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The creation of defined mutants of Mycobacterium tuberculosis is key to an understanding of individual gene function. We
have developed a reliable and efficient method for generating
such mutant strains by allelic replacement (homologous recombination) based on a two-step strategy (8, 12, 13).
During our initial work, we focused on genes involved in
amino acid biosynthesis, one of which was glnE. Initially glnE
was selected as a target for inactivation since we expected it to
be a nonessential gene; there were not likely to be any polar
effects resulting from inactivation, and there were suitable restriction enzyme sites for cloning. GlnE is a regulatory protein
which is involved in the regulation of glutamine synthetase
activity (see reviews in references 10 and 16). Glutamine synthetase, a key enzyme in nitrogen metabolism, is responsible
for the incorporation of ammonia into glutamate to make
glutamine at low ammonia concentrations.
Enteric bacteria only possess a type I glutamine synthetase
(GS-I), which is subject to nitrogen regulation by GlnE and
feedback inhibition by several products, including glutamine
(reviewed in reference 10). GS-I activity is controlled through
adenylylation and deadenylylation. When ammonia levels rise,
this energy-intensive reaction is no longer needed to conserve
nitrogen levels, and GlnE adenylylates GS-I at a conserved
tyrosine residue near the C-terminal end. Streptomyces coelicolor A3(2) possesses two glutamine synthetases, GS-I and a
heat-labile type II (GS-II). The GlnE adenylyl transferase of
S. coelicolor has been shown to adenylyate GS-I (3). GS-II does
not possess the conserved tyrosine and is not regulated by GlnE.
M. tuberculosis possesses four glutamine synthetase homologues: glnA1 and glnA2 are found in the same region of the
chromosome as glnE (Fig. 1A). glnA1 encodes a GS-I and has
the three motifs associated with glutamine synthetase, including the conserved tyrosine residue (15), whereas glnA2 encodes
a probable GS-II. GlnA3 and GlnA4 are probable GS-I and
GS-II enzymes, respectively, but the motifs are less conserved.
Only one copy of glnE is found within the H37Rv genome (2).
Our previous work provided preliminary evidence that glnE
is essential, as we were unable to replace the wild-type (wt)
gene with a disrupted copy (12). The identification of essential
genes can lead to the discovery of new drug targets, since

attacking these gene products may kill the organism. We therefore extended our study of glnE to determine whether the gene
was essential. Essential genes can only be disrupted if a second
functional copy of the gene is provided elsewhere within the
cell. In this paper we describe experiments to disrupt the glnE
chromosomal allele in both the presence and absence of a
second copy integrated into the chromosome.
MATERIALS AND METHODS
Strains and plasmids. The M. tuberculosis strains used in this study are shown
in Table 1. M. tuberculosis was grown in Middlebrook 7H9 liquid containing 10%
OADC (Becton Dickinson) and 0.05% (wt/vol) Tween 80 or on solid Middlebrook 7H10 agar containing 10% (vol/vol) OADC. Kanamycin was used at 20
g/ml, hygromycin at 100 g/ml, and gentamicin at 10 g/ml where appropriate.
Construction of vectors. The glnE⌬::hyg disrupted allele was excised from
plasmid pGLN2 (12) and cloned into p2NIL (13) to make pGLN11. This allele
has a 1.7-kb internal fragment of the gene replaced with the hyg gene. The
marker gene hsp60p-sacB from pGOAL13 (13) was then cloned into the unique
PacI site of pGLN11 to make the final suicide delivery vector pGLN13 (Fig. 1B).
The wild-type (wt) glnE allele was cloned into pGEM3Zf(⫹) as a 6.5-kb BamHIBglII fragment to give pGLN1. The HindIII fragment from pUC-Gm-INT (9)
carrying the L5 integrase and attachment site (attP) was then cloned into pGLN1
to make the integrating vector pGLINT1 (Fig. 1C).
Isolation of single-crossover strains. The nonreplicating vector pGLN13 (Fig.
1B) was treated with UV light in order to stimulate homologous recombination
and electroporated into M. tuberculosis (12). Single-crossover strains were selected using hygromycin and kanamycin.
Isolation of double-crossover strains from a single-crossover strain. One singlecrossover strain (GLUE1) was streaked out onto medium without antibiotics and
incubated for 2 weeks at 37°C. A loopful of cells was resuspended in liquid medium
by vortexing with 1-mm glass beads. Serial dilutions were plated onto 2% sucrose
plates plus antibiotics (Table 2). Plates were incubated at 37°C for 4 to 6 weeks.
Sucrose-resistant colonies were then patch tested for kanamycin resistance.
Construction of a merodiploid strain and isolation of double-crossover
strains. GLUE1 (single-crossover strain) was electroporated with the integrating
vector pGLINT1. Transformants carrying the vector were selected on gentamicin, kanamycin, and hygromycin.
An individual colony was picked for further manipulation (GLUE3). Isolation of
double-crossover strains was carried out essentially as for the single-crossover strain.

