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Abstract
The bacterial transposon Tn7 maintains two distinct lifestyles, one in horizontally transferred DNA
and the other in bacterial chromosomes. Access to these two DNA pools is mediated by two separate
target selection pathways. The proteins involved in these pathways have evolved to specifically
activate transposition into their cognate target-sites using entirely different recognition mechanisms,
but the same core transposition machinery. In this review we discuss how the molecular mechanisms
of Tn7-like elements contribute to their diversification and how they affect the evolution of their host
genomes. The analysis of over 50 Tn7-like elements provides insight into the evolution of Tn7 and
Tn7 relatives. In addition to the genes required for transposition, Tn7-like elements transport a wide
variety of genes that contribute to the success of diverse organisms. We propose that by decisively
moving between mobile and stationary DNA pools, Tn7-like elements accumulate a broad range of
genetic material, providing a selective advantage for diverse host bacteria.
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1. Introduction
Transposons are mobile genetic elements that can move between locations in DNA that lack
homology. Transposons play an important role in the evolution of genomes in every domain
of life through activities such as horizontal gene transfer, gene disruption, gene expression
modulation, and recombination (Bushman, 2002; Kazazian, 2004; Osborn and Boltner,
2002). They are common in plasmids, integrative conjugal elements (ICEs), bacteriophages,
and chromosomes, and can transfer between hosts by moving from stable chromosomal sites
to mobile DNA molecules. Tn7 is a bacterial transposon that possesses two separate
transposition targeting systems that take advantage of both the stability of the chromosome
and the mobility of plasmids and bacteriophages for propagation, persistence, and
dissemination amongst bacteria (Barth et al., 1976; Craig, 2002; Finn et al., 2007; Kubo and
Craig, 1990; Peters and Craig, 2001a; Peters and Craig, 2001b; Waddell and Craig, 1988;
Wolkow et al., 1996). In this review we focus on the advantages of interplay between the two
transposition pathways found in Tn7-like elements. We propose that the ability to move
specifically between mobile DNAs and a single neutral position found in all bacterial
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chromosomes offer unique benefits to both host and transposon. We also analyzed over 50
Tn7-like elements, which are easily distinguished from other transposons based on the
homology of at least four unique transposition gene components, distinctive arrays of
transposase binding sites, and the localization of many of these elements at a specific
chromosomal location. Examining the make-up of these transposons suggests ways in which
Tn7-like elements have diverged from one another and how they have affected the evolution
of host genomes.

From a “gene centric” perspective of evolution we can think about the specific advantages
afforded a collection of genes that can move as a group in different ways (e.g. in the form of
a plasmid, bacteriophage, or transposon). A collection of genes that define a plasmid gains the
ability to easily “shop around” to find the best fit in a number of bacterial hosts adapted to
different environments by existing as an autonomous entity. However, plasmids can be lost
from the host cell more easily than genes found on the chromosome by a variety of mechanisms
(i.e. amplicon exclusion or DNA restriction and modification systems). A collection of genes
found on the chromosome is not as easily lost as extra chromosomally-encoded genes, but they
also lose the ability to easily sample new hosts to find the best evolutionary fit in different
environments. A collection of genes that possess a programmed ability to reside in the
chromosome and mobilize to new hosts benefits from the advantages of both strategies.
Consistent with this idea, there are many examples in nature where mechanisms have evolved
for maximizing the efficient transfer of DNA between a neutral integration site in the
chromosome and into a form capable of mobilizing between hosts. Bacteriophages and ICEs
are both able to utilize integration sites in the chromosome, but also have the ability to move
between bacteria. Bacteriophages will frequently have a single “attachment site” in the
chromosome, but also the ability to form an infecting particle to transport their genes to new
hosts. ICEs are collections of genes found integrated within the chromosome that can also
recombine out of the chromosome as a circle and transfer by conjugation to new bacterial hosts
(Osborn and Boltner, 2002). Bacteriophages and ICEs are widespread and are also credited for
the formation of pathogenicity or fitness islands (also known as genomic islands) in bacterial
hosts. Genomic islands are large regions of the chromosome (>30 Kb) that have originated
from horizontal gene transfer and contain genes with fitness enhancing qualities (Dobrindt et
al., 2004).

There are two important downsides to the life strategy of bacteriophages and ICEs. For one,
these elements often need to encode 30 or more genes to carry out their elaborate form of
transport to new hosts. A second downside is that each system of packaging or conjugation
also comes with some limitation on host range. As we will see with the Tn7-like elements these
problems have been circumvented. Tn7-like elements can access chromosomal and mobile
DNAs with exceptional host-range and without the need to carry the genes for conjugation or
viral infection.

Tn7 is an intricate transposon that displays many innovations distinguishing it from other
transposons. It has been extensively studied as a model genetic element and many of its
activities have been described in great detail. Since its discovery as a plasmid borne antibiotic
resistance determinant (Barth et al., 1976; Hedges et al., 1972), Tn7 and related elements have
been found in a wide variety of clinical and environmental settings (Biskri and Mazel, 2003;
Oppon et al., 1998; Orman et al., 2002; Parks and Peters, 2007; Ramirez et al., 2005a; Ramirez
et al., 2005b). The Tn7 element, originally called TnC, was isolated from a trimethoprim
resistant Escherichia coli that had infected a calf just two years after the introduction of this
synthetic antibiotic into use in veterinary settings (Hedges et al., 1972). The element was
propagated on a self transmissible IncIα plasmid, R483, however it was quickly discovered
that the transposon was capable of integrating into the host genome in a highly site-specific
manner (Barth et al., 1976; Lichtenstein and Brenner, 1981; Lichtenstein and Brenner, 1982).
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Tn7-like elements appear to carry extremely diverse arrays of genes. These elements reside in
organisms in both natural environments and those modified by humans (i.e. medical, industrial,
and agricultural settings) (Parks and Peters, 2007). As investigators steadily flood genome
databases with new sequences, Tn7-like elements continue to appear in unique and unusual
organisms and environments. The success of these elements may be in large part attributed to
extremely fine-tuned regulation of transposition (Craig, 2002; Peters and Craig, 2001b).

2. Mechanism of Tn7 transposition
2.1. General overview

Of the five transposition-associated gene products produced by Tn7, three are involved in
regulation of transposition, while the remaining two carry out the actual chemical steps
involved in mobilizing the element (Bainton et al., 1993; Hauer and Shapiro, 1984; Waddell
and Craig, 1988)(Figure 1.A.). The “core transposition machinery” of Tn7 consists of the
transposase proteins TnsA and TnsB along with a regulator protein, TnsC (Bainton et al.,
1993). This core machinery is directed by one of two target selecting proteins, TnsD or TnsE
(Kubo and Craig, 1990; Waddell and Craig, 1988). One target recognition pathway has evolved
to maximize the efficiency of vertical transmission of the element by directing transposition
into the chromosome (Lichtenstein and Brenner, 1981; Lichtenstein and Brenner, 1982), and
the other pathway has been optimized for horizontal gene transfer by preferentially directing
transposition into mobile, or conjugal, plasmids and filamentous bacteriophages (Finn et al.,
2007; Wolkow et al., 1996).

