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Abstract

Many bacteria have the ability to produce exopolysaccharides. These polysac-
charides have important functions for the cell, but have also shown promising
properties for industrial utilization. There are many different types of polysaccha-
rides, and their diverse chemistry yields polysaccharides with different functions
and thus putative novel applications. In addition, the use of genetic engineering
can increase the production yields and give the possibility to create tailor-made
polysaccharides. Paenibacillus polymyxa is able to produce an exopolysaccharide
called Paenan, which holds many interesting properties and can give rise to several
novel applications for the industry. A CRISPR-Cas9 plasmid called pCasPP has
been constructed for targeted genetic modifications of P. polymyxa, and has been
used to get a better understanding of the Paenan biosynthetic pathway.

In this study, CRISPR-Cas9 is used for two gene deletions and one gene re-
placement. The two genes, pepM and pepN, which encode glycosyl hydrolases
in the Paenan cluster are deleted. The produced exopolysaccharides from the
two deletion-strains are then compared to the wildtype. The aim of the gene
replacement is to replace the pepF gene, which encodes a glycosyl transferase,
with another glycosyl transferase from Xanthomonas campestris. This may give
an indication on how the chemical structure can be modified. The possibility
of other Paenibacillus strains to produce Paenan is also investigated by genome
comparison. This is conducted using the tools BLAST, RAST and BRIG.

Finally, the pepM and pepN genes were successfully deleted. The produced ex-
opolysaccharides from these two strains gave shorter fibres compared to the wild-
type. This may indicate that glycosyl hydrolases play an important role in the
biosynthesis, and possibly are involved in processing the polysaccharide for export
or to function as a failsafe enzyme when the export fails. The gene replacement
of pepF was attempted, but was not successful. The genome comparison of the
Paenan cluster showed high similarity between several Paenibacillus strains, and
indicates that Paenan can be produced by other strains.



Sammendrag

Mange bakterier har evnen til å produsere eksopolysakkarider. Disse polysakkari-
dene har viktige funksjoner for cellen, men har ogs̊a vist lovende egenskaper for
bruk i industrien. Det eksisterer mange forskjellige typer polysakkarider, med ulik
kjemisk struktur. Ulikhetene i den kjemiske strukturen gir polysakkarider med
forskjellige funksjoner og derfor ogs̊a nye antatte anvendelser. Bruk av genredi-
gering kan øke produksjonsutbyttet og gi muligheten til å lage skreddersydde
polysakkarider. Paenibacillus polymyxa er i stand til å produsere en eksopolysakkarid
som kalles Paenan. Denne polysakkariden har mange interessante egenskaper og
kan gi opphav til flere nye anvendelser for industrien. Et CRISPR-Cas9 plasmid,
som heter pCasPP, har blitt konstruert for å utføre m̊alrettede genetiske endringer
i P. polymyxa, og det har blitt brukt for å f̊a en bedre forst̊aelse av synteseveien
til Paenan.

I denne studien har CRISPR-Cas9 blitt brukt for å slette to gener og erstatte ett
gen. De to genene, pepM og pepN, som koder for glykosylhydrolaser i Paenan-
klusteret blir slettet. Eksopolysakkarider ble produsert fra de to stammene med
slettet gen, og dette ble sammenliknet med eksopolysakkarider produsert av vill-
typen. Det andre m̊alet med oppgaven er å slette pepF -genet som koder for en
glykosyltransferase. Dette genet blir byttet ut med et gen som koder for en an-
nen glykosyltransferase i Xanthomonas campestris. Dette kan gi en indikasjon om
hvordan den kjemiske strukturen til Paenan kan bli endret. Det blir ogs̊a stud-
ert om andre stammer av Paenibacillus har muligheten til å produsere Paenan.
Genomet til ulike stammer blir sammenliknet ved bruk av verktøyene BLAST,
RAST og BRIG.

Slettingen av genene som kodet for glykosylhydrolaser, pepM og pepN, var vel-
lykket. Eksopolysakkarider produsert fra disse stammene ga kortere fibre sam-
menliknet med villtypen. Dette kan tyde p̊a at glykosylhydrolaser spiller en viktig
rolle i biosyntesen av Paenan. Mulige roller kan være innen prosesseringen av
polysakkarider for eksport eller å fungere som en sikkerhet hvis eksporten mis-
lykkes. Utbyttingen av pepF ble forsøkt utført, man var ikke vellykket. Sam-
menlikningen av Paenan-klusteret viste høy likhet mellom de ulike stammene av
Paenibacillus, noe som indikerer at Paenan ogs̊a kan bli produsert av andre stam-
mer.
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Chapter 1
Introduction

1.1 Polysaccharides

Polysaccharides are the most common carbohydrates found in nature. There are
many different types of polysaccharides, which differ from each other in the order of
their monosaccharide units, types of bonds linking the units together, the length of
the chain and branching [1]. Because of the diverse chemistries, the polysaccharides
have many different biological functions and industrial applications [2]. Some
polysaccharides serve as structural elements, while others are important for energy
storage [1].

Some of the most abundant polysaccharides are cellulose and starch. Cellulose
serves as a structural element and is commonly found in the cell walls of plants.
The cellulose molecule is a linear polymer that consists of D-glucose units linked
by β-1-4 glycosidic bonds [1]. Cellulose is highly stable, and exists in plant-based
materials like wood and cotton [3, 4]. Starch is a polymer that mainly functions
as an energy reserve in plant cells. It consists of amylose and amyplopectin, which
both comprise only α-D-glucose. Starch is an important food and food additive,
but is also used for industrial applications as fabric stiffeners, glues or in paper
treatment [5].

In addition to serving as energy storage and giving stability to cells, some polysac-
charides can be produced by microorganisms and secreted into the environment
surrounding the cell. The production of cellulose and starch from plants is af-
fected by both region and season, and may differ in structure, molecular weight

1
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and physiochemical properties [6, 7]. Cellulose is an example of a polysaccharide
that can be produced by microorganisms [8], where the culture conditions can be
controlled in a bioreactor. This way, the product yield and composition is not af-
fected by regional or seasonal factors. Under these culture conditions, it is possible
to optimize the yield and manipulate the chemical properties of the polysaccha-
rides [9]. Other advantages with polysaccharides from microorganisms are that
they usually have shorter production times and can be extracted more easily, the
bioprocesses are performed in bioreactors and therefore don’t compete with land
for food production and the waste products can be used as feedstocks. In addi-
tion, these polysaccharides show a greater variety in structure and properties [10].
Producing polysaccharides from microorganisms is therefore promising.

1.2 Microbial Polysaccharides

Microorganisms are single-cell or multicellular organisms that interact with the
surrounding environment and other cells. Examples of microorganisms are bac-
teria, archea and fungi. Microorganisms have played important roles to humans
in for example food industry, as biofuels or in bioremediation. Some microor-
ganisms also produce commercial products such as industrially applied enzymes,
antibiotics, chemicals and different polysaccharides [11].

Microbial polysaccharides are biopolymers that are synthesized by microorganisms.
These polysaccharides can have important biological functions, such as energy
storage, structure and stability. Some can also be secreted to the surrounding
environment [12]. Microbial polysaccharides can be divided into three groups [13]:

• Structural polysaccharides

• Intracellular polysaccharides

• Exopolysaccharides

Structural polysaccharides constitute the cell wall, for example lipopolysaccha-
rides (LPS), teichoid acids and peptidoglycans [13]. These polysaccharides are
important for the structure of the cell [14].

Intracellular polysaccharides are located inside the cell or as a part of the mem-
brane [15]. They are accumulated in the cell during periods of nutrient excess,
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and serve as carbon and energy reserves. These polysaccharides are therefore im-
portant for the cell during times of starvation. Glycogen is an example of a major
microbial and eucaryotic storage polysaccharide [16].

Exopolysaccharides (EPSs) are secreted into the environment surrounding the cell.
Important functions of the EPSs are protection against xenobiotics, water reten-
tion, providing adherence to surfaces and they are also the main component of
biofilms. For industrial purpose, the EPSs are the most important polysaccharides
synthesized by microorganisms [12]. There are many different EPSs produced by
microbes, but only a few are being used in the industry today. Table 1.1 shows
the major commercial microbial polysaccharides.

1.2.1 Structure of Exopolysaccharides

Polysaccharides are composed of monosaccharide units that can be combined in
infinite ways. This yields uncountable EPS variants with unique functions and
structures. The monomeric units are linked to each other via glycosidic link-
ages [12]. Frequently used monomeric units include glucose, mannose, galactose,
glucuronic acid, rhamnose and fucose [17]. In addition, these units can carry sub-
stituents that are attached through ester or ketal bonds. Carboxylic acids such as
pyruvic acid or acetic acid are common substituents [12].

The EPSs can be divided into two classes based on their monosaccharide composi-
tion, homopolysaccharides and heteropolysaccharides [12]. Homopolysaccharides
consist of only one type of monosaccharide units, while the heteropolysaccharides
consist of several different types [17]. The exopolysaccharides are often linear
or branched, but hyperbranching is uncommon [12]. The heteropolysaccharides
are mainly built up of repeating units, which are repetitive elements that are
composed of a specific sequence of the monomers [17]. Commonly, four to eight
different monosaccharides build up the heteropolysaccharides [12]. Xanthan gum
is an important polymer of industrial relevance and is used in various applications
such as the food industry or in oil recovery. The structure of Xanthan is given in
Figure 1.1 to present an example of the structure of bacterial EPSs.
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Figure 1.1: Chemical structure of the repeating unit of Xanthan. (Figure by
Paderes et al. [18]) The backbone of Xanthan is β-1,4-D-glucoses with a
trisaccharide attached to every second glucose molecule. The order of the
monomer units in the trisaccharide is mannose-glucuronic acid-mannose
[19]. The inner mannose unit is esterified with acetate, while the outer
mannose can carry an acetate or a pyruvate group [12].

Xanthan gum is a branched polymer produced by the Gram-negative bacterium
Xanthomonas campestris [19]. The chemical structure of the repeating unit of
Xanthan consists of two D-glucoses, two D-mannoses and one D-glucuronic acid
[12]. The backbone of Xanthan is β-1,4-D-glucoses with a trisaccharide attached
to every second glucose molecule. The order of the monomer units in the trisac-
charide is mannose-glucuronic acid-mannose [19]. The inner mannose unit may be
esterified with acetate, while the outer mannose can carry an acetate or a puryvate.
These variations depends on the growth conditions [12].

1.2.2 Biosynthesis of Exopolysaccharides

The biosynthesis of EPS consists of several steps, and each EPS is synthesized by
its own way. The synthesis often appears in the stationary phase of the growth
curve [13]. Most EPS biosynthetic mechanisms follows specific steps: They start
with the nucleotide sugar precursors being synthesized, which are used to build
up the repeating units. The repeating units are then assembled into the mature
polysaccharide before the product is exported [20].

There are four general mechanisms for production of bacterial exopolysaccharides,
and these are listed below. Three of them are intracellular and one is extracellular
[21]. An overview of the three intracellular pathways is given in Figure 1.2.

• Wzx/Wzy dependent pathway
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• ATP-binding cassette (ABC) transporter dependent pathway

• Synthase-dependent pathway

• Extracellular synthesis

The Wzx/Wzy dependent pathway is common for the production of complex het-
eropolysaccharides, such as Xanthan. In this pathway, the repeating units are
assembled by several glycolsyltransferases (GTs) before they are exported through
the inner membrane by a flippase called the Wzx protein. Then, the Wzy protein
polymerizes the repeating units followed by the transport of the mature EPS to the
cell surface. Two additional proteins, assigned the polysaccharide co-polymerase
(PCP) and the outer membrane polysaccharide export (OPX) families, are in-
volved in the transport to the cell surface [22].

The ABC transporter dependent pathway is mainly used for the biosynthesis of
capsular polysaccharides. As for the Wzx/Wzy dependent pathway, GTs are im-
portant for the assembly of polysaccharides. For the assembly of homopolysaccha-
rides, only one GT is involved, while several GTs are involved for the production of
heteropolysaccharides [23]. The export to the cell surface is realized by a complex
composed of ABC-transporters that spans the inner membrane and proteins of the
PCP and OPX families in the periplasm and outer membrane [22].

The third intracellular pathway is the synthase dependent pathway. In this path-
way, a synthase performs both the polymerization and transport across the mem-
brane [24]. This is used for the production of homopolysaccharides, for instance
cellulose and glucose [21].

