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Clavibacter michiganensis subsp. michiganensis is a Gram-positive bacterium that causes wilting and cankers,
leading to severe economic losses in commercial tomato production worldwide. The disease is transmitted from
infected seeds to seedlings and mechanically from plant to plant during seedling production, grafting, pruning,
and harvesting. Because of the lack of tools for genetic manipulation, very little is known regarding the
mechanisms of seed and seedling infection and movement of C. michiganensis subsp. michiganensis in grafted
plants, two focal points for application of bacterial canker control measures in tomato. To facilitate studies on
the C. michiganensis subsp. michiganensis movement in tomato seed and grafted plants, we isolated a biolu-
minescent C. michiganensis subsp. michiganensis strain using the modified Tn1409 containing a promoterless
lux reporter. A total of 19 bioluminescent C. michiganensis subsp. michiganensis mutants were obtained. All
mutants tested induced a hypersensitive response in Mirabilis jalapa and caused wilting of tomato plants.
Real-time colonization studies of germinating seeds using a virulent, stable, constitutively bioluminescent
strain, BL-Cmm17, showed that C. michiganensis subsp. michiganensis aggregated on hypocotyls and cotyledons
at an early stage of germination. In grafted seedlings in which either the rootstock or scion was exposed to
BL-Cmm17 via a contaminated grafting knife, bacteria were translocated in both directions from the graft
union at higher inoculum doses. These results emphasize the use of bioluminescent C. michiganensis subsp.
michiganensis to help better elucidate the C. michiganensis subsp. michiganensis-tomato plant interactions.
Further, we demonstrated the broader applicability of this tool by successful transformation of C. michiganensis
subsp. nebraskensis with Tn1409::lux. Thus, our approach would be highly useful to understand the pathogen-

esis of diseases caused by other subspecies of the agriculturally important C. michiganensis.

Clavibacter michiganensis subsp. michiganensis is a Gram-
positive, aerobic bacterium that belongs to a group of plant-
pathogenic actinomycetes (37). Infections by C. michiganensis
subsp. michiganensis cause bacterial canker and wilt in tomato,
which is considered one of the most destructive and econom-
ically significant diseases of this crop. Severe epidemics can
cause up to 80% yield loss, mainly due to wilting and death of
plants and lesions on fruit. Bacterial canker was first discov-
ered in Michigan greenhouses in 1909 and has now been re-
ported to occur in most tomato production areas around the
world (11, 40).

Plant wounds facilitate but are not required for infection by
C. michiganensis subsp. michiganensis, which invades the xylem
vessels and causes vascular disease with high titers (10° bacte-
ria/g of plant tissue) (2, 29), impairing water transport and
leading to plant wilting, canker stem lesions, and death (17,
23). Alternatively, asymptomatic infections can be induced by
C. michiganensis subsp. michiganensis during late stages of
plant development, resulting in the production of contami-
nated seeds, a major source of outbreaks of C. michiganensis
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subsp. michiganensis infections in tomato production (13, 34).
Traditional bacterial-disease management measures, such as
applications of antibiotics and copper bactericides, have not
been successful against this disease, and canker-resistant to-
mato cultivars are not available. As a result, C. michiganensis
subsp. michiganensis has been included under international
quarantine regulation (10, 11). Consequently, seed testing and
maintaining pathogen-free seeds and transplants is currently
the most appropriate approach to minimize the spread of dis-
ease (23). However, even a low C. michiganensis subsp. michi-
ganensis transmission rate (0.01%) from seed to seedling can
cause a disease epidemic under favorable conditions (5). Due
to overcrowding of seedlings during transplant production, the
pathogen can easily spread through splashing of irrigation wa-
ter and leaf contact. Despite its apparent significance in C.
michiganensis subsp. michiganensis epidemiology, the mecha-
nism of seed-to-seedling transmission of C. michiganensis
subsp. michiganensis is not well understood.

Another critical point for disease spread is the grafting pro-
cess, which is now a common practice for the majority of plants
used in production greenhouses. Desirable tomato cultivars
(scions) are grafted onto rootstocks that provide greater vigor,
longevity, or, in some cases, disease resistance (26). Grafting
requires cutting both rootstock and scion, providing a quick
way for C. michiganensis subsp. michiganensis to spread from
plant to plant. However, grafting is a relatively recent innova-
tion in tomato production, and little is known about how graft-
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TABLE 1. Bacterial strains and plasmids used in this study
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Strain or plasmid

Description®

Reference or source

C. michiganensis subsp.
michiganensis

C290 Wild-type virulent strain isolated in Ohio Laboratory collection

A300 Wild-type virulent strain isolated in Ohio Laboratory collection
C. michiganensis subsp. Wild-type virulent strain isolated in Nebraska D. L. Coplin

nebraskensis LexIIC

E. coli

DH5a Used in cloning experiments Invitrogen

ER2925 dam and dcm methylation-negative strain New England Biotechnology
Plasmids

pXen5 Source for promoterless fux operon optimized for expression in Gram-positive Xenogen; 14

bacteria; Ery Kan; 18.3 kb

pXenl3 Source for Gram-negative lux operon from P. luminescens; Amp; 8.7 kb Xenogen

pMod3 Contains EZ:: TN transposon; 2.8 kb Epicentre

pKGT452CB Tnl409 CB; thpA cmx Amp Cm; 6.4 kb 25

pUC4K Source of kanamycin resistance marker; Kan Amp Amersham

pUWGR4 pMod3 containing EZ::TN transposon and /ux operon from pXen13; Kan; 10 kb 33

pXX1 pMod3 containing promoterless /ux operon from pXen5; Kan; 9.3 kb This study

pXX2 pKGT452CRB containing promoterless lux operon from pXenS5; Amp Cm; 12.2 kb This study

pXX3 pKGT452CB containing promoterless lux operon from pXenl3; Amp Cm; 12.3 kb~ This study

“ Kan, kanamycin resistance; Amp, ampicillin resistance; Cm, chloramphenicol resistance; Ery, erythromycin resistance.

ing affects the dynamics of C. michiganensis subsp. michiganen-
sis infection. Developing adequate control measures for C.
michiganensis subsp. michiganensis is complicated by the com-
plexity of genetic manipulation of Gram-positive bacteria,
which impairs analysis and characterization of pathogenesis
mechanisms (23). Consequently, there is a need to develop
molecular techniques that would allow a better understanding
of C. michiganensis subsp. michiganensis infections.

One method of interest is using engineered bioluminescent
bacteria to monitor plant-pathogen interactions in real time.
By exploiting natural light-emitting reactions that are encoded
by the luxCDABE genes, bioluminescent bacteria have been
used to assess gene expression and to monitor the internaliza-
tion and distribution of bacteria in hosts (3, 6, 7, 8, 9, 12, 15, 24,
31, 35, 36). In particular, bioluminescent phytopathogenic
Xanthomonas campestris pathovars and Pseudomonas spp.
have been used to track bacterial movement and distribution in
host plants (7, 8, 15, 31, 36), as well as to assess host suscep-
tibility quantitatively (15). Likewise, the lux genes have also
been transferred to beneficial bacteria, such as Rhizobium
leguminosarum and Pseudomonas spp. to visualize colonization
patterns in rhizospheres (3, 9).

