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A total of 121 reference and clinical strains of both slowly and rapidly growing mycobacteria belonging to 54
species were studied for restriction fragment length polymorphism of a PCR-amplified 439-bp segment of the
gene encoding the 65-kDa heat shock protein. Restriction digests were separated by 10% polyacrylamide gel
electrophoresis (PAGE). By including a size standard in each sample, the restriction fragment profile was
calculated using a computer-aided comparison program. An algorithm describing these 54 species (including
22 species not previously described) is proposed. We found that this assay based on 10% PAGE provided a more
precise estimate than that based on agarose gel electrophoresis of the real size of restriction fragments as
deduced from the sequence analysis and allowed identification of mycobacteria whose PCR-restriction frag-
ment length polymorphism analysis patterns were unequivocally identified by fragments shorter than 60 bp.

Mycobacteria other than Mycobacterium tuberculosis (MOTT)
are increasingly recognized as causing human infections (31).
Conventional biochemical methods and phenotypic tests for
species differentiation are laborious and time-consuming and
frequently require specialized testing that is beyond the capac-
ity of clinical laboratories. Genotypic methods for the identi-
fication of mycobacteria have been developed in recent years
(3, 10, 23, 29). These molecular methods are gaining increasing
importance because they yield rapid and, in most cases, un-
equivocal results.

In 1992 Plikaytis et al. (15) developed a method for differ-
entiating among slowly growing Mycobacterium species by PCR
and restriction fragment length polymorphism analysis (PRA).
A similar approach was used by Telenti et al. (27) for rapid
identification of mycobacteria to species level based on evalu-
ation of the gene coding for the 65-kDa heat shock protein
(22) by PCR and restriction enzyme analysis. Subsequently,
this approach was used for the taxonomic separation of rapidly
growing mycobacteria (18, 24), for routine identification of my-
cobacteria (1, 4, 7, 9, 11, 12, 23, 26), and for identifying Myco-
bacterium leprae (16, 25) and Mycobacterium kansasii subspe-
cies (17).

In all these studies the algorithm describing the mycobacte-
ria species is based on the use of two restriction enzymes
(BstEII and HaeIII) and separation of the restriction fragments
on an agarose gel. PRA patterns are then interpreted by con-
verting the running distance in electrophoresis to apparent
molecular size (in base pairs). Difficulties in PRA interpreta-
tion may stem from similarities in a number of band sizes that
are critical for discrimination of species and are not sufficiently
resolved by agarose-based gel electrophoresis.

In view of the application of PRA-based identification of
mycobacteria in our diagnostic laboratory and its application to
an increasing number of different species, we conducted the
present study in order to propose an algorithm based on 10%
polyacrylamide gel electrophoresis (PAGE) of restriction di-
gests to improve the resolution of low-molecular-weight frag-
ments and to extend the identification capacity of the method.

MATERIALS AND METHODS

Bacterial strains. Sixty-eight clinical isolates were collected at the Clinical
Mycobacteriology Laboratory of the Ospedale Civile Maggiore in Verona, Italy.
The isolates were grown in a liquid medium (MB/BacT system; Organon Teknika
Corp., Durham, N.C.) (6) or on Lowenstein-Jensen medium (Biotest, Heidel-
berg, Germany) and examined for growth rate, gross and microscopic colony
morphology, and pigmentation. Identification at the species level was done by
classical biochemical identification tests and AccuProbe tests (Gen-Probe Incor-
porated, San Diego, Calif.) for M. avium complex, M. tuberculosis complex,
M. gordonae, and M. kansasii. Forty-four strains were from the collection of the
Italian Reference Laboratory for mycobacteria. Nine strains were from the
American Type Culture Collection (Rockville, Md.): M. bovis BCG ATCC
27291, M. intracellulare ATCC 35763, M. avium ATCC 15769, M. terrae ATCC
15755, M. fortuitum ATCC 19542, M. malmoense ATCC 29571, M. marinum
ATCC 927, M. smegmatis ATCC 19420, and M. haemophilum ATCC 29548. The
strains used in this study are listed in Table 1.

