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Abstract

The genus Mycobacterium contains the pathogenic species tuberculosis and leprae, and additionally at least 148
sometimes opportunistic pathogenic species that occupy environmental niches. The genus Mycobacterium is in the
order Actinomycetes along with other acid-fast genera with mycolic acids in their cell walls, such as Corynebacterium,
Nocardia, and Rhodococcus. The DNA-dependent RNA polymerase subunit b gene rpoB, is relatively conserved among
these bacteria. Sequence polymorphism in a 342bp fragment of rpoB is sufficient to differentiate among most species
of Mycobacterium. However, construction of a robust and testable phylogeny or population structure based on this
polymorphism, or polymorphism in other genomic regions, has remained elusive. This study presents a new paradigm
for the resolution of genus Mycobacterium population structure. A minimum spanning tree (MST) was constructed on
restriction enzyme site polymorphisms detected in silico for 5 enzymes, on the 342bp rpoB fragment obtained from
GenBank data for 47 Mycobacterium species, and one species each from Corynebacterium, Nocardia and Rhodococcus.
The MST was empirically divided into 3 regions. All the rapidly growing mycobacteria (RGM), with a halo of slowly growing
mycobacteria (SGM), were found in MST-region 1. The correctness of the MST-regions model of genus Mycobacterium
population structure was validated by statistically confirmed linkage disequilibrium of certain restriction site alleles. For
certain alleles, SGM in MST-region 1 resembled the RGM of MST-region 1 more than the SGM of MST-region 3. The
model provided a framework consistent with published genotypic and phenotypic observations, including expectations
from comparative genomics and ribosomal RNA (rRNA) gene properties’ distribution among species, and reported
cladistic groupings of species. Corynebacterium diphtheriae, Nocardia nova and Rhodococcus equi belonged to MST-
regions 2, 3, and 1 respectively. In conclusion, the MST-regions model of genus Mycobacterium population structure
was robust, unambiguous, transparent for alleles, consistent with genotypes and phenotypes, and statistically testable.
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Introduction

The genus Mycobacterium is comprised of over 150 parasitic and free
living acid-fast species of bacteria [1]. It has been estimated that about a
third of the world’s population is latently infected with Mycobacterium
tuberculosis [2], with active tuberculosis in 2011 causing an estimated
8.7 million new cases of TB and 1.4 million deaths [3]. Diagnoses of
non-tuberculous Mycobacterium (NTM) associated diseases have
been increasing [4-6]. Therapeutic modalities for the treatment of
Mycobacterium-associated diseases are constantly being challenged by
the development of multiple drug resistance [7-10] and in particular
for Mycobacterium tuberculosis, the ability to evade (avoid or subvert)
various components of the immune system [11-18]. The discovery
of new therapeutics and vaccines is of paramount importance, but is
dependent on deeper understanding of the structural and functional
nature of the molecular biology of Mycobacterium species [19].

Despite spectacular advances in the ability to differentiate among
Mycobacterium species and sub-species on the basis of molecular genetic
characteristics [1,6,20-22], previous attempts to model Mycobacterium
population structure have been only partially successful [23,24]. An
often used test for the statistical correctness of phylogenetic tree branches
is to check whether the branch appears in 95% or more bootstraps
[25]. If even one branch appears in less than 95% of the bootstraps, the
model is not “‘complete” because the topology of relationships among

the branches will be statistically uncertain. However, even when using
concatenated sequences [26], incorrect phylogenies can be obtained
that are supported by significantly high bootstrap values [26]. Therefore,
acceptable models of population structure must meet two sine-qua-
non criteria: they must be biologically correct - consistent with “gold-
standard” determinations of the taxonomic rank being modeled, and
they must be transparent with respect to traceability of alleles in order to
allow rigorous statistical testing of hypotheses [27]. Recent studies focus
on the use of single nucleotide polymorphisms (SNPs) obtained from
whole genome or multiple conserved loci (such as core or housekeeping
genes), to differentiate and resolve phylogeny among Mycobacterium
tuberculosis sub-species [28,29]. While use of SNPs is likely to lead to
better inference of population structure than previous methods, the
choice of informative SNPs is still important [30]. Restriction enzyme
site polymorphism on the 342bp rpoB fragment, has been largely
ascribed to generation of a synonymous SNP at any given restriction
site [20,21]. Therefore, this type of rpoB fragment polymorphism can be
considered a subset of SNP-generated polymorphism, and in this article
it is employed to investigate genus Mycobacterium population structure
via minimum spanning tree analysis.

It was realized early on that even one conserved gene, gene
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fragment, or corresponding polypeptide sequence, could be used as a
“marker” for the quantitative trait associated with population structure
and phylogeny at a given taxonomic level for example, cytochrome
¢ [31]. The “gold standard” today for resolution of many bacterial
species is sequence analysis of 16S ribosomal RNA (rRNA) or the DNA
fragment coding for part of the 16S rRNA [32,33], although the 16S
rRNA gene fragment is too conserved to resolve all the Mycobacterium
species. The implicit assumption for the acceptance of DNA-marker-
associated resolution of phylogeny, or population-structure (note that
the criteria for phylogeny and population-structure are not the same
- population-structure algorithms do not assume ancestor/descendent
relationships), is that an allele of the marker is in linkage disequilibrium
with the consensus-designated quantitative trait “species (or whatever
taxonomic rank is being examined)” [27].

This study presents the first minimum spanning tree (MST) model
of genus Mycobacterium population structure, a new paradigm. The
model was constructed from restriction enzyme site alleles generated
in silico by 4 restriction enzymes [21] on a 342bp Mycobacterium
rpoB gene fragment [20,21], plus the unique invariant restriction site
for the enzyme Bcll. It was shown that the genus Mycobacterium has
a highly polarized population structure, which can be empirically
divided into three regions. The first region (MST-region 1) contained
the compact group of rapidly growing mycobacteria (RGM) along with
a halo of related slowly growing mycobacteria (SGM). The intermediate
second region (MST-region 2) contained SGM with intermediate
characteristics. The third region (MST-region 3) contained SGM,
including Mycobacterium tuberculosis and Mycobacterium leprae,
separated at the polar extreme from the RGM-containing MST-region
1. The model was testable, showing statistically significant linkage
disequilibrium of certain restriction site alleles. The model was validated
by its consistency with, and providing a framework for, observations
such as the previously observed separation of RGM and most SGM,
the appearance of previously observed clades each consisting of two or
three species, and the distribution of certain SGM that have additional
(more than one) ribosomal RNA operons into the RGM-containing
MST-region 1. It is anticipated that this tested validated MST-regions
model for genus Mycobacterium population structure will facilitate
the development of testable hypotheses, possibly in conjunction with
the new high throughput whole genome and epigenetic methylome
profiling [34], which will advance our understanding of the genus
Mycobacterium.

