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Abstract  

The facultative anaerobe Shewanella oneidensis is a model organism widely studied for its 

extracellular electron transfer capabilities, making it a promising candidate for 

bioelectrochemical systems (BES). However, its presumed genetic instability presents a key 

challenge, particularly for long-term industrial applications. This study investigates two major 

factors influencing genetic robustness in S. oneidensis: transposon activity and the presence of 

the megaplasmid (MP). 

Transposable elements (TEs) play a crucial role in genome plasticity. Their high activity can 

lead to disruptive mutations, compromising strain stability. To assess transposase mobility 

under TE-activating conditions, transcriptomic analysis and stress-induced transposition 

experiments were combined with whole-genome sequencing. The results indicate that certain 

insertion sequences (IS), particularly ISSOD1, ISSOD2 and ISSOD9, exhibit high transposition 

rates, contributing to genetic instability. To mitigate these effects, CRISPR-Cas-deaminase-

based genome editing was employed to introduce premature stop codons into active transposase 

genes. This deactivation successfully reduced transposase-related mutations emanating from 

the ISSOD2 family, demonstrating a viable strategy for stabilizing the S. oneidensis genome. 

ISSOD9 activity appeared to be strongly linked to the presence of plasmids in transformed 

strains, suggesting its transposition mechanism is associated with horizontal gene transfer. This 

finding has significant implications for studies utilizing external plasmids, as it underscores the 

potential for unintended genomic alterations.  

In parallel, the role of the megaplasmid in genetic stability was examined, which harbors 

numerous TEs and contains mutation-prone regions, increasing TE motility potential. Using an 

adaptive evolutionary approach, it was attempted to delete the MP while circumventing post-

segregational killing caused by toxin-antitoxin pairs that contribute to stabilized vertical 

plasmid transfer. Although complete megaplasmid loss was not achieved, approximately 35 % 

of its sequence was deleted, including nine TEs and an identified hotspot for integration. 

Notably, the unexpected loss of the region containing the origin of replication suggests a 

metastable state for the MP. 

By integrating genome-wide analyses with targeted genetic modifications, this study provides 

valuable insights into the mechanisms governing genetic stability in S. oneidensis. These 
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findings contribute to optimizing S. oneidensis as a robust production strain for BES 

applications, with broader implications for microbial engineering and industrial biotechnology.
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1 Introduction  

1.1 Microbial production and electrode-assisted fermentation  

 

Since the industrial era, fossil fuel consumption has increased relentlessly, releasing vast 

quantities of carbon dioxide (CO2) into the atmosphere. This has been conclusively linked to 

irreversible climate changes and widespread environmental damage. Despite a strong scientific 

consensus, political inaction, skepticism, and outright denial have often hindered effective 

responses (Cook et al., 2016; Hornsey & Fielding, 2020; Hou et al., 2023; Rosado, 2017; Wang 

& Azam, 2024). 

It is therefore imperative to develop alternative industrial production methods that reduce fossil 

fuel consumption while remaining economically viable. Microbial processes for chemical 

production and bioremediation offer a promising solution, as they leverage the metabolic 

pathways of organisms to drive energy-efficient conversions (Philipp et al., 2020; Qumsani, 

2024). 

Fermentation has been a cornerstone of industrial production for centuries. A key characteristic 

of this process is its typically low net energy yield, which necessitates the consumption of 

substantial amounts of substrate for microbial growth. This, however, can be exploited to 

achieve rapid conversion rates for target products (Cowan et al., 2023).  

One of the limitations in fermentation is that the total redox equivalent must be balanced 

between formed products and used substrates. Energy gain is often limited to substrate level 

phosphorylation where phosphate groups are directly transferred to convert energy in a 

utilizable form like ATP. Without an external electron acceptor, the overall oxidation state of 

the product (mixture) must match that of the substrate(s), causing the process to stall as product 

accumulates.  While oxygen may serve as an electron acceptor to expand the range of possible 

oxidative states, it has drawbacks in applications. Oxygen increases energy availability for 

microbial anabolism, reducing product yield. Additionally, aeration requires energy 

(Drewnowski et al., 2019) and many microorganisms are sensitive to oxygen (Hackmann, 2024; 

Müller, 2008). 

Besides the use of oxygen, some microorganisms overcome the limitations of sole substrate 

level phosphorylation by utilizing an external electron acceptor, a process known as 

extracellular electron transport (EET). These organisms, called exoelectrogens, can transfer 

excess metabolic electrons to soluble or insoluble extracellular electron sinks, such as iron or 
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manganese compounds, thereby connecting their metabolism with respiration of an external 

source. This process typically occurs under strict anoxic conditions (Myers & Nealson, 1988; 

Sturm et al., 2015).  

The electron transfer is usually facilitated via multiple c-type cytochromes localized across the 

membranes and the periplasm of the bacteria. This electron transfer occurs along an increasing 

redox potential from an electron donor to the acceptor. The principle of outward directed 

electron transfer is applied by the organisms in different ways. It happens either directly by cell 

to substrate contact, via soluble exogenic redox-shuttles or in conductive biofilms residing on 

the electron- sink forming so-called nanowires (Gralnick & Newman, 2007; Hartshorne et al., 

2009; Kerisit et al., 2007; Lovley & Walker, 2019; Velasquez-Orta et al., 2010).  

 

Figure 1: Depiction of a microbial electrolysis cell with a possible S. oneidensis production strain. The 
genetically engineered pathway is depicted in the bacterial cell in panel a. Heterologously expressed 
genes for the conversion of glucose to acetoin are colored blue. Genes that were deleted are indicated 
in red. Panel b shows the schematic of a BES system where excess electrons emerging from the 
metabolic activity of the microorganisms are transferred to the electrode that is kept at a stable 
potential via the connection to a potentiostat. Hydrogen is released as an energetically utilizable 
product at the cathodic site.  

Bioelectrochemical systems are a versatile biotechnological platform that leverages 

extracellular electron transfer for applications such as bioremediation, chemical production, and 

electricity generation. In these systems, exoelectrogens act as biocatalysts, transferring 

electrons externally. This capability is harnessed by providing a constant electron sink, such as 

an anode. By doing so, redox equivalents are continuously replenished, enhancing fermentation 

efficiency and driving product formation (Chandrasekhar, 2021). This engineered process leads 

to a non-stochiometric fermentation also called electrode-assisted fermentation and can be 
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applied in microbial fuel cells (MFCs) and microbial electrolysis cells (MECs) (Flynn et al., 

2010; Kumar et al., 2018). 

MECs operate as galvanic cells, converting chemical energy into electrical energy and 

hydrogen. A potentiostat applies a favorable potential to facilitate electron transport and product 

formation. Microorganisms metabolize substrates into CO2 or other carbon compounds, 

electrons and protons. In this process a redox gradient drives electron flux when a suitable 

potential is applied to the anode (see Figure 1 b; (Nakagawa et al., 2015).  

Conversely, in microbial electrosynthesis (MES), the process is reversed: electrons are supplied 

by a cathode, often as hydrogen, enabling cells to synthesize complex molecules. This includes 

the production of poly-3-hydroxybutyrate (PHB), a biodegradable base molecule for an 

alternative to fossil-based plastics (McAdam et al., 2020). Additionally, MES offers the added 

benefit of potential CO₂ capture (Rabaey & Rozendal, 2010). 

The scope of BES applications continues to expand through genetic engineering. Researchers 

are enhancing EET pathways in native organisms or transferring key components of the 

exoelectrogenic transport to non-native hosts, unlocking new bioprocess possibilities (Philipp 

et al., 2020). 

1.2 Shewanella oneidensis in the field of EET   

S. oneidensis has emerged as a model organism in the study of extracellular electron transfer 

processes. This facultative anaerobic bacterium can use oxygen as a terminal electron acceptor, 

allowing it to grow more rapidly under oxic conditions. This trait simplifies experimental setups 

and makes the organism easier to handle. Additionally, S. oneidensis is genetically accessible, 

enabling detailed examination of its underlying mechanisms. Its product spectrum and 

bioprocess efficiency can potentially be engineered for broader application and higher 

performance. The organism shares genetic and functional homologies with E. coli, one of the 

most extensively studied model organisms, making it an excellent candidate for adapting well-

established genetic and molecular techniques (Deutschbauer et al., 2011; Heidelberg et al., 

2002; Philipp et al., 2020). 

The versatility of S. oneidensis in utilizing a wide range of electron acceptors and its robust 

degradation pathways make it highly applicable for bioremediation. Its spectrum of electron 

acceptors includes insoluble compounds like iron and manganese oxides (Fe[III], Mn[III], 

Mn[IV]) as well as soluble molecules such as trimethylamine-N-oxide (TMAO), dimethyl 

sulfoxide (DMSO), nitrate, nitrite and sulfate (Beblawy et al., 2018). 
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The EET mechanism in S. oneidensis, as currently understood, is facilitated by a network of 

c-type cytochromes. These cytochromes, with partially redundant functions, span the inner 

membrane, periplasm, and outer membrane, extending to external electron acceptors. The 

CymA protein plays a central role by oxidizing the cytoplasmic quinone pool and transferring 

electrons into the periplasm, creating a hub for electron transfer pathways, where soluble c-type 

cytochromes, such as FccA and STC, mediate further transfer. These cytochromes either reduce 

soluble electron acceptors like fumarate, DMSO and nitrate or pass electrons to the 

transmembrane MtrCAB complex, which spans the outer membrane (Hartshorne et al., 2009; 

Sturm et al., 2015). 

 

Figure 2: A schematic depiction of the EET transfer of S. oneidensis. The electron transfer is facilitated 
along a redox gradient from the inner membrane (IM) via cymA over the periplasm (PP) to the outer 
membrane (OM) spanning MtrCAB complex. The electrons can divert to different electron acceptors 
over fumarate reductase (FccA) or small tetraheme cytochrome c (STC). The menaquinone pool (MQ - 
MQH) is fed with metabolic electrons over inner membrane bound oxidoreductases (OR). 
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In the MtrCAB complex, the MtrB β-barrel protein is thought to connect two c-type 

cytochromes, MtrA and MtrC, forming a pore for electron conduction (Edwards et al., 2020). 

At the bacterial surface, MtrC and OmcA transfer electrons to external acceptors, possibly 

through direct interactions via exposed heme groups or through flavins, which facilitate electron 

transfer by forming semiquinones (see Figure 2; Von Canstein et al., 2008, Marsili et al., 2008; 

Okamoto et al., 2013, 2014). It should be noted that although CymA is the predominant quinol 

oxidase the electron transfer in the periplasm depicted in Figure 2 is simplified and not 

exhaustive. In fact, the redundancy of the 41 c-type cytochromes encoded by S. oneidensis with 

their respective roles in electron transport is still under investigation (Sun et al., 2021). 

Uncovering the underlying mechanisms of EET in S. oneidensis is valuable because these 

processes could potentially be transferred to other organisms, such as E. coli. As mentioned 

above, by integrating EET mechanisms with the well-established genetic and metabolic tools 

available for E. coli, the potential for applications is substantial (Philipp et al., 2020; Teravest 

et al., 2014). 

1.3 S. oneidensis as a potential production strain  

 

Besides the ability to use diverse external electron acceptors S. oneidensis can use electrodes 

as an inexhaustible electron sink. This is beneficial for applications like BES systems. Here a 

setup is feasible where the organism is grown as a biofilm residing on the anode, continually 

feeding its excess electrons to the anode, driving electrode-assisted fermentation (Pinto et al., 

2018). In the current setups the excess electrons are released as hydrogen on the cathodic side 

and can be used in downstream applications (see Figure 1 b). 

Acetoin, a valuable industrial chemical, has been successfully produced in BES setups utilizing 

S. oneidensis (Bursac et al., 2017). Traditional acetoin production relies on aerobic sugar 

processing, which is energy-intensive due to the need for aeration and provides organisms with 

anabolic energy, reducing overall efficiency (Sun et al., 2012; Wang et al., 2013). Anaerobic 

production, potentially offering higher conversion efficiencies, remains desirable. 

To enable acetoin production in S. oneidensis, heterologous expression of the acetoin 

biosynthetic genes alsS (acetolactate synthase) and alsD (acetolactate decarboxylase) from 

Bacillus subtilis were introduced. These genes catalyze the conversion of two pyruvate 

molecules into acetoin via an acetolactate intermediate (Kipf et al., 2014). However, the 
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observed turnover rates were low, partly due to insufficient electron transfer rates in BES 

systems. 

To redirect metabolic flux away from the native, energetically favorable acetate production 

pathway, the genes encoding acetate kinase (ackA) and phosphotransacetylase (pta) were 

deleted (Bursac et al., 2017; see Figure 1 a). This modification effectively prevented acetate 

production, eliminating substrate-level phosphorylation and significantly reducing energy 

generation. Acetoin has a lower oxidation state than acetate. Although the conversion helps to 

regenerate NAD+, there is no net energy yield for the cells in the form of ATP, constraining 

growth.  

The native substrate spectrum of S. oneidensis under anoxic conditions is limited to compounds 

such as lactate, pyruvate, formate, and N-acetylglucosamine (Hunt 2010). To expand this range 

to include glucose, a widely available and high-energy substrate, the glucose importer gene 

galP and the kinase gene galK were introduced. This enabled uptake and phosphorylation of 

glucose to glucose-6-phosphate, allowing its entry into the Entner-Doudoroff (ED) and pentose 

phosphate (PP) pathways. These pathways enable glucose degradation to pyruvate, 

theoretically yielding a net gain of 1 ATP for cellular growth. However, under glucose-

fermenting conditions, substantial growth was not observed (Chubiz, 2017; Nakagawa et al., 

2015; Rodionov et al., 2010). 

Glucose metabolism can lead to excess electron buildup, often resulting in the conversion of 

pyruvate to lactate for electron storage. To mitigate this, the ldhA gene, encoding a NADH-

dependent lactate dehydrogenase, was deleted. This modification effectively reduced lactate 

accumulation, although other lactate dehydrogenases, such as Dld-II, remain active. Dld-II is 

found to interact with the menaquinone pool. Based on the FAD-dependency of the enzyme 

and the connection to the menaquinone pool, lactate formation is dependent on redox potential. 

By applying a suitable electrode potential, lactate accumulation can be minimized (Kasai et al., 

2019; Pinchuk et al., 2009). However, the role of lactate metabolism requires further 

investigation. 

Despite the demonstrated ability of S. oneidensis to produce acetoin in BES setups, substantial 

yields have not been achieved, particularly during glucose consumption. The underlying 

mechanisms are still under investigation. One possibility is the disruption of the process via 

mutation. Important for a production strain as is described here, or for any strain meant for 

production in that matter, is a robust genetic background. Its robustness should allow the 
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continuity of the process over long periods of time, without mutating key elements of the 

process.  

1.4 Genetic robustness is important for production strains  

 

The heterologous expression of genes - genes derived from different organisms - has become 

increasingly significant in microbial biotechnology, finding applications in the production of 

insulin, vaccines, and other chemicals (Endy, 2005). As biotechnological tools advance, 

heterologous production systems are expected to become more prevalent. However, these genes 

are subject to the same evolutionary pressures as native host genes. In fact, they may be 

especially prone to mutations due to the high metabolic burden they impose on the host. This 

metabolic strain often results in selective pressures that favor the rapid elimination of key 

production elements, reducing the stability and efficiency of the system (Czajka et al., 2020). 

Several factors influence genetic stability and mutation rates, including batch size, the number 

of engineered components, and the use of plasmids. Mutation rates are inherently difficult to 

predict, and tracing yield losses back to genetic instability during an ongoing production process 

can be both time-consuming and costly. These challenges become even more pronounced 

during scale-up, which introduces additional complexities. As production scales up, the larger 

cell populations increase the probability of mutations that generate non-producer strains. These 

non-producers not only reduce overall yield but may also outcompete producer strains. This is 

due to their lower metabolic burden, which allows them to proliferate more efficiently, 

potentially supplanting the producer population over time. Larger bioreactors are more 

challenging to control, with gradients in temperature, pH, oxygen availability, or nutrient 

concentrations creating localized areas of stress. These stress conditions may trigger higher 

mutation rates (Foster, 2007; MacLean et al., 2013). Additionally, some subpopulations can 

develop into hypermutator strains (Oliver & Mena, 2010) in response to environmental 

pressures, further increasing the risk of non-producer emergence. Genetic plasticity, driven by 

mutations and selective pressures, is an unavoidable phenomenon that impacts all biological 

processes (Rugbjerg et al., 2018; Rugbjerg & Sommer, 2019; Wehrs et al., 2019). 

Given these challenges, the role of transposase activity in S. oneidensis was investigated as a 

potential factor in genetic instability. This organism possesses a substantial number of 

transposase-encoding genes, which suggests significant transposable element (TE) activity. If 
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S. oneidensis indeed exhibits high TE activity, it could have critical implications for its 

suitability as a production strain in industrial applications. 

High transposase activity may exacerbate genetic instability by increasing the frequency of 

insertions and large-scale genomic rearrangements, which could combine with other mutations, 

such as single nucleotide variants (SNVs), to disrupt key metabolic pathways. Understanding 

the extent of TE activity in S. oneidensis is essential for evaluating its potential as a stable and 

reliable host for industrial-scale production. 

1.5 Transposases in S. oneidensis  

Transposases are genetic elements that are likely related to viruses and have developed the 

ability to mobilize within the genome of the host (Mustafin, 2018). TEs have developed a 

multitude of mechanisms facilitating genetic motility. They are therefore, at least partially, 

categorized into distinct groups, where borders get increasingly blurry with the discovery of 

new TEs and subclasses. Although there are many similarities, like the chemistry of 

mobilization, there is a distinction between the categorization in eukaryotes and bacteria. In 

eukaryotes the two major classes are either retro transposons mobilizing through a copy and 

paste mechanism, where the RNA intermediate is reverse transcribed and integrated elsewhere 

(class 1), or DNA TEs that transpose via a DNA intermediate using a cut and paste mechanism 

(class 2). Although most bacterial TEs are DNA TEs they are categorized in a different way. In 

this domain the simplest and most common forms of TEs are called insertion sequences (IS), 

primarily encoding enzymes for excision and reinsertion along with necessary flanking repeats. 

