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The capacity of 20 Mycobacterium avium complex isolates to multiply intracellularly in human monocyte-
derived macrophages was assessed and correlated to the clinical relevance of each isolate and its reactivity with
several candidate genetic virulence markers. The strongest correlation with a virulence phenotype was found
for a conserved coding sequence of the macrophage-induced gene mig identified by a specific mig restriction

fragment length polymorphism type.

Mycobacterium avium complex (MAC) is ubiquitous in the
environment and can be isolated from a wide range of animate
and inanimate samples (5). Clinically significant infection is
infrequent, except in individuals infected with human immu-
nodeficiency virus (HIV). There it is associated with low CD4*
T-cell counts in the terminal stage of AIDS and contributes
considerably to mortality (10). Restriction fragment length
polymorphism (RFLP) analyses of environmental, veterinary,
and clinical MAC isolates have indicated that strains causing
infection in humans constitute a homogeneous subset of MAC.
Pathogenicity for humans was correlated in these studies with
the host ranges of a number of mycobacterial insertion se-
quences (8, 11) and the presence of plasmids (2, 7).

Because monocytes and macrophages are the principal host
cells for MAC in mammals, the understanding of the bacteri-
um’s ability to survive and multiply in such a potentially bac-
tericidal environment is of great importance. In this context, we
earlier identified a macrophage-induced gene (mmig) of M. avium,
which is expressed only when the bacilli are growing within
macrophages (14). A recombinant mig-expressing strain of My-
cobacterium smegmatis showed an advantage for survival inside
cultured human monocyte-derived macrophages (HMDM),
compared to a mig-negative control strain (13). Here we in-
vestigated whether the capacity of 20 environmental and clin-
ical MAC isolates to multiply in HMDM is associated with a
number of genetic markers, i.e., a conserved mig coding se-
quence, the insertion sequence 1S7245, the mycobacterial plas-
mid pLR7, and M. avium- or Mycobacterium intracellulare-
specific rRNA sequences.

From a large collection of recently isolated MAC strains,
20 strains were chosen for this study: 7 strains from different
water sources (kindly provided by R. Schulze-Robbecke, Insti-
tut fiir Hygiene, Universitdt Diisseldorf, Diisseldorf, Germa-
ny), 9 strains randomly selected from isolates of patients with
confirmed MAC infection, and 4 strains randomly selected
from respiratory specimens where the isolate was considered a
contaminant based on clinical findings. All clinical strains were
primary isolates that had been subcultured only once for dif-
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ferentiation and preparation of inocula. Their exact sources
are listed in Table 1.

The in vitro virulence of each isolate was determined as
its capacity to multiply in primary HMDM. Peripheral blood
monocytes were isolated by Ficoll (Pharmacia, Uppsala, Swe-
den) gradient centrifugation (4, 15). Interface mononuclear
cells were washed repeatedly, resuspended in warm RPMI
1640 (Life Technologies, Paisley, Scotland) supplemented with
5% autologous serum (AS), and plated into eight-well glass-
bottom chamber slides (Nunc, Wiesbaden, Germany). The seed-
ed cultures were incubated overnight at 37°C under a 5% CO,
atmosphere. Nonadherent cells were washed off with warm
RPMI 1640, and the remaining monocytes (5 X 10* cells/well)
were cultured in RPMI 1640 with 5% AS prior to infection,
with daily changes of medium. Inocula of the MAC isolates for
infection of the HMDM were prepared from bacterial cultures
in 7H9 broth after 2 weeks of incubation at 37°C with moderate
agitation. Bacteria were collected by centrifugation and resus-
pended in 1 ml of fresh AS for opsonization. After 10 min of
sonication in a water bath, aliquots of serial 10-fold dilutions in
RPMI 1640 were snap frozen at —70°C. The exact number of
viable bacilli in each dilution was determined by plating serial
dilutions of thawed aliquots and counting CFU.

