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Abstract The standard reference collection of strains for E.
coli, the ECOR collection, was analyzed by a genome-based
typing method. Seventy-one ECOR strains were subjected to
repetitive extragenic palindromic PCR genome fingerprinting
with BOX primers (BOX-PCR). Using a similarity value of
0.8 or more after cluster analysis of BOX-PCR fingerprinting
patterns to define the same genotypes, we identified 28 genotypes
in the ECOR collection. Shannon’s entropy-based diversity index
was 3.07, and the incident-based coverage estimator indicated
potentially 420 genotypes among E. coli populations. Chi-
square test of goodness-of-fit showed statistically significant
association between the genotypes defined by BOX-PCR
fingerprinting and the groups previously defined by multi-
locus enzyme electrophoresis. This study suggests that the
diversification of E. coli strains in natural populations is
actively ongoing, and rep-PCR fingerprinting is a convenient
and reliable method to type E. coli strains for the purposes
ranging from ecology to quarantine.
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Escherichia coli, a species of Gram-negative bacteria, is a
common member of normal microbial flora of mammals,
and the species consists of harmless commensal strains as
well as pathogenic strains. Since the pathogenic strains can
cause a variety of intestinal and extra-intestinal diseases,
such as diarrhea, urinary tract infections, septicemia, and
neonatal meningitis, resulting in severe sickness and mortality,
the groupings of E. coli strains have mainly been made by
human medical syndromes, which include enterohemorrhagic
(EHEC), enteropathogenic (EPEC), and enterotoxigenic
(ETEC) groups. Furthermore, the molecular typing methods
for E. coli strains were developed based on O:H serotypes,
virulence, and adherence properties, especially for clinical
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purposes [1, 9, 26, 36]. However, little emphasis has been
given to the study of genetic diversity and structure of £.
coli in natural populations.

The first attempt to assess the genetic structure and
diversity of E. coli was carried out with 829 isolates
obtained mainly from humans [24]. Later in 1984, the
standard reference collection of strains for E. coli, the
ECOR collection, was established [27]. The ECOR collection
comprised of 72 strains isolated from human or nonhuman
mammalian orders of a variety of geographic origins. After
the establishment of this standard reference collection of
E. coli strains, many studies [32, 37, 38] extended the first
Milkman’s work [24], and bacterial population genetics
significantly benefited from the studies [3, 4, 12, 15, 16,
17, 25, 30]. However, all the previous studies on the
ECOR strains were performed using multi-locus enzyme
electrophoresis (MLEE) [31], which has long been a standard
method in eukaryotic population genetics. Although the
MLEE analysis, which is based on electrophoretic mobility
of enzymes encoded in several loci, has served as a standard
method in the field of population biology, the resolution
of the method as a molecular typing tool is considered
to be far lower than the resolutions achieved by DNA-
sequences-based methods in the genomics era. In this
study, we applied repetitive extragenic palindromic (rep)
PCR genome fingerprinting technique [7}] to fully resolve
the ECOR strains with the resolution of genome level.

The 72 E. coli strains of the ECOR collection [27],
which includes isolates from a wide variety of hosts and
geographic regions (Table 1), were provided by T. S. Whittam
(Michigan State University, East Lansing, MI, U.S.A.).
The E. coli strains were grown on Luria-Bertani (LB)
media at 37°C and stored at -80°C in 15% glycerol. Repetitive
extragenic palindromic PCR (rep-PCR) genome fingerprinting
of the ECOR strains was carried out with a BOX-AIR
primer (hereafter, BOX-PCR) according to the protocol of
Cho and Tiedje [7]. DNA solutions prepared by the boiling
methods [35] were used for PCR templates. Seventy-one



