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Fluorescence-based amplified fragment length polymorphism (fbAFLP) is a novel assay based on the
fluorescent analysis of an amplified subset of restriction fragments. The fbAFLP assay involves the selective
PCR amplification of restriction fragments from a total digest of genomic DNA. The ligation of adapters with
primer-specific sites coupled with primers containing selective nucleotides allowed the full potential of PCR to
be realized while maintaining the advantages of restriction endonuclease analysis. Fluorescence-based frag-
ment analysis with polyacrylamide gel electrophoresis provides the accurate band sizing required for homology
assessment. The large number of phylogenetically informative characters obtained by fbAFLP is well suited for
cluster analysis and database development. The method demonstrated excellent reproducibility and ease of
performance and interpretation. We typed 30 epidemiologically well-characterized isolates of vancomycin-
resistant enterococci from an outbreak in a university hospital by fbAFLP. Clustering of fbAFLP data matched
epidemiological, microbiological, and pulsed-field gel electrophoresis data. This study demonstrates the un-
precedented utility of fbAFLP for epidemiological investigation. Future developments in standardization and
automation will set fbAFLP as the “gold standard” for molecular typing in epidemiology.

Epidemiological investigation involves the collection and
analysis of both epidemiologic and microbiologic data. Several
techniques have been used in medical microbiology for acquir-
ing information on the spread of pathogenic bacteria within
the hospital environment and outside in the community. Among
these, molecular typing has gained popularity and is frequently
used to support and/or initiate epidemiological investigation.
Accurate study of epidemic bacterial isolates is aided with the
determination of genetic relatedness among isolates such that
both differences and similarities are found.

A universal and highly discriminatory typing system de-
signed to track the dissemination of genomes over time and
space is not best served by the confines of any one particular
sequence. Consequently, “genome-scanning” techniques such
as restriction endonuclease analysis (REA) have become pre-
ferred among epidemiologists. Biotechnology provides numer-
ous restriction enzymes that allow such analyses without a
priori knowledge of the genome being investigated. Macro-
restriction analysis of genomic DNA followed by pulsed-field
gel electrophoresis (PFGE) is built on this philosophy and has
become the “gold standard” for molecular typing. However,
PFGE is limited in its resolving power (5), and this contributes
to difficulties with gel-to-gel and interlaboratory reproducibil-
ity (25).

Consequently, several novel methods for DNA fingerprint-
ing of medically important bacteria have received consider-
able attention for their suitability in epidemiological studies.

Amplification techniques have been attempted for monitoring
overall genome organization with procedures such as random
amplification of polymorphic DNA (RAPD). However, PCR-
directed genome scanning with such low-stringency PCR ap-
proaches have several drawbacks, including reproducibility (20,
21). Despite their speed and convenience, these approaches do
not offer a suitable alternative to REA-based techniques such
as restriction fragment length polymorphism (RFLP) analysis
or PFGE.

We present here an evaluation of fluorescence-based ampli-
fied fragment length polymorphism (fbAFLP) analysis for its
potential usefulness in epidemiological investigation. The orig-
inal AFLP method was developed by Vos et al. in 1995 (27),
and its application to bacterial DNA fingerprinting has evolved
significantly in the past few years (1–4, 6, 10, 16, 22, 24). The
fbAFLP technique introduced here includes the addition of
fluorescence-based PCR fragment detection with polyacryl-
amide gel electrophoresis (PAGE). This fluorescence-based
analysis of AFLP fragments allows fbAFLP exceptionally ac-
curate homology assessment, which is absolutely critical for
database production and tree building. The utility of the fbAFLP
method was evaluated with a select panel of well-characterized
isolates from an outbreak of vancomycin-resistant enterococci
(VRE).

MATERIALS AND METHODS

Epidemiology. VRE first appeared at the University of Texas Medical Branch
(UTMB) Hospital from a patient in the Surgery Intensive Care Unit (SICU) on
11 February 1994. Application of control measures, including weekly surveillance
cultures of patients and environment, barrier isolation of colonized patients, and
environmental decontamination guided by culture results, cleared VRE from the
intensive care units in the UTMB Hospital in October 1997. No VRE were
recovered from clinical or surveillance cultures in the Burn Intensive Care Unit
(BICU) in the UTMB Hospital from February 1994 to June 1996. In June 1996,
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VRE first appeared in the BICU, resulting in an outbreak that was cleared from
that unit in July 1997. Once cleared, this unit remained free of VRE.

Seventy-four isolates of VRE were recovered from clinical cultures and cul-
tures of rectal swabs from patients in the BICU, human immunodeficiency virus
(HIV), and SICU wards from 1994 to 1997 in the UTMB Hospital. To evaluate
fbAFLP for molecular typing in hospital epidemiology, 9 of 39 VRE isolates
were selected from the SICU isolated between 1994 and 1997, and 13 of 22
isolates were selected from the BICU during the outbreak in 1996. Six additional
epidemiologically unrelated isolates were included from the HIV ward, a surgery
floor, and Children’s Hospital. Isolates from an EKG lead and the biopsy chan-
nel of a bronchoscope from the BICU were also included.

