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Abstract

Abstract

Genes that increase their copy number relative to that of the host genome are termed
selfish. Selfish genes are found ubiquitously in bacterial genomes. Within genomes
they can often be identified due to their repetitive nature. Short repetitive sequences
such as repetitive extragenic palindromic (REP) sequences have been proposed to be
selfish genetic elements. However, evidence for the selfishness of REPs is scarce due to
the lack of knowledge about their origin, evolution and mechanisms of dispersal. Here,
REPs are studied in the model bacterium Pseudomonas fluorescens SBW25. The
evidence provided suggests that REPs are part of a greater mobile genetic element,

which is termed REP doublet forming hairpins (REPINSs).

Subsequently, I investigate the cause of REPIN dispersal: a putative transposase. The
transposase, named REP-associated tyrosine transposase (RAYT) shares essential
motifs with the IS200 family of insertion sequences. However, unlike insertion
sequences, RAYTs are found only as single copy genes. This indicates that RAYTs
may not be entirely selfish; instead they may have been co-opted by the host to perform

a beneficial function.

Finally, two more repetitive sequence classes are studied in the SBW25 genome.
Interestingly, both sequence classes consist of a protein coding sequence and a sequence
that forms a stable secondary structure in single stranded DNA or RNA. This
arrangement is reminiscent of bacterial toxin-antitoxin (TA) systems. Evidence from
sequence analyses suggests that the repetitive nature of these elements in SBW25 may
be the result of cooperation between REPINs or other replicative elements and the TA

systems.

The presented analyses show that despite the streamlined nature of bacterial genomes

selfish genetic elements frequently arise, replicate and probably increase their
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persistence and spread through cooperation with addictive and duplicative elements

respectively.
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Introduction

Chapter 1:

Introduction

1.1 The role of DNA sequence amplification in life

DNA sequence amplification encompasses a wide variety of processes, among which
semiconservative DNA replication is the most important and the basis of life, since all
known organisms require it for copying their genetic information (genome) in order to
leave offspring (arguably RNA viruses are an exception depending on one’s definition
of life) [1]. In multicellular organisms DNA replication is not only required to
reproduce, but also to generate a variety of differentiated somatic cells. Somatic cells,
unlike germ cells, contain almost exact copies of the genome, but cannot pass on their
genetic information to the next generation. However, DNA contained within somatic
cells can be modified and sometimes amplified to, for example, increase cell size and
gene expression levels, as in polytene chromosomes from Drosophila [2, 3]. In
contrast, DNA amplification events such as chromosome and genome duplications in
the germline (cells that pass on their DNA to the next generation) are rarely observed
and retained within populations, due to deleterious dosage effects [4]. Nonetheless,
these events have probably occurred multiple times over the course of eukaryotic
genome evolution and may be important drivers for the evolution of complexity and

diversity [5-7].

On a smaller scale, DNA amplification within genomes leads to gene duplications; a
process that can provide the raw material for the evolution of novel genes [8]. Gene
duplications can be caused by several different mechanisms. Homologous
recombination, for example, requires the presence of repeated DNA sequences within
the genome. Recombination between the two sequences can result in duplication,
deletion or inversion of the intervening DNA sequence [9, 10]. Another mechanism is
the insertion and amplification of mobile genetic elements within and between genomes.

This usually requires limited sequence homology and is catalyzed by a protein, usually a
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transposase, encoded by the element itself. This mechanism is utilized by most viruses

and transposons for their propagation between and within genomes [11].

In short, evolution and life are based on, and depend on, the amplification of DNA
sequences. Amplification of DNA sequences in somatic cells is favoured by natural
selection under conditions where higher levels of gene expression are required to
maximize organismal performance. Organisms also reproduce and replicate their DNA
when environmental conditions allow it, thereby increasing their own fitness. However,
some genetic elements, like viruses do not necessarily play by strict Mendelian rules,
and can amplify within a given genome even when their activity does not benefit the
host organism [12]. Generally, genetic elements that increase their own copy number
relative to the copy number of the host are considered selfish [13]. This includes genes
that encode a transposase to actively copy themselves within and between genomes
(replicative selfish genetic elements) as well as genes that ensure their persistence
within the genome by killing cells that lose or simply do not possess a copy of the

element (addictive selfish genetic elements).

1.2 Selfish genetic elements

1.2.1 Defining selfish genetic elements

According to Hurst et al. (1996), selfish genetic elements are DNA sequences that “are
vertically transmitted genetic entities that manipulate their “kost” so as to promote
their own growth” [13]. This means any DNA sequence or gene that duplicates within
the genome or eliminates an organism that does not possess a copy, is considered
selfish. However, categorization of genes into ‘selfish’ and ‘non-selfish’ is challenging
as most genes reside in between the two extremes. Thus, it is perhaps more accurate to
rank genes on a scale between entirely selfish (genes that are maintained despite not
contributing to the fitness of an organism) and entirely non-selfish (genes that are only
ever transmitted as a single copy per genome and thus never actively increase their
proportion within the gene pool). The two extremes are unlikely to exist in reality as
almost all genes are thought to have arisen as a consequence of duplication events and

hence have a selfish evolutionary history [14, 15]. Equally, most selfish genes provide

2
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some benefit to the host, if only as raw material for recombination [16, 17]. Selfish
genetic elements are difficult to identify within genomes although characteristics such
as repetitiveness and frequent horizontal transfer are very good indications for

selfishness.

Selfish genetic elements can be crudely divided into two classes. The first encompasses
those that increase their frequency within the host population through duplication
(duplicative selfish genetic elements). The second class includes those elements that
increase their frequency within the gene pool by killing cells that have lost a gene copy,

or kill off competing cells without a copy (addictive selfish genetic elements).

1.2.2 Duplicative selfish genetic elements

Duplicative selfish genetic elements comprise autonomously and non-autonomously
replicating sequences (for examples see section 1.3). Autonomous elements in bacteria
include all elements that encode their own replicative ability. For example, transposons
and insertion sequences (that encode an active transposase) [18] and plasmids that carry
the genes necessary for their own replication [19] are autonomous elements. Non-
autonomous elements are DNA sequences that do not encode their own replicative
ability (e.g. miniature inverted repeat transposable elements (MITEs) [20]). All
duplicative selfish genetic elements ensure their persistence within the gene pool
through frequent amplification and horizontal transfer to avoid deactivation by selection

and genetic drift [21].

1.2.3 Addictive selfish genetic elements

Addictive selfish genetic elements (for examples see section 1.4) are immobile and
hence drift and selection cannot be actively avoided through transposition processes.
Instead, as soon as the gene copy is lost from the DNA, the element ensures its
persistence by killing the host [22, 23]. Host-killing is realized in a number of different
ways but follows a common theme. Addictive selfish genetic elements usually consist
of at least two components. The first component kills the host and the second prevents
the first from killing the host. The protein product of the component that prevents the

killing is usually less stable than that of the killer component. Hence, when the element
3
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is deleted from the DNA, the element that prevents the killing is depleted first, which
allows the more stable killing component to kill the host and eliminate the cell that lost

the addictive genetic element from the population.

1.3 Duplicative selfish genetic elements

1.3.1 Autonomous and non-autonomous transposons

Autonomous transposons encode proteins (transposases) that recognize and move
transposons within and between replicons (e.g. chromosomes and plasmids). A non-
autonomous transposon is a transposon that has lost the ability to move/transpose
independently and requires the transposase function encoded by the corresponding
autonomous element for movement. Autonomous elements are frequently associated
with a corresponding class of non-autonomous elements that parasitize autonomous
elements to a degree that may eventually lead to their extinction [24]. There are at least
two lines of evidence that support this hypothesis. Firstly, non-autonomous transposons
accumulate within the genome through a number of mechanisms. For example, DNA
transposons can become non-autonomous by losing the ability to produce a transposase
by accumulating deleterious mutations [24, 25], whereas non-autonomous non-long
terminal repeat (LTR) retrotransposons (see section 1.3.2) can evolve by high jacking
the replication machinery of autonomous transposons [26]. As soon as there are more
non-autonomous elements than autonomous elements within the genome, it is more
likely that a non-autonomous element is transposed than an autonomous one, due to the
greater supply of transposition templates (in the absence of cis preference). This is also
referred to as the titration effect and steadily increases the non-autonomous to
autonomous element ratio [24]. Secondly, as the chance of an autonomous transposition
event decreases the time between transposition events increases, as well as the number
of mutations that occur within the gene as a result of genetic drift. These mutations are
likely to cause inactivation of the transposase and eventually the extinction of the whole
transposon family within the genome [27]. However, the coupling of transcription and
translation in prokaryotes was argued to enhance the transposition of autonomous
elements (transposition of the transposase encoding gene i.e. Cis preference) and prevent

the accumulation of non-autonomous elements [27]. In eukaryotes it was proposed that
4
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the extinction of autonomous elements is evaded through vertical diversification of the
transposase, hence reducing the tendency to transpose non-autonomous elements [24,

28, 29].

1.3.2 Retrotransposons

Retrotransposons are probably the best known and most widely spread selfish genetic
elements in eukaryotes. Their abundance is particularly apparent in the human genome,
almost half of which consists of transposable elements. The most common transposon
families in the human genome are autonomous long interspersed elements (LINEs) and
non-autonomous short interspersed elements (SINEs). SINEs are considered non-
autonomous elements since they do not encode proteins required for transposition and
hence cannot move autonomously. LINEs are non-long terminal repeat (non-LTR)
retrotransposons and encode an endonuclease and a reverse transcriptase. Together,
these cleave the target DNA and introduce the element into the genome through a
process called target-primed reverse transcription (TPRT). SINEs only encode RNA
sequences and use proteins encoded by their LINE counterpart for transposition. The
most prevalent LINEs are of the LINE-1 (L1) family. Repeated over 500,000 times, L1
elements make up more than 16% of the human genome, and thus are the largest
transposon family by total sequence length. They are topped in copy number only by
Alu repeats, their non-autonomous parasite and part of the SINE family, which occur

over 1,000,000 times and make up about 10.6% of the human genome [16].

Although these elements are considered to be mainly selfish, it should be noted that
their activity and presence has had a large impact on the evolution of the human
genome. The most apparent impact is the likely destruction of open reading frames
following L1 or Alu element insertion. Additionally, their mere presence can lead to
deletions, inversion or duplication of intervening DNA through homologous
recombination. All such events can lead to severe diseases such as cystic fibrosis and
cancer [30, 31]. Another interesting consequence results from a host defence
mechanism to L1/Alu retrotransposition. Regions containing L1 or Alu elements are

methylated in order to reduce transcriptional activity. This can lead to the spread of



Introduction

heterochromatin into neighbouring regions, changing the expression pattern of adjacent

genes [16, 32].

In contrast to non-LTR retrotransposons, LTR retrotransposons start and end with a
long terminal repeat. While LTR retrotransposons make up about 8% of the human
genome, their activity is presumed to be very limited. In other organisms, LTR-
retrotransposons are more active; they comprise a great proportion of Saccharomyces
(yeast), Drosophila (fruit fly) and maize genomes [33]. LTR retrotransposons usually
consist of a gag, pol and sometimes an env-like gene. The Gag protein forms a virus-
like particle, in which reverse transcription takes place. The Pol protein has a variety of
enzymatic functions, among which are reverse transcriptase and integrase function. It
has been suggested that LTR retrotransposons evolved as the consequence of a fusion
between a non-LTR retrotransposon and a DNA transposon [34]. Hence, the terminal
repeats were probably acquired from an ancient DNA transposon and the reverse
transcriptase from an ancient non-LTR transposon. Retroviruses possess similar
(related) genes also called gag, pol and env and probably evolved multiple times from
LTR retrotransposons through the acquisition of env-like proteins from other viruses
[35]. In contrast to non-LTR retrotransposons, LTR retrotransposons do not seem to
have highly abundant non-autonomous counterparts. Only a few have been identified,
as for example large retrotransposon derivatives (LARDs) or terminal-repeat

retrotransposons in miniature (TRIMs) [36].

In bacteria, retrotransposons and other mobile genetic elements are much less prevalent.
This may be due to the importance of sexual reproduction and diploid genomes for the
spread of mobile genetic elements [37]. However, some variants of retrotransposons
can be found in bacterial genomes. A well-known representative is the bacterial Group
IT intron, a retrotransposon similar to non-LTR retrotransposons [38]. The protein
encoded by bacterial Group II introns usually has reverse transcriptase, DNA
endonuclease and maturase (splicing) activity. They can amplify within genomes by
either site-specific retro-homing or ectopic retrotransposition [39, 40]. Retro-homing
involves the recognition of and insertion into a suitable target site, whereas
retrotransposition is about 100 times less efficient than retrohoming and describes the

transposition into a random location within the genome.
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LTR-retrotransposons, retroviruses or similar entities have not been described in
prokaryotes. Only the decoupling of transcription and translation in eukaryotes made
the evolution of more complex transposons necessary in order to ensure Cis preference
(transposition of the same gene that encoded the transposase) [34, 35]. DNA
transposons in eukaryotes are translated outside the nucleus. Therefore, after re-
entering the nucleus DNA transposons are likely to transpose any sequence that is
flanked by the required terminal repeats. Non-LTR retrotransposons on the other hand
have to either bind to the transcript and channel it back through the nucleus’ membrane

or reverse transcribe mRNA in the nucleus and lose Cis specificity.

1.3.3 DNA transposons

DNA transposons found in the human genome can be divided into four superfamilies:
hAT, piggyBac, MuDR and Tcl/mariner. Together, DNA transposons constitute
approximately 3% of the human genome, but have not been active over the last 40
million years (My) [41]. It is noteworthy that in other mammalian lineages DNA
transposons appear to have become extinct or inactive at around the same time that this
occurred in the human genome [24]. The only reported instances of active DNA
transposons in mammals are hAT transposons in the bat genus Myotis [42]. In other
eukaryotes DNA transposons such as the P-element in Drosophila or the Ac/Ds
elements in maize, which were the first identified transposable elements [43], remain
highly active. Interestingly, some DNA transposons have been shown to be
‘domesticated’ by their hosts; that is, they are now fulfilling new beneficial roles within
the cell (e.g. [44-47]). One of the most prominent examples is the origin of the V(D)J

component of the vertebrate immune system [45].

Similar to retrotransposons, an excess of non-autonomous elements accompanies almost
every known class of DNA transposons. Non-autonomous DNA transposons are
commonly called miniature inverted-repeat transposable elements (MITEs) and were

first described in plants [20].

DNA transposons are the most common type of transposable elements in bacteria and
are usually called insertion sequences (IS) [18]. They consist of one or two open

reading frames flanked by two (inverted) repeat sequences and range in size from
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approximately 0.4 kb to 2.5 kb. While the flanking repeats are usually inverted, they can
be direct (for example, the flanking repeats of IS200 elements) [48]. IS elements are
also found in more complex genetic structures (called ‘composite transposons’) where
two IS elements flank a cassette of genes. These genes usually confer a benefit to the
host bacterium in a particular environment, thus increasing the probability of the
transposon’s persistence in a new host. For example, antibiotic resistance genes are

commonly spread by composite transposons [49].

MITE:s are also associated with DNA transposons in bacteria, although the relationship
is harder to determine due to the low abundance of correlated transposases. Many short
repetitive sequences like enterobacterial repetitive intergenic consensus sequences
(ERICs) [50] or Neisseria miniature insertion sequences (NEMISs) [51] show MITE-
like structures [52]. However, only for repeat units of Pneumococcus (RUP) a potential

transposase encoded in trans has been implicated in their mobilization [53].

1.3.4 Short repetitive sequences in bacteria

Short repetitive sequences in bacteria fall into two classes: sequences longer than 10 bp
and sequences shorter than 10 bp. Over-represented sequences shorter than 10 bp are
mainly due to replication slippage or selection on genome architecture and therefore it is
unlikely that they are selfish genetic elements [54-57]. Prominent examples for
repetitive sequences shorter than 10 bp are architecture imparting sequences (AIMS)
[57]. AIMS are about eight nucleotides long and have been shown to be conserved by
selection. They are preferentially found on leading strands and their abundance
decreases with increasing distance to the replication terminus. Since it has been shown
that their location is independent of the position of genes, it was proposed that their

function is involved in DNA replication and segregation.

Although ubiquitously found within bacterial genomes, not much is known about the
evolution of repetitive sequences longer than 10 bp. The first family of short sequence
repeats reported in bacteria are repetitive extragenic palindromic (REP) sequences [58,
59] (recently reviewed in [60]). REP sequences are now widely used for genotyping
purposes and reported to be present in a wide range of bacteria [61, 62]. However, due

to the limited understanding of their evolution it is likely that REP sequences represent a
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collection of repeat families evolved from multiple independent origins, all showing
similar structural properties (palindrome, extragenicity and repetitiveness). Although
little is known about the evolution and origin of REP sequences, it has been proposed
that REPs are a family of selfish genetic elements, however this hypothesis has never

been tested [63, 64].

1.3.5 Plasmids

Plasmids are ubiquitously found in bacteria [65] and to a lesser degree in eukaryotes
[66] (with the yeast 2um plasmid as the most prominent example). Plasmids are
between 0.8 and 2600 kb long (see ncbi website,

http://www.ncbi.nlm.nih.gov/genomes/genlist.cgi?taxid=2 &type=2&name=Bacteria%?2

OPlasmids) and can be found in linear or circular form. They frequently carry genes that
promote their horizontal (e.g. genes that enhance conjugation [65]) and vertical transfer
(e.g. genes that kill bacteria without plasmid copy, see section 1.4). Especially in
eukaryotes, plasmids have been shown to be parasitic selfish genetic elements. This is
based on the observation that the fitness of plasmid free cells is higher than the fitness
of cells that contain a plasmid as well as the fact that plasmids are propagated to
plasmid free cells during sexual recombination (increase their number in the gene pool
disproportionally to the host genome) [67]. In prokaryotes plasmids frequently carry
genes that allow the adaptation of the bacterial host to new environments (€.g. antibiotic
resistance genes [65, 68]) and hence can provide a competitive advantage. However the
fact remains that their copy number is disproportionately increased compared to the host
genome by actively promoting spread within the population through horizontal transfer

[68, 69].

1.4 Addictive selfish genetic elements

1.4.1 Toxin-antitoxin (TA) systems

TA systems in bacterial genomes represent a class of selfish genetic elements that
enhances their copy number in the bacterial population by killing the competition i.e.

bacteria that lose the element. They are found in almost all prokaryotes and typically
9
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consist of two (in some cases three) genes: a toxin, usually encoding a protein, and a
neighbouring antitoxin, which is not necessarily translated. TA systems are found on
plasmids and chromosomes. Plasmid encoded TA systems are maintained through post-
segregational killing (PSK). The PSK mechanism ensures that any bacterial cell that
loses the plasmid (or TA system) is killed due to the faster degradation of the antitoxin
relative to the toxin. TA systems located on bacterial chromosomes are also thought to
confer a benefit to the host to ensure the TA system’s persistence vertically. Based on
the function of the antitoxin, TA systems are divided into three separate families, each

of which is described in more detail below [70].
1.4.1.1 Type | TA systems — antisense RNA antitoxins

Type I TA systems encode RNA antitoxins that bind to the mRNA of the corresponding
toxin and thereby usually prevent translation, which leads to the subsequent degradation
of toxin mRNA. Prominent examples of this group of TA systems are the Hok/Sok
system of plasmid R1 and the SOS induced TisB/IstR-1 system described in Eschericha
coli [71].

1.4.1.1.1 The hok/sok TA system

The Hok/Sok TA system is found on the plasmid R1 and ensures its maintenance
through PSK. The hok (host killing) gene encodes a toxic transmembrane protein, while
the sok (supression of killing) gene encodes an antisense RNA that binds to the mRNA
of the mok (modulation of killing) gene and prevents its translation. Since without mok
translation hok cannot be translated, sok indirectly prevents the translation of hok
mRNA. The binding of sok RNA to mok mRNA leads to the formation of an RNA
duplex which inhibits translation and is cleaved by RNAse III. Hok mRNA is very
stable (half life ~20min) but under the control of a weak promoter. Sok mRNA is
unstable (half life ~30secs) but under the control of a strong promoter. Thus, the system
does not have an effect on the host while the plasmid is present within the cell.
However, if the plasmid is lost, the sok RNA quickly degrades and leaves the more
stable hok mRNA available for translation. This leads to the production of the toxic
transmembrane protein and death of the cell. Hence, the mechanism ensures the

maintenance of the host plasmid within a bacterial population [71].
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1.4.1.1.2 The TisB/IstR-1 TA system

The TisB/IstR-1 system is a chromosomally-encoded TA system found in E. coli. It is
regulated at the transcriptional level by LexA, a protein that represses the SOS response
in bacteria [71]. The toxin, TisB (toxicity induced by SOS), is predicted to be a
transmembrane protein that operates by halting cell growth through disruption of the
cell membrane, ultimately leading to decreased rates of transcription, translation and
replication [72]. The istR-1 gene encodes a short antisense RNA that contains a
complementary region of 21 nucleotides to tisSB mRNA in the 5’ region of the gene.
Binding of IstR-1 to tiSB mRNA inhibits translation and leads to cleavage of the duplex
by RNase III. Following initiation of the SOS response, the transcription of tisB is
induced, leading to an excess of mRNA and the production of toxic TisB [71, 73]. The
activity of the TisB/IstR-1 TA system has been shown to be important to tolerate DNA
damaging agents such as ciprofloxacin [74]. Hence, this is a good example of how a
selfish element has been adopted by the host to perform a beneficial function thereby

presumably losing some of its selfish characteristics.
1.4.1.2 Type Il TA systems

Type II TA systems consist of a toxin, an antitoxin and sometimes an additional gene,
which is involved in the regulation of the TA operon. In contrast to type I TA systems
the antitoxin gene encodes a protein. The toxin and the antitoxin form a stable, non-
toxic complex that inhibits the transcription of the TA operon. In a number of cases, it
has been shown that in the presence of excess toxin, a different complex is formed that
induces the transcription of the operon [75, 76]. This typically happens under stressful
conditions when the antitoxin is degraded by specific proteases, thereby releasing the
toxin from the non-toxic complex [77]. As with type I TA systems, type II TA systems

were first observed as plasmid maintenance genes encoding PSK mechanisms [78].

Type II toxins have been shown to arrest cell growth in at least two different ways. The
first involves binding to DNA gyrase, which leads to an excess of supercoiled DNA,
preventing RNA/DNA polymerases from binding to the DNA [79]. Alternatively, the
toxin may bind to the A site of the ribosome during translation, and cleave bound

mRNA at specific sites [80, 81]. For chromosome-borne type I TA systems it has been
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shown that induction of toxicity does not necessarily lead to cell death, but growth
arrest. Similar to type I TA systems this can result in the persistence of the bacterium

under unfavourable conditions such as antibiotic stress [78, 82].
1.4.1.3 Type Il TA systems

Recently, a third TA type was described, named ToxIN, this system consists of a toxin
(encoded by toxN) and an RNA antitoxin (encoded by toxl a 36 bp repeat region
upstream of toxN) [83]. Unlike type I TA systems, the tox| antitoxin does not encode an
antisense RNA that inhibits the translation of toxXN mRNA. Instead, experiments
suggest that the antitoxin forms a non-toxic complex with the toxin, in a similar fashion
to type II TA systems (however, formation of the complex has not yet been directly
observed). Interestingly, the toxic protein shares similarities to a well-described group
of toxins called Abi (abortive infection) toxins. ToxN and Abi toxins have been shown
to confer resistance to certain phages by killing the host before the phage can replicate
[83, 84]. According to Fineran et al. [83], it is possible that other Abi toxins are

actually part of a type III TA system where the antitoxin has gone unnoticed.

1.4.2 Bacteriocins

Bacteriocins are mainly found on plasmids and are similar to type II TA systems. They
typically comprise two or three genes, which encode a toxin, an immunity protein and,
in some cases, a lysis or release protein. As in type II TA systems, the toxin and the
immunity protein form a neutral non-toxic complex. However, unlike type II TA
systems the toxin is secreted by host cell lysis (if a lysis gene is part of the bacteriocin
operon) or exported through the membrane [85, 86]. The toxin then attaches to other
related bacterial cells, which do not contain the bacteriocin and causes cell death
through DNA breakdown or disrupting essential cellular processes (e.g. protein
synthesis). Hence, bacteriocins ensure plasmid persistence not only within the host line,
but within the population. The best-studied bacteriocins are colicins, named after their
host species E. coli. Colicins are divided into two groups based on whether the outer

membrane of the target cell is passed through the Tol or Ton transport system [86].
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1.4.3 Restriction-modification systems (RMS)

Restriction-modification systems (RMS) are selfish genetic elements that protect the
host from the invasion of unmodified (foreign) DNA, or to put it in a selfish gene
context make sure that any bacterium that loses the system is killed (similar to TA
systems) [87]. They are named due to the property of RMS containing bacterial strains
to restrict the growth of certain viruses, through sequence specific DNA cleavage;

modification of the same DNA prevents cleavage [88].

R-M systems also share similarities with toxin antitoxin systems. They consist of one
or multiple genes encoding proteins that are harmful to the cell if it were not for the
product of the second set of genes that neutralize the effect of the first. The two
components are: an endonuclease (acting as toxin) and a DNA methyltransferase (acting
as antitoxin). Unlike type II TA systems, toxin and antitoxin do not form a neutral non-
toxic complex. Rather, the DNA methyltransferase prevents endonuclease mediated
DNA cleavage by attaching methyl groups to nucleotides found in a specific sequence
context also recognized by the endonuclease. On plasmids RMSs can cause post-
segregational killing of plasmid free cells leading to increased plasmid persistence.
Chromosome borne RMSs (also applies for RMSs on plasmids) have been shown to

protect the bacterium against invading DNA like phages or plasmids [88].
1.4.3.1 Type | R-M systems

Type I R-M systems recognize two short, asymmetric DNA sequences that are
separated by a short non-specific spacer sequence. DNA cleavage occurs at variable
distances to the recognition site. Hence, digestions by type I R-M systems cannot be
visualized on polyacrylamide gels. Type I systems typically encode three proteins: one
responsible for DNA cleavage, one for DNA methylation and one that determines DNA
specificity. The three proteins form a complex that acts as endonuclease as well as
methyltransferase. Once the complex recognizes the specific DNA motif, it cleaves the
DNA if unmethylated, fully methylates the DNA if hemimethylated, or dissociates from
the DNA if fully methylated. This system ensures that after DNA replication, the DNA
is present in a hemimethylated form, prevents the R-M complex from cleaving its own

DNA and restores the fully methylated state before the next replication cycle. Therefore
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both forward and reverse DNA strands must be modified in order to achieve three
different methylation states. This is accomplished by methylating an adenine on the top
strand of the first part of the recognition sequence and an adenine on the bottom strand

of the second part of the recognition sequence [88].
1.4.3.2 Type Il R-M systems

Type II R-M systems are the simplest and most numerous among R-M systems.
Endonuclease and methyltransferase act as independent proteins and recognize
symmetric (palindromic) recognition sequences. Hence, the same protein domain can
recognize both the forward and reverse DNA strand. Cleavage occurs either in the
centre of the recognition sequence, producing blunt ends, or is shifted to the side
producing staggered ends. Precise cleavage of DNA is essential for almost all cloning
reactions, hence, type Il R-M systems are very important tools in molecular biology

[88].
1.4.3.3 Type I11 R-M systems

Type III R-M systems consist of an R and an M subunit. The M subunit alone acts as
methyltransferase and contains the specificity domain. Together with the R subunit the
complex can act as both methyltransferase and endonuclease. Type III R-M systems
recognize asymmetric uninterrupted DNA motifs. Unlike Type I systems cleavage and
methylation occurs only on one DNA strand. Therefore complete cleavage is only
possible if the recognition sequence occurs on both the forward and reverse strands in
close proximity. Even in situations where the recognition motif occurs on both strands,
digestion of DNA 1is not usually complete due to competition between the
methyltransferase and endonuclease for activity on unmethylated target sites.
Interestingly, phage T7 contains the target sequence (CAGCAG) of EcoP15. However,
the sequence is present on only one DNA strand, which may be indicative of selection

acting to evade cleavage by EcoP15 [88].

1.5 Other selfish genetic elements

1.5.1 Clustered regularly interspaced short palindromic repeats (CRISPRs)
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Even though their genetic structure was described over 20 years ago [89], clustered
regular interspaced short palindromic repeats (CRISPRs) became objects of interest
only recently [90]. They consist of a set of CRISPR associated genes (CAS genes)
followed by an AT-rich sequence of low complexity and an array of tandemly repeated
short palindromic sequences interrupted by short variable spacer regions. In 2005
CRISPRs were proposed to provide acquired immunity against phages and mobile
genetic elements, based on homology between the variable spacer regions and phage
sequences [91-93]. Further analyses of CAS genes showed similarities between the
CRISPR system and the eukaryotic RNA interference machinery, suggesting the
degradation of foreign DNA guided by RNA [94]. A plethora of detailed studies
support this hypothesis and demonstrate that CRISPRs play an important role in defence
against invading genetic elements for about 40% of all bacteria and most archaea

(reviewed in [95]).

A system conferring acquired immunity to invading foreign DNA is not immediately
obvious as a selfish trait. However, CRISPRs and their associated CAS genes show
considerable variation even among bacterial and archaeal strains. Furthermore, they are
frequently found on mobile genetic elements such as plasmids and viruses, suggesting a
high rate of horizontal transfer [96]. A high rate of horizontal transfer in conjunction
with the presence of multiple CRISPR systems in certain genomes indicates selfish
behaviour of CRISPR systems, i.e. an increase in copy number relative to their host’s,
despite conferring a potential benefit (similar to antibiotic resistance cassettes or other

genomic islands).

1.6 Characteristics of the model organism Pseudomonas fluorescens
SBW25

Pseudomonas fluorescens SBW25 is a plant-associated bacterium originally isolated
from the surface of a sugar beet leaf at Wytham farm in Oxford, UK [97]. It has been
extensively studied and used as a model organism in experimental evolution (e.g. [98,
99]). P. fluorescens SBW25 is a particularly useful model organism for the study of
short repetitive sequences and other dispersed selfish genetic elements. Not only is the

genome sequence of SBW25 known, but also the genome sequences of the relatively
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closely related strains Pf0-1 and P{-5, which allows comparative studies to be conducted

[100].

The genome of P. fluorescens SBW25 is 6,722,539 bp long, of which about 88.3 %
encode for genes. According to Silby et al., approximately 11.91% of the genome
consists of repetitive sequences, a great proportion of which are repeated gene families
[100]. Aside from intragenic (within gene) repeats 1,199 extragenic (outside gene)
repeats were identified. Interestingly, the most abundant repeat families (called RO, R1
and R2) are highly strain specific, which may indicate horizontal transfer and rapid

evolution, hallmarks of selfish genetic elements.

1.7 Summary and objectives of this study

The four nucleotides that make up DNA are the building blocks of the hereditary
material of almost all known life forms (exceptions include RNA viruses). Shifts in GC
content lead to an over-representation of either G/C or A/T nucleotides and therefore
represent the shortest repetitive sequences. With increasing sequence length the reasons
for their over-representation change. For example, one reason for the over-
representation of sequences of less than 10 nucleotides in length is a bias in DNA
replication (e. g. [57]), while for greater sequence lengths over-representation is

presumably due to the activity of selfish genetic elements [60].

The largest gap between the description and characterization of putative selfish genetic
elements and the study of their evolution and origin seems to exist for bacterial short
repetitive sequences. This applies in particular to REP sequences [58-60] but also to
other repetitive sequences such as the different classes described in the P. fluorescens
SBW25 genome [100]. Thus, SBW2S5 is an ideal candidate for the study of repetitive
and presumably selfish genetic elements. Furthermore, the presence of a range of other
fully sequenced Pseudomonas strains (and other related bacteria) allows for testing the
general applicability of hypotheses formed on the basis of observations in the SBW25

genome.

Objective 1. Short repetitive sequences in the P. fluorescens SBW25 genome
(Chapter 3)
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As mentioned above, the evolution and origin of most short repetitive sequences is
obscure. Those contained within the genome of P. fluorescens SBW25 are no
exception. Hence, the first objective of this study is to characterize short repetitive
sequences, with particular focus on their patterns of diversity and distribution within the

SBW25 genome.
Objective 2. Cause for REPIN dissemination and replication (Chapter 4)

Having shown that short repetitive sequences are part of a greater replicative unit called
REP doublet forming hairpins (REPINs), the cause for REPIN amplification and

distribution in bacterial genomes is investigated.

Objective 3. Characterization of RAYTs: a new class of REP and REPIN

associated genes (Chapter 5)

REP associated tyrosine transposases (RAYTs) [101] have been proposed to be the
cause for REPIN dispersal. To elucidate the functional relationship between RAYTs
and REPs/REPINs the third objective is the detailed characterization of this class of

genes within bacteria.

Objective 4. Analysis of other repetitive elements in the SBW25 genome (Chapter
6)

There are two major repetitive sequence classes in the SBW25 genome that were
identified but not analysed in detail by Silby et al. [100]. The fourth objective is to

characterize these repetitive sequences and study their evolution in the SBW25 genome.
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Chapter 2:
Methods

2.1 General Methods

2.1.1 Bioinformatics

BLAST searches were performed using NCBI BLAST [102]. The genome was
browsed using Artemis [103]. DNA secondary structures were predicted using the

mfold web server [104].
2.1.2 Specific genomes used for analyses

Pseudomonas fluorescens SBW25 (NC_012660.1) [100]
Pseudomonas fluorescens Pf0-1 (NC _007492.2) [100]
Pseudomonas fluorescens Pf-5 (NC _004129.6) [105]
Pseudomonas syringae phaseolicola 1448A (NC 005773.3) [106]
Pseudomonas syringae syringae B728a (NC_007005.1) [107]
Pseudomonas syringae tomato DC3000 (NC_004578.1) [108]
Pseudomonas entomophila L48 (NC 008027.1) [109]
Pseudomonas putida W619 (NC_010501.1)

Pseudomonas putida KT2440 (NC_002947.3) [110]
Pseudomonas putida F1 (NC_009512.1)

Pseudomonas putida GB-1 (NC_010322.1)

Pseudomonas aeruginosa PAO1 (NC_002516.2) [111]
Pseudomonas aeruginosa PA7 (NC_009656.1) [112]
Pseudomonas aeruginosa LESB58 (NC_011770.1) [113]
Pseudomonas mendocina ymp (NC_009439.1)

Pseudomonas stutzeri A1501 (NC_009434.1) [114]

Salmonella enterica serovar Paratyphi A AKU 12601 (NC 011147.1) [115]
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Escherichia coli K-12 DH10B (NC _010473.1) [116]
Thioalkalivibrio sp HL-EbGR7 (NC 011901.1)
Nostoc punctiforme PCC 73102 (NC_010628.1)
Xanthomonas campestris B100 (NC_010688) [117]
Planctomyces limnophilus DSM 3776 (NC_014148)
Geobacter sp. FRC-32 (NC 011979)
Prosthecochloris aestuarii DSM 271 (NC_011059)

2.2 Methods Chapter 3

2.2.1 Bioinformatics and phylogenies

Inverted repeats were identified using Repeat Finder [118]. The multiple alignments in
Figure 3.8 were displayed with Geneious [119] (due to the perfectly conserved distances
between the 16-mers, the sequences were aligned after extraction from the genome, no

alignment method was needed).
2.2.2 Generation of randomized genomes

100 genomes with the same dinucleotide content of the leading/lagging strand and
length as the genome of P. fluorescens SBW25 were generated by randomly choosing
nucleotides according to their occurrence probability based on the preceding nucleotide.
To account for dinucleotide skew in the leading or lagging strand of the SBW25
genome, the dinucleotide content of the top strand was determined for the first half of
the genome and of the bottom strand for the second half of the genome [100] (source

code A4.1).
2.2.3 Frequency determination of most abundant oligonucleotides

Sequence frequencies for all oligonucleotides of length 10 to 20 were determined using
a sliding window with a step size of one for leading and lagging strand separately. The

most abundant oligonucleotide for each sequence length was determined. This analysis
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was conducted for randomly generated genomes as well as for P. fluorescens SBW25

and Pf0-1 (source code A4.2).

2.2.4 Grouping of highly abundant oligonucleotides in SBW25

All oligonucleotides of the chosen sequence length that occur more often in SBW25
than in Pf0-1 were ordered into groups using the following algorithm: 1, Select the most
abundant 16-mer from the list of 16-mers that occur more frequently than the most
abundant 16-mer in Pf0-1; 2, interrogate the SBW25 genome; 3, extract all occurrences
including 20 bp of flanking DNA; 4, concatenate, separating each sequence by a vertical
bar (a symbol that is not part of the genomic alphabet); 5, search all remaining 16-mers
from the list against the generated string; 6, remove from the list of 16-mers all those
sequences found within the generated string and place into the same group as the query;

7, repeat until the list of 16-mers is empty (Figure 2.1, source code A4.3).
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2.2.5 Extending REP sequence groups and identifying the frequency of false

positives

The genome was searched for related elements by introducing base pair substitutions
into the most abundant sequence of each group to a maximum of four. The newly
generated sequences, as well as the most abundant sequence of each group, were then
used to interrogate the genome and the number of occurrences was counted. In order to
determine the false positive rate, a simulation program was written to determine the
number of sequences found in randomly generated extragenic space (with the same

dinucleotide content, source code A4.4).

Put all 16-mers from
SBW25 that occur more
often than the most <
abundant 16-mer in Pf0-
1 into list X.

v

Pick the most abundant
word from list X and
search it against the
genome of SBW25.

v
All occurrences plus
20bp of flanking DNA are
concatenated, separated
bya‘

L 4
Search all 16-mers from
list X against the
concatenated string.

v

Remove all words that
were found from list X
and put them in a new
group.

v
Is list X empty?

*Yes

Terminate the program.

No

Figure 2.1. Flowchart for grouping over-represented 16-mers. The algorithm sorts all 16-mers that
occur more frequently in SBW25 than the most abundant 16-mer in P{0-1 into groups.
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2.2.6 Distribution simulation

In order to produce a null model against which the observed next-neighbor distances
could be compared, 1,053 segments of length 16 were randomly assigned to the
extragenic space of SBW25. The simulation was repeated 10,000 times and for each
simulation the distances to neighboring segments were determined. Additionally, the
formation of clusters by GI, GII and GIII sequences with up to two mismatches (1,422
sequences) was measured. A cluster of REP sequences was defined as a group of REP
sequences where each REP sequence has two neighboring REP sequences within the
group that are separated by less than 400 bp (the next-neighbor distances showed no
significant deviations from randomly expected distances above 400 bp) and a maximum
of two REP elements that have only one neighbor within the group which is separated

by less than 400 bp.

The same method was applied when distributing doublets randomly over the genome.
Instead of 1,422 16 bp long segments, 560 x 71 bp and 560 x 110 bp long segments
respectively, were randomly assigned. The number of REP doublets was determined by
only counting doublets and clusters of doublets. For clusters that contain an odd
number of REP sequences, only the even proportion was counted, thus excluding

singlets (Figure 2.2, source code A4.5).

400bp
—
a b C
Clusterl Cluster 2 Cluster3 Cluster 4

Figure 2.2. Process of REP sequence cluster determination. REP sequences are blue boxes. Red
arrows indicate a sequence length of 400 bp. The algorithm starts with the position of the first REP
sequence (a) and adds it to cluster 1. It then checks the distance to the next REP sequence. The distance to
REP sequence (b) is less than 400 bp, hence, the size of cluster 1 increases by one. The distance from (b)
to the next REP sequence (c) is greater than 400 bp, therefore, the final size of cluster 1 is two and a new
cluster of size one is created called cluster 2. The distance from REP sequence (c) to the next REP
sequence is greater than 400 bp; hence, cluster 2 is closed.
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2.2.7 Singlet decay

To compare the rate of decay between REP singlets and REP sequences that are part of
clusters, REP sequences were divided into their respective groups and then subdivided
depending on whether they are found in clusters, or as singlets. In order to include
related sequences, the 16-mers were allowed to vary at up to two positions. Since GI 16-
mers differ from GII and GIII 16-mers by only two nucleotides, GII and GIII sequences
also had to have two group-specific bases (GII: 2T, 6C; GIII: 6A, 13T).

The significance of the singlet decay data was tested using a permutation test. Nine
different REP sequence pools were created. Three sequence pools for each sequence
group, one of which contained REP singlets, one REP doublets and one greater REP
cluster sequences. Two sequences were randomly drawn without replacement from a
specific sequence pool and their pairwise identity (the number of sites that are identical
between the two sequences divided by the total number of sites) was calculated. This
procedure was repeated until the sequence pool was empty. The whole process was
repeated 100,000 times for each sequence pool, resulting in the calculation of 100,000
average pairwise identities (mean). For GI sequences the maximum mean calculated for
REP singlets never exceeded the minimum mean for REP sequences arranged as
doublets. For GII and GIII sequences the maximum mean of REP singlets did exceed
the minimum mean of REP sequences from doublets when more than 1,000 means were
produced, hence the lower significance of le-8. Additionally, for GI and GIII
sequences the maximum mean for singlets also never exceeds the minimum mean for
clusters (P-value le-10). The average of the calculated means and the standard

deviation are displayed in Figure 3.5 (source code A4.6).

2.2.8 Population sequencing

Pure genomic DNA was isolated from a single SBW25 colony using a combination of
chloroform, CTAB and column (Qiagen DNeasy Blood & Tissue Kit) purification
techniques. The genomic DNA was sheared to ~400 bp and 76 bp paired-end were
sequenced on two channels of an Illumina GA-II flowcell using standard protocols.

Raw data were filtered to generate a set of sequences no less than 36 bp in length. After
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mapping short reads to the SBW25 genome using the Mosaik software suite
(http://bioinformatics.bc.edu/marthlab/Mosaik), reads that could not be mapped were

screened for REPIN excisions. The screening was accomplished in two steps: 1, for
each REPIN present in the SBW25 genome 12 bp of the 5" and 3’ flanking sequences
were extracted; 2, since all reads are shorter than 76 bp, none of the extracted flanking
sequences should occur within one read, hence reads containing both 5" and 3" REPIN
flanking sequences contain an excision. Details of the sequences from which REPINs

were excised are given in Figure A1.2.

2.2.9 Testing for excision of REP singlets

In order to identify excisions of short palindromic sequences it was necessary to define
a seed sequence. The GI and GII sequences described in section 3.2.1.1 do not overlap
the palindromic region and hence are not suitable for this purpose (Table 3.1).

Therefore an 18-mer containing the palindrome of the GI REP as the seed sequence
(GGGGGCTTGCCCCCTCCC) was used. From this seed sequence a set of 18-mers
with up to five mismatches was generated. These sequences matched a total of 1376
positions in the SBW25. This set of 1376 sequences encompassed all three GI, GII and
GIII REP sequence groups and their relatives. In addition, to allow for the possibility of
inexact excisions of palindromes, the excision was allowed to include three additional
base pairs on each side of the seed sequence. Armed with this set of sequences the ~56
million Illumina-generated sequence reads were interogated for evidence of excision

events (source code A4.7).

2.3 Methods Chapter 4

2.3.1 Bioinformatics and phylogenies

The alignment in Figure 4.2 was created using ClustalW2 [120]. The phylogenetic tree
in Figure 4.3 was based on a translation alignment (ClustalW2 [120]) as implemented
within Geneious [119]. The tree was constructed using a neighbour-joining [121]

bootstrap analysis (1000 replicates) also embedded in Geneious.
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2.3.2 REP sequence selection in other genomes

Since REP sequences have been shown to be associated with RAYT genes [101], the
non-coding DNA flanking RAYT genes was searched for 16-mers that were repetitive,
extragenic and palindromic. The most frequent 16-mers found within the flanking DNA
were also part of or contained a palindrome and were found predominantly in extragenic
space, thereby fulfilling all REP sequence prerequisites (Table A2.2). These 16-mers
were then used for a subsequent cluster analysis (flanking clade I RAYTs) or a sample

DNA secondary structure prediction (flanking clade II RAYTs, source code A4.8).
2.4 Methods Chapter 5

2.4.1 Genomes

Bacterial genomes were downloaded from the NCBI ftp site on the 09" of March 2011

(ftp:/ftp.ncbi.nih.gov/genomes/Bacteria/). On that day 1398 bacterial chromosomes

and 1015 plasmids were fully sequenced.

2.4.2 BLAST search

For each gene family two proteins were used as queries for a BLAST search. The query
sequences for the RAYT gene family were YafM from E. coli K-12 and P. fluorescens
SBW25, for the family of peptide deformylases, def from SBW25 and E. coli K-12, for
the IS200 family IS609 from E. coli O157:H7 and ISHp608 from Helicobacter pylori
and for the IS110 family ISPfl1 from P. fluorescens Pf0-1 and ISEc32 from E. coli S88
plasmid pECOSS88. The protein pairs were then searched against each of the 1398
chromosomes and 1015 plasmids individually using TBLASTN.

The search results were analyzed in the following steps: 1, search results were sorted
into different groups, where each group contains all hits below a certain e-Value
threshold; 2, hits were checked for overlaps with genes from the corresponding genbank
annotation; for multiple overlaps the longest overlapping gene was extracted; hits
without overlaps were ignored; in the case of multiple overlaps with the same gene only

the first hit is recorded; 3, genes with overlaps were extracted and saved in the
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corresponding group as well as the translated amino acid sequence and the flanking 5’

and 3’ non-coding DNA (source code A4.9).

2.4.3 ldentifying duplications

For all homologues that occur in the same genome the nucleotide sequences were
aligned using the Needleman-Wunsch algorithm [122] and the pairwise identities (the
number of sites that are identical between the two sequences divided by the total
number of sites) were calculated. All pairs with a pairwise identity greater than 95%

were reported as duplicates (source code A4.10 and A4.12).

2.4.4 Taxonomy information

Taxonomy  information was  downloaded from the ncbi ftp site

(ftp://ftp.ncbi.nih.gov/pub/taxonomy/taxdump.tar.gz). Taxonomic classes were

determined by climbing up the taxonomic tree until the class level was reached. If no
class was specified the next higher classification is used (€.g. phylum, source code

A4.11).

2.4.5 Frequency determination of flanking 16-mers

The frequency of all 16-mers from all replicons (chromosomes and plasmids) was
determined, according to the analysis described in section 2.2.3. This way the
frequency of the most abundant 16-mer from each flanking non-coding DNA sequence
could easily be determined. The mean and standard error were displayed for each

sequence family in Figure 5.7 (source code A4.12).

2.4.6 Calculating the pairwise identity for amino acid sequences and its

significance

Pairwise alignments between protein sequences were computed by applying the
Needleman-Wunsch algorithm [122]. The pairwise identity is the number of identical

sites within the alignment divided by the total number of sites.
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Whether the pairwise identity is significantly higher than expected by chance was tested
by shuffling (draw amino acids without replacement) the two protein sequences 10,000
times. For each of the 10,000 trials the shuffled sequence pair is aligned and its
pairwise identity is determined. The P-value is the proportion of the 10,000 pairwise
identities that were greater than or equal to the pairwise identity of the two original

sequences (source code A4.13).

2.4.7 Calculating phylogenetic clusters

Pairwise identities between large numbers of proteins can be visualized as phylogenetic
clusters. In those clusters, proteins are represented by nodes and pairwise identities
between proteins are represented as connections between the nodes (edges), if the
pairwise identity between a protein pair exceeds a certain threshold. The phylogenetic

clusters were displayed by cytoscape (www.cytoscape.org) [123]. Cytoscape provides

several options to display networks. The ‘organic layout’ was selected, since it shows
the formation of clusters within the data by reducing the distance between highly
connected groups of nodes. Those groups are reffered to as phylogenetic clusters and

are representative of groups of closely related proteins (source code A4.14).

2.5 Methods Chapter 6

2.5.1 Bioinformatics

Phylogenetic trees were constructed based on ClustalW?2 [120] alignments and applying
the neighbour-joining [121] method in Geneious [119]. The predition of
transmembrane helices was performed with TMpredict

(http://www.ch.embnet.org/software/TMPRED form.html [124]).

2.5.2 Pairwise identities for R200 sequences

The average pairwise identities for different R200 sequence groups were calculated
similar to the singlet decay method under section 2.2.7. The only difference between

the above method and the comparison of R200 sequence groups was that before the
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pairwise identity was calculated the sequences were aligned by applying the

Needleman-Wunsch algorithm [122] (source code A4.15).
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Chapter 3:
Within-genome evolution of REPINSs: a new class of
bacterial mobile DNA

Based on:

Bertels F, Rainey PB (2011) Within-Genome Evolution of REPINs: a New Family of
Miniature Mobile DNA in Bacteria. PLoS Genet 7: e1002132. doi:
10.1371/journal.pgen.1002132. (attached to the end of the thesis)

Contributions: Conceived and designed the experiments: FB PBR. Performed the

experiments: FB. Analyzed the data: FB. Wrote the paper: FB PBR.
3.1 Introduction

Short repetitive sequences are a feature of most genomes and have consequences for
genome function and evolution [16, 125]. Often attributable to the proliferation of
selfish elements [21, 37], short repeats also arise from amplification processes, such as

replication slippage [54] and via selection on genome architecture [55-57].

Repetitive DNA in bacterial genomes is less prominent than in eukaryotes, nonetheless,
an over abundance of short oligomers is a hallmark of almost every microbial genome
[60]. Known generically as interspersed repetitive sequences, these elements have a
history of exploitation as signatures of genetic diversity (e.g., [61, 62, 126]), but their
evolution, maintenance and mechanism of within- and between-genome dissemination

are poorly understood [60, 127-130].
3.1.1 Interspersed repetitive sequences

Interspersed repetitive sequences fall into several broad groups each sharing short

length (individual units range from ~20 to ~130 bp), extragenic placement, and
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palindromic structure [60, 131]. REPs (repetitive extragenic palindromic sequences) —
also known as PUs (palindromic units) — range from ~20 to ~60 bp in length, possess an
imperfect palindromic core, are widespread among bacteria, and occur hundreds of
times per genome [58, 59, 100, 101, 127, 132, 133]. While often existing as singlets,
REPs also form a range of complex higher order structures termed BIMEs (bacterial
interspersed mosaic elements) [128]. CRISPRs (clustered regularly interspaced short
palindromic repeats) are a further, higher order composite of REP-like sequences that
are formed from direct repeats of short (~30 bp) palindromic sequences interspersed by
similar size unique non-repeated DNA ([89]; reviewed in [95]). Recent work shows
that the unique sequences are often phage derived and that CRISPRs, along with
associated proteins, confer resistance to phage by targeting viral DNA [95, 134].

3.1.2 Non-autonomous DNA transposons (MITEs)

Non-autonomous DNA transposons form a more distinct family of repetitive sequences
defined by their size (~100 to ~400 bp) and presence of terminal inverted repeats. Also
known generically as MITEs (miniature inverted repeat transposable elements), non-
autonomous transposons depend on transposase activity encoded by co-existing
autonomous transposons for dissemination [21]. Identified initially in plants [20],
where evidence of active transposition has been obtained [135], recent bioinformatic
analyses suggest that they also occur in bacteria [52, 53]. For example, ERICs
(enterobacterial repetitive intergenic consensus) — found in a range of enteric bacteria
including Escherichia coli, Salmonella and Yersinia [50] — and NEMISs (Neisseria
miniature insertion sequences) in pathogenic neisseriae [51] are thought to be non-

autonomous transposons (MITEs).

3.1.3 Evolution and origin of repetitive sequences in bacteria

Scenarios for the origins and functional significance of non-autonomous elements, and
to a lesser extent CRISPRs, can be envisaged, but this is not so for the majority of short
interspersed repetitive sequences. Nonetheless, studies of specific elements in particular
genetic contexts have uncovered evidence of functional roles ranging from transcription
termination and control of mRNA stability, to binding sites for DNA polymerase I
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(reviewed in [60]). However, the fact that the distribution and abundance of elements
show substantial among-strain diversity [100, 130] suggests that the range of functional

roles is incidental, arising from, for example, co-option or genetic accommodation [50].

Differences in the distribution and abundance of repetitive elements among closely
related strains carries additional significance in that it suggests that the evolution of
these elements is independent of the core genome. This is particularly apparent from
comparisons of closely related strains. For example, Pseudomonas fluorescens isolates
SBW25 and Pf0-1 are closely related and yet highly dissimilar in terms of the nature,
abundance and distribution of interspersed repetitive elements [100], even, as shown
here, at the level of REPs. While this may reflect unequal rates of element loss, an
alternative possibility is independent acquisition. Implicit in this suggestion is the

notion that repetitive elements are genetic parasites [50, 63, 127].

3.1.4 Overview

The work presented here defines the minimal replicative unit for a class of interspersed
repetitive sequences. Beginning with focus on the P. fluorescens SBW25 genome a
simple, transparent and assumption-free approach to characterize common short
sequences is employed. Suitable null models are used to show that over abundant short
sequences — which cannot be accounted for by mutation pressure — fall into three
separate groups, each with characteristics typical of REPs. By characterizing REP
distribution and conservation REP doublets as opposed to REP singlets are shown to be
the replicative unit, which will be referred to as REPINs (REP doublets forming
hairpins). Excision events identified in population sequencing data suggest that
REPINs are mobile and possibly represent transposition intermediates. Together the
evidence presented here suggests that REP sequences organized as REPINs, define a
class of hitherto unrecognized miniature non-autonomous mobile DNA in P.

fluorescens SBW25.

3.1.5 Aims

The overall aim of this chapter is to investigate the within-genome evolution of

REPINs. Specifically the aims are:
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(1) Identify the most abundant class of short repetitive sequences in SBW25

through comparisons to suitable null models.

(2) Elucidate the distribution of the most abundant class of short sequences (REPs)
in SBW25.

