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Background: REPs (Repetitive Extragenic Palindromes) are small (20-40 bp) palindromic repeats found in high
copies in some prokaryotic genomes, hypothesized to play a role in DNA supercoiling, transcription termination,

Results: We have monitored a large number of REP elements in prokaryotic genomes, and found that most can be
sorted into two large DNA super-families, as they feature at one end unpaired motifs fitting either the GTAG or the
CGTC consensus. Tagged REPs have been identified in >80 species in 8 different phyla. GTAG and CGTC repeats
reside predominantly in microorganisms of the gamma and alpha division of Proteobacteria, respectively. However,
the identification of members of both super- families in deeper branching phyla such Cyanobacteria and
Planctomycetes supports the notion that REPs are old components of the bacterial chromosome. On the basis of
sequence content and overall structure, GTAG and CGTC repeats have been assigned to 24 and 4 families,
respectively. Of these, some are species-specific, others reside in multiple species, and several organisms contain
different REP types. In many families, most units are close to each other in opposite orientation, and may
potentially fold into larger secondary structures. In different REP-rich genomes the repeats are predominantly
located between unidirectionally and convergently transcribed ORFs. REPs are predominantly located downstream
from coding regions, and many are plausibly transcribed and function as RNA elements. REPs located inside genes
have been identified in several species. Many lie within replication and global genome repair genes. It has been
hypothesized that GTAG REPs are miniature transposons mobilized by specific transposases known as RAYTs

(REP associated tyrosine transposases). RAYT genes are flanked either by GTAG repeats or by long terminal

inverted repeats (TIRs) unrelated to GTAG repeats. Moderately abundant families of TIRs have been identified in

Conclusions: CGTC REPs apparently lack a dedicated transposase. Future work will clarify whether these elements
may be mobilized by RAYTs or other transposases, and assess if de-novo formation of either GTAG or CGTC repeats
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Background

Repetitive sequences occur in large quantities in
eukaryotic cells, but they also constitute a significant
fraction of the DNA of many prokaryotic genomes.
According to the sizes, prokaryotic DNA repeats may be
broadly sorted into two main groups. Large repeats are
mostly represented by IS (Insertion Sequences). IS mea-
sure 0.8-2 kb, feature terminal inverted repeats (TIRs)
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and encode endonucleases which interact with TIRs
promoting IS mobilization [1,2]. Small repeats vary in
size from 20 to 300 bp, have different structures and can
be sorted into a few distinct classes [3]. One is represented
by tandemly arranged repeats called CRISPRs (Clustered
Regularly Interspaced Short Palindromic Repeats). CRISPRs
measure 24 to 48 bp, and are located at one or more loci
in several prokaryotic genomes, separated by regularly
sized, non-repetitive sequences, which originate from the
processing of plasmid and/or bacteriophage DNA, media-
ted by CRISPR-associated proteins. Spacer sequences
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serve as a 'memory' of past exposures to foreign DNA,
and are used to recognize and silence exogenous genetic
elements in a manner analogous to RNAIi in eukaryotic or-
ganisms [4]. CRISPRs usually show some dyad symmetry
but are not truly palindromic, and thus structurally differ
from the elements called REPs (Repetitive Extragenic
Palindromes). REPs are 20-40 bp long palindromic re-
peats, early described as an abundant component of the
Escherichia coli genome (reviewed in [5]), and later shown
to represent a significant fraction of the extragenic space
of many prokaryotic genomes [6-9]. REPs are found as
single units, but also close to each other, and pairs as
larger clusters of REPs are referred to as BIME (Bacterial
Interspersed Mosaic Elements). REPs and BIMEs have
been hypothesized to play a role in processes as diverse as
DNA supercoiling, transcription termination, mRNA
stabilization [10,11]. Moreover, REPs can affect genome
plasticity, by functioning as targets for insertion of IS
sequences in Pseudomonas, Neisseria and Sinorhizobium
Genus [12]. REP-like elements known as RPEs (Repetitive
Palindromic Elements) were identified in the genome of
the obligate intracellular bacterium R. conorii, and many
found surprisingly inserted in-frame within open reading
frames which likely encode functional proteins [13,14].
The third group of small prokaryotic DNA repeats is
constituted by MITEs (Miniature Inverted-repeat Trans-
posable Elements), 70-300 bp elements which resemble
degenerated ISs, as they feature 15-30 bp TIRs, but have
no coding capacity. The group of bacterial MITEs inclu-
des RUP elements in Streptococcus pneumoniae [15],
NEMIS elements in Neisseria meningitidis [16,17], Bcrl
elements in Bacillus cereus [18], ERIC and YPAI elements
in Yersinia enterocolitica [19,20], Nezha elements in
Cyanobacteria [21], EFAR elements in Enterococci [22].
MITEs are often inserted next to coding sequences, are
transcribed and influence the expression of neighboring
genes by folding into robust secondary structures, which
can either stabilize the mRNA, or alternatively accelerate
its degradation [23]. MITEs can be mobilized by transpo-
sases recognizing their TIRs [15,16,24]. REPs may be
miniature non-autonomous mobile DNA elements as
well, since they are often associated to genes encoding
transposases of the 1S200/IS605 family, accordingly called
RAYTs (REP-associated tyrosine transposases; ref. [25]).
REPs characteristically terminate at one end with the
tetranucleotide GTAG [9,25,26]. Intriguingly, we found
that R. conorii RPE sequences terminate at one end with
the tetranucleotide CGTC. We have identified in pro-
karyotic genomes several families of short palindromic
repeats alternatively tagged at one end either by GTAG
or CGTC tetranucleotides. Multiple families of either or
both repeat types reside in some microorganisms. Struc-
ture, genomic organization, chromosomal arrangement,
degree of inter- and intraspecies variation, pattern of
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interspersion with coding regions of all these sequences
are reported. The role played by specific transposases in
the formation and maintenance of the various repeats is
discussed. In several species, RAYT genes are not
flanked by REPs, but rather by long TIRs. In some of
them, moderately abundant families of TIR repeats have
been identified.

Results
Short SLSs tagged at one end by the tetranucleotide
GTAG or CGTC mark the genome of several micro-
organisms. According to their branching patterns in the
16S rRNA trees, bacteria are divided into main phyla.
GTAG repeats have been identified in microorganisms
belonging to the Proteobacteria, Cyanobacteria, and
Chloroflexi phyla, and the PVC (Planctomycetes, Verru-
comicrobia and Chlamydiales; see ref. [27]) superphy-
lum. GTAG repeats were found in all divisions (alpha to
epsilon) of Proteobacteria, but predominate in bacteria
of the late-branching [28] gamma division. Cyano-
bacteria occur as unicellular and multicellular micro-
organisms [29], and GTAG elements were found in both
cell types. CGTC repeats were identified in microorga-
nisms belonging to 5 phyla: Proteobacteria, Chlorobi,
Bacteroidetes, Spirochaetes, Thermotogae. In contrast to
GTAG repeats, CGTC repeats predominate in Proteo-
bacteria of the alpha division. Most reside in free-living
organisms, but some have been identified in obligate
intracellular bacteria, such Wolbachia and Rickettsiae.
CGTC and GTAG repeats coexist in Neisseriae,
Bradyrhizobium, Rhodopseudomonas palustris, Sulfuro-
vum sp. NB37-1, and Cowiella burnetii. This bacterium
substantially differs from typical obligate intracellular
bacteria because having a relatively large genome and
most metabolic pathways intact, and may indeed be
considered a facultative intracellular bacterium [30].
Features and properties of the identified GTAG and
CGTC repeat families are described below.

GTAG families

GTAG families have been sorted into 24 families
(Figure 1). The classification takes into account changes
of the stems, in terms of length (6-13 bp) and base
composition, as changes of the loops, which measure 2—
3 bp in many families, but vary in length among
members of some families (Figure 1). Some GTAG
families are restricted to one species only, others reside
in multiple species of the same genus or order, as in
evolutionary distant microorganisms. Repeats conserved
in a genus have been analyzed in detail in strains of one
or more species selected in the past for similar studies
by other investigators. REPs identified in Escherichia [5]
and Pseudomonas [6,7] genomes correspond to some of
the GTAG-3 and GTAG-1 families listed in Figure 1,
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Phylum Order Species
Pseudomonas putida
Pseudomonas entomophila
Pseudomonas mendocina
Pseudomonadales
Pseudomonas fluorescens
Pseudomonas syringae
v Azotobacter vinelandii
Chr Thioalkalivibrio K90mix
Xanthomonas oryzae
Xanthomonadales [Xanthomanas campestris
Alteromonadales Shewanella sediminis
B Rhodocyclales Thauera MZ1T
Alteromonadales Shewanella halifaxensis
O irillales  Mari MWYLI1
¥ Pseud dal Pseud: d
v Legionellales Coxiella burnetii
Lo Rhodopseudomonas palustris
| Rhizobiales [Bradyrhizabium ORS278
Cronobacter sakazakii
Enterobacter cloacae
Proteobacteria Citrobacter koseri
Y Enterobacteriales | Salmonella typhimurium
Klebsiella pneumoniae
Escherichia coli
Shigella flexneri
7 Alteromonadales Psychromonas ingrahamii
Y Chr Thioalkalivibrio HL-EbGR7
o Neisseria meningitidis
B Neisseriales Neisseri
eisseria gonorrhoeae
Y Xanth dal Stenotroph ltophilia
¥ Alteromonadales  Idiomarina loihiensis
Y Methyl 1 Methvl "
8 Desulfur dales Geob. uraniir
Cyanob. ia N 1 Anabaena variabilis
Pasteurellales Amnobac.tllus. succinogenes
¥ Haemophilus influenzae
P dal Peud: o
Proteobacteria Alter dal Ferris s balearica
Rhodopseudomonas palustris
O Rhizobiales
Bradyrhizobium ORS278
Pl Pl Pl limnophil
N T a FEEIES Planctomyces brasiliensis
Cyanobacteria Nostocales Anabaena variabilis
¥ Chroococcales Cyanothece PCC 7424
8 Desulfob ales  Desulfatibacillum alk ans
Y Legionellales Coxiella burnetii
Proteobacteria | '8 Neisseriales Chromobacterium violaceum

