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The tomato pathogen Clavibacter michiganensis subsp. michiganensis NCPPB382, which causes bacterial
wilt, harbors two plasmids pCM1 (27.5 kb) and pCM2 (72 kb). After curing of the plasmids, bacterial
derivatives were still proficient in the ability to colonize the host plant and in the production of exopolysac-
charides but exhibited a reduced virulence. When one of the two plasmids is lost, there is a significant delay in
the development of wilting symptoms after infection and a plasmid-free derivative is not able to induce disease
symptoms. By cloning of restriction fragments of both plasmids in the plasmid-free strain CMM100, two DNA
fragments which restored the virulent phenotype were identified. Further analysis suggested that a fragment
of plasmid pCM1 encodes an endocellulase which is involved in the expression of the pathogenic phenotype.

Clavibacter michiganensis subsp. michiganensis is a
pathogen of the tomato (Lycopersicon esculentum) that
causes bacterial wilt and canker (8, 22). The bacteria infect
the host plant via wounds, invade the xylem, and cause a
systemic infection. To explain the mechanisms for the in-
duction of bacterial wilt several hypotheses have been
presented. Because purified exopolysaccharides (EPS) pro-
duced by the bacteria caused wilting in an in vitro assay with
tomato seedlings (19, 20, 25, 26), EPS were inferred to
abolish water transport by plugging the xylem vessels. It was
also shown that EPS inhibit callus development from tomato
protoplasts (28). Furthermore, it was suggested that wilting
may be caused by bacterial exoenzymes attacking xylem
vessels and adjacent parenchymatic cells (4, 31). However,
no clear evidence as to how and to what extent these
different phenomena contribute to wilt induction in the host
plant exists.

As a first step to eventually understanding the particular
mechanisms of wilt induction, we have developed a vector
and transformation system for C. michiganensis subsp.
michiganensis (16). In the present report, we describe that
plasmids pCM1 and pCM2 (16) of the pathogenic strain
NCPPB382 are involved in the development of disease
symptoms. By using improved Clavibacter vectors, DNA
fragments of both plasmids were cloned in order to identify
pathogenicity genes.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial
strains and plasmids used in this study are listed in Table 1.
Growth conditions were chosen as described previously
(16). For EPS isolation, bacteria were grown in yeast extract
medium (24). For reisolation of bacteria from infected
plants, a modified SCM medium (10) with 0.25 g of
MgSO, - TH,0, 0.5 g of KH,PO,, 10 g of sucrose, 15 g of
boric acid, 0.1 g of yeast extract, 30 mg of nalidixic acid, and
15 g of agar per liter was used. Clavibacter strains harboring
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plasmids were grown on selective LB medium (16) contain-
ing, per milliliter, 50 pg of neomycin, 10 g of chloramphen-
icol, or 40 pg of gentamicin.

Recombinant DNA techniques. The preparation of plasmid
DNA from Escherichia coli and C. michiganensis subsp.
michiganensis was previously described (16). E. coli was
transformed according to the method of Maniatis et al. (15),
and the electroporation of Clavibacter strains was carried
out as described previously (16). For Southern hybridiza-
tion, DNA was digested with appropriate restriction en-
zymes, separated by agarose gel electrophoresis, and trans-
ferred to nylon membranes (Hybond-N; Amersham Buchler,
Braunschweig, Germany) by blotting with an LKB 2016
Vakugen apparatus. DNA probes were labeled with digoxi-
genin-11-dUTP by nick translation as described by Maniatis
et al. (15). Hybridization was done at 68°C with 1% blocking
reagent and visualized by using a nonradioactive detection
kit from Boehringer GmbH, Mannheim, Germany.

Assay for exoenzyme activities. Endocellulase activity was
detected on MICMC agar plates consisting of M9 medium
(15) lacking glucose but supplemented with 0.1% (wt/vol)
yeast extract and 0.5% (wt/vol) carboxymethylcellulose.
Clones to be tested were incubated for 4 to 5 days at 24 to
26°C. Plates were stained with 0.1% (wt/vol) Congo red for
20 min and finally bleached with 1 M NaCl (1). Endocellulase
activity is detected as a clear, yellowish halo around produc-
ing colonies. Plate assays for xylanase and polygalacturo-
nase activity were done according to the methods of Ghan-
gas et al. (11) and Collmer et al. (6, 7), respectively.

