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Molecular genetic manipulation of mycobacteria would benefit from the isolation of mycobacterial genes that
could serve both as genetic markers and as sequences used to target homologous integration of recombinant
DNA into the genome. We isolated the Mycobacterium bovis BCG gene encoding orotidine-5'-monophosphate
decarboxylase (OMP-DCase) by complementing an Escherichia coli mutant defective in this activity. The BCG
OMP-DCase gene (uraA) and the flanking DNA were sequenced. The predicted BCG OMP-DCase protein
sequence is closely related to the Myxococcus xanthus OMP-DCase and more distantly related to the other
known prokaryotic and eukaryotic OMP-DCases. To investigate whether homologous integration can occur in
M. bovis BCG, an improved protocol for transformation of BCG was developed and a linear fragment of
mycobacterial DNA containing the uraA locus, marked with a kanamycin resistance gene, was introduced into
BCG cells by electroporation. The kanamycin-resistant BCG transformants all contained vector DNA
integrated into the genome. The marked DNA had integrated into the homologous uraA locus in approximately
20% of the transformants. These results have implications for understanding the role of mycobacterial genes
in disease pathogenesis and for the genetic engineering of improved mycobacterial vaccines.

The World Health Organization estimates that one in three
humans is infected with Mycobacterium tuberculosis, the etio-
logic agent of tuberculosis (3, 27). Over the past decade, there
has been a recent resurgence in the incidence of tuberculosis in
developed countries that has coincided with the AIDS epi-
demic (25). Because of their impact as major human pathogens
and as a result of their profound immunostimulatory proper-
ties, mycobacteria have long been intensively studied. In the
early 1900s, an attenuated mycobacterium, M. bovis bacille
Calmette-Gu6rin (BCG), was isolated for use as a vaccine
against tuberculosis (6, 7). Although the efficacy of this vaccine
against tuberculosis varied considerably in different trials, and
the reasons for its variable efficacy have yet to be resolved,
BCG is among the most widely used human vaccines (10, 17).
The recent application of molecular biological technology to

the study of mycobacteria has led to the identification of many
of the major antigens that are targets of the immune response
to infection by mycobacteria (14, 32, 34, 35) and to an
improved understanding of the molecular mechanisms in-
volved in resistance to antimycobacterial antibiotics (28, 37).
The development of tools that permit molecular genetic ma-
nipulation of mycobacteria has also allowed the construction of
recombinant BCG vaccine vehicles (1, 8, 11, 12, 16, 18, 23, 24,
26, 31). Genome mapping and sequencing projects are provid-
ing valuable information about the M. tuberculosis and M.
leprae genomes that will facilitate further study of the biology
of these pathogens (9, 33).

Despite these advances, there are two serious limitations to
our ability to manipulate these organisms genetically. (i) Very
few mycobacterial genes that can be used as genetic markers
have been isolated (8). (ii) Investigators have failed to obtain
homologous recombination in slowly growing mycobacteria
such as M. tuberculosis and M. bovis BCG (13, 33), despite
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being able to accomplish this in the fast-growing species M.
smegmatis (11). The ability to achieve homologous recombina-
tion in slowly growing mycobacteria would provide an impor-
tant approach to understanding the pathogenesis of tubercu-
losis and would permit construction of attenuated strains of M.
tuberculosis for vaccine use.
The gene for orotidine-5'-monophosphate decarboxylase

(OMP-DCase) is widely used as a genetic marker. We report
here the isolation and characterization of M. bovis BCG DNA
containing the OMP-DCase gene (uraA) and its use to obtain
integration of a recombinant plasmid into homologous DNA in
the BCG genome.

MATERIALS AND METHODS

Strains and plasmids. The M. bovis BCG strain used for
DNA isolation and subsequent construction of the recombi-
nant BCG plasmid and Xgt 1l libraries was the Montreal Strain,
ATCC 35735. M. bovis BCG was grown in Middlebrook 7H9
medium supplemented with 0.05% Tween 80 as described in
Aldovini and Young (1). E. coli Y1107 (pyrF::Mu trp(Am)
lacZ(Am) hsdR m+ su-) was obtained from D. Botstein.
Plasmids were propagated in E. coli DH5at from Bethesda
Research Laboratories. E. coli cultures used for plasmid
selection were grown in Luria-Bertani broth or agar with 50 ,ug
of ampicillin per ml. Phage M13, used for production of
single-stranded DNA, was propagated in E. coli JM101 from
New England BioLabs. JM101 was grown in YT medium (2).
Genomic libraries were generated with pUC19 from Bethesda
Research Laboratories. Plasmid pY6002 (11) was the source of
the 1.3-kb BamHI DNA fragment containing aminoglycoside
phosphotransferase gene aph.

Enzymes. The Klenow fragment of E. coli DNA polymerase
was supplied by Promega. T7 polymerase and Taq polymerase
(Sequenase and Taquence) were provided by United States
Biochemical.
Recombinant DNA library construction. To isolate BCG

DNA, cells were harvested by centrifugation, washed, and
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resuspended in 50 mM Tris (pH 8.0)-10 mM EDTA-10%
sucrose-0.5 mg of lysozyme per ml and incubated at 37°C for
1 h. EDTA was then added to 1%, and the mixture was
incubated at room temperature for 15 min. Three phenol-
chloroform extractions were performed and followed by
RNase treatment, phenol-chloroform extraction, chloroform
extraction, and ethanol precipitation. The DNA was then
suspended in TE buffer (10 mM Tris [pH 7.5], 1 mM EDTA).
To construct the plasmid library, DNA was subjected to

partial digestion with Sau3A and DNA fragments of 2 to 6 kb
were isolated by agarose gel electrophoresis onto NA45
DEAE-paper and eluted in buffer containing 10 mM Tris HCl,
1 M NaCl, and 1 mM EDTA. The DNA fragments were then
phenol-chloroform extracted, ethanol precipitated, and ligated
into a BamHI-digested, calf intestinal phosphatase-treated
pUC19 plasmid vector. E. coli cells were transformed with the
ligated mixture, and approximately 4 x 105 recombinants were
obtained. Plasmid DNA was obtained from the pool of trans-
formed colonies by an alkaline lysis method.
The Agtll library was constructed by using a procedure

