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Mycobacterium avium complex (MAC) is composed of environmental mycobacteria found widely in soil,
water, and aerosols that can cause disease in animals and humans, especially disseminated infections in AIDS
patients. MAC consists of two closely related species, M. avium and M. intracellulare, and may also include
other, less-defined groups. The precise differentiation of MAC species is a fundamental step in epidemiological
studies and for the evaluation of possible reservoirs for MAC infection in humans and animals. In this study,
which included 111 pig and 26 clinical MAC isolates, two novel allelic M. avium PCR-restriction enzyme
analysis (PRA) variants were identified, differing from the M. avium PRA prototype in the HaeIII digestion
pattern. Mutations in HaeIII sites were confirmed by DNA sequencing. Identification of these isolates as M.
avium was confirmed by PCR with DT1-DT6 and IS1245 primers, nucleic acid hybridization with the Accu-
Probe system, 16S ribosomal DNA sequencing, and biochemical tests. The characterization of M. avium PRA
variants can be useful in the elucidation of factors involved in mycobacterial virulence and routes of infection
and also has diagnostic significance, since they can be misidentified as M. simiae II and M. kansasii I if the PRA
method is used in the clinical laboratory for identification of mycobacteria.

The Mycobacterium avium complex (MAC) consists of two
closely related species, M. avium and M. intracellulare, and
possibly other, less-well-defined organisms. MAC is a group of
environmental mycobacteria found widely in soil, water, and
aerosols and causes disease in animals and humans (14). There
appear to be clinically as well as genetically significant differ-
ences between M. avium and M. intracellulare. More than 90%
of MAC isolates from AIDS patients are M. avium, as are most
of the pathogenic isolates from swine and cattle. The biochem-
ical tests for the identification of the species of MAC do not
accurately resolve the two species. Consequently, many labo-
ratories report isolates simply as members of MAC.

Several alternative methods for identifying the species of
MAC isolates have been described. MAC can be classified into
28 serovars; isolates belonging to serovars 1 to 6, 8 to 11, and
21 are M. avium, and those belonging to serovars 7, 12 to 20,
and 25 are M. intracellulare (23). Serovars 22 to 24 and 26 to 28
may represent M. intracellulare, M. scrofulaceum, and other,
nonclassifiable mycobacteria (30). However, reagents for sero-
typing are not commercially available, and up to 15% of iso-
lates cannot be typed.

Recent studies have emphasized DNA-based methods for
the identification of MAC species. The most widely used sys-
tem is a commercial hybridization assay (Gen-Probe) in which
species-specific labeled DNA probes bind to the rRNA se-
quences. Specific probes are available for the identification of
M. avium and M. intracellulare (10). The second-generation
format of the assay uses a chemiluminiscent, acridinium ester-

labeled probe detected with a luminometer and has a sensitiv-
ity of 95% (17). This system is considered the current “gold
standard” in spite of the fact that some MAC serovars do not
hybridize with either of the species-specific probes (30).

Based on data indicating significant nucleotide sequence
variation at the hsp65 locus among different species of myco-
bacteria, Telenti et al. (28) proposed a method for species
identification based on analysis of polymorphisms of restriction
digests of that gene. That approach, designated PCR-restric-
tion enzyme analysis (PRA), which involves amplification of a
441-bp fragment of hsp65 followed by digestion with BstEII
and HaeIII, enabled the differentiation of 29 mycobacterial
species and subspecies, including both M. avium and M. intra-
cellulare. New algorithms were proposed by Taylor et al. (27)
and by Devalois et al. (5), with the last including 34 species and
subspecies. We have recently applied this technique to 18
MAC strains, including reference strains as well as animal and
human isolates, and confirmed the usefulness of this technique
in the differentiation of M. avium, M. intracellulare, and M.
scrofulaceum (24).

A PCR with primers derived from the DT1 and DT6 frag-
ments, identified in a genomic library of M. avium serotype 2,
was developed by Thierry et al. (29). DT6-positive strains cor-
respond to M. avium, DT1-positive strains correspond to M.
intracellulare, and strains positive with both pairs of primers
can be identified as M. avium serotype 2 or 3. It was reported
that DNA from none of the other mycobacterial species was
amplified with these primers. A comparative evaluation of this
identification system and the AccuProbe method showed that
the two methods can be equally sensitive for species identifi-
cation of M. avium and M. intracellulare (4).