RESULTS
Construction of a single-crossover strain (GLUE1). Initial
attempts to create glnE double-crossover strains were unsuccessful, although we generated a large number (several hundred) of single-crossover strains (12). This provided preliminary evidence that the gene is essential. Since double-crossover
strains were not isolated using a one-step strategy, we changed
to a two-step strategy (13) and tried to isolate double-crossover
strains from a single-crossover strain (Fig. 2). The use of a
two-step strategy enables us to determine whether a gene is
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Mycobacterium tuberculosis possesses a homologue of glnE, potentially encoding a regulator of glutamine
synthetase activity. We attempted to construct glnE-disrupted mutants using a two-step strategy, whereby a
single-crossover strain was first isolated, followed by sacB counterselection to isolate the double-crossover
strain. Of 192 sucrose-resistant colonies tested, none were mutants, although the wild-type double crossover
could be easily isolated. When a second copy of the wild-type glnE was integrated into the chromosome, we
could isolate both wild-type and mutant double-crossover strains. Thus, the chromosomal gene could only be
replaced with a disrupted copy when another functional copy of the gene was provided, demonstrating that this
gene is essential under the conditions tested.
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essential, since single-crossover strains will be viable, but in the
second step only double-crossover strains carrying the wt gene
and not those carrying the disrupted allele will be found.
pGLN13 (Fig. 1B) was electroporated into M. tuberculosis,
and single-crossover strains were obtained. Using approximately 2 g of DNA, 150 single-crossover strains were obtained. The delivery vector also contained kan and hsp60psacB, so these markers were present in the single-crossover
strain (Fig. 2B). One single-crossover strain was selected using
kanamycin and hygromycin and used in the second step to try
to isolate double-crossover strains. Southern blotting con-

TABLE 1. M. tuberculosis strains
Strain

Description

Relevant genotype

H37Rv
GLUE1
GLUE2
GLUE3
GLUE4
GLUE5

Laboratory strain (ATCC 25618)
Single-crossover strain
Double-crossover strain (wt)
Single-crossover strain plus integrating vector
Double-crossover strain (wt) plus integrating vector
Double-crossover strain (mutant) plus integrating vector

glnE
glnE kan hsp60p-sacB glnE⌬::hyg
glnEa
glnE kan hsp60p-sac glnE⌬::hyg glnEintb aacC1
glnE glnEint aacC1
glnE⌬::hyg glnEint aacC1

a
b

Same as H37Rv but derived from GLUE1 single-crossover strain.
glnEint is the wt glnE allele integrated into the chromosome using the integrating vector.
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FIG. 1. Plasmid constructs. (A) Arrangement of genes in the M. tuberculosis
chromosome, showing the 6.5-kb restriction fragment used in the construction of
pGLN13 and pGLINT1. (B) pGLN13 delivery vector, showing the M. tuberculosis fragment used to construct the single-crossover strain. The internal 1.7-kb
NotI fragment of glnE was replaced by the hyg gene. (C) pGLINT1 integrating
vector, showing the M. tuberculosis fragment cloned into the integrating vector.