Microbiology. Swabs taken from patients’ rectums and the EKG lead were
broken off into tubes of Trypticase soy broth (TSB) containing vancomycin
(6 mg/ml) and ciprofloxacin (8 mg/ml). Sterile saline flushed through the biopsy
channel of the bronchoscope was inoculated into TSB. Cloudy broths were
subcultured onto Enterococcosel agar (Becton Dickinson, Cockeysville, Md.)
containing vancomycin (6 mg/ml) and ciprofloxacin (8 mg/ml). Microorganisms
which hydrolyzed esculin were subcultured onto blood agar for confirmation and
further work-up. A PYR disc was used for presumptive identification of entero-
cocci. The API20 STREP (bioMérieux, Marcy-l’Étoile, France) identification
system was used for specific identification. A Synergy Quad plate (Remel, Le-
nexa, Kans.) was used to confirm resistance to vancomycin and to detect high-
level aminoglycoside resistance with gentamicin at 500 mg/ml and streptomycin at
2,000 mg/ml. The Etest (AB Biodisk, Piscataway, N.J.) was used to determine the
MICs of vancomycin, teicoplanin, and ciprofloxacin. Clinical isolates of VRE
were obtained from the Clinical Microbiology Laboratory where the VRE were
identified by standard methods. Briefly, the isolates were first tested with a PYR
disk. If the PYR test was positive, the isolate was also tested with ampicillin and
vancomycin by disk diffusion. The isolate was then identified to species using the
Vitek GPI card (bioMérieux, Vitek, Inc., Hazelwood, Mo.). Isolates were stored
on glass beads coated with TSB with 0.1% agar at 270°C. Beads were removed
from the freezer vials and inoculated onto blood agar plates in preparation for
analysis.

PFGE. PFGE was performed using Bio-Rad’s GenePath Group 1 kits. A single
colony from a 24-h isolate was grown overnight in TSB under aerobic conditions
at 37°C. Cells were collected and resuspended in cell suspension buffer. The
suspension was mixed with lysozyme-lysostaphin and embedding agarose, and
plugs were made. Plugs were placed in lysis buffer with additional lysozyme-
lysostaphin and incubated for 3 h at 37°C without agitation. The plugs were
washed, placed in proteinase K solution, and incubated overnight at 50°C without
agitation. Plugs were washed four times with wash buffer for 30 to 60 min at room
temperature on a rocker.

DNA was digested overnight with 25 U of SmaI at 25°C. DNA was separated
on an agarose gel using the GenePath instrument (based on the pulsed field
method of contoured clamped homogenous electric field). The run time was
20 h. S. aureus ATCC 8325, which was used to test the sample plug preparation
procedure and the restriction digestion procedure, was included on each gel.
Gels were stained with ethidium bromide.

The PFGE patterns were visually inspected. Isolates were considered to be
different strains if their PFGE patterns differed by more than four bands (7; R. V.
Goering, unpublished data). New strain types with isolates displaying $5 band
differences were assigned a unique letter (i.e., A-, B-, etc.). Each isolate, which
displayed one to four band differences from the type strain, were assigned a
unique number within each group (i.e., A1, A2, etc.). In this manner, all unique
PFGE profiles were assigned to unique PFGE types.

fbAFLP: genomic DNA isolation. A total of 5 ml of brain heart infusion broth
were inoculated with a single colony of a VRE isolate and incubated at 37°C
overnight. Then, 1 ml of this culture was pelleted and digested with 2.5 mg of
lysozyme (Sigma-Aldrich [Sigma], Oakville, Ontario, Canada) and 100 mg of
lysostaphin (Sigma) per ml in 50 mM EDTA. Following incubation at 37°C for
60 min, total genomic DNA was extracted from bacterial cells using the Promega
Wizard Genomic DNA Isolation kit (Fisher Scientific, Ltd. [Fisher], Nepean,
Ontario, Canada), according to the manufacturer’s protocol. The yield of DNA
was estimated by ethidium bromide fluorescence following electrophoresis through
1.0% agarose gels.