described by Young et al. (36). Briefly, BCG genomic DNA
was subjected to random partial digestion with DNase I, EcoRI
linkers were added to the digestion products, and DNA
fragments of 4 to 8 kb were isolated by agarose gel electro-
phoresis and electroelution. The DNA fragments were then
ethanol precipitated and ligated into EcoRI-digested Agtll
arms. The ligation mixture was packaged into X heads, and the
packaging mixture was used to infect E. coli. Approximately 5
x 106 recombinants were obtained.
Isolation of the BCG OMP-DCase gene by complementation

and plasmid DNA manipulation. The BCG recombinant plas-
mid library was used to transform E. coli Y1107. We isolated
21 transformants capable of growing in the absence of uracil
and chose 6 for further evaluation by restriction analysis.
Plasmid DNA was isolated by alkaline lysis from cells grown in
liquid culture, and restriction analysis indicated that all of
these plasmids contained the same or very similar insert
DNAs. One of these clones (pY6006) was used for further
study (see Fig. 1). A 0.6-kb BamHI DNA fragment from
pY6006 was used to screen the Xgt1l library, leading to the
isolation of phage Y3030. This phage carries a 5.6-kb EcoRI
BCG DNA insert containing the OMP-DCase gene. This
insert DNA was subcloned into pGEM7z(f+) to generate
pY6011. The 4.4-kb SacI-EcoRI fragment of the Y3030 insert
was subcloned into pUC19 to generate pY6014. Plasmid
pY6015 was derived from pY6014 by replacing uraA sequences
with the aph gene; a 1.15-kb Hincll DNA fragment containing
uraA sequences was removed by partial HinclI digestion of
pY6014 DNA and replaced with a 1.3-kb BamHI fragment
containing aph from pY6002 that was blunt ended with Kle-
now.
DNA sequence analysis. The M. bovis BCG uraA gene was

sequenced from the 4.4-kb SacI-EcoRI fragment of Agtl 1
phage Y3030 cloned into M13 in both orientations. The same
DNA fragment was subcloned into pUC19 to generate pY6014
for further manipulation. Single-stranded DNA for sequence
analysis was prepared from M13 grown in JM101 (30). Both
DNA strands were sequenced by the dideoxy method (2).
Mycobacterial DNA has a high G+C content, and two differ-
ent strategies were used to reduce band compression and other
artifacts due to high G+C content. A subset of the reactions
was carried out with Taq polymerase at a high temperature
(70°C). In addition, dGTP and dITP were used in independent
sequencing reactions (15).
BCG transformation. BCG Pasteur (American Type Cul-

ture Collection) was grown in the log phase to an optical

density at 600 nm of 0.5 in Middlebrook medium. BCG cells
were harvested by centrifugation and washed twice with phos-
phate-buffered saline (PBS) and suspended in 1 mM MgCl (pH
7.2)-10% sucrose-15% glycerol at a concentration of 10
optical density units at 600 nm per ml. A 0.4-ml volume of
BCG cells was mixed with 2 ,ug of plasmid DNA and electro-
porated in a 0.2-cm cuvette. Electroporation settings were 2.5
kV of potential and 25 ,uF of capacitance. After electropora-
tion, cells were resuspended in 10 ml of Middlebrook medium
and incubated at 37°C for 2 h before plating on Middlebrook
agar containing 20 ,ug of kanamycin per ml.

Southern blot analysis. Genomic DNAs from BCG strains
were isolated as described above, digested with restriction
enzymes, subjected to agarose gel electrophoresis in the pres-
ence of ethidium bromide, transferred to nitrocellulose, and
probed with DNA labelled with 32P by random priming, all by
standard procedures (2).

Nucleotide sequence accession number. The nucleotide se-
quence reported here has been provided to GenBank under
accession number U01072.

RESULTS

Isolation of the BCG OMP-DCase gene by genetic comple-
mentation. The complementation strategy employed to isolate
the BCG OMP-DCase gene was similar to that employed
previously to isolate the homologous gene in M. smegmatis
(11). A recombinant library was constructed in E. coli vector
pUC19 by using size-selected BCG genomic DNA fragments
from a partial Sau3A digest. An E. coli pyrF mutant strain
(Yl 107) was transformed with this library, and cells were
plated on medium lacking uracil to select for uracil pro-
totrophs and on rich medium containing ampicillin to ascertain
the transformation frequency and estimate the fraction of
transformants able to complement the E. coli pyrF defect.
Approximately 0.05% of the cells transformed with the recom-
binant library became uracil prototrophs. DNA clones were
obtained from six colonies able to grow in the absence of
uracil, and restriction analysis revealed that these clones
contained the same insert DNA. One of these clones, pY6006,
was subjected to further study (Fig. 1).
To identify the portion of the 3.5-kb insert DNA of pY6006

that was responsible for complementation, the 1.3-kb BamHI
fragment of Tn9O3, which encodes aminoglycoside transferase
(aph), was inserted into several different sites in pY6006 insert
DNA, the resultant plasmids were reintroduced into the E. coli
pyrF mutant strain, and the ability of the new plasmids to
complement the mutant phenotype was assessed as before
(Fig. 1). One of the three plasmids with insertion mutations,
pY6006B, lost the ability to complement the pyrF mutant
phenotype, suggesting that sequences necessary for the com-
plementing activity are located in the vicinity of the BamHI site
that is disrupted in pY6006B.

Analysis of DNA sequences for the left end of pY6006 insert
DNA (as diagrammed in Fig. 1) revealed that the open reading
frame of the pUC19 lacZ gene in this plasmid continues
uninterrupted into an open reading frame for a polypeptide
with a sequence similar to that of OMP-DCase proteins. These
preliminary data suggested that the left end of the pY6006
insert DNA encoded the amino terminus of the BCG OMP-
DCase protein. For later experiments, it was important to have
both the OMP-DCase gene and a substantial amount of
flanking sequences. To obtain genomic DNA that contains
both the OMP-DCase gene and its flanking sequences, the
0.6-kb BamHI DNA fragment from pY6006 was used to probe
a Xgtll library of M. bovis BCG DNA, as the Xgtll library
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FIG. 1. Structural and functional map of the BCG uraA locus. A
restriction map of the uraA locus and the recombinant insert DNAs for
several plasmids that were used to study this region is depicted. The
relative positions of the BCG uraA gene and the portions of other
genes identified through sequence analysis are summarized graphi-
cally. Plasmid pY6006 was isolated by complementation of the E. coli
pyrF mutant, and plasmids pY6006B, pY6006Sl, and pY6006S2 were

constructed with insertions of the aph gene from Tn9O3 to obtain clues
to the position of the complementing BCG gene. Plasmid pY6()11 and
pY6014 insert DNAs were obtained from Xgtll clone Y3030 as

described in the text. The ability of each of the recombinants to
complement the E. coli pyrF mutant is indicated. The portion of the
uraA locus subjected to sequence analysis spans the 4.3 kb between the
leftmost Sacd site and the EcoRI site at the right end of the map. B,
BamHI; E, EcoRI; H, Hincll; Hin, Hindlll;S, Sacl; X, XbaI.