Even though most bacterial polysaccharides are produced inside the cell, some are
produced extracellular. In this case, specific GTs are secreted to the extracellular
space or are covalently bound to the cell surface. The best known examples of
polymers produced this way are dextran and levan [21]. The enzyme levansucrase
is responsible for the biosynthesis of levan, and this enzyme is produced by a wide
range of bacterial strains [25]. Levansucrase synthesizes levan from sucrose. At
low concentrations of sucrose, levansucrase functions as a glycosyl hydrolase, while
at high concentrations it adds fructosyl units to the growing chain [26].

The genes that are involved in the biosynthesis pathways mentioned above can
be found clustered in the genome of EPS producing microbes or on large plas-
mids [24, 27]. The EPS operons can be identified by several genes encoding GTs,
polymerases and secreting enzymes [21].
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Figure 1.2: Overview of the three intracellular pathways for EPS biosyn-
thesis. (Figure by Schmid et al.[21].) The Wzx/Wzy dependent path-
way assemble the repeating units by several glycosyl transferase. The
Wzx protein then export the repeating units to the periplasm where the
Wzy protein polymerize the repeating units. Then the mature EPS is ex-
ported to the cell surface by the polysaccharide copolymerase (PCP) and
outer-membrane polysaccharide export (OPX) protein families. The ABC
transporter dependent pathway uses glycosyl transferases for assembly of
the polymer before it is transported out of the cell by proteins from the
PCP and OPX protein families. The synthase dependent pathway uses a
synthase for both polymerization and transport across the membrane.
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1.2.3 Exopolysaccharide Engineering

In order to improve production or create novel polysachharide variants, the pro-
ducing organisms can be genetically engineered. Targets for this can be modifica-
tions of the molecular weight or the composition of monomers, or the addition of
substituents. The strategies can be divided into two categories depending on the
purpose. Some may aim for modifications that results in higher productivity and
others may aim for new EPS variants. When aiming for a higher productivity,
it is typical to try increasing the pool of sugar precursors. This can be done by
overexpressing some genes involved in the biosynthesis of the precursors or genes
involved in the EPS assembly [21]. Other ways to increase the productivity may be
to target the regulatory proteins which may increase the transcription of the EPS
gene clusters, or to disrupt the production of pathways using the same precursor
molecules [28, 29].

The second strategy for exopolysaccharide engineering gives the opportunity to
create tailor-made EPS variants. Using this strategy, the aim is to alter the chem-
ical structure and thereby the properties of the EPSs. This may, for instance,
be to change the molecular weight or to modify the chain length of the polymer
[30, 31]. For example, Hassler and Doherity performed several mutations of Xan-
thomonas campestris to modify the rheological properties of Xanthan. They found
out that by changing the degree of acetylation and pyruvylation the viscosity was
massively influenced. The presence of puryate increases the visocity, while the
presence of acetate decreases the viscosity. They also found out that by targeting
the GTs that catalyze the addition of sugar units to the side chain affected the
viscosity. Xanthan without the terminal mannose of the sidechain showed to be
a poor viscosifier. In contrast, when the polymer was lacking both the terminal
mannose and glucuronic acid it was a good viscosifier [32]. This proves the impor-
tance of getting new insight about how the genes and proteins are involved in the
EPS biosynthesis. By increasing this understanding, novel tailor-made EPS can
be produced with new properties. Modern synthetic biology tools, for example
CRISPR-Cas9, can be used for genetic engineering of EPS to produce novel EPS
variants effectively. This gives rise to the production of economical competitive
tailor-made EPS variants.
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1.3 CRISPR-Cas Based Genome Editing

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) together
with Cas (CRISPR associated) enzymes works as an adaptive immune system for
many bacteria and archaea, by copying a part of the foreign DNA and storing it
in the genome [33]. There are five types (type I to V) of CRISPR systems, and
type II is most commonly used for genome editing [34]. The CRISPR system can
be divided into three steps, as can be seen in Figure 1.3 for the type II system of
Streptococcus pyogenes.

Figure 1.3: The three stages of type II CRISPR system for Streptococcus
pyogenes. (Figure by New England Biolabs [35]). In stage one, aquisition,
short sequences of the foreign DNA (spacers) are inserted into the CRISPR
locus of the host’s genome. In the crRNA biogenesis phase, the pre-crRNA
is transcribed and bind to tracrRNA. This duplex is cleaved and gives
mature crRNA. During interference, the duplex binds to Cas9 and guides
it to the target sequence which is next to a PAM sequence. The Cas9
makes a double-strand break.
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In the first stage, the acquisition stage, Cas proteins recognize the foreign DNA
and cut it into short sequences of about 30 bp in length [36]. These sequences are
then inserted into the CRISPR locus of the host’s genome. This creates a chimeric
sequence that consists of repeat sequences interspaced by the short sequences of
foreign DNA, called spacers [37]. The CRISPR locus functions as a memory of
previous invasions, and gives immunity for later exposure of the same DNA se-
quences. Different Cas proteins transcribe and process the CRISPR locus [38].
The primary transcript, the pre-CRISPR RNA (pre-crRNA), consists of repeats
and spacers [39]. During the second stage, called crRNA biogenesis, the pre-crRNA
is processed by the host’s RNase III with help from the trans-activating CRISPR
RNA (tracrRNA). The tracrRNA contains repeats that can bind to the pre-crRNA
through homology. The duplex of pre-crRNA and tracrRNA is cleaved to become
mature crRNA [40]. Mature crRNA consists of one spacer sequence and one repeat
region [39]. In the last stage, the interference stage, the crRNA:tracrRNA duplex
binds to the Cas9 protein. The Cas9 protein is a DNA endonuclease, and is guided
by the crRNA to the target sequence. Through sequence homology between the
spacer and the target sequence, the complex can bind to the target and create a
double-strand break [41]. For the nuclease to be able to bind, a Protospacer Adja-
cent Motif (PAM) sequence must be present downstream of the target [42]. This
is a short sequence of 3-5 bp, and for Cas9 this sequence is NGG where N can be
any nucelotide [43]. The PAM sequence is not present in the CRISPR locus of the
host’s genome, and it therefore prevents the host from cutting it’s own genome.

The use of CRISPR has made genome editing more precise, less expensive and
faster. The CRISPR/Cas9 system used for genome editing only requires a sin-
gle guide RNA (gRNA), which is a fusion of tracrRNA and crRNA. The gRNA
conatins both a spacer region and a nuclease binding domain. The spacer region
has a length of about 20 nucleotides and gives homology to the target sequence.
In order to perform genome editing, the CRISPR system must be delivered to the
target. Plasmids are commonly used as a delivery mechanism. It is also important
that the plasmid can be replicated, and that an efficient selection is possible. An
antibiotic resistance gene is often delivered with the plasmid as a selective marker
[36].

In order to repair the double-strand break created in the target sequence, two repair
mechanisms can be used: non-homologous end joining (NHEJ) and homology-
directed repair (HDR). These two pathways are shown in Figure 1.4.
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Figure 1.4: CRISPR-Cas9 cleavage and DNA repair mechanisms. (Figure by
New England Biolabs [35]) A double-strand break is created by the Cas9
endonuclease. This activates a DNA repair mechanism of the cell. When a
homologous repair template is not present, the non-homologous end joining
mechanism is activated. This can result in both deletions and insertions,
and cause frameshift mutations. When a homologous repair template is
present, the cell can use the homology-directed repair mechanism. This
can give point mutations, knock-outs and knock-ins.

For NHEJ, the double-strand break is religated directly and a homologous template
is not required [44]. This mechanism can create both deletions and insertions
of nucleotides, which causes frameshift mutations. However, most bacteria are
not able to use NHEJ to repair the double-strand breaks [45]. Therefore, most
bacteria must rely on HDR to repair the double-strand breaks. In this repair
mechanism, a homologous strand is used as a template for repair [46]. A DNA
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strand with homologous sequences upstream and downstream of the target gene
can be recognized by the bacteria, and can thereby remove the target gene or
replace it with another sequence. By providing a template for HDR, the cleaved
sequence can be introduced to mutations, deletions or foreign genes.

A CRISPR-system for Paenibacillus polymyxa (P. polymyxa) has been developed
by Rütering et al. [47], which has been constructed as a plasmid called pCasPP.
The system consists of origin of replication (ori), origin of transfer (oriT), the repU
gene and a neomycin (neo) resistance gene. The replication is initiated at the origin
of replication, while the origin of transfer is important for conjugation. The repU
gene is involved in the replication of the plasmid. For the gene encoding Cas9, the
constitutive promoter sgsE is used. The constitutive gapdh promoter is used for
guide expression. The unspecified system contains a lacZ casette that is surrounded
by the cut sites of the restriction enzyme BbsI. This gives the opportunity to insert
the gRNA using Golden Gate Cloning. An HDR-template can be inserted at the
SpeI restriction cut site.
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Figure 1.5: CRISPR-Cas9 system for P. polymyxa designed for pepM dele-
tion. The system consists of origin of replication (ori), origin of transfer
(oriT), the repU gene and a neomycin resistance gene. The promoters sgsE
and gapdh are used for the Cas9 encoding gene and the gRNA, respectively.
The restriction enzymes BbsI and SpeI gives the opportunity to insert the
gRNA and the HDR-template.

1.4 Paenibacillus spp.

Bacteria that belongs to the genus Paenibacillus can be found in various environ-
ments. They exist in both polar and tropic regions, aquatic environments and dry
deserts. There are about 200 different species of Paenibacillus known today, and
most of them originate from soil [48]. In the beginning, the bacteria belonging to
Paenibacillus were included in the genus Bacillus because of morphological sim-
ilarities and the ability to form endospores. In 1991, Bacillus was divided into
five highly divergent groups based on their 16S rRNA sequence [49]. This led
to the phylogenetic distinction of Paenibacillus from other Bacillus groups [50].
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Paenibacillus species are facultative anaerobic Gram-positive bacteria that have
the ability to form endospores [51]. They can also grow on a large number of
carbon sources because of the ability to break down complex polymers [11]. A
scanning electrone microscope picture of P. polymyxa is given in Figure 1.6.

Figure 1.6: Picture of P. polymyxa (Figure by Raza et al [51]).

The species of the Paenibacillus genus can affect the environment both positively
and negatively. Since most Paenibacilli originate from soil, they are often associ-
ated with plant roots. Many of them promote plant growth, and positive effects
have been seen for different plants including rice and pumpkin [52, 53]. One way
the Paenibacilli promote plant growth is by increasing the bioavailability of es-
sential elements like phosphorus and nitrogen. More than 20 species have been
shown to have nitrogen fixing abilities by reduction of N2 to NH3 [54]. Genomic
analyses have also suggested that by producing glucuronic acid, most Paenibacilli
can solubilize inorganic phosphorus [55]. The secretion of auxins also promotes
plant growth, where indole-3-acetic acid (IAA) is the most abundant one [56].
Even though plants produce IAA themselves, they can also use exogenous sources.
Since Paenibacilli can produce IAA, they can thereby contribute to plant growth
[57]. Paenibacillus species exhibit several biocontrol capabilities that promote
plant growth. This may both be to induce the plant’s own resistance or to pro-
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duce biocidal substances. For instance, P. polymyxa have been proven to enhance
the resistance of peanut roots against crown root disease [58].

Paenibacilli are also relevant for the pharmaceutical industry because of their
ability to produce various antimicrobial agents. The most known antibiotics are
the polymyxins. However, polymyxins have shown to be toxic to the human cen-
tral nervous system and kidneys, limiting their usage [59]. On the other hand,
synthetic approaches aim to produce new variants of polymyxins with improved
pharmacokinetic properties [60]. Other examples of antimicrobial substances pro-
duced by Paenibacilli are fusaricidins, pediocins and lantibiotics [61, 62, 63]. In
addition to antimicrobial substances, Paenibacilli also produce many different en-
zymes including cellulases, amylases, lipases, hemicellulases, pectinases and lignin-
modifying enzymes. These enzymes have potential to be used in industry for food,
paper, detergents, textiles and biofuels [48]. By producing enzymes that catabolize
aliphatic and aromatic pollutants, Paenibacillus can also be used in wastewater
treatment [64, 65]. The production of EPSs is also an important property of the
genus Paenibacillus, which will be further discussed in Section 1.4.1.

