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Letter

Very small mobile repeated elements

in cyanobacterial genomes

Jeff Elhai,'® Michiko Kato,'>* Sarah Cousins,' Peter Lindblad,*¢ and

José Luis Costa*”

"Center for the Study of Biological Complexity and the Department of Biology, Virginia Commonwealth University,
Richmond, Virginia 23284, USA; 2Department of Forensic Science, Virginia Commonwealth University, Richmond,
Virginia 23284, USA; 3Department of Physiological Botany, Evolutionary Biology Centre, Uppsala University, Villavigen 6, Sweden

Mobile DNA elements play a major role in genome plasticity and other evolutionary processes, an insight gained
primarily through the study of transposons and retrotransposons (generally ~I000 nt or longer). These elements
spawn smaller parasitic versions (generally >100 nt) that propagate through proteins encoded by the full elements.
Highly repeated sequences smaller than 100 nt have been described, but they are either nonmobile or their origins
are not known. We have surveyed the genome of the multicellular cyanobacterium, Nostoc punctiforme, and its
relatives for small dispersed repeat (SDR) sequences and have identified eight families in the range of from 21 to 27
nucleotides. Three of the families (SDR4, SDR5, and SDRé), despite little sequence similarity, share a common
predicted secondary structure, a conclusion supported by patterns of compensatory mutations. The SDR elements
are found in a diverse set of contexts, often embedded within tandemly repeated heptameric sequences or within
minitransposons. One element (SDR5) is found exclusively within instances of an octamer, HIPI, that is highly
over-represented in the genomes of many cyanobacteria. Two elements (SDRI and SDR4) often are found within copies of
themselves, producing complex nested insertions. An analysis of SDR elements within cyanobacterial genomes
indicate that they are essentially confined to a coherent subgroup. The evidence indicates that some of the SDR
elements, probably working through RNA intermediates, have been mobile in recent evolutionary time, making

them perhaps the smallest known mobile elements.

[Supplemental material is available online at www.genome.org.]

The genomes of eubacteria and archaea are gene dense, with
noncoding regions accounting for only 6%-24% of the genome
(Mira et al. 2001). The tandem repeats that are frequently seen in
eukaryotic noncoding regions (T6th et al. 2000) have seldom
been reported in bacteria (van Belkum et al. 1998), but dispersed
repeated sequences are common: transposons and minitrans-
posons (Siguier et al. 2006), long palindromic sequences in the
range of from 60 to 200 nt (Wilson and Sharp 2006), short pal-
indromic sequences in the range of from 27 to 60 nt and their
composites (Bachellier et al. 1999; Tobes and Ramos 2005), and
very short dispersed repeats (Robinson et al. 1995; Smith et al.
1999; Mrazek et al. 2002; Arakawa et al. 2007). Considering the
ubiquity of dispersed repeated sequences and their emerging role
in genome evolution (Shapiro 2005; Siguier et al. 2006), we can
hardly be said to comprehend bacterial genomes without first
giving an account of what they are, what they do, and how they
arise.

The mechanisms by which new copies of dispersed repeats
are generated are well understood in some, but by no means, all
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cases. Transposon copies arise through DNA intermediates, cata-
lyzed by transposases (Gueguen et al. 2005). Copies of retro-
posons (and degenerate retroposons, such as Alu sequences) are
made through RNA intermediates, catalyzed by reverse transcrip-
tase (Ostertag and Kazazian 2001). Minitransposons (also called
MITEs), a category that may include the well-studied ERIC se-
quences (De Gregario et al. 2005), are thought to rely on trans-
posases encoded outside of the mobile element (Siguier et al.
2006). The 8-nt highly iterated palindromic (HIP1) sequences
observed in the genomes of many related cyanobacteria are
thought not to be mobile but rather to form through mutation
from pre-existing sequences (Robinson et al. 1997), The mecha-
nisms by which small dispersed repeats are generated are other-
wise unknown.

The genomes of the cyanobacterium Nostoc punctiforme
ATCC 29,133 and its relatives are unusual in that about 1.5%
(~7.5% of intergenic sequences) is taken up by tandem repeats at
least 20 nt in length (Meeks et al. 2001; J. Elhai, T. Katayama, R.
Narikawa, S. Okamoto, C. Friedland, R. Nayak, M. Ikeuchi, and
M. Kanehisa, unpubl.). Repeating units of 7 nt (Mazel et al. 1990;
Meeks et al. 2001) are by far the most common, with only a few
of the possible families of heptameric repeats accounting for al-
most all of the occurrences. They, like eukaryotic microsatellites
(To6th et al. 2000), are responsible for hypervariable loci, includ-
ing the taxonomically useful length polymorphism within the
intron interrupting the tRNA'™" (UAA) gene of Nostoc strains
(Costa et al. 2002). In rare instances, the tandem repeats of the
intron are interrupted by a short segment of nonrepeating DNA
of 24, 42, 45, or 48 nt in length (Costa et al. 2002). The sporadic
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nature of the interpolations indicates recent origins and raises
the question of how such interpolations might arise.

We report here that these short interpolations themselves
are dispersed throughout the genome. The analyses of these se-
quences in context with their surroundings provide insights as to
the mechanistic basis of their dispersal, apparently distinct from
mechanisms thus far described.

Results

Characterization of iterated sequences in the genome
of Nostoc

Costa et al. (2002) reported the sequences of the tRNA"" (UAA)
intron from 54 isolates of Nostoc. Of these, eight possess seg-
ments interrupting a region of tandemly repeated heptamers,
with six of the segments being unique. Matches were found to
five of the unique segments in the genome of N. punctiforme,
none in the intron. No match was found to a sixth unique seg-
ment, 42 nt in the intron of Nostoc strain Nos20, and it was not
considered further in this study. The results of these searches are
discussed below and summarized in Figure 1 and Supplemental
Figures 1-8. Graphical representations of the matches as se-
quence logos are given in Supplemental Figure 9.

Characterization of SDRI

A loose search of the N. punctiforme genome initiated with the iden-
tical segments interrupting the tRNA'" (UAA) introns of Nostoc
Nos30 and Nos54 brought to light a large and diverse family of
24-nt sequences named SDR1 (for small dispersed repeat; see Dis-
cussion). The most commonly encountered family members are
shown in Figure 1. The initial search, based on percent identity (see
Methods), led to those sequence subfamilies labeled SDR1.1
through SDR1.6, occurring in the Nostoc genome as many as 10
times. A more extensive list is provided in Supplemental Figure 1.

The six subfamilies share a conserved core of nine nucleo-
tides or 10 (GAGCG.AG.CGA), if SDR1.3 is excluded. That core is
flanked by a 4-nt inverted repeat, again excluding SDR1.3, sup-
ported by a pattern of compensatory mutations at positions 5-9
and 21-24. To assess the significance of the inverted repeat, we
searched the genome for all instances of the 10-nt core pattern
and examined the flanking sequences (Table 1). Far more in-
stances of the core pattern were found than expected by chance,
and of the new instances, 77% were flanked by 4-nt inverted
repeats of diverse sequences. None would be expected by chance,
and we take these results, along with the marked bias toward GT
paired substitutions over AC paired substitutions to indicate that
selection acts on a single-stranded polynucleotide, presumably
RNA transcribed from SDR1, capable of internal base pairing.
With SDR1 redefined as possessing the 10-nt core and flanking
inverted repeats, we found 11 subfamilies with at least four mem-
bers (Fig. 1). The definition excludes SDR1.3. This and other spe-
cial cases are discussed later.

There are rare cases where the 4-nt inverted repeat is greatly
extended. In Crocosphaera watsonii, six instances of SDR1 have
the 4-nt inverted repeat extended nine additional complemen-
tary nucleotides in each direction, a conclusion supported by
compensatory mutations (Supplemental Fig. 1). Similar exten-
sions can be seen with instances of SDR1 in Anabaena PCC 7120
and Nodularia CCY9414, but we’ve seen no such extensions in
the many instances of SDR1 in Nostoc.

Characterization of SDR2

The identical sequences of Nostoc Nos37 and Nos38 that interrupt
their tRNA"" introns were used to search the Nostoc genome,
yielding a family of sequences, termed SDR2, that fall into two
closely related subgroups, SDR2a (24 nt) and SDR2b (25 nt). The
two subgroups share the same 20-nt palindromic core, with the
exception of an insertion/deletion (Fig. 1). Although the pattern
of single mutations within the palindrome is highly biased to-
ward those maintaining base pairing through G-U interaction
(A-C on the complementary strand), evidence on the basis of
compensatory mutations for a secondary structure of SDR2a and
SDR2b maintained by selection is slight (Table 2; Supplemental
Figs. 24, 2B). However, the most common variants of SDR2 differ
only in the two central nucleotides (Supplemental Fig. 9C),
those that would not be expected to participate in base pairing if
the palindrome folded onto itself. The element is sometimes
flanked on the right by four nucleotides (often CTAC) capable of
extending the palindrome to 28 nt (Supplemental Figs. 2A, 10).

Characterization of SDR3

The interruption in the intron from Nostoc Nos51 was used to
find in N. punctiforme a small family of sequences, SDR3 (Fig. 1;
Supplemental Fig. 3). There is insufficient variability in the set to
permit identification of conserved complementary regions.

Characterization of SDR4

No sequence in the N. punctiforme genome matched the full ex-
tent of the 45-nt interruption from Nostoc Nos33. An internal
25-nt segment, however, was similar to the largest family of small
repeated elements we have found, SDR4 (Fig. 1; Supplemental
Fig. 4). The element has two pairs of complementary segments,
both confirmed by multiple compensatory mutations that pre-
serve the base pairing (Table 2; Supplemental Fig. 4). Note, how-
ever, that the choice of strand shown in Figure 1 is somewhat
arbitrary. We cannot exclude the possibility that the comple-
mentary strand is functionally important. The remaining part of
the sequence from Nostoc Nos33 is identical to SDR1.21 (Supple-
mental Fig. 1). The original 45-nt sequence is therefore a fusion
of two SDR elements, a matter that will be explored more fully
below.

