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1 Summary

Mobile genetic elements (MGEs) are a type of genetic material which move within and be-
tween genomes and usually carry adaptive functions. They are transmitted between bacteria
through horizontal gene transfer (HGT), which is a primary mechanism of bacterial evolution.
Tycheposons, which were first found in Prochlorococcus, are elements with site-specific inte-
grases adapted to a mobile life-style. They are split into two categories, by function: PICI-like
and cargo-carrying. This study looks into the ecological functionality of the genes of cargo-
carrying tycheposons. Tycheposons were searched for in two data sets: Tara Oceans, with 2595
genomic sequences, and GORG, with 12715 genomic sequences. Both are diverse collections of
metagenomic data of marine microorganisms from all over the world. In the first set, tycheposons
were found in 5.12% of the searched genomes, while in the second set they were only found in
0.32%. The main annotations of the cargo genes in these tycheposons are limiting nutrient uptake
(nitrogen, iron, and phosphorus), heavy metal binding (zinc, copper), temperature shock man-
agement, and oxidative stress resistance. All of these functions facilitate the adaptation of the
host to harsh environmental conditions, be it nutrient limitation or external stressors such as UV
radiation, heat, or anthropogenic factors as pollution and potentially even climate change. How-
ever, due to the limitations of the sequencing method used for both data sets, further research is

needed using other data sets to better examine tycheposon cargo functionality in marine bacteria.
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2 Introduction

Horizontal gene transfer (HGT) is a mechanism through which microbes exchange genetic data,
promoting adaptation to different environmental conditions and the diversification of populations.
This process is fundamental for microbial evolution [1], and it often involves mobile genetic el-
ements (MGEs). Thanks to HGT, bacteria can evolve rapidly through the acquisition of new
and advantageous traits [2]. The canonical mechanisms of HGT are the conjugation of plasmids,
phage transduction mediated by bacteriophages, and transformation by naked DNA [3]. Other
mechanisms have also been described, both involving MGEs and independent of them. The first
include strategies involving elements that mobilize only their own DNA and those that mobilize

bacterial DNA, while the latter involve membrane vesicles, autolysis, and bacterial mating [4].

Mobile genetic elements are fragments of genetic material with the ability to move within and
between genomes through proteins which they encode [5]. This mobility allows them to alter
protein coding regions in the genome of their host and change their function. They often carry
beneficial genes for functions which help the host more easily adapt to its environment [6]. In this
way, they are important vectors of adaptation and evolution in bacteria. One of the best known
examples of mobile genetic element relevance is that of the antibiotic resistance genes transported
from one bacterium to neighbouring ones through plasmids - which are circular extrachromoso-
mal DNA molecules [7]. Besides plasmids, some examples of mobile genetic elements include
transposons, introns, and phage-inducible chromosomal islands, also known as PICIs. PICIs are
a type of mobile genetic element with the ability manipulate phage life cycles in order to promote
their own spread [8], and are an important reference element very similar in function to one of

the tycheposon categories to be described in the next paragraphs.

This study will look into the functions of a specific type of mobile genetic elements - the newly
described tycheposons [9]. They were discovered while searching for mobile genetic element ac-
tivity in the genomic islands present in the genomes of several Prochlorococcus populations.
Horizontal gene transfer often gives rise to genomic islands, which are large chromosomal regions
highly variable from one strain to another [9]. These regions are usually diverse assemblages of
genetic material previously horizontally transferred, including MGEs, or the remainders thereof
in the case where the integration is evolutionarily older and their functionality has been lost [9].
These regions are relevant to explore when looking into the genetic variability of related strains,
because this variability largely occurs within them [10]. Tycheposons were discovered during the
investigation of Prochlorococcus genomic islands, which are well-established even though there
were no known mobile genetic elements or signs of typical horizontal gene transfer in these mi-

croorganisms.

