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Mycobacterium africanum is thought to comprise a unique species within the Mycobacterium tuberculosis
complex. M. africanum has traditionally been identified by phenotypic criteria, occupying an intermediate
position between M. tfuberculosis and M. bovis according to biochemical characteristics. Although M. africanum
isolates present near-identical sequence homology to other species of the M. tuberculosis complex, several
studies have uncovered large genomic regions variably deleted from certain M. africanum isolates. To further
investigate the genomic characteristics of organisms characterized as M. africanum, the DNA content of 12
isolates was interrogated by using Affymetrix GeneChip. Analysis revealed genomic regions of M. tuberculosis
deleted from all isolates of putative diagnostic and biological consequence. The distribution of deleted se-
quences suggests that M. africanum subtype II isolates are situated among strains of “modern” M. tuberculosis.
In contrast, other M. africanum isolates (subtype I) constitute two distinct evolutionary branches within the M.
tuberculosis complex. To test for an association between deleted sequences and biochemical attributes used for
speciation, a phenotypically diverse panel of “M. africanum-like” isolates from Guinea-Bissau was tested for
these deletions. These isolates clustered together within one of the M. africanum subtype I branches, irrespec-
tive of phenotype. These results indicate that convergent biochemical profiles can be independently obtained
for M. tuberculosis complex members, challenging the traditional approach to M. tuberculosis complex specia-
tion. Furthermore, the genomic results suggest a rational framework for defining M. africanum and provide
tools to accurately assess its prevalence in clinical specimens.

Species of the Mycobacterium tuberculosis complex tradi-
tionally consist of Mycobacterium tuberculosis, Mycobacte-
rium africanum, Mycobacterium microti, and Mycobacterium
bovis. Genomically, species of the M. tuberculosis complex
present near-identical sequence homology (15, 16, 40) but are
most notably differentiated by large sequence polymorphisms
(6, 30, 31, 34). Variants of these original species have since
been identified via characteristic phenotypic or genotypic at-
tributes, challenging taxonomic classification within the com-
plex (30). As a result, other members of the M. tuberculosis
complex have emerged, including “Mycobacterium canettii”
(35, 44), Mycobacterium caprae (1, 2), Mycobacterium pinnipedii
(10, 12), and the dassie bacillus (11, 30).

In contrast to M. tuberculosis and M. bovis, for which phe-
notype-based speciation is reliant upon concordant results for
a number of biochemical tests, M. africanum isolates can
present the entire spectrum of biochemical properties em-
ployed to discriminate among the M. tuberculosis complex. As
a result, “M. tuberculosis-like” and “M. bovis-like” forms of M.
africanum have been reported, potentially confounding labo-
ratory identification and complicating attempts to accurately
determine the true prevalence of M. africanum disease (13).
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Typically, M. africanum is subdivided by geographic origin and
biochemical properties into two major subgroups: M. africa-
num subtype I originates from West Africa and exhibits M.
bovis-like properties, while M. africanum subtype II originates
from East Africa and exhibits M. tuberculosis-like properties
(13). As part of an epidemiological study of tuberculosis in
Guinea-Bissau (22), coexisting isolates presenting a complete
spectrum of phenotypic variability was observed and subse-
quently identified as “M. africanum-like.” These results chal-
lenged the notion of a simple dichotomous subclassification
between M. tuberculosis-like and M. bovis-like forms and stim-
ulated further analysis to determine the basis for this pheno-
typically variable group of organisms (25).

In recent studies using regions of difference (RD) to dis-
criminate members of the M. tuberculosis complex, isolates
characterized as M. africanum have presented three distinct
genetic groupings (6, 31, 34, 39). In the first group are organ-
isms in which TbD1 is missing but the regions RD7, RD8, RD9
and RD10 are present. Some have suggested that these organ-
isms should be called M. tuberculosis (6, 34, 39). A second
group consists of M. africanum strains in which RD?9 is deleted
but RD7, RDS, and RD10 are still present (6, 18, 31). Finally,
a third group of M. africanum comprises organisms in which
RD7, RD8, RDY, and RD10 are all absent (6, 31). Because of
the different observed genomic profiles for organisms classified
as M. africanum, the DNA content of 12 M. africanum isolates
was interrogated by Affymetrix GeneChip. Characteristic poly-
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TABLE 1. Characteristics of bacterial isolates”
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Genetic composition

