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The genus Xanthomonas contains a large number of strains, which have been
characterized by a variety of phenotypic and genotypic classification methods.
The Xanthomonas collection constitutes one of the largest groups of bacteria
that have been characterized phylogenetically by DNA-DNA homology studies
and genomic fingerprinting. Presently, a total genomic DNA-DNA homology
value of 70% represents an internationally accepted criterion to define
bacterial species levels. However, the complexity of DNA-DNA reassociation
kinetics methods precludes the rapid analysis of large numbers of bacterial
isolates, which is imperative for molecular microbial diversity studies.
Therefore, the aim of this study was to compare more facile PCR-based
genomic fingerprinting techniques, such as repetitive-sequence-based (rep)-
PCR and AFLP genomic fingerprinting, to DNA-DNA hybridization studies.
Using three different primer sets, rep-PCR genomic fingerprint patterns were
generated for 178 Xanthomonas strains, belonging to all 20 previously defined
DNA-DNA homology groups, and one Stenotrophomonas maltophilia strain. In
addition, AFLP genomic fingerprints were produced for a subset of 80
Xanthomonas strains belonging to the 20 DNA-DNA homology groups and for
the S. maltophilia strain. Similarity values derived from rep-PCR- and AFLP-
generated fingerprinting analyses were calculated and used to determine the
correlation between rep-PCR- or AFLP-derived relationships and DNA-DNA
homology values. A high correlation was observed, suggesting that genomic
fingerprinting techniques truly reveal genotypic and phylogenetic
relationships of organisms. On the basis of these studies, we propose that
genomic fingerprinting techniques such as rep-PCR and AFLP can be used as
rapid, highly discriminatory screening techniques to determine the taxonomic
diversity and phylogenetic structure of bacterial populations.

Keywords: rep-PCR, AFLP, Xanthomonas, DNA-DNA homology studies,
molecular phylogeny
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Abbreviations: ARDRA, amplified rDNA restriction enzyme analysis; BER, individual BOX-, ERIC- and REP-PCR generated genomic fingerprints combined
linearly using the ‘combined gel’ option of the GELCOMPAR program (BER profile); BOX-PCR, PCR based on primers targeting the highly conserved repetitive
DNA sequences of the BOXA subunit of the BOX element of Streptococcus pneumoniae; DAF, DNA amplification fingerprinting; ERIC, enterobacterial
repetitive intergenic consensus; RAPD, random amplified polymorphic DNA; rep-PCR, repetitive-sequence-based PCR; REP, repetitive extragenic palindromic
sequence; UPGMA, unweighted pair group method using averages.
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Table 1. DNA-DNA homology groups and strains analysed by AFLP and rep-PCR genomic fingerprinting

Zimbabwe

Taxon Host Geographical origin LMG strain no.*

Group 1

X. fragariae Fragaria ananassa Greece, USA 706, 708"

Group 2

X. hortorum pv. hederae Hedera helix USA 733+

X. h. pelargonii Pelargonium sp. New Zealand, France, Belgium 73147, 7356, 7585, 7712

X. h. vitians Lactuca sativa Zimbabwe 938

Group 3

X. populi Populus canadensis France 974, 5743", 5753

Group 4

X. arboricola corylina Corylus sp. UK, USA 688, 6891, 8658, 8660

X. a. juglandis Juglans regia New Zealand, The 74771, 8047

Netherlands

X. a. poinsettiicola Euphorbia pulcherrima New Zealand 5403

X. a. populi Populus euramericana The Netherlands 121417

X. a. pruni Prunus sp. New Zealand 852+, 8680

Group 5

X. cassavae Manihot esculenta Malawi, Rwanda 670, 6737, 5264

Group 6

X. codiaei Codiaeum variegatum USA 8677, 8678

Group 7

X. bromi Bromus sp. France, New Zealand (947), 8269, 8272

Group 8

X. cucurbitae Cucurbita maxima New Zealand 6907, 8662

Group 9

X. axonopodis alfalfae Medicago sativa Australia, Sudan 497+, 8079

X. a. axonopodis Axonopus scoparius Colombia 538", 539

X. a. bauhiniae Bauhinia racemosa India 548

X. a. begoniae Begonia sp. Belgium, New Zealand, UK 551, 7178, 7188, 7226, 73037,

7304, 7601

X. a. cajani Cajanus cajan India, Sudan 5587, 7387tl1

X. a. cassavae Manihot esculenta Niger 8049

X. a. cassiae Cassia tora India 675t

X. a. citri (A) Citrus aurantifolia, C. latifolia, Brazil, India, New Zealand, 681, (6821), 8650, 8654, 8657,
C. limon, C. reticulata Pakistan, USA 9176, 9321, 9665, 9671