The genes that carry the function of light emission are
luxAB, which express luciferase enzymes that catalyze the bio-
luminescent reaction, while luxCDE encode the enzymes re-
quired for biosynthesis of a fatty aldehyde substrate necessary
for the reaction (28, 39). Bioluminescence involves an intra-
cellular oxidation of the reduced form of flavin mononucle-
otide and the fatty aldehyde by luciferase in the presence of
molecular oxygen; therefore, bacterial bioluminescence also
requires oxygen, a source of energy (38). Cells that express the
lux operon spontaneously emit photons that can be captured by
a sensitive charge-coupled-device (CCD) camera, enabling im-
aging and visualization of bacterial cells (22). Luciferase activ-
ity depends on the metabolic integrity of the cell, while the

number of photons emitted correlates with the biomass of
living bacteria (12, 31). Furthermore, since the half-life of
luciferase binding to its substrate is several seconds (28), cap-
tured light events reflect processes in real time and are not
artifacts of accumulated signals. Consequently, live imaging of
bioluminescence provides a sensitive means of visualizing bac-
terial colonization and invasion of hosts and allows real-time
representation and examination of pathogen-plant interactions
(24, 306).

Very little information is available about the mechanisms of
C. michiganensis subsp. michiganensis pathogenesis and its col-
onization of seeds and subsequent transmission to seedlings.
This is largely attributable to a lack of tools and difficulties in
genetically manipulating this Gram-positive bacterium (30).
However, recent development of an insertion sequence ele-
ment [S7409 (Tn1409)-based efficient transposon mutagenesis
system for C. michiganensis subsp. michiganensis has increased
our knowledge of the pathogenesis of tomato canker (16, 25).
To better understand the dynamics of seed-to-seedling trans-
mission of C. michiganensis subsp. michiganensis, as well as
movement of C. michiganensis subsp. michiganensis in grafted
plants, we constructed a bioluminescent C. michiganensis
subsp. michiganensis strain using the Tn7409 transposon mu-
tagenesis system. Our results demonstrated the utility of using
a bioluminescent C. michiganensis subsp. michiganensis strain
as a novel approach to elucidate the interaction of plants with
this economically important pathogen.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used in this study are listed in Table 1. C. michiganensis subsp. michiganensis
strains A300 and C290 were isolated from infected plants in Ohio and belong to
BOX-PCR fingerprint types A and C, respectively (27). C. michiganensis subsp.
nebraskensis strain LexIIC was obtained from David L. Coplin, Ohio State
University. Depending on the assay, Clavibacter strains were grown in yeast-
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TABLE 2. Oligonucleotides used in this study

Name Sequence” Purpose
LuxpXenSF 5" ATAAAAGAATTCGACTCCTGTGAAATGATC Amplification of the lux operon and kanamycin gene from
LuxpXenSR 5" AAAAAACTCGACCGGATGTACTTCAGAAAAGA pXenS
pKGT1F 5" AAAAAAGCGGCCGCATCACGCCGCTAGAGCTT Inverse PCR amplification of pKGT452Cg to clone lux operon
pKGTIR 5" AAAAAACTCGAGTCAGAGAAGGTGAGGGCCTC from pXen5
KanF 5" GAAGCGTTTGATAGTTAAGT For confirmation of EZ::TN<[ux-kan> integration into
KanR 5" GGTACTAAAACAATTCATCC chromosome
LuxpXenSF2 5" ATAAAAGCGGCCGCGAAACAGCTATGACCATGAT Amplification of the /ux operon from pXen5
LuxpXen5R2 5" AAAAAACTCGAGTTATTATTTCCCTCCTCGAC
pKGT2F 5" AAAAAACTCGAGATCACGCCGCTAGAGCTTGG Inverse PCR amplification of pKGT452Cg to clone lux operon
pKGT2R 5" AAAAAGCGGCCGCTCAGACAAGGTGAGGGCCTC from pXen13
CmxF 5" AGAGTACTGCCGACGCCGA Confirmation of Tn/409-lux integration into chromosome
CmxR 5" ACTGTCGATCCTGCTCTCCG
LuxCF 5" GTTGATGAATATCCACCTCT Confirmation of Tnl409-lux integration into chromosome
LuxCR 5" GGACATACATTCGTGACTTA
Xu3F 5" GGATTTGTCGGGGTGTTTCG Mapping of insertion site of Tnl409-lux in C. michiganensis
Xu3R 5" CGGCCCCACAGAAGCAATTA subsp. michiganensis genome

“ Restriction sites added to the 5" end of each primer are underlined.

dextrose-calcium carbonate (YDC) medium (43), nutrient broth-yeast extract
broth (NBY) (41), tryptone broth with yeast (TBY), or SB medium (25). Esch-
erichia coli strains (DH5« and ER2925) were grown on LB at 37°C. The growth
medium was supplemented with the antibiotics chloramphenicol (20 wg/ml for E.
coli and 10 pg/ml for C. michiganensis subsp. michiganensis and C. michiganensis
subsp. nebraskensis), kanamycin (50 wg/ml for C. michiganensis subsp. michi-
ganensis), and ampicillin (150 pwg/ml for E. coli) where necessary.

Construction of plasmids pXX1, pXX2, and pXX3. Both pXen5 and pXen13
(Xenogen Corporation, Alameda, CA) carry the promoterless /ux operon orig-
inally isolated from Photorhabdus luminescens. The lux operon (luxABCDE) in
pXenS5 had been modified by adding a Gram-positive bacterial ribosome binding
site (AGGAGG) upstream of each lux gene for optimal expression in Gram-
positive bacteria (14). To construct pXX1, the fux operon and kanamycin resis-
tance gene from pXen5 were amplified by a long-range, high-fidelity PCR using
Herculase Polymerase (Stratagene, La Jolla, CA) with LuxpXen5F/LuxpXen5R
primers. The oligonucleotides were designed using Vector NTI software (In-
vitrogen) and commercially synthesized by Integrated DNA Technologies
(Skokie, IL). All the oligonucleotides used in this study are listed in Table 2.
Appropriate restriction sites were included in the primers to facilitate cloning.
The amplified PCR product was digested and ligated to a similarly digested Tn5
transposon construction vector, pMod 3 (Epicentre, Madison, WI). pXX1 carries
an EZ:TN<lux-kan> cassette, which is flanked by the Tn5 transposon mosaic
ends.

pXX2 was constructed by amplifying the lux operon from pXen-5 with
primers LuxpXenS5F2/LuxpXen5R2. Inverse PCR was performed on the
Tn1409 transposon vector pKGT452CB (25) with pKGT1F/pKGTIR primers
that were designed to amplify all but the region of /ux insertion. Appropriate
restriction sites (NotI and Xhol) were added to the PCR primers to facilitate
cloning. The inverse-PCR product was digested and ligated to the similarly
digested Ilux operon from pXen5, generating pXX2 (Cmx resistance
gene::luxABCDE::Tn1409).