It was found that Prochlorococcus islands contain two distinct gene pools characterized by dif-



ferent rates of turn-over and transfer. The first gene pool, which is also the smaller one, contains
highly mobile element genes, including specific hallmark genes for integration and replication,
along with cargo genes. The second and larger gene pool encompasses island genes which serve
no particular function, hypothesized to be flanking material temporarily captured onto an excis-
ing element through an inexact excision from the genome of origin [9]. Following the search, few
already known elements were observed. However, 937 putative integrase-carrying transposons
were found which had not been previously described in the literature. These elements, named
“tycheposons” after the Greek goddess Tyche, the patron of oceans, were found mostly adjacent
to seven island-associated tRNA genes: Proline (TGG), Serine (TGA), Alanin (GGC), Threonine
(GGT), Arginine (TCT), one of three Methionines (CAT), and the tmRNA gene [9].

Two functional types of tycheposons have been observed: cargo-carrying and PICI-like ones.
The elements observed so far in the first category predominantly play a role in the capacity of
assimilation of limiting nutrients from the environment, promoting niche specialization in the
host organisms. The ones in the second category contain viral packaging genes likely used in hi-
jacking phage capsids to be used for the tycheposon’s further dispersal. PICIs, or phage-inducible
chromosomal islands, represent a class of mobile genetic elements which carry and disperse genes
for virulence and antibiotic resistance [11]. They excise from bacterial chromosomes, replicate,
and are then encased in particles resembling phages, leading to frequent transfers, both intra-
and inter-genomic [12]. Through their functions of encoding regulatory genes for phage infection
detection and genes for phage replication interference, they increase the resistance to infections
of the host population. As such, PICI-like tycheposons most likely also have a similar beneficial

effect on their hosts. Examples of the two types of tycheposons can be seen in Figure 1.

Tycheposons are elements with functions in defense and adaptation. What makes them dif-
ferent from other MGEs, apart from the enzyme used to catalyze their movement, is that they
encode site-specific integrases, and many carry genes used for independent replication, such as
primases, polymerases, and helicases. Furthermore, they share a conserved gene structure with
an inward-facing integrase at one end, optionally a small replication module neighboring the in-
tegrase or at the other end, and they carry cargo useful for adaptation to the local environment
[9]. While these are not generally uncommon characteristics in MGEs, they are more commonly
seen in eukaryotic elements [13] or in larger prokaryotic ones, rather than in small prokaryotes

such as Prochlorococcus [9].
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Figure 1: The modular structure of the two categories of tycheposons: a. Five examples of
cargo-carrying tycheposons and their functions; b. Four examples of PICI-like tycheposons; c.
Tycheposon gene-sharing network showcasing the evolutionary link between the different types,
indicated by their integration and replication modules. From Hackl et al., 2020 [9].

The previous research project explored two data sets: Cyanorak, containing other Cyanobac-
teria aside from Prochlorococcus, and Tara Oceans, containing marine bacteria collected by an
expedition with the same name. The project focused on determining the prevalence and the
functionality of tycheposons in the genomes contained in these two previously unexplored data
sets. To find tycheposons, the genomes were searched against the tycheposon protein sequences
provided in the original study [9], and the genes in the matching loci were further annotated to
allow for categorization. It was revealed that these MGEs can be found outside of the Prochloro-
coccus genus, and even outside of the Cyanobacteria phylum. When loooking at the distribution
of the two functional categories, in general, cargo-carrying tycheposons are more prevalent than
PICI-like ones, possibly due to the more direct advantages they offer to their host. Aside from
that, tycheposons within Cyanobacteria appear to be phylogenetically similar, suggesting that
horizontal gene transfer of tycheposons can and does easily occur within this phylum. However,

the annotations for the cargo carried by the cargo-carrying tycheposons were not added during



the previous study, so the type of genes they carry is still unknown.

As a result of time limitations, the findings of this previous study leave many topics unex-
plored, and give rise to plenty of new questions. Among these questions, a notable one is “What
are the ecological implications of the functions of the cargo carried by tycheposons?”, which is
what this study aims to explore. To expand the search for tycheposons to more aquatic microor-
ganisms, a new data set - GORG - was explored in a similar fashion as in the previous research
project. The annotations of the cargo-carrying tycheposons which were missing from the first
study will be added to the already existing Tara Oceans results, as well as to the results of the

new search.