They are usually divided into subclasses based on the catalytical chemistry of the transposase 

they encode, including DDE, DEDD, HUH and Ser transposases. Although accumulation of 

statistically robust data uncovers more refined insertion patterns, the target sequence for 

integration often doesn’t require extensive sequence specificity, making propagation possible 

for almost the entirety of host genomes (Cain et al., 2020; Siguier et al., 2015).  

The function and role of transposable elements, once dismissed as "selfish DNA" (Doolittle & 

Sapienza, 1980), are now understood to be more complex. TEs can contribute to adaptive 

responses under environmental stress, such as facilitating the acquisition of antibiotic resistance 

(Vandecraen et al., 2017; Che et al., 2021). While many TE activities can have harmful effects, 

others can enhance gene function, compensate for gene loss, or even cause emergence of 

beneficial operons (Fan et al., 2019; Hall, 1999; Kanai et al., 2022). Over time, TEs and their 
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host genomes often reach a state of equilibrium where TE activity becomes mostly neutral 

(Iranzo et al., 2014), preventing excessive genomic burden that could otherwise reduce TE 

numbers or lead to lineage extinction (Mira et al., 2001). It is proposed that new TEs undergo 

a "transposition burst"- a period of rapid activity that diminishes as a stable state is achieved 

(Siguier et al., 2014; Wu et al., 2015). 

Thus far, 219 transposable elements (TEs) have been identified in S. oneidensis. Although the 

number of transposable elements in S. oneidensis has been studied and there are strong 

indications that the genome is highly dynamic based on TE transposition, factors driving 

activity in this organism remain mostly unexplored. In S. oneidensis, roughly 4.7 % of the 

genome or 5.6 % of coding sequences (Romine et al., 2008) are found to be related to TEs. 

Bacterial TEs counts vary widely across all species and clades of bacteria which makes it 

challenging to categorize IS levels as high or low. There seems to be almost no correlating 

factors with environment, host dependency or even numbers within the same genus, with the 

only exception perhaps being genome size (Touchon & Rocha, 2007). Notwithstanding, given 

the notable portion of S. oneidensis coding sequences and the reports on genetic plasticity 

caused by IS leading to substantial phenotype alterations (Bordi et al., 2003; Cheng et al., 2020; 

Schicklberger et al., 2013), it is postulated that activity of S. oneidensis TEs might be 

significant, with strong indications for strain development in experimental and industrial 

application.    

It is found that the induction of stress can increase mobility of IS. The changes following stress 

induction in regulatory expression such as SOS - response can activate transposition. Strand 

breaks cause activation of host repair machinery and leave break points for insertions of 

transposons (Capy et al., 2000). These stress factors include nutrient deprivation, UV-radiation, 

temperature and chemical stress like antibiotics or metal ions. The genetic plasticity that results 

from these stress factors can lead to adaptations (Eichenbaum & Livneh, 1998; Lartigue et al., 

2006; Takahashi et al., 2007).  

Transposable elements often exist in multiple copies within an organism due to their ability to 

move and propagate within the genome. These elements can be grouped into families based on 

sequence homology. In S. oneidensis, up to 41 transposase families have been identified, along 

with three miniature inverted-repeat transposable elements (MITEs). MITEs are small, non-

autonomous mobile elements that rely on the activity of other transposases for their propagation 

(Lu et al., 2012). 
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The following section provides a detailed introduction to three specific transposase families 

identified in S. oneidensis. 

1.5.1 The ISSOD9/Tn3 Transposase 

Tn3 transposases are a widespread family of transposases found across all bacterial groups. 

They were initially identified due to their association with passenger genes, such as those 

conferring antibiotic resistance  (Hedges & Jacob, 1974). A defining feature of these 

transposons is their mechanism of transposition, which involves simultaneous duplication of 

the TE and integration into the target DNA (Shkumatov et al., 2022). The process begins with 

cleavage at the 3′ ends of the transposon and the target DNA. These ends are then ligated by 

transposase activity, creating a fused single-stranded DNA intermediate between the donor 

DNA (e.g. a plasmid carrying the transposase) and the target DNA. This mechanism, known as 

replicative or "copy-and-paste" transposition, utilizes the host’s replication machinery to 

convert the single-stranded intermediate into double-stranded DNA (dsDNA). Consequently, 

the entire donor molecule becomes fused to the acceptor molecule, forming an intermediate 

structure known as a cointegrate (Shapiro, 1979). 

 

Figure 3: Transposition mechanism of the Tn3 transposase. The donor molecule containing the 
Tn3-transposon integrates into the target molecule via transposase activity as a whole and forms a 
cointegrate intermediate by utilizing the host replication machinery. This intermediate is separated 
into two molecules by a resolvase encoded by the transposon completing the cycle of propagation. 
The target sequence now contains a copy of Tn3 while the donor replicon retains the original copy.   

In the final step of the transposition process, the cointegrate is resolved by Tn3 resolvase 

through site-specific recombination between the original and newly formed transposon copies. 
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This resolution separates the cointegrate into two distinct loci: the donor remains intact, while 

the recipient acquires a new Tn3 copy (see Figure 3;  Shkumatov et al., 2022). The propagation 

of Tn3 transposons is less arbitrary compared to other transposons, as it relies on the host's 

replication machinery. Tn3 transposases have been shown to interact with the β-sliding clamp, 

a replication-associated protein, which likely enhances their propagation efficiency (Tang et 

al., 2024). This interaction increase the chance of horizontal transfer of Tn3 transposons 

between individuals and species, in horizontally transferable replicons such as plasmids where 

the replication machinery is recruited frequently (Kretschmer & Cohen, 1977). A noticeable 

feature of Tn3 transposons is their ability to establish transposition immunity once a copy has 

integrated into a DNA fragment. This mechanism prevents further integration of additional Tn3 

copies into a replicon that already contains one (Wallace et al., 1981). This property may play 

a role in limiting over-propagation of Tn3 transposons within the host genome, ensuring 

stability in replicative elements. 

1.5.2 The ISSOD1 and ISSOD2 family  

 

The abundance of transposase families can vary significantly both within and across species, as 

indicated by their copy numbers. Insertion sequence Shewanella oneidensis (ISSOD1; 45 

copies) and ISSOD2 (4 copies) are IS belonging to the IS3 family, a highly prevalent and widely 

distributed group of transposases found across numerous bacterial species. With increasing 

sequencing throughput, it is likely that additional members of this family will be uncovered 

(Siguier et al., 2015). 

The IS3 family archetype consists of two partially overlapping open reading frames (ORFs), 

orfA and orfB, flanked by inverted repeats (IRs). The 5′ end of orfB overlaps with the 3′ end of 

orfA, enabling two translational reading frames that result in the expression of three possible 

proteins (Sekine et al., 1999). The orfA product contains a conserved leucine zipper motif and 

helix-turn-helix (HTH) domain. These features are likely involved in recognizing the inverted 

repeats and functioning as a transcriptional regulator critical for multimerization and 

transposition initiation (Haren et al., 1998). The exact function of orfB remains unidentified, 

but it may interact with orfA to inhibit transposome formation. A fusion product, orfAB, is 

produced through programmed ribosomal frameshifting, resulting in a full-length transposase. 

This ribosomal slippage regulates the expression levels of both transcripts, adding an additional 

layer of control (Chandler & Fayet, 1993). 
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The IS3 mobilization mechanism, termed “copy-out-paste-in,” begins with the cleavage of one 

DNA strand, producing a free 3′-OH group. This group attacks the opposite end, forming a 

single-stranded DNA (ssDNA) bridge. Replication in situ generates a circular double-stranded 

DNA (dsDNA) IS copy, while the donor DNA is restored, retaining the original IS copy. The 

circular intermediate is integrated into the target DNA at junctions formed by single-strand 

cleavage and two 3′-OH groups (see Figure 4; Siguier et al., 2015). 

 

Figure 4: The transposition mechanism of the IS3 transposase family. The transposase activity leads 
to the cleavage of one strand where the transposon is located. The resulting 3´ - OH group attacks the 
opposite end forming a bridge (a). This in turn leads to the formation of a circular intermediate (b) 
where replication is initiated at both strands (c). The completion of replication leads to the restoration 
of the donor transposon and a circular copy which can integrate at another position in the genome (d). 
A hybrid promoter pjunc is formed by combining promoter components of the inverted repeats of the 
transposon, important for transposase expression and motility.   

The left inverted repeat (LIR) contains an inward -10 promoter component paired with a low-

activity promoter (pIRL), while the right inverted repeat (RIR) features a -35 outward promoter 

component. Together, these components form a strong promoter region in the circular 

intermediate, termed pjunc, when paired with the LIR promoter (see Figure 4 d). This junction 

promotes robust transposase expression and is critical for completing the transposition pathway 

(Lewis et al., 2004). These highly condensed elements incorporate multiple layers of regulation, 

enabling intricate propagation patterns influenced by the host’s genetic background. 

This overview highlights the complexity of transposition regulation, illustrating why predicting 

transposase activity is challenging. The mere identification of IS members and their copy 

number are insufficient to determine activity levels. Several additional factors influence 

motility. The genomic location of IS elements and their interaction with regulatory components 
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can significantly affect their activity. The regulatory mechanisms governing IS3 transposase 

activity are intricate and multifaceted. Understanding these complexities is essential for 

studying transposase function and predicting their behavior within diverse host genomes. 

1.6 The megaplasmid of S. oneidensis  

Plasmids are extrachromosomal genetic elements known for their diversity in structure, size, 

and function. They exist in circular or linear forms and typically replicate independently of the 

host chromosome, although integration and chromosomal replication is possible. Plasmid sizes 

vary widely, spanning several orders of magnitude. Megaplasmids (MPs) are generally defined 

by arbitrary size thresholds due to the lack of universally accepted criteria (Hall et al., 2022). 

In S. oneidensis the megaplasmid constitutes 3.2 % of the genome with a size of 161 kbp.  

Advancements in long-read, high-throughput sequencing technologies and refined assembly 

tools have increased the identification of large replicons, many of which do not fit the category 

of “traditional” multicopy plasmids (Schmid et al., 2018). However, accurately identifying MPs 

remains challenging due to the presence of repetitive elements, such as insertion sequences, 

which are often shared with the chromosome. 

Megaplasmids are distinguished from secondary chromosomes and chromids by their lack of 

essential genes (Harrison et al., 2010). However, this distinction is context-dependent, as the 

definition of "essential" varies with environmental conditions and host strain. Moreover, 

plasmids can undergo fusion events, resulting in hybrid replicons that complicate their 

categorization (DiCenzo & Finan, 2017). 

Plasmids face opposing selective pressures. On the one hand, they impose a metabolic burden 

on their hosts, leading to a deletional bias that reduces their size. On the other hand, they may 

carry accessory genes that provide a selective advantage, stabilizing their presence in the host 

genome (Hull 2022). These accessory genes can confer valuable traits, such as biodegradation 

capabilities, antibiotic or metal resistance (Monchy et al., 2007), denitrification pathways 

(Schwartz et al., 2003), or carbon fixation (Panich et al., 2021) among many others (Dennis, 

2005). 

Horizontal gene transfer (HGT) frequently introduces transposons into plasmids, which may 

then serve as propagation platforms for these elements, such as Tn3 (Tang et al., 2024). Because 

plasmids often lack essential genes, here transposon insertions are less detrimental to the host 
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cell. The resulting redundancy in non-essential loci creates hotspots for insertions and 

rearrangements (Oliveira et al., 2017). In S. oneidensis, the megaplasmid is particularly 

enriched with transposons, comprising approximately 20 % of its coding sequences. Reports 

suggest 34 to 59 transposons on the megaplasmid, highlighting its role in genomic dynamics 

(Heidelberg et al., 2002). 

Over time, megaplasmids accumulate features that enhance their stability within the host 

genome. A notable mechanism involves addiction modules, consisting of toxin-antitoxin (TA) 

pairs. These modules are encoded in single expression cassettes, where the toxin inhibits critical 

cellular functions unless neutralized by its corresponding antitoxin. 

If a host cell loses the plasmid carrying a TA module, the more stable toxin persists longer than 

the antitoxin, resulting in post-segregational killing and elimination of plasmid-free cells. This 

ensures the retention of the plasmid in the host population (Jurėnas et al., 2022; Van Melderen 

& De Bast, 2009). The S. oneidensis megaplasmid contains 11 such TA modules, further 

stabilizing its genetic background. Interestingly, some TA modules are also associated with 

transposons, such as Tn3-ISSOD9. The megaplasmid in S. oneidensis appears to lack 

conjugation genes, making it unlikely to participate in horizontal gene transfer. This absence 

raises questions about its evolutionary origin and current function. 

Typically, foreign-origin plasmids can be identified by differences in GC content; however, the 

S. oneidensis megaplasmid shares a GC content comparable to the host chromosome, 

complicating its classification. While evidence suggests that the megaplasmid is non-essential 

under laboratory conditions (Deutschbauer et al., 2011), its potential role in accessory gene 

functions and survival benefits remains unclear. 

1.7 Genetic molecular tools in S. oneidensis – the CRISPR-Cas system  

Targeted genetic alteration is highly desirable in genetic engineering. This is because it allows 

for precise modifications to genetic material, which can be crucial in various applications such 

as medicine, agriculture, and research. The established methods for this purpose are based on 

precise recombination, insertion and deletion, rearrangement, or error-prone repair. Over time, 

methods have evolved to become more precise and effective. Among the most common tools 

are bacterial artificial chromosomes (BACs), phasmid transfection, phage infection, conjugate 

transfer, and transposition recombination; zinc finger nucleases (ZFNs), transcription activator-

like effector nucleases (TALENs), and the CRISPR-Cas system, which has emerged as one of 
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the most promising biotechnological tools. It represents a robust genetic engineering tool with 

high editing efficiency while being easily applicable (Ari et al., 2024). 

CRISPR stands for clustered regularly interspaced short palindromic repeats, a pattern 

identified as having non-repeating DNA fragments, called spacers, interspaced by regular 

repeating sequences. These repeating patterns were identified in a number of bacteria and 

archaea and found to be in the proximity of CRISPR-associated genes (Cas). Spacers were later 

identified as being derived from viruses and other mobile elements (Jansen et al., 2002). 

Together, these components were later found to serve as a bacterial adaptive immune system. 

After exposure to a mobile genetic element like phages, a protospacer derived from foreign 

DNA is incorporated as a spacer by the Cas machinery (Bolotin et al., 2005; Mojica et al., 

2005). An important step in recognition before incorporation is the presence of a protospacer 

adjacent motif (PAM) in the target DNA. This is crucial for host immunity against its own 

CRISPR activity and for recognition by the Cas protein in defense. 

Based on this, multiple CRISPR types were identified. Thus far, six types with several subtypes 

have been identified and divided into two classes. Class 1 contains type I and type III CRISPR 

systems that are commonly found in archaea. Class 2 contains type II, IV, V, and VI CRISPR 

systems (Koonin et al., 2017). Here, the focus is set on the type II CRISPR-Cas9 system from 

Streptococcus pyogenes, the simplest and most broadly used. In this case, the CRISPR-Cas 

defense is a simple two-component system where the crRNA (CRISPR-RNA derived from 

spacer DNA) is expressed and cleaved from a pre-crRNA and guides the respective Cas proteins 

to the target (Fonfara et al., 2016). 

In type II CRISPR, the spacer and a trans-activating RNA (tracrRNA) hybridize to guide the 

Cas protein to its target DNA. This was later designed as a fused RNA called a single guide 

RNA (sgRNA) and is widely applied today. The sgRNA guides the Cas protein to potentially 

any position in the genome, with the only requirement being a PAM locus (NGG in the case of 

SpCas9) present at the target sequence. The Cas protein represents an endonuclease, and once 

it reaches its target through sequence homology-guided coupling, it forms a complex that leads 

to a double-strand break (DSB) in the vicinity of the PAM site. In bacterial defense, the Cas 

protein induces a DSB to inactivate its target (Jinek et al., 2012). This capability was repurposed 

to lead to alterations at the DSB site via homologous recombination or indel formation, aiding 

genetic engineering. 
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Figure 5: Comparison of two commonly used CRSIPR-Cas techniques. a) Illustration of the commonly 
used Cas9 variant, which induces a double-strand break (DSB) via nuclease activity. The repair pathway 
determines the resulting mutation. Homology-directed repair (HDR) uses homologous sequences to 
introduce precise mutations, while non-homologous end joining (NHEJ), an error-prone mechanism, 
generates insertions or deletions (indels). b) A CRISPR-Cas-base-editing approach, where a catalytically 
inactive dCas9 is fused to a base-editing enzyme. The guide RNA directs the complex to a target site, 
facilitating cytosine deamination to introduce an early stop codon, leading to a truncated, inactivated 
protein. 

These Cas-based tools were further modified to enlarge their spectrum of applications. Among 

these modifications are a catalytically inactivated form of the Cas protein (dCas) or nickase 

(nCas) that doesn’t induce DSBs but instead only targets DNA or nicks a strand. This protein 

can be fused to a cytidine or adenine deaminase. With appropriate guide design, the Cas-

cytidine deaminase is used to introduce uracil in the case of cytosine, which is converted to 

thymine by the host repair mechanism during subsequent DNA synthesis potentially creating 

an early stop codon (Komor et al., 2016, see Figure 5). 
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1.8 Aim of this work  

 

This work aimed at identifying key factors of genomic dynamics in S. oneidensis. Furthermore, 

efforts were made to genetically stabilize S. oneidensis with consideration for its potential as a 

production strain, while simultaneously analyzing the causes of the low acetoin yields observed 

thus far. The stabilization was aimed at decreasing mutations caused by transposon mobility. 

Therefore, the identification of the entirety of transposases was performed and compared with 

published data. Furthermore, an exhaustive analysis of the mainly unexplored transposable 

element activity in S. oneidensis was conducted. This analysis was based on transcriptomics 

and compared with an experiment involving whole-genome sequencing combined with stress-

induced evolution. This, in turn, aimed to identify key elements that lead to the highest amount 

of genetic destabilization by transposition. 