X. a. aurantifolii (citri B) Citrus limon Argentina 9179, 9183

X. a. aurantifolii (citri C) Citrus aurantifolia Brazil 8655, 9181, 9658

X. a. aurantifolii (citri D) Citrus aurantifolia Mexico 9182

X. a. citrumelo (citri E) Poncirus trifoliata x Citrus USA 9160, 9167, 9172, 9175, 9325
sinensis, Citrus paradisi

X. a. clitoriae Clitoria biflora India 9045+

X. a. coracanae Eleusine coracana India 68671, 7476

X. a. cyamopsidis Cyamopsis tetragonolobus India 6917F

X. a. desmodii Desmodium dichotomum India 6927

X. a. desmodiigangetici Desmodium gangeticum India 6937

X. a. desmodiilaxiflori Desmodium laxiflorum India 90467

X. a. desmodiirotundifolii Desmodium styracifolium India 694+

X. a. dieffenbachiae Anthurium sp., Dieffenbachia Brazil, USA 695+, 7399, 8664
sp.

X. a. erythrinae Erythrina variegata India 698+

X. a. glycines Glycine max Sudan 7127

X. a. lespedezae Lespedeza sp. USA 757+

X. a. malvacearum Gossypium sp. Sudan, Uganda 761%, 7429

X. a. manihotis Manihot esculenta Brazil, Nigeria 771, 77371, 778, 7847

X. a. patelii Crotalaria juncea India 8117

X. a. phaseoli Phaseolus vulgaris Romania 7455+, 8014

X. a. phaseoli var. fuscans Phaseolus vulgaris Germany, South Africa, USA 837t1, 7511, 8036

X. a. phyllanthi Phyllanthus niruri Sudan 8447

X. a. poinsettiicola Euphorbia pulcherrima India 8497

X. a. rhynchosiae Rhynchosia memnonia Sudan 80217

X. a. ricini Ricinus communis Ethiopia, Hong Kong, India, 8617, 862, 7441, 7443
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Table 1 (cont.)

X. oryzae oryzae

X. o. oryzicola
Group 11

X. vasicola holcicola
X. v. vasculorum

Group 12

X. pisi

Group 13

X. melonis

Group 14

X. vesicatoria

Group 15

X. campestris aberrans

X. c. armoraciae

X. c. barbareae
X. c. campestris

X. c. incanae

X. c. raphani

Group 16

X. translucens arrhenatheri
X. t. cerealis

X. t. graminis
t. hordei

t. phlei

t. phleipratensis
t. poae

. 1. secalis

. 1. translucens

M e

X. t. undulosa
Group 17

X. hyacinthi
Group 18

X. theicola
Group 19

X. sacchari
Group 20

X. albilineans
Group 21
Stenotrophomonas maltophilia

Oryza sativa
Oryza sativa

Sorghum sp., Holcus sp.
Saccharum officinarum, Zea
mays

Pisum sativum
Cucumis melo
Lycopersicon esculentum

Brassica oleracea L. var.
capitata L.

Iberis sp., Armoracia
lapathifolia

Barbarea vulgaris

Brassica oleracea, Raphanus
sativus

Matthiola sp.

Raphanus sativus

Arrhenatherum elatius

Bromus inermis, Hordeum
vulgare

Lolium perenne, Dactylis
glomerata

Hordeum vulgare, Dactylis
glomerata

Phleum pratense

Phleum pratense

Poa trivialis

Secale cereale

Hordeum vulgare, Secale
cereale

Triticum sp.

Hyacinthus orientalis
Camellia sinensis
Saccharum officinarum
Saccharum officinarum

Human with mouth cancer

Philippines
Malaysia, Philippines

New Zealand, USA

Malagasy Republic, South
Africa

Japan

Brazil

Italy, New Zealand

Australia

Tanzania, USA

USA

France, Malawi, Burundi, New
Zealand, UK

USA

USA

Switzerland

Canada, USA

Belgium, Switzerland

Canada, India, Japan, New
Zealand

Belgium, Norway

USA

Switzerland

Canada

USA

Canada

The Netherlands

Japan

Guadeloupe

Mauritius, Fiji

Unknown

Taxon Host Geographical origin LMG strain no.*

X. a. sesbaniae Sesbania sesban Unknown 867+

X. a. tamarindi Tamarindus indica India 869, 9557

X. a. vasculorum Saccharum officinarum, Australia, Mauritius 895, 899, 9017, 903
Thysanolaena maxima

X. a. vesicatoria Capsicum sp., Lycopersicon Morocco, USA 905, 910, 929t1
esculentum

X. a. vignaeradiatae Vigna radiata Sudan 9367

X. a. vignicola Vigna unguiculata India, Sudan, USA 828, 8139, 8752+

X. a. vitians Lactuca sp. Colombia, USA 937%

Group 10

795, 5047", 6518
665, 793, 7197t

7367, 7416, 7489
900, 902, 8284

8477

86707, 8672

911t17, 920t1
9037+

535+, 7383t2

547+, 7385

567, 568", 571, 573, 583, 7514,
8032

7421, 74901
8607, 7505, 8134

72711
6791, 880

713, 726+
737+, 879, 882, 8279
716, 730+

843+

594, 728+

8831, 7507
876+, 5259, 5260
885, 888, 8921
739+, 742, 8041
86847

471, 476

842, 494"

958"

* Strains indicated in bold were also used in AFLP analysis, strains in parentheses were not used in rep-PCR genomic fingerprinting.
t1, t2 and t3 indicate several stable colony types.

