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The Deinococcus-Thermus group of species is currently recognized as a distinct phylum solely on the basis of
their branching in 16S rRNA trees. No unique biochemical or molecular characteristics that can distinguish
this group from all other bacteria are known at present. In this work, we describe eight conserved indels (viz.,
inserts or deletions) in seven widely distributed proteins that are distinctive characteristics of the Deinococcus-
Thermus phylum but are not found in any other group of bacteria. The identified signatures include a
7-amino-acid (aa) insert in threonyl-tRNA synthetase, 1- and 3-aa inserts in the RNA polymerase 3’ subunit,
a 5-aa deletion in signal recognition particle (Ffh/SR54), a 2-aa insert in major sigma factor 70 (¢7°), a 2-aa
insert in seryl-tRNA synthetase (SerRS), a 1-aa insert in ribosomal protein L1, and a 2-aa insert in UvrA
homologs. By using PCR primers for conserved regions, fragments of these genes were amplified from a
number of Deinococcus-Thermus species, and all such fragments (except SerRS in Deinococcus proteolyticus)
were found to contain the indicated signatures. The presence of these signatures in various species from all
three known genera within this phylum, viz., Deinococcus, Thermus, and Meiothermus, provide evidence that they
are likely distinctive characteristics of the entire phylum which were introduced in a common ancestor of this
group. The signature in SerRS, which is absent in D. proteolyticus, was likely introduced after the branching of
this species. Phylogenetic studies as well as the nature of the inserts in some of these proteins (viz., ¢’ and
SerRS) also support a sister group relationship between the Thermus and the Meiothermus genera. The
identified signatures provide strong evidence for the monophyletic nature of the Deinococcus-Thermus phylum.
These molecular markers should prove very useful in the identification of new species related to this group.

The Deinococcaceae are well known for their extreme resis-
tance to UV, desiccation, and ionizing radiation (1, 28) and
have been found in canned meat, soil, animal feces, dust, and
irradiated medical instruments (27, 31, 35). These nonsporu-
lating, polyploidic cocci are also resistant to hydrogen peroxide
and other agents that damage DNA due to a highly efficient
DNA repair system (1, 28). Although these species stain gram
positive due to a thick layer of peptidoglycan in their cell wall
(2, 30, 31), they are structurally similar to the gram-negative
bacteria in that they contain an outer membrane (2, 31, 41).
This outer layer, however, is unique in that it does not contain
lipid A or heptoses typical of other gram-negative bacteria (2,
7, 31). Thermus-Meiothermus species are gram-negative ther-
mophilic rods which have been isolated from thermally pol-
luted streams, industrial and domestic water taps, and hydro-
thermal vents with neutral to alkaline pH (9, 35). Both the
deinococci and the Thermus-Meiothermus groups have an atyp-
ical cell wall containing ornithine in place of diaminopimelic
acid in their peptidoglycan, although the species of the Ther-
mus-Meiothermus group have few other characteristics in com-
mon with the deinococci (2, 30, 31). Because of their unusual
radiation resistance characteristics, the deinococci have been
of great interest with regard to the bioremediation of sites
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contaminated with radiation and toxic chemicals (1, 3, 28).
There is also much interest in this group due to the production
of a number of thermostable enzymes of much biotechnolog-
ical importance, e.g., Tag polymerase. These practical applica-
tions have increased the desire to understand the evolutionary
relationships of the Deinococcus-Thermus group to other bac-
teria (10, 22, 26, 39, 42, 43).

The Deinococcus, Thermus, and Meiothermus genera have
been grouped together as a distinct phylum within Bacteria
based on their close clustering in 16S rRNA trees, despite
morphological and physiological dissimilarity (2, 25, 31, 42,
44). With the rapid increase in the sequence database entries,
it is becoming increasingly imprecise to assign species to dif-
ferent taxonomic groups based on branch patterns alone (25).
Unfortunately, there are presently no other criteria or molec-
ular means by which species belonging to this phylum can be
unambiguously distinguished from other bacterial phyla (2, 9,
31, 33). We have described a new approach based on conserved
indels (i.e., inserts or deletions) found in different proteins that
is helpful in distinguishing the major bacterial phyla and to
understand the interrelationships among them (13-15, 17).
Recently, a large number of conserved indels (or signature
sequences) which provide distinctive molecular markers for the
identification of proteobacteria, chlamydiae, and cyanobacte-
ria have been described (12, 14, 19).

The present communication describes for the first time a
number of conserved indels in widely distributed proteins that
are distinctive characteristics of the Deinococcus-Thermus phy-
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lum. The identified signatures include a 7-amino-acid (aa) in-
sert in Thr-tRNA synthetase (ThrRS), a 5-aa deletion in the
signal recognition particle protein Ffh, a 1- and a 3-aa insert in
the B’ subunit of RNA polymerase RpoC, a 1-aa insert in the
ribosomal protein L1, and 2-aa inserts in major sigma factor 70
(079, seryl-tRNA synthetase (SerRS), and UvrA homologs.
The sequence information for these proteins was previously
available from only a limited number of Deinococcus and Ther-
mus species. As the Meiothermus genus has only recently been
established, there is little sequence information currently avail-
able for this group (33). We have tested the specificity of the
identified signatures by PCR amplifying and sequencing frag-
ments of these genes from additional Deinococcus and Meio-
thermus species for which no sequence information was avail-
able. The presence of these signatures in all of the species
examined (with a single exception) provide evidence that
they are likely distinctive characteristics of the entire phy-
lum and might be used as molecular markers for this group
of species.

MATERIALS AND METHODS

Identification of signature sequences. Deinococcus—Thermus-specific signa-
tures were identified in global multiple sequence alignments by means of visual
inspection. Alignments for different proteins were constructed by using the
ALIGN PLUS 4 program (Scientific & Educational Software, Durham, N.C.) as
described in earlier work (12, 14, 19). To qualify as a useful group-specific
signature, any identified indel was required to be uniquely (or mainly) present in
the Deinococcus-Thermus-Meiothermus group of species and to be flanked on
both sides by conserved regions to ensure that the observed insertion or deletion
was not a result of sequencing errors or alignment artifacts.

PCR amplification and sequencing. Cultures of Meiothermus ruber (ATCC
35948), Meiothermus silvanus (DMSZ 9946), and Deinococcus grandis (DSMZ
3963) were generously supplied by Peter Gogarten and Lorraine Olenzenski
(36). Deinococcus proteolyticus (ATCC 35074) high-molecular-weight DNA was
prepared as previously described (6, 16). Oligonucleotide primers, in opposite
orientations, were designed for conserved regions in the protein sequences that
flanked these signatures based on sequence information from available Deino-
coccus-Thermus and other species. Degeneracy was incorporated into the prim-
ers to account for differences in codon usage among different species. The
primers were synthesized at the Molecular Biology Central Facility (MOBIX) of
McMaster University, Hamilton, Ontario, Canada.