Virulence assay. The standard infection procedure was
done according to the method of Van Steekelenburg (29).
Four-week-old tomato plants (Lycopersicon esculentum cv.
Moneymaker) were infected by cutting off the petiole of the
first true leaf near the stem with a scalpel which had been
dipped into the bacterial suspension (10° CFU/ml) to be
tested. By this method, usually 100% of the plants were
successfully infected. Plants were then transferred to a
growth chamber and incubated at 25°C for 16 h (12,000 1x;
Fluora-77 lamps; Osram) and 19°C for 8 h (night) with a
relative humidity of 80%.
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TABLE 1. Bacterial strains and plasmids

Genotype, . .
Organism or plasmid descriptit};gl, or Resndent‘:) lasmld.m: relevant Reference or source
phenotype characteristic
Organism
C. michiganensis subsp.
michiganensis
NCPPB382 Wild type pCM1, pCM2 National Collection of Plant
Pathogenic Bacteria
CMM100 Cured derivative 16
CMM101 Cured derivative pCM1 16
CMM102 Cured derivative pCM2 16
NCPPB3123 Wild type National Collection of Plant
Pathogenic Bacteria
E. coli Ec294 endA hsdR pro thi 13
Plasmid
pDM3 Ap" Tc" Neo” 16
pDM10 Gn" Neo” 16
pDM100 Gn" Neo” E. coli-Clavibacter sp. shuttle vector 16
pDM302 Cm’ Neo” E. coli-Clavibacter sp. shuttle vector This work
pDM302:B1 Neo* 3.2-kb BglII fragment of pCM1 in pDM302 This work
pDM3212 Ap’ Neo” 13.5-kb Clal fragment of pCM1 in pDM3 16
pDM3212 A Bglll-2 Ap" Neo" 16
pDM3212 A BgllI-2 Ap" Neo" 16
ABamHI-5
pJID2107 Neo* 3.75-kb Bgl1I fragment of pCM2 in pDM306 This work
pSVB30 Ap" 2
One experimental group generally consisted of 30 plants. RESULTS

The virulent phenotype of Clavibacter strains was estimated
by examining infected plants for wilting symptoms and
determining the plant biomass. Over a period of up to 42
days, plants were examined every day for the development
of wilt symptoms, i.e., the occurrence of leaf curling. A
virulent phenotype will eventually cause wilting in all in-
fected plants. A more quantitative estimation of virulence is
possible by determining the wilting index, defined as the
number of days required until 50% of 30 plants showed
wilting symptoms.

For a comparison of plant biomass, the dry weights of
infected and noninfected plants were determined. Five
weeks after infection, 10 plants were cut 1 cm above the
ground and dried for 3 days at 110°C. The dry weight of
infected plants was expressed as a percentage of the nonin-
fected control plants (100%). All experiments were repeated
several times.

Determination of bacterial titers in planta. At various times
after infection, five tomato plants were harvested by being
cut 1 cm above the ground and homogenized in 10 ml of 68.5
mM NaCl in 0.02 M phosphate buffer (pH 7.2) by being
ground in a mortar. Serial dilutions of the homogenate were
plated on modified SCM medium semiselective for Clavibac-
ter organisms (10). Colonies were scored after incubation at
24 to 26°C for 5 days.

Isolation of EPS. Cultures (50 ml) were grown in a yeast
extract medium (24) at 25°C for 12 days (to the late stationary
phase) on a rotary shaker. Cells were removed by centrifu-
gation at 16,000 rpm (25,000 x g) for 30 min. The superna-
tant was first passed through a cellulose-acetate filter (pore
size, 0.45 um) to remove the remaining bacterial cells (steril
filtration) and then passed through an Amicon XM50 filter to
remove components with molecular masses of 50 kDa or
lower. The retained material was washed and finally adjusted
to 5 ml with distilled water. The EPS concentration was
determined by the anthrone method against a glucose stan-
dard (9).