2.2. The core transposition Machinery
The TnsA and TnsB proteins comprise the transposase component of the core Tn7 transposition
machinery. TnsB is a DDE-type transposase that is a member of the retroviral integrase
superfamily (Sarnovsky et al., 1996). This protein carries out the concerted breakage and
rejoining reactions, joining the 3′-hydroxyl of the donor ends to 5′- phosphate groups at the
insertion site of the target molecule (Sarnovsky et al., 1996). The TnsA protein structurally
resembles a restriction endonuclease (Ronning et al., 2004) and carries out the nicking reaction
on the opposite strand of the donor molecule, completely freeing the element and leaving
behind a DNA double-strand break (DSB) (Bainton et al., 1991; May and Craig, 1996;
Sarnovsky et al., 1996). The sites where the top and bottom strands are joined to the target
molecule are offset by 5 bp, which results in gaps in the target DNA at either end of the newly
inserted transposon. Repair of these gaps by host machinery after transposition results in a 5
bp duplication of the sequence at the point of the insertion; a size that is characteristic of Tn7
transposition (Bainton et al., 1991).

Normally, TnsA and TnsB will not carry out transposition alone. TnsC modulates the activity
of the TnsAB transposase, and only activates transposition once complexed with target DNA
and one of the target selection proteins, TnsD or TnsE (Bainton et al., 1993; Kubo and Craig,
1990; Waddell and Craig, 1988). TnsC is a double-stranded DNA binding protein that is
believed to modulate activity through an ATPase domain (Stellwagen and Craig, 1997b;
Stellwagen and Craig, 1998). This protein is considered the central regulator of transposition
due to its involvement in a process called target-site immunity (see below) and its requirement
in both pathways of target-site selection (Waddell and Craig, 1988).

The two target selecting proteins TnsD and TnsE act by identifying potential target molecules
for insertion and only then activating the core transposition machinery through the formation
of the nucleoprotein complex (Craig, 2002; Finn et al., 2007; Peters and Craig, 2001b). Specific
protein-protein interactions between TnsC and target-selection proteins may not be necessary,
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as some TnsC mutants are responsive to certain alternative DNA structures (Rao et al.,
2000).

The Tn7 right and left ends are distinct from one another in that they are composed of differing
configurations of TnsB binding sites with varying affinities for the TnsB protein (Arciszewska
et al., 1989; McKown et al., 1987) (Figure 1.A.). The right end contains four overlapping TnsB
binding sites, while the left end contains three widely spaced TnsB binding sites (McKown et
al., 1987; Tang et al., 1991). This elaborate configuration of binding sites imparts an asymmetry
upon the transposon and somehow allows the unique behavior of Tn7 to control not only the
position and timing of transposition, but also the left to right orientation of transposon end
sequences with respect to the target DNA molecule (Bainton et al., 1991; Finn et al., 2007;
Gringauz et al., 1988; Lichtenstein and Brenner, 1982; McKown et al., 1988; Peters and Craig,
2001a). The TnsB binding sites of the various elements are not identical, however they are all
A+T rich and asymmetrical (Figure 1.B.). In the laboratory it has been shown that transposition
can occur using two right ends, but not with two left ends (Arciszewska et al., 1989).

2.3. The TnsD-mediated pathway of transposition
The TnsD protein recognizes and binds to a highly conserved DNA sequence within the 3′ end
of the glmS gene, directing insertions into a single position within the glmS transcriptional
terminator. The GlmS protein (Glucosamine--fructose-6-phosphate aminotransferase) is
responsible for catalyzing the first step in hexosamine metabolism and is essential for host cell
survival (Teplyakov et al., 1999). There are some cases in which rare alternate sites can be
utilized by the TnsD pathway because they have a DNA sequence that is similar to the one
found in the glmS gene such as the carA gene in Proteus miabilis HI4320 (Choi and Schweizer,
2006; Kubo and Craig, 1990). However, the overwhelming preponderance of Tn7 elements
that insert into bacterial chromosomes are found proximal to the glmS gene (Oppon et al.,
1998; Parks and Peters, 2007). The TnsD binding site within the glmS open reading frame and
the actual position of Tn7 insertion within the transcriptional terminator are collectively
referred to as the Tn7 attachment site, or attTn7 (Figure 2.A.)(Gary et al., 1996; Lichtenstein
and Brenner, 1982; McKown et al., 1988). Insertion into attTn7 occurs at a very high frequency
(∼10-1-10-2 chromosomal insertions per donor plasmid (DeBoy and Craig, 1996) with no
detectable deleterious effect and the insertion event is stable even without selection (McKenzie
and Craig, 2006). When TnsD binds the attTn7 site it causes a distortion in the duplex DNA
structure, which in turn recruits TnsC and activates transposition (Kuduvalli et al., 2001).
Transposition into attTn7 is very specific, almost always occurring at a single set of base pair
junctions within a given organism with the right end of the element proximal to the end of the
glmS open reading frame (DeBoy, 1997; Gringauz et al., 1988; Lichtenstein and Brenner,
1981; Lichtenstein and Brenner, 1982). Some organisms contain more than one glmS homolog
and therefore more than one attTn7 that can be utilized by the TnsD pathway (Choi et al.,
2006; Kuduvalli et al., 2005). Analysis of Tn7-like elements indicates that the distance between
the site of insertion and the end of the glmS open reading frame varies slightly between
organisms (Craig, 1989; Parks and Peters, 2007). The TnsD protein also interacts with two
host proteins, ribosomal protein L29 and acyl-carrier protein (ACP), which appear to stabilize
the nucleoprotein complex and stimulate TnsABC+D transposition (Sharpe and Craig, 1998).
Interaction with these proteins may provide the Tn7 element with cues regarding host cell
metabolic state or growth phase, further refining regulation of transposition (Sharpe and Craig,
1998).