(3) Determine the replicative unit for REP sequences.

(4) Characterize higher order arrangements of REP sequences in the SBW25

genome.
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3.2 Results

3.2.1 Short sequence frequencies in P. fluorescens SBW25 and P. fluorescens
Pf0-1

Defining repetitive DNA on the basis of short sequences ranging from 10 — 20
nucleotides is simple and can be done logically without invoking heuristics and
approximations (for longer sequences exact repetitions are rare). Figure 3.1 shows that
the P. fluorescens SBW25 genome harbours numerous repetitive sequences: the most
common 10-mer occurs 832 times; the most common 20-mer occurs 427 times. While

these numbers appear significant, it is possible that they are no more than expected by

ESBW?25 random chance. To test this

900 7 OPfO-1 hypothesis, 100 random genomes
>322 mmax of 100 randomly ~ Were  generated, with the same
% 600 - assembled genomes i cleotide content, replication bias
;?500 | and length, as the SBW25 genome.
§ 400 - The frequency of the most abundant
%300 7 oligonucleotides was determined from
% 200 1 both leading and lagging strands.
102 Figure 3.1 shows that the most
10 11 12 13 14 15 16 17 18 19 20 abundant 10-mer from the randomly
Sequence length (bp) generated genomes occurs 304 times.

Figure 3.1.  Frequency of the most common For longer sequence lengths this

oligonucleotides in the genome of P. fluorescens
SBW?25 compared to a random model, and to the
closely related P. fluorescens PfO-1 genome. The
random model is based on 100 genomes generated with
the same dinucleotide content, replication bias and length
as the SBW25 genome. P. fluorescens Pf0-1 shares the
same GC-content as SBW25 and highly similar
dinucleotide content; coding density differs by 1.7% and
the genome length differs by 4%.

number rapidly decreases (four

instances in the case of 20-mers): the
number of repeats expected by chance

alone is thus much lower than

observed. In total, there are 108

different 10-mers and 14,351 different 20-mers that occur significantly more often in
the P. fluorescens genome than the most abundant oligonucleotides from randomly

generated genomes (P < 0.01, Figure 3.2). While compelling evidence for the existence
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of over-representation of short sequences, gene duplications could in part account for

these findings [136]. Hence, an alternative null model was sought.

P. fluorescens Pf0-1, one of the

20000 - closest relatives of SBW25, shares the
B 15000 same GC-content and has a highly
E similar dinucleotide content (Table
510000 1 A); coding density differs by 1.7%

o
% 5000 - and the genome length differs by 4%
@ (6,722,539 bp for SBW25 and
0 - 6,438,405 bp for Pf0-1, [100]). The

10 11 12 13 14 15 16 17 18 19 20

Sequence length (bp) close similarity means that any bias in

Figure 3.2. Number of different oligonucleotides in the representation of short sequences
the genome of P. fluorescens SBW25 that occur more
often than the most frequent oligonucleotides from
randomly assembled genomes.

due to duplicative evolutionary
processes, or  other  selective

mechanisms, should be similar in both genomes.

As in SBW25, over-represented short

12 -
sequences in Pf0-1 are more frequent 010 -
than expected by chance (Figure 3.1), “_3' g -
however, a considerable difference in & g
short sequence frequency is apparent. § 4 -
The difference between SBW25 and & 9
Pf0-1 is greatest at a sequence length 0 -

10 11 12 13 14 15 16 17 18 19 20

of 16, where the most abundant
Sequence length (bp)

sequence in SBW25 occurs 618 times, . )

Figure 3.3. Ratio between the most abundant
over 11 times more frequently than oligonucleotides from SBW25 and Pf0-1.
the most abundant 16-mer in Pf0-1 (Figure 3.3). On the basis of comparisons to both
the random null model and the Pf0-1 genome all 16-mers occurring more than 55 times
(the frequency of the most abundant 16-mer in P{f0-1) in the SBW25 genome were
deemed over-represented. This led us to reject the null hypothesis that chance alone

explains the occurrence of short repetitive sequences in the SBW25 genome.

Accordingly, over-representation of oligonucleotides is attributed to selective processes.
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3.2.1.1 Short repetitive sequences in P. fluorescens SBW25 are synonymous with
REPs

The collection of over-represented 16-mers together encompasses 96 different
sequences; however, a cursory glance suggested that many share similarity. Using a
grouping method designed to detect overlapping subsets of sequences (Methods Figure
2.1), the 96 sequences were found to be members of just three separate sequence groups
(GI, GII and GIII (Figure Al.1)), each containing an imperfect palindrome (the
palindrome overlaps the most abundant 16-mer in GI and GII, but is part of the most
abundant 16-mer in GIII (Table 3.1)). The most abundant 16-mers of each group
together occur 1,067 times. The majority of these sequences are extragenic; only 14 16-
mers overlap with genes. Together these data show that the three groups of 16-mers are
over-represented in the SBW25 genome, contain an imperfect palindromic core and are
primarily extragenic. Possessing the hallmarks of repetitive extragenic palindromic

(REP) sequences, the three groups of 16-mers are, for all intents and purposes, REPs.

Table 3.1. Short repetitive sequence groups in the SBW25 genome,

Group®  Sequence® Occurrences Palindromic core®

I GTGGGAGGGGGCTTGC 618 GGGGGCTTGCCCCC
I GTGAGCGGGCTTGCCC 241 GCGGGCTTGCCCCGC
111 GAGGGAGCTTGCTCCC 208 GGGAGCTTGCTCCC

*16-mers were sorted into three groups (GI, GII and GIII) using a grouping algorithm (Figure 2.1 &
Figure A1.1). "Sequence of the most common 16-mer from each group. °Each GI, GII and GIII sequence
either contains, or overlaps, an imperfect palindrome (the palindromic core).

3.2.1.2 Determining REP sequence family size

In order to accommodate the possibility of related family members, a pool of sequences
that differed to GI, GII and GIII sequences by up to four bases was generated. This
resulted in 488,373 different 16-mers of which 1,861 were located in extragenic space.
To define the proportion of false positives the search was repeated by interrogating
randomly generated extragenic space (with the same dinucleotide content and length of
each individual extragenic space) for matches to the 488,373 different 16-mers. This
showed that 12 % of all sequences with up to four substitutions are false positives
(sequences unrelated to GI, GII or GIII). Repeating the analysis with the subset of

sequences, which differ firstly by three and subsequently, two substitutions showed that
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2 % and 0.2 % of matches are false positive, respectively. For two substitutions the
false positive rate is low enough to conclude that the described repetitive sequence
families consist of at least 1,422 members (Table 3.2). The precise number of members
belonging to each of the GI, GII and GIII groups cannot be determined because with a
degeneracy of two, some sequences fall into more than one group.

Table 3.2. Frequency of Gl, GIl and GIII 16-mers in the extragenic space of the
SBW?25 genome

Number of occurrences

Number of 16-mers® Extragenic space Randomly assembled
extrangenic space®

0 substitutions 1053 <0.01

(3 sequences)

1 substitution 1249 0.13+0.33
(147 sequences)

2 substitutions 1422 2.24+ 141
(3,387 sequences)

3 substitutions 1560 31.18 £5.18
(48,707 sequences)

4 substitutions 1861 264.74 + 15.87
(488,373 sequences)

“In order to identify closely related members of each GI, GII and GIII sequence family extragenic space
was searched for all possible sequences that differed by up to four substitutions. The number in brackets
is the number of variant sequences: e.g., with no substitutions allowed there are just the three sequences
(Table 3.1); allowing for one substitution there are 147 different sequences, and so forth. The number
found in extragenic space was compared to a null (random) model based on randomly assembled
extragenic space (see text). "Data are means and standard deviation from 100 independent extragenic
space randomizations.

3.2.2 The distribution of REP sequences in the genome of SBW25

The selective causes for the prevalence of GI, GII and GIII sequences in the SBW25
genome are of considerable interest. Although implicit in many studies is the notion
that REP-like sequences have evolved because of their selective benefit to the cell (as
transcription binding sites, termination signals and the like [132, 137, 138]), it is also

possible that selection has favoured their evolution as a consequence of benefits
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delivered to a genetic (parasitic) element, of which the repeat sequence is a component.
The highly significant differences in the frequency, nature and genomic location of
short repetitive sequences in SBW25, compared to Pf0-1 make a compelling case for the

latter.

If the prevalence of GI, GII and GIII sequences is a consequence of gene-level
selection, then this implies the existence of a replicative entity — a genetic element that
has the capacity to reproduce within the genome. The distribution of REP sequences is
likely to provide some information. One way to quantify the distribution is to measure
distances between neighbouring REP sequences and compare these to distances between
REPs generated by a null (random) model. If individual REPs are randomly distributed
then this would suggest the individual REP as replicative unit. If the distance between
adjacent REPs is non-random, then this may suggest the evolving entity is some higher

order arrangement of REPs.
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Figure 3.4. Frequency of next neighbour distance for 1,053 GI, GIl and GlII sequences from
P. fluorescens SBW25 compared to a random model (inset). Data are next neighbour distances for GI,
GII and GIII sequences in extragenic space. The peaks at 71 and 110 bp correspond to doublets of GI and
GII sequences, respectively. The peak at 184 bp corresponds to GI-GIII tandem repeat clusters (see text).
No significant deviation from the random model was noted for next neighbour distances above 200 bp.
The next neighbour distances of 16-mers randomly assigned to extragenic space is the average of 10,000
simulations (inset).
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To construct the null model, 1,053 (the number of invariant GI, GII and GIII sequences
in extragenic space) non-overlapping 16 bp segments were positioned at random within
the extragenic space of the SBW25 genome. This process was repeated 10,000 times
and the average occurrence of the distance between neighbouring elements calculated.
Equivalent data for the 1,053 over-represented REPs is shown in Figure 3.4. A
comparison between the two histograms reveals marked differences in the distributions
of distances between next-neighbours. Most striking is the strong bias toward specific
inter-element distances. This marked skew shows that REPs are not independently
distributed and is suggestive of an underlying copying mechanism involving at least two
REP sequences. Of note is the fact that doublets typically comprise pairs of identical
GI, GII or GIII sequences and are rarely mixed (although some exceptions are discussed

below) (Figure 3.4)

3.2.3 The replicative unit

To explore the possibility that the replicative unit is an entity comprised of two REP
elements (a REP doublet) the number of singlets, doublets, triplets and higher order
arrangements of REPs was determined (REP clusters) by examining the 400 bp flanking
either side of each REP for the presence of REP sequences (Methods Figure 2.2). Once

again, the results of this analysis were compared to the null (random) model used above.

3.2.3.1 The frequency of higher order arrangements (clusters) of REP sequences

According to the random model, 58 % of all REP sequences are expected to occur as
singlets, whereas data from SBW25 shows that just 18 % are singlets. In contrast, 61 %
of all REPs are organized as doublets, which is significantly greater than the 17 %
expected by chance (Table 3.3). Interestingly, REP triplets are rarer than expected,
whereas several higher order arrangements of REPs, including two sets of twelve (see

below), are more frequent than expected (Table 3.3).
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Table 3.3. Frequency of REP clusters within the SBW?25 genome

Cluster Size Number of occurrences P-Value

Observed?® Expected (random model)® <° >4
1 267 832 +22.24 1 0
2 431 181.4+11.12 0 1
3 26 443 £6.1 0.9998 0.0009
4 12 13.1+£3.42 0.6658 0.4537
5 1 438 +1.96 0.9893 0.0615
6 6 1.67 £1.03 0.0070 0.9989
7 5 0.66 £ 0.65 0.0007 0.9999
8 5 0.31+0.46 0 1
9 3 0.14 £0.35 0.0006 1
10 0 0.07 +0.25 1 0.9364
11 0 0.04+0.18 1 0.9658
12 2 0.02+0.14 0 1
Sum 1422 1421.76

Data are the number of REPs occurring as clusters (from singlets to clusters of 12) in extragenic space
compared to expectations from a null model based on the random assignment of 1,422 16-mers (to
extragenic space) (see text). “Observed occurrences from the SBW25 genome. "Expected values (means
and standard deviation) based on 10,000 simulations. “The proportion of times the observed frequency
was less than or equal to the expected value. “The proportion of times the observed frequency was
greater than or equal to the expected value.

The highly significant over-representation of REP doublets suggests that the doublet
defines an appropriate replicative unit. If true, then the distribution of doublets across
extragenic space should be unaffected by neighbouring REP elements and should thus

conform approximately to a null (random) model.
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Table 3.4. Frequency of REP doublets within the SBW25 genome

Segment length  Cluster size

Number of occurrences

Extragenic space

Randomly assigned

16-mers®
71 bp 2 457 43476 £12.9
4 13 46.3+£5.75
6 11 7.69+£2.6
8 8 1.63+1
10 0 04=£0.5
12 2 0.12+0.3
14 0 0.03+0.18
16 0 0.01+0.1
18 0 0.002 £ 0.06
110 bp 2 457 4192+ 13
4 13 49.1+59
6 11 94+2.8
8 8 22+1.2
10 0 0.7+0.6
12 2 02+04
14 0 0.09 £0.25
16 0 0.02+£0.16
18 0 0.02+0.1

Data are the frequency of REP clusters (from doublets to cluster of 18 REPs) found in extragenic space
compared to a null model based on the random assignment of 560 x 71 bp and 560 x 110 bp segments (to
extragenic space). REP clusters containing an uneven number of REP sequences are included in the next
lower cluster size (REP singlets are omitted). * Data are means and standard deviation of 10,000

simulations.

To test this hypothesis, random distributions of REP doublets over extragenic space

were compared to actual REP clusters found in SBW25 (Table 3.4). However, because
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the distance between REPs (in the doublet conformation) varies (Figure 3.4), two
random models were generated based on the two most common inter-REP spacings: 71
bp (a doublet of GI REPs) and 110 bp (a doublet of GII REPs). Simulations were based
on the random assignment of 560 REP doublets (corresponding to the sum of REP

clusters (of two or more) in Table 3.3) to extragenic space and were repeated 10,000

1- times. Although the two segments
® singlets differ significantly in size, simulations
.‘?0'95 1 Sdoublets  for each family gave remarkably
é 0.9 - m clusters Similar results (Table 3.4). Together
2 these data show that the observed
< 0.85 A
§ number resembles that predicted if the
0.8 1 doublets are randomly distributed.
0.75 - 3.2.3.2 Comparison of the
Gl Gll GllI
conservation of REPs in singlets,
Figure 3.5. Average pairwise identity of REP

sequences found in singlets, doublets and clusters. doublets and clusters

Data are average pairwise identity of REPs found as

singlets, doublets and clusters (clusters contain more A further  prediction concerns
than three REPs). Error bars show standard deviation. . .
Statistical testing (jackknife) shows the average pairwise evolutionary ~ processes  affecting

identity of 16-mers from REP doublets (and clusters for

GI and GIII, P-value < le-10) to be significantly greater
than the average pairwise identity of 16-mers obtained
from REP singlets: this is true for comparisons within
each of the REP groups (P < le-10 for GI; P < le-8 for

doublets vs. singlets. If REP doublets
are the replicative unit, then singlets

are likely to derive from doublets,

GII and GIII).
either by decay (divergence) of the

neighbouring element, or by destruction of the doublet through insertion or deletion. In
either case the REP singlet is expected to be non-functional (immobile) and thus subject
to random genetic drift. REP doublets on the other hand — being (according to the
hypothesis) functional and potentially mobile — are expected to be shaped by selection:
genetic diversity of REP singlets should thus be greater than doublets. To test this
hypothesis GI, GII and GIII sequences were extracted from the SBW25 genome plus all
related sequences that varied by up to two positions. Since only two nucleotide
differences distinguish GII and GIII sequences from a GI sequence, GII and GIII
sequences were defined by two fixed (invariant) positions (GIL: 2T, 6C; GIII: 6A, 13T).
After extraction, sequences from each group were divided into a set of 16-mers obtained

from singlets, a set of 16-mers from doublets and a set of 16-mers obtained from
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clusters (where a cluster contains three or more REPs). For all nine sequence groups
(three from each GI, GII and GIII group) the pairwise identity was calculated (Figure
3.5, see Methods for details). The average pairwise identity of 16-mers obtained from
REP doublets is significantly greater than the average pairwise identity of 16-mers
obtained from REP singlets: this is true for comparisons within each of the REP groups

(P < 1e-10 for GI; P < 1e-8 for GII and GIII).

Table 3.5. Characteristics of REP doublets found in the SBW25 genome.

REP doublet group  Distance between Number of REP orientation®
REPs occurrences within
SBW25
GI 35 5 AA-TT
36 3
41 6
42 9
43 7
51 2
52
53 6
70 8 TT-AA
71 102
72 43
GII 72 4 TT-AA
109 14
110 50
111 17
112 2
GIII 64 3 TT-AA
65 3
66 7
67 3
68 3
77 2
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78 2
79 17

*Shows the two bases that are observed in the centre of each palindrome. In a REP doublet the central
two bases of each REP on the top strand determines the doublet’s orientation.

3.2.3.3 REP doublet diversity

REPINs show a considerable level of within group diversity. Table 3.5 shows a variety
of observed distances between the two REP sequences within a REP doublet. For GI

REP doublets alone 11 different distances are observed. However, all 11 distances can

b¢ palindrome®  a¢ TT-AAGI a‘ palindrome b

1 10 20 30 40 50 60 70 80 90 95

A GCGGTGARGCAGT CAARAIETCTG TG CTGAMMGA CCGC
GCMlGAGTGTCAGT CARMGE T THIGG T GG CT GA Clll CA ClliG clip

GCGGTGTHMTCAGGHENA GAAR THE T TGA CTGA ClllA CCGC
A GCGGAGTGTCAGTCAAAA TGAB T TGGCTGARBCA ccGCda

€ >
B 71bp

a palindrome b AA-TT GI b¢ palindrome® a¢

1 10 20 30 40 50 60 70 75

[GGGGGCAAGCCCC(] AITA T TGACHIGITA T TEABAAR TCAAA GGAGGGGGCTTGCCCCOGA
[GGGGGCAAGCCCCUTCCCACA T TG TCAAGIEG TGAATTATATN TCAAA TGGCAGGGGGCTTGCCCCCGA
[GGGGGCAAGCCCCTCCCACAT T TEGACEGG TG TAEGEAGGCEAAQTG TCGCALGGGGC T TGCCCCCA
IGGGGGCAAGCCCCUTCCCACHT T TGAACGIIG TG TGGGAGGGGGCTTGCCCC &

GA

TTEAGAGAT TAATTAA
[CGGGGCAAGCCCCUTCCCACATTT TCAATIGITA T TEABAGA TCAABQTG TGGCALGGGGCTTGCCCC]
[GGGGGCAAGCCCCUTCCCACARTT TGAICGGG T TBABABGG TCAAAAITG TGGGALGGCGC TTGCCCC
ATCCCCCCCAAGCCCCATCCCACEIT T T TGAARGIFA T TIRABAGG T TG TG LCCCCCTTGCCCCCA

ARAA=A

\
— b® palc ac a pal b |— b¢ palt a° a pal b —

— a pal b b¢ pal® a‘f—

Figure 3.6. REP sequence orientation within GI doublets. (A) Alignment of 101 GI REP doublets
from SBW25 (seven are shown) that are found at a distance of 71 bp to each other. REP sequences
within the doublet are found in opposite orientations and are divided by a less conserved spacer sequence.
Each REP sequence consists of a palindrome, a 5" and a 3’ flanking sequence. The bases in the centre of
each palindrome indicate the orientation within the doublet. TT is found in the centre of the first
palindrome and AA in the centre of the second, hence, the shown doublet is of type AA-TT. Three
conserved As and Ts are found at the 5’ and 3’ end respectively, indicating the co-option of this REP
doublet class as transcription terminator. (B) Alignment of the less commonly found AA-TT GI doublet
conformation separated by 43 bp. Note that the conserved As and Ts at the 5" and 3’ end of the alignment
do not exist. However, As are found at the 5" end of the b° sequence and at the 3’ end of the b sequence
similar to GI doublets in TT-AA orientation. (C) A potential scenario for the evolution of AA-TT GI
doublets from TT-AA GI doublets. An accidental transposition of the 3’ and 5’ end of two co-localized
TT-AA GI doublet could have been sufficient to create the new AA-TT REP doublet type.
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be sorted into only four groups, where a group only consists of consecutive distances.

GI REP doublets not only show a diverse set of REP sequence distances but are also
found in two different orientations. Since REP sequences are imperfect palindromes
they have an orientation, which is determined by the imperfections in the palindrome,
namely the central two bases (AA or TT for all REP sequence groups in SBW25).
Furthermore, the orientation of a REP sequence can also be determined by the
sequences flanking the palindrome. Since the vast majority of REP doublets consist of
two inverted REP sequences, there are two possible doublet configurations, either the
predominant TT-AA configuration (most GI, all GII and GIII doublets) or the much less
common AA-TT configuration (minority of GI doublets, Figure 3.6A and B).
Interestingly, GI doublets in TT-AA configuration are flanked by multiple conserved
‘A’s and ‘T’s on the 5" and 3’ end respectively, which is likely to be a result of co-
option of the REP doublet for transcription attenuation [137]. GI doublets in AA-TT
orientation are not flanked by runs of ‘A’s or ‘T’s, however there are ‘A’s and ‘T’s
directly flanking the REP sequences inside the doublet (Figure 3.6A and B). This
suggests that the AA-TT configuration evolved from the 3" and 5" REP sequences of two
co-localized TT-AA GI doublets (Figure 3.6C).

3.2.3.4 Evolution of long palindromic singlets

While analysing REP singlets, usually consisting of a 5’ flanking sequence (), a central
palindrome and a 3’ flanking sequence (b), long palindromic sequences with the
structure b-palindrome-b® (b® is the complement of b) or a-palindrome-a® were
observed. Interestingly, the observed long palindromic REP sequences could be created
when the central sequence of a REP doublet is excised (Figure 3.7A). If this hypothesis
is true then one would predict to find both types of long palindromes only for GI
sequences, since only GI doublets occur in AA-TT and TT-AA orientation. Figure 3.7B
shows that in line with our prediction only for GI sequences both types of long
palindromic REPs are found. Furthermore the abundance of the observed long
palindromes correlates with the abundance of the respective doublet configuration,
which further supports the hypothesis that the observed long palindromes arose from
REP doublets.
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3.2.3.5 REP doublet structure

Analysis of the organization of REP doublets shows that in the majority of cases, pairs
of REPs (93 % of all 430 REP doublets) — of either the GI, GII, or GIII types — are
organized as two inverted REP sequences that overlap the most abundant 16-mer
(Figure 3.8A & B). While the spacer region between REPs shows less conservation
than evident in the REPs themselves, secondary structure predictions for ssDNA shows
that the conserved bases on each side pair resulting in a hairpin (Figure 3.8E). Thus,
while selection appears to favour highly conserved nucleotide arrangements for REP
and adjacent sequences, the critical features of the intervening sequence would appear
to be length, and capacity to form a hairpin. Indeed, compensatory changes on either

side of the predicted hairpin are common (Figure 3.8A).

3.2.3.6 Evidence of REP doublet excision (mobility) in Illumina sequencing data

Finally, if the assertion that the doublet defines a replicative entity is correct, then
evidence of movement could in principle come from population sequencing. To this

end 55,768,706 paired-end Illumina reads (36-76 bp long) obtained from sequencing

A

a pal b b¢  pal* ac‘ ‘ b¢ palc a¢ a pal b

4 U

a pal ﬂ or F pal® ac‘ [ be palc b ] or ‘ be  pal b
B

Gla |ATC GGGGGCAAGCCCCC GAT| 2 occurrences

Glb ITGTGGGA GGGGGCAAGCCCCC TCCCACA| 26 occurrences

Gll [TGTGGTGA GCGGGGCAAGCCCGC TCACCACA| 1 occurrence

Gl TGTGGCGA GGGAGCTTGCTCCC TCGCCACA| 5 occurrences

Figure 3.7. Unusual long palindromic GI, GIlI and GllI sequences and their potential evolution
from REP doublets found in the SBW25 genome. (A) Shown are all four long palindromic GI, GII and
GIII sequences together with their frequency found in the SBW25 genome. Note that two configurations
are found for GI sequences and only one for both GII and GIII sequences. (B) Shows how long
palindromic REP singlets could arise from REP doublets through the excision of the central sequence.
Hence, REP doublets found in AA-TT orientation would produce a-palindrome-a® REPs (left) and REP
doublets found in TT-AA orientation b®-palindrome-b REPs (right).
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DNA extracted from 5 x 10e9 SBW25 cells, were interrogated for evidence of insertion
and excision events. A total of 18 putative insertions were detected, however, the
possibility of false positives could not be discounted. A similar search for excision
events proved more profitable: three single reads were identified which mapped to three
different locations on the genome, each corresponding to unique sequences flanking a
GI REP doublet (Figure 3.8C and Figure A1.2). However, the expected doublet was
absent from all sequence reads leading us to conclude that these sequences were from
DNA molecules from which the doublet had excised. Additionally, 200 individual
sequence reads were observed spanning a GII REP doublet indicating its excision from
the entire population (Figure A1.2). That these events could result from machine and /
or chemistry error is improbably low. Furthermore, a search for evidence of REP
singlet deletions from the ~56 million Illumina reads failed to find evidence of a single

such event (see Methods).
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Figure 3.8. General organization and predicted secondary structure of REP doublets forming
hairpins (REPINS). (A) Alignment of 101 GI REP doublets from SBW25 (37 are shown) shows a
symmetrical (palindromic) organization comprised of two highly conserved regions separated by a spacer.
Top line shows the consensus sequence followed by a graph displaying identity to the consensus (green
denotes 100% identity). Two invariant regions of 16 bp are found in the left and right ends (LE, RE).
These sequences are organized as inverted repeats and define the most abundant 16-mer in the SBW25
genome (black box). Each 16-mer overlaps a GI REP sequence (red box). (B) General REPIN features
including LE and RE, each comprised of a highly conserved 16-mer (black) overlapping a REP sequence
(red), with the two ends separated by a spacer. For a GI doublet the distance between the first residues of
the two invariant 16-mers is 71 bp. Complementary bases permit formation of a hairpin structure
(arrows). (C) Three excision events detected from Solexa sequencing reads reveal a putative
transposition intermediate. Full length sequences show three genomic regions located between
2,577,312-2,577,231, 3,857,520-3,857,439 and 5,683,545-5,683,624 bp on the SBW25 genome each of
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which contains a REPIN. The partial sequences below each genomic region are Solexa reads from which
the REPIN has been excised (see also Figure A1.2). (D) Cartoon of the excised region indicating putative
transposition intermediate. Note the 5'-tail which generates an asymmetrical sequence. (E) Secondary
structure prediction for the consensus GI REPIN shows that the conserved bases on each side can pair
resulting in a long hairpin (E, left). Predictions for transposition intermediates in the same order as the
alignments in (C): the second, third and fourth hairpin correspond to the first, second and third alignment.
The single stranded 5'-tail is free to pair with a complementary sequence.

Details of the excised doublets are shown in Figure 3.8C & D. Of particular interest is
the asymmetrical nature of the deleted sequence: in both instances it begins (in the
lefthand (5') end (Figure 3.8B)) at the start of the invariant sequence defined by the
most conserved 16-mer and extends through the spacer region into the second REP
sequence. However, rather than finish at the end of the conserved 16-mer as expected,
the deletion truncates at the 3'-end of the righthand REP sequence leaving the last ~6 bp

of invariant sequence intact (Figure 3.8C).

Secondary structure predictions show a hairpin structure with a 5'-single strand tail.
Although the structures of the two hairpins are not identical (due to differences in the
sequence of the space region) the 5'-tail is a feature of the excised entity in both
instances (Figure 3.8E). It is likely that the excised sequences define the transposition

intermediate.

Additionally to the excision of a whole REP doublet, the excision of the central
sequence of a REP doublet, leaving a long palindromic REP sequence behind, was
identified in population sequencing data (Figure 3.9). The sequence was cut at the 3’
end of the 5’ palindrome and at the 3’ end of the 3’ palindrome leaving a long
palindromic REP sequence behind. This excision is a symmetric cut (cut on 3’ end of
both palindromes) as opposed to the REP doublet excision in Figure 3.8, which is
asymmetric (cut on the 5" end of the 5' REP and on the 3’ end of the 3' REP). The effect
of these events is entirely unclear. Although one could speculate that it is simply an
alternative way of transposing REP doublets. However, this immediately raises the
question, why there are two ways of REP doublet transposition. Alternatively it could
be a way to reduce the numbers and activity of REP doublets within the genome (single
REP sequences are predicted to be immobile) without losing their functionality as
transcription terminator (long palindromes are able to form long hairpin structures and
are still flanked by runs of ‘A’s and ‘T’s). Nevertheless, the diversity of different REP
doublet structures and the observation of different excision events are a testimony for

the complexity of REP doublet biology within the SBW25 genome.
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a palindrome b AA-TT GI be palindrome® | a¢

ATC GGGGGCAAGCCCCC GAT

Figure 3.9. Incomplete symmetric excision event of a REP doublet detected in Illumina sequencing
data. The first line of the alignment shows the genomic sequence of SBW25 from position 598,553 to
position 598,634. The second line of the alignment shows part of the sequence read that maps perfectly to
the corresponding genome sequence apart from the excision in the centre of the read. The cartoon below
the alignment shows the general composition of the GI REP doublet. The last line in the picture shows the
remaining REP sequence found in the sequence read. It only contains flanking sequence (a), the central
palindrome and flanking sequence (a°).

Together the above analyses implicate REP doublets as a unit of selection: a family of
mobile DNA that has, until now, eluded recognition. Although REP doublets have
previously been noted as one of many different higher order arrangements of REPs, they
have not before been implicated as replicative entities [58, 59, 130-132]. Furthermore,
in previous discussions of higher order arrangements it has been assumed that the
singlet is the basic building block. In contrast, the presented data supports the view that
REP singlets are defunct remnants of once functional REPINs. Because of their likely
evolutionary relevance, a label that defines the replicative entity appears warranted.

Henceforth REP doublets forming hairpins will be referred to as REPINs.

3.2.4 Higher order arrangements of REP sequences

3.2.4.1 REPIN clusters

While the majority of REPINs exist as singlets, some higher order arrangements are
apparent (above and Table 3.4). These are of two main types: those showing a

distinctive ordering and those with no apparent structure.

REPINs occurring in ordered clusters are typically arranged as tandem repeats of nearly
identical REPINs — including the flanking sequences (Figure 3.10). With 16 such

clusters distributed throughout the genome, these arrays are the most common higher
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order arrangement of REPINs in SBW25. The largest cluster consists of four REPINs
(plus an additional REP sequence) with a total length of over 700 bp.

{ 1 | RepIN [ H | repIN' [ 12 }

Figure 3.10. A sketch of a typical tandemly repeated REPIN cluster. The cluster comprises two
tandem repeat units. Each unit consists of a 5’ flanking sequence (f1) followed by a REPIN and ends with a
second shorter flanking sequence (f2). The two units are usually separated by a short stretch of DNA that is
not repeated.

REPINs in clusters lacking obvious organization are found in five regions of the
genome and typically consist of two unrelated REPINs. Close inspection suggests that

these clusters are formed by insertion of REPINs into, or next to, existing REPINS.

3.2.4.2 Tandemly repeated REP sequences

REPs also form higher order arrangements. These are of two distinct types: the first
involves highly organized tandem arrays of GI and GIII REP sequences: GI REPs are
separated from GIII REPs by 112 bp; GIII REPs are separated from GI REPs by 72 bp.
Five such tandem arrays are located at ~2 Mbp all of which are found in forward
orientation, six are found ~4 Mbp in reverse orientation (at a distance of ~2Mbp from
the origin of replication). The two largest tandem arrays both contain 12 GI and GIII
sequences, one found at ~4.1 Mbp the other at ~2.5 Mbp (Figure 3.11). These two
arrays are almost identical copies of each other, but found in opposite orientations on
opposite sides of the genome. The second type of tandemly organized REP sequences

consists solely of evenly spaced GI sequences found at two positions in the genome.
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Figure 3.11. Approximate positions of the two largest tandem repeat clusters in the genome of
SBW25. The tandem repeats are formed by sequences from GI and GIII. The gray and black arrows
indicate different sequence lengths.
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Similar to the GI-GIII tandem arrays one GI tandem array is found in forward and the

other one in reverse orientation.
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3.3 Discussion

3.3.1 Short repetitive sequences

Short interspersed repetitive sequences are widely distributed in bacteria, but past
studies have shed little light on their evolutionary origins. The study of the abundance
of short sequences in P. fluorescens SBW25 together with comparisons against a
random (null) model, and subsequently against the data from the close relative P.
fluorescens Pf0-1, revealed the presence over-represented short sequences, thus
indicating that natural selection is a primary driver of their evolution. Moreover, these
short repetitive sequences are shown to fall into three distinct groups (GI, GII and GIII),
each bearing characteristics typical of REP sequences, that is, they are repetitive,

extragenic and palindromic.

3.3.2 The replicative unit

A critical issue is the nature of the entity upon which selection acts. Evidence that this
entity comprises a doublet of REP sequences — a REP doublet forming a hairpin
structure (REPIN) — came firstly from analysis of the distribution of REPs in extragenic
space. The striking departure from a random model shown in Figure 3.4, along with
clear bias toward specific distances between REPs, pointed to the REPIN as the
replicative entity. The hypothesis was further tested by examining the distribution of
REP doublets in extragenic space, by measuring nucleotide diversity in singlets versus
doublets, and by analysis of the conserved features of REPINs. Finally, the existence of
REPINSs as actively mobile entities was bolstered through the discovery of four excision

events that may define putative transposition intermediates (Figure 3.8).

A previous analysis of the SBW25 genome using various repetitive DNA finding
algorithms [100] revealed numerous repeat families. Two of these, the so named RO
and R2 repeats have characteristics similar to REPINs; indeed, a comparison (Table 3.5)
shows a correspondence between REPINs and the RO and R2 repeats. In general RO
repeats map to GI REPINs, while R2 repeats correspond to a mixture of both GII and
GIII REPINs.

51



Chapter 3: Within-genome evolution of REPINs

Table 3.6 Correlation between REPINs and repeat families previously detected in
SBW?25.

Gl REPINs® Gll REPINs® GlIl REPINs®
RO® 152 0 3
R2° 3 85 51
others 37¢ 1 0

*Only exact matches of GI, GII and GIII 16-mers were considered when searching for REPINs. "Repeat
families detected in SBW25 by Silby et al. [100]. “The high number of others for GI doublets is
attributable to the presence of two different REP orientations within REPINs (TT-AA is found in RO, AA-
TT is not).

At first glance the footprints differ from expectations based on bioinformatic analyses in
that they do not encompass the full extent of the conserved REPIN (Figure 3.8B): the
lefthand end is complete, but the righthand end stops at the end of the right REP
sequence (see Results and Figure 3.8C & D). This is curious given that the REPIN as
defined by bioinformatic analyses is symmetrical (Figure 3.8A & B). One possibility is
that the footprint has nothing to do with REPIN movement, but this seems unlikely.
Alternatively, the asymmetry defined by the putative intermediate may provide clues as

to a possible mechanism of transposition.

Assuming the footprint left by the excised DNA is a genuine intermediate in REPIN
movement then a key issue is the reformation of the symmetrical REPIN. This could
happen if REPIN transposition occurred via a single stranded intermediate where the 5'-
tail was able to pair with complementary sequence. In this regard it is of interest to note
that the 5'-tail is complementary to the 3’-end absent from the putative intermediate.
Moreover, secondary structure predictions show that the tail is unlikely to form part of
the hairpin (Figure 3.8E). It is possible that the 5'-tail is involved in recognition of the
complementary sequence (the target) and that via this recognition event, integrates back

into DNA leading to the formation of a new REPIN.

Apart from the asymmetric REPIN excisions, one symmetric excision was detected
(both cleavage events at 3’ end of the REP palindrome), leaving a symmetric REP
singlet behind (Figure 3.8 and Figure 3.9). However, there are a number of questions
that remain. What role does this event play for the distribution of REPINs within the

genome? Are the excised sequences integrated back into the genome? Can excisions of
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that kind be adaptive or is it just a by-product of REPIN dissemination? Understanding
the mechanism of these events could provide great insight into REPIN dynamics and

genome evolution.

While the argument for REPINs as replicative entities is supported by substantive data,
REP singlets are nonetheless a notable feature of the SBW25 genome. The presented
data — particularly the significantly lower pairwise identity of REP singlets compared to
REP doublets — suggests that these singlets are non-functional remnants of REPINs.
But this does not explain why REP singlets are common. A close analysis of REP
singletons reveals several possible routes for single REP sequences to emerge from
REPINs. One possibility stems from limitations of our sequence search algorithms.
When REPINs evolve neutrally successive acquisition of point mutations naturally leads
to one REP becoming more decayed than the partner. If the less decayed REP is only
just on the verge of recognition by the sequence search, then it is likely that the more
decayed REP partner sequence will escape detection. A biologically plausible
possibility is that singlets arise from insertion of DNA into REPINs. Indeed, earlier
studies have noted that REP sequences are targets for certain insertion sequences [100,
139, 140]. REP singlets could also arise by deletion of the sequence between two REPs
within a single REPIN leading to a long palindromic structure that contains only a
single REP sequence: precisely such events can be seen in the genome of SBW25
(Figure 3.8 and Figure 3.9). A further possibility is that selection may act to preserve

individual REP sequences because of specific functional consequences [130, 137].

3.3.3 Higher order arrangements of REPs and REPINs

A finding of note is the existence of several higher order arrangements of REPs and
REPINs within the SBW25 genome, indeed, several such clusters occurred at a
frequency above that expected from the null model (Table 3.3 and Table 3.4).
Interestingly the majority of these clusters — at least those containing more than three
REP sequences or REPINs — were arranged as highly ordered tandemly repeated units.
This and the fact that higher order arrangements were not found in all REPIN containing
genomes (see Table A2.2 and see section 4.2.3) indicates a second mechanism for

REP/REPIN cluster formation and suggests specific functional roles for these structures.
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3.3.4 Concluding comment

Finally, the evolutionary approach for the analysis of short repeats and discovery of
REPINs may prove useful for elucidating the origins of different kinds of short,
repetitive, interspersed palindromic sequences such as NEMISs [51], ERICs [50] and
small dispersed repeats (SDR) [141]. Indeed, REPINs themselves could conceivably
constitute the building blocks for a range of more complex repetitive structures. For
example, REPINs that incorporate DNA beneficial to a host bacterium are likely to have
an advantage over standard REPINs. In this regard it is possible that CRISPRs [89] and

related mosaic entities are derived from REPIN-like elements.
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4.1 Introduction

The work in Chapter 3 resulted in the identification of the replicative unit for REP
sequence, which was termed REPIN and consists of two inverted REP sequence (REP
doublet) and a short spacer sequence, which together are predicted to form a long
hairpin structure in single stranded DNA (see section 3.2.3). This chapter focusses on
how REPINs are dispersed within the genome; specifically, the cause of REPIN
dissemination will be investigated. This will also provide some insight into the

probable mechanistic bases of REPIN dispersal in SBW25.
4.1.1 The importance of transposases in REPIN dissemination

While it is possible that REPINs disseminate by an entirely novel mechanism, it is
probable that the causal and mechanistic bases will show at least some level of
similarity to those of previously-characterized classes of selfish genetic elements. Due
to their short length it seems unlikely that REPINs encode a transposase that allows
autonomous transposition. Rather, the collective evidence presented in Chapter 3

strongly suggests that REPINs are non-autonomous mobile genetic elements (see
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section 3.2.3). REPIN composition (two repeat sequences (REPs) in inverted
orientation) is reminiscent of non-autonomous mobile genetic elements (€.g. MITEs)
[20]. Discussed in sections 1.2.2 and 3.1.2, MITEs are non-autonomous transposable
elements that consist of two inverted repeats. For transposition MITEs rely entirely on
the transposase function encoded by an autonomous element that is flanked by the same
inverted repeats. If REPIN dispersal indeed resembles that of non-autonomous selfish
genetic elements, one might expect to find an autonomous transposase flanked by REPs
encoded in the SBW25 genome. Hence, the work in the first part of this chapter

concentrates on searching for candidate transposases.
4.1.2 Linkage of REPINs and a novel class of transposases (RAYTS)

While the studies in this chapter were underway, an independent paper was published
by Nunvar et al. that recognized an association between REP sequences and a new class
of genes in Stenotrophomonas maltophilia and a selection of other bacterial genomes
[101]. The proteins encoded by these genes show similarities to IS200 transposases.
Since transposases encoded by IS200 elements are part of the tyrosine transposase
family, the gene class was named REP-associated tyrosine transposases (RAYTSs).
Through comparative studies of RAYTs and IS200 sequences - and some evidence of
co-evolution between REP sequences and RAYTs - the authors concluded that RAYTs
are a likely causative agent for the dissemination of REP sequences. However, this
paper does not recognize the significance of REPINs for REP sequence dispersal within
the genome (since REPs are likely immobile remnants of REPINs see section 3.2.3.2),
nor is it clear how the authors made the connection between the highly dissimilar

sequence classes of IS200 transposases and RAYTs (see section 5.2.2).

Independently of the work published by Nunvar et al., the work presented in this chapter
ascertains a functional connection between IS200 insertion sequences and RAYTs.
Furthermore, the importance of REPINs for REP sequence dispersal is shown by: (1)
identifying REP sequences through their association with RAYTs in 18 bacterial
genomes including E. coli K-12 and Nostoc punctiforme, and (2) analysing higher order

arrangements of the associated REP sequences within the respective genomes.

56



Chapter 4: The cause of REPIN dissemination

4.1.3 Aims

The overall aim of this chapter is to investigate the possible cause(s) of REPIN

dissemination within the SBW25 genome. Specifically, the aims are:

(1) To clearly explain how a functional connection between RAYTs, REPINs and

IS200 insertion sequences was established.

(2) To summarize the similarities between the REPIN-RAYT system and 1S200

sequences.

(3) To study higher order arrangements of RAYT-associated REP sequences in a

selection of 18 bacterial genomes.

57



Chapter 4: The cause of REPIN dissemination

4.2 Results

4.2.1 Detection of RAYTs, a class of genes linked to REPINs in SBW25

To identify genes linked to REPINs that could be responsible for their within-genome
dispersal, the SBW25 genome was searched for genes that are flanked on either side by
REPs (the inverted repeats that REPINs consist of). This was achieved using the
Artemis genome browser [103]. Particular attention was given to REP-flanked genes
previously annotated as transposases [100]. A similar search was performed by Silby et
al, and both searches resulted in the identification of two candidate genes: pflu4572A
and pflu5832 [100]. Depicted in Figure 4.1, the genomic organization of these two
(unlinked) genes is virtually identical; both are flanked on either side by inverted
repeats and REP sequences. The organization of the two genes shows high similarity to
that of IS481, a family autonomous insertion sequences that use two inverted repeats as
recognition sequences [142] as opposed to the palindromic recognition sequences
(REPs) that would be expected if the corresponding transposases were responsible for

the spread of REPINs.

Instead of being the cause for REPIN dispersal the two genes are more likely to have
targeted a REPIN for
insertion. Insertion into

REP | IR pflud572A / pflu5832 IR REP a REPIN would put the
Figure 4.1 Depiction of pflu5832 and pflu4572A and their flanking 1nsertion sequence
sequences. Both pflu4572A and pflu5832 are found inbetween two
flanking REP sequences. However, the REP sequences are found
outside the flanking inverted repeats (IR/IR’ probably used as
recognition sequences for the encoded transposase), which indicates that
the insertion sequence (of the IS481 family) inserted into a REPIN, the REPIN inbetween
rather than recognizing and transposing REP sequences.

including the flanking

inverted repeats inside of

the REP sequences. This
is exactly what is observed in the SBW25 genome (Figure 4.1). The two genes are
immediately flanked by two inverted repeats, which in turn are flanked by REP
sequences. This indicates that each of the two genes targeted and destroyed a REPIN
through insertion as opposed to being the autonomous elements that enable REPINs to
move. Insertion sequences have also been reported to target REPs in other bacteria

[139, 140].
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The search performed for this thesis resulted in the identification of two further
candidate genes: pflu2165 and pflu4255 (annotated as yafM). These were found
respectively embedded in GIII and GII REPIN clusters. The amino acid sequences
encoded by these genes share 64 % identity, indicating that they share a recent common
ancestor. A third gene, pflu3939, which is similar to pflu2165 and pflu4255 was
identified in the centre of two GI REPINS.

Upon publication of the SBW25 genome [100], each of these three genes was annotated
merely as putative conserved protein, demonstrating that while their function was
unknown, their conservation had been recognised. In order to determine whether these
genes could encode a transposase, the sequences of the three encoded proteins were
searched against an insertion sequence database (wwwe-is.biotoul.fr) using BLASTP
(basic local alignment search tool protein) [102]. As expected from the lack of
annotations in the SBW25 genome, all hits were relatively insignificant (e-Value >
0.004). However, the majority of these hits were annotated as insertion sequences of
the well-described IS200 family (see section 4.2.2). This suggested that the three
identified genes may share a common motif with IS200 transposases. As mentioned
previously (section 4.1.2), an independent study named the family to which the three
candidate genes belong ‘RAYTs’. Thus, henceforth these genes will be referred to as
RAYTs.
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4.2.2 Similarities between 15200 transposases and RAYTs

In order to identify possible motifs shared by IS200 transposases and the three RAYT
genes identified in the section above, an amino acid sequence alignment of the three
SBW25 RAYTs and other RAYT proteins found in a range of different genomes was
constructed (Figure 4.2). ISHp608 (the IS200/IS605 protein for which the transposition
mechanism was elucidated [48, 143-145]) was then added to the alignment to enable the

comparison of functional features. The alignment in Figure 4.2 shows a number of sites

1 10 20 30 40 50 60
I * I I I *x I
YafM SBW25  YLITVVVHHRQRLFTDLSLGRLLVAEFRQAHERGLVDSLAWVIMPDHIHWLFELKQ--MT
PSPTO 0262  YMVTSVTRGREPVFADVRLGRLLVRELRRCEEQELVKSLAWVVMPDHFHWLFELKK--NS
PputGBl 0613  YLLTTVTRQRRPLFONLWFARAAINQLRLSDHEGSCRTLAWALMPDHLHWLIELGP--TS
PSEEN4846  YLLTTTTRDRKPLFADFNLARVVVKQMRLCDQKHACRTLAWVLMPDHVHEWLVELGH--AR
Tgr7 2777  YLVTTVTHQRIPWFLDFTHARGVIAQMCLLHGEGWVESLAWVLMPDHLHWLLTLQPG-YE
SSPA4070  WFFTVNLKNRKSD-LLVRQIAELRSAIRRVKNTKPFQIDAFVVLPEHLHCIWTLPENDCD
YafM E. coli  WFFTVNLRNRRSQ-LLTTQYQMLRHAIIKVKRDRPFEINAWVVLPEHMHCIWTLPEGDDD
PSPA7 4226  YFFTVTLHDRRSN-LLTREIDLLRRVVAQTRHRHPFRIDAWVVLPEHMHCLWTLPPHDAD
PST 1052  WFFTVNLLQRRNNDLLVRHIDVLRASVRRVHRLHPFTIDAWVVLPEHMHCVWTLPPGDAD
Pmen 3135  YFFTLVSHORRPLLTEAPVRAAMRSAIEQVRRGYPFAIHGWVLLPDHLHCLWQLPPGDAE
NPUN F5543  YFFTLVTHKRQRLLSLPTNVSLLRNIFRDVMQQHPFIIDAFVLLPDHLHCLWTLPQGDRN
HEH
* * *
YafM SBW25  LADVVRRMKSRSTLTINRHR---------- QSKERVWQPGYHDRAVREEDDIRKMARY I
PSPTO 0262  LPMLIQQLKARSSIAIGKIR--—------- AHPDTLWQSGYHDQAVRNEQNMVGLARYIV
PputGBl 0613  LDKLMCAFKSRSSCALYRIG---------- AERKHIWQPGFYDRALRKDEDVRAAARYII
PSEEN4846  LSTLMCAFKSRSSNALYREG---------- VERRHIWQAGFHDRALHREEDVKAVARYIV
Tgr7 2777  LRGVVGRLKGRSARQINLSL---------- GRSGRIWQQSFHDHALRREEDLVDVARYVV
SSPA4070  FSSRWRELKKLFTKSI----——-----—--—- MRHDVWQPRFWEHT IRDEKDFRRHVDYLY
YafM E. coli  FSSRWREIKKQFTHAC--------------- GLKNIWQPRFWEHAIRNTKDYRHHVDYIY
PSPA7 4226  FATRWKVIKSGFARRIPCH--ESRTLAQRRRGORAIWQHRYWEHLIRNDTDYRRHFDYIH
PST 1052  YSLRWRLIKTSFSRTLPDS--EYRSAVRLORGERGIWQRRYWEHLIRNEEDFRRHVDYVY
Pmen 3135  FGLRWSMIKRLTSQALPQS--EGVSLSRRLRREAGLWQRRFWEHRIRDEQDLHRHLDYLH
NPUN F5543  FSTRWRLIKSYFSRQCITLSQENLSTSRONKKERAIWQRSFWEHLIRDEVDFKNHLEYIH
KGRSSRILRQEFN------HLKTKLPTLWTNSCFISTVGGAP-LNVVKQYIE
*
YafM SBW25  ANPLRAGLVERVGDYSL----------- WDAAW
PSPTO 0262  ANPLRAGLVKKIGDYPL----------- WDATW
PputGBl 0613  ANPIRAGLVRRAGEYPH----------- WNCVW
PSEEN4846  ANPIRAGLAKRVGEYSH----------- WDCVW
Tgr7 2777  ANPLRAGLVDRLGDYPH----------- WDAKW
SSPA4070  FNPVKHGWVRRVQDWPFSTFHRDVRNGVYPVDW
YafM E. coli  INPVKHGWVKQVSDWPFSTFHRDVARGLYPIDW
PSPA7 4226  LNPVKHGLVTAVKDWPFSTEFHRAVAEGLYPKDW
PST 1052  VNPLKHGLVRHIRDWPYSSFHRDVRAGLYPADW
Pmen 3135  WNPVRHGLVQQVVDWPWSSFHRLVREGVYPADW
NPUN F5543  YNPVKHGLVKAPKDWEYSSFHRSVRQGTYDITW

Figure 4.2. Multiple amino acid sequence alignment of REPIN associated proteins (RAYTs) and
ISHp608 (green). Stars denote fully conserved amino acid positions. Amino acids in grey are found to be
conserved in the IS200 family [48]. The beginning and the end of the alignment are not displayed due to
space restrictions and do not contain any conserved motifs. Protein sequences were extracted from the
following genomes: YafM SBW25 from P. fluorescens SBW25 [100], PSPTO_0262 from P. syringae pv.
tomato DC3000 [108], PputGB1 0613 from P. putida GB-1 (NC 010322.1), PSEEN4846 from P.
entomophila L48 [109], Tgr7 2777 from Thioalkalivibrio sp HL-EbGR7 (NC _011901.1), SSPA4070 from
Salmonella enterica serovar Paratyphi A AKU 12601 [115], YafM E. coli from E. coli K-12 DH10B
[116], PSPA7 4226 from P. aeruginosa PA7 [112], PST 1052 from P. stutzeri A1501 ) [114], Pmen 3135
from P. mendocina ymp (NC 009439.1), NPUN_F5543 from Nostoc punctiforme PCC 73102
(NC _010628.1) and ISHp608 from Helicobacter pylori (AF357224.1).
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conserved in both ISHp608 and the RAYT protein family. In particular, the HUH motif
(histidine, hydrophobic amino acid, histidine) and the 3’ tyrosine have been shown to be
essential for ISHp608 transposition and are conserved in all IS200/IS605 family
proteins [48, 143-145]. These are conserved in all RAYTs investigated.

For IS200/IS605 the HUH and the tyrosine motif have been shown to be located in the
active site of the dimeric protein complex. During cleavage they form a complex with a
divalent metal ion, which allows the tyrosine to perform a nucleophilic attack. This
subsequently results in the covalent binding of the tyrosince residue to the DNA and the

later release of the DNA when ligating it into the target site [145].

In addition to the functional motifs, there are other similarities between RAYTs and
IS200 genes. The most striking similarity with regard to REPIN mobility is that IS200
genes are flanked by two short palindromic recognition sequences and REPINs consist
of two inverted short palindromes. For ISHp608, it has been shown that the
palindromes flanking the transposase are recognized and bound by the transposase, and
as such are essential for both the excision and the insertion processes during
transposition [48]. The high conservation level of the two palindromes contained within

a REPIN suggests they carry an equally important transposition function.

Another interesting parallel between IS200 and RAYTs is the asymmetry of the
transposition intermediate (sequence excised from the genome). For ISHp608 it has
been shown that the distance from the 5’ end to the 5’ palindrome of the intermediate is
20 bp compared to 10 bp for the distance from the 3’ palindrome to the 3’ end [145].
Intriguingly, the putative transposition intermediate that was identified for REPINs has
similar characteristics. The distance from the 5’ end to the 5’ palindrome is 7 bp
compared to a distance of 0 bp from the 3’ palindrome to the 3’ end (see Figure 3.8). As
for the majority of insertion sequences, the insertion of ISHp608 sequences into novel
DNA is targeted. ISHp608 sequences contain a short (4 bp) sequence that pairs with the
target during insertion [145]. Such base pairing is possible because the transposition
process occurs Via a single stranded transposition intermediate. If REPINs are also
transposed in single stranded form then it is likely that the intermediate forms a long
hairpin structure with a short, single stranded tail (see Figure 3.8). This tail could guide
the intermediate to a target DNA motif complementary to the tail sequence. In contrast

to other insertion sequences, ISHp608 transposition does not result in target site deletion
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or insertion [48]. This may also be the case for REPINs, for which target site deletions
or insertions are not apparent in the consensus sequence. A further characteristic of
IS200 transposition is that only the top strand of the ISHp608 DNA has been shown to
transpose [145]. In this case sequence analysis provides little insight into whether the
top or bottom strand of the REPIN is preferentially transposed, although due to almost
perfect symmetry between the top and bottom strands, one might expect that both
strands are equally likely to be transposed.