HMDM cultures were infected with MAC suspensions at a
multiplicity of infection (MOI) of 10. After 2 h of incubation at
37°C under a 5% CO, atmosphere, cell cultures were washed
vigorously to remove extracellular bacteria. Macrophages were
then incubated in RPMI with 5% AS, with a daily change of
medium. Mycobacterial antibiotics were intentionally not in-
cluded in the culture medium because these may be delivered
to the phagosome, confounding the CFU results. Plating of
macrophage culture supernatants confirmed negligible growth
of the bacteria in the tissue culture medium.

The baseline MOI 2 h after infection and the CFU counts on
days 3, 5, and 7 were determined by discarding the superna-
tants from four replicate wells, lysing the macrophages, and
plating serial dilutions for CFU counts as described by Crowle
et al. (3). Intracellular growth rates (k) according to the equa-
tion y(¢) = y(t,) - e were determined from the slopes between
the means of day 0 (¢,) and day 5 by assuming exponential
growth between these time points (see Table 2). For genotyp-
ing, mycobacterial DNA was purified and Southern blotting
was performed as previously described (14). The BamHI mig
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TABLE 1. Characteristics of MAC strains and growth rates in the HMDM model

Strain Growth rate Source RFLP type* 1S1245° MAC species® pLR7¢
SCH 235 0.453 Blood, disseminated infection A 25 M. avium +
SCH 228 0.403 BM,¢ disseminated infection A 18 M. avium —
2521 0.401 Water A 14 M. avium +
SCH 193 0.387 Liver, disseminated infection U — X -
SCH 132 0.352 Blood, disseminated infection A 19 M. avium —
SCH 144 0.352 BM, disseminated infection A 18 M. avium -
SCH 273 0.350 BAL, contaminant B — M. intracellulare —
SCH 196 0.302 Blood, disseminated infection A 18 M. avium —
SCH 245 0.277 Blood, disseminated infection A 18 M. avium -
1816 0.220 Water A 10 M. avium +
SCH 187 0.216 BM, disseminated infection A 7 M. avium —
SCH 180 0.210 BAL, contaminant A 5 M. avium +
SCH 298 0.157 BAL, contaminant B — M. intracellulare —
3045 0.130 Water B — M. intracellulare —
2442 0.090 Water U 15 M. avium +
SCH 281 0.078 Sputum, contaminant B — X -
SCH 215 0.070 Cervical lymph node A 12 M. avium -
1817 0.037 Water B — M. intracellulare —
2895 0.001 Water B — M. intracellulare —
2391 —0.009 Water U — M. avium —

“ RFLP type A, mig probe-reactive 2.8-kb band after BamHI digestion and 950-bp band after Sa/l digestion; RFLP type B, mig probe-reactive 6.0-kb band after

BamHI digestion and 1,300-bp band after Sall digestion; U, heterogeneous group.
» Number of bands showing reactivity with DNA probe. —, no copies of 1S7245.

¢ Reactivity with M. avium- or M. intracellulare-specific 16S rRNA probe. X, not reactive with either species-specific probe.
4 Reactivity with a DNA probe specific for the origin of replication of the mycobacterial plasmid. +, reacts with the probe; —, does not react with the probe.

¢ BM, bone marrow.

