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Anabaena sp. strain PCC 7120, widely studied, has 145 annotated transposase genes that are part of
transposable elements called insertion sequences (ISs). To determine the entirety of the ISs, we aligned
transposase genes and their flanking regions; identified the ISs’ possible terminal inverted repeats, usually
flanked by direct repeats; and compared IS-interrupted sequences with homologous sequences. We thereby
determined both ends of 87 ISs bearing 110 transposase genes in eight IS families (http://www-is.biotoul.fr/)
and in a cluster of unclassified ISs, and of hitherto unknown miniature inverted-repeat transposable elements.
Open reading frames were then identified to which ISs contributed and others—some encoding proteins of
predictable function, including protein kinases, and restriction endonucleases—that were interrupted by ISs.
Anabaena sp. I1Ss were often more closely related to exogenous than to other endogenous ISs, suggesting that
numerous variant ISs were not degraded within PCC 7120 but transferred from without. This observation leads
to the expectation that further sequencing projects will extend this and similar analyses. We also propose an

adaptive role for poly(A) sequences in ISs.

Insertion sequences (ISs) are transposable elements found
in prokaryotic and eukaryotic genomes (17). A fully functional
bacterial IS comprises one or more transposase genes, ends
that are often inverted repeats (IRs), and, between the trans-
posase genes and the ends, sequences termed linkers (32).
Diverse bacterial ISs have been classified, and a searchable
database of ISs has been constructed (ISfinder [http://www-is
.biotoul.fr/]) (28). Miniature inverted-repeat transposable ele-
ments (MITEs) and even smaller mobile elements lack their
own transposases and are also found in Anabaena spp. (11,
12, 33).

Anabaena sp. strain PCC 7120 (also known as Nostoc sp.
[25], here denoted Anabaena sp.) is widely used to study the
patterned differentiation of dinitrogen-fixing cells called het-
erocysts. Transposition of ISs in Anabaena sp. has been docu-
mented (1, 7-9). We earlier reported, with few details, three
genes that are intercepted by ISs in Anabaena sp. (23). We
here describe the approach more extensively, organize the ISs
of Anabaena sp., and present our efforts to identify Anabaena
sp. open reading frames (ORFs) interrupted or contributed to
by ISs.

MATERIALS AND METHODS

Software. Sequences most similar to the sequence of a particular transposase
were identified by BLAST search (2), often using BioBike (http://biobike.csbc
.veu.edu/) to obtain flanking sequences simultaneously. To determine how far in
each direction an IS extends and what DNA, if any, was duplicated upon its
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insertion, forming a direct repeat (DR) (14), the transposase genes and their
flanking sequences were aligned by ClustalW in BioEdit (http:/www.mbio.ncsu
.edu/BioEdit/BioEdit.html) and/or manually. Identities or near identities and the
sudden cessation of identity were sought and were often found at common
distances from the ends of the transposase ORFs. In the figures with this report,
we often juxtapose the sequences of ORFs with the sequences of longer regions,
abbreviated “rn,” that contain those ORFs so as to distinguish the two. Deter-
mination of the ends of ISs (Table 1, penultimate column) was often facilitated
by the presence of IRs, frequently flanked by DRs, at the ends of many ISs or by
the presence of possible target sites.

Assignment of ISs to known IS families used the search or BLAST functions
of ISfinder (28). The bl2seq function of NCBI (http://blast.ncbi.nlm.nih.gov/Blast
.cgi) was used with default settings to provide a measure of the expect (E) value
that the left (L) end was significantly similar to an inversion of the right (R) end.
Phylogenetic analyses of amino acid sequences, conducted in MEGA4 (30), were
used to infer an evolutionary history by use of the neighbor-joining method (26).
When more than one ORF was present in an insertion sequence, those ORFs
were catenated and used as one sequence for the phylogenetic reconstruction.
Evolutionary distances, in units of number of amino acid substitutions per site,
were computed using a Dayhoff matrix (27). Positions containing alignment gaps
and missing data were eliminated using the pairwise deletion option of the
software.

Nomenclature. Although ISs are normally named IS followed by one or more
italicized digits, e.g., IS1594 or IS5, not all of the ISs discussed have such names
or can, with assurance, be assigned such names by comparison to known ISs.
Often, two or more neighboring ORFs of Anabaena sp. are annotated as encod-
ing transposases that may be part of the same IS. Because particular members of
a set of ISs were often considered, an IS that bears a particular ORF or ORFs
is often referred to as IS(that ORF) or IS(those ORFs), e.g., 1S(alr4628) or
1S(all7002, all7001). A prime appended to a transposase ORF indicates that it
has been interrupted.

RESULTS

The ISs of Anabaena sp. The frequency of annotated trans-
posase genes per megabase pair of genome varies widely within
the cyanobacteria whose genomes have been sequenced, from
none (some marine species of Synechococcus and Prochloro-
coccus) to 104 (Microcystis aeruginosa strain NIES-843). Many
strains have between 10 (Nostoc punctiforme strain ATCC
29133) and 32 per Mb (Synechococcus sp. strain PCC 6803).
Table 1 introduces the annotated transposase genes of
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FIG. 1. Phylogenetic relationships of amino acid sequences of transposase genes of Anabaena sp. ISs and their homologs in the following
families are shown: IS5 (A), IS200-1S605 (1S1341, including 1S891, and 1S608) (B), 1S630 (including 1S895) (C), 1S982 (D), ISAzo13 (E), and ISL3
(F). Percentages of replicate trees, greater than 50%, in which the associated transposases clustered together in the bootstrap test (1000 replicates)
are shown above the branches. Each tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances, number
of amino acid substitutions per site, that are used to infer a phylogenetic tree.

Anabaena sp., ca. 20 per Mb (http://genome.kazusa.or.jp
/cyanobase/Anabaena; accessed 14 February 2010, with some
changes resulting from this study), organized within families,
subsets thereof called groups, and clusters of ORFs within the
groups. Clusters obtained by phylogenetic analysis (Fig. 1)
matched clusters that were obtained by bl2seq comparisons
of sequences from the same IS family (data not shown).
Anabaena sp. ORFs paired within ISs are paired also in Table
1, oriented upstream to downstream when the ORFs are par-
allel. Table 1 also presents characteristics of the ISs, with
cross-references to the supplemental figures in which nucleo-
tide and corresponding protein alignments are presented. Ta-
ble 1 (footnote a) also identifies the ISs for which the two ends
could not be identified with assurance.

IS4 family. Anabaena sp. ORFs alr1332, alr5204, and all7115
encode transposases in the IS4 family (ISfinder). Alr1332 is
extensively similar to approximately the first half of the pre-
dicted products of four Synechococcus sp. strain PCC 7002

ORFs whose ISs have extensive, perfect IRs (Fig. 2A). Al-
though alr1332 has a similar L end and terminal sequence, no
corresponding R end is found immediately after the end of its
OREF. Instead, the alr1332 region continues as MITEa, one of
five closely related elements (MITEa to MITEe) (Fig. 2B and
C) whose L and inverted R ends closely resemble the L end of
IS(alr1332) (Table 1). tBLASTn with the C-terminal portion of
a Synechococcus sp. transposase as the query locates a likely R
end of IS(alr1332) between bp 1139032 and 1138790 (Fig. 2D).
However, whereas the MITEs and the PCC 7002 ISs mentioned
are flanked by 10- or 11-bp DRs (Fig. 2B), the likely R end lacks
a DR comparable to the sequence at the L flank of IS(alr1332)
(Fig. 2A). tBLASTn found homologs of the MITEs’ coding re-
gions (Fig. 2C) in Nodularia spumigena CCY9414 (data not
shown). A nucleotide sequence in Anabaena variabilis closely re-
sembles the sequence found upon computational removal of
MITECc and one copy of its DR (Fig. 2E).

The extensive homology of alr5204 and all7115 to ORFs of
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syn7002A2122rn AAGGGATACCCCTCTAACTCCCCTTAAAGGGG/ /CTACTGTGTACACACAAGTA-GGGT CAATCCACACTTGTGTGTACACAGTAG//CCTTAA TTTT GCTAG 11
syn7002A2141rn GGCTGGAGGGTGCCATTCTCCCCTTAAGG //CTACTGTGTACACACAAGTA-GGGT CAATCCACACTTGTGTGTACACAGTAG//CCCCTTAAGGGGAGTTAGAGGGGTGGC 10
syn7002A2864rn CTAGGCC TGTTCTCCCCTGGAGG //CTACTGTGTACACACAAGTA-GGGT CAATCCACACTTGTGTGTACACAGTAG//CCCCTGGAG TAG: TGAT 10

syn7002G0077xn GGCAATGCGGACATAATCTCCCTCTAAAT //CTACTGTGTACACACAAGTA-GGGT CAATCCACACTTGTGTGTACACAGTAG//CCCTCTAAATAGATGTGAACAAGCCGT 10

IS(alrl332)

AACCCCTCTCCARACCTCTCCCCGACGCGGGG/ /CTACGGTGTACACACAAGTCCAAGT

Possible re-positioned right terminus of IS (alrl332) (see text and "D", below): CTGGGCAAACTTGTGTGTACACCGTAG//CCCAAAGAGAGAAGACCGCACTGGCTC

