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The mycobacterial 19-kilodalton antigen (19Ag) is a highly expressed, surface-associated glycolipoprotein
which is immunodominant in infected patients and has little homology with other known proteins. To investigate the pathogenic significance of the 19Ag, site-directed mutagenesis of the Mycobacterium intracellulare
19Ag gene was carried out by using a suicide vector-based strategy. Allelic replacement of the 19Ag gene of a
mouse-avirulent M. intracellulare strain, 1403, was achieved by double-crossover homologous recombination
with a gentamicin resistance gene-mutated allele. Unfortunately, an isogenic 19Ag was not achievable in the
mouse-virulent strain, D673. However, a 19Ag mutant was successfully constructed in M. intracellulare FM1, a
chemically mutagenized derivative of strain D673. FM1 was more amenable to genetic manipulation and
susceptible to site-directed mutagenesis of the 19Ag gene yet retained the virulent phenotype of the parental
strain. No deleterious effects of 19Ag gene mutation were observed during in vitro growth of M. intracellulare.
Virulence assessment of the isogenic 19Ag mutants in a mouse infection model demonstrated that the antigen
plays no essential role in the growth of M. intracellulare in vivo. Site-directed mutagenesis of the 19Ag gene
demonstrated that it plays no essential role in growth and pathogenicity of M. intracellulare; however, the exact
nature of its biological function remains unknown.
The genus Mycobacterium includes a number of pathogenic
species. Mycobacterium tuberculosis and M. leprae are major
causes of infectious disease worldwide (45), and M. avium and
M. intracellulare (members of the M. avium-complex [MAC])
are opportunistic pathogens associated with infection in vulnerable hosts such as patients with AIDS (15, 22). The need to
develop new and improved therapeutics and vaccines for these
organisms has led to the genetic characterization of many
mycobacterial antigens, and several highly conserved protein
families have been identified (reviewed in reference 44). The
19-kDa antigen, 19Ag (34), is a member of a highly immunogenic family of surface-associated mycobacterial lipoproteins
(23, 43). Within the M. tuberculosis complex, the 19Ag gene
was found to be invariable (4, 13); the 19Ag genes of M. avium
(8) and M. intracellulare (8, 29), in contrast, have a high degree
of amino acid similarity and exhibit approximately 75% amino
acid identity with the M. tuberculosis complex antigen. Southern hybridization analysis with 19Ag gene probes has demonstrated that several other species, including M. asiaticum,
M. phlei (29), M. kansasii, M. paratuberculosis, and M. scrofulaceum (19), may also possess a homologous antigen, but there
are currently no reports of proteins related to the 19Ag in
other bacterial genera. Recent biochemical analysis of the
19Ag of M. tuberculosis has shown it to be one of a small
number of eubacterial proteins which are glycosylated (20).

Despite its conservation among several pathogenic and nonpathogenic mycobacterial species, its consistent immunodominance in infected patients and animals, and its unique posttranslational modifications, the biological function of the 19Ag
remains unknown.
For most bacteria, directed mutation of a gene is a standard
strategy to define the function and pathogenic significance of
the gene product. However, to date, only a limited number of
mycobacterial genes have been disrupted by directed mutagenesis (reviewed in reference 28). Directed mutation by homologous recombination of DNA was first achieved in fast-growing mycobacterial species; Husson et al. (21) used a suicide
vector approach to accomplish allelic replacement of the
pyrF gene of M. smegmatis. Several other M. smegmatis genes
have now been successfully mutated by using this basic suicide
vector strategy (reviewed in reference 28), and improved systems that use a positive-negative double selection (38) or a
counterselectable marker (32) to select for allelic exchange by
homologous recombination have been described. Initial studies of slow-growing mycobacteria indicated that site-directed
mutagenesis by a suicide vector approach may be problematic
due to the high frequency of illegitimate recombination of
DNA (1, 24). However, subsequent studies with M. bovis BCG
(30) and M. intracellulare (27) demonstrated that allelic replacement of genes in slow-growing mycobacterial species was
possible by homologous recombination of DNA. Only a small
number of target genes in slow-growing mycobacteria have
now been disrupted by directed mutagenesis. These include
the ureC gene (35) and the mycocerosic acid synthase gene of
M. bovis BCG (5) and the leuD gene of M. tuberculosis (6).
Isolation of genetically defined mycobacterial mutants not only
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TABLE 1. Bacterial strains and plasmids used in this study
Strain or
plasmid

Parental strain
or plasmid

E. coli
DH5aF9

M. intracellulare
1403 (ATCC 35716)
1403
EM23
EM23
D673

EM32
EM33
EM34

FM1
EM32
EM32

pUC-GM
pUC-HY
pUC-GM
pUC18
p19K4
pUC18
p19K8

Gibco-BRL, Burlington, Ontario, Canada
Stratagene Inc., La Jolla, Calif.

Smooth, domed, opaque, chromagenic morphology;
mouse avirulent
Smooth, flat, transparent morphology; mouse virulent
19Ag::aacC1, Gmr (1403 19Ag mutant)
EM23::p19K9, Gmr Hyr (1403 complemented mutant)
EM23::pUC-HY-INT, Gmr Hyr (1403 mutant vector control)
D673 NTG mutant, flat matt, crenate morphology, mouse
virulent
19Ag::aacC1, Gmr (FM1 19Ag mutant)
EM32::pUC-HY-INT, Gmr Hyr (mutant vector control)
EM32::p19K9, Gmr Hyr (complemented mutant)

