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Summary. The members of the Deinococcus-Thermus phylum, which include many species that are resistant to extreme
radiation, as well as several thermophiles, have been recognized solely on the basis of their branching patterns in 16S rRNA
and other phylogenetic trees. No biochemical or physiological characteristic is currently known that is unique to this group
of species. To identify genes/proteins that are exclusive of this group of species, systematic protein basic local alignment tool
(Blastp) searches were carried out on each open reading frame (ORF) in the genome of Deinococcus radiodurans. These studies identified 65 proteins that were only found in all three sequenced Deinococcus-Thermus genomes (viz. D. radiodurans,
D. geothermalis and Thermus thermophilus), but not in any other bacteria. In addition, these studies also identified 206 proteins that are exclusively found in the two Deinocococci species, and 399 proteins that are unique to D. radiodurans. The
identified proteins, which represent a genetic repertoire distinctive to the Deinococcus-Thermus group, or to Deinococci
species, provide novel molecular markers for their identification and characterization. The cellular functions of most of these
proteins are not known and their studies should prove useful in identifying novel biochemical and physiological characteristics that are exclusive of these groups of bacteria and also those responsible for the extreme radiation resistance of Deinococci.
[Int Microbiol 2007; 10(3):201-208]
Key words: Deinococcus spp. · Thermus thermophilus · Deinococci-specific proteins · radiation-resistant bacteria ·
extremophilic bacteria · ORFans proteins · lateral gene transfer

Introduction
The Deinococcus-Thermus group of species has enormous
biochemical, physiological and phenotypic diversity [12].
While most species from this phylum stain gram-negative,
and all of them contain an outer membrane, which is a dis*Corresponding author: R.S. Gupta
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tinctive feature of gram-negative bacteria [16], those belonging to the genus Deinococcus have a thick layer of peptidoglycan that causes them to stain gram-positive [12,28]. Of the
two main groups that comprise this phylum, the Deinococci
species are known for their very high resistance to ionizing
radiations; they can withstand up to 150 kGy (1.5 Mrads),
which is more than 100-fold increased resistance as compared to Escherichia coli [3,6,12,26,27]. In addition, these
organisms are also more resistant to ultraviolet radiation,
oxidizing agents, and dessicating conditions [6,12,33]. In
contrast to the Deinococci, the Thermales are highly thermophilic organisms; they inhabit niches up to 80oC, but they
do not have unusual radiation nor stress resistance capabilities [12]. The Deinococcus-Thermus phylum comprised two
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orders or families, Deinococcaceae and Thermaceae [1,12,
13]. However, recently a third family, Trueperaceae, has also
been proposed [1]. The Deinococcus-Thermus group of
species are thought to have a common ancestor due to their
close branching in the16S rRNA, as well as other phylogenetic trees [4,9,15,24,26,32,37]. Nevertheless, except for a
number of conserved inserts or deletions (i.e., indels) in protein sequences that are exclusive to these bacteria [14], no
other distinctive biochemical or molecular characteristic is
known that is specific for this diverse group.
The complete genomes of three species from this group,
viz. Deinococcus radiodurans R1 [26], Deinococcus geothermalis DSM 11300 (sequenced by the DOE Joint Genome
Institute) and Thermus thermophilus strains HB27 [20] and
HB8, are now available. The 3.28-Mb D. radiodurans genome is segmented over two chromosomes and two extrachromosomal elements (MP1 and CP1 plasmids) [26], while the
2.12–2.13-Mb T. thermophilus genomes consist of one chromosome and one or two extrachromosomal plasmids (pTT27
in both strains, HB8 also has a second plasmid pTT8) [20].
Earlier studies have shown that T. thermophilus has far fewer
predicted protein-coding genes (2210 genes) than D. radiodurans (3191 genes) and, of these, only 1081 belong to a
shared gene core [33]. Notably, many of the expanded paralogous gene families of D. radiodurans were absent in
Thermus, and vice versa [33]. However, these previous studies have not identified proteins that are shared only by the
Deinococcus-Thermus species, or by the two Deinococci.
In this work, we have performed systematic protein basic
local alignment tool (Blastp) searches on all open reading
frames (ORFs) in the D. radiodurans genome to identify proteins that are uniquely shared by species from this phylum
but not found in other organisms. Similar investigations on
other groups of bacteria have shown that such proteins provide particularly useful tools for taxonomic, biochemical and
molecular biological studies [11,17–19,22]. Although proteins which are specific for either D. radiodurans or T. thermophilus were reported in earlier genomic publications
[20,26], the proteins that are shared uniquely by the available
species from these two divergent groups (i.e., Deinococcus
and Thermus) were not examined. Subsequent availability of
the genome of D. geothermalis has also facilitated identification of proteins that are specific for the Deinococcus genus.

