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Repetitive-element PCR (rep-PCR) fingerprinting is a promising molecular typing tool for Escherichia coli,
including for discriminating between pathogenic and nonpathogenic clones, but is plagued by irreproducibility.
Using the ERIC2 and BOXA1R primers and 15 E. coli strains from the ECOR reference collection (three from
each phylogenetic group, as defined by multilocus enzyme electrophoresis [MLEE], including virulence-asso-
ciated group B2), we rigorously assessed the effect of extremely elevated annealing temperatures on rep-PCR’s
reproducibility, discriminating power, and ability to reveal MLEE-defined phylogenetic relationships. Modified
cycling conditions significantly improved assay reproducibility and discriminating power, allowing fingerprints
from different cyclers to be analyzed together with minimal loss of resolution. The correspondence of rep-PCR
with MLEE with respect to tree structure and regression analysis of distances was substantially better with
modified than with standard cycling conditions. Nonetheless, rep-PCR was only a fair surrogate for MLEE, and
when fingerprints from different days were compared, it failed to distinguish between different clones within
all-important phylogenetic group B2. These findings indicate that although the performance and phylogenetic
fidelity of rep-PCR fingerprinting can be improved substantially with modified assay conditions, even when so
improved rep-PCR cannot fully substitute for MLEE as a phylogenetic typing method for pathogenic E. coli.

Escherichia coli, the most frequent cause of urinary tract
infections, neonatal sepsis and meningitis, and bacterial infec-
tious diarrhea, is responsible for an enormous burden of mor-
bidity, mortality, and health care costs (14, 15, 25, 33, 40, 41,
46, 48). Paradoxically, as the predominant facultative member
of the normal human colonic flora, E. coli is present in most
individuals as a harmless commensal (48). Pathogenic and
commensal strains of E. coli to a large extent derive from
separate evolutionary groups within the highly clonal E. coli
population (8, 42, 45). Strains from lineages associated with
pathogenecity typically possess specific virulence traits which
confer the ability to cause disease in intact hosts (6, 24, 27, 37,
42, 46). These virulence traits are inherited vertically within the
resulting virulent clones (27, 37, 46, 51) but also can be trans-
mitted horizontally to other lineages (2, 27, 36, 37, 43), some-
times as part of blocks of virulence genes known as pathoge-
nicity-associated islands (4, 5, 21, 22, 31, 50).

Investigation of E. coli virulence in relation to population
structure requires a genotyping method that can reveal under-
lying genetic relationships between different E. coli strains.
Traditional O, K, and H serotypes, plasmid profiles, and bio-
types in general are unreliable indicators of clonal relation-
ships (9, 13, 45, 54). In contrast, electrophoretic mobility pat-
terns for multiple metabolic enzymes (multilocus enzyme
electrophoresis [MLEE]), DNA sequence analysis of such
housekeeping genes, and restriction fragment length polymor-
phisms in and around genomic ribosomal DNA loci (ribotyp-
ing) give largely concordant and reproducible assessments of
the E. coli population structure (2, 11, 20, 32, 37, 45).

However, these established clonotyping methods are techni-
cally cumbersome or costly. Hence, there has been consider-

able recent interest in exploiting the simplicity and versatility
of PCR technology to develop an alternative clonotyping meth-
od for E. coli. Amplification fingerprinting using arbitrary oli-
gonucleotides as primers (3), which has been described by its
developers as random amplified polymorphic DNA (RAPD)
(58), arbitrarily primed PCR (56), and DNA amplification
fingerprinting (7), yielded somewhat encouraging results in
several studies that evaluated it as an evolutionary typing tool
for diarrheagenic E. coli (55) or for E. coli in general (11, 17,
18). However, RAPD fingerprinting may have poor day-to-day
reproducibility (1, 49) and a limited ability to reproduce evo-
lutionary relationships as defined by MLEE (18; J. R. Johnson,
unpublished data).

