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Abstract 
Paenibacillus polymyxa is a Gram-positiv, endospore forming soil bacteria belonging to the 

plant growth promoting rhizobacteria and has been been applied as a biofertilizer in agriculture 

and as a producer of numerous antibiotics. Furthermore, P. polymyxa is of biotechnological 

interest for the biosynthesis of highly enantiopure butanediol (2,3-BDL) and has been shown 

to be an avid producer of various exopolysaccharides (EPS). 

In this work, P. polymyxa DSM 365 was metabolically engineered to increase the 2,3-BDL 

production by decoupling the proposed bottleneck enzyme butanediol dehydrogenase from its 

natural regulation system. Deletion of a lactate dehydrogenase resulted in an increased growth 

behaviour. Furthermore, undesirable side products such as spore formation and EPS that 

impede downstream processing production were eliminated. Thereby, 2,3-BDL synthesis was 

increased by 46 % achieving a final product titer of 43.8 g L-1 in batch fermentations, accounting 

for 86 % of the theoretical maximum.  

In order to elucidate the structure of the heteroexopolysaccharide produced by P. polymyxa 

DSM 365, combinatorial knock-outs of glycosyltransferases and Wxy polymerases were 

performed. Through complementing analytical approaches including carbohydrate 

fingerprinting, partial hydrolysis, methylation analysis and NMR, it was discovered that the EPS 

in fact consists of three distinct polymers. Using a total of 32 mutant strains, it was possible to 

determine the monomer composition, sequence and linkage pattern of each polymer and 

attribute specific enzymes to the biosynthesis. Rheological properties of EPS compositions 

produced by knock-out strains were characterized in detail. Depending on the present 

polymers, unique physicochemical properties were observed ranging from a shear-thinning, 

highly viscous gel character to low viscosity Newtonian fluids. Thereby, this study provides the 

foundation for the rational design of tailor-made EPS, which might be applied in a wide range 

of applications.  

Furthermore, a novel broad host tool was developed to enable the efficient, multiplex 

transcriptional perturbation of genes of interest. By transcriptional fusion of the activator of the 

superoxide regulon SoxS to a catalytically inactive variant of Cas12a, expression of target 

genes could be increased or repressed, depending on the positioning of the effector module. 

Thereby, it proved possible to rapidly emulate knock-out variants of the EPS cluster or control 

the flux of metabolites towards 2,3-BDL in P. polymyxa. 

P. polymyxa is a potent alternative chassis organism for the production of numerous 

compounds of interest. CRISPR-Cas technology enabled the efficient metabolic engineering 

of this otherwise genetically hardly accessible organism towards a sustainable production of 

2,3-BDL and polysaccharide based rheological modifiers. 
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1. Introduction 

1.1. Paenibacillus spp. 

Paenibacillus spp. are characterized as rod-shaped, Gram-positive or Gram-variable 

endospore forming, facultative anaerobic bacteria. Currently, the diversity of the genus 

comprises over 239 characterized species that are found in highly variable environments 

ranging from the oceanic sediment to the Antarctica as well as desserts [1]. Though, 

Paenibacillus strains have been most commonly isolated from soil samples and are often 

associated with roots as part of the rhizosphere of various plants. Many species of 

Paenibacillus are important for plants, animals and humans. 

Species of Paenibacillus were originally included in the genus Bacillus, which had been 

defined only loosely based on morphological characteristics and the ability to form 

endospores. With the rise of 16S rRNA gene sequencing in the early 1990s, phylogenetic 

classification redefined five new genera, including the novel genus Paenibacillus (paene 

lat. = almost) with the type strain P. polymyxa [2,3]. Since 1997, the genus is characterized 

based on its rod-shaped form with peritrichous flagella and the non-pigmented shaping on 

nutrient agar. In addition to the aforementioned morphological criteria for Bacillus spp., the 

genus shares more than 89.6 % 16S rRNA sequence similarity [4]. 

Paenibacillus spp. are known biofertilizer included in the group of plant growth promoting 

rhizobacteria [5]. Particular strains have demonstrated the ability to fixate nitrogen as well 

as to solubilize otherwise inaccessible phosphorus and thereby enhance plant growth. 

Genome analysis revealed over 20 root colonizing strains using a molybdenum dependent 

nitrogenase for the reduction of N2 to bioavailable NH3 [6]. In addition, Paenibacillus spp. 

are also known for positively contributing to plant growth through the production of 

phytohormones that are highly important regulators of gene expression and development 

of plants during their life cycle. The pathway for the production of indole-3 acetic acid, one 

of the most abundant auxins found in nature, is highly conserved among 

Paenibacillus spp. Genome analysis thereof revealed that all sequenced strains up to now 

encode the required key enzymes for its biosynthesis [7]. These multi-facetted features 

make Paenibacillus spp. an interesting agricultural biofertilizer. Moreover, it was shown 

that plant growth could be enhanced through seed treatment and soil inoculation by high 

doses of P. polymyxa. A positive effect in form of increased shoot fresh weight, plant height 

and ultimately yield was obtained for numerous model and crop plants including rice, 

cucumber, sesame, Arabidopsis thaliana and pumpkin [8]. 

Another important aspect in the evaluation of Paenibacillus spp. as plant growth promoting 



 Introduction 

5 

 

rhizobacteria is its pronounced ability to produce an immense arsenal of antimicrobial 

biocontrol agents that efficiently suppress potential plant pathogens. In addition to 

chitinases that hydrolyze exoskeletons and gut intestines of pest insects, Cry proteins 

produced by P. lentimorbus are homologous to the insecticides produced by Bacillus 

thuringiensis. The structural similarity enables the formation of pores within the gut 

epithelia of insects, resulting in cell lysis and consequently the mortality of infected beetle 

larvae [9]. Further hydrolytic enzymes such as glucanases, cellulases, mannanases and 

amylases also contribute to the protection against pathogenic fungi [10]. The best 

described antimicrobial agents produced by Paenibacillus spp. are a class of cyclic 

cationic lipopeptides called polymyxins. These antibiotics consist of a diaminobutyryl-

containing heptapeptide ring and a tripeptide side chain that binds to the lipid A compound 

of the lipopolysaccharide of Gram-negative bacteria and thereby permeabilize the outer, 

as well as the inner membrane [11]. Although several toxic side effects to the human 

central nervous system and kidneys are known, polymyxin B and E (colistin) remain 

important antibiotics of last resort against multidrug resistant Gram-negative pathogens. 

Furthermore, new semi-synthetic derivatives with improved pharmacokinetic properties 

have been developed [12]. Additionally, Paenibacillus spp. isolates have demonstrated the 

capability to produce fusaricidins, tridecaptins and lantibiotics such as paenilin and 

pediocin that further complement their antimicrobial arsenal against Gram-positive, Gram-

negative and fungal competitors [13–17].  

Contrary to the numerous positive effects as biofertilizers and strains of pharmaceutical 

interest, there are also pathogenic strains affecting mankind and animals. One of the best 

studied disease associated to the genus Paenibacillus spp. is the most destructive brood 

disease of honey bee hives named American Foulbrood [18]. The causative agent P. 

larvae afflicts bee larvae, where it rapidly proliferates in the midgut and breaches the 

epithelium ultimately resulting in the death of the host. In the attempt to clean the hive of 

deceased larvae, adult bees further spread the infectious spores, which in the worst case 

scenario induce the complete collapse of the colony when left untreated [19]. Additionally, 

Paenibacillus spp. are forming the predominant genus associated with the spoilage of 

dairy products. Endospores are highly resilient and resist extreme environmental 

conditions such as pasteurization and UV irradiation and therefore contribute to the limited 

shelf life time of milk products [20]. Due to their ability to grow at low temperatures, 

Paenibacillus spp. have demonstrated to represent more than 95 % of the bacterial 

population in pasteurized milk after 10 days of refrigerated storage making it an important 

agent of food spoilage [21]. 

In recent years, the non-pathogenic strain P. polymyxa became increasingly attractive for 

biotechnological industry as a production platform for bulk chemicals. On the one hand, 

Paenibacillus spp. are capable of synthesizing relevant amounts of 2,3-R,R-butanediol of 
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exceptionally high enantiomeric purity [22]. On the other hand, this genus is also known to 

produce a variety of exopolysaccharides that have demonstrated remarkable 

physicochemical properties for the application as rheological modifiers as well as 

antioxidant radical scavengers [23,24]. Due to previously established tools for the genetic 

modification of P. polymyxa DSM 365 [25], this thesis focuses on the metabolic 

engineering of this promising strain for the production of high-value products in the light of 

a growing interest for a sustainable bio economy.  
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1.2. Butanediol 

2,3-butanediol (2,3-BDL) is considered as a platform chemical for a variety of applications. 

Currently, 2,3-BDL is mostly derived from petrochemical sources, however there is also a 

long history of research in its biotechnological production [26]. 2,3-BDL is mainly used as 

a precursor molecule for further conversion to other products with an annual world market 

capacity of 32 million tons in 2011, corresponding to a value of approximately $43 billion 

[27]. The wide range of applications of 2,3-BDL is highly attributed by its appearance in 

three stereoisomers – levo-BDL (R,R-BDL), dextro-BDL (S,S-BDL) and meso-BDL (R,S-

BDL). In particular the optically active forms, levo-BDL and dextro-BDL are of high 

industrial interest and can be used for the synthesis of chiral specialty chemicals [28]. 

Dehydration result in the formation of methyl ethyl ketone, which is used as a fuel additive 

or solvent for resins and lacquers. Dehydrogenation of 2,3-BDL results in the buttery food 

aroma diacetyl [29]. During World War II, biotechnological production of 2,3-BDL was 

already of industrial interest for the production of 1,3-butadiene which was subsequently 

used in the organic synthesis of polyesters [30]. Due to a low freezing temperature at -60 

°C, 2,3-BDL was proposed as an anti-freezing agent in the 1940s [31]. On the other hand, 

the boiling point ranges between 177 °C to 182 °C depending on the stereoisomer. This 

makes product recovery from the fermentation broth via distillation extremely cost 

intensive [32]. Therefore, downstream-processing represents a major bottleneck in the 

biotechnological production of 2,3-BDL and requires high product titers to ensure an 

economically feasible process. 

With an ever-increasing awareness of the limited nature of fossil resources and the search 

for an environmentally friendly alternative, research in the biotechnological production of 

2,3-BDL has increased over the past decades. A variety of different organisms including 

Klebsiella spp., Serratia marcescens, Bacillus spp. or P. polymyxa have demonstrated the 

capability to produce 2,3-BDL in remarkable amounts (Table 1). The highest product titer 

of more than 150 g L-1 with a productivity of 4.2 g L-1 has been described for K. pneumoniae 

in fed-batch fermentations [33]. Optimization of process parameters resulted in a product 

titer of 139.9 g L-1 for S. marcescens [34]. While the productivity and yield are worthy of 

attention, both organisms mainly produce the optically inactive meso-butanediol. 

Furthermore, the pathogenic nature of these strains makes them less desirable for the 

biotechnological production in an industrial scale process. In contrast, known production 

strains of the genus Bacillus, such as B. amyloliquefaciens and B. licheniformis, are 

generally recognized as safe (GRAS) and have also demonstrated high butanediol titers 

[35,36]. However, without any further genetic engineering the main product is composed 

of the less valuable, optically inactive meso-BDL. P. polymyxa on the other hand is a non-

pathogenic Gram-positive organism that mainly produces R,R-butanediol with 

exceptionally high enantiomeric purity up to 98 % [37]. The enantioselectivity as well as 
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the non-pathogenic nature of this strain makes it a promising platform for large-scale 

production of 2,3-BDL. Existing studies to this topic report obtained product titer of  111 g 

L-1 by using a high nutritional media containing 60 g L-1 yeast extract [22]. By applying 

statistical approaches in order to optimize media composition and process parameters, it 

was also possible to produce up to 68.5 g L-1 without the industrially unfeasible use of 

enormous amounts of yeast extract [38].  

Table 1: Overview of 2,3-BDL titer and productivity achieved by fermentation of different organism 

Organism Fermentation 
mode 

2,3-BDL  
[g L-1] 

Productivity 
[g L-1 h-1] 

Reference 

K. pneumoniae Fed-Batch 150.0 4.21 [33] 

K. oxytoca Batch 127.9 1.78 [39] 

K. oxytoca Batch 95.5 1.17 [40] 

S. marcescens Fed-Batch 139.9 3.49 [34] 

Enterobacter aerogenes Fed-Batch 118.0 2.27 [41] 

B. amyloliquefaciens Fed-Batch 132.9 2.95 [42] 

B. licheniformis Fed-Batch 144.7 1.14 [35] 

P. polymyxa DSM 365 Fed-Batch 111.0 2.05 [22] 

P. polymyxa DSM 365 Fed-Batch 68.5 0.70 [38] 

P. polymyxa DSM 365 Batch 51.1 1.70 [38] 

P. polymyxa ATCC 
12321 

Fed-Batch 40.0 0.80 [43] 

P. polymyxa ZJ-9 Fed-Batch 37.6 0.88 [44] 
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1.2.1. Biosynthesis of butanediol 

The biosynthesis pathways of 2,3-butanediol in microorganisms is thoroughly studied and 

well understood (Figure 1). 2,3-BDL is produced by a mixed acid fermentation pathway 

under microaerobic conditions starting from the metabolic intermediate pyruvate. Using 

glucose as a carbon source, two mols of pyruvate are generated through glycolysis from 

one mol of glucose. Subsequently, two mol pyruvate are condensed to α-acetolactate, 

which is further decarboxylated to acetoin and finally reduced to butanediol while 

simultaneously regenerating one redox equivalent of NAD+. In the absence of alternative 

electron acceptors at anaerobic or microaerobic conditions, the excessive NADH from 

glycolysis cannot easily be oxidized. Therefore, in order to maintain the NAD+/NADH 

equilibrium, more undesired redox-neutral side products such as ethanol or lactate are 

formed [45]. Depending on oxygen availability, lactate dehydrogenase, pyruvate formate 

lyase, as well as the pyruvate dehydrogenase complex compete for the intermediate 

pyruvate and determine the end products [46]. Anaerobic conditions result in the 

production of lactate and ethanol, while an increase of dissolved oxygen favors acetoin 

and acetate production over 2,3-BDL biosynthesis [43]. A redox efficient route is 

represented by the oxygen sensitive enzyme pyruvate formate lyase (Pfl). Pfl catalyzes 

the conversion of pyruvate to acetyl-CoA without generating NADH. Subsequently, two 

mols of NAD+ can be regenerated by the combined action of acetaldehyde dehydrogenase 

and alcohol dehydrogenase. Therefore, this pathway results in a net gain of one redox 

equivalent per mol of pyruvate that can compensate for the redox imbalance of the 

butanediol biosynthesis [47].  

2.  

Figure 1: Overview of the mixed acid pathway and butanediol biosynthesis under microaerobic 
conditions. Two mols of NADH are formed during glycolysis that need to be regenerated in order to 
maintain redox balance. Only one mol NADH is converted to NAD+ in the 2,3-BDL pathway. 
Therefore, other redox neutral end products such as lactate or ethanol compete for the intermediate 
pyruvate.  
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However, the precise reason why microorganism produce 2,3-BDL in this redox inefficient 

pathway remains to be elucidated. A proposed explanation for this phenomenon is that the 

synthesis of 2,3-BDL provides a pyruvate drain to avoid elevated acidification of the 

organism [48]. Early research on butanediol production showed that the addition of acetic 

acid to the fermentation medium and a lower pH indeed increased 2,3-BDL biosynthesis 

in many organisms [49].  

