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Conserved indels in protein sequences that are
characteristic of the phylum Actinobacteria
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Gram-positive bacteria with a high G+ C content are currently recognized as a distinct

phylum, Actinobacteria, on the basis of their branching in 16S rRNA trees. Except for an

insert in the 23S rRNA, there are no unique biochemical or molecular characteristics known at
present that can distinguish this group from all other bacteria. In this work, three conserved indels
(i.e. inserts or deletions) are described in three widely distributed proteins that are distinctive
characteristics of the Actinobacteria and are not found in any other groups of bacteria. The identified
signatures are a 2 aa deletion in cytochrome-c oxidase subunit 1 (Cox1), a 4 aa insert in CTP
synthetase and a 5 aa insert in glutamyl-tRNA synthetase (GIuRS). Additionally, the actinobacterial
specificity of the large insert in the 23S rRNA was also tested. Using primers designed for
conserved regions flanking these signatures, fragments of most of these genes were amplified from
28 actinobacterial species, covering many different families and orders, for which no sequence

information was previously available. All the 61 sequenced fragments, except two in GIuRS,
were found to contain the indicated signatures. The presence of these signatures in various
species from 20 families within this phylum provides evidence that they are likely distinctive
characteristics of the entire phylum, which were introduced in a common ancestor of this group. The
absence of all four of these signatures in Symbiobacterium thermophilum suggests that this
species, which is distantly related to other actinobacteria in 16S rRNA and CTP synthetase trees,
may not be a part of the phylum Actinobacteria. The identified signatures provide novel
molecular means for defining and circumscribing the phylum Actinobacteria. Functional

studies on them should prove helpful in understanding novel biochemical and physiological
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characteristics of this group of bacteria.
INTRODUCTION

The Actinobacteria constitute one of the main phyla within
the Bacteria (Boone et al., 2001). This lineage is comprised of
Gram-positive organisms with a high G + C content (greater
than 55 mol%). The phylum encompasses genera covering
a wide range of morphology: some species are coccoid
(e.g. Micrococcus) or rod—coccoid (e.g. Arthrobacter) in
shape, while others display fragmenting hyphal forms (e.g.
Nocardia) or permanent and highly differentiated branched
mycelium (e.g. Streptomyces) (Atlas, 1997). Previously,
organisms producing a mycelium which resembles that
of the unrelated fungi were classified as the actinomycetes

Abbreviations: Cox1, cytochrome-c oxidase subunit 1; GIuRS, glutamyl-
tRNA synthetase.

The GenBank/EMBL/DDBJ accession numbers for the novel
sequences described in this paper are indicated in Figs 1-4.

Full Cox1, CTP synthetase and GIuRS alignments and accession
numbers of 16S rRNA gene and CTP synthetase gene sequences used
are available as supplementary material in IJSEM Online.

(Embley & Stackebrandt, 1994; Atlas, 1997). Spore forma-
tion is common among the actinobacteria, although not
ubiquitous, and spores range from motile zoospores
to specialized propagules. They are also physiologically
diverse bacteria, as evidenced by their production of
numerous extracellular enzymes and by the thousands of
metabolic products they synthesize and excrete (Schrempf,
2001), many of which are antibiotics (Lechevalier &
Lechevalier, 1967). Actinobacteria, especially members of
the Streptomycetaceae, are the major antibiotic producers
in the pharmaceutical industry (Davies, 1996; Bentley et al.,
2002). However, a few actinobacteria are important human,
animal and plant pathogens. For example, Mycobacterium
tuberculosis infection results in tuberculosis, Corynebac-
terium diphtheriae causes diphtheria and Propionibacterium
acnes is the causative agent of acne (Leyden, 2001). Actino-
bacterial species are widely distributed in both terrestrial
and aquatic ecosystems, especially in soil (Goodfellow &
Williams, 1983; Chun et al., 2000). In nature, actinobacteria
play an important role in decomposition and humus
formation, which is an integral part of the recycling of
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biomaterials (Lechevalier & Lechevalier, 1967; Goodfellow
& Williams, 1983).

Due to their pharmaceutical, industrial and environmental
importance, the taxonomy and phylogeny of the actino-
bacteria are of great interest (Embley & Stackebrandt, 1994;
Stackebrandt et al., 1997; Ahmad et al., 2000; Stach et al.,
2003; Richert et al., 2005; Bull et al, 2005). Earlier attempts
to determine actinobacterial phylogenies based on mor-
phological and chemotaxonomic traits were found to be
unreliable indicators of phylogenetic relationships above the
family level (Embley & Stackebrandt, 1994). Hence, our
current understanding of the taxonomy and evolutionary
relationships of actinobacterial divisions is mainly based on
the branching patterns of these species in 16S rRNA trees.
Different species have been placed in this group based on
16S rRNA oligonucleotide catalogues and phylogenetic
analysis based on full and partial 16S rRNA gene sequences,
although some species do not possess a high G+C con-
tent (Woese, 1987; Stackebrandt et al., 1997; Labeda &
Kroppenstedt, 2000; Ludwig & Klenk, 2001). In 1997, a new
taxonomic hierarchical classification for the actinobac-
teria was proposed by Stackebrandt et al. (1997), which
recognized this group as a distinct class, Actinobacteria,
within the Gram-positive bacteria. In the latest Bergey’s
Manual, the actinobacteria have been assigned the rank of a
phylum, recognizing that the phylogenetic depth repre-
sented in this lineage is equivalent to that of existing
phyla and that the group shows clear separation from the
Firmicutes (Garrity & Holt, 2001). According to Bergey’s
Manual (Garrity & Holt, 2001), the phylum Actinobacteria
comprises 39 families and 130 genera, making it one of
the largest groups within the Bacteria. However, except for
their distinct clustering in 16S rRNA trees, no other reliable
biochemical or molecular characteristics are presently
known which can clearly distinguish species belonging to
the phylum Actinobacteria from other bacteria.

Presently, the genomes of at least 14 different actinobacteria
(in some cases multiple strains of the same species) have
been sequenced: Mpycobacterium leprae, Mycobacterium
bovis, Mycobacterium tuberculosis, Mycobacterium avium,
Corynebacterium diphtheriae, Corynebacterium efficiens,
Corynebacterium  glutamicum,  Tropheryma  whipplei,
Leifsonia xyli subsp. xyli, Nocardia farcinica, Streptomyces
avermitilis, Streptomyces coelicolor, Bifidobacterium longum
and Symbiobacterium thermophilum (Smith et al, 1997;
Bentley et al., 2002; Schell et al., 2002; Camus et al., 2002;
Fleischmann et al., 2002; Garnier et al., 2003; Ikeda et al.,
2003; Karlin et al, 2003; Cerdeno-Tarraga et al, 2003;
Raoult et al., 2003; Ueda et al, 2004; Bruggemann et al,
2004; Monteiro-Vitorello et al, 2004; Ishikawa et al.,
2004). This provides a valuable resource for discovering
novel molecular characteristics that are useful for biochem-
ical, taxonomic and phylogenetic purposes (Sutcliffe &
Harrington, 2002; Karlin et al., 2003). Our recent work has
focused on identifying conserved inserts or deletions (i.e.
indels) in widely distributed proteins that are characteristic

of the different groups of bacteria and are also helpful in
understanding the interrelationships among them (Gupta,
1998, 2001) (see also http://www.bacterialphylogeny.com).
We have previously identified a large number of conserved
indels (or signature sequences) that provide distinctive
molecular markers for the phyla Proteobacteria, Chlamydiae,
Cyanobacteria and ‘Deinococcus—Thermus (Gupta, 2000,
2004; Gupta et al., 2003; Griffiths & Gupta, 2004a, b) (see
also http://www.bacterialphylogeny.com). In the present
work, we describe three novel signature indels in three
highly conserved and widely distributed proteins [cyto-
chrome-c oxidase subunit 1 (Coxl), glutamyl-tRNA
synthetase (GluRS) and CTP synthetase] that are distinctive
characteristics of the phylum Actinobacteria and are not
found in any other bacteria. Sequence information for
these proteins was previously available from only a limited
number of actinobacteria, whose genomes have been
sequenced. One possible signature for actinobacteria,
consisting of a large insert in the 23S rRNA, has previously
been described (Roller et al., 1992). However, the validity
and specificity of this signature also needs to be further
tested using sequence data from additional species. In the
present work, we have examined the presence of the newly
identified signatures in Cox1, GluRS and CTP synthetase,
and also the 23S rRNA signature, from a broad range of
actinobacterial species by PCR amplification and sequen-
cing of the corresponding gene fragments. The results of our
studies show that the signatures in Cox1l, CTP synthetase
and 23S rRNA are present in all actinobacterial species,
indicating that they are very likely distinctive characteristics
of the entire phylum and might be used as molecular
markers for this group of species. The signature for GluRS
was found to be lacking in two actinobacterial species
(Thermobifida fusca and Propionibacterium acnes), which
could result from either selective loss or other non-specific
mechanisms such as lateral gene transfer.