Characterization of SDR5 through SDR8

In characterizing these families of repeated elements related to
known interpolations within cyanobacterial introns, we encoun-
tered other juxtaposed repeated elements (Fig. 1; Supplemental
Figs. 5-8), which we called SDRS through SDR8. SDRS, like SDR4,
possesses regions confirmed by compensatory mutations (Table
2; Supplemental Fig. 5) that may determine the elements’ sec-
ondary structures. SDR6 has similar regions, although there is
insufficient variability to test the significance of the potential
base pairing. These three families of repeated sequences share
little common sequence, but their predicted secondary struc-
tures—in each case two GyA loops fixed in place by GC-rich
stems—show striking similarity (Fig. 2A-C). SDR8 may also pos-
sess a GyA loop flanked by a GC-rich stem.

SDR4.12 (Fig. 1) is bigger by 3 nt than conventional SDR
sequences by reason of a right loop that does not fit the usual
pattern. This and other chance discoveries prompted us to look
systematically for instances of SDR4 that had up to three addi-
tional nucleotides in the right loop. A total of 33 such instances
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were found (Fig. 2E,F; Supplemental Fig. 4), In all cases where one tides were found, the extreme nucleotides pair with each other

additional nucleotide was found, the loop possessed an extra and the internal four follow the same pattern, GTTA, as with one
central pyrimidine. In all cases where three additional nucleo- additional nucleotide. The left loop seldom exceeds 3 nt in in-
SDR1 SDR4

Nostoc punctiforme (225/227)
Per similarity (155/157) __,
1.1 TGGGGCA[IT!

12 TGGGGAAIGGG

13 TGGGGAATGG
14 ATGGGCATTCGE
15 GEETTGAGEECAG
16 CAGJCTTCCCCIC
Per pattern (137/139)
1.15 caccacdeaccacqy
1.16 [EEEEEACCACTGC]
1.17 dAGTTTCGACTGCY
1.18 CAACCCTCA[zCCAT]
1.19 GACACAACGACCGHC
1.20 TTACCTCGGCTCCY
121 CAAAATCICAAAATC

Nostoc Nos30
CARAATTICAAAATCISTTCGACTGAGCGAAGCCGARGTCITARRATCAAARATT
Nostoc Nos54
CARAATCLAAAACHGTTCGACTGAGCGAAGCCGAAGTUCAAAACCARARATT
Nostoc Nos41
[6TTCEACTGAGCG2CTTGCCCTGAGCGTAGTCGRAGEEAGUCGAAGTHTARA
Anabaena PCC7120 (6/8)
TQAC@TA@QB;QR}@ICTTGTACTGAGCGGAGTCGMMQ@@GMAAACCTCA
Anabaena variabilis (3/3)
CGHCTTGCEGAG‘CTTGTCCTGAGCGTAGTC%CGAAGGCGAA&P(A
Nodularia CCY9414 (29)
ACGGACCHCTCCCdCEETTACTGACCCCAGTCCAACT! GGACC

Crocosphaera watsoni (14)
drrecencce CTGAGC! CGAAGTAR

SDR2a

2a.1 AACTTC (elie{edi GTACAGACGCGATTAATCGCGTCT TCC’J‘AACTCCTBA
2a2 AATch;t:c'rcc

223 CTCCTGTCTCTCCTGCACIEISleleler Ny V-Xisleleleh o1 !
224 TAATAAMNAACTCCTE e NNl C bleleleleb{eC T AT TCC TIAACTCA
2a.5 CAAATAGACCATT: AGTgGACGCGATgTCGCGTC'I TGACCCAAGGATGT

226 CAGAAAGCCCTCAT|eHy. G el N T belelelesneriGAAAAACTGGCACG

Nostoc Nos37/Nos38
AACTCTTRACTCT U X Xle e NV Y elelelel {eijAACGATTICGGAAGG

Anabaena PCC7120 (48/50

AACAACTRACAACT NN NI Nty N ISR eRC TS AARACTEACAR
Anabaena variabilis (121/123

AGCAACTRATAAC TN N VLol ptorC IGACAACTIGACAR
Nodularia CCY9414 (117

BBEEEAAAACCTTI[ETE TCCAT! TTCCTTAAC

SDR2b

2b.] GAGCARAACACT CACACGATT

Anabaena PCC7120 (1/1

TAAAAAATTT TCTEGIIGE ] TACCAAGACTCAG
Anabaena variabilis (1/1

TAAAAAATTT-CHSIIG, A TACCAAGACTCAG

SDR3

Nostoc punctiforme (31/34
k3 Wclieleldel Yellelelile T A GC GG TAGCGGGGCGTTTAGCCC S NNele Nelleupie
kW I v-V-\ule ellelele 17 GC G TAGCGGGGCGTTTAGCCC Eileleile Netw Xy
Nostoc Nos51

[ehiler Xile Nehlelelile T TAGC GG TAGCAGEGGCGTTTAGCCC Sieleiie el NN

Anabaena PCC7120 (6/7

TTTGAAGGCCCTHuNee AlvNelse elerelslelpuCiNeleelel - T CCTCRGTACT G
Anabaena variabilis (4/5

GTTGAGRGTGCT. YTl TGCTGhGTTGATA

Nostoc punctiforme (375/3
4.1 Gt ! G T TATGGEGARLTGEE

4.12 CET |- CCGAAGTATGG
4.13 GCATAGC

4.14
415

Nostoc Nos33
TOGTTCCACTGAG  [FTCECCCAGCETCTCETAGAG] | (“ccaaneTdranaaT
Anabaena PCC7120 (114/123)

Anabaena variabilis (73/89

ATCCCCETGETC ARG pislclelelelelerNelele Y
Nodularia CCY9414 (87

AAGGCGCATTCG Y CCETTCECCAREEE
SDR5
Nostoc punctiforme (157/166)

5.1 TGGATAGTTTGT{eel :V{elele CCAGTCATCCAT
5.2 AAATGGGACTTT{clele] veleleA TCTACGTCGTT
5.3 CTTTTCACATTGESe] :Vielel®AGCAGGGAACAA
54 TCGCCAAGGTT l\ielele TTAATCGATTAT
TAAATAAAAAGT{elele T} Sielele TCGATCGCATTT
5.6 TTTCAATTTTTGEee] GRS eEe@CAGTTCAATGGC

Anabaena PCC7120 (10/16

AGTTGTGTGIT TTGATAGTCAAT
Anabaena variabilis (9/13

AGTGGTGTGTTGE TTGATAGTCAAG
Nodularia CCY9414 (22

TACTTTAATTT, CTGTGCCAGTTG

SDR6
Nostoc punctiforme (6_8_/”71) .

Q1010 |
10106 |

1Q )
Q |

coNeuleldleleller.Yelv.y

y : o€ CTCAGGGCAAGITG
6.3 TACCGCTA AR AATTCGTRATTT
[#eCTACGCTATCGGT

Anabena variabilis (9/12

CTCCAATTCARAA
Nodularia CCY9414 (26
GGTTCGTTTTTC
SDR7

7.1 GTAGTTAAAATT|wNeleleleler V- buiertifer VN dilelslolelslv-NeiIC TGAACATAGGGC
Trichodesmium erythreum (2/2)
F-Xol VXS iy 1. TAGGGGCAAT TCAT AATTGCC:CTAC MVNSVINSE. VN

Lyngbya PCC8106 (3
I3 Xel [ vls GTAGGGGCAAT TIEAT SAAT To:CCCCTAC SelwleeiluNeeleuy

SDR8

Nostoc punctiforme (36/36)

8.1 CGTAGACGCGGAG CGCAGAGGGCACT
8.2 FCTCCTAGAG ™! CACAGAGGGCACG

Nodularia CCY9414 (3
GBL-———- TAGCG! CGCAGAGGACACA

Figure 1. (Legend on next page)

1486 Genome Research
Www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

Small mobile repeated elements

stances of SDR4 in N. punctiforme. However, such extensions are
much more common in SDR4 sequences in other related cyano-
bacteria, with their sequences similar to those of right loops (Fig.
2D). We could find no instances of SDRS with loop extensions.

SDR?7, like SDR2a, contains a long perfect palindromic se-
quence, the self-pairing of which is not significantly supported
by an analysis of mutations within the palindrome (Table 2;
Supplemental Fig. 7).

Possible secondary structure in SDR elements

All of the SDR families possess palindromic regions capable of
internal base pairing, but DNA palindromes are also commonly
used as binding sites by dimeric proteins. To assess whether these
regions play a role in secondary structure, we analyzed the oc-
currences of compensatory mutations, important indicators of
nucleotide-nucleotide interactions (Rousset et al. 1991; Rivas
and Eddy 2001). The number of compensatory mutations in
nucleotide pairs postulated to be important in structure (indi-
cated in Fig. 1) were compared with the number from all other
possible pairings (Table 2). In the cases of SDR1, SDR4, and SDRS,
the number of compensatory mutations at the structural posi-
tions significantly exceeded that expected from arbitrary pair-
ings, and in the case of SDR2a, the excess was weakly significant.

Base pairing between G and T (or U in RNA) may also serve
to preserve secondary structure or may be an intermediate state
on the way to full compensatory mutations (Rousset et al. 1991).
A change producing an AC combination is consistent with GT
pairing of nucleotides on the opposite strand. Interestingly, the
number of single mutations allowing GT pairing in structural
positions significantly exceeded expectation in the cases of SDR1
and SDRS, while the number of GT pairings in structural posi-
tions on both strands significantly exceeded expectation in the
case of the symmetrical element SDR2a. Curiously, the asym-
metrical element SDR4 also had significantly increased possibil-
ity of GT pairings on both strands at structural positions.

Exhaustive search for SDR elements in the genome of Nostoc

We were concerned that by following the interpolations in the Nos-
toc introns, we may have ignored repeated sequences of greater
quantitative importance. To address this issue, we performed an
unbiased, exhaustive search for elements of at least 24 nt that occur
in multiple copies in the genome of N. punctiforme, and for com-
parison, applied the same analysis to genomes from two other
bacteria: a distantly related cyanobacterium, Synechocystis PCC
6803, and Escherichia coli (Table 3).