B

MITEa Aspl583737ff ACAGCCGAGCG//CTACGGTGTACACA GTCTTGAAATAACGCCTAACGCTTGGTTTCGTCGTCTAGCTCTAGGCTGTGCGATCGCTCTGGAAGCCTGTCA  TTGCGAGGAGGAACGACGAAG
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MITEb Asp3026497ff CCTGCAAGGAG//CTACGGTGTACACACAAGTCTTAAAATTCCCCCTAGCACTTGGTTTTGTCATCTAGGTTTAGGCTGTGCGATCGCTCTGGARAGCCTGTCA TTGCGAGGAGGAACGACGARAG
MITEc Asp3576734rn CCTGTAGGAAC//CTACGGTGTACACACAAGTCTTGARATAACGCCTAACGCTTGGTTTCGTCGTCTAGCTCTAGGCTGTGCGATCGCTCTGGAAGCCTGTCA TTGCGAGGAGGAACGACGAAG
MITEd Asp5162091ff CCTGCGAGCAG//CTACGGTGTACACACAAGTCTTGAAATTACGCCTAACGCTTGGTTTCGTCGTCTAGCTCTAGGCTGTGCGATCGCTCTGGAAGCCTGTCA TTGCGAGGAGGAACGACGAAG
MITEe Asp pP6639ff CCCCCCACGGG//CTACGGTGTACACACAAGTCTTAAAATTCCCCCTAGCACTTGGTTTCGTCATCTAGGTTTAGGTTGTGCGATCGCTCTGGAAGCCTGTCCGCAGCGAGGAGGAACGACGAAG
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MITEa CAATCACAAAAACTACAGGATGATGCGATTACTTCGCTCCGCT CGTAATGACAGTTARAAGGGTCTTTACGGCTTGARACCCTTGCAGATAGTACTTGTGTGTACACGGTAG/ /CCAATGCACAA -
MITEb CAATCGCAAAAACCACGGGATTATGTGATTACTTCGCTCCGCTATCGCTACGCTCGTAATGACAATTTA TTTATAACGCCTGAAACCCTTACAGCTACCACTTGTGTGTACACGGTAG//CCTGCAAGGAG 11
MITEc CAATCACAAAAACTACAGGATGATGCGATTACTTCGCTCCGCT CGTAATGACAGTTAAAAGGGTCTTTACTGCTTGAAACCCTTGCAGATAGTACTTGTGTGTACACGGTAG/ /CCTGTAGGAAC 11
MITEd CAATCACAAAAACTACAGGATGATGCGATTACTTCGCTCCGCT CGTAATGACGGTTARAAGGGTCTTTACGGCTTGARACCCTTGCAGATAGTACTTGTGTGTACACGGTAG/ /CTGCGAGCAGG 10
MITEe CAATCGCAAAAACTACGGGATTATGTGATTACTTCGCTCCGCT CGTAATGACAATTTA TCTATAACGCCTGAAACCCTTACAGCTACCACTTGTGTGTACACCGTAG//CCCCCACGGGE 10
C 10 20 30 40 50 60
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MITEa MYTQVLSARVSSRKDPFNCHYERSEVIASSC----- SFCDCFVVPPRN-DRLPERSHSLELDDETKR
MITEb MYTQVVAVRVSGVINPLNCHYERSDxXRSEVET*SRSGFCDCFVVPPRN-DRLPERSHSLNLDDKTKC*
MITEc MYTQVLSARVSSSKDPFNCHYERSEVIASSC- -SFCDCFVVPPRN-DRLPERSHSLELDDETKR*
MITEd MYTQVLSQRVSSRKDPFNRHYERSEVIASSC- -SFCDCFVVPPRN-DRLPERSHSLELDDETKR*
MITEe MYTQVVAGRVS 'VIDPLNCHYERSEVIT*SR-----SFCDCFVVPPRCXDRLPERSHNLNLDDETKC*
Right (R) end of Syn7002A2122: VVFSPEEQECLRQLAPTLQGKTQKQQONPHASASLSWATWLIGRLGGWSGYRSQSPPGIRTLWRGLYQFESIFHGWKLAQSTLVCTQ*
Possible R terminus of Alrl332: LLFFHE*QQCLSTLAXLLPCKTRLOQONS----YLPSATWIMQGLGCWSGYKSPKPPGITTWSRGLEQFESTFFCWKLALGKLVCTL*
PCC 7120 sequence:
Query: 961 agcatcatagtgtttataacttctgetttgtctgegacacectctgcaaacttectectgtaggaac 1027

PECEEEEERE R bbb et e e e e bbb e e e e e bbb e e e e e e bbbl
Sbjct: 3577024 agcatcatagtgtttataacttctgctttgtctgcgacaccctctgcaaacttcetectgtaggaac 3576958
Query: 1017 cctgtaggaac aataac aaagcagccacgactcaatcgtgactgecttgttt 1080
PEERTEERTEER e e e e et et e e e et e e e e e e e e e e e e e e e e e e e el
Sbjct:3576734 cctg a aataac gcag t tcgtgactgettgttt 3576671

A. variabilis sequence:
Query: 961 agcatcatagtgtttataacttctgctttgtctgegacacectectgcaaacttectectg taact a g cgactcaatcgtgactgcttgttt 1080

g
(RN R R N e AR RN N e A RN N RN N R RN N N R NN N e AR RN NN

Sbjct: 1163958 agcatcctagtgtttat--ctcctgctttgtctgggacacactctgcaaacttecctectgtaggaactagcaaataactagagagcaaaacagccacgattccategtgactgettgttt 1164075
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VIINSFPKIVKDILKGLPKNDYPVLNSRLFFEFWLSYVLDNSLTSMRGLFARLNNTGFELDISTFSKANLHRSQKPFQEIYQOKLNKLVONKAENKLHNKYAICPIDSTVITLTSKLLWVL
VIINSFPKIVKDILRGLPKNDYPVLNSRLFFECWLSYAMDNSLTSMRDLENRLNNTGFPVDISTEFSKANLHRSQKPFQEIYQOKLNELVOKKVOKKLHDKYAICPIDSTIITLTSKLLWVL
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TTTTGGGCTAGATATTACAATATTTTGATTTCACAGTGATTATAAATTAATTTCCCAAAATTGTCAAAGATATCCT
GTGATTATAAATTAA.
TTTTGGGCTAGGTATTACAATATTTTGATTTCACAGTGATTATAAATTCATTTCCCAAAATTGTCAAAGATATCCT
GTGATTATAAATTCATTTCCCAAAATTGTCAAAGATATCCT
TTTTGGGCGGAAGATTAAAGTATATCTATTTAATAGTGATTATAAATTCATTTCCCAAGATTGTCAAAGATATCTT
GTGATTATAAATTCATTTCCCAAGATTGTCAAAGATATCTT
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CCGTCTCCTTAATCCTGACTCCGGCATTATTGATCTTARAGCTCACCCAGAGTGGTTTTCGATATGTCCGTGAAATGTT. TGCTTC
CCGTCTCCTTAATCCTGACTCCGGCATTATTGATCTTAAAGCTCACCCAGAGTGGTTTTCGATATGTCCGTGA
CCGTAAACATAATCCTGGTTCTGGCATTATTGACCTGAAAGCTTATT - ACCGTGGTTTTCGATATGTTCATGAAATGTTAAAAATACTTC
CCGTAAACATAATCCTGGTTCTGGCATTATTGACCTGAAAGCTTATT - ACCGTGGTTTTCGATATGTTCATGAAATGTTAAAAATACTTC

FIG. 2. Transposable elements in the IS4 family. Border regions of IS(alr/332) and related ISs from Synechococcus sp. strain PCC 7002 (A) and
MITEs whose ends are similar to those of the ISs in panel A are shown (B). //, presumptive ends of ISs and MITEs; rn, region. The Syn7002 ISs
extend from position 71 to position 1559, the MITEs extend from position 853 to 1559, and IS(alr1332) extends from position 71 to, possibly, the
end of MITE Asp1583737 at position 1559. (C) When frameshifts (x) and stop codons (*) are considered, the amino acid sequences of the MITEs
appear very similar. (D) Predicted product of translation of what may be a repositioned fragment of the 3’-terminal portion of alr1332, compared
with the predicted 3'-terminal product of Synechococcus sp. strain PCC 7002 ORF A2122. (E) BLASTn analysis using, as query, the “pretrans-
position” sequence of Anabaena sp. in the vicinity of MITEc. With Anabaena sp. as subject, one sees—spaced 224 bp apart—the two copies of the
MITE’s DR (underlined), whereas with A. variabilis as subject, one sees the unbroken region with the “empty site” without the MITE. (F to H)
Single-base pair changes greatly affect the transposase amino acid sequence. (F) Alr5204 is truncated (the black, lowercase amino acid sequence
lacks an in-frame start codon) compared with orthologs from A. variabilis (Ava) and N. punctiforme (Np). These proteins and their genes, ava and
np, are specified in Fig. S1, clusters 2 (for F and G) and 3 (for H), in the supplemental material. (G) Nucleotide sequence comparison of alr5204
and its orthologs shows that a single nucleotide substitution leads to creation of the stop codon shown in panel F. (H) The C-terminal truncation
of all7115, relative to np, results from an indel mutation at position 1398 that leads soon to a termination codon. Numbering of positions here and
in other figures is consistent with that used in corresponding supplemental figures.
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VoL. 192, 2010 INSERTION SEQUENCES OF ANABAENA SP. STRAIN PCC 7120 5295
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all0306 rn ATTCATACTGACGCACC//CTTGTATATTAA GCTTGACTTTCAAGACAGTCG/ /CTACTAACCGTCAATTT
alrl212 rn ATTCATACTGACGCACC//CTTGTATATTAA GCTTGACTTTCAAGACAGTCG/ /CTACTAACTTGTATGCT
alr3571 rn ATTCATACTGACGCACC//CTTGTATATTAA GCTTGACTTTCAAGACAGTCG/ /CTACTAAAAAATATTTA
alr3636 rn ATTCATACTGACGCACC//CTTGTATATTAA GCTTGACTTTCAAGACAGTCG/ /CTTGCATCTCAAAGAAG
all2065 rn TCTCGCACTGACGCACC,/ /CTTGTATATTAA GCTTGACTTTCAAGACAGTCG/ /CTACAGTTTCAATATTT
all3734 rn TCTCACACTGACGCACC//CTTGTATATTAA GCTTGACTTTCAAGACAGTCG,/ /CTACTAGCGTGTCAAGC
alr0249 rn TATCGCACTGACGCACC//CTTGTATATTAA GCTTGACTTTCAAGACAGTCG/ /CTACCAAACCATCAATT
all0732 rn TATCACACTGACGCACC//CTTGTATATTAA GCTTGACTTTCAAGACAGTCG,/ /CTACATTAAGATCACTT
all4756 rn CTTGCAAGTAGCGCACC,/ /CTTGTATATTAA GCTTGACTTTCAAGACAGTCG/ /CTACTAACTAAATAAGC
all3682 rn CTATGGCGGAACACACC,/ /CTTGTATATTAA GCTTGACTTTCAAGACAGTCG/ /CTACAAAATTGCCTTTT
alll099 rn GGTGGGCATTGCCCACC,/ /CTTGTATATTAA GCTTGACTTTCAAGACAGTCG/ /CTACAAATACTTACATA
alll986 rn* TACTACGGAACGCTCCC/ / CTTGTATATTAA GCTTGACTTTCAAGACAGTCG/ /CTACCGATTAATAAATT
rrn23Sb rn TACTACGGAACGCTCCC CTACCGATTAATAAATT
Npu4461 rn TCGTTCCTCAACCCAAC,/ /CTTGTATCTTAG GCTTGACTTTTAAGACAGTCG,/ /CTACAGAACTTAAGGTT
B
Query: 1 tcaacattattagtcgttagtttggtagggtgcgtcagtatgaataatttctgagtatag 60
FErrrrerrr rrrrrrrrrr e e e e e e e e
Sbjct: 5797881 tcaacattatcagtcgttagtttggtagggtgcgtcagtatgaataatttctgagtatag 5797822
Query: 61 ttaggttctatcacactgacgcacc/ctacattaagatcacttagagcatttgagttegte 120
FEEEETEE et r e e et Z ettt et e e
Sbjct: 5797821 ttaggttctatcacactgacgcacc/ctacattcagatca-ttggagcatttgagttcate 5797763
Query: 121 agttctatattcaacagccaacagtcaacaatcaac 156
FEETEEEErrr e el
Sbjct: 5797762 agttctatattcaacagccaacagtcaacaatcaac 5797727