METHODS

Bacterial strains and chromosomal DNA isolation. The var-
ious actinobacterial strains that were used in this study and their
taxonomic positions, i.e. orders, suborders or families, within the
phylum Actinobacteria are given in Table 1. This table also includes
information for different actinobacterial species whose genomes
have been sequenced and whose sequences were available to us.
Together these strains cover a broad range of the diversity repre-
sented by this phylum. Various recently described type strains were
purchased from the DSMZ (German Collection of Microorganisms
and Cell Cultures, Braunschweig, Germany) and cultured under the
recommended conditions. Chromosomal DNA was purified by the
following method. A 100 pl pellet was transferred to a microcentri-
fuge tube and washed three times with 0-5 ml 10-3 % sucrose. The
cell pellet was resuspended in 0-5 ml buffer containing 0-3 M
sucrose, 25 mM Tris/HCl, 25 mM EDTA, pH 8:-0, and 2 mg lyso-
zyme ml~! and incubated for 2 h at 37°C. Next, 50 ul 20% SDS
was added and the cell suspension was incubated at 65°C for
30 min. The cell lysate was extracted with chloroform twice and the
aqueous layer was separated during centrifugation at 14000 g for
15 min. The DNA was precipitated with 2 vols ethanol and dis-
solved in sterile water for PCR amplification. Chromosomal DNA of
Rhodococcus rhodochrous and Propionibacterium acnes was generously
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Table 1. Actinobacterial strains used in this study, including those with sequenced genomes

The taxonomy indicated is based on Bergey’s Manual (Garrity & Holt, 2001).

Taxonomic position

Strain

Subclass II. Rubrobacteridae
Subclass V. Actinobacteridae
Order 1. Actinomycetales
Suborder VI. Micrococcineae
Family I. Micrococcaceae

Family III. Cellulomonadaceae

Family VIII. Microbacteriaceae

Suborder VII. Corynebacterineae
Family 1. Corynebacteriaceae

Family III. Gordoniaceae
Family IV. Mycobacteriaceae

Family V. Nocardiaceae

Family VI. Tsukamurellaceae

Family VII. ‘Williamsiaceae’
Suborder VIII. Micromonosporineae
Suborder IX. Propionibacterineae

Family 1. Propionibacteriaceae

Family II. Nocardioidaceae

Suborder X. Pseudonocardineae

Suborder XI. Streptomycineae

Suborder XII. Streptosporangineae

Order II. Bifidobacteriales

Rubrobacter radiotolerans DSM 58687

Arthrobacter nicotinovorans DSM 420"
Kocuria rhizophila DSM 348

Cellulomonas fimi DSM 201137

Oerskovia turbata DSM 205777
Tropheryma whipplei TW08/27 (genome)
Tropheryma whipplei Twist” (genome)
Microbacterium oxydans DSM 20578"
Clavibacter michiganensis DSM 340
Leifsonia xyli subsp. xyli CTCB07 (genome)

Corynebacterium diphtheriae NCTC 13129 (genome)
Corynebacterium efficiens YS-314" (genome)
Corynebacterium glutamicum ATCC 130327 (genome)
Gordonia rubripertincta DSM 431977

Mycobacterium leprae TN (genome)

Mycobacterium bovis BCG (genome)

Mpycobacterium tuberculosis H37Rv (genome)*
Mpycobacterium avium subsp. paratuberculosis k10 (genome)
Nocardia corynebacterioides DSM 201517

Rhodococcus rhodochrous 116

Tsukamurella paurometabola DSM 20162"

Williamsia muralis DSM 44343"

Micromonospora chersina DSM 441517

Propionibacterium acnes AT1

Nocardioides simplex DSM 20130"
Kribbella sandramycini DSM 15626
Pseudonocardia halophobica DSM 43089"
Saccharopolyspora erythraea DSM 40517"
Actinomadura glauciflava DSM 44770"
‘Trichotomospora caesia@” DSM 43890
Streptomyces avermitilis MA-4680" (genome)
Streptomyces coelicolor A3(2) (genome)
Streptosporangium roseurn DSM 430217
Microtetraspora niveoalba DSM 431747
Planobispora rosea DSM 430517
Thermobifida fusca Tfus_25 (genome)
Bifidobacterium longum DJO10A (genome)

*We also examined Mycobacterium tuberculosis strain CDC1551, the genome of which has also been

sequenced. However, because the sequence information for these proteins for the signature region was

identical from these strains, information for only one of them is shown in various figures.

provided to us by Dr L. D. Eltis (University of British Columbia,
Canada) (Warren et al, 2004) and Dr Mark Farrar (Leeds
University, UK) (Farrar et al., 2000).

Identification of signature sequences. Multiple sequence align-
ments for a large number of proteins have been created in our

earlier work (Gupta, 2000, 2004; Gupta et al., 2003; Griffiths &
Gupta, 2004a). To search for actinobacteria-specific signatures, these
alignments were inspected visually to identify any indel that was
uniquely present in all available actinobacterial homologues and
which was flanked by conserved sequences. Indels which were not
flanked by conserved regions and/or which were not present in all
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Table 2. PCR primers

N=AT,Cor GG Y=CorT; S=Gor C R=Aor GG V=A, Cor G B=C, Gor T; D=A, T or G

K=G or T; M=A or C; H=A, Cor T.

Gene Primer Sequence (5’-3’) Fragment size (bp)

Coxl1 Forward TGGTTYTTYGGSCACCCYGARGT 581
Reverse CCVAVCCARTGCTGBAYSADRAA

GIuRS Forward ACBGCSCTKTTYAACTGG 773
Reverse AGRTARTTSARMAKRCCYTC

CTP synthetase Forward AARACVAARCCVACHCAGCA 986
Reverse TCVGGRTGNGCCTGBGT

23S rRNA insert Forward CCGANAGGCGTAGBCGATGG 361
Reverse CCWGWGTYGGTTTVSGGTA

actinobacterial species were omitted from further consideration.
The specificity of potentially useful indels for actinobacteria was
further evaluated by carrying out detailed BLAST searches on short
sequence segments (usually between 60 and 100 aa) containing the
indel and the flanking conserved regions. The purpose of these
BLAST searches was to obtain sequence information from all available
bacterial homologues to ensure that the identified signatures are
only present in the actinobacterial homologues. Sequence informa-
tion for representative species from different groups for various
useful signatures was compiled into signature files such as those
shown here. Detailed information for these signatures from all
available species is provided as supplementary material in IJSEM
Online.

PCR amplification and sequencing. Degenerate oligonucleotide
primers, in opposite orientations, were designed for highly con-
served regions that flanked the identified signatures in sequence
alignments. The sequences of various PCR primers used in these stu-
dies are given in Table 2. The PCR was performed in 30 pl solution
and all primer sets were optimized for Mg** concentration (in the
range of 1-5 to 4 mM) for each strain tested. PCR amplification was
carried out in a Techne Progene thermocycler. After an initial dena-
turation step at 97 °C, the DNA was amplified for 30 cycles (30 s at
97°C, 30 s at 55°C, 1 min at 72 °C). The last cycle was followed by
a 15 min extension at 72 °C. Because all the genomic actinobacterial
DNA we tested contained a high G+ C content, the denaturation
temperature was set to 97 °C so that the DNA was mostly denatured
in a short time with less damage. DNA fragments of the expected
size were purified from 0-8 % (w/v) agarose gels and subcloned into
the plasmid pDRIVE using a UA cloning kit (Qiagen). After trans-
forming Escherichia coli JM109 cells with the plasmids, inserts from
a number of positive clones were sequenced. Sequence information
for various actinobacterial species has been deposited in GenBank
and accession numbers are given in Figs 1-4.

Phylogenetic analysis. DNA sequences of newly sequenced frag-
ments from different actinobacterial species were translated and
added into the existing signature files as shown. Multiple alignments
of CTP synthetase homologues and 16S rRNA gene sequences from
different bacteria were created by using the CLUSTAL X program
(Jeanmougin et al, 1998). All the fragments were trimmed to the
same length as the amplified fragments. Neighbour-joining distance
trees showing branch lengths were constructed applying Kimura’s
correction (Kimura, 1980). The trees were produced by using the
TREECON program (Van de Peer & De Wachter, 1994).