PCRs. PCR was performed in a Techne Techgene thermocycler. The PCRs
had a final volume of 10 ul, and all primer sets were optimized for Mg?*
concentration (in the range of 1.5 to 4 mM) for each DNA strain tested. PCR
amplification was carried out over 30 cycles (15 s at 94°C, 15 s at 55 or 45°C, 1
min at 72°C) with an initial 1-min hot start at 94°C and a final extension step (15
s at 94°C, 15 s at 55°C, 7 min at 72°C) (12). The reaction mix also contained 2%
dimethyl sulfoxide, which improves PCR performance by lowering the melting
temperature of DNA. DNA fragments of the expected size were purified from
0.8% (wt/vol) agarose gels (using a GENECLEAN kit) and subcloned into the
plasmid pDRIVE by using a TU cloning kit (Invitrogen). Escherichia coli IM109
cells were transformed with the ligated vector and insert, and the inserts from a
number of positive clones were sequenced at MOBIX. Sequences of all cloned
fragments were run through a BLAST search to ensure that the amplified gene
was from a novel source. The primer sequences used for the amplification of
different genes are as follows.

(i) 07° The following primers were successful in amplifying 504-bp inserts
from D. grandis, D. proteolyticus, M. silvanus, and M. ruber: forward, 5'-ACNTA
YGCNACNTGGTGGAT-3'; reverse, 5'-GRNGCYTTRTTYTCDATYTG-3’,
where N represents A, G, C,or T; Yis Cor T; Ris Aor G;and D is A, G, or T.

(ii) Threonyl tRNA synthetase. Fragments 432 bp in length were generated
from D. grandis, M. silvanus, and M. ruber genomic DNA with the following
primers: forward, 5'-TTCCGSCACWCSCTGGSCCACGTCMTG-3'; reverse,
5'-CCNCKCCARTANGCNCC-3', where S represents C or G, Wis A or T, K
is Gor T, and M is A or C.

(iii) Signal recognition particle Ffh. The following primers were used to
amplify a 264-bp fragment from D. grandis: forward, 5'-ATHYTNGGNATGG
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GNGA-3'; reverse, 5'-CKYTCYTTNACNGTCAT-3’, where H represents A, C,
or T.

(iv) SerRS. Fragments from M. silvanus and D. proteolyticus of 234 bp in length
were successfully amplified by using forward primer 5'-CACSARTTYCGYAA
RGTNGARCAG-3' and reverse primer 5'-CGARCAGGARTGGGTYTCGC
GRTC-3".

(v) RNA polymerase B’ subunit RpoC. RpoC gene fragments (645 bp) were
amplified by PCR from M. silvanus, M. ruber, D. proteolyticus, and D. grandis by
using the following primers: forward, 5'-GAYGGNGGNMGNTTYGC-3'; re-
verse, 5'-CATYTGRTCNCCRTCRAARTC-3'.

(vi) Ribosomal protein L1. A 510-bp fragment was generated from M. silvanus
and D. grandis by using the following primers: forward, 5'-ATGCCTAAGCAC
GGCAAGCGTTACC-3'; reverse, 5'-CCGGTCTTGTCGTTGCGGAACTC-3'.

(vii) Exinuclease ABC subunit A UvrA. A 639-bp fragment was amplified from
M. silvanus by using forward primer 5'-TGGCYTTYGACACCATCTACGCCG
AGG-3' and reverse primer 5'-AGGCGAACTTCTCSGAGWACAGCTCCTC-
3.

Phylogenetic analysis. Phylogenetic analysis on protein sequences was carried
out by procedures described in earlier work (6, 20). Multiple alignment of
protein homologs from different groups of bacteria was created by using the
ALIGN program. The data for the newly sequenced fragments were added to the
alignment, and the fragments were all trimmed to the same length as the am-
plified fragments. Phylogenetic analyses were performed in both the presence
and the absence of the signature region to determine its influence on the branch-
ing pattern. The aligned sequences were used to generate 100 bootstrapped data
sets with the SEQBOOT program, and genetic distances were calculated by
PROTDIST by using Kimura’s method (23). Neighbor-joining trees from these
distances were constructed by the NEIGHBOR program (40). A consensus tree
for various bootstrapped sequences was obtained by using the CONSENSE
program. All of these phylogenetic programs are part of the PHYLIP soft-
ware package (version 3.5; J. Felsenstein, University of Washington, Seattle,
Wash.).

Nucleotide sequence accession numbers. The sequence data for all of the gene
fragments cloned and sequenced in this work have been deposited in the Gen-
Bank database under accession numbers AY450950, AY452779, AY453862,
AY489057, and AY453858 for D. grandis; AY450951 and AY453857 for D. pro-
teolyticus; AY450952, AY452780, AY455864, AY489058, AY489059, and AY452782
for M. sylvanus; and AY452778, AY452781, and AY453861 for M. ruber.

RESULTS

Description of conserved indels that are distinctive of the
Deinococcus-Thermus group. Conserved indels that are shared
by all members of one particular group (group-specific signa-
tures), or are commonly present in species belonging to more
than one taxa (main-line signatures), provide powerful means
to identify individual taxa in molecular terms and to under-
stand the interrelationships among them (13, 14, 17). Evo-
lutionarily significant indels are generally of defined size,
are present at a specific location, and are flanked by con-
served regions to ensure their reliability. We describe below
a number of conserved indels in widely distributed proteins
that are distinctive characteristics of the Deinococcus-Ther-
mus group (Deinococcus, Thermus, and Meiothermus) of spe-
cies.

In ¢7°, which plays a central role in the transcription process
by conferring promoter specificity to RNA polymerase (5), a
2-aa insert is present in a conserved region in various avail-
able Deinococcus-Thermus homologs (viz., Deinococcus radio-
durans, Thermus aquaticus, and Thermus thermophilus) but not
in any other bacteria. However, variable inserts are present in
this region in Mycoplasma species (data not shown), which are
likely of independent origin. The specificity of this insert for
the Deinococcus-Thermus phylum was tested by PCR amplify-
ing and sequencing fragments of the o’° gene from four other
members belonging to this group for which no sequence infor-
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FIG. 1. Partial sequence alignment for o’° proteins showing a 2-aa insert (boxed area) in a conserved region that is uniquely present in
Deinococcus, Thermus, and Meiothermus homologs. Dashes in this and all other alignments indicate identity to the amino acid on the top line (E.
coli protein). The position of this sequence region in the E. coli protein is indicated at the top. The accession numbers of different proteins are
provided in the second column. Sequence information for only representative species from different bacterial groups is presented. The sequences
marked with an asterisk were cloned and sequenced in the present work. Abbreviations for the species names are as follows: A., Agrobacterium;
Aqu., Aquifex; Bac., Bacillus; Bact., Bacteroides; Bif., Bifidobacterium; Bor., Borrelia; Buch., Buchnera; C., Caulobacter; Camp., Campylobacter; Cfx.,
Chloroflexus; Chl., Chlamydia; Chlam., Chlamydophila; Clo., Clostridium; Cor., Corynebacterium; Cyt., Cytophaga; D., Deinococcus; Des., Desul-
fovibrio; E., Escherichia; Ent., Enterococcus; Fuso., Fusobacterium; Geo., Geobacter; H., Haemophilus; Hel., Helicobacter; Helio., Heliobacillus; L.,
Lactococcus; Lep., Leptospira; Lis., Listeria; M., Mycoplasma; Mei., Meiothermus; Myc., Mycobacterium; Nei., Neisseria; Nit., Nitrosomonas; Oce.,
Oceanobacillus; Pas., Pasteurella; Pse., Pseudomonas; Ral., Ralstonia; Rh., Rhodobacter; Rho., Rhodospirillum; R., Rickettsia; Sal., Salmonella; Sta.,
Staphylococcus; Str., Streptomyces; Strep., Streptococcus; Sy., Synechocystis; Syn., Synechococcus; T., Thermotoga; Thermo., Thermoanaerobacter;
The., Thermus; Thermosyn., Thermosynechococcus; Tre., Treponema; Tri., Trichodesmium; Troph., Tropheryma; V., Vibrio; X., Xylella. GNS, green
nonsulfur bacteria; Gram(+)ve, gram-positive.

mation was available. Results of these studies, which are in-
cluded in Fig. 1, show that all four species tested, which in-
cluded two Deinococcus (D. grandis and D. proteolyticus) and
two Meiothermus (M. ruber and M. silvanus) species contained
the identified signature. The sequence region which flanked

the identified insert (Fig. 1, boxed region) was also found to
be distinctive for Deinococcus-Thermus-Meiothermus species.
Since sequence information for this signature is now available
for representatives from all three genera within the Deinococ-
cus-Thermus phylum, the shared presence of this insert in all of



3100 GRIFFITHS AND GUPTA

J. BACTERIOL.

Nostoc SP-\Syneclxocystis sp.

