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The PulseNet National Database, established by the Centers for Disease Control and Prevention in 1996,
consists of pulsed-field gel electrophoresis (PFGE) patterns obtained from isolates of food-borne pathogens
(currently Escherichia coli O157:H7, Salmonella, Shigella, and Listeria) and textual information about the
isolates. Electronic images and accompanying text are submitted from over 60 U.S. public health and food
regulatory agency laboratories. The PFGE patterns are generated according to highly standardized PFGE
protocols. Normalization and accurate comparison of gel images require the use of a well-characterized size
standard in at least three lanes of each gel. Originally, a well-characterized strain of each organism was chosen
as the reference standard for that particular database. The increasing number of databases, difficulty in
identifying an organism-specific standard for each database, the increased range of band sizes generated by the
use of additional restriction endonucleases, and the maintenance of many different organism-specific strains
encouraged us to search for a more versatile and universal DNA size marker. A Salmonella serotype Braen-
derup strain (H9812) was chosen as the universal size standard. This strain was subjected to rigorous testing
in our laboratories to ensure that it met the desired criteria, including coverage of a wide range of DNA
fragment sizes, even distribution of bands, and stability of the PFGE pattern. The strategy used to convert and

compare data generated by the new and old reference standards is described.

The use of molecular subtyping methods for the character-
ization and grouping of organisms based on their genotypic
characteristics has become commonplace in public health lab-
oratories. Of the many molecular methods currently available,
macrorestriction analysis by pulsed-field gel electrophoresis
(PFGE) has been shown to be particularly useful for the clus-
tering and differentiation of many bacterial pathogens (3, 5, 7,
8, 10-12, 15, 18, 20). Although the sensitivity and discrimina-
tory power of PFGE depend on the organism being subtyped
and the restriction enzyme used, its high epidemiologic rele-
vance has made this technique the “gold standard” for subtyp-
ing foodborne bacterial pathogens (2, 4, 8, 13, 14, 19-21).

Since 1996, PulseNet (the National Molecular Subtyping
Network for Foodborne Disease Surveillance) has used PFGE
analysis to rapidly identify clusters of food-borne illness in the
United States (21). PulseNet includes public health laborato-
ries and federal food regulatory agencies (Food and Drug
Administration and U.S. Department of Agriculture-Food
Safety and Inspection Service), which submit patterns via the
Internet to the PulseNet National Database maintained at the
Centers for Disease Control and Prevention (CDC) in Atlanta,
Ga. Comparison of patterns is possible because all the
PulseNet participating laboratories perform PFGE analysis us-
ing the same highly standardized protocols, including the re-
quirement to use the same reference or size standard, to gen-
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erate the DNA fingerprints from pathogens such as E. coli
O157:H7, Salmonella, Shigella, and Listeria monocytogenes.
The software, analysis parameters, and the nomenclature used
to name patterns also are standardized (21).

To ensure that PFGE patterns from different gels and even
different laboratories can be compared accurately in the na-
tional database, a molecular size standard is included in at least
three lanes of every PFGE gel that is run. The original stan-
dard strains were E. coli O157:H7 strain G5244, Salmonella
serotype Newport strain AMO01144, Shigella sonnei strain
F2353, and L. monocytogenes strain H2446 for the E. coli,
Salmonella, Shigella, and Listeria databases respectively; all
were restricted with Xbal (Roche Applied Sciences, Indianap-
olis, Ind.), except H2446, which was restricted with Ascl (New
England BioLabs, Beverly, Mass.) (Fig. 1). These are the pri-
mary endonucleases used for each of the pathogens. The pur-
pose of the size standard is to establish reference positions
(visible restriction fragments in the pattern), which are then
used to normalize the electronic images (tiff format) of the
PFGE patterns of the standard strain to match the PFGE
pattern of the reference standard established in the national
database. The reference standard pattern is the PFGE pattern
of the standard strain used to create the reference system in
the analysis software (1). Fragment positions on this pattern
were chosen as reference positions to be used for normaliza-
tion; adjustments are made to the PFGE gel images by match-
ing the standard in the gels to the electronic reference stan-
dard. The reference standard image and marked positions to
be used for normalization are included in the PulseNet cus-
tomization database setup files provided to all PulseNet par-
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FIG. 1. Original standards used for the normalization and analysis
of E. coli O157:H7, L. monocytogenes, Salmonella, and Shigella. Ap-
proximate kilobase values for positions used for normalization are
indicated. Lanes are from tiffs of gels run using the PulseNet standard-
ized methods for that organism. Electrophoresis switch times are in-
dicated for each organism.

ticipating laboratories. Once the positions are identified in the
standard lanes, it is possible to correct minor variations that
may exist between gels, such as differences in the length of the
electrophoresis run. When gel images are properly normalized,
the position of restriction fragments in a given “test” strain
relative to the fragment positions in the standard strain should
be the same regardless of which laboratory generated the data.
All lanes from normalized tiff images run by the standardized
protocol are comparable in the national database.