There are also some negative aspects about Paenibacillus. Some Paenibacillus
species infect various organisms. For example, P. larvae is known to cause Ameri-
can Foulbrood that afflicts honeybees [66]. Another negative aspect, is that Paeni-
bacillus has a role in dairy spoilage. Paenibacilli produce spoilage enzymes, and
by being able to survive under extreme conditions, spores can be found in both
raw and pasteurized milk [67].

1.4.1 Exopolysaccharides by Paenibacilli

Paenibacillus species produce various EPS, and each strain produces different EPSs
with different properties[68]. There are huge differences between the structures of
the different EPSs, and both homopolysaccharides and heteropolysaccharides are
reported to be produced by Paenibacilli [69, 70, 71]. This results in many dif-
ferent physicochemical properties and gives rise to several potential applications.
One proposed application is as thickeners or rheological agents because of the
high viscosity and shear thinning behavior [72]. In addition, several EPSs from
Paenibacilli have shown properties for medical applications, such as antioxidative
potential, improvement of skin hydration, antitumor activity, and enhancement of
immunity [68]. Other fields for the use of these EPSs may include emulsification,
bioremediation and animal feed additives. The number of known EPS producing
Paenibacillus species is quite small when compared to the number of described
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species, and most of them are strains of P. polymyxa or species that are phyloge-
netically closely related.

The medium composition may influence the EPS production. Glucose and sucrose
are the most common carbon sources. The use of sucrose in the medium gives high
yields of levan-type EPSs because of the activity of levansucrase, which is present
in many P. polymyxa strains. The EPSs produced by Paenibacilli usually consists
of the monomers mannose, glucose, glucuronic acid, galactose, and sometimes
pyruvate and fucose. Table 1.2 gives an overview of some of the EPSs produced by
Paenibacillus, along with their carbon- and nitrogen-sources. Because of the use
of different carbon- and nitrogen-sources, it can be difficult to directly compare
the results.

1.4.2 Paenan

P. polymyxa DSM 365 is a producer of an EPS called Paenan. The molecular
weight of Paenan is about 1.3 · 107 g/mol, and consists of the monomers glu-
cose, mannose, galactose and glucuronic acid. The ratio of these monomers are
3.5:2:1:0.2, respectively. This polymer shows great thickening potential, and is
therefore interesting for use as a rheological additive [83].

The genes involved in the Paenan biosynthesis are found in a cluster that spans
almost 35 kb. This cluster consists of 28 genes and is shown in Figure 1.7. Several
of the functional elements in this cluster are encoded twice. This could be because
of a evolutionary development for a more reliable production of EPS, or it could
be that the strain is able to produce another polymer where some of the genes are
used in both pathways. For example polymerases and precursors may be involved
in both pathways, while GTs are unique for each polymer. In addition, some of the
precursor genes (ugdH, manC, galU ) are also found in other parts of the genome,
whereas the genes for fucose synthesis fcl and gmd are only present in the Paenan
cluster [47].
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Table 1.2: Summary of exopolysaccharides produced by Paenibacillus
strains. The table shows the monomer composition of the EPS structure,
the C-source and the N-source. Man=mannose. Gal= galactose. Glc= glu-
cose. GlcA= glucuronic acid. Fuc= fucose. Pyr= pyruvate. Fru= fructose.
UAs= uronic acids. Rha= rhamnose. Xyl= xylose. Tyr= tyrosine. Mal=
maltose.

Strain
Monomer
composition

C-Source N-Source Reference

P. polymyxa
SQR-21

Man, Gal, Glc,
GlcA

Gal Yeast extract [73]

P. polymyxa A49
KCTC 8648P

Man, Gal, Glc,
GlcA, Fuc

Glc
NH4NO3, tryptone,
yeast extract, soytone

[72, 74]

P. polymyxa
NCIB 11429

Man, Gal, Glc,
GlcA, Fuc, Pyr

Suc Yeast extract [75]

P. polymyxa
NRRL B-18475

Fru Suc Yeast extract [70]

P. polymyxa
EJS-3

Man, Glc, Fru Suc Yeast extract [76]

P. polymyxa
JB115

Glc Suc NH4Cl [69]

P. jamilae
CECT 5266

Man, Gal, Glc,
UAs, Fuc, Rha

Olive-mill
wastewater

NH4Cl, yeast extract [77]

P. elgii B69
Man, Glc, GlcA,
Xyl

Suc Peptone, yeast extract [71]

P. polymyxa 1465
Man, Gal, Glc,
UAs

Glc (NH4)2SO4 [78]

P. sp WN9
KCTC 8951P

Man, Glc, Tyr Glc Yeast extract [79]

P. velaei sp. nov.
Man, Gal, Glc,
Fuc

Glc NH4Cl [80]

P. sp. TKU023 Glc, Mal squid-pen powder [81]
P. polymyxa
No.271

Man, Gal, Glc,
GlcA, Pyr

Glc Peptone, urea [82]
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Figure 1.7: EPS cluster of P. polymyxa DSM 365. The gene cluster of P.
polymyxa DSM 365 for production of Paenan. The blue arrows are genes
involved in regulation of transport/chain length. Yellow arrows are genes
encoding glycosyl transferases. The grey arrow is an uncharacterized gene.
Black arrows are genes encoding glycosyl hydrolases. Dark purple arrows
show genes responsible for synthesis of nucleotide sugars. Orange arrows
represents genes that encodes flippases. Purple arrows are genes encoding
polymerases.

The EPS production of Paenan is believed to follow the Wzx/wzy pathway [47].
This pathway can be divided into three parts as illustrated in Figure 1.8. First is
the nucleotide sugar biosynthesis, followed by the assembly of the repeating units
before polymerization and export. This is described in more detail in Section
1.2.2. In the figure below, several GTs are involved in the assembly of the polymer
adding monomers to the repeating units. These genes can be targeted to alter
the structure and chemical properties of Paenan. The functional role of all GTs
are not currently known, and the final structure of Paenan is therefore not known
either.

Rütering et al. did several deletions in the Paenan cluster, which revealed infor-
mation about some of the genes in the cluster. For example, they deleted the pepF
gene. By studying the monomer composition of the ∆pepF variant, they found
out that galactose content was reduced by 50 % compared to the wildtype, as well
as an almost complete loss of pyruvate. This indicates that half of the galactoses
are pyruvylated, and that pepF is responsible for the transfer of the pyruvylated
galactoses. By targeting genes like pepF, more information about the biosynthe-
sis and also the opportunity to make tailor-made EPSs with modified properties
important for the industry can be obtained. The deletion of pepF clearly showed
different physicochemical properties compared to the wildtype, which may give
rise to an EPS that can be used for other applications [47].
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Figure 1.8: Description of the Wzx/Wzy-pathway for biosynthesis of Paenan.
(Figure by Rütering et al.[47]). The Wzx/Wzy-pathway can be divided
into three parts. First is the nucleotide sugar biosynthesis, followed by the
assembly of the repeating units before polymerization and export. This
figure shows only a hypothetical structure of Paenan.

1.5 Glycosyl Hydrolases

Hydrolases belong to the enzyme class that break chemical bonds by the use of
water, a reaction which is called hydrolysis [1]. This typically means that a larger
molecule is divided into a smaller molecule. Glycosyl hydrolases (GHs) are an
example of a group of hydrolases. These are enzymes that catalyze the hydrol-
ysis of glycosidic bonds. In 1991, a classification of GHs based on their amino
acid sequence was started [84]. This classification is updated regularly in The
Carbohydrate-Active Enzymes database (CAZy), which currently contains 167
registered GH families [85].

Two residues are important for hydrolysis by GHs: a nucleophile/base and a proton
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donor. In general, there are to main mechanisms which either give a retention
or an inversion of the anomeric configuration. The proton donor is in hydrogen-
bonding distance to the glycosidic oxygen for both inverting and retaining enzymes.
However, the nucleophilic base is more distant for inverting enzymes than retaining
enzymes [86]. Figure 1.9 shows the two mechanisms. As can bee seen from the
figure, the retaining mechanism gives a product with the same stereochemistry
as the substrate. The inverting mechanism gives a product with the opposite
stereochemistry.

GHs are found in both prokaryotes and eukaryotes [84]. In prokaryotes, these en-
zymes are found both extracellular and intracellular and are important for nutrient
acquisition. One example of a GH in prokaryotes is the β-galactosidase (LacZ) that
is involved in the regulation of the lacZ operon in Escherichia coli (E. coli) [1].
In eukaryotes, they are found in the endoplasmic reticulum and Golgi apparatus
where they are important for the processing of N-linked glycoproteins. They are
also found in the lysosomes where they degrade carbohydrates [87].

Some studies have also found GHs to be essential for EPS production, but the
function of these enzymes are not fully understood. For example in the cellulose
biosynthesis in Acetobacter xylinum, there are two glycosyl hydrolases that are
important for the production. BglxA, a β-glucosidase, may be a part of the reg-
ulation of the material for the substrate for the production of cellulose. It may
also be a part of the regulation of other genes and proteins [88]. Another study
identified that PslG from Pseudomonas aeruginosa , a β-D-xylosidase, is involved
in the disassembly of biofilms. PslG was found to be important for the production
of Psl, which is an EPS important for biofilm formation. By deleting the pslG
gene, less Psl was produced. However, overexpressing the same gene, led to an
increased degradation of the Psl polysaccharide [89]. It has been suggested that
the PslG enzyme is responsible for processing the polysaccharide for export, or
to act as a failsafe enzyme by clearing the periplasm of abnormal polysaccharides
when the export fails. PelA is another hydrolase involved in EPS production. The
function is not known, but it is predicted to have similar roles as PslG [90].
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(a) Retension

(b) Inversion

Figure 1.9: Main mechanisms of glycosyl hydrolases. The two main mechanisms
are retension (a) and inversion (b). Retension gives a product with the
same stereochemistry as the substrate. Inversion gives a product with the
opposite stereochemistry as the substrate.
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1.6 Aim of the Thesis

The aim of this thesis is to do two targeted gene deletions and one gene replacement
in P. polymyxa using the CRISPR-Cas9 based pCasPP system. For the gene
replacement, the pepF gene in the genome of P. polymyxa, should be replaced by
the gumK gene from Xanthomonas campestris. The goal is to change the chemical
structure of Paenan. For this, a plasmid constructed during the specialization
project will be used [91].

According to Rütering et al., pepF is believed to encode a glycosyl transferase that
transfer a galactose, which is further pyruvylated, to a mannose unit [47]. The
gumK gene, which encodes a glycosyl transferase, is involved in the biosynthesis of
Xanthan [20]. GumK adds a glucuronic acid to a mannose. Both pepF and gumK
encodes glycosyl transferases that adds a sugar unit to a mannose. In both cases,
the mannose is connected to a glucose. Because of this similarity, it might be
possible to alter the chemical structure of Paenan. By replacing pepF with gumK,
the pyruvylated galactose might be exchanged with a glucuronic acid. Figure 1.10
shows the putative chemical modification.

Figure 1.10: Chemical modification of Peanan by gene replacement. By re-
placing the pepF gene with the gumK gene, a modification of the chem-
ical structure of Paenen may occur. The galactose and pyruvate which
is added to Paenan by a GT encoded by pepF may be replaced with a
glucuronic acid which is added by a GT encoded by the gumK gene from
X. campestris.

The role of glycosyl hydrolases will also be explored in this thesis, by deletion of
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pepM and pepN. These genes are believed to encode glycosyl hydrolases. The two
genes will be deleted separately, and the EPS produced from these strains will be
studied and compared to the wildtype. The plasmids will be constructed using
Golden Gate cloning for guide insertion and overlap-extension PCR for insertion
of the HDR-template.

In addition, the Paenan gene cluster and the whole genome of P. polymyxa DSM
365 will be explored further using different genome comparison tools. This can
give information about the similarity between different Paenibacillus species, and
which other species that may have the ability to produce Paenan.



Chapter 2
Material and Methods

2.1 Media and Solutions

Luria Broth (LB) medium

10 g/L Tryptone
5 g/L Yeast Extract
5 g/L NaCl
The components were added to sterile water and autoclaved.

LB agar medium

15 g/L Agar Extract was added to the LB medium before autoclavation.