Topping the list of repeated sequences in N. punctiforme are
two 24-mers contained within multiple CRISPR families previously
described (Godde and Bickerton 2006) in the Nostoc genome.

Table 1. Palindromic pairs within instances of SDR1 found
by pattern

Relationship of positions
5-8 and 21-24

Paired® Paired® Paired® Not
Total (exact) (GT OK) (AC OK) paired?®

All instances of SDR1
per pattern

Total 162 125 22 2 13
Expected® 8 0 0 0 8
Found previously* 79 61 18 0 0
Not found previously 83 64 4 2 13
Instances of SDR1
per pattern, with
copy number >1
Total 111 96 15 0 0
Expected® 0 0 0 0 0
Found previously* 66 51 15 0 0
Not found previously® 45 45 0 0 0

?A sequence found by the pattern .... (....)GCGAG.AG.CGA(. .. .),
where a period is satisfied by any nucleotide, is counted as “paired” if the
two tetranucleotides within the parentheses can base pair with each
other either using conventional base pairing or allowing GT or AC pair-
ing. No instance with GT or AC pairing had more than one such pair.
®The number expected is: length (s” w?), where length is the length of the
N. punctiforme genome (9.1 Mbp), s is the fraction of G and the fraction
of Cin the genome (0.21), and w is the fraction of A and the fraction of
T (0.29). The probability that a random tetramer pairs exactly with an-
other random tetramer is 0.4%. The same probability allowing for GT
pairing at any position or AT pairiO06Eg at any position is 2.0%.

“SDR1 instances found by the pattern were divided into two groups: (1)
those that had previously been found by overall similarity, as described in
the Methods section, and (2) those that had not been found by this means.

Tandem heptameric and octomeric repeats and insertion sequences
(full-size and miniature) are also on the list, but the majority of
common repeated sequences in Nostoc are part of SDR elements
characterized in the previous section. The lone exception is part
of a long imperfect palindrome of variable length, termed SDRQ,
that is reminiscent of BoxC sequences from E. coli (Bachellier et
al. 1999), in that the palindrome arises from a purine-rich region
juxtaposed to a pyrimidine-rich region. There are at least 14 cop-
ies of this element >100 nt and many dozens of other instances
that are smaller or too divergent to be detected by BLAST to their
full extent. A more complete characterization of this element
(and others of lower copy) lies outside the scope of this report.
Synechocystis PCC 6803 and E. coli have quite different pat-
terns of repeated sequences (Table 3). The set of repeated se-
quences from Synechocystis is dominated by insertion sequences,
while almost all repeated sequences in E. coli with copy number
>10 fall into a single previously described family, PU/REP (Bach-

Figure 1. Common instances of SDR elements. Families: The most representative examples are shown of members of different families of SDR

elements and their subfamilies. All families with at least four occurrences in the genome of Nostoc punctiforme are given, along with examples from every
cyanobacterial genome considered (listed in Fig. 5) in which an instance of the SDR element was observed (see Supplemental Files 1-8 for more
complete listings). The name of each organism is followed by a fraction consisting of the number of instances of the SDR element in the chromosome
divided by the total number of instances. Only the total is given for organisms whose genome sequences have not been completely determined. SDR
elements identified in the survey of the tRNA"*“ (UAA) intron of different Nostoc strains (Costa et al. 2002) are also shown. Color conventions: Each SDR
element is highlighted with a characteristic color, used in other figures as well. Deviations from the reference sequence of the group are shown by gray
highlighting. Nearby SDR elements are also highlighted in their characteristic color. For these elements, a green or black font is used if the orientation
of the element is the same as the central element, otherwise a red font or italics are used. Sequences that are italicized and in red font are parts of putative
minitransposons. Blocks outside of the central element highlighted in gray are unnamed sequences found multiple times in the genome. Nearby
tandemly repeated sequences are colored and in bold, and the repeating units are separated by vertical bars. Vertical bars also mark the end of SDR
elements. Tandem repeats with lines running through them are the inversion of repeats represented by the same color. Inverted repeats: Underscores
indicate regions potentially involved in self-base pairing, and extended arrows at the top of the grouping indicate whether the pairing is strongly
supported by compensatory mutation (solid arrows) or not (broken arrows).
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Table 2. Analysis of mutations within regions of putative secondary structure

Double mutations® Single mutations®

Total mutated pairs© Compensatory® Total mutated pairs© — GT¢ — AC
Family Motifs® Structural Nonstructural Actual Expected Structural Nonstructural Actual Expected Actual Expected
SDR1 52 30 236 27+ 10.3 26 1096 12* 6.4 7 7.7
SDR2a 83 8 97 6* 2.9 97 1193 37> 16.9 33+ 16.8
SDR2b 29 2 6 1 0.7 30 278 8 7.1 14 12.0
SDR3 20 0 8 0 0.0 11 227 5 3.7 4 4.6
SDR4 194 250 894 217+ 69.1 122 4501 50** 19.1 28** 17.3
SDR5 96 58 116 57+ 31.5 67 1182 36** 235 19+ 29.6
SDR6 23 0 0 0 0.0 18 245 3 4.6 6 3.5
SDR7 46 8 33 6 53 78 498 34 31.3 27 25.5
SDR8 36 0 8 0 0.0 10 270 2 2.4 6 43

?One sequence from each subfamily was considered, excluding those sequences with insertions or deletions. In particular, elements with known
insertions of SDR elements (e.g., SDR1.3) were excluded. In the case of SDR1, only those instances that were detected according to the number of
mismatches were considered.

PAll pairs of positions in the set of aligned sequences were considered, whenever one nucleotide of the pair was a G and the other a C or one was an
A and the other a T. Double mutations were defined as those in which both nucleotides of a pair under consideration differed from the nucleotides at
the same positions in the canonical sequence for the SDR family. Single mutations were defined as those in which only one of the two nucleotides
differed from the canonical sequence.

“Pairs of nucleotides were considered structural if they corresponded to a pair identified in Figure 1 as possibly participating in base-pairing. Otherwise,
the pair was considered nonstructural.

9Double mutations were considered compensatory if the resulting pair consisted of a G and a C or an A and a T. Pairs suffering single mutations were
counted as either leading to a GT pair, an AC pair, or all other pairs. The actual count is the number of instances of the type of mutation under
consideration that were observed in structural pairs. The expected count is the number calculated for structural pairs using the mutation-class
frequencies in nonstructural pairs. A x? test was used to assess significance. One and two asterisks indicate significance to the P < 0.05 and P < 0.01

levels, respectively. Significant differences are all increases (shown in bold) except where indicated.

ellier et al. 1999). Members of this family differ from one another
only by a few nucleotides, and like several of the SDR elements,
PU/REP elements have sequences that assume secondary structure,
as confirmed by compensatory mutations (Supplemental Fig. 11).

Since SDR2a and SDR7 contain long perfect palindromes, we
also searched the genome for all perfect palindromic sequences
of length equal to or greater than 2 X 10 nt (Supplemental Fig.
10). Of the 124 palindromes found, 55 are accounted for by
SDR2a and SDR7 sequences, and none of the remainder occur
with a copy number greater than 2.

A B c
° : (3 -
OC Vi @ T o
4 ® L1}
C" SDRS T C SDR6 k
/
E / F ?
, /Z.'éf \;47;
@ 0.
®e @ °
po® T “%, Too,
C SDR4 variant SDR4 variant SDR4 variant

Figure 2. Proposed secondary structures of SDR elements. Loops of
elements are given as sequence logos, where the height of the stacked
letters at a given position is proportional to the information content at
that position and the relative frequency of each nucleotide is given by the
relative height of the letter. Consensus nucleotides are represented as
either letters or filled circles (A, green; C, blue; G, yellow; T, red). Pro-
posed target sequences are separated from the SDR elements by thick
bars. (A-C) Complete SDR elements SDR4, SDRS5, and SDR6; (D) variant
left loop of SDR4; (E,F) variant right loop of SDR4. The arrows identify an
extension of the right stem.

The SDR sequences in Figure 1 are therefore the most nu-
merous of all uncharacterized repeats and palindromes in the
genome of N. punctiforme, but this type of repeat is not generally
found in bacterial genomes. The total number of repeats denoted
in Figure 1 represents about 0.3% of the total genome of N. punc-
tiforme and about 1.5% of its intergenic sequence.

Locations of SDR elements

It would be of interest to know how rapidly in evolutionary time
new insertions occur in the genome. One useful time marker is
the typical transit rate for plasmids. If insertion occurs rapidly
with respect to the rate of plasmid gain and loss, then one would
expect to find SDR elements appearing in the chromosome and
in plasmids to a degree proportional to their target sizes. The
ratio of the chromosomal target size to plasmid target size may be
estimated as the ratio of their lengths, which is 10:1 in the case of
N. punctiforme. This is probably an overestimate, as plasmids fig-
ure to have a higher percentage of genes not subject to selection
within Nostoc. Insertions of SDRS are distributed amongst the
chromosomes and plasmids, with 5% in the latter (nine out of
166; Fig. 1). In the related cyanobacteria Anabaena PCC 7120 and
Anabaena variabilis, six of 16 insertions of SDRS are in plasmids,
five of them in a single plasmid, pAlpha. The sequences of the
remaining SDR families, however, are overwhelmingly in the
chromosome, 1001 instances compared with 17 in plasmids in-
stances (a 60:1 ratio). If SDR elements can move between distinct
molecules, they move considerably more slowly than the rate of
plasmid loss and acquisition, except for SDRS.