Materials and Methods

Sequence acquisition

55 reference sequences, each corresponding to a 306 bp (342bp
with flanking primers) fragment of the rpoB gene from 52 different
Mycobacterium species or 1 species from each of 3 related control
genera [originally proposed, sequenced, characterized and submitted
to GenBank by Kim et al. [20,21], were obtained from GenBank [35].
The GenBank ID of each sequence is shown in Table SI. It should be
noted that although the separate sequence for GI 5902505 is still listed
in GenBank, it is designated as being from Mycobacterium celatum, and
not from Mycobacterium celatum type II. The extent to which these 55
reference sequences represented the world-wide spectrum of clinical
and environmental species and subspecies of Mycobacterium and the
3 control genera, is considered in the Discussion section of this article.

Sequence Processing

The full-length forward 5' -> 3% 342 bases rpoB segment was

constructed in silico [ Application S2] by adding to the 306bases forward
fragment, 1) the leading 5° 18 bases MF primer [20] and 2) the ending
3’ 18 bases primer MR-complement [20]. Please note that Application
S2 is copyright 2013 by Paul Jeffrey Freidlin, and is distributed as
supplementary material accompanying this article under the terms of
the Creative Commons Attribution License. Application S2 is offered
as supplementary material to help the reader confirm the Application
S2-generated results presented in this paper, and as a teaching device
to introduce the reader to this type of computer program. There are,
as of the submission date for this paper, no other validated uses for
Application S2. The author (Paul Jeftrey Freidlin) recommends use of
commercially or publicly distributed software, if available, for in silico
restriction analysis of DNA sequences, a major advantage being the
acquisition of already validated software. Use of the 342 bases long rpoB
fragment allowed comparison of 5’ -> 3’ ordered restriction fragment
lengths to previously published sequences and fragment lengths of
the enzyme-restricted 342bp (306bp) rpoB fragment [20,21]. 5 -> 3
ordered restriction fragment lengths for in silico (PCR) restriction
fragment length polymorphism analysis (PRA, or perhaps better IRA
for “in silico restriction analysis”) of the 342bp rpoB gene fragment [21],
were generated in silico by Application S2, an in-house client-side Perl
via JavaScript program. Perl regular expressions embedded in JavaScript
objects [36] were used to identify and cut at restriction sites. The enzyme
restriction sites were: Bcll TAGATCA (6 cutter, type II restriction
enzyme), AccIl CGACG (4 cutter, type II), Haelll GGACC (4 cutter,
type II), HindIIGTYARAC (6 cutter, type II), and MvaICCAWGG (5
cutter, type II). Information on restriction enzymes and specificities
can be found in reference [37]. Nucleotide symbolism is according to
the rules of the Nomenclature Committee of the International Union
of Biochemistry [38]. Excel software (Microsoft Corporation) was
used to generate the sequential 5> -> 3’ ordered cumulative lengths of
Application S2-generated 5’ -> 3’ ordered rpoB restriction fragments
[Table S3], which corresponded to the restriction enzyme sites [Table
S3]. The program in the form provided as supplementary material
[Application S2] failed to cut properly at tandem Haelll restriction
sites (such as found in celatum type 2 and kansasii type II). Therefore,
the program informed the user that a sequence contains tandem HaelIl
restriction enzyme sites, and consequently the user must manually
inspect and process the sequence for those sites. Note that in the
current GenBank database, the strain with the ID shown in Table S1
is no longer known as celatum type 2, but its sequence still retains the
tandem HaellI sites.

Phylogenetic analysis

Restriction sites data for 5 enzymes for each of 47 reference
sequences of Mycobacterium species and 3 reference sequences [20,21]
of non-Mycobacterium species from related genera [Table S4] were
analyzed using relevant programs of the PHYLIP package [39] (results
not shown). Threeof the Mycobacterium tuberculosis complex species,
tuberculosis, bovis, and africanum (the other species, M. microtii, M.
canetti, and a new sixth species, were not examined) had identical in
silico 342bp rpoB PRA profiles, and so were analyzed as one species.
Similarly, M. goodie and M. wolinskyi [obtained from GenBank, but not
studied by Kim et al. [20,21] had identical in silico 342bp rpoB PRA
profiles, and so were analyzed as one species.

Population structure analysis

BioNumerics version 3.5 (Applied Maths, Belgium) was used under
default settings [15] to construct a minimum spanning tree (MST,
Figure 1) from the restriction site data (Table S3) on Mycobacterium
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Figure 1: The minimum spanning tree (MST) model of genus Mycobacterium population structure.

species and control species from 3 related mycolic acid-containing
genera. M. tuberculosis complex species were given one entry due
to identical restriction sites on the given species, and likewise for
M. goodie and M. wolinskyi which had identical restriction sites. An
Excel database was constructed from MST data based on an empirical
division of the minimum spanning tree into 3 regions (Figure 1, Table
S5). Then the Excel database was summarized with pivot tables for
an overall summary of the data (Table S6). Linkage disequilibrium of
restriction site alleles with groups of Mycobacterium species appearing
in different MST-regions (Table S7) was confirmed by 1 parametric
and 2 non-parametric statistical method (Table S8). The parametric
method was student’s t for unpaired unequal samples (Excel statistical
function, Microsoft). The non-parametric methods were: 1. The Fisher’s
Exact Mean [40] and 2. The Wilcoxon Mann-Whitney Test (U) [41,42].
Data taken from Table S6 also were used to graphically visualize with
an Excel chart, the distribution of total restriction sites among the
Mycobacterium species and controls (Table S9).

