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Abstract

The Actinobacteria constitute one of the main phyla of Bacteria. Presently, no morphological and very few
molecular characteristics are known which can distinguish species of this highly diverse group. In this work,
we have analyzed the genomes of four actinobacteria (viz. Mycobacterium leprae TN, Leifsonia xyli subsp.
xyli str. CTCBO7, Bifidobacterium longum NCC2705 and Thermobifida fusca Y X) to search for proteins that
are unique to Actinobacteria. Our analyses have identified 233 actinobacteria-specific proteins, homologues
of which are generally not present in any other bacteria. These proteins can be grouped as follows: (i) 29
proteins uniquely present in most sequenced actinobacterial genomes; (ii) 6 proteins present in almost all
actinobacteria except Bifidobacterium longum and another 37 proteins absent in B. longum and few other
species; (iii) 11 proteins which are mainly present in Corynebacterium, Mycobacterium and Nocardia (CMN)
subgroup as well as Streptomyces, T. fusca and Frankia sp., but they are not found in Bifidobacterium and
Micrococcineae; (iv) 8 proteins that are specific for 7. fusca and Streptomyces species, plus 2 proteins also
present in the Frankia species; (v) 13 proteins that are specific for the Corynebacterineae or the CMN group;
(vi) 14 proteins only found in Mycobacterium and Nocardia; (vii) 24 proteins unique to different Myco-
bacterium species; (viii) 8 proteins specific to the Micrococcineae; (ix) 85 proteins which are distributed
sporadically in actinobacterial species. Additionally, many examples of lateral gene transfer from Actino-
bacteria to Magnetospirillum magnetotacticum have also been identified. The identified proteins provide
novel molecular means for defining and circumscribing the Actinobacteria phylum and a number of sub-
groups within it. The distribution of these proteins also provides useful information regarding interrela-
tionships among the actinobacterial subgroups. Most of these proteins are of unknown function and studies
aimed at understanding their cellular functions should reveal common biochemical and physiological
characteristics unique to either all actinobacteria or particular subgroups of them. The identified proteins
also provide potential targets for development of drugs that are specific for actinobacteria.

Introduction branching in 16S rRNA trees (Balows et al. 1992;

Boone, 2001; Collier et al. 1998; Ludwig and
Gram-positive bacteria with high G+C DNA Klenk 2001; Stackebrandt et al. 1997; Stacke-
content are currently recognized as a distinct brandt and Schumann 2000). This phylum con-
phylum, Actinobacteria, on the basis of their stitutes one of the largest groups among Bacteria,
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comprising of five subclasses and fourteen subor-
ders (Stackebrandt and Schumann 2000; Boone
2001). Actinobacterial species exhibit high level of
diversity in terms of their morphology and physi-
ology and play important roles in medicine,
industry and environment; some species are major
antibiotic producers while many others can cause
serious human, animal and plant diseases (Leche-
valier and Lechevalier 1967; Goodfellow and
Williams 1983; Embley and Stackebrandt 1994;
Collier et al. 1998; Stackebrandt and Schumann
2000). However, except for their branching pattern
in the 16S rRNA tree, until recently no other
biochemical or molecular characteristics were
known that could distinguish species of this group
from all other bacteria (Embley and Stackebrandt
1994; Stackebrandt and Schumann 2000; Ludwig
and Klenk 2001; Gao and Gupta 2005). In our
recent work (Gao and Gupta, 2005) we have
identified three conserved indels (i.e. inserts and
deletions) in widely distributed proteins (viz. a
2 aa deletion in cytochrome c oxidase I, a 4 aa
insert in CTP synthetase, and a 5 aa insert in
glutamyl-tRNA synthetase), and also confirmed
the actinobacterial specificity of a large insert in
the 23S rRNA (Roller C et al. 1992), which are
distinctive characteristics of the Actinobacteria and
can be used to circumscribe this phylum. Addi-
tionally, a few inserts in variable regions of the
RNA polymerase  subunit that might be specific
for actinobacteria have also been described (Morse
et al. 2002). In phylogenetic trees based on the 16S
rRNA gene sequence, actinobacterial species form
a compact cluster, beyond which it has proven
difficult to resolve the branching order or interre-
lationships among its different constituent sub-
groups (Garrity and Holt 2001; Ludwig and Klenk
2001; Stackebrandt et al. 1997; Stackebrandt and
Schumann 2000).

The availability of whole genome sequence has
opened new windows for discovering novel molec-
ular characteristics that are unique for different
groups of bacteria and can be used for their identi-
fication as well as for biochemical and functional
studies (Karlinet al. 1998; Leratet al. 2003; Bentley
and Parkhill 2004; Fraser et al. 2004; Kainth and
Gupta 2005; Mazumder et al. 2005). To date, the
genomes of 19 different actinobacterial strains have
been completely sequenced and an additional 25
genomes are in progress (http://www.ncbi.nlm.
nih.gov/genomes/lproks.cgi). The complete genomes

are from 17 species belonging to 10 genera (some are
multiple strains of the same species) and they are as
follows: Bifidobacterium longum, Corynebacterium
diphtheriae, Corynebacterium efficiens, Corynebac-
terium glutamicum, Corynebacterium jeikeium,
Leifsonia xyli, Mycobacterium avium, Mycobacte-
rium bovis, Mycobacterium leprae, Mycobacterium
tuberculosis, Nocardia farcinica, Propionibacterium
acnes, Streptomyces avermitilis, Streptomyces
coelicolor, Symbiobacterium thermophilum,Ther-
mobifida fusca and Tropheryma whipplei (Domen-
ech et al. 2001; Cole et al. 2001; Schell et al. 2002;
Bentley et al. 2002; Fleischmann et al. 2002; Bent-
ley et al. 2003; Cerdeno-Tarraga et al. 2003; Gar-
nier et al. 2003; Kalinowski et al. 2003; Tkeda et al.
2003; Nishio et al. 2003; Raoult et al. 2003; Ishik-
awaet al. 2004; Bruggemann et al. 2004; Monteiro-
Vitorello et al. 2004; Ueda et al. 2004; Tauch et al.
2005). The sequenced genomes differ considerably
from each other in various regards (such as genome
sizes, numbers of identified proteins or open reading
frames (ORF) and GC content (see Table 1; Bentley
and Parkhill 2004)) and they provide valuable
resources for identifying novel molecular charac-
teristics that are useful for biochemical, taxonomic
and evolutionary studies on actinobacteria.

Comparative genomic studies have previously
been carried out only on some closely related ac-
tinobacterial species. Extensive work has been
done on Mycobacterium genomes to identify pos-
sible virulence factors or new drug targets (Do-
menech et al. 2001; Cole et al. 2001; Cole 2002).
Sutcliffe and Harrington (2004) have analyzed the
M. tuberculosis genome to identify various genes/
proteins that are involved in the synthesis and
regulation of cell envelope lipoproteins. Studies
have also been done on the Streptomyces genomes
to identify proteins/enzymes that are possibly in-
volved in production of useful secondary metab-
olites (Zazopoulos et al. 2003; Ikeda et al. 2003;
McAlpine et al. 2005). However, thus far no study
has been carried out aimed at identifying different
gene/proteins that are uniquely present either in all
Actinobacteria or in various subgroups that make
up this large phylum. Such studies are of much
interest in order to understand what unifying
molecular characteristics are shared by various
actinobacterial species beneath their highly diverse
phenotypes.

