effectors avrpto1 and avrptoB displayed reduced fitness in colonizing most tested lines of eggplant
and related species compared with the wild-type strain (Fig. 1C).
This suggests a significant role of these effectors in PtoDC3000
colonization of eggplant, and indicates that there is no resistance
gene for these two effectors in any of the lines. The effectors
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avrpto1 and avrptoB have been shown previously to be critical for
the colonization of N. benthamiana as well (Cunnac et al., 2011).
However, the T3SS-deficient mutant (ΔhrcC here) did not colonize
eggplant more efficiently than the D28E mutant strain, in contrast
with the observations for N. benthamiana (Cunnac et al., 2011).
Only a single screened eggplant accession is resistant
to Pto
Concurrently, we screened other members of the collection of
eggplant and close relatives for resistance to PtoDC3000 to
develop a more detailed pathoprofile of Pto on this potential
reservoir of resistance sources. As shown in Fig. 1C, MM195 was
the only accession on which growth of the pathogen was
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Fig. 1 Pseudomonas syringae pv. tomato
strain DC3000 (PtoDC3000) is pathogenic on
eggplant, dependent on multiple effectors for
full pathogenicity and limited in growth on one
eggplant line. (A) Population levels of
PtoDC3000 wild-type (wt) or ΔhrcC deletion
mutant were quantified 4 h, 2 days and 5 days
after infiltration [optical density at 600 nm
(OD600) = 0.001] in MM738 and MM195. (B)
Representative photographs of disease
symptoms from (A) before quantification of
population levels on day 2. (C) Population
levels of PtoDC3000 wild-type (maroon bars),
Δavrpto1ΔavrptoB mutant (orange bars), D28E
mutant (black bar), D28E+avrptoB (blue bars)
and ΔhrcC mutant (grey bars) were quantified
2 days following infiltration (OD600 = 0.001) in
the indicated accessions. (D) Population levels
of four different Pto strains were quantified 2
days following infiltration (OD600 = 0.001) in
the indicated accessions. For all sections, the
data represent the mean population levels and
error bars represent standard error; n = 4. *P
< 0.05, **P < 0.01, ***P < 0.001 in a
Student’s t-test. Essentially identical results for
all sections were obtained in three
independent experiments.

significantly limited. Population levels of PtoDC3000 were at least
1.5 logs higher in the other accessions relative to MM195 2 days
following infiltration (statistical analysis in Table S1, see Supporting Information).
To test whether the resistance of MM195 against PtoDC3000 is
specific to that interaction or comprises broad resistance to other
Pto strains, we assayed the growth of three other Pto strains:
NCPPB1108, JL1065 and T1 (Yan et al., 2008), on MM195 and two
susceptible cultivars, MM738 and MM853. All of the Pto strains
reached a population size on MM195 that was between 1 and 2
logs lower than on the susceptible cultivars (Fig. 1D), demonstrating that MM195 is broadly resistant to Pto. Interestingly, however,
PtoNCPPB1108 showed less growth compared with the other
strains, suggesting reduced virulence of this strain.
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F2 progeny of an interspecific cross suggests the
segregation of resistance loci
To preliminarily investigate the genetic architecture of the resistance of MM195 to PtoDC3000 compared with the other eggplant
lines, we screened F2 progeny from a cross of MM738 × MM195
for susceptibility to PtoDC3000 colonization following inoculation
by infiltration (note that all F2s and both parents were infiltrated
with equivalent ease). Twenty-one F2 plants were as susceptible
as MM738 to PtoDC3000 infection, whereas 15 showed resistance
to colonization similar to MM195 (Table 1), with no intermediate
phenotypes. Segregation of resistance and absence of intermediate phenotypes suggests qualitative inheritance instead of quantitative trait loci at the basis of resistance to PtoDC3000. The
availability of a map of this cross (Doganlar et al., 2002) should
make it feasible to map and clone the underlying locus/loci in the
future.

