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The complete 16S-23S rDNA internal transcribed spacer (ITS) was sequenced in 35 reference strains of the
Mycobacterium avium complex. Twelve distinct ITS sequences were obtained, each of which defined a
"sequevar"; a sequevar consists of the strain or strains which have a particular sequence. ITS sequences were
identified which corresponded to M. avium (16 strains, four ITS sequevars) and Mycobacterium intraceiulare
(12 strains, one ITS sequevars). The other seven M. avium complex strains had ITS sequences which varied
greatly from those ofM. avium and M. intracelulare and from each other. The 16S-23S rDNA ITS was much
more variable than 16S rDNA, which is widely used for genus and species identification. Phylogenetic trees
based on the ITS were compatible with those based on 16S rDNA but were more detailed and had longer
branches. The results of ITS sequencing were consistent with the results of hybridization with M. avium and
M. intracelulare probes (Gen-Probe) for 30 of 31 strains tested. Serologic testing correlated poorly with ITS
sequencing. Strains with the same sequence were different serovars, and those ofthe same serovar had different
sequences. Sequencing of the 16S-23S rDNA ITS should be useful for species and strain differentiation for a
wide variety of bacteria and should be applicable to studies of epidemiology, diagnosis, virulence, and
taxonomy.

Strain differentiation within a particular species has many
potential uses. Strain markers are useful for epidemiology,
both for tracing the spread of particular strains among
patients and for evaluating possible environmental sources
of pathogens. A strain marker may also define groups of
strains which differ in virulence or pathophysiology. For
example, many enterohemorrhagic strains of Escherichia
coli are identified on the basis of the distinctive serovars
0157:H7 and 026:H11. In this case, serology provides a
marker for strains which produce a distinct clinical entity (5).
Lastly, strain markers may be helpful in studies of microbial
ecology. Symbiotic Frankia strains, detected by oligonucle-
otide hybridization, differ in their competitiveness for nod-
ulation in plant hosts (24).
There are many alternative methods for strain differenti-

ation (e.g., serology, colony morphology, biochemical test-
ing, antibiotic susceptibility, phage typing, restriction frag-
ment length polymorphism [RFLP], and random amplified
polymorphic DNA). An ideal strain differentiation method
should be rapid, reproducible, and applicable to all strains.
The strains in the Mycobacterium avium complex (MAC)

have gained importance in recent years because of the high
prevalence of disseminated MAC infection in patients with
AIDS. Serology has been the standard method for MAC
strain differentiation, but it has several limitations. The
assay is laborious and the sera are not generally available, so
serologic testing of MAC strains is limited to a few labora-
tories. Many MAC strains are nontypeable (6, 34), either
because of autoagglutination or because their antigens are
not recognized by currently available sera. The results of
serologic testing have been compared with those of RFLP
analysis and multilocus enzyme electrophoresis (11, 17, 31).
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Serologic testing correlated incompletely with these geno-
typic methods.
The taxonomy of the MAC has been discussed in two

recent reviews (10, 32). M. avium and Mycobacterium
intracellulare were originally defined by virulence in chick-
ens but more recently have been defined on the basis of
serovar. M. avium is currently considered to include sero-
vars 1 through 6, 8 through 11, and 21 (23, 32). M. intracel-
lulare includes serovars 7, 12 through 17, 19, 20, and 25 (23,
32). The status of the other serovars is still uncertain (32).
The availability of specific hybridization probes for M.
avium and M. intracellulare (Gen-Probe, Inc., San Diego,
Calif.) has provided another method for defining the two
species. Strains belonging to the serovars described above
have generally yielded hybridization results consistent with
their serovar status. However, within serovars 18, 22, 24, 26,
and 28, some strains have hybridized with the M. intracel-
lulare probe, while others have not hybridized with either
probe (23).
Many investigators have used 16S rDNA sequence to

differentiate bacteria at the genus and species level. How-
ever, 16S rDNA sequences do not vary greatly within a
species. The internal transcribed spacer (ITS) between 16S
rDNA and 23S rDNA is more variable than 16S rDNA (28).
It is a single-copy gene region of about 280 bases in slow-
growing mycobacteria (2). We sequenced the 16S-23S rDNA
ITS for 35 MAC reference strains and compared the results
with those achieved through 16S rDNA sequencing, serol-
ogy, and the use of Gen-Probe hybridization probes.

MATERIALS AND METHODS
Sources of strains. Thirty-three MAC reference strains

were obtained as frozen broth cultures from a collection at
the Colorado State University, Fort Collins, Colo. (formerly
housed at the National Jewish Hospital). The M. avium type
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strain (ATCC 25291) and the M. intracellulare type strain
(ATCC 13950) were obtained from the Durham Veterans
Administration Medical Center, Durham, N.C. A second
isolate of the M. intracellulare type strain was obtained as
part of a survey from the College of American Pathologists,
Northfield, Ill.