fbAFLP: restriction and ligation. Approximately 20 to 50 ng of genomic DNA
was digested with 2 U of HindIII (New England Biolabs, Inc. [NEB], Missis-
sauga, Ontario, Canada) and 0.4 U of MboI (Gibco-BRL [Gibco], Burlington,
Ontario, Canada), along with 1 mM dithiothreitol (Gibco) for 5 h at 37°C in a
total volume of 20 ml. The enzymes were then inactivated by incubating the
reaction at 65°C for 20 min. Next, 5 ml of a master mix containing 2.5 pmol of
HindIII adapter (Genosys Biotechnologies [Genosys], Woodlands, Tex.), 25
pmol of MboI adapter (Genosys), 0.5 U of T4 DNA ligase (Gibco), 25 pmol of
ATP (Amersham Pharmacia Biotech, Inc. [Pharmacia], Baie d’Urfé, Quebec,
Canada), and 1.25 mg of bovine serum albumin (NEB) was added to each
restriction reaction before incubation at 22°C for 6 h. The sequences of the
adapters are listed in Table 1, and their utility in AFLP have been previously
described in the scientific literature (12, 27). All DNA modification incubations
were performed on a PE-9600 thermal cycler (PE Applied Biosystems [PE],
Mississauga, Ontario, Canada). Ligation reactions were diluted 1/5 in Optima
Ultrapure water (Fisher) and then stored at 220°C for the selective amplification
reaction.

fbAFLP: selective amplification. Parallel reactions containing identical tem-
plate DNAs were set up with two different selective primer sets which are
differentiated with a unique fluorescent label (Table 1). The primer sets were
HindIII-0-FAM with MboI-AC and HindIII-0-HEX with MboI-CTG (Genosys).
PCRs were performed in 20-ml volumes containing 2.0 ml of 103 PCR Buffer II
(PE), 1.5 mM MgCl2 (PE), 200 mM concentrations of each deoxynucleoside
triphosphate (Pharmacia), 250 nM concentrations of either HindIII-0-FAM or
HindIII-0-HEX primer, 1.5 mM concentrations of either MboI-AC or MboI-CTG
primer, 0.4 U of AmpliTaq DNA polymerase (PE), 88 ng of Taqstart antibody
(Clontech Laboratories, Inc., Palo Alto, Calif.), and 5 ml of the diluted ligation.
The thermal cycling regime was performed on a PE-9600 cycler as follows:
denaturation at 94°C for 2 min (1 cycle), followed by 12 cycles of denaturation for
20 s at 94°C, annealing for 30 s starting at 65°C with 1°C decrement/cycle, and
extension for 2 min at 72°C, followed with an additional 20 cycles of denaturation
for 20 s at 94°C, annealing for 30 s at 53°C, and extension for 2 min at 72°C, with
a final extension at 60°C for 30 min (1 cycle), and then the reaction was held at
4°C. Selective amplification mixtures were stored until fragment analysis at
220°C.

fbAFLP: fragment analysis. Amplified PCR products were electrophoresed
through 4% polyacrylamide denaturing gels with a well-to-read distance of 36 cm
for 2.75 h. Detection and size estimation of fluorescently labeled DNA fragments
was facilitated by using the ABI Prism 377 DNA Sequencer (PE), along with the
377 Collection 1.1 (PE) and Genescan Analysis 3.1 software (PE). Parallel
reactions, each containing a population of PCR products with a different fluo-
rescent label, were pooled and run simultaneously with Genescan-500 TAMRA
size standard (PE) in the same lane. This allowed accurate sizing up to 500 bp,
as well as the ability to survey all DNA fragments generating the fbAFLP
fingerprint originating from two different primer sets at the same time. After
analysis of the raw data in ABI Genescan software, comparisons of electrophero-
grams allowed identification of polymorphic bands. Each fbAFLP profile was
compared in turn to a standard fbAFLP fingerprint. The fbAFLP fragments were
transcribed into a data matrix, thereby providing binary documentation of the
homology assessment found with electropherogram comparisons. Rows in the
matrix represent individual isolates, while columns represent fragment sizes. A
“1” is used to indicate the presence of a band, while a “0” is used to indicate its
absence. Two matrices are generated and are specific for each primer set. Once
all scoring was complete the two matrices were combined. This data manipula-
tion was facilitated with MacClade version 3.05 (Sinauer Associates, Sunderland,
Mass.).

fbAFLP: distance-based phylogenetic analysis. Distance matrices were calcu-
lated from the data matrix by using genetic distance calculated as follows: GDxy
5 (Nx 1 Ny)/(Nx 1 Ny 1 Nxy), where GDxy is the genetic distance between isolate
x and isolate y, Nx is the number of bands present in the fbAFLP fingerprint from
isolate x, Ny is the number of bands present in the fbAFLP fingerprint from
isolate y, and Nxy is the total number of bands present in the fbAFLP fingerprints
in both isolate x and y. Tree reconstruction was done using the neighbor-joining
method. Confidence in clustering was assessed by using bootstrap analysis with
100 replications. The construction of the tree based on the calculated distance
matrix and bootstrap analysis was accomplished with TREECON for Windows
v1.2 (26).