To construct pXX3, the lux operon (luxCDABE) was obtained by digesting
pXen13 with NotI and Xhol and ligated to the similarly digested inverse-PCR
product of the transposon vector pKGT452CB amplified using the primers
pKGT2F/pKGT2R. pXX3 carries Cmx resistance gene::luxCDABE::Tnl409.
The recombinant plasmids pXX1, pXX2, and pXX3 were transformed to E. coli
DH5a and subsequently propagated in the dam- and dem-deficient E. coli strain
ER2925, since the use of unmethylated DNA improves transformation efficiency
in C. michiganensis subsp. michiganensis (25).

Mutagenesis and isolation of biol ent C. michig is subsp. michi-
ganensis. Bioluminescent C. michiganensis subsp. michiganensis strains were gen-
erated either by electroporation of the modified EZ::TN transposomes from
pXX1 or pUWGR4 (33) or by directly electroporating the suicide vectors con-
taining the modified transposon Tn/409 (pXX2 and pXX3). Before electropo-
ration, the EZ::TN transposome was prepared as described by the manufacturer
(Epicentre), pPUWGR4 and pXX1 were digested with Pvull, and the resulting
approximately 7-kb linear DNA fragments containing the EZ::TN-lux, and Kan"
genes were gel purified using a Qiagen gel purification kit (Qiagen, Valencia,
CA). Two microliters of each purified DNA (100 ng/pl) was mixed separately

with 4 pl of EZ::TN transposase (Epicentre) and 2 pl of 100% glycerol in an 8-pl
reaction mixture. Following incubation for 30 min at room temperature, the
transposome complexes were stored at —20°C until further use.

Electrocompetent C. michiganensis subsp. michiganensis aliquots were pre-
pared as described previously (25). Briefly, the bacteria were grown to an optical
density at 600 nm (ODyg) of 0.5 to 0.7 in TBY broth at 25°C. The cells were then
pretreated with 2.5% glycine for 2 h and harvested by centrifugation at 9,000 X
g for 10 min, followed by washing with sterile ice-cold distilled water three times
and with 10% glycerol twice. The cell pellet was then resuspended in 15%
glycerol to 1/250 of the original volume. Transformation was achieved by mixing
100 wl of electrocompetent C. michiganensis subsp. michiganensis cells with 2 .l
of the EZ::TN transposome complex or 1 pl of the suicide plasmid pXX2 or
pXX3 (1 ng each), and electroporation was performed in a 0.2-cm cuvette using
a Gene Pulser Xcell electroporator (Bio-Rad, Hercules, CA) with the following
settings: voltage, 2.5 kV; capacitance, 25 pF; resistance, 600 (). Immediately after
electroporation, the cells were mixed with 0.4 ml of SB medium, transferred into
a 10-ml sterile disposable tube, and incubated with shaking (140 rpm) for 3 h at
28°C. Finally, the cells were spread on SB agar plates containing kanamycin or
chloramphenicol and incubated for 4 to 7 days at 28°C. The Kan" or Cmx"
colonies were recovered and streaked onto NBY plates containing appropriate
antibiotics and screened for bioluminescence using a CCD camera in an in vivo
imaging system (IVIS) (Xenogen). The bioluminescent colonies were purified
and stored at —80°C for further analysis.

For electroporation of C. michiganensis subsp. nebraskensis, electrocompetent
cells were prepared and transformed with 1 pug of pXX2 as described above.
Transformants were selected on SB agar containing chloramphenicol and
screened for bioluminescence using a CCD camera after 4 days of incubation at
28°C.

PCR analysis of bioluminescent C. is subsp. michig is strains.
To confirm the integration of the lux operon into the C. michiganensis subsp.
michiganensis chromosome, PCR analysis was performed on all recovered colo-
nies. After electroporation with pXX1, the colonies were tested using the KanF/
KanR primers, which target part of the kanamycin resistance gene. Additionally,
colonies recovered after electroporation with pXX2 or pXX3 were tested for the
presence of the chloramphenicol resistance (cmx) and luxC genes using the
primers CmxF/CmxR and LuxCF/LuxCR, respectively. PCR was performed on
genomic DNA obtained from bioluminescent strains using a Tag PCR Master
Mix kit (Qiagen).

Analysis of bioluminescence. To quantify the amount of bioluminescence
emitted by the transformed C. michiganensis subsp. michiganensis, isolates were
grown in NBY broth containing the appropriate antibiotics with aeration at 28°C
for 48 h. Three replicates of 100 pl of each culture (1 X 10° CFU) were then
transferred to a black 96-well plate, and the bioluminescence was quantified
using an IVIS. The photon output (radiance) of each well (photons per second)
was normalized for background luminescence by subtracting the value of a
control well containing NBY broth only. The ODgy, was measured, and the
radiance was divided by the OD to normalize for the culture cell density. Highly
bioluminescent clones were selected for further studies.
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HR and pathogenicity assays. The bioluminescent C. michiganensis subsp.
michiganensis strains were tested in the four o’clock plant (Mirabilis jalapa) for
hypersensitive response (HR) and by tomato seedling inoculation for pathoge-
nicity. Briefly, for the HR test, four o’clock plants were grown in autoclaved soil
mix (50% silt loam-50% muck was mixed and sieved; then, 30.3 liters of peat was
added to every 151.5 liters of soil mixture and supplemented with 350 g of lime
and 150 g of Peters 4-45-15 fertilizer). Bacterial suspensions (10° CFU/ml) were
prepared in sterile water and injected into fully expanded leaves of four o’clock
plants using syringes without needles, ensuring that the bacteria would infiltrate
into the intercellular spaces. Typically, the wild-type virulent C. michiganensis
subsp. michiganensis induces HR-characteristic necrosis in the infiltrated areas
within 36 to 48 h (18). For each strain, four injections were applied on one leaf,
and the inoculated plants were placed for up to 48 h in a greenhouse with a 14-h
light/10-h dark photoperiod. The wild-type C. michiganensis subsp. michiganensis
strain C290 and sterile water were used as positive and negative controls, re-
spectively.

