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Abstract

Mobile genetic elements shape microbial gene repertoires and population dynamics, but their
mechanisms of horizontal transmission are often unknown. Recent results reveal that many, possibly
most, bacterial mobile genetic elements require helper elements to transfer between (or within)
genomes. We refer to these non-autonomous, albeit mobile, elements as Hitcher Genetic Elements
(hitchers or HGEs). They could constitute a large fraction of pathogenicity and resistance genomic
islands, whose mechanisms of transfer have remained enigmatic for decades. Together with their
helper elements and their bacterial hosts, hitchers are in tripartite networks of interactions that evolve
within a parasitism-mutualism continuum, with advantages and costs to each party. The emerging
view of microbial genomes as networks of interacting mobile genetic elements brings to the fore many
mysteries. Which elements are being moved, by whom, and how? How often are hitchers costly hyper-
parasites or instead beneficial mutualists to their helpers and to the bacterial hosts? What is the
evolutionary origin of hitchers? Are there key advantages associated with hitchers' lifestyle that justify
their unexpected abundance across genomes? Or is their frequency largely the result of selfish spread
across communities? Understanding the principles, origin, mechanisms, and impact of Hitcher Genetic
Elements will lead to key insights in bacterial ecology and evolution.
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Introduction

The past few decades have transformed our understanding of microbial evolution. It is now clear that
there are vast intra-species variations in the gene repertoires of microbial populations and a strong
suspicion that such differences explain local adaptation. This diversity leads to large species
pangenomes, often much larger than the average individual genome, and to closely related strains
differing markedly in gene number and type (1,2). These variations are caused by processes of gene
gain via horizontal gene transfer driven by mobile genetic elements (MGEs, see Glossary) (3). The
latter encode core functions required for their horizontal and/or vertical mobility, as well as accessory
functions that favor the MGE by increasing its host’s growth or survival. The transfer and stabilization
of MGEs often incurs in a fitness cost to the bacterium: bacteriophages (phages) kill the host,
transposable elements may disrupt host genes, and conjugation impacts the growth dynamics of
bacteria (4-6). These deleterious effects to the host may or may not be compensated by MGE-
encoded accessory traits such as antibiotic resistance, immune defense, or virulence. Hence, the
interests of MGEs and their hosts are sometimes aligned and other times misaligned, resulting in a
shifting balance in the parasitism-mutualism continuum (7,8). There is a rich literature on these
wavering interactions between single MGEs and their hosts. Yet, recent results strongly suggest that
such interactions can only be fully understood on a broader context because MGEs are rarely alone
within cells.

Some MGEs — bacteriophages, conjugative elements — transfer autonomously between cells. Other
MGEs, that we will refer to as Hitcher Genetic Elements (hitchers or HGES), cannot transfer
autonomously and must use functions of autonomous helper elements to transfer. Importantly, the
term “helper” does not necessarily imply altruism. It merely describes an MGE that is involved in the
mobility of a hitcher. As we will describe below, some hitchers require other hitchers for their
mobilization (beyond also strictly requiring a helper). For simplicity, we will name both types of
hitchers in the same way, since both types of elements depend on a helper, which we define as an
element that can transfer autonomously. Recent works have shown that hitchers are very abundant
and may be key to understand the mobility of many bacterial genes (9,10). The view of the interactions
between bacterial genomes and MGEs is thus evolving. If traditionally one would think of pairwise
interactions between a bacterium and its MGE, the focus is now shifting towards MGEs forming,
together with their hosts, a network of complex functional interactions, ranging from antagonism to
mutualism. This brings to the fore major unsolved mysteries. First, it highlights the need to unravel
the mechanisms of interaction shaping the mobilization of MGEs and, ultimately, understand who
moves whom and by which mechanisms. Second, while it is common to regard HGEs as hyper-
parasites, it is unclear what are their actual costs, and whether these could be offset by the advantages
they provide to both helpers and the bacterial host. Third, there is little data on the evolution of the
mechanisms of co-mobilization leading to the emergence of HGEs. Finally, a better understanding of
their emergence, interactions, costs, and benefits could explain why they evolved to be mobilizable
and not autonomously mobile. Here, we put forward these mysteries and contextualize them with the
goal of sketching the way ahead.

Who are the known hitchers, and who’s helping them move?

Phages are viruses that infect bacteria and can drive DNA exchanges between cells (11). Phages encode
genes to replicate their DNA, to produce, assemble and package the viral particle containing the DNA,
and to lyse the bacterial cell to release the newly formed viral particles in the environment, from where
they can infect new bacterial hosts. Virulent phages nearly immediately replicate in the host cell (lytic
cycle) resulting in cell death, whilst temperate phages can either follow a lytic cycle or a lysogenic cycle.
In lysogeny, the phage DNA either integrates into the bacterial chromosome (as a prophage) or
remains episomal (as a phage-plasmid) being vertically transmitted until it re-enters the lytic cycle and



eventually kills the host cell. Sometimes bacterial DNA is mistaken as phage DNA and is packaged in
the viral particles, being then possibly transferred to other bacterial cells (transduction). Phage
satellites are a diverse group of HGEs that package their genome, instead of the one of the helper
phage, in the viral particles encoded by the latter (Figure 1B). The first described phage satellite, P4,
was the only one known for decades, and is now the reference of a characteristic family of satellites
known as P4-like (12). In the last few years, other families of phage satellites were uncovered, such as
the phage inducible chromosomal islands (PICI) (13,14), capsid-forming PICI (cfPICI) (15), PICI-like
elements (PLE) (16) and phage inducible chromosomal minimalist islands (PICMI) (17). Additional
families of phage satellites in marine (VEIMEs (18) and Tycheposons (19)) or soil bacteria (20) have
been recently proposed. Some elements are satellites of ssDNA phages, e.g. the plasmid pDolos (21).
Phage satellites depend on helper phages to produce all or parts of the viral particle or even to
replicate the satellites’ DNA. They can hijack viral particles by manipulating the capsid size (e.g., (22))
or by redirecting packaging towards their own DNA (e.g., (23)). Some satellites, like the Staphylococcus
aureus satellite SaPI3, are not induced by the helper and requires another satellite for that (24). This
suggests that satellites are involved in a complex hierarchy of functional dependencies within the
bacterial cell (Figure 1B).

Conjugative elements transfer copies of their genomes into neighboring recipient cells using a
conjugation system that is costly but does not usually entail donor cell death (25,26). Conjugative
plasmids (pCONJ) are extrachromosomal fragments of DNA that replicate independently of the
bacterial chromosome. They encode a relaxase that initiates the transfer of plasmid DNA at their origin
of transfer (oriT), and a mating pair formation system that connects the donor and recipient cells and
serves as channel for the plasmid transfer. Integrative Conjugative Elements (ICEs) are also transferred
by conjugation, but they encode an integration and excision module to integrate into the bacterial
chromosome, thereby replicating with it. Some MGEs do not encode a functional conjugative
apparatus and thus require those encoded by autonomous conjugative elements to transfer
horizontally. These conjugative HGEs may be plasmids that encode a relaxase and an oriT (e.g. pMOB),
plasmids that carry only the oriT (e.g. pOriT), or Integrative Mobilizable Elements (IMEs) carrying an
oriT with a relaxase (iMOB) or without it (iOriT). Since the conjugation machinery of ICEs and plasmids
is homologous, they can potentially use each other’s relaxases or assembled pilus (27). Therefore,
pMOBs, pOriTs and IMEs can be potentially mobilized by both types of conjugative elements (28-30)
(Figure 1A and C). Conjugative HGEs may use proteins from multiple elements, some of which may
also be hitchers themselves, thereby establishing an hierarchy of interactions within the cell that is
necessary for their transfer (31). Such plasmids are common: a third of those having only an oriT
transfer between cells using a relaxase from one plasmid and a conjugative system from another (9).

The focus of this text is on co-mobilization in horizontal gene transfer. Yet, while most known
mobilizable elements are horizontally transferred between cells, relations of functional dependency
are also observed for MGEs involved in intra-genomic mobility. The best described case concerns the
association between transposable elements and miniature inverted repeat transposable elements
(MITES), which are encoded by more than 50% of bacteria (32). These short elements (ca. 300nt) lack
protein coding genes and are transposed by transposases encoded in Insertion Sequences or other
transposable elements (33). They can thus be considered HGEs of transposable elements (Figure 1E).
Integrons are elements encoding a specific integrase that mediates recombination between attC sites
flanking gene cassettes (34). This mechanism results in the integration of novel cassettes and shuffling
of old ones. While not strictly speaking an MGE, integrons can exchange cassettes with other integrons
and thus participate in intra-genomic genetic mobility. Cassette arrays lacking an integrase are called
CALIN (35), can be mobilized in trans by complete integrons, and may thus also be thought of as HGEs
of integrons (Figure 1D). Of note, the interactions between agents of intra-genomic mobility are
important for the MGEs involved directly on inter-genomic mobility (horizontal transfer). This is
especially true for conjugative HGEs and their helpers, which contain numerous transposable



elements, MITEs, integrons and CALINs (36,37). These elements are key for the transfer of other genes
between plasmids and/or integrative MGEs, e.g. for exchanges of antibiotic resistance genes between
conjugative and mobilizable plasmids (38). While they do not allow horizontal transfer, they lead to
novel assemblies of potentially adaptative functions in the helpers and hitchers transferring between
bacteria.
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Figure 1. Diversity of hitchers and helper elements, and their interactions within the cell. The black continuous
arrows indicate the mobility of the helper MGE, whereas the grey continuous arrows represent the hitcher
mobility. Colored dashed arrows indicate interactions between different types of MGE. A. The helper conjugative
plasmid (pCONJ) assembles the mating pair formation (MPF) system for its own mobility. pMOB plasmids encode
for their own relaxase (MOB) and oriT, sufficient to be mobilized by the MPF encoded by a pCONJ. pOriTs carry
their own oriT but require a MOB encoded by a pCONJ (up) or a pMOB (bottom). B. Bacteriophages produce all
the elements required for the assembly of viral capsids, the genome packaging, and the cell lysis. Phage induction
may induce satellites, which use resources provided by the phage (e.g. orange satellite). Likewise, the induction
of some satellites may trigger the induction of additional satellites and their mobility (e.g. purple satellite). Some
satellites shrink the capsids of phages (PLE, P4), whereas others produce their own smaller capsids (cfPICI), which
results in phage particles carrying only the satellite DNA in small capsids. C. ICEs assemble the MPF system for
their own transfer. Some IMEs, iMOB, encode their own relaxase and oriT and can therefore use the ICE’s MPF.
iOriTs only carry their own oriT, and need the MOB encoded by an ICE (bottom) or by an iMOB (up), to be
mobilized by the MPF. Before conjugation, ICEs and IMEs need to be excised and circularized. To avoid confusion,
this step has been removed from the figure. D. Integrons use their own integrase (Int) to shuffle their gene
cassettes array. CALINs are cassette arrays that lack an integrase and depend on an integron’s integrase to be
mobilized. E. Insertion Sequences (IS) encode a transposase (Tnp) which mediates their intragenomic mobility.
Here, it is exemplified only one of many different mechanisms of transposition. MITEs are hitchers that utilize
the transposase of their helpers to be mobilized within the genome. DR: Direct Repat. IR: Inverted Repeat.