Trudeau Mycobacterial Culture Collection 3

Cloning vector
Gmr cassette (aacC1)
Mycobacteriophage L5 integrase base vector
Integrative cosmid shuttle vector
1.6-kb Hyr gene cassette cloned into vector base of pUC-GM
Harbors 3.757-kb HindIII-excisable Hyr-L5 integrase cassette
Harbors 3.008-kb HindIII-excisable Gmr-L5 integrase cassette
6.2-kb BamHI-EcoRI 19Ag-encoding locus from strain D673
Suicide vector, 19Ag::aacC1, 19Ag ORF interrupted at
AflIII site
1.0-kb SalI fragment carrying 19Ag ORF from strain D673
p19K8 carrying HY-L5 integrase cassette within the single
HindIII site of the vector; restores 19Ag expression to EM23
and EM32

Laboratory collection
40
26
31
This work
This work
This work
This work
This work

enables the biological role of proteins to be studied but also
allows their contribution to pathogenesis to be assessed in
appropriate animal models. Reyrat et al. (36) examined the
growth of their isogenic ureC mutant of M. bovis BCG in mice
and found that the absence of urease did not significantly alter
the persistence of BCG in vivo. Improved methods for sitedirected mutagenesis in slow-growing mycobacteria are being
developed (7, 32) and should lead to a more widespread characterization of the pathogenic significance of characterized
mycobacterial genes.
Directed mutagenesis of the 19Ag of M. intracellulare was
undertaken, in part, to confirm that the novel observation of
homologous recombination in M. intracellulare, identified in a
model target gene system (27), could be applied to a true mycobacterial gene. However, the primary objective of our study
was to explore the role of the 19Ag in virulence. In our model
system, gene replacement of a chromosomally integrated gentamicin resistance (Gmr) gene (aacC1) was achieved by using
a suicide vector carrying a copy of aacC1 interrupted with a
kanamycin resistance (Kanr) cassette. Characterization of the
Kanr plasmid integrants demonstrated that only single-crossover homologous recombination events had occurred. Subsequent growth of one recombinant clone and extensive screening for gentamicin-sensitive colonies led to the isolation of a
derivative in which complete allelic replacement of aacC1 had
taken place (27). This proof of principle suggested that homologous recombination could be used to disrupt defined genes in
M. intracellulare, and the 19Ag was chosen as one target because it is highly conserved (8) and immunodominant (23) in
several slow-growing pathogenic species, because its DNA se-

Trudeau Mycobacterial Culture Collection 14
This work
This work
This work
This work
This work
This work
This work

This work
This work

quence was available (8, 29), and because of its unique association with mycobacteria and a lack of homology with other
known proteins. Lathigra et al. (25) found that two of nine
M. tuberculosis isolates examined lacked expression of the 19Ag
and suggested that the antigen may play a role in virulence
after examining the growth kinetics of a 19Ag-deficient strain
and its complemented counterpart in mice. In the study presented here, isogenic 19Ag mutants of two M. intracellulare
strains were constructed by site-directed mutagenesis and used
to examine the role for the 19Ag in bacterial growth and
virulence. The M. intracellulare strain, 1403, in which homologous recombination had been originally demonstrated (27), is
avirulent in mouse models of MAC infection (10, 12). Here we
describe the construction of 19Ag mutants both in this avirulent strain background and in an additional M. intracellulare
strain, FM1, an experimental derivative of the mouse-virulent
strain D673 (14). A basic suicide vector approach was applied,
and complete allelic replacement was achieved in a single step
by a double-crossover homologous recombination event. Site-directed mutagenesis of the M. intracellulare 19Ag gene, complementation with novel vector constructs and virulence assessment of the resulting isogenic 19Ag mutants are described.
MATERIALS AND METHODS
Bacterial strains and growth. M. intracellulare strains used in this study are
shown in Table 1. Mycobacteria were grown on Middlebrook 7H10 agar or in
7H9 broth containing oleic acid-albumin-dextrose complex without added catalase. Modified Proskauer and Beck minimal medium was also used for growth of
mycobacterial strains (3). All liquid growth media contained 0.05% Tween 80 to
prevent clumping of bacteria. Phosphate-limited minimal medium was prepared
by using a Proskauer and Beck medium base, except that the potassium phos-
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D673
EM23
EM24
EM25
FM1

p19K8
p19K9

Source or reference

F9 deoR thi-1 endA1 hsdR17 (rK2 mK1) supE44 l-gyrA96 recA1
relA1 D(lacLZYA-argF)U169 f80dlac (DlacZ)M15
D(mcrA)183 D(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1
recA1 gyrA96 relA1 lac [F9 proAB lacIqZDM15 Tn10 (Tetr)]

XL1-Blue-MRF9

Plasmids
pUC18
pUC-GM
pMH94
pYUB412
pUC-HY
pUC-HY-INT
pUC-GM-INT
p19K4
p19K5

Relevant characteristic(s)
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FIG. 1. Partial restriction map of plasmid p19K4. The 6.2-kb BamHI-EcoRI insert of p19K4 encoding the 19Ag gene locus of M. intracellulare D673 is illustrated
diagrammatically. Pertinent restriction sites, the 19Ag gene ORF, and PCR primer binding sites are shown. The site at which the 19Ag gene ORF was disrupted by
insertion of the Gmr cassette of pUC-GM is indicated (AflIII*).

