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A Comprehensive Survey of Single Nucleotide Polymorphisms (SNPs)
across Mycobacterium bovis Strains and M. bovis BCG Vaccine Strains

Refines the Genealogy and Defines a Minimal Set of SNPs That
Separate Virulent M. bovis Strains and M. bovis BCG Strains�†
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To further unravel the mechanisms responsible for attenuation of the tuberculosis vaccine Mycobacterium
bovis BCG, comparative genomics was used to identify single nucleotide polymorphisms (SNPs) that differed
between sequenced strains of Mycobacterium bovis and M. bovis BCG. SNPs were assayed in M. bovis isolates
from France and the United Kingdom and from different BCG vaccines in order to identify those that arose
during the attenuation process which gave rise to BCG. Informative data sets were obtained for 658 SNPs from
21 virulent M. bovis strains and 13 BCG strains; these SNPs showed phylogenetic clustering that was consistent
with the geographical origin of the strains and previous schemes for BCG genealogies. The data revealed a
closer relationship between BCG Tice and BCG Pasteur than was previously appreciated, while we were able
to position BCG Beijing within a grouping of BCG Denmark-derived strains. Only 186 SNPs were identified
between virulent M. bovis strains and all BCG strains, with 115 nonsynonymous SNPs affecting important
functions such as global regulators, transcriptional factors, and central metabolism, which might impact on
virulence. We therefore refine previous genealogies of BCG vaccines and define a minimal set of SNPs between
virulent M. bovis strains and the attenuated BCG strain that will underpin future functional analyses.

Mycobacterium bovis bacillus Calmette-Guérin (BCG) is the
only vaccine available against tuberculosis and is the most
widely used vaccine in the world. It was derived by the repeated
subculture of a strain of Mycobacterium bovis on potato slices
soaked in glycerol and ox bile (10), leading to the in vitro
accumulation of mutations and ultimately attenuation. Despite
the widespread use of BCG, the precise genetic lesions that led
to attenuation are not defined. Furthermore, the success of
BCG led to its distribution from the Institut Pasteur to labo-
ratories around the world, each of which continued the sub-
culturing process, thereby leading to the generation of a num-

ber of daughter strains named after their geographical origin
(hence BCG Tokyo, BCG Russia, etc.). The protective efficacy
of these strains has been shown to vary in both laboratory
models and epidemiological studies (6, 18, 36).

As BCG is the only vaccine currently available against
tuberculosis, there is a clear need to understand the molec-
ular basis of attenuation and variable efficacy afforded by
BCG. The first study that attempted to identify mutations
linked to attenuation was performed by Mahairas and col-
leagues, who identified three deletions, RD1 to RD3, from
the genome of BCG strain Connaught (39). The RD1 locus
was shown to be deleted from all BCG strains but present in
all virulent strains of M. bovis and Mycobacterium tubercu-
losis studied. Subsequent work has shown that this deletion
played a major role in the attenuation of BCG (38, 46).
However, complementation of BCG with RD1 does not
restore virulence to wild-type levels, suggesting that other
attenuating mutations exist. Indeed, all BCG strains contain
a frameshift mutation in the phoT gene; inactivation of phoT
in M. bovis attenuates the strain, and so this phoT mutation
may also contribute to the loss of virulence of BCG (15).
This observation demonstrates that single nucleotide poly-
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morphisms (SNPs) may play a significant part in the atten-
uation of BCG.

A major step toward defining the molecular basis of atten-
uation in BCG was the completion of the genome sequence of
M. bovis BCG Pasteur (9). Genomic comparison of BCG Pas-
teur with M. bovis 2122/97 (22) identified a range of mutational
differences, including deletions, duplications, and SNPs. In fur-
ther work the configuration of two large duplications, DU1 and
DU2, was shown to vary across BCG daughter strains, in a
manner that was congruent with the previous BCG phylogeny
defined by Behr and colleagues using deletions (7, 9, 41).

From the complete chromosome sequences, 736 SNPs were
identified between the BCG Pasteur vaccine strain and the
virulent M. bovis strain 2122/97 (9). However, only those SNPs
that are unique to all BCG strains are good candidates for
mutations involved in the attenuation of BCG; such SNPs
presumably occurred during the attenuation of BCG after it
was derived from wild-type M. bovis. The ideal experiment
would be a comparison using the chromosome of the wild-type
progenitor from which BCG strains were derived; unfortu-
nately, this strain is unavailable. The M. bovis 2122/97 strain is
derived from the clonal complex of M. bovis common in the
British Isles (provisionally called Eu1 [53]), while the BCG
strain is derived from the French lineage, which is phyloge-
netically distinct from the Eu1 clonal complex. Many of the 736
SNPs that differ between BCG Pasteur and M. bovis 2122/97
may be lineage specific to either BCG or the Eu1 clonal complex
and therefore unlikely to be involved in the attenuation of BCG.