Correlation between plasmids and virulence. The pathogenic
strain C. michiganensis subsp. michiganensis NCPPB382
harbors two plasmids, pCM1 (27.5 kb) and pCM2 (72 kb) (16)
(Fig. 1). Plasmid curing should therefore contribute to an-
swering the question whether these two plasmids are in-
volved in pathogenicity. The isolation of cured derivatives of
strain NCPPB382, CMM100 (plasmid free), CMM101 with
pCM1, and CMM102 with pCM2 has been described previ-
ously (16). The plasmid status of these strains was confirmed
by Southern hybridization, as shown in Fig. 2. In the
plasmid-free strain CMM100 (Fig. 2, lane 4), no bands which
are typical for plasmids pCM1 and pCM2 were present, but
there were positive hybridization signals in the high-molec-
ular-weight range. The fact that we were not able by any
means to detect a plasmid in CMM100 indicates that there
are some homologies between chromosomal DNA and plas-
mids pCM1 and pCM2.

These cured derivatives were tested by infecting tomato
plants and scoring them for the development of wilting
symptoms. Wilting was observed for the parental strain
NCPPB382, CMM101 (pCM1), and CMM102 (pCM2). How-
ever, in infections with the last two, it took generally 4 to 6
days longer for 50% of the plants to exhibit wilting symptoms
(Table 2). It was surprising to observe that infections with
the plasmid-free strain CMM100 failed to induce any wilting
symptoms; even 6 weeks after infection, plants looked
completely healthy.

Corresponding results were obtained when the biomass of
infected tomato plants was determined (Table 2). Because of
extensive wilting, the biomass of plants infected with
NCPPB382 was reduced to 35% of that of noninfected
control plants. The greater relative biomass after infection
by CMM101 and CMM102 is a consequence of retarded
wilting. Although CMM100 can be considered apathogenic
since the strain did not induce any wilting symptoms in the
host plant, a slight reduction of plant biomass to 75% of that
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FIG. 1. Physical maps of plasmids pCM1 and pCM2 obtained by
analysis of restriction fragments generated by enzymes as indicated.
Restriction fragments are numbered according to ascending molec-
ular weights. Fragments Bgl/lI-1 of pCM1 and Bgl/lI-7 of pCM2
(hatched sections) carry determinants for pathogenicity and were
cloned in pDM302:B1 and pJD2107, respectively.

of noninfected control plants was still observed. These
results suggest that plasmids pCM1 and pCM2 contribute to
the pathogenic phenotype of strain NCPPB382, i.e., induc-
tion of wilting in infected tomato plants.

EPS production. C. michiganensis subsp. michiganensis
produces high-molecular-weight EPS which can induce wilt-
ing of tomato cuttings in an in vitro assay (19, 20, 27). In
order to determine whether plasmids affect EPS synthesis,
the amounts of EPS produced by NCPPB382 and the cured
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FIG. 2. Analysis of the plasmid status of cured derivatives by
Southern hybridization. Total DNA was digested with Bg/II and
hybridized against a probe consisting of a mixture of digoxigenin-
11-UTP-labeled pCM1 and pCM2 plasmid DNA. Lanes: 1, phage A
DNA digested with EcoRI-HindIII; 2, mixture of purified plasmids
pCM1 and pCM2; 3, NCPPB382; 4, CMM100; 5, CMM101; 6,
CMM102.

derivatives were compared. As shown in Table 2, no signif-
icant difference in EPS production was observed. Further-
more, in bioassays in which the phytoaggressive activity of
EPS was tested with tomato cuttings according to the
procedure described by Van Den Bulk et al. (27), EPS
preparations of all strains had the same activity (data not
shown). This shows that EPS production in culture is not
affected by the plasmid status of the strains. Furthermore, a
biochemical analysis of the EPS produced by the different
strains showed that the chemical compositions were identi-
cal (4a).

Colonization of the host plant. Since it is possible that
differences in virulence result from variations in the ability to
colonize the host plant, the bacterial titers in tomato plants
infected with strain NCPPB382 and its derivatives were
determined at various times after infection with a semiselec-
tive medium for C. michiganensis which suppresses growth
of saprophytic bacteria and fungi (10). As a control we
included strain NCPPB3123 in the experiment, a strain
which is apathogenic and has lost the ability to effectively
colonize tomato plants. We found no indication that our titer
estimations were affected by saprophytic growth of C.
michiganensis subsp. michiganensis on the plant surface,
particularly since the titers determined in the xylem fluid
were in the same range. Therefore, we omitted the surface
sterilization of the plants prior to titer determinations.

