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ABSTRACT Mycobacteria, particularly Mycobacterium
tuberculosis, Mycobacterium leprae, and Mycobacterium aviwn,
are major pathogens ofman. Although insertional mutagenesis
has been an invaluable genetic tool for analyzing the mecha-
nisms of microbial pathogenesis, it has not yet been possible to
apply it to the mycobacteria. To overcome intrinsic difficulties
in directly manipulating the genetics of slow-growing myco-
bacteria, including M. tuberculosis and bacille Calmette-
Guerin (BCG) vaccine strains, we developed a system for
random shuttle mutagenesis. A genomic library of Mycobac-
terium smegmatis was subjected to transposon mutagenesis with
TnS seqi, a derivative of TnS, in Escherichia coli and these
transposon-containing recombinant plasmids were reintro-
duced into mycobacterial chromosomes by homologous recom-
bination. This system has allowed us to isolate several random
auxotrophic mutants of M. smegmatis. To extend this strategy
to M. tuberculosis and BCG, targeted mutagenesis was per-
formed using a cloned BCG methionine gene that was subjected
to TnS seqi mutagenesis in E. colU and reintroduced into the
mycobacteria. Surprisingly for prokaryotes, both BCG and M.
tuberculosis were found to incorporate linear DNA fragments
into illegitimate sites throughout the mycobacterial genomes at
a frequency of 10-5 to 10-4 relative to the number of trans-
formants obtained with autonomously replicating vectors.
Thus the efficient illegitimate recombination of linear DNA
fragments provides the basis for an insertional mutagenesis
system for M. tuberculosis and BCG.

Mycobacterium tuberculosis is the single largest infectious
cause of death in the world today, responsible for >7 million
new cases of tuberculosis annually and 3 million deaths (1).
Other pathogenic mycobacteria are responsible for human
opportunistic infections, particularly in AIDS patients, and
for a major disease in cattle. The molecular genetics of the
mycobacteria has only recently begun to be developed, in
part because the mycobacteria present formidable obstacles
to genetic study-they clump in culture and grow very
slowly. Genetic studies on mycobacteria were initiated by
developing a shuttle strategy using phasmid and plasmid
vectors that could be easily manipulated in Escherichia coli
and then transferred to and stably maintained in both fast-
and slow-growing species of mycobacteria (2, 3). Although
the direct selection of mutants employing transposons (ran-
dom insertional mutagenesis) has been a very useful ap-
proach to mutational analysis of microbial pathogenesis
(4-7), at the time these studies were begun none had been
described in mycobacteria. A transposable element recently
identified in Mycobacterium fortuitum offers promise for
genetic studies of mycobacteria (8), but its ability to trans-
pose in slow-growing mycobacteria and pathogenic species is
not yet known. Based on the recent demonstration of tar-

geted mutagenesis in Mycobacterium smegmatis (9), we
undertook to develop random shuttle mutagenesis of M.
smegmatis employing the transposon TnS seqi, which carries
the NEO marker that confers resistance to kanamycin and
neomycin (10). Three auxotrophic mutants of M. smegmatis
were isolated by this random shuttle mutagenesis. Extending
this strategy to the slow-growing mycobacteria bacille Cal-
mette-Gudrin (BCG) and M. tuberculosis required the study
of homologous recombination in these species. The BCG
DNA fragment that complements the methionine auxo-
trophic mutation of M. smegmatis was isolated, insertionally
inactivated with TnS seqi, and introduced into BCG for
targeted mutagenesis. These studies revealed a high degree of
illegitimate recombination in slow-growing species, a phe-
nomenon not generally observed in prokaryotes.