Sample M. africanum Origin Refer- Spoligotype
subtype ence(s) katG463 gyrA95 pks15/1 TbD1
K100/RIVM13876 Subtype 1I Netherlands 21,26 ISEESEERNANENEOOSEEENNRANNRGNNESESRSREREEE  CTG  ACC Intact -
D2169_99 Subtype IT Uganda 33 S O O A 0 ) O CGG ACC 7bp —
D2285_99 Subtype II Uganda 33 O O N SR SRR R B E RO O N NN CGG ACC 7bp -
D2241_99 Subtype 11 Uganda 33 EEOOEEEN | wala e ) CGG ACC 7bp -
D10409_02 Subtype I Ghana S. Niemann  SEEESEECOOCOENENSNENO 0 SNEESEENSNNE00I0NEE CTG ACC Intact +
CPHL_A M. africanum South Africa E. Desmond somsssscoocossssssss000cssesssEaEEsl OSeEs CTG ACC Intact +
D10415_02 Subtype I Ghana S. Niemann e O N S S S BN CTG ACC 6bp +
K6/RIVM17316  Subtype I Netherlands 21,26 S D ) M - CTG ACC 6bp +
K85/RIVM17902  Subtype I Netherlands 21,26 BENENE000 0 I CTG ACC 6bp +
ATCC25420 Subtype I Senegal 7 1 L e e CTG ACC 6bp +
ATCC35711 Subtype I Senegal 7 RERRENO SN R R SRR S N e R CTG ACC 6bp +
SN68 “M. africanum-like”® Guinea-Bissau 22 0o RESANNSEEEEEEEEEE_ EEEE CTG ACC 6bp +

¢ Sample number, name, origin, and reference(s) for isolates subjected to GeneChip analysis. The final five columns list isolates” genetic characterization according
to spoligotype (where black or white squares indicate the presence or absence, respectively, of 43 specific spacer sequences in the direct repeat region), allele
combination at katG codon 463 and gyr4 codon 95 (principal genetic group 1 has katG463 CTG and gyr495 ACC; principal genetic group 2 has katG463 CGG and
gyrA95 ACC), base pair composition of pksI5/1 (which either has deletions of 6 bp or 7 bp or remained intact), and presence (+) or absence (—) of TbDI.

? SN68 represents an M. africanum-like isolate presenting an M. bovis-like phenotype (22).

morphisms were also investigated across a panel of pheno-
typically heterogenous M. africanum-like isolates from Guinea-
Bissau to assess their distribution and to examine for an
association with phenotypic classification.

MATERIALS AND METHODS

Bacterial isolates. Twelve isolates of M. africanum of diverse geographic ori-
gin, representative of both subtypes, were selected for whole-genome analysis.
All isolated from a human host, their laboratory classification and country of
origin are provided in Table 1. To genetically characterize these isolates, spoli-
gotype (23) and principal genetic grouping (40) are listed as derived in the
supporting citations (7, 21, 22, 26, 33; E. Desmond, unpublished data; S. Ni-
emann, unpublished data). For this study, the presence or absence of M. tuber-
culosis-specific deletion of TbD1 (6) and the characteristic microdeletions of
pks15/1 (28), both regions undetectable via GeneChip analysis, were tested for
via PCR across all isolates and confirmed by sequencing.

Thirty-six phenotypically variable isolates from Guinea-Bissau were tested for
demonstrated genomic deletions; supporting citations describe their origin and
characterization (22, 25). Briefly, by using four biochemical tests (resistance to
thiophene-2-carboxylic acid hydrazide, niacin production, nitrate reductase test,
and pyrazinamidase test), the isolates were assigned to five different phenotypic
biovars varying between classical M. bovis (biovar 1) and M. tuberculosis (biovar
5).