0.2

Figure 4.3. RAYT bootstrap neighbour joining tree. Two distinct phylogenetic groups are formed
shown as Clade I and Clade II. The tree is based on a translated nucleotide alignment. The first part of the
branch tip description denotes the gene name and the second part the name of the host organism.
Alignment was performed with ClustalW2 in Genious [119, 120]. The tree was resampled 1000 times.

4.2.3 Association between RAYTs and REPINs in other genomes

If the hypothesis that RAYTs are responsible for REPIN dissemination is true, then
RAYTs should also be associated with REPs or REPINs in other bacterial genomes.
Hence, RAYTs were identified through BLAST searches and selected from 18 different
bacterial strains including all fully sequenced Pseudomonas genomes, the genomes of

E. coli K-12 DH10B and Salmonella enterica serovar Paratyphi A AKU 12601 (both
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chosen because of their significance for REP research) and the genomes of
Thioalkalivibrio HL-EbGR7 and Nostoc punctiforme PCC73102 (chosen due to their
distant relationship to Pseudomonas). A phylogenetic analysis of the RAYTs was
firstly undertaken (Figure 4.3). Notably, RAYTs from these strains form two distinct
evolutionary lineages (clade I and II) with evidence of multiple independent
introductions. For example, the genus Pseudomonas is separated into two sets of
species defined by the presence of either ‘clade I’ or ‘clade II’ RAYTs. The genome of
Thioalkalivibrio contains one clade I and one clade I RAYT. Several other genomes,
in addition to SBW25, contain more than a single RAYT, but these almost never form
phylogenetic clusters within strains; instead phylogenetic clusters are frequently found
at species level, indicating ancient gene duplication events following vertical gene
transfer and speciation. Together, the distribution of RAYTs is consistent with vertical

transmission and rare incidents of lateral gene transfer.
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Figure 4.4. REP singlet to doublet ratios for REP sequences from bacterial genomes. Data are the
most abundant 16-mers found within the flanking non-coding DNA of 20 RAYT genes from ten different
genomes. In order to include related 16-mers, a set of degenerate sequences was produced by allowing up
to two substitutions per 16-mer.

To test the association of RAYT genes with REPs or REPINs (identified both in this
work and [101]), the non-coding DNA flanking each of the 30 RAYTs found in 18
different genomes was interrogated for 16-mers that were repetitive, extragenic and
palindromic (i.e. are REPs). In each instance a REP was identified (Table A2.1).
Subsequently, the hypothesis that REPs are organized as REPINs in order to be
disseminated was tested. In order to form a REPIN, two REPs are required to be

arranged as an inverted repeat. Such organisation will be apparent in the distribution of
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REPs across the genome. Thus, the distribution of all REPs (allowing for up to two
polymorphisms) was analysed for each genome as described in sections 2.2.6 and
3.2.3.1 (i.e. by measuring the distance between REP sequences (16-mers) the number of
each higher order arrangement (singlet, doublet, triplet etc.) could be determined).
Results were expressed as the ratio of REP singlets to doublets, where ratios greater
than two indicate that REPs occur predominantly as singlets and ratios less than two
mean that REPs occur predominantly as doublets. Figure 4.4 shows a histogram of
singlet to doublet ratios for REP sequences associated with clade I RAYTs. Of the 20
REP sequence types (i.e. specific REP sequence groups that are associated with 20
clade I RAYTs from ten different genomes; one associated with each RAYT; some
genomes contain more than one RAYT e.g., SBW25), 17 gave singlet to doublet ratios
of less than two, indicating that most REPs occur as doublets. The majority of doublets

contained REPs as inverted pairs (Table A2.2) as would be expected for REPINSs.

A similar investigation for REP sequences associated with clade II RAYTs did not
return conclusive results, which is probably due to different structures formed by clade
IT REPINs in comparison to clade I REPINs. Since clade I REPINs presumably co-
evolve with clade I RAYTs and clade II REPINs with clade II RAYTs, different REPIN
structures between the two clades are not surprising considering the distant relationship
between clade I and clade I1 RAYTs (Figure 4.3). Hence, for each clade II RAYT an
associated REP sequence candidate was manually tested for the formation of REPIN
like structures. In all instances the general REPIN composition was found to hold (two
inverted REP sequences separated by a short stretch of DNA and forming a hairpin,
Figure 3.8), with the exception of REP sequences found in P. stutzeri: interestingly no

REPINs were identified in this genome.

Higher order arrangements for REP sequences associated with clade I RAYTs were also
analyzed, but these were not present in all genomes. Such higher order arrangements
were predominantly found in P. syringae and P. fluorescens, although two such REP
sequence classes were also detected in P. putida (Table A2.2). No correlation was

found between the singlet to doublet ratio and cluster formation.

Taken together, the systematic cluster analysis of clade I REP sequences and secondary
structure prediction of a selection of clade II REP sequences suggest that the

organization of REP sequences into REPINSs is a necessary condition for REP sequence
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distribution and supports the hypothesis that RAYTs are a causative agent for REPIN

dispersal.
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4.3 Discussion

4.3.1 Overview of the discovery of REPIN-RAYT systems in SBW25

The REPIN-RAYT system in SBW25 was discovered due to the co-localization of
specific REPIN clusters to specific RAYT (then conserved hypothetical) genes (section
4.2.1). Subsequently, the connection between RAYTs and the 1S200/IS605 family of
transposases was realized when BLASTP searching the protein sequences against an
insertion sequence database (www-is.biotoul.fr). Although the sequence hits were not
highly significant, most hits obtained were to insertion sequences of the IS200/IS605
family. Closer inspection showed that the reason for the repeated identification of
members of the IS200/IS605 family was a short motif conserved in both the
[S200/IS605 and RAYT families. The realization of this distant relationship sparked a
closer analysis of similarities between IS200/IS605 and the REPIN-RAYT system.

4.3.2 Summary of the similarities between the REPIN-RAYT system and
1S200/1S605 insertion sequences

As discovered in section 4.2.2, a plethora of parallels exist between the 1S200/IS605
family and the REPIN-RAYT system. The most striking conserved features are: (1) the
functional HUH and 3’ tyrosine motifs, (2) palindromic recognition sites in flanking
sequences, and (3) the asymmetric transposition intermediate that was analysed in great
detail for ISHp608 [48, 143-145] and the asymmetric putative transposition
intermediate identified for REPINs in Figure 3.8. Based on these parallels, the
hypothesis that REPINs are dispersed by RAYTs was formulated. This hypothesis was
tested by analysing higher order arrangements of REPs associated to RAYTs in 18

bacterial genomes.

4.3.3 Analysis of higher order arrangements of REPs in different bacterial

genomes

Higher order arrangements of REPs were analysed in a selection of 18 RAYT-

containing bacterial genomes (section 4.2.3). These studies included the analysis of the
66



Chapter 4: The cause of REPIN dissemination

immediate non-coding DNA flanking all RAYT genes identified (through TBLASTN
searches) in each of the 18 genomes (a total of 30 RAYTs) for over-represented 16-
mers. Interestingly, in each case a 16-mer was identified that was not only over-
represented in its host genome, but also palindromic and almost exclusively extragenic

(Table A2.1).

However, the most abundant 16-mer identified flanking the RAYT in Pseudomonas
stutzeri was present only four times, with a P-Value of 0.0029 (proportion of 16-mers in
the P. stutzeri genome that occur four or more times), and thus only just met the criteria
to be considered over-represented (this 16-mer was also palindromic and extragenic).
Interestingly, a secondary structure analysis showed that no REPINs are formed by
these four borderline significant sequences in P. stutzeri. Together with the fact that the
16-mers (REPs) were found exclusively in the extragenic spaces immediately flanking
the RAYT gene, this finding further supports the hypothesis that REPIN formation is a
prerequisite for REP dispersal (REP singlets are immobile see section 3.2.3.2).

Aside from the REPs identified in P. stutzeri, all REP sequences identified in other
bacterial genomes have been shown to form REPINs either through a systematic
analysis (REPs associated to clade I RAYTs, Table A2.2) or through manual secondary
structure predictions (REPs associated to clade II RAYTs, Figure A2.1). This finding
greatly bolsters the conjecture that REPINs are a unit of selection and that RAYTs are
the causative agent for REPIN dispersal. In addition, the apparently general nature of
the association between REPINs and RAYTs, combined with substantial diversity
among the elements themselves, suggests that the diversity of REPINs (REPs) and
RAYTs is a consequence of longstanding co-evolution between RAYTs and their

respective REPINs.

4.3.4 Concluding comments

While the case for REPINs as widely distributed replicative entities is strong, there
remains much to be discovered, particularly regarding the mechanism of transposition
and the relationship between REPINs and RAYTs. A further unknown is the origin of
the REPINs themselves. One possibility is that REPINs are derived from the imperfect

palindromic (REP) sequences flanking an ancestral IS200-like element in a manner
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analogous to the evolution of MITEs and other non-autonomous elements [21], but with
a twist. Whereas MITEs can exploit the transposase of extant transposons, the
transposons they parasitize remain capable of autonomous replication. Conversely,
RAYTs appear to be incapable of self-mobilization and exist as single copy entities: in
those genomes harbouring more than a single RAYT each RAYT is distinctive and
present as a single copy. This suggests that REPINs evolved a means of parasitizing an
IS200-like ancestor that not only caused divergence of RAYTs from an IS200-like

precursor, but did so in such a way as to enslave the RAYTs.
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Chapter 5:
Evolutionary characterization of RAYTs, a novel class
of REP and REPIN-associated genes

5.1 Introduction

Introduced in Chapter 4, REP-associated tyrosine transposases (RAYTs [101]), are
putative transposases that are found in association with REPINs in a wide range of
bacterial genomes. Given that RAYTs share a number of key characteristics with IS200
transposases, they are likely themselves to encode transposases. As such, RAYTs are
the probable cause of REPIN dispersal within the genome (discussed below in section
5.1.1).  Since little is known about the RAYT family, the work in this chapter
concentrates on the systematic characterization of RAYT distribution, phylogeny and
sequence and consequently tries to address questions about the evolutionary history of

RAYTs. Each of these objectives is discussed in more detail in the following sections.
5.1.1 Molecular characteristics of RAYTs and 1S200 transposases

The RAYT family shares some essential features with the IS200 transposase family.
The transposition of ISHp608, a member of the IS200 family (see section 5.1.2.1.1), has
been studied extensively, and the mechanism of transposition has been determined in
detail [48, 143-146]. Two amino acid motifs are essential for ISHp608 transposition:
(1) the HUH (histidine, hydrophobic amino acid, histidine) motif at position 64, and (2)
a 3' tyrosine residue at position 127 (which makes it a tyrosine transposase) [48, 143-
145]. Both of these motifs are also found in almost all RAYT and IS200 proteins
identified to date [48, 101]. It is possible that the few RAYTs and IS200 proteins that

do not contain these conserved motifs are inactive as a consequence.

Genes encoding [S200 transposases are flanked on either side by short (~20 bp)

palindromes, each of which has to be recognized and bound by an IS200 transposase
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before transposition is possible [143]. The transposase-palindrome association as well
as the dimerization of the two palindrome bound transposases is required for both the
excision of the IS200 sequence and its subsequent insertion elsewhere in the genome

[48, 144].

Similar to IS200 sequences, genes encoding RAYTs are usually flanked by REPINS,
which consist of two palindromic REP sequences (see section 3.2.3). In section 4.2.3,
the co-localization of RAYTs and REPINs was shown to hold in a selection of 18
different bacterial genomes, each of which contained up to three different RAYT genes.
However, in contrast to IS200 sequences and REPINs, RAYTs appear to be transposed
only rarely: no RAYT duplicates, a feature of recent transposition events, were found in
the genomes surveyed in Chapter 4 (section 4.2.3). Presumably, the putative
transposase encoded by a RAYT gene recognizes the palindromes within REPINs and
hence is able to transpose REPINs. It is possible that while evolving the propensity to
transpose REPINs, RAYTs lost the ability to transpose themselves.

Hence, the transposition of REPINs is an in trans activity. This means that RAYTs
transpose sequences (REPINs) that do not encode the transposase. Conversely, 1S200
and other insertion sequences predominantly have an in Cis activity, meaning they

transpose the gene from which the transposase was expressed.

While there are many parallels between IS200 sequences and RAYTs, the amino acid
conservation between 1S200 transposases and RAYTs is confined to only six residues
(among which are the essential HUH and the Y motif), which are dispersed over the
protein (see Figure 4.2 and section 4.2.2). Given this limited but marked pattern of
conservation, the evolutionary origins of the two families remain unclear; either the
conserved motifs evolved once in a common ancestor and the families subsequently
diverged, or the shared sequence motifs arose multiple times in evolutionary distinct
lineages (i.e. by convergent evolution). One of the aims of the work in this chapter is to
provide insight into which of these scenarios is more likely. This will be achieved

through further genomic and phylogenetic analysis of the RAYT gene family.
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5.1.2 Genomic distribution of housekeeping genes versus insertion

sequences

There are a number of characteristics that differentiate housekeeping genes from
insertion sequences. One of these characteristics is the genomic distribution of a gene
family. The genomic distribution can be defined as the position and frequency of genes
on different genomes or plasmids. Typical characteristics that describe the genomic
distribution of a gene family are for example duplication rate, gene frequency on
plasmids or taxonomic distribution. Such characteristics are likely to be different
between insertion sequences and housekeeping genes (essential genes).  This
expectation is derived from the different “life styles” of insertion sequences and
housekeeping genes. Insertion sequences are selfish genetic elements that avoid host
selection by moving horizontally (one genome to the next) within the gene pool [18,
147]. This leads to a characteristic genomic distribution where insertion sequences are
frequently found as duplicates or on plasmids. In contrast, housekeeping genes are
predominantly transferred vertically (one generation to the next); hence they are rarely

found on plasmids or as duplicates.
5.1.2.1 Comparisons between different gene families

A central issue of the study of RAYTs is their function. Evidence to date is
controversial. Sequence studies show that their composition and conserved sequence
motifs are typical for IS200 sequences (section 4.2.2). However, RAYT transposition
seems to be rare. A systematic analysis of their genomic distribution compared to that
of typical insertion sequences and housekeeping genes may shed light on this issue.
Hence, the genomic distribution of RAYTs will be analysed and subsequently compared
to that of three separate gene families: (1) IS200 insertion sequences, (2) IS110 insertion
sequences, and (3) def, a housekeeping gene encoding a peptide deformylase. Each of

these is discussed in more detail below.

5.1.2.1.1 1S200 sequences

Insertion sequences of the IS200 family were first discovered by Roth and Lam in 1983
[148]. While characterizing loss-of-function mutants in the histidine operon, these

authors found the insertion of an IS200 sequence in the open reading frame of hisD.
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According to Beuzon et al., the next 20 years brought only two further reports of loss of
function phenotypes resulting from IS200 insertions — even assays specifically designed
to capture jumping IS200 sequences were unfruitful [149]. Then in 1998, Kersulyte et
al. [150] discovered a new insertion sequence that they named IS605. IS605 is a
chimera of two open reading frames, one encoding a gene named tnpA (similar to the
ORF encoded in IS200 sequences) and the other named tnpB (similar to the ORF
encoded in 1S1341). The same group later showed that the transposition activity of
ISHp608 (an IS605 family member) is dependent only on the presence of the IS200-like
tnpA; deletion of tnpB did not affect transposition, while deletion of tnpA abolished
transposition [146]. Further investigation of ISHp608 led to detailed elucidation of the
transposition mechanism that by logical extension, is also thought to apply to IS200 (see

section 5.1.1).

5.1.2.1.2 1S110 insertion sequences

In addition to comparing the distribution of RAYTs among bacterial genomes to that of
IS200 sequences a member of the tyrosine transposase family; it is also desirable to
perform a comparison with a member of the most abundant class of insertion sequences:
DDE transposases (named after the enzymatically active amino acids aspartate,
aspartate and glutamate) [18, 151]. Members of almost all insertion sequence families
contain an active DDE transposase; with notable exceptions being the 1S200, IS91,
IS607 and IS1595 families (see www-is.biotoul.fr). Hence, there is an abundance of
different DDE insertion sequence families to choose from. The IS110 family was
chosen, as members of this family are present in both P. fluorescens (the organism in
which the initial REPIN analysis was undertaken) as well as E. coli (a popular model

organism).

5.1.2.1.3 def, the housekeeping gene family of peptide deformylases

Finally, by way of control, the distribution of RAYTs will be compared to a
housekeeping gene family. For this purpose the def gene family was chosen. The def
gene encodes a peptide deformylase, the enzyme that removes the formyl group from
the N-terminal methionine of a protein after translation. The def gene was chosen for a
number of reasons. Firstly it is present in both P. fluorescens and E. coli, the two most
important model organisms for RAYT and REP/REPIN studies. Secondly, the length of
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the Def protein (169 residues) is similar to that of IS200 and RAYT proteins (typically
between 140 and 200 residues). Thirdly, def is a true housekeeping gene in that it is
essential for survival; deletion from the E. coli genome is lethal [152]. Due to the
essential nature and wide distribution of def, inhibitors of peptide deformylases have
been developed for use as antibiotics [153, 154]. This underlines the usability of def as

a representative housekeeping gene.
5.1.2.2 Genomic distribution characteristics

Characteristics that are expected to differ between housekeeping genes and insertion

sequences will be introduced in the following sections.

5.1.2.2.1 Family size at varying levels of relationships as indicator for gene

conservation

Characterizing a gene family is not trivial for a number of reasons. A major hurdle is to
sensibly define genes that are part of a family and those that are not. Naively, one could
say that all genes that share a common ancestor are part of the same gene family.
However, this definition may not be very useful since presumably all known genes
evolved from a single common ancestor or at least a very small group of ancestral genes
[155]; hence a more restrictive definition is needed. Alternatively, and more usefully,
one could sort all genes into families based on functionality, where genes of the same
family also share a common ancestor not shared by genes with other functions. Since
determining the function of a gene is inherently difficult and itself requires a significant
amount of experimental work, it is generally assumed that two proteins that share a
similar amino acid sequence also share a similar function. Since this assumption does
not always hold [156], structural comparisons are also used to classify proteins [157].
However, determining the structure of a protein experimentally is again a time
consuming effort, and so a multitude of structure prediction and comparisons have been
developed with the aim of making more accurate predictions regarding gene
functionality [158]. In order to be able to comprehensively analyse all known members
of a certain gene family, here gene families are solely defined as related genes that are
found through BLAST searches. This means that in the first instance gene families are

defined to contain sequences that share certain similarities. Although in later sections,
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RAYT subfamilies are also analysed for characteristics pertinent to genomic distribution

as introduced in sections 5.1.2.2.2 to 5.1.2.2.6.

Gene family size at varying levels of relationship can also provide clues about
conservation and sequence diversity, which is likely to be different between insertion
sequences and housekeeping genes. The conservation of a gene family can be
determined by the proportion of family members found at specific sequence similarity
thresholds (or are identified for a particular e-Value threshold). This is because for
strongly conserved sequence families a great proportion of the gene family is found at
high levels of sequence similarity. In contrast, for sequence families that are weakly
conserved a great proportion of the sequence family is found at lower sequence
similarities. Generally there are three different processes that cause this distribution:
negative (purifying) selection, positive selection and genetic drift [159]. Negative
selection is evident when the ratio of synonymous changes (no change in the amino acid
sequence) to non-synonymous changes (change in amino acid sequence) is less than
expected by chance. This leads to high conservation of the protein sequences, which
means that one expects to find genes with similar amino acid sequence in relatively
distantly related genomes. Housekeeping genes that provide an important cellular
function are expected to be under negative selection and hence show low levels of
diversity [160, 161]. The opposite of negative selection is positive selection. Positive
selection occurs when the ratio between synonymous and non-synonymous mutations is
greater than expected by chance. Neutral evolution can also lead to changes in the
amino acid sequence, if the change does not have an impact on the gene’s fitness.
Therefore genes whose evolution is predominantly governed by weak negative selection
as well as drift and positive selection show dissimilar amino acid sequences even in
relatively closely related genomes. Insertion sequences are an example for such a class
of genes since they generally are not conserved to provide an important cellular function
[162]. Since TBLASTN searches (protein query against nucleotide database) identify
sequences with similar (conserved) amino acid sequence the family size at different e-
Values (different levels of similarity) can provide information about the impact of
negative selection on the evolution of the different gene families. For example, for a
highly conserved gene family most members would be identified at very low e-Values

and the family size would grow very little with increasing e-Values. In contrast, for a
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highly diverse gene family (high levels of positive selection or drift), only few family
members would be identified at low e-Values, but the family size would increase

quickly for higher e-Values.

5.1.2.2.2 Duplication rate

The number of copies of a given gene can provide valuable information. For example,
copy number can help to distinguish between insertion sequences and housekeeping

genes.

One would expect the copy number to be low for housekeeping genes (except for rRNA
or tRNA genes), as their persistence depends on fulfilling a host function, which is
usually dosage sensitive. Dosage sensitivity means that additional copies can have toxic
effects [163] since they affect the relative abundance of the protein product within the
cell (which is presumably optimal under normal conditions and tightly regulated on
various different levels). However, under specific circumstances the amplification of
housekeeping genes can be favoured by selection in order to cope with specific
environmental stress [164, 165]. Such amplifications are usually quickly retracted and
are not conserved, except in cases where the copies diversify and acquire new functions

8, 166, 167].

In contrast, insertion sequences are present in higher copy numbers per genome. Their
persistence within the gene pool relies on frequent duplication events [37, 168]. This
means the gene does not increase in frequency within the gene pool as a result of the
beneficial effects it provides for the organism (although in some cases insertion
sequences have shown to be beneficial for the host [17]), but due to its capability to

move within and between genomes.

5.1.2.2.3 Number of homologous genes per replicon

The number of homologous genes (genes of the same family) found per replicon (either
plasmid or chromosome) is similar to the proportion of duplicates per replicon since
every duplicate is also a homologous gene (but not every homologous gene is a
duplicate). However, instead of only capturing very recent duplications or invasions the
number of homologous genes also includes events that occurred in the more distant past,

or invasions by more distantly related members of the same gene family. Similar to
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duplication events, multiple homologous genes per replicon are expected for insertion
sequences [168]. In contrast, for housekeeping genes fewer homologous genes are
expected to be present per replicon. The divide between the two classes is unlikely to
be as great as for duplication events, since diversification can lead to the acquisition of
new beneficial functions for housekeeping genes and hence to multiple homologues per

chromosome [6].

5.1.2.2.4 Gene occurrences on plasmids

Whether genes of a certain family can be found on plasmids can provide information
about the nature of the gene family. Since plasmids greatly facilitate horizontal gene
transfer [169], it is more likely to find genes on plasmids that rely on horizontal transfer
for their persistence within the gene pool (e.g. selfish genetic elements) [147, 170]. For
example, insertion sequences are frequently found on plasmids [18], whereas
housekeeping genes are very rarely found on plasmids [65, 171]. Hence, the rate at
which genes of a certain family are found on plasmids can allow predictions concerning

the degree of selfishness of the gene family.

5.1.2.2.5 Distribution over taxonomic classes

The distribution of a gene family over a wide range of taxonomic classes can be the
result of vertical transmission prior to the taxonomic division, lateral transfer or a
combination of the two. Ancient housekeeping genes are likely to be present in almost
all bacterial classes. Highly successful insertion sequences could also be present in a
wide range of taxonomic classes. Hence, distinguishing between highly successful
selfish genetic elements and highly conserved housekeeping genes on a taxonomic level
may be problematic. Nevertheless, a taxonomic analysis provides a useful overview of

the taxonomic distribution of gene families.

5.1.2.2.6 Frequency of most abundant short sequences in flanking non-coding DNA

Interestingly, the frequency of the most abundant short sequences (within the respective
genome) found in the extragenic space immediately flanking a gene is also a
characteristic that distinguishes housekeeping genes from insertion sequences. This is
mainly due to two reasons. Firstly, insertion sequences consist of a transposase gene

and two flanking inverted repeats, which are located in extragenic space [18]. The
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repetitiveness of the flanking repeats increases the average within-genome frequency of
the most abundant flanking short sequence. Secondly, duplication of insertion
sequences not only affects the gene but also
the two flanking inverted repeats, which
further increases within-genome frequency
of the flanking short sequences. In contrast,
housekeeping genes are not flanked by over-
represented short sequences. Hence the
node0 ,
frequency of short sequences flanking

housekeeping genes should not be higher

than what is expected by chance.

5.1.3 Phylogenetic methodology

Figure 5.1. Example of a small phylogenetic
map. In this example the proteins 0 to 2 that are Relationships ~ between  proteins  are
represented by nodes 0 to 2 all share a pairwise . o .
identity greater than a certain defined threshold, classically analysed by building multiple
indicated by the edges connecting the nodes. The
protein represented by node 3 is only related to
protein 0 and does not share a significant
sequence similarity with the other proteins.

sequence alignments and based on these
alignments, the construction of phylogenetic
trees. Currently the most popular methods
to construct phylogenetic trees are bayesian [172, 173] and maximum likelihood
methods [174]. However, distance based methods (e.g. neighbour-joining [121]) are
also frequently applied due to their lower complexity and therefore ability to cope with
larger datasets in smaller timeframes. However, for large, distantly related datasets,
where the exact phylogeny of closely related proteins plays a minor role, it can be useful
to display phylogenetic relationships as a network. Such approaches have been
successfully applied earlier to analyse, for example the relationship between different
insertion sequences [175, 176], where protein networks are generated by applying a
Markov cluster algorithm [177]. Alternatively one can apply a more transparent
approach where nodes are represented as proteins and the connection between nodes
(edges) represent pairwise identities above a set threshold. The clustering into protein
families can then be performed based solely on the connectivity of the graph. The
results of such an approach are easily interpretable and parameters (e.g. pairwise

identity threshold) can easily be manipulated.
77



Chapter 5: Evolutionary characterization of RAYTs

5.1.4 Aims

The aims of this chapter are:

(1)

2)

3)

To define the RAYT gene family and gather information about the genomic
distribution of RAYTs. This will include a comparison of genomic distribution
with the insertion sequence families IS200 and IS110, and the housekeeping
gene family def.

To analyse the evolutionary relationship between RAYTs and 1S200 sequences

on the basis of phylogenetic data.

To investigate evolutionary relationships within the RAYT gene family and
characterize the genomic distribution of RAYT subfamilies. Furthermore for
each subfamily the consensus sequence and at least one duplication event are

analysed.
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5.2 Results

5.2.1 Comparison of the genomic distribution of four gene families: RAYTs,
1S200, 1S110 and def

In order to determine whether RAYTs show characteristics similar to insertion
sequences or housekeeping genes, their genomic distribution will be analysed and
compared to two other families of insertion sequences (IS200 and 1S110), and one
housekeeping gene family (def). To perform the analysis, each of the four gene families
must first be defined (section 5.2.1.1). The analyses in the following sections (5.2.1.1-
5.2.1.6) investigate five aspects of genomic distribution: (1) proportion of family
members for which a duplicate is found in the same genome or plasmid; (2) average
number of homologues per replicon (chromosome or plasmid); (3) proportion of the
family members found on plasmids; (4) gene distribution over taxonomic classes; and
(5) the average frequency of the most abundant 16-mers found in the extragenic space
immediately flanking each gene. These properties distinguish insertion sequences from
housekeeping genes and hence can provide information about how the genomic

distribution of RAYTs compares to that of housekeeping genes and insertion sequences.

5.2.1.1 Defining the RAYT, 1S200, 1S110 and def gene families

Before the description of a gene family is possible, the members of the family need to
be identified. One method of finding related family members is to perform a BLAST
(basic local alignment search tool) search. When given a query sequence (e.g. the
sequence of a protein or gene) a BLAST search finds all sequences similar to the query
sequence within the sequences of a BLAST database (€.9. genome(s) or plasmids). In
the event of finding a similar sequence in the database, an e-Value is provided. The e-
Value correlates with the probability that a similar sequence could be present in the
database merely by chance: the lower the e-Value, the less likely that the perceived
similarity is due to chance [102]. This raises the question of how similar the query and
the database sequences need to be in order to be defined as part of the same family. To
circumvent this problem, each BLAST analysis was performed at four e-Value

thresholds (1e-20, 1le-14, le-8 and le-2). In general, larger e-Values are expected to
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contain progressively greater sequence numbers, as they will include all members from

lower e-Values plus additional search results.

It is possible that the BLAST search will identify genes that are not of the same gene
family as the query protein. These are either sequences where the similarity emerged
through parallel evolution or distantly related genes that assumed new functions
(especially at higher e-Values). However, it is difficult to identify such genes without
extensive studies of sequence function and phylogeny (which will be done for RAYTs).
Hence, to simplify matters the identified genes at all e-Values will be addressed by the
name of the query genes’ family, although the function of some members may not be

the same.

To conduct the BLAST searches two query proteins were selected from each of the gene
families described above. Where possible, for each sequence family a member from P.
fluorescens and a member from E. coli was selected, as E. coli is probably the most
important bacterial model organism and P. fluorescens is of particular importance for
REPIN and hence also RAYT research (see Chapter 3). For the RAYT gene family,
YafM from both P. fluorescens SBW25 and E. coli K-12, were selected as query
proteins, one of each of the two phylogenetic RAYT groups described in Chapter 4 (see
Figure 4.2). For the IS200 family, IS609 was selected from E. coli O157:H7 and tnpA
from ISHp608 of Helicobacter pylori (the protein for which the transposition
mechanism has been elucidated, no IS200 member could be identified in P.
fluorescens). For the IS110 family, ISPfI1 from P. fluorescens Pf0-1 and ISEc32 from
E. coli S88 plasmid pECOS88 were selected. For the def gene family, a member from
both P. fluorescens SBW25 and from E. coli K-12 was selected.

The above query sequences were searched against all available fully sequenced bacterial
genomes (09/03/2011, ftp://ftp.ncbi.nih.gov/genomes/Bacteria/, 1398 chromosomes and
1015 plasmids) using TBLASTN. This is a BLAST variation that allows a protein

sequence to be searched against nucleotide databases (e.g. genome databases). The
results are depicted in Figure 5.2, where the gene family sizes increase with increasing
e-Value. Interestingly at an e-Value of 1e-2, IS110 is the largest gene family and not
the def family. The IS200 and the def gene family are of comparable size, whereas the
RAYT family is the smallest at an e-Value of le-2.
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Figure 5.2. Gene family size of 15200, 1S110, RAYTs and peptide deformylases (def). The gene
family sizes were determined through BLAST searches by selection of two query proteins for each
family. These were searched against all fully sequenced bacterial genomes available. The individual
gene family sizes are the numbers of all genes that were identified below the e-Values indicated on the x-
axis.

As predicted (see section 5.1.2.2.1) the def gene family is highly conserved. This is
evident from the gene family sizes determined at different e-Values. For the least
stringent e-Value of le-2 (which includes very distantly related def genes) a total of
1883 def genes were identified. At the most stringent e-Value (1e-20, at which only
relatively closely related def genes are identified), 1212 def genes were identified.
Thus, at an e-Value of 1e-20 64.4% of all def genes were identified. This proportion is
large compared to the remaining gene families: for IS200 and 1S110, 14.7% and 37.9%
of all IS200 and IS110 genes identified at 1e-2 were identified at 1e-20, respectively.

Surprisingly, only 7.6% of all RAYTs identified at 1e-2 (least stringent) were identified
at 1e-20 (most stringent), which indicates great sequence diversity. The causes for the

observed sequence diversity will be investigated more closely in section 5.2.3.

5.2.1.2 Analysis 1: investigation of gene duplication events within each family

Gene duplications are an important characteristic that distinguishes housekeeping genes
from insertion sequences. Here duplicated genes are genes for which a second gene can
be found on the same chromosome or plasmid with a pairwise nucleotide sequence

identity of greater than 95%.
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The results from the gene duplication analyses (Figure 5.3) are in accordance with the
expectations above (see section 5.1.2.2.2). At an e-Value of le-2, for almost 70% of all
IS200 and IS110 genes a duplicate is found within the same genome or plasmid. For
the housekeeping gene def, in contrast, no duplicates could be identified. Interestingly,
duplicates are found for only about 4% to 7% of all RAYTs. The proportion of RAYT
duplicates is highest for the highest e-Value (i.e. when including genes that are very
distantly related to the two query proteins). Thus, the proportion of RAYT duplicates is
much smaller than that observed for IS200 and IS110, but higher than for the

housekeeping gene family def.
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Figure 5.3. Proportion of gene family members for which duplicates were identified. Duplicates are
genes that share more than 95% nucleotide sequence identity with a gene that is found on the same
plasmid or chromosome. The data is gene family specific. The gene family is defined by the number of
genes that were found below a certain e-Value threshold indicated on the x-axis. No duplicates were
found for def genes.

5.2.1.3 Analysis 2: Investigation of the number of homologues present per

chromosome or plasmid (replicon)

In line with the prediction (see section 5.1.2.2.3), the average number of homologues
per replicon is highest for IS110 genes (4.2 — 5.1) and IS200 genes (2.1 — 4.6) (Figure
5.4). The differences between the two gene families are insignificant for higher e-
Values (1e-8 and le-2) and therefore greater family sizes. The differences between the
[S200/1S110 and def/RAYT are significant for all observed e-Values. As expected the
def gene family shows the lowest numbers of average homologues per replicon (1.3 —

1.6). Similar to the results for the proportion of duplicates, there are more homologous
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RAYTs (1.5 — 2.1) found per chromosome or plasmid than was observed for def genes.
However, the differences between the values for RAYT and def families are
insignificant for e-Values below le-2. Only at an e-Value of 1e-2 there is a significant
difference between RAYTs and def genes in the average number of homologues

identified per replicon.
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Figure 5.4. Average number of homologous genes per chromosome or plasmid (replicon). This data
is the number of identified genes per gene family divided by the number of plasmids/chromosomes they
were found on. All data is specific for the number of genes identified below a certain e-Value (x-axis).
Error bars show standard error. The P-values for the gene family pairs are (pairs not shown have a P-
value of <le-5): e-Value 1e-20: RAYT def: 0.01398; 1S200 RAYT: 0.00491; 1S200 def:<le-5; 1S110
1S200: <le-5; e-Value le-14: RAYT def: 0.03189; 1S200 RAYT: <le-5; e-Value 1e-8: RAYT def:
0.48397; 1S200 1S110: 0.21339; e-Value 1e-2: RAYT def: <le-5; 1S200 1S110: 0.09115.

5.2.1.4 Analysis 3: Investigation of the presence of gene family members on

plasmids

Since both genomes and plasmids were searched for homologous genes it was easy to
determine whether a gene was identified on a plasmid or a bacterial genome. Analyses
show that between 14.5% and 20.2% of all identified IS200 genes and between 22% and
29% of all IS110 genes are found on plasmids, whereas only 0.2% to 0.6% of all def
genes are found on plasmids (Figure 5.5). Interestingly, the proportion of RAYT genes
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found on plasmids is comparable to the number obtained for def genes. Only above an
e-Value of 1e-8 were RAYT genes identified on plasmids with a maximum of 2.9% of

all RAYT genes found at an e-Value of le-2.
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Figure 5.5. Proportion of genes found on plasmids. Query proteins from each gene family were
searched against all available fully sequenced bacterial genomes and plasmids. The proportion of plasmid
encoded genes below a certain e-Value (x-axis) was determined by dividing the number of genes found
on plasmids by the total number of identified genes. No RAYT genes were found to be present on
plasmids at 1e-20 and le-14.

5.2.1.5 Analysis 4: Investigation of gene distribution over bacterial taxonomic

classes

The graph in Figure 5.6 shows that def is the most widely distributed (found in 1,199 of
1,398 (85.5%) bacterial genomes and in 48 of a total of 62 classes at an e-Value of 1e-2)
of the four gene families. This indicates that the ancestor of all bacteria already
possessed a def gene. The two insertion sequence families are also found surprisingly
widely distributed (36 (IS200) and 35 (IS110) of a total of 62 classes). The RAYT
family is the least widely distributed especially for lower e-Values. At an e-Value of
le-2 the distribution of RAYTs is comparable to that of the two other insertion sequence

families (found in 31 classes of a total of 62 classes).
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Similar to the analyses for family size (see section 5.2.1.1) one can analyse the increase
in distribution from an e-Value of 1e-20 to an e-Value of le-2 and express the increase
as a proportion. As observed for the family size, at an e-Value of 1e-20 def genes are
already identified in 89.6% of all taxonomic classes identified at an e-Value of le-2.
This proportion is smaller for IS200 and IS110 genes with 50% and 40% respectively.
Interestingly, in the case of insertion sequences the data is opposite to what was
expected from the family size data (IS110 genes show greater family size as well as
greater conservation). However, this may just be an effect of the biased distribution of
fully sequenced bacterial genomes among bacterial taxonomic classes. RAYTs again
show the greatest increase and the smallest proportion of taxonomic classes identified at

an e-Value of 1e-20 with only 12.9%.
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Figure 5.6. Number of bacterial taxonomic classes the individual gene family members are found
in. Each genome and plasmids on which the individual genes were found was classified into a taxonomic
class. The number of unique taxonomic classes was determined for each gene family below a certain e-
Value (x-axis).

5.2.1.6 Analysis 5: Investigation of the DNA regions flanking members of each

gene family

The analysis of the most abundant 16-mers (sequences of length 16 were chosen based
on analyses performed in section 3.2.1) in the flanking extragenic space of the studied
gene families allow a distinction being made between housekeeping genes and insertion
sequences, but also between RAYT and non-RAYT gene families, given that typical

RAYTs are flanked by highly abundant 16-mers (see section 4.2.3). This analysis also
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provides insight into how ‘RAYT-ness’ correlates with the results from previous

sections.

Figure 5.7 shows that, as expected (see section 5.1.2.2.6), def genes are flanked by the
least abundant 16-mers (4.9 at le-2). IS110 and IS200 genes are flanked by
significantly more frequent 16-mers (27.1 and 29.7 respectively). For low e-Values
(closely related genes), RAYTs are associated with the most abundant 16-mers (at 1e-20
121.7), which is significantly more than what is observed for def (4.4), 1S200 (10.3) and
IS110 (26.6) genes. However, mirroring the results of previous sections at an e-Value
of le-2 the average frequency of flanking 16-mers (31.6) is not significantly different
from the average frequency of the most abundant 16-mers flanking IS200 and 1S110

genes.
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Figure 5.7. Average frequencies of the most abundant 16-mers found in the immediate extragenic
space flanking the corresponding gene family. The frequencies of all 16-mers in all immediate
extragenic spaces of each member of a gene family were determined. Of these frequencies the most
abundant were used to calculate the average and standard errors in the above figure. The P-values for the
gene family pairs are: e-Value 1e-2: 1S200 RAYT: 0.18745; 1S110 RAYT: 0.01369; 1S200 1S110: 4.8E-
4; e-Value 1e-8: 1S200 1S110: 0.31333; IS200/IS110 RAYT: <le-5. All differences are significant (P-
value<le-5) for le-14 and 1e-20.

5.2.2 Phylogenetic comparisons between 1S200 and RAYT proteins

The limited number of shared sites between IS200 sequences and RAYTs, in addition to
the difference between the likely selfish lifestyle of IS200 genes and the possible non-
selfish lifestyle of RAYTs, raises the possibility that the two sequence classes evolved
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through convergent evolution (i.e. independently from distinct common ancestors). To
shed light on this issue, a phylogenetic analysis of the two protein families is performed
in the following two sections. The analysis consists of two parts. Firstly, the pairwise
identity of three members of each of the two sequence families was determined and
compared to a null (random) model (section 5.2.2.1). The purpose of this is to assess
whether the pairwise identity between the different RAYT and IS200 proteins is
significantly higher than what is expected under a random model. Secondly, the
pairwise identity of all IS200 and RAYT proteins is calculated and displayed as a
phylogenetic map (Figure 5.1), in order to understand the relationship between the two

families on a larger scale (section 5.2.2.2).

5.2.2.1 Assessment of the pairwise identity of individual RAYT and 1S200

members compared to null models

The evolutionary relationship between the RAYT and IS200 protein families was
investigated by comparing the pairwise identity of the four query proteins from the
analyses in section 5.2.1 (YafM from E. coli K-12 and P. fluorescens SBW25 (RAYTs);
IS609 from E. coli and ISHp608 from H. pylori (IS200)). The first two RAYT and two
IS200 proteins selected for this analysis.

In addition, the two most closely related proteins of the two families were selected. The
two protein families overlap slightly at an e-Value of 1e-2. This means some proteins
occur in both the IS200 and RAYT sequence family. Hence, the most closely related
proteins are proteins that occur in both families. But this does not answer the question
of whether there is a significant sequence similarity between IS200 and RAYT proteins.
Hence, the most closely related proteins of the RAYT and IS200 protein families were
selected at an e-Value of 1e-8. At this e-Value there is no overlap between the two
families. The two genes were identified by performing a BLAST search of the RAYT
family against the IS200 family and selecting the genes with the lowest e-Value from
the search results. In the following paragraphs these will be referred to as “IS200 1e-8”
and “RAYT le-8”.

For all pairs of the six sequences mentioned above (three RAYT proteins and three
[S200 proteins) the pairwise identity was calculated. To determine the probability that

the similarity between the proteins is greater than expected by chance, each pairwise
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identity was compared to a random model. For the random model, the two protein
sequences in question were shuffled 10,000 times and for each of the 10,000 shuffled
protein pairs, the pairwise identity was determined. The number of times the pairwise
identity of the shuffled sequence pair exceeded the pairwise identity of the two original
proteins was counted and used to calculate a P-value. A high P-value indicates that the
pairwise identity between the two proteins is not significant. Conversely, a low P-value
indicates that the similarity between the two proteins is not due to chance alone. The

results are presented in Table 5.1.

Table 5.1. Pairwise identities and P-Values for different protein pairs °.

1S200 1S609 YafM ISHP608  RAYT
1e-8 SBW25 1e-8
YafM 18.7 14.6 19.6 12.7 215
E. coli 0.0241 0.4319 0.0149 0.6542 7.00E-04
1S200 245 17.8 31.8 27.4
le-8 <1le-4 0.0545 <1le-4 <1le-4
1S609 18.6 244 17.4
0.0714 3.00E-04  0.0616
YafM 13.6 38.9
SBW25 0.4578 < 1le-4
ISHP6OS 20.6
0.0023

First line in each cell denotes the pairwise identity in percent. Second line shows the probability that a
pair of shuffled sequences achieves a higher or equal pairwise identity. ISHp608 and IS609 are both from
the IS200 sequence family. Both YafM proteins are part of the RAYT family. The two most closely
related members between the 1S200 and RAYT family at an e-Value of 1e-8 are RAYT 1e-8 (cps_1489
from Colwellia psychrerythraea 34H) and 1S200 le-8 (rma_1120 from Rickettsia massiliae MTUS). Cell
in red indicates a close (significantly greater than expected by change) relationship between an 1S200
transposase and a RAYT protein.

Interestingly, there is no significant relationship between the query RAYT and 1S200
sequences. However, the pairwise identities between “IS200 1e-8” and “RAYT le-8”
(the most closely related proteins from each sequence family), is significantly higher
than expected by chance. This indicates that “IS200 1e-8” and “RAYT 1e-8” could be
evolutionary links between the RAYT and IS200 gene family; in other words their

sequence identity has been preserved (presumably under purifying selection) since
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RAYTs split from the IS200 gene family. This finding supports the notion that IS200
and RAYT proteins indeed share a common ancestry; nevertheless convergent evolution
cannot be entirely ruled out since “IS200 1e-8” and “RAYT 1e-8” could be the result of
recombination between RAYT and IS200 genes.

5.2.2.2 Visualization of the relationship between the 1S200 and RAYT protein

families

In order to better understand the evolutionary relationship between 1S200 and RAYT
protein families the relationships between the individual RAYT and IS200 proteins
were visualized on a phylogenetic map (Figure 5.8). In this map, each protein is
represented by a single node. An edge is drawn between two nodes if the pairwise
identity is greater than a set threshold (see Figure 5.1). The distances between nodes are

then displayed by cytoscape (www.cytoscape.org [123]), which calculates the distances

between nodes based on the number of edges connecting the nodes. This layout option
is called organic layout in cytoscape. For e-Values below le-2 (Figure 5.8A) and le-8
(Figure 5.8B) the relationship between RAYT and IS200 proteins was visualized (see
family sizes in Figure 5.2). Edges are drawn if the pairwise identity between two
proteins exceeds 28%. The threshold of 28% was selected because it is slightly greater
than the pairwise identity observed between the most closely related proteins from the
IS200 and RAYT family at an e-Value of 1e-8, which was considered highly significant
(Table 5.1). Although a very conservative threshold, it ensures that connections
between nodes are highly unlikely to be the result of chance. This is of particular
importance as more than 1,000 proteins (more than 10° comparisons) are involved in

this analysis.
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A: le-2 B: 1e-8

Figure 5.8. Phylogenetic clusters formed by 1S200 and RAYT proteins. Each node represents a
protein found either by performing a BLAST search with two RAYT proteins (left) or two 1S200
proteins (right). Edges between nodes are drawn if the pairwise identity is higher than 28%. (A)
Proteins shown that were found above an e-Value of 1e-2. Four separate RAYT groups are formed ((a),
(b), (¢) and (d)). (B) Proteins shown that were found above an e-Value of 1e-8.

Both Figure 5.8A and B show that the IS200 family forms a reasonably homogenous
cluster. In contrast, the RAYT gene family forms four separate clusters, named (a), (b),
(c) and (d). As expected by the selection of the identity threshold, there are no
connections between the IS200 and RAYT family at an e-Value of 1e-8 (Figure 5.8B).
However, for the less stringent e-Value of 1e-2, several proteins are added that connect
the RAYT with the IS200 gene cluster. Connections are formed between IS200 and
RAYT sequence clusters (a), (b) and (c). Another noteworthy observation is that cluster
(c) and (d) below an e-Value of le-8 (Figure 5.8B) are very small in comparison to
cluster (¢) and (d) below an e-Value of 1e-2 (Figure 5.8A). This means the increase in
RAYT family size below an e-Value of le-2 noted in section 5.2.1.1 (Figure 5.2) is
almost entirely attributable to the addition of genes to the sequence clusters (¢) and (d).

Each of the clusters is investigated in more detail in the following section.

5.2.3 The four phylogenetic RAYT clusters and their characteristics

The phylogenetic maps in the section above show that RAYTs are not a homogenous
gene family at an e-Value of le-2; instead the RAYT family consists of four separate
subfamilies (clusters (a), (b), (¢) and (d) in Figure 5.8A B). Furthermore in section

5.2.1 at an e-Value of le-2 the RAYT family also showed a change in genomic
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distribution. The distribution at an e-Value of le-2 was more similar to that of IS200
and 1S110 insertion sequences than RAYT characteristics observed at lower e-Values'.
It is possible that the new RAYT members (especially members added to cluster (¢) and
(d) Figure 5.8) that were added at an e-Value of le-2 have insertion sequence
characteristics and hence cause the observed shift in genomic distribution. If this is so
then it could indicate that the propensity to transpose in CiS (transpose itself) was lost
and regained during the course of RAYT evolution. To test this hypothesis the
characteristics for each individual RAYT subfamily at an e-Value of le-2 were studied

below.

5.2.3.1 The phylogenetic map of the RAYT family

To study the individual characteristics of the four RAYT subfamilies the RAYT family
alone was visualized in a phylogenetic map below an e-Value of le-2 (Figure 5.9).
Figure 5.9 clearly shows the individual RAYT clusters. Cluster (c) is obviously the
largest followed by cluster (a), (b) and (d). The difference in cluster size for clusters
(a), (b) and (d) may merely be the result of a bias in the availability of fully sequenced
bacterial genomes. For example, cluster (a) contains all RAYT homologues found in E.
coli. Due to the large number of sequenced E. coli genomes this inflates the size of
cluster (a). It is less likely that the size of cluster (c) is inflated due to its wide
taxonomic distribution, as this would tend to deflate rather than inflate its size (Table
5.2). Clusters (a) and (b) are the most highly interconnected of the four clusters. This
high connectivity indicates that there is a closer relationship between (a) and (b) than
between any of the others. As expected from the phylogenetic analysis in Chapter 4
(Figure 4.3), YafM from E. coli and YafM from P. fluorescens SBW25 are found in the
most closely related clusters, clusters (a) and (b) respectively. Cluster (b) also contains

the IS200-RAYT hybrid protein (“RAYT 1e-8”) identified in Table 5.1 and marked

" These are: (1) proportion of duplicates (increased from 4.2% to 7.1%), (2) average number of
homologous genes per genome/plasmid (increased from 1.5 to 2.1), (3) proportion of genes found on
plasmids (increased from 1% to 2.9%), (4) number of different taxonomic classes for which RAYTs were
identified (increased from 14 to 31) and (5) the average frequency of the most abundant 16-mers flanking

RAYT (decreased from 65 to 31).
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with a red arrow in Figure 5.9. As indicated in Table 5.1 this protein connects and

therefore is similar to both the IS200 and RAYT sequence cluster.

@
» 1IS200 .~ &
- ———— Q*

Figure 5.9. Phylogenetic RAYT clusters. Nodes represent RAYT proteins found through BLAST
searches of two RAYTs below an e-Value of le-2. Edges between two nodes are drawn if the pairwise
identity is greater than 28%. Groups are labelled according to Figure 5.8. The query proteins for the
BLAST search are found in cluster (a) (YafM E. coli) and cluster (b) (YafM P. fluorescens). Red box
indicates members of the IS200 family. Red arrow indicates the hybrid protein CPS 1489 from Table
5.1.

5.2.3.2 Genomic distribution of the individual RAYT clusters

To be able to study the properties of the individual sequence clusters and thereby test
the hypothesis that the change in RAYT characteristics is due to the addition of new
genes to clusters (¢) and (d), all four RAYT sequence clusters were manually extracted
from the map and the same five characteristics as in section 5.2.1 were determined for
each cluster (Table 5.2). In support of the hypothesis, cluster (¢) and cluster (d) have
the most unique properties, which will be discussed in detail in the next paragraph. In
contrast, clusters (a) and (b) as expected show RAYT-like properties with a low
propensity of CiS transposition activity (copying the gene from which the transposase
was expressed, evident by low gene duplication rate) but a high propensity for in trans

transposition activity (copying sequences other than the gene from which the
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transposase was expressed, evident from the high frequency of the associated 16-mers).
This means that cluster (a) and (b) genes are more likely to copy associated REPINs

than copy themselves.

Table 5.2. Characteristics of RAYT sequence clusters from Figure 5.9.

Cluster (a) Cluster (b) Cluster (c) Cluster (d)
# genes 131 59 205 52
# duplicates” 4 2 26 2
# plasmidsb 0 0 2 0
# per replicon”  1.3+£0.06 1.840.13 1.9+0.18 1.74£0.17
16-mer 49.5+4.3 92.7£13.2 10.9£1.2 7.9+1
frequencyd
# taxonomic 7 5 19 8
classes

*Number of genes, for which a homologue with a pairwise identity of more than 95% is found in the same
genome/plasmid. "Number of times the respective gene was found on a plasmid. “Average and standard
error shown. GlAvelrage and standard error of the most abundant 16-mers found in the immediate
extragenic space flanking the respective gene. The P-values for the average number of homologues per
replicon are: A-B: 4e-5; A-C: <le-5; A-D: 0.0011; B-C: 0.24743; B-D: 0.36731; C-D: 0.15247. Only the
differences between cluster A and the other clusters are significant. The P-values for the average
frequency of the most abundant flanking 16-mers are: B-A: 7e-5; B-C: <le-5; B-D: <le-5; A-C: <le-5;
A-D: <le-5; C-D: 0.00127. All differences are significant.

The large increase in the number of duplicates above an e-Value of 1e-8 is almost
entirely attributable to duplication events occurring in cluster (c), which shows a
transposition activity that falls between the values of insertion sequences and RAYTs.
Cluster (c) also contains the only genes that are located on plasmids (although at an e-
Value of le-2 there are also genes that are not connected to any of the clusters that are
found on plasmids). This indicates higher rates of horizontal transfer and hence
suggests a greater degree of selfishness; however one could argue that this is solely due
to the higher number of sampled genes. A higher degree of selfishness is also reflected
in the larger number of homologues per replicon. Atypical for RAYTs, the most
abundant 16-mers in flanking extragenic space occur at relatively low frequencies (10.9,
comparable to that of def at 4.9), indicating the absence of REPs/REPINs. Together the
data indicate that cluster (c) genes are more selfish and similar to insertion sequences

than the rest of the RAYT sequence group.
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In contrast, cluster (d) RAYTs, show characteristics similar to clusters (a) and (b) with
the exception of association with over-represented 16-mers. Hence, cluster (d) RAYTs
neither show signs of Cis or trans transposition, which poses an even greater challenge

for the elucidation of their function within the bacterium.

