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Comparative Genomics of BCG
Vaccines by Whole-Genome
DNA Microarray
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Bacille Calmette-Guérin (BCG) vaccines are live attenuated strains of Myco-
bacterium bovis administered to prevent tuberculosis. To better understand the
differences between M. tuberculosis, M. bovis, and the various BCG daughter
strains, their genomic compositions were studied by performing comparative
hybridization experiments on a DNA microarray. Regions deleted from BCG
vaccines relative to the virulent M. tuberculosis H37Rv reference strain were
confirmed by sequencing across the missing segment of the H37Rv genome.
Eleven regions (encompassing 91 open reading frames) of H37Rv were found
that were absent from one or more virulent strains of M. bovis. Five addi-
tional regions representing 38 open reading frames were present in M. bovis
but absent from some or all BCG strains; this is evidence for the ongoing
evolution of BCG strains since their original derivation. A precise under-
standing of the genetic differences between closely related Mycobacteria
suggests rational approaches to the design of improved diagnostics and

vaccines.

Tuberculosis is an ancient scourge of human-
kind, caused by the bacterium M. tuberculo-
sis and infrequently by other subspecies of
the M. tuberculosis complex, such as M. bo-
vis. The anticipation of 80 million cases of
tuberculosis in the coming decade. an in-
creasing proportion of which are likely to be
drug-resistant, has revived efforts to develop
a new vaccine (/). The current vaccine was
originally developed by Calmette and Guérin,
who passaged a strain of 3. bovis 230 times
in vitro between 1908 and 1921. The result-
ing vaccine was thought to have struck a
balance between reduced virulence and pre-
served immunogenicity (2). However, be-
cause of the inability to preserve viable bac-
teria (such as by freezing), this live vaccine
required continued passage, eventually re-
sulting in a profusion of phenotypically dif-
ferent daughter strains that are collectively
known as BCG.

By the time lyophilized seed lots of BCG
vaccines were created in the 1960s, these
vaccines had been separately propagated
through about 1000 additional passages (de-
pending on the daughter strain), usually un-
der the very conditions that effected the orig-
inal attenuation. We previously hypothesized
that pressures to minimize adverse effects
and maintain tuberculin reactivity during this
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time resulted in impotent vaccines that con-
sistently induce tuberculin sensitivity with
immunization (3). If true, such evolution
could in part explain why BCG efficacy has
varied considerably in human trials. More-
over, such BCG strains would contain anti-
gens that cross-react with the commonly ap-
plied diagnostic test for latent tuberculous
infection.

To understand the genetic basis of this
progression, one would ideally compare con-
temporary BCG vaccines to their progenitor
strain. Because this strain was lost during
World War I, the origin of current BCG
vaccines can only be inferred through an
evolutionary approach (4). We therefore cu-
rated a collection of BCG daughter strains
representing this global dissemination for the
purpose of performing genomic comparisons
(3).

The recent determination of the genomic
nucleotide sequence of M. tuberculosis
H37Rv provides a framework for the genom-
ic analysis of BCG strains (6), in that differ-
ences between H37Rv and BCG comprise (i)
differences between M. tuberculosis H37Rv
and virulent M. bovis and (ii) differences
between virulent M. bovis and BCG strains.
We have used the genomic sequence of
H37Rv to assemble a DNA microarray (7)
representing nearly all open reading frames
(ORFs) of H37Rv (8) and have used this
microarray to perform parallel comparative
hybridizations between M. tuberculosis
H37Rv and M. bovis BCG strains (9).

Because both the nucleotide sequence of
individual genes and the order of genes with-
in the whole genome of M. tuberculosis and

M. bovis BCG-Pasteur are extremely similar,
one can expect equivalent hybridization by
M. tuberculosis and BCG strains for loci that
are equally present in both organisms (70,
11). On the other hand, a mismatched hybrid-
ization signal is likely to reflect nonequiva-
lent representation in the genome because of
either a repeated element or a relative dele-
tion in the BCG strain.