Insertion sequences (IS) are species specific and can there-
fore be used for species identification. Elements identified in
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the M. avium complex include IS900 in M. avium subsp. para-
tuberculosis (11); IS902 in M. avium subsp. silvaticum (19);
IS901, IS1110, IS1245, and IS1311 in M. avium (12, 13, 16, 22);
and IS1141 in M. intracellulare (18). IS1245 and IS1311, which
have 85% identity at the DNA level, were found to be consis-
tently present in M. avium strains and have been used for
analysis of strain relatedness (7). Guerrero et al. (12) reported
that IS1245 is limited to the M. avium group (M. avium subsp.
avium, M. avium subsp. paratuberculosis, and M. avium subsp.
silvaticum), while M. intracellulare appears to be devoid of this
element.

Here we identified two novel allelic variants of M. avium in
111 swine isolates and 26 clinical MAC isolates by PRA. A
third allelic variant, which corresponds to the variant charac-
terized previously by Telenti et al. (28), was also identified in
these isolates. These M. avium isolates were identified by PCR
with the DT1-DT6 and IS1245 primers, nucleic acid hybridiza-
tion with the AccuProbe system, DNA sequencing, and bio-
chemical tests. Our results are relevant because an increase in
the occurrence of mycobacteriosis was observed in the last
years in the southern region of Brazil, where the pig isolates
were obtained. This is an important center of swine produc-
tion, being responsible for approximately 60% of the entire
country’s production (1,540,000 tons in 1997) (8). The produc-
ers, industry, local meat inspection services, official institutes,
and universities have united to elaborate a control program
that includes (i) the quantification of the economic losses, (ii)
a case-control study to access the risk factors for the infection,
and (iii) the identification and molecular characterization of
the mycobacteria isolated from animals in that area. In addi-
tion, MAC is also an important opportunistic pathogen in
Brazil, especially among AIDS patients. In São Paulo, located
in the southeastern region, where the clinical isolates were
obtained, 23 MAC cultures (18.4%) were obtained from 125
bone marrow aspirates from AIDS patients between 1990 and
1992. Between 1985 and 1990, only 11 MAC-positive cultures
were isolated among 60,000 cultures from human immunode-
ficiency virus-negative patients in the same region (1).

MATERIALS AND METHODS

Mycobacterial isolates. During meat inspection, farms having two or more
swine carcasses with lymph node enlargement were sampled. The collected
tissues were stored at 220°C until bacteriological examination. Samples were
decontaminated by the Petroff method, inoculated onto Löwenstein-Jensen and
Stonebrink-Lesslie media, and incubated for 60 days. After the examination of 64
sampled farms, 196 acid-fast bacillus isolates were obtained from 131 animals on
52 farms. One hundred eleven isolates from 90 animals on 45 farms were
identified by molecular methods. Of these, 107 isolates were identified as M.
avium.

Twenty-six clinical isolates from São Paulo, located in the southeastern region
of Brazil, were obtained at Instituto Adolfo Lutz. These isolates were previously
identified as MAC by biochemical tests and were submitted for molecular iden-
tification by PRA.

Sample preparation. A loopful of mycobacteria grown on solid medium (Lö-
wenstein-Jensen or Stonebrink-Lesslie medium) was suspended in 0.4 ml of 10
mM Tris–1 mM EDTA (pH 8.0) with 1% Triton X-100 and was subjected to
three cycles of freezing and thawing. Five to 10 microliters was used for the
PCRs. Liquid cultures in 7H9 medium supplemented with OADC (Difco Lab-
oratories, Detroit, Mich.) were obtained and used for AccuProbe and biochem-
ical identification.