For the pathogenicity assay, the inoculation of tomato seedlings with bio-
luminescent C. michiganensis subsp. michiganensis strains was performed as
previously described (32). The cotyledons of tomato seedlings were clipped using
dissecting scissors that had been dipped in a C. michiganensis subsp. michiganen-
sis suspension (10® CFU/ml). Tomato seedlings (n = 3) were inoculated with
each strain and monitored for symptoms for 3 weeks. Furthermore, virulence was
assessed by determining the number of plants that exhibited wilting symptoms
within 3 weeks after inoculation. To quantify the bacterial populations in infected
tomato plants, stem samples from three plants were taken from 3 cm above the
cotyledons. Samples were ground in 3 ml phosphate buffer (pH 7.4; 10 mM) and
centrifuged at 400 X g for 3 min. The supernatant was serially diluted and plated
onto NBY agar plates that were supplemented with chloramphenicol. For sam-
ples inoculated with C290, serial dilutions were spread onto D2ANX (a semis-
elective medium for C. michiganensis subsp. michiganensis) (20). Colony counts
were recorded on the fifth day. The number of bacteria present in tomato tissue
(CFU/g) was calculated as follows: number of colonies X dilution factor X 3
ml/weight of sample tissue. The HR and pathogenicity assays were conducted
twice.

Assessing in vitro growth, constitutive expression of bioluminescence, and
stability of Tnl409-lux insertion in a virulent biolumi ent C. michig is
subsp. michiganensis strain. To compare the in vitro growth of BL-Cmm17 to
that of its parent strain, C290, the growth rates of BL-Cmm17 and C290 were
compared in a rich medium, NBY broth, as well as in C. michiganensis subsp.
michiganensis minimal medium (1). BL-Cmm17 growing on NBY plates for 48 h
at 28°C was inoculated into a 200-ml flask containing 50 ml NBY broth or C.
michiganensis subsp. michiganensis minimal medium and incubated at 28°C with
shaking at 160 rpm for 50 h (three replications per strain). Bacterial growth was
monitored by measuring the ODg, from 1 ml culture every 4 h. To assess
constitutive lux expression, at each time point, the light intensity from 100 wl of
culture was detected using an IVIS. Relative light units were determined by log
transformation of the average radiance.

The stability of the transposon insertion was verified by growing BL-Cmm17
without antibiotic selection in 5 ml NBY broth at 28°C for 72 h, for a total of five
rounds (with 5 pl for each reinoculation). After the fifth round, the culture was
diluted in NBY broth, plated on NBY agar plates without antibiotics, and
incubated at 28°C for 72 h. To assess the stability of insertion, 50 colonies from
each of the three replicates were randomly selected and plated onto NBY agar
medium with chloramphenicol. The growth on the antibiotic plate and the
bioluminescence of each colony was assessed to determine the stability of inser-
tion.

Mapping the TnZ409 insertion site. Genomic DNA was extracted from BL-
Cmm17 using a MasterPure Gram-positive DNA Purification Kit (Epicentre),
and the insertion site was determined by bidirectional sequencing using the
primers Xu3F/Xu3R. Sequencing was performed using dye terminators at a
DNA-sequencing core facility (the Plant-Microbe Genomic Facility, Ohio State
University). Sequences were compared to the C. michiganensis subsp. michi-
ganensis genome to determine the site of insertion.

Seed inoculation with bioluminescent C. michig is subsp. michig
Healthy tomato seeds (cv. OH9242) were inoculated by soaking them in BL-
Cmm17 suspension (10° CFU/ml) in a 100-ml sterilized beaker. The beaker was
placed in a Nucerite Desiccator (Nalge Sybron Corporation, Rochester, NY),
and a vacuum was applied for 5 min using an Air Cadet pump (Barnant, Bar-
rington, IL) with a maximum of 18 Ib/in? pressure. Seeds inoculated with ster-
ilized water were used as controls. After inoculation, the seeds were air dried and
placed on water agar (1%) in a square petri dish (10 by 10 cm, with a 13-mm grid)
and incubated at 25°C in the dark. Bioluminescent C. michiganensis subsp.
michiganensis colonization of germinating seeds was monitored daily using the
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IVIS. Six seeds were sampled each day for 5 days to estimate the bacterial
population on each seed. On the first and second days of germination, seeds were
ground individually in 0.5 ml potassium phosphate buffer, and serial dilutions
were plated on YDC medium supplemented with chloramphenicol. From the
third to fifth days, seedlings were carefully dissected, and the seed coat, cotyle-
dons, hypocotyls, and radicals were collected aseptically with sterile forceps for
bacterial isolation. The experiment was conducted twice.

Grafted plant inoculation with bioluminescent C. michiganensis subsp. michi-
ganensis. A BL-Cmm17 suspension adjusted to 102, 10%, 10, or 10® CFU/ml was
tested on tomato “Maxifort” (Johnny’s Selected Seeds, ME) rootstock and
Celebrity F1 (Johnny’s Selected Seeds, ME) scion seedlings for bacterial move-
ment during grafting. Rootstock and scion seeds were sanitized by hot-water
treatment (a 10-min presoak at 38°C, followed by treatment for 25 min at 50°C)
prior to sowing. The grafting tool, a Menno Knife with a presterilized number 11
blade (Royal Brinkman, Netherlands), was exposed to different concentrations of
bacterial suspensions by cutting a 1-cm-diameter cotton roll that had been sub-
merged in the bacterial suspension. For rootstock inoculation, 21-day-old root-
stock seedlings were decapitated with one horizontal cut 5 mm below the coty-
ledons with a blade exposed to BL-Cmm17 suspensions, and 18-day-old scion
seedlings were derooted by a single cut with a sterile blade exposed to sterile
water. For scion inoculation, rootstock seedlings were decapitated as described
above with a sterile-water-exposed sterile blade, and scion seedlings were de-
rooted by a single cut with a blade exposed to a BL-Cmm17 suspension. Plants
cut with a blade exposed to sterile water served as controls. At the time of
grafting, the cut ends of scions and rootstocks were tissue printed onto D2ANX
medium for the day zero evaluation. Three replicate samples with three plants
per replicate were evaluated at day zero and each subsequent sampling time.
Following grafting, exterior portions of the cut stems (grafted area) were surface
sterilized with 70% ethanol. The grafted plants were placed in a growth chamber
at 22°C in darkness under 80 to 90% relative humidity for 7 days (three plants/
replication; three replications). The movement of the bioluminescent bacteria up
and down the stem from the graft union was determined by tissue imprinting the
cut surfaces of both scion and rootstock on D2ANX medium at a specific
distance from the graft union (0, 3, 6,9, 12, and 15 mm), and the tissue-imprinted
plates were imaged using the IVIS after 7 days of incubation. Further, to enu-
merate the bacteria, 0.1-cm pieces of stem tissues of both scion and rootstock
were ground and cultured on YDC agar medium after serial dilution, and the
bacterial numbers (CFU/g) were recorded on the fifth day. The experiment was
conducted twice.