1.2.2. Metabolic engineering of butanediol producing organism 

Biosynthesis of high amounts of butanediol is mostly directed by oxygen supply and the 

need to maintain redox balance under microaerobic conditions. With an increasing number 

of tools enabling the efficient genetic modification of widely used model organism such as 

E. coli, but also alternative host organisms, there have been plenty of publications aiming 

to optimize the biotechnological production of butanediol to enhance industrial feasibility. 

The most commonly used approaches of metabolic engineering to improve the production 

of 2,3-BDL can be categorized in three groups: 

1) redirection of the carbon flux from undesirable side products towards butanediol 

2) decoupling of genes of the butanediol pathway from their natural regulon 

3) increasing the viability of cells and consequently biomass formation at conditions with 

low oxygen supply. 

Jung et al. (2012) demonstrated that deletion of a lactate dehydrogenase (ldh) in 

Enterobacter aerogenes results in the attenuation of lactate as a side product while also 

increasing the viability of the cells, ultimately leading to 27.4 % higher product titers in fed-

batch cultivation compared to the wildtype strain [41]. In K. pneumoniae, the combinatorial 

knock-out of ldhA, pyruvate formate lyase (pfl), as well the gene wabG encoding a 

glycosyltransferase reduced both the production of several by-products and the 

pathogenic character mediated by exopolysaccharide formation. Consequently, a yield of 

0.46 g g-1 glucose, corresponding to 92.2 % of the theoretical maximum, was obtained 

[50]. In K. oxytoca yields were even further improved by deletion of multiple genes of the 

mixed-acid pathway. In the strain KMS005-73T ∆adhE ∆ackA-pta ∆ldhA lactate and 

formate formation were completely eliminated, while only trace amounts of acetate and 

ethanol were detected [51]. As a result, the main carbon flux was channeled into the 

butanediol biosynthesis pathway resulting in a product titer of 117.4 g L-1 and a yield of 

0.49 g g-1. 

Gene expression levels of enzymes of the 2,3-BDL pathway play a crucial role, not only 

for the productivity but also for the product purity. Overexpression of butanediol 

dehydrogenase and glyceraldehyde-3-phosphate dehydrogenase in B. amyloliquefaciens 

significantly increased the molar yield and productivity, while also reducing the undesired 

pathway intermediate acetoin [42]. Similar effects were observed by decoupling the initial 
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step of the butanediol biosynthesis pathway. Already in 1988, Mallonee and Speckmann 

generated a P. polymyxa strain constitutively expressing the gene alsS by chemical 

mutagenesis [52]. Accordingly, 2,3-BDL production started during early log phase and a 

4-fold elevated product titer compared to the wildtype strain was observed. Small amounts 

of meso-BDL are typically attributed to the spontaneous decaboxylation of α-acetolactate 

to diacetyl, which is further converted to acetoin by diacetyl reductase. However, thereby 

the chiral information is lost resulting in the less valuable optically inactive form of 2,3-BDL. 

Zhang et al (2018) demonstrated that the already high enantiomeric purity of 2,3-BDL 

produced by P. polymyxa could be even further increased by deletion of a diacetyl 

reductase [53]. 

Another interesting strategy represents the heterologous expression of microbial 

hemoglobin. The most common variant VHb of the bacterium Vitreoscilla sp. has 

demonstrated positive effects on the growth and viability of numerous host organisms that 

consequently led to improved production of the desired product [54]. For butanediol this 

effect could be shown in K. oxytoca as well as E. aerogenes, in which the episomal 

expression improved 2,3-BDL formation by approximately 30 % [55,56]. While the exact 

underlying mechanism is not fully understood, it is speculated that the hemoglobin like 

protein facilitates oxygen supply in microaerobic conditions and thereby promotes biomass 

formation.  

Due to the inaccessibility of P. polymyxa to genetic engineering, most research using this 

organism was focused on the optimization of process parameters and media composition. 

However, recently a CRISPR-Cas9 based tool designed for P. polymyxa was developed, 

allowing more complex approaches for the rational metabolic engineering of this strain 

[25]. 
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 Microbial exopolysaccharides 

Polysaccharides represent an extremely diverse class of carbohydrate polymers found in 

all domains of life [57]. Depending on the location of the polymers the biological function 

can be quite diverse. Intracellular polysaccharides are often used as energy storage (e.g. 

glycogen). Structural polysaccharides such as cellulose and lipopolysaccharides play an 

important role as integral parts of the cellular integrity of plants and microbes, while 

extracellular polysaccharides (EPS) cover numerous tasks depending on their 

physicochemical properties [58]. For example, microbial EPS serve as natural adhesives 

in biofilm formation and are crucial parts of the host-pathogen interaction [59] or act as 

barriers against abiotic stress factors such as extreme pH, antibiotics, temperature and 

desiccation. This list of physiological functions represents only a small overview of their 

natural tasks. Depending on their properties, these biopolymers have also shown industrial 

success in food, feed, cosmetic, pharmaceutical and technical applications or being used 

as rheological modifiers for example in oil recovery and construction science or as blood 

volume expanders in medicine [60]. The key reason for these multi-faceted fields of 

application lies in the enormous structural diversity of EPS found in nature. These 

biopolymers consist of charged and uncharged glycosidic repeating units that can be 

further decorated by organic and inorganic chemical moieties such as acetate, pyruvate, 

succinate or sulfate, resulting in a sheer endless number of potential structures [61]. 

The global market is still dominated by plant and algae derived biopolymers such as starch, 

pectin, alginates and carrageenan [62]. However, bacterial exopolysaccharides like 

xanthan from Xanthomonas campestris, different sphingans from Spingomonas spp. [63] 

or hyaluronic acid produced by Streptococcus spp. and recombinant expression systems 

[64] have found commercial success as bulk products as well as in high-value niche 

applications. Contrary to their plant and algae derived counterparts, bacterial EPS can be 

produced by controlled large scale fermentation in bioreactors and are thereby 

independent of seasonal or geopolitical influences. In addition, due to the highly specific 

enzymes involved in the biosynthesis of these polymers, microbial EPS are organized in 

highly regular and uniform repetitive monomer sequences – the so-called repeating unit 

[65]. While it requires deep understanding of the underlying biosynthesis machinery, 

genetic engineering further allows rational tailoring of polysaccharide structures to modify 

their physicochemical properties towards specific applications [25,66]. An overview of 

commercially produced and applied bacterial EPS variants is given in Table 2. 

Over the last 50 years many Paenibacillus spp. have been reported to produce variable 

exopolysaccharides with distinct physicochemical and rheological properties that could be 

of potential commercial interest for a variety of different applications [67,68]. Particularly 

isolates of P. polymyxa demonstrated to produce both, a levan-type polyfructan as well as 
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one or more heteropolysaccharides depending on the chosen cultivation conditions [69]. 

Levans produced by P. polymyxa vary in their branching pattern as well as their molecular 

weight, resulting in different rheological properties [70]. On the opposite, the 

heteroexopolysaccharides are reported to be more diverse. Most described monomer 

compositions comprise similar building blocks including glucose, mannose, galactose and 

glucuronic acid [67]. However, more complex EPS compositions additionally containing 

rhamnose, xylose or fucose were described [71–74]. Interestingly, despite the long history 

of research of the polysaccharides produced by P. polymyxa, no unambiguous structure 

of any heteroexopolysaccharide variant has been yet elucidated. Reasons for this lack of 

knowledge might be the insufficient separation of different polymer fractions as well as the 

high structural complexity of the polysaccharide, which has been demonstrated to contain 

multiple branching side chains [75]. 

The structural diversity and consequently different physicochemical properties of these 

polymers further resulted in a variety of proposed applications [76]. A 

heteroexopolysaccharide named paenan produced by P. polymyxa 2H2 demonstrated 

outstanding performance as a rheological modifier in surfactant systems and surpassed 

other commercial EPS variants like xanthan and gellan [24]. Further interesting 

(bio)activities include antioxidative properties [77,78], anti-tumor activity [79], as well as 

high water-binding capacity [80], which make the polysaccharides from P. polymyxa 

interesting for high value medical and cosmetic applications. In addition, the usage as a 

flocculant in bioremediation was proposed due to their bioabsorption ability of heavy 

metals [81,82]. Furthermore, it proved possible to artificially modify the structure of paenan 

by CRISPR-Cas9 mediated genome engineering resulting in an inherently different 

rheological behavior [25]. This strategy demonstrated for paenan allows to tailor the 

structure and hence physicochemical properties towards specific applications and could 

be transferred to other polysaccharides.  
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Table 2: Overview of bacterial exopolysaccharides and commercialized fields of application 

EPS Structurea Organism Field of application Reference 

Alginate 
 

Pseudomonas aeroginosa Food, medicine, cosmetics [83] 

Cellulose 
 

Escherichia coli, 
Komagotobacter spp. 

Food, medicine [84] 

Curdlan 
 

Alcaligenes faecalis var. 
myxogenes 

Food, medicine, cosmetics [85] 

Dextran 
 

Leuconostroc spp., 
Lactobacillus spp. 

Medicine [86] 

Gellan 
 

Sphingomonas elodea Construction chemistry, food, feed [87] 

Heparosan 
 

B. megateriumb Medicine [88] 

Hyaluronan 
 

Streptococcus spp. E. colib, 

B. subtillisb, 
Medicine, cosmetics [89] 

Levan 
 

Bacillus spp.  Food, medicine, cosmetics [90] 

Pullulan 
 

Aureobasidium pullulans Food, medicine, packaging [91] 

Xanthan 

 

Xanthomonas campestris 
Food, medicine, cosmetics, 
technical applications 

[66] 

a) Structures are depicted in the SNFG - format including their glycosidic linkage and conformation, but without decorations. green 
diamond: ManA; orange diamond: GulA; blue circle: Glc; blue diamond: GlcA; green triangle: Rha; blue rectangle: GlcNAc; green 
pentagon: fructose; green circle: Man b) recombinant strain 
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1.3.1. Biosynthesis of exopolysaccharides 

EPS biosynthesis is a common feature among many organisms in all domains of life. While 

the structural diversity and consequently physicochemical properties of polysaccharides 

are enormous, the involved biosynthesis pathways are limited [65]. At present four different 

pathways involved in the assembly of EPS are characterized [92–95] 1) extracellular 

sucrase dependent pathway 2) Synthase dependent pathway 3) Wzx/Wzy pathway 4) 

ABC transporter dependent pathway. 

Despite fundamental differences in the underlying enzyme machinery of these pathways 

apart from the sucrase dependent pathway, most key steps in the assembly of the 

polysaccharides remain quite similar [95]. The main building blocks of EPS consist of 

nucleotide-sugars. One or more glycosyltransferases (GTs) use the chemical binding 

energy of activated nucleotide precursors for the intracellular, stepwise assembly of either 

oligosaccharide repeating units or the entire polymer. Furthermore, the EPS chain is 

polymerized and secreted by various mechanisms towards the extracellular space. Many 

ABC-transporter dependent pathways also loosely link the secreted polysaccharide to the 

outer membrane of Gram-negative bacteria, which makes a clear discrimination between 

EPS and capsular polysaccharides (CPS) difficult [93]. 

Contrary to the other described pathways, sucrases are secreted to the extracellular space 

or bound to the outer membrane and polymerize the entire polysaccharide extracellularly. 

Instead of nucleotide-sugars, di- or trisaccharides such as sucrose, raffinose or nigerose 

are used as a substrate [65]. One sugar moiety is cleaved by the sucrase and transferred 

to a nascent polysaccharide chain [96]. Depending on the substrate and utilized sugar 

residue, homoglucans or homofructans such as dextran or levan are formed. Despite a 

seemingly simple system, different sucrases and also reaction conditions result in a variety 

of physiochemically diverse polysaccharides with variable molecular weight and branching 

pattern [90]. 

In the synthase dependent pathway, a multiprotein complex spanning the inner membrane 

simultaneously polymerizes and translocates the nascent polymer chain towards the 

periplasm. Further outer membrane polysaccharide exporters (OPX) realize the secretion 

of the polymer. Most homopolysaccharides such as curdlan or cellulose are produced by 

the synthase dependent pathway [93]. Interestingly, alginate, while strictly classified as a 

heteropolysaccharide, is first produced as a homopolymer solely consisting of mannuronic 

acid (M-blocks). Further epimerases in the periplasm or the extracellular space catalyze 

the conversion to guluronic acid (G-block) in a block like manner, while the AlgIJFX 

complex acetylates certain residues [97]. The monomer composition and decoration 
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ultimately determine the physicochemical properties of the obtained EPS. Synthase 

dependent EPS production is often directly regulated by the second messenger c-di-GMP. 

Both, the main catalytic subunit BcsA and secondary cytosolic subunit BcsE of bacterial 

cellulose synthase as well as Alg44 of the alginate synthase complex in P. aeruginosa 

contain c-di-GMP binding motives and are positively regulated by high concentrations of 

the signal molecule [98,99]. 

In the ABC-transporter dependent pathway the entire polysaccharide chain is assembled 

by one or more GTs at a lipid carrier at the inner membrane to form homo- or 

heteropolysaccharides [92]. Consequently, the name giving ABC-transporter catalyzes the 

ATP-dependent export of the EPS towards the periplasmic space. Additional proteins of 

the PCP and OPX family are required for the secretion. ABC transporter dependent 

pathways are often found to produce CPS. In the process, the final polysaccharide remains 

(loosely) attached to the cells and contributes to the pathogenic nature of many organisms, 

such as e.g. Klebsiella spp. [100]. 

Some of the most complex and diverse polysaccharides are produced via the Wzx/Wzy-

pathway. Highly specific membrane-bound or cytosolic GTs assemble a nascent repeating 

unit at an undecaprenyl-phosphate lipid anchor. After translocation towards the 

periplasmic space by a Wzx flippase, multiple repeating units are polymerized by Wzy 

proteins before being exported by OPX proteins [94]. In addition to the GTs, the name-

giving Wzx/Wzy proteins only accept a narrow substrate range of modified repeating units 

[101]. While it is possible to modify or truncate possible side chains, the complete removal 

of the branching residues is often detrimental to the assembly machinery [102,103]. 

Commercially successful EPS variants produced by the Wzx/Wzy pathway are for 

example xanthan and different sphingans. 
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Figure 2: Schematic overview of the four major biosynthesis pathways for the production of EPS. 
A) Sucrases are bound to the outer membrane or extracellular and cleave di- or oligomeric 
carbohydrate substrates and use the energy for the polymerization of homopolysaccharides. B) In 
the synthase dependent pathway, a polymer is assembled and simultaneously exported by 
membrane-spanning multiprotein complex. Enzymes such as epimerases and sulfotransferases 
can further modify the nascent polysaccharide in the periplasmic space or the extracellular 
environment. Synthase dependent polysaccharides are often regulated by the secondary 
messenger c-di-GMP, which directly interacts with the synthase complex or a co-polymerase. C) In 
the ABC-transporter dependent pathway, intracellular GTs assemble the entire nascent 
polysaccharide at a lipid anchor via a Kdo-linker (red triangle) at the inner membrane, which is 
further secreted towards the cell environment by the concerted action of ABC-transporters and 
OPX-proteins spanning the inner and outer membrane. D) In the Wzx/Wzy pathway, oligomeric 
repeating units of a polysaccharide are assembled at a C55-lipid anchor at the inner membrane 
before being translocated towards the periplasmic space by a Wzx-flippase. Afterwards the Wzy 
protein polymerizes the polysaccharide before secretion. Adapted from Schmid (2018) [65]. Circle 
with pentagon: activated sugar nucleotide, TPR: tetratricopeptide repeat proteins; OPX: outer 
membrane polysaccharide export; PCP: polysaccharide co-polymerase 

Interestingly, the genes encoding the functional elements of the EPS biosynthesis are 

typically found clustered in the genome of the host organism and comprise the genetic 

information of glycosyltransferases, polymerases, export proteins and precursor synthesis 

[104,105]. Due to their importance in other metabolic pathways, often multiple copies of 

genes involved in the synthesis of nucleotide precursors can be found in the genome. 