MATERIALS AND METHODS
Bacterial Strains and DNA Manipulations. M. smegmatis

mc26 (2) and mc2155 (11) have been described. BCG-Pasteur
was obtained from the World Health Organization BCG
Reference Laboratory at the Statens Seruminstitut (Copen-
hagen) and M. tuberculosis H37Rv was obtained from Wilbur
Jones at the Centers for Disease Control (Atlanta). The
methionine and pyridoxine auxotrophs of M. smegmatis
mc2155 (mc2311 and mc2313, respectively) were isolated by
the random shuttle mutagenesis method as described below.
Escherichia coli strains used were X2338 (12), ec2270 (V2338,
into which TnS seqi is inserted at an unknown location of the
chromosome), and DH5a. Chromosomal and plasmid DNA
isolation and Southern blot analysis were performed as
described (7).
Random Shuttle Mutagenesis of M. smegmatis. The myco-

bacterial genomic library was constructed in pYUB36, a
derivative of pBR322 (13) in which the nonessential 1.9-
kilobase (kb) EcoRV-Pvu II fragment has been deleted.
Chromosomal DNA of M. smegmatis mc26 was partially
digested with Msp I. After size selection, DNA inserts of4-7
kb were ligated to Cla I-digested pYUB36 and used to
transform E. coli ec2270, and transformants were plated on
L-agar medium containing both ampicillin and kanamycin at
40 Ag/ml and 50 ug/ml, respectively. About 30,000 individual
transformants were pooled and samples were diluted 1:1000
into 20 independent 5-ml cultures and incubated at 370C
overnight. A 200-,I sample from each overnight culture
yielded =1000 colonies on L-agar containing a high level (i.e.,
250 Ag/ml) of neomycin (neomycin-hyperresistance selec-
tion), which selects for colonies resulting from transposition
of TnS seqi into plasmids. Plasmid DNA from the combined
pool of neomycin-resistant colonies was retransformed into
X2338 and plasmid DNA was subsequently prepared from the
transformants. This TnS seql-mutagenized plasmid library
was then electroporated into one ofthe M. smegmatis strains,

Abbreviations: BCG, bacillus Calmette-Gurin; kanr, kanamycin
resistant.
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either mc26 or mc2155, and kanamycin-resistant (kan9 trans-
formants were selected on K-agar [Middlebrook 7H10 agar
supplemented with Casamino acids (Difco; S mg/ml), diami-
nopimelic acid (100 gg/ml), thymidine (50,ug/ml), uracil (40
pkg/ml), and adenosine (133 gg/ml), 0.2% glycerol, albumin-
dextrose complex, and cycloheximide (10 1Lg/mI)] containing
kanamycin (20 Ag/ml). About 800 M. smegmatis transform-
ants were screened for auxotrophy by streaking onto minimal
Sauton medium without asparagine (minimal medium, MM).
Three auxotrophs were obtained from this screen and their
nutritional requirements were determined by plating on Sau-
ton agar plates supplemented with one or the other of 11 pools
of nutrients used for the auxanography analysis of E. coli.

Isolation ofM. smegmais, BCG-Pasteur, and M. tuberculosis
Complementing Clones ofM. smegmatis Methionine Auxotroph.
Genomic libraries of M. tuberculosis H37Rv, M. smegmatis,
and BCG were constructed by ligating 4- to 7-kb Msp I-di-
gested chromosomal DNA fragments to Cla I-digested
pYUB53, an E. coli/mycobacteria shuttle vector (G.V.K.,
unpublished data). Ligated DNAs were initially introduced
into E. coli, and plasmids isolated from the pool ofE. coli were
electroporated into the methionine auxotroph mc2311. Clones
that conferred prototrophy to mc2311 (referred to as met-
complementing clones) were isolated. Insertional inactivation
of the BCG met-complementing clone pYUB121 was per-
formed in E. coli by neomycin-hyperresistance selection, as
described above. Individual pYUB121 clones containing TnS
seql were screened for the loss of their ability to complement
the methionine auxotrophic mutation of mc2311.