PtoDC3000 elicits effector-independent rapid cell
death in eggplant
To screen for the possible presence of ETI as a result of the
recognition of PtoDC3000 effectors by eggplant resistance genes,
we screened the eggplant lines for rapid cell death indicative of a
hypersensitive response (HR) after high-dose infiltration [optical
density at 600 nm (OD600) = 0.1] with PtoDC3000 and various
effector deletion mutants. Unexpectedly, wild-type PtoDC3000
elicited strong rapid cell death on the highly resistant accession
MM195, as well as on all susceptible accessions (Table 2). Therefore, the cell death is probably not representative of a true HR.
Representative images of the rapid cell death elicited by infiltration are shown in Fig. S2 (see Supporting Information). Intriguingly, even PtoDC3000D28E elicited rapid cell death on the
majority of eggplant lines (Table 2). As PtoDC3000D28E does not
reach a high population density in these accessions (see above),
the observed leaf collapse response appears to be a defence
Table 1 Segregation pattern of susceptibility to Pseudomonas syringae pv.
tomato strain DC3000 (PtoDC3000) in F2 progeny of an MM195 × MM738
cross.
Plant

Resistant*

Susceptible†

MM195
MM738
F2 MM195 × MM738

6
0
15

0
6
21

*Resistant plants are defined as having population levels statistically identical (P
< 0.05 in a Student’s t-test) to MM195 plants in side-by-side infection. These
plants never portrayed substantial macroscopic cell death in the infiltration area.
†Susceptible plants are defined as having population levels statistically identical
(P < 0.05 in a Student’s t-test) to MM738 plants in side-by-side infection. These
plants always portrayed substantial macroscopic cell death in the infiltration
area.
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response and is not simply collapse caused by high pathogen load.
Moreover, PtoDC3000D28E elicits rapid cell death in MM738, even
after infiltration with only one-tenth of the bacterial load, OD600 =
0.01 (Fig. S3A,B, see Supporting Information). Only accession
MM134 does not exhibit significant rapid cell death following
PtoDC3000D28E infiltration (Table 2). Importantly, even 2 days
following PtoDC3000D28E infiltration, MM134 does not exhibit
macroscopic cell death (Fig. S3A,B), further demonstrating that
components of the pathway responsible for the cell death
response observed in the other accessions are missing in MM134.
The T3SS-deficient hrcC mutant strain did not elicit macroscopic
cell death in any eggplant line (Table 2).
As the D28E mutant is neutered of all expressed effectors, the
only functional difference between this strain and the ΔhrcC
mutant strain is the presence of the T3SS machinery and associated helper proteins, such as harpins, in PtoDC3000D28E (Cunnac
et al., 2011). We therefore hypothesize that a component of the
T3SS, or an associated helper protein, is the elicitor of the cell
death response observed in the eggplant genotypes, except for
MM134. It is thus surprising that PtoDC3000ΔhrcC does not grow
more strongly than PtoDC3000D28E on any eggplant accession,
and that PtoDC3000D28E does not grow more strongly on
MM134 than on other eggplant accessions (Fig. 1C). Moreover,
because the T3SS-dependent, effector-independent cell death
response occurs in the majority of the eggplant genotypes susceptible to PtoDC3000 infection, we cannot correlate T3SS recognition with resistance. At present, the contribution of the rapid cell
death elicited by PtoDC3000D28E towards defence is unclear.
Interestingly, we found that the effector AvrPtoB reduces
significantly the rapid cell death elicited by PtoDC3000D28E in
most tested eggplant accessions when expressed in the
PtoDC3000D28E background (Table 2). Therefore, AvrPtoB does
not trigger cell death in eggplant. Because AvrPtoB is known to
interfere with programmed cell death (Abramovitch and Martin,
2005) and to target several surface-localized PRRs for inhibition or
degradation (Gimenez-Ibanez et al., 2009; Göhre et al., 2008;
Zeng et al., 2012), this result further suggests that the observed
rapid cell death is a kind of programmed cell death, or that the
perception of T3SS components (e.g. harpin) relies on surfacelocalized immune receptors which are targeted by AvrPtoB.
Notably, the expression of avrPtoB was less effective at suppressing the cell death response in the PtoDC3000-resistant MM195
genotype (Table 2, Fig. S2), suggesting that suppression of
the elicited cell death response by AvrPtoB is correlated with
virulence.
To confirm that the machinery of the T3SS itself is eliciting the
rapid cell death response, we infiltrated either wild-type
Pseudomonas fluorescens (Pf) 0-1 or the same strain engineered
to express a P. syringae T3SS, called EtHAN (Thomas et al., 2009),
into multiple accessions. EtHAN, but not wild-type Pf 0-1, elicits
strong macroscopic cell death on all tested accessions except,
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Table 2 Elicitation of rapid cell death symptoms of wild-type Pseudomonas syringae pv. tomato strain DC3000 (PtoDC3000) and selected mutant lines in the
collection of eggplant and close relatives. Mean cell death score (0, 0–15% leaf collapse; 1, 16–30% leaf collapse; 2, 31–70% leaf collapse; 3, 71–100% leaf
collapse) of six individual leaves; the standard error is given in parentheses. Letters represent statistical groupings of mean cell death scores across the mutant
strains of PtoDC3000 in a Student’s t-test, P < 0.05. Similar results were obtained in three independent experiments.
Plant material