However, some organisms also encode multiple EPS clusters involved in the biosynthesis 

of different polysaccharides. For example, genome analysis of the plant pathogenic 

Clavibacter michiganensis LMG 26808 revealed four EPS clusters, which play an 

important role in the virulence of these bacteria [106]. Abiotic signals such as the ratio of 

carbon and nitrogen in the cell environment, phosphate concentration or oxygen 

availability are crucial in the transcriptional regulation of the corresponding gene clusters 
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and influence the EPS composition [69]. Bioinformatic tools allow the relatively easy 

identification of novel EPS clusters based on the genomic context and domain annotation 

of genes [107]. However, further biochemical analysis in the wet lab is required to assign 

specific functions to individual genes of a cluster. Particularly the annotation of structurally 

diverse GTs demonstrated to be challenging and often lacks unambiguous experimental 

evidence [108,109]. 
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1.3.2 Engineering of functional polysaccharides  

In order to improve production of bacterial polysaccharides with industrial interest, most 

approaches focus on process optimization to overcome limiting bottlenecks. Common 

strategies aim to improve mass transfer, which is impaired by highly viscous fermentation 

broth or optimizing the media composition to identify ideal conditions for EPS production 

[110]. In addition, metabolic engineering was applied to increase the biosynthesis of 

nucleotide precursors or remove undesired side-products affecting the quality of the 

polymer (e.g. pigments) [54,111]. Recombinant expression of the bio-machinery involved 

in EPS synthesis allowed for efficient production in microbial cell factories [88,112]. 

Particularly for glycosaminoglycans (GAGs), which naturally occur in higher animals, this 

strategy demonstrated a reliant way to produce these polysaccharides for high-value 

pharmaceutical and cosmetic applications [113]. Furthermore, genome engineering was 

used to knock-out GTs and enzymes involved in the chemical decoration of these 

biopolymers [25,66,114]. Consequently, for some well-studied biopolymers, artificial 

variants could be created with modified repeating units, molecular weight and altered 

decoration patterns resulting in a completely different rheological behavior. However, more 

knowledge about fundamental mechanisms of the underlying biosynthesis machinery is 

required for new polysaccharides. With the characterization of new polysaccharides and 

discovery of structure-functional relationship of these biopolymyers, it will be possible to 

expand the portfolio commercially feasible polysaccharides and rationally tailor EPS for 

distinct applications.  

A concise review of the latest achievements in this field is presented in the following 

publication. Abinaya Badri and Christoph Schilling focused on literature research and 

writing of the initial draft. Abinaya Badri focused on glucosaminoglycans and metabolic 

engineering of appropriate production organisms. Christoph Schilling focused on bacterial 

heteroexopolysaccharides and homopolysaccharides, metabolic engineering strategies 

and different production pathways. Christoph Schilling prepared all tables and figures of 

the initial manuscript in close collaboration with Jochen Schmid. Volker Sieber, Mattheos 

Koffas and Jochen Schmid provided scientific advice. All authors contributed to content 

and language of the manuscript.  
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 CRISPR 

Ever since the initial discovery of unusual microbial repeating sequences in 1987 [115,116] 

to the recognition as an adaptive bacterial immune system [117] and the application as a 

tool for the precise cleavage of nucleic acids [118,119], CRISPR (clustered regularly 

interspaced short palindromic repeats) has revolutionized modern biotechnology as we 

know it. Early publications by Mojica and colleagues [116, 118], who were aware of the 

relevance of their discovery, were rejected by prestigious journals such as Nature and 

Proceedings of the National Academics of Science due to the lack of sufficient novelty and 

importance. Despite those early setbacks, to date over 18,000 publications have been 

published using CRISPR derived tools in numerous applications leading to a Nobel price 

in 2020. 

1.4.1. CRISPR/Cas classes and functionality 

In nature, CRISPR-Cas (CRISPR associated protein) systems represent an adaptive 

immune system against phages and other mobile genetic elements such as transposons 

or plasmids [120]. Despite its late discovery, extensive research over the last two decades 

revealed that the anti-viral system is quite common among bacteria as well as archaea. It 

has been described in various forms in approximately 40 % of the sequenced bacterial 

genomes and nearly 80 % of sequenced archaea [121]. Even though evolution has led to 

a high diversity of different CRISPR-systems, the general mode of action remains similar 

(Figure 3). During an initial adaption and immunization phase, short nucleotide sequences 

of an invading species are cleaved and integrated into the name-giving CRISPR locus by 

nearly universal Cas1 and Cas2 proteins [122]. These 20 to 60 nt spacers act as a 

molecular fingerprint of the invading species. Expression of the CRISPR locus results 

either in a large single effector protein or a multiprotein complex that binds its cognate pre-

crRNA. The pre-crRNA is then further processed by the effector module itself or by other 

non-Cas proteins to form a single spacer fused to structural parts of the CRISPR repeats 

[123]. In a next step, the matured crRNA guides the effector protein that also possesses 

nuclease activities to its homologous nucleic acid sequence. Depending on the CRISPR 

system, DNA, RNA or both can be targeted by the effector module [124]. Upon binding, 

the nuclease induces a double strand break, which ultimately destroys the invading nucleic 

acid species [118]. In order to avoid self-cleavage within the CRISPR-array, an additional 

sequence motif outside of the spacer is required. This so called protospacer adjacent motif 

(PAM) is a short, conserved sequence of 2-5 bp and varies between different CRISPR-

Cas systems [118].  
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Figure 3: Overview of the CRISPR adaptive immune system. The acquisition of the immune 
response can be divided into three major phases: A) Adaption: small pieces of foreign DNA are 
cleaved and integrated as a new spacer into the CRISPR array by the universal Cas1 and Cas2 
proteins. B) Processing: pre-crRNA is transcribed and recognized by its cognate Cas effector 
module. Depending on the type of the CRISPR system, this effector can be either a multiprotein 
complex or just a single protein. Typically, further processing of the pre-crRNA is required. C) 
Interference: in case of further invasion of pathogens, the matured crRNA guides the effector 
module to its homologous target site, which then cleaves the foreign nucleic acid in close proximity 
to a protospacer adjacent motif (PAM). 

Due to its natural function as an adaptive immune system, there has been an evolutionary 

arms race between bacteria and phages. Therefore, it should not surprise that also 

bacteriophages and other mobile genetic elements have developed strategies to evade 

CRISPR-Cas systems. Such anti-CRISPR proteins (acr) bind to the Cas effector module 

and prevent interference with the target sequence of the invading phage [125]. This 

evolutionary pressure led to a remarkable diversity of CRISPR-systems that differ in their 

composition of required Cas proteins, target nucleotide sequences, PAMs and architecture 

of the genomic loci and is one of the reasons for its high diversity. One of the major criteria 

in classification is based on the presence of key signature genes and their phylogenetic 

relationship in order to established CRISPR-classes and subtypes [126]. Up to now, there 

are only two categories of CRISPR-systems classified. While both groups encode the 

name-giving CRISPR arrays, in which newly acquired spacers are integrated, class 1 

CRISPR-Cas systems are comprised of a multiprotein effector module that binds to its 

cognate pre-crRNA. After maturation of the pre-crRNA, the crRNA-effector complex binds 



 Introduction 

31 

 

its target nucleic acid sequence and induces cleavages. Contrary, in class 2 CRISPR-Cas 

systems the effector module consists of a single multidomain protein that combines all of 

the functions of the multiprotein complex of class 1 systems. Only type II CRISPR 

nucleases, such as the most commonly used Cas9, additionally require RNase III as a 

non-Cas protein to process the pre-crRNA [119]. The diversity of the characterized 

CRISPR-Cas systems has massively increased since the early discovery by Mojica et al. 

[116]. The current classification distinguishes between two major classes, six types and 

33 subtypes and with ongoing research further sub-categorization is evident (Figure 4) 

[126].  
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Figure 4: Overview of the current classification of CRISPR-Cas systems based on the presence of signature proteins adopted from Makarova et al. (2020) [126]. 
Class 1 systems comprise CRISPR-systems, in which a multiprotein complex binds the pre-crRNA forming the crRNA-effector complex. After processing of the 
crRNA, the effector complex is guided to the target sequence and cleaves the cognate DNA or RNA. Contrary, class 2 only require a single multidomain protein, 
that performs the same actions analogous to the multiprotein complex of class 1. While Cas1 and Cas2 proteins are important for spacer acquisition and are 
universally found within all types of CRISPR-Cas systems, it must be noted that still functional exceptions without both of these proteins have been discovered. 
Multicolored proteins indicate that these Cas proteins possess multiple functional domains in a single peptide chain and contribute to different stages of the immune 
response. DNA/RNA indicates that CRISPR-Cas systems found in the corresponding type have demonstrated to target either DNA or RNA or both. n.d.: not 
determined; RT: reverse transcriptase, SS: small subunit; CARF: CRISPR associated Rossman fold, HEPN: higher eukaryotes and prokaryotes nucleotide-binding 
domain.  
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Cas9 from Streptococcus pyogenes is the most commonly used CRISPR endonuclease 

for genome editing experiments. After expression of the pre-crRNA from the CRISPR-

array, the RNA strand hybridizes with the so-called trans-activating (tracrRNA) and binds 

to the multifunctional Cas9 nuclease. Processing with bacterial RNase III results in the 

formation of mature crRNA that guides the riboprotein complex to its cognate target DNA 

and induces a double strand cleavage 3 bp upstream of the PAM [118,127]. Already in 

the beginning of the research on CRISPR-Cas systems, this process was facilitated by 

the fusion of artificial crRNAs to the tracrRNA forming a stable hairpin after expression 

[119]. Through the expression of this single guide RNA the required processing by 

RNase III, which is often problematic in heterologous hosts, could be circumvented. The 

blunt double strand cleavage of Cas9 is induced by the concerted actions of two 

nuclease domains – RuvC and HNH [128]. 

A different CRISPR system using Cas12a, formerly known as Cpf1, has been gaining 

increasing attention as a genome editing tool over the last years. This endonuclease 

originating from various organisms such as Acidaminococcus sp., Francisella novicida 

or Lachnospiraceae sp. requires neither a tracrRNA nor additional enzymes to process 

its pre-crRNA. Instead, Cas12a matures the pre-crRNA in its own ribonuclease catalytic 

domain resulting in an even simpler system than Cas9 [129]. Due to the self-processing 

ability of the spacers, these type V CRISPR-Cas systems have been particularly useful 

for multiplex genome editing approaches [130]. Leveraging this dual RNase/DNase 

function, the simultaneous perturbation of 25 individual targets was demonstrated in 

mammalian cell lines using a single transcript harboring both, the open reading frame of 

Cas12a and a CRISPR array [131]. Contrary to SpCas9, Cas12a only contains a single 

RuvC nuclease domain that induces a staggered double strand cleavage at the target 

site [132]. Additionally, the PAM motif is significantly different. Cas9 cleaves its target 

DNA 3 bp upstream of the PAM 5’-NGG-3’, while Cas12a recognizes A-T rich sequences 

with the PAM 5’-TTTV-3’ located upstream of spacer sequence [133]. While the required 

PAM is more restrictive for Cas12a endonucleases, it also enables genome editing in 

loci otherwise inaccessible for Cas9. 

1.4.2. Genome Editing 

The major breakthrough of the CRISPR-Cas technology came with its application as a 

highly efficient tool for genome editing. Using SpCas9 and the previously developed 

chimeric single guide RNA (sgRNA) containing the functions of matured crRNA and 

tracrRNA, a very minimalistic two component tool for the precise introduction of double 

strand cleavage was developed [134]. In order to direct the CRISPR nuclease to the 

desired locus, only a 20 bp fragment encoding the crRNA needs to be adapted to the 

sequence of the target site. The high efficiency of genome editing using CRISPR-Cas to 

target specific genes in the genome can be explained by the high activity of the Cas 

nuclease in addition to the mostly lethal effects of the double strand cleavage in the host 
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organism. To evade cell death, endogenous repair mechanisms are activated. 

Consequently, error prone, non-homologous end joining (NHEJ) events occur through 

the blunt ended binding of Ku and LigD, which ultimately leads to variable deletions or 

insertions during the repair process [135]. These 1-10 bp indels typically cause a frame 

shift within the open reading frame and thereby inactivate the gene of interest. Strategies 

abusing the natural NHEJ mechanism are often applied for eukaryotic hosts [136]. 

Alternatively, homology directed repair (HDR) can be used to implement a priori 

designed modifications in the genome by providing tailored donor repair templates with 

homologous flanks to the target site. This strategy has been used to delete complete 

genes or operons in various host organism and also allowed the integration of new genes 

[25,137]. 

In the beginning of CRISPR-Cas research, genome editing methods based on 

homologous recombination were already known. In 1979, HDR methods were 

successfully applied in S. cerevisiae harnessing the effective recombination mechanism 

of these yeast [138]. 15 years later in 1996, zinc finger nucleases were developed, which 

were also capable of double strand cleavage after the concerted binding of two 

endonucleases [139,140]. TALENs (transcription activator-like effector nuclease) 

derived from Xanthomonas sp. represent a very similar system, in which peptide 

sequences can be tailored to specific DNA sequences in order to initiate double strand 

breaks by using the identical nuclease domains as zinc fingers (FokI) [141,142]. 

However, due to the lethal character of the more efficient double strand breaks induced 

by Cas effectors, genome editing using the CRISPR technology does not require the 

integration of additional resistance markers in the repair template to select for the 

successful genome engineering. Furthermore, CRISPR-Cas9 systems can be easily 

programmed by changing the sequence of a short gRNA. In contrast TALENS require 

laborious protein engineering to modify the target binding site. This fact highly 

contributed to the success of CRISPR-Cas9 as it not only accelerated the pace of 

introducing new distinct modifications, but also circumvented possible negative side 

effects of recombinase mediated excision of marker cassettes, which are essential in 

other genome engineering methods [143]. The biggest limitation of CRISPR-Cas 

systems that restricts the number of possible target sites is the requirement for a PAM 

sequence (NGG for SpCas9) in close proximity to the cleavage point. However, there 

have been also substantial efforts to alter the PAM specificities of various CRISPR-Cas 

systems [144,145]. An extreme case is represented by xCas9, an engineered version of 

SpCas9, which recognizes a broad range of PAM sequences including NG, GAA and 

GAT without negatively effecting the DNA specificity or off-target activity [146]. 

Despite the generally high precision and efficiency of Cas9, the nuclease allows for 

single base mismatches within the core region of the gRNA [147]. Particularly in 

eukaryotic cell lines, off-targeting poses a severe problem, in which the cleavage of 
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highly similar sequences causes undesirable indel formations in undesired loci. A 

solution to this problem is provided by SpCas9-nickase. Here, one out of the two 

conserved nuclease functions is inactivated by a distinct point mutation (D10A in RuvC, 

H810A in HNH). While the mutant enzyme as a consequence can only cleave a single 

strand of the DNA helix, two paired gRNAs can be directed to a target site inducing a 

staggered double strand break [148]. As a result, potential off-targets are repaired by the 

highly efficient BER pathway [149] and only on-target binding of the nickase results in 

double strand cleavage leading to the indel formation.  