contains insert DNA fragments whose size, on average, is

larger (4 to 8 kb) than the plasmid library used to obtain
pY6006. A lambda clone (Y3030) which contains a 5.6-kb
EcoRI DNA insert that overlaps that of pY6006 was isolated.
The 5.6-kb EcoRI DNA fragment and a 4.4-kb SacI-EcoRI
subfragment were subcloned into plasmid vectors to generate
pY6011 and pY6014, respectively (Fig. 1). Both pY6011 and
pY6014 were able to complement the defect of pyrF mutant E.
coli Y1107.

Sequences of the BCG OMP-DCase gene and flanking DNA.
DNA fragments from phage Y3030 insert DNA were sub-
cloned into M13 vectors and subjected to sequence analysis.
The sequences of both DNA strands were determined, and
most of the sequence reactions were duplicated with ITP
replacing GTP to minimize artifacts due to the G+C-rich
nature of mycobacterial DNA. Figure 2 shows the sequences

obtained for the BCG OMP-DCase gene (uraA) and the
flanking DNA. The predicted BCG OMP-DCase protein se-

quence is 274 amino acids long, similar in size to other
OMP-DCase proteins. When the BCG-DCase protein se-

quence was used to screen the available data bases for similar
sequences, the results revealed that the BCG protein is closely
related to the M. xanthus OMP-DCase (15) and more distantly
related to the other known prokaryotic and eukaryotic OMP-
DCases. Comparison of the BCG and M. xanthus OMP-
DCases revealed that 40% of the amino acid residues are

identical (Fig. 3). In contrast, only 17% of the residues of the
BCG and E. coli proteins and 22% of the amino acids of the M.
xanthus and E. coli proteins are identical, although there are a

substantial number of conservative amino acid substitutions
among these proteins. The relationship of M. xanthus OMP-
DCase to homologs in other prokaryotes and in eukaryotes was

recently described in some detail (15). This comparative

sequence analysis revealed four regions which are more highly
conserved, and the predicted BCG OMP-DCase also shares
this feature with the other homologs. It is interesting that
mycobacteria and myxococci both have G+C-rich genomes,
but this alone does not account for the degree of sequence
conservation between the OMP-DCases from these two pro-
karyote genera; rather, the two genera appear to be more
closely related to one another than either is to the other
prokaryotes for which OMP-DCase sequences are available.

Further analysis of the BCG genomic DNA sequences
revealed that the 1.7-kb sequence upstream of the OMP-
DCase coding sequences contains a single large open reading
frame. This open reading frame has no apparent beginning in
the cloned DNA fragment, suggesting that it is the coding
sequence for the carboxy terminus of a larger protein. A screen
of the sequence data base revealed that the 497 amino acid
residues of the predicted protein are highly homologous to the
carboxyl termini of the large subunit of carbamoyl phosphate
synthase. For example, the 497-amino-acid carboxy terminus of
the putative M. bovis BCG protein was 46% identical to the
comparable segment of theE. coli carbamoyl phosphate
synthase subunit encoded by the carB gene (20). Thus, the
BCGcarB gene appears to be located just upstream of uraA.
This is interesting, because both carbamoyl phosphate synthase
and OMP-DCase are involved in pyrimidine biosynthesis.
Carbamoyl phosphate synthase catalyzes the first reaction in
pyrimidine biosynthesis, production of carbamoyl phosphate,
while OMP-DCase catalyzes the last step in the biosynthesis of
UMP.

Analysis of BCG DNA sequences downstream of the uraA
gene revealed a single large open reading frame that continues
through the right end of the sequenced DNA fragment. This
open reading frame predicts a protein of 501 amino acids. A
search of the computer data base revealed that the protein
predicted by this open reading frame is similar to previously
described proteins from M. tuberculosis and M. leprae (Fig. 4).
The predicted BCG protein is similar to a putative M. tuber-
culosis antigen encoded downstream of the gene for the
65-kDa antigen (22) and to an M. leprae antigen that may be an
integral membrane protein (29).

Southern analysis with whole genomic DNA revealed a
single copy of the uraA gene and flanking DNA in the BCG
genome (see below). The relative positions of the BCG uraA
gene and the portions of other genes identified through
sequence analysis are summarized graphically in Fig. 1. The
position of OMP-DCase sequences is consistent with the
genetic analysis described above. The aph insertion mutations
in plasmid pY6006 that adversely affected complementation of
theE. coli OMP-DCase mutant occurred within OMP-DCase
coding sequences. Conversely, the aph insertion mutations that
did not affect complementation of the E. coli OMP-DCase
mutant occurred outside of the BCG OMP-DCase coding
sequences.

Introduction of foreign DNA into the BCG genome. Previous
attempts to obtain homologous recombination in M. bovis
BCG have apparently not been successful (13, 32). It is
possible that the efficiency of transformation has an influence
on the ability to obtain homologous recombination. To maxi-
mize the transformation efficiency of BCG, we investigated the
effect of adding glycine to the culture medium prior to
harvesting cells for electroporation, as the presence of 1.5%
glycine can affect the integrity of the cell wall and it seems to
improve transformation efficiency in M. smegmatis (19). In
addition, we compared the efficiency of electroporation of
BCG cells in water relative to that in buffer. Autonomously
replicating plasmid pYUB12 (23) was used to determine how
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GAGCTCGACCCCGCCGCCGAAACAGAGGTGGCCCCGCAGACCGAAAGGCCCAAGGTGCTG
E L D P A A E T E V A P Q T E R P K V L