From what has been found in the original study, the genes of the cargo-carrying type of ty-
cheposons seem to have limiting nutrient uptake as their main function. Based on these previous
findings, it is to be expected that the cargo annotated in this study will be of this type. The main
nutrients which limit growth in the ocean are nitrogen, phosphorus, silica, iron, and other metals
such as copper [14]. These nutrients limit the primary production in oceanic environments, and
they are replenished either by the process of nutrient recycling or through mixing with deeper
waters. The replenishment of these nutrients is mostly restricted to decomposition from the at-
mosphere and deposit inputs from the land along the coast. These elements are all fundamentally
vital for aquatic life. Phosphorous and nitrogen are important elements of cells, with the first
being a component of cell membrane structures and of ATP, and also a key factor in processes
such as gene transcription regulation [15], while the latter is an element of nuclear acids [16].
Furthermore, iron is necessary for a lot of enzymes and processes, for example in photosynthesis
[17]. Thus, tycheposons carrying this type of cargo would bring a tremendous advantage to their

host genomes in nutrient scarce oceanic environments.

The findings of this study may prove useful for deepening our understanding of how tychep-
osons have influenced the ecology of bacteria in oceanic conditions, and could also provide insights
into the specifics of microbial niche differentiation in marine environments. As they are newly dis-
covered, a lot of information that would help determine their significance remains undiscovered.
Still, since their primary functions allow for better adaptation of their host to the environment,
they have the potential to be used in predicting the fitness and adaptation capabilities of the host

species, especially in nutrient-scarce environments.



3 Methods

The previously explored data set contains 2595 genomes sequenced from data gathered by the
Tara Oceans expedition from oceans all around the world, which were downloaded from the Eu-
ropean Nucleotide Archive website [18]. The cargo-carrying tycheposon loci discovered in this
data set were used in this study. The new data set of GORG contains 12715 partial genomes
from the tropical and subtropical euphotic ocean, obtained through single-cell sequencing [19].
This method of sequencing is relatively new and consists of capturing a single cell and amplifying
the genetic material contained within to obtain a genomic sequence [20]. Since the GORG data
set is significantly larger and more varied than the Tara Oceans one, but its sequences are also
less complete, the prevalence of tycheposons in this case is expected to be lower. The reference
tycheposon protein sequences of the hallmark genes and their hmmer profiles were taken from
the original paper describing the new MGEs [9] available on Github [21]. The protein sequences

of the hallmark genes were computed from the protein profiles.

Because of the computational cost of the necessary methods, to optimize efficiency, the data
processing required for this study was done via the Peregrine High Performance Computing
(HPC) cluster in the Linux command line. Some of the technical requirements of this search
included installing the Linux (Ubuntu distribution) operating system, learning how to use the
Bash scripting language, and learning the Peregrine HPC methodology. This included learning
the appropriate syntax for the commands, the use of sbatch to submit jobs to the cluster, and the
use of slurm files for checking the status of the HPC jobs and for checking for possible processing

CITrors.

The workflow overview can be seen in Figure 2. The initial search for tycheposons from the
previous project was repeated again for the GORG data set. The search required the use of
several programs. Of these, the most used one was mmseqs, a software which can search and
cluster large sets of sequences. This program can reach the same sensitivity as BLAST, but it
is up to 400 times faster [22], making it a more suitable alternative for larger data sets. In the
first necessary step for the search, mmseqs was used to convert the set of tycheposon genes into a
database. This database was then clustered into groups of similar sequences through a cascaded
clustering algorithm. Profiles of the hallmark gene clusters were then computed and added to
a profile database using mmseqs. The ensuing search for tycheposon genes in the genomes was

done using these profiles.