Electroporation. BCG and M. tuberculosis were subjected
to electroporation as described (7) with the following modi-
fications. BCG cultures were subcultured 1:50 in 50 ml of
MADC-TW broth (3) and grown for 10 days instead of 7 days
at 37°C. The harvested culture was washed first with 50 ml
and then with 25 ml of ice-cold 10% (vol/vol) glycerol. After
centrifugation, the final pellet was resuspended in 2.5 ml of
ice-cold 1o glycerol and 0.4 ml used for each electropora-
tion. BCG transformants were plated on Middlebrook 7H10
agar supplemented with albumin-dextrose complex, 0.2%
glycerol, and cycloheximide (10 .ug/ml) containing kanamy-
cin (20 tmg/ml) and methionine (50 ,g/ml).

RESULTS
Random Shuttle Mutagenesis of M. smegmatis. Our ap-

proach to mutagenize genomic sequences (Fig. 1) involved
extending the general strategy of targeted shuttle mutagen-
esis (14, 15) to one of random shuttle mutagenesis by con-
structing a plasmid genomic library ofM. smegmatis DNA in
the plasmid pYUB36, a pBR322-derived vector that is unable
to replicate in mycobacteria. Random insertions in the cloned
mycobacterial DNAs were generated using transposon mu-
tagenesis in E. coli. We chose TnS seql (10) because it (i)
encodes the neo gene that confers kanamycin resistance to
both E. coli and mycobacteria (3), (ii) permits selection of
insertions into DNA sequences cloned into plasmid vectors
using its neomycin-hyperresistance phenotype (16), and (iii)
lacks the cryptic gene encoding streptomycin-resistance of
TnS, an important biohazard consideration for M. tubercu-
losis strains (17). After enrichment for plasmids containing
transposon insertions by selection with neomycin, the mu-
tagenized plasmid pool was electroporated into M. smegma-
tis and kanr transformants were obtained at a frequency of
20-40 per 4g of plasmid DNA. In contrast, no kanr colonies
were obtained with a control pBR322: :TnS seql plasmid that
lacked homologous DNA sequences. As expected, Southern
blot analysis of total chromosomal DNA from independent
kanr transformants digested with Cla I (recognition sites are
absent in both TnS seqi and pYUB36) and Sac I (a unique site
in TnS seqi), using Tn5 seqi as probe, demonstrated that
there is only one TnS seqi insertion per transformant and that
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FIG. 2. Auxotrophic mutants of M. smegmatis generated by
insertional mutagenesis. A library of insertional mutants of M.
smegmatis was generated and subsequently screened for mutants
that had lost their ability to grow on a minimal glycerol medium. The
strains were grown on a rich medium (K-agar) (A), glycerol minimal
medium (MM) (B), MM supplemented with methionine (C), or MM
supplemented with pyridoxine (D). All media contain kanamycin.
Each medium was streaked with the methionine auxotroph in sector
1, the prototroph in sector 2, the pyridoxine auxotroph in sector 3,
and the uracil auxotroph in sector 4.

the experiments with linear DNA. It was expected that
homologous recombination resulting from a double crossover
event of a linear DNA fragment containing the TnS seqi-

inactivated methionine gene would yield kanr methionine
auxotrophs of BCG. In the experiments summarized in
Table 1, very few kanr BCG colonies above the level of
spontaneous mutations were obtained from the transforma-
tion of circular molecules, whereas hundreds of colonies
resulted from the transformation by linear molecules. Unex-
pectedly, only one methionine auxotroph of >200 kanr trans-
formants was obtained from the transformation of linearized
pYUB146 containing a TnS seql-inactivated methionine
gene. This result suggested the existence of a high degree of
illegitimate recombination when linear DNA was used.