Although NCPPB382 and its derivatives show slight dif-
ferences in the increase of the titer during the first 3 days, all
strains, regardless of their plasmid status, reached a final
bacterial titer of about 10° CFU/g of plant tissue after 9 days
(Fig. 3), and this titer was maintained during later stages of
infection.

It is surprising that CMM100, despite its proficient endo-
phytic growth and EPS production, does not induce any
disease symptoms, i.e., wilting. Only a slight growth retar-
dation in the infected plant as indicated by the reduced
biomass was observed (Table 2).

Test for exoenzymes. Since it was proposed that bacterial



2134 MELETZUS ET AL.

J. BACTERIOL.

TABLE 2. Phytopathogenic properties of strain NCPPB382, its cured derivatives, and CMM100 carrying hybrid plasmids

Strain Resident Wilt

Biomass EPS Endocellulase

plasmid induction® (%)* (g/cell)* activity
NCPPB382 pCM1, pCM2 + (12) 35+14 2.0 x 10713 +
CMM100 75 + 27 2.1 x 10713 -
CMM101 pCM1 + (18) 62 + 22 25 x 1078 +
CMM102 pCM2 + (16) 50 =23 2.9 x 10713 -
CMM100 pDM302 76 = 25 NT -
CMM100 pDM302:B1 + (18) 63 + 19 NT +
CMM100 pID2107 + (17) 56 = 10 NT -

4 Values in parentheses represent the wilting index, the number of days after infection when 50% of 30 infected plants showed wilting symptoms. Experiments

were repeated three times.

b Biomass was evaluated as the dry weight of 10 tomato plants + standard deviation compared with that of control plants (100%). The experiment was repeated

three times.
¢ EPS produced in a 12-day culture. NT, not tested.

exoenzymes directed against plant cell wall components
constitute important virulence factors (4, 6, 21, 23), strain
NCPPB382 and its derivatives were tested for the production
of endocellulase, polygalacturonase, and xylanase by stan-
dard agar plate assays. Assays for polygalacturonase and
xylanase activity were positive for all strains, while endo-
cellulase activity was detected only in those strains harbor-
ing plasmid pCM1, i.e., in the parental strain NCPPB382 and
CMM101 (pCM1) (Table 2 and Fig. 4), indicating that the
endocellulase is a plasmid-encoded enzyme.

Cloning of plasmid-derived DNA fragments involved in
pathogenicity. The notion that plasmids pCM1 and pCM2
may encode genes involved in pathogenicity can be sup-
ported by cloning restriction fragments into the plasmid-free
apathogenic strain CMM100 in order to reconstitute a patho-
genic phenotype. Initial experiments performed by using
vector pDM100 (16) were not successful since the instability
of this vector (up to 5% segregation per generation) caused
extensive plasmid loss under nonselective conditions in the
plant. Therefore, two new vectors were constructed, solving
the problem of segregation and resulting in vectors pDM302
and pDM306, which are stably maintained in C. michigan-

CFU/g plant tissue
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FIG. 3. Bacterial titers in planta at different times after infection.
O, NCPPB382; A, CMM100; &, CMM101; O, CMM102; x,
NCPPB3123.

ensis subsp. michiganensis. Vector pDM302 (14 kb) is a
derivative of vector pDM10 (16) with the neomycin resis-
tance gene of Tn5 (3), the chloramphenicol resistance gene
of Corynebacterium xerosis (14), and a 8.5-kb fragment of
plasmid pCM1 carrying functions for replication and plasmid
stability (Fig. 5). In vector pDM306 (13.6 kb), chloramphen-
icol resistance has been exchanged for the gentamicin resis-
tance gene of Tn1696 (32).

DNA restriction fragments of plasmid pCM1 were cloned
into E. coli Ec294 with the E. coli-Clavibacter shuttle vector
pDM302. In the case of BgllI fragments of pCM1, cloning
was first done with the E. coli vector pSVB30 (2), and
fragments were then inserted as EcoRI-HindIII fragments
into pDM302. Restriction fragments of plasmid pCM2 were
cloned by employing vector pDM306. The resulting hybrid
plasmids carrying DNA fragments of either pCM1 or pCM2
were isolated from E. coli and then used to transform the
plasmid-free strain CMM100.