Wild-type

Δavrpto1ΔavrpotB

D28E

D28E+avrptoB

ΔhrcC

MM127
MM134
MM136
MM195
MM643
MM738
MM853
MM931

2.75 (0.5) A
3 (0) A
3 (0) A
3 (0) A
3 (0) A
2.5 (0.57) A
2.75 (0.5) A
2.75 (0.5) A

3 (0) A
3 (0) A
3 (0) A
3 (0) A
3 (0) A
2.5 (0.57) A
2.75 (0.5) A
3 (0) A

2.75 (0.5) A
0.25(0.25) B
2.25 (0.25) B
3 (0) A
2 (0.41) B
0.81 (0.41) B
1.25 (0.25) B
3 (0) A

0.5 (0.58) B
0.25 (0.25) B
1 (0.41) C
2 (0.41) B
0.5 (0.5) C
0.75 (0.48) B
0.75 (0.25) B
1.5 (0.29) B

0B
0B
0D
0C
0C
0.25 (0.25) B
0.5 (0.29) B
0.25 (0.25) C

3

MM127

A

A

A

Cell Death Score

MM134
MM195
2

MM643
B

1
ns
0
Pf 0-1 (1)

Pf 0-1+T3SS (2)

Fig. 2 Pseudomonas fluorescens (Pf) 0-1 expressing the Pseudomonas
syringae type III secretion system (T3SS) elicits rapid cell death on accessions
in a plant genotype-dependent manner. Plants were infiltrated with either Pf
0-1 wild-type or Pf 0-1 with a P. syringae T3SS at an optical density at
600 nm (OD600) = 0.1 and scored 24 h later. Data bars represent mean cell
death scores (0, no leaf collapse; 3, total leaf collapse) and error bars
represent standard error; n = 6. Similar results were obtained in three
independent experiments. Letters represent statistical groupings of mean cell
death scores in a Student’s t-test, P < 0.05.