Chromosomal DNA isolation. Bacterial DNA was prepared as follows. The
sediment from a 0.5-ml liquid culture or one loopful of bacteria cultured on
Lowenstein-Jensen medium was suspended in 500 ml of TE buffer (0.01 M
Tris-HCl, 0.01 M EDTA [pH 8.0]). Lysozyme (Sigma Chemical Co., St. Louis,
Mo.) was added to a final concentration of 2 mg/ml, and the tube was incubated
for 20 min at 37°C. Bacterial DNA was prepared as described by van Soolingen
et al. (30). Briefly, 70 ml of 10% sodium dodecyl sulfate and 5 ml of proteinase
K (at 10 mg/ml) were added, and the mixture was incubated for 10 min a 65°C.
One hundred microliters of 5 M NaCl and 100 ml of N-cetyl-N,N,N,-trimethyl-
ammonium bromide were added. The tubes were incubated for 10 min a 65°C.
An equal volume of chloroform was added, and the mixture was centrifuged for
5 min. Five hundred microliters of isopropanol was added to the supernatant to
precipitate the DNA. After 30 min at 220°C and centrifuging for 30 min at
14,000 3 g at 4°C, the pellet was washed once with 70% ethanol and the air-dried
pellet was dissolved in 50 ml of 13 TE buffer.

PCR for PRA. A segment of the 65-kDa heat shock protein gene (hsp65) was
amplified by two specific primers (Tb11 [59-ACCAACGATGGTGTGTCCAT]
and Tb12 [59-CTTGTCGAACCGCATACCCT]) as described by Telenti et al.
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TABLE 1. Mycobacterium strains studied for the hsp65 gene and development of the diagnostic algorithm

Organism No. of strains Strain(s)a

M. bovis BCGb 1 ATCC 27291
M. intracellulareb serotype 17 1 ATCC 35763
M. aviumb serotype 1 1 ATCC 15769
M. terraeb 1 ATCC 15755
M. fortuitumb 1 ATCC 19542
M. malmoenseb 1 ATCC 29571
M. marinumb 1 ATCC 927
M. smegmatis 1 ATCC 19420
M. haemophilum 1 ATCC 29548
M. tuberculosis complexb 3 OCM1, OCM2, OCM3
M. gordonae type Ib 5 MGI1, MGI2, MGI3, MGI4, MGI5
M. gordonae type II 9 MGII1, MGII2, MGII3, MGII4, MGII5, MGII6, MGII7, MGII8, MGII9
M. gordonae type IIIb 2 MGIII1, MGIII2
M. gordonae type IVb 2 MGIV1, MGIV2
M. chelonae subsp. chelonaeb 8 MCH1, MCH2, MCH3, MCH4, MCH5, MCH6, MCH7, MCH8
M. chelonae subsp. abscessusb 14 MAB1, MAB2, MAB3, MAB4, MAB5, MAB6, MAB7, MAB8, MAB9, MAB10, MAB11,