The resulting files were imported into R Studio, along with the databases containing the al-
ready known tycheposon hallmark genes and the annotations associated therewith, taken from
the initial study. In the beginning, the data was filtered to eliminate hits with an e-value lower

than 1071, To be able to create plots to visualize the data, it was necessary to associate the



discovered genes with their respective annotations. However, as the two tables containing the
required data have different sequence IDs due to them having been computed using two different
programs, a hmmer ID needed to be added to the mmseqs search result table. To add a hmmer ID
to the IDs used by mmseqs, a table constructed by matching the hmmer table from the original
paper, which also contains the sequence IDs, to the tycheposon gene database was merged to the
mmseq search result table by their keys. The annotations available from the initial study were

then added to the resulting table, to differentiate between the two tycheposon categories.

The package gggenomes was used to visualize the data and create figures of the hits of genes
found. First of all, a locus was defined as a region in the genomic sequence made up of tychep-
oson gene agglomerations of at least two genes with different roles. These genes are hits found
through the mmseqs search, and their position coordinates (start and end locations) in the result
table makes it possible to place them in the schematic representation of the genome and to find
the closely positioned genes to cluster into a locus. The deciding factor when defining a locus
is the presence of at least one tycheposon-specific integrase. These gene agglomerations are the
tycheposon-like loci to be further investigated. The function “locate” of the gggenomes package
is used in order to find these loci in the genomic sequences based on the criteria described above,

and then the function “focus” is used to zoom in on each locus and add its gene structure.

Further on, for both of the data sets, the results are split into two functional categories:
PICI-like and non-PICI-like, based on the presence or absence of the packaging modules required
for the production of capsids. In the plots, the genes required to indicate tycheposon presence
were colored differentially, with their color indicating their function. The genomes with no clear

tycheposon-like formations were filtered out and were not included in the final results.

In the next phase of the research, the non-PICI-like loci were cropped out of their sequences
using the seqkit software [23], to allow for an accurate and easy addition of the missing cargo
annotations. As this study focuses on the functions of the cargo-carrying tycheposons, only this
category of loci was further annotated. These annotations come from the Pfam data base, which
was downloaded using mmseqgs. The tycheposon loci sequences were matched against Pfam and
the resulting table was imported into R. Given the large number of different annotations, the
tycheposons were not visualised through plotting. A table was constructed for each data set,
containing the ID of the original locus sequence, the Pfam ID of the discovered proteins, and the

description of their functions.
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Figure 2: The visualisation and analysis workflow.



4 Results

The result of merging the three tables is a table containing the following main elements: ge-
nomic sequence IDs, the IDs of the tycheposon gene hits, the start and the end positions, the
modules and the roles, along with several other columns of details used for plotting. This table
was taken from the previous project for the Tara Oceans data set, and one was created for the
GORG data set as well. In the Tara Oceans results, the preliminary number of genes found
was 1537, and upon filtering only 1352 genes remained. In the GORG results, the preliminary
number of genes found was 1665639, and upon filtering 1314049 genes remained. The preliminary
visualisation of the data was done by computing the loci of interest in a chromosomal context,
without further details, to observe tycheposon loci presence in the data set. Then, each locus
was plotted in detail, with its gene structure and annotations. Overall, based on the previous
research project, the prevalence of tycheposons appears to be quite low on a global oceanic scale
than in Cyanobacteria in particular. One observation in the case of the Tara Oceans data set is
that some of the loci seem to be composed of multiple tycheposons. One such example can be
seen in the first sequence of Appendix 1, which contains several integrases. The Pfam annotations
added to the discovered cargo-carrying tycheposons were all taken from the Pfam database [24]
and can be found in the supplementary tables [25][26]. The Tara Oceans results contain 1132

annotations, while the GORG results contain 351 annotations.

4.1 Tara Oceans

The plots showing the loci found in the investigated Tara Oceans genomes with their anno-
tated genes can be found in Appendix 2, but an excerpt can be seen in Figure 3. Within the
Tara Oceans sequences, 20 loci distributed in 19 genomes with a PICI-like structure and 117
loci distributed in 116 genomes with non-PICI-like structures were discovered. Of these, only 2
genomes had both kinds of tycheposons. This translates to tycheposon presence in 5.12% of the

Tara Oceans genomes. Within the discovered loci, 85.4% had a non-PICI-like structure.
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Table 1: Cargo of interest - Tara Oceans. Includes the Pfam ID of the genes, their functional
annotations, and the number of occurrences in the data set.