To identify those SNPs that are unique to BCG strains and
therefore possible candidates for the attenuation of BCG, we
mapped the phylogenetic position of all SNPs identified be-
tween M. bovis 2122/97 and BCG Pasteur across a population
of United Kingdom and French M. bovis isolates, as well as
BCG daughter strains. We used a high-throughput SNP
screening methodology to screen hundreds of SNPs across the
population and generated a distribution of SNPs across British,
French, and BCG M. bovis strains.

It has previously been shown that some SNPs unique to
BCG have functional effects: a nonsynonymous SNP (nsSNP)
in the mmaA3 gene, which encodes a mycolic acid methyltrans-
ferase, results in the loss of methoxymycolic acids from late
strains of BCG (5); an SNP in sigK leads to reduced synthesis
of MPB83 and MPB70 in late BCG strains (11); and an SNP in
the pykA gene reverts a null mutation in M. bovis and allows
BCG to grow on glycerol (33). Finally, SNPs in the cyclic AMP
receptor protein (CRP) transcriptional regulator in some BCG
strains affect the binding of the regulator to DNA (4, 30).
Following these examples, we highlight SNPs that may impact
on phenotypic differences between virulent M. bovis and BCG.

MATERIALS AND METHODS

SNP identification. The sequences of M. bovis 2122/97 and M. bovis BCG
Pasteur were compared using the DIFFSEQ application from the EMBOSS
package (http://emboss.sourceforge.net/). This tool is less complex than many
genome comparison tools but can be used here, as the two genomes are entirely
colinear. This allowed three classes of mutations to be identified: (i) transitions
and transversions; (ii) insertions or deletions (InDels); and (iii) “block” substi-
tutions, where a block of sequence of �1 bp replaces another. The InDels were
further subdivided into two groups, the mIns and mDels, which are the insertions
or deletions of a single base, respectively. We defined SNPs as the total number
of transitions and transversions (736) plus the mIns and mDels (46), which gave

a total of 782 positions to be investigated. Each SNP was initially verified by
checking the original sequence trace files from the BCG Pasteur and M. bovis
2122/97 sequencing projects.

Bacterial strains. Strains are shown in Table 1, with a spoligotype phylogeny
shown in Fig. 1 to illustrate the relationships across the strains. British M. bovis
strains were selected from the VLA Weybridge strain collection to represent the
British M. bovis population structure. French isolates were selected from the
strain collection of the Agence Française de Sécurité Sanitaire des Aliments
(AFSSA), such that the spoligotype of the strain was the same as that of BCG
(SB0120, as defined by the international M. bovis spoligotype database [www
.mbovis.org]). BCG daughter strains were obtained from the VLA Weybridge
strain collection, Marcel Behr (McGill University, Montreal, Canada), or the
Statens Serum Institut (Copenhagen, Denmark). A total of 34 strains were
examined.

Molecular typing. Strains were typed by both spoligotyping and variable-
number tandem repeat (VNTR) (ETR-A to -F) typing. Spoligotyping and
VNTR were performed as described previously (21, 32).

Sequenom genotyping. Genotyping was performed with IPLEX chemistry, on
the Sequenom genotyping platform (Sequenom Inc., San Diego, CA). During the
IPLEX reaction, oligonucleotide primers anneal directly adjacent to the SNP of
interest. Allele-specific extension products are then produced by single base
extension of the oligonucleotide with terminator nucleotides, each of unique
mass. Multiplexed IPLEX assays of between 1 and 28 assays per plex were
designed to detect 701 single nucleotide base changes using the Sequenom Assay
Design v3.0.2.0 package. Genomic DNA was extracted from BCG and other M.
bovis strains using a standard cetyltrimethylammonium bromide method and
diluted in Tris-EDTA to a final concentration of 4 ng/�l. SNP-containing loci
were amplified from genomic DNA by PCR. Unincorporated nucleotides were
removed by treatment with shrimp alkaline phosphatase, followed by the IPLEX
extension reaction, per the manufacturer’s instructions. The allele-specific prod-
ucts resulting from the IPLEX reaction were desalted through the addition of an
anion-exchange resin and then analyzed by matrix-assisted laser desorption ion-
ization–time of flight mass spectrometry. Genotypes were assigned in real time
and then evaluated using the SpectroCALLER and SpectroACQUIRE software
(Sequenom), respectively. Selected SNPs were confirmed using standard capil-
lary sequencing.

Phylogenetic analysis. SNP calls were parsed to extract SNPs specific to each
strain and concatenated into a single 701-bp sequence. Sequence alignment was
carried out using ClustalW, and phylogenetic analyses were performed using the
MEGA 4.0 software. Discrepancies in the data (i.e., call rates lower than 100%
or ambiguous calls) were replaced by “?” for the purposes of alignment. Dis-
tance-based analysis was conducted by applying the neighbor-joining algorithm
using the number of nucleotide differences. A consensus parsimony tree was
generated using the maximum parsimony method with bootstrapping.