ATCCTCGGTTCGGGGCCCAATCGGATCGGCCAGGGTATCGAGTTCGACTACAGCTGCGTA
I L G S G P N R I G Q G I E F D Y S C V

CACGCGGCAACCACGTTGAGCCAGGCTGGCTTTGAGACCGTGATGGTCAACTGCAACCCG
H A A T T L S O A G F E T V M V N C N P

GAGACCATGGTGTCCACCGACTTCGACACCGCGGACAGGTTGTACTTCGAGCCGTTGACG
E T M V S T D F D T A D R L Y F E P L T

TTCGAGGACGTCTTGGAGGTCTACCACGCCGAAATGGAATCCGGTAGCGGTGGCCCGGGA
F E D V L E V Y H A E M E S G S G G P G

GTGGCCGGCGTCATCGTGCAGCTCGGCGGCCAGACCCCGCTCGGCTGGCGCACCGGCTCG
V A G V I V Q L G G Q T P L G W R T G S

CCGACGCCGGGTCCCGCTCGTGGGCACCCACCGGAGGCCATCGACCTGGCCGAGGATGCG
P T P G P A R G H P P E A I D L A E D A

GCCGTTCGGCGACCTGCTGAGCGAGGACTGCCGGCGCCAAAGTACGGCACCGCAACCACT
A V R R P A E R G L P A P K Y G T A T T

TTCGCCCAGGCCCGCCGGATCGCCGAGGAGATCGGCTATCCGGTGCTGGTGCGGCCGTCG
F A Q A R R I A E E I G Y P V L V R P S

TATGTGCTCGGTGGTCGCGGCATGGAGATCGTGTATGACGAAGAAACGTTGCAGGGCTAC
Y V L G G R G M E I V Y D E E T L Q G Y
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ATCACCCGCGCCACTCAGCTATCCCCCGAACACCCGGTGCTCGTGCACCGCTTCCTCGAG 660
I T R A T Q L S P E H P V L V H R F L E