RESULTS

Description of novel actinobacteria-specific
signatures in protein sequences and
examination of their specificity

Our work has identified a number of useful signatures
consisting of conserved inserts and deletions in protein
sequences that are limited to actinobacterial species.
Sequence information for most of these genes/proteins
was mainly available only from those actinobacterial species
whose genomes have been sequenced. Many of the
sequenced species are closely related and some belong to
the same genus (Table 1). Hence, to determine the actino-
bacterial specificities of the identified signatures, we have
cultured and extracted chromosomal DNA of 23 actino-
bacterial type strains, covering a large number of orders
and suborders (e.g. Rubrobacterineae, Micrococcineae,
Corynebacterineae, Micromonosporineae, Propionibacteri-
neae, Pseudonocardineae, Streptomycineae and Strepto-
sporangineae) within this phylum (Table 1). Sequence
information for the identified signatures was obtained
from many of these species to confirm and validate the
specificity of the signatures. A brief description of the
newly identified signatures and the work that we have
carried out on them is given below.

One of the actinobacteria-specific signatures that we have
identified is present in the Coxl protein. Cytochrome-c
oxidase is an intrinsic membrane protein, composed of
three subunits, that functions as the terminal enzyme of the
respiratory electron transport chain (Michel et al., 1998). In
the Cox1 subunit, a 2 aa gap is present in a conserved region
(boxed in Fig. 1) that is unique to various actinobac-
terial species, and is not seen in any other bacteria. Because
this sequence gap is absent in Coxl homologues from all
other groups of bacteria, it likely constitutes a deletion in
the actinobacterial homologues. By means of PCR ampli-
fication, we were successful in obtaining sequence informa-
tion for the Cox1 gene from 22 additional actinobacterial
species belonging to different orders and families. All of
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326 368
(Escherichia coli NP_752476 LSFIVWLHHFFTMG| AG| ANVNAFFGITTMIIAIPTGVKIFNWLE

Pseudomonas aeruginosa ZP_00138941 -G-T-===~====-|

Vibrio vulnificus NP_762523 -=-V--A--M--T-~|

Yersinia pseudotuberculosis YP_069492 —=-

: Agrobacterium tumefaciens NP 353177
Proteobacteria JCaulobact:er crescentus NP_420580

Bordetella parapertussis NP_886335 ~==L~=-A--M=-~T-
Burkholderia fungorum ZP_00032266 ---M--A-~M-AT-| MP[{VIGQL~=MYA~~L~-V==-==-V-~-VA
Geobacter sulfurreducens NP_851280  AGSL--G--M--S-{ MS| DTAVLV-SFLSF-V---SAI-V---1IS§
\Desulfovibrio vulgaris YP_011033  AGSL--A--M--S-} MS| DTAVLV-SFL-FVV---SAI-V---V§
Aguifex aeolicus NP_214504 V--FL-I--M-VS-{ VP NWTRVL-SY--LL--V---I----- ML
Cytophaga hutchinsonii ZP 00309629 ---——- A--M-VT-| MN| PFLGSI-MFL-L---V-SA--A--YIA
Leptospira interrogans NP_710424 V--L--G~-M-VS~| 0S| EFAGVL-SF~---LVGV--AI-L-~-IS
. Prochlorococcus marinus NP_895169 -GLV--A--MF-5-| TP| PWMRL--T-A-SF--V---I-F----A
Other bacteria { siceobacter violaceus NP 925109  -GFL--A--M--5-| TP| DHLRM--MV-SFL--V---I-V-5--G
Nostoc punctiforme ZP 00110624 -GLI--A--M--S-[ IP| GWLRM--M------- Ve=--I---5--A
Chloroflexus aurantiacus ZP_00355855 -G-L--G--M-Vs$| QS| VYAGLI-SFI~-LV~-~SAI-V-~--TA
Thermus thermophilus YP_005640 -GTM--A--M--V-| ES| TLFQIA-AFF-AL--V--—-~ L--IIG
sDeinococcus radiodurans NP_296339 V-C~-----M-AV-| IP| EAWQIA-M-$-L-V-V~-------LIG
Bacillus cereus NP_830510 ==V --| PA--S--5-S--A-§--———-—-—-—-
Exiguobacterium sp. ZP_00182647 -GFM--V--M--V- L-| PVA--I-AVA--A--V- --
i i Geobacillus kaustophilus YP_ 149311 PA-~SA~S~=-=RB===m -
Firmicutes Oceanobacillus iheyensis NP_693175 -LT-81-8~=~~A~~V~ L
Listeria innocua NP_469361 -L--§--8-—--M----—- T-—--—=-
Staphylococcus aureus YP_ 040448 -LI-5--8-5--L-G---——-L-~---L
Symbiobacterium thermophilum YP_075926  MG-T--S$--M--V-| M—|PV--SI-SL---A--V- ----5
Mycobacterium leprae NP_302190 --VA--A--M-AT- -VLLP~~SFM-YL--V--~--F---VG
Mycobacterium tuberculosis NP_217559 --VA--A--M-AT- -VLLP--SFM-YL--V---I-F---1G
Corynebacterium efficiens NP_739028 -~MAV~-A--MFVT- -VLLP--SFM-FL-8V-----F---VG
Corynebacterium glutamicum NP_601724 —-MA--R--M-VT- -VLLP--SFM-FL-SV-----F---VG
Nocardia corynebacterioides AY876134 --IA--A--MYAT- -VLLP--SFM-FL-~-V- -F---1G
Rhodococcus erythropolis NP_898717 ~~IA--A--MYAT- -VLLPY-SFM-FL-~V- ---1G
Rhodococcus rhodochrous AYB76126 --IA--A--MYAT- -VLLPY-SFM-FL--V-——u- F---IG
Gordonia westfalica NP_954783 --VA--A--MYVT- -VLLP--SFMTFL--V--—-- F---1G
Gordonia rubripertincta AYB876122 -=VA--A--MYVT- -VLLP--SFM-FL--V~ F---1G
Tsukamurella paurometabola AY876131 --VA--A-~-MYAT- -VLLP--SFM-FL--V~- Fe--=I-
Williamsia muralis AY876139 -~VA--A--MYAT- -VLLP--SFM-F---V~ F---1G
Streptomyces avermitilis NP_827224 ==VT-~A--MYVT- -VLLP--SFM-FL~--V- F---1G
Actinomadura glauciflava AY876130 ~=IT~-A--M-VT- QVLLP-~SFM-FL--V- F---VG
‘Trichotomospora caesia’ AY876119 --VV--A--M-AT- ~VLLP--SVLSFL--V- F-—--AG
Streptosporangium roseum AY876128 --IT--A--M-PT~ QVLLP--SFM-FL--V- F---IG
1 f Microtetraspora niveoalba AYB76123 --MT--A--M-AT- ~ALLP~--SMLSFL-—---—— I-F---TG
Actinobacteria Planobispora rosea AY876132 ~~VA--A--M-PT- QVLLP--SFM-FL--V----~ F---1G
Thermeobifida fusca ZP_00057854 --MT--A--M-PT- -VLLP-~SFM-FL~~V-----F---1G
Micromonospora chersina AY876125 --MS~~A-~-M-AT- QVLLP--SFLSYL--V---M-F-S-IG
Propionibacterium acnes AY876127 --V§--A--M-VT- -VSLP--SFMTFT--V-----F~---1IG
Pseudonocardia halophobica AY876129 --AR--A--MYAT- -VLL~--8F~-~LL-~---— I-FV--1G
Saccharopolyspora erythraea AY876135 ~-VV--A--MYAT- -VLLP--AF--FL--V---M-F---1G
Nocardioides simplex AY876138 --VA-~A~-M-VT- -VNLP--SGM-FL--V-~----F---1G
Kribbella sandramycini AYB76137 --VA--A-~I-VT- -MNLP--SFM-FL--V~ ~F---IG
Tropheryma whipplei NP_787372 ~=VT--A--MYVT- -VLLP--SFM--L--V- ---VG
Leifsonia xyli YP_062417 --IT--A--MYVT- SVLLPW-SLM-~L~-V--—-———--—-— IG
Cellulomonas fimi AY876120 --VT--A-RMYVT- SVLLP--AFM--L--V- -F---IG
Oerskovia turbata AY876140 -=V-~~A--MYVT- -VLLP--AFM--L--V-----F---IG
Kocuria rhizophila AY876121 --VT--A--MYVT~ -VALG--SFM--M-~V--~--F---1IG
Arthrobacter nicotinovorans AY876124 —-VT-~A--MYVT- SVLLP--AFM~~L--V--==-F--~1G
Clavibacterium michiganensis AY876133 -=VT--A--MYVT- SVLLP=-=-SLM--L--V-—=~==~w-- iG
Microbacterium oxydans AYB76136 --VA--A--MHVT- SVLLP--ALM--L--V-=~-=-=--- IG