Pfam ID Annotation Number
PF07862 Nifl1 nitrogen-fixing domain 8
PF01032 Fe(3+) dicitrate transport system permease proteins 2
PF01475 Ferric uptake regulator proteins 2
PF02069 Metallothioneins 2
PF04362 Bacterial Fe(2+) trafficking proteins 1
PF04773 | FecR, involved in regulation of iron dicitrate transport 1
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Figure 3: An excerpt of five tycheposon loci from the Tara Oceans plots prior to Pfam annotation.
The colors indicate the role of the gene.

Following the Pfam annotation, the most numerous were related to integration, regulation,
and replication, characteristic to the tycheposon hallmark genes, as can be seen in Supplementary
Table 1. Some virulence-associated factors were discovered as well, for example the virulence-
associated protein E, or the inovirus GP2 which plays a crucial role in viral DNA replication. The
most abundant cargo seen in the Tara Oceans cargo-carrying tycheposons is a Nifl1 domain (Ta-
ble 1). This is a domain usually found in Cyanobacteria and Proteobacteria, in the Niff11 protein
described as nitrogen-fixing in Azotobacter vinelandii [27]. Eight instances of this domain have
been observed in the Tara Oceans cargo-carrying tycheposons. Other interesting cargoes are the
Fe(34) dicitrate transport system permease proteins FecC and FecD and the FecR protein - in-
volved in regulation of iron dicitrate transport, ferric uptake regulator proteins, metallothioneins,
and bacterial Fe(2+) trafficking proteins. Some other notable findings are Beta-lactamases and
the Metallo-beta-lactamase superfamily, which are involved in antibiotic resistance, cold-shock

proteins, and the SelR domain for coping with oxidative stress.
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4.2 GORG

The plots showing the loci found in the investigated GORG genomes with their annotated
genes can be found in Appendix 2, but an excerpt can be seen in Figure 4. Within the GORG
sequences, only one locus with a PICI-like structure and 40 loci with non-PICI-like structures
were discovered, all distributed in different genomes. This translates to tycheposon presence in
0.32% of the GORG genomes. Within the discovered loci, 97.6% had a non-PICI-like structure.
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Figure 4: An excerpt of five tycheposon loci from the GORG plots prior to Pfam annotation.
The colors indicate the role of the gene.

As in the case of the previously discussed data set, the most numerous annotations in the
GORG cargo-carrying tycheposons were related to integration, regulation, and replication, which
are characteristic to the tycheposon hallmark genes. The discovered cargoes related to nutrient
uptake were the plastocyanin family of copper binding proteins, the FecR protein involved in regu-
lation of iron dicitrate transport, the 4Fe-4S single cluster domain which binds iron-sulfur clusters,
and one instance of a Zinc-binding metallo-peptidase family protein. Some interesting cargoes
discovered are heat shock proteins, sirtuins which influence processes like aging, transcription,
apoptosis, inflammation and stress resistance, energy efficiency and alertness during low-calorie
situations, flavoproteins and the SelR domain involved, among others, in resisting oxidative stress,
a PhoH-like protein involved in phosphate starvation response, Poly(hydroxyalcanoate) granule

associated protein (phasin) functioning as an intracellular carbon and energy reserve material.
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Table 2: Cargo of interest - GORG. Includes the Pfam ID of the genes, their functional annota-
tions, and the number of occurrences in the data set.