Bacterial lysis. Bacterial lysis was done basically as previ-
ously described (8). The MAC strains were received frozen
in broth culture. A volume of 500 p1l of sterile TE (10 mM
Tris, 1 mM EDTA [pH 8.0]) was added to a sterile 1.5-ml
polypropylene microcentrifuge tube with a screw top and an
0-ring seal (Starstedt, Nuimbrecht, Germany). About 100 p1l
of acid-washed glass beads (25 to 50 pim in diameter) was
added with a sterile spatula. The tube and its contents were
irradiated on the floor of a UV Stratalinker 1800 (Stratagene,
La Jolla, Calif.) for 20 min to inactivate any contaminating
DNA. A volume of 100 pl of slightly turbid broth culture was
transferred to the tube. The tube was closed tightly and
chilled for 10 min on ice. The tube was agitated in a
Mini-Beadbeater (Biospec Products, Bartlesville, Okla.) for
1 min to lyse the bacteria, releasing the DNA. The tube was
again chilled on ice for 10 mmn and then centrifuged at 16,000
x g for 30 s in a microcentrifuge (Eppendorf 5415C; Eppen-
doff Geratebau, Hamburg, Germany). The supernatant was
divided into aliquots and stored at -200C. A volume of 5 pl
of the crude lysate was used in each 100-pl polymerase chain
reaction (PCR). No precise quantification of the concentra-
tion of bacteria or DNA was attempted, as amplifications are
successful over a wide range of DNA quantities.
DNA sequencing. The method used for DNA sequencing

was an adaptation of gene amplification with transcript
sequencing (8, 27). PCR primers incorporated promoters for
phage RNA polymerases (T3 or T7), one promoter on each
strand. The following primers were used to amplify the
16S-23S rDNA ITS: T3-Ecl6S.1390p, 5'-G.CGCAATTAAC
CCCCAAGATGACCCGCGC-'
and T7-Mb23S.44n, 5'-AATTTAATACGACTCACTATAG
Q1GATCTCGATGCCAAGGCATCCACC-3'. The under-
lined portions of the two primers correspond to the T3 and
T7 phage RNA polymerase promoters, respectively. The
remainder of each primer was complementary to bacterial
DNA. The primer nomenclature (20) includes the bacterial
species, the name of a gene, the position in the gene, and the
DNA strand homologous to the primer (positive or negative
strand). Ecl6S.1390p thus begins at position 1390 of the 16S
rDNA gene of E. coli and is homologous to the sense strand.
It is a modified inverse complement of primer C (13) and is
highly conserved among bacteria. Mb23S.44n is homologous
to the antisense strand of 23S rDNA for both Mycobacte-
Hum bovis and Mycobacterium leprae (16, 28). It is also well
conserved among gram-positive bacteria. The locations of
the PCR primers within the rRNA operon are shown in Fig.
1.
Each PCR mix contained 10 mM Tris (pH 8.3), 50 mM

KCl, 0.01% gelatin, 1.2 mM MgCl2, 100 nM each primer, 200
p~M each of the four deoxynucleoside triphosphates
(dNTPs), 2.5 U of Taq DNA polymerase (Amplitaq DNA
polymerase; Perkin-Elmer Cetus, Norwalk, Conn.), and 5 pAI
of crude bacterial lysate in a total volume of 100 pl. All PCR
components except the dNTPs and the sample were mixed
and then irradiated for 2 min on the floor of a UV
Stratalinker 1800 to inactivate any contaminating DNA. The
efficiency of UV decontamination of PCR mixtures is greatly
reduced when the UV-absorbent dNTPs are included (9).
The dNTPs were added, the reaction mixtures were ali-
quoted, and samples were added. The mixture was layered

16S rDNA spacer

1548 2~85
I L.

2,3S rDNA spacer 5S rDNA

3122 86 117---

r T7-Mb23S.44n
-~I

Mb23S.44nT3-Ecl6S.1390p Ecl6S.1492p

FIG. 1. Schematic map of the rRNA operon (rm) of slowly
growing mycobacteria. The distances are based on M. leprae, for
which the entire operon has been sequenced. The locations of the
PCR primers (T3-Ecl6S.1390p and T7-Mb23S.44n) and the sequenc-
ing primers (Ecl6S.l492p and Mb23S.44n) are indicated.

with mineral oil and placed in a thermal cycler (Coy Labo-
ratory Products, Ann Arbor, Mich.). The temperature was
cycled to 920C for 1 mmn (950C for 2 min for the first two
cycles; denaturation), then to 550C for 2 min (annealing), and
then to 750C for 3 min (extension) for a total of 30 cycles. The
PCR products were visualized on 2% agarose gels stained
with ethidium bromide. Multiple interspersed negative con-
trols were included whenever samples were amplified. Pos-
itive controls consisted of 100 ng ofDNA from theM. avium
type strain (ATCC 25291).
The PCR products incorporated the promoters for the T3

and T7 phage RNA polymerases which were present in the
primers. Each PCR product was transcribed with each of the
two RNA polymerases to produce two single-stranded RNA
transcripts. In addition to providing single-stranded tem-
plate, the transcription step amplified the number of copies
by about 100. Each transcript was sequenced with reverse
transcriptase and dideoxy chain termination. The sequenc-
ing primers included the complementary portion of one of
the PCR primers, Mb23S.44n, and a conserved internal
primer, Ec16S.1492p (Fig. 1). Ec16S.1492p (5'-AAGTCG
TAACAAGGTA-3') is the inverse complement of PC5,
described previously (33). The details of the sequencing
method were recently published (8).