dN/dS estimations. The sequence of the common ancestor (anc1) of the
British lineage and the French lineage was reconstructed at the polymorphic sites
using the M. tuberculosis H37Rv strain as an outgroup. The reconstructed an-
cestral sequence was then compared to the sequence found in strain 2253 (a
representative of the British lineage, SB0134 [Table 1]), and the ratio of the
number of nonsynonymous to synonymous changes per site (dN/dS ratio) was
calculated for 48 synonymous and nonsynonymous mutations that had happened
during the descent of this strain from anc1 to its divergence from the lineage that
led to the M. bovis sequenced strain 2122. In a similar way the dN/dS ratio was
calculated for 87 synonymous and nonsynonymous mutations in strain F1.2
(representing the French lineage, SB0120 [Table 1]) that happened between
anc1 and the divergence of F1.2 from the lineage that leads to BCG Pasteur.
Finally, the dN/dS ratio was calculated for 161 synonymous and nonsynonymous
mutations between the divergence of strain F1.2 and BCG Russia in the lineage
leading to BCG Pasteur. dN/dS ratios were calculated with the S.T.A.R.T 2
package (31) using the Nei-Gojobori method and the Jukes-Cantor correction
(43).

RESULTS

Sequenom analysis. SNPs were queried using oligonucleo-
tides that anneal �1 from the base of interest; allele-specific
extension products were then analyzed via matrix-assisted laser
desorption ionization mass spectrometry to identify the base at
each SNP position across the panel of strains (Fig. 2). From the
total of 736 SNPs, 35 SNPs failed and 20 gave ambiguous calls
(i.e., many strain-calls missing or both alleles called at the same
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locus); this gave a total of 681 SNPs that gave usable data. Of
these 681 SNPs, 23 were called as invariant across BCG Pas-
teur and other M. bovis strains, suggesting errors in the original
genome sequences. However these 23 SNPs were contained
within repeated sequences such as IS1081, REP13E12, and
PE-PGRS genes, suggesting that the Sequenom method may
also be at fault. To determine whether the sequence or Seque-
nom calls were correct, we examined the original sequence
trace files for the BCG Pasteur and M. bovis 2122/97 genome
sequences. This confirmed that 14 of the 23 invariant SNPs
were indeed point mutations between BCG Pasteur and M.
bovis 2122/97; four SNPs appeared to be errors in M. bovis,
while the remaining five SNPs could not be called because of
poor sequence reading coverage. As we could not determine
the distribution of these 23 SNPs across the remaining strains,
they were excluded from the analysis. Hence, we obtained
informative data from 658 SNPs. The complete results for all
of the 701 SNPs that gave data (including ambiguous calls) are
shown in Table S1 in the supplemental material, while the
distribution of SNPs across the functional classification of
BCG genes is shown in Fig. S1 in the supplemental material.

Phylogenetic analysis. The phylogenetic distribution of
SNPs allowed the strains to be clustered into related groupings,

FIG. 1. Spoligotype phylogeny of M. bovis strains. The figure de-
picts relationships across the M. bovis strains used in this study based
solely on spoligotype. Strain numbers are shown clustered into their
spoligotype designations (“SB” numbers, based on the international M.
bovis spoligotype database at www.mbovis.org). SB0120 is the most
replete M. bovis spoligotype pattern, with all other patterns used in this
study derivatives of this pattern. Branch lengths are not phylogeneti-
cally informative and are shown merely for the purposes of clustering
related strains.

TABLE 1. Strains used in this study

M. bovis strain Source Spoligotype VNTR Comment

Non-BCG strains
2122/97 VLA Weybridge, United Kingdom SB0140 8555*33.1 Genome-sequenced strain
F1.2 AFSSA, Alfort, France SB0120 5654*33.1 French clinical isolate
F3 AFSSA, Alfort, France SB0120 5553*33.1 French clinical isolate
F4 AFSSA, Alfort, France SB0120 5554*43.1 French clinical isolate
F5 AFSSA, Alfort, France SB0120 5554*33.1 French clinical isolate
F6 AFSSA, Alfort, France SB0120 5554*33.1 French clinical isolate
F7 AFSSA, Alfort, France SB0120 NDa French clinical isolate
F8 AFSSA, Alfort, France SB0120 4554*33.1 French clinical isolate
F9 AFSSA, Alfort, France SB0120 5554*33.1 French clinical isolate
F10 AFSSA, Alfort, France SB0120 5554*33.1 French clinical isolate
F11 AFSSA, Alfort, France SB0120 5554*33.1 French clinical isolate
F12 AFSSA, Alfort, France SB0120 5554*33.1 French clinical isolate
F13 AFSSA, Alfort, France SB0120 5554*33.1 French clinical isolate
F14 AFSSA, Alfort, France SB0120 5554*33.1 French clinical isolate
2253 VLA Weybridge, United Kingdom SB0134 3534*33.1 United Kingdom clinical isolate
1766 VLA Weybridge, United Kingdom SB0134 3534*33.1 United Kingdom clinical isolate
681 VLA Weybridge, United Kingdom SB0129 6554*23.1 United Kingdom clinical isolate
1198 VLA Weybridge, United Kingdom SB0140 6554*33.1 United Kingdom clinical isolate
1094 VLA Weybridge, United Kingdom SB0140 7554*33.1 United Kingdom clinical isolate
393 VLA Weybridge, United Kingdom SB0140 7554*33.1 United Kingdom clinical isolate
AN5 VLA Weybridge, United Kingdom SB1417 6554*33.2 Tuberculin production strain