PRA. Primers Tb11 (59-ACCAACGATGGTGTGTCCAT-39) and Tb12 (59-C
TTGTCGAACCGCATACCCT-39) were used to amplify a 441-bp fragment.
Amplification reactions were performed in 50-ml reaction mixtures containing 20
mM Tris-Cl (pH 8.4), 50 mM KCl, 1.5 mM MgCl2, 200 mM (each) four deoxyri-
bonucleoside triphosphates (dNTPs), 10% glycerol, 25 pmol of each primer, and
1 U of Taq polymerase (Gibco-BRL Life Technologies and CENBIOT-
UFRGS). Samples were incubated at 94°C for 5 min to denature the DNA.
Forty-five cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min were
followed by a final extension at 72°C for 7 min. Fifteen microliters of each
reaction mixture was digested with BstEII and HaeIII (Gibco-BRL). The diges-
tion products were separated in 4% agarose gels (Gibco-BRL), and a 25-bp
ladder (Gibco-BRL) was used as an external marker. After electrophoresis at 5

V/cm, the gels were photographed on a UV transilluminator. Restriction pat-
terns were copied with an Epson ES 1000C scanner and Adobe Photoshop LE
for Macintosh. Migration profiles were converted into molecular size data by
using Molecular Analyst (Bio-Rad).

DT1-DT6 PCR. Primers AV6 and AV7 (59-ATGGCCGGGAGACGATCTA
TGCCGGCGTAC-39 and 59-CGTTCGATCGCAGTTTGTGCAGCGCGTAC
A-39) and primers IN38 and IN41 (59-GAACGCCCGTTGGCTGGCCATTCA
CGAAGGAG-39 and 59-GCGCAACACGGTCGGACAGGCCTTCCTCGA-
39) were used to amplify the 187- and 666-bp fragments, respectively.
Amplifications were performed in 50 ml containing 20 mM Tris-Cl (pH 8.4), 50
mM KCl, 2 mM MgCl2, 200 mM dNTPs, 100 mg of bovine serum albumin per ml,
100 pmol of each primer, and 2 U of Taq polymerase. The amplification mixture
was denatured at 95°C for 5 min, followed by 25 cycles of 94°C for 1 min, 60°C
for 1 min, and 72°C for 1 min and a final extension at 72°C for 7 min. DNA from
M. avium serotype 2 (ATCC 25291), which is amplified with both sets of primers,
was used as a positive control (29).

IS1245 PCR. Primers P1 and P2 (59-GCCGCCGAAACGATCTAC-39 and
59-AGGTGGCGTCGAGGAAGAC-39), amplifying a 427-bp fragment, were
used in a reaction mixture consisting of 20 mM Tris (pH 8.4), 50 mM KCl, 1.5
mM MgCl2, 200 mM dNTPs, 10% glycerol, 25 pmol of each primer, and 1 U of
Taq polymerase. After an initial denaturation at 94°C for 5 min, samples were
incubated at 94°C for 1 min, 60°C for 1 min, and 72°C 1 min for 30 cycles, with
a final extension at 72°C for 7 min.

Detection of amplified products. Five to 10 microliters of each PCR mixture
was separated by size in 1% agarose–Tris-borate-EDTA gels containing ethidium
bromide at a final concentration of 5 mg/ml. A 1-kb DNA ladder (Gibco-BRL)
was used as a DNA marker.

AccuProbe test. Nucleic acid hybridization was performed with acridinium
ester-labeled, single-stranded DNA probes complementary to the rRNAs of
MAC, M. avium, and M. intracellulare. Bacteria from single colonies, grown in
OADC-supplemented 7H9 medium (Difco), were lysed by sonication in a tube
for 15 min and incubated with the lyophilized DNA probe at 60°C for 15 min.
The selection reagent was added, and the mixture was incubated at 60°C for a
further 5 min and kept at room temperature for 5 min. Results were expressed
as relative light units after reading in a LEADER luminometer.

DNA sequencing. Sequencing of the hsp65 fragment amplified with the TB11
and TB12 primers from the three PRA variants, M. avium ATCC 25291, and two
M. intracellulare strains (one clinical isolate and ATCC 13950) was performed.
The amplified products were cloned in the pCR2.1 vector (TA cloning kit;
Invitrogen) and sequenced by using M13 direct and reverse primers in an auto-
mated ABI Prism 377 sequencer (Perkin-Elmer) according to the manufacturer’s
instructions. Sequences were aligned by using the DNAsis program (Hitachi)

Biochemical identification. Swine and human isolates were identified by the
methods of Collins et al. (2) and Kent and Kubica (15) at Instituto Adolfo Lutz,
São Paulo, Brazil.