Phylogenetic analysis. Sequences obtained from each
strand were combined by using the ASSEMGEL program of
PCGENE Release 6.5 (Intelli~enetics, Mountain View, Ca-
lif.). The sequences were aligned with the CLUSTAL pro-
gram of PCGENE. Published sequences for the 16S-23S
rDNA ITS of M. bovis BCG (28), M. tuberculosis H37Rv
(12), and M. leprae Borstel strain (16) were included in the
alignment. The alignment was adjusted manually. The phy-
logenetic trees were constructed by parsimony analysis with
a branch-and-bound search with PAUP software (29). The
branch-and-bound algorithm provides an efficient approach
to finding all minimal-length trees. The trees were rooted by
defining M. bovis, M. tuberculosis, and M. leprae as an
outgroup. A majority-rule consensus was computed from all
of the most parsimonious trees. The data were resampled
with 100 bootstrap replications (7, 29). Each bootstrap
replication represents a random resampling of the original
data matrix. The trees shown represent the majority-rule
consensus of these 100 bootstrap replications. In each case,
they were identical to the majority-rule consensus of the
most parsimonious trees. The percentage of bootstrap repli-
cations which yielded each grouping is indicated. This
percentage represents a measure of statistical confidence. A
grouping found on 95% of bootstrap replications is consid-
ered statistically significant (7).
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TABLE 1. Results of 16S-23S rDNA ITS sequencing for 35 MAC reference strainsa

Reference strain name TMC no. ATCC no. Serovarb Gen-Probe 16S-23S rDNA
Referencesri(species) hybridizationc ITS sequevar

M avium type strain 724 25291 2 (MA) Not done Mav-A
11907-300 1 (MA) MA Mav-A
B-92 1 (MA) MA Mav-A
14141-1395 715 35716 2 (MA) Not done Mav-A
6195 3 (MA) MA Mav-A
Sparrow 185 1463 35767 4 (MA) MA Mav-Ad
34540-Wales 6 (MA) MA Mav-A
14186-1424 1462 35766 11 (MA) MA Mav-Ad

13528-1079 4 (MA) MA Mav-B
25546-759 5 (MA) MA Mav-B
SJB #2 8 (MA) MA Mav-B
Borne 1461 35765 10 (MA) MA Mav-B"
1602-1965 10 (MA) MA Mav-B
2993 21 (MA) MA Mav-B

6194 2 (MA) MA Mav-C

17584-286 1479 35774 9 (MA) MA Mav-Dd

W-552 19 (MI) MI MAC-A

M. intracellulare type strain 1406 13950 16 (MI) Not done Min-A
157 Manten 7 (MI) MI Min-A
P-42 1405 35762 12 (MI) MI Min-A
5509-Borstel 25122 13 (MI) MI Min-A
Edgar Boone 1403 35761 14 (MI) MI Min-A
Dent 1473 35848 15 (MI) MI Min-A
Yandle 16 (MI) MI Min-A
P-54 1411 35763 17 (MI) MI Min-A
P-40 1419 35764 20 (MI) MI Min-A
72-888 25 (MI) MI Mmn-A
1244 Hillberry 26 (?) MI Min-A
6845 28 (?) MI Min-A

12645 24 (?) Neither MAC-B
23393 23 (?) Neither MAC-C
Melnick 1467 35770 18 (?) Both MAC-D"
P-49 1476 35847 7 (MI) Not done MAC-Ed
5154-O'Connor 22 (?) Neither MAC-F
Lane 3081 27 (?) Neither MAC-G

a Accession numbers are listed for strains belonging to the Trudeau Mycobacterial Culture Collection (TMC) and to the American Type Culture Collection
(ATCC).

b Serovars are from references 18, 23, and 30. Species as defined by serovar (23, 32) to be M. avium (MA; serovars 1 through 6, 8 through 11, and 21), M.
intracellulare (MI; serovars 7, 12 through 17, 19, 20, and 25), or presently undefined (?; serovars 18, 21 through 24, and 26 through 28).

c Hybridization with Gen-Probe probe for M. avium (MA) or M. intracellulare (MI), as determined by Saito et al. (23).
d Strains for which partial 16S rDNA sequence is also available (3).

Nucleotide sequence accession numbers. The sequences
were submitted to GenBank and assigned accession numbers
L07847 through L07849 and L07851 through L07859.

RESULTS

The 16S-23S rDNA ITS was amplified and sequenced for
35 MAC reference strains. The strains are listed in Table 1
together with their serovars (18, 23, 30), their species assign-
ments on the basis of serovar (23, 32), the results of
Gen-Probe hybridization (23), and the results of our ITS
sequence analysis (below).
DNA from all 35 MAC reference strains was successfully

amplified on the first attempt. No amplification products
from any of the interspersed negative controls were ob-
served. All amplification products were about 480 bases
long, with no size differences detectable on the 2% agarose

gels. A complete 16S-23S rDNA ITS sequence was obtained
from all 35 MAC strains (Fig. 2) and was of high quality
(ambiguity rate, <1%). The lengths of the 16S-23S rDNA
ITS sequences from the MAC strains ranged from 278 to 281
bases. Small amounts of adjacent 16S rDNA and 23S rDNA
sequence were also determined but were not sufficiently
variable to be useful and were not included in the analysis.
From 35 MAC references strains, 12 distinct 16S-23S

rDNA ITS sequences were obtained. Each distinct ITS
sequence was used to define an infrasubspecific taxon, called
a sequevar. The new word sequevar was chosen to corre-
spond to other infrasubspecific terms (biovar, chemovar,
morphovar, pathovar, phagovar, serovar, etc.), as described
in the Bacteriological Code (14). Just as a serovar consists of
the strain or strains which react with a certain serum, a
sequevar was defined as the strain or strains which contain a
given sequence. The suffix -var was used instead of -type

J. BACTERIOL.
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Mav-A (8)
Mav-B (6)
Mav-C (1)
Mav-D (1)
MAC-A (1)
Min-A (12)
MAC-B (1)
MAC-C (1)
MAC-D (1)
MAC-E (1)
MAC-F (1)
MAC-G (1)
M. bovis
M. tuberculosis
_. Leprae