fbAFLP: scoring and classification. We have developed a scoring protocol that
ensures accurate homology assessment and tree building (unpublished data).
The protocol involves a reiterative process of fragment and phylogenetic analysis.
Subsequently, each unique fbAFLP fingerprint was assigned a unique identifi-
cation number (i.e., the fbAFLP ID). fbAFLP IDs consist of two parts, cluster
and type, separated by a hyphen. The numbers that precede the hyphen corre-
spond to the cluster IDs and were determined based on the clusters found within
the neighbor-joining tree with bootstrap values $75%. (Fig. 1). Additional fac-
tors, such as branch length and the number of isolates within such clusters, were
also taken into consideration for more meaningful assignment of cluster ID. The
number following the hyphen is a unique identifier particular to each cluster and
identifies the assigned type ID. Isolates were assigned a unique fbAFLP type ID

TABLE 1. Selective primer and adapter sequences for
the HindIII/MboI fbAFLP

Identifier Sequencea

HindIII recognition site ............59-A2AGCTT-39
MboI recognition site ................59-2GATC-39
HindIII adapter..........................59-AGC TGG TAC GCA GTC TAC

CC ATG CGT CAG ATG CTC-59
MboI adapter..............................59-GAT CCT CAG GAC TCA T

GA GTC CTG AGT AGC AG-59
HindIII-0-FAMb .........................59-GAC TGC GTA CCA GCT T-39
MboI-AC.....................................59-GAT GAG TCC TGA GGA TCA C-39
HindIII-0-HEXb .........................59-GAC TGC GTA CCA GCT T-39
MboI-CTG ..................................59-GAT GAG TCC TGA GGA TCC TG-39

a Underlined nucleotides correspond to 59 overhangs utilized in the ligation.
b Fluorescently labeled.
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if they displayed any polymorphism to other isolates within the cluster. The
fbAFLP IDs are intended to be informative but nevertheless are only used as a
guide since the phylogram (Fig. 1) displays more-definitive relationships.

Random tree length distribution. A graph was generated containing the tree
length distribution of 10,000 randomly sampled trees from a set of all possible
trees using the data matrix. This statistical test was used to measure the amount
of phylogenetic signal in the data matrix and to assess its applicability to cluster
analysis. The g1 statistic measures the degree of skewness and was generated by
the RANDOM TREES command of the PAUP version 3.1.1 computer program
(Illinois Natural History Survey, Champaign, Ill.).

RESULTS

Epidemiology. Isolate 22 is from the index case of VRE
isolated on 11 February 1994. VRE isolates from the SICU
are represented with codes 22 to 30 (Table 2). Application of
control measures, including weekly surveillance cultures of pa-
tients and environment, barrier isolation of colonized patients,
and environmental decontamination guided by culture results,
cleared VRE from the intensive care units in the UTMB hos-
pitals in October 1997.

In June 1996, VRE first appeared in the BICU, resulting in
an outbreak that was cleared from that unit in July 1997. Once
cleared, this unit remained free of VRE. These outbreak iso-
lates are represented with codes 1 to 15.

The additional VRE isolates were found in other wards of
the UTMB Hospitals in 1997 and include codes 16 to 21. These
isolates were somewhat sporadic, with no strong epidemiolog-
ical links with the outbreak strain of the BICU. VRE isolates,
with codes 16 and 17, were isolated in the first half of 1997
from two patients in the Children’s Hospital. One isolate was
recovered from a pediatric patient transferred from another
hospital. Pediatric patients are in a separate hospital con-
nected to the other UTMB Hospitals where all the other iso-
lates were recovered from patients, an EKG lead, and a bron-
choscope. There is no epidemiological evidence to support the
exchange of any isolates between Children’s Hospital and any
of the other UTMB hospitals.

Microbiology. The isolates were Enterococcus faecium of
either the VanA or the VanB phenotype. All isolates recov-

FIG. 1. Phylogram from distance-based phylogenetic analysis of fbAFLP data. The bootstrap values from 100 replicates are shown at each respective node.
Bootstrap values of .75% are displayed and represent the amount of support contained in the fbAFLP data matrix for the clustering arrangements depicted in the
tree. Branch lengths graphically depict the number of band differences between isolates. The scale correlates branch length to percent genetic difference. The fbAFLP
ID assignment is annotated to the right of the phylogram.
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ered from the BICU were of the VanA phenotype. Isolates
before June 1996 had vancomycin MICs ranging from 16 to
256 mg/ml. All but one isolate in the BICU had vancomycin
MICs of .256 mg/ml. However, teicoplanin MICs were vari-
able and ranged from 32 to .256 mg/ml. VRE isolates at the
onset of the outbreak in the SICU in 1994 were susceptible to
gentamicin. Isolates with high-level gentamicin resistance first
appeared in the institution at the onset of the outbreak in the
BICU in June 1996. Sensitivity to gentamicin was only seen
outside the BICU. The susceptibility data are summarized in
Table 2.

PFGE. The molecular typing by PFGE found 15 unique
profiles. These 15 PFGE profiles were categorized into 8
groups represented by A to H in Table 2. These groups contain
PFGE profiles that differ by no more than four bands. Groups
B, C, and D were further subdivided with four or fewer band
differences.