To compare the different RAYT clusters to each other and to the IS200 sequence family
on a molecular level, the consensus sequence for each cluster was calculated and
aligned (Figure 5.10). A comparison of the conserved motifs present in the consensus
sequence alignment of the four RAYT clusters with those of the IS200 gene family
further supports the conjecture that RAYTs are a sequence group distinct from [S200
(RAYTs share more motifs within the gene family than they share with 1S200, see
Figure 5.10).

dentity i
Group A MXXYRRXOOXGG TXFF TVXLXBRRXXLE LXOOOOK LR XAXXXVXXX PFXIB
Group B MXOOOOKER XCRX S XXXXY XX TXX TXZR XPXFXDXXXAR XXX XXX L
Group C MPRXOR IXXPCXOXHVXXR CXXR XX TF XXX DX LXK XK
Group D [XOOCOOORTEIRIIK XYDYXQXGAYFV TICTXBR X CLFGX TXBGXMXLNXXGXXVXXXWXX IPXXFXXXXLED
1S200 MXOOXXS LXH TXWX K YH IVEX P YR XMXOOOOXXX IXXTLR XL CEXK VXIL
'dentity IH—E-A—LN— - -

Group A AXVAVEPRIEL EXEW TEPXXDXDFSXRIWR X IKXXF - - - - -~~~ — === - = - - XOOOOOOOOONKKEXX
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Group D EFVAYI PRTEXEIAEE XD TXX TVXXFK XXX TXX INXOOOOOKKXV -
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Figure 5.10. ClustalW2 [120] consensus sequence alignment of the four RAYT and the 1S200
protein families. 50% consensus sequences were extracted from multiple alignments of clusters from
Figure 5.9 and all IS200 proteins found below an e-Value of le-2. Xs are shown in the consensus
sequence if less than 50% of the amino acids at the particular position agree. The consensus sequence
alignment was refined manually.

5.2.3.3 Characterization of RAYT duplication events

RAYT gene duplications (defined as genes found on the same plasmid/genome that
share more than 95% nucleotide sequence identity) provide a wealth of information
about the transposition process. Most importantly, a recent duplication event with intact
flanking sequences can help to identify the flanking repeats that were required for
transposition. Therefore, at least one duplication event will be analysed for each of the

four clusters in the following sections.
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5.2.3.3.1 Duplication events in cluster (a)

Two duplication events were observed in cluster (a): one in Neisseria meningitides

053442 and one in Planctomyces limnophilus DSM 3776.

The duplication event in Neisseria involves the genes nmcc_0297 and nmcc_1377. The
duplication is delimited at the 5’ end by the most abundant 16-mer in the flanking
extragenic space, which occurs 315 times and forms a short hairpin (grey arrow Figure
5.11). This means a short REP sequence was required for transposition at the 5’ end of
the duplication, probably recognized by the RAYT encoded by either nmcc_0297 or
nmcc_1377. In other parts of the genome the 16-mer (REP) is found as part of REPINs
(Figure 5.12A). This is predicted by the analyses performed in Chapter 3, where
REPINs have been shown to be the prerequisite for REP sequence dispersal throughout
the genome. Interestingly, the duplication also involves a truncated version of the
insertion sequence IS1106A3 (including the terminal inverted repeat at the 3’ end) and
no corresponding copy of the palindromic 16-mer from the 5’ end of the duplication.
The fact that the 5" end of the duplication event consists of a REP sequence (typically
associated with RAYTs) and the 3" end consists of the 3’ end of the insertion sequence
IS1106A3 raises the possibility that the transposition event involved both the
transposase encoded by IS1106A3 and the RAYT protein. However, the pairwise
identity between the two truncated IS1106A3 elements is only 94.9% whereas the
pairwise identity between the RAYT genes is about 98.8%. This could be due to two
processes: either the RAYT gene was inserted into an existing IS1106A3 copy (there
are numerous IS1106A3 copies in the genome) at exactly the same position; or the
RAYT gene and the truncated IS1106A3 copy transposed as a unit and the higher
conservation of the RAYT gene is the result of purifying selection. Purifying selection
was suggested earlier as the selective process that preserves RAYT genes within
genomes in the absence of horizontal transfer events (section 5.2.3.2). In order to be
preserved by selection RAYTs are predicted to perform an unknown function for the
host bacterium. Hence, it seems more likely that this duplication event is a result of
cooperation between a RAYT and an IS1106A3 insertion sequence and not two

independent insertions into IS1106A3.
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A: Duplication in cluster (a): Neisseria meningitides 053442
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Figure 5.11. Alignment of duplicated RAYT regions in the four different RAYT clusters. Most
abundant 16-mers are red. Open reading frames are yellow. First line in each figure is conservation of
individual nucleotide sites. (A) Truncated IS1106A3 is shown in light blue.

The duplication event in Planctomyces limnophilus DSM 3776 involves the genes
plim_0352 and plim_2531 (Figure 5.11B). The duplication is delimited on both sides
by the most abundant 16-mer in the flanking extragenic space, which occurs 16 times in
the genome and can form a short hairpin structure. Of the remaining 12 (four are in the
duplication) 16-mers, six are found in doublet conformation, of which two are arranged
as inverted repeats and one as direct repeat. However, the structure that is formed by
the doublets in inverted orientation is quite different from REPINs described in Chapter

3. They are larger (201 bp and 225 bp compared to only about 100 — 150 bp for
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REPINs in SBW25) and contain a long insert, which is not part of the hairpin (Figure
5.12B). REPINs in P. limnophilus are quite different from other REPINs described that
were found in association with cluster (a) RAYTs. However, REPINs associated with
cluster (a) RAYTs have been shown to be more diverse than REPINs associated with
cluster (b) RAYTs, so it is not overly surprising that there is yet another REPIN

structure.

A B C D E F G

Figure 5.12. Secondary structures formed by REPs and REPINs. Secondary structure formed by
inverted REP doublets found in (A) Neisseria meningitides 053442 (cluster (a)), (B) Planctomyces
limnophilus DSM 3776 (cluster (a)), (C) Xanthomonas campestris B100 (cluster (b)). Structures formed
by (D) 3’ and (E) 5’ flanking sequences of RAYT duplicates in Geobacter sp FRC-32 (cluster (¢)). (F)
and (G) show palindromes that were found in the 5° and 3’ flanking sequences of paes 1450 and
paes_1453 from Prosthecochloris aestuarii DSM 271 delimiting the duplication (cluster (d)).

5.2.3.3.2 Duplication events in cluster (b)

Only one duplication event was identified for genes from cluster (b). The duplication
occurred in Xanthomonas campestris B100 and involves two adjacent genes in inverted
orientation called xcch100_ 3304 and xccb100_3305 (Figure 5.11C). The duplication
event is delimited by the most abundant 16-mer (occurs 120 times) of the flanking DNA
on one side and a highly abundant 16-mer (occurs 50 times, differs from the most
abundant 16-mer by one nucleotide) on the other side. Typical REPINs as the ones
described for SBW25 are formed throughout the genome (Figure 5.12C).

5.2.3.3.3 Duplication events in cluster (c)

As noted above, genes from cluster (c¢) have very different properties compared to genes
from cluster (a) and cluster (b). This is again apparent when analysing duplication
events. The duplication event involving the most closely related genes to the two query

sequences occurred in Geobacter sp. FRC-32 (geob_1043 found at position 1146819-
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1147784 and geob_3675 found at position 4080757-4079792) (Figure 5.11D).
Interestingly, two truncated RAYT genes are found in the vicinity of geob_1043 and
geob_3675 respectively that are almost identical to the two genes (Figure 5.13). One
gene called geob_3667 is found at position 4070369-4070048 and matches to the start
(1-322) of geob_1043 and geob_3675 and the second gene called geob_1038 is found at
position 1142229-1142794 and matches to the end (404-969). Interestingly, geob_1043
faces the 5’ end towards geob_ 1038, of which only the 3’ end is left, and geob_3675
faces the 3’ end towards geob_3667, of which only the 5’ end is left. An additional
RAYT homologue is found in between geob_ 1038 and geob 1043 called geob_1040.
This arrangement is strongly reminiscent of composite transposons. The genes encoded
in between the truncated RAYTs and the full length homologue, are mostly YD repeat
genes predicted to encode cell surface proteins (typically transferred horizontally) [178].
Additionally, between geob_3667 and geob_3675, two genes are found that encode for

abortive infection proteins implicated in host defence against phage infection [84].

It is difficult to determine the flanking repeats that were required for the duplication. At
the 5’ and 3’ end of the duplicated genes (geob 1043 and geob _3675) a conserved
sequence is found, but is not located at the exact end of the duplicated region. Two
slightly different hairpin structures are formed by the 5" and 3’ end (Figure 5.12D and
E); again no REP or REPIN sequences were identified within the genome. Finding no
repeated palindromic sequences immediately flanking the duplication may either

indicate that the transposition mechanism is different from other IS200 or RAYT

p— p-

— I ¢ < -
Figure 5.13. The genomic region that contains the two cluster (¢) RAYT duplicates geob_1043 and
geob_3675 (969 bp) as well as the truncated versions of the two genes geob_1038 (404-969 bp) and
geob_3667 (1-322 bp). '"Two of the four genes encode for YD repeat proteins. “Three of the seven genes
encode for YD repeat proteins and two for abortive infection proteins. YD repeat proteins or rhs genes
have been implicated in O-antigen variation in E. coli and have a different evolutionary history to the core

genome, which indicates horizontal gene transfer [178]. Abortive infection proteins have been implicated
in immunity to phage infection [84] as well as a means to confer self-immunity to bacteriocins [179].
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proteins or that the exact ends of the duplication were lost.

5.2.3.3.4 Duplication events in cluster (d)

For cluster (d) only one duplication event was identified. It involved the genes
paes_1450 and paes_1453 from Prosthecochloris aestuarii DSM 271 (Figure 5.11E).
The event was delimited by two similar short palindromes (Figure 5.12F and G).
Interestingly, for paes_1453 the palindrome found at the 5° end of the gene is deleted

from the duplication. This could be due to selection for a decreased transposition rate.

As expected from the above analysis, no REPs or REPINs involving the short
palindromes could be identified within the genome. Nevertheless, the protein coding
region of the duplication showed a higher pairwise identity (97.1%) than the 5° (89.7%)
and 3’ (87%) flanking regions, which indicates that selection has acted to preserve the

gene.
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5.3 Discussion

5.3.1 Overview of the results

The overarching aim of this chapter was to systematically characterize the RAYT
family of proteins. Specifically, this involved characterizing the genomic distribution of
RAYTs in bacteria (section 5.2.1), and investigating the evolutionary origins and history
of RAYTs (sections 5.2.2 & 5.2.3). The comparison of features concerning the genomic
distribution between RAYTs, the IS200 and IS110 insertion sequence families and the
housekeeping gene family def showed that RAYTs are in most characteristics more
similar to housekeeping genes than to insertion sequences. However, for family
members identified below an e-Value of le-2 (family includes very distantly related
proteins) the characteristics became more similar to insertion sequences. To determine
what caused this change RAYTs had to be analysed in more detail. Hence a
phylogenetic analysis of RAYTs was conducted. The analysis showed that the RAYT
family is extremely diverse and consists of four discrete clusters at the least stringent
definition of the sequence family (all BLAST search results below an e-Value of le-2
were considered). Two of the clusters showed characteristics typical for RAYTs (no
duplications, not found on plasmids, highly abundant flanking 16-mers), one showed
similar characteristics to RAYTs but without the association to highly abundant 16-
mers, the last RAYT cluster in contrast showed characteristics similar to insertion
sequences rather than RAYT genes. These results will be discussed in the following

sections.

5.3.2 The genomic distribution of the RAYT gene family

For RAYTs identified at lower e-Values (le-8, le-14 and 1e-20) the proportion of
duplicates, number of homologues per replicon and gene occurrences on plasmids are
similar to numbers observed for the housekeeping gene family def and greatly differ
from numbers observed for the IS200 and IS110 insertion sequence families. At an e-
Value of le-2 the same characteristics are significantly different from that of the def

gene family but also still different from the two insertion sequence families.
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The gene family size as well as the distribution among bacterial taxonomic classes is
much smaller for RAYTs than that of IS200 and 1S110 insertion sequences or def genes.
However, at an e-Value of le-2 there is a great increase in family size as well as an
increase in distribution among taxonomic classes. This effect, together with data of a
greater duplication rate and a strong increase in gene occurrences on plasmids, is
probably the result of a higher horizontal transfer rate of RAYTs that are added at an e-
Value of le-2. The proposed higher rate of horizontal transfer of RAYTs added at an e-
Value of le-2 is hence supported by all genomic distribution characteristics.
Conversely the results also support a low horizontal transfer rate of RAYTs that are

identified at lower e-Values.

Since the rate of horizontal transfer is tightly linked not only to insertion sequence [147,
180] activity but is also a hallmark for addictive selfish genetic elements [22, 170, 181,
182], it seems possible that RAYTs that are identified for low e-Values provide a
beneficial function, whereas most RAYTs that are added at an e-Value of le-2 are
genetic elements with more selfish characteristics that require horizontal transfer to
persist. This hypothesis is also supported by the analysis of the genomic distribution of
RAYT subfamilies (see section 5.3.4).

5.3.3 The relationship between the RAYT and the 1S200 family

The pairwise identity between a selection of RAYT and IS200 proteins showed no
differences from pairwise identities of the corresponding shuffled sequences (see
section 5.2.2). This means that there is no significant direct evolutionary relationship
between those proteins. However, the most closely related proteins from the two
sequence groups each showed similarity to both IS200 sequences and RAYTs. The
existence of such hybrid sequences was somewhat surprising however these sequences
may indicate that IS200 and RAYT genes did not emerge through convergent evolution.
Rather they indicate that RAYTs and IS200 genes emerged independently and the
observed hybrid is the result of recombination between members of the two sequence

groups.
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5.3.4 RAYT subfamilies and their genomic distribution

Closer investigation of the RAYT gene family showed the formation of four separate
phylogenetic groups (see section 5.2.3). Analyses of these groups revealed that each

showed very distinct properties.

Clusters (a) and (b) contained the query sequences from E. coli and SBW25
respectively. In accordance with findings from Chapter 4, both RAYT groups are
associated with REPINs. Despite being the most closely related RAYT groups, the
considerable phylogenetic distance between the two groups is reflected in different
REPIN structures (Chapter 4 and Figure A2.1) and other characteristics such as the

average number of homologues per replicon, or frequency of flanking 16-mers.

RAYT clusters (c) and (d) gave rise to some of the most interesting findings of this
study. Both groups have very different characteristics and very distantly related to the

other two RAYT clusters (almost as distantly as IS200 sequences).

Cluster (c¢) shows frequent duplication events and is the only RAYT group for which
members were found on plasmids. Furthermore, cluster (c) is considerably larger than
the other three groups. As indicated by the low frequency of flanking 16-mers and the
analysis of one duplication event, this cluster is unlikely to be associated with REPINS.
Together, these data suggest that cluster (c) genes more closely resemble insertion
sequences than the other three RAYT groups. The sequence alignment in Figure 5.10
shows that the consensus sequence of cluster (c) members is more similar to the other

RAYT groups than it is to IS200 sequences.

Assuming the connection between cluster (b) and the IS200 family shown in Figure 5.9
reflects a real evolutionary relationship and is not the result of recombination then
cluster (b) RAYTs evolved from IS200 sequences. The sequence and phylogenetic data
further suggests that the other three RAYT subfamilies diversified from cluster (b) into
clusters (a), (c) and (d). Since cluster (b) RAYTs show little cis transposition activity
(copying themselves), this model suggests that RAYTs evolved from the 1S200
sequence family by losing the ability for cis transposition. Interestingly, cluster (c)
RAYTs show an unusually high propensity for cis transposition compared to the other

RAYT subfamilies. This indicates that cluster (c¢) RAYTs re-evolved insertion
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sequence like activities and probably lost (at least partially) the unknown but inferred
ability of RAYTs to provide a certain beneficial function to the host. However, due to
the limited sequence similarity the possibility remains that RAYTs did not evolve from
IS200 sequences but through convergent evolution. However, even this scenario still

suggests that insertion sequence like activities can evolve from single copy host genes.

While cluster (d) genes show very similar characteristics to RAYT genes from cluster
(a) and (b) a notable difference is that cluster (d) genes are not physically associated
with REPs or REPINs (based on the low frequency of flanking 16-mers (similar to def)
and analysis of the observed duplication event: section 5.2.3.3.4). Sequence comparison
of the genes involved in the duplication event revealed a higher level of sequence
conservation within the gene than that observed in the extragenic space (section
5.2.3.3.4). The fact that selection is acting to preserve the gene sequence strongly
suggests cluster (d) genes fulfill a beneficial function in the bacterium. The nature of
this function remains to be seen, and as such is an area of great interest for future

experiments.

5.3.5 Conclusion

Further research is needed to reveal more about the evolutionary history of RAYTs,
which could provide a general insight into the evolution of selfish genetic elements.
Specifically, research on the evolutionary history of RAYTs could shed light onto
questions such as how beneficial functions are gained and lost (IS200 to RAYTs,
RAYTs to cluster (c)). Although the graph in Figure 5.9 indicates that first cluster (b)
evolved from IS200 sequences, which diversified into clusters (a), (¢) and (d), there are
too few and some contradictory connections (possibly a result of recombination, drift or

selection) to strongly support this hypothesis.

The above analyses make very clear that RAYTs mainly spread vertically (from one
generation to the next) in gene pools rather than horizontally, with the possible
exception of cluster (c) RAYTs, which show higher duplication rate and are found on
plasmids. In order to preserve vertically transmitted genes within the bacterial genome,
those genes have to confer a benefit to the host. Especially considering the strong

deletional bias (strong propensity of bacteria to lose surplus DNA) observed for
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bacterial genomes [183, 184]. The split of the RAYT gene family into distinct clusters
and the existence of RAYT hybrids suggest that it is unlikely that RAYTs possess a
universal function. However, elucidating the functions for different RAYT genes
experimentally is likely to deliver highly interesting results and will show how it is
possible for insertion sequences to switch from a horizontal to a vertical transmission
mode and may even provide an explanation of how insertion sequences initially evolved

from single copy genes.
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Chapter 6:
Evolutionary characterization of two repetitive

sequence classes in the genome of SBW25

6.1 Introduction

6.1.1 Regulatory antisense RNA in bacteria

Across all domains of life non-coding RNA has been shown to account for a major
proportion of total transcripts within the cell [185]. These RNA molecules play an
important catalytic role (ribozymes [186] e.g. ribosomal RNA [187], Group I [188] or II
introns [38]), but are also involved in the regulation of gene expression, specifically as
non-coding antisense RNAs (asRNAs) [185, 189, 190]. Non-coding RNAs can be

divided into two groups: Cis-acting asRNAs and trans-acting asRNAs.
6.1.1.1 Cis-acting antisense RNAs

Cis-acting asRNAs are transcribed on the opposite strand of the protein-encoding gene
that is the target of regulation. Regulation can be achieved at either the transcriptional

or translational level [185].
6.1.1.1.1 Regulation at the transcriptional level

There is a wide range of mechanisms for transcriptional regulation of gene expression
by asRNA. The most common mechanisms involve transcriptional termination or

transcriptional interference.

To the author’s knowledge there are only two examples where transcription termination
has been confirmed to be caused by the presence of asRNA. The first example involves
the siderophore synthesis operon fat in Virbio anguillarum. Here, the authors show

through in vitro experiments that transcription termination is dependent upon the
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presence of asRNAs, and not a result of transcriptional interference. However, the exact
mechanism of this type of transcription termination remains unknown [191]. The
second example is the regulation of the virulence gene iCSA through the asRNA RNAg.
Here the evidence suggests that the binding of asRNA to the mRNA transcript prevents
the formation of an antitermination structure, which leads to the termination of

transcription and the dissociation of the RNA polymerase from the DNA [192].

The second mechanism for gene regulation at the transcriptional level involves
transcriptional interference. Unlike the mechanisms presented above, asRNA is the
effect rather than the cause of transcriptional interference. The cause for transcriptional
interference is usually an oppositely oriented promoter. There are three interference
mechanisms: collision, promoter occlusion and sitting duck. Collision interference
describes the process of transcription termination due to the interference of two
convergently transcribing RNA polymerases [193]. Promoter occlusion occurs when
the transcription from a strong promoter prevents formation of the transcription
initiation complex on the opposite strand [185, 194]. Sitting duck interference refers to
a process where an open RNA polymerase complex is removed by a convergently

transcribing polymerase [194].
6.1.1.1.2 Regulation at the translation level

Translation of the mRNA can be regulated through cis—acting asRNA by occupying the
ribosome binding site (or a region close to the site) and hence preventing the initiation
of translation or/and by reducing the mRNA half life by recruiting RNases for
degradation [185].

A prominent example for the inhibition of translation by cis-acting asRNA is the
SymE/SymR TA system [195]. The authors show that SymR is a cis-acting asRNA that
suppresses the translation of SymE mRNA. SymE is a protein that leads to “reduced
colony formation, decreased protein synthesis as well as significant decreases in the
levels of several RNAs” [195]. A surprising finding of the SymE/SymR study by
Kawano et al. was that in contrast to other type I TA systems (where the addiction is
dependent on a stable toxin and an unstable antitoxin) the antitoxic asRNA SymR is

surprisingly stable. This together with the fact that SymE expression is induced by the
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SOS response led to the hypothesis that the SymE/SymR system confers a benefit to the
cell. The authors propose that under stressful conditions the protein could possibly aid

the cell in the recycling of damaged potentially toxic RNA molecules.

6.1.1.2 Trans-acting antisense RNAs

Trans-acting asRNAs have been shown to regulate gene expression at the translational
level, although transcriptional regulation is possible in theory no examples have been
reported to the author’s knowledge. Translational regulation is achieved through almost
the same mechanisms as for cis-acting asRNA. However, trans-acting asRNAs have
also been shown to have positive regulatory effects on translation. The binding of
mRNA by asRNA can for example resolve inhibitory complexes and therefore activate

translation by allowing the ribosome to bind the mRNA [189].

The largest difference between trans and cis-acting RNA is the length of the interaction
(base pairing) between asRNA and mRNA. Trans-acting asRNAs usually bind
relatively short stretches of mRNA (~10-25 bp), whereas cis-acting asRNAs interact
with mRNA regions of lengths between 100 and 7,000 bp [185]. Shorter regions of
complementarity result in a broader target specificity. That means that multiple genes
can be regulated by a single asRNA. This allows the regulation of global gene
expression as a response to environmental cues. For example, the asRNA RhyB
regulates the global use of iron in E. coli by catalyzing the degradation of the mRNA of

various iron binding proteins [196].

Well studied trans-acting asRNAs are type I TA systems such as TisB/IstR-1 (which is
covered in the introduction see section 1.4.1.1.2) and ShoB/OhsC [197]. The ShoB
toxin is a 26 amino acid long hydrophobic protein that is encoded upstream of ohsC.
The toxicity of ShoB is supposedly due to an effect on the cell membrane, which was

inferred from a gene expression analysis.

6.1.2 Computational approaches for identifying non-coding RNAs within

bacterial genomes
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Currently there are three ways to predict genomic regions that are likely to encode non-
coding RNAs. These are: (1) similarity searches of RNA structures; (2) the analysis of

local base compositions; and (3) comparative genomics [198].

Initially, it was proposed that analysis of the free energy of RNA secondary structures is
sufficient to identify non-coding RNA regions within the genome [199]. However, it
has been shown that the difference between the predicted free energy of randomly
assembled sequences and non-coding DNA sequences are comparable to the free energy
predicted for non-coding RNA sequences [200]. Nevertheless, RNA secondary
structure predictions can still be used for the identification of RNA coding DNA
sequences by comparing the predicted RNA secondary structure to known secondary
structures or RNA secondary structures obtained from related DNA sequences [201,

202]. If the structures are similar then it is likely that the DNA sequence encodes RNA.

The identification of non-coding RNAs by analysing local base composition (€.9., GC
or dinucleotide content) is based on the assumption that non-coding RNAs form stable
secondary structure in order to be functional [199]. The stability of RNA structures is
greatly enhanced in regions with high GC content since G-C pairings are more stable
than A-T pairings. Thus DNA sequences that show an increased GC content are more
likely to code for non-coding RNA [200]. The difference between the average GC
content of the genome and the GC content of non-coding RNA seems to be greatest for
genomes with low GC content as well as bacteria that live in high temperature

environments [200, 203].

Non-coding RNAs can also be identified through comparative genomics [202]. For
such studies the search for transcription initiation and termination signals outside
protein coding regions can provide candidate DNA sequences that potentially encode
RNA [198]. Supporting evidence that these candidates encode RNA can be provided by
sequence comparisons with closely related bacterial genomes. If the candidate sequence
encodes an RNA, which means that it is functional, then selection can act to preserve
structural motifs (hairpins or stems) within the sequence through compensatory
mutations [202]. Hence, due to the large number of available bacterial genome
sequences it is relatively easy to identify strong candidates for non-coding RNA

sequences.
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6.1.3 Repetitive sequence analysis in the SBW25 genome

Silby et al. [100] identified four major repeat families in the genome of Pseudomonas
fluorescens SBW25: R0, R2, R178 and R200. RO and R2 repeats are REPINs or parts
of REPINs (Table 3.6) and have been studied in detail in Chapter 3. The work in this
chapter focuses on the R178 and R200 repeats. Sequence analyses are applied in order
to investigate the evolution and potential function of R178 and R200 repeats.
Additionally, the notable association of R200 repeats with REPs/REPINs will be
examined by analysing sequence identities and phylogenies in the different REP/REPIN

backgrounds.

6.1.4 Aims

The aims of this chapter are:

(1) To determine sequence properties of the R178 and R200 repeats, and thereby

gain insight into the evolutionary history of these repeat classes.

(2) To characterize the relationship between REPs/REPINs and the R200 repeats.
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6.2 Results

Of the four repetitive sequence classes identified in the SBW25 genome [100], R178
and R200 remain to be characterized. These occur 18 and 47 times, respectively, within
the extragenic space of the SBW25 genome. Each of the 18 R178 repeats is about 110
bp long, while the 47 R200 repeats range in length from 128 bp to 329 bp. When
aligning all R200 repeats only a 110 bp long segment in the centre of the alignment is
shared by all R200 repeats (see Figure 6.8). The characteristics and evolution of the

two repeat sequences are studied in the following sections.

6.2.1 Characterization of R178 repeat sequences

6.2.1.1 Evolutionary origins of R178 repeats

There are several questions concerning the evolution of R178 repeats that can be
addressed with computational analyses. The initial question concerns the evolution of
the repetitiveness of R178 sequences. There are several competing hypotheses that
need to be considered. Firstly, that repetitiveness could be the result of random chance.
This is very unlikely as it was already shown in Chapter 3 (section 3.2.1) that even 16-
mers do not occur repetitively by chance and R178 repeats are about 111 bp long.
Secondly, R178 repeats could have emerged as the result of similar selective pressures
at different positions within the genome. This would require that over long periods of
evolutionary time, the sequences in all 18 sequence backgrounds acquired and preserved
similar mutations. This process depends on constant and strong mutational pressure and
hence one would expect the sequences to be preserved in closely related strains.
However, Silby et al. [100] found that P. fluorescens Pf-5 contains nine, P. fluorescens
Pf0-1 28 and P. fluorescens SBW25 18 R178 copies. The fact that R178 repeats are not
conserved among closely related genomes together with the fact that they are unlikely to
arise by chance indicates that R178 repeats are likely to be the result of a duplicative

evolutionary process.

A duplicative process could be driven by either the R178 repeat itself, which means that
it encodes a protein (as for example insertion sequences [18]) or an RNA molecule (as

in Group I introns [188]) that copies R178 sequences (autonomous transposition).
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Alternatively, R178 repeats may encode non-autonomous duplicative elements that are
copied by a transposase or another protein that is encoded somewhere else in the

genome [52].

To first test whether it is possible that R178 repeats encode autonomous duplicative
elements, the sequences of all R178 repeats were analysed for the capability to code for
proteins by searching for a conserved open reading frame. However, this search was
unfruitful; no conserved open reading frame could be identified for all 18 R178 repeats.
To test the possibility that R178 repeats encode an autocatalytic RNA molecule, the
secondary structure was predicted for all 18 sequences (Figure 6.1A). The predicted
RNA secondary structures are relatively similar, which indicates that selection may act
to preserve their structure. Whether selection acts on preserving a transposable element

that encodes an autocatalytic RNA function is unclear at this point.

B

Figure 6.1. Predicted secondary structures of R178 sequences calculated by the mfold web server
[104]. (A) RNA and (B) ssDNA secondary structures of all R178 repeats found in the SBW25 genome.

Alternatively R178 repeats could encode for non-autonomous duplicative elements as,
for example, REPINs (see Chapter 3). Non-autonomous REPINs are thought to be
transposed by RAYTs, which show sequence similarities with IS200 transposases.
IS200 transposases have been shown to transpose their targets as single strands. Hence,
the single stranded structure that is formed by IS200 genes as well as REPINs is likely

to be important for the transposition process. REPINs form a highly conserved
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secondary structure in ssDNA (see section 3.2.3.5). The conservation suggests that the
structure is functional and could for example affect the transposition process. It is
possible that a conserved structure is also formed by non-autonomous R178 sequences.
Hence, the secondary structure in ssDNA was predicted for all 18 R178 sequences
(Figure 6.1B). Interestingly, the structure is highly conserved in all 18 sequences (even
more so than observed for RNA secondary structures), and contains four distinct loops.
This conservation is likely to be reflected within the nucleotide sequences of R178
repeats as, for example, complementary pairs of conserved nucleotides as well as
complementary mutations in stem regions of the secondary structure.  Such
characteristics can be observed in a multiple sequence alignment, an analysis which will
be performed in the following sections. This also includes analyses on the relationship

between secondary structure and polymorphic regions within the alignment.

6.2.1.2 DNA sequence alignment of R178 repeats

To analyse polymorphic and conserved R178 regions, a multiple sequence alignment of
all 18 identified DNA sequences using ClustalW2 [120] was performed (Figure 6.2).
Most regions of the ~110 bp R178 repeat are highly conserved. However there are a
few notable exceptions. In order to determine polymorphic or non-conserved sequence
sites, the sequence diversity was calculated for each nucleotide within the alignment. A
common measure for sequence diversity is the Shannon Entropy H [204], where high
entropy values indicate high diversity and low values low diversity. For the four letter
nucleotide alphabet the highest possible entropy is two bit. This is the case when at a
certain position in an alignment all four nucleotides occur at the same frequency (i.e.
25%). That means if the aligned sequences are randomly assembled and have a GC
content of 50% the maximum entropy for each position is two bit. In comparison, the
maximum entropy for aligned sequences from the SBW25 genome with a GC content of
60.5% 1s 1.97 bit. In contrast to positions with maximum entropy, an entropy of zero
bit is observed when a position within an alignment is completely conserved. If at a
position two nucleotides occur at the same frequency the entropy is one bit. The
entropy of one bit can be used as a threshold to distinguish between conserved and
polymorphic sequence positions within an alignment. For the R178 alignment, this
means that there are roughly seven polymorphic regions (red boxes Figure 6.2; entropy

values for each alignment position are found in Table A3.1). The longest polymorphic
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section extends over 13 bp from position 46 to position 59 (site 3, this region includes

position 48 which is conserved).

conserved in the R178 alignment.
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Figure 6.2. ClustalW?2 [120] alignment of R178 sequences. Regions boxed in red show polymorphic
sites with entropy of > 1 (see text). Annotations on the left side indicate sequence number and orientation
within the genome.
conservation. Coloured nucleotides in the alignment differ from the consensus sequence.

First row of the alignment shows consensus sequence.

Second row shows
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6.2.1.3 Relationship between ssDNA secondary structures and the polymorphic

regions in the R178 sequence alignment
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Figure  6.3. Relationship ~ between
polymorphisms and ssDNA  secondary
structure. Detailed characteristics of the

predicted DNA secondary structure of R178.
Structure contains four loops (A-D) shown in
pink. Red region shows similarity between loop
C and the end of the repeat. Blue regions
correspond to polymorphic regions in the
sequence alignment of Figure 6.2.

Figure 6.3 shows that the polymorphic sites
identified in Figure 6.2 overlap with distinct
features of the ssDNA secondary structure.
Figure 6.3 shows that while polymorphic
sites 2 and 3 are found in a minor stem
region, sites 1 and 4-6 are found in loop

regions.

Polymorphic site 1 (5 bp) is found in a loop
region at the start of the R178 repeat. It is
possible that the evolution of this
polymorphic region is governed largely by
genetic drift. Polymorphic site 2 (3 bp)
corresponds to the stem preceding loop A
and is complementary to (and hybridizes
with) polymorphic site 3 (1 bp). Unusually,
it is not the stem but the single stranded loop
that is highly conserved. This may indicate

that loop A acts as a recognition site for a

conserved protein or complex. At 13 bp, site 4 is the longest polymorphic region and

corresponds to loop B (see section 6.2.1.4). A polymorphic loop could indicate two

different things: (1) evolution of the loop region is determined largely by drift and

selection acts only to preserve the size of the loop or (2) the sequence in the loop co-

evolves with a complementary sequence (binding site) in a different part of the genome.

Site 5 (4 bp) corresponds to loop C, and is partially complementary to site 7 (but the

two sites do not hybridize, which may indicate the existence of a less stable alternative

structure, see section 6.2.1.5). Site 6 (2 bp) corresponds to the beginning of loop D,

while site 7 (6 bp) corresponds to the 3" end of the R178 repeat (see section 6.2.1.5).

Furthermore the nucleotide alignment in Figure 6.2 clearly shows regions where

compensatory mutations occur to preserve the secondary structure. Prominent examples

are the positions 26 and 39 as well as neighbouring regions (sites 2 and 3) and the
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positions 69 and 105 and neighbouring regions (sites 5 and 7). This data also strongly

suggests that selection is acting to preserve the secondary structure.

If selection is acting to preserve the secondary structure then it means the secondary
structure is functionally significant. The function of the structure could simply be to
modulate the frequency of transposition by an unknown transposase. Alternatively and
not necessarily mutually exclusive, the function of the element may enhance the
persistence of the element within the genome or the genetic region as observed for TA
systems [205]. Functional elements within secondary structures are stems that stabilize
the structure and single stranded loops that are free to bind other single stranded
sequences. It is possible that the loops observed within the R178 secondary structures
bind to neighbouring sequences while the DNA is in a single stranded state; that is

during transcription, replication or transposition.

If the structure in single stranded DNA is important during transposition it has been
shown that the efficiency of transposition depends on whether the template is present on
the leading or lagging strand [206]. If this is also true for R178 repeats one could
imagine finding a skew in R178 distribution. However, analyses show that seven R178
repeats are found on the leading strand and 11 on the lagging strand. If it is equally
likely to move R178 into the leading or lagging strand then the probability of observing
the achieved distribution is about 24%. Hence it seems unlikely that transposition of

R178 is affected by leading/lagging strand dynamics.

Alternatively, despite the seemingly lower conservation of the RNA secondary structure
it is possible that the functional role of R178 is performed within RNA rather than
ssDNA as observed for type I TA systems. Hence detailed analyses of the observed

structural elements are performed in the following sections.

6.2.1.4 The binding sites of loop B (polymorphic site 3)

The polymorphisms observed in loop B could be the result of at least two evolutionary
processes; they could either be generated by random genetic drift, or they could be
shaped by selection (or a combination of both). Neutral evolution could be the main
driver of sequence diversity if, for example, the function of the loop is entirely structural
and selection acts only on maintaining its length. However, if the loop functions to bind

a target DNA or RNA sequence (to e.g. inhibit or enhance ssDNA transcription or RNA
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translation), then diversity would be driven by selection to match the target sequence.
Diversity could also be driven by both neutral evolution and selection if the function of
the two sites is linked. For example, if one site acquires a neutral mutation (drift) a
compensatory mutation is subsequently selected for in the corresponding site

(selection).

Figure 6.4. A typical R178 repeat and surrounding regions in the SBW25 genome. In most cases, an
R30 repeat is found upstream of R178, while the downstream region encodes a short peptide. Red lines
indicate the sequence of loop B (Figure 6.3) and its complementary sequences. Green regions indicate
loop C and its complementary sequences.

Interestingly, a search for complementary sequences to the R178 B loop (between 7 and
13 bp long) in the vicinity (~1kb in either direction) of the R178 repeat showed that in
15 of the 18 cases, the B loop sequence matched to a sequence immediately downstream
of the R178 repeat. Each of these 15 sequences was found on the template strand of the
promoter of a short gene (each encoding a peptide of ~100 residues; Figure 6.4 and
Table A3.2). That this arrangement occurred by chance is improbably small. This
indicates some functional significance. For example, if loop B binds to the promoter of
a short peptide then this could change the availability of the promoter for transcription.
This raises the possibility that the R178 repeat has an impact on the expression of the

downstream peptide.
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Figure 6.5. Alignment of peptides found at the 3’ end of R178 repeats. Coloured amino acids are
conserved in more than 50% of the sequences. Name consists of position and locus tag if available.

Peptides were found downstream of 17 of the 18 R178 repeats, for 15 of which
complementarity was observed between the promoter region and the loop B region of
the R178 repeat. The 17 peptides appear to be highly diverse, ranging in length from
about 73 to 102 residues (Figure 6.5). The diversity poses an obvious question as to
whether the peptides evolved independently or share a recent common ancestor — and
the related question of whether each independently co-opted its R178 repeat. The
hypothesis that all the peptides share a recent common ancestor is supported by a
number of conserved sites present in the amino acid sequence alignment of Figure 6.5.
To further support this hypothesis, a more comprehensive analysis of the downstream
peptides was performed. For all possible 136 pairwise peptide combinations, the
pairwise identity was calculated, and the resulting data was displayed as a graph in
Figure 6.6. The figure shows each peptide represented as a node, and pairwise identities
above 28% represented as lines connecting the two peptides in question (see Figure 5.1
for a more detailed explanation of this graphing technique). As can be seen in Figure

6.6, all 17 peptides are connected to each other, suggesting that they all diverged from a
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recent common ancestor and therefore may have a common function. Within the P.

fluorescens SBW25 genome, homologues of the peptides are almost exclusively found

downstream of the R178 repeat, except for one instance where a peptide is part of

pflu3894, a conserved hypothetical protein.

Figure 6.6. Relationship between peptides
encoded directly downstream of R178
repeats. Each node represents a peptide.
Edges are drawn if the pairwise identity
between peptides is greater than 28%.

In conclusion, there are two adjacently located
sequence groups one encoding for a peptide and
one potentially for ssDNA that is predicted to
form a conserved secondary structure. The two
sequence groups are linked by a short oligomer
that matches the B loop of the R178 repeat and
the complement of the promoter of the
downstream peptide. These data suggest that
the function of R178 and the downstream
peptide are tightly linked. The connection
between the two genetic elements may have

resulted in the spread of RI178 and the

downstream peptide as a single unit. This hypothesis is supported by the high degree of

congruence between the phylogenetic trees of R178 and the downstream peptide (Figure

6.7A).
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Figure 6.7. Congruence between the phylogenetic trees of the genetic elements found in the vicinity
of R178 repeats. Clades that are boxed in orange show congruent phylogeny. Clades boxed in dark pink
are not found in the corresponding tree. Phylogenetic trees were constructed based on ClustalW2 [120]
alignments and by applying the neighbour-joining [121] method. Trees were re-sampled 1000 times
(bootstrap method) and displayed in Geneious [119].
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6.2.1.5 The binding sites of loop C (polymorphic sites 4 and 6)

As mentioned above, the sequence of loop C is complementary to the 3’ end of the R178
repeat. In 16 of the 18 R178 repeats, the sequence also matches to a DNA region ~50
bp upstream of R178. Of the 16 matching regions four instances overlap with the 5’ end
of the R30 repeat (another class of repeat identified by Silby et al [100] (Table A3.2)).
All four R30 repeats that were identified in the SBW25 genome are located upstream of
an R178 repeat. This raises the possibility that R30 repeats are associated with all R178
repeats but that the sequence conservation of the remaining 12 possible R30 repeats was
too low to be identified by the repeat finder applied by Silby et al. [100]. Armed with
knowledge about both the size of the R30 repeat and the position of the loop C binding
site within the R30 repeat, it is possible to identify less conserved R30 repeat regions
upstream of 12 of the remaining 14 R178 repeats. The four R30 repeats and the newly
identified 12 R30 repeat regions were aligned and a phylogenetic tree was built (Figure
6.7B and C). The R30 sequence alignment shows high sequence diversity as well as a
few conserved regions. The phylogenetic tree built from R30 sequences is similar to the
phylogenetic trees of both R178 repeats and the downstream peptide (Figure 6.7). This
suggests that R30 is yet another part of the genetic unit comprised of R178 and the

downstream peptide.

The ssDNA and RNA secondary structures formed by each R30 repeat were also
predicted; however no conserved structure could be identified, indicating that, unlike
R178 repeats, the function that led to the sequence preservation of the R30 repeat is not
a consequence of its secondary structure formed in ssDNA or RNA. Hence, the
information upon which selection acts, is likely to be encoded in the nucleotide

sequences alone, similar to gene promoters.

6.2.1.6 The R178 composite genetic element

The above analyses suggest that the complete genetic element comprises not only R178,
but also two flanking genetic elements: an R30 repeat and a peptide. These three
elements are linked through the central R178 repeat. The predicted ssDNA (and to a
degree also RNA) structure of the R178 repeat contains short oligomers (up to 13 bp
long) in two loop structures (loop B and C). The loop B and C sequences are

complementary to the promoter of the downstream peptide and the 5" end of the R30

120



Chapter 6: Novel repetitive elements in the genome of SBW25

repeat, respectively. This indicates that the function of the three genetic elements is

linked.

6.2.2 R200 repeat sequences

In the genome of SBW25, 47 R200 repeats have been identified [100]. They range in
size from 129 bp to 380 bp, with only a 110 bp region shared by all R200 repeats
(Figure 6.8). The large range in sequence length indicates that in some cases part of the

repeat may have been lost by decay.

The analysis of R200 repeats can be approached in a similar as the analysis of R178
repeats. Applying the same argumentation as in section 6.2.1.1 it seems unlikely that
R200 repeats arose by chance or as a result of similar selective pressures in different
genetic backgrounds (no R200 repeats are found in the closely related P. fluorescens
Pf0-1 strain). Hence it seems likely that R200 repeats are the result of a duplicative
process. Again, one can ask the question whether R200 sequences are transposed
autonomously or non-autonomously. If they are transposed autonomously then one
would find a conserved open reading frame (transposase) or alternatively if a
catalytically active RNA molecule is encoded a conserved RNA secondary structure.
There is no evidence of a conserved open reading frame across R200 repeats, however,
the consensus sequence over 380 bp is predicted to form a conserved secondary
structure RNA using the mfold web server [104] (Figure 6.9). This raises the possibility
that R200 repeats are amplified by a catalytically active RNA. However, alternative
possibilities are possible. For example the Ibs/Sib type I TA family that was discovered
in E. coli MG1655 encodes a toxin and a RNA antitoxin and is found in up to five
copies within the genome [73]. This indicates that despite being repetitive and encoding
a conserved protein as well as a conserved RNA the TA system was transposed in trans.
Hence to test an alternative hypothesis, the R200 sequence and conserved RNA

secondary structure were compared to type I TA systems.

One group of type I TA systems contains a conserved CCAG motif (indicated by a red
arrow in Figure 6.7); conserved in 40 of the 47 R200 repeats, this motif is also found in
three E. coli type I TA systems: TisB/IstR-1, ShoB/OhsC and SymE/SymR [73].
Notably, the CCAG motif is located in a stem region in the predicted 380 bp R200
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secondary structure (red arrow in Figure 6.9). However, if the RNA secondary structure
is predicted for only a part of the R200 repeat, so that the position of the CCAG motif
aligns with that in the IstR-1, OhsC and SymR antitoxins, the resulting secondary
structure not only resembles that of the type I TA systems but the conserved CCAG
motif is located in a loop region (Figure 6.10 and [73]). This suggests that the segment
of the R200 repeats that show homology to the three E. coli type I TA antitoxins may

also encode an antitoxin (Figure 6.9 green region).
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R200_1720610_1720976 mmmmﬂmnmmcccccwc Acccmccc Twcmmcc AGCCGCCC
R200_2786987_2787364 TCT TG TH TR TTTTGATC TCAGGCGCCCCGTCAAAC A(GU(LC( AGCCGCCC
R200_1670228_1670604 TR TGATC T TG T TACH TTTTGA TR TRACGCGCCCCGTCAAAC Acscmccm TAAlccoc cc AGCCGCCC
RZDO_2296773_2297149 TR TTGATCTTGATH TR TTTTGATC TCAGGCGCCCCGTCAAAC ACGCTGGCC  TAARCCGG CC AGCCGLCC
R200. 1ss7slo 1658)50 (TR TTGATC TTGH TR TTTTGATC TCAGGCGCCCCGTCAAAC ACGCTGGCCR AABCC 1] TTAGCCGCCC
R200_4480254_4480595  TGRTHT TCRTTTTGATC CGCCCCGTIAAAC ACGCTGGCCK LOG TAA ICCGGCAGGGA C((GG [TTAGCCGCCC
R200_4502001_4502332 TGH T T TGATETTCATC CGCCCCGTCAAAC ACGCTGGCCH GG TAABCCGG ABGCCGAITTAGCCGCCC
R200_2943850_2944154 TGR T T TGATRTTGATC CGCCCCGTHAAAC ACGCTGGCCHK CmTM CGGCAGGGABIGCCGABTTAGCCGCCC
R200.2633593_2633885 EIG TR T T 1] THTTGATCTCABGCGCCCCGTCAAAC Acccmcca TAABCCGG AGCCCATTAGCCGCCC
R200_3869695_3870051 TT TTCATCTCAGGCGCCCCGTCAANC Acr.cmcca TAABCCGG CCGABTTAGCCGCCC
R200_2536201_2536579 TTCETINTAC THTTGATC TCAGGCGCCCCGTCAARC Acccmccaw TAABCCGG CCGARTTAGCCGCCC
R200_1895730_1896108 TTTTGATCTCAGGCGCCCCGTCAAAC ACGCTGGCCH ICAGGGA TAABCCGGH ABGCCGARTTAGCCGCCC
Rzoo_zozmn,zuzus; TTTTGATCTCAGGCGCCCCGTCAAAC ACGCTGGCCCGARTIECACAGCCA TAABCCGG! CCGATTAGCCGCCC
1cc
R 953
R200_2612693 2613066 GG T T T TGR T T TGATH T TGATC TCABGCGCCCCGTCAAAC ACGCTGGCCK GGG TAABCCGG ABGCCGATTAGCCGECC
R200_3820117_3820494 EECRTRTTCATCTTG TITTCAT(TCML(CCCCCGTCAAAC ACGLTGGCCTE (CAGGCA ¥GGGG TAARC CGGCAGOGARGCCGAITTAGCCGCCC
R200.2601059_2601436 GEECH TR TTGATC TTGA TR TT T TGATC TGAGGCGCCCCGTCAARIC ACGCTGGCCEK JGGGG TAABC CGGCAGCGARGCCGAITTAGCCGCCC
R200_2681282_2681659 EECETRTTCATCTTA TTTTGATC TCAGGCGCCCCGTCARAC Acccmn(ca GGG TAABC CGGCAGGGARRGCCGATTAGCCGCCC
R200_4310695_4311072 ﬂmrmu Td TTTTCATCTCAGBCGCCCCGTCAAAC Al CCaL TAABCCGG! CCGATTAGCCGCCC
R200_4118717_4119094 ATETTGATCTTA CCCGTCAAAC Accc‘rcccca TAABCCGGCAGUGARGCCGGRTTAGCCGCCC
[ TTGATC T TGARMM TG TTTTGATCTCAGGCGCCCCGTCAAAC ACGCTGGCCK m GOG TAABCCGG CCGARTTAGCCGCCC
TR TGATC T TGR TH TACHTTTTGATC TCAGGCGCCCCGTCAAAC. ACGCTGGCCH TAABCCGGS CCGATTAGCCGCCC
GEGATETTGATCTTGA TH TBCHTTTTCATC TCAGGCGCCCCGTCAAAC. ACGC TGGCCGGARTIBGACAGGGA TIIRUGCGGG TAABCCGGCAGGGARRGCCGARTTAGCCGCCC
R200_4488346_4488475
R200_4952211_4952539 %Tn‘rmr( TGCH T T TGATTTTGATC TCAGGCGCCCCG TRAAACBACGC TGGCCA TAABCCGGCAGG Al TTAGCCGCGC
R200_4952625_4952953 GATCTGGE Tl T TGATTTTCGATC TCAGGCGCCCCGTRAAACBACGCTGGCCA TAABCCGGCAGG Al cccca TTAGCCGCGC
R200.2633072_2633364 GTGETCTTGETNTTGBTTTTGATC CGCCCCGTRAAACBACGCTGGCCA TAANCCGGCAGG ABGCCGUGTTAGCCGCGC
R200.2817956_2818251 EGEGECE TCE TN TG TTTTGATC CGCCCCGTRAAACBACGCTGGCCA TAABCCGGCAGG ABIGCCGAGTTAGCCGCGC
Rzoo 4465150_4465435 ECGRGHTI T TR TT TGATCTGGGGCGCCCCGTCAAAC ACGCTGGCCCRARGEACGCIIICGAGEAICCG TAABCCGGCAGG ABGCCGOGTTAGCCGCGC
200_1360690_1360835
kzoo,27s7soo_z7s7u7§ %Kl GATHTACETT TTGATCTCAGGCGCCCCGTCAAAC ACRTGGCCA TAABCCGGCAGG ABGCCGOGTTAGCC
R200_4452009_4452312 TCTG-B TN T TG T TTGATCTCABGCGCCCCGTCAARIC ACGCTGGCC TAANC
R200_2818698_2818990 -ETTTG nan(TtAmccc((ccm( ACGCTGGCCT TERCGIGCG TAABCCGGCAGG Al
R200_4406168_4406553 TG-BTHTTCATETTCA CCOATCAAAC ACGCTGGCCA m TAABCCGGCAGG A
R200_4464677_4464972 il };’Trjrg TITTcAT( (C((((c TMAAAC AIRGCTGGCCG TAABCCGGCAGG A
R200_4501515_4501829 - TTTTCA CGCCCCGTCAAAC ACGCTGGCC TAABCCGGCAGG Al
R200_3321306_3321664 TS TITTGAT(TCAOGCC((CCG TCAAAC ACGCTGGCCQ TAABCCGGCAGG A
R200.2943344.2943637 TTGATH T TGATHTTGATC TCAGGCGCCCCGTCAAAC ACGCTGGCC W TAABCCGGCAGG Al
R200.4479791_4 TTGATHTTGATC TCAGGCGCCCCGTCAAAC ACGCTGGCC .- -
R200_3947639_ 3948011 TTGATHTTGATC TGAGGCGCCCCGTCAAAC ACGCTGGCCA Wm TAABCCGGCAGG Al
R200_2650747 2651038 TTGATETTGATCTGGGGCGCCCCGTCAAAC ACGCTGGCCd TAABICCGGCAGG Al
R200_3626166_3626519 TTGRTTTGATC TCAGGCGCCCCGTCAAAC ACGCTGGCCQ W BAABC
R200_4405672_4406044 TTGATHTTGATC TRAGGCGCCCCGTCAAAC ACGCTGGCCA TAARCCGGCAGG Al
R200_4662330_4662706 TGRTTTTGATCTRAGGCGCCCCGTCAAAC. ACGCTGGCCCRARGEACGCIIFCRA TARCIICCG TAABCCCGAGG Al
150 150 170 180 190 200 210 220 230 240 250 260
Consensus EGEGEEATGGATGGE GEGTCGEGGECGENERE - AAATY I TGTEGGATTATCGGEARATE GAGEE TAAGEGAGGTGREGAGTGTTTGGGGEAAGAGE ST - GGTTAGTITIIGGY

Identity

R200_1720610_1720976 CGCGCCATGATUGCGCGTGGCGGLAGCCCCCC AAATRC TG TCGGATTACGGGCACACCGAGCG TGAGCGAGG TGCCGAG TG TTGGGGCAAGAGCG CRTTACTTTTCGEG
R200.2786987 2787364 CGCGCCATGGATGGCACGTGGCGGCGGCCCCCC AAATBCR TG TCGGATTACGGGCACACCGAGCG TGAGCGAGG TGCCGAG TR TTGGGGCAAGAGCG CETTACTTTTGEG
R200_1670228_1670604 CGCGCCATGGATUGCGCGTGGCGGCGGECCCCC AAATHC TG TCGGATTACGGGCACACCGAGCGTGAGCGAGG TGCCGAGTG TTGGGGCAAGAGCG CBTTACTTTTCRG
R200.2296773.2297149 CGCGCCATGGATGGCGCGTUGCGGCGGCCCCCC AAA TRCETG TCGGATTACGGGCACACCGAGCGTGAGCGAGG TGCCGAG TG TTGGGGCAAGAGCG CHTTAC £ 9
R200.1361121.1361294 GCGGCCCCCC AAATIRAR TG TCGGATTACGGGCACACCGAGCC TAGGCGAGG TGCCGAG TG TTGGGGCAAGAGCRTGTT GETTACTTTIGGG
CGCGCCATGGATGGCGCGTGGCGGCGGCCCCCC AAATRCTGTCGGATTACGGGCACACCGAGCGTBAGCGAGG TGCCGAG TG TTGGGGCAAGAGCE GGTTACTTTIGGG
CGCGCCATGGATGGCGCGTGGCGGCGGCCCCCC AAATIICH TG TCGGATTACGGGCACACCGAGCC TAAGCGAGG TGCCGAGTG TTGGGGCAAGAGCIM TTTIGG TTACTTTTGGGGE
CGCGCCATGGATGGCGCGTGGCGGCGGCCCCCC AAATIIAN TUGCGBA TTACGGGCACACCGAGCC TAAGCGAGG TGCCGAGTG TTUGGGCAAGAGC TTTIGG TTAC

