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Abstract 
 

Genetic modification is vital for modern microbial research. In this thesis, genetic 
modification explored in bacteria with the use of plasmid vectors that contain modified 
transposons. Transformation of Gram-positive bacteria was explored through addition of 
the Himar1 transposon to the previously constructed chromatic bacteria toolbox. 
Conjugation was then used to insert the Himar-based plasmids into a range of Gram-
positive and Gram-negative bacteria. Results of this showed that the Himar-based 
plasmids could not be used to produce insertion mutants of any Gram-positive strains. 
However, a handful of Gram-negative strains could be tagged using these plasmids 
including strains not tagged with the original chromatic bacteria toolbox. Following 
production of the Himar-based plasmids, transformation protocols were optimised in the 
Gram-positive strain Arthrobacter sp. Leaf145. Transformation allows for greater 
amounts of plasmid insertions than conjugation and would increase the number of 
insertion mutants produced the Himar-based plasmids. However, even after successful 
optimisation of transformation, insertion mutants were not observed with the Himar-
based plasmids in Arthrobacter sp. Leaf145. During transformation optimisation, Tn1409-
based plasmids were capable of producing insertion mutants in Arthrobacter sp. Leaf145. 
Therefore, the use of these plasmids was further explored for native protein over-
expression in Arthrobacter sp. Leaf145. Along with genetic analysis of Arthrobacter sp. 
Leaf145, new Tn1409-based plasmids were constructed which allowed for expression of 
new genes in Arthrobacter sp. Leaf145. Due to time constraints, the plasmids that would 
allow for homologous protein over-expression in Arthrobacter sp. Leaf145 could not be 
tested. However, these are available for use in future research.  
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Chapter 1. Literature Review  
 

1.1. Genetic modification and the significance of Gram-positive 
bacteria 

Genetic modification is the backbone for modern research. In brief, to genetically modify 
an organism is to alter its DNA, such as through the addition, removal, or substitution of 
DNA bases. There are many methods to achieve genetic modification. Methods such as 
the use of UV radiation or mutagenic chemicals can be easily applied to produce random 
mutations in organisms, but cannot add specific DNA sequences to a genome. In order to 
add specific DNA sequences, more complicated techniques are required. The general 
process for adding new DNA involves the development of a vector that must be inserted 
into the cell and can mediate genetic modification. The application of genetic modification 
is vast and continually growing. Some notable applications of genetic modification are 
those in the medical and agricultural field. For instance, genetically modified mosquitoes 
have been designed in efforts to reduce mosquito populations and disease transmission 
through a process known as a gene drive (Waltz, 2021). In another example, genetically 
modified plants have been used for decades in order to increase crop yield and reduce 
pesticide dependence (Benbrook, 2012; Pellegrino et al., 2018).  

Genetic modification of animals and plants has seen large, though frequently 
misrepresented, attention in media and pop-culture (Cook et al., 2004; Haran & 
O’Riordan, 2018). Of equal, if not greater, benefit to research and performed in higher 
frequency is the genetic modification of bacteria. Bacteria exist on a microscopic scale, but 
nonetheless partake in interactions with global impacts. Such impacts include significant 
roles in global nutrient cycles (Barnett et al., 2021; Gougoulias et al., 2014), food 
production (Sengun & Karabiyikli, 2011), medicine production, and medicine 
development (Hug et al., 2020; Vazquez-Albacete et al., 2017). The importance of these 
bacterial interactions and utilisation of bacteria in these processes necessitates the need 
to genetically modify these organisms, for which many techniques exist. Many of these 
techniques have been developed and optimised for model organisms such as E. coli. 
However, as new species with novel or interesting traits are isolated (M. A. Chen et al., 
2017; Lewis et al., 2020), new techniques must be developed to genetically modify and 
study those species.  

Broadly, bacteria can be split into two groups. These groups are mainly defined by the 
structure of the cell membrane and the cell wall. This can be quickly determined using a 
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Gram staining procedure, named after its inventor Hans Christian Gram (Brock, 1999; 
Gram & Friedlaender, 1884). Bacteria that have a positive Gram stain (Gram-positive) 
contain a single membrane surrounded by a thick outer peptidoglycan polymer layer, 
whereas those with a negative Gram stain (Gram-negative) have two membranes with a 
thin peptidoglycan layer in between them. Gram-positive or Gram-negative results are a 
commonly used in characterising bacteria due to the efficiency and effectiveness of Gram 
staining. 

The diversity of Gram-positive versus Gram-negative bacteria varies drastically between 
different environments. Gram-positive phyla have been shown to make up most bacteria 
found in the human skin and gut microbiome (Grice et al., 2009; Ley et al., 2008). 
However, in the phyllosphere (i.e., the above-ground surfaces of plants) the relative 
richness of Gram-positive to negative bacteria can vary depending on the plant species 
(Bai et al., 2015; Kembel et al., 2014; Ortega et al., 2016; Redford et al., 2010). In the 
rhizosphere (i.e., the area surrounding plant roots), soil, and marine environments, Gram-
positive bacteria are often more diverse than Gram-negative bacteria (Amaral-Zettler et 
al., 2010; Lei et al., 2019; Yang et al., 2018).  

Gram-positive bacteria have relevant in many fields such as medicine and commercial 
biotechnology. In medicine, a handful of Gram-positive genera are pathogenic to humans 
and other animals. The genus Streptococcus contains S. pneumoniae causes pneumococcal 
disease such as pneumonia (Brooks & Mias, 2018). The genus Clostridium contain C. 
teteni, the causative agent of tetanus (Hassel, 2013). The species of other genera such a 
Listeria, Corynebacterium, and Staphylococcus are also largely pathogenic (Gandhi & 
Chikindas, 2007; Oliveira et al., 2017; Rosenstein & Götz, 2012). Contrastingly, many 
Gram-positive species are also renowned and utilised for their production of secondary 
metabolites and antibiotics (de Lima Procópio et al., 2012). In the food industry 
Gram-positive lactic acid bacteria (LAB) such as those in the genus Lactococcus is used 
extensively in the production of fermented foods such as cheese, yoghurt, and sauerkraut 
(Song et al., 2017).  

As mentioned previously, a common goal of genetic modification is the insertion of new 
DNA in a bacterial host. This is often performed with the goal of inserting and 
subsequently expressing genes of interest (GOI). This may be achieved with the use of 
plasmid vectors. Plasmids are genetic elements that are typically circular DNA commonly 
found in bacteria and are maintained in cells along with the chromosome. Plasmids can 
vary drastically in size, however those used as vectors are typically small and are 
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maintained in cells at high copy numbers. For instance, the vector pUC19 is 2686 base 
pairs (bp) in size and has a copy number of ~75 in E. coli (Lin-Chao et al., 1992; Yanisch-
Perron et al., 1985). Plasmids can be modified to contain GOI and express those GOI after 
being inserted into bacterial cells. Often, GOI are inserted and expressed in laboratory E. 
coli strains. If these genes originate from species other than E. coli, those genes are said 
to be heterologous expressed. Heterologous gene expression is common in microbial 
genetics and protein studies, as well as in ecology. For microbial ecology, bio-reporter 
strains can be developed by introducing plasmids with unique genetic element. These 
elements are then capable of reporting the presence or absence of specific metabolites, 
nutrients, promoter activity, etc (Leveau & Lindow, 2002; Naik & Dubey, 2013; Schlechter 
et al., 2018). For protein studies, proteins can be overexpressed in a bacterial host to allow 
for analysis of the function and effect of that protein in vivo or extracted and studied in 
vitro. However, there is no guarantee that a heterologous protein from a novel isolate, for 
instance those from a Gram-positive plant pathogen, will function as intended in E. coli. 
Some proteins require unique modifications, co-factors, or chaperones to function properly 
(Ellis, 2006). In these cases, the native host is the optimal host for protein expression. 
Hence, the design of plasmid vectors to mediate genetic modification in species other than 
E. coli is required.  

In some cases, it is necessary to insert GOI into a bacterial chromosome, instead of 
expressing those genes from a plasmid. A powerful method to mediate gene expression is 
through the use of transposable elements. Transposable elements, also called 
transposons, are parasitic DNA sequences with the ability to change their position within 
genomes (Muñoz-López & García-Pérez, 2010). The use of transposons in genetic 
modification allows for a GOI to be inserted into the host chromosome rather than relying 
on maintaining the plasmid vector that contains it. Because an inserted gene is much 
more difficult to lose from a cell than a plasmid, gene insertion offers added gene 
expression stability within the host organism. The process of genetic modification through 
the use of transposons can be broken down into two fundamental steps (Figure 1.1). First, 
a plasmid vector containing the GOI and a transposon must be inserted into the target 
cell, a process called transformation. Secondly, the genes involved in gene insertion must 
be expressed in order to transpose the GOI from that vector into the bacterium genome.  

Transforming Gram-negative bacteria is typically more efficient compared to Gram-
positive bacteria. Some of the most commonly used and highest transformation efficiency 
protocols available are those developed for Gram-negative bacteria such as E. coli. 
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However, the ease in transforming E. coli is no surprise given that i) a key step in 
transformation methods is DNA binding to the cell membrane, which in Gram-positive 
bacteria is surrounded by the cell wall (Aune & Aachmann, 2010), ii) E. coli have been 
studied more thoroughly than any other bacterium, allowing for thorough protocol 
optimisation, and iii) common E. coli lab strains carry mutations that encourage 
exogenous DNA uptake such as mutations disabling DNA endonucleases. Because 
transformation techniques heavily rely on increasing the permeability of the cell wall and 
membrane of the bacterial target, the structural differences between Gram-positive and 
Gram-negative bacteria can result in large efficiency variations. In other words, 
transformation techniques optimised in Gram-negative bacteria have no guarantee of 
functioning in other bacterial species. With this in mind the need to develop new methods 
of genetic modification and maximize the efficiency of transformation techniques for 
Gram-positive bacteria is continuously necessary.  

Genetic modification mediated through transposition was utilised by Schlechter et al. 
(2018) to produce the pMRE series of plasmids. The pMRE series contains a handful of 
vectors that mediate fluorescent gene and antibiotic resistant gene expression through 
transposon insertion or plasmid replication within cells. The transposons used in this 
chapter were capable of tagging a range of Gram-negative bacteria in the 
Pseudomonadota (Proteobacteria) phylum. In order to expand the available host range of 
the pMRE series, it was suggested by the authors that other transposons could be 
explored. In particular, Himar1 was suggested as it has previously been shown to function 
in a range of diverse Gram-positive bacteria including Staphylococcus aureus (M. Li et al., 
2009), Clostridium perfringens (Liu et al., 2013), Streptococcus mutans (Nilsson et al., 
2014), and Mycobacterium smegmatis (Rubin et al., 1999). Hence, a modified pMRE series 
containing the Himar1 transposon system is a promising option to produce a vector that 
would function in a range of Gram-positive species. 
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Figure 1.1: An overview of genetic modification mediated through a plasmid vector 
containing a transposable element. First, the plasmid must be inserted into the cell which can 
be achieved with transformation. Second, expression of the transposase gene (indicated with 
scissors) mediates GOI transposition into the target bacterium chromosome. Here the transposase 
genes are indicated in red, and proteins indicated with scissors, while the GOI are indicated in 
green. 



   
 

6 
 

1.2. Gram-positive envelope structure  

As previously mentioned, the fundamental difference resulting in bacteria to stain Gram-
positive or Gram-negative is the structure of their cell envelopes. Gram-negative bacteria 
have envelopes consisting of two membranes with a thin layer of peptidoglycan in between 
them, whereas Gram-positive bacteria have an inner membrane surrounded by a thick 
layer of peptidoglycan (Figure 1.2). While the peptidoglycan layer of Gram-negative 
bacteria is typically a few nanometres in thickness, the peptidoglycan layer surrounding 
Gram-positive bacteria can be up to 100 nanometres (Silhavy et al., 2010). Other than the 
difference in thickness, the general structure of peptidoglycan in Gram-positive and 
Gram-negative bacteria only differ in a few ways.  

The peptidoglycan in both Gram-positive and negative bacteria consists of polysaccharide 
chains covalently linked through smaller polypeptide chains. In Gram-positive bacteria 
these peptide chains often include a pentaglycine polypeptide (Garrett & Grisham, 2016; 
Silhavy et al., 2010). Additionally present in the peptidoglycan layer of Gram-positive 
bacteria are teichoic acids, which have an important role in maintaining cell wall 
structure. Although teichoic acids are less renowned than peptidoglycan in the context of 
the cell wall, they are a significant aspect and, in some cases, make up 60% of the cell wall 
mass (Silhavy et al., 2010). There are two main classes of teichoic acids: wall teichoic acids 
and lipoteichoic acids. While there is a general teichoic acid structure for Gram-positive 
bacteria, the exact arrangement can vary significantly between species. Wall teichoic 
acids consist of disaccharide chains linked to a 30-60 unit polyribitol or polyglycerol 
phosphate chain (Neuhaus & Baddiley, 2003). These wall teichoic acids are often 
covalently bound to the peptidoglycan molecules. Lipoteichoic acids contain up to 50 
polyglycerol units with an additional sugar or D-alanine motif attached, and are bound to 
glycolipids that are anchored within the membrane (Morath et al., 2005; Neuhaus & 
Baddiley, 2003). Together, the peptidoglycan layer interwoven with teichoic acids forms a 
dense cell wall that barricades against foreign molecules and provides stabilisation for 
the inner membrane. 

On the surface of the peptidoglycan layer are proteins that assist in cellular functions 
such as nutrient acquisition, DNA uptake, protein processing, and bacteria to bacteria or 
bacteria to cell interaction. (Navarre & Schneewind, 1999). Proteins present on the cell 
wall may be bound through ionic interactions, though are more commonly covalently 
bound. The proteins in Gram-positive bacteria that are covalently bonded are 
characterised by an N-terminal signal peptide that is recognised by sortase proteins 
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(Navarre & Schneewind, 1999). Upon recognition the sortases covalently binds the surface 
protein to peptidoglycan precursors that are incorporated into the cell wall (Navarre & 
Schneewind, 1999). It has been proposed that Gram-positive bacteria contain a 
periplasmic space between the peptidoglycan layer and inner membrane. Through the use 
of cryo-electron microscopy, it has been observed that a periplasmic region does exist, 
though is much smaller than that found in Gram-negative bacteria (Matias & Beveridge, 
2005; Zuber et al., 2006).  
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Figure 1.2: A comparison of Gram-positive and Gram-negative envelope structures. Purple cells are Gram-positive and have a single membrane 
covered by a large cell wall made of peptidoglycan. Gram-positive cells also contain teichoic acids throughout the cell wall and lipoteichoic acids that 
anchor peptidoglycan to the membrane. Pink cells are Gram-negative and have an inner and outer membrane with a thin peptidoglycan layer between 
them. The outer lipid layer of the outer membrane mainly consists of lipopolysaccharides, and the outer member is anchored to the peptidoglycan with 
lipoproteins. The Gram-positive species shown here is Bacillus subtilis, and the Gram-negative species is Escherichia coli.  
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Calling bacteria Gram-negative or positive refers simply to how it reacts when tested with 
a Gram staining procedure. However, the terms have now become synonymous with the 
cell wall structure and to an extent the taxonomic classification of the microbe in question. 
For example, the phyla Bacillota (Firmicutes) and Actinomycetota (Actinobacteria) are 
often described as the Gram-positive phyla. Thinking of Gram staining results as a 
description for taxonomy raises an issue when considering some bacteria in the Gram-
positive phyla Bacillota and Actinomycetota have cell envelopes with two cell membranes 
and hence stain Gram-negative. More importantly, there are many cases of bacteria that 
do not properly follow the results expected from a Gram staining procedure such as 
bacteria with one membrane that unexpectedly stain Gram-negative. This is seen with 
many species in the phylum Chloroflexi (Sutcliffe, 2010). These issues are discussed by 
Sutcliffe (2010) who proposed that bacteria should be described by whether they contain 
one membrane (monoderm) or two (diderm), and additionally whether they produce 
lipopolysaccharides as commonly seen in Gram-negative staining bacteria. However, for 
simplicity and consistency with common nomenclature in this thesis I will continue to use 
the terms Gram-positive and negative synonymously with bacteria belonging to Gram-
positive or negative phyla.   
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1.3. Plasmid vectors for genetic modification 

Plasmid vectors are a powerful tool to mediate genetic modification. Plasmids are 
frequently used to introduce GOI into bacteria which are then expressed in that bacterial 
host for further study. To achieve this, plasmid vectors must already contain genetic 
elements that allow them to function within the host cell and mediate expression of the 
GOI. In general, plasmid vectors used for gene expression contain i) an origin of 
replication (oriR) that controls how many copies of the plasmid are present in the bacterial 
cell, ii) a selective marker to easily identify which bacteria contain the vector, and iii) a 
promotor upstream of a multiple cloning site (MCS) to allow for insertion of a new gene 
into the plasmid (Figure 1.3). For each of these genetic elements there are many options, 
and hence many different plasmid vectors are available. Different vectors may also 
contain additional components depending on their intended function. For instance, the 
model plasmid vector pUC19 contains a high copy number ColE1 oriR, an ampicillin 
resistance gene selective marker, and a lacZ gene containing an MCS. Plasmids that 
mediate gene expression or genetic modification with transposons will also contain a 
transposase gene and the inverted regions that the transposase protein can recognise 
(discussed below).  

 

 
Figure 1.3: pUC19 plasmid vector demonstrating the general plasmid vector design. 
pUC19 contains ColE1 origin of replication, ampicillin resistance gene as a selectable marker, and 
lacZ gene containing a multicloning site to insert new genes.  
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Some of the plasmids explored in this thesis are derived from the pMRE series of plasmids 
described by Schlechter et al. (2018). These plasmids were designed for fluorescently 
tagging bacteria so that they can be easily observed and differentiated from other species 
when performing experiments in situ or in vitro. In this case, the pMRE plasmid vectors 
are designed to express fluorescent protein genes in target bacteria. Fluorescent protein 
gene expression is mediated through plasmid vectors containing a broad host range oriR, 
or by a transposon system that inserts the fluorescent gene into the host genome. There 
is a combination of eight fluorescent proteins to choose from, as well as four different 
combinations of antibiotic resistance genes to act as selectable markers. As mentioned 
previously, these plasmids were limited to tagging bacteria within the Pseudomonadota 
phylum. This may be a combination of restrictions imposed by the plasmid insertion 
protocols used and limitations in the host range of the origin of replication and transposon 
systems used (Schlechter et al., 2018). However, the pMRE series is still an ideal 
foundation on which to produce a vector capable of expressing a GOI into Gram-positive 
bacteria.  
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1.4. Transposable elements 

Transposons were first identified in Zea mays (McClintock, 1950) and are DNA elements 
that can replicate or splice themselves (mobilise) into and between DNA strands. Small 
transposons that contain only the DNA needed for transposition and no additional genes 
are sometimes called insertion sequences. We now know that transposons are highly 
diverse and occur in high frequencies across all domains of life (Aziz et al., 2010). It is 
estimated that transposon sequences make up 45% of the human genome (Pace & 
Feschotte, 2007), while transposase genes constitute up to 1.7% of all genes in some 
species of bacteria (Vigil-Stenman et al., 2017).  

Transposons can mobilise via retro-transposition or transposition, and are defined as class 
I or class II, respectively (Figure 1.4). Class I transposons can also be further separated 
into virus-like retrotransposons and poly-A retrotransposons, though here I will only 
cover the former. Class I retrotransposons contain at least two genes that each code for 
multiple proteins. The gag gene encodes proteins involved in maintaining transposition 
complex structure while pol genes code for protease, reverse transcriptase, and integrase 
proteins. Initially, the transposon sequence is transcribed into an RNA intermediate that 
is then reverse transcribed into DNA. The resulting DNA strand is then recognised by the 
integrase protein and inserted into a new location in a DNA strand. In transposition of 
class II transposons, also called DNA transposons, there is no RNA intermediate and 
instead a transposase enzyme coded by the transposon binds directly to terminal inverted 
repeat (IR) sequences at the two ends of the transposon (Figure 1.4). The transposase will 
then excise the entire transposon sequence and insert this into a new region of DNA. Class 
I transposon mobilisation is termed a replicative mechanism as it results in two copies of 
the transposon. In contrast, class II transposons maintain only one copy that moves 
position and so is termed non-replicative mechanism (Muñoz-López & García-Pérez, 
2010). Both classes of transposons identify a region of DNA where insertion occurs, and 
these insertion sequences or insertion motifs vary greatly between different transposons. 
Certain transposons such as Tn7 will insert DNA at a high frequency into one highly 
conserved site in many species of bacteria (Parks & Peters, 2007). On the other hand, 
transposons like Tn5 have can recognise a general DNA motifs such as GYYY(A/T)RRRC 
(Goryshin et al., 1998). 
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Figure 1.4: General mechanism of class I and class II transposons. Class I transposons, such as the virus-like retrotransposon shown above, 
function with an RNA intermediate. The transcribed transposon sequence is converted back into DNA by a transposon encoded reverse transcriptase. 
After additional sequence modification the entire transposon DNA sequence is obtained. This is then inserted into a new region of DNA by integrase 
genes. This mechanism is replicative as it results in two copies of the transposon after transposition has occurred. Class II transposons have no RNA 
intermediate. Instead, transposase proteins bind to and cleave the transposon DNA sequence, then insert the sequence in a new location. The class II 
transposon mechanism is non-replicative. 
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Both class I and class II transposons may be used in plasmid vectors for genetic 
manipulation in bacteria. However, here I will focus on class II transposons. DNA 
transposons have a less complex mechanism than retrotransposon and hence are more 
frequently utilised in plasmid vectors. Furthermore, DNA transposons are far more 
common in bacteria (Aziz et al., 2010). For use in plasmid vectors, DNA transposons are 
often modified to increase transposase activity (Lampe et al., 1999; Zayed et al., 2004) and 
to increase insertion stability. DNA transposons can be easily used for insertion of GOI 
as new DNA sequences added between the IR regions will be inserted along with 
transposon DNA. However, in this case a subsequent transposition event into a new 
region of DNA is possible. This can be prevented by moving the transposase gene outside 
of the bounds of the IR regions. Hence, the DNA inserted by the transposase will not 
contain the transposase gene. If the transposase gene is present on a plasmid, then this 
plasmid can be cured from the target strain to prevent the possibility of additional 
transposition events occurring. Transposons have been commonly used to produce 
knockout libraries in bacteria, where transposons are used to insert DNA at random 
positions in the host genome. Some of these positions may be genes which are interrupted 
and will no longer function due to the DNA insertion. Large strain libraries can be created 
and screened for a mutant with a specific phenotype. However, transposons may also be 
utilised for the genes they can insert, such as is seen in the pMRE series. 

 
1.4.1 Himar1 transposable element 

As mentioned by Schlechter et al. (2018) Himar1 is a promising transposon for use in a 
vector to insert GOIs into Gram-positive species. Himar1 has been used previously in 
studies to produce knockout mutants with both Gram-positive and Gram-negative 
bacteria (Braun et al., 2005; McCully et al., 2019; Nilsson et al., 2014; Rubin et al., 1999; 
Zhang et al., 2013). Himar1 was first constructed from non-active DNA fragments 
obtained from the horn fly genome, and is a class II transposon that functions through a 
non-replicative mechanism (Lampe et al., 1996). Himar1 contains a single gene coding for 
a transposase that recognises and cleaves sequences between TA dinucleotide sites. 
Unlike other commonly used transposons, the Himar1 transposase requires no cofactors 
to initialise or enable mobilisation (Lampe et al., 1996). This simplicity in mechanism 
along with the large host range exhibited makes Himar1 an ideal transposon to employ 
for construction of a new plasmid vectors for fluorescently tagging a broad range of 
bacterial species, specifically those that are Gram-positive. Similar to the Tn5 and Tn7 
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transposon systems, Himar1 transposition would likely occur as a single DNA insertion 
event per cell, and hence gene expression would occur from one copy of the gene rather 
than multiple if instead a broad host range plasmid was used. Having only one copy of the 
GOI inserted in each cell allows for more controlled gene expression and may avoid toxic 
effects that arise from excessive gene overexpression (Dong et al., 1995). 
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1.5. Plasmid construction techniques 

In this thesis I focus on the use of transposons in plasmid vectors to mediate genetic 
modification. In order to explore the use of transposons, new plasmid vectors must be 
produced. There are numerous techniques to assemble fragments of DNA to create e 
circular plasmids. These techniques fall under the field of ‘DNA cloning’. The term cloning 
as used in molecular biology, stems from the original use of plasmid vectors in creating 
(cloning) many copies of a gene to study its function. It is now used in a broader sense for 
describing the processes used to produce plasmid vectors, but still holds true in the sense 
that many copies of a certain element are being produced. Most often cloning involves the 
assembly of certain genes or DNA fragments into a previously constructed plasmid vector. 
The fragment or fragments and plasmid vector are combined and assembled in vitro before 
being inserted into E. coli. These E. coli cells are then grown in large cultures to extract 
high concentrations of the cloned plasmid or to express genes contained in the plasmid. 
Common cloning techniques can be grouped into two general categories based on the use 
of either restriction/ligation reactions or the annealing of PCR-modified fragments (Figure 
1.5) (Celie et al., 2016). It should be noted that other techniques exist that fall beyond 
these categories, however these are less commonly used or have fallen out of practice due 
to newer methods and hence will not be described here.  
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Figure 1.5: Overview of restriction/ligation and PCR modified cloning strategies. Restriction/ligation cloning are performed with the use of 
restriction enzymes to produce DNA fragments with complementary sticky ends. Alternatively, DNA fragments with blunt ends can be digested or 
produced with PCR. Combination of these fragments results in production of close circular DNA. PCR modified cloning relies on PCR amplification 
with overhanging primers that are complimentary to other DNA fragment ends. Combination of these fragments with exonucleases allows for 
complimentary regions to be revealed. The resulting plasmid may be repaired with enzymes in vitro or by the natural repair pathways in E. coli. 
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1.5.1. Restriction/ligation-based cloning 

The earliest cloning techniques utilised restriction endonucleases, also called restriction 
enzymes, to isolate gene fragments and assemble plasmids. Restriction enzymes are an 
expansive class of enzymes that cleave or modify DNA based on a specific DNA recognition 
site. Five categories of restriction enzyme currently exist, however, type II enzymes are 
commonly used in cloning techniques (Felice et al., 2019). Type II restriction enzymes 
recognise small DNA sequences where they catalyse double strand cuts in DNA resulting 
in either blunt ended or sticky ended DNA fragments. Blunt ended fragments contain no 
unpaired bases, whereas sticky ended fragments such as produced by EcoRI (Yoshimori 
et al., 1972), contain complimentary 3’ or 5’ overhanging DNA sequences (Figure 1.5). 
Restriction enzymes can used for restriction cloning where DNA fragments with 
complementary sticky end sequences can be combined and assembled with the addition 
of DNA ligase that can repair DNA nicks (Figure 1.5). Plasmid vectors may contain MCS 
which have many different restriction sites for fragments to be inserted into. Restriction 
cloning is the most popular cloning technique, with now over 600 commercially available 
type II restriction enzymes (Roberts et al., 2015). 