T Pathovar reference strain.
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INTRODUCTION

Polyphasic taxonomy is increasingly being accepted as
a comprehensive approach to microbial systematics
(Colwell, 1970; Vandamme et al., 1996). However, the
determination of total genomic DNA-DNA hom-
ology values has persisted as a dominant component of
taxonomic analyses (Wayne et al., 1987 ; Murray et al.,
1990). In fact, it has been referred to as the ‘gold
standard’ for the definition of bacterial species
(Stackebrandt & Goebel, 1994), and 70 % DNA-DNA
homology values are considered to be the ‘species
limit” (Wayne et al., 1987; Murray et al., 1990).
DNA-DNA homology-based approaches to classi-
fication are clearly impractical when analysing large
collections of environmental isolates, due to the
experimental limitations of analysing large numbers of
strains by DNA-DNA reassociation methods in a
pair-wise fashion. The analysis of 16S or 23S rDNA
genes by DNA sequence analysis (Woese, 1987) or
restriction enzyme digestion (ARDRA ; Vaneechoutte
et al., 1993) have become more useful approaches to
assess the phylogenetic and taxonomic diversity of
bacterial isolates (Heyndrickx et al., 1996; Moyer et
al., 1996). However, the power of rDNA-based pro-
tocols resides at a low phylogenetic or taxonomic level
of resolution, which is valuable for classifying bacteria
from the genus to even the kingdom level but which is
insufficient to classify bacteria at the (sub)species level
(Woese, 1987; Fox et al., 1992; Stackebrandt &
Goebel, 1994; Hauben et al., 1997). Therefore, we
postulated that rapid molecular genomic finger-
printing methods would be valuable, high-resolution
alternative approaches to the classification of bacteria,
especially on the species-, subspecies- or strain-specific
level (Louws et al., 1994, 1995, 1997; Janssen et al.,
1996; Lin et al., 1996; Rademaker & de Bruijn, 1997;
Rademaker et al., 1997, 1998 ; Bragard et al., 1997).

Recently described genomic fingerprinting methods
such as repetitive-sequence-based (rep)-PCR (Versa-
lovicet al., 1991, 1994, 1998 ; de Bruijn, 1992), random
amplified polymorphic DNA (RAPD) or DNA ampli-
fication fingerprinting (DAF) (Caetano-Anollés et al.,
1991) and AFLP genomic fingerprinting (Vos et al.,
1995) analyses have been suggested as accurate
approaches to determine taxonomic and/or phylo-
genetic relationships between bacteria (Janssen et al.,
1996; Huys et al., 1996, Clerc et al., 1998). However,
the correlation between genomic fingerprinting and
DNA-DNA homology studies has not been inves-
tigated on a sufficiently large scale to validate the
former approaches as an alternative to, or a pre-screen
precursor of, DNA-DNA homology-based bacterial
speciation methods.

In this study, we chose the genus Xanthomonas as a
model system to examine the relationship between
phylogenetic relationships in bacteria based on DNA—
DNA homology studies (Vauterin et al., 1995) and
complemented by a variety of phenotypic methods
(Vauterin et al., 1991, 1995, 1996 ; Yang et al., 1993) to

those derived from genomic structure (fingerprinting)
analyses based on rep-PCR or AFLP genomic finger-
printing approaches.

The rep-PCR-generated genomic fingerprints of 177
Xanthomonas strains, representing all 20 DNA-DNA
homology groups (Vauterin et al., 1995), and one
Stenotrophomonas maltophilia strain were employed to
derive dendrograms of genetic relatedness using the
GELCOMPAR program (Vauterin & Vauterin, 1992). In
addition, a subset of 80 Xanthomonas strains, repre-
senting the same 20 DNA-DNA homology groups,
was analysed by AFLP analysis. On the basis of the
results obtained, we suggest that the genomic structure
of a bacterium, as deduced from its genomic finger-
print, represents an accurate reflection of its taxonomic
and phylogenetic position based on total genomic
DNA-DNA hybridization values.

METHODS

Bacterial strains. The 180 strains used in this study are listed
in Table 1. Totals of 178 and 80 strains were selected for rep-
PCR genomic fingerprinting and AFLP analysis, respect-
ively (Table 1). The S. maltophilia type strain was included in
the study as a control. The Xanthomonas strains selected
comprise 20 genospecies and over 80 pathogenic variants,
originating from 40 different countries (Table 1), and were
obtained from the BCCM/LMG culture collection of the
Laboratorium voor Microbiologie, Universiteit Gent,
Ghent, Belgium.

DNA-DNA hybridization analysis. The global DNA-DNA
homology matrix of 791 values, derived as described by De
Ley et al. (1970) from the same 180 strains used for genomic
fingerprinting, was obtained from Vauterin et al. (1995).
Each DNA-DNA homology value represents the mean of
between two and eight independent experiments (Vauterin et
al., 1995).

Genomic fingerprinting. DNA was extracted from the
bacterial strains as described by Rademaker & de Bruijn
(1997). BOX-PCR (based on primers targeting the highly
conserved repetitive DNA sequences of the BOXA subunit
of the BOX element of Streptococcus pneumoniae), ERIC-
PCR (based on primers targeting the highly conserved
enterobacterial repetitive intergenic consensus) and REP-
PCR (based on primers targeting the repetitive extragenic
palindromic sequence) genomic fingerprints were obtained
as described by Rademaker & de Bruijn (1997) and
Rademaker et al. (1998). AFLP fingerprints were generated
as described by Janssen et al. (1996), using restriction
enzymes EcoRI and Taql and one 3’ cytosine as selective
base in both primers. Electrophoresis was performed in TBE
buffer at 120 W and 50 °C for 2 h (Janssen et al., 1996).