The ways HGEs attain helper-mediated genetic mobility differ widely. Some hitchers encode
sophisticated mechanisms to actively subvert their helpers (viral particles or conjugative apparatus).



This was more frequently identified in phage satellites, many of which encode genes dedicated to
physically redirect the packaging of viral particles towards the satellite genome (23), to reshape or
exclude the viral capsid to fit the satellite DNA (22), and/or exclude the packaging of helper phage
genomes in viral particles (39). HGEs mobilized by conjugation often encode their own relaxases and
coupling proteins to facilitate the interaction with the type IV secretion system of the conjugative
element (40,41), but without excluding its previous or subsequent use by the helper. An example of a
more complex mechanism of subversion involving conjugation is given by IME SGI1 which encodes a
gene (traGs) that reshapes the pilus of its helper conjugative plasmid to enhance its transfer at the
expense of the latter (42). These are sophisticated molecular mechanisms of subversion that require
proteins encoded by the hitcher. Other hitchers tend to lack such genes and may be more passive, in
that they depend only on the presence of DNA motifs in their genome that are recognized by the
helpers’ transfer machinery. For instance, the mobilization of PICMI satellites seem to depend only on
the presence of a packaging DNA motif to be packaged in viral particles (17), and many plasmids only
encode an origin of transfer to be mobilized by conjugative plasmids (9). This is also the case of MITES,
which lack protein coding genes and whose mobilization relies solely in the opportunistic use of
transposases from helper transposable elements. As we will discuss later, these distinctions might
reflect the evolutionary paths that led to each hitcher and may contribute to their impact in the fitness
of their helpers.

Who else might be a hitcher?

Prokaryotic genomes have plenty of MGEs. More than half encode prophages, transposable elements,
MITES, and nearly as many have plasmids. Phages and conjugative elements have been widely studied,
but might be a relatively small fraction of the MGEs present in genomes. The search for genes coding
the key mechanisms of plasmid mobility revealed that only 25% are autonomously conjugative (43,44)
and 7% are phages (45). Hence, more than two thirds of the plasmids are either mobilizable or non-
transmissible. Recent studies in the model species E. coli and S. aureus strongly suggest that most of
these plasmids are HGEs mobilized by autonomous conjugative elements (9,46), and many could be
passively mobilized by phage transduction (47), especially those at high copy number (48). The analysis
of MGEs integrating bacterial genomes is more difficult because delimiting poorly known ones is
challenging. Yet, bacterial chromosomes have a small number of regions (“hotspots”) where most
genetic exchanges with other bacteria take place. One of the reasons of existence of these hotspots is
that they are flanked by sequences targeted by the site-specific recombinases of MGEs (49). Hence,
hotspots are expected to have many MGEs, and some are indeed well-known to be targeted by phages
or ICE (50). Intriguingly, many of these hotspots have one or several MGEs broadly called Genomic
Islands (Gls) lacking identifiable phage or conjugative elements (49). These MGEs have been identified
for decades and intrigued researchers because they lacked recognizable mechanisms of transfer.

Many of these Gls are now being revealed as phage satellites or IMEs. Until recently only a handful of
satellites were known. In just one year, two new families were discovered and characterized in detail
(15,17), three additional novel types of satellites were uncovered in Cyanobacteria and Actinobacteria
(18-20), a phage-plasmid-satellite was described (21) and several thousands of novel satellites of these
families were identified in genomes (10). Likewise, novel IMEs are regularly uncovered across various
Phyla, even if they have diverse names such as Genomic Islands (e.g. SGI1 mobilized by IncA/C
plasmids) (51), transposons (e.g. Tn4451 mobilized by the plasmid RP4) (52), or Nonreplicating
Bacteroides Units (e.g. NBU1 mobilized by the plasmid R751 or the ICE Tcr-ERL) (53). Indeed, despite
largely unknown, ICEs are more numerous than conjugative plasmids among sequenced genomes (54),
so one can expect that a lot of IME diversity remains to be explored. These hitchers may account for a
large fraction of the genomic islands whose mechanisms of mobility have remained unknown for
decades (55-57).



Knowledge about HGEs remains concentrated in a limited number of elements from a few bacterial
species, notably in E. coli. Most genomes of this species harbor at least one prophage (and up to 16)
and 43% have at least one satellite. Around 52% of the genomes carry at least one fully autonomous
conjugative element (and up to 5) and 58% carry at least one conjugative hitcher (Figure 2). Hitchers
can be numerous in individual bacteria, with some genomes carrying up to 6 phage satellites and
others carrying 10 elements mobilizable by conjugation. Other genomes have multiple mobilizable
elements of each type, e.g., a single genome (E. coli 0157:H7 strain USDA5905) has 3 phage satellites,
5 mobilizable plasmids and 1 iMOB. Despite the abundance of hitchers in certain bacteria, the
frequency of HGEs may vary widely between closely related genomes. This might result from the
frequent gain and loss of these elements, resulting in a scattered distribution across the phylogenetic
tree of the species.
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Figure 2: Distribution of MGEs (helpers and hitchers) in E. coli genomes. Phylogenetic tree built from the core
genes of 1,585 E. coli complete genomes retrieved from RefSeq (May 2021) is annotated for the presence of
prophages (detected with VirSorter2) (58), phage satellites P4, PICI and cfPICI (detected with SatelliteFinder)
(10), conjugative plasmids, ICEs and conjugative-based HGEs (identified with CONJScan v.2) (59). In each circle,
darker shades correspond to higher numbers of the respective elements in the corresponding genomes.

If E. coli has so many HGEs, and some may even remain to be identified, it is likely that other species
contain at least as many. But how can we find them? Novel elements resembling known HGEs can
often be identified by sequence similarity, as above. For instance, PICls were detected in 35% of
Staphylococcus genomes (10), and 34% of S. aureus genomes carry known pOriTs (9). The true
difficulty lies in identifying elements that differ from the known HGEs. One approach is to study the
mechanisms of mobilization of helpers and find other MGEs by homology. The presence of some genes
or DNA motifs might be sufficient to identify potential mechanisms of mobilization, e.g. the presence
of genes encoding relaxases and oriTs suggest that the hitcher is mobilized by conjugation and the
presence of genes encoding terminases or cos/pac sites suggest the element is mobilized by phages.
Yet, some conjugative elements and phages are poorly known, some HGEs lack protein coding genes
homologous to the helper, and DNA motifs such as oriTs or cos/pac are often unknown or hard to
identify (60). It is also likely that the mobilization of completely novel HGEs differs from the known
mechanisms. In such cases, the identification of novel hitchers will require the integration of
experimental and computational approaches to analyze mobilized DNA in bulk, e.g., by identifying
satellites packaged in viral particles through sequencing of purified phage lysates (18).



Who moves whom?

Now that thousands of HGEs are being unraveled, one must identify their helpers to infer the networks
of interactions between mobile genetic elements within cells. The co-occurrence between helpers and
HGE could, in principle, provide clues to their transfer compatibility, i.e. in this context, meaning the
ability of a given helper to mobilize a given hitcher. Yet, as shown above (Figure 2), genomes may have
multiple hitchers and helpers, and there is no guarantee that they match together. For instance, phages
HK106 and HK446 were found to mobilize the satellite cfPICI EcCIEDL933, but neither is native to the
E. coli strain where the satellite was discovered. Strikingly, this strain encodes 17 prophages, none of
which mobilized the satellite at detectable frequencies (15). Inversely, some genomes have hitchers
without having any possible helper. In the E. coli analysis described above, 24% of the genomes have
hitchers for conjugative elements but not the latter. Hence, co-occurrence has not yet been shown to
allow systematically matching hitchers with helpers. In some cases, the elements are expected to co-
occur rarely if ever. This is the case of hitchers whose helpers are virulent phages, which will not be
stable in a cell. It is also the case of hitchers that block their helpers since in this case only one of the
elements will transfer.

Another approach to find pairs of compatible helpers and hitchers is to search for homologous DNA
motifs that are present in the genomes of both elements, such as oriTs for conjugation or cos/pac sites
for packaging in viral particles. In these cases, the similarity of DNA motifs between hitchers and
helpers is essential for the former to be mobilized by the latter. Hence, pairs of elements with identical
sequences should make a pair of compatible hitchers/helpers. Unfortunately, these DNA sequences
are often small, degenerate, and most are yet unknown.

Finally, co-integration of helpers and hitchers suggest the two elements are compatible. Some
conjugative hitchers can transfer between cells by conduction, i.e., by co-integrating the genome of
the helper in the donor cell and excising once they are in the recipient cell. In this case, the hitcher
does not need to encode any function related to conjugation, not even an origin of transfer, since it is
now part of the conjugative helper and transfers with it, in a way resembling ISs that translocate into
a conjugative plasmid. Examples of this mechanism include the co-integration of pSC101 and the
conjugative plasmid R1-19, or of pML21 and R64-11 (61). Of note, in these cases conduction is an active
mechanism, i.e. the hitcher encodes genes that seem to have evolved to integrate and then excise the
other element. In many cases, it may be difficult to distinguish this mechanism from casual co-
integration between MGEs, e.g. driven by transposable elements. In theory, phage satellites could also
integrate conjugative elements and transfer by conduction, but satellites known so far rarely integrate
conjugative plasmids (10). Conduction is expected to be rare or inexistent between phages and
satellites, because their co-integration creates a larger genome that can only be packaged in the
original phage particle if the satellite is very small. A different process is sometimes observed in phages
and satellites (and even in conjugative elements): some HGEs integrate their helpers after transfer. For
example, some satellites were observed to integrate within prophages (62), and some IMEs within ICEs
(30). These processes are different from conduction because the co-integrate is split before transfer
and the two elements are transferred independently. Nevertheless, they can also provide information
on the compatibility of helpers and hitchers, since available data suggests that co-integration allows
the HGE to take control of the transmission of their helper (30). Hence, co-integration of hitcher and
helper provides strong evidence that the two are a compatible pair, i.e. the former moves the latter.

What are the host-ranges and helper-ranges of hitchers?



