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Identification of bacterial strains by DNA fingerprinting facilitates epidemiologic studies and improves
disease control. For some species of organisms, no typing method is available; for others, typing methods are
tedious. We developed a method of amplifying DNA sequences flanking infrequent restriction sites by PCR and
used the method to produce strain-specific electrophoretic patterns from crude bacterial lysates. This method
of fingerprinting is rapid, sensitive, and widely applicable. Identical enzymes, adaptors, primers, and PCR
conditions were used to characterize 32 Mycobacterium avium-M. intracellulare isolates, 4 Pseudomonas aerugi-

nosa isolates, and 4 Staphylococcus aureus isolates.

Molecular typing techniques are important tools for studying
the epidemiology of human, animal, and plant infections. An
array of typing methods has been developed. Each typing
method attempts to identify unique attributes of a bacterial
strain which differentiate it from other strains. The utility of a
particular typing method can be judged by assessing its dis-
criminatory powers, range of application, reproducibility, and
ease of performance. Restriction fragment length polymor-
phism analysis has been extremely useful to epidemiologists
(12). However, for most bacteria the number of fragments
produced by typical restriction enzymes is large, making reli-
able comparisons difficult. Southern blotting and hybridization
with labeled probes reduces the number of visible fragments to
a manageable number. However, this approach requires con-
struction of sequence-specific probes, and these probes have a
limited range of application. An alternative approach which
limits the number of restriction fragments uses infrequently
cutting restriction enzymes (4, 11). The large restriction frag-
ments produced are separated by pulsed-field gel electro-
phoresis. The resulting electrophoretic patterns are highly dis-
criminatory for a wide range of organisms. However, large
amounts of high-molecular-weight DNA are needed. Purifica-
tion of high-molecular-weight DNA in agarose and the elec-
trophoretic separation of the large restriction fragments are
time-consuming and tedious.

We developed a method of amplifying DNA sequences
flanking infrequent restriction sites and used the method to
produce strain-specific electrophoretic patterns from crude
bacterial lysates. We refer to the method as infrequent-restric-
tion-site PCR (IRS-PCR) fingerprinting. Identical enzymes,
adaptors, primers, and PCR conditions were used to charac-
terize 32 Mycobacterium avium-M. intracellulare (MAI) iso-
lates, 4 Pseudomonas aeruginosa isolates, and 4 Staphylococcus
aureus isolates.

MATERIALS AND METHODS
Organisms. Twelve MAI isolates were obtained from the clinical laboratory of
the University of Texas Health Center at Tyler (UTHCT). The isolates were
recovered from different clinical specimens from five patients, as indicated in
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Table 1. Twenty additional isolates of MAI from human blood specimens were
obtained from clinical laboratories in 20 different cities (Table 2). DNA probes
(Accuprobe; GenProbe Inc., San Diego, Calif.) were used to confirm that the
isolates were MAI. Four P. aeruginosa isolates were obtained from Ali Azghani
(Department of Biochemistry, UTHCT) and represented subcultures of three
referenced strains from the American Type Culture Collection (ATCC), Rock-
ville, Md., and a clinical isolate from UTHCT, as indicated in Table 2. Four S.
aureus isolates were obtained from the clinical laboratory of UTHCT and rep-
resented three clinical isolates and one referenced strain from ATCC, as indi-
cated in Table 2. MAI isolates were cultured in Middlebrook 7H9 broth supple-
mented with 10% oleic acid-albumin-dextrose enrichment and 0.1% Tween 80;
Pseudomonas isolates were cultivated in tryptic soy broth; S. aureus isolates were
cultured in Mueller-Hinton broth. All media was purchased as powder from
Becton Dickinson Microbiology Systems, Cockeysville, Md. The isolates were
frozen at —70°C in tryptic soy broth with 15% glycerol until needed for study.