Cyanobacteria

Verrucomicrobia

Planctomycetes

Chloroflexi

€ Sulfurovum
Nostocales
Chroococcales

Opitutales

Planctomycetales

Thermomicrobiales

‘hlor

Sulfurovum NBC37-1
Anabaena variabilis
Cyanothece PCC 7424

Opitutus terrae

Rhodopirellula baltica

Thermomicrobium roseum
Chloroflexus aggregans
Roseifl Dolnii

u;

Azotobacter vinelandii

Pseud stutzeri

Pseudomonas aeruginosa

Figure 1 (See legend on next page.)
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GTAG families

Stem ——Loop—— Stem
GTRG GA GCGGGY KY RCCCGC GAA|
GTAG GA GCSGVY TY RBCSGC GAW|
GTRG GA GSGGMT TY AKCCSC GAN
GYAG GA GCBRGC TT GCYVGC GAA|
GTRG GA GYGRRC TT GYYCRC GAA]
GYRG GA GCGGAT TC ATCCGC GAY|
GTRG GA GCSKGC TY GCMSGC GAA|
GTAG GA GCGSSC YY GSSCGC GAY|
GTAG GA GCGSSC YY GSSCGC GAN
GTAG GA SCGGCT TT AGCCGS GAA|
GTRG GA GCGAC GCVA GTCGC GAY|
GTAG GT YGGSMT TT AKSCCR TCA|
GTAG GT CGGCCT TY AGGCCG TCA|
GTAG CCCGGAT GCA ATCCGGG
GTAG CCCGTAT G(V)A GRA ATACGGG
GTAG CCCGSAT G(V)A GC GnA GC GMM ATSCGGG
GTAG CCCGSAT GA GAY ATSCGGG
GTAG GGYGGGT AA GC n2-4 GC GC ACCCRCC
GTAG GCCSGRT AR GCC AYCSGGC
GTAG GCCBGRT AA GC n2-4 GC GCC AYCVGGC
GTAG GCCBGRT AA GGC n3-4 GCC GCC AYCVGGC
GTAG SCCSGRT AA GGCG n3-4 CGCC |GCC AYCSGGS
GTAG GYCKGAT AA GRCGY n2-6 RCGYC|GC ATCMGRC
GTAG GYCKGAT AA GC ATCMGRC
GTAG GGTGCAT TCT ATGCACC
GTAG GTCGGSCT TC AGSCCGAC
GTAG GTCGGATWC TY GWATCCGAC
GTAG GTCGGATWC TY GWATCCGAC
GTAG WGCCGGCC GCT GGCCGGCW
GTAG MGYCGASY n2-4 RSTCGRCK
GTAG AKCCACGC CAY GCGTGGMT
GTRG GTGYSRACC (G)TT GGTYSRCAC
GTAG CCTGACRT TY AYGTCAGG
GTAG GGGCGAAT TY ATTCGCCC
GTAG GGGCGGGG TYY CCceGceee
GTAG GGGCGCAT KGC ATGCGCCC
GTAG TSAGRACT TY AGTYCTSA
GTAG GSYGGGCW TGCY WGCCCRSC
GTAG GGTGGGCT TY AGCCCACC
GTAG GGTGGGCT TY AGCCCACC
GTAG CGTGGGCY TnY RGCCCACG
GTAG GGTGGGCA AR GC GnA GC G TGCCCACC
GTAG GGTGGGCA AA 4 G TGCCCACC
GTAG GGTGGGTT AAGGCTYTGCGC AACCCACC
GTAG GCTGGGTTA GCCGRHAGGCG TAACCCAGC
GTAG GTTGGGT GGA n6-9 RAA ACCCAAC
GTAG GTTGGGTT GA n5-8 GA AACCCAAC
GTAG GTTGGGTT GA GCTTGC GA AACCCAAC
GTAG GTTGGGCT GA GCTTGC GA AGCCCAAC
GTAG GTTGGGCT GA GCTTGC GA AGCCCAAC
GTAG GGTGTGC AATW GCACACC
GTAG GGTGGGC AWT GCCCACC
GTAG GGTGGGC AHY GCCCACC
GTAG CCGGGCTC GTT GAGCCCGG
GTAG GGCYGSCG YTnRC CGSCRGCC
GTGG CAYGGGCG TCY CGCCCRTG
GTAG CWCGGYGG T(C)CY CCRCCGWG
GTAG CYGQATTC GCCA (A) GAATECRG
GTMG CCGACKGAG GCC CTCMGTCGG
GTAG GGGYSAGGC GST GCCTSRCCC
GTMG GGGCRMSSC Gnn GSSKYGCCC
GTAG GGGCRSGBC nnn GVCSYGCCC
GTAG GGTGGAAAACSGC GCA GCS-TTTTCCACC
GTAG GGTGGAAAACBVSG GCA GSBV-TTTTCCACC
GTAG GGTGGAAAANSGC GMA GCS-TTTTCCACC
GTAG GGCGaATAACSSC TY,Ann GSSGTTATcCGCC
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HH TT HT
88 234 1 250
283 285 3 43
34 19 6 20
162 76 3 280
24 3 2 285
5 1 - -
12 1 1 -
14 - - s
24 3 3 210
101 12 28
17 28 7 499
8 - - 12
- - 3 28
37 4 - 3
66 1 - -
25 1 1 61
67 - - -
- 27 11 323
2 35 - -
46 164 7 230
18 65 - 6
2 15 14 44
19 88 1 177
19 71 1 33
1 - 2 28
62 2 - 14
5 - - -
7 -
105 7 15 364
84 - 7 78
16 12 13 92
22 6 19 180
13 - 2 s
s - - -
17 3
2 - - -
7 - 1 3
6 - 1 a4
2 - -
13 1 52
8 - - 6
3 1 - 9
2 - 1 -
4 - - -
5 - -3
10 - - 53
2 - - -
1 - - 11
9 - - 15
33 - -3
3 - 8 27
38 - -
53 1 1 3
61 22 3 19
5 3 4 28
13 - 8 72
6 1 1 -
2 4 - 86
1 - 1 190
- - 6 63
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Figure 1 Families of GTAG repeats. The consensus sequences of GTAG-1 to GTAG-24 repeat families are reported. Families present in more
than one species are boxed. Only the species, order and phyla are indicated (alpha to epsilon refer to Proteobacteria subdivisions). The complete
names of the strains analyzed, and the NCBI accession numbers of the genomes are in Additional file 6. Loop sequences common to GTAG-3 and
GTAG-14 elements from different species are boxed. Residues not present in all family members are in parentheses. Complementary nucleotide
changes are indicated according to the NC-IUB codes (R=AG; Y=CT; K= G,T; M=AC S=G,C; W=AT, B=CGT, H=ACT; V=ACG). Non
complementary stem residues are in lowercase letters. Gray numbers to the right refer to single elements (S), dimers (D: HH, TT or HT types; see
text) or grouped elements (G) in each family. Elements featuring alternative stem and loop sequences in G. uraniireducens GTA-11 and A.
vinelandii GTAG-24 have been separately reported, but counted together (boxed gray numbers).

respectively. GTAG families 6 to 9 include all the S
maltophilia repeats previously called SMAGs [9]. Diffe-
rent REP families coexist also in A. vinelandii, C. burnetii,
R. palustris, Bradyrhizobium sp. ORS278, A. variabilis,
Cyanothece sp. PCC 7424, O. terrae, R. baltica. In con-
trast, different REPs reside in the two sequenced isolates
of the Thioalkalivibrio genus Thioalkalivibrio sp. K90mix
(GTAG-1 elements) and Thioalkalivibrio sp HL-EbGR7
(GTAG-5 elements).

Elements in Figure 1 are diagrammed in a modular
fashion, to facilitate data presentation. In complex stem-
loop structures, as those featured by E. coli REPs, some
complementary bases are viewed as part of the loop
region, rather than of bulged stems. Elements assigned
to different families have different stem or loop sequences,
or both. The terminal GTAG motif, conserved in >90% of
the members of most repeat families, is variously degene-
rated in second and third position (GYAG, GYRG, GTRG,
GTMGQG) in some families, and mutated to GTGG in the
majority of O. terrae GTAG-20 elements. Most stems
measure 6-9 bp. GTAG-1 repeats in Thauera sp.
MZIT have shorter stems (5 bp), all GTAG-24 repeats
long (12-13 bp) stems. In the latter, complementarity is
interrupted by mismatches in P. aeruginosa elements
(unpaired GA residues in fifth position in all), 1 bp
bulges due to the presence/absence of residues in tenth
position in GTAG-24 repeats in other species.

Most families can be subdivided into sub-families
made by units which feature alternative complementary
stem residues, as denoted by the NC-IUB code in Figure 1.
GT pairing of stem residues was often observed, sugges-
ting that many GTAG repeats may be transcribed and
function as RNA elements. GTAG-1 and GTAG-2 mark-
edly differ from all other repeats as they feature dinucleo-
tides not involved in base pairing between the SLS region
and the GTAG terminus, and conserved 3 bp motifs at
the opposite side (Figure 1).

Loops come in a few main formats. Most loops are
very short, and many fit the consensus TY or CMA.
Minimal size loops (2—4 bp) are compatible with the
formation of RNA hairpins [31]. Some loops, in contrast,
have a complex structure. In all GTAG-3 elements but
those found in P. mendocina, non complementary di-
and trinucleotides separate stem and loop sequences.