As one would expect, there is a strong bias against the in-
sertion of SDR elements within genes (Table 4). This bias is most
pronounced when the length of the element is not a multiple of
three (Table 4, cf. the fraction of SDR1, SDR2a, SDR3, SDR4, and
SDRS insertions in genes with the same fraction of SDR2b and
SDR7 insertions).
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Table 3. Most numerous 24-nt sequences in N. punctiforme

Rank Copy

Type of Repeat®

Unit Length®

Coordinates (one example)©

Nostoc punctiforme (9,059,191 nt)

1 84 CRISPR portion 37 nt 1229318..1229341
2 50 SDR2b 25nt 4617288..4617312
3 43 CRISPR portion 37 nt 3341103..3341126
4 37 SDRS.1 21 +8nt 3322670..3322693
5 36 (AATTCGT), 7 nt 8232403..8232449
6 30 SDR6 28 nt 4586640..4586667
7 29 IS-Np1A1 1005 nt 7588577..7589581
8 29 IS-Np2A1 1265 nt 3873350..3874614
9 20 SDR2a 24 nt 6741441..6741465
10 19 (AGCAGGGQG), 8 nt 3100463..3100544
11 19 (AATGACT),, 7 nt 412848..412919
12 19 SDR Q <147 nt 7141887..7142017
13 19 SDR4.1 21 +5nt 6894594..6894619
14 17 (AATGGGQ),, 7 nt 1042689..1042741
15 16 SDR4+ 21 +5nt 965504...965527
16 15 IS-Np10A-m 120 nt-154 nt 7258495..7258666
17 15 SDR4.2 21 +5nt 548981..549004
18 15 SDR4.3 21 +5nt 4987480..4987503
19 15 Probable mini-IS 92 nt-120 nt 2187313..2187429
20 14 SDR8 24 nt 8006879..8006902
Synechocystis PCC6803 (3,956,956 nt)
1 56 CRISPR portion 37 nt pSYSA:68,572..68608
2 50 CRISPR portion 37 nt pSYSA:19366..19402
3 39 CRISPR portion 36 nt pSYSA:91116..91151
4 24 ISY100 945 nt 1626091..1627040
5 16 ISY523 870 nt 3096318..3097194
6 14 Probable mini-IS 72 nt-183 nt 17686..17812
7 12 1SY203 1173 nt 2326926..2328099
8 11 Probable mini-IS 72 nt-183 nt 114689..114815
Escherichia coli (4,639,221 nt)
1 75 PU-Y(G) 35nt 1814208..1814242
2 55 PU-Y(A) 35nt 2536556..2536590
3 47 PU-Z1 31 nt 2652991..2653020
4 28 PU-Z2(G) 37 nt 2302492..2302528
5 17 CRISPR 27 nt 2902036..2902428
6 12 PU-X 35nt 4151435..4151469
7 12 PU-Z2(GA) 37 nt 2116585..2116621
8 12 PU-Z2(T) 37 nt 4247384..4247420
9 11 IS5 1195 nt 1394068..1395262

2SDR elements described in this work are shown in bold.

®The length given for SDR elements is the length of the element plus its proposed target sequence.

“The coordinates are chromosomal unless otherwise indicated.

The location of the palindromic elements SDR2a, SDR2b,
and SDR7 appears to be biased toward sequences downstream
from two genes (Table 4). Part of the bias may be an artifact of the
greater percentage of space within convergent genes that is not
subject to strong selective pressure, but if so, then the bias is
much less with the nonpalindromic SDR elements. Such a bias is
seen with palindromic sequences from a wide variety of eubac-
teria (Petrillo et al. 2006), and in particular, with the PU/REP
elements of E. coli (Table 4). SDR2a elements go still further,
tending to lie close to the ends of genes. A total of 31% are found
within 30 nt from the 3’ end of a gene, two to three times the
typical value for SDR elements. This characteristic is accounted
for by a subset of SDR2a elements, those flanked by heptameric
repeats, as described in the next section.

Rho-independent transcriptional terminator sequences
typically consist of a long palindrome downstream from a gene,
followed by a string of thymidine residues (Yarnell and Roberts
1999). Long thymidine-rich regions (as previously defined by de
Hoon et al. 2005) are seldom observed adjacent to the palindrom-
ic SDR elements (Supplemental Figs. 2A, 2B, 7) or PU/REP ele-
ments (Supplemental Fig. 11), but short stretches (at least four

thymidines) are common 3’ to SDR7 sequences, found within 10
nt of 39% of SDR7 sequences, as compared with 3% expected
from mononucleotide frequencies. Curiously, in 82% of these
cases, the thymidines are immediately preceded by one of the
three termination codons, even though the codon is not part of
an open reading frame.

Sequences flanking SDR elements

Do the SDR elements as defined constitute mobile units? If an
element were dispersed as an independent unit, then one would
not expect to see any correlation between variations in the flank-
ing sequences and minor variations within the intervening se-
quence itself (except as determined by target preferences). On the
other hand, if the intervening sequence were dispersed in the
genome through a mechanism that depended on flanking se-
quences, then grouping the SDR elements by their internal varia-
tion should simultaneously group the segments by their flanking
sequences.

In some cases, there is a strong correlation between an SDR
family and a specific flanking repetitive sequence. A total of 68%
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Table 4. Context of repeated elements in genome of N. punctiforme and E. coli

Intergenic®
Family Length®  Total® Copy®>3 In genes® P C D
Nostoc punctiforme
SDR1 2440 227 104 309%™ 48% (68%) 10% (14%) 13% (18%™)
SDR2a 24+0 135 54 20%"* 51% (64%) 19% (24%"")  10% (12%™)
SDR2b 25+0 86 54 1% 52% (53%) 41% (41%"T) 6% (6% ™)
SDR3 (24 + 1)+0 34 13 189%™ 50% (61%) 15% (18%) 18% (21%)
SDR4 21+5 382 171 149%™ 54% (63%) 14% (17%) 17% (20%")
SDRS5 21+8 166 70 36% 30% (46%) 14% (23%)  20% (31%)
SDR6 25+ 4?7 71 45 3% 69% (71%) 14% (14%) 14% (14%™)
SDR7 ~28 46 9 0%t 48% (48%) 39% (39%" ") 13% (13%)
SDR8 24157 36 18 39 75% (77%) 14% (14%) 8% (9%)
Total 1185 538 19%™ 50% (61%) 17% (21%) 14% (18%)
Fraction of genome in given context 81% 11% (57%) 3% (13%) 6% (29%)
Escherichia coli
pU 30-37 241 184 7% 45% (49%™) 47% (50%"") 0% (0%
Fraction of genome in given context 89% 6% (55%) 1% (12%) 4% (33%)

*The length is given as the number of nucleotides inserted within a target of known sequence (either a conserved gene or a repeated sequence). In the
case of SDR3, 25 nt are apparently inserted with the loss of 1 nt from the target. The length of SDR7 may vary. The 24-nt sequence given for SDR8 may
be part of a larger element, as discussed in the text. The number following the plus sign (when present) indicates the length of the preferred target.

A question mark indicates that the value is based on limited evidence.

PTotal number of instances (as defined in Methods) and total number where the copy number of identical sequences is at least 3, as taken from

Supplemental Tables 1-8.

“Context of insertions: at least partly within a gene or intergenic. If intergenic, then between genes in parallel (P), convergent (C), or divergent (D)
orientation. The first percentage is relative to all insertions of the given element, and the second is relative to those insertions in intergenic regions. One
and two asterisks indicate significance as determined by a x? test at the P < 0.01 or P < 0.001 level, respectively. The arrow indicates the direction of

deviation from expectation.

9Only those PU elements containing high-copy 24-mers (Table 4; Supplemental Table 10) found by the search described in the text are considered here.

of those instances of SDR2a that occur in high copy (three or
more copies) are flanked by a recognizable variation of STRR8
(Meeks et al. 2001), the heptameric repeat [AACTCCT],, (34 of 50
cases) (Fig. 1; Supplemental Fig. 2A). A total of 92% of those
instances of high-copy SDR3 are flanked by a variant of [AGTGC
TG],, (12 of 13 cases). In other cases, a flanking heptameric repeat
is associated with one subfamily and a different repeat with a
different subfamily, for example, in the cases of SDR1.2 and
SDR1.3 associated with STRR1 (Mazel et al. 1990; Meeks et al.
2001), [TGGGGAA],, (11 of 15 cases), and SDR1.15 associated
with [GAGCAGG],, (10 of 10 cases).

Some SDR elements are embedded in larger entities that bear
the hallmarks of transposable elements (Fig. 3). SDR2b often lies
within a larger relatively conserved sequence, typically 101
nucleotides in length, but as many as 134 nucleotides (Supple-
mental Fig. 2B). The larger units contain a second, inverted copy
of SDR2b. The units are bound by constant 18-nt inverted repeats
and flanked by a 10-nt direct repeat whose sequence varies from
instance to instance. At least one recognizable end can be found
next to 72 of the 84 instances of SDR2b. Since inverted repeats
flanked by direct repeats are a common signature of transposons,
we examined the genome for other instances of the inverted
repeat sequences. We found fourfold more units with these in-
verted ends beside those containing SDR2b. A total of 90% of
these were smaller than 160 nt, but two were full-sized insertion
sequences containing a copy of the transposase encoded by
npr1652. In addition, there are 14 full instances of SDR8 and 14
full instances of SDR4 within npr1652-related minitransposons
(Fig. 3A; Supplemental Fig. 8). Evidently, a minitransposon re-
lated to the one containing npr1652 houses many SDR elements.
The minitransposon has been recently reported in Nostoc and
other bacteria (Zhou et al. 2008).

SDR4, and especially SDRS8, are common inhabitants of

other minitransposons. Eleven full instances SDR8 and six full
instances of SDR4 (all adjacent to SDR8) are found within a mini-
transposon for which a full transposon is not known, and five
more instances of SDR8 are found within a third apparent mini-
transposon (Fig. 3B; Supplemental Fig. 8). These two minitrans-
posons are also found containing SDR8 within another hetero-
cystous cyanobacterium, Nodularia CCY9414. Strikingly, all in-
stances of SDR8 and some of SDR4 in minitransposons lie
embedded within the same 33-nt sequence. This sequence occurs
uninterrupted eight times in the Nostoc genome: three times
within the npri652-related minitransposon and five times else-
where in the chromosome. In all cases, it is flanked on the 3’ end
by a purine-rich region, just as it is in the three minitransposons.
Conceivably, this region was instrumental in the events leading
to the insertion of the SDR elements into the minitransposons.
Many instances of the minitransposon shown in Figure 3B are
found in the two Anabaena genomes, but neither the 33-nt con-
served sequence nor SDR8 is found within them (data not shown).