Nucleotide sequence accession numbers. The nucleotide sequences of the
hsp65 genes determined in this study have been deposited in GenBank under the
following accession numbers: M. avium subsp. avium ATCC 25291, AF126030;
M. avium I, AF126031; M. avium II, AF126032; M. avium III, AF126033; M.
intracellulare clinical isolate CC1400, AF126034; M. intracellulare ATCC 13950,
AF126035.

FIG. 1. PRA (4% agarose gel stained with ethidium bromide) of M. avium
ATCC 25291 (lanes 1), M. avium I (lanes 2), M. avium II (lanes 3), M. avium III
(lanes 4), and M. intracellulare ATCC 13950 (lanes 5). Lane M, 25-bp DNA
ladder (Gibco-BRL).
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RESULTS

Analysis of mycobacterial isolates by PRA identified three
distinct M. avium-like patterns in 107 of the 111 swine isolates
(Fig. 1). The most common M. avium PRA pattern was ob-
served in 76 isolates and corresponded to the M. avium pattern
described by Telenti et al. (28) (M. avium I). Twenty-four
isolates showed a similar pattern, with an additional band of
approximately 60 bp after HaeIII digestion (M. avium II).
Seven isolates showed a different M. avium-like pattern, with a
fragment of approximately 145 bp instead of the 105-bp frag-
ment after HaeIII digestion (M. avium III). These patterns
were not described in the algorithms proposed by Telenti et al.
(28), Taylor et al. (27), and Devalois et al. (5). When the
HaeIII digestion patterns of hsp65 amplicons from M. avium
ATCC 25291, M. intracellulare ATCC 13950, and the three
variants were compared, it was observed that, coincidentally,
both the additional fragment of variant II and the larger frag-
ment of variant III were present in the HaeIII digest of M.
intracellulare (Fig. 1). Sequencing of the 16S rRNA gene hy-
pervariable fragment A (21) was performed for one isolate
from each group and confirmed the identification of M. avium
(data not shown).

Sequencing of hsp65 amplified fragments of these variants
showed that mutations in HaeIII sites which explain the ob-
served restriction pattern polymorphism have occurred (Fig.
2). While the sequence of the variant I fragment was identical
to that of the prototype M. avium ATCC 25291 fragment, the
mutation in the third HaeIII site in variant II (GGCC3
GGCT) resulted in the appearance of a 60-bp band, corre-
sponding to the uncut 17-bp plus 42-bp fragments. This band is
also evident in the M. intracellulare strains, but the mutation is
located in a different position in the site (GGCC3CGCC). In
the same manner, the mutation in the sixth HaeIII site in
variant III (GGCC3AGCC) resulted in the appearance of the
145-bp band, corresponding to the uncut 42-bp plus 103-bp
fragments. Again in M. intracellulare there is a mutation in the
same restriction site, affecting a different position (GGCC3
GGCG). The two M. intracellulare sequences also showed
seven other mutations that have not been found in the M.
avium sequences. The comparison of the obtained sequences
with the hsp65 sequence of M. paratuberculosis deposited in
GenBank under accession number X74518 revealed another
mutation: an A at position 322 in the M. paratuberculosis se-
quence was substituted for a G in all other sequences (Fig. 2).
All mutations observed occur in the third codon position and
result in no amino acid substitution.

The map in Fig. 3 depicts the origins of the isolates showing
the three PRA M. avium variant patterns. Variants I and II
were isolated in different regions included in the study. Variant
III was isolated in only one region.

For further characterization of these variants, PCR with the
DT1, DT6, and IS1245 primers was performed. Amplification
with the DIG-derived primers gave positive results with DNAs
from all isolates, and no amplification of the DT1 fragment was
observed. DT1-negative and DT6-positive amplification is spe-
cific for M. avium, according to Thierry et al. (29) and Sola et
al. (25). DNAs from all isolates except the seven isolates giving
PRA M. avium variant III and one isolate from variant II were
positive by amplification with the IS1245 primers. The negative
results were confirmed after repeated tests, on different occa-
sions, and with different DNA sample preparations.

