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ABSTRACT The number and diversity of known prokaryotic
insertion sequences (IS) have increased enormously since their
discovery in the late 1960s. At present the sequences of more
than 4000 different IS have been deposited in the specialized
ISfinder database. Over time it has become increasingly apparent
that they are important actors in the evolution of their host
genomes and are involved in sequestering, transmitting,
mutating and activating genes, and in the rearrangement of
both plasmids and chromosomes. This review presents an
overview of our current understanding of these transposable
elements (TE), their organization and their transposition
mechanism as well as their distribution and genomic impact.
In spite of their diversity, they share only a very limited
number of transposition mechanisms which we outline here.
Prokaryotic IS are but one example of a variety of diverse
TE which are being revealed due to the advent of extensive
genome sequencing projects. A major conclusion from
sequence comparisons of various TE is that frontiers between
the different types are becoming less clear. We detail these
receding frontiers between different IS-related TE. Several,
more specialized chapters in this volume include additional
detailed information concerning a number of these.

In a second section of the review, we provide a detailed
description of the expanding variety of IS, which we have divided
into families for convenience. Our perception of these families
continues to evolve and families emerge regularly as more IS are
identified. This section is designed as an aid and a source of
information for consultation by interested specialist readers.

INTRODUCTION
We have divided this review into two major sections.
In one, we have attempted to present an overview of
our current understanding of prokaryotic insertion se-
quences (IS), their diversity in sequence, in organization
and in mechanism, their distribution and impact on

their host genome, and their relation to their eukaryotic
cousins. We discuss several IS-related transposable ele-
ments (TE) which have been identified since the pre-
vious edition of Mobile DNA. These include IS that
use single-strand DNA intermediates and their related
“domesticated” relations, insertion sequences with a
common region (ISCR), and integrative conjugative ele-
ments (ICE), which use IS-related transposases (Tpases)
for excision and integration. Several more specialized
chapters in this volume include additional detailed in-
formation concerning a number of these topics. One
of the major conclusions from this section is that the
frontiers between the different types of TE are becoming
less clear as more are identified. In the second part, we
have provided a detailed description of the expanding
variety of IS, which we have divided into families for
convenience. We emphasize that there is no “quantita-
tive” measure of the weight of each of the criteria we
use to define a family. Our perception of these families
continues to evolve and families emerge regularly as
more IS are added. This section is designed as an aid
and a source of information for consultation by inter-
ested specialist readers.
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HISTORY
It is now over 40 years since the first IS were described.
They were identified as short DNA segments found re-
peatedly associated with mutations in the gal operon and
bacteriophage λ (1–3). Shortly after, it was established
that IS were normal residents of the Escherichia coli
chromosome (4) sometimes present in multiple copies.
They were shown to be involved in generating deletions
(5) and in activating gene expression (6). They were also
identified as constituents of bacterial plasmids (7). At
about the same time, it was observed that antibiotic re-
sistance genes could also be transferred or “transposed”
from one plasmid to another (8–10) and it was recog-
nized that IS and “transposons” were both members of
a group of genetic entities: transposable or mobile ge-
netic elements (TE or MGE). This relationship between
IS and transposons was reinforced by the observation
that different DNA segments carrying different genes
could be translocated by two flanking IS (11, 12). It was
also realized (13) that they might be related to the con-
trolling elements discovered by genetic analysis of maize
several decades previously (14).

However, in spite of the observation that IS can be
present in some bacterial species in extremely high copy
numbers (15, 16), little at the time prepared us for the
subsequent recognition of the preponderant role they
play in shaping genomes, of their extreme diversity and
their widespread distribution (see reference 17).

WHAT IS AN IS?
The original definition of an IS was: a short, generally
phenotypically cryptic, DNA segment encoding only the
enzymes necessary for its transposition and capable of
repeated insertion into many different sites within a ge-
nome using mechanisms independent of large regions
of DNA homology between the IS and target (18, 19).
Classical IS are between 0.7 and 2.5 kb in length, ge-
netically compact with one or two open reading frames
(orfs) which occupy the entire length of the IS and ter-
minate in flanking imperfect terminal repeat sequences
(IR). The orfs include the Tpase that catalyzes the DNA
cleavages and strand transfers leading to IS movement
and, in some cases, regulatory proteins. Their highly
compact nature is illustrated by the fact that some
IS have developed “recoding” strategies such as Pro-
grammed Ribosomal Frameshifting (involving ribosome
slippage) and Programmed Transcriptional Realignment
(involving RNA polymerase slippage) (Chandler et al.,
this volume; (20, 21)). These permit assembly of dif-
ferent functional protein domains effectively encoding

two proteins of different function in one DNA segment.
IS also often generate a short flanking directly repeated
duplication (DR) of the target on insertion. These
characteristics are not limited to prokaryotic IS but are
also shared with most eukaryotic DNA transposons.
However, for prokaryotic IS, this strict definition has
been broadened over the years with the discovery of
an increasing number of noncanonical derivatives and
variants, some of which are described below. Moreover,
as we learn more about diversity from sequenced ge-
nomes, classification is becoming more problematic be-
cause the large degree of MGE diversity is obscuring the
borders between certain types of TE (see Fuzzy Borders
section) (20).

Despite their abundance and diversity, the number of
different chemical mechanisms used in TE movement is
surprisingly limited and many quite divergent TE share a
similar mechanism.

ISFINDER AND THE GROWING
NUMBERS OF IS
Since 1998, IS have been centralized in the ISfinder da-
tabase (www-is.biotoul.fr). This provides a basic frame-
work for nomenclature and IS classification into related
groups or families (22). Initially IS were each assigned a
simple number (23). However, to provide information
about their provenance, IS nomenclature rules were
changed and now resemble those used for restriction
enzymes: with the first letter of the genus followed by the
first two letters of the species and a number (24) (e.g.,
ISBce1 for Bacillus cereus).

In 1977 only five IS (IS1, IS2, IS3, IS4, and IS5) had
been identified (13). At the time of publication of the first
edition of Mobile DNA this had risen to 50 (25); at the
time of the second edition, there were more than 700
(26). Currently, ISfinder includes more than 4,000 dif-
ferent IS. This represents only a fraction of IS present in
the public databases. Not only has the number of IS
identified increased dramatically with the advent of
high-throughput genome sequencing but examination of
the public databases has shown that genes annotated as
Tpases, the enzymes that catalyze TE movement (or
proteins with related functions), are by far the most
abundant functional class (17).

MAJOR IS GROUPS ARE DEFINED BY THE
TYPE OF TRANSPOSASE THEY USE
Insertion sequences can be grouped into families but, in
the first instance, the principal division in IS classifica-
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tion is based on the nature of their Tpases (Table 1).
These can be divided into two major types based on the
chemistry used in breaking and re-joining DNA during
TE displacement: the DDE (and DEDD) and HUH
enzymes.

DDE transposases
DDE enzymes, so-called because of a conserved Asp,
Asp, Glu triad of amino acids that coordinate essential
metal ions, use OH (e.g., H2O) as a nucleophile in a
transesterification reaction (27) (Hickman and Dyda,
this volume). They do not form covalent Tpase–DNA
intermediates during the transposition process.

Insertion sequences with DDE enzymes are the most
abundant type in the public databases. This is partly
because the definition of an IS became implicitly coupled
to the presence of a DDE Tpase, an idea probably re-
inforced by the similarity between Tpases of IS (and
other prokaryotic and eukaryotic TE) and the retroviral
integrases (28–30) particularly in the region including
the catalytic site. More precisely, for these TE, the triad
is DD(35)E in which the second D and E are separated
by 35 residues. As more DDE Tpases were identified, the
distance separating the D and E residues was found to
vary slightly. However, for certain IS, this distance was
significantly larger. In these cases, the Tpases include
an “insertion domain” between the second D and E re-
sidues (31) with either α-helical or β-strand configura-
tions. Although in most cases this is a prediction, it has
been confirmed by crystallographic studies for the IS50
(β-strand) (32) and Hermes (α–helical) (33) Tpases. The
function of these “insertion domains” is not entirely clear.

Although DDE-type transposons share basic trans-
position chemistry, different TE vary in the steps leading
to formation of an insertion intermediate that has shed
flanking donor DNA (Figure 1) (Hickman and Dyda,
this volume). They catalyze cleavage of a single DNA
strand to generate a 3′ OH at the TE ends, which is sub-
sequently used as a nucleophile to attack the DNA target
phosphate backbone. This is known as the transferred
strand. The variations are a result of the way in which
the second (nontransferred) strand is processed (34, 35).
There are several ways in which second-strand pro-
cessing can occur (Figure 1).

For certain IS, the second strand is not cleaved but
replication following transfer of the first strand fuses
donor and target molecules to generate cointegrates with
a directly repeated copy at each donor/target junction.
This is known as replicative transposition (e.g., IS6,
Tn3) or more precisely, target primed replicative trans-
position (Figure 1, first column).

In the other pathways, the flanking donor DNA can
be shed in several different ways.

The nontransferred strand may be cleaved initially
several bases within the IS before cleavage of the trans-
ferred strand (e.g., IS630 and Tc1) (36, 37) (Figure 1,
second column).

The 3′ OH generated by first-strand cleavage may
be used to attack the second strand to form a hairpin
structure at the IS ends liberating the IS from flanking
DNA and subsequently hydrolyzed to regenerate the 3′
OH (conservative or cut-and-paste transposition; e.g.,
IS4; Haniford and Ellis, this volume) (Figure 1, third
column).

The 3′ OH of the transferred strand from one IS end
may attack the other to generate a donor molecule with
a single-strand bridge that is then replicated to produce
a double-strand transposon circle intermediate and re-
generating the original donor molecule (Copy out-Paste
in or more precisely donor primed transposon replica-
tion, e.g., IS3; Chandler et al, this volume) (Figure 1,
fourth column).

Or finally, the 3′ OH at the flank of the nontrans-
ferred strand may attack the second strand to form
a hairpin on the flanking DNA and a 3′ OH on the
transferred strand (at present this has only been dem-
onstrated for eukaryotic TE of the hAT family and in V
(D)J recombination (38).

Clearly, many families produce double-strand circu-
lar intermediates but this does not necessarily mean that
they all use the Copy out-Paste in donor primed trans-
poson replication mechanism because a circle could be
generated by excision involving recombination of both
strands (see Hickman and Dyda, this volume). These
differences are reflected in the different IS families.

DEDD transposases
A similar type of Tpase, known as a DEDD Tpase,
is related to the Holliday junction resolvase, RuvC
(39, 40). These possess a similar predicted structural
topology in their catalytic site and presumably have
similar chemistry to the DDE enzymes. They are at
present limited to a single IS family (IS110). They also
exhibit a different order in their functional domains
compared with most DDE Tpases: with the catalytic
domain N-terminal to the DNA-binding domain.
In addition, the associated IS do not have significant
terminal IR and insertion does not necessarily gener-
ate direct target repeats. Hence, while the transpo-
sition chemistry may be similar to that of the DDE
Tpases, the overall transposition mechanism is probably
different.
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TABLE 1 Characteristics of insertion sequence families

Families Sub-groups
Typical
size-range DR (bp) Ends IRs

No. of
ORF Frameshift

Catalytic
residues Comments Mechanism

IS1 - 740–1,180 8–9 GGnnnTG Y 2 ORFAB DDE copy-and-paste
and cointegratesingle ORF 800–1,200 0–9 1

ISMhu11 900–4,600 0–10 Y 2 ORFAB

IS1595 ISPna2 1,000–1,150 8 GGCnnTG Y 1 DDNK copy-and-paste ?
ISPna2+pass 1,500–2,600 8
ISH4 1,000 8 CGCTCTT 1 DDNK
IS1016 700–745 7–9 GGGgctg 1 DDEK
IS1595 900–1,100 8 CcTGATT 1 DDNK + ER4R7
ISSod11 1,000–1,100 8 nnnGcnTATC 1 DDHK + ER4R7
ISNwi1 1,080–1,200 8 ggnnatTAT 1 DDEK + ER4
ISNwi1+pass 1,750–4,750 8 1
ISNha5 3,450–7,900 8 CGGnnTT 1 DDER/K

IS3 IS150 1,200–1,600 3–4 TG Y 2 ORFAB DDE copy-paste
IS407 1,100–1,400 4 TG
IS51 1,000–1,400 3–4 TG
IS3 1,150–1,750 3–4 TGa/g
IS2 1,300–1,400 5 TG

IS481 - 950–1,300 4–15 TGT Y 1 DDE copy-paste ?