The glmS gene is essential to the host and the primary amino acid sequence is well conserved
in bacteria, making recognition of the coding sequence of this gene an elegant adaptation for
Tn7. In addition, the location of the glmS gene could also be considered advantageous for Tn7.
Even in diverse species of bacteria the glmS gene is nearly always located close to the
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chromosomal origin of replication, and is therefore replicated early in the cell cycle. Since Tn7
is a cut-and-paste transposon it leaves behind a DNA double-strand break (DSB) following
excision (Bainton et al., 1991). A copy of the element is usually regenerated once the DSB is
repaired by homologous recombination with the sister chromosome (Hagemann and Craig,
1993). The location of attTn7 increases the probability that the DSB created by excision of the
element is able to be repaired, and the transposon regenerated, even in slowly dividing cells.
This observation is supported by work in vivo which showed that an interrupted lac operon
near attTn7 is restored to a functional Lac+ status by homologous recombination with an
adjacent defective lac operon following the excision of Tn7 (Hagemann and Craig, 1993).

Some Tn7-like elements possess two distinct tnsD genes that range between 41% and 70%
similarity (25%-54% identity) (Table S1). No other tns genes appear to have been duplicated
in a similar way, so it is likely that this duplication constitutes an adaptation that in some way
benefits the transposon. For example, the two TnsD proteins may be adapted to efficiently find
attachment sites in phylogenetically distant organisms. Alternatively, unlike in Tn7, one of the
TnsD proteins might actually allow non-specific target site recognition. This would be
consistent with the observation that elements encoding two distinct TnsD proteins are common
in Tn7-like elements that are not found within the attTn7 site (Table S1). The presence of two
distinct tnsD genes is common and appears in ∼9/50 elements (Table S1). While it is possible
that the additional TnsD proteins may identify attachment sites that are yet to be described, we
find no evidence for a specific alternate attachment site in the available DNA sequences. There
is no evidence of homology between TnsD and the other target-site selecting protein, TnsE,
and therefore it appears unlikely that tnsE arose from tandem duplication of tnsD.

2.4. The TnsE-mediated pathway of transposition
While the TnsD pathway is exceptional at directing transposition into chromosomes and
promoting vertical propagation of Tn7 to a host's progeny, the TnsE pathway maximizes
horizontal transfer of the element (Finn et al., 2007; Wolkow et al., 1996). TnsE recognizes an
entirely different class of target that is not at the level of nucleotide sequence (Finn et al.,
2007; Peters and Craig, 2000; Peters and Craig, 2001a; Peters and Craig, 2001b; Wolkow et
al., 1996). Instead TnsE-mediated transposition occurs by identifying an aspect of lagging-
strand DNA synthesis (Peters and Craig, 2001a; Peters and Craig, 2001b). This pathway of
transposition preferentially recognizes mobile plasmids as they enter the Tn7 containing host
cell (Wolkow et al., 1996) (Figure 2.A.). By targeting a process that occurs during conjugal
replication within a new host, Tn7 gains access to DNA that is actively being transported
amongst bacteria, therefore increasing the likelihood that the transposon will be transported to
a new host. Tn7 is able to achieve this without the evolutionary trade off that other transposons
face by selecting targets at random, which will risk the disruption of essential host functions
or insertion at positions that otherwise adversely effect gene expression.

It is the process of conjugal replication that activates plasmid DNAs as targets for TnsE-
mediated transposition. Vegetative replication does not stimulate or preferentially attract
transposition into plasmids via the TnsE pathway. However, mobilization of oriT containing
plasmids by Tra functions supplied in trans is sufficient to activate transposition into the
oriT-containing targets (Wolkow et al., 1996). Stimulating conjugal DNA transfer and
replication also stimulates TnsE-mediated transposition. The nature of conjugal DNA
replication suggests that TnsE preferentially recognizes lagging-strand DNA replication
(Peters and Craig, 2001a; Peters and Craig, 2001b). As conjugal plasmids enter a new host cell
they are replicated by the host DNA replication machinery using a discontinuous process akin
to lagging-strand DNA synthesis (Lawley et al., 2004). The major difference between
vegetative replication of a plasmid and transfer associated replication is that leading- and
lagging-strand DNA synthesis occur in two physically isolated locations. Leading-strand
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synthesis occurs in the donor cell as the transferred strand is displaced and transported into the
recipient cell, 5′ end first. Lagging-strand synthesis is carried out by the DNA replication
machinery of the new recipient host cell, concurrent with transport of the DNA strand into the
cell (Lawley et al., 2004). TnsE-mediated transposition events occur with the right end of the
transposon in register with the 3′ end of the nascent Okazaki fragment of the conjugal plasmid
within the recipient cell (Figure 2.A.)(Wolkow et al., 1996).

Analysis of TnsE-mediated transposition within the chromosome strongly supported the view
that the target of the TnsE pathway is lagging-strand DNA synthesis (Peters and Craig,
2001a; Peters and Craig, 2001b). TnsE-mediated insertions occasionally occur in the
chromosome, albeit at a much lower frequency than observed in conjugal plasmids. Some
naturally occurring Tn7-like transposons can be found in chromosomal locations that are
consistent with TnsABC+E transposition (Parks and Peters, 2007). Chromosomal TnsE-
mediated insertions are enriched in the region of the chromosome where replication terminates
(Peters and Craig, 2000) (Figure 2.A.), and occur with a conspicuous left to right end orientation
bias that is dependent on the direction of the replication fork that has duplicated a given section
of the chromosome (Peters and Craig, 2000; Peters and Craig, 2001a). All bacterial
chromosomes are replicated bi-directionally by two replication forks that emanate from a single
origin. In the case of circular bacterial genomes these replication forks meet at the terminus
region, dividing the chromosome into two replichores (Sherratt, 2003). TnsE-mediated
insertions occur with an opposite orientation of Tn7 ends in each replichore in a configuration
that is consistent with the recognition of chromosomal lagging-strand DNA synthesis (Peters
and Craig, 2001a). The resulting orientation of transposon ends is congruent with the right end
of the transposon inserting in register with the predicted direction of the 3′ end of the nascent
Okazaki fragment on the lagging-strand, just as they occur in conjugal plasmids.

In addition to Tn7 other mobile elements, including the IS200/IS605 transposon family and
the RmInt1 group II intron, which utilize very different mechanisms of mobilization
demonstrate lagging-strand specific insertion (Barabas et al., 2008; Nisa-Martinez et al.,
2007). Interestingly, recombination with bacteriophage lambda also appears to act on the DNA
strand undergoing lagging-strand DNA replication (Court et al., 2002). The evolutionary
convergence of highly divergent mobile elements toward recognition of a common target
suggests either a strong selective advantage for the specific recognition of these targets or a
particular vulnerability of this strand.

In the laboratory it was found that half of all the TnsE-mediated insertions isolated from cells
with actively conjugating plasmids were shown to insert in a single orientation near the oriT
locus, within 1-2 Kb of the 5′ end that initially entered the cell (Peters and Craig, 2001a;
Wolkow et al., 1996). This may benefit Tn7 by placing it on a segment of DNA that enters
new host cells first, allowing early expression of transposon genes. Transposition into the
attTn7 locus on the chromosome could occur as soon as possible to escape host defenses, such
as DNA restriction systems, that are activated by the incoming plasmid.