again, MM134 (Figs 2, S4, see Supporting Information). At lower
doses, EtHAN does not trigger strong cell death on MM738
(Fig. S3C,D), in contrast with the lower dose infections of MM738
with PtoDC3000D28E. MM134 does not respond with strong cell
death following EtHAN treatment, even 3 days following infiltration (Fig. S3C,D), again suggesting that MM134 is missing loci
responsible for this cell death response. Expression of the
P. syringae T3SS in Pf 0-1 also led to rapid cell death in tomato
(S. lycopersicum cv. Rio Grande) and cultivated tobacco
(N. tabacum cv. Burly), but not Arabidopsis (A. thaliana ecotype
Col-0) or N. benthamiana, apart from a few leaves with minor leaf
collapse (Fig. S5, see Supporting Information), which is consistent
with the initial characterization of the EtHAN strain (Thomas et al.,
2009).
Recognition of the T3SS by N. benthamiana has been proposed
previously following the observation that a T3SS-deficient strain

grew better than PtoDC3000D28E (Cunnac et al., 2011), and components of the T3SS have been shown previously to elicit an
immune response in N. benthamiana (Oh et al., 2010). Because
we found that, in our conditions, EtHAN triggers HR-like symptoms
on N. tabacum, but not N. benthamiana, we also tested the
ability of wild-type PtoDC3000 and PtoDC3000D28E to elicit
macroscopic cell death on N. tabacum and N. benthamiana.
PtoDC3000D28E did not elicit macroscopic cell death on either of
these hosts (Fig. S6, see Supporting Information). Therefore, our
assays were unable to confirm any HR-like elicitation as a result of
the T3SS itself in N. benthamiana. We hypothesize that, under
our conditions, T3SS triggered cell death in N. tabacum when
expressed in the Pf 0-1 background, but not in PtoDC3000D28E,
because PtoDC3000D28E possesses a certain factor capable of
suppressing this plant defence response, possibly the phytotoxin
coronatine, a methyl-jasmonate mimic that suppresses many plant
defences against Pto (Nomura et al., 2005). Alternatively, allelic
differences between the T3SS of PtoDC3000 and T3SS of Psy61
(which is the T3SS expressed in EtHAN) could explain this noncongruent result.
Taken together, these results suggest that eggplant and a
subset of other Solanaceae are equipped with a receptor for a
component of the T3SS or T3SS helper proteins. The T3SS helper
proteins HrpW1 and HrpZ (also called harpin) are both known to
elicit an HR in planta (Alfano et al., 1996; Charkowski et al.,
1998). However, only hrpZ is present in both PtoDC3000D28E and
EtHAN. As evidence for a HrpZ receptor has been proposed previously in tobacco (Lee et al., 2001), HrpZ is also a strong candidate
for the elicitor in eggplant. The difference among eggplant accessions in responding with rapid cell death to both PtoDC3000D28E
and EtHAN provides an excellent tool to elucidate the underlying
genetic pathway in the future.
Xanthomonas is pathogenic on eggplant
Because Xeu represents another major bacterial threat to several
solanaceous crops, we also sought to establish a pathoprofile of
Xeu on the accessions of eggplant and relatives. We initially
queried whether strain VT2281 [isolated during a bacterial spot
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Multiple quantitative trait loci (QTLs) are associated
with the resistance of eggplant to XeuVT2281
Finally, we performed a preliminary XeuVT2281 colonization
screen on the F2 progeny from the interspecific cross of the resistant S. linnaeanum (MM195) with the susceptible S. melongena
(MM738). The individual F2s exhibited both extreme and several
intermediate phenotypes in resistance to XeuVT2281 colonization
(Fig. 4). These preliminary results suggest that the resistance of
MM195 to XeuVT2281 is probably encoded by several QTLs.

