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Abstract 

sacB expression is lethal to mycobacteria in the presence of sucrose. It can therefore serve as a counter-selectable marker for 

positive selection of gene replacement events as demonstrated in the fast-growing Mycobacterium smegmatis. With this 
methodology, a sucrose counter-selectable vector was used to deliver, into the Mycobacterium bovis BCG genome, an 
inactivated copy (ureC::Km) of the ureC gene encoding the mycobacterial urease. A two-step selection procedure on 2% 
sucrose allowed the positive selection of gene exchange mutants. This technique should thus be extremely useful for the genetic 
analysis of pathogenic mycobacteria. 
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1. Introduction 

Over the last decade, the genetic characterization 

of mycobacteria has greatly benefited from the devel- 

opment of efficient genetic tools, resulting in the 
identification of several genes possibly involved in 

virulence [l]. However, the construction of defined 

mutants leading to a better knowledge of the viru- 
lence determinants of mycobacterial pathogens is still 
hampered by the extreme difficulty of performing 

allelic exchange [2]. 
Due to the rarity of double-crossover events and 

the high levels of illegitimate recombination, the iso- 
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lation of a gene exchange mutant is always laborious 
or even impractical. Despite these difficulties, allelic 

exchange in the fast-growing Mycobacterium smeg- 
matis has been achieved [3] using a classical muta- 

genesis protocol [4]: a gene inactivated in vitro by 

the insertion of an antibiotic resistance marker, gen- 
erally encoding kanamycin resistance, is delivered on 

a suicide vector into the bacteria. Nevertheless, the 
proportion of allelic exchange mutants is variable 

but generally low, less than 10% of the Km’ trans- 
formants [3,5,6]. The ratio of double-crossover to 

single recombination and illegitimate recombination 
is even more unfavorable in slow-growing mycobac- 
teria. This partly explains why the first attempts to 
perform allelic exchange in mycobacteria of the M. 
tuberculosis complex were unsuccessful [7,8]. Never- 
theless, we demonstrated that allelic exchange was 
possible in A4. bovis BCG using the ureC gene coding 
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Fig. I. Southern-blot analysis of representative clones, 5 Ure- 

and 6 Ure+, obtained after the selection on 2% sucrose (second 

step). Two controls have been included: BCG is for M. bovis 

BCG wild-type DNA, and BCG::pPR24 is a single recombinant 

obtained after the first step selection. Genomic DNA was di- 

gested with PaI and hybridized with the pPR24 vector as a 

for a subunit of the urease [9]. Urease activity can be 

monitored with a simple calorimetric test and thus 

facilitates the otherwise time-consuming step of 
screening transformants [9]. Only 4% of the Km’ 

transformants were Ure-. Simultaneously, Mark- 

lund et al. [lo] and Norman et al. [ll] demonstrated 
low-frequency allelic exchange in slow-growing my- 

cobacteria. The overall proportion of double recom- 
binants is thus generally lower than in M. smegmatis 

and depends largely on the target gene. Moreover, 

the frequency of homologous recombination events 
for several different genes 1euD [12], purC and purL 

(Jackson, M., personal communication) is too low to 

allow detection of double recombinants in classical 
gene exchange experiments [4]. 

2. Materials and methods 

2.1. Plasmids and strains 

Escherichia coli DH5cx, the standard strain used in 
this study, was routinely grown on liquid or solid 
Luria-Bertani medium. Kanamycin and gentamicin 
were used at 20 ug ml-‘. M. bovis BCG Pasteur 
was grown on liquid Middlebrook 7H9 medium 
(Difco) supplemented with 0.2% glycerol and 0.05% 

Tween, or on solid Middlebrook 7HlO medium (Dif- 

co). When required, kanamycin at 20 ug ml-l was 
added. 

2.2. Electrotransformation of’ bacteria 

Electrocompetent bacteria were prepared as pre- 

viously described [5]. Aliquots (100 ul) of freshly 
prepared M. bovis BCG cells were electroporated 

with 1 pg of vector DNA, 1 ml of fresh medium 

was added and the cells were incubated 24 h at 

37°C before plating to allow antibiotic expression. 

Transformants were scored after 3 weeks of incuba- 
tion at 37°C. 

2.3. Isolation of’genomic DNA and Southern analysis 

Mycobacterial genomic DNA was isolated as pre- 
viously described [5]. Genomic DNA was digested 

with PstI and hybridized with the pPR24 vector as 

a probe. 

2.4. Detection of urease activity 

Urease activity was demonstrated by resuspending 

a M. bovis BCG colony in 0.5 ml of urealindole 

medium as described [13]. A yellow coloration was 
scored as Ure-, a change of the color of the suspen- 

sion to red was scored as Ure+. 

