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Nineteen strains representing 13 species of mycobacteria were tested for the ability to serve as PCR
templates for the production of a 293-bp fragment of the mycobacterial mce gene. The mce gene is a virulence
factor recently sequenced from Mycobacterium tuberculosis. PCR products were obtained for only the species of
the Mycobacterium tuberculosis complex (MTC) and the Mycobacterium avium-M. intracellulare-M. scrofulaceum
complex. The fragment was sequenced from M. tuberculosis (one strain), M. avium (three strains), M. intracel-
lulare (two strains), and M. scrofulaceum (two strains). Sequence comparisons suggest that the fragments from
each of the species are regions that code for a similar product. One of the M. scrofulaceum strains yielded a
sequence whose most probable reading frame was truncated by an amber stop codon caused by a single nucleic
acid difference from the other sequences. The amino acid sequences from the non-MTC sequences cluster
together, displaying fewer differences from each other than from the M. fuberculosis sequence and the truncated
M. scrofulaceum sequence. Principal component analysis of the distance matrix displays the clustering of the
M. avium and M. intracellulare sequences into single-species clusters. It is concluded that at least one open
reading frame of the mce gene is found, although it is discernibly different, in pathogenic mycobacteria other

than the MTC.

The history of mycobacterial disease can be traced back over
a thousand years (16), and currently one third of the world’s
population is suspected of harboring Mycobacterium tubercu-
losis (2). The Mycobacterium tuberculosis complex (MTC) ap-
pears to be the most aggressive public health threat, but many
infections are caused by members of the Mycobacterium
avium-M. intracellulare-M. scrofulaceum complex. M. avium-M.
intracellulare-M. scrofulaceum complex infections are particu-
larly devastating in immunocompromised individuals and have
contributed significantly to the high morbidity and mortality
rates in the human immunodeficiency virus-infected popula-
tion.

The transmission of disease by the MTC is primarily consid-
ered to occur from person to person, although the MTC has
been isolated from environmental sources (13). The M. avium-
M. intracellulare-M. scrofulaceum complex, however, is consid-
ered to be transmitted by various environmental sources, es-
pecially fresh- or ocean waters (5, 8, 9, 18). Risk assessments of
potential environmental sources of mycobacterial infections
have been hampered by the extremely slow growth rates of the
M. avium-M. intracellulare-M. scrofulaceum complex and MTC.
In order to address public health concerns over environmental
sources of pathogenic mycobacteria, it is necessary to develop
a more rapid method of assessing the prevalence of these
organisms in environmental samples.

In recent years, there have been significant advances in the
use of molecular techniques to rapidly detect mycobacterial
pathogens in clinical samples. Several of these tests have dis-
played cross-reactivity between certain mycobacterial species
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(4, 6). It has also been observed that the presence of a large
proportion of nontarget organisms in a sample can significantly
decrease sensitivity (11). It is important, therefore, to continue
examining mycobacterial genomes for genetic elements which
may provide more specific and sensitive targets for molecular
probes.

Genetic elements specific to virulence of the target species
would constitute attractive probe targets. The presence of vir-
ulence factors can help establish the disease potential of envi-
ronmental and clinical samples much more effectively than the
presence of specific rRNA sequences. Investigations designed
on this principle have enjoyed considerable success (14, 15).

The genetic elements responsible for the virulence of myco-
bacteria are not yet well established. Many virulence genes of
various levels of complexity are probably found in the MTC.
One virulence gene, the mce gene, has been identified as a
1,535-bp piece of M. tuberculosis genomic DNA able to confer
the ability to invade HeLa cells and macrophages to Esche-
richia coli cells transformed with plasmids containing it (1).
The mce gene sequence contains two open reading frames. The
first (ORF1) has been shown to contain the element respon-
sible for attachment and entry into mammalian cells; the sec-
ond was shown to confer the ability to survive inside cells.
Although the in vivo importance of the mce gene needs to be
confirmed through animal experiments, it holds great promise
as a template for probe development.