100

- Aquifex aeolicus

Thermotoga maritima

Bacillus subtilis
Staphylococcus aureus

100 Clostridium Biﬁdobaeterium longum

perfringens
Helicobacter pylori Streptomyces coelicolor
85 91
Corynebacterium glutamicum
100 100

Campylobacter jejuni

Treponema pallidum
Geobacter metallireducens

100

Xanthomonas Xylella
campestris  fastidiosa

Caulobacter
crescentus

Mycébacterium tuberculosis

Chlamydophila pneumoniae
Chlamydia trachomatis

@Deinococcus proteolyticus
Deinococcus radiodurans
& Deinococcus grandis

thermophilus T Meiothermus ruber
aquaticus Meiothermus sylvanus

100 Agrobuacterium
tumefaciens
R .
alstonia Bordetella
solanacearum
pertussis

FIG. 2. A neighbor-joining distance tree with branch lengths based on ¢7° sequences. The tree is based on 169 aa positions for which sequence

information was available for various species. The bootstrap scores (out of 100) of various nodes which were >50 are indicated. The arrow marks
the suggested position where the identified insert in this gene was introduced.

them strongly indicates that it is very likely a distinctive char-
acteristic of the entire phylum.

We also performed phylogenetic analysis based on o’ se-
quences from different bacteria. For these purposes, 169 aa
positions for which ¢’ sequence information was available
from different species were utilized. The sequence alignment
data were used to generate 100 bootstrapped data sets, and a
consensus neighbor-joining tree was obtained from these data.
At the same time, a neighbor-joining distance tree showing
branch lengths, shown in Fig. 2, was also constructed. The boot-
strap scores for different nodes which were >50 are marked on
this tree. As shown in Fig. 2, most bacterial groups are clearly
distinguished from each other in the tree (as shown by their
high bootstrap score), but their branching orders or interrela-
tionships are not resolved, which is a common problem with
phylogenetic trees (13, 25). Importantly, in the present context,
all of the Deinococcus-Thermus-Meiothermus species formed
a well-defined group, branching together 100% of the time.
Within this group, different Deinococcus-Thermus genera (viz.,
Deinococcus, Thermus, and Meiothermus) formed distinct clus-
ters. Of these genera, Deinococcus was found to be the earliest
branching lineage, whereas a closer relationship was seen be-
tween the Thermus and Meiothermus genera. A similar rela-

tionship among these groups is seen in the 16S rRNA trees (2,
39). It is noteworthy that the insert sequence in Deinococcus
species consists of two alanine residues, whereas in Thermus
and Meiothermus species, the insert sequence is comprised of
one alanine and one lysine residue (i.e., AK), again indicating
a closer relationship between these two genera. Thus, the in-
ference from signature sequences is in accordance with results
from phylogenetic analysis (2, 6, 39, 42). We have also per-
formed phylogenetic analysis on these sequences after omitting
the insert region. The tree obtained in this case was very sim-
ilar to that in Fig. 2 (results not shown), indicating that the ob-
served relationship is not dependant upon or affected by the
presence of the insert.

Aminoacyl-tRNA synthetases play an essential role in pro-
tein synthesis by catalyzing the attachment of correct amino
acids to the 3'-terminal ends of their cognate tRNA to form
the aminoacyl-tRNA, which provide the basic substrate for
protein synthesis (21). We have identified a 7-aa insert in a
conserved region of ThrRS which is uniquely present in all
three available sequences from Deinococcus-Thermus species
(D. radiodurans, T. thermophilus, and T. aquaticus) but is not
found in any other bacterial homologs (Fig. 3). The specificity
of this signature was tested by PCR amplifying fragments of
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Tre. pallidum NP_219273 ---L--VMAE-VQA-F-
Lep. interrogans NP_711421Q Q--A-----M-VON-YK NANLTV------- PGFF
Spirochetes. Thermosyn. elongatus NP_682992  --TTSHI-AM-VQK-F- KAQUT- - -W-E-- -+~
Cyanobacteria, Tri. erythraeum ZP_00073179 --TTS-VMAM-VAK-F- KAQVT - - -W-E---- -~
GNS Bacteria Syn. sp. WH 8102 NP_897571 - - -MS-VMAM-VQ- -F- KARVT - - -WTES
Sy. sp. PCC 6803 NP_442489 --TTS-VMAM-VQK-F - KAQVT- - -WTET
Pro. marinus ZP_00112884 ---F---I---V---Y- NI----------
Nostoc sp. PCC 7120 NP_488763 - -TAS-VMAM-VQK-F - KAQVT- - -W-E-
LCfx. aurantiacus ZP_00018820 ---L--VMAQ-VLEIF- DA-I----P-E-----
D. grandis * AY542779 - - -LG-VMSR-VGEYYK|GKGYGAD [AI-RGV--S-E--W-Q-
D. radiodurans NP_295804 - --LG-VMSQ-VGEYYK|AKGYGPD |AL-RGV--Y-E--W-Q-
) The. thermophilus P56881 --Tl--V-AQ-V-EFFR|EKGYDPE | SVRLGV- - - -EK- - - - -
Deinococcus/ Mei. ruber E AY452781 --TL--V-AQ-VRE-YT|ERGYRPE
Thermus Group lMei. sylvanus * AY452780 - -TL- -VMAQG-VREFFA|AKGFDPD
rBif. longum NP_895905 - - -AT-VMAQ-VQEVY -
Thermobif. fusca ZP_00057412 ------ V-AQ-VQE-F-
Str. coelicolor NP_625810 ---T--VMAQ-VQE-F-
Cor. glutamicum NP_600883 ------V-AQ-VQAEF-
Myc. tuberctulosis NP_337191 ---T--V-AQ-VQE-F-
Myc. leprae NP_301410 ---T--V-AQ-VQD-F-
Tro. whipplei NP_787390  ------ V-AQ-VGSIYG DAKLG- - -FTE- -
Fuso. nucleatum NP_603508  ---T---MAQ-VLR-Y- D--VT----- E--
Gram(+)ve Lis. innocua NP_470930  ---T---MAQ-L-R-Y- DV-FGV--A-ES-
Bacteri Bac. subtilis NP_390773 ---A----AQ---RIYK
acteria Sta. aureus NP_646443 ---T---MA----R-YG
Ent. faecalis NP_816480 ---8---MAN-LRRLF-
Thermo. tengcongensis NP_623309 --TSS-I-AQ-V-R-FK
Clo. thermocellum ZP_00060721 --TTS-I-AQ-V-R-Y-
Clo. perfringens NP_563238 --TAS-V-AA-V-R-F-
Oce. theyensis NP_693076  ---S----AQ---R-FN
Strep. pneumoniae NP_359065 ---A---FAQ-ARR-F-
Strep. mutans NP_721923 ---A---FAQ-ARR-F DIHLGV--A-QD-----
tLac. lactis NP_268068 ---A---FAQ-A-RHF- DIHLGV--A-QD-----