Based on the results of the activity experiments, an approach to lower the overall TE activity 

was undertaken. This approach included the establishment of the CRISPR-Cas system in 

S. oneidensis. More specifically, a Cas deaminase was used to introduce early stop codons, 

preventing full-length expression of the respective TE. 

The second part of this work aimed at deleting the megaplasmid found in the S. oneidensis 

pangenome. A possible deletion was evaluated in terms of genetic stabilization. Here, an 

adaptive evolutionary approach was chosen, where all antitoxins of type II toxin-antitoxin pairs 

from the megaplasmid were expressed under the same expression cassette in trans from an 

additional plasmid. 
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2 Materials and Methods  

2.1 Cell Cultivation 

2.1.1 Strains used in this study  

 

In the following table all strains used in this study, together with their respective identification 

number, genotype, plasmids and origin are listed. 

Table 1: Strains used in this study. 

Strain  Genotype  Source  

JG 0007 S. oneidensis wild type strain  Venkateswaran et al., 1999 

JG 0022 E. coli (DH5_Z1) aciq PN25-tetR Spr deoR 

supE44 _(lacZYAargFV169)_80dlacZ_M15 

Lutz & Bujard, 1997 

JG 0098 E. coli (WM3064) thrB1004 pro thi rps  

hsdS lacZ_M15RP4–1360 

_(araBAD)567 _dapA1341::[erm pir(wt)] 

Dehio & Meyer, 1997 

JG 0574 E. coli pBAD_ara_mtrBV5 This study  

JG 1892 JG7 MR1.1 adapted to iron citrate respiration  This study  

JG 1958 JG98 pMQ150_RFP_in_ISSOD9/Tn3 of mega-

plasmid of SO   

This study 

JG 1959 JG22 pBAD_AT1-10 This study 

JG 1960 JG7 araP_RFP_ISSOD9/Tn3_Megaplasmid (pos. 

155260-15675)    

This study 

JG 1981 MR1.1 -pCYR104_sgRNA_ISSOD2_contains 

stop codons in all ISSOD2 copies 

This study 

JG1982 JG98 pCYR104_sgRNA_ISSOD2 This study 

JG 2034 JG7 -pCYR104_sgRNA_ISSDO1_contains 

stop_codons in 19 out of 43 copies  

This study 

JG 2038 JG98 pCYR104_sgRNA_ISSOD1  This study 

JG 2045 JG7 pBAD_AT1-10_after 20 transfers This study 
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2.1.2 Chemicals and enzymes  

 

All gases used in this study were provided by Westfalen AG (Münster). All chemicals and 

enzymes used in this study were purchased from New England Biolabs (Frankfurt am Main), 

AppliChem (Darmstadt), Sarstedt AG & Co. (Nümbrecht), Merck (Darmstadt), Promega 

(Mannheim), Roche Diagnostics (Mannheim), Bio-Rad (USA), Carl Roth (Karlsruhe), Serva 

(Heidelberg) Thermo Fisher Scientific (Waltham, USA), Qiagen (Düsseldorf) or Sigma Aldrich 

(Steinheim). 

 

2.1.3 Media and cultivation process  

 

For all media buffers and solutions, double deionized water (ddH2O) was used (PURELAB 

Plus, Veolia Water Technologies Deutschland, Celle). Media was sterilized by autoclavation 

for 20 min at 121 °C and 1 bar overpressure. All media were adjusted to a pH of 7.4. Anoxic 

medium was sealed in Schott® flasks with rubber stoppers. Oxygen was purged from the flasks 

by repeating, 2-minute-long cycles of flushing with nitrogen and applying a vacuum for 40 min 

before autoclaving. Heat sensitive substances were added to sterilized media through sterile 

filters (0.2 μm, Sarstedt AG & Co., Nümbrecht) after cooling, to avoid contamination. 

For the cultivation of liquid precultures LB (lysogeny broth)-medium was used. The 

composition of the LB-medium is listed in Table 2.  

Table 2: Composition of LB-media. 

Component Amount 

[g/L] 

Tryptone  10 

Yeast extract   5 

NaCl 5 

 

For the cultivation on solid media 2 % agar-agar (w/v) was added to the solutions. Before agar-

plates were poured, medium was brought to a boil and then adjusted to 60 °C. At this point 

thermo sensitive substances were added if needed and plates were poured.  
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Table 3: Complementary solutions used in this work. 

Component  Final concentration  

Diaminopimelic acid (DAP) 0.3 mM 

Kanamycin  50 μg/ml 

Arabinose 100 μM - 500 μM 

Glucose  50 mM 

Sucrose 10 % (w/v) 

IPTG 0.8 mM 

 

Iron citrate containing minimal M4 medium was used for anoxic cultivation. 100 mM iron 

citrate was added as electron acceptor in minimal medium. Here, the respective amount of iron 

citrate was brought to a boil in the microwave while periodically steered. This was done until 

oxidation was observed (color change to black). Subsequently, M4 media (minimal medium) 

and 50 mM - 100 mM lactate together with trace elements were added (see Table 4; 5). 

Anaerobization and sterilization were performed as described above.    

 
Table 4: Composition of the M4 minimal medium (1L).   

Component  Amount  

K2HPO4 0.22 g 

KH2PO4 0.09 g 

HEPES 1.14 g  

NaHCO3 0.17 g 

NH4SO4 1.19 g 

NaCl 8.77 g 

Caseinhydrolysate 1.00 g 

Trace elements (see Table 4) 10.00 mL 

MgSO4 (1M) 1.00 mL 

CaCl2 (0.1M) 1.00 mL 

 

 
Table 5: Composition of trace element solution (100x). 

Component  Amount [mg/L] 

CoCl2 x H2O 119.0 

CuSO4 x H2O 5.0 

H3BO3 350.0 

Na2MoO4 x 2 H2O 94.4 

ZnSO4 x 7 H2O 30.0 

NiCl2 x 6 H2O 119.0 

Na2SeO4 x 10 H2O 55.4 

Na2EDTA x 2 H2O 2501.5 

Mn(II)SO4 x H2O 22.0 

NaCl 58.4 

Fe(II)Cl2 x 4 H2O 107.4 
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Microorganisms were cultivated at 30 °C (S. oneidensis) or 37 °C (E. coli), respectively. Liquid 

LB-medium cultures were continually shaken at 180 rpm (rounds per minute). Agar plates and 

anaerobic cultures were incubated without shaking. Growth was measured photometrically at 

600 nm for LB, and 655 nm for iron citrate media. 

2.1.4 Cryopreservation  

 

For long term conservation of the bacterial strains, cryopreservation was applied. 1 mL of a 

bacterial culture in lag phase was mixed with 300 mL of glycerin in a cryotube and immediately 

flash-frozen in liquid nitrogen. The tube was then stored at -80 °C as well as in a liquid nitrogen 

container.     

 

2.2 Molecular Biology Methods  

 

2.2.1 Isolation of plasmid-DNA  

 

Plasmid-DNA was isolated using Wizard® SV Minipreps DNA Purification Systems (Promega, 

Mannheim, Deutschland) according to manufacturer´s instructions. Changes were made for the 

volume of elution buffer. Instead of 100 µL only 50 µL of ddH2O was used. 

 

2.2.2 Isolation of genomic DNA 

 

Chromosomal DNA was purified using the Qiagen DNeasy PowerBiofilm Kit (Qiagen, 

Düsseldorf, Germany) according to manufacturer´s instructions. The step for cell disruption 

was prolonged to 30 min.  

 

2.2.3 Polymerase chain reaction (PCR)  

The polymerase chain reaction (PCR) was employed to amplify specific DNA fragments. All 

reactions were performed in 200 µL PCR tubes and incubated using thermocyclers (C1000, 

S1000, or MJ Mini, BioRad, Feldkirchen, Germany). Preparative amplifications were carried 

out using PCRBIO HiFi Polymerase (PCR Biosystems, London, UK) in reaction mixtures of 

15 – 50 µL. For verifying cloning steps, MangoMix® (Bioline, Luckenwalde, Germany) was 

used in 15 µL reaction mixtures. The composition of the reaction mixes is detailed in Table 6, 

and the incubation protocols for the PCR thermocyclers are outlined in Table 7. A complete list 

of primers used in this study is provided in Table 8.  
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For test PCRs targeting specific genetic loci, individual colonies were selected and directly 

added to the PCR mixture. In these cases, the initial heating step at 95 °C was extended to 

10 min to ensure effective cell disruption. 

Table 6: Composition of PCR mixtures for 15 µL.  

 

 MangoMix®  PCRBIO Hifi 

Master mix  7.5 µL - 

Buffer - 3 µL 

Primerfwd [10µM] 0.75 µL 0.6 µL 

Primerrev [10µM] 0.75 µL 0.6 µL 

Polymerase  - 0.15 µL 

Template 50 ng  50 ng 

ddH2O ad 15 µL  

 

In Table 7 a scheme of parameters for incubation of PCR reactions is found. Varying incubation 

times and annealing temperatures arise through differences in product length and primer design 

respectively.  

 
Table 7: Template for the PCR reactions.  

Step Temperature  Time   Cycles  

Initial denaturation  95 °C 300 s  1 

Denaturation  95 °C 15-30 s  

} 

 

Hybridization  55-65 °C 15-30 s 30-32 

Elongation  72 °C 30 s/kb  

Final polymerization  72 °C 30-300 s   1 

 

Table 8: All primers used in this study.  

Primer Nr.  Name  Sequence  Purpose 

Test pMQ150    

0041 pMQ150for CTGGCGAAAGGGGGATGTG  Test-PCR in 

pMQ150 

0042 pMQ150rev CATTAGGCACCCCAGGCTTTAC Test-PCR in 

pMQ150 

Test PCR Megaplasmid    

4284 Mp test 1_F CATAAACTCACGAATTGGAG Test PCR on 

megaplasmid pos1 

4283 

 

MP test1_R CATAAACTCACGAATTGGAG Test PCR on 

megaplasmid pos1 

4269 MP test2_F GGTTAATGATGTGAGTCATTC  Test PCR on 

megaplasmid pos2 

4270 MP test2_R CGATACACCTGCAATACA Test PCR on 

megaplasmid pos2 

4267 MP test3_F TACTCGCGACTGAAATC Test PCR on 

megaplasmid pos3 
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4268 MP test3_R ACATATATCCGACGTCATC 

 

Test PCR on 

megaplasmid pos3 

4488 MP test4_F TCCTTGTATAGAATGTCGATT Test PCR on 

megaplasmid pos4 

4489 MP test4_R ATGACATTCCAAGGTTCA Test PCR on 

megaplasmid pos4 

4432 AT5_F AACCTGCTACTGACGA Test PCR on 

megaplasmid pos5 

4365 

 

MP test5_R ACAAACAGGGAAATACAGG Test PCR on 

megaplasmid pos5 

RFP-strain construction   

4360 500IS3_pM

Q_F 

CAGTGCCAAGCTTGCATGCCTGCAGGTC

GACTGAACCTATCTTGGCG 

Construction 500bp 

up homology 

iSSOD9 

4365 500d_IS3_R TACGAATTCGAGCTCGGTACCCGGGGAT

CAACCTGCTACTGACGA 

Construction 500bp 

down homology 

iSSOD9 

4371 500up_tnpA

_ara_RFP_R  

TGAATGATGTGTCCACAAAGATGTCATA

AGTACACATTGGGACGAGA 

Construction 500bp 

up homology 

iSSOD9 

4372  ara_RFP_M

P_F  

CCGCAAGATCTCGTCCCAATGTGTACTT

ATGACATCTTTGTGGAC  

Construction of 

ara_RFP cassette 

4373  ara_RFP_M

P_R  

TGCACCTGTTGGGGTTTCGCTTCGCACC

CTAACACCGAAAGAGGC  

Construction of 

ara_RFP cassette 

4374  ara_RFP_tnp

A_MP_F  

AACCGTGCGAAAAGCCTCTTTCGGTGTT

AGGGTGCGAAGCGAAAC  

Construction of 

ara_RFP cassette 

4422  SO_RFP_TE

ST_MP_F  

AGCCGGTGATAGAGG  Test-PCR im MP 

S. oneidensis 

4423  SO_RFP_TE

ST__MP_R  

AGATCACTGAGTTACTGC  Test-PCR im MP 

S. oneidensis 

Construction of antitoxin cassette  

0051 pBAD_test_

F 

GATTAGCGGATCCTACCTG Test pBAD 

integration 

0052 pBAD_test_

R 

GGACCACCGCGCTACTGC Test pBAD 

integration 

4343  AT1_F  TGTTTAACTTTAAGAAGGAGATATACAT

ACCATGAGACAAATTAGAAAACCTT  

cloning pBAD_AT 

1 

4326  AT1_R  ATTTATCAGACAATTGGCAAGACATTAT

CACTAACCGTAATTAACTTCAGG  

cloning pBAD_AT 

1 

4325  AT2_F  ACGTCACTTCCTGAAGTTAATTACGGTT

AGTGATAATGTCTTGCCAATTG  

cloning pBAD_AT 

2 

4327  AT2_R  GCCATTAAGTATTACATTGTAATACTTA

ATGATTACGCGATCCCTTCC  

cloning pBAD_AT 

2 

4328  AT3_F  GCCAGAGAAAGCCTTGGAAGGGATCGC

GTAATCATTAAGTATTACAATGTAATAC

TTAA  

cloning pBAD_AT 

3 

4329  AT3_R  ATACATCGAAAGTCAACAAAATTGTCTA

TCTTTACCATTCAGTGCCC  

cloning pBAD_AT 

3 

4330  AT4_F  TTGACGGACGAGTGGGGCACTGAATGG

TAAAGATAGACAATTTTGTTGACTT  

cloning pBAD_AT 

4 

4331  AT4_R  TGAACGATTAGTTTTAGTTTGGCCTTTTC

TCTATTTCTCCGAAAAAAGAGT  

cloning pBAD_AT 

4 

4332  AT5_F  GTACTAAAGACTCTTTTTTCGGAGAAAT

AGAGAAAAGGCCAAACTAAAAC  

cloning pBAD_AT 

5 
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4333  AT5_R  TTCGACGGTACTTATCAGTCAGCTTGCT

ATTTAGTGAGCGGCAAGA  

cloning pBAD_AT 

5 

4334  AT6_F  TAAAATCTACGCAGCTCTTGCCGCTCAC

TAAATAGCAAGCTGACTGATAA  

cloning pBAD_AT 

6 

4356  AT6_R  ATAATTAACACTTCAATAATATATGATG

TTCTAAAAAAATAATGATACTGGCA  

cloning pBAD_AT 

6 

4357  AT7_F  TTTGGGGTGCCAGTATCATTATTTTTTTA

GAACATCATATATTATTGAAGTGTTAAT  

cloning pBAD_AT 

7 

4359  AT7_R  CGATTCGCTCAATTTACACCAGTTGGGC

GATTTATACATTGTGCTTTTGTTTC  

cloning pBAD_AT 

7 

4358  AT8_F  GCAATGGTGAAACAAAAGCACAATGTA

TAAATCGCCCAACTGGT  

cloning pBAD_AT 

8 

4339  AT8_R  GATTAGTTTTAATTTGGCCTTTTCTTCCG

CTTAGTCATACAGCCCTG  

cloning pBAD_AT 

8 

4340  AT10_F  TGATGAGCTGGCTGCAGGGCTGTATGAC

TAAGCGGAAGAAAAGGCC  

cloning pBAD_AT 

9 

4341  AT10_R  ACTCGTTGAAATGATATGCAACTGAGA

ATATCATAAAATTTTGGCGGTT  

cloning pBAD_AT 

9 

4342  AT11_F  TTGTAAGCGGAAAACCGCCAAAATTTTA

TGATATTCTCAGTTGCATATCATTT  

cloning pBAD_AT 

10 

4344  AT11_R_ne

w  

CCGCCAAAACAGCCAAGCTGGAGACCG

TTTTCATACAGGTCGTGCC  

Cloning pBAD_AT 

10 

RFP integration position test  

4432 Rfp 

test_ISSOD 

9pos 1  

ACAAACAGGGAAATACAGG RFP test_ISSOD 

9pos 1 

4433 Rfp 

test_ISSOD 

9pos 2 

CACAACCGGCACTTATC RFP test ISSOD 

9pos 2 

1711 Rfp 

test_ISSOD9 

reverse  

GATAAAACGAAAGGCCCAG RFP test_ISSOD9 

reverse for both 

Flanking primers for ISSOD1 and ISSOD2  

4418 ISSOD1_fla

nking_F 

TCAACCCAAACTGGACA For sanger seq – 

stop codon 

4419 ISSOD1_fla

nking_R 

ATGAGTCTGAAAAAATCACATAA For sanger seq – 

stop codon 

4420 ISSOD2_fla

nking_F 

CATGCAACCATCAATGG For sanger seq – 

stop codon 

4421 ISSOD2_fla

nking_R 

ATGAAAACATCAAAATTCACC For sanger seq – 

stop codon 

 

2.2.4 Quantification of DNA concentrations  

 

The concentration of nucleic acids was determined spectrophotometrically via NanoDrop ND-

2000 (Thermo Fisher Scientific, Massachusetts, USA) using 1 µL of sample. If the 

concentration of actual dsDNA had to be determined, Qubit™ dsDNA Quantification Assay 

Kit, Thermo Fisher Scientific (Waltham, USA) was used according to manufacturer´s 
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instructions. Absorption was measured with Tecan Plate reader Infinite 200 PRO at 

485/530 nm. 