amplification using primers HYG-1 (59-TTGGTACCGCCGTCGGCCGGCCC39) and HYG-2 (59-GGGGTACCAAGCCCTCGGCGACG-39), each of which
possessed 59 ends encoding a KpnI restriction site. The KpnI-restricted Hyr gene
amplification product was subcloned into the vector base of pUC-GM derived by
digestion with KpnI. The resulting plasmid, pUC-HY (Table 1), liberated an
intact 1.6-kb Hyr cassette when cut with the enzymes KpnI, BamHI, XbaI, PstI,
and HindIII.
Construction of the positive-selection L5 integrase cassettes was carried out as
follows. The 2.089-kb SalI fragment of pMH94 (Table 1) encoding complete
integrase activity (26) was cloned into pUC-HY and pUC-GM, both of which had
been linearized by partial digestion with SalI. After restriction mapping of the
resultant clones, two plasmids were selected: pUC-HY-INT (Table 1), which
liberated a 3.757-kb Hyr-integrase cassette when digested with HindIII, and
pUC-GM-INT (Table 1), which liberated a 3.008-kb Gmr-integrase cassette
when restricted with HindIII. The DNA sequences of pUC-HY, pUC-GM-INT,
and pUC-HY-INT were assembled from the published sequences of the vectors
(40) and the genes (26, 40, 46) used in their construction.
Chemical mutagenesis. M. intracellulare D673 was subjected to chemical mutagenesis with N-methyl-N9-nitro-N-nitrosoguanidine (NTG) exactly as described previously (9). Briefly, mycobacteria were grown to late log phase in 100
ml of Proskauer and Beck minimal medium containing 0.05% Tween 80, harvested, and resuspended in 20 ml of 0.2 M KH2PO4 (pH 6.3) buffer containing
0.05% Tween 80 (PBST) and 0.5 mg of NTG per ml. After incubation at 37°C for
1 h, the bacteria were washed four times in PBST and then left to recover in 100
ml of 7H9 broth at 37°C for 24 h. The resulting mutant bank was then frozen in
aliquots at 270°C. A portion of the D673 NTG bank was then plated to single
colonies on 7H10 agar, and approximately 10,000 mutants were screened for
alterations in colony type after 14 days of growth at 37°C. M. intracellulare FM1
(Table 1), which possessed a flat matt, crenate colony type, was one of the
morphologically altered mutants isolated from this screen.
Directed mutagenesis of M. intracellulare. Electrocompetent mycobacteria
were prepared and electroporated as previously described (27) except that all
procedures were performed at room temperature. Approximately 1 to 2 mg of
plasmid p19K5 was electroporated into M. intracellulare 1403 and FM1. After
24 h of recovery in 7H9 medium, bacteria were plated onto 7H10 agar supplemented with gentamicin and incubated at 37°C for 10 to 14 days. Gmr transformants were then inoculated individually into 3 ml of 7H9 broth contained in a
13-ml culture tube and grown at 37°C for 7 days. One milliliter of each resulting
culture was frozen for storage, and the remaining 2 ml of bacterial growth was
harvested by centrifugation. Chromosomal DNA was then isolated from the
bacterial pellet by the miniprep procedure and analyzed by PCR with primers
BIM-9 and BIM-10 for determination of the type of DNA recombination event
that had taken place with plasmid p19K5 (Fig. 2).
Protein extraction. Mycobacterial protein extracts were prepared from 200-ml
cultures of bacteria grown to late log phase in minimal media. Bacteria were
harvested by centrifugation and washed twice in PBST. All subsequent procedures were then performed on ice. Pellets were resuspended in 1 ml of PBS
containing 5 mM EDTA (pH 8) and 1 mM phenylmethylsulfonyl fluoride and
then placed in a 2-ml screw-cap tube containing 1 ml of 0.1-mm-diameter zirconium beads. Bacteria were disrupted by a 5-min pulse on a reciprocal shaking
device (Mini Bead-beater; Biospec Products), and cell extracts were generated by
removal of cellular debris by high-speed centrifugation. After sterilization by
filtration through a 0.22-mm-pore-size filter (Millipore, Bedford, Mass.), the
protein concentration of a small portion of each extract was determined by
bicinchoninic acid reaction (Sigma Chemical Co., Mississauga, Ontario, Canada), and extracts were frozen at 220°C for storage.
Western blot analysis. A polyclonal rabbit antiserum was raised against purified recombinant M. tuberculosis 19Ag (rTB19Ag) (16) by standard subcutaneous
immunization of two full-grown female New Zealand White rabbits (18). Purified
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phate buffer was replaced by 10 mM HEPES, and bovine serum albumin (5
mg/ml) and glucose (5 mg/ml) were added. Mycobacterial growth rate in liquid
media was monitored by recording a culture’s optical density at 600 nm.
Gentamicin (5 mg/ml) and hygromycin B (50 mg/ml) were added to mycobacterial growth media as required. Subcloning of DNA was performed in Escherichia coli DH5aF9 and XL1-Blue-MRF9 (Table 1), and E. coli strains were
grown in standard nutrient media supplemented with the appropriate antibiotics
as described elsewhere (37).
Preparation of DNA and recombinant DNA techniques. Plasmid DNA for
electroporation of M. intracellulare was prepared from E. coli strains by alkaline
lysis (37), and standard cloning and Southern hybridization procedures were
used for all manipulations of DNA (37). High-molecular-weight M. intracellulare
chromosomal DNA was prepared as described elsewhere (27). Chromosomal
DNA miniprep procedures were performed on mycobacteria as described previously (26), using a modified lysis buffer (50 mM Tris-HCl [pH 8], 50 mM EDTA