MAB12, MAB13, MAB14
M. fortuitum subsp. fortuitumb 4 MFO1, MFO2, MFO3, MFO4
M. marinumb 2 MMA1, MMA2
M. avium-M. paratuberculosisb 9 MA1, MA2, MA3, MA4, MA5, MA6, MA7, MA8, MA9
M. intracellulareb 1 MAC1
M. kansasiib 3 MKA1, MKA2, MKA3
M. xenopib 4 MXE1, MXE2, MXE3, MXE4
M. terraeb 1 MTE1
M. simiaeb 1 MSI1
M. agri 1 OCF902
M. aichiense 1 OCF896
M. alvei 1 OCF886
M. asiaticum 1 OCF877
M. austroafricanum 1 OCF909
M. branderi 1 OCF874
M. brumaeb 1 OCF893
M. chitaeb 1 OCF876
M. confluentisb 1 OCF916
M. duvalii 1 OCF894
M. farcinogenes 1 OCF882
M. gadium 1 OCF915
M. gastrib 1 OCF873
M. genavenseb 1 OCF869
M. gilvum 1 OCF904
M. haemophilum 1 OCF919
M. hiberniae 1 OCF900
M. interjectum 1 OCF910
M. kansasii 1 OCF921
M. komossense 1 OCF870
M. malmoenseb 1 OCF880
M. mucogenicumb 1 OCF906
M. neoaurumb 1 OCF883
M. nonchromogenicumb 1 OCF889
M. obuense 1 OCF901
M. parafortuitum 1 OCF898
M. phleib 1 OCF878
M. porcinum 1 OCF905
M. poriferae 1 OCF892
M. pulversb 1 OCF881
M. rhodesiaeb 1 OCF908
M. scrofulaceumb 1 OCF899
M. senegalenseb 1 OCF903
M. diernhoferi 1 OCF911
M. simiaeb 1 OCF912
M. sphagni 1 OCF885
M. szulgai 1 OCF891
M. terraeb 1 OCF895
M. thermoresistible 1 OCF872
M. tokaiense 1 OCF913
M. triviale 1 OCF888
M. xenopi 1 OCF897

a ATCC, American Type Culture Collection; OCF, Italian Reference Laboratory for Mycobacteria; all the other strains were clinical isolates from the Mycobac-
teriology Laboratory of Verona Hospital.

b The hsp65 gene sequence is available from The National Center for Biotechnology Information GenBank database.
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(27). The presence of amplified products was confirmed by agarose gel electro-
phoresis.

Restriction digestion and analysis of restriction patterns. BstEII and HaeIII
enzyme digestion of the amplification product was performed essentially as
described by Telenti et al. (27), with the following modification. Briefly, 5 ml of
the amplified reaction solution was added to a mixture containing 2 ml (1 U/ml)
of enzyme, 2 ml of appropriate restriction buffer (103), and 15 ml of autoclaved
distilled water. The mixtures were incubated for 60 min at 60°C for BstEII
digestion and at 37°C for HaeIII digestion. Two protocols were used for elec-
trophoresis: in one, restriction fragments were electrophoresed on a 3% agarose
gel at 120 V for 2 h, and in the other, restriction fragments were electrophoresed
on a 10% polyacrylamide gel in a Mini-Sub-Cell electrophoresis system (Bio-
Rad, Richmond, Calif.) at 120 V until the dye front migrated to approximately
1 cm from the end of the gel. Fragment band sizes were estimated on a com-
puterized Image Master VDS-Pharmacia Biotech system, using a HaeIII-di-
gested fX174 DNA and a 100-bp ladder as the molecular size standard.

PCR for reverse cross-blot hybridization assay. PCRs were performed under
the conditions described by Kox et al. (13) with the primers PMyc14bio [59-G
RGRTACTCGAGTGGCGAAC] and PMyc7 [59-GGCCGGCTACCCGTCGT
C], derived from the sequence of the 16S rRNA gene common to all Mycobac-
terium species. The presence of amplified DNA was visualized by agarose gel
electrophoresis (2% agarose in TE buffer) and staining with ethidium bromide.

Reverse cross-blot hybridization assay. The amplicons were analyzed by hy-
bridization assay as described by Kox et al. (13) with specific oligonucleotide
probes (18). The oligonucleotide probes were subjected to the tailing reaction
with dTTP to permit efficient capture of PCR products. The dTTP-tailed oligo-
nucleotide probes were fixed to the nylon membrane. Two panels were prepared:
the first included probes for Mycobacterium spp., M. tuberculosis complex,
M. avium, M. intracellulare, M. fortuitum, M. xenopi, M. kansasii, and M. gordonae,
and the second included probes specific for Mycobacterium spp., M. chelonae,
M. genavense, M. malmoense-M. szulgai, M. marinum-M. ulcerans, M. smegmatis,
M. terrae, and Nocardia asteroides. The PCR products were denatured by heating
and were added to the membrane in the hybridization solution; the hybridized
PCR products were detected by incubation with streptavidin-alkaline phospha-
tase and a color substrate.