An alternative approach to PCR-based fingerprinting, repet-
itive-element PCR (rep-PCR), uses as primers oligonucleo-
tides homologous to defined sequences which are present in
multiple copies in the bacterial genome (35, 52, 53). rep-PCR
has been predicted to yield more reproducible fingerprints
than arbitrarily primed PCR because it relies on defined target
sequences and thus can be used under stringent amplification
conditions (1). Indeed, rep-PCR’s same-day reproducibility
and discriminating power have sufficed for small-scale epide-
miological and phylogenetic studies involving wild-type E. coli
strains (26, 29, 30). However, in our experience, day-to-day
reproducibility has been as problematical with rep-PCR as with
RAPD (Johnson, unpublished data). The marked improve-
ment in reproducibility of rep-PCR fingerprints of Salmonella
that resulted from the use of extremely elevated annealing
temperatures (27a) prompted us to evaluate modified ampli-
fication conditions also with E. coli. In the present study we
compared the performance characteristics of rep-PCR finger-
printing under standard versus modified amplification condi-
tions and evaluated the ability of rep-PCR to assess genetic
relationships between different strains of E. coli from the well-
characterized ECOR reference collection, which represents
the range of genetic diversity present in the species as a whole.
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MATERIALS AND METHODS

Strains. Three representative E. coli strains from each of the four major
phylogenetic groups of the ECOR reference collection (groups A, B1, B2, and
D) and from the remaining nonaligned strains, as defined by Herzer et al. using
MLEE with 38 metabolic enzymes, were used as the test substrate (15 strains
total) (Fig. 1) (23, 39). Strains were stored at 270°C until ready for use.

Template DNA and primers. Template DNA was extracted from a pure cul-
ture of each of the 15 ECOR strains using a commercial kit (Pharmacia, Pisca-
taway, N.J.). Primers evaluated included ERIC1R, ERIC2, BOXA1R, and
MBO-REP (53). In preliminary experiments in which the primers were tested
singly or in combination, ERIC2 alone and BOXA1R alone yielded the clearest
and most diverse fingerprints (data not shown) and therefore were used for the
remainder of the study.

PCR conditions. Amplifications were done using Ready to Go PCR beads
(Pharmacia), with 50 ng of template DNA and 20 pmol of primer in a 25-ml
reaction volume. The two thermal cyclers used (cycler A [MTC-100 single block]
and cycler B [MTC-200 dual block]; both from MJ Research, Watertown, Mass.)
had been purchased 4 years apart and were kept in different laboratories on
different floors of the building.

Standard and modified cycling conditions were compared. The standard cy-
cling routine was as previously described (53), including the recommended 52°C
annealing temperature. The modified cycling routines incorporated elevated
annealing temperatures (up to 70°C), with or without the addition of an initial
10-cycle, 5°C “touchdown” (TD) routine (12, 16, 27a). The preliminary denatur-
ation step was for 2 min at 94°C. The TD routine included denaturation for 30 s
at 94°C, ramping at 1.5°C per s to the TD annealing temperature (which for the
first cycle was set at 5°C above the plateau annealing temperature and then in
subsequent cycles was decreased by 0.5°C per cycle until the plateau annealing
temperature was reached), annealing for 1 min, ramping at 0.1°C per s to 72°C
(extension temperature), and extension for 4.5 min at 72°C. The plateau portion
consisted of 25 cycles of denaturation for 30 s at 94°C, ramping at 1.5°C per s to
the plateau annealing temperature, annealing for 1 min, ramping at 0.1°C per s
to 72°C, and extension for 4.5 min at 72°C, with a final extension step of 1 min
at 72°C.

PCR products were electrophoresed in 1.0% agarose gels, stained with ethi-
dium bromide, and visualized using a UV transilluminator and a digital image
capture system (Gel Doc; Bio-Rad, Hercules, Calif.). In preliminary experiments
ERIC2 and BOXA1R fingerprints were quite stable over annealing tempera-
tures ranging from 60 to 66°C. Since at higher annealing temperatures the
fingerprints abruptly shifted and then faded or disappeared (particularly with the
ERIC2 primer), for the bulk of the study a plateau annealing temperature of 65°C
was used, preceded by an initial TD routine beginning at 70°C (65-TD cycling).

DNA samples from each of the 15 ECOR strains were amplified with each
primer separately (ERIC2 and BOXA1R) on each of the two thermal cyclers
under both standard and 65-TD cycling conditions in three separate runs each,
for a total of 360 amplifications. In addition, the paired ERIC2 and BOXA1R
fingerprints generated for each sample on a particular cycler with a particular
cycling routine were digitally combined head-to-tail to create a virtual composite
fingerprint, which then was analyzed in the same manner as the individual
ERIC2 and BOXA1R fingerprints.

