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Abstract — Computer analysis of the complete genome of Deinococcus radiodurans R1 has shown that the
number of insertion sequences (ISs) and small noncoding repeats (SNRs) it contains is very high, and
comparable with those of Escherichia coli. 1S elements and several families of SNRs are described, together with
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1. Introduction

Rapid sequencing of complete genomes of
living organisms from a wide variety of taxo-
nomic groups lead to the origin of comparative
genomics. Recent improvements in database
management and sequence comparison meth-
ods have facilitated fast and efficient genome
annotation [17]. Until recently, gene sequence
analysis has been the major focus, primarily
because of the broad scientific interest in char-
acterizing the relationship between amino acid
sequence, protein structure, function, and evo-
lution. Much less is understood about the func-
tion of intergenic regions, where the sequence
complexity and potential function is only now
being revealed and analyzed for the first time, at
the level of whole genomes.

Escherichia coli has been the subject of whole
genome sequencing recently and is now the
most functionally characterized bacterium, for
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both intra- and intergenic sequences [6]. Analy-
ses of its intergenic regions have been reported
extensively [3], and show that they contain pro-
moters, regulatory sites, and numerous repeats.
While the functions of these promotors and
regulatory sites have been characterized in great
detail in E. coli, there is comparatively little
understanding of the structure and function of
intergenic regions, and especially repeats, in
other bacteria. E. coli is currently the only or-
ganism for which abundant intergenic repeats
have been described; however, their function(s)
remain largely undefined [3]. Within the se-
quenced bacterial genomes, generally, inter-
genic regions have been shown to be highly
variable in promoter organization and repeat
composition [6, 8, 15, 19, 21, 22, 30]. This inter-
genic heterogeneity, seen even between closely
related species, suggests to us that the organi-
zation of such regions is highly species-
specific. [9, 24, 31].

Deinococcus radiodurans is well known for its
extreme radiation resistance phenotype; cells
can survive acute doses of y-radiation up to
1700 000 rad without any lethality or increasing
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mutation frequency [10]. By comparison, E. coli
is 100-500 times more sensitive [29]. D. radiodu-
rans’ supreme resistance has been the subject of
numerous studies examining its DNA repair
mechanisms [11, 12], and currently, it is being
engineered for bioremediation of radioactive
wasle sites [23]. Both of these areas of research
have attracted much interest and were the im-
petus for sequencing the D. radiodurans strain
R1 genome, that consists of a chromosome
(DR_MAIN:2.65 Mbp), two megaplasmids
(DR412: 412 kbp; DR177: 177 kbp), and a plas-
mid (46 kbp) (O. White et al. Science 286 (1999)
1571-1577). Among this genome’s interesting
features are 52 insertion sequences (ISs) and 247
small noncoding repeats (SNRs), found by com-
puter analysis. The number of repeats and their
distribution in D. radiodurans is comparable to
those found in the evolutionarily distant E. coli;
repeats appear to be a complex genetic trait, and
their evolutionary significance and role in ge-
nome function remain unclear.

Table I. Distribution of ISs.

Name Family Length
(bp)
152621 154 1322
152621 5 - 25
fragment
154 DR 154 1207
15605_DR 15605 ~ 1060
TCLY Tel/mariner 1048
TCL121 Tcl/mariner 1073
TCL23 Tcl/mariner 1069
AXL_DR Tel/mariner 912
1S3 DR 153 1304
SCL_DR Related to mini-circle ~ 600
clement of
Streptomyces coelicolor

VCL_DR 1515 ~ 500
DNIV_DR DNA invertase ~ 600
TNPA_DR TNPA ~ 3000

Total 52 copies

Number of o
copies per 10000
nucleotides
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2. Results and discussion