2.2.5 Agarose gel electrophoresis and purification  

Agarose gel electrophoresis was used to separate nucleic acids based on size. To prepare the 

gel, 1 % agarose (w/v) was dissolved in TAE buffer (see Table 9) by heating and repeated 

stirring. Midori Green Advance DNA Stain (NIPPON Genetics, Düren, Germany) was added 

at a concentration of 2 ppm to enable DNA visualization under UV or blue light. Once the gel 

polymerized, it was placed into a gel chamber filled with TAE buffer and connected to a power 

source (Powerpack Universal, Bio-Rad, California, USA). Samples were separated by applying 

an electric field at 120 V. For PCR products amplified with PCRBIO HiFi, a loading dye (see 

table 10) was added before electrophoresis. In contrast, MangoMix® contains a built-in loading 

dye, allowing samples to be directly loaded without additional preparation. A 1 kb DNA Ladder 

- GeneRulerTM 1 kb DNA Ladder (Thermo Fisher Scientific, Waltham, USA) was used to 

determine fragment sizes. Gel purification of DNA fragments was performed using Wizard SV 

Gel and PCR Clean-up Kits (Promega, Mannheim, Germany) following the manufacturer's 

instructions. Bands of nucleic acids were detected via ChemiDocTM XRS+ Systems (Biorad, 

Feldkirchen, Deutschland). 

Table 9: Composition of the TAE- buffer (50x). 

Component  g/L mM 

Tris-HCl (pH 8) 6.30 40 

Acetic acid  1.20 20 

Na2EDTA 0.93 1 

 
Table 10: Composition of the loading dye for agarose gel electrophoresis. 

Component  Amount  

Xylene cyanol 0.05 g 

Bromphenolblue 10 mg 

Glycerin 12 mL 

50x TAE 1.5 mL 

ddH2O 15 mL 

 

 

2.2.6 Restriction and ligation  

 

The restriction endonucleases were purchased from New England Biolabs (Schwalbach). The 

digestion was executed according to manufacturer´s instructions and incubation time increased 
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when digestion turned out to be incomplete. In Table 11 the composition of the reaction mixture 

is given.  

 
Table 11: Reaction mixture for restriction digest. 

Component  Volume/concentration 

Plasmid 2-3 µg 

Enzyme 1 µL (each) 

CutSmart buffer (10x) 2 µL 

ddH2O ad 20 µL 

 

After nuclease reaction was stopped the reaction mix was purified via agarose gel separation 

(see Section 2.2.5). 

Isothermal in vitro ligation of DNA fragments with linearized plasmids was performed 

following the Gibson assembly method (Gibson et al., 2009). Briefly, equimolar concentrations 

of the DNA fragments, totaling 100 ng in a volume of 5 µL, were mixed with 15 µL of reaction 

mix. The detailed composition of the reaction mix is provided in Table 12, while the 

components of the stock solution are listed in Table 13. The reaction mixture was incubated at 

50 °C for 90 min. Upon completion, the mixture was dialyzed using a 0.025 μm hydrophilic 

MF-Millipore membrane (Merck, Darmstadt, Germany) for 30 – 60 min. 

 
Table 12 : Composition of the stock solution for the ligation reaction mix. 

Component  Amount  

Tris/HCl (pH 7.5 - 1 M) 125 μL 

MgCl2 x 6 H2O (1 M) 12.5 μL 

dNTPs (10 mM) 25 μL 

DTT (1 M) 12.5 μL 

NAD+ (100 mM) 12.5 μL 

Polyethylenglycol-8000 62.5 mg 

ddH2O 62.5 μL 

 

 
Table 13: Composition of the isothermal in vitro ligation reaction mix according to Gibson. 

 

Component  Amount [µL] 

Stock solution (5x, see Table 12) 125  

PCRBIO Hifi Polymerase (2 U/μL) 5 

Taq DNA-Ligase (40 U/μL) 40 

T5 Endonuclease (0.1 U/μL) 16 

ddH2O 239 
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2.2.7 Transformation and creation of competent cells  

Electroporation was used to transform bacterial cells with plasmid DNA by applying electric 

pulses to create transient pores in the cell membrane. For this process, the cells needed to be 

competent, meaning they were capable of taking up external DNA. To induce competence, 

2 mL of bacterial culture in the exponential growth phase (OD600 of 0.6 – 0.8) were centrifuged 

at 16.372 g for 30 seconds. The cells were then washed four times with ice-cold H₂O for E. coli 

or a 3 M sorbitol solution for S. oneidensis. After washing, the cells were resuspended in 200 µL 

of ddH₂O. For the transformation, 100 µL of washed cells were mixed with either 100 ng of 

plasmid DNA or 10 µL of ligation mix in an electroporation cuvette (1 mm electrode gap, Bio-

Rad, Feldkirchen, Germany). Electroporation was carried out using electrical pulses from a 

MicroPulser (Bio-Rad, Feldkirchen, Germany). For E. coli, pulses of 1.8 kV for 3 - 5 ms were 

applied, while for S. oneidensis, pulses of 1.2 kV for 2 – 4 ms were used. Immediately after 

electroporation, the cells were transferred to 1 mL of LB-medium and incubated to recover: 

E. coli at 37 °C for 1 h and S. oneidensis at 30 °C for 2 h. 

2.2.8 Conjugation and seamless genetic modification of S. oneidensis  

To genetically modify S. oneidensis seamlessly, the suicide vector pMQ150 was employed. The 

pMQ150 plasmid was linearized, and 500 bp regions flanking the genomic section targeted for 

deletion were fused and integrated at the restriction cut sites via ligation (see Section 2.2.6). 

For gene integration (e.g., araP_RFP in this study), the transgene was ligated between the 

500 bp homology regions. The resulting circular plasmid was then transformed into E. coli 

WM3064 (JG 98; see Section 2.2.7). 

The pir gene carried by E. coli WM3064 encodes the π-protein, essential for the replication of 

the pMQ150 plasmid due to its R6K origin of replication. This strain was subsequently used to 

conjugate S. oneidensis. Conjugation was performed by co-streaking the donor and recipient 

strains on the same agar plate containing kanamycin and diaminopimelic acid (DAP) at 30 °C 

for 1 – 2 days. Since S. oneidensis cannot replicate the pMQ150 plasmid, cell death occurs 

unless the plasmid integrates into the genome. Due to the presence of homology regions, 

integration is highly specific to the intended genomic site. 

To isolate S. oneidensis, the modified strain was transferred to new agar plates containing 

kanamycin. E. coli WM3064, being auxotrophic for DAP, cannot form colonies in the absence 

of DAP. Therefore, only S. oneidensis with integrated pMQ150 plasmid can grow. Single 
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colonies were selected and incubated overnight in liquid LB-medium. In the next step, 

recombination was promoted by plating cells on agar plates containing sucrose. The pMQ150 

plasmid harbors the sacB gene, which encodes levansucrase, an enzyme that converts sucrose 

into polymers toxic to the cell. This selective pressure encourages recombination and the loss 

of the pMQ150 plasmid backbone integrated during the initial recombination event. 

Due to the homologous regions flanking the target site, recombination can result in two possible 

outcomes: (1) the cells revert to their original genotype by deleting the plasmid, or (2) the 

desired deletion or integration occurs. These outcomes occur with roughly equal probability, 

depending on the impact on fitness. Therefore, colonies must be screened via PCR (see 

Section 2.2.3) and confirmed by Sanger sequencing (see Section 2.3.1) to validate the genetic 

modifications. 

2.2.9 Stop codon conversion 

The plasmid pCYR104, containing dCAS9-AID and the sgRNA expression cassette, was 

generously provided by Chen et al. (2023) from Tianjin University 

(https://doi.org/10.1016/j.synbio.2022.09.005). The sgRNA target sequence was introduced 

into the plasmid using 120 bp DNA oligonucleotides (forward and reverse) that included the 

target sequence and 50 bp overhangs. The plasmid was digested with BsaI and purified from an 

agarose gel using the Promega Wizard™ SV Gel and PCR Cleanup System (Section 2.2.6). 

Before Gibson assembly, the oligonucleotides were annealed to form dsDNA in Duplex Buffer 

(100 mM potassium acetate, 30 mM HEPES, pH 7.5) at a concentration of 1 µM. The solution 

was heated to 95 °C for 2 min and then gradually cooled to room temperature. Concentration 

was determined with Qubit™ as described in Section 2.2.4. 

The target sequence was integrated into the plasmid via Gibson assembly (Section 2.2.6) using 

a 10-fold excess of oligonucleotides and introduced into E. coli WM3064 by electroporation. 

(Section 2.2.7) Correct integration was verified by amplification with primers 4399 and 4400 

(Table 8) followed by Sanger sequencing. 

The plasmid was then introduced into S. oneidensis through conjugation with the WM3064 

strain on LB-agar plates supplemented with kanamycin (50 µg/mL), DAP (60 µM), and IPTG 

(0.8 mM) as an inducer. After 48 hours, S. oneidensis was transferred to plates without DAP. 

Single colonies were screened for stop codon conversion using flanking primers 4418 to 4421 

https://doi.org/10.1016/j.synbio.2022.09.005


Materials and Methods  

29 
 

for ISSOD2 and ISSOD1 (Table 8). Finally, whole-genome sequencing (WGS) was conducted 

to confirm conversions across the genome. 

2.3 DNA sequencing  

 

2.3.1 Sanger sequencing  

 

The sequencing of PCR products and plasmids was done externally using Mix2Seq Kits 

(Eurofins Genomics, Ebersberg) for Sanger method (Sanger et al., 1977). The analysis of the 

data was performed via CLC genomic workbench (Qiagen version 20.0.4) or with the online 

based tool Benchling: Cloud-based platform for biotech R&D. 

2.3.2 MinION sequencing for whole genome sequencing   

 

The library preparation was carried out using Oxford Nanopore's Native Barcoding Kits and 

sequenced on a MinION device equipped with an R10.4.1 flow cell (Oxford Nanopore). All 

procedures adhered to the manufacturer's instructions. Basecalling was performed using Dorado 

v0.7.0 in super-accuracy mode, with read filtering based on quality, including adapter and 

barcode trimming. CLC genomic workbench (Qiagen version 20.0.4) was used for sequencing 

data analysis and assemblies.  

2.4 Data analysis and availability  

 

2.4.1 Analysis of transcriptomic data  

Subsets of transcriptomic data from internal laboratory experiments, combined with published 

data available on the NCBI platform, were collected for analysis. Out of the initial 20 datasets 

in total only 4 were used for the final data acquisition. Most datasets lacked sufficient 

information about transposases expression and were dropped from the analysis.   

Metadata was filtered based on quality criteria and for reads corresponding to transcription of 

transposable element loci (90 % identity). The selected subsets were merged to quantify the 

read counts of individual transposons, which were then normalized and expressed as transcripts 

per million (TPM). 

The mean TPM values were interpreted as representing the proportion of total TE activity, with 

100 % representing the cumulative TE activity across all experiments. For the identification of 
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individual TEs, 400 bp upstream and downstream of the TEs were added in the analysis in order 

to lower errors arising from homologous sequence analysis within a family.  

2.4.2 Identification of IS mobility  

All steps were carried out using CLC Genomic Workbench (Qiagen, version 20.0.4), with 

standard parameters applied, unless otherwise specified. 

Given that the transfers in the stress experiment likely resulted in a community of 

subpopulations with diverse insertion events of insertion sequences, assembly could not be 

performed without losing information on low-abundance integration events. As a result, raw 

sequencing data was utilized to create a BLAST dataset for each trial. For IS identification, a 

blastn search was conducted for each IS against the respective dataset (created from individual 

sequencing). This allowed the extraction of sequences associated with the targeted IS. Filters 

were applied to exclude sequences where reads were shorter than 90 % of the total IS length or 

had less than 90 % identity to the reference. 

All reads were then mapped to the S. oneidensis pangenome. New insertions were manually 

identified by the presence of reads causing gaps in the reference genome. A single read was 

considered sufficient to count as an integration event. The identity of the TEs was confirmed 

using BLAST analysis against the IS Finder database (https://isfinder.biotoul.fr/). 

For deletions, regions 500 bp upstream and downstream of each IS were merged in silico. 

Subsequently, all reads were mapped to these fused sequences. If mapping revealed reads 

covering the merged region, it was classified as a deletion at that position.   

For comparison the pipeline sniffles version 2.0.7 was used. Reads were mapped against 

re-sequenced MR-1 WT genome (biosample SAMN46377450) via minimap in the map-ont 

configuration. Mappings were analyzed with the non-germline parameter and the single snfs 

were condensed to a VCF. The results were then analyzed in excel.   

2.4.3 Variant calling  

 

For variant detection CLC genomic workbench was used. Here fixed ploidy variant detection 

was used according to standard parameters and compared with variants corresponding to variant 

probability of 100 % and minimum count filter of 10.  

https://isfinder.biotoul.fr/
https://dataview.ncbi.nlm.nih.gov/object/SAMN46377450
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Variant detection using Minimap2 (Li, 2018) and combined with variant calling BBtools 

(Bushnell et al., 2017) variant calling pipelines on the Galaxy platform (Afgan et al., 2018) 

were all used with standard parameters.  

2.4.4 Phylogenetic analysis of ISSOD2 integrations  

 

For the ISSOD2 phylogeny all sequences of ISSOD2 copies from the precursor strain combined 

with all found insertions of that family were gathered and compared. To compare the sequences 

all reads were cropped exactly at the inverted repeats. A sequence alignment was performed 

and rendered into a phylogeny tree using CLC genomic workbench with standard parameters. 

The root was set to be the ISfinder ISSOD2 consensus sequence. As closest relative ISAca1 

from Acinetobacter calcoaceticus was chosen with an amino acid similarity of 89 %.  

2.4.5 Data availability and genome assembly  

 

All sequencing datasets produced in here were deposited on NCBI database under a bioproject 

with the accession number PRJNA1214554. Of note assembly of MR1.1 (JG1980) followed 

through metadata analysis of all sequencing data of the stress experiment (biosample 

SAMN46377464). Likewise, MR1.1 with stop codon induced ISSOD2 copies (JG1981) was 

derived from all data found in the second stress experiment (biosample SAMN46377465). Data 

for the ISSOD1 silencing are found under biosample SAMN46377466 (JG2034). Assembly is 

based on silencing experiment 1. Megaplasmid reduction data is contained in the biosample 

SAMN46377467 (JG2045). A resequencing of the S. oneidensis MR-1 wild type can be found 

as an assembly (SAMN46377450) and raw sequencing data (SAMN46377449) 

2.5 Stress experiments  

For the stress experiments, S. oneidensis MR-1 was precultured in minimal medium containing 

iron citrate. This step was taken to adopt MR-1 to iron citrate respiring conditions. The resulting 

culture was used as a starting point for the experiment (MR1.1) and divided to be subjected to 

three types of stressors (I-III): (I) UV exposure for 2 min at 14 W/m², resulting in a total dose 

of 1680 J/m² (per manufacturer specifications) (II) heat shock at 42 °C for 20 min (III) low 

concentrations of kanamycin (2.5 µg/mL). 

Once the iron citrate reduction was approaching completion, indicated by a color change in the 

medium, samples were taken (~72 h). Optical density was measured at 655 nm, and the cell 

suspension was diluted to OD1 before being exposed again to the respective stressor. 

https://dataview.ncbi.nlm.nih.gov/object/PRJNA1214554
https://dataview.ncbi.nlm.nih.gov/object/SAMN46377464
https://dataview.ncbi.nlm.nih.gov/object/SAMN46377465
https://dataview.ncbi.nlm.nih.gov/object/SAMN46377466
https://dataview.ncbi.nlm.nih.gov/object/SAMN46377467
https://dataview.ncbi.nlm.nih.gov/object/SAMN46377450
https://dataview.ncbi.nlm.nih.gov/object/SAMN46377449
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Subsequently, 300 µL of the treated suspension was used to re-inoculate the iron citrate 

containing medium. This process was repeated over 15 cycles. One control strain was cultured 

and transferred additionally without stressing factors. 

In a second stress experiment (ISSOD2_stop_codon JG1981), cells were grown in LB-medium 

instead of minimal medium with iron citrate as electron acceptor. They were exposed to the 

same UV conditions as in the first experiment. OD was measured at 600 nm and adjusted to 

OD1 before UV exposure. Following this, 50 µL of the treated cell suspension was used to 

inoculate 5 mL of LB-medium in reaction tubes. This procedure was also repeated for 15 cycles. 

Here MR1.1 without stop codons in the ISSOD2 copies was used as a control strain.  

2.6 Adaptation experiment  

 

To evaluate whether the resistance of the strains to their respective stress conditions increased 

after completing all cycles, triplicates of each strain from the stress experiments were compared 

to the Shewanella oneidensis MR-1 wild type (WT). The cells were suspended in 96-well plates 

and grown in LB-medium. They were then subjected to one of three conditions: increasing UV 

exposure durations (2 - 20 min), rising kanamycin concentrations (2.5 - 7.5 µg/mL), or 

incubation at 37 °C. Growth was monitored using a TECAN Infinite 200 PRO plate reader, 

measuring OD600 every 20 min for up to 16 h.  

2.7 Megaplasmid reduction  

A plasmid based on the pBAD backbone was designed to include all antitoxins (ATs) identified 

on the megaplasmid of S. oneidensis. The ATs were organized into a single expression cassette 

under the control of the arabinose promoter (Para). Identification of the ATs was carried out 

using NCBI annotations and verified with the TADB3.0 TA-Finder tool (Guan et al., 2024) 

under standard parameters. 

To construct the AT cassette, individual ATs were amplified with overhang primers 

4325 - 4334, 4339 - 4343 and 4356 - 4359 (see Table 8) and subsequently fused together using 

PCR. The individual and fused PCR products were purified using the Promega Wizard™ SV 

Gel and PCR Cleanup System. The full-length insert was then ligated into a linearized pBAD 

plasmid (digested with NcoI and PmeI) using Gibson assembly (Section 2.2.6 - Gibson et al., 

2009). Correct integration was validated through PCR amplification of the AT cassette region 
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from the pBAD backbone, followed by Sanger sequencing using primers specific to the AT 

transition positions (primers 0051 and 0052 see Table 8). 