R200_2943850_2044154 CGCGCCATGGATGGCGCAGGGCGGCGGCCCCCC AAATRAB TG TCGGATTACGGGCACACCGAGCC TAGGCGAGG TGCCGAGTGTTGGGGCAAGAGCITTT GGTTACTTT-GGGGE
R200_2633593_2633885 CGCGCCATGGATUGCGCG TUGCGGCAGLCCCCC AAATHICH TG TCGGAT TACGGGCACACCGAGCG TGAGCGAGG TGCCGAG TG TTGGGGCAAGAGCG CETTACTTTTCEG
R200_3869695_3870051 CGCGCCATGGATGGCGLG TGGCGGCGGCCCCCCRAAATIBAR TG TCGGATTACGGGCACACCGAGCC TRGGCGAGG TGCCGAG TAG TUGGGCAAGAGCIM TTT CRTTACTTTGCGAG

R200_2536201_2536579 CGCGCCATGGATGGCGCGTGGCGGCGGLCCCCC MA_KTCC&ATTAC([&CACACCW((TWLCCACLTCCCGACTKZ'TCOCGCWW CBTTACTTTIGAG
R200.1895730_1896108 (G(G((ATQCAT(L(G(GW(I;C(LC((CC( AAATBCETGTCGGA \CACC GTGAGCGAGG TGCCGAGTGTTGGGGCGA-AGK TTAC GOeGE
R200_2027072.2027453 CGCGCCATUCATUGCGCGTGGCOGLAGLCCCCC AAATAA TCTCOCATTAE([L(A(A((CALCGTGAG(GACGKC(GACTE‘WQ TTAC
R200.2323466.2323708 GCGGLCCCCC AAATRCETGTCGGATTACGGGCACACCGAGCGTRAGCGAGG TGCCGAGTGTTGGGGCAACRIGCGTTTT GETTACTTTTCEG
R200.5619533_5619758 [TGTCGGATTACGGGCACACCGAGCGTGAGCGAGG TGCCGAG TG TTGGGGCAAGAGC CETTACTTTTCGEG

R200.2612693_2613066 CGCGCCATGGATUGCGCGTGGCGGLGGCCCCCC m‘{k [ TG TCGGATTACGGGCACACCGAGCG TGAGCGAGG TGCCGAGTG TTGGGGCAAGAGCL CATTACTTTTGRG
G

CCCH CBTTAC

R200_2601059_2601436 CGCGCCATGCATGGCGCGTGGCGGCAGCCCCCC AAATRCTGTCGGAT TACGGGCACACCGAGCG TGAGCGAGG TGCCGAGTG TTGGGGCAAGAGCGTTTT CRTTACTTTTCEG
R200_2681282_2681659 CGCGCCATGGATGGCGCGTGGCGGCGGCCCCCC AAATIRI TG TCGGATTACGGGCACACCGAGCG TGAGCGAGG TGCCGAGTGTTGGGGCAAGAGCL AC

R200_4310695_4311072 CGCGCCATGGATUGCGCGTGGCGGCAGLCCCCC AAATRC TG TCGCAT TACGGGCACACCGAGCG TRAGCGAGG TGCCGAG TG TTUGGGCAACAGCE CETTACTTTTGEG
R200_4118717_4119094 CGCGCCATGGATGGCGCG TGGCGGCGGLCCCCC AAATIMA TG TCGGATTACGGGCACACCGAGCG TBAGCGAGG TGCCGAG TG TTGGGGCAAGAGCE CRTTACTTTTGEG
R200_3001514_3001892 CGCGCCATGRATUGCGLGTGGCGGCAGLCCCCC AAATRCH TG TCGCATTACGGGCACACCGAGCG TRAGCGAGG TGCCGAG TG TTGGGGCAAGAGCH GGTTAC G
R200_2264762_2265117 CGCGCCATGGATGGCGCGTGGCGGCAGGECCCCC AAATRCR TG TCGGATTACGGGCACACCGAGCGTGAGCGAGG TGCCGAG TG TTGGAGCGARGGCH GGTTAC GG

R200_3861102_3861283 CCCCC MAATIRRTG TCGGATTACGGGCACACCGAGCORTGAGCBAGG TGCCGAGTG TTGGGGCGANG- CC ACE- GCTITT---

R200_5893631 5894010  CGCGCCATGGATGGCGCGTGGCGGCGGCCCCCC AAATRCIITG TCGGATTACGGGCACACCGAGCC TAGGCGAGG TGCCGAGTGTTGGGGCGA-AGCGTTTTRGG T T/

R200_4488346_4488475 AGCEACCGAGTCC TW----MTII‘LWACM

R200_4952211_4952539 JGGGCCABGGA TCGCRCATRGCGGCAGCCC -= CGGAG TABGGGCACACCGAGCCBAGGCGAGG TGCCGAG TUG TGGCGCGAGGRCTTTT GGTTACTTTTGG-

R200_4952625_4952953 CCAl TGGC THGCGGCGGCCC 4  TAAGGGCAIGCCGAGCCTAGGCGAGG TGCCGAGTUG TUGGGCGAGGCRTTTT GGTTACTTTIGG-

R200.2633072_2633364 JGGGC CABGGA TGGCBCA TBGCGGCGGCCC -= | TGRGGGCACACCGAGCABAGGCGAGG TGCCGAGTUG TUGGGCGACGACBTTTT GGTTACTTTTGG-

R200_2817956_2818251 CCABGGA TCGCHCA TBGCGGCGGCCCACG -} CGGAG TGRCGGCAIRGCCGAGCC TAGGCGAGCIIRCCGAG TUG TGGCGCGARGECTTTT GGTTACTTTTGG- C

R200_4465150_4465435 JOGGCCABGGATGGC TRGCGGCGGLCC - , TGBCGGCACACCGAGCCTAGGCGAGG TGCCGAG TG TTGGGGCGARGRGETTTT GGTTAC - -(BAAA

R200_1360690_1360835 ICGGAG TGRGGGIACACCGAGCC TAGGCGAGG TGCCGAGTG TTGGCGCGARGRGR TTTT GGTTAC - -BAAA

R200_2787500_2787875 CCABGGATCGCRCA TABCGGCGGCCCACG -GA ICGGAG TGBGGGCACACCGAGCC TABGCGAGG TGCCGAG TG TTGGCGC GmTACTrnt— TT-CBAAA

R200_4452009_4452312 CCABGGATCGCRCATGACGGCGGCCCACG -GA CGGAG TGACGGCAIIGC CGAGCC TAGGCGAGCBACCGAG TAG TCGAGX ACTTTTGG- TTCCAAA

R200_2818698_2818990 HCGGCCARGGATGGCBCA TGACGGCGGLC ~GA TRCBACHCGGAG TGAGGGCACACCGAGCCTAGGCGAGG TGCCGAG TG TTGGGGCAAGAGCE lITTAC G-- TTC-AAA

R200_4406168_4406553 CCABGGATCGCRCA TABCGGCGGCC -GA ICGGAG TGRGGGCACACCGAGCC TAGGCGAGG TGCCGAG TG TTGGCGCAAGAGCRTTTT GGTTACTTTGGG-

R200_4464677_4464972 C(A IGGATGGCRCA TABCGGCGGCCC -GA ICGGAG TGRCGGCACACCGAGAR TAAGCGAGGTGCCGAGTG TTGGCGCAAGAGCRTTTT GGTTACTTTGGG-

R200_4501515_4501829 GCCATGGATGGCGCGTGGCGGCGGCCONCG ~GA ICGGAG TGRGGGCACACCGAGCC TAGGCGAGG TGCCGAG TG TTGGCGCAAGAGCRTTTT GGTTACTTTIGGGGRECGRATNNEGGE (N

R200.3321306_3321664 CGCG(CATCCA TGGCGCGTGGCCGCGGCCCHCE ~GA ICGGAG TGRGGGCACACCGAGCC TAGGCGAGG TGCCGAG TG TTGGGGCAAGAGCGTTT GGTTACTTTRG: BGC

R200_2943344_2943637 CGCGCCATGGATGGCGCG TGGCGGLGGCC -GA GG TRCGGGCACACCGAGCC TAAGCGAGG TGCCGAG TG T TUGGGCAAGAGCGETTT GGTTACTTTHG-

R200_4479791_4480068  CGCGCCATUGATGGCGCGTGGCGGLGGCCORCE ~GA CGGAG TGIGGGCACACCGAGCC TAGGCGAGG TGCCGAG TG TTGGCGCGARGGCR T TTT CRTTACTTTIGG- GHCTTTCCAAA

R200_3947639 3948011  CGCGCCATGGATGGCGCGTGGCCGCGGCCCACG ~GA ICGGAG TGBGGGCACACCGAGCC TAGGCGAGG TGCCGAG TG TTUGGGCG! GGTTACTTTTGG- TTCCAAA

R200_2650747 2651038  CGCGCCATGGATGGCGCGTGGCCGCGGCCOACG -GA CCCMTmACACCGAGC(TN GCGAGG TGCCGAG TG TTGGUGCG! GGTTACTTTTGG- TTCCAAA

R200_3626166_3626519 CGCGCCATGRATUGCGCGTGGCGGLAGLCC -GA ICGGAG TGAGGGCACACCGAGCCTAGGCGAGG TGCCGAG TG TTGGGGCGABGRGE TTTT GGTTACTTTTGG- BGETE TTCCAAA
05672_4406044  CGCGCCATGGATGGCGCGTGGCGGCGGCCTACG -GA CGGAG TGBGGGCACACCGAGCC TAGGCGAGG TGCCGAGTG TTGGGGCAAGAGCRTTTT GGTTACTTTGGG-

R200_4662330_4662706  CGCGCCATGGATGGCGCGTGGCAGCOGCCCRCG ~GATIICARG Cmmm((cm((ww(mm((mmwmm TTACTTTIGG- BGETTTCCAAA

2%0 300 310 320 330 350 360 370 380 3% 400 a0 420 428

Consensus {

Identity

R200.1720610.1720976  AGTGAGCCGCTGTAABAGCGGAACCCATATIGGCCGTTACCTAAATAACGGATATGTACCCRGTC TGATCCAACA QI TACAGGCCGCC~ === ===~ GBS

R200.2786987_2787364  AGTGAC £cccETAMCCCAACcCATAccaccccWACGAAATAACGCATATETAC(CGGKEATCCAACATC TACAGGCCGCCRRCCGGRAGCAAG Q GGTECTGEGECAT

R200_1670228_1670604  AGTGAC CATAGIGGCCGTTACC TAMATAACGGATATG TACCCHIG TC TGATCCAACATC CBANICAGGCCGCCR  COGGRGCAAGH GGTEETGEG

R200.2296773.2297149  AGTGAC (CGCTETA&IACCCGAACCCATACC(KCCGTI‘ACCTAAATMC(LA ATGTACCCGG TC TGATCCAGCA TCOAGAICBIGC TQICAGGCCGCCR CWGC

R200_1361121_1361294 AGTGAGCCGC TG TAAGAGCGGAACCRIAGCRGCC( CTAAABAACGGATATG TACCHIAR - TGATCCAGC

R200_1657810_1658160 AGTGA&C(GCETMMCC(LAAC%CC..TYACCTAAATAACGCATATCTAC ucTchmecmchmccccc'uwcclc

R200_4480254_4480595 AGTGACCCGC TG TAAGAGCGGAACC CCH TBACC TAAATAACGGA TH TURACIFCINA CIRIER TC

R200_4502001 4502332  AGIGACCCGCTG TAACAccmAAcctATAcCccchACGMATAAcmAlec \C

R200_2943850_2944154 ~GTGACCCGOG TAAGGGCGGAACCCA KLL“HA((WTATGTAC [CAARCBABCC

R200_2633593_2633885 AGW(GGIGTAA«;{,(CMACC(]T CATRACCTAAABAACGGATATGTACE

R200_3869695_3870051 ~GTGAGCCGC TG TAABAGCGGAACCCATAGA QL.‘TTACCTAAATMCOGATATETA‘ JCGG TC TCATCCHACARC chW(c(-tmmmm‘c ICHAG

R200.2536201 2536579 AGTGAGECGCTG TAABAGCGAAACCRIAGCAGCCG T TACCGRAGERAACGGATATG TACHCAN TCIBAN TCCAGCA TC [CAGGCCGCOMGCCGGRGCAAS | T' GECATAGGTTEAGEGECATACCCA

R200_1895730_1896108  AGTGACCCGCTGTAAGAGCGGAACCAIRAGCRGCCGTTACC TAMTAACGGATATGTACCCIG TCTGATCCAACATCG \GGCCGCCA CGGAGCAAG

R200_2027072.2027453  AGTGACCCGCTGTAAGAGCGGAACCRABAGIRGGCCGTTACC TGAA TAACGGA TA TJACGCGG TR TGATCCAACATC \GGCCGCOA COGGRGCAAGC G GGTECAGE

R200_2323466_2323708  AGTGAGCCGCTGTAABAGCGGAACCCATACIRIGCCGTTACC TABATAACGGATATG TACCHIGG TC TGATCCAACATCG] C TACAGGCCGCCAIGCCGARGCAAGC a (CGTREAGEGECG]

R200_5619533_5619758  AGTGAGCCGC TG TAABAGCGGAACCCATACIRIGCCGTTACC TAAA TAACGGATA TG TACCCRGTC TGATCCAACATCA TACAGGCCGORMGCGOGRGCAAGC G GGTEEAGEGEEG

R200_2612693 2613066  AGTGAGCCGC TG TAABAGCGGAARRCCATAGCGGCCG TGACC TAAATAACGGATATG TACCCGG TC TGATCCAACATCA TACAGGCCGCCRRCCGGRGCAAGC

R200_3820117_3820494  AGTGAGCCGOBG TAAGGGCGGAACCCATAGCGGCCGTTACC TAAATAACGGATATG TACCCGG TC TGA TCCAACA TCCIRGG TACAGGCCGCCOGCUGARGCAAGC

R200_2601059 2601436 AGTGAGCCGORG TAAGGGCGGAACCCATAGURGCCG TTACC TAAA TAACGUBTATG TACCCGG TC TGATCCAACATC CGIFC TOBAACGCCGCCGGCCGGAGCAAGC %

R200_2681282_2681650  AGTGAGCCGURG TAAGGGCGGAACCCATAGCAGCCGTTACC TAAATAACGGATATGTACCCGGTC TGATCCAACATCG C TAICAGGCCGCCAGCCGGAGCAAGC

R200_4310695_4311072  AGTGAGCCGCRGTAAGGGCGGAACCCATAGCGGCCGTTACC TAAATAACGGATATGTACCCGGTC TGATCCAACATCA] TCCACHCCGCCAGCGGGAGCAAGC

R200_4118717.4119094  AGTGAGCCGORGTAAGGGCGGAACCCATAGCGGCCGTTACCTAAATAACGGATATG TACCCGGTC TGATCCAACATCA TABCAGGCCGCCRGC

R200.3001514.3001892 AGTGACCCGCRG TAAGGGCGGAACCCATARCACCGTTACCTAAATAACGGATATG TACCCGGTCTGATCCAACATC TAHCAGGCCGCCR CGOGAGCAAG! d

R200.2264762 2265117  AGTGACCCGORGTAAGGGCGGAACCCATAGCBGCCGTGACC TAAATAACGGATATG TACCCRGTCT LAACAIC GECBCECAGGCCGCOMICABGGCCAAGCRCACTCE

R200.3861102.3861283  GGTGACCCGONG TAAGGGCGRAGGC CH TAICIGCCG T TACCHMAA TAACGGATATG TACCCGG TC TGABCCAACA CBCBCA

R200_5893631 5894010  AGTGACCCGURGTAAGGGCGGAACCCATAGIRIGCCG TRACC TAMTAACGGATATGTACCCGGTCTGATC uACATc GIC TABCAGECCGCCAGCGGGACCAAGCTTECIIC GEEARAGGTEEAGE GEEATAGERAG

R200_4488346_4488475 AGTGACCCGCRG TAAGGGCGGAGCCCATAGCIGCCGTTACC TAAARAARRGGA TA TR TACIRCIB TCBGA TCCAACATC
R200_4952211_4952539 AGTGACCCGC GTMCAGCC&AACC_AG(‘JC(GWAC% TATGTACACEGACEEAAC

R200_4952625_4952953 AGTGACCCGCTG TAAGAGCGGAACCAAGCAGCCGTTAC TATGTACACECACEEAAC(
R200_2633072_2633364 AGTGACCCGCTGTAAGAGCGGAAC CCITTA(CW :CGATATGTAC:E
R200_2817956_2818251 AGTCACCCGCTGTAAGAGCGGAACCH CORTTACCGRAGRAARCGATA
R200_4465150_4465435 AGTGACCCGCTGTAAGAGCGGAAC mC(CTTACCTMATMCCLATATETAGK
R200_1360690_1360835 AGTCACCCGCTGTAAGAGCGGAAC CGGATATGTACACR

R200.2787500_2787875 ACTCA((GCTCTMCAC(OCMC(-AC(‘C((GTTACCTMATMCC(ATATCTAC CCIG TCTGATCCAACATCCAGAIICAGC TAIICAGGCCGCOABGCGAGEA A GETE (ETEGECATAGGTNETGEGEEATAREEA
R200.4452009_4452312 AGTGACCCGCTG TAAGAGCGGAACC CIAGCIIGCCG TTACCGRAGRAACGGA TA TGRACRCRECBGABC

R200.2818698_2818990 AGTGAGCCGCG TAAGGGCGGAACCAIBAGCGGCCGTTACCIIIGATAACGGATATG TACAC

R200_4406168_4406553  AGTGACCCGOGTAAGGGCGGAACCCATABCGCCG TTACCRAAATAACGGATA TG TACCCAGTC TGATCCAACA TCRGABCAGC TAIRCAGGC CGC CRACCOGRGCAAG IR CIF EARAGTINEAREE GEATIERATE
R200_4464677_4464972 AGTGACCCGCEG TAAGGGCGGAACCCATAGCRGCCG TTACCRAAABAACGGATATGTAC
R200_4501515_4501829 AGTGACCCGCTGTAABAGCGGAACCIRATAIICBIGCCG TTACCRAAABAACGGATATG TACCCRG
ACTCACCCG(]ETMmCCCGAACC(.mCCGTACCTAMTMCGGATATCTP.(]CT(TIATC(MCATCmCmm((G(‘C-'Mm
AGTCGACCCGCRGTAAGGGCGGAACCAIBAGCIGCCG TTACCRAAATAACGGATATG TACC

AGTGAGCCGC TG TAAGAGCGGAACCCIBGCIIGGC (B TRACC TAAATAACGGATA TAACCCART

R200._: AGTGACCCGCRG TAAGGGCGGAACCCATAGCAGCCG TGACC TAAATAACGGATATG TACIICGIIGC TGATCCAACA TCCIRGIFCAGC TURCAGGC CGCCGACGGGAGCAAGAI (I GESABAGGGEEAGEGIEGTABEEAG
R200.2650747 2651038 AGTGACCCGCBG TAAGGGCGGAACCCA TIFCAGCCGTTACC TAAABAACGGATATGTACC

R200_3626166.3626519 AGTGACCCGONG TAAGGGCGGAACCCATAGT JCC('TACCTMATAAC(AATATETAC'(]CTCTCATC(AACAT(“ECTC.(AGC((CC(‘((MCAALC‘CI(“

R200.4405672_4406044 AGTGACCCGOBGTAAGGGCGGAACCCA TABCAGCCG TTACCBAAATAACGGATATG TACCGAGTCTGA’ TCOAGCBCAGC TICAGGCCGCORACS

R200.4662330_4662706 AGTGACCCGORG TAAGGGCGGAACCCARAGCH (CGT\'ACMMCCLATATCTACCCGGTCEATCCMCATCWm(ﬁC(G(_(m

Figure 6.8. DNA sequence alignment of all R200 repeats found in the genome of SBW25. Only a
110 bp region is present in all R200 sequences. Coloured nucleotides are polymorphic regions that occur
in less than 50% of the sequences. Sequences were aligned using ClustalW2 [120].
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If part of the R200 repeat indeed encodes an antitoxic RNA structure, then one might

reasonably expect a nearby open reading frame (ORF) to encode a corresponding toxin.

Indeed, only a few nucleotides downstream of the putative antitoxin, a short highly

conserved ORF 1is encoded.

Although this ORF commences with a conserved

methionine, it has not previously been annotated in SBW25. This is likely to be due to

the ORF’s short length of only 126 nucleotides.

The toxic peptides TisB and ShoB are predicted to form a short transmembrane helix.

A short transmembrane helix is also predicted by TMpred [124] within the peptide

encoded by the R200 repeat sequence (Figure 6.11). However, the TMpred score of the

Crrtgy ]

Figure 6.9. RNA secondary structure prediction of
R200 consensus sequence. The sequence in orange
encodes for putative toxic protein. The sequence in
green forms a putative antitoxin shown in Figure 6.10.
The purple box indicates a GIII REP sequence. Red
and blue arrows indicate the CCAG and AAAU motifs
respectively.  Both sequences are bound to a
complementary region. In contrast, when predicting
the RNA secondary structure of the sequence
underlined in green both sequences are found as part of
a loop (see also Figure 6.10). RNA secondary
structure prediction was performed using the mfold
web server [104].

putative transmembrane helix — which
positively correlates with the likelihood
that the peptide contains a
transmembrane helix - is relatively low;
the 42 residue long R200 consensus
protein sequence received a
transmembrane helix score of 256 (a
score of 500 is considered significant).
Nevertheless, the substitution of only
one amino acid - a polar arginine with
(R28L;

highlighted in red in Figure 6.9) -

an  aliphatic  isoleucine
results in a significant score (1141)
similar to that of the TisB toxin (1302),
the corresponding toxin to the IstR-1
antitoxin in E. coli. It is possible that
this change is an adaptive response to
the amplification of the R200 repeat;
leaky expression of one TA system
probably does not affect the organisms’
fitness whereas leaky expression of 47
intact toxins may seriously impair

growth.
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Figure 6.10. RNA secondary structure prediction for part of a R200 sequence as well as the
antitoxin IstR-1. (A) The RNA secondary structure was predicted from part of an R200 sequence found
at position 1,720,610 in the SBW25 genome. The motif in red is conserved as part of a loop in IstR-1,
SymR and OhsC antitoxins [73]. Note that the AAAU (blue) motif present in the loop is bound to a
complement when predicting the whole R200 secondary structure (Figure 6.9) (B) The IstR-1 sequence
was extracted from the genome of E. coli O111:H str. 11128. The secondary structure predicted for IstR-
1 is similar to the one predicted for the partial R200 sequence. RNA secondary structure predictions were
performed using the mfold web server [104].

Antitoxins such as IstR-1 are predicted to repress the expression of the toxin by
competing with the ribosome for the ribosome binding site [73]: when IstR-1 binds to
the TisB (toxin) mRNA, the mRNA is cleaved by RNase III, while binding of the
ribosome leads to mRNA translation and thus expression of toxic TisB. A similar
mechanism could lead to inhibition of R200 toxin expression. Figure 6.9 shows that the
putative R200 antitoxin (Figure 6.10A) is found immediately upstream of the putative
R200 toxin. The putative R200 toxin ribosome binding site in RNA is complementary
to and hence can be bound by the putative R200 antitoxin. Therefore, similar to the

TisB/IstR-1 mechanism of inhibition, competition between the antitoxic RNA and the

MARGGGPPNSCRITGTPSLSEVPSVGARAFWILILGLSKSDPL | ribosome for the

Figure 6.11. Consensus sequence of putative toxin found in R200 repeats.  ribosome  binding
The putative toxin contains a predicted low scoring (257, below 500 . .
transmembrane status is considered unsure) transmembrane helix (in grey,  SIt€ could feasibly
http://www.ch.embnet.org/software/TMPRED_form.html [124]). However,
when the arginine (red) is replaced with an isoleucine (codon change from
AGA to ATA) the score becomes highly significant (1141), as is the case for
toxins such as TisB or ShoB from E. coli.

prevent the
translation of the

R200 toxin.
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6.2.3 Association between R200 repeats and REPS/REPINs

Within the SBW25 genome, R200 repeats are frequently co-localized with REPs,
REPINs or tandemly repeated REPs and REPINs; Figure 6.12 shows that only three out
of 47 R200 repeats are unlinked to REPs or REPINs. Most strikingly, all 11 GI-GIII
REP tandem repeats (see section 3.2.4.2) are linked at the 3’ end to an R200 repeat.
Furthermore, 20 R200 repeats were found as doublets, 14 of which form inverted
repeats together with a central REPIN (six occurrences) or REPIN doublet (one
occurrence). The remaining six R200 doublets are found as tandem repeats flanking
tandemly repeated REP sequences. That these arrangements are the result of chance

will be considered below.

Occurrences

> 13
— T "

Loisernidoiseond 1

A total of 47 R200 repeats are found in the SBW25 genome.

Figure 6.12. R200 and REPS/REPINSs in the genome of SBW25. There is a total of 47 R200 repeats in
the SBW25 genome. 44 of 47 R200 repeats are linked to REPs or REPINs. 'Two REP sequences in the
same orientation. “Zero or more occurrences.

The one-to-one association between 11 GI-GIII tandem repeats and 11 R200 sequences
is so conserved that the repeat recognition program applied by Silby et al. [100]
recognized a GIII sequence as part of the R200 repeat (see purple box in Figure 6.9).
Interestingly, the location of the GIII REP in the R200 repeat is not only conserved for
the 11 R200 repeats associated with GI-GIII tandem repeats but also for four tandem
doublets and ten R200 singlets linked to REPs. The two remaining tandem doublets are
linked to GII REPs instead of GIII REPs. Another argument against this being a chance
result is that all inverted R200 doublets flank a REPIN or tandem REPIN (inverted REP
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sequences), whereas all six tandem doublets flank tandemly repeated REP sequences. If
the association between the R200 and the different REP structures is not due to chance,
it is possible that the association has an impact on R200 sequence evolution. To
investigate this possibility, the pairwise identity of the R200 sequences in each of the
different REP/REPIN backgrounds was determined (Figure 6.13). R200 sequences that
are found near GI-GIII REP tandem repeats are the most conserved. Such high
conservation could be the result of recent amplification of R200 repeats in the context of
tandemly repeated GI and GIII sequences. Alternatively, low sequence diversity could
be due to frequent recombination events, a possibility that will be discussed further in
section 6.3.4. The second most highly conserved sequence group are R200 doublets
flanked by tandemly repeated REP sequences. These tandem repeats are likely the
result of recent local amplification, which is supported by the phylogenetic tree in

Figure 6.14.

Not only does the sequence diversity of R200 repeats differ depending on the
association with REPs/REPINs, but it appears that the underlying evolutionary process
that produced the current set of R200 repeats also varies. This hypothesis is supported
by an analysis of the different REP/REPIN-dependent R200 phylogenies. R200 repeats

of each association group (Figure 6.12) were aligned and for each alignment a

1 -
0.9 A E Inverted doublet
0.8 A
2 0.7 A B Tandem doublet
§ 0.6 -
S | = GI-Glll tandem repeat
.g 0.5 associated
4 -
= 0 B REP/REPIN associated
o 0.3 A singlets
0.2 A ® unassociated with
01 REPsS/REPINs
0 .

Figure 6.13. Average pairwise identities of R200 sequences in each of the ‘association’ groups from
Figure 6.12. Error bars show one standard deviation. The differences between R200 repeats found
associated with GI-GIII tandem repeats and all other groups (except for R200 found as tandem doublets)
are significant. The difference between the pairwise identities of R200 repeats found as tandem doublets
and R200 repeats with no association to REPs is significant. Differences are considered significant if all
means acquired by sampling without replacement exceed the maximum mean of the group of comparison.
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neighbour-joining tree was calculated. Interestingly, the phylogenetic trees show three
different topologies. This indicates that three different processes shape the R200

sequence evolution.

For R200 sequences found in inverted doublets and R200 singlets localized near
REPs/REPINs the same topology was observed (Figure 6.14, blue box). Both
phylogenetic trees are reminiscent of trees that are produced by the master copy model
[207-209] — a model that assumes only one sequence copy can actively spread and that
new copies are immobile. The same tree topology could be produced by a process

where old copies are rendered immobile and only the newest can spread.

In contrast, the phylogenetic tree for tandemly repeated R200 sequences strongly
suggests that the repeats are formed by local amplification (the most closely related
R200 sequences are found in the same tandem repeat). This is similar to observations

from tandemly repeated REPINs (see section 3.2.4).

The most conserved class of R200 repeats (linked to GI-GIII tandem repeats) shows the
highest level of phylogenetic uncertainty (more than two branch points at a certain level
of the phylogenetic tree). This uncertainty could be explained by rapid repeat
expansion. If no mutations occur during the entire amplification process, determination
of the precise phylogeny would be impossible. Alternatively, frequent recombination

between the different repeats could lead to a similar result.
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Figure 6.14. Neighbour joining trees for different R200 groups. The phylogenetic trees in blue
suggest that either a single R200 copy amplifies, or only the newly formed copy can amplify. The
phylogenetic tree in red supports the duplication of R200 repeats within the repeat. The main branch
point divides R200 sequences into sequences linked to GII and sequences linked to GIII REPs. The high
uncertainty observed in the green tree can be a result of two different processes. It can reflect rapid
sequence amplification or frequent recombination events. Phylogenetic tree of R200 sequences without
link to REPs could not be built due to the low sample size of three. Trees are based on 1000 bootstraps.
Branch points are supported by at least 30% of the samples.
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6.3 Discussion

6.3.1 Overview of the results

The results show that R178 repeats form a conserved secondary structure and co-evolve
with the flanking R30 repeat and an upstream ORF. The arrangement is reminiscent of
TA systems. Interestingly, R200 repeats also consist of at least two parts. The first part
forms a highly conserved secondary structure and the second encodes a short protein or
peptide. Since the secondary structure and the peptide resemble certain TA systems
found in E. coli it is possible that R200 repeats encode TA systems. Analyses of the
association of R200 repeats and REPINs/REPs raise the possibility that R200 repeats
take advantage of the REPIN/REP amplification mechanism. This could represent an
example of cooperation between chromosomally encoded addictive and duplicative

selfish genetic elements.

6.3.2 Cooperation of selfish genetic elements

As introduced in Chapter 1.2, selfish genetic elements are DNA sequences that “are
vertically transmitted genetic entities that manipulate their “host” so as to promote
their own spread” [13]. There are two main classes of selfish genetic elements: (1)
duplicative elements that increase their frequency within the population through spread
within and between genomes (e.g. insertion sequences, see Chapter 1.3), and (2)
addictive elements that increase their copy number within the gene pool by killing of
cells that do not contain a copy of the gene (e.g. toxin-antitoxin systems, see Chapter
1.4). One way for a selfish genetic element to increase its evolutionary success is to be
linked to another selfish element. If both elements benefit from such linkage it can be

considered a form of cooperation.

It is not difficult to envisage that the persistence and spread of duplicative and addictive
selfish genetic elements could be aided through cooperation. Cooperation (mutual
benefit) can be achieved by physical linkage of a duplicative and an addictive element;
the addictive element could then be spread by the duplicative element when (under

certain circumstances) the duplicative element transposes not only itself but also

130



Chapter 6: Novel repetitive elements in the genome of SBW25

flanking DNA (e.g. composite transposons [210]). Conversely, maintenance of the
duplicative element is bolstered by the presence of the addictive element. For example,
if the flanking DNA of a duplicative element harbours an addictive genetic element then
it could greatly benefit from the interaction by, for example, being transferred from the
genome to a plasmid, which might help the element to spread to other bacterial
genomes. Duplicative genetic elements may in turn benefit from the increased stability
of the DNA flanking the addictive element (any large scale deletion around the
addictive element is prevented since the loss of the addictive element leads to cell death
e.g. [205]). Hence, the closer the linkage between duplicative and addictive elements,
the greater the potential benefit. Indeed, most addictive selfish genetic elements show
signatures of frequent horizontal transfers, which indicate cooperation with duplicative

elements [181, 182, 211, 212].

Prominent examples of potentially cooperating duplicative and addictive selfish genetic
elements include: plasmids (which are themselves a type of duplicative selfish genetic
element) that contain TA systems or bacteriocins, where the association increases the
plasmid’s persistence within the host bacterium as well as increasing the competitive
advantage of the host plasmid to other plasmids [22, 213]; composite transposons
(cooperative systems comprised of two insertion sequences and a cassette of other
selfish genetic elements, such as antibiotic resistance genes) [214]; and phages (which
may also be considered a type of duplicative selfish genetic element) containing TA
systems to prevent co-infection by other phage [215]. Although there are a plethora of
duplicative and addictive selfish genetic elements localized on bacterial chromosomes,
documented examples of cooperation between chromosomal elements are rare. Rather
than reflecting a lack of cooperative interactions; this may be due to a lack of research
in this area. For both R200 and to a lesser degree R178 repeats REPINs were observed
directly flanking the repeats. It is possible that this co-localization reflects some kind of

co-operation between the genetic elements.

6.3.3 R178 repeats

As mentioned above, R178 and R30 are likely to be part of the same genetic element

together with a short protein coding sequence. The functional significance of each of
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these elements is unclear but is linked through the central R178 repeat. Motifs within
the repeat are complementary to both the putative promoter of the protein coding region
and the beginning of the R30 repeat. This raises the possibility that R178 mediates the
expression of the protein coding region. In turn, the expression of R178 could be
regulated by motifs found in R30 (e.g. R30 as promoter region). However, to shed light
on this issue, and to determine the functional significance of R30, experimental analyses

are required.

Nevertheless, it is possible to propose a hypothesis regarding the function(s) of R178
and the associated peptide. The composition of the genetic element is reminiscent of
chromosomally encoded RNA (type I) TA systems (see section 1.4.1.1). If the element
encodes a TA system then R178 probably encodes an antitoxin that tightly regulates the
expression of the

A) Transcription is R178
possible

associated toxic peptide.

This  hypothesis s

supported by the

presence of a binding
B) Transcription is

inhibited o site of the R178 loop B

peptide R30 immediately upstream of

the associated peptide’s

Figure 6.15. Proposed mechanism for the transcriptional regulation
of a peptide through the R178 repeat. (A) The promoter of the
peptide is available for transcription when loop C is bound to the R30 oy olution between R178
repeat upstream of R178. (B) The transcription of the peptide is

repressed when loop B is bound to the promoter of the peptide. and the downstream

promoter. The co-

peptide further supports the notion of strongly linked functions. It is possible that the
R178 secondary structure forms during transcription and by binding to the nearby
ribosome binding site prevents the binding of the ribosome and therefore the translation
of the downstream peptide gene. Conversely it is possible that translation of the
downstream peptide gene is activated when the R178 loop C binds to a motif found at
the 5’ end of the R30 repeat and hence makes it impossible for loop B to bind the
ribosome binding site of the peptide.

REPs, REPINs and higher order REPIN arrangements were observed directly flanking
the putative TA system in ten out of 18 cases. A possible explanation for this
association is that in some instances the mechanism leading to the dispersal of REPINs
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also increases the copy number of R178 genetic elements. However, 28 R178 repeats
are found in P. fluorescens Pf0-1, a closely related strain, which does not contain REPs
or REPINs. One can imagine that spread in SBW25 and Pf0-1 was the result of
cooperation between the R178 sequence and a range of duplicative elements such as
insertion sequences (see section 6.1). Evidence of this cooperation could have been lost
through excision mediated by the encoded transposase or a simple deletion event.
Alternatively, REPINs could have an effect on the expression of the system by, for
example, enhancing mRNA half-life [217]. If this hypothesis is correct, then these
associations represent an example of weak cooperation between two chromosomally

encoded selfish genetic elements.

6.3.4 R200 repeats

R200 repeats consist of a DNA region that is predicted to encode a highly conserved
non-coding RNA and a short protein coding sequence. Interestingly, both the predicted
secondary structure of part of the R200 sequence and the encoded protein (peptide)
show similarities to type I TA systems, such as TisB/IstR1 in E. coli [73]. Hence, it is
possible that the expression of the putative R200 toxin is regulated in a similar manner.
IstR-1 binds to the Shine-Dalgarno sequence of TisB encoding mRNA, thereby
preventing TisB translation. This regulatory mechanism might also control the
expression of the R200 system, based on the sequence similarities between putative
toxin and antitoxin. However, the similarities between the putative R200 toxin mRNA
and its corresponding antitoxin are more extensive than for TisB/IstR-1. The length of
the complementary sequence between TisB mRNA and IstR-1 RNA is 23 nucleotides
[73] compared to a total of about 60 complementary nucleotides for putative R200 toxin
and antitoxin (Figure 6.9). This long complementarity may allow an even tighter
repression of the translation of the putative toxin’s mRNA by the putative R200

antitoxin.

The putative R200 toxin is short and predicted to contain a transmembrane helix.
However, the score of the prediction is considered insignificant and much lower than
that predicted for TisB (the transmembrane toxin associated with IstR-1). Notably, the

substitution of an arginine by an isoleucine, a change that requires the mutation of only
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a single nucleotide, changes the score of the prediction to a highly significant value
(Figure 6.11). One could imagine that this change is the (adaptive) result of R200
sequence amplification. Amplification of a TA system could lead to detrimental effects
to the organism as a result of leaky expression. This may have caused a single base
change to alleviate the effect. However, this raises a new question: if the putative toxin
is no longer toxic, then what is the function of the putative non-toxic “toxin-antitoxin
system”? It is possible that the peptide is still toxic but needs to be present in much

greater concentrations to cause cell death.

6.3.5 Association between R200 repeats and REP/REPIN structures

The association between R200 repeats and REPs/REPINs is more pronounced than that
observed for R178 repeats. Only a small proportion of all R200 repeats (three out of
47) show no association with REPs or REPINs. Interestingly, R200 repeats are not
present in Pf0-1, which contains neither REPs/REPINs nor RAYTs, but are present in
Pf-5, which contains a (potentially inactive) RAYT copy and a large number of
REPs/REPINs [100]. In the vicinity of different REP/REPIN structures, R200 repeats
show different properties. Tandem repeats of R200 sequences flank tandem repeats of
REPs; inverted R200 doublets flank REPINs (inverted REP repeats). R200 sequences
even show different phylogenies depending on the type of association with
REPs/REPINs (Figure 6.14). For example, tandemly repeated GI-GIII REPs, and their
associated R200 sequences, are highly conserved. This could be the result of rapid
repeat expansion or frequent recombination events between R200 sequences. Such
recombination events could potentially occur during replication. When the two
replication forks commence DNA replication from the origin of replication, they could
switch template strands at two inverted R200 repeats associated with GI-GIII tandem
repeats. This would lead to gene conversion as well as reversing the orientation of the
intervening DNA. The similar distance of GI-GIII tandem repeats to the origin of
replication (e.g. the two largest GI-GIII tandem repeats are found at position ~2.5 Mbp
and ~4.2 Mbp in the SBW25 genome and are both located at a distance of ~2.5 Mbp
from the origin of replication given that the SBW25 genome is ~6.7 Mbp long) could
increase the chances of such recombination events since the two replication forks arrive

at the repeat at approximately the same time.
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The results presented indicate strong cooperation between the REP/REPIN system and
the putative R200 toxin-antitoxin system. It seems likely that R200 repeats are copied
by the REP/REPIN system. Given that the function of R200 repeats remains unknown
(although R200 repeats possess TA characteristics), the benefits for REPs/REPINs are
harder to infer. However, assuming that R200 repeats encode an addictive selfish
genetic element, and based on knowledge of other cooperative associations between
duplicative and addictive selfish genetic elements, it seems likely that the R200
sequence aids the persistence of the REP/REPIN system within the genome.

6.3.6 Concluding comments

TA systems are a present in most bacterial genomes [212, 218]. Their evolutionary
success is not only a result of their addictive properties, but probably also by the host’s
ability to co-opt them for a diverse range of cellular functions, such as adaptation to
nutritional stress or the production of persister cells through arresting cell growth [78,
219, 220]. Considering the wide range of potential host functions for which TA
systems can be co-opted, as well as their wide spread throughout bacterial genomes, it is
important to identify them, and understand their evolution as well as their function.
Here the first steps in identifying and characterizing their evolution have been
performed. Furthermore this study suggests that TA systems may enhance their

evolutionary success by cooperating with other selfish genetic elements.

Finally, the study presented here shows that although the cooperation between the R178
system and REPs/REPINs is at best weak, cooperation between R200 repeats and
REPs/REPINs is more apparent and is possibly involved in amplification of R200
repeats. Examples of cooperation between chromosomally encoded duplicative and
addictive selfish genetic elements may be greater than currently appreciated. However,
questions concerning the cause and effect of this interaction remain mainly unanswered

and require further investigation.
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Chapter 7:

Discussion

7.1 Overview of the results

7.1.1 Summary of Chapter 3: Within-genome evolution of REPINs

Evolutionary analyses of short repetitive sequences in the genome of P. fluorescens
SBW25 marked the start of this thesis. The initial aim of this study was to provide an
unbiased analysis of short, repetitive sequences in the SBW25 genome. All short
sequences (10-20 bp) that occurred at frequencies above a certain threshold were
selected for further analyses. The threshold was determined through comparisons to
short sequence frequencies obtained from randomly assembled genomes and
subsequently from the genome of the closely related strain P. fluorescens Pf0-1. These
comparisons led to the conclusion that the short sequences selected for further analysis

were shaped by selection and did not simply arise by chance.

Interestingly, the 96 different short sequences of sequences selected for further analysis
could each be categorized into one of three groups (GI, GII or GIII, see section 2.2.4
and 3.2.1). Sequences from each of the three sequence groups were found to be
repetitive, palindromic and predominantly extragenic, and were therefore labelled REP

sequences.

Analyses of next-neighbour distances showed that the majority of the sequences within
the individual groups occur at specific distances from one another. This observation
strongly deviates from what is expected under a random model, which predicts that it is
unlikely to observe REP sequences that share the same next-neighbour distance. This
led to the hypothesis that REPs are part of a larger genetic element, consisting of two or
more REP sequences separated by a spacer of a specific length. The number of REP
sequences that are involved in the formation of the new genetic element was determined

by analysing higher order arrangements of REP sequences (formation of REP clusters).
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The REP sequence cluster data obtained from SBW25 was compared to expectations
from a randomly generated null model. Based on the null model, two thirds of all REP
sequences are expected to occur as singlets. Only one third of all REP sequences are
found as singlets in the SBW25 genome, but two thirds were found as doublets. Hence,

REP doublets were proposed to be the main replicative unit.

This hypothesis was tested and confirmed various ways. First, the distribution of REP
doublets in the genome of SBW25 is comparable to what is expected under a randomly
generated null model. In contrast to the distribution of singlets does not conform to a
random model. Second, REP sequences found as part of REP doublets show a higher
level of DNA sequence conservation than REP sequences found as singlets. This
suggests that REP doublets are under selection (and therefore functional) as opposed to
singlets, which are probably non-functional remnants of REP doublets. Third, evidence
of REP doublet excisions was observed in SBW25 whole genome sequencing data,
while no evidence of REP singlet excisions was found. This finding not only supports
the hypothesis that the REP doublet is an individual genetic element, but also indicates
that REP doublets are actively moving in the SBW25 genome. The sequence of the
excision events enabled a hypothesis to be formed regarding a possible transposition
mechanism. Hence, REP doublets are a new class of mobile bacterial DNA, which was

named REP doublets forming hairpins (REPINS).

In addition to REPINSs, other higher order REP arrangements were observed above the
frequencies that would be expected by chance. These were either highly organized,
tandemly repeated REPINs or tandemly repeated REP sequences. The evolutionary and

functional significance of such structures remains unclear.

7.1.2 Summary of Chapter 4: Cause of within-genome REPIN dispersal

In 2010, Nunvar et al. [101] proposed that RAYTs (REP-associated tyrosine
transposases) are the cause for REP sequence dispersal in bacterial genomes. This
conclusion was reached in parallel during the course of the research in this thesis.
Given that a publication about the association between REPs and RAYTs already exists,
the chapter about the cause for REPIN dispersal within bacterial genomes was kept

relatively short and focused on points not covered by Nunvar et al., such as how the
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connection between IS200 transposases and the very distantly related RAYT family was

made, and the importance of REPIN formation for REP sequence dispersal.

To find genes that could be the cause of REP sequence dispersal, REPIN sequence
clusters were analysed. Three genes of particular note were found. Each of these was
located within a specific cluster of one of the three REPIN groups identified in chapter
3. In the original genome annotation the three genes were predicted to encode
conserved hypothetical proteins, and no connection to IS200 proteins had been made
[100]. In an attempt to elucidate the function of these REPIN-associated genes,
BLASTP searches were performed, but as expected there were no significant matches to
any known gene family (databases are updated now). However, a BLASTP search
against an insertion sequence database revealed that the majority of hits were to IS200
proteins. Further investigations showed that IS200 proteins share a highly conserved
motif with this new class of proteins (named REP-associated tyrosine transposases

(RAYTs) by Nunvar et al. [101]).

IS200 proteins transpose by binding to short palindromes flanking the transposase gene.
Since REPINSs, like IS200 genes, contain two flanking palindromes, RAYTs are a likely
candidate causative basis for their transposition and dispersal. Further analyses show
that each of the three RAYTs discovered in SBW25 is associated to one (and only one)
of the three REP sequence classes identified in Chapter 3. This not only further
supports the hypothesis that RAYTs are responsible for REPIN dispersal, but also
enabled the systematic identification of different REP sequence classes in different
bacterial genomes. Once REP sequence classes were identified, cluster analysis could
be performed that showed that the formation of REPINs is not only a prerequisite for
REPIN dispersal in SBW25, but in all 18 bacterial genomes analysed.

7.1.3 Summary of Chapter 5: Characterization of the RAYT family

In Chapter 5, RAYTs were characterized more comprehensively in order to determine:
(1) whether RAYTs have characteristics similar to housekeeping genes or insertion
sequences, (2) the relationship between RAYTs and IS200 sequences, and (3) the
composition of the RAYT family. Answering these questions first required the

identification of RAYTs in bacterial genomes. Hence, all available, fully-sequenced
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bacterial genomes and plasmids were searched via BLAST for relatives to a
representative RAYT protein from each of P. fluorescens SBW25 and E. coli K-12.
The identified genes were then analysed for characteristics that differentiate insertion

sequences from housekeeping genes, such as presence on plasmids and duplication rate.

For comparative purposes, the same features were determined for the IS200 and IS110
families of insertion sequences and the housekeeping gene family of peptide
deformylases (def). Interestingly, for most characteristics RAYTs show more similarity

to housekeeping genes than to insertion sequences.

Together with the fact that RAYTs and IS200 sequences share very low sequence
similarity, the above finding led to the question of whether RAYTs and IS200
sequences share a recent common ancestor or whether the two sequence classes arose
through convergent evolution. The pairwise comparison of RAYT and IS200 sequences
showed the existence of hybrids: genes that share significant sequence similarity to both
IS200 and RAYT genes. Although the existence of hybrid genes indicates that a recent
common ancestor may have existed, alternative explanations such as emergence through

recombination (or even selection/neutral evolution) could not be ruled out.

Closer analysis of the RAYT family showed that RAYTs are not a homogenous gene
family; instead, RAYTs were found to form four separate and only distantly related
sequence clusters. Each of these clusters was shown to have very unique
characteristics. The two most closely related clusters ((a) and (b)) contain the RAYTs
from clade I and clade II of the phylogenetic tree built in Chapter 4 (Figure 4.3).
RAYTs from these two clusters and cluster (d) show very low duplication frequencies
and are not found on plasmids (similar to housekeeping genes). Conversely, RAYTs
from cluster (c) are found on plasmids and show relatively high duplication frequencies.
Thus, they are more similar to insertion sequences than to housekeeping genes.
Interestingly, RAYTs from clusters (a) and (b) are linked to over-represented 16-mers

(REPs), while those from clusters (c) and (d) are not.
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7.1.4 Summary of Chapter 6: Novel repetitive elements in the genome of
SBW?25

The final results chapter was a study of the remaining two groups of repetitive
sequences that were identified in the genome of P. fluorescens SBW25 by Silby et al.
[100]. First, a repeat family named R178 was analysed. Similar to the earlier analysis
of short repetitive sequences in the SBW25 genome, the R178 repetitiveness can be the
result of several different processes. The possibilities that R178 repeats emerged by
chance or as a result of similar selective pressures in different genetic backgrounds
(convergent evolution) were ruled out. The alternative, that R178 are duplicative
elements was further analysed. To determine whether the duplicative process is driven
by a protein or catalytic RNA that is encoded by R178 repeats (autonomous) or driven
by an element encoded at a different position within the genome (non-autonomous) the
R178 element was analysed for conserved open reading frames (ORFs) and RNA
secondary structures. No conserved ORFs could be identified. However, the predicted
RNA secondary structure showed some structural conservation among the 18 R178
repeats. The observed conservation could be due to a function that is performed by
RNA. Alternatively the conservation could also be a result of functional secondary
structures that are formed when the DNA is found in a single stranded state (e.g.
secondary structures that are formed during transposition, as shown for IS200 sequences
[48, 143-146]). Hence, I also predicted the secondary structure of ssDNA.
Interestingly, all 18 R178 sequences are also predicted to form highly similar secondary
structures in ssDNA, leaving the possibility for both, functional RNA and ssDNA.
Conserved loops within these structures also show overlaps with polymorphic regions in
a multiple alignment of R178 sequences. Complementary counterparts of these regions
were found in the vicinity of almost all R178 sequences. One loop was found to be
complementary to a region downstream of almost all R178 repeats, found only a few
bases before the start codon of a conserved short protein-coding gene. Another loop is
complementary to a site within the R178 repeat as well as a site about 50 bp upstream of
the R178 repeat. In four instances, this site is also the 5’ end of the R30 repeat, which is

exclusively found directly upstream of R178 repeats.
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Sequence analyses of R178 upstream regions showed that they all share similarities with
R30 repeat sequences. This led to the prediction that R178 is the central sequence of a
larger genetic element consisting of a 5" R30 sequence, an R178 sequence, and a 3’
peptide. If the three elements are part of the same genetic element then the three
individual parts are expected to co-evolve. Evidence for this hypothesis comes from the
comparison of the three phylogenetic trees built from the individual parts of the genetic
element, which are highly similar. The association between peptide and conserved
RNA secondary structure strongly reminds of type I TA systems. A weak association
between R178 repeats and REP/REPIN structures was observed. However, the impact

and cause of this association remains obscure.

The second part of the chapter analyzed the composition and evolution of R200 repeats.
R200 repeats are quite different from R178 repeats. The length of the two sequence
groups differs considerably. R200 sequences are longer and range in length from 129
bp to 380 bp. R178 sequences in contrast range in length from 98 bp to 102 bp. R200
repeats are also far more frequent than R178 repeats; found 48 times within the genome
compared to 18 R178 copies. Similar to the analysis of R178 repeats, the investigation
into the cause of replication suggested that R200 repeats are the result of a replicative
process rather than the product of chance or independent local selective processes. To
elucidate whether the replicative process is likely to be driven by a product encoded by
the R200 sequences or by a product that is encoded in trans, the sequence was analysed
for conserved RNA secondary structures (necessary for autonomous RNA transposases
such as group I introns [188]) and ORFs (necessary for replication of autonomous
transposons). No ORF that spanned the whole R200 sequence could be identified;
however, a conserved RNA secondary structure was predicted. Since a conserved RNA
secondary structure does not necessarily mean that a replicative RNA is encoded,
alternative explanations were considered. One alternative is that R200 repeats encode
type I TA systems. They are commonly found within bacterial genomes and consist of
a non-coding RNA (with conserved secondary structure) and a toxic peptide.
Furthermore they have been found replicated within the genome of E. coli [73]. A
literature search showed that a 5'-CCAG-3" motif is shared by a number of different
type I RNA TA system, which is also highly conserved in R200 sequences. This

prompted further analyses which revealed that the R200 sequence consists of at least
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two parts: a 5" ORF that was predicted to encode a transmembrane toxin and a 3’ region
potentially coding for an RNA molecule acting as antitoxin. This hypothesis was
supported by similarities shared with the IstR-1/TisB TA system in E. coli. The
secondary structure of the putative R200 antitoxin is similar to that of the IstR-1
antitoxin, and the short peptide encoded by R200 is similar in length to the TisB toxin,
which encodes a transmembrane helix. Interestingly, the R200-encoded peptide shows
a weak tendency to form a transmembrane helix, according to the online prediction tool
TMpred [124]. However, the change of a single nucleotide can lead to a strong
predicted membrane association. It is possible a mutation occurred during the in trans
transposition of R200 sequences, without which even leaky expression may lead to cell

death.

Another curious feature of R200 repeats is the strong linkage with REP/REPIN
structures. Analyses show a correlation between REP/REPIN-associated repeats and
differences in phylogenetic tree topology and sequence diversity. This may indicate
that the association between R200 sequences and REPINs could have led to the

amplification of R200 sequences.