2.1, 1Ss in the D. radiodurans R1 genome and
comparison with other bacteria

During the annotation of the D. radiodurans
genome, 12 distinct open reading frames (ORFs)
were found that have sequence similarity to
transposases of several different IS families [7]
(table I), and several of these ORFs exist in
multiple copies. This is the first report and
analysis of IS elements in D. radiodurans, with
the exception of 152621, that was identified
previously [27]. For most of these elements
(I54_DR, TCL9, TCL121, TCL23, 1S3 DR, and
AXL_DR) we were able to identify the precise
length. All of these elements have the usual
features compared to those ISs identified in
other organisms [16]. For example, they contain
one or two ORFs that encode a transcriptional
regulator and a transposase, as well as having
inverted terminal repeats and/or internal re-
peats (data not shown). Three elements (TCL9,

Capy Total length
number (bp)
Plasmid DR177 DR412  DR_MAIN

0 0 1 6 17186
0 1 2 4 N/A
4 6 0 3 15942
0 0 ( 8 8480
0 1 0 4 5250
0 2 0 1 3210
1 1 0 1 3207
1 0 0 1 1824
0 1 0 0 1300
0 0 0 1 600
1 0 0 0 1500
1 0 0 0 600
1 0 0 0 3000
9 17 1 25 62099
1.97 0.96 0.02 0.09
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TCL121, TCL23) of the Tcl-mariner family are
closely related and likely to be a product of a
recent duplication, probably specific to the
Deinococcus lineage (data not shown). For ele-
ments that are heterogeneous, it was not pos-
sible to determine the specific length for these
(e.g., 15605) [20] or for those that are present in
the D. radiodurans genome in only a single copy
and that do not contain typical structural fea-
tures (VCL_DR, SCL_DR, and DNIV_DR).
Overall, we detected 52 copies of IS elements
in the D. radiodurans genome (table I). The three
most abundant ISs are IS4 DR (13 copies),
[52621 (11 copies), and I5200_DR (eight copies).
The distribution of IS elements within the chro-
mosome and plasmids is variable; the number
of copies per 10 000 nucleotides in the plasmid
and megaplasmid DR177 is more than ten times
higher than the number found in the megaplas-
mid DR412 or the chromosome. Only one IS
element is present in DR412, whereas nine IS
elements are present in the 46-kbp plasmid.
There are five elements in the D. radiodurans
genome that exist as single copies and these
may be transpositionally inactive or, perhaps,
were only recently acquired by strain R1. It is
noteworthy that three of these single copy ele-
ments are located in the 46-kbp plasmid. To-
gether, these observations indicate that the IS
distribution in D. radiodurans is nonuniform.
We also have compared the number of IS
copies in D. radiodurans to the numbers found in
other sequenced bacterial genomes [6, 8, 21, 22].
D. radiodurans contains the largest number of
these elements (52; figure 1A) and E. coli, with its
36 IS elements, ranks in second place. Consid-
ering their respective genome sizes, D. radiodu-
rans has 16.3 ISs per 1 000 genes, whereas E. coli
has only 8.4. Since Bacillus subtilis does not
contain any IS elements, it is apparent that these
sequences are not an indispensable part of a
bacterial genome. If the number of elements is a
reflection of transposition activity, then this
would be expected to influence genome insta-
bility, and it would seem that D. radiodurans is
able to survive high levels of genomic rear-
rangement. Yet there is little experimental evi-
dence for transposition in D. radiodurans; in the

A

Number of IS in genome

Drad Ecol Bsub

]

350
300 -
250
200
150
100
50

Number of small repeats

Synech

Drad Ecol Bsub Mtub

Figure |. A. Abundance of IS elements in complete genomes.
Drad - Deinococcus radiodurans; Ecol - Escherichia cofi; Bsub -
Bacillus subtilis; Mtub - Mycobacterium tuberculosis; Aful - Archaeo-
globus fulgidus; Hpyl - Helicobacter pylori. B. Number of small
noncoding extragenic repeats. Abbreviations are as in A; Synech
- Synechocystis sp.

whole D. radiodurans R1 genome there is only
one example of a gene disruption by an IS
element — 152621 is inserted into the gene for
alkaline serine exoprotease A (aqualysin I).
Similarly, there has been only one experimen-
tally detected IS-induced mutation in D. radio-
durans (uvrA [27]). Whether the D. radiodurans
insertional elements are transpositionally func-
tional or involved or not in genome instability,
is the subject of ongoing investigations.