[pH 8], 1% sodium dodecyl sulfate [SDS]) and 2-min disruption with 0.1-mmdiameter zirconium beads on a reciprocal shaking device (Mini Bead-beater;
Biospec Products, Bartlesville, Okla.).
Subcloning of M. intracellulare D673 19Ag gene. PCR primers were designed
from the DNA sequence of the 19Ag gene of M. intracellulare serotype 18 (8;
GenBank accession no. L12238). The forward primer used was BIM-9 (59-AA
CAAGTCGGGAACGAGCG-39, corresponding to base positions 76 to 94
within the 19Ag gene open reading frame [ORF]); the reverse primer was
BIM-10 (59-TTGATTTCGAACGGTTTG-39, corresponding to positions 470 to
453 within the antigen ORF). PCR amplification was performed under standard
reaction conditions, using 30 cycles of 94°C for 1 min, 63°C for 1 min, and 72°C
for 2 min. The resulting 395-bp product was labeled with 50 mCi of [32P]dGTP
(Amersham, Oakville, Ontario, Canada), using a randomly primed DNA labeling
kit (Boehringer Mannheim, Montreal, Quebec, Canada). Using this probe, we
identified cosmids carrying the 19Ag gene of M. intracellulare D673 from an
M. intracellulare library constructed in the vector pJB8 (27a) by Southern hybridization under stringent conditions. A 6.2-kb BamHI-EcoRI restriction fragment bearing the antigen was subcloned from one of these cosmids into pUC18,
creating plasmid p19K4 (Table 1).
Suicide vector construction. Plasmid p19K4 (Table 1) and the M. intracellulare
19Ag gene sequence were each examined for restriction sites which could facilitate 19Ag gene ORF disruption. A single restriction site for the endonuclease
AflIII was identified 185 bp into the 489-bp 19Ag gene sequence. Restriction
mapping of p19K4 revealed a second AflIII site, approximately 0.9 kb downstream from the site within the 19Ag gene ORF (Fig. 1); in addition, a single
AflII site was present in pUC18. The AflIII site of pUC18 was deleted after
restriction digestion by Klenow DNA polymerase reaction (37) followed by
religation, and the 6.2-kb BamHI-EcoRI fragment of p19K4 was subcloned into
this modified pUC18 vector to create plasmid p19K4A. Plasmid p19K4A was
linearized by partial digestion with AflIII, and blunt ends were created by Klenow
DNA polymerase reaction (37). An 855-bp SmaI-generated DNA fragment
encoding the Gmr gene, aacC1, from pUC-GM (40) was then ligated into partially cut p19K4.A1, and the products were transformed into E. coli DH5aF9.
Gmr transformants were screened by PCR to identify clones which contained the
19Ag gene ORF interrupted with the Gmr cassette (Fig. 2). Plasmid genotype
was confirmed by digestion with AflIII, and one clone with a correctly interrupted
19Ag gene ORF and unaltered downstream AflIII site (Fig. 1) was designated
plasmid p19K5, the 19Ag gene suicide mutagenesis vector (Table 1).
Construction of mycobacterial cloning cassettes. Two resistance gene cassettes
were used for antibiotic selection in mycobacteria: the Gmr gene cassette from
pUC-GM (40) and a hygromycin B resistance (Hyr) gene cassette constructed in
the same vector base as pUC-GM. The Hyr gene cassette was constructed as
follows. A 1,596-bp fragment encoding the hygromycin B phosphotransferase
gene (46) of the integrative cosmid pYUB412 (31) was subcloned by PCR
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RESULTS
Suicide vector design. The published 19Ag gene sequence of
M. intracellulare serotype 18 (8) was used to design PCR primers (BIM-9 and BIM-10) which were used to amplify a 395-bp
portion of the M. intracellulare D673 19Ag gene. Using this
PCR probe, seven 19Ag gene-positive cosmids were identified in an M. intracellulare D673 library, and a 6.2-kb BamHIEcoRI DNA fragment encoding the 19Ag gene was subcloned
from one of them into pUC18. The resulting plasmid, p19K4
(Table 1), was mapped by digestion with restriction enzymes in
order to identify potential sites for gene disruption. A partial
restriction map of p19K4 is shown in Fig. 1. To disrupt the
19Ag gene borne on p19K4, an 855-bp Gmr cassette from
pUC-GM (40) was inserted at the single AflIII restriction site
within the 19Ag gene ORF (Fig. 1), thus creating the suicide
vector p19K5 (Table 1). Plasmid p19K5 did not contain a
mycobacterial origin of replication because it was based on the
E. coli cloning vector pUC18. The binding sites for PCR primers BIM-9 and BIM-10 flanked the site of 19Ag gene disruption (Fig. 1).
Directed mutagenesis of the M. intracellulare 19Ag gene.
Directed mutagenesis of the mouse-avirulent M. intracellulare
strain 1403 in which gene replacement by homologous recombination had been successfully carried out (27) was attempted
first. Electroporation of 1403 with 1 mg of plasmid p19K5
resulted in the isolation of 12 Gmr transformants. Four additional electroporations using p19K5 resulted in between 8 and
15 Gmr transformants per electroporation. PCR with primers
BIM-9 and BIM-10 was used as a rapid screen for the type of
recombination undergone with the suicide vector. Three PCR
amplification patterns were observed among the Gmr transformants (Fig. 2A): first, the wild-type 395-bp product, indicative
of either spontaneous Gmr clones or clones in which illegitimate integration of p19K5 had resulted in the loss of one or
other suicide vector-borne primer binding sites; second, a single 1,250-bp amplification product indicative of gene replacement by the mutant allele of p19K5; and third, 395- and 1,250bp PCR products indicative of either (i) clones having undergone single-crossover homologous recombination resulting in

