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Abstract An automated method for the restriction frag-
ment length polymorphism (RFLP) analysis for the dif-
ferentiation of mycobacteria to the species level is de-
scribed. After polymerase chain reaction (PCR) amplifi-
cation of a sequence of the gene encoding the 65-kDa
surface antigen common to all mycobacteria the product
was investigated by RFLP analysis. For accurate determi-
nation of fragment sizes the asymmetrically fluorescein-
labelled PCR product was partially digested with restric-
tion site enzymes BsfEIl and Haelll. The fragments ob-
tained were analysed electrophoretically using an auto-
mated laser fluorescence DNA sequencer. Determination
of fragment sizes revealed a deviation of 1 base pair (bp;
0.6%) when compared to expected sizes. The validity of
this approach was confirmed by analysing mycobacterial
DNA obtained from pure cultures of Mycobacterium (M.)
tuberculosis and alcohol-fixed smears as well as paraffin-
embedded sputa of patients with culture-proven tubercu-
losis. Additionally a diagnostic algorithm was established
by investigation of cultured M. bovis, M. bovis bacille
Calmette-Guérin, M. avium, M. intracellulare and M.
Jortuitum. The method allows the identification of restric-
tion enzyme sites which are only 40 bp apart. Partial re-
striction enzyme digestion of asymmetrically fluores-
cence-labelled PCR products will presumably lead to the
discovery of new restriction enzyme sites.
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Introduction

In the routine laboratory setting differentiation of myco-
bacteria is performed by determination of phenotypic
and biochemical characteristics [11]. Identification of an
unknown organism can take 4-8 weeks due to the long
generation times of organisms. Thus various methods
have been developed for the rapid identification of my-
cobacteria. Today DNA- or RNA-based hybridization
probes are available which are able to identity Mycobac-
terium (M.) tuberculosis, M. avium and M. intracellulare
[12, 16]. Furthermore the identification of mycobacterial
species can be performed by high-performance liquid
chromatography patterns of mycolic acids [2]. However,
both methods require a large number of bacilli which
have to be obtained by isolation of pure cuiture. Recently
two studies were published describing the identification
of mycobacterial species in uncultured clinical samples
[18, 23]. Since the amount of mycobacterial DNA pres-
ent in clinical samples is usually insufficient [17], a two-
step assay had to be performed. These assays combined
the amplification of a sequence common to all mycobac-
teria with subsequent restriction fragment length poly-
morphism (RFLP) analysis of unique restriction sites
characteristic for most of the mycobacterial species. Re-
spective RFLP patterns are recognized visually. Howev-
er, problems may occur if sizes of fragments obtained
differ by only a few base pairs (bp). Due to this fact sam-
ples are run in parallel with stored digested reference
myobacteria strain DNA or computers converting run-
ning distance on electrophoresis to molecular size of
fragments are used [19].

Using an automated laser fluorescence DNA se-
quencer we describe a rapid and reliable automated
method for size determination of DNA fragments ob-
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tained by a modified restriction site enzyme digestion. In
order to evaluate this method strains of cultured M. fu-
berculosis, M. bovis, M. bovis bacille Calmette-Guérin
(BCG), M. avium, M. intracellulare and M. fortuitum
were examined according to a previously published
study by Telenti et al. [23] using the two restriction en-
zymes BstEIl and Haelll. Thus, a new reference algo-
rithm for diagnostic application of the automated identi-
fication of mycobacteria to the species level was generat-
ed. Finally, the practicability of this method for the pa-
thologist was demonstrated by investigation of alcohol-
fixed as well as paraffin-embedded clinical specimens.

Materials and methods

Strains of M. tuberculosis complex (M. tuberculosis, M. bovis, M.
bovis BCG), M. avium, M. intracellulare and M. fortuitum were
obtained from culture collection at the Federal Public Health Lab-
oratory of the University of Innsbruck, Austria. Initial identifica-
tion of mycobacterial strains was performed by conventional bio-
chemical methods [11]. Additionally ten alcohol-fixed auramin-
positive sputum smears and ten paraffin-embedded sputum sam-
ples of patients with culture-proven tuberculosis were investigated
to demonstrate the practicability of this method on clinical speci-
mens. Acid-fast bacilli (AFB) had been microscopically demon-
strated by Ziehl-Neelson and auramin staining in five cases each.
Presence of amplifiable mycobacterial DNA had been demonstrat-
ed in all specimens; specificity of the polymerase chain reaction
(PCR) product had been evaluated by direct sequence analysis as
published previously [24].