Results

Generation and labeling of rpoB fragment restriction sites
from GenBank sequences

The 342bp rpoB fragment (306 bp plus 2 flanking PCR primers MF
and MR complement of 18 bp each) is polymorphic resulting in unique
restriction allele profiles for most Mycobacterium species(306 bp plus
2 PCR primers MF and MR of 18 bp each) [20,21]. The polymorphic
sequences were accessed from GenBank for 47 unique reference

sequencesfrom over 50 Mycobacterium species and an additional 3
sequences from 3 related species [20,21] (gene IDs are shown in Table
S1). The rpoB restriction enzyme sites for enzymes Accll, Bcll, Haelll,
HindlI, andMval were determined with an in-house (written by the
author) JavaScript program that utilized Perl regular expressions to
detect the sites (Application S2). Table S1 presented the 5" ->3’ ordered
restriction fragment lengths obtained with Application S2 for each
species for each enzyme. Table S3 concatenated the sites found on the
47 unique Mycobacterium reference sequences and reference sequences
from 3 related species, Corynebacterium diphtheriae, Nocardia nova
and Rhodococcusequi. In total for all species, 30 different restriction
site alleles for 5 different restriction enzymes were found. A binary
profile (0: site not present, 1: site present) of 30 digits was constructed
for each species (Table S3) and presented in a form (Table S4) that
could be analyzed with relevant programs in the PHYLIP suite of
programs [39]. The phylogenetic trees are not shown, because they
resembled results previously published [20,24,43] and added no new
information. The species were distinctly separated one from the other,
rapidly growing mycobacteria (RGM) were separated as a group from
most slowly growing mycobacteria (SGM), certain species tended to
cluster together in clades, and the technique could not differentiate
among the species of the Mycobacterium tuberculosis complex because
they had identical 342bp rpoB fragment sequences and consequently
identical restriction sites. Similarly, Mycobacterium goodie could not be
differentiated from Mycobacterium wolinskyi due to identity between
their 342bp rpoB fragment sequences. However, a different region in
the complete rpoB gene sequence, or use of the hsp65 fragment, does
allow the differentiation of M. goodie from M. wolinskyi [1,44-46].
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Construction and partitioning of the minimum spanning tree

A minimum spanning tree (MST) was constructed from the
restriction sites using Bionumerics version 3.5 (Figure 1). The 30
digit binary profiles (Table S3) were entered as character data into
Bionumerics, and analyzed using the default settings [15] for generation
of a minimum spanning tree. The MST was manually (empirically)
partitioned into three regions, MST-region 1, MST- region 2, and MST-
region 3 (Figure 1).

Characterization of the minimum spanning tree

The genus Mycobacterium was for the first time revealed to have a
diffuse and highly polarized population structure that partitioned into
3 MST-regions.

The restriction enzyme data were categorized in an Excel database
(Table S5) along with Mycobacterium species, MST region, growth rate
and pigmentation [20,47-49], and analyzed with appropriate pivot
tables (Table S6). M. szulgai although designated as a scotochromogen,
could also be a photochromogen, depending on conditions of growth
[48]. The data were analyzed for linkage disequilibrium of restriction
site alleles (Tables S7 and S8). In this manner the concepts “species” and
taxonomic ranks in general, were treated as quantitative traits which
could be resolved by comparison of whole DNA or protein sequences,
sequence fragments, or DNA markers such as restriction site alleles [27].
Table S7 summarizes the linkage disequilibrium ofrestriction site alleles
ofslowly (SGM) and rapidly (RGM) growing Mycobacterium strains
with rpoB-based MST-regions 1, 2 and 3. The restriction enzyme site
alleles AcclIl 79, Haelll 262 and Haelll 263 of Mycobacterium species
were in linkage disequilibrium with respect to the SGM distribution
among MST regions, such that the SGM in MST region 1 resembled
the RGM of MST region 1 significantly more than they resembled the
SGM found in MST region 3 (Table S8). The presence of site Haelll
61 in the 5 -> 3’ 342bp rpoB fragment was necessary and sufficient
to identify a Mycobacterium species as belonging to the RGM. That
is, it was a unique identifying restriction site allele for the RGM. The
presence of site HindII 232 was necessary and sufficient to identify
Mycobacterium tuberculosis complex members examined in this study
(tuberculosis, bovis, bovis BCG, and africanum). Kim et al. [21] note
that PRA of the 342bp rpoB fragment generates unique fragments that
identify RGMand also Mycobacterium tuberculosis complex members.

The suspected linkage disequilibrium of restriction enzyme site
alleles was confirmed by 3 different statistical methods (Table S8).
That is, the particular polar distribution of certain rpoB restriction site
alleles supported the validity of the MST partitioning of Mycobacterium
species into MST-regions 1, 2 and 3.

Species from 3 Mycobacterium-related mycolic acid-containing
genera (Rhodococcusequi, Corynebacteriumdiphtheriae, and Nocardia
nova) were used as controls. The rpob restriction sites associated
each control to its own separate Mycobacterium MST-region (Figure
1). Intriguingly, R. equi which associated with the RGM-containing
MST-region 1, also had the RGM-specific (that is, in the genus
Mycobacterium, only RGM have this allele) restriction site allele (Table
S6). C. diphtheria associated with MST region 2, and N. nova associated
with region 3. Four of the 30 characterized restriction sites were found
exclusively in C. diphtheria, and one exclusively in N. nova and thus
have the potential to be used as unique identifiers differentiating these
species from Mycobacterium species. Finally, restriction enzyme Bcll
cut at only one site, but this site was invariant, that is, it was found in
the same place in all Mycobacterium species and in all three control

genera; thus it could mark an especially important region of the rpoB
gene. Surprisingly, 3 kansasii species (II, IV, and VI) associated with the
RGM in MST-region 1, while the other 3 kansasii species (I, I1I, and V)
associated with the SGM in MST-region 3. Each of the 3 pigmentation
types, nonchromogen, scotochromogen, and photochromogen were
found in each of the MST-regions 1, 2, and 3, although the RGM did not
include any photochromogens. All reference species were successfully
differentiated, indicating sufficient number and polymorphism of the
342bp rpoB fragment restriction sites. In addition, where reference
strain sequences were included of known subspecies - for fortuitum,
celatum and kansasii- the subspecies were successfully differentiated,
and subspecies for each respective species were found clustered
together. Kansasii showed an intriguing distribution into 2 clusters of 3
subspecies each, found in MST-regions 1 and 3. The species most closely
related were indicated by thicker, darker, more solid lines and shading
joining them, and were consistent with taxonomic clades observed by
previous investigators using a variety of molecular methods, as detailed
in the Discussion that follows.