Sequencing of PCR product hsp65 gene. The amplified PCR products were
captured and purified with silica gel columns (Qiagen; M-Medical-Genenco,
Florence, Italy) as described in the manufacturer’s instructions. Sequencing
reactions were done by a standard sequencing method with a DNA sequencing
kit (ABI Prism 6700 sequence detection system; Applied Biosystems); the prim-
ers Tb11 and Tb12 were used for sequencing. The sequence were analyzed by
using the OMIGA 1.1.3 (Oxford Molecular) program to determine the locations
of restriction sites.

Nucleotide sequence accession number. The hsp65 gene sequences of the
Mycobacterium spp. described in this study are available upon request and have
been deposited in the National Center for Biotechnology Information GenBank
database under accession numbers AJ310215 through AJ310239 and AJ307630
through AJ307654.

RESULTS

Comparison of 3% agarose gel electrophoresis and 10%
PAGE. The method originally developed by Telenti et al. (27)
and adopted by others (8, 14, 17, 24, 26) evaluates restriction
patterns by separating the fragments generated by BstEII and
HaeIII digestion on an agarose gel. We initially conducted
studies to compare the PRA patterns of several reference
strains using 3% agarose gel electrophoresis and 5% and 10%
PAGE to separate the restriction fragments with the aim of
evaluating which procedure yielded more precise estimates of
fragment sizes and resolution of bands of #100 bp.

Table 2 shows the comparison between sizes deduced from
the position of the restriction sites in the sequence (real sizes),
the sizes obtained in the present study by the use of 3% aga-
rose gel electrophoresis and 10% PAGE, and the sizes pub-
lished by Telenti et al. (27). Since values nearer to real sizes
were obtained with 10% than with 3% PAGE, only results
obtained with the former procedure are reported. When the
fragment separation was performed on a 10% polyacrylamide
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gel, 16 of the total of 23 fragments generated by digestion with
BstEII of the amplicons of the nine reference strains showed a
size differing from the real size by less than 65 bp and 7
fragments had a size differing by less than 610 bp, whereas
with agarose gel electrophoresis eight fragments differed by
less than 65 bp, 10 differed by 610 bp and five differed by

more than 610 bp from the real size. Similarly, 23 of the total
of 26 fragments generated by digestion with HaeIII of the
amplicons of the nine reference strains differed by less than 65
bp from the real size and three differed by less than 610 bp. Of
the total of 19 fragments separated by 3% agarose gel electro-
phoresis gel, 10 differed by less than 65 bp, 6 differed by less

TABLE 3. Algorithm for differentiation of Mycobacterium isolates to species level

BstEII fragment length (bp)a HaeIII fragment lengths (bp)b Speciesc

198 (197), 92 (87), 50 (58), 33 (40) M. confluentis
187 (184), 106 (107), 43 (NF), 38 (34) M. gilvum
177 (171), 91 (87), 74 (NF) 49 (45), 33 (36) M. tusciae
174 (181), 132 (126), 30 (42), 26 (36) M. triviale

No digestion 146 (145), 69 (69), 58 (58), 55 (54) M. brumae
145 (139), 99 (98), 60 (58), 53 (51), 39 (36) M. pulveris
136 (135), 129 (128), 64 (65), 47 (46), 20 (35) M. duvalii
131 (128), 106 (103), 75 (70), 44 (42), 38 (36), 21 (22) M. szulgai
93 (87), 53 (59), 39 (36), 23 (22) M. gadium

130 6 2
[140]

200 (198), 60 (60), 55 (59) M. chelonae subsp. chelonae
178 (186), 69 (65), 58 (58) M. mucogenicum
163 (160), 108 (112), 106 (111) M. haemophilum

313 6 10
[325]

204 (196), 72 (69), 60 (58), 56 (54), 43 (41) M. aichiense
187 (181), 132 (126), 42 (38), 36 (34) M. terrae
170 (172), 137 (139), 58 (56) M. neoaurum