BCG strains
Pasteur VLA Weybridge, United Kingdom SB0120 556233.1 Genome-sequenced strain
Sweden Marcel Behr, McGill University, Canada SB0120 5553*33.1 Vaccine strain
Tokyo VLA Weybridge, United Kingdom SB0120 5553*33.1 Vaccine strain
Denmark Statens Serum Institut, Denmark SB0120 5552/3*33.1 Vaccine strain
Tice Marcel Behr, McGill University, Canada SB0120 555233.1 Vaccine strain
Frappier Marcel Behr, McGill University, Canada SB0120 555133.1 Vaccine strain
Glaxo VLA Weybridge, United Kingdom SB0120 5553*33.1 Vaccine strain
Russia VLA Weybridge, United Kingdom SB0120 ND Vaccine strain
Beijing China Agricultural University SB0120 ND Vaccine strain
Connaught VLA Weybridge, United Kingdom SB0120 ND Vaccine strain
Birkhaug Marcel Behr, McGill University, Canada SB0120 ND Vaccine strain
Prague Marcel Behr, McGill University, Canada SB0120 ND Vaccine strain
Moreau Marcel Behr, McGill University, Canada SB0120 ND Vaccine strain

a ND, not determined.
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showing as expected that M. bovis strains isolated in Britain,
those isolated in France, and BCG daughter strains formed
three distinct clades (Fig. 3). As the SNPs were selected on
comparison of the genomes of BCG Pasteur and M. bovis
2122/97, it should be noted that we generated a “linear” phy-
logeny, with these two strains being most distant from each
other and all other strains falling between them.

The SNP phylogeny recapitulated BCG genealogies pro-
posed using deletions or duplications (7, 9). Hence, “early”
(pre-1927) or “late” (post-1927) BCG strains group together,
although the SNPs did not allow the resolution of DU2 groups
I and II as defined by Brosch et al. (9). BCG strains Russia,
Tokyo, and Moreau (group I) and Sweden and Birkhaug
(group II) clustered together. DU2 group III (BCG strains
Denmark, Glaxo, Beijing, and Prague) formed a discrete
group, with 10 SNPs distinguishing them from groups I and II.
One SNP separated BCG Connaught/Frappier from group II,
while seven SNPs separated these strains from BCG Tice.
Finally, BCG Pasteur had eight strain-specific SNPs. One SNP,
a 1-bp insertion at position 842687 (mIns-842687; see Table S1
in the supplemental material), was present in BCG Pasteur and
BCG Beijing only. As this SNP is homoplasic, the Sequenom
results were verified using standard sequencing and confirmed
to be correct. Whether this indicates a selective pressure at this
locus is unclear.

BCG Beijing was included in our SNP analysis as this strain
had so far, to our knowledge, not been genetically studied. It
was known, however, that BCG Beijing was derived from BCG
Denmark and shows protective efficacy similar to that of BCG
Denmark in animal models (56). The SNP analysis showed, as
expected, that it belonged to the DU2-III group with BCG
strains Denmark, Prague, and Glaxo. However, comparative
genomic hybridization (data not shown) using an M. tubercu-
losis complex microarray (25) revealed that BCG Beijing had

the characteristic RD-Denmark locus intact (41). Hence, it
would appear that BCG Beijing was derived from a BCG
Danish seed-lot before the RD-Denmark deletion had oc-
curred. Using high-resolution NimbleGen arrays, Leung et al.
also recently screened the genomes of BCG Beijing and 12
other BCG strains for InDels and also placed BCG Beijing in
the BCG Denmark-derived clade (37).

The M. bovis progenitor attenuated by Calmette and Guérin
is not available, having been lost from the Institut Pasteur
archives. Therefore, we selected a panel of French M. bovis
strains on the basis that they had the same spoligotype as BCG
(SB0120) and similar VNTR profiles. Hence, the SNP screen
showed minimal variation between the 13 French M. bovis
strains. However, they were distinguished from the British
strains by 158 SNPs and from BCG by 186 SNPs; we will deal
below with the functional implications of these latter 186 SNPs.

The British strains were chosen on the basis of our detailed
knowledge of the population structure of M. bovis, with mo-
lecular types SB0129, SB0134, and SB0140 representing the
major groups of M. bovis in Britain (Fig. 1). In agreement with
previous phylogenies of M. bovis based on spoligotypes and
VNTR (53, 57), types SB0129 and SB0134 are more closely
related to French strains than to the SB0140 clonal complex.
The sequenced strain, 2122/97, showed 66 unique SNPs com-
pared to other strains with the same SB0140 pattern.