Fingerprint analysis. Images were analyzed using Multi-Analyst and Molec-
ular Analyst (Bio-Rad). Densitometric tracks from each lane were normalized
with respect to a molecular size standard (250-bp ladder; Gibco/BRL, Gaithers-
burg, Md.), which was included in four lanes on every gel, and then were
compared in a pairwise fashion with tracks from other lanes from the same gel
or different gels. Only the portion of each lane from just above the level of the
3,500-bp marker to just below the level of the 250-bp marker was analyzed, since
almost all bands occurred within this size range (see, e.g., Fig. 2), and higher
bands were noticeably irreproducible (data not shown). Pearson’s correlation
coefficient was used to calculate the degree of overall similarity between pairs of
tracks. Neither the operator nor the computer defined the number or position of
discrete bands within each track, and no operator judgement was involved in the
analyses. Preliminary experiments indicated that reproducibility and discriminat-
ing power were generally better with this approach than with band-based anal-
yses, which required subjective judgements by the operator (data not shown).

Performance indices. Comparisons of assay performance between cycling reg-
imens and fingerprint types were analyzed by using pairwise similarity coefficients
to derive three different performance indices for each set of conditions. A strain’s
similarity index was the mean of the similarity coefficients for all pairwise com-
parisons between different replicates of that strain (high values 5 better same-
strain reproducibility). A strain’s differentiation index was the mean of the
highest similarity coefficients between each replicate of the strain and any rep-
licate of a strain from a different ECOR group (high values 5 poor different-
strain differentiation). A strain’s net discriminating power was the difference
between the strain’s similarity index and its differentiation index. Means for these
three indices were calculated for the 15 strains for each set of conditions, and a
paired t test was used to compare indices between conditions, with individual
strains serving as the unit of analysis. Throughout, the threshold for statistical
significance was a P value of ,0.05.

Dendrogram analysis. Assay performance also was evaluated by analysis of
dendrograms, which were constructed from matrices of similarity coefficients by

using the unpaired group method of analysis (UPGMA) (47). Dendrograms were
assessed qualitatively for their structural similarity to the MLEE-based dendro-
gram for the ECOR collection as derived by Herzer et al. using the neighbor-
joining (NJ) method (Fig. 1) (23). Dendrograms also were assessed for the
degree to which individual strains (or phylogenetic groups) were fully resolved,
i.e., had all replicate fingerprints from that strain (or phylogenetic group) in a

FIG. 1. MLEE-based dendrogram for the ECOR reference collection of
E. coli as derived by Herzer et al., using the NJ method to compare electro-
phoretic polymorphisms for 38 metabolic enzymes (23). Brackets at the right
demarcate the five phylogenetic groups (A, B1, B, D, and nonaligned [non]).
Heavy lines connect the 15 strains used in the present study (circles).
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single cluster that included only fingerprints from that strain (or members of the
same phylogenetic group).

Regression comparison of rep-PCR versus MLEE. To directly assess the
ability of rep-PCR to reproduce phylogenetic relationships as defined by MLEE
without interference from the use of different tree construction algorithms,
pairwise similarity coefficients for the 15 test strains as derived from rep-PCR
were directly compared by simple regression with MLEE-derived pairwise dis-
tances for the same 15 strains (55; T. L. Whittam, laboratory website [http://
www.bio.psu.edu/People/Faculty/Whittam/Lab]). First, all 105 pairwise compar-
isons of the 15 strains from each typing method were analyzed. Next, repeated
reanalysis was done after exclusion of each ECOR phylogenetic group in turn.
Finally, analysis was repeated after exclusion of the two phylogenetic groups
whose exclusion individually yielded the greatest improvement in correspon-
dence of rep-PCR and MLEE.

RESULTS

Appearance of fingerprints. 65-TD fingerprints differed sub-
stantially from standard cycling fingerprints for all strains with
both primers (Fig. 2). Compared with standard cycling finger-
prints, 65-TD fingerprints were somewhat sparser but also
exhibited unique bands in both the high- and low-molecular-
weight ranges.

Performance indices. 65-TD cycling yielded dramatic im-
provements in reproducibility for each fingerprint type (Table
1). Its impact on differentiating power was variable, depending
on the fingerprint type (Table 2). The net effect of these
changes was a modest (BOXA1R) or major (ERIC2 and com-
posite fingerprints) improvement in net discriminating power
with 65-TD cycling (Table 3).