FIG. 3. (A) Border regions of copies of IS7594. Presumptive ends (/) of the ISs could be moved to the right 1 bp (C//TTGTAT ... TCGC//T)
or 2 bp (CT//TGTAT ... TCGCTY//). *, 1S1594 copy within rrn23Sa. (B) A region of A. variabilis (Sbjct, subject) between ava4633 and ava4634 has
great homology to both sides of the position (/) in which IS(all0732) is inserted in Anabaena sp. (Query).

N. punctiforme (see Fig. S1, clusters 2 and 3, in the supplemen-
tal material)—and of alr5204 also to ORFs of A. variabilis—
enabled the ends of their ISs to be identified. However, both
ISs may be nonfunctional: Alr5204 lacks a long central region,
and its N-terminal region (Fig. 2F and G) and the C terminus
of All7115 (Fig. 2H) are truncated.

IS5 family, group IS1031. Whereas ISs of group 1S1031
normally have a single ORF (ISfinder), ISs of cluster 1 bear
paired, parallel, overlapping ORFs. IS(alr7025), the sole
Anabaena sp. member of cluster 2, has only a single ORF,
which closely resembles N. punctiforme ORFs NpR2130 and
NpR4690 (Fig. 1A). The ISs of clusters 1 and 2 show exten-
sive IRs and 3-bp DRs, usually TWA.

IS110 family. The only IS770 family ISs of Anabaena sp. are
12 identical copies of IS1594, each of which bears 1 of the 30
AvrlI sites in its genome (5, 15). The copy reported in Gen-
Bank (accession number AF047044; J. B. Bongianni and P. J.
Lammers, unpublished data) is present within r7n23Sa, one of
four otherwise identical 23S rRNA genes of Anabaena sp.,
enabling nearly unambiguous determination of the ends of the
IS (Fig. 3A, legend) (24). That is, IS ends identified by align-
ment of the 12 copies (Fig. 3A) concur with the ends found by
comparing the interrupted rm23Sa sequence with the uninter-
rupted rn23S sequences (Fig. 3A) and with an “empty site”
sequence in A. variabilis that matches the sequences flanking
IS(all0732) of Anabaena sp. (Fig. 3B).

Members of the 1S200/IS605 family. This family, which in-
cludes IS891 and related ISs (Table 1), normally has one or two
ORFs and neither IRs nor DRs (ISfinder). IS891 (GenBank
accession number M24855.1) was reported first from Anabaena
sp. strain M-131 within a previously established genetic se-
quence (4, 31), providing unambiguous identification of its

ends. Figure 4A illustrates that, as in the insertion originally
reported, TTAC precedes all insertions in Anabaena sp. of this
cluster of IS891s. Therefore, these copies of IS§91 may pref-
erentially, perhaps obligatorily, target TTAC sites. With one
exception, members of I1S§97-related cluster 2, whose trans-
posases have diverged from those of 1S§97 (Fig. 1B), retain
TTAC as a presumptive target site, but members of 1S891-
related cluster 3 illustrate numerous instances of what appear
to be targeted TGAC sites and an example of a TCAC (Fig.
4B). Figure 4C presents confirmatory evidence that TGAC lies
immediately adjacent to the site of insertion of IS(all2168,
all2167) at its L end. Other instances, e.g., as shown in Fig. 4D,
require more evidence to distinguish what is within the L end
of the IS and what may be the target.

The sequence TGTCAA is at the R end of the original IS§91
and appears to represent the R end of many other IS891-
related ISs (Fig. 4A to D and G). Figure 4G presents an
apparent exception. Homology of IS(all7008, alr7009) and
other sequences in 1S200-1S605 cluster 5 (Fig. 1B) is visualized
by tBLASTx (Fig. 4E and F), permitting the assessment that
the locus of insertion of IS(alr7386', etc.) (Fig. 4E and F,
vertical arrowheads, and 5) is ca. 250 bp in from the end of
1S(all7008, alr7009). [1S(alr7386, etc.) stands for 1S(alr7386'-
alr7003'-asr7006, alr7007) lacking IS(all7002, all7001), IS-
(all7005, all7004), and the direct repeats that their insertions
occasioned.] The members of IS891-related clusters 3 and 6
(see Fig. S4 in the supplemental material), like those of cluster
5 (Fig. 4E and F), bear divergently oriented ORFs.

BLASTp shows weak similarity of Alr1015 to ISLjo5,
within the 1S200/1S605 family. Alr1015 is also related to
Alr4734 and has yet greater similarity to transposases of
Cyanothece spp. and a Microcoleus sp. (Fig. 6A). Tyrosine
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(1S891) tac/ttac//GAGCCGTGAAGCGTAAAGCCCCCGTAT GTTTTCTAAACGGGGGAGGATGTCAA//ttgggcy
all3986 rn  CCCCCAGAAACTTCTTCTAAGGTTGAG/TTAC//GAGCCGTGAAGCGTAAAGCCCCCGTAT GTTTTCTAAACGGGGGAGGATGTCAA//CCTATCGCCAAGCATTTGCAGGCA
alr4104 rn  GCTTACTAAAAACTGCGCGACAGAATC/TTAC//GAGCCGTGAAGCGTAAAGCCCCCGTAT GTTTTCTAAACGGGGGAGGATGTCAA//AGAAAGTGCTGTCATTAGAGGAGA
alr7228 rn  TTTTACGTATTATTGTCCCGTTTGATC/TTAC//GAGCCGTGAAGCGTAAAGCCCCCGTAT GTTTTCTAAACGGGGGAGGATGTCAA//AAAACTTCGCGTCTTTTCGCATCT
alr7231rn  ACCACTAAGATTGCTTACTGACAATCC/TTAC//GAGCCGTGAAGCGTAAAGCCCCCGTAT GTTTTCTAAACGGGGGAGGATGTCAA//AACTATTTTGATATTTTTGAAGTA
alld010 rn GCTAATTTTCAGAAAAATTTTACTAAT/TTAC//GAGCCGTGAAGCGTAAAGCCCCCGTAT GTTTTCTAAACGGGGGAGGATGTCAA/ /AGTCTTCATACTTTAGTGCGTTTA

Cluster 2 30 40 50 60 70 80 1340 1350 1360 1370 1380 1390
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allo315m  CCGCAGGGTACGCGGATAAATTT/TTAC//CAAGAA ACTGGGTCTAAAGCCCCGT CCGCACTTAtagGGCGGAGAGTGTCAA//CTCAGTAGACTAGGAAACGCTATAA
alr1157 rn  GACCGGACTACTAGCTAAAAAAT/TTAC//CAAAAA - AATGGGTCTAAAGCCTCGC TCGCCCTTAtagGGCGGAGAGTGTCAA//AACTCATCTCTCATCTCACGATTGC
all4465rn  GTAGTAATTTCCGTACAATATAA/TTAC//CAAGAA-ACTGGGTCTAAAGCCCCGT CCGCACTTAtagGGCGGAGAGTGTCAA//CTATATTCCCTCATATCCGAGAGAG
alr7325rn  CGCCCAGCGTAGCTGATCGCAGC/TTAC//CAAGAA ACTGGGTCTAAAGCCCCGT CCGCACTTAtagGGCGGAGAGTGTCAA//AGTTTATTGCTCCTTACCAACTGGG
ava1635 rn AACCTTTACCTAAGTTCCCTAAC/TGAC//CGAAAAGAATGGGATACAAGCCCCGT TCGCCCTTAtagGGCGGAGAGTGTCAA//CAATTAAGTAGTTATACAAAGCGAT