Vitamin solution

0.02 g/L D-Biotin
0.3 g/L Choline chlorid
0.1 g/L Folic acid
3.5 g/L Myo-inositol
0.1 g/L Niacinamide

24



CHAPTER 2. MATERIAL AND METHODS 25

0.1 g/L p-Amino benzoic acid
0.025 g/L D-Pantothenic acid · 0.5 Ca
0.1 g/L Pyridoxal · HCl
0.02 g/L Riboflavin
0.1 g/L Thiamine · HCl
0.0005 g/L Vitamin B12
0.2 g/L KCl
0.2 g/L KH2PO4 (Anhydrous)
8.0 g/L NaCl
1.15 g/L Na2HPO4

Trace element solution

1.80 g/L MnCl2 · 4H2O
2.50 g/L FeSO4 · 7H2O
258 mg/L Boric acid
31.0 mg/L CuSO4 · 7H2O
21.0 mg/L ZnCl2
75.0 mg/L CoCl2 · 6H2O
23.0 mg/L MgMoO4

2.10 g/L Sodium tartrate · 2H2O
All the elements were dissolved and then sterile filtered.

EPS medium

30.0 g/L Glucose
5.0 g/L Casein peptone
1.33 g/L MgSO4 · H2O
20.0 mL/L NaOH [2.0 M] (added to adjust pH)
20.0 mL/L KH2PO4 [83.5 g/L]
1.0 mL/L CaCl2 · 2H2O [50 g/L]
2.0 mL/L Vitamins solution
1.0 mL/L Trace elements solution
Glucose and Casein peptone were autoclaved separately. Stock-solutions of mag-
nesium sulphate, potassium phosphate and calcium chloride were autoclaved sep-
arately. All solutions were then mixed together under sterile conditions and pH
was adjusted to neutral.
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Neomycin stock solution [50 mg/mL]

0.50 g Neomycin
10 mL Sterile water
The Neomycin was dissolved completely before it was filtered through a 0.22 µm
syringe filter.
For cultivation, neomycin was added to LB medium with a concentration 1:1000.

Polymyxin stock solution [20 mg/mL]

0.20 g Polymyxin
10 mL Sterile water
The Polymyxin was dissolved completely before it was filtered through a 0.22 µm
syringe filter.
For cultivation, polymyxin was added to LB medium with a concentration 1:1000.

2.2 Preparation of Cryo Cultures

For long time storage of cells, 400 µl of 60 % glycerol was added to 600 µl cell
culture. The tubes were stored in a -80 ◦C freezer.

2.3 In silico design

Two softwares, SnapGene and Benchling, were used for designing primers, guide
RNA design and in-silico design of the plasmids.

2.3.1 Benchling

Benchling is an online tool for DNA sequence editing, analyzing data, sharing re-
search and running experiments. In this thesis, it was mainly used for designing
CRISPR guide RNA. By using this tool, the guide RNA sequences can be visual-
ized, optimized and annotated. The possible guide sequences are listed with on-
and off-target scores. These sequences can then be assembled into plasmids [92].



CHAPTER 2. MATERIAL AND METHODS 27

2.3.2 SnapGene

SnapGene is a software that can be used to plan, visualize and document molecular
biology procedures. During this thesis it has been used to design primers, insert
restriction enzyme cut sites, visualize assembly reactions and check sequencing
results [93].

2.4 Bacterial Strains

In this thesis, Escherichia coli (E. coli) was used for cloning procedures and P.
polymyxa was the target organism for the CRISPR-system. Table 2.1 shows the
bacterial strains used in this thesis.

Table 2.1: Overview of the bacterial strains used in this thesis.

Bacterial strain Description Source
P. polymyxa DSM 365 Target strain of CRISPR-Cas9 system. DSMZ
P. polymyxa rep pepF The pepF gene replaced by the gumK gene. This work
P. polymyxa ∆pepM The pepM gene deleted. This work
P. polymyxa ∆pepN The pepN gene deleted. This work

E. coli DH5α
Used for standard cloning purposes.
Chemically competent, rapid growth.

NEB 5-alpha
Competent E. coli
(New England
Biolabs, catalog
number: C2987)

E. coli S17-1 F+ strain. Used for conjugal transfer.
Escherichia coli
(ATCC©47055™)

2.5 Plasmids

The plasmids used in this thesis are presented in Table 2.2.
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Table 2.2: Plasmids used in this project.

Plasmid Description Source

pCasPP
CRISPR-Cas system for gene
editing in P. polymyxa.

[47]

pCasPP sg1 pepM
CRISPR-Cas system with spacer
sequence for pepM deletion inserted.

This work

pCasPP sg1 pepN
CRISPR-Cas system with spacer
sequence for pepN deletion inserted.

This work

pCasPP ∆pepM
CRISPR-Cas system for deletion
of pepM in P. polymyxa by
homologous template inserted.

This work

pCasPP ∆pepN
CRISPR-Cas system for deletion
of pepN in P. polymyxa by
homologous template inserted.

This work

pCasPP rep pepF
CRISPR-Cas system for replacing
pepF with gumK in P. polymyxa by
homologous template inserted.

[91]

2.6 DNA Isolation

Isolating plasmid DNA

The GeneJET Plasmid Miniprep Kit (K0502) was used to extract the plasmid
DNA from cells. The plasmids were extracted from E. coli cultures that had
been incubated at 37 ◦C for 12-16 hours while shaking at 225 rpm. The bacterial
culture was harvested by centrifuging 5 ml of the culture at 8000 rpm for 2 minutes
at room temperature. The supernatant was removed by decanting, and the cell
pellet was resuspended in 250 µl Resuspension Solution and transferred to a 1,5
ml microcentrifuge tube. Then, 250 µl Lysis Solution was added to the tube. In
this step the cells were lysed under strong alkali conditions, and the cell contents
were released. The lysate is then neutralized with 350 µl Neutralization Solution.
This gives appropriate conditions for the plasmids to bind to the membrane of
the spin column. The tube was then centrifuged for 5 minutes at 14000 rpm to
pellet the chromosomal DNA and cells. The plasmids were then in the supernatant
which was transferred to a spin column in a collection tube. This was centrifuged
for 1 minute at 14000 rpm for the plasmid DNA to bind to the membrane. The
flow-through was discarded. To remove contaminants, 500 µl of Wash Solution
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was added and centrifuged for 1 minute at 14000 rpm. The flow-through was
discarded, and the wash step was repeated to remove residual contaminants. The
spin column was then centrifuged for an additional minute to remove the remaining
Wash Solution. The column was then transferred to a 1.5 ml Eppendorf tube. To
elute the DNA, 50 µl Elution Buffer was added and incubated for 2 minutes at
room temperature before centrifugation at 14000 g for 2 minutes.

Isolating genomic DNA

To extract genomic DNA from P. polymyxa, the DNeasy Blood and Tissue Kit
from QIAGEN was used. First, the cells were harvested by centrifugation for 10
minutes at 5000 g. The cell pellet was then resuspended in 180 µl Lysis Buffer,
and incubated at 37 ◦C for 30 minutes. 25 µl proteinase K and 200 µl buffer AL
was then added to the soultion and incubated at 56 ◦C for 30 minutes. This step
releases the DNA and the cellular proteins are dissolved. 200 µl of ethanol was
then added, and the mixture was transferred to a spin column that was placed
in a collection tube. This was centrifuged for 1 minute at 6000 g. In this step,
the DNA binds to the spin column. Next, the spin column was placed in a new
collection tube. 500 µl Buffer AW1 was added to the column and centrifuged for
1 minute at 6000 g. The spin column was transferred to a new collection tube and
500 µl Buffer AW2 was added and centrifuged for 3 minutes at 20000 g. This step
removes residual ethanol. The spin column was placed in a 1.5 ml Eppendorf tube
and 200 µl Buffer AE was added. The column was incubated at room temperature
for 1 minute before the DNA was eluted by centrifugation at 6000 g for 1 minute.

2.7 Molecular Cloning

2.7.1 Polymerase Chain Reaction

Polymerase chain reaction (PCR) is a method used for amplifying DNA sequences.
In this thesis the Phusion High-Fidelity DNA Polymerase was used to amplify the
sequences for cloning purposes, while Standard Taq DNA Polymerase was used to
verify insertions.
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PCR Protocol for Phusion High-Fidelity DNA Polymerase

The PCR Protocol for Phusion High-Fidelity DNA Polymerase (M0530) from NEB
was used in this thesis [94]. The components shown in Table 2.3 were mixed in a
PCR tube. The polymerase was added last to prevent degradation of the primers.

Table 2.3: Components for the Phusion DNA Polymerase reaction.

Component 20 µl reaction
5x Phusion HF-buffer 4 µl
Phusion DNA Polymerase 0.2 µl
dNTPs 0.4 µl
DMSO 0.6 µl
10 µM Forward Primer 1 µl
10 µM Reverse Primer 1 µl
Template DNA 50 ng
Water add to 20 µl

The PCR tubes were then transferred to a PCR machine running the program
shown in Table 2.4:

Table 2.4: The PCR reaction for Phusion DNA Polymerase. The annealing tempera-
ture depends on the primers, and uses the melting temperature of the primer
with the lowest melting temperature. The extension time is dependent on
the amplicon length.

Step Temperature [◦C] Time
Initial denaturation 98 30 seconds

30 cycles
98 10 seconds
60 30 seconds
72 30 seconds/kb

Final Extension 72 10 minutes
Hold 4 ∞

PCR Protocol for Taq DNA Polymerase

The Protocol for Taq DNA Polymerase (M0273) from NEB was used in this thesis
[95]. The components shown in Table 2.5 were mixed together in a PCR tube
where the polymerase was added last.



CHAPTER 2. MATERIAL AND METHODS 31

Table 2.5: Components for the Taq DNA Polymerase reaction.

Component 50 µl reaction
10X Standard Taq Reaction Buffer 5 µl
Taq DNA Polymerase 0.25 µl
10 mM dNTPs 1 µl
10 µM Forward Primer 1 µl
10 µM Reverse Primer 1 µl
Template DNA <1000 ng
Water add to 50 µl

Then, the program shown in Table 2.6 was run by a PCR machine.

Table 2.6: The PCR reaction for Taq DNA Polymerase. The annealing temperature
depends on the primers, and uses the melting temperature of the primer
with the lowest melting temperature. The extension time is dependent on
the amplicon length.

Step Temperature [◦C] Time
Initial denaturation 95 30 seconds

30 cycles
95 30 seconds
60 1 minute
68 1 minute/kb

Final Extension 68 5 minutes
Hold 4 ∞

2.7.2 Golden Gate Cloning

Golden Gate Cloning was used to insert the gRNA into the pCasPP plasmid.
First, the gRNA was phosphorylated and annealed. This was done by mixing the
components shown in Table 2.7.
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Table 2.7: Components for phosphorylating and annealing gRNA. FW = forward.
REV = reverse.

Component Volume
Primer FW 100 µM 1 µl
Primer REV 100 µM 1 µl
Polynucleotide kinase 1 µl
T4 ligase buffer 1 µl
Water 6 µl

The mixture was incubated at 37 ◦C for 30 minutes. Then it was heated up to 95
◦C for 5 minutes, before it was cooled down to 25 ◦C by decreasing the temperature
at 0.1 ◦C/sec. The mixture with the annealed gRNA was then diluted 1:100. To
insert the gRNA into the pCasPP plasmid, the Golden Gate reaction mixture
shown in Table 2.8 was prepared.

Table 2.8: Components for the Golden Gate Assembly.

Component Volume
BbsI 0.75 µl
T7 ligase 0.25 µl
10X CutSmart Buffer 1.0 µl
ATP 10 mM 1.0 µl
DTT 10 mM 1.0 µl
Plasmid backbone 100 ng
Annealed gRNA 1:100 1.0 µl
Water Up to 10 µl

This mixture was then put into a PCR machine with the program shown in Table
2.9:

Table 2.9: PCR program for Golden Gate Assembly.

20 cycles
37 ◦C 5 minutes
25 ◦C 5 minutes

Heat inactivation 80 ◦C 20 minutes
Hold 12 ◦C

After Golden Gate Cloning, the PCR product was transformed into E. coli DH5α.
The obtained colonies were then screened with colony PCR.
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2.7.3 Overlap Extension PCR

Overlap extension PCR (OE-PCR) was used to combine DNA fragments by cre-
ating overlaps complementary to each other. The strands will this way function as
primers for each other when mixed. In this thesis, OE-PCR was used to combine
the homologous arms.

