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Modified thermal cycling conditions were explored in an effort to improve the reproducibility and resolving
power of repetitive-element PCR (rep-PCR) fingerprinting. Assay performance was rigorously evaluated under
standard and modified cycling conditions, using as a test set 12 strains putatively representing 12 serovars of
Salmonella enterica. For all three fingerprint types (ERIC2, BOXA1R, and composite fingerprints), the use of
extremely elevated annealing temperatures plus an initial “touchdown” cycling routine yielded significant
improvements in day-to-day reproducibility and discriminating power despite the somewhat sparser appear-
ance of the fingerprints. Modified cycling conditions markedly reduced the variability of fingerprints between
cyclers, allowing fingerprints from different cyclers to be analyzed together without the degradation of assay
performance that occurred with between-cycler analyses under standard cycling conditions. With modified
cycling, composite fingerprints exhibited the lowest reproducibility but the highest net discriminating power of
the three fingerprint types. rep-PCR fingerprints led to the discovery of a serotyping error involving one of the
12 test strains. These data demonstrate that modified cycling regimens that incorporate elevated annealing
temperatures (with or without an initial touchdown routine) may markedly improve the performance of
rep-PCR fingerprinting as a bacterial typing tool.

Bacterial strain typing at the subspecific level is an essential
tool for contemporary public health and hospital infection
control efforts (8, 18, 27, 33), as well as for basic research in-
volving the molecular epidemiology and evolutionary biology
of pathogenic bacteria (2, 6, 10, 21–24). Traditional subspecific
typing methods include serotyping, phage typing, biotyping,
plasmid profiling, multilocus enzyme electrophoresis, conven-
tional restriction endonuclease analysis, ribotyping, and pulsed-
field gel electrophoresis (PFGE). Their strengths notwith-
standing, all of these methods have one or more significant
drawbacks, including being slow or cumbersome; requiring
highly specialized equipment, skills, and/or reagents; relying on
variable or unstable traits; and yielding uninterpretable results
for some strains (8, 18, 23, 33).

PCR-based fingerprinting is a simple, rapid, and broadly
applicable typing method that is potentially available to any
laboratory with PCR capability. Fingerprints are generated
using either arbitrary primers (random amplified polymorphic
DNA [35], arbitrarily primed PCR [34], or DNA amplification
fingerprinting [5]) or repetitive-element-based primers (rep-
PCR) (32). PCR fingerprinting has been reported to be useful
in a variety of infection control and molecular epidemiological
applications involving diverse bacterial types (11–13, 25, 27, 29,
31, 36). However, concerns have been raised regarding the ir-
reproducibility of PCR-generated fingerprints (1, 20, 27; E. M.
Jutras, P. Rochelle, R. de Leon, M. Stewart, and R. Wolfe,
Abstr. 98th Gen. Meet. Am. Soc. Microbiol., abstr. Q-109, p.
439, 1998). Claims of reproducibility from proponents of PCR
fingerprinting generally have not been supported with specific
data. On the contrary, reports of manipulations which osten-
sibly improve the reproducibility of PCR fingerprinting (7, 9,

13, 32; G. Lisby, D. L. Baggesen, and U. Skibsted, Abstr. 98th
Gen. Meet. Am. Soc. Microbiol., abstr. L-6, p. 354, 1998) sug-
gest that irreproducibility is a greater problem with this meth-
od than is generally acknowledged.

Although our preliminary experience with rep-PCR typing
of E. coli (14–16) and Salmonella enterica (J. R. Johnson, un-
published data) confirmed the method’s speed and simplicity,
we also found that with the published cycling conditions (32)
the assay’s reproducibility and strain discrimination on a day-
to-day basis were inadequate, even with the use of kit-purified
genomic DNA instead of boiled lysates and commercial PCR
beads instead of hand-compounded master mixes (M. Saluta,
W.-T. E. Ting, M. Koonge, and C. Tseng, Abstr. 98th Gen.
Meet. Am. Soc. Microbiol., abstr. H-124, p. 297, 1998).