The simplest loops are featured by C. burnetii, C.
sakazaki and Rhizobial elements, and consist of 2—4 bp
regions flanked by GC residues. In other GTAG-3
families, loops with complementary GC/GC, GGC/GCC,
and GRCG/CGYC termini coexist (see boxed sequences
in Figure 1). The inner regions of the GRCG/CGYC
loops are self complementary, and up to 6—7 bp paired
regions can be formed. The relative abundance of loop
types varies among GTAG-3 elements in different
species. Long loops predominate among E. coli and S.
flexneri elements, but are missing in E. cloacae. In con-
trast, units with GGC/GCC loops are missing in E. coli
and S. flexneri, but represent more than 50% of the
GTAG-3 elements in K. pneumoniae.

GTAG-14 repeats feature loops exhibiting a similar
organization, and two and three major loop variants with
different GC-rich termini were identified in R. palustris
and Bradyrhizobium, respectively (Figure 1). The inner
region of the GCGG/CCGC type loops, which have been
found only in Bradyrhizobium elements, is made by
complementary residues, and may measure up to 27 bp.
Large loops (9-15 bp) are a feature of GTAG-15
elements. These loops are partly related in sequence and
have the same termini of GTAG-3 and GTGA-14 repeat
loops, but complementary bases are missing.

GTAG repeats may be found as single units, but many
are associated and form characteristic structures. In
several families, repeats are predominantly associated as
dimers. Elements are next to each other (1-5 bp distance)
in some dimers, but are located 20—-100 bp apart in most.
The relative orientation of partners determines the for-
mation of three types of dimers. Dimers carrying GTAG
termini outside or inside are referred as HH (head-head),
and TT (tail-tail), respectively, those made by tandemly
arranged repeats as HT (head-tail). Head and tail refer to
the REP body and the terminal GTAG muotif, respectively
(see also ref. [9]). Some elements are grouped, and groups
may include singletons as dimers arranged in different
configurations. The smallest groups are represented by
trimers, which can be viewed as singletons next to dimers
of different types. Large REP clusters have a variable com-
position. Most include singletons or dimers reiterated in
tandem, along with segments of flanking DNA of variable
length. The number of singletons, dimers and grouped
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elements, vary extensively among GTAG families (Figure 1).
Single elements predominate in families 14, 16 and 24 res-
pectively found in D. alkenivorans, Cyanothece sp. 7424
and P. stutzeri. In contrast GTAG-1 families in P. syringae,
X. campestris and Thauera sp. Mz1T, the GTAG-3 family
in C. sakazaki, and all GTAG-23 families are largely made
by clustered elements. HH is the privileged type of dimer
in most families, but TT dimers outnumber HH dimers in
families 1, 3, 19 and 24. HT dimers are absent, or under-
represented, in most genomes.

T. roseum features two chromosomes, and GTAG-23
elements are distributed in both (Additional file 1).

CGTC families

CGTC elements are more similar to each other than
GTAG elements, and have been assigned to only four
families (Figure 2). Differences in sequence and overall
structure of the main sequence types are ready to perceive
by looking at the all families alignment at the bottom of
Figure 2. The terminal CGTC motif is changed to TGTC
or CCTC in many repeats. Stems measure 8 (families 1
and 2) or 9 bp (families 3 and 4), and almost invariably
feature complementary AT residues in first and second
position. Loops measure 4 (family 1) or 5 bp (families 2 to
4), and most fit a few major sequence types. Loops of dif-
ferent length and composition are found in Bradyrizobium
CGTC-1, and K. olearia and M. prima CGTC-3 REPs. All
CGTC elements end, similarly to GTAG-1 and GTAG-2
repeats, with short unpaired “tails”, most of which fit the
consensus CCA.

CGTC repeats have been found in microorganisms
belonging to 5 phyla. Most reside in alpha-Proteobacteria,
and CGTC REP families have been found in species of all
the orders in which the alpha subdivision diverged [32].
The obligate bacterial predator Micavibrio aeruginosavo-
rus, which hosts a family of CGTC-1 repeats, has been
placed by phylogenetic analyses as a deep branch lineage
within the alpha-Proteobacteria, and forms a sister clade
to the Rhodospirillales order, that is otherwise distinct
from the major alpha-Proteobacterial groups currently
recognized [33]. Different CGTC REP families coexist
in S. chlorophenolicum, S. wittichii, Bradyrhizobium
and R. conorii (Figure 2).

Five of the species listed in Figure 2 (S. chloropheno-
licum, A. tumefaciens, A. lipoferum, C. taiwanensis and
S. meliloti) have either two chromosomes, or one
chromosome and one or more megaplasmids. The total
number of repeat types in each organism is reported in
Figure 2. The number of repeats in chromosomes and
megaplasmids is reported in Additional file 1.

CGTC repeats are as heterogeneous as GTAG repeats, as
illustrated by the extensive use of the IUB code in Figure 2,
needed because several families include subsets made by
units having different stem, loop or tail sequences. CGTC
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elements are predominantly organized as HH dimers. TT
dimers are rare, HT dimers negligible. Grouped elements
are also rare, but it is worth noting that most of the
elements found in Neisseriae and Wolbachia are orga-
nized in large clusters.

Some repeats correspond to described sequences.
CGTC-1 elements in Neisseriae correspond to the dRS3 re-
peats [34], CGTC-1 and CGTC-4 elements in R. conorii to
RPE-6 and RPE-4 repeats [13], respectively. In contrast, the
CGTC-4 elements identified in the genomes of the Wollba-
chia endosymbionts of D. simulans and D. melanogaster
are unrelated to the palindromic WPE repeats identified in
the Wolbachia endosymbiont of Brugia malayi [35].

Association of GTAG and CGTC to other repeats

The diversity of flanking DNA suggests that most REPs
are not associated to other sequence repeats. We have not
investigated this issue in detail, because out of the scope
of this paper. Yet, it is worth mentioning that members of
a few REP families repeats are regularly associated to
similar DNA tracts. Many A. variabilis GTAG-15 dimers
are inserted within long palindromic sequences fitting
the consensus TATAGGAnTnnnATTTGATTnnTGAAA
« e TTTCAnnAATCAAATnnnAnTCCTATA (capital letters
denote complementary bases, dots GTAG-15 dimers).
T. roseum GTAG-23 elements are inserted within small
palindromes fitting the consensus CCGSSCC (n3, 4)
GGSSCGG, all the H. neapolitanus CGTC-1 dimers
within 41 bp palindromic sequences, fitting the consensus
GGGaaGCTT-GAAAaACCeeattcacgGGTaT TTCgAAGC-
gCCC (letters and dots are as above). Target palindromes
unlinked to REP sequences were not found in A. variabilis
as in H. neapolitanus DNA. In contrast, hundreds copies
of the GTAG-23 target occur in the GC-rich T. roseum
genome. Many of the Neisseria CGTC-1 elements clus-
tered in large mosaic intergenic regions are interleaved
with members of different repeat families [36].

Variations of GTAG and CGTC families
The organization of abundant REP families was analyzed
in genomes of the same or related species. We monitored
the relative abundance of the predominant sequence types
(STs), as changes in the distribution of singletons, dimers
and grouped elements. Data on species containing one or
more REP families are reported in Figure 3. No significa-
tive variations were found in families of repeats residing in
P. aeruginosa, H. infuenzae, S. maltophilia, N. meningiti-
dis, N. gonhorroeae, C. burnetii.

Changes in the organization of specific families among
strains and/or species are discussed below.

Pseudomonas REPs
The compared strains of P. syringae [37] P. fluorescens
[38] and P. putida [39] represent major phylogenetic
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CGTC families
S D G