Only four instances of SDR2a in N. punctiforme lie within the
complete minitransposon shown in Figure 3C, but related cya-
nobacteria have many more copies (as described later), including
a copy of an apparently full transposon. Five instances of SDR5.3
lie within full-length transposons (Fig. 1; data not shown).

The sequences surrounding SDR2a elements are strongly asso-
ciated with their positional characteristics. The bias of SDR2a ele-
ments for positions immediately downstream from genes described
in the previous section is accounted for completely by the subset
that are surrounded by heptameric repeats. In this subclass, 57%
of the SDR2a elements are within 30 nt of the 3’ end of a gene,
and most remarkably, in all but one of the 40 instances, the gene
is situated to the right, according to the orientation shown in
Figure 1 and Figure 6C (below) (see Supplemental Fig. 2A for mul-
ticopy instances).
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Left end of transposon and minitransposon elements
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Figure 3. Minitransposons carrying SDR elements. Representative examples of four families (A-D) of minitransposons are shown. When a parent full
transposon has been identified, its sequence is in red as well as identical sequences in the derivative minitransposons. When a parent full transposon has
not been identified, only the inverted repeats of the proposed minitransposons are shown in red. The inverted repeats are indicated by red arrows (solid
for the minitransposons, dotted for the full transposons). Flanking direct repeats, when present, are indicated by black arrows and are shown in black,
underlined. SDR elements are highlighted according to the conventions of Figure 1. Underscores within the full transposons indicate open reading
frames. The low order coordinates of each example, all from the chromosome of N. punctiforme except when otherwise indicated, are: (A1) 263683,
(A2) 6703808B, (A3) 3371581B, (A4) 20329658, (B1) 697575B, (B2) 1598337B, (C1) 28981808, (C2) 75121B in Nodularia CCY9414 Contig 003, (D1)
7174915B, (D2) 6179713F in the chromosome of Anabaena variabilis, (D3) 5233271F in the chromosome of Anabaena PCC 7120, and (D4) 114174B
in plasmid pAvaC of A. variabilis. The letter after the coordinate indicates that the sequence shown lies on the forward (F) or backward (B) strand.

It is important to note that the SDR elements are generally
distinct from the units in which they are contained. For example,
SDR4 is more often found outside of the minitransposons de-
scribed above, and the minitransposons are generally found
without SDR elements. The heptameric repeats are found in the
Nostoc genome far more frequently without SDR elements.

The flanking sequences for some SDR elements are highly
variable (Supplemental Figs. 1-8). Except for transposon-borne
SDRS.3, SDRS elements generally do not share flanking se-
quences, and the same is true with SDR7. At the other extreme
are SDR3 and SDR8 elements, almost all of which are flanked by
the same tandem repeats (SDR3) or larger conserved sequence
(SDR8). SDR4 lies in between these two extremes, as members of

subfamilies within SDR4 share flanking sequences, but there is a
great deal of variability in the flanking sequences of different
subfamilies and often within subfamilies.

SDR1.17 (Fig. 1) is one of many subfamilies whose members
have nearly identical flanking sequences that cannot be explained
by appealing to heptameric repeats or transposable elements.
These are discussed in the next section.

Nested SDR elements

All the SDR elements characterized in this study are smaller than
30 nt, but the sequence interpolated into the tRNA'®" introns of
Nostoc Nos41 and Nos33 are 48 and 45 nt in length, respectively

Genome Research 1491
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

Elhai et al.

(Fig. 1, under SDR1 and SDR4). Both, however, can be viewed as
one SDR element inserted into another: an unnamed SDR1 ele-
ment inserted into an instance of SDR1.21 in the first case and
SDR4.4 into SDR1.21 in the second case. Careful consideration of
the flanking sequences of SDR elements reveals that such nested
SDR elements are extremely common in N. punctiforme.

Figure 4A shows a typical nested SDR and how it might have
arisen by successive insertions of SDR4 into itself, targeting the
sequence CGAAG. Figure 4B shows a more extreme example,
with six different insertions of SDR1 into a putative minitrans-
posable element and provides a plausible sequence of events that
could have given rise to the 11 apparently related minitranspo-
son derivatives that are observed in the current genome of N.
punctiforme. These sequences illustrate not only the ability of
SDR1 to insert into new locations, but also the ability of degra-
dative forces—deletion and mutation—to reclaim genome space
taken up by repeated sequences. It seems fair to conclude that
except in those cases where repeated sequences provide selective
advantage, we see only those instances that have appeared rela-
tively recently in evolutionary time.

Not all nested elements can be explained by a branching
series of insertions and mutations. Figure 4C shows a set of re-
lated sequences that cannot be so explained, without resorting to
unlikely coincidences, for example, insertion of the same SDR4/6
at the same position within two different instances of SDR1. The
sequences point to a mechanism to spread a mutation at one site
to other similar sequences, perhaps by recombination amongst
chromosomal copies or by gene conversion.

Given the complexity of nested elements illustrated by Fig-
ure 4, it is clearly difficult to automate their identification; hence,
we do not know the full extent to which nested elements occur
in the genome. To get some idea, we performed an exhaustive
search for SDR1 elements identified by the pattern
“. . .(<<<<)GAGCG.AG.CGA(>>>>)" (Where <<<< >>>> indicates
4-nt inverted repeats) and split by insertions from 21 to 28
nucleotides. A total of 72 such cases were found in the N. punc-
tiforme genome (45% of the number of unsplit instances of
SDR1), of which 37% are interrupted by an insertion of SDR1 and
43% by SDR4. Looking at it from the inside out, of instances of
SDR4 in subfamilies with three or more copies, 54% lie within
either SDR1 or SDR4. In instances of SDR1, 27% lie within SDR1.
Fig. 1 indicates some of the diversity of these nested elements
(Supplemental Figs. 1 and 4 show all cases with high-copy sub-
families).

In contrast, SDR6 is part of what appears to be a single fused
element with SDR4. A total of 87% of all instances of SDR6 are
preceded by SDR4 (or its residue) in the same position and the
same inverted orientation, and the same is true of instances in
related cyanobacteria (Supplemental Fig. 6), suggesting a single
origin. There is no clear evidence of an independent existence of
SDR6. The SDR4/SDR6 unit lies within several different contexts,
consistent with the idea that the fused unit is mobile. One inser-
tion evidently occurred within SDR1.2 to form the initially
anomalous SDR1.3, mentioned earlier.

The insertion of SDR4 into SDR1 indicates that SDR1 was pres-
ent in the genome at a time when SDR4 was mobile. We looked for
other such relationships and found insertions of SDR4 into SDR5
and the SDR4/SDR6 element as well as into itself (Supplemental
Fig. 4), SDR1 into SDRS as well as into itself (Supplemental Fig. 1),
and the SDR4/SDR6 element into SDR1 as well as into itself
(Supplemental Figs. 4, 6). We found no instances of other SDR
elements participating in nesting. One might derive from this an

order of appearance of SDRS, then SDR1, then SDR4/SDR6, and
finally SDR4, but the true sequence of events is undoubtedly
more complex, as will be discussed.

SDR elements in other cyanobacteria

In order to relate the presence of SDR elements to organismal
phylogeny, we considered the genomes of the cyanobacteria
shown in Figure 5. Except for SDR1 and SDR7, the SDR elements
were confined to a coherent class, the heterocystous cyanobac-
teria, represented by N. punctiforme, Anabaena PCC 7120, A. vari-
abilis ATCC 29,413, and Nodularia CCY9414. A few instances of
SDR7 were also found in strains within a larger class, the filamen-
tous cyanobacteria, of which the heterocystous cyanobacteria are
a part, and one unicellular strain, C. watsonii, related to filamen-
tous cyanobacteria, possesses many SDR1 elements. The original
SDR elements in the tRNA intron from different strains of Nostoc
in five of six cases match exactly the sequence of an SDR element
from N. punctiforme, and in four of those instances, the flanking
sequences also match.

It is of obvious interest whether apparent insertions of SDR
elements are of ancient or recent origin. If the former, then the
sites of insertion might be conserved amongst related organisms.
We aligned and examined sequences at all informative sites for
each element, an informative site defined as one occurring
within a conserved gene (a gene with orthologs in both organ-
isms under consideration) or between the same two conserved
genes. The results of this analysis are summarized in Table 5 and
discussed below.

SDR2a and SDR4 are the most common elements amongst
the heterocystous cyanobacteria, with dozens of instances in all
four of the sequenced genomes (Fig. 1; Supplemental Figs. 24, 4),
but they are quite different in the degree to which their insertion
sites are shared amongst the genomes. Instances of SDR4 gener-
ally occur at sites that are unrelated from one organism to the
next. Of 108 instances of SDR4 in N. punctiforme that are infor-
mative, none are shared in Anabaena PCC 7120, and the in-
stances of SDR4 in each organism have different sets of charac-
teristic flanking sequences. Even more telling, of 69 informative
occurrences in Anabaena PCC 7120, only three are shared with
the closely related strain A. variabilis. Most sites of SDR4 have
evidently appeared or disappeared more recently than the diver-
gence of the two species of Anabaena.

In contrast, instances of SDR2a often occur at the same sites
from one organism to the next, indicating an origin more an-
cient than the divergence of the organism. Of 38 informative
occurrences in Anabaena PCC 7120, 35 are shared with A. vari-
abilis, and four of these are also shared with N. punctiforme (for
example, see Fig. 6A). Those that are shared have exactly the
same SDR2a sequence 48% of the time, far more frequently than
can be accounted for by chance. A. variabilis has 150% more
instances of SDR2a than Anabaena PCC 7120. It is not clear why
this is the case. It is true that only A. variabilis has an apparently
active transposase for the SDR2a-related minitransposon (Fig.
3D), but more than half of the SDR2a sites found in A. variabilis
but not in Anabaena PCC 7120 are not obviously associated with
a transposable element or derivative. Furthermore, there is no
obvious difference between conserved and nonconserved SDR2a
elements in A. variabilis with regard to either position (as de-
scribed in Table 4) or flanking sequences.