Pfam ID Annotation Number
PF04773 FecR protein - involved in regulation of iron dicitrate transport 1
PF00127 Plastocyanin family of copper binding proteins 1
PF13353 4Fe-4S single cluster domain - bind iron-sulfur clusters 1
PF13582 Zinc-binding metallo-peptidase family 1
PF00118 Heat shock proteins 2
PF02146 Sirtuins - stress resistance, management of low-calorie situations, etc. 2
PF02441 Flavoproteins - management of oxidative stress, etc. 2
PF01641 SelR domain - management of oxidative stress 1
PF05597 | Poly(hydroxyalcanoate) granule associated protein - energy reserve material 1
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5 Discussion and Conclusions

This study investigated the ecological relevance of the functional cargo of tycheposons. The
number of tycheposons discovered in these two data sets was quite low, which could be explained
in several ways. Firstly, the sequencing methods used for both data sets are inherently prone to
exclude small mobile genetic elements. Furthermore, the GORG data set contains incomplete
sequences to begin with, which could be another limitation when searching for the small mod-
ules which the tycheposon hallmark genes consist of. A further explanation could be the search
method in itself. Due to time limitations, the search was based only on the hallmark genes dis-
covered in the original study, which were initially found in Prochlorococcus. However, in other
bacteria tycheposons could look quite different from what they have been determined to be so far.
A more useful search would be a recursive one where the newly discovered tycheposons, especially
those found outside of the Cyanobacteria phylum, are added to the reference hallmark genes set

to increase the sensitivity of the search.

In the Tara Oceans data set, one important analysis pitfall which was also observed in the
Cyanorak set in the previous project was that, in some cases, it appears that several neighbouring
tycheposons were clustered together into one locus, so they were counted as only one element.
This is due to the method through which a locus was defined, with no upper limit to the presence
of one type of gene. While this is something that could be rectified in future research, during this
study the time limitations did not allow for it. This occurrence is still relevant to analyze: the
fact that two or more structurally intact tycheposons are located one next to the other within a
genome could suggest that the integrases in their composition target the same tRNA. An aspect
that could be investigated is whether these neighbouring tycheposons have similar or different
functions. This could not done in this study because of the large number of annotations, but it
could be a topic of interest in future research. Furthermore, the presence of more tycheposons in
neighbouring positions could also mean that they are part of a genomic island with a relatively
sustained influx of these elements, which might be the case in an environmental patch with a more
dense bacterial population, where HGT is a frequent occurrence. Although this hypothesis could
not be tested during this study due to time limitations, it is still a relevant aspect to investigate

in future research by conducting a tycheposon biogeography study.

Notably, in the cargo-carrying, non-PICI-like tycheposons analyzed, plenty of virulence- and
phage-related factors were discovered, for example the prophage CP4-57 regulatory protein, of
which many instances were found in both data sets [25][26]. Since these loci lack the packaging-
interference module and were thus not included in the PICI-like category during filtering, they
are likely relics of phage parasite tycheposons which were incompletely integrated into the host
genomes, or transferred so long ago that some components were lost. The loci containing this

type of cargo but no typical packaging-interference module are not of the cargo-carrying category
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and should not be included in it, but for the purpose of this study it was unnecessary to filter

them out of the results, because it would not have contributed to answering the research question.

As expected, some limiting nutrient uptake cargoes have been found in both of the data sets.
Nitrogen uptake cargo has only been discovered in the Tara Oceans data set, in which eight in-
stances of the Nifll nitrogen-fixing domain were observed. With nitrogen being the fourth most
abundant element in organic matter, while also among the most limiting nutrients in the ocean
[28], it is clear that this type of cargo confers a tremendous advantage and growth opportunity to
the host marine bacteria. The oceans are a key component of the biosphere, hosting a variety of
biogeochemical processes influencing both the atmosphere and the land [28]. The nitrogen cycle
is one of these important processes, in which nitrogen in different chemical forms is exchanged
between the atmosphere and the terrestrial and marine ecosystems [29]. In this cycle, the ocean is
involved in both nitrogen fixation - through microorganisms performing this function - and den-
itrification into the atmosphere. With a tycheposon with a nitrogen fixation ecological function,
the host bacteria can partake into the nitrogen cycle and contribute to the proper functioning of

the ecosystem, while also benefiting from the ability to take up one of the most limiting nutrients.