There are two types of host ranges for MGEs: the set of bacterial hosts they can infect and the set of
bacterial hosts from where they can further transfer. The first is often broader than the latter because
MGEs may be able to transfer their DNA to a host, but the DNA cannot further transfer from the novel
host. For example, some conjugative elements can transfer into eukaryotic cells, i.e. they can produce
a MPF in a bacterial cell allowing their transfer into an eukaryotic cell. But once in the latter, their MPF
cannot be formed because the cell structure is too different, resulting in an element that cannot
further transfer (63). Both ranges are important for the horizontal transfer of genetic information. The
range of bacteria that can be infected by helper MGEs is extremely diverse because of the variations
in the molecular mechanisms of transfer, integration, and replication of MGEs and because of the
differences in bacterial physiology and immune defenses. Phages interact specifically with cell
receptors and tend to have relatively narrow host ranges, often limited to a clade within a species or
genus (64). In contrast, the molecular interactions of conjugative elements with the recipient cell tend
to be either less specific or more tolerant to the absence of specific receptors (65), and this results in
broader host ranges (64). What about HGEs? The study of these elements requires a further extension
of the traditional concepts of host range because the hitcher depends on the bacterial host and on the
helper. A simple prediction is that these additional constraints would further narrow the host range of
HGEs. The available data suggests a more complex and intriguing picture.

One might think that if a hitcher is mobilized by a single helper, then they should have the same
bacterial host range. This seems to be the case of the satellite PLE that is known to exploit only the
virulent phage ICP1 (16) whose only known host is Vibrio cholerae (66). As a result, this hitcher is only
found within the triplet PLE-ICP1-Vibrio cholerae. Yet, hitchers and helpers may have different host
ranges if their ability to function in the new host differs (e.g., if only one has a functioning replication
initiator) or if the novel host defense systems target one element and not the other (e.g. small MGEs
escape restriction more easily (67)). Furthermore, some hitchers can be mobilized by a wider diversity
of helpers. For example, P4 can be mobilized by at least five different P2-like phages (68). The range of
helpers used by elements mobilizable by conjugation can be even broader. Relaxases of mobilizable
elements (e.g. MOBq; or MOBys) interact with multiple diverse conjugative systems (69). Moreover,
some mobilizable plasmids carry multiple oriTs (e.g. pEC156) (70), or encode coupling proteins (e.g.
CloDF13) (40) that expand the range of helpers that can mobilize them. The ability of a HGE to be
mobilized by different helpers may dramatically increase their bacterial host range both in terms of
infection (as they can hijack helpers that infect different hosts) and their ability to transfer from the
novel recipient cell (since the likelihood of coinciding there with a helper for subsequent transfer is
higher). Indeed, many of the plasmids with the broadest host range are mobilizable, like
RSF1010/R1162 (71), pLS1 (72) or pBI143 (73). For instance, RSF1010 can be mobilized by the plasmid
R388 in Escherichia (69), by pAtC58 in Agrobacterium (74), and by RP4 in the very distantly related
Mycobacterium and Streptomyces (75). Likewise, nearly identical P4-like satellites can be found in E.
coli and Klebsiella spp. (12), corresponding to phylogenetic distances rarely crossed by phages. In
theory, although this remains to be demonstrated, hitchers using different populations of helpers in
distinct clades may have a key role in transferring genes across distant bacteria which their helpers,
individually, cannot reach. Hence, HGEs can access broad host ranges if they have a large panel of
helpers.

Importantly, the helper range of some HGEs might be dynamic, since only a few mutations are
required, either in the hitcher or the helper, to create a functional association. For instance, in S.
aureus, a single amino-acid substitution in the relaxase of an IME allows it to recognize divergent oriTs
(76). Likewise, a common point mutation in the relaxase accessory protein SmpO allows the helper
conjugative plasmid pWBG749 to mobilize a broader range of mobilizable plasmids (76). Hence, not
only some HGEs can be mobilized by a large range of helpers, but some might be just a few point
mutations away from accessing a different group of helpers, and thus potentially a new set of bacterial
hosts.



The costs and benefits of hitchers: Hijackers, hitchhikers or co-drivers?

It is usually assumed that hitcher mobilization decreases the fitness of their helpers, as the hitchers
compete for a common pool of resources and hijack components of the latter (e.g., conjugative pili or
viral particles). This is indeed the case for some HGEs. The pMOB CloDF13 reduces the rate of transfer
of its helper by competing for the conjugation machinery (77), the IME SG1 diminishes the conjugation
of its helper plasmid pVCR94 (42), and PLEs abolish the helper phage reproduction (16). Yet, other
HGEs have little or no effect on the transfer of the helper. For instance, the satellites cfPICI ECCIEDL933
(15) and PICMI115 (17) had no significant effect on the production of the viral particles carrying the DNA
of their helpers. Similarly, integrative elements mobilized by ICEs related to ICESt3 (78), as well as
plasmids mobilized by the conjugative plasmid pWBG749 (79), have a negligible impact in the
efficiency of transfer of their helpers. Nevertheless, the cost of hitcher mobilization to its helpers
probably depends on the hitcher and on the helpers. This was observed, for instance, with some PICI
where the cost of the satellite, in terms of the reduction of the number of phage containing particles,
differs between helpers (39). While these results were obtained in laboratory conditions that may not
represent accurately the costs of hitchers on their helpers in natural conditions, other observations
further suggest that hitchers are often not costly to helpers. For instance, although some conjugative
plasmids encode CRISPR-Cas systems to target other plasmids, the targets are typically other
conjugative plasmids and not their hitchers, suggesting the latter are not the major targets of
competition within the cell for the helpers.

If hitchers have little or no impact on the helper’s mobility, are there hitchers that increase the
mobilization of helpers? CTX is a filamentous phage encoding the toxin CTX that makes V. cholerae a
deadly pathogen. RS1 is its satellite and counteracts the phage repressor promoting the expression of
itself and of its helper phage, resulting in increased expression of the cholera toxin genes and increased
virulence of V. cholerae (80). This could be a case of cooperation, where a satellite increases its helper
transferability to improve the chances of both co-transferring into novel recipient bacteria. Indeed, the
regulatory networks responsible for repressing and inducing MGEs are sometimes shared by hitchers
and helpers, even those with different evolutionary histories (e.g. the SgaD/C and AcaC/D protein-
homologs in SGI1 IME and pVCR94X pCONJ respectively (81), or the protein E in P4 satellites and P2
phages (82)). But the actual benefits for the helper of increased helper mobility promoted by their
hitchers remains to be shown, since the effects of an untimely mobilization might be
counterproductive for the helpers. Cases where parasites increase the growth of hosts while
decreasing their fitness have been described in other contexts, e.g., some virulent phages of
Cyanobacteria encode photosynthesis genes that increase their hosts’ growth rate during a lytic
infection but still kill their hosts at the end (83). Nevertheless, if there are co-induction mechanisms
between helpers and hitchers and the two elements respond to distinct environmental queues for
induction, this might increase each other’s transferability, and hence survivability. A key question for
future research is thus if genetic interactions affecting the induction of the helper are beneficial to the
latter.

In the tripartite relation between hitchers, helpers and the host, the costs of mobility for the latter can
be high. Regardless of their interactions with HGEs, the horizontal transfer of helpers is almost always
costly to the donor bacterium: novel phage particles usually require cell lysis for dispersion and
conjugation affects growth rates in both donor and recipient bacteria (6,84). But does HGEs
mobilization carry additional costs for the bacterial host? Interestingly, it often might not. Satellites
themselves have no mechanisms to lyse the cell. They require phages to transfer, and the mobilization
of the latter kills the cell whether satellites are present or not. Although this is costly for the cell, the
presence of the satellite might even impart a benefit for the bacterial population, since if the satellite



diminishes the helper reproduction it may benefit the survival of related bacteria. Of course,
mechanisms such as the one described above where satellites increase the induction of the helper
may effectively lead to an increased cost to the bacterial host for encoding hitchers. Conjugative HGEs
may also incur in little or no additional cost to the bacterial host because the conjugative machinery is
expressed and assembled by the helper whether the hitcher is present or absent. Even if DNA transfer
requires energy (85), the small size of mobilizable elements (see below) allows this cost to be kept low.
Hence, given that hitchers only transfer when the helpers are present and induce transfer, their costs
of transfer might often be negligible to the host already carrying a helper MGE.

Could hitchers be hyper-mutualists?

Parasitism is defined as an antagonistic symbiotic relationship in which one partner is harmed, while
the other benefits (7). In contrast, mutualism is a symbiotic relationship in which both partners benefit,
or are perceived to benefit (7). These definitions can be applied to interactions between MGEs and the
host. Because transfer and carriage of MGEs have been usually assumed to be costly, they are often
considered genetic parasites of bacteria (86). Likewise, since the mobilization of HGEs may be costly
to other MGEs (helpers) which may be costly to the bacterial host, they could be considered as genetic
hyper-parasites (i.e., parasites of the parasites) (87,88). But is this really the case? Can hitchers be
neutral, or even beneficial to their helpers and their hosts? To understand this, we must look at the
costs and benefits of HGEs in two ways: in terms of their mobilization (discussed above), and of their
stability.

The fate of autonomous MGEs hinges on a trade-off between their rate of horizontal transmission
(usually costly to the host) and the frequency at which they are vertically inherited. The latter may be
increased if the MGE carries adaptive traits (89,90). If HGEs have a reduced horizontal transmission,
which remains to be shown, then they might require improved chances of vertical transmission to
persist in microbial populations. Hence, hitcher-associated fitness costs or gains, for both the bacterial
host and the helper, can be key for hitchers’ success. The maintenance of hitchers can be costly to the
bacterial host even in the absence of transfer, especially in the case of multicopy plasmids (91,92) or
when they encode highly expressed proteins that are not adaptive to the host or helper. Interestingly,
the co-occurrence in the cell of both hitchers and helpers may lower the cost of the former: co-
residence of small plasmids with large plasmids can in some cases cost the host less than the sum of
their individual costs (94), favoring their co-existence within the cells (9,94). The mechanisms involved
in these epistatic interactions remain poorly understood, but these observations further suggest that
hitchers may have little impact on hosts when the helpers are also present.

The presumably low cost of many HGEs, because they tend to be small (see below) and induce low
transfer costs, opens the opportunity of establishing mutualistic interactions with the host. This may
explain why some hitchers carry functional genes that are not directly implicated in the core functions
of the MGE (mobility, replication and/or integration) and may improve the host fitness (95). For
instance, mobilizable plasmids are usual carriers of bacteriocins (96,97) and have the highest densities
of antimicrobial resistance genes in E. coli and S. aureus (9). Under bacteriocin or antibiotic pressure,
cells carrying these HGEs will be strongly selected, and so will the bacterial host. Phage satellites rarely
carry antibiotic resistance genes, but some S. aureus PICls encode virulence factors (98) and many
satellites encode anti-phage defense systems (17,99,100), allowing the bacterial population to better
withstand phage predation.