_Vector =Insert EZTn5 seql

FIG. 3. (a) Isolation ofM. smegmatis, BCG, and M. tuberculosis
DNA clones that complement the met mutation ofM. smegmatis. (b)
Inactivation of the BCG met gene with Tn5 seqi. (a) Each lane
contains individual Xho I-digested complementing clones analyzed
by ethidium bromide-stained agarose gel electrophoresis. Lanes: 1,
A HindIII markers; 2, vector pYUB53; 3 and 4, M. smegmatis clones;
5-12, BCG clones; 13 and 14, M. tuberculosis H37Rv clones. (b)
Schematic representation of positions of three TnS seqi insertions
(pYUB121.24a, pYUB121.3, and pYUB121.2) that eliminate the
complementing ability of one of the BCG met clones, pYUB121 (see
a, lane 5). The EcoRI fragments containing TnS seqi were subcloned
into pYUB127, an E. coli vector incapable of replicating in myco-
bacteria, to obtain the corresponding clones, pYUB149, -147, and
-146, respectively, that were used for the study of recombination in
BCG (see Table 1). H, HindlIl; R, EcoRI; S, Sca I; X, Xho I. Note:
the TnS seqi is not drawn to the scale.

Demonstration of Illegitimate Recombination in BCG and
M. tuberculosis. To characterize the nature of the recombi-
nation in BCG, total chromosomal DNA from the methionine
auxotroph (mc2576) and two other kanr transformants was

subjected to Southern blot analysis using the 1.8-kb Xho I
DNA fragment from the BCG met clone as probe (Fig. 4A).
This probe detects a 8.5-kb fragment in the wild-type BCG
chromosome. A double crossover between the chromosome

Table 1. Transformation efficiencies with circular vs. linear DNA
kanr colonies on medium containing methionine, no.

Plasmid DNA M. smegmatis BCG BCG M. tuberculosis

No DNA 0 12 12 7
pYUB53 CCC 106 3.4 X 105 0.93 x 105 3 X 104
pBR322::Tn5 seqi CCC 0 13

Linear 0 140 26
BCG met::TnS seqi
pYUB146 CCC 16 23

Linear 130 147
pYUB147 CCC 18 14

Linear 148 27
pYUB149 CCC 22

Linear 124
M. smegmatis met::Tn5 seqi, pYUB156 CCC 332

Linear 1%9
CCC, covalently closed circular. Linear DNA molecules were generated by digesting the plasmids with EcoRI. pYUB53

is the shuttle plasmid that replicates episomally in mycobacteria and is used for determining the transformation efficiencies.
The M. smegmatis met::TnS seqi construct is derived by subcloning the EcoRI fragment of the plasmid of pYUB120.5 into
pYUB127, an E. coli vector. pYUB120.5 is derived from the M. smegmatis met-complementing clone, pYUB120 (Fig. 3A,
lane 1) after TnS seqi inactivation to abolish the met-complementing ability. Electroporations were performed with 2-4 ,ug
ofDNA except for pYUB153 where the data is indicated in the form of number of colonies per ug ofDNA (transformation
efficiency). The phenotypes of all the clones were kanr and met'.
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and the linear DNA should result in the replacement of the
chromosomal met gene by the insertionally inactivated gene.
In the Southern blot analysis, the 8.5-kbXho I fragment ofthe
chromosome should be replaced by two new Xho I fragments
due to the presence ofaXho I site in the TnS seqi, whose total
length should be 8.5 plus 3.2 kb (3.2 kb being the size of the
TnS seqi). As shown in Fig. 4A, the auxotroph and all the
prototrophs contained three Xho I fragments, one 8.5-kb
fragment, and two fragments, A and B, that are identical to
that present in the TnS seql-inactivated BCG met clone.
These results indicated that no double crossover occurred in
the methionine auxotroph or the other kanr transformants. It
thus appears likely that the linear DNA fragment containing
the TnS seql-inactivated met gene has integrated illegiti-
mately in the BCG chromosome. Further evidence support-
ing this conclusion was obtained by Southern blot analysis
using the HindIII-digested chromosomal DNA and the same
Xho I met probe. Fig. 4A indicates that the internal HindIII
fragment C of the donor is conserved in all the three clones.
Based on the Southern blot analysis of Xho I- and HindIII-
digested chromosomal DNA of the kanr transformants of
BCG, it is evident that no homologous recombination has
occurred between the donor DNA fragment and chromo-
somal sequences. In addition these results indicated that TnS
seqi did not transpose into the chromosome since its position
in the met gene of the donor was unaltered. Southern blot