Our DNA microarray had 4896 spots, rep-
resenting 3902 of the 3924 ORFs of M. tu-
berculosis H3TRv (99.4%); comparisons of
H37Rv and BCG strains provided interpret-
able data for an average of 3756 ORFs (96%)
(12). The results can be graphically represent-
ed as pseudocolorized spots, or mapped to
their respective genomic locations, to high-
light ORFs with unequal hybridization ratios
(Fig. 1). In this example, BCG-Danish 1331
is shown to have significantly weaker hybrid-
ization than H37Rv for the large domain
encompassing ORFs Rv1963c to Rv1988.
We have used microarray-based comparisons
to screen for ORFs deleted from BCG strains
and then performed confirmatory analysis
with polymerase chain reaction (PCR)—based
sequencing across deleted regions (/3). Us-
ing this strategy, we have documented 16
regions deleted in BCG strains varying in
length from 1903 to 12,733 base pairs (bp)
(Table 1). Four of these regions have been
previously described (/4, /5) and we have
extended the nomenclature of the former de-
scription to name our deletion regions RD1 to
RDI16. Of the 16 deletion regions, nine are
missing from BCG and all virulent M. bovis
strains tested, two (representing prophages)
are missing from BCG and some of the
strains of M. bovis, one is missing from all
BCG strains, and four are missing only from
certain BCG strains.

The identification of nine regions (61
ORFs) that are present in M. tuberculosis and
consistently absent from M. bovis strains (in-
cluding BCG) may provide some insights
into the phenotypic differences between M.
bovis and M. tuberculosis. Pulmonary disease
caused by M. tuberculosis and M. bovis are
clinically, radiographically, and pathological-
ly indistinguishable. However, M. bovis ap-
pears to have a diminished propensity to re-
activate and spread from person to person
(/6). Of particular note is the absence from
M. bovis of a cluster of three phospholipase C
genes (plcA, -B, and -C), containing the only
two genes (of the 61 described here) for
which empirical evidence exists for both an-
tigenicity and enzymatic function (17, /8).
Given that phospholipase C activity contrib-
utes to the virulence of the opportunistic lung
pathogen Pseudomonas aeruginosa, it is at-
tractive to speculate that the M. tuberculosis
plcA-pleC gene cluster manifests a similar,
clinically important phenotype. However, be-
fore attributing species-specific roles to these
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deletions, a better understanding of the phe-
notypic relevance of genes missing from M.
bovis will require concentrated biochemical
and genetic analysis of each of these 61
deleted ORFs. It must be stressed that the use
of H37Rv sequence as a reference excludes
studies of M. bovis regions missing from M.
tuberculosis, including possible M. bovis—
specific virulence determinants. Therefore,
the analysis presented here is unidirectional
and represents only a subset of the differenc-
es between these organisms.

This collection of ORFs absent from M.
bovis isolates may prove to be of consider-
able practical utility. Currently available di-
agnostics, such as the tuberculin skin test, are
unable to distinguish between individuals
who have been infected with M. tuberculosis
and those who have been vaccinated with
BCG. This distinction may be possible with
an assay based on antigens derived from
these M. tuberculosis—specific genes. The
availability of a diagnostic specific for wild-
type infection could greatly facilitate the in-
troduction of vaccination in countries that
have a low prevalence of disease and may
permit more discriminating treatment of la-
tent tuberculous infections in countries using
BCG.