In our earlier work, we have identified a large
number of conserved indels in broadly distributed



Table 1. Actinobacterial species with sequenced genomes.
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Strain name

Genome project

Genome size (Mb) GC content (%) Protein number

Streptomyces avermitilis MA-4680
Streptomyces coelicolor A3(2)

Nocardia farcinica IFM 10152
Mycobacterium avium subsp. paratuberculosis str. k10
Mycobacterium tuberculosis H3TRv
Mycobacterium tuberculosis CDC1551
Mycobacterium bovis AF2122/97
Thermobifida fusca YX

Symbiobacterium thermophilum IAM 14863
Corynebacterium glutamicum ATCC 13032
Mycobacterium leprae TN
Corynebacterium efficiens YS-314
Leifsonia xyli subsp. xyli str. CTCB07
Propionibacterium acnes KPA171202
Corynebacterium diphtheriae NCTC 13129
Corynebacterium jeikeium K411
Bifidobacterium longum NCC2705
Tropheryma whipplei str. Twist
Tropheryma whipplei TW08/27
Arthrobacter sp. FB24

Brevibacterium linens BL2

Frankia sp. Ccl3

Frankia sp. EANI1pec

Kineococcus radiotolerans SRS30216
Rubrobacter xylanophilus DSM 9941

Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Incomplete
Incomplete
Incomplete
Incomplete
Incomplete
Incomplete

9.12 72.0 7577
9.05 72.1 7769
6.29 70.7 5683
4.83 69.3 4350
4.41 65.6 3991
4.4 65.6 4189
4.35 65.6 3920
3.64 67.5 3110
3.57 68.7 3337
3.31 53.8 2993
3.27 57.8 1605
3.15 63.1 2950
2.58 67.7 2030
2.56 60.0 2297
2.49 53.5 2272
2.46 61.4 2137
2.26 60.0 1727
0.93 46.0 808
0.93 46.3 783
- 65.4 -
4.37* 62.8 -
5.4% 70.1 -

- 70.9 -
4.89% 74.2 -
3.17* 70.4 -

Note: *indicates that the genome size is estimated. (—) denotes that the information is not available at present due to incomplete

sequencing.

proteins that are distinctive characteristics of dif-
ferent groups of bacteria including Actinobacteria
and which can be used for their identification
and characterization (Gupta 1998, 2000, 2004;
Gao and Gupta 2005; Griffiths et al. 2005). The
objectives of our recent comparative genomic
studies are to identify whole proteins or ORFs that
are uniquely present in either all species from
particular groups (phyla) of bacteria, or in various
higher taxonomic groups (e.g. Order, Family,
Genus, etc.) among them. By this approach, a
large number of proteins that are specific for alpha
proteobacteria and Chlamydiae have been identi-
fied (Kainth and Gupta 2005; Griffiths et al.
2006). In the work presented, we have applied this
approach to protein sequences from actinobacte-
rial genomes to identify signature proteins that are
unique to Actinobacteria or its various subgroups.
In addition to their values as molecular and tax-
onomic markers for the phylum Actinobacteria,
the study of these unique proteins should also
prove instrumental in identifying important phys-

iological characteristics that are distinctive of
Actinobacteria.

Methods
Identification of Actinobacteria-specific proteins

To identify proteins which are specific for Actino-
bacteria or its various subgroups, all proteins in
the genomes of M. leprae TN (ML), L. xyli subsp.
xyli str. CTCBO07 (Lxx), B. longum NCC2705 (BL)
and T. fusca YX (Tfu) were analyzed (Cole et al.
2001; Schell et al. 2002; Raoult et al. 2003).
BLAST searches were carried out on each indi-
vidual protein in these genomes to identify all
other organisms containing proteins with similar
sequences (Karlin and Altschul 1990; Altschul
et al. 1997). Protein—protein BLAST was per-
formed with default parameters as set by the
BLAST program against sequences from all
organisms in the GenBank and the results were
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visually inspected for homologues showing speci-
ficity to Actinobacteria. Expected values (E-values)
were analyzed as described in our earlier work
(Kainth and Gupta 2005; Griffiths et al. 2006) to
identify putative Actinobacteria-specific proteins.
The results of BLAST searches were inspected for
sudden increase in E-values from the last actino-
bacterial species in the search to the first non-ac-
tinobacterial organism. This increase in E-values
was important when the first non-actinobacterial
BLAST hit was in a higher range, such as more
than 107°. Scores above this value suggest that the
BLAST matches represent a weak level of simi-
larity that could occur by chance. However, higher
E-values are sometimes acceptable for smaller
proteins as the magnitude of the E-value depends
upon the length of the query sequence (Altschul
et al. 1997). A protein was considered to be
Actinobacteria-specific if all BLAST hits with
acceptable E-values corresponded to actinobacte-
rial species. We have retained a few proteins
where, besides Actinobacteria, 1 or 2 isolated spe-
cies from other groups of bacteria also had
acceptable E-values. We consider these proteins to
be also Actinobacteria-specific and the presence of
a related homologue in isolated other species is
very likely due to lateral gene transfer (LGT).

For all Actinobacteria-specific signature proteins
described here, E-values were recorded for each
actinobacterial hit as well as the first non-actino-
bacterial organism in a given search. The length of
each hit protein is also shown in brackets beside
the E-values. All proteins indicated in the Ta-
bles 29 are specific for the Actinobacteria based
on these criteria unless otherwise mentioned. In
the description of these proteins in various Tables,
the ‘ML’, ‘Lxx’, ‘BL’ and ‘Tfu’ part of the
descriptors indicate the original source of the
query protein sequence from M. leprae TN, L. xyli
subsp. xyli str. CTCBO07, B. longum NCC2705 and
T. fusca YX genomes, respectively.

Results and discussion

The goal of this study was to identify signature
proteins (or ORFs), which are specific for Actino-
bacteria or some of the subgroups from this phy-
lum at different phylogenetic depths. To search for
these molecules, comprehensive analysis of four
actinobacterial genomes was carried out. Of these,

M. leprae was chosen because of its small protein
numbers (see Table 1). One expects that most
proteins that are distinctive characteristics of all
actinobacteria should be present in it. Addition-
ally, the analysis of proteins in this genome should
also prove useful in identifying proteins that are
specific for the suborder Corynebacterineae (com-
prised of Corynebacterium, Mycobacterium and
Nocardia, CMN subgroup). The L. xyli genome
was chosen because it offered the possibility of
identifying proteins that are specific for the
suborder Micrococcineae, which is an important
subgroup within Actinobacteria. The T. fusca and
B. longum genomes were chosen because they
belong to different suborders branching deeply
within the Actinobacteria and analyses of proteins
that are uniquely shared by these bacteria and
other groups could provide useful information
regarding interrelationships among various sub-
groups of Actinobacteria. The BLAST searches on
each ORF from these four genomes have led to
identification of 233 proteins that are unique to
Actinobacteria and generally do not have homo-
logues in any other bacterial group. We have
grouped these 233 signature proteins in nine
arbitrary groups based on their distribution pat-
tern. Most of these proteins are of unknown
functions. In the few cases where some informa-
tion regarding their functions is available, it is
mentioned in the discussion that follows.