Fig. 1. Partial alignment of Cox1 sequences depicting a signature consisting of 2 aa deletion (underneath the boxed region)
that is specific for actinobacteria. Dashes indicate identity with the amino acid on the top line. Accession numbers are shown

in the second column. Sequences in Figs 1-4 whose accession
work. Only representative sequences from different groups are
presented in Supplementary Fig. S1 in IJSEM Online.

numbers begin with the letters ‘AY’ were obtained in this
shown. Sequence information for all available species is

these new fragments were also found to contain this 2 aa
deletion at the same position. Sequence information for this
region from various actinobacterial species (including those
sequenced in the present work) and some representatives
from other groups of bacteria is presented in Fig. 1. A
complete alignment of all available Cox1 homologues in
GenBank, which includes 37 sequences from actinobac-
terial species and 117 sequences from other bacterial groups
such as Firmicutes, ‘Deinococcus—Thermus’, Cyanobacteria,
Chlamydiae, the Cytophaga—Flavobacterium—Bacteroides—
green sulfur bacteria (CFBG), Spirochaetes, Aquifex and
Proteobacteria, is provided in Supplementary Fig. S1 avail-
able in IJSEM Online. As seen, the observed 2 aa deletion is

unique to actinobacteria, and no exceptions were observed.
The shared presence of this 2 aa deletion in various
actinobacteria strongly indicates that it was introduced
only once in a common ancestor of the actinobacteria and
passed on to all their descendents. Because of its unique
presence in various actinobacteria, this signature provides
a good molecular marker for distinguishing actinobac-
terial species from other bacterial phyla. In the structure of
the Cox1 protein from Paracoccus denitrificans, the region
where this deletion is present (residues 332-333) is located
on the periplasmic surface (Michel et al, 1998), but its
functional significance remains to be determined. It should
be mentioned that the 2 aa deletion in Cox1 is absent in

http://ijs.sgmjournals.org
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377 442
Haemophilus influenzae P44341 GICLGMQTALIEYARNVAGLTKANSSE FDK DCEQPVVALITE| WODAEGNTEV| RTDESDLGGTMRLG
Escherichia coli AAR24485 « ~-m---s V--~D---H--NMEN---T- -VP -R-EN--V--
Pseudomonas aeruginosa AAGO7025  ———ee—— V-V-—mm L-WSD---T- —-—- -——-T-A--1
Vibrio cholerae AAF95590 V--= MEG-H~T- -N- ~V-G---V-E
Yersinia pestis ARMB4400 W —--ee—- V=-M-F====m-] MEN---T~ -VP ~R~ED--V-I
, Agrobacterium tumefaciens NP_354612 -—--F---M-VVEAARHLAGI- NA-ST EFG PTAE---G-M--|- VKGNEL-K
Proteobacteria { cauiovacter crescentus Q9ATK3 ———F-—-M-V--TL--—-= IKD-S--— -G PTER---GIM--| - IKGNE-VQ
Neisseria meningitidis AAF41908 W ——-—mmrmmmmm—ee D----KG---T- --L --T-D-SV-T
Burkholderia fungorum ZP_00031881 -------L-V~=F==-D=-V~~KD-—-T- --Q -Y-R--RV-K
Bordetella parapertussis NP_885422 L-V--F-~ GG---T- —-P BAAPH--==-=-—- -M-R--R--R
Desulfovibrio vulgaris YP_010842 -V-EF M D---E- -NE LSKNKVIYLMTEW| FDHRRQA~--R
Campylobacter jejuni NP_281249  =====-- L--V-F--—-LK-KDV---- -NE K~QN---Y--D-| FM-TN-EKQI
Helicobacter pylori 025116 -—- -L-IV-FC---L-~KG~--T- -NQ R--Y---Y—-GD| FM~QNHQKQ-
‘Aquifex aeolicus’ AAC07314 - -LMA--F---~L-FSN-=--T~ -~P -TPF--IDIME-
Chlamydia muridarum AAF39308 --- -ALVV----YALS-PL---L- M-P NTPD--~CMMQG
Chlorobium tepidum AF130447 - -C-T--F~-~ICD-PD---T- -N- RTRF--ID-MEH
N Fibrobacter succinogenes AY017383 - ~~-MLA--F~~D~L-WKD---T- --E NTTH--ID-MD-
Other bacteria { sorreiia burgdorferi AAC66946 --=--L-L-V--F-—--C-ILD~DTE-NLARDKPLKS—~IH-LP-
Treponema pallidum AE001210 -TPH~-~D-LPG CV- TPT--SL---
Porphyromonas gingivalis NP_904820 NI-HK-ID-MD- QOKTVT-M--S---~
Synechococcus elongatus Q054775 ETPH--I--LP- QQ-VV--————=
\ Deinococcus radiodurans AE002001 YAKNK-ID-MP~ QLEVAGM-——-—--—
Bacillus subtilis P13242 - -V-8-- L--KG-H-A- I-P STQY-IID-LP- QK-VE----- L---
Listeria innocua NP_472033 - -L-TV-F----L---G-H-A- IE- ET-HNIID-LP- QKNIENM-—--L---
. . Staphylococcus aureus BAB95916 - =~~L-TV-FS---L--EG-H-A-L -P ATPY-IID-LP- OK-IE--——- L---
Firmicutes { streptococcus pyogenes AAMB0239 ~——-—-—-LTCV-F--H-LNMEG---F~ LEP STKY-IIDIMRD QI-IE-M---L---
Lactococcus lactis CAR09021 - --—-LTAV-F----L--EG-H-FA L~-P ETKY--IDIMRD QV-VE-M---L-~~
Clostridium acetobutylicum NP_349494 - -C-V-------L--EG-H--- I-P QTKY--ID-MPD QK-ID-K-=~==~=
\ Mycoplasma capricolum CAR42665 - —---T-SI -~-DLLNW-D-D-T- -N- NTTH-IFDY-K
Symbiobacterium thermophilum YP_ 073869 M---§-V--A---LL--§----T~ -VT -~KD--IDMMAQ
Mycobacterium bovis ARB48045 ~-L---L-CIV--A--S- ---N---A- --P -TPD--I-TMPD QE-I
Mycobacterium leprae P53529 -L---L-CIV--AT-S~ --VQ---A- -EP ATPD--ISTMAD QK-I
Mycobacterium tuberculosis CAB10956 -L---L-CIV~~A-~8= =-=-=-N---A- --P -TPD--I-TMPD QE-I
Corynebacterium glutamicum BAB98810 -L---L-CTV--A~------ EQ-S-T- --P AAT---I-TME- QKARA
Nocardia corynebacterioides AY876151 -L---L-CMV--A--8- --SD---A- -EP ETT---ISTMAD QEQA|
Rhodococcus rhodochrous AY876145 -L---L-CVV--A--S-GIEDASSTE --P -TTA--ISTMAD QELA]
Gordonia rubripertincta AYB76143 ~L~~-L~-CVV--A--S- --DE-S5-T- --P -TPH--ISTMAD QADA|
Tsukamurella paurometabola AYB76150 -L---L-CIV--A-~-SAGLDGASSAE -EP -AKY-~ISTMAD QEQA
Streptomyces coelicolor CAB52840 -L---L-CIVV-A---L--VAD---T- --P ATAH---STMA- QLDI
‘Trichotomospora caesia’ AYB876141 ~L=--L-CIV--A--~L--IPD---T- ~~A VTAH--ISTME- QLAY
Microtetraspora niveoalba AYB76144 =L-w——- CMV~-A~~~L~-IED~G~T- -~P ETPAA-ISTMAD QEDV
. . Planobispora rosea AYB76148 =L CMV~~A-~-L~~IED-G~T~ --P ETTH--ISTMAD QEDV
Actinobacteria { thermobifida fusca ZP_00057592 ——-—- L-CMY-———- D----RG---L- --D KA-H---STMAD QTDY
Propionibacterium acnes AYB876147 -L-----C-V--V--DL--IKD-A--- --S QTPD--I-TMA- QVEA|
Nocardioides simplex AYB876152 =L-=-=-L-SMV-===- TEL-----G-T- --P -TPE--I-TME- QKSI
Kribbella sandramycini AY876153 -L~-~-L-CMV--T--AL---ER---T~ -EE PCQH--ISTMAD QHDV
Saccharopolyspora erythraea AY876154 -L---L-CMV--T--AL---ER---T- -EE P-QH--ISTMAD QHDV
Cellulomonas fimi AYB876142  ----- L-CMV---S---L--DG-S— --D  -PAH--I-TMA- QLAI
Kocuria rhizophila AYB876146  —L-=-L-CMV--=w=- EV--PN-S-T- --P ETDT--I-TME- QKQF
Clavibacterium michiganensis AY876149 -L---L-CMV--~=-~~E-D-PG-S--- --P -SAF-—--TMAE QVDI
Leifsonia xyli YP_ 061635 ~NE-GLAG-5-S- -D- -TAF--I-TMA- QVDI
Tropheryma whipplei TW08/07 NP_78%056 ---VG-HG-S~--- -TD -TQW---TTML- QRD
Tropheryma whipplei Twist AR044197 -~VG-HG-§~-- -TD -TQW---TTML- ORD
Microbacterium oxydans AY876155 -D---IEG-S5--- --P ETAEP-I-TMA- QVDI
Bifidobacterium longum ZP_00120238 -L---L-SMV---$-H-L-IED----- -EP --AN--I-TME- QKDI| VAGKG-M-H--——-

Fig. 2. Partial alignment of CTP synthetase sequences
proteobacteria, whereas the smaller, 4 aa insert is a characteristic of all actinobacteria. Sequence information for other
available species is presented in Supplementary Fig. S2.

showing two different signatures.