The assembled plasmid, pBAD_AT1-10, was introduced into S. oneidensis by electroporation 

(see Section 2.2.7). Colonies were grown on LB-agar containing kanamycin (50 µg/mL) and 

arabinose (5 mM). Colonies lacking an RFP signal after 3 days of incubation were selected and 

transferred to fresh LB-plates containing the antibiotic and inducer. Additional selection was 

performed using test PCRs targeting various positions on the megaplasmid. After 20 transfers, 

candidates with the fewest positive PCR results were selected for WGS. 
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3. Results  

3.1 Identification of transposases 

For the analysis of transposase activity, first the elements needed to be identified and 

categorized. To identify transposases, information on transposon annotations for the 

S. oneidensis pangenome was initially gathered from NCBI data. This list was further extended 

by incorporating predicted transposable elements identified using the bioinformatic tools 

ISEScan (Xie & Tang, 2017) and ISMapper (Hawkey et al., 2015). The comprehensive list of 

TEs was then compared to the identified and predicted elements reported in the study by 

Romine et al. (2008). The findings confirmed that the identified TEs were consistent with the 

219 TEs published in that study, and the list was deemed exhaustive. 

Miniature inverted-repeat transposable elements were excluded from the analysis, as they are 

likely dependent on trans-acting TE activity and do not represent autonomous elements 

(Siguier, et al., 2006). The locations of the TEs on the chromosome and megaplasmid are shown 

in Figure 7 (indicated in red). Based on sequence homology, TEs were grouped into families, 

with the resulting cladogram presented in Figure 6. Closely related TEs are clustered in the tree, 

although the homology within families appears slightly distorted due to the inclusion of 

upstream and downstream regions required for unambiguous transcript identification (see 

Section 4.1.2). 

The TE families (insertion sequence Shewanella oneidensis) ISSOD1 and ISSOD2 are 

highlighted as examples. A total of 41 TE families are proposed for S. oneidensis (Fredrickson 

et al., 2008; Romine et al., 2008), of which 25 are officially described, categorized, and 

incorporated into the ISFinder database - a widely recognized platform for insertion sequence 

family classification. The number of family members for each described TE family is provided 

in Table 14, while hypothetical TEs not officially categorized were grouped under "others". 

3.2 Transcriptomic analysis of transposase activity  

An effort to identify the most active transposases was conducted at the transcript level. 

Cumulative data from multiple experiments were compiled into a meta-dataset of transcripts, 

serving as a proxy for TE activity (see Section 2.4.1). The transcript count for each individual 

TE was normalized as transcripts per million (TPM), representing the percentage of total TE 
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activity. This information is visualized in Figure 6 as a bar diagram (on the right). Truncated or 

disrupted TE sequences were excluded from the analysis. 

Table 14: ISSOD families of S. oneidensis with their copy number and ascertained percentages from 
total TE activity. Under the category of “others” are 24 hypothetical TEs from 16 postulated IS families.  

Family Activity 
[%] 

Num. 
Of TEs 

Family Activity 
[%] 

Num. 
Of TEs 

Family Activity 
[%] 

Num. 
Of TEs 

ISSOD1 5.5  45 ISSOD10 3.0 4 ISSOD19 0.4 1 
ISSOD2 2.3 4 ISSOD11 2.5 13 ISSOD20 0.2 1 
ISSOD3 2.6 19 ISSOD12 1.6 4 ISSOD21 0.3 1 
ISSOD4 28 49 ISSOD13 2.9 4 ISSOD22 0.3 1 
ISSOD5 3.4 6 ISSOD14 0.7 2 ISSOD23 0.8 2 
ISSOD6  7.1 9 ISSOD15 0.5 1 ISSOD24 1.1 1 
ISSOD7 9.9 4 ISSOD16 1.4 3 ISSOD25 0.8 5 
ISSOD8 5.6 3 ISSOD17 3.5 1 Others  12.1 24 
ISSOD9 2.9 2 ISSOD18 0.6 1 Total  100 210 

The activity of individual TEs varied over four orders of magnitude, ranging from 0.009 % to 

15.4 %. Interestingly, both extremes were represented by members of the ISSOD4 family, 

indicating significant variability in the mobility dynamics not only between TEs but also across 

copies of the same TE family. When considering total activity across TE families, ISSOD4 

emerged as the most predominant. The overall distribution of TE activity across all families is 

provided in Table 14. Although the ISSOD1 family has a high number of 45 copies in the 

pangenome it is predicted to only account for 5.5 % of overall TE activity. According to the 

transcriptome analysis all TEs are potentially active with some showing near background level 

expression considering TEs make up the amount of 0.9 % of total transcripts.  

3.3 Stress experiment and TE activity on the genomic level 

To validate the in silico predictions, a stress experiment was designed to identify transposable 

element activity at the level of genetic manifestation. This WGS approach involved triplicates 

under varying stress conditions (UV, temperature, and heat shock; see Section 2.5). These 

stressors were selected based on their potential to enhance TE transposition, as supported by 

previous studies (Eichenbaum & Livneh, 1998; Lartigue et al., 2006; Tanaka et al., 2012). The 

experimental design spanned 15 cycles, aiming to induce transposition events and evaluate the 

impact of individual stressors on IS family activation. Additionally, 4 replicates from UV-

stressed cells were transferred and subjected to 15 additional cycles of exposure and recovery. 

Consequently, the results based on WGS data presented here encompass 14 experimental trails, 

containing one control strain. 
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Figure 6: Cladogram of all identified TEs in S. oneidensis together with their respective activities. The 
individual TE families cluster together as a result of their sequence homologies. Bars represent the 
activity of individual TE from the calculated normalized total (in %). ISSOD1 and ISSOD2 insertion 
sequence families are highlighted in yellow and red, respectively. Additionally, the ISSOD4 family is 
indicated.   

Prior to initiating the experiment, the S. oneidensis MR-1 strain was cultured in minimal 

medium containing ferric citrate as the electron acceptor to establish a preculture. Interestingly, 

even in this precursor strain, changes in the copy numbers of several ISSOD families were 

detected compared to the annotated genome sequence (NCBI RefSeq assembly ASM14616v2), 

suggesting spontaneous transposition activity prior to stress induction (Table 15). This early 

activity underscores the dynamic nature of TE integration in S. oneidensis, even under non-

stress conditions. Hence, the precursor strain will be referred to as MR1.1 (submitted to the 

NCBI databank SAMN46377464). Notably, one of the newly identified insertions corresponds 

https://dataview.ncbi.nlm.nih.gov/object/SAMN46377464
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to an integration observed by Cheng et al. (2020), with the distinction that the integration in 

this study originated from the ISSOD4 family (Supplementary Figure S1). 

Table 15: The differences in TE number of the S. oneidensis MR-1 and the adapted precursor strain 
MR1.1. 

 Strain 

ISSOD family  MR-1 MR1.1_precursor 

ISSOD1 45 47 
ISSOD2 4 7 
ISSOD4 49 50 
ISSOD9 2 3 

 

In addition to all identified transposable elements, all positions where insertions occurred on 

the chromosome and megaplasmid are mapped in Figure 7 (indicated in blue). A total of 204 

insertions were observed, scattered across the entire pangenome, with certain regions exhibiting 

higher insertion rates, forming hotspots.  

 

Figure 7: Representation of the chromosome and megaplasmid of S. oneidensis with all transposases 
and positions of integrations resulting from stress exposure. The number of identified transposase 
copies in the precursor is given below and the positions are marked. Insertions were found to occur 
across the whole genome. Some areas appear to be affected with higher frequency.  
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In line with prior expectations, the number of integrations was higher on the megaplasmid 

compared to the chromosome. The highest activation followed UV irradiation causing over 

55 % of overall observed integrations (not including UV2; see Table 16). UV2 represents the 

results from an analysis based on cells exposed to 15 additional cycles of radiation as a 

continuation of two trails from experiment UV1 in duplicate, amounting to 30 cycles of stress 

exposure and are not considered for comparison. Sequencing data from 6 trails were used to 

identify possible activity of other TE and MITEs. Not a single read indicated any motility of 

these elements. 

Table 16: All integration events with the originating ISSOD family identified in the stress experiment 

are listed. Additionally, the percentage of activity from the total of all insertions is given. The number 

of events on the megaplasmid and the chromosome is given and compared to the fraction of the total 

DNA amount they occupy. C is control, T is temperature, AB is antibiotics and UV corresponds 

ultraviolet exposure. UV2 represents results from the analysis of trails with 15 additional cycles of UV 

exposure after completion of the first UV1 trail.    

integration total %total  In AB In T in UV 1 in UV 2 in C (n=1) 

ISSOD1 28 13.7 3 2 13 9 1 
ISSOD2 171 83.8 31 22 67 44 7 
ISSOD3 1 0.5 0 0 1 0 0 
ISSOD4 3 1 0 0 0 2 0 
ISSOD6 1 0.5 0 0 0 1 0 
ISSOD9 1 0.5 0 0 0 1 0 
total 204  34 24 81 57 8 

 from 
total 

from 
total %  

% of bp 
from 
genome  

    

MP 38 18.6 3.2     
Chromosome  166 81.4 96.8     

 

When comparing the findings from this experiment with predictions based on transcriptomic 

analyses, significant differences emerge. For instance, while a high level of activity was 

predicted for the ISSOD4 family, the genetic analysis shows that the ISSOD2 family dominates, 

accounting for 83.8 % of activity. Conversely, ISSOD4 contributes merely 1 % of activity, 

despite having 50 copies, underscoring that copy number is not directly related to TE activity. 

Additionally, ISSOD1 exhibited an activity level of 13.7 %, which contrasts sharply with 

predictions derived from transcriptomic data. A similar activity pattern was observed in the 

megaplasmid deletion experiment (see Section 3.7), where analysis across four trials revealed 

the counts found in Table 17. 
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Table 17: Number of integrations found in the megaplasmid reduction assay. The number is derived 
from metadata of 4 trails after 20 transfers (see Section 2.7).   

MP deletion   ISSOD1 ISSOD2 ISSOD3 ISSOD4 

Number of total 
insertions 

15 39 1 1 

For the ISSOD7 family, where four TEs were predicted to account for approximately 10 % of 

activity, no reads indicating ISSOD7 motility were detected in the stress experiments. This 

highlights a significant disparity between TE activity at the RNA transcript level and actual 

DNA-level integration. Based on these findings, ISSOD1 and ISSOD2 are identified as the key 

families driving the majority of TE activity in S. oneidensis. Throughout the entire experiment 

only two deletions could be identified for one copy of ISSOD6 and one copy of ISSOD22. 

Table 18 lists genes or regions predominantly affected by integration. Because there were no 

follow up experiments on the phenotype except for stress adaptation and analyses were 

conducted in mixed cultures, there is no feedback on gene function by disruption. It is apparent, 

that intergenic or redundant loci were predominantly affected. Most integration observed, 

where coding sequences (CDS) were disrupted, represent either TEs itself, hypothetical proteins 

or protein with domains of unknown function (DUF domain), likely not essential for cell 

survival. This shows how hotspot areas might evolve. Genetic loci with redundant function are 

more likely to be subject to integrations, almost exclusively being redundant themselves. An 

example can be found in the region around 60 kbp on the MP in Figure 11.   

Table 18: List of targets predominantly affected by TE integration. 

Gene or 
locus  

transposase Toxin (type 
2 toxin-
antitoxin) 

Intergenic  Hypothetical 
protein 

DUF 
domain 
protein 

Sigma 

factor 

- σ54   

Number of 
integrations 

53 2 47 41 12 9 

 

3.4 ISSOD2 phylogeny  

Given that ISSOD2 constitutes the majority of transposable element activity, a focused analysis 

was conducted to identify its most active members in the precursor strain. New integration 

events could originate from one of the four base copies in the MR1 wild-type strain or from the 

four additional copies that emerged before the experiment began in the precursor MR1.1 

(ISSOD2base 1 – 4 in MR1 and ISSOD2_all_new1 - 4 in MR1.1 in Figure 9). To track these 
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events, all 185 integration sequences of ISSOD2 that were transposed and copied in the stress 

experiments were aligned to identify polymorphisms among the copies. 

IS copies accumulate polymorphisms over time, which are passed on during transposition 

(Figure 8). This allows for tracing certain base pair mutations to specific ISSOD2 lineages, 

identifying the base copy from which transposition originated. 

 

Figure 8 : Schematic illustration of the propagation pattern of the ISSOD2 family. Shared patterns in 
the SNVs can be linked to common ancestry and be used as a proxy for activity of individual base 
copies. The yellow squares represent a base exchange that can be used to infer the origin of a newly 
integrated ISSOD2 copy.  

Some SNVs unambiguously identified that particular transposition events stemmed from a 

specific ISSOD2 base copy. Notably, SNVs consistently found in all "newISSOD_all_new" 

elements and "base 1" suggest their ongoing activity (see Supplementary Figures 4 - 7). These 

findings indicate that the elements remained active post-transposition and gradually diverged. 

A comparison of all copies from the UV 3_20 experiment revealed SNVs that appeared multiple 

times but were absent in the precursor base copies (Supplementary Figures 8–9). This suggests 

that several copies originated from a common ancestral copy, not represented by a base copy, 

supporting the hypothesis that successive waves of expansion produced additional active 

copies. Conversely, some copies exhibited signs of deterioration over time, indicating a 

slowdown in expansion (Supplementary Figure 10). 
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To visualize an activity profile based on the progressive mutation, a phylogenic tree was created 

that represents the degree to which the identified new integrations are related in the sequence 

alignment. Copies derived from the same precursor should cluster closely in the resulting 

phylogenetic tree (Figure 9). 

The root for the phylogenetic tree was chosen as the consensus sequence available on the 

ISFinder platform. For contextual placement, ISAca1, the closest related IS element from 

Acinetobacter calcoaceticus, was included as an outgroup. The analysis revealed multiple 

branching clusters, possibly representing distinct waves of expansion.  

Notably, all four ISSOD2 copies found in the MR-1 wild type strain clustered closely with the 

consensus sequence, reflecting their high or identical sequence identity to the archetype. These 

copies represent the original source of all subsequent ISSOD2 copies, making it difficult to 

trace individual insertion events to specific precursor IS copies. However, one exception, 

designated as “base_1,” appeared on a separate, smaller branch which can be explained by the 

specific SNV found for this copy (Supplementary Figure 4; see Figure 9). 

Sequences clustered around the base elements are inferred to have been inserted early in the 

experiment. The four additional ISSOD2 copies found in the precursor strains (stress 

experiment one and two) and therefore present across all experimental trails, were observed to 

branch off further from the base cluster. Notably, in the case of “newISSOD2_all_3new” and 

“newISSOD2_all_4new,” as well as “newISSOD2_all_1new” and “newISSOD2_all_2new” 

combined, substantial numbers of additional copies were identified within their respective 

branches. This clustering pattern, along with unique SNVs linking new copies to their 

predecessors, suggests that newly transposed ISSOD2 copies continued to serve as active 

sources for subsequent transposition events. 

 



Results   

42 
 

 

 

 

 



Results   

43 
 

 

 

 

 

 



Results   

44 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi
gu

re
 9

: P
h

yl
o

ge
n

et
ic

 t
re

e 
o

f 
al

l I
SS

O
D

2
 c

o
p

ie
s 

fr
o

m
 in

te
gr

at
io

n
s 

an
al

yz
e

d
 in

 t
h

is
 s

tu
d

y.
 T

h
e 

ro
o

t 
p

o
si

ti
o

n
s 

an
d

 c
o

n
se

n
su

s 
se

q
u

en
ce

 a
re

 h
ig

h
lig

h
te

d
 

w
it

h
 a

 r
ed

 u
n

d
er

sc
o

re
. I

SA
ca

1
 w

as
 c

h
o

se
n

 a
s 

a 
cl

o
se

st
 r

el
at

iv
e 

an
d

 a
p

p
ea

rs
 c

lo
se

r 
h

er
e 

as
 r

e
p

re
se

n
te

d
 b

y 
ac

tu
al

 s
eq

u
en

ce
 r

el
at

io
n

 t
o

 f
it

 t
h

e 
fi

gu
re

.  
 



Results   

45 
 

3.5 Adaptation experiment  

To evaluate whether adaptation occurred in response to repeated stress exposure, the endpoint 

strains after the stress cycles to the S. oneidensis MR-1 were compared. For each trial and 

stressor, triplicate cultures were inoculated into a 96-well plate, exposed to gradually increasing 

stress levels (see Section 2.6), and compared to WT viability under these conditions. The 

experiment aimed at identifying any fitness advantages gained through transposition-mediated 

adaptation. The corresponding growth curves are presented in Figure 10. 

Under non-selective growth conditions, the viability of the evolved strains was comparable to 

wild type performance, suggesting minimal or no detrimental mutations. However, as stress 

levels increased, overall viability generally decreased. In the case of antibiotic exposure, two 

out of three evolved strains outperformed the wild type, while one strain appeared more 

susceptible to stress caused by the antibiotic. Under temperature stress, one strain exhibited 

similar viability to the wild type, another was less viable, and one outperformed the wild-type 

at 37 °C. UV exposure was the only stressor where all evolved strains consistently 

outperformed the wild type. Notably, all triplicates, including the wild type, remained viable 

after 20 minutes of UV exposure. In summary, adaptation was observed in 5 out of the 9 cases. 
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Figure 10: Growth curves of the adaptation experiments. The potential adaptation of strains from the 
stress experiment was assessed. Strains that previously underwent 15 cycles of stress induction were 
exposed to increasing intensities of kanamycin, UV radiation, or elevated temperatures (37°C) and 
compared to S. oneidensis MR-1 under the same conditions. Overall, fitness declined as stress intensity 
increased. However, 5 out of 9 adapted strains outperformed the wild-type strain. 
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3.6 Stop codon conversion and inactivation of ISSOD1 and ISSOD2    

 

After identifying the most active IS families, targets for introducing stop codons into the 

transposases of both ISSOD1 and ISSOD2 using the CRISPR-dCas9 cysteine deaminase 

system were designed. Notably, the high sequence similarity within transposase families 

allowed the use of a single sgRNA to target all transposase copies of a given family. The 

MR1.1_precursor strain was chosen for these experiments to ensure comparability with the 

insertion frequencies observed in previous experiments. All seven ISSOD2 copies in the 

precursor strain were successfully modified with stop codons.  