Signature proteins specific for all Actinobacteria

We have identified 29 proteins that are present in
nearly all actinobacterial species and are not found
in any other Bacteria with a few exceptions (see
Table 2). In Table 2(a), the first five proteins
MLO0257, ML0642, ML1009, ML1029, and
ML1306 are present in all sequenced actinobacte-
rial genomes including Rubrobacter xylanophilus
DSM 9941. The observed E-values for these pro-
teins from actinobacterial species are very low,
close to 0 (i.e. <e %), indicating that the proteins
in various actinobacteria are homologous to the
query sequence. In the 16S rRNA tree, Rubrob-
acter species are distantly related to other actino-
bacterial species and form an outgroup of the
other actinobacteria (Stackebrandt et al. 1997;
Stackebrandt and Schumann 2000; Ludwig and
Klenk 2001; Gao and Gupta 2005). Presently,
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there are no biochemical or molecular character-
istics (other than the 16S rRNA gene sequence
analyses) known that support a specific relation-
ship of Rubrobacter species to the Actinobacteria.
In our recent work, a number of conserved indels
in 23S rRNA and several proteins (viz. CTP syn-
thetase, CoxIl and GIuRS) that were uniquely
shared by various other actinobacteria, were
described (Gao and Gupta 2005). However, these
indels were either not present or information for
them was lacking for Rubrobacter species, thus
failing to reveal a specific relationship of this
group to Actinobacteria (Gao and Gupta 2005). In
this context, the shared presence of these five sig-
nature proteins in R. xylanophilus and various
other actinobacteria is of much interest. The sim-
plest and most logical explanation for the shared
presence of these five proteins is that the genes for
these proteins evolved only once in a common
ancestor of R. xylanophilus and various other
actinobacteria and then passed on to various mem-
bers of the Actinobacteria phylum through vertical
descent. This observation, in conjunction with the
phylogenetic relationship of R. xylanophilus to
other Actinobacteria in 16S rRNA gene sequence
analyses, provides evidence that this species is a
part of the phylum Actinobacteria.

For three of the proteins described above, 1 -2
hits with acceptable E-values are also present in
other unrelated bacteria. For example, a single hit
with low E-value for ML1029 and ML1306
was also found, respectively, in Magnetospirillum
magnetotacticum MS-1 (an a-proteobacterium)
and Dehalococcoides ethenogenes (a green non-
sulfur (GNS) bacterium). Because, homologues of
these proteins were not present in any other
a-proteobacteria or GNS bacteria and both these
groups are phylogenetically unrelated to actino-
bacteria, these exceptions are very likely due to a
non-specific event such as lateral gene transfer
(LGT). Similarly, for the protein ML0257,
homologues with low E-values are also present in
two Thermotoga species. The phylogenetic posi-
tion of Thermotoga is not reliably known (Gupta
1998; Ludwig and Klenk 2001; Griffiths and
Gupta, 2004), thus the possible significance of the
shared presence of this protein in these two groups
of species is not clear.

The remaining 10 proteins in Table 2(a) are
found in almost all sequenced actinobacterial
species except R. xylanophilus. The genome of

R. xylanophilus is still not completely sequenced
and it is possible that some of these proteins may
be found in the Rubrobacter genome upon its
completion. However, if these proteins are truly
absent in R. xylanophilus, then based upon its deep
branching in the rRNA trees (Stackebrandt et al.
1997; Stackebrandt and Schumann 2000; Gao and
Gupta 2005), the most likely explanation for this
observation will be that the genes for these
proteins have evolved in a common ancestor of
Actinobacteria after the divergence of Rubrobacter.
In the tables shown here, we have also included
information for Frankia sp., Kineococcus radiotol-
erans, Nocardioides sp., Atrhrobacter sp. and
Brevibacterium linens, whose genomes are only
draft assemblies. It is possible that for some of the
proteins from these species for which sequence
information is presently lacking (denoted by
asterisks in the tables) this information will
become available at a later time.

In Table 2(b), we list 14 additional proteins that
show similar distribution as the proteins listed in
Table 2(a), but which are missing in the two
T. whipplei strains. T. whipplei is an intracellular
pathogen and the genomes of these strains have
undergone massive gene decay (to only 0.93 Mb),
as many proteins are not required in the intracel-
lular environment (Moran and Wernegreen 2000;
Raoult et al. 2003; Bentley et al. 2004). Thus, the
absence of these genes in the two T. whipplei
strains represents a special situation, which is not
characteristic of other Actinobacteria. Therefore,
despite their absence in T. whipplei, we still regard
these proteins as distinctive characteristics of
various other Actinobacteria. Note that for the
protein ML2204, the E-values for several actino-
bacterial homologues are higher than our indi-
cated BLAST cut off value (107°), but these higher
E-values are acceptable in this case because of the
very short length of this protein (62 amino acids)
and the fact that besides Actinobacteria no hits for
other bacterial species were observed.

Among the Actinobacteria-specific proteins lis-
ted in Table 2, ML0760 and MLO0804 are very
similar to each other and they are homologous
to the developmental regulator gene whiB in
S. coelicolor. WhiB is a short DNA-binding pro-
tein that is essential for sporulation of aerial
hyphae in S. coelicolor (Soliveri et al. 2000). Our
observation that whiB-like genes are present in
all sequenced actinobacterial genomes including



the non-spore-forming intracellular pathogens
T. whipplei and L. xyli, suggests that this protein,
in addition to its role in sporulation, also performs
a more generalized function common to all Ac-
tinobacteria. Most actinobacterial species contain
multiple copies of the whiB-like gene. There are
five copies of whiB in M. leprae, which include
ML0639, ML2307 and ML0382, in addition to the
two discussed above. The protein lengths of the
BLAST hits for the WhiB (ML0760 and ML0804)
in some species (viz. Frankia sp., K. radiotolerans
and 7. fusca) were found to be almost twice the
length of the query sequence but their matching
regions are highly conserved. It is possible that
these species have acquired additional protein
domains during the course of evolution. The genes
related to whiB are also present in some actino-
phages, which have likely acquired them from
actinobacteria (Pedulla et al. 2003).

Of the other Actinobacteria-specific proteins with
predicted functions, ML2073 (Table 2a) and also
ML2075 (in Table 3b) are MerR proteins. MerR is
a transcriptional regulator of the mercury resis-
tance genes (Rother et al. 1999). All gram-positive
and some gram-negative bacteria are resistant to a
broad range of mercuric compounds, and other
bacteria besides actinobacteria possess proteins
that are annotated as MerR family proteins (Ravel
et al. 2000). However, they share very little simi-
larity with actinobacterial MerR sequences as seen
by the results of BLAST analyses. Therefore, it is
possible that the merR gene in Actinobacteria has
evolved differently from other bacteria and may
possess different functional characteristics. The
absence of homologues of ML2075 in some
actinobacterial species (viz. B. longum and T. fusca)
is likely due to gene loss events.

For all of the 29 Actinobacteria-specific proteins
identified in the present work (Table 2), no
homologues were detected in the S. thermophilum
genome. S. thermophilum is presently placed in the
Actinobacteria phylum based on its high GC con-
tent (Ueda et al. 2001). However, recent genomic
analyses indicate that this species is much more
closely related to Bacilli and Clostridia than to
Actinobacteria (Ueda et al. 2004). In our recent
work, this species was also found to be lacking
conserved indels in various proteins (viz. Coxl,
CTP synthetase and GIluRS) as well as the
23S rRNA gene that are distinctive characteristics
of most other actinobacteria (Gao and Gupta
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2005). These observations strongly indicate that
S. thermophilum is distinct from all other actino-
bacteria and it should not be placed in the phylum
Actinobacteria (Gao and Gupta 2005).