SDR2a elements in both Anabaenas are often flanked by a
heptameric repeat similar to STRR2 (Mazel et al. 1990; Meeks et
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al. 2001) (GACAACT). Curiously, in the few instances where an
instance of SDR2a is conserved between Anabaena and Nostoc, the
Anabaena element is flanked by the STRR2 sequence, typical of
Anabaena SDR2a elements, while the Nostoc element is flanked by
the STRR8 sequence, typical of Nostoc SDR2a elements (see Fig.
6C). If, as is likely, the SDR2a elements at these sites share a
common origin, then flanking sequences must somehow have

become changed to accord with the tendencies of the genome as
a whole.

Instances of SDR1 and SDR4/SDR6 follow the model of
SDR4, not lying in conserved positions in the organisms in which
they are found. SDR1 instances are seldom flanked by the same
sequences found next to SDR1 elements from Nostoc. Eight SDR1
elements from Nodularia and eight from Crocosphaera are excep-

SDR4.3
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tional in that their flanking sequences Size SDR Incidence
match the heptameric repeats found Organism (Mb) __ Source 1222345678
. P $8102 Synechococcus WHE102 [A] 243  JGU/Aug'03 -
ﬂank]ng the similar element SDR1.7 of PMed4 Prochlorococcus MEDA4 [B] 1.66  JGl/Aug'03
Nostoc. Instances of nested SDR1 ele- PSS120 Prochlorococcus SS120 [C) 175 GI:33239452
£ d in both Nodulari d P9313 Prochlorococcus MIT9313 [B] 241 JGI/Aug '03
ments are found in both Nodularia an Synechococeus PCC 7942[D] 275 JGI/Nov '04
A. variabilis. This is also true for SDR4/ Gvi Gloeobacter violaceus [E] 4.66 Kazusa/Aug'03
SDR. Thermosynechococcus BP1[F] 2.59 Kazusa/Aug '02
6. AT120 Anabaena PCC 7120 [G] 7.21 Kazusa/Oct '01 '~ Eet
SDR3 follows the model of SDR2a. Heterocystous Avar Anabaena variabilis ATCC 29413 7.11 JG/Jan'05 -~ + ~ 4o
.. L . N| Nost tiforme [H 9.06  JGI/Feb'04 e S
All five informative instances of SDR3 in M NZ;.:,;f,’;;"géf{;'g'Xﬂ ! it A E
Anabaena PCC 7120 are shared with A. Hiliipensons Trichodesmium erythreum 7.76  GI:113473942
iabili hil hared with Lyngbya PCC 8106 7.04 GI:119483230
variabiis, while none are shared wi Crocosphaera watsonii 622 JGI/Feb'04  +
Nostoc. Almost all of the sequences are $6803  Synechocystis PCC 6803 [1] 3.96 Kazusa/Dec '03
Escherichia coli K12 [1] 4.64  Gl:49175990 -

flanked by at least a recognizable vestige

of the same heptameric repeat that
flanks SDR3 in Nostoc. Its insertions ap-
pear to predate the divergence of the two
Anabaenas. Table 5 would seem to indi-
cate an ancient origin of SDRS insertions
as well. Indeed, one insertion is found
conserved in orthologs of NpF5954
amongst all four heterocystous cyano-
bacteria (Supplemental Fig. 12).

SDR2b is represented by only one
instance in both strains of Anabaena, at a
position conserved between the two, but
not with Nostoc. None of the few in-
stances of SDR7 and SDRS8 in cyanobac-
teria beside Nostoc were in conserved po-
sitions.

Unit lengths and target preferences of SDR elements

Figure 5. Organisms used in cross-species comparisons of SDR elements. The phylogenetic tree to
the left of the organism names is derived from a comparison of cyanobacterial 16S rRNA sequences.
Arrows point to nodes defining the heterocystous cyanobacteria (the major focus of this work, high-
lighted in the table) and the more encompassing clade of filamentous cyanobacteria. All genomes
except those from Lyngbya and Crocosphaera have been completely sequenced. The sequences were
taken from Joint Genome Institute (http://genome.jgi-psf.org/mic_home.html), CyanoBase/Kazusa
(http://bacteria.kazusa.or.jp/cyano/cyanobase/), or the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/). In the latter case, the GenBank accession number is given. The small
plasmid, pANS, of Synechococcus PCC 7942 was also taken from GenBank, accession Gl:247785. The
Nostoc punctiforme genome has recently been deposited in GenBank (accession no. NC_010628), with
only minor differences in the annotation relative to the version used in this study. The incidence of each
of SDR family (SDR1 through SDR8) is shown for each genome, represented by a plus (at least 10
occurrences), a tilde (at least one, but fewer than 10 occurrences), or nothing (0 occurrences). Pub-
lished descriptions of the genomes: (A) Palenik et al. 2003, (B) Rocap et al. 2003, (C) Dufresne et al.
2003, (D) Holtman et al. 2005, (E) Nakamura et al. 2003, (F) Nakamura et al. 2002, (G) Kaneko et al.
2001, (H) Meeks et al. 2001, (/) Kaneko et al. 1996, (J) Blattner et al. 1997).

ments (Supplemental Fig. 12), most are explainable by recombi-
nation, using flanking heptameric repeats (e.g., Fig. 6A), but four
appear to be insertions of SDR1 or a nested version of SDR1 (e.g.,
Fig. 6B). In all of those cases, the apparent insertion unit is 24 nt

We compared conserved sites containing SDR elements in one
genome but not in another, hoping thereby to determine their
boundaries and to deduce what sequence features attract new
insertions. Seven such insertions of SDR4 were found within con-
served regions, as previously defined (Fig. 6F; Supplemental Fig.
12). In five of these instances, the insertion was coextensive with
the proposed length of the SDR element. The observed align-
ments are more consistent with insertions rather than deletions,
as in all three cases where an apparent insertion of SDR4 was
found within a gene with orthologs in other cyanobacteria,
alignments of the orthologs show gaps where SDR4 should ap-
pear. In all cases, the sequences flanking the insertion of SDR4
was consistent (at least three identities) with the 5-nt target se-
quence, CG|AAG, deduced from the analysis of nested elements
(see above).

Of 12 informative and interpretable instances of SDR1 ele-

(or multiples of 24 in the case of nested elements). No target
sequence is evident.

SDRS shows an even stronger preference for a target se-
quence. Of 31 insertions of SDRS into conserved regions of genes
with orthologs in two organisms we examined, 29 showed inser-
tions of 21 nt, the proposed length of SDRS (Fig. 6G; Supplemen-
tal Fig. 12). Remarkably, the apparent target site of SDRS is
GCG|ATCGC, a sequence (called HIP1) that is highly over-
represented in many cyanobacteria (Robinson et al. 1995) and
possibly involved in recombination (Robinson et al. 1997). As
with SDR4, the events leading up to the presence or absence
of SDRS must be interpreted as insertions, not deletions, since
orthologs of genes bearing SDRS in nonheterocystous cyanobac-
teria lack the insert. Of the 67 instances of SDRS elements in
N. punctiforme with copy number three or greater, 82% lie within
HIP1 sites between the third and fourth position, and all of the

Figure 4. Nested SDR elements. (A) A nested structure consisting of multiple SDR4 elements using color conventions described in Figure 1. The nested
element (line 4), located in the chromosome of N. punctiforme from 671,496 to 671,583 (inverted), may have arisen, as shown, by the insertion of
SDR4.5 (lines 1 and 2), followed by the insertion of an unnamed SDR4 element in the opposite orientation (lines 2 and 3), and finally by the insertion
of SDR4.3 (lines 3 and 4). The sequence of the proposed intermediate shown in line 3 actually exists elsewhere in the chromosome, between coordinates
3,226,461 and 3,226,527 (inverted). Proposed intermediates 1 and 2 are hypothetical. (B) Nested structures derived from multiple apparent insertions
of SDR1 elements, highlighted in yellow. SDR1 elements in the forward orientation are given in black or green characters. Those in the reverse
orientation are given in red characters. Sequences in red characters flanking the nested elements are the inverted terminal repeats of a putative
minitransposon into which the nested elements are embedded. Sequences highlighted in gray are conserved but otherwise uncharacterized. The
low-order coordinates of the sequences shown are (B1) 3368609F, (B2) 2564863B, (B3) 1746187F, (B4) 80866698, (B5) 633195F, (B6) 50757F, (B7)
8020729F, (B8) 6448446F, (B9) 1811789b, (B10) 7091736B, and (B11) 2217329F, where F and B indicate the forward and backward (inverse) strand,
respectively. The inset at top presents a series of plausible events that might have given rise to the observed sequences. Numbers in circles refer to the
lines in the alignment. Gray circles are hypothetical intermediates. (C) Seemingly related compound elements composed of SDR1, SDR4, and SDRé6. The
sequences are organized first by the outermost elements, two unnamed subfamilies of SDR1. Each grouping is then divided according to whether
SDR4.11 or SDR4.12 has inserted into the SDR1 element. The low-order coordinates of the sequences shown are (D1) 31345278, (D2) 2144806F, (D3)
4962007F, (D4) 3363464F, (D5) 5179224F, (D6) 8021963F, (D7) 6220474F, (D8) 733274B, (D9) 187174B, (D10) 676346B, (D11) 5070575B, (D12)
7201684F, (D13) 6371472B, (D14) 5596457F, and (D15) 3424319B.
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Table 5. SDR elements in conserved sites