1.4.3. CRISPRa & CRISPRi 

A further step in the development of the CRISPR-Cas technology was the generation of 

catalytically deactivated variants of Cas nucleases (dCas) with mutated nuclease 

domains (D10A and H810A for SpCas9). Consequently, the effector module is still 

directed by its cognate gRNA to the target site but cannot cleave the DNA. Directing the 

inactive nuclease in the promotor region or the open reading frame of a target gene 

prevents the binding of the corresponding RNA-polymerase or stops the elongation of a 

nascent mRNA [150,151]. In eukaryotes, effects of this so-called CRISPR interference 

(CRISPRi) can be further intensified by fusing effector domains to dCas9. Examples are 

the Mxi1-deacetylase or Krüppel-associated box (KRAB) domain, which modify the 

chromatin structure of the target area leading to an even tighter repression of gene 

expression [152]. Thereby, CRISPRi allows the transcriptional perturbation of gene 

expression without completely deleting the target sequence. 

In addition, gene expression can also be enhanced by transcriptional fusion of the dCas 

effector module to activator domains of transcription factors and locating the riboprotein 

complex upstream of the target promoter. The activator domain facilitates the recruitment 

of the corresponding RNA-polymerase and thereby increases the transcription and 

consequently the expression of the target gene. Particularly in eukaryotes, CRISPR-

activation (CRISPRa) has demonstrated remarkable effects and is used in combination 

with CRISPRi as a tool for large-scale functional screenings in biomedical research [153]. 

Interestingly, to date only two publications established a functional CRISPRa system in 

bacteria that showed a distinct dynamic range of activation output [154,155]. In contrast 

to eukaryotic systems that mainly utilize chromatin restructuring effects of effector 

domains, prokaryotic systems need direct interaction with the corresponding RNA-

polymerase to enhance recruitment. Therefore, the precise distance of the dCas9-

activator complex to its promoter plays a crucial role. Computational analysis of 

previously established tools determined a distance of the effector module of 40-100 bp 

upstream of the target promoter [156]. 
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Figure 5: Overview of the mode of action of CRISPRi (A) and CRISPRa (B) systems A) 
Catalytically inactive Cas9 (dCas) either blocks the binding of the corresponding RNA-polymerase 
holoenzyme or the elongation of the transcription process to knock-down the expression of a gene 
of interest (GOI). B) CRISPRa enhances gene expression by the precise positioning of dCas9 
fused to activator domains (Act) 40-100 bp upstream of the transcription start site to enhance the 
recruitment of the RNA-polymerase and consequently enhance the expression of a target gene. 

Multiplexing approaches, targeting several loci in parallel, are of particular interest for 

metabolic engineering strategies using CRISPRa/i for flux balance optimization [157]. A 

major drawback of many, currently established systems is the use of SpdCas9 as an 

effector module for those applications [158]. Although SpCas9 is historically the most 

well-studied CRISPR-endonuclease, it typically requires the expression of single gRNAs 

from distinct operons. Strategies to overcome this constraint include the expression of 

sgRNA transcripts from multiple plasmids or the co-expression of RNA processing 

enzymes such as RNase III [159] and Csy4 [160,161]. Additionally, flanking of 

consecutive gRNAs by ribozymes or tRNAs enabled the efficient processing of the 

mature gRNA [162,163] from a single transcript. However, these approaches are still 

limited in the number of gRNAs due to cytotoxic side effects [164]. An up-striving 

contender in multiplex CRISPRa/i experiments are Cas12a effector proteins. While the 

DNA cleavage is mediated by a single RuvC domain, these enzymes belonging to the 

CRISPR class 2 type V family also encode a RNase domain which processes transcribed 

spacers of its cognate CRISPR-array [130]. Thereby, both Cas12a and the CRISPR-

array can be encoded in a single transcript allowing multiplex approaches without 

complex cloning efforts or putative negative side effects. While Cas12a from 

Acidaminococcus sp. has demonstrated remarkable CRISPRa results in mammalian cell 

lines [130,144], no comparable system has been established in bacterial hosts yet. 
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1.5. Aims and scope 

The scope of this thesis comprises the metabolic engineering of P. polymyxa DSM 365 

for the production of industrially relevant bulk chemicals. 

On the one hand, P. polymyxa is an avid producer of 2R-3R-BDL with exceptionally high 

enantiomeric purity. While there is already detailed knowledge on the process 

optimization of P. polymyxa to increase productivity, more complex metabolic 

engineering approaches proved difficult due the genetic inaccessibility of this organism. 

Using a previously developed CRISPR-Cas9 toolkit, particularly designed for 

P. polymyxa, the focus was to transfer established engineering strategies from common 

2,3-BDL producing organisms to P. polymyxa. Carbon fluxes of redox-neutral side 

products should be redirected towards butanediol by deletion of the respective pathways. 

Furthermore, bottlenecks within the 2,3-BDL biosynthesis pathway should be overcome 

by overexpression of the respective genes either by genomic integration or episomal 

expression from a compatible plasmid. 

On the other hand, P. polymyxa has demonstrated the production of highly interesting 

exopolysaccharides that can be used in various applications. By combinatorial knock-

outs of functional genes of the paenan biosynthesis cluster, modified EPS variants 

should be generated. The EPS variants must be characterized by a combination of 

analytical methods to establish the monomer composition, linkage pattern and sequence 

in order to elucidate the structure of the wildtype polysaccharide as well as the 

corresponding enzyme function of the knock-out strains. Furthermore, detailed 

rheological analysis is required to propose suitable applications for the different variants. 

In order to accomplish these goals, this work aims to develop new genetic tools to further 

enhance the metabolic engineering of P. polymyxa. Ideally, these tools comprise 

CRISPR-Cas based technology using catalytically inactivated effector modules to knock-

down multiple genes of interest simultaneously. Due to a lack of available prokaryotic 

CRISPRa plasmids, multiplex tools to induce gene expression should be developed. To 

enable transcriptional regulation of organisms other than P. polymyxa DSM 365, these 

new tools should be developed as broad-host range kits. If successful, this CRISPRa/i 

system can be applied for further metabolic engineering approaches of both, 2,3-BDL 

synthesis as well as EPS production and even further targets.  
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2. Materials and Methods 

 Materials 

2.1.1. Equipment 

Table 3: Equipment and devices used in this study 

Device Supplier Model 

1 L bioreactor 
Eppendorf 
(Germany) 

DASGIP SSL 1000 

1 L bioreactor – gas 
analytics 

Eppendorf 
(Germany) 

DASGIP GA4 

2 L bioreactor Sartorius (Germany) Biostat B plus 

10 L bioreactor Sartorius (Germany) Biostat C plus 10 L 

30 L bioreactor Sartorius (Germany) Biostat C plus 30 L 

Autoclave 
Thermo Scientific 
(Germany) 

Varioklav 135S 

Ball mill Retsch (Germany) Mixer Mill MM 400 

Centrifuge 
Thermo Scientific 
(Germany) 

Sorvall Lynx 6000 

Clean bench 
Thermo Scientific 
(Germany) 

MSC Advantage 

Cross flow filtration 
system 

Sartorius (Germany) stedim biotech Sartojet 

Filtration probe 
TRACE analytics 
(Germany) 

0.2 µm probe 

Freezer -20 °C 
Liebherr-Hausgeräte 
(Germany) 

Fv913 

Freezer -80 °C 
Thermo Scientific 
(Germany) 

Forma 906-86 C ULT 

Gas chromatography 
Thermo Scientific 
(Germany) 

Trace GC 2000 with Ultra Trace 

GC - autosampler 
Thermo Scientific 
(Germany) 

TriPlus Autosampler 

GC - column Restek Germany Rxi-5 Sil MS 

GC - mass spectrometer Restek Germany Ultra Trace DSQ II 

Gel electrophoresis 
device 

Bio-Rad (US) Mini-Sub Cell GT 

Heating block VLM (Germany) EC model series 

Incubator Binder (Germany) KBF 240 E5.1/C 

Magnetic stirrer 
Thermo Scientific 
(Germany) 

Variomag Telesystem 

pH-meter 
Mettler Toledo 
(Germany) 

InLab Expert Pro 

Pipettes Brand (Germany) Transferpette 

Portable photometer Amersham (UK) Ultraspec 10 

qPCR cycler Bio-Rad (US) CFX96 
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Device Supplier Model 

Refrigerated Vapor trap 
Thermo Scientific 
(Germany) 

RVT 100 

Rheometer Anton Paar (Austria) MCR3000 

Shaker 
Thermo Scientific 
(Germany) 

MaxiQ 2000 

Spectrophotometer 
Thermo Scientific 
(Germany) 

Multiskan 

Speed mixer 
Hauschild 
(Germany) 

DAC 150 SP 

Table top centrifuge 
Thermo Scientific 
(Germany) 

Hearaeus Fresco 21 

Thermocycler Bio-Rad (US) 
MyCycler 
MJ Mini 

UHPLC  Dionex (Germany) Ultimate 3000RS 

UHPLC - refractive index 
detector 

Shodex (Japan) RI 101 

UHPLC- autosampler  Dionex (Germany) WPS 3000RS 

UHPLC - column 

YMC (Japan) 
Macherey-Nagel 
(Germany) 
Phenomenex (USA) 

Triart Diol (1.9 µm 100 x 2 mm) 
Gravity C18 (1.8 µm 100 x 2 mm) 
Rezex ROA-H+ (300 mm x 7.8 
mm) 

UHPLC - degasser  Dionex (Germany) SRD 3400 

UHPLC - diode array 
detector 

 Dionex (Germany) DAD 3000RS 

UHPLC - high capacity 
iron trap 

Bruker Daltonic 
(Germany) 

HCT 

UHPLC - pump module  Dionex (Germany) HPG 3400RS 

Ultrapure water system  

Vacuum drying oven Binder (Germany) VDL53 

Vortexer 
Scientific industries 
(US) 

Vortex Genie 2 

Water bath Huber (Germany) CC1 
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2.1.2. Chemicals and reagents 

Table 4: Chemicals used in this study and corresponding vendors 

Chemical Supplier Catalog number 

2R,3R-butanediol Acros Organics 217980050 

32 % Ammonium solution Carl Roth P093.1 

ABTS Sigma-Aldrich A1888 

Acetic acid Carl Roth 6755.1 

Acetic anhydride Carl Roth CP28 

acetoin Sigma-Aldrich A17951-50G 

Acetonitrile VWR 83.040.320 

Acetyl chloride TCI A0082 

Agar-Agar, Kobe I Carl Roth 5210.4 

Agarose Biozym 840004 

Ammonium acetate Carl Roth 7869.1 

Ammonium sulfate VWR A1032.5000 

Antifoam B emulsion Sigma-Aldrich MKCG1647 

Biotin Carl Roth 3822 

Boric acid Sigma-Aldrich B7091 

Calcium chloride dihydrate Carl Roth 5239.1 

Chloroform Carl Roth 7331.2 

Cobalt(II) nitrate hexahydrate Sigma-Aldrich 239267 

Copper(II) sulphate pentahydrate Sigma-Aldrich 61245 

DA–64 Wako Chemicals 043-22351 

dATP Promega U1205 

dCTP Promega U1225 

dGTP Promega U1215 

Dimsyl P. Lommes M3RC1 

Dipotassium phosphate Carl Roth P749.3 

Dithiothreitol Carl Roth 6908.2 

dNTP Mix VWR 733-1363 
dTTP Promega U1235 

Ethyl acetate Carl Roth AE69.1 

Ethylenediamine Fluka 3550 

Formic acid Sigma-Aldrich 06440-1L 

Glucose monohydrate Carl Roth 6887.5 

Glycerol Carl Roth 3783.2 

Hydrochloric acid 37 % Carl Roth 4625.2 

Iron(II) sulphate heptahydrate Sigma-Aldrich 31236 

Isopropoanol VWR ACRO423830250 

Lactate Carl Roth 4071.2 

Lithium granular Sigma-Aldrich 499811 

Lithium nitrate Alfa Aesar 13405.3 

Magnesium chloride hexahydrate Carl Roth 2189.1 

Magnesium sulfate heptahydrate Merck 1.058.861.000 

Manganese(II) chloride VWR 1.05927-0100 

MES Carl Roth 4256.3 

meso-butanediol Sigma-Aldrich 361461-10G 

Methanol VWR 83.638.320 

Methyliodine VWR 25.596.154 

Methyl-α-D-fucopyranoside TCI M1051 
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Chemical Supplier Catalog number 

Methyl-α-D-galactopyranoside TCI M1047 

Methyl-α-D-glucopyranoside Alfa Aesar A12484 

Methyl-α-D-mannopyranoside TCI M0368 

Monopotassium phosphate Carl Roth 3904.3 

MOPS Carl Roth 6979.4 

N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride 

Sigma-Aldrich E1769 

NAD+ Carl Roth AE11.2 

Neomycin sulphate Carl Roth 8668 

Phenol VWR 20.599.231 

Phenyl red Alfa Aesar B21710 

Phosphoric acid Carl Roth 6366.1 

PMP Sigma-Aldrich M70800 

Polymyxin B sulphate Carl Roth 0235.1 

Potassium phosphate dibasic Carl Roth P749.3 

Potassium phosphate monobasic Carl Roth 1.04873.1 

Pullulan  Sigma-Aldrich 53168 

Pyridine Sigma-Aldrich 270970 

Quick-Load Purple 2-Log Ladder 
New England 
Biolabs 

N0550L 

Rubidium chloride Alfa Aesar 12892.14 

Serva DNA Stain Clear G Serva 39804.02 

Silver carbonate Sigma-Aldrich 179647-5G 

Silver(I) oxide Alfa Aesar 11407 

Sodium borohydride Sigma-Aldrich 452882 

Sodium chloride Carl Roth P029.3 

Sodium hydrid, 60 % dispersion in oil Alfa Aesar H36490.18 

Sodium hydroxide Carl Roth 6771.2 

Sodium molybdate dihydrate Merck 331058 

Thiamine pyrophosphate Sigma-Aldrich C8754 

Toluene Carl Roth 7346.1 

Trifluoroacetic acid Sigma-Aldrich T6508 

TRIS-HCl Carl Roth 9090.3 

Tryptone from casein Carl Roth 8952.5 

Vitamin solution RPMI 1640 (100x) Sigma-Aldrich R7256 

Yeast extract Carl Roth 2363.5 

Zinc sulphate heptahydrate Merck 1.088.831.000 
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2.1.3. Enzymes and consumables 

Table 5: Enzymes, kits and special consumables used in this study 

Enzyme Supplier Catalog 
number 

Accuzyme BioCat BIO-25028-BL 

Aurum Total RNA extraction Kit BioRad 732-6820 

BbsI New England Biolabs R0539L 

BsaI New England Biolabs R0176L 

DNase VWR A3778.0500 

GeneJET Plasmid Miniprep Kit Thermo Fischer 
Scientific 

10242490 

Glucose oxidase VWR G2133-50KU 

Horseradish Peroxidase Sigma-Aldrich P6782 

iScript cDNA Synthesis Kit BioRad 170-8891 

Lysozyme Sigma-Aldrich 71110-4 

Nucleospin Gel and PCR Clean-up Kit Macherey-Nagel 740.609.250 

Phusion high-fidelity polymerase New England Biolabs M0530L 

Pyruvate oxidase Sigma-Aldrich P4591 

Quick Dephosphorylation Kit Thermo Fischer 
Scientific 

M0508S 

SpeI New England Biolabs R0133L 

SsoAdvanced™ Universal SYBR® Green 
Supermix 

BioRad 
1725270 

T4 ligase New England Biolabs M0202L 

T4 Polynucleotide kinase  New England Biolabs M0201S 

T5 exonuclease New England Biolabs M0363S 

Taq ligase New England Biolabs M0208S 

Taq polymerase New England Biolabs M0267L 

XbaI New England Biolabs R0145S 

 

2.1.4. Plasmids and oligonucleotides 

Plasmids used or constructed in this work are summarized in the table below (Table 6). 