Materials and methods
Blastp searches were carried out on each ORF in the D. radiodurans genome
against all available sequences in the GenBank non-redundant database to
identify proteins for which all significant blast hits obtained were from the
Deinococcus-Thermus-group of species [2]. The searches were performed

using the default parameters of the Blastp program, which included the low
complexity filter. The expected (E) values for all Blastp results were individually examined to identify proteins that were specific for the DeinococcusThermus group. Proteins of interest were those in which either all significant
hits were from this group or which involved a large increase in E values from
the last hit for the Deinococcus-Thermus species to the first hit from any
other bacteria and the latter E values were >1 e–04, indicating weak similarity that can occur by chance. However, for smaller proteins, higher E values
were often considered significant, as the magnitude of the E value depends
upon the length of the query sequence [2]. In this study, we have also
retained some proteins in which one or two isolated hits from other groups
of bacteria had acceptable E values, as they provide possible cases of lateral gene transfers (LGT). For all proteins of interest, their loci numbers in D.
radiodurans genome, accession numbers, protein lengths, and any information concerning their cellular function were tabulated and presented.

Results
Proteins specific for Deinococcus-Thermus. Our
comparative genomic analysis has identified 65 proteins (or
ORFs) that are uniquely present in all three sequenced
Deinococcus-Thermus genomes, but they are absent from all
other species (Table 1). Except for four of these proteins, for
which a putative functional assignment has been made, all
the remaining proteins are of unknown functions (Table 1).
Of the proteins with an assigned function, DR1021 is an Slayer like protein. The Deinococci and Thermales are surrounded by a crystalline proteinaceous shell known as the Slayer, which arrays itself in a regular hexagonal geometry
[25,30]. In addition to their role as protective coats, the S-layers have adapted new functions, e.g., as molecular sieves,
attachment sites for extracellular enzymes, and virulence factors [34]. DR1021 probably carries out a novel function in
the S-layer, which is specific for the Deinococcus-Thermus
species. Another Deinococcus-Thermus-specific protein,
DR1194, is a putative Fe-S binding reductase. The two other
proteins with putative assigned functions are a V-type ATP
synthase E subunit (DR0697) and a diacylglycerol kinase
(DR2093).
Among the proteins that are specific for DeinococcusThermus, 13 of them are present in six gene clusters (viz.
DR0041-DR0042, DR0213-DR0214, DR1230-DR1231,
DR1872-DR1873, DR2006-DR2007 and DR2318-DR2319DR2320) on chromosome 1. Two additional proteins, DR0040
and DR0212, which are located immediately adjacent to two
of these gene clusters, are specific for the Deinococci. It is
possible that the proteins in these gene clusters are part of a
functional unit (e.g., operon) and thus may be involved in
related functions. Of the Deinococcus-Thermus-specific proteins, many of them (e.g., DR0042, DR0213, DR0573,
DR1013, DR1230, DR1231, DR1750, DR2319, DRA0288,
DRA0369 and DRB0145) show high degree of sequence
conservation. Sequence alignment for two of these proteins,
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DR042 and DR1750, are presented in Fig. 1. These alignments contain several stretches of identical residues that can
be used for the design of PCR primers or other molecular
probes for these bacteria.
Proteins specific for Deinococci. These studies have
also identified 206 proteins or ORFs whose homologs are
found only in D. radiodurans and D. geothermalis (Table 2).
For five additional proteins (marked with *), a homolog
showing significant similarity is also present in an isolated
bacterial species from other groups (viz. DR0082 and
DR2593, Symbiobacterium thermophilum; DR0691, Mesorhizobium sp.; DR1098, Arthrobacter sp.; DR1644, Bacillus
subtilis), which can be attributed to lateral gene transfers.
Similar to the Deinococcus-Thermus-specific proteins, all
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except five of the 211 proteins listed in Table 2 are of
unknown functions. The five proteins with predicted function
are involved in a variety of cellular activities. These include
a putative V-type ATP synthase K subunit (DR0696), a putative M-related protein (DR0920), which emanate from the
cell surface and provide an anchoring motif for cell surface
proteins [5], a putative peptidase (DR2058) and a protein
(DR2347), which has been annotated as Roadblock/LC7 protein [35]. Another Deinococci specific protein DRA0346,
located on chromosome 2, has been annotated as the DNA
damage repair protein PprA (or PprI) and it may play a significant role in the radiation resistance of the Deinococci
species [21,29]. Mutation studies with the PprI have shown
that this protein acts as a general switch controlling downstream DNA repair pathways [21]. In vitro studies provide
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Fig. 1. Sequence alignments of two Deinococcus-Thermus-specific proteins (A) DR042 (accession no. NP 293768) and (B) DR1750 (accession no. NP 295473) for all available homologs. The * indicate residues that are completely conserved, whereas those marked . or : denote
residues where conservative substitutions have occurred.