Signature proteins specific for actinobacterial
subgroups or providing information regarding their
branching order

In phylogenetic trees based on 16S rRNA gene
sequences, bifidobacteria generally form a deep
branch within the phylum Actinobacteria (Stacke-
brandt et al. 1997; Stackebrandt and Schumann
2000; Ludwig and Klenk 2001; Gao and Gupta
2005). In this study, we have identified six proteins
that are found in almost all sequenced actinobac-
terial species with the exception of B. longum
(Table 3a). Among these proteins, three are pres-
ent in all other completely sequenced actinobac-
terial strains but missing in Bifidobacterium,
whereas the remaining three are also missing in
one isolated species or genus. For example,
homologues of the protein ML1781 were also
found to be missing in all four Corynebacterium
species as well as Bifidobacterium. The most par-
simonious explanation for this observation is that
this protein was introduced in an actinobacterial
antecedent after the divergence of Bifidobacterium
and subsequently lost in a common ancestor of
Corynebacterium. Therefore, these proteins pro-
vide us with useful evolutionary information that
bifidobacteria very likely constitute one of the
earliest branching lineages within Actinobacteria,
which is consistent with its branching in the 16S
rRNA trees (Stackebrandt and Schumann 2000;
Ludwig and Klenk 2001; Gao and Gupta 2005).
Besides these six proteins, we have also found 31
additional proteins, which are present in most
actinobacterial species but missing in B. longum
and a few other species (see Table 3b). In a large
number of cases, these proteins were absent from
the T. whipplei and L. xyli genomes, which are
intracellular pathogens with greatly reduced
genomes (Moran and Wernegreen 2000; Raoult
et al. 2003). As discussed earlier, the gene loss in
these cases represents a special situation and for
actinobacterial species that are free-living, these
proteins show similar specificity as those listed
in Table 3a. Six additional proteins are mainly
absent in B. longum, T. whipplei, L. xyli and
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Table 3. Signature proteins specific for Actinobacteria, except Bifidobacterium longum.

(@)
Protein MLO0762 MLO0876 ML1027 ML1041 ML1176 ML1781
[NP_301591] [NP_301662] [NP_301760] [NP_301768] [NP_301858] [NP_302210]
Length 165 aa 139 aa 157 aa 196 aa 119 aa 170 aa
Possible function Unknown Unknown Unknown Unknown Unknown Unknown
Mycobacterium leprae 1e-87 (165)  3e-58 (139)  7e-89 (157) 3e-102 (196) 8e-66 (119) 1e-95 (170)
Mycobacterium tuberculosis 7e-59 (163)  2e-54 (139)  9e-71 (161) 5e-87 (210)  1e-40 (120)  6e-90 (177)
Mycobacterium avium 5e-65 (165)  9e-51 (139)  4e-68 (161) 5e-85 (211)  2e-52 (116)  2e-90 (2)
Mycobacterium bovis 7e-59 (163)  2e-54 (139)  9e-71 (161) 5e-87 (210)  1e-40 (120)  2e-89 (177)
Nocardia farcinica 8e-31 (125)  2e-36 (138)  le-45 (176) 2e-6 (183) 8e-26 (127)  6e-56 (181)
Corynebacterium glutamicum 2e-20 (130)  2e-14 (143)  5e-26 (192) S5e-48 (208)  8e-15 (118) -
Corynebacterium efficiens le-21 (151)  1le-13 (143)  5e-26 (183) 6e-49 (205)  le-13 (173) -
Corynebacterium diphtheriae 4e-19 (137)  le-12 (143)  9e-26 (170) le-46 (193)  Se-12 (118) -
Corynebacterium jeikeium 4e-13 (172)  2e-16 (143)  7e-25 (161) 2e-42 (207)  4e-11 (121) -
Streptomyces avermitilis 1e-20 (157)  le-12 (132)  Se-12 (153) 5e-38 (223)  2e-13 (112)  2e-38 (164)
Streptomyces coelicolor 6e-21 (140)  2e-10 (132)  4e-12 (154) 3e-32 (238)  le-12 (109)  2e-36 (164)
Thermobifida fusca 4e-16 (148)  3e-16 (141) - 8e-32 (193)  8e-09 (141)  4e-39 (197)
Propionibacterium acnes le-14 (153)  2e-06 (131)  2e-04 (176) le-21 (189)  2e-10 (190)  9e-20 (165)
Nocardioides sp. le-16 (119)  le-18 (132)  2e-14 (153) 5e-30 (209)  2e-07 (115)  3e-42 (208)
Frankia sp. Ccl3 le-17 (147)  2e-09 (133) —* 2e-22 (312)  4e-05 (140)  4e-34 (180)
Frankia sp. EANI1pec le-17 (170)  3e-08 (133)  —* 5e-23 (299)  1e-08 (142)  7e-33 (177)
Kineococcus radiotolerance 4e-19 (133)  7e-19 (133)  5e-07 (7) S5e-23 (208)  1e-10 (127) le-33 (210)
Brevibacterium linens 2e-12 (124)  3e-10 (133)  1e-08 (151) 3e-24 (207)  3e-08 (145)  2e-23 (119)
Arthrobacter sp. 1e-20 (129)  Se-15(133)  2e-11 (174) 2e-26 (202)  7e-08 (170)  8e-40 (167)
Leifsonia xyli le-15 (70) 3e-07 (110)  2e-13 (148) 4e-27 (198)  9e-09 (147)  1e-33 (167)
Tropheryma whipplei Twist 7e-05 (110)  2e-08 (139)  2e-12 (155) 4e-15 (207)  0.005 (145) 4e-25 (164)
Tropheryma whipplei TW08/27 — 2¢-08 (139)  2e-12 (155) 4e-15 (183)  0.005 (145)  4e-25 (160)
Non-Actinobacteria See note 1 - 0.73 (203) 2.2 (623) 0.046 (447) See note 2
- Cupriavidus necator Shewanella  Ralstonia
baltica metallidurans
(b)
Actinobacterial signature Actinobacterial signature Actinobacterial ~ signature

proteins which are not
present in B. longum and
T. whipplei

proteins which are not
present in B. longum,
T. whipplei and L. xyli

proteins mainly lost in B.
longum, T. whipplei, L. xyli
and Corynebacterium species

ML1485 [NP_302044] oxidoreductase

ML2075 [NP_302384] MerR
ML0234 [NP_301294] Lsr2
ML0898 [NP_301682]
ML0904 [NP_301687]
ML0986 [NP_301731]
ML1067 [NP_301785]
ML1165 [NP_301800] LpqZ
ML1165 [NP_301850] Clp
ML1166 [NP_301851]
ML1927 [NP_302300]
ML2064 [NP_302376]
ML2156 [NP_302419]
ML2200 [NP_302442]
Lxx03620 [YP_061480]
Lxx08190 [YP_061831]
Lxx10090 [YP_061981] RDD
Lxx16410 [YP_062531] Abi
Tfu_0515 [YP_288576]
Tfu_2498 [YP_290554]

MLO169 [NP_301248]
ML0284 [NP_301324]
MLO0540 [NP_301459] mIHF
MLO0561 [NP_301475]
ML0589 [NP_301498] ABC-2
MLO0816 [NP_301622]
ML0899 [NP_301683]
ML1300 [NP_301934]
ML1312 [NP_301943]
ML1706 [NP_302175]
ML2030 [NP_302360] Rpf2
ML2428A [NP_302573]
ML2442 [NP_302583]