Figure S9 graphically presented the number of rpoB fragment
restriction sites found in each Mycobacterium species and in the
controls. The number of restriction sites ranged from 3 in M. kansasii
to 12 in M. fallax.

Discussion

Corroborating evidence for the validity of the MST-regions
model of genus Mycobacterium population structure

Use of the 342bp rpoB fragment: rpoB sequence analysis as a novel
basis for bacterial identification was published in 1997 [50], and applied
to the identification of Mycobacterium species in work by Kim et al.
[20,21]. The dedicated Perl regular expressions via JavaScript application
program used for this study (Application S2), eliminated much of the
error-causing tedium in finding in silico restriction fragments manually
or using multitask programs. Thus an error-prone task became
essentially error-free, an important benefit for the clinical laboratory
that wishes to introduce routine i silico restriction enzyme site analysis
of sequenced DNA fragments. Nevertheless, commercial programs
adequate to the task have the important quality of pre-validation for
the task, and thus commercial programs are to be preferred over in-
house software, especially if they have been specifically designed to
meet the laboratory’s needs. It should be noted that although the BclI
restriction site was the same for all species and subspecies examined
(Table S6), it was informative for this study in that it provided the
cross-species similarity necessary for the construction of phylogenetic
trees (not presented), and the minimum spanning tree. Also, sites
that are so stringently conserved among species and even across the
genus barrier, point to areas of the gene that tolerate little interference,
and thus are possible wide-spectrum therapeutic targets. Kim et al.
[20,21] reports that restriction enzyme site polymorphisms (for the 4
enzymes they investigated) of the 342bp rpoB gene fragment, are due
to synonymous single nucleotide changes (synonymous SNPs). The
present study is the first published presentation of the corresponding
restriction fragments in their 5’ to 3’ order on the MF primed strand.
A 5’ -> 3’ ordered presentation of fragment lengths was necessary to
allow the calculation of restriction site positions (Tables S1 and S3).
Furthermore, it facilitated comparisons for identity between restriction
fragment length polymorphism profiles from different species, thereby
avoiding ambiguity by restriction fragment comparisons by size only,
or ambiguity encountered when using percentage-similarity cutoffs
in sequence homology comparisons [1]. When the Application S2
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restriction fragment lengths were totaled for the products generated by
each restriction enzyme, the total length was always 342 bases (except
for the previously mentioned 2 species that exhibited tandem Haelll
sites, which had to be evaluated manually) (Table S1). Although other
rpoB regions show polymorphism [45,51,52], the 342bp region used
in this study [20,21] was attractive because it was well characterized
for differential polymorphism among more than 44 Mycobacterium
species for 4 restriction enzymes [21], and for the 3 control species
Rhodococcusequi, Corynebacterium diphtheria, and Nocardia nova,
increasing the chance that enough informative restriction sites would
be generated for analysis. Possible drawbacks of use of the 342bp rpoB
fragment included: 1) possible heterogeneity of the sequence for a
given species (the existence of subspecies) [53]; however, the fragment
appears to be relatively well conserved within species [20,21] and useful
for the present study (further comments on this follow in the next
section), 2) possible ambiguity for a species due to lateral gene transfer
[54]; however, horizontal gene transfer in this fragment appears to be
an exceedingly rare phenomenon, and 3) the presence of a rif rifampicin
resistance hot-spot within the fragment [20]; however, this mainly
complicates the identification of rifampicin-resistant tuberculosis
complex members [8], and even many of these can be successfully
identified [20,21].

Implications and limitations associated with the number and type of
sequences which each reference sequence represents, and the number of
reference sequences (species) used for the construction of the MST-regions
model

Kim et al. [20,21] examined about 300 clinical isolates, of which
about half were NTM representing 9 species and sub-species.
Concerning their clinical isolates, they had 8 or more isolates for each
of the 8 species they identified, and they reported little variation among
the sequences representing each of their clinical species. In their articles,
Kim et al. [20,21] show that their 306 (342) bp fragment can be used to
differentiate the sequences obtained from known reference subspecies,
such as those comprising the species fortuitum, celatum, and kansasii.
The MST-regions model presented in this article also succeeded in
differentiating these subspecies, while showing the close relationship
among subspecies (kansasii being a special case to be discussed later).
Kim et al. [20,21] did not publish an unambiguous minimum spanning
tree model of genus Mycobacterium population structure based on
restriction site alleles, as presented in this article. They also did not
give a 5°->3’ ordered sequence of restriction fragments generated by
the restriction enzymes they used. The minimum spanning tree (MST)
publishedin thisarticle is the first such published MST tree based on rpoB
342bp fragment restriction site alleles, and the first such tree published
constructed on unambiguous alleles, traceable and statistically testable
for linkage disequilibrium. Kim et al. [20,21] use 4 restriction enzymes
on the 342bp rpoB fragment, to successfully differentiate among over
44 different species of Mycobacterium and 3 control genera. This study
employed the same 342bp rpoB sequences (with the addition of goodie
and wolinskyi) and the same 3 control genera sequences that Kim et al.
(20, 21] submitted to GenBank. Also, this article employed the same 4
restriction enzymes with 1 additional 5" restriction enzyme. Thus the
hard work Kim et al. [20,21] invested in showing that their reference
sequences were representative of the respective clinically identified 8
species (that is, that at least 8 sequences were examined for each of 8
clinically identified species, except kansasiisubsp II which had only 2

isolates), pre-validates the use of these same reference sequences for this
article. As stated in this article, the goodii and wolinskyi species added
to the set of species previously analyzed by Kim et al [20,21], could
not be differentiated from each other by the rpoB 342bp fragment. The
addition in this article of 1 invariant restriction enzyme site (generated
by a fifth restriction enzyme) was necessitated by the limited amount
of loci (30 restriction sites), which would otherwise have led to strains
having no loci in common and consequent unsuitability for genetic
comparisons (for example, by the minimum spanning tree algorithm).