Adaptors and primers. The designations and sequences of the oligonucleo-
tides used are listed in Table 3; their function is schematically depicted in Fig. 1.
The oligonucleotides were purchased from Midland Certified Reagent Co., Mid-
land, Tex. Adaptors were constructed to ligate specifically to the CG-3’ two-base
overhang generated by Hhal digestion or to the 5'-CTAG four-base overhang
generated by Xbal digestion. The Hhal adaptor (AH) consists of a 22-base
oligonucleotide (AH1) with a 7-base oligonucleotide (AH2) annealed to bases 14
through 20 from the 5" end leaving a CG-3’ overhang. The sequence of AH1 is
identical to the arbitrary sequence of IS08-92 used by Haas et al. (3) for mixed-
linker PCR fingerprinting of Mycobacterium tuberculosis. To prepare the adaptor,
AHI and AH2 were mixed in equal molar amounts in 1X PCR buffer (10 mM
Tris-HCI [pH 8.3], 50 mM KCl, 1.5 mM MgCl,, 0.001% [wt/vol] gelatin) and
were allowed to anneal as the mixture cooled from 80 to 4°C over 1 h in a thermal
cycler. The stock adaptor was stored at —20°C at a concentration of 14.4 uM.
The Xbal adaptor (AX) consists of an 18-base oligonucleotide (AX1) with a
7-base oligonucleotide annealed to bases 5 through 11 from the 5" end leaving a
5'-CTAG overhang. The 5’ end of AX1 was phosphorylated with T4 polynucle-
otide kinase as specified by the manufacturer (New England Biolabs, Beverly,
Mass.). The kinase was subsequently inactivated by heating the mixture to 65°C
for 10 min. AX2 and phosphorylated AX1 were mixed and annealed as described
above.

An oligonucleotide primer (PX) was constructed to complement AX1 and the
one base left on the 3’ end of the native DNA following Xbal digestion. Four
additional primers (PX-A, PX-C, PX-G, or PX-T) were constructed; their se-
quences were identical to that of PX except that an additional base (A, C, G, or
T, respectively) was placed at their 3’ end. Oligonucleotide AH1 was also used
as a primer in PCR.

Preparation of template DNA. Bacterial suspensions (10° to 10® cells) were
lysed in a microtube containing 200 wl of TE buffer (10 mM Tris Cl [pH 7.6], 1
mM EDTA), 200 wl of chloroform, and 100 wl of zirconium beads by vigorous
shaking (1). A portion of the lysate (2.5 wl) was digested with 10 U of Hhal and
10 U of Xbal in 1X NEB4 buffer (final volume, 12.5 ul) for 1 h at 37°C. All
enzymes were obtained from New England Biolabs unless stated otherwise. T4
DNA ligase (400 U), ATP (12.6 pmol), 10X ligase buffer (0.75 wl), the Xbal
adaptor AX (20 pmol), the Hhal adaptor AH (20 pmol), and water were added
for a total volume of 20 pl. The mixture was incubated at 16°C for 1 h to ligate
the adaptors to the digested DNA and then at 65°C for 20 min to inactivate T4
DNA ligase. The sample was digested with 5 U of Xbal and 5 U of Hhal at 37°C
for 15 min to cleave any restriction sites reformed by ligation.

Amplification. Each 50-p] PCR mixture included 0.5 pl of template DNA
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TABLE 1. Related MAI isolates
Pati Sample used
atient no. Isolate no. p n Culture date
or culture
1 98.1 Lymph node June 1985
1 98.2 Bone marrow June 1985
2 513.1 Sputum April 1990
2 513.2 Sputum March 1991
3 608.1 Blood 15 August 1990
3 608.2 Stool 13 August 1990
4 64.1 Sputum 20 April 1984
4 64.2 Sputum 20 April 1984
5 104.1 Bone marrow 1 August 1985
5 104.2 Stool 8 July 1986
5 104.3 Blood June 1987
5 104.4 Blood 3 November 1987