GeneChip analysis. The M. tuberculosis GeneChip represents a high-density
oligonucleotide array composed of more than 100,000 sequence patterns in the
M. tuberculosis genome (37), adopted here to interrogate genomes of M. africa-
num. Extraction of DNA was performed according to standard protocols based
on lysozyme and proteinase K (43). Eight micrograms of DNA was fragmented,
labeled, and hybridized to the GeneChip as previously described (37). Affymetrix
Microarray Suite and the DELSCAN algorithm (AbaSci, LLC, San Pablo, Calif.
[http://www.abasci.com]) were used to analyze the data and ultimately suggest
candidate deleted regions (30, 32, 42).

PCR amplification and sequencing across deletions. Candidate deleted re-
gions were studied with primers designed to amplify regions in M. tuberculosis
H37Rv flanking the putative deletion. Reference strains of M. tuberculosis and/or
M. bovis BCG were included as DNA controls for each experiment. To reveal
variable genomic sequence, PCR amplicons were run on a 2% agarose gel, where
amplicons different from the expected base-pair size of H37Rv could be visual-
ized. All products obtained by amplification across a deleted region were sub-
sequently sequenced by dideoxy terminal sequencing at Stanford University or
the McGill University and Genome Quebec Innovation Center. Sequence results
were compared by BLAST analysis to M. tuberculosis H37Rv sequence by using

Tuberculist (http://genolist.pasteur.fr/TubercuList/) and to M. bovis AF2122/97
sequence by using Bovilist (http://genolist.pasteur.fr/BoviList/) to confirm
whether the amplified M. africanum DNA represented a specific deletion event.
Annotation of open reading frames affected by deletion events was determined
using Tuberculist or, where relevant, Bovilist. Nomenclature of deleted regions
disclosed in this study, hereafter referred to as “new deletions,” follows that in
previously published reports (24, 42).

Analysis of deletions. Primers designed to amplify new deletions from M.
africanum are provided at www.molepi.mcgill.ca/Mafricanum/primers. Regions
are considered deleted only if confirmed by PCR and sequence analysis (30, 31).
For isolates to which GeneChip analysis was applied, regions were called present
if denoted as such via analysis of GeneChip results.

The deletion of RD7, RD8, RDY, and RD10 from isolates of Guinea-Bissau is
described elsewhere (25), whereas new deletions among them were sequence
confirmed to determine whether the exact same genomic event was being iden-
tified. The distribution of phages RD3 (or phiRv1) (27) and RD11 (or phiRv2)
(4, 18) was also determined across Guinea-Bissau isolates. Deletion events were
subsequently assigned to the previously characterized bacterial isolates.

RESULTS

As expected, the majority of Affymetrix GeneChip probes
hybridized as intact for M. africanum genomic DNA, whereas
weak or absent hybridization signal was produced for regions
of M. tuberculosis already described as being deleted from
certain M. africanum isolates (RD7, RDS8, RD9, and RD10).
Previously described phages RD3 and RD11, known to have
been independently deleted throughout the complex and thus
uninformative as phylogenetic markers (6, 20, 31), were also
observed as variably missing. Apart from these six regions of
deletion, genomic interrogation of M. africanum did not reveal
any deletions with junctions matching those previously de-
scribed for other M. tuberculosis complex members (4-6, 18,
24, 28, 30, 32, 37, 42). A total of 14 new deletions were uncov-
ered, totaling 46,635 bp (Table 2). For six of these regions, in
their place are found rearrangements of parts of the deleted
region itself or repetitive sequence, such as the M. tuberculosis
complex-specific insertion element IS6110, a signature of the
recombination process observed in mycobacteria (14, 29). The
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TABLE 2. Description of deletions from M. africanum®

Deleted sequence Start End Length (bp) Affected ORF(s) Rearranged sequence
RD720 76527 84934 8,408 Rv0069c-Rv0075
RD721 82923 84589 1,667 Rv0074-Rv0075
RD701 149241 150980 1,740 Rv0124
RD702 216795 218516 1,722 Rv0186 217874-217522
RD722 1041193 1049812 8,620 Rv0933-Rv0939
RD711 1501713 1503655 1,943 Rv1333-Rv1336
RD742 1875726 1881660 5,935 Rv1661 1881507-1881653, 1881484-1881415, 1875861-1875824
RD713 2219419 2223186 3,768 Rv1977-Rv1979c 2,319 bp*
RD743 2235804 2239118 3,315 Rv1992¢c-Rv1996
RD724 2265112 2266239 1,128 Rv2018-Rv2019 Insertion element 1S6710
RD728 2629497 2634359 4,863 Rv2350c-Rv2352¢ Insertion element 1S6110
RD715 2784617 2785969 1,353 Rv2479c-Rv2480c
RD727 2902567 2904318 1,752 Rv2578c-Rv2579 29024360-29024396, 2910537-2910595
RD735 3781988 3782408 421 Rv3370c