Cluster 3

allleo8 m  -- GAGGTAGAATCTCGGtgaGTATGTCAA/ /CACGATCATTAACAACTGAAACAGG
all2167 rn  CTATATCGGGTTTTTATTCTTAT/TGAC//CAAAA-GAATGGGATACAAGCCCCGT GCACCTTTAGGTCGGtgaGTATGTCAA//AATTCTAGCGACCCTCTGGGTAACC
2237 rn  ACGTTGGTGATTCTGCGGGTAAT/TGAC/ /CAATG-ARATGGGATACAAGCTCCAT GCA-CTTtagGGCGGTGAGTATGTCAA//AATCCAATCAATAAAAGCGGTTAAG
tl1379rn  CCTACCGCGCCCGCCACCCCCAA/TGAC/ /CAATG-AAATGGGATACAAGCTCCAT GCA-CTTtagGGCGGTGAGTATGTCAA//ACCCCCCTCTTATCTTGCTGACCTC
1112398 rn CGATCTGCGGGCGATCGCCTGCT/TGAC/ /CAATG-AAATGGGATACAAGCCCCGT GCA- CTTtagGGCGGTGAGTATGTCAA//AGAAACAAGTTAGACCGCAACTACT
tllo400 rn  ATCAGGCATCTCACCGCTGCCCC/TGAC//CAATG-AAATGGGATACAAGCCCCGT GCA-CTTtagGCCGGTGAGTATGTCAA//AATGTCTTCAAGAACAAGGGGATGC
2321 rn  TAAAATGGGTGAGGACGTGGTTT/TGAC//CAATG-AAATGGGATACAAGCCCCGT GCA- CTTtagGGCGGTGAGTATGTCAA//TATCGCCAGATTCCAACCTTTGCGG
2031 rn  TACTTTGGGGCACTGCGGAACGT/TGAC//CAATG-AAATGGGATACAAGCCCCGT GCA CTTtagGGGCGGTGAGTATGTCAA//CGTTTCCAGCTTGATCAGCTCTCCT
1175  TACGAACGCCTCTGGGAACGCCT/TGAC//CAATG-AAATGGGATACAAGCCCCGT GCA-CTTtagGCCGGTGAGTATGTCAA//AATTATGGTGAAACTCACTATAAGT
110256 rn GAGGTCGGTAGCGATGCCTAAAC/TGAC/ /CAATG-AAATCGGATACAAGCCCCGT GCA-CTTtagGGCGGTGAGTATGTCAA//ATCTACTACCGCAGTAATGCCGTCC
tir0470rn GGGACCTCTAGGGAGCTTAAAGA/TCAC//CAATG-AAATGGGATACAAGCCCCGT GCA-CTTtagGCCGGTGAGTATGTCAA//ATATTGCGCTTTGTTACAGCGCTTT

C Query:46 ctgcaaatcaatttaaattgctttaatgccaactatatcgggtttttattcttattgacaattctagcgacce 117
e e R
Sbjct:70068 ctgcaaattaatttcaatttctttaatgccgactgtatcaagttttcattettattgac-attctaacgacce 69997
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all7148 rn  CTGAAGCATGAATTACCTCTATCC//GCTCTATCTTAA - TGGAGCAAGAGGACTCCCGTTACAG AGCGGCGAGAGTGTCAA//TTACTGTGCGGTTGCTTTTCACTATTT.
avaB0100 rn GCTGGTGAATTGACGATAATTATT//GCTCTATCTTAA - TGGAGCAAGAGGACTCCCGTTACAG AGCGGTGAGAGTGTCAA//TTCCAAATTGATACCTATGCAGAAGCTAG
pcc7424 AAATAAATACCTTTTATTTTAACT//GTTCTATCTTAAATGGAGCAAGAGGACTCCCGTTAAAT GACGACT GAGTGTCAA//CCGTTTTGTACATTACTCATTAATAAAAA
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all3371rn  GACTGCAATCTCTGTCtgaTGCCTGAATCCCCCGTTTTCAARAC AGTGGCTCAA//GGCTTACCTCTGTCCAC
alr7086 rn  GCCAGCAATCGCTGTT tgaGCCTAGAATCCCCCGAATTATATTCGGGGGAGTATGTCAA/ /AAGCCTCAATTCCTGAATTA
NpF6556 rn GACTGCAATTGCTGTTtgaAGCTAGAATCCCCCGAATTCAATTCGGGGGAGTATGTCAA/ /ACTATGTAATCACAGTACAA

FIG. 4. Characteristics of IS891-related ISs. (/, presumptive left end of target site). (A) Border regions of copies of IS§91. (B) Border regions
of members of IS891-related clusters 2 (the top five) and 3. Lowercase tag and tga are the termination codons of the right-hand transposase ORF.
(C) Result of a BLASTn search against the A. variabilis genome as target with, as query, the presumptive pretransposition region of IS(alr2167,
alr2168) (see panel B, cluster 3), shows that tgac (underlined) is adjacent to the site of insertion of IS(alr2167, alr2168). (D) Border regions of
members of 1S891-related cluster 6, in which one cannot distinguish the L end (//, end of region of commonality) from a target site. (E) tBLASTx
illustrates the greater similarity of IS(all7148, alr7149), 1S(avaB0100, avaB0101), and a region from Cyanothece sp. strain PCC 7424, relative to
1S(all7008, alr7009). In panels E and F, colors of bars correspond to alignment scores: red, =200; violet, 80 to 200; green, 50 to 80; blue, 40 to 50;
and black, <40. ORFs are depicted as arrows with gray shafts from vertical lines to horizontal arrowheads. (F) The result of using IS(all7008,
alr7009) as query supports the interpretation that IS(alr7386’, etc.), inserted at the vertical arrowhead in panels E and F (see also Fig. 5, below),
is within IS(all7008, alr7009). (G) The R border of IS(all3371, alr3372) in cluster 6 of the 1S200-1S605 family shows an unusual example of an
1S891-related IS in which the R end, near the (lowercase) termination codon tga of a/r3372, may terminate in a variation of TGTCAA.
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IS family
[=] Non-transposase orfs
y Transposase orf asr7385
(R end fragment) 15952
{Im} 1s an7oos, air7oos) 15200-1S605
1S(alr7386’, alr7003’,
[- asr7006, alr7007) ISL3

(E) 1S(all7001, all7002) IS5

[D] I1S(all7004, all7005)

» —a |Rs, sometimes flanked by DRs

Unclassified,
1S892 cluster

FIG. 5. Stacked ISs. (A) A linear portrayal of a region of plasmid « in the vicinity of its arbitrary origin, a unique Sall site within all7001. Except
for alr7007, ORFs asr7385 through alr7009 are annotated as encoding transposases. The ends of the ISs are indicated by individualized brackets.
(B) A view of the same region illustrating that IS(all7008, all7009) has, at the position of the vertical arrowhead in Fig. 4E and F, been interrupted
by insertion of IS(alr7386', alr7003', asr7006, alr7007), itself interrupted by 1S(all7002, all7001) and by 1S(all7005, all7004). Insertion of the latter
two ISs added stop codons that subdivided IS(alr7386’, etc.) into its several “ORFs,” “alr7386,” “alr7003,” and “asr7006.” The horizontal
arrowheads represent IRs at the ends of the ISs, and the series of letters next to some of these arrowheads represent DRs flanking the IRs.

transposases (RAYTs) associated with repetitive extragenic
palindromes in inverted orientation are found in diverse
bacteria, show a relationship to IS200 (22), and match well
with Alr1015 (Fig. 6A).

A. variabilis has no substantial fragment of IS(alr4734) in its
genome. When the region of IS(alr4734), computationally
freed of the region between its inverted repeats, is used as a
query with A. variabilis, a long region of homology is found to
both sides of the IS, approaching to within 8 bp of the IR on
the left and to within 68 bp on the right. These data suggest
that one need expect no sequence other than the alr4734-
containing region bracketed by the IRs to be required for
transposition (data not shown). Some of the ends of related
ISs, e.g., those of I1S(alr1015), are partially palindromic (GGT
GGGCAATGCCCACC), with the palindrome (underlined)
reaching to within 4 bp of the end of the IR, whereas others
(e.g., those of IS[alr4734]) are not palindromic (Fig. 6B). It is
unclear whether parts of the IRs are target rather than parts of
the ISs.

IS630 family. IS895 and its relatives (1) are part of the 1S630
family, whose members normally have one ORF (ISfinder).
However, seven of the eight Anabaena sp. 1S895s bear pairs of
nonidentical transposases. Indel (insertion-deletion) mutations
of adenylic acid residues in a poly(A) stretch of nucleotides,
positions 594 to 603 in Fig. 7A, lead to changes in the site of
translational termination. Just such a sequence in IS895 is
thought to incur translational frameshifts (32). A similar indel
mutation is seen in Fig. 7B for positions 386 to 393 of IS§91
cluster 2.