The positive effect of 65-TD cycling on assay performance
was most striking in combined cycler analyses (Tables 1 to 3).
65-TD cycling essentially eliminated the marked decline in
reproducibility and net discriminating power that was observed
with standard cycling when fingerprints were combined across
cyclers (Tables 1 to 3).

Under both sets of cycling conditions, reproducibility was
best with ERIC2 fingerprints (Table 1). Differentiation and net
discriminating power were best with composite fingerprints

under standard cycling conditions and with both ERIC2 and
composite fingerprints with 65-TD cycling (Tables 2 and 3).

Strain resolution in dendrograms. To further assess the
ability of rep-PCR to resolve genetically distinct strains with
standard versus 65-TD cycling, clustering of each of the 15
ECOR strains’ fingerprints in UPGMA-based dendrograms
was evaluated. Dendrograms comprising fingerprints from a
single cycler run (irrespective of cycling conditions) consis-
tently showed complete separation of the 15 strains (Fig. 3).
However, this apparent level of discrimination was lost when
replicate runs were incorporated into a single dendrogram
(Fig. 4), as would be required if rep-PCR were to be used as a
tool for preparation of longitudinal databases. Scrambling of
strains in multiple-run dendrograms occurred even when rep-

FIG. 2. Representative rep-PCR gels for the 15 ECOR strains, showing fingerprints as generated using the BOXA1R primer (left) or the ERIC2 primer (right),
with standard cycling (top) or 65-TD cycling (bottom). Lanes are labeled with strain numbers and bracketed according to ECOR group (A, B1, B2, D, and nonaligned
[non]). Lanes M, 250-bp molecular size marker. Note that fingerprints for a given strain as generated with the same primer differ considerably between standard cycling
and 65-TD cycling.

TABLE 1. Reproducibility of rep-PCR fingerprints from 15 ECOR
strains in relation to cycling regimen and use of

single versus multiple cyclers

Fingerprints from cyclers
A and B analyzed

separately or
combined

Cycling
regimen

Similarity index (%)a

ERIC2
fingerprints

BOXA1R
fingerprints

Composite
fingerprints

Separate Standardb,d 71.8 66.7 67.3
65-TDb,e 80.3 76.7 73.0

Combined Standardc,d 63.5 54.8 57.8
65-TDc,e 80.4 73.1 71.9

a Higher values indicate better reproducibility. Six replicate fingerprints per
strain were included in each analysis.

b With A separate from B, for standard versus 65-TD cycling, P 5 0.02 (ERIC2
and BOXA1R) and P 5 0.06 (composite).

c With A and B combined, for standard versus 65-TD cycling, P , 0.001 for all
comparisons.

d With standard cycling, for A separate from B versus A and B combined, P ,
0.001 for all comparisons.

e With 65-TD cycling, for A separate from B versus A and B combined, P .
0.10 (ERIC2 and composite) and P 5 0.01 (BOXA1R).
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licate fingerprints from a single cycler were combined (Fig. 4)
and was particularly problematic when fingerprints from dif-
ferent cyclers were combined (Table 4), as would occur with
between-laboratory comparisons of fingerprints. 65-TD cycling
had no consistent impact on strain resolution in single-cycler
dendrograms (Table 4; Fig. 4, upper left panel versus upper
right panel or lower left panel versus lower right panel), but
yielded greatly improved strain resolution in combined-cycler
dendrograms, particularly with ERIC2 and composite finger-
prints (Table 4).

Phylogenetic fidelity. The ability of rep-PCR fingerprints to
accurately reproduce MLEE-defined phylogenetic relation-
ships between the 15 ECOR strains was initially assessed by
visual comparison of dendrograms based on rep-PCR (Fig. 4)
versus MLEE (Fig. 1). In dendrograms based on triplicate
rep-PCR runs from a single cycler, with standard cycling no
more than a single phylogenetic group (always either group A
or B2) was fully resolved per dendrogram, although in several
instances one or two additional ECOR groups approached full
resolution (Table 5; Fig. 4, left panels). In contrast, with 65-TD
cycling as many as three of the five phylogenetic groups (again
usually groups A and B2) were fully resolved per dendrogram
(Table 5; Fig. 4, upper right and lower left panels). In com-
bined-cycler dendrograms (not shown), standard cycling failed
to fully resolve any phylogenetic groups, and 65-TD cycling
fully resolved no more than groups A and/or B2 (Table 5).
Complete (or near-complete) resolution of one or more phy-
logenetic groups occurred only with 65-TD cycling and only
with ERIC2 and composite fingerprints (Table 5).