In this study, a portion of the mce gene ORF1 is identified
for the first time in pathogenic mycobacteria outside of the
MTC. The identification of this genetic element in other my-
cobacteria, especially the M. avium-M. intracellulare-M. scrofu-
laceum complex, may help pave the way for the design of
genetic probes for use with both clinical and environmental
samples.

The mycobacterial strains used in this study are listed in
Table 1, along with their original sources as identified by the
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TABLE 1. Mycobacterial strains
Strain Original source ATCC no. PCR result®

M. avium J. P. Tigpen 6 Opossum ATCC 29555 SS
M. avium MAIS 2 Chicken ATCC 35712 SS
M. avium MAIS 1 Human sputum ATCC 35717 SS
M. bovis BCG Vaccine strain ATCC 27289 U
Fast-growing mycobacterium isolate Municipal wastewater effluent N
M. gordonae P-15 Gastric lavage ATCC 14470 N
M. intracellulare type strain Laboratory ATCC 13950 SS
M. intracellulare MAIS 5 Avian ATCC 35768 SS
M. kansasii G133 Fatal case ATCC 12478 N
M. lepraemurium Animal model of leprosy ATCC 35779 N
M. marinum Fish ATCC 927 N
M. microti LV 285 Laboratory ATCC 19422 U
M. microti OV 183 Vole ATCC 11152 U
M. nonchromogenicum Soil ATCC 19530 N
M. scrofulaceum type strain Cervical lymph node ATCC 19981 SS
M. scrofulaceumn MAIS 27 Human sputum and lung ATCC 35785 SS
M. terrae Laboratory ATCC 15755 N
M. tuberculosis H37Ra Laboratory ATCC 25177 uUsS
M. tuberculosis R1Rv Human lung (attenuated) ATCC 35818 U

“N, no PCR product observed; U, PCR product observed but insufficient yield to sequence from a single PCR; SS, PCR product sequenced from a single PCR; US,

low-yield PCR product combined from several reactions and sequenced.

American Type Culture Collection (ATCC), Rockville, Md.
Mycobacterial strains were cultivated on slants of Lowenstein-
Jensen medium (Difco, Detroit, Mich.). The slants were incu-
bated at 36°C except for those inoculated with M. marinum,
which were incubated at room temperature. Cultures were
incubated until visible growth was obtained.

DNA was extracted by a modification of the method of Bose
et al. (3). A rice-grain-sized loopful of cell mass was suspended
in 600 pl of lysis inactivation buffer (5 M guanidine thiocya-
nate, 0.5% Sarkosyl, 0.5% sodium dodecyl sulfate, 0.85% ben-
zalkonium chloride, 100 mM EDTA) and heated to 99°C for 1
h. Insoluble debris was removed by centrifugation (16,000 X g
for 3 min), and the supernatant (approximately 600 ul) was
mixed with an equal volume of 100% isopropyl alcohol. The
DNA was precipitated during a 30-min room temperature in-
cubation and then collected by centrifugation (16,000 X g for
15 min). The pellet was washed in 75% isopropyl alcohol, dried
under a vacuum, and resuspended in 20 pl of autoclaved high-
pressure liquid chromatography water (Baker). Two microli-
ters of this solution reliably yields more than 1 ng of template-
quality DNA as determined spectrophotometrically.

The oligonucleotide primers used in these studies were de-
veloped from an M. intracellulare sequence, using Oligo primer
development software version 4.1 (National Biosciences Inc.,
Plymouth, Minn.). The primers are MMSPU (5'-GCCGAG
AAGGTGGAT-3") and MMSPD (5'-GCCGCCGACAACA
AC-3"), which correspond to bp 343 to 357 and 621 to 635,
respectively, on the mce gene sequence for M. tuberculosis
H37Ra (L. W. Riley; GenBank accession number, X70901).
Oligonucleotide primers were synthesized on an automated
DNA synthesizer (model 392; Applied Biosystems Inc., Foster
City, Calif.) according to the manufacturer’s instructions.

