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Abstract

The bacterial species Curtobacterium flaccumfaciens encompasses a group of closely related phytopathogens sub-
divided into pathovars that exhibit differences in host range. To date, reliable differentiation of pathovars and
identification of unknown isolates to the pathovar-level can only be achieved on the basis of host testing. In this
study, representative strains from C. flaccumfaciens pathovars and related species were examined using a range of
genomic fingerprinting techniques to ascertain their application as additional or potential alternatives to host testing.
Amplified fragment length polymorphism (AFLP) and repetitive sequence polymerase chain reaction (rep-PCR)
analyses enabled the categorisation of some, but not all strains, in their respective pathovars. In contrast, all strains
were correctly assigned to pathovars using HindIll and Xbal macro-restriction digests in conjunction with pulsed-
field gel electrophoresis (PFGE). Fingerprints generated by PFGE not only supported the current pathovar rankings
within C. flaccumfaciens, they also identified subgroups within pathovars flaccumfaciens, oortii and poinsettiae.

Introduction

The classification of plant pathogenic Gram positive
bacteria, which historically have been referred to as
‘coryneforms’, has undergone major revision in recent
years. Currently the majority of this artificial group,
which excludes other Gram positive phytopathogens
such as the filamentous streptomycetes and the
wall-less phytoplasmas, are recovered in the genera
Arthrobacter, Clavibacter, Curtobacterium, Leifsonia,
Nocardia, Rathayibacter and Rhodococcus. Despite
major advances in our understanding of the inter-
relatedness of species within this group and the descrip-
tion of their diversity, differentiation and identification
of some closely related taxa remains problematic.
Amongst Curtobacterium species, C. flaccum-
faciens comprises all the plant pathogens within this
genus. This species was subdivided into four pathovars;

C.f. pv. betae, C.f. pv. flaccumfaciens, C.f. pv. oortii
and C.f pv. poinsettiae (Bradbury, 1986), with a
further pathovar, C.f. pv. basellae, causing leafspot
on malabar spinach described by Chen et al. (2000).
These pathovars show a high degree of host-specificity
and inter-relatedness. Host-specificity testing remains
the most effective means of subspecific differentiation
because other methods, including biochemical tests
(Harris-Baldwin and Gudmestad, 1996; Zhao et al.,
1997), fatty acid profiles (Henningson and Gudmestad,
1991), protein profiles (Carlson and Vidaver, 1982),
temperature-gradient gel electrophoresis analysis
of 16S rRNA genes (Felske et al., 1999), numeri-
cal phenetic analysis (Dye and Kemp, 1977), cell
wall analysis (Keddie and Cure, 1977; Davis, 1986)
and serology (McDonald and Wong, 2000),
revealed few identifiable differences among
pathovars.
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Differences in host range are pivotal characteris-
tics in the characterisation of closely related phy-
topathogenic bacteria (Dye et al., 1980; Young et al.,
1991). Despite the benefits associated with construct-
ing classifications built on the ability of groups of
strains to cause plant disease, there is a requirement to
develop more rapid, additional or alternative methods
to add weight or validate classifications and to facilitate
rapid identification. Genomic fingerprinting methods
based upon the polymerase chain reaction (PCR),
such as amplified fragment length polymorphism
(AFLP; Vos et al., 1995), repetitive DNA sequence-
PCR (rep-PCR; de Brujin, 1992) and rDNA intergenic
spacer regions (Jensen et al., 1993) analyses, have gen-
erated insights into the relatedness of a large number of
closely related clinically and environmentally signifi-
cant bacteria. These methods have been used to study a
wide range of bacterial phytopathogens revealing lev-
els of genetic diversity previously unrealised (Thwaites
et al., 1999; Rademaker et al., 2000). In a comprehen-
sive study of C. michiganensis subspecies sepedonicus,
Smith et al. (2001) found that this subspecies was
easily distinguishable from other subspecies using
BOX-PCR and that the method offered a credible alter-
native to an eggplant bioassay, the existing method for

Table 1. List of strains included in this study

identifying fresh isolates of the pathogen to the sub-
species. In a similar study of C.f. pv. flaccumfaciens
and its relatives, rep-PCR was found to be effective
at separating the species from other Gram positive
pathogens but could not fully resolve strains of this
pathovar from representative of other pathovars of
C. flaccumfaciens (McDonald and Wong, 2000). In
addition, C.f. pv. flaccumfaciens strains were recovered
in two clusters, a finding which was congruent with
results obtained using a number of specific monoclonal
antibodies.

In addition to PCR-based methods, the use of
rare-cutting restriction endonucleases in conjunction
with fragment resolution using pulsed-field gel elec-
trophoresis (PFGE) has proven to be of great value
in a number of epidemiological studies (Smith et al.,
1995; Hanninen et al., 2001; Klaassen et al., 2002).
The method has been shown to be particularly
powerful and of relevance to studies of plant dis-
ease epidemiology and the differentiation of close
relatives.