CONCLUSIONS
Pathogenicity screens of a collection of accessions of eggplant and
relatives allowed the rapid identification of the genotypes suscep-
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Considering that ETI is a potential explanation of the resistant
interactions and is often visible in resistant plants as an HR, we
screened the collection of eggplant lines for HR-like responses to
high-dose XeuVT2281 inoculation. We specifically hypothesized
that XeuVT2281 would trigger an HR on the resistant eggplant
lines, suggesting ETI. However, wild-type XeuVT2281 did not elicit
any macroscopic cell death on any of the eggplant lines (Fig. S8,
see Supporting Information). We therefore conclude that the plant
defence response pathways responsible for resistance to
XeuVT2281 are not dependent on an HR-like response, or that
XeuVT2281 can efficiently suppress any HR-like response as a
result of the secretion of HR-suppressing effectors, even in resistant interactions.
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XeuVT2281 does not elicit HR-like macroscopic cell
death on any tested accession

tible and resistant to two bacterial plant pathogens, Pto and Xeu.
In addition, all but one of the tested eggplant accessions appeared
to recognize a component of the T3SS of PtoDC3000. Although
this recognition does not correlate with resistance in eggplant,
the responsible receptor may be effective in improving resistance

M

outbreak on tomato in Virginia and identified by multilocus
sequence typing (MLST) (Almeida et al., 2010) as Xeu] can colonize eggplant by infiltrating both S. melongena MM738 and
S. linnaeanum MM195. XeuVT2281, although slower than Pto at
colonizing eggplant, aggressively colonized MM738, with a more
than 3.4 log increase in population size by 8 days following
infiltration. MM195 was instead resistant to XeuVT2281 colonization, supporting only an approximately 1.4 log increase in population size through 8 days (Fig. 3A). In addition, no disease
symptoms developed in MM195 following XeuVT2281 infiltration,
in contrast with considerable disease symptoms that developed in
MM738 (Fig. 3B).
We then screened the other accessions for resistance to
XeuVT2281 colonization. In total, three accessions were highly
susceptible to XeuVT2281, four were very resistant and two had
an intermediate phenotype (Fig. 3C). In general, disease symptom
severity correlated with XeuVT2281 population levels (Figs 3B and
S7, see Supporting Information).
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Fig. 3 Xanthomonas euvesicatoria (Xeu) is pathogenic on eggplant line
MM738, but not MM195. (A) Population level of XeuVT2281 was quantified
8 days after infiltration [optical density at 600 nm (OD600) = 0.001] into
MM738 or MM195. Data bars represent mean population levels of
XeuVT2281 and error bars represent standard error; n = 4. *P < 0.05 in a
Student’s t-test. (B) Representative photographs of disease symptoms before
quantification of population levels on day 8. (C) Population level of
XeuVT2281 was quantified 8 days after infiltration (OD600 = 0.001) into the
indicated accessions. Data bars represent mean population levels of
XeuVT2281 and error bars represent standard error; n = 4. Letters indicate
statistical groupings, P < 0.05 in a Student’s t-test. Essentially identical
results were obtained in three independent experiments for all sections.
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Fig. 4 Infection of the F2 progeny of resistant and susceptible accessions
with Xanthomonas euvesicatoria strain VT2281 (XeuVT2281) reveals
resistance segregation. The population level of XeuVT2281 was quantified 8
days after infiltration [optical density at 600 nm (OD600) = 0.001] in eggplant
lines MM738 (susceptible), MM195 (resistant) and F2 progeny of
MM738 × MM195. Data bars represent mean population levels of
XeuVT2281 and error bars represent standard error; n = 4. Letters represent
statistical groupings of mean population levels in a Student’s t-test, P < 0.05.

in other crops, and/or homologues of the receptor present in
other plant species may be more efficient in conferring disease
resistance.
Because we observed segregation of resistance to Xeu and Pto
in an F2 population of two eggplant accessions and recognition of
the T3SS of Pto is absent in one accession, we conclude that the
eggplant accessions characterized here can be used to map and
clone new R loci. This can be expected to allow new insight into
the basic mechanisms of plant immunity in a so far poorly characterized crop species. Moreover, the identified loci can consecutively be deployed in the closely related crops tomato and pepper,
on both of which Xeu and Pto cause economically important
diseases.