(1/50th of the ligation-redigestion product), 0.25 U of Tag DNA polymerase
(Boehringer Mannheim, Indianapolis, Ind.), deoxynucleoside triphosphates (200
wM each), and one or more oligonucleotide primers (1.0 wM) in 1X PCR buffer.
Typically, the oligonucleotides AH1 and PX-G were used together as primers.
The effect of deleting either of these primers or substituting oligonucleotides PX,
PX-C, PX-A, or PX-T for PX-G was assessed in some experiments. Amplifica-
tion was performed in a GeneAmp PCR System 9600 (Perkin-Elmer, Branch-
burg, N.J.) with an amplification profile that consisted of an initial denaturation
step at 94°C for 5 min and then 30 cycles with denaturation at 94°C for 30 s,
primer annealing at 60°C for 30 s, and extension at 72°C for 90 s. The effect of
varying the annealing temperature was assessed in some experiments. Three
other thermal cyclers (GeneAmp PCR System 2400 [Perkin-Elmer], Coy Temp-
cycler IT model 110S [Coy Laboratory Products Inc., Ann Arbor, Mich.], and
DNA Thermal Cycler 480 [Perkin-Elmer]) were used to assess their effects on
the outcome of PCR. The amplification profile was altered for the Coy Temp-
cycler II and the DNA Thermal Cycler 480. For these thermal cyclers the
amplification profile consisted of an initial denaturation step at 94°C for 5 min
and then 30 cycles with denaturation at 94°C for 60 s, primer annealing at 60°C

TABLE 2. Unrelated MAI, P. aeruginosa, and S. aureus isolates

. Sample used City where organism

Species Isolate no. for I3ulture ywas isolatged
MAI C1 Blood Shreveport, La.
MAI C2 Blood Las Vegas, Nev.
MAI C3 Blood Wilmington, Maine
MAI C4 Blood Milwaukee, Wis.
MAI C5 Blood New York, N.Y.
MAI C6 Blood Albuquerque, N.M.
MAI Cc7 Blood Lexington, Ky.
MAI C8 Blood Minneapolis, Minn.
MAI C9 Blood Little Rock, Ark.
MAI C10 Blood Salt Lake City, Utah
MAI C11 Blood Oklahoma City, Okla.
MAI C12 Blood Wichita, Kans.
MAI C13 Blood Kansas City, Kans.
MAI Cl4 Blood Springfield, Mo.
MAI C15 Blood Portland, Oreg.
MAI Cl6 Blood Houston, Tex.
MAI C17 Blood Ann Arbor, Mich.
MAI C18 Blood Seattle, Wash.
MAI C19 Blood Jackson, Miss.
MAI C20 Blood Memphis, Tenn.
P. aeruginosa ATCC 10145 Not specified Not specified
P. aeruginosa ATCC 17933  Sputum Not specified
P. aeruginosa ATCC 19143 Cutaneous wound Not specified
P. aeruginosa PA013 Sputum Tyler, Tex.
S. aureus SA101 Blood Tyler, Tex.
S. aureus SA105 Wound Tyler, Tex.
S. aureus SA109 Sputum Tyler, Tex.
S. aureus ATCC 29213 Wound Not specified
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TABLE 3. Oligonucleotides used in the study and their sequences

Designation Sequence
AHI ... .5’"-AGA ACT GAC CTC GAC TCG CAG“G
AH2 ... 5'-TGC GAG -B’
AXT s 5'-PQ,-CTA GTA CTG GCA GAC TGT
PV, 5'-GCC AGT A’
PX s 5'-AGA GTC TGC CAG TAC TA&'A
PX-G..ooovvvviiiin 5'-AGA GTC TGC CAG TAC TAG-AG

.5'-AGA GTC TGC CAG TAC TAG-AC
.5'-AGA GTC TGC CAG TAC TAG-AT
S5'-AGA GTC TGC CAG TAC TAG-HA

“ This sequence is used for construction of the AH adaptor and as a primer in
IRS-PCR.

for 60 s, and extension at 72°C for 120 s. All experiments included negative
controls which were processed with the samples.

Visualization of the electrophoretic pattern. The PCR products (18 ul) were
loaded into wells (1.5 by 5 mm) of a 6.5% polyacrylamide gel prepared from a
30% acrylamide-bisacrylamide (29:1) solution (Bio-Rad Laboratories, Hercules,
Calif.) in 1X TBE buffer (0.045 M Tris-borate, 0.001 M EDTA). After electro-
phoreses for 2 h at 200 V, the gel was stained with ethidium bromide (0.5 pg/ml)
for 10 min, destained in water for 25 min, and photographed with UV illumina-
tion.