It may occur that only blunt ended DNA fragments such as obtained from certain 
restriction enzymes or PCR are available. In these cases, blunt-end cloning can be used 
to assemble these fragments to produce a plasmid. In order to assemble fragments this 
way, the fragments are modified to allow for direct fragment-to-fragment ligation by T4 
DNA ligase. T4 DNA ligase requires that one of the two ends of DNA being directly ligated 
contains a 5’ phosphate. Fragments amplified with PCR will need phosphate groups 
added, which can be achieved with T4 polynucleotide kinase. After phosphorylation, the 
fragments being assembled must be combined in a specific ratio with T4 DNA ligase to 
discourage self-ligation or the production of polymorphs (Figure 1.5). Because of these 
possible side reactions and the uncontrollable orientation of the inserted fragment, blunt-
end cloning is far less efficient and therefore less commonly used than restriction cloning. 

Many commercial restriction/ligation cloning techniques are also available. TOPO cloning 
(Thermo Fisher Scientific) makes use of the topoisomerase enzyme for its specific ligase 
activity. Pre-constructed linearised plasmid vectors are used that contain 5’ thiamine 
overhangs and topoisomerase enzymes bound to recognition sites at the ends of the 
linearised plasmid (Patel, 2009). The insert DNA fragment must contain a 3’ adenine 
overhang to anneal to the vector, which can be achieved through PCR amplification using 
the Taq polymerase. Combining the plasmid and insert fragments together results in T-
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A annealing and activation of the ligase function of topoisomerase. Similar to blunt-end 
cloning, the insert fragment orientation cannot be controlled with TOPO cloning. 
Additionally, the need for specific plasmid vectors with bound topoisomerase make TOPO 
cloning less assessable and less favoured as a cloning technique.  

 

1.5.2. PCR modified cloning 

A handful of cloning techniques have been developed that utilise PCR amplification of 
DNA fragments to avoid the use of restriction enzymes or ligation enzymes (Figure 1.5). 
The general principle of these techniques relies on complimentary DNA regions obtained 
with the use of overhanging primers during PCR. Typical PCR primers anneal to an exact 
sequence at each end of the template they are amplifying. However, overhanging primers 
bind to the template and have an additional sequence that result in a 5’ overhang after 
binding. Synthesis of DNA starting from primer allows for the added sequence to be 
incorporated into the amplified DNA fragment. Because the overhanging region does not 
originally bind to the template almost any nucleotide sequence can be chosen and added. 
Applying this, ligation-independent cloning (LIC) as well as sequence and ligation-
independent cloning (SLIC) were developed (Aslanidis & de Jong, 1990; M. Z. Li & 
Elledge, 2007). LIC and SLIC are performed with vectors and insert fragments containing 
complimentary overlapping ends. For LIC, overlapping fragment ends are designed in a 
way that allows them to be revealed with the exonuclease activity of T4 DNA polymerase. 
The single stranded regions revealed on the plasmid vector then anneal to the single 
strand ends of the insert fragment in a directional manner to produce a new plasmid. 
SLIC expanded on the functionality of LIC through the utilisation of homologous 
recombination performed by RecA, and finer control of the T4 DNA polymerase 
exonuclease activity (M. Z. Li & Elledge, 2007). This overcame a handful of limitations in 
LIC such as the restrictions in the amounts of fragments that could be assembled, as well 
as limitations in the overhanging sequences that could be produced.  

Soon after SLIC was described, Gibson et al. (2009) developed a new method to assemble 
DNA fragments. Similar to LIC and SLIC, Gibson assembly utilises overhanging bases 
and single strand annealing. However, during Gibson assembly the overhangs are 
produced with T5 DNA exonuclease rather than T4 DNA polymerase (Figure 1.5). T5 
exonuclease degrades DNA in the 5’ to 3’ direction, leaving 3’ overhangs at the end of DNA 
strands. This will eventually result in complete degradation of DNA. To prevent this, DNA 



   
 

20 
 

polymerase is also added to synthesise DNA in the 5’ to 3’ direction. DNA polymerase 
binds at the region where adjacent DNA fragments overlap and fills in the single strands 
produced by the T5 exonuclease. Gibson assembly can be used to directionally combine 
many DNA fragments given they have been amplified to contain overhangs that are 
complimentary to adjacent DNA fragments (Figure 1.5). The original Gibson assembly 
reaction mix also contained T4 DNA ligase to repair DNA nicks in assembled plasmids. 
However, it has since been shown that ligase can be omitted and still result in highly 
efficient plasmid assembly, helping to reduce the cost of the reaction mix (Benoit et al., 
2016). Gibson assembly is a powerful cloning method which, unlike LIC and SLIC, allows 
for DNA assembly in a single step. Similar to SLIC, the overhanging regions of adjacent 
DNA fragments do not have any sequence restrictions, and so allow for seamless fragment 
assembly.   
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1.6. Overview of conjugation and transformation methods 

The use of transposon-based plasmid vectors to mediate the insertion of genes into 
bacterial chromosomes requires said plasmid to first make its way inside a cell. In 
laboratory settings this is achieved with conjugation or artificial transformation. 
Conjugation is a form of horizontal gene transfer (HGT), which is the transfer of DNA 
between organisms other than through replication. HGT mechanisms have been utilised 
extensively in early genetic studies and are powerful tools that allow for heterologous 
DNA to be inserted into bacteria. Artificial transformation shares characteristics with 
another HGT mechanism, transformation. However, as discussed below, artificial 
transformation has been highly optimised for lab use.  

Conjugation is a process where DNA is transferred from one cell directly to another. From 
E. coli, DNA can be easily conjugated into closely related species. However, it is also 
possible to transfer DNA into distant related species such as Gram-positives, and even 
between domains into eukaryotes (Heinemann & Sprague, 1989). In order for conjugation 
to occur, a minimum of two genetic components are required. The first is a set of genes 
that produce the protein machinery required to transfer DNA between cells, called the tra 
genes. The second is the cis-acting origin of transfer (oriT) sequence which is present in 
the DNA that will be conjugation.  

Conjugation has similar mechanisms in Gram-negative and positive species. A main 
difference is that Gram-negative conjugation is initiated through production of a sex pili 
produced by the conjugation donor, which binds to a conjugation recipient cell to allow for 
cell-to-cell contact. For Gram-positive species, the conjugation donor cell expresses surface 
adhesins in order to mediate cell to cell contact (Kohler et al., 2019). Once cells come into 
contact, tra genes produce a nick at the oriT sequence and transfer one strand of the 
plasmid through membrane channels into the recipient cell. This process results in both 
cells containing a copy of that plasmid (Figure 1.6). If a plasmid contains both an oriT and 
tra genes, that plasmid is said to be self-transmissible as it requires no external 
components to conjugate. If a plasmid only contains an oriT sequence then it is said to be 
mobilisable as it can still be transferred with conjugation but must be supplied with the 
tra gene components to achieve this. The first case of conjugation observed and understood 
was that of the F factor in E. coli K12 (Lederberg et al., 1952; Lederberg & Tatum, 1946) 
which was also the first plasmid discovered. Since the elucidation of this system, 
conjugation has been optimised for use in laboratory settings. For instance, most plasmid 
vectors contain an oriT sequence and so are mobilisable. The tra genes are often supplied 
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to these plasmids via an additional helper plasmid (Figurski & Helinski, 1979), or from 
modified E. coli strains that have the tra genes chromosomally inserted (Strand et al., 
2014).  

 
Figure 1.6: Overview of conjugation. Shown here is the transfer of a self-transmissible plasmid 
from a donor cell to a recipient cell. The self-transmissible plasmid contains an oriT sequence and 
the tra genes needed for conjugation. In Gram-negative bacteria the tra genes code for a sex pilus 
that mediates cell-to-cell contact. After cell contact occurs, tra gene encoded proteins begin 
transferring a single strand of the plasmid into the recipient cell, starting from the oriT sequence. 
Single stranded plasmid DNA is converted back to double strands through DNA synthesis, and 
after conjugation is completed, both cells contain a complete copy of the plasmid.  
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Artificial transformation as used in modern laboratory settings takes its roots in the 
historic mouse experiment performed by Griffith (1928) that helped to identify DNA as 
the hereditary element of cells. In these experiments, non-virulent Streptococcus 
pneumoniae strains could become virulent after exposure to a lysate of other virulent cells. 
It was later determined that the non-virulent S. pneumoniae cells could naturally uptake 
environmental DNA and incorporate the virulence genes resulting in a change of 
phenotype. This process of DNA being taken up and incorporated from the environment 
by cell was termed transformation, and cells in a state to be transformed were termed 
competent. This phenomenon has since then been shown to occur in a range of bacterial 
species (Johnston et al., 2014).  

In the pursuit of performing more controlled and efficient insertion of plasmid DNA into 
bacteria, artificial transformation techniques (from here on referred to as transformation) 
were developed. This began with the discovery that artificial competence could be induced 
in E. coli cells by treating them with calcium chloride ions (Mandel & Higa, 1970). 
Transformation was first performed in E. coli with bacteriophage DNA, but it was quickly 
realised that other DNA, importantly stable plasmid DNA, could be introduced in the 
same manner (Cohen et al., 1972). Since this discovery, the range of techniques for 
inducing competence and performing transformations have rapidly increased, and a high 
degree of efficiency is now attainable for many bacteria other than E. coli (Aune & 
Aachmann, 2010). Transformation efficiency is measured as the amount transformed cells 
per mL of competent cells used, per µg of DNA added.  

Although there are protocols that may work for multiple species within a genus (Ranes et 
al., 1990) or a select group of species within a phylum such as Pseudomonadota (Wirth et 
al., 1989), it is common that protocol parameters must be optimised when working with a 
strain with no previously established transformation protocol. An overview of the most 
common transformation techniques is described below (Figure 1.7). 

 

1.6.1. Transformation through chemical competence  

As previously mentioned, chemical competence was first described by Mandel & Higa 
(1970). This was achieved by growing E. coli K12 cells to the mid-exponential phase, 
followed by multiple washings with ~50 mM Ca2+ on ice and then incubating the mix with 
DNA. This technique resulted in a maximum transformation efficiency on 1.1 x 106 
CFUs/µg of DNA added and was shown to depend on the concentration of Ca2+ used as 
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well as the final incubation time. Further modifications to this protocol have allowed for 
transformation efficiencies of up to 109 CFUs/µg plasmid DNA (Green & Sambrook, 2018). 
In general, chemical transformation contains two major steps. The first step is production 
of the chemically competent cells, followed by transforming those cells with exogenous 
DNA. In the first step, production of chemically competent cells can be performed via 
washing a culture with divalent ions, typically calcium, though others such as magnesium 
and manganese have been shown to work (Liu et al., 2014). In the second step, 
transformation efficiencies can be greatly increased by exposing the cells to a heat or 
chemical shock. Most commonly heat shock is used, and cells are heated at 42 °C for ~45 
seconds. Due to the physical nature of the second step, the transformation process as a 
whole is sometimes referred to as a physicochemical process (Asif et al., 2017). Although 
the mechanism of DNA uptake using chemically competent cells has not been fully 
determined, many potential explanations have been put forth (Clark et al., 2002; 
Sperandeo et al., 2007).  

 

1.6.2. Transformation through electroporation 

Transformation via electroporation was first described by Neumann et al. (1982), where 
mouse lyoma cells were shown to uptake plasmid DNA after an application of an electrical 
pulse to the plasmid and cell mix. Not long after, it was found that applying a similar 
electric pulse during the transformation of bacteria lacking a cell wall increased 
transformation efficiency (Shivarova et al., 1983). The next big step came when 
electroporation was shown to be a viable method for transformation of intact Gram-
negative (Dower et al., 1988) and Gram-positive bacteria (Chassy & Flickinger, 1987). As 
reviewed by Aune and Aachmann (2010), electroporation has since been optimized for a 
wide range of bacterial species, and has been used to achieve transformation efficiencies 
as high as 109 to 1010 &)8V�ǍJ�'1$�(Dower et al., 1988; Papagianni et al., 2007). In brief, 
electroporation is performed by placing electro-competent bacterial cells in an 
electroporation cuvette, which is a cuvette containing two aluminium electrode plates 
separated by a few millimetres where the cell culture is subjected to an electric pulse.  

As the term suggests, electroporation is suspected to involve the formation of pores in the 
cell membrane when the strong electrical field is passed through it. While a wide range of 
observations and simulations have been performed, the mechanism behind 
electroporation and the uptake of DNA is yet to be fully understood. Currently, the 
stochastic pore forming models, rather than deterministic non-pore forming models, best 
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represent what has been determined experimentally (Chen et al., 2006). Atomistic 
membrane simulations performed have also shown the formation of physical pores that 
breach the membrane, offering a viable pathway by which DNA may enter the cell (Piggot 
et al., 2011; Tarek, 2005). 

Bacterial transformation via electroporation requires that the cells are made electro-
competent before being transformed. Typically, this involves washing the cells in an 
electroporation buffer. The purpose of the electroporation buffer and wash steps is to 
weaken or increase permeability of the cell wall and membrane, similar to chemical 
transformation. To this extent, these buffers may contain chemicals such as polyethylene 
glycol (PEG) (Desomer et al., 1990; Kolek et al., 2016), glycerol (Haynes & Britz, 1989; 
McBride & Kempf, 1996), or MgCl2 (Murray & Aronstein, 2008; Ranes et al., 1990).  

Electroporation has been applied for transformation of a diverse range of bacterial species 
and is therefore an ideal technique to utilise in transforming poorly characterised Gram-
positive bacteria. One drawback in using electroporation is that the parameters resulting 
in highest efficiency are often species dependent (Aune & Aachmann, 2010; Ren et al., 
2019). Therefore, electroporation may have to be performed under a range of conditions 
before successful transformations are observed. One of the most vital parameters that can 
highly affect transformation efficiency is the strength of the electrical pulse applied to the 
cells, which is described in kV/cm. For different species this value may be as low as 5 
kV/cm (Kolek et al., 2016), as high as 23 kV/cm (Xue et al., 1999), or anywhere in between 
(Argnani et al., 1996; Kalscheuer et al., 1999; Shao et al., 1995). Other important 
parameters that often require fine-tuning include the electrical pulse time constant, 
concentration of buffers, the optical density (OD600) at which the cells are harvested, 
plasmid DNA concentration added, and the methylation states of plasmids used. 

 

1.6.3. Transformation through sonoporation 

Another transformation technique that is less common, though relatively simple to 
perform, is sonoporation. For this method, cells are exposed to high frequency sound 
waves in a sonication water bath which is thought to induce pore formation and mediate 
the insertion of DNA. Pores in the cell membrane are thought to be formed due to the 
presence of microbubbles, which cavitate with the frequency of the sound waves and 
eventually collapse, releasing a high amount of energy. When positioned next to the 
membrane, this energy release is sufficient to form pores in the membrane 
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(Zhou et al., 2012) which may increase permeability and allow DNA to travel into the cell. 
Sonoporation techniques have most commonly been applied for transforming eukaryotic 
cells, such as in the delivery of insulin genes through the skin of rats (Tachibana & 
Tachibana, 1991). Sonication has however been used to successfully insert plasmid DNA 
into a handful of bacterial species, both Gram-negative (Han et al., 2007; Y. Song et al., 
2007) and Gram-positive (Lin et al., 2010). The transformation efficiencies observed using 
sonication are relatively low when compared against electroporation or chemical 
competence transformation.  

 

1.6.4. Physical transformation methods 

A group of transformation techniques utilise physical methods to insert plasmid DNA. 
However, these methods often require the use of specialised equipment in order to 
physically deliver DNA into cells. For instance, biolistic transformation techniques 
require the production of DNA bound to gold or tungsten nano-particles that are then 
accelerated into cells. These techniques are most commonly used to transform larger 
eukaryotic cells, but have also been applied to transform bacterial cells (Elliott et al., 1999; 
Shark et al., 1991). Alternatively, materials such as chrysotile and carbon nano-tubes can 
be used in friction force techniques to insert DNA (Yoshida et al., 2007). Because of the 
need for specialised equipment to perform these physical transformation techniques, they 
are less frequently utilised in laboratory settings. 

 

1.6.5. Combined transformation methods 

Increased transformation efficiency can be obtained by combining different 
transformation techniques. When transforming Gram-positive species, in some cases it is 
optimal to prepare the cells as protoplasts before electroporation which is often achieved 
via the use of lysozyme (Argnani et al., 1996; Hermans, 1990). The addition of lysozyme 
removes the peptidoglycan cell wall which may otherwise prevent DNA from reaching the 
cell membrane, and so effectively increases DNA uptake. For instance, Wolf et al. (1989) 
showed that electroporation efficiency for Corynebacterium glutamicum could be 
increased through lysozyme treatment and by adding a freeze thaw cycle beforehand 
electroporation. Van de Rest et al. (1999) showed that for the same bacterial species, 
adding a heat shock step, such as would be applied for chemically competent cells, also 
significantly increased the transformation efficiency. Kolek et al. (2016) studied the 
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transformation of Clostridium pasteurianum using electroporation, sonoporation, and a 
combination of the two techniques. They concluded that highest transformation efficiency 
could be achieved via sonoporation for 20 seconds, followed by electroporation. 
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Figure 1.7: Overview of different artificial transformation techniques. Chemical transformation is achieved with cells washed with CaCl2 and 
then heat shocked at 42 °C. Cells can be transformed with electroporation where a strong electrical pulse allows for DNA molecules to pass through 
the cell membrane. Transformation can also be performed with sonoporation where high frequency sound waves cause cavitation bubbles that disrupt 
the cell membrane allowing DNA to pass through. Physical transformation procedures force DNA into the cell such as with the use of chrysotile fibres 
or accelerated gold nanoparticles. 
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1.7. Thesis aims and hypotheses 

The overarching aim of this thesis is to establish a workflow for the genetic modification 
of Gram-positive bacteria. This can be broken down into two major stages. The first stage 
is the construction of plasmid vectors that can mediate genetic modification, and the 
second stage is developing a transformation protocol that would allow for insertion of that 
vector into Gram-positive bacteria. Given these stages are successful, a third stage can be 
implemented. The third stage involves further modification of the plasmid vector, and its 
utilisation for functional protein studies.  

 

1.7.1. Stage 1: Develop a Himar1-based vector system for Gram-positive 

bacteria 

There currently exists a handful of pMRE series plasmids that have been modified to 
contain the Himar1 transposon. Given the production of a successful conjugation or 
transformation techniques, I aim to test whether the Himar1 transposon will allow for 
the genetic modification and the production of insertion mutants in Gram-positive species 
Furthermore, I aim to modify the Himar1 based plasmid vectors further so that it can be 
used as a vector for expression of other GOI. These modifications may include the 
introduction of cut sites at specific locations to allow for easy modification of the vector, 
or replacing the current R6K origin of replication with a ColE1 origin of replication to 
make cloning procedures easier. I hypothesise that the Himar1 transposon system 
integrated into the pMRE series will allow for the production of insertion mutants in 
Gram-positive bacteria. 

 

1.7.2. Stage 2: Develop a general method to transform Gram-positive 
bacteria 

In order to efficiently genetically modify a range of environmental strains, with an 
emphasis on Gram-positive species, I aim to optimise a transformation techniques to 
insert large amounts of plasmid DNA into the target bacteria. While a range of techniques 
already exist for transforming Gram-positive bacteria with plasmid DNA, the maximum 
efficiency of these techniques is often species dependent and can show a high degree of 
variation when using different plasmids constructs. Therefore, for the simplicity in future 
use of the pMRE-Himar series, different possible techniques must be tested and 



   
 

30 
 

variations to the parameters of current protocol may be required. The method(s) 
developed should be relatively simple to perform and not require the use of specialised 
equipment or tools. Recently, sono-electroporation methods have been successfully 
utilised to transform the Gram-positive isolate Arthrobacter sp. Leaf145 (R. Schlechter, 
personal communication), and so this represents a starting point for developing a general 
procedure. I hypothesise that the sono-electroporation procedure, such as described by 
Kolek et al. (2016), can be utilised to transform a range of Gram-positive bacteria for 
which other transformation techniques have failed. 

 

1.7.3. Stage 3: Over-expressing native proteins in a Gram-positive host 

After production of transposon based plasmids and optimisation of Gram-positive 
transformation methods, I aim to perform functional protein studies using GOI other than 
fluorescent protein genes and antibiotic resistance genes. Since draft genome sequences 
from a range of Gram-positive strains are available (Bai et al., 2015), primers can be 
designed to PCR amplify GOI from these strains. These GOI may then be inserted into 
plasmid vectors for homologous protein overexpression. The gene that will be investigated 
be dependent on what bacterial strains can be targeted with the new genetic modification 
protocols.  
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Chapter 2. Expansion of the pMRE-Himar Series  
 

2.1. Summary  

A recent publication described the construction and utility of a comprehensive “Chromatic 
Bacteria” toolbox, containing a set of genetic tools that allows for fluorescently tagging a 
variety of Pseudomonadota. In an effort to expand the range of bacteria taggable with the 
Chromatic Bacteria toolbox, a series of Himar1 transposon vectors were constructed to 
mediate insertion of fluorescent protein and antibiotic resistant genes. The Himar1 
transposon was chosen as it is known to function in a wide range of bacterial species. To 
test the suitability of the new Himar1 Chromatic Bacteria plasmid derivatives, 
conjugations were attempted on recently isolated non-model organisms. Although 
unsuccessful in delivering the plasmids into Gram-positive bacterial isolates, I was able 
to successfully modify previously recalcitrant isolates to the first set of the Chromatic 
Bacteria toolbox, such as Sphingomonas sp. Leaf357 and Acidovorax sp. Leaf84.  

Authors note: The main contents of this chapter are available in the publication titled 
Chromatic Bacteria v.2-A Himar1 Transposon-Based Delivery Vector to Extend the Host 
Range of a Toolbox to Fluorescently Tag Bacteria (Stocks et al., 2022). 
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2.2. Introduction 

Recently, Schlechter et al. (2018) described the constructions of a comprehensive 
“Chromatic Bacteria” toolbox containing a set of plasmids denoted the pMRE series. These 
plasmids can be used to fluorescently tag a wide range of bacterial isolates, however, 
several isolates tested failed to be genetically modified. Fluorescently tagging bacteria 
using genetic manipulation is a state-of-the-art technology to track bacteria in situ and in 
in vitro. This allows for the study of their behaviour such as on plant leaf surfaces 
(Bernach et al., 2019; Miebach et al., 2020; Nadell et al., 2016; Remus-Emsermann & 
Schlechter, 2018).  

Fluorescently tagging bacteria allows for to observation and differentiation of bacteria at 
the micrometre resolution. This is in stark contrast with the meta-omic research which 
has driven microbiology and microbial ecology during the last decade. Benefits of 
observing bacteria behaviour and physiology at a single cell resolution include insight into 
biofilm formation, bacteria-bacteria, and bacteria-host interactions (Schlechter et al., 
2018). The recently published Chromatic Bacteria toolbox employs three different vectors 
for fluorescent tagging, paired with one of eight fluorescent proteins and additionally one 
of four combinations of antibiotic resistant cassettes (Figure 2.1). The three different 
vectors are based on i) a broad-host plasmid ii) a Tn5 transposon delivery plasmid and iii) 
a Tn7 transposon delivery plasmid. The host-range of the Chromatic Bacteria toolbox was 
tested with extensive plasmid conjugation experiments. As a result, it was shown that the 
utility of the toolset's host range is limited to Pseudomonadota (Schlechter et al., 2018).  
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Figure 2.1: A general overview of the pMRE series construction and naming convention. 
The region indicated as the fluorescent protein gene and antibiotic resistance gene/s make up the 
gene cassette. In the Tn5 and Tn7 vector plasmids, it is this gene cassette that is inserted into 
recipient strains. Using this labelling system, the pMRE-Tn7-134 plasmid would contain the Tn7 
transposon vector, Chloramphenicol antibiotic resistance, and the mOrange2 fluorescent protein 
gene. Gene arrangement and sizes shown on the plasmid are for visual purposes only.  

