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Xanthomonas campestris pv. campestris (Xcc) is a vascular
pathogen of cruciferous plants that normally gains entry
to plants via hydathodes. In order to study the basis of the
preference for this portal of entry we have developed an
Arabidopsis thaliana model with attached or detached
leaves partially immersed in a bacterial suspension. Entry
of bacteria into leaves, assessed by resistance to surface
sterilization, could be detected after 1 h. Dissection of
leaves and histochemical staining for B-glucuronidase
produced by the bacteria indicated that they were located
in hydathodes. In contrast, similar experiments with the
leaf-spotting pathogen X. campestris pv. armoraciae gave
patterns of localized staining dispersed over the leaf area,
indicative of entry through stomata. A survey of 41 A.
thaliana accessions showed that they fell into three classes
distinguishable by total numbers of Xcc that entered un-
der standard conditions and by preference for hydathode
colonization. Previoudly isolated Xcc mutants affected in
pathogenicity were tested for hydathode colonization: an
hrp mutant behaved indistinguishably from the wild type,
and rpf regulatory mutants gave 10-fold reduced coloniza-
tion, whereas with rfaX mutants with altered lipopolysac-
charide, few if any viable bacteria were recoverable from
hydathodes. This fact, together with the rapid induction of
superoxide dismutase in the bacteria located in hyda-
thodes, suggests that an early defense reaction is mounted
in the hydathode.

Additional keywords: black rot, crucifer.

Although substantial progress has been made in under-

be a consequence of the general perception that bacteria, in
contrast to many fungi, do not possess active mechanisms for
penetrating intact plant surfaces and gaining entry into plants.
Most bacteria that infect aerial portions of plants gain access
through wounds or natural openings such as stomata. How-
ever, Xanthomonas campestris pv. campestris (Xcc), the agent
of black rot of crucifers (Onsando 1992), invades primarily
through hydathodes, structures containing water pores located
at leaf margins (Smith 1897; Cook et al. 1952). Under suitable
weather conditions, commonly encountered early in the
morning, the hydathodes exude copious quantities of fluid,
which collects around leaf margins as guttation drops. These
drops become contaminated with epiphytic bacteria. Later, the
guttation fluid may be drawn back into the leaf, carrying the
suspended bacteria into the hydathode cavity and thence into
the vascular system. Xcc is found primarily in the xylem of
infected plants (Bretschneider et al. 1989), and bacterial pro-
gression along the xylem is followed by the typical symptoms
of vein blackening and V-shaped chlorotic and necrotic lesions
extending from leaf margins along veins (Sutton and Williams
1970; Wallis et al. 1973). Hydathode entry appears to be char-
acteristic of Xcc; other closely related, crucifer-infecting
pathovars such as X. campestris pv. armoraciae enter leaves
via wounds or stomata and cause leaf spot symptoms (Black
and Machmud 1983; Hunter et al. 1987). This raises the pos-
sibility that the preference of Xcc for hydathode entry reflects
the existence of specific mechanisms for this purpose. Since
most molecular genetic studies of pathogenicity of Xcc have
used inoculation methods that bypass the hydathode, by intro-
ducing bacteria into wounds or by infiltrating suspensions
through stomata into leaf spaces, it is possible that any genes

that determine “portal of entry specificity” have escaped dis-
covery. From comparison of the effects of inoculatiorXcd

by spraying bacterial suspensions onto intact leaves or by in-
jection directly into veins, it has been inferred that the proper-
ties of the hydathode may also be important for determining
resistance of some brassicas<to (Staub and Williams 1972;
Shaw and Kado 1988).