The 10 aa insert is specific for the

Symbiobacterium thermophilum, which is presently grouped
within the Actinobacteria. However, recent genomic analyses
indicate that this species is much more closely related to
bacilli and clostridia than to actinobacteria (Ueda et al.,
2004) (see Discussion).

Another signature for actinobacteria is present in the
enzyme CTP synthetase, which catalyses the conversion of
UTP into CTP by transferring an amino group to the 4-oxo
group of the uracil ring (Endrizzi et al., 2004). Except for the
mycoplasma species, the gene encoding CTP synthetase is
present in all other microbial genomes and has only one
copy in the genome. A 10 aa insert which is distinctive of
various proteobacterial species has previously been identi-
fied in this protein (Gupta, 2000). Interestingly, in the
same position where this proteobacterial insert is present, a
smaller, 4 aa insert is found in all actinobacterial species

except Tropheryma whipplei, which contains a 3 aa insert in
this position (Fig. 2). This insert is again highly specific for
actinobacteria and is not present in the CTP synthetase
homologues from any other bacteria whose sequences are
available in the databases (see Supplementary Fig. S2). In
the present work, we have successfully amplified CTP syn-
thetase gene fragments from 15 additional actinobacterial
strains and all of these were found to contain this 4 aa insert
in the same position (Fig. 2). We were not able to amplify
sequences for other actinobacterial strains, including that
for Rubrobacter radiotolerans DSM 5868", using these
primer sets. Based on its shared presence in various actino-
bacterial species, the identified insert in CTP synthetase was
likely introduced in a common ancestor of the phylum
Actinobacteria, independently of the insert in the proteo-
bacteria, and it provides a specific and useful molecular
marker for the actinobacterial group. The CTP synthetase
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Protein signatures characteristic of actinobacteria

Escherichia coli NP_416899
Haemophilus somnus ZP_00122037
Pseudomonas aeruginosa NP_251824
Agrobacterium tumefaciens NP_356183
Caulobacter crescentus NP_420712
Bordetella pertussis NP_881555
Proteobacteria | Burkholderia mallei YP_103237
Neisseria meningitidis NP_273069
Geobacter sulfurreducens NP_952272
Desulfovibrio vulgaris YP_010911
Campylobacter jejuni NP_282434
Helicobacter pylori NP _207274
‘Aquifex aeolicus’ NP_213835
Chlamydia muridarum AAF39540
Cytophaga hutchinsonii zp_00118857
Leptospira interrogans NP_714370
. Nostoc punctiforme ZP_00105808
Other bacteria Synechococcus sp. CAD29422
Prochlorococcus marinus ZP_00104468
Thermus thermophilus CAR45854
Deinococcus radiodurans NP_294208
Thermotoga maritima NP_229152
Bacillus subtilis NP_387973
Listeria monocytogenes NP_463768
Staphylococcus aureus ARW37684
Lactobacillus johnsonii NP_964422
i i Enterococcus faecalis NP_813853
FI/TnICUteS Streptococcus pyogenes NP_663974
Lactococcus lactis NP_268210
Clostridium acetobutylicum NP_347626
Mycoplasma penetrans NP_758418
Symbiobacterium thermophilum YP_073845
Mycobacterium leprae NP_302160
Mycobacterium tuberculosis NP_217508
Mycobacterium avium NP_961963
Corynebacterium diphtheriae CAE49635
Corynebacterium efficiens NP_737999
Corynebacterium glutamicum BAB98686
Nocardia corynebacterioides AY876165
Rhodococcus rhodochrous AY876163
Streptomyces avermitilis NP_823867
‘*Trichotomospora caesia’ AY876161
Pseudonocardia halophobica AY876160
. . Nocardioides simplex AY876162
ACtanbaCterIa Kribbella sandramycini AYB876164
Kineococcus radiotolerans ZP_00228423
Oerskovia turbata AYB876156
Cellulomonas fimi AY876166
Kocuria rhizophila AYB76157
Clavibacterium michiganensis AY876158
Arthrobacter nicotinovorans AY876159
Tropheryma whipplei NP_787337
Leifsonia xyli YP 062250
Bifidobacterium longum ZP_00121389
Thermobifida fusca ZP_00057289
Propionibacterium acnes YP_056550

Rubrobacter xylanophilus

Zp_00186416

194 241
ITHVIRGEDHINNTPROINTLKAL KAPV PVYAH VSMINGDDGKKLSKR
B AT G-I =Tem= —mmmmmmee T
~---L--~EWLPSA-KL-KLYEYF GWEQ -QLCYMPLLRNP-KS —-==--
~=~—-A---EWLASV-KH-LLYRYF GWDQ ~TFM-L-LMRNA-KS --
DWA- -AF--IPL-H--P--A--
G-TL -E-G--P--L--P--E--
GGE-  ~==-- L-T--N-Q-E-M--~
D-NL ~E-G-LP--L-NEQ---T---
GY-= ~RF---P--L=-A-KTR----
G-QP -A-L- --LL-DAT-ER-A--
VSD=---D--L§-—-K~--VLYE-- GFKI -KFF-~A~~H--E--~-=-=-
--D=-=~-D--L§---K==VLY--- NFKI -NFF--P~-L-NEE-Q--
——————————— P---K~-L-YE-- GF-- <-KF-- LPV-L-E-RS§--
- -EWLSS--KHLLLYE-F GWEP -QFF-MPLLLNP-GS ===~

GWEDTM~-QF--LPLLLKP-GNG-----

- ~VG~LS-----~ LLYE~~ GYNI =~EF-- A-E-V-M------—=
e A--AK--LLYE-M G-KI -EFS- TPL-LNME-R-----
-8- --A--AK--LLYE-- G~A- -EF-- TPL-LNKE-R-----
- --—-S--AK--L-Y--- NFKL -IF-- TPL-LNSE------=
A-EWLVS--IHVLLYR~F GWEAR ~RFY-MPLLRNP-KT -I---
V---V-A-EW-TS--IHVLLYR-F GW-E =--F--MPLLRNA-KS ~I---
—————— LS--L-~LALYE-F EKAP --F-- —-T-Lm=-=-m———mm
L IS--~K~-M-YQ-F GWDI -QFG- MTL-VNESR
-§--L--D-=-§~~-K--L-YN-F GWEP ~IFG- MTL-VNESRR-=-=~
-SD-~--D-=~§---K--M-YE-F GWEP =-RFG-M-L-VNEER --=~——
----L--D--VA---K-LVVYE-~- GWEP ~KFG-MTL-INSET--===-—
-§--L--D---A---K-IM-YE-F EWTP --FG-MTL-INSET~------
-§--~-~D~=~A---K-LMVYE~~- GWEA -EFG-MTLI--SET-----~=
-§~-===D=~-A---K-LVVYD-~- GWEA -QFG-MTL-INSET-------
----V--NEYLSSA-KYNRLYE-F GWN- -I-V- CPP-MK-AHS-----

-5-I---~E-L§---Y--A-NE--
—==-L===G=~P===V-=~L-Y0--

DINKN-I-FG-L-V-I-DET-----~~
GF-- -EFG- LGHMTNPERG-~---

—----L----LLSS----VALYQ--| IRIGM|AERI -EFG- FPSVL-EGT------
~-==L~~--LLPS----LALHQ--| IRIGV|BERI -KF-- LPTVL-EGT------
--~-L-~--LLPS----LALYQ--| IRIGV|AERI -QF-- LPTVL-EGT------
-—--L----LLPS----LALYE--|KVIGV|AQQT -EFG- LPFVM-EGN--=----
--—--L----LLPS-- AKQT --FG-

