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Fig. 2. Possible process of PE_.PGRS mutation. (A) PE_.PGRS20. (B) PE_.PGRS54, repeat of A (465-bp), repeat of B (552-bp). (C) PE.PGRS55, repeat of A (345-bp).

As 345bp is the length of a repeat in the gene, the differ-
ence reflected the copy number of both BCG strains (Fig. 2C). The
PE_PGRS55 gene also shows polymorphism among M. tuberculosis
complex.

3.5. Tandem duplications (DU1 and DU2)

There was no tandem duplication of DU1 in BCG Tokyo like that
present in BCG Pasteur. However, DU2 (20,704 bp) existed in BCG
Tokyo with a different length and position from that of BCG Pas-
teur, as reported previously [14]. BCG Tokyo had three copies of the
region from the astB gene (Rv3299c) to the sdhC (Rv3316) and sdhD
genes (Rv3317), including 20 genes. In the copied region, the astB
gene was truncated.

3.6. RD2

RD2 (including 11 genes) existed in BCG Tokyo, as it was pre-
viously reported to be present in early substrains and absent in
later substrains [18]. The sequence homology of the 11 genes
(Rv1978-Rv1988) were 100% with those of M. bovis or M. tubercu-
losis. The 11 genes included those encoding for the transcriptional
regulator (Rv1985c¢) and immunogenic protein MPT64 (Rv1980c).
The sequence of Rv1978 in BCG Tokyo was same as that of M. tuber-
culosis, but the sequences of BCG Tokyo and M. tuberculosis had a
SNP compared with that of M. bovis. The other sequences of 10 genes
were same as those of M. bovis.

3.7. RD14

Although RD14 (including 10 genes) existed in BCG Tokyo, this
region was deleted in BCG Pasteur. The sequences of 10 genes
(Rv1765c-Rv1773c) in BCG Tokyo showed 100% homology with
those of M. bovis or M. tuberculosis. These 10 genes included one
coding for the transcriptional regulator (Rv1773c). The sequence
homology of PE_.PGRS31 (Rv1768) was 100% with that of M. bovis,
but there was an 18-bp insertion and a SNP in M. tuberculosis H37Rv.
As a result of the 18-bp insertion, 6 aa were inserted into the pro-

tein and one amino acid (N207H) was replaced by the SNP. The
sequence homology of BCG Tokyo (Rv1773c) was 100% with that of
M. tuberculosis, but showed a SNP compared with M. bovis. The other
sequences of 8 genes showed 100% homology with those of M. bovis.

3.8. N-RD18

N-RD18 contained three intact genes (sigl, Rv1190, and Rv1191)
in BCG Tokyo. Rv1190 was deleted and sigl and Rv1191 were fused in
BCG Pasteur (N-RD20), so the function of sigl seemed to be lost [20].
The sigl gene was reported to have a role in adaptation to cold shock
[31]. The sequence of BCG Tokyo (Rv1190) showed 100% homology
with that of M. tuberculosis, but showed a SNP compared with M.
bovis. The other 2 sequences of BCG Tokyo (sigl, Rv1191) showed
100% homology with those of M. tuberculosis and M. bovis.

3.9. Rv3405c

BCG Tokyo had a 22-bp deletion in Rv3405c (possible transcrip-
tional regulatory protein) of RD16. There were two different types
of colonies (S: smooth and R: rough) when BCG Tokyo was cultured
on Middlebrook 7H10 medium. PCR of each type of colony showed
a strong relationship between colony morphology and genotype,
since 98.7% of S-colonies had the 22-bp deletion (type I) and 95.9%
of R-colonies did not (type II) [25]. In every Tokyo 172 preparation
studied, S-colonies (type I) exceeded 90% of the total. Accordingly,
it is probable that Tokyo 172 predominantly has the type I genotype
[25].

3.10. Comparison of BCGs Tokyo and Pasteur (differences of less
than 20bp)

There were 19 genes and one intergenic region that differed
between BCG Tokyo and Pasteur due to insertion or deletion
(ins/del) of less than 20 bp. These 20 genes were compared between
M. tuberculosis and BCG Tokyo or Pasteur. As a result, 15 genes had
ins/del mutations between M. tuberculosis and BCG Tokyo, and 12
genes had ins/del mutations between M. tuberculosis and BCG Pas-
teur (Fig. 3, SD Table 2).
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Fig. 3. Functional classification of 20 ins/del (<20 bp) mutations between BCG Tokyo and Pasteur (A), as well as between BCG Tokyo and M. tuberculosis (B), and between BCG

Pasteur and M. tuberculosis (C).