“ The start and end points, length, and affected open reading frames (ORFs) are listed for each region deleted (RD) from M. africanum relative to M. tuberculosis
H37Rv. The final column lists any DNA sequence rearranged at the RD junction. The asterisk * indicates that 2,319 bp of sequence from M. tuberculosis strain 210
(http://www.tigr.org/), itself absent from the H37Rv referent, is inverted at the junction of RD713. Deletions are ordered in terms of their locations within the H37Rv

genome.

distribution of these deletions across isolates is presented in
Table 3, providing three genetic groupings of M. africanum.
Targeted genetic analysis confirmed that all isolates classi-
fied as M. africanum subtype II have a deletion of TbD1 and
either have pks15/1 intact or have its 7-bp microdeletion (Table
1). In agreement with previous reports (6, 39), genomic anal-
ysis has revealed that all isolates classified as M. africanum
subtype II have preserved the regions RD7, RDS, RD9, and
RD10 intact. Additionally, new M. africanum subtype I dele-
tions (see below) appeared intact in these isolates as deter-
mined via GeneChip analysis (Table 3). Conversely, each sub-
type II isolate has uniquely deleted at least two new regions
previously not described (Table 2). The only subtype II isolate
to have preserved pks15/1 intact, K100/RIVM13876, has dele-
tions of RD720 and RD728, affecting 8,408 bp (Rv0069c to
Rv0075) and 4,863 bp (Rv2350c to Rv2352c), respectively. Of
note, RD720 truncates sdaA (Rv0069c), predicted to encode
L-serine deaminase, whose disruption may impair in vivo
growth (8). Isolates from Uganda, D2169 99, D2285 99, and
D2241_99, all have deletions of RD724 and RD727, suggesting
regional dominance of a clonal genotype. RD724 affects 1,128
bp (Rv2018 to Rv2019), and RD727 truncates dhaA (Rv2579),
a putative haloalkane dehalogenase, in its 1,752-bp deletion of

Rv2578c¢ to Rv2579. Uniquely, D2169 99 has a deletion of
RD721, D2285_99 has a deletion of RD722, and D2241_99 has
a deletion of RD735, affecting 1,667 bp (Rv0074 to Rv0075),
8,620 bp (Rv0933 to Rv0939), and 421 bp (Rv3370c), respec-
tively. Together, the genomic content of M. africanum subtype
II isolates suggests a scattered distribution among clades of
“modern” M. tuberculosis (20).

Two M. africanum isolates, D10409_02 and CPHL_A, have
retained TbD1 and pksi5/1 intact (Table 1). These same iso-
lates have a deletion of RD9 but not RD7, RDS8, and RD10
(Table 3), thereby excluding them from being classified as
M. tuberculosis according to previous genomic work (6, 39).
Furthermore, the deletions of RD711, RD713, and RD743
are common to only these two isolates, affecting 1,943 bp
(Rv1333 to Rv1336), 3,768 bp (Rv1977 to Rv1979c), and
3,315 bp (Rv1992c to Rv1996), respectively. The concordant
genomic profile shared among these isolates corroborates
their exclusive evolutionary position within the M. tubercu-
losis complex (6, 31). Interestingly, RD713 deletes genes pre-
viously implicated in the deletion of RD2 from strains of BCG
(Rv1978 to Rv1988) acquired from the Pasteur Institute be-
yond 1931 (4) and M. pinnipedii (Rv1978 to Rv1979c) (28).
Finally, isolate CPHL_A has a further deletion of RD715, a

TABLE 3. Large sequence polymorphisms among isolates of M. africanum subjected to GeneChip analysis”