One hundred fifty-eight SNPs separated all of the French
strains from all of the British M. bovis strains. Using BLASTn
(3), we determined the status of each of these SNPs in an
outgroup, the genome sequence of M. tuberculosis H37Rv, to
establish where the SNPs occurred in the evolution of the
British and French lineages (Fig. 3). This analysis showed that
53 SNPs had occurred during the evolution of the British M.
bovis branch (to SB0134), with 105 SNPs on the French branch.
Hence, it appears that the British SB0134 strains are more

FIG. 2. Sequenom output. Images of the MassARRAY TyperAnalyzer v3.3 software (Sequenom) output for two samples. (a) Mass spectrom-
etry output for BCG Pasteur, highlighting a T allele call for SNP GS34910, which is at BCG genome position 565209, located at the start of the
sigK gene. (b) Mass spectrometry output for BCG Russia SNP GS34910, showing a C allele call for this SNP. This SNP gives rise to the differential
expression of the SigK regulon between early and late BCG strains.
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similar to the common ancestor of the British-French lineage
(anc1 in Fig. 3) than to the French strains selected in this study.

Determining the ratio of synonymous and nonsynonymous
mutations per site between sequences (dN/dS ratio) can indi-
cate the strength and direction of selection. Purifying selection
is normally stronger on nonsynonymous changes, reducing the
dN/dS ratio and giving values of �1; in contrast, positive or
directional selection would give values for dN/dS of �1. Strains
of BCG have been cultured in vitro for long periods, and
therefore, dN/dS calculations may reveal differences in selec-
tion pressures between in vivo and in vitro growth. Calcula-
tions of dN/dS ratios gave values of 0.48 for anc1 (Fig. 3) to
strain 2253 (SB0134, 48 SNPs), 0.68 from anc1 to strain F1.2
(SB0120, 87 SNPs), and 0.63 for the branch between the di-
vergence of the F1.2 wild strain and the divergence of BCG
Russia (161 SNPs). For such closely related strains, the inter-
pretation of high dN/dS values is complex and the values are
open to several interpretations (48). Nevertheless, two conclu-
sions can be reached from our data. First, there appears to be
no evidence for increased relaxed selection during the in vitro
cultivation of BCG strains compared to in vivo-isolated M.

bovis strains (0.63 in vitro versus 0.68 in vivo). Second, the
relatively high dN/dS ratios are further evidence for relaxed
purifying selection within the M. tuberculosis complex, presum-
ably in response to a low effective population size (53). This
latter point has been elegantly demonstrated by Hershberg et al.
(29), who performed a multilocus sequencing analysis on a world-
wide collection of 108 M. tuberculosis complex strains. The aver-
age pairwise dN/dS ratio across these strains for 370 SNPs was
0.57, comparable to the values that we obtained and, they con-
cluded, likely a consequence of reduced selective constraint.

Interestingly, the ugpAEBC region contains SNPs that dif-
ferentiate the British, French, and BCG lineages. For example,
taking the M. bovis 2122/97 genome sequence as the reference,
SNP mIns-3095955 is a 1-bp insertion in ugpA that is present in
SB0134 and SB0120 M. bovis (i.e., including BCG); this poly-
morphism is in fact a 1-bp deletion from type SB0129, AN5,
and M. bovis 2122/97 that frameshifts ugpA; hence, SNP mIns-
3095955 delineates SB0129 and its descendants. Similarly, SNP
3093642 is an nsSNP in ugpB found only in the British SB0140
clonal complex. Finally, SNPs 3092465 and 3093840 are found
only in BCG strains (see Table S1 in the supplemental mate-

FIG. 3. Distribution of SNPs across British, French, and BCG lineages. A linear phylogeny is shown, where the sequenced strains that were used
to derive the SNPs, M. bovis 2122/97 and BCG Pasteur, lie at the extremes. Numbers of SNPs that separate each grouping are shown. Branch
lengths are not phylogenetically informative; the figure shows merely the clustering of strains generated by the SNP analysis.
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rial). Hence, focused sequencing of these SNPs provides a simple
way to cluster British, French, and BCG strains. Possible func-
tional implications of these mutations are discussed below.

Functional inferences. Of the 186 SNPs identified between
virulent M. bovis strains and BCG, 115 are nonsynonymous and
55 are synonymous, 13 are intergenic, and three are located in
pseudogenes. While synonymous SNPs (sSNPs) may have
functional consequences in rare cases (34), nsSNPs, frame-
shifts, or intergenic SNPs that affect gene expression or protein
structure are the most likely source of phenotypic variation.

Virulence. In a global analysis of genes required for in vivo
survival, Sassetti and Rubin identified 194 major candidate
genes (50); eight of these genes contain nsSNPs in BCG (Table
2). While many of these nsSNPs encode conservative amino
acid substitutions, some may have functional consequences.
For example, kdpD encodes the histidine kinase sensor of the
two-component system KdpDE that regulates turgor pressure
and potassium homeostasis. The BCG kdpD allele contains
two nsSNPs, P83S and N776D, the latter of which is a conser-
vative substitution. The N-terminal domain of KdpD contains
two Walker nucleotide binding motifs which are important in
ATP binding (27). While the P83S substitution does not dis-
rupt these motifs, the P83 residue is conserved across KdpD
homologues in many bacterial species (27). Functional analysis
of the BCG KdpD protein is therefore warranted.