117 6 3
[125 or 120]

167 (161), 128 (123), 59 (58), 42 (40), 38 (36) M. rhodesiae
151 (147), 142 (141), 60 (58), 42 (46) M. diernhoferi
147 (139), 84 (87), 58 (58) M. chitae
145 (139), 91 (94), 50 (58) M. nonchromogenicum type II
130 (127), 111 (112), 71 (70), 59 (59) M. gordonae type IVd

127 (127), 108 (103), 43 (42) M. genavense

191 (188), 135 (126), 66 (NF) M. simiae type I
184 (179), 141 (137), 74 (72) M. thermoresistibile
176 (174), 141 (149), 91 (95), 50 (51) M. sphagni
167 (162), 96 (94), 53 (51), 46 (45), 42 (40), 37 (36) M. poriferae
155 (145), 136 (127), 45 (42), 39 (40) M. interjectum
150 (145), 127 (127), 100 (95) M. scrofulaceum
146 (145), 102 (106), 81 (78) M. marinumd

145 (146), 138 (140), 95 (98), 54 (52) M. fortuitum subsp. peregrinum211 6 4
144 (139), 128 (123), 98 (101), 53 (52) M. porcinum
144 (145), 74 (69), 62 (58), 55 (52) M. chelonae subsp. abscessusd

143 (139), 86 (87), 58 (58), 40 (37) M. obuense
141 (140), 85 (81), 51 (54), 33 (36) M. phlei
132 (140), 104 (106), 80 (76) 41 (41) 37 (36) M. branderi
128 (127), 105 (103), 82 (78) M. kansasii type Id

127 (127), 104 (103), 51 (59) M. avium/paratuberculosis
113 (112), 104 (106) M. asiaticum

234 6 3
[245] 160 (161), 142 (145), 61 (59) M. agri

154 (154), 129 (123), 63 (58), 45 (40), 41 (36) M. smegmatis

131 6 5 85 6 3
[140/85 or 80]

151 (146), 99 (100), 53 (52) M. alvei
141 (150), 120 (124), 50 (58), 40 (43), 30 (36) M. tokaiense
140 (139), 130 (130), 73 (79), 43 (40) M. shimoidei
137 (139), 117 (123), 58 (59) M. fortuitum subsp. fortuitum
133 (126), 104 (103), 73 (69)

M. gastri/kansasii
152 (145), 131 (127), 63 (57), 44 (39) M. intracellulare

117 6 2 99 6 4
[125 or 120/100]

147 (145), 109 (105), 81 (78) M. malmoense
145 (140), NF (106), 59 (40) 49 (36), 42 (33), 35 (23) M. hiberniae
130 (127), 111 (112), 43 (40), 39 (35) M. gordonae type IIId

214 (210), 111 (115) M. gordonae type IId

166 (161), 103 (104), 56 (59), 44 (42), 39 (36) M. xenopi
117 6 2 84 6 5
[125 or 120/80]

158 (161), 111 (112), 54 (57) M. gordonae type Id

157 (152), 131 (127), 71 (69) M. tuberculosis complexd

145 (139), NF (123), 64 (58), 39 (32) M. senegalense
142 (141), 124 (123), 61 (58), 54 (52), 43 (43) M. farcinogenes

a Fragment sizes in brackets are those observed for these fragments in previously reported patterns (8, 14, 17, 24, 26).
b Fragment sizes in parentheses are those derived from sequence analysis. (NF), restriction site not found in the sequence; NF, fragment not found in the PRA

pattern.
c Boldface indicates PRA patterns that did not figure in the algorithms of Telenti et al. (27), Taylor et al. (26), and Devallois et al. (8).
d Species for which more than two strains were examined; in this case the averaged size was reported (see also Table 6).
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than 610 bp, and 3 differed by more than 610 bp from the real
size. The sizes of the corresponding BstEII and HaeIII frag-
ments in the published algorithms based on agarose gel elec-
trophoresis differed from the real sizes to a greater extent than
those found in our study.