V---L----LLPS-- AKAT -AFG-

——-~L-~-~LLSS-- ADR- -EFG-
~=~-L----LLSS----LALYA-~| QRIGV}|TDFT -EFG-

-——-L AKS- -EFG-

--—L ATA- -EFG-

-——L GNGP F----

----L AKAT -QFG-

-——L GSGRT -RFG~LPMVMGPEGN------
--—-L SQA- -~LFG- LPYVT-EGS--
—=~==L~=--~11L8S----VVLYR--| LELGV{AHVM ~EFG- LPYVM-EGN--
----L----LL3S----VVLYR--| LDLGV|ATVM -QFG- MPYVM-EGN--
--Q-L----LLSS----- ALYR--| VAIGV|AEFI -EFG- LPYVM-EGN--
——~-L~----LLSS-~--~ ALYR--|YRIGV|AEYM -EFG- LPYVM-QGN--
-~~-L----LLSS~-~---. ALYR--|YAIGV|AEYM ~-EFG- LPYVM-QGN--
——--L~---LLSS-----. ALYK--{ITIGI|TDY- ~FFG- LPIVM-EGNR-
V---L----LLSS--~--. ALYH--| IETGV|TTF~ -RFG- LPYVM-EGN------
~~=--L----LLSS----- VLYRY-|MELGI | AKEM -LFG- MPYVM-QGN------

-==-V---E-LS---K-QLLWE~~- GQTP --W-- LPV-VNEKRQ-=-=-
-DT-V---EW-SS§--KHLLLY-W~- GWEA -KF-- MPLLRNT-KS-I---
——————— D---§------M-HR-- GHEL ~AF-- -PQVL-P-R------

Fig. 3. Partial alignment of GIuRS sequences showing a 5 aa insert (boxed) which is specific for actinobacteria. Sequence
information for other available species is presented in Supplementary Fig. S3.

homologue from Symbiobacterium thermophilum again did
not contain the 4 aa insert, supporting the inference from
the Coxl signature and other studies that this species is
distinct from other actinobacteria. The enzyme CTP syn-
thetase consists of a single polypeptide containing two
domains: the C-terminal glutamine amide transfer (GAT)
domain catalyses the hydrolysis of glutamine, whereas the
N-terminal synthase domain is responsible for the amina-
tion of UTP (Endrizzi et al., 2004). The observed inserts are
located in the GAT domain of the enzyme and they are
indicated to be present on the outer surface of the protein.
However, their functional significance for these groups of
bacteria remains to be determined.

In the enzyme glutamyl-tRNA synthetase (GluRS), which
plays an essential role in protein synthesis by charging the

glutamyl-tRNA with its cognate amino acid (Woese et al.,
2000), a 5 aa insert is present in almost all actinobacterial
species, with the exception of Thermobifida fusca, Propioni-
bacterium acnes and Rubrobacter xylanophilus, but not found
in any other bacterial groups (Fig. 3). Sequence informa-
tion is presently available from 182 species belonging to
other bacterial groups, and they are all found to lack this
insert (see Supplementary Fig. S3). We were successful in
PCR-amplifying and sequencing GIuRS gene fragments
from 11 additional actinobacterial strains, and all of
them were found to contain this insert (Fig. 3). Sequences
for other actinobacterial strains could not be amplified
using the primers employed in this work (Table 2). Of the
three actinobacterial species that are lacking this insert,
Rubrobacter xylanophilus is one of the deepest branch-
ing species based on the 16S rRNA tree and other

http://ijs.sgmjournals.org
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biochemical traits, whereas the other two species belong to
the families Nocardiopsaceae (Thermobifida fusca) and
Propionibacteriaceae (Propionibacterium acnes) (Embley &
Stackebrandt, 1994; Stackebrandt ef al., 1997; Bruggemann
et al., 2004). Other species belonging to these latter families
contain this insert. Hence, the most parsimonious explana-
tion for these results is that the insert in GIuRS was
introduced after the divergence of Rubrobacter xylanophilus,
and that Thermobifida fusca and Propionibacterium acnes
have lost this insert as a result of either lateral gene transfer
or some other means. The insert in GIuRS is also lacking
in the homologue from Symbiobacterium thermophilum,
supporting the inference from other signatures. In the 3D
structure of GluRS, the identified insert is present in a
loop between an a-helix and a fi-sheet (Sekine et al., 2003).
Although the flanking conserved regions of this insert
are known to be functionally important, the possible
consequences of the presence of this insert on GIuRS
function remain to be determined.

Examination of the actinobacterial specificity of
23S rRNA signature

Roller et al. (1992) have previously described a large insert of
about 100 nt in the 23S rRNA that was present in a large
number of actinobacterial species, but not found in other
groups of bacteria. The original paper describing this
signature included 64 high-G+ C-content Gram-positive
strains from the currently recognized phylum Actinobac-
teria. However, many of these strains were from the same
genus, even the same species, and they represented only 22
genera. To examine the specificity of this signature further,
we have successfully amplified and sequenced the 23S rRNA
insert region from 13 additional actinobacterial species
representing 13 additional genera, covering all of the major
groups within this phylum. Sequence information for these
sequences as well as various other actinobacterial species
and a few other bacterial groups is presented in the partial
sequence alignment shown in Fig. 4. As seen, an insert of
between 90 and 100 bp is present in all of the actinobacterial
species that we sequenced but it is not found in any other
bacterial groups (Fig. 1). Sequence information for many
other actinobacterial species which has become available
in recent years is also included in Fig. 4. Of these species,
smaller inserts were present in this position in Tropheryma
whipplei (79 bp) and Microbispora bispora (30 bp) and
Rubrobacter xylanophilus was found to be lacking the insert
entirely. Sequence information for these three strains was
available in GenBank. We have also confirmed the absence
of this insert in another Rubrobacter species, Rubrobacter
radiotolerans, by amplifying and sequencing of the insert
from the type strain of this species. Because Rubrobacter
represents a deep branch within the phylum Actinobacteria
(Stackebrandst et al., 1997; Ludwig & Klenk, 2001), similar to
the insert in GIuRS, the large insert in 23S rRNA gene was
very likely introduced in an actinobacterial ancestor, after
the divergence of Rubrobacter.

Phylogenetic analyses of actinobacteria based
on 16S rRNA and CTP synthetase sequences

In order to see the inter-relationships among different
subgroups within the phylum Actinobacteria, we con-
structed neighbour-joining trees based on 16S rRNA gene
and CTP synthetase protein sequences. Although there are
many phylogenetic trees drawn for actinobacteria based on
16S rRNA gene sequences, they generally do not show
any bootstrap scores or other measures for the reliability
of the branching order (Embley & Stackebrandt, 1994;
Stackebrandt et al., 1997; Ludwig & Klenk, 2001). Fig. 5
shows a phylogenetic tree based on 16S rRNA gene
sequences from different actinobacterial species for which
sequence information is available for different signatures, as
well as representative species from other main groups of
bacteria. This tree was rooted using the 16S rRNA gene
sequence from Archaeoglobus fulgidus. The bootstrap scores
for different nodes that were > 50 are marked on this tree.
As seen, in the 16S rRNA gene tree, most of the actino-
bacterial species formed a well-defined cluster, branching
together in 100% of the bootstrap replicates. A clade
consisting of Rubrobacter radiotolerans and Symbiobac-
terium thermophilum, which was separated from other
actinobacteria by a long branch length, formed the outgroup
of the main actinobacterial cluster. A number of subgroups
within the Actinobacteria are clearly identified in this
tree, including Streptosporangineae, Streptomycineae, the
Corynebacterium—Mycobacterium—Nocardia cluster, Propio-
nibacterineae, Pseudonocardineae and  Micrococcineae.
However, the inter-relationships among these subgroups
were not resolved, as seen by the lower (<50) bootstrap
scores of the corresponding nodes.

A phylogenetic tree for the Actinobacteria was also constructed
using CTP synthetase sequences for which the amplified
fragment was sufficiently large (330 aa) to carry out phylo-
genetic analysis (Fig. 6). The overall topology of the CTP
synthetase tree was very similar to that seen in the 16S rRNA
gene tree, with the exception of deep branching of Tropheryma
whipplei. Phylogenetic studies based on 165 rRNA gene
sequences and several other conserved protein sequences
indicated that Tropheryma whipplei is closely related to species
of the Micrococcaceae. Hence, its deep branching in the CTP
synthetase tree is most likely due to its accelerated rate of
evolution, which is commonly observed for many genes in
intracellular bacteria. No sequence information was available
for CTP synthetase from Rubrobacter radiotolerans. However,
Symbiobacterium thermophilum was distantly related to the
Actinobacteria, as seen in the 16S rRNA gene tree.