First, the two homologous arms were amplified by PCR with Phusion DNA poly-
merase in separate tubes as described in section 2.7.1. The PCR products were
run on a gel, and the correct fragments were extracted from the gel and purified.
To fuse the fragments, the reaction shown in Table 2.10 was used:

Table 2.10: Components for the fusion of the fragments. DS: homologous arm down
stream. US: homologous arm up stream.

Component Volume /Amount
Phusion HF-buffer 6 µl
Phusion DNA Polymerase 0.3 µl
dNTPs 0.6 µl
DMSO 0.6 µl
DS 50 ng
US 50 ng
Water add to 30 µl

The PCR program shown in Table 2.11 was run to fuse the fragments.

Table 2.11: PCR program used for fusion of the fragments.

Temperature [◦C] Time
98 1 min
98 10 s
55 30 s → 10 cycles
72 15 s
12 ∞

The next step of the overlap extension PCR was to amplify the fused sequence.
Table 2.12 shows the components added to the reaction in Table 2.10.
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Table 2.12: Components added to the PCR mixture where the fragments were fused.

Component Volume [µl]
Phusion HF-Buffer 4
Phusion DNA Polymerase 0.2
dNTPs 0.4
DMSO 0.4
Primer US FWD 5
Primer DS REV 5
Water 5

For this reaction, the PCR program shown in Table 2.13 was used.

Table 2.13: PCR program used to amplify the fused fragment.

Temperature [◦C] Time
98 10 s
Tm (60) 30 s → 20 cycles
72 15 s/kb
72 10 min
12 ∞

2.7.4 Restriction Digest

In order to insert the homologous arms into the pCasPP plasmid, both the frag-
ment and the vector were digested with restriction enzymes giving compatible
ends. The plasmid was digested with the SpeI restriction enzyme, while the frag-
ment was digested with the XbaI resitrction enzyme. Figure 2.1 shows the cut
sites of these two enzymes. As can be seen from the figure, both enzymes give the
same sticky ends.

(a) XbaI (b) SpeI

Figure 2.1: Cut sites of the resitriction enzymes XbaI and SpeI. (Pictures by New
England Biolabs [96, 97])
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The components shown in Table 2.14 were mixed.

Table 2.14: Components for the restriction digest reaction.

Component Volume/Amount
Enzyme 1 µl
DNA 1000 ng
CutSmart Buffer 5 µl
Water up to 50 µl

Digestion of DNA using restriction enzymes will give 5’ phosphate ends. For
ligation to occur, at least one of the ends should contain a 5’ phosphate. Therefore,
1 µl Quick CIP was added to the mix for plasmid digestion to prevent self ligation of
the plasmid. The mixtures were incubated at 37 ◦C for 1 hour. After incubation,
the enzymes were heat inactivated for 20 minutes. The SpeI enzyme was heat
inactivated at 80 ◦C, while XbaI was heat inactivated at 65 ◦C. Subsequently,
the mixtures were purified using the E.Z.N.A. Cycle Pure Kit described in Section
2.10.

2.7.5 Ligation

After purification of the digestion mix, the plasmids and the fragments were lig-
ated. The T4 ligase from New England Biolabs (NEB) was used. The molar ratio
1:3 of vector to insert was used, and calculated using NEBioCalculator [98]. Table
2.15 shows the components for the ligation reaction:

Table 2.15: Components for the ligation reaction. The amount of vector and insert
DNA was calculated using NEBioCalculator [98].

Component Volume
T4 DNA Ligase 1.0 µl
T4 DNA Ligase Buffer 2.0 µl
Vector DNA 0.020 pmol
Insert DNA 0.060 pmol
Water up to 20 µl

The mixtures were incubated at 16 ◦C overnight. The ligated plasmid was then
ready for transformation.
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2.7.6 Colony PCR

Colony PCR was used to verify that the desired DNA construct was present in
the bacteria after transformation or conjugation. After incubation on agar plates,
up to 20 colonies were picked and transferred to a new plate and then transferred
to the PCR tube using the same toothpick. The Taq DNA Polymerase was used
for this reaction. A master mix of the PCR mix was prepared by the following
protocol:

Table 2.16: Components of the master mix for Colony PCR.

Component 150 µl reaction
10X Standard Taq Reaction Buffer 15 µl
10 mM dNTPs 3.0 µl
10 µM Forward Primer 3.0 µl
10 µM Reverse Primer 3.0 µl
Taq DNA Polymerase 0.75 µl
Nuclease-free water 125.5 µl

10 µl of the master mix was added to each PCR tube. Table 2.17 shows the PCR
program that was run. The initial heating step is important for the DNA to be
released from the cells.

Table 2.17: The PCR reaction for colony PCR using Taq DNA Polymerase. The an-
nealing temperature depends on the primers, and uses the melting temper-
ature of the primer with the lowest melting temperature. The extension
time is dependent on the amplicon length.

Step Temperature [◦C] Time
Initial denaturation 95 5 minutes

30 cycles
95 30 seconds
60 1 minute
68 1 minute/kb

Final Extension 68 5 minutes
Hold 4 ∞

After the PCR, the samples were loaded on a gel for gel electrophoresis.
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2.8 DNA Analysis

2.8.1 Nanodrop Spectrophotometer

A Nanodrop spectrophotometer was used for DNA concentration and purity mea-
surements. 1-2 µl of the DNA sample was loaded to the Nanodrop. The same
elution buffer that was used for extracting or purifying the DNA was used as
a blank. After measuring, three values are given: concentration, A260/280 and
A260/230. The concentration is given in ng/µl. The A260/280 ratio gives infor-
mation about protein contamination where a ratio of 2.0 indicates a pure DNA
sample. The A260/230 ratio gives information about RNA contamination, and
this value should be close to 1.8 [99].

2.8.2 Gel Electrophoresis

Gel electrophoresis is used to separate different DNA fragments based on their
size. In this thesis, 0.8 % agarose in 1xTAE buffer was used. GelRed was used
to visualize DNA fragments, while GelGreen was used when the fragments were
extracted from the gel. Purple 6x Gel Loading Dye from NEB was used to dye
the DNA fragments. This was mixed using the amounts shown in Table 2.18.

Table 2.18: Amounts of the components for dying samples and ladder.

Dying of sample
10 µl sample
2 µl loading dye
Dying of ladder
9 µl dH2O
2 µl loading dye
1 µl ladder

In this thesis, 1 kb DNA ladder and 1 kb Plus DNA ladder from NEB used. These
are shown in Figure 2.2.
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(a) 1 kb Ladder (b) 1 kb Plus Ladder

Figure 2.2: The ladders used in this thesis: 1 kb and 1 kb Plus DNA ladder from NEB.

The ladder and the samples were loaded on the gel and run for 40-50 minutes at 90
V. After running the gel, the fragments were visualized under UV light. Shorter
fragments will migrate further down the gel than the longer fragments, and can
thereby be separated.

2.9 Isolation of DNA from Agarose Gels

The E.Z.N.A. Gel Extraction Kit was used to isolate the DNA fragments that
were extracted from the agarose gel. First, the gel fragments were weighed. One
volume of Binding Buffer (XP2) was added by assuming a density of 1 g/ml of
the gel fragments. To dissolve the gel piece, the tube was incubated at 60 ◦C for
7 minutes. Then, the solution was transferred to a HiBind DNA Mini Column
in a Collection Tube and centrifuged for 1 minute at 10000 g. The flowthrough
was discarded, and 300 µl of Binding Buffer was added to the same column. This
was then centrifuged for 1 minute at 16000 g. The flowthrough was discarded,
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and 700 µl SPW Wash Buffer was added to the column. This was centrifuged at
16000 g for one minute. The wash buffer was added once more and centrifuged
for an additional washing step. The flowthrough was discarded. To remove all
the ethanol left, the dry column was centrifuged at 16000 g for 2 minutes. The
column was then placed in a 1.5 ml Eppendorf tube. To elute the DNA, 30-50 µl
Elution Buffer was added to the column and incubated at room temperature for
2 minutes. Then a last centrifugation step at 16000 g for 1 minute was done, and
DNA was in the filtrate. The concentration was measured using Nanodrop, and
the tubes were then stored at 4 ◦C.

2.10 Purification of PCR Products

The Thermo Scientific GeneJET PCR Purification Kit was used the purify to
DNA after ligation. First, one volume of Binding Buffer was added to the liga-
tion mixture. The mixture was then mixed and added to a purification column.
The binding buffer denaturates proteins and promotes the DNA to bind to the
membrane of the column. After 1 minute of centrifugation, the flowthrough was
discarded and 700 µl Wash Buffer was added. The column was then centrifuged
for one more minute. In this step, all impurities are removed. The flowthrough
was discarded and the column was centrifuged for one more minute to remove any
remaining wash buffer. The column was then transferred to a 1.5 ml Eppendorf
tube. 50 µl of Elution Buffer was then added to the column, and the column was
centrifuged for 1 minute. Here, the purified DNA is eluted from the column. The
concentration of the recovered DNA was measured using Nanodrop, and the tubes
were stored at 4 ◦C.

2.11 Chemical Transformation

50 µl competent cells stored in a 1.5 ml tube were taken out of a -80 ◦C freezer
and thawed on ice. Then approximately 100 ng DNA was added. The tubes were
incubated on ice for 30 minutes. After incubation, the tubes were placed in a 42 ◦C
water bath for 45 seconds. This step increases the permeability of the membrane,
allowing the DNA to enter the cell. After heat shock the tubes were incubated
on ice for 1 minute. Subsequently, 1 ml LB medium was added to the tubes and
incubated at 37 ◦C with shaking for 1 hour. This step is important for the bacteria
to gain antibiotic resistance. The tubes were then centrifuged at 6000 g. Most of
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the supernatant was removed by decanting, and the cells were resuspended in the
remaining LB medium. The cells were then plated on LB plates with neomycin
preheated to 37 ◦C, and stored overnight.

2.12 Conjugation

Conjugation was used to transfer the constructed plasmids from E. coli S17-1 to
P. polymyxa. Recipient (P. polymyxa) and donor (E. coli S17-1) was inoculated in
non-selective and selective LB medium, respectively. P. polymyxa was incubated
at 30 ◦C and E. coli was incubated at 37 ◦C. After overnight incubation, the
cultures were diluted 1:100 and grown for four hours. Then, 900 µl of the recipient
cells were heat shocked at 42 ◦C for approximately 15 minutes and mixed with 300
µl of the donor strain culture. Afterwards, the cells were centrifuged at 8000 g for
3 minutes to separate the cells from the LB medium. The medium was discarded
and the cell pellet was resuspended and dropped on non-selective LB agar plates.
The plates were incubated at 30 ◦C overnight. After incubation, the cells were
scraped from the agar and resuspended in 500 µl 0.9 % NaCl. 200-300 µl of this
was then plated on selective LB agar with both polymyxin and neomycin. The
plates were incubated at 30 ◦C for 48 hours.

2.13 Plasmid Curing

Plasmid curing is the process of eliminating the plasmid from a cell. After the tar-
geted genes had been deleted or replaced, the pCasPP plasmid could be removed.
High-temperature growth was used for this. Cells were inoculated in 3 ml LB
medium, and incubated overnight. Some tubes were incubated at 37 ◦C, and one
tube was incubated at 50 ◦C. After incubation, 10 µl cell culture was transferred
to a selective LB plate (LBneo), 10 µl was transferred to a plate with no antibiotics
and 10 µl was transferred to a tube with 3 ml fresh LB medium. This procedure
was repeated until there were no colonies on the plate with neomycin.



CHAPTER 2. MATERIAL AND METHODS 41

2.14 EPS Production and Purification

For EPS production, 250 ml baffled shake flasks were filled with 100 ml EPS
medium and inoculated with 1 ml of an overnight culture of P. polymyxa grown
in LB medium. The cultures were incubated at 30 ◦C with shaking at 170 rpm for
48 hours. After incubation, the cultures were diluted with 100 ml sterile water to
decrease the viscosity and centrifuged at 30000 g room temperature for 30 minutes.
This collects the cells in the bottom of the centrifugation flask, and the EPS can be
extracted more easily from the supernatant. The supernatant was slowly poured
into 400 ml ethanol to precipitate the EPS. The EPS was then collected using a
spatula and a strainer, and transferred to a 50 ml falcon tube. The tubes were
left open overnight to evaporate the remaining ethanol. The next day, the samples
were shock-freezed with liquid nitrogen and placed in a freeze dryer overnight. The
samples were then weighted.