ISNCY IS1202 1,400–1,700 5 TGT Y 1 DDEQ

IS4 IS10 1,200–1,350 9 CT Y 1 DDE Hairpin
intermediate

cut-and-paste

IS50 1,350–1,550 8–9 C Hairpin
intermediate

ISPepr1 1,500–1,600 7–8 -T-AA ?
IS4 1,400–1,600 10–13 -AAT ?
IS4Sa 1,150–1,750 8–10 CA ?
ISH8 1,400–1,800 10 CAT ?
IS231 1,450–5,400 10–12 CAT 1 or + * * Passenger genes

IS701 - 1,400–1,550 4 Y 1 DDE
ISAba11 Y 1 DDE

ISH3 - 1,225–1,500 4–5 C-GT Y 1 DDE

IS1634 - 1,500–2,000 5–6 C Y 1 DDE
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IS5 IS903 950–1,150 9 GG Y 1 DDE
ISL2 850–1,200 2–3 1
ISH1 900–1,150 8 -GC 1
IS5 1,000–1,500 4 Ga/g 1
IS1031 850–1,050 3 GAa/g 1
IS427 800–1,000 2–4 Ga/g 2 ORFAB

IS1182 - 1,330–1,950 0–60 Y 1 DDE

ISNCY ISDol1 1,600–1,900 6–7 Y 1 DDE

IS6 - 700–900 8 GG Y 1 DDE co-integrate

IS21 - 1,750–2,600 4–8 TG Y 2 * DDE * istB: transposition
helper

IS30 - 1,000–1,700 2–3 Y 1 DDE copy-and-paste

IS66 - 2,000–3,000 8–9 GTAA Y 3 * DDE * * TnpC has the
DDE domain

ISBst12 1,350–1,900 8–9 GTAA Y 1 DDE

IS256 - 1,200–1,500 8–9 Ga/g Y 1 DDE copy-paste
IS1249 1,300 0–10 GG Y 1 DDE
ISC1250 1,250 0–9 GG Y 1 DDE

ISH6 - 1,450 8 GGT Y 1 DDE

ISLre2 - 1,500–2,000 9 Y 1 DDE

ISKra4 ISAzba1 1,400–2,900 0 Y 1 or + * DDE * Passenger genes
ISMich2 1,250–1,400 8 GGG Y 1 or 2 ORFAB DDE
ISKra4 1,400–3,700 9 GGG Y 1 or + * DDE * Passenger genes

IS630 - 1,000–1,400 2 * Y 1 or 2 ORFAB DDE * Target site :
often NTAN with
duplication of the TA

cut-and-paste

IS982 - 1,000 3–9 AC Y 1 DDE

IS1380 - 1,550–2,000 4–5 CC Y 1 DDE

ISAs1 - 1,200–1,500 8–10 CAGGG Y 1

ISL3 - 1,300–2,300 8 GG Y 1

Tn3 - >3,000 0 GGGG Y >1 DDE co-integrate

(continued)
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TABLE 1 Characteristics of insertion sequence families (continued)

Families Sub-groups
Typical
size-range DR (bp) Ends IRs

No. of
ORF Frameshift

Catalytic
residues Comments Mechanism

ISAzo13 - 1,250–2,200 0–4 Ga/g Y 1

IS110 - 1,200–1,550 0 N 1 DEDD
IS1111 Y * * IRs not at the

termini of the IS

IS91 - 1,500–2,000 0 N 1 HUH/Y2 Target site GAAC ( )
CAAG

rolling circle

IS200/IS605 IS200 600–750 0 N 1 * HUH/Y1 * TnpA peel-and-paste
IS605 1,300–2,000 2 * HUH/Y1 ** * TnpA + TnpB ;

** Y1 on TnpA
IS1341 1,200–1,500 1 * * TnpB

IS607 - 1,700–2,500 0 N 2 * Serine ** * TnpA + TnpB; **
TnpA

ISNCY IS892 1,600 0–8 CTAG Y 2 ORFAB
ISLbi1 1,400–1,500 5 Y 1
ISMae2 1,400–2,400 9 CAG Y 1
ISPlu15 800–1,000 0 N 1
ISA1214 1,000–1,200 8–12 Y 2
ISC1217 1,200 6–8 TAG Y 1
ISM1 1,300–1,600 8–9 Y 1

Abbreviations: DR, duplication repeat; IS, insertion sequence; ORF, open reading frame.
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HUH transposases
Named after a conserved pair of His residues separated
by a large hydrophobic amino acid (U), the HUH Tpases
use tyrosine as a nucleophile and generate a transitory
covalent 5′ tyrosine–DNA transposition intermediate—
for review see (41) (Hickman and Dyda, this volume; He
et al., this volume).

The TE encoding the second major type of Tpase,
called HUH, have been identified more recently. HUH
enzymes are widespread single-strand nucleases. They
include Rep proteins involved in bacteriophage and
plasmid rolling circle replication and relaxases or Mob
proteins involved in conjugative plasmid transfer (41).
They are limited to two prokaryotic (IS91 and IS200/
IS605; He et al., this volume) and one eukaryotic (heli-
tron; Thomas and Pritham this volume) TE family. As
Tpases, they are involved in presumed rolling circle
transposition and also in single-strand transposition (see
Hickman and Dyda, this volume; He et al., this volume).
Their transposition chemistry is radically different to
that of DDE group elements. It involves DNA cleavage
using a tyrosine residue and transient formation of a 5′
phospho-tyrosine bond between the enzyme and its
substrate DNA. In addition, the associated transposons
have an entirely different organization and include sub-
terminal secondary structures instead of IR (see IS
families section below and He et al., this volume). There
are two major HUH Tpase families: Y1 and Y2 enzymes
depending on whether there is a single or two catalytic
Y residues (41) (Dyda and Hickman, this volume). Al-
though these enzymes use the same Y-mediated cleavage
mechanism, IS200/IS605 family Y1 transposases and
IS91 transposases appear to carry out the transposition
process in quite different ways.

Serine transposases
A third but minor type of Tpase resembles a site-specific
serine recombinase and is at present limited to a single
IS family, IS607. These presumably use the catalytic
serine to generate a 5′ phospho-serine bond between the
enzyme and its substrate DNA in a similar way to serine
recombinases such as the Tn3 resolvase (see chapters by:
Stark; Rice; Smith; and Johnson, this volume).

Tyrosine transposases
Finally, tyrosine site-specific recombinases of the bacte-
riophage integrase (Int) type are often associated with
conjugative transposons (ICE) and are considered to be
Tpases. However, at present there are no known IS that
use this type of enzyme. These transposases presumably
use a catalytic Y to generate a transitory intermediate

with a 3′ phospho-tyrosine bond between the enzyme
and its substrate DNA as do the site-specific recom-
binases (see chapters by Jayaram et al.; van Duyne;
Landy; Carraro and Burrus; and Wood and Gardner,
this volume) as suggested by early studies with Tn916
(42).

This nomenclature is clearly complex and stems di-
rectly from the history of the field. It has often led to
confusion in genome annotations in the public data-
bases. The reader is referred to Dyda and Hickman (this
volume), He et al., (this volume) and to chapters in the
section Conservative Site-Specific Recombination for
more detailed descriptions of the overlapping issues of
mechanism, function, and structure.

FUZZY BORDERS
With our increasing knowledge of mobilome diversity
(the ensemble of mobile genetic elements including
TE, ICE, Genomic Islands [GI], plasmids, phages, and
integrons), the distinction between IS and other TE is
becoming increasingly unclear. The major feature used
to distinguish IS from transposons was that the former
(Figure 2A) lack phenotypically detectable passenger
genes (genes not involved in the transposition process)
whereas the latter include one or more such genes (for
antibiotic resistance, virulence and pathogenicity func-
tions or genes permitting the use of unusual compounds).
This is no longer the case (Figure 2). Many examples
have now been identified in which passenger genes are
located within IS or in which TE with typical transposon
structures are devoid of transposition proteins.

Transporter IS: IS and relatives
with passenger genes
Over the past few years, a number of TE have been
identified that are very closely related to known IS but
that carry passenger genes not directly involved in
transposition. These are called transporter IS (tIS) (43)
(Figure 2C). Passenger genes include transcription reg-
ulators (e.g., ISNha5, members of the IS1595 family),
methyltransferases (e.g., IS220, IS1380 family), and
antibiotic resistance (e.g., ISCgl1, IS481 family) genes.
They can include a significant amount of DNA with no
clear coding capacity (e.g., ISBse1, ISSpo3, and ISSpo8,
IS1595 family) and are longer than typical IS (e.g.,
ISCausp2, 7,915 bp, IS1595 family). This has presum-
ably delayed their identification. As the second IS end
would occur at an unexpectedly distant position, they
would resemble partial IS copies lacking a second end.
They are never present in high numbers and often only in
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single copy, suggesting that their transposition activity
may be limited.

IS derivatives of Tn3 family transposons
Another source of ambiguity for classification purposes
occurs in the Tn3 family (Nicolas et al., this volume)
(Figure 2B). Tn3 family members are quite variable.
They include a number of diverse passenger genes that
can represent entire operons, notably mercury resis-
tance, or individual genes involved in antibiotic resis-
tance, breakdown of halogenated aromatics or virulence
(44). They often carry integron recombination platforms
enabling them to incorporate additional resistance genes
by recruiting integron cassettes (45). These are small
DNA segments that carry promoterless passenger genes
and integrate by site-specific recombination into the in-
tegron recombination platform. This platform provides
an appropriate resident promoter to govern their ex-
pression (see Escudero et al., this volume). Members are
characteristic: they have long relatively well-conserved
IR and a particularly long Tpase (950 to 1,025 amino
acids). They also encode a site-specific recombination
(“resolution”) system necessary for completion of their
transposition (Nicolas et al., this volume). IS1071, com-
posed of Tn3-like IR and Tpase gene but lacking both
the site-specific recombination system and passenger
genes, was identified many years ago (46). This clearly

accords with the definition of an IS. Several other exam-
ples have now been identified (e.g., ISVsa19, ISShfr9,
ISBusp1).

IS related to ICE
The ICE, which were initially identified integrate and
excise from their host chromosomes using a tyrosine-
based enzyme related to phage integrases (47) (Figure 2B)
(see chapters by Wood and Gardner and by Carraro and
Burrus, this volume). These also carry genes permitting
intercellular transfer, although derivatives exist that are
not capable of autonomous transfer and are known as
IMEs or CIMEs (integrative mobilizable elements; or cis-
mobilizable elements) (48, 49). Some, known as GI, also
include other types of passenger gene. Depending on the
type of passenger genes, GI have been called pathoge-
nicity islands or symbiotic islands.

More recent studies (50–53) have identified ICE with
typical DDE Tpases. One group, TnGBS, initially found
in Group B Streptococcus, has led to the identification
of an entire family of typical insertion sequences, the
ISLre2 family (52), whereas another shows a close re-
lationship to IS30 family members (53). The ICE that use
typical DDE Tpases also include IR with sequences re-
sembling those of the related IS. Hence it is becoming
difficult to draw a distinction between certain GI, ICE
and IS.

FIGURE 1 Insertion sequence (IS) families with DDE transposases are distinguished by
how the second (“nontransferred”) strand is processed. IS are shown in green, flanking
DNA in blue. Cleavage is shown as bold vertical arrows. 3′ OH residues are shown as red
circles, replicated DNA is indicated in red. The first column shows initial cleavages which
generate the 3′OH of the transferred strand and are subsequently used to attack target
DNA (not shown) without prior liberation from the flanking donor DNA. Their transfer
generates a forked molecule in which a donor and target strand are joined to the TE at
each end and which provides a 3′OH in the flanking target DNA that can prime replication
of the transposable elements (TE). This might be called target primed transposon repli-
cation. TE of the Tn3 and IS6 families transpose in this way. The second column shows a
pathway adopted by the IS630 family. Here, the nontransferred strand is cleaved two
bases within the TE (light green square) before cleavage of the transferred strand, which
generates the 3′ OH. Repair of the donor molecule would lead to inclusion of a non-
complementary 2-bp scar or footprint (light green square). This is a cut-and-paste
mechanism without TE replication. The third column represents transposition using a
hairpin intermediate in which the transferred strand is first cleaved and the resulting 3′OH
then attacks the opposite strand to form a hairpin at the TE ends liberating the TE from
flanking donor DNA. This is then hydrolyzed to liberate the final transposition interme-
diate. This is a cut-and paste mechanism without TE replication. The fourth column shows
a “copy out-paste” in mechanism adopted by a large number of IS families. It involves
cleavage of one IS end and attack of the opposite end by the liberated 3′ OH, the TE
then undergoes replication using the 3′ OH in the donor DNA, a process that might be
called donor primed transposon replication. This generates a double-strand DNA trans-
poson circle and regenerates the donor molecule. The circle then undergoes cleavage
and insertion. Adapted from references 35 and 259. doi:10.1128/microbiolspec.MDNA3
-0030-2014.f1
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IS91 and ISCR
A final example of the subtle line dividing IS and trans-
posons is found in the IS91/ISCR group. IS91 was iden-
tified some time ago (54) and carries a single Tpase
orf. More recently, a group of related elements, ISCR
(IS with a “common region”) was described (reviewed
in references 55 and 56). Although there has been no
formal demonstration that these actually transpose, the
CR is an orf that resembles the IS91 family HUH
Tpases (41). The major feature of ISCR elements is that
they are associated with a diverse variety of antibiotic
resistance genes and, particularly in the case of Pseu-
domonas ISCR, with aromatic degradation pathways,
both upstream and downstream of the Tpase orf. This is
therefore another example of a very particular group
of IS derivatives that appear to include multiple pas-
senger genes.