In this study genomic fingerprints generated by
AFLP, rep-PCR and PFGE were evaluated as a
potential means of pathovar characterisation in
C. flaccumfaciens.

Species Strain number* Host (if known) Origin
Curtobacterium flaccumfaciens pv. betae 347347+ Betae vulgaris Canada
347349, 347351, 350459", 367323, 367324, Betae vulgaris UK
367325, 367326, 367327
C.f. pv. flaccumfaciens 350460, 358455, 367330, 367331, 367332 Phaseolus vulgaris Hungary
347350 Phaseolus vulgaris Kenya
367334 Phaseolus vulgaris Romania
367329 Phaseolus vulgaris Germany
347348, 358450, 358451, 367328, 367333, Phaseolus vulgaris USA
367335, 367336, 367337, 367338
C.f. pv. oortii 350461, Tulipa gesneriana Netherlands
367339, 367340, 367341 Tulipa gesneriana UK
367342, 358464 Tulipa gesneriana Japan
C.f. pv. poinsettiae 350462, 3584527, 358453, 358454, 367343, Euphorbia pulcherrima USA
367344, 367345, 367346, 367347, 367348,
367349, 367350
C. citreum 3594237 — Japan
C. albidium 3594227 — Japan
C. luteum 3594247 — Japan
C. pusillum 3594257 — Japan
C. plantarum 3594267 Glycine max USA

“Unless otherwise stated all cultures supplied by The Genetic Resource Collection, CABI Bloscience, Egham, Surrey, UK.

T: Type culture.
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Figure 1. Dendrogram of BOX-PCR fingerprint data. Similarities were defined using Dice’s coefficient and clustering using UPGMA.
Details of all strains are as described in Table 1.

Materials and methods

Bacterial cultures

Details of Curtobacterium strains used in this study
are summarised in Table 1. The identity of all cultures

was confirmed to the species-level using whole-cell
fatty acid methyl-ester analysis using the Microbial
Identification System (MIS; MIDI Inc., Newark, DE,
USA). Cultivation, extraction and analysis condi-
tions have been described previously (Henningson
and Gudmestad, 1991). The bacterial cultures were
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maintained freeze-dried and grown overnight for DNA
extraction on liquid CPG (Casamino acids (DIFCO)
0.1% (w/v), Bacto peptone (DIFCO) 1% (w/v) and glu-
cose 0.5% (w/v)) or on TSBA (Tryptcase soy broth
(BBL) 3% (w/v), agar 1.5% (w/v)).

DNA extraction and PCR amplification

Total genomic DNA was prepared using the proce-
dure described by Graves and Swaminathan (1993).
rep-PCR was performed using the primer sequence
corresponding to BOX A, a subunit of the BOX
element (5-CTACGGCAAGGCGACGCTGACG-3;
Martin et al., 1992) according to Louws et al. (1995).
The AFLP method applied was described previously
by Mueller et al. (1996), with bacterial DNA being
simultaneously digested with Ps¢1 and ligated to corre-
sponding double stranded adapters with two base selec-
tivity Pst1 + GA/Pst1 + CA. PCR amplified products
were separated by gel electrophoresis on 1.5% agarose
gels in TAE buffer and visualised by examining ethid-
ium bromide stained gels under UV light. Extractions
and amplifications were duplicated and irreproducible
peaks (bands) were omitted from the subsequent
analysis of the genomic fingerprints.

Pulsed-field gel electrophoresis

The method used for the preparation of high molecular
weight DNA was as described by Correia et al. (1994)
with a lysozyme treatment conducted for 6 h at 37 °C
followed by a 72h proteinase K treatment at 56 °C.
Genomic digestion with Xbal and HindIIl was carried
out in the presence of 10U of restriction enzymes.
Separation of DNA macrofragments was performed in
1.5% agarose gels in a LKB 2015 Pulsaphor Plus appa-
ratus (Pharmacia) equipped with a hexagonal electrode
array at 200 V with an interval time (linear ramp) from
3 to 30s for 22h. Bands were visualised by exam-
ining ethidium bromide stained gels under UV light.
Extractions, digestions and analyses were duplicated
and any irreproducible bands were omitted from the
subsequent analysis of the genomic fingerprints.

Analysis of genomic fingerprints

DNA fingerprints were scored visually or directly
using GelCompar (Applied Maths, Sint-Martens-
Latem, Belgium). AFLP and rep-PCR were analysed
directly from gel images, whilst PFGE data was scored

visually and the presence/absence of bands collated
into a binary data matrix. Cluster analysis for all
fingerprint types was performed on similarity matri-
ces produced using Dice’s coefficient ((2a/(2a +
b + ¢)); Dice, 1945), clustering achieved with the
unweighted pair-group method with arithmetic averag-
ing (UPGMA; Sneath and Sokal, 1973). Cluster analy-
sis of PFGE data is supported by cophenetic correlation
values, calculated using the method of Sokal and Rohlf
(1962).