To address the differences specific to
BCG, we assumed that regions of H37Rv
present in M. bovis strains and absent only
from BCG were deleted during the derivation
and maintenance of BCG vaccines in various
vaccine facilities around the world. If this is
true, then regions of M. bovis missing from
BCG strains would indicate unidirectional
genetic events from which a phylogeny of
BCG strains can be inferred. Because some
BCG daughter strains were obtained directly
from the Institut Pasteur while other strains
were derived from another vaccine facility
(for example, BCG Connaught came from
BCG Frappier in 1948), it is possible to re-
construct the genealogy of BCG strains and
determine when and where BCG-specific de-
letions occurred (Fig. 2) (4). The deletions
described in this report can be superimposed
on the historical record, demonstrating a
unique use of genomic analysis to describe a
half-century of in vitro bacterial evolution
(19). In comparison with M. bovis, all BCG
vaccines lack one region (RD1) that presum-
ably was lost during the 1908—1921 attenua-
tion (/4). Another deletion (RD2) occurred at
the Institut Pasteur between 1927 and 1931.
A further deletion (RD14) specific to BCG-
Pasteur indicates an event after Aronson’s
receipt of BCG-Pasteur 575 in 1938 (20) and
before the lyophilization of BCG-Pasteur
1173 in 1961 (21). The losses of RD8 in
Montréal (between 1937 and 1948) and
RD16 in Uruguay or Brazil (after 1925) in-
dicate that ongoing evolution of BCG strains
was not confined to the Institut Pasteur.
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A historical review of the BCG literature
reveals reports of decreasing virulence in the
Institut Pasteur at various times, consistent with
(but not necessarily directly caused by) the
documented ongoing evolution. During the
original derivation between 1908 and 1921,
RD1 was lost and concurrently Calmette de-
scribed an attenuation of virulence for animals
(22). Later, between 1927 and 1931, RD2 was
lost and various investigators reported de-
creased vaccine lesions in humans (23) and
reduced virulence in animals (24). As a basis
for speculation on the impact of RD14 in hu-
mans, one can compare descriptions from the
vaccine trials using BCG-Pasteur before and
after this deletion. In the American Indian trial,

Fig. 1. (A) Scanning A
fluorimetric  represen-
tation of a whole-ge-
nome DNA microarray
comparison of genomic
DNA from M. tubercu-
losis H37Rv (red) and
M. bovis BCG-Danish
1331 (green). Yellow
fluorescence indicates
equivalent hybridization
by both strains. Red flu-
orescence indicates un-
opposed hybridization
by M. tuberculosis, indi-
cating deletion of rele-
vant ORFs in BCG strain.
(B) Microarray hybrid-
ization results compar-
ing H37Rv to BCG-Den-
mark as displayed by
the ProbeBrowser soft-
ware, which maps mi-
coarray  results  to
genomic location. For
each spot on the armay,
the logarithm of the hy-
bridization  ratio  of
H37Rv (Cy3) to BCG-
Denmark (Cy5) is dis-
played in blue marks on
the y axis (such that
ORFs not present in BCG
are displayed above the
mean value). The loca-

which used BCG-Pasteur 575, 75% of partici-
pants developed a draining abscess at the vac-
cine site (20). In Madras, India, where BCG-
Pasteur 1173 was used, abscesses at the vacci-
nation sites were rare (25). However, caution
must be taken in inferring causality between
these documented genetic events and the evolv-
ing phenotype of BCG strains. For example,
similar results were obtained in the Madras trial
with BCG-Danish 1331, a strain that had not
suffered any detectable deletion after being ob-
tained from the Institut Pasteur in 1931.

To explore the potential association be-
tween BCG deletions and progressive atten-
uation of virulence, we analyzed the predict-
ed function of the 38 ORFs deleted specifi-
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tion of ORFs within the
entire 4.4-megabase ge-
nome maps on the x axis.
Regions where more
than two contiguous
ORFs have a log ratio ex-
ceeding 2 standard devi-
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o

ations above the mean
are indicated by red bars,
and these putative dele-
tions were examined
with PCR as described
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(73). (C) The scalable
software permits an ex-
panded view of one
genomic region with
each array spot similarly
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represented in blue on x and y coordinates, but now with the length of the region probed reflected by the length
of the blue lines. PCR-based investigation confirmed two deletions, RD15 and RD2, separated by 335 bp. The
probe browser software is freely available at http://molepi.stanford.edu/free_software html
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cally from BCG strains by means of the
hierarchy of gene function proposed by Cole
and colleagues (26). None of the ORFs
present in M. bovis but deleted from BCG
strains were classified as a virulence element,
and the gene function predicted by homology
search spanned a variety of functions. ORFs
classified as transcriptional regulators (“re-
pressors/activators”) were overrepresented in
BCG deletions relative to their frequency in
the H37Rv genome (3/38 versus 37/3924,
odds ratio = 9.0, P = 0.006). Transcriptional
regulators were deleted in BCG strains ob-