In the analysis of 152621, it was determined
that it is the only element in D. radiodurans that
has several smaller fragments of similarity dis-
persed throughout the genome (table I). All of
these fragments have the same length and are
identical in sequence. They consist of the first 25
nucleotides of 152621 with a single A to T
substitution at position 21, near the end of the 5
terminal repeat (figure 2). This substitution may
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152621 1 CAATGGTTCGTGCAGTTTTGAGCTC 25

DR_MAIN 1623194 CAATGGTTCGTGCAGTTTIGTGGTC 1623218

Figure 2. Alignment of the first 25 bp from the complete [S2621
element (bottom) and its truncated remnant with a substitution
(top). The 19-bp terminal repeat is marked by the arrow.

lead to errors in excision of this IS and prevent
further insertion events. This situation may
explain why we were unable to find a complete
IS element with this particular A-T substitution.
We suggest, therefore, that this IS could be a
good model system to study molecular mecha-
nisms of transposition in D. radiodurans.

2.2, Small noncoding repeats (SNRs) in
D. radiodurans

2.2.1. Families of SNRs and their mumber in the genome

Following the identification of all potential
coding regions (genes), we investigated the re-
maining extragenic regions for repeats. We
identified several families of highly repetitive
sequences using the BLASTN program [1]. Spe-
cifically, the longest distinct subsequences from
those intergenic regions were identified that
gave at least six statistically significant (E-value
10 hits to other intergenic regions. All such
potential repeats were checked against a nonre-
dundant nucleotide database to ensure that
there were no known sequences among them.
Additionally, we tested each repeat against all
others to avoid overlapping between SNR fami-
lies.

Since a systematic analysis of repeats within
whole genomes had not be done, we extended
our analysis of D. radiodurans SNRs to the
sequenced genomes of other free-living bacte-
ria. Using the previously reported analysis of
extragenic repeats in E. coli [4] as a guide, we
did a comparative analysis between the
D. radiodurans SNR families, those of E. coli, and
those identified in the other sequenced bacterial
genomes, to ensure that no major repeat fami-
lies were missed. Once all the major repeat
families were defined, we used the longest
sequence representing each family as a query

against other bacterial genome sequences to
identify all SNRs, including those within or
overlapping coding regions. The total number
of SNRs identified in the five bacterial genomes
examined is shown in figure 1B. Like IS ele-
ments, SNRs are more abundant in D. radiodu-
rans than in E. coli. It is noteworthy that, within
the limits of this analysis, there appears to be a
correlation between the number of SNRs and
the number of IS elements per genome. How-
ever, more genome comparisons will be re-
quired to determine if this correlation is univer-
sal.

The genomic location and number of all
D. radiodurans SNR families is shown in table I1.
The location bias observed for IS elements ap-
pears to be reversed for SNRs. For example,
there are no SNRs in the plasmid, that contains
five IS elements. This contrasts the situation for
DR412, that contains only one IS element, but
has 18 SNRs. This reversal in distribution pat-
tern may reflect a more recent acquisition of the
plasmid by D. radiodurans, compared to DR412.
It is possible that the number of SNRs per unit
length of DNA correlates with the evolutionary
time spent in D. radiodurans. If this is the case,
and the megaplasmids and plasmid were ac-
quired sequentially, then the order of their ac-
quisition by D. radiodurans may have been
DR412, DR177, 4-kb plasmid. This is loosely
supported by the presence of three unique ISs in
the plasmid, that may not have had sufficient
time to be distributed through the genome by
transposition, compared to the other ISs. It
should be noted in our analysis of SNRs, that
there is a small systematic error that was diffi-
cult to avoid. Because of the mosaic nature of
most SNRs (see below), their numbers were
overestimated (figure 1B). Using the longest pos-
sible query sequence of a SNR family, BLASTN
will occasionally report several hits in an inter-
genic region instead of one, when the similarity
is low. We found numerous examples where
two or more distinct hits were made in a region
where only one SNR exists. However, the sys-
tematic nature and low frequency of this error
suggests to us that it does not significantly affect
the number of SREs reported here, nor the
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Table Il. Distribution of small noncoding repeats.