The addition of new organisms (17) to the PulseNet data-
bases and the use of additional restriction enzymes in the
subtyping scheme, which included AvrIl (BInl) and Spel
(Roche Applied Science) for E. coli O157:H7, Salmonella, and
Shigella, and Apal (Roche Applied Science) and Smal for
Listeria created new problems for image normalization and
comparison. The PFGE patterns of new organisms or organ-
isms analyzed with additional enzymes sometimes had bands
that were larger in size than the largest fragment in the original
organism-specific size standards used, which were approxi-
mately 580 kb in G5244 and F2353, 690 kb in H2446, and 917
kb in AMO01144 (Fig. 1). This limited PulseNet participants’
ability to normalize, analyze, and compare the PFGE patterns
because the positions of the bands above the top band of the
standard could not be accurately determined (Fig. 2, lanes 7 to
9). Thus, it was extremely important for us to find an adequate
solution to this problem. Two different approaches were con-
sidered in our search for better size standards: (i) to identify
new standards for each of the groups of organisms included in
PulseNet (genus-specific approach) and (when necessary) dif-
ferent standards for each enzyme used or (ii) to identify a
single strain that could be used as a “universal” size marker for
all the organisms currently represented in the PulseNet Na-
tional Database. We pursued the latter approach because it
would eliminate the need to maintain multiple standard strain
cultures and prepare multiple standard plugs. We began look-
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FIG. 2. PFGE image showing the E. coli O157:H7 (G5244) size
standard (lanes 1, 6, and 10), three test strains restricted with Xbal
(lanes 2 to 4) and BInl (lanes 7 to 9), and the new universal standard
(Salmonella serotype Braenderup H9812; lane 5).

ing for a suitable candidate by examining patterns submitted to
the national database. In 2000, the PFGE pattern of a strain of
Salmonella serotype Braenderup observed on a gel submitted
by one of the PulseNet participating laboratories was identified
as a potential candidate.

Replacing the original size standards with the universal stan-
dard presented us with many challenges. Our foremost re-
quirement was that PFGE patterns of pathogen isolates gen-
erated with the original organism-specific standards should be
comparable to patterns of isolates run with the new universal
standard. This meant that the pattern from the same isolate
run and normalized with either standard should be indistin-
guishable after normalization. The following is a description of
the process associated with the selection and evaluation of a
strain of Salmonella serotype Braenderup (H9812) as the uni-
versal size standard for PFGE analysis of the foodborne bac-
terial pathogens tracked by PulseNet. The software issues as-
sociated with the conversion of the database also are
addressed.

MATERIALS AND METHODS

PulseNet standard strains. Selection of all the original PulseNet strain-specific
standard strains, G5244 (E. coli O157:H7), AM01144 (Salmonella), F2353 (Shi-
gella), and H2446 (L. monocytogenes) was based on the distribution of DNA
fragments seen in PFGE patterns obtained with these strains when run with the
appropriate PulseNet standardized PFGE protocol (6, 9, 17). The criteria used
in the selection of these strains focused on fragment size range, distribution, and
overall complexity of the pattern. Strains that were chosen covered the range of
bands being seen from routine isolates at that time and also had an adequate
distribution of bands for good normalization of tiff images. All of the original
strain standards were obtained from the culture collection maintained by the
Foodborne and Diarrheal Diseases Branch at the CDC in Atlanta. Salmonella
serotype Braenderup strain H9812 was provided by the Health and Environmen-
tal Testing Laboratory of the Maine State Department of Human Services and
has been deposited at the American Type Culture Collection under accession no.
BAA-664.