NON AUTONOMOUS IS DERIVATIVES
Many prokaryotic genomes are littered with IS frag-
ments and small, non autonomous IS derivatives whose
transposition can, in principal, be catalyzed in trans
by the Tpase of a related complete IS (Figure 2C). These
miniature inverted repeat transposable elements (MITE)
were first identified in plants (57) and are related to
IS with DDE Tpases. They are short (∼300 bp), in-
clude terminal IR but no Tpase and generally generate
flanking DR. Equivalent MITE-like structures called
palindrome-associated transposable elements (PATE)
(58) including the ends of IS200/IS605 family members
(see IS families, below; He et al., this volume) with their
subterminal secondary structures have also been identi-
fied (Figure 2D). Both MITE and PATE probably derive

from IS by internal deletion. The first MITE identified
were related to eukaryotic Tc/mariner elements (dis-
tantly related to the bacterial IS630 family) and IS630-
related MITE were also the first described bacterial
examples (59–61). MITE showing similarities to other
IS families (e.g., IS1, IS4, IS5, IS6, and even Tn3 family
members) have since been identified in bacteria and
archaea (62, 63).

Another group of IS derivatives related to MITE are
calledmobile insertion cassettes (MICs) (64) (Figure 2C).
These, like MITE, are flanked by IR, do not include a
Tpase gene, and generate flanking DR. They carry var-
ious coding sequences, and are present in relatively low
copy number. The IS231 subgroup of the large IS4
family includes examples of many of these IS-derivatives
(canonical IS, MITE, MIC and tIS) (65).

RELATIONSHIP BETWEEN IS
AND EUKARYOTIC TE
In spite of their obvious similarities, there is often poor
transfer of knowledge between studies of prokaryotic
and eukaryotic TE. This artificial barrier is reflected in
their nomenclature systems: Prokaryotic TE are named
following the basic logic of bacterial genetics built on
the initial Demerec rules (66); Eukaryotic TE, on the
other hand, have more colorful names in keeping with
the culture of nomenclature used in eukaryotic genet-
ics. To a certain extent, this idiosyncratic nomenclature
camouflages the diversity and relationships between
members of the eukaryotic TE superfamilies and their
prokaryotic cousins.

It is important to appreciate that the basic chemistry
of transposition is identical for both prokaryotic and

FIGURE 2 Organization of different insertion sequence (IS) -related derivatives. IS with
DDE transposases (Tpases) and their derivatives are shown as blue boxes, terminal inverted
repeats as light blue triangles and flanking direct target repeats as red boxes. The Tpase
orfs are shown as black horizontal arrows. Passenger genes are shown as orange boxes
and transfer functions (in the case of ICE) are shown as purple boxes. The single-strand
IS are indicated with their left (red) and right (blue) subterminal secondary structures
indicated. (A) IS organization. From top to bottom: a typical IS with a single Tpase orf; an
IS in which the Tpase reading frame is distributed over two reading phases and requires
frameshifting for expression; and the organization of a typical member of the single-
strand IS family IS200/IS605. (B) Different IS-related TE. From top to bottom: composite
transposon Tn10 with inverted flanking copies of IS10 (note that the left IS10 copy is
not autonomously transposable); a unit transposon of the Tn3 family; and an integra-
tive conjugative element (ICE). (C) Relationship between IS, miniature inverted repeat
transposable elements (MITE), transporter IS (tIS) and mobile insertion cassettes (MIC).
(D) Generation of palindrome-associated transposable elements (PATE) from IS200/IS605
family members. Adapted from references 20 and 43. doi:10.1128/microbiolspec.MDNA3
-0030-2014.f2
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eukaryotic elements (Hickman and Dyda, this volume).
Moreover, many eukaryotic DNA transposons have
similar sizes and organization to those of prokaryotic IS
and, as most do not carry additional “passenger” genes,
they are not transposons in the prokaryotic sense and
should strictly be considered as eukaryotic IS. The major
differences lie in how Tpase expression and activity are
regulated (67). One important difference is that most
eukaryotic transposons are “insulated” by constraints of
the nucleus (which physically separate the transposition
process from that of Tpase expression) whereas those of
prokaryotes are not, because prokaryotic transcription
and translation are coupled. In addition, eukaryotic
transposons are subject to a hierarchy of regulation via
small RNAs (68, 69). In prokaryotes, it is possible that
CRISPRs (clustered regularly interspaced short palin-
dromic repeats) may impose some control at this level
but, although it has been demonstrated that CRISPRs
are active against mobile genetic elements and may
regulate some endogenous gene expression (70), these
are limited to plasmids and phage and to our knowledge
have not yet been demonstrated to act on intracellular
MGE such as IS and transposons.

In spite of these differences, a significant number of
eukaryotic DNA TE are related to prokaryotic IS, and
moreover, eukaryotic TE including passenger genes are
now being identified (71). This reinforces the view that
the borders between different types of TE are “fuzzier”
than previously recognized.

IS IMPACT
There is an increasing body of data describing the impact
of IS on their host genomes. Although outside the scope
of this review, it is important to provide a brief overview
here because this is a crucial feature of IS.

IS expansion, elimination and
genome streamlining
Perhaps one of the most spectacular characteristics of IS
populations is their capacity to expand within genomes
and also participate in genome streamlining or trimming
by facilitating DNA deletion. There are many striking
examples of IS expansion (20). These are often observed
in bacteria with recently adopted host-restricted life-
styles. Current opinion is that the nutritionally rich en-
vironment of the host reduces the requirement for many
genes that are essential for free-living bacteria, allowing
fixation of slightly deleterious mutations in the popula-
tion by random stochastic IS transposition and con-
comitant increase in IS copy number.

Additionally, IS activity may also eliminate genes re-
sponsible for surface antigens and interfere with regu-
latory circuitry, providing increased protection against
host defenses (72, 73). Fixation would be facilitated by
successive population bottlenecks (74–77) and the effect
would be more marked the more genetically isolated
the bacterial population. Intracellular endosymbionts
provide many examples of this. Accumulation of IS-
generated endosymbiont pseudogenes in functions that
can be supplied by the host would increase the host
dependence of the bacterial population (78–80). The
capacity of IS to generate deletions would also be ex-
pected to eventually lead to complete or partial elimi-
nation of the IS themselves. This is thought to have
occurred in the IS-free ancient endosymbionts. Genetic
isolation of the population is key to the process of IS
elimination because reinfection could occur by lateral
gene transfer from other bacterial populations, a phe-
nomenon that is thought to have occurred several times
in certain Wolbachia sp. (81).

IS and gene expression
Another important aspect of IS impact on their bacterial
hosts is their ability to modulate gene expression. In
addition to acting as vectors for gene transmission from
one replicon to another in the form composite trans-
posons (two IS flanking any gene; Figure 2B) and tIS
(Figure 2C) and their ability to interrupt genes, it has
been known for some time that IS can also activate gene
expression (5, 82). This capacity has recently received
much attention because of the increase in resistance to
various antibacterials (83, 84), a worrying public health
threat (85–87).

They can accomplish this in two ways: either by
providing internal promoters whose transcripts escape
into neighboring DNA (82, 88) or by hybrid promoter
formation. Many IS carry -35 promoter components
oriented towards the flanking DNA. In a number of
cases this plays an important part in their transposition
because a significant number of IS transpose using an
excised transposon circle (see Major IS groups are de-
fined by the type of transposase they use section, above)
with abutted left and right ends. For these IS, the other
end carries a −10 element oriented inwards towards the
Tpase gene. Together with the −35, this generates a
strong promoter on formation of the circle junction to
drive the Tpase expression required for catalysis of in-
tegration (Chandler et al., this volume) (89–91). Hence,
if integration occurs next to a resident −10 sequence, the
IS −35 sequence can contribute to a hybrid promoter to
drive expression of neighboring genes, see reference 92.
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At present this phenomenon had been reported to occur
with over 30 different IS in at least 17 bacterial species
(20, 93).

Target choice
The influence of different IS on genome architecture will
depend not only on their levels of activity but also on the
type of target into which they insert. It was initially be-
lieved that TE show no or only low sequence specificity
in their target choice. For example IS630 and the eu-
karyotic Tc/mariner families (Tellier et al., this volume)
both require a TA dinucleotide in the target (36, 37)
whereas others such as the IS200/IS605 and IS91 fami-
lies require short tetra- or penta-nucleotide sequences
(94, 95). Yet others, such as IS1 and IS186 (of the IS4
family), show some regional specificity (for AT–rich and
GC-rich sequences, respectively) (96–98).

Although, from a global genome perspective, inser-
tion may appear to occur without significant sequence
specificity, accumulation of more statistically robust
data has uncovered rather subtler insertion patterns.
For example, there is some indication from the public
databases suggesting that IS density is generally signifi-
cantly higher in conjugative bacterial plasmids than in
their host chromosomes with the exception of special
cases in which the host has undergone IS expansion as
described above. Such plasmids are major vectors in
lateral gene transfer providing good delivery systems for
TE. Some TE, including IS, appear to be attracted to
replication forks (99, 100) and show a strong orienta-
tion bias indicating strand preference at the fork (99–
101). Moreover, in certain cases, insertion may target
stalled replication forks (He et al., this volume). A link
between replication (in this case, replication origins) and
insertion has also now been observed for a eukaryotic
TE: the P element of Drosophila (102).

Some transposons such as Tn7 in Escherichia coli
(103) and Tn917 in Bacillus subtilis (104), Enterococcus
faecalis (105) and Streptococcus equi (but not in Listeria
monocytogenes or Streptococcus suis) (106) also show a
preference for integration into the replication terminus
region and sites of DNA breakage may also attract
insertions (103). It remains to be seen whether any IS has
adopted these types of target preference.

Potential topological characteristics or secondary
structures are another feature that can attract certain
TE. Changes in topology induced by the nucleoid pro-
tein, H-NS, for example, may explain the effects of
H-NS mutants on the target choice of IS903 and Tn10
(IS10) (107) (Haniford and Ellis, this volume). Members
of the IS110, IS3, and IS4 families are examples of IS

that insert into potential secondary structures such as
repeated extragenic palindromes (He et al., this volume)
(108–110), integrons (Escudero et al., this volume; 111,
112) or even the ends of other TE (113, 114).

In addition, IS21, IS30, and IS911 have all been ob-
served to insert close to sequences that resemble their
own IR (115–118). Although these IS are members of
different families, they have in common the formation of
a dsDNA excised circular transposon intermediate with
abutted left and right ends (Chandler et al., this volume).
Insertion next to a resident “target” IR such that IR of
the IS are abutted “head-to-head” presumably reflects
the capacity of the Tpase to form a synaptic complex
between one IR present in the transposon circle and the
target IR. This type of structure is extremely active in
transposition and will continue to generate genome
rearrangements.

Other factors that may be influential in determining
target choice are interactions (direct or indirect) with
DNA-associated host proteins. For example, Tn7 ap-
pears to be drawn to replication forks by interaction
with the fork-associated β-clamp (119). Indeed, a recent
large-scale analysis of IS insertions in bacterial chro-
mosomes has pointed out the potential implication of
sliding clamp in targeting and provided evidence for
direct interaction of various transposases with the con-
served replication processing factor (120). A more de-
tailed exploration of these results would be useful.
Another potential interaction, in this case with RNA
polymerase, is suggested by the recent observation that
the transposon TnGBS (an ICE from Streptococcus
agalactiae) and members of the closely related ISLre2
family insert preferentially 15–17 bp upstream of σA
promoters (50, 51). Targeting of upstream regions of
transcription units has also been extensively docu-
mented for certain eukaryotic transposons (121).

Influence of transposition mechanisms
The way in which strand cleavages and transfers occur
during transposition also affects the outcome of the
transposition events and therefore impinges on genome
structure. For example Tn3 and IS6 family members,
both with DDE Tpases, generate fusions or cointegrates
between the donor and target replicons by a process of
replicative transposition, presumably by target primed
transposon replication (Hickman and Dyda, this vol-
ume) (Figure 1 first column). However, in the event of
intramolecular transposition, this type of mechanism is
expected to give rise to inversions with a copy of the IS
at each junction or inversions with a single IS copy re-
maining and a second copy segregating with a circular-
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ized deletion (122). Note that similar effects are also
known to occur by homologous recombination between
two inverted or directly repeated IS copies in a repli-
con. Other known mechanisms such as cut-and-paste,
or Copy out-Paste in (donor primed transposon repli-
cation) (34) would not generate this type of genomic
rearrangement but could contribute to genomic modi-
fications in other ways such as “nearly precise excision”
(123, 124) or by using alternative sequences that re-
semble their IR (125, 126).

Summary
The above considerations serve to provide an overview
of the diversity of IS and their close TE relatives together
with an outline of their behavior and its impact on
prokaryotic genomes. Below we provide a guide to the
present classification of IS and present a more detailed
description of the individual IS families, their charac-
teristics, differences, similarities, transposition mecha-
nism (where known), and their distribution. There are
clearly large disparities in our level of knowledge from
family to family. Although we have tried to treat each
family individually, we have grouped those that have
proved to be related. We also include information con-
cerning the identification of the different types of de-
rivative elements such asMITES or tIS, which are related
to given individual IS families.