ProbeA

analysis of HindIII-digested chromosomal DNA with the
probe should also detect a flanking fragment D (Fig. 4A), the
size of which would depend on the site of integration. The
variation in sizes of fragment D from different recombinants
again indicates that the donor DNA fragment is randomly
integrating into the BCG chromosome. A similar analysis was
carried out using an additional 9 kanr transformants obtained
by the transformation of linearized pYUB146. Three donor
bands (A, B, and C) were detected in all 9 clones, indicating
that homologous recombination had not occurred. Since
G+C-nucleotide-rich mycobacterial DNA yields very large
HindIII fragments that are not resolved by standard gel
electrophoresis, to establish the randomness of the integra-
tion of band D, Southern blot analysis was performed by
hybridizingAva I-digested chromosomalDNA ofthe same 12
clones with the vector probe. This probe should detect four
Ava I fragments (Fig. 4B): two conserved internal fragments
and fragments E and F that should vary due to the flanking
Ava I sites in the chromosome. As evident in Fig. 4B, the two
internal fragments were conserved and the end fragments
showed different patterns in every clone, indicating that the
integration had taken place at random sites. This analysis
establishes that a high degree of illegitimate recombination
occurs in BCG.

Several experiments were undertaken to determine if non-
homologous recombination is a feature of BCG or of the
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FIG. 4. Demonstration ofnonhomologous recombination in BCG. (A) Southern blot analysis ofXho I- and HindlII-digested chromosomal DNA
from kanr BCG transformants using the 1.8-kb Xho I DNA fragment from the BCG met region as probes to distinguish between homologous and
nonhomologous recombination. (B) Southern blot analysis of Ava I-digested chromosomal DNA from 12 BCG transformants demonstrates the
randomness of illegitimate integration ofpYUB146 by using vector sequences as probe. (A) BCG chromosomal DNAs isolated from both wild-type
BCG (lanes 1 and 5) and three independent kanrtransformants, a methionine auxotroph (lanes 2 and 6), and prototrophs (lanes 3, 7, 4, and 8). Lanes
1-4 containing DNA digested with Xho I and lanes 5-8 contain DNA digested with HindIII. Lane M has radiolabeled A HindIlI markers. The blot
is hybridized with the 1.8-kb Xho I fragment (seeA Upper) from the pYUB121 into which the Tn5 seql has been integrated in pYUB121.2 to abolish
the methionine complementation. The * indicates differing sizes offragment D. Only three clones are shown in this figure, but nine additional clones
analyzed also demonstrated identical sizes for bands A, B, and C. The same 12 clones were analyzed for the randomness of integration by digesting
with Ava I (see B). (B) Lane M contains radiolabeled A HindIII markers. Ava I digests of donor fragment pYUB146 (lane 1), BCG-Pasteur DNA
(lane 2), methionine auxotroph (lane 3), kanr prototrophs (lanes 4-14). The blot was hybridized with the vector sequences that hybridize to the
ends of the donor as indicated in B Upper. Note that fragment E, indicated by *, differs in size in every clone. Fragment F also varies in all the
clones. The two arrows point to the two internal fragments detected by the probe that are same size in every clone.
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methionine gene. When equal quantities of circular and
linearized pBR322:TnS seqi and pYUB156, which has the
TnS seqi inserted in the complementing met clone of M.
smegmatis, were electroporated into M. smegmatis, there
was no integration of either circular or linear pBR322::TnS
seqi [frequency of <10-6, relative to the number of trans-
formants obtained with autonomously replicating vector (Ta-
ble 1], indicating that mycobacterial homologous sequences
were required for integration and that illegitimate recombi-
nation did not occur in M. smegmatis, consistent with
previous findings (9). The frequency of kanr colonies using
both linear or circular pYUB156 was about the same (Table
1). Southern blot analysis of six of these kanr colonies of M.
smegmatis indicated that the integration of the pYUB156
occurred in all of them in the EcoRI fragment of the chro-
mosome, two of which were double crossovers lacking
plasmid sequences (data not shown). We infer that these
could only be obtained by homologous recombination and the
results confirm that illegitimate recombination does not occur
in M. smegmatis at observable frequencies.