FIG. 3. Excerpt from a sequence alignment of threonyl-tRNA synthetase showing a 7-aa insert (boxed areas) that is distinctive of the
Deinococcus-Thermus-Meiothermus species. Cb., Chlorobium; Pro., Prochlorococcus. See the legend to Fig. 1 for an explanation of additional

abbreviations used.

the ThrRS gene from several additional species, viz., D. gran-
dis, M. silvanus, and M. ruber. The sequences for these spe-
cies are included in Fig. 3, and all of the sequences were
found to contain the identified signature. These results
strongly indicate that the identified indel in ThrRS is likely
a group-specific signature for the Deinococcus-Thermus group.
In a phylogenetic tree based on ThrRS sequences (data
not shown), all of the Deinococcus-Thermus species were
found to group together with high affinity (95% bootstrap
score), supporting the inference that they form a monophy-
letic group.

The core subunits of the RNA polymerase (i.e., o, B, and ')
are evolutionarily conserved in sequence, structure, and func-
tion in all species ranging from bacteria to humans (24, 37).
In the B’ subunit of RNA polymerase, which is encoded by
the rpoC gene, we have identified a 1- and a 3-aa insert in
conserved regions that are only present in D. radiodurans, T.
aquaticus, and T. thermophilus but are not found in any other
bacteria or species (Fig. 4). Further studies on this indel were

carried out by cloning and sequencing fragments of the rpoC
gene from three other Deinococcus-Thermus species (D. gran-
dis, M. ruber, and M. silvanus). Results of these studies, which
are included in Fig. 4, show that both of these inserts were
present in all of these species, indicating that they are distinc-
tive characteristics of the Deinococcus-Thermus phylum. Fur-
thermore, as seen in the case of ¢’® homologs, the sequence of
the 3-aa insert in various Meiothermus and Thermus species
(i.e., KDE) was identical and differed from that seen in the
Deinococcus species, pointing to a closer relationship between
the Meiothermus and Thermus species.

The L1 protein of the 50S ribosomal subunit has been im-
plicated in the release and removal of deacylated tRNA from
the E site (32). Our studies have revealed a conserved 1-aa
insert in L1 protein which is present in the available Deinococ-
cus-Thermus species (Fig. 5). We have amplified 510-bp frag-
ments of the L1 protein gene from two other members of this
group (M. silvanus and D. grandis), and both were found to
contain the indel. The insert in all cases is a lysine residue,
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300 330 383 342
FE. coli NP_418415 QEAVDALLDNGRRGRAITGSNK RPLKSLADM TIKAAKKMVEREEAV VWDILDEVIREHPVLL
H. influenzae NP_438672  --8§----------===c-=oR mmmm-oooo oomeoeooo oo D-T
X. fastidicsa Np_780180
Buch. aphidicola NP_239874
V. cholerae NP_229983
Pse. aeruginosa NP_252959
Sal. typhimurium NP_457916
Proteo- Pas. multocida NP_246675
bacteria Nei. meningitidis NP_273191
Ral. solanacearum NP_521154
Burk. fungorum ZP_00027918
Nit. europaea NP_842055
Rh. sphaeroides ZP_00004809 -V-Q---L--K-RPE
C. crescentus NP_419322 -V-Q8-R----- QPQ
A. tumefaciens NP_354930 -V-Q---L--K-KPE
R. prowazekii NP_220532
Geo. metallireducens ZP_00080693
Des. desulfuricans ZP_00129102
Camp. jejuni NP_281666 -V-Q----I-NKTNE --EC-E--VKG---M-
lHel. pylori AAD38400  ----- V-F----STN-VK-A-- L-Q--R-I-QKSNE --EC-Q-ITEGY----
rAqu. aeolicus NP _214332 -- --I---K--NPVK Q-G S$--H--RL--QKTPE --EC-E--VK-
Agquifex, Chl. trachomatis NP_296964  -- F----H-HPVM-AGN -RS----IQ-GAPE ---V-E-I-KG-

. Chlam. pneumoniae BAA9B292 -- F----H-HPVM-AGN -~RS~-~-IQ-GAPE ~---V-E-I-KG-----
Chlamydiae, Cb. tepidum NP 661062  -------F--S-KAN-VKTGES 8V-8-~-LIDKKDP- ---V-EK--DG-----
CFBG Lcyt. hutchinsonii ZP 00119275 -----§-F--S-KIN-VRAEGN -V-8§---I-D-KDP- ----- EN-LK(
Group Tre. pallidum NP_218682  ------- F--SK-KP--K-ASN N--K--ML--Q-SPK -FSV----VK----M-

Bor. burgdorferi AAB91502 -8-F--SHKRKVVK- -8 N--R--NLI-Q-VDE --Q---L--K-
Lep. interrogans NP_713599 - -F--§--K-~VK-KGN N--S---K--A-DKE -F-V-EY-VK----M-
. Nostoc sp. PCC 7120 B32838 e aV-E--<EG---M-
Spirochetes. Tri. erythraeum ZP_00070897 VB DG -M-
Cyanobacteria, Pro. marinus NP_895333 o eY-Q---EG--T--
GNS Bacteria Syn. sp. WH 8102 NP_896707 - -QV-Q---DG--IM-
Thermosyn. elongatus NP_681430 I--V-E---EG-----
Sy. sp. PCC 6803 NP_441586 -A----8-1I I-8V-E---TG---M-
fx. aurantiacus ZP_00020921 HR----S- N--N--RA---VRPE ~--A-E---KDYL---
D. radiodurans NP_294635 -8-R--T-L N--Q-R--L--YRDT ~--A-E---EDKV---
D. grandis * AY453862 -S-R--T-L N--Q-R--L--YRDT ---A-E---EDKV---
. The. thermophilus BAB89401 ---R--T-I NV---RR-L-~QRDI -«~A-E---HGKV---
Deinococcus- The. aquaticus QIKWUG NV---RR-L~-QRDI ---A-B---HGKV---
Thermus Mei. silvanus * AY455864 NV---RR-L--QRDI ---A-E---HGKV---
Groun ‘Mei. ruber * AY453861 NV-§-R--L-CSRDI -~~A-E-~-HGKV~---
rClo. perfringens NP_553328 N--§--R----VMPQ
Clo. acetobutylicum NP_349740 N--S--R----VQNQ ~_V-E---8D---M-
Fuso. nucleatum NP_602821 N--M---L--ESDDK ~~AVIED--AD----~
Thermo. tengcongensis NP_623838 H--S--R----VRPE - -V-E---K-
Bif. longum NP_696374 NM-S--RL-D-GD-E --GV-E---8-
Thermobif. fusca ZP_00058085 -- N--S-~R----ARP- -=--V-E---8-
Myc. tuberculosis NP_335108 -- N--S--R----QRPQ ---V-E---A-
Str. coeliceclor CAD55212 -~ N--8--R----GRT- -Y-V-E---A------
Gram(+)ve Tro. whipplei NP_789030 -- N-RS-RR-I--GDPA —~-M--A--KAR----
Bacteria Cor. glutamicum NP_599734 - N--S--R----QRPE - V-BE-A-S-
Bac. subtilis CAB11884 - N--S--RKI--VQPE _V-ES--K-
Bac. halodurans NP_240993 - NI-S--RK---VQPE - -V-E---K-
Ent. faecalis NP_816835 -- NI-N--RKI--G-DE  ----- E---Q-
Sta. aureus NP_645315 - N--N--SKI--MDDE ——-V-B----———-—-
Oce. iheyensis NP_691034 - N--$--RKI--VHPD ~=-V-ED--K---~--~
Desulfit. hafniense ZP_00087853 -- N--$--R----VRSE ---V-E---T-
Lis. innocua NP_469631 -- N--8--RKI--MAPE IT--V-Bemmm~
Strep. pneumoniae NP_359368 -- NV----RL---GDER I----E-~-K-
‘Lac. lactis NP_267956 N-R---RK---QDSD e V-ET-VK-----—