To evaluate whether this conversion effectively halted transposable element motility, the stress 

induction experiment limited to UV exposure (see Section 2.5) was repeated. The observed 

integrations are listed in Table 19. The modification successfully halted transposition, as 

evidenced by the absence of ISSOD2 insertions, compared to the 14 insertions observed in the 

WT control under identical conditions. These findings confirm that stop codon conversion 

effectively inactivates ISSOD2 activity. Furthermore, again a distinct preference for integration 

into the MP was observed, with 41 % of the insertions occurring in this region.  

For ISSOD1, the same approach was applied in four independent experiments. Between 6 and 

19 out of 45 transposase gene targets were successfully mutated in each experiment, resulting 

in the conversion of a total of 75 % of all ISSOD1 copies across the attempts. However, in all 

four cases, it was later discovered that ISSOD9 integration into the dCas9 deaminase disrupted 

further stop codon conversion. 

Table 19: Comparison of numbers of integrations of all insertion sequence families for inactivated 
ISSOD2 strains with the control strain. Stop codon silenced strains are indicated with ∆ISSOD2. The 
experiment was repeated three times. The number of hits with corresponding percentage on the 
megaplasmid are given.  

 WT ∆ISSOD2-UV1  ∆ISSOD2-UV2 ∆ISSOD2-UV3  

ISSOD1 0 5 1 1 

ISSOD2 14 0 0 0 

ISSOD6 1 0 0 0 

Total  22    

Hits on MP 9 ≜ 41 % of all hits  
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3.7 Megaplasmid reduction  

 

The possibility to delete the megaplasmid was tested, to potentially further stabilize 

S. oneidensis genetically. To achieve this, a pBAD-based plasmid containing all ten antitoxin 

genes from the toxin-antitoxin (TA) pairs located on the MP, driven by an inducible promoter 

was designed. For the purpose of simplified readouts an RFP reporter strain was developed. 

Here, the fluorescent protein was introduced in one copy of the ISSOD9/tn3 transposase found 

on the MP (see Section 2.2.8). In this strain the pBAD_AT1-10 plasmid was introduced and 

transferred serially. Throughout the experiment, the AT-cassette was continuously expressed. 

The hypothesis was that the presence of the antitoxin genes on the plasmid would, over time, 

lead to the loss of the MP. Once the RFP signal was lost, subsequent transfers were coupled 

with PCR tests targeting the MP backbone. Selected colonies were then subjected to whole-

genome sequencing. 

While complete MP loss was not achieved, a reduction of its size by approximately 56 kbp, 

equivalent to 35 % of the total length, was feasible. The DNA segments deleted during this 

process are illustrated in Figure 11, with their respective sizes detailed in Table 20. The areas 

are annotated according to their most noticeable feature. 

Notably, six AT-gene pairs were removed from the megaplasmid. Interestingly, the ori/repA 

region was entirely lost. The loss of the ori/repA region was unexpected but aligns with 

observations from independent sequencing datasets, which frequently showed this region 

located separately from the rest of the MP backbone. This suggests the presence of an 

alternative, undefined origin of replication (ori) on the MP (seq data on NCBI 

SAMN46377467).  

All WGS assemblies of S. oneidensis conducted in this study yielded three distinct contigs. One 

for the chromosome and two for the MP. Both resulting MP fragments contained copies of 

ISSOD9, leading to the hypothesis that the ori/repA flanking ISSOD9/Tn3 transposases might 

represent a stabilized cointegrate intermediate formed via the Tn3 transposition mechanism (see 

discussion Section 4.5). 

 

https://dataview.ncbi.nlm.nih.gov/object/SAMN46377467
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Figure 11: An annotated version of the reduced megaplasmid and the deleted areas. The areas are 
placed relative to the positions they previously occupied in the original MP and are named according 
to their most noticeable feature. Indicated in red are TEs. Antitoxins and corresponding toxins are 
colored in blue and yellow, respectively.   

To test the cointegrate hypothesis, replicons, each containing a single ISSOD9/Tn3 copy 

derived from a hypothetical cointegrate resolution, were generated in silico, (as shown in 

Figure 12). Analysis of sequencing reads spanning the ISSOD9/Tn3 flanking regions revealed 

uninterrupted reads crossing these boundaries. These reads did not align with a megaplasmid 

configuration where ori/repA remains flanked by two ISSOD9/Tn3 copies (assembly NCBI 

SAMN46377450). This observation suggests that some MPs underwent recombination or 

https://dataview.ncbi.nlm.nih.gov/object/SAMN46377450
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cointegrate resolution, pointing to a metastable state of the MP. This instability appears to be 

centered at the interface between ISSOD9 copies and the MP backbone, where both parts 

typically coexist. 

Table 20: Regions that were deleted from the megaplasmid of S. oneidensis. The sections were 

named after a representative feature and their sizes are given and compared to the total of the original 

megaplasmid.  

Area Ori/repA hotspot RelA/ISSOD1 Tandem-
95-repeat 

Total Megaplasmid 
SO MR-1 

Size (bp) 19252 16509 1933 18022 55716 161613 

 

Multiple insertions of ISSOD2 and ISSOD9, into the pBAD_AT1-10 plasmid, were found after 

20 transfers. The assessment if complete MP loss failed due to essential genes, incomplete 

expression of all ATs or disruption of AT expression caused by integration of ISSOD2 or 

ISSOD9 is therefore inconclusive.  

3.8 Analysis of the acetoin production strain 

 

In a different study concerned with the acetoin production strain (as described in Section 1.3) 

the problems with production were reevaluated. The production plasmid carrying the acetoin 

genes was sequenced and found to contain an incomplete alsS-alsD expression cassette. The 

expression cassette was replaced with a functional version; however, anaerobic acetoin 

production still could not be achieved despite glucose consumption. In this study, disruption of 

the Cas-deaminase plasmid and the AT-expression cassette plasmid by ISSOD9 was identified 

in 8 independent trials. This suggested that acetoin production was disrupted due to transposable 

element integration, likely arising from ISSOD9 transposition. Based on this whole-genome 

sequencing of an adapted strain created by Miriam Edel, named 1732_SO_10A (S. oneidensis 

MR-1 Δλ ΔackA pta ΔldhA::Pstcglk_galP +pBADPstcalsSD _10A) was conducted, confirming 

that the production cassette was disrupted at the alsD locus. Based on this finding, another strain 

from the same adaptation, 1730_SO_B4 (S. oneidensis MR-1 ΔλΔackA pta ΔldhA::Pstcglk_galP 

+pBADPstcalsSD_4B), was analyzed. Due to the limitations arising from previous Illumina 

sequencing data of this strain, identifying multicopy element integrations, such as TEs, posed 

challenges. To address this, all reads associated with ISSOD9 were first filtered separately and 

then mapped to the pBAD_alsS-alsD plasmid. Indeed, mapping reads were identified that 

associated both with the alsS region of the plasmid and the ISSOD9 TE. This integration could 

only be detected based on predictions from experiments conducted in this study, linking 
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ISSOD9 activity to plasmid disruption. These findings demonstrate that in both cases, acetoin 

production was rendered infeasible due to TE integration dynamics. 
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4. Discussion  

4.1 Transposase activity 

4.1.1 A general consideration 

 

Though transposable elements are often dismissed as genomic parasites - a viewpoint still 

prevalent today - the situational evaluation often should be considered more complex. Although 

likely related to viruses, TEs seem to be divided by one evolutionary nuance comparing the 

invading selfish nature. In this study, all UV-adapted strains exhibited higher fitness than the 

wild type S. oneidensis strain after repeated irradiation exposure. While many transposition 

events are detrimental, numerous reports indicate that TEs can help shape the genome by 

forming operons (Kanai et al., 2022), facilitating beneficial rearrangements or cause 

advantageous integrations (Siguier et al., 2006; Wagner, 2006). For example, in S. oneidensis, 

an ISSOD1 insertion rescued an electron transport - deficient phenotype, increasing host fitness 

under ferric citrate - reducing conditions (Schicklberger et al., 2013). TE activity is not merely 

programmed to proliferate uncontrollably but rather reaches an equilibrium with the host over 

time. Hence the relationship between host and elements, after an initial transposition burst, is 

conceptually more reminiscent of co-existence (Good et al., 2017; Iranzo et al., 2014). 

Although the benefits conferred by TEs may be indirect, the co-evolution of hosts and 

transposons places these elements at a crossroads between expansion and the host’s need to 

adapt for survival (Kleckner, 1990). Unchecked accumulation of TE copies would inevitably 

decrease host fitness, as described by Muller's ratchet (Siguier et al., 2014), whereas deletional 

bias could lead to complete TE loss over time (Mira et al., 2001). Yet, neither scenario appears 

to dominate in nature. Results here further indicate that TE activity cannot be inferred solely 

from copy number. In the S. oneidensis strain, stress-induced activation of TEs increases the 

likelihood of host adaptation to environmental changes. The environmental context is crucial 

when assessing the role of genetic elements: traits like CO₂ fixation, degradation abilities, or 

antibiotic resistance might impose a metabolic burden if unnecessary, but under changing 

conditions, they may offer a significant fitness advantage (Schneider & Lenski, 2004).  

In this light, the role of TEs in nature might be sought. After acquisition via e.g. horizontal gene 

transfer and an initial burst of expansion, as in the case of ISSOD2, a baseline TE activity is 

maintained, balancing deletion bias against the metabolic costs of high TE numbers (as seen 

with ISSOD4). This balance preserves the potential for adaptation, enabling TEs to expand the 
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genetic toolkit necessary for responding to new challenges, such as UV irradiation or growth 

facilitated by iron citrate respiration. Over time, these elements may even adopt regulatory roles 

or be domesticated by the host (possibly as with IS73_ISSOD4; Consuegra et al., 2021; Siguier, 

Perochon, et al., 2006; Tempel et al., 2022; Zhang et al., 2019)  

 

4.1.2 Transcriptomic analysis  

In the transcriptomic analysis, only about 1 % of overall transcripts could be ascribed to 

transposable elements, despite 5.6 % of all coding sequences being TE-related. This low 

transcript number suggests that overall TE mobility is restrained. Generally, insertion sequences 

are among the lowest expressed genes due to the potentially detrimental consequences of their 

activity (Kleckner, 1990; Nagy & Chandler, 2004). The highest predicted activity was attributed 

to the 49-member ISSOD4 family, which is estimated to account for over one quarter of all TE 

activity. However, when compared to the genetic evidence from the stress experiment, two key 

differences emerge: first, the overall TE activity inferred from transcriptomic data appears to 

be highly underestimated, and second, the major contributors to observed insertions are the 

ISSOD1 and ISSOD2 families. Additionally, ISSOD9, with a predicted activity of 2.9 %, was 

found to predominantly integrate into plasmids in 10 independent experiments. 

Sequencing the actual genetic manifestations of transposition is likely more accurate than 

transcriptomic analysis, which provides only a snapshot of gene expression (Bourque et al., 

2018). While mixed culture transcript levels can yield predictive mean values, multiple factors 

contribute to discrepancies between transcript abundance and actual transposition events. 

As described in the introduction (Section 1.5.2), IS1 and IS3 elements (e.g. ISSOD1 and 

ISSOD2) possess intricate regulatory mechanisms built into their structure (Sekine et al., 1999). 

These transposases comprise two overlapping open reading frames, and the expression of a 

fusion product from both ORFs is necessary for transposition (Siguier et al., 2015). This process 

requires programmed translational frameshifting - ribosomal slippage - to produce the full-

length protein (Chandler & Fayet, 1993). A common byproduct is a small ORF-A protein that 

contains an inverted-repeat-binding leucine zipper motif (Haren et al., 1998), which further 

regulates TE expression. Transcriptomic analyses are typically unable to differentiate among 

the various products derived from such compact elements. An integral step in the transposition 

mechanism is the formation of a circular intermediate with a highly active Pjunc promoter (Lewis 



Discussion 

53 
 

et al., 2004), which leads to a brief surge in transcripts at the time of mobilization - posing 

challenges for the time resolution of transcriptomics. 

TE activity can also be modulated by their genomic localization. Background transcript levels 

may partly reflect transcriptional readthrough (Turnbough, 2019), while other factors -

including chromatin density, secondary structures at the residing loci, host DNA-binding 

regulators, chaperones, and epigenetic modifications such as methylation - can affect 

transcription (Nagy & Chandler, 2004). Furthermore, some TEs produce antisense RNA (Ross 

et al., 2010) that mediates self-silencing, and translation initiation sites may be sequestered by 

secondary structure formation (Rezsöhazy et al., 1993). These factors vary over time, 

influencing transcript counts. The mutation of IS can render them catalytically inactive while 

still being transcribed. In addition, TEs may be expressed from upstream promoters (Escoubas 

et al., 1991). Rarely, transactivation from other TE copies within the same family may occur. 

Analyzing multicopy elements is inherently challenging. TEs often carry their own, typically 

weak, promoters (as seen in IS3 elements with identical promoter sequences across family 

members – Nagy & Chandler, 2004), which adds another level of regulation (Siguier et al., 

2014). In this study, it was attempted to identify individual TEs by matching 400 base pairs of 

upstream and downstream regions of the elements to the resulting transcripts. If elements are 

transactivated or produce readthrough transcripts, active TEs can be individually distinguished. 

Conversely, reads that originate from external promoter components (for IS3 elements such as 

ISSOD1 and ISSOD2, or IS256 elements such as ISSOD4) may be attributed to upstream 

regions and do not necessarily encode TE sequences (Prentki et al., 1986). In these cases, the 

expression of downstream genes is maintained without conferring transposition potential 

(Schmitz-Esser et al., 2011). The IS73_ISSOD4 copy - representing 15 % of all TE transcripts 

(see Supplementary Figure S2) - likely falls into these categories. 

In summary, the presence of TE transcripts does not directly equate to active transposition; 

rather, it reflects the complex regulatory network associated with transposons. The ISSOD4 

family possibly represents an IS element that underwent expansion and has since been 

integrated into the host regulatory network, maintaining activity primarily for regulation 

(Chuong et al., 2017). In contrast, ISSOD2 might represent a recently acquired element that is 

still undergoing expansion harboring adaptation potential. 
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An alternative approach to assessing TE activity would be to quantify transposon proteins 

within the proteome (Maringer et al., 2017). Although such proteomic analyses still suffer from 

low time resolution and cannot differentiate among individual IS copies, they do measure 

proteins that are actually translated. Romine et al. have provided evidence, via proteomics, for 

the activation of ISSOD1, ISSOD4, and ISSOD9 under the conditions tested. However, the 

question remains as to why ISSOD2 appears inconspicuous in proteomic data while ISSOD4 

was found to be actively translated. 

4.1.3 Stress experiments  

This part of the study aimed to identify key factors influencing transposable element motility 

in S. oneidensis on the level of genetic integration. Nanopore sequencing was combined with 

manually analyzing long reads. While labor-intensive, this approach minimizes biases 

associated with additional steps such as amplification and adaptor usage (such as ISseq; Wright 

et al., 2017). Most pipelines designed for detecting insertion polymorphisms are optimized for 

eukaryotic hosts. To compare the results of identified variants in the stress experiment, the 

Sniffles2 pipeline (Smolka et al., 2024) was applied, which detected only 52 out of 204 variants, 

suggesting incomplete variant identification. Highly repetitive sequences of relatively small 

size, such as the insertion sequences analyzed in this study, may have been misidentified as 

false variants and disregarded. To improve accuracy, it would be necessary to adjust pipeline 

parameters or modify analysis steps. Thus, the results suggest that the manual workflow 

captured nearly four times as many integration events without creating bias.  

By applying stress, a burst of TE integrations was aimed to be induced within a short timeframe, 

allowing for more effective observation of transposition dynamics. The stress experiment 

revealed that ISSOD2 and ISSOD1 were the most active IS under the applied conditions. The 

pattern of TE motility remained consistent across different stress factors and was also observed 

in the control for the second stress experiment. Transposition activity was investigated by 

culturing cells with ferric citrate as an electron acceptor to simulate conditions found in 

bioelectrochemical systems more closely, compared to LB-medium incubation. In the precursor 

strain (MR1.1), several insertions predated the stress stimulus. The additional IS copies 

observed after stress exposure were consistent with the activity detected prior to the experiment. 

This, along with previous reports on ISSOD2 and ISSOD1 integrations (Bordi et al., 2003; 

Cheng et al., 2020; Schicklberger et al., 2013), suggests that the observed TE activity is an 

inherent feature of S. oneidensis rather than a direct consequence of the applied stress 
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conditions. Additionally, this pattern appears independent of transposition events in the 

precursor strain, as it was also observed in the MP reduction experiment using MR-1 wild type 

(see Table 17). 

Stress influences TE activity through multiple mechanisms, often as an indirect effect. 

Differential activation of genetic loci containing IS elements may occur in response to 

transcriptional regulators involved in cellular stress responses (Capy et al., 2000). For example, 

RpoS, a sigma factor that regulates stress-induced transcription, plays a crucial role in this 

process (Ferenci, 2008; Hengge, 2008). Another Sigma factor - σ54 was found to be affected by 

integration in many of the stress exposed trials in this study (see Table 18). Disrupting its 

function might rewire the regulatory network and allow the cell to bypass regulatory constraints, 

adjusting its metabolic processes and stress responses (Ma et al., 2021; Shingler, 1996). This 

on the other hand might restrain downstream adaptation when conditions change and lead to 

lower fitness over time. Furthermore, stress-induced cellular damage may facilitate IS 

integration through strand breaks or increased accessibility via DNA repair pathways. The SOS 

response, mediated in part by RecA signaling, can promote DNA mismatches and 

recombination via error-prone polymerases, thereby increasing insertion potential (Baharoglu 

& Mazel, 2014).  

The observed insertions following growth facilitated by ferric citrate reduction may have 

resulted from stress associated with transitioning from LB-medium in an oxygen-rich 

environment to anoxic conditions, requiring significant gene expression changes. This 

transactivation could have led to increased IS activity (Kleckner, 1990; Vandecraen et al., 

2017). Conversely, higher stress intensity may have arisen from oxygen exposure in the UV 

trials during transfers, as the cells were radiated outside of the flasks to prevent UV absorption 

by glassware. Unquantified factors such as pH fluctuations and nutrient availability during 

incubation could also have contributed to cellular stress.  