In both single-cycler and combined-cycler dendrograms,
even within the fully resolved phylogenetic groups the constit-
uent strains themselves were usually scrambled (Fig. 4). This
was consistently the case for the group B2 strains (Fig. 4).
Exceptions included strain 4 (group A) and the three group B1
strains, which were individually resolved within their respective
phylogenetic clusters in one or more dendrograms each (Fig. 4,
right panels).

Different clustering methods, such as UPGMA (as used in
the present study) and NJ (as used by Herzer et al. [23] (Fig.
1) can generate different tree structures from the same data set
(32, 44). Therefore, correspondence of rep-PCR with MLEE
also was assessed independently by direct regression analysis of
pairwise similarity coefficients and distances between the 15
ECOR strains as derived by rep-PCR and MLEE, respectively.

In the total population, although the correspondence of rep-
PCR with MLEE was weak regardless of cycling conditions, it
was best (and reached statistical significance only) with 65-TD
cycling (Table 6).

Independent MLEE analyses of the ECOR collection have
assigned individual isolates to different phylogenetic groups
(10). To determine the impact of particular groups in our
study, the data were reanalyzed after removal of individual
phylogenetic groups from the data set. After removal of indi-
vidual groups, 65-TD cycling usually yielded higher r values
and lower P values than did standard cycling (Table 6), with
the only exceptions being group B2 (both fingerprint types)
and group A (composite fingerprints only). Irrespective of cy-
cling conditions, removal of the B1 and/or the nonaligned
strains from the data set improved the correspondence of rep-
PCR with MLEE. The highest r values obtained, which re-
flected quite good correspondence of rep-PCR with MLEE,
were with 65-TD cycling in the analyses limited to groups A,
B2, and D (Table 6).

DISCUSSION

In the present study we rigorously evaluated the impact of
radically modified thermal cycling conditions on the reproduc-
ibility, resolving power, and phylogenetic validity of rep-PCR
fingerprinting for E. coli, using as a test substrate a panel of
genetically well-characterized strains representing all major
divisions of the ECOR reference collection (23, 39). Our find-
ings suggest four main conclusions. First, extremely elevated
annealing temperatures yield significantly improved overall as-
say performance compared with standard cycling conditions.
Second, with modified assay conditions rep-PCR is able to
resolve differences between (and in some instances within)
several major phylogenetic groups within the E. coli popula-
tion. Third, the use of modified cycling conditions generally
improves the correspondence of rep-PCR with MLEE. Finally,
despite these strengths even modified rep-PCR has significant
limitations as a general phylogenetic typing tool for E. coli,
since it fails to adequately resolve all major phylogenetic
groups; corresponds well quantitatively with MLEE only for
strains of ECOR groups A, B2, and D; and (except within an
individual PCR run) does not discriminate reliably within

TABLE 2. Differentiating power of rep-PCR fingerprints from 15
ECOR strains in relation to cycling regimen and

use of single versus multiple cyclers

Fingerprints from cyclers
A and B analyzed

separately or
combined

Cycling
regimen

Differentiation index (%)a

ERIC2
fingerprints

BOXA1R
fingerprints

Composite
fingerprints

Separate Standardb,d 64.4 61.0 54.4
65-TDb,e 53.6 71.8 53.4

Combined Standardc,d 68.6 60.9 58.9
65-TDc,e 55.4 73.3 52.2

a Smaller values indicate better differentiation. Six replicate fingerprints per
strain were included in each analysis.

b With A separate from B, for standard versus 65-TD cycling, P 5 0.03
(ERIC2), P 5 0.01 (BOXA1R), and P . 0.10 (composite).

c With A and B combined, for standard versus 65-TD cycling, P 5 0.01
(ERIC2), P 5 0.003 (BOXA1R), and P 5 0.06 (composite).

d With standard cycling, for A separate from B versus A and B combined, P 5
0.01 (ERIC2), P . 0.10 (BOXA1R), and P , 0.001 (composite).

e With 65-TD cycling, for A separate from B versus A and B combined, P .
0.10 for all comparisons.