IS FAMILIES
Insertion sequences in ISfinder are classified into families
using a variety of characteristics (Table 1) (127) such as:
transposition chemistry; length and sequence of the
short imperfect terminal IR sequences (TIR in eukary-
otes) carried by many IS at their ends; length and se-
quence of short flanking direct target DNA repeats; orf
organization; and the nature of their target sequences. In
many cases, these distinguishable differences are asso-
ciated with different properties and behavior of the IS.
An additional criterion is based on the presence/absence
and order of various Tpase domains. Transposases are
multidomain proteins. They include domains or mod-
ules involved in catalysis (e.g., DDE and HUH—see
Major IS groups are defined by the type of transposase
they use section, above), in sequence-specific binding to
the TE ends (e.g., helix-turn-helix, HTH; zinc finger, ZF)
and in multimerization (leucine zipper). The sequence-
specific binding module is generally located in the N-
terminal region permitting folding and binding of the
nascent peptide before completion of translation (see IS3
and IS481 families section, below). In addition, they

may include specific signatures for interaction with host
proteins (Peters, this volume).

At present, IS in ISfinder are grouped into 29 families
and many of these are further divided into subgroups
based on shared characteristics. Although there are very
well-defined homogeneous families (such as IS3, IS30,
and IS256) others have been redefined over time as more
and more IS are identified (e.g., IS4 and IS5).

It is important to note that the number of IS in a
given ISfinder family does not necessarily reflect their
relative abundance in nature. Some estimates of this
have been made from time to time using different ap-
proaches, although the accuracy of these is difficult
to assess (74, 128, 129). IS inclusion in ISfinder has
not involved a systematic global search of the public
databases.

We emphasize that this is a description of the ISfinder
classifications at this time and that some groups will
certainly emerge with further additions to the database
and more detailed analysis.

IS WITH DDE TRANSPOSASES
IS1 and IS1595: two related families
IS1.
(i) General
IS1 was among the first bacterial insertion sequences to
be identified (13). It is also one of the shortest (768 bp)
and has been identified in over 40 different bacterial and
archaeal species. IS1 is a component of several com-
pound transposons (12, 130) where it is present in di-
rect or inverted orientation. It is also found in several
conjugative plasmids flanking large regions carrying a
number of antibiotic resistance genes (resistance deter-
minant or r-det) (131) and can participate in homolo-
gous recombination to generate circular r-det forms or
tandem multimers resulting in increased antibiotic re-
sistance (132).

(ii) Organization
The family has been extensively reviewed previously (26,
127) (and references therein). Integration generates a 9 bp
target DR but DR of 8, 10, and 14 bp also occasionally
occur. The classic IS1 includes 23 bp imperfect inverted
repeats (IRL and IRR) and two partly overlapping orfs
(insA and insB’) located in the 0 and −1 relative transla-
tional phases and expressed from a promoter partially
located in IRL. Their integrity is essential for transposi-
tion. The insA product, InsA, binds both IR and regu-
lates expression and probably transposition activity. The
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Tpase, InsAB’, is a transframe fusion protein produced by
programmed ribosomal frameshifting, between insA and
insB’ with typical frameshift signals. Programmed ribo-
somal frameshifting occurs at a frequency of about 1%.
No InsB’ protein species has been detected.

IS1-related derivatives carrying only a single orf have
been identified. These tend to be longer (∼1,000 bp)
than the classic IS1 with slightly longer Tpases due to an
N-terminal extension (Table 1). They retain the char-
acteristic IS1 IR sequences (Table 1). They were first
observed in the archaeal Sulfolobiales (ISC1773a and b
and ISSto7) where this arrangement appears to be the
rule (63) but are not restricted to the Archaea. Several
examples occur in Eubacteria (e.g., ISAba3, Acineto-
bacter baumannii, and ISPa14, Pseudomonas aeru-
ginosa) (43). It is possible, as in the case of dnaX (133),
that the upstreamN-terminal protein is indeed produced
but by frameshifting to generate the smaller derivative
from the full-length protein.

Overall transposition activity appears to depend on
the ratio of InsA/InsAB’, serving to regulate activation of
transposition by uncontrolled Tpase expression from
external transcription. It had been suggested that a
translational restart within the insA frame giving rise to
an InsAB’ protein with an N-terminal deletion generates
the true Tpase (134). However, although the impor-
tance of this protein cannot be ruled out, the establish-
ment of an in vitro IS1 transposition system based on
partially purified engineered InsAB’ suggests that the
translational restart product may not play a central role
(135).

(iii) Mechanism
In vivo, direct visualization of 13 DNA species obtained
following induction of IS1 transposition and the kinetics
of their appearance and disappearance clearly identi-
fied forms corresponding to reciprocal products of IS-
mediated deletions as well as excised transposon circles.
This suggests that IS1 can transpose using both the
cointegrate (target primed transposon replication) and
Copy out-Paste in (donor primed transposon replica-
tion) pathways (136).

(iv) Transposase organization
Alignment of InsAB’ from different members of the fam-
ily confirmed the presence of a C-terminal DDE catalytic
domain (137) and also revealed potential N-terminal
ZF and HTH motifs (135, 138). Addition of 1,10-
phenanthroline, which shows a high affinity for zinc,
prevented binding to IS1 IR, as did mutations in either
of the two motifs whereas mutation of the DDE motif

confirmed its importance in catalysis but not in binding
(135, 138). All three motifs are observed in the longer
Tpases with a single long reading frame.

However, members of the ISMhu11 subgroup lack
the N-terminal ZF while retaining the HTH motif (43).
They include a 30–120-residue C-terminal extension
that is unrelated in different members of this group and
the spacing between the second D and E residues is
40–60 amino acids longer. Three different organizations
of ISMhu11 subgroup members were identified: exam-
ples with two orfs and a potential frameshift zone
(ISMhu11, ISMac25, ISArch18, and ISAcma3); a single
example with additional noncoding DNA upstream of
the Tpase orf (ISBeg1); and members that carry pas-
senger genes (Table 1) generally with no known func-
tion, but often with other relatives in different bacteria.
An exception is tISSce1, which includes orfs resembling
a DNA methyltransferase, a possible sigma factor, and
member of the HTH_XRE family of transcription regu-
lators. However, only a single example of each type with
passenger genes was identified, suggesting that these IS
have low or no transposition activity.

More extensive comparisons have indicated that IS1
is distantly related to another relatively newly recog-
nized family, IS1595.

IS1595.
(i) General
IS1595 was identified in Xanthomonas campestris (43)
and closely related IS (e.g., ISXo2, ISXo5, ISXo16, and
ISXca4) are present in high copy number in other
Xanthomonas species. The IS1595 family is less homo-
geneous than the IS1 family. BLAST analysis of ISfinder
using IS1595 as a query confirmed a distant relationship
with IS1 family members and with IS1016 (139), a
multicopy Neisseria element previously binned with the
“unclassified” IS (ISNYC). Seven subgroups have been
identified: IS1595, IS1016, ISPna2, the halobacterial
ISH4 group (140), ISSod1, ISNwi1 and ISNha5. Mem-
bers of the ISPna2, ISNwi1 and ISNha5 subgroups may
contain passenger genes or additional noncoding DNA
(43). As in the case of ISMhu11, only a single example of
each member was identified, suggesting that these IS
have low or no transposition activity. It is also related
to ISSag10 from Streptococcus agalactiae. This was
originally called MTnSag1 and thought to be a member
of the IS1 family (141) but now called tISSag10 due to
the presence of an O-lincosamide nucleotidyltransferase
passenger gene. tISSag10 also carries an origin of trans-
fer and can be mobilized by transfer functions of Tn916.
It can therefore also be defined as a non autonomous

ASMscience.org/MicrobiolSpectrum 15

Bacterial Insertion Sequences

http://www.ASMscience.org/MicrobiolSpectrum


Downloaded from www.asmscience.org by

IP:  200.145.102.43

On: Mon, 04 May 2015 12:14:52

ICE, again underlining the increasing difficulty in TE
classification.

(i) Organization
Most are flanked by 8 bp AT-rich DR and have a single
Tpase orf. Like IS1 family Tpases, they include an
N-terminal ZF, an HTH motif, and a C-terminal cata-
lytic motif with some exceptions. For example IS1016
group members lack the N-terminal ZF but, as IS1016
is present in multiple copies, it is probably active. The
catalytic sites of all family members show group-specific
variation particularly around the final E residue. More
surprising is the apparent substitution of the final E
residue for N or H in certain members. The exact nature
of these possible noncanonical catalytic sites will require
experimental determination.

It has been reported that the IS1595 family (in par-
ticular IS1016) is related to the Merlin family of eu-
karyotic TE (142), especially at the level of the DDE
motif and the position of an upstream HTH. They also
have comparable lengths and similar IR. The Merlin
Tpase is longer at the N-terminus than that of IS1016
and more similar in size to the other members of the
IS1595 family although it does not exhibit the IS1595
N-terminal ZF.

IS3 and IS481 families
IS3.
(i) General
The IS3 family is one of the most coherent and largest IS
families (143) (see Chandler et al., this volume). It is very
widely distributed and at present ISfinder includes 554
different members from more than 270 bacterial spe-
cies. The family is quite homogeneous in spite of its wide
distribution in bacteria exhibiting a large range of G+C
contents and of the presence of members in hosts such as
Mycoplasma with a nonuniversal genetic code (e.g.,
IS1138) or in bacteria that use stop codon read-through
by insertion of the unusual amino acid selenocysteine
(e.g., ISDvu3 from Desulfovibrio vulgaris). In the case
of both copies of IS1138, which participates in high-
frequency rearrangements of the Mycoplasma pulmonis
chromosome, the Tpase orf carries 11 UGA codons,
which are decoded as tryptophan (144).

Although most members had been limited to the
eubacteria (63), an example, ISMco1, has now been
identified in the Archaea Methanosaeta concilii. As this
Archaea is widespread in nature (145), it is possible that
this represents a case of recent horizontal transfer. The
presence of eight copies implies that ISMco1 is active in
its archaeal host.

(ii) Organization
Members carry relatively well conserved IR and in-
variably express their Tpases as fusion proteins using
programmed -1 frameshifting. All have characteristic
terminal IR generally terminating with the dinucleotide
5′-CA-3′ and carrying a short block of GC-rich se-
quence. They generate 3 or 4 bp DR on insertion.
Their Tpase, OrfAB, like those of the majority of IS1
family members, is expressed as a fusion protein by
programmed -1 programmed ribosomal frameshifting
from two consecutive, partially overlapping reading
frames with the second located in the -1 reading phase
compared to the upstream frame (Chandler et al., this
volume).

A clade carrying noncanonical ends has recently been
identified. This is currently composed of 15 members.
These IS include seven supplementary base pairs on each
end flanking canonical IS3 ends: a conserved stretch
of five C residues is located 5′ to the left IR and a less
conserved motif (CGG) is located 3′ to the right end.
When these additional bases are taken into account
every member of this clade exhibits a 4 bp DR charac-
teristic of the IS3 family (Table 1) (E. Gourbeyre, un-
published). This conclusion is supported by the presence
of multiple IS copies (e.g., ISPsy31) and also by identi-
fication of “empty sites” (ISfinder). This clearly requires
further experimental investigation.

Recently, an additional subgroup has been proposed,
which includes ISPpy1 (146). However, all members
belong to the IS150 subgroup and their Tpases are
not separated by our standard multiple alignment and
Markov Cluster Analysis (MCL) analysis. Although
they do exhibit some variation in the sequence of their
terminal dinucleotides, similar variations are found for
IS2 and members of other IS3 subgroups.

(iii) Mechanism
IS3 family members transpose using a Copy out-Paste in,
donor primed transposon replication, mechanism that
produces dsDNA circular intermediates (Figure 1). The
recognition sequences and cleavage points have been
well characterized experimentally in several IS3 family
members. In vitro transposition systems have been de-
veloped for several family members (Chandler et al., this
volume). Bridgedmolecules are formed in an asymmetric
manner by cleavage of one IS end to generate a 3′ OH,
which then attacks the other end to generate a single-
strand bridge between the IS ends. A copy of the IS
appears to be replicated out as a circle leaving the other
IS copy in the reconstituted donor DNA replicon
(Chandler et al., this volume).
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One member of this family, IS911, has been used
to address the mechanism, common to many IS, in
which the Tpase shows a preference for acting on the
IS copy from which it was synthesized (cis activity).
It was shown that this behavior depends on coupling
between transcription and translation and results from
co-translational binding of the nascent Tpase peptide to
the IS ends (147).

IS481
Initially, IS481 appeared to be an IS3 family derivative
that had been truncated for the N-terminal end of the
Tpase and includes a C-terminal extension. The DDE
active site domain and the IR (ending in 5′ TGT 3′) are
similar to those of IS3 family members. Their presence in
high copy number in some species and the identification
of at least 130 distinct but related IS from over 90 species
strongly suggests that these represent a distinct trans-
positionally active family. Different members generate
DR of between 4 and 15 bp. Moreover, certain members
(e.g., ISSav7) insert specifically into the tetranucleotide
CTAG, which becomes the flanking DR and provides
the UAG termination codon for the Tpase. In contrast
to the vast majority of IS3 family members, the IS481
Tpase is not produced by frameshifting. There is no
evidence for a leucine zipper as in IS3.

