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Abstract

Genetic information is stored in DNA molecules, horizontal gene transfer shares
this information between organisms. The transfer of genetic information thus is an
important method of bio-communication. Communities of organisms made up of either
the same species, or different species can transfer genetic material between community
members. In Bacteria and Archaea these transfers are unidirectional, except for mating
described for Haloarchaea (Naor et al. 2012) and possibly also occurring in other
archaea. Inteins are selfish genetic elements found in all domains of life. As is the case
for most mobile selfish genetic elements, horizontal gene transfer is an important part of
the intein's life cycle. Several unique properties of inteins make them particularly well
suited as markers of horizontal gene transfer pathways. In this chapter, we explore
these properties, and provide examples of their uses to reveal patterns of horizontal
gene transfer.
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1.Introduction to inteins

Inteins are selfish genetic elements that are found in all three domains of life and
also in viruses (Pietrokovski 2001; Gogarten et al. 2002; Perler 2002; Swithers et al.
2009; Soucy et al. 2014). Inteins often are found in multiple sites within a single gene.
The invaded gene that encodes the host protein is called an extein (Fig. 1a). Inteins are
named after the gene they invade, followed by a letter indicating the insertion site. For
example, Hvo polB-c denotes the intein located in insertion site ¢ of the gene in
Haloferax volcanii encoding DNA polymerase B. Each intein insertion site is referred to
as an intein allele, though this term is misleading, as phylogenetic analysis of all inteins
in the Halobacteria (colloquially referred to as the Haloarchaea) shows strong support
for an independent origin of each intein allele (Soucy et al. 2014); i.e., inteins inserted
into a same site of the gene are much more similar to one another than to inteins
occupying different insertion sites in the same gene. The letters denoting the intein
allele are given in order of the discovery of the intein insertion site, and not necessarily
in the order they are found in the gene. For example, the ribonucleotide reductase gene
has 5 insertion sites in the Haloarchaea (Soucy et al. 2014); the order they appear in
the gene is: rir-1l, rir-1Kk, rir-1b, rir-1g, and rir-1m. Inteins inserted into the other sites
(e.g., rir-1a) so far have not been described as occupied in Haloarchaea.
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Figure 1: Overview of intein structure and function (Panel A) and the homing cycle (A)

1.1 Intein distribution and patterns in extein functions
Inteins are found in the most conserved parts of the most conserved proteins
(Swithers et al. 2009), and most often in genes related to replication, recombination,
and repair (COG category L) and to a lesser extent in other genes involved in nucleotide
metabolism (COG category F) (Novikova et al. 2015). Many of the invaded genes



encode proteins that possess nucleotide binding sites (Gogarten et al. 2002). In
Archaea, inteins were mainly found in the Euryarchaeota (68% of archaeal inteins) and
Crenarchaeota (34% of archaeal inteins) (Novikova et al. 2015). At present debate
continues regarding the question, if the observed intein distribution directly reflects the
function of the genes, or only the between species conservation of the invaded genes.
Different processes have been described to explain the observed distribution of inteins:
1. All sites in all genes are targeted by inteins; however, only genes and insertions that
do not tolerate substitutions or small deletions without affecting important cellular
functions (replication, recombination, repair, ATP synthesis and nucleotide metabolism)
allow the inteins to persist over long periods of time (Gogarten et al. 2002; Swithers et
al. 2009). In less important sites, small deletions may inactivate and remove the intein.
2. Inteins have evolved to target conserved sites in conserved genes because these
sites are likely to have a similar sequence in an orthologous gene even in other,
distantly related species (Swithers et al. 2009). This allows inteins to invade
homologous genes present in other species, even across phyla and domain boundaries
(Swithers et al. 2013).

3. The splicing activity of some inteins was found to be sensitive to redox and other
conditions in the cell, and it was recently proposed that inteins could respond to the
altered redox state during cellular stress, effectively pausing important cellular functions
until conditions return to normal (Topilina et al. 2015; Novikova et al. 2015); however,
the often limited within species distribution of inteins (Soucy et al. 2014; Naor et al.
2016) argues against inteins providing a strong selective advantage.