There is an example of a Tn7-like element found within Escherichia coli APEC O1, pAPEC-
O1-R (DQ517526), and Serratia marcescens, R478 (BX664015)(Gilmour et al., 2004;
Johnson et al., 2006) that appears to lack a tnsE gene. Intriguingly, all the other components
that are necessary for transposition of the element appear to be intact. In this case we cannot
rule out the idea that recombination within the element could have removed the tnsE gene
following insertion into the plasmid. However, there could be other explanations for Tn7-like
elements inserting into conjugal plasmids without the gene encoding TnsE. For example, these
insertions may have resulted from TnsE proteins produced in trans from a gene encoded by a
similar, more complete, Tn7-like element. Alternatively, these elements may contain mutations
in the core transposition machinery that allow transposition to occur randomly. The TnsB
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proteins from both of these elements contain residues that were previously shown to allow
random transposition when isolated in a laboratory screen for function in the absence of target
selecting proteins (see below)(Lu and Craig, 2000). It will be interesting to know how different
Tn7-like elements interact and if they are able to mediate the excision and insertion of related
elements.

TnsE is also capable of directing transposition into replicating filamentous bacteriophages
(Finn et al., 2007). Analysis of the TnsE-mediated insertion events in bacteriophage M13
revealed that, similar to those found in mobile plasmids, they occurred almost exclusively in
a single orientation (i.e. transposon ends had the same left-to-right direction in 23 out of 24
insertions with respect to the 5′-3′ direction of the (-) strand). The orientation of Tn7 ends after
insertion into M13 is consistent with recognition of minus-strand DNA replication. Minus-
strand synthesis produces a DNA strand complementary to the incoming single-stranded
bacteriophage genome to make the double-stranded (replicative) form of the bacteriophage
(Finn et al., 2007). The efficiency and rapidity of TnsE-targeted transposition is illustrated by
insertions that occur into bacteriophage M13. For transposition to occur, the target DNA must
be double-stranded, a condition that exists for a limited time in the lifecycle of a filamentous
bacteriophage. In contrast to the F plasmid, the M13 genome is small and replication is not
required to be concurrent with entry into the cell. No insertions into the M13 genome were
detected using a mutant TnsABC machinery that is capable of random transposition, suggesting
that a specific targeting pathway is required to achieve insertion into the short-lived duplex
filamentous bacteriophage genome that represents a minority of total DNA within a cell (Finn
et al., 2007).

The resulting left-to-right alignment of the transposon ends with the direction of DNA
replication may constitute a biological adaptation. The orientation bias observed both with
TnsE- and TnsD-mediated insertion positions the tns genes of Tn7 in such a way that the
direction of their transcription does not oppose the direction of replication (Figure 2.B.). The
orientation bias may therefore limit damaging head-on collisions between DNA replication
machinery and transcription machinery. This feature of transposition may be more important
in organisms such as Bacillus, where coordination of the directionality of transcription and
replication appeared to be more stringently enforced than in organisms such as E. coli (Wang
et al., 2007). Interestingly, all of the lambda-like phage that have been examined have also
evolved to insert in one orientation where transcription of the large operons occur in the same
direction as DNA replication of the host (Campbell, 2002). The orientation of open reading
frames other than the tns genes within Tn7-like elements is less conserved, and sometimes is
found opposing the direction of tns gene transcription. Observation of the orientation of open
reading frames within these elements and measurement of their transcriptional activity may
serve as an indicator of an organism's tolerance to transcription and replication collisions. All
open reading frames within the Tn7-like element found in the Staphylococcus plasmid
pLEW6932 are oriented in the same direction (Parks and Peters, 2007), while those found in
Tn7 from E. coli can be divergent from the tns genes (Craig, 2002).

TnsE-mediated transposition is stimulated by induced DNA double-strand breaks in the
chromosome (Peters and Craig, 2000). In these cases insertion events occur proximal to the
location of an induced DSB and tend to do so in hotspots that can be hundreds of kilobases
distant from the initial break site (Shi et al., 2008). TnsE-mediated transposition appears to
recognize factors associated with the repair of the DSB, such as replication mediated repair
(Shi et al., 2008). Transposition into chromosomes via the TnsE pathway is possible in recA-

cells, indicating that homologous recombination is not essential for TnsE-mediated
transposition. It is somewhat premature to speculate about what is recognized during DSB
repair in the chromosome, given that the molecular complex recognized by TnsE during
replication has not been defined; however, it is possible that the mechanism that recognizes
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DSB repair also facilitates Tn7 transposition into bacteriophage that utilize homologous
recombination as an important step in their own replication. Homologous recombination is
important for replication in many bacteriophages including lambda and T4 (Mosig, 1998;
Smith, 1983; Weigel and Seitz, 2006). These elements have not been thoroughly examined for
their ability to serve as targets for TnsE-mediated transposition, and may be interesting topics
of future research.

The mechanism of TnsE target identification has yet to be completely solved. It is known is
that TnsE is a DNA binding protein that preferentially binds to DNA structures presenting a
3′ recessed end, as might be expected in incomplete Okazaki fragments (Peters and Craig,
2001a; Peters and Craig, 2001b). Where tested, randomly isolated mutations in TnsE that
increase TnsABC+E transposition frequency display enhanced DNA binding ability (Peters
and Craig, 2001a). Most of these mutations are located in the C-terminus of TnsE, but one
increased-activity mutation (M37I) can be found in the N-terminus. The DNA binding activity
of M37I is not yet known. An intriguing idea is that M37I may represent a class of mutation
that alters protein-protein interactions either between TnsE and the core machinery or between
TnsE and an unknown host factor.

It is likely that host factors aid in the identification of TnsE targets, just as L29 and ACP are
involved in TnsD-mediated insertion (Sharpe and Craig, 1998). TnsE may interact with host
proteins in such a way that provides cues based on the replication status of a given DNA
molecule. Interaction with a given host factor may explain why conjugal replication stimulates
TnsE-mediated transposition to a greater degree than chromosomal DNA replication. The
analysis of TnsE-mediated transposition events continues to be a useful tool for understanding
the replication and propagation of mobile DNA and will likely provide additional information
about the modes and progression of DNA replication of diverse biological entities.