Computer-assisted analysis of genomic fingerprints. Com-
puter-assisted analysis of the genomic fingerprints was
performed by using the commercially available GELCOMPAR
version 4.1 software program (Applied Maths) (Vauterin &
Vauterin, 1992), as described previously (Rademaker & de
Bruijn, 1997; Rademaker ez al., 1997, 1999). Briefly, rep-
PCR genomic fingerprints were analysed using a resolution
of 400 and AFLP profiles of 1200 data points. Using the
GELCOMPAR software, the similarity between pairs of sep-
arate or linearly combined BOX-, ERIC- and REP-PCR
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genomic fingerprints was calculated by using the product-
moment correlation coefficient (r value; Pearson, 1926),
applied to the whole densitometric curves of the gel tracks
(Hane et al., 1993; Rademaker & de Bruijn, 1997;
Rademaker et al., 1999). Four full 178-by-178 similarity
matrices of the respective rep-PCR fingerprints and one 80-
by-80 matrix of r values for AFLP patterns were obtained
(31684 and 6400 values, respectively). Cluster analysis of the
pairwise similarity values was performed by using the
UPGMA (unweighted pair group method using averages)
algorithm (Sneath & Sokal, 1973).

Regression and other statistical analyses. The set of 791
DNA-DNA homology values derived from pairs of 180
strains (Vauterin er al., 1995) was compared with the
similarities between pairs of AFLP and separate or linearly
combined BOX-, ERIC- and REP-PCR genomic finger-
prints generated from the same 180 strains. The resulting
data were analysed by using the BioNuMERICS (Applied
Maths) and spss 7.5 (SPSS Inc.) software packages. Product-
moment and Kendall’s tau correlation values, scatterplots
and second-degree regression curve fits were obtained for
each combination of genomic fingerprint similarity values (r
values) and the DNA-DNA homology values.

RESULTS AND DISCUSSION

The primary goal of this work was to determine
whether clusters derived from genomic fingerprints
corresponded to DNA-DNA homology-derived
clusters and to determine the correlation between the
primary similarity matrix values derived from genomic
fingerprint patterns with actual DNA-DNA hom-
ology values (Fig. 1).

Cluster analysis of rep-PCR genomic fingerprints
versus DNA-DNA homology groupings

First, BOX-, ERIC- and REP-PCR genomic finger-
prints were generated from purified chromosomal
DNA of 177 xanthomonad strains used previously for
DNA-DNA hybridization experiments (Vauterin et
al., 1995), including more than 80 pathovars of 20
genomic species and one strain classified as S. malto-

DNA-DNA DMNA-DNA
Homology Homology
Determination Clusters

Bacterial m
DNA ‘

ANYS DIRECT ' | INDIRECT
E:EDMPARISON | COMPARISON
-i! Genomic '
Fingerprint — |
Similarity = |
Assessment Fingerprint
L Clusters

_‘.S_imilarity Matrix

Fig. 1. Scheme illustrating direct and indirect comparison of
genomic fingerprint analyses and DNA-DNA homology studies.

philia (Table 1). The rep-PCR-amplified bacterial
genomic fragments were resolved on agarose gels,
resulting in complex fingerprint patterns with multiple
bands of distinct intensities (Fig. 2). These patterns
were analysed with the GELCOMPAR software package
(Vauterin & Vauterin, 1992), as described by
Rademaker et al. (1999). Pearson’s product-moment
correlation (r) values were calculated separately for the
BOX-, ERIC- and REP-PCR genomic fingerprints
and for the three linearly combined patterns (BOX-
ERIC-REP; referred to as BER; Fig. 2). Twenty-five
distinct and coherent clusters were observed after
computer-assisted pattern analysis of the separate
BOX-, ERIC- and REP-PCR genomic fingerprints
and, to an even more precise extent, of the three
linearly combined profiles (Fig. 2; boxes numbered 1
to 8, 9-1 to 9-6 and 10 to 20). Groups 1-8 and 10-20
(Fig. 2) were found to correspond precisely to those
identified by DNA-DNA homology studies (DNA
homology groups 1-8 and 10-20; Vauterin et al.,
1995).

Group 9 (Xanthomonas axonopodis), as identified by
Vauterin et al. (1995), contains the strains of the
collection with the lowest DNA-DNA homology
values and was also found to be heterologous on the
basis of rep-PCR genomic fingerprinting. Group 9
includes six genetic clusters on the basis of rep-PCR
genomic fingerprints (9.1, 9.2 etc.; Fig. 2). Individual
BOX-, ERIC- or REP-PCR genomic fingerprint data
sets tended to group strains into similar subclusters
with a few exceptions. A more detailed rep-PCR
genomic fingerprinting analysis, using a much larger
collection of strains from DNA-DNA homology
group 9, will be presented elsewhere.