In contrast, when equal quantities of circular and EcoRI-
digested pBR322:TnS seqi and TnS seql-inactivated BCG met
clones (pYUB146, pYUB147, and pYUB149, which differ
from each other with respect to the position of TnS seqi
insertion; c.f., Fig. 3) were electroporated into BCG, linear but
not circular molecules integrated into the chromosome at a
frequency of 10-5 to 10-4 per ,ug of DNA, irrespective of
whether they contained mycobacterial DNA (Table 1). It
could be argued that these results are dependent on the
transposase function of TnS seqi. That argument is untenable
for at least three reasons: (i) TnS is a nonreplicative transposon
(18) and if it transposed in mycobacteria it should have been
lost from the donor DNA, which did not occur; (ii) it is not
obvious why transposition of TnS would occur at a signifi-
cantly higher frequency from linear rather than circular DNA;
(iii) an additional experiment carried out with a pBR322
derivative, pYUB8, lacking any sequences from TnS seqi
demonstrated that its frequency of illegitimate recombination
was comparable to that of pBR322::TnS seql. Specifically, in
this experiment, circular DNA of both pBR322::TnS seql and
pYUB8 gave only 1 transformant per ,tg of DNA, whereas
linearized pBR322::Tn5 seqi and pYUB8 gave 12 and 10
transformants per ,ug of DNA, respectively.
To test whether the finding of illegitimate recombination

was restricted to BCG, which by virtue of being an attenuated
strain might have lost some recombinational mechanisms, an
analogous experiment was carried out using the virulent M.
tuberculosis H37Rv. The results were similar to those in
BCG, with only linear but not circular forms of both
pYUB147 and pBR322::TnS seqi integrating at a higher
frequency into the chromosome (Table 1).

DISCUSSION
Overall the results indicate that shuttle mutagenesis has made
it possible to generate random insertional mutations in fast-
growing mycobacteria and has allowed the isolation ofauxotro-
phs from a pool of insertional mutants ofM. smegmatis. In both
BCG vaccine strains and in virulent M. tuberculosis, illegitimate
recombination using linear DNA occurs at significant fre-
quency. It remains to be established whether homologous
recombination is deficient in these mycobacteria or merely
obscured by the high level of illegitimate recombination.

Illegitimate recombination, defined as any DNA rearrange-
ment leading to covalentjoining ofnonhomologous previously
nonadjacent linear segments that does not involve functions
specified by transposable elements, is a rare phenomenon in
prokaryotes (19, 20). It occurs at low frequency in yeast (21)
and, relative to homologous recombination, at high frequency
in Ustilago (22) and in all mammalian cells (23, 24). Although

the molecular basis has not been fully elucidated in any
system, we would suggest that these slow-growing organisms
may have evolved efficient DNA repair systems capable of
integrating or ligating linear DNA fragments into their chro-
mosomes. Perhaps such a system evolved in the pathogenic
mycobacteria to protect the integrity of the genome of a
slow-growing organism that has to survive within the daunting
radical-rich environment of the macrophage, particularly one
that has a tropism for oxygen-rich regions of the lung. In
practical terms, since illegitimate recombination is a process of
random integration, we suggest that this mechanism can be
usefully exploited for both the random insertional mutagenesis
of pathogenic mycobacteria and the stable integration of
foreign antigen genes into BCG vaccine strains.
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