2.5. Mutant forms of the transposition machinery have been isolated that are capable of non-
targeted transposition and can circumvent target-site immunity

Tn7 exhibits a property known as target-site immunity that allows the element to sense the
presence of a preexisting copy of the transposon within a DNA region and prevent subsequent
transposition into this region (Arciszewska et al., 1989). This principle is mediated by the ends
of the transposon and by the TnsB and TnsC proteins. TnsB binds to the ends of the element
and causes a redistribution of the TnsC protein away from these end sequences, presumably
by stimulating the ATPase activity of TnsC (Arciszewska et al., 1989; DeBoy and Craig,
1996; Skelding et al., 2003; Stellwagen and Craig, 1997a). The ability of target site immunity
to discourage transposition can even be detected between sites that are >190 Kb apart (DeBoy
and Craig, 1996). The efficiency of this process is significant, but not complete. In vivo, target-
site immunity prevents ∼90% of potential insertions from occurring in occupied target sites
(DeBoy and Craig, 1996). Mutations in TnsB and TnsC have been isolated in the laboratory
that reduce the efficiency of target-site immunity up to 20-fold (Skelding et al., 2003;
Stellwagen and Craig, 1997a).

Mutations in tnsC that allow the TnsABC machinery to work in the absence of the TnsD and
TnsE proteins have been generated in the laboratory and are categorized in two classes based
on the ability to maintain target-site selection and target-site immunity (Stellwagen and Craig,
1997b). While these mutations were isolated in the lab, both classes of mutations appear to be
represented in naturally occurring TnsC homologs (see Figure 3.A.). The class I mutations in
TnsC catalyze transposition to random sites in the presence of TnsAB transposase alone, but
will still avoid transposition into targets that already contain a Tn7, and can still be directed to
target-sites by TnsE or TnsD when present (Figure 3.A.). Class II mutations allow transposition
with TnsA and TnsB, but do not facilitate target-site immunity and are unresponsive to signals
from the target selection proteins. TnsCA225V, a class I mutant, hydrolyzes ATP more slowly
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than wild-type, and may therefore remain in an “on” state and mediate Tn7 insertions into non-
traditional targets (Stellwagen and Craig, 1997b). Insertions that occur via the TnsCA225V

mutant pathways lack recognizable sequence specificity (Seringhaus et al., 2006; Stellwagen
and Craig, 1997b). Altered or defective ATPase activity of TnsC could explain the existence
of some Tn7-like transposons in chromosomal sites other than the attTn7 site.

Mutations in the tnsA and tnsB genes have also been shown to allow TnsABC transposition
without the use of target-site selection proteins. However, the molecular details of how these
mutants allow untargeted transposition are not entirely clear (Lu and Craig, 2000). One
example, TnsBM366I, appears to be common in many (∼8/50) TnsB homologs (Figure 3.C.).
This mutation represents a class of TnsB mutation that is stimulated by target-site selection
proteins TnsD or TnsE and allows random transposition to occur (Lu and Craig, 2000).

Mutations were isolated in the laboratory in TnsB that abrogate immunity. TnsB mutations
that reduce immunity can impair the TnsB-TnsC interaction, but do not necessarily reduce
transposition (Skelding et al., 2003). Some of the same amino acid changes that have been
identified in TnsB and TnsC that attenuate target-site immunity can be identified in naturally
abundant Tn7-like elements (Figure 3)(Skelding et al., 2003; Stellwagen and Craig, 1997b).
However, the ability to circumvent target-site immunity in these homologs has yet to be
determined experimentally. TnsB mutations that allow the loss of target-site immunity may
encourage the accumulation of multiple Tn7-like elements in attTn7, contributing to the
formation of genomic islands in the attTn7 locus (see below)(Parks and Peters, 2007). Since
it is possible to maintain the ability to transpose and lose target-site immunity (Skelding et al.,
2003), there may be a dynamic relationship between Tn7-like elements, preventing or allowing
tandem insertion to occur depending on selective pressures.

3. Formation of genomic Islands within the attTn7 locus
The extreme target-site specificity of the TnsD pathway has some very interesting
consequences for bacterial genomes. While target-site immunity generally prevents multiple
insertions of Tn7 within attTn7, many organisms contain multiple Tn7-like elements inserted
in tandem within this very specifically defined DNA locus. These insertions are striking in that
while some of the elements appear to be highly divergent, they still insert in the exact same
position relative to glmS. This is evidenced by the fact that they duplicate exactly the same, or
very slightly overlapping, 5 bp sequence upon insertion (Parks and Peters, 2007). These
elements accumulate within the attTn7 locus and lead to the formation of genomic islands. In
the most extreme example, found in Clostridium butyricum 5521, there are three complete or
nearly complete Tn7-like elements. The remnants of a right end from a fourth element also
resides adjacent to the left end of the last complete element (Table S1).

Within the Shewanella genus alone, of which many attTn7 loci have been sequenced, genomic
islands can be observed in each of various stages of development (Figure 4). Shewanella
oneidensis MR-1 may be seen as a typical naïve Shewanella species with no evidence of Tn7
insertion proximal to the glmS gene (Figure 4.A.). From S. oneidensis and other closely related
Shewanella species the genes flanking attTn7 can be identified, indicating that no genes
whatsoever are located within attTn7 locus, making it possible to define the empty attTn7 with
relative certainty (Shewanella oneidensis MR-1(AE014299), S. baltica OS195
(AATK00000000), S. sp. MR-4 (CP000446), S. sp. W3-19-1 (AALN01000053), S. sp. MR-7
(AALI01000045), S. sp. SAR-1 (AACY01051759), and S. sp. ANA-3 (AALH01000050))
(Parks and Peters, 2007). Shewanella putrefaciens 200 presents an example of an individual
insertion (Figure 4.B.). Shewanella putrefaciens CN-32 is found to possess two Tn7-like
insertions in tandem (Figure 4.C.)(Parks and Peters, 2007). An unrelated organism, Clostridium
butyricum 5521, displays an example of an intermediate step in which the right end of the oldest
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element remains in a degenerate state while the other functional components of this particular
element are missing (Figure 4.D., Table S1). Shewanella denitrificans OS217 (Figure 4.E.)
maintains horizontally transferred genes that are important for its survival, including
denitrification genes, within the attTn7 locus yet contains no recognizable Tn7 remnants (Parks
and Peters, 2007). It is possible that acquisition of Tn7-encoded genetic material has lead to
the specialization that differentiates some Shewanellae from one another.

The maximum distance between transposon ends that still allows transposition has not yet been
experimentally defined for Tn7. However, the largest single insertion found in the environment
is found within Hahella chejuensis KCTC 2396, and is 46 Kb in length (Table S1). This element
is most likely able to transpose in its entirety. The entire length of the element has a significantly
lower G+C content than the rest of the genome, its right and left ends appear to be intact, and
all of the genes involved in transposition lack interruptions (data not shown). An interesting,
but unanswered, question is whether tandem insertions can be mobilized together as a single
unit using the outermost right and left ends. The presence of closely related elements within a
single organism also presents the possibility of mobilization in trans. This process could allow
a newly invading Tn7-like element to mobilize previously inactive Tn7 relatives, or
complement missing transposon functions in multiple inactivated elements.