Compared with other genomes, ins/del mutations of 8 genes [acs
(—1-bp), ftsW (—1-bp), rpfE (—1-bp), PE_.PGRS24 (—9-bp), sdhA (+1-
bp), Rv3814c (+3-bp), Mb3263c and Mb3359c (RvD5)] were found
in BCG Tokyo only, and those of 5 genes [Rv3835 (+1-bp), Rv1313
(IS1557), PE_LPGRS7 (—9-bp), Rv1486¢ (+1-bp), and Rv3433c¢(—-3-bp)]
were found in BCG Pasteur only.

. Virulence, detoxificatiuon, adaptation

Lipid metabolism
Information pathways
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PE/PPE

Regulatory proteins
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(B) BCG Tokyo vs
M. tuberculosis (n=21)
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When the sequences near ins/del mutations of BCG Tokyo
and Pasteur were analyzed, 13 microsatellite polymorphisms (also
known as simple sequence repeats comprising tandem repeat
motifs of 1-6 bp in length) were found between the two BCG sub-
strains (SD Table 3), as previously reported between M. tuberculosis
and M. bovis [32].

(A) BCG Tokyo vs Pasteur
(n=32)

(C) BCG Pasteur vs
M tuverculosis (n=27)

Fig. 4. Functional classification of 32 SNPs mutations between BCG Tokyo and Pasteur (A), as well as SNPs or ins/del mutations between BCG Tokyo and M. tuberculosis (B),

and SNPs or ins/del mutations between BCG Pasteur and M. tuberculosis (C).
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When the function of genes with ins/del was assessed, the PE or
PPE families were over-represented in each BCG substrain relative
to the frequency in the individual genome (BCG Tokyo: 4/15 versus
PE/PPE in BCG Tokyo genome of 170/3996, odds ratio=8.1, P<0.01;
Fisher's exact, BCG Pasteur: 4/12 versus PE/PPE in BCG Pasteur of
168/4002, odds ratio=11.4, P<0.01; Fisher’s exact). These results
show that the PE_PGRS genes are unstable and ins/del mutation
occurs more easily than in other genes of these BCG substrains.

There were 68 SNPs between BCG Tokyo and Pasteur. A total of
56 SNPs were found in 43 genes, in which 37 genes (86%) had non-
synonymous mutations (leading to amino acid substitution) and 6
genes had synonymous mutations, so the majority of these muta-
tions related to SNPs were nonsynonymous. As 32 of the 37 genes
with nonsynonymous mutations had no ins/del mutations, these
genes were compared. Of the 32 genes with nonsynonymous muta-
tions, 21 of BCG Tokyo and 27 of BCG Pasteur had SNPs or ins/del
mutations as compared to the genome with SNPs of M. tuberculosis
(Fig. 4, SD Table 4).

When the genes with SNPs were assessed on the basis of func-
tion, the PE or PPE families were over-represented in each BCG
substrain relative to the frequency in the individual genome (BCG
Tokyo: 5/21 versus the PE/PPE in BCG Tokyo genome of 170/3996,
odds ratio=6.9, P<0.01; Fisher's exact, BCG Pasteur: 5/27 versus
PE/PPE in the BCG Pasteur genome of 168/4002, odds ratio=5.2,
P<0.01; Fisher's exact).

Compared with other genomes, SNP mutations of 5 genes [rplE,
pcaA, typA, Rv3401 and Rv3583] were found in BCG Tokyo only, and
SNP mutations of 11 genes [hrcA, echA3, mmaA3, sigK, Rv2571, nar],
pepN, ilvN, Icd1, Rv0552 and Rv3258] were found in BCG Pasteur
only.

4. Discussion

The BCG substrains are considered to have evolved mainly by
gene deletion and gene amplification (DU1 and DU2). The results
of this study demonstrated several new VNTRs and PE_PGRS poly-
" morphisms. As polymorphisms are known to exist among other M.
tuberculosis complex, not only BCG Tokyo and Pasteur but also other
BCG substrains might have such polymorphisms frequently.