evidence that PprA binds preferentially to double-stranded
DNA carrying strand breaks, and it stimulates the DNA endjoining reaction catalyzed by DNA ligases [29].
Among the proteins that are specific for Deinococci, 45 proteins were found in 20 clusters each containing between 2–4
genes. These clusters were composed of the following loci:
DR0067-DR0068, DR0359-DR0360, DR0637-DR0638,
DR0672-DR0673, DR0736-DR0737, DR0849-DR0850,
DR0863-DR0864, DR1371-DR1372, DR1404-DR1405DR1406-DR1407, DR1421-DR1422, DR14254-DR1455,
DR1483-DR1484), DR1780-DR1781, DR1830-DR1831,

DR2001-DR2002-DR2003, DR2157-DR2158, DR2229DR2230, DR2347-DR2348-DR2349-DR2350, DR2558DR2559 and DRA0140-DRA0141.
Proteins specific for Deinococcus radiodurans. These studies have also revealed 399 ORFs that are
specific for D. radiodurans and not found in any other
species including D. geothermalis. All except four of these
proteins are of unknown function, as indicated in Table 3 [SI]
ONLINE. Of the four genes with predicted functions, DR0092
is related to the MutT/nudix family of proteins. The MutT
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proteins are key component of an antimutagenic system that
prevents the incorporation of 8-oxo-dGTP into DNA [26].
DRA0254 is annotated as a D. radiodurans specific
resolvase that participates in site-specific homologous
recombination [38]. DRA0268 is a D. radiodurans-specific
adenine deaminase-related protein. The last of the proteins
with annotated function, DRC0001, is a D. radiodurans specific cytochrome P450-related protein. Of the various D.
radiodurans specific proteins, the genes for the following
were clustered in the genome:
Chromosome 1: (DR0103-0105), (DR0206-DR0208),
(DR0285-0286),
(DR0514-0529),
(DR0531-0533),
(DR0539-0540),
(DR0591-0592),
(DR0648-0650),
(DR0663-0665),
(DR0725/0726),
(DR0817-0818),
(DR0838-0839),
(DR1043-1045),
(DR1128-1129),
(DR1134-1136),
(DR1250-1251),
(DR1264-1265),
(DR1408-1409),
(DR1463-1466),
(DR1639-1640),
(DR1657-1658),
(DR1801-1802),
(DR1840-1842),
(DR1859-1860),
(DR1900-1901),
(DR1951-1953),
(DR2037-2039),
(DR2060-2061),
(DR2082-2083),
(DR2137-2138),
(DR2170-2171),
(DR2309-2310),
(DR2401-2403),
(DR2445-2446),
(DR2455-2457),
(DR2485-2486), (DR2532-2533).
Chromosome 2: (DRA0077-0096), (DRA0100-0102),
(DRA0104-0107), (DRA0109-0111), (DRA0113-0116),
(DRA0295-0296), (DRA0305-0307).
MP1 plasmid: (DRB0003-0004), (DRB0021-0022),
(DRB0060-0061), (DRB0063-0064), (DRB0084-0085).
CP1 plasmid: (DRC0021-0024) and (DRC0026/0027).
Two of these gene clusters, DR0514-0529 and DRA00770096, are particularly large and contain 16 and 20 proteins,
respectively.