The comparatively high GC content of the ERIC and
BOXA1R primers used in rep-PCR (32) suggested to us that at
the recommended annealing temperature (52°C) these primers
might bind to and initiate DNA synthesis from partially mis-
matched recognition sites. Such mismatched annealing would
be expected to be unstable and highly temperature dependent
and hence sensitive to small temperature shifts as might occur
from run to run or from day to day on a given thermal cycler
or between cyclers. We hypothesized that the use of higher
annealing temperatures would yield more specific (and hence
more temperature-stable) priming, resulting in greater day-to-
day and cycler-to-cycler reproducibility of fingerprints. (This is
similar to the principle underlying “touchdown” [TD] cycling,
in which to increase the specificity of primer binding in early
cycles, annealing temperatures are initially set higher than the
ultimate annealing temperature and then are decreased in a
stepwise fashion with each cycle until the ultimate annealing
temperature is reached [7, 9].) In the present study we sought
to rigorously and quantitatively evaluate the impact of ex-
tremely elevated annealing temperatures on the reproducibil-
ity and discriminating power of rep-PCR fingerprints, using
as the test substrate strains representing different serovars
of S. enterica.

* Corresponding author. Mailing address: Infectious Diseases
(111F), VA Medical Center, One Veterans Dr., Minneapolis, MN
55417. Phone: (612) 725-2000, ext. 4185. Fax: (612) 725-2273. E-mail:
johns007@.tc.umn.edu.

258



MATERIALS AND METHODS

Strains. Twelve strains putatively representing 12 different serovars of S. en-
terica were selected from the Minneapolis VA Medical Center clinical microbi-
ology laboratory’s freezer bank of Salmonella isolates. Both common and un-
common serovars were included (see Fig. 1). The isolates had been identified as
Salmonella according to standard methods (17), and serotypes had been deter-
mined by the Minnesota Department of Health reference laboratory. Strains
were stored at 270°C until ready for use.

Template DNA and primers. Template DNA was extracted from three sepa-
rate colonies of each of the 12 Salmonella strains using a commercial genomic
DNA purification kit (Qiagen, Valencia, Calif.). Samples were stored at 4°C.
Primers evaluated included ERIC1R (59-ATGTAAGCTCCTGGGGATTCAC-
39), ERIC2 (59-AAGTAAGTGACTGGGGTGAGCG-39), and BOXA1R (59-
CTACGGCAAGGCGACGCTGACG-39) (32). In preliminary experiments in
which the three primers were tested singly and in all combinations ERIC2 alone
and BOXA1R alone yielded the most diverse fingerprints and therefore, were
selected for use in 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-200 dual block]
and cycler B [MTC-100 single 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.

The study was designed to compare standard with modified cycling conditions.
The standard cycling routine was as previously described, i.e., a preliminary
denaturation step of 7 min at 95°C; 30 cycles of denaturation for 30 s at 90°C,
annealing for 1 min at 52°C, and extension for 8 min at 65°C; and then a final
extension step for 16 min at 65°C (32). The modified cycling routines incorpo-
rated elevated annealing temperatures (up to 72°C), with or without the addition
of an initial 10-cycle, 5°C TD routine (7, 9). The preliminary denaturation step
was for 2 min at 94°C. If a TD routine was used, it 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 ultimate annealing temperature and then in
subsequent cycles was decreased by 0.5°C per cycle until the ultimate 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. This was followed by
25 cycles (35 cycles if no initial TD routine was used) of denaturation for 30 s at
94°C, ramping at 1.5°C per s to the ultimate 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. For most of the study, the modified cycling
routine had an ultimate annealing temperature of 70°C following an initial
10-cycle TD routine from 75°C (70-TD cycling).

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.). Electrophoresis and gel
analysis were done in a laboratory different from either of the PCR laboratories,
and after tubes had been opened, PCR products were not carried back from this
laboratory into either of the PCR laboratories.

The ERIC2 and BOXA1R primers were each used separately to generate
fingerprints from DNA samples extracted in triplicate from each of the 12 Sal-
monella strains, with both standard and 70-TD cycling conditions used to amplify
each DNA sample with each primer on two different thermal cyclers. 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 way as the individual ERIC2 and BOXA1R fingerprints.

Fingerprint analysis. Images were manipulated and analyzed using the Multi-
Analyst and Molecular Analyst software applications (Bio-Rad). Lanes were
scanned densitometrically, and their densitometric tracks were normalized with
respect to a molecular size standard (1-kb ladder; Gibco/BRL, Gaithersburg,
Md.) which was included in four lanes on every gel. Densitometric tracks from
each sample lane were then compared in a pairwise fashion with those of other
lanes from the same gel or different gels. Pearson’s correlation coefficient was
used to calculate the degree of overall similarity between pairs of tracks. Since
overall densitometric tracks were analyzed, neither the operator nor the com-
puter defined the number or position of discrete bands within each track, and
hence no operator judgment was involved in the analyses. Preliminary experi-
ments indicated that reproducibility and discriminating power were generally
better with this approach than with band-based analyses, which required subjec-
tive judgments by the operator (data not shown).