DISCUSSION

In this work, we describe three novel molecular signatures
consisting of conserved inserts and deletion in widely
distributed proteins that are present only in actinobacteria.
These signatures (a 2 aa deletion in Coxl, a 4 aa insert
in CTP synthetase and a 5 aa insert in GluRS) are found
only in actinobacterial homologues and are not found in
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atures characteristic of actinobacteria

( ‘Trichotomospora caesia’ AY956800 GCGTAGTCGATGGA CAACCGGTTGA TATTCCGGTACCCGCTTTGAAACGCCCAATATTGAATCCTCTGATGCTAAGTCCGTGAA
Thermomonospora chromogena AF116563 GCGTAGTCGATGGA TAACGGGTTGA TATTCCCGTACCCGCCGTGGTGCGCCCA CGTCGAGGCCGTTGATGCTAACCCGTCGAG
Pseudonocardia halophobica AY956793 GCGTAGGCGATGGA TAACGGGTTGA TATTCCCGTGCTCGTGATAGTGCGTCCA TGCCGAGGCTGTTGATGCTAACCATCCGAA

P:

Saccharopolyspora erythraea AY956803 GCGTAGGCGATGGA TAACGGGTTGA TATTCCCGTACCCGTGCGCATGCGTCCA TGGTGAAACGGTTGAGACTAACCATCCG
g Tsukamurella paurometabola AY956797 GCGTAGTCGATGGA CAACGGGTTGA TATTCCCGTACCCGTGTCAGATCGCCCC TGATGAATCAGTTG TACTAACCGTCCTGA
[0} Gordonia rubripertincta AY356799 GCGTAGTCGATGGA CAACGGGITGA TATTCCCGTACCCGTGTCAGATCGCCCC TGATGAATCAGTTG TACTAACCGTCCTGA
o~ Actinomadura glauciflava AY956805 GCGTAGGCGATGGA CAACGGGTTGA TATTCCCGTACCCGTGTATCCGCGCCCA TGCTGAATCAGTTG TACTAACCATCCAGA
8 Williamsia muralis AY956801 GCGTAGGCGATGGA CAACGGGTCGA TATTCCCGTACCCGTGTAGTCGCGTCCG TGATGAATCAGCAG TACTAACCATCCTGA

Micromonospora cherisina AY956804 GCGTAGTCGATGGA CAACGGGTTGA TATTCCCGTACCCGCGAAAGAGCGACCC TGACGAACCTCGTTGTGCTAACCACCCAAA
Q
[ Kocuria rhizophila AY956795 GCGTAGGCGATGGA CAACGGGTTGA TATTCCCGTACCGATGAAGAACCGACCC TACTGA GCCGGGGATACTAACCACCCGAGCCAC
[y Renibacterium salmoninarum AF143477 GCGTAGTCGATGGA CAACGGGTTGA TATTCCCGTACCGGCGAAGAACCGCCCA TACTGA GCAGGTGATACTAACCGCCAGAAG
- Microbacterium oxydans AY956796 GCGTAGTCGATGGA CAACGGGTITGA TATTCCCGTACCGGCGAAGAACCGCCCA AGCTAA TCCAGTAGTGCTAAGTGTCTGAAT
Q Leifsonia xyli AE016822 GCGTAGTCGATGGA CAACGGGTTGA TATTCCCGTACCGGCGAAGAACCGTCCA AGCTAA TCCAGTGGTGCTAAGAGTCCTAAT
< Oerskovia turbata AY956798 GCGTAGGCGATGGA CAAGGAGTTGA TATTCTCCTACCGGCGAAGAACCGCCCA TACCGAACCCGGTGATGCTAAGCGCCCTTAA

Kribbella sandramycini AY956794 GCGTAGTCGATGGA CAACGGGTTGA TATTCCCGTACCGGCATTAACACGACCC GACCGAACCTGCTGATGCTAAGICTTCGA

Tropheryma whipplei AE016850 GCGTAGTCGATGGA CAACGGGTTGA TATTCCCGTACCGGCAAAGAACCGCCCA TATT CCGCGTAGT

P! Y PD.

Microbispora bispora U83912 GCGTAGTCGATGGG CAACGGGTTGA TATTCCCGTACCCGCCGTGGCGCGTTCT G

kRubrobacter radiotolerans AY956802 GCGTAGGCGATGGA AAACAGGTTAA TATTCCTGTACTTCCAGTTATTGGTCGCT

Symbiobacterium thermophilum AP006840 GCGTAGGCGATGGG AAACAGGTCGA CATTCCTGTACCACCTACG

[ Mycoplasma penetrans NC_000912 GCGTAGCTGATGGA TAACAGGTTAA TATTCCTGTACCAATGTATG
= Listeria innocua X92949 GCGTAGGCGATGGA CAACAGGTAGA GATTCCTGTACCAGTGCTAATT GTTTA
Q Bacillus subtilis 299104 GCGTAGGCGATGGA CAACAGGTTGA TATTCCTGTACCACCTCCTCACCATTTG
“5 Lactococcus lactis X64887 GCGTAGTCGATGGA CAACTGGTTGA TATTCCAGTACTAGATAT GATCGT
4y Staphylococcus aureus BA0Q0017 GCGTAGGCGATGGA TAACAGGTTGA TATTCCTGTACCACCTAT AATCGTTTT
0 < Clostridium tetani NC_004557 GCGTAGGTGATGGA CAATCGGTTGA TATTCCGATACCGCCAACTTTC GTTTG
[ Synechocystis sp. BA0Q0022 GCGTAGTCGATGGA CAACCGGTCAA TATTCCGGTACTGATTATAGATTGT
Q Thermus thermophilus X12612 GCGTAGCCGAAGGG CAGCCGGTTAA TATTCCGGCCCTTCCCGCAGGT
£ Chlamydia muridarum U68437 GCGTAGACGATGGAGCAGCAGGTTAAATATTCCTGCACCACCTAAAACTAT
O ‘Aquifex aeolicus’ AE000751 GCGTAGCCGATGGG AAGCGGGTCAA CATTCCCGCGCCAGCTCGGTGG

\ Escherichia coli NC 000913 GCGTAGTCGATGGG AAACAGGTTAA TATTCCTGTACTTGGTGTTACT

- ok ok ok ok ko *hk koK * ek * * ok ok ok *

( ‘Trichotomospora caesia’ GCCGCCCCTGATCTCTTCGGAG TGAGGGGGAGTGGTGGAGCCGACGACCCGA GGTGGTA GTAGGTAAGCGA TGGGGTGACGCAGGAAGGTA
Thermomonospora chromogena TCCGGCCACTCTCTTCTTTGAG GGGGGTGGTGTGGAGGAGCCGGGGACCCGA GGCGGTA GTAGGCGAGCGA TGGGGTGACGCAGGAAGGTA
Pseudonocardia halophobica CCCGCCTCTGAGTCCTTCGGG ACGAGGGGGAGTGGGGGAGCGTGGGGTCCGA TTCGGTA GTAGGCAAGCGA TGGGGTGACGCAGGAGGGTA
Saccharcpolyspora erythraea CTGGCTGTGTGAGTCTTCGG ACGAGCGTAGTTGGT GCATGGGACCTGA TTCCGCG GTAGTCAAGTGA TGGGGTGACGCAGGAGGGTA