FIG. 4. Partial sequence alignment of RNA polymerase B’ subunit (RpoC) showing 1- and 3-aa conserved inserts (boxed area) that are specific
for the Deinococcus-Thermus-Meiothermus species. This sequence region is highly divergent in Thermotoga maritima (data not shown); hence, it
is difficult to infer the presence or absence of the inserts in this species. See the legends to Fig. 1 and 3 for abbreviations used.

indicating that it was introduced only once in a common an-
cestor of these species.

A 2-aa insert is also found in the exinuclease ABC subunit A
homologs (i.e., UvrA protein) of the Deinococcus-Thermus
group (Fig. 6). UvrA is one of the two subunits of the damage
recognition complex required for nucleotide excision during
repair of UV light-induced DNA damage (8). Previously, se-
quences were available only from two species belonging to this
phylum (D. radiodurans and T. aquaticus), and no information
existed for the Meiothermus group of species. To bridge this
gap, we have amplified a 639-bp fragment of the uvr4 gene
from M. silvanus. The amplified fragment contained the 2-aa
insert, providing evidence that this signature is also a distinc-
tive characteristic of the Deinococcus-Thermus group. In addi-
tion to the Deinococcus-Thermus species, a 2-aa insert is also
present in this position in Borrelia burgdorferi, which may have
originated either independently or through lateral gene trans-
fer (LGT).

All sequenced organisms contain an Fth/SRP54 family mem-

ber, which forms part of the signal recognition particle and
coordinates the cotranslational targeting of secretory and
membrane proteins to either the membrane of the endoplas-
mic reticulum or the plasma membrane in bacteria (29). In
E. coli, the signal recognition particle is composed of Ffh pro-
tein and the 4.5S RNA. A 5-aa deletion is present in a con-
served region of the Fth protein that is only seen in Deinococ-
cus-Thermus homologs but is not found in any other bacteria
(Fig. 7). Since sequence information for Deinococcus-Thermus
was available only from D. radiodurans and T. aquaticus, we
have amplified and sequenced a fragment of the Ffth gene from
D. grandis. The fragment from this species was also found to
contain the deletion (Fig. 7), indicating that this signature may
also be specific for the entire Deinococcus-Thermus phylum.
Due to DNA limitation, sequence information for this signa-
ture for Meiothermus species was not obtained.

Another signature for the Deinococcus-Thermus group is
present in the protein SerRS (21). The signature in this case
consists of a 2-aa insert in a conserved region that is commonly
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rE. coli 15804574

H. influenzae 16272460

V. vulnificus 27364613

Sal. enterica 16762303

Pas. multocida 15603607

Pse. aeruginosa 15599469

Rh. sphaeroides 22957081

A. tumefaciens 15889253

Buch. aphidicola 21672331

Proteobacteria X. fastidiosa 9asc 15839225
Nei. meningitidis 15676056

Nit. europaea 22955871

Ral. solanacearum 17547756

C. crescentus 16124893

R. prowazekii 15604013

Burk. fungorum 22982689

Rhodo. rubrum 22866133

Geo. metallireducens 23054532

Des. desulfuricans 23473811

Hel. pylori 1840150

“Camp. jejuni 15791839

rAqu. aeolicus 15606946

. Cb. tepidum TLS 21672993
Aquifex, Cyt. hutchinsonii 23137574
Chlamydiae, o mriaaran 15805205
CFBG ‘Chl. trachomatis 15605039
rTre. pallidum 15639230

Bor. burgdorferi 15594737

Lep. interrogans 24216122

Tri. erythraeum 23043769

Spirochetes, Pro. marinus 23122078
Cyanobacteria Sy. sp. PCC 6803 16330010
Syn. sp. WH 8102 23134703

Nostoc sp. PCC 7120 17232793

“Thermosyn. elong. 22297840

D. grandis * AY489057

Deinococcus- D. radiodurans 15807039
The. thermophilus 730540

Thermus The. aquaticus 348584
Group ‘Mei. silvanus * AY489058
T. maritima 15643221

rThermobif. fusca 23018372

Str. coelicolor 21223031

Bif. longum 23465853

Tro. whipplei NP_787841

Cor. glutamicum 19551720

Myc. leprae 15828018

Myc. tuberculosis 15607781

Sta. aureus MuS0 15923528

Gram(+)ve Oce. iheye?n?is 23097563
. Bac. subtilis 2160218
Bacteria Bac. halodurans 15612683
Lis. innocua 16799358

Clo. acetcbutylicum 15896395

Clo. perfringens 18311398

Strep. pneumoniae 15900538

Strep. mutans UAl59 24380006

Thermo. tengcongensis 20808671

L. lactis 15673982

Fuso. nucleatum 19705330

M. genitalium 12044934

‘U. urealyticum 13358104
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FIG. 5. Sequence alignment of ribosomal L1 protein showing a conserved 1-aa insert (boxed area) that is distinctive of the Deinococcus-
Thermus-Meiothermus species. Burk., Burkholderia. See the legends to Fig. 1 and 3 for additional abbreviations used.

present in the SerRS homologs from various available Deino-
coccus-Thermus species (D. radiodurans, T. aquaticus, and
T. thermophilus) (Fig. 8). By means of PCR amplification, we
have obtained sequence information for the SerRS gene from
two additional species, viz., M. silvanus and D. proteolyticus.
Interestingly, while the M. silvanus homolog contained the
signature, this insert was not found in the fragment derived
from D. proteolyticus (Fig. 8). The most parsimonious explana-
tion for these results is that the insert was introduced in a
common ancestor of D. radiodurans, T. aquaticus, T. thermo-
philus, and M. silvanus after the divergence of D. proteolyticus.
However, the possibility that the insert has been lost from
D. proteolyticus cannot be excluded.