Table 1. List of ECOR strains.
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Strain no. MLEE group Host Geographic origin ~ Strainno. MLEE group Host Geographic origin
ECOR-01 A Human USA ECOR-37 E Marmoset USA
ECOR-02 A Human USA ECOR-38 D Human USA
ECOR-03 A Dog USA ECOR-39 D Human Sweden
ECOR-04 A Human USA ECOR-40 D Human Sweden
ECOR-05 A Human USA ECOR-41 D Human Tonga
ECOR-06 A Human USA ECOR-42 E Human USA
ECOR-07 A Orangutan USA ECOR-43 E Human Sweden
ECOR-08 A Human USA ECOR-44 D Cougar USA
ECOR-09 A Human Sweden ECOR-45 B1 Pig Indonesia
ECOR-10 A Human Sweden ECOR-46 D Ape USA
ECOR-11 A Human Sweden ECOR-47 D Sheep New Guinea
ECOR-12 A Human Sweden ECOR-48 D Human Sweden
ECOR-13 A Human Sweden ECOR-49 D Human Sweden
ECOR-14 A Human Sweden ECOR-50 D Human Sweden
ECOR-15 A Human Sweden ECOR-51 B2 Human USA
ECOR-16 A Leopard USA ECOR-52 B2 Orangutan USA
ECOR-17 A Pig Indonesia ECOR-53 B2 Human USA
ECOR-18 A Celebese ape USA ECOR-54 B2 Human USA
ECOR-19 A Celebese ape USA ECOR-55 B2 Human Sweden
ECOR-20 A Steer Bali ECOR-56 B2 Human Sweden
ECOR-21 A Steer Bali ECOR-57 B2 Gorilla USA
ECOR-22 A Steer Bali ECOR-58 Bl Lion USA
ECOR-23 A Elephant USA ECOR-59 B2 Human USA
ECOR-24 A Human Sweden ECOR-60 B2 Human Sweden
ECOR-25 A Dog USA ECOR-61 B2 Human Sweden
ECOR-26 Bl Human USA ECOR-62 B2 Human Sweden
ECOR-27 Bl Giraffe USA ECOR-63 B2 Human Sweden
ECOR-28 Bl Human USA ECOR-64 B2 Human Sweden
ECOR-29 Bl Kangaroo rat USA ECOR-65 B2 Celebese ape USA
ECOR-30 B1 Bison Canada ECOR-66 B1 Celebese ape USA
ECOR-31 E Leopard USA ECOR-67 B1 Goat Indonesia
ECOR-32 Bl Giraffe USA ECOR-68 Bl Giraffe USA
ECOR-33 Bl Sheep USA ECOR-69 BI Celebese ape USA
ECOR-34 Bl Dog USA ECOR-70 BI Gorilla USA
ECOR-35 D Human USA ECOR-71 Bl Human Sweden
ECOR-36 D Human USA ECOR-72 Bl Human Sweden

ECOR strains were subjected to the rep-PCR genome
fingerprinting, since one strain was missing due to
contamination during subculture. PCR products were
resolved on 15-cm-long 1.5% agarose gels, and a 1-kb
DNA size ladder was used at both ends in the middle of the
gels. The gels were stained with ethidium bromide, and gel
images were digitized using a gel documentation system
equipped with a charge-coupled device video camera and
stored as TIFF files. These digitized images were converted,
normalized with the above-mentioned DNA size markers,
and analyzed with GelCompar 11 software (Applied Maths,
Kortrijk, Belgium). The rolling-disk background subtraction
method was applied. For BOX-PCR fingerprint analysis,
similarity matrices of whole densitometric curves of the
gel tracks were calculated by using the pairwise Pearson’s

product-moment correlation coefficient (» value) [21] as
recommended by Rademaker et al. [29]. It is insensitive to
the relative concentration of bands between fingerprints,
discontinuous noise, and overall intensity of fingerprint.

Cluster analyses of similarity matrices were performed
by the unweighted pair group method using arithmetic
average (UPGMA) [21]. To analyze the reproducibility of
BOX-PCR fingerprinting, several strains were subjected
several times to BOX-PCR. A comparison of the resulting
fingerprinting patterns resolved on the independent gels
yielded similarity coefficient (r value) of >0.8, which is
consistent with those from other studies using rep-PCR
[7, 28, 29]. Hence, we chose a similarity value of 0.8 or
more to indicate strains of the same genotype, resulting in
28 genotypes (Fig. 1).
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Fig. 1. rep-PCR whole genome fingerprinting of ECOR strains. A similarity dendrogram was constructed using the unweighted pair

group method with arithmetic mean (UPGMA).

Scale bar indicates similarity coefficient (%), converted from Pearson correlation coefficient.