RESULTS

Isolation of bioluminescent C. michiganensis subsp. michi-
ganensis strains. In order to generate a bioluminescent C.
michiganensis subsp. michiganensis strain, we desired stable
chromosomal insertion of the /ux operon, as well as constitu-
tive expression of bioluminescence. Unlike the expression of
lux from a plasmid, chromosomal integration leads to stable
expression of lux even in the absence of antibiotic selection,
which is necessary for real-time studies of plants, where there
is no antibiotic selection. Because of the lack of tools for
genetic manipulation of C. michiganensis subsp. michiganensis,
we tried several approaches to integrate lux genes into the C.
michiganensis subsp. michiganensis chromosome. Since the lux
operon in pXenl3 was originally derived from the Gram-neg-
ative bacterium P. luminescens, it might not be expressed effi-
ciently in C. michiganensis subsp. michiganensis, a high-G+C-
content Gram-positive bacterium. Consequently, the ribosome
binding sites of each lux gene in the luxABCDE operon in
pXen5 were optimized for expression in Gram-positive bacte-
ria. Initially, we tried the Tn5-based transposon mutagenesis
approach that has been successfully used in Corynebacterium
matruchotii, an actinomycete related to C. michiganensis subsp.
michiganensis (42). After electroporation of the Tn5::lux trans-
posome complexes prepared from pUWGR4 or pXX1 into C.
michiganensis subsp. michiganensis strains A300 and C290, a
total of 84 kanamycin-resistant colonies were obtained; how-
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FIG. 1. (A) Physical map of the Tn7409 transposon vector pXX2 carrying the /ux operon. Amp, ampicillin resistance; cmx, chloramphenicol
resistance; tnpA, transposase IS7409; IRR, right inverted repeat; IRL, left inverted repeat; ORI, origin of replication. The arrows indicate locations
of the primers used for sequencing. (B) Representative image of bioluminescent mutants recovered on an SB plate screened by IVIS. (C) PCR
analysis with CmxF/CmxR and LuxCF/R primers of the colonies recovered after pXX2 electroporation. Lane 1, 1-kb-plus ladder; lanes 2 and 7,
wild-type C290 as a negative control; lanes 3 and 8, pXX2 plasmid as a positive control; lanes 4 to 6 and 9 to 11, bioluminescent transposon mutants.

Only results from representative strains are shown.

ever, none were bioluminescent. PCR analysis targeting the
kanamycin gene indicated that they lacked EZ::TN insertion.
Further, C. michiganensis subsp. michiganensis electroporated
without an EZ::TN<[ux-Kan> cassette (negative control) also
resulted in kanamycin-resistant colonies, which suggested that
the C. michiganensis subsp. michiganensis strains used in this
study can inherently develop kanamycin resistance or that Tn5
might not work in C. michiganensis subsp. michiganensis.
Recently, Kirchner et al. (25) developed an efficient mu-
tagenesis system for C. michiganensis subsp. michiganensis us-
ing Tni409. Therefore, we modified the Tn/409-containing
vector pKGT452 CB to contain either a lux operon optimal for
expression in Gram-positive bacteria (pXX2) (Fig. 1) or a lux
operon from a Gram-negative bacterium (pXX3). After elec-
troporation of pXX3 into C. michiganensis subsp. michiganen-
sis strains, three colonies were recovered, which were found to
harbor the chloramphenicol resistance gene analyzed by PCR
(data not shown), indicating the presence of the transposon in
their genomes. However, none of these strains were biolumi-
nescent, which is likely due to the lack of expression of Gram-
negative /ux in Gram-positive bacteria, as previously suggested
(14). When transposon vector pXX2 was electroporated into
C. michiganensis subsp. michiganensis, bioluminescent colonies
were obtained successfully. The transformation efficiency of C.

michiganensis subsp. michiganensis (C290 or A300) with pXX2
was on average about 2 transformants/pg of vector DNA.
Twenty-six chloramphenicol-resistant colonies were obtained;
however, only 19 colonies (BL-Cmm1 to -19) were biolumines-
cent. Upon further analysis using PCR, both the Cmx resis-
tance gene and the /uxC gene were detected in the genomes of
the bioluminescent strains (Fig. 1). In addition, all 7 nonbiolu-
minescent strains also contained the Cmx resistance gene (data
not shown).

To evaluate the amounts of bioluminescence in these 19
strains, the light intensity from each strain was measured from
late-log-phase cultures. BL-Cmm17 exhibited significantly
higher bioluminescence than other strains (P = 0.05), which
differed by up to 2 log units (data not shown). Since integration
of Tn7409 in the C. michiganensis subsp. michiganensis ggnome
is nonspecific (25), the lux operon may be integrated down-
stream of promoters that are expressed at different levels.
Consequently, variations in the /ux operon expression are ex-
pected, leading to the observed differences in bioluminescence
emitted by different bioluminescent strains.

Impact of the lux insertion on the virulence of biolumines-
cent C. michiganensis subsp. michiganensis strains. Since
Tnl409 is inserted nonspecifically into the C. michiganensis
subsp. michiganensis genome (25), the lux operon might affect



VoL. 76, 2010

TABLE 3. Induction of HR in four o’clock plants and virulence to
tomato plants by bioluminescent C. michiganensis subsp.
michiganensis strains

Strain HR“ Virulence? Log CFU/g in planta®
BL-Cmml + 6/6 9.57 = 0.18
BL-Cmm2 + 5/6 10.63 = 0.14
BL-Cmm3 + 6/6 10.55 = 0.18
BL-Cmm4 + 6/6 8.77 = 1.03
BL-Cmm5 + 5/6 9.88 = 1.04
BL-Cmm6 + 6/6 9.11 = 0.57
BL-Cmm7 + 6/6 9.23 0.9
BL-Cmm8 + 6/6 8.77 = 0.94
BL-Cmm17 + 6/6 9.43 = 0.28
C290 + 6/6 9.08 = 0.60
Water - 0/6 0.00

“ +, positive for HR reaction; —, negative for HR reaction.

® Number of wilting plants/total number of inoculated plants.

¢ Mean population of bacteria * standard deviation (SD) recovered from
BL-Cmm-inoculated stem tissue; no significant differences in population counts
from inoculated plants were observed (P = 0.05).

genes that are essential for virulence. Nine bioluminescent
strains (BL-Cmml1 to -8 and -17) that emitted a different range
of light intensities were selected for the HR assay. All of the
strains induced strong HR in four o’clock plants, indicating
that their virulences were similar to that of the wild type (Table 3
and Fig. 2). The same nine BL-Cmm strains were inoculated
into tomato seedlings, and all isolates caused plant wilting
similar to that caused by wild-type C. michiganensis subsp.
michiganensis C290. In addition, the numbers of bacteria re-
trieved from the stem tissue of plants inoculated with any of
the bioluminescent strains or the wild-type strain were similar,
suggesting that the abilities of the bioluminescent strains to
colonize the vascular tissue were not affected by the /ux inser-
tion. Since the bacteria recovered from the stem tissues were
strongly bioluminescent, it was concluded that the /ux insertion
was stable in these strains.