Phylum Order Species Stem Loop Stem HH TT HT
Rickettsiales Rickettsia conorii [T|[TeTC ATTCCYGC GWAR GCRGGAAT CCA| 55 51 - - =
Parvibaculum lavamentivorans TGTC AYCCCGGC GAAA GCCGGGRY CCA| 27 28 - - -
Rhizobiales | Bradyrhizobium ORS278 YGTC RTCCCGGY C%AxA RCCGGGAY CCA| 69 55 2 - 22
[Sphingobium chloroph li CGTC ATTCCCGC GVAG GCGGGAAT CCA| 36 18 - = =
@ ) Sphingomonas wittichii CGTC ATBCCnGC GRAR GCnGGVAT CYM| 118 247 - - 13
Sphingomonadales . . .
Sphingopyxis alaskensis CGTC RYCCCSGC GMAG GCSGGGRY CKC| 39 65 - = =
¥Erythr0bacterlitaralis CGTC RYCCCVGC GVAR GCBGGGRY CYH| 14 32 = = =
Rhodospirillales Azospirillum lipoferum CGTC ATYCCCGC GAAG GCGGGRAT CCA| 8 28 = = =
Proteobacteria lassified Micavibrio aeruginosavorus YRKC ATTCCCGC GAAA GCGGGAAT CCA| 23 18 - - -
L Neisseria meningitidis 1||ceTCc ATTCCCRC GMAR GYGGGAAT CYA| 20 19 1 - 664
B Neisseriales | Neisseria gonorrhoeae CGTC ATTCCCRC GMAR GYGGGAAT CYA| 16 25 - - 1le4
Gallionellales Sideroxydans lithotrophicus CGTC ATTCCGGC GMAG GCCGGAAT CCA| 8 18 - - -
Burkholderiales Cupriavidus taiwanensis YGTC ATTCCCGT GMAG ACGGGAAT CCA| 15 51 - - -
Alteromonadales Shewanella putrefaciens W18 YGTC ATTCCCGC GMAG GCGGGAAT CCA| 8 4 - - 50
- Legionellales Coxiella burnetii CGTC ATYCCCGC GCAG GCGGGRAT CCA| 33 6 - - -
Xanth dal Pseudoxanth spadix CGTC ATCCCCGC GMAG GCGGGGAT CCA| 14 9 - - 7
Chromatiales Halothiobacillus neapoli CGTC RTTCCCGC GTAG GCGGGAAY CCA| - 72 - - -
Chlorobi Chlorobiales [Chlorobaculum parvum CGTC ATTCCCGC GMAR GCGGGAAT CCA| 4 13 - = =
| Chlorobium chlorochromatii YGTC ATTCCCGC GAAR GCGGGAAT CCA| 32 15 = = =
Spirochaet Spir tal Turneriella parva L_J|KGTC ATTCCCGC GAAA GCGGGAAT CYA| 17 6 - - -
[Sphingobium chloroph li [T][cGTC ATGCTGAA CTTGT TTCAGCAT CCA| 22 9 - - -
o Sphing dal Sphii wittichii CGTC ATSCYGRA CTYGR TYCRGSAT CCA| 24 26 - - -
Novosphingobium ar icivorans CGTC AYSCTGAA CTTGT TTCAGSRT CCA| 3 24 - - 3
Pr 1} ia Alter dal ¥S.'w lla woodyi YGTC ATCCYGRR CTTGT YYCRGGAT CCA| 22 - - - -
Y O irillales Kangiella koreensis TGTC ATCCTGAA CTKGA TTCAGGAT CTG| 11 - 5 - -
Thiotrichales Francisella tularensis ,||CGTC ATSCTGAA YTTRT TTCAGYAT CTC 4 4 - - -
€  Sulfurovum Sulfurovum NBC37-1 YGTC ATYCTGAA CTGYT TTCAGRAT CYC 9 5 - - -
Bacteroidetes Flavobacteriales Gramella forsetii CGTC AHBCTGAA YTTRT TTCAGVDT CTB| 67 39 2 1 -
hermoto Ther l [ Kosmotoga olearia YGTC ATYCTGGA AATCSTTYT%AWA TCCAGRAT CTK| 37 21 - - 40
| Mesotoga prima YGTC ATBCTGRAA | o %E‘EGM";CC TICAGGAT CTM| 63 4 1 2 -
[Xanthob autotrophi [T][CGTC ATGSCCGGG CTTGW CCCGGSCAT CCA| 29 37 - - -
Starkeya novella CSTC ATSSCCGGG CTTGR CCCGGSSAT CCA| 80 102 1 1 25
Oligotropha carboxidovorans YGTC ATGSCCGGV YTTRW BCCGGSCAT CCA| 56 45 = =
Bradyrhizobium ORS278 CGTC ATGSCCGGG CTTGW CCCGGSCAT CCA| 46 32 - - -
Rhizobiales Rhodopseudomonas palustris 3 CGTC ATGSGCGGG CTYGW CCCGCSCAT CCA| 49 78 2 1 7
Agrobacterium tumefaciens CSTC ATYCYYGKG CTYGT CMCRRGRAT CYR| 29 78 - - -
Rhizobium etli CSTC ATYCYYGKG CYYGT CMCRRGRAT CYR| 25 21 - - 4
Proteobacteria| ¢ Sinhorizobium melitoti CCTC ATYCCTGTG CYYGT CMCAGGRAT CCA| 58 9 - - 31
Pelagib ium halotolerans CGTC RTCCTCGGG CTYGA CCCGGGGAY CYG| 9 9 - - 32
| Mesorhizobium BNC1 L_/[CGTC ATCCTCGGG CTTGA CCCGAGGAT CCA| 3 - 8 - 4
Caulob ales Caulob cr CB15 ["|[ceTc aTcccacae YKYRT GCGCGGGAT CCA| 2 19 - - -
Rickettsiales [Rickettsia conorii 4||TGTC ATMCCGYGR CTTGA YCRCGGKAT CYA| 40 13 - - -
Wolbachia wRi L_J|CGTC ATMCCGCKA YTYRT TMGCGGKAT CDM| 40 30 1 1 140

CGTC-1 yeTCc RTYCCSGC GVAR GCSGGRAY CnA
CGTC-2 yeTC AYBCYGRA YTYGD TTCRGVRT CY¥n
CGTC-3 ceTc ATBSBYGKG YTYGW CMCRRSVAT CYR
CGTC-4 ceTC ATMCCGYRV YKYRW BMRCGGKAT CnM

Figure 2 Families of CGTC repeats. The consensus sequences of CGTC-1 to CGTC-4 repeat families are reported. Data are presented as in

Figure 1. Differences among the four repeat types are highlighted by the all families alignment at the bottom.
.
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GTAG-1

GTAG-3

Cyanobacteria

Bradyrhizobium

R. palustris

C. burnetii

P. mendocina

Rickettsiae

P. syringae B728a
P. syringae 1448A
P. syringae DC3000

P. fluorescens pf05
P. fluorescens pfol
P. fluorescens SWB25

P. putida W619
P. putida F1

P. putida KT2440
P. putida GBI

X. campestris 85-10
X. campestris B100
X. campestris ATCC-33913
X. campestris 8004

S. enterica ser Typhi Ty2

S. enterica ser Typhimurium LT2

S. enterica ser Paratyphi A ATCC9150
S. enterica ser Paratyphi C RKS4594
S. enterica ser Choleraesuis

S. enterica ser Dublin

S. enterica ser Enteritidis

coli K-12 MG1655

coli K-12 W3110

coli 0157:H7 EC4115 (EHEC)

coli 0157:H7 EDL933 (EHEC)

coli 06:K2:H1 CFT073(UPEC)

coli 06:K15:H31 536 (UPEC)

coli SMS-3-5 (environmental)

coli 0152:H28 SE11 (commensal)
coli O7:K1 IAI39 (ExPEC)

coli 017:K52:H18 UMNO26 (ExPEC)

A. variabilis

N. punctiforme PCC 73102
N. punctiforme PCC 7120

Cyanothece sp. PCC 7424

Cyanothece sp. PCC 7425

Cyanothece sp. PCC 7822

Cyanothece sp. PCC 8801

Cyanothece sp. PCC 8802

Cyanothece sp. 51142

Bradyrhizobium sp. ORS278
Bradyrhizobium japonicum
Bradyrhizobium sp. BTAil

R. palustris CGA009
R. palustris HaA2

R. palustris BisB18
R. palustris BisB5

R. palustris BisA53
R. palustris TIE-1

R. palustris DX-1

C. burnetii RSA 493

C. burnetii G(Q212)

C. burnetii K (Q154)

C. burnetii Dugway (5J108-111)

P. mendocina ymp
P. mendocina NK-01

R. conorii

R. akari

R. bellii OSU_85
R. canadensis

R. prowazekii

R. typhi

R. felis

R. massimiliae
R. peacockii

R. rickettsii lowa

ST1 ST2 ST3 ST4 ST5
GCGAGC GCGAAC GCGGAC GTGAGC
88 218 44 33 -
31 56 49 8 -
9 16 46 4 -
GCGAGC GCGGGC GCCAGC GCCGGC  GCTGGC
69 29 27 447 326
59 46 11 2 40
1 41 0 5 56
GCGGGT GCGGGC GCGGCT  GCCGGC
3 5 0 250
589 410 30 4
400 341 22 3
105 97 20 3
GCGCAC GCGCCC GCGCGC  GCGGCC
6 43 7 6
29 40 205 29
27 45 207 29
26 37 168 29
GCCGGAT GTCTGAT GCCGGGT GCCCGGT
215 54 16 56
209 60 16 51
227 62 18 55
218 59 20 56
216 59 19 53
222 52 16 52
215 54 16 54
GCCGGAT GCCTGAT GTCGGAT
206 196 58
206 195 57
139 132 46
135 132 48
150 136 52
137 141 53
102 91 24
134 95 33
82 80 24
133 130 47
GTAG-12 GTAG-15 GTAG-16
39 31 102
24 25 3
20 27 77
- 114 239
- 10 17
- 12 122
- 14 125
- 25 40
GTAG-3 GTAG-14 CGTC-1 _ CGTC-3
160 0 126 86
26 0 60 33
39 0 25 82
11 - - 111
- 20 - 138
118 31 - 76
15 2 - 36
12 28 - 197
- - - 108
- 3 - 82
GTAG-3 GTAG-15  CGTC-1
206 32 40
199 31 44
194 39 41
240 42 47
GTAG-1  GTAG-4 GTAG-13
59 136 20
256 108 28
CGTC-1 _ CGTC-4
168 65
126 71
99 128
56 28
211 74
181 61
173 66
160 66

Figure 3 Strain variations of REP families. For GTAG-1 and GTAG-3 families, the relative abundance of major sequence types (ST) in the
indicated strains are shown. For clarity, of each ST only left-hand, stem sequences are reported. Abundant sequence-subfamilies are highlighted.
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clades, adapted to specific lifestyles and environmental
niches. The number of GTAG-1 repeats varied in the
genomes examined over a 5-10 fold range, mostly for
the expansion of specific repeat sub-populations. The P.
putida F1 and KT2440 strains are overrun by ST1 and
ST2 units, but have few ST4 units, which in contrast are
predominant in the W619 strain (Figure 3). Similarly,
the large sizes of the GTAG-1 families in P. fluorescence
Pf-05 and P. syringae B728A genomes are correlated to
the expansion of ST2 and ST4 units, respectively. Many
of these repeats are reiterated in tandem, suggesting that
amplification and clustering of REPs may be correlated
processes.

Enterobacterial REPs

The number of GTAG-3 repeats was comparable in all
the strains of Salmonella enterica analyzed, but varied
over a twofold range among pathogenic, laboratory and
environmental E. coli strains. The organization of GTAG-
3 repeats found in the known MG1655 E. coli strain is
largely conserved in all the strains analyzed, and size
changes of the various repeat families are not correlated
to the expansion of specific STs, but rather to an
increased number of dimers and clustered elements in
MG1655 DNA.