 
To further expand the host range of the Chromatic toolbox, the Himar1 transposon may 
be incorporated. The Himar1 transposable element belongs to the mariner family of 
transposons which are found throughout eukaryotic and prokaryotic organisms (Lampe, 
2010; Tellier et al., 2015). The Himar1 transposable element was discovered inactive 
within the genome of the horn fly and has since been mutated to construct a hyperactive 
version (Lampe et al., 1996). The Himar1 transposon has a single transposase gene 
encoding a protein that functions through a cut and paste mechanism. Gene insertion can 
occur between any AT dinucleotide site. Unlike other transposases such as the Tn5 
transposase, the Himar1 transposase requires no cofactors to initialise or enable gene 
transposition that need to be provided in trans by the host organism (Lampe et al., 1996). 
These low requirements for transposition make Himar1 ideal for random insertion 
mutagenesis and gene delivery into organisms that do not provide such cofactors. The 
Himar1 transposon has been shown to function in Gram-negative bacteria such as 
Pseudomonas fluorescens and Flavobacterium johnsoniae (Braun et al., 2005; McCully et 
al., 2019) as well as Gram-positive bacteria including Staphylococcus aureus, Clostridium 
perfringens, Streptococcus mutans, and Mycobacterium smegmatis (Li et al., 2009; Liu et 
al., 2013; Nilsson et al., 2014; Rubin et al., 1999). In this chapter, I demonstrate the 
construction and addition of Himar1-based vectors to the pMRE series. Additionally, I 
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perform extensive conjugation experiments to validate the efficacy of the pMRE-Himar 
plasmids in Gram-positive bacteria.  
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2.3. Materials and Methods 

 

2.3.1. Strains and media 

All strains used in this chapter are listed in Table 2.1. lysogeny broth (LB, HiMedia), 
nutrient broth (NB, HiMedia), Reasoner's 2A media (R2A, HiMedia), were produced 
according to manufacturer's instructions. Media were supplemented with 1.5% 
bacteriological agar (Oxoid) where needed. E. coli strains were routinely grown at 37 °C, 
and conjugation recipient strains were grown at 30 °C. To support growth of E. coli ST18, 

media was supplemented with 50 mg/L 5-aminolevulinic acid (5-ala, Sigma). When 
appropriate, media were supplemented with antibiotics with the following concentrations: 
100 mg/L ampicillin, 20 mg/L chloramphenicol, 10 mg/L colistin, 100 mg/L/ erythromycin, 
15 mg/L gentamicin, and/ or 50 mg/L kanamycin. 
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Table 2.1: Bacterial strains used in this chapter. 
Strain Notes, features Growth 

medium 
 Source 

Escherichia coli 
S17-1  
 

Cloning host for R6K replicon 
plasmids; ::RP4-2 pro thi hsdR+ Tpr 
Smr Tc::Mu-.DQ��7Q��ǌSLU 

LB  (Simon et al., 
1983) 

Escherichia coli 
ST18  
 

Conjugation donor; Genotype: S17-1 
ǌpirƦhemA 

LB, 5-ala  (Thoma & 
Schobert, 2009) 

Escherichia coli 
'+�ǂ� 

Cloning host. recA1, endA1  LB   

Escherichia coli 
'+�ǂ pir116 

Cloning host for R6K plasmids. 
 recA1, endA1, Tn7pir-116+ 

LB  This chapter  

Acidovorax sp. 
Leaf84 

Transposon recipient R2A  (Bai et al., 2015) 

Aeromicrobium sp. 
Leaf245 

Transposon recipient NB  (Bai et al., 2015) 

Agreia sp. Leaf335 Transposon recipient NB  (Bai et al., 2015) 
Arthrobacter sp. 
Leaf145  

Transposon recipient NB  (Bai et al., 2015) 

Microbacterium sp. 
Leaf320 

Transposon recipient R2A  (Bai et al., 2015) 

Microbacterium sp. 
Leaf347 

Transposon recipient R2A  (Bai et al., 2015) 

Plantibacter sp. 
Leaf1 

Transposon recipient NB  (Bai et al., 2015) 

Rathayibacter sp. 
Leaf296 

Transposon recipient NA  (Bai et al., 2015) 

Rhodococcus sp. 
Leaf225 

Transposon recipient NA  (Bai et al., 2015) 

Williamsia sp. 
Leaf354 

Transposon recipient NB  (Bai et al., 2015) 

Sphingomonas 
melonis FR1 

Transposon recipient NB  (Innerebner et al., 
2011) 

Pantoea eucalypti 
299R 

Transposon recipient LB  (Remus-
Emsermann et al., 
2013) 

Pseudomonas 
syringae B728a 

Transposon recipient LB  (Feil et al., 2005) 

Pedobacter sp. 
Leaf194 

Transposon recipient R2A  (Bai et al., 2015) 

Sphingomonas sp. 
Leaf17 

Transposon recipient NB  (Bai et al., 2015) 

Sphingomonas sp. 
Leaf34 

Transposon recipient R2A  (Bai et al., 2015) 

Sphingomonas sp. 
Leaf357 

Transposon recipient R2A  (Bai et al., 2015) 
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2.3.2. Plasmid design and fragment production  

An overview of the primers and plasmids used in this chapter are given in Table 2.2 and 
Table 2.3, respectively. Details of PCR reaction mixtures and thermocycler protocols are 
available in Supplementary Methods. Plasmids were constructed as previously described 
(Schlechter et al., 2018). The new Himar1-based plasmids are denoted pMRE-Himar-1XY 
series, where X can either be 3, 4, 5, or 9, representing the different antibiotic resistance 
gene combinations of chloramphenicol; gentamicin and chloramphenicol; kanamycin and 
chloramphenicol; or erythromycin, kanamycin and chloramphenicol, respectively, and 
where Y can be 0, 1, 2, 3, 4, 5, 6, or 7 representing blue, cyan, green, yellow, orange, red, 
near-infrared or green fluorescent proteins (FP), respectively (mTag-BFP2, mTurquoise2, 
sGFP2, mOrange2, sYFP2, mScarlet-I, mCardinal, or mClover3, respectively).  

Table 2.2: Primers used in this chapter 
Name Sequence 5’ to 3’ tm (°C) 

pHimarEm1+Xmal_FWD cccgggCAATTCGAGGGGTATCGCTCT 67 
pHimarEm1_Xbal_RVS2 tctagaGCACGAGGAAATTGCGCAAAAA 67 
pMRE-HimarEm1+ 
XbaI_overhang_FW2 

gcaatttcctcgtgctctagaATATAAACTGCCAGGAAT
TGGG 

62 

pntpII_1_REV GCCATGTAAGCCCACTGCAAGCTAC 73 

pntpII_1_FWD GTAGCTTGCAGTGGGCTTACATGGC 73 
pMRE-HimarEm1+ 
XmaI_overhang_RV 

gatacccctcgaattgcccgggCTGGCGGCCGCAAGCTC
C 

74 

pMRE-HimarEm1_EmR+ 
XbaI_overh_FWD 

tttcatccttcgtagtctagaCATAAACTGCCAGGAATT
GGGGAT 

67 

pHimarEm1_EmR+XbaI_
RV 

tctagaCTACGAAGGATGAAATTTTTCAGGG 63 

ARB-RB-PCR1 CTGGGGTAATGACTCTCTAGC 59 

ARB-RB-PCR2 CTGAGTAGGACAAATCCGCCG 62 

PCR2 AP-PCR  GGCCACGCGTCGACTAGTCA 66 

Arb1 GGCCACGCGTCGACTAGTCANNNNNNNNNN
GCTCG 

n.a. 

Arb2 GGCCACGCGTCGACTAGTCANNNNNNNNNN
GACTC 

n.a. 

Arb3 GGCCACGCGTCGACTAGTCANNNNNNNNNN
GATAC 

n.a. 

Primer sequences in majuscules indicate base complementarity to the PCR template, and 
minuscules indicate overhanging regions with complementarity to adjacent fragments.  
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Table 2.3: Plasmids used in this chapter. 
Name Features Source 

pMRE-13X pBBR1 oriR fluorescent protein gene, 
CmR, KanR 

(Schlechter et al., 
2018) 

pMRE-14X pBBR1 oriR, fluorescent protein gene, 
CmR, GmR, KanR 

(Schlechter et al., 
2018) 

pMRE-15X pBBR1 oriR, fluorescent protein gene, 
CmR, KanR 

(Schlechter et al., 
2018) 

pHimarEm1 Himar1 transposon, KanR, ErmR (Braun et al., 2005) 
"X" denotes fluorescent protein genes 0=mTagBFP2, 1=mTurquoise2, 2=sGFP2, 
3=sYFP2, 4=mOrange2, 5=mScarlet-1, 6=mCardinal, 7=mClover3. 
 

The pMRE-Himar series was constructed through assembly of three fragments: the 
plasmid backbone, a unique antibiotic resistance gene, and a unique FP gene upstream of 
a chloramphenicol resistance gene (Figure 2.2). All PCRs were performed using Phusion 
High-Fidelity Polymerase (Thermo Scientific). For PCR mixes containing primers with 
overhangs, a touchdown PCR protocol was performed starting with an annealing 
temperature 10 °C above the tm. This was reduced by 1 °C for ten cycles before running 
the PCR with the annealing temperature set to tm (Supplementary methods). After 
amplification, all PCR reactions were checked on a 1% TAE agarose gel (Supplementary 
Methods). If multiple PCR fragments were observed, the desired fragment was gel 
extracted using the Monarch DNA gel extraction kit (New England Biolabs) following 
manufacturer’s instructions. Otherwise, PCR fragments were DpnI treated to digest the 
methylated plasmid template DNA before being purified with the DNA Clean & 
Concentrator Kit-5 (Zymo Research). DNA fragment concentration was then measured 
using a NanoDrop 1000 or One (Thermo Fisher). 
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Figure 2.2. Overview of cloning procedures: A) to construct pMRE-Himar-13X to pMRE-
Himar-15X, the pHimarEm1 backbone was amplified using PCR and Gibson assembly primers 
without the erythromycin resistance gene. Plasmids from the original Chromatic Bacteria series 
were PCR amplified in two separate reactions using Gibson assembly primers targeting the 
chloramphenicol resistance gene and the promoter driving the respective fluorescent protein gene 
expression and, where applicable, a secondary antibiotic resistance gene. These three fragments 
were joined using isothermal assembly. B) To produce pMRE-Himar-19X and pMRE-Himar-17X 
plasmids, the procedure was similar as described in A), but in this case, the erythromycin 
resistance gene encoded on the pHimarEm1 plasmid was included when amplifying the backbone. 

 

For pMRE-Himar-13X, -14X and -15X, the plasmid backbone fragment was amplified 
from pHimarEm1 using pHimarEm1+Xmal_FWD and pHimarEm1_Xbal_RVS2. 
Antibiotic resistance genes and fluorescent protein gene fragments were amplified from 
pMRE-13X, pMRE-14X, or pMRE-15X. The fragments containing the fluorescent protein 
gene were amplified using primers pMRE-HimarEm1+XbaI_overhang_FW2 and 
pntpII_1_REV. The fragment containing the antibiotic genes were amplified using 
primers pntpII_1_FWD and pMRE-HimarEm1+XmaI_overhang_RV.  

For construction of the pMRE-Himar-19X and pMRE-Himar-17X series, the backbone 
fragment was amplified from pHimarEm1 using primers pHimarEm1+Xmal_FWD and 
pHimarEm1_EmR+XbaI_RV. The resulting backbone fragment contained the 
pHimarEm1-borne erythromycin resistance gene. The fragment containing a resistance 
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gene was amplified from pMRE-13X for pMRE-Himar-17X, and pMRE-15X for pMRE-
Himar-19X using primers pMRE-HimarEm1_EmR+XbaI_overh_FWD and 
pntpII_1_REV. The FP fragment was amplified using the primers pntpII_1_FWD and 
pMRE-HimarEm1+XmaI_overhang_RV from pMRE-14X plasmids.  

 

2.3.3. Gibson assembly   

To combine PCR fragments, a modified Gibson assembly procedure was performed similar 
to the one previously described by Schlechter et al. (2018). Gibson assembly mixes were 
produced without Taq DNA ligase as described by Benoit et al. (2016) and additionally 
NAD+ was substituted for water. To create reaction mixes, PCR fragments were mixed in 
a 1:3 molar ratio of backbone to insert fragments using between 50-100 ng of backbone 
fragment. No more than 5 µL DNA solution was added to 15 µL Gibson assembly mix (5% 
PEG 8000, 100 mM Tris-HCl pH 7.5, 50 mM MgCl2, 10 mM DTT, 0.2 mM of each dNTP, 
0.18 U T5 exonuclease (New England Biolab), 0.6 U Phusion polymerase (Thermo 
Scientific). Where appropriate, water was added to top up the reaction volume to 20 µL. 
The Gibson assembly mix was incubated at 50 °C for 20-60 minutes. Chemically 
competent or electro-competent E. coli S17-1 or E. coli ST18 cells (Supplementary 
Methods) were then transformed with the Gibson assembly mix. When using chemically 
competent cells, 10 µL of the mix was used. When using electro-competent cells, the 
Gibson assembly mixture was first purified with the using the DNA Clean & Concentrator 
Kit and eluted with 7 µL of water. 3 µL of this elution was then added to the competent 
cell mix for transformation. Electroporation was performed in a Gene Pulser with pulse 
controller (Bio-5DG�� VHW� WR� ���� N9�� ����ƺ�� DQG� ��� �)��E. coli cells were immediately 
recovered using SOC (Supplementary Methods) and incubated at 37 ႏ for 60 minutes. 
Transformation mixes were plated on appropriate antibiotics and left for up to a week for 
colonies to appear.  

 

2.3.4. Blunt-end cloning  

Blunt-end ligation was used for the construction of pMRE-Himar-173. Blunt-end cloning 
can only be reliably performed with two fragments and so the two insert fragments were 
combined using a second round of PCR. All fragments were produced with primers and 
templates required for Gibson assembly of pMRE-Himar-173. The insert fragments were 
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then used as a template and amplified with primers pMRE-
HimarEm1_EmR+XbaI_overh_RV and pMRE-HimarEm1+XmaI_overhang_RV to 
produce a full insert fragment. The resulting fragment was DpnI treated and purified 
with the DNA Clean & Concentrator Kit. The full insert fragment was then 
phosphorylated using T4 polynucleotide kinase (New England Biolabs) following 
manufacturer’s protocols, and then cleaned and concentrated. Blunt-end reaction mixes 
were then produced using T4 DNA ligase (New England Biolab) following the 
manufacturer’s ligation protocol. The back-bone and the phosphorylated insert were 
added to the mix in a 1:5, molar ratio of back bone to insert fragments with 100 ng of 
backbone fragment. This reaction mix was incubated at 16 °C overnight. After incubation, 
DNA was purified, concentrated, and used to transform competent E. coli cells as 
described in Section 2.3.3. 

 

2.3.5. Verification of successful plasmids 

For plasmids containing fluorescent proteins with emission wavelengths between 500-680 
nm, initial screening of colony level fluorescence was performed on an Olympus BH2-
RFCA equipped with a UDMG green fluorescence filter cube. From colonies expressing 
the correct fluorescence and resistance phenotypes, overnight cultures were made with 
LB and appropriate antibiotics. After incubation, plasmids were extracted using a 
plasmid miniprep kit (Monarch). Next, restriction digests were performed 
(Supplementary Methods) typically using NotI, XmaI, or XbaI DNA restriction enzymes 
for initial plasmid construct conformation. Finally, key regions of the plasmids such as 
fluorescent protein genes and antibiotic resistance genes were confirmed by Sanger 
sequencing (Macrogen, South Korea).  

 

2.3.6. Transposon delivery using conjugation 

In order to deliver the Himar1 based plasmids into a range of Gram-positive strains, a 
modified version of conjugation protocol described by Schlechter & Remus-Emsermann 
(2019) was performed. In variation to this protocol, conjugations were performed using 
the auxotrophic E. coli ST18 as a plasmid donor strain (Thomas & Thomas, 2014). To 
perform the conjugations, recipient Gram-positive strains (Table 2.1) were grown in 50 
mL of suitable media for up to three days depending on their growth rate. Single colonies 
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of E. coli ST18 donor strains were produced and used to inoculate overnight cultures of 
LB supplemented with appropriate antibiotics and 5-aminolevulinic acid. From these 
overnight cultures 2 mL were inoculated into 100 mL fresh LB. The E. coli donor cultures 
were grown to an OD600 of 0.5, and then both donor and recipient cells were collected by 
centrifugation and resuspended in phosphate buffered saline (PBS, 137 mM NaCl, 2.7 
mM KCl, 10 mM Na2HPO4 · 2 H2O, 1.8 mM KH2PO4) to an OD600 of 1. Approximately 5 
mL of recipient and donor cells were next combined in a 1:1 ratio, then centrifuged and 
resuspended in 200 µL of PBS. The suspension was then spotted onto a 0.44 µm S-pak 
Membrane filter (Millipore) which was placed on LB agar plates supplemented with 5-
ala. The bacterial mixes were incubated at 30 °C overnight. Bacteria were recovered from 
the filter by vigorous vortexing in 10 mL PBS in 50 mL falcon tubes. Subsequently, the 
filter was dismissed, and the mixes were concentrated by centrifugation and resuspension 
in 1 mL PBS, before 10 µL, 100 µL, and the remaining volume were plated on media 
without 5-ala and appropriate antibiotics to select for transconjugants. Transposon 
insertion mutant colonies appeared up to five days after conjugations were performed. To 
obtain a pure culture of the transposon insertion mutants, colonies were restreaked at 
least three times.  

 

2.3.7. Fluorescence microscopy 

Fluorescence microscopy was performed on a Zeiss AxioImager.M1 fluorescent widefield 
microscope equipped with Zeiss filter sets 38HE, 43HE, 46HE, and 47HE, (BP 470/40-FT 
495-BP 525/50, BP 550/25-FT 570-BP 605/70, BP 500/25-FT 515-BP 535/30, and BP 
436/25-FT 455-BP 480/40, respectively), an Axiocam 506, and the software Zeiss Zen 2.3. 
Single-cell fluorescence was analysed as described previously (Remus-Emsermann et al., 
2016). Bacteria cells were mounted on an agarose slab (~1 mm thick, 1% agarose in MilliQ 
water) and samples were analysed using a Zeiss AxioImager.M1 at 1000 x magnification. 
Using ImageJ/Fiji (Schindelin et al., 2012). 

 

2.3.8. Arbitrary PCR 

The transposon insertion of fluorescently (FP)-tagged bacterial strains was mapped using 
arbitrary PCR (Das et al., 2005). An arbitrary PCR was performed using a mix of random 
primers Arb1, Arb2, and Arb3 containing an adapter oligo at the 5'-end and a primer 
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targeting the transposon insertion, with 1 µL DNA template. PCR mixture and cycling 
conditions are described in Supplementary Methods. PCR products were purified using 
the DNA concentrator kit and eluted in 30 µL. Next, a nested PCR was performed using 
primers PCR2-AP and ARB-RB-PCR2 and 3 µL of purified arbitrary PCR product as the 
template. PCR mixture and cycling conditions are described in Supplementary Methods. 
PCR products were then purified and concentrated using the Zymo Research DNA Clean 
& Concentrator-5 and sequenced using Sanger's sequencing. The sequencing results were 
mapped against the genome of the corresponding bacterial strain using the BLAST 
algorithm (Altschul et al., 1990) and a local database of draft genome sequences of the 
strains used in this study and the software Geneious prime (version 2020.1.2, Biomatters). 
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2.4.3. Results  

 

2.4.1. New additions to the pMRE series 

In this chapter, a total of 23 plasmid Himar based plasmids vectors were constructed. 
These plasmids carry different combinations of fluorescent proteins ranging from cyan to 
near-infrared fluorescence and antibiotic resistance gene combinations of 
chloramphenicol, gentamicin, kanamycin, and erythromycin (Table 2.4). Fluorescent 
protein emissions and excitation spectra should be identical to those described by 
Schlechter et al. (2018). All plasmids produced contained the R6K origin of replication 
ZKLFK�UHTXLUHV�WKH�ǌSLU�IDFWRU�IRU�SODVPLG�UHSOLFDWLRQ�WR�RFFXU��)RU�WKLV�reason, plasmids 
were cloned into E. coli S17-1 or ST18 cells. As a minimum, each antibiotic resistance 
gene series of plasmids was produced with the fluorescent protein gene combination 
containing mTurquoise2, sYFP2, mScarlet-I, mClover3. However, although all gene 
fragments could be amplified for pMRE-Himar-173 (containing sYFP2), these fragments 
could not be combined using Gibson assembly. For this reason, blunt-end assembly was 
attempted. Unfortunately, this was also unsuccessful for production of pMRE-Himar-173. 
However, PCR amplification of the two insert fragments to create a single insert fragment 
was successful. Restriction digests and Sanger sequencing results confirm the plasmid 
sizes and key features such as fluorescent proteins and antibiotic resistance genes 
(Supplementary Results). Plasmids and their sequences will be made available from 
addgene.com. 
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            Table 2.4: Plasmids constructed in this chapter 

Name Fluorescent protein gene Selectable marker(s) 

pMRE-Himar-131 mTurquoise2 CmR 
pMRE-Himar-133 sYFP2 CmR 
pMRE-Himar-134 mOrange2 CmR 
pMRE-Himar-135 mScarlet-I CmR 
pMRE-Himar-136 mCardinal CmR 
pMRE-Himar-137 mClover3 CmR 
pMRE-Himar-140 mTagBFP2 CmR, GmR 
pMRE-Himar-141 mTurquoise2 CmR, GmR 
pMRE-Himar-142 sGFP2 CmR, GmR 
pMRE-Himar-143 sYFP2 CmR, GmR 
pMRE-Himar-144 mOrange2 CmR, GmR 
pMRE-Himar-145 mScarlet-I CmR, GmR 
pMRE-Himar-146 mCardinal CmR, GmR 
pMRE-Himar-147 mClover3 CmR, GmR 
pMRE-Himar-151 mTurquoise2 CmR, KmR 
pMRE-Himar-153 sYFP2 CmR, KmR 
pMRE-Himar-155 mScarlet-I CmR, KmR 
pMRE-Himar-157 mClover3 CmR, KmR 
pMRE-Himar-171 mTurquoise2 CmR, ErmR 
pMRE-Himar-174 mOrange2 CmR, ErmR 
pMRE-Himar-175 mScarlet-I CmR, ErmR 
pMRE-Himar-176 mCardinal CmR, ErmR 
pMRE-Himar-177 mClover3 CmR, ErmR 
pMRE-Himar-191 mTurquoise2 CmR, KmR, ErmR 
pMRE-Himar-192 sGFP2 CmR, KmR, ErmR 
pMRE-Himar-193 sYFP2 CmR, KmR, ErmR 
pMRE-Himar-194 mOrange2 CmR, KmR, ErmR 
pMRE-Himar-195 mScarlet-I CmR, KmR, ErmR 
pMRE-Himar-196 mCardinal CmR, KmR, ErmR 
pMRE-Himar-197 mClover3 CmR, KmR, ErmR 
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2.4.2. Transposon delivery by conjugation 

Using E. coli ST18 containing pMRE-Himar-145 as a plasmid donor, conjugations were 
performed into the recipient strains in Table 2.5. It was possible to obtain transposon 
insertion mutants for four strains as indicated in Table 2.5, all mutants exhibited 
detectable fluorescent protein emission as determined using macroscopical observations 
at the single colony level (data not shown) and at the single cell resolution as determined 
using widefield epifluorescence microscopy (Figure 2.3). The insertion sites for several 
independent insertion events were determined using arbitrary PCR and sequencing 
(Supplementary results). No Gram-positive insertion mutants were detected. 

          Table 2.5: Conjugation recipient strains tested 

Recipient Strains Successfully 
conjugated Source 

Acidovorax sp. Leaf84 yes (Bai et al., 2015) 
Aeromicrobium sp. Leaf245 no (Bai et al., 2015) 
Agreia sp. Leaf335 no (Bai et al., 2015) 
Arthrobacter sp. Leaf145  no (Bai et al., 2015) 
Microbacterium sp. Leaf320 no (Bai et al., 2015) 
Microbacterium sp. Leaf347 no (Bai et al., 2015) 
Plantibacter sp. Leaf1 no (Bai et al., 2015) 
Rathayibacter sp. Leaf296 no (Bai et al., 2015) 
Rhodococcus sp. Leaf225 no (Bai et al., 2015) 
Williamsia sp. Leaf354 no (Bai et al., 2015) 
Sphingomonas melonis FR1 yes (Innerebner et al., 2011) 
Pantoea eucalypti 299R yes (Remus-Emsermann et al., 2013) 
Pseudomonas syringae B728a no (Feil et al., 2005) 
Pedobacter sp. Leaf194 no (Bai et al., 2015) 
Sphingomonas sp. Leaf17 no (Bai et al., 2015) 
Sphingomonas sp. Leaf34 no (Bai et al., 2015) 
Sphingomonas sp. Leaf357 yes (Bai et al., 2015) 

 



   
 

58 
 

 
Figure 2.3: Fluorescence of recipients after stable integration of constitutively 
expressed fluorescent protein genes at the single cell resolution. Representative images of 
fluorescently tagged bacterial strains. In all cases, fluorescence (upper panel) and phase contrast 
images (lower panel) are included. A) Acidovorax sp. Leaf84::MRE-Himar-145. B) Sphingomonas 
sp. Leaf357::MRE-Himar-145. C) Sphingomonas melonis FR1::MRE-Himar-156; D) Pantoea 
eucalypti 299R::MRE-Himar-145; E) Escherichia coli ST18 (pMRE-Himar-156). Scale bar = 10 µm.  
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2.5. Discussion 

 

A range of new plasmids for the Chromatic Bacteria toolbox (Schlechter et al., 2018) based 
on the R6K origin of replication plasmid backbone containing the Himar1 transposase 
were constructed. Additionally, a series of plasmids containing the new ErmR gene were 
constructed. A full list of plasmids constructed is included in Table 2.4. The variety of 
antibiotic resistance gene combinations available make the pMRE-Himar plasmids a 
versatile toolbox for bacterial genetic manipulation, and account for different antibiotic 
resistances that might already be encoded by the recipient organism. Although many of 
the pMRE-Himar plasmids were cloned into E. coli S17-1 (Schlechter et al., 2018; Simon 
et al., 1983), plasmids were inserted into E. coli ST18 for use in conjugations (Thoma & 
Schobert, 2009).  