ML2446 [NP_302585] lipoprotein

ML2687 [NP_302714]
Tfu_0365 [YP_288426]

MLO115 [NP_301211]
ML1299 [NP_301933]
Tfu_0030 [YP_288091]
Tfu_0751 [YP_288812] acetyltransferase
Tfu_1240 [YP_289301]

Tfu_1340 [YP_289401]




Table 3. Continued.
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(b): The protein ID number starting with Lxx or Tfu represents query protein from the genome of L. xy/i subsp. xyli str. CTCB07 (Lxx)
or T. fusca YX (Tfu). The possible cellular functions of some of these proteins are noted. For other proteins the cellular functions are
not known, the E values are provided in the Supplemental Table 1 (b), (c), and (d). Note 1. A homologue to ML0762 is also found in
M. magnetotacticum with E-value of le-18 (117 aa) [ZP_00049347]; the next non-actinobacterial hit is Oryza sativa with E-value of 0.50
(130 aa). Note 2. A homologue to ML1781 is also found in M. magnetotacticum MS-1 with E-value of 8e-29 (138 aa) [ZP_00051058];
the next non-actinobacterial hit is Pan troglodytes with E-value of 0.92 (1491 aa).

Corynebacterium species (see Table 3b). In these
cases, in addition to the gene loss in the intracel-
lular pathogens, an additional gene loss event has
occurred in the ancestor of Corynebacterium spe-
cies. We believe that these genes have also most
likely evolved in a common ancestor of other
actinobacteria after the divergence of bifidobac-
teria and been subsequently lost in a few groups,
due to different reasons. However, the possibility
that some of these genes were also lost in B. longum
cannot be excluded.

Another group of 11 Actinobacteria-specific
proteins are mainly present in the CMN subgroup,
Streptomyces, Thermobifida, and Frankia but were
not found in B. longum and species of Micrococci-
neae (L. xyli, T. whipplei, Arthrobacter sp. FB24
and B. linens; Table 4). The shared presence of
these proteins in the CMN subgroup and Strep-
tomyces, Thermobifida, and Frankia species indi-
cates a closer relationship among these groups.
The branching order of different subgroups within
the phylum Actinobacteria is presently not clear.
The absence of these proteins in B. longum and
Micrococcineae suggests that these groups have
likely evolved prior to the branching of CMN
subgroup and Streptomycineae.

The BLAST searches on proteins from the L. xyli
genome have led to identification of 8 proteins (viz.
Lxx12820, Lxx05060, Lxx12850, Lxx05560,
Lxx08840, Lxx10900, Lxx13550, and Lxx24950;
see Supplemental Table 2) that are only present in
members of the suborder Micrococcineae. Pres-
ently, only two Micrococcineae species, L. xyli and
T. whipplei, have been completely sequenced, while
the genomes of two additional members, Arthrob-
acter sp. FB24 and B. linens BL2, are in progress.
Five of these proteins (Lxx05560, Lxx24950,
Lxx08840, Lxx10900 and Lxx13550) are absent
from the genomes of the two 7. whipplei strains,
which is again probably caused by the massive
genome shrinkage in these bacteria. However, the
presence of these genes in L. xyli, which colonizes

the xylem vessels of sugarcane (Monteiro-Vitorello
et al. 2004), indicates that the cellular environment
of this bacterium is quite different from that of
T. whipplei, with the result that the gene losses in its
genome are quite different. This may also explain
why, in our analysis, so few proteins that are spe-
cific for Micrococcineae were identified.

Our BLAST searches with proteins from
T. fusca genome have revealed eight proteins that
are specific to T. fusca and two Streptomyces
species (see first eight proteins in Table 5). T. fusca
belongs to the suborder Streptosporangineae. In
some 16S rRNA trees, species from this suborder
form a cluster with Streptomycineae species, which
suggests these two suborders are close relatives
(Gao and Gupta 2005). The eight signature pro-
teins that are uniquely present in these two groups
of actinobacteria now strongly indicate that spe-
cies from these two subgroups are closely related
and they likely shared a common ancestor exclu-
sive of other actinobacteria. The remaining two
proteins in Table 5 (viz. Tfu_2750 and Tfu_2037)
are also present in the two Frankia strains, in
addition to the Streptomyces and Thermobifida.
Frankiae are developmentally complex species,
which grow by hyphal branching and tip extension
and thus resemble the Streptomyces spp. (Balows
et al. 1992; Benson and Silvester 1993; Collier
et al. 1998). Currently, Frankineae is recognized as
a distinct suborder within the phylum Actinobac-
teria but its phylogenetic relationship to other
actinobacterial groups is unclear (Stackebrandt
et al. 1997; Boone 2001; Ludwig and Klenk 2001).
The two commonly shared proteins are consistent
with a closer relationship of Frankia to Strepto-
myces and Thermobifida.

Signature proteins specific for the CMN subgroup

We have identified 13 proteins which are only
found in Corynebacterium (C), Mycobacterium



80

“(Be €05) €90°0 JO
on[eA-g UM 111auLing pjja1xo)) 11 [BLI0}OBqOUIIOR-UOU XU o) [[6£15000 dZ] (Be 9L1) 91-97 JO anjeA-F YIM windi1onio1auspul “py Ul punoj st €847 nj L 03 anSojowoy y :J 210N

WNd1190I012USVU  UOAIIUIOD]0ID] Y] suardps smypandind vydo.ina

.Qau Ew\wmkm@u,ﬂ@ SSN\:NQM,QNNEMNVE %&N::m&ewm 32\0\.\ MSNQEQMQQNAMEQ.:W 3.2\034\3%
(6£€) 61070 (€LL) €170 (68€) $0'0 T 910U 80g (909) 11 (92€€) T10°0  (LSH) 900°0 SWISIUE3I0 110
- - (€v2) 01-9¢  (691) S1-96 - = (929) 9T-91 SoUID WiNLI2}2DqIUoIdo.1
(¥T2) sT-°8 (€8€1) L8-98 (19D 0z-21  (€91) 61-0L  (95T) 9p-9¢ «  (¥99) LT-a1 “ds saproipvroN
(¥ se-9¢ (TzTen) L8-98 « (LD L1-9T  (S0€) $S-o6 «  (ELY) 01-9C SUD.I2]010IPD.L SHID020ULY
- (18€1) LET-oC (991 L1-9%  (811) TI-9C - - - posnf ppifiqoutidy [
22dINVH
(T10) s¢-9¢ - (191) $0-96 w w «  (189) 0T-o¢ “ds iyup.ag
(T127) s€-98 (€ov1) 801-21 (€91)90-¢  (0ST) 6L-9S * «  ($S9) TT-o¢ €10D “ds piyun.ty
(S00) €¢-a1 - - (oD szor  (1LD) 65-2F (805) L0-oF - 10]021]200 $22{U101d2.418
(S07) £€-9¢ (FIST) TOT-21 = (ILD ¥T-2¢  (680) 09-3% (L0S) 60-oC  (99%) 8¢-9¢ S $a0Aui01do1g
(11€) 91-2L (6611) TI1-9% (SLD) 1€-9¢  (891) €1-01  (81¢€) 7921 (1ev) ¥1-o1  (6LS) 69-9C winax1a wint121o0qaud.102)
- (S201) 0629 (0S1) LT9T  (891) 11-21  (687) 0S-3¢ (Ter) 9195 (0TS) 093  avriayydip wintiaovqaud10)
(TTo) 61-9C (€00T1) 96-¢ (191) 629 (891) vI-9C  (¥TE) TS-29 (Isv) ¥1-9¢  (065) €L-°1 SULILffo Winti21o0qoud.10)
(902) 6199 (L00T) €6-21 (F91) L2298  (891) TI-oL  (10€) LS-3F (61%) L1-29  (T09) 193¢  winonuvings wint.i2onqoud.10)