All strains were grown on solid medium (Lowenstein-Jensen
medium) using standard methods. Colony growth from each strain
was mixed in 0.5 ml of sterile water in a bijou bottle containing
five sterile glass beads until a suspension equivalent to no. 0.5
MacFarland opacity standard (Difco) was obtained. A 1:10 dilu-
tion in sterile water was heated to 94° C for 20 min and the sam-
ples were stored frozen at —20° C until tested.

Alcohol-fixed and auramin-positive sputum smears mounted
on glass slides were subjected to four changes in a decreasing se-
ries of alcohols (100% to 50%) followed by rehydration of sam-
ples in distilled water. The material was removed from glass slides
with 100 pl digestion buffer containing proteinase K (100 mM
TRIS-hydrochloric acid (HC1), pH 8.0, 25 mM ethylenediaminet-
etaacetic acid, 0.5% sodium dodecyl sulphate, 0.01% proteinase
K). Proteinase K digestion was performed overnight at 55° C. Ma-
terial was used as template without any further purification. From
the paraffin-embedded sputum samples 5-ym-thick sections were
cut and mounted on glass slides. Subsequent to dewaxing of sam-
ples in xylene the same procedure was performed as described
above.

PCR was performed according to the standard protocol of
Mullis and Faloona [15]. A final volume of 20 ul contained 0.2
pmol/ul of primers 5'-ACCAACGATGGTGTGTCCAT-3" (sense)
and fluorescein labelled 5'-Fluor-CTTGTCGAACCGCATACCCT-
3' (antisense), 200 pM of each dNTP, 10 mM TRIS-HC1 (pH 8.3),
50 mM potassium chloride, 1.5 mM magnesium chloride, 0.5 U
Ampli-Tag DNA-polymerase (Perkin-Elmer Corporation, Nor-
walk, Conn., USA), and 1 pl template containing 5-20 AFB. The
reaction was subjected to 30 cycles of amplification on an auto-
mated thermocycler (Biomed, Bachofer, Germany). Following a
first denaturation step at 94° C for 4 min, subsequent cycling con-
sisted of denaturation at 94° C for 30 s, annealing for 60 s starting
at 57° C and a stepwise decrease of 1° C after each third cycle to
finally 54° C, and extension at 72° C for 90 s.

Two microlitres of the reaction mixtures were analysed on na-
tive 12% polyacrylamide gels (acrylamide/piperazinpolyacryla-
mide, T (total concentration of acrylamid)=30%, C (crosslinking
factor)=3.3%) without further purification. Polyacrylamide gel

electrophoresis was carried out on a horizontal electrophoresis
system (Multiphor, Pharmacia, Sweden) with ultrathin gels baked
on Gelbond Pag (FMC, Rockland, Me., USA) using a discontinu-
ous buffer system as described previously [4, 24]. The gel was run
for 45 min at 1000 V, 40 mA, 5 W and 15° C. Bands were visual-
ized by silver staining according to standard protocols [6].

Partial restriction enzyme digestion of amplification products
was performed according to a standard protocol [11] which was
modified as follows: 5 pl of PCR product were added to a mixture
containing 0.25 U enzyme (BstEIl or Haelll; Boehringer Mann-
heim, Germany), 1.25 pul of respective restriction buffer (5X buffer
B or M) and 6.0 ul of water. BstEIl digestion was performed at
60° C, Haelll digestion at 37° C for 30 min each.

One microlitre of partially digested PCR product was mixed
with 5 pl formamide solution (95% formamide and 5 mg/ml dex-
tran blue). After denaturation samples were loaded on a 6.6%
(19:1) acrylamide-bisacrylamide denaturing (7 M urea) sequenc-
ing gel. Electrophoresis was carried out by an automated laser flu-
orescence sequencer (A.L.F. Sequencer, Pharmacia Biotechnology,
Sweden). The gel was run for 4 h at 1600 V, 38 mA, 45 W and 45°
C. Fragments were analysed with the Fragment Manager software
(Pharmacia Biotechnology) utilizing Microsoft Windows 3.1.

External size markers consisted on double-stranded DNA from
PCR products which were labelled with fluorescein on one 5" end.
The sizes of these products were 123 bp, 268 bp, 383 bp and 439
bp, respectively. The undigested part of the 439 bp PCR product
and the fluorescein-labelled (unbound) 20 bp primer served as in-
ternal standards.

Sequence analysis was performed by solid-phase sequencing
of single-stranded PCR products as described previously [4]. PCR
fragments were obtained by amplification with the primers de-
scribed above in which one primer was biotinylated. Oligonucleo-
tide primers 5-GAGATCGAGCTGGAGGATCC-3' (sense) and 5'-
AGCTGCAGCCCAAAGGTGTT-3' (antisense) [10] were used as
internal sequencing primers. Using fluorescein-15-dATP as inter-
nal label and T7 polymerase (AutoRead Kit, Pharmacia Biotech-
nology) DNA sequences of PCR products were determined by di-
deoxy sequencing. Gel electrophoresis, data collection and analy-
sis were performed on the A.L.F. Sequencer.