Analysis of dendrograms and performance indices. For visual comparison of
standard versus 70-TD cycling both on individual cyclers and across cyclers,
similarity dendrograms were constructed using the unpaired group method of
analysis (26). Differences between standard and 70-TD cycling dendrograms with
respect to the proportion of strains having all replicate fingerprints clustered
together, without interposition of fingerprints from other strains, were evaluated
using McNemar’s test. Comparisons between cycling regimens also were ana-
lyzed statistically by using the correlation coefficients to calculate indices for
same-strain reproducibility, different-strain differentiation, and net discriminat-
ing power as obtained under different conditions. A strain’s similarity index
under a particular set of conditions was calculated as the mean of the similarity
coefficients for all pairwise combinations between different replicates of that
strain as tested under those conditions (high values 5 better same-strain repro-
ducibility). A strain’s differentiation index under a particular set of conditions
was calculated by determining for each replicate of that strain the highest sim-
ilarity coefficient between it and any replicate of one of the 11 other strains as

FIG. 1. BOXA1R (left) and ERIC2 (right) rep-PCR fingerprints of 12 S. enterica isolates, as generated using either standard 52°C cycling (top panels) or 70-TD
cycling (bottom panels). Lanes: 1, serovar Infantis; 2, serovar Newport; 3, serovar Enteritidis; 4, serovar Tennessee; 5, serovar St. Paul; 6, serovar “Mbandaka”; 7,
serovar Havana; 8, serovar Heidelberg; 9, serovar Hadar; 10, serovar Typhimurium; 11, serovar Ohio; 12, serovar London; M, molecular weight marker.
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tested under the same conditions and averaging these values for all replicates of
the strain (high values 5 poor different-strain differentiation). A strain’s net
discriminating power under a particular set of conditions was the difference
between its similarity index and its differentiation index. Means for these three
indices were calculated across the 12 strains for each set of conditions, and a
paired t test was used to compare these indices between conditions, with indi-
vidual strains serving as the unit of analysis. The threshold for statistical signif-
icance was a P value of ,0.05.

RESULTS

Appearance of fingerprints. Robust fingerprints could still
be generated with the ERIC2 and BOXA1R primers at an-

nealing temperatures as high as 72°C (i.e., 20°C higher than the
standard annealing temperature), even with the addition of an
initial 10-cycle TD ramp that began 5°C higher than the final
annealing temperature. Fingerprints generated on different days
at annealing temperatures of 65°C (with TD), 70°C (without
TD), and 72°C (with TD) were quite similar (data not shown),
suggesting that day-to-day reproducibility might be high at any
annealing temperature within this range. Thus, 70-TD cycling
was selected for comparison with standard cycling.

With both the ERIC2 and BOXA1R primers, fingerprints
generated using 70-TD cycling consistently differed substan-

FIG. 2. Combined-cycler dendrograms based on standard 52°C cycling (A) or 70-TD cycling (B), with BOXA1R-ERIC2 composite fingerprints of 12 S. enterica
isolates (six replicate fingerprints per isolate). Strains: 1, serovar Infantis; 2, serovar Newport; 3, serovar Enteritidis; 4, serovar Tennessee; 5, serovar St. Paul; 6, serovar
“Mbandaka”; 7, serovar Havana; 8, serovar Heidelberg; 9, serovar Hadar; 10, serovar Typhimurium; 11, serovar Ohio; 12, serovar London.
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tially from those generated using standard cycling (Fig. 1). Al-
though they contained fewer bands overall, 70-TD fingerprints
also exhibited new strain-specific bands. Background shadow-
ing, which under standard conditions was especially marked
with the BOXA1R primer, was substantially reduced.

Dendrograms. In dendrograms based on fingerprints from
a single cycler, with either standard cycling or 70-TD cycling
most strains’ replicate fingerprints clustered together, separat-
ed from the fingerprints of other strains. However, the 70-TD
dendrograms were more deeply forked between serovars and
had shorter terminal branches connecting the replicate finger-
prints of each isolate (data not shown). Furthermore, in one
or more of the six standard cycling dendrograms (ERIC2,
BOXA1R, and composite fingerprints from each cycler), six
strains had at least one replicate fingerprint clustered with a

different strain’s fingerprints rather than with the rest of the
index strain’s fingerprints, whereas in the 70-TD cycling den-
drograms these same strains’ replicate fingerprints consistently
clustered together, apart from the fingerprints of other strains.
The reverse pattern (i.e., better same-strain resolution with stan-
dard cycling) occurred only once with a single strain (not shown).