GACGCGGTCGAGATCGACGTCGACGCTCTGTGTGATGGCGCCGAGGTCTATATCGGCGGA 720
D A V E I D V D A L C D G A E V Y I G G

ATCATGGAGCACATCGAGGAGGCCGGCATCCACTCCGGTGACTCGGCCTGTGCGCTGCCA 780
I M E H I E E A G I H S G D S A C A L P

CCGGTCACGTTGGGCCGCAGCGACATCGAGAAGGTGCGTAAGGCCACTGAAGCCATTGCG 840
P V T L G R S D I E K V R K A T E A I A

CATGGCATCGGCGTGGTGGGGCTGCTCAACGTGCAGTCCGCGCTCAAGGATGACGTGCTC 900
H G I G V V G L L N V Q S A L K D D V L

TACGTCCTGGAAGCCAACCCGAGAGCGAGCCGTACCGTTCCGTTTGTATCCAAGGCCACA 960
Y V L E A N P R A S R T V P F V S K A T

GCGGTGCCACTCGCCAAGGCATGCGCCCGGATCATGTTGGGCGCCACCATTGCCCAGCTG 1020
A V P L A K A C A R I M L G A T I A Q L

CGCGCCGAAGGCTTGCTGGCGGTCACCGGGGATGGCGCCCACGCGGCGCGAAACGCCCCC 1080
R A E G L L A V T G D G A H A A R N A P

ATCGCGGTCAACCAGGCCGTGTTGCCGTTTCACCGGTTCCGGCGCGCCGACGGGGCCGCC 1140
I A V N Q A V L P F H R F R R A D G A A

ATCGACTCGCTACTCGGCCCGGAGATGAAATCGACCGGCGAGGTGATGGGCATCGACCGC 1200
I D S L L G P E M R S T G E V M G I D R

GACTTCGGCAGCCGGTTCGCCAAGAGCCAGACCGCCGCCTACGGGTCGCTGCCGGCCCAG 1260
D F G S R F A K S Q T A A Y G S L P A Q

GGCACAGTGTTCGTGTCGGTGGCCAACCGGGACAAGCGGTCGCTGGTGTTTCCGGTCAAA 1320
G T V F V S V A N R D K R S L V F P V K

CGATTGGCCCACCTGGGTTTTCGCGTCCTTGCCACCGAAGCACCGCAGAGATCTTGCGCC 1380
R L A H L G F R V L A T E A P Q R S C A

GCAACGGTATTCCCTGCGACGACGTCCGCAAACATTTCGAGCCGGCGCAGCCCGGCCGCC 1440
A T V F P A T T S A N I S S R R S P A A

CCACAATGTCGGCGGTGGACGCGATCCGAGCCGGCGAGGTCAACATGGOGATCAACACTC 1500
P Q C R R W T R S E P A R S T W

CCTATGGCAACTCCGGTCCGCGCATCGACGGCTATGAGATCCGTTCGGCGGCGGTGGCCG 1560

GCAACATCCCGTGCATCACCACGGTGCAGGGCGCATCCGCCGCCGTGCAGGGGATAGAGG 1620

CCGGGATCCGCGGCGACATCGGGGTGCGCTCCCTGCAGGAGCTGCACCGGGTGATCGGGG 1680

GCGTCGAGCGGTGACCGGGTTCGGTCTCCGGTTGGCCGAGGCAAAGGCACGCCGCGGCCC 1740
M T G F G L R L A E A K A R R G P

GTTGTGTCTGGGCATCGATCCGCATCCCGAGCTGCTGCGGGGCTGGGATCTGGCGACCAC 1800
L C L G I D P H P E L L R G W D L A T T

GGCCGACGGGCTGGCCGCGTTCTGCGACATCTGCGTACGGGCCTTCGCTGATTTCGCGGT 1860
A D G L A A F C D I C V R A F A D F A V

GGTCAAACCGCAGGTGGCGTTTTTTGAGTCATACGGGGCTGCCGGATTCGCGGTGCTGGA 1920
V K P Q V A F F E S Y G A A G F A V L E

GCGCACCATCGCGGAACTGCGGGCCGCAGACGTGCTGGTGTTGGCCGACGCCAAGCGCGG 1980
R T I A E L R A A D V L V L A D A K R G

CGACATTGGGGCGACCATGTCGGCGTATGCGACGGCCTGGGTGGGCGACTCGCCGCTGGC 2040
D I G A T M S A Y A T A W V G D S P L A

CGCCGACGCCGTGACGGCCTCGCCCTATTTGGGCTTCGGTTCGCTGCGGCCGCTGCTAGA 2100
A D A V T A S P Y L G F G S L R P L L E

GGTCGCGGCCGCCCACGGCCGAGGGGTGTTCGTGCTGGCGGCCACCTCCAATCCCGAGGG 2160
V A A A H G R G V F V L A A T S N P E G

TGCGGCGGTGCAGAATGCCGCCGCCGACGGCCGCAGCGTGGCCCAGTTGGTCGTGGACCA 2220
a z (%I A A Aa n r- A c V A ( T. XI XI nl 0

GGTGGGGGCGGCCAACGAGGCGGCAGGACCCGGGCCCGGATCCATCGGCGTGGTCGTCGG 2280
V G A A N E A A G P G P G S I G V V V G

CGCAACGGCGCCACAGGCCCCCGATCTCAGCGCCTTCACCGGGCCGGTGCTGGTGCCCGG 2340
A T A P Q A P D L S A F T G P V L V P G

CGTGGGGGTGCAGGGCGGGCGCCCGGAGGCGCTGGGCGGTCTGGGCGGGGCCGCATCGAG 2400
V G V Q G G R P E A L G G L G G A A S S

CCAGCTGTTGCCCGCGGTGGCGCGCGAGGTCTTGCGGGCCGGCCCCGGCGTGCCCGAATT 2460
Q L L P A V A R E V L R A G P G V P E L

GCGCGCCGCGGGCGAACGGATGCGCGATGCCGTCGCCTATCTCGCTGCCGTGTAGCGGGT 2520
R A A G E R M R D A V A Y L A A V

GCCCTGCCACCGCGCCGCTAAATCCCACCAGCATGGGGTGGTGAGCCCAGCGCTCGTGTG 2580

ACCAAACTCACCGCCCTGGGCCGTCGTCACGCTGTGTTAACCTCTCGTTCAAATGATATT 2640

CATATTCAATAGTGGCGCTAAGTGTCCGGTTGAATCCCCGTTGAACCCCCAACAGATGGA 2700

GTCTGTGTCGTGACGTTGCGAGTCGTTCCCGAAAGCCTGGCAGGCGCCAGCGCTGCCATC 2760

GAAGCAGTGACCGCTCGCCTGGCCGCCGCGCACGCCGCGGCGGCCCCGTTTATCGCGGCG 2820

GTCATCCCGCCTGGGTCCGACTCGGTTTCGGTGTGCAACGCCGTTGAGTTCAGCGTTCAC 2880

GGTAGTCAGCATGTGGCAATGGCCGCTCAGGGGGTTGAGGAGCTCGGCCGCTCGGGGGTC 2940
M W Q W P L R G L R S S A A R G S

GGGGTGGCCGAATCGGGTGCCAGTTATGCCGCTAGGATGCGCTGGCGGCGGCGTCGTATC 3000
G W P N R V P V M P L G C A G G G V V S

TCAGCGGTGGGCTATGACCGAGCCGTGGATAGCCTTCCCTCCCGAGGTGCACTCGGCGAT 3060
0 R W A M T E P W I A F P P E V H S A M

GCTGAACTACGGTGCGGGCGTTGGGCCGATGTTGATCTCCGCCACGCAGAATGGGGAGCT 3120
L N Y G A G V G P M L I S A T Q N G E L

CAGCGCCCAATACGCAGAAGCGGCATCCGAGGTCGAGGAATTGTTGGGGGTGGTGGCCTC 3180
S A Q Y A E A A S E V E E L L G V V A S

CGAGGGATGGCAGGGGCAAGCCGCCGAGGCGTTAGTCGCCGCGTACATGCCGTTTCTGGC 3240
E G W Q G Q A A E A L V A A Y M P F L A

GTGGCTGATCCAAGCCAGCGCCGACTGCGTGGAAATGGCCGCCCAGCAACACGCCGTCAT 3300
W L I Q A S A D C V E M A A Q Q H A V I

CGAGGCCTACACTGCCGCGGTAGAGCTGATGCCTACTCAGGTCGAACTGGCCGCCAACCA 3360
E A Y T A A V E L M P T Q V E L A A N Q

AATCAAGCTCGCGGTGTTGGTAGCGACCAATTTCTTTGGCATCAACACCATTCCCATTGC 3420
I K L A V L V A T N F F G I N T I P I A

GATCAATGAGGCCGAGTACGTGGAGATGTGGGTTCGGGCCGCCACCACGATGGCGACCTA 3480
I N E A E Y V E M W V R A A T T M A T Y

TTCAACAGTCTCCAGATCGGCGCTCTCCGCGATGCCGCACACCAGCCCCCCGCCGCTGAT 3540
S T V S R S A L S A M P H T S P P P L I

CCTGAAATCCGATGAACTGCTCCCCGACACCGGGGAGGACTCCGATGAAGACGGCCACAA 3600
L K S D E L L P D T G E D S D E D G H N

CCATGGCGGTCACAGTCATGGCGGTCACGCCAGGATGATCGATAACTTCTTTGCCGAAAT 3660