As explained above, target-site immunity only decreases transposition ∼90%. Repeated
exposure to Tn7-like elements in the environment could overcome immunity; however, there
are also several molecular explanations which could account for the tandem insertion of Tn7-
like elements. First, in most cases the transposon ends and proteins are not identical to one
another. Nucleotide sequence differences between TnsB binding sites may prevent
heterologous TnsB proteins from recognizing binding sites of a related element. Secondly,
differences in amino acid sequence of either the TnsB or TnsC proteins from different elements
may lead to loss of target-site immunity in a way that maintains the productive interactions
required for transposition (see above). Finally, some elements appear to contain three
overlapping TnsB binding sites as opposed to the usual four, possibly reducing the local
concentration of TnsB enough to have an effect on immunity, but still allowing transposition
to occur.

Insertion of multiple Tn7-like elements within the attTn7 locus may lead to enhanced
recombination between divergent Tn7-like elements. As described above, the DSB that is
created once an element is mobilized to another location is typically fixed by homologous
recombination with the sister chromosome. When multiple Tn7-like elements occupy an
attachment site, recombination may occur between neighboring elements creating hybrid
elements. Recombination may also be responsible for the loss of essential transposition
components resulting in the immobilization of transposon encoded genes within the attachment
site (Figure 4)(Parks and Peters, 2007).

The ability of Tn7 to form genomic islands may become a useful tool in the laboratory. Tn7
has widely been used to insert genes in single copy into the chromosome of diverse organisms
(Choi et al., 2006; Choi et al., 2005; McKenzie and Craig, 2006). Using elements of differing
origins may enable investigators to insert various combinations of genes stably into the
chromosome with minimal cloning steps.

4. Genes transported by Tn7-like elements
In most Tn7-like elements, diverse arrays of genes reside in a highly variable region in the left
end of the transposon (Figure 1.A.). Maintaining the genes involved in transposition in the
right end of the transposon appears to be important for the function of the transposon in some
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way; the tns genes are almost always localized to the extreme right end of the element and with
a highly conserved synteny.

Tn7 contains a class II integron system that is composed of an integrase gene, intI2, along with
antibiotic resistance gene cassettes dhfr, sat, and aadA, each flanked by class II integron
recombination sequences. The integrase gene is interrupted by an ocher stop codon, which can
be found at the same position in many sequenced intI2 genes. Based on its conservation, it has
been proposed that the stop codon within the integrase is in fact a regulatory mechanism, not
simply a random nonsense mutation, preventing wanton recombination of the integron under
normal conditions (Hansson et al., 2002). Elements that appear to be otherwise identical to the
original Tn7 contain additional integron cassettes that encode genes for chloramphenicol and
kanamycin resistance, among others, suggesting that recombination within the integron region
of Tn7 is indeed active (Biskri and Mazel, 2003; Orman et al., 2002; Ramirez et al., 2005a;
Ramirez et al., 2005b). Elements that are only slightly divergent from Tn7 contain entirely
different integron systems (Barlow and Gobius, 2006; Parks and Peters, 2007).

While the integron cassette system of Tn7 will allow genetic content to vary significantly
through the integron-catalyzed shuffling of gene cassettes, other Tn7-like elements also encode
a wide variety of genes apart from or instead of integron cassettes. The contents of the various
Tn7-like elements can be determined by locating the ends of the elements and analyzing the
genes encompassed by the ends and searching for homologs in various gene databases (Parks
and Peters, 2007). This type of analysis reveals that elements that have nearly identical
tnsABCDE genes can contain vastly different genetic cargos (Parks and Peters, 2007). Just as
in Tn7, the tnsABCDE genes typically reside within the right end of the element while the
genetic cargo occupies the left end (Figure 1.A.). There appears to be no unifying theme with
regard to the types of genes that are carried by Tn7-like elements. Tn7-like elements contain
genes involved in metal resistance and detoxification, putative DNA repair enzymes and
polymerases, DNA restriction and modification systems, non-ribosomal peptide synthesis
modules, siderophore production genes, efflux pumps, transcription regulators, bacteriophage
associated genes, additional transposases and integrases, and many hypothetical genes of
unknown function (Figure 5).

DNA restriction and modification systems are an especially common feature in Tn7-like
elements. These systems likely serve as host addiction systems in which the host genome is
modified by a labile methyltransferase and all DNA that lacks the methylation signature is
restricted by a more stable endonuclease protein, preventing loss of the transposon that encodes
the methyltransferase (Kobayashi, 2004). These same systems may also help protect host cells
from invasion of potentially deleterious foreign DNA by restricting intruding DNAs (i.e.
bacteriophages and plasmids) before they are able to establish the methylation signature of the
host genome (Kobayashi, 2001). The restriction and modification systems may also contribute
to propagation of Tn7-like elements by causing DNA double-strand breaks that must be fixed
by host machinery for survival. Tn7 is able to use the TnsE pathway to insert proximal to DSBs
and may be able to use this facet of restriction and modification systems to move to new,
potentially mobile, DNA molecules when stresses prevent sufficient methyltransferase
activity. It is possible that DNAs that are easily fixed by homologous recombination once
restricted, such as multicopy plasmids or lytic bacteriophages, may be activated as targets for
transposition once methyltransferase activity reaches a critically low level.

Mechanisms of host protection in general appear to be a common theme in Tn7-like
transposons. There is one example of a Tn7-like element within the genome of Anabaena
variabilis ATCC 29413 in which a CRISPR (clustered, regularly interspaced short palindromic
repeats) locus can be found. CRISPR regions have recently been shown to constitute a primitive
immune system in archaea and bacteria that operates by mechanism that is not yet understood
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(Sorek et al., 2008). These systems are characterized by segments of short repeats that are
regularly interspersed with DNA sequences that originate from and, in some way, provide
protection from a broad range of invasive bacteriophages, plasmids, and transposons. The
CRISPR associated genes (also found in the Tn7-like element of Anabaena variabilis ATCC
29413) are thought to affect the restriction of invading DNA and add short segments of the
offending DNA sequences to the CRISPR region for future identification of foreign DNA.
CRISPR loci have previously been described on plasmids (Godde and Bickerton, 2006), but
to our knowledge, this is the first example in which the system has been found within a
transposon.