Bradyrhizobia REPs

The organization of REP families was monitored in three
strains of the genus Bradyrhizobium, and six strains of
R. palustris. Bradyrhizobium sp. ORS278 and BTAil are
photosynthetic bacteria, isolated from stem nodules of
different Aeschynomene species, B. japonicum USDA110
is a non-photosynthetic rhizobium able to form root
nodules on soybeans [40]. The relative abundance of
GTAG-3, GTAG-14, CGTC-1 and CGTC-3 elements
varied over a 8-fold range among the three strains, each
repeat peaking in one or two strains only (Figure 3).
While comparable in size, GTAG-14 families in Brady-
rhizobium sp. ORS278 and B. japonicum USDA110
significantly differ in their organization. Units with large
GCGG/CCGC type loops (see Figure 1) are very few in
B. japonicumm DNA, but the number of HH dimers
found in this species is much higher than in Bradyr-
hizobium sp. ORS278 (59 vs 38 dimers).

The size and the pattern of distribution of GTAG-3,
GTAG-14, and CGTC-3 families in the six R. palustris
strains analyzed does not match the hierarchical clustering
resulting from the analysis of Pfam domains, according to
which BisA53 and BisB18 strains cluster together, BisB5,
HaA2, CGA009, and TIE-1 strains on a distinct branch,
with CGA009 and TIE-1 on the same node [41]. GTAG-3
elements peak in BisB18, are 10-fold less abundant in
other strains, and missing in TIE-1. CGTC-3 elements
reside in all strains, but their abundance varied over a 5-
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fold range, moderately abundant families of GTAG-14
repeats in BisB18, BisA53 and HaA2 strains only.

Cyanobacterial REPs

GTAG-15 and GTAG-16 elements were monitored in
three filamentous (Anabaena variabilis, Anabaena sp.
strain PCC 7120, Nostoc punctiforme PCC 73102) and
six unicellular cyanobacteria of the genus Cyanothece
(51142, 7424, 7425, 7822, 8801 and 8802 strains) show-
ing high genetic variation [42]. Both GTAG-15 and
GTAG-16 elements peak in the 7424 strain, are 2-10
fold less abundant in other strains, and are missing in
the 7425 strain. Curiously, the DNA of this strain has a
GC content significantly higher than the DNAs of the
other strains analyzed (49% vs. 37-39%; see ref. [42]).
GTAG-12 repeats were detected in filamentous Cyano-
bacteria only, and are two times more abundant in A.
variabilis than in Anabaena sp. strain PCC 7120 and
Nostoc punctiforme PCC 73102.

Rickettsial REPs

CGTC-1 and CGTC-4 repeat families varied in size over a
two-fold range in many species of the genus Rickettsia.
The lowest number of repeats was found in R. canadensis.
Neither CGTC-1 nor CGTC-4 elements were found in R.
prowazeki and R. typhi, a result in line with literature data
indicating that both species lack repetitive sequences [43].

Organization of REP dimers

GTAG as CGTC elements are frequently associated to
form dimers. The relative abundance of REP dimers im
most families is underestimated, as a consequence of
both sequence variation and the insertion of DNA bet-
ween dimer partners. In P. fluorescence, most GTAG-1
singletons are remnants of HH dimers [26], and this
may hold true for more species upon closer inspection.
The components of HH or TT dimers may fold sepa-
rately, or form a single, large SLS [9,44]. Both HH and
TT dimers can be further distinguished because made
up by the same elements (homodimers), or elements
which feature different stem and/or loop sequences
(heterodimers). Further variation was observed in S.
maltophilia, about 10% of dimers found in this micro-
organism being heterodimers formed by members of
different GTAG families (hybrid dimers; the components
of these dimers have been counted as singletons in
Figure 1). The number of homodimers and heterodimers
varies significantly among REP families. Most HH and
TT GTAG-1 dimers in P. entomophila and P. putida are
homodimers. In contrast, GTAG-3 dimers in Enterobac-
teriaceae are exclusively formed by elements with loops
of different lengths, and P. aeruginosa GTAG-24 dimers
by elements with different stems (see changes at stem
residues 12 and 13 in Figure 1). Homodimers predominate
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among CGTC-1, heterodimers among CGTC-2 and
CGTC-3 elements. Yet only heterodimers are formed by
H. neapolitanus and C. taiwanensis CGTC-1 repeats, as
only homodimers by N. aromatocivorans CGTC-2 and A.
tumefaciens CGTC-3 repeats.

The preferential formation of heterodimers over ho-
modimers in most CGTC and GTAG families has no
obvious explanation. Dimers may form large DNA hair-
pins in single-stranded state or DNA cruciforms. These
structures cause replication stalling, and in turn lead to
genome instability, and need to be eliminated by specific
enzymes during DNA replication [45]. The deletion
frequency is significantly influenced by the stability of base
pairing involving the first 16—20 bp stem residues [46]. In
E. coli secondary structures formed by IRs are removed by
enzymes of the SbcCD complex, and the minimum duplex
stem length necessary for cleavage lies between 8 and 16
bp [47]. These considerations suggest that heterodimers
may be protected from enzymatic degradation and gen-
ome clearance. Large secondary structures formed by
pairing of adjacent REPs may have functional relevance at
the RNA level, and differences in the extent of base
pairing between homodimers and heterodimers may de-
termine whether the RNA hairpins formed are sensitive or
resistant to cleavage by specific endoribonucleases [17,19].

The distance between dimer partners is variable. Only
1-2 bp separate the partners of O. terrae GTAG-17 HH
and GTAG-19 TT dimers. The same holds for Wolba-
chia CGTC-4 dimers, and in some both spacer and a
few adjacent REP bases have been deleted. In most
dimers, spacers vary in length from 20 to 100 bp. Some
are largely conserved, others differ in sequence but have
similar lengths, or differ both in sequence and size. As a
rule of thumb, TT and HH dimers feature variable and
conserved spacers, respectively. However, as illustrated
in Figure 4, different spacer types may coexist in large
dimer families. Several dimers carry spacers which
feature either complementary ends, or small SLSs at one
end. Two distinct SLSs are at the ends of the spacer in
several A. tumefaciens CGTC-3 dimers (Figure 4). The
presence of structured spacers immediately suggest that
dimers may fold into stable hairpins.

It may be of interest noting how the relative abundance
of different spacer types may vary among related species.
P. putida GTAG-1 HH dimers have three types of spacers.
Of these, only one is conserved in P. entomophila
elements, and at lower abundance. The number of
GTAG-1 TT dimers in the two species is comparable, but
the relative amount of spacers with complementary ends
is significantly different.

Genome distribution of REP sequences
Members of most of the REP families identified are
spread throughout the genome. A noticeable exception
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is represented by T. roseurm GTAG-23 elements, which
are clustered in large blocks at few loci.

Most REPs are located in the intergenic space. Relative
to the orientation of flanking ORFs, repeats may be located
between either convergently (conv-REPs), or divergently
(div-REPs), or unidirectionally (uni-REP) transcribed ORFs.
In different REP-rich genomes the repeats are predomi-
nantly located between unidirectionally and convergently
transcribed ORFs (Figure 5). This finding reinforces the
notion that most REPs are transcribed, and may function
as RNA sequences. The distances separating P. entomo-
phila GTAG-1 and S. wittichi CGTC-1 elements from
flanking ORFs are diagrammed in Figure 6. The pattern of
interspersion of singletons and dimers, separately analyzed,
is similar. In P. entomophila as in S. wittichi, most conv-
REPs are next (<20 bp) to the 3" end of both flanking
ORFs. Uni-REPs are also located close to the 3" end of
upstream ORFs, but are at varying distances from down-
stream ORFs. This suggests that the fraction of read-
through transcripts spanning REPs, that may influence the
expression of both flanking ORFs, may be limited. The
pattern of interspersion of GTAG-1 and CGTC-1 elements
and flanking ORFs did not vary in other REP-rich genomes
analyzed (Additional file 2).

Members of several REP families are close to, or even
overlap coding regions. The extent of contiguity is
immediately illustrated by the finding that the termini of
GTAG REPs often provide the opal stop codon (TAG) to
flanking ORFs. In different species, a variable number of
REPs are entirely located within ORFs. Target ORFs and
REP-encoded amino acids are listed in Additional file 3,
data are summarized in Figure 7. In all the genomes
examined, a plethora of regions, selected on the base
of arbitrary length thresholds, have been annotated as
ORFs, but encode short proteins plausibly all spu-
rious. Therefore, REPs mapping within hypothetical
proteins <120 amino acids have been not included in
the pool of intragenic elements.