Some members include passenger genes including
antibiotic resistance (CmR for IS5564 and ISCgl1), or
potential transcriptional regulators (ISKrh1, ISPfr21,
ISSav7). IS481 itself has played a fundamental role in the
evolution of the genomes of the Bordetellae where, in
Bordetella pertussis it has undergone extensive amplifi-
cation to several hundred copies with accompanying
genome decay (72, 73).

These IS are distantly related to the eukaryotic
Banshee transposon, which at present is restricted to the
anaerobic flagellated protozoan Trichomonas vaginalis
(Pritham per. comm.) (148). They share the highly con-
served Pfam integrase core domain identified initially
in the IS3 family and retroviruses (28, 29). They also
show a conserved 5′ TG 3′ tip to the IR, which is typical
of this and other types of mobile element. It would be
interesting to determine whether Banshee transposes
using a dsDNA circular intermediate as do IS3 family
members.

IS1202 group (ISNCY)
A small group including IS1202 (149), composed of 10
IS which had been included in the ISNCY (not classified
yet) group appears distantly related to IS481. Members
are between 1,400 and 1,700 bp (except for ISKpn21,

which includes a passenger gene annotated as “hypo-
thetical protein”) with a Tpase orf of between 400 and
500 amino acids in a single reading frame. Their IR
begin with TGT as do those of the IS3 and IS481 fami-
lies. They generate DR of between 5 and, unusually,
27 bp.

They appear to have similarities at the level of their
Tpases particularly in their DDE domains (e.g., IS1202
has 39% amino acid similarity to ISPfr5 of the IS481
family). They include a glutamine (Q) seven residues
C-terminal to the conserved E instead of the character-
istic K/R. Identification of additional IS will be necessary
to clearly define this group.

The redefined IS4 and related families
The accumulation of additional related IS has permitted
a more detailed analysis of the IS4 family, which had
already become heterogeneous displaying extremely
elevated levels of internal divergence (150). Based on
more than 200 IS4-related sequences from bacterial
and archaeal genome sequences, seven subgroups and
three emerging families (IS701, ISH3, and IS1634) were
defined. Separation into three emerging families was
principally due to variations in an important conserved
YREK motif, a division that is supported by the IR
sequences and the associated DR.

Members of all these encode a Tpase with an inser-
tion domain rich in β-strand and located between the
second D and the E of the DDE motif (31). That of the
IS50 Tpase (151) is the only example that has structural
support (152), although bioinformatic analysis (31) in-
dicated that ISH3 (e.g., ISC1359 and ISC1439), IS701
(e.g., IS701 and ISRso17; (153)) and IS1634 (e.g.,
IS1634, ISMac5, ISPlu4; (154)) family members also
exhibit a similar insertion domain.

IS4
The IS4 family originally included a diverse collection
of IS characterized by three conserved domains in the
Tpase [N2, N3, and C1 containing D, D, and E re-
spectively; (151)]. In addition to the conserved DDE
triad, this family is defined by the presence of an addi-
tional tetrad YREK (150) which, in the case of IS50,
is thought to be involved in coordination of a terminal
phosphate group at the 5′ end of the cleaved IS (155)
(Haniford and Ellis, this volume).

IS701
The IS701 family was distinguished from the IS4 family
by a highly conserved 4 bp target duplication, 5′-YTAR-
3′. MCL analysis also indicated that the Tpases form a
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defined and separate group and alignments indicated
the absence of Y in the Tpase YREK motif. There are
several clades within this family. A new clade, ISAba11,
was proposed as a new family based on five IS (156).
Members of this group generate 5 bp target duplica-
tions (instead of 4 bp), exhibit conserved IR and include
HHEK instead of YREK. However, additional exam-
ples (ISfinder) exhibiting the conserved IR did not uni-
versally contain HHEK and MCL cluster analysis did
not strongly support the notion that ISAba11 constitutes
a new family. At present, we have retained ISAba11 as a
subgroup in the IS701 family.

ISH3
The ISH3 family is restricted to the Archaea. In roughly
half of the 30 members identified, the Tpase lacked
the K/R residue of the DDE motif whereas all except
ISFac10 displayed a Y(2)R(3)E(3)R motif. A character-
istic of this family is the presence of 5 bp DR flanked at
one end by A and at the other by T.

IS1634
The IS1634 family (previously IS1549) is characterized
by large Tpases due to a β-strand insertion domain lo-
cated between the conserved second D and E residues,
which is 35 to 79 amino acids longer than that of IS4
and members of the other related families. They gener-
ate 5 bp to 6 bp AT-rich DR and are present in both
Archaea and bacteria (150). Certain members generate
very long variable DR (e.g., IS1634 from 17 to 478 bp,
(154); ISCsa8 from 16 to 131 bp; ISMhp1, 80 bp).

The redefined IS5 and related IS1182 families
Like the IS4 family, growth in the number of identified
members of the IS5 (564 members) and IS1182 families
(142 members) has revealed that the two are related and
has allowed a more detailed analysis and a separation
into various subgroups and families The IS5 family is
now partitioned into six subgroups: IS5, IS903, ISL2,
ISH1, IS1031, and IS427. Some of these may prove to be
emerging families.

There is a distant relationship, about 30% similarity,
with the Pif/Harbinger group of eukaryotic TE (148,
157).

IS5
Although the majority of members have a single Tpase
orf, about 20% of family members may express Tpase
by frameshifting because it is distributed between two
translation phases similar to most of the IS427 subgroup
(82/116) (127). In these cases the frameshifting signals

appear more appropriate for a programmed transcrip-
tional realignment frameshift mechanism rather than for
classical translation frameshifting (programmed ribo-
somal frameshifting) as there are no obvious downstream
enhancement signals (21). Similar split reading frames
have now been identified in several other subgroups:
IS1031 (13/65 members); ISL2 (7/43); and few in the
IS5 subgroup (7/149). There is no experimental evidence
that these frameshift signals are functional but many of
the IS are in multiple copies, suggesting that the deriv-
atives are active. In view of their diversity compared
with families such as IS3, the subgroups will certainly
be partitioned into additional groups as more IS are
identified. At present, the IS903 and the archaeal ISH1
subgroups do not contain members with potential
frameshifting.

In addition to their Tpases and the presence or ab-
sence of potential frameshifting, a further distinction
between these elements resides in their target speci-
ficities. Certain IS427 subgroup members and IS1182
family members do not carry a termination codon for
their Tpases but generate this on insertion into a specific
target sequence, CTAG, which is duplicated on inser-
tion. Other IS such as IS1031, duplicate a sequence TNA
while others such ISL2 appear to duplicate ANT.

IS1182
IS1182 family members exhibit a diverse set of target
specificities. Some duplicate 4 bp. These are of two types:
those specific for CTAG and those that show no ap-
parent target sequence specificity. Yet others target
palindromic sequences. These are also of different types:
some insert at the 3′ foot of a stem-loop and duplicate
the entire structure whereas others insert 3′ of the loop
and simply duplicate the loop (P. Siguier, E. Gourbeyre
and M. Chandler, unpublished).

ISDol1 group (ISNCY)
Another small group, ISDol1, with 17 members from 15
bacterial species has recently emerged from the ISNCY
“orphan” group. Members have a length of between
1,600 and 1,900 bp and generate DR of 6–7 bp.

IS6
(i) General
There are at present 130 family members in ISfinder
from nearly 80 bacterial and archaeal species but this
represents only a fraction of those present in the public
databases. The family was named after the directly re-
peated insertion sequences in transposon Tn6 (158) to
standardize the various names that had been attributed
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to identical elements (e.g., IS15, IS26, IS46, IS140,
IS160, IS176). Many are found as part of compound
transposons (159–161) invariably as flanking direct re-
peats, a consequence of their transposition mechanism.

Recent activity resulting in horizontal dissemination
is suggested by the observation that copies identical
to Mycobacterium fortuitum IS6100 occur in other
bacteria: as part of a plasmid-associated catabolic trans-
poson carrying genes for nylon degradation in Arthro-
bacter sp. (162), from the Pseudomonas aeruginosa
plasmid R1003 (164), and within the Xanthomonas
campestris transposon Tn5393b (164).

One member, IS257, has played an important role in
sequestering a variety of antibiotic resistance genes in
clinical methicillin-resistant Staphylococcus aureus iso-
lates. It provides an outward oriented promoter that
drives expression of genes located proximal to the left
end.Moreover, both left and right ends appear to carry a
−35 promoter component, which would permit forma-
tion of hybrid promoters on insertion next to a resident
−10 element (165).

A single member, ISDsp3, present in single copy in
Dehalococcoides sp. BAV1 carries a passenger gene
annotated as hypothetical protein.

IS6 family elements are abundant in Archaea and
cover almost all of the traditionally recognized archaeal
lineages (methanogens, halophiles, thermoacidophiles,
and hyperthermophiles) (63).

They form a monophyletic group related to bacterial
IS from Firmicutes but can be further divided into three
phylogenetic groups present in the halophiles, the sul-
folobales, and the pyrococcales/methanosarcinales. The
IR of the archaeal IS6 members are variable compared
with the bacterial members and generally terminate with
5′-GT or 5′-GA, as opposed to the 5′-GG found in bac-
teria. The large phylogenetic distribution of IS6 family
members in the Archaea and the monophyly of the IS6
archaeal group suggest that these elements were ances-
trally present in the Archaea rather than being recently
acquired by lateral gene transfer from bacteria.

IS26 is encountered with increasing frequency in
plasmids of clinical importance where it is involved in
expression of antibiotic resistance genes and plasmid
rearrangements (166–171).

(ii) Organization
The putative Tpases are very closely related and show
identity levels ranging from 40 to 94%. They generally
range in length from 789 bp (IS257) to 880 bp (IS6100).
However, a separate group represented by seven mem-
bers are somewhat larger (approximately 1,200 bp) as

a consequence of an N-terminal extension with a pre-
dicted ZF. Several members (e.g., ISRle39a, ISRle39b,
and ISEnfa1) apparently require a frameshift for Tpase
expression. It is at present unclear whether this is bio-
logically relevant. However, alignment with similar se-
quences in the public databases suggests that ISEnfa1
itself has an insertion of 10 nucleotides and is therefore
unlikely to be active.

All carry short related (15–20 bp) terminal IR and
generally create 8 bp DR. A single orf is transcribed from
a promoter at the left end and stretches across almost the
entire IS. In the case of IS26 this is located within the first
82 bp of the left end and the intact orf is required for
transposition activity.

(iii) Mechanism and insertion specificity
The predicted amino acid sequence of the Tpase exhibits
a strong DDE motif. Translation products of this frame
have been demonstrated for several members (e.g.,
IS240). Little is known about Tpase expression although
transposition activity of IS6100 in Streptomyces lividans
is significantly increased when the element is placed
downstream of a strong promoter.

Where analyzed, members of the IS6 family give rise
exclusively to replicon fusions (cointegrates) in which
the donor and target replicons are separated by two
directly repeated IS copies (e.g., IS15D, IS26, IS257,
IS1936) (172). Transposition of these elements there-
fore presumably occurs in a replicative manner by tar-
get primed transposon replication. No known specific
resolvase system such as that found in Tn3-related
elements has been identified in this family and it is as-
sumed that cointegrate resolution occurs via homolo-
gous recombination. It is for this reason that compound
IS6-based transposons carry directly repeated flanking
IS copies. Recent results suggest that the IS6 family
member IS26 may transpose in an unusual manner
(173), an observation which merits further investigation.

No marked target selectivity has been observed.

IS21
(i) General
The IS21 family is fairly homogeneous. It has more
than 140 members from about 80 bacterial species.
IS21 was discovered in plasmid R68 where it was sub-
sequently observed to undergo a tandem duplication,
which greatly facilitated the insertion of the plasmid into
the Pseudomonas host genome. This led to the forma-
tion of Hfr strains (174, 175) and the subsequent dem-
onstration that the Pseudomonas chromosome was
genetically circular (176).
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(ii) Organization
IS21 family members encode two genes, the Tpase istA
and a “helper” gene, istB, which exhibits some similarity
to the DnaA replication initiator protein due to the pres-
ence of an ATP-binding motif, and often appears in
BLAST searches of complete genomes. In many mem-
bers, the termination codon of istA and the initiation
codon of istB overlap, suggesting that IstB is produced
by translational coupling. The IS21 family terminal IR
are complex and carry several tandem repeated se-
quences thought to be Tpase binding sites. Like a num-
ber of IS families, the ends of the element terminate with
the dinucleotide 5′-CA-3′.