Name Length (bp) Copy number
Plasmid DR177 DR412 DR_MAIN
SRE 160 0 J 4 32
SNRI1 139 0 0 1 39
SNR2 114 0 0 8 76
SNR4 147 0 1 2 4
SNR5 215 0 0 1 27
SNR7 140 0 2 i) 14
SNR8 131 0 0 1 19
SNRS 105 0 0 1 6
SNR10 60 0 0 0 6
Total sum 0 6 18 223
Number of copies per 10000 nucleotides 0 0.3 0.4 0.8

overall trend in their abundance within the
different genomes evaluated (figure 1B). For D.
radiodurans, we confirmed all SNR hits reported
by BLASTN individually, and had to reduce the
total number of SNRs from 295 to 247. A similar
correction should be performed on the other
genomes.

2.2.2. The mosaic organization of SNRs in
D. radiodurans

D. radiodurans SNRs have complex configura-
tions. One way to evaluate this complexity is to
consider SNRs as being composed of several
relatively conserved modules, as is shown in
figure 3. In these examples, BLASTN reported
distinct modules that are18-20 nucleotides long,
with hits that span the length of the SNRs.
Surprisingly, it appears that these modules are
poorly associated with certain distinct internal
features of some SNR elements, such as in-
verted and/or reverse repeats (figures 4 and 5).

A more detailed analysis of the modular
architecture of SNRs was done for the most
prevalent SNR family (SNR2; figure 5). From the
analysis of BLASTN results, we identified five
modules in the longest representative of this
family (figure 5A). Modules 1 (also part of the
SRE family; figure 4) and V contain two parts of
the inverted repeat present in SNR2. The differ-
ent configurations of the SNR2 family are
shown in figure 5B. This data suggests that in
the evolution of SNRs, deletions and insertions
are likely to have played an important role. For

example, module Il is prone to be missing
when both modules Il and IV are present.

2.2.3. Distribution of SNRs along the chromosome of
D. radiodurans

If the placement of SNRs is determined by
some functional demand or their propagation
history, then one would expect to find clear
trends in their distribution; for example, a ten-
dency to form clusters or, conversely, to be
evenly spaced. Alternatively, one can postulate
a purely random placement of SNRs within
intergenic regions, i.e., that the probability of
SNR occurrence after any nucleotide within a
given intergenic region is uniform. If this ‘ran-
dom’ hypothesis is true, then the distance be-
tween adjacent SNRs (minus the length of genes
that intervene between them) should follow a
geometric distribution. To test this hypothesis,
we mapped the positions of all SNRs in the
chromosome (figure 6) and calculated the dis-
tances between adjacent repeats. This test for
position randomness was performed for all
repeats considered together, as well as individu-
ally for the four largest families (fable I1l, fig-
ure 7). Both analyses showed that, with one
exception, there is no significant deviation from
the random placement model. The exception is
the SNR5 family that shows a tendency
(P<0.05) to occur closer to each other than
predicted by the random model. Further, as
shown in table IV, there is no significant corre-
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Figure 3. Mosaic organization of SNRs - Map of BLASTN hits to a full-length query sequence. A. SRE; B. SNR2; C. SNR5.
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Figure 4. Architecture of SNRs. Inverted repeats are marked by arrows. Reverse repeats are defined by regions bound by diamonds.
SRE and SNR2 share the module represented as a rectangle.

lation between the direction of a repeat and the
direction of an adjacent gene.