Growth and storage of cultures. Strains of E. coli O157:H7, Salmonella, and
Shigella were grown on Trypticase soy agar with 5% sheep blood (Becton Dick-
inson and Company, Sparks, Md.); L. monocytogenes strains were grown on brain
heart infusion agar plates. All strains were incubated at 37°C for 16 to 18 h as
described previously (6, 9).
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Preparation of plugs and PFGE methods. Plug preparation, restriction diges-
tion, electrophoresis conditions, and staining of gels for E. coli, Salmonella, and
Shigella isolates were carried out as described by Ribot et al. (17) with the
following modifications. The cell suspension buffer was 100 mM Tris and 100
mM EDTA at pH 8. The cell suspensions were adjusted to a turbidity reading of
0.48 to 0.52 on the digital output of a Dade Microscan turbidity meter (Baxter
Diagnostics, Inc., McGraw Park, II1.). In addition, the agarose used to make the
plugs contained 1% sodium dodecyl sulfate. While the lysis buffer composition
did not change, the lysis time for E. coli, Salmonella, and Shigella was increased
to 1.5 to 2 h. A total of six washes (twice with sterile ultrapure water and four
times with 0.01 M Tris-EDTA buffer, pH 8.0) were used to remove excess
reagents and cell debris from the lysed plugs. The primary restriction enzyme
used for E. coli, Salmonella, and Shigella is Xbal (40 to 50 U of enzyme at 37°C
for 2 h). The electrophoresis conditions for E. coli, Salmonella, and Shigella had
an initial switch time of 2.16 s, with final switch times of 54.17 s for E. coli and
Shigella and 63.8 s for Salmonella. Plug preparation, restriction digestion, elec-
trophoresis conditions, and staining of gels for L. monocytogenes isolates were
performed with the PulseNet standardized protocol as described by Graves and
Swaminathan (9). Gel images were captured on a Gel Doc 1000 or Gel Doc 2000
imaging system (Bio-Rad, Hercules, Calif.), converted to a tiff file, and analyzed
with Molecular Analyst Fingerprinting Plus (Bio-Rad, Hercules, Calif.) or
BioNumerics software (Applied Maths, Sint-Martens-Latem, Belgium).

Commercial size markers (nucleic acid standards). The N\ ladder (48.5 to
1,018.5 kb) was purchased from either New England Biolabs (Beverly, Mass.) or
Bio-Rad (Hercules, Calif.). The 8.3- to 48.5-kb ladder, sometimes referred to as
the high-molecular-weight standard, was purchased from Bio-Rad. Saccharomy-
ces cerevisiae (yeast) chromosomal DNA (225 to 2,200 kb) was purchased from
Bio-Rad. The 10-kb ladder was purchased from Stratagene (La Jolla, Calif.).

Susceptibility testing. Since we preferred to have a standard strain that was
susceptible to common therapeutic agents, the universal standard candidate
strain (H9812) was tested for susceptibility to a panel of 17 antimicrobial agents
(amikacin, amoxicillin-clavulanic acid, ampicillin, apramycin, ceftiofur, ceftriax-
one, cephalothin, chloramphenicol, ciprofloxacin, gentamicin, kanamycin, nali-
dixic acid, streptomycin, sulfamethoxazole, tetracycline, ticarcillin, and tri-
methoprim-sulfamethoxazole) with the Sensititre system (TREK Diagnostic
Systems, Westlake, Ohio).

Determination of kilobase values for band positions of original size standards
for E. coli O157:H7, Salmonella, Shigella, and L. tog and Sall 1l
serotype Braenderup H9812, the proposed universal standard. The band sizes
for the original standards for E. coli (G5244), Salmonella (AMO01144), Shigella
(F2353), and Listeria (H2446) were determined when these databases were
originally established. Band position sizes for the proposed universal standard
(H9812) strain were determined during the conversion process. DNA in agarose
plug slices was digested with the appropriate primary enzyme and loaded into
agarose gels along with the commercial molecular size markers (X, 8.3- to 48.5-kb
and 10-kb ladders, and S. cerevisiae chromosomal DNA) in alternating lane
positions. DNA fragments were separated by PFGE on the Bio-Rad CHEF
Mapper XA system (Bio-Rad, Hercules, Calif.) under the appropriate electro-
phoresis conditions for each of the test organisms and commercial standards. For
example, switch times of 2.12 to 63.8 s and a run time of 19 h were used for gels
with the \ ladder and standard strain AM01144, switch times of 0.22 to 12.9 s and
a run time of 19 h were used for the 8.3- to 48.5-kb ladder and AMO01144, and
switch times of 25 to 93.7 s and a run time of 22 h were used when AMO01144 was
run with the yeast chromosomal DNA size marker. PFGE data from at least 24
lanes of each standard strain were used to calculate the size of the bands in the
strains by using the Comparative Quantification/Polymorphism analysis feature
of the Molecular Analyst Fingerprinting Plus software (Bio-Rad).