FIG. 2. PCR and Southern hybridization screening of putative 19Ag mutants.
(A) PCR amplification patterns generated with primers BIM-9 and BIM-10.
Lane M, molecular size markers (sizes in base pairs are indicated); lane A, 395bp product amplified from M. intracellulare 19Ag gene; lane B, 1,250-bp product
amplified from putative 19Ag mutants; lane C, 395- and 1,250-bp products
amplified from transformants which had undergone either single-crossover recombination or illegitimate recombination with p19K5. (B) Southern hybridization analysis of M. intracellulare chromosomal DNA extracted from strain 1403
and its 19Ag mutant, strain EM23. DNAs and restriction digests were as follows:
lane 1, 1403, BamHI-EcoRI; lane 2, EM23, BamHI-EcoRI; lane 3, 1403, PstI;
lane 4, EM23, PstI; lane 5, 1403, SalI; lane 6, EM23, SalI. The Southern blot was
probed with the radiolabeled 395-bp 19Ag gene PCR probe (see panel A) under
the conditions described in Materials and Methods. Positions of molecular size
standards are indicated on the left of panel B (sizes in kilobases).

plasmid integrants carrying both wild-type and mutant 19Ag
gene alleles or (ii) illegitimate insertion of p19K5. The 12
initial Gmr transformants were screened by PCR, and 11 were
found to possess amplification patterns indicating apparent
single-crossover or illegitimate recombination with p19K5
(Fig. 2A). The remaining clone possessed a PCR amplification
pattern with only the mutant 19Ag gene allele detected (Fig.
2A), indicative of a putative 19Ag mutant and suggesting that
complete allelic replacement of the 19Ag gene had taken
place. The putative 1403 19Ag mutant was designated M. intracellulare EM23 (Table 1) and set aside for characterization.
Repeated electroporation of mouse-virulent M. intracellulare D673 with p19K5 resulted in the isolation of large numbers
of spontaneous Gmr clones, none of which appeared to have
undergone recombination with the suicide plasmid when
screened by PCR (data not shown).
Isolation of 19Ag mutant of a mouse-virulent M. intracellulare strain. Because of the failure to obtain a 19Ag mutant of
strain D673, an alternative mouse-virulent M. intracellulare
strain, amenable to genetic manipulation, was required to assess the role of the 19Ag in virulence. M. intracellulare FM1, a
derivative of strain D673, had been obtained by chemical mutagenesis of strain D673 with NTG (9). Strain D673 NTG
mutant banks were screened for alterations in colony morphology, a phenomenon associated with virulence phenotype in
MAC (39). This screen resulted in the isolation of strain FM1,
which possessed a stable flat, matt, crenate morphology, in
contrast to strain D673, its parental isolate, which possessed
a flat, transparent, smooth colony morphology (14). Unlike
the parental D673, FM1 was susceptible to antibiotics and
readily transformable with L5 integrase-based vectors such as
pYUB412 (Table 1), yet like D673, it is virulent in a mouse
model of infection (see Fig. 6). Strain FM1 was found to be
susceptible to directed mutagenesis with p19K5 in a fashion
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M. tuberculosis 19Ag was kindly provided by Christiane Abou-Zeid, Imperial
College of Science and Technology, University of London, St. Mary’s Hospital,
London, England. Each rabbit was immunized with 200 mg of rTB19Ag in incomplete Freund’s adjuvant (Gibco-BRL). A primary and a secondary boost, each
with 100 mg of 19Ag in Freund’s incomplete adjuvant, were performed 5 and 10
weeks, respectively, after the initial immunization. Antiserum was prepared from
each rabbit 12 days after the secondary boost, and the sera were pooled. The titer
of the pooled serum was determined by enzyme-linked immunosorbent assay
(18) and was approximately 1:80,000 when tested against 100 ng of rTB19Ag per
well.
Mycobacterial protein extracts were fractionated by standard SDS-polyacrylamide gel electrophoresis (PAGE) (37) in 15% acrylamide gels and transferred
to nitrocellulose by wet transfer (Mini Trans Blot; Bio-Rad Laboratories, Mississauga, Ontario, Canada). Standard immunoblot techniques were used (18),
and blotted proteins were probed with a 1:5,000 dilution of the 19Ag rabbit
antiserum. Blots were developed by incubation with a 1:1,000 dilution of alkaline
phosphatase-conjugated goat anti-rabbit antibody (Kirkegaard & Perry Laboratories Inc., Gaithersburg, Md.) and subsequent bromochloroindloylphosphatenitroblue tetrazolium substrate reaction (18).
Mouse infection. Intravenous infection of BALB/c mice (11) and SCID mice
(17) with M. intracellulare strains was carried out as described previously. The
infection doses were approximately 1 3 106 and 5 3 105 viable M. intracellulare
for BALB/c mice and SCID mice, respectively. Three mice were assessed per
time point, and the bacterial loads in liver, spleen, and lung homogenates were
quantitated by serial dilution on 7H10 agar followed by culture at 37°C for 10 to
14 days (11). Statistical analysis of the mouse infection data was performed by
using Student’s t test with independent means; P , 0.05 was considered to be
significantly different.
Nucleotide sequence accession numbers. The DNA sequences of pUC-HY,
pUC-GM-INT, and pUC-HY-INT have been submitted to GenBank and assigned accession no. AF025747, AF025392, and AF025746, respectively.
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analogous to that with M. intracellulare 1403. A single electroporation of strain FM1 with 2 mg of DNA resulted in the
isolation of 29 Gmr transformants, of which 2 possessed the
PCR amplification patterns characteristic of a 19Ag mutant
(Fig. 2A). One of these putative mutants, strain EM32 (Table
1), was further characterized.
Southern hybridization analysis. To confirm the results of
the PCR screen, the putative 1403 and FM1 19Ag mutants
were examined by Southern hybridization for the presence of
the mutated 19Ag gene allele. Southern hybridization analysis
of the 19Ag gene locus of M. intracellulare 1403 and its isogenic
19Ag mutant, strain EM23, is shown in Fig. 2B. Restriction
fragment length polymorphism (RFLP) analysis was carried
out on the entire 6.2-kb BamHI-EcoRI region and on smaller
DNA fragments being liberated by digestion with the enzymes
PstI and SalI, which possess recognition sites flanking the 19Ag
gene ORF (Fig. 1). In each case, the RFLP of strain EM23
demonstrated a 0.85-kb increase in size over the parental 1403
RFLP correlating to the presence of the aacC1-mutated 19Ag
gene allele (Fig. 2B). The wild-type 19Ag gene and the presence
of pUC18 DNA from the suicide vector were not detected in
strain EM23. These data indicated that a one-step doublecrossover homologous recombination event had taken place in
M. intracellulare EM23 which resulted in complete allelic replacement of the 19Ag gene with the aacC1-interrupted 19Ag
gene allele of plasmid p19K5. Southern hybridization of strain
EM32, the isogenic 19Ag mutant of M. intracellulare FM1 (Table 1), also demonstrated the presence of only the mutated 19Ag
gene allele (data not shown), confirming complete 19Ag gene
replacement by allelic exchange.
Western blot analysis. Expression of the 19Ag of M. intracellulare was examined by immunoblotting using a polyclonal
rabbit antibody raised against purified recombinant M. tuberculosis 19Ag (16). SDS-PAGE-fractionated M. intracellulare
protein extracts probed by immunoblotting with the 19Ag polyclonal antibody are shown in Fig. 3. The polyclonal sera raised
against the M. tuberculosis 19Ag reacted strongly with the 19Ag
of M. tuberculosis H37Rv (data not shown) and the 19Ag proteins of M. intracellulare 1403, D673, and FM1 (Fig. 3). The
19Ag signals obtained from 20 mg of total protein from each of
the M. intracellulare strains were comparable, indicating that
the levels of expression of the antigen were similar in all strains
(Fig. 3). Cross-reaction of the polyclonal antibody with a protein migrating at a molecular size of 38 kDa was apparent in all
M. intracellulare (Fig. 3) and M. tuberculosis (data not shown)
total protein extracts. Immunoblot analysis of the M. intracel-