Mav-A (8)
Mav-B (6)
Mav-C (1)
Mav-D (1)
MAC-A (1)
Min-A (12)
MAC-B (1)
MAC-C (1)
MAC-D (1)
MAC-E (1)
MAC-F (1)
MAC-G (1)
M. bovis
M. tuberculosis
M. leprae

Mav-A (8)
Mav-B (6)
Mav-C (1)
Mav-D (1)
MAC-A (1)
Min-A (12)
MAC-B (1)
MAC-C (1)
MAC-D (1)
MAC-E (1)
MAC-F (1)
MAC-G (1)
M. bovis
M. tubercuLosis
M. lePrae

AAGGAGCACCACGAAAAGNNCCCCAACTGGTGGGGTGCG- -AGCCGTGAGGGGTTCCCGTCTGTAGTGGACGGGGGCCGGGTGCGCMCAGCAAATGATT
AAGGAGCACCACGAAAAGNNCCCCAACTGGTGGGGTGCG- -AGCCGTGAGGGGTTCCCGTCTGTAGTGGACGGGGGCCGGGTGCGCAACAGCAAATGATT
AAGGAGCACCACGAAAAGNNCCCCAACTGGTGGGGTGCG- -AGCCGTGAGGGGTTCCCGTCTGTAGTGGACGGGGGCCGGGTGCGCAACAGCAAATGATT
AAGGAGCACCACGAAAAGNNCCCCAACTGGTGGGGTGCG- -AGCCGTGAGGGGTTCCCGTCTGTAGTGGACGGGGGCCGGGTGCGCAACAGCAAATGATT
AAGGAGCACCACGAAAAGHNCCCCAATTGGTGGGGTGCG- -AGCCGTGAGGGGTTCTCGTCTGTAGTGGACGGGAGCCGGGTGCACAACAGCAAATGATT
AAGGAGCACCACGAAAAGCACTCCAATTGGTGGGGTGCG- -AGCCGTGAGGGGTTCCCGTCTGTAGTGGACGGGGGCCGGGTGCACAACAGCAAATGATT
AAGGAGCACCACGAAAAGCACTCCAATTGGTGGGGTGCG- -AGCCGTGAGGGGTTCTCGTCTGTAGTGGACGGGAGCCGGGTGCACAACAGCAAATGATT
AAGGAGCACCACGAAAAGCACTCCAATTGGTGGGGTGCG--AGCCGTGAGGGGTTCTCGTCTGTAGTGGACGGGAACCGGGTGCACMACAGCAAATGATT
AGGAGCACCACGAAAAGCACTCCAATTGGTGGGGTGCG- -AGCCGNGAGGGGTTCTCGTCNGTAGTGGACGGGAGCCGGGTGCACCAGCAAATGATT
AAGGAGCACCACGAAAWGYWCTCCAATTGGTGGAGTGCG--AGCCGNGAGGGGTTCTCGTCTGTAGTGGACGAAAACCGGGTGCACMACAGCAAATGATT
MAGGAGCACCACGAAANGCNCTCCMACTGGTGGAGTGCG- -AGCCGNGAGGGGTTCTCGTCTGTAGTGGACGAAAACCGGGTGCACAACAGCAAATGATT
MAGGAGCACCACGAAAAGCNCCCCAACTGGTGGGGTGCG- -AGCCGTGAGGGGTTCTCGCCTGTAGTGGGCGGGAGCCGGGTGCGCMACAGCAAATGATT
MAGGAGCACCACGAAAA- CGCCCCMACTGGT - -GGGGCGTAGGCCGTGAGGGGTTCTTGTCTGTAGTGGGCGAGAGCCGGGTGCATGACMACAAA -GTTG
MAGGAGCACCAGCAAAA- CGCCCCAACTGGT - -GGGGCGTAGGCCGTGAGGGGTTCTTGTCTGTAGTGGGCGAGAGCCGGGTGCATGACAACAAA- GTTG
AAGGAGCACCACGAAAAACACTCTAAATAGTTTAGGGTGTAAGCCGTCAGGGGTTCTCATCTGTAGTGGATGAGAGCCGGGTGCGCAACAGCAAA- - -TA