Electrophoresis was also performed both with undigested
amplicons and with digested amplicons of species known to
produce fragments of #100 bp and with primers submitted to
the PCR protocol in the absence of the target DNA to rule out
any possibility that artifacts may confound the interpretation of
the PRA patterns obtained with 10% PAGE (data not shown).
In no case were bands in the range of primers or primer-dimers
observed.

Development of the algorithm. PRA using 10% PAGE was
then performed on strains belonging to 54 Mycobacterium spe-
cies. Mycobacterium strains were reference strains from the
American Type Culture Collection or from the collection of
the Italian Reference Laboratory for Mycobacteria and clinical
isolates from the Mycobacteriology Laboratory of our hospital.
An algorithm was derived which included 32 species already
described by others (8, 26, 27) and 22 additional species (Ta-
ble 3).

In the case of the previously described species, the algorithm
based on 10% PAGE generally agreed with those previously
published (8, 26, 27). The PRA patterns of the 22 additional
species were introduced into the algorithm and a good mea-
sure of agreement was established between the size derived
from restriction digest electrophoresis and the real length of
the fragments derived from the position of the restriction sites
in the hsp65 gene sequence of each species. If the sequence was
not available in the data bank, we performed DNA sequencing
of both hsp65 amplicons and amplicons of 16S rRNA to con-
firm species identification.

Distinct PRA patterns were obtained for most of the addi-
tional species by considering only two or three HaeIII frag-
ments in the size range of 200 to 80 bp. However, in the case
of some species, the size of the bands in this range differed by
only 65 bp from the pattern of other species, and bands
smaller than 60 bp had to be considered for definitive identi-
fication (M. branderi versus M. kansasii; M. abscessus versus
M. phlei, M. interjectum versus M. smegmatis, and M. farcino-
genes versus M. intracellulare). In addition, some species had
only one discriminant band longer than 80 bp, and interpreta-

tion of the patterns had to be based on shorter bands than
this (M. brumae, M. gadium, M. aichiense, M. chelonae subsp.
chelonae, M. chelonae subsp. abscessus, M. hiberniae, and M.
senegalense).

As regards the clinical isolates, we studied 65 MOTT and
three M. tuberculosis complex strains isolated consecutively in
our Clinical Mycobacteriology Laboratory. For rapid identifi-
cation of the most frequently isolated species, we had already
developed a method based on amplification of a sequence of
16S rRNA (13, 21) (see Materials and Methods) and reverse
cross-blot hybridization assay (13, 21). This test together with
biochemical identification was used for comparison with the
PRA results (Table 4). PRA allowed identification of M. simiae
and subspecies identification of M. gordonae, M. chelonae,
M. avium, and M. fortuitum (Table 5).

Finally, standard deviations were calculated for both 10%
PAGE- and agarose gel electrophoresis-PRA patterns of spe-
cies for which at least two strains were examined (Table 6).
Both 10% PAGE-PRA and agarose gel electrophoresis-PRA
yielded reproducible patterns, as the range of variation never
exceeded the 65-bp interval. With 10% PAGE, the average
length of BstEII fragments differed from the real size by more
than 65 bp but less than 610 bp for M. tuberculosis (the 79-bp
HaeIII band), M. chelonae subsp. chelonae (the 311-bp band),
M. fortuitum subsp. fortuitum (the 79-bp band), and M. mari-
num (the 230-bp band). In 3% agarose, nearly all species
showed at least one fragment whose length differed from the
real size by more than 65 bp. With 10% PAGE, none of the
HaeIII fragments differed from the real size by more than 65
bp, but in 3% agarose nearly all species showed at least one
fragment whose length differed from the real size by more than
65 bp.