Similar to E. coli S17-1, E. coli 67���FRQWDLQV�WKH�ǌSLU�IDFWRU�UHTXLUHG�IRU�UHSOLFDWLRQ�RI�
the R6K oriR and contains the tra genes allowing for conjugation of mobilisable plasmids. 
However, E. coli ST18 contains a mutation disabling the hemA gene and preventing 
tetrapyrrole biosynthesis, also preventing the formation of heme. The lack of hemA results 
in a strong auxotrophy and dependency of E. coli ST18 on exogenously provided 5-
aminolevulinic acid. Thereby, there is no need to counter select against the conjugation 
donor after conjugation by using minimal media or intrinsic antibiotic resistances of the 
host. The transposon mutants can be selected on their respective optimal complex medium 
with the addition of an antibiotic selecting for the transposon. Since the pMRE-Himar 
SODVPLGV�FRQWDLQV�WKH�5�.�RULJLQ�RI�UHSOLFDWLRQ��LW�FDQ�RQO\�UHSOLFDWH�LI�WKH�ǌSLU�IDFWRU�LV�
present and expressed in the host, i.e., the plasmids are suicide vectors that are not able 
to replicate in their recipient. This means that after Himar1 mediated transposition of 
the gene cassette into recipient strains has occurred, the remaining plasmid backbone 
containing the transposase gene is unable to replicate and the plasmid is eventually lost. 
This prevents the chance of additional mutation occurring due to the presence of the 
Himar1 transposase performing additional transposition events to a new location in the 
recipient chromosome.  

The successful use of ErmR as a selective marker has been previously reported in clinically 
relevant Gram-positive pathogens such as Staphylococcus aureus (Tu Quoc et al., 2007), 
Clostridium perfringens (Liu et al., 2013) and lactic acid bacteria such as Streptococcus 
mutants UA159 (Nilsson et al., 2014). Hence, plasmids containing ErmR were added as an 
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alternative antibiotic resistance gene, for strains in which the original genes may not be 
expressed or function correctly. In this chapter, conjugations were only attempted using 
pMRE-Himar-145 which does not contain the ErmR gene. However, the strain Acidovorax 
sp. Leaf84, which was successfully tagged with pMRE-Himar-145 does not contain a 
natural resistance for erythromycin (personal communications). Future use of the pMRE-
Himar plasmids can therefore easily test the effectiveness of the ErmR gene by producing 
tagged mutants of Acidovorax sp. Leaf84 with any plasmids from the pMRE-Himar-17X 
or pMRE-Himar-19X series.  

As well as the standard arbitrary PCR protocol described in this chapter, the R6K origin 
of replication present in the pMRE-Himar series allows for determination of the insertion 
site of the transposon in the recipient’s genome. To that end, the genome of the recipient 
can be isolated, digested with a rare cutting enzyme that does not cut in the transposon 
sequence, such as KpnI, and then re-ligated and transformed into E. coli S17-1 or another 
ǌSLU�IDFWRU�H[SUHVVLQJ�E. coli cloning host (Metcalf et al., 1994). Due to the R6K origin of 
replication contained and the antibiotic resistances located in the transposon, this will 
result in functional plasmids. These plasmids can then be sequenced using a primer that 
anneals to the R6K origin to determine the sequence of the insertions site. This process is 
significantly more time intensive and less cost effective compared to the arbitrary PCR 
described above, but might be advantageous in cases where the arbitrary PCR does not 
yield results of sufficient quality since the procedure yields results with a better signal to 
noise ratio compared to arbitrary PCRs. 

 

2.5.1. The Himar1-based pMRE plasmids are capable of fluorescently 
tagging new strains 

Using the newly developed vectors, I was able to deliver Himar transposons randomly 
into bacterial recipients similar to the previously described pMRE-Tn5-transposon series 
(Schlechter et al., 2018). Furthermore, the Himar1 transposase was able to genetically 
modify recipients that could not be targeted with the original chromatic bacteria toolbox. 
In comparison to the pMRE-Tn5-transposon series, Himar1 transposons could be 
delivered into Acidovorax sp. Leaf85, and Sphingomonas sp. Leaf357, while retaining the 
ability to deliver Himar1 transposons into S. melonis Fr1 and P. eucalypti 299R. The 
enhanced spectrum of successful transposition can likely be accredited to the properties 
of the Himar1 transposase that does not require additional host cofactors to function 
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(Lampe et al., 1996). However, I was not successful in conjugating the plasmids and insert 
the transposons into the genomes of non-model Gram-positive bacterial strains including 
Aeromicrobium sp. Leaf245, Agreia sp. Leaf 335, Arthrobacter sp. Leaf145, 
Microbacterium sp. Leaf320, Microbacterium sp. Leaf 347, Plantibacter sp. Leaf1, 
Rathayibacter sp. Leaf296, Rhodococcus sp. Leaf225, or Williamsia sp. Leaf354. 

The inability of the Himar1 transposase to target Gram-positive bacteria is surprising 
given that the same transposon has previously been successfully used in a range of Gram-
positive bacteria (Braun et al., 2005; Li et al., 2009; Liu et al., 2013; McCully et al., 2019; 
Nilsson et al., 2014; Rubin et al., 1999). Additionally, in most of the previous studies, 
Himar1 based vectors were transferred into recipient strains with conjugation. Other 
techniques included those performed by Le et al. (2009) and Nilsson et al. (2014) who used 
temperature shift, and Liu et al. (2013) who used electroporation. Because the Himar1 
transposon vectors have been shown to function in many Gram-positive species, insertion 
of the pMRE-Himar plasmids may be a major limiting factor in producing insertion 
mutants. For this reason, Chapter 3 explores the use of electroporation techniques to 
deliver pMRE-Himar plasmids into recipient Gram-positive strains. Electroporation is 
capable of inserting a large number of DNA molecules into recipient cells. Electro-
competent E. coli that are routinely produced for cloning can easily reach transformation 
efficiencies of 1x108 CFU/µg DNA added. Unique transformation protocols for Gram-
positive bacteria can produce similar magnitudes of transformation efficiency (Zhang et 
al., 2011).  

 

2.5.2. Use of the Himar1 transposase verses other transposons 

In the case that electroporation techniques are optimised in future works, it would be 
valuable to benchmark the activity of the Himar1 transposase system present in the 
pMRE-Himar series against other well-defined transposition systems such as the Phage 
Mu transposition complex. Similar to Himar1, the Mu transposase has shown to function 
in a broad range of bacterial phyla, and has been used to generate insertion libraries in 
Gram-negative and Gram-positive bacteria (Laasik et al., 2005; Tu Quoc et al., 2007). 
However, the Mu transposase is often utilised in the form of a transposome complex, 
where the Mu transposase proteins are bound to a linear insertion sequence. A similar 
Tn5 based transposome system has also been well established (Goryshin et al., 2000). 
Although Tn5 mediated insertion using the expression of transposon genes previously 



   
 

62 
 

tested by Schlechter et al. (2018) was unsuccessful in tagging Gram-positive bacteria, the 
use of a Tn5 or Mu transposome system may be more efficient (Fernandes et al., 2001; 
Vidal et al., 2009). 

 

2.5.3. Possible reasons for low cloning efficiency observed for the pMRE-
Himar series 

Cloning efficiency for construction the pMRE-Himar series was surprisingly low given 
that the Gibson assembly is capable of producing hundreds of positive colonies in a single 
reaction (Benoit et al., 2016). During production of the pMRE-Himar series it was common 
to see cloning reactions where only a handful of positive colonies were produced. For this 
reason, the assembly of many plasmids could not be completed in this work. During 
Gibson assembly, the T5 exonuclease degrades DNA in the 5’ to 3’ direction, leaving single 
stranded ends that are able to anneal to the single stranded ends of other fragments 
containing the correct compliment bases. To prevent complete exonuclease degradation of 
strands, Phusion DNA polymerase in the Gibson assembly mixtures work opposite to the 
T5 exonuclease and extends single stranded DNA regions in the 3’ to 5’ direction.  

During Gibson assembly, a range of factors may have contributed to the low cloning 
efficiency observed. One factor that may have contributed was the need to produce and 
assemble three fragments rather than two. As was experienced during production of the 
pMRE series, the insert fragment containing the gene cassette had to be amplified in two 
fragments rather than one (personal communications). In terms of entropy, increasing the 
number of DNA fragments to anneal may reduce the final assembly efficiency. However, 
studies comparing the efficiency of different assembly techniques show that there is only 
a minor decrease in efficiency with increasing DNA fragment assemblies (de Kok et al., 
2014). Another issue may have occurred during production of the pMRE-Himar-13X and 
pMRE-Himar-17X series. During these assemblies one fragment involved was ~233 bp 
long. It is possible that during 5’ to 3’ T5 exonuclease cleavage, that this fragment may 
have been completely degraded. In lieu of this, I suggest that future efforts to produce the 
remaining pMRE-Himar series plasmids avoid assembling small DNA fragments. During 
blunt end cloning attempts it was observed that a second PCR reaction using the two 
flanking primers and both insert fragments as the template could produce a single insert 
fragment. This longer insert fragment would not be at risk of complete degradation by the 
T5 exonuclease. Another possible contributing factor to poor efficiency is that during the 
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annealing stage of Gibson assembly, the single stranded overhangs produced contained 
DNA sequences that could perform unintended annealing with the overhangs of other 
fragments or the same fragment. This would prevent the correct annealing reaction and 
circular DNA formation occurring. One of the only ways to prevent possible incorrect 
annealing may be to create new primers that overlap with new sequences.  

Throughout the production of the pMRE-Himar series, incorrect plasmid constructs were 
observed for plasmids cloned into E. coli S17-1 (data not shown). This was typically 
indicated by plasmid digests that resulted in bands that did not match the expected length 
of the plasmid being constructed or of any of the template plasmids used during fragment 
production. One possibility is that after plasmid insertion, E. coli restriction systems 
caused degradation of the correctly assembled genes. E. coli cells contain a range of 
restriction systems in-order to identify foreign DNA, many of which also function through 
identifying certain DNA methylation patterns (Raleigh et al., 1988; Raleigh & Wilson, 
1986). There are however systems that can recognise specific sequences, such as the 
hsdSMR genes (Bickle & Krüger, 1993). These DNA endonucleases are instead blocked 
by methylation at the cleavage site, which would not occur in plasmid constructed from 
DNA fragments obtained via PCR. A quick search for recognition sequences of Type IA 
enzymes such as EcoBI (TGA(N6)TGCT), EcoKI (AAC(N6)GTCG), EcoDI (TTA(N7)GTCY) 
and StySPI AAC(N6)GTRC) with pMRE-Himar-173 revealed a range of cut site locations. 
Notably cut sites occurred within the fluorescent protein gene, antibiotic resistance gene, 
and trans-acting factors.  

As described in Schlechter et al. (2018), the plasmids constructed here allow for 
convenient fluorescent tagging of many environmental bacteria and cover a different host 
range compared to the previously described vectors. Fluorescent protein tags are the 
prerequisite for many experimental studies that follow different populations 
simultaneously, identify focal populations in complex environments, or follow the 
behaviour of individual cells (Diard et al., 2013; Ledermann et al., 2015; Remus-
Emsermann & Schlechter, 2018; Wang et al., 2010). Currently, many delivery systems 
including the first versions of the Chromatic Bacteria toolbox, function almost exclusively 
in Pseudomonadota, the Himar transposons have been shown to have a wider range of 
activity. Thereby the plasmids introduced here can serve as a “one fits many” solution for 
tagging Pseudomonadota. 
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Chapter 3. Optimising Transformation Protocols for 
Gram-Positive Bacteria 
 

3.1. Summary 

In order to genetically modify bacteria using transposon-based vectors, said vectors must 
first be inserted into cells. One of the most efficient techniques for achieving this is 
artificial transformation. The artificial transformation of non-model Gram-positive 
species is often challenging due to the presence of a thick outer cell wall that physically 
prevents plasmid insertion. Because of this, commonly performed transformation 
procedures such as electroporation require species-specific modifications in order to 
function optimally in Gram-positive bacteria. Such is also the case for transformation of 
the Gram-positive strain Arthrobacter sp. Leaf145, which is a valuable transformation 
target. Here I explore the use and optimisation of two different electroporation techniques 
for transforming Arthrobacter sp. Leaf145. Optimisation of these procedures revealed that 
the use of non-methylated plasmid DNA was critical for transformation of Arthrobacter 
sp. Leaf145.   
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3.2. Introduction 

While E. coli can be transformed with relative ease, poorly characterised bacteria are 
more recalcitrant to these same transformation procedures. Most notably, Gram-positive 
bacteria often require more physically disruptive techniques in order for DNA to pass 
through their thicker cell walls. In Chapter 2, I was unable to use conjugation to produce 
insertion mutants with the Himar-based plasmids in Gram-positive bacteria. For this 
reason, it was hypothesised that the use of electroporation techniques may result in 
higher rates of insertion of the pMRE-Himar plasmids, allowing for transposition to occur. 
Electroporation is frequently used in molecular biology to deliver DNA and other 
molecules into cells. Electro-competent E. coli cells can be reliably produced with 
transformation efficiencies that are typically a magnitude higher than that of chemically 
competent cells (Green & Sambrook, 2020). Here we have chosen the Gram-positive strain 
Arthrobacter sp. Leaf145 (Bai et al., 2015) as a model for which to optimise 
electroporation. The high metabolic diversity observed within the family Micrococcaceae 
make species in this family valuable research organisms and valuable target for 
optimising transformation procedures.  

Transposase based plasmids require both successful transformation to be inserted into 
cells and transposition of genes into the target chromosome. Even in highly efficient 
transposon systems, transposition may only occur for one in every 170 successful 
transformation events (Artiguenave et al., 2006). Therefore, optimising transformation is 
a vital step to confirm if pMRE-Himar plasmids function in Gram-positive strains. 
Arthrobacter sp. Leaf145 and other Gram-positive bacteria possess a thick outer 
peptidoglycan layer creating a physical barrier hindering DNA from entering cells. 
Furthermore, different Gram-positive species can have drastically different peptide and 
disaccharide compositions and arrangements, leading to varying cell wall properties 
(Turner et al., 2014). For these reasons, transformation techniques for Gram-positive 
bacteria often require modification and optimisation. A handful of transformation 
protocols have been performed and optimised for strains closely related to Arthrobacter 
sp. Leaf145. These protocols, along with others, involve steps that weaken the cell wall. 
In this chapter, two different transformation techniques were chosen to be optimised for 
Arthrobacter sp. Leaf145. The first protocol, described by Kolek et al. (2016), uses 
sonication in order to increase cell permeability before electroporation. This protocol was 
optimised for the Gram-positive strain Clostridium pasteurianum NRRL B-598, and 
initial attempts using this protocol have produced low levels of transformation in 
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Arthrobacter sp. Leaf145 (personal communication). Secondly, a transformation 
technique described by Zhang et al. (2011) weakens the cell wall through the addition of 
cell wall inhibiting antibiotics. This transformation technique was optimised for 
Arthrobacter sp. A3 and was shown to function in other Arthrobacter species.  

In order to optimise transformation efficiency, a positive control was required to first 
create a baseline transformation/transposition efficiency value. To this end, the plasmid 
pKGT-GFP was acquired (Kirchner et al., 2001). This plasmid was constructed for 
modifying the Gram-positive bacterium Clavibacter michiganensis (Kirchner et al., 2001) 
but contains the transposable element IS1409 that originated from the genome of 
Arthrobacter sp. strain TM1 NCIB12013 (Gartemann & Eichenlaub, 2001). Given the 
previous applications of pKGT-GFP and the Tn1409 transposon, this plasmid was a 
promising candidate for a positive control to use for transformations of Arthrobacter sp. 
Leaf145. Production of a high efficiency transformation protocol will allow testing of the 
pMRE-Himar series plasmids produced in Chapter 2. Additionally, if pKGT-GFP was 
modified to contain an origin of transfer, this plasmid could also be used as a positive 
control for conjugation into Arthrobacter sp. Leaf145 with the previously attempted 
conjugation technique. With this in mind, I hypothesise that optimised transformation 
protocol will allow production of insertion mutants by the pMRE-Himar series in 
Arthrobacter sp. Leaf145. 
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3.3. Methods 

 

3.3.1. Strains and media 

All strains and their growth conditions used in this chapter are listed in Table 3.1. Media 
and antibiotics were prepared as described in Chapter 2, Section 2.1. E. coli strains were 
routinely grown in LB at 37 ႏ and E. coli ST18 growth media was supplemented with 50 
mg/L 5-aminolevulinic acid. Arthrobacter sp. Leaf145 was grown in NB at 30 ႏ. Cells 
grown in liquid cultures were shaken at 180 rpm. Where appropriate, media were 
supplemented with antibiotics with the following concentrations: 100 mg/L ampicillin, 20 
mg/L chloramphenicol. Chloramphenicol was used at a concentration of 10 mg/L when 
used to select Arthrobacter sp. Leaf145. During transformation of Arthrobacter sp. 
Leaf145, cells were recovered with sorbitol broth (10 g/L tryptone, 5 g/L yeast extract, 4 
g/L NaCl, 0.5 M sorbitol, 20 mM MgCl2, 20 mM CaCl2, pH 7.5). 

Table 3.1: Bacterial Strains used in this chapter. 

Strain Notes, features Source 

Arthrobacter sp. Leaf145 Gram-positive transposon recipient (Bai et al., 
2015) 

E. coli GM119 Cloning host for non-methylated plasmids. fhuA2, 
tsx-1, glnX44, galK2, galT22, mtlA2, metB1, ǌ-, dcm-
6, dam-3, lacY1 

(Arraj & 
Marinus, 

1983) 

E. coli GM119pir116 Cloning host for non-methylated plasmids with R6K 
origin Genotype: GM119, Tn7pir116+ 

This 
chapter 

E. coli ST18 Conjugation donor; Genotype: S17-��ǌpirƦhemA (Thoma & 
Schobert, 

2009) 
E. coli Stellar Cloning host. F–, endA1, supE44, thi-1, recA1, relA1, 

J\U$����SKR$��Ʒ��G�ODF=Ʀ�0����Ʀ��ODF=<$�- argF) 
8�����Ʀ��PUU�- hsdRMS - mcrBC), ƦPFU$��ǌ– 

Takara Bio 

E. coli Stellarpir116 Cloning host for non-methylated plasmids. Genotype: 
Stellar, Tn7pir116+  

This 
chapter 

 

3.3.2. Construction and conjugations of pKGTT 

Plasmids and primers used in this chapter are listed in Table 3.2 and 3.3, respectively. 
For use as a control in conjugations, the plasmid pKGTT was constructed through the 
addition of an origin of transfer region to pKGT-GFP (Figure 3.1). To achieve this, pKGT-
GFP was digested using NdeI, and an oriT region was amplified from pHimarEm1 using 
primers pKGTT_FWD_1 and pKGTT_RVS_1. The two fragments were then joined using 
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Gibson assembly and used to transform competent E. coli ST18 cells. Colony PCRs were 
performed to identify colonies containing the correct pKGTT construct. An E. coli colony 
was resuspended in 100 µL of 50 mM NaOH and heated at 95 °C for 15 minutes. From 
the resulting crude DNA extract, 1 µL was used as template and amplified using MyTaq 
HS mix 2x (Bioline) with the primers pKGTT_test_FWD and pKGTT_test_RVS that 
bridged the newly inserted oriT region. The PCR reactions were run on a 1 % agarose TAE 
gel (Supplementary Methods). Bands from pKGT-GFP would result in a band 357 bp long, 
whereas pKGTT containing the insert would be 483 bp long.  

Conjugations were performed to test if the new oriT sequence in pKGTT allowed for 
transfer into Arthrobacter sp. Leaf145. A modified version of the conjugation protocol by 
Schlechter & Remus-Emsermann (2019) described in Chapter 2, Section 2.2.6 was used. 
E. coli ST18 containing pKGTT was used as a plasmid donor strain, and donor to recipient 
ratios of 1:10, 1:1, and 10:1 were attempted.  

 

 
Figure 3.1: Cloning schematic for the production of pKGTT. A fragment containing an oriT 
sequence was amplified from pHimarEm1 and inserted into pKGT-GFP at the NdeI cut site. The 
DNA fragment containing the oriT sequence is highlighted in blue.  
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Table 3.2: Plasmids used in this chapter 

Name Features Source 

pGRG36pir mini-Tn7 pir system, AmpR, araC (Kvitko et al., 2012) 

pGRG36pir-116 mini-Tn7 pir116 system, AmpR, araC (Kvitko et al., 2012) 

pHimarEm1 Himar1 transposon, KanR, ErmR (Braun et al., 2005) 

pKGT-GFP Tn1409 transposon, AmpR, CmR, ColE1 oriR (Tancos et al., 2013) 

pKGTT Tn1409 transposon, AmpR, CmR, ColE1 oriR, oriT This chapter 

pMRE-Himar-145 Himar1 transposon, mScarlet-1,  CmR, GmR Chapter 2 
 

Table 3.3: Primers used in this chapter 

Name Sequence 5’ to 3’ tm 
(°C) 

pKGTT_FWD_1 tattttctccttacgcatctgtgcggtatttcacaccgcagagcttacggccagcc 80 

pKGTT_RVS_1 actatgcggcatcagagcagattgtactgagagtgcaccatatggtcagccgggcaggatagg 82 

pKGTT_test_FWD tcgcccttcccaacagttgc 65 

pKGTT_test_RVS gtgccacctgacgtctaagaaac 63 

EcoliTn7insFW gatgctggtggcgaagctgtc 64 

EcoliTn7insRV gatgacggtttgtcacatggag 58 
 

 

3.3.3. Plasmid preparation and purification procedures  

In order to host non-methylated pKGT-GFP and pMRE-Himar-145 plasmids for use in 
transformations, electro-competent E. coli GM119 cells were used. In order to recognise 
the R6K OriR present in pMRE-Himar-145, E. coli GM119 strains were genetically 
modified using a mini-Tn7-based system to contain the pir JHQH�HQFRGHG�Ǒ�SURWHLQ�WKDW�
allows for replication of R6K OriR (Kvitko et al., 2012). To produce this strain, chemically 
competent E. coli GM119 (Supplementary Methods) were transformed with 
pGRG36pir116. Transformants were selected for LBA supplemented with ampicillin at 
30 ႏ. Next, colonies that grew after the transformation were grown on non-selective in 
LB at 30 ႏ overnight. During this cultivation, the pir116+ gene is introduced into the 
genome by Tn7 transposition. From these cultures, fresh streaks were performed on LBA 
and incubated at 42 ႏ in order to block replication of pGRG36pir116. Colonies that 
appeared were then restreaked on both LBA and LBA with ampicillin to confirm that 
pGRG36pir116 had been lost. Insertion of the pir gene was then verified with 25 µL 
MyTaq PCR, using primers EcoliTn7insFW and EcoliTn7insRV. E. coli Stellapir116 cells 
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were produced using the same procedure, starting with E. coli Stellar cells. Successful 
colonies were then used to produce competent cells (Supplementary Methods) and 
transformed with pMRE-Himar-145.  

For transformation experiments, high concentrations of plasmid DNA were required. 
Therefore, plasmids were extracted following the Miraprep protocol (Pronobis et al., 
2016). E. coli stocks containing the desired plasmid were streaked out onto appropriate 
antibiotics. Single colonies were then used to inoculate 50 mL cultures of LB in 250 mL 
conical flasks supplemented with appropriate antibiotics and incubated at 37 ႏ with 
shaking (200 rpm) overnight. The culture was then transferred to a 50 mL falcon tube 
and centrifuged at 4,000 g for 10 minutes at 4 ႏ. The cell pellet was then thoroughly 
resuspended by vortexing in 2 mL of resuspension buffer (50 mM Tris-HCl pH 8, 10 mM 
EDTA) and 2 µL of RNase A (100 ng/µL) was added (this step deviates from the original 
protocol). Next, 2 mL of lysis buffer (200 mM NaOH, 1 % SDS) was added. The solution 
was inverted ~4 times and incubated at room temperature for 3 minutes. After incubation, 
2 mL of neutralisation buffer (4.2 M GuHCl, 0.9 M potassium acetate, pH 4.8) was added 
and the solution was inverted ~8 times until a uniformly white precipitate formed (this 
step deviates from the original protocol). The solution was then distributed into ~four 1.7 
mL Eppendorf tubes by pouring and was centrifuged at 13,200 g for 10 minutes. The 
supernatant was then transferred to a 15 mL falcon tube, and 1 volume of 100% ethanol 
was added and mixed thoroughly for 5 seconds. The solution was loaded into five DNA 
spin columns in 700 µL aliquots. These were centrifuged at 13,200 g for 30 seconds and 
the flow-through was discarded. This was repeated until the entire solution was run 
through the spin columns. The spin columns were then each loaded with 500 µl of wash 
buffer (10 mM Tris-HCl pH 7.5, 80% EtOH) and centrifuged at 13,200 g for 30 seconds. 
Flow through was discarded and one more wash step was performed. A final spin was 
performed 13,200 g for 1.5 minutes. The spin columns were then transferred to a clean 
1.7 mL Eppendorf tube. 35 µL of ddH2O was then added directly to each column and left 
for 2 minutes. The tubes were spun at 13,200 g for 2 minutes to elute plasmid DNA from 
the column. Samples were then pooled and measured on a Nanodrop 1000. Before use in 
transformations, DNA concentrations were more precisely measured using a Qubit 2.0 
Fluorometer (Invitrogen) with broad range sensitivity buffers, following manufacture’s 
instructions. Samples were diluted by 10 × if required. 
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3.3.4. Optimising Electroporation protocols for Arthrobacter sp. Leaf145 

In order to transform Arthrobacter sp. Leaf145 with pMRE-Himar-145 DNA, 
transformation procedures previously used on Gram-positive bacteria were searched for 
in the literature. From those found, two protocols were attempted and optimised. During 
transformation experiments, methylated (Dam+/Dcm+) and non-methylated (Dam/Dcm-) 
pKGT-GFP and pMRE-Himar-145 plasmids were used.  