Co-residence of hitchers and helpers in a host provides opportunities for tripartite mutualisms on the

basis that the growth and survival of the host benefits all of them. For example, many of the defense
systems encoded by phage satellites target multiple phages but not their helper (99), thus increasing
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the survival of both the host and the helper. Such cooperative strategies are consistent with
longstanding co-evolution between hitchers, their helpers and their common host, because they all
share, to a certain extent, interest in the survival of the latter. The above-mentioned example of
mobilizable plasmids providing antibiotic resistance to the bacterial host may also favor helpers
indirectly when favoring their common host. Hence, there is extensive potential for shifts towards
mutualism in hitcher-helper-host interactions, especially when helpers are not very virulent to the host
and hitchers are not very costly to the helpers.

Yet, these mutualistic interactions may be ephemeral. The contribution to host fitness of HGE-encoded
accessory traits (e.g. antimicrobial resistance or anti-phage defense), may be positive under certain
circumstances (e.g. presence of antimicrobials or phages), and negative under different conditions
(101,102). The mutualistic interactions between hitchers, helpers and the host thus depend on specific
physiological and environmental conditions that may change rapidly. When alliances break the
consequences can be brutal, e.g., phages and their satellites will be transferred between cells at the
cost of killing the host. We favor the view that such tripartite interactions evolve in a shifting
equilibrium between mutualism and antagonism. Understanding the relative frequencies of each type
of interaction and the determinants of the shifts will be instrumental to understand the dynamics of
these intracellular ecological interactions.

When and how did hitchers emerge?

Dating the origin of HGEs is difficult because it is a process that accumulates the problems of dating
the bacterial hosts (deep phylogenies, lack of fossil record) with the specific properties of the evolution
of MGEs: rampant recombination, rapid turnover of gene repertoires, and pervasive horizontal gene
transfer between bacterial cells. Available data suggests that some HGEs are very ancient. For example,
P4-like satellites are distributed across the order Enterobacterales (12) with some evidence of isolation
between the most distant bacterial clades, which might set their origin to hundreds of millions of years
ago. Likewise, some relaxases specific of mobilizable plasmids (MOBps/uen) show distinctive conserved
motifs compared to the relaxases of conjugative elements, suggesting they emerged a long time ago
(103).

Despite the difficulties in dating their origins, it is clear that hitchers arose many times independently
in natural history. This is obviously the case for elements with different, unrelated types of helpers
(phages vs conjugative). It is also the case within each type of HGE and even within families.
Conjugative hitchers have paraphyletic or even non-homologous relaxases, the key proteins involved
in mobilization by conjugation. Among the nine relaxase families, five harbor a canonical HxH motif
(MOBg, MOBq, MOBgp, MOBy, MOBg) (103,104). The others are unrelated and likely arose from different
enzyme classes: the MOBy family is related to HD-hydrolases (105), the MOBc family is related to
restriction endonucleases (106), the MOBr family related to Rep trans rolling-circle replication
proteins (107) and the MOBy family is related to tyrosine recombinase (108). Crucially, the
mobilization of hitchers by conjugation through these evolutionary unrelated MOB families suggests
they have emerged several times independently (103,104). Likewise, phylogenetic trees of the capsid
genes of cfPICl revealed three distinct clades, suggesting these elements emerged from phages three
times independently (15). Similar processes were suggested for HGEs implicated in intra-genomic
mobility: available evidence suggests that MITES and CALIN emerge regularly in bacterial genomes
(35,109-111). Hence, some types of hitchers emerged a long time ago and did so multiple times, which
raises the question of the underlying evolutionary process. We propose two alternative non-exclusive
models: the reductive evolution model and the de novo evolution model (Figure 3).
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Figure 3: Evolutionary models leading to the emergence of HGEs. Reductive evolution model: Autonomous
elements evolve towards proto-hitchers by gene losses and/or inactivating mutations. After fine-tuning proto-
hitchers eventually become established HGEs. De novo evolution model: Non-mobile Elements and/or genomics
islands evolve towards proto-hitchers by acquisition of mobility features. In both scenarios, after fine-tuning
proto-hitchers eventually become established hitchers. pOriT: plasmid carrying oriT, oriT: origin of transfer, MOB:
relaxase.

The loss of one or more mobilization-associated genetic components in a helper element may result
in them becoming a HGE, i.e. to the emergence of a partially defective MGE that is functionally
dependent on another element. The latter becomes its helper by providing the missing functions. This
is the basis of the reductive evolution model for the emergence of HGEs. In this model, the proto-
hitcher initially resembles its helper and will progressively diverge from it. Since processes of gene loss
occur at high frequency, and can be accompanied by genetic exchanges, they have the potential to
create very intermingled evolutionary histories between hitcher and their helpers. This has been most
extensively described in mobilizable plasmids which can emerge by the loss of conjugation-related
genes. The phylogeny of the most frequent relaxases shows that conjugative elements are ancestral,
but very often, by gene loss, give rise to plasmids with defective conjugation systems that can only be
mobilized in trans (44,112). As for MITES and CALIN, the current paradigm is that they emerge by gene
deletion: loss of the transposase for the former (113) and IS-mediated translocation of the integrase
for the latter (35). Many bacterial genomes encode defective prophages that could be proto-hitchers
(114). For example, DLP12-like and Rac-like cryptic prophages are found in 74% of E. coli strains (115).
Detailed analyses of an E. coli 0157:H7 revealed 18 prophages, most of which are inducible and
capable of packaging DNA but only 2 are fully functional (116). Some of these elements have defective
structural genes, suggesting these functions might be provided by other prophages. It remains to be
understood how frequently the defective elements can be mobilized by helpers and whether they
survive in the long term to become efficient HGEs.

There is reason to believe that many defective elements that work as proto-hitchers are lost in the
process. Phylogenies of relaxases reveal many more transitions of conjugative to mobilizable plasmids
than the inverse (44), suggesting source-sink evolutionary dynamics where most transitions are quickly
lost, i.e. most novel mobilizable plasmids are poorly adapted to their novel role and disappear. These
novel elements lack many of the characteristics that would favor their efficient mobilization by a
helper. Notably, their non-functional mobility systems may be costly for the cell (due to, e.g.,
production costs, toxicity of aggregation of non-assembled protein components) and may interfere
with the one of the helpers (since they are homologous). Their cost to the cell, when it exists, and less
efficient transfer may result in their frequent extinction. Some proto-hitchers might also be too related
to the helper for their stable maintenance in the population. For example, a defective conjugative
plasmid is initially incompatible with its closely related helper due to their similar replication and
partition systems, meaning that they cannot stably co-reside in the same cell (117), which would favor
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extinction of the hitcher. Accordingly, genome analyses suggest that plasmids successfully transitioning
from conjugative to mobilizable rapidly acquire novel replication initiators (44). Similar problems may
arise when phage satellites emerge from defective prophages and the original element has
superinfection exclusion systems (118). In such cases, the newly formed hitchers might rarely co-reside
with the suitable helper, increasing their chances of extinction. A key bottleneck of the reductive
evolution pathway may thus be the transition from being a defective helper (proto-hitcher) to become
an efficient hitcher.

Alternatively, existing autonomous MGEs may have acquired the ability of being mobilized by other
unrelated MGEs. This de novo evolution model predicts that hitchers may be very distinct from the
helpers in the first place. This fits well with some types of satellites, like the P4-like satellites and PLE,
which have very few homologs to their helper phages (12,16), and none concerning the proteins
responsible for subverting the helpers. Likewise, the relaxases of many mobilizable plasmids are rarely
found among conjugative plasmids (103,104). How could these functions emerge to generate a
hitcher? One possibility is that potential proto-hitchers acquired them through genetic exchanges.
This is the case of the pOriTs pCERC7 and pBuzz, which have acquired the oriT region of the conjugative
plasmids R64 and p838B-R, respectively (119,120). Likewise, PICI satellites have phage-like DNA
packaging systems (14), and the capsids of cfPICI satellites form multiple distinct clades suggesting
they were independently coopted a long time ago from phages (15). Such genetic exchanges may be
followed by mutations or genetic reassortments resulting in fine-tuning the functions to their new role
in the novel hitcher.

Another possibility is that such functions evolve de novo in mobile genetic elements that were initially
non-transmissible between cells. For example, short DNA motifs such as oriTs for conjugation or
cos/pac sites for transduction might emerge by random mutations or recombination events. This
process might not be too unlikely given the small size and the low specificity of some of these DNA
motifs (76,121). Recently, it was shown that phages and satellites may transduce plasmids in S. aureus
(47), an indication that packaging signals with sufficient efficiency may arise easily in MGEs. Since
MGEs evolve fast and mobility can be under strong selection, relatively inefficient DNA motifs may
quickly evolve and improve their ability to mediate the novel hitcher mobility. A mix of mutation and
recombination events can also generate novel hitcher-specific genes. For instance, MOBr+ relaxases,
encoded by many elements mobilized by conjugation in Firmicutes, are a combination of two domains
present in other proteins, one related to RCR initiator proteins of the Rep_trans family and another to
helix-turn-helix proteins binding DNA (107). It is also possible, albeit less likely, that new protein coding
genes are fully created de novo as recently shown for other functions (122).

Regardless of the evolutionary pathway leading to the emergence of HGEs, their subsequent success
requires further evolution. Newly formed hitchers might need to improve their efficiency of
mobilization and acquire the ability to sense and manipulate helpers. This occurs in a context where
helpers may evolve to avoid the interference of hitchers (if the latter are costly to the former). The
ability to be in a transferable state during the self-mobilization of its helper might be one of the most
important features for a successful hitcher, especially for those that must excise from the chromosome
before transfer. Proto-hitchers may initially be both “mute and blind” regarding when (or if) transfer
might occur. How hitchers subsequently acquire — and fine tune — these traits is a promising path of
research to understand the emergence and evolution of these elements.

Less is more?

One intriguing property common to all types of HGEs is that they tend to be much smaller than those
of their helpers. For example, conjugative elements have a median size more than five times larger
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than the mobilizable elements (43,88), even if a few exceptions have been described (123). The
genomes of phage satellites are also typically much smaller (6-18Kbs) (10,17) than those of their
helpers (dsDNA, usually >> 25kb). One may assume that hitchers have smaller genomes than their
helpers simply because they do not need to encode mobility functions. Conjugation systems require
at least a dozen genes and often many more, whereas genes encoding viral particles are a substantial
fraction of the gene repertoires of temperate phages. Yet, these reasons do not seem enough to
explain the hitchers’ small sizes. There is extensive evidence that conjugation can transfer long
replicons, e.g. the historical HFr strains can conjugate the entire E. coli chromosome. Furthermore, the
size difference between mobilizable and conjugative plasmids (>100 kb) (43) is much larger than the
average size of loci encoding the conjugative system (124). Although some of the mechanisms used by
satellites to hijack viral particles do constrain the size of their genomes (e.g. P4 and PLE shrink the
capsids of their helpers so that they can only package themselves (22,125)), other satellites do not re-
size the capsid of their helpers and even package multiple copies of their DNA within the viral particle
(17). The cfPICI satellites even produce their own capsids (15), which could provide them with the
possibility of having larger genomes than their helpers (which is not the case (10)). Hence, their
mobility mechanism does not always require a smaller size. Recent data shows that when one
compares old lineages of mobilizable plasmids with recent ones, the former are smaller, suggesting
that natural selection favors the streamlining of HGEs (44). All these facts suggest a pervasive trend for
hitchers to be smaller than their helpers even when there are no obvious mechanistic reasons for that.