DISCUSSION

In 16S rRNA and various protein trees, the Deinococcus-
Thermus phylum represents one of the earliest branching

groups within the Bacteria (10, 16, 19, 25, 38, 39, 42, 44). In the
past, this phylum consisted of only two genera (Deinococcus
and Thermus); however, a third genus (Meiothermus) has re-
cently been established (34). According to branch patterns,
species belonging to the genus Meiothermus form a sister lin-
eage with Thermus species, forming the order Thermales (fam-
ily Thermaceae), which clusters together with the distantly re-
lated Deinococcales in a single lineage (2, 34, 39). Although
Deinococcales shows 77.5 to 81% 16S rRNA sequence similar-
ity with the Thermus-Meiothermus group, and species of the
Deinococcus-Thermus group share an A3B murein-type pepti-
doglycan (L-ornithine as the diamino acid and glycylglycine as
the interpeptide bridge) and menaquinone-8 as their major
respiratory quinone, these characteristics are not unique to
these groups, and they share few other characteristics in com-
mon (2, 4, 30, 31). Although a few unique base pairs that
appear limited to the genus Deinococcus have been identified
in the16S rRNA sequences (2), currently there is no molecular
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I---VV-G----FVDMI-L-R-D--A--L---

~-8-LVROK- - -FVDLFSR-TTS-FS-VVV-E
V-S-LVR----- FVDLFAD-QFK--8---V--
I---VVVKK--Q-K-VF-MIQRE--V-M-V- -
I---VVRG----YS-L-ADIKKS--V-VK---
I---VV8G-----V-I----KQE--V-I-V-N
I---VVRTK--T-V-MF-RIQKD--V-V-V--
I---V-RKK--Q-KSVI-KVQKD--V-V-V--
I---VVRRK--Q-KAVFDRIQKD--V-V----
V----VS8G---A-V-V--QIRK---V-V-u..

I---LVSG---T-V-V--DIKK--FV-V----

- -T-KNIFL--FKK-FV-T-V--
---8-E-LI-DIGKK--V-L----
K- -I-EIKKE--V-I-V-«

RG- - -T-E-V---TKK--FV--uu-o

Q-YQ--E--T--K-I--D-D-----

T K-I--D-D-----
VLVR-DEA-E-KRYET-D-A-- - - -
V-HP-T-- - KK-E--D-nnnenn
V-YPoonaan KK-E--D -

~IYL-TEV- - -KKNSR- - -
~TVQ- -N- - T-KK-E----nnn--
-TY-V-EA-E--KN- - -D-AI-I--
IMY -VNEET - -DKN- - =« - - = - - -
-MREVT-DIQ- -KN---8----I--
©-Y<I-EV-E-DKN-<-N--I-I--
--Y-VTEV-E-5KS-Q-N-D--- - -
DIM-VAEV-E-SKN-M-N----- - -
“MAE- - -DIE- -KN---S----I--
-MREVAEEIE-DKN- - - - - - - - I--
“ILY-E-EIE-DKN---8-------
~IV-VN-V-T-DKN-N---------
~IY-IN-EIEI-KN---§--III--
EIYDLTE-EI---KNI--N--A----

FIG. 6. Partial sequence alignment of UvrA protein showing a 2-aa insertion in different Deinococcus-Thermus-Meiothermus homologs (boxed
area). The insert seen in B. burgdorferi could either have occurred independently or have been derived by means of LGT. See the legends to Fig.

1 and 3 for abbreviations.

or structural marker known that is distinctive to the entire
Deinococcus-Thermus phylum which might be used to distin-
guish or define this group of bacteria from all others.

In the present work, we have identified eight conserved
indels in seven widely distributed proteins that are distinctive
characteristics of the Deinococcus-Thermus phylum. Based on
the work reported here and information available in the data-
bases, information for six of these proteins containing seven
signatures (viz., SerRs, ThrRS, ¢7°, RpoC, UvrA, and ribo-
somal L1 protein) is available from all three genera within the
Deinococcus-Thermus phylum. The sequence information for
Ffh/SR54 is currently available from only Deinococcus and
Thermus genera, but based on the observation that Meiother-
mus forms a sister lineage with Thermus species (9, 33, 39), it
is expected that this signature will also be found in Meiother-
mus organisms. Except for the absence of the SerRS insert in
D. proteolyticus, the identified signatures are present in all
Deinococcus-Thermus species examined but not in other bac-
teria. These signatures thus provide molecular markers for