7.2 Evaluation of the implications

7.2.1 Technological advances that made this work possible
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Figure 7.1. The number of fully sequenced bacterial genomes available at NCBI from August 1997
to May 2011.
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The “dawn of the genomic era” was announced when the complete human genome
sequence was published in 2001 [221, 222]. However, a significant reduction in cost
and time per sequenced base pair was only achieved in 2005 with the development of
high throughput (3rd or “next-generation”) sequencing technologies [223, 224]. Those
technologies enable de novo assemblies of bacterial genomes and rapid re-sequencing of
any eukaryotic genome for a fraction of the price and time required with the original
Sanger sequencing. Hence, the yearly number of fully sequenced bacterial genomes
deposited on the NCBI website significantly increased from 2005 onwards compared to
previous years (Figure 7.1). The great variety of available genome sequences presents a
wealth of information that greatly enhances the formulation and testing of hypotheses
across a diverse set of genomes. Furthermore, new approaches to analyze not only the
resulting consensus sequences, but also the raw short sequence reads from the
sequencing run are constantly being developed. Interesting examples include the
determination of genome conformation within the cell or nucleus [225], and analyses to
detect rare mutations or amplifications within bacterial populations [226]. The analyses
and approaches presented in this thesis make use of both sequence data generated by
next-generation sequencing technologies and the existing fully sequenced bacterial

genomes.
7.2.2 Relevance of the developed approaches to the field

A “top-down” (analysing a complex system by characterizing the system as a whole
first and subsequently smaller and smaller components of it) analysis of repetitive
sequences in the genome of P. fluorescens SBW25 was performed prior to this thesis
[100]. It defined a set of repetitive sequences with varying lengths that were found in
the three sequenced P. fluorescens strains. Although this approach allowed the
positions of repetitive sequences to be marked with reasonable accuracy, it did not
provide information about the structure or characteristics of the sequences and hence did
not classify them into evolutionarily meaningful sequence groups. The work presented
in this thesis is based on a “bottom-up” (analysing a complex system by characterizing
its smallest parts first in order to understand the formation of larger components)
approach to identify and describe repetitive sequences. Instead of trying to define the

longest possible repetitive DNA sequences, properties of short repetitive sequences of
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10 bp to 20 bp - which appear to be the most conserved building blocks of larger repeats
- were analysed. Since this approach proved to be successful, it may be useful for the
identification, classification and description of repetitive sequences in other genomes or
possibly also for less abundant sequences that still occur more frequently than expected

by chance in the genome of SBW25 and other microbial and eukaryotic genomes.

Furthermore, the application of next-generation sequencing (NGS) is likely to not only
be useful in showing REPIN activity, but as a simple first mobility test for any genetic
element that is proposed to amplify through transposition (a small proportion of the
reads should show insertion or deletions of mobile DNA sequences). It is also
noteworthy that some non-matching sequences from NGS data are not necessarily

erroneous sequences, but could be the results of real biological processes.

In contrast to Chapter 3, Chapter 5 pursued a comparative “top-down” approach to
describe RAYTs. Questions concerning gene family characteristics were first addressed
on the highest level of complexity (top level) and compared to characteristics observed
for other gene families. On the highest level the only knowledge about the sequence
families is that the identified sequences share a certain similarity to the two query
sequences. Since these similarities could be the result of different matching regions
within the gene (Figure 7.2), the sequences were analysed on a lower level (pairwise
sequence comparison) by applying phylogenetic maps. These maps visualize
phylogenetic relationships by displaying proteins as nodes and pairwise identities above
a certain threshold as lines. A visualization algorithm then determines the length of
each line based on the number of connections within a certain group of nodes, which in

turn leads to the formation of phylogenetic clusters. These clusters were further

(A)

(B)
GAGGTCATCACCAGG

Figure 7.2. Evolution of sequence clusters. The sequence pairs AB and AC share an 8 bp sequence
motif, which is not shared by BC. If selection preserves the red and green sequence motifs in all three
sequences, this results in the formation of three separate sequence clusters (A, B and C) that are
connected through A.
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analyzed for characteristics of interest. Characteristics can be analysed on a lower level
by increasing the pairwise identity threshold, which leads to smaller clusters with closer
relationships. This approach could not only be useful for the analysis of RAYTs, but
could help to understand the evolution of most proteins in bacteria. However, it might

be particularly useful for the preliminary analysis of a new family of proteins.

In Chapter 6, the remaining two repetitive sequence classes were analysed mostly by
applying knowledge about repetitive selfish genetic elements acquired in Chapter 3. In
both cases the recognition of a highly conserved ssDNA/RNA secondary structure was
the key for further description of the genetic elements. Simple phylogenetic and
sequence analyses helped to further understand the elements and formulate testable

hypotheses.

7.2.3 Relevance of the described results to the field

In P. fluorescens SBW25 REPINs and higher order organizations comprise more than
one percent of the genome. Hence understanding the dynamics and causes of REPIN
dispersal and evolution is important for our understanding of the ecology, evolution and
function of P. fluorescens SBW25. However, understanding the dynamics between
REPINs and their associated transposases (RAYT) is not straightforward. In plants and
other eukaryotes non-autonomous transposons seem to simply exploit an also repetitive
autonomous transposon until either the transposon evolves to prevent exploitation
(thereby rendering the non-autonomous transposon non-functional) or the autonomous
transposon goes extinct [227]. The widespread REPIN-RAYT system in bacteria
appears to follow different rules. If genomes contain both RAYTs and REPINs then
one RAYT is associated with one specific group of repetitive REPINs. If the system
were entirely selfish then RAYTs are expected to rapidly go extinct due to random drift
unless there is a high rate of horizontal transfer. However, both the phylogenetic tree
shown in Chapter 4 (Figure 4.3) and the non-existence of RAYTs on plasmids shown in
Chapter 5 suggest that horizontal transfer of RAYTs is very rare. Although initially the
REPIN-RAYT system may have been entirely selfish, the inferred vertical mode of

transmission suggested that the system was co-opted by the host to perform a beneficial
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function. Determining the beneficial function in turn could help to understand other

aspects of bacterial ecology.

The results presented in Chapter 5 not only show that RAYT characteristics are more
similar to host gene characteristics than to insertion sequences, but also that insertion
sequence characteristics can be regained (RAYT cluster (c) showed insertion sequence
characteristics and closer relationship to cluster (b), which did not show insertion
sequence characteristics than to IS200). In hindsight this finding does not seem
surprising, especially considering that transposing foreign DNA sequences (trans
transposition €.g. REPINs) is likely to be similar to transposing its own DNA sequence
(cis transposition e.g. the encoded RAYT). However, comparable examples of losing
Cis transposition capabilities and regaining trans transposition capabilities have not been
reported to my knowledge. This may be due to a number of reasons. One is probably
that the necessary data (thousands of fully sequenced bacterial genomes) to do similar
studies has only been available for the last few years. Another reason could be that
interests in specific protein families are mostly constrained to either a detailed insight
into enzyme mechanisms (€.g. [48]) or a superficial overview of general protein families
without interest in specific gene characteristics (€.g. [228]). Studies similar to the one

conducted in Chapter 5 seem to be rare.

Another interesting finding in Chapter 5 was that one RAYT subfamily was neither
linked to REPINs nor did it show any insertion sequence characteristics. As for the
REPIN-RAYT system, this group of RAYTs presumably confers a benefit to the host to
prevent loss through random genetic drift. The nature of this benefit is elusive, although
it is likely to be interesting, since most reported domesticated transposases are the result
of hybridization with a host protein [44-47] and not the potentially slow stepwise

acquisition of a new beneficial function as inferred for the RAYT protein family.

The association between TA systems encoded by R200 repeats and the REPIN-RAYT
system in Chapter 6 suggests that even within bacterial chromosomes addictive and
duplicative selfish genetic elements cooperate. The cause and effect of this cooperation
are elusive; with the possible exception of the amplification of R200 elements as an
effect of close association with REPs/REPINs. However, one could speculate that
cooperation between R200 and the REPIN-RAYT system represents a mutualism

similar to plasmid-TA systems, leading to increased vertical or horizontal transmission
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of both the REPIN-RAYT system and the R200 repeats. It is not clear what led to the
replication of R178 repeats. It is possible that within genome recombination or an

autonomous transposase is the cause of R178 amplification.

Another interesting aspect of R178 repeats is the curious combination of conserved
ssDNA/RNA secondary structures together with a conserved protein coding region.
This combination is similar to type I TA systems. However, it seems unlikely that
ssDNA structures regulate gene expression. It is possible that the observed conserved
ssDNA structures are artefacts of the applied prediction programs. Hence, the
regulation of the downstream protein coding region may be achieved through the
transcription of R178 into a regulatory non-coding RNA (similar to type I TA systems).
Either way, resolution of this problem could help to improve secondary structure
prediction algorithms, or alternatively reveal that ssDNA is able to affect gene

expression through the formation of secondary structures.

In general understanding the evolution of repetitive elements is also required to obtain
insight into the mechanisms of bacterial genome evolution. This is of particular
importance, since repetitive sequences enable recombination within and between
bacterial genomes [211, 229]. This is an effect that probably contributes to the lack of
synteny in many bacterial genomes and is enhanced by the great numbers of repetitive

elements that are found within bacterial genomes [60, 100, 230].

7.3 Future directions

The work presented in this thesis shows that computational biology is an invaluable tool
for understanding the biology of bacterial selfish genetic elements. Wet lab
experiments are needed to test predictions and hypotheses. Nevertheless, there are a
number of computational studies that could be performed to deepen the understanding

of the evolution of selfish genetic elements in bacterial genomes.

7.3.1 REPINs and their associated RAYTs

There are many open questions concerning the REPIN-RAYT system. Whether
REPINs are mobilized by RAYTs is probably the most basic hypothesis to test; based
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on computational evidence this hypothesis is likely to be confirmed. However, the
multitude of cluster types found in the genome of SBW25 raises the possibility that
RAYTs are not the only cause for REPIN amplification and that there may be a
secondary mechanism that leads to REPIN and/or REP amplification.

Another interesting avenue for future research involves the predicted beneficial function
that RAYTs (possibly in conjunction with REPINs) provide to the bacterium in order to
be preserved. REPIN-RAYT systems could be involved in DNA repair or the
regulation of gene expression based on their presumed ability to bind, cut and ligate
DNA. Some hypotheses are currently being tested in the lab (XX Zhang, AP Lind, F
Bertels, PB Rainey) and preliminary results indicate that, under certain conditions
(changing environments), there is a small fitness effect when all RAYT genes are
deleted from the SBW25 genome. Further evidence of REPIN movement is expected to
be observed in a one year mutation accumulation experiment that includes the SBW25

wild type strain as well as the RAYT deletion strain (XX Zhang, PB Rainey).

The presence of highly organized REPIN and REP structures within the genome of P.
fluorescens SBW25 and their linkage with R200 and R178 repeats suggests that there
may be more than one function for REPINs and REPs. Given that relatives of the TA
system encoded by R200 elements are involved in the SOS response, it is possible that
REPs/REPINSs are also indirectly involved in a similar process in SBW25. Investigating
the function of R178 and R200 repeats together with the effect of the association with
REPs/REPINs could provide insight into the predicted cooperative nature of the

connection.

REPs/REPINs have been found to be associated with other selfish genetic elements in
other bacteria (e.g. the REPIN-RAYT system in Neisseria meningitides (Chapter 5)),
which is also likely to affect hypotheses regarding the functional significance of the
system. This genetic diversity poses great challenges for future research. However, one
could imagine that greater mechanistic insight into both amplification and dispersal
processes could help to predict the functional significance of REPIN-RAYT systems in
different genetic backgrounds and in association with different selfish genetic elements.
Furthermore, the mechanism for REPIN dispersal and amplification is likely to differ
between the different RAYT clusters, indicated by the high RAYT sequence diversity

(Chapter 5) and large structural differences between associated REPINs (Chapter 4).
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In conclusion, it is probably safe to assume that elucidating the different effects the
RAYT-REPIN system has on the bacterium will provide sufficient research

opportunities for many years to come.

7.3.2 Research opportunities arising from studying cluster (c) and (d)
RAYTs

The discovery of RAYT subfamilies in Chapter 5 that were not associated with
REPs/REPINs was somewhat surprising and led to a multitude of future research

questions.
7.3.2.1 Cluster (c) RAYTs

Cluster (c) represents the largest RAYT subfamily, which is probably the result of
regaining a high rate of self-replication and horizontal transfer (insertion sequence
properties). However, whether these properties were re-acquired from a group of
essentially single copy genes (RAYTs) or whether cluster (c) genes are simply a less
prolific offshoot of the IS200 gene cluster needs further testing. But no matter what the
final answer to this question, it is obvious that cluster (¢) RAYTs are very different (in
sequence and characteristics) from both other RAYT groups and IS200 sequences.
Furthermore, based on the above prediction that RAYTs are likely to have a beneficial
function, it would be interesting to first theoretically and then experimentally investigate
if that needs to be/is the case for cluster (c) RAYTs, or if the observed replication and
horizontal transfer rate is sufficient to explain persistence and conservation among
genomes. This analysis would be of particular interest as cluster (c) RAYTs are an
intermediate class of genes that lies in between single copy genes and typical insertion

sequences.

7.3.2.2 Cluster (d) RAYTs

Cluster (d) is another curious RAYT subfamily. It shows no signs of REPIN
association but neither does it show insertion sequence-like characteristics. Cluster (d)
RAYTs are found as conserved single copy genes within genomes and therefore are also
expected to provide a beneficial function to the bacterium. One could imagine that

cluster (d) RAYTs evolved from cluster (b) RAYTs by losing the ability to transpose
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REPINs as well as either gaining a new beneficial function or changing/enhancing the
beneficial function it provided in conjunction with REPINs. Testing this hypothesis
through computational analyses as well as wet lab experiments could provide insights

into the evolution of insertion sequences and host genes.

7.3.3 R178 and R200 repeats

The study of R200 and R178 repeats showed that short repetitive elements are not
necessarily non-autonomous transposons derived from functional insertion sequences.
Instead Chapter 6 shows that putative addictive selfish genetic elements can take
advantage of the replicative properties of unrelated duplicative selfish genetic elements.
Future research could include: (1) a test of the hypothesis that R200 and R178 repeats
encode TA systems, (2) an investigation of the function of individual components of the

system, and (3) a study of the causes and mechanism of R178 and R200 amplification.

Analogous approaches could also be applied to characterize similar repetitive elements
in other genomes. Such analyses could unveil whether (and potentially why)
cooperation between MITEs (or other duplicative selfish genetic elements) and TA
systems (or other addictive selfish genetic elements) is commonly found on bacterial

chromosomes.

7.4 Final comment

Selfish genetic elements are found in almost all genomes. Even highly streamlined
bacterial genomes contain a diverse range of addictive and duplicative selfish genes.
Analyses conducted in this study describe four new classes of selfish genetic elements;
hence, the number of selfish genetic elements known to be present in bacterial genomes
is likely to rise as more such studies are conducted. However, many selfish genetic
elements - including chromosomally encoded TA systems, restriction modification
systems or CRISPRs - have been co-opted by the bacterium to perform beneficial
functions, to the point where it is hard to justify the term ‘selfish’. Similar processes
may have led to the evolution of the REPIN-RAYT system or the reported R200 and

R178 repeats, for which beneficial functions are predicted. Another major point of this
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thesis is that persistence of selfish genetic elements within genomes may be enhanced
through cooperation with other selfish genetic elements. However, the nature of this
cooperation and whether it also leads to enhanced benefits for the host remains unclear.
Nevertheless, the abundance and diversity of REPINSs, their associated RAYTs, other
RAYT families and R200/R178 repeats within and between genomes suggests that they
play an important role in bacterial evolution and ecology as well as performing certain

cellular functions.
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Figure A1.1. Alignments of the most abundant sequence groups in SBW25. GI sequences are shown
in (A), GII sequences in (B) and GIII sequences in (C). The consensus sequence contains the respective
palindromic cores (framed in red). Numbers to the left of the alignment denote the frequency of the
respective 16-mer (e.g. the first 16-mer in (A) GGGCTTGCTCCCGATG occurs 57 times). Coloured
nucleotides within the alignment denote differences to the consensus sequence.

A Read 1
@2 21 784 925
CGGCAGAGGTGATACTGGATGCGGTGGAGAGTGATGTGCTGGTGCTCARGCCGCAGGCGTTGATGGATCAGCTCGN
2
AAZRBB<@R=;>BA1>2>@B>1=8..71<49" "Q4:>6A=; BA;PA>427; , S=SGCH###F F#FF#FH##FFFHFF#
Read 2
@2 21 784 925
TTCCAACTGACAACGGATAACCCCTCCARCATTTTGATCTCCATCGTTCATAAGGTTGGATCAGGGCTTGNTNNNN
7
BC; BBCBBCCABC : BEEEBR?B>AB>BARTE>ABBBABABE?BE: C=B (>B==BRAR><@>90<A4 4 #4 4 #4544
Read 1
@1 32 1308_1969
TACTACARGGTCAACGACARARAGTGCGCCTGAACCTCGACGTGRAGAACCTGTTCARCCGCGAGTATGARGARCGCG

2
6@AABCA>B>>; B?8>2@2R<4; >B<97@8; A7) =B>A:B6BAR>B: '03>=-<:>>»?=<BE?A?<>=60A5347; 0
Eead 2

@1 82 1308 1969
ATACCCAGGACCCCCTCCCACATTGAAGCGGTGTACGCCGTCATAGCGTGTAGGCGAATGCGATGTGGACGGGCAN

3
ARRAYYSAR>E 1 525@3<5>=ABACBRA :<ABR /=T 29977341, #4 4 $EH 4 B4R 4L H 4144 FR4BE543444
Read 1

@2_70_1540_677

+
BCBCCCCBBCBBCCCCBBBCEBB ?=ARA; B?BB>BCEAABCEBABRBBCBEBEBBBBREA=7=>0/BA<; ABUB; ROR29

Read 2
@2 70 1540 &77
ATTATTGTGATTGCACCGTTTGGATATTCACGCAGATCCCCCTCCCACAGTTTGATCGGUETTGTGTCAGGTGAAG

i
BCCCCCBCBBCCCBCBCBBCCCCCBBCBBBACACBCARAR>@BRARA=ARE=RARA=62>ABE; ; ; :==><@/Bo##

Read 1

81 13 1051 777
CTGTCACCACACGCACAGGTGACGGGTGGTCGAGAGTARAATCGTTCGCAAGUTACTTATCTATT TGCGACGLGTA
i

BARA<A;RR:?7?A26<9:/7;>79'3, "B2;A972=R4177>>90R29=:4>20725<<@?5; //€T/33<0#####
Read 2

@1 13 1051 777
GOGGGCAGCGUAGTAGAGTGTTGAAGACTGTGTAGTGAGCGCCGGAGCGARAAGCGUCACCTTTTGGCGCGGTGNN

i
BOABY==@'@67BBB?:B>AABBEBB<16;2>,=;3.: (,BlEA==; , 5:3CCH##EHHHfHHHHMHESRHHHH#
Fead 1

81 12 1235 507
GCAGTTCAGGGCCTAGTATCGUCTGTACCGACCTCATCGGGGGCARGUCCCCGATAGCGGTTTCAGCGAGATATGA
1

BASAPA?:;>O9R A2 PRAA3<C: ;7760943571 2499249433 1303244 444 4444444444484 044

Read 2

@1 12 1235 507
CGCTGAAACCGCTATCGGEGECTTGCCCCCGATGAGGTCGETACAGGCGATACTAAGGCCCGAAATGCANATNNNN
!
BECBCCCCCEBCBCCERRARBARRPE? > P=RRPRB > *=R=d 444 S0 A S B A H R b S H A H RSB b ad H a2 44
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Read | @2_21_784_925 matches to region 3857305 — 3857360 (1 — 70) in the SBW25 genome.
Read 2 @2_21_784_925:
i 1 20 % 40 %0 S 70

3857544..3857393  TTCCAACTGACAACGGATAACCCOIGIGGGACGGGGEITGEEREE GATCGEGGEGTGTEAGEEEACCATIIGATEAA
2.21.784_925 'ITCGAACTGACAACCCATAACCCC

90 mn llO lZ[) 130 )lﬂ 151
3857544..3857393 -t—cta(-c—TcQACAm‘rc.ATCTCCATcmTCATAAGGTrGCATCAcccc1'rc.
2.21.784_925 TCCBACATTTTGATCTCCATCGTTCATAAGGTTGGATCAGGGCTTG

Read 1 @1_82 1308 1969 matches to region 2577058 — 2577129 (1 — 72) in the SBW25 genome.
Read 2 @1 82 1308_1969:

} XIO ZIO 30 -||0 50 60
2577326..2577202 ATACCCAGGACCCCATGIGGGAGGGGGETTGETEEEGATGCGEAGTAGABEGGTEAATATIGEG

1.82_1308_1969 ATA((O\GGA((C( ______
100 110 120 125

2577326257720 IIGABTCATIOEAREGEIATEGCGAGEARGEEEEC TC | CACATTCAAGCGGTGTACGL CGTCA

1.82.1308_1969 CTCCCACATTGAAGCGGTGTACGCCGTCA

Read 2 @2_70_1540_677 matches to region 790520 — 790547 (1 - 28) and 5683675 — 5683621 (20 — 74) in the SBW25
genome.
Read | @2_70_1540_677:

'! |'0 7‘0 i‘o A'O Sf! 5'0 70
5683504..5683657  ATTATIGIGATIGCACCGTTTGGATATTCACGCAGA TCCCCIGIGGEAGGGGCETTGEEEEGATAGEAGIGIGIEAG
2.70_1540_677 /\TT/\TTGTCATTGU\CCGTITGGAT\TTO\CGO\G\TCCCC
110 130 140 150 154
5683504..5683657 m_(-_mcc{-_ccho\CAGT‘lTGATCGGCGTTGTGTCAGGTGf\
2.70_1540_677 CTCCCACAGTTTGATCGGCGTTG TG TCAGGTGA

Read 2 @1 _13_1051_777 matches to region 6222912 — 6222986 (1 —75).
Read 1 @1 _13_1051_777:

1 10 20 30 40 50 60 70
6223184..6222982  GCGANCAGCGCAGTAGAGTGTTGAAGACTG TG TAGIGAGEGGGEITGEEEE GEGEIGGGCCGEGAAGEE GEEREAAT
1131051777 GCGGGCAGCGCAGTAGAGTGTTGAAGACTGTGT-

80 %0 100 110 120 130 140 150

6223184..6222982
1.13.1051.777

160 170 180 190 200 203
6223184..6222982 EGEMBARTARA/ G TCAGCGCCGGAGCGAAAAGCGCCACCTTTTGGLGCG
1.13.1051.777 =—=--=m=me- AGTGAGCGCCGGAGCGAAAAGCGCCACC GGCGCG

Read | @1_12_1235_507

10 20 30
508518..598645 GCACHCAC.GOCCTAGTATCGCCTCTACCCACCTCATCGCCGGCAAGCCCCmclc 4
1.12.1235_507 GCAGTTCAGGGCCTAGTATCGCCTGTACCGACCTCATCGOGGGCAAGCCCCC -------------------------
100 110 120 130 LA
598518..598645 -cc.—cc—mcacccc_-c/\mccccmcmcc
1.12.1235_507 GATAGCGGTTTCAGCG

Read 2 @1_12_1235 507

598531..598647 C
1.12.1235.507 C

8
598531598647 BGG
1.12.1235.507 -GG

Figure Al.2. Excision events detected in Illumina sequencing data. (A) Shows fastq formatted raw
Illumina sequences for the excision events and their corresponding paired ends or ‘mates’. Quality scores
are the last line of each fastq entry. (B) In all cases Read 1 matches to a position close to the
corresponding Read 2 as expected for paired end reads. The alignments show the match between the
sequence reads (second line in the alignment) and the SBW25 genome (first line in the alignment).
Colored nucleotides show differences between genome and sequence read. Secondary structure
predictions of the excised sequences are shown on the right. For the fourth excision a total of 200
sequence reads were found showing the same event, indicating that the entire REPIN was excised from
the genome.

Al.2 Tables

Table Al1.1 Dinucleotide frequencies in P. fluorescens Pf0-1 and SBW25.

Difference to

Di-nucleotides Pf0-1 SBW25 Pf0-1
AA 0.047167435 0.046317477 2%
AC 0.055368846 0.054939965 1%
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AG
AT
CA
CC
CG
CT
GA
GC
GG
GT
TA
TC
TG
TT

0.051895004
0.043838038
0.070204044
0.077093329
0.104089616
0.051886151
0.063428452
0.107768012
0.076447517
0.054290163
0.017469547
0.063042953
0.069502162
0.046504227

0.052577167
0.042889754
0.072515172
0.081420588
0.095726792
0.052746299
0.056363832
0.109277776
0.081610249
0.055384886
0.021527881
0.056770672
0.072722386
0.047209105

-1%
2%
-3%
-6%
8%
-2%
11%
-1%
-7%
-2%
-23%
10%
-5%
-2%
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A2 Appendix material from chapter 4

A2.1 Figures
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Pseudomonas aeruginosa PA7
Position: 878990..879046
16-mer found adjacent to pspa7_4226
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Escherichia coli K-12 DH10B
Position: 868786..868847
16-mer found adjacent to yafM
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Pseudomonas stutzeri A1501

Position: 1162127 1162158

16-mer found adjacent to pst_1052

No typical REPIN formation, only found
adjacent to pst_1052. Perhaps no

dissemination possible.
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Pseudomonas aeruginosa PAO1 PA1154

Position: 264851..264919

Salmonella enterica serovar Paratyphi A

AKU 12601

16-mer found adjacent pall54

Position: 298766..298843

16-mer found adjacent to sspa4070
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Pseudomonas aeruginosa LESB58 Pseudomonas mendocina ymp
Position: 257386..257439 Position: 213188..213243
16-mer found adjacent to pales_41671 16-mer found adjacent to pmen0731
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Nostoc punctiforme PCC 73102
Position: 684772400..6847813

Pseudomonas mendocina ymp
Position: 58161..58228

16mer found adjacent to npunF5543

16-mer found adjacent to pmen3135
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Pseudomonas fluorescens SBW25

GI consensus structure

Figure A2.1.

REPIN secondary structures found in different genomes predicted by the mfold
webserver (http://mfold.rna.albany.edu/). Red bars show palindromic parts of the structure. The yellow

box indicates the most abundant 16-mer found in the non-coding flanking DNA of the respective RAP.
The GI consensus sequence from Pseudomonas fluorescens SBW25 is the only REPIN shown from

RAYT clade I (Figure 4.3), all other REPINSs are associated to RAPs from clade II.

A2.2 Tables

Table A2.1. Most abundant words in the non-coding DNA flanking RAYTs.

Most abundant 16-mer in

Palindromes (all 16-
mers within the
palindrome  occur at

Name of non-coding DNA least twice within the
Organism RAYThomologue  Pos flanking RAP p-Value® genome)
P. fluorescens yafM 5 gggcaagcccgctcac 2.00E-06 gcggggcaagcccge
SBW25
P. fluorescens yafM 3’ gggcaagcccgctceac 2.00E-06 gggctgcttecgcagee
SBW25 @
P. fluorescens  pflu2165 5 gagggagcttgctccc 3.55E-06 gggagcttgctcce
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SBW25

P. fluorescens
SBW25

P.  syringae
phaseolicola
1448A

P.  syringae
phaseolicola
1448A

P.  syringae
syringae
B728a

P.  syringae
syringae
B728a

P.  syringae
syringae
B728a

P.  syringae
syringae
B728a

P.  syringae
phaseolicola
1448A

P.  syringae
phaseolicola
1448A

P.  syringae
tomato
DC3000

P.  syringae
tomato
DC3000

P. fluorescens
SBW25

P. fluorescens
SBW25

P. fluorescens
Pf-5

P. fluorescens
Pf-5

P.
entomophila
L48

P.
entomophila
L48

T. sp HL-
EbGR7

T. sp HL-
EbGR7

P. putida
W619

P. putida
W619

P.
entomophila
148

pflu2165

pspph_4464

pspph_4464

psyr_4421

psyr_4421

psyr_4707

psyr_4707

pspph_5043

pspph_5043

pspto_0262

pspto_0262

pflu3939

pflu3939

pfl_3160

pfl_3160

pseen5170

pseen5170

tgr7_2777

tgr7_2777

PPUtWE19_5047

pputw619_5047

pseen4846

3

50

3

5

3!

3!

5

gagggagcttgctccc

gcaagctcgctcccac

acgatgcgactttgcc

tcgcgagcaagctcge

atgtgattgtgatctc

ttcgcgaacaagttcyg

gtgtcgttgcgcaatg

acggcgtgccactgeg

ggagcggacttgtccg

gcgtgeccgetgegeaa

gagcggacttgtcecge

gcaagcccccteccac

gtgggagggggcttgce

tcgccggcaagecgge

tcgcecggcaagecggce

gtaggagccagcttgce

aacactttatccacag

tcggcctgaaggccga

tcgggctgaageccga

gatcgccggcaagecg

tcgccggcaagecgge

caaggccgctcccaca

208

28

88

201

42

39

618

618

358

358

95

50

80

20

229
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3.55E-06

4.57E-04

4.41E-06

3.40E-07

2.40E-04

0.004

1.81E-04

1.54E-07

1.54E-07

1.48E-07

1.48E-07

1.62E-05

0.04

1.59E-05

6.01E-07

2.66E-05

1.79E-07

4.51E-06

gggagcttgctccc

gcgagcaagctcge

none

gcgagcaagctcge

none

gcgaacaagttcgc

none

none

gcggacttgtccgce

none

gcggacttgtccge

gggggcaagcccce

gggggcttgccccce

gccggcaagccgge

gccggcaagccggce

gccagcttgctggeg

none

gtcggcctgaaggccg
ac

gtcgggctgaagcccg
ac

cggcaagccg

ggcaagccggcttgcece

gggccgctgtgcggece
c
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P
entomophila
L48

P: putida
KT2440

P. putida
KT2440

P. putida F1
P. putida F1

2, putida
W619

P. putida
W619

P. putida GB1

P. putida GB1

P. putida GB1
P. putida GB1

P. putida
KT2440

P. putida
KT2440

P. putida F1

P. putida F1
P. putida GB1

P. putida GB1

2
entomophila
L48

P.
entomophila
L48

P. putida F1
P. putida F1

P. mendocina
ymp

P. mendocina
ymp

T. sp. HL-
EbGR7

T. sp. HL-
EbGR7

N.
punctiforme
PCC 73102
N.
punctiforme
PCC 73102

pseen4846

pp_0568

pp_0568

pput_0607

pput_0607

pputw619_4597

pPUtWB19_4597

pputghl 0613

pputghl 0613

pputgbhl 5236
pputghl_5236
pp_5176

pp_5176

pput_5083

pput_5083
pputghl_1364

pputghl_1364

pseen3227

pseen3227

pput_3919
pput_3919
pmen_3135

pmen_3135

tgr7_1317

tgr7_1317

npun_f5543

npun_f5543

3

50

caaggccgctcccaca

tgtgggagcggecttg

caaggccgctcccaca

atgagggcgaagccct

caaggccgctcccaca

gcggccttgtgtcgeg

caaggccgctcctaca

tcgcgacacaaggccyg

tcgcgacacaaggccyg

aacccgctcccacagg
tcgcgggtaaacccgc

agcccgcgaagaggcc

cctgtgggagcgggceyg

cgggcgagcccgcgaa

gccegcetceccacaggg

gccgeccgegeggege

gccgccecgcgecggege

gcggattcatccgcga

tcgcggatgaatccge

cgggtttacccgecgaa

cctcaccccageccgeg

ggtgcgcacggcgceac

ggtgcgcacggcgcac

gtaggatgggcaaagc

gtaggatgggcaaagc

gaggaacgaaacccaa

atgttgggtttcgttc

181

140

148

119

235

235

62
90
26

86

33

35

35

151

151

404

198

198

14

14

13

4.51E-06

9.65E-06

9.65E-06

0.03

3.50E-06

1.07E-06

3.21E-06

1.71E-07

1.71E-07

6.32E-06
3.07E-06
3.20E-05

5.25E-06

4.07E-05

1.19E-05
1.33E-05

1.33E-05

6.50E-06

6.50E-06

1.75E-07
0.03
2.08E-07

2.08E-07

1.43E-04

1.43E-04

4.39E-04

4.39E-04

gcgacacaaggccgce

gcggccettgegtcge
gcgacacaaggccgce
tgagggcgaagccctc

a

cgctcccacagggacce
gcg

ggggctgccttgcagce
cc

ccgctcctacagggg

ggggccgctttgcgge
cc

cgcgacacaaggccgce
tcctacagggatcgcg
gcgggtgaacccgce
gcgggtaaacccgce

ctcttecgecgggegage
ccgcgaagag

gcgggcgtgcecge
ggcctcttcgecgggeg
agcccgcgaagaggcc
gcgggcatgcecge

agcgccgceccgegcegyg
cgct

gcgccgececgegegge
gc

gcggattcatccge

gcggatgaatccge

gcgggtttaccege

None

ggtgcgcacggcgeac
©

ggtgcgcacggcgcac
©

atgggcaaagcgatag
cgtgcccat

atgggcaaagcaacgc
gtgcccat

gttgggttgaggaacg
aaacccaac

gttgggtttcgttcct
caacccaac
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P. mendocina pmen_0731 5 cggattgcatccggge 93 3.12E-06 cccggattgecatcecgg
ymp 9

P. mendocina pmen_0731 3’ cggattgcatccggge 93 3.12E-06 cccggattgecatceegg
ymp g

P. stutzeri  pst_1052 5 attagccgaaggcgta 4 0.0029 tggattagccgaaggce
A1501 gtaatccg

P. stutzeri  pst_1052 3’ aaacgacggaagcgcc 2 0.03 None

A1501

S. enterica  sspa4070 5 cgcttaccgggectac 18 7.57E-06 gccecggtggegetteg
serovar cttaccgggce
Paratyphi A

AKU 12601

S enterica  sspa4070 3’ gtaggccggataaggc 57 2.23E-07 aggccggataaggegt
serovar

Paratyphi A

AKU 12601

E coli K-12 vyafM 5 tgcctgatgegacget 77 2.26E-06 gcctgatgegacgetg
DHI10B gcgcgtcttatcatge
E. coli K-12 vyafM 3’ gtaggccggataaggce 106 2.26E-07 aggccggataaggcgt
DHI10B

P. aeruginosa pall54 5 gcgttattcgecctac 30 1.02E-06 gcgttattcge

PAOI1

P. aeruginosa pall54 3’ gcgttattcgeccctac 30 1.02E-06 gcgttattcge

PAOLI

P. aeruginosa pspa7_4226 5 gtagggcgaataacgc 7 3.15E-04 gcgaataacgce

PA7

P. aeruginosa pspa7_4226 3! gtagggcgaataacgc 7 3.15E-04 gcgaataacgc

PA7

P. aeruginosa pales_41671 5 gtagggcgaataacgc 26 8.11E-07 gcgaataacgce
LESB58

P. aeruginosa pales_41671 3’ gtagggcgaataacgc 26 8.11E-07 gcgaataacgc
LESB58

All homologues are flanked by at least one 16-mer that is unusually over-represented within the
respective genome of the bacterium. In all cases the 16-mer contains or is part of a palindrome or inverted
repeat. Letters in red denote complementary base pairs. * Denotes whether the 16-mer was found in the
extragenic space flanking the RAYT on the 5’ or 3’ side. " Proportion of different words that occur equally
or more often than the most abundant 16-mer from the non-coding DNA flanking the RAYT homologue.

Table A2.2. Details concerning the analysis of REP sequences in other bacterial
genomes. Please download table under:

http://www.plosgenetics.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1
002132.s014
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A3.1 Figures
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and end of sequence in SBW25.

sequences.

A3.2 Tables

A3 Appendix materials for chapter 6
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GG CAIG GIf C ESESTRTSISTAA TT G CAGGA C'GIl TTEMSFAIGA CAA TC CllllG CCGEETTGTGC CTGEM
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110
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CAGTGAT
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CAGHIGAT
CAGHGAT
CAGTGAT
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CGGGTTTA
CGGGTTTA
CGGGTTTA
CGGGTTTA
CHGGTTTA

GTHEGCCC
GTHGCCC
cTHGCCC
CEGACHCG
GTAGCCHG
CGGGTTTA - GTAGCCCG
CGGGTTTA GTAGCCCG
CGGGTTTAMGTA GCCCG
CGGGHGTHE GEGGCCCG
CGGGHGTE GEGGCCCG
CGGEITTTG AEEIGECCG
CGGGAMTG ENIA GCccC
CNGGEBTTG GTEGCCH
CGGGHTTG GTANCCC
CGGGEMTG GNARBCCC

A GESGAIG CCEGIC TA Gl C THE GITE CIEG T CANTIE G CAIA ANABIC GG TCGARBAIC G CAIGTG [EAIA ClliC
Figure A3.1. Alignment of R30 sequences found at the 5’ end of R178 repeats. Name shows start

Uncoloured nucleotides are conserved in more than 50% of the

Table A3.1. The entropy observed for each position in the nucleotide alignment of R178 (see Figure

6.2).

Alignment Position

Entropy

1
2
3

1.061278
1.410848
1.23266
0.309543
1.568318
0.309543
0.503258
0

0
0.991076
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21
2
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

0.503258

0.309543
0
0.764205
0.309543
0
0.944489
0.991076
0

0
0.991076
1.480682
0.991076
1.052941
0

0
0.803072
0.918296
0.309543
0.914183
0
0.309543
0.944489
0.918296
1.480682
0.991076
0.309543
0

0

0
0.309543
1.19946
1.19946
0.640206
1.263933
1.569445
1.448816
1.923795
1.573989
1.925127
1.530125
1.545152
1.384432
1.903968
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59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

101

102

103

104

105

106

1.677421
0.322757
0.309543
0

0

0
0.522559
1.299737
1.615805
1.052941
1.392147
0.614369
1.5
0.309543
0

0
0.764205
0
0.503258
0.309543
0.918296
0
0.503258
0.309543
0

0
0.852405
0

0

0
0.322757
0

0
0.614369
0.696212
1.198184
1.556657
1.974938
1.419737
0.834347
0.309543
0.503258
0.964079
1.500272
0
1.633731
1.233225
1.615805
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107
108
109
110
111

1.446648
0.543564
0.33729
0.33729
0.764205

Table A3.2. Binding sites of R178 B and C loop sequences (see Figure 6.1A).

Position
R178

of B loop sequence

Binds to
promoter of

Distance to  C loop Distance
start codon sequence to R178 5’
of end
associated

gene
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A4 Source code

A4.1 Generation of randomized genomes

//Write random genome with given dinucleotide sequence.
public static String generateSequence (HashMap<Character,HashMap<Character,Double>> hm,double GC,int length) {
StringBuffer seg=new StringBuffer();
seq.append (GC<Math.random() ?0.5<Math.random() ?'A':'T':0.5<Math.random()?'C':'G");
for (int i=1;i<length;i++) {
double rand=Math.random() ;
HashMap<Character, Double> temp=hm.get (seq.charAt (i-1));
double A=temp.get ('A')/temp.get('S');
double T=A+temp.get('T')/temp.get('S'");
double C=T+temp.get('C')/temp.get('S");
if (rand<a) {
seq.append ('A'");
}else if (rand<T)seq.append('T");
else if (rand<C)seqg.append('C");
else seqg.append('G');
}
return seq.toString();
}
//Read Dinucleotide sequence from a given genome.
private static HashMap<Character,HashMap<Character,Double>> readDinuc(File in) {
HashMap<Character, HashMap<Character, Double>> hm=new HashMap<Character, HashMap<Character,Double>>();
try{
BufferedReader br=new BufferedReader (new FileReader (in));
String line="";
ArrayList<Character> list=new ArraylList<Character>();
while((line=br.readLine()) !=null) {
String[] split=line.split("\\s+");
split[0]=split[0].toUpperCase() ;
char first=split[0].charAt(0);
char sec=split[0].charAt(1l);
double p=Double.parseDouble (split[1]);
if (hm.containsKey (first))hm.get (first) .put (sec, p);
else(
list.add(first);
HashMap<Character, Double> temp=new HashMap<Character, Double>();
temp.put (sec,p) ;
hm.put (first, temp) ;
}
}
br.close();
for (int i=0;i<list.size();i++) {
double sum=0;
for (int j=0;j<list.size();j++){
sum+=hm.get (list.get (1)) .get (list.get (j));
}
hm.get (list.get(i)) .put('S"',sum);
}

}catch (IOException e) {
e.printStackTrace () ;
}

return hm;

A4.2 Frequency determination of most abundant oligonucleotides

//Determine frequency of all short sequences (words) within a specific sequence (e.g. genome) .
private static void writeWords (int start,int wl,String genome,File out) {

HashMap<BitSet, Integer> wordsBitSet=new HashMap<BitSet, Integer>();

for (int i=start;i<=wl;i++) {
for (int j=0;j<genome.length ()-1-1i;j++) {
String key=genome.substring(j, j+i);
BitSet key2BitSet=new BitSet();
key2BitSet=DNAmanipulations.codeDNA (key.toUpperCase()) ;
if (key2BitSet==null) {
continue;
}
BitSet complement=DNAmanipulations.reverse (key2BitSet);
if (wordsBitSet.containsKey (key2BitSet) ) {
wordsBitSet.put (key2BitSet,wordsBitSet.get (key2BitSet)+1);
}else if ( wordsBitSet.containsKey (complement)) {
wordsBitSet.put (complement, wordsBitSet.get (complement)+1);
telse{
wordsBitSet.put (key2BitSet, 1) ;
}
}
write (wordsBitSet,out,1i);
wordsBitSet.clear();
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}

//Determine the most abundant short sequence as well as the average short sequence frequency.
private static void getStats(File in,File max,File avg) {

HashMap<Integer, Integer> Max=new HashMap<Integer, Integer>();

HashMap<Integer, Double> Avg=new HashMap<Integer, Double>();

HashMap<Integer,String> MaxWord=new HashMap<Integer, String>();

try{
BufferedReader br=new BufferedReader (new FileReader (in)) ;
String line ;
int sum=0;
int count=0;
int oldlength=0;
while ((line=br.readLine()) !=null) {
String[] split=line.split("\\s+");
String key=split[0];
int number=Integer.parselnt (split[1l]);

if (Max.containsKey (key.length())) {
if (Max.get (key.length())<number) {
Max.put (key.length (), number) ;
MaxWord.put (key.length(), key);
}
telse{
if (oldlength>0) {
Avg.put (oldlength, (sum*1.0)/count);
}

oldlength=key.length();
sum=0;
count=0;
Max.put (key.length (), number) ;
MaxWord.put (key.length (), key);
}
count++;
sum+=number;

}
if (oldlength>0) {
Avg.put (oldlength, (sum*1.0)/count);
}
}catch (IOException e) {
System.err.println(e.toString());
}
write (printHashWord (Max,MaxWord) ,max) ;
write (printHash (Avg),avg) ;

A4.3 Grouping of highly abundant oligonucleotides in SBW25

public static void main(String args([]) {

File genome=new File(args[0]);

File searchStringFile=new File(args[1l]);

String outputFolder=args[2];

int flanking=Integer.parselnt (args[3]);

HashMap<String, StringBuilder> genomeFasta=ReadFasta.readFasta (genome) ;

//readFile, needs input from SelectOverrepresentedWords.java

//pull out most abundant+flanking sequence

//concatenated the sequences separated by

//write everything in a file which doesnt match+frequency

//write everything in a file which does match+frequency

//iterate process

int i=0;

while (searchStringFile.length()>1) {
String word=getWord (searchStringFile) ;
System.out.println (word) ;
Iterator<Entry<String,StringBuilder>> it=genomeFasta.entrySet().iterator();
StringBuilder wordSequence=new StringBuilder();
while (it.hasNext ()) {

Entry<String, StringBuilder> e=it.next();
wordSequence.append (getSequences (word, e, flanking)) ;

}
searchStringFile=writeFiles (searchStringFile,wordSequence.toString(),outputFolder,1i);
i++;

}

private static File writeFiles(File searchStringFile,String wordSequence,String path,int group) {
File newSearchStringFile=new File (path+"/"+"GroupNotFound"+group+".out");
newSearchStringFile.deleteOnExit ();
try{
File found=new File (path+"/"+"Group"+group+".out");
BufferedReader br=new BufferedReader (new FileReader (searchStringFile));
BufferedWriter bwNotFound=new BufferedWriter (new FileWriter (newSearchStringFile));
HashMap<String, Integer> foundHash=new HashMap<String, Integer>();
String line="";
while((line=br.readLine()) !=null) {
String[] split=line.split ("\\s+");
String word=split[0];
String revWord=DNAmanipulations.reverse (word) ;
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int freg=Integer.parselnt (split[1l]);
if (wordSequence.contains (word) || wordSequence.contains (revWord) ) {
if (foundHash.containsKey (reviWord)) {
foundHash.put (reviord, foundHash.get (revWWord)+freq);
telse{
foundHash.put (word, freq);
}
telse{
bwNotFound.write (line+"\n") ;
}
}
bwNotFound.close () ;
Histogram.write (foundHash, found) ;
}catch (IOException e) {
System.err.println(e.toString());
}

return newSearchStringFile;

}

private static String getWord(File in) {

String word="";
try{
BufferedReader br=new BufferedReader (new FileReader (in));
String line="";
int max=0;
while ((line=br.readLine()) !=null) {

String[] split=line.split("\\s+");
int freg=Integer.parselnt (split[1l]);
if (max<freq) {
word=split[0];
max=freq;
}
}
}catch (IOException e) {
System.err.println(e.toString());
}

return word;

private static String getSequences (String word,Entry<String,StringBuilder> e,int flanking) {
StringBuilder sb=buildString(word,e, flanking, true);
sb.append (buildString (word, e, flanking, false));
return sb.toString();

}
private static StringBuilder buildString(String word,Entry<String,StringBuilder> e,int flanking,boolean reverse) {
int i=0;

StringBuilder result=new StringBuilder();
word=word. toUpperCase () ;

String
sequence=reverse?DNAmanipulations.reverse (e.getValue () .toString() .toUpperCase()) :e.getValue () .toString() .toUpperCase ()
while ( (i=sequence.indexOf (word, 1i))!=-1){

String value=sequence.length()>i+word.length()+flanking && i-flanking>0?sequence.substring(i-
flanking, i+word.length () +flanking) :sequence.substring (i, i+word.length());
result.append("|"+value);
i++;
}

return result;

A4.4 Extending REP sequence groups and identifying the frequency of

false positives

//Count the occurrences of a set of mutated sequences within the extragenic space of a genome as well as the shuffled
extragenic space of a genome.
public class MutatedSequenceOccurrences {

ArraylList<ArrayList<Integer>> statistics;
ArraylList<ArrayList<Integer>> exSpace;
private int maxMut;

private int number=0;

public static void main(String args[]) {
HashMap<String,StringBuilder> rf=ReadFasta.readFasta(new File(args[0]));
String genome=rf.values () .toArray(new StringBuilder[0]) [0].toString();
File artemis=new File (args[1l]);
int maxmutations=Integer.parselnt(args[2]);
File summary=new File (args[3]);
int maxsimulations=Integer.parselnt (args[4]);
File wordFasta=new File(args[5]);

try{
wordFasta.createNewFile();
summary.createNewFile () ;
}catch (IOException e) {
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System.err.println(e.toString());
System.exit (1) ;
}

int printMutations=Integer.parselnt(args[6]);

ArrayList<BitSet> words=new ArrayList<BitSet>();

int size=args[7].length();

for(int i=7;i<args.length;i++) {
if (args[i].length() !=size) {
System.err.println("Words have to have the same size!");
System.exit (1) ;
}
words.add (DNAmanipulations.codeDNA (args[i]));
}
size=words.get (0) .length();
System.out.println("Start...");
GenerateExtragenicSequences ge=new GenerateExtragenicSequences(genome,artemis);//Iqornhil

genome data (SBW25).