REPORTS

tained after 1927 (Rv1985¢ in RD2), BCG-
Pasteur (Rv1773¢ in RD14), and BCG-Mo-
reau (Rv3405c in RD16). Although the role
of this gene family remains to be determined
in M. tuberculosis, it is tempting to speculate
that regulatory elements may serve a role in
adapting to environmental change, such as
might be experienced during in vivo infec-
tion. In contrast, the loss of such genes in
laboratory conditions may have little conse-
quence under the relatively constrained con-
ditions of in vitro growth.

The association between ongoing deletion
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Fig. 2. BCG historical genealogy incorporating genetic differences previously noted and newly
detected genetic deletions. The vertical axis represents time. The horizontal axis denotes different
geographic locations of BCG propagation. Under this reconstruction, the M. bovis strain that was
used to develop BCG would be missing RD3, RD4, RD5, RD6, RD7, RD9, RD10, RD11, RD12, RD13,
and RD15. During serial propagation of this strain, RD1, RD2, RD8, RD14, RD16, and an 1S6770
element (IS) were deleted.

Table 1. Genetic information about distribution of deletions in virulent M. bovis and BCG strains.
Parentheses after M. bovis indicate how many strains of virulent M. bovis were missing the genetic
element. Start and end position are based on the 162 segments of genome available at http://www.
ncbi.nih.gov/Entrez/nucleotide.html. A list of the 129 deleted ORFs may be accessed at http://molepi.
stanford.edu/bcg.

Deletion . L Number Start End
region Strains where missing of ORFs ORFs deleted (segment: bp)  (segment: bp)
RD1* All BCG strains 9 Rv3871-Rv3879c 160: 7,534 160: 16,989

" RD2* BCG-Danish, BCG-Prague, 11 Rv 1978-Rv1988 88: 14,211 89: 8,598

BCG-Glaxo, BCG-Frappier,

BCG-Connaught, .

BCG-Phipps, BCG-Tice,

BCG-Pasteur
RD3* M. bovis (3/8) 14 Rv1573—-Rv1586¢ 70:7,677 70: 16,923
RD4 M. bovis (8/8) 3 Rv0221-Rv0223c 12: 17,432 12: 19,335
RD5 M. bovis (8/8) 5 Rv3117-Rv3121 135: 27,437 135:30,212
RD6* M. bovis (8/8) 1M Rv1506c-Rv1516¢ 65:23,614 65: 36,437
RD7 M. bovis (8/8) 8 Rv2346¢c-Rv2353c  103:17,622 103: 26,584
RD8 BCG-Frappier, 4 Rv0309-Rv0312 16:17,018 16: 20,446

BCG-Connaught
RD9 M. bovis (8/8) 7 Rv3617-Rv3623 153:21,131 154:2,832
RD10 M. bovis (8/8) 3 Rv1255¢-Rv1257¢ 55: 3,689 55:6,696
RD11 M. bovis (8/8) 5 Rv3425-Rv3429 145: 30,303 146: 1,475
RD12 M. bovis (8/8) 4 Rv2072c¢-Rv2075c 93:9,301 93:11,331
RD13 M. bovis (4/8) 16 Rv2645-Rv2660c 118: 12,475 118: 23,455
RD14 BCG-Pasteur 8 Rv1766-Rv1773c 79:30,573 79:39,642
RD15 M. bovis (8/8) 15 Rv1963c-Rv1977 88: 1,153 88: 13,873
RD16 BCG-Moreau 6 Rv3400-Rv3405c 145: 5,012 145: 12,621