These several considerations have led us to investigate the
early steps of entry akcc into plants. In this paper we de-
scribe an experimental system that is suitable for genetic
studies of both the bacteria and the host plant. We have used
Arabidopsis thaliana, which has been shown to be a conven-

standing the mechanisms of bacterial pathogenesis and of
plant resistance and response to pathogens, many aspects of
the plant-bacterial interaction remain relatively unexplored. In
particular, little is known about the factors that permit or pro-
mote entry of most bacterial pathogens from the external envi-
ronment (phylloplane, rhizoplane, etc.) into plant tissues to
initiate infection. The paucity of published information may
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ient experimental host for Xcc (Simpson and Johnson 1990;
Tsuji et a. 1991; Parker et a. 1993). Lummerzheim et al.
(1993) inoculated A. thaliana plants by spraying bacteria sus-
pensions onto leaves. Although this method probably results
in hydathode infection, it gave inconsistent results in our
hands and was inconvenient for large-scale screens. Our pro-
cedure uses either attached or detached leaves, and is suitable
for miniaturized screening. Most importantly, the preference
of Xcc for hydathode entry and of X. campestris pv. armora-
ciae for stomatal entry is exhibited in our system. We describe
the characteristics of the method and illustrate its application
to the study of bacterial mutants and plant variation. Our
studies also suggest the existence of hydathode-based defense
reactions.

RESULTS

Development of the hydathode infection procedure.

We reasoned that entry of bacteriainto hydathodes or other
plant compartments would render them insensitive to surface
sterilization agents that do not penetrate the plant cuticle. The
procedure described in Materials and Methods was devel oped
empirically. The initia criteria used were that (i) immediately
after application of bacteria to the leaf surface, by dipping
leaves into a bacterial suspension, all the bacteria should be
externa and should be killed by the sterilization, and (ii) with
time, an increasing number of bacteria would become refrac-

tested at various concentrations and exposure times, including
ethanol, isopropanol, and hydrogen peroxide, gave inconsis-
tent and unsatisfactory results.

Figure 1 shows the two methods used to apply bacteria to
surfaces of attached or detached leaves, described in Materials
and Methods. The leaves were removed from the bacterial
suspensions after the desired time and processed further. The
number of leaf-associated bacteria resistant to surface sterili-
zation began to increase shortly after dipping the leaves. An
initial plateau value was reached after 2 to 4 h of, typicaly,
2,000 to 5,000 bacteria per leaf under the standard conditions.
Thereafter, the number continued to increase (Fig. 2). Within
experiments, the behavior of individual replicate leaves was
reproducible; an experiment in which 12 leaves were proc-
essed separately yielded a coefficient of variation of bacteria
numbers of 0.096. Therefore, it was considered satisfactory in
most experiments to pool replicate leaves for determination of
mean bacterial numbers., Unless otherwise specified, leaves
were exposed to bacterial suspensions for 2 h. The behavior
was similar for both detached and attached leaves. Some
plants, attached leaves of which had been dipped in Xcc sus-
pensions for 2 h before washing, were returned to a growth

cabinet maintained at 22°C. Symptoms typical of those pro-
duced byXcc (Simpson and Johnson 1990; Parker et al. 1993)

developed on the treated leaves after 7 to 10 days.

L ocation of the protected bacteria.

After exposure of leaves tdcc and surface sterilization,
leaves were fractionated into peripheral strips (which con-
tained hydathode regions), and the remaining bulk tissue and
the samples were separately homogenized. The bacterial con-
tents were determined; 95% of the bacteria were typically as-

tory to killing because they had entered hydathodes and thus
occupied a protected interna environment. Brief treatment
with sodium hydrochlorite/Tween 80 solution followed by
washing with sterile water, as described below, consistently
fulfilled these requirements. A range of other sterilizing agents

Fig. 1. lllustration of the procedures used for hydathode inoculation of Arabidopsis thaliana with Xanthomonas campestris pv. campestris, with attached
leaves (left) inserted into open tubes containing the bacterial suspension, and detached leaves (right) dipped into suspensionsin “Replidishes.”
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sociated with the margins. In a second series of experiments,
bacteria carrying a plasmid, pL3GUS-A, with a congtitutively
expressed [-glucuronidase (GUS) transcriptional fusion re-
porter gene were used. After immersion in bacterid suspen-
sions, surface-sterilization, and incubation for 4 to 6 h to adlow
expression of the GUS gene, histochemical detection of the
(intracellular) enzyme showed that Xcc was confined to the hy-
dathode regions of the leaves (Fig. 3A). However, when a simi-
lar experiment was carried out with X. campestris pv. armora-
ciae, aleaf spot pathogen that enters via stomata, the staining
was observed in patches over the leaf surface (Fig. 3B).