GCCA- -GACACACTATTGGGCCCTGAGACAACACTCGG- - TCCGTCCGTGTGGAG TCCCTCCATCTTGGTGGTGGGG-TGTGGTGTTTGAGTATTGGA
GCCA- -GACACACTATTGGGCCCTGAGACAACACTCGG-- TCCGTCCGTGTGGAG TCCCTCCATCTTGGTGGTGGGG-TGTGGTGTTTGAGTATTGGA
GCCA- -GACACACTATTGGGCCCTGAGACAACACTCGG-- TCCGTCCGTGTGGAG TCCCTCCATCTTGGTGGTGGGG-TGTGGTGTTTGAGTATTGGA
GCCA- -GACACACTATTGGGCCCTGAGACAACACTCGG- - TCCGTCCGTGTGGAG TCCCTCCATCTTGGTGGTGGGG-TGTGGTGTTTGAGTATTGGA
GCCA- -GACACACTATTGGGCCCTGAGACAACACTCGG- - TCAGTCCGTGTGGTG TCCCTCCATCTTGGTGGTGGGG-TGTGGTGTTTGAGTATTGGA
GCCA- -GACACACTATTGGGCCCTGAGACAACACTCGG- - TCGATCCGTGTGGAG TCCCTCCATCTTGGTGGTGGGG-TGTGGTGTTTGAGTATTGGA
GCCA- -GACACACTATTGGGCCCTGAGACAACACTCGG-- TCGATCCGTGTGGAG TCCCTCCATCTTGGTGGTGGGG-TGTGGTGTTTGAGTNKTGGA
GCCA- -GACACACTATTGGGCCCTGAGACAACACTCGG- - TCGATCCGTGTGGAG TCCCTCCATCTTGGTGGTGGGG-TGTGGTGTTTGAGTATTGGA
GCCA- -GACACACTATTGGGCCCTGAGACAACACTCGG- - TCGATCCGTGTGGAG TCCCTCCATCTTGGTGGTGGGG-TGTKGTGTTTGAGTAKTGGA
GCCA- -GACACACTATTGGGCCCTGAGACAACACTCGG-- TCGATCCGTGTGGAG TCCCTCCATCTTGGTGGTGGGG-TGTGGTGTTTGAGTATTGGA
GCCA- -GACACACTATTGGGCCCTGAGACAACACTCGG- - TCGTACCGTGTGGAG TCCCTCCATCTTGGTGGTGGGG-TGTGGTGTTTGAGTNTTGGA
GCCA- -GACACACTATTGGGCCCTGAGACAACACTCGG-C TCGTTCTGAGTGGTG TCCCTCCATCTTGGTGGTGGGG-TGTGGTGTTTGAGTATTGGA
GCCACCACCACACTGTTGGGTCCTGAGGCAACACTCGGAC TTGTTCCAGGTGTTG TCCCACCGCCTTGGTGGTGGGGGTGTGGTGTTTGAGAACTGGA
GCCACCAACACACTGTTGGGTCCTGAGGCAACACTCGGAC TTGTTCCAGGTGTTG TCCCACCGCCTTGGTGGTGGGGGTGTGGTGTTTGAGAACTGGA
TCCA- -GACACACTGTTGGGTCCTGAGGCAACACTCGG-C TTGATT-GGGTGTTG TCCCTCATCTTTGGTGGTGGGG-TGTGGTGTTTGAGTATTGGA

TAGTGGTTGCGAGCATCTAGA TGAGCGCATGGTC--- -TT C GTGGC--CGGCGT- -TCAT CGAAA-TGTGTAAT-TTCTTTTTTAACTCTTGTGTGT
TAGTGGTTGCGAGCATCTAGA TGAGCGCATGGTC-- -TT G GTGGC- -CGGCGT- -TCAT CGAAA-TGTGTAAT-TTCTTTTTTAACTCTTGTGTGT
TAGTGGTTGCGAGCATCTAGA TGAGCGCATGGTC --- TT C GTGGC- -CGGCGT- -TCAT CGAAA-TGTGTAAT-TTCCTTTTTAACTCTTGTGTGT
TAGTGGTTGCGAGCATCTAGA TGAGCGCATGGTC- - - TT C GTGGC- -CGGCGT--TCAT CGAAA-TGTGTAAT-TTCGTTTTTAACTCTTGTGTGT
TAGTGGTTGCGAGCATCTAGA TGAACGCGTAGTC- - -CT T GTGAC- -TGACGTGTTCAT CGAAA-TGTGTAAT-TTCTTTTTTAACTCTTGTGTGT
TAGTGGTTGCGAGCATCTAGA TGAGCGCATAGTC- -CTT A G-GGC--TGATGCGTTCGT CGAAA-TGTGTAAT-TTCTTCTTTGGTTTTTGTGTGT
TAGTGGTTGCGAGCATCTAGA TGAGCGCATAGTC- -CTT Y GTGGC--TGAYGCGTTCAT CGAAA-TGTGTAAT-TTCTTCTTTGGTTTTTGTGTGT
TAGTGGTTGCGAGCATCTAGA TGAGCGCATAGTC- -CTT T GTGGC--TGACGCGTTCAT CGAAA-TGTGTAAT-TTCTTCTTTGGTTTTTGTGTGT
TAGTGGTTGCGAGCATCTAGA TGAGCGCGTAGTC--CTT C GTGGC--TGATGCGTTCAT CGAAA-TGTGTAAT-TTCTTCTTTGGTTTTTGTGTGT
TAGTGGTTGCGAGCATCTANA TGAACGCGTGGTC--CTT C-GTGGC--CGGCGTGTTCAT CGAAA-TGTGTAMT-TTCTTCTTTGGTTTTTGTGTGT
TAGTGGTTGCGAGCATCTAGA
TAGTGGTTGCGAGCATCTAAA
TAGTGGTTGCGAGCATC--AA
TAGTGGTTGCGAGCATC--AA
TAGTGGTTGCGAGCATCTAAA

TGAACGCGTGGTC--CTT
CGGATGCGTTG-C--CGG
TGGATACGCTGCCGGCTA
TGGATACGCTGCCGGCTA
TGGATGCGTTGTCAGTTA

C

T

GTGGC--CGGCGTGTTCAT
AACGG--TGGCGTGTTCGT
---GCGGTGGCGTGTTCTT
----GCGGTGGCGTGTTCTT
GTAGTGGTGGCGTATTCAT

CGAAA-TGTGTAAT-TTCTTCTTTGGTTTTTGTGTGT
IUMRRIUUuIIAAI- II LA I 1 IUUI III 1UIuIUI
TG------TGCAATATTCTT-TGGTT-TTTGTTGTGT
TG------TGCAATATTCTT-TGGTT-TTTGTTGTGT
TGAAAATGTGTAATTTTCTTCTTTGG-TTTTGTGTGT