¢ 9Iqe] [eruowa(ddng dos

‘S[1e3ap 10, ($52) 05-9¢ (LLED 0 (6L1) 95-9¢  (691) €1-99  (987) +6-°C (S6v) 8L-2¢  (8€¢) 811-0 DOMULDAD DIPDION
(109887 d Al 0¥S0 NJL (¥¥20) s6-0¢ (oov1) 0 (€LD L9t (691) 81-9C  (967) LTI (909) 0 (169) 0 $140q Win112190qOI
[0s9z0€ dN] 18STTIN (052) 66-°8 (€6¢1) 0 (L) vL-21  (0L1) 81-9S  (L97) 8TI-2 (S0$) 0 (L99) 0 WINIAD Win112190qodA
[68¥c0¢ NI 68TTTIN (¥¥20) s6-0¢ (oov1) 0 (991 ¥L-9T  (691) 81-9C  (967) LTI (909) 0 (165) 0 stsojnosaqn wimii2120qoI
[1¥¥20€ NI 661TTIN (657) 9¢1-9C (sov1) 0 (6S1) €8-91 = (LLD) 8ST-2 (909) 0 (€69) 0 a.uda] wniia1ovqoIA
umouyu[) JIojorj uonenseo)) umouyun) umouyun) umouyun) umouyun) umouyun) uonouny 9[qIssoJ
B® 65T ve S0P ve 661 Be OS] ve [[T BR 905 B® €66 yISua]

Kyoyoads refrats  [97220¢€ dNI [L¥920€ dNI [10920¢ dNI [6€5067 dAl [6£5T0¢€ dNI [sLozog dNI [00ST0E dNI
Sumoys surejord SOLTIN 0LSTTIN SLYTTIIN €8YT NJL SEYTIN YHSTTIN 16S0TIN urjoIg

"IDAULID0I0DI N PUR WNLIIODGOPL/ig Ul PUNoj jou Ing viyun.d,y pue ‘vpirfigoutidy | ‘saodwordo.ng ‘dnoidqns NJAD ut juasaid Ajurewr are yorym surdjord arnjeudiS “# ajguJ



Table 5. Signature proteins specific to Streptomyces and Thermobifida.
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Protein Tfu_0721 Tfu_0828 Tfu_0884 Tfu_1708 Tfu_1938
[YP_288782] [YP_288889] [YP_288945] [YP_289766] [YP_289994]
Length 85 aa 355 aa 506 aa 285 aa 282 aa
Possible function Unknown Unknown Unknown Unknown Unknown
Thermobifida fusca 8e-42 (85) le-160 (355) 0 (506) 4e-170 (285) 4e-109 (282)
Streptomyces avermitilis ~ 3e-12 (109) 4e-30 (412) le-68 (519) Se-72 (288) 4e-14 (311)
Streptomyces coelicolor ~ 3e-11 (78) 7e-31 (355) 1e-70 (497) 3e-66 (281) 3e-13 (317)
Other hit 1.2 (770) 3.0 (330) 0.44 (580) 6e-04 (323) 3.6 (396)
Mycobacterium Chlorobium Pseudomonas Solibacter Burkholderia
bovis limicola syringae usitatus 47/112 (41%)  ambifaria
Protein Tfu_2046 Tfu_2377 Tfu_2886 Tfu_2037 Tfu_2750
[YP_290102] [YP_290433] [YP_290942] [YP_290093] [YP_290806]
Length 308 aa 329 aa 79 aa 119 aa 347 aa
Possible function Unknown Unknown Unknown Unknown Unknown
Thermobifida fusca Se-150 (308) le-177 (329) 2e-37 (79) 7e-59 (119) 0 (347)
Streptomyces avermitilis ~ 3e-31 (307) 3e-18 (368) 5e-07 (77) 6e-16 (115) 3e-25 (281)
Streptomyces coelicolor  3e-32 (308) - 1e-07 (77) 8e-15 (115) Se-29 (283)
Other hit 0.002 (264) 0.71 (594) 1.2 (1213) See note 1 See note 2

Nocardia farcinica

Thermus thermophilus

Mesorhizobium loti

Note I: A homologue to Tfu_2037 is found in Frankia sp. EAN1pec with E-value of 6e-08 (112 aa) [ZP_00574167] and Frankia sp.
Ccl3 with E-value of 2e-09 (112 aa) [ZP_00548765]; the next hit is Caulobacter crescentus CB15 with E-value of 0.33 (102 aa)
[AAK?24225]. Note 2: A homologue to Tfu_2750 is found in Frankia sp. EAN1pec with E-value of 4e-24 (337 aa) [ZP_00570691] and

Frankia sp. Ccl3 with E-value of 9e-26 (276 aa) [ZP_00547325].

(M) and Nocardia (N) species, but not found in
any other bacteria (Table 6). These bacteria,
commonly referred as the CMN group (Balows
et al. 1992; Embley and Stackebrandt 1994; Collier
et al. 1998), share similar ultrastructure and
chemical composition of their cell envelopes,
which is composed of a tripartite structure con-
sisting of the ubiquitous cytoplasmic membrane,
the cell wall and an outer layer (Daffe and Draper
1998; Brennan 2003). The outer layer is formed by
mycolic acids which are covalently linked to the
arabinogalactan (Brennan and Nikaido 1995;
Sutcliffe 1998; Puech et al. 2001; Sutcliffe and
Harrington 2004). Mycolic acids are found only in
bacteria belonging to the CMN subgroup and it is
a defining feature of this subgroup. The 13 signa-
ture proteins listed in Table 6 show high specificity
for the three representative genera of this suborder
for which sequence information is available and it
is likely that they will also be found in other
members of this suborder.

Among these proteins, ML0104, ML0105 and
MLO0106 (encoding for EmbA, EmbB, and EmbC,
respectively) are clustered together in the genome,
and they play important role in the biosynthesis of
the cell envelope (Belanger et al. 1996; Berg et al.

2005). These three ORFs are paralogous genes
which are found in all sequenced genomes of
Mycobacterium spp. and Nocardia farcinica, whilst
the complete genomes of related Corynebacterium
species contain only one homologue of the emb
genes, suggesting that gene duplication has
occurred in Mycobacterium and Nocardia genomes
after their divergence from Corynebacterium. In
Mycobacterium, their products are the sites of
resistance to the anti-tuberculosis drug ethambutol
(EMB). EmbA and EmbB contribute to the syn-
thesis of arabinogalactan, whereas EmbC is in-
volved in the synthesis of lipoarabinomannan
(Belanger et al. 1996; Berg et al., 2005). Overall,
these 13 signature proteins provide important
molecular markers for distinguishing the CMN
subgroup from other actinobacteria and func-
tional studies on them should be helpful in the
identification of new biochemical properties that
are characteristics of this subgroup.