Results

Identification of myobacteria to the species level by
means of RFLP analysis is shown in Fig. 1. Using a laser
fluorescence sequencer for the electrophoresis and auto-
mated measurement of fragments, detection was restrict-
ed to the fragment containing the 5' end fluorescein-la-
belled primer (Fig. 1A). Therefore, an incomplete re-
striction enzyme digestion of the asymmetrically fluores-
cein-labelled PCR product was performed. Consecutive-
ly, several (fluorescence-labelled) fragments, the size of
which depended on the distance between restriction site
and fluorescein-labelled primer, were found (Fig. 1B).
The automated laser fluorescence sequencer detection of
these PCR fragments, obtained by Bs¢EIl digestion of the
439 bp product of M. ruberculosis, is shown in Fig. 2A.
Subsequently, sizes of these fragments were evaluated by
comparison with external and internal standards (IFig.
2B). This was performed by use of Fragment Manager
software. In eight of ten investigated alcohol-fixed
smears and seven of ten paraffin-embedded sputa con-
taining unknown amounts of mycobacterial DNA, de-
tectable fragments were obtained by the procedure de-
scribed above. In the remaining five cases a modification
concerning the time period required for digestion (15-45
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Fig. 1 A A complete digest of an asymmetrically labelled poly-
merase chain reaction (PCR) product is shown resulting in a single
detectable fragment. B A partial digest of an asymmetrically la-
belled PCR product results in fragments reflecting the precise dis-
tance of the cutting site from the label
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min) was necessary. No differences in RFLP patterns of
M. tuberculosis-DNA obtained from pure culture, aura-
min-positive smears or paraffin-embedded sputa were
observed.

In order to examine the value of this automated RFLP
analysis we compared the evaluated fragment sizes with
sizes expected by the known nucleotide sequence. This
was done by means of M. tuberculosis [21] revealing a
maximal deviation of the observed fragment size to the
expected fragment size consistently smaller than 1 bp
(Table 1). Accordingly the size cvaluation exceeded
99.4%.

Investigating M. bovis, M. bovis BCG, M. avium, M.
intracellulare and M. fortuitum by this method no differ-
ences in mycobacterial strains of the M. tuberculosis
complex could be found. However, M. avium, M. intra-
cellulare and M. fortuitum showed distinct patterns of
fragments. The algorithm of the RFLP patterns of all

Fig. 2 Detection of PCR fragments obtained by BsfEIl digestion
of the 439 base pair (bp) product by the automated laser fluores-
cence sequencer is shown in A. On the x-axis it can be seen at
which time (min) fragments were detected. In tracing 36, frag-
ments with unknown sizes, and in tracing 40 fragments of known
size, are shown. Unknown fragment sizes are evaluated by compar-
ison with external and internal standards (B). Consecutively deter-
mined length of all fragments can be seen on the x-axis (bp). ¥
Peaks of internal standards (20 bp, 439 bp), ¥V peaks of external
standards (123 bp, 268 bp, 383 bp) [J detected fragments with un-
known sizes
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Table 1 Determination of frag-

ment sizes of Mycobacterium Restriction enzyme

Observed fragment size (bp) Expected size (bp) Deviation (bp) Accuracy (%)

tuberculosis by partial restric-

tion enzyme digestion BstEIl

116.7
131.5

210.6

153.2
2219
264.1
280.8
302.8
3147

Haelll

116 0,7 99.40
132 0,5 99.62
211 0.4 99.81
153 0,2 99.87
222 0,1 99.95
264 0,1 99.96
281 0,2 99.93
303 0.2 99.93
315 0,3 100
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Table 2 Algorithm for the differentiation of mycobacteria to the species level

BstEIl Haelll
M. tuberculosis 116/131/210 bp 153/222/264/281/303/315 bp2
M. bovis 116/131/210 bp 153/222/264/281/303/315 bp?
M. bovis BCG 116/131/210 bp 153/222/264/281/303/315 bp?
M. avium 211 bp 40</142/184/221/263/280/315 bpd
M. intracellulare 116/ /211 bp 40¢/  /185/221/  /280/314 bpb
M. fortuitum 116/131/210 bp 40/ 97/ /221/244/296 bpd

a Fragment sizes determined by nucleotide sequence
b Fragment sizes determined by automated detection of restriction
fragments

mycobacterial strains investigated is shown in Table 2. In
direct sequence analysis performed to confirm that the
obtained PCR products were specific a complete homol-
ogy to the known 383 bp sequences was found [10].