The highest number of intragenic GTAG and CGTC
repeats were found in O. terrae and R. conorii, respec-
tively (Figure 7A). Intragenic R. conorii repeats corres-
pond to the described RPE-4 and RPE-6 elements [13],
and is worth recalling that other genes are interrupted in
this species by longer palindromic insertions called RPE-
1 [14]. More than 50% of the inserts are dimers or
grouped repeats, which encode 20 to 30 amino acids. In
some O. terrae and R. conorii ORFs, single elements and/
or dimers are inserted twice, at close or distant sites.
Larger REP-encoded regions have been found in Thauera
and R. conorii, where clusters of repeats encode 43 to 82
amino acids (Additional file 3). The remaining elements
are variably located along ORFs. Slightly more than 10%
of GTAG and CGTC repeats are at the end of the coding
region, a higher number at the ORF NH2 terminus. Of
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REP Species Dimer % bp Features
27 39 TGCG. .CGCA
HH (88) 15 58 [AGGGCcgGCCCT]
P. putida 56 37 [CACCSGCNNnGCSGGTE]
GTAG-1 TT(234) 26  34-36 AGG. ..CCT
P. entomovhila HH (282) 81 36-40 [CACCSGCgtaGCSGGTG]
: P TT (284) 4 34-36 AGG...CCT
. HH (21 75 16-17 GACGCtgnl-2cGCGTC
GTAG-3  E. coli @0 [ S cacec
TT (90) 61 35 RHDDDYHYTGCAATWTATTGAATTTGCRBGHTTTT
GTAG-7 S. maltophilia HH (83) 39 34-36 [CGCGCgcaGCGCG]
- .. 37 62-85 AAACATATAAAAAN4 -6 TTTTTATAGTTT
R. conorii HH (51) [ :
27 36-92 [AAAGCgaGATaaATCgaGCTTT]
H. neapolitanus HH (80) 100 15 GCGCCTTGATTTTTC
CGTC-1 11 41-44 TGTCT. .AGACA
24 36 GGGAG. .CTCCC
S. wittichii HH (237
witten @D 06 18446 cCT. ... AGa
27 39-40 CGGTC. .ATCCA
| S. alaskensis HH (64) 67 23-24 GCC. .GGT
[ S. novella HH (102) 70 24-37 CGNCTT . . AAGNCG
Bradyrhizobium HH (32) 87 26-28 CGTCTT. . AAGACG
; 53 24-30 CGTCTT. .AAGACG
0. carboxidovorans | HH (49)
41 8-28 TC. o vi et e GA
CGTC-3
31 21-31 CGTCTT. .AAGACG
R. palustris HH (78) 27 12-44 TC.veiee . GA
31 24-30 CG.oviiiaan CcG
[GCcGACGcgCGTCtGC]
40 56-59
A. tumefaciens HH (72) [CAGCCCAAGgaCTTGGGCTG]
- 60 27 AnCACGTNNCnTAAAATCRANNSGTTG
Figure 4 Spacers in REP dimers. The organization of spacer sequences in abundant families of dimers is shown. The number of HH or TT
dimers [in parentheses] and the relative abundance of the spacer variants are shown. Spacer features include complementary ends or SLSs (in
brackets; complementary bases are in capital letters). The two SLSs in A. tumefaciens spacers are separated by 20-23 bp. The sequence of the E.
coli TT dimer spacers is from reference [48].

these, many may be extragenic, since translation may
initiate not at the predicted, but rather at downstream
sites. As inferred by alignment to shorter homologous
proteins encoded by either related species, or strains of
the same species, most REPs located within the 5" end of
P. putida, C. koseri and S. maltophilia ORFs may be not
codogenic, but rather function as post-transcriptional
control elements. On the other hand, R. conorii proteins
decorated by RPE-1 elements at the NH2 terminus are
expressed in vivo [49]. Would we ignore all ORFs carrying

REPs in the NH2 terminus, the number of ORFs deco-
rated by REPs is still high.

The encoded proteins belong to different categories,
but many play a role in DNA synthesis and repair.
Different species potentially encode REP-decorated pro-
teins involved in nucleotide excision (excinuclease ABC
complex proteins, UvrD/REP helicase, DNA polymerase I),
or in homologous recombination repair (recBCD proteins;
Figure 7B). The two uvrA genes found in O. terrae are both
interrupted at different sites by dual REP inserts. REP-
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Figure 5 REPs and flanking ORFs. The number of single REPs and dimers located between convergently (conv-REPs; C), divergently (div-REPs;
D), and unidirectionally (uni-REP; U) transcribed ORFs in different species is shown.

tagged proteins include the inducible, error prone DNA
polymerases, encoded by DnaE2 genes [50]. In R. conorii,
which lacks DnaE2, a REP element is inserted within the
DnaE gene, which encodes the high-fidelity replicative
polymerase (Figure 7B). Remarkably, some of the listed
ORFs are the only coding sequences modified by REPs in a
given species. REPs are also inserted in other genes
involved in DNA repair, such DNA ligase in O. terrae, a
DNA -photoreactivating enzyme in Thauera, as in genes
encoding RNA binding proteins, such RNA helicases in
O. terrae, tRNA synthetases in X. oryzae, E. lithoralis
and S. alaskensis, tRNA pseudouridine synthase B subunit

genes in S. maltophilia, E. lithoralis and S. alaskensis.
Curiously in S. maltophilia, also the A subunit gene is
interrupted by a REP (Additional file 3). In light of these
findings, may be worth recall that the R conorii tRNA
pseudouridine synthase B subunit gene is interrupted by
RPE-1 sequences [14].

Sequence alignment revealed that the different REPs
within X. campestris and X. Oryzae recB genes are
located about at the same site in the coding region.
In contrast, REPs found in other genes belonging to
the same functional category are inserted at different
sites.
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(See figure on previous page.)

Figure 6 Distances between REPs and flanking ORFs. Dots denote the relative distances from flanking ORFs of uni- and conv-REPs of the P.

entomophila GTAG-1

and S. wittichi CGTC-1 families. In the uni-REP graphs, upstream and downstream located ORFs are marked as black and

gray, respectively. In the conv-REP graphs, the two upstream ORFs are arbitrarily distinguished by the two color code. Single elements and dimers
have been separately analyzed. Distances have been sorted by length to facilitate data visualization.

REPs and tyrosine transposases

GTAG repeats are often found close to genes encoding
tyrosine transposases denominated RAYTs [25]. The
genetic elements resulting from the association of RAYT
and REP sequences are known as REPtrons [51].
REPtrons have been identified in most of the species
hosting GTAG repeats listed in Figure 1, as well as in spe-
cies lacking GTAG repeats (Additional file 4). REPtrons

may be missing in some species, because eliminated by
deletion as described for many E. coli strains [51].

Species that have multiple GTAG repeats families
feature also repeat-specific REPtrons. It is of interest
noting that species hosting only one REP family often
feature multiple REPtrons. In these, transposase coding
sequences, organization and relative position of flanking
REPs all vary (Figure 8A; see also Additional file 4).
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Figure 7 Intragenic REPs. A) ORFs interrupted by CGTC and GTAG elements in different species B) DNA synthesis and repair genes carrying
REPs. S, G and D denote single, grouped elements and dimers, respectively. The R. conorii uvrB and the Thioalkalivibrio uvrA genes are interrupted
at different sites by two single REPs and two REP dimers, respectively. The two uvrA genes found in O. terrae are both interrupted by double REP
insertions, either a single REP and a REP dimer (a, ORF 2709), or two REP dimers (b, ORF 3168).
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. . ... |craca o---- 74 | 1574 | 61 ----e
Thioalkalivibrio | TR > 7 |1558| 0 <
S woodvi [GTAG2  @----@---- 24 | 1685 | 20 ----e
- WOONE | iR P& 53 | 1484 | 21 e
[GTAG-20 11751 22 @-------- .
R. baltica |GTAG-21 e@-------- e 3 9670 | 45 e@-------- .
| TIR >4 15 | 2408 |3ov p <
B
P. putida 607 [TGTGGgCcCGCGGCctcgeGTCCC|gataTGAGGGCgaaGCCCTCA
P. fluorescens 4255  gGGGCTGCtgc GCAGCCCage|GCGGGCacaagCCCGCtcaCCACAjaaaa
Figure 8 Tyrosine transposase genes. A) Different tyrosine transposase genes are flanked by REP sequences, either monomers or dimers (—-),
or by unrelated inverted repeats (—) at the indicated bp distances. 5’ov and 3’ov refer to flanking sequences overlapping tyrosine transposase
genes at the 5" or 3’ end, respectively. B) The sequences of the double inverted repeats flanking P. putida 607 and P. fluorescens 4255 are
reported. Palindromic residues are underlined, degenerated GTAG-1 sequences are boxed.

Curiously, REPs are replaced in some REPtrons by long
TIRs. TIRs flanking P. putida ppf 607 and P. fluorescens
pfs 4255 ORFs result from the adjoining of degenerated
GTAG-1 units to unrelated SLSs (Figure 8B), and hun-
dreds of these bizarre structures were found in P. putida
and P. fluorescens genomes. In contrast, all other TIRs
shown in Figure 8A are unrelated to REPs. RAYT genes
identified in species that lack GTAG REPs are similarly
flanked by TIRs (Figure 9). All these genetic elements and
the encoded transposases have been called in accordance
TIRtrons and TIRYT (TIR associated tyrosine transpo-
sase), respectively. Some TIRs are located about at the
same distance from transposase coding sequences, and are
plausibly variants of one or a few sequence types, as they
share a motif fitting the consensus GGGGWSAS (Figure 9).
Other TIRs are unrelated to each other, and some include
partly or wholly self-complementary tracts. Moderately
abundant families of TIRs have been identified in some
microorganisms. Many TIR elements are organized as
REPs in dimers or clusters (Figure 9). The highest number

of TIR repeats was found in the S. maltophilia K279
strain, which hosts two TIR families, corresponding to the
two TIRYT genes ORFs 1152 and 4509. The 1152 and
4509 TIR repeats markedly differ because the former are
self-complementary, and are predominantly found at short
distance from each other. TIR families of comparable size
and organization were found in the other wholly sequen-
ced S. maltophilia strains R551-3, JV3 and D457. Koribac-
ter versatilis has three TIRYT genes (ORFs 1552, 2776,
3477) decorated by different TIRs. Only ORF1552 TIRs are
members of a repeated DNA family.