PCR was performed by using a model 9600 thermocycler
(Perkin-Elmer, Norwalk, Conn.). The PCR mix consisted of
final concentrations of 200 wM for each nucleotide, 1.5 mM for
MgCl,, 0.3 uM for each primer, 10 mM Tris-HCI (pH 8.3), and
50 mM KCl. Two microliters of template DNA produced as
described above was used for 100 pl of reaction mix; this
reliably results in less than 1 wg of template per reaction.
AmpliTaq (5 U; Perkin-Elmer) was used to catalyze each
100-pl reaction mixture. The PCR temperature cycle for am-

plification was as follows: denaturation for 2 min at 94°C; two
cycles at 98°C for 20 s, 62°C for 30 s, and 72°C for 45 s; 40 cycles
at 94°C for 30 s, 56°C for 30 s, and 72°C for 1 min; the mixture
was then held at 72°C for an additional 7 min and cooled to 4°C
until analysis. The PCR product was electrophoretically sepa-
rated in a 3% Bio-Gel low-melting-point agarose gel (Bio 101,
San Diego, Calif.) containing 0.9 g of ethidium bromide per
ml. Fragments with sizes of approximately 293 bp were visual-
ized under UV light (302 nm) and excised from the gel with a
razor blade. The fragments were then purified from the gel
pieces by using a Mermaid oligomer purification kit (Bio 101)
according to the manufacturer’s instructions.

DNA sequencing was performed in both directions on 50
nmol of purified PCR product, using MMSPU and MMSPD as
the primers. A fluorescent-dye-linked dideoxy terminator sin-
gle-tube mix (PRISM; Applied Biosystems Inc.) was used for
the reaction mixture. Cycle sequencing was performed accord-
ing to the manufacturer’s instructions in a PCR thermal cycler
(model 9600; Perkin-Elmer). Dye terminators were removed
from the sequencing reaction mixture by two phenol-chloro-
form extractions. The sequencing reaction mixtures were ana-
lyzed on an automated DNA sequencer (model 373; Applied
Biosystems Inc.).

The partial and inversely complemented sequences were
aligned, and the automated base calling was checked by using
the SeqEd analysis program (Applied Biosystems Inc.). Bases
were assigned to positions only after three separate sequencing
reactions produced the same base call. Sequences were ex-
ported as ASCII text files to the PC-Gene analysis suite (In-
telliGenetics Inc., Mountain View, Calif.), where they were
aligned by using the CLUSTAL algorithm (10). PC-Gene was
also used to translate the sequences to amino acids, which were
also aligned by CLUSTAL. The CLUSTAL alignment uses the
unweighted pair-group method, which can also generate a den-
drogram. A dendrogram was assembled for the amino acid
sequences. The aligned nucleic acid sequences were converted
to a coded matrix, using a word processor program. The code
replaced A with 1, C with 2, G with 3, and T with 4. This matrix
was imported into the NTSYS-pc numerical taxonomy and
multivariate analysis system (Exeter Software, Setauket, N.Y.).
Using NTSYS-pc, a distance matrix was calculated by the
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M. tuberculosis GAC GTC TAC GCC GAC GCG GCG CCG GAC CTG TTC GAC TTT CTC GAC AGT TCG GTG 219
25177 D v Y A D A A P D L F D F L D S s v 72
M. avium ... AC. ..T ..G ... ..CT.A . ..C ... A.. .A. G.. 219
35717 . T . . . . S N N A 72
M. avium ... AC. ..T ..G ... ... T.. C A AL G 219
35712 . T . . . . S N N A 72
M. avium .. T ACG ..T ..G A.. T G T C T.G A AL G 219
29555 . T . . N L N N A 72
M. scrofulaceum .. ACG ..T ..G ..T ... T.. T C T.G A AC G.. 219
19981 . T . . . . S N N A 72
M. intracellulare ... ACG ... ..G ... ..C T.. T T.G A JAC G.. 219
13950 . T . . . . S N N A 72
M. intracellulare ... ACG ... ..G ... ..CT.. T T.G A.. .AC ... 219
35768 - T . . . . S N N 72
M. scrofulaceum ..TAC. ... ... A.. ..C ..A .. T C ..G A JAC G.. 219
35785 . T . . N N N A 71
M. tuberculoeis ACC ACC GCC CGC ACC ATC AAT GCC CAG CAA GCG GAA CTG GAT TCG GC 263
25177 T T A R T I N A Q Q A E L D S 87
M. avium T ... T.T L.l LG L. L.C L. ..GAA. ..T ... ..C CA. 263
35717 I . S K D Q 87
M. avium T, ... T.G ... ..G ... ..C .T. G AA. T C CA. 263
35712 I . ) v K D Q 87
M. avium S O A ¢ I & S G AA. T CG. 263
29555 I . ) K D Q 87
M. scrofulaceum T, ... T.G L. .G . G AA. ..TT . CA. 263
19981 I . S K D Q 87
M. intracellulare GIG ... T.G ... ..G ... .G AA. ..T T . CA. 263
13950 v . S K D Q 87
M. intracellulare GIG ... T.G ... ..G ... .G AA. TT CA. 263
35768 v . S K D Q 87
M. scrofulaceum Y S A P & S G AAT ..T ..C Ca. 263
35785 I . S v N D . . Q 86