Results

The dendrogram produced from the analysis of
the repetitive BOX element by PCR is shown in
Figure 1. Strains were recovered in three major clus-
ters linked at a similarity level of 48-57%. The first
cluster (A) consisted of C. citreum, C. albidium,
C. pusillum, C.f. pv. flaccumfaciens and C.f. pv. betae.
The second (B) consisted of C.f pv. flaccumfaciens,
C.f. pv. poinsettiae and C.f. pv. betae with all strains
of Cf. pv. poinsettiae clustered in one subgroup
at a similarity value of 88%. The third group (C)
consisted of all C.f. pv. oortii strains recovered at
a similarity level of 85%, linked to a number of
strains of C.f. pv. flaccumfaciens and C.f. pv. betae.
The use of BOX primers allowed the differentia-
tion of Cf. pv. poinsettiae and C.f. pv. oortii from
the other C. flaccumfaciens pathovars. However, both
C.f. pv. flaccumfaciens and C.f. pv. betae strains were
widely dispersed across the dendrogram and there was

lanes 1 2 3 4 5 6 7 & 910 111213 1415 16 17 18 1€ 20
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Figure 2. Example of a simplified AFLP analysis gel obtained
using Pstl-specific adaptors and primers. Lanes: (1) 100-bp
ladder (GibcoBRL); (2-13) C.f. pv. poinsettiae IMI 358452,
358454, 367343, 367345, 367350, 358453, 367344, 350462,
367348, 367347, 367346, 367349; (14-19) C.f pv. oortii
IMI 367341, 350461, 358464, 367342, 367339, 367340;
(20) 100-bp ladder.
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Figure 3. Dendrogram of AFLP fingerprint data. Similarities were defined using Dice’s coefficient and clustering using UPGMA. Details
of all strains are as described in Table 1.

no clear separation between C. flaccumfaciens and the Pstl + GA/Pstl 4+ CA selective primer extensions is
majority of other Curtobacterium species studied. shown in Figure 2. In general, 4-8 bands ranging
An example of the fingerprints obtained using approximately from 1800 to 300bp were generated

the simplified Pst1-AFLP method, employing the from all the strains studied. A composite data-set,
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Figure 4. Pulsed-field gel electrophoresis of total genomic DNA
of Curtobacterium spp. digested with HindIII (A) and Xbal (B).
Lanes: (1-10) C.f. pv. poinsettiae IMI 367343, 367344, 367345,
367346, 367347, 367348, 367349, 367352, 350462, 358454
(11) C. citreum 359423.

constructed for all strains using two Pstl-specific
adaptor/primer combinations was analysed and results
shown in the form of a dendrogram (Figure 3). In
contrast to the results obtained with the BOX primer,
the five Curtobacterium species tested were well
separated from each other. In addition, this method
allowed the differentiation of C.f. pv. poinsettiae

and C.f. pv. betae from representatives of the other
pathovars.

Curtobacterium strains examined by macro-
restriction analysis and PFGE generated DNA profiles
consisting of 14-18 fragments, ranging from 5
to 800Kb (Figure 4). Within C. flaccumfaciens,
characteristic profiles for each pathovar were
observed. Figure 4A,B shows an example of the
electrophoretic patterns obtained, with 10 strains
of C.f. pv. poinsettiae exhibiting two basic profile
types. C.f. pv. flaccumfaciens strains digested with
HindIll and Xbal showed a high degree of hetero-
geneity, with 5 different profiles types identified,
C.f. pv. oortii strains exhibited two profile types and,
in contrast, C.f. pv. betae displayed remarkably little
heterogeneity in its macro-restriction profile (data
not shown). The dendrogram generated from these
collective data separated C. flaccumfaciens strains
into four cluster groups with similarity values ranging
from 28% to 43% (Figure 5). Membership of these
four clusters was entirely consistent with the exist-
ing subspecific classification for this species and all
strains were recovered in their respective pathovars,
though C. citreum was found to cluster with strains of
C.f. pv. poinsettiae. High values for cophenetic corre-
lation (100-62%) at each of the branch points in the
dendrogram indicate that the clustering is a good rep-
resentation of the variation found within the similarity
matrix.