IS630 family members normally have terminal IRs that are
flanked by 2-bp DRs. As we found for IS(all7564, all7563) in
cluster 5 (Fig. 8C and D), their target site is “often CTAG with
duplication of the TA” (ISfinder). More generally, we found

repeatedly in the IS630-related ISs that we studied, but not
elsewhere, that the presumptive ends of ISs terminated in short
palindromes, for example, TATA, shown as part of an IR in
Fig. 8Al. However, the same tetranucleotide could be consid-
ered a DR (Fig. 8A5) or could be subdivided into TAs outside
the IS and TAs inside the IS, as in Fig. 8A3. If one were to
remove such an IS and one copy of its DRs computationally
(Fig. 8B), the resulting sequences would retain different num-
bers of As and Ts, and the reading frame of the predicted
protein (if the IS was within a protein-encoding gene) would
change (right side of Fig. 8B). Therefore (see Materials and
Methods), BLAST analysis was used to distinguish whether
those palindromes are part of the IRs, actually DRs, or part of
both. For IS(alr1726, alr1727) in cluster 1, the only interpre-
tation that matches Fig. 8E and has a DR duplicates TA. With
that small amount of evidence added to the data and conclu-
sion presented by ISfinder, we tentatively assign TA DRs for
all five clusters of IS630 members of Anabaena sp. (Fig. 8F and
Table 1).

The IS892 cluster of ISs. IS892 (7, 9) is present in ISfinder
within an assemblage of “unclassified IS elements” (17).
Whereas copies of IS1594 and IS895 are present only in the
chromosome of Anabaena sp., copies of IS§92 are present only
in plasmids « and & of that strain. The latter localizations and
the ability of plasmid « to move from one strain to another (21)
suggest strongly that IS892 reached Anabaena sp. within a
plasmid. Ten copies of IS892 bearing 18 Anabaena sp. ORFs
show similarity to each other. Although nearly identical in
nucleotide sequences, these copies have one, two, or three
ORFs so labeled within a single copy (Fig. 7C and Table 1).
Like the copies of IS895, those of IS892 cluster 1 have series of
poly(A) residues that differ among copies; differences between
those series result in variations in the sites of termination and
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A Alignment of Alr1015 and homologs
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Alr1015 MPEYRRAYLPGGTFFLTLVTYERYPIFSNIENISHLRSALAKVRSEMPFEIEGAVVLPDHIHFLWTLPTDDKNYSQRIGRLKVLFTRSIDSKTILPK
Cyth7424 MPNYRRLYIPGGTFFFTLVTYHRQPHFSSSENVAKLRQAVAMVKKQOMPFEILGAVILPDHIHFLWTLPEKDFNYSKRIGRIKVLFTHALRNONNLPE
CceOrfA MSNYRRLYIPGGTYFFTLVTYKRTPYFANSDNIIKLRQAVATVKYEMPFNILGAVILPDHLHFLWTLPPEDNNYSKRIGLIKASFTKLFRGNNTLPD
CceOrfB MSNYRRFYIPGGTYFFTIVTYQRKPYFDNSDNINKLRIAVATVKKEMPFNIIGAVILPDHLHFLWTLPPNDONYSKRIGRMKMLFTKSFRGNNALPK
Alrd734 -MDYRRAKIEGGTFFFTVVTHNRREFLCEPENIRLLRQAFRQVIAQYPFTVDAIVILPNHIHCLWTLPPGDSNFSNRWRLIKNYFTRHCSIKYQETI
CceOrfC MSNYRRLYFKGSTIFLTIVTYQRVPLFKNSDYITKLRIAVSQVKKEKPFDILGAVILPDHLHFIWSLPKHDSNYSQLISRMKVLETRSIGRQLRSVN
Mic.chth MSNYRRFYIPGGTYFFTIVTYQRKPYFDNSDNINKLRIAVATVKKEMPFNIIGAVILPDHLHFLWTLPPNDONY SKRIGRMKMLETKSFRGNNALPK
Ecol MSEYRRYYIKGGTWEFFTVNLRNRRSQLLTTQYOMLRHAII-KVKRDRPFEINAWVVLPEHMHCIWTLPEGDDDFSSRWREIKKQFT-—————————=
A | A [V S S A
A A
100 110 120 130 140 150 160 170 180 190
e e e e e e e e e e e
Alr1015 NLSNSRRKHRESNVWQRRFWEHNIRDEADFEKHLNYIHYNPVKHGLVSCPHLWDYSSFHKFVRRGIYCSNWYCSCSGERIQIPDFDKNLEKIGE
Cyth7424 NISNSRKKHRESNVWQRRFWEHTLQQEEEIEIYLNYIHYNPVKHGLVSCPHLWPYSSFQTWVGKKAYSFDWACICHRQKVLIPNFDLIIDKVGE
CceOrfA TVSISRQKHRESDVWQRRFWEHTLQODESELEIYLNYIHYNPVKHGLVACPHLWLYSSFHTWVQKDSYSSNWGCICQGQFKNIDNFDELKDYVGE
CceOrfB TVSTSRQKHRESNVWQRRFWEHTIQDESELETYLNYIHYNPVKHGLVSCPHLWLYSSFHTWVKKEGYSSNWGCVCQGNLDKI PNFDNLKNYVGE
Alrd734 -STSRQSNKGELAVWQRRFWEHQIKNEVDFTHHFNYIHYNPVKHGYVKAPKDWQYSSFILYVQRERYNIDWG---TGEDIKFS---—— QDIGNE
CceOrfC NIPESRRKHRESNVWQRRFWEHTIRNEQDLKTHLDYIHYNPVKHRLVSCPHHWEYSSFHQWVKRGFYPLEWGCCCHGKSTKTPDFSNIINQVGE
Mic.chth TVSTSRQKHRESNVWQRRFWEHTIQDESELETYLNYIHYNPVKHGLVSCPHLWLYSSFHTWVKKEGYSSNWGCVCQGNLDKI PNFDNLKNYVGE
Ecol @ —-—-—- HACGLKNIWQPRFWEHAIRNTKDYRHHVDYIYINPVKHGWVKQVSDW-—-—————====———————— PFSTFHRDVARGLYPI-DWAGD
AA| A ] | *A | |
A
B Border regions
60 70 80 90 100 110 120 990 1000 1010 1020 1030 1040

RS O O e S P I I | | | | | | [ . |
alr1015

cce7424 m
cceOrfA rn
cceOrfB rn
alrd734

cceOrfC rn
mic.chth. rm

FIG. 6.

GACCTTCGCCAAATAATTCAATCTCA/ /GTAGGGTGGGCAATGCCCACCARAAATATTATG
CTGTTTACTGTTAACTAAARAGTAAT//GTAGGGTGEGCACTGCCCACCATCCCCCACARA
ATCGTAGTTAAAGACGAATGAGGATT//GTAGGGTGGGCATTGCCCACCTTAACCATTGCT
AATTCTAACATGAAGCACTTAAATAA//GTAGGGTGGGCAATGCCCACCTTAGCAAGATAA
GAAGGCGTAACGGTTTARATATAGTT//GTAGGTTGGGTGGAGGCGCGTGAGAGARATTAA
GGTTTTCATCAATACCATTACAAAAC/ /GTAGGGTGGGCAAATACTGTAACTGTTTATATT
TCCATCCAACCAAAARAACAGGAGGG/ /GTAGGGTGGGCAAATGGATATAATTTATGATGG

TAATTGGTGGGCAATGCCCACCCTAC/ / TCAATATTCAAGAATTTAATAAACTAA
AAAAAGGTGGGCAGTGCCCACCCTAC/ /GGTTGTAATTAAGAAAAAAATAGATTT
ATAATGGTGGGCAATGCCCACCCTAC/ /TTAACTTARAATGTAATCCAACTGGTG
AGTAAGGTGGGCATTGCCCACCCTAC/ /ARACTATTAACTATCTTGAATAAATCC
TCTACACTTCGTTCCACCCAACCTAC/ / TAACTAACTGCGACTGCCTCACCGTCA
CTARACTCTGGCTTTGCCCACCCTAC/ /TTTTATTTAACTTCTATAACAATCTCA
CAATTAACGTAATTTACCCACCCGAC/ /AAGATCAGCCGATCTCACTTTACCCAT

Anabaena sp. RAYTs. Amino acid sequence (A) and nucleotide flanking regions (B) of IS(alrl015) and related ISs. Amino acid
residues marked with an asterisk () are within the catalytic region of the protein, residues marked with a vertical line (1) below the sequence are
conserved in tyrosine transposases called RAYTs, and residues marked with black triangles are conserved both in RAYTs and in 1S200

transposases (22). In panel B, IRs are underlined. //, the end of commonality.

initiation of predicted proteins (Fig. 7C). Perfect or nearly
perfect IRs (Table 1) form the outer limits of the ISs and, with
one exception, are flanked by perfect, 8-bp DRs.

1S982 family. Seven IS982 family members found by ISfinder
and denoted ISNspIs (cluster 1 in Table 1; Fig. 1D) are iden-
tical to each other or nearly so. Alr0590, in cluster 2, more
closely resembles two Gloeobacter violaceus ORFs, Glr0150
and GIr0155, but lacks over 90 of their N-terminal amino acids,
and Asl0588 resembles an even smaller fragment. Cluster 3
comprises Alr4082 and AlI8559, which are unusual in lacking
IRs where they diverge in sequence, and Asr7385, a short,
C-terminal fragment (see Fig. S7, cluster 3, in the supplemen-
tal material).

ISAzo13 family. Except for details of their IRs, IS(alr7562)
and IS(all8069) are identical and are flanked by 3-bp DRs
(Table 1; Fig. 1E). IS(alr7562) transposed within the 3’ end of
all7563 in 1S(all7564, all7563") (see Fig. S5, cluster 5, and S8,
cluster 1, in the supplemental material). The nucleotide se-
quences of IS(alr8019) and of homologous ISs from N. punc-
tiforme are 94% identical, but whereas Alr8019 has a single,
410-amino-acid (aa) transposase ORF, the N. punctiforme 1Ss
have two ORFs of 198 aa and 190 aa. The difference in ORF
number is the result of the presence of a T at position 696 in
alr8019 (Fig. 7D) and its absence from the N. punctiforme
sequences, leading soon thereafter to a nonsense codon at
position 710. Between those positions is the sequence A AAA

AAA AAG that is known to elicit translational frameshifting
(32). The predicted amino acid sequence of All2145 is identical
to that of Alr8019 until aa 300, and then diverges greatly (see
Fig. S8, cluster 2, in the supplemental material).