One possible explanation is that larger genomes might express a wider diversity of functions, which
renders them more likely to conflict with their hosts. Hence, the streamlining of hitchers’ genomes
could decrease carriage costs and favor vertical propagation within bacterial lineages, which would
eventually increase the chances that the element co-occurs with a helper. This would be especially
important if hitchers are less mobile than their helpers implicating that their fitness impact on the
bacterial host is more important for their own fitness. Streamlined hitchers may also have fewer
conflicts with other MGEs. In HGEs mobilized by conjugation, the size of the element may affect the
cost of its transfer to the helper (if there is one). A smaller conserved gene repertoire might also
provide fewer targets for anti-MGE defenses. For example, small plasmids can more easily escape
restriction-modification systems without encoding anti-restriction (67). Available data also suggests
that helpers are more specifically targeted by defense systems, hinting that they, and their mobilization
machinery specifically, might be more costly to the cell and other MGEs. For example, host-encoded
defense systems usually target phage-capsid genes (126), and plasmid-encoded CRISPR-Cas systems
target conjugative systems of other conjugative plasmids (127). Hitchers, because of their small size,
might be more likely to evade defense mechanisms of both hosts and other MGEs. The hitchers’
simplicity might thus be the result of a trade-off between autonomy in genetic mobility and size, where
the smaller gene repertoire of HGEs increases their chances of persisting by transfer (lower cost to
helper), by vertical inheritance (lower cost to bacterial host), or by evasion of bacterial immune
defenses.

Conclusion: A broader view of Hitcher Genetic Elements across the tree of life

The recent observation that many MGEs (hitchers) are mobilized by other MGEs (helpers), challenges
our understanding of the processes underlying horizontal gene transfer. Hitchers carry traits that
influence the complex network of interactions between cells within populations (e.g. bacteriocins,
antibiotic resistance). They are also key components of the networks of interactions between MGEs
within cells: they modulate the stability, mobilization, and transferability of other MGEs. As such, they
have very diverse impacts on the fitness of the bacterial host and of the helper. Whether they are
hyper-parasites or hyper-mutualists may depend on the specific triplet host-helper-hitcher, on the
accessory traits they carry, and on the circumstances. The last point is essential since it implies these
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assemblages host-helper-hitcher can make temporary and niche-dependent alliances that may latter
fall apart. These alliances are quite striking regarding defense systems. It was previously pointed out
that many, possibly most, "bacterial" defense systems are encoded in MGEs which means that defense
systems are best understood in the context of interactions between MGEs within cells (128). The
recent results showing how satellites protect cells from phages, but not from their helpers whose
infection is important for the spread of satellites (99,100), are a clear indication of the limits of alliances
between hitchers and hosts. These ecological networks of interactions have evolutionary
consequences. As much of bacterial evolution depends on the genetic exchanges promoted by MGEs,
HGEs have an important role on the gene flow within and between bacterial populations.

Hitchers have been known for decades but only recently their relevance has started to become fully
appreciated. This is because it has become clear they are not just rare defective MGEs on their way to
extinction. Instead, hitchers are a category of mobile elements that is distinctive, ancient, and diverse.
Our recent ability to identify them has shown that they are very numerous, often outnumbering their
helpers. It is not yet clear if this abundance is the result of their selfish spread across communities, of
their ability to provide adaptive functions to helpers and hosts, or a mixture of the two. Still, the
remarkable functional, structural, and evolutionary parallelisms between very different hitchers,
coupled with their abundance across some bacterial clades, suggest that becoming mobilizable by
other MGEs is a successful evolutionary strategy. The lack of hitchers in many clades suggests that we
have just started to uncover them.

Hitchers can also be found in the genomes of Eukaryotes and Archaea. MITES are frequent in plants,
where they play a key role in promoting genomic plasticity (129,130), and in other eukaryotic
organisms (131). In Archaea, ca. 20% of the genomes contains MITEs (32). Many eukaryotic viruses are
satellites of autonomous viruses. One well-described example is the Hepatitis Delta Virus (HDV), a
small, “defective” RNA virus. HDV is the smallest known virus that infects humans, and causes the most
severe form of viral hepatitis. HDV does not encode the surface antigens that allow it to infect human
cells, but the Hepatitis B Virus (HBV) does. Hence, HDV requires HBV to move between cells (132).
Since the generation of defective interfering particles is common during viral infection (133,134), many
eukaryotic virus-like hitcher emerge, at least temporarily, through reductive evolution (Figure 3).
Another type of HGE in Eukaryotes are virophages, elements that encode structural genes but require
the viral particle factory of giant viruses for their own replication (135). Archaeal viruses also have their
satellites (136). While conjugation is unknown in Eukaryotes, it is present in Archaea and hitcher
mobilizable by conjugation might exist, although their identification is difficult because we ignore many
of the proteins with a relaxase function (137). It is thus likely that many of the challenges and outlooks
that we describe here apply to HGEs in other domains of life, many of which may remain undiscovered.
This suggests that the strategy of being mobilizable, instead of autonomously mobile, might have been
a key, perhaps inevitable, part of the evolution of life.
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Glossary

e Mobile genetic element (MGE). Genetic elements that encode enzymes and other proteins
mediating the mobility of DNA within genomes or between bacterial cells.

e Helper MGE. MGE that can mobilize another MGE.

e Transduction. Process whereby a viral particle transfers into another bacterium DNA that does
not encode the phage particle (bacterial, satellite).

e Bacteriophages (phages). Bacterial viruses.

e Lysogeny. Process whereby a temperate phage integrates the host genome (integrating the
chromosome or remaining as a plasmid) and replicates with it. During lysogeny only a few of
the phage genes are expressed.

e Prophage. Integrated phage during lysogeny.

e Phage satellites. MGEs that are not phages but encode molecular mechanisms or DNA signals
favoring their packaging in viral particles totally or partially produced by phages.

e Phage-plasmid. A phage that stays in cells as a plasmid during lysogeny.

e Conjugation. A molecular process allowing the transfer of (usually single stranded) DNA
between cells using a mating pair formation system (such as a conjugative pilus), a relaxase
and an origin of transfer.

e Conjugative elements. MGEs capable of autonomous conjugation (conjugative plasmids or
integrative conjugative elements). Conjugative plasmids (pCONJ). Plasmids that encode all the
major components for conjugation.

e Mobilizable plasmids. Plasmids that are not conjugative but can be mobilized by conjugation
when the mechanism is encoded in part or completely in another MGE.

e Origin of transfer (oriT). Origin of transfer by conjugation is a small DNA motif that is
recognized by the relaxase in the beginning of the process of conjugation.

e pMOB. Mobilizable plasmids encoding a relaxase (and presumably an OriT, which may be
unknown).

e pOriT. Plasmids encoding an origin of transfer for conjugation, but no relaxase or mating pair
formation system.

e Integrative conjugative elements (ICEs). MGEs that integrate the chromosome and encode all
major components for conjugation.

e Integrative mobilizable elements (IMEs). MGEs that integrate the chromosome and encode a
relaxase and an origin of transfer by conjugation, but not the mating pair formation system.

e iMOB. IMEs encoding a relaxase (and presumably an OriT, which may be unknown).

e iOriT. IMEs encoding an origin of transfer for conjugation, but no relaxase or mating pair
formation system.

e Insertion Sequences (IS). The smallest autonomous transposable elements, including a gene
for a transposase and flanked by repeats for its mobility.

e Miniature Inverted Transposable Elements (MITES). Same as Insertion Sequences, but lacking
the transposase.

e Integrons. Genetic elements containing a site-specific recombination system (integron-
integrase Intl) that integrates or shuffles gene cassettes delimited by recombination (attC)
sites.

e C(Clusters of attC sites lacking integron-integrases (CALIN). Same as integrons, but lacking the
site-specific recombination system.

e Genomic Islands (Gls). There is an ambiguity in the literature concerning these islands. For
some, they are regions of chromosomes highly variable in gene content. For others they are
genetic regions in tight linkage in highly variable chromosome regions that seem to be MGEs,
in the sense that they co-transfer between bacteria (often using unknown mechanisms of
mobility). We here use the latter definition .

16



Acknowledgements

Work in our laboratory is supported by the INCEPTION project (ANR-16-CONV-0005), the IBEID
Labex (ANR-10-LABX-62-IBEID), the grants ANR LBX-62 IBEID AAP BOURSE S21 ROCHA, ANR 23
CE20 0046 01 TRIADE and the European Commission (HORIZON-MSCA-2021-PF-01-01
EvoPlas-101062386). We thank all the members of the laboratory Microbial Evolutionary
Genomics for discussions along the years. We also thank collaborators with whom we have
often engaged in discussions in these topics, including José Pénadés, Fernando de la Cruz, M.
Pilar Garcillan-Barcia, Frédérique Le Roux, and David Bikard. Thanks to José Pénades, Rodrigo
Ibarra-Chavez, Aude Bernheim, Sylvain Gandon, and Pedro Dorado Morales for comments and
suggestions on previous versions of this manuscript. For the purpose of Open Access, a CC-BY
public copyright licence has been applied by the authors to the present document and will be
applied to all subsequent versions up to the Author Accepted Manuscript arising from this
submission

References

1. Brockhurst MA, Harrison E, Hall JPJ, Richards T, McNally A, MacLean C. The Ecology and
Evolution of Pangenomes. Curr Biol. 2019 Oct;29(20):R1094-103.

2. Arnold BJ, Huang IT, Hanage WP. Horizontal gene transfer and adaptive evolution in
bacteria. Nat Rev Microbiol. 2022 Apr;20(4):206-18.

3. Haudiquet M, de Sousa JM, Touchon M, Rocha EPC. Selfish, promiscuous and sometimes
useful: how mobile genetic elements drive horizontal gene transfer in microbial
populations. Philos Trans R Soc B Biol Sci. 2022 Oct 10;377(1861):20210234.

4. San Millan A, MacLean RC. Fitness Costs of Plasmids: a Limit to Plasmid Transmission.
Baquero F, Bouza E, Gutiérrez-Fuentes JA, Coque TM, editors. Microbiol Spectr. 2017 Sep
22;5(5):5.5.02.