TABLE 3. Net discrimination power of rep-PCR fingerprints from
15 ECOR strains in relation to cycling regimen and

use of single versus multiple cyclers

Fingerprints from cyclers
A and B analyzed

separately or
combined

Cycling
regimen

Net discrimination power (%)a

ERIC2
fingerprints

BOXA1R
fingerprints

Composite
fingerprints

Separate Standardb,d 7.4 5.7 13.0
65-TDb,e 26.7 11.9 19.7

Combined Standardc,d 25.2 26.1 21.1
65-TDc,e 25.1 20.2 19.6

a Larger values for net discriminating power (similarity index 2 differentiation
index) indicate better differentiation. Six replicate fingerprints per strain were
included in each analysis.

b With A separate from B, for standard versus 65-TD cycling, P , 0.001
(ERIC2), P . 0.10 (BOXA1R), and P 5 0.03 (composite).

c With A and B combined, for standard versus 65-TD cycling, P , 0.001
(ERIC2 and composite) and P 5 0.08 (BOXA1R).

d With standard cycling, for A separate from B versus A and B combined, P 5
0.04 (ERIC2) and P , 0.001 (BOXA1R and composite).

e With 65-TD cycling, for A separate from B versus A and B combined, P .
0.10 (ERIC2 and composite) and P 5 0.002 (BOXA1R).
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ECOR group B2, the source of most extraintestinal pathogenic
E. coli (6, 9, 42, 45, 46).

The improved reproducibility of rep-PCR fingerprints that
we observed with 65-TD cycling may have been due to more
specific primer binding at these temperatures, as compared
with the mismatched priming that probably occurred at lower,
less stringent annealing temperatures (1, 12, 16, 49). Minor
shifts in annealing temperature or reaction conditions (such as
are likely occur from run to run or within each PCR run
despite standardization efforts) would be predicted to have less
effect on the distribution of occupied priming sites, and hence
on the resulting amplification fingerprint, at annealing temper-
atures high enough to require complete complementarity for
primer binding than at lower temperatures which might permit
occupation of a continuum of variably mismatched priming
sites. We still did encounter some degree of irreproducibility of
fingerprints even with 65-TD cycling, particularly with the
BOXA1R primer. Whether this could be reduced further with
other manipulations, such as the use of a “hot-start” routine,
remains to be determined. Our disappointing experience with
the use of a thermally activated polymerase (which in effect
provides a hot start) (Johnson, unpublished data) suggests that
most of the irreproducibility observed with PCR fingerprinting
is due to factors other than nonspecific primer binding at low
temperatures during the first PCR cycle and hence is unlikely
to be eliminated by alternative hot-start methods.

To our knowledge, the present study provides the most rig-
orous evaluation to date of the reproducibility of rep-PCR
fingerprinting for E. coli. Same-strain reproducibility, both in
the same run and, particularly, in different runs, is of para-
mount importance to any typing technique, since it directly
determines the confidence with which observed similarities or
differences can be interpreted as real rather than artifactual.
Previous performance evaluations of PCR fingerprinting have
included some assessment of reproducibility. However, in most
instances this has involved same-day amplification and side-by-
side (same-gel) electrophoresis of products, using template
DNAs extracted from multiple different subcultures of a single

strain (10, 55), whereas the greatest threat to the reproducibil-
ity of PCR fingerprinting comes with separate amplifications
and gel runs, even when the same template DNA is used (1,
49). Furthermore, in no previous study of which we are aware
has assay reproducibility been assessed quantitatively or in a
manner that excludes observer bias. In contrast, the present
study provides objectively derived quantitative assessments,
with statistical analysis of condition-specific differences in assay
performance.

That reproducibility and discriminating power are interde-
pendent was demonstrated in the present study by our finding
that whereas all 15 strains appeared to be clearly differentiated
in each day’s PCR run under all conditions, when replicate
runs from the same cycler were analyzed together certain
groups of strains clearly could not be confidently resolved.
Furthermore, when fingerprints from the two different cyclers
were combined, even more noise was introduced, further ob-

FIG. 3. Single-run dendrograms for the 15 ECOR strains based on ERIC2 fingerprints (left) or BOXA1R-ERIC2 composite fingerprints (right), with 65-TD cycling.
In both dendrograms, each strain is separated from all other strains. (BOXA1R fingerprints yielded similar results [data not shown].) The ERIC2 dendrogram includes
both the largest (B2 strains versus others) and the smallest (B2 strains versus one another) between-strain distances observed in any of the dendrograms. non,
nonaligned strains.