More work needs to be done to investigate the extent to which these three possible
processes gave rise to the observed distribution of inteins.
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Figure 2: Types of symbiotic relationships between intein domains and the host protein.
Most inteins contain two protein domains with distinct functions: the splicing domain, which removes the
intein from the host protein after translation, and the homing endonuclease (HE) domain. In the linear
sequence of the gene the HE domain is inserted inside the sequence encoding the splicing domain;
however, in the folded protein the splicing domain from a compact protein structure, distinct from the HE
domain. The splicing domain prevents a high fitness cost due to interruption of the host protein, the HE
domain provides mobility to the intein, because it allows invasion of uninvaded alleles. Inteins that have
lost the HE domain (middle) have a commensal relationship to the host protein, whereas inteins with HE

activity can be considered parasites of the host protein and the host organism (Gogarten and Hilario
2006).



1.2 Intein symbiotic state and the Homing Cycle

Most inteins are composed of two domains, a homing endonuclease domain, and
a splicing domain which flanks the homing endonuclease domain on either side (Fig. 1a
and Fig. 2). The splicing domain is the main component of the intein, this domain
removes the intein sequence from the host protein sequence, also called extein, after
translation. The homing endonuclease domain is considered an accessory domain, and
is sometimes absent from intein sequences, these inteins are called mini-inteins
(Derbyshire et al. 1997); inteins with homing endonuclease domains are called full-sized
inteins (Soucy et al. 2014). The homing endonuclease domain initiates the conversion
of uninvaded alleles into intein containing alleles.

The canonical model of intein invasion and loss, called the homing cycle
(Goddard and Burt 1999), starts with an intein containing allele encountering an
uninvaded allele. The homing endonuclease makes a double-strand break at the
invasion site specific for the homing endonuclease. Using the invaded allele as a
template the host DNA repair machinery copies the intein into the invasion site, thereby
interrupting the invasion site and preventing future homing endonuclease activity (Fig.
1b). The homing cycle asserts that the invasion of a population goes to completion, and
that subsequently homing endonuclease activity decays due to a lack of selection for
function, because the opportunity to invade a new allele no longer exists. Recent
findings revealed limitations of the homing cycle model. The different versions of the
intein insertion site are in an intransitive fithess relationship (Barzel et al. 2011): The HE
converts empty target sites, mini inteins are smaller than inteins with HE and therefore
are expected to place less of a fitness burden on the host, and organisms with empty
target sites may outcompete carriers of mini-inteins for the same reason. Theoretical
studies showed that a wide range of fithess relationships between the three states of
the intein insertion site allow for their coexistence over long periods of time even in well
mixed populations (Yahara et al. 2009; Barzel et al. 2011). These theoretical
considerations suggest that invasion might never go to completion and that some empty
insertion sites might remain in the population. The persistence of empty target sites at
low frequencies also solves the enigma of how the intein encoding part of a gene can
be lost by a precise deletion — the last step of the homing cycle. In case of introns, a
precise deletion may occur via recombination with a processed mRNA (Jeffares et al.
2006); however, in case of inteins the splicing reaction only occurs after translation, and
how this information could flow back from the protein to DNA level remains enigmatic.
The precise deletion through recombination with an intein free homolog, either
persisting in the population at low copy numbers, or acquired through horizontal gene
transfer provides a solution to this puzzle. The theoretical considerations also are in
agreement with finding empty target sites and inteins with functioning homing
endonuclease in the same population (Soucy et al. 2014; Naor et al. 2016) and with the
persistence of functioning homing endonucleases in lineages over long periods of time
(Gogarten and Hilario 2006; Butler et al. 2006).