Our analyses have also identified 14 proteins
that are shared by Mycobacterium and Nocardia
species but are not found in any other organisms
including Corynebacterium (Table 7). The exis-
tence of this group of proteins suggests that these
two genera are more closely related to each other
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than to Corynebacterium. A close relationship
between these two CMN genera is also supported
by phylogenetic trees based on 16S rRNA gene
sequences (Stackebrandt and Schumann 2000;
Gao and Gupta 2005). Another group of 24 pro-
teins that we have identified are unique to the
Mycobacterium species (Table 8). Of the proteins
that are specific for either Mycobacterium, or
Mycobacterium and Nocardia, five proteins (viz.
MLO0319 (LpqE), ML0557 (LprG), MLI1116
(LprC), ML0676 (LprJ) and ML1966 (LpqH)) are
putative lipoproteins (Sutcliffe and Harrington
2004; Sutcliffe and Russell 1995). Two additional
putative lipoproteins (ML2592 (McelD) and
ML2589 (McelA); listed in Table 9) are also
found, in addition to these bacteria, in the two
Streptomyces species as well as Nocardioides sp.
(Table 9; Supplemental Table 3)

Of the proteins listed in Tables 7 and 8, four are
clustered together, namely ML1180, MLI1181,
ML1182 and ML1183. The functions of the for-
mer two are unknown, whilst ML1182 belongs to
the PPE family and ML1183 belongs to the PE
family. Because these four ORFs are tightly clus-
tered, only spaced by 50-60 bp, they probably
form an operon and have related functions. We
have found a total of six PE-family proteins and
five PPE-family proteins, which were either spe-
cific to Mycobacterium and Nocardia or unique to
Mycobacterium species. PE and PPE protein
families are very large and the genomes of
M. tuberculosis and M. bovis contain 99 PE pro-
teins and 67 PPE proteins (Bentley et al. 2004;
Cole et al. 1998; Gordon et al. 2001). It is likely
that we would have found more mycobacterial
specific PE and PPE proteins if the BLAST sear-
ches were carried out using another Mycobacte-
rium genome rather than that of M. leprae, which
has a greatly reduced genome (Cole et al. 2001).
Both PE and PPE family proteins have a con-
served N-terminal domain, but their C-terminal
domains vary in size, sequence and repeat copy
number. The extensive diversity in the sequence of
PE and PPE proteins likely contributes to differ-
ences among tubercle strains and to play a role in
their virulence by varying their antigenic repertoire
(Gordon et al. 2001). Another virulence-associated
protein, ML2055, is encoded by the modD gene.
This protein contains a fibronectin binding motif,
which helps mycobacteria in attachment to fibro-
nectin of host cells (Schorey et al. 1995). The other
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mycobacteria-specific proteins, whose functions
are not known at present, are also likely to play
important physiological roles that contribute to
the characters that distinguish mycobacteria from
other bacteria.

Actinobacteria-specific proteins with a sporadic
distribution pattern

We have also identified 85 other Actinobacteria-
specific proteins that show a somewhat sporadic
distribution in actinobacterial species (see Table 9).
Some of these proteins are present in many
actinobacterial genomes, but they are not found in
several species. Also, the species that do not con-
tain these proteins are not closely related accord-
ing to our current understanding of actinobacterial
phylogeny. Thus, it is likely that gene losses for
these proteins have occurred independently in a
number of actinobacterial species. For many other
proteins in Table 9, their distribution can be
accounted for by groupings such as those shown in
Tables 3-7, followed by 1 or 2 gene loss events in
particular groups or species of bacteria. To avoid
extensive gaps in the main tables, many of these
proteins have been included in the Table 9. A large
number of proteins in this table are more
randomly distributed among a limited number
(between 3 and 6) of sequenced actinobacterial
species. There are two possible explanations that
can account for their sporadic distribution: first, it
is possible that some of these genes are the rem-
nants of ancestral sequences that were introduced
in the common ancestor of Actinobacteria but have
been selectively lost in many species because they
are not required for growth. It is now known that
gene loss provides a selective advantage for path-
ogenic organisms and this process may contribute
to their virulence, particularly as gene loss can play
an important role in the adaptation of intracellular
organisms to the physiologically stable environ-
ments of their host cells (Moran and Wernegreen
2000; Coenye et al. 2005). Alternatively, the spo-
radic presence of these genes in a number of
actinobacterial species can also be, in principle,
explained if some of these genes were originally
introduced in a particular group or species of
Actinobacteria and then transferred to other ac-
tinobacteria by LGT. Given the specificity of these
genes/proteins for Actinobacteria, one would have
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Table 9. Actinobacteria-specific proteins with sporadic distribution.

Gene ID, accession number and possible function

ML0271 [NP_301317]
ML0889 [NP_301674]
ML1526 [NP_302067]
ML1593 [NP_302072]
ML1704 [NP_302173]
ML2070 [NP_302380]
ML2143 [NP_302414]
ML2199 [NP_302441]
ML2289 [NP_302489]
ML2581 [NP_302650]

[

[

[

ML2592 [NP_302659] mcelD Lxx09730 [YP_061949] secreted protein

ML2600 [NP_302666]
ML2689 [NP_302716]
BL0571 [NP_695759]
BL0679 [NP_695864]
BL0895 [NP_696072]
BL1007 [NP_696179]
BL1224 [NP_696395]
BL1333 [NP_696497]
BL1479 [NP_696638]

Lxx04780 [YP_061569]
Lxx05200 [YP_061603]
Lxx05320 [YP_061610]
Lxx06110 [YP_061675]
Lxx06130 [YP_061677]
Lxx06210 [YP_061684]
Lxx06980 [YP_061735]
Lxx07270 [YP_061760]
Lxx07570 [YP_061782]
Lxx08430 [YP_061848]

Lxx10335 [YP_062003]
Lxx10420 [YP_062012]

Lxx21720
Lxx22880
Lxx23490
Lxx24290 [YP_063167]
Lxx24410 [YP_063172]
Tfu_0012 [YP_288075]
Tfu_0015 [YP_288078]
Tfu_0332 [YP_288393]
Tfu_0342 [YP_288403]
Tfu_0355 [YP_288416]
Tfu_0458 [YP_288519]
Tfu_0510 [YP_288571]
Tfu_0540 [YP_288601]
Tfu_0565 [YP_288626]

YP_062966]
YP_063058]

Lxx11560 [YP_062109] electron transport Tfu_0596 [YP_288657]

Lxx11715 [YP_062125]
Lxx12500 [YP_062199]
Lxx18330 [YP_062679]
Lxx18480 [YP_062690]
Lxx19690 [YP_062790]
Lxx20480 [YP_062866]

[
[
[
[
[
[
[
[
[
[
ML2589 [NP_302656] mcelA Lxx08745 [YP_061874] ABC transporter
[
[
[
[
[
[
[
[
[
[

Tfu_0741 [YP_288802]
Tfu_0860 [YP_288921]
Tfu_0870 [YP_288931]
Tfu_0889 [YP_288950]
Tfu_0967 [YP_289028]
Tfu_0998 [YP_289059]

YP_063102] oxidoreductase

Tfu_1028 [YP_289089]
Tfu_1067 [YP_289128]
Tfu_1088 [YP_289149]
Tfu_1137 [YP_289198]
Tfu_1203 [YP_289264]
Tfu_1264 [YP_289325]
Tfu_1426 [YP_289487]
Tfu_1606 [YP_289664]
Tfu_1754 [YP_289812]
Tfu_1957 [YP_290013]
Tfu_2111 [YP_290167]
Tfu_2127 [YP_290183]
Tfu_2164 [YP_290220]
Tfu_2237 [YP_290293]
Tfu_2238 [YP_290294]
Tfu_2265 [YP_290321]
Tfu_2382 [YP_290438]
Tfu_2579 [YP_290635]
Tfu_2706 [YP_290762]
Tfu_2899 [YP_290955]
Tfu_3004 [YP_291060]

BL1484 [NP_696643]

Note: The possible cellular functions of some proteins are noted. The other proteins are of unknown function. The E values for these

proteins from BLAST searches are provided in Supplemental Table 3.

to postulate that the LGT in these cases is highly
selective and limited to only within Actinobacteria.