probe was a 2,845-bp fragment encoding the entire mig and
flanking regions (13). The Sall mig probe was a 926-bp frag-
ment covering most of the mig coding sequence and part of the
promoter region. Both fragments were purified from plasmid
pGPC100 (13) and were labeled with digoxigenin (Boehringer,
Mannheim, Germany). The IS/245 probe was generated by
PCR using the primers P1 (5'GCCGCCGAAACGATCTAC)
and P2 (5"AGGTGGCGTCGAGGAAGAC) as previously
described (8). The pLR7 probe was excised from plasmid
pMB184 (1) (kindly provided by M. Beggs, John L. McClellan
Memorial Veterans Hospital, Little Rock, Ark.) and labeled
with digoxigenin as described above. Probes were hybridized to
BamHI- or Sall-digested genomic DNA in 5X SSC (1X SSC is
0.15 M NaCl plus 0.015 M sodium citrate)-50% formamide—
0.2% sodium dodecyl sulfate (SDS)-0.1% N-lauroylsar-
cosine—2% blocking solution at 42°C for 2 h. This was followed
by two washes in 2X SSC-0.1% SDS at 20°C for 5 min and two
washes in 0.2X SSC-0.1% SDS at 72°C for 15 min. Any hy-
bridized labeled probe was detected by chemiluminescence
according to the procedures recommended by the manufac-
turer (Boehringer). All strains were analyzed with 16S rRNA
probes (Accuprobe; GenProbe Inc., San Diego, Calif.) and
showed reactivity with a MAC probe. Thirteen also reacted
with the M. avium-specific probe, and five reacted with the
M. intracellulare-specific probe. mig RFLP analysis divided our
MAC strains into two homogeneous groups and a third, het-
erogeneous group. Group A was characterized as follows. Di-
gestion of genomic DNA with the restriction endonuclease
BamHI followed by Southern blotting and hybridization to a
2,849-bp BamHI mig fragment produced a single band of 2.8
kb. The analogous Southern blot using Sa/I-digested genomic

DNA probed with a 926-bp Sa/l fragment of mig led to a single
0.9-kb band (Fig. 1, lane 1). These strains carried multiple
copies of 1S7245, with a mean of 15 and a range of 5 to 25. All
IS1245-positive strains had strain-specific RFLP patterns ex-
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FIG. 1. mig RFLP of MAC isolates. Genomic DNA was digested with Sall,
resolved by agarose gel electrophoresis, blotted to a nylon membrane, and
hybridized to a digoxigenin-labeled mig probe. M', pBR328 DNA digested with
Bgll and Hinfl and used as a size marker. Lane 1, RFLP type A; lane 2, strain
2442; lane 3, strain 2391; lane 4, RFLP type B. M?, A DNA, digested with
HindIIl/EcoRI and used as a size marker. RFLP type A shows the conserved Sall
mig fragment of the virulent type strain (14).
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TABLE 2. Statistical analysis of differences in intracellular growth
rates in primary human macrophages between categories
of MAC strains by the ¢ test

Mean k (SD)? for:
Characteristic’ P
Positive strains® Negative strains?

Clinical relevance 0.3124 (0.1152) 0.1514 (0.1345) 0.0109
mig type A 0.2960 (0.1116) 0.1357 (0.1431) 0.0114
1S1245 0.2788 (0.1219) 0.1414 (0.1519) 0.0378
M. avium species 0.2567 (0.1414) 0.1629 (0.1503) 0.1827
pLR7 0.2748 (0.1492) 0.2069 (0.1486) 0.3881

¢ Clinical relevance, causing clinical infection. mig type A, RFLP type A in a
Southern blot using a mig open reading frame-specific DNA probe. 1S1245,
presence of copies of this insertion element in the bacterial genome. M. avium
species, reactivity with the species-specific rRNA probe. pLR7, reactivity with a
DNA probe specific for the origin of replication of the mycobacterial plasmid.

® Intracellular growth rates (k) were determined from the slopes between the
means for day 0 and day 5. Means and standard deviations from four replicate
experiments are given.

¢ Strains positive for the given characteristic.

< Strains negative for the given characteristic.

cluding clonality of these strains (data not shown). Eleven of
the 13 strains reacting with the M. avium 16S rRNA probe
were in group A. Only one of the strains from clinical infec-
tions did not fall into this group.

A second RFLP pattern, common to six strains, could be
identified; these strains formed group B. A BamHI Southern
blot probed with the 2,849-bp BamHI mig fragment demon-
strated a faint 6.0-kb band. Southern analysis with the 900-bp
probe after Sall treatment led to a single 1,300-bp band (Fig.
1, lane 4). The insertion element IS7245 was not present. Five
of these group B strains reacted with the M. intracellulare 16S
rRNA probe. This group included three environmental strains
and three clinical isolates of HIV-negative patients without
clinical signs of MAC infection.