*RD1, RD2, and RD3 were detected by Mahairas et al. (74) and RD6 was described by Brosch et al. (75). RD3 and RD13
are prophages phiRv1 and phiRv2, respectively.

of genetic material (including transcriptional
regulators) and progressive attenuation of vir-
ulence now suggests a testable hypothesis for
the loss of protective efficacy over the same
era. It has long been known that administra-
tion of killed BCG organisms results in a
weak and transient immune response, indicat-
ing that protective immunity by BCG re-
quires survival and replication in the vacci-
nated host (27). We propose that the dele-
tions detected reflect a progressive adaptation
of BCG strains to laboratory conditions that
has compromised their capacity to survive
within the host, impairing their ability to
stimulate a durable immune response.

The basic approach we have used to deter-
mine genetic differences within the M. tuber-
culosis complex can be applied to study genetic
variability within any species for which the
genomic sequence is known. Our current my-
cobacterial DNA microarray can detect dele-
tions as small as 2 kb, or 1/2000 of the genome.
This array cannot detect smaller deletions, point
mutations, deletions restricted to intergenic re-
gions, genetic rearrangements, M. bovis ORFs
that are not part of the H37Rv genome, and
deletions of homologous repetitive elements
(such as PGRS genes). However, with microat-
rays of greater resolution it will soon be possi-
ble to study these other sources of genetic vari-
ability and determine their relative frequency
and importance. As a result of the numerous
genome projects, complete sequence informa-
tion will soon be available for dozens of micro-
bial species, many derived from reference
strains and laboratory isolates. The use of mi-
croarray-based comparative genomics should
prove a powerful tool for understanding pheno-
typic variability among clinical and environ-
mental isolates of similar genetic composition.
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an in Vivo-Expressed Antigen
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Vaccines based on preferential expression of bacterial antigens during human
infection have not been described. Staphylococcus aureus synthesized poly-
N-succinyl B-1-6 glucosamine (PNSG) as a surface polysaccharide during hu-
man and animal infection, but few strains expressed PNSG in vitro. All S. aureus
strains examined carried genes for PNSG synthesis. Immunization protected
mice against kidney infections and death from strains that produced little PNSG
in vitro. Nonimmune infected animals made antibody to PNSG, but serial in
vitro cultures of kidney isolates yielded mostly cells that did not produce PNSG.
PNSG is a candidate for use in a vaccine to protect against S. aureus infection.

Staphvilococcus aureus is the most frequently
isolated bacterial pathogen in hospital-ac-
quired infections (/) and is a common cause
of community-acquired infections, including
endocarditis, osteomyelitis, septic arthritis,
pneumonia, and abscesses (/). Staphviococ-
cus aureus is also a significant pathogen in
economically important animals (2). Staphy-
lococcal resistance to first-line drugs such as
synthetic penicillins has resulted in major
problems in treating methicillin-resistant S.
aureus (MRSA) strains, which are increas-
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ingly common, especially in hospitalized pa-
tients. Of greater concern is the recent emer-
gence in several countries of MRSA strains
with reduced susceptibility to vancomycin,
the antibiotic of last resort (3). The appear-
ance of these vancomycin-intermediate S. au-
reus (VISA) strains raises the specter of un-
treatable staphylococcal infections, necessi-
tating a search for alternative therapies (/, 3).

One potential therapeutic target for bacte-
rial infections is products of bacterial genes
activated during in vivo infections (4). Pre-
sumably these genes encode factors critical
for infection and disease progression. Strate-
gies designed to discover in vivo-expressed
genes have, of necessity, used animal models
for gene identification, and in vivo—ex-
pressed bacterial factors have not yet been
detected in human infections. In addition, the
usefulness in vaccines of any factors encoded
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