5. Paul JH. Prophages in marine bacteria: dangerous molecular time bombs or the key to
survival in the seas? ISME J. 2008 Jul 1;2(6):579-89.

6. Prensky H, Gomez-Simmonds A, Uhlemann AC, Lopatkin AJ. Conjugation dynamics
depend on both the plasmid acquisition cost and the fitness cost. Mol Syst Biol. 2021
Mar;17(3):e9913.

7. Drew GC, Stevens EJ, King KC. Microbial evolution and transitions along the parasite—
mutualist continuum. Nat Rev Microbiol. 2021 Oct;19(10):623-38.

8. Correa AMS, Howard-Varona C, Coy SR, Buchan A, Sullivan MB, Weitz JS. Revisiting the
rules of life for viruses of microorganisms. Nat Rev Microbiol. 2021 Aug;19(8):501-13.

17



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ares-Arroyo M, Coluzzi C, Rocha EPC. Origins of transfer establish networks of functional
dependencies for plasmid transfer by conjugation. Nucleic Acids Res. 2023 Apr
24;51(7):3001-16.

de Sousa JAM, Fillol-Salom A, Penadés JR, Rocha EPC. Identification and characterization
of thousands of bacteriophage satellites across bacteria. Nucleic Acids Res. 2023 Mar
3;gkad123.

Calendar R, editor. The Bacteriophages [Internet]. Boston, MA: Springer US; 1988 [cited
2024 Mar 13]. Available from: http://link.springer.com/10.1007/978-1-4684-5424-6

Moura de Sousa JA, Rocha EPC. To catch a hijacker: abundance, evolution and genetic
diversity of P4-like bacteriophage satellites. Philos Trans R Soc B Biol Sci. 2022 Jan
17;377(1842):20200475.

Penadés JR, Christie GE. The Phage-Inducible Chromosomal Islands: A Family of Highly
Evolved Molecular Parasites. Annu Rev Virol. 2015 Nov 9;2(1):181-201.

Fillol-Salom A, Martinez-Rubio R, Abdulrahman RF, Chen J, Davies R, Penadés JR. Phage-
inducible chromosomal islands are ubiquitous within the bacterial universe. ISME J. 2018
Sep;12(9):2114-28.

Alqurainy N, Miguel-Romero L, Moura de Sousa J, Chen J, Rocha EPC, Fillol-Salom A, et
al. A widespread family of phage-inducible chromosomal islands only steals
bacteriophage tails to spread in nature. Cell Host Microbe. 2023
Jan;S193131282200573X.

O’Hara BJ, Barth ZK, McKitterick AC, Seed KD. A highly specific phage defense system is a
conserved feature of the Vibrio cholerae mobilome. Barrangou R, editor. PLOS Genet.
2017 Jun 8;13(6):e1006838.

Barcia-Cruz R, Goudenege D, Moura De Sousa JA, Piel D, Marbouty M, Rocha EPC, et al.
Phage-inducible chromosomal minimalist islands (PICMIs), a novel family of small marine
satellites of virulent phages. Nat Commun. 2024 Jan 22;15(1):664.

Eppley JM, Biller SJ, Luo E, Burger A, DeLong EF. Marine viral particles reveal an
expansive repertoire of phage-parasitizing mobile elements. Proc Natl Acad Sci U S A.
2022 Oct 25;119(43):€2212722119.

Hackl T, Laurenceau R, Ankenbrand MJ, Bliem C, Cariani Z, Thomas E, et al. Novel
integrative elements and genomic plasticity in ocean ecosystems. Cell. 2023
Jan;186(1):47-62.e16.

deCarvalho T, Mascolo E, Caruso SM, Lopez-Pérez J, Weston-Hafer K, Shaffer C, et al.
Simultaneous entry as an adaptation to virulence in a novel satellite-helper system
infecting Streptomyces species. ISME J. 2023 Dec 1;17(12):2381-8.

18



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Schmid N, Brandt D, Walasek C, Rolland C, Wittmann J, Fischer D, et al. An autonomous
plasmid as an inovirus phage satellite. Vives M, editor. Appl Environ Microbiol. 2024 Apr
10;e00246-24.

Shore D, Deho G, Tsipis J, Goldstein R. Determination of capsid size by satellite
bacteriophage P4. Proc Natl Acad Sci. 1978 Jan 1;75(1):400-4.

Fillol-Salom A, Bacarizo J, Algasmi M, Ciges-Tomas JR, Martinez-Rubio R, Roszak AW, et
al. Hijacking the Hijackers: Escherichia coli Pathogenicity Islands Redirect Helper Phage
Packaging for Their Own Benefit. Mol Cell. 2019 Sep;75(5):1020-1030.e4.

Haag AF, Podkowik M, Ibarra-Chavez R, Gallego del Sol F, Ram G, Chen J, et al. A
regulatory cascade controls Staphylococcus aureus pathogenicity island activation. Nat
Microbiol. 2021 Oct;6(10):1300-8.

De La Cruz F, Frost LS, Meyer RJ, Zechner EL. Conjugative DNA metabolism in Gram-
negative bacteria. FEMS Microbiol Rev. 2010 Jan;34(1):18-40.

Fraikin N, Couturier A, Lesterlin C. The winding journey of conjugative plasmids toward a
novel host cell. Curr Opin Microbiol. 2024 Apr;78:102449.

Cury J, Oliveira PH, De La Cruz F, Rocha EPC. Host Range and Genetic Plasticity Explain
the Coexistence of Integrative and Extrachromosomal Mobile Genetic Elements. Perna
NT, editor. Mol Biol Evol. 2018 Sep 1;35(9):2230-9.

Lee CA, Thomas J, Grossman AD. The Bacillus subtilis Conjugative Transposon ICE Bs1
Mobilizes Plasmids Lacking Dedicated Mobilization Functions. J Bacteriol. 2012 Jun
15;194(12):3165-72.

Carraro N, Rivard N, Burrus V, Ceccarelli D. Mobilizable genomic islands, different
strategies for the dissemination of multidrug resistance and other adaptive traits. Mob
Genet Elem. 2017 Mar 4;7(2):1-6.

Libante V, Sarica N, Mohamad Ali A, Gapp C, Oussalah A, Guédon G, et al. Mobilization of
IMEs Integrated in the oriT of ICEs Involves Their Own Relaxase Belonging to the Rep-
Trans Family of Proteins. Genes. 2020 Aug 26;11(9):1004.

Strahinic |, Kojic M, Tolinacki M, Fira D, Topisirovic L. Molecular characterization of
plasmids pS7a and pS7b from Lactococcus lactis subsp. lactis bv. diacetylactis S50 as a
base for the construction of mobilizable cloning vectors. J Appl Microbiol. 2009
Jan;106(1):78-88.

Nadal-Molero F, Roselli R, Garcia-Juan S, Campos-Lopez A, Martin-Cuadrado AB. Bridging
Viruses and Prokaryotic Host through Miniature Inverted-repeat Transposable Elements
(MITEs) [Internet]. 2024 [cited 2024 Apr 5]. Available from:
http://biorxiv.org/lookup/doi/10.1101/2024.01.18.576219

Siguier P, Gourbeyre E, Varani A, Ton-Hoang B, Chandler M. Everyman’s Guide to
Bacterial Insertion Sequences. Microbiol Spectr. 2015 Apr;3(2):MDNA3-0030-2014.

19



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Mazel D. Integrons: agents of bacterial evolution. Nat Rev Microbiol. 2006 Aug;4(8):608—
20.

Cury J, Jové T, Touchon M, Néron B, Rocha EP. Identification and analysis of integrons and
cassette arrays in bacterial genomes. Nucleic Acids Res. 2016 Jun 2;44(10):4539-50.

Gillings MR. Class 1 integrons as invasive species. Curr Opin Microbiol. 2017 Aug;38:10—
5.

Che, Yang Y, Xu X, Bfinda K, Polz MF, Hanage WP, et al. Conjugative plasmids interact
with insertion sequences to shape the horizontal transfer of antimicrobial resistance
genes. Proc Natl Acad Sci. 2021 Feb 9;118(6):e2008731118.

Liu S, Yang X, Li R, Wang S, Han Z, Yang M, et al. IS6 family insertion sequences promote
optrA dissemination between plasmids varying in transfer abilities. Appl Microbiol
Biotechnol. 2024 Dec;108(1):132.

Ram G, Chen J, Kumar K, Ross HF, Ubeda C, Damle PK, et al. Staphylococcal pathogenicity
island interference with helper phage reproduction is a paradigm of molecular
parasitism. Proc Natl Acad Sci. 2012 Oct 2;109(40):16300-5.

Cabezdn E, Sastre JI, de la Cruz F. Genetic evidence of a coupling role for the TraG protein
family in bacterial conjugation. Mol Gen Genet MGG. 1997 Apr 28;254(4):400-6.

Coluzzi C, Guédon G, Devignes MD, Ambroset C, Loux V, Lacroix T, et al. A Glimpse into
the World of Integrative and Mobilizable Elements in Streptococci Reveals an
Unexpected Diversity and Novel Families of Mobilization Proteins. Front Microbiol
[Internet]. 2017 Mar 20 [cited 2024 Apr 23];8. Available from:
http://journal.frontiersin.org/article/10.3389/fmicb.2017.00443/full

Carraro N, Durand R, Rivard N, Anquetil C, Barrette C, Humbert M, et al. Salmonella
genomic island 1 (SGI1) reshapes the mating apparatus of IncC conjugative plasmids to
promote self-propagation. Garsin DA, editor. PLOS Genet. 2017 Mar 29;13(3):e1006705.

Smillie C, Garcillan-Barcia MP, Francia MV, Rocha EPC, De La Cruz F. Mobility of Plasmids.
Microbiol Mol Biol Rev. 2010 Sep;74(3):434-52.

Coluzzi C, Garcillan-Barcia MP, de la Cruz F, Rocha EPC. Evolution of Plasmid Mobility:
Origin and Fate of Conjugative and Nonconjugative Plasmids. Arkhipova I, editor. Mol
Biol Evol. 2022 Jun 2;39(6):msac115.

Pfeifer E, Moura de Sousa JA, Touchon M, Rocha EPC. Bacteria have numerous distinctive
groups of phage—plasmids with conserved phage and variable plasmid gene repertoires.
Nucleic Acids Res. 2021 Mar 18;49(5):2655-73.

Ramsay JP, Kwong SM, Murphy RJT, Yui Eto K, Price KJ, Nguyen QT, et al. An updated view
of plasmid conjugation and mobilization in Staphylococcus. Mob Genet Elem. 2016 Jul
3;6(4):€1208317.

20



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Humphrey S, San Millan A, Toll-Riera M, Connolly J, Flor-Duro A, Chen J, et al.
Staphylococcal phages and pathogenicity islands drive plasmid evolution. Nat Commun.
2021 Dec;12(1):5845.