DISCUSSION

Identification of mycobacteria by PRA of the hsp65 gene was
developed by Telenti et al. and has been established practice
since 1993 (27). Thirty-three PRA patterns were originally
identified, of which 19 corresponded to single species and 14
were associated with five species (M. flavescens, two types;
M. chelonae, two subspecies; M. kansasii, two types; M. gordo-
nae, five types; M. fortuitum, three subspecies). Taylor et al.
(26) introduced five additional PRA patterns into Telenti’s
algorithm (one additional species and four new subtypes of
species already described); Devallois et al. (8) introduced 11

TABLE 4. Summary of results of identification of
clinical isolates by different methods

Organism
No. of
isolates
tested

No. of isolates identified bya:

PRA PHA Biochemical
testing AccuProbe

M. tuberculosis complex 3 3 3 NT 3
M. gordonae group 18 18 18 18 18
M. chelonae group 22 22 22 22 NT
M. avium complex 10 10 10 NT 7
M. xenopi 4 4 4 4 NT
M. kansasii 3 3 3 NT 3
M. marinum 2 2 2 2 NT
M. fortuitum group 4 4 4 4 NT
M. terrae 1 1 1 1 NT
M. simiae 1 1 NT NT NT

a PHA, PCR–reverse cross-blot hybridization assay; NT, not tested.

TABLE 5. Subspecies of mycobacteria identified by PRA

Species Subspecies No. of strains

M. gordonae Type I 5
Type II 9
Type III 2
Type IV 2

M. chelonae chelonae 8
abscessus 14

M. avium avium 9
intracellulare 1

M. fortuitum fortuitum 4
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additional PRA patterns (five additional species and six sub-
types of species already described).

In the present study, we also performed PRA of the hsp65
gene for identification of Mycobacterium species using 10%
PAGE for detection of restriction fragments. We evaluated 32
species already described and 22 additional species. For the
latter species only single isolates were analyzed, and the RLFP
pattern described cannot be considered the discriminant one,
since genetic heterogeneity leading to more than one RLFP
pattern in a species cannot be excluded.

The PAGE-based method provided more precise estimates
than those based on agarose gel electrophoresis of the real

sizes of restriction fragments as deduced by sequence analysis
and allowed identification of mycobacteria whose PRA pat-
terns were unequivocally identified by fragments shorter than
60 bp. In our study, the size ranges for each data point ob-
tained with the PAGE-based PRA for species already studied
could be adjusted within the ranges described in the agarose
gel electrophoresis-based algorithm. However, within these
ranges, the PAGE-based PRA was better than agarose gel
electrophoresis in resolving species with similar HaeIII pat-
terns made by bands differing by 610 bp. We found that the
agarose gel electrophoresis-based PRA yielded fragment
lengths which often differed from the real sizes by more than

TABLE 6. Standard deviation of molecular sizes of restriction fragments detected after 10% PAGE or 3% agarose gel electrophoresis

Species
(no. of strains)

BstEII fragment length(s) (bp) HaeIII fragment length(s) (bp)

Sequence PAGE Agarose gel
electrophoresis Sequence PAGE Agarose gel

electrophoresis

M. tuberculosis complex (3) 231 236 6 2 238 6 3 152 156 6 2 153 6 4
116 116 6 1 118 6 4 127 131 6 2 129 6 5

79 87 6 1 84 6 3 69 70 6 2 77 6 3
M. gordonae type I (5) 231 234 6 5 240 6 4 161 158 6 4 155 6 5

116 117 6 4 117 6 3 112 111 6 5 120 6 3
79 84 6 5 86 6 5 57 54 6 5 59 6 4

40, 36, 33
M. gordonae type II (9) 231 234 6 5 236 6 2 210 214 6 5 218 6 4

116 117 6 4 115 6 2 115 111 6 5 110 6 3
79 84 6 5 86 6 2

M. gordonae type III (2) 231 233 6 3 237 6 5 127 130 6 5 127 6 4
115 117 6 2 114 6 3 112 111 6 5 114 6 4

94 99 6 4 99 6 2 39, 36, 36, 36, 34, 23, 23, 23 43 6 5
M. gordonae type IV (2) 325 322 6 5 330 6 5 127 130 6 5 135 6 5