 

3.3.4.1 Optimisation of sono-electroporation protocol   

Firstly, a sono-electroporation protocol from Kolek et al. (2016) was optimised. The 
original protocol was performed as follows: A single colony of Arthrobacter sp. Leaf145 
was used to inoculate a 30 mL overnight culture. 15 mL of this culture was used to 
inoculate 100 mL of NB. This culture was incubated for approximately 7 hours with 
shaking at 180 rpm until an OD600 of 1.4 was reached. The culture was then separated 
into two 50 mL falcon tubes and placed in ice for 10 minutes. Next, the falcon tubes were 
spun at 4,000 g for 10 minutes at 4 ႏ. All subsequent steps were performed on ice. The 
supernatant was then discarded, and the pellet was resuspended with 50 mL of 10 % PEG 
8000 by vortexing. Cells were washed another two times in 10 % PEG 8000 before a final 
resuspension in 2 mL 30 % PEG 8000. 200 µL aliquots of competent cells were distributed 
into prechilled 1.7 mL Eppendorf tubes and to these between 0.5 µg and 1 µg of plasmid 
DNA were added. The cells were incubated on ice for no longer than 10 minutes before 
being placed in a ultrasonicator water bath (Elma EASY 30H) filled with water at 4 ႏ 
and sonicated for 20 seconds. Aliquots were then placed back onto ice before being 
transferred into chilled 2 mm electroporation cuvettes. Samples were electroporated using 
D�%LR5DG�*HQH�3XOVHU�ZLWK�SXOVH�FRQWUROOHU�VHW�WR�����N9������ƺ�DQG����P)��,PPHGLDWHO\�
after electroporation, 800 µL of sorbitol broth was added and cells were transferred to a 
15 mL falcon tube. These cells were then incubated at 30 ႏ for 8 hours. Cells were then 
plated on NA and appropriate antibiotics and left for up to 10 days for colonies to appear. 
Transformation efficiency was determined according to Equation 1. 

Colonies 
Aliquot volume (mL) כ DNA added (µg) = Transformation efficiency (CFU/µg) (1) 

 

In order to produce cells with the highest transformation efficiency several factors were 
explored: 1) varying transformation electroporation voltages, 2) OD600 at time of harvest, 
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3) competent cell incubation with plasmids, 4) recovery time after transformation, and 5) 
plasmid DNA methylation. When modifying transformation parameters, all other 
parameters were performed as described in the protocol above. Where possible, 
transformations were performed in triplicates and colony counts were averaged to 
determine transformation efficiency. Electroporation voltages were tested between 1.1 kV 
and 2.5 kV. Arthrobacter culture OD600 at time of harvest were between 0.6 and 1.4. 
Plasmid incubation in competent cell aliquots ranged between 2.5 minutes and 30 
minutes.  

 

3.3.4.2 Optimisation of growth inhibitor-based transformation 
 protocol 

Next to sono-electroporation protocols, transformation techniques relying on the addition 
of cell wall synthesis inhibitors were tested. One such transformation protocol, performed 
by Zhang et al. (2011), employed the use of penicillin to weaken the cell wall. In order to 
explore the effects of growth inhibitors on Arthrobacter sp. Leaf145, cells were grown in 
the presence of varying concentrations of ampicillin, glycine, and tween 20. To achieve 
this, a single colony of Arthrobacter sp. Leaf145 was used to inoculate 50 mL of NB. This 
culture was incubated until cells reached exponential growth with an OD600 of ~0.5. In a 
96-well plate (Costar), wells were filled with 50 µL of ampicillin ranging from 0 µg/mL to 
35 µg/mL, glycine with concentrations from 0% w/v to 2.8% w/v, and tween 20 with 
concentrations between 0% v/v to 1.05% v/v. 50 µL of Arthrobacter sp. Leaf145 culture 
were added to each well, and as a negative control, to one well 50 µL of NB were added. 
Each measurement was performed in triplicates. The 96-well plate was then placed in a 
FLUOstar Omega plate reader with spectrometer (BMG Labtech) and OD600 values were 
recorded every 20 minutes. The data was then visualised using GraphPad Prism (version 
8.3.1).  

Using the growth curves recorded for Arthrobacter sp. Leaf145 in varying growth 
inhibitors, one inhibitor was chosen for use during transformation procedures. 
Transformation methods were performed similar to described by Zhang et al. (2011) 
except that 10 µg/mL of ampicillin were added once the Arthrobacter sp. Leaf 145 culture 
once it reached an OD600 of 0.4 and left to incubate for an hour before harvesting. A final 
set of transformations was then performed using the optimised sono-electroporation and 
ampicillin protocols produced in this chapter to test whether the increased transformation 
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efficiency allowed for pMRE-Himar plasmids to function in Arthrobacter sp. Leaf145. The 
optimised protocols were followed, however the final cell pellets were resuspended in 2 
mL of buffer rather than 1 mL. Both methylated and non-methylated pMRE-Himar-145 
and pKGT-GFP plasmids were tested.  
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3.4. Results  

 

3.4.1. Optimised sono-electroporation protocol 

To produce an optimised transformation protocol for Arthrobacter sp. Leaf145, a range of 
experimental parameters where tested. The effect of these parameters on transformation 
efficiency is shown in Figures 3.2 and 3.3. Initial transformation attempts using 
methylated plasmid DNA were unsuccessful and so all following transformation results 
described here were performed using non-methylated pKGT-GFP plasmid DNA unless 
stated otherwise.  
 

3.4.1.1. Effect of electroporation voltage on sono-electroporation 
 efficiency 

When testing the effect of electroporation voltage on transformation efficiency (Figure 3.2, 
A) it was seen that a voltage of 2.3 kV, equivalent to 11.5 kV/cm, produced the highest 
transformation efficiency of 1.7 x 101 CFU/µg DNA. Electroporation voltages above and 
below this value resulted in decreases in transformation efficiency, with no colonies 
observed at 1.3 kV and below. A control transformation performed without sonication of 
the cells first, resulted in a transformation efficiency of 5 x 100 CFU/µg DNA. This is 
almost an order of magnitude less than when cells were sonicated and transformed with 
the same voltage of 2.0 kV, resulting in 4 x 101 CFU/µg DNA. Based on these results, an 
electroporation voltage of 2.3 kV was chosen and a 20 second sonoporation step was 
retained to increase transformation efficiency. 

 

3.4.1.2. Effect of plasmid incubation time with cells on sono-
 electroporation efficiency 

When testing the effect of plasmid incubation with competent cells on transformation 
efficiency (Figure 3.2, B), there appears to be no discernible trend. The highest efficiencies 
were observed for the incubation time of 30 minutes at 6.5 x 101 CFU/µg DNA, followed 
by 10 minutes at 6.0 x 101 CFU/µg DNA, and then 20 minutes at 5.0 x 101 CFU/µg DNA. 
However, the lowest transformation efficiency was observed at 25 minutes of incubation, 
resulting in 5 x 100 CFU/µg DNA. Based on these results, culture incubation time with 
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plasmid DNA was not considered a significant factor for increasing transformation 
efficiency. 

 

Figure 3.2: Transformation of Arthrobacter sp. Leaf145 with varying electroporation 
voltage and plasmid incubation time. All transformations were performed using non-
methylated pKGT-GFP DNA. A) Transformation of Arthrobacter sp. Leaf145 with varying 
electroporation voltages. Control represents cells transformed at 2.0 kV without being sonicated 
first. B) Transformation efficiency allowing for varying time of cell incubation with plasmid DNA.  

 

3.4.1.3. Effect of culture harvesting OD600 on sono-electroporation 

 efficiency 

When harvesting cells at varying OD600 values (Figure 3.3 A), both OD600 of 0.6 and 0.8 
resulted in the highest electroporation efficiencies of 3.5 x 101 CFU/µg DNA, however 
results from the culture grown to an OD600 of 0.8 had large standard deviation. Cultures 
grown to OD600 above 0.8 exhibited drastic decreases in transformation efficiencies. Both 
OD600 values of 1.0 and 1.2 resulted in efficiencies of 2 x 100 CFU/µg DNA, and the OD600 
of 1.4 produced and efficiency of 5 x 100 CFU/µg DNA. Based on these results, a culture 
OD600 of 0.6 was chosen to produce optimal transformation efficiency. 

 

3.4.1.4. Effect of recovery time on sono-electroporation efficiency 

A final transformation was performed with cells that were harvested at an OD600 of either 
0.6 or 1.2 and recovered for either 8 or 3 hours (Figure 3.3, B). Arthrobacter sp. Leaf145 
cells were processed using the optimal transformation setting described above. A 
maximum transformation efficiency of 1.48 x 103  CFU/µg DNA was achievable when cells 
were harvested at an OD600 of 0.6, electroporated with a voltage of 2.3 kV and recovered 
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for 8 hours. Colonies were also observed after a 3 hour recovery, though with a reduced 
efficiency of 5.65 x 102 CFU/µg DNA. This demonstrated that cells could be recovered for 
3 hours rather than 8 hours, although with a lower transformation efficiency.  

 
Figure 3.3: Transformation of Arthrobacter sp. Leaf145 at different OD600 values and 
different cell recovery periods. A) Arthrobacter sp. Leaf145 transformation efficiency when 
cells are harvested at varying OD600 values. Transformations were performed in triplicates. Two-
tailed t-test, *p=0.00985, **p=0.128 B) A final transformation efficiency test performed using the 
optimised parameters from the previous experiments. During this test cells were harvested at an 
OD600 of 0.6 or 1.2 and allowed to recover for either 3 hours or 8 hours. Triplicate transformations 
were performed for cells recovered for 8 hours. Two-tailed t-test ***p=5.33 × 10-5 

 

From combining the results of transformation parameters that produced the optimal 
transformation efficiencies, the follow transformation protocol was derived:  

A single colony of Arthrobacter sp. Leaf145 was used to inoculate a 30 mL overnight 
culture. 15 mL of this culture was then used to inoculate 300 mL of NB. This culture was 
incubated for approximately 5 hours with shaking at 180 rpm until an OD600 of 0.6 was 
reached. The culture was then separated into six 50 mL falcon tubes and placed in ice for 
10 minutes. Next, the falcon tubes were spun at 4,000 g for 10 minutes at 4 Ԩ. All 
subsequent steps were performed on ice. The supernatant was discarded, and pellets were 
resuspended with 50 mL of 10 % PEG 8000 by pipetting or gentle vortexing. Cells were 
washed another two times in 10 % PEG 8000 before a final resuspension in 1 mL 30 % 
PEG 8000. During this final resuspension, the supernatant was removed using a 
serological pipette in order not to disturb the cell pellet. 200 µL aliquots of competent cells 
were separated into pre-chilled 1.7 mL Eppendorf tubes, and to these aliquots between 
0.5 and 1 ng of non-methylated plasmid DNA added. The cells were then placed in a lab 
sonication bath filled with water at 4 Ԩ and sonicated for 20 seconds. Aliquots were then 
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placed back onto ice before being transferred into chilled 2 mm electroporation cuvettes. 
Samples were electroporated at 2.3 kV, 200 ƺ and 25 mF. Immediately after 
electroporation, 800 µL of sorbitol broth was added to aliquots and cells were transferred 
to a 15 mL falcon tube. Cells were incubated at 30 Ԩ for 3 hours before plating on 
appropriate selective media.  
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3.4.2. Optimised electroporation protocol 

As well as optimising a sono-electroporation protocol for Arthrobacter sp. Leaf145, an 
alternate transformation technique requiring the addition of cell wall synthesis inhibitors 
was explored and optimised. In order to choose what growth inhibitor to use and at what 
concentration, Arthrobacter sp. Leaf145 cell growth was measured in varying 
concentrations of tween 20, ampicillin, and glycine (Figure 3.4). The increasing 
concentrations of tween 20 tested did not appear to affect Arthrobacter sp. Leaf145 growth 
in a predictable way (Figure 3.4, A). All growth rates in cultures with tween 20 appear 
linear within a 5-hour time frame. Arthrobacter sp. Leaf145 growth was reduced most in 
a tween 20 concentration of 0.75 %, however the maximum tween 20 concentration of 
1.05 % had a smaller reduction on Arthrobacter sp. Leaf145 growth. As expected, growth 
of Arthrobacter sp. Leaf145 was strongly inhibited by the addition of ampicillin (Figure 
3.4, B). All concentrations of ampicillin resulted in OD600 reduction within 2 hours, and 
plateaued OD600 within 3 hours of growth. Arthrobacter sp. Leaf145 growth in glycine was 
increased with the addition of 0.4 % glycine, but reduced with increasing concentrations 
(Figure 3.4, C). A glycine concentration of 0.8 % surprisingly resulted in OD600 reduction 
after 1.6 hours, similar to the addition of low concentrations of ampicillin. However, after 
2 hours OD600 began to increase again. At a glycine concentration of 1.6 % and above, 
Arthrobacter sp. Leaf145 growth was completely inhibited. 
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Figure 3.4: Growth of Arthrobacter sp. Leaf145 in the presence of varying concentrations 
of tween 20, ampicillin, and glycine. For each concentration of growth inhibitor, three 
independent experiments were performed and averaged to produce each time point. For each data 
set, one standard deviation from the mean is indicated with dotted lines. Initial cultures were 
inoculated to an OD600 of 0.3, replicates that were 20% above or below this value at initial OD600 
measurement were discarded. This included tween 20 samples data sets for concentrations of 0.3 
%, 0.6 % and 1.05 % which had one replicate removed and 0.75 % had two replicates removed. 
Additionally, one replicate was discarded from ampicillin 0% measurement.  

 

Both ampicillin and glycine resulted in a dramatic reduction in Arthrobacter sp. Leaf145 
growth. Incubating cells with ampicillin for 1 hour allowed for at least one doubling to 
occur, though exposure to the antibiotic past this time results in cell lysis (Figure 3.4, B). 
Due to the more constant growth inhibition observed with the use of ampicillin and 
similar classes of antibiotics in previous works, ampicillin was chosen for use in 
transformation procedures. During the transformation experiments performed on 
Arthrobacter sp. Leaf145, ampicillin was added to cells at a concentration of 10 µg/mL and 
cells were left to incubate for an hour. The final optimised procedure was performed as 
described below. 

A 300 mL culture of Arthrobacter sp. Leaf145 was prepared as previously described 
(Section 3.3.2). This culture was incubated for approximately 3 hours with shaking at 180 
rpm until an OD600 of 0.4 was reached. At this OD, ampicillin was added to a concentration 
of 10 µg/mL. The culture was then incubated for one hour. After incubation, this culture 
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was separated into six 50 mL falcon tubes and placed in ice for 10 minutes. Next, the 
falcon tubes were spun at 2,000 g for 10 minutes at 4 Ԩ. All subsequent steps were 
performed on ice. Supernatant was discarded and the pellet was resuspended with 50 mL 
of wash buffer (10% glycerol, 0.5 M sorbitol) by vortexing. Cells were washed another two 
times in wash buffer before a final resuspension in 1 mL of wash buffer. 200 µL aliquots 
of competent cells were separated into chilled 1.7 mL Eppendorf tubes, and to these 
aliquots between 0.5 and 1 ng of plasmid DNA was added. Aliquots were then transferred 
LQWR�FKLOOHG���PP�HOHFWURSRUDWLRQ�FXYHWWHV��6DPSOHV�ZHUH�HOHFWURSRUDWHG�DW�����N9��������
and 25 mF. Immediately after electroporation, 5 mL of recovery broth (NB, 0.5 M sorbitol) 
was added, and cells were transferred to a 15 mL falcon tube. Cells were incubated at 30 
Ԩ for 3 hours. Cells were then plated on NA and appropriate antibiotics and left for up to 
10 days for colonies to appear.  

 

3.4.3. Transformation of Arthrobacter sp. Leaf145 with pMRE-Himar-145 

After development of optimised transformation protocols, transformations were 
performed using both the sono-electroporation and ampicillin transformation protocol 
with methylated or non-methylated pKGT-GFP and pMRE-Himar-145 DNA (Figure 3.5). 
Using these transformation protocols, insertion mutants of Arthrobacter sp. Leaf145 could 
not be produced with pMRE-Himar-145. Colonies were only observed when using non-
methylated pKGT-GFP. For the sono-electroporation protocol a transformation efficiency 
of 1.6 × 102 CFU/µg DNA was observed. This was lower than the efficiency seen using the 
ampicillin protocol which produced 6.7 × 103 CFU/µg DNA.  
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Figure 3.5: Comparison of transformation efficiencies obtained using either the sono-
electroporation based protocol or ampicillin-based transformation protocol to 
transform Arthrobacter sp. Leaf145. Both methylated (white columns) and non-methylated 
(grey columns) pKGT-GFP and pMRE-Himar-145 plasmid DNA was used. Optimised sono-
electroporation (A) and ampicillin based (B) transformation protocols were followed except for the 
final cell pellet resuspension step which was performed in 2 mL of buffer rather than 1 mL.  

 

3.4.4. Production of pKGTT and preliminary Arthrobacter sp. Leaf145 
conjugation attempts 

The original pKGT-GFP plasmid contained no oriT sequence and so could not be mobilised 
during conjugations. To solve this, an oriT sequence obtained from pHimarEm1 was 
added. PCR and Sanger sequencing (Supplementary Results) across this region confirmed 
it was correctly inserted. Fluorescent Arthrobacter sp. Leaf145 cells were observed in 
conjugation mixtures with a 1:10 ratio of Arthrobacter sp. Leaf145 to E. coli culture OD600. 
Due to time constraints these colonies could not be fully characterised to confirm gene 
insertion and species identity, however initial observation of colony morphology indicates 
these are Arthrobacter sp. Leaf145 colonies (Figure 3.6).  
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Figure 3.6: Two Arthrobacter sp. Leaf145 colonies tagged with pKGTT via conjugation. 
A) Image taken on an Olympus BH2-RFCA equipped with a UDMG green fluorescence filter cube 
under fluorescence light. B) Image taken with bright field microscopy. 
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3.5. Discussion  

In this chapter, two different electroporation techniques were optimised for Arthrobacter 

sp. Leaf145. Out of the parameters tested for increasing sono-electroporation 
transformation efficiency, results show that the highest increases in transformation 
efficiency are obtained from modifying culture harvesting OD600 (Figure 3.3), 

electroporation voltage (Figure 3.2), and modifying plasmid methylation state (Figure 
3.5). The importance of optimising these parameters is in line with results from other 
transformation optimisations performed on Gram-positive bacteria, and demonstrates the 
importance of optimisation as each species has unique optimal parameters (Kirchner et 
al., 2001; Kolek et al., 2016; Metzler et al., 1992; Murray & Aronstein, 2008; Zhang et al., 
2011).  

 

3.5.1. Arthrobacter sp. Leaf145 requires unique electroporation 
parameters for optimised transformation 

Although optimal parameters for electroporation vary, the reason for certain condition 
values can be speculated. For instance, harvesting cells in the early exponential phase 
likely results in cells with less dense cell walls, and less protein crowded cell membranes. 
These factors may help to increase the permeability of the cell wall and membrane 
allowing for higher plasmid insertion frequencies. A similar trend of harvesting cells at 
low OD600 values was observed by Zhang et al. (2011) for Arthrobacter isolates, Kirchner 
et al. (2001) with Clavibacter michiganensis subsp. michiganensis, and Murray & 
Aronstein (2008) with Clavibacter xyli subsp. cynodontis. However, conflicting results by 
Kolek et al. (2016) demonstrated that a higher harvesting OD600 produced greater 
transformants for their Gram-positive species Clostridium pasteurianum NRRL B-598.  

In the case of Arthrobacter sp. Leaf145 a relatively high electroporation voltage resulted 
in the highest transformation efficiency. Interestingly, increasing the electroporation 
voltage does not appear to proportionately decrease cell viability (data not shown). This 
indicates that factors other than reduction in cell viability may explain the decrease in 
transformation efficiency observed at the highest electroporation voltage tested, contrary 
to reports from other studies (Sherba et al., 2020).  Similar to harvesting OD600, optimal 
electroporation voltage varies drastically between Gram-positive species. For the species 
used by Kolek et al. (2016), a lower electroporation voltage produced the highest 
electroporation efficiency, Murray & Aronstein (2008) found a mid-level voltage was 
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optimal, while Metzler et al. (1992) found that a high voltage produced optimal 
transformation. Given the uncertainty in the exact mechanism of plasmid insertion via 
electroporation, it is difficult to reason why optimal voltages differ so drastically. 
However, I hypothesise that the cell wall and membrane of certain strains may be more 
susceptible to damage from electroporation, which would limit transformation efficiency 
at higher voltages. However, fully exploring this is beyond the scope of the thesis work.  

Plasmid DNA methylation also plays a significant role in transformation efficiency. The 
presence of methylation state specific restriction systems represents a significant barrier 
for transformation (Vertès et al., 1993). However, there is currently no way to easily 
predict which DNA methylation states will or will not be rejected by species without 
empirical testing. The most common DNA methylation patterns in bacteria include that 
performed by Dam methylase targeting the adenosine nucleotide in 5’ GATC 3’ sequence 
(Sánchez-Romero et al., 2015). The Dcm protein that methylates at the 5’ CC(A/T)GG 3’ 
site is also commonly mentioned as it is common in E. coli and relevant for plasmid cloning 
(Marinus & Løbner-Olesen, 2014). Certain species require non-methylated DNA for 
successful transformation (Guss et al., 2012; Kirchner et al., 2001; Macaluso & Mettus, 
1991). However other strains may not be affected or even benefit from Dcm and Dam 
methylation (Vertès et al., 1993; Zhang et al., 2011) or other unique methylation patterns 
(Beauchamp et al., 2017; Chen et al., 2008). Surprisingly, Arthrobacter sp. Leaf145 is 
almost exclusively receptive to Dam-/Dcm- pKGT-GFP DNA. This is in conflict to the 
results reported by Zhang et al. (2011) showing that transformation efficiency of 
Arthrobacter sp. A3 and a handful of other Arthrobacter species was not affected by 
plasmid methylation state. It is a possibility that within the plasmids tested by Zhang et 
al. (2011) there were no DNA motifs present allowing the Arthrobacter DNA restriction 
system to identify that DNA as foreign. Whereas the pMRE-Himar-145 and pKGT-GFP 
are both transposon-based vectors and hence may be more susceptible to identification 
and degradation. In which case, methylation patterns would play a role in avoiding the 
restriction systems in Arthrobacter spp.  

Recovery time had a large impact on Arthrobacter sp. Leaf145 transformation efficiency. 
A recovery period is necessary for phenotypic expression of antibiotic resistance from the 
inserted plasmid. However, excessive incubation time will result in overgrowth of cells 
and an overestimation of transformation efficiency. As it was observed that shorter 
recovery times still allowed for the production of insertion mutants for Arthrobacter sp. 
Leaf145, longer recovery times were then avoided in order to produce more accurate 
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transformation efficiencies. Zhang et al. (2011) observed similar results and found that 
for Arthrobacter sp. A3, recovery times of longer than eight hours resulted in drastic 
increases in transformants. However, this was explained by an increase in overall CFUs. 
A shorter incubation time conveniently allowed for the entire Arthrobacter sp. Leaf145 
transformation process starting at culture inoculation to be performed within 10 hours. 
For cells that have longer doubling times it may be preferable to perform the recovery 
step overnight, or it may be possible to inoculate the starting culture at night so that it 
can be harvested in the morning.  

Plasmid incubation has been reported to increase transformation efficiencies for 
Staphylococcus spp. (Augustin & Götz, 1990). In contrast, previous optimisation studies 
on Arthrobacter sp., plasmid incubation time has no effect on transformation efficiency 
(Zhang et al., 2011). This is in line with results shown here for Arthrobacter sp. Leaf145 
as there is no discernible trend for plasmid incubation time. However, these experiments 
were not repeated in triplicates and so results must be treated with caution as they are 
prone to variation caused by random error. For these reasons, I recommend future 
optimisations on Gram-positive bacteria to prioritise testing plasmid methylation states, 
OD600, and electroporation voltages. Plasmid incubation times do not appear to greatly 
impact species closely related to the genus Arthrobacter and should not be considered high 
priority. An decision tree outlining the transformations consideration based on the above 
results is given in Figure S11.  

 

3.5.2. Addition of cell wall synthesis inhibitors resulted in high 
transformation efficiencies 

As well as sono-electroporation, treatment of Arthrobacter sp. Leaf145 cells with growth 
inhibitors to increase competence was explored. The addition of growth inhibiting agents 
to increase transformation efficiency in Gram-positive bacteria is a common technique 
(Argnani et al., 1996; Dunny et al., 1991; Hermans et al., 1990; Kalscheuer et al., 1999; 
Kirchner et al., 2001; Mazy-Servais et al., 2006; Sekizaki et al., 1998; Zhang et al., 2011). 
Antibiotics targeting cell wall synthesis, or chemicals such as glycine, glycerol, tween, or 
high concentrations of sugars such as sorbitol or sucrose are commonly added. In this 
chapter, the growth of Arthrobacter sp. Leaf145 was measured with the addition of various 
concentrations of glycine, tween 20, and ampicillin. Based off the growth curves, 
incubation for one hour with ampicillin at a concentration of 10 µg/mL was chosen. This 
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value is lower than the 30 µg/mL of penicillin used by Zhang et al. (2011) yet resulted in 
relatively high transformation efficiencies.  

As discussed by Zhang et al. (2011), ampicillin’s inhibition of peptidoglycan synthesis 
likely results in an increased cell wall permeability, allowing plasmid DNA to pass into 
the cell more frequently. Paired with the minimal cell wall density present during 
maximum growth in the exponential phase, permeability is greatly increased. 
Arthrobacter sp. Leaf145 has a fast doubling time of ~30 minutes. This means that 
incubation with ampicillin for an hour allows at least one full cell replication cycle, and 
all cells present in the culture will have reduced peptidoglycan levels. Furthermore, as 
demonstrated with the growth curves (Figure 3.4) one hour of incubation with ampicillin 
is not sufficient in causing cell lysis which would lower transformation efficiency due to 
decreased cell levels. Due to time constraints, transformations with varying ampicillin 
concentrations could not be performed. However, future studies may determine if higher 
ampicillin concentrations increase transformation efficiency further. I recommend that 
when attempting this transformation technique on other species, that incubation time 
with antibiotics is adjusted accordingly to that species’ doubling time. 