RESULTS

Strategy. The IRS-PCR scheme is illustrated in Fig. 1. The
IRS-PCR template is produced by double digestion of genomic
DNA with a restriction enzyme that cuts infrequently (Xbal;
recognition sequence, T/CTAGA) and a restriction enzyme
that cuts frequently (Hhal; recognition sequence, GCG/C)
(Fig. 1A, panel 1). Double-stranded adaptors (AX and AH)
are ligated to the cohesive ends of the restriction fragments
(Fig. 1A, panel 2). Both adaptors consist of a long oligonucle-
otide and a short (seven-base) oligonucleotide. These oligonu-
cleotides anneal at low temperature, allowing efficient ligation
of the adaptor, but they dissociate at the higher temperatures.
The short oligonucleotides do not participate in reactions sub-
sequent to ligation. The longer oligonucleotide (AH1) in the
Hhal adaptor (AH) is ligated to the recessed 5’ end of restric-
tion fragments produced by Hhal digestion. The longer oligo-
nucleotide (AX1) in the Xbal adaptor (AX) is phosphorylated
to allow ligation to the recessed 3’ end of the restriction frag-
ments. Oligonucleotide AH2 is not phosphorylated and, there-
fore, is not ligated. During PCR, the few fragments having the
Xbal adaptor bind the primer PX (Fig. 1A, panel 4), and
extension of this primer generates binding sites for primer
AHI1 (Fig. 1A, panel 5). This allows specific amplification of
the desired Xbal-Hhal fragments during subsequent PCR cy-
cles (Fig. 1A, panel 6). Fragments with Hhal sites at both ends
are not amplified because there are no sites for annealing of
AH1 (Fig. 1B).

Primer PX is complementary to the adaptor oligonucleotide
AX2 plus the additional A that is present in the Xbal site. This
primer will not amplify adaptor-dimers that may have formed
during the ligation step. To increase the specificity of the pro-
cedure, four additional primers (PX-G, PX-C, PX-T, and
PX-A) were synthesized, each having one additional 3’ base
(G, C, T, or A, respectively). Each of these primers will amplify
a subset of the Xbal-Hhal fragments, depending upon the next
base adjacent to the Xbal site.

Patterns from MALI isolates. By using PX-G and AH1 as
primers, IRS-PCR produced a unique pattern for each of 20
MALI isolates recovered in different cities (Fig. 2). Deletion of
either primer from the reaction mixture, deletion of the re-
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FIG. 1. IRS-PCR strategy. Xbal-Hhal restriction fragments are amplified
(A). Hhal restriction fragments are not amplified (B).

strictive digestion step, or deletion of the ligation step pre-
vented amplification. Unique patterns were also produced
when PX-G was replaced with PX, PX-C, PX-A, or PX-T (data
not shown). While the patterns generated with PX were char-
acteristic of each strain, they contained a large number of
bands which made comparisons difficult.

The patterns generated by IRS-PCR were reproducible. The
patterns generated with multiple MAI isolates from the same
patient were essentially identical but different from those gen-
erated with isolates recovered from different patients (Fig. 3).
Twelve MAL isolates from five patients gave five patient-spe-
cific IRS-PCR patterns when PX-G and AH1 were used as
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FIG. 2. IRS-PCR electrophoretic patterns of MAI isolates from patients in
different geographic locations. (A) Lane 1, 100-bp ladder; lanes 2 through 11,
MAI isolates recovered in Shreveport, La.; Las Vegas, Nev.; Wilmington, Maine;
Milwaukee, Wis.; New York, N.Y.; Albuquerque, N.M.; Lexington, Ky.; Minne-
apolis, Minn.; Little Rock, Ark.; and Salt Lake City, Utah, respectively. (B)
Lanes 1 and 13, 100-bp ladder; lanes 2 through 11, MAI isolates recovered in
Oklahoma City, Okla.; Wichita, Kans.; Kansas City, Kans.; Springfield, Mo.;
Portland, Oreg.; Houston, Tex.; Ann Arbor, Mich.; Seattle, Wash.; Jackson,
Miss.; and Memphis, Tenn., respectively; lane 12, negative control. The IRS-
PCR annealing temperature was 60°C, and the primers were PX-G and AH1.

primers. The same clustering of the MAI isolates was apparent
following amplification with primer PX, PX-C, PX-A, or PX-T
(data not shown).