Thus, SNRs are not likely to play a direct role
in the regulation of transcription or translation.
This conclusion is based on the following obser-
vations: 1) SNRs appear to be randomly distrib-

uted in intergenic regions; 2) their direction
cannot be correlated with the direction of flank-
ing genes; and 3) there is no apparent relation-
ship between a particular SNR family and the
function of genes flanking these repeats. It
should be noted in this context that, while some

Figure 5. A. Structure of the full-length repeated member of the SNR2 family. Inverted repeats are marked by arrows. Roman numerals
and different colors mark the five conserved modules. B. Number of SNR2 members with the indicated modular configuration. Each
class of module is represented by a different color.
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Figure 6. Map of SNRs in the chromosome. Horizontal axis, chromosome fragment number (each fragment equals 30,000 bp). Vertical
axis, number of repeats in the corresponding chromosome fragment. A: All repeats; B: SNR2 family.

D. radiodurans SNRs have characteristics similar
to the E. coli families of small repeats (BIMEs, or
bacterial interspersed mosaic elements [18]),
SNRs do not share features with E. coli transla-
tion rho-independent terminators (Ter re-
peats [5]). In addition, the energy of potential
RNA secondary structures, predicted for

Table lll. Testing the hypothesis of random repeat distribution
along the main chromosome.

Repeat Number P(x?)
All 223 0.058
SRE 32 0.997
SNR1 39 0.607
SNR2 76 0.682
SNR5 27 0.028

D. radiodurans SNRs, does not differ from the
values obtained for coding regions or other
sequence fragments unrelated to SNRs (data not
shown).

2.2.4. Comparison o SREs from D. radiodurans
strains R1 and SARK

The first report of a D. radiodurans sequence
that contains a SNR was published long before
the complete genome sequence for D. radiodu-
rans R1 became available [25]. In this early
work, the repeated sequence was named SRE
(for D. radiodurans strain SARK repetitive ele-
ment). We therefore used the name SRE for the
corresponding SNR family in D. radiodurans
strain R1. These two sources of SNR sequence
data, from the closely related strains SARK and
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Figure 7. Distribution of distances between repeats in the chromosome (blue, experimental data; magenta, exponential approximation
- left axis), and difference between experimental and approximating distribution functions (red - right axis). A. All repeats; B. SRE;

C. SNR2; D. SNR5

R1, provide an opportunity to compare two
evolutionary distinct, but closely related SNRs.
Figure 8 shows a multiple alignment of SRE
sequences from both strains, and a maximum
likelihood tree constructed from this data is
shown in figure 9. Within this tree, there is a
separate branch for SREs derived from SARK,
even though the SARK SREI element contains
an insertion relative to SRE4, SRE5, SRE11, and

Table IV. Correlation between the repeat direction and the
direction of adjacent genes.

Repeat Number P(x?) for the  P(y?) for the
left gene right gene
SRE 32 0.50 0.70
SNR1 39 1.00 0.54
SNR2 76 0.88 0.70
SNR5 27 0.47 0.07
SNR7 14 0.08 0.53
SNR8 19 0.21 0.76

SRE29. Notably, most of the strain-specific sub-
stitutions are located in the central regions of
two pairs of inverted repeats; these repeats may
form two hairpin-like structures [25]. However,
the R1 substitutions may disrupt these hairpins.
The predicted energy for the consensus hairpin
I in SARK is -I11.2kcal/mole, but only
-6.1 kcal/mole in R1, as estimated by the Mfold
program [26]; for hairpin II it is -17.0 kcal /mole
and -11.0 kcal/mole, respectively.

The nonrandom clustering of the strain-
specific nucleotide substitutions in strain R1 is
tantalizing and numerous explanations for this
difference can be proposed. One can speculate
that there is a strain-specific selection pressure
for either strengthening (in SARK) or disrupting
(in R1) these hairpins within this particular
repeat family. If so, this would suggest that the
SRE repeat affects genome function. The second
possibility is that the multiple substitutions in
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Figure 8. Multiple alignment of the SRE sequences from D. radiodurans strains SARK and R1. SREs are denoted by their start and end
positions, within their genome partition. SREs found in the chromosome are marked in black; for DR412 in red, and for DR177 in blue;
SREs from SARK are in bold. SARK-specific nucleotide alignment positions are shown in red; Rl-specific positions in blue; and
conserved positions (less than 4 substitutions) in bold. The positions of potential hairpins are shown by magenta arrows. The bottom
two sequences are aligned only in the area of the conserved insertion.

the hairpin represent regions of the SRE that are
hot-spots for spontaneous mutagenesis. Alter-
natively, these substitution clusters may have
resulted from a single mutation event that oc-
curred shortly after the divergence of R1 and
SARK. If this is the case, then their occurrence in
the hairpin region may be attributed to chance.