Increasing glycine concentrations had a strong inhibitory effect on Arthrobacter sp. 
Leaf145 growth and at certain concentrations even mimicked growth inhibition caused by 
low levels of ampicillin. This similarity is not surprising given that excess glycine is 
thought to inhibit the production of peptidoglycan (Hammes et al., 1973) as does 
ampicillin and penicillin. However, as explored by Zhang et al, (2011) the use of antibiotics 
resulted in almost a magnitude increase in transformation efficiency over the use of 
glycine, and hence glycine was not tested further.  

 

3.5.3. Increased transformation efficiencies did not allow for insertion 
mutants of Arthrobacter sp. Leaf145 with pMRE-Himar plasmids 

Initial attempts using the pMRE-Himar series to tag Gram-positive bacteria in Chapter 
2 were unsuccessful. In the former experiments, conjugation was attempted to transfer 
the pMRE-Himar plasmids from E. coli ST18 cells into Gram-positive recipients. 
However, the use of transposons to genetically modify Gram-positive bacteria has two 
major hurdles to overcome. The first hurdle is that the plasmids must be successfully 
inserted into the cell through conjugation. The second hurdle is that the transposase gene 
must be successfully expressed and mediate transposition of the gene cassette into the 
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host genome. Due to the lack of positive controls for pMRE-Himar conjugation 
experiments, it could not be determined if genetic modification was restricted by plasmid 
insertion or gene transposition. In this chapter I demonstrate the success of pKGT-GFP 
in producing insertion mutants in Arthrobacter sp. Leaf145 using both transformation 
and conjugation protocols. This indicates that pMRE-Himar plasmids are unable to tag 
Arthrobacter sp. Leaf145 cells due to poor transposition rates of the Himar1 transposase 
into the Arthrobacter sp. Leaf145 genome. The inability of Himar1 transposase to function 
in Arthrobacter sp. Leaf145 is surprising given it has been used in a number of other 
Gram-positive bacteria such as Staphylococcus aureus, Clostridium perfringens, 
Streptococcus mutans (Li et al., 2009; Liu et al., 2013; Nilsson et al., 2014). Notably, the 
Himar1 transposase has been used to modify other bacteria within the same phylum as 
Arthrobacter sp. Leaf145, the Actinomycetota. This includes Mycobacterium abscessus 
and Mycobacterium smegmatis (Foreman et al., 2020; Rubin et al., 1999), where Himar1 
produced high enough transformation efficiencies to create transposition mutant 
libraries. However, the possibility for the pMRE-Himar series to function in Arthrobacter 
sp. Leaf145 and other Gram-positive bacteria cannot be ruled out completely. Future 
transformation optimisation techniques may increase plasmid insertion into recipient 
cells at even higher rates, making up for low transposition frequency. Alternatively, 
transposase base mutations such as those performed by Lampe et al. (1999) may 
sufficiently increase the transposition rate of the Himar1 transposase gene to produce 
insertion mutants with the current transformation protocols available.  

 

3.5.4. Conjugation may allow for easy production of Arthrobacter sp. 
Leaf145 insertion mutants  

Preliminary conjugation results indicate that the oriT sequence in pKGTT is capable of 
mediating transfer of pKGTT into Arthrobacter sp. Leaf145. The use of conjugation to 
insert pKGT-GFP based plasmids into Arthrobacter sp. Leaf145 is important as it 
validates that the conjugation procedure described by Schlechter & Remus-Emsermann 
(2019) can be used for plasmid insertion into Gram-positive bacteria. Additionally, the use 
of conjugation, while less efficient than transformation, is significantly less time and 
resource consuming. Furthermore, conjugation may be a valuable technique for 
laboratories that do not possess some of the more specialised equipment required for 
transformations. The ability to conjugate the Tn1409 based plasmids into recipients may 
allow for fast testing of these plasmids into a range of Gram-positive hosts in the future, 
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as was performed in Chapter 2 for the pMRE-Himar series. The preliminary conjugation 
results also indicate that the ratios of plasmid donor to recipient cells play an important 
role in the efficiency of plasmid insertion. Considering this, future conjugation efforts 
should test varying host to recipient ratios. 
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3.6. Conclusion 

The results of this chapter demonstrate the challenges of inserting plasmids into Gram-
positive bacteria. Here I was able to optimise with sono-electroporation or ampicillin-
based transformation protocols for Arthrobacter sp. Leaf145 allowing for reliable 
production of pKGT-GFP insertion mutants. Although more effort was put into optimising 
the sono-electroporation protocol, the highest transformation efficiency obtained for 
Arthrobacter sp. Leaf145 was from the ampicillin-based transformation protocol, at 6.7 × 
103 CFU/µg DNA. Unfortunately, the same methods did not result in gene insertion with 
pMRE-Himar plasmids, indicating that transposition of these plasmids does not occur or 
occurs below the limit of detection in Arthrobacter sp. Leaf145. Preliminary results 
indicate that conjugation can also be utilised to insert the Tn1409 based plasmids into 
Arthrobacter sp. Leaf145. Given the success of pKGT-GFP in tagging Arthrobacter sp. 
Leaf145, in Chapter 4 I will explore further plasmid modification with the goal of 
producing a Tn1409 based vector for native protein overexpression in Gram-positive 
bacteria.  
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Chapter 4. Constructing new Tn1409-based Vectors for 
use in Arthrobacter sp. Leaf145 

 

4.1. Summary 

In Chapter 2 the pMRE-Himar series was produced in order to expand the range of 
bacteria taggable with the pMRE series. However, the Himar1 transposon was shown not 
to be successful for tagging Gram-positive bacteria. In Chapter 3 the plasmid pKGT-GFP 
was shown to produce insertion mutants in the Gram-positive strain Arthrobacter sp. 
Leaf145 with high efficiency. In this chapter the Tn1409 transposon from pKGT-GFP is 
utilised further to fluorescently tag Arthrobacter sp. Leaf145 with gene cassettes obtained 
from the pMRE series. Additionally, the Arthrobacter sp. Leaf145 genome was sequenced 
using the Nanopore sequencing platform and analysed to ascertain possible alkane 
degradation genes. These genes were then cloned into Tn1409 based plasmids for future 
use in homologous protein overexpression within the native Arthrobacter sp. Leaf145 host.  
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4.2. Introduction 

The successful optimisation of transformation protocols for Arthrobacter sp. Leaf145 in 
Chapter 3 offer the opportunity to further explore genetic modification of this strain, and 
further utilise the Tn1409 transposon. Arthrobacter species in general are of interest due 
to their ability to degrade organic xenobiotics, as well their epiphytic fitness in the 
phyllosphere (Scheublin & Leveau, 2013). The species Arthrobacter sp. Leaf145 in 
particular displays a range of interesting attributes that have been previously explored. 
This includes the strong resource competition this strain can assert on plant leaf surfaces 
(Schlechter et al., 2022), providing plant protection against a foliar bacterial pathogens 
(Vogel et al., 2021), and the strain’s ability to produce surfactants and metabolise 
hydrocarbons found in diesel (Oso et al., 2019). An important facet of hydrocarbon 
degrading bacteria is their utilisation in bioremediation efforts. Major oil spills such as 
the recent Deepwater Horizon spill in the Gulf of Mexico in 2010 highlight the severe long-
term impact that oil spills can have on the surrounding environment (Fisher et al., 2016; 
Passow & Stout, 2020). Most often, physical or chemical procedures are utilised to remove 
oil spilt into the environment. However, research into the use of microbes for 
bioremediation efforts show this may be more cost effective and environmentally 
synergistic (Chandra et al., 2013). Interestingly, Arthrobacter spp. and related species 
have been previously noted for their ability to degrade various hydrocarbons (Chandra et 
al., 2013; Varjani, 2017), and one strain, Arthrobacter sp. MWB30, has been isolated from 
a crude oil contaminated sea-shore (Kim et al., 2015).  

Crude oil contains a complex variety of liquid hydrocarbons, which are refined and 
separated depending on their desired use. Importantly, liquid fuel such as petrol contain 
C4 to C12 hydrocarbons including alkane and alkenes (Speight, 2006). Enzymes capable of 
degrading short to medium chained alkanes have been heavily studied. Monooxygenases 
are capable of adding hydroxy groups to alkanes, from which these compounds can be fed 
into the beta-oxidation cycle (Rojo, 2009). Specifically, AlkB and CYP153 monooxygenases 
are widespread in bacteria, and have been frequently identified in Arthrobacter species 
(Ferrera-Rodríguez et al., 2013; Ionata et al., 2005; Nie et al., 2014). For these reasons, I 
hypothesised that Arthrobacter sp. Leaf145 may contain genes involved in alkane 
metabolism. In order to assist in finding possible alkane degradation (Alk) genes within 
Arthrobacter sp. Leaf145, this strain will be sequenced using the Nanopore sequencing 
platform. Nanopore sequencing produces long bp read lengths that can bridge repeating 
regions of genomes. These repeating regions are what prevent other next-generation 
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sequencing techniques from combining shorter contigs. The downside of Nanopore 
sequencing is that it suffers from relatively low sequencing accuracy. To this end, low 
accuracy Arthrobacter sp. Leaf145 Nanopore reads can be polished using the original high 
accuracy sequencing obtained by Bai et al. (2015).  

In Chapter 3, I demonstrated that the Tn1409 transposase in pKGT-GFP can reliably 
insert genes into Arthrobacter sp. Leaf145. The Tn1409 transposon was described by 
Gartemann & Eichenlaub (2001) and is highly similar to transposons in the ISL3 group. 
Typically, such as seen for Tn1409, these transposons contain a single open reading frame 
coding for the transposase gene. It is currently unknown if ISL3 family transposons 
require additional co-factors to function, though beneficially, Tn1409 does not have a 
defined target sequence specificity making it valuable for use in different species or for 
mutagenic gene knock-research (Gartemann & Eichenlaub, 2001). Given that Tn1409 has 
been shown to function in a range of species other than what it was discovered in, this 
transposon may be a valuable addition to expand host range in the pMRE series. In order 
to begin exploring this possibility, a handful of modifications must first be made to pKGT-
GFP. This began in Chapter 3 with the addition of an oriT sequence to produce pKGTT, 
though further modification to the location of the transposase gene and IR regions must 
also be made. After this, primers that allow for incorporation of the pMRE gene cassette 
with varying fluorescent protein gene and antibiotic resistance genes must be designed. 
Constructed plasmids may then be modified for use in native protein overexpression in 
Gram-positive hosts. In this chapter, I aim to modify and utilise the Tn1409 transposon 
in pKGT-GFP to contain an insert the pMRE gene cassette in Arthrobacter sp. Leaf145 
and use these plasmids to overexpress oil degradation genes identified in Arthrobacter sp. 
Leaf145.  
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4.3. Methods 

 

4.3.1. Bacterial strains and strain maintenance  

A list of the strains used in the chapter are given in Table 4.1. Media and antibiotics were 
prepared as described in Chapter 2, Section 2.2. E. coli strains were routinely grown in 
LB at 37 ႏ, and Arthrobacter sp. Leaf145 were grown in NB at 30 ႏ. Cells grown in 
liquid cultures were shaken at 180 rpm. 

  

Table 4.1: Bacterial strains used in this chapter. 

Strain Features, notes Source 

Arthrobacter 
sp. Leaf145 Gram-positive transposon recipient (Bai et al., 

2015) 
Escherichia coli 
Stellar 

Cloning host. F–, endA1, supE44, thi-1, recA1, relA1, gyrA96, 
SKR$��Ʒ��G�ODF=Ʀ�0����Ʀ��ODF=<$�- DUJ)��8�����Ʀ��PUU�- 
hsdRMS - PFU%&���ƦPFU$��ǌ– 

Takara Bio 

Escherichia coli 
'+�ǂ 

Cloning host. F–, endA1, glnV44, thi-1, recA1, relA1, 
gyrA96, deoR, nupG, purB20, Ǘ��GlacZƦ0����Ʀ�lacZYA-
argF)U169, hsdR17(rK–mK+���ǌ– 

(Hanahan 
& Glover, 

1985) 
Escherichia coli 
ST18 

Conjugation donor. S17-��ǌpirƦhemA (Thoma & 
Schobert, 

2009) 

 

4.3.2. Genomic DNA extraction 

The genomic DNA of Arthrobacter sp. Leaf145 was extracted using a modified version of 
the Marmur procedure (Salvà-Serra et al., 2018). After two to three days of growth on NA 
at 30 °C, a large single colony of Arthrobacter sp. Leaf145 was picked and thoroughly 
resuspended in a 2 mL Eppendorf tube containing 800 µL of EDTA-saline solution (10 
mM EDTA, 150 mM NaCl, pH 8.0). To this solution, 10 µL of lysozyme (300 mg/mL) and 
7 µL of RNase A (100 mg/mL) were added. After incubating at 37 °C for 45 minutes, 80 
µL of SDS (25% w/v) was added to the solution and this was mixed by vortexing, followed 
by a second incubation at 65 °C for 10 minutes. The solution was briefly spun down, and 
250 µL of NaCl (5 M) was added. The solution was then vortexed and briefly spun down. 
Next, 400 µL of chloroform:isoamyl alcohol (24:1) was added and vortexed, then shaken 
for 15 minutes at 150 g. After shaking, the solution was centrifuged for 15 minutes at 
13,000 g. The resulting upper phase of solution was carefully pipetted into a new 2 mL 
Eppendorf tube, avoiding the intermediate cloudy protein layer. To this solution, another 
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400 µL of chloroform:isoamyl alcohol (24:1) was added and the solution was shaken by 
hand, centrifuged, and separated until the protein layer was removed completely. To 1 
mL of the solution, 90 µL of sodium acetate (3 M) was added, followed by the addition of 
600 µL of ice-cold absolute isopropanol. Genomic DNA was precipitated by inverting the 
tube until threads were seen, then shaken harder to clump these threads. The clump of 
threads was then spooled onto a glass rod and allowed to dry completely. The glass rod 
was then placed in 100 µL of water and the DNA was left to resuspend overnight.  
 

4.3.3. Nanopore sequencing 

A sequencing library for Arthrobacter sp. Leaf145 was prepared using the Rapid 
Sequencing Kit SQK-RAD004 (Oxford Nanopore, Oxford UK), following manufacture’s 
instructions. The library was sequenced on a MinION MK1B using a FLO-MIN106D 
flowcell (Oxford Nanopore, Oxford UK) following manufacturer’s protocols 
(RSE_9046_v1_revY_14Aug2019). Raw data was acquired using MinKNOW (v2.0, 2018) 
and bases were called using the Guppy base caller software (v. 4.0.9+92ae0933) to 
generate FASTQ reads. 
 

4.3.4. Genome assembly, annotation, and analysis 

The FASTQ reads were assembled using Canu (v2.1.1) (Koren et al., 2018, 2017) with 
default settings. Using the Racon consensus module (v1.4.3) (Vaser et al., 2017), the 
resulting assembly was then subjected to three rounds of polishing with Illumina Hiseq 
reads of Arthrobacter Leaf145 (Run accession: ERR1103863) obtained by Bai et al. (2015). 
The polished genome was then uploaded to the RAST web-based annotation service 
(https://rast.nmpdr.org/) and annotated using the RASTtk pipeline. For this pipeline, 
“preserve gene calls” and “fix frameshifts” were disabled, and automatically fix errors and 
backfill gaps were enabled. A genome map was constructed using the KBase web-based 
tool CGViewAdvanced (v.0.0.2). In order to assess the phylogeny of Arthrobacter sp. 
Leaf145, a 16S phylogenetic tree was created. Initially, the 16S rRNA sequence of 
Arthrobacter sp. Leaf145 was BLAST aligned against the NCBI rRNA/ITS database, 
excluding uncultured/environmental sample sequences (Zhang et al., 2000). The top 20 
matches based on maximum score were then used to create a phylogenetic tree using the 
“One Click” workflow available at http://www.phylogeny.fr/ (A. Dereeper et al., 2008; 
Alexis Dereeper et al., 2010; Edgar, 2004). Average nucleotide identity (ANI) was 
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performed using the CJ Bioscience calculator available at 
https://www.ezbiocloud.net/tools/ani (Yoon et al., 2017). 
 

4.3.5. Alkane degradation gene identification in Arthrobacter sp. 
Leaf145   

Genes potentially responsible for alkane degradation in Arthrobacter sp. Leaf145 were 
identified using the following methods. First, the RAST web-based genome browser 
system was used to search through annotated genes in Arthrobacter Leaf145. The search 
terms used included “alkB,” “alk,” “P450”, and “monooxygenase”. From the genes that 
matched any of these search queries, alkane degradation gene targets were screened for. 
Higher weighting was given to results that had protein lengths similar to translated 
sequences of validated alkane degradation genes, and results that were in clusters of 
genes annotated for metabolism of alkane-like molecules. Next, the UniProt database 
(https://www.uniprot.org/) was searched for genes annotated AlkB within other available 
Arthrobacter spp. genomes. The nucleotide sequence of alkB genes found this way were 
then BLAST aligned against the annotated Arthrobacter sp. Leaf145 genome using the 
BLAST function of the RAST service. Genes within Arthrobacter sp. Leaf145 that had 
BLAST matches with E values less than <1 were noted and screened using the above 
methods. 
 

4.3.6. Production of pKGTTmin2   

The plasmids and primers used in this chapter are described in Table 4.2, and Table 4.3, 
respectively. Gibson assembly, blunt-end cloning, and transformation procedures were 
performed as described in Chapter 2, Section 2.2. Gibson assembly was used for plasmid 
construction unless stated otherwise. For production of pKGT-GFP based plasmids 
containing a ColE1 origin of replication, cloning was performed using electrocompetent E. 
coli 6WHOODU�RU�'+�ǂ�FHOOV� Initially, a plasmid was created containing all the necessary 
components of a vector except for the insert cassette (Figure 4.1). First, pKGTT was 
modified to remove the chloramphenicol resistance gene and GFP gene that are inserted 
by the transposase. To achieve this, pKGTT was amplified using primers 
pKGTTmin1_vector_FWD_1 and pKGTTmin1_vector_RVS_1, and pKGTT-GFP was 
amplified with primers pKGTTmin1_insert_FWD_1 and pKGTTmin1_insert_RVS_1. 
These fragments were then assembled to produce pKGTTmin1 and transformed into 
competent E. coli ST18 cells. Finally, IR1 was amplified from the transposase gene and 

https://www.ezbiocloud.net/tools/ani
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inserted in a location downstream of the transposase gene to produce pKGTTmin2. To 
assemble pKGTTmin2, pKGTTmin1 was digested with NdeI and pKGT-GFP was 
amplified with primers pKGTTmin2_FWD and pKGTTmin2_RVS. These two fragments 
were then assembled to produce pKGTTmin2 and this was transformed into chemically 
competent E. coli Stellar cells.  

 

 
Figure 4.1: A cloning schematic for the production of pKGTTmin2. Fragments amplified 
with PCR are highlighted in blue or green. A) First the plasmid pKGTTmin1 was created by 
amplifying the backbone components of pKGTT excluding the transposase and other insert 
cassette genes. B) The transposase was then re-added to pKGTTmin1 at the cut site NdeI to create 
pKGTTmin2. 
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Table 4.2: Plasmids used in this chapter. 

Name Features  Source 

pKGT-GFP Tn1409 transposon, AmpR, CmR, ColE1 oriR (Tancos et al., 
2013) 

pHimarEm1 Himar1 transposon, KanR, ErmR (Braun et al., 2005) 

pKGTT Tn1409 transposon, AmpR, CmR, ColE1 oriR, oriT Chapter 3 

pKGTTmin1 AmpR, oriT, ColE1 origin This chapter 

pKGTTmin2 Tn1409 transposase, AmpR, oriT, ColE1 oriR  This chapter 

pMRE135 KanR, CmR, mScarlet (Schlechter et al., 
2018) 

pMRE145 KanR, CmR, GentR, mScarlet (Schlechter et al., 
2018) 

pMRE155 KanR, CmR, mScarlet (Schlechter et al., 
2018) 

pKGTT-15 Tn1409 transposase, AmpR, CmR, mScarlet,  oriT, 
ColE1 oriR  

This chapter 

pKGTT-25 Tn1409 transposase, AmpR, CmR, GentR, mScarlet,  
oriT, ColE1 oriR 

This chapter 

pKGTT-35 Tn1409 transposase, AmpR, CmR, KanR, mScarlet,  
oriT, ColE1 oriR 

This chapter 

pKGT-GFP-Alk2 Tn1409 transposon, AmpR, CmR, ColE1 oriR, Alk 
gene 2 

This chapter 

pKGT-GFP-Alk3 Tn1409 transposon, AmpR, CmR, ColE1 oriR, Alk 
gene 3 

This chapter 

pKGT-15-Alk2 Tn1409 transposase, AmpR, CmR, mScarlet,  oriT, 
ColE1 oriR, Alk gene 2 

This chapter 

pKGT-15-Alk3 Tn1409 transposase, AmpR, CmR, mScarlet,  oriT, 
ColE1 oriR, Alk gene 3 

This chapter 
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Table 4.3: Primers used in this study. 

Name Sequence 5’ to 3’ Tm (°C) 

pKGTTmin1_vector_FWD_1 gtgaggttccggaacccgaggccctcggcgctgc 78 

pKGTTmin1_vector_RVS_1 ggcaagactacctattgctggtgagcaaaaggccagcaaaag 73 

pKGTTmin1_insert_FWD_1 tttgctggccttttgctcaccagcaataggtagtcttgccgagg 75 

pKGTTmin1_insert_RVS_1 ctgcatgcagcgccgagggcctcgggttccggaacctcaccaact 82 

pKGTTmin2_FWD gtgggcctacttcacctatcctgcccggctgaccatcaaaactggggat
gcaatttcggtctgaatccgccg 83 

pKGTTmin2_RVS gcggcatcagagcagattgtactgagagtgcaccatatgtgacccatc
cgaacgctcttctcactc 79 

pKGTTXY_Vector_FWD_1 tgcgcccactacaccct 56 

pKGTTXY_Vector_RVS_1 actgcatgcagcgcc 53 

pKGTTXY_Insert_FWD_1 gaacccgaggccctcggcgctgcatgcagtaattggggatcggattcg
agc 81 

pKGTTXY_Insert_RVS_1 ctcttcagaattgagggtgtagtgggcgcattccttagctcctgaaaat
ctcgcc 76 

pKGTT1y_insert_FWD_2 cgctgcatgcagtccaggaattggggat 68 

pKGTT1y_insert_RVS_2 gtgtagtgggcgcacggccgcaagct 72 

pKGTT-0_alk2_FWD  gcactacagccaagctcacactacgtggttg 72 

pKGTT-0_alk2_RVS gacgagctgtacaagtaaaggaggactaccatgcacaacaaacgg 72 

pKGTT-0_alk3_FWD gacgagctgtacaagtaaaggaggactaccatgcccacccca 74 

pKGTT-0_alk3.2_RVS gcactacagccaagcctattccgtcggcg 69 

pKGTT-0_Alkout_Fwd  accattttttcttcctccaagagcactacagcc 66 

pKGTT-0_Alkout_RVS atctgatcaagagacaggatagtacaagtaaaggaggac 65 

 

4.3.7. Production the pKGTT-XY series  

The plasmid pKGTTmin2 contains a modified transposase gene from pKGT-GFP and all 
other elements required for a plasmid transposase vector. Primers were designed to 
linearise the vector and allow for insertion of a gene cassette between the two IR regions. 
In a similar fashion to the production of the pMRE-Himar series, primers were designed 
to amplify AR and FP gene combinations from the pMRE series to be chromosomally 
inserted by the modified Tn1409. Gene cassettes amplified from the pMRE series can be 
used to produce pKGTT-XY plasmids.  
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In this chapter, pKGTT-15, pKGTT-25, and pKGTT-35 were constructed (Figure 4.2). To 
achieve this, pKGTTmin2 was linearised through PCR amplification with primers 
pKGTTXY_Vector_FWD_1 and pKGTTXY_Vector_RVS_1. Next, the insert fragments 
were amplified from pMRE145 and pMRE155 with primers pKGTTXY_Insert_FWD_1 
and pKGTTXY_Insert_RVS_1. The linearised pKGTTmin2 was then assembled with the 
insert fragment from pMRE145 to create pKGTT-25 and combined with the insert 
fragment from pMRE155 to create pKGTT-35. The plasmid pKGTT-15 was constructed 
by amplifying the insert fragment from pMRE135 with primers pKGTT1y_insert_FWD_2 
and pKGTT1y_insert_RVS_2. This fragment was then cloned into the linearised 
pKGTTmin2 fragment using blunt-end cloning. Plasmids were cloned into chemically 
competent E. coli Stellar cells and selected using appropriate antibiotics.  