Factorsthat influence entry of Xcc into leaves.

Above 10’ CFU - mt! the concentration of bacteria in the
suspension used for leaf dipping had little significant effect on
the number entering hydathodes, but more dilute suspensions
gave substantially lower numbers. The standard conditions
(108 CFU - mt?) gave consistent results.

Bacteria were harvested from liquid batch cultures at differ-
ent points throughout the growth cycle, suspended at a density
of 108 CFU - mt?, and tested with detached leaves. Bacteria
from early stationary phase entered leaves in greatest num-
bers. The optical density (OD; 600 nm) at which the bacteria
were harvested and the relative number of bacteria in leaves
were as follows: 0.25, 0%; 0.42, 5%; 0.87, 27%; 1.2, 100%;
and 1.4, 26%. The last OD value corresponds to the maximum
bacterial density attained in stationary phase cultures after 30
h under standard culture conditions. Leaves of various ages
from rosettes were tested. There was little effect of age on
bacteria entry. For convenience in handling, leaves 1.5 to 2.5
cm long were routinely used. Incubation temperatures of 22 to

whereas at 30°C and above the hydathode selectivity was lost,
i.e., Xcc was found distributed throughout the leaf.

Comparison of A. thaliana accessions for ability
to support entry of Xcc.

The entry of wild-typeXcc into detached leaves of 44
thaliana accessions was compared. For each accession, five
leaves were used from each of two plants. The accessions
grew at different rates, but as far as possible leaves of compa-
rable age and size were used. After exposure to bacteria for 2
h and surface sterilization, the periphery of each leaf was dis-
sected and both the periphery and the remainder of the leaf
tissue were assayed for bacterial content. The accessions
could be placed into three classes (Table 1). The majority, in-
cluding the standard Col-0 accession, fell in class A in terms
of both total numbers and peripheral localization of bacteria.
Class B accessions also showed peripheral localization, but
the number of bacteria recovered was less than 5% of that in
the class A accessions. In the class C accessions the bacteria
were not preferentially localized at the periphery of the leaf:
the relative CFU recovered from the periphery and the bulk
tissue was in proportion to the relative area of leaf in the two
fractions. The experiments were repeated so that each acces-
sion was studied three times, and although absolute numbers
of bacteria recovered varied between experiments the trends
were preserved. When representative accessions from each
class were inoculated by syringe infiltration into leaf panels,
all gave similar symptoms (Parker et al. 1993).

Ability of Xcc mutantsto enter leaves.
The ability to enter leaves of some previously characterized

25°C were optimal for immersion of detached leaves. A lower Xcc mutants, which are altered in pathogenicity, was examined
temperature (15°C) resulted in fewer bacteria entering, (Table 2). Anhrp deletion mutant, which fails to show disease
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Fig. 2. Kinetics of entry of Xanthomonas campestris pv. campestris into
detached leaves (cf. Figure 1), measured by protection from surface
sterilization. At each sample point, five similar leaves were pooled and
processed as described in Materials and Methods.

symptoms or to provoke a hypersensitive response, entered
leaves at levels similar to that of the wild type, whemgfB,

rpfC, andrpfF regulatory mutants (which show reduced extra-
cellular enzyme and polysaccharide synthesis) were less effec-
tive. TherfaX mutant, which has defects in lipopolysaccharide
synthesis, was severely impaired. Indeed, in most experiments
no viablerfaX bacteria could be recovered from leaves.

Expression of the Xcc superoxide dismutase gene
in bacteria within hydathodes.