ISL3 family. Both clusters of Anabaena sp. ISs within the ISL3
family have homologs in N. punctiforme (Table 1 and Fig. 1F; see
Fig. S9 in the supplemental material). The long, cluster 2 ORF in
IS(alr8016) is closely related to Alr7386C, the protein predicted
when IS(all7002, all7001) and 1S(all7005, all7004) (Fig. 5) are
computationally removed from IS(alr7386', etc.). Hypothetical
proteins Alr7007, within IS(alr7386’, etc.) (Fig. 5), and Alr8017 in
IS(alr8016, alr8017), respectively, are identical (data not shown).
All Anabaena sp. sequences in the ISL3 family form extensive IRs
flanked by perfect or imperfect DRs (Table 1).

Other transposases and possible transposases. Alr7163 and
its nearly identical A. variabilis homolog, AvaB0061, are weakly
similar to an ORF within, but not required for transposition of,
1S493 (3), and evident IRs or DRs were not found (data not
shown). AlI8065 and All8064 are found by BLASTp against the
ISfinder database to be members of the ISAs/ family. Com-
parison with transposase genes of Cyanothece spp. and other
cyanobacteria indicates that they belong to a single IS (data not
shown), but their ends remain undetermined.

ORFs interrupted, or otherwise affected, by ISs. Once the
presumptive ends and DRs of an IS were determined, the IS
and one copy of directly repeated DNA were computationally
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deleted. There were reciprocal reasons to identify proteins
whose genes are mutated by ISs: first, to determine what func-
tions may have been lost upon inactivation of genes by ISs and,
second (see, e.g., Fig. 8D), to test our interpretations concern-
ing the ends of ISs and the lengths of their flanking DRs. If
those assessments were inaccurate, BLAST analysis (2) would
have been expected to show gaps in the subject or the query
when a sequence from which an IS was computationally re-
moved was compared with its homologs. An error of 3n + 1 or
3n + 2 bp (n, an integer) could also have destroyed the reading
frame of the predicted protein.

Of ca. 150 transposase ORFs in Anabaena sp., 120 were
associated with 77 ISs that could be precisely removed com-
putationally, plus 12 ISs whose DRs were imperfect. Four
MITE:s could also be removed precisely. The pretransposition
form of each of these regions of the genome was then exam-
ined for an ORF that might have been interrupted by the IS.
Of these ISs and MITEs, 17 are between convergent ORFs
(data not shown) and so may have no significant physiological
effect, whereas 8 are between divergent ORFs and 25 are
between parallel ORFs (data not shown) and so have the
possibility of affecting promotion of downstream ORFs. IS-
(all7002, all7001), 1S(all7005, all7004), 1S(alr7386’, etc.) (Fig.
5), and IS(all7562) are within other ISs (see above), and IS-
(alr1332), 1S(all1608), and IS(alr7349) were truncated by
MITEda, IS(alr1609), and IS(alr7350), respectively.

One IS is present within one of four copies of 23S rRNA,
and at least 29 other ISs appear to be inserted within presump-
tive, protein-encoding genes (Table 2). Presumptive proteins
whose genes are interrupted (Table 2; see Table S1 in the
supplemental material) include the following: a serine-threo-
nine kinase, encoded by a fusion of parts of plasmid-a ORFs
asr7230 and alr7232, that has nearly full-length orthologs in A.
variabilis, Nodularia sp., and N. punctiforme; two-component
histidine kinases mutated by IS(all3986) and IS(alr4104); an
acetyltransferase and a peptidase interrupted by IS(all7115)
and IS(all7302), respectively; an 88-aa DNA-binding protein
with a PIN (PilT N terminus) domain, COG55673 (18), inter-
rupted by IS(alr1858, alr1859); a type I restriction modification
system DNA specificity subunit—of which Anabaena variabilis
has a full-length homolog, Ava3267—mutated by IS(all3624);
and a member of the Bpul0I (CCTNAGC) restriction enzyme
superfamily (19), interrupted by IS(all4817, all4816).

In some instances in which a gene annotated as a “trans-
posase” was near a short (50 to 99 aa) ORF annotated “asl...”
or “asr...” (15), the short ORF comprised a genomic sequence,
as it existed prior to insertion of the IS, and a sequence from
within an end of the IS that lacked an intervening, in-frame
stop codon. IS7594 thus contributed, in addition to its trans-
posase gene, large parts of ORFs asl0305 and asl1098. More
generally, IS71594 can provide a 66-aa termination for an ORF
(if in the correct reading frame) initiated outside it and 49-aa
initiation, starting with a GTG (preceded by what may function
as a ribosome binding site), for an ORF extending outwards
from it. Similarly, MITEb and MITEe provided more than half
of the ORFs as/2519 and as/7509 and, when removed compu-
tationally, showed new, 66- and 67-aa ORFs, respectively.
These, however, did not appear to be genes; i.e., homologs
were sought but not found. IS891 and IS(alr1609) can provide
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51- and 54-aa extensions, respectively, for ORFs initiated from
outside.

DISCUSSION

Numerous Anabaena sp. ISs differ extensively from others in
the same family. Those that are conspicuously truncated or
whose transposase gene is interrupted are evidently simply
inactivated. However, we believe that many others are not
necessarily inactive but, rather, have evolved exogenously and
entered separately. Specifically, Fig. 1 shows that for ISs in six
families, Anabaena sp. ISs in clusters other than cluster 1 are
much less similar to ISs in cluster 1 than to ISs found in other
cyanobacteria. The comparisons depended on the availability,
through genomic sequencing, of data on the ISs in numerous
other cyanobacterial strains. Noncyanobacterial strains were
not excluded. However, because transposases need to recog-
nize the ends of their ISs, usually only very closely related
transposase sequences were helpful in identifying the ends of
their ISs. In practice, such protein sequences were nearly al-
ways found in cyanobacteria. When there were very few
Anabaena sp. ISs in a cluster, only distantly related to any other
IS in Anabaena sp., the ability to recognize the ends of ISs, or
to increase the relative certainty of having identified such ends,
often depended on knowing the sequences of related ISs in
other organisms. Table 1 (footnote a) lists ISs at least one of
whose ends could not be determined with assuredness. The
absence of IRs and DRs enhances the difficulty of identifying
the ends of IS891-related ISs, helping to explain why those ISs
are prominent in this list. It is likely that in some instances, an
end has vanished. However, it also appears likely that as more
ISs are identified, the ends and transposases of some will
match those in footnote a of Table 1, permitting analysis of
those ISs and their effect on the genome. That is why we expect
that further sequencing will help to extend the findings of this
study to some of the unresolved ISs of Anabaena sp., as well as
to other organisms.

There is plentiful precedent for translational frameshifting
within portions of an IS (10), often in poly(A) sequences such
as in A AAA AAG (32). It could be considered curious and
remarkable that many of the differences found in this study
that lead to there being different numbers of ORFs within
IS895 (Fig. 7A), IS891-related cluster 2 (Fig. 7B), and 1S8§92
(Fig. 7C) are within such sequences. Figure 7D, in which the
mutated position is adjacent to a poly(A) sequence, is a similar
example in the ISAzol3 family. These indel mutations may
have survived because translational frameshifting could allow
those mutants to generate intact transposases, even if at dif-
ferent translational rates than if frameshifting were not re-
quired. In addition, frameshift mutations can revert (29).
Therefore, we suggest that at least some of the variant forms
observed are genetically interconvertible versions that may be
differentially capable of transposition. Too high a transposition
rate might destroy a host; too low a transposition rate might
reduce the competitiveness of an IS. We therefore conjecture
that the role of poly(A) series within ISs is to provide a spec-
trum of functional genes that differ in their rates of producing
transposase so as to assist their adaptation to a particular host
and colonization of new hosts.

Figure 2E presents evidence that MITEc has transposed.
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all7005 GAGGCGGATAGAAATGCAAAAAAGGAATTGAAAAAAAAAAGTTAG
all7004 rn GAGGCGGATAGAAATGCAAAAAAGGAATTGAAAAAAAAAAGTTAGAGGATTACGAGAAATTGAACGTAGTGTTACCAATGAAGATAAGGATTTGGTGACTATTATT
all7004 GTGACTATTATT
alr8566 rn GAGGCGGATAGACATGCTCTCAAAGGAATTAAAGAAAAAAGTTAGAGGATTACGAGACATTGAACGTAGTGTTACCAATGAAACTCAGGAAATGGCAACTATTATC
alr8566  GAGGCGGATAGACATGCTCTCAAAGGAATTAAAGAAAAAAGTTAG

asr8501 ATGCTCTCAAAGGAATTAAAGAAAAAAGTTAGAGGATTACGAGACATTGAACGTAGTGTTACCAATGAAACTCAGGAAATGGCAACTATTATC
alr8502
FRY I [FTRIRY IFSP T TY IPI  PRT IF IP T T I R I ) (P TP [P (e |
820 830 840 850 860 870 880 890 900 910 920
1
—

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.2 kb
all7 268
al17 005 I o (|7 004
alr8 560 I o [r8502
asr8501 I