Cluster analysis of AFLP genomic fingerprints versus
DNA-DNA homology groupings

AFLP fingerprints were generated from 82 xantho-
monad strains belonging to the collection of strains
analysed by DNA-DNA homology studies (Vauterin
et al., 1995) and rep-PCR genomic fingerprinting (this
study), including the pathotype of each of the 20
genomic species (Table 1) and the S. maltophilia strain.
The AFLP genomic fingerprint patterns obtained were
found to be similar in complexity to the rep-PCR-
generated patterns (Fig. 3), and were analysed by using
the GELCOMPAR software. Similarity values between
the AFLP fingerprints were calculated. Subsequent
cluster analysis yielded 24 groups, 19 of which cor-
responded to clusters identified by DNA-DNA hom-
ology studies (Fig. 3; boxes numbered 1 to 8, 9-1 to 9-
5 and 10 to 20).

The AFLP clusters were found to be virtually identical
to those generated by rep-PCR genomic fingerprinting
(Figs 2 and 3). Strains classified within all but two
DNA-DNA homology groups formed the same co-
herent clusters in AFLP and rep-PCR genomic finger-
printing analyses, the exceptions being DNA-DNA
homology groups 9 and 4. Strains classified within

International Journal of Systematic and Evolutionary Microbiology 50 669



r-value x 100

J. L. W. Rademaker and others

- - - . i = -l
2 & . =tes -
- -= -
- - - 3 - - ® e = =Sesisslfgaentiies_ _ Ce=. 0 DL 7 acteeesd == =
= 8 =<8 28 e et oo = S
- - - ® - s T | sams 2
X #sg 2 L2 L o = =% - - - LT TR N ——
- 5 ' il . - - - - B ——_— - - - agEs” amE®a__ .=
== - - pmales " E - B 3 - ==zz% ..
i ST 5 . T T P ) sesiess adsagiesfezziiy TIRELTTIOTO
i - - s asa-fhes s “Ey e 5. 4 - iks === s mE o
v - . - £ - & -
DI o= . . Sl e — P— 2 T e gl P Baary - e
- - - seam ool e Aoy | e =-.g8adl
£ . as H s= ecale -BET-ITIIIEREIZI.G. - bt s 11
_—_iucta “. te. T S ey e 88T le il 3 - b
L e - = 2858 = I A ieoz¥ -~
R [T  § it - - is == . P e P g f 1 ML L et e e
. & * a dai : e dashiinieabag-gal 0 Caliged it i iZ; - - ik
: B - fase H 1 . . is . = - . =¥
- - samms s
- - t - - - Al wyy *°T
- e - = - & . Basen -1
i T = ErgrieT Ty - - = Uu L5 l - H " " - .
gmremge me  Sems EEmesssmess g s sad s=z.a - - Sgcmn -
- - - - “- - ot
3 - SEo= . g
- . Bad.o5
L L -SR-S S — -
= i ae == o= zisl__  okBElus=UEE
= s SesTTSa. g - E - .
-z - : peeg = - =
e=azl eal T EGaogetEtTE
- vt =~es =¥ Y | P
£ -
5 - : e b "
i g2 - CE e . i
2 wam- - =® 1% -
. | - BgTeaee Al ave-e L] - goe 3 *
i e .-.-u--u. N ¥ e | Tapigeragrave
AL L EEERE sl .enam-aa- = § wref TR Tag™" kb
- o | | -4

Brresaatiigisoelilly; H
g Sijinacstl
camemicy - MM 4

sosielt Licambbadiie: SLLEEEPATMEEREEE T

S iyt it e e,
: onell Seae s c-libesiies
& L Y ] g .| aw - - = SIIt] $F H - - T - s -=_ 5
R B L L ettt o LR L IR B ieciigeist
: el Fsassd b L IiiTiE T - -
& - ' gissg: 58§ B-. §ilasn FET_ 3= aBzis 1. .78 HY
:

8
{
Ed
9.4

[s5H

16

mlg

International Journal of Systematic and Evolutionary Microbiology 50

ig. 2. UPGMA/product-moment cluster analysis of 178 linearly combined BOX-, ERIC- and REP-PCR-generated genomic
fingerprints of the Xanthomonas strains listed in Table 1. The DNA-DNA homology groups are those determined by

Vauterin et al. (1995) and subclusters within group 9 are as indicated.
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Fig. 3. UPGMA/product-moment cluster analysis of 80 AFLP genomic fingerprints of the Xanthomonas strains listed in
Table 1. DNA-DNA homology groups (Vauterin et al., 1995) are shown. Moreover, subgroups of DNA-DNA homology
group 9, as determined by rep-PCR genomic fingerprinting (see Fig. 2) are indicated in boxes with dotted lines.

DNA-DNA homology group 9 were found to be more
similar to each other than to strains in any other
group, but at a substantial lower level than within any
other DNA-DNA homology group. Moreover, some
of the subclusters found by AFLP analysis belonging
to DNA-DNA homology group 9 corresponded to
those observed by rep-PCR analysis (Figs 2 and 3;
boxes numbered 9-1 to 9-6). Xanthomonas arboricola
pv. populi strain LMG 12141 was separated from the
other members of DNA-DNA homology group 4 in
the cluster analysis of the AFLP patterns. This
observation is supported by similar results obtained by
analysing BOX-PCR fingerprinting patterns (data not
shown; Rademaker et al., 1997).