lulare FM1 19Ag mutant EM32 (Fig. 3) and strain 1403-derived mutant EM23 (data not shown) demonstrated that expression of the 19Ag had been successfully abrogated as a
result of the insertion of the Gmr cassette. The signal from the
cross-reacting 38-kDa protein was unaltered in each strain
(data for EM32 are shown in Fig. 3), and the total protein
profile was unchanged from that of the parental strains except
for the absence of the 19Ag (data not shown).
Complementation of 19Ag mutants. Each mutant was complemented with the wild-type 19Ag gene allele in order to
restore antigen expression. Complementation was achieved as
follows. A 1-kb SalI fragment from p19K4 (Fig. 1), encoding
the 19Ag gene with a minimum of flanking DNA, was subcloned into pUC18, creating plasmid p19K8 (Table 1). To
introduce plasmid p19K8 (a ColE1 replicon [Table 1]) into
M. intracellulare, positive-selection cloning cassettes were constructed based on the mycobacteriophage L5 integrase gene
locus. The mycobacteriophage integrase catalyzes site-specific
integration of DNA into the chromosomes of M. smegmatis
and M. tuberculosis (26) and of M. intracellulare (27). A 2-kb
region of pMH94 (Table 1) encoding complete integrase and
attachment functions (26) was introduced into the Gmr and
Hyr cassette-bearing plasmids pUC-GM (40) and pUC-HY
(Table 1), respectively. The resulting plasmids, pUC-GM-INT
and pUC-HY-INT (Table 1), when digested with the enzyme
HindIII, liberated 3.089-kb Gmr-integrase and 3.757-kb Hyrintegrase cassettes, respectively. Electroporation of plasmids pUC-GM-INT and pUC-HY-INT into M. intracellulare
1403 resulted in transformation frequencies of approximately
104 transformants per mg of DNA, indicating that the presence
of either cassette in ColE1-based cloning vectors could facilitate their introduction into mycobacteria.
The 3.757-kb HindIII Hyr-integrase cassette was introduced
into p19K8 (which encoded the 19Ag gene), creating plasmid
p19K9 (Table 1), which was then electroporated into the Gmr
19Ag mutants EM23 and EM32. Several thousand Hyr transformants were isolated from each electroporation, of which six
of six from each strain expressed the 19Ag when analyzed by
immunoblotting (data not shown). Two individual clones,
EM24 (the complemented 1403 19Ag mutant [Table 1]) and
EM34 (the complemented FM1 19Ag mutant [Table 1]), were
set aside for further characterization. The level of 19Ag expression restored by integration of p19K9 into the chromosome of each mutant was comparable to that for the wild-type
parental isolates and is shown for strain EM34 in Fig. 3. Vector
control strains were also created by the introduction of pUCHY-INT into EM23 and EM32, resulting in the isolation of
strains EM25 and EM33 (Table 1). Both vector control strains
lacked expression of the 19Ag; an immunoblot of strain EM33,
the FM1 19Ag mutant-derived vector control, is shown in Fig.
3. The Gmr-integrase cassette of pUC-GM-INT was also used
to successfully introduce plasmid p19K8, carrying the 19Ag
gene from strain D673, into strain 1403 in a control experiment
(data not shown).
Growth of M. intracellulare 19Ag mutants in vitro. The wildtype M. intracellulare strains and their isogenic 19Ag mutant,
complemented mutant, and vector control derivatives demonstrated the following growth characteristics in vitro. Parental
growth morphology, smooth doomed for 1403 and flat matt for
FM1 (Table 1), was retained by all derivative constructs after
growth on Middlebrook 7H10 agar. In nutrient-rich Middlebrook 7H9 broth, all strains grew well and at similar rates, requiring approximately 12 days to reach stationary phase (data
not shown). The 19Ag gene mutation of strains EM23 and
EM32 (Table 1) remained stable during prolonged growth
without Gmr selection, and the complemented M. intracellulare
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FIG. 3. Analysis of 19Ag expression in M. intracellulare. Protein extracts of
M. intracellulare (approximately 20 mg of total protein) were seperated by SDSPAGE and probed by Western blotting with rabbit polyclonal antiserum raised
against purified recombinant M. tuberculosis 19Ag. Lane M, molecular size markers (sizes are shown on the left); lane 1, strain D673; lane 2, strain FM1; lane 3,
strain EM32 (19Ag mutant); lane 4, strain EM33 (19Ag mutant vector control);
lane 5, strain EM34 (complemented mutant); lane 6, strain 1403.
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19Ag mutants, strains EM24 and EM34 (Table 1), maintained
their restored 19Ag expression levels in the absence of Hyr
selection (data not shown).
Andersen and Brennan (2) postulated that the M. tuberculosis 19Ag may play a role in phosphate transport because its
expression is upregulated under phosphate-limited growth
conditions. To explore this hypothesis in our M. intracellulare
model, strains 1403, EM23 (19Ag mutant), and EM24 (complemented mutant) were grown with and without phosphate in
Proskauer and Beck minimal experimental media. Approximately 106 viable bacteria were inoculated into 100 ml of each
minimal medium, and growth was monitored by culture optical
density; the resulting growth curves are shown in Fig. 4. In
minimal media with phosphate, 1403, EM23, and EM24 grew
well, reaching stationary phase in approximately 20 days (Fig.
4). Without phosphate, all three strains grew very poorly,
reaching approximately one-third of the density of cultures
grown in the presence of phosphate before growth ceased
between 15 and 20 days (Fig. 4). Similar results were obtained
with strain FM1 and its isogenic 19Ag mutant derivatives (data
not shown). Thus, mutation of the 19Ag gene of M. intracellulare did not appear to compromise its growth in vitro.
Growth of the M. intracellulare 19Ag mutants in vivo. The
survival of M. intracellulare 1403 and its isogenic 19Ag mutant,
EM23, was initially assessed with BALB/c mice following intravenous inoculation. Both strains were progressively eliminated at the same rate from the spleens, livers, and lungs of the
mice, resulting in negligible bacterial counts being detected
after 35 days of infection (data not shown). Unfortunately,
M. intracellulare 1403 is avirulent in healthy mice (10, 12) (see
Fig. 6), which compromised our ability to detect any deleterious effect of the 19Ag mutation on the survival of 1403 in
BALB/c mice. We therefore tested strains 1403 and EM23 in
immunocompromised SCID mice, reasoning that these mice
may not be able to control bacterial growth. Indeed, after
intravenous inoculation, M. intracellulare 1403 demonstrated
better persistence in the target organs of SCID mice, but it was
still gradually eliminated. The survival kinetics of strain 1403
and EM23 in the spleens of SCID mice are shown in Fig. 5;
there was no significant difference (P . 0.05) in the rates at
which the two strains were eliminated.
We therefore investigated the role of the 19Ag in virulence,
using the mouse-virulent M. intracellulare strain FM1 and its
isogenic 19Ag mutant, complemented mutant, and vector con-