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 1.2 1.3 14 1.5 1.6 kb

1050 1060 1070 1080 1090 1100

all sramuls wensil 53 sl sellione s slliowes o L = s v | ssmsza) sl 5 sl 5
all7268  TGGAAAAAAGAAGTGCTTTACCACCACCTTTAGTTAACCTAAAACACCTTCTAGCTAAGGGA!
all7268 rn TGGAAAAAAGAAGTGCTTTACCACCACCTTTAGTTAACCTAAAACACCTTCTAGCTAAGGGAT
all7005
all7004 rn TGGAAAAAAGAAGTGCTTTACCACCACCTTTAGTTAACCTAAAACACCTTCTAGCTAAGGGAT
all7004  TGGAAAAAAGAAGTGCTTTACCACCACCTTTAGTTAACCTAAAACACCTTCTAGCTAAGGGAT
alr8566 rn TGGAAAAAA- AAGTGCTTTACCACCACCTTTAATCAACCTAAAACACTTGATAGCTAAAGGAT

alr8566
asr8501 TGGAAAAAA AAGTGCTTTACCACCACCTTTAA
alr8502 TTGATAGCTAAAGGAT
D 680 690 700 710 720 730 740 750 760 770 780 790

sveine Lownns Loms Lsmogs & lloao 2 omat = Lisne sllion sllans alling s sl s IR aallng natlles sl s wallls v sl ¢ ssllls saells vandll vl s sl v ool s 5] s )
all2145 rn  ACGAACCCGTAATTTCAGTGGATACTAAAAAAAAAGAATTAATTGGAGATTTTAAAAATTCCGGAACCGAGTGGTGTGAGAAGGCACGGCCAATTGAGGTGAAGATGCATGATTTTGTTG
all2145 ACGAACCCGTAATTTCAGTGGATACTAAAAAAAAAGAATTAATTGGAGATTTTAAAAATTCCGGAACC! GTGAGAAGGCACGGCCAATTGAGGTGAAGATGCATGATTTTGTTG
alr8019 rn  ACGAACCCGTAATTTCAGTGGATACTAAAAAAAAAGAATTAATTGGAGATTTTAAAAATTCCGGAACCGAGTGGTGTGAGAAGGCACGGCCAATTGAGGTGAAGATGCATGATTTTGTTG
alr8019 ACGAACCCGTAATTTCAGTGGATACTAAAAAAAAAGAATTAATTGGAGATTTTAAAAAT TCCGGAACCGAGTGGTGTGAGAAGGCACGGCCAATTGAGGTGAAGATGCATGATTTTGTTG
Nnp N ACGAACCCGTAATTTCAGTTGATAC-AAAAAAAAAGAATTAATTGGAGATTTTAAAAATTCTGGAACCGAGTGGTGTGAAAAGGAACAGCCAATTGAGGTGAAAATGCATGATTTTGTTG
np ACGAACCCGTAATTTCAGTTGATAC -AAAAAAAAAGAATTAA ATGCATGATTTTGTTG

5300
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Left flanking region//Left IR Right IR//Right flanking region

A

50 60 70 80 90 1250 1260 1270 1280 1290
[ e T e L T I T T T T I Tl I I I
1.alr0552 rn TGATAGTTGTATATAA//TATAGGAATCCTATTTGATTTGTGAACA CTTATTCAAAAATCAAATAGGATTCCTATA//CTAAATATTCAGTATTTTA IR, no DR
2.alr0552 rn TGATAGTTGTATATAAT//ATAGGAATCCTATTTGATTTGTGAACA CTTATTCAAAAATCAAATAGGATTCCTAT//ACTARATATTCAGTATTTTA IR, no DR
3.alr0552 rn TGATAGTTGTATATAAE&//TAGGAATCCTATTTGATTTGTGAACA CTTATTCAAAAATCAAATAGGATTCCTA//IACTAAATATTCAGTATTTTA IR, 2-bp DRs
4.alr0552 rn TGATAGTTGTATATAAEEE//AGGAATCCTATTTGATTTGTGAACA CTTATTCAAAAATCAAATAGGATTCCT//éIéCTAAATATTCAGTATTTTA IR, no DR
5.alr0552 rn TGATAGTTGTATATAATATA//GGAATCCTATTTGATTTGTGAACA CTTATTCAAAAATCAAATAGGATTCC//TATACTAAATATTCAGTATTTTA IR, 4-bp DRs

E3 presumptive //IS// and right hand copy of DR removed at /

1. minus IS; there is no DR ACGTAAAATGATAGTTGTATATAA/CTAAATATTCAGTATTTTACTGAG 0 bp introduced
2. minus IS; there is no DR ACGTAAAATGATAGTTGTATATAAZ/éCTAAATATTCAGTATTTTACTGAG 2 bp introduced
3. minus IS minus 1 copy of DR ACGTAAAATGATAGTTGTATATAATA/CTAAATATTCAGTATTTTACTGAG 2 bp introduced
4. minus IS; there is no DR ACGTAAAATGATAGTTGTATATAAEEI/ézécTAAATATTCAGTATTTTACTGAG 6 bp introduced
5. minus IS minus 1 copy of DR ACGTAAAATGATAGTTGTATATAATATA/CTAAATATTCAGTATTTTACTGAG 4 bp introduced

C

Anab: cagcccagtatctactagaattaaccctcactggggggttgaaaaagttcgcTAgttattttgacctcacagcaatgtcaacccgaagtttatatacaagecattgacca

Frrrrrrrrrr rererrrrrrrrrrrrrrrr e e e e e e et e e e e e e e e e e e e e e e e e e
Avar:98478 cagcccagtatttactagaattaaccctcactggggggttgaaaaagtttgccagttattttgacctcaaagcaatgtcaactagaagtttatatacaagcattgacca 98586

D

Query 227 FVNKMTSAITAQYLLELTLTGGLKKF/ASYFDLTAMSTRSLYTSIDQLKKYYILQTNYHK 285
FVNKMTSAI AQYLLELTLTGGLKKF-ASYFDL AMSTRSLYTSIDQLKKYYILQTNYHK
Sbjct 227 FVNKMTSAIAAQYLLELTLTGGLKKF-ASYFDLKAMSTRSLYTSIDQLKKYYILQTNYHK 285
Query: agctatttaacagataaaaattttctecttgttttctgtaaattetgtgtatttattaggtttalAgaatataagactttgatttttacagtatttttacagaatttattcgatet
RN e e e R R R e e N e R R A R R R R RN R RN
Sbjct agctatttaacaggtgaacgttttccctgattgtctgtaatttctgtatatttatcaaattttTAggacataaaatcttgatttttacggtgtttttacagaatttattcgatct

A.var.396110 395996

F

50 60 70

80 90 1250

1260 1270 1280 1290

ACGTAAAATGATAGTTGTATATAATA//TAGGAATCCTATTTGATTTGTGAACA

CTTATTCAAAAATCAAATAGGATTCCTA//TACTAAATATTCAGTATTTTACTGA

alr0552 rn

alrl726 rn AATTCTGTGTATTTATTAGGTTTAEE//TAGGAATCCTATTTGATTTGTGAACA CTTATTCAAAAATCAAATAGGATTCCTA//EEGAATATAAGACTTTGATTTTTAC
alrl853 rn TTTACCAACAAAACATATTTCTACZ&//TAGGAATCCTATTTGATTTGTGAACA CTTATTCAAAAATCAAATAGGATTCCTA//EAGTTACTCTTTGTTAGGAGTAGGT
alll972 rn TTCTTACATTTAAGTTGCCAGAGAZA//TAGGAATCCTATTTGATTTGTGAACA CTTATTCAAAAATCAAATAGGATTCCTA//EATGCTCATGAACCATTAATAGAAA
all2066 rn TTAAAAAACATAAATTATTCCAACZA//TAGGAATCCTATTTGATTTGTGAACA CTTATTCAAAAATCAAATAGGATTCCTA//ZEGACGGTTAGTAGTTAGTAGGGTG
alr2773 rn ATTTAATGTTATAGATATTACATCEE//TAGGAATCCTATTTGATTTGTGAACA CTTATTCAAAAATCAAATAGGATTCCTA//EATTTATATAAATACTAGAAAATAC
alr4628 rn TATTTCAAAAATCAAGTATGAGTCZ&//TAGGAATCCTATTTGATTTGTGAACA CTTATTCAAAAATCAAATAGGATTCCTA//ZATATCTCGATATTTTTATTTCTGA
all4867 rn CTAGTCTAGGAGAGCCTTAAATACZA//TAGGAATCCTATTTGATTTGTGAACA CTTATTCAAAAATCAAATAGGATTCCTA//ZAGCCCTATATAGCGACTAAAAAAG

FIG. 8. Palindromes at the ends of IRs of copies of IS§95-related ISs. (A) If an IS ends in, or is flanked by, a palindrome (here, TA or TATA,
and underlined), that palindrome can form part of the IRs (interpretations 1 to 4), DRs (3 or 5), or both (3), resulting, as shown in panel B, in
different frameshifts when the IS and one copy of a DR are computationally removed. Further information is required to determine which is correct
in a particular case. (C to E) Evidence that IS(all7564, all7563) in cluster 5 (C and D) and IS(alr1726, alr1727) in cluster 1 (E) generate a TA direct
repeat (capitalized and underlined) upon insertion, by comparison with homologous nucleotide (C and E) and protein-encoding (D) regions in A4.
variabilis (Subject). (F) That interpretation (A3, B3) is here shown applied to all members of cluster 1.