 
Figure 4.2: Cloning schematic for the production of pKGTT-XY plasmids. Fragments 
amplified with PCR are highlighted in blue. The mScarlet fluorescent protein is highlighted with 
red. The location of primers used to linearise plasmids is indicated with purple arrows. A) pKGTT-
15 was produced through combination of the fragments produced by linearising pKGTTmin2 with 
PCR, and amplifying mScarlet and chloramphenicol resistance (CmR) gene cassette from 
pMRE135. B) pKGTT-25 was constructed by combining a linearised pKGTTmin2 fragment with 
an insert fragment containing GmR and mScarlet from pMRE145. pKGTT-35 was constructed 
similarly except using pMRE-155 to produce an insert fragment containing the kanamycin 
resistance gene (KanR) and mScarlet.  
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4.3.8. Production of pKGTT-15-Alk plasmids 

After construction of pKGTT-15 and identification of possible alkane degradation genes 
in Arthrobacter sp. Leaf145, the pKGTT-15-Alk plasmids were constructed (Figure 4.3). 
To this end, pKGT-GFP was linearised using primers pKGTT-0_open_fwd and pKGTT-
0_open_rvs. Alkane genes were amplified by performing a colony PCR with Arthrobacter 
sp. Leaf145. A fresh colony of Arthrobacter sp. Leaf145 was resuspended in 100 µL of 50 
mM NaOH and heated at 95 °C for 15 minutes. 1 µL of the mix containing the Arthrobacter 
sp. Leaf145 genome was then used as a template. Alkane gene #2 was amplified using 
primers pKGTT-0_alk2_FWD and pKGTT-0_alk2_RVS, and alkane gene #3 was 
amplified using primers pKGTT-0_alk3_FWD and pKGTT-0_alk3.2_RVS. Gibson 
assembly was performed with linearised pKGT-GFP and the alkane gene #2 fragment or 
alkane gene #3 fragment to produce pKGT-GFP-Alk2 or pKGT-GFP-Alk3, respectively. 
Next, the pKGTT-15-Alk plasmids were constructed using Gibson assembly to combine a 
linearised pKGTT-15 fragment with an alkane degradation gene fragment. Linearised 
pKGTT-15 was obtained with PCR amplification using primers pKGTT-1Y_linear_FWD 
and pKGTT-1Y_linear_RVS. Alkane degradation genes were amplified from pKGT-GFP-
Alk2 and pKGT-GFP-Alk3 using primers pKGTT-0_Alkout_Fwd and pKGTT-
0_Alkout_RVS. The resulting plasmids, pKGTT-15-Alk2 and pKGTT-15-Alk3 were 
confirmed using restriction digests and then Sanger sequencing. 
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Figure 4.3: Cloning schematic for the production of pKGTT based alkane degradation 
gene containing plasmids. Fragments amplified with PCR are highlighted in blue. The location 
of primers used to linearise plasmids is indicated with purple arrows. The GFP gene is highlighted 
in green and the mScarlet fluorescent protein gene is highlighted in red. A) The pKGT-GFP-Alk 
plasmids were constructed from an alkane degradation gene amplified for the Arthrobacter sp. 
Leaf145 genome and from the linearised pKGT-GFP. The Alk gene was inserted directly 
downstream of the GFP gene with the same ribosomal binding sequence present from the GFP 
gene. The “X” represents 2 or 3 depending on which Alk gene was inserted. B) The pKGTT-15-AlkX 
plasmids were constructed by amplifying the Alk gene fragment from pKGT-GFP-Alk with new 
primers and combining this with the linearised pKGTT-15.  

 
4.3.9. Transformation of Arthrobacter with Tn1409 based plasmids 

In order to confirm the ability of the modified Tn1409 in pKGTT-15 to function in 
Arthrobacter sp. Leaf145, transformations were performed using the optimised sono-
electroporation procedure described in Section 3.3.1. Competent Arthrobacter sp. Leaf145 
cells were transformed with 500 ng of methylated and non-methylated pKGTT-15 plasmid 
DNA, or with non-methylated pKGT-GFP as a positive control.  
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4.4. Results 

 

4.4.1 Arthrobacter sp. Leaf145 genome assembly and properties 

A summary of genome statistics for Arthrobacter sp. Leaf145 is given in Table 4.4. 
Nanopore sequencing and base calling of Arthrobacter sp. Leaf145 produced 3,563 raw 
reads totalling 58 Mbp, with an average of 12.8 times genome coverage. Read assembly 
using Canu resulted in one contig with a length of 4,551,186 bp and a GC content of 63.1 
%. No plasmids were detected. A total of 4,367 coding sequences were annotated, and 73 
RNA genes were annotated with 18 of those being rRNA and 55 being tRNA genes. A 
circular genome map of Arthrobacter sp. Leaf145 depicting locations of GC skew and open 
reading frames is given in Figure S14.  

A 16S rRNA based phylogenetic tree constructed indicates that Arthrobacter sp. Leaf145 
falls with the clade that makes up the genus Paenarthrobacter (Figure 4.4). More 
precisely, 16S rRNA analysis indicates that Arthrobacter sp. Leaf145 appears to be most 
closely related to Paenarthrobacter nicotinovorans. An ANI analysis comparing 
Arthrobacter sp. Leaf145 and Paenarthrobacter nicotinovorans DSM 420 (NCBI: 
ASM1787644v1) genomes produced an ANI value of 98.76 %.  

 

Table 4.4: Genomic properties for Arthrobacter sp. Leaf145. 

Characteristic  Value 
Contigs 1 
Genome size (bp) 4,551,186 
G+C content (%) 63.1 
Protein coding sequences 4367 
rRNAs 18 
tRNAs 55 
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Figure 4.4: A 16S rRNA gene phylogenetic tree constructed using the 16S rRNA gene sequence for Arthrobacter sp. Leaf145 and the 18 
closest 16S rRNA gene sequences obtained with NCBI BLAST. Indicated are clades from the genera Arthrobacter, Paenarthrobacter, and 
Pseudarthrobacter, which were once part of the single genus Arthrobacter. Arthrobacter sp. Leaf145 is highlighted in red. Micrococcus terreus V3M1 was 
set as the tree outgroup. 
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4.4.2. Alkane degradation gene identification 

Of the possible alkane degradation genes found in Arthrobacter sp. Leaf145, three of the 
most likely were picked (Table 4.5). Alk1 is a 1,200 bp long coding sequence annotated as 
a cytochrome P450-like protein. This gene was chosen as it is the only gene within 
Arthrobacter sp. Leaf145 to be annotated as a P450-like protein and this class of enzyme 
is known to be one of many capable of assisting in alkane degradation (Nie et al., 2014). 
Furthermore, directly upstream of Alk3 is a 1,722 bp long coding sequence annotated as 
a long chain fatty acid CoA ligase (EC 6.2.1.3), which is another gene relevant to alkane 
degradation (Dong et al., 2012). The proximity and similar orientation of these genes 
suggest they may be a part of operon involved in the degradation of long chained alkanes, 
which are first oxidised by the cytochrome P450 protein before being catalysed into a fatty 
acyl-CoA molecules. At this stage, the fatty acyl-CoA molecules can feed directly into the 
beta oxidation pathway (Rojo, 2009). Alk2 is a 1,044 bp long gene annotated as an alkanal 
monooxygenase alpha chain. Alkanal is an alkane molecule with an aldehyde functional 
group, and an alkanal monooxygenase would convert this aldehyde to a carboxylic acid 
functional group. Based on the annotation, this enzyme may not target alkane molecules 
directly, however overexpression of this protein may still increase the overall metabolic 
pathway. Alk3 is a 1,035 bp gene annotated as a monooxygenase. Although 
monooxygenases have a broad substrate specificity (Torres Pazmiño et al., 2010), when 
BLASTP aligned against the UniProtKB database excluding environmental samples, 
Alk3 returns a BLASTP result closest to alkanal monooxygenase. Phylogenetic trees 
depicting the relatedness of the Alk genes to characterised alkB and CYP153 genes are 
available in Figure S11 and Figure S12.  
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Table 4.5: Alkane degradation genes identified in Arthrobacter sp. Leaf145 
Alk# Gene annotation Length 

(bp) 
Sequence 

Alk1 Cytochrome P450-
like protein 

1,200 MRSLAAINPQSTAERWERRVHLGAHPVLYPVIRSLGAMRPVVRIPGLGVLVSEAGLVREVLMSQDA
YVKNGPSGSGALWTPVVGPKALVNMDGEEHRLLRRRLGDLFTPRSVEGIVEPAAAALKARLHGDL
DAHGRVDLVDCVKELAGGVISRLLGVPDEAPGRLADRELFDLGSSISSLVRLGRPTLTAGQVAKGK
SAVAVLAGPVRTAYRESDPDTFPGRLRELGMSEDEAMGIISAFVMVGTETLVSFVPRLVALLADSGR
LSELAADRSVVPAAVNEALRFTVPSPMMLRDAVVDGYIGGTKVFAGDRILLSTIHAAKSLGGFDPA
QATPQQARQLWFGAGPHFCIGMPLAMAEINTTLEMLLDMYAQRPWLIAARQVSRGVLIPGYRKLE
LAHA 

Alk2 Alkanal 
monooxygenase 
alpha chain 

1,044 MHNKRIGFLSFGHWARVPGSLVPTAGEALKQAIELAVAAEETGIDGAFFRVHHFARQQASPFPLLA
AIAARTSRIEMGTGVIDMRYENPLYMAEEAAATDLISDGRLQLGVSRGSPESARNGAANFGYVPAD
GEDGGDMARRHTALFRKAIAGHGVAEADPHYSGGATGLLPIQPQSPGLPQRIWWGAGTRKTAVWA
AEQGMNLMSSTLLTEDTGVPFDELQAEQIRMFREAWAAAGHDFEPRVSVSRSVIPIVDAEDNRYFG
LRAQADSQDQVGILDGALSRFGKSYIGEPDALADELANDAAVQAADTVLLTVPNQLGVEYNAKLLG
NVAKHIAPAFGWQANHVV 

Alk3 Monooxygenase 1,035 MPTPDRPLRKLGFLTIGLFDPADPAAGHRSTLEIIELGERLGFDSAWLRHRHLQYGISSPVAVMAAA
SQRTSKIELGTAVTPLGWENPLRLAEDLATVDLLSGGRINPGVSVGVPMHYDTVKHELYPDSADTE
DFSYARVDRFARLVAGGKVREFSGKQGVVEEFSNRVEPHSAGLRERIWYGAASLKSATWAGENGF
NLLTSSVVFPGQDEEPDFAAVQQRQIRAFRGAAEASGSSTARVSQGLVVIPTDSASSAQREKYQRYV
DERTPRTSAPQGPQRMMFARDLIGSSDEIAEQLYAHQGFQEVDEVAFALPFSFEHEDYVQILTDIAG
TLGPALGWAPTE 
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4.4.3. pKGT-GFP based plasmids construction  

The plasmids pKGTTmin1, pKGTTmin2, pKGTT-15, pKGTT-25, and pKGTT-35 were 
successfully constructed as demonstrated through restriction digests (Figure 4.5). 
Additionally, regions of pKGTT-15 were validated with Sanger sequencing (Figure S14). 
All plasmids produced were the correct size. The plasmids pKGTT-15, pKGTT-25, and 
pKGTT-35 contain gene cassettes with a mScarlet fluorescent protein in combination with 
a Chloramphenicol resistance gene, Gentamycin resistance gene, or Kanamycin 
resistance gene, respectively. These plasmids also contain a ColE1 origin of replication, 
ampicillin resistance gene, and modified Tn1409 in the plasmid backbone. The production 
of these plasmids demonstrates the possibility to produce other fluorescent protein and 
resistance gene combinations, similar to what was produced in Chapter 2 with the pMRE-
Himar series. While pKGTT-25 and pKGTT-35 could be assembled using the Gibson 
assembly protocol, pKGTT-15 construction using this method could not be achieved. For 
this reason, blunt-end cloning was used.  

Additionally, the alkane degradation gene containing plasmids pKGT-GFP-Alk2, pKGT-
GFP-Alk3, pKGTT-15-Alk2, and pKGTT-15-Alk3 were successfully created as 
demonstrated with restriction digests (Figure 4.5). pKGTT-15-Alk2 and pKGTT-15-Alk3 
were further validated with the use of Sanger sequencing (Figure S14). These plasmids 
contain Alkane degradation gene #2 (Alk2) or alkane degradation gene #3 (Alk3) 
fragments identified from the Arthrobacter sp. Leaf145 genome. These fragments were 
amplified using primers that contained the same ribosomal binding site present upstream 
of the GFP gene in pKGT-GFP. The alkane degradation genes were inserted after or 
before the fluorescent protein genes present in pKGT-GFP and pKGTT-15, respectively. 
Unfortunately, in E. coli '+�ǂ�WKH�S.*77-15-Alk2 and pKGTT-15-Alk3 plasmids do not 
express the mScarlet fluorescence protein.  
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Figure 4.5: Restriction digest of pKGT-GFP based plasmids. Plasmids 6 and 7 were 
digested with ScaI. All other plasmids were digested with PvuI.  

 

4.4.4. Transformation of Arthrobacter with pKGTT-15 

Using the sono-electroporation transformation protocol described in Chapter 3, Section 
3.3.1, Arthrobacter sp. Leaf145 was transformed with non-methylated pKGTT-15 DNA 
with an efficiency of 2.0 × 101 CFU/µg. A positive control performed using non-methylated 
pKGT-GFP DNA using the same protocol resulted in a transformation efficiency of 2.85 × 
102 CFU/µg. These initial results indicate that the modified Tn1409 transposase in 
pKGTT-XY plasmids has a one magnitude decrease in the transposition efficiency 
compared to the original Tn1409 transposase. Unfortunately, initial efforts to map the 
insertion location of the pKGTT-15 cassette in Arthrobacter sp. Leaf145 were 
unsuccessful.  
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4.5. Discussion 

 

4.5.1. 16S rRNA analysis of Arthrobacter sp. Leaf145 indicates it is most 
closely related to Paenarthrobacter nicotinovorans 

The use of Nanopore sequencing technology allowed for the production of a single contig 
representing the genome of Arthrobacter sp. Leaf145. Unfortunately, the main drawback 
of Nanopore sequencing is its relatively high read error rate. After consensus calling such 
as that performed by Canu (Koren et al., 2017) for Arthrobacter sp. Leaf145, error rates 
may still be as high as 96.87 % (Vaser et al., 2017). Furthermore, this error rate was 
determined with a raw read coverage of 30 ×, whereas Arthrobacter sp. Leaf145 Nanopore 
sequencing had only a 12.8 × coverage. Because high accuracy genome sequencing had 
been previously performed on Arthrobacter sp. Leaf145 (Bai et al., 2015), these sequencing 
data could be used to polish the Nanopore generated contig. The use of Nanopore 
sequencing to obtain a single genome contig for Arthrobacter sp. Leaf145 may allow for 
future in-depth genomic analysis, and here demonstrated the complete structure of the 
genome as well as showing there are no natural plasmids present.  

Since the isolation of Arthrobacter sp. Leaf145, phylogenetic and chemotaxonomic 
analyses have resulted in many species formerly categorised within the genus 
Arthrobacter to be reclassified. Species that were reclassified were placed into one of the 
novel genera Glutamicibacter, Paeniglutamicibacter, Pseudoglutamicibacter, 
Paenarthrobacter or Pseudarthrobacter (Busse, 2016). Considering these new taxonomies 
and 16S rRNA gene homology, Arthrobacter sp. Leaf145 would be reclassified as 
Paenarthrobacter sp. Leaf145 (Figure 4.4). However, for consistency in this work, this 
strain will continue to be referred to by its basonym. The ANI identity of 98.76 % between 
Arthrobacter sp. Leaf145 and Paenarthrobacter nicotinovorans DSM 420 is an initial 
indication that these strains are the same species (Goris et al., 2007). ANI values above 
95 % are a strong indication that two strains are the same species, however additional 
chemotaxinomical observations must be performed before Arthrobacter sp. Leaf145 is 
given a species classification.  

Members of the genus Paenarthrobacter have been commonly isolated from contaminated 
soil and freshwater habitats. Paenarthrobacter species have high metabolic diversity and 
are renowned for their ability to degrade recalcitrant aromatic compounds such as the 
herbicide atrazine �$LVODELH�HW�DO���������.RWRXĀNRYi�HW�DO���������6WURQJ�HW�DO��������. One 
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strain, Paenarthrobacter sp. KI72, colloquially called the nylon-eating bug, has been 
heavily researched due to its ability to degrade nylon fibres (Negoro, 2000; Takehara et 
al., 2017). Given the diversity in Paenarthrobacter metabolism and the locations that 
different species have been isolated from, it is unsurprising that Arthrobacter sp. Leaf145 
has been shown to grow off diesel supplemented media (Oso et al., 2019). A large 
component of diesel is long chain alkanes, and hence I hypothesised that Arthrobacter sp. 
Leaf145 may contain genes involved in alkane degradation. Surprisingly, within the 
Arthrobacter sp. Leaf145 genome, there were no matches for alkB or CYP153 enzyme-
encoding genes which are commonly associated with alkane degradation. This is further 
surprising given that research by Nie et al. (2014) showed a large amount of both alkB 
and CYP153 type genes within species of the Actinomycetota phylum. Of the three 
possible Alk genes that were found in Arthrobacter sp. Leaf145, phylogenetic analysis 
does not indicate these are closely related to previously characterised alkB or CYP153 
genes. These initial findings indicate that Arthrobacter sp. Leaf145 contains genes other 
than alkB or CYP153 for alkane degradation. Further research should be performed to 
determine if it is in fact alkane molecules within the diesel that Arthrobacter sp. Leaf145 
can degrade. If Arthrobacter sp. Leaf145 is shown to degrade medium to long-chain 
alkanes, searching for long-chain alkane degrading enzymes may be successful. 
Degradation of long chained alkanes (>C18) has been found to occur with enzymes 
unrelated to AlkB and CYP153. Enzymes such as AlmA from Acinetobacter sp. DSM 
17874 (Throne-Holst et al., 2007) or LadA from Geobacillus thermodenitrificans NG80-2 
(Feng et al., 2007) are just two examples alternative enzymes capable of long-chain alkane 
degradation.  

 

4.5.2. The Tn1409 transposase can be incorporated as a vector in the 
pMRE series 

Given the success of the Tn1409 transposase in Chapter 3, in this chapter I aimed to 
modify pKGT-GFP for further utilisation in Gram-positive bacteria and for homologous 
gene overexpression in Arthrobacter sp. Leaf145. In this chapter primers capable of 
producing plasmids termed the pKGTT-XY series were designed. Similar to the naming 
convention and layout of the pMRE series, these plasmids can be constructed with a 
combination of fluorescent protein genes and antibiotic resistance genes. As these gene 
combinations are amplified from the pMRE plasmids, the “X” indicates the antibiotic 
resistance gene where 1, 2, or 3, indicates chloramphenicol resistance, kanamycin 
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resistance, and gentamycin resistance, respectively. The “Y” notation indicates the 
fluorescent protein gene and can be 0, 1, 2, 3, 4, 5, 6, or 7 representing blue, cyan, green, 
yellow, orange, red, near-infrared, or green FP, respectively (mTurquoise2, sGFP2, 
mOrange2, sYFP2, mScarlet-I, mCardinal, or mClover3, respectively). In this chapter 
pKGTT-15, pKGTT-25, and pKGTT-35 are described. For unknown reasons Gibson 
assembly was not successful for producing pKGTT-15, though could be assembled with 
blunt-end cloning. Similar issues occurred with the production of certain plasmids in the 
pMRE-Himar series, and the pMRE-Tn7 (Schlechter et al., 2018). One possibility is that 
DNA hairpin loops other unpredicted secondary structures, or unintended fragment 
annealing may interfere with the correct annealing process. A recent study performed by 
Rabe & Cepka (2020) indicated that Gibson assembly efficiency can be increased as much 
as 12-fold using assembly mixes with the presence of a single stranded DNA-binding 
protein. Future efforts to construct pKGTT-XY plasmids or remaining pMRE-Himar 
plasmids may benefit from utilising this technique.  

As mentioned previously, pKGTT-XY assembly primers were designed to allow for 
amplification of gene cassettes in the pMRE series and hence the production of a range of 
antibiotic and FP gene combinations. High priority was given to assuring that these 
primers could amplify the entire desired gene cassette from the pMRE series template 
plasmids. However, this resulted in the gene cassettes only containing one antibiotic 
resistance gene, rather than a pair. This allowed for the annealing of only two fragments, 
the backbone and insert fragment, to create the pKGTT-XY series. During the production 
of the pMRE-Himar series, the insert cassettes could not be amplified in one PCR reaction 
and so a second pair of primers were used to split the fragment into two. I hypothesise 
that Gibson assembly reactions between three fragments rather than two would decrease 
the efficiency of the Gibson assembly process. However, assembly of two fragments to 
create the pKGTT-XY series did not appear to increase the assembly efficiency (data not 
shown). This is in line with research in the literature were 2-4 fragment assemblies using 
Gibson assembly and mechanistically similar techniques do not vary greatly in efficiency 
or accuracy (de Kok et al., 2014; Xia et al., 2019). The low efficiency observed when 
producing pMRE-Himar and pKGTT-XY plasmids may instead be an issue with the ratios 
of fragments used, as typically a large backbone fragment is combined with small insert 
plasmids. Commonly backbone to insert ratios of 1:3 or 1:5 were used, however larger 
ratios such as 1:7 are common and larger ratios could be tested.  
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Commonly transposon-based vectors are designed so that the transposase gene is external 
to the gene cassette inserted into the target genome. This means that during transposition 
only the desired genes (e.g., fluorescent protein genes and antibiotic resistance genes) are 
transferred into the genome. The transposase gene that mediates transposition is 
retained on the plasmid. However, the Tn1409 transposase gene in pKGT-GFP contains 
the transposase gene within the bounds of the two IR motifs that flank the transposon. 
This indicates that the transposon contained within pKGT-GFP is capable of multiple 
transposition events, as it is part of the genes inserted during transposition. The Tn1409 
transposon was originally termed an IS (insertion sequence) element as it contained only 
the transposase genes and IR regions. Since this time, CmR genes and GFP genes were 
added however the transposase was kept within the IR (Gartemann & Eichenlaub, 2001; 
Tancos et al., 2013). Surprisingly, DNA hybridisation experiments performed by Kirchner 
et al. (2001) showed that the Tn1409 insertion was stable over a period of 6 months. 
However, to prevent the potential risk of multiple transposition events occurring, the 
construction of the pKGTT-XY series involved moving the IR regions to no longer contain 
the transposases gene (Figure 4.1). Due to time limitations, long gene insert stability 
experiments could not be performed with plasmids from the pKGTT-XY series. This can 
easily be performed in future studies and validated using DNA hybridisation or arbitrary 
PCR techniques. The IR regions that were relocated to no longer contain the transposase 
gene were partially located within the terminal codons of the transposase gene. To remove 
this from the gene, synonymous mutations were performed during amplification to new 
codons that coded for the same amino acid. However, this process may have resulted in 
the reduction in transformation efficiency observed when using pKGTT-15 vs pKGT-GFP.  

Previous studies using Tn1409 have determined that insertion leaves 8-bp long target 
sequence duplications. However, the transposase does not have a known preference for a 
specific insertion sequence (Gartemann & Eichenlaub, 2001; Kirchner et al., 2001). 
Sequence duplications for pKGT-GFP in Arthrobacter sp. Leaf145 could not be elucidated 
as only one direction was sequenced, however the primers needed to perform arbitrary 
PCRs from both ends of the insert are available and so can easily be performed in future 
experiments (Supplementary methods). The Tn1409 transposase’s non-specific sequence 
insertion location indicates its usefulness in both fluorescent tagging experiments and for 
use in gene knock-out studies. However, use of the modified transposon in pKGTT-XY 
would first require improvement of its transposition efficiency if it were to be used to 
produce optimal numbers of gene knock-out mutants. The range of species that Tn1409 
can function in has not yet been elucidated. However, the preliminary findings in Chapter 
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3 that conjugations can be used to transfer pKGTT into Arthrobacter sp. Leaf145 allows 
for large scale conjugation trials with other Gram-positive or negative strains, to assess if 
the Tn1409 will function in these strains. 

 

4.5.3. Newly constructed Tn1409-based plasmids will allow for 
overexpression of possible alkane degradation genes in Arthrobacter sp. 
Leaf145. 

In this chapter, I attempted to utilise the pKGTT-XY plasmid series for alkane 
degradation gene overexpression in Arthrobacter sp. Leaf145. Three genes that were may 
be involved in alkane degradation were identified from the genome of Arthrobacter sp. 
Leaf145. Unfortunately, only two Alk genes (Alk2 and Alk3) could be amplified from the 
genome, and so only these two genes could be inserted into pKGTT-15 for over-expression. 
To achieve this, the Alk genes were first assembled into pKGT-GFP plasmids, and then 
amplified again to be assembled into pKGTT-15. This indirect assembly path was 
performed due to difficulties with certain primer pairs, and availability of other primers 
that were originally designed for the production of other plasmids not described here. 
Observations indicate that insertion of the Alk genes into pKGTT-15 had prevented 
expression of the mScarlet fluorescent protein gene as E. coli colonies with this plasmid 
are no longer fluorescent. This may be due to unintended modifications that cause early 
transcription termination preventing production of mScarlet mRNA or that prevent the 
ribosome from binding upstream of the mScarlet gene. Not surprisingly, Alk gene 
insertion into the pKGT-GFP plasmids downstream of the GFP gene did not prevent 
expression of the GFP gene. However, expression of the alkane genes in both cases has 
not yet been shown. Due to time restraints, overexpression of the Arthrobacter sp. Leaf145 
Alk genes using the plasmids constructed could not be performed. Although described 
here is the production of plasmids that will allow alkane gene overexpression. 
Additionally, here I show that that optimised transformation protocols described in 
Chapter 3 are sufficient for Tn1409 transposase mediated gene transposition into 
Arthrobacter sp. Leaf145. Future work using these plasmids should first validate that Alk 
genes are expressed as expected in Arthrobacter sp. Leaf145 and may also explore 
increasing transposition efficiency of the modified Tn1409 transposase.  
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4.6. Conclusion 

In this chapter a variety of new plasmids were constructed for genetic modification of 
Arthrobacter sp. Leaf145. These new plasmids utilised the Tn1409 transposon obtained 
from pKGT-GFP. The Tn1409 transposase was modified to prevent the possibility of 
multiple instances of transposition occurring. However, it was seen that this led to a 
decrease in the efficiency of transposition. In addition to this, the Arthrobacter sp. Leaf145 
genome was re-analysed and finalised with new Nanopore sequencing results. This 
allowed for identification a handful of genes that may be involved in alkane degradation. 
These genes were amplified from the Arthrobacter sp. Leaf145 genome and placed into 
the newly constructed Tn1409-based plasmids. The construction of these plasmids 
capable of genetically modifying Arthrobacter sp. Leaf145, as well as the optimisation of 
transformation protocols produced in Chapter 3, will allow for future work to easily 
validate if these genes are involved in alkane degradation through functional gene 
overexpression experiments.   
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Chapter 5. Final Discussion 
 

5.1. Thesis summary  

Genetic modification of bacteria is a conceptually simple process that has wide ranging 
implications and applications for various fields of research. In modifying the genome of a 
bacterium, researchers may aim to knock out certain genes to study their function or 
insert new genetic elements to deliberately modify strain traits. For instance, transposon-
based gene knockout libraries have been used to identify virulence related genes in H. 
pylori (Salama et al., 2004), while insertion of fluorescent protein genes has allowed for 
in-situ elucidation of bacteria behaviour at an individual cell level (Remus-Emsermann et 
al., 2013). Gram-positive bacteria are notoriously challenging to genetically modify due to 
their unique cell structure and limited utilisation in research compared to Gram-negative 
bacteria such as E. coli. However, as the scope of knowledge on Gram-positive bacterial 
diversity increases, so does the necessity to develop new techniques to genetically modify 
different Gram-positive species. Considering this increased interest in studying Gram-
positive bacteria, this thesis aimed to optimise procedures to genetically modify Gram-
positive bacteria. Specifically, I initially aimed to expand the fluorescent tagging plasmid 
toolbox described by Schlechter et al. (2018) with the Himar1 transposon, and then sought 
to optimise a genetic modification procedure for the Gram-positive strain Arthrobacter sp. 
Leaf145.  