firmed that it had the single-crossover genotype 2 (Fig. 2B).
This strain was streaked onto a fresh agar plate (no antibiotics)
to allow the second crossover to occur.
Second-step selection for double-crossover strains from
GLUE1. Since the single-crossover strain contained the sacB
gene, it should be sensitive to sucrose. Therefore, in the second
step, we selected against single-crossover strains by plating onto
sucrose (Table 2). In all cases a reduction of approximately 104
CFU was seen on sucrose plates. Hygromycin-resistant, kanamycin-resistant strains were scored as spontaneous sucroseresistant, single-crossover strains; hygromycin-resistant, kanamycin-sensitive strains as mutant double-crossover strains; and
hygromycin-sensitive, kanamycin-sensitive strains as wt double-crossover strains. Southern analysis of several representative colonies confirmed the expected genotypes.
For plates containing hygromycin, only double-crossover
strains carrying the disrupted allele should be isolated (glnE⌬::
hyg), as wt strains will be hygromycin sensitive. A total of 112
colonies were tested, and all were spontaneous sucrose-resistant, single-crossover strains. On plates without hygromycin,
both the mutant and wt double-crossover strains should be
viable. Of 80 colonies tested, 60 were wt double-crossover
strains, with the other 20 being spontaneous sucrose-resistant
single-crossover strains. Thus, once again, no mutant doublecrossover strains were isolated. This confirmed that the second
crossover was occurring, but we were not isolating mutants on
the medium used.
Construction of a merodiploid strain and second-step selection for double-crossover strains. In order to confirm essentiality, we constructed a merodiploid strain carrying a second wt
copy of the gene in a different region of the chromosome
(GLUE3) (Fig. 3). An L5-based integrating vector carrying an
intact copy of glnE (pGLINT1; Fig. 1C) was electroporated
into the single-crossover strain GLUE1 (Fig. 2B). Gentamicinresistant colonies were isolated, and the presence of the integrating plasmid was confirmed by Southern analysis.
We then tried to isolate double crossovers from this strain as
before (Table 2). A loopful of GLUE3 cells was resuspended,
diluted, and plated onto sucrose plates. No hygromycin was
included so that both wt and mutant strains could be isolated.
Of 40 sucrose-resistant colonies tested from the gentamicin
plate, 33 were wt double-crossover strains and 4 were mutant
double-crossover strains. We repeated the experiment without
gentamicin and obtained similar results, obtaining 29 of 40 wt
double-crossover strains and 4 of 40 mutant double-crossover
strains. Mutants were analyzed by Southern blotting, showing
that in the mutant double-crossover strains, the wt glnE allele
had indeed been replaced, while the integrated copy was retained. These results demonstrated that homologous recombination was occurring at this locus to obtain both double-crossover strains, although the frequency of recombination which
gave rise to strains carrying the disrupted allele was lower. In
total, 0 of 192 (⬍0.5%) mutant double-crossover strains were
isolated from GLUE1 and 8 of 80 (10%) mutant double-cross-
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TABLE 2. Frequency of allelic replacementa
No. of strains
Strain

Antibiotic

GLUE1

Hygromycin
None
Gentamicin
None

GLUE3

Tested

Single
crossoverb

Wt double
crossover

Mutant
double
crossover

112
80
40
40

112
20
3
7

NAc
60
33
29

0
0
4
4

a
Strains were plated onto 2% sucrose and the indicated antibiotics. Sucroseresistant colonies were then tested for hygromycin and kanamycin resistance.
b
Spontaneous sucrose-resistant mutants.
c
NA, not applicable, since the wt double-crossover strain would not be isolated in the presence of hygromycin.
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over strains were isolated from GLUE3. Our inability to obtain
the disrupted allele in the absence of a second functional copy
shows that this gene is essential in the growth conditions that
we used.
DISCUSSION