The ends of its IRs are closely related to those of IS(alr1332)
and its Synechococcus sp. relatives. Therefore, the transposase
of IS(alr1332)—before it lost its R end—might have catalyzed
transposition of those MITEs in Anabaena sp. If MITEa trans-

posed into its now fragmented “parent,” the MITE may have
transposed before the R end of IS(alr1332) was repositioned or
lost, in which case the small ORF that is intact in three of the
MITEs (Fig. 2C) may have no catalytic significance. If so, and

FIG. 7. Frameshifting resulting from indel mutations. (A) IS895s. The partial sequence and the bars that represent 1S(alr0552, alr0553) also
represent I1S(alr1853, alr1854), 1S(all1972, all1971), 1S(all2067, all2066), 1S(alr2773, alr2774), and 1S(all4868, all4867). The poly(A) region,
positions 594 through 603, determines how long an ORF continues. The ORFs end (*) at position 658 if all 10 As remain, at position “611” if 1
A is removed, and (not shown) 9 bp from the R end of the IS if 2 As are removed. (B) IS891-related cluster 2. The partial sequence and the bar
that represent 1S(all4465) also represent 1S(all7325). Due to a deleted nucleotide at position ca. 392, All0315 terminates at amino acid position
136 (*), whereas All4465 continues further. Lowercase black letters in the bottom parts of panel B represent the hypothetical amino acid sequence
in the absence of the single-nucleotide deletion. (C) 1S892, aka IS(all7268), and related ISs. The partial sequence and the bar that represent
1S(all7268) also represent I1S(all7323) and 1S(alr8510). With a single base pair absent from the poly(A) region of positions 850 through 859, the
OREF continues to 18 bp before the R end of the IS (not shown). The partial sequence and the bars that represent 1S(all7005, all7004) also represent
1S(all7106, all7105), 1S(all7112, all7111), 1S(all7178, all7177), 1S(all7303, all7302), and 1S(all7376, all7375). With no deletions in the aforemen-
tioned poly(A) region, the first ORF ends at position 864. With the G lost at position 1053 within the A-rich region of positions 1047 to 1055
(bottom part of panel C), asr8501 ends at position 1076. (D) ISAzol3-family, cluster 2. Deletion of a T at position 696 of N. punctiforme 1Ss
(represented by np) adjacent to a poly(A) region causes truncation of the np ORFs at position 712. However, as in panels A to C, ribosomal
frameshifting in the immediately succeeding poly(A) sequence may allow continued translation of the sequence.
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TABLE 2. ORFs and other loci affected by insertion of ISs

Family/group/CL? Comment
IS4/1SPepr1/CL ISAcmall..............ucucuenc.. IS(all7115) interrupts a GNAT superfamily protein gene, with alignment of homologs Npun_R0240
and PCC7424 2037 across the mutation site.
ISS/ISI031/CL Tueuiiieviiecieieccieeeceeereeeee 1S(alr4438, alr4439) is within a questionably significant, 55-aa ORF. IS(all4817, all4816) is within a

Bpul0I RE Superfamily protein gene (19). IS(alr5157, alr5158) is within a gene that fuses the
start of alr5156 and the end of alr5159 and that has homologs in diverse cyanobacteria and other
bacteria. BLASTn shows that IS(all7002, all7001) can be computationally excised from a
sequence closely matching that of alr8016. Computational removal of all of these ISs leads to no
shift in the reading frame.

ISS/ISI031/CL 2. 1S(alr7025) revises the N terminus of a membrane protein presumptively encoded by all7024.

1S110/(—)/1S1594 Removing IS(all0306) destroys asl0305, and removing IS(all1099) destroys asl1098. 1S(alr3636) is
inserted within an ORF that may encode a DNA mismatch repair protein.

1S200-1S605/1S1341/IS891 .......cvuevvvnrnnaee. Each of 1S(all3986) and 1S(alr4104) splits a two-component His kinase family gene, and IS(alr7231)
splits a Ser/Thr kinase family gene.

1S200-1S605/1S1341/1S891-related CL 2 ....... BLASTRn localizes 1S(all0315, all0314)-, 1S(alr1157)-, and IS(all4465)-flanking regions between
ava4874 and ava4875, ava4411 and ava4412, and ava3329 and ava3330, respectively.

1S200-1S605/1S1341/1S891-related CL 6 ....... 1S(all7085, alr7086) revises the 5’ terminus of all7084.

1S630/(—)/1S895-related CL 1.....c.covcucuencee 1S(alr1726, alr1727) is within a 102-aa ORF that may not be a gene. I1S(alr1853, alr1854) is within a
68-aa ORF that may encode a protein. Removal of 1S(all1972, all1971) extends the 5’ end of
all1973 to 37 bp from all1970.

1S630/(—)/1S895-related CL 3........cccccvueuneeee 1S(alr1858, alr1859) splits an 88-aa ORF that putatively encodes a protein with a PIN (PilT N
terminus) domain in diverse cyanobacteria and other bacteria.
1S630/(—)/1S895-related CL 5........cccccuvuuneeee BLASTn and BLASTYp localize 1S(all7564, all7563) in an ORF that encodes an E1 enzyme

(super)family protein.

1S(all7178, all7177) is inserted within an unannotated, 417-bp ORF that overlaps a/l7178 and has
strong homologs, including a close match within N. punctiforme ORF npR1908. 1S(all7005,
all7004), 1S(all7106, all7105), 1S(all7268), 1S(all7303, all7302), 1S(alr7323), and 1S(alr8§510) are
inserted in genes that, respectively, encode a transposase, and—presumptively—a phage
resistance protein, a 315-aa ORF with a HAD domain, a member of the DUF 1392 superfamily,
a 444-aa ORF with a peptidase domain, and a Mob-Pre plasmid recombination enzyme. Ends of
all of these ISs were confirmed by alignment with homologs of proteins whose genes the ISs
mutated. IS(all7112, all7111) is inserted 19 bp 5’ from all7110, presumably affecting its
transcription.

IS982/(=)/CL Tt Removal of IS(all2664) led to the finding of a 266-aa ORF (Table S1 in the supplemental
material) that fuses the 3’ end of asr2665 to and through asr2666. 1S(all3624) is positioned
within a fusion of a/r3623 and alr3625 that encodes a type I restriction modification system DNA
specificity subunit. Removing ISNspI (aka IS[alr1569]) extends asr1570 5', predicting a DUF 196
superfamily protein. BLASTn and BLASTp show that ISNSp1 is inserted in a sequence that
closely matches, across the mutation site, that of the start of ava4176.

15892

IS982/(=)/CL 3.t IS(alr4082) sits in an ORF whose predicted product has tBLASTn scores of >6e—25 in other
strains.
ISAZ013/(—)/CL ISNSP4 .. The sequence intercepted by IS(alr8019) is highly similar to (89% amino acid identity predicted)

but only 63% as long as all7355, with alignment across the mutation site. A 426-bp, unannotated
OREF that fuses the ends of alr2144 and all2145 is highly homologous to A. variabilis predicted
protein AvaC0094. IS(all2145) ends, truncated, 49 bp 3’ from that 426-bp ORF.

ISL3/(=)/CL 1 o IS(alr2698) is inserted five codons before the end of alr2697.

¢ CL, cluster; —, not assigned by ISfinder.

because Alr5204 and All7115 appear to be structurally defec-
tive, no IS4-family IS of Anabaena sp. may remain active.
ISs, a major constituent in the genomes of many pro-
karyotes, account for ca. 2.4% of the protein-encoding genes in
Anabaena sp. About one-third of the ISs herein elucidated
interrupt protein-encoding genes; others, inserted between
parallel or divergent ORFs, may also have significantly affected
cellular metabolism (see, e.g., reference 16). Because muta-
tions in essential genes or operons would be expected to be
highly disadvantageous, if not lethal, one would not expect to
find ISs within such genes or operons. Rather, they may be
present in genes that are normally inessential but might be
helpful, or even essential, under specific conditions. Such con-
ditions might include a need for flotation by means of gas
vacuoles or a need for the differentiation of akinetes, a form of
sporulation. Anabaena sp. is not known to form gas vacuoles or
akinetes, but genes required for gas vacuole formation or se-

lectively expressed in akinetes are present (20, 34). Although
no ISs or known MITEs (33; also this paper) are found near
those genes, it remains possible that a regulatory gene mutated
by an IS may have been required for activation of those genes.
The fact that a copy of IS/594 was found within a 23S rRNA
may be understood by the fact that it is only one of four copies
of such a gene. We suggest that removal of that copy of IS1594
by recombinant DNA genetic manipulation (6) might enable
Anabaena sp. to grow more rapidly. Had a type I restriction
modification system gene similar to A. variabilis gene ava3267
and a BpulOI restriction enzyme superfamily gene not been
mutated, as they were by IS(all3624) and 1S(all4817, all4816),
respectively, gene transfer to Anabaena sp. might not have
been achieved or might have been achieved only with greater
difficulty or lower frequency (13). Conversely, inactivation of
ava3267 might enhance gene transfer to A. variabilis. We also
found, repeatedly, that certain “hypothetical” or “unknown”
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ORFs resulted from ORFs at the ends of ISs or of MITEs
fusing with short, intergenic ORFs from Anabaena sp.

It is unclear why IRs are sometimes flanked by imperfect
DRs, especially when other ISs in a cluster show perfect DRs.
Perhaps two copies of the IS inserted near each other, in the
same orientation, and then underwent homologous recombi-
nation, deleting the intervening sequence. Another possibility
is that second-strand synthesis of staggered repeats may have
been inaccurate.

Four instances were noted, above (see, e.g., Fig. 5) in which
ISs are present within ISs, plus instances in which ISs truncated
additional ISs. If, as seems highly likely, ISs have evolved as
prospective hosts evolved to protect against them, an IS that is
found within, or has truncated, the transposase of another IS
either arose later than that which it intercepted or can be
defined as contemporaneous with the latter. By examining a
large collection of nested ISs, one might be able to determine
a relative temporal order in which ISs evolved and could com-
pare that order with the changes in sequence taking place in
the ISs involved. Alternatively, such a collection might show
that IS evolution cannot be ordered in that way.
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