The production of active oxygen species follows infection
of plants by bacteria. It is likely that this imposes a stress on
the bacteria that is alleviated by protective enzymes, including
superoxide dismutase, which is induced after infiltration of
Xcc into Brassica spp. leaves (Smith et al. 1998).thaliana
leaves were dipped into a suspension of wild-t){oe har-
boring the plasmid plJ3099, which carries the GUS coding
region under the control of thécc sodA promoter (Smith et
al. 1996). Viable counting showed that the entry of bacteria
into the leaves was not affected by the plasmid. Histochemical
analysis showed that although GUS activity was undetectable
in the bacteria immediately after leaf dipping, the gene was
strongly induced in the hydathode region by 4 h after exposure
of leaves to bacteria (Fig. 3D). Subsequent experiments
showed that GUS activity was detectable after 1 h. Twenty-
four hours after exposure the staining was more diffuse, sug-
gesting that the bacteria had begun to migrate from the hy-
dathodes (Fig. 3F).
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DISCUSSION attention, probably because it is assumed that the ability of bac-
teria to penetrate natural openings or wounds is a passive proc-

Although adaptation of bacteria to epiphytic colonization has ess of limited interest to the molecular pathologist.
been studied (Lindow 1996), processes involved in the transition The experiments described in this paper were intended to
between the epiphytic and parasitic phases have received little establish a system for genetic study of hydathode colonization

24 hr p.i.

s = - S - - 'y :
Fig. 3. Histochemical localization of B-glucuronidase produced by bacteria in leaves. A, Xanthomonas campestris pv. campestris (Xcc) or (B) X. cam-
pestris pv. armoraciae, each containing pL3GUS-A, was used in standard 2-h leaf dipping experiments. After being washed and surface sterilized, the
leaves were incubated for a further 6 h to allow gene expression, and treated with substrate as described in Materials and Methods. Staining is confined
to the hydathodes in A, but is distributed in patches over the leaf areain B. C—F, The time course and localization of (3-glucuronidase accumulation

driven by the sodA promoter in Xcc. Leaves were dipped in the bacterial suspension for 0, 4, 8, or 24 h before being processed as above (hr p.i. indicates
hours after commencement of the inoculation dip).
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by Xcc that would enable both bacterial and plant attributes to
be examined. A. thaliana is known to be a host for Xcc, but
most of the previous work (including our work, described by
Parker et al. 1993) has employed inoculation methods that by-
pass the hydathode and moreover introduce the bacteria into
leaf panels rather than into their natural environment, the vas-
cular system. We found that Xcc rapidly entered hydathodes of
A. thaliana when intact, unwounded |leaves were partially im-
mersed in a bacterial suspension. The assay for entry was
based on the resistance of internalized bacteria to surface ster-
ilization of the leaf with sodium hypochlorite. Dissection of
the sterilized leaf and histochemical localization of intracel-
lular GUS showed that Xcc was localized in the hydathodes.
Since the expression from pL3GUS-A is constitutive (Soby
and Daniels 1996), the enzyme activity also serves as an ap-
proximate indicator of bacterial biomass. When similar ex-
periments were performed with the leaf-spotting pathogen X.
campestris pv. armoraciae, the enzyme activity was, in con-
trast, dispersed over the leaf pand in patches, reflecting sto-
matal entry into intercellular spaces of the leaf. Furthermore,
the viable bacteria in this case showed no preferential con-
centration in the dissected edge of the leaf. Thus, our model
system exhibits the correct portal of entry specificity for these
two pathogens.

The increase in the number of protected bacteria observed
over the first 6 h of leaf dipping probably reflects entry into
hydathodes, whereas growth within the plant tissue probably
contributes to the much larger number noted after 24 h. Xcc is
capable of growth within intercellular spaces of A. thaliana
leaves, with adoubling line of approximately 8 h (Parker et al.
1993). Zoller (1972) showed that guttation fluid collected
from cabbage hydathodes supported growth of Xcc, suggest-
ing that the hydathode cavity is also likely to be an environ-
ment suitable for growth. The more diffuse GUS staining seen
around hydathodes after 24 h (Fig. 3F) suggested that by this
time bacteria were beginning to migrate from the hydathode
into adjacent tissues. The disease symptoms that developed
subsequently engulfed at least one-third of the leaf area, indi-
cating spread from the hydathodes.