When fingerprints from both cyclers were combined into a
single dendrogram for each primer type and cycling routine
(combined-cycler dendrograms), the superior resolving power
provided by 70-TD cycling was even more apparent (Fig. 2).
With 70-TD cycling, replicate fingerprints from all serovars
except Mbandaka and Tennessee clustered distinctly by sero-
var, well separated from other serovars. In contrast, with stan-
dard cycling, 8 of the 12 strains were incompletely resolved in
one or more of the three combined-cycler dendrograms (P ,

FIG. 2—Continued.
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0.05 by McNemar’s test) (Fig. 2). Further investigation of the
Mbandaka and Tennessee isolates revealed that both strains
had been isolated from the same patient within a 1-year inter-
val. When newly serotyped by the Minnesota Department of
Health, both isolates were unambiguously identified as S. en-
terica serovar Tennessee, confirming their identity and provid-
ing phenotypic validation of the genotyping results.

Performance indices. An explanation for the superior re-
solving capability of 70-TD cycling as observed in dendrograms
was suggested by statistical analysis of the underlying correla-
tion coefficients. With all three types of fingerprints (ERIC2,
BOXA1R, and composite), on average the same-strain repro-
ducibility (Table 1), different-strain differentiation (Table 2),
and net discriminating power (Table 3) were consistently bet-
ter with 70-TD cycling than with standard cycling, whether data
from the two cyclers were analyzed separately or in combina-

tion. The use of 70-TD cycling all but eliminated the marked
decrease in reproducibility (Table 1) and net discriminating
power (Table 3) that occurred with standard cycling when
fingerprints were combined across cyclers.

We next compared the performance characteristics of
ERIC2, BOXA1R, and composite fingerprints (as generated
under 70-TD cycling), to determine whether one of the indi-
vidual primers gave better reproducibility, differentiation, or
net discrimination than the other and whether composite fin-
gerprints provided any advantage over individual primer fin-
gerprints (Tables 4 to 6). Whether the two cyclers were ana-
lyzed separately or in combination, ERIC2 and BOXA1R
fingerprints did not differ significantly with respect to any of
the three performance measures, although ERIC2 fingerprints
consistently did somewhat better. In contrast, composite fin-
gerprints gave significantly poorer same-strain reproducibility
than did fingerprints from either primer alone (Table 4), yet
they more than compensated for this by giving significantly
better different-strain differentiation (Table 5) and so on bal-
ance delivered better net discriminating power than did either
of the individual primers, particularly BOXA1R (Table 6).

DISCUSSION

In the present study we rigorously evaluated the impact of
radically modified cycling parameters on the performance of
rep-PCR fingerprinting. We found that ultra-high annealing

TABLE 1. Reproducibility of rep-PCR fingerprints from 12 isolates
of S. enterica 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 (%)

ERIC2
fingerprints

BOXA1R
fingerprints

Composite
fingerprints

Separate Standard 92.5a,b 89.3e,f 89.7i,j

70-TD 95.1a,c 93.8e,g 91.6i,k

Combined Standard 86.5b,d 81.4f,h 83.2j,l

70-TD 93.7c,d 93.8g,h 90.8k,l

a P , 0.001.
b P 5 0.01.
c P 5 0.01.
d P 5 0.02.
e P . 0.10.
f P , 0.001.
g P . 0.10.
h P 5 0.005.
i P . 0.10.
j P , 0.001.
k P 5 0.04.
l P 5 0.003.

TABLE 2. Differentiation capability of rep-PCR fingerprints from
12 isolates of S. enterica 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 Standard 79.1b,c 87.2f,g 78.5j,k

70-TD 74.0b,d 78.7f,h 64.8j,l

Combined Standard 79.9c,e 85.9g,i 78.0k,m

70-TD 74.3d,e 78.2h,i 68.1l,m

a Smaller values indicate better differentiation.
b P . 0.10.
c P . 0.10.
d P . 0.10.
e P . 0.10.
f P , 0.002.
g P . 0.10.
h P . 0.10.
i P 5 0.003.
j P 5 0.03.
k P . 0.10.
l P . 0.10.
m P 5 0.02.