Correlation between similarity matrices using the
product-moment correlation coefficient

The topology of the dendrograms obtained by rep-
PCR and AFLP genomic fingerprinting analyses was
found to be in excellent agreement with the groups
obtained by DNA-DNA homology studies. However,

groupings derived from fingerprint similarity and
DNA-DNA homology values could be regarded as
‘secondary data’, while similarity matrices derived
from fingerprint patterns and initial DNA-DNA
homology matrices constitute ‘primary data’, which
are more suitable for direct comparison (Fig. 1).
Therefore, a correlation study of the relevant primary
data was carried out using the estimates of genetic
similarity from rep-PCR or AFLP genomic finger-
prints and DNA-DNA homology values as input.

First, the Pearson’s product-moment correlation co-
efficient was employed, since it permitted a direct
comparison of our results with those from other studies
(see below). Subsequently, the non-parametric
Kendall’s tau coefficient was used.

Product-moment (r) values were calculated between
the DNA-DNA homology matrix and the corre-
sponding similarity matrices of the respective genomic
fingerprints from BOX-, ERIC- and REP-PCR-, BER-
and AFLP-based analyses (see above). A highly
significant correlation was observed between the

International Journal of Systematic and Evolutionary Microbiology 50

671



J. L. W. Rademaker and others

Table 2. Pearson’s product-moment and non-parametric
Kendall's tau correlation coefficients between and
among the DNA-DNA homology matrix and similarity
matrices of AFLP or rep-PCR genomic fingerprints

The observed correlation values are all significant at the
P=0-001 level (two-tailed). n is the number of values used in
each analysis. DNA indicates the DNA-DNA homology
matrix.

Matrix BOX ERIC REP BER AFLP
Pearson’s product-moment

ERIC 0-712

REP 0-774 0-693

BER 0-909 0-849 0-890

AFLP 0-722 0-680 0-713 0-781

DNA 0-779 0-669 0-777 0-808 0-838
Kendall’s tau

ERIC 0-404

REP 0-478 0-374

BER 0-670 0-537 0-625

AFLP 0-312 0-321 0-340 0-353

DNA 0-522 0-436 0-549 0-566 0-522
n

ERIC 732

REP 732 732

BER 732 732 732

AFLP 294 294 294 294

DNA 732 732 732 732 322

DNA-DNA homology matrix and corresponding
fingerprint similarity matrices (Table 2). This com-
parison was carried out on the primary data, without
interference or bias introduced by clustering methods
or classification schemes. The observed correlations of
fingerprint similarities with DNA-DNA homology
values were found to be high and statistically sig-
nificant (P = 0-0001, two-tailed test), ranging from
0-669 for ERIC to 0-838 for AFLP genomic fingerprint
analyses.

The correlation between duplicate DNA-DNA hom-
ology series (n = 751) was found to be 0-942, with the
same level of significance (P = 0-0001; for a survey of
the literature on experimental error in DNA-DNA
pairing, see Hartford & Sneath, 1990). The correlation
of the combined BER fingerprint similarities with
DNA-DNA homology values (0-808) was found to be
higher than those found with individual BOX (0-779),
ERIC (0:669) or REP (0-777) data sets. This probably
reflects the larger number of fragments included in the
pattern analysis of BER versus single fingerprints. It
may also reflect a possible uneven distribution of
BOX, ERIC or REP primer-annealing sites around
bacterial genomes. It has been observed in Escherichia
coli, for example, that ERIC and REP sequences can
occur in clusters and that, in specific areas of the
genome, too few closely arrayed ERIC or REP

elements may be present to generate REP-element-to-
REP-element or ERIC-element-to-ERIC-element am-
plification products (Lupski & Weinstock, 1992).

The high correlation observed when using the primary
data was found to be in concordance with the
corresponding topologies of the dendrograms (Figs 2
and 3 and data not shown). Correlation values between
the rep-PCR fingerprinting methods ranged from 0-693
(ERIC/REP) to 0909 (BOX/BER); r values between
AFLP and rep-PCR fingerprinting methods ranged
from 0-680 (ERIC/AFLP) to 0-781 (BER/AFLP)
(Table 2). This is in contrast with the results obtained
by Gonzalez et al. (1998), who found a very low
correlation value (0-15) between AFLP (four com-
binations) and RAPD (10 primers) fingerprinting of
Colletotrichicum lindemuthianum. These authors ex-
cluded the possibility that their results were based on
the complexity differences (number of bands) gener-
ated by the two fingerprinting techniques.

The high correlation we observed between rep-PCR-
generated and AFLP-based genomic fingerprinting
results may be due to the fact that the different
techniques are based on either naturally occurring
repetitive elements or restriction sites, in contrast to
RAPD analysis, which is based on the occurrence of
random sequences that may have less biological
significance. However, Clerc et al. (1998) found that
genetic distance similarity values derived from RAPD
data versus a simplified AFLP protocol (each with 12
primers) correlated well in a study of  Pseudomonas
tomato’ strains (r = 0-76). These authors reported that
the two methods provided essentially the same results
and are, therefore, both useful for exploring genetic
diversity. They also concluded that AFLP analysis
delineated genospecies more effectively than did
RAPDs. Moreover, Clerc et al. (1998) suggested that
the AFLP method but not the RAPD method could be
used as a rapid and efficient alternative to DNA-DNA
homology experiments to verify the nature of new
isolates belonging to the genospecies ‘ P. tomato’.