2.15 Bioinformatics

2.15.1 BLAST

Basic Local Alignment Search Tool (BLAST) is a tool used to find local similarities
between nucleotide or protein sequences [100]. A nucleotide or protein sequence is
used as a query sequence and is searched for in the NCBI database [101]. There
are many different BLAST tools depending on what kind of comparisons that are
desired, but only BLASTn was used in this thesis. BLASTn uses a nucleotide
query sequence and search in a nucleotide database [102]. For each alignment,
BLAST gives five values that describes the quality of the match:

• Max Score

• Total Score

• Query Cover

• Expect value (E-Value)

• Percent Identity (Per. ident)
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There may be several separate alignments in the sequences that match the query
sequence. Therefore, both the max score and total score are given. Max score
gives a value for the highest scoring alignment, while the total score gives a value
for all found alignments. The query cover gives the percentage of how much of
the query sequence that matches the found sequence. The E-value estimates the
probability of an alignment to happen by chance. The lower this score is, the
better. Per. ident is calculated by dividing the number of identical nucleotides by
the number of nucleotides in the alignment [103].

In addition to the table with the values described above, BLAST also provides a
graphical summary of the results. This gives a view of which parts of the query
sequence that are present in the selected sequences. There are five different colors,
where each color represent an alignment score. BLAST also shows the alignments
of the subject sequences, where the whole query sequence can be compared to the
subject sequence, and every mismatch is displayed. A distance tree of the results
can also be made using BLAST, which is based on pairwise alignment. This can
show the relationship between all related sequences that shows up in a BLAST
search. When generating the tree, a maximum sequence distance can be chosen.
This value is the maximum allowed fraction of bases that mismatches in the aligned
part between any pair of the sequences.

2.15.2 RAST

RAST (Rapid Annotation using Subsystem Technology) is a server that annotates
the genome of bacteria and archaea. The genomes can be uploaded to RAST in
both FASTA and GenBank format. Two classes of asserted gene functions are
being produced by RAST: subsystems-based assertions and nonsubsystem-based
assertions. Subsystem-based assertions are based on the identification of func-
tional variants of subsystems, while nonsubsystem-based assertions uses evidence
from a number of other common tools. A subsystem, which is manually curated,
can be defined as a set of abstract functional roles. This means that proteins
with similar functions can be a part of the same subsystem. In addition, RAST
uses FIGfams, which is a collection of protein families that are derived from the
subsystem technology. The collection of proteins in each FIGfam are isofunctional
homologs. This means that they probably have the same function and come from
a common ancestor. RAST predicts tRNA, rRNA, protein-encoding genes and
which subsystems that are present in the genome and assigns the function of genes
[104].
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2.15.3 BRIG

BLAST Ring Image Generator (BRIG) is a platform that can be used to show
images of multiple genome comparisons. The comparison is shown in rings that
compares a reference sequence to the uploaded sequences. The comparisons are
shown in a sliding color scale depending on the chosen percent identities [105].



Chapter 3
Results

Section 3.1 describes the results from the cloning procedure for construction of
pCasPP ∆pepM and pCasPP ∆pepN. Section 3.2 shows the results for the con-
jugations of the plasmids used for gene deletions and gene replacement, while
Section 3.3 describes the EPS produced by the deletion strains. The results from
the genome comparison are shown in Section 3.4. The primers used in this project
are shown in Table 1 in Appendix A.

3.1 Assembly of plasmids

The plasmids pCasPP ∆pepM and pCasPP ∆pepN were used to delete the pepM
and pepN genes in the genome of P. polymyxa. This was done using the CRISPR-
Cas9 based pCasPP system. First, Golden Gate cloning was used to insert the
gRNA. Using Benchling, a 20 nucleotides long guide sequence was selected. The
PAM sequence used was NGG where N is any nucleotide. Sticky ends were added
to the guide sequence to give ends complementary to the pCasPP plasmid digested
with the restriction enzyme BbsI. ACGC was added to the forward primer, while
AAAC was added to the reverse primer. Primer 1 and 2 in Table 1 were used for the
pepM guide sequence, while primer 7 and 8 were used for the pepN guide sequence.

After annealing the guide sequences, the pCasPP plasmid was digested with BbsI.
This leads to the loss of a 461 bp long sequence, the lacZ casette. Figure 3.1 shows
the difference between the plasmid before and after insertion of the gRNA.

44
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(a) pCasPP (b) pCasPP sg

Figure 3.1: Figure (a) shows the pCasPP plasmid without the gRNA. Figure (b) shows
the plasmid with the gRNA inserted, which led to the loss of LacZ casette.

Colony PCR was conducted after the insertion of the guide sequence. Primer 7
and 8 in Table 1 were used. The results for the instertion of gRNA for pepM
deletion are given in Figure 3.2.

Figure 3.2: Colony PCR to verify insertion of spacer sequence for deletion of
pepM. PC: positive control. NC: negative control. The positive control is
an empty pCasPP plasmid, which should give a length of 1717 bp. Colony
1-10 should give the length 1280 bp if the gRNA has been inserted.
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The positive control shows the empty pCasPP plasmid and gives a fragment with
the length 1717 bp. In Figure 3.2, a weak band can be seen at approximately 1717
bp. Colony 1-2 and 4-10 shows a band that is smaller than the positive control. A
band of 1280 bp is expected for the colonies with the gRNA inserted. This seems
to be correct for all of the colonies except colony 3 that did not show any band.
Colony 2 and 8 were inoculated for further cloning. The plasmid from colony 2
was sequenced, which verified that the gRNA had been inserted.

Primer 7 and 8 in Table 1 were used for verifying insertion of the pepN spacer
sequence. The results from the gel electrophoresis are shown in Figure 3.3.

Figure 3.3: Colony PCR for verifying insertion of spacer sequence for dele-
tion of pepN. PC: positive control. NC: negative control. The positive
control is an empty pCasPP plasmid, which should give a length of 1717
bp. Colony 1-10 should give the length 1280 bp if the gRNA has been
inserted.

A weak band can be seen for the positive control at the expected size of 1717 bp.
For all colonies 1-10, the fragments are smaller than this and at the expected size
of 1280 bp. This indicates that the guide sequence has been inserted. Colony 1
and 5 were picked. The insertion was verified by sequencing of colony 5.

A template for homology directed repair was constructed using overlap extension
PCR. Approximately 1000 bp upstream (US) and 1000 bp downstream (DS) of the
pepM gene was amplified using primers 3-6 in Table 1. For pepN, the primers 9-12
were used to amplify the homologous arms. The primers were designed with an
overlapping region, which enables the fusion of the US and DS flanks. In addition,
XbaI restriction cut sites were added to the ends of the fused fragment. These cut
sites gives ends complementary to the pCasPP plasmid digested with SpeI. Hence,
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this can be used to insert the fused fragment into the plasmid.

First, the US and DS fragments were amplified separately using the genome of
P. polymyxa DSM 365 as template. The results from from the gel electrophoresis
for the amplified homologous arms for pepM are shown in Figure 3.4. Two par-
allels of each flank were amplified. One of each of the fragments (US 1 and DS
1) gave the correct size at approximately 1000 bp as can be seen from the figure
below.

Figure 3.4: Gel electrophoresis of PCR product after amplifying the up-
stream and downstream fragments of pepM. The upstream (US)
flank should give a length of 1029 bp. The downstream (DS) flank should
give a length of 1051 bp.

The results after amplifying the US and DS fragments for pepN are shown in
Figure 3.5.

Figure 3.5: Gel electrophoresis of PCR product after amplifying the up-
stream and downstream fragments of pepN. The upstream (US)
flank should give a length of 1046 bp. The downstream (DS) flank should
give a length of 971 bp.
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As can be seen from the figure, both parallels of both US and DS gave the expected
fragment size of about 1000 bp. The DS flank (971 bp) is also a bit shorter than
the US flank (1046 bp), which was expected.

The US and DS flanks were fused together using overlap extension PCR. Primer
2 and 6 in Table 1 for pepM, and primer 9 and 12 for pepN were used. The results
from the gel electrophoresis after overlap extension PCR are shown in Figure 3.6

Figure 3.6: Gel electrophoresis of PCR product after overlap extension PCR
The fused homologous arms of pepM gives a length of 2062 bp. For pepN
the length is 1996 bp.

The figure above shows the expected fragment lengths, and it is therefore assumed
that the OE-PCR was successful. The fused fragments were excised from the gel
and purified. After digestion and ligation, the ligated plasmids were transferred
into E. coli DH5α. The bacteria were plated on selective LB plates. Only a few
colonies were obtained the next day, and gel electrophoresis was used to check if
the correct plasmid was inserted. The same primers as for the fused homologous
arms were used (primer 2 and 6 for pepM and primer 9 and 12 for pepN ). It took
several attempts to get a successful ligation and transformation.

Figure 3.7 shows the results of a gel electrohporesis of the pCasPP ∆pepM plasmid
where 5 of 6 colonies showed the correct fragment size. Colony 1 does not show
any band, and the correct plasmid was therefore probably not inserted. Colony
2-6 shows a fragment of about 2000 bp as expected, and all fragments are also the
same size as the positive control. The plasmids from colony 2-6 were extracted
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and sent for sequencing, which verified that the insertion was correct.

Figure 3.7: Gel electrophoresis of pCasPP ∆pepM. The pCasPP ∆pepM plas-
mid after ligations and transformation into E. coli DH5α was checked on
the gel. The expected fragment size was 2062 bp. Colony 2-6 shows the
expected fragment size.

Figure 3.8 shows a gel electrophoresis for the pCasPP ∆pepN plasmid where colony
1 and 3 shows the correct fragment size. The expected fragment size was 1996 bp,
but compared to the ladder, it looks like the fragments are closer to 1500 bp.
However, fragment 1 and 3 are at the same size as the positive control. Since the
positive control is the fused homologous arms, the insertion was therefore regarded
as correct. This was also verified by sequencing.
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Figure 3.8: Gel electrophoresis of pCasPP ∆pepN. The pCasPP ∆pepN plasmid
after ligations and transformation into E. coli DH5α was checked on the
gel. The expected fragment size was 1996 bp. Colony 1 and 3 show the
expected fragment size.

The plasmids were extracted from E. coli DH5α and transformed into E. coli S17-1
for conjugations.

3.2 Gene Deletions and Replacement

Replacement of pepF

The conjugation steps were followed to insert the pCasPP rep pepF plasmid into
P. polymyxa. Two types of selective agar plates were used: LB agar with neomycin
and polymyxin, and LB agar with neomycin and polymyxin and 60 mM CaCl2
added. After the 48 hours incubation, nine colonies were obtained on the plates
without CaCl2, while the plates with CaCl2 obtained a much higher number of
colonies (>300 colonies). Nine colonies were picked from each plate and a colony
PCR was conducted using primer 16 and 17 in Table 1.

The results from the gel electrophoresis showed no band from any of the colonies.
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A band of 1203 bp was expected. The colony PCR was conducted before curing,
and a band would be expected both with gumK as a part of the genome, and as
a part of the inserted plasmid. The positive control showed the expected size of
1203 bp, and this indicated that the PCR reaction was successful. From this it
looks like the plasmid had not been transferred to P. polymyxa. The conjugation
was repeated several times, and did not show any positive result.

Deletion of pepM

For the conjugation for deletion of pepM, ten colonies were observed growing on
plates without CaCl2, while the plates with CaCl2 seemed to be contaminated.
A colony PCR was conducted for these ten colonies, and checked using gel elec-
trophoresis. The primers 18 and 19 in Table 1 were used.

The predicted size was 3923 bp for cells without the deletion, and 2315 bp for
colonies with the desired deletion. The results from the colony PCR can be seen
in Figure 3.9

Figure 3.9: Colony PCR after insertion of pCasPP ∆pepM. The expected band
for a successful deletion is 2315 bp, while no deletion gives a band of 3923
bp. 9 out of the 10 colonies have the correct fragment size. PC: positive
control. WT: wildtype.

As can be seen form the gel picture above, 9 of the 10 colonies show a band
between 2000 bp and 3000 bp. All of these colonies therefore probably have the
correct deletion, and the fragment size is then 2315 bp. Colony 5 does not show
any bands. The wildtype P. polymyxa shows a band above 3000 bp, which is the
expected size for no deletion at 3923 bp.
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Deletion of pepN

After conjugation of pCasPP ∆pepN, there were five colonies on the plates without
CaCl2 and a lot of growth on the plates with CaCl2. Five colonies were picked
from each plate, and a colony PCR was conducted using primer 20 and 21 in Table
1.