98
98
98
98
98
98
98
98
98
98
98
98
96
96
97

193
193
193
193
193
193
193
193
193
193
193
194
196
196
192

278
278
278
278
280
280
281
281
281
281
281
281
276
276
285

FIG. 2. Alignment of 16S-23S rDNA ITS sequences. The alignment includes 15 distinct sequences (each defining a sequevar) derived from
the 35 MAC reference strains and three other mycobacterial species. The number of strains belonging to each sequevar is indicated in
parentheses. Ambiguous positions represent sequencing uncertainties, not variations among strains within each sequevar. Potential
probe-primer sites for M. avium are boxed. Each of these sites is conserved for all four M. avium sequevars (Mav-A to Mav-D) but has two
or more mismatches to all other known ITS sequences.

(e.g., serotype) in accord with the recommendation of the
Bacteriological Code that type be used strictly for nomen-
clatural type (14).
The 16S-23S rDNA ITS sequevar is listed for each strain

in Table 1. The numbers of nucleotide differences between
pairs of ITS sequences are listed in Table 2. The tree in Fig.
3 displays the phylogenetic relationships among the ITS
sequevars. The tree should not be interpreted as a precise
representation of evolutionary history. It displays phyloge-
netic groupings which are supported with various degrees of
statistical confidence. ITS sequences from three other my-
cobacterial species were used to root the tree. Relative to
these species, the MAC sequevars formed a well-defined
group, which was found on 98% of bootstrap replications
(Fig. 3).
M. avium reference strains. The first 16 strains in Table 1

would be considered M. avium on the basis of hybridization
with the Gen-Probe M. avium probe and on the basis of
belonging to serovars 1 through 6, 8 through 11, or 21. These
16 strains fell into four 16S-23S rDNA ITS sequevars
(Mav-A, Mav-B, Mav-C, and Mav-D). The ITS sequences of
these four sequevars were very similar, differing by only one
or two nucleotides in pairwise comparisons (Table 2). These
four sequevars formed a well-defined group, confirmed on
99% of bootstrap replications (Fig. 3). Their ITS sequences
differed by 14 or more nucleotides from those of all other
sequevars (Table 2). Thus, the species M. avium as defined
by serology and Gen-Probe hybridization was also well
defined by sequence analysis.
M. intracelulare reference strains. The M. intracellulare

type strain (two isolates from different sources) had the same
16S-23S rDNA ITS sequence as 11 other reference strains

.^.A..-Tnot-...A -T^f.T...T^^.TTTT^.^.^II
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TABLE 2. Nucleotide differences between pairs of 16S-23S rDNA ITS sequences

No. of nucleotide differences from sequevar or species:
Sequevar or species

1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 Mav-A
2 Mav-B 1
3 Mav-C 1 2
4 Mav-D 1 2 1
5 MAC-A 14 14 15 15
6 Min-A 17 17 18 18 19
7 MAC-B 16 17 17 17 14 4
8 MAC-C 18 18 19 19 15 6 1 -
9 MAC-D 18 19 19 19 15 5 1 4
10 MAC-E 18 19 19 19 19 15 10 10 10
11 MAC-F 18 19 19 19 21 18 13 13 13 3
12 MAC-G 30 31 31 31 29 28 26 28 26 26 26
13 M. bovis 51 51 52 52 48 53 50 51 50 48 47 40 -
14 M. tuberculosis 52 52 53 53 49 54 51 52 51 49 48 41 3
l5M. leprae 48 48 49 49 46 47 42 43 43 39 42 41 46 47

(sequevar Min-A, Table 1). All of these strains hybridized
strongly with the M. intracellulare probe (23). All of them
belong to serovars which are considered M. intracellulare or
which are still undefined (23, 32). The ITS sequence of
sequevar Min-A differed by four or more nucleotides from
the ITS sequences of all other sequevars (Table 2).

Other MAC reference strains. The other seven reference
strains all yielded different 16S-23S rDNA ITS sequences
(MAC-A to MAC-G), which varied considerably from one
another (Fig. 3). Two of these strains belong to serovars

98%

100%

99%

55%

Mav-A (8)

"% Mav-B (6)

67% Mav-C (1)
Mav-D (1)

MAC-A (1)
Min-A (12)

73% MAC-B (1)
MAC-C (1)

MAC-D (1)
80% MAC-E (1)

MAC-F (1)
MAC-G (1)

r M. bovis
L M. tuberculosis

M. leprae

10 nt
FIG. 3. Rooted phylogenetic tree of 15 16S-23S rDNA ITS

sequevars obtained from 35 MAC reference strains and three other
mycobacterial species. The number of strains belonging to each
sequevar is indicated in parentheses. Horizontal lengths represent
genetic distances; the bar represents 10-nucleotide differences.
Vertical lengths are not meaningful. The percentage of bootstrap
replications which yielded each grouping is indicated.

considered to be M. intracellulare (W-552 and P-49), and one
of these (W-552) also hybridized strongly with the M.
intracellulare probe (Table 1). However, their sequences
(MAC-A and MAC-E) were markedly different from each
other and from the single sequence (Min-A) obtained from 12
other M. intracellulare strains (Fig. 3). The existence of
MAC strains which do not fit well into eitherM. avium or M.
intracellulare is well recognized (23), and the possibility of a
third species has been raised (32). From the sequence
diversity observed among these MAC reference strains, it is
possible that several additional species exist within the M.
avium complex.