A list of all oligonucleotides and gene fragments can be found in the supplemental 

materials for each manuscript or publication respectively (Chapter 7.1). All 

oligonucleotides were obtained from Eurofins Genomics Germany (Germany). Gene 

fragment synthesis was performed by ATG:biosynthetics (Germany). 
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Table 6: Plasmids used and constructed in this work 

Plasmids Description Reference 

pCasPP P. polymyxa CRISPR-Cas9 genome editing 
plasmid; PsgsE-cas9; Pgapdh-off-target 
gRNA; neo; oriT; repU 

[25] 

pCasPPH_clu1 clu1 targeting knock-out plasmid containing 
repair template 

[25] 

pCasPPH_ldh1 ldh1 targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_spo0A spo0A targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_pfl pfl targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_spoIIE spoIIE targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_sacB sacB targeting knock-out plasmid containing 
repair template 

This study 

pHEiP_Ppbdh constitutive expression of Ppbdh under 
control of Pspac 

This study 

pCasPPH_pepC pepC targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_pepD pepD targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_pepE pepE targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_pepF pepF targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_pepG pepG targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_pepH pepH targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_pepI pepI targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_pepJ pepJ targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_pepK pepK targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_pepL pepL targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_pepQ pepQ targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_pepT pepT targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_pepU pepU targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_pepV pepV targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_epsO epsO targeting knock-out plasmid containing 
repair template 

This study 

pCasPPH_fcl fcl targeting knock-out plasmid containing 
repair template 

This study 
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Plasmids Description Reference 

pCRai PsgsE-Asdcas12a; Pgapdh-off target gRNA; 
neo; oriT, repU 

This study 

pCRaiGFP PsgsE-Asdcas12a; Pgapdh-off target 
gRNA;neo; oriT, repU; PsgsE-sfGFP 

This study 

pCRaiGmR_soxS PsgsE-Asdcas12a-soxS; Pgapdh-off target 
gRNA; neo; oriT, repU; PsgsE_mRFP-US-
PsgsE-sfGFP 

This study 

pCRaiGFP_GltC Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - off target gRNA 

This study 

pCRaiGFP_GltC_a1 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a1 

This study 

pCRaiGFP_GltC_a2 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a2 

This study 

pCRaiGFP_GltC_a3 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a3 

This study 

pCRaiGFP_GltC_a4 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a4 

This study 

pCRaiGFP_sig70 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - off target gRNA 

This study 

pCRaiGFP_sig70_a1 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a1 

This study 

pCRaiGFP_sig70_a2 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a2 

This study 

pCRaiGFP_sig70_a3 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a3 

This study 

pCRaiGFP_sig70_a4 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a4 

This study 

pCRai_GFP_rpoD_a1 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a1 

This study 

pCRai_GFP_rpoD_a2 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a2 

This study 

pCRai_GFP_rpoD_a3 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a3 

This study 

pCRai_GFP_rpoD_a4 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a4 

This study 

pCRai_GFP_rpoD Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - off target gRNA 

This study 

pCRai_GFP_soxS_a1 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a1 

This study 

pCRai_GFP_soxS_a2 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a2 

This study 

pCRai_GFP_soxS_a3 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a3 

This study 

pCRai_GFP_soxS_a4 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a4 

This study 

pCRai_GFP_soxS Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - off target gRNA 

This study 

pCRai_GFP_CRP_a1 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a1 

This study 

pCRai_GFP_CRP_a2 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a2 

This study 



 Materials and Methods 

45 

 

Plasmids Description Reference 

pCRai_GFP_CRP_a3 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a3 

This study 

pCRai_GFP_CRP_a4 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a4 

This study 

pCRai_GFP_CRP Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - off target gRNA 

This study 

pCRaiGFP_soxS_sfGFP
_T1 

Test plasmid for sfGFP repression sgRNA_T1 This study 

pCRaiGFP_soxS_sfGFP
_T2 

Test plasmid for sfGFP repression sgRNA_T2 This study 

pCRaiGFP_soxS_sfGFP
_T3 

Test plasmid for sfGFP repression sgRNA_T3 This study 

pCRai_pepQ_T1 Plasmid for repression of pepQ sgRNA T1 This study 

pCRai_pepCQ_T1 Plasmid for dual repression of pepQ and 
pepC 

This study 

pCRai_soxS_ldhmultibdh
1 

Multiplex knock-down of repression of ldh2, 
ldh3, ldh4 and activation of Pbdh (sgRNA 1) 

This study 

pCRai_soxS_ldhmultibdh
2 

Multiplex knock-down of repression of ldh2, 
ldh3, ldh4 and activation of Pbdh (sgRNA 2) 

This study 

pCRai_soxS_ldhmultibdh
3 

Multiplex knock-down of repression of ldh2, 
ldh3, ldh4 and activation of Pbdh (sgRNA 3) 

This study 

pCRaiGmR_soxS_mT2 PsgsE-mRFP-US-PsgsE_sfGFP expression 
plasmid with gRNA for mRFP repression 
(sgRNA T2) 

This study 

pCRaiGmR_soxS_dualT2 PsgsE-mRFP-US-PsgsE_sfGFP expression 
plasmid with gRNA for mRFP repression 
(sgRNA T2) and GFP activation (sgRNA a1) 

This study 

pCRaiGmR_soxS_GFPa
1 

PsgsE-mRFP-US-PsgsE_sfGFP expression 
plasmid with gRNA and GFP activation 
(sgRNA a1) 

This study 

 

2.1.5. Gibson isothermal assembly master mix 

A reaction master mix by mixing 320 µL 5x isothermal reaction buffer (25 % w/v PEG-

6000, 500 mM Tris-HCl pH 7.5, 50 mM MgCl2, 50 mM DTT, 1 mM dATP, 1 mM dCTP, 

1mM dGTP, 1mM dTTP, 5 mM NAD+) with 0.64 µL T5 exonuclease (10 U µL-1), 20 µL 

Phusion High Fidelity DNA Polymerase (2 U µL-1), 160 µL Taq DNA ligase (40 U µL-1) 

and 699 µL H2O. Afterwards, 30 µL aliquots were stored at -20 °C and thawed on ice 

when required.  
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2.1.6. Software 

Table 7: Software, tools and databases used in this study 

Product Supplier Application 

Basic Local Alignment 
Search Tool (BLAST) 

National Center for 
Biotechnology Information 
(NCBI) (US) 

DNA/Protein alignments 

Carbohydrate 
Structure Database 

see reference [165] 
Database for carbohydrate 
structures and visualization 

CAZy see reference [109] 
Database of carbohydrate 
active enzymes 

Chemdraw 
Professional v.17.1 

Perkin Elmer (US) Visualization 

Chromeleon v.6.80 Dionex (US) HPLC UV/RI data analysis 

CRISPR Guide RNA 
Design Tool 

Benchling (US) gRNA design 

DataAnalysis v.4.0 Bruker Daltonics (Germany) MS-Data analysis 

GIMP v.2.10.18 GIMP Visualization 

Magellan v.6.6 Tecan (Switzerland) Photometer analysis 

MS Office 2016 Microsoft Corporation (US) 
Text processing, data 
analysis, visualization 

NUPACK see reference [166] In silico DNA analysis 

OligoAnalyzer 
Integrated DNA Technologies 
(IDT) (US) 

In silico oligonucleotide 
analysis 

PRISM GraphPad v.7 GraphPad Software Visualization 

PSS WinGPC 
UniChrom v.8.1 

PSS Polymer Standards 
Service (Germany) 

GPC Data analysis 

QuantAnalysis v.2.0 Bruker Daltonics (Germany) MS-Data analysis 

Rheoplus v.3.61 Anton Paar (Austria) Rheometry 

SnapGene 2.3.2 GSL Biotech (US) 
In silico DNA analysis and 
visualization 

Xcalibur v.4.0 Thermo Scientific (US) GC analysis 

Zotero v.5 
Corporation of Digital 
Scholarship (US) 

Citation 
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2.1.7. Bacterial Strains 

Table 8: Bacterial strains and genotypes of strains used in this study 

Bacterial Strains Genotype Reference 

E. coli S17-1 
Conjugation strain; recA pro hsdR 
RP42 Tc::Mu-Km::Tn7 integrated 
into the chromosome 

ATCC 
47055 

P. polymyxa DSM 365 wild type DSMZ 

P. polymyxa DSM 365 cas9 DSM 365 espI::Psgse-cas9 This study 

P. polymyxa DSM 365 Δclu1 DSM 365 Δclu1 [25] 

P. polymyxa DSM 365 ΔsacB DSM 365 ΔsacB This study 

P. polymyxa DSM 365 Δclu1 
ΔsacB 

DSM 365 Δclu1 ΔsacB This study 

P. polymyxa DSM 365 Δldh1 DSM 365 Δldh1 This study 

P. polymyxa DSM 365 Δpfl DSM 365 Δpfl This study 

P. polymyxa DSM 365 Δspo0A DSM 365 Δspo0A This study 

P. polymyxa DSM 365 ΔspoIIE DSM 365 ΔspoIIE This study 

P. polymyxa DSM 365 Δldh1 
pHEiP_Ppbdh 

DSM 365 Δldh1 pHEiP_Ppbdh This study 

P. polymyxa DSM 365 ΔpepC DSM 365 ΔpepC This study 

P. polymyxa DSM 365 ΔpepD DSM 365 ΔpepD This study 

P. polymyxa DSM 365 ΔpepE DSM 365 ΔpepE This study 

P. polymyxa DSM 365 ΔpepF DSM 365 ΔpepF [25] 

P. polymyxa DSM 365 ΔpepG DSM 365 ΔpepG This study 

P. polymyxa DSM 365 ΔpepH DSM 365 ΔpepH This study 

P. polymyxa DSM 365 ΔpepI DSM 365 ΔpepI This study 

P. polymyxa DSM 365 ΔpepJ DSM 365 ΔpepJ [25] 

P. polymyxa DSM 365 ΔpepK DSM 365 ΔpepK This study 

P. polymyxa DSM 365 ΔpepL DSM 365 ΔpepL This study 

P. polymyxa DSM 365 ΔpepQ DSM 365 ΔpepQ This study 

P. polymyxa DSM 365 ΔpepT DSM 365 ΔpepT This study 

P. polymyxa DSM 365 ΔpepU DSM 365 ΔpepU This study 

P. polymyxa DSM 365 ΔpepV DSM 365 ΔpepV This study 

P. polymyxa DSM 365 ΔpepCQ DSM 365 ΔpepC ΔpepQ This study 

P. polymyxa DSM 365 ΔpepCQ 
ΔsacB 

DSM 365 ΔpepC ΔpepQ ΔsacB This study 

P. polymyxa DSM 365 ΔpepCF DSM 365 ΔpepC ΔpepF This study 

P. polymyxa DSM 365 ΔpepDJ DSM 365 ΔpepD ΔpepJ This study 

P. polymyxa DSM 365 ΔpepEI DSM 365 ΔpepE ΔpepI This study 

P. polymyxa DSM 365 ΔpepETUV 
DSM 365 ΔpepE ΔpepT ΔpepU 
ΔpepV 

This study 

P. polymyxa DSM 365 ΔpepFJ DSM 365 ΔpepF ΔpepJ This study 

P. polymyxa DSM 365 ΔpepQF DSM 365 ΔpepQ ΔpepF This study 

P. polymyxa DSM 365 ΔpepTL DSM 365 ΔpepT ΔpepL This study 

P. polymyxa DSM 365 ΔpepUL DSM 365 ΔpepU ΔpepL This study 

P. polymyxa DSM 365 ΔpepLJ DSM 365 ΔpepJ ΔpepL This study 

P. polymyxa DSM 365 ΔpepVJ DSM 365 ΔpepV ΔpepJ This study 
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Bacterial Strains Genotype Reference 

P. polymyxa DSM 365 ΔpepQTUV 
DSM 365 ΔpepQ ΔpepT ΔpepU 
ΔpepV 

This study 

P. polymyxa DSM 365 ΔpepTUV DSM 365 ΔpepT ΔpepU ΔpepV This study 

P. polymyxa DSM 365 ΔpepITUV 
DSM 365 ΔpepI ΔpepT ΔpepU 
ΔpepV 

This study 

P. polymyxa DSM 365 ΔpepKTUV 
DSM 365 ΔpepK ΔpepT ΔpepU 
ΔpepV 

This study 

P. polymyxa DSM 365 ΔpepLTUV 
DSM 365 ΔpepL ΔpepT ΔpepU 
ΔpepV 

This study 

P. polymyxa DSM 365 ΔepsO DSM 365 ΔepsO This study 

P. polymyxa DSM 365 Δfcl DSM 365 Δfcl This study 

 

In addition to the strains listed above, each plasmid listed in Table 6 was used for the 

transformation of E. coli S17-1 as well as for the conjugational transformation of 

P. polymyxa DSM 365.  

 Media and Buffer 

2.2.1. Media preparation 

All growth media were sterilized by autoclaving at 121 °C for 20 min. Glucose was 

sterilized separately to avoid Maillard reactions. Vitamin solution, trace element solution 

and antibiotics were filter-sterilized and added to the medium after autoclaving. 50 µg 

mL-1 neomycin and 20 µg mL-1 polymyxin B were added as selection markers if required.  

2.2.2. General cultivation medium 

General cloning procedures were performed using lysogeny broth (LB) medium 

containing 10 g L-1 tryptone, 5 g L-1 yeast extract and 10 g L-1 sodium chloride. To prepare 

agar plates, 20 g L-1 agar-agar was added. For the conjugational transformation of 

P. polymyxa DSM 365 50 mM calcium chloride dihydrate were added to all media.  

2.2.3. Butanediol fermentation media 

Medium composition was adapted from a previous study by Okonkwo et al. (2017) [38]. 

Pre-culture medium containing 60 g L-1 glucose, 5 g L-1 yeast extract, 5 g L-1 tryptone, 

0.2 g L-1 magnesium sulfate heptahydrate, 3.5 g L-1 potassium dihydrogen phosphate 

and 2.5 g L-1 dipotassium phosphate. Fermentation medium components were 

autoclaved separately and contained 120 g L-1 glucose, 7 g L-1 glycerol, 5 g L-1 yeast 

extract, 3.5 g L-1 tryptone, 0.2 g L-1 magnesium sulfate heptahydrate, 3.5 g L-1 potassium 

dihydrogen phosphate, 2.5 g L-1 dipotassium phosphate, 5 g L-1 ammonium acetate, 

4 g L-1 ammonium sulfate. After autoclaving, 3 mL L-1 of sterile filtered trace elements per 

liter of medium were added. 
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2.2.4. EPS fermentation media 

Preculture medium contained 10 g L-1 glucose, 0.05 g L-1 calcium chloride dihydrate, 5 g 

L-1 tryptone, 1.33 g L-1 magnesium sulfate heptahydrate, 1.67 g L-1 potassium dihydrogen 

phosphate, 2 mL L-1 RPMI 1640 vitamins solution (Merk, Germany) and 1 mL L−1 trace 

elements solution. 20 g L-1 MOPS (3-N-morpholino propanesulfonic acid) were used to 

buffer the medium to pH 7. Fermentation medium was prepared equal to the preculture 

medium with an increased glucose concentration of 30 g L-1 and exclusion of MOPS.  

2.2.5. Trace element solution 

Trace element solution contained 2.5 g L-1 iron sulfate heptahydrate, 2.1 g L−1 sodium 

tartrate dihydrate, 1.8 g L−1 manganese chloride dihydrate, 0.075 g L−1 cobalt chloride 

hexahydrate, 0.031 g L−1 copper sulfate pentahydrate, 0.258 g L−1 boric acid, 0.023 g L−1 

sodium molybdate dihydrate and 0.021 g L−1 zinc chloride. Trace element solution was 

filter-sterilized and added to the indicated media after cooling down to room temperature.  