FIG. 1. Alignment of the 263-bp sequence from the 293-bp PCR fragment of the mycobacterial mce gene ORF1. Mycobacterial strains are distinguished by ATCC
reference number. The sequence of M. tuberculosis H37Ra between nucleotides 358 and 620 was used as a reference. Nucleotides and amino acids that are different
from the reference sequence are indicated by their single-letter code; dots indicate identity. The amber stop codon at amino acid position 42 in the sequence for M.
scrofulaceum 35785 is indicated (amb). There are no insertions or deletions to be indicated.

method of Jukes and Cantor (12). Principal coordinate analysis
was then performed on the distance matrix to create a three-
dimensional model.

Of the 19 mycobacterial strains that were examined, 12 were
observed to yield the target 293-bp fragment. Only 7 of these
12 fragment-yielding strains had high enough yields to se-
quence from a single PCR amplification reaction. These results
are summarized in Table 1. All of the high-yield strains were
M. avium-M. intracellulare-M. scrofulaceum complex. The low-
yield strains were typified by the production of many different-
sized products. These yield differences may be due to the fact
that the primers were designed from an M. intracellulare tem-
plate and are not homologous to the M. fuberculosis sequence.
A suboptimal annealing temperature was chosen in order to
yield a product from the MTC. The nonyielding strains may
lack the ability to serve as targets of the primer pair, because

the primers may not be completely homologous with their
corresponding mce ORF1-like target sequences.

The species that did not yield the 293-bp fragment were M.
nonchromogenicum, M. terrae, M. marinum, M. kansasii, M.
gordonae, M. lepraemurium, and the fast-growing mycobacte-
rial isolate. Several of these strains produced PCR products of
a different size from that of the target fragment. The species
which yielded less than 50 ng of product from the agarose gel
were M. tuberculosis, M. bovis, and M. microti.

To confirm the published sequence (GenBank accession
number, X70901) for the portion of the mce gene analyzed in
this study, the fragment obtained from M. tuberculosis H37Ra
(ATCC 25177) was purified from several PCR mixtures and
combined for sequencing. The sequences from M. tuberculosis
H37Ra allowed only a 232-contiguous-bp consensus se-
quence to be unambiguously called. All of the unambiguous
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FIG. 2. Plot of the first three principal components (PC 1 to 3) of the genetic
distance matrix created by the method of Jukes and Cantor (12). Mycobacterial
strains are distinguished by ATCC reference number. Coordinate axes are rep-
resented by dotted lines. The strains of M. avium and M. intracellulare can be
seen to form tight single-species clusters. The point for M. scrofulaceum 19981
falls in the same octant as that of the M. avium cluster, but the other M.
scrofulaceum strain is distant from all the other strains. The M. tuberculosis
strain’s point falls with the greatest degree of distance from all other points.