distinguishing the Deinococcus-Thermus phylum from all other
bacteria and for identifying new species related to them based
simply on the presence or absence of these signatures. The
presence of these distinctive signatures also provides strong
evidence for the monophyletic nature of the Deinococcus-Ther-
mus phylum as indicated by 16S rRNA trees (38, 42, 44). The
most likely explanation for these signatures is that they were
introduced in a common ancestor of this lineage and then were
passed on to all descendants. This inference is also supported
by phylogenetic analysis based on a number of these proteins.
The presence of the insert in SerRS in various Deinococcus-
Thermus species, but not D. proteolyticus, might be accounted
for by two different possibilities. First, it is possible that this
insert was introduced in a common ancestor of the other
Deinococcus-Thermus species after the branching of D. proteo-
Iyticus. Alternatively, this insert may have been introduced in a
common ancestor of the entire phylum but then subsequently
lost from D. proteolyticus. We favor the first of these possibil-
ities, based on the observation that in phylogenetic trees de-
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(E. coli NP_417101 LGMGDVLSLIEDIESKVDRAQAEKLASKLKKGDGFDLNDFLEQLRQMKNNMG
Sal. typhimurium NP_461607 @ ~~--r--rmommmmmmmmmm e e T K-moe--
H. influenzae NP_438280 --L-R§-~-EK---M-Q-F~-~-D-T-D--R---IE--K--
Buch. aphidicola NP_240210 S N-IMe-ee- - E---QS-IQ--TK--~-- HD-N-----T-IK---KI-
pas. multocida NP_246120  -------m-mnn L-RS---BEK---M-Q-F----N-T-E--R-=-I-===-=
V. cholerae NP_230211 - - -LQRN- -QEK- - - ~-K-F-EKK-- - -E- ~R- - -G
X. fastidiosa NP_297366 -p V-QU-QA- -QBKTA- - -A-VA- -KK-N- ~-MK- - -E=-Q-- -
Pse. aeruginosa NP_252435 - --QA-QNL--DK---~-K-I---K-~~-E--RD--Q-~
Ral. solanacearum NP_520932 -I-A-V-EAQRG--ME--Q---A-I--TG----E--KA-IG--
Proteobacteria Nei. meningitidis NP_273349  ------- T----VOKGI~EEA-A-M-K~~H~-K-------K--IQ--R-~~-
Nit. europaea NP_841501
Rh. sphaeroides ZP_00006756 -
Rhodo. rubrum ZP_00016149 ------VA-V-KAAETIEMD- - -RV-KRMME-K ---E-MLA-I--TI-K--
A. tumefaciens NP_355632 -----IV--V-KAAENI-AEK-RSM-E-MA--K -----LAD--G---K--
R. prowazekii NP_220563 -¥-Q-M-8I-K--
C. crescentus NP_422447 --Q---VA-V-KA AADLDQAEAERMA-KLAKGK- - -D-LAA- - --- QK--
Hel. pylori NP_207943 M-A--IV--A-KTA-VLNPNE-KD-SK- - - - - Q -TF----N-TEKV-KL-
Geo. metallireducens ZP_00081709 -----I-T-V-KAQATF-ATET-R-QQ----SQ ---E--RS--Q-I-K--
Des. desulfuricans ZP_00130373 --=-----T---KAQTTIKEEE--E-GR-MQRAE - -FE--RT-M-R-RKL-
Lcamp. jejuni NP_281881 M-E--LAT-A-KTAATL-EKE-K--NQ-I---E -NF----N-MESI-KL-
rAqu. aeclicus NP_214181 --L--IQ--V-KAQEVITEDK-QUM-T-VMT-E ---E-LR-M--MIQQ--
Aquifex, Cyt. hutchinsonii ZP_00119217 --V--V-RAQQVF~EEETK--NQ--R-NQ -NFE---N-IQ-I-K--
. Bact. thetaiotaomicron  NP_810514 -IV--V-RAQEQY-EEE-KR-QK-TA-NQ --F----S-IA-I-K--
Chlamydiae, Cb. tepidum NP_662058 -IV-FV-KAQEAL-LEKTMAMQ- ~ -M~NE - --D--FD--Q-L-K--
CFBG Chlam.pneumoniae AAPI8049 DTINFVKEMREYISEEEDAE-GK--VTA A-TYE-YYK-MKAFRR--
Chl. muridarum NP_296673 -----TI--VDKMREC-SEEENKE-EE--T-AT -TYE--YK-M-AFRRL~
lchl. trachomatis NP_219527  ----- TI--VDKMRECISEEENKE-EE--T-AT -TYE--HK- ILAFRRL-
(Bor. burgdorferi NP_212828  ------ V--V-KVQ-V--KEE-I--EE-IN-A§ -NFE-Y-S-F-RIRQV-
. Tre. pallidum NP_218856 - IV~ -V-KAQKAF - AQEHARAQK - TQSHER ~ T~ § -M-DH- QT EK- -
Spirochetes. Nostoc sp. PCC 7120 NP_485992 ~~T-V-KAQEEF-L-D- - -MQE-ILSAK ~-FT-~VK---ML-~---
Cyanobacteria, Pro. marinus NP_894182 - -T-V-KAQKE-EL- -V--MQK--QEA S--FS---Q-M-LT-R--
GNS Bacteria Tri. erythraeum ZP_00071675 - -T-V-KAQEEF-I-D---MQE-TLSAK --FT--~K-T-L-----
Sy. sp. PCC 6803 NP_441626 ---T-V-KAQEAI-VGDV--~-QN-ILEAT --FD--IK-M-F-----
Thermosyn. elongatus NP_682763  ------- T-V-KAQEE--L-D---MSR-ILEAQ --FD---K---LL--~-
Lcfx. aurantiacus ZP_00017969 -- - ---RA-QLY-AE--K-MQKR-§-~E --FE---NS-H--RKL-
D. grandis * AY453858 - - -G- - -RAQAADLK-MEV-K P-- ---E-L-L----LRKL-~
Deinococeus/ [D. radiodurans NP_295559 - ~-G-——RAQAADLK—MEV~K{:::]Pff ---E-L-L----LRKL-
Thermus The. aquaticus AAB58502 ---~--A--A-KVRAAGLE-E-P-3 AKE LS§-E---K-MQNL-RL-
T. maritima NP_229365 -- -~ - ~KV-KEL-QEKMK-S-E-FL-AE -T-E-~-K---QE--KL-
rCor. glutamicum NP_601261 -- ~~--QA-AVM-QEK--VA-Q--GS-E LT-E---D-MLMIRR--
Bif. longum NP_695507 -D- - ~IMT- - ~QAQKQF -EEE-R-A-E-ISE-§ -G-D---D--Q-VRKL-
Thermobif. fusca ZP_00059090 -D-----T=-~QAQRTFEEEEVA-M- - T-ASDED-T-E- - - - -MMMIRKL-
Myc. tuberculosis NP_337496 -- ----QA-QVF-AQ---EA-A-IGA-E LT-E----- MLAVRK- -
Str. avermitilis NP_823824 -D---L-T---QA-KTFSQEE- - -M- - - -ASKK GQDFTLDDF-S- -EQVR
str. coelicolor NP_629720 -D---L-T---QA-KTFSQEE- - -M- - - -ASKK GQDFTLDDF-A- -EQVR
Gram(+)ve Thermo. tengcongensis NP_623080  ------- T~ - -KAQAAI -EKK-LEMGQ-ILSKQ -T-E------- SL----
. Lis. innocua NP_471249  —-------na- KAQTD- -AEKMKAMEQ-M-DNS MT-D- - -D--Q-V-Q--
Bacteria Sta. aureus NP_645937 -- - -KAQQD- - QEK-KD-EK-MRESS
Bac. subtilis NP_389480 - -=---T---KAQAS- - EDK-KE-EQ-MRTMS
Strep. pyogenes NP_802303 -L-T- - -KASQEY - EKKSLE- - E-MRENT
Oce. iheyensis NP_692452 -- - -KAQTN- -EK- - KE-EE-MRTMS
Clo. acetobutylicum NP_348380 T---KAQ-AI-EK--KE-GDRMLSQE -NFD- - -QAFE- - -KL-
M. genitalium NP_072708 - -L---M--V-KA-QUVF -KKDLT-TI- -MFL-K M--E-L-IYMQ- -HK--
M. pneumoniae NP_109749 --L=~~MT-V-KA-EVF-KQSLT-TV- -MFL-K M- -E-L-LYME--NQ- -
Fuso. nucleatum NP_604287 = s~=-V--V-KAQEVI-ENE-KS-EE-1-SQK ------- K--QTI-RL-
L. lactis NP_267772  ----- M-T---KAQANY -EE-SA- - -E-MAENR --YE--V---D-VT---

FIG. 7. Partial sequence alignments of Ffh protein showing a 5-aa deletion (boxed area) that is a unique characteristic of the Deinococcus-
Thermus-Meiothermus homologs. See the legends to Fig. 1 and 3 for abbreviations.

rived from 16S rRNA sequences, a branch comprised of D.
proteolyticus and D. radiophilus forms the deepest group within
the Deinococcus-Thermus phylum (2, 39).

LGT is indicated to have played an important role in the
evolution of the Deinococcus-Themus group. These organisms
are thought to have received genes from a number of other
phyla such as the Archaea, Eucarya, and cyanobacteria (11, 26,
36, 43). However, for the various genes studied in the present
work, which contain identified signatures, there is no evidence
of lateral gene exchange between the Deinococcus-Thermus
group and other bacterial phyla, except possibly the UvrA gene
in B. burgdorferi. If these genes were subjects of LGTs, one
would expect a more random distribution of these signature
sequences in which these indels would have been present in
other groups of bacteria and at the same time several Deino-
coccus-Thermus species would be lacking them, which is clearly
not the case here. However, in contrast to these genes, a
number of genes studied in earlier work contained signature
sequences that were commonly shared by cyanobacteria and
the Deinococcus-Thermus species, which may be the results of
LGTs (13, 18).