Correlation between similarity matrices using
Kendall's tau coefficient

The congruence between two different taxonomic or
phylogenetic methods is traditionally estimated by
using the Pearson product-moment correlation co-
efficient, which has some disadvantages. Firstly, the
product-moment correlation only evaluates linear
relationships. Therefore, a non-linear relationship (see
Fig. 5) will lower the Pearson correlation, even if the
relationship is without scatter of data points. The
relationship between the similarity values of two
different methods is often non-linear. Secondly, the
Pearson correlation, being a parametric test, is very
sensitive to the presence of outlying data points and,
therefore, a few very aberrant data points can influence
the final results substantially. Thirdly, the product
moment is an inadequate statistical parameter for
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Fig. 4. Concordant and discordant pairs of similarity values (for
explanation see text).

deciding whether the correlation is significant up to a
certain confidence level. Unjustifiable assumptions
may have to be made for the application of the product
moment, e.g. that the data set follows a two-
dimensional Gaussian distribution function.

For these reasons, a non-parametric statistic is a
valuable alternative. Here, we applied Kendall’s tau
coefficient (Kendall, 1970). This coefficient ranks and
considers all possible pairs of similarity values and
counts the number of concordant and discordant pairs.
A pair is called concordant if both techniques agree
upon the ordering of the similarities between the
corresponding organisms and discordant if they do not
(Fig. 4).

Kendall’s tau value is defined as (concordant
—discordant)/(concordant +discordant)  values
(Kendall, 1970). This value will be high (close to one)
in the case of a positive relationship, positive meaning
that both values are increasing in the same direction.
Because it only involves the relative orderings of
similarity values, it is relatively insensitive to ‘ outliers’.
Moreover, the statistical significance of the relation-
ship can be calculated directly without any further
assumptions. The observed congruence of the genomic
fingerprinting methods with DNA-DNA homology
values using Kendall’s tau coefficient was found to be
highly significant (P = 0-0001, two-tailed test; Table
2). The closest relationships were observed when
comparing DNA-DNA homology values with BER
(0-566) or REP (0-549) genomic fingerprint similarity
values. The comparison between AFLP or BOX-PCR
fingerprint similarity and DNA-DNA homology
values yielded a Kendall’s tau coefficient of 0-522
(Table 2). The lowest Kendall’s tau coefficient value
(0-436) was observed with ERIC-PCR genomic finger-
print similarities versus DNA-DNA homology values,
as observed with the product moment coefficient (see
above). Among genomic fingerprints, the lowest
Kendall’s tau value was found when comparing AFLP
and rep-PCR fingerprint similarity matrices (Table 2).
Among the individual rep-PCR fingerprint similarity
matrices, the largest Kendall’s tau coefficient (0-478)

was observed when comparing REP- and BOX-PCR
genomic fingerprint matrices.

Regression analysis

Since DNA-DNA homology values and genomic
fingerprint similarity values between pairs of strains
lead to highly similar groupings, we attempted to
describe their relationship. While the previous section
dealt with overall levels of correlation between the
DNA-DNA homology matrix and genomic finger-
print similarity matrices and among the fingerprint
similarity matrices, we also explored their specific
relation.

DNA-DNA homology values were plotted against the
product-moment-generated similarities between pairs
of BOX-, ERIC- and REP-PCR, BER and AFLP
genomic fingerprints (Fig. 5). A second-degree poly-
nomial was fitted to the data, subject to the constraints
of being monotonically increasing and passing through
the (100 %, 100 %) position. The relationships between
DNA-DNA hybridization and each of the finger-
printing techniques were found to be comparable. The
regression analysis highlighted important relationships
among the different data sets (Fig. 5). For example, in
the case of BOX-PCR-generated fingerprints, essen-
tially all similarity (r) values above 0-5 correlated well
with DNA-DNA hybridization values of more then
50%, r values above 0-7 correlated with homology
values above 70% and the product-moment values
above 0-8 correlated with DNA-DNA homology
values above 85% (Fig. 5a). The regression curves
between DNA-DNA homology values and ERIC- or
REP-PCR similarity values were found to be very
similar to those obtained for BOX-PCR similarity
values (curves not shown).

The relationship between DNA-DNA homology
values and the r values of BER analysis is shown in
Fig. 5(b). The scatter in this plot is lower than that
observed in plots of the individual rep-PCR fingerprint
similarities and is, in fact, directly comparable with the
fit between duplicate DNA-DNA homology values
(data not shown). Essentially all BER fingerprint
similarity values above 0-40 were found to correlate
with DNA-DNA homology values exceeding 50 %,
above 0-5 with values exceeding 70 % and above 0-8
with values exceeding 90 %.