System.out.println ("Extragenic sequence generation done.");
GenerateMutatedSequences gm=new GenerateMutatedSequences (words,maxmutations) ;//Generate

mutated query sequences
System.out.println("Original data...");
ArrayList<String> seqgs=ge.getSequences();
MutatedSequenceOccurrences mso=new MutatedSequenceOccurrences (maxmutations); ) ;//Determine

occurrences of mutated query sequence in original genome (SBW25)
BitSetIndexHash bsih=new BitSetIndexHash (DNAmanipulations.toBitSet (segs),size,false);
mso.makeStatistics (bsih,size,gm);
mso.write (summary, false);
mso.writeWordsWithOccurrence (wordFasta,gm,bsih,printMutations,ge.getMap()) ;
System.out.println("Random data...");
SimulateExtragenicSequences ses=new SimulateExtragenicSequences(seqs);//E{aruiornize

extragenic space

mso=new MutatedSequenceOccurrences (maxmutations);

for (int i=0;i<maxsimulations;i++) {
ArrayList<String> randomSegs=ses.simulate();
bsih=new BitSetIndexHash (DNAmanipulations.toBitSet (randomSeqgs),size,false);
mso.makeStatistics (bsih,size,gm);

}

mso.write (summary, true);

}

public void writeWordsWithOccurrence (File out,GenerateMutatedSequences gm,BitSetIndexHash bsih,int
mut, HashMap<Integer, Integer> map) {

try{
BufferedWriter bw=new BufferedWriter (new FileWriter (out));

ArrayList<BitSet> words=gm.getList (mut) ;

for (int i=0;i<words.size ();i++) {
ArrayList<SequencePositions> sq;
if ((sg=bsih.getPos (words.get (i))) !=null) {
bw.write (">"+DNAmanipulations.decodeDNA (words.get (i))+sg.size()+"
Positions:");
for (int j=0;7j<sqg.size();j++)

bw.write (map.get (sq.get (j) .sequence)+sqg.get (j) .position+";");
bw.write ("\n"+DNAmanipulations.decodeDNA (words.get (i))+"\n");
}
}

bw.close();
}catch (IOException e) {
System.err.println(e.toString());

}

public MutatedSequenceOccurrences (int maxmutations) {
maxMut=maxmutations;
statistics=new ArraylList<ArraylList<Integer>>();
exSpace=new ArraylList<ArrayList<Integer>>();
for (int i=0;i<=maxMut;i++) {
statistics.add(new ArrayList<Integer>());
statistics.get (i) .add(0);
exSpace.add (new ArrayList<Integer>());
exSpace.get (i) .add(0);

}

public int getOccurrences (int mut) {
return statistics.get (mut) .get (0);
}

public int getOccupiedExSpaces (int mut

) 1
return exSpace.get (mut) .get (0)

;

}

public void makeStatistics (BitSetIndexHash bsih,int size,GenerateMutatedSequences gm) {
number++;
ArrayList<BitSet> newWords=gm.getList (0);
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System.out.println("Trial "+number);
for (int i=0;i<=maxMut;i++) {
System.out.println("\t"+i+" mutations. Number of sequences: "+newWords.size());
ArrayList<Integer> stats=checkOverLap (bsih.getPos (newWords), size);
//int occurrences=bsih.getNumber (newWords) ;
int occurrences=stats.get (0);
statistics.get (i) .add(occurrences) ;
statistics.get (i) .set(0,statistics.get (i) .get (0)+occurrences);
int spaces=stats.get(1l);
exSpace.get (i) .add (spaces) ;
exSpace.get (i) .set (0, exSpace.get (1) .get (0) +spaces) ;
if (i<maxMut) {
newWords=gm.getList (i+1);

}
}

private static ArrayList<Integer> checkOverLap (ArrayList<SequencePositions> pos,int size) {
)i

HashMap<Integer,ArrayList<Integer>> hm=new HashMap<Integer,ArrayList<Integer>>(
ArraylList<Integer> stats=new ArrayList<Integer>();
HashMap<Integer,Boolean> segHM=new HashMap<Integer,Boolean>();
int sum=0;
for (int i=0;i<pos.size();i++) {
int seg=pos.get (i) .sequence;
segHM.put (seq, true) ;
int posi=pos.get (i) .position;
if (hm.containsKey (seq)) {
hm.get (seq) .add ( posi);
telse{
ArraylList<Integer> al=new ArrayList<Integer>();
al.add(posi);
hm.put (seq, al);
}
}
Iterator<Entry<Integer,ArraylList<Integer>>> it=hm.entrySet().iterator();
while (it.hasNext ()) {
Entry<Integer,ArrayList<Integer>> e=it.next();
TreeMap<Integer,Boolean> tm=new TreeMap<Integer,Boolean>();
for (int i=0;i<e.getValue () .size();i++) {
tm.put (e.getValue () .get (i), true);

}
sum+=checkOverLap (tm, size) ;
}
stats.add (sum) ;
stats.add(seqHM.size());
return stats;

}

private static int checkOverLap (TreeMap<Integer,Boolean> tm,int size) {
Integer([] pos=tm.keySet().toArray(new Integer([0]);
int number=0;

for (int i=0;i<pos.length-1;i++) {

if (pos[i]+(size/2)<pos[i+1]) {
number++;
}
}
number++;
return number;

}

public ArrayList<Integer> getStatistics(int mutation) {
return statistics.get (mutation);

}

public void write(File Summary,boolean append) {
try{

BufferedWriter bw=new BufferedWriter (new FileWriter (Summary,append));

bw.write ("\tSummary\t");

for (int j=1;j<statistics.get (0).size();j++) {
bw.write ("Trial "+j+"\t");

}

bw.write ("\n");

for(int i=0;i<statistics.size();i++){
bw.write (i+" mutations:\t");
bw.write ((int) ((statistics.get (i).get (0)*1.0)/number)+"\t");
for (int j=1;j<statistics.get (i).size();j++){

bw.write(statistics.get (i) .get (j)+"\t");

}
bw.write ("\n");

}

bw.close();

}catch (IOException e) {
System.err.println(e.toString());
System.exit (1);

}

//Randomize extragenic space

public SimulateExtragenicSequences (ArrayList<String> original) {
calcParameters (original);

}

private void calcParameters (ArrayList<String> original) {
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ATGCProbs=new ArrayList<ArrayList<EntryExpanded<Double,Character>>>();
lengths=new ArrayList<Integer>();
for (int i=0;i<original.size();i++){

String seg=original.get(i);

lengths.add (seq.length());

ATGCProbs.add (convertToProbabilitySet (getATGCContent (seq))) ;

}

public ArrayList<String> simulate () {
ArrayList<String> simulation=new ArrayList<String>();
for (int j=0;7j<lengths.size();j++) {
int segLength=lengths.get (j);
simulation.add (shuffle (ATGCProbs.get (j), seqLength)) ;
}
return simulation;

}

private HashMap<Character,Double> getATGCContent (String sequence) {
HashMap<Character, Double> ATGC=new HashMap<Character, Double>();
sequence=sequence. toUpperCase () ;
double part=1.0/sequence.length();
for (int i=0;i<sequence.length();i++) {
Character c=sequence.charAt (i);
if (!ATGC.containsKey(c)) {
ATGC.put (c, part);
telse{
ATGC.put (c, ATGC.get (c)+part);

}
return ATGC;
}

private ArrayList<EntryExpanded<Double,Character>> convertToProbabilitySet (HashMap<Character, Double> ATGC) {

Iterator<Entry<Character,Double>> it=ATGC.entrySet () .iterator();
ArrayList<EntryExpanded<Double, Character>> BaseProbabilities=new
ArrayList<EntryExpanded<Double,Character>>();
double sum=0;
while (it.hasNext ()) {
Entry<Character,Double> e=it.next();
sum+=e.getValue () ;

EntryExpanded<Double, Character> ee=new EntryExpanded<Double, Character>(sum,e.getKey());

BaseProbabilities.add (ee) ;
}
return BaseProbabilities;

}

private String shuffle (ArrayList<EntryExpanded<Double,Character>> ATGC,int length) {
StringBuilder sequence=new StringBuilder();
for (int i=0;i<length;i++) {
double rand=Math.random() ;
int j=0;
while (rand>ATGC.get (j) .getKey () && J<ATGC.size()) {
I+t
}
sequence.append (ATGC.get (j) .getValue()) ;

}
return sequence.toString();

A4.5 Distribution simulation

//Random distribution simulation

public class RandomDistributionSimulation {
BitSet genomelnter;
BitSet genomelntra;
ArrayList<Integer> posList;

public RandomDistributionSimulation (BitSet sequence,int numberOfElements,int length,double percentIntra) {

genomelnter=(BitSet)sequence.clone();

genomelntra= (BitSet)sequence.clone();

posList=setElementsRandomly (numberOfElements, length,percentIntra) ;
}

public ArrayList<Integer> getPosList () {
return posList;

}

private ArrayList<Integer> setElementsRandomly (int nOE,int length,double percentIntra) {
ArrayList<Integer> posList=new ArraylList<Integer>();
int i=nOE;
Random r=new Random() ;
while (i>0) {

int genomePos=r.nextInt (genomeInter.size()-length);
boolean intra=r.nextDouble ()<=percentlIntra;
if (isFree (genomePos, length, intra)) {

posList.add (genomePos) ;

setOccupied (genomePos, length, intra) ;
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}

}
}

return posList;

private boolean isFree(int pos,int length,boolean intra) {
for (int i=pos;i<pos+length;i++) {
if (intra?!genomeIntra.get (i) :genomeInter.get (1)) {
return false;
}
}
return true;

}

private void setOccupied(int pos,int length,boolean intra) {
for (int i=pos;i<pos+length;i++) {

if (intra)genomeIntra.set (i, false);
else genomelnter.set (i, true);

}

public static ArrayList<Integer> createFreeSpaces (boolean genome[]) {
ArraylList<Integer> free=new ArrayList<Integer>();
for (int i=0;i<genome.length; i++) {
if (!genome[i]) {
free.add (i) ;
}
}

return free;

//Actual REP sequence distribution in SBW25

public class DistributionMutatedSequences {

public static void main(String args[]) {
File genome=new File(args[0]);
String fasta=ReadFasta.readFasta (genome) .values () .toArray(new StringBuilder[0]) [0].toString();
File artemis=new File(args[1l]);
ArrayList<BitSet> words=new ArrayList<BitSet>();
int mutations=Integer.parselnt(args[2]);
File out=new File (args[3]);
File enclosed=new File(args[4]);//directory in which the enclosed sequences are put out
File cluster=new File(args[5]);
File clusterSegs=new File(args[6]);
File doublets=new File(args[7]);
int maxDist=Integer.parselnt (args[8]);
int singletonSize=Integer.parselnt (args[9]);
int notMutl=Integer.parselnt (args([10]);
int notMut2=Integer.parselnt (args[1l1l]);
String centralMotif=args[12].toUpperCase () ;
for (int i=13;i<args.length;i++) {
words.add (DNAmanipulations.codeDNA (args[i]));
}
int size=words.get (0).length();
//for extragenic space only
GenerateExtragenicSequences ge=new GenerateExtragenicSequences (fasta,artemis);
BitSetIndexHash bsih=new

BitSetIndexHash (DNAmanipulations.toBitSet (ge.getSequences()),size,ge.getMap (), false);

ArraylList<String> fas=new ArrayList<String>();

fas.add(fasta);

HashMap<Integer, Integer> fakePosMap=new HashMap<Integer, Integer>();

fakePosMap.put (0, 0);

GenerateMutatedSequences gm=new GenerateMutatedSequences (words,mutations,notMutl,notMut2);
//Determine sequence positions of query sequences

ArrayList<Integer> seqPositions=subtractOverLaps (bsih.getPosMap (gm.getList (mutations)),size/2);
//Determine distance between query sequences

Integer[] distance=DistanceAndSorting.calcDistance (seqPositions.toArray(new Integer[0]));
//Calculate histogram of distances

Histogram<Integer> h=new Histogram<Integer>(distance);

h.write (out, "std");

//Determine frequency of different cluster sizes

HashMap<Integer,String>

clusterDescription=writeCluster (seqPositions,cluster,maxDist, fasta,clusterSeqgs,doublets,centralMotif);

ion);

writeEnclosedSequences (h.getHistogram(), seqPositions, fasta,enclosed,args[6].length(),maxDist,clusterDescript
writeSingletons (seqPositions,singletonSize,enclosed, 400, fasta,centralMotif,args[13].length());

writeSingletonsFromPairs (seqPositions,singletonSize,enclosed, 400, fasta,centralMotif,args[13].length(),18,22)

writeSingletonsFromPairs (seqPositions,singletonSize,enclosed, 400, fasta,centralMotif,args[13].length());

}

public static void writeSingletonsFromPairs (ArrayList<Integer> seqgpos,int size,File out,int dist,String

genome, String centMot,int wordSize) {

try{
BufferedWriter bwPair=new BufferedWriter (new

FileWriter (out+"/../singletonsFromPairs"+size+"bp.fas"));
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BufferedWriter bwCluster=new BufferedWriter (new
FileWriter (out+"/../singletonsFromCluster"+size+"bp.fas"));
BufferedWriter bwSingle=new BufferedWriter (new
FileWriter (out+"/../singletons"+size+"bp.fas"));
BufferedWriter bwAll=new BufferedWriter (new FileWriter (new
File (out+"/../singletonsAll"+size+"bp.fas")));
ArrayList<String> clusterSegs=new ArrayList<String>();
ArrayList<Integer> clusterPos=new ArrayList<Integer>();
for (int i=1;i<seqgpos.size();i++) {
int pos=segpos.get (i);
String seg=genome.substring(pos-size,pos+wordSize+size);

if (seq.toUpperCase () .contains (centMot))seg=DNAmanipulations.reverse (seq);
bwAll.write (">"+pos+"\n"+seqg+"\n");
if(i>1) {

if (segpos.get (i) -segpos.get (i-1)<=dist) {
clusterPos.add (pos) ;

clusterSegs.add(seq) ;
telse{
if (clusterPos.size ()==2) {
write (clusterPos,clusterSegs,bwPair);
}else if (clusterPos.size()>2){
write (clusterPos,clusterSeqgs,bwCluster);
Jelse{
write (clusterPos,clusterSeqgs,bwSingle) ;
}
clusterPos=new ArrayList<Integer>();
clusterSegs=new ArrayList<String>();
clusterPos.add (pos) ;
clusterSegs.add (seq) ;
}
telse{
clusterPos.add (pos) ;

clusterSeqgs.add (seq) ;
}
}
bwPair.close () ;
bwCluster.close();
bwSingle.close () ;
bwAll.close();
}catch (IOException e) {
e.printStackTrace () ;
}
}
public static void writeSingletonsFromPairs (ArrayList<Integer> seqpos,int size,File out,int dist,String
genome, String centMot,int wordSize,int minSize,int maxSize) {
try{
BufferedWriter bw=new BufferedWriter (new
FileWriter (out+"/../singletonsFrom "+minSize+" to_ "+maxSize+" "+sizet+"bp.fas"));
ArrayList<String> clusterSegs=new ArrayList<String>();
ArrayList<Integer> clusterPos=new ArrayList<Integer>();
for (int i=1;i<seqgpos.size();i++) {
int pos=segpos.get (i);
String seg=genome.substring (pos-size,pos+wordSize+size);
if (seq.toUpperCase () .contains (centMot))seg=DNAmanipulations.reverse (seq);
if (i>1){
if (seqgpos.get (i) -seqgpos.get (i-1)<=maxSize&&segpos.get (i) -
seqpos.get (i-1) >=minSize) {
clusterPos.add (pos) ;

clusterSeqgs.add(seq) ;

telse{
if (clusterPos.size()==2) {

write (clusterPos,clusterSegs,bw) ;

}
clusterPos=new ArrayList<Integer>();
clusterSegs=new ArrayList<String>();
clusterPos.add(pos) ;
clusterSegs.add(seq) ;

}

telse{
clusterPos.add (pos) ;

clusterSegs.add(seq) ;
}
}
bw.close();
}catch (IOException e) {
e.printStackTrace () ;
}
}
public static void write (ArrayList<Integer> pos,ArrayList<String> segs,BufferedWriter bw) {
try{
for (int i=0;i<segs.size();i++) {
bw.write (">"+pos.get (1) +"\n"+segs.get (i)+"\n");
}
}catch (IOException e) {
e.printStackTrace () ;
}
}

public static void writeSingletons (ArrayList<Integer> seqpos,int size,File out,int dist,String genome,String
centMot, int wordSize) {
try{
BufferedWriter bwFlank=new BufferedWriter (new
FileWriter (out+"/../singletonsFlank"+size+"bp.fas"));
for (int i=1;i<seqgpos.size()-1;i++) {
int pos=segpos.get (i);
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int prev=seqpos.get (i-1);

int after=segpos.get (i+l);

String segFlank enome.substring (pos-12-size,pos-size);

String segFlank3=genome.substring (pos+wordSize+size,pos+wordSize+size+12);

bwFlank.write (">flankS5prime_"+i+"_ "+pos+"\n"+seqgFlank5+"\n>flank3prime"+i+"_ "+pos+"\n"+segFlank3+"\n");
if (pos-prev>disté&safter-pos>dist) {
String seg=genome.substring(pos-size,pos+wordSize+size);
if (seq.toUpperCase () .contains (centMot)) {
seg=DNAmanipulations.reverse (seq) ;

}
}
bwFlank.close();
}catch (IOException e) {
e.printStackTrace () ;
}
}

//returns a list of cluster sizes, input for the class Histogram
public static Integer[] getCluster (Integer[] pos,int maxDist) {
ArrayList<Integer> clusters=new ArrayList<Integer>();
int c¢=0;
for (int i=0;i<pos.length;i++) {
=pos.length-1?maxDist+l:pos[i+l]-pos[i];

if (dist>maxDist) {

clusters.add(c);
c=0;

}
return clusters.toArray(new Integer[0]);
}

//writes cluster histogram (how many time a cluster of a certain size is observed)
//also returns a hash map that contains for each position a String like the following: c[cluster
number]_[cluster size] if the cluster is larger than 2
public static HashMap<Integer,String> writeCluster (ArrayList<Integer> pos,File cluster,int maxDist,String
genome, File sequences, File doublets,String centMot) {
HashMap<Integer, String> clusterDescription=new HashMap<Integer, String>();
try{
BufferedWriter bw=new BufferedWriter (new FileWriter (cluster));
BufferedWriter bwsegs=new BufferedWriter (new FileWriter (sequences));
BufferedWriter doubBw=new BufferedWriter (new FileWriter (doublets));
File artemisdoublets=new File(doublets+".tab");
ArrayList<Info> artDoublets=new ArrayList<Info>();
int c=0;
HashMap<Integer, Integer> clusterHash=new HashMap<Integer, Integer>();
ArrayList<Integer> clusterPositions=new ArrayList<Integer>();
int clusterNumber=0;
int direct=0;
int inverted=0;
int others=0;
int counter=0;
String centMotrev=DNAmanipulations.reverse (centMot) .toUpperCase();
System.out.println(pos.size());
for (int i=0;i<pos.size () ;i++) {
if (pos.get (i)>4253700&&pos.get (1)<4253800) {
System.out.println (c+"HHHHHHHHHHHHHHHHHHHHHH") ;
}

int dist=i==pos.size()-1?maxDist+l:pos.get (i+1l)-pos.get(i);
clusterPositions.add (pos.get (i));

cH+;

if (dist>maxDist) {

if (e>3){
for (int j=0;j<clusterPositions.size();j++){
String
seql=genome.substring(clusterPositions.get (j),clusterPositions.get (j)+16) .toUpperCase();
int distance=j>0?clusterPositions.get (j)-
clusterPositions.get (j-1) :clusterPositions.get (j);
System.out.println(seql+" "+distance);

}

System.out.println("___ = ");
}
if (c==2){
String
seql=genome.substring(clusterPositions.get (0),clusterPositions.get (0)+16) .toUpperCase() ;
String

seq2=genome.substring (clusterPositions.get (1),clusterPositions.get (1) +16) .toUpperCase();

if
((seqgl.contains (centMot) &&seq2.contains (centMot)) | | (segl.contains (centMotrev) &&seq2.contains (centMotrev))) {
direct++;
telse
if ((seql.contains (centMot) &&seqg2.contains (centMotrev)) | | (seql.contains (centMotrev) &&seq2.contains (centMot))) {
inverted++;
telse{
others++;
}
int

add= (seql.contains (centMotrev) &&seq2.contains (centMot) ) 28:0;
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doubBw.write (">doublet_"+clusterPositions.get (0)+"\n"+genome.substring(clusterPositions.get (0)~-
add, clusterPositions.get (1) +16+add)+"\n");

artDoublets.add (new Info(clusterPositions.get (0)-

add+1,clusterPositions.get (1) +16+add, "REPIN")) ;

}
if (e>3) {
counter++;
for (int j=0;j<clusterPositions.size()-1;j++) {
int start=clusterPositions.get (j);
int end=clusterPositions.get (j+1)+16;

bwsegs.write (">c"+c+"."+counter+" "+start+" "+end+"\n"+genome.substring(start,end)+"\n");

"c"+clusterNumber+"_ "+c);

}

}
if (c>2) {
clusterNumber++;
for (int j=0;j<clusterPositions.size();Jj++) {
clusterDescription.put (clusterPositions.get (j),

//System.out.println(clusterPositions.get (j)+"

"+genome.substring (clusterPositions.get (j),clusterPositions.get (j)+16)+"\t"+c);

}

System.out
System.out

}
}

if (clusterHash.containsKey(c)) {

clusterHash.put (c, clusterHash.get (c)+1);
telse{

clusterHash.put(c,1);
}
c=0;
clusterPositions=new ArrayList<Integer>();
WriteArtemis.write (artDoublets, artemisdoublets);

.println("Direct: "+direct+"\nInverted: "+inverted+"\nOthers: "+others);
.println("Clusters larger than three:"+counter);

bw.write (Histogram.write (clusterHash, 1));

bw.close ()

bwsegs.close () ;
doubBw.close () ;

}catch (IOException e
System.err
}

) 4
.println(e.toString());

return clusterDescription;

}

public static ArraylList<Intege

r> subtractOverlaps (ArrayList<Integer> pos,int size) {

SortPositions sa=new SortPositions(pos);

ArraylList<Integer> t

emp=sa.getList ()

ArraylList<Integer> positions=new ArrayList<Integer>();
for (int i=0;i<temp.size()-1;i++) {

if (temp.get (i) +size<temp.get (i+1)) {
)

}
}

positions.add(temp.get (i));

if (temp.size () >0)positions.add(temp.get (temp.size()-1));

return positions;

A4.6 Singlet decay

public class PairwiseAlignmentWithoutReplacement {
ArrayList<Integer> list=new ArrayList<Integer>();
public static void main(String args[]) {
PairwiseAlignmentWithoutReplacement pwawr=new PairwiseAlignmentWithoutReplacement () ;
File folder=new File(args[0]);
int repetitions=Integer.parselnt(args([l]);

File[] files=folder.

try(

listFiles();

BufferedWriter bwResults=new BufferedWriter (new FileWriter (new

File (folder+"/resultsWithoutReplacement.

txt")));

bwResults.write ("Average\tStdev\tStderr\tmax\tmin\n");
for (int k=0;k<files.length; k++) {

if (!files[k].getAbsolutePath () .endsWith("fas"))continue;
System.out.println(files[k]);

ArraylList<Fasta> fasl=Fasta.readFasta(files[k]);
ArrayList<Double> pw=new ArrayList<Double>();

double min=Integer.MAX VALUE;

double max=Integer.MIN VALUE;

BufferedWriter bw=new BufferedWriter (new FileWriter (files[k]+".out"));
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for (int i=

pwIdent=NeedlemanWunsch.getPairwiseIdentity (seql.getSequence () .toUpperCase(),

rev=DNAmanipulations.reverse (seql.getSequence());

pwIdent2=NeedlemanWunsch.getPairwiseIdentity (rev.toUpperCase (),

}

0;i<repetitions;i++) {

double sum=0;

int j=0;

pwawr.fillList (fasl.size());

while (pwawr.getSize () >1) {
JH+;

int randl=(int) (Math.random() *pwawr.getSize());

Fasta segl=fasl.get (pwawr.getItem(randl));

int rand2=(int) (Math.random() *pwawr.getSize());

Fasta seg2=fasl.get (pwawr.getItem(rand2));
double

String

double

sum+=Math.max (pwIdent,pwIdent2) ;
}

double avg=sum/j;
bw.write (avg+"\r\n");
pw.add (avg) ;

if (min>avg)min=avg;
if (max<avg)max=avg;

bw.close();

Stats stats=new Stats (pw);

bwResults
bwResults
bwResults
bwResults

.write(files[k].getName ()+"\t"+stats.getAverage());
.write ("\t"+stats.getStandardDeviation());
.write("\t"+stats.getStandardError());

.write ("\t"+min) ;

seqg2.getSequence () . toUpperCase () ) ;

seq2.getSequence () . toUpperCase()) ;

bwResults.write ("\t"+max+"\n") ;

}
bwResults.close();
}catch (IOException e) {
e.printStackTrace () ;
System.exit (-1);
}
}
private int getItem(int index) {
int item=list.get (index) ;
list.remove (index) ;
return item;
}
private void fillList (int number) {
list=new ArrayList<Integer>();
for (int i=0;i<number;i++) {
list.add(i);
}
}
private int getSize() {
return list.size();

}

A4.7 Testing for excision of REP singlets

//given a fasta file and a solexa sequence file, population sequencing reads that contain both flanking sequences at a

distance of less than what is expected are returned

//reads that were returned were manually tested for excision to verify the event

public class FindExcissions {
public static void main(String args[]) {
File in=new File(args[0]);

ArrayList<Fasta> words=Fasta.readFasta(new File(args[1l]));

File out=new File(args[2]);

int distance=Integer.parselnt (args[3]);

Fasta.write (getSequencesFastQ(in,
}

words,distance) ,out) ;

public static ArrayList<Fasta> getSequencesOnelineFasta(File in,ArraylList<Fasta> words) {
ArrayList<Fasta> segs=new ArrayList<Fasta>();

try{
BufferedRead: br=new BufferedReader (new FileReader (in));
String line=
int i=0;
String ident
while ((line=br.readLine()) !=null) {
1f(i%100000==0) System.out.println(i+" lines read and checked.");

if (line.startsWith (">")) {
ident=1line.substring(1l);

telse {

line=line.toUpperCase();

for (int j=0;j<words.size();j+=2

) {
String wordl=words.get (j) .getSequence () ;
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String word2=words.get (j+1) .getSequence () ;
String reversel=DNAmanipulations.reverse (wordl) ;
String reverse2=DNAmanipulations.reverse (word2);
if ((line.contains (wordl.toUpperCase())
&&line.contains (word2.toUpperCase())) || (line.contains (reversel.toUpperCase ()) &&line.contains (reverse2.toUpperCase()))

{

System.out.println("Found one:");
System.out.println(">"+ident+"\n"+line);
System.out.println("Found with:");

System.out.println(words.get (j)+"\n"+words.get (j+1));
segs.add (new Fasta(ident,line));
break;

}

br.close();
}catch (IOException e) {
e.printStackTrace () ;

}

return seqgs;

}

public static ArraylList<Fasta> getSequencesFastQ(File in,ArrayList<Fasta> words, int dist) {
ArraylList<Fasta> segs=new ArrayList<Fasta>();

try{

BufferedReader br=new BufferedReader (new FileReader (in));
String line="";
int i=0;
String ident="";
while((line=br.readLine()) !=null) {

if (i%4==0) {

ident=line.substring(1l);
telse if (i%4==1) ({

line=line.toUpperCase () ;

for (int j=0;j<words.size();j+=2) {
String wordl=words.get (j) .getSequence () ;
String word2=words.get (j+1) .getSequence () ;

if (contains (line,wordl,word2,dist)) {
System.out.println ("Found one:");
System.out.println(">"+ident+"\n"+1line) ;
System.out.println("Found with:");

System.out.println(words.get (j)+"\n"+words.get (j+1));
segs.add (new Fasta(ident,line));
break;

}
i++;

}

br.close();
}catch (IOException e) {
e.printStackTrace () ;

}

return segs;

}

public static boolean contains(String line,String wordl,String word2,int dist) {
String reversel=DNAmanipulations.reverse (wordl);
String reverse2=DNAmanipulations.reverse (word2);

if (dist ==-1){
return (line.contains (wordl.toUpperCase())
&&line.contains (word2.toUpperCase())) || (line.contains (reversel.toUpperCase()) &&line.contains (reverse2.toUpperCase()));
lelse{
if (line.contains (wordl.toUpperCase()) &&line.contains (word2.toUpperCase())) {
return dist>=Math.abs (line.indexOf (wordl.toUpperCase ())-
line.indexOf (word2.toUpperCase())) ;
}else if(line.contains (reversel.toUpperCase())&&line.contains (reverse2.toUpperCase())) {
return dist>=Math.abs (line.indexOf (reversel.toUpperCase()) -
line.indexOf (reverse2.toUpperCase()));

}else return false;

}

A4.8 REP sequence selection in other genomes

//this program computes the p-Value and word occurrence of all sequences in a fasta file that are of a specified
length (atm 16bp)
//it uses the program GetFrequencyBelowPvalue.java for calculating the pValue

//as input are required: folder for word frequency files

//a fasta file where the first word in the description has to be the same as the filename before the extension in the
wordFrequency folder
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//words that are longer than 20bp are chopped into 16bp long words and are subsequently analysed

public class PValueWords {

public static void main(String args[]) {
File fasta=new File(args[0]);
File wordFregs=new File(args[1l]);
int wordlength=Integer.parselnt (args[2]);
File out=new File(args[3]);
//HashMap<BitSet, Integer> Occurrences=null;
ArrayList<String> ids=new ArrayList<String>();
ArrayList<String> words=new ArrayList<String>();
readFasta (fasta, ids,words,wordlength) ;
GetFrequencyBelowPvalue gp = null;

File frequencyE=new File ("

try(

}
}

public static void readFasta(File fas,ArrayList<String> ids,ArrayList<String> words,int wl) {

tryf
BufferedReader br = new BufferedReader (new FileReader (fas));
String line="";
String id: ;
BufferediWriter bw=new BufferedWriter (new FileWriter (new
File ("/home/frederic/auckland/fastaSeqgs/palindromesMorethan20bp.fas")));

}
}

)i

BufferedWriter bw=new BufferedWriter (new FileWriter (out));

for (int i=

}

0;i<ids.size();i++) {

File frequency=new File (wordFregs+"/"+ids.get (i) .split ("\\s+") [0]+".out");

if (gp==null || !frequency.equals (frequencyE)) {
//Occurrences=null;

gp=new GetFrequencyBelowPvalue (frequency,wordlength) ;
//Occurrences=readMap (frequency,wordlength) ;

}
int occ=gp.getFreq(words.get (i));

double pValue=gp.getpValue (occ, words.get (i) .length());

bw.write (ids.get (i)+"\t"+words.get (1) +"\t"+occ+"\t"+pValue+"\n") ;
System.out.println(ids.get (i) +"\t"+words.get (i) +"\t"+occ+"\t"+pValue) ;

frequencyE=frequency;

bw.close();
}catch (IOException e) {
e.printStackTrace () ;

while ((line=br.readLine()) !=null) {

}

if (line.startsWith(">")) {
id=line.substring(1);
telse {
line=line.replace ("\n' ;
line=line.replace("\z","");
if (line.length ()==wl) {
ids.add(id);
words.add (line);

telse{

bw.write (">"+id+"\n"+line+"\n") ;
chopWord (line, id, ids, words, wl) ;

}

bw.close();
}catch (IOException e) {
e.printStackTrace () ;

public static void chopWord(String word,String id,ArrayList<String> ids,ArraylList<String> words,int wl) {
for (int i=1;i<=word.length()-wl-1;i++) {

ids.add (id+"."+1i) ;

words.add (word.substring (i-1,i+wl-1));

//System.out.println(word.substring (i-1,i+15)+" "+word);

}

public static int getOccurrences (HashMap<BitSet, Integer> Occ,String word) {
BitSet code=DNAmanipulations.codeDNA (word) ;
BitSet rev=DNAmanipulations.reverse (code);
if (Occ.containsKey (code)) {

}

return Occ.get (code
}else if (Occ.containsKey (rev)

)i
)

return Occ.get (rev);
}else return 0;

public static HashMap<BitSet, Integer> readMap (File in,int wl) {
HashMap<BitSet, Integer> hm=new HashMap<BitSet, Integer>();

try(

BufferedReader br=new BufferedReader (new FileReader (in));
String line="";
while ((line=br.readLine()) !=null) {

}

String[] split=line.split ("\\s+");

if (split[0].length() !=wl)continue;

BitSet coded=DNAmanipulations.codeDNA (split[0]);
hm.put (coded, Integer.parselnt (split[1]));

}catch (IOException e) {
e.printStackTrace () ;

}

return hm;
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A4.9 BLAST search

//given a blast database, a folder containing associated gbk, fna and word frequency (.wfr) files, a file with query
protein sequences the program
//and e-Value, program returns the AA and Nuc sequence of genes that overlap with blast hits, it also returns the
flanking sequences and the associated most abundant
//n-mer
//wordFrequency files are created if not present
public class GetRelatedAASeqNucSeqg5PAnd3PFlankSeq {
public static void main(String args([]) {

File InputFolder=new File(args[0]);

File OutputFolder=new File(args[1l]);

String eValue=args[2];

File query=new File(args[3]);

File[] genomes=InputFolder.listFiles();

ArrayList<Info> info=new ArrayList<Info>();

for (int i=0;i<genomes.length;i++) {

if (genomes[i] .getAbsolutePath () .endsWith(".£fna")) {
info.addAll (blastQuery (genomes[i], query,OutputFolder, eValue)) ;
}

}

ArrayList<String> eValues=geteValues (OutputFolder) ;

writeAANuc (info, InputFolder, OQutputFolder, eValues) ;

}

public static ArrayList<String> geteValues (File out) {
ArrayList<String> temp=new ArrayList<String>();
File[] files=out.listFiles();
for (int i=0;i<files.length;i++) {
if (files[i] .getName () .contains ("OutputFolder")) {
String split[]=files[i].getName ().split("_");
temp.add (split[1]);
}
}
return temp;
}

public static void writeAANuc (ArraylList<Info> intervals,File InFolder,File OutFolder,ArrayList<String>

eValues) {
HashMap<String,Boolean> hm=new HashMap<String,Boolean>();
//initialize
for (int i=0;i<eValues.size();i++) {
File AA=new File (OutFolder+"/OutputFolder "+eValues.get (i)+"/AA.faa");
File Nuc=new File (OutFolder+"/OutputFolder "+eValues.get (i)+"/Nuc.fna");
File FiveFlank=new File (OutFolder+"/OutputFolder "+eValues.get (i)+"/FiveFlank.fna");
File ThreeFlank=new File(OutFolder+"/OutputFolder_"+eValues.qet(i)+"/ThreeFlank.fna");
AA.delete();
Nuc.delete () ;
FiveFlank.delete();
ThreeFlank.delete();
}
try{
int number=0;
ReadGenbank rgb=null;
String oldFileID="";
for(int i=0;i<intervals.size();i++){
String split[]=intervals.get (i).info.split ("\\][\\.");
String id=split[3];
double eValue=Double.parseDouble (intervals.get (i) .info.split ("--=-")[1]);
String fileID=InFolder+"/"+id;
//File wfr=new File(fileID+".wfr");
// if (lwfr.exists()) {
// PrintWordFrequencyBothStrands.main (new String[]{fileID+".fna"
wl+"", wl+"" ,fileID+".wfr"});
// }

if (rgb==null||!oldFileID.equals (filelID)) rgb=new ReadGenbank (new
File (fileID+".gbk"));
oldFileID=fileID;
//System.out.println(intervals.get (i) .getStart ()+"
"+intervals.get (i) .getEnd());
ArrayList<Info> genes=new ArrayList<Info>();
InfoTree it=rgb.getInfoTree ("CDS");
it.search(intervals.get (i), genes);
if (genes.size () >1)genes=filterGenes (intervals.get (i), genes);
if (genes.size ()==1) {
Info pre=it.predecessor (genes.get (0));
Info suc=it.successor (genes.get (0));
String genome=Fasta.readFasta (new
File(fileID+".fna")) .get (0) .getSequence();
Info flank5=pre!=null?new
Info (pre.getEnd(),genes.get (0) .getStart(),"flank5 "+genes.get (0).info) :new
Info(0,genes.get (0) .getStart (), "flank5 "+genes.get (0) .info);
Info flank3=suc!=null?new
Info(genes.get (0) .getEnd(),suc.getStart(),"flank3_"+genes.get (0).info) :new
Info (genes.get (0) .getEnd(),genome.length(),"flank3 "+genes.get (0) .info) ;
int start=genes.get (0).getStart()-1;
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int end=genes.get (0) .getEnd () ;
String hmID=id+"_"+start+"_"+end;
if ('hm.containsKey (hmID)) {
number++;
hm.put (hmID, true);

String nucSeg=genome.substring(start,end);
if (genes.get (0) .info.contains ("complement")) {
nucSeg=DNAmanipulations.reverse (nucSeq) ;

int temp=start;
start=end;
end=temp;
}
int fS5start=flank5.getStart();
int f5end=flank5.getEnd();
int f3start=flank3.getStart();
int f3end=flank3.getEnd();

String
f5seg=f5start<f5end?genome.substring (f5start, f5end) :"";

String
f3seg=f3start<f3end?genome.substring(flank3.getStart (), flank3.getEnd()):"";

String

AASeg=DNAmanipulations.translate (nucSeq, DNAmanipulations.code());

for (int j=0;j<eValues.size();Jj++) {

if (eValue<=Double.parseDouble (eValues.get (j))) {

File AA=new
File (OutFolder+"/OutputFolder "+eValues.get (j)+"/AA.faa");

File Nuc=new
File (OutFolder+"/OutputFolder "+eValues.get(j)+"/Nuc.fna");

File FiveFlank=new
File (OutFolder+"/OutputFolder "+eValues.get (j)+"/FiveFlank.fna");

File ThreeFlank=new
File (OutFolder+"/OutputFolder "+eValues.get (j)+"/ThreeFlank.fna");

BufferedWriter bwNuc=new

BufferedWriter (new FileWriter (Nuc, true));

BufferedWriter bwAA=new

BufferedWriter (new FileWriter (AA,true));

BufferedWriter bw5SF=new BufferedWriter

(new FileWriter (FiveFlank, true));

BufferedWriter bw3F=new

BufferedWriter (new FileWriter (ThreeFlank,true));
bwNuc.write (">"+number+" "+id+" "+start+" "+end+"_ "+genes.get (0) .info+"\n"+nucSeg+"\n");
bwAA.write (">"+number+" "+id+"_ "+start+" "+end+"_ "+genes.get (0) .info+"\n"+AASeq+"\n");
bwSF.write (">"+number+" "+id+"_ "+flank5.getStart ()+"_"+flank5.getEnd()+"\n"+f5seq+"\n");
bw3F.write(">"+number+"_"+id+"_"+flank3.qetstart()+"_"+flank3.getEnd()+"\n"+f35eq+"\n");
bwNuc.close () ;
bwAA.close () ;

bw5F.close () ;
bw3F.close() ;

telse{
if (genes.size () ==0) {

System.err.println(id+" "+intervals.get (i).getStart()+"

"+intervals.get (i) .getEnd()+": Zero overlapping genes found...possibly a pseudogene?");
telse{

System.err.println(id+" "+intervals.get (i).getStart()+"

"t+intervals.get (i) .getEnd()+": Too many ("+ genes.size()+") genes found.");
}
}

}

}catch (IOException e) {
e.printStackTrace () ;
}
}
public static ArrayList<Info> filterGenes(Info interval,ArrayList<Info> genes) {
ArrayList<Info> temp=new ArrayList<Info>();
int max=0;
Info maxInfo=new Info(0,0,"");
for (int i=0;i<genes.size();i++) {
int o=getOverlap (genes.get (i), interval);
if (max<o) {
max=o;
maxInfo=genes.get (1) ;
}
}
temp.add (maxInfo) ;
//System.out.println (maxInfo);
return temp;

}

public static int getOverlap (Info gene,Info interval) {
int start=0;
int end=0;
int intervalStart=Math.min(interval.getStart(),interval.getEnd());
int intervalEnd=Math.max (interval.getStart(),interval.getEnd());
//System.out.println ("START: "+gene+"\n"+interval);
if (intervalStart>gene.getStart()) {
start=intervalStart;
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lelse{
start=gene.getStart();
}
if (intervalEnd<gene.getEnd()) {
end=intervalEnd;
telse{
end=gene.getEnd () ;
}

return end-start;

}

public static ArrayList<Info> blastQuery(File db, File query,File outFolder,String e) {
File out=new File (outFolder+"/temp.txt");
ArrayList<Info> blastIntervals=new ArrayList<Info>();
//out.deleteOnExit () ;
PerformBlast.blast ("tblastn", Double.parseDouble(e), out, query, db, true,false,true);
ReadBlast rb=new ReadBlast (out);
for (int i=0;i<rb.getDatabase () .size();i++) {
int start=rb.getStartDB().get (i);
int end=rb.getEndDB() .get (i);
int temp=start;
start=start<end?start:end;
end=end>start?end: temp;
blastIntervals.add(new Info(start,end,rb.getDatabase().get (i)+"---
"+rb.getEvalue () .get (i)));
}

return blastIntervals;

A4.10 Identifying duplications

public static void checkIdentity(HashMap<String,ArrayList<Fasta>> chr,File out,File matrix,double threshold) {
try{
BufferedWriter bw=new BufferedWriter (new FileWriter (out));
Iterator<Entry<String, ArrayList<Fasta>>> it=chr.entrySet().iterator();
while (it.hasNext ()) {
Entry<String,ArrayList<Fasta>> e=it.next();
ArraylList<Fasta> genes=e.getValue () ;
for (int i=0;i<genes.size();i++) {
//System.out.println(genes.get (i) .getIdent());
for (int j=i+1l;j<genes.size();j++) {
//System.out.println (" "+genes.get (j) .getIdent()) ;

NeedlemanWunsch nw=new
NeedlemanWunsch (genes.get (i) .getSequence (), genes.get (j).getSequence (), NeedlemanWunsch.readSimilarityMatrix (matrix),
6, 1);

//System.out.println (nw.getAlignments());

double pw=nw.getPairwiseIdentity();

//System.out.println (pw) ;

if (pw>threshold)bw.write (genes.get (i)+" "+genes.get (j)+"
"ipwtT\n") ;

}
}
bw.close();
}catch (IOException e) {
e.printStackTrace () ;
}
}

public static HashMap<String,ArrayList<Fasta>> sortChromosomes (ArrayList<Fasta> segs) {

HashMap<String,ArrayList<Fasta>> chr=new HashMap<String, ArrayList<Fasta>>(
for(int i=0;i<segs.size () ;i++) {

String id=seqgs.get (i) .getIdent();

String[] split=id.split("\\_");

String chromo=split[1]+"_"+split[2];

if (chr.containsKey (chromo)) {

chr.get (chromo) .add (segs.get (1)) ;

telse{
ArraylList<Fasta> temp=new ArraylList<Fasta>();
temp.add (segs.get (i));
chr.put (chromo, temp);
}
}

return chr;

A4.11 Taxonomy information

public class TaxonomicTree {
public static void main(String args[]) {
File taxInfoFolder=new File(args[0]);
File taxonomy=new File(args[l]);
String rank=args[2];
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File name=new File(args[3]);
HashMap<String,String> taxTree=read (taxonomy, 1) ;
HashMap<String, String> level=read (taxonomy,2);
HashMap<String, String> namehash=readName (name, 1) ;
File[] folders=taxInfoFolder.listFiles();
for (int i=0;i<folders.length;i++) {
if (folders[i] .isDirectory()) {
File in=new File(folders[i]+"/geneInfo.txt");
if (in.exists()) {
File out=new File (folders[i]+"/"+rank+".txt");
HashMap<String,String> tax=readTaxInfo (in);
//System.out.println(in);
writeRank (taxTree, level, rank, tax, namehash, out) ;

}

public static void writeRank (HashMap<String, String> tree,HashMap<String,String> level,String
rank, HashMap<String, String> taxNCBI,HashMap<String,String> name,File out) {
try{
BufferedWriter bw=new BufferedWriter (new FileWriter (out));
Iterator<Entry<String,String>> it = taxNCBI.entrySet().iterator();
while (it.hasNext ()) {
Entry<String, String> e=it.next();
String current=e.getKey () ;
String old:
//System.out.println (name.get (current)) ;
//System.out.println(current);
while (!level.get (current) .equals (rank) &&!current.equals(old)) {
old=current;
current=tree.get (current);
if (rank.equals ("class") &&level.get (current) .equals ("phylum")) {
break;

}

//System.out.println(current);
}

bw.write (e.getKey () +"\t"+current+"\t"+name.get (current)+"\t"+e.getValue () +"\n");
//System.out.println(name.get (current));
}
bw.close();
}catch (IOException e) {
e.printStackTrace () ;
}
}
public static HashMap<String, String> readName (File in,int 1) {
HashMap<String,String> taxTree=new HashMap<String, String>();
try{
BufferedReader br=new BufferedReader (new FileReader (in));
String line="";
while ((line=br.readLine()) !=null) {
String[] split=line.split ("\\|");

if(split[3].trim() .equals ("scientific name"))taxTree.put (split[0].trim(),
split[i].trim());

}

br.close();
}catch (IOException e) {
e.printStackTrace () ;
}
return taxTree;
}
public static HashMap<String,String> read(File in,int 1) ({
HashMap<String,String> taxTree=new HashMap<String, String>();
try{
BufferedReader br=new BufferedReader (new FileReader (in));
String line="";
while ((line=br.readLine()) !=null) {
String[] split=line.split ("\\|");

if (!taxTree.containsKey (split[0].trim()))taxTree.put (split[0].trim(),
split[i].trim());

}

br.close();
}catch (IOException e) {
e.printStackTrace () ;
}

return taxTree;

public static HashMap<String,String> readTaxInfo (File tax) {
HashMap<String,String> taxes=new HashMap<String, String>();
try{
BufferedReader br=new BufferedReader (new FileReader (tax));
String line="";
while ((line=br.readLine()) !=null) {
String[] split=line.split("\t");
taxes.put (split[1],split[0]);
}
br.close();
}catch (IOException e) {
e.printStackTrace () ;
}

return taxes;
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Frequency determination of flanking l6-mers
public static String getMaxWordAndFreq(String sequence,HashMap<BitSet,Integer> wf,int length) {
int max=0;
String maxWord="";
for (int i=0;i<sequence.length()-length;i++) {
BitSet word=DNAmanipulations.codeDNA (sequence.substring (i, i+length) .toUpperCase());
if (word==null)continue;
int freqg=0;
String wordTxt=DNAmanipulations.decodeDNA (word) ;
if (wf.containsKey (word)) {
freg=wf.get (word) ;
}else if (wf.containsKey (DNAmanipulations.reverse (word))) {
freg=wf.get (DNAmanipulations.reverse (word)) ;

telse{
System.err.println (wordTxt+" not found in word frequency file!");
}
if (freg>max) {
max=freq;
maxWord=wordTxt;
}
}

return maxWord+" "+max;

A4.12 Calculating the significance of differences for genomic distribution

characteristics

//n (length of distribution) members of a given distribution are randomly chosen and the mean of these n members is
calculated

//this procedure is repeated <rep> (100,000) times

//returns what proportion (P-value) of the <rep> (100,000) repetitions exceed the average of a distribution that is to
be compared

public static double produceAndCompare (ArrayList<Double> original,int rep,double average) {
int exceed=0;
for (int i=0;i<rep;i++) {
double sum=0;
for (int j=0;j<original.size();j++){
int rand=(int) (Math.random()*original.size());
sum+=original.get (rand) ;
}
if ((sum/original.size ())>average) {
exceed++;
}
}
return (exceed*1.0)/rep;

A4.13 Calculating the pairwise identity for amino acid sequences and its

significance

public class PairwiseAlign {
public static void main(String args[]) {

File fl=new File(args[0]);

File matrix=new File(args[1l]);

double GapOpen=Double.parseDouble (args[2]) ;

double GapC=Double.parseDouble (args[3]);

ArraylList<Fasta> fasl=Fasta.readFasta (fl);

ArrayList<Double> pw=new ArrayList<Double>();

HashMap<Character, HashMap<Character, Integer>> subMat=NeedlemanWunsch.readSimilarityMatrix (matrix);

for (int i=0;i<fasl.size();i++) {

for (int j=i+1l;j<fasl.size();j++){
String seqgl=fasl.get (i) .getSequence () .toUpperCase();
String seg2=fasl.get (j) .getSequence () .toUpperCase () ;
NeedlemanWunsch nw=new NeedlemanWunsch (seql,seq2, subMat,GapOpen, GapC) ;
double pwl=nw.getPairwiseIdentity();
nw=new
NeedlemanWunsch (DNAmanipulations.reverse (seql) .toUpperCase (), seq2, subMat, GapOpen, GapC) ;
double pw2=nw.getPairwiseIdentity();
System.out.println (pwl+" "+pw2);
double identity=Math.max (pwl,pw2) ;
pw.add (identity);
System.out.println (identity) ;
System.out.println (nw.getAlignments()) ;
}
}
Stats stats=new Stats (pw);

System.out.println("Average: "+stats.getAverage());
System.out.println("Standard deviation: "+stats.getStandardDeviation());
System.out.println("Standard error: "+stats.getStandardError());
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A4.14 Calculating phylogenetic clusters

public class BuildProteinRelationGraph {
public static void main(String args[]) {
double threshold=Double.parseDouble (args[0]);
File matrix=new File(args[l]);
ArraylList<File> segFiles=new ArrayList<File>();
File out=new File(args[2]);
for(int i=3;i<args.length;i++) {
seqFiles.add (new File(args[i]));

}

ArraylList<Fasta> segs=createFasta (seqFiles);
calculateAndWriteIdentity (segs,out,NeedlemanWunsch.readSimilarityMatrix (matrix), 10,1, threshold);

}

private static void writeYEDNodesSimple (HashMap<String,HashMap<String,Double>> graph,BufferedWriter

bw,double threshold,String[] nodes) {

try{
int num=0;

for (int i=0;i<nodes.length;i++) {

//if (connectTest (minConnect,e.getKey()) &&

interactionTest (minInteraction,e.getKey()))

}

bw.write ("node\n[id "+nodes[i].split ("\\s+") [0]+"\nlabel
\"Segment "+nodes[i].split ("\\s+") [1]+"\"\ngraphics\n[\nx "+0+"\ny "+0+"\nw "+(10)+"\nh 10\n]\n]\n");

num++;

}catch (IOException e) {
e.printStackTrace () ;

}
}

public static void writeYEDGraphSimple (HashMap<String, HashMap<String,Double>> graph,File out,double

threshold, String nodes[]) {
tryf

BufferedWriter bw=new BufferedWriter (new FileWriter (out));
Creator \"FredeGraph\"\ngraph\n[\nhierarchic 0\nlabel \"\"\ndirected

bw.write ("
0\n") ;

writeYEDNodesSimple (graph,bw, threshold, nodes) ;

Iterator<Entry<String,HashMap<String,

while (it.hasNext ()) {

}
bw.write ("
bw.close ()
}catch (IOException e
e.printSta
}
}
public static void calculateAn
out, HashMap<Character, HashMap<Character,
HashMap<St
HashMap<String,Double>> () ;
HashMap<St
for (int i=

gapOpen, gapCont) ;

Entry<String, HashMap<String, Double>> e=it.next();

String i=e.getKey();

HashMap<String, Double> hm2=e.getValue () ;
Iterator<Entry<String,Double>> it2=hm2.entrySet().iterator();

while (it2.hasNext()) {
Entry<String,Double> e2=it2.next();
String j=e2.getKey();

String nodel=i;

String node2=j;

if ((graph.get (nodel) .get (node2) >=threshold ))
{

Double>>> it=graph.entrySet () .iterator();

bw.write ("edge\n[\nsource "+i.split ("\\s+") [0]+"\ntarget
"+j.split ("\\s+") [0]+"\ngraphics\n[\nwidth "+graph.get (i) .get (j)+"\n]J\n]l\n");

}
}

1"
)

ckTrace () ;

dWriteIdentity (ArrayList<Fasta> segs,File
Integer>> subMat,double gapOpen,double gapCont,double t) {
ring,HashMap<String, Double>> graph=new HashMap<String,

ring,Boolean> nodesHM=new HashMap<String, Boolean>();
0;i<segs.size();i++) {

String idl=i+" "+segs.get (i).getIdent ().split ("\\s+")[0];
String seqgl=segs.get (i) .getSequence();
nodesHM.put (idl, true );

System.out.println("Sequence "+i+" of "+seqgs.size());

for (int j=i+1;j<seqgs.size();j++) {

String id2=j+" "+segs.get (j).getIdent () .split ("\\s+") [0];

String seqg2=segs.get (j) .getSequence () ;
//System.out.println (id1+" "+id2);

NeedlemanWunsch nw=new NeedlemanWunsch (seql, seq2,subMat ,

double pwi=nw.getPairwiseIdentity();
nodesHM.put (id2, true);
if (pwi>t) {

insert (idl,id2, pwi, graph) ;
}

210



Appendices

}
}
String[] nodes=nodesHM.keySet () .toArray(new String[0]);
writeYEDGraphSimple (graph, out, t,nodes);
writeGraph (graph,new File (out+".dat"));

}
private static void writeGraph (HashMap<String,HashMap<String,Double>> graph,File out) {
try{
BufferedWriter bw=new BufferedWriter (new FileWriter (out));
Iterator<Entry<String,HashMap<String,Double>>> it=graph.entrySet().iterator();
while (it.hasNext ()) {
Entry<String, HashMap<String,Double>> el=it.next();
Iterator<Entry<String,Double>> it2=el.getValue() .entrySet().iterator();
while (it2.hasNext ()) {
Entry<String, Double> e2=it2.next();
bw.write (el.getKey () +"\t"+e2.getKey () +"\t"+e2.getValue ()+"\n");
}
}
bw.close () ;
}catch (IOException e) {
e.printStackTrace () ;
}
}
public static void insert (String idl,String id2,double value,HashMap<String,HashMap<String,Double>> graph) {
if (graph.containsKey (idl)) {
graph.get (idl) .put (id2, value);
}else if (graph.containsKey (id2)) {
graph.get (id2) .put (idl, value);
telse{
HashMap<String,Double> temp=new HashMap<String, Double>();
temp.put (id2, value);
graph.put (idl, temp) ;

}

public static ArrayList<Fasta> createFasta (ArrayList<File> seqgFiles) {

ArraylList<Fasta> segs=new ArraylList<Fasta>();

for (int i=0;i<seqFiles.size () ;i++){
ArrayList<Fasta> seqtemp=Fasta.readFasta(seqFiles.get (i));
for (int j=0;j<seqtemp.size();j++) {

segs.add (new
Fasta (i+"_"+seqgtemp.get (j) .getIdent (), seqgtemp.get (j) .getSequence()));

}

}

return seqgs;

A4.15 Pairwise identities for R200 sequences

public class PairwiseAlignmentWRAlign {
ArrayList<Integer> list=new ArraylList<Integer>();
public static void main(String args([]) {
PairwiseAlignmentWRAlign pwawr=new PairwiseAlignmentWRAlign();
File folder=new File(args[0]);
int repetitions=Integer.parselnt (args([1l]);
File matrix=new File(args[2]);
double GapOpen=Double.parseDouble (args[3]);
double GapC=Double.parseDouble (args[4]);
File[] files=folder.listFiles();
try{
BufferedWriter bwResults=new BufferedWriter (new FileWriter (new
File (folder+"/resultsWithoutReplacement.txt")));
bwResults.write ("Average\tStdev\tStderr\tmax\tmin\n");
ArrayList<Double> average=new ArrayList<Double>();
ArrayList<Double> unexplained=new ArrayList<Double>();
ArrayList<Integer> ni=new ArraylList<Integer>();
for (int k=0;k<files.length;k++) {

if (!files[k] .getAbsolutePath () .endsWith("fas")&&!files[k].getAbsolutePath().endsWith("fasta"))continue;

System.out.println(files[k]);
HashMap<String, HashMap<String, Double>>

pwi=getPWI (files[k],matrix,GapOpen, GapC) ;
ArraylList<Fasta> fasl=Fasta.readFasta(files[k]);
ArrayList<Double> pw=new ArrayList<Double>();
double min=Integer.MAX VALUE;
double max=Integer.MIN VALUE;

BufferedWriter bw=new BufferedWriter (new FileWriter (files[k]+".out"));

for (int i=0;i<repetitions;i++) {

double sum=0;

int j=0;

pwawr.fillList (fasl.size());

while (pwawr.getSize ()>1) {
jt++;
int randl=(int) (Math.random() *pwawr.getSize());
Fasta segl=fasl.get (pwawr.getItem(randl));

int rand2=(int) (Math.random() *pwawr.getSize());
Fasta seg2=fasl.get (pwawr.getItem(rand2));

211



Appendices

double
pwIdent=pwi.get (seql.getIdent()) .get (seq2.getIdent());

sum+=pwIdent;

}

double avg=sum/j;
bw.write (avg+"\zr\n");
pw.add (avg) ;
if (min>avg)min=avg;
if (max<avg)max=avg;

}

bw.close () ;

Stats stats=new Stats(pw);

average.add (stats.getAverage());

unexplained.add (stats.unexplaineVar()) ;

ni.add(fasl.size()* (fasl.size()+1)/2);

bwResults.write (files[k].getName () +"\t"+stats.getAverage());
bwResults.write ("\t"+stats.getStandardDeviation()) ;
bwResults.write ("\t"+stats.getStandardError());
bwResults.write ("\t"+min) ;

bwResults.write ("\t"+max) ;

bwResults.write ("\t"+stats.unexplaineVar ()+"\n");

}
bwResults.close();
}catch (IOException e) {
e.printStackTrace () ;
System.exit (-1);
}
}
private int getItem(int index) {
int item=list.get (index);
list.remove (index) ;
return item;
}
private void fillList (int number) {
list=new ArrayList<Integer>();
for (int i=0;i<number;i++) {
list.add(i);
}
}
private int getSize () {
return list.size();
}
public static HashMap<String,HashMap<String,Double>> getPWI (File in,File matrix,double GapOpen,double GapC) {
HashMap<String, HashMap<String, Double>> pwi=new HashMap<String, HashMap<String,Double>>();
ArraylList<Fasta> fas=Fasta.readFasta(in);
HashMap<Character, HashMap<Character, Integer>> submat=NeedlemanWunsch.readSimilarityMatrix (matrix);
for(int i=0;i<fas.size();i++){
for (int j=i+1;j<fas.size();j++) {
String seqgl=fas.get (i) .getSequence () .toUpperCase () ;
String seg2=fas.get (j) .getSequence () .toUpperCase () ;
NeedlemanWunsch nw=new NeedlemanWunsch (seql, seq2, submat,GapOpen, GapC) ;
double pwl=nw.getPairwiseIdentity();
nw=new
NeedlemanWunsch (DNAmanipulations.reverse (seql) .toUpperCase () ,seq2, submat, GapOpen, GapC) ;
double pw2=nw.getPairwiseIdentity();
System.out.println (pwl+" "+pw2);
double identity=Math.max (pwl,pw2);
if (!pwi.containsKey (fas.get (i) .getIdent())) {
HashMap<String, Double> templ=new HashMap<String, Double>();
templ.put (fas.get (j) .getIdent (),identity );
pwi.put (fas.get (i) .getIdent (), templ);

telse{
pwi.get (fas.get (i) .getIdent()) .put (fas.get (j).getIdent(),identity );
}
if (!pwi.containsKey (fas.get (j) .getIdent())) {
HashMap<String,Double> templ=new HashMap<String, Double>();
templ.put (fas.get (i) .getIdent(),identity );
pwi.put (fas.get (j) .getIdent (), templ);
telse{

pwi.get (fas.get (j).getIdent()) .put(fas.get (i).getIdent(),identity );

}
}

return pwi;
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Abstract

Repetitive sequences are a conserved feature of many bacterial genomes. While first reported almost thirty years ago, and
frequently exploited for genotyping purposes, little is known about their origin, maintenance, or processes affecting the
dynamics of within-genome evolution. Here, beginning with analysis of the diversity and abundance of short
oligonucleotide sequences in the genome of Pseudomonas fluorescens SBW25, we show that over-represented short
sequences define three distinct groups (Gl, Gll, and Glll) of repetitive extragenic palindromic (REP) sequences. Patterns of
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represented, randomly distributed in extragenic space, and more highly conserved than singlets. In addition, doublets are
organized as inverted repeats, which together with intervening spacer sequences are predicted to form hairpin structures in
ssDNA or mRNA. We refer to these newly defined entities as REPINs (REP doublets forming hairpins) and identify short reads
from population sequencing that reveal putative transposition intermediates. The proximal relationship between Gl, GlI, and
GllIl REPINs and specific REP-associated tyrosine transposases (RAYTs), combined with features of the putative transposition
intermediate, suggests a mechanism for within-genome dissemination. Analysis of the distribution of REPs in a range of
RAYT-containing bacterial genomes, including Escherichia coli K-12 and Nostoc punctiforme, show that REPINs are a widely
distributed, but hitherto unrecognized, family of miniature non-autonomous mobile DNA.
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Introduction

Short repetitive sequences are a feature of most genomes and
have consequences for genome function and evolution [1,2]. Often
attributable to the proliferation of selfish elements [3,4], short
repeats also arise from amplification processes, such as replication
slippage [5] and via selection on genome architecture [6-8].