The index case, isolate 22, was called A1 and shared an
identical PFGE profile with the other VanA isolates in the
SICU found in 1994. Group A profiles were never found again.
Isolates of VRE recovered from patients in the SICU in 1995
and 1996 were typed into PFGE groups D and E. Group D,
after May 1996, did not appear until 1997, when a similar but
not identical PFGE profile appeared in the HIV ward. The
appearance of VRE in the BICU of the UTMB hospitals

produced PFGE profiles grouped into type B. PFGE types B1
to B5 were found exclusively in the 15 isolates from the BICU.
Group B later appeared in a patient in Children’s Hospital in
June 1997. This isolate had the same PFGE pattern (B3) as
that recovered from a patient in the BICU 6 months earlier.
The remainder of the VRE isolates outside the BICU found in
1997 had PFGE profiles of C, D, F, G, or H.

fbAFLP. All VRE isolates were taken from pure culture to
fbAFLP fingerprint on three separate occasions to assess re-
producibility of the fbAFLP method. The resulting fbAFLP
fingerprints from each separate run produced identical pro-
files. There was small variation in peak heights but this did not
result in the gain or loss of any information. The reproducibil-
ity of fbAFLP banding patterns is graphically depicted with
each superimposed electropherogram in Fig. 2, and the preci-
sion of band sizing for each run is displayed in the figure for
one of the peaks (identified with arrow).

fbAFLP fingerprinting patterns of the 30 VRE isolates pro-
duced a total of 221 bands. Of these, 126 were from the FAM
primer set using two selective nucleotides, and 95 were from
the HEX primer set with three selective nucleotides. Exami-
nation of the fbAFLP patterns by electropherogram compari-
son resulted in the identification of 169 polymorphic bands (98
from the FAM set and 71 from the HEX set), with the remain-
ing 52 of the 221 bands invariant for this collection of isolates.

TABLE 2. VRE isolates

Code

Epidemiological data
Pheno-

type

Susceptibility datac

Molecular typing data
MIC (mg/ml)

Gent StrSpecimen date
(mo/day/yr)

Patient
locationa Specimen Isolateb Van Teic Cip PFGE type fbAFLP ID

22 2/11/94 B/SICU Blood C VanA 256 32 32 S R A1 1-1
23 6/13/94 A/SICU Stool S VanA 256 32 128 S R A1 1-1
24 12/1/94 A/SICU Rectum S VanA 256 32 64 S R A1 1-1
2 11/18/96 BICU EKG lead S VanA .256 .256 .32 R R B5 2-1
3 11/22/96 BICU Rectum S VanA .256 .256 .32 R R B5 2-2
1 10/7/96 BICU Rectum S VanA .256 .256 .32 R R B5 2-3
21 6/16/97 PEDI Peritoneal fluid C VanA .256 .256 .32 R R B3 2-4
4 11/21/96 BICU Neck wound C VanA .256 .256 .32 R R B5 3-1
5 6/6/96 BICU BALd C VanA .256 64 .32 R R B1 3-1
6 6/12/96 BICU Knee wound C VanA .256 .256 .32 R R B1 3-1
7 6/11/96 BICU Rectum S VanA 256 64 .32 R R B1 3-1
8 6/11/96 BICU Rectum S VanA .256 256 .32 R R B1 3-1
9 6/11/96 BICU Bronchoscope S VanA .256 .256 .32 R R B1 3-1
10 6/11/96 BICU Rectum S VanA .256 256 .32 R R B2 3-1
12 7/16/96 BICU Rectum S VanA .256 32 .32 R R B5 3-1
13 6/11/96 BICU Rectum S VanA .256 64 .32 R R B5 3-1
14 6/26/96 BICU Rectum S VanA .256 64 .32 R R B5 3-1
15 12/9/96 BICU Rectum S VanA .256 128 .32 R R B3 3-1
11 6/17/96 BICU Wound C VanA .256 64 .32 R R B4 3-2
19 4/13/97 10B Wound C VanA .256 256 .32 R R C1 4-1
29 2/13/97 B/SICU Rectum S VanA .256 64 .32 R R C2 4-1
30 4/23/97 B/SICU Rectum S VanA .256 128 .32 R R C1 4-1
28 5/20/96 A/SICU Urine C VanA .32 .256 .32 S R D1 5-1
26 8/14/95 B/SICU Rectum S VanB 16 0.25 .128 S R D2 5-2
17 4/10/97 CECU Rectum S VanB .256 1 .32 S R G 6-1
25 4/4/95 B/SICU Blood C VanB 256 0.25 .128 S R D1 7-1
27 2/6/96 A/SICU Rectum S VanB 16 0.25 128 S R E 7-1
16 3/31/97 PICU Wound C VanA .256 .256 .32 S R F 8-1
20 4/18/97 10B Wound S VanA .256 128 .32 S R D3 8-2
18 4/14/97 SURG Wound C VanB .256 1 .32 R R H 9-1

a BICU, burn intensive care unit; SURG, surgery floor; 10B, HIV ward; PEDI, pediatric floor (Children’s Hospital); A/SICU, A section of SICU; B/SICU, B section
of SICU; CECU, chronic extended care unit (Children’s Hospital); PICU, pediatric intensive care unit (Children’s Hospital).