We have also previously described many main-line signa-

tures (i.e., indels commonly shared by a number of different
bacterial phyla), which provide useful information concerning
the phylogenetic placement of the Deinococcus-Thermus group
within the bacterial domain (13, 15, 17). The distribution pat-
terns of these signatures in bacterial sequences indicate that
the Deinococcus-Thermus phylum has evolved after the diver-
gence of various gram-positive phyla (viz., Firmicutes, Actino-
bacteria, Clostridia, and relatives) but before the emergence of
Agquifex, Chloroflexi, cyanobacteria, spirochetes, the Chla-
mydia-Cytophaga-Flavobacteria-Bacteroides-green sulfur bacteria
group, and proteobacteria (15, 17). The branching of the
Deinococcus-Thermus phylum in between the gram-positive
bacteria and gram-negative bacteria also accounts for a hith-
erto puzzling characteristic of Deinococcus. Although all
Deinococcus-Thermus species are surrounded by an outer
membrane, which is a distinguishing property of the gram-
negative bacteria, most species belonging to the genus Deino-
coccus (all except D. grandis) exhibit positive Gram staining
and contain a thick sacculus characteristic of gram-positive
bacteria (2, 30, 31, 41). These seemingly contradictory proper-
ties are readily explained by the suggested placement of the
Deinococcus-Thermus phylum between the gram-positive bac-
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(E. coli NP_415413
Sal. typhimurium NP_459939
H. influenzae NP 438284
X. fastidiosa NP_299565
Pas. multocida Np_245195
Pse. aeruginosa NP_251302
V. cholerae NP_230755
. Buch. sp. APS NP_240135
Proteobacteria Ral. solanacearxum NP_520458
Nei. meningitidis NP_274688
Nit. europaea NP_840274
Burk. fungorum ZP_00023558
C. crescentus NP_420806
R. prowazekii NP 221133
A. tumefaciens NP_354691
Des. desulfuricans ZP_00129484
Geo. metallireducens ZP_00080426
camp. jejuni NP_281579
‘Hel. pyleri NP_208271
rAqu. aeolicus NP_213207
Cb. tepidum NP_661506
Aquifex, Cyt. hutchinsonii ZP_00118581
i Bact. thetaiotaomicron NP_813223
Chlamydiae, Chl. trachomatis NP_220248
CFBG ‘Chlam. pneumoniae NP_445536
rbep. interrogans NP_714519
Tre. pallidum NP_219084
. Bor. burgdorferi NP_212360
Spirochetes. Syn. sp. WH 8102 NP_897985
Cyanobacteria, Pro. marinus NP_ 895201
GNS Bacteria Tri. erythraeum ZP_00075337
Sy. sp. PCC 6803 NP_440547
Nostoc sp. PCC 7120 NP_488016
Thermosyn. elongatus NP_682342
‘Cfx. aurantiacus ZP_00019553
D. proteolyticus * AY453857
B D. radiodurans NP_295000
Deinococcus- The. thermophilus 1SRY_A
Thermus The. aquaticus P34945
‘Mei. silvanus * AY452782
T. maritima NP_229180
(Bif. longum NP_696787
Cor. glutamicum NP_602083
Thexrmobif. fusca ZP_00057154
Str. coelicolor NP_628145
Str. avermitilis NP_823470
Myc. tuberculosis NP_338495
Tro. whipplei NP_787854
L. lactis NP_267868
Gram(+)ve Fuso. nucleatum NP_603020
0 U. urealyticum NP_0775837
I;aCterla Bac. subtilis NP_387894
Oce. iheyensis NP_690933
Strep. mutans NP_722195
Clo. acetobutylicum NP_346664
Lis. innocua NP_472218
Therme. tengcongensis NP_621737
Ent. faecalis NP_816887
Sta. aureus NP_644824
‘M. genitalium NP_072665

~E-R---QYVLC-A|DQ| -EGLKWF-RLLSN- -GL--A-E---~V-QN-

--H---L-KLCK~ ---FKE--S--RQ--SI-EA-
--N---L-KF-K- ---YEE--KL-NO--R

J. BACTERIOL.

336
HQFDKVEMVQIVRP EDSMAALEEMTGHAEKVLQLLGLPYRKIILCTGDMGFGACKTYD

—--Y---L-8-TT-

---G---L-8-TT- -E-KNEH-YI-NAS-TI-KK-D----VYML-==--~~~

--W-C-L-S-TDA -SAV-EH-R--AC--E--KR---HF-TLT-
-K-FEE--KLRS-~-VL--K---H--VVT--§~---§-A---~
ST-Y-E--RLLAN--E~-RQ---H--VVE-~------ S-A----

-Q-DSVFN- -LEC-SDL-S§- - -AH-HLM-
KE-DVMQ-H-LES-SEI-KA-E--H-FVQ--8--L--$-8N-1-
DT-YDE--KLVKD- -E---- “L--S-A----

-QEEVVYQK-LHVV-EI-SE-Q---QLSL-S----8-T-K--1-
NQDDI-Y-K-LSIV-EM-TE-K-~~-LSL-S----8-T-5--1I-

-~-EEEHKK-LS---NI-KK-E
S--ECLH-RLRSLE-EIFTA-EI-F-VVEV-A--L-AP-YRKW-
-E-GVIHD-FLSIQ-QIFTE-EI-~-VLNI-SF-L-SP-Y-K--
DH-AE-HAQI-AD--A---A-E -VLDL--A-I--S-QR~-~
DHSQ--HAQITAD--A---A-E--~-V-E-----L--SSSR---
+T-EEEHQKLVAD--AI--A-K----ILE- ~L--S-A-C--

-E-A-EHQALVAD--AI-~A-E----VVE-
---N---L-KV-H- ST-FDE--KLV-N--AL--A-K----V-N-----L--
---N---L-KF-H- -T-A-EH-ALVAD--FI--A-K-—--V-E--

DQ-YQ- -~KLRRD- ~ECARR- - - ~F - TKL-
~E-R---QYV-C-- - -G~ -WF-KLLAN--GI--A-E~~~~VVQNS- - - - - L-KHLMM-

-A-DR-FQ-LLEN--EI-R--E P-KWRQV-
-A-DR-FQ-LLEN--EI-R--E----LVEVA-----P-KWRQV-
-E-NRWF-R-LANS--I--A-E----VVEVS----- L-KYRQVY

-R-FED-~-LVKD--TI-RK-E -L--TSA----
- ~-YKEH-HLLAMEQEM-AKVEV- - -I-DTAA--L-SS-ARKF-
- -AEDVHQQLL-MEKEM-AAIEV- - ~-V-DVAG- -L-AS-ARKF -
DEAHEEHLRLLAWEREM-D-IEV---VVDIAA--L-TS-ARK--
---Q-EHQRLLEWEKQW-TS-E--F-V-DVASA-L-SS-ARK- -

~~L-RVCA- --AP-Q--L-V----EC-RR-E-$--VVQ-PA--L--$-RM---
GFVYCT- A-AEHEH-RLL-WQRQM-ARIEV---V-DVAA--L-$$-ARKF-
--8-L--FSY-H- QQ-TRE--HIVSMQ--M-N--EI-

-VSDIAAEEL-TS-SRK--
DQ-YDE~~K--AN--NI~--K---A
-8-YDE--K-VNN-~TI--R-

---YDV--RL--E--

DK-YEE--K--RD--E---A--
-H-YEE--K- -NN-GDI-EK-

L-KFCK- -NAINE--A-VRD--QI-KA-K--F-RLL-------- S-EB----

FIG. 8. Excerpt from SerRS sequence alignment showing a 2-aa insert (boxed area) that is present in various Deinococcus-Thermus-Meiother-
mus species, except D. proteolyticus. This insert was likely introduced in a common ancestor of this group after the branching of D. proteolyticus.
U., Ureaplasma. See the legends to Fig. 1, 3, and 5 for additional abbreviations used.

teria (monoderm bacteria surrounded by a single membrane)
and gram-negative bacteria (diderm bacteria bound by both
inner and outer membranes), and they indicate that this group
of species may represent evolutionary intermediates in the
transition between these two structurally distinct groups of
bacteria (13).
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