Itoh et al. [53] used the 342bp rpo B sequence (employed in this
article) to divide 34 Japanese M. gordonae isolates by sequence homology
or PRA into 4 clusters representing the 4 known gordonae subspecies.
It is not known which of the gordonae subspecies is represented by the
reference sequence employed by Kim et al. [20,21], and this in addition
to the fact that only 1 gordonae subspecies was analyzed, is a limitation
of the MST-regions model presented in this article.

Kim et al. [20,21], whose GenBank sequences are employed in the
article, received their kansasii subspecies I-V reference strains from V.
Vincent, who had recently participated in an extensive study of kansasii
isolates in France [55]. She and coworkers studied 62 M. kansasii
isolates, including 38 clinical strains and 24 strains from water samples.
Both the clinical and environmental isolates yielded 5 subspecies by a
variety of molecular methods. Each of the 5 subspecies was comprised
of at least 4 isolates, and there was little intra-subspecies variation
among the isolates. Thus, it can be assumed that the ability of PCR
restriction analysis (PRA) of the 342bp rpoB fragment, to correctly
detect each of the 5 subspecies [21] validates the use of this technique,
at least for the range of kansasii isolates and subspecies seen in France.
Another PRA study of 276 M.kansasii isolates from various geographic
areas within Europe [56], identified the same 5 kansasii subspecies as
seen by Picardeau et al. [55], thus showing extensive geographic spread
of the 5 subspecies. On the other hand, Zhang et al. [56], found by PRA
that 78 of 81 clinical kansasii isolates in the US belonged to subspecies I.

The current article uses Mycobacterium species’ reference sequences
validated for subspecies appearance in clinical isolates, by the original
investigators of 342bp rpoB fragment usage [21]. These clinically
isolated species represent the major clinically important Mycobacterium
species, and thus justify publication of the MST model as being of likely
relevance to the relationship among clinically important Mycobacterium
species. Truly comprehensive coverage of Mycobacterium species by the
MST-regions model constructed on 342bp rpoB fragment restriction
sites, would involve a major international effort to collect worldwide
clinical isolates, and environmental samples and sequences from
representative ecological niches from diverse geographical locations.
The current MST model is a step in the right direction, but much work
remains to be done.

Concerning the need for more sequences representing the control
genera (Rhodococcus, Corynebacterium, and Nocardia), the original
investigators Kim et al. [20,21] used only one reference species’ sequence
from each control genus. Other investigators have used the same control
species, or other species from the same control genera. The MST-regions
model employs analysis of the same control reference sequences used by
Kim et al. [20,21], but because only one sequence was used per control
genus, these results must be considered preliminary, but nevertheless
supportive of the results obtained by the original investigators. Again,
the MST-regions model provides a testable framework which is a step
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in the right direction, but much work outside the scope of the present
study remains to be done to clarify the rpoB-associated relationships
of the 3 control genera, to the groups of Mycobacterium species found
within each MST region.

The MST-regions model is supported by
disequilibrium of restriction site alleles.

linkage

As shown in the results, and summarized in Tables S7 and S8,
there was statistically significant linkage disequilibrium of certain
rpoBrestriction alleles with MST-regions. The results indicated that the
SGM in MST-region 1 more closely resembled, for certain alleles, the
RGM in MST-region 1 than the SGM in MST-region 3. This is the first
time genetic support has been offered for the polar distribution of the
SGM, wherein certain SGM were closely associated with the RGM, and
clearly differentiated from SGM at the extreme polar opposite (that is,
SGM in MST-region 3). The SGM in MST-region 2 were intermediate
in behavior with respect to restriction site allele distribution.

The MST-regions model showed close association of species previously
observed to be closely associated in clades of 2 or 3 species.

The RGM had a unique restriction site allele, and the tuberculosis
complex strains (tuberculosis, bovis, bovis BCG, and africanum) also
exhibited a unique allele [Tables 7 and 8], as previously observed
[20,21]. Many previously observed Mycobacterium clades also appeared
as closely associated species in the MST-regions model (Figure 1), for
example: neoaurum andvaccae [24], fortuitum and smegmatis [1,24],
fortuitum and fortuitum 49403 [20], abscessus and chelonae [20,24],
marinum and ulcerans[1,20,24], avium and paratuberculosis [1,20,24],
smegmatis and goodii[l], aurum and vaccae, haemophilum and
tuberculosis, leprae and tuberculosis [1,20], gordonae and asiaticum [1],
genavense and simiae, shimoidei and marinum, celatum type 1 and 2,
asiaticum and intermedium, intermedium and gordonae, intermedium
and intracellulare, gordonae and szulgai [20].

The MST-regions model provided a framework for genetic elements
(and corresponding phenotypes) contributing to the quantitative traits
responsible for the division of genus Mycobacterium into rapidly and
slowly growing mycobacteria, and possibly contributing in a cumulative
way to the distribution of Mycobacterium species among MST-regions 1,
2, and 3.