The SenX3 histidine kinase is also implicated in virulence
(44, 50) and contains an F109S mutation; its linked response
regulator, the RegX3 protein, also contains an nsSNP (A18T).
The RegX3 mutation occurs at an alanine residue which is
conserved across many similar two-component regulators. The
function of SenX3-RegX3 in M. bovis BCG is unknown, but in
Mycobacterium smegmatis SenX-RegX regulates the expres-
sion of the high-affinity pstSCAB phosphate uptake system (23,
24). If SenX3-RegX3 also functions in phosphate control in
BCG, and as the pst high-affinity system appears to be non-
functional in BCG, the accumulation of mutations in the
senX3-regX3 locus may be indicative of relaxed selection acting
at this locus.

It is worth noting that the pks12 gene, which encodes a man-
nosyl-�-1-phosphoisoprenoid synthase (40), contains 11 nsSNPs
between BCG and other M. bovis strains; however, only one of
these SNPs, S2964R, is present in all BCG strains but absent from
all other M. bovis strains studied. Furthermore, there is no evi-
dence of any structural difference between the mannosyl-�-1-
phosphoisoprenoid synthases synthesized by BCG and those syn-

thesized by M. tuberculosis (40), suggesting that this accumulation
of nsSNPs in pks12 has no functional effect.

Lesions in metabolism. The M. bovis genome encodes 17
cytochrome P450 oxidase (CYP) enzymes, with an 18th gene,
the CYP142 gene, frameshifted (22). All BCG strains contain
a frameshifted CYP123 gene, with an extended C-terminal
portion that would be expected to disrupt correct protein fold-
ing and function. The role of mycobacterial CYP enzymes is
still being elucidated, but they are expected to be integral to
lipid metabolism. The function of CYP123 is unknown, but it
was found to be upregulated in response to heat stress (55).
The genes for three further CYP enzymes, the CYP126,
CYP128, and CYP135B1 genes, contain nsSNPs, but their
functional consequences are unknown. CYP128 was shown to
be essential for in vitro growth of M. tuberculosis (49), so
presumably the L203F substitution present in the BCG protein
has no major functional effects.

M. bovis and M. bovis BCG strains cannot catabolize alanine
due to a frameshift mutation in the aldA gene, which encodes
alanine dehydrogenase. Chen and colleagues have also shown
that BCG strains exhibit defects in serine metabolism, with
BCG Pasteur and Frappier being unable to catabolize serine
(12). The genetic basis for this defect in serine catabolism
remains unidentified; indeed, sdaA, which encodes serine
deaminase, is identical between M. bovis and M. bovis BCG
strains, which suggests a regulatory defect (12). Analysis of
SNPs that are shared between BCG Frappier and Pasteur did
not reveal any obvious candidates that would explain the serine
catabolism phenotype.

The M. tuberculosis complex contains three systems for the
biosynthesis of trehalose, namely, the OtsAB, TreS, and
TreXYZ systems (14, 42). It appears that the OtsAB system is
the principal pathway for trehalose biosynthesis in M. tubercu-
losis; inactivation of the TreXYZ system had no in vitro or in
vivo effect on growth (42). The M. bovis 2122/97 strain contains
an internal deletion in the treY gene that leads to an inactive
protein product (22, 26); however, this mutation is present only
in strains that are closely related to 2122/97. It is surprising,
therefore, that all BCG strains have an independent mutation
in the TreXYZ system, with treZ frameshifted. Hence, the
same biosynthetic pathway is mutated in both wild-type viru-
lent M. bovis and in vitro-attenuated BCG. As the TreXYZ
pathway is not required for virulence, its loss may simply reflect
the removal of biosynthetic redundancy.

TABLE 2. Genes defined as essential in vivo by transposon site hybridization that contain nsSNPs across all BCG strainsc

Gene Rv coding sequence BCG coding sequence SNP Function

nrp Rv101 BCG0134 L1365M Nonribosomal peptide synthase
senX3 Rv0490 BCG0531 F109S Two-component sensor
kdpD Rv1028c BCG1085c P83S; N776Da Two-component sensor
murI Rv1338 BCG1400 R154L Glutamate racemase
lysX Rv1640c BCG1679c D769Ea Lysyl-tRNA synthase
pks12 Rv2048c BCG2067c S2964R Mannosyl-�-1-phosphoisoprenoid synthase
fadE22 Rv3061c BCG3086c K488Ea,b; S497Cb Acyl coenzyme A dehydrogenase
Rv3335c Rv3335c BCG3406c A86Va Integral membrane protein
Rv3616c Rv3616c BCG3680c A4Va ESX-1 secreted antigen

a Conservative substitution.
b Position with reference to H37Rv protein sequence as M. bovis 2122/97 allele is frameshifted.
c Transposon site hybridization was performed as described previously (50).