Npun Npun Npun A7120
Family vs. A7120 vs. Avar vs. Nod vs. Avar
SDR1 (104) 0 (3) (98) 0 (0) (85) 0 (9) “4) 0(1)
SDR2a (71) 4 (20) (73) 5 (45) (58)4(49) (37)34 (98)
SDR2b (6) 0 (0) (6)0(0) (6) 0 (0) M 1M
SDR3 (19)0 (3) (17)0(2) (15)0(9) 5) 5(0)
SDR4 (108)0(33) (108)0(24) (100)1(24) (69) 3 (50)
SDR5 B7H1@) (39)24) 33109 (5) 2(6)
SDR6 (24) 0 (0) (26) 0 (1) (23)0 (9) (3) 014
SDR7 (8) 0 (0) (8) 0 (0) (16) 0 (0) 0) 0(0)
SDR8 (4)0(0) 4)0(0) (6)0(0) ©) 0(0)

The number in bold type is the number of instances the given SDR
element is found in both indicated organisms at the same informative
position, defined as either inside of a conserved gene or between the
same two conserved genes. Genes are considered conserved if they are
orthologs as described in the Methods. The first and second numbers in
parentheses are the total numbers of informative instances of the given
SDR element in the first organism and second organism, respectively.

remaining elements are flanked by a HIP1-like site (Fig. 1; Supple-
mental Fig. 5). Apart from a near absolute preference for A and T
and positions 3 and 4, respectively, deviations from the canoni-
cal HIP1 sequence are equally likely at all positions (data not

A

shown). SDRS therefore has an extreme preference for HIP1 sites,
one that is no less strong with instances in other heterocystous
cyanobacteria. This is sufficient to explain the absence of SDRS
insertions into other SDR elements, as noted above, since HIP1
sites do not appear in other SDR elements.

SDR2a presents quite a different picture. There are 64 in-
stances in which A. variabilis has a copy of SDR2a between two
conserved genes, but Anabaena PCC 7120 does not in the corre-
sponding position (Supplemental Fig. 12; data not shown).
Alignments of these regions were carefully examined, and no
instance was found showing clear evidence of a new insertion.
Instead, 35% of the instances appeared mediated by transposi-
tion of the minitransposon that contains SDR2a.5 (Fig. 3D;
Supplemental Fig. 2A). A total of 49% appeared to have arisen
through recombination at sequences flanking the SDR ele-
ment—most using variations on tandemly repeated AACAACT,
including 10 events that seemed to be duplications of SDR2a a
short distance from the first instance (Fig. 6D). Of the remain-
ing instances, 6% had tandem instances of AACAACT flanking
the SDRa element but no discernible heptamer in PCC 7120,
and the rest could not be interpreted, generally because the in-
tergenic region had diverged beyond recognition. In no case is
there clear evidence of insertion except as mediated by known
processes.

npr0867 ccTAGTAATAATAGGG»ETGGAGpicMGTAC'm;m;cc;cm:ccccw;ri'rTGGGAAFTAAAGjCTTGTAcmAGCAAAGTc T, TGGGAjCTAGGTAAAATA
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alr2719 ATACCGTAAATCTTCCCCTCCGTAATAGCAGGCTTTTCACTTGTETTCGAGCGEAGTCCGAAACACCCTCTACTTCAGTCAGGATAGATGCCAAGT
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FRFFK * Kkkkkk K*k *hkkhk kKK KKk KEk KKK

C
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>alr3810 TCAGATGTAAACAGAGGATTTACATC’T[EACTAL:EACCAA
TCAGATGTARATCCTGTGTTTACATCTIGACTAC

*okkk Kk ok *x Kk kkok kk K

D — SDR2a
>ava936 TGAAGi;ATu.c f
>alr0534 TGAGGUGATAAC
>n9414?713260 TAAGACCTG: GAGTGCTGAGTTACAGGAGTTTGCACGTGGGTTG

|
|
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E
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——————————————————— CCTTCTACTTCAGTCAGGATAGATGCGAAAT
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TGGACTTTGAGATAGTACACCGCTAAATATGCCATTATC
TCGACTTTGAGCTAATACACCGCTAAATATGCCATTATC
ICGGACTTTGACTAAGTACGCCGCTAAAGATACCATTATC
TGGACTTTGACTGAGTACCCCACTAAATATGCCATTATC

Figure 6. Sequence comparisons amongst cyanobacteria. Sequences of orthologous genes or regions adjacent to orthologous genes are shown where
at least one of the sequences carries an SDR element. Color conventions are as described in Figure 1. In addition, gene sequences are shown italicized
and in dark cyan (forward) or magenta (backward), and the extent of the reading frame is indicated by arrows. The sequences are taken from N.
punctiforme (genes npr0867, npf3461, npr5797, pnpbr028, and pnpaf278), Anabaena PCC 7120 (genes alr0534, all1327, alr1612, all2013, alr2719, and
alr3810), Anabaena variabilis (genes ava0005, ava2936, and ava3794), and Nodularia CCY9414 (genes n9414703688, n9414712753, and
n9414713260). Asterisks indicate positions of conservation amongst all sequences given.
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There are only a few instances of SDR3 within Nostoc genes
in regions sufficiently conserved to permit comparison with or-
thologous genes in Anabaena or vice versa (Fig. 6E; Supplemental
Fig. 12). All interpretable cases where SDR3 was present in one
genome but not the other could be explained by recombination
between regions of tandem repeats. We found no instances of
SDR2b, SDR6, SDR7, or SDR8 within regions sufficiently con-
served to permit comparison of the site between genomes.

Discussion

Dispersed repeated sequences comprise a significant fraction of
genomes in all branches of life, and they are fundamental to
important evolutionary processes (Kazazian 2004; Lowe et al.
2007). The genomes of N. punctiforme and its relatives possess
previously unreported repeated sequences in the range of from
21 to 27 nt, some of them evidently mobile. Since this is less than
half the size of any sequence we know of with demonstrated
mobility, a certain amount of skepticism is understandable. We
have therefore reviewed below the evidence concerning each of
the major claims of this work.

Are SDR elements mobile?

We consider an element to be mobile if it appears in new genome
positions as a unit, if it does so independently of its immediate
originating context, and if it relies on a mechanism distinct from
recombination and gene conversion. The first condition ex-
cludes, for example, the 8-nt HIP1 sequences of cyanobacteria
(Robinson et al. 1997) and the 9-nt transformation uptake signals
of Haemophilus influenzae (Smith et al. 1999), which appear to
achieve their high copy numbers by mutation in place, main-
tained by selection. The second condition excludes, for example,
transposase genes, which are mobile only when flanked by the
termini of their transposons. Also excluded are sequences that
appear in new positions owing to recombination mediated by
flanking repeated sequences (Kazazian 2004). The third condi-
tion prevents us from folding the flanking repeats of the last
example into the units and calling them mobile elements.

By these criteria, there is strong evidence to support the
claim that SDR1, SDR4, and SDRS5 are mobile elements. All three
(especially SDRS) are flanked by a diversity of flanking sequences
(Fig. 1; Supplemental Figs. 1, 4, 5). Their insertion as a unit in-
dependent of recombination and gene conversion is evident
from numerous comparisons of orthologous genes (Fig. 6;
Supplemental Fig. 12). Furthermore, SDR1 and SDR4 often ap-
pear to have inserted into copies of themselves at various sites.
The case for the fused SDR4/SDR6 element is weaker, relying on
several instances where it appears to have inserted into other SDR
elements (Fig. 4D; Supplemental Fig. 6).

In contrast, there is little evidence for the mobility of the
other SDR elements. The many instances of SDR2a and fewer
instances of SDR3 (Fig. 6; Supplemental Fig. 12) are either ex-
plained by recombination or are uninterpretable, and they have
little diversity in flanking sequences (Fig. 1; Supplemental Figs.
2A, 3). SDR7 has a great deal of diversity in flanking sequences,
but we have no evidence of insertion as a unit as opposed, for
example, to arising by mutation in place.

Do SDR elements function as RNA?

This claim rests entirely on mutational analyses that in certain
instances point to secondary structures apparently preserved by

selection. The case is strong for SDR1, SDR4, and SDRS, where the
number of compensatory mutations in regions of putative sec-
ondary structure far exceed expectation (Table 2). A weaker case
can be made on this basis for SDR2a, one that is bolstered by the
statistically significant excess of single transitions leading to po-
tential G-T base pairs. The existence of base pairing in vivo
within a single strand of double-stranded DNA is controversial
(Kurahashi et al. 2004), and so we extend the inference of sec-
ondary structure to indicate a selectable role for RNA in SDR
function. It is important to note that this role does not necessar-
ily have to be in the propagation of the element. Small RNAs
have been previously associated with certain repeated sequences
in Drosophila (Aravin et al. 2003).

The propensity of SDR1 and SDR4 to insert themselves into
other SDR sequences may be another piece of evidence pointing
to an RNA intermediate. The insertions occur at multiple sites
within the elements, indicating that it is not sequence that at-
tracts the inserting element, but a more general property associ-
ated with target elements. The existence of SDR elements as RNA
molecules, perhaps bound to protein, could set them apart from
other sequences in the genome.

Can the mobility of SDR elements be explained by known
mechanisms?

The mechanism or mechanisms by which SDR elements move
are not clear. DNA-based transposition is not a likely explana-
tion. Unlike most transposons (Siguier et al. 2006), SDR1, SDR4,
SDRS, and SDR6 do not possess terminal inverted repeats and do
not generate flanking direct repeats. If these SDR elements were
minitransposons, they would be by far the smallest reported, and
the lengths of the elements appear to be too small to fit within
the topological constraints imposed by the known mechanisms
of transposition (Lane et al. 1994; Gueguen et al. 2005).