Repetitive DNA in bacterial genomes is less prominent than in
eukaryotes, nonetheless, an over abundance of short oligomers is a
hallmark of almost every microbial genome [9]. Known
generically as interspersed repetitive sequences, these elements
have a history of exploitation as signatures of genetic diversity (e.g.,
[10-12]), but their evolution, maintenance and mechanism of
within- and between-genome dissemination are poorly understood
[9,13-16].

Interspersed repetitive sequences fall into several broad groups
cach sharing short length (individual units range from ~20 to
~130 bp), extragenic placement, and palindromic structure
[9,17]. REPs (repetitive extragenic palindromic sequences) — also
known as PUs (palindromic units) — range from ~20 to ~60 bp in
length, possess an imperfect palindromic core, are widespread
among bacteria, and occur hundreds of times per genome [13,18—
23]. While often existing as singlets, REPs also form a range of
complex higher order structures termed BIMEs (bacterial
interspersed mosaic elements) [14]. CRISPRs (clustered regularly
interspaced short palindromic repeats) are a further, higher order
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composite of REP-like sequences that are formed from direct
repeats of short (~30 bp) palindromic sequences interspersed by
similar size unique non-repeated DNA ([24]; reviewed in [25]).
Recent work shows that the unique sequences are often phage
derived and that CRISPRs, along with associated proteins, confer
resistance to phage by targeting viral DNA [25,26].

Non-autonomous DNA transposons form a more distinct family
of repetitive sequences defined by their size (~100 to ~400 bp)
and presence of terminal inverted repeats. Also known generically
as MITEs (miniature inverted repeat transposable elements), non-
autonomous transposons depend on transposase activity encoded
by co-existing autonomous transposons for dissemination [4].
Identified initially in plants [27], where evidence of active
transposition has been obtained [28], recent bioinformatic
analyses suggest that they also occur in bacteria [29,30]. For
example, ERICs (enterobacterial repetitive intergenic consensus) —
found in a range of enteric bacteria including FEscherichia colr,
Salmonella and Yersinia [31] — and NEMISs (Neisseria miniature
insertion sequences) in pathogenic neisseriae [32] are thought to
be non-autonomous transposons (MITEs).

Scenarios for the origins and functional significance of non-
autonomous elements, and to a lesser extent CRISPRs, can be
envisaged, but this is not so for the majority of short interspersed
repetitive sequences. Nonetheless, studies of specific elements in
particular genetic contexts have uncovered evidence of functional
roles ranging from transcription termination and control of
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Author Summary

DNA sequences that copy themselves throughout ge-
nomes, and make no specific contribution to reproductive
success, are by definition “selfish.” Such DNA is a feature of
the genomes of all organisms and evident by virtue of its
repetitive nature. In bacteria the predominant repetitive
sequences are short (~20 bp), extragenic, and palindrom-
ic. These so-called REP sequences may occur many
hundreds of times per genome, but their origins and
means of dissemination have been a longstanding
mystery. We show that REPs are components of higher-
order replicative entities termed REPINs, which are
themselves thought to be derived from REP sequences
that flanked an ancestral autonomous selfish element. In
this ancestral state the REP sequences were likely to have
been critical for the movement of the selfish element, but
were devoid of any capacity to replicate independently.
REPINs, on the other hand, have evolved to have a life of
their own, albeit one that exploits—even enslaves—a
genetic element upon which their existence depends.
REPINs are the ultimate non-autonomous, super-stream-
lined, selfish element and are widespread among bacteria.

mRNA stability, to binding sites for DNA polymerase I (reviewed
in [9]). However, the fact that the distribution and abundance of
elements show substantial among-strain diversity [16,22] suggests
that the range of functional roles is incidental, arising from, for
example, co-option or genetic accommodation [31].

Differences in the distribution and abundance of repetitive
elements among closely related strains carries additional signifi-
cance in that it suggests that the evolution of these elements is
independent of the core genome. This is particularly apparent
from comparisons of closely related strains. For example,
Pseudomonas fluorescens isolates SBW25 and Pf0-1 are closely related
and yet highly dissimilar in terms of the nature, abundance and
distribution of interspersed repetitive elements [22], even, as we
show here, at the level of REPs. While this may reflect unequal
rates of element loss, an alternative possibility is independent
acquisition. Implicit in this suggestion is the notion that repetitive
elements are genetic parasites [13,31,33].

The idea that REPs are selfish elements is not new [13,31,33];
however, there is little evidence — either direct or indirect — to
support such an assertion. Indeed, the small size of REPs makes a
mechanism for autonomous replication difficult to envision,
however, the recent discovery of a proximal association between
REPs and IS200-like elements, termed RAYTs (REP-associated
tyrosine transposases) [23], raises interesting possibilities and
suggests shared ancestry between RAYTs and certain REP
families.

Evolutionary approaches to the analysis of sequence motifs can
be highly informative [34]. While there is a ready tendency to
assume that motifs recognized by search algorithms have
functional significance, this need not be so. Neutral evolutionary
processes alone (nothing more than random chance) ensure that
short sequences will occur multiple times within any given
genome. Thus, before concluding functional significance, it is
necessary to test the null hypothesis of chance. Should this
hypothesis be rejected, then the conclusion that over-abundance of
short sequences is attributable — at least in part — to natural
selection is sound. Moreover, evidence for selection justifies the
assumption of functional significance. A key issue, however, is the
level of biological organization at which functionality has been
selected. There are two distinct possibilities: short repeats may
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have evolved because of selective benefits conferred on the cell, but
alternatively, they may deliver benefits at the level of the gene —
more specifically, at the level of a genetic element, of which the
repeat sequence is a component. Distinguishing between these two
alternatives is possible, although not necessarily straightforward.
Indeed, whereas on initial emergence, selection is likely to operate
exclusively at one level, over time, it is likely to shift to encompass
multiple levels [4,16].

Here, we take a fresh and unbiased look at bacterial genome
sequences in order to analyze the frequency and nature of short
sequence repeats. Our approach is informed by evolutionary
theory and begins free of assumptions regarding functional
significance. Accordingly, the null hypothesis that short sequence
repeats are no more frequent than expected by chance is the initial
focus. We begin by interrogating the P. fluorescens SBW25 genome.
Using suitable null models we show that over-abundant oligomers
— which cannot be accounted for by chance alone — fall into three
separate groups, each with characteristics typical of REPs. Highly
significant differences in patterns of REP abundance and diversity
between SBW25 and a second closely related P. fluorescens strain
led us to question the hypothesis that the causes of REP diversity
are linked to cellular function. This prompted a search for a
replicative unit, which, based on patterns of REP distribution, we
argue is a REP doublet. We refer to these entities as REPINs (REP
doublets forming hairpins) and provide evidence from population
sequencing for the existence of a putative transposition interme-
diate. Finally, extension to a range of RAYT-containing bacterial
genomes including . coli K-12 and Nostoc punctiforme indicate that
REP sequences, organized as REPINs, define a class of hitherto
unrecognized miniature non-autonomous mobile DNA.

Results

Oligonucleotide frequencies in P. fluorescens SBW25 and
comparison to null models

Defining repetitive DNA on the basis of short sequences ranging
from 10-20 nucleotides is simple and can be done logically
without invoking heuristics and approximations (for longer
sequences exact repetitions are rare). Figure 1 shows that the P.
Sluorescens SBW25 genome harbors numerous repetitive sequences:
the most common 10-mer occurs 832 times; the most common 20-
mer occurs 427 times. While these numbers appear significant, it is
possible that they are no more than expected by random chance.
To test this hypothesis, 100 random genomes were generated, with
the same dinucleotide content, replication bias and length, as the
SBW25 genome. The frequency of the most abundant oligonu-
cleotides was determined from both leading and lagging strands.
Figure 1 shows that the most abundant 10-mer from the randomly
generated genomes occurs 304 times. For longer sequence lengths
this number rapidly decreases (four instances in the case of 20-
mers): the number of repeats expected by chance alone is thus
much lower than observed. In total, there are 108 different 10-
mers and 14,351 different 20-mers that occur significantly more
often in the P. fluorescens genome than the most abundant
oligonucleotides from randomly generated genomes (P<<0.01,
Figure S1). While compelling evidence for the existence of over-
representation of short sequences, gene duplications could in part
account for these findings [35]. We therefore sought an alternative
null model.

P. fluorescens P10-1, one of the closest relatives of SBW25, shares
the same GC-content and has a highly similar dinucleotide content
(Table S1); coding density differs by 1.7% and the genome length
differs by 4% (6,722,539 bp for SBW25 and 6,438,405 bp for
PfO-1, [22]). The close similarity means that any bias in the
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Figure 1. Frequency of common oligonucleotides in the
genome of P. fluorescens SBW25. Data shows comparisons to both
a random model, and to the closely related P. fluorescens Pf0-1 genome.
The random model is based on 100 genomes generated with the same
dinucleotide content, replication bias and length as the SBW25
genome. P. fluorescens PfO-1 shares the same GC-content as SBW25
and has a highly similar dinucleotide content (Table S1); coding density
differs by 1.7% and the genome length differs by 4%.
doi:10.1371/journal.pgen.1002132.g001

representation of short sequences due to duplicative evolutionary
processes, or other selective mechanisms, should be similar in both
genomes.

As in SBW25, over-represented short sequences in Pf0-1 are
more frequent than expected by chance (Figure 1), however, a
considerable difference in short sequence frequency is apparent.
The difference between SBW25 and Pf0-1 is greatest at a sequence
length of 16, where the most abundant sequence in SBW25 occurs
618 times — over 11 times more frequently than the most abundant
16-mer in PfO-1 (Figure S2). On the basis of comparisons to both
the random null model and the Pf0-1 genome we deemed all
SBW25 16-mers occurring more than 55 times (the frequency of
the most abundant 16-mer in Pf0-1) to be over-represented. This
led us to reject the null hypothesis that chance alone explains the
occurrence of short repetitive sequences in the SBW25 genome.
Accordingly, we attribute over-representation of oligonucleotides
to selective processes.

Short repetitive sequences in P. fluorescens SBW25 are
synonymous with REPs

The collection of over-represented 16-mers together encom-
passes 96 different sequences; however, a cursory glance suggested
that many share similarity. Using a grouping method designed to
detect overlapping subsets of sequences (Methods and Figure S3),
the 96 sequences were found to be members of just three separate
sequence groups (GI, GII and GIII (Figure S4)), each containing
an imperfect palindrome (the palindrome overlaps the most
abundant 16-mer in GI and GII, but is part of the most abundant
16-mer in GIII (Table 1)). The most abundant 16-mers of each
group together occur 1,067 times. The majority of these sequences
are extragenic; only 14 16-mers overlap with genes. Together
these data show that the three groups of 16-mers are over-
represented in the SBW25 genome, contain an imperfect
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palindromic core and are primarily extragenic. Possessing the
hallmarks of repetitive extragenic palindromic (REP) sequences,
we conclude that the three groups of 16-mers are, for all intents
and purposes, synonymous with REPs.

Determining REP sequence family size

In order to accommodate the possibility of related family
members, we generated a pool of sequences that differed to GI,
GII and GIII sequences by up to four bases. This generated
488,373 different 16-mers of which 1,861 were located in
extragenic space. To define the proportion of false positives the
search was repeated by interrogating randomly generated
extragenic space (with the same dinucleotide content and length
of each individual extragenic space) for matches to the 488,373
different 16-mers. This showed that 12% of all sequences with up
to four substitutions are false positives (sequences unrelated to GI,
GII or GIII). Repeating the analysis with the subset of sequences,
which differ firstly by three and subsequently, two substitutions
showed that 2% and 0.2% of matches are false positive,
respectively. For two substitutions the false positive rate is low
enough to conclude that the described repetitive sequence families
consist of at least 1,422 members (Table 2). The precise number of
members belonging to each of the GI, GII and GIII groups cannot
be determined because with a degeneracy of two, some sequences
fall into more than one group.

The distribution of REP sequences in the genome of
SBW25

The selective causes for the prevalence of GI, GII and GIII
sequences in the SBW25 genome are of considerable interest.
Although implicit in many studies is the notion that REP-like
sequences have evolved because of their selective benefit to the cell
(as transcription binding sites, termination signals and the like
[20,36,37]), it is also possible that selection has favored their
evolution as a consequence of benefits delivered to a genetic
(parasitic) element, of which the repeat sequence is a component.
The highly significant differences in the frequency, nature and
genomic location of short repetitive sequences in SBW25,
compared to Pf0-1 make a compelling case for the latter.

If the prevalence of GI, GII and GIII sequences is a
consequence of gene-level selection, then this implies the existence
of a replicative entity — a genetic element that has the capacity to
reproduce within the genome. The distribution of REP sequences
is likely to provide some information. One way to quantify the
distribution is to measure distances between neighboring REP
sequences and compare these to distances between REPs
generated by a null (random) model. If individual REPs are
randomly distributed then this would suggest the individual REP

Table 1. Short repetitive sequence groups in the SBW25

genome.
Group® Sequence® Occurrences Palindromic core®

| GTGGGAGGGGGCTTGC 618 GGGGGCTTGCCCCC
Il GTGAGCGGGCTTGCCC 241 GCGGGCTTGCCCCGC
] GAGGGAGCTTGCTCCC 208 GGGAGCTTGCTCCC

#16-mers were sorted into three groups (G, Gll and Glll) using a grouping
algorithm (Figure S3 and Figure S4).

bSequence of the most common 16-mer from each group.

“Each GI, GIl and GlIl sequence either contains, or overlaps, an imperfect
palindrome (the palindromic core).
doi:10.1371/journal.pgen.1002132.t001
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Table 2. Frequency of Gl, GlI, and Glll 16-mers in the extragenic space of the SBW25 genome.

Number of occurrences

Number of 16-mers Extragenic space

Randomly assembled extrangenic space®

0 substitutions 1053
(3 sequences)

1 substitution 1249
(147 sequences)

2 substitutions 1422
(3,387 sequences)

3 substitutions 1560
(48,707 sequences)

4 substitutions 1861
(488,373 sequences)

<0.01

0.13%0.33

224141

31.18%5.18

264.74+15.87

assembled extragenic space (see text).

doi:10.1371/journal.pgen.1002132.t002

as replicative unit. If the distance between adjacent REPs is non-
random, then this may suggest the evolving entity is some higher
order arrangement of REPs.

To construct the null model, 1,053 (the number of invariant GI,
GII and GIII sequences in extragenic space) non-overlapping
16 bp segments were positioned at random within the extragenic
space of the SBW25 genome. This process was repeated 10,000
times and the average occurrence of the distance between
neighboring elements calculated. Equivalent data for the 1,053
over-represented REPs is shown in Figure 2. A comparison
between the two histograms reveals marked differences in the
distributions of distances between next-neighbors. Most striking is
the strong bias toward specific inter-element distances. This
marked skew shows that REPs are not independently distributed
and is suggestive of an underlying copying mechanism involving at
least two REP sequences. Of note is the fact that doublets typically
comprise pairs of identical GI, GII or GIII sequences and are
rarely mixed (although some exceptions are discussed below)
(Figure 2).

The replicative unit

To explore the possibility that the replicative unit is an entity
comprised of two REP elements (a REP doublet) we determined
the number of singlets, doublets, triplets and higher order
arrangements of REPs (REP clusters) by examining the 400 bp
flanking either side of each REP for the presence of REP
sequences (Figure S5). Once again, the results of this analysis were
compared to the null (random) model used above.

According to the random model, 58% of all REP sequences are
expected to occur as singlets, whereas data from SBW25 shows
that just 18% are singlets. In contrast, 61% of all REPs are
organized as doublets, which is significantly greater than the 17%
expected by chance (Table 3). Interestingly, REP triplets are rarer
than expected, whereas several higher order arrangements of
REPs, including two sets of twelve (see below), are more frequent
than expected (Table 3).

The highly significant over-representation of REP doublets
suggests that the doublet defines an appropriate replicative unit. If
true, then the distribution of doublets across extragenic space
should be unaffected by neighboring REP elements and should
thus conform approximately to a null (random) model.

@ PLoS Genetics | www.plosgenetics.org

?In order to identify closely related members of each Gl, Gll and Glll sequence family extragenic space was searched for all possible sequences that differed by up to four
substitutions. The number in brackets is the number of variant sequences: e.g., with no substitutions there are just the three sequences (Table 1); allowing one
substitution there are 147 different sequences, and so forth. The number found in extragenic space was compared to a null (random) model based on randomly

PData are means and standard deviation from 100 independent extragenic space randomizations.

To test this hypothesis, random distributions of REP doublets
over extragenic space were compared to actual REP clusters found
in SBW25 (Table 4). However, because the distance between
REPs (in the doublet conformation) varies (Figure 2), two random
models were generated based on the two most common inter-REP
spacings: 71 bp (a doublet of GI REPs) and 110 bp (a doublet of
GII REPs). Simulations were based on the random assignment of
560 REP doublets (corresponding to the sum of REP clusters (of
two or more) in Table 3) to extragenic space and were repeated
10,000 times. Although the two segments differ significantly in
size, simulations for each family gave remarkably similar results
(Table 4). Together these data show that the observed number
resembles that predicted if the doublets are randomly distributed.

A further prediction concerns evolutionary processes affecting
doublets vs. singlets. If REP doublets are the replicative unit, then
singlets are likely to derive from doublets, either by decay
(divergence) of the neighboring element, or by destruction of the
doublet through insertion or deletion. In either case the REP
singlet is expected to be non-functional (immobile) and thus
subject to random genetic drift. REP doublets on the other hand
being (according to our hypothesis) functional and potentially
mobile — are expected to be shaped by selection: genetic diversity
of REP singlets should thus be greater than doublets. To test this
hypothesis we extracted GI, GII and GIII sequences from the
SBW25 genome plus all related sequences that varied by up to two
positions. Since only two nucleotide differences distinguish GII
and GIII sequences from a GI sequence, GII and GIII sequences
were defined by two fixed (invariant) positions (GII: 2T, 6C; GIII:
6A, 13T). After extraction, sequences from each group were
divided into a set of 16-mers obtained from singlets, a set of 16-
mers from doublets and a set of 16-mers obtained from clusters
(where a cluster contains three or more REPs). For all nine
sequence groups (three from each GI, GII and GIII group) the
pairwise identity was calculated (Figure 3, see Methods for details).
The average pairwise identity of 16-mers obtained from REP
doublets is significantly greater than the average pairwise identity
of 16-mers obtained from REP singlets: this is true for comparisons
within each of the REP groups (P<le-10 for GI; P<<le-8 for GII
and GIII).

Analysis of the organization of REP doublets shows that in the
majority of cases, pairs of REPs (93% of all 430 REP doublets) — of
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doi:10.1371/journal.pgen.1002132.g002

genome.

Table 3. Frequency of REP clusters within the SBW25

Cluster Size Number of occurrences P-Value
Expected (random

Observed® model)® =c =d
1 267 832+22.24 1 0
2 431 181.4*x11.12 0 1
3 26 443%6.1 0.9998 0.0009
4 12 13.1£3.42 0.6658 0.4537
5 1 4.38+£1.96 0.9893 0.0615
6 6 1.67*+1.03 0.0070 0.9989
7 5 0.66+0.65 0.0007 0.9999
8 5 0.31£0.46 0 1
9 3 0.14+0.35 0.0006 1
10 0 0.07£0.25 1 0.9364
11 0 0.04+0.18 1 0.9658
12 2 0.02+0.14 0 1
Sum 1422 1421.76

Data are the number of REPs occurring as clusters (from singlets to clusters of
12) in extragenic space compared to expectations from a null model based on

the random assignment of 1,422 16-mers (to extragenic space) (see text).

“Observed occurrences from the SBW25 genome.

PExpected values (means and standard deviation) based on 10,000 simulations.
“The proportion of times the observed frequency was less than or equal to the
expected value.

%The proportion of times the observed frequency was greater than or equal to
the expected value.

doi:10.1371/journal.pgen.1002132.t003
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cither the GI, GII, or GIII types — are organized as two inverted
REP sequences that overlap the most abundant 16-mer (Figure 4A
and 4B). While the spacer region between REPs shows less
conservation than evident in the REPs themselves, secondary
structure predictions for ssDINA shows that the conserved bases on
each side pair resulting in a hairpin (Figure 4E). Thus, while
selection appears to favor highly conserved nucleotide arrange-
ments for REP and adjacent sequences, the critical features of the
intervening sequence would appear to be length, and capacity to
form a hairpin. Indeed, compensatory changes on either side of
the predicted hairpin are common (Figure 4A).

Finally, if our assertion that the doublet defines a replicative
entity is correct, then evidence of movement could in principle
come from population sequencing. To this end we interrogated
55,768,706 paired-end Illumina reads (36-76 bp long) obtained
from sequencing DNA extracted from 5x10e9 SBW25 cells, for
evidence of insertion and excision events. A total of 18 putative
sertions were detected, however, the possibility of false positives
could not be discounted. A similar search for excision events
proved more profitable: three single reads were identified which
mapped to three different locations on the genome, each
corresponding to unique sequences flanking a GI REP doublet
(Figure 4C and Figure S6). However, the expected doublet was
absent from all sequence reads leading us to conclude that these
sequences were from DNA molecules from which the doublet had
excised. Additionally, we observed 200 individual sequence reads
spanning a GII REP doublet indicating its excision from the entire
population (Figure S6). That these events could result from
machine and/or chemistry error is improbably low. Furthermore,
a search for evidence of REP singlet deletions from the ~56
million Illumina reads failed to find evidence of a single such event
(see Methods).
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(jackknife) shows the average pairwise identity of 16-mers from REP
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doi:10.1371/journal.pgen.1002132.g003
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Table 4. Frequency of REP doublets within the SBW25 genome.
Segment length Cluster size Number of occurrences P-Value
Observed® Expected (random model)® =c =

71 bp 2 457 434.76+129 0.0990 0.9144
4 13 46.3*5.75 1 0
6 11 7.69*2.6 0.0832 0.9575
8 8 1.63%1 0.0001 1
10 0 04x05 1 0.7323
12 2 0.12+0.3 0.0023 0.9999
14 0 0.03+0.18 1 0.9787
16 0 0.01+0.1 1 0.9932
18 0 0.002+0.06 1 0.9980

Sum 560 559.98

110 bp 2 457 419.2%13 0.0167 0.9874
4 13 49.1+5.9 1 0
6 11 9.4+28 0.2112 0.8715
8 8 22%1.2 0.0001 1
10 0 0.7£0.6 1 06112
12 2 0.2+£0.4 0.0078 0.9998
14 0 0.09+0.25 1 0.9553
16 0 0.02+0.16 1 0.9834
18 0 0.02*0.1 1 0.9944

Sum 560 560.07

Data are the frequency of REP clusters (from doublets to cluster of 18 REPs) found in extragenic space compared to a null model based on the random assignment of

56071 bp and 560x110 bp segments (to extragenic space). REP clusters containing an uneven number of REP sequences are included in the next lower cluster size

(REP singlets are omitted).

#Observed occurrences from the SBW25 genome.

PExpected values (means and standard deviation) based on 10,000 simulations.

“The proportion of times the observed frequency was less than or equal to the expected value.

%The proportion of times the observed frequency was greater than or equal to the expected value.

doi:10.1371/journal.pgen.1002132.t004

Details of the three excised GI doublets are shown in Figure 4C
and 4D. Of particular interest i3 the asymmetrical nature of the
deleted sequence: in all instances it begins (in the left-hand (5') end
(Figure 4B)) at the start of the invariant sequence defined by the
most conserved 16-mer and extends through the spacer region into
the second REP sequence. However, rather than finish at the end
of the conserved 16-mer, the deletion truncates at the 3'-end of the
right-hand REP sequence, leaving the last ~6 bp of invariant
sequence intact (Figure 4C).

Secondary structure predictions show a hairpin structure with a
5'-single strand tail. Although the structures of the hairpins are not
identical (due to differences in the sequence of the space region)
the 5'-tail is a feature of the excised entity in all instances
(Figure 4E). It is possible that the excised sequences define a
putative transposition intermediate.

Together the above analyses implicate REP doublets as a unit of
selection: a family of mobile DNA that has, untl now, eluded
recognition. Although REP doublets have previously been noted as
one of many different higher order arrangements of REPs, they have
not before been implicated as replicative entities [16-20]. Further-
more, in previous discussions of higher order arrangements it has been
assumed that the singlet is the basic building block. In contrast, our
data supports the view that REP singlets are defunct remnants of once
functional REPINs. Because of their likely evolutionary relevance, a
label that defines the replicative entity appears warranted. Henceforth
we refer to REP doublets forming hairpins as REPINs.
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Figure 4. General organization and predicted secondary structure of REPINs. (A) Alignment of 101 Gl REP doublets forming hairpins
(REPINs) from SBW25 (37 are shown) shows a symmetrical (palindromic) organization comprised of two highly conserved regions separated by a
spacer. Top line shows the consensus sequence followed by a graph displaying identity to the consensus (green denotes 100% identity). Two
invariant regions of 16 bp are found in the left and right ends (LE, RE). These sequences are organized as inverted repeats and define the most
abundant 16-mer in the SBW25 genome (black box). Each 16-mer overlaps a Gl REP sequence (red box). (B) General REPIN features including LE and
RE, each comprised of a highly conserved 16-mer (black) overlapping a REP sequence (red), with the two ends separated by a spacer. For a Gl doublet
the distance between the first residues of the two invariant 16-mers is 71 bp. Complementary bases permit formation of a hairpin structure (arrows).
(C) Three excision events detected from Illumina sequencing reads reveal a putative transposition intermediate. Full-length sequences show three
genomic regions located between 2,577,312-2,577,231, 3,857,520-3,857,439 and 5,683,545-5,683,624 bp on the SBW25 genome, each of which
contains a REPIN. The partial sequences below each genomic region are lllumina reads from which the REPIN has been excised (see also Figure S6).
(D) Cartoon of the excised region indicating putative transposition intermediate. Note the 5’-tail, which generates an asymmetrical sequence. (E)
Secondary structure prediction for the consensus Gl REPIN shows that the conserved bases on each side can pair resulting in a long hairpin (E, left).
Predictions for transposition intermediates in the same order as the alignments in (C): the second, third and fourth hairpin correspond to the first,
second and third alignment. The single stranded 5’'-tail is free to pair with a complementary sequence.

doi:10.1371/journal.pgen.1002132.g004

REPIN clusters Tandemly repeated REP sequences

While the majority of REPINs exist as singlets, some higher
order arrangements are apparent (above and Table 4). These are
of two main types: those showing a distinctive ordering and those
with no apparent structure.

REPINs occurring in ordered clusters are typically arranged as
tandem repeats of nearly identical REPINs — including the flanking
sequences (Figure S7). With 16 such clusters distributed throughout the
genome, these arrays are the most common higher order arrangement
of REPINs in SBW25. The largest cluster consists of four REPINs
(plus an additional REP sequence) with a total length of over 700 bp.

Three higher order REPIN clusters are of particular note: one
from each of the three distinctive REPIN groups (GI, GII and GIII)
each located adjacent to one of the three recently identified REP-
associate tyrosine transposases (RAYTs, [23]) (p/lu3939, pflu4255 and
plu2165). The fact that a different REPIN cluster is located beside
cach of the RAY'Ts, combined with the fact that REPINs (and REPs)
in SBW25 come in three distinct flavors, raises the possibility that
RAYTs are intimately linked to REPIN mobilization (Figure 5).

REPINs in clusters lacking obvious organization are found in
five regions of the genome and typically consist of two unrelated
REPINs. Close inspection suggests that these clusters are formed
by insertion of REPINSs into, or next to, existing REPINs.

@ PLoS Genetics | www.plosgenetics.org

REPs also form higher order arrangements. These are of two
distinct types: the first involves highly organized tandem arrays of
GI and GIII REP sequences: GI REPs are separated from GIII
REPs by 112 bp; GIII REPs are separated from GI REPs by

pflu2165

Figure 5. Proximity of Gl, Gll, and Glll REPIN clusters to RAYT
genes in the P. fluorescens SBW25 genome. The RAYT genes in
SBW25 are pflu3939, yafM and pflu2165.
doi:10.1371/journal.pgen.1002132.g005
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72 bp. Five such tandem arrays are located at ~2 Mbp all of
which are found in forward orientation, six are found ~4 Mbp in
reverse orientation (at a distance of ~2 Mbp from the origin of
replication). The two largest tandem arrays both contain 12 GI
and GIII sequences, one found at ~4.1 Mbp the other at
~2.5 Mbp (Figure S8). These two arrays are almost identical
copies of each other, but found in opposite orientations on
opposite sides of the genome. The second type of tandemly
organized REP sequences consists solely of evenly spaced GI
sequences found at two positions in the genome. Similar to the
GI-GIII tandem arrays one GI tandem array is found in forward
and the other one in reverse orientation.

REP sequence organization in other genomes

REPIN dissemination could occur wzia the exploitation of a
functional transposase encoded separately within the genome.
Non-autonomous DNA transposons (MITEs) do precisely this and
typically consist of two inverted repeats. REPINs also consist of
two inverted repeats (REP sequences) and, as mentioned above,
may exploit the putative transposase encoded by RAYTs. If REP
sequences in other genomes are components of REPINs — and
disseminate via RAY'T-encoded transposase activity — then, given
the broad distributions of RAYTs [23], REPINSs are likely to be a
common feature of bacterial genomes; they are also likely to share
common ancestry.

Although a fully comprehensive among-genome analysis is
beyond the scope of this paper we nonetheless analyzed REP
sequence clusters in a variety of genomes containing RAYTs. To
this end REP sequences were selected from 18 different bacterial
strains including all fully sequenced Pseudomonas genomes, the
genomes of E. coli K-12 DHI10B and Salmonella enterica serovar
Paratyphi A AKU 12601 (chosen because of their significance for
REP research) and the genomes of Thwalkalivibrio HL-EbGR7 and
N. punctiforme PCC73102 (chosen because of their distant relation
to Pseudomonas). A phylogenetic analysis of the RAYTs was firstly
undertaken (Figure S9). Notably, RAYTs from these strains form
two distinct evolutionary lineages with evidence of multiple
independent introductions. For example, the genus Pseudomonas is
separated into two sets of species defined by the presence of either
‘clade I or ‘clade II' RAYTs. The genome of Thioalkalivibrio
contains one clade I and one clade II RAY'T. Several other
genomes, in addition to SBW25, contain more than a single
RAYT, but these almost never cluster. In fact the most closely
related RAYTs are found in different genomes. Overall the
distribution of RAYTs among distantly related organisms shows
evidence of lateral gene transfer; however, at the species level,
lateral gene transfer does not seem to occur frequently as evident
by the fact that RAYT phylogeny is largely congruent with the
relationship among species (Figure S9).

Since REP sequences have been shown to be associated with
RAYT genes (this work and [23]), we interrogated non-coding
DNA flanking each RAYT for 16-mers that were repetitive,
extragenic and palindromic, that is, are REPs. In each instance a
REP was identified (Table S2). To test the hypothesis that REPs
are organized as REPINs an analysis of the distribution of REPs
was performed on each genome as described above (also see
Methods) and included all REP sequences that differed from the
consensus by up to two nucleotides. Results were expressed as the
ratio of REP singlets to doublets, where ratios greater than two
indicate that REPs occur predominantly as singlets. Ratios less
than two mean that REPs occur predominantly as doublets.
Figure 6 shows a histogram of singlet to doublet ratios for REP
sequences associated with clade I RAYTs. Of the 20 REP
sequence classes (one associated with each RAY'T, some genomes
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contain more than one RAYT e.g., SBW25) 17 had singlet to
doublet ratios of less than two, indicating that most REPs occur as
doublets. The majority of doublets contained REPs as inverted
pairs (Table S3) as expected of REPINSs.

Our simple search method did not return conclusive results for
clade II REP sequences. One possibility is that the REPIN
structure in these genomes is less conserved. To this end we
performed a secondary structure prediction on a sample of REP
sequences. In all instances we found the general REPIN
composition to hold (two inverted REP sequences separated by
a short stretch of DNA and forming a hairpin, Figure S10), with
the exception of REP sequences found in P. stutzeri: interestingly
no REPINs were identified in this genome.

We also analyzed higher order arrangements for clade I REP
sequences, but these were not present in all analyzed genomes.
They were predominantly found in P. syringae and P. fluorescens,
although two REP sequence classes were also detected in P. putida
(Table S3). No correlation was found between the singlet to
doublet ratio and cluster formation.

Taken together, the systematic cluster analysis of clade I REP
sequences and secondary structure prediction of a selection of
clade II REP sequences suggest that the organization of REP
sequences into REPINSs is a necessary condition for REP sequence
distribution.

Discussion

Short interspersed repetitive sequences are widely distributed in
bacteria, but past studies have shed little light on their evolutionary
origins. We began by examining the abundance and distribution of
short sequences in P. fluorescens SBW25 and showed, by
comparison against a random (null) model, and subsequently
against PfO-1, that short sequences are over-represented. More-
over, we found that short repetitive sequences fall into three
distinct groups (GI, GII and GIII), each bearing characteristics
typical of REP sequences, that is, they are repetitive, extragenic
and palindromic.

In order to discount the possibility that REP sequences are the
product of mutation pressure (a possibility already called into
doubt by comparison to the random model) we took advantage of
the closely related Pf0-1 genome. Comparisons using this null
model — based upon a genome likely to have been shaped by
similar underlying evolutionary processes — allowed us to
emphatically reject the possibility that REP evolution can be
explained by drift. Our data thus indicate natural selection as the
primary driver of REP sequence evolution.

A critical issue is the nature of the entity upon which selection
acts. Evidence that this entity comprises a doublet of REP
sequences — a REP doublet forming a hairpin structure (REPIN) —
came firstly from analysis of the distribution of REPs in extragenic
space. The striking departure from a random model shown in
Figure 2, along with clear bias toward specific distances between
REPs, pointed to the REPIN as the replicative entity. The
hypothesis was further tested by examining the distribution of REP
doublets in extragenic space, by measuring nucleotide diversity in
singlets versus doublets, and by analysis of the conserved features
of REPINSs. Finally, the existence of REPINs as actively mobile
entities was bolstered through the discovery of four deletion events
that may define putative transposition intermediates (Figure 4).

A previous analysis of the SBW25 genome using various
repetitive DNA finding algorithms [22] revealed numerous repeat
families. Two of these, the so named RO and R2 repeats have
characteristics similar to REPINs; indeed, a comparison (Table S4)
shows a correspondence between REPINs and the RO and R2
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Figure 6. REP singlet to doublet ratios for REP sequences from bacterial genomes. Data are the most abundant 16-mers found within the
flanking non-coding DNA of RAYT genes from 18 genomes. In order to include related 16-mers, a set of degenerate sequences was produced by

allowing up to two substitutions per 16-mer.
doi:10.1371/journal.pgen.1002132.g006

repeats. In general RO repeats map to GI REPINs, while R2
repeats correspond to a mixture of both GII and GIII REPINs.

The mechanism by which REPINs are disseminated is a central,
but unresolved issue. Recently, a hypothesis concerning REP
sequence distribution was put forward [23]. The authors proposed
that REP movement is effected by RAYTs — so named Y1
transposases — that are distantly related to the IS200/IS605 family
of insertion sequences. Integral to the transposition of IS608 (a
member of the IS200/1S605 family) are two imperfect (REP-like)
palindromes that flank either side of the insertion sequence and
which are recognized by the transposase [38]. Whereas Nunvar
et al. [23] suggested that REPs are moved by RAYTs, our data
leads us to predict that it is the REPIN (and not the REP) that is
mobilized via the RAYT: REPINs could be transposed by a RAYT
dimer encoded in trans that recognizes the REP doublet. This
mechanism would result in the strong conservation of the two REP
sequences that define a REPIN (Figure S11).

The suggestion that RAYTs are integral to REPIN movement is
given additional support by the discovery of excision events that
appear to define the transposition intermediate. At first glance the
footprints differ from expectations given that they do not
encompass the full extent of the conserved REPIN (Figure 4B).
However the asymmetrical nature of the putative intermediate is
telling, particularly in light of the unusual mechanism of IS608
transposition. IS608 transposes via a single stranded intermediate
and exploits singled stranded DNA at the replication fork;
moreover, the intermediate involves pairing of asymmetric ends
[38-40].

Assuming the excised DNA (Figure 4C and 4D) is a
transposition intermediate then a key issue is re-establishment of
the symmetrical REPIN. This could happen if the 5'-tail was
involved in target recognition and paired with complementary
sequence. In this regard it is of interest to note that the 5’-tail of
the putative intermediate, which secondary structure predictions
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show is unlikely to form part of the hairpin (Figure 4E), is
complementary to the 3'-end of the REPIN. It is possible that a
recognition event involving pairing between complementary
sequences, perhaps mediated via the RAY'T, integrates back into
DNA leading to the formation of a new REPIN. Although further
insight requires molecular investigations, there exist a number of
striking parallels with the mechanism of transposition of the
18200/1S605 family of insertion sequences to which RAYTs — and
their associated REPINs — are related.

While the argument for REPINs as replicative entities is
supported by substantive data, REP singlets are nonetheless a
notable feature of the SBW25 genome. Our data — particularly
the significantly lower pairwise identity of REP singlets
compared to REP doublets — suggests that these singlets are
non-functional remnants of REPINs. But this does not explain
why REP singlets are common. A close analysis of REP
singletons reveals several possible routes for single REP
sequences to emerge from REPINs. One possibility stems from
limitations of our sequence search algorithms. When REPINs
evolve neutrally successive acquisition of point mutations
naturally leads to one REP becoming more decayed than the
partner. If the less decayed REP is only just on the verge of
recognition by our sequence search, then it is likely that the more
decayed REP partner sequence will escape detection. A
biologically plausible possibility is that singlets arise from
insertion of DNA into REPINs. Indeed, earlier studies have
noted that REP sequences are targets for certain insertion
sequences [22,41,42]. REP singlets could also arise by deletion of
the sequence between two REPs within a single REPIN leading
to a long palindromic structure that contains only a single REP
sequence: precisely such events can be seen in the genome of
SBW25 (F. Bertels and P. B. Rainey, unpublished). A further
possibility is that selection may act to preserve individual REP
sequences because of specific functional consequences [16,36].
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A finding of note is the existence of several higher order
arrangements of REPs and REPINs within the SBW25 genome,
indeed, several such clusters occurred at a frequency above that
expected from the null model (Table 3 and Table 4). Interestingly
the majority of these clusters — at least those containing more than
three REP sequences or REPINs — were arranged as highly
ordered tandemly repeated units. This, combined with the fact
that higher order arrangements were not found in all REPIN
containing-genomes (Table S3), indicates a second mechanism for
REP/REPIN cluster formation and suggests specific functional
roles for these structures.

Extension of our analysis to a set of related (Pseudomonas) and
unrelated (K. coli, S. enterica, N. puctiforme and Thioalkalivibrio)
genomes cach known to contain RAYTs showed that REPs in
these bacteria are present in the immediate vicinity of RAYTs:
moreover, in accord with predictions, these REPs are organized as
REPINs. This finding greatly bolsters our conjecture that REPINs
are a unit of selection, are RAYT associated, and widely
distributed. In addition, the apparently general nature of the
association between REPINs and RAYTs, combined with
substantial diversity among the elements themselves, suggests that
the diversity of REPINs (REPs) and RAYTs is a consequence of
longstanding co-evolution between RAYTs and their respective
REPING.

The case for REPINs as widely distributed replicative entities is
strong, but there remains much to be discovered, particularly
regarding the mechanism of transposition, and the relationship
between REPINs and RAYTs. A further unknown is the evolution
of the entities themselves. One possibility is that REPINs are
derived from the imperfect palindromic (REP) sequences flanking
an ancestral IS200-like element — thus becoming non-autonomous
elements [4] — but with a twist. Whereas non-autonomous
elements exploit the transposase of extant transposons, the
transposons they parasitize remain capable of autonomous
replication. In contrast, RAYTs appear to be incapable of self-
mobilization and exist as single copy entities (in those genomes
harboring more than a single RAY'T each RAY'T is distinctive and
present as just a single copy). This suggests that REPINs evolved a
means of parasitizing an IS200-like ancestor that not only caused
divergence of RAYTs from an IS200-like precursor, but did so in
such a way as to enslave the RAYT. Just what keeps this
association from extinction is among the more intriguing questions
for future research, but suggests the existence of either an
addiction system that ensures death of any cell that loses RAY'T
functionality, or a functional role for the RAYT in cell physiology
that is somehow linked to REP function.

Finally, our evolutionary approach to the analysis of short
repeats and discovery of REPINs and their associated RAYT's may
prove useful for elucidating the origins of different kinds of short,
repetitive, interspersed palindromic sequences such as NEMISs
[32], ERICs [31] and small dispersed repeats (SDR) [43]. Indeed,
REPINs themselves could conceivably constitute the building
blocks for a range of more complex repetitive structures. For
example, REPINs that incorporate DNA beneficial to a host
bacterium are likely to have an advantage over standard REPINs.
In this regard it is possible that CRISPRs [24] and related mosaic
entities are derived from REPIN-like elements.

Methods

Generation of randomized genomes

100 genomes with the same dinucleotide content of the leading/
lagging strand and length as the genome of P. fluorescens SBW25
were generated by randomly choosing nucleotides according to
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their occurrence probability based on the preceding nucleotide.
To account for dinucleotide skew in the leading or lagging strand
of the SBW25 genome, the dinucleotide content of the top strand
was determined for the first half of the genome and of the bottom
strand for the second half of the genome [22].

Frequency determination of most abundant
oligonucleotides

Sequence frequencies for all oligonucleotides of length 10 to 20
were determined using a sliding window with a step size of one for
leading and lagging strand separately. The most abundant
oligonucleotide for each sequence length was determined. This
analysis was conducted for randomly generated genomes as well as

for P. fluorescens SBW25 and Pf0-1.

Grouping of highly abundant oligonucleotides in SBW25

All oligonucleotides of the chosen sequence length that occur
more often in SBW25 than in Pf0-1 were ordered into groups
using the following algorithm: 1, Select the most abundant 16-mer
from the list of 16-mers that occur more frequently than the most
abundant 16-mer in Pf0-1; 2, interrogate the SBW25 genome; 3,
extract all occurrences including 20 bp of flanking DNA; 4,
concatenate, separating each sequence by a vertical bar (a symbol
that is not part of the genomic alphabet); 5, search all remaining
16-mers from the list against the generated string; 6, remove from
the list of 16-mers all those sequences found within the generated
string and place into the same group as the query; 7, repeat until
the list of 16-mers is empty (Figure S3).

Extending REP sequence groups and identifying the
frequency of false positives

The genome was searched for related elements by introducing
base pair substitutions into the most abundant sequence of each
group to a maximum of four. The newly generated sequences, as
well as the most abundant sequence of each group, were then used
to interrogate the genome and the number of occurrences was
counted. In order to determine the false positive rate, a simulation
program was written to determine the number of sequences found
in randomly generated extragenic space (with the same dinucle-
otide content).

Distribution simulation

In order to produce a null model against which the observed
next-neighbor distances could be compared, 1,053 segments of
length 16 were randomly assigned to the extragenic space of
SBW25. The simulation was repeated 10,000 times and for each
simulation the distances to neighboring segments were deter-
mined. Additionally, the formation of clusters by GI, GII and GIII
sequences with up to two mismatches (1,422 sequences) was
measured. A cluster of REP sequences was defined as a group of
REP sequences where each REP sequence has two neighboring
REP sequences within the group that are separated by less than
400 bp (the next-neighbor distances showed no significant
deviations from randomly expected distances above 400 bp) and
a maximum of two REP elements that have only one neighbor
within the group which is separated by less than 400 bp.

The same method was applied when distributing doublets
randomly over the genome. Instead of 1,422 16 bp long segments,
560x71 bp and 560x110 bp long segments respectively, were
randomly assigned. The number of REP doublets was determined
by only counting doublets and clusters of doublets. For clusters
that contain an odd number of REP sequences, only the even
proportion was counted, thus excluding singlets.
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Singlet decay

To compare the rate of decay between REP singlets and REP
sequences that are part of clusters, REP sequences were divided
mto their respective groups and then subdivided depending on
whether they are found in clusters, or as singlets. In order to
include related sequences, the 16-mers were allowed to vary at up
to two positions. Since GI 16-mers differ from GII and GIIT 16-
mers by only two nucleotides, GII and GIII sequences also had to
have two group-specific bases (GII: 2T, 6C; GIII: 6A, 137T).

The significance of the singlet decay data was tested using a
permutation test. Nine different REP sequence pools were created.
Three sequence pools for each sequence group, one of which
contained REP singlets, one REP doublets and one greater REP
cluster sequences. Two sequences were randomly drawn without
replacement from a specific sequence pool and their pairwise identity
(the number of sites that are identical between the two sequences
divided by the total number of sites) was calculated. This procedure
was repeated until the sequence pool was empty. The whole process
was repeated 100,000 times for each sequence pool, resulting in the
calculation of 100,000 average pairwise identities (mean). For GI
sequences the maximum mean calculated for REP singlets never
exceeded the minimum mean for REP sequences arranged as
doublets. For GII and GIII sequences the maximum mean of REP
singlets did exceed the minimum mean of REP sequences from
doublets when more than 1,000 means were produced, hence the
lower significance of le-8. Additionally, for GI and GIII sequences
the maximum mean for singlets also never exceeds the minimum
mean for clusters (P-value le-10). The average of the calculated
means and the standard deviation are displayed in Figure 3.

REP sequence selection in other genomes

Since REP sequences have been shown to be associated with
RAYT genes [23], we looked for 16-mers that were repetitive,
extragenic and palindromic in the non-coding DNA flanking
RAYT genes. The most frequent 16-mers found within the
flanking DNA were also part of or contained a palindrome and
were found predominantly in extragenic space, thereby fulfilling
all REP sequence prerequisites (Table S2). These 16-mers were
then used for a subsequent cluster analysis (flanking clade I
RAYTs) or a sample DNA secondary structure prediction
(flanking clade II RAYTS).

Bioinformatics and phylogenies

Blast searches were performed using NCBI Blast [44]. The
genome was browsed using Artemis [45]. Inverted repeats were
identified using Repeat Finder [46]. The multiple alignments in
Figure 4 were displayed with Geneious [47] (due to the perfectly
conserved distances between the 16-mers, the sequences were
aligned after extraction from the genome, no alignment method was
needed). DNA secondary structures were predicted using the mfold
web server [48]. The RAYT phylogenetic tree was based on a
translation alignment (ClustalW2 [49]) as implemented within
Geneious [47]. The tree was constructed using a neighbor-joining
[50] bootstrap analysis (1000 replicates) also embedded in Geneious.

Genomes used in our analysis
Pseudomonas fluorescens SBW25 (NC_012660.1) [22]
Pseudomonas fluorescens Pf0-1 (NC_007492.2) [22]
Pseudomonas fluorescens Pf-5 (NC_004129.6) [51]
Pseudomonas syringae phaseolicola 1448A (NC_005773.3) [52]
Pseudomonas syringae syringae B728a (NC_007005.1) [53]
Pseudomonas syringae tomato DC3000 (NC_004578.1) [54]
Pseudomonas entomophila 1.48 (NC_008027.1) [55]

@ PLoS Genetics | www.plosgenetics.org

1"

Within-Genome Evolution of REPINs

Pseudomonas putida W619 (NC_010501.1)
Pseudomonas putida KT2440 (NC_002947.3) [56]
Pseudomonas putida F1 (NC_009512.1)
Pseudomonas putida GB-1 (NC_010322.1)
Pseudomonas aeruginosa PAO1 (NC_002516.2) [57]
Pseudomonas aeruginosa PA7 (NC_009656.1) [58]
Pseudomonas aeruginosa LESB58 (NC_011770.1) [59]
Pseudomonas mendocina ymp (NC_009439.1)
Pseudomonas stutzert A1501 (NC_009434.1) [60]
Salmonella enterica serovar Paratyphi 4 AKU_12601 (NC_
011147.1) [61]
Escherichia coli K-12 DH10B (NC_010473.1) [62]
Thioalkalivibrio sp HL-EbGR7 (NC_011901.1)
Nostoc punctiforme PCC 73102 (NC_010628.1)

Population sequencing

Pure genomic DNA was isolated from a single SBW25 colony
using a combination of chloroform, CTAB and column (Qiagen
DNeasy Blood & Tissue Kit) purification techniques. The genomic
DNA was sheared to ~400 bp and 76 bp paired-end were sequenced
on two channels of an Illumina GA-II flowcell using standard
protocols. Raw data were filtered to generate a set of sequences no
less than 36 bp in length. After mapping short reads to the SBW25
genome using the Mosaik software suite (http://bioinformatics.bc.
edu/marthlab/Mosaik), reads that could not be mapped were
screened for REPIN excisions. The screening was accomplished in
two steps: 1, for each REPIN present in the SBW25 genome 12 bp of
the 5" and 3’ flanking sequences were extracted; 2, since all reads are
shorter than 76 bp, none of the extracted flanking sequences should
occur within one read, hence reads containing both 5" and 3" REPIN
flanking sequences contain an excision. Details of the sequences from
which REPINs were excised are given in Figure S6.

Testing for excision of REP singlets

In order to identify excisions of short palindromic sequences it
was necessary to define a seed sequence. The GI and GII
sequences described above do not overlap the palindromic region
and hence are not suitable for this purpose (Table 1). We therefore
used an 18-mer containing the palindrome of the GI REP as the
seed sequence (GGGGGCTTGCCCCCTCCC). From this seed
sequence we generated a set of 18-mers with up to five
mismatches. These sequences matched a total of 1376 positions
in the SBW25. This set of 1376 sequences encompassed all three
GI, GII and GIII REP sequence groups and their relatives. In
addition, to allow for the possibility of inexact excisions of
palindromes, we allowed the excision to include three additional
base pairs on each side of the seed sequence. Armed with this set of
sequences we interrogated the ~56 million Illumina-generated
sequence reads for evidence of excision events.

Supporting Information

Figure S1 Number of different oligonucleotides in the genome
of P. fluorescens SBW25 that occur more often than the most
frequent oligonucleotides from randomly assembled genomes.

(PDF)

Figure $2 Ratio between the most abundant oligonucleotides
from SBW25 and PfO-1.
(PDT)

Figure 83 Ilowchart for grouping over-represented 16-mers.
The algorithm sorts all 16-mers that occur more frequently in
SBW25 than the most abundant 16-mer in PfO-1 into groups.
(PDF)
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Figure S4
SBW25. GI sequences are shown in (4), GII sequences in (B) and
GIII sequences in ((). The consensus sequence contains the
respective palindromic cores (framed in red). Numbers to the left
of the alignment denote the frequency of the respective 16-mer
(e.g. the first 16-mer in (4) GGGCTTGCTCCCGATG occurs 57
times). Colored nucleotides within the alignment denote differ-
ences to the consensus sequence.

(PDF)

Alignments of the most abundant sequence groups in

Figure 85 Process of REP sequence cluster determination. REP
sequences are blue boxes. Red arrows indicate a sequence length
of 400 bp. The algorithm starts with the position of the first REP
sequence (a) and adds it to cluster 1. It then checks the distance to
the next REP sequence. The distance to REP sequence (b) is less
than 400 bp, hence, the size of cluster 1 increases by one. The
distance from (b) to the next REP sequence (c) is greater than
400 bp, therefore, the final size of cluster 1 is two and a new
cluster of size one is created called cluster 2. The distance from
REP sequence (c) to the next REP sequence is greater than
400 bp; hence, cluster 2 is closed.

(PDI)

Figure S6 Ixcision events detected in Illumina sequencing data.
(4) Shows fastq formatted raw Illumina sequences for the excision
events and their corresponding paired ends or ‘mates’. Quality
scores are the last line of each fastq entry. (B) In all cases Read 1
matches to a position close to the corresponding Read 2 as
expected for paired end reads. The alignments show the match
between the sequence reads (second line in the alignment) and the
SBW25 genome (first line in the alignment). Colored nucleotides
show differences between genome and sequence read. Secondary
structure predictions of the excised sequences are shown on the
right. For the fourth excision a total of 200 sequence reads were
found showing the same event, indicating that the entire REPIN
was excised from the genome.

(PDF)

Figure 87 Schematic representation of a typical tandemly
repeated REPIN cluster. The cluster comprises two tandem
repeat units. Each unit consists of a 5 flanking sequence (f1)
followed by a REPIN and ends with a second shorter flanking
sequence (f2). The two units are usually separated by a short
stretch of DNA that is not repeated.

(PDF)

Figure S8 Approximate positions of the tandem repeat clusters
in the genome of SBW25. The tandem repeats are formed by
sequences from GI and GIII. The gray and black arrows indicate
different module lengths.

(PDF)
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