Comparison with 16S rDNA sequence. If mutation were the
only cause of the sequence variability demonstrated, one
would expect phylogenetic trees generated from different
genetic regions to be similar. On the other hand, if recom-
bination plays a significant role, it would be possible for a
single organism to have genetic material derived from more
than one ancestral genotype (4). In this case, the position of
such an organism on a phylogenetic tree would vary depend-
ing on the genomic region analyzed. Such recombination has
been demonstrated in phylogenetic studies of E. coli and
poliovirus (4, 21). The sequence of the 16S rDNA has been
widely used to define taxonomic relationships at the king-
dom, genus, and species levels. We thus compared the
results of 16S-23S rDNA ITS sequencing with those of 16S
rDNA sequencing.
Of the 35 MAC reference strains sequenced, the 16S

rDNA sequence has been reported (3) for 12 strains (ATCC
35767, 35766, 35765, 35774, 13950, 35762, 35761, 35848,
35763, 35764, 35770, and 35847) for 611 base positions (E.
coli 16S rDNA positions 111 to 320 and 1110 to 1503). These
base positions include the gene regions which are most
variable in mycobacteria and account for most of the vari-
ability found in the entire 16S rDNA gene (3). The complete
sequence of 16S rDNA is also known forM. bovis BCG (28),
M. tuberculosis H37Rv (12), and M. leprae (15).

Phylogenetic trees were derived for these 12 MAC refer-
ence strains, again with the three other mycobacterial spe-
cies considered an outgroup. Figure 4 shows the trees
obtained by using complete 16S-23S rDNA ITS sequence, by
using partial 16S rDNA sequences, and by combining both
sequences in a single analysis. Every strain belonging to
each 16S-23S rDNA ITS sequevar had an identical partial
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Mav-A (2)
100% Mav-B (1)

60% Mav-D (1)
99% 72%r~Min-A (6)

L-MAC-D (1)
-MAC-E (1)

100% M. bovis
M. tuberculosis

M. leprae

1 nt |A. 16S-23S rDNA spacer

M. leprae

1 nt IB. Partial 16S rDNA

Mav-A (2)
Mav-B (1)
Mav-D (1)

Min-A (6)

MAC-D (1)
MAC-E (1)

M. tuberculosis

ont lC. Both sequences combined

FIG. 4. Rooted phylogenetic trees of nine sequevars derived
from 12 MAC reference strains and three other mycobacterial
species. The trees are based on complete 16S-23S rDNA ITS
sequence (A), partial 16S rDNA sequence (B), and both sequences
combined (C). The number of strains belonging to each sequevar is
indicated in parentheses. Horizontal lengths represent genetic dis-
tances; the bar represents 10-nucleotide differences. Vertical lengths
are not meaningful. The percentage of bootstrap replications which
yielded each grouping is indicated.

16S rDNA sequence, so the ITS sequevar names were used
in all three trees.
The division of MAC strains by the two sequence-based

methods was consistent. The four M. avium strains yielded
three closely related ITS sequevars which grouped together
in 100% of bootstrap replications (Mav-A, Mav-B, and
Mav-D, Fig. 4A). All four strains had identical partial 16S
rDNA sequences (Fig. 4B). The six M. intracellulare strains
in ITS sequevar Min-A all had identical partial 16S rDNA
sequences. M. bovis and M. tuberculosis differed by three
nucleotides in the 16S-23S rDNA ITS but grouped together
in 100% of bootstrap replications (Fig. 4A). They had no

nucleotide differences in their partial 16S rDNA sequences

(Fig. 4B).

The branching orders differed slightly among the three
trees (Fig. 4). However, when only groupings found in 95%
of bootstrap replications were retained (7), the three trees
were identical. The branches on the 16S-23S rDNA ITS tree
(Fig. 4A) were longer than those on the partial 16S rDNA
tree (Fig. 4B), reflecting the greater numbers of nucleotide
differences found in the ITS. For example, the strains in
sequevar Mav-A differed from those in sequevar Min-A by
17 nucleotides of ITS sequence and by 7 nucleotides of
partial 16S rDNA sequence. Also, M. bovis differs from M.
leprae by 46 nucleotides of ITS sequence, by 17 nucleotides
of partial 16S rDNA sequence (as used for Fig. 4B), and by
25 nucleotides of complete 16S rDNA sequence (15, 28).
The consistency of the phylogenetic trees generated by

using partial 16S rDNA sequences and by using 16S-23S
rDNA ITS sequences (Fig. 4A and 4B) contrasts with the
results of Dykhuizen and Green (4). These authors generated
phylogenetic trees for eight wild strains of E. coli by using
three different genes. The three gene trees differed signifi-
cantly, which the authors explained on the basis of recom-
bination (i.e., horizontal gene transfer). Our results may
indicate that members of the M. avium complex are less
prone to recombination than E. coli. Alternatively, our
results may reflect the greater stability of the rRNA operon
as a phylogenetic marker or our choice of two adjacent gene
regions within the same operon for comparison. Sequencing
of other genes of the same MAC strains should clarify these
questions.