H G G H S H G G H A R M I D N F F A E I

CCTGCGTGGCGTCAGCGCGGGCCGCATTGTTTGGGACCCCGTCAACGGCACCCTCAACGG 3720
L R G V S A G R I V W D P V N G T L N G

ACTCGACTACGACGATTACGTCTACCCCGGTCACGCGATCTGGTGGCTGGCTCGAGGCCT 3780
L D Y D D Y V Y P G H A I W W L A R G L

CGAGTTTTTTCAGGATGGTGAACAATTTGGCGAACTGTTGTTCACCAATCCGACTGGGGC 3840
E F F Q D G E Q F G E L L F T N P T G A

TTTTCAGTTCCTCCTCTACGTCGTTGTGGTGGATTTGCCGACGCACATAGCCCAGATCGC 3900
F Q F L L Y V V V V D L P T H I A Q I A

TACCTGGCTGGGCCAGTACCCGCAGTTGCTGTCGGCTGCCCTCACTGGCGTCATCGCCCA 3960
T W L G Q Y P Q L L S A A L T G V I A H

CCTGGGAGCAATAACTGGTTTGGCGGGCCTATCCGGCCTGAGCGCCATTCCGTCTGCTGC 4020
L G A I T G L A G L S G L S A I P S A A

GATACCCGCCGTTGTACCGGAGCTGACACCCGTCGCGGCCGCGCCGCCTATGTTGGCGGT 4080
I P A V V P E L T P V A A A P P M L A V

CGCCGGGGTGGGCCCTGCAGTCGCCGCGCCGGGCATGCTCCCCGCCTCAGCACCCGCACC 4140
A G V G P A V A A P G M L P A S A P A P

GGCGGCAGCGGCCGGCGCCACCGCAGCCGGCCCGACGCCGCCGGCGACTGGTTTCGGAGG 4200
A A A A G A T A A G P T P P A T G F G G

GCTTCCCGCCCTACCTGGTCGGCGGTGGCGGCCCAGGAATAGGGTTCGGCTCGGGACAGT 4260
L P A L P G R R W R P R N R V R L G T V

CGGCCCACGCCAAGGCCGCGGCGTCCGATTCCGCTGCAGCCGAGTCGGCGGCCCAGGCCT 4320
G P R Q G R G V R F R C S R V G G P G L

CGGCGCGTGCGCAGGCGCGTGCTGCACGGCGGGGCCGCTCGGCGGCAAGGCACGTGGCCA 4380
G A C A G A C C T A G P L G G K A R G H

TCGTGACGAATTC 4393
R D E F

FIG. 2. Sequences of the BCG uraA locus and the predicted protein products. The DNA sequence was obtained from the same BCG DNA
fragment used to generate pY6014 (Fig. 1).

7285



7286 ALDOVINI ET AL.

I M T G - RG L ;A E A K A R R G L C L G I D1 PH P E R G WALA T T|A G L AWFC21
M T T PQ PL A HL S Q L A E Q R Sl2J FLC L T i S R DIJ T RLkGLIP D NLA RiiL R.F,cJ R

1 1 IT A S S S S R A V - - - - - - T N S P V V V AL YH N R AI -A V K

47 Icv FADFV KPQVAFF ESY A FA RTIAELRAAD VL ADA
51 V A D AISG S SVVLVL VK,PQl S F R H G PIE L QQ E L M R IKS V G T L T L D V
36 D P D C R -- --LLV K EMET L FGQ F V R EQ Q - GC DIFLD L K F H J IP N

97 VG DPI V AMl| PLlHIGFGSN FLRDA LAV F||R L VI AH R G
101 aI n T a.EA Y AEE FCEGLJA Y EI AA AlIF TA L ALL K TL RLIRLAISLAIAA
80 T A A H IVAAAADLClLM V N V H A S GRMLR M M |--A RERL" VLD- F G K DI P L LIs

146 F AATSNPEGAAN-A AS QLV QV GAA AGPGPGSI-G
151 AWLVV R S T |PLE,T,S S R G E T E ALA G R A FLK P G Q D A A P V A G
127 T T S M E A S D L V DL T L S P A D - - - - - - YE R A LTQLGa - - - - - L DG

194 V TTA Q A P D - - L S A F T P V V[QGG R P ECG.G G A A S S LW

201 MA L D S D R GI E R L GJA LL GIAQ GA G FDDKRF A G R EAV I
166 1 C QEAVRFKQ F G Q- - E F KLL LT.P.E.TI.RPL S E A GL Q RIRI M T P E QL - -E

M. bovis BCG
M. xanthus
E. coli

M. bovis BCG
M. xanthus
E. coli

M. bovis BCG
M. xanthus
E. coli

M. bovis BCG
M. xanthus
E. coli

M. bovis BCG
M. xanthus
E. coli

241 [V A E R A G P G V P ELA A GC - M R DAVAY A V M. bovisBCG
251 LTATL SL EL P DIA AL QIA LLHRA PIR AlF IT AiP S M. xanthus

212 SG V D Y M V I R V Q S V D P A - - Q TK A I NAiSQ - -IS A E. coli

FIG. 3. Comparison of M. bovis BCG, M. xanthus, and E. coli OMP-DCase sequences. Alignment was obtained by using the MegAlign program
(DNASTAR, Inc.), version 0.97, with the Clustal method and a Macintosh Quadra 800. Identical residues are boxed.

these variables affect the relative efficiencies of transformation.
The results are summarized in Table 1 under experiment 1.
Transformation efficiencies were improved substantially by
exposing cultures to 1.5% glycine for 24 h prior to harvest and

by performing the electroporation in water rather than in
buffer.

Experiments with linearized DNA molecules in Saccharomy-
ces cerevisiae indicate that the ends of linear DNA molecules

1 P-W SG LRE PAR-- G-N-VPVM PLGCAGGG. II LDRLT EP WFA FL1 T P - K M So I E V P I - - - - - -i Pi Q R S L T - - - - - - - -i K L D R L T S P HR A W Li
1 F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - DNM V Y S

51 NYF-DEGLVA51~~~~~~~~~JVrGiRY P M A A iSE2E E L L G(OV AnSE Gu
36 PEN,S AILM|F A GPGSAP L I A AAVAWG L AEW L A S I A S L G S V T S E L T G A

9 PTF.VNAFI. SS R a P TL-I W GC,A E IST. A P. A QIQ ESDTIV MAVPA S F

101 QGQA EA VAAYMP LAW AD VEMA A E A V L TQ
86 L G P S A M V A T QYA W L|S T Q E Q A AAM T T A F E.A L AIA. |Q P

59 A E T S DME A S R V S TL W LD G EN CG L I VLEV AY AFlER G P L

151 V E K A A T NF GI I PIEIN YEYV E R A A T V

136 AV NR G L M Q L L A ArT N W F G QrNi A P A L M D V E A Y E QM L D VA GMALY H-
109 L T iLCL GJIWH T M Al K IINW F V S S TVALA L AD D L M NSAMITN R D T

201 S R SL S[ HP T PIK DEDLLPD T G E D S - - - EEDED N HGC H S HGH
184 - F D S A A Q L A P WrQ|Q|V RN L G INIG K N G Q I G N T G N I N N NI N

159 V L R E T G KI E N F E 2 A L V S R Y C M --R R D S V- SS S S D S L Y E S -

247 ARMI5I FF A E I L RCV S A -[ R I V W D P G TEN GC[TD.D D Y2 YIC.HA. WWLA -

233 N IGCNL N I GG N TGT G N I S G N T G S L G G NILIGIDIG N IIF G N T GISIG N I G F
204 Di L Y[ S V A QI E E HG SDSMSQS Y N T C V A Q S E LICI S P FL TIES Q SLSIQ S N D L