Some of the identified RAYTs, and all the TIRYTs
listed in Figure 9, have been aligned for comparison
(Additional file 5). The catalytic tyrosine and the
HUH (hystidine-hydrophobic-hystidine) domain, typical
of transposases of the 1S200/IS605 group, are conserved
in all, as well as motifs distinguishing RAYTs from bulk IS
200 transposases [25] and other amino acids at several
positions. RAYTs and TIRYTs are distinguishable for
length and amino acid signatures, and TIRYTs can in turn
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Thioalkalivibrio K90mix » A Jov o GGAAAAC |GGGGACAG |[ATTTATTTTC - -
Mesorhizobium loti » 42 mo6832 3ov & GAATTAC |GGTGACAG |TGCACT - - -
Koribacter versatilis » 79 aba2776 6 < GGGGARAATC | GGGGACAG |ACGAAATAAT - - -
Habhella chejuensis P 56 hch1378  3'ov 4 AT |AGGGTCAG |AGTCATTGAT 5 - -
Shewanella sediminis P 56 sse3670 16 < TARAT |GGGGTCAG |AGTAA 6 - -
Marinomonas posidonica » 67 mpc 830 21 < T |GGGGTCAG |AGTAAAATTARA 6 - -
Caulobacter crescentus » 51 cerldds 2 < AC |GGtGACAG |TGCACT 8 - -
Geobacter sulfurreducens P 44 gu239%6  3ov 4 AATTCt |GGGGACAC |CATACTT 1 -
Pseudomonas fluorescens » 129 15 <« AAATA |GGGGTCAG |ACCAC - 3 -
Bradyrhizobium BTAil p 40 Dbbt5382 38 < TTAC |GGLGACAG |TGCA -4 -
Stenotrophomonas maltophilia » 96 3 <« AAAA | GGGGACGG |AGGGGATTAAGTCG 13 33 -
Pelobacter carbinolicus P 52 pca3049  3ov o T |AGGGACAC |TCCCC 8 4 -
Pseudoxanthomonas suwonensis — Jp 93 psu27l6  3'ov 4 AARACC | GGGGTCAG |AGTGCAATTTC 5 9 66
Desulforudis audaxviator » 5'ov dau2153 98 < GGGGTTTCAT TGT - - -
Granulicella mallensis P 45 gma7% 169 & = GCGCGGCAGGGTGGGGTATCG 75 -
Geobacter bemidjiensis >4 48 gbm2474 16 P € AAAAGGGGACAGGCTACTTTTTCTTTTGAAAAAGTAGCCTGTCCCCCTTT 29 22 -
Stenotrophomonas maltophilia P> <€ 123 |[sml 1152 | 3'ov J» €  GGGGG-CAGATCCCTTTCGCAACGCGGAAGGGATCTGACCCC 37 79 36
Rhodopirellula baltica P4 15 [1ba2408 | 3'0v Jp o  AAAAGGTGTCAGGTACCTTTTT 9 6 -
Koribacter versatilis P4 42 abal552  3'0ov P 4  ttcGECAGCGCTGAAGCGCTGCCctgatacaga 30 5 20
Koribacter versatilis » 4 109 aba3477 59 P 4  TGCCCCAttCTAAGCTTTCGCTC (7-9bp) GAGCGARAGCTTAGYGTGEGECA - - -
Terriglobus saanensis » ¢ 116 2392 15 ) 4 999tgcCCCATGTCCGGATTTTCGGACATGGG 30 - -
Acidobacterium capsulatum >4 13 acp 645 - CCCACATCTTGCCGAGATGTGGS 22 - 8
Figure 9 TIRYT genes. TIRs flanking TIRYT genes are diagrammed as arrows. Distances in bp separating genes and TIRs are shown, 5’ov and 3’ov
refer to overlapping flanking sequences as in Figure 8. Only upstream TIR sequences are shown. Lower case letters denote non complementary
TIR residues. ORFs shown in Figure 8, and conserved GGGGWSAS motifs, are boxed. Complementary residues in the double palindromic TIRs
shown at the bottom are underlined. Boxed numbers to the right refer to single (S), dimeric (D) or grouped (G) TIR sequences found in the
indicated genomes.

be assigned to four main groups (Additional file 5). Of
these, the more sharply defined is represented by the
transposases encoded by T. saanensis (tsa 392), K. versa-
tilis (aba 1552 and 3447), A. capsulatum (acp 645) and G.
mallensis (gma794), species all belonging to the Acido-
bacteria phylum.

In spite of the overall similarity to GTAG elements,
CGTC repeats are not associated to transposase genes.
Many of the CGTC-positive species in Figure 2, among
which Bradyrhizobium sp. ORS278, C. crescentus, C.
taiwanensis, G. forsetii, R. palustris. Sulfurovum sp.
NBC37-1, K. olearia, P. spadix, S. lithotrophicus, encode
tyrosine transposases, but none of the corresponding
genes were flanked by CGTC sequences. The intersper-
sion of CGTC elements with other classes of transposase
genes was also monitored, but only a few fortuitous
associations have been detected.

Discussion

Data reported in this work support the notion that many
short palindromic repeats found in prokaryotes may be
evolutionarily related, and catalogued as members of
two large DNA super-families alternatively tagged at one
end by GTAG or CGTC motifs not involved in base
pairing. Distinctive features of GTAG and CGTC repeats

are summarized in Table 1. GTAG and CGTC super-
families include more sequence classes than those
reported. Members of either type may have escaped
detection because: 1) smaller than average repeats.
Thauera GTAG-1 elements, which feature only 5 bp
stems, were fortuitously discovered by inspection of the
tandem repeat database [52] 2) unusual in structure, for
the presence of bulges due to unpaired residues 3)
poorly recognizable, as the degenerated Pseudomonas
GTAG-1 repeats shown in Figure 8. The data presented
are however sufficient to draw a coherent picture of the

Table 1 Features of REP families

GTAG CGTC
GW extra-bases GTAG-1, 2 -

3 bp tail GTAG-1, 2 all
stem length 5-13 bp 8-9 bp
loop length 2-20 bp 4-5 bp

clusters frequent rare
HH dimers predominant predominant

TT dimers frequent rare
intragenic units + +
association to TPAse genes + -




Di Nocera et al. BMC Genomics 2013, 14:522
http://www.biomedcentral.com/1471-2164/14/522

organization of GTAG and CGTC repeats, evaluate the
pattern of distribution of the various families among
species, reexamine the roles that these sequences may
play, shed light on the processes by which they might
have been formed.

GTAG and CGTC REP families vary in size over a
50-fold range, some including thousands units, many
20-100 units, or even less, and are unevenly distributed
among species. Both observations rule out that these
elements may be important chromosome components
fulfilling the same general functions in all organisms
[8,10]. In contrast, the beneficial effects on host fitness
may vary in different environments, and in some
microorganisms specific repeats may just be parasitic
DNA. GTAG and CGTC elements come in different
chromosomal arrangements. The relative abundance
of single, paired and clustered elements within each
family varies among species, as among isolates of the
same species, and changes in the organization of family
units are genomic fingerprints exploitable for genotyping
assays [53].

Most of the described REPs are located in the
intergenic space. Taking into account that the average
intergenic space in prokaryotes is -100 bp [54], many are
close to, or overlap with coding regions. The preferential
location between unidirectionally and convergently
transcribed ORFs, and the frequency of GT pairing of
stem residues, both support the notion that many
repeats are transcribed, and may function as post-
transcriptional control sequences, by tuning the levels of
expression of flanking genes.

REPs may as well function as DNA elements. The E.
coli REPs are targeted by the DNA gyrase [10], and
cleavage of REPs located at ORF 3" ends by gyrase may
relieve the excess of supercoiling induced by transcrip-
tion [55]. This regulatory mechanism would however be
effective only in REP-rich species. Other repeats may
function as promoters in specific microorganisms and/or
genomic contexts. The issue has not been tackled,
because promoter analyses without experimental sup-
port are merely speculative. Yet, it is worth noting that,
analyzing the interspersion of GTAG-1 elements with
coding regions in the exopolysaccharide (EPS)-produ-
cing bacterium Thauera sp. MZ1T, we unexpectedly
found that clustered genes involved in EPS synthesis and
transport [56] are immediately flanked by arrays of
GTAG-1 repeats, which likely direct or modulate their
expression.

In different organisms GTAG and CGTC REPs have
been found within coding regions, most of which encode
known proteins. It is difficult to assess whether intra-
genic elements may affect the activity of the decorated
proteins. The insertion of REPs in a variety of unrelated
proteins argues against functional constraints, and genes
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inactivated by REP insertions have been plausibly
removed from the population. Amino acids encoded by
intragenic elements found at the NH2- or the COOH-
terminus may not affect the function of the protein.
Moreover, most REPs located in the NH2-terminal coding
region may be extragenic, because of genome misanno-
tation. An additional argument against the inactivating
role that REP insertions may play is that tagged proteins
may have modular structure, and insertions may be
neutral in effect, because located in flexible linkers or
loops. In spite of all these cautions, it is difficult hypo-
thesize that genes encoding different proteins involved in
replication and global genome repair (UvrABCD and
recBCD proteins, DNA polymerase I, error prone DNA
polymerases) may have been just fortuitously targeted by
REP insertions, also because they are, in many species, the
only examples of REP-tagged coding sequences. It is
therefore tempting to speculate that insertions may have
modified the activity of the mentioned proteins, contri-
buting to the development of hypermutable or mutator
microorganisms, which may experience increased recom-
bination, mutation, gene loss, horizontal gene transfer.
Multiple tRNA pseudouridine synthase genes also carry
REP sequences, but is unclear how these insertions may
affect cell physiology. Pseudouridine synthases are
involved in posttranscriptional modifications of cellular
RNA, but act also as RNA chaperones, a function
which may be more important than pseudouridylation
per se [57].