TABLE 4. Resolution of strains in rep-PCR dendrograms
in relation to cycling regimen and use of

single versus multiple cyclers

Fingerprint
type

No. of strains with all replicate fingerprints fully resolveda

Single-cycler dendrograms Combined-cycler
dendrogramsStandard cycling 65-TD cycling

Cycler A Cycler B Cycler A Cycler B Standard
cycling

65-TD
cycling

BOXA1R 4 8 6 5 2 3
ERIC2 5 5b 4 6c 0 5
Composite 5 7d 5 8e 1 4

a Total of 15 strains, three replicates per strain in single-cycler dendrograms
and six replicates per strain in combined-cycler dendrograms.

b Shown in Fig. 4, upper left panel.
c Shown in Fig. 4, upper right panel.
d Shown in Fig. 4, lower left panel.
e Shown in Fig. 4, lower right panel.
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FIG. 4. Triplicate-run dendrograms for the 15 ECOR strains based on ERIC2 fingerprints (upper panels) or BOXA1R-ERIC2 composite fingerprints (lower
panels), as generated using standard cycling (left panels) or 65-TD cycling (right panels) on cycler B. The black squares at the right of each dendrogram mark the
position in the dendrogram of replicate fingerprints of each strain, as identified at the top. Solid boxes enclose fully resolved strains. Dashed boxes enclose fully resolved
phylogenetic groups. (Gel strips are reconstructions and hence underestimate the clarity of the actual gel images.) Summary data for the numbers of strains and
phylogenetic groups resolved are shown in Tables 4 and 5, respectively. non, nonaligned strains.
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scuring what had appeared to be clear-cut strain-strain differ-
ences. It should be noted that previous studies of PCR finger-
printing for E. coli typically have analyzed discriminating
power independently of reproducibility (11, 17, 18, 55).

With respect to reproduction of the MLEE-derived tree, we
found that ERIC2 fingerprints by themselves allowed clear
separation of groups A and B2 from all others, with large
intercluster distances. BOXA1R fingerprints alone were not
particularly useful, but when combined with ERIC2 finger-
prints they allowed the resolution also of group B1 strains
while retaining groups A and B2 in separate clusters. Thus,
rep-PCR using one or two primers appeared to provide a
facsimile of the MLEE-derived phylogenetic tree as good as or
better than that provided by RAPD fingerprinting with the use
of a single primer (17) or a combination of five primers (11).

The modest correspondence we found between rep-PCR
and MLEE by regression analysis confirms the impression
from comparisons of dendrograms that rep-PCR is a mediocre
surrogate for MLEE in defining genetic distances between
strains. Higher correlation coefficients have been reported by
others for regression of RAPD and MLEE (18, 55), although
since different strain sets were used in those studies, direct
comparisons with the present study may not be valid. This is
particularly likely to be true in view of our finding that the
correspondence of rep-PCR with MLEE varied substantially
depending on the mix of phylogenetic groups included in the
analysis. Interestingly, the greatest discrepancies between rep-
PCR and MLEE were with the B1 and nonaligned strains,
several of which have been reassigned to different phylogenetic
groups in successive MLEE-based resortings of the ECOR
collection (23, 39, 45). Since rep-PCR appears to approximate
MLEE well for group A strains and poorly for nonaligned
strains, our study may have been biased against rep-PCR by
our inclusion of disproportionately few group A strains and an
excess of nonaligned strains, compared with these groups’ rel-
ative prevalence in the ECOR collection (35 and 6%, respec-
tively) (23).

It should be noted that even the best correlation of rep-PCR
with MLEE obtained in the present study after elimination
of “problem” phylogenetic groups, i.e., r 5 0.79 (when only
groups A, B2, and D were included, with 65-TD cycling and
composite fingerprints), corresponds to r2 5 0.62, which can be
interpreted as indicating that only 62% of the variance of the
rep-PCR data is attributable to phylogenetic variation as re-
solved by MLEE. This value, although disappointingly low, is
remarkably similar to values reported for the correlation of
MLEE-derived genetic distances with estimates of polynucle-
otide sequence divergence as obtained by the ultimate com-

parison standard, hybridization of total cellular DNA (r ; 0.8;
hence, r2 5 0.64) (45). This observation points out the limita-
tions even of MLEE and suggests that at its best rep-PCR may
be no worse a proxy for MLEE than MLEE is for analysis of
total cellular DNA. However, to be useful as a general typing
method, rep-PCR cannot be selectively applied only to “best-
case” organisms. Furthermore, since the 15 strains selected for
use in the present study represent a minimal subset of the
larger E. coli population, it is likely that inclusion of additional
isolates would further complicate, if not confound, attempts to
correlate rep-PCR with MLEE for phylogenetic grouping.