The familial tree of SREs shows that these
elements do not cluster in the plasmid, mega-
plasmids, or the chromosome, in a particular
way (figure 8). For example, all four SREs from

megaplasmid DR412 are located in different
branches (figure 9), whereas three other SREs,
found in DR177, occupy two distinct positions
in the tree. However, two elements (start posi-
tions 152 570 and 558 68) in DR412 are identical,
and there is one other pair of identical repeats in
the chromosome (start positions 2 568 110 and
1630 599). The absence of any clear correlation
between the location of an element and its
position in the tree, suggests that both cis- and
trans-SRE propagation events may occur.
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family, built using the PHYLIP program [|4]. For R| SREs, only the
start positions are shown. Other designations are as in figure 8.

A comparison of SREs also reveals a modular
organization similar to that shown for the SNR2
family (figure5). In addition to module (I),
shared by SRE and SNR2, there is another
module present in a repeat family, that is not
included in the main list. It was excluded be-
cause there are only two copies of it in the D.
radiodurans genome (sequences 2507552 and
2590649; figure 8, bottom). As described earlier,
there is no apparent correlation between inser-
tions and deletions of modules and the indi-
cated single-nucleotide sequence polymor-
phisms.

The first SRE in D. radiodurans was found
within a cloned mitomycin C-inducible gene of
strain SARK [25]. The sequenced part of the

clone contains several Shine-Dalgarno se-
quences and a putative start codon, located
within the SRE. We compared this fragment of
the SARK genome with the homologous frag-
ment of R1 (figure 10), and found that the 5
region is considerably different. The two D.
radiodurans ORFs being considered here are
related to a gene encoding enolase in Schizosac-
charomyces pombe. The 3’ fragment of the avail-
able SARK sequence [25] is almost identical to
the corresponding fragment of the R1 sequence
(figure 10). A region of high similarity also exists
at the far 5 terminus of the gene. The SARK
fragment that intervenes in these regions of
similarity cannot be aligned, ending almost
exactly at the 3’ terminus of the SRE (red
sequence, figure 10). Since the 5’ fragment of the
available SARK sequence is located in the pre-
dicted coding sequence in RI, this strain is
likely to contain an ancestral and intact copy of
this gene. This supports the notion that a SRE
was inserted into this SARK ORF and, also, that
SREs are mobile. This insertion event in SARK
also seems to have introduced an additional
~100 bp of unknown DNA that could have been
coinserted with the SRE. The apparent nonle-
thality of this SRE insertion can, perhaps, be
explained by several Shine-Dalgarno-like se-
quences upstream of a potential initiation codon
within the SRE; there are no frameshifts, nor
in-frame stop codons introduced by this inser-
tion.

The distribution of BIME family repeats in E.
coli strains has been described as being consis-
tent with their ability to transpose [3]. Although
the mechanism(s) of BIME mobility is not char-
acterized, it has been reported that BIME dis-
persal can be correlated with transposition of IS
elements [3]. Our example of the SREs (fig-
ure 10) appears to be analogous, where a trans-
position event could explain the insertion. If
true, this could contribute to genome instability
in D. radiodurans, also incurred by IS transposi-
tion. Also, it suggests that the SNR elements are
not likely to be evolutionarily conserved parts
of a widely distributed form of gene transcrip-
tion or translation regulation. The overlapping
of SNRs with genes within D. radiodurans is
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Figure 10. Mobility of SRE elements. Alignment of the 5' part of the D. radiodurans (SARK and R1) gene homologous to enolase from
S. pombe. The upper nucleotide sequence is derived from strain SARK, and the lower one from strain R1. The sequence of the SRE
repeat is in red. Potential Shine-Dalgarno sequences are underlined once; a putative start codon is underlined twice [25].

quite prevalent; at least 46 out of 247 SNRs
overlap ORFs. In all cases, the overlapping
region is in either an extreme 5’- or 3'-terminus
of the affected ORFs, and it appears not to
influence protein function.