b S, surveillance isolate; C, clinical isolate.
c Van, vancomycin; Teic, teicoplanin; Cip, ciprofloxacin; Gent, gentamicin; Str, streptomycin; R, resistant; S, sensitive.
d BAL, bronchoalveolar lavage fluid.
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The 169 polymorphic bands subtype the 30 VRE isolates with
15 unique fbAFLP profiles.

There were 27 informative polymorphic bands (shared
among two or more isolates) which contributed to clustering
patterns using distance-based phylogenetic analysis shown in
Fig. 1. Cluster analysis grouped the 30 isolates into 9 clusters,
which correlate well with the eight PFGE groups. Groups A, C,
E, F, G, and H correlated with fbAFLP cluster types 1, 4, 6, 7,
8, and 9, respectively. PFGE groups B and D were further
subdivided with fbAFLP into cluster types 2 and 3 and types 5,
7, and 8, respectively. The split of these groups was substanti-
ated with high bootstrap values. Discordant results between
the two molecular typing methods include isolates grouped in
fbAFLP cluster type 7-1 but separated by PFGE into groups D
and E. However, both were isolated from patients in the SICU
and both were of the VanB phenotype. Similarly, fbAFLP
cluster type 8 was shared by single isolates from PFGE groups
D and F. These isolates were recovered from patients on dif-
ferent units within a 3-week time period, and both had the
VanA phenotype.

Figure 3 shows the results of the statistical test from the

fbAFLP data matrix demonstrating the presence of strong
phylogenetic signal. The g1 statistic (20.79) indicates that the
data set contains good phylogenetic signal and suggests that
cluster analysis is appropriate with the fbAFLP data. Addition-
ally, the shape of the distribution indicates that the signal-to-
noise ratio is low and confirms that the homology assessment
produced during fragment analysis and matrix construction
was accurate.

DISCUSSION

PFGE is currently considered the gold standard for molec-
ular typing of isolates recovered from patients and the envi-
ronment in the course of investigation and control of nosoco-
mial outbreaks (19). For this reason, the validity of the fbAFLP
method for molecular typing has been based on its concor-
dance with PFGE, epidemiological, and susceptibility data.
The utility of fbAFLP for epidemiological investigation was
critically evaluated with assessment of reproducibility, discrim-
inatory power and typeability, suitability for database devel-

FIG. 2. Screen capture of electropherogram analysis using Genescan software. Panel A displays the 233- to 243-bp portion of the profiles from isolate 5 (fbAFLP
ID 3-1). Panel B contains the same size range for isolate 22 (fbAFLP ID 1-1). Each panel contains all three fbAFLP fingerprints from the same isolates superimposed.
The FAM-labeled primer set is indicated with the blue electropherogram. The HEX-labeled primer set is indicated in green. The fbAFLP band sizing data for the peak
indicated with the arrow is circled in red.
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opment and cluster analysis, and critical evaluation against
PFGE.

fbAFLP validation. The validation of the fbAFLP method
for epidemiological investigation is based on a selection of 30
VRE isolates with comprehensive epidemiological, microbio-
logical, and molecular typing data. These isolates are repre-
sentative samples from a period which encompass the intro-
duction to elimination of VRE within the intensive care units
in the UTMB hospitals.

Epidemiological investigation of a VRE outbreak within the
BICU of UTMB hospitals identified 15 isolates from surveil-
lance and clinical samples. PFGE and antibiogram data iden-
tified the outbreak to be due to highly related strains of VRE
(PFGE type B). Analysis of fbAFLP data correctly identified
the outbreak isolates and grouped them together using cluster
analysis. The outbreak strains of the BICU are indicated with
an asterisk next to the isolate number in Fig. 1. These strains
were classified as fbAFLP cluster types 2 and 3. Only one
isolate within fbAFLP cluster 2, type 2-4 (isolate 21) was from
outside the BICU. This isolate was similarly identified by
PFGE to be genetically related to the outbreak strains (PFGE
type B3). The genotyping data for isolate 21 is further sup-
ported by susceptibility data concordant with that of other
strains in type B.