bases from the resultant sequence were completely homol-
ogous to the published sequence (GenBank accession num-
ber, X70901). The fragment was identified as occurring be-
tween bp 343 and 635 as numbered from the published
sequence. The mce gene ORF1 starts at base 208 and extends
to base 807, so the PCR fragment’s sequence represents most
of the 5" half of ORF1 of the mce gene.

CLIN. DIAGN. LAB. IMMUNOL.

The seven M. avium-M. intracellulare-M. scrofulaceum com-
plex sequences were aligned with the sequence from M. tuber-
culosis H37Ra. Both the alignment of the nucleic acid se-
quence translations and that of the nucleic acid sequences are
given in Fig. 1. As a result of the multiple DNA sequence
alignment, the reading frame that corresponds to the ORF1 of
the published mce gene sequence was identified. Both of the
other reading frames were observed to yield several stop
codons. The reading frames appear, therefore, to coincide.

Plotting the three principal components of the distance ma-
trix, created by the method of Jukes and Cantor (12), yields the
graph in Fig. 2. From the plot in Fig. 2, it appears as if the M.
avium-M. intracellulare-M. scrofulaceum complex forms two co-
hesive groups delineated by the principal coordinate octants.
The M. intracellulare and M. avium strains each group closely
together.

The two M. scrofulaceum sequences do not appear as closely
related to each other as do those from the strains of the other
two M. avium-M. intracellulare-M. scrofulaceum complex spe-
cies. One of the M. scrofulaceum sequences falls in the M.
avium octant, while the other appears in an octant unpopu-
lated by other sequences. The sequence from M. scrofulaceum
35785, which is an apparent outlier of the M. avium-M. intra-
cellulare-M. scrofulaceum complex group, yields the only amino
acid sequence that lacks a continuous open reading frame.

Despite the poor quality of sequence electrophoretograms
derived from direct sequencing of PCR products, we elected to
use this sequencing method, as it is less sensitive to the infi-
delity of AmpliTaq than subcloning of the PCR product. Sub-
cloning would have allowed us to generate high-quality se-
quence electrophoretograms from even the low-yield strains,
but the sequence data would represent that of only a single
randomly selected strand of product.

All the sequences align with no insertions or deletions and
were found to have the same most probable reading frame as
the corresponding MTC mce ORF1. These features strongly

(Number of similar amino acids)

56 64 72

80 88

M. avium 35717

M. avium 35712

M. avium 29555

M. scroful. um
19981

M. intr Hlulare
35768

M. intracellulare
13950

M. tuberculosis
25177

FIG. 3. Dendrogram derived from amino acid similarities between the sequence translations given in Fig. 1. Mycobacterial strains are distinguished by ATCC
reference number. The number of similar amino acid positions from a possible total of 87 is given in a scale at the top. All of the M. avium-M. intracellulare-M.
scrofulaceum complex species with the exception of M. scrofulaceum 35785 can be seen to cluster close together.
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suggest that the source of the fragment is located in a coding
region whose product is closely related to the MTC mce prod-
uct. Coupled with infectivity experiments, the sequence data
may help illuminate the relationship between the mce gene and
mycobacterial virulence. However, the presence of target frag-
ments in an avirulent strain (ATCC 25177), an attenuated
strain (ATCC 35818), and a vaccine strain (ATCC 27289) of
the MTC tested in this study suggests that this fragment of the
mce ORF1 is not sufficient to confer virulence in vivo.