(iii) Mechanism
IS21 family members transpose using a two-step mech-
anism by formation of a reactive junction, similar to
those formed in the copy-paste mechanism of IS3 and
other families, in which two abutted IS21 ends are sep-
arated by several nucleotides. This is consistent with the
marked tendency of IS21 to insert in, or close to, an IS21
end. The reactive junction is subsequently integrated
into the target DNA to give a DR of 4 to 8 bp. Inte-
gration is optimal when the distance separating the
two ends in the junction is 4 bp. It is efficient with a 2 or
3 bp separation but inefficient with smaller or larger
intervening sequences. IstA carries the DDE motif and is
the Tpase. The molecular details of IstB activity are not
known. Both IstA and IstB are required for efficient
transposition whereas a product of an alternative trans-
lation initiation within the Tpase gene may facilitate
integration. Using IstA-enriched Escherichia coli cell
extracts, it was shown that this protein is responsible for
3′ end cleavage of IS21 and of both ends in the IR
junction (177).

IS30
(i) General
The IS30 family currently comprises 94 members from
over 70 bacterial species and an example, ISC1041, has
also been found in the Archaea (178). IS30-like Tpases
have also been found as integral parts of certain ICE
from methicillin-resistant Staphylococcus aureus (53).

Members of this family are capable of activating
neighboring genes by creation of a hybrid promoter
on insertion next to a −10 promoter element (83, 179–
181).

(ii) Organization
IS30 family members have a single Tpase orf spanning
almost their entire length. The Tpases show several

well-conserved regions. One, in the N-terminus includes
a potential helix–turn–helix (HTH) motif, which, in the
case of IS30, is responsible for IR binding (182, 183).
Another in the C-terminal region contains the DD(33)E
motif. The terminal IR are between 20 and 30 bp and
contain some conserved sequence signatures (183), and
their tips show significant sequence variation although
in most of the elements the IR have not been experi-
mentally confirmed. Insertion generally generates DR of
2–3 bp but there are several exceptions in which the DR
is between 12 and 32 bp (e.g., IS1630, IS1470, IS658,
ISL7, ISLpl1) (183).

(iii) Mechanism and insertion specificity
The founding member of the family, IS30, is the best
characterized at the mechanistic level (117, 182–189)
and an in vitro transposition system has been developed
(190). This 1,221 bp long Escherichia coli element
belongs to a growing class of IS known to transpose
through an intermediate formed by abutting the IR,
donor primed transposon replication. Here the IR are
separated by 2 bp (179, 184, 186). Such an IR junction
can be created by formation of a dimer of two directly
repeated IS copies or by the formation of transposon
circles. Both IS minicircles and dimers have been ob-
served. IR–IR junctions have also been detected in some
other IS30 family members such as IS18 (181), IS4351
(191), and IS1470 (193). A structure in which two IS30
ends are linked by a single-strand bridge (forming a
figure of eight structure on a circular plasmid, has been
identified (190).

IS30 also shows a preference for two distinct types of
target sequence: “natural” hot spots, characterized by a
24 bp symmetric consensus, and, like many IS which
transpose via a circular dsDNA intermediate, the IR of the
element itself. A similar type of insertion specificity was
observed for IS1655 from Neisseria meningitidis (189).

IS66
(i) General
IS66 was first identified in the Ti plasmid pTi66 of
Agrobacterium tumefaciens (193). The vast majority
of IS66 members originate from the Proteobacteria
with several from the Bacteriodetes/Chlorobi and the
Firmicutes. A second group of closely related IS, widely
spread among both bacteria and Archaea are thought
to represent a subgroup within the IS66 family (194).
The founder member, ISBst12, originally isolated from
Bacillus stearothermophilus, was described as a novel
family (195), but identification of many additional ex-
amples suggests that the ISBst12 and IS66 groups should
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be considered a single family. ISBst12 are found in
Actinobacteria, Cyanobacteria, Deinococcus/Thermus,
Firmicutes, and Planctomycetes as well as in Proteo-
bacteria. They are also found in the Euryarchaeota
phylum of Archaea (but have not yet been identified in
the Crenarchaeota).

(ii) Organization
The IS66 reference copy from a plasmid of the entero-
pathogenic Escherichia coli B171, IS679, (196) is de-
fined by three orfs: tnpA, tnpB, and tnpC and relatively
well conserved terminal IR of about 20–30 bp flanked by
an 8 bp DR at their insertion sites. Orf tnpC is 1,572 bp
and its predicted product includes a typical DDE motif.
It also carries an insertion domain between the second D
and the E of the DDE motif (e.g., IS679, ISPsy5, and
ISMac8) (31)

The role of the products of tnpA (651 bp) and tnpB
(345 bp) is less clear. Mutation of each orf separately (by
introduction of an in-frame deletion) reduced transpo-
sition by at least two orders of magnitude (196). The
three frames are disposed in a pattern suggesting trans-
lational coupling: tnpB is in general in translational
reading frame −1 compared with tnpA and in most cases
the termination codon of tnpA and the initiation codon
of tnpB overlap (ATGA). An initiation codon for tnpC
occurs slightly downstream separated from tnpB by
about 20 bp.

However, rather surprisingly, in the light of a re-
quirement for all three orfs for transposition of the ca-
nonical IS66 family member IS679, members of the
ISBst12 group are devoid of tnpA and tnpB and carry
only the tnpC reading frame. Although both ISBst12 and
IS66members contain IR, which start with 5′-GTAA-3′,
they are clearly distinguishable due to a single conserved
A at bp 11 In ISBst12, which is not conserved in IS66.

IS66members can be grouped into three classes based
on their organization: those including all three orfs, A, B,
and C transcribed in the same direction; those with ad-
ditional passenger genes invariably present downstream
of orfC and transcribed in the same direction; and those
which lack orfA but retain both orfs B and C. Each of
these organizations includes members with multiple
copies, implying that they are active in transposition.
In addition to the DDE catalytic domain (194), TnpC
also exhibits a highly conserved CwAH-rR motif down-
stream of the second D residue, a relatively conserved
CX2(C)X33CX2C motif characteristic of a ZF further
upstream and a leucine-rich region which might form a
leucine zipper necessary in multimerization of other
Tpases (197), at the N-terminus.

(iii) Mechanism and insertion specificity
Nothing is known about the transposition mechanism of
this group of IS and they exhibit no substantial target
sequence specificity.

The IS256 cluster
Recently, a study of ICE elements identified examples
from type B Streptococcus (TnGBS) (50) and Myco-
plasma (199) that include a DDE type Tpase rather
than the more common phage integrase-like gene. Using
a cascade PSI-Blast approach not only revealed two
new IS families (ISLre2 and ISKra4) but established a
distant relationship with the IS256 and ISH6 families
(52).

Analysis of the N-terminal Tpase region (52) also
identified two shared domains (N1 and N2). N2 corres-
ponds to a potential HTH domain in the region of the
IS256 Tpase, which recognizes the terminal IR (199).

The cluster can be divided into five clades containing
nine groups based on branching of the Tpases phyloge-
netic tree: two types of closely related TnGBS, TnGBS1,
andTnGBS2, and ISLre2 (MULT3); themycoplasma ICE;
IS256 (MULT1); ISH6 (MULT2); ISAzba1, ISMich2,
ISKra4 (MULT4) (52).

There is a distant relationship with the Tpase of the
eukaryoticMutator TE and, likeMuDR fromZea mays,
many generate 8 bp to 9 bp target repeat on insertion.
They have therefore been called MULE (for Mutator-
like Elements). Like MuDr/Foldback, members of these
groups carry a largely α-helical insertion domain (31)
between the second D and E catalytic residues. This
includes a conserved C/D(2)H signature present in the
eukaryotic and prokaryotic IS (52, 200).

IS256
The IS256 family can be subdivided into three groups:
IS256, IS1249, and ISC1250. The classical IS256 group
has more than 180 members in both bacteria and Ar-
chaea. They are between 1,200 and 1,500 bp long with
IR of 20–30 bp and generate DR of between 8 and 9 bp.

IS256 itself was originally isolated as a component
of the compound transposon Tn4001 (201, 202). This
family is quite homogeneous. Members carry related IR
of between 24 and 41 bp, and most generate 8–9 bp
duplications. A single long orf carrying a potential DDE
motif with a spacing of 112 residues between the second
D and E residues, together with a correctly placed K/R
residue. The catalytic residues have been validated by
mutagenesis (203). It was shown several years ago that
the Tpase of IS256 family elements shares some simi-
larities with the eukaryotic Mutator element (204), a
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relationship that has been explored recently in more de-
tail (205).

Members of this family transpose using an excised
circular dsDNA transposon intermediate (203, 206).

IS1249 group
There are more than 30 members confined at present to
the actinobacteria and the firmicutes. They are about
1,300 bp in length with IR of about 26 bp and generally
generate DR of 8 bp (with variations of between 0 and
10).

ISC1250 group
At present there are only three members of this family
in ISfinder. All are found in the Archaea Sulfolobus
solfataricus.

ISH6
This group (MULT2)was originally observed uniquely in
Archaea (63). There are 11 members of about 1,450 bp
with highly conserved IR of 24–27 bp, DR of 8 bp and a
single Tpase orf encoding a protein of 450 bp.

ISLre2
There are 48 entries for ISLre2 family members in
ISfinder. They are restricted at present to the bacteria.
They are between 1,500 and 2,000 bp long, with IR
from 15 to 29 bp and generate 9 bp DR. Together with
the related TnGBS ICE, show strong target specificity
and insert 13-17 bp upstream of σA promoters (50, 52)
in oriented fashion with the right IS end (RE) proximal.
PCR analysis has detected a transposon circle junction,
as with the related ICE, suggesting that transposition
may occur via a donor primed transposon replication
process.

ISKra4
This new family includes 83 members and is divided into
three related groups: ISAzba1, ISMich2, and ISKra4.

(i) ISAzba1
There are presently 28 members of this group. They
encode a Tpase of between 450 and 480 amino acids, are
1,400 to 2,900 bp long with IR of about 20 bp and no
DR. Six (ISAfe13, ISCot1, ISEc51, ISKpn19, ISSysp7)
carry an orf in addition to the Tpase and this specifies
a protein related to serine-recombinases or resolvases.
Four of these also include a third orf annotated as hy-
pothetical protein. The fifth, ISAfe13, carries the Tpase,
a resolvase and an alternative orf annotated as ORF-3-
like from plasmid pRiA4b. Other proteins found in this

family are annotated as being hypothetical or putative
TnpR resolvases although no direct evidence for re-
solvase function is available. Eight other members sim-
ply encode the Tpase and the ORF-3 like protein. While
ISCep1 includes the ORF-3-like protein and a third an-
notated as phage integrase or xerC/D.

(ii) ISMich2
This includes 24 members which are presently limited
to the cyanobacteria. Twenty-two have a Tpase orf
distributed between two reading phases whereas in the
remaining two the Tpase forms a unique continuous orf.
However, all show a potential but atypical frameshift
motif, TTTTTT which could be involved in either pro-
grammed ribosomal frameshifting or programmed tran-
scriptional realignment recoding. Further experimental
analysis would be necessary to confirm or refute this.
Members are between 1,250 and 1,400 bp long with a
Tpase of 360 amino acids, IR of between 18 and 39 bp
with 8 bp DR. Three members (ISCysp26, ISMic1, and
ISMich2) carry a passenger gene annotated as hypo-
thetical protein.

(iii) ISKra4
The 31 elements in this group range in size from 1,400
to 3,700 bp due to the presence in some of various
passenger genes. They have IR of 18 to 31 bp and gen-
erate DR of 9 bp. Three carry passenger genes: ISLdr1, a
hypothetical protein and a reverse transcriptase; ISSri1,
a transcriptional regulator; and ISTni1, a hypothetical
protein. Six members may express their Tpases by frame-
shifting (five include a 7A motif and one with a motif,
5TC).

IS630
(i) General
There are over 160 members from over 80 bacterial and
archaeal genomes.

(ii) Organization
Members are between 1,100 and 1,200 bp long with
terminal IR and generally include a single orf. However,
in about 90 members, the Tpase orf is distributed over
two reading frames, suggesting that it may be produced
as a fusion protein by frameshifting.

(iii) Mechanism
IS630 transposition has been addressed in vitro (207)
using ISY100 (ISTcSa) first identified in Synechocystis
sp. PCC6803 (208). The Tpase was shown to specifically
bind ISY100 IR using an N-terminal domain containing
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two potential HTHmotifs. It is the only protein required
for ISY100 excision and integration and introduces
double-strand breaks on mini-ISY100 on a supercoiled
DNA substrate. Tc1/mariner element transposition has
also been extensively studied in vitro (37) and a Tpase
structural model is available (209, 210). IS630 Tpase
cleaves exactly at the 3′ (transferred strand) IS ends and
two nucleotides inside the 5′ (nontransferred strand)
ends. Cleavage is less precise on linear substrates. Both
single-end and, less frequently, double-end insertion
occur in vitro in a TA-target-specific manner (208).
Transposition does not involve a hairpin intermediate.

(iv) Insertion specificity
Family members show high target specificity inserting
into and duplicating a TA dinucleotide with a preference
for the sequence 5′-NTAN-3′ (211). As the cleavages of
the nontransferred strand occur 2 nucleotides within the
5′ end of the IS, repair of the donor molecule after ex-
cision of the IS can result in a 2 bp scar at the excision
site.