The results from the colony PCR is shown in Figure 3.10. Sample 1-5 show colonies
picked from the plate without CaCl2, while sample 6-10 are colonies picked from
a plate with CaCl2.

Figure 3.10: Colony PCR after insertion of pCasPP ∆pepN. The expected
band for a successful deletion of pepN is 2198 bp, while for the wild-
type (WT) is 4496 bp. Colony 5-10 shows a band, but only colony shows
the correct size.

The expected size for colonies with the correct deletion is 2198 bp, while colonies
without the deletion will give a size of 4496 bp. The wildtype P. polymyxa shows
a band above 3000 bp, which is most likely the expected band for no deletion of
4496 bp. The gel picture shows no bands for colony 1-5. Bands are visible for all
colonies from the plates with CaCl2, but only colony 10 shows a band around 2000
bp. It is therefore likely that this colony has the correct deletion.

3.3 EPS Production

The EPS production of the successful deletions of the pepM and pepN genes
were analysed and compared to the wildtype. When precipitating the EPS, clear
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differences could be seen between the three tested strains. Figure 3.11 shows the
EPS from the three different strains in ethanol.

Figure 3.11: EPS produced from three different strains in ethanol. EPS pre-
cipitation with with 2 volumes of ethanol and 1 volume EPS. The beaker
to the left shows EPS from P. polymyxa wildtype, P. polymyxa ∆pepN
in the middle and P. polymyxa ∆pepM to the right.

The wildtype strain produced a fibrous precipitate, which could be easily collected
with the spatula. The strain with the pepN deletion, on the other hand, produces
short fibres that floats around in the ethanol. The pepM deletion strand also
produces the shorter strands that could not be collected with the spatula. This
strain also appeared to be less viscous in the fermentation broth compared to the
other strains. After freezedrying, the EPS yield was analysed by gravimetrical
measurement of the dried EPS. The results are shown in Table 3.1.
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Table 3.1: Amount of EPS produced from the strains P. polymyxa WT, P. polymyxa
∆pepN and P. polymyxa ∆pepM.

Strain Weight [g]
P. polymyxa WT 0.30
P. polymyxa ∆pepN 0.29
P. polymyxa ∆pepM 0.10

3.4 Genome comparison

3.4.1 BLAST

A BLASTn search was used in order to see in which Paenibacillus strains the EPS
cluster of Paenan is present. Table 3.2 shows the top results from this search. All
21 strains show high similarity to the EPS cluster of P. polymyxa DSM 365 with
a query cover of 99 % for all strains and an identity match between 89.52 % and
97.48 %. The E-value was 0.0 for all strains. The maximun score differs from
18746 to 49879, and the total score differs from 42568 to 61178.

When setting the maximum sequence distance to 0.2, the distance tree shown in
Figure 3.12 was generated. The distance tree was used to select strains for more
detailed comparison. Eighth strains were chosen from different branches of the
distance tree to be compared to P. polymyxa DSM 365.



CHAPTER 3. RESULTS 55
T

a
b

le
3
.2

:
B

L
A

S
T

n
re

su
lt

s.
T

h
e

B
L

A
S

T
n

re
su

lt
s

of
th

e
P

ae
n

an
cl

u
st

er
of

P
.

po
ly
m
yx
a

D
S

M
36

5.
M

ax
sc

or
e

gi
ve

s
a

va
lu

e
fo

r
th

e
h
ig

h
es

t
sc

or
in

g
al

ig
n

-
m

en
t.

T
h

e
to

ta
l

sc
or

e
gi

ve
s

a
va

lu
e

fo
r

al
l

fo
u

n
d

al
ig

n
m

en
ts

.
T

h
e

q
u

er
y

co
v
er

gi
v
es

h
ow

m
u

ch
of

th
e

q
u

er
y

se
q
u

en
ce

th
at

m
at

ch
es

th
e

fo
u

n
d

se
-

q
u

en
ce

.
T

h
e

E
-v

al
u

e
es

ti
m

at
es

th
e

p
ro

b
ab

il
it

y
of

an
al

ig
n

m
en

t
to

h
ap

p
en

b
y

ch
an

ce
.

P
er

.i
d

en
t

is
ca

lc
u

la
te

d
b
y

d
iv

id
in

g
th

e
n
u

m
b

er
of

id
en

ti
ca

l
n
u

-
cl

eo
ti

d
es

b
y

th
e

n
u

m
b

er
of

n
u

cl
eo

ti
d

es
in

th
e

al
ig

n
m

en
t.

S
tr

a
in

M
a
x

S
co

re
T

o
ta

l
S
co

re
Q

u
e
ry

C
o
v
e
r

[%
]

E
v
a
lu

e
P

e
r.

Id
e
n
t

[%
]

P
ae

n
ib

ac
il

lu
s

po
ly

m
yx

a
E

68
1

49
87

9
60

16
8

99
0.

0
96

.8
6

P
ae

n
ib

ac
il

lu
s

po
ly

m
yx

a
J

46
41

2
61

17
8

99
0.

0
97

.4
8

P
ae

n
ib

ac
il

lu
s

po
ly

m
yx

a
S
b
3-

1
38

98
5

49
94

7
99

0.
0

92
.5

6
P

ae
n

ib
ac

il
lu

s
sp

.
Iz

h
-N

1
38

94
1

50
10

0
99

0.
0

92
.5

3
P

ae
n

ib
ac

il
lu

s
po

ly
m

yx
a

S
C

2
38

88
2

49
95

7
99

0.
0

92
.4

9
P

ae
n

ib
ac

il
lu

s
po

ly
m

yx
a

M
1

38
88

2
49

95
7

99
0.

0
92

.4
9

P
ae

n
ib

ac
il

lu
s

po
ly

m
yx

a
Y

C
01

36
26

67
9

60
89

1
99

0.
0

97
.1

8
P

ae
n

ib
ac

il
lu

s
po

ly
m

yx
a

C
R

1
26

52
6

60
21

9
99

0.
0

96
.9

9
P

ae
n

ib
ac

il
lu

s
po

ly
m

yx
a

A
T

C
C

15
97

0
26

50
9

60
32

3
99

0.
0

96
.9

7
P

ae
n

ib
ac

il
lu

s
pe

or
ia

e
H

S
31

1
26

35
4

60
53

7
99

0.
0

96
.8

0
P

ae
n

ib
ac

il
lu

s
po

ly
m

yx
a

Y
C

05
73

26
33

2
60

62
0

99
0.

0
96

.7
5

P
ae

n
ib

ac
il

lu
s

po
ly

m
yx

a
Z

F
12

9
23

26
1

50
26

7
99

0.
0

93
.2

4
P

ae
n

ib
ac

il
lu

s
po

ly
m

yx
a

C
F

05
23

22
4

50
11

1
99

0.
0

93
.2

1
P

ae
n

ib
ac

il
lu

s
po

ly
m

yx
a

S
Q

R
-2

1
23

21
9

50
10

5
99

0.
0

93
.2

1
P

ae
n

ib
ac

il
lu

s
sp

.
M

-1
52

23
15

6
50

08
6

99
0.

0
93

.1
4

P
ae

n
ib

ac
il

lu
s

po
ly

m
yx

a
H

Y
96

-2
23

09
5

50
05

5
99

0.
0

93
.0

5
P

ae
n

ib
ac

il
lu

s
po

ly
m

yx
a

Z
F

19
7

22
52

1
48

73
2

99
0.

0
92

.3
9

P
ae

n
ib

ac
il

lu
s

kr
ib

be
n

si
s

A
M

49
20

44
7

44
35

9
99

0.
0

90
.0

4
P

ae
n

ib
ac

il
lu

s
br

as
il

en
si

s
K

A
C

C
13

84
2

20
19

7
46

87
4

99
0.

0
89

.7
8

P
ae

n
ib

ac
il

lu
s

te
rr

ae
H

P
L

.0
03

19
29

3
43

09
7

99
0.

0
89

.7
9

P
ae

n
ib

ac
il

lu
s

sp
.

IH
B

B
30

84
18

74
6

42
56

8
99

0.
0

89
.5

2



CHAPTER 3. RESULTS 56

Figure 3.12: Distance tree. The distance tree shows the relationship between the
results of a BLAST search, and is based on pairwise alignment between
the query sequence and the subject sequence. The query sequence is
marked in red. The maximum sequence distance in this case was set to
0.2, which is the maximum allowed fraction of bases that mismatches in
the aligned part between any pair of sequences.

The eight chosen strains are shown in the graphical summary of the Paenan cluster
in Figure 3.13. The red lines are the parts that are conserved in the different
strains. The black and white parts are gaps. As can be seen from the figure, most
of the cluster is conserved. However, some gaps can bee seen. Most of the strains
show a gap around 27000 bp and 30000 bp. Four of the strains also show a gap
around 15000 bp. These eight strains were studied further using BRIG.
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Figure 3.13: Graphical summary. This gives a view of which parts of the query
sequence that are present in the selected sequences. The red parts are
the parts with a high alignment score. The white and black parts have
low alignment scores.

3.4.2 BRIG

BRIG was used to study the homology between the eight strains and P. polymyxa
DSM 365 which was used as the reference sequence. Figure 3.14 shows the genome
comparison of the whole genome with 70 % as the upper identity threshold and 50
% as the lower identity threshold. The figure shows high similarity between the
genomes of the different strains. Most parts of the ring has a strong color, showing
that the identity match is 70 % or more. Some white gaps can be seen in the ring.

A comparison of the Paenan cluster was also generated. This shows how identical
the different genes are, and which genes that are conserved the most. First, a ring
with upper threshold at 90 % and lower threshold at 70 % was generated. This is
shown in Figure 3.15.
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Figure 3.14: BRIG image of genome comparison. The genome of P. polymyxa
DSM 365 was used as a reference. Upper identity threshold was set to 70
%. Lower identity threshold was set to 50 %
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Figure 3.15: BRIG image of Paenan cluster. The upper threshold value was set
to 90 % and the lower threshold value was set to 70 %.

The generated ring show strong colors, and shows an identity match of at least
70 % for all genes. By that, the Paenan cluster seems to be highly conserved in
all strains. To see if there are any differences between the genes and the different
strains, a ring with a higher threshold was created. This ring is shown in Figure
3.16.
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Figure 3.16: BRIG image of Paenan cluster with higher identity thresholds.
The upper identity threshold value was set to 99 % and the lower identity
threshold value was set to 90 %.

The figure above better highlights the differences between the strains and the
genes. Three of the strains seems to have the whole cluster very well conserved
with a strong color in all of the genes. This is for the strains P. polymyxa E681, P.
polymyxa J and P. polymyxa CR1. These three strains has an identity match of
at least 90 % for all genes. The rest of the strains do not have the same similarity
between all of the genes. The first part of the cluster shows a higher identity
match than the last part, and the six last genes have only 90 % identity in the
three strains mentioned above. The galU and pepC genes are the only two genes
that have above 90 % identity match for all strains.

P. brasilensis has over 90 % identity match for only the two genes galU and
pepC. To study the possibility for this strain to produce Paenan, the genome was
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annotated in RAST. This was used to check the function of the genes located
downstream of galU and pepC. In the genome of P. brasilensis, the aligned cluster
is in the range 3531765 to 3566155. Table 3.3 shows the presumed function of the
coding sequences, the percentage of bases that matches, and to what gene in the
Paenan cluster it matches.

All genes have a high similarity to the genes in the Paenan cluster. The coding
sequence that is aligned to pepT has the lowest similarity with 86.3 %. The table
also shows that there are many glycosyl transferases, and the putative function is
similar to most of the genes in the Paenan cluster.
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Table 3.3: Putative function of Paenan cluster in P. brasilensis. The percent-
age alignment shows the percentage of nucleotides aligned compared to the
total number of nucleotides in the alignment. The Gene in the Paenan
cluster column shows the gene it was aligned to in the Paenan cluster.