Discussion
The work presented here is the first report on identifying specific sets of genes/proteins that are uniquely shared by the
Deinococcus-Thermus group of species. Our analyses have
identified 65 proteins that are uniquely found in the
sequenced Deinococcus-Thermus species to the exclusion of
all other species. Sequence information from DeinococcusThermus phylum is presently available for only a limited
number of species. However, the sequenced genomes include
species from both the main families (i.e., Deinococcaceae
and Thermaceae) within this phylum. Therefore, it is proba-
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ble that many of the genes/proteins identified here will prove
to be distinctive characteristics of this phylum. We have also
identified >200 genes/proteins that are exclusive to the two
sequenced Deinococcus species. Although some of these proteins may prove to be unique to only these two species, many
other proteins in this set may be found in other Deinococci
species and could comprise distinctive characteristics of the
Deinococcaceae family. The unique presence of these proteins in the Deinococcus-Thermus and Deinococci species,
suggests that their genes first evolved in a common ancestor
of these taxonomic groups.
The functions of most of the Deinococcus-Thermus,
Deinococci and D. radiodurans-specific proteins identified
in the present work are still unknown. However, significant
proportions of their genes were located in distinct clusters in
the D. radiodurans genome. Although it is not clear whether
these gene clusters form functional units, this observation
suggests that they could be involved in related functions
[7,8]. The numbers of D. radiodurans specific ORFans (i.e.,
ORFs that have not matches with other ORFs) identified in
the present work (about 400) is considerably smaller than
that reported (720 proteins) previously for the same species
[26]. We believe this difference is largely due to a paucity of
sequence information available in the past, which hindered
the identification of homologs in other species. Lateral gene
transfer has widely been implicated in the evolution of members of the Deinococcus-Themus group, which are thought to
have received genes from a number of other phyla from
Archaea, Eukarya, and the cyanobacteria [10,23,26,31,33].
However, except for five of the Deinococci-specific proteins
(see Table 2), for the remainder of the proteins described here,
no homologs showing significant similarity were found in any
other bacteria. These results suggest that the genes for these
particular proteins have not been laterally transferred, either
to or from Deinococcus-Thermus species to other bacteria.
The biochemical basis of extreme resistance of Deinococcus spp. to ionizing radiation is poorly understood [6,26,
36]. The sequencing of D. radiodurans genome has revealed
that most of the DNA repair proteins found in E. coli are also
present in D. radiodurans [36]. However, it is probable that
D. radiodurans also has unique mechanisms for dealing with
ionizing radiation-induced DNA damage. The genes/proteins
that are exclusive to the Deinococci and/or D. radiodurans
provide important candidates for such mechanisms. Analysis
of the transcriptional response of D. radiodurans to ionizing
radiation and desiccation revealed that novel proteins contribute to resistance under both stress conditions [36]. Of the
33 genes that are upregulated under these conditions, 20
ORFs are of unknown function [36]. Our analysis showed
that three of these ORFs consisted of Deinococci-specific
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proteins, DR0003 (DdrC), DR0070 (DdrB) and DRA0346
(PprA), while an additional 4 proteins DR0219 (DdrF),
DR0227 (DdrG), DR0438 (DdrH) and DR1264 (DdrK) were
D. radiodurans-specific. Thus, while some of the mechanisms
to deal with DNA damage are shared by the Deinococci as a
genus, others may be specific for D. radiodurans. In another
proteomic study on D. radiodurans cells recovering from
gamma-irradiation, 26 proteins were identified whose
expression was significantly enhanced under these conditions [39]. These proteins are involved in a wide variety of
house-keeping functions including transcription, translation,
DNA replication, general chaperones, proteases, nucleotide
and energy metabolisms, etc. The results of these studies
agree with the finding of Karlin and Mrazek [23]: that an
unusually large number of the genes from D. radiodurans,
which have the characteristics of highly expressed genes,
correspond to functions such as chaperones, proteases and
detoxifying enzymes, and that this indicates the importance
of such function in the unusual radiation resistance of this
organism.
In addition to the proteins that are specific for the
Deinococcus-Thermus or Deinococci species, we have
recently described eight conserved indels in seven widely
distributed proteins (viz. seryl-tRNA synthetase, threonyltRNA synthetase, RNA polymerase β′ subunit, signal recognition particle protein Ffh/SR54, major sigma factor 70, ribosomal protein L1 and UvrA) that are distinctive characteristics of various species from the Deinococcus-Thermus phylum [14]. These Deinococcus-Thermus-specific proteins and
indels provide new and powerful means for the identification
and classification of these bacteria as well for their genetic
and biochemical studies. The understanding of the cellular
functions of these proteins and indels should also lead to the
identification of novel biochemical and physiological characteristics that are uniquely shared by the Deinococci and
Thermales.
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