Three major clusters, BOX-I, BOX-1I, and BOXIII, were
found and they comprised members mainly from MLEE
group D, B1/B2, and A, respectively. Chi-square test of
goodness-of-fit showed statistically significant association
between the genotypes defined by BOX-PCR fingerprinting
and the groups previously defined by MLEE (C’=236.57,
p<0.005, df=108). However, a little incongruence between
the two methods was observed. Six genotypes, 1, 6, 10, 11,
12, and 28, consisted of strains belonging to different
MLEE groups. Similarly, Clermont et al. [8] observed the

incongruence between the methods. When analyzed by
triplex PCR, ECOR strains 23 and 24 in genotypes 10 and
6, which were defined as MLEE group A, showed PCR
amplification results different from the other MLEE group
A strains. Besides this, ECOR strains 53 and 59 in
genotype 12, which were defined as MLEE group B2,
showed PCR amplification results different from other
MLEE group B2 strains. The observed incongruence
between the methods was attributed to the differences in
testing materials of the methods.




While the MLEE method analyzes the electrophoretic
mobility of several proteins, the BOX-PCR method analyzes
the whole genome sequence. Compared to the phylogeny
of single or several gene(s) or protein(s), a whole-genome-
based method can give more reliable measures for the
genetic distance and relatedness, since it compares the
overall genome sequences, hence is at least not biased
(e.g., different substitution rate between genes, horizontal
gene transfer). The best measurement for explaining genetic
relationship is whole genomic DNA-DNA hybridization,
which is the only official method for describing bacterial
species [6, 34]. However, whole genomic DNA-DNA
hybridization is laborious and time-consuming, thus not
appropriate for studies dealing with many strains.

The rep-PCR genome fingerprinting method is based on
the gel-profiling of PCR-amplified DNA sequences between
short repetitive sequences dispersed on the bacterial genome.
Three families of the short repetitive sequences, REP [11,
12], ERIC [14, 33], and BOX [18, 23], have the potential
to form stem-loop structures and play an important role
in the bacterial genome organization [19, 22], which is
considered to be under selective pressure. Consequently,
the dispersion pattern of the REP, ERIC, and BOX sequences
indicates the structure and evolution of the bacterial genome
[22]. Rademaker et al. [28] have shown that the similarity
coefficient calculated from electrophoretic patterns of
rep-PCR amplicons correlated well with whole genomic
DNA-DNA similarity, and that the similarity coefficient of
80%, which was the cut-off level to define the genotypes,
corresponded to the whole genomic DNA-DNA similarity
0f 95%. Hence, the cut-off value used in this study provided
enough resolution to differentiate ECOR strains at the
genome organization level.,

Cluster analysis resulted in a total of 28 E. coli genotypes
out of 71 strains in the ECOR collection. When incident-based
coverage estimator (ICE) [5] was applied; we estimated
potentially 420 genotypes in the species E. coli. Diversity
index calculated using Shannon’s entropy (H) for the
whole ECOR collection was 3.07. MLEE group Bl
showed the highest diversity (H=2.19) and MLEE group D
showed the lowest diversity (H=1.65).

Considering that active diversification results in higher
diversity, the diversity indices estimated are consistent
with an evolutionary scenario of species E. coli. Lecointre
et al. [20] suggested an evolutionary sequence that MLEE
groups D and B2 are ancient E. coli groups, followed
by the sister MLEE groups A and Bl. Anton ef al. [2]
also reported similar findings, but concluded that highly
homogeneous MLEE group B2 might be the most ancient
group. The highest genotypic diversity of MLEE group B1
indicates that the diversification of this group is actively
ongoing, implying high frequency of recombination with
DNAs from related strains. Interestingly, most of the EPEC
and EHEC strains were reported to be members of MLEE
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group B1, when analyzed by the mononucleotide repeated
(MNR) loci method [10]. On the other hand, MLEE group
A, which includes mainly nonpathogenic commensal strains,
showed relatively low diversity (H=1.68). The low diversity
of this rapidly evolving group might be explained by.the
hypothesis that the ecological niches of MLEE group A
populations are more homogeneous than other MLEE
group members, resulting in low level of niche differentiation
and diversification. However, such interpretation is based
on the circumstantial evidences and out of the scope of this
study.

In conclusion, we analyzed standard F. coli strains
(ECOR collection) using rep-PCR genome fingerprinting
to differentiate the strains at the genotypic level, and 28
genotypes were identified. High genotypic diversity was
observed for whole ECOR strains, and MLEE group B1
showed the highest diversity among the MLEE groups,
indicating that diversification is actively ongoing. rep-PCR
fingerprinting was suggested to be a convenient and reliable
method to type E. coli strains for ecological, clinical, as
well as quarantine purposes. To the best of our knowledge,
the rep-PCR genotyping of ECOR strains in this study is
the first genome-based study on the ECOR collection,
providing insight into the ecological and genetic structure
of E. coli in natural populations.
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