The IS630 family is related to the Tc1/mariner family
of eukaryotic TE particularly at the level of the DDE
signature. There is also an N-terminal HTH motif.
Moreover, IS630 and the Tc1/mariner families target
similar sequences, have similar DR and transposition
of both involves cleavage of two nucleotides inside the
5′ ends (37).

IS982
(i) General
The IS982 family has nearly 100 entries in ISfinder from
over 40 bacterial and archaeal species. In the case of
ISLpl4 from Lactobacillus plantarum, identical copies
have been detected in Leuconostoc mesenteroides,
Oenococcus oeni, and Lactobacillus sakei indicating
horizontal gene transfer. At least two members, IS982B
(212) and IS1187 (83, 213, 214) can provide a −35
hexamer in their right IR capable of forming a hybrid
promoter with a resident −10 and activating neighboring
genes.

(ii) Organization
IS982 family members are between 962 and 1,155 bp
long and carry similar terminal IR of between 18 and
35 bp with conserved ends: 5′-ACCC-3′. They encode a
single orf of between of 271 and 313 amino acids with a
possible DDE motif but without a convincing conserved
downstream K/R residue. Little is known about the
transposition of these elements. They generate DR of 6
to 8 bp.

Although the Tpase of a majority of members occu-
pies a single reading phase, there are several examples in
which the gene is distributed over two phases. It has been
reported that a +1 nucleotide insertion in the Tpase orf
of an ISLpl4 from Oenococcus oeni may undergo pro-
grammed translational frameshifting at a low rate (215).
Although this must be confirmed, it would represent
the first functional case of +1 frameshifting in IS. The
Tpase of archaeal element ISPfu3 is also distributed over
two phases. ISPfu3 carries a potential transcriptional
frameshift signal A7 (programmed transcriptional re-
alignment) present in all five copies suggesting that
ISPfu3 is active.

IS1380
This family is represented by 153 members from nearly
100 bacterial species in ISfinder. They show conserved
ends terminating with CCt/c. Although the majority of
their Tpases often include the canonical DDE(6)K/R,
several members exhibit other residues in place of the
K/R. These include DDE(6)Q or DDE(6)I. A subgroup,
IS942, composed of 13 members all restricted to Bac-
teriodetes, include DDE(6)N. None of these differences
appear to affect the predicted secondary structure.
In addition, to the host-restricted IS942 group, two
other branches of the Tpase tree are restricted to the
Actinobacteria. A single, poorly characterized NCBI
database entry (WP_018034290) probably corresponds
to an archaeal IS1380 member and intriguingly, an
orf (XP_002337507) with a 100% match to ISLsp5
(Leptospirillum sp.) has been identified in the genomic
sequence of the black cottonwood tree, Populus
trichocarpa. Tpases of this family include an insertion
domain with a predominantly β-strand secondary struc-
ture (31).

IS1380 itself (216) is present in high copy number
in the Acetobacter pasteurianus NCI1380 genome and
in several strains of acetic acid bacteria. At present
the family contains two tIS present in a single copy:
ISMsm12 (Mycobacterium smegmatis; tetR + methyl-
transferase) and ISRop1 (Rhodococcus opacus; reverse
transcriptase).

This IS family is distantly related to the eukaryotic
PiggyBac TE family (see Yusa, this volume) which
also includes an insertion domain largely in the form of
β-strand (148).

ISAs1
There are over 80 entries for this family in ISfinder from
over 50 bacterial species. There are currently no archaeal
members. ISAs1 family members are between 1,200 and
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1,326 bp long and generally carry terminal IR of be-
tween 14 and 22 bp. A single orf of between 294 and
376 amino acids occupies almost the entire length. There
are several conserved D and E residues. The putative
Tpase of IS1358 has been visualized using a phage
T7 promoter-driven gene and that of ISAs1 has been
detected in Escherichia coli minicells. The family also
includes “H-repeats”, which form part of several so-
called rearrangement hot spots (RHS) elements contain-
ing another repeated sequence, the H-rpt element (Hinc
repeat). H-rpt display features of typical insertion se-
quences although no transposition activity has yet been
detected. For the sake of clarity, the H-rpt DNA se-
quences B (RhsB), C1 to C3 (RhsC), E (RhsE), and min.5
as well as H-rptF were renamed ISEc1 to ISEc7, re-
spectively (127). The Tpases of this family include a
β-strand insertion domain (31).

Little is known about the transposition properties of
this family of elements. However, recent experiments
with the Vibrio cholerae element IS1358 have demon-
strated that insertion generates 10 bp DR and that, in
Escherichia coli, it undergoes simple insertion into a
target plasmid, pOX38 (217).

ISL3
(i) General
There are more than 120 members from nearly 80 bac-
terial species. The family also includes archaeal mem-
bers, particularly in the Methanomicrobia. A potential
tIS derivative that includes a mercury-resistance operon
has also been identified in a conjugative plasmid in En-
terococcus faecium (218).

(ii) Organization
Members range in size from 1,186 bp to 1,553 bp,
carry closely related IR of between 15 and 39 bp and
generate DR of 8 bp. They generally have a single orf of
between 400 and 440 amino acids, which shows good
alignment and includes an α-helical insertion domain
(31).

However, IS1096 harbors two orfs: the upstream orf
exhibits similarities to the ISL3 family Tpases; the sec-
ond, tnpR, aMerR-like transcription factor, is related to
orfs from Agrobacterium rhizogenes and Rhizobium sp.
plasmids. TnpR appears to regulate transposition ac-
tivity of ISPpu12 (219).

In IS1167, the reading frame appears to be distributed
between two consecutive orfs with a potential for trans-
lational coupling suggested by overlapping initiation
and termination codons (ATGA). Small sequences (130
to 340 bp) related to the IR of IS1167 have been detected

in Streptococcus sanguis, Streptococcus pneumoniae,
and Streptococcus agalactiae (3, 417).

(iii) Mechanism
Transposition of most of these elements has been dem-
onstrated, but no detailed analysis of their transposition
mechanism has yet appeared. IS1411 from Pseudomo-
nas putida forms a circular species with abutted IR
separated by 5 bp (220). Transposon circles are also
formed by ISPst9 (221) and an isoform of ISPpu12 (219)
and IS31831 forms DNA species with a size expected for
an excised transposon (222). There is some evidence
indicating that transposition of these IS can be induced
by a form of zygotic induction following conjugative
transfer (219).

No obvious target sequence specificity has yet been
observed although there is some suggestion that there
may be a preference for AT-rich regions.

Tn3
(i) General
This represents a large and highly homogeneous group
in terms of their transposition enzymes and terminal
IR (Nicolas et al., this volume). Many are complicated
in structure and include multiple antibiotic resistances,
virulence and other “accessory” genes. These are often
carried by another type of transposable element, in-
tegron cassettes (45). The Tn3 family is included here
because certain family members resemble IS (e.g.,
IS1071, IS101, ISXc4/ISXc5) encoding only the Tpase
flanked by IR.

(ii) Organization
The IR are generally 38 bp long, start with the sequence
GGGG (occasionally GAGG) and terminate internally
with TAAG. The Tn3 family encodes large (>900 amino
acids) DDE Tpases with an α-helical insertion domain
(31). Classical Tn3 family members also encode a site-
specific recombinase. The major differences between
members of this family are in the number and location of
the many passenger genes and in the type of site-specific
recombinase present.

(iii) Mechanism
The replicative transposition mechanism of this family
involves formation of a cointegrate in which donor and
recipient replicons are fused and separated at each junc-
tion with a directly repeated transposon copy (223).
These structures must be “resolved”, by recombination
between the two transposon copies, to generate the donor
and target replicons each retaining a single transposon
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copy. This is accomplished by a site-specific recombinase
(resolvase), which acts at a unique DNA sequence, the
Res site. Apart from passenger genes, the major difference
between various Tn3-like elements is the nature of their
resolvases (Nicolas et al., this volume).

ISAzo13
This family, represented by 37 members in ISfinder,
emerged from the ISNCY orphan group. It is based
on both Tpase and IR sequence similarities. Insertion
generates a 3 bp AT-rich DR and the ends have a con-
sensus GGa/g. Their Tpases are highly conserved with
a probable DDE motif and an HTH motif at the
N-terminus, which could function as a DNA binding
domain. Two members encode two orfs with a pos-
sible programmed ribosomal frameshifting motif of
8 or 9 Å while the other members encode a unique orf
which includes a triple lysine at the equivalent position
(E. Gourbeyre unpublished).

IS WITH DEDD TRANSPOSASES
IS110
(i) General
At present, only a single IS family, IS110, is known to
encode this type of DEDD enzyme, related to the RuvC
Holliday junction resolvase (40). There are over 250
examples from nearly 130 bacterial and archaeal species.

The Tpase is closely related to the Piv and MooV
invertases from Moraxella lacunata/Moraxella bovis
(224, 225) and Neisseria gonorrhoeae (39, 226). Piv
catalyzes inversion of a DNA segment permitting ex-
pression of a type IV pilin. However, the organization of
IS110 family members and the inversion systems are
different. In the inversion systems, the recombinase is
located outside the invertible segment, whereas it is lo-
cated within the IS element (40).

The family includes two subgroups. It has been sug-
gested that these may even represent two distinct families
(114, 227): IS110 and IS1111. Although their Tpases
are very similar to those of the classical IS110, members
of the second subgroup, IS1111, are distinguished from
those of the IS110 group principally by the presence of
small (7 to 17 bp) subterminal IR. This would be the
only family that is not defined by differences in the Tpase
but by the nature of the IS ends.

However, the entire group of IS exhibit significant
differences: some have subterminal IR whereas others do
not; some appear to generate small DR while others do
not; and the entire family show significant variations in
their target preferences.

(ii) Organization
The organization of IS110 family members is quite dif-
ferent from that of the DDE IS: they do not contain the
typical terminal IR of the DDE IS and do not generally
generate flanking target DR on insertion. This implies
that their transposition occurs using a different mecha-
nism to the DDE IS. They encode a single Tpase gene
that spans the entire length of the IS. One characteristic
which distinguishes IS110 family members from all
other elements whose Tpases exhibit a predicted RNase
fold is that the predicted catalytic domain of their DEDD
Tpases is located N-terminal to the DNA-binding do-
main (39, 228). In the DDE Tpases it is generally located
upstream.

(iii) Mechanism
It has proved difficult to determine the activity of these
Tpases in detail in vitro. Transposition of IS with DEDD
Tpases may be unusual and involve HJ intermediates,
which must be resolved using a RuvC-like mechanism.
This type of recombination would be consistent with
the close relationship between DEDD Tpases and the
Piv/MooV invertases, which presumably resolve HJ
structures during inversion (229). The difference in do-
main organization between the DEDD and DDE Tpases
reinforces the idea that the two IS types possess a dif-
ferent transposition mechanism.

Members of this family produce double-strand cir-
cular transposon intermediates (e.g., IS492:(90), (230);
ISPa11 (114); ISEc11, (231); IS117 (232, 233); IS1383
(234)). However, it remains to be determined whether
they use a copy-paste mechanism or whether the circular
intermediate is formed by excision. For example, IS492
was identified within the extracellular polysaccharide
production (eps) gene of Pseudoalteromonas atlantica
(90, 235). IS492 clearly undergoes Tpase-dependent
precise excision to regenerate a functional eps gene. Like
many other IS that use double-strand circular inter-
mediate, circle formation results in the assembly of a
junction promoter from a −35 promoter element in the
right end oriented outwards and a −10 promoter element
in the left end oriented inwards (90). In the case of
IS1383, the −10 component of the promoter appears to
lie within the DNA sequence located between the abut-
ted IS ends. This promoter presumably serves to drive
Tpase expression for the final integration step (90, 234).
For IS1383, amplification of a putative circle junction
suggested that the abutted IS ends were separated by
10 bp composed of the 5 bp flanking each end in the
original target site. For IS492, this is distance is 5 bp.
The IS492 copy within the eps gene is flanked by a 5-bp
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DR that is required for Tpase-dependent precise excision
and for transposition of the IS (90).

(iv) Insertion specificity
Another characteristic of the IS110 family is their par-
ticular insertion specificities. IS492, ISPtu2, and ISSpi5
recognize a 7 bp sequence, 5′-CTTGTTA-3′, and dupli-
cate the first 5 bp (CTTGT). Excision of the IS re-
generates the original target sequence (236). In the case
of IS492, the flanking 5 bp were also essential for for-
mation of the dsDNA circular form (90).

At least six different members of the IS1111 sub-
group (ISKpn4, ISPa21, ISPst6, ISUnCu1, ISAzvi12,
and ISPa25) show a preference for attC sequences of
integrons (111) whereas others appear to prefer repeated
extragenic palindrome (REP) sequences (109). Both
targets are capable of assuming hairpin-like secondary
structures. The integron attC is central to integration of
circular integron cassettes (45) whereas REP sequences
are small repeated extragenic palindromic sequences
often present in many hundreds of copies in bacterial
genomes and which play a variety of structural and
regulatory roles (He et al., this volume). There are at
least seven examples (IS621, ISPa11, ISPpu9, ISPpu10,
ISRm19, ISPsy7, and IS1594) from both the classical
IS110 and IS1111 groups, which have been identified as
insertions into REP sequences. These are two types of
insertion. In type 1, the IS inserts at the same position in
the REP whereas type 2 insertions occur adjacent to a
REP. Only one IS1111 member, ISPsy7, has been iden-
tified with type 2 insertion specificity (109). Certain IS
that insert into REP (e.g., IS621, ISPpu9, ISPpu10 and
IS1594) generate a duplication of 2 bp.