Leaf dipping experiments with Xcc harvested from early
stationary phase cultures gave significantly larger numbers
resistant to sterilization, compared with exponentia phase

Table 1. Classification of Arabidopsis thaliana accessions according to
behavior in the leaf dipping procedure®

Class Accessions

A Col-0, Mh-0, Kn-0, Ra-0, Co-1, Bd-0, Dijon G, Bay-0, Ws-0,
Bs-1, Lc-0, Bu-0, Je-54, Es-0, Gr-1, Dra-0, Pr-0, Cvi-0, S96,
RLD-1, Ag-0, Aa-0, Condora, Ang-0, Kas-1

cultures. It is not known whether stationary phase bacteria are
more effective at entering hydathodes or whether they exhibit
enhanced surviva or growth within the hydathode. There is
increasing evidence that known pathogenicity factors in Xcc
(and other bacteria) are produced after the end of exponential
growth (Arlat et al. 1991; Barber et al. 1997), and the present
results may be related to this phenomenon.

The large collections of wild-type A. thaliana accessions
constitute a valuable resource for detecting natural genetic
variation in factors affecting host-pathogen interaction
(Kunkel 1996). Our survey of a representative set of acces-
sions suggested that three classes of behavior in the Xcc in-
fection assay could be distinguished. Most accessions behaved
like Col-O (class A). Class C supported substantially lower
infection levels, but the bacteria were aso localized primarily
in hydathodes. However, the hydathode selectivity appeared to
be absent for class B accessions. It will be informative to ex-
amine the genetic and physiological basis of the selectivity.
Buell and Somerville (1997) mapped three genes in A. thali-
ana that confer resistance to an isolate of Xcc, inoculated into
leaf panels and therefore bypassing the hydathode. These
genes were identified in crosses between accessions Col-0 and
Laer, which fal in classes A and B, respectively. It will be
interesting to investigate whether the genes have the effect of
restricting bacterial colonization of hydathodes. We anticipate
that our procedure will be useful for future genetic studies of
this kind.

Several classes of Xcc genes that affect pathogenicity have
been discovered with plant inoculation tests that bypass hy-
dathode entry. hrp mutants of Xcc, like similar mutants in
other species, show reduced pathogenicity in compatible in-
teractions and inability to provoke a hypersensitive reaction in
incompatible interactions (Arlat et a. 1991). However, the
Xce hrp mutant used in these studies, which carries a deletion
of approximately 20 kb, removing essentially al the hrp gene
cluster (Liddle 1992), was unaffected in hydathode coloniza-
tion, indicating that entry into plants can be dissociated from
other pathogenicity attributes. On the other hand, the rpf mu-
tants tested showed reduced entry ability. These mutants are
characterized by down-regulation of synthesis of extracellular
enzymes and polysaccharide (Dow and Daniels 1994). Our
results suggest that either these factors, or other, so far undis-
covered, members of the rpf regulons contribute to bacterial
entry. It is noteworthy that the factors controlled by the rpf
genes are synthesized in Xcc cultures only at the end of ex-
perimental growth (Barber et a. 1997), and bacteria harvested

Table 2. Ability of Xanthomonas campestris pv. campestris (Xcc) mu-
tants to enter hydathodes

B Laiekl(?_lg']{t’a(_:ft'l’ Ost-0, Sorbo, H55, Mt-0, Ms:0, Tsu-1, Ct- Strain  Genotype  Relative number of bacteria entering leaves
C Oy-0, Ler-1 8004 (wild type) 1
@ Class A: Accessions in which wild-type Xanthomonas campestris pv. Sgig rN:‘rAp 8'25“;0013;;
campestris entered leaves in numbers comparable to those observed P ' p
under standard conditions with Col-0 (¥50%), and in which >80% of 8550 rpfB 0.15100.25
- ’ 8473 rpfC 0.2t0 0.7

the total.bacteria' were localized in'the peripheral _region of the leaves. 8523 rpfF 021005
Class B: Bacteria were also localized in the periphery, but the total 8530 rfax 010 0.05
number was <5% of that observed with Col-0. Class C: Total numbers ;