3. Results and discussion 

3.1. Rationale for the strategy used 

A general method for gene exchange mutagenesis 
which would overcome the problems arising from 

high levels of illegitimate recombination and low fre- 
quency of homologous recombination was required. 
A possible strategy, based on the use of much longer 
stretches of linear homologous DNA (20 kb or 
more) was recently proposed [12]. It was shown 
that the frequency of homologous recombination 
for the M. tuberculosis 1euD gene could be increased 
by this approach. The proportion of allelic exchange 
mutants was increased from an undetectable level to 
approx. 6% of the transformants [12]. However, ma- 
nipulation of cosmids is relatively difficult due to 
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Single remmbinant (Ure+, Kmr, SW?, Gm3 

PHI Psd PSI PstI 

ureA ureB l4rec::Km ori sad7 Gm AweB ureC 

SECOND-STEP SELECTION ON SUCROSE 

Allelic exchange mutant (Ure-, Kmr, Suer, Gms) 

PstI PSI Psd 

26% 
ureA ureB 

sacB mutation (Ure+, Kmr, SUIT, Gm3 

PstI PstI 

74% 
ureA ureB ureC::Km ori sacB* Gm AweB ureC 

Fig. 2. General strategy for allelic exchange mutagenesis using two-step selection on 2% sucrose. In the first step, a single recombinant is 

selected on kanamycin or gentamicin. In the second step, clones that have lost the sacB gene are positively selected on 2% sucrose. sacB 

indicates a mutant allele of the sacB gene. The results presented are for the ureC gene and the lengths of the hybridizing fragments are in- 

dicated in kbp. weA, ureB and ureC are the three subunits of the mycobacterial urease [9]; Km, Tn903 gene encoding kanamycin resist- 

ance; Gm, ancC1 gene encoding gentamicin resistance; ori, E. coli origin of replication. 

their extensive length, restricting the applicability of 
this methodology. 

We felt that the easiest way to deal with these 

difficulties would be to use a double-selection strat- 

egy [14]. The suicide vector used for mutagenesis 

should bear an antibiotic resistance marker for the 

primary selection of transformants, and a condition- 

ally lethal marker to counter-select clones which 

have lost it, especially allelic exchange mutants. Re- 
cently, two counter-selectable markers have been de- 

scribed in A4. smegmatis and used to demonstrate 
that positive selection of allelic exchange mutants is 
possible in this bacterium: {i) the rpsL gene confer- 

ring a dominant phenotype of sensitivity to strepto- 
mycin [6], and (ii) the Bacillus subtilis sacB gene con- 
ferring sensitivity to sucrose [5,15]. However, neither 

rpsL nor sacB has been demonstrated to serve as a 
marker for positive selection of allelic exchange mu- 
tants in slow-growing mycobacteria. We therefore 

validated a two-step selection protocol based on 
sacB for use in slow-growing mycobacteria, with 

the ureC gene as a model. 

3.2. Selection of a ureC single-recombinant 

(jirst step) 

The sucrose counter-selectable suicide vector used 

was pJQ200, the same as that used for experiments 
in M. smegmatis [16]. The ureC::Km mutated allele 

was excised from pJA64K [9] on a SacI-KpnI frag- 

ment, which was made blunt-ended and inserted into 
SmaI-cut pJQ200 to give pPR24 or pPR25, accord- 

ing to the orientation of the insert. pPR24 was cho- 
sen arbitrarily for the subsequent experiments and 
used to transform M bovis BCG by electroporation. 
However, the results were similar when pPR25 was 

used (data not shown). 
The transformants, resulting from either homolo- 
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gous or illegitimate recombination of pPR24 into the 

chromosome, were selected on 7HlO medium supple- 
mented with kanamycin. The electroporation of 1 ug 

of closed circular pPR24 resulted in approx. 200 
Km’ transformants, thus the frequency of transfor- 

mation was similar to that when pJA64K was used 

[9]. Transformant colonies were phenotypically char- 

acterized using the urea/indol calorimetric test [13]: 

only 4% of the transformants were Ure and re- 

sulted thus from an allelic exchange event. These 
results were entirely consistent with those reported 

previously for allelic exchange in ureC using a clas- 

sical protocol of mutagenesis [9]. 

For a two-step selection on sucrose, as already 
described for A4. smegmatis [5]. a clone correspond- 
ing to a single-recombination event in the target gene 

has to be selected. Five randomly chosen Uret trans- 

formants were grown to stationary phase in 7H9 

Middlebrook broth. The genomic DNA was ex- 

tracted and analyzed by Southern blotting using 

the vector pPR24 as a probe. The pattern of hybri- 

dization of one these clones, termed BCG: :pPR24, is 

presented in Fig. 1 and explained in Fig. 2. Surpris- 

ingly, all the clones corresponded to single homolo- 
gous recombination events and contained a complete 

copy of pPR24 inserted into the ureC gene. 
This contrasts with the results for previous alle- 

lit exchange experiments with other genes, where 
the majority of the analysed clones, up to 

80%, resulted from illegitimate rather than homol- 

ogous recombination [7,8]. The differences may be 

due to the length and the structure of the genes in- 

volved. 