Discussion

RFLP analysis by means of an automated laser fluores-
cence sequencer was described for the first time by Voss
and coworkers [26]. Subsequently several labelling
methods of PCR products were introduced to detect all
fragments obtained by restriction enzyme digestion. The
results of these attempts, however, were mainly disap-
pointing [8, 13, 14]. Brenner and Livak [1] described a
method of size separation of restriction fragments by la-
belling fragments at 5' overhangs using dideoxynucleo-
tides tagged with fluorescent dyes. Analysis was per-
formed by PAGE and detection of fluorescent emissions
by a DNA sequencer. An alternative method to RFLP
was introduced by Cawkwell et al. {3] by amplification
of sequences containing microsatellifes using one fluo-
rescence-labelled primer. Detection of PCR products was
performed by an automated DNA sequencer. Thus our
method represents a modification of existing techniques.
We were able to demonstrate that the identification of
mycobacteria to the species level can also be performed
by RFLP analysis of partially digested PCR products. In
comparison with the studies of Plikaytis et al. [18] and
Telenti et al. [23] this method offers an essential im-
provement by the introduction of a laser fluorescence
DNA sequencer for the automated detection and mea-
surement of fluorescence-labelled fragments [27]. Subse-
quent accurate sizing of these fragments can be per-
formed by comparison of detected fragments with exter-
nal and internal standards (Fig. 2). Thus, in contrast to
common methods using completely digested PCR prod-
ucts and estimation of fragment sizes varying within a
range of £5 bp [23], we were able to evaluate the size of
the respective fragments with a deviation less than 1 bp
(99.4% accuracy). Accuracy of fragment sizing is not
necessary in our study; however, it may be of importance
investigating short tandem repeats by RFLP [9].

Another advantage of our method is the possibility of
data storage. By the use of a computer programm (Frag-
ment Manager software) it has become possible to com-

¢ Discovered restriction site yielding a fragment of 40 nucleotides
in length

pare two DNA samples at different times and on differ-
ent gels with both excellent reproducibility and accuracy.
Thus, the use of various DNA references which have to
be run in parallel with the samples investigated can be
avoided in most cases.

Furthermore the partial restriction enzyme digestion
has led to the discovery of a new Haelll site yielding a
fragment 40 nucleotides in size (Table 2). Due to the fact
that complete digestion of a PCR product, containing re-
striction sites close to each other, will result in small
fragments which escape notice or are indistinguishable
from primer-dimers, Telenti and co-workers [23] were
unable to recognize this restriction enzyme site charac-
teristic for M. avium, M. intracellulare and M. fortuitum.
Similar observations were made by Smith and Birnstiel
[22] describing in 1976 the partial restriction enzyme di-
gestion of asymmetrical radioactively labelled DNA. It
can be presumed that the partial restriction enzyme di-
gestion technique will provide further information in a
variety of studies by the detection of (additional) restric-
tion enzyme sites which are only 20-50 bp apart.

In contrast to Telenti and co-workers [23] no inhibi-
tion of restriction enzymes by PCR products obtained
from smear-positive sputa was found. Thus, the algo-
rithm of RFLP patterns shown in Table 2 offers the op-
portunity to identify most common mycobacteria in clin-
ical specimens. However, investigation of further cul-
ture-defined myobacterial strains will be necessary to in-
crease the value of this method.

Theoretically, restriction fragment analysis can be per-
formed in all cases with amplifiable (mycobacterial)
DNA. OQur results demonstrate that the detection and
identification of mycobacteria to the species level by this
method can be performed on .alcohol-fixed or paraffin-
embedded material, even on archival tissue samples [25].
Restriction digest of PCR products, however, depends on
conditions and times used as well as the amount of arpli-
fication product (varying from 0.5 fmol to 0.5 pmol/ul).
Therefore, samples have to be run at least in triplicate.
Nevertheless, the approximate turnaround time from re-
ceiving samples to sending out reports and the costs for
such an investigation are less in comparison to traditional
methods (such as Lowenstein-Jensen medium).

Up to now identification of atypical mycobacteria in
fixed specimens could only be performed by sequencing
[20]. Partial degradation of DNA [7] or the loss of RNA



[5], however, will prevent sequence analysis and the con-
secutive search for homologue sequences in many cases.
Thus, RFLP analysis offers the pathologist the possibili-
ty of retrospective identification of mycobacteria to the
species level on paraffin-embedded specimens.

Automated identification of mycobacteria by RFLP
analysis in combination with the use of an automated la-
ser fluorescence sequencer is a simple, rapid, highly reli-
able and accurate method.
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