trol derivatives (Table 1). BALB/c mice were infected intravenously with these strains and M. intracellulare 1403 and D673
controls. The number of bacteria surviving in the spleen after
1, 15, and 35 days of infection is shown in Fig. 6; similar results
were obtained for the liver and lung (data not shown). M. intracellulare D673, the virulent wild-type strain from which the
NTG mutant FM1 was derived, grew well in the spleens of
BALB/c mice (Fig. 6A) as previously described (11). Strain
FM1 grew at a slightly lower rate than the virulent control
strain D673 (numbers of CFU of viable bacteria surviving in
the spleen for each strain after 35 days of infection were significantly different; P , 0.05); however, it was not rapidly
eliminated like the avirulent strain M. intracellulare 1403 (Fig.
6A). Loss of the 19Ag did not significantly alter the rate of
growth of strain FM1 (Fig. 6A; P . 0.05 for comparison of day
35 spleen counts), with the numbers of both FM1 and EM32 in
the spleen increasing approximately 1 log by day 35 (Fig. 6B).
The FM1 derivatives carrying L5 mycobacteriophage-based
integrative plasmids within their chromosome, EM33 (the
19Ag mutant vector control) and EM34 (the complemented
19Ag mutant), both demonstrated a significantly lower rate of
growth than FM1 or EM32 (Fig. 6A; P , 0.05 for comparison
of day 35 spleen counts). After 35 days, EM33 and EM34 had
increased in numbers by approximately 0.5 log, and the final
growth differential between them and their parental strain,
FM1, was approximately 0.5 log (Fig. 6B). Colony morphology,
presence or absence of the 19Ag, antibiotic selective marker
profile, and 19Ag PCR genotype were tested for all bacteria
recovered after 35 days of infection and found to be the same
as before inoculation into the mice (data not shown).
DISCUSSION
We have demonstrated that successful site-directed mutagenesis of the 19Ag gene of M. intracellulare 1403, a mouseavirulent isolate, can be achieved by direct double-crossover
homologous recombination with a suicide vector. Allelic replacement of the 19Ag gene of a mouse-virulent M. intracellulare strain was also successful, but only when we used a derivative strain, FM1, isolated by chemical mutagenesis of the
wild-type strain D673 with NTG. Neither of the isogenic 19Ag
mutants showed any marked alteration in colony morphology