This study aimed to detect insertions with high sensitivity, focusing on identifying low-

frequency alleles in the population via metagenomic analysis. Estimating a precise mutation 

rate due to transposition remains challenging. The whole-genome sequencing data represent a 

consortium of transpositional subtypes of the precursor strain, each carrying different 

insertions. Since only endpoint analysis was conducted, distinguishing insertions at the level of 

individual lineages was not possible. 
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Assuming a generation time of ~3 hours on ferric citrate (estimated from data of this study and 

literature; Schuetz et al., 2009), the experiment spanned approximately 360 generations. Across 

14 trials with 204 insertions, this equates to ~15 insertion events per trial or 0.04 (4 × 10⁻²) 

insertions per generation. As this number would corresponds to a single lineage in each trail it 

is highly overestimated. If each insertion event is assumed to create a distinct lineage, the 

maximum number of sub lineages would be 40 (according to 40 insertions in trail UV3_20) 

leading to a mutation rate based on TE motility of ~3 × 10⁻³ per generation. This estimation of 

the maximum mutation rate is vague as sub lineages can contain multiple insertions or no 

insertions at all but likely corresponds to the order of magnitude in which transposition arose 

per generation. That means that TE in S. oneidensis  showed a roughly 10- to 100-fold higher 

activity compared to E. coli, which exhibits insertion rates of ~10⁻⁴ to 10⁻⁵ per generation 

(Papadopoulos et al., 1999). While this increased activity aligns with stress-induced TE 

mobilization, the control sample still exhibited a relatively high insertion frequency (8 events; 

~6 x 10⁻4 per generation). It is important to note that the observed insertions likely 

underestimate the actual number of sub lineages. Furthermore, these estimates do not account 

for detrimental insertions. Mutation rates can vary significantly across conditions and 

populations, but based on the number of observed insertions, S. oneidensis appears to have a 

relatively high transposition frequency (Schneider & Lenski, 2004). 

To compare IS activity across trials, an analysis for single nucleotide variant identification was 

performed (Supplementary Table S1). The rationale behind this approach was that SNV counts 

could provide additional insights into the number of distinct subgroups in the population, 

independent of insertions, potentially offering an estimate of bottlenecks following stress 

stimulation. However, this approach proved unreliable due to the significantly higher error rate 

of nanopore sequencing compared to Illumina sequencing (Bejaoui et al., 2025) when using 

CLC workbench. This introduced a strong bias linked to sequencing depth: when normalized 

to read count, lower sequencing depth resulted in a higher relative error, leading to an 

overestimation of variant numbers. Consequently, these findings were excluded from the result 

section. 

A partial mitigation strategy involved applying a 100 % cutoff or a minimum count of 10, 

considering only SNVs present in all reads or at least with a higher minimum coverage. This 

minimized some error-driven detections, but it also limited the analysis to fixed mutations, 

disregarding much of the actual genetic diversity. Nonetheless, even with this stringent 
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criterion, the control group exhibited a higher number of SNVs than the UV-treated samples 

(when compared to a 20 % cutoff). However, the issue of sequencing depth bias and genome 

coverage variability persisted.  

Due to the limitations of variant detection in CLC Workbench pipelines, a second approach was 

used, combining read mapping with Minimap2 (Li, 2018) and variant calling with the BBTools 

pipeline (Bushnell et al., 2017) on the Galaxy platform (Afgan et al., 2018) to compare the 

control with UV3_20. This analysis revealed a significantly higher number of SNVs on the MP 

than on the chromosome, suggesting potential artifacts from repetitive sequences, particularly 

insertion sequences and perhaps hinting at a faster rate of deterioration compared to the 

chromosome. As a result, the MP was excluded from further analysis. After normalizing for 

read count, the number of SNVs on the chromosome was 146 for the control and 61 for UV3, 

maintaining a consistent ratio with the CLC Workbench analysis (see Supplementary Table S2). 

Despite these biases, UV radiation was expected to induce significantly more SNVs than the 

control. However, in the control, temperature, and antibiotic trials, the number of detected 

SNVs suggested the presence of more subgroups than the observed insertion events. This 

discrepancy may be explained by differences in selection pressures: the control group likely 

experienced weaker selection than the UV-treated samples, where diversity - despite an 

increased mutation rate - was reduced due to lethal effects of radiation and the accumulation of 

deleterious insertions. This pattern, (illustrated in Supplementary Figure S3) suggests that SNV 

detection, could in part have been higher in populations with fewer IS subgroups, meaning that 

the actual IS activity in UV-treated samples might be underestimated. 

In the second UV experiment, which included 30 transfers, the number of insertions and SNVs 

did not increase, likely due to similar restrictive bottlenecks. Notably, insertions detected in the 

first UV experiment did not represent fixed mutations and should not be expected to recur in 

subsequent trials. The initial burst of ISSOD2 transposition may have declined due to the 

accumulation of insertions and the competitive advantage of higher-fitness sub-lineages. Some 

ISSOD2 elements also showed signs of inactivation due to deterioration (Supplementary Figure 

S10). This observation is consistent with the strict rules influencing IS expansion described 

above.  

The elevated number of insertions in the UV3_20 trial compared to all others could indicate the 

emergence of a hypermutator sub-lineage. These strains often carry defects in DNA processing 
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and repair genes, such as mutations in mismatch repair (mutS, mutL) (Pursell et al., 2024), DNA 

polymerases, base excision repair (mutM, mutY, mutT) (Oliver et al., 2010), or regulatory 

elements like recA and lexA, which enhance the SOS response (Bridges, 2001; Jolivet-Gougeon 

et al., 2011). Such mutations increase overall mutation rates and can confer short-term adaptive 

advantages by generating beneficial mutations more frequently. However, continuous high 

mutation rates also accumulate deleterious mutations, potentially reducing long-term fitness. 

Combined with tight population bottlenecks, this may explain why insertion counts were lower 

in trials with 30 transfers. 

IS-mediated mutations are found to occur at a 3- to 4-fold lower frequency than SNVs, but their 

impact at the gene level is more pronounced (Consuegra et al., 2021). While SNVs may be 

silent - resulting in synonymous codon changes or non-disruptive mutations - IS integrations 

are far more likely to cause immediate phenotypic changes. These changes occur through direct 

gene disruption, alterations in gene expression upon insertion or excision, gene duplication, or 

genome rearrangement. Consequently, IS motility is expected to have a greater impact on 

genetic integrity than SNVs alone (Good et al., 2017). Here a much higher insertion-rate is 

found, reinforcing the idea that TE activity plays a dominant role in genomic variability in 

S. oneidensis. 

To fully elucidate TE dynamics and transposition rates, single-cell analysis would be beneficial. 

Nonetheless, S. oneidensis, as a widely used model organism, presents significant implications 

for experimental design and data interpretation. These findings suggest that TE activity could 

influence laboratory studies, particularly in tightly controlled environments where metabolic 

pathways are streamlined, forcing the organism into a narrow niche. Under these conditions, 

many host genes may a priori be placed in a neutral or non-essential position, making them 

more susceptible to TE insertions, as selective pressures for maintaining certain genes 

diminishes and increase overall motility (Barrick et al., 2009). The majority of integration was 

still found in intergenic regions, TEs themselves or hypothetical proteins (see Results 3.3; 

Table 18), showing that this trend is not pronounced over the period of this experiment.  

Only two deletions were identified across the entire experiment, which is consistent with the 

transposition mechanism ISSOD-family elements. The active TEs in this study (ISSOD1, 

ISSOD2, ISSOD9) follow a "copy-and-paste" mechanism, meaning that loss of copies occurs 

only through deletions rather than transposition itself (as observed in the ISSOD1-toxin regions 

deletion Figure 11). The two deletions identified (ISSOD6 and ISSOD22) are representative of 
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"cut-and-paste" transposition. The absence of corresponding insertions following excision 

events can be attributed to the nature of whole-genome sequencing in a heterogeneous 

consortium. If excision occurs in a single subgroup, sequencing may capture the excision event 

in some reads, while the majority of reads originate from subgroups where the excision has not 

taken place, obscuring the detection of subsequent insertions. 

4.2 ISSOD2 phylogeny  

To evaluate the activity of individual ISSOD2 copies, a sequence comparison of all insertions 

detected across the stress experiment trials was conducted, focusing on nucleotide 

polymorphisms. This alignment aimed to identify recurring sequence changes in IS copies that 

could be traced back to common ancestral elements - i.e., base copies present in the progenitor 

strain - to uncover expansion patterns. Since transposable elements are redundant and typically 

non-essential, their sequences diverge progressively due to the lack of positive selection 

(Lanciano & Cristofari, 2020). In a phylogenetic alignment, these changes can potentially be 

traced back to the origin of each element. 

However, this approach has several limitations. It is unable to distinguish between relayed 

activity from identical copies, such as ISSOD2 base copies 2 - 4. Additionally, since UV 

irradiation induces high mutation rates (Shibai et al., 2017), early TE copies may acquire 

mutations that do not reflect later expansions but instead position them closer to unrelated 

copies in the phylogeny. This challenge is exacerbated by the fact that insertions were identified 

based on single-read coverage, making sequencing errors particularly impactful especially 

when applying nanopore sequencing. 

Despite these limitations, the analysis revealed major patterns in ISSOD2 expansion. Thus, the 

observed eight phylogenetic branches could represent distinct waves of transposition. Given 

that insertion sequences are found to exert activity predominantly in cis, certain SNV 

comparable in multiple copies in the same area (new4ISSOD2_all_new; base1; 

new3ISSOD2_all_new; see Supplementary Figure S4 - 7) strongly suggest to be related. The 

close clustering of new1ISSOD2_all and new2ISSOD2_all within the same branch further 

supports the hypothesis that they are derived from a common progenitor or each other. This 

finding indicates that ISSOD2 expansion is accelerated by newly inserted copies relaying 

transposition activity themselves. The progression of expansion is illustrated in Figure 8.  
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Interestingly, some UV_3_20 copies share common SNVs that are absent from any identified 

base copy, suggesting that later-stage insertions continue to propagate transposition events. 

Conversely, deterioration of certain ISSOD2 elements, rendering them inactive (Supplementary 

Figure S10) was observed as well. This suggests that expansion follows a similar trajectory 

across all experimental conditions and stressors, with all ISSOD2 copies contributing equally 

to overall transposition activity. 

It is important to note that the phylogenetic tree does not necessarily place ancestral copies at 

the beginning of branches, as the base copies - though originating earlier - were sampled from 

endpoint analyses and have undergone subsequent mutations. Simple juxtaposition does not 

allow differentiation of the temporal sequence of changes. However, for all new root positions 

(newISSOD2_all_new) the parallel occurrence of insertions at identical loci in 14 independent 

experimental trials makes it highly unlikely that these insertions arose independently. Instead, 

they must be attributed to ISSOD2 activity predating stress stimuli.   

Direct repeat (DR) analysis could serve as an additional method to track the progression of 

ISSOD2 transposition. DR sequences are formed upon TE integration and remain as "scars" if 

a TE copy is later excised (Wagner et al., 2007). However, this method is inherently limited in 

this analysis because DRs are not part of the IS element itself. To avoid biases introduced by 

DR sequence variation due to repair mechanisms at the insertion site, sequences were cropped 

at the inverted repeat boundaries of the transposed element. Furthermore, since ISSOD2 

propagates via a “copy-and-paste” mechanism, DR scars do not necessarily reflect transposition 

activity and can be disregarded in this context. 

Although this analysis does not directly measure the activity levels of individual ISSOD2 

members, it strongly suggests that newly integrated ISSOD2 copies remain active in both 

mobilization and mutagenesis. This continuous activity can increase copy numbers rapidly and 

potentially trigger a transposition burst within the population. Importantly, there is no evidence 

that any particular root copy is associated with a significantly higher number of subsequent 

insertions, indicating that ISSOD2 activity is evenly distributed among copies. 

4.3 Reduction of TE mobility via early stop codon induction 

To investigate whether early stop codon induction could reduce transposable element mobility, 

a CAS-deaminase system was implemented in this study. Since ISSOD1 and ISSOD2 were 

identified as the TEs responsible for most transposition events, these families were targeted for 
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stop codon conversion to silence their activity. Silencing these elements was expected to 

significantly reduce the genetic instability associated with TE mobilization. Because the family 

members exhibit high sequence homology, a single guide RNA was designed to target all copies 

within a family. In the case of ISSOD2, this strategy was effective across all eight copies; note 

that the MR1.1 precursor strain initially contained seven copies. In the stop codon–induced 

strains, the presence of an eighth copy (all carrying the stop codon) suggests that the additional 

copy arose before or during the C→T conversion process. Importantly, none of these trials 

exhibited even a single additional ISSOD2 integration compared to the 14 transpositions 

detected in the control strain without stop codon modifications. Based on activity data from the 

first stress experiment, this single-step alteration could lower total TE activity by approximately 

84 %. 

Complete silencing of ISSOD1 was not achieved. However, conversion was successful at 75 % 

of the target positions across all four trials, implying that factors such as chromosomal 

localization, accessibility, and methylation had a minor effect on conversion efficiency. 

Notably, all trials displayed integration of ISSOD9 into the CAS locus, which prevented further 

protein expression and ultimately led to the breakdown of the system. The incomplete 

conversion of ISSOD1 is therefore attributed to interference from ISSOD9 activity. It is 

anticipated that complete silencing of the ISSOD1 family can be achieved after inactivating 

ISSOD9. When combined with ISSOD2 deletion, these measures could potentially abolish over 

97 % of total TE activity in S. oneidensis in just two steps. 

The stop codon approach offers the advantage of simultaneously targeting multiple copies. 

Although conventional Cas9-mediated editing could also target multiple sites, generating 

several double-strand breaks is highly lethal to bacteria (Mehta & Haber, 2014) and the 

conversion rate is often limited (Ben-Tov et al., 2024). In contrast, stop codon conversion, while 

still imposing some stress on the cells, has a much higher success rate (Billon et al, 2017). One 

drawback of this method is that TEs continue to be transcribed and partially translated, thereby 

adding to the metabolic burden. A homologous recombination approach might alleviate this 

issue; however, it suffers from low efficiency due to DSB toxicity with Cas9 or requires time-

consuming targeting of individual deletions via recombineering (e.g., using pMQ150). 

Moreover, there remains a low probability that a random mutation could revert the early stop 

codon back to a coding triplet, potentially reinitiating transposition and even reactivating other 
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copies via homologous recombination. Despite these minor drawbacks the stop codon 

conversion method is considered most suitable for multicopy deactivation.  

Chen et al. have demonstrated an approach in which multiple sgRNAs are expressed from a 

single expression cassette, with self-splicing elements or host processing releasing individual 

guides. This strategy could be adapted to target multiple IS families simultaneously. Based on 

the integration dynamics observed in this study, it is critical to silence the ISSOD9 family early 

when engineering a robust genetic chassis, as engineering tools - such as plasmids - are at risk 

of disruption by active TEs. 

4.4 Megaplasmid reduction as a strategy to increase genetic stability  

The hypothesis that removing the megaplasmid could stabilize S. oneidensis genetically is 

supported by the findings of this study. Although the MP constitutes only 3.2 % of the total 

genomic content, it accounts for a disproportionately high percentage of TE integrations -

18.6 % in the first stress experiment and up to 41 % in the second. In general, plasmids tend to 

acquire insertion sequences more frequently than chromosomes. Megaplasmids are frequently 

acquired or expanded through horizontal gene transfer and typically lack essential genes, 

making them prone to high rates of insertion. Thus, eliminating the MP, containing 34 TEs, 

could remove a significant reservoir from which transposable elements may spread and greatly 

lower the overall transposition potential in the organism (Deutschbauer et al., 2011; Hall et al., 

2022; He et al., 2015).   

There is evidence suggesting that the MP harbors only non-essential genes (Deutschbauer et 

al., 2011), although its stability is maintained by toxin-antitoxin (TA) systems (Jurėnas et al., 

2022). To disrupt the retention mechanism mediated by these TA modules, a plasmid containing 

all the identified antitoxin genes was engineered.  

Additionally, an RFP reporter system was implemented to simultaneously track regional losses 

and recombination events at the ISSOD9 interface. The metabolic burden imposed by RFP 

expression was intended to promote recombination or resolution of a hypothesized cointegrate 

at the ISSOD9 junctions (see below 4.5). This may prompt deletions of the MP backbone as 

post-segregational killing (Van Melderen & De Bast, 2009) is bypassed via antitoxin 

expression. Instead, cointegrate resolution or recombination events resulted in the complete loss 

of the ori/repA region. This surprising observation suggests the presence of a secondary origin 
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of replication on the reduced MP backbone. Using Ori-Finder (Dong et al., 2023), two 

alternative replication origins were predicted near the parA gene, at positions [30,067–30,252] 

and [105,1818–325] on the reduced MP (Supplementary Figure S12; S13). The parAB locus is 

typically involved in plasmid partitioning during cell division, and in some plasmids, regions 

near parAB may serve as secondary replication origins, although this is conjectural at the time 

(Gao, 2015). 

In addition to the loss of the ori/repA region, other portions of the MP were successfully deleted. 

A notable 16-kbp segment, referred to as the "hotspot area," exhibited the highest integration 

activity. This region contains multiple IS elements, toxins, and non-essential genes, and its 

deletion precisely corresponded to an area flanked by ISSOD1 copies, indicating a homologous 

recombination event. These areas are found to contribute greatly to variability in host genetics 

and underscore the dynamic nature of the MP. Thus, a deletion should stabilize the genetic 

scaffold (Gerton et al., 2000; Grodner et al., 2024). In one instance, an ISSOD1 copy together 

with one of the TA pairs was deleted. Further analysis of the pBAD_AT1-10 plasmid revealed 

additional ISSOD2 and ISSOD9 integrations, rendering the plasmid physiologically inactive. 