 Microbiological methods 

2.3.1. Strain storage and cultivation 

Strains were stored at -80 °C in cryo tubes by mixing 900 µL of an overnight culture of 

the bacterial strain in LB – medium with the corresponding antibiotic and 900 µL 60 % 

(w/w) glycerol solution. For reactivation of strains, cells were spread on the 

corresponding agar plate from the frozen cryo culture and incubated at 37 °C for E. coli 

and 30 °C for P. polymyxa DSM 365. Liquid cultures were inoculated with single colonies 

from the agar plates. Depending on the size of the required liquid cultures, cultivation 

conditions were adjusted. For small scale, 3 mL medium in 12 mL single-use plastic 

tubes were inoculated and incubated at 300 rpm. Baffled shaking flasks filled with 20 % 

medium were sealed with aluminum caps and incubated at 160 rpm. 

2.3.2. Chemically competent E. coli cells 

An overnight pre-culture of E. coli was used for the inoculation of 100 mL LB-medium in 

a baffled shaking flask to an initial OD600 of 0.1. Cells were grown until mid-log phase 

(OD600 0.5-0.6) at 37 °C, 280 rpm. Cells were pelleted by centrifugation (3,500 g, 15 min, 

4 °C) and afterwards reconstituted in 50 mL pre-cooled 50 mM CaCl2 and incubated on 

ice for 60 min. Cells were centrifuged again (3,500 g, 15 min, 4 °C), resuspended in 

10 mL 50 mM CaCl2 solution containing 15 % (v/v) glycerol and incubated on ice for 60 

min. 100 µL aliquots were transferred to sterile 1.5 mL reaction tubes, frozen with liquid 

nitrogen and stored at -80 °C.  

2.3.3. Conjugation 

P. polymyxa was transformed by conjugation using E. coli S17-1 harboring the target 

plasmids. Overnight cultures of donor and recipient strains were diluted 1:100 with 
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selective or non-selective LB media supplemented with 50 mM CaCl2 and cultivated at 

37 °C for 3 h, 280 rpm. 900 µL of the recipient culture was heat shocked at 42 °C for 15 

min and mixed with 300 µL of the donor strain. Cells were centrifuged at 6,000 g for 

2 min, resuspended in 400 µL LB media and dropped on non-selective LB agar plates. 

After 24 h of incubation at 30 °C, cells were scrapped off, resuspended in 500 µL LB-

broth and 100 µL thereof were plated on selective LB-agar containing 50 µg mL-1 

neomycin and 20 µg mL-1 polymyxin for counter selection. P. polymyxa conjugants were 

analyzed for successful transformation after 48 h incubation at 30 °C by cPCR. 

Confirmed knock out strains were plasmid cured by cultivation in LB broth at 37 °C 

without antibiotic selection pressure and subsequent replica plating on LB agar plates 

both with and without neomycin. Strains that did not grow on plates with selection marker 

were verified by sequencing of the target region and used for further experiments.  

2.3.4. Sporulation assay 

Five mL of LB medium were inoculated with 1 % preculture of the respective P. polymyxa 

strain and incubated at 37 °C, 300 rpm for 4 days. 500 µL of the culture broth were 

transferred to 1.5 mL reaction tubes and incubated at 85 °C in a water bath. Serial 

dilutions were afterwards plated on LB-agar plates and incubated at 30 °C for two days 

in order to determine the colony forming units (cfu). 

 Molecular biology 

2.4.1. Oligonucleotide phosphorylation and annealing 

1 µL of each oligonucleotide (100 µM) containing overhangs for Golden Gate assembly 

was mixed with 1 µL T4 ligase buffer, 1 µL polynucleotide kinase and 6 µL H2O. The 

reaction mix was incubated at 37 °C for 30 min and afterwards heat inactivated at 95 °C 

for 5 min. Thereafter, the temperature was slowly decreased to 25 °C with a ramp of 

0.5 °C every 6 seconds. Annealed oligonucleotides were diluted with 990 µL H2O before 

utilization in Golden Gate assemblies. 

2.4.2. Golden Gate assembly 

For Golden Gate assembly, 0.75 µL BbsI, 0.25 µL T7-ligase, 1 µL 10x CutSmart Buffer, 

1 µl 10 mM ATP, 1 µL 10 mM DTT, 100 ng plasmid backbone and 1 µL annealed gRNA 

oligos were mixed and filled with H2O to a final volume of 10 µL. For assembly, the 

mixture was subjected to 20 cycles of heating to 37 °C for 5 min and afterwards 

incubating at 20 °C for 5 min. After heat inactivation for 20 min at 80 °C, the sample was 

cooled down to 12 °C. All of the reaction mix was used for the transformation of 

chemically competent E. coli cells without further purification. 

2.4.3. Restriction cloning 

For conventional restriction cloning, 3 µg of purified DNA fragments or plasmids were 
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digested using 1 µL restriction endonuclease and the appropriate buffer provided by the 

manufacturer for 30 min at 37 °C. For inserts, 1 µL Quick CIP were added to the reaction 

mix and incubated for additional 10 min at 37 °C. Digested products of the correct size 

were recovered after agarose gel electrophoresis (1 % (w/v) agarose, 1x TAE buffer, 

120 V, 25 min) using the Nucleospin Gel and PCR Clean-up Kit according to the 

manufacturer’s instructions. Digested plasmid and insert with complementary sticky 

overhangs were mixed in a 1:3 molar ratio and ligated overnight at 16 °C. After heat 

inactivation at 80 °C for 20 min, the reaction mix was used for the transformation of 

chemically competent E. coli cells.  

2.4.4. Gibson assembly 

Equimolar amount of each DNA fragment (minimum 50 ng) containing 20-30 bp 

overhangs were mixed with an equal volume of the 2 x Gibson master mix. For cloning 

of smaller fragments, a threefold excess of the insert was used. For assembly of complex 

constructs using four or more DNA fragments, overhangs were further analyzed using 

the NUPACK tool to avoid hairpin formation of single stranded DNA overhangs at 50 °C 

[166]. Isothermal cloning via Gibson assembly was performed at 50 °C for 60 min in a 

heating block or thermocycler. After cooling down to 4 °C, all of the reaction mix was 

used for the transformation of chemically competent E. coli cells without further 

purification. 

2.4.5. CRISPR-Cas9 mediated genome editing 

All gene knock-outs were performed as previously described by Rütering et al. (2017) 

[25]. In brief, gRNAs for the targeted genome regions were designed using Benchling 

CRISPR Design Tool. For each target, a minimum of two gRNAs were designed typically 

targeting distinct regions of the open reading frame of the target gene. Oligonucleotides 

were phosphorylated, annealed and cloned into pCasPP by Golden Gate assembly. 

Approximately 1 kB up- and downstream homology flanks for each targeted nucleotide 

sequence were amplified from genomic DNA of P. polymyxa DSM 365 using Phusion 

Polymerase according to the manufacturer’s instructions and fused by overlap extension 

PCR via a 20 bp overlap. Homology flanks were cloned into pCasPP via Gibson 

assembly or molecular cloning after linearization by use of SpeI. For integration of new 

DNA After transformation of E. coli NEB Turbo, clones were analyzed for correct 

construct assembly by colony PCR (cPCR) and sequencing of the amplicons. Finally, 

correct constructs were transferred to chemical competent E. coli S17-1 cells for the 

following conjugational transformation of P. polymyxa.  
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 Fermentation 

2.5.1. Butanediol fermentation 

2.5.1.1. Batch fermentation 

Batch fermentations were conducted in 1 L DASGIP bioreactors (Eppendorf, Germany) 

with an initial volume of 550 mL. A single colony from a freshly streaked plate was used 

to inoculate 100 mL pre-culture medium by following incubation for 16 h at 30 °C, 160 

rpm. 50 mL of this cultivation broth (diluted with pre-culture medium if necessary) were 

used to inoculate the bioreactor by an initial OD600 of 0.1. Fermentation was performed 

at 35 °C and constant aeration of 0.075 vvm. The stirrer was equipped with a 6-plate-

rushton impeller placed 4 cm from the bottom of the shaft and constantly stirring at 300 

rpm. The pH value was maintained at 6.0 and automatically adjusted with 2 M NaOH or 

1.35 M H3PO4 as required. Foam control was performed using 1 % of antifoam B (Merck, 

Germany). For monitoring the process parameters, reactors were equipped with redox 

and pH probes. Oxygen transfer rate (OTR) and carbon dioxide production rate (CPR) 

were determined by online off-gas measurements by a DASGIP GA4 exhaust gas 

analyzer (Eppendorf, Germany). Under the assumption of pseudo-steady state and 

oxygen limited conditions, in which liquid gas concentrations are close to zero, the 

oxygen uptake rate (OUR) can be assumed as followed (Eq. 1): 

𝑂𝑈𝑅 = 𝑂𝑇𝑅 −
𝑡𝑐𝐿

𝑡𝑑
≙ 𝑂𝑇𝑅 (1) 

Respiratory quotient (RQ) was calculated based on OUR and CPR (Eq. 2): 

𝑅𝑄 =
𝐶𝑃𝑅

𝑂𝑈𝑅
 (2) 

2.5.1.2. Continous fermentation 

Continuous fermentations were performed in 2 L reactors (Sartorius Biostat B plus, 

Sartorius AG, Germany) with a constant volume of 1.5 L. Aeration, agitation and 

temperature parameters were kept identical to the previously described batch 

fermentation. The pH value was maintained at 6.0 and automatically adjusted with 2 M 

NaOH or 1.35 M H3PO4 as required. For monitoring the process parameters, reactors 

were equipped with redox and pH probes. Foam control was performed using 1 % of 

antifoam B. Two 6-plate-rushton impellers were placed 3 cm and 6 cm from the bottom 

respectively. Continuous flow started 24 h after inoculation with a constant dilution of 

0.042 h-1 and fermentation medium containing 46.2 g L-1 of glucose. Cell retention was 

guaranteed by use of a 0.2 µm filtration probe (TRACE analytics, Germany). Steady-

state was assumed when product concentrations remained constant for at least 24 h.  
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2.5.2. EPS fermentation 

Fermentative production of EPS was performed in bioreactors of variable scale. Small 

scale fermentation was performed in a 1 L benchtop DASGIP parallel bioreactor systems 

(Eppendorf, Germany) with a working volume of 500 mL equipped with a 6-blade 

Rushton impeller (2.5 cm from the bottom of the stirrer) over 28 h with a controlled pH of 

6.8 and pO2 saturation of 30 %. Aeration cascade was initially controlled by increasing 

stirring speed starting from 200 rpm to 600 rpm. Afterwards, gas flow was automatically 

increased starting from an initial rate of 2 L h-1 increasing to 10 L h-1. Foam control was 

performed by the automatic addition of 1 % antifoam B.  Medium scale fermentations 

were performed in 2 L Sartorius Biostat 2 reactor systems with a working volume of 1 L. 

The stirrer was equipped with two Rushton impellers (0.5 cm and 3.5 cm from the bottom 

respectively). Gas flow was adjusted to a 0.3 L min-1- 1.5 L min-1 for the aeration cascade. 

Batch cultivations were started with an initial OD600 of 0.1 by inoculation with an 

appropriate volume of preculture. Cultivation were terminated after 26-30 h after 

depletion of glucose.  

2.5.3. EPS downstream processing 

After fermentation, biomass was separated by centrifugation (15,000 g, 20 °C, 20 min) 

followed by cross-flow filtration of the supernatant using 100 kDa filtration cassette 

(Hydrosart, Sartorius AG, Germany). Highly viscous EPS variants were diluted 1:10 with 

H2O prior to centrifugation. Crossflow filtration was typically performed until the initial 

volume of the fermentation broth was reached or until the pressure of the cross-flow 

system was too high. Concentrated supernatant was afterwards slowly poured into two 

volumes of isopropanol. Precipitated EPS was collected with a spatula and dried for 24 

h in a VDL53 vacuum oven at 40 °C (Binder, Germany). Dry weight of the obtained EPS 

was determined gravimetrically, before milling to a fine powder in a ball mill at 30 Hz for 

1 min (Mixer Mill MM400, Retsch GmbH, Germany). 

 Analytical methods 

2.6.1. Cell growth 

Cell growth was determined by measuring optical density at 600 nm (OD600) using a 

Ultraspec 10 spectrophotometer (Amersham Biosciences, UK). For cell dry weight 

(CDW) determination, 1 mL of fermentation broth was centrifuged at 24,000 g for 5 min. 

The remaining cell pellet was dried over night at 105 °C and the weight determined 

gravimetrically. Living cell count was determined by serial dilutions of the fermentation 

broth with 0.9 % NaCl and appropriate plating on LB-agar plates. Colony forming units 

(cfu) were determined after 48 h of incubation at 30 °C. 
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2.6.2. Photometric fluorescence assay 

For fluorescence experiments, 3 mL of EPS medium supplemented with 50 µg mL-1 

neomycin was inoculated with a single colony of the respective strains and grown 

overnight at 30 °C, 200 rpm. After 18 h, each strain was sub-cultured 1:100 in 3 mL 

selective EPS medium and grown for 24 h at 30 °C, 200 rpm. After 24 h, 100 µL were 

transferred to a 96 well microtiter plate and OD600, GFP fluorescence (Ex. 488 nm Em. 

515 nm) and mRFP fluorescence (Ex. 560 nm Em. 600 nm) measured in a Ultraspec 10 

spectrophotometer (Amersham Biosciences, UK). Fluorescence values were normalized 

to OD600 in all experiments. 

2.6.3. Quantitative RT-PCR 

RNA extraction of positive samples of the GFP fluorescence assay as well as butanediol 

fermentation processes was performed using the Aurum Total RNA Mini Kit (BioRad, 

USA) according to the manufacturer’s instructions. cDNA synthesis was conducted using 

iScript reverse transcriptase (BioRad, USA) according to the manufacturer’s instructions 

using 1 µg total RNA template. qPCR reactions were performed in triplicates on a CFX-

96 thermocycler using SsoAdvanced Universal SYBR Green Supermix (BioRad, USA) 

according to the manufacturer’s instructions using 5 ng of cDNA as a template in 10 µL 

reaction volume. Negative controls without reverse transcriptase during cDNA synthesis 

were used in order to evaluate the absence of gDNA contaminations. Relative gene 

expression levels were calculated using the ΔΔCq method [167] using gyrA as a 

reference gene. After qPCR, a melting curve analysis was performed to confirm the 

presence of a single PCR product for each target. Designed primers were analyzed by 

the OligoAnalyzer Tool (IDT, USA) to avoid hairpin formation and self- and hetero dimer 

formation with free energy values more than 10 kcal mol-1.  

2.6.4. Carbohydrate fingerprint 

Monomer composition of engineered EPS variants were analyzed by the 1-phenyl-3-

methyl-5-pyrazolone-high throughput method (HT-PMP) [168]. In short, 0.1 % EPS 

solutions were hydrolyzed in a 96 well plate, sealed with a rubber mat and further covered 

by a custom-made metal device with 2 M TFA (90 min, 121 °C). Samples were 

neutralized with 3.2 % NH4OH. 75 µL of PMP master mix (0.1 M methanolic PMP:0.4 % 

ammonium hydroxide 2:1) were added to 25 µL of neutralized hydrolysate and incubated 

at 70 °C for 100 min in a thermal cycler. 20 µL of derivatized samples were mixed with 

130 µL of a 1:26 dilution of 0.5 M acetic acid and filtered with a 0.2 µm filter plate (1000 g, 

2 min) followed by HPLC-UV-MS using an Ultimate 3000 RS HPLC system (Dionex, 

USA). Separation was performed on a reverse phase column (Gravity C18, 100 x 2 mm, 

1.8 µm particle size, Macherey-Nagel, USA) set to 50 °C. Gradient elution was performed 

using a mobile phase A (5 mM ammonium acetate adjusted to pH 5.6 with 15 % 

acetonitrile) and mobile phase B (100 % acetonitrile) with a constant pump rate of 
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0.6 mL min-1. 