Retrotransposition is a more appealing possibility. Genes ca-
pable of encoding proteins similar to reverse transcriptase within
possibly mobile Type II introns have been observed in N. puncti-
forme (Dai et al. 2003; Doulatov et al. 2004) and other cyanobac-
teria (Nakamura et al. 2002; Dai et al. 2003; Doulatov et al. 2004).
However, the apparently mobile SDR elements differ from LTR
retrotransposons in that they lack long terminal repeats, and
they differ from non-LTR retrotransposons in that they do not
generate flanking direct repeats (Ostertag and Kazazian 2001).
Type II introns (Lambowitz and Zimmerly 2004) are able to ret-
rotranspose to ectopic locations in the genome, but the length of
the apparent targets observed in these events are considerably
greater than those of the mobile SDR elements (Dickson et al.
2001; Lambowitz and Zimmerly 2004; Ferndndez-Lopez et al. 2005)
and a degenerate type II intron the size of SDRS would be less than
one-fourth the size of any previously observed (Lambowitz and
Zimmerly 2004).

A provocative clue as to mechanism may be provided by the
nearly absolute target requirement of SDRS for HIP1 sequences,
GCGATCGC. The observed role of HIP1 in recombination (Rob-
inson et al. 1997) is reminiscent of another 8-nt sequence, chi,
that is part of the recombination process in E. coli (Smith 2001).
Chi sites are recognized by RecBCD holoenzyme either as a proxi-
mal target for nicking or as a signal to stop DNA degradation.
Either way, DNA near chi sites are rendered recombinogenic. If
HIP1 sites serve a similar role, then base pairing between the
exposed HIP1 DNA and the ends of SDRS RNA may lead to inte-
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gration of SDRS through target-primed reverse transcription
(Lambowitz and Zimmerly 2004).

SDR elements do not appear to be independently mobile.
SDRS.1 in N. punctiforme occurs 30 times, each in a different
context, but the identical sequence occurs only once in Anabaena
PCC 7120. The difference may be that the Nostoc sequence occurs
in a special transcriptional context, or Nostoc but not Anabaena
may possess a hypothetical RNA-binding protein that facilitates
the mobility of SDRS. The latter hypothesis is consonant with the
common putative structures of SDR4, SDRS, and SDR6. Each pos-
sesses two potential GC-rich stems topped by loops of the pattern
GyA (Fig. 2). Perhaps these serve as binding sites for a protein
required for mobility of the elements (it is of course possible that
they serve a functional role independent of mobility).

Are SDR elements similar to previously described repeated
sequences?

The families of SDR elements in Nostoc exhibit different charac-
teristics from previously reported small dispersed repeats. Unlike
SDR elements, the previously described ERIC/IRU (De Gregario et
al. 2005; Wilson and Sharp 2006), RSA (Bachellier et al. 1999),
and BoxC (Bachellier et al. 1999) elements in enteric bacteria,
RUP (Oggioni and Claverys 1999) and boxAB"C (Martin et al.
1992; Knutson et al. 2006) elements in Streptococcus, and NEMIS
(Mazzone et al. 2001) and SRE/Correia (Buisine et al. 2002) ele-
ments in Neisseria are all relatively long, imperfect palindromes
possibly derived from transposons.

The PU/REP elements described in enterobacterial genomes
(Bachellier et al. 1999) have characteristics with some similarity
to SDR elements. They are short, 30-37 nt in length, with most of
that length occupied by an imperfect palindrome. Like SDR1,
SDR2a, and SDR2b, PU/REP elements end in an unpaired 4-nt
tail, However, SDR2a and SDR2a augment their tails with nearly
perfect palindromes while, at the other extreme, SDR1 has only
four complementary nucleotides, surrounding a 12-nt conserved,
nonpalindromic core. Like SDR1, but unlike SDR4, SDRS, and the
SDR4/SDR6 fused element, PU/REP elements have no evident
target site specificity. While they are frequently found in combi-
nation, as BIMEs (bacterial interspersed mosaic elements), they,
unlike SDR1 and SDR4, have not been reported to form nested
structures. There is no evidence we know of for the mobility of
PU/REP elements.

What is the life cycle of an SDR element?

A global consideration of the findings may permit a partial re-
construction of the life history of SDR elements (Fig. 7). SDR
elements must enter the lineage from within, by mutation, or
from without, most likely by virus or incoming plasmid. In most
cases, the new instance of the element suffers degradation and is
lost from the organism, but occasionally it may become inserted
within a tandomly repeated sequence or a transposon (full or
miniature). Then it may be propagated even after it has ceased to
be independently mobile (e.g., because the protein that acts on it
is no longer present). This process is visible in instances of most
of the SDR elements. Transposition continues until the gene en-
coding the transposase is inactivated by mutation.

Whether an SDR element arises by new insertion, transpo-
sition, or recombination (or gene conversion), it is bound to be
lost by random mutation unless selection acts to preserve it. Nos-
toc and its relatives may have been subjected to waves of infec-
tion and recovery (Wagner 2006), by transposons and SDR ele-

New Insertion

SDR : .
= (transient) o = = Degradation
RNA-binding FPrd
rotein T tion
L T B2
into Tn —r
transposase
~ Recombination ~ = .
into 7mers (constant) =~ =

Figure 7. Model for propagation of SDR elements. The model follows
the life cycle of an SDR element (white box). When a putative RNA-
binding protein is present within the organism, the element is mobile and
may insert into tandemly repeated sequences (tandem arrows), transpos-
able elements (hatched box), or uncharacterized sequences (thin line). In
the first two cases, the element may propagate to other sites in the
genome even after the SDR element is no longer mobile. In the absence
of selection, mutations (black boxes) accumulate in the element over
time, giving rise to the diverse sequences observed in genomic se-
quences. See text for further explanation.

ments, and we see only those infections in progress, scars of
previous infections, and cases where random insertion has for-
tuitously placed an element in a context where it provides the
organism with a selectable advantage. The conserved instances of
SDR2a in Anabaena may be such cases, and the long inverted
repeat provided by many of these instances downstream from
genes may serve in transcriptional termination (as shown also by
Lupski and Weinstock 1992 in some instances of PU/REP) or
translational coupling. The less-common conserved upstream in-
stances of SDR2a may stabilize transcripts, as has been shown for
a boxAB"C sequence in Streptococcus pneumoniae (Knutson et al.
2006).

Why invent a new name for families of dispersed repeats?

There have been many names given in the past to small dispersed
repetitive elements. Many have incorporated into the name the
genus of the organism, for example, RUP (repeat unit of Pneumo-
coccus) (Oggioni and Claverys 1999) and NEMIS (Neisseria min-
iature insertion sequence) (Mazzone et al. 2001). Others have
used the name to describe the structure of the elements. The PU
(palindromic unit) elements of E. coli and its relatives is a case in
point. Neither convention seemed suitable for the elements de-
scribed in this report, as they may be found in different genera
and do not share a common structure. SRE (small repetitive ele-
ments) (Buisine et al. 2002) is less restrictive, but we would like to
maintain a distinction between tandem repeats and repeats well
separated on the genome. We have therefore opted for a name
that captures only the essential characteristics—small dispersed
repeats (SDR)—and have used it as a prefix for specific families, as
Tn is used for transposon names.

Methods

Sequences

The tRNA™" (UAA) intron sequences used in the present study
were recorded from strains of Nostoc associated with the lichens
Nephroma resupinatum (L.) Ach., AF055660 (Nos30); Peltigera
britannica (Gylen.) Holtan-Hartwig & Tensb, AF176600 (Nos37);
P. venosa (L.) Hoffm., AF176604 (Nos38); Pimelea venosa,
AF176596 (Nos41), and the bryophytes Anthoceros fusiformis Aus-
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tin, AF151776 (Nos51) and A. fusiformis, AF151779 (Nos54). The
genomic sequences used in this study are referenced in Figure 5.

Database search

Searches and analyses were done within CyanoBIKE (http://
biobike.csbc.vcu.edu), an instance of BioBIKE (Biological Inte-
grated Knowledge Environment, formerly BioLingua) (Massar et
al. 2004), an integrated knowledge-base and programming envi-
ronment that facilitates genomic analysis. BLAST (Altschul et al.
1997) was used initially but was abandoned because its algo-
rithm, requiring contiguous-word matches, failed to find many
matches we deemed significant. Families of repeated sequences
were found instead by iterative searches using a BioBIKE function
to find all sequences related to an initial query (taken from the
intron sequences) with fewer than three mismatches (or two mis-
matches in the case of the shorter SDR4 and SDRS sequences),
and then all sequences related to those found in the initial
search. This level of similarity was chosen because by using it
there is no more than a calculated 0.01% chance of finding a
match in a random sequence the size and nucleotide composi-
tion of the Nostoc genome. Other genomes were searched in the
same way, but using as initial queries all versions of SDR elements
with at least three copies in Nostoc. In addition, SDR1 was sought
in genomes by the less-stringent pattern match, as described in
the text. One would expect a pattern match to arise in a random
genome the size and composition of E. coli’s about one time in
four. Sequences matching a given pattern were found using Bio-
BIKE'’s pattern-matching capabilities.

Sequences were aligned using ClustalW (Thompson et al.
1994) implemented within BioBIKE and also by hand. Highlight-
ing of sequences to display their internal structure was done by
hand. Information content at each position of a collection of
SDRs was represented by WebLogos (Crooks et al. 2004). The SDRs
were first visually filtered to remove any that were interrupted by
the insertion of other SDR elements.

An exhaustive catalog of 24-nt repeated sequences was ob-
tained by sorting all 24-nt sequences extracted from the genome,
counting the occurrences of identical sequences, and sorting the
counts.

Files containing sequences and coordinates of SDR elements
are available from the website: http://www.people.vcu.edu/
~elhaij/SDR.

Other methods

SDR elements from different cyanobacteria were compared by
aligning sequences of conserved regions. Conserved regions were
determined using orthologous genes as points of reference. We
defined two genes from different organisms to be orthologous if
each gene was most similar to the other in BLASTs of one gene
against the genes of the other’s organism, using a threshold of
10~ '°. Finding orthologs were greatly facilitated by precomputed
BLAST results within BioBIKE for all available cyanobacterial
genomes.

The phylogenetic tree shown in Figure 5 was obtained from
a distance matrix using PHYLIP, version 3.2 (http://evolution.
genetics.washington.edu/phylip.html) as implemented in
BioBIKE.
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