Because regions containing TA pairs were deleted, it is inferred that the TA expression cassette 

was at least partially functional. However, it remains inconclusive whether the failure to achieve 

complete MP loss was due to plasmid interruption, incomplete TA cassette expression, or the 

presence of essential or accessory genes on the MP. 

In this study, several sequencing reads were identified that spanned both the MP and the 

chromosome - events not explained solely by IS homology - possibly indicating that 

megaplasmid integration into the chromosome can occur. These observations indicate that 

reducing or eliminating the megaplasmid can benefit the genetic stability of the host chassis. 

Furthermore, the deletion of nine TEs from the MP and a highly dynamic hotspot region in the 

reduced MP should contribute to a substantial reduction in overall TE activity. 

4.5 ISSOD9’s interaction with mobile DNA and hypothesized Cointegration 

The predictions based on transcriptomic data as well as the stress experiment place ISSOD9 as 

an insignificant contributor to the overall mobilome activity in S. oneidensis. However, in 

experiments where plasmids were introduced a drastic increase in activity stimulation was 

observed. All plasmids in the ISSOD1 deletion, MP reduction and acetoin production 

experiments were found to be disrupted by ISSOD9 integration (see Supplementary 
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Figure S11). In the case of ISSOD1 silencing the disruption occurred rapidly after 48 h of 

incubation, indicating the steep increase in activity in the presence of an external replicon. This 

surge in activity might be related to Tn3 dependence on host replication machinery, specifically 

β-slide clamp interaction, for transposition (Tang et al., 2024) as ISSOD9 is part of this group. 

Replication machinery recruitment for plasmid replications with high copy numbers might 

therefore increase opportunities for transposition. This suggests that ISSOD9 has developed to 

integrate into mobile DNA facilitating higher frequency of horizontal gene transfer of that 

element (Kretschmer & Cohen, 1977). This highlights the dynamic nature of IS activity in 

S. oneidensis, reinforcing its potential impact on genomic stability, adaptation, and evolutionary 

trajectories. 

The loss of the ori/repA region prompted the investigation of the nature of the ISSOD9 ori/repA 

intersection, as it is flanked by two copies of the transposase. In the result section 3.7 it is 

explained that the transition of Tn3 elements is achieved via a cointegrate intermediate where 

a new copy is found in a DNA fusion molecule with the old copy and their respective DNA 

regions. The MP ori/repA region with two flanking ISSOD9 copies is reminiscent of such an 

intermediate. It was therefore investigated if the MP might represent a stabilized cointegrate 

(Shapiro, 1979). The cointegrate hypothesis is supported by indications of Tn3 like transposases 

causing a largely unexplored phenomenon of self-immunity, preventing transposition into 

replicon already invaded by a copy of that element, possibly regulating its expansion in a host 

(Wallace et al., 1981).  

In all sequencing data it was found that, conversely to the original assembly (NCBI RefSeq 

assembly ASM14616v2), the MP was divided into two separate contigs. These contigs 

represent assembled entities that are found to be circular, meaning reads confirm that ori/repA 

region together with an ISSOD9 copy was separated from the rest of the MP backbone 

containing an ISSOD9 copy as well (see Figure 12). The correct assembly was confirmed by 

analyzing reads manually found to correspond with this constellation, where some cells 

maintain a cointegrate form, while the great majority separate the ori/repA region. In order to 

preclude internal sequencing or assembly error an additional dataset NCBI’s ASM3384304v1 

was used for comparison, leading to the same assembly of two separate replicons. This shows 

that this metastable state of the MP is a consistent feature. The flanking repeated sequence of 

ISSOD9 in this region complicates any assembly as the two identical regions are only separated 

by 15kbp and are over 4kbp long. The possibility of an incorrect assembly that initially missed 
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the meta-state or falsely combined these replicons cannot be excluded as the assembly was 

possibly based on short reads sequencing (Romine et al., 2008).   

The difficulties in the mapping at that area also indicates that the insertions in this region in the 

stress experiment are likely to be overlooked as the identification is based on unmapping 

regions in the reference genome. The ambiguity of the mapping causes unmatched reads where 

the information of additional insertion will be missed. The dominance in MP integration might 

thus in reality be even more pronounced.  

 

Figure 12: Proposed metastable state of the megaplasmid. The MP as originally assembled contains 
the ori/repA region for the replication initiation flanked by two ISSOD9 elements, reminiscent of a 
cointegrate intermediate in the transposition mechanism of these elements. The resolution of this 
construct would cause the emergence of two separate replicons, both containing an ISSOD9 copy.   

The question arises why the ori/repA replicon, if dispensable, as shown in the MP reduction, 

would usually be retained by the cells. Although pronounced differently across all sequencings, 

as for resequencing of the MR-1 wild-type (SAMN46377449) where merely two reads 

associated with this region are found, it remains present throughout. The only experiment where 

complete ori/repA loss was confirmed is in the MP deletion experiment.  

One explanation may involve the toxin-antitoxin balance. The ISSOD9 transposase contains a 

toxin antitoxin pair, therefore the separated ori/repA region contributes to the toxin antitoxin 

https://dataview.ncbi.nlm.nih.gov/object/SAMN46377449
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balance. When lost, the antitoxin of a single copy of ISSOD9 from the MP backbone might not 

suffice to facilitate survival. The addition of a second copy via AT cassette expression may thus 

help in the loss of the region (Monti et al., 2007; Talavera et al., 2019). It is questionable 

whether the toxin-antitoxin balance has such a significant impact on stabilization, especially 

considering that the replicon persists in strains where ISSOD9 has integrated into multicopy 

plasmids - resulting in increasing numbers of the toxin-antitoxin system (up to over a hundred 

with pUC-ori in acetoin production strain). In such cases, losing a single antitoxin copy would 

have a minimal effect on the overall ratio, suggesting that other factors are likely responsible 

for stabilizing the ori/repA region. Perhaps the metabolic burden elicited by RFP expression on 

this replicon outweighed the stabilizing effect observed in other cases. The MP does not contain  

any genes or an oriT for conjugation (Heidelberg et al., 2002; Romine et al., 2008). It is thus 

impossible for the plasmid to be kept in the population by HGT. The nature of the metastability 

necessitates further investigation.  

As GC content of ori/repA is comparable to the rest of the backbone it is difficult to hypothesize 

about the MP origin. It is likely that cointegration formed via invasion of ISSOD9 containing 

plasmid. As GC content to chromosome is comparable it could represent a rearranged section 

from the original genome or a plasmid that was extended gradually with forming a metastable 

cointegrate at some point. 

4.6 S. oneidensis Production strain  

The findings of this study have significant implications for a potential production strain of 

S. oneidensis. The integration of ISSOD4 into the flagellum operon was found to be identical 

to a previously reported integration of ISSOD2 at the same location (Supplementary Figure 1). 

This strain exhibited reduced biofilm formation, despite the fact that flagellar expression is 

typically repressed in mature biofilms. Motility, however, plays a crucial role in the initial 

biofilm formation process (Guttenplan & Kearns, 2013; Thormann et al., 2004). Biofilms are 

considered to be potentially favorable for bioproduction (Philipp et al., 2024). Since such 

integrations may go unnoticed in experimental or industrial settings, this underscores the 

importance of investigating transposable element activity in this strain. 

The failure to produce acetoin in previous studies could not be clearly attributed to the 

disruption of the alsD and alsS genes. A reevaluation of this issue led to the identification of an 

incomplete alsS cassette. After genetic engineering efforts to repair the alsS and alsD genes, 
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repeated attempts to produce acetoin under anaerobic conditions were unsuccessful. In this 

study, it was found that the failure was initially caused by the integration of ISSOD9 into the 

expression cassette - an observation that had repeatedly been missed in sequencing analyses. 

Notably, Illumina sequencing is particularly prone to overlooking transpositions, as shorter 

reads can be incorrectly aligned to other copies of the element (Yasir et al., 2022). 

The observed ISSOD9 integration occurred even after just two transfers in an experiment 

involving ISSOD1 CAS deaminase, demonstrating the highly dynamic nature of transposition. 

It is therefore reasonable to assume that acetoin production, after reconstruction of the 

expression cassette, failed due to repeated integration. The absence of a functional acetoin 

cassette likely led to pyruvate accumulation, which in turn resulted in the formation of lactate 

and other fermentation byproducts, including trace amounts of acetate and succinate. To 

conclusively reevaluate acetoin production, inactivation of ISSOD9 is proposed, to determine 

whether transposon integration is responsible for the failure of this production strain. 

Furthermore, the increased transposon activity in the presence of plasmids has major 

implications for working with S. oneidensis, as plasmids are essential tools for genetic 

engineering and transgene expression.  

The activity pattern of the ISSOD2 insertion sequence suggests that this element may undergo 

a transposition burst. The rapid expansion of ISSOD2 across multiple conditions accounted for 

the majority of TE activity, significantly impacting the genetic stability of the strain. A 

transposable element with such high expansion potential can disrupt efforts to uncover genetic 

features of this model organism and may lead to the emergence of non-producing strains, 

potentially hindering both scientific research and industrial applications. 

Tailored, engineered strains are susceptible to maladaptation in ongoing evolutionary processes 

(Czajka et al., 2020), particularly since product yield and complexity often do not confer fitness 

advantages. This highlights the critical need to monitor TE activity in S. oneidensis and other 

production strains. Any biological production system is subject to mutational pressures, and 

transposition is particularly detrimental, as it introduces genetic disruptions that can have more 

severe effects than point mutations. The risk is further amplified in bacterial communities due 

to potential horizontal gene transfer, raising concerns for production consortia that include 

S. oneidensis (Castle et al., 2021; Endy, 2005). 
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This study presents a potential approach to reducing overall transposon activity. Other strategies 

to mitigate genetic drift have also been explored, including the deletion of SOS response 

elements and error-prone repair machinery, as well as improvements in DNA repair 

mechanisms. Notably, a version of E. coli with a reduced genome and lower transposase activity 

already exists, offering a potential model for stabilizing production strains (Csörgo et al., 2012; 

Pósfai et al., 2006). 

4.7 Closing remarks 

 

In this study a way to uncover the major contributors to the genetic variability in S. oneidensis 

is presented accurately describing motility pattern of IS in this organism.  

The dual role of transposable elements in S. oneidensis is highlighted, contributing to both 

genome instability and adaptation. Stress conditions triggered TE activity, with ISSOD1 and 

ISSOD2 being the most active, while ISSOD9 showed increased transposition upon plasmid 

introduction, posing risks to plasmid stability. 

Targeted inactivation of ISSOD2 reduced TE mobility by 84 % in a single step, while ISSOD1 

silencing was hindered by ISSOD9 interference. Additionally, evidence is provided that the 

megaplasmid is possibly a metastable cointegrate. Key factors determining genetic dynamics 

associated with the MP were identified and reduced in part. A complete loss of MP and a total 

silencing of the ISSOD1 family is deemed feasible if ISSOD9 activity is preventively abolished.  

These findings underscore the need to monitor TE activity in engineered S. oneidensis strains, 

particularly when using plasmid-based systems. By silencing key transposases and reducing 

MP instability, strategies to enhance genome stability in S. oneidensis are proposed, offering 

insights for future bioengineering applications. 
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6 Appendix  

6.1 Supplementary Tables: 

Table 21: SNVs detected for the stress experiment. A fixed ploidy variant detection was performed 
with CLC genomic workbench. Parameters were adjusted to have an identity frequency of 100 % or 
detection minimum of 10. As the analysis was performed based on long read nanopore sequencing a 
strong bias towards read counts arises.    

Transposome 
Consortium 

Nucleotide 
polymorphisms 
(20%) 

Nr. Of 
reads 

SNV per 
normalized 
read count 
(50k) 

Detection 
minimum 
frequency 
100% 

Normalized 
to read 
count  

Variant 
detection 
count 
min 10  

K15 326 36339 449 17 23.5 70 
UV1 190 69746 136 11   
UV2 179 104522 86 7   
UV3 185 85141 109 11 6.5 55 
AB1 183 51810 177 11  62 
AB2 242 36000 336    
AB3 279 31911 437    
T1 200 

 
49174 
 

203 10   

T2 231 
 

35996 
 

321    

T3 247 
 

42734 
 

289 29  60 

UV1_50 178 
 

106536 
 

178   55 

UV1_100 179 
 

35988 
 

249 9 12.5 66 

UV3_50 246 
 

59336 
 

207    

UV3_100 176 
 

74716 
 

118 10  84 

∆ISSOD2 
control 

131 
 

95485 69    

∆ISSOD2_1 154 
 

220145 35 10   

∆ISSOD2_2 182 131355 69    
∆ISSOD2_3 175 203131 43 7    
∆ISSOD1_1 174 

 
195091 45  38  

∆ISSOD1_2 276 50087 275    
∆ISSOD1_3 193 137499 70    
∆ISSOD1_4 293 36276 404 45 (because 

of stop 
codon) 

73  

MP1 166 17713 469    
MP2 244 16389 744 30   
MP3 205 22527 455    
MP4 161 18109 445    
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Table 22: SNVs detected via Minimap2 combined with variant calling BBtools on the Galaxy platform.  

The analysis was performed to ameliorate biases arising through long read variant detection. 

Normalized to read count the ratio of the two analyzed trails UV3 and K15 remains comparable to the 

first SNV analysis for the chromosome. The high number of SNVs for the MP might arise due to 

multiplicity of IS or strong deterioration.  

Strain  Variants  Chromosome (normalized to read 
count) 

MP 

K15 589 146 483 
UV3 740 61 636 

 

 

 

 

6.2 Supplementary Figures:  

 

 

 

Figure S1: Integration of ISSOD4 into flagellar locus as described by Chen et al 2020. Only the reading 
direction is reversed, otherwise the position corresponds exactly to the proposed position pointing at 
a common target for integration, influencing biofilm formation. The integration was found to be 
caused by ISSOD4 instead of ISSOD2.   
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Figure S2: The loci where the most active ISSOD copy of the transcriptome analysis is found. Both 
upstream and downstream promoter could potentially increase transcript reads. Promotors were 
predicted by the BPROM - Softberry programs pipeline. Multiple promoter motives can be found in 
the non-coding regions flanking the ISSOD4_IS73 copy, possibly resulting in high transcription 
frequency. 

 

Figure S3: Illustration of proposed bottlenecks in a comparison of UV trails with the control. Though 
UV trails accumulate more mutations like IS integration and SNVs, diversity is diminished due to lower 
viability after radiation. As a consequence, fewer sub lineages might appear to have more insertions 
but less SNV. The transfers signify different bottlenecks for UV trails opposed to the control as DNA 
damage increases lethality.   
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Figure S4: Section from the sequence alignment of all ISSOD2 copies from integrations occurring in 
the stress experiment identifying ISSOD2_ base1. A cytosine is found at the position indicated by the 
arrow that only occurs for the ISSOD2_base 1 copy and can’t be found in other base copies. The SNV, 
if present in a newly integrated copy, therefore is likely derived from the ISSOD2_base 1 copy.    

 

Figure S5: Section from the sequence alignment of all ISSOD2 copies from integrations occurring in 
the stress experiment identifying new1ISSOD2_all_new & new2ISSOD2_all_new. An adenosine is 
missing at the position indicated by the arrow that only occurs for these 2 base copies in the precursor 
strain and can’t be found in other base copies. The SNV, if present in a newly integrated copy, therefore 
is likely derived from new1ISSOD2_all_new or new2ISSOD2_all_new. 
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Figure S6: Section from the sequence alignment of all ISSOD2 copies from integrations occurring in 
the stress experiment identifying a SNV only observed for new1ISSOD2_all_new. A thymine is 
missing at the position indicated by the arrow that only occurs for the new1ISSOD2_all_new base. The 
SNV, if present in a newly integrated copy, therefore can be attributed to new1ISSOD2_all_new 
opposed to new2ISSOD2_all_new. 

 

Figure S7: Section from the sequence alignment of all ISSOD2 copies from integrations occurring in 
the stress experiment identifying SNVs for New1,2_ISSOD2_all_new opposed to 
New3,4_ISSOD2_all_new. A guanine at the position indicated by the arrow differentiates between the 
two groups New1,2_ISSOD2_all_new and New3,4_ISSOD2_all_new. 

 



Appendix  

86 
 

 

Figure S8: Section from the sequence alignment of all ISSOD2 copies from integrations occurring in 
the stress experiment identifying SNVs that are only present in a group of ISSOD2 copies from the 
UV3_20 experiment. The presence of an adenine at the indicated position cannot be found in any base 
copy and is therefore likely a result of transpositions of another copy in this trail.  

 

Figure S9: Section from the sequence alignment of all ISSOD2 copies from integrations occurring in 

the stress experiment identifying a second SNV that is only present in a group of ISSOD2 copies from 

the UV3_20 experiment. The presence of an adenine at the indicated position cannot be found in any 

base copy and is therefore likely a result of transpositions of another copy in this trail. 
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Figure S10: Deteriorated copies of ISSOD2 that show early non-sense stop codons preventing 

full-length translation and transposition. These two copies are highlighted in the SNV analysis in 

Supplementary Figure S8 and arose in the same trail UV3_20 but don’t share the same SNV identity 

indicating a different origin. The additional early stop codons should prevent translation into an active 

transposase. 
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Figure S11: Plasmid charts for plasmids observed to be affected by ISSOD9 integration. In three 

independent experiments, across 10 trails, the expression cassette integral for plasmid function 

(shown in blue) was disrupted by ISSOD9 activity. Thus, complete silencing of ISSOD1 family via Cas 

expression, MP loss via AT expression and acetoin production failed due to TE activity.  
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Figure S12: Predicted alternative origin of replication 1 in the reduced megaplasmid according to 
DoriC 12.0 webtool. The positions with corresponding sequences and patterns for essential structure 
and binding motives are indicated. Here the parA gene functions as an indicator gene for the predicted 
ori as this partitioning gene is often related to origins of replication.  

https://tubic.org/doric/tools
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Figure S13: Predicted alternative origin of replication 2 in the reduced megaplasmid according to 
DoriC 12.0 webtool. The positions with corresponding sequences and patterns for essential structures 
and binding motives are indicated. Here no indicator gene is present.

https://tubic.org/doric/tools
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