In either of the above scenarios of intein invasion an intein without homing
endonuclease, a mini-intein, reflects a long-term association of the intein with the host
protein via vertical transmission from mother to daughter cells. Furthermore, since intein
invasion relies on the presence of a functioning homing endonuclease, a full-size intein



invaded the extein more recently so that a selective pressure existed to maintain the
homing endonuclease domain. Therefore, the presence of an intact homing
endonuclease is a sign of horizontal gene transfer (HGT) in the recent (evolutionary
time) history of the organism. The presence of a homing endonuclease reflects the
symbiotic state of the intein (commensal or parasite, Fig. 2), and this symbiotic state
provides a marker for the evolutionary history of that intein (Soucy et al. 2014).
Curiously, the substitution rate of inteins are much higher than the adjacent extein
sequence (Swithers et al. 2009). Except for the terminal residues required for splicing
activity, the intein sequence accumulates substitutions at a high rate, leading to decay
of the homing endonuclease sequence. This elevated substitution rate also creates
informative characters, providing resolution to phylogenies, even between closely
related species. The high substitution rate combined with the symbiotic state of inteins
makes them valuable as markers of horizontal gene transfer, as this information
provides information about which organisms were sharing genes (Swithers et al. 2013;
Soucy et al. 2014).

1.3 Inteins as tools to trace gene flow

Genes acquired through horizontal gene transfer can have several selective
outcomes, they can be beneficial to the recipient, they may be nearly neutral, or they
may be detrimental. Undoubtedly the effect on the fitness of the host has an impact on
the survival of the transferred gene in the recipient lineage. Therefore, an ideal tracer for
naturally occurring gene transfer frequencies and patterns should not have an impact on
the fitness of the recipient. The intein's self-splicing activity insures that the host protein
remains functional, thereby avoiding a strong negative impact on the impact on the
fitness of the host organism.

Transferred genes also need to integrate into the recipient genome, which can
occur either through homologous recombination, or as an additive transfer. A good
tracer should integrate into the recipient genome with a constant probability. Inteins
force integration into the recipient genome through cutting the target site in the recipient
genome. Another intein feature useful to reveal patterns of naturally occurring gene
transfer is that inteins do not possess their own machinery to catalyze the transfer
between cells. Therefore, their transfer provides a measure for the genetic exchange
occurring in the host cells.

A potential problem is that inteins can only invade if an empty target site is
present. A target site that is already occupied cannot be invaded again. However,
observation shows that even within populations of the same species, empty target sites
frequently persist (Soucy et al. 2014; Naor et al. 2016). Another concern is that full-size
inteins can increase mating and recombination frequency of organisms that carry them
(Giraldo-Perez and Goddard 2013; Naor et al. 2016); however, this does not detract for
the inteins tracing transfer, even though the transfer rate maybe higher in the presence
of the intein than in its absence.
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Figure 3: Comparison of the extein and intein evolutionary histories. The tree on the left gives the
reconstructed phylogeny of the DNA polymerase B extein in the Halorubrum genus, the tree on the right
gives the reconstructed phylogeny of the intein. Sequences were aligned using Muscle v.3.8.31(Edgar
2004), and phylogenies were constructed using FastTree (Price et al. 2010). Strains and species names
are given in the same color/grayscale value for both trees. The strain order in the extein phylogeny is
strikingly different than in the intein phylogeny, indicating a plethora of horizontal gene transfer
occurring within the Halorubrum.

2. Inteins as markers of bio-communication

2.1 Inteins as markers of bio-communication in closely related organisms

Part of the intein's life cycle (see section 1.2. and Fig. 1) involves transmission to

new hosts via horizontal gene transfer. Therefore, we can use the distribution of inteins
to identify HGT events between both closely related and more distantly related
organisms (Swithers et al. 2013; Soucy et al. 2014; Fullmer et al. 2014; Naor et al.
2016). Especially between closely related organisms with high sequence similarity,
gene transfer is difficult to detect using phylogenetic approaches. In these cases, the
fast evolving intein sequences can serve as markers of bio-communication between
organisms. Most intein alleles are shared by closely related species. In a 2014 survey of
inteins in Haloarchaea, six out of 24 inteins were found exclusively in the Haloarchaea
(i.e., they had not been found outside the Haloarchaea), and 16 out of 24 had the
majority of sequences in the Haloarchaea (Soucy et al. 2014). Seven out of the ten
inteins that had a majority in the Haloarchaea, but were shared with taxa outside the
group were shared predominately with other Euryarchaeota (Soucy et al. 2014). This
indicates that most inteins, at least in the Haloarchaea, are shared within phyla. In a
similar analysis comparing intein and extein phylogenies for the vmal-b Swithers et al.
showed that the intein in Thermococcus litoralis had been acquired from within the
Pyrococcus, another genus within the Thermococcaceae (Swithers et al. 2013). Even
more striking is the phylogenetic conflict between polB extein and polB-b intein in
different Halorubrum strains, revealing transfer within the Halorubrum genus (Fig. 3),
and the frequent transfer of the pol ll-a between strains belonging to the Halorubrum
genus and other Haloarchaea (Fig. 4). It is noteworthy that even though the polB-b and