VOL. 77, 2009 BCG SNP ANALYSIS 2235



Growth on glycerol. A key metabolic selection placed on the
M. bovis progenitor of BCG was the utilization of glycerol as a
carbon source. We have previously shown that M. bovis strains
contain an nsSNP in the gene encoding pyruvate kinase (pykA)
that prevents the conversion of phosphoenolpyruvate to pyru-
vate and hence blocks glycolysis from feeding into the tricar-
boxylic acid cycle (22, 33). BCG strains all contain an
Asp220Glu mutation that restores activity to pyruvate kinase,
a mutation that was selected by the glycerol-based medium
used by Calmette and Guérin.

In a chemostat analysis of Escherichia coli strains grown on
glycerol, mutations in glpK (encoding glycerol kinase) that in-
creased enzyme efficiency were selected for (28). The glpK
gene of M. bovis 2122/97 is frameshifted, while that of BCG is
in frame (22, 33). This latter mutation was not, however, se-
lected for during BCG’s in vitro growth, as French and related
British M. bovis strains have an in-frame glpK; hence, it is
merely a mutation in M. bovis 2122/97. The bovine tuberculin
production strain, M. bovis AN5, was included in our SNP
screen since, like BCG, it is a glycerol-adapted strain of M.
bovis (45); SNPs shared between BCG and AN5 may favor
growth of M. bovis on glycerol. However, apart from the pre-
viously described Asp220Glu mutation in pykA we could iden-
tify only one homoplasic SNP shared between BCG and AN5
(SNP 1369616), which was located in the gene for PPE18.
However, it appears unlikely that this represents a glycerol-
adaptive mutation.

As noted above, the ugpAEBC locus contains a number of
SNPs with functional consequences. Hence, ugpA is frame-
shifted in British type SB0129 and the SB0140 clonal complex
because of a 1-bp insertion; the resulting protein will not lo-
calize correctly in the membrane and is therefore nonfunc-
tional. All BCG strains have an independent null mutation in
the same operon, with ugpB containing an in-frame stop codon,
and they also contain an nsSNP in ugpC. Hence, in British and
BCG lineages the UgpAEBC transporter is nonfunctional.
This is interesting because ugpAEBC encodes a glycerol-3-
phosphate transporter that in related actinobacteria is respon-
sive to phosphate starvation (35); hence, BCG contains null
mutations in both the high-affinity Pst phosphate uptake sys-
tem and the Ugp system. This may reflect BCG’s in vitro
growth conditions but will undoubtedly impair in vivo phos-
phate acquisition and hence may be implicated in attenuation.

Transcriptional regulators. Comparison of the transcrip-
tomes of M. bovis 2122/97 and BCG Pasteur revealed that 133
genes showed a minimum twofold difference in expression
across the strains (9). It is probable that some of these expres-
sion differences reflect differences between the United King-
dom and French clades of M. bovis rather than a difference
between virulent and attenuated strains. However, the genes
for three transcriptional regulators, BCG3734, BCG3145, and
BCG2507c, show nsSNPs across all BCG strains compared to
virulent M. bovis strains, mutations which may explain global
expression differences between M. bovis BCG and M. bovis.

BCG3734 encodes the CRP, a global gene regulator. Previ-
ous work has shown that there are two nsSNPs in BCG3734
compared to the M. bovis and M. tuberculosis genes, which
encode E178K and L47P substitutions (54). These mutations
have been shown to enhance the binding of BCG CRP to its

DNA binding sites (4, 30); however, this enhanced binding
does not appear to play a role in attenuation of BCG (30).

The LuxR family regulator BCG2507c contains an N-termi-
nal adenylate/guanylate cyclase catalytic domain, a putative
ATPase domain (COG3903 superfamily), and a C-terminal
helix-turn-helix domain. The D535E mutation in BCG2507c
falls in the ATPase domain; as it is a conservative substitution,
its functional consequences are expected to be minimal.

BCG3145 is a member of the AfsR/DnrI/SARP (Streptomy-
ces antibiotic regulatory protein) class of transcriptional regu-
lators. This class also contains EmbR, the regulator of three
arabinosyltransferases that are the targets of the front-line
tuberculosis drug ethambutol (8). The structure of EmbR has
been elucidated, revealing DNA binding, bacterial transcrip-
tional activation (BTA), and forkhead-associated domains (1).
While BCG3145 lacks the forkhead-associated domain, the
E159G mutation in BCG3145 mutates to glycine a conserved
glutamic acid residue located in a tetratricopeptide repeat in
the BTA domain (region T3). Tetratricopeptide repeat do-
mains are associated with protein-protein interactions (16),
and a conserved core (helices T1 to T7) of the BTA domain
seems to be required for proper function of SARP family
proteins (1, 51). Hence, the E159G mutation may affect the
ability of BCG3145 to regulate transcription.