TABLE 3. Net discrimination power of rep-PCR fingerprints from
12 isolates of S. enterica 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 Standard 14.3b,c 8.0f,g 11.8j,k

70-TD 21.5b,d 16.0f,h 23.4j,l

Combined Standard 7.2c,e 8.3g,i 6.0k,m

70-TD 19.3d,e 15.6h,i 22.7l,m

a Larger values for net discrimination power (similarity index 2 differentiation
index) indicate better discrimination.

b P . 0.10.
c P 5 0.01.
d P 5 0.05.
e P 5 0.03.
f P . 0.10.
g P . 0.10.
h P . 0.10.
i P 5 0.04.
j P 5 0.01.
k P 5 0.003.
l P . 0.10.
m P , 0.001.

TABLE 4. Comparison of reproducibility of ERIC2, BOXA1R,
and composite fingerprints with 70-TD cycling

Fingerprints from
cycler A, B, or
both A and B

Similarity index (%) P valuea

ERIC2
finger-
prints

BOXA1R
finger-
prints

Composite
finger-
prints

ERIC vs
composite

BOX vs
composite

A alone 95.6 94.9 93.5 0.004 0.005
B alone 94.6 92.7 89.7 0.01 0.001
A and B combined 93.7 93.8 90.8 ,0.001 ,0.001

a For all comparisons of ERIC2 and BOXA1R, P . 0.10.
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temperatures (in combination with TD cycling plus modified
cycle times and ramp speeds) yielded significantly better same-
strain reproducibility, different-strain differentiation, and net
discriminating power, particularly across thermal cyclers, than
did published rep-PCR conditions. In striking contrast to stan-
dard conditions, the modified cycling parameters allowed com-
plete segregation of what proved to be 11 different serovars of
S. enterica even when fingerprints from different days, different
DNA preparations, and different thermal cyclers located in
different laboratories were pooled for analysis using an oper-
ator-independent analysis system.

Although the mechanisms underlying the improved perfor-
mance of rep-PCR that we observed under modified cycling
conditions are unknown, increased specificity of primer bind-
ing is probably important (7, 9). We suspect that at annealing
temperatures sufficiently high to restrict primer binding to pre-
cisely complementary loci in the target DNA, small variations
in annealing temperature would be unlikely to substantially
alter the distribution of primer sites occupied, which should
result in considerable temperature stability of amplification
fingerprints. In contrast, at lower (mismatch-tolerant) anneal-
ing temperatures, including probably the standard 52°C rec-
ommended for use with the ERIC2 and BOXA1R primers
(32), the number and distribution of potential primer binding
sites would be expected to vary continuously with the temper-
ature, resulting in much greater temperature dependence of
amplification fingerprints. Since it is likely that there are
minute differences from day to day or during a single PCR run
in the precise temperatures maintained by a cycler at each step
in a routine, and all the more so between cyclers, some intrinsic
variability of fingerprints would be expected, which should be
greater at lower, mismatch-tolerant annealing temperatures
than at higher, more stringent annealing temperatures.

TD cycling is designed to achieve specific primer binding in
the crucial early cycles of PCR even in the absence of precise
knowledge of the optimal annealing temperature range (7, 9).
Whether the abbreviated TD routine that we incorporated into
our modified cycling regimen contributed substantially to im-
proved assay performance is unknown. Since in preliminary
experiments fingerprints generated at an annealing tempera-
ture of 70°C without an initial TD routine matched closely
those generated with annealing temperatures of either 65 or
72°C with an initial 5°C TD routine, it is likely that the most
important component of our modified cycling regimen was the
markedly elevated plateau annealing temperature per se. The
importance of the modified ramp speeds in the elevated-tem-
perature regimens (9) is unknown.

The high degree of same-strain reproducibility of finger-
prints achievable with modified cycling conditions suggests that
it may be possible for rep-PCR, when performed appropri-
ately, to be used reliably not just for same-day screening of
small groups of isolates but for construction of a database of

fingerprints against which subsequently generated fingerprints
could be compared. Furthermore, the stability of fingerprints
across cyclers observed with modified cycling suggests that
rep-PCR fingerprints are not necessarily cycler specific. This
raises the possibility of cross comparisons of PCR fingerprints
between laboratories, analogous to the approach used by the
Centers for Disease Control and Prevention PulseNet system
for comparing PFGE fingerprints between different public
health laboratories around the United States (J. Besser, Abstr.
98th Gen. Meet. Am. Soc. Microbiol., session 164/Y, p. 27, 1998;
B. Swanimathan, Abstr. 98th Gen. Meet. Am. Soc. Microbiol.,
session 164/Y, p. 27, 1998).