Characterization of a bioluminescent C. michiganensis
subsp. michiganensis strain. Since BL-Cmm17 exhibited strong
bioluminescence and was virulent in both HR and tomato

A
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FIG. 3. Bioluminescence and growth curves of C. michiganensis
subsp. michiganensis wild-type C290 and BL-Cmm17 strains. Both
strains were inoculated into NBY broth, and the optical density at 600
nm and photon emissions were measured from 4 h to 48 h. The relative
light units are log-transformed values of the average radiance (pho-
tons/s); the error bars indicate standard deviations.

pathogenicity assays, similar to its parental C290, we used this
strain for future studies. The in vitro growth of BL-Cmm17 was
similar to that of C290: both displayed a generation time of 4 h
(Fig. 3). Bioluminescence increased as BL-Cmm17 grew in log
phase and started to decrease when its growth reached the
stationary phase, suggesting a constitutive expression of Lux
(Fig. 3). Furthermore, the similar growth patterns of BL-
Cmm17 and C290 were observed in minimal medium, indicat-
ing that the lux insertion in BL-Cmm17 had no auxotrophic
effect on the growth and survival of BL-Cmm17 (data not
shown). The lux insertion was stable in BL-Cmm17; after five
rounds of nonselective growth for approximately 50 genera-
tions, 150 independent BL-Cmm17 colonies from three repli-
cate experiments were resistant to chloramphenicol and were
bioluminescent.

To identify the insertion site of the lux operon in the BL-
Cmm17 genome, chromosomal DNA was isolated and se-
quenced bidirectionally using the outward primers Xu3F and

FIG. 2. (A) Hypersensitive response in a four o’clock leaf induced by bioluminescent C. michiganensis subsp. michiganensis strain BL-Cmm17.
Bacterial suspensions (103 CFU/ml) were injected into fully expanded leaves of four o’clock plants using syringes without needles, and HR
reactions were recorded after 24 h. WT, wild type. (B) Virulence test on 4-week-old tomato seedlings. The seedlings were monitored for wilting

for 3 weeks after inoculation.
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FIG. 4. (A) Bioluminescence of strain BL-Cmm17 inoculated onto tomato seeds. Images were acquired daily by using an IVIS. Bacteria were
observed on seed coats throughout the germination period and colonized other seedling components as they emerged. The number at the bottom
of each image indicates the day of germination. The rainbow scale represents photon counts (photons/s). (B) Population dynamics of the
bioluminescent BL-Cmm17 strain on tomato seed coats during germination. Bacterial counts were estimated from serial-dilution plating, and the
total CFU were log transformed. Each point represents the mean bacterial count for 12-seed (days 1 to 3) and seed coat (days 4 and 5) isolations;
the error bars indicate standard deviations. (C) Distribution of the bioluminescent BL-Cmm17 strain on tomato seedlings on the fifth day of
germination. Each bar represents the mean bacterial count for 12 of each seedling component; the error bars indicate standard deviations.
(D) Regression analysis of light intensity versus populations of strain BL-Cmm17 on tomato seed coats during days 1, 2, and 3 of germination.

Xu3R, which bind just inside the inverted repeats of Tn/409
(Fig. 1 shows the primer locations). Sequence analysis sug-
gested a whole-vector integration, since the nucleotide se-
quences obtained were highly aligned (90% identity) with
pXX2 sequence flanking the inverted repeats. However, this is
not surprising and has been observed previously when using
this mutagenesis system in C. michiganensis subsp. michiganen-
sis (K. H. Gartemann, unpublished data). The plasmid profile
from BL-Cmm17 was identical to that of wild-type C290, fur-
ther confirming the plasmid integration. In addition, restriction
analysis of plasmids extracted from BL-Cmm17 and C290 with
Xhol/Notl enzymes suggested a chromosomal integration of
Tnl409::lux (data not shown). Therefore, further analysis is
needed to identify the precise insertion site. Since the insertion
of the lux operon did not influence the growth of BL-Cmm17
and the expression of the /ux operon was stable and constitu-
tive, it can be assumed that the /ux operon was inserted down-
stream of a strong promoter without disturbing any housekeep-
ing or essential virulence genes in the BL-Cmm17 genome.
Monitoring the colonization of bioluminescent C. michi-
ganensis subsp. michiganensis in germinating tomato seeds. In
total, 100 seeds were imaged using the IVIS, and representa-
tive results are shown in Fig. 4A. Luminescent signals were

detected on the seed coat throughout 5 days of germination.
On the third day, the radicle punctured the seed coat, and
luminescence was also observed on some of the radicles. On
the fourth and fifth days, cotyledons emerged from the seed
coat and hypocotyls and radicles elongated. Luminescent sig-
nals were usually stronger on the hypocotyls, cotyledons, and
seed coats than on the radicles. Consistent with the biolumi-
nescence imaging, up to 6 log units of bacteria was detected on
the seed coat during the first 3 days postinfection and up to 5
log units of bacteria was detected on day 5 postinfection (Fig.
4B). Further, hypocotyls, cotyledons, and radicles contained on
average 4.5 to 5.4 log units of bacteria at day 5 (Fig. 4C). Light
intensity was positively correlated with the number of bacteria
on individual seedling components, with the highest determi-
nation coefficient (R* = 60.5%) for seed coats tested from days
1 to 3 (Fig. 4D).

Visualization of bioluminescent C. michiganensis subsp.
michiganensis colonization of grafted plants. Cut surfaces of
tomato rootstock and scion stems became contaminated with
BL-Cmm17 when exposed to inoculum doses of 10%, 10°, and 10®
CFU/ml, shown by tissue imprinting on D2ANX medium on day
zero, followed by IVIS imaging of recovered colonies (Table 4
and Fig. 5). These results were confirmed by colony counting
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TABLE 4. Isolation of BL-Cmm17 from tomato rootstock and
scion seedling tissues at time of exposure to the pathogen
(day zero) via a contaminated grafting tool

BL-Cmm17 detected by

tissue imprinting and BL-Cmml7 population in

planta (log CFU/g =SD)

Inoculum luminescence imaging”
concn (CFU/ml)
Rootstock Scion Rootstock Scion
inoculated inoculated inoculated inoculated
Water control - -
102 - -
10* +(7) +(4) 431 £0.04 4.31*0.08
10° +(9) +(9) 6.22 £0.38 632 +0.11
108 +(9) +(9) 827 £0.27 831 x£0.05

“ +, detected; —, not detected. The values in parentheses are the number of
tissue imprints from which BL-Cmm17 was cultured from nine exposed plants.

(Table 4). Seven days after the grafting, only plants exposed to
these inoculum doses were colonized by BL-Cmm17 (Table 5).
In rootstock-inoculated plants, colonization was detected in
the rootstock up to 15 mm from the graft union for all three
BL-Cmm17 doses, whereas scions of the same plants were
colonized only at doses of 10° and 10®* CFU/ml. When scions
were exposed to BL-Cmm17, colonization of rootstocks and
scions was not observed at doses below 10° CFU/ml. At the
10°-CFU/ml dose, BL-Cmm17 was detected only up to 9 mm
beyond the graft union in the rootstock. Similar to tissue im-
print imaging, colony counts of tissues taken from either the
rootstock or scion after grafting at specified distances from the
graft union also contained an average 10° to 10% CFU/g of
tissue, depending on the inoculation dose, with most of the
tissue sections from the 10%-CFU/ml scion-inoculated group
containing more than 10® bacteria/g of tissue (data not shown).