FIG. 2. Construction of single-crossover and double-crossover strains of wt M. tuberculosis. (A) The nonreplicating delivery vector pGLN13 was transformed into
M. tuberculosis. A single recombination event gives rise to one of two possible single-crossover strains (B). (C) The second crossover can result in either restoration
of the wt gene or a mutant double-crossover strain.
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Previous results suggested that glnE is an essential gene
since we could not obtain gene replacement using a one-step
strategy, where double-crossover strains are selected immediately after electroporation. Using a two-step strategy in this
work, we were still unable to obtain the glnE⌬::hyg disruption,
providing more evidence that the gene is essential. Polar effects
of a glnE⌬::hyg mutation are unlikely, as the downstream gene,
glnA1, is transcribed in the opposite direction. The construc-
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tion of a merodiploid strain containing an integrated copy of
glnE allowed us to provide formal proof of essentiality under
the conditions employed; i.e., homologous recombination leading to gene disruption could only occur in the presence of a
functional copy of the gene. The integrated copy of glnE did
not take any part in recombination in the strains we analyzed;
this is not surprising, since the integrated copy is found at a
large distance from the normal chromosomal location (over
200 genes away from the integration site of L5) and any recombination would result in a large, presumably lethal deletion.
It is important to begin to develop guidelines for defining
essentiality in M. tuberculosis, as targeted mutagenesis is now
possible. This is much more difficult to demonstrate than in
fast-growing bacteria. One possibility for failing to isolate a
mutant is that, although viable, the growth rate is slower. M.
tuberculosis normally takes 2 to 3 weeks to form visible colonies
in the presence of sucrose. We extended this incubation time to
6 weeks to allow the identification of mutants with growth rates
two to three times slower than wt. Beyond this, other issues,
such as dehydration of the plates, become problems. We therefore considered this our somewhat arbitrary cut-off point, at

which we concluded that there were no viable colonies. It is
still possible that the mutants are viable but have a very greatly
reduced growth rate. However, our observations suggest that
this is not the case. When plating the cells onto sucrose plates,
we have sometimes seen initial cell growth to form barely
visible colonies, which then disappear only to leave pock marks
on the agar. This suggests that the mutant double crossover has
occurred before plating and that initial growth is sustained by
the remaining intracellular pool of glutamine/glutamate but is
then rapidly followed by cell death and lysis.
Salmonella enterica serovar Typhimurium glnE mutants have
been shown to grow better in nitrogen-limited medium, presumably since the internal glutamate pool is less depleted under these conditions (17). However the S. coelicolor glnE mutant has no such growth defect (3). 7H10 medium, used for
culturing M. tuberculosis, contains a large amount of L-glutamate (0.5 g/liter) and a substantial amount of ammonia in the
form of ammonium sulfate (0.5 g/liter) and ferric ammonium
citrate (0.04 g/liter). The availability of suitable solid medium
for growth of M. tuberculosis poses a problem in this respect
(1), since the only other commonly used defined solid medium
is Dubos (Difco). This contains ferric ammonium citrate (a
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FIG. 3. Construction of a merodiploid strain and isolation of double-crossover strains. (A) The integrating vector was transformed into the single-crossover strain
(single crossover 2 in Fig. 2B), providing an extra copy of the glnE gene elsewhere on the chromosome. A second crossover event results in either of two
double-crossover strains (B) being isolated. Both double-crossover strains will still retain a functional glnE gene in the integrated vector.
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ing to a severe shortage of L-glutamate for central metabolism.
Isolation of mutants was not possible, even though the medium
that we used contained high levels of L-glutamate, suggesting
that this amino acid is not transported efficiently into the cell.
The transport capabilities of M. tuberculosis are little known,
although a search of the genome reveals the presence of glnH
and glnQ homologues, which are involved in glutamine transport in other bacteria. This suggests that L-glutamine may be
transported into the cell, but whether this also applies to Lglutamate is unknown.
We have shown that the use of merodiploid strains to demonstrate the essentiality of a gene in M. tuberculosis is possible.
Our work demonstrates that glnE is essential for the viability of
M. tuberculosis in certain culture conditions. Further work will
determine the role of glnE in the regulation of glutamine
synthetase activity.
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was eightfold higher (a total of 62 compared to 8). The fact
that it is unequal can partly be explained by the fact that the
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was different, 1.1 and 3.8 kb. Since one side was three times
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regenerate the wt allele would be expected. As expected, the
initial single-crossover strain resulted from a single crossover
on the long (3.8 kb) side. In addition, there are other factors
which influence the frequency of recombination at any particular DNA site. In our experience, the frequency of recombination can differ by several orders of magnitude between different loci, but the reasons for this are not apparent (12).
In enteric bacteria, glnE is not essential, and Escherichia coli
mutants can grow without supplements. In contrast, glnA mutants require glutamine for growth, since glutamine synthetase
is essential.
However, the situation in enteric bacteria is quite different
from that in M. tuberculosis. First, while enteric bacteria only
possess one glutamine synthetase (type I) whose activity is
regulated by GlnE, M. tuberculosis, like Streptomyces spp., also
has a type II glutamine synthetase, which is not subject to
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