In addition to the known medical importance of Tn7, some organisms that have emerged as
pathogenic threats carry Tn7-like elements with especially intriguing genetic contents. A Tn7-
like element within the virulent and multiply antibiotic resistant Acinetobacter baumanii ATCC
17978 contains a probable multidrug eflux pump, siderophore genes, and non-ribosomal
peptide synthesis genes (Vallenet et al., 2008), suggesting that the transposon may contribute
significantly to the pathogenicity and persistence of this organism (Iacono et al., 2008). A
closely related yet non-virulent strain (Acinetobacter baumanii SDF) also contains a highly
similar Tn7-like element which lacks the siderophore production and antibiotic resistance
genes (Iacono et al., 2008), underscoring the variability amongst Tn7-like elements and their
potential importance to host success. A Tn7-like element found in the type E toxin producing
Clostridium butyricum 5521, a causative agent of botulism, contains two genes found within
a lambdoid prophage of the Bacillus anthracis Ames strain (Read et al., 2003). While these
genes (an acetyltransferase and a hypothetical gene) are not thought to contribute directly to
pathogenicity, they may affect pathogen-host interactions and enhance the organisms ability
to survive within a host (Read et al., 2003).

The integron system of Tn7 from E. coli (and others) and the CRISPR system of the Tn7-like
element in Anabaena variabilis include mechanisms that add DNA sequences to specific
regions. There are also unrelated mobile elements that actively target sequences associated
integron cassettes (Quiroga et al., 2008). While there may be other yet-to-be-described
mechanisms that Tn7-like elements exploit for the addition of genetic material, the variable
region may simply provide a “neutral zone” where recombination events can occur without
causing harm to the organism or disrupting genes essential for transposition, yet allowing
widespread distribution of novel gene combinations.

5. Phylogeny and diversity of transposition genes
Tn7 and its related elements have been found in a wide variety of bacteria from diverse
environments (Parks and Peters, 2007). They can be found in, Firmicutes, Cyanobacteria,
Bacteroidetes, in nearly all classes of Proteobacteria, and in the more deeply branching
Chloroflexi group (Figure 6). The ecological niches occupied by Tn7 hosts are quite diverse.
These organisms can be found in deep sea hydrothermal vents (Idiomarina loihiensis,
Shewanella loihica), in low pH acid mine drainage (Acidithiobacillus ferrooxidans) and high
pH soda lakes (Natranaerobius thermophilus JW/NM-WN-LF), in the surface waters of the
ocean (oceanic environmental metagenome libraries), in spoiled food (Bacillus cereus), in soil
samples (soil environmental metagenomic libraries) and in clinical settings around the world
(Escherichia coli, Helicobacter pylori, Burkholderia cenocepacia, Pseudomonas aeruginosa,
Shigella sonnei, Clostridium butyricum 5521, and others) to name just a few. The G+C content
of tns genes from each of the elements typically mirrors that of the host genome in which they
reside and ranges from 26% (in Clostridium butyricum 5521) to 58% (in Acidithiobacillus
ferrooxidans), suggesting that these elements have been maintained within similar organisms
for some time. However, in some cases, such as in Hahella chejuensis, there are significant
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differences in G+C content. Differences in G+C content can be taken as evidence of recent
arrival of the Tn7-like element (Lawrence and Ochman, 1997).

Phylogenetic analysis of the transposition genes of Tn7-like elements reveals three distinct
lineages, Groups A, B, and C (Figure 6). Group A is comprised of elements found within
Proteobacteria, and includes the originally described Tn7 from E. coli. Group B elements can
be found in Firmicutes, Cyanobacteria, and Chloroflexi. One representative from the Group
B elements can also be found in a Gammaproteobacterium, Acidithiobacillus ferrooxidans.
Group C elements are very different from those in Groups A and B in that none of them seem
to contain a tnsE gene. Surprisingly, none are found within the traditional attTn7 locus even
though they all contain tnsD homologs. Some of the Group C elements appear to be near the
attTn7 locus, but the orientation of tns genes and their proximity to the glmS gene is not
consistent with standard Group A and B Tn7-like elements. It therefore seems likely that the
TnsD proteins in the Group C elements actually catalyze a more random form of transposition.
These elements may represent a more primitive form of Tn7. There are at least two examples
of organisms, Shewanella baltica OS155 and Aeromonas salmonicida A449, in which a Group
C element inhabits the same organism as a Group A element. Further study of Group C elements
and their relationship to Groups A and B may provide some interesting clues regarding the
evolution of Tn7-like transposons. Interestingly, the presumed TnsC-interacting region of
TnsB differs among phylogenetic groups (Figure 3.B). The C-terminus of the TnsB homologs
is predominantly acidic in one group (Group A), while the same region in other TnsB proteins
contain many basic residues (Figure 3.B.). In this case differences in TnsB-TnsC interface may
define barriers to interaction between groups. We have yet to find any Tn7-like elements in
the archaea even though gene exchange is known to occur between bacteria and archaea.

Experiments have shown that the chromosome targeting pathway of Tn7 is extremely robust
(Choi et al., 2005; McKenzie and Craig, 2006). Indeed, this pathway is capable of directing
transposition into a wide variety of host genomes in the laboratory, even into Human
“attTn7” loci associated with gfpt-1 and gfpt-2, the glmS homologs found in our genome
(Kuduvalli et al., 2005). The preponderance of Tn7 elements that have been discovered to date
have been found within the presumed attTn7 locus of organisms with draft or completely
sequenced genomes. This likely reflects a database bias in which there are more genomic DNA
sequences present than viral or plasmid sequences. Alternatively, plasmid and bacteriophage
borne Tn7s may be far more transient since excision of the transposon may destroy the vector
by the resulting DNA double-strand break. There are, however, some examples, both in gram
(+) and in gram (-) bacteria, of plasmids containing Tn7-like elements. No Tn7 homologs have
yet been found in bacteriophages outside of the laboratory, however many chromosomal Tn7-
like elements either contain genes associated with bacteriophages or are inserted in the vicinity
of phage-associated genes (Parks and Peters, 2007) (Figure 4). It seems likely that
bacteriophage borne elements will soon be discovered. As genome and meta-genomic
sequencing projects progress, the bestiary of Tn7-like elements continues to mount in
population.