Patterns from P. aeruginosa and S. aureus isolates. IRS-PCR
with PX-G and AH1 as primers produced unique patterns for
four P. aeruginosa isolates and four S. aureus isolates (Fig. 4).
Deletion of either primer from the reaction mixture, deletion
of the digestion step, or deletion of the ligation step prevented
amplification. Unique patterns were also produced when PX-G
was replaced with PX-C, PX-A, or PX-T (data not shown).

Thermal cycler and annealing temperature variations. No
significant pattern differences were noted when the PCR an-
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FIG. 3. IRS-PCR electrophoretic patterns of MAI isolates from multiple
clinical specimens from five patients. Lanes 2 and 3, isolates 98.1 and 98.2,
respectively, from patient 1; lanes 4 and 5, isolates 513.1 and 513.2, respectively,
from patient 2; lanes 6 and 7, isolates 608.1 and 608.2, respectively, from patient
3; lanes 8 and 9, isolates 64.1 and 64.2, respectively, from patient 4; lanes 10
through 13, isolates 104.1, 104.2, 104.3, and 104.4, respectively, from patient 5;
lane 14, negative control; lanes 1 and 15, 100-bp ladder. The IRS-PCR annealing
temperature was 60°C, and the primers were PX-G and AHI.
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FIG. 4. IRS-PCR electrophoretic patterns of four P. aeruginosa isolates (A,
lanes 2 through 5; isolates ATCC 10145, ATCC 17933, ATCC 19143, and PA013,
respectively) and four S. aureus isolates (B; lanes 2 through 5, isolates SA101,
SA105, SA109, and ATCC 29213, respectively). (A and B) lane 6, negative
control; lanes 1 and 7, 100-bp ladder. The IRS-PCR annealing temperature was
60°C, and the primers were PX-G and AHI.

nealing temperature was varied from 45 to 65°C. (Fig. 5). No
significant alterations were seen in the patterns for two MAI
isolates when the primers PX-C and AH1 were used at the
different annealing temperatures. The effect of altering the
annealing temperature with other primer sets was not studied.
No difference was detected when PCR was performed in dif-
ferent thermal cyclers with amplification profiles adjusted for
each machine’s format.

DISCUSSION

Identification of bacterial strains by DNA fingerprinting fa-
cilitates epidemiologic studies and disease control. We devel-
oped an approach for fingerprinting which is rapid, sensitive,
and widely applicable. We used the approach to characterize
acid-fast, gram-negative, and gram-positive organisms.

The key feature of the approach is the selective amplifica-
tion of DNA sequences located between a frequently occurring
endonuclease restriction site and an infrequently occurring
restriction site. Adaptor and primer design dictate which re-
striction fragments are subsequently amplified. Amplification
of the DNA flanking the infrequent restriction sites produces
electrophoretic patterns specific enough to be referred to as
DNA fingerprints. The design of our Hhal adaptor is similar to
that of an adaptor described by Mueller and Wold (7) in that
one oligonucleotide (AH2) is relatively short and the other is
long. The short oligonucleotide allows efficient ligation of the
double-stranded adaptor at 16°C but cannot form stable hy-
brids at higher temperatures and cannot compete for primer.
An alternative method of eliminating the adaptor was de-
scribed by Haas et al. (3). Those investigators incorporated a
uracil-containing oligonucleotide into their double-stranded
adaptor. Following ligation the uracil-containing oligonucleo-
tide was eliminated by digestion with uracil-N-glycosidase and
heat. Our design facilitates selective amplification with less
manipulation, time, and expense.

The designs of our Xbal adaptor and the corresponding
primers allow initiation of amplification and additional selec-
tivity. Again, one strand of the adaptor (AX2) is short to
prevent it from serving as primer during PCR. The use of
primers that are longer than the oligonucleotides in the adap-
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tor prevents the amplification of primer-dimers. Further in-
creases in primer length (as done for primers PX-G, PX-C,
PX-A, and PX-T) promotes an added degree of selectivity
and facilitates the production of four sets of electrophoretic
patterns. Thus, the relationships between isolates can be con-
firmed by examining the patterns produced with different prim-
ers. This confirmation can be reassuring when studying un-
known isolates. In a similar fashion, primers to the Hhal
adaptor could have been extended to produce subsets of am-
plified fragments and different electrophoretic patterns.