The IS1245-negative isolates and seven other isolates repre-
senting variants I and II, chosen at random, were subjected to
the AccuProbe test with M. avium- and M. intracellulare-spe-
cific probes. All isolates hybridized exclusively with the M.

avium-specific probe. Taken together, these results confirmed
that these isolates represented M. avium variants (Table 1).

To estimate the presence of these M. avium PRA variants in
clinical specimens, 26 samples from São Paulo, previously
identified as MAC by routine biochemical tests, were subjected
to PRA. The molecular identification revealed the existence of
2 M. intracellulare, 16 M. avium variant I, 6 M. avium variant II,
and 2 M. avium variant III isolates.

DISCUSSION

Among three distinct hsp65 gene PRA patterns observed in
107 of 111 isolates studied, one was characteristic of M. avium
and the other two were mixed patterns showing bands common
to both the M. avium and M. intracellulare patterns described
by Telenti et al. (28). Amplification with DT1- and DT6-de-
rived primers and results obtained by the other methods (bio-
chemical identification, AccuProbe test, and 16S rRNA gene
sequencing) were consistent with the identification of the 107
isolates as M. avium. The remaining four isolates were identi-
fied as M. bovis and Nocardia sp. by PRA and biochemical
identification (data not shown).

It was initially suspected that the M. avium variants could
represent intermediate subspecies of MAC between M. avium
and M. intracellulare. Comparative sequence analysis of the
hsp65 gene fragments was essential for the testing of this hy-
pothesis. The two M. intracellulare sequences showed nine
identical mutations compared to the M. avium prototype se-
quence. Each PRA variant showed only one mutation located
in a HaeIII restriction site, in a position different from the
mutations in M. intracellulare. Therefore, it appears that the
60- and 145-bp bands occurring in these variants and also in M.
intracellulare have different origins and cannot be regarded as
evidence of the relatedness of these strains.

Allelic variants were found in swine isolates from different
geographic regions, suggesting that the occurrence of these
mutations was not fortuitous and localized. Swine variant III
isolates were found in a unique region, but conclusions about
this variant cannot be drawn because only six isolates were
obtained. It could be speculated that at least this variant could
represent a single strain that had disseminated in that area.
However, the finding of three variants in clinical isolates ob-
tained from a different region of the country suggests that the
occurrence of the three variants can be common. Sources of M.
avium human infection and routes of transmission are not well
known. Ingestion followed by invasion through the gastroin-
testinal tract could be the main route of infection in AIDS
patients, because these organisms can be isolated from stool
specimens from these patients (3). The proportions of each
variant found in pig and human M. avium isolates were similar:
M. avium I was found in 71% of the pig and 66.6% of the
human isolates, M. avium II was found in 22.5% of pig and
25.9% of human isolates, and the proportions of M. avium III
in pig and human isolates were 6.5 and 8.3%, respectively. In
the light of the results shown here, the possibility of transmis-
sion of these M. avium variants through swine products or from
common sources cannot be ruled out.

The presence of these three variants in clinical isolates with
confirmed biochemical identification as MAC has important
consequences. MAC bacteria cause chronic pulmonary infec-
tions in elderly people and lymphadenitis in children, and they
are the most common cause of systemic bacterial infections in
patients with AIDS in the developed world (14). Since the
beginning of the AIDS epidemic, the incidence of infections
with M. avium, especially disseminated infections, has in-
creased dramatically. The success of the treatment of M. avium
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FIG. 2. Alignment of hsp65 sequences (total length, 441 positions) from M. avium I, M. avium II, M. avium III, M. avium ATCC 25291, M. paratuberculosis
(GenBank accession no. X74518), M. intracellulare (clinical isolate CC 1400), and M. intracellulare ATCC 13950. Nucleotides common to all mycobacterial isolates are
indicated by asterisks. HaeIII and BstEII sites are boxed.
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infections depends on quick identification and rapid institution
of appropriate antibiotic therapy. Many laboratories are using
molecular techniques for quicker identification of atypical my-
cobacteria, especially in AIDS patients, and the PRA method
is a useful alternative for this purpose. By using the algorithm
proposed by Devalois et al. (5), the M. avium variants can be
misidentified if no other identification method is employed.
For example, M. avium II can be misidentified as M. kansasii I
(140-, 105-, and 80-bp fragments on HaeIII digestion; 245- and
220-bp fragments on BstEII digestion) (5), and M. avium III
can be misidentified as M. simiae II (155- and 140-bp fragments
on HaeIII digestion; 245- and 220-bp fragments on BstEII
digestion) (5). This could have important consequences for the
definitive diagnosis and treatment of these patients.