Published results concerning the rRNA operons, promoters,
promoter strengths, and 16S rRNA helix 18 length [24, 42,57-69],
are consistent with, and thus support, the observed distribution of
RGM and SGM in the MST-regions model for population structure.
The published results are, by MST-region, growth rate and species
(number of promoters, number of operons, 16S rRNA helix 18 type);
for MST-region 1, RGM: chelonae (5,1,short), abscessus (5,1,short),
fortuitum  (5,2,short), smegmatis (4,2,short), phlei (4,2,short),
neoaurum (4,2,short), senegalense (2,2,short), peregrinum (2,2,short),
wolinskyi (?,2,short), flavescens (2,2,short), thermoresistibile(?,?,short),
fallax (2,2,short), aurum (2,2,short), chitae(?,?,short); for MST-region
1, SGM: celatum (3,2,long), terrae (%,2,long), avium (2,1,long),
paratuberculosis (2,1,long), gastri (2,2long) interjectum (32,%,short),
nonchromogenicum(?,?,long); for MST-region 2, SGM: intermedium
(2,2,short), malmoense (?,%,long), gordonae (3,%,long), intracellulare
(3,1,long), triviale (3,%,short), asiaticum (3,%,long), szulgai (?,%,long);
for MST-region 3, SGM: tuberculosis (2,1,long), leprae(?,1,long),
bovis (3,1,long), ulcerans (2,1,2), marinum (?,1,long), simiae(3,1,short),
genavense (2,2,short), scrofulaceum (?,%,long), xenopi (?,?,long). It was
remarkable and highly supportive of the MST-regions model, that

RGM Mpycobacterium chitae, which falls “outside” the close 16S rRNA
similarity values shared by other members of the genus Mycobacterium
[68], was also “outside” the compact cluster (though still relatively
weakly connected) of RGM in MST-region 1 (Figure 1).

All mycobacteria possess at least 1 rRNA operon, with at least 2
rRNA promoters, and the rRNA promoters are of variable strength
[67]. As seen in Figure 1 and summarized above, based on the MST-
region, testable predictions could be made about the probable status
of RGM and SGM with respect to number of operons, number of
promoters, strength of promoters and length of 16S rRNA helix 18.
RGM, which were all found in MST-region 1, could be predicted to
have at least 4 promoters, at least one of which would be “strong,” 1 or
2 rRNA operons, and a short 16S rRNA helix 18. The SGM of MST-
region 1 could be predicted to have no more than 3 promoters, 1 or 2
rRNA operons, and a long 16S rRNA helix 18 except for M. interjectum
which had a short helix 18. It is interesting that the MST-regions model
(Figure 1) separated M. interjectum from the other SGM of MST-region
1. Furthermore, it was highly supportive of the model that the SGM M.
celatum andM. terrae, each with 2 rRNA operons, were assigned to the
halo of SGM accompanying the RGM in MST-region 1.

The SGM of MST-region 2 were not characterized enough for
predictions, except with respect to type of 16S rRNA helix 18 which
could be long or short. It was interesting and perhaps significant that
both intermedium and triviale were located at junctions between the
MST-regions (Figure 1), and both had short 16S rRNA helix 18 lengths.
The SGM of MST-region 3 could be predicted to have no more than 3
promoters, only 1 operon, and long or short 16S rRNA helix 18 length.
It was remarkable that the MST-regions model of Mycobacterium
population structure recognized that even though the RGM M. chelonae
and M. abscessus each had only 1 rRNA operon, they belonged in MST-
region 1 in a tight cluster with the RGM.

Rhodococcus equi joined MST-region 1 via Mycobacterium
abscessus of the RGM. Corynebacterium diphtheria joined MST-region
2 via Mycobacterium intermedium of the SGM. Nocardia nova joined
MST-region 3 via Mycobacterium simiae of the SGM. The 3 “connecter”
Mycobacterium species, abscessus, intermedium, and simiae, all had
short 16S rRNA helix 18 lengths.

The 6 different SGM Mycobacterium kansasii species [21,55,56,70]
should provide a particularly interesting test of the MST-regions model
for Mpycobacterium population structure. Mycobacterium kansasii
species I, II1, and V were found in MST-region 3 along with pathogenic
SGM like Mpycobacterium tuberculosis and Mycobacterium leprae
(Figure 1). In contrast, Mycobacterium kansasii species II, IV, and VI
were found in MST-region 1 along with the halo of SGM accompanying
the RGM. The M. kansasii species in MST-region 1 were separated from
the M. kansasii species of MST-region 3, in accordance with the linkage
disequilibrium of certain rpoB restriction enzyme site alleles (Tables
S7 and S8). It would be interesting to know whether these site alleles’
genetic differences were paralleled with other genetic and phenotypic
differences, for example, number of rRNA promoters, operons, or
length of the 16S rRNA helix 18. Genomic comparisons should be
especially informative, particularly if M. kansasii sub-species members
within their MST-region resemble each other significantly more than
they resemble those subspecies members found in the other MST-
region (that is, comparing M. kansasii subspecies within and between
MST-regions).

The MST-regions model of Mycobacterium population structure
provided a framework for the differential association of MST-region
associated Mycobacterium species with related genera.
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As already noted, Rhodococcus equi was associated with MST-
region 1 RGM (Figure 1). This aspect of the MST-regions model is
supported by recent findings that biodegradation (and associated
genes) of high molecular weight polycyclic aromatic hydrocarbons
(PAHs) is only observed in a few genera, including the RGM of genus
Mycobacterium, and Rhodococcus [71]. It would be very interesting now
to check the SGM in MST-region 1 for the ability to biodegrade PAHs,
or the presence of the necessary genomic regions.

The  “gold-standard”  phylogenetic  evidence connecting
Corynebacterium, Mycobacterium and Nocardiagenera as a subgroup
within the bacterial phylum Actinobacteria, are comparisons of 16S
rRNA gene sequences. These 16S rRNA sequence comparisons are
supplemented with information from comparative genomics [72,73].
Based on the 16S rRNA gene sequence comparisons, Rhodococcus
is a separate, but closely related genus, with respect to the genus
Nocardia [74]. Additional recently published comparative genome
studies reinforce the close relationship among Corynebacterium,
Mycobacterium and Nocardia [75,76]. Therefore, it was expected that
the rpoB gene, including its 342bp fragment, would share certain
restriction site alleles in common with all 3 genera, while other alleles
would differentiate the control genera (the control species) from
Mycobacterium species (Table S6).