Rodriguez-Rubio L, Serna C, Ares-Arroyo M, Matamoros BR, Delgado-Blas JF, Montero N,
et al. Extensive antimicrobial resistance mobilization via multicopy plasmid
encapsidation mediated by temperate phages. J Antimicrob Chemother. 2020 Nov
1;75(11):3173-80.

Oliveira PH, Touchon M, Cury J, Rocha EPC. The chromosomal organization of horizontal
gene transfer in bacteria. Nat Commun. 2017 Dec;8(1):841.

Williams KP. Integration sites for genetic elements in prokaryotic tRNA and tmRNA
genes: sublocation preference of integrase subfamilies. Nucleic Acids Res. 2002 Feb
15;30(4):866-75.

Durand R, Huguet KT, Rivard N, Carraro N, Rodrigue S, Burrus V. Crucial role of
Salmonella genomic island 1 master activator in the parasitism of IncC plasmids. Nucleic
Acids Res. 2021 Aug 20;49(14):7807-24.

Crellin PK, Rood JI. Tn 4451 from Clostridium perfringens is a mobilizable transposon that
encodes the functional Mob protein, TnpZ. Mol Microbiol. 1998 Feb;27(3):631-42.

Li LY, Shoemaker NB, Wang GR, Cole SP, Hashimoto MK, Wang J, et al. The mobilization
regions of two integrated Bacteroides elements, NBU1 and NBU2, have only a single
mobilization protein and may be on a cassette. J Bacteriol. 1995 Jul;177(14):3940-5.

Guglielmini J, Quintais L, Garcillan-Barcia MP, De La Cruz F, Rocha EPC. The Repertoire of
ICE in Prokaryotes Underscores the Unity, Diversity, and Ubiquity of Conjugation.
Casadesus J, editor. PLoS Genet. 2011 Aug 18;7(8):e1002222.

Waldor MK. Mobilizable genomic islands: going mobile with oriT mimicry. Mol Microbiol.
2010 Nov;78(3):537-40.

Juhas M, Van Der Meer JR, Gaillard M, Harding RM, Hood DW, Crook DW. Genomic
islands: tools of bacterial horizontal gene transfer and evolution. FEMS Microbiol Rev.
2009 Mar;33(2):376-93.

Boyd EF, AlImagro-Moreno S, Parent MA. Genomic islands are dynamic, ancient
integrative elements in bacterial evolution. Trends Microbiol. 2009 Feb;17(2):47-53.

Guo J, Bolduc B, Zayed AA, Varsani A, Dominguez-Huerta G, Delmont TO, et al.
VirSorter2: a multi-classifier, expert-guided approach to detect diverse DNA and RNA
viruses. Microbiome. 2021 Dec;9(1):37.

Cury J, Abby SS, Doppelt-Azeroual O, Néron B, Rocha EPC. Identifying Conjugative
Plasmids and Integrative Conjugative Elements with CONJscan. In: de la Cruz F, editor.
Horizontal Gene Transfer [Internet]. New York, NY: Springer US; 2020 [cited 2022 Nov

21



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

30]. p. 265-83. (Methods in Molecular Biology; vol. 2075). Available from:
http://link.springer.com/10.1007/978-1-4939-9877-7_19

Ares-Arroyo M, Nucci A, Rocha EPC. Identification of novel origins of transfer across
bacterial plasmids [Internet]. 2024 [cited 2024 Apr 23]. Available from:
http://biorxiv.org/lookup/doi/10.1101/2024.01.30.577996

Clark AJ, Warren GJ. Conjugal Transmission of Plasmids. Annu Rev Genet. 1979
Dec;13(1):99-125.

Tommasini D, Mageeney CM, Williams KP. Helper-embedded satellites from an integrase
clade that repeatedly targets prophage late genes. NAR Genomics Bioinforma. 2023 Mar
29;5(2):lgad036.

Lacroix B, Tzfira T, Vainstein A, Citovsky V. A case of promiscuity: Agrobacterium’s endless
hunt for new partners. Trends Genet. 2006 Jan;22(1):29-37.

Hyman P, Abedon ST. Bacteriophage Host Range and Bacterial Resistance. In: Advances in
Applied Microbiology [Internet]. Elsevier; 2010 [cited 2024 Apr 5]. p. 217-48. Available
from: https://linkinghub.elsevier.com/retrieve/pii/S0065216410700071

Low WW, Wong JLC, Beltran LC, Seddon C, David S, Kwong HS, et al. Mating pair
stabilization mediates bacterial conjugation species specificity. Nat Microbiol. 2022 Jun
13;7(7):1016-27.

Boyd CM, Angermeyer A, Hays SG, Barth ZK, Patel KM, Seed KD. Bacteriophage ICP1: A
Persistent Predator of Vibrio cholerae. Annu Rev Virol. 2021 Sep 29;8(1):285-304.

Shaw LP, Rocha EPC, MacLean RC. Restriction-modification systems have shaped the
evolution and distribution of plasmids across bacteria. Nucleic Acids Res. 2023 Jul
21;51(13):6806-18.

Wang JC, Martin KV, Calendar R. Sequence similarity of the cohesive ends of coliphage
P4, P2, and 186 deoxyribonucleic acid. Biochemistry. 1973 May 1;12(11):2119-23.

Cabezén E, Lanka E, de la Cruz F. Requirements for mobilization of plasmids RSF1010 and
ColE1 by the IncW plasmid R388: trwB and RP4 traG are interchangeable. J Bacteriol.
1994 Jul;176(14):4455-8.

Werbowy O, Kaczorowski T. Plasmid pEC156, a Naturally Occurring Escherichia coli
Genetic Element That Carries Genes of the EcoVIIl Restriction-Modification System, Is
Mobilizable among Enterobacteria. PloS One. 2016;11(2):e0148355.

Meyer R. Replication and conjugative mobilization of broad host-range IncQ plasmids.
Plasmid. 2009 Sep;62(2):57-70.

Puyet A, Del Solar GH, Espinosa M. Identification of the origin and direction of
replication of the broad-host-range plasmid pLS1. Nucleic Acids Res. 1988;16(1):115-33.

22



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Fogarty EC, Schechter MS, Lolans K, Sheahan ML, Veseli I, Moore RM, et al. A cryptic
plasmid is among the most numerous genetic elements in the human gut. Cell. 2024
Feb;187(5):1206-1222.e16.

Cook DM, Farrand SK. The oriT region of the Agrobacterium tumefaciens Ti plasmid
pTiC58 shares DNA sequence identity with the transfer origins of RSF1010 and RK2/RP4
and with T-region borders. J Bacteriol. 1992 Oct;174(19):6238-46.

Gormley EP, Davies J. Transfer of plasmid RSF1010 by conjugation from Escherichia coli
to Streptomyces lividans and Mycobacterium smegmatis. J Bacteriol. 1991
Nov;173(21):6705-8.

Yui Eto K, Kwong SM, LaBreck PT, Crow JE, Traore DAK, Parahitiyawa N, et al. Evolving
origin-of-transfer sequences on staphylococcal conjugative and mobilizable plasmids—
who’s mimicking whom? Nucleic Acids Res. 2021 May 21;49(9):5177-88.

Ceccarelli D, Daccord A, René M, Burrus V. Identification of the Origin of Transfer ( oriT)
and a New Gene Required for Mobilization of the SXT/R391 Family of Integrating
Conjugative Elements. ) Bacteriol. 2008 Aug;190(15):5328-38.

Libante V, Sarica N, Mohamad Ali A, Gapp C, Oussalah A, Guédon G, et al. Mobilization of
IMEs Integrated in the oriT of ICEs Involves Their Own Relaxase Belonging to the Rep-
Trans Family of Proteins. Genes. 2020 Aug 26;11(9):1004.

O’Brien FG, Yui Eto K, Murphy RIT, Fairhurst HM, Coombs GW, Grubb WB, et al. Origin-of-
transfer sequences facilitate mobilisation of non-conjugative antimicrobial-resistance
plasmids in Staphylococcus aureus. Nucleic Acids Res. 2015 Sep 18;43(16):7971-83.

Davis BM. A satellite phage-encoded antirepressor induces repressor aggregation and
cholera toxin gene transfer. EMBO J. 2002 Aug 15;21(16):4240-9.

Carraro N, Matteau D, Luo P, Rodrigue S, Burrus V. The Master Activator of IncA/C
Conjugative Plasmids Stimulates Genomic Islands and Multidrug Resistance
Dissemination. Hughes D, editor. PLoS Genet. 2014 Oct 23;10(10):e1004714.

Liu T, Renberg SK, Haggard-Ljungquist E. Derepression of prophage P2 by satellite phage
P4: cloning of the P4 epsilon gene and identification of its product. J Virol. 1997
Jun;71(6):4502-8.

Mann NH, Cook A, Millard A, Bailey S, Clokie M. Bacterial photosynthesis genes in a
virus. Nature. 2003 Aug;424(6950):741-741.

Dahlberg C, Chao L. Amelioration of the cost of conjugative plasmid carriage in
Eschericha coli K12. Genetics. 2003 Dec;165(4):1641-9.

Tato |, Zunzunegui S, De La Cruz F, Cabezon E. TrwB, the coupling protein involved in DNA
transport during bacterial conjugation, is a DNA-dependent ATPase. Proc Natl Acad Sci.
2005 Jun 7;102(23):8156-61.

23



86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Iranzo J, Puigbo P, Lobkovsky AE, Wolf YI, Koonin EV. Inevitability of Genetic Parasites.
Genome Biol Evol. 2016 Sep;8(9):2856—69.

Christie GE, Dokland T. Pirates of the Caudovirales. Virology. 2012 Dec;434(2):210-21.

Guédon G, Libante V, Coluzzi C, Payot S, Leblond-Bourget N. The Obscure World of
Integrative and Mobilizable Elements, Highly Widespread Elements that Pirate Bacterial
Conjugative Systems. Genes. 2017 Nov 22;8(11):337.

Turner PE, Cooper VS, Lenski RE. Tradeoff between horizontal and vertical modes of
transmission in bacterial plasmids. Evolution. 1998 Apr;52(2):315-29.

Bull JJ, Molineux IJ, Rice WR. SELECTION OF BENEVOLENCE IN A HOST-PARASITE
SYSTEM. Evolution. 1991 Jun;45(4):875-82.

Harrison E, Koufopanou V, Burt A, MacLean RC. The cost of copy number in a selfish
genetic element: the 2-u M plasmid of S accharomyces cerevisiae . ) Evol Biol. 2012
Nov;25(11):2348-56.

Patnaik PR. An evaluation of models for the effect of plasmid copy number on bacterial
growth rate. Biotechnol Lett. 2000;22(21):1719-25.