Gene transfer from Actinobacteria to
Magnetospirillum magnetotacticum

One interesting and surprising observation from
the present work is that for a number of proteins
that are Actinobacteria-specific, homologous pro-
teins (as indicated by their low E-values and sim-
ilar protein lengths) are also present in the genome
of M. magnetotacticum MS-1. M. magnetotacticum
is a magenetotactic bacteria belonging to the
a-proteobacteria subdivision (Bazylinski and
Frankel 2004; Gupta 2005; Kainth and Gupta
2005). It forms internal crystals of magnetite in
membrane enclosed bodies which it uses to swim
along geomagnetic field lines (Bazylinski and
Frankel 2004). In the present work, we have
identified a total of 14 proteins (viz. ML1029,
ML1666, ML0761, ML0762, ML1781, Lxx08190,
Tfu_1340, Tfu_2483, BL0895, Lxx08745, ML1526,
Tfu_2164, BL1224 and Lxx11715) for which a
related homologue is found in M. magnetotacticum.

Most of these genes/proteins from M. magneto-
tacticum exhibit highest similarity to the corre-
sponding genes/proteins from  Streptomyces
species. When BLAST searches were carried out
on these proteins from M. magnetotacticum, all of
the hits with highest similarity were from actino-
bacterial species and no proteobacterial hits with
low E-values were observed (results not shown). In
view of the fact that besides M. magnetotacticum,
no other a-proteobacterial species was found to
contain any of these proteins, it is very likely that
these genes in M. magnetotacticum have been ac-
quired from actinobacterial species by means of
LGT. The genome project of M. magnetotacticum
is still in progress (DOE Joint Genome Insti-
tute; http://www.genome.jgi-psf.org/draft_microbes/
magma/magma.home.html), but it is known to
have a very large genome (ca. 9.2 Mb) with very
high GC content (66.4%), similar to those of
Actinobacteria. The lateral transfer of these genes
to M. magnetotacticum seems to have occurred in a
highly specific manner as, other than M. mag-
netotacticum, very few and only isolated examples
of the presence of these gene/proteins in other
groups of bacteria were observed. These results
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CMN subgroup

Corynebacterium spp.

Streptomyces spp.

(Streptomycineae) Frankia sp.

8 sig-proteins
Thermobifida fusca in Table 5

(Streptosporangineae)
in Table 4

6 sig-proteins
in Table 3

Bifidobacterium longum
(Bifidobacterineae)

24 sig-proteins

in Table 2

5 sig-proteins
in Table 2

Nocardia farcinica

11 sig-proteins

Mycobacterium spp.

24 sig-proteins
in Table 8

14 sig-proteins
in Table 7

13 sig-proteins

in Table 6 .. ,
Propionibacterium acne

(Propionibacterineae)

Leifsonia xyli
(Micrococcineae)

Tropheryma whipple

8 sig-proteins in . .
&P (Micrococcineae)

Supple Table 2

Rubrobacter xylanophilus
(Rubrobacterineae)

Actinobacteria

Figure 1. Summary diagram showing the distribution patterns of various Actinobacteria-specific proteins. The arrows indicate the
evolutionary stages where these signature proteins were likely introduced.

provide evidence against the widespread lateral
transfer (Gogarten and Townsend 2005) of the
genes for Actinobacteria-specific proteins to other
bacteria. The possible functional significance of
the genes, which have been apparently laterally
transferred from Actinobacteria to M. magneto-
tacticum remains to be determined.

Conclusions

Our comparative analyses of actinobacterial
genomes have identified 233 signature proteins
that are uniquely found in Actinobacteria. Some of
these proteins are present in all sequenced actino-
bacterial genomes, whereas others are limited to

various subgroups of Actinobacteria at different
phylogenetic depths. In addition to providing
novel molecular markers that are distinctive
characteristics of the entire phylum Actinobacteria,
based on these proteins, a number of major sub-
groups within this phylum (viz. Micrococcineae,
CMN subgroup, Streptosporangineae and Strep-
tomycineae) can now be delineated. Within the
CMN subgroup, a large number of proteins that
are unique to either Mycobacterium and Nocardia
species, or only the Mycobacterium species have
been identified. The absence of all of these proteins
in S. thermophilum indicates that this species
should not be grouped with Actinobacteria, an
inference which is also supported by other lines of
evidences (Ueda et al. 2004; Gao and Gupta 2005).
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In addition to these signature proteins, we have
also identified a large number of conserved indels
that are distinctive of the above groups or sub-
groups of Actinobacteria (Gao and Gupta 2005,
and unpublished results).

The distribution pattern of these Actinobacteria-
specific proteins provides valuable information
regarding the relative branching order and inter-
relationships among various subgroups that com-
prise the Actinobacteria phylum. Based upon their
distribution pattern, a tentative model concerning
the branching order among a number of subgroups
within this phylum, and the evolutionary stages
where many of these proteins have been intro-
duced, can be proposed (Figure 1). Our analyses
suggest that Rubrobacterales constitute one of the
deepest branches within the phylum Actinobacteria
and this is followed by the emergence of Bifido-
bacteriales and Micrococcineae. Species belonging
to the suborders Streptomycineae, Streptosporang-
ineae, Frankineae and Corynebacterineae (CMN
subgroup) are indicated as late branching groups
within Actinobacteria and within them a closer
relationship is generally observed among the
Streptomycineae, Streptosporangineae and Franki-
neae suborders. The deduced relationships are
generally in accordance with the 16S rRNA trees
(Stackebrandt and Schumann 2000; Ludwig and
Klenk 2001; Gao and Gupta 2005).

Most of the actinobacteria-specific proteins
identified in the present work are of unknown
function. The GC contents of these proteins are
very similar to the rest of their genomes and their
Ka/Ks ratios (i.e., substitution rates at non-syn-
onymous versus synonymous sites) are less than
0.1 (results not shown). These results strongly
indicate that the identified ORFs very likely cor-
respond to functional proteins and they are not
due to errors in gene annotation (Daubin and
Ochman 2004; Yang 2005). Because of the speci-
ficity of these proteins for either all Actinobacteria
or certain subgroups within this phylum, it is
highly likely that these proteins carry out certain
unique functions that are limited to these groups
of bacteria. Therefore, studies aimed at under-
standing the functions of these Actinobacteria-
specific proteins should be of great interest, as they
will likely provide important insights into unique
biochemical and physiological characteristics that
distinguish these bacteria (or specific subgroups
among them) from all other bacteria. Because of

their specificity for Actinobacteria or certain
groups within this phylum, many of which
are important human pathogens (e.g. M. leprae,
M. tuberculosis and N. farcinica), these pro-
teins potentially also provide novel targets for
development of drugs that are specifically directed
against these bacteria.
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