Gao et al. [72] study reports 13 proteins that are specific for the
Corynebacterineae or the Corynebacterium-Mycobacterium-Nocardia
subgroup. This study refers to the presence of mycolic acids as a defining
feature of the Corynebacterium-Mycobacterium-Nocardia subgroup,
and mycolic acid analysis is one of the original methods for identifying
members of the genus Mycobacterium [77]. Thus it is interesting that 3
of the 13 proteins play an important role in the biosynthesis of the cell
envelope and their products are the sites of resistance to the first-line
anti-tuberculosis drug ethambutol (EMB). The same study of Gao et
al. [72] found 14 proteins shared only by Mycobacterium and Nocardia,
and specifically not shared by Corynebacterium. Among these 14
proteins were certain PE and PPE proteins. Although not mentioned as
one of the 14 proteins, PPE34 (gene RV1917¢) would warrant a closer
look, as comparisons were based on the reduced genome of M. leprae,
which may have lacked this protein. PPE34 is apparently being subject
to host “pressure” in several African countries [15] and countries in
Asia [14], and has been implicated in manipulation of immunological
responses [16]. Another interesting finding is that in M. bovis BCG,
PPE34 mutants exhibit reduced fitness at slow growth rate in a carbon
limited chemostat [78].

Cholesterol acquisition is required for bacterial persistence during
the chronic stage of Mycobacterium tuberculosis infection in mice [79],
and genes involved in cholesterol utilization comprise a major part of the
gene set required for bacterial survival in animal models of tuberculosis
[79]. An interesting question is do Mycobacterium species in different
MST regions have correspondingly different genotypic and phenotypic
patterns associated with cholesterol acquisition and utilization?

Comparative genomics of the dormancy regulons in Mycobacterium
and related genera, reveals that the genera Mycobacterium (with one
exception, M. leprae), Nocardia, and Rhodococcuscontain these regulons
[80]. M. leprae, which has lost a considerable amount of its genome,
does not have these regulons. Also, the genus Corynebacterium does
not have these dormancy regulons [80]. Nevertheless, both M. leprae
and Corynebacterium diptheriae have their different places in the MST-
regions model.

In summary, from 16S rRNA gene sequence comparisons, and

from genomic comparisons, there is convincing evidence that the
genera Corynebacterium, Mycobacterium, Nocardia and Rhodococcus
are distinct, but closely related, and it is logical that a conserved
gene fragment such as the 342bp rpoB gene segment would contain
restriction site alleles shared among these genera. The significance of
the observations (Figure 1) that Corynebacterium diptheriae joined at
MST-region 2, Nocardia nova joined at MST-region 3, and Rhodococcus
equi joined at MST-region 1, remains to be determined. However, as
already mentioned, R. equi shares with RGM the ability to biodegrade
high molecular weight PAHs [71], and so joining MST-region 1 via the
RGM was “reasonable”.

The origin of restriction site allele polymorphism

Most restriction site allele polymorphism in the 342bp rpoB
fragment is attributed to random synonymous single nucleotide
polymorphism within the respective restriction site [20,21]. Since
restriction sites are mostly palindromes with potential regulatory
functions, including the potential to be methylated, the number and
location of these sites may have physiological import, even within this
short fragment, and even though the change was synonymous leaving
the protein amino acid primary structure intact [81,82]. Therefore, it
cannot be ruled out that rather than being passive DNA markers of
the quantitative trait “genus Mycobacterium species identity;” the rpoB
restriction site alleles themselves may have contributed to that trait, and
been subject to the same “pressures” that pushed the development of
the new species.

Methylation events could affect rpoB DNA or RNA directly
or indirectly. The effect of site-specific modification on restriction
endonucleases and DNA modification methyltransferases has been
reviewed [83]. A more recent study describes a modification-dependent
endonuclease in Mycobacterium that is a member of the Mrr family,
and that may have endonuclease activity toward methylated DNA,
that is, may restrict certain epigenetic modifications [84]. Bacterial
host-mediated modification of Pvull restriction in Mycobacterium
tuberculosis is partly responsible for IS6110 restriction fragment length
polymorphism [85].

Methylated modified nucleosides in tRNAs, including tRNAs of
the genus Mycobacterium, play important roles in the structure and
function of tRNAs [86]. Mutations in 16Sand 23S rRNAmethylases in
Mycobacterium tuberculosisconfer resistance to capreomycin, viomycin,
and streptomycin [87,88]. In summary, methylation changes (loss or
gain) to RNA in the genus Mycobacterium can affect the physiology of
the bacterium, possibly including transcription and translation for the
rpoB subunit, and can be selected for by various “pressures” including
antibiotic therapy.

Horizontal (aka lateral) gene transfer (HGT) contributing to
the genus Mycobacterium genome

Comparative genomic and phylogenetic approaches define a core
and pan genome for the genus Mycobacterium [89,90]. Studies find
little recombination in core regions (which include the rpoB gene),
whereas recombination outside these regions indicates significant
acquisition of genes from non-mycobacterial sources [89,91], or
between Mycobacterium strains [92]. Various vehicles are described
for the acquisition of non-mycobacterial genes, or the HGT between
mycobacteria. The general findings include HGT between mycobacteria
mediated by a conjugative plasmid [92], HGT between different strains
of the same Mycobacterium species facilitated by mycobacterial biofilms
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[93], HGT in free living protozoa with and between the Mycobacterium
species they host [94], and HGT via mycobacteriophages [95].

Focus on Mycobacterium tuberculosis

There are several reports of extensive HGT in the ancient progenitor
of Mycobacterium tuberculosis [96-98], before its change into the
Mycobacterium tuberculosis complex [99,100]. Gene reorganization
through gene rearrangements as revealed through comparative
genomics is suggested as an important contributor to speciation within
the genus Mycobacterium, and the absence of rearrangements in the
Mycobacterium tuberculosis complex (MTBC) supports consideration
of the complex members as a single genospecies [101]. This is consistent
with the observation that members of the MBTC examined in this
study had identical 342bp rpoB restriction site alleles (Table S1) and
thus an identical position in the MST-regions model of Mycobacterium
population structure (Figure 1). A recent study finds that rpoB is a core
gene not only for the genus Mycobacterium, but for the whole subclass
Actinobacteridae [102]. Other recent studies (beyond the scope of this
article) extend the use of rpoB to genetic analysis of microorganisms
outside the subclass Actinobacteridae. Snyder and Champness [103]
review various strategies used by bacteria to exchange genetic material
between species, and even between kingdoms. Also, various mechanisms
are considered for the internal generation of genetic polymorphism
within a bacterium [103]. The rpoB gene helps generate part of the
translation apparatus, the most highly conserved of all the cellular
components [103,104], and thus while the large amount of information
related to genus Mycobacterium population structure in this one small
342bp rpoB gene fragment was remarkable, its informative nature was
also reasonable [105,106].