3.3. Positive selection oj’ ullelic exchange mutants 

(second step) 

The single recombinants described above, propa- 
gated in 7H9 without antibiotic, could undergo two 

changes that would render them Km’, Sue’: (i) they 
may lose the sacB gene by a second cross-over, or 
(ii) sacB may be inactivated by a point mutation, 
deletion or insertion (Fig. 2). The frequency of sec- 
ond homologous recombination events is very low. 
When a single recombinant in M. smegmatis pyrF 

gene was propagated in liquid culture, the propor- 
tion of allelic exchange mutants was estimated to be 
0.001% [3]. Thus, the detection of an allelic exchange 

mutant, though possible for a gene with a defined 
and an easily screenable phenotype, is virtually im- 

possible for the vast majority of genes where South- 
ern blotting is used for the screening. By plating a 

dilution of cultures of the single recombinant clones 

on 7HlO-Km without sucrose, we have verified that 

the proportion of allelic exchange mutants is indeed 

very low: 50 Km’ clones were analyzed by the phe- 

notypic test [ 131 and all of them were Ure’. 
Cultures of the single recombinant clones were 

spread, at a l/50 dilution, on 7HlO-Km supplemen- 

ted with 2% sucrose. This lower sucrose concentra- 

tion was used because the growth of untransformed 
M. bovis BCG is dramatically slowed down in the 
presence of 10% sucrose, the concentration used pre- 

viously [5,15]. We verified that selection remained 
efficient, whereas the growth rate was unaffected on 

2% sucrose [15]. 500 Sue’, Km’ colonies were ob- 

tained from one ml of culture, and 50 of them 

were analyzed by the phenotypic test [13]. The pro- 
portion of Ure- mutants, corresponding to an allelic 

exchange, increased from the estimated 0.001% in 

liquid culture to approx. 26% of the colonies tested 

(Fig. 2). The proportion of allelic exchange mutants 
was even approx. 6-fold higher than in a classical 

mutagenesis experiment. Genomic DNA of several 
mutants was analysed by Southern blotting, and it 
was confirmed that they contain only the inactivated 

copy of ureC (Fig. 1). The remaining clones (74%) 

although Suer, were Ure+ and presumably corre- 

sponded to clones with a mutation in the sacB 

gene (Fig. 2). Their genomic DNA was probed 

with pPR24 in a Southern-blot experiment and their 

pattern of hybridization was identical to that ob- 
served for single recombinants (Fig. l), suggesting 
that the sacB mutations were point mutations or 

micro-deletions. Unlike what was observed in M. 
smegmatis with the pyrF gene, no mutants corre- 
sponding to the insertion of IS elements were ob- 

served [5]. 

3.4. Concluding remarks 

In this report, we demonstrate that a two-step pos- 
itive selection of allelic exchange mutants, using sacB 

as a counter-selectable marker, is possible and very 
efficient in the slow-growing M. bovis BCG. Consis- 
tent with results obtained in IV. smegmatis using the 
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same protocol [5], a high proportion (more than l/4) 

of the clones selected on sucrose were allelic ex- 
change mutants. In cases where the allelic exchange 

is possible using a classical mutagenesis protocol, 
one-step selection on sucrose could greatly reduce 
the number of clones that have to be tested to iden- 

tify a mutant. However, the greatest advantage of 

this methodology is expected to be that it makes 

possible the mutagenesis of genes for which mutants 

are otherwise not detectable although this remains to 

be demonstrated. In theory, if we assume that the 

frequency of sacB mutations should be the same 
for all target genes, the frequency of the second 

crossing-over event should be dependent only on 

the length of homology and the structure of the 
cloned mycobacterial fragment. We expect this to 

be confirmed in future. 

In conclusion, we have designed a general protocol 
facilitating the creation of defined mutants in M. 

bovis BCG and possibly in the other members of 

the M. tuberculosis complex, paving the way for 

further genetic characterization of this important 
group of pathogens. Moreover, this protocol should 

also make it possible to obtain unmarked mutants, 

where the antibiotic resistance cassette in the gene is 
replaced by any mutation. The antibiotic resistance 

marker used for primary selection of single recombi- 

nants is present on the delivery vector, in the second 

step clones that have lost the vector are selected on 

sucrose medium without antibiotic pressure [5]. This 
has already been demonstrated for A4. smegmatis [5] 
and other bacteria where the sacB gene can be used 

as a counter-selectable marker [17-191. The ability to 

create unmarked mutants would be very valuable to 
the future construction of improved vaccines against 

tuberculosis. 
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