In this thesis, a considerable new range of Himar1-based fluorescent tagging vectors were 
created and tested in Gram-positive bacteria. Furthermore, new vectors containing the 
Tn1409 transposon were produced and optimised for genetic modification of the Gram-
positive strain Arthrobacter sp. Leaf145. Finally, a set of plasmids were constructed that 
will allow for homologous protein over-expression for genes that may be responsible for 
alkane degradation in Arthrobacter sp. Leaf145.   
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5.2. The use of transposon vectors for transformation of Gram-
positive bacteria 

The Chromatic Bacteria toolbox, also referred to as the pMRE series, was produced by 
Schlechter et al. (2018) and contains plasmids with a gene cassette containing a 
combination of fluorescent protein genes and antibiotic resistance genes. Expression of 
these genes in recipient strains is mediated by one of three vectors. The pBBR1 wide host 
range origin of replication allows for continual replication of the full plasmid within hosts 
while the Tn5 and Tn7 transposon vectors insert the gene cassette into the recipient 
genome allowing for continual stable expression. These vectors function in a range of 
Gram-negative strains belonging to the phylum Pseudomonadota. Species belonging to 
this phylum are of high interest owing to their presence in many different environments 
such soil and plant leaf surfaces (Redford et al., 2010; Spain et al., 2009) and in the human 
gut (Shin et al., 2015). However, it is not entirely surprising that these three toolbox 
vectors are limited to Pseudomonadota as this is the group in which these vectors 
originate from. Both Tn5 and Tn7 from were identified in E. coli strains (Datta & Barth, 
1976; Reznikoff, 1993), while pBBR1 was isolated from Bordetella bronchiseptica (Antoine 
& Locht, 1992).  

In Chapter 2 the Himar1 transposon was incorporated into the pMRE series with the aim 
of expanding the range of targetable bacteria. Here I hypothesised that incorporation of 
Himar1 into the pMRE series would allow for production of insertion mutants in Gram-
positive bacteria. The Himar1 transposon was not isolated from bacteria though rather 
from the genome of the horn fly (Lampe et al., 1996), and has been used previously in 
tagging a range of both Gram-positive (Li et al., 2009; Liu et al., 2013; Nilsson et al., 2014; 
Rubin et al., 1999) and Gram-negative species (Braun et al., 2005; McCully et al., 2019). 
Of the nine non-model Gram-positive strains tested with pMRE-Himar plasmids, no 
insertion mutants were detected. However, the pMRE-Himar series was successful in 
producing insertion mutants for a handful of Gram-negative bacteria, as well as 
Acidovorax sp. Leaf85, which was not taggable with the original pMRE series vectors and 
Sphingomonas sp. Leaf357, which was not previously tested (Schlechter et al., 2018). 
Although the pMRE-Himar1 plasmids were not capable of tagging the Gram-positive 
bacteria available, the ability to tag Acidovorax sp. Leaf85 and Sphingomonas sp. Leaf357 
demonstrates an increase of the pMRE series species range. Furthermore, the 
pMRE-Himar series contains a range of fluorescent protein markers allowing for 
differentiation of multiple strains in situ as demonstrated by Schlechter et al (2018). This 
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varies from previous Himar1 based vectors which are limited to expression of a single 
fluorophore, typically GFP.  

Transposon vectors require both plasmid insertion and gene transposition in order to 
function. Production of insertion mutants in Chapter 2 may have been limited by either 
of these steps. Therefore, in Chapter 3, electroporation rather than conjugation was 
attempted and optimised to increase the rate of plasmid insertion into recipient strains. 
This would allow for further testing on whether the pMRE-Himar plasmids functioned in 
Gram-positive bacteria. Specifically, Arthrobacter sp. Leaf145 which was not successfully 
tagged with conjugation in Chapter 2 was chosen as a model organism for which to 
optimise transformation methods. For this chapter I hypothesised that optimised 
transformation procedures would allow for transformation of Arthrobacter sp. Leaf145 
with the pMRE-Himar series plasmids. Here I was able to optimise two different 
transformation techniques for Arthrobacter sp. Leaf145 that were previously used on 
Gram-positive species (Kolek et al., 2016; Zhang et al., 2011). The use of pMRE-Himar 
series with these optimised transformation protocols was not successful in producing 
insertion mutants for Arthrobacter sp. Leaf145, showing that transposition, rather than 
plasmid insertion, was limiting functionality of the pMRE-Himar series. The optimal 
transformation parameters determined for Arthrobacter sp. Leaf145 vary from those in 
the original protocols, reinforcing the necessity of species level transformation 
optimisation. An extra barrier for transformation indicated in Chapter 3 involved plasmid 
sequence and DNA restriction systems. Zhang et al. (2011) reported that the methylation 
state of plasmids used had no impact on the transformation efficiency of Arthrobacter spp., 
although this differs from the results of Chapter 3 that demonstrate transformation in 
Arthrobacter sp. Leaf145 is almost entirely inhibited unless non-methylated DNA is used. 
Possible explanations for the difference in these results is that the plasmid used in this 
research contained specific sequences recognised by restriction systems in Arthrobacter 
sp. Leaf145.  

In Chapter 3, the vector pKGT-GFP containing the Tn1409 transposon was used as a 
positive control during transformations. The success of Tn1409 in modifying Arthrobacter 
sp. Leaf145 prompted further utilisation as explored in Chapter 4. In particular, two new 
applications for the Tn1409 transposon were explored: 1) Preliminary incorporation of the 
pMRE gene cassettes into the Tn1409 transposon vector and 2) incorporation of possible 
alkane degradation genes from Arthrobacter sp. Leaf145 for protein overexpression 
experiments.  
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1) A workflow allowing for incorporation of antibiotic and fluorescent protein gene 
cassettes from the pMRE series into the Tn1409 based vector was developed. This allowed 
for production of Tn1409 based plasmids containing a gene cassette with the mScarlet 
fluorescent protein in combination with a CmR, GmR, or KanR gene. The addition of new 
antibiotic resistance genes to the Tn1409 vector is vital for testing in new species that are 
naturally resistant to chloramphenicol and so could not easily be tagged with pKGT-GFP.  

2) A set of Tn1409 based plasmids containing possible alkane degradation genes from 
Arthrobacter sp. Leaf145 was produced. Arthrobacter sp. Leaf145 has been shown to grow 
using diesel as a carbon source (Oso et al., 2019). However, genes most commonly found 
to participate in alkane degradation were not identified within Arthrobacter sp. Leaf145. 
Possible alkane degradation genes were added to the Tn1409 vector to allow for 
determination of the alkane degradation pathway, as well as to demonstrate this vector’s 
ability for homologous gene overexpression in the non-model organism Arthrobacter sp. 
Leaf145. Most commonly protein overexpression is performed with commercial vectors in 
E. coli strains. However, the construction of new vectors that function in non-model 
organisms sets the way for future research to perform homologous protein overexpression 
in non-model organisms. 
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5.3. Future prospects  

From the experiments performed and results obtained in this thesis, a handful of new 
possibilities and questions have emerged. In Chapter 2 the pMRE-Himar plasmids were 
constructed and inserted into Gram-positive bacteria using conjugation. However, only 
insertion into Gram-negative bacteria was observed. The Himar1 transposase has been 
well documented to function in Gram-positive bacteria (Li et al., 2009; Liu et al., 2013; 
Nilsson et al., 2014; Rubin et al., 1999) and so further optimisation of transformation 
procedures may allow for higher plasmid insertion into recipients and result in insertion 
mutants. As demonstrated with preliminary conjugation results in Chapter 3, a higher 
ratio of donor to recipient cells may result in a higher amount of transconjugants. 
Applying this to the pMRE-Himar plasmids, conjugations with a range of donor to 
recipient cell concentrations should be attempted. Simple transformation protocols may 
also allow for greater levels of pMRE-Himar plasmid insertion in Gram-positive 
recipients. 

Natural transposases typically have a low activity or have been completely deactivated 
due to mutations. As previously mentioned in the literature (Braam et al., 1999; Lampe 
et al., 1999; Lohe et al., 1995), transposases must naturally maintain low efficiency in 
order to not to cause mutation that would decrease fitness of the host. This leaves a large 
capacity for modification that would increase transposase activity. This is true for the 
Himar1 transposon which was constructed from a consensus sequence of non-functional 
fragments obtained from the horn fly genome. A range of mutational studies have been 
performed in order to increase transposition rate of Himar1 including minor amino acid 
substitutes such as Q131R and E137K which increased the transposition frequency by 
~50 fold in bacteria (Keravala et al., 2006; Lampe et al., 1999). To this end, mutations 
may be explored for the pMRE-Himar series in order to increase transposition frequency. 
The same is also true for the Tn1409 transposases, especially considering that since its 
original description, the Tn1409 transposase has not been modified with the purpose of 
increasing efficiency.  

Two transformation protocols for Arthrobacter sp. Leaf145 were optimised in Chapter 3. 
These two protocols combine individual transformation techniques in order to increase 
transformation efficiency. Following this logic, combining aspects of the two optimised 
transformation techniques may result in further increases in transformation efficiency. 
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For instance, a sonication step can be added before electroporation during ampicillin 
based transformation protocols.  

In Chapter 4, Tn1409 plasmids containing possible alkane degradation genes from 
Arthrobacter sp. Leaf145 were constructed. Time limitations prevented use of these 
plasmids in this work, however, in future work these plasmids can be used to overexpress 
these genes in Arthrobacter sp. Leaf145. Analysis of growth rates for Arthrobacter sp. 
Leaf145 insertion mutant strains on diesel or alkane supplemented media will allow for 
functional determination of whether these genes are involved in alkane degradation. 

To conclude, demonstrated in this thesis is the use of transposon based vectors for genetic 
modification of Gram-positive and Gram-negative species. In particular, systems for 
researching the Gram-positive strain Arthrobacter sp. Leaf145 have been thoroughly 
established. I expect future research to benefit greatly by utilising the plasmid vectors 
constructed in this thesis, as well as following the transformation optimisation procedures 
performed for Arthrobacter sp. Leaf145. 
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Supplementary Methods  
 
Production of Competent E. coli cells 

Electro-competent cells were produced using a modified method of the protocol described 
by the Barrick lab, available at 
barricklab.org/twiki/bin/view/Lab/ProtocolsElectrocompetentCells. To begin, a fresh E. 

coli colony was used to inoculate 5 mL of LB. This culture was incubated at 37 ႏ with 
shaking overnight. In the morning 3 mL of this culture was used to inoculate 300 mL of 
LB in a 1 L conical flask. Cells were incubated at 37 ႏ with shaking until an OD600 of 0.4 
was reached, which was approximately 3 hours. The following steps were performed on 
ice. E. coli cells were transferred to a 6 × 50 mL Falcon tubes and centrifuged for 3 minutes 
at 6,000 g. Supernatant was removed and the cell pellet was thoroughly resuspended with 
vortexing in 50 mL of 4 ႏ 10 % glycerol. This resuspension step was repeated an 
additional two times before a final resuspension in 1 mL of 10 % glycerol. Resuspended 
cells are dispensed as 50 µL aliquots into pre-chilled Eppendorf tubes and promptly stored 
at -80 ႏ. To transform electro-competent E. coli cells, ~10 ng of plasmid DNA was added 
to an aliquot of E. coli cells on ice. These cells were then transferred to a pre-chilled 1 mm 
electroporation cuvette. Samples were electroporated using a BioRad Gene Pulser with 
SXOVH�FRQWUROOHU�VHW�WR�����N9��������DQG����P)��,PPHGLDWHO\�DIWHU�HOHFWURSRUDWLRQ������
µL of SOC media was added and cells were incubated with shaking at 37 °C for an hour. 
Cells were then plated on LB with appropriate antibiotics and incubated at 37 °C until 
colonies appeared.  
Chemically competent E. coli cells were produced by in a similar manner to electro-
competent cells. A 300 mL culture of E. coli was produced as described above, however 
these cells were pelleted at 3,000 g for 5 minutes at 4 ႏ. This pellet was then resuspended 
in 40 mL of 30 mM CaCl2. Cells were centrifuged again and resuspended in 20 mL CaCl2. 
A final resuspension in 3 mL of 100 mM CaCl2 and 15% glycerol was performed and 100 
µL aliquots were dispensed into pre-chilled Eppendorf tubes and promptly stored at -80 
ႏ. To perform heat shock to transform chemically competent cells, aliquots were thawed 
on ice, and to these ~10 ng of plasmid DNA was added. Cells were incubated with plasmids 
DNA on ice for 30 minutes. Aliquots were then transferred to a heat block set at 42 °C for 
exactly 45 seconds before being placed back into ice for another 2 minutes. After this time, 
500 µL of SOC media was added and cells were incubated with shaking at 37 °C for an 
hour. Cells were then plated on appropriate antibiotics and incubated at 37 °C until 
colonies appeared.   
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TAE Agarose gel  

Table S1: TAE buffer recipe 
Contents 50 × solution 50 × Molarity 1 × Molarity 
0.5 M EDTA disodium salt, pH 8.0 100 mL 50 mM 1 mM 
Tris 242 g 2 M 40 mM 
Glacial acetic acid 57.1 mL 1 M 20 mM 
MilliQ H2O Fill to 1 L N.A. N.A. 

 

TAE agarose gels were produced by adding 1 % agarose (HydraGene) to 1 × TAE buffer in 
a conical flask. This was then placed in a microwave on high with occasional stirring. 
After the agarose had completely dissolved, SYBR Safe (Invitrogen, Thermo Fischer 
Scientific) was added following manufacturer’s instructions.  

 

 

 

SOC media  

For production of SOC media used in recovering E. coli cells after transformations, a 
recipe from Cold Spring Harbour protocols available at 
http://cshprotocols.cshlp.org/content/2018/3/pdb.rec098863.short was followed. Initially 
SOB media was produced. 

Table S2: SOB media 
Contents Amounts 
Tryptone (Oxoid) 20 g 
Yeast extract (HiMedia) 5 g 
NaCl (Sigma Aldrich) 0.5 g 
MilliQ H2O Up to 970 mL 

 

After sterilisation of SOB media, add 10 mL of filter sterilised 1 MgCl2 and 20 mL of 1 M 
glucose.  

 

 

  



   
 

138 
 

General Phusion PCR Protocols 

Table S3: Phusion PCR reaction mix contents 
Contents Amount (µL) 

Water 31 

Buffer 10 

dNTP 1 

Forward Primer  2.5 

Reverse Primer  2.5 

DMSO 1.5 

Phusion 0.5 

Template 1 (~20 ng) 
 

Table S4: Touchdown PCR followed by two step PCR thermocycler protocol 
Cycle step Temperature (°C) Time (s) Cycles 

Initial Hold 98 �   

Initial Denature 98 30  1 

Denaturation 98 15  5 

Annealing * 15     

Extension 72 **   

Denaturation 98 15  25 

Annealing/Extension 72 40    

Final Extension 72 300 1 

Hold 10 �   
*Annealing Temperature dependant on primers used. Tm can be determined at 
https://tmcalculator.neb.com/#!/main 
**Extension time dependant on template length. 20 seconds per 1 kbp given 
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Table S5: Two step PCR thermocycler protocol 
Cycle step Temperature (°C) Time (s) Cycles 

Initial Hold 98 �   

Initial Denature 98 30  1 

Denaturation 98 15  30 

Annealing/Extension 72 **   

Final Extension 72 300 1 

Hold 10 �   
 

Table S6: Three step PCR thermocycler protocol 
Cycle step Temperature (°C) Time (s) Number of Cycles 

Initial Hold 98 �   

Initial Denature 98 30  1 

Denaturation 98 30  30 

Annealing * 30   

Extension 72 **   

Final Extension 72 300 1 

Hold 10 �   
*Annealing Temperature dependant on primers used. Tm can be determined at 
https://tmcalculator.neb.com/#!/main 
**Extension time dependant on template length. 20 seconds per 1 kbp given 
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MyTaq Colony PCR protocol 

Table S7: MyTaq 25 µL PCR Reaction mix 
Contents Amount added (µL) 

Template 1  

Water 11.5  

Forward primer 0.5  

Reverse primer 0.5  

2 × MyTaq Master mix 12.5 
 
 
 
Table S8: MyTaq 2x PCR thermocycler protocol 
Step Temperature (°C) Time (s) # Cycles 

Initial hold 95  �   

Initial denature 95  60 1 

Denature 95  15  30 

Annealing * 15    

Extension  72  **   

Final extension 72  300 1 

Final hold 10  �   
*Annealing Temperature dependant on primers used. Tm can be determined at 
https://tmcalculator.neb.com/#!/main 
**Extension time dependant on template length. 20 seconds per 1 kbp given 
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Arbitrary PCR protocol  

Table S9: Arbitrary PCR reaction mix 
Contents 25 µL mix (µL) 

Water 15.05  

Buffer 5  

dNTP 1.25  

Seq-primer (128)  0.5  

Arb primer (124-6) 1.25  

DMSO 0.75  

Phusion polymerase 0.2  

Template 1 µ 
 
 
Template obtained from liquid culture heated for 15 min, 50 mM NaOH at 98 °C. 
 
 
Table S10: Arbitrary PCR thermocycler protocol 
Cycle step Temperature (°C) Time (s) Cycles 

Initial hold 98 �   

Initial denature 98 30  1 

Denaturation 98 30  6 

Annealing 30 30     

Extension 72 90   

Denaturation 98 30  30 

Annealing 45 30   

Extension 72 120   

Final extension 72 300 1 

Hold 10 �   
  
The PCR product is cleaned as used as template in the next reaction. 
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Table S11: Nested PCR reaction mix 
Contents 25 µL mix (µL) 

Water 12.8 

Buffer  5  

dNTP 1.25  

Seq-primer (129)  1  

Arb primer (123) 1  

DMSO 0.75  

Phusion polymerase 0.2  

Template 3  
  
 
Table S12: Nested PCR thermocycler protocol 
Cycle step Temperature (°C) Time (s) Cycles 

Initial hold 98 �   

Initial denature 98 30 1 

Denaturation 98 30  30 

Annealing 52 30   

Extension 72 120   

Final Extension 72 300 1 

Hold 10 �   
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Digest Reactions 

Table S13: DNA restriction digest reaction mix 
Contents 20 µL mix (µL) 

Water 15.5 

10 × Enzyme buffer  2  

DNA (200 ng)   2  

Restriction enzyme 0.5  
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Supplementary Results 
 

 
Figure S1: Restriction digests of the pMRE-Himar-13X series. Plasmids were digested with 
PstI. Restriction digest bands match theoretical bands determined in silico. The largest bands in 
lane 1, 2, and 3 results from incomplete plasmid digestion. 
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Figure S2: Restriction digests of the pMRE-Himar-14X series. Plasmids were digested with 
ScaI. Restriction digest bands match theoretical bands determined in silico. 

 

 
Figure S3: Restriction digests of the pMRE-Himar-15X series. Plasmids were digested with 
NotI. Restriction digest bands match theoretical bands determined in silico. 
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Figure S4: Restriction digests of the pMRE-Himar-17X series. All plasmids were digested 
with NotI, except for pMRE-Himar-174, which was digested with PstI. Restriction digest bands 
match theoretical bands determined in silico. 
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Figure S5: Restriction digests of the pMRE-Himar-19X series. Plasmids were digested with 
NotI. Restriction digest bands match theoretical bands determined in silico. 

 

  



   
 

148 
 

 
Figure S6: Sequencing results for pMRE-Himar 13X series. The red sections of arrows in the 
beige regions indicate sequencing matches to the plasmid maps displayed below. Sequencing 
results were visualised using SnapGene (Version 4.2.11). 
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Figure S7: Sequencing results for pMRE-Himar 14X series. The red sections of arrows in the 
beige regions indicate sequencing matches to the plasmid maps displayed bellowed. Sequencing 
results were visualised using SnapGene (Version 4.2.11).  
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Figure S8: Sequencing results for pMRE-Himar 15X series. The red sections of arrows in the 
beige regions indicate sequencing matches to the plasmid maps displayed below. Sequencing 
results were visualised using SnapGene (Version 4.2.11). 
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Figure S9: Sequencing results for pMRE-Himar 17X series. The red sections of arrows in the 
beige regions indicate sequencing matches to the plasmid maps displayed below. Sequencing 
results were visualised using SnapGene (Version 4.2.11). 
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Figure S10: Sequencing results for pMRE-Himar 13X series. The red sections of arrows in 
the beige regions indicate sequencing matches to the plasmid maps displayed below. Sequencing 
results were visualised using SnapGene (Version 4.2.11). 
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Table S14: pMRE-Himar-145 insertion mutant insert flanking sequences and 
interrupted gene annotation.  

Strain name Transposon insertion flanking region sequence Region hit 

Sphingomonas sp. 
Leaf357::MRE-Himar-

145/1 

AGGGGCTCGCAGTCGATTTACCGGTTCGCATGATC
GTAACCGCACAGGGGAAGGAAACATGGGCTCTCTT

CCGCCAGCGCGGTGGGATGTACCCTGAG 
Beta-

hexosaminidase 

Sphingomonas sp. 
Leaf357::MRE-Himar-

145/2 

TGTTATAACCCGGGGCCCAGAAGCGCGCGAGGTAG
TCTTTGAATGGATACATGGGCAGATATGCGATAACG
CCGTCGAGCTTCCGGTTGGCGACGTCTCAGTCCGC

GTCCATGACGACCCCGAGCGTGT 

Hypothetical 
protein 

Sphingomonas sp. 
Leaf357::MRE-Himar-

145/4 

CTCGGCGCGCAGGCCAATCTGTGGGCCGAATATAT
CGTGACGCCCACCGAATCCCAACATGCGCTGTTCCC

GCGCGTCGACGCGCTGGCCGAGATCGCCTG 
Hypothetical 

protein 

Acidovorax sp. 
Leaf84::MRE-Himar-

145/2 

AGTCAACATCGAAAAGCTCGGAGACTATGTGAATC
GCTAT-

GGCGTCAATAGCTTTTTCGACGCATCCGATGATGCC
CATC 

Intergenic 
region 

Acidovorax sp. 
Leaf84::MRE-Himar-

145/5 

ATCTGATCTTCAGACAGTCTGTCGGTAGCTCCCTCG
CGCCTTGCAGAGCAGATGATGTGTTCCCCTTGAAAA

CGCCCTTGACATCATGCACCTCGACG 
Hypothetical 

protein 

Acidovorax sp. 
Leaf84::MRE-Himar-

145/6 
TAATCGGTGGATGGTAAATAGATAGGAAATTTATCA

CTGTGTTTCATAACAGGTTG 
Intergenic 

region 
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Figure S11: A decision tree for optimising Gram-positive transformation.  
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Table S15: pKGT-GFP insertion mutant insert flanking sequences and interrupted 
gene annotation. 

Strain name Transposon insertion left 
flanking sequence 

Region hit EC  
numbe

r 

Arthrobacter sp. 
Leaf145::Tn1409/1 

AGAGAAGCCTGCCGTGCCCAAA
AGCAACTACGCGGTTCCCGGCC

TTTACT 
Glucose-1-phosphate 

thymidylyltransferase 2.7.7.24 

Arthrobacter sp. 
Leaf145::Tn1409/2 

CAGCTATGACTCGGGTTCCGCA
GCAGGCTGCCTTTCCCAAAAGC

CCGCTC 
Hypothetical protein ... 

OR Arthrobacter 
sp. 

Leaf145::Tn1409/2 

GACACCCTGCCGCCCTGCCCGC
AGGCGGAACCCGGGCTGTGGGT

TTTCGG 
Intragenic region … 

a Insert border regions were sequenced in one direction with the inward facing primer: 
agcccaagctctagccctcgg  
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Figure S12: Phylogenetic depicting relatedness of possible alkane degradation genes 
from Arthrobacter sp. Leaf145 to functionally characterised alkB genes. MUSCLE 
alignment of protein sequences was performed on Geneious using MUSCLE alignment algorithm. 
A phylogenetic tree was then created using the Neighbour-Joining consensus tree Protein 
alignment method, with 100 bootstrap replicates. Cytochrome p450cam was set as the outgroup. 

 

 
Figure S13: Phylogenetic depicting relatedness of possible alkane degradation genes 
from Arthrobacter sp. Leaf145 to functionally characterised CYP153 genes. MUSCLE 
alignment of protein sequences was performed on Geneious using MUSCLE alignment algorithm. 
A phylogenetic tree was then created using the Neighbour-Joining consensus tree Protein 
alignment method, with 100 bootstrap replicates. Cytochrome p450cam was set as the outgroup.  
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Figure S14: Genome map of Arthrobacter sp. Leaf145. Overall GC skew of genomic DNA is 
indicated in black, positive, and negative GC skew are shown in green and purple, respectively. 
Open reading frames are indicated in red, and all coding sequences are indicated in blue. This 
circular genome map was constructed using the CGViewAdvanced (v.0.0.2) app in the KBase 
webservice.  
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Figure S15: Sequencing results for the pKGT-GFP based plasmids. The red sections of 
arrows in the beige regions indicate sequencing matches to the plasmid maps displayed below. 
Sequencing results were visualised using SnapGene (Version 4.2.11). 
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