pol ll-a inteins were frequently transferred within Halorubrum and between Halorubrum
and other Haloarchaea, these inteins were present in only 23 and 14 out of 37
Halorubrum genomes, respectively.

veneficus_ SNP6-dpol-lla
| — methanocaldococcus_infernus_ME- dpol lla dpokl

| [— Thermococeus gammag_lr%rz:;:)sc EJ3-dpol-lla ot he r E u rya rc h a eota

rhermococcus sibiricus_MM_739-dpol I!l
Methanolinea_tarda-dpol-lla

[—J ﬂanosﬁhaarnla palustris_E1-9c-dpol-lla
\anospirillum_hungatei_JF-1-dpol-lia * b
e e A Methanomicrobia
Methanoplanus_limicola-dpol-lla
\‘ . Methanoplanus pe!mleanus DSM_11571-dpol-lla

Methanofollis_liminatans-dpol-lla
‘| E Methanoculleus_marisnigri_JR1-dpol-lla
Methanoculleus. bnurgensls MS: dpob lla
C atus_Nanosalinarum_sp._J07AB56-dp
halophilic_archaeon_JO7HB! dool-lla
Halorubrum_Ea8-dpol-lla
Halorubrum_Ea1-dpol-lla

Halorubrum_Eb13-dpol-lia t .

Halorubrum_hd13-dpol-lla H I b

Halorubrum_1B24-dpol-lla alobacteria

Halorubrum_LG3-dpol-lla

Halorubrum_LG2-dpol-lia

Halorubrum_E3-dpol-lla .

Halorubrum_distributum_JCM_9100-dpol-lla

Falorabrom_oreom.JGM._ 13561 deoria ldenote Halorubrum spp.
Halorubrum_distributum_JCM_10118-dpol-lla

Halorubrum_californiensis_DSM_19288-dpol-lla

Halor
Halor

Nanohaloarchaea

um_SP3-dpol-lla
um_SP9-dpol-lia
Natronococcus_occultus_SP4-dpol-lla

r Natronorubrum_bangense JCM 10635-dpol-lla

Natronorubrum_sulfidifaciens_JCM_14089-dpol-lia
Natrinema_pellirubrum_DSM_15624-dpol-lla
Natrinema_versiforme_JCM_10478-dpol-lla
Haloferax_elongans ATCC_BAA-1513-dpol-lla
Haloquadratum_sp._JO7HQX50-dpol-lla

Haloquadratum_walsbyi_C23-dpol-lla
uncultured_haloarchaeon-dpol-lia
Haloquadratum_walsbyi_DSM_16790-dpol-ila
Halonotius_sp._JO7HNG-dpol-lla
Halobacterium_sp._DL1-dpol-lla

Haloferax mv.(h lerranei ATCC_33500-dpol-lla
Haloferax_gibbonsii ATCC 33959-dpol-lla
16

alof

& B POl

E ax_sp. ATCC_BAA- ()L)(lpn\ lla
Halof sulfurifontis_ ATCC_BAA-897-dpol-lla
Halol prahovense_DSM_18310-dpol-lla
Halol salina_JCM_13891-dpol