Three of the 20 strains did not fit into either mig RFLP
group. Two were environmental strains, and one was the only
AIDS isolate that did not qualify for RFLP type A, as it
showed a faint, aberrant 3.5-kb band on the BamHI Southern
blot and no bands with the Sall mig probe and 1S7245 probe
(Table 1). Homologs of the mycobacterial plasmid pLR7 were
found in only 5 of the 13 M. avium strains.

Statistical significance for differences in virulence between
groups of strains according to the (i) clinical relevance of the
isolate, (ii) mig RFLP type, (iii) IS/245 content, (iv) MAC
species, and (v) pLR7 plasmid content was analyzed by ¢ test
(Table 2). The clinical relevance of the isolate correlated sig-
nificantly with intracellular growth in the HMDM model, un-
derlining the validity of the macrophage model. A conserved
mig coding sequence that is identified by RFLP type A is also
significantly associated with faster intracellular growth in mac-
rophages. In contrast, RFLP type B MAC strains were of lower
virulence and either were environmental samples or had been
considered clinically unimportant when isolated from patients.
Analogously, the presence of multiple copy numbers of 1S1245
was associated with fast intracellular growth and disseminated
infection, whereas this mobile element was not present in avir-
ulent strains. Since one of our previous studies (13) comparing
intracellular survival of a mig-expressing M. smegmatis strain
with that of a mig-negative control strain already showed
strong evidence of mig being a significant virulence factor, the
results of this study contribute even more to the importance of
mig. Nine of ten clinically relevant MAC isolates carried the
virulence phenotype’s mig and possessed significantly higher
levels of in vitro virulence than isolates with an aberrant mig.
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Differences in in vitro virulence and clinical pathogenicity can-
not be attributed to species differences alone, since reactivity
with the species-specific probes was not statistically signifi-
cantly correlated with intracellular growth in the HMDM
model. The previously observed associations of mycobacterial
plasmids, in particular homologs of pLR7, with clinical rele-
vance and virulence are not corroborated by our observations.
Only a minority of clinically relevant strains reacted with a
pLR7 probe. Several genetic markers seem to indicate the
presence of a virulent subtype of MAC that does overlap with
the M. avium species, but that is more strictly defined by the
presence of a conserved coding sequence for the macrophage-
induced gene mig of M. avium. Despite the significant associ-
ation between virulence, mig, and 1S7245, both markers may in
fact be only secondary to a repertoire of virulence factors yet to
be identified.

One strain not conforming to type A or B seems to support
the latter view. Strain SCH 193, in which IS7245 is not present
and which does not react with the mig Sall probe, displays a
virulence phenotype (Table 1).

Other investigators have found that the majority of AIDS
isolates could be characterized as a genetically rather homog-
enous subset of MAC, which may be considered a virulent
epidemic clone (6, 9, 12). This theory is only partly corrobo-
rated by our findings. While the highly conserved mig pattern
and the presence of IS7245 in AIDS MAC isolates indicate a
certain relationship of these strains, the very heterogeneous
IS71245 fingerprints exclude the possibility of a clonal infection,
a conclusion similar to that of Guerrero et al. (8). Two isolates
from tap water and one isolate from bronchoalveolar lavage
(BAL), where it was not considered a significant pathogen,
seem to indicate that the aquatic environment harbors virulent
and nonvirulent types, while only the virulent subset causes
disseminated infection in AIDS.

We conclude that MAC strains causing clinical infection in
general have a common mig gene that is associated with higher
virulence in the HMDM model. This gene may be a selection
factor for disseminated MAC infection in AIDS patients, and
its use as a genetic marker may be useful to distinguish be-
tween possible pathogens and mere colonizers.
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