Discussion

In general the differentiation of plant pathogenic
coryneform bacteria remains problematic, this is
particularly true of C. flaccumfaciens where the bio-
chemical, serological and molecular approaches exam-
ined to date have proved inadequate at differentiating
between pathovars (Henningson and Gudmestad, 1991;
McDonald and Wong, 2000). In the study of McDonald
and Wong (2000) genomic fingerprinting using rep-
PCR, which includes BOX-, ERIC- and rep-PCR, was
effective at separating C. flaccumfaciens from other
species of the genus as well as from representatives of
the genera Clavibacter and Rathayibacter. However, a
number of C.f. pv. flaccumfaciens strains were recov-
ered in one cluster alongside a C.f. pv. poinsettiae
strain and others were clustered with strains of
C.f. pv. betae and C.f. pv. oortii. The findings of this ear-
lier research are mirrored here as only partial recovery
of pathovars was achieved using BOX-PCR (Figure 1).
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Figure 5. Dendrogram of PFGE fingerprint data with cophenetic correlation values shown at branch points. Similarities were defined
using Dice’s coefficient and clustering using UPGMA. Details of all strains are as described in Table 1.

In contrast to the work of McDonald and Wong (2000),
C. flaccumfaciens could not be completely sepa-
rated from other Curtobacterium species and only
C.f. pv. poinsettiae and C.f pv. oortii were recov-
ered intact. The resolution obtained with this technique

when compared with analogous methodology such
as the restriction digestion of the ITS region (data
not shown), is certainly superior though clearly not
entirely effective at separating the pathovars of this
species. These results and those from the earlier study
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of McDonald and Wong (2000) contrast with stud-
ies on other closely related coryneforms, namely the
subspecies of Clavibacter michiganensis (Louws et al.,
1998; Smith et al., 2001).

Cluster analysis of the AFLP fingerprints (Figure 3)
showed a higher level of resolution than BOX-PCR,
separating C. flaccumfaciens from all other species of
the genus tested and recovering C.f. pv. poinsettiae and
C.f. pv. betae and a core of C.f. pv. flaccumfaciens
as well separated groups. It is likely that the higher
resolution obtained with this technique derives from
restriction sites which are generally well dispersed
across coding and non-coding regions of the genome
enabling differentiation down to the strain-level in
some bacteria (Blears et al., 1998; Loreti et al., 2001).
AFLP analysis has the additional benefit of being rela-
tively of free of artefacts (Hanninen et al., 2001), can be
used effectively on bacterial species which have proven
to be untypeable using other methods (Klaassen et al.,
2002) and is amenable to computer-assisted analysis
(de Boer et al., 2000). Clearly the simplified AFLP
method used here generates high quality data with ade-
quate resolution and time-efficiency, and may be an
effective alternative for the characterisation and identi-
fication of some C. flaccumfaciens pathovars. However,
it should be stressed that the method developed by
Mueller et al. (1996) uses one restriction endonuclease
rather than the conventional two and generates much
simpler profiles than would normally be the case when
using ‘conventional’ AFLP (Vos et al., 1995). This
simplified method has the advantage that fragments
can be separated and visualised by agarose-gel elec-
trophoresis, though resolution maybe lost through this
simplification of the method and the possibility exists
that conventional AFLP may allow the full resolution
of all pathovars of this species.

The macro-restriction digestion of genomic DNA
and resolution of the resultant fragments by
PFGE resulted in the clear differentiation of all
Curtobacterium species, and the recovery of all strains
in their respective pathovars. Varying numbers of
subgroups were detected within each pathovar. Like
AFLP’s, the resolving power of PFGE, is reliant on the
presence or absence of specific restriction sites across
the genome, which can vary between individuals due to
genomic rearrangement such as insertions, deletions,
translocations or inversions. Furthermore, the distribu-
tion of these restriction sites in the bacterial genome is
unique, stable, clonally inherited, and with the appli-
cation of PFGE facilitates their direct observation
(Hanninen et al., 2001). DNA fingerprints generated

by PFGE have been used as diagnostic tools in the
identification of microorganisms and in environmental
studies (Hanninen et al., 2001), and as demonstrated
here may provide an excellent alternative to host testing
employed in C. flaccumfaciens pathovar identification.

The data produced in this study strongly support the
idea that C. flaccumfaciens pathovars represent genet-
ically well-defined evolutionary lineages, isolated by
specialisation on different plant hosts. These findings
are further supported by the discovery of unique DNA
sequences that can be employed for the specific detec-
tion of C.f. pv. flaccumfaciens strains and no other
C. flaccumfaciens pathovars (Guimaraes et al., 2001;
Tegli et al., 2002). According to Dye et al. (1980),
a pathovar is a strain or a set of strains with the
same or similar characteristics that can be differenti-
ated at infrasubspecific level from other strains of the
same species or subspecies on the basis of distinctive
pathogenicity to one or more plant hosts. Although
C. flaccumfaciens strains have been classified on the
basis of this definition, the data provided by PFGE, in
part supported by the analysis of the genome by AFLP
and by rep-PCR, shows that variability can also be
detected at the molecular level between the pathovars
of this species raising the possibility that these methods
can be used as alternatives to host testing.
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