Sample

Presence of region

RDY9 RD7 RD8 RD10 RD724 RD727 RD720 RD728 RD721 RD722 RD735 RD711 RD713 RD743 RD715 RD701 RD702 RD742 RD3 RDI11

KI100/RIVM13876 -+
D2169 99 +
D2285_99 +

+

+
+
+

D2241_99
D10409_02

CPHL_A -
D10415_02 -
K6RIVMI7316  —
K85/RIVM17902  —
SN68 - - - -
ATCC 25420 - - - -
ATCC 35711 - - - -

I+ ++ ++ +
I+ ++++ +
I+ ++++ +

[
[
[
B o e S S |
i
++++F
R e
i

I+ + + +
I+ + + +
I+ + + +
+ +

I+ ++++ +

I+ 4+ ++ +

I+ + + + |

I+ 4+ ++ +

[ A S

P o i e T
B o o S SR S IS RS

+
+ A+t
+
+
\
\

¢ Distribution of regions (RD) present (+) or absent (—) in M. africanum isolates subject to GeneChip interrogation. Isolates are grouped according to the presence
or absence of RDY and then RD7, RDS, and RD10. The asterisk * indicates that although RD715 is putatively deleted from D10409_02, its sequence was not confirmed.
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1,353-bp deletion affecting genes encoding transposase se-
quence IS6710 (Rv2479c to Rv2480c). GeneChip analysis also
suggests the deletion of RD715 from D10409_02, but this
could not be confirmed by PCR because DNA was depleted for
this isolate.

The final grouping of M. africanum was composed of six
isolates in which TbD1 is preserved and 6 bp of pks15/1 have
been deleted (Table 1). The four regions RD7, RD8, RD9Y, and
RD10 are consistently missing, making this group of M. afri-
canum the furthest removed phylogenetically from M. tubercu-
losis (6, 31). GeneChip analysis revealed two new deletions,
RD701 and RD702, common to only these isolates of M. afri-
canum. The M. africanum-like isolate from Guinea Bissau pre-
sented this same genomic profile, suggesting its inclusion in
this group of M. africanum by genomic criteria. RD701 deletes
1,740 bp, truncating nearly all of Rv0124 (PE_PGRS?2). RD702
deletes 1,722 bp, affecting Rv0186 (bglS), but has inverted bglS
sequence (217874 to 217522 of the H37Rv genome) in its
place. bglS is annotated as a probable beta-glucosidase whose
orthologue in Acetobacter xylinum belongs to a family of gly-
cosyl hydrolases characterized as having a role in cellulose
synthesis (41). Finally, three isolates of this group of M. afii-
canum have also deleted and rearranged part of the pks region
involved in lipid metabolism. RD742 is deleted from ATCC
25420, ATCC 35711, and SN68. RD742 deletes 5,935 bp, af-
fecting the 6,381-bp Rv1661 (pks7) annotated as a probable
polyketide synthase. The presence of pks7 sequence (1881507
to 1881653, followed by inverted sequence 1881484 to 1881415
and then 1875861 to 1875824) within the deletion junction fur-
ther distinguishes these isolates from M. tuberculosis H37Rv.
pks7, involved in the synthesis of phthiocerol derivatives (3,
38), has putative relevance for cell envelope organization and
virulence (36).

Because SN68, the M. africanum-like isolate from Guinea-
Bissau, presented the M. bovis-like phenotype but revealed a
genomic profile identical to that of this third group of M. af-
ricanum, we tested for these deletions across a phenotypically
diverse panel of 36 M. africanum-like isolates from Guinea-
Bissau. Unexpectedly, these analyses (available at www.molepi
.mcgill.ca/Mafricanum/GB) revealed a common deletion pro-
file for all isolates of this family, irrespective of phenotypic
heterogeneity. Without exception, isolates are not missing TbD1
but have deletions of 6 bp of pks15/1, RD7, RDS, RDY, RD10,
RD701, and RD702. Only RD742 was variable, deleted from
28 of 36 isolates, suggesting that this deletion occurred subse-
quent to RD701 and RD702. The distribution of RD742 could
not be correlated to any examined phenotypic attribute.