Although several works referring to PRA of MAC strains
have been published recently, none described M. avium PRA
variants. Devalois et al. (6) studied 14 MAC strains showing
discordant results (DT1-positive amplification and negative re-

action with the M. intracellulare AccuProbe probe). Five dis-
tinct profiles, different from the patterns found here, were
observed, showing a marked heterogeneity of these strains,
which were tentatively identified as M. intracellulare. Devalois
et al. (5) also reported PRA variants of M. kansasii, M. chelo-
nae, M. fortuitum, M. gordonae, M. flavescens, M. simiae, M.
nonchromogenicum, M. abscessus, and M. peregrinum. Three
strains of M. paratuberculosis and two of wood pigeon and
Crohn’s disease mycobacteria gave the M. avium prototype
profile, and no M. avium PRA variants were reported.

The 441-bp hsp65 gene segments amplified by PCR with
PRA primers for 56 isolates, comprising M. avium, M. intra-
cellulare, and M. scrofulaceum, were sequenced, and 360 bp was
analyzed, by Swanson et al. (26). Those authors found 11
unique sequences showing different point mutations that were
grouped in three clusters. Cluster A comprised 30 of the 56
isolates, identified as M. avium, and had two alleles with se-
quences identical to those of variants I and II described here.
They did not report variant III. Cluster B comprised six alleles
and 23 strains, identified as M. intracellulare. They did not
report the M. intracellulare sequences obtained here. Cluster C
corresponded to three isolates showing three different alleles.
Although many mutations identified in that study occurred in
HaeIII sites, creating new sites in some alleles and destroying
it in others, those authors did not report the existence of the
PRA variants.

The DNAs of all isolates identified by PRA as M. avium III
and one identified as M. avium II were not amplified with
IS1245 primers. This IS has been found exclusively in M. avium
strains (12). Pestel-Caron and Arbeit (20) reported that this
insertion sequence was present in 159 M. avium isolates rep-
resenting 40 distinct restriction fragment length polymorphism

FIG. 3. Geographical distribution of swine M. avium isolates, showing the localization of PRA variants.

TABLE 1. Identification of pig isolates from M. avium PRA
variants I, II, and III by PCR with DT1, DT6, and IS1245 primers,

AccuProbe analysis, 16S ribosomal DNA sequencing, and
biochemical tests

PRA
variant

Result from:

DT1 DT6 IS1245 AccuProbe 16S ribosomal
DNA sequence

Biochemical
identification

I 2 1 1 M. avium M. avium MAC
II 2 1 1a M. avium M. avium MAC
III 2 1 2 M. avium M. avium MAC

a DNA from one strain of this group was not amplified with this primer.
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strains studied. The results shown here suggest that this ele-
ment can be missing in isolates identified by other phenotypic
and genotypic methods as M. avium. Another possibility is that
mutations in regions complementary to IS primers prevented
amplification. The DNAs of all of the IS1245-negative isolates
were positive by amplification with primers derived from an-
other M. avium-specific IS, IS1311, which shows 85% sequence
similarity with IS1245 (data not shown) (22). The negative
amplification of the IS and the geographic distribution of M.
avium variant III suggest that they may represent a unique M.
avium cluster.

The significance of these variants in terms of virulence has to
be determined. Despite its genetic diversity, it is accepted that
the MAC forms a well-defined phylogenetic group, as has been
demonstrated by internal transcribed spacer sequence compar-
ison of different isolates (9). Characterization of the precise
genetic changes that separate these M. avium variants will
certainly help in the definition of epidemiological connections
and will shed light on factors involved in mycobacterial viru-
lence and routes of infection. This will have a marked influence
in the elaboration of control programs.
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