Cycloserine resistance. Growth on D-cycloserine can be used
to differentiate M. bovis from M. bovis BCG strains, with M.
bovis being sensitive to 0.02 mg/ml cycloserine while M. bovis
BCG strains are resistant. The molecular basis for this pheno-
type is unknown. The emergence of cycloserine resistance is
usually due to mutations in the alrA gene encoding alanine
racemase or the ddlA gene encoding D-alanyl-D-alanine ligase
(20); however, the sequences of alrA and ddlA in M. bovis BCG
and other M. bovis strains are identical, as are their expression
levels (9). The other possibility is that the cycloserine trans-
porter CycA (which also transports D-serine, D-alanine, and
glycine) is defective for cycloserine transport in BCG. CycA
does in fact contain an nsSNP across all BCG strains, intro-
ducing a G122S mutation. It is noteworthy that in all se-
quenced mycobacterial CycA proteins this position is occupied
by glycine or sometimes, in other bacteria, by alanine. David
showed that resistance to cycloserine in M. tuberculosis can be
due to defective transport of the antibiotic (17), and so it is
tempting to speculate that the G122S mutation plays some role
in the inherent cycloserine resistance of BCG. This would also
suggest that BCG may be defective in D-alanine, glycine, and
D-serine transport, but this has not been reported.

DISCUSSION

Phylogenetic relationships based on SNPs identified by com-
paring two sequenced strains will inevitably place these latter
strains as most distant in any phylogeny (2, 58). Phylogenies
with these characteristics can therefore be deemed “prese-
lected” or “linear” phylogenies. This is evident in our phylog-
eny (Fig. 3). However, this does not invalidate the resulting
tree; our prior knowledge of the population structure of M.
bovis allowed us to select strains which encompass the diversity
within the population and to address our primary question of
which SNPs were acquired during the initial derivation of
BCG. Indeed, the SNP phylogeny is congruent with trees con-
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structed using spoligotyping and deletion typing (52, 53). The
one divergence from previous trees is the positioning of BCG
Tice and Frappier; BCG Tice and Pasteur shared six SNPs not
seen in Frappier, hence placing Tice closer to BCG Pasteur. In
a previous schema BCG Frappier had been positioned closer
to BCG Pasteur than Tice (9). However, Rosenthal is known to
have mixed BCG Pasteur with BCG Tice in the early 1950s to
correct for overattenuation (19). From the SNP data presented
here, it appears that this mixture of BCG Tice and BCG Pasteur
resolved as a variant of BCG Pasteur. In a recent DNA array-
based comparative study of BCG vaccine strains, Leung et al.
note that BCG Tice has a distinctive duplication (DU-Tice), pro-
viding a further marker to differentiate BCG Tice (37).

We describe a range of SNPs with putative functional effects
in this study. While it is straightforward to ascribe functional
effects to SNPs that, for example, frameshift genes, predicting
the impact of intergenic SNPs or nsSNPs is problematic. We
have therefore been conservative in our interpretation of the
SNP data and instead see them as the basis for focused exper-
imental validation. Furthermore, we are mindful that 35 SNP
detection reactions did not generate usable data, as is common
in high-throughput projects. Hence, it is possible that informa-
tive SNPs are missing from the data set presented here, but
future scans will revisit these SNPs.

What are the implications of this research for the BCG
vaccine? The fact that BCG daughter strains are genetically
distinct is evident from our study and previous work; however,
how these genetic differences translate into variation in vaccine
efficacy requires considerable functional analyses. Indeed, clar-
ity is first needed on the question of the efficacy of BCG
substrains. In a recent review of published data on the efficacy
of different BCG strains in human and animal studies, Ritz and
colleagues showed that BCG Pasteur, Denmark, and Glaxo
were associated with better protection against challenge in the
mouse model while BCG Denmark appeared the best in
guinea pig models (47). However, standardization of animal
protocols for such variables as the dose and route of vaccine
administration, interval between immunization and challenge,
and dose and route of challenge strain(s) is needed if true
head-to-head comparisons of BCG daughter strains are to be
made. Similarly, results from human studies suggest that there
are distinct differences in immunogenicity across BCG strains,
although the lack of standardization across trials again com-
plicates interpretation. For example, in a study of neonatal
vaccination in Mexico using BCG strains Brazil, Denmark, and
Japan, it appeared that BCG Japan was the least immunogenic
(59); however, in a South African study of neonatal vaccination
using BCG strains Japan and Denmark, BCG Japan was more
immunogenic than BCG Denmark (18).

Against this background it is difficult to connect genetic
differences in BCG strains to vaccine efficacy. However, this is
not to say that linkages cannot be made, once clear phenotypes
are defined. An elegant example of the link between BCG
genotype and phenotype was provided by Leung et al. (37),
who disclosed a deletion in the BCG Moreau strain that ex-
plained the lack of phenolic glycolipid and phthiocerol dimy-
cocerosates from this strain (13). As these latter lipids are
potent immunomodulators, their absence from BCG Moreau
may explain the lack of BCG-associated complications re-
ported with this strain (13). Hence, the SNP differences de-

fined herein will provide a rich source of genetic variation that
can be mapped to functional differences across BCG strains.

Using high-throughput SNP screening, we have therefore
identified SNPs that refine the phylogeny of British and French
M. bovis strains, confirm previous genealogies of BCG vac-
cines, and define a minimal set of SNPs between virulent M.
bovis strains and the attenuated BCG. These SNPs will there-
fore facilitate future studies of M. bovis phylogeography and
the molecular basis for the attenuation of BCG.
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