Numerous transformed clones of CMM100 were tested for
their ability to induce specific disease symptoms, i.e., leaf
wilting. The ability to induce wilting was restored to the
same extent as observed for CMM101 (pCM1) and CMM102
(pCM2) in those clones of CMM100 which carried either the
hybrid plasmid pDM302:B1 with a 3.2-kb Bg/II fragment of
plasmid pCM1 or plasmid pJD2107 with a 3.75-kb BglII
fragment of plasmid pCM2 (Table 2). Furthermore, we
observed that pDM302:B1 carries the gene for an endocel-
lulase (Table 2 and Fig. 4) which may represent the patho-

NCPPB382 CMM100

CMM101 CMM100

(pDM302)

CMM102 CMM100
(pDM302:B1)

FIG. 4. Endocellulase production by different strains assayed on
agar plates and stained with Congo red, as described in Materials
and Methods. The halos around the bacterial streaks indicate
endocellulase production.
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FIG. 5. Physical maps and properties of E. coli-Clavibacter shuttle vectors pPDM302 and pDM306. The upper panel shows the restriction
map of the region carrying the replicon of pCM1. Thick lines represent the regions of pCM1 DNA present in vectors pDM302 and pDM306
compared with those of the previously described vector pPDM100 (16). For replication, + indicates that the plasmid was established in strain
CMM100 by electroporation, as reported previously (16). For stability, + indicates that no segregation was observed during growth under
nonselective conditions for 30 generations; — indicates about 5% segregation per generation. Neo, neomycin phosphotransferase; Gn,
gentamicin acetyltransferase; Cm, chloramphenicol resistance gene of C. xerosis (14); ori pBR, origin of replication of vector pBR322;

pCM1-Rep., replicon region of plasmid pCM1.

genic determinant expressed by this hybrid plasmid. In Fig.
1, the positions of those fragments on the plasmid maps are
indicated. These data present clear evidence for the involve-
ment of plasmids pCM1 and pCM2 in the pathogenic inter-
action of strain NCPPB382 with the host plant.

DISCUSSION

C. michiganensis subsp. michiganensis causes a vascular
infection of tomato plants which results in wilting and
wasting of the plant. A massive colonization of xylem
vessels by the bacteria in conjunction with the production of
high-molecular-weight EPS provides, at first glance, a simple
explanation for this phenomenon, since it can easily be
envisioned that these may drastically impair water transport.
Furthermore, EPS have been proposed to be phytotoxins
(19, 20) since tomato cuttings start to wilt when exposed to
the EPS. But, this kind of test seems to be rather unspecific,
as pointed out by Van Alfen and MacMillan (26), since many
other compounds, even bovine serum albumin, give the
same reaction; so, EPS are better classified as a phytoag-

gressin (12). Surprisingly, our data obtained with strain
CMM100 show that colonization and EPS production were
not sufficient for wilt induction but that the development of
disease symptoms requires additional, plasmid-encoded
gene products.

In the past, attempts to correlate plasmids to virulence in
the genus Clavibacter have failed (5, 17, 18, 30); therefore, it
was possibly a coincidence that this was the case in strain
NCPPB382, which we decided to use in our work. There are
pathogenic strains of C. michiganensis subsp. michiganensis
in which we detected no plasmids. However, we found
hybridization signals when probing restricted total DNA of
such strains with labeled BgIII fragments of plasmids
pDM302:B1 and pJD2107 (15a), indicating that in plasmid-
free pathogens the genetic information contained on these
fragments is present but located on the chromosome.

A strain cured of both plasmids (CMM100) completely lost
the ability to induce wilting of an infected plant, and when
only one of the two plasmids is present, reduced virulence
and a marked retardation in the onset of wilting are ob-
served. This indicates that plasmid functions important for
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pathogenicity act independently and that several different
factors are involved.

By using vectors pDM302 and pDM306, two plasmid
regions which carry pathogenic determinants of plasmids
pCM1 and pCM2 were cloned. So far, we have no informa-
tion on the nature of the pathogenic determinant of plasmid
pCM?2 carried by the hybrid plasmid pJD2107. In the case of
pCML1, however, it seems likely that the endocellulase gene
present on pDM302:B1 contributes to the development of
the wilting disease, but it is also entirely possible that
another gene locus present on the insert is involved. Work is
being initiated to further characterize the cloned fragments
in order to eventually understand the mechanism for the
induction of bacterial wilt in the tomato by C. michiganensis
subsp. michiganensis.
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