Three additional isolates that share antibiogram profiles
with the outbreak strains are isolates 19, 29, and 30. Both
molecular typing methods grouped these isolates together as
PFGE type C and fbAFLP ID 4-1. The phylogenetic analysis of
fbAFLP data clustered these isolates with fbAFLP cluster
types 2 and 3. The clustering of these isolates (fbAFLP types 2,
3, and 4) onto one branch within the phylogram separate all
but one of the high-level gentamicin-resistant isolates from the
sensitive isolates. This cluster is supported with a bootstrap
value of 87%. The only other gentamicin-resistant isolate (iso-
late 18, fbAFLP type 9-1) shows 135 band differences from
other fbAFLP profiles. PFGE also found marked differences,
and it identified the only isolate classified as H. The fit of

fbAFLP data presented in the phylogram to both PFGE and
antibiogram data is virtually perfect. Clustering not only iden-
tified the outbreak strains but also showed their relationship to
other isolates within the hospital. Such analysis will provide a
new level of investigation as these data become available dur-
ing hospital outbreaks.

fbAFLP reproducibility. Although the reproducibility of the
AFLP technique is reported to be very high (12, 27), we inde-
pendently validated fbAFLP’s reproducibility. Three indepen-
dent runs from each isolate produced 90 profiles without ab-
erration. Slight variations in peak height had no effect on the
numbers or sizes of the PCR products. This result concurs with
success we have experienced with gel-to-gel reproducibility.
We routinely include positive controls with each fbAFLP batch
and have produced hundreds of identical fbAFLP profiles over
the years (data not shown). Our optimism for good interlabo-
ratory reproducibility with fbAFLP is based on the accurate
homology assessment possible with fbAFLP. We have demon-
strated that the accuracy in band sizing, number, and charac-
teristics of fbAFLP bands, coupled with databasing through
matrix construction, supersede problems leading to inconsis-
tent results between gels. The logic follows that the gel-to-gel
reproducibility of fbAFLP should lead to lab-to-lab reproduc-
ibility. It appears from our experience and other published
works (1, 2, 4, 6, 22, 24) that the gel-to-gel reproducibility is
unquestionable. However, future studies are needed for inter-
laboratory comparison. Standardization of enzyme-primer
combinations will make fbAFLP as effective for interlabora-
tory comparison as DNA sequence data is today.

fbAFLP discriminatory power and typeability. Both PFGE
and fbAFLP subtyped the 30 VRE isolates into 15 distinct
profiles. However, we feel that this may be somewhat biased
toward PFGE since the number of isolates included in this
study is limited and partially selected based on PFGE profiles.
Previous works have demonstrated that the discriminatory
power of AFLP is considerably higher than that of PFGE (4)
and is far superior to DNA-DNA hybridization or cellular fatty

FIG. 3. Graph of random tree length distribution analysis on fbAFLP data.
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acid analysis (12). To date, the published body of work on
AFLP indicates that it has excellent typeability (1–4, 6, 10–16,
22, 24). To that extent, AFLP has been successfully applied to
numerous plants, animals, and bacteria. AFLP with its numer-
ous restriction enzyme and selective primer combinations pro-
vides unprecedented typeability which is not limited by the
complexity nor the origin of DNAs.

fbAFLP suitability for database development and cluster
analysis. An often overlooked but essential criterion for mi-
crobial typing is the ability to compare fingerprints over space
and time. The fbAFLP method presented here with its fluo-
rescence-based fragment analysis and PAGE provides accurate
band sizing, which is absolutely necessary for proper homology
assessment. Accurate homology assessment is essential for re-
liable database development and cluster analysis.

In order to proceed with an appropriate cluster analysis of
a particular data set, phylogenetic signal needs to be distin-
guished from random noise (8). Several investigators mistak-
enly cite confidence in their molecular data and generated
trees without first establishing the phylogenetic signal (18).
This becomes very important when homology assessment is
questionable such as when one cannot be certain two bands are
truly the same or different. This problem is exacerbated with
highly divergent strains because through sheer chance two
highly variable profiles may share band sizes which are not
necessarily homologous bands. Falsely identified homologous
bands would mistakenly depict genetic relatedness. fbAFLP is
less susceptible to misalignment or miscalls in homology since
it produces a large number of bands with a large portion being
absolutely conserved, along with very precise band sizing. The
high phylogenetic signal measured by the random tree length
distribution proves that fbAFLP produced accurate homology
assessment and consequently reliable database development
and cluster analysis. The use of differently labeled primers for
each pair aid in this respect as well. Certainly, several electro-
phoresis systems will provide accurate sizing capabilities for
the conversion of raw data into binary form (15). Nevertheless,
several features of fbAFLP are not lost on laboratories without
this equipment (1–3, 6, 10–14, 16, 22, 24).

Most of the currently available molecular typing methods,
such as PFGE, are comparative only (23). Comparative meth-
ods will only allow delineation of isolates closely related from
those markedly different in genomic background. However, it
is often not sufficient to simply differentiate isolates as same or
different. The monitoring of clonal spread and prevalence in
populations over extended periods of time requires library
typing systems such as fbAFLP with its utility in database
production and cluster analysis. This is important for epidemi-
ological studies, where there is a considerable need to under-
stand the genetic relatedness among isolates in outbreak in-
vestigations.