116 118 6 5 126 6 5 112 111 6 4 122 6 5
70 71 6 5 76 6 4
59 59 6 5
40, 33

M. chelonae subsp. chelonae (8) 311 303 6 5 303 6 5 198 200 6 5 179 6 5
131 130 6 5 119 6 4 60 60 6 4 46 6 2

59 55 6 3
54
23, 9

M. chelonae subsp. abscessus (14) 231 236 6 5 237 6 2 145 144 6 2 145 6 3
210 211 6 4 211 6 2 69 74 6 0 66 6 4

58 62 6 2 52 6 3
52 55 6 1
48, 40, 23

M. fortuitum subsp. fortuitum (4) 231 234 6 4 240 6 1 139 137 6 5 149 6 2
131 131 6 3 119 6 2 123 118 6 3 124 6 3

79 85 6 5 88 6 1 63 59 6 4 85 6 5
54

M. marinum (2) 230 236 6 4 241 6 3 145 146 6 3 155 6 1
210 211 6 3 211 6 4 106 102 6 4 108 6 2

78 81 6 4 78 6 4
40, 22, 21, 17, 12

M. avium-M. paratuberculosis (9) 231 236 6 5 233 6 5 127 127 6 3 121 6 5
212 211 6 3 205 6 5 103 104 6 2 98 6 5

59 51 6 4
42, 40, 36, 34

M. kansasii type I (3) 231 236 6 5 240 6 5 127 128 6 5 135 6 3
208 211 6 5 218 6 5 103 105 6 5 115 6 2

78 82 6 5 89 6 5
42, 42, 38, 36, 34, 17

M. xenopi (4) 231 234 6 4 241 6 2 161 166 6 3 166 6 1
119 117 6 2 119 6 1 104 103 6 5 104 6 2

79 (15) 84 6 4 87 6 2 59 56 6 5 52 6 5
42 44 6 1
36

2804 BRUNELLO ET AL. J. CLIN. MICROBIOL.



610 bp. Most of the additional species we introduced are not
frequently isolated from humans, but their identification could
improve our understanding of their clinical significance.

Recently, a novel diagnostic algorithm was proposed based
on PRA of the 16S-23S DNA spacer sequence (19, 20). Eighty-
three patterns which identified 48 species, 40 subspecies, and
4 subtypes were described. The method was proposed as an
alternative to PRA of the hsp65 gene. With both methods,
most species yielded unique patterns, but some were more
variable. For instance, using the 16S-23S DNA spacer-based
method, 10 different patterns were observed for M. fortuitum
and 1 was observed fro M. gordonae, whereas with the hsp65
gene-based method, 2 and 6 patterns were found, respectively,
in the same species. However, intraspecies variability should
not be considered a drawback of the PRA method if the pat-
terns are distinct. This can help us to trace the epidemiology of
MOTT (31), in terms of both geographical distribution and
pathogenicity (24, 26), as is clearly revealed by studies on
M. kansasii demonstrating that only some subtypes are associ-
ated with human infections (2, 5, 28).

To achieve restriction fragment length polymorphism detec-
tion by automatic fluorescent fragment analysis, Hernandez et
al. (11) combined PRA of the hsp65 gene and of the hyper-
variable region of the 16S rRNA gene with two enzymes.
Height data points were obtained (two for each gene and each
enzyme). Unique patterns were obtained for the 19 species
analyzed. No subtypes of M. fortuitum and M. gordonae were
detected, since the fragments identifying the types were not
end fragments and were not labeled by the fluorescent dye
(11). The method cannot be applied to identification of species
where end fragments are not distinctive. In addition, it relies
on very expensive instrumentation.

In conclusion, the many studies bearing witness to the spec-
ificity, rapidity, cost-effectiveness, and efficiency of PRA-based
methods for identification of mycobacteria have now made the
routine application of this technology possible. However, lab-
oratories wishing to adopt them should produce their own
algorithms with the species most frequently isolated. The tech-
nical improvement provided by 10% PAGE, as shown by the
results of our study, could certainly enhance the performance
of this assay method.
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