2 95 R D E Q--- G E L - L N P T A F Q F L L Y V V V V D
283 GINGD FCM N SCNICLGNG NSGT G NV NSCISG JNIGIGNIG|CSrnNS
2 54 S AL S LTLQI Q -ITG D - - - --D--I I S S A S A S T N S S S T A S I M I V

329 L P T H IA-A T W Q Y P L S A A L T G V I A H I TU LQ G L-S
333 GIGTSCGT4 NMAG SAG S NII FWNAGMQNA A AA S EAAL SSA YAT
295 ASQVTELTI LGRSQVAVEKMIQQLS ISSTAV ---- V AQSK VI AG ---

369 [LSAIPP A I V PENTP V ADA M VIG V GEVAA GMLPASAPAP
383 G M S TA L SI A S A CG S T G G L G AN V L N S G L T N TLV A A A SAVP|V
336 - - -- - QLA VL VlGAJ R VPTENWATSI VMLAT lHS VEDG C S A I T T A VLCGL L EL

M. bovis BCG
M. tuberculosis
M. leprae

M. bovis BCG
M. tuberculosis
M. leprae

M. bovis BCG
M. tuberculosis
M. leprae

M. bovis BCG
M. tuberculosis
M. leprae

M. bovis BCG
M. tuberculosis
M. leprae

M. bovis BCG
M. tuberculosis
M. leprae

M. bovis BCG
M. tuberculosis
M. leprae

M. bovis BCG
M. tuberculosis
M. leprae

M. bovis BCG
M. tuberculosis
M. leprae

419 AAAEG2TA ANPT P PTGG L AN-- RRLRGRTLTV[GP Q GRGC M. bovis BCG
433 L D S N P N P Sc A A AIG S GIA N GLRSL T S Y 2S V N S G S N D SI L N T -A M. tuberculosis
381 V T Q PiEE E V L T AS VAGi S G T G G - - - - - - - - - A E A V M. leprae

467 F R C S R V G P G L G A C A G A C C T A G P L G G K A R H R - D E F M. bovis BCG
482 E P S T P G sLi I P K S N F Y P S P D R E S A Y A S P R I Q P V G S E M. tuberculosis
408 M. leprae

FIG. 4. Comparison of the M. bovis BCG protein predicted by the open reading frame downstream of uraA with similar proteins from M.
tuberculosis and M. leprae. Alignment was obtained with the MegAlign program (DNASTAR, Inc.), version 0.97, and the Clustal method. Identical
residues are boxed.
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TABLE 1. BCG transformation efficiencies

No. of transformants/p.g
Transforming Glycine Electroporation of DNA

DNA" treatment" medium"
Expt 1 Expt 2 Expt 3

pYUB12 - Buffer 50
pYUB12 + Buffer 250
pYUB12 - Water 500
pYUB12 + Water 104 104 105
None + Water 8 6 35
p6015(I) - Buffer 4
p6015(I) + Buffer 22
p6015(I) _ Water 39
p6015(I) + Water 98 500
" The intact autonomously replicating plasmid pYUB12 was used as a control,

and the linear insert DNA of plasmid pY6015 [pY6015(I)] was used as
integrating DNA.

" Glycine was added to 1.5% to BCG cultures 24 h prior to transformation.
'*The buffer was I mM MgCl (pH 7.2)-lO% sucrose-15% glycerol.

are recombinogenic; these ends may facilitate homologous
integration by invading genomic DNA at homologous sites to
initiate recombination (21). The sequenced 4.4-kb BCG DNA
fragment containing uraA was used to investigate whether
cloned DNA sequences could integrate at the homologous
locus in M. bovis BCG. To mark the DNA fragment, the
OMP-DCase coding sequence was replaced with a kanamycin
resistance gene (aph) to create pY6015 (Fig. 5A). This left
intact approximately 1.5 kb ofDNA flanking both ends of uraA
that could be used to direct homologous integration. The
transformation experiment described above for plasmid
pYUB12 was repeated with pY6015 insert DNA, and the
results are summarized in Table 1 under experiment 2. Again,
transformation efficiencies were improved substantially by
exposing cultures to 1.5% glycine for 24 h prior to harvest and
by performing the electroporation in water rather than in
buffer. However, because the transformation efficiencies ob-

A 1 2 3 4 5 6 7 kb

tained with the linear DNA were low, we made one additional
attempt to improve these efficiencies.

Cultures of M. bovis BCG and other slowly growing myco-
bacteria contain large numbers of cells that are inviable or that
have an exceedingly long lag time after plating. Some investi-
gators have suggested that mycobacterial cells have an unusual
ability to enter and maintain a dormant state, even when
nutrients are available (33). We reasoned that maintenance of
BCG cultures in mid-log growth might maximize the fraction
of cells that were undergoing DNA synthesis and thus were
competent to take up DNA and incorporate it into homolo-
gous sites in the genome. A third experiment was performed,
in which BCG cultures were diluted approximately 1:4 every 2
days over a 2-month period to ensure persistent log-phase
growth before transformation. The results in Table 1 indicate
that this approach produced a significant increase in the
number of transformants obtained with either the autono-
mously replicating vector or the linear DNA fragment.
Ten of the BCG colonies obtained in the third experiment

were selected for further study after growing to adequate size
for picking (24 days after plating). The 10 transformants were
colony purified, and DNA was prepared from each. DNA
preparations from the wild-type strain and the 10 transfor-
mants were digested with a variety of restriction endonucle-
ases, and Southern analysis revealed that the kanamycin-
resistant BCG transformants all contained vector DNA
integrated into the genome (data not shown). In 2 of the 10
transformants, the transforming DNA had integrated at the
homologous locus. Figure 5 shows representative results from
a Southern analysis of the wild-type strain and one of the BCG
recombinants in which the cloned DNA integrated at the
homologous locus.
The results shown in Fig. 5 indicate that a single recombi-

nation event led to introduction of the transforming DNA into
the uraA locus, as there was no replacement of genomic DNA.
Two recombination events would have been required to re-
place the endogenous uraA DNA with the transforming DNA.