Isolation of bioluminescent C. michiganensis subsp. ne-
braskensis. Tn1409 transposon mutagenesis is effective in other
subspecies of C. michiganensis (25). Therefore, to demonstrate
the utility of our modified Tn/409-lux for the generation of
bioluminescent bacteria in a closely related subspecies of C.
michiganensis, we transformed pXX2 into C. michiganensis
subsp. nebraskensis, the causal agent of wilt and leaf blight in
maize. Electroporation of pXX2 resulted in a total of 22 chlor-
amphenicol-resistant colonies, 8 of which were bioluminescent.
The transformation frequency was very similar to that ob-
served with C. michiganensis subsp. michiganensis. These re-
sults highlight the usefulness of our approach to elucidate, in
real time, the plant-pathogen interactions in diseases caused by
other agriculturally important subspecies of C. michiganensis.

DISCUSSION

Despite the importance of C. michiganensis subsp. michi-
ganensis as a debilitating crop pathogen with a significant eco-
nomic impact on agricultural production, little is known about
its ecology in and on tomato plants under modern propagation
and production practices. This lack of knowledge is partly
attributable to the difficulty of genetically manipulating this
Gram-positive bacterium. Consequently, molecular ap-
proaches that would facilitate the study of C. michiganensis
subsp. michiganensis interactions with plant hosts, colonization
of seeds, and transmission to seedlings and the spread of the
pathogen among tomato crops are needed. Of particular in-
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terest is the lux operon, which has been successfully used as a
bioluminescent reporter in bacterial pathogens, facilitating the
characterization of bacterial distribution, growth, and infection
in plant hosts and allowing the assessment of plant responses
to bacterial infection (6, 7, 8, 9, 12, 15, 31). Therefore, we
generated a bioluminescent C. michiganensis subsp. michi-
ganensis strain that retained its virulence and growth proper-
ties and enabled visualization of the colonization dynamics of
the pathogen in planta in real time.

The construction of a bioluminescent C. michiganensis
subsp. michiganensis strain required testing different mutagen-
esis approaches, among which the use of a modified Tn1409
vector, pKGT452Cp, carrying the lux operon optimized for
expression in Gram-positive bacteria proved successful. Inser-
tion of the lux operon allowed the isolation of a strain that
constitutively expressed strong bioluminescence. We desired a
promoter that was active both in planta and in vitro and a
bioluminescent strain that was not compromised in virulence
to use for in planta real-time infection. Initially, we constructed
a Tn5-based transposon-containing /ux operon; however, we
were not successful in generating bioluminescent C. michi-
ganensis subsp. michiganensis strains using this approach,

FIG. 5. Recovery of a bioluminescent BL-Cmm17 strain from to-
mato tissue imprinted on D2ANX semiselective medium and identi-
fied by an IVIS. The images show representative plates of tissue im-
prints after exposure of cut stems to BL-Cmm17 at day zero (A) and
7 days postgrafting (B). Each grid was imprinted with one tissue cut.
(A) Three plants were imprinted per inoculum dose, and each dose
exposure was replicated three times. Sections al to b3, rootstock cut
with a tool exposed to water; sections b4 to c6, d1 to e3, and e4 to {6,
rootstock cut with a tool exposed to 102 10%, or 10° CFU/ml of BL-
Cmm17, respectively. (B) Sections of grafted seedlings 0, 3, 6, 9, 12,
and 15 mm below the graft union. Each row represents one replicate
rootstock seedling that was inoculated with the grafting tool exposed to
10* CFU/ml of BL-Cmm17. BL-Cmm17 colonies were visible even in
the presence of fungal contamination.
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TABLE 5. Colonization of tomato seedlings 7 days postgrafting after rootstocks or scions were exposed to different doses of BL-Cmm17

Presence of BL-Cmm17¢

Grafted Distance
plant part (mm) from Rootstock inoculated at (CFU/ml): Scion inoculated at (CFU/ml):
imprinted graft union
0 10? 10* 10° 108 0 102 10* 100 108

Scion 15 - — — - + — — — + +
Scion 12 - — - + ++ - — — L+ o+
Scion 9 - — — + + — — — +++ ++
Scion 6 - - - + +++ - - — + T
Scion 3 - — — + ++ - — - + 4+ +
Graft union 0 - - - + + - — - ++ n
Graft union 0 - — + ++ + — - - + 44+
Rootstock -3 - - ++ ++ + - - - +4 +4+
Rootstock -6 - — ++ - +++ — — — + +++
Rootstock -9 - — ++ + ++ - — — + 4+
Rootstock -12 - — ++ + ++ — — - — +++
Rootstock —15 — — ++ ++ ++ - — — - 4+

“ Three plants were sampled for each inoculum dose, and the presence of BL-Cmm17 was determined by tissue imprinting the cut surface on D2ANX medium at
the indicated distance from the graft union. The number of pluses indicates the number of tissue sections from which BL-Cmm17 was cultured and identified by

luminescence imaging. —, not present.

though Tn5 transposon mutagenesis has been used successfully
in the related Corynebacterium (42). Alternatively, use of vec-
tors carrying the Tn/409 transposon (pKGT452CR) effectively
resulted in transformed bioluminescent C. michiganensis
subsp. michiganensis that harbored the lux genes. The
pKGT452Cp vector was of particular interest, since transposon
Tnil409 was shown to integrate nonspecifically in the Ar-
throbacter chromosome (a genus closely related to Clavibacter)
and later proved to be efficient in C. michiganensis subsp.
michiganensis mutagenesis (16, 25). Specifically, electropora-
tion with the suicide vector-carrying transposon Tn/409
yielded approximately 1 X 10° mutants per wg of DNA and
resulted in random insertion of the transposon in the C. michi-
ganensis subsp. michiganensis chromosome (25). However, C.
michiganensis subsp. michiganensis electroporation with pXX3
carrying Tn409::lux resulted in a very small number of trans-
formants, which carried the lux operon but were not biolumi-
nescent. Although the low transformation efficiency was likely
due to the large size of the /ux insert, the lack of biolumines-
cence in the transposon mutants suggests a lack of expression
of the Gram-negative bacterium-derived /ux operon in C.
michiganensis subsp. michiganensis. The luxCDABE operon
originated from the Gram-negative bacterium P. luminescens,
which is relatively low in GC (42%) (NCBI genome database).
The C. michiganensis subsp. michiganensis genome has a high
GC content (~73%), which possibly explains the lack or inef-
ficient expression of lux genes. Therefore, we used pXX2,
which has a lux operon optimized for expression in Gram-
positive bacteria. Similar to pXX3, the transformation fre-
quency with pXX2 was very low, which again could be attrib-
uted to the large size of the fux operon; however, we cannot
exclude the possibility of genetic variation among C. michi-
ganensis subsp. michiganensis strains contributing to observed
differences in the transformation frequencies (25).