Function
Percentage
alignment

Gene in
Paenan cluster

Tyrosine-protein kinase
transmembrane modulator EpsC

90.3 pepA

Tyrosine-protein kinase EpsD 89.0 pepB
UTP-glucose-1-phosphate uridylyltransferase 93.0 galU
Undecaprenyl-phosphate
galactosephosphotransferase

92.3 pepC

Dolichol-phosphate mannosyltransferase 90.5 pepD
Polysaccharide polymerase 90.7 pepE
N-acetylmannosaminyltransferase 89.2 pepF
Glucose-6-phosphate isomerase 88.7 pepG
Polysaccharide biosynthesis protein 88.1 pepH
Glycosyl transferase 91.0 pepI
Glycosyl transferase 86.9 pepJ
Glycosyl transferase 89.3 pepK
Glycosyl transferase 91.1 pepL
UDP-glucose dehydrogenase 88.0 ugdH1
Mannose-1-phosphate guanylyltransferase 90.4 manC
Glucosesorbosone dehydrogenases 88.9 pepM
Hypothetical protein 88.0 pepN
Tyrosine-protein kinase
transmembrane modulator EpsC

91.3 pepO

Tyrosine-protein kinase EpsD 89.3 pepP
Undecaprenyl-phosphate
galactosephosphotransferase

90.0 pepQ

GDP-L-fucose synthetase 89.2 fcl
GDP-mannose 4,6-dehydratase 90.4 gmd
Membrane protein 88.3 pepR
Hypothetical protein 88.4 pepS
Glycosyl transferase 86.3 pepT
Glycosyl transferase 88.5 pepU
N-acetylmannosaminyltransferase 87.5 pepV
UDP-glucose dehydrogenase 88.1 ugdH2
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Discussion

4.1 Deletion of pepM and pepN

As seen in Section 3.2, the deletions of pepM and pepN in P. polymyxa were suc-
cessful. Compared to the wildtype, both P. polymyxa ∆pepM and P. polymyxa
∆pepN produced EPS with shorter fibres. Since hydrolases break the chemi-
cal bonds of polysaccharides, one could expect longer fibres when hydrolases are
deleted. From this, one could argue that pepM and pepN do not encode hydroly-
ses the cleave the chemical bond of Paenan. As mentioned in Section 1.5, glycosyl
hydrolases have been found to be essential to the production of some EPSs. The
production of cellulose is one example that uses hydrolases. The hydrolases in-
volved in cellulose production are believed to have a role in the regulation of the
material for the substrate [88]. If this is the role for the pepM and pepN genes, it
might explain why the produced fibres are shorter. A limited supply of substrates
may also limit the production of Paenan.

Another study deleted the pslG gene which is a hydrolase involved in the pro-
duction of Psl [89]. This led to less production of Psl, a decrease which was also
observed for the production of EPS from the ∆pepM strain. The glycosyl hydro-
lases in the Paenan cluster may therefore have the same role as PslG in the Psl
production. One putative function of PslG is, as mentioned in Section 1.5, to be
responsible for processing the polysaccharide for export. This may explain why
the deletion of pepM led to only one-third of the EPS produced compared to the
wildtype. Another putative role of the PslG is to act as a failsafe enzyme when the
export fails. It does this by clearing the periplasm of abnormal polysaccharides.

63
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This may explain why many short fibres were produced. If one of the glycosyl
hydrolases is responsible for the processing of the EPS, then a deletion of this
hydrolase will result in a not completely processed polysaccharide. The other hy-
drolase may then have a role of clearing the periplasm of abnormal polysaccharides
through export, which may lead to shorter fibres being exported. One could then
argue that pepM is responsible for clearing the periplasm, since the deletion of this
gene led to less EPS being exported from the cell. The pepN gene could have a
role in the processing of EPS because the deletion of this gene resulted in shorter
fibres, but it produced more EPS than the ∆pepM strain. In the ∆pepN strain,
the pepM gene was still functional, and therefore it might be able to export the
unprocessed polymer.

Another enzyme that is involved in the synthesis of EPS is AlgL, which is important
for the synthesis of alginate. This is not a hydrolase, but a lyase. Lyases are also
enzymes that degrade polymers. A hypothetical function of this enzyme is to
handle errors during the biosynthesis. It is believed that the enzyme is responsible
for clearing the periplasm of alginates that are not exported. When this gene
is deleted, it leads to an accumulation of alginate in the periplasmic space. This
seemed to be toxic to the cell at high concentrations of alginate [106]. The deletion
of pepM and pepN did not seem to affect the growth of P. polymyxa, and this
therefore contradicts the role in clearing the periplasmic space. However, the
Paenan cluster has two genes that encodes glycosyl hydrolases. This may be a
safety if one of the genes is disrupted. Since the deletion of pepM resulted in less
EPS produced, this gene seems to be more important for the EPS production than
pepN.

4.2 Gene replacement of pepF

Another aim of this thesis was to replace the pepF gene with the gumK gene. Sec-
tion 3.2 shows that this was unsuccessful. Since the plasmid was able to replicate
in E. coli DH5α, it is unlikely that the error lies with the assembled plasmid. In ad-
dition, E. coli S17-1 was able to grow on selective LB plates after transformation,
which indicates that the plasmid could replicate in this strain as well. Plasmids of
large sizes can give problems with conjugations, but this should not be a problem
with a plasmid of size 12310 bp. This is of similar size as the plasmids used for the
deletions. Even if the plasmid did not seem to be inserted, colonies were obtained
on the selective plates. Since P. polymyxa is not resistant to neomycin, there
should not have been colonies if the transfer was unsuccessful. More colonies were
obtained on the plates with CaCl2. CaCl2 had previously shown to increase the
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number of colonies obtained after conjugation. However, A. K. Haraldsvik found
out that this also seems to reduce the recombination efficiency [107]. The CaCl2
may inhibit the antibiotics, and bacteria without the plasmid may thereby be able
to grow on the plates. Therefore a potential issue is contamination on the plates.
Another aspect to consider is that a heterologous gene has never been integrated
into the cluster. Some regions are easier to modify than others, and a heterologous
gene may not be easily inserted into the Paenan cluster.

4.3 Genome comparison

The genome and Paenan gene cluster were also studied using different bioinfor-
matic tools. Figure 3.14 shows that the genome is well conserved through the
different Paenibacillus strains. Only a few gaps were found in the genome. The
Paenan cluster was also well conserved. The graphical summary in Figure 3.13
shows some gaps in the cluster for several strains. However, Figure 3.15 shows that
the whole cluster is highly conserved. This may indicate that the gaps observed in
the graphical summary are not in the genes, but between them. Figure 3.16 shows
that P. brasilensis was the strain of those investigated with the lowest similarity
to the P. polymyxa DSM 365 Paenan cluster. A RAST annotation was conducted
to analyze the differences in more detail. By aligning the putative genes to the
Paenan cluster in SnapGene, it was observed that the genes in grey color in the
BRIG image were also highly conserved. The annotation showed that the aligned
genes served similar functions as the genes in the Paenan cluster. It is therefore
likely that these strains are able to produce an EPS similar to Paenan.

Table 1.2 shows different EPS produced by Paenibacillus strains. As can be seen,
the nitrogen and carbon sources vary a lot between the different characterized
EPSs. The structure of EPSs is highly dependent on the growth conditions, and
since the different characterized EPSs were produced under different growth con-
ditions, it might be hard to compare the EPSs between the different strains. For
example, P. polymyxa SQR-21, which showed high similarity of the Paenan clus-
ter, is known to produce a polymer of the same monomers as Paenan. However,
the ratio of these monomers are different compared to Paenan. This therefore
makes it difficult to analyze if this strain is able to produce Paenan under the
same growth conditions as P. polymyxa DSM 365. In addition the results might
highly depend on the analytics applied, and the HT-PMP method for the analysis
of Paenan might be more sensitive and correct then the techniques used in the
other studies. By that, a direct comparison is hampered by various aspects and
should be performed under controlled and comparable conditions.
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4.4 Further work

To get a better understanding on how the glycosyl hydrolases affect the produc-
tion of Paenan, there are several aspects that should be investigated further. The
produced Paenan from the two deletion-strains in this thesis should be analyzed
in more detail to find out the monomer composition, molecular weight and the
rheological behavior. Both pepM and pepN should also be deleted in one strain.
This will give more information about the roles of the hydrolases. Another aspect
of interest is to investigate what happens to the EPS production when the hydro-
lases are overexpressed. The Psl production has been reported to decrease when
the hydrolase PslG was overexpressed [89]. It is of interest to see if the same result
applies to the Paenan production.

The reason why the insertion of the gumK gene into P. polymyxa was not succesful
should also be further investigated. The conjugation protocol may be modified to
increase the conjugation efficiency. Other genes in the Paenan cluster may also be
of interest to target, along with insertion of other genes than gumK. This might
also give useful insight about the problems of the gene replacement targeted in
this thesis. If the conjugation is successful with another plasmid assembled for
another gene replacement, then this may indicate that the constructed plasmid is
the problem of the pepF replacement. If it is not successful, the problem might be
that the strain is receptive for gene replacements in this cluster.

The results from the genome comparison should also be further investigated. It
would be interesting to check what kind of genes are in the gaps as identified by
Figure 3.14. Even though the Paenan cluster showed a high similarity between
the different strains chosen in this thesis, a multiple alignment of the amino acid
sequence can be conducted to see where the differences are. One could also inves-
tigate the EPS production of these strains in the lab and compare the monomer
composition of the EPS produced by the different strains. It is then important
to grow all strains under the same conditions. This might give useful informa-
tion about which parts of the gene sequences that are important for the Paenan
production.



Chapter 5
Conclusion

Two strains of P. polymyxa were constructed during this project by deleting the
two genes pepM and pepN, which encode glycosyl hydrolases. This was obtained
using the CRISPR-Cas9 system pCasPP. A gRNA and a homologous directed re-
pair template were inserted into the plasmid. Compared to the wildtype, both
deletion-strains produced shorter EPS fibres. The function of the glycosyl hydro-
lases in EPS production is not fully understood, and needs to be further studied.
Possible explanations for the short fibres may be the that the glycosyl hydrolases
have roles in processing the polysaccharide for export, or to clear the periplasm
for abnormal polysaccharides when the export fails.

The pepF gene, which encodes a glycosyl transferase, was also targeted in this
project. The aim was to replace this gene with the gumK gene which encodes
another glycosyl transferase. This replacement was not successful. The reason for
this is not known, and needs to be further investigated.

The tools BLAST, RAST and BRIG were used for genome comparison analysis.
The Paenan cluster was found in other Paenibacillus strains with high similarity,
and it is therefore likely that Paenan can be produced by these strains.
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Appendix

A Primers

Table 1: Primers used for the construction of pCasPP ∆pepM and pCasPP ∆pepN.
Underlined letters define cut sites for restriction enzymes. Small letters define
overlaps between primers. R=Reverse. F=Forward.

Name Sequence (5’-3’)
1 pepM sg1 F ACGCGTATACCCCGAAATACCCGG
2 pepM sg1 R AAACCCGGGTATTTCGGGGTATAC
3 OE US pepM XbaI F TATATCTAGAGAACTGCGGGGTTTTTGCATTC
4 OE US pepM R ggaagaaacaaagcatccTTGTAGAAGGCCCTTTAGC
5 OE DS pepM F ggatgctttgtttcttccTTGATTGATACTCTTTCCCG
6 OE DS pepM XbaI R TATATCTAGAGAACCATCTTTTTGCAGCTTAATATCACC
7 pepN sg1 F ACGCGGAGACGTTAGCTTCACCTG
8 pepN sg1 R AAACCAGGTGAAGCTAACGTCTCC
9 OE US pepN XbaI F TATATCTAGAGAATGGTGACTGGTTCTGGTGG
10 OE US pepN R cgatctgttattaagcatatgATCCACCCTCTCTCCTCA
11 OE DS pepN F catatgcttaataacagatcgGAATGTATATAGGACCTGAG
12 OE DS pepN XbaI R TATATCTAGACTTTCTTAACCTTGCCTTCAGGAGG
13 seq sg pCasMC.R CCAGGGGGAAACGCCTGG
14 seq sg pCasMC.F CCGAATATATCGGTTATGCGTGG
15 seq PSG5 F GGAAAGTCTACACGAACCCTTTGGC
16 OE gumK F AGAAGTGATACGATGAGCGTCTCTCCCGCAG
17 OE gumK R CCGACTCATGTTTCTCAATGTGAGAGCGCTGCCTCC
18 pepM KO proof F ACCGCGAAGTGAGCCATTTTCAAG
19 pepM KO proof R GGTAGAGTACGTTGGCCAGTAGGC
20 pepN KO proof F CTCCTCATTGCCGATCTGGATAAGG
21 pepN KO proof R GCTCAATCATCGGTGGCCTCTTAGG
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