FIG. 5. Survival of M. intracellulare 1403 and its 19Ag mutant (EM23) in
spleens of SCID mice. Numbers of viable bacteria (log10) cultured from spleen
homogenates on days 10, 20, and 59 following intravenous infection with approximately 5 3 105 viable bacteria are shown. The mean count from each group of
three mice and standard deviation are plotted for each time point.
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FIG. 4. Growth of M. intracellulare 1403, EM23, and EM24 in minimal media
with and without phosphate (P). The optical density of bacterial cultures is
plotted against the time of growth (days) for each strain and growth medium
indicated in the key.
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and growth in vitro. Virulence of the 19Ag mutant of strain
FM1 was also unaltered when evaluated with a BALB/c mouse
infection model.
Preliminary studies with M. intracellulare had demonstrated that allelic replacement of model target genes could be
achieved by homologous recombination in this slow-growing
mycobacterial species (27). In that system, only clones in which
single-crossover homologous recombination events had occurred were isolated after introduction of a suicide vector (27).
In the present study, in which the 19Ag gene of M. intracellulare was the target for site-directed mutagenesis, apparent illegitimate or single-crossover recombination events were demonstrated by a PCR screen of the transformants selected after
electroporation of the suicide vector, p19K5. In addition, double-crossover homologous recombination with p19K5 had also
occurred, leading to the direct isolation of 19Ag mutants in
which complete allelic replacement of the 19Ag gene was subsequently confirmed by Southern hybridization. These different outcomes of a similar site-directed mutagenesis approach
suggest that the type of recombination event occurring after
introduction of suicide vectors into mycobacteria may also be
dependent on the nature and location of the target gene locus.
Nevertheless, despite the differences in DNA recombination
events, each approach ultimately enabled successful allelic replacement of the respective gene target in M. intracellulare.
Isolation of the M. intracellulare D673-derived NTG mutant
strain FM1 facilitated uncomplicated construction of isogenic
19Ag mutants in a mouse-virulent MAC background. The
amenability of FM1 to genetic manipulation and its high-frequency DNA transformation phenotype are analogous to the

phenotype of M. smegmatis mc2155, the prototypic fast-growing nonpathogenic mycobacterial cloning strain (41). Snapper
et al. (41) were unable to define the mutation(s) which leads
to the efficient plasmid transformation phenotype of strain
mc2155, and the genetic and physiological basis for its altered
phenotype remain unknown. The nature of the NTG mutation
suffered by strain FM1 is currently being investigated by a genetic complementation approach.
To complement the site-directed 19Ag gene mutations,
novel mycobacterial cloning cassettes were constructed based
on the mycobacteriophage L5 integrase (26), which to date is
the sole means of obtaining stable transformants in M. intracellulare (27). These cassettes enable efficient introduction of
DNA constructs into mycobacteria at single copy number and
may prove useful for complementation of future mutants isolated by site-directed mutagenesis. Each integrase-selectable
marker cassette is large (.3 kb), and excision of the cassette is
limited to digestion with the enzyme HindIII. However, the
positive selection encoded by Gmr or Hyr markers makes their
introduction into a variety of E. coli vector-based constructs
relatively straightforward, even if HindIII sites are unavailable
for cloning and the cassettes have to be introduced into alternative sites after Klenow enzyme fill-in reaction and blunt-end
ligation of vector and cassette (37). In addition, these cassettes
enable the majority of mycobacterial DNA manipulations to be
carried out in high-copy-number, general-purpose E. coli cloning vectors, which are not as functionally limited as existing
mycobacterial plasmid shuttle vectors. Once the desired manipulation or analysis is completed for E. coli, insertion of a
positive-selection integrase cassette into an available restric-
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FIG. 6. Survival of M. intracellulare strains in spleens of BALB/c mice. (A) Numbers of viable bacteria (log10) cultured from spleen homogenates on days 1, 15, and
35 following intravenous infection with approximately 106 viable CFU of M. intracellulare 1403, D673, FM1, EM32, EM33, and EM34. The mean count for each group
of three mice and the standard deviation are plotted for each time point. (B) Overall log10 growth differential (day 1 viable count subtracted from day 35 viable count)
for each of the M. intracellulare strains in spleens of infected mice.
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19Ag gene on a plasmid vector, which resulted in an improved
survival of the complemented mutant within mouse spleen and
lung compared to that of the mutant transformed with the
vector alone. The authors rightly point out that their results do
not unequivocally demonstrate a connection between virulence
and the 19Ag because they were not working with isogenic
strains (25). In addition, infection of mice with the complemented mutant resulted in higher bacterial counts only in the
first and not the ninth week postinfection. This was attributed
to the temporal loss of the recombinant plasmid in the absence
of antibiotic selection within the mouse, though this contention
was not substantiated by the use of integrative vectors. Other,
equally possible explanations for this anomaly were not considered, however. No indication of bacterial uptake (day 1
counts) within the organs of the mice infected with the complemented mutant and the vector control were shown (25),
presenting the possibility that the higher week 1 counts were
due to differences in uptake of these two strains. Alternatively,
as the mice were infected intraperitoneally and CFU numbers
were assessed in the lungs and spleen, there is a requirement
for seeding of the target organs from the peritoneal cavity. A
difference in seeding rate between the two strains could have
resulted in the observed difference at week 1. However, the
most likely explanation for the enhanced survival of the complemented mutant in their model would be nonspecific effects
of the vector because, over the same time period that the
parental strain was rapidly eliminated from the spleen and
lungs of infected mice, both the complemented mutant and the
vector control strains survived and replicated (25).
Whereas the role of 19Ag in the virulence of M. tuberculosis
remains unresolved, we have shown that the 19Ag is not a
virulence factor in M. intracellulare. The absence of 19Ag in
both avirulent (1403) and virulent (FM1) strains of M. intracellulare did not alter the growth kinetics of the bacteria in
BALB/c mice. In addition, while the elimination of the avirulent strain 1403 could be substantially retarded by using immunocompromised SCID mice as hosts, the 19Ag mutant was
not eliminated from these mice any more readily. Thus, sitedirected mutagenesis of the 19Ag gene has unequivocally demonstrated that the antigen is not essential for the intracellular survival of M. intracellulare, and although we have not
yet found a specific biological role for the protein, isolation
of isogenic 19Ag mutants provides new tools for future functional studies.
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