g Tsukamurella paurometabola AGCACCTTGATCACCTTCGGG TGACGGTGGTGTGGAT GCACGGGACCTCG GCTGGTA GTAGTCAAGCGA TGGGGTGACGCAGGAAGGTA
[) Gordonia rubripertincta AGCACCTTGATCACCTTCGGG TGACGGTGGTGTGGAT GCACGGGACCTCG GCTGGTA GTAGTCAAGCGA TGGGGTGACGCAGGAAGGTA
ey Actinomadura glauciflava TCCCCCAGGAGCACCTTCGGG TGCCGGGTGGGGTGAT GCATGGGACCTTG GCTGGTA GTAGGCAAGCGA TGGGGTGACGCAGGAAGGTA
8 williamsia muralis AGATCAAGGGTTACCTTCGGG TTTCGTTTGGTTGGAT GCATGGGACCTTT GCTGGTA GTAGTCAAGCGA TGGGGTGACGCAGGAAGGTA
Q Micromonospora cherisina CCAGCCAAGGT CTTCGGA CTGAGGTTGGGGA GCGTGGGAACCTG GCGGGTA GTAGTCAAGCGA TGGGGTGACGCAGGAAGGTA
[e) Kocuria rhizophila CATGACCGTGACCCCTTGTGGGTCGCGGGGTGTGTGGTGAGGC TGGGACCTGATCCGGGGA GGTAAACGTGTTAACAGGTGTGACGCAGGAAGGTA
< Renibacterium salmoninarum CATGATCGATCACCCTTGTGG TGTGAGGTTTTTTGTGGATCGCGGGACCTTATCCTGGGA GGTAAGCGTATTAACAGGTGTGACGCAGGAAGGTA
= Microbacterium oxydans CCCAGTGACTGATCCCTTCGGG GTGACGCTCTGGGCCTAGCGCACGACCCCATTCTGGTGC  GGTTAGCGTATTAACAGGTGTGACGCAGGAAGGTA
&) Leifsonia xyli CCTGGACACCGATCCCTTCGGG GTGACGGTCCAGGTCTAACGCTCGACCCCATGCTGGTGC GGCTAGCGTATTAACAGGTGTGACGCAGGAAGGTA
< Oerskovia turbata CCCG CACCGTCTCCTTCGGG A GACATCGCGGGAGCGGCGCGCGACCCGA ACCGGTACTAGGTAAGCGTATTAACAGGGGTGACGCAGGAAGGTA
Kribbella sandramycini AACCATGAGGCCTTCGGGTTGAGTGGCGGAGCAGACGGCCCGA GGTGGTA GTAGGTGCATTG AGGAGTGACGCAGGAGGGTA
Tropheryma whipplei TTCGTTCAGC ATTTTG CTGTGCTTACGGTAC CCCTTTTACGGTGT GCGGGATAAGTGTTCAGGTGTGACGCAGGAAGGTA
Microbispora bispora CCGCTTCGGTG GCAGGTAAGCGA TGGGGGGACGCAGGAAGGTA
Rubrobacter radiotolerans GCGA  TGGAGGGACGGAGAAGGCTA
Symbiobacterium thermophilum TGACCGA TGCGGGGACGCAGGAGGCTA

(1] Mycoplasma penetrans AATGA TGGAGTGACGGAGAAGGTTA
= Listeria innocua ACCGA TGGGGTGACACAGAAGGATA
] Bacillus subtilis AGCAA TGGGGGGACGCAGGAGGATA
'5 Lactococcus lactis GA TGGAGGGACGCAGTAGGCTA
[+ Staphylococcus aureus AATCGA TGGGGGGACGCAGTAGGATA
o] { Clostridium tetani ACAAA TGGGGTGACACAGAAGGATA
— Synechocystis sp. GG CGG GGGACGGAGAAGGCTA
[0] Thermus thermophilus GCGA TGGGGGGACGCTCTAGGCTA
_.-E Chlamydia muridarum AGCAAR AGGAATGACGGAGTAAGTTA
O ‘Aquifex aeolicus’ AGCCGG TGTCGTGACGCAGGAGGCTA
\ Escherichia coli GCGA  AGGGGGGACGGAGAAGGCTA

* * ok * ok kk

Fig. 4. Partial alignment of 23S rRNA gene sequences showing a large insert (99-110 nt) that is specific for actinobacteria.
Sequences with accession numbers starting with ‘AY’ were obtained in this work. Positions which are completely conserved

are identified by asterisks (*).

homologues from any other groups of bacteria (> 150) for
which extensive sequence information is now available (see
Supplementary Figs S1-S3). In addition, we have also tested
the actinobacterial specificity of a large insert in the 23S
rRNA that was previously described by Roller et al. (1992).
We have tested the hypothesis that these signatures are
distinctive characteristics of actinobacteria by obtaining
sequence information from a large number of actinobacter-
ial species, covering a wide range of families and suborders
within this phylum, for which no sequence information was
available. All of these species were found to contain the
indicated signatures, confirming that they are distinctive
characteristics of this group.

The placement of a novel bacterial species into the phylum
Actinobacteria is at present based solely on the branching

pattern in 16S rRNA gene trees. Based on phylogenetic trees,
it has proven difficult to circumscribe a given phylum
reliably (Ludwig & Klenk, 2001; Gupta & Griffiths, 2002;
Oren, 2004). The problems that one faces in these regards
are illustrated by the 16S rRNA gene tree shown in Fig. 5.
In this tree, most of the actinobacterial species formed
a well-defined cluster, branching together in 100% of
the bootstrap replicates. A clade consisting of Rubrobacter
radiotolerans and Symbiobacterium thermophilum, which is
separated by a large genetic distance from the other actino-
bacterial species, forms the outgroup of this cluster. As seen
by the bootstrap score (<50 %), the two species that form
this clade are not specifically related to each other, and the
clade itself is only weakly related to other actinobacteria.
However, in the current taxonomy based on 16S rRNA trees,
both of these species are recognized as part of the phylum
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Fig. 5. Neighbour-joining distance tree based on 16S rRNA gene sequences. The tree is based on 1400 nucleotides
excluding all indels. Accession numbers of various sequences used for this work are given in Supplementary Table S1 in

IJSEM Online. Bootstrap scores greater than 50 are indicated.

Actinobacteria, and the outer boundary of this phylum is
placed outside this clade (Ludwig & Klenk, 2001; Maidak
et al., 2001). This is despite the fact that analysis of various
genes in the Symbiobacterium thermophilum genome indi-
cates that the species is most closely related to members of
the Firmicutes rather than the Actinobacteria (Ueda et al.,
2004).

In our analyses based on signature sequences, all four
signatures (Cox1, CTP synthetase, 23S rRNA and GluRS)
that are present in most other actinobacteria were found
to be lacking in Symbiobacterium thermophilum, indicat-
ing strongly that this species should not be placed in the
phylum Actinobacteria despite its high G+ C content. For
Rubrobacter radiotolerans, the signatures in 23S rRNA as
well as the GIuRS protein, which are present in most
other actinobacteria (two exceptions seen in the case of

GIuRS), were found to be lacking in this species. Infor-
mation for Cox1 and CTP synthetase signatures is at pres-
ent lacking for this species as we were not able to amplify the
corresponding gene fragments. However, based on
the absence of signatures in the 23S rRNA and GIuRS,
and the fact that this species is distantly related to other
actinobacteria in the 16S rRNA tree (Fig. 5), it is suggested
that the species of this genus are not typical actinobac-
terial species. However, if the future work reveals other
reliable characteristics (including shared presence of indels
in the Cox1 and CTP synthetase) which are uniquely shared
by Rubrobacter species and other actinobacteria, this would
validate the placement of this genus in the phylum
Actinobacteria.

Based on the distribution of different signatures and
phylogenetic studies presented here, it can be inferred that
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0-1

Mycobacterium leprae
Mycobacterium tuberculosis
Mycobacterium avium
Tsukamurella paurometabola
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Kribbella sandramycini
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Planobispora rosea Streptosporangineae
Microtetraspora niveoalba . . . .
Propionibacterium acnes Fig. 6. Neighbour-joining distance tree
‘Trichotomospora caesia’ i
Streptomyces coelicolor Streptomycmeae baSEd. on CTP SynthetaS(-?‘ Sequen(:)es. The
Streptomyces avermitilis tree is based on 330 aligned amino acid
Cellulomonas fimi B . f

7 Kimeococous radiofolerans pOS.Itlor?S excluding gll indels. The tree was
Nocardioides simplex . . arbitrarily rooted using a CTP synthetase

Micrococcineae

Kocuria rhizophifa

99 Leifsonia xyli

100 Bifidobacterium longum

Symbiobacterium thermophilum
Bacillus cereus

Clavibacterium michiganensis

100, Tropheryma whipplei TW08/27
! Tropheryma whipplei Twist”

sequence from a firmicute species (Bacillus
cereus). Bootstrap scores greater than 50
are indicated. Accession numbers of
sequences used for this purpose are given
in Supplementary Table S2.

all of these signatures (a 2 aa deletion in Cox1, 4 aa insert in
CTP synthetase and a 5 aa insert in GluRS) were introduced
in a common ancestor of the typical actinobacteria. There
were only two instances in a single protein (absence of the
GluRS insert in Thermobifida fusca and Propionibacterium
acnes) where these signatures were found to be missing from
an actinobacterial species. The other three signatures were
present in all of the newly sequenced as well as previously
available actinobacterial homologues. These novel molec-
ular signatures should prove helpful in circumscribing the
actinobacterial phylum and for the placement of deep
branching species within this group.

It is also of much interest to understand the biological and
functional significance of these conserved genetic changes
in important proteins that are limited to actinobacterial
species. Because most of these indels have not been lost from
any of the species belonging to this phylum, it is reasonable
to assume that they play important biological roles in these
organisms. Hence, studies aimed at understanding their
functional significance should be of much interest.
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