One unexpected discovery of the present study, the misiden-
tification of serovar Tennessee as serovar Mbandaka, illus-
trates how PCR-based fingerprinting can in some instances
supersede traditional Salmonella serotyping. The surprisingly
indistinguishable PCR fingerprints of two isolates putatively
representing these two dissimilar serovars prompted further
epidemiological and serological investigations, which revealed
that both isolates probably represented of a single strain of
S. enterica serovar Tennessee. Whether the resolving power
within S. enterica of optimized rep-PCR fingerprinting on bal-
ance is equivalent or superior to that of conventional serotyp-
ing remains to be determined through examination of repre-
sentatives of other serovars and of additional representatives
of the serovars studied here, ideally with validation from a
“gold standard” comparison method such as PFGE for dis-
crimination below the serovar level.

Although PCR technology is rapidly becoming a standard
component of contemporary public health and research micro-
biology laboratories, the same cannot be said for the sophisti-
cated gel analysis and dendrogram construction applications
used in the present study, which are highly specialized and
costly. However, it should be noted that this software system
was in no way responsible for the improved performance of
rep-PCR fingerprinting that we achieved, which instead was
due strictly to modified cycling conditions. On the other hand,
the software system was useful for our rigorous quantitative
assessment of assay performance under standard and modified
PCR conditions and would be valuable to users of PCR-based
fingerprinting for computer-assisted database construction and
searching. Nonetheless, any laboratory with PCR capability
presumably could achieve improved reproducibility of rep-
PCR fingerprints by adopting modified cycling conditions such
as described here and could continue to analyze fingerprints
visually or with an alternative computerized system.

To our knowledge the present study provides the most rig-
orous, best controlled, and most quantitative assessment to
date of the reproducibility and discriminating power of a PCR-
based fingerprinting system (3, 4, 13, 19, 20, 28, 34, 35). It also
differs from much of the prior work in the field by relying on

TABLE 5. Comparison of differentiation capabilities of ERIC2,
BOXA1R, and composite fingerprints with 70-TD cycling

Fingerprints from
cycler A, B, or
both A and B

Differentiation index (%)a P valueb

ERIC2
finger-
prints

BOXA1R
finger-
prints

Composite
finger-
prints

ERIC vs
composite

BOX vs
composite

A alone 69.7 76.9 64.6 0.07 0.02
B alone 74.0 78.1 68.7 0.08 0.01
A and B combined 74.3 78.2 68.1 0.02 0.02

a Smaller values indicate better differentiation.
b For all comparisons of ERIC2 and BOXA1R, P . 0.10.

TABLE 6. Comparison of net discrimination power of ERIC2,
BOXA1R, and composite fingerprints with 70-TD cycling

Fingerprints from
cycler A, B, or
both A and B

Net discrimination power (%)a
P value,
BOX vs

compositebERIC2
fingerprints

BOXA1R
fingerprints

Composite
fingerprints

A alone 22.0 15.5 25.0 0.02
B alone 20.3 14.9 22.1 0.10
A and B combined 19.3 15.6 22.7 0.07

a Larger values for net discriminating power (similarity index 2 differentiation
index) indicate better discrimination.

b For comparisons of ERIC2 versus either BOXA1R or composite, P . 0.10.
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judgment-free methods for fingerprint definition and analysis
which preclude the introduction of observer bias.

Since the present study included only Salmonella, the appli-
cability of its findings to other genera is uncertain. Our pre-
liminary experience suggests that although rep-PCR assay per-
formance improves at higher temperature with Escherichia coli
as well, with E. coli annealing temperatures cannot be elevated
to the same extent as with Salmonella without fading of fin-
gerprints (14a)). Thus, rep-PCR conditions may need to be
optimized for each organism type.

In summary, we found that with S. enterica the use of ex-
tremely elevated annealing temperatures for rep-PCR finger-
printing yielded markedly improved same-strain reproduc-
ibility and different-strain differentiation, particularly across
thermal cyclers, as compared with standard rep-PCR condi-
tions. These findings invite a more extensive evaluation of rep-
PCR with modified cycling conditions for typing of Salmonella
and an exploration of its use with other genera.
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