6. Concluding remarks
The molecular mechanisms of Tn7 transposition contribute to the evolution of both the host
genome and the transposon by maximizing the collection of genes with beneficial functions
without harming the host. The ability of Tn7 to selectively direct transposition into the
chromosome, mobile plasmids, and bacteriophages allows it to move in and out of stationary
and mobile DNA while preventing the disruption of important host functions. This property
of the transposon likely exposes it to a great diversity of environments in which various types
of genes may be sampled.
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While transposons are rightly considered “selfish” genetic elements that parasitize the genome
of organisms to ensure their own propagation, Tn7 may tell a slightly different story. The highly
evolved targeting system of Tn7 virtually ensures that deleterious insertions do not occur while
allowing the host to sample genes collected through a variety of mobile DNAs. The existence
of genomic islands within attTn7 where little or no Tn7 transposition functions remain
underscores the ability of the host to maintain genetic information based exclusively on its
value to the host.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Components of Tn7-like elements. The Tn7-like elements display a high degree of diversity
while maintaining conservation of components that are essential for propagation and
dissemination of the element. A. A schematic representation of Tn7-like elements. The TnsB
binding sites that delineate the ends of the transposon are shown as triangles. Genes involved
in transposition of the Tn7 element are shown as filled arrows. The variable region in the left
end of the element is represented with open arrows. B. A logo displaying the conservation of
nucleotides within the TnsB binding sites within group A and B elements (see text). The logo
was constructed by first aligning TnsB binding sites from the right ends of selected elements
(Escherichia coli, Shigella sonnei Ss046, Pseudomonas aeruginosa, Shewanella
putrefaciens CN-32, Shewanella baltica OS155, Shewanella loihica PV-4, Idiomarina
loihiensis L2TR, Acidithiobacillus ferrooxidans ATCC 23270, Hahella chejuensis KCTC
2396, Pelobacter carbinolicus DSM 2380, Bacillus cereus ATCC 10987, Staphylococcus
sp. 639-2, see Table S1 for accession numbers) using the ClustalW program (Chenna et al.,
2003), then using the Weblogo algorithm to display homologous sites (Crooks et al., 2004).
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Figure 2.
Genomic context of Tn7 insertion. A. A schematic representation of Tn7 targeting found with
TnsD-mediated and TnsE-mediated transposition. TnsD insertions occur within a single site
in the chromosome with a single left to right orientation (“L” represents left end, and “R”
represents right end). TnsE preferentially targets mobile DNA. The small circle represents the
relaxase that covalently binds the 5′ end of mobile plasmids, arrowheads represent 3′ ends, and
arrow tails represent 5′ ends. The (+) and (-) distinguish the opposite strands of filamentous
bacteriophages. At a low frequency TnsE can insert into the chromosome. Chromosomal
targets include sites proximal to DSBs (opening in chromosome), and the region of the
chromosome where DNA replication terminates (crosshatched box). The orientation bias of
TnsE-mediated insertions are reversed in each replichore (right and left side of oriC in the
chromosome) and is dependent on the direction of the replication fork. B. Both TnsD and TnsE
mediate insertions that align the direction of the tns gene transcription with the direction of
replication passage, minimizing head-to-head collisions with DNA replication machinery and
transcription machinery. The tnsABCDE genes are indicated (A,B,C,D,E).
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Figure 3.
Alignment of selected regions of TnsB and TnsC amino acid sequences. TnsC and TnsB
homologs from Tn7 and relatives were aligned using the ClustalW algorithm and edited using
the Jalview software package (Chenna et al., 2003; Clamp et al., 2004). A. Alignment of
selected TnsC homologs reveals possible molecular explanations for insertion into
chromosomal sites other than attTn7. Sites of Class I (I) and Class II (II) mutations are indicated
with arrows. Class I mutations result in random transposition, yet retain sensitivity to target
selection signals. Class II mutants are insensitive to target selection signals. Sites where
homologs contain the exact residue recovered in mutant screens of TnsC from E. coli are
marked with an asterisk. B. Alignment of TnsB proteins reveals possible variations in
interaction surfaces between TnsC and TnsB, as well as residues known to result in target-site
immunity bypass. Sites resulting in target-site immunity bypass are indicated with arrows.
Residues that have been found both in TnsB homologs and in mutant screens for loss of target-
site immunity are indicated with asterisks. Group A elements (see text) contain TnsB proteins
with C-termini dominated by acidic residues (aspartate (D) and glutatmate (E)), while Groups
B and C (see text) contain elements with C-termini residues that are predominantly basic (lysine
(K) and arginine (R)).
C. An alignment of a region from TnsB homologs containing the M366I substitution. The
M366I mutation was isolated in a Tn7 laboratory screen, allowing transposition in the absence
of target-site selecting proteins (Lu and Craig, 2000). The incidence of the M366I mutant allele
in Tn7 relatives may explain the presence of some elements in locations that are not consistent
with TnsD- or TnsE- mediated insertion.
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Figure 4.
A schematic depiction of the genesis of genomic islands by Tn7-like transposons. A. A
representation of a hypothetical attTn7 site flanked by glmS and a hypothetical conserved gene
orfX. B. An individual insertion can be large enough alone to constitute a genomic island.
Individual insertions also increase the amount of “neutral” DNA space that may allow other
elements to safely insert into the chromosome. C. A tandem insertion of another Tn7-like
element adjacent to glmS expands the attTn7 locus resulting in newer elements being closer to
the glmS open reading frame. D. Reductive evolutionary processes, such as recombination,
contracts the attTn7-associated genomic island and fixes certain genes in place by disabling
critical transposon genes and transposon ends. E. Further reductive evolution fixes genes with
consistent selective pressure and leaves behind only scant evidence of transposon components.
Arrows represent open reading frames, while triangles represent transposon ends; (R) for right
ends and (L) for left ends. Crosshatched triangles represent degenerate ends that have few TnsB
binding sites and poorly conserved sequences.
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Figure 5.
A chart describing functional categories of genes carried by Tn7-like elements. Tn7-like
elements encode diverse arrays of genes with many functions. Genes were selected from
elements in which the right and left ends have been determined (Table S1). Genes were then
grouped by functional categories of closest matches using the BLAST algorithm to genes that
reside between the right and left ends of Tn7-like elements. Functional categories of genes are
loosely modeled after CMR-TIGR functional categories (Peterson et al., 2001).
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Figure 6.
A denrogram describing the phylogeny of Tn7-like elements. Phylogenetic analysis of Tn7-
like elements reveals three distinct lineages of transposons. The predicted amino acid
sequences of TnsABCD from each element was concatenated and aligned using the Jalview
software package and the ClustalW algorithm (see Table S1 for accession numbers) (Chenna
et al., 2003;Clamp et al., 2004). Protein distances and Neighbor Joining trees were constructed
using the Phylip program through the Mobyle Portal software package (Felsenstein, 1993).
The tree was rooted on Acidithiobacillus ferroxidans. Bootstrap analysis was also carried out
using 1000 iterations, and values greater than 80% are given at appropriate branch points. The
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phylogenetic tree was drawn using the MEGA4 software package (Tamura et al., 2007). “C”
indicates chromosomally localized, and “P” indicates that the element is found on a plasmid.
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