For the bioluminescent C. michiganensis subsp. michiganen-
sis strains to constitute a suitable tool for studying colonization
and plant invasion, it was important to test if the /ux insertion
affected their growth and virulence. Our results showed that
strain BL-Cmm17, which was strongly bioluminescent, exhib-
ited growth similar to that of the wild-type strain (Fig. 3),

carried a stable Jux operon that was not lost after successive
growth cycles in nonselective medium, and possessed virulence
properties comparable to those of the wild type (Fig. 2 and
Table 3). These observations showed that although the precise
lux operon insertion site within BL-Cmm17 could not be de-
termined, insertion of the lux operon did not impede essential
functions involved in bacterial growth and virulence. Further-
more, the bioluminescence could be detected in BL-Cmm17 at
different growth stages. Specifically, the bioluminescence of
BL-Cmm17 reached its highest level in late stages of exponen-
tial growth. This could be the result of efficient activation of the
promoter controlling the lux expression or a reflection of bac-
terial numbers during this stage of growth. The decrease in
BL-Cmm17 bioluminescence after entering the stationary
growth phase might have been the result of downregulation of
cell metabolism, as it has been shown that bioluminescence
requires energy derived from cell metabolism (21). These ob-
servations suggest that this strain is suitable for experiments
that mimic the plant colonization processes of wild-type bac-
teria.

Few studies have addressed C. michiganensis subsp. michi-
ganensis seedling infections initiated by contaminated seeds in
general, and data are almost completely lacking concerning C.
michiganensis subsp. michiganensis transmission from seeds, a
major route for long-distance spread of the pathogen. Since it
has been shown that naturally deposited C. michiganensis
subsp. michiganensis on the surfaces of seeds during seed ex-
traction precedes colonization (11), it was assumed that to-
mato seeds artificially inoculated with BL-Cmm17 simulated
naturally infected seeds. Subsequently, real-time imaging
showed that BL-Cmm17 aggregated on the hypocotyls and
cotyledons (Fig. 4) of the seedlings, possibly advancing colo-
nization and prompting the onset of future infections. These
observations and conclusions were supported by previous re-
ports showing that early canker symptoms appeared on the
cotyledons and stems and that epiphytic C. michiganensis
subsp. michiganensis populations were associated with tomato
leaves (2, 19, 40). Perhaps one of the most important features
of using a bioluminescent C. michiganensis subsp. michiganen-
sis strain is the ability to determine the number of pathogens
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colonizing the plant in real time. Emitted light can be corre-
lated to bacterial abundance using predetermined growth
curves. Therefore, we were able to monitor C. michiganensis
subsp. michiganensis colonization and assess the abundance of
the population across time (Fig. 4). Our seed inoculation ex-
periments were primarily designed to highlight the value of
using bioluminescence in studying C. michiganensis subsp.
michiganensis interactions with the plant host. Our results cor-
roborated this value and shed new light on early C. michiganen-
sis subsp. michiganensis colonization of tomato seedlings. The
correlation between radiance and bacterial colony counts was
highest for the seed coat and lowest for radicles. It is possible
that C. michiganensis subsp. michiganensis was less aggregated
on radicles than on the seed coat, resulting in lower photon
emissions per unit area. Additionally, electrolytes diffused
through the seed coat may promote bacterial growth in the
early stages of germination (4). Further analysis and longer
observation intervals are needed to fully characterize the epi-
phytic stage of C. michiganensis subsp. michiganensis on seeds
and its transmission to seedlings and mature plants.

Grafting is a widely applied technique in greenhouse tomato
production used to improve plant vigor and yield and to pro-
vide resistance to soilborne pathogens and nematodes (26).
For tomato bacterial canker, grafting plays an important role
in its transmission by directly exposing C. michiganensis subsp.
michiganensis to vascular tissue. However, the dynamics of C.
michiganensis subsp. michiganensis colonization of tomato
seedlings during grafting has not been studied. Such studies
have been hindered by the lack of truly selective media to
specifically isolate C. michiganensis subsp. michiganensis with-
out interference from other epiphytic microorganisms. The
imaging system used in this study is highly sensitive and de-
tected phosphorescence (autobioluminescence) from green
plant tissue, which interfered with detection of bioluminescent
C. michiganensis subsp. michiganensis in grafted plants (which
was not observed in seedlings germinated for up to 5 days in
the dark). Therefore, we used tissue imprinting to monitor
bacterial colonization of grafted rootstocks and scions. Our
results have shown that grafting tools readily transmit C. michi-
ganensis subsp. michiganensis, but an inoculum threshold
(>10* CFU/ml) may be required. At higher inoculum concen-
trations, C. michiganensis subsp. michiganensis moved past the
graft union at least 12 to 15 mm within 7 days, even though
vascular connections were forming during that time (Table 5
and Fig. 5). Our study provides visualization of C. michiganen-
sis subsp. michiganensis movement in grafted tomato plants
and may serve as an important tool for the development of
effective grafting procedures to restrict the spread of C. michi-
ganensis subsp. michiganensis in seedling propagation units.

In summary, we have developed a novel approach to char-
acterize C. michiganensis subsp. michiganensis plant infection
and colonization. Incorporation of a bioluminescent marker in
the C. michiganensis subsp. michiganensis chromosome has al-
lowed us to monitor the infection temporally. Significantly for
C. michiganensis subsp. michiganensis pathogenesis, our results
reveal (i) the colonization dynamics of C. michiganensis subsp.
michiganensis infection of hypocotyls and cotyledons of the
seedlings that promote the onset of future infections and (ii)
visualization of the translocation of C. michiganensis subsp.
michiganensis in grafted plants, which may have a significant
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impact on the development of grafting procedures to limit the
transmission of C. michiganensis subsp. michiganensis. There-
fore, our approach provides a novel visual representation of
the disease process and accelerates understanding of C. michi-
ganensis subsp. michiganensis ecology. Furthermore, these bio-
luminescent strains will have a wide scope of application, in-
cluding determining plant factors that affect C. michiganensis
subsp. michiganensis growth and metabolism and screening of
antibiotics and bactericides for canker control in an effective
real-time approach. Equally important, our results indicated
that Tn/409-lux can be used to generate bioluminescent C.
michiganensis subsp. nebraskensis. Since Tnl409 is also an ef-
fective mutagenesis system for other important subspecies of
C. michiganensis, including subsp. insidiosus (which causes wilt
and stunt on alfalfa) and subsp. sepedonicus (which causes ring
rot on potato) (25), the vector pXX2 constructed in this study
could also be used for the transformation of the lux operon
into these important pathogens, facilitating real-time transmis-
sion, control, and plant interaction studies.
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