If the goal of a phylotyping method for E. coli is primarily to
sort strains dichotomously into two groups, one comprising the
most virulent lineages (e.g., ECOR group B2 [6, 23, 42], car-
boxylesterase B2 strains [11, 19, 28], or RAPD or ribo-PCR
group a [17]) and the other comprising all remaining strains,
then a single RAPD primer may suffice (17), as did the ERIC2
primer alone in the present study. This primer has the added
advantages of demonstrated reproducibility and the ability to
resolve also ECOR group A. However, none of the published
PCR-based fingerprinting methods has been shown to have
sufficient discriminating power or evolutionary fidelity to re-
producibly resolve separate pathogenic clones within all-im-
portant ECOR group B2. Thus, a more discriminating and
reproducible yet still phylogenetically valid molecular analysis

TABLE 5. Resolution of phylogenetic groups in rep-PCR dendrograms in relation to cycling regimen and use of single versus multiple cyclers

Fingerprint
type

Phylogenetic group(s) fully (partiallya) resolvedb

Single-cycler dendrograms
Combined-cycler dendrograms

Standard cycling 65-TD cycling

Cycler A Cycler B Cycler A Cycler B Standard cycling 65-TD cycling

BOXA1R None A (B1) None None (A, B2) None None
ERIC2 B2 B2c B2 (A) A, B2d None (A, B2) A, B2
Composite B2 A (B2)e A, B2 A, B1, B2f None (A, B2) B2 (A)

a Partially resolved, one or two (single-cycler dendrograms) or one to three (combined-cycler dendrograms) scrambled fingerprints per phylogenetic group.
b Nine fingerprints per phylogenetic group in single-cycler dendrograms and 18 fingerprints per group in combined-cycler dendrograms.
c Shown in Fig. 4, upper left panel.
d Shown in Fig. 4, upper right panel.
e Shown in Fig. 4, lower left panel.
f Shown in Fig. 4, lower right panel.

TABLE 6. Correspondence of rep-PCR and MLEE distances

ECOR groups
analyzed

Linear regression, rep-PCRa vs MLEEb

ERIC2 fingerprints Composite fingerprints

Standard
cycling

65-TD
cycling

Standard
cycling

65-TD
cycling

r P value r P value r P value r P value

All 0.12 0.24 0.23 0.03 0.12 0.24 0.27 0.006
All but A 0.06 0.61 0.14 0.25 0.14 0.25 0.10 0.42
All but B1 0.26 0.03 0.42 ,0.001 0.28 0.02 0.43 ,0.001
All but B2 0.26 0.03 0.19 0.14 0.19 0.12 0.17 0.17
All but D 0.14 0.25 0.31 0.01 0.07 0.56 0.33 0.008
All but nonaligned 0.23 0.07 0.41 ,0.001 0.26 0.04 0.53 ,0.001
A, B2, D 0.51 0.001 0.69 ,0.001 0.54 ,0.001 0.79 ,0.001

a Pearson correlation coefficients from pairwise comparisons of rep-PCR fin-
gerprints between strains.

b m/n for pairwise comparisons of enzyme electrophoretic mobility polymor-
phisms between strains, where m is the number of mismatched loci and n is the
total number of loci evaluated by MLEE using 38 metabolic enzymes (23). Data
are from the Thomas Whittam laboratory website (http://www.bio.psu.edu
/People/Faculty/Whittam/Lab).
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of E. coli population structure may require either alternative
approaches to PCR fingerprinting (32, 38, 57) or the use of
non-PCR-based methods (S. D. Reid, C. Herbelin, A. C. Bum-
baugh, R. K. Selander, and T. S. Whittam, Abstr. 99th Gen.
Meet. Am. Soc. Microbiol., abstr. D/B-144, p. 237, 1999).
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