Another type of nutrient uptake cargo that was found in both sets is cargo related to iron
uptake. Iron is a micronutrient known to be crucial in many marine biogeochemical cycles and
in the maintenance of pelagic ecosystems [30]. Iron is one of the most important resources which
influence the extent and patterns of primary productivity in the ocean, being a co-factor in en-
zymes involved in basic life-sustaining processes such as respiration, photosynthesis and nitrogen
fixation [31]. Through its role in these processes, iron is also associated with the marine part
of the carbon cycle, in which the marine biological pump absorbs carbon from the atmosphere
and land runoff and acts as a carbon sink [32]. Due to the low solubility of iron which limits
the attainability of this element to marine microorganisms [17], iron uptake is a notably useful
function for tycheposon cargo, which is likely why this type of cargo genes are so prevalent in the

two explored data sets.

Metallothioneins were also found in the Tara Oceans data set. They are small proteins which
bind heavy metals such as copper, zinc and nickel [33]. In the GORG data set one instance
of zinc-binding metallo-peptidase family protein was found. While zinc is not one of the major
limiting nutrients in the ocean, it is still a necessary and quite scarce trace-nutrient outside of
high-latitude regions [34]. It has been found that zinc might play a role in the composition and
productivity of phytoplankton communities [34]. Another cargo related to essential heavy metal
uptake was also found in the latter data set - Plastocyanin copper binding proteins. This type of
cargo seems to be involved in the uptake of essential heavy metals - rather than non-essential and
toxic ones such as mercury or cadmium. The slight differences between the sets could arise from

the difference in the sampling areas which the bacteria were taken from. While the Tara expedi-
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tion covered all types of waters, from tropical areas to cold zones near the poles, the GORG data
comes only from the tropical and sub-tropical regions, so they cover fewer possible environmental

conditions.

An interesting finding in both of the data sets is the SelR domain, which is responsible, among
other functions, for oxidative stress resistance. Aside from this domain, several others were found
with the same function (i.e. flavoproteins), suggesting that this type of functional cargo might
be a rather wide-spread occurrence. Oxidative stress is a phenomenon occurring in the case of an
imbalance between the production and accumulation of oxygen reactive species in cells, and the
capacity of a biological system to detoxify these reactive products [35]. Some environmental stres-
sors which could cause this type of phenomenon are pollutants, UV radiation, ionizing radiation,
and heavy metals. Oxidative stress resistance is not an uncommon function for mobile genetic
elements, as it can also be seen in the integrative conjugative element ICE-Sox, which was proven
in the lab to confer oxidative stress resistance to Legionella pneumophila against antibiotics such
as penicillin and oxacillin, but also against bleach [2]. This cargo is likely found in Cyanobac-
terial phyla, since it is known that, due to their role as oxygenic phototrophs, Prochlorococcus
and Synechococcus often encounter elevated levels of oxidative stress from UV exposure [36],
and would thus benefit greatly from a defense mechanism against this nocive factor. Still, this
kind of cargo, along with the cargo involved in heavy metal binding, could make tycheposons a
great adaptation tool for other hosts as well, especially the current situation where anthropogenic
ocean pollution is becoming an increasingly more significant problem, which could promote their

spread even outside Cyanobacteria.

Similarly, another type of cargo found in both data sets is related to temperature shock,
more precisely cold-shock proteins in Tara Oceans and heat-shock proteins in GORG, which are
responsible for maintaining cellular proteins integrity during environmental changes [37]. These
functions, too, confer better adaptability to the host, since there are plenty of areas in the ocean
where temperatures vary considerably on a regular basis. This adaptation could also be espe-
cially relevant in the context of the current climate change situation, which causes more extreme
temperature changes in the oceanic waters as well as in the atmosphere, especially at the surface,
in the euphotic zone where most microorganisms reside. These changes lead to alterations of the
environment to which bacteria need to adapt, so MGEs with temperature shock management

functions would confer a great advantage.