The single M. avium-M. intracellulare-M. scrofulaceum com-
plex mce ORF1 sequence fragment that did not cluster with
the other M. avium-M. intracellulare-M. scrofulaceum complex
strains was also the only sequence whose amino acid transla-
tion would create a truncated product. This truncation is due
to an amber stop codon at amino acid position 42. The amber
codon is due to a single nucleic acid deviation at nucleic acid
position 134 (Fig. 1). The difference between the M. scrofula-
ceum 35785 amino acid sequence and the other M. avium-M.
intracellulare-M. scrofulaceum complex amino acid sequences is
not limited to position 42. A dendrogram of the amino acid
sequences (Fig. 3) assists in illuminating the magnitude of
sequence deviation between M. scrofulaceum 35785 and the
other M. avium-M. intracellulare-M. scrofulaceum complex spe-
cies. If the stop codon results in a nonfunctional protein, the
sequence is vestigial. There is little selective pressure to clear
a population of individuals carrying mutations in a vestigial
sequence. Therefore, the distance between a vestigial sequence
and a related active sequence should increase with time at a
rate far greater than that seen between two related active
sequences. The M. scrofulaceum 35785 DNA sequence exhibits
an average separation distance from all the other sequences
(0.22329) that is second only to the average distance from the
M. tuberculosis H37Ra sequence (0.26281; the next lowest is
that for M. scrofulaceum 19981, at 0.17622). The amino acid
sequence also deviates strongly from the clustering M. avium-
M. intracellulare-M. scrofulaceum complex sequences and the
M. tuberculosis sequence (Fig. 3). The observed differences in
the predicted amino acid sequence, the significant nucleic acid
sequence divergence, and the presence of a point mutation
resulting in a predicted stop codon in the portion of the mce
gene ORF1 analyzed in this study suggest that the mce gene in
M. scrofulaceum 35785 may be and has been nonfunctional for
many generations. It is not known whether the sequence trun-
cation in M. scrofulaceum 35785 causes an alteration in this
strain’s virulence.

The deviations between the mce sequence fragments of the
strains observed in this study are of the same order of magni-
tude as those observed for other conserved coding regions
(17). The M. avium-M. intracellulare-M. scrofulaceum complex
causes disease in a wide range of host species, and a large
sequence variation might be expected for a gene whose prod-
uct might be host specific. However, the host range for each of
the species within the M. avium-M. intracellulare-M. scrofula-
ceum complex is not highly restrictive (7); thus, a cellular entry
factor (1) might be expected to display conservation.

The sources of the infective M. avium-M. intracellulare-M.
scrofulaceum complex have been inferred from culturing ex-
periments, which are hampered by both the basic problems
associated with the culturing of the M. avium-M. intracellu-
lare-M. scrofulaceum complex and the fast-growing mycobac-
teria widely associated with most environmental samples. The
identification of a relatively conserved virulence factor in the
M. avium-M. intracellulare-M. scrofulaceum complex allows for
the creation of primer-probe sets that might be used to rapidly
identify the presence of these pathogens in environmental as
well as clinical samples. The presence of a fragment of any
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virulence gene cannot conclusively demonstrate that a sample
contains infectious material, but it is more suggestive of the
presence of infectious material than the presence of a fragment
of a gene not associated with virulence, like rRNA sequences.
The specific fragment examined in this study was not observed
in either the fast-growing isolate or in some of the other less
clinically important slowly growing mycobacteria. However, PCR
is not an effective method of demonstrating the absence of a gene.
It is reasonable to suggest that there are sequences for that por-
tion of the mce gene analyzed in this study, which differ sufficiently
in their primer binding sites, in the genomes of those strains for
which we were unable to produce the target fragment.

We believe that this is the first report of the presence of mce
ORF1 in mycobacteria other than the MTC. The M. avium-M.
intracellulare-M. scrofulaceum complex sequences display relat-
edness to one another and deviation from the sequence of the
portion of the MTC mce gene analyzed in this study.

We are grateful to Ellen Parker for reviewing the manuscript and to
Patrick McNelly for editorial comments.
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