2.6.5. Partial hydrolysis of EPS samples 

Analysis of partially hydrolyzed EPS samples was performed as described for 

carbohydrate fingerprinting (2.6.4). Differently, hydrolysis was performed at 90 °C for 105 

min. After PMP derivatization, 25 µL 0.5 M acetic acid, 125 µL dH2O and 500 µL 

acetonitrile were added to the reaction mix to quench the derivatization process and 

precipitate non-hydrolyzed polymer. Precipitate was collected by centrifugation 

(24,000 g, 5 min) and the obtained supernatant transferred to HPLC-vials. HPLC-UV-MS 

analysis was performed using a YMC-Triart Diol-HILIC column (100 x 2 mm, 1.9 µm 

particle size). Column temperature was set to 7 °C and a constant flow of 0.3 mL min -1 

5 mM ammonium-acetate (pH 5.6) with 15 % acetonitrile was applied.  

2.6.6. Pyruvate assay 

Pyruvate concentration was determined enzymatically of 1 g L-1 solutions of native and 

hydrolyzed EPS solutions. 100 µL of 1:10 diluted sample were mixed with 100 µL assay 

master mix (50 µM DA-64, 50 µM thiamine pyrophosphate, 100 µM MgCl2 x 6 H2O, 

0.05 U mL-1 pyruvate oxidase, 0.2 U mL-1 horseradish peroxidase, 20 mM potassium 

phosphate buffer adjusted to pH 6.0) in 96 well microtiter plates and incubated at 37 °C, 

700 rpm for 30 min. Quantification was performed by photometrical measurement of the 

color change at 727 nm and subtraction of the background signal at 540 nm. For the 

calibration curve, standards ranging from 0.5-100 µM pyruvate were used for each 

measurement. 

2.6.7. Glucose assay 

For the glucose assay, supernatant of fermentation broth or EPS solutions was diluted 

with H2O to be within the calibration range of a glucose standard (2.5 µM – 500 µM). 

50 µL sample or standard were mixed with 50 µL assay master mix (40 mM potassium 

phosphate buffer adjusted to pH 6.0, 1.5 mM ABTS, 0.4 U glucose oxidase, 0.02 U 

horseradish peroxidase) in a 96-well plate. The plate was sealed with a silicon cap mat 

and incubated on a microplate shaker (800 rpm, 30 °C, 30 min). Afterwards, glucose 

concentration was determined photometrically by measuring extinction at 418 nm and 

subtracting the background signal at 480 nm. Each sample was measured in technical 

triplicates.  

2.6.8. Total carbohydrate analysis 

Total carbohydrate content was determined with the phenol-sulphuric acid method. 

20 µL of sample or standard solution (0.05 g L-1 – 5 g L-1) were mixed with 180 µL assay 

mix (5 % (w/v) phenol solution in dH2O and pre-cooled 96 % sulfuric acid in a 1:6 ratio) 

in a 96-well plate. The plate was covered with a plastic lid, incubated on a microplate 

shaker (800 rpm, RT, 5 min) and afterwards transferred to an incubation oven (80 °C, 

35 min). Extinction was measured at 480 nm to calculate the total carbohydrate 
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concentration as glucose equivalents. Each sample was measured in technical 

triplicates.  

2.6.9. Selective degradation of glycosyluronic acids 

For glycosyluronic acid degradation 75 mg of polymer were dissolved in 10 mL 

anhydrous ethylenediamine. Lithium scrapes were added until a deep blue color was 

obtained and kept in this state for 1.5 h. The reaction was stopped by cooling down the 

solution in an ice bath and addition of 5 mL dH2O. The solution was co-distilled with 

toluene until dryness. The polymer was reconstituted in 5 mL dH2O and adjusted to a pH 

of 6 with 4 M TFA. Samples were then derivatized with PMP and analyzed as described 

above.  

2.6.10.  Methylation analysis of carbohydrate polymers 

Linkage analysis was performed according to the Hakomori procedure [169]. Briefly, 

1 mg polymer was lyophilized overnight and reconstituted in 250 µL anhydrous DMSO 

by stirring. The polyanion of the polymer was formed by the addition of 500 µL 2 M dimsyl 

sodium, stirring overnight. After freezing the sample, 250 µL methyl iodine were added 

and incubated for 1 h. Residual methyl iodine was blown off and the methylated polymer 

recovered by MeOH/CHCl3 extraction. Polymer hydrolysis was performed using 2 M TFA 

(121 °C 2 h), reduced with 0.25 M NaH4B (25 °C, 1 h) and acetylated (250 µL acetic 

anhydride, 250 µL pyridine, 100 °C, 20 min). Partially methylated aldidol acetates were 

extracted with ethyl acetate and used for GC-MS analysis. For analysis of uronic acids, 

polymer samples were reduced prior to methylation analysis. 2 g L-1 polymer solutions 

were incubated in 156 mM N-ethyl-N-(3-dimethylaminopropyl)-carbodiimide 

hydrochloride at pH 4.75 for 1.5 h and reduced with 1 mM NaHB4 for 1 h, followed by pH 

neutralization and dialysis of the samples. For GC analysis, a Rxi-5 Sil MS column (30 m, 

0.25 mm ID, df 0.25 µm) column was used with a constant helium flow of 0.3 mL min -1. 

Initial temperature was set to 120 °C and increased with a heat ramp of 7.5 °C min-1 to 

180 °C, held constant for five minutes and afterwards further ramped up to 230 °C. 

Internal references to determine the retention times of partially methylated glycoside 

were obtained via Purdie-Irvine methylation of methyl-glycosides by removing samples 

of the incremental per-methylation every 3 h for a time periode of 12 h [170,171].  

2.6.11.  NMR analysis 

The EPS was dissolved in ddH2O and degraded using mechanical shearing by ten cycles 

on a Star Burst Mini (Wet Jet HJP-25001 CE, Sugino Machine Ltd., Uozu, Japan) and 

the water was afterwards removed by freeze-drying. To remove remaining protein 

material the EPS was redissolved in ddH2O (~2% w/v solution), heated to 95 °C for 

10 mins, centrifuged, and the supernant was transferred to a new tube and dried again 

by freeze-drying. From this sample, 10 mg of EPS was redissolved in 600 µL of 

deuterated water (99.9% D2O, Sigma Aldrich) transferred to 5 mm NMR tube (Bruker, 
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LabScape Stream 103.5 mm length). All homo- and heteronuclear experiments were 

acquired at a temperature of 273.1 K on a Bruker AV-IIIHD 800 MHz spectrometer 

(Bruker BioSpin AG, Fälladen, Switzerland) equipped with a 5 mm cryogenic CP-TCI z-

gradient probe. The following experiments were collected: 1D proton, 1H-13C 

heteronuclear single quantum coherence (HSQC) with multiplicity editing, 1H-13C 

heteronuclear two bond correlation (H2BC) spectroscopy, 1H-13C heteronuclear 

multiple bond coherence (HMBC) with suppression of one-bond correlations, and 1H-1H 

double quantum filtered correlation spectroscopy (DQF-COSY). The spectra were 

recorded, processed, and analyzed using the TopSpin 3.5 or 4.0.1 software (Bruker 

BioSpin AG). 

2.6.12.  HPLC analysis of organic acids and alcohols 

For butanediol cultivations organic acids, alcohols and glucose were determined via a 

HPLC-UV-RID system (Dionex, USA) equipped with Rezex ROA-H+ organic acid column 

(300 mm x 7.8 mm Phenomenex, USA). Column temperature was set to 70 °C and 

2.5 mM H2SO4 was used as the mobile phase with a flow rate of 0.5 mL min-1. Lactate 

and formate were measured via a photodiode array detector. Glucose and all other 

products were quantified using a refractive index detector. 

2.6.13.  Rheology 

For rheological analysis, 1 % (w/w) solutions of each polymer were prepared in ddH2O 

and 0.5% NaCl (85 mM) respectively. Conductivity of each solution was measured using 

an LF413T-ID electrode (Schott instruments, Germany) to determine residual salt 

concentrations of the fermentation broth (Table S2). Rheological measurements were 

conducted using a MCR 300 stress controlled rotational rheometer (Anton Paar, Austria) 

equipped with a CP 50-1 cone-plate measuring system (50 mm diameter, 1° cone angle, 

50 µm cone truncation). All measurements, except temperature sweeps, were carried 

out at 20°C controlled by a TEK 150P temperature unit. After applying of the solution to 

the rheometer, all samples were incubated at 20 °C for 5 minutes before beginning the 

measurements. All experiments were conducted in technical triplicates.  

2.6.13.1. Viscosity curves 

Viscosity curves were measured using a logarithmically increased shear rate from 10-3 

to 103 s-1 by measuring 3 data points per decade with decreasing measuring time of 

100 - 5 s per data point. 

2.6.13.2. Amplitude sweeps 

Amplitude sweeps were measured using a logarithmically increasing shear stress 

amplitude from 10-1 to 103 Pa with a frequency of 1 Hz. 

2.6.13.3. Frequency test 

Frequency sweeps were carried out within the linear viscoelastic range (LVE) at a 
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logarithmically increasing frequency from 10-2 to 10 Hz. 

2.6.13.4. Temperature sweeps 

Temperature sweeps were performed within the LVE at a frequency of 1 Hz applying a 

temperature ramp from 20 to 75 °C with a heating rate of 4 °C min-1. The edge of the 

cone-plate measuring system was covered with low viscosity paraffin oil (Carl Roth, 

Germany) to prevent evaporation.  

2.6.13.5. Thixotropy test 

Thixotropic behavior was evaluated by a three-stage oscillatory shear sequence. In the 

first stage, samples were subjected to shear stress within the LVE region followed by a 

high oscillatory shear of 103 Pa for 30 s. The structural recovery was then measured over 

10 min within the LVE range.  
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3. Results 

 Engineering of the 2,3-butanediol pathway of 

Paenibacillus polymxa DSM 365 

This publication deals with the metabolic engineering of the butanediol pathway in 

P. polymyxa. First, EPS production was eliminated by the combinatorial knock-out of the 

cluster encoding paenan synthesis (clu1), as well as sacB encoding a levansucrase. 

Furthermore, the formation of metabolically dormant endospores should be inhibited. 

Knock-out of the master transcription factor of the sporulation spo0A indeed resulted in 

the inability to form spores. However, both growth and 2,3-BDL production were severely 

reduced. In one of the model organisms for sporulation, B. subtilis, spo0A has 

demonstrated to directly or indirectly influence the expression of over 500 genes [172], 

which might also negatively affect 2,3-BDL synthesis in P. polymyxa. Consequently, 

spoIIE, encoding a serine phosphatase further downstream in the sporulation cascade, 

was deleted. While the endospore formation was inhibited, no negative influence on the 

growth behavior or the 2,3-BDL production was observed. 

In a next step, the mixed-acid pathway was engineered to reduce the amount of side 

products and redirect the carbon flux towards 2,3-BDL. A pyruvate formate lyase was 

knocked-out to omit the production of formate. However, the strain showed severely 

reduced biomass formation as well as 2,3-BDL synthesis. In contrast, deletion of a 

lactate dehydrogenase resulted in a 59 % increased biomass formation and a 10 % 

improved 2,3-BDL titer. Analysis of continuous cultivation experiments revealed that at 

low product concentrations the productivity of the knock-out mutant was increased by 50 

% indicating product inhibition in the batch fermentations. Decoupling of the proposed 

bottleneck enzyme bdh demonstrated highly increased production rates resulting in a 

volumetric productivity of 0.61 g L-1 h-1 and a final titer of 43.80 g L-1 after 72 h batch 

fermentation.  

Design and execution of all experiments in this publication were performed by the first 

author in close collaboration with Jochen Schmid and Volker Sieber. Cloning and strain 

construction were performed by Christoph Schilling. Bioreactor fermentations were 

conducted by Rosario Ciccone and Christoph Schilling. Volker Sieber and Jochen 

Schmid provided technical and scientific advice. All authors contributed to content and 

language of the manuscript. 
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 CRISPR driven functional analysis of the biosynthesis of 

paenan 

3.2.1. Structural elucidation of the fucose containing polysaccharide 

of Paenibacillus polymyxa DSM 365 

P. polymyxa is an avid producer of various carbohydrate polymers [71,77]. Using sucrose 

as the carbon source, a levan type polyfructan was produced by numerous strains 

[79,173]. Using glucose as a carbon source, P. polymyxa 2H2 has shown to secret a 

highly complex heteroexopolysaccharide termed paenan [69]. Multiple publications in the 

past have dealt with this polymer and structurally related EPS variants from other 

P. polymyxa strains [68,75,174]. However, due to the seemingly high complexity of this 

biopolymer, structural elucidation remained impossible or inconclusive so far. 

In the following manuscript, a previously developed tool for CRISPR-Cas9 mediated 

genome engineering was used to rationally engineer single and combinatorial knock-out 

variants of the paenan cluster of P. polymyxa DSM 365 [25]. By this approach, a fucose 

containing polysaccharide was enriched and characterized in detail. A combinatorial 

approach using complementary analytical methods to investigate the underlying polymer 

structure was applied. In order to determine the monomer composition, the previously 

established HT-PMP method was used [175]. Furthermore, to identify the sequence of 

individual monomers, partial hydrolysis experiments as well as the specific degradation 

of uronic acid residues were performed. Linkage pattern analysis was conducted by 

methylation experiments and NMR. By combining results of all these analytical methods, 

it was discovered that the heteroexopolysaccharide produced by P. polymyxa DSM 365 

contains a secondary fucose containing polysaccharide termed ‘paenan II’ with a distinct 

substructure.  

Design and planning of this study was performed by Christoph Schilling in collaboration 

with Jochen Schmid, Broder Rühmann and Volker Sieber. Strain construction, 

fermentation and carbohydrate analysis were performed by the author. Broder Rühmann 

gave scientific advice and support for analytical measurements. NMR analysis and 

evaluation were performed by Leesa J. Klau and Finn Aachmann. All authors contributed 

to content and language of the manuscripts and provided scientific or technical advice.  
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3.2.2. CRISPR-Cas9 mediated structural elucidation of the 

heteroexopolysaccharides of P. polymyxa DSM 365 

 

P. polymyxa is an avid producer of various carbohydrate polymers [71,77] and has been 

shown to secret a highly complex heteroexopolysaccharide termed paenan under 

specific cultivation conditions [69]. Using combinatorial knock-outs of 

glycosyltransferases, it was possible to enrich a fucose containing polymer termed 

‘paenan II’ and characterized it in detail [176]. However, the structure of the main polymer 

remained to be elucidated. 

Following up on our recent approach on the elucidation of polysaccharides produced by 

P. polymyxa DSM 365, additional knock-out combinations of glycosyltransferases 

encoded in the paenan cluster were performed. A total of 32 combinatorial knock-outs 

targeting the biosynthesis of the heteroexopolysaccharides were generated by CRISPR-

Cas9 mediated genome engineering. These knock-out strains were used for the 

fermentative production of EPS and all polymer variants were characterized as 

previously described [176]. By combining results of analytical methods including 

monomer, sequence and linkage analysis, it was discovered that the 

heteroexopolysaccharide produced by P. polymyxa DSM 365 in fact consists of three 

distinct polymers, which were named paenan I, paenan II and paenan III respectively. 