Other IS of this family also appear to insert into
conserved target sequences: IS1533 occurs in 84 copies
in Leptospira borgpetersenii and inserts into a partially
conserved sequence (ttAGACAAAA[IS1533]TATCAG
agcc-gtct–aaa); ISRfsp2 from Roseiflexus sp. RS-1, pres-
ent in 40 copies in the host genome, is flanked by the
sequence, CTCtGCGaaCGCtGCGc[ISRfsp2]CTCtGCG
Gtg. Yet other IS of this family appear to target the
ends of other IS. Hence IS1383 present in six copies in
Pseudomonas putida plasmids, inserts into the sequence
TTCAGATGGT[IS1383]ATAAG contained within the
end of another IS of the IS5 family, IS1384 (227, 234);
IS4321 and IS5075 (both members of the IS1111 group)
target the ends of the transposon Tn21; and ISSba8
(IS1111) inserts into a REP-like sequence located in the
end of the IS3 family member, ISSba5.

Therefore, as a general rule, IS110 family elements ap-
pear to insert in a sequence-specific andorientedway (236).

IS WITH HUH TRANSPOSASES
There are two major HUH Tpase families: Y1 and Y2
enzymes (41) according to whether they carry one or
two Y residues involved in catalysis. One (Y1) is asso-
ciated with the IS200/IS605 family. Although these
enzymes use the same Y-mediated cleavage mechanism,
they appear to carry out the transposition process in
quite different ways. The TE that use this type of Tpase
do not terminate in IR, which often makes it difficult to
determine their ends by bioinformatics analysis unless
there are a number of identical copies in a genome.

IS91
The IS91 family is fairly homogeneous. The canoni-
cal IS91 identified three decades ago (54) carries only
a single orf, encoding an HUH Y2 Tpase with an N-
terminal zinc finger motif (237) (see also reference 41).
Both Y residues are necessary for transposition (238).
The IS does not terminate with extensive IR but in-
cludes some potential secondary structure. Several other
family members (e.g., ISAzo26, ISCARN110, ISMno23,
ISSde12, ISShvi3, ISSod25, and ISWz1) include a se-
cond upstream orf related to the phage integrase/
Y-recombinase family. Its role, if any, in transposition
remains unclear.

More recently, a second related group, the ISCR (IS
with a Common Region) was identified (55) associated
with multiple antibiotic-resistance genes both upstream
and downstream of the Tpase gene. They form a dis-
tinct class. Although their Tpases are closely related to
the IS91 Tpase, they carry a single catalytic Y residue.
However, it has yet to be demonstrated that ISCR indeed
transpose.

IS91 is thought to transpose using a rolling circle-type
mechanism (239) involving an initiation event at one IS
end (ori, 3′ to the Tpase), polarized transfer of the IS
strand into a target molecule and termination at the
second end (ter, 5′ to the Tpase) (238). Sequestration of
flanking genes is proposed to occur when the termina-
tion mechanism fails and rolling circle transposition
extends into neighboring DNA, where it may encounter
a second surrogate end (238). This has been estimated to
occur at a frequency of about 1%. Indeed, ori is essential
for activity whereas removal of ter reduces but does not
eliminate transposition.

Insertion of IS91 is oriented with ori adjacent to the
3′ of a specific tetranucleotide target (5′-CTTG or 5′-
GTTC), which is essential for further transposition (238,
239). In the transposition model, displacement of an
IS91 active transposon strand would be driven by lead-
ing strand replication of the donor replicon from a 3′
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OH generated by cleavage at ori. The original model
proposed that the cleaved IS end is transferred to the
target DNA and the IS is replicated “into” the target
replicon. However, it is difficult to explain the occur-
rence of single- and double-strand IS91 circles on this
model and their role remains to be determined. Clearly,
since ISCR may play an important role in the assembly
and transmission of multiple antibiotic resistance (55,
240) it is important to address the transposition mech-
anism of these elements.

IS91 and ISCR Tpases and organization are distantly
related to the eukaryotic Helitrons (241) (Thomas and
Pritham, this volume).

IS200/IS605
(i) General
The IS200/IS605 family (242–244) (He et al., this vol-
ume) is divided into three major groups based on the
presence or absence of two reading frames, tnpA (en-
coding a Y1 Tpase) and tnpB (whose exact role is un-
known) (245). The IS200 group includes tnpA only, the
IS1341 (246) group carries only tnpB (and as such its
status as an autonomous TE remains questionable),
while the third group, IS605, carries both tnpA and
tnpB. These can be expressed divergently or sequentially
and, in some cases overlap slightly, suggesting transla-
tional coupling. TnpB is not required for transposition
(245, 247) but may have a role in regulation because
expression of the protein under control of inducible
promoter from ISDra2 reduces transposition in its origi-
nal host, Deinococcus radiodurans, and in Escherichia
coli (248). TnpB has also been identified in the IS607
family (below) not only in prokaryotes but also in
eukaryotes (71, 249) where it is sometimes associated
with other TE.

(ii) Mechanism
The IS200/IS605 transposition mechanism is well un-
derstood from a combination of genetic, biochemical
and structural studies (94, 100, 245, 250–255). Briefly,
it occurs using a single-strand “peel-and-paste” mecha-
nism (He et al., this volume) in which a specific single
transposon strand (the “top” strand) is excised to form a
single-strand transposon circle. This then inserts into a
single-strand target. Family members include subtermi-
nal secondary structures, which are recognized by TnpA.
The cleavage site occurs a short distance 5′ to the left and
3′ to the right of the structure. These are not directly
recognized by TnpA but form a complex set of inter-
actions with the internal sequence permitting their
cleavage. Transposition occurs by insertion of the left

end 3′ to a specific tetra- or penta-nucleotide, which is
also essential for excision and further transposition. In-
sertion does not generate DR and occurs preferentially
into the lagging strand template of replication forks.
This results in a clear orientation bias at the genome
level reflecting the direction of replication of the target
replicon. This can be detected in numerous bacterial
genomes. It is also possible that this family targets stalled
replication forks (He et al., this volume).

IS WITH SERINE TRANSPOSASES
The serine recombinase family includes three groups:
the resolvase/integrase group (whose activity has been
well characterized); the large serine recombinases; and
the serine Tpases (256). For the two former groups, the
catalytic domain is invariably N-terminal followed by
the sequence-specific DNA-binding domain—a simple
HTH for the resolvase/invertase group, or a much larger
domain of unknown structure in the large serine re-
combinases (257); (see chapters in the section Conser-
vative Site-Specific Recombination).

IS607
(i) General
IS607 was first identified in Helicobacter pylori (258).
Family members encode a Tpase related to serine site-
specific recombinase which uses serine as a nucleophile
for cleavage of the DNA strand (223). This family is
linked to the IS200/IS605 family (above) by the presence
of a TnpB analogue. IS607-like elements have been ob-
served in the Mimi virus and other nucleocytoplasmic
large DNA viruses (NCLDV) (140). Interestingly it ap-
pears to be one of the rare prokaryotic IS identified in
eukaryotic genomes (71, 249).

(ii) Mechanism
Little is known about IS607 family transposition al-
though it is thought that circular intermediates are in-
volved (N.D.F. Grindley pers. comm. cited in reference
63). The enzyme presumably catalyzes similar cleavages
and strand transfers as its site-specific serine recom-
binase cousins using a transitory 5′ phosphor-serine
covalent intermediate to excise a double-strand circular
IS DNA copy. A mechanistic transposition model has
been proposed based on Tpase structures from struc-
tural genomics studies and detailed knowledge of the
general serine recombinase mechanism (256). This imag-
ines a synaptic Tpase tetramer (as for classical serine
recombinases) and explains the lack of IS607 target
specificity (258), unusual for this type of recombinase.
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(iii) Organization
In contrast to the serine recombinases, the DNA-binding
domain of the serine Tpases is located N-terminal to
the catalytic domain (249, 256) in a similar way to that
of DDE Tpases and may reflect a similar function:
folding of the nascent peptide and co-translational
binding to the IS ends (see IS3 and IS481 families section
above)

ORPHAN IS
In addition to the major IS groupings, there are also
several families for which the Tpase signature is not yet
clear, either because there are a number of potential
catalytic residues or because there are not a sufficient
number of examples to define the highly conserved resi-
dues. In the former cases, definition of the important
conserved residues will require experimental analysis.
In the latter case, the IS are grouped as ISNCY (not
classified yet), which includes small numbers of unclas-
sified IS or orphans.Members of this group often emerge
as families, or new distant groups of a known family, as
more examples are added to the database. For example,
both IS1202 and ISDol1 have emerged as groups related
to the IS3/IS481 and IS5 families, respectively.

Others include:

IS892: These are 1,600 bp long and represented by
two sequences (with additional examples in the
public databases). Their Tpases may be produced
by frameshifting and include a Pfam MULE-like
motif.

ISLbi1: These are 1,400–1,500 bp long and repre-
sented by two sequences (with additional examples
in the public databases) with a single orf, 30 bp IR
and 5 bp DR.

ISMae2: These are 1,400–2,400 bp long and repre-
sented by three sequences (with additional exam-
ples in the public databases) with a single orf
carrying a potential DDE motif, IR and 9 bp DR.
One of these, ISAcif1, includes a passenger gene of
unknown function located downstream of the
Tpase.

ISPlu15: These are 800–1,000 bp long and repre-
sented by two sequences (with additional examples
in the public databases). They include a single orf
and there are no apparent IR or DR, which makes
definition of the IS ends difficult unless they are
present in multiple copies.

ISA1214: These are archaeal-specific IS with a length
of 1,000–1,200 bp. They are represented by five

sequences with IR, with DR of 8 to 12 bp and a
small orf upstream of the Tpase expressed in the
opposite direction.

ISC1217: These archaeal-specific IS are 1,200 bp long
and are represented by four sequences from the
Sulfolobales with a single Tpase orf, IR, and DR of
6–8 bp.

ISM1: These archaeal-specific IS are 1,300–1,600 bp
long and are represented by six sequences with
low conservation and no clear DDE but with IR of
about 24 bp, DR of 8 or 9 bp, and a single orf.

EUKARYOTIC TE AND
PROKARYOTIC RELATIVES
Eukaryotic DNA transposons have been classified into
“superfamilies” and, of those that have been analyzed
in some detail, many have prokaryotic cousins. These
relationships have been highlighted throughout this
text. They are Tc1/mariner (IS630), Mutator(MuDR)/
foldback (IS256 and ISLre2), PiggyBac (IS1380), PIF/
Harbinger (IS5), Merlin (IS1595), Banshee (IS3/IS481),
and Helitron (IS91). However, several elements with
DDE transposases such as hAT, P, CACTA (En/Spm),
Transib, Chapaev, Sola, Zator, and Ginger (148, 200)
have yet to find prokaryotic cousins. It seems highly
probable that, as the diversity of TE is explored more
extensively aided by the massive accumulation of se-
quence data and the development of software designed
to detect TE, more phylogenetic relationships between
prokaryotic and eukaryotic TE will become evident.

CONCLUDING REMARKS
We have divided this review into two major sections. In
one, we have attempted to present an overview of our
current understanding of prokaryotic IS, their diversity
in sequence, in organization and in mechanism, their
distribution and impact on their host genome, and their
relation to their eukaryotic cousins. We have discussed
several IS-related TE that have been identified since the
previous edition of Mobile DNA. This includes IS that
use single-strand DNA intermediates and their related
“domesticated” relations, and ISCR and ICE that use
IS-related transposases for excision and integration.
Several more specialized chapters in this volume include
additional detailed information concerning a number of
these topics. One of the major conclusions from this
section is that the frontiers between the different types of
TE are becoming less clear as more are identified.
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In the second part, we have provided a detailed de-
scription of the expanding variety of IS, which we have
divided into families for convenience.We emphasize that
there is no “quantitative” measure of the weight of each
of the criteria we use to define a family. Our perception
of these families continues to evolve and families emerge
regularly from the ISNCY “class” as more IS are added.
This section is designed to be an aid and a source of
information for consultation by interested specialist
readers.

It is clear from this survey that there are many im-
portant and unanswered questions concerning both
mechanistic and regulatory aspects of IS and the way in
which they have and continue to spread and colonize
their host genomes. An area of particular importance
is in understanding the dynamics of TE-driven genome
remodeling. A growing view is that the prokaryote ge-
nome is an ecological niche populated by a diverse col-
lection of TE, in particular IS, including both endogenous
elements and those acquired serendipitously by hori-
zontal transfer. These form an integral part of a genomic
landscape which is continuously modified by their ac-
tivity. Understanding the evolutionary relationship be-
tween genomes and TE in this ecological niche and of the
dynamics of TE-mediated genome remodeling is one of
the fundamental challenges in genomics.
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