Standard curve correction for E. coli O157:H7, Salmonella, Shigella, and L.
monocytogenes. BioNumerics software has the capability of comparing patterns
normalized by different standards using a feature called remapping, which is
based on the fragment length calibration curves of both standards. These curves
specify a fragment length (in kilobases) for each normalized run length position
of a given standard. The process of remapping between different standards works
by linking positions between both standards that share the same fragment length
on their calibration curve. Hence, one can modify one of the calibration curves
to maximize the compatibility between both standards. Since, for PulseNet data,
these curves are obtained by applying cubic spline interpolation (16) of the
calibration points (determined by a set of bands with fragment lengths for which
an accurate estimate is known), this is equivalent to adjusting the calibration
points used. We chose to leave the calibration points of the H9812 standard
unchanged and optimize the remapping by modifying those of the original
standard. A cross-comparison experiment was set up, consisting of a series of
PFGE gels containing the original standard strains (G5244, AMO01144, F2353,
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FIG. 3. Approximate band sizes in kilobases of the Salmonella se-
rotype Braenderup reference standard (H9812) restricted with Xbal
and run under the PulseNet standardized electrophoresis conditions
specific for each organism.

and H2446) and Salmonella serotype Braenderup H9812 (restricted with Xbal)
in alternating lanes. The restriction enzyme and the electrophoresis conditions
appropriate for each standard strain were used as described above and in the
legend to Fig. 1. These gels were normalized twice: once using the original
standard and once using the new standard (H9812). The optimized calibration
points of the original standards were then obtained by taking their averaged
positions determined by the normalization with H9812, resulting in a minimiza-
tion of the distortions in a least-square sense.

The optimization was tested by analyzing gels that contained test isolates
flanked by both standards run in alternate positions. Plugs were prepared and
gels were run as described above. The resulting images were normalized twice,
once with each reference standard, and the normalized patterns were compared.

RESULTS

The size of each band in the Xbal restriction digestion pat-
tern of H9812 was determined as described above. The esti-
mated band size range for strain H9812 is 20.5 to 1,135 kb,
which covers most of the largest and smallest bands seen in the
strains tracked by PulseNet, regardless of the organism or the
restriction enzyme used. Figure 1 shows the switch times and
approximate band sizes for the original strain standards used
for the E. coli (and Shigella), Salmonella, and L. monocytogenes
databases. Figure 3 shows the switch times and estimated ki-
lobase values for each of the DNA fragments in the PFGE
pattern of strain H9812 used for normalization when they were
run under the PulseNet standard electrophoresis conditions
for E. coli (and Shigella), Salmonella, and L. monocytogenes.

Antimicrobial susceptibility data. H9812 was susceptible to
all 17 antimicrobials tested by the Sensititre system, including
those commonly used to treat severe Salmonella infections.

Standard curve remapping for E. coli O157:H7, Salmonella,
and L. monocytogenes. Figure 4 shows dendrograms of gel
lanes containing AM01144 from tiff images of alternating lanes
of standards analyzed with both the AMO01144 and H9812
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FIG. 4. Dendrograms of tiff images of gel lanes containing AM01144 (old Salmonella standard), alternating with H9812 (new standard), and
normalized with both old and new standards. (The first column to the right of the dendrogram indicates the pattern for the standard, and the
second column indicates which reference system was used for normalization.) Shown are results before optimization (A) and after the calibration

curve optimizations (B) for alternating lanes of AM01144 and H9812.

standards before (Fig. 4A) and after (Fig. 4B) the calibration
curve optimizations. Similar gels were run and analysis was
performed on the other standard strains: G5244, F2353, and
H2446 (data not shown). Figure 5 shows a dendrogram of 28
Salmonella isolates run with both the old standard (AMO01144)
and H9812, the new universal standard, on the same gel, with
each isolate normalized with both standards. The normalized
patterns of each isolate matched at 100% similarity. Similar
results were also obtained with E. coli, Shigella, and Listeria
standards and test isolates (data not shown). These results
indicate that gel images normalized with the old and new
standards can be accurately compared.

DISCUSSION

We originally considered using the \ ladder (48.5 to 1,018.5
kb) as the size standard for all PulseNet databases. However,
we soon found the usefulness of the N\ ladder as a DNA size

standard to be limited by variability in both the concentration
of DNA and the quality of commercial preparations from
different vendors and even different lots from the same vendor.
We felt that a better approach would be to use organism
(genus or species)-specific strain standards as size standards.
Selection of the original size standards used by PulseNet was
based on the evaluation of PFGE patterns that had an ade-
quate number of visible bands (~10 to 20 fragments), even
distribution of the restriction fragments without major gaps,
and coverage of a wide range of fragment sizes (from ~20
kilobases to >1 Mb). In addition to serving as size standards,
organisms can also serve as internal controls for the process of
plug preparation and restriction digestion. This approach
worked well until the addition of new organisms and additional
restriction enzymes necessitated a change to a universal stan-
dard.