B
E SH X H H HSSH X E
I I I I I 1 1 1

SH X H SX Hin S SS H X
A; i i 4 i JHiap

aph

- - BCG Genome

Transforming DNA

1 2 3 4 5 6 7 8 9 10 kb

E X

uraA

10.2 kb
7.7 kb

2.9 kb

x x X Hin X E Transformant

aph

Southern Analysis

2.5 kb Ep
0.8 kb 2.3kb rEHin pnbe

x

uraA
E+Hin Probe

x

Strain: 6015-9 WT

I I

10.2 _
7.7 - -

5.5 - __O

2.9 - _-&

2.5 =

2.3-

0.8 -

Probe: uraA aph

FIG. 5. Integration by homologous recombination in BCG. (A) The diagram depicts the uraA locus in wild-type BCG and in a BCG
transformant in which the transforming DNA fragment has integrated via homologous recombination. The transforming plasmid was the linear
insert DNA of plasmid pY6015, in which the uraA gene is replaced by the aph gene. A schematic interpretation of the Southern analysis is included.
(B) Southern blot analysis. Genomic DNAs isolated from wild-type BCG (WT) and a BCG transformant (6015-9) were digested with restriction
enzyme EcoRI (E), HindIll (Hin), or XbaI (X), subjected to agarose gel electrophoresis, transferred to nitrocellulose, and probed with labeled
restriction fragments containing uraA or aph. The positions of DNA molecular size markers are indicated to the right, and the apparent size of
each of the hybridizing DNA bands is indicated to the left.
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I+ +LJ LL X Lj >X
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The single recombination event seems to have occurred at the
EcoRI site located at 5.6 kb in Fig. 5A and appears to have
involved end-to-end joining of the linear transforming DNA
fragment prior to, or during, recombination.

DISCUSSION

We report here attempts to address two limitations to our
ability to manipulate the genomes of slowly growing mycobac-
teria: the lack of mycobacterial genes that can be used as
genetic markers and the absence of a method that permits
integration of recombinant DNA into homologous sites in the
genome. We isolated and sequenced the M. bovis BCG uraA
gene to provide a convenient genetic marker for molecular
genetic experiments with M. bovis BCG and M. tuberculosis. By
using a population of BCG cells propagated under conditions
that may maximize the fraction of cells undergoing DNA
synthesis, we found that a recombinant DNA fragment from
the uraA locus can integrate into the homologous genomic
locus.
Genes encoding OMP-DCase are widely used as genetic

markers in diverse fungi, in slime molds, and in prokaryotes (4,
5, 15). These genes are useful because they are nutritional
markers and can permit the development of genetic systems
that do not rely on drug resistance markers. Such systems may
be advantageous where drug resistance is a concern in the
manipulation of potential human pathogens. Genes encoding
OMP-DCase are also useful as genetic markers because they
allow the development of both positive and negative selection
schemes (4, 15). The facts that all organisms display the same
basic UMP biosynthesis pathway, that all organisms examined
have a single OMP-DCase gene, and that this gene can be
readily cloned by complementation of E. coli pyrF mutants also
contributed to our interest in the BCG OMP-DCase gene.
We previously showed that integration of recombinant DNA

molecules occurs predominantly at homologous loci in trans-
formed M. smegmatis (11). The results described here indicate
that integration of recombinant DNA molecules can occur at
homologous sequences in transformed M. bovis BCG but more
frequently occurs at nonhomologous loci. Other investigators
have observed only illegitimate recombination events in an
attempt to obtain homologous recombination in M. tuberculo-
sis and M. bovis BCG (13). There are several possibilities why
this experiment failed to detect homologous recombination.
One likely explanation is that the linearized DNA molecules
used for transformation in this experiment contained a sub-
stantial amount of nonhomologous vector DNA at their ends;
if the ends of DNA molecules are recombinogenic in slowly
growing mycobacteria, as they are in other organisms, then the
vector DNA may have directed recombination away from
genomic sequences homologous to the incoming mycobacterial
DNA. Another possible explanation is that integration into the
met locus with the constructs used by Kalpana et al. (13) is
lethal or that the met locus is a less favorable site for
homologous recombination than uraA. It is also possible that
the protocol described here for preparing BCG for transfor-
mation and for maximizing the efficiency of transformation
produces cells that are more competent for homologous
recombination.
Although gene replacement was not observed in the exper-

iments described here, the ability to obtain single homologous
recombination events should permit targeted gene disruption
in slowly growing mycobacteria, as diagrammed in Fig. 6.
When the transforming DNA consists of an internal segment
of a gene (lacking both ends of the functional gene) and
marker DNA has been introduced into the center of this

Functional Gene

saa_{A B C D }_""" Mycobacterial Genome

I B' C'1 Gene Fragment
/\

B' Marker C- Transforming DNA

Transformant with
Gene Disruption

"' A BX Marker| C' B C D 1 |

FIG. 6. Gene disruption through targeted integration. The diagram
describes how a single recombination event can lead to the disruption
of a functional gene. The hypothetical gene has been divided into four
arbitrary segments, A, B, C, and D. A cloned internal segment of the
gene, represented by B'-C', can be interrupted with a marker DNA
fragment which contains translation termination signals in all three
frames (asterisks), producing the transforming DNA shown. Transfor-
mation of mycobacteria with the linear transforming fragment can lead
to strand invasion at the homologous locus by one of the ends of the
transforming DNA. In this hypothetical recombination event, strand
invasion has occurred at the junction of segments A and B (thick
arrow), the ends of the transforming fragment have come together
during the recombination event, and disruption of the endogenous
gene has occurred such that incomplete and nonfunctional gene
products are expressed.

segment, then homologous recombination can lead to disrup-
tion of the endogenous gene such that incomplete and non-
functional gene products are expressed. Nonetheless, it con-
tinues to be important to develop methods that result in gene
replacement, as gene loss is a more reliable means of produc-
ing null mutations than gene disruption.
The genomes of M. bovis and M. tuberculosis are very

similar. Thus, the cloned M. bovis BCG uraA locus described
here should prove to be a useful tool for genetic manipulation
of M. tuberculosis. Similarly, the methods used to obtain
targeted integration in the M. bovis BCG genome should be
directly applicable to the achievement of targeted integration
in M. tuberculosis. The ability to manipulate genomic DNA in
slowly growing mycobacteria should provide new approaches
to the identification of mycobacterial genes that play a role in
disease pathogenesis and construction of attenuated strains of
M. tuberculosis for vaccine use.
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