The relationship between DNA-DNA homology
values and the r values of AFLP fingerprints is shown
in Fig. 5(c). In essence, AFLP similarity values above
0-50 correlated with DNA-DNA homology values
exceeding 50 %, above 0-65 with values exceeding 70 %
and above 0-8 with values exceeding 85 %. The trend
line for AFLP fingerprint similarities versus DNA—
DNA homology values is based on a smaller number
of data sets (322), but was still found to be comparable
to the regression curves based on the collection of 732
similarity values (Table 2). Even an analysis of only
160 pairs of similarity values resulted in trend lines
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Fig. 5. Scatter plots of genetic similarities
derived from rep-PCR and AFLP genomic
fingerprint  analyses  and DNA-DNA
homology studies. The relationships of
DNA-DNA homology values (%) to BOX-PCR
(a), BER (b) and AFLP (c) genomic fingerprint
product-moment similarities (r values) are
indicated by second-degree regression
curves. Confidence intervals are as indicated.
The number of similarity values used is
indicated in Table 2.

essentially identical to those generated based on a
larger number of similarity values, not only for AFLP
but also for all rep-PCR fingerprint types presented
here (data not shown).

The trend lines between the different genomic finger-
printing techniques were also determined (data not
shown). The product-moment correlation between
BER and the individual rep-PCR fingerprints was
found to be high (0-909, 0-849 and 0-890 for BER
versus BOX-, ERIC- and REP-PCR fingerprints). The
linear relationship was also found to have an intercept
close to zero and a slope of approximately one,
suggesting that the corresponding similarity values
obtained from these data sets are almost identical. The
lowest scatter was found with BOX-PCR fingerprint
similarity values, supporting earlier observations that
BOX-PCR may be the most robust of the three rep-
PCR methods analysed here. The highest data point
scatter was observed with ERIC-PCR fingerprint

similarity values, which are more sensitive to disturb-
ances.

Conclusions

rep-PCR- or AFLP-generated genomic fingerprint
analyses yield results that are in close agreement with
DNA-DNA homology studies, as determined by
cluster analyses (indirect), as well as by direct com-
parison of primary similarity values. The observed
high correlation between DNA-DNA homology
studies and rep-PCR and AFLP genomic fingerprint
analyses suggests that genomic fingerprint methods
can function as core techniques in polyphasic tax-
onomy, regardless of the statistical model employed.
The conclusion from the comparison of rep-PCR
genomic fingerprinting with DNA-DNA homology
studies is supported by the results of a smaller-scale
study comparing rep-PCR genomic fingerprinting and
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dot-blot-mediated DNA-DNA homology studies
(Nick et al., 1999). With regard to AFLP genomic
fingerprinting versus DNA-DNA homology studies,
our conclusions are also supported by other studies on
a variety of bacteria (Huys et al., 1996; Janssen et al.,
1996, 1997, Janssen & Dijkshoorn, 1996; Clerc et al.,
1998; Pedersen et al., 1998), although some contro-
versy exists about this issue (Esteve, 1997).

Studies carried out by our laboratory and others on a
variety of different bacterial genera and species have
revealed that, at fine taxonomic resolution, phylo-
genetic trees derived from BOX-, ERIC- and REP-
PCR genomic fingerprinting are not always identical.
This is to be expected, since different numbers of bands
may be generated with each primer set, the annealing
conditions vary between primers or sets, and the
prevalence/distribution of the target repetitive ele-
ments in question may vary. A similar variation may
occur with restriction-enzyme-dependent finger-
printing methods like RFLP, ARDRA and AFLP,
depending on the restriction enzyme that is used.
However, the phylogenetic ‘trees’ derived using each
primer set separately are only slightly different. More-
over, our studies have shown that, regardless of the
individual primer set used for rep-PCR genomic
fingerprinting, the correlation of the phylogenetic trees
with those derived from DNA-DNA homology
studies is highly significant (Table 2). However, we
want to emphasize here that the most highly significant
and consistent results were obtained by combining the
data obtained from BOX-, ERIC- and REP-PCR
fingerprints (BER). This is logical, since the total
number of data points (bands/peaks) is greatly in-
creased. Moreover, the genome is more extensively
covered, since certain regions may have more (properly
spaced) copies of a particular element than others
(Lupski & Weinstock, 1992). Informative rep-PCR
and/or AFLP genomic fingerprint patterns have been
generated from all Gram-negative and several Gram-
positive bacteria analysed so far in studies that support
our conclusions [see Versalovic et al. (1994) and
Rademaker et. al. (1998) for lists of bacterial species
tested]. To our knowledge, the Archaea have not yet
been examined by rep-PCR genomic fingerprinting.

Similarities between genomic fingerprints, as well as
DNA-DNA homology values, represent indirect
measurements of sequence homologies and are de-
pendent on the specific experimental conditions and
analysis methods employed, and it is recognized that a
hierarchy exists in terms of general applicability and
standardization. Total DNA-DNA hybridization ex-
periments are likely to be the most general, followed by
AFLP and rep-PCR fingerprinting analyses. However,
we stress in this paper that, in the bacterial species
where significant comparative studies have been car-
ried out, the results are comparable. Most important,
however, is the applicability of the methods used to the
analysis of large(r) collections of strains. There, an
opposite (inverse) hierarchy exists, which demon-
strates clearly that rep-PCR genomic fingerprinting is

the least experimentally demanding and possibly the
most discriminatory method of choice.

In any case, rep-PCR and AFLP genomic finger-
printing techniques appear to reflect the genotypic,
phylogenetic and taxonomic relationships of organ-
isms and, therefore, we propose that these genomic
fingerprinting techniques can be used as a rapid means
of determining taxonomic diversity and phylogenic
structure, especially of large collections of bacterial
isolates.
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