Several steps had to be undertaken before the new size
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standards could be adopted. First, gels were run to show that
the band sizes seen in the Xbal digest pattern from the pro-
posed standard included the range of band sizes that were
expected for primary and secondary enzyme restriction pat-
terns for all of the organisms currently included in the
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PulseNet databases. Second, after band sizes of the proposed
standard were determined, we needed to show that isolates on
gels run with either the old or new standard could be accu-
rately compared. It is essential for data currently in the data-
base to be accurately compared with future data on gels gen-
erated with the new standard. Areas above the top band and
below the lowest band in the original standards cannot be
accurately compared because it was not possible to accurately
normalize in these areas of the tiff, and these bands were not
included in the comparison.

PulseNet participants use BioNumerics (Applied Maths,
Sint-Martens-Latem, Belgium) software for database mainte-
nance, tiff image normalization, and analysis and pattern com-
parisons. For each restriction enzyme experiment type, there
can be one or multiple reference standards. For E. coli, Sal-
monella, Listeria, and Shigella, PulseNet strain-specific stan-
dards, with band sizes determined and specific positions
marked to use as references, were originally used (Fig. 1).
When the H9812 standard was introduced, the remapping fea-
ture in the BioNumerics software, which allows images nor-
malized with different reference standards to be compared, was
used to compare gels run with the old standard with gels run
with the new standard. Some small differences, predominately
at the ends of the gel, could be seen when comparing lanes
normalized with each standard (Fig. 4A). The standard curve
remapping was optimized to minimize these differences (Fig.
4B). After optimization, patterns normalized with either stan-
dard can be accurately compared (Fig. 5).

Since each participating laboratory has its own local data-
base, program script files are sent to each laboratory to create
a client (local) BioNumerics database customized for each of
the organisms tracked by PulseNet. These client scripts create
BioNumerics experiments with reference standards for each
restriction enzyme used and include the original reference
standard strains for E. coli O157:H7, Salmonella, L. monocy-
togenes, and Shigella, as well as the new Salmonella serotype
Braenderup H9812 standard. The changes resulting from op-
timization were added to the PulseNet setup program scripts
so that all participants would have exactly the same reference
systems and lanes would remap accurately regardless of the
standard used to normalize them.

Although there are many advantages to using Salmonella
serotype Braenderup strain H9812 as the PulseNet “universal”
standard, there are also some disadvantages. The PFGE plugs
of H9812 have to be prepared and tested with the Salmonella
PulseNet standardized protocol, which may be different from
the protocol used for the organism of interest: e.g., L. mono-
cytogenes (9) or Campylobacter (7, 17). Additionally, Xbal is
used to restrict the H9812 standards, and it is not always the
enzyme used to subtype the test organism. For example, the
primary and secondary enzymes used to PFGE subtype L.
monocytogenes are Ascl and Apal, respectively (9). This prob-
lem can be solved by including a pretested plug as a control to
test the efficiency of the restriction digestion reactions. The
appearance of the H9812 standard pattern will also be depen-
dent on the electrophoresis conditions used, which will vary
depending on the organism (Fig. 3). It is important to empha-
size that the PFGE pattern of H9812 must be examined care-
fully when standard plugs of H9812 are prepared and tested
with the Salmonella PulseNet standardized protocol to be cer-
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tain that no observable genetic changes have occurred in the
standard strain. The easiest and most accurate way to verify
this is to analyze the restriction digests of the newly prepared
PFGE plugs of H9812 on the same gel with PFGE plugs of
H9812 that were tested previously and found to have the cor-
rect pattern and concentration.

In summary, a strain of Salmonella serotype Braenderup
(H9812) restricted with Xbal was selected as a “universal”
standard strain because of its even distribution of bands over
the entire range of band sizes normally seen in the foodborne
pathogens tracked by PulseNet. This strain was found to have
a stable PFGE pattern upon subculture and was susceptible to
antimicrobial agents commonly used to treat serious Salmo-
nella infections. Data obtained with the new standard can be
easily and accurately compared with data generated with the
old standards. A universal standard means that PFGE plugs of
only one standard strain need to be made and tested, instead of
a different strain for each organism in the database. Strain
HO9812 is currently being used successfully by PulseNet for
PFGE analysis of E. coli O157:H7, Salmonella, L. monocyto-
genes, Shigella, Campylobacter jejuni, and Campylobacter coli.
We are therefore recommending that H9812 be used as a
universal strain standard for PulseNet PFGE gels and have
deposited the strain with the American Type Culture Collec-
tion (BAA-664) to make it available for other laboratories to
use.
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