were comparable to those with Col-0, but there was no preferential 2 Standard 2-h leaf dipping experiments were performed with the indi-
localization in the leaf periphery. Assignment was based on a series of cated mutants and the wild-typ&c. Each mutant was tested on at
experiments in which each accession was tested with three leaves from least three occasions. Table gives range of numbers of bacteria that
each of two plants, on three separate occasions. entered relative to numbers of the wild type in each experiment.
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at this point were also more effective at colonizing hyda-
thodes. The most striking difference in hydathode colonization
was seen with the rfaxX mutant, which is defective in lipopoly-
saccharide synthesis (Dow et a. 1995). The number of rfaX
bacteria entering hydathodes was much reduced, indeed in
most experiments no viable cells could be recovered, even 24
to 48 h after inoculation. The mutant is known to be more sen-
sitive than the wild type to certain antimicrobial compounds,
such as novobiocin, plumbagin, and carbonyl cyanide 4-(tri-
fluoromethoxy)-phenylhydrazone (Dow et a. 1995), probably
because the lipopolysaccharide defect compromises ability to
exclude certain compounds. However, the mutant is not more
sensitive to paraquat, hydrogen peroxide, Tween 20, and
Nonidet NP40, and is indeed more resistant than the wild type
to Triton X100.

A priori, it is likely that hydathode colonization in our pro-
cedure depends on bacterial motility and chemotaxis. The Xcc
mutants used in this study all show unimpaired motility, and
genera chemotaxis on swarm plates is also indistinguishable
from wild type (A. Alvarez-Morales and M. J. Daniels, un-
published work). Moreover, the strains are not more sensitive
than the wild type to the killing effects of sodium hypochlo-
rite, suggesting that the reduced recovery is not an artefact of
the experimental procedure. We consider that the inability to
recover rfaX mutants from the hydathode is most likely to be
due to killing in a hostile chemical environment in the hyda-
thode, perhaps created by a defense reaction. When inoculated
into Brassica spp. leaf panels, rfaX mutants show some re-
duction in numbers of viable bacteria for 24 h, but the survi-
vors then begin to grow at the same rate as wild-type bacteria
(Dow et a. 1995). The existence of a hydathode-based de-
fense reaction is supported by the rapid induction of the sodA
(superoxide dismutase) gene in bacteria in hydathodes, in-
ferred from increases in production of GUS driven by the
sodA promoter (Fig. 3C—F). The gene is also induced, but
more slowly, when bacteria are infiltrated irBoassica spp.
or Capsicum spp. leaf panels. TradA gene ofXcc is not in-

8004 (wild type; Turner et al. 1984) and mutant derivatives of
8004: 8420 kirp deletion mutant; Liddle 1992; Newman et al.
1994), 8547 rpfA; Barber et al. 1996), 8550p(B; Barber et

al. 1997), 8473rpfC; Tang et al. 1991), 8528¢fF; Barber et

al. 1997), 8530rfaX; Dow et al. 1995). Th&. campestris pv.
armoraciae strain used was NCPPB 1930 from the National
Collection of Plant Pathogenic Bacteria, Harpenden, UK.
When bacteria were used for histochemical staining of GUS,
plasmids carrying thgusA gene driven by thé&scherichia

coli lac promoter (p3GUS-A; Soby and Daniels 1996) or the
Xcc sodA promoter (plJ3099; Smith et al. 1996) were intro-
duced into the strains by conjugation (Turner et al. 1984).

Plant accessions and growth conditions.

A. thaliana accessions listed in Table 1 were from the
Sainsbury Laboratory collection (Parker et al. 1993) or from
the NottinghamArabidopsis Stock Centre (University of Not-
tingham, UK). Plants were grown as described by Parker et
al. (1993) in a growth cabinet at 22°C with illumination for
8 h per day and were generally used 5 to 6 weeks after
sowing. Unless otherwise specified the Columbia accession
Col-0 was used.

Procedure for studying hydathode colonization.