Perhaps the ancient event in the Mycobacterium tuberculosis
progenitor, of HGT acquisition of the DR region [61,107], a clustered,
regularly interspaced, short palindromic repeat (CRISPR) region (on
which the spoligotyping test [14] is based) helped achieve the relative
stability of the MTBC genome, and helps explain the absence of
rearrangements in the Mycobacterium tuberculosis complex (MTBC)
[101]. CRISPR loci provide sequence-directed immunity against
phages and plasmids thereby limiting HGT [108,109]. This could help
explain and support the identical position showed by MTBC members
in the MST-regions model of Mycobacterium population structure. One
recent study by Namouchi et al. [110] finds that comparative genomic
examination of 24 Mycobacterium tuberculosis genomes reveals
that despite the relative stability observed in the MTBC members,
Mycobacterium tuberculosiss is rapidly diversifying by the actions of
mutation, recombination, and natural selection. Thus the MST-regions
model of Mycobacterium population structure, even for Mycobacterium
tuberculosis complex members, is possibly subject to change as species
change their characteristics, and new species emerge [33,111].

Concluding remarks

Pigmentation was one of the original phenotypic characteristics
used as an aid to differentiate and clarify Mycobacterium species
[7,43,69,77] and is still an important diagnostic attribute. However,
the pigmentation trait’s “molecular clock (rate of genetic change)”
is not similar enough to the molecular clock of the quantitative trait
“prokaryotic species” to be employed as a sole criterion to differentiate
among Mycobacterium species and visualize the genus Mycobacterium
population structure for relationships among Mycobacterium species.
This is clearly seen in Figure 1 (the MST model) of the article, where
each strain is labeled with its growth and pigmentation characteristics.

This problem has been noted for phenotypic characteristics in general
[43] and was a major impetus for the development of molecular
techniques for diagnostic, epidemiologic, and taxonomic purposes.

What is the “molecular clock” of the quantitative trait “prokaryotic
speciation?”Since the definition of prokaryotic species is still developing,
currently being stretched by comparisons of newly accessible sequences
of whole genomes [33,101,105,106], this question has no answer yet. A
major issue for discussion is whether a definition of prokaryotic species
can be developed which considers the ecology (including clinical
significance) of the strains in addition to their evolutionary distance
[33,106]. However, there are standard measurements required for
taxonomic recognition of new prokaryotic, including Mycobacterium,
species [43,77]. DNA-DNA hybridization (DDH) with a 70% binding
criterion (or temperature of melting difference of less than 6 degrees C)
for species identity is the gold standard. Stahl and Urbance [68], found
that phylogenetic analysis of 16S rRNA sequences (an already accepted
technology by the time of their work) yielded Mycobacterium species’
differentiation and relationships roughly compatible with gold standard
DDH and traditional phenotypic assignations. 16S rRNA similarity
of 97% or more is the common cutoff for species identity. However,
later work has shown that 16S rRNA is sometimes too conserved to
discriminate between species recognized by phenotypic differences and
confirmed as separate species by DDH. Other sequences, including
rpoB [20,21], were found to improve the discrimination of species in a
manner complementary to 16S rRNA (or rDNA) analysis. Recent work
has shown that in addition to its ability to differentiate among bacteria
at the species level, the rpoB gene has a strong “phylogenetic signal” that
allows it to help determine ranks higher than the species in prokaryotic
taxonomy [105].

In summary, in a very approximate view of the matter, the
“molecular clock” for prokaryotic speciation is the time it takes between
evolving species to accumulate enough genetic changes to exhibit
about a 30% difference in DNA content from the type or reference
strain, at which time by current standard measurements (DNA-DNA
hybridization, DDH) they will be recognized as separate species.
Obviously, pigmentation changes reflect differences in DNA content,
but do not occur at a rate appropriate for use as a marker of speciation,
and are not enough “change” to be necessary or sufficient to alone
cause “speciation”. Each of the 3 pigmentation types, nonchromogen,
scotochromogen, and photochromogen were found in each of the
MST-regions 1, 2, and 3, although the RGM did not include any
photochromogens (Figure 1). On the other h and, various conserved
or so-called house-keeping genes (including rpoB) have been found
to accumulate genetic change at a rate that roughly reflects the rate
of accumulated 30% change in DNA content of an emerging species,
and thus can be analyzed for polymorphisms that are in linkage
disequilibrium with “speciation” This is the rationale and justification
for the construction and correctness of the 342bp rpoB fragment
restriction alleles-based MST-regions model of genus Mycobacterium
population structure. The model should be consistent with the classical
identification (differentiation) of species, which includes pigmentation
as one of the attributes on which to discriminate among species (it is
consistent with this), and should be consistent with already observed
and confirmed relationships (clades) among species (it is consistent
with this). Furthermore, one should try to place important biological
attributes in the framework of the model, even if on their own they are
insufficient to cause “speciation,” and even if their “molecular clocks”
make them unsuitable for markers of prokaryotic speciation.
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Finally, a new model such as presented in the proposed article, may
fortuitously reveal new relationships which need to be explained. This is
the case with the MST region 1 RGM and associated MST region 1 SGM,
in which number and strength of rRNA promoters, type of 16S rRNA
helix 18 (long or short), and number of rRNA operons (that is, growth
rate attributes) may together help explain some of the differences that
contributed to the divergence between the SGM of RGM-containing
MST-region 1, and the SGM of MST region 3.

A new paradigm for genus Mycobacterium population structure
was presented. The MST-regions model of genus Mycobacterium
population structure was robust in identifying and clustering species
and subspecies, unambiguous, transparent for alleles, consistent with
genotypes and phenotypes, and statistically testable. In a wider context,
the method may prove useful to elucidate DNA markers and genes
of quantitative traits in general, including those traits essential for
Mpycobacterium-associated diseases, which could then be targeted for
preventive and therapeutic interventions.
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