EXPERIMENTAL PROCEDURES
Plant and bacterial growth conditions
Seeds were sown in Miracle-Gro moisture control potting mix in a
Conviron (Winnipeg, MB, Canada) ATC40 chamber at 22 °C, 65% humidity, 12-h light cycle for 7–9 weeks after germination before use. All bacterial strains were grown at 28 °C for 20–28 h on King’s B medium (KB)
plates with appropriate antibiotics (50 μg/mL rifampicin for Pto and
50 μg/mL kanamycin for Xeu) before use. PtoDC3000D28E and

PtoDC3000 Δavrpto1ΔavrptoB were kindly provided by Alan Collmer
(Cornell University, Ithaca, NY, USA). Strains Pf 0-1 and EtHAN were kindly
provided by Jeff Chang (Oregon State University, Corvallis, OR, USA). The
broad-host-range plasmid pVSP61 (kindly provided by Bingyu Zhao, Virginia Tech, Blacksburg, VA, USA) was transformed into strain VT916 to
create the kanamycin-resistant strain XeuVT2281. VT816 was isolated
from a tomato plant on the eastern shore of Virginia during a bacterial
spot outbreak, and identified as X. euvesicatoria by MLST.

Plant infection assays
Bacterial strains were streaked onto KB plates containing appropriate
antibiotics and grown at 28 °C for 20–28 h. Bacteria were then
resuspended in 10 mM MgSO4 and diluted to OD600 = 0.001. These bacterial suspensions were then infiltrated into leaves of 7–9-week-old eggplants using a blunt-end syringe. Leaf punches (n = 4, taken from four
different leaves from two different plants) were collected from infiltrated
areas, 2 days (for Pto) or 8 days (for Xeu) later using a 4-mm cork borer,
and homogenized in microtitre tubes containing 200 μL of 10 mM MgSO4
and three 2-mm glass beads using a Mini BeadBeater (Biospec Products,
Bartlesville, OK, USA). Homogenized samples were diluted and plated on
KB plates with appropriate antibiotics, and colony-forming units (cfu) were
counted and used to calculate cfu/cm2 of plant tissue.

Rapid cell death assays
Rapid cell death assays were performed on plants 7–9 weeks after planting. Bacterial strains were propagated on selective KB media. After
20–28 h of growth, bacteria were suspended in 10 mM MgSO4 and diluted
to the desired OD600 (0.1 for all eggplant accessions, N. benthamiana and
N. tabacum; 0.3 for tomato and Arabidopsis). For PtoDC3000, OD600 = 0.1
corresponds to ∼7.7 × 107 cfu/mL and OD600 = 0.3 corresponds to
∼2.6 × 108 cfu/mL. For XeuVT2281, OD600 = 0.1 corresponds to
∼2.2 × 108 cfu/mL and OD = 0.3 corresponds to ∼6.1 × 108 cfu/mL. Leaves
were inoculated with bacterial strains via blunt-end syringe infiltration.
Leaf appearance was scored 24 h after infiltration and rated on a scale
from ‘0’ to ‘3’ (‘0’ representing no cell death and ‘3’ representing complete
leaf collapse within the infiltration site).
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Fig. S1 Disease symptoms elicited by Pseudomonas syringae pv.
tomato strain DC3000 (PtoDC3000) following spray infection
[optical density at 600 nm (OD600) = 0.01] of eggplant accessions
MM738 (A) and MM195 (B). Photographs were taken 5 days
following spray inoculation. Inset image shows a magnified view
of the observed speck symptoms.
Fig. S2 Representative photographs of rapid leaf collapse elicited
by Pseudomonas syringae pv. tomato strain DC3000 (PtoDC3000)
wild-type and mutants on accessions from Table 2: 1, wild-type; 2,
Δavrpto1ΔavrptoB; 3, D28E; 4, D28E+avrptoB; 5, ΔhrcC. Photographs were taken 24 h after infiltration at an optical density at
600 nm (OD600) = 0.1. All infiltration areas considered to show
significant cell death are indicated with an asterisk.
Fig. S3 The rapid cell death elicited by Pseudomonas syringae pv.
tomato strain DC3000D28E (PtoDC3000D28E) and Pseudomonas
fluorescens (Pf) 0-1 EtHAN is present and different between eggplant accessions 48 and 72 h following inoculation. (A, B) Representative photographs and assigned leaf collapse scores of the
macroscopic cell death triggered by PtoDC3000 and mutant
strains (strain numbers listed above B) on MM134 and MM738, 2
days following infiltration at an optical density at 600 nm (OD600)
= 0.1 and 0.01. In a subset of experimental replicates on MM738,
PtoDC3000D28E only elicited marginal cell death (Table 2 for
example), but we do not group it with MM134 because, in other
experiments, PtoDC3000D28E elicited significant cell death on
MM738 (here, for example). (C, D) Representative photographs
and assigned leaf collapse scores of the macroscopic cell death
triggered by Pf 0-1 wild-type and Pf 0-1 EtHAN on MM134 and
MM738, 3 days following infiltration at OD600 = 0.1 and 0.01. All
infiltration areas considered to show significant cell death are
indicated with an asterisk. Similar results were obtained in at least
two independent experiments for all sections.
Fig. S4 Representative photographs of macroscopic cell death
elicited by Pseudomonas fluorescens (Pf) 0-1 wild-type (strain 1)
and EtHAN (strain 2) on the same accessions as in Fig. 2. Photographs were taken 24 h after infiltration at an optical density at