Bacteria were harvested from broth cultures by centrifuga-
tion (10,000 xg, 10 min), washed once, and suspended &t 10
CFU - mtlin sterile water containing Tween 80 (0.02% vol/
vol). Thereafter, one of two procedures was used (Fig. 1), with
either attached or detached leaves. For the former, selected
leaves were carefully rolled about the midrib and 2-ml plastic
microcentrifuge tubes were placed over the leaves. Great care
was taken to avoid wounding the leaves. If necessary, the
weight of the tubes was supported by adhesive tape affixed to
a convenient support. Portions of the bacteria suspension
were pipetted into the tubes so that about half the leaf area
was immersed. The plant was kept at 22 to 25°C for the de-
sired time of bacterial entry. Alternatively, leaves were de-

duced by exogenous hydrogen peroxide or superoxide but igached from the plant and inserted into bacterial suspensions
strongly induced by redox cycling agents such as plumbagin, acontained in wells of “Replidishes” (Sterilin, Teddington, UK)

quinone of plant origin (Smith et al. 1996). Tii@X mutant is

so that about half the leaf area was covered. Care was taken to

also more sensitive to such agents (Dow et al. 1995). It isensure that the cut petioles were well clear of the suspension.
therefore possible that hydathodes contain such substances d3ishes were incubated at 22 to 25°C. To determine the num-
an early line of defense. Certain genes whose products mayer of bacteria that had entered the leaves, the tissue was
have a role in defense have also been shown to be induced innsed once with sterile water, then immersed for 1 min in a
hydathodes (Samac and Shah 1991). solution of commercial sodium hypochlorite bleach (10%

Our purpose in carrying out these experiments was to de-vol/vol) and Tween 80 (0.02% vol/vol), and finally washed
velop a system that could be used to study natural bacteriakthree times with sterile water. The surface-sterilized leaves
entry. It should be possible to use the procedure to dissect thavere then homogenized with a sterile mortar and pestle, the
molecular details of the processes from both the bacterial anchomogenates were serially diluted in water, and portions were
the plant perspective. For example, it is feasible, although la-plated on NYG agar containing rifampicin (50 pg ~Inl
borious, to screen directly for mutants, eitherXat or A. (Daniels et al. 1984) for determination of viable count. In
thaliana, showing altered entry behavior. Data from such some experiments with attached leaves, the rinsing and sur-
studies may enhance the usefulness of hydathode-based resiface sterilization steps were carried out in situ and the plants
tance in plant breeding. were returned to the growth chamber to alow disease symp-
toms to develop (Parker et al. 1993).

Selective accumulation of bacteria at leaf margins (including
hydathodes) was assessed by first surface sterilizing the leaves
as above and then carefully excising periphera strips approxi-
mately 0.5 to 1 mm wide with a sterile scalpel. The peripheral
strips and the remainder of the leaf area were separately ho-
mogenized and the bacterial contents determined.

MATERIALS AND METHODS

Bacterial strainsand culture procedures.

Xanthomonas campestris strains were grown with shaking
at 32°C in NYGB broth as described by Turner et al. (1984).
The following X. campestris pv. campestris strains were used:
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Histochemical detection of GUS.
After being dipped in bacterial suspensions, washed, and
surface sterilized, as described above, leaves were incubated

at 22 to 25°C to allow bacterial gene expression to occur.

Kunkel, B. N. 1996. A useful weed put to work: Genetic analysis of dis-
ease resistance in Arabidopsis thaliana. Trends Genet. 12:63-69.

Liddle, S. A. 1992. Strategies for studying pathogenicity genes of Xan-
thomonas campestris pv. campestris. Ph.D. thesis. University of East
Anglia, Norwich, UK.

They were then vacuum infiltrated with a substrate-detergentLindow, S. E. 1996. Molecular genetic approaches to assessing bacterial

solution (5-bromo-4-chloro-3-indoh@-D-glucuronide, 1 mg -
ml~%, Triton X-100, 0.5% vol/vol, polymyxin B, 0.2 mg - Tl

in 50 mM sodium phosphate buffer pH 7.0), incubated at 37°C
overnight and fixed and decolorized in 80% ethanol at 70°C.
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