DISCUSSION

The taxonomy and phylogenetic relationships within the
MAC have not been resolved despite the application of
currently available methods used to classify bacteria. We
have sequenced the 16S-23S rDNA ITS from a broad sample
of MAC strains, including all 28 currently recognized sero-
vars. This method gave sequence-based definitions for the
species M. avium (sequevars Mav-A to Mav-D) and M.
intracellulare (sequevar Min-A) which may be more useful
than current definitions. It also revealed a wide range of
genetic diversity among MAC reference strains which are
neither M. avium nor M. intracellulare, suggesting the
presence of several as yet undefined species. The study was
limited to serotypeable reference strains, and the diversity
seen might have been even greater had nontypeable MAC
strains been included.
Advantages of strain differentiation by DNA sequence data.

Sequence-based strain differentiation has been successfully
applied to viruses (21, 25). The results of this study sug-
gested advantages to the use of DNA sequence data for
bacterial strain differentiation. Indeed, some of the advan-
tages seem self-evident. Assuming that all strains share the
chosen gene locus, every strain can be characterized by
sequence and placed phylogenetically in relation to the other
strains. This contrasts to serologic methods, phage typing,
and bacteriocin typing, all of which may yield nontypeable
strains. The nontypeable strains may be the most interesting
taxonomically, as they may be the most divergent. Se-
quences generated by different laboratories can be easily
compared by using a computerized data base. In contrast,
RFLP patterns from different laboratories are more difficult
to compare.
By using sequence-based strain differentiation, it is possi-

ble to evaluate the statistical certainty of the phylogenetic
relationships derived. For example, all 16 M. avium strains
(sequevars Mav-A to Mav-D) had very similar ITS se-
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quences and grouped together on 99% of bootstrap replica-
tions, confirming the hypothesis that they have a common
ancestor. Serologic testing defines groups of strains by a

single characteristic, the ability to react with a particular
serum. In many cases, these groupings have been useful, but
there is no way to predict with statistical confidence that
groupings based on a single characteristic will have broad
significance (7). This study and others (11, 17, 31) have
shown that MAC strains within the same serovar are genet-
ically diverse. For instance, the two strains in this study
which belonged to serovar 7 had very dissimilar sequences.
Hybridization assays also define groups by only a single
characteristic, the ability to hybridize to a particular probe.
While 11 of the strains which hybridized with the M.
intracellulare probe (Gen-Probe) belonged to the same ITS
sequevar (Min-A), one such strain belonged to a different
sequevar (MAC-A) with a highly divergent ITS sequence
(Table 1 and Fig. 3).

Statistical analysis can also be applied to RFLP and
multilocus enzyme electrophoresis data, since each of these
strain differentiation methods measures multiple character-
istics. However, these methods measure sequence differ-
ences indirectly. Also, both are now relatively more cum-
bersome, because PCR has greatly increased the ease and
rapidity of DNA sequencing. When the same region is
sequenced repetitively, time is saved by processing many

samples together. Also, automated sequencing is now avail-
able, resulting in further time savings.
The 16S-23S rDNA ITS is a promising locus for sequence-

based strain differentiation. Located centrally in an operon
which is widely used for molecular taxonomy, it yields more
nucleotide differences than 16S rDNA (Fig. 4) and is easier
to sequence because of its smaller size. It should be gener-
ally useful for mapping phylogenetic relationships among
closely related species. For example, three phylogenetic
trees for'the genus Mycobacterium based on 16S rDNA
sequences have recently been published (19, 22, 26). The
uncertainty of some of the branching points on these trees
has been acknowledged (19, 26). The greater variability of
the ITS sequence may allow better definition of these species
relationships.
The high sequence variability of the 16S-23S rDNA ITS is

also advantageous for the development of specific oligonu-
cleotide probes or primers (1). Figure 2 displays three
potential probe-primer sites for M. avium. Each of these
sites was completely conserved in the four M. avium seque-
vars, which included all 16 M. avium reference strains, but
had two or more mismatches to all other known 16S-23S
rDNA ITS sequences. Similarly, there were two potential
probe-primer sites for the Min-A sequevar, which included
the M. intracellulare type strain and 11 other strains (data
not shown). Genus- or species-specific amplification of the
ITS could be performed, followed by hybridization with
various probes, each specific for a different 'species or

sequevar (24).
Sequence-based strain differentiation can be used to study

bacteria without the biases inherent in cultivation. By using
PCR with hybridization probes, it would be possible to
determine the composition of a complex microbial flora at
the strain level or to detect a specific strain directly in a

clinical specimen. For example, it should be possible to
identify environmental reservoirs of genetically distinct
MAC strains which infect AIDS patients (11). Alternately, a

PCR-hybridization assay might allow a particular epidemic
strain of multidrug-resistant M. tuberculosis to be diagnosed
rapidly.

Limitations of 16S-23S rDNA ITS sequencing. Clearly, the
16S-23S rDNA ITS will not be the ideal locus for all
applications of sequence-based strain differentiation. It is
well suited to slow-growing mycobacteria, which have only
one copy of the rRNA operon. ITS sequencing will be more
complex for species which have more than one rRNA
operon because of ITS sequence variation between operons.
Furthermore, the variability of the ITS will not be optimal
for all applications. Although the ITS demonstrated substan-
tial sequence variability across the M. avium complex, not
all strains could be distinguished. The 16 M. avium strains
were divided into four sequevars (Mav-A to Mav-D), but half
of the strains belonged to a single sequevar. A region of
greater sequence variability would be needed to differentiate
all strains. This finding is not surprising. Although it does not
code for a final product, the 16S-23S rDNA ITS is tran-
scribed and has a processing function, so there is presum-
ably some selective pressure for its conservation. A spacer
region between two operons which is not transcribed would
be expected to be even more variable and might allow more
detailed sequence-based strain differentiation.
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