N:l Iba_hulunbei m nsis_JCM_10989-dpol-lla

lorma_lacisalsi_AJ5-dpol-lla
Ne W\Ilf ma_altunense_JCM _12890-dpol-lia
Halorubrum_LB1-dpol-lla
Halobacterium_sp. NRC-1-dpol-lla
Halobacterium_salinarum_R1-dpol-lla
Halorubrum_C2_a-dpol-lla
Halorubrum_Fb21-dpol-lia
Halorubrum_LG1-dpol-lla
Halorubrum_LD3-dpol-lla
Halorubrum_Ga36-dpol-lla
Halorubrum_Ec15-dpol-lla
Halorubrum_G37-dpol-lla
ptatus_paucihalophilus_DX253-dpol-lla
1 r Halococcus_morthuae. DM T307- dpol-lla
Halococcus_thailandensis_JCM_13552- nno\ lla

— halophilic_archaeon_DL31-dpol-lla
Natronomonas, moolapensis_8.8.11-dpol-lla
Halomicrobium_mukohataei DSM_12286-dpol-lla
Haloarcula_vallismortis ATCC_29715-dpol-lla
Haloarcula_amylolytica_JCM_13557-dpol-lla
Haloarcula_hispanica ATCC_33960-dpol-lla
Halorubrum_92-dpol-lia 1
Haloarcula_japonica_DSM_6131-dpol-lla

rge!

Hi brum_hochstenium_ATCC 7005’3 -dpol-lla
L Valorubrum Cb34-dpoi-lia
Halorubrum_sp._JO7HR59-dpol-lla
Methanoregula_formicica_SMSP-dpol-lla
Halorubrum_kocurii_JCM_14978-dpol-lla
Halorubrum_terrestre_JCM_10247-dpol-lla

Halorubrum_SP7-dpol-lla
Halorubrum_sp. 13- (1pL)| lla
o Halorubrum_167-
Halorubrum_C2 b
Halorubrum _lacusprofundi_ ATLL 49239-dpol-lla

[ haloarchaeon _3A1 DGR-dpol-lla
—— latrialba_magadii_ATCC_43099-dpol-lla
0.4 Halosimplex_carisbadense-dpol-lla
¢ —! halophilic_archaeon_JO7HX5-dpol-lla
. halophilic_archaeon_J07HX64-dpol-lla

cens_JCM_10879-dpol-lla
Natronolimnobius_innermongolicus_JCM_12255-dpol-lla

Figure 4: Maximum likelihood phylogeny of the intein in the large subunit of the DNA polymerase 11,
insertion site a (po/ /I-a). The phylogeny was calculated with PhyML (Guindon et al. 2010) using the LG,
Gamma + I model and sequences as described in (Soucy et al. 2014). Branches with a support values
(Anisimova and Gascuel 2006) below 0.85 are shown in gray. Sequences are as described in (Soucy et al.
2014). Font colors/grayscale denote different groups of archaea. Intein sequences from the genus
Halorubrum group in several distinct groups within the Halobacteria and these groups, indicated by lines
next to the strain names, are separated by well supported branches. One intein from a Methanomicrobion
(Methanoregula formicica SMSP) groups within one of these Halorubrum clusters, whereas the other po/
1l-a inteins from Methanomicrobia group as a sistergroup to the halobacterial homologs, as is expected
from the relationship between Haloarchaea and Methanomicrobia based on the phylogeny of the
translation machinery (Woese 1987; Lasek-Nesselquist and Gogarten 2013).