DISCUSSION

Genome sequences available for M. tuberculosis (9, 15),
M. microti (5), and M. bovis (17) have all confirmed large
sequence polymorphisms deleted from M. tuberculosis as an
obvious medium of genomic variability among species of the
M. tuberculosis complex (6, 31). M. tuberculosis complex organ-
isms are identified to the species level based on morphological,
biochemical, and other phenotypic characteristics, but variants
have distinguished themselves from conventional species via
characteristic phenotypic or genotypic attributes, challenging
taxonomic classification within the complex (30). Recognizing
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the imperfections associated with a classification system based
solely upon phenotype, for example, convergence or indeter-
minate assignments, investigators have more recently explored
the utility of genomic deletions in M. tuberculosis complex
taxonomic derivations (21, 34).

In agreement with other studies (6, 21, 34, 39), genomic
analysis has not been able to differentiate M. africanum sub-
type II from modern M. tuberculosis, suggesting that M. afri-
canum subtype II likely represents phenotypically atypical M.
tuberculosis strains. In contrast, genomic deletions effectively
distinguished M. tuberculosis from isolates classified as M. af-
ricanum subtype I and further presented two groups. One
genomotype of M. africanum lacks the regions RD9, RD711,
RD713, RD743, and likely RD715, while the second genomo-
type is characterized by the absence of RD7, RDS, RDO9,
RD10, RD701, RD702, and sometimes RD742. The specificity
of these new deletions for M. africanum is supported by the
fact that these regions are intact as determined by sequence
analysis of M. bovis 2122 (17) and by a GeneChip-based study
of isolates of M. tuberculosis (24, 42), the dassie bacillus (30),
and the entire BCG family (32). The unique genomic profiles
of these M. africanum groups point to distinct evolutionary
branches within the M. tuberculosis complex, both derived from
an ancestor in which only RD9 was deleted.

M. africanum characteristically exhibits the range of bio-
chemical traits classically employed to differentiate M. tuber-
culosis from M. bovis (13, 19), themselves species located to-
wards the M. tuberculosis complex phylogenetic poles (6, 31).
As a result, the species name of M. africanum is unspecific and
is applied towards isolates differing in their phenotypic presen-
tation and genomic content. Although M. africanum-specific
deletions each have putative biological consequence, predicted
functions by gene alignment do not obviously address these
documented variable biochemical characteristics. Moreover, a
group of isolates spanning the biochemical spectrum was found
to share the exact same deletion profile, suggesting that phe-
notypic heterogeneity among M. africanum is due to genetic
polymorphisms not detectable by GeneChip analysis, such
as small deletions, single-nucleotide polymorphisms, or re-
arrangements. The observation made here that organisms with
an M. africanum deletion profile can present the complete
range of characteristics from the M. tuberculosis-like biovar 5
to the M. bovis-like biovar 1 (22) has two important implica-
tions. First, these findings imply that during the evolution of
the M. tuberculosis complex, the biochemical profile associated
with M. bovis has arisen independently in the M. africanum
branch. This phenotypic convergence suggests that selective
pressures encountered along these distinct lineages of the M.
tuberculosis complex have favored the emergence of this same
biochemical profile. Alternatively, there may be no selective
pressure for the maintenance of particular characteristics, and
their emergence is of no direct evolutionary consequence. Sec-
ond, from a more practical vantage, these findings challenge
the use of these biochemical characteristics for classifying or-
ganisms in diagnostic laboratories. In the absence of genetic
typing, the true prevalence of M. africanum is difficult to as-
certain, especially where M. tuberculosis-like or M. bovis-like
isolates are encountered.

Species of the M. tuberculosis complex have been tradition-
ally classified according to the host from which they are pri-
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marily isolated, including M. tuberculosis from humans, M.
microti from field voles, and M. bovis from cattle. Although the
host range of M. africanum, like that of M. canettii and M.
tuberculosis, is thought to be human, it is generally isolated at
a much lower frequency than M. tuberculosis. This may repre-
sent a geographically restricted human pathogen or an artifact
of laboratory classification. To what extent the genomic defi-
nition for M. africanum influences its virulence and transmis-
sibility among human and/or nonhuman hosts is the subject of
ongoing investigation.
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