The occurrence in multiple distant phyla supports the
notion that both GTAG and CGTC repeats are ancient
components of the bacterial genome. Most elements
reside in Proteobacteria, and GTAG and CGTC repeats
have been predominantly identified in the gamma and
alpha division, respectively. However, families of either
repeat type have been identified in deeper branching
phyla among which Termotogae and Planctomycetes,
plausibly the deepest branching phylum within the
bacterial domain [58]. Planctomycetes cluster with Ver-
rucomicrobia in the PVC superphylum, and O. terrae,
which belongs to Verrucomicrobia, is highly enriched
in GTAG repeats. Bacterial phyla are related to each
other linearly, and major evolutionary changes within
Bacteria have taken place in a directional manner [28].
REPs plausibly appeared early in evolution, and have
been massively lost in time, and maintained in a limited
number of microorganisms. How all this occurred is a
matter of speculation. Though the actual scenario will
likely be modified by analyzing a wider set of genomes,
the distribution of REPs described in this work among
phyla, orders, families and species is manifestly uneven.
GTAG repeats have been identified in microorganisms be-
longing to 10 of the 15 orders of gamma-Proteobacteria
(Figure 1). In turn, only one of a few species within each



Di Nocera et al. BMC Genomics 2013, 14:522
http://www.biomedcentral.com/1471-2164/14/522

order host GTAG repeats. Enterobacteria have been
subdivided into three clusters on the basis of the character
states of aromatic amino acid biosynthesis [59]. Cluster 1
includes Escherichia, Shigella, Citrobacter, Salmonella,
Klebsiella, Enterobacter, cluster 2 Serratia and Erwinia,
cluster 3 Edwardsiella, Yersinia, Proteus and Providencia.
GTAG-3 families are sharply confined to species of
enterocluster 1. Similarly, GTAG repeats reside only in
some species of the genus Shewanella. Shewanellae fall
into two major clusters based on their 16S rDNA
sequences as well as phenotypic properties [60]. Cluster I
includes cold-adapted obligate marine species retrieved
from the deep sea, cluster II non-obligate marine species
retrieved from different environments. Interestingly,
GTAG-1 and GTAG-2 families have been identified only
in species (S. sediminis, S. halifaxensis, S. pealeana, S.
woodyi and S. piezotolerans) belonging to cluster I. The
above reported examples suggest that the presence/ab-
sence of specific REP families may represent a resource
exploitable to catalogue bacteria, useful to support, or
weaken, phylogenetic relatedness among groups of micro-
organisms inferred by the use of conventional parameters.
CGTC repeats are unevenly distributed among species as
well. As an example, CGTC repeats have been identified
in all orders of the alpha subdivision, but are missing in
several alpha-Proteobacteria, among which bacteria belon-
ging to the families of Acetobacteraceae, Bartonellaceae
and Brucellaceae.

The abundant families of GTAG repeats are restricted
both in S. maltophilia [9] and P. syringae [61] to core
genome regions. Yet, the spotty distribution is compa-
tible with the hypothesis that specific genomes may have
been colonized by REPs as a consequence of HGT
(horizontal gene transfer) events. According to this view,
repeats must have been acquired along with genes
ensuring their multiplication. Differences in the distribu-
tion and abundance of REPs among different species, or
strains of the same species, are typical of mobile DNA.
Different groups in the recent past suggested that REPs
are selfish elements propagated by transposition. A key
role in the process is (or has been) played by specific
tyrosine transposases called RAYTs. Transposon-like ele-
ments including REP and RAYT sequences called
REPtrons have been identified in a variety of species,
regardless the presence of a corresponding REP family.
Whether the expression of RAYTs in these elements is
driven by REPs is unknown, but marked differences in the
organization of REPtrons, as the inability of REPtrons to
self-propagate, do not support such hypothesis. The ex-
pression of RAYTs is plausibly correlated to the formation
of upstream readthrough transcripts, and can be indeed
down-regulated by hairpins formed by REPs, which may
either promote mRNA degradation, or affect mRNA
translation, as observed for IS200 transposases [62]. Direct

Page 17 of 20

involvement of RAYTs in the formation of REPs is sup-
ported by experiments showing that a recombinant E. coli
RAYT recognizes single-stranded REP DNA, and cleaves
the GTAG motif [51,63]. Cleavage was abolished by
mutating the motif, or changing the AA/GC residues at the
edges of the loop region (see Figure 1) into paired AA/TT
residues, thus by increasing the strength of the REP palin-
drome. In the model proposed [51] REP sequences are the
products of RAYT-mediated excision and recombination
events, and HH or TT dimers, or complex REP arrays
may result from alternative processing of circular interme-
diates carrying REP units. GTAG-1 and GTAG-2 repeats
carry conserved 3-bp sequences at the untagged end.
Whether these “tails” are recognized by RAYTs, and
similar signals are present but have been variously altered
in other repeat families remains to be established.

Comparative analyses revealed that several RAYT-like
genes are not flanked by REPs, but rather by TIRs of
different length and composition. These transposases
and the corresponding genetic structures have been
called for consistency TIRYTs and TIRtrons, respect-
ively. TIRtrons occur in species which contain REPs, but
are predominant in species which lack REPs. Given the
extraordinary high number of annotated tyrosine trans-
posase genes (at the moment, >2000), it is likely that
many REPtron- and TIRtron-like entities occur. Unra-
velling the complexity of this variegated universe of
sequences is out of the scope of this work. Yet, monito-
ring TIRtrons and similar entities may shed light on the
process of formation of REPs, since TIRs flanking some
TIRYT genes are members of previously undiscovered
repeated DNA families. The formation of TIR and
GTAG REP families could thus be mediated by TIRYTs
and RAYTs, and occur in an analogous manner. In con-
trast to REPtrons and REPs, TIRtrons and TIRs coexist
in a limited number of genomes, suggesting that TIRYTs
may be less productive players than RAYTs.

There is no obvious correlation between the presence
of tyrosine transposase genes and the occurrence of REP
or TIR families. K. versatilis has three distinct TIRYT
genes (ORFs aba 2776, 3477, and 1552; see Figure 9),
and one family of TIR repeats, A. phosphatis two diffe-
rent TIRYTs, ORFs app 1050 (Figure 9) and app 3234
(not shown), but no TIR repeats. In contrast, a plethora
of tyrosine tranposase genes and corresponding flanking
repeats was found in P. fluorescens, R. baltica and S.
maltophilia. This suggests that the formation and/or
maintenance of repeats promoted by tyrosine tranposase
may be favored in specific microorganisms.

Functional interactions of recombinant RAYTs and
TIRYTs with REP and TIR targets may be eventually
analyzed to check whether RAYTs can bind and/or cleave
TIR repeats, and vice versa, whether TIRYTs recognize
GTAG repeats. The variety of REP and TIR targets, and
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the occurrence of a multitude of element-specific transpo-
sases, make S. maltophilia a reference organism to set up
in vitro assays. For the same reasons, it should be of
interest to assess the mobility of GTAG and TIR repeats
by population sequencing, as elegantly done to monitor
transposition of GTAG-1 repeats in Pseudomonas [26].

CGTC elements markedly differ from GTAG repeats
because seem lacking a dedicated transposase. Genes
encoding RAYT and other IS200 transposases reside in
many of the species carrying CGTC repeats, but none of
them is flanked by CGTC units. Such marked difference
between GTAG and CGTC elements could be explained
by hypothesizing that CGTC REPtrons may have early
disappeared, plausibly because able to propagate very
efficiently, and therefore highly deleterious to the host.
According to this view, the formation of novel repeats is
blocked, and CGTC families are going toward extinction.
Alternatively, the absence of a dedicated enzyme may
imply that CGTC elements can be mobilized by a broad
spectrum of transposases. The two hypotheses are not in
contrast, and CGTC-specific transposases may have
been replaced by functionally related enzymes.

Conclusions

The provisional framework provided by this paper sets
the base for a coherent classification scheme according
to which catalogue several small palindromic repeats
found in prokaryotes. Future work should clarify the
degree of relatedness of CGTC and GTAG repeats, assess
whether they have been formed by similar processes, and
if such processes are still operative. The relatedness of
tagged and untagged SLSs also needs to be investigated.
Families of REP-like sequences lacking conserved terminal
motifs have been identified in M. tuberculosis and D.
radiodurans [8], Bordetellae [64], Brucellae [44] and
Cyanobacteria [65], but many more likely occur. It will be
of interest to assess whether classes of untagged palin-
dromic repeats may be evolutionarily related, and func-
tionally associated with specific DNA- or RNA-binding
proteins.

Methods

DNA analyses

DNA sequences analyzed in this work include known
and novel repeats. The names and the NCBI accession
numbers of all the genomes analyzed in this study are
listed in Additional file 6. Novel repeats have been
identified by BLAST, using as queries known REPs
variously modified, or sets of 20 mers featuring 7—8 base
paired residues, separated by loops of variable lengths.
Some repeats were identified by searching abundant,
self-complementary sequences in individual prokaryotic
genomes by using the TRDB (Tandem Repeats Database)
facility [52].
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The organization of the various repeat families was
assessed by using the Fuzznuc program of the EMBOSS
package. Genomes of interest were searched for SLSs
homologous to queries known or derived from BLAST
searches, containing mismatches and a variable number
of loop residues. In the pruning procedure, palindromic
repeats containing more than one mismatch in the
paired region were discarded, but retained when repeats
were partners of dimers. GT pairing between stem
residues was allowed. Repeats with loops unusual for
length or composition relatively to the majority of family
members were also discarded. The extent of variation of
REP families among different species, or isolates of the
same species, was determined by comparing the relative
abundance of the major sequence types or subsets
identified in representative genomes.

Additional files

Additional file 1: Distribution of specific repeats in genomes
carrying multiple chromosomes. The distribution of members of
specific repeat families in genomes carrying either two chromosomes, or
a chromosome and one or more megaplasmids is shown.

Additional file 2: Distance between REPs and flanking ORFs in
REP-rich species. Distances separating REPs from flanking ORFs in four
REP-rich species (P. putida, C. koseri, S. novella and S. alaskensis) are
shown. Data are presented as in Figure 6.

Additional file 3: Intragenic REPs. The number, the size in amino acids
and the hypothesized function of ORFs carrying GTAG and CGTC
elements are shown. For each, the interval encoded by REP sequences
and the corresponding amino acids are shown.

Additional file 4: REPtrons list. Tyrosine transposase genes not
included in Figure 8 are shown. The sequences of REP-like elements
decorating REPtrons found in species lacking REP families are also shown.

Additional file 5: Alignment of RAYT and TIRYTs. Some of the
identified RAYTs, and all the TIRYTs listed in Figure 9, have been aligned
for comparison.

Additional file 6: Full name and NC accession number of the
analyzed strains.
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