This method of strain identification can be completed in 6 to
8 h from the time of receipt of an isolate. Once the organism
is isolated, there is no need for further growth; minute quan-
tities of target DNA are sufficient for PCR amplification. Be-
cause the target DNA fragments are smaller than 1.5 kb, target
DNA can be extracted from the organisms in a variety of ways,
including mechanical lysis. While mechanical lysis is rapid, it
causes considerable shearing of the genomic DNA. In compar-
ison, isolation of high-molecular-weight DNA suitable for mac-
rorestriction analysis is laborious and time-consuming. The
fragments amplified by IRS-PCR are small, facilitating sepa-
ration in 2 to 3 h by polyacrylamide gel electrophoresis. De-
tection of DNA polymorphisms by Southern blot hybridization
requires specific probes; construction of these probes and hy-
bridization are also time-consuming.

Other PCR-based assays of genetic diversity rely on arbitrary
primers or require target DNA sequence information for the
design of specific primers. The time and cost of obtaining the
sequence information for many organisms have been prohibi-
tive. A method described by Vos et al. (14) has some similarity
to IRS-PCR in that the DNA is digested with two restriction
enzymes and ligated to two adaptors; however, their method
does not provide a mechanism for amplifying specific DNA
fragments in the mixture. Small variations in temperature,
target DNA concentration, or PCR buffer can significantly
alter the pattern produced by arbitrary primers (15, 16). Other
approaches for PCR amplification of DNA flanking known
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FIG. 5. Effects of altering the annealing temperature on the IRS-PCR elec-
trophoretic patterns of two MAI isolates (MAI 98.2 [A] and MAI 513.1 [B]).
Annealing temperatures were 45°C (lanes 2), 50°C (lanes 3), 52°C (lanes 4), 54°C
(lanes 5), 56°C (lanes 6), 58°C (lanes 7), 60°C (lanes 8), and 65°C (lanes 9). Panel
A, lane 1, and panel B, lanes 1 and 10, 100-bp ladder. The IRS-PCR primers
were PX-G and AHI.
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sequences (2, 3, 5, 7-10, 13) are not applicable to sequences as
short as endonuclease recognition sites.

The IRS-PCR procedure can be performed with equipment
that is already available in many clinical laboratories. This
method of DNA fingerprinting is potentially applicable to a
wide array of organisms. Identical enzymes, adaptors, primers,
and PCR conditions were used to characterize 32 MAI iso-
lates, 4 P. aeruginosa isolates, and 4 S. aureus isolates. The 32
MAL isolates from 25 patients gave 25 different, patient-spe-
cific IRS-PCR patterns with the primers PX-G and AH1. The
four P. aeruginosa isolates and four S. aureus isolates gave
patterns which were unique. Pulsed-field gel electrophoresis
studies of these MAI, P. aeruginosa, and S. aureus isolates
demonstrated identical clustering of the isolates (6; unpub-
lished data).

Amplification of DNA from Neisseria meningitidis and
Staphylococcus epidermidis isolates by using identical parame-
ters suggests that IRS-PCR will be useful with these species as
well (data not shown). No adaptations in the methods were
required to fingerprint these organisms. However, if needed,
the method is extremely adaptable. The number of fragments
amplified and the complexity of the electrophoretic pattern can
be adjusted by adjusting the length of either primer. The use of
different enzymes can generate a set of different patterns. Like
other restriction fragment length polymorphism methods,
some enzymes may provide more or less discriminating pat-
terns. Selection of an appropriate set of enzymes for compar-
ing organisms can be based on known characteristics of their
genome. A frequently cutting enzyme with a short recognition
sequence rich in A and T residues may be more appropriate for
organisms whose genomes are rich in these nucleotides. Lists
of infrequently cutting enzymes are available for many organ-
isms.

IRS-PCR fingerprinting is a potentially powerful epidemio-
logic tool. It is rapid, widely applicable, reproducible, and
highly adaptable. We hope that it facilitates epidemiologic
studies and improves disease control.
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