600 nm (OD600) = 0.1. All infiltration areas considered to show
significant cell death are indicated with an asterisk.
Fig. S5 Expression of the Pseudomonas syringae type III secretion
system in Pseudomonas fluorescens (Pf) 0-1 elicits macroscopic
cell death in a subset of Solanaceae. Leaves were infiltrated with
either Pf 0-1 wild-type (right) or Pf 0-1 expressing the P. syringae
T3SS (EtHAN, left). Bacteria were infiltrated at an optical density at
600 nm (OD600) = 0.1 for tomato (Solanum lycopersicum cv.
Rio Grande), tobacco (Nicotiana tabacum cv. Burly) and
N. benthamiana, or OD600 = 0.3 for Arabidopsis (A. thaliana eco.
Col-0). Photographs were taken 24 h after infiltration. All infiltration areas considered to show significant cell death are indicated
with an asterisk. Essentially identical results were obtained in at
least two independent experiments.
Fig. S6 Pseudomonas syringae pv. tomato strain DC3000D28E
(PtoDC3000D28E) does not elicit macroscopic leaf collapse on
tobacco (Nicotiana tabacum cv. Burly) or N. benthamiana. Strains
(1, wild-type; 2, Δavrpto1ΔavrptoB; 3, D28E; 4, D28E+avrptoB; 5,
ΔhrcC) were infiltrated at an optical density at 600 nm (OD600) =
0.1. Symptoms were scored (0–3 scoring system) and photographs
were taken 24 h after infiltration. All infiltration areas considered
to show significant cell death are indicated with an asterisk.
Similar results were obtained in three independent experiments.
Fig. S7 Representative photographs of disease symptoms elicited
by Xanthomonas euvesicatoria (Xeu) on accessions from Fig. 4.
Photographs were taken 8 days following Xeu infiltration at an
optical density at 600 nm (OD600) = 0.001.
Fig. S8 Xanthomonas euvesicatoria (Xeu) does not trigger
macroscopic leaf collapse on any of the tested accessions. The
lack of hypersensitive response (HR)-like symptoms was observed
48 h after inoculation at an optical density at 600 nm (OD600) = 0.1
on five separate leaves for each accession in two independent
experiments.
Table S1 Statistical comparison of wild-type Pseudomonas
syringae pv. tomato strain DC3000 (PtoDC3000) across the tested
eggplant accessions.
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