The discovery of these types of cargoes suggests that cargo-carrying tycheposons may have a
more diverse array of functions than previously known, possibly providing adaptation to anthro-
pogenic and climate-change-related issues as well, aside from their previously known functions in
limiting nutrient uptake. This could be an evolutionary adaptation in response to the changing

environmental conditions in the recent decades, which continue to affect the ocean greatly, both
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in terms of temperature variation and of pollution from diverse human activities. This type of
cargo might become more and more relevant as these changes advance, so it would be expected
for tycheposons carrying it to become a more common coping mechanism in the affected marine
bacterial populations. Furthermore, in future research, it would be relevant to explore tychep-
oson prevalence in marine areas already known to have a problem with pollution, for example
the heavily polluted Mediterranean Sea [38] or the Gulf of Mexico Dead Zone [39]. In this kind
of locations, marine bacteria need to adapt to the harsh conditions, so tycheposons with envi-
ronmental stress relief functions could be more useful, and thus also more prevalent. In such
regions, it would be expectable to find more tycheposons of this type, which could bring to light
the range of functions they can perform in adaptation to detrimental anthropogenic effects on

the environment.

Tycheposons with limiting nutrient uptake cargo could also be found in these areas, since
they are usually quite rich in nutrients such as nitrogen and phosphorous coming from the shores,
while also limited in oxygen. It would also be relevant to search for tycheposons and explore
their functions in bacteria from regions of the oceans that are notoriously nutrient-scarce, such as
oxygen minimum zones. In these regions adaptive microbial metabolism is extremely important
[40], and thus the horizontally transferred material in the genomic islands of the inhabitants likely
has functions in limiting nutrient uptake. These areas are relatively unexplored, but taking into
consideration the utility that tycheposons may have for organisms living in such environments,
it is likely that they are present there. Researching their presence and function in these envi-
ronments may contribute to our understanding of how they have shaped microbial adaptability
to harsh living conditions. Furthermore, considering that previous research has found that, be-
sides adaptation advantages, horizontally transferred material can also increase the efficiency of
resource usage for bacterial reproduction [41], it would also be relevant to explore whether some

tycheposons, likely outside of Prochlorococcus, also have such an effect on their host.

Overall, it seems that cargo-carrying tycheposon genes may have quite a wide variety of func-
tions, all of which facilitate adaptation to the environment, confer resistance to external stressors
such as harsh environmental conditions, pollution, and climate change effects, and even introduce
their hosts in some of the main nutrient cycles taking place in the ocean. These advantageous
effects they have on the bacteria which carry them promotes their dispersal through populations
on a large scale. Still, as they are relatively newly discovered MGEs, there is a lot of research
to be done before we can untangle all aspects of tycheposon ecology and fully understand their

implications in the marine bacterial world.
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6 Appendices

6.1 Appendix 1 - Tara Oceans
Tara Oceans - PICI-like loci
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Tara Oceans - PICI-like loci
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Tara Oceans - non-PICI-like loci
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Tara Oceans - non-PICI-like loci
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Tara Oceans - non-PICI-like loci
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Tara Oceans - non-PICI-like loci
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Tara Oceans - non-PICI-like loci

o S o 0 o b P B B B I S o B B B o 0 N S L S
NZQS01000024.1_lc1

NZQWVD1000017.1 k1
NZQX01000059.1 k1
NZRIO10DD04E.1_kc1

NZSDO1000180.1 k1

K = XX
NZSL01000014.1 _lc
NZTV01000007.1_kc1
Role
C— A R .
NZTWOT000050.1_kc1 = |ntegration

== Regulation-Excision
NZUGO100004 1 _lo1 -
== Replication

NZVBO1000008.1 k1
NZVHO1000039.1_kc1
NZVS0T000012.1 el
NZVTO1000063.1 k1
o - DO oo ———

NZXGD1000053.1_kc1

NZYFO0D003E.1_kc1

E—E—D—¢ 00—

28



Tara Oceans - non-PICI-like loci
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Tara Oceans - non-PICI-like loci
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Tara Oceans - non-PICI-like loci
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6.2 Appendix 2 - GORG

GORG - PICl-like loci
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GORG - non-PICl-like loci
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GORG - non-PICl-like loci
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GORG - non-PICl-like loci
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