2.2.5. Repeated sequences and their significance to
D. radiodurans

Since the isolation of D. radiodurans in
1956 [2], there have been only about 300 publi-
cations describing this bacterium, and this limi-
tation has restricted us to considering the re-
peated genomic sequences in a completely
theoretical manner. It is clear, however, that this
situation will likely change in the years ahead.
There is increasing interest in this bacterium in
many research areas including: its supremely
efficient DNA repair capabilities [11], bioreme-
diation of radioactive waste sites [23], and even
astrobiology. What has promoted this obscure
organism to a level where it can be studied by a
broad range of biologists, are recent develop-
ments in manipulating this bacterium by ge-

netic engineering. The preeminent characteris-
tics of D.radiodurans that have made this
progress possible are: 1) D. radiodurans is natu-
rally transformable using DNA with homology
to its genome; 2) it is extremely recombination
proficient; and 3) it is prolific in its ability to
amplify DNA sequences that are flanked by
direct repeats [28].

Upon transformation, if a gene is integrated
between direct repeats of D. radiodurans ge-
nomic DNA, selection pressure can yield recom-
binant strains with about 20 duplicated copies
per chromosome [28], 8-10 identical chromo-
somes per cell. We have used this strategy to
amplify vectors as large as 20 kb, resulting in a
genome that contains about 4 Mbp more DNA
than wild-type [28]; these expansions are stabile
and readily maintained for many generations,
even without subsequent selection [12]. We
have exploited this organism’s ability to am-
plify genes in both our DNA repair studies [10,
12] and in engineering D. radiodurans for biore-
mediation [23].
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D. radiodurans’ propensity to amplify DNA
sequences is extremely pertinent to our consid-
eration of the D. radiodurans genome and its
myriad repeated sequences. Among the rel-
evant features for such consideration are 52
insertion sequences (12 families) and 247 small
noncoding repeats (nine families), reported
here. This exceptional degree of redundancy
provides the potential for genome plasticity,
particularly in the context of amplifying ge-
nomic regions located between direct repeats, of
which there are many examples. In the context
of this organism’s recombination and DNA am-
plification capabilities, therefore, this genomic
organization could endow cells with the ability
to rapidly respond and adapt to changing envi-
ronmental conditions, using amplification as a
form as gene regulation. While there is a large
body of experimental evidence showing that
genes artificially introduced into the R1 genome
are readily amplified if they become flanked by
direct repeats [11, 29], there is no evidence cur-
rently showing that this occurs under natural
conditions.

3. Conclusions

We have described 52 IS elements (12 fami-
lies) and 247 SNRs (at least 9 families) in the
D. radiodurans genome. Our analysis shows that
the IS and SNR elements are nonuniformly
distributed between the four genome partitions
(the chromosome, two megaplasmids and the
plasmid). We have identified a single mutation
in the 5-part of the inverted repeat of
152621 [27], that may result in error-prone exci-
sion of this element. SNRs display similar
modular configurations to the BIMEs and other
small repeats in E. coli, despite the absence of
sequence similarity. Furthermore, we also have
presented circumstantial evidence that D. radio-
durans SNRs, like BIMEs, are mobile and that
there may be significant differences between
allelic SNRs even in closely related strains. Since
there is some evidence that certain SNRs of E.
coli are recognized by DNA binding pro-
teins [13], it is possible that the SNRs of D.
radiodurans have similar protein binding capa-

bilities. We believe that our findings will help
guide future D. radiodurans experimental stud-
ies on the potential transposition mechanisms of
both IS and SNR elements, and their contribu-
tion to genome functioning,.
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