It has been argued that such resolution is not required for
outbreak investigation (23). However, this study demonstrates
that the benefits of good homology assessment and cluster
analysis are not wasted. Furthermore, cutoffs based on the
number of band differences between isolates do not provide a
sound approach to true phylogenetic investigation. It is time
epidemiological investigation with molecular typing took a
chapter from the phylogeneticist’s rulebook. It would be bio-
logically inaccurate to establish the phylogeny of a species on
a preset number of base substitutions in 16S ribosomal DNA
sequences. For years, phylogenies have been based on cluster
analysis of well-aligned sequences with confidence measure-
ments using bootstrap values. This rationale works equally well
in epidemiology, as demonstrated here.

Finally, the addition of fluorescence-based analysis to AFLP

makes fbAFLP analysis very amenable to automation. Electro-
pherogram comparison, data matrix construction, and phylo-
genetic analysis are all very suited to automated computer anal-
ysis since they have mathematical and objective rules, which
can be converted into algorithms. The power of developing
databases with fbAFLP will be extended as software engineer-
ing works toward the incorporation of these algorithms into a
unified software package.

PFGE versus fbAFLP. Restriction enzyme analysis of whole
genomic DNA is a very appropriate and biologically sound ap-
proach for molecular typing. Molecular typing by both PFGE
and fbAFLP are built on this fundamental technique of whole
genomic fingerprinting using the discriminatory power of re-
striction enzymes. Neither method utilizes all of the informa-
tion from the restriction digest. PFGE cannot reliably resolve
all fragments, and fbAFLP amplifies a subset of the restriction
fragments with its selective nucleotide principle. Nuances to
each method emerge with the actual restriction enzymes used
and approach to detection of the restriction fragments.

PFGE utilizes a limited number of extremely rare cutters
such as SmaI and requires microgram quantities of unsheared
DNA. fbAFLP, on the other hand, requires as little as 20 ng of
DNA, and its unconstrained combination of endonucleases
(rare and frequent cutter pairs) is much more forgiving with
sheared DNA since the resulting restriction fragments are gen-
erally ,500 bp and are not detected directly. This flexibility of
combinations of restriction enzymes permits extended utility of
fbAFLP for DNA fingerprinting and addresses organism-spe-
cific issues such as GC content. The quantity and quality
of DNA needed for fbAFLP permit typing of autolysogenic
and difficult-to-culture microorganisms (2). Furthermore, each
stage of fbAFLP is amenable to automation, and results could
potentially be obtained quicker with fbAFLP than with PFGE
in the near future.

Significant differences between the methodologies are ap-
parent with gel electrophoresis. PFGE is typically done with
agarose using a contour-clamped homogeneous electric field,
which allows the physical separation of very large DNA mol-
ecules. Both the sieving properties of agarose and the impre-
cision of band sizing with external size standards limit the
resolving power of PFGE (5). However, the fbAFLP method
with PAGE, internal size standards, calibration curves, and
equal well-to-read distances for all fragments provided by ABI
377 DNA Sequencer and Genescan software precisely size all
fragments within 61 bp of actual length (17).

The methods also significantly differ with the number of
fragments generated within each DNA fingerprint. PFGE pro-
files typically contain 8 to 20 sizable bands per isolate, whereas
the fbAFLP characters are only limited by the number of se-
lective nucleotides and primer sets used. The restriction-primer
system chosen here produced fbAFLP fingerprints with over
180 sizable bands per VRE isolate.

The advantage fbAFLP exhibits for total fragment numbers
and precise sizing takes fbAFLP beyond molecular typing into
library typing. The phylogenetically informative characters
produced by fbAFLP facilitate computer storage, database de-
velopment, and cluster analysis. There is no need with fbAFLP
databases to rerun any of the previous profiles on the same gel,
which is often necessary for other methods such as PFGE.
Unquestionably, as the numbers of different DNA fingerprints
increase beyond the loading capacity of runs, within-gel com-
parisons are simply not feasible. This stresses the importance
of accurate band sizing and data matrix construction.

Conclusion. This study shows similar power of discrimina-
tion between the present gold-standard PFGE and a newer
method, fbAFLP, in the analysis of a nosocomial VRE out-
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break. The fbAFLP typing method is a robust technique for
displaying large numbers of DNA polymorphisms that are very
appropriate for epidemiological surveillance. AFLP’s potential
typeability of all microorganisms becomes exceptionally attrac-
tive, as more labs seek this sort of flexibility. The addition of
fluorescence-based fragment analysis with PAGE extends the
utility of fbAFLP to reliable database development and cluster
analyses. With more laboratories fingerprinting organisms, it is
important to have the capability of comparing organisms from
the past with those analyzed at other laboratories. Although
the fbAFLP technique may appear to be complex, we found it
to be fast and reproducible. Standardization and automation of
both chemistry and analysis will make fbAFLP databases a
powerful tool for monitoring the nosocomial and community
spread of bacterial pathogens.
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