Millan AS, Pena-Miller R, Toll-Riera M, Halbert ZV, McLean AR, Cooper BS, et al. Positive
selection and compensatory adaptation interact to stabilize non-transmissible plasmids.
Nat Commun. 2014 Oct 10;5(1):5208.

San Millan A, Heilbron K, MacLean RC. Positive epistasis between co-infecting plasmids
promotes plasmid survival in bacterial populations. ISME J. 2014 Mar;8(3):601-12.

Partridge SR, Kwong SM, Firth N, Jensen SO. Mobile Genetic Elements Associated with
Antimicrobial Resistance. Clin Microbiol Rev. 2018 Oct;31(4):e00088-17.

Cascales E, Buchanan SK, Duché D, Kleanthous C, Lloubés R, Postle K, et al. Colicin
Biology. Microbiol Mol Biol Rev. 2007 Mar;71(1):158-229.

Ares-Arroyo M, Rocha EPC, Gonzalez-Zorn B. Evolution of ColE1-like plasmids across y-
Proteobacteria: From bacteriocin production to antimicrobial resistance. Casadesus J,
editor. PLOS Genet. 2021 Nov 30;17(11):e1009919.

Novick RP, Ram G. Staphylococcal pathogenicity islands — movers and shakers in the
genomic firmament. Curr Opin Microbiol. 2017 Aug;38:197-204.

Rousset F, Depardieu F, Miele S, Dowding J, Laval AL, Lieberman E, et al. Phages and their
satellites encode hotspots of antiviral systems. Cell Host Microbe. 2022 May;30(5):740-
753.e5.

Fillol-Salom A, Rostgl JT, Ojiogu AD, Chen J, Douce G, Humphrey S, et al.
Bacteriophages benefit from mobilizing pathogenicity islands encoding immune systems
against competitors. Cell. 2022 Aug;185(17):3248-3262.e20.

24



101. Andersson DI, Hughes D. Antibiotic resistance and its cost: is it possible to reverse
resistance? Nat Rev Microbiol. 2010 Apr;8(4):260-71.

102. Bernheim A, Sorek R. The pan-immune system of bacteria: antiviral defence as a
community resource. Nat Rev Microbiol. 2020 Feb;18(2):113-9.

103. Garcillan-Barcia MP, Francia MV, de La Cruz F. The diversity of conjugative relaxases
and its application in plasmid classification. FEMS Microbiol Rev. 2009 May;33(3):657-
87.

104. Francia MV, Varsaki A, Garcillan-Barcia MP, Latorre A, Drainas C, De La Cruz F. A
classification scheme for mobilization regions of bacterial plasmids. FEMS Microbiol Rev.
2004 Feb;28(1):79-100.

105. Salgado-Pabén W, Jain S, Turner N, Van Der Does C, Dillard JP. A novel relaxase
homologue is involved in chromosomal DNA processing for type IV secretion in Neisseria
gonorrhoeae. Mol Microbiol. 2007 Nov;66(4):930-47.

106. Francia MV, Clewell DB, De La Cruz F, Moncalian G. Catalytic domain of plasmid pAD1
relaxase TraX defines a group of relaxases related to restriction endonucleases. Proc Natl
Acad Sci. 2013 Aug 13;110(33):13606—-11.

107. Soler N, Robert E, Chauvot De Beauchéne |, Monteiro P, Libante V, Maigret B, et al.
Characterization of a relaxase belonging to the MOBT family, a widespread family in
Firmicutes mediating the transfer of ICEs. Mob DNA. 2019 Dec;10(1):18.

108. Nowak KP, Sobolewska-Ruta A, Jagietto A, Bierczyriska-Krzysik A, Kieryt P, Wawrzyniak
P. Molecular and Functional Characterization of MobK Protein—A Novel-Type Relaxase
Involved in Mobilization for Conjugational Transfer of Klebsiella pneumoniae Plasmid
pIGRK. Int J Mol Sci. 2021 May 13;22(10):5152.

109. Loot C, Millot GA, Richard E, Littner E, Vit C, Lemoine F, et al. Integron cassettes
integrate into bacterial genomes via widespread non-classical attG sites. Nat Microbiol.
2024 Jan 3;9(1):228-40.

110. LuC, ChenJ, Zhang Y, Hu Q, Su W, Kuang H. Miniature Inverted-Repeat Transposable
Elements (MITEs) Have Been Accumulated through Amplification Bursts and Play
Important Roles in Gene Expression and Species Diversity in Oryza sativa. Mol Biol Evol.
2012 Mar 1;29(3):1005-17.

111. Delihas N. Impact of Small Repeat Sequences on Bacterial Genome Evolution.
Genome Biol Evol. 2011 Jan 1;3:959-73.

112. Hanke DM, Wang Y, Dagan T. Pseudogenes in plasmid genomes reveal past transitions
in plasmid mobility [Internet]. 2023 [cited 2024 Apr 23]. Available from:
http://biorxiv.org/lookup/doi/10.1101/2023.11.08.566193

113. Filée J, Siguier P, Chandler M. Insertion Sequence Diversity in Archaea. Microbiol Mol
Biol Rev. 2007 Mar;71(1):121-57.

25



114. Bobay LM, Touchon M, Rocha EPC. Pervasive domestication of defective prophages
by bacteria. Proc Natl Acad Sci. 2014 Aug 19;111(33):12127-32.

115. Ramisetty BCM, Sudhakari PA. Bacterial “Grounded” Prophages: Hotspots for Genetic
Renovation and Innovation. Front Genet. 2019;10:65.

116. Asadulghani M, Ogura Y, Ooka T, Itoh T, Sawaguchi A, Iguchi A, et al. The Defective
Prophage Pool of Escherichia coli 0157: Prophage—Prophage Interactions Potentiate
Horizontal Transfer of Virulence Determinants. Ochman H, editor. PLoS Pathog. 2009
May 1;5(5):e1000408.

117.  Novick RP. Plasmid incompatibility. Microbiol Rev. 1987 Dec;51(4):381-95.

118. Bondy-Denomy J, Qian J, Westra ER, Buckling A, Guttman DS, Davidson AR, et al.
Prophages mediate defense against phage infection through diverse mechanisms. ISME
J. 2016 Dec;10(12):2854—66.

119. Moran RA, Hall RM. Analysis of pCERC7, a small antibiotic resistance plasmid from a
commensal ST131 Escherichia coli, defines a diverse group of plasmids that include
various segments adjacent to a multimer resolution site and encode the same NikA
relaxase accessory protein enabling mobilisation. Plasmid. 2017 Jan;89:42-8.

120. Moran RA, Hall RM. pBuzz: A cryptic rolling-circle plasmid from a commensal
Escherichia coli has two inversely oriented oriTs and is mobilised by a B/O plasmid.
Plasmid. 2019 Jan;101:10-9.

121. Djacem K, Tavares P, Oliveira L. Bacteriophage SPP1 pac Cleavage: A Precise Cut
without Sequence Specificity Requirement. J Mol Biol. 2017 May;429(9):1381-95.

122.  Frumkin I, Laub MT. Selection of a de novo gene that can promote survival of
Escherichia coli by modulating protein homeostasis pathways. Nat Ecol Evol. 2023 Nov
9;7(12):2067-79.

123. Doublet B, Boyd D, Mulvey MR, Cloeckaert A. The Salmonella genomic island 1 is an
integrative mobilizable element. Mol Microbiol. 2005 Mar;55(6):1911-24.

124. Cabezén E, Ripoll-Rozada J, Peia A, De La Cruz F, Arechaga |. Towards an integrated
model of bacterial conjugation. FEMS Microbiol Rev. 2014 Sep;39(1):81-95.

125. Boyd CM, Subramanian S, Dunham DT, Parent KN, Seed KD. A Vibrio cholerae viral
satellite maximizes its spread and inhibits phage by remodeling hijacked phage coat
proteins into small capsids [Internet]. elife; 2023 Jul [cited 2023 Aug 1]. Available from:
https://elifesciences.org/reviewed-preprints/87611v1

126. Georjon H, Bernheim A. The highly diverse antiphage defence systems of bacteria.
Nat Rev Microbiol. 2023 Oct;21(10):686—-700.

26



127. Pinilla-Redondo R, Russel J, Mayo-Mufoz D, Shah SA, Garrett RA, Nesme J, et al.
CRISPR-Cas systems are widespread accessory elements across bacterial and archaeal
plasmids. Nucleic Acids Res. 2022 May 6;50(8):4315-28.

128. Rocha EPC, Bikard D. Microbial defenses against mobile genetic elements and
viruses: Who defends whom from what? PLoS Biol. 2022 Jan;20(1):e3001514.

129. Venkatesh, Nandini B. Miniature inverted-repeat transposable elements (MITEs),
derived insertional polymorphism as a tool of marker systems for molecular plant
breeding. Mol Biol Rep. 2020 Apr;47(4):3155-67.

130. Castanera R, Vendrell-Mir P, Bardil A, Carpentier M, Panaud O, Casacuberta JM.
Amplification dynamics of miniature inverted-repeat transposable elements and their
impact on rice trait variability. Plant J. 2021 Jul;107(1):118-35.

131. Seah BKB, Singh M, Emmerich C, Singh A, Woehle C, Huettel B, et al. MITE infestation
accommodated by genome editing in the germline genome of the ciliate Blepharisma.
Proc Natl Acad Sci. 2023 Jan 24;120(4):e2213985120.

132. Lange M, Zaret D, Kushner T. Hepatitis Delta: Current Knowledge and Future
Directions. Gastroenterol Hepatol. 2022 Sep;18(9):508-20.

133. Henle W, Henle G. INTERFERENCE OF INACTIVE VIRUS WITH THE PROPAGATION OF
VIRUS OF INFLUENZA. Science. 1943 Jul 23;98(2534):87-9.

134. Girgis S, Xu Z, Oikonomopoulos S, Fedorova AD, Tchesnokov EP, Gordon CJ, et al.
Evolution of naturally arising SARS-CoV-2 defective interfering particles. Commun Biol.
2022 Oct 27;5(1):1140.

135. Iranzo J, Koonin EV, Prangishvili D, Krupovic M. Bipartite Network Analysis of the
Archaeal Virosphere: Evolutionary Connections between Viruses and Capsidless Mobile
Elements. Sandri-Goldin RM, editor. J Virol. 2016 Dec 15;90(24):11043-55.

136. Contursi P, Fusco S, Cannio R, She Q. Molecular biology of fuselloviruses and their
satellites. Extremophiles. 2014 May;18(3):473-89.

137. Beltran LC, Cvirkaite-Krupovic V, Miller J, Wang F, Kreutzberger MAB, Patkowski JB, et
al. Archaeal DNA-import apparatus is homologous to bacterial conjugation machinery.
Nat Commun. 2023 Feb 7;14(1):666.

27