2.2 Detecting the direction of bio-communication

Phylogenetic comparison between intein and extein phylogenies can provide
clear indications that the intein has been transferred (Figs. 3 and 4); however, conflict
between intein phylogeny and that of the host or host protein often is insufficient to
determine the direction of transfer. For example, from the phylogenies depicted in Fig. 4
it is not always clear when a Halorubrum species was the donor and when the recipient
of an intein transfer; however, the fact that the inteins from Halorubrum group in 5 well
separated locations in this phylogeny reveals repeated transfer of this intein between
Haloarchaeal genera. Sometimes the tree topology does provide a clue: the single
intein from a methanomicrobia grouping within a group of inteins from Halorubrum
strains, strongly suggest that this methanomicrobion, Methanoregula formicica, acquired
the intein through genetic exchange with a Haloarchaeon, likely a member of the genus
Halorubrum (Fig. 4). The comparison between polB-b intein and polB extein
phylogenies (Fig. 3) suggests that the ancestor of Halorubrum Eb13 and Ib24 may have
acquired the intein through transfer from the ancestor of Hrr. californiensis, Hrr. arcis ,
Hrr. terrestre and Hrr. sp C3. Similarly, the grouping of the Thermococcus litoralis vmal-
b intein within a group of homologous inteins from several Pyrococcus species reveals
T. litoralis as the recipient of the transfer (Swithers et al. 2013). A more sophisticated
analysis involving the ratio of the pairwise phylogenetic distance between intein
sequences and a reference sequence (the associated extein can sometimes serve as a
reference) can help to infer additional transfers and to determine the direction of transfer
(Swithers et al. 2013). The underlying rational is that if two intein sequence are more
similar to each other than expected from the similarity between the two corresponding
extein sequences, then the intein was likely acquired through horizontal transfer and not
only through vertical inheritance. However, this approach requires calibration of
substitution rates for inteins that have been vertically transferred. Swithers et al. used a
mini-intein to calibrate their dataset, but mini-inteins are not available for many intein
datasets. More needs to be done to develop this method to determine and study gene
transfer events between close relatives.

2.3 Inteins as markers of bio-communication in distantly related organisms
Perhaps more interesting than gene transfers between closely related organisms
are transfer events that involve distantly related organisms. Many questions about the
boundaries of gene transfer remain to be answered. For transfers between distantly
related lineages the direction of transfer can often be inferred from the distribution of the
intein. If there is a clear majority of close relatives of one of the partners, it is likely that
organism is the donor. In the Haloarchaea 14 of 24 inteins are shared with at least one
bacterial species. Surprisingly the shared inteins are not limited to other salt tolerant
microbes but are found in bacteria from six different phyla (Soucy et al. 2014). Six of the
24 inteins found in the Haloarchaea are found in more bacterial species than archaeal
species, indicating the intein may have been transferred from the bacteria and into the
Haloarchaea. The other eight intein alleles that are shared between Bacteria and
Haloarchaea have far more representatives in Haloarchaea than Bacterial, indicating
that bio-communication is occurring in both directions. Thirteen out of 24 inteins in the
Haloarchaea are shared with other Euryarchaeota (Soucy et al. 2014). The two inteins



with the highest number of other Euryarchaeota, cdc21-a and pol-lla, also have the
highest proportion of mini-inteins, implying these inteins have an ancient association
with the euryarchaeal lineage (Soucy et al. 2014). The intein with the highest proportion
of euryarchaeal sequences outside the Haloarchaea, rfc-a, also has several mini-inteins
(Soucy et al. 2014). In contrast,10 of the 14 inteins shared between Haloarchaea and
Bacteria have no mini-inteins in the Haloarchaea, and few mini-inteins in the Bacteria
(Soucy et al. 2014).

These findings support ancient and ongoing bio-communication through gene
transfer with other Euryarchaeota and more recent bio-communication with bacterial
species, supporting earlier evidence that haloarchaeal evolution included extensive
gene transfers with the bacteria (Williams et al. 2012; Nelson-Sathi et al. 2012; Nelson-
Sathi et al. 2014; Becker et al. 2014). No clear pattern has emerged regarding the types
of genes that are invaded by inteins shared by Bacteria and Archaea, and those that are
found only in Archaea. As with most inteins, most of the shared inteins fall into the
replication, recombination, and repair COG category.

Inteins are valuable indicators of bio-communication through gene transfer within
and between species. The phylogenetic information provided by inteins due to their high
substitution rate has been used to identify gene transfer between organisms at all level
of relationship: within populations, between related species belonging to the same
order, between orders, phyla, and even between organisms from different domains.
More needs to be done to integrate information of symbiotic state and substitution rates
with the comparative analysis of topologies of gene and species phylogenies. To date,
conclusions from using inteins as indicators of gene flow confirm results obtained from
using whole genome data and individual gene phylogenies: Genes are transferred much
more frequently between closely related organism than between divergent organisms
(Andam and Gogarten 2011; Williams et al. 2012), but even transfers across domain
boundaries have occurred, and some of these greatly impacted the physiology and
ecology of the recipient organisms (Soucy et al. 2015).
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