The PE_PGRS gene family also shows variation among clinical
isolates of M. tuberculosis, and it might play a role in the vari-
ability of antigenicity and persistency of infection [33,34]. Certain
proteins are localized on the surface of BCG and may influence inter-
actions between BCG cells and host macrophages [35]. When the
genes showing ins/del mutations or SNPs in BCG Tokyo and Pasteur
were compared with those of their individual genomes, the PE or
PPE families were over-represented in both BCG substrains relative
to their genomic frequency. Differences of PE_.PGRS gene expres-
sion between BCG Tokyo and Pasteur have also been reported [20].
Therefore, mutations of these genes and differences in the level of
expression might play a role in the different protective effects of
the BCG substrains [36,37].

To examine the genetic characteristics of BCG Sofia from seed
lots and commercial batches, VNTR typing was done with six alleles,
and a profile identical to that of other BCG substrains was obtained
[38]. The 5 alleles that were newly shown to vary between BCG
Tokyo and Pasteur in this study may be useful to identify BCG sub-
strains and to examine genetic stability during vaccine production.

The entire genomic sequence of BCG Pasteur was determined
previously, but the sequences of RD2 and RD14 were unknown
because these regions were absent in BCG Pasteur. In the present
study, it was revealed that the genes of RD2 and RD14 in BCG Tokyo
were almost 100% identical with those of M. bovis AF2122/97. The
two regions contained a total of 21 genes, including two genes
encoding regulatory proteins. Five genes were classified into func-

tional category 3 (cell wall and cell processes) and an immunogenic
protein MPB64 was included in RD2. Therefore, the existence or
deletion of these regions might affect the phenotype of BCG, but
further study will be necessary to clarify this issue.

Only a few nonsynonymous SNPs are known to affect the phe-
notype of BCG substrains, such as SNPs of the mmas3, sigK [39], and
crp [40,41] genes. In the present study, there were no nonsynony-
mous SNPs in the start or stop codons among the new SNPs, but 32
nonsynonymous SNPs were found between BCGs Tokyo and Pas-
teur, including those of the mmas3, sigK, and crp genes. The effect of
other SNPs on the phenotype is unknown.

There have been no reports about ins/del mutations (<20 bp) of
BCG substrains, except for a 10-bp deletion of the PhoR gene in DU-
2-Ill substrains[20]. However, 19 genes with ins/del mutations were
detected between BCG Tokyo and Pasteur, with 13 being located in
microsatellite regions. Eight genes (acs, ftsW, rpfE, PE_PGRS24, sdhA,
Rv3814c, Mb3263c and Rv3583) showed ins/del in BCG Tokyo. The
acs gene, which encodes acetyl-CoA synthetase, had a 1 bp deletion
in codon 209 and this mutation causes frame shift in the region
of the putative AMP-binding domain signature (from codon 260 to
codon 271). Acetyl-CoA synthetase is involved in the pyruvate path-
way and pyruvate is an initial substrate of the TCA cycle. The sdhA
gene encodes a subunit of the succinate dehydrogenase complex
and is related to the TCA cycle which sdhB, sdhC and sdhD. The sdhB
gene of BCG Tokyo had 2 SNPs compared with that of M. tuberculosis,
while sdhC and sdhD were present in triplicate at the DU2 region.
Such these mutations might affect the TCA cycle, but further study
is necessary to clarify this issue.

BCG Tokyo had a specific 22-bp deletion within Rv3405c, and a
strong relationship has been demonstrated between colony mor-
phology and genotype [25]. Therefore, Rv3405c might have an
important influence on colony morphology. Chen et al. recently
showed that BCG Tokyo does not produce phthiocerol dimyco-
cerosates (PDIMs) and phenolic glycolipids (PGLs), two cell wall
lipids that are known to be important for the virulence of Mycobac-
terium tuberculosis. They reported that Rv3405c is involved in PGL
biosynthesis and that deletion of this gene is partially responsi-
ble for defective PGL synthesis in BCG Tokyo [42]. Although they
did not describe colony morphology, there might be a relationship
between PGL biosynthesis and colony morphology. The morphol-
ogy of BCG colonies has been suggested to be related to cell wall
components such as mycoside B [43]. An investigation is now in
progress to determine the relationship between colony morphol-
ogy and cell wall glycolipids (PDIMs/PGLs) in the two genotypes of
BCG Tokyo.

The genomic and phenotypic differences demonstrated between
early and later BCG substrains by our comparative study possi-
bly also exist between other early and later BCG substrains. These
findings may be useful with the respect to the standardization of
BCG vaccine substrains and for more the precise understanding of
the genotypic and phenotypic differences between early and later
substrains.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.vaccine.2009.01.034.
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