Using the knock-out based approach, each GT of the paenan cluster could be attributed 

to its corresponding polymer. Furthermore, a secondary locus was detected in the 

genome encoding a pyruvyltransferase, a Wzx flippase as well as two additional 

glycosyltransferases, which are necessary for the biosynthesis of paenan I. By that 

approach two structures for the repeating unit of paenan I and III were postulated, which 

require further verification by NMR.  

Design and planning of this study was performed by Christoph Schilling in collaboration 

with Jochen Schmid, Broder Rühmann and Volker Sieber. Strain construction, 

fermentation and carbohydrate analysis were performed by the author. Broder Rühmann 

gave scientific advice and support for analytical measurements. NMR analysis and 

evaluation were performed by Leesa J. Klau and Finn Aachmann. All authors contributed 

to content and language of the manuscripts and provided scientific or technical advice.  
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Abstract 

Paenibacillus polymyxa is a Gram-positive soil bacterium, which has been known for the 

production of a variety of exopolysaccharides. However, due to the complexity of the 

biopolymer, structural elucidation remained inconclusive so far. Combinatorial knock-

outs of glycosyltransferases were generated in order to separate distinct 

polysaccharides produced by P. polymyxa. Using a complementary analytical approach 

consisting of carbohydrate fingerprints, sequence analysis, methylation analysis as well 

as NMR, the structure of the repeating units of two additional exopolysaccharides termed 

paenan I and paenan III were elucidated. Results for paenan I demonstrated a 

trisaccharide backbone consisting of 1→4-D-Glc, 1→4-D-Man and a 1,3,4-branching D-

Glc residue with a side chain comprising of a terminal β-D-Gal3,4-Pyr and 1→3-D-Glc. For 

paenan III, results indicated a backbone consisting of 1→3-β-D-Glc, 1,3,4-linked D-Man 

and 1,3,4-linked GlcA. NMR analysis indicated monomeric D-Glc and α-D-Man side 

chains for the branching Man and GlcA residues respectively.  

Introduction 

Paenibacillus polymyxa (formerly classified as Bacillus polymyxa) is a Gram-positive, 

endospore forming, rod-shaped soil bacterium (Ash, Priest, & Collins, 1994; Shida, 

Takagi, Kadowaki, Nakamura, & Komagata, 1997), which is used as a biofertilizer in 

agriculture due to its abilities to fixate nitrogen and solubilize phosphate. In addition, it 

produces an arsenal of different antibiotic compounds that act as pest control against 

various insects and fungi (Jeong, Choi, Ryu, & Park, 2019; Wang, Shi, Li, Ibraham, & 

Sun, 2012; J.-B. Xie et al., 2014). Furthermore, P. polymyxa demonstrated promising 

results for the biotechnological production of R,R-2,3-butanediol in high enantiomeric 

purity (De Mas, Jansen, & Tsao, 1988) as well as a production organism for the synthesis 

of exopolysaccharides (EPS) (Grady, MacDonald, Liu, Richman, & Yuan, 2016). 

Naturally, these biopolymers are synthesized as barriers against abiotic stress factors 

(e.g. desiccation, extreme pH, osmotic stress etc.), but they can also play a crucial role 

in the host-pathogen interaction of certain pathogenic organisms (Cress et al., 2014; 

Moradali & Rehm, 2020). EPSs are also applied in food, feed, cosmetics, as well as 

technical applications such as packaging or oil recovery (Diab, Biliaderis, Gerasopoulos, 

& Sfakiotakis, 2001; Freitas, Alves, & Reis, 2011; Schilling, Badri, Sieber, Koffas, & 

Schmid, 2020). Most commonly, these biopolymers are applied as rheological modifiers, 

but depending on their physicochemical properties they are also applied as high value 

biomaterials in pharmaceutical and cosmetic products due to anti-inflammatory, low 

immunogenic or hygroscopic effects (Badri, Williams, Linhardt, & Koffas, 2018; Burdick 

& Prestwich, 2011; Miao, Wang, Zeng, Liu, & Chen, 2018).  

Different strains of Paenibacillus spp. have been reported to produce variable types of 
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EPS with distinct physicochemical and rheological properties that makes them 

interesting for a variety of different applications (Aguilera et al., 2001; Çolak, Olgun, Atar, 

& Yazıcıoğlu, 2013; Raza, Makeen, Wang, Xu, & Qirong, 2011). P. polymyxa 

demonstrated to synthesize a levan-type polyfructan if sucrose is used as a carbon 

source (Liu et al., 2010a). Contrarily, using glucose and a high C/N ratio results in the 

production of a heteroexopolysaccharide (Rütering, Schmid, Rühmann, Schilling, & 

Sieber, 2016). Despite multiple attempts over the last 50 years, structural elucidation of 

the polysaccharide of P. polymyxa has ultimately failed due to the high complexity of the 

biopolymer (Liang & Wang, 2015; Madden, Dea, & Steer, 1986; Ninomiya & Kizaki, 

1969). Presumably, there is a large variety of structurally related polysaccharides 

produced by different P. polymyxa isolates. Previous studies typically reported monomer 

compositions consisting of glucose, galactose, mannose, fucose, glucuronic acids and 

pyruvate, while rarely also xylose has been described (Jung et al., 2007; Lee et al., 1997; 

Li et al., 2013; Liu et al., 2010b; Raza et al., 2011). However, a clear comparison of the 

obtained results is difficult due to the use of different strains, cultivation conditions and 

media components. For P. polymyxa DSM 365, the identification and preliminary 

annotation of the gene cluster responsible for the biosynthesis of its 

heteroexopolysaccharide was performed on the published genome (Rütering et al., 

2017; N.-Z. Xie et al., 2015). The complexity of the produced EPS is mirrored in the 

underlying gene cluster, comprising 28 coding sequences encoding eleven 

glycosyltransferases, two polymerases and flippases as well as further genes attributed 

to export, chain-length control and nucleotide precursor synthesis (Rütering et al., 2017) 

(Figure 1). Typically, Wzx flippases and glycosyltransferases are highly specific towards 

their natural substrate and accept only minor differences in the composition of the 

repeating units (Galili, 1993; Islam & Lam, 2013; Riva, 2001). Consequently, 

bioinformatic analysis already indicated the ability of P. polymyxa DSM 365 to produce 

multiple heteroexopolysaccharides via the Wzx/Wzy pathway. While it is quite common 

among bacteria to produce variable types of EPS depending on environmental 

conditions, it is interesting that the genes corresponding to these putative 

heteroexopolysaccharides are encoded in a single cluster (Bentley et al., 2008; Rütering 

et al., 2016).  

 

Figure 1: 22 pep genes (pepA-V) are encoded in the paenan cluster of P. polymyxa 365, which 
is responsible for the biosynthesis of heteroexopolysaccharides following the Wzx/Wzy pathway. 
Furthermore, additional copies of genes involved in nucleotide sugar precursor synthesis (Purple 
arrows) are encoded in the cluster. Adapted from (Rütering et al., 2017) 

Using a previously developed tool for CRISPR-Cas9 mediated knock-outs in 

P. polymyxa our group recently confirmed the presence of multiple 
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heteroexopolysaccharides. Additionally, we were able to elucidate the structure of a 

minor fucose containing EPS termed paenan II (Rütering et al., 2017; Schilling et al., 

2022). Furthermore, specific genes (pepQ-V) could be allocated to the synthesis of 

paenan II. Continuing these efforts, this study aims to generate combinatorial knock-outs 

of the paenan cluster to enable the structural elucidation of the main polymer paenan I 

and establish a structure – function relationship to the underlying gene cluster. 

Materials and Methods 

Strains and media 

P. polymyxa DSM 365 was acquired from the German Collection of Microorganisms and 

Cell Culture (DSMZ), Braunschweig, Germany. Escherichia coli NEB Turbo cells (New 

England Biolabs, USA) were used for any plasmid construction presented in this study. 

E. coli S17-1 (DSMZ strain DSM 9079) was used for transformation of P. polymyxa DSM 

365 via conjugation. All medium components were obtained from Carl Roth GmbH 

(Germany) if not indicated differently. For cloning procedures, strains were grown in LB 

media (5 g L-1 yeast extract, 10 g L-1 tryptone, 10 g L-1 NaCl) and additionally 

supplemented with 50 µg mL-1 neomycin and 20 µg mL-1 polymyxin if required. All strains 

were stored in 30 % glycerol at -80 °C. Prior to cultivation, strains were streaked on LB 

agar plates and grown at 30 °C.  

Fermentation medium contained 30 g L-1 glucose, 0.05 g L-1 CaCl2 x 2 H2O, 5 g L-1 

tryptone, 1.33 g L-1 MgSO4 x 7 H2O, 1.67 g L-1 KH2PO4, 2 mL L-1 RPMI 1640 vitamins 

solution (Merk, Germany) and 1 mL L−1 trace elements solution (2.5 g L-1 FeSO4, 2.1 g 

L-1 C4H4O6Na2 x 2 H2O, 1.8 g L-1 MnCl2 x 4 H2O, 0.258 g L-1 H3BO3, 0.031 g L-1 CuSO4 

x 5 H2O, 0.023 g L-1 NaMoO4 x 2 H2O, 0.075 g L-1 CoCl2 x 7 H2O, 0.021 g L-1 ZnCl2). 

Preculture medium was prepared equal to the fermentation medium apart from a reduced 

glucose concentration of 10 g L-1 and additional 20 g L-1 MOPS adjusted to pH 7. 

CRISPR/Cas9 mediated knock-out of glycosyltransferases 

All knock-outs were performed as described previously (Rütering et al., 2017). Briefly, 

gRNAs for each target were cloned into pCasPP via Golden Gate assembly using BbsI. 

Afterwards, 1 kb up- and downstream homology flanks of the gene of interest were 

ligated into a unique SpeI site, followed by transformation of chemically competent E. coli 

S17-1. P. polymyxa was transformed by conjugation using E. coli S17-1 harboring the 

various plasmids. Overnight cultures of donor and recipient strains were diluted 1:100 

with selective or non-selective LB media respectively and cultivated at 37 °C for 3 h, 280 

rpm. 900 µL of the recipient culture was heat shocked at 42 °C for 15 min and mixed with 

300 µL of the donor strain. Cells were centrifuged at 6,000 g for 2 min, resuspended in 

800 µL LB media and dropped on non-selective LB agar plates. After 24 h of incubation 

at 30 °C, cells were scrapped off, resuspended in 500 µL LB broth and 100 µL thereof 

plated on selective LB-agar containing 50 µg mL-1 neomycin and 20 µg mL-1 polymyxin 
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for counter selection. P. polymyxa conjugants were analyzed for successful 

transformation after 48 h incubation at 30 °C by cPCR. Confirmed knock-out strains were 

plasmid cured by cultivation in LB broth without antibiotic selection pressure and 

subsequent replica plating on LB agar plates both with and without neomycin. Strains 

that did not grow on plates with selection marker were verified by sequencing of the 

target region and used for further experiments.  

Fermentative EPS production 

Fermentative production of EPS was performed in 1 L benchtop DASGIP parallel 

bioreactor systems (Eppendorf, Germany) with a working volume of 500 mL equipped 

with a 6-blade Rushton impeller over 28 h with a controlled pH of 6.8 and pO2 saturation 

of 30 %. Batch cultivations were started with an initial OD600 of 0.1 by inoculation with 

an appropriate volume of preculture. After fermentation, biomass was separated by 

centrifugation (15,000 g, 20 °C, 20 min) followed by cross-flow filtration of the 

supernatant using a 100 kDa filtration cassette (Hydrosart, Sartorius AG, Germany). 

Highly viscous EPS variants were diluted 1:10 with ddH2O prior to centrifugation. 

Concentrated supernatant was afterwards poured slowly into two volumes of 

isopropanol. Precipitated EPS was collected and dried overnight in a VDL53 vacuum 

oven at 40 °C (Binder, Germany). Dry weight of the obtained EPS was determined 

gravimetrically, before milling to a fine powder in a ball mill at 30 Hz for 1 min (Mixer Mill 

MM400, Retsch GmbH, Germany)  

Carbohydrate fingerprinting 

Monomer composition of engineered EPS variants were analyzed by the 1-phenyl-3-

methyl-5- pyrazolone high throughput method (HT-PMP) (Rühmann, Schmid, & Sieber, 

2014). In short, 0.1 % EPS solutions were hydrolyzed in a 96 well plate, sealed with a 

rubber mat and further covered by a custom-made metal device with 2 M TFA (90 min, 

121 °C). Samples were neutralized with 3.2 % NH4OH. 75 µL of PMP master mix (0.1 M 

methanolic PMP:0.4 % ammonium hydroxide 2:1) were added to 25 µL of neutralized 

hydrolysate and incubated at 70 °C for 100 min in a thermal cycler. 20 µL of derivatized 

samples were mixed with 130 µL of a 1:26 dilution of 0.5 M acetic acid and filtered with 

a 0.2 µm filter plate (1000 g, 2 min) followed by HPLC-UV-MS using an Ultimate 3000 

RS HPLC system (Dionex, USA). Separation was performed on a reverse phase column 

(Gravity C18, 100 x 2 mm, 1.8 µm particle size, Macherey-Nagel, USA) set to 50 °C. 

Gradient elution was performed using a mobile phase A (5 mM ammonium acetate set 

to pH 5.6 with 15 % acetonitrile) and mobile phase B (100 % acetonitrile) with a constant 

pump rate of 0.6 mL min-1.  

Enzymatic assays for glucose and pyruvate quantification 

Glucose and pyruvate concentrations of the obtained EPS samples were determined 

enzymatically before and after hydrolysis to deduct residual contaminations from the 

fermentation medium as previously described (Rühmann, Schmid, & Sieber, 2015).  
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Partial hydrolysis of EPS samples 

Analysis of partially hydrolyzed EPS samples was performed as described for 

carbohydrate fingerprinting. Differently, hydrolysis was performed at 90 °C for 105 min. 

After PMP derivatization, 25 µL 0.5 M acetic acid, 125 µL dH2O and 500 µL acetonitrile 

were added to the reaction mix in order to quench the derivatization process and 

precipitate non-hydrolyzed polymer. Precipitated polymer was collected by centrifugation 

(24,000 g, 5 min) and the obtained supernatant transferred to HPLC-vials. HPLC-UV-MS 

analysis was performed using a YMC-Triart Diol-HILIC column (100 x 2 mm, 1.9 µm 

particle size). Column temperature was set to 7 °C and a constant flow of 0.3 mL min-1 

5 mM of ammonium-acetate at pH 5.6 with 15 % acetonitrile was applied.  

Degradation of glycosyluronic acids 

For glycosyluronic acid degradation 75 mg of polymer were dissolved in 10 mL 

anhydrous ethylenediamine. Lithium scrapes were added until a deep blue color was 

obtained and kept in this state for 1.5 h. The reaction was stopped by cooling down the 

solution on ice and the addition of 5 mL dH2O. The solution was co-distilled with toluene 

until dryness. The polymer was then reconstituted in 5 mL dH2O and adjusted to a pH of 

6 with 4 M TFA. Finally, samples were derivatized with PMP and analyzed as described 

above.  

Linkage analysis 

Linkage analysis was performed according to the Hakomori procedure (Hakomori, 1964). 

Briefly, 1 mg polymer was lyophilized overnight and reconstituted in 250 µL anhydrous 

DMSO by stirring on a magnetic stirrer overnight. If polymer flakes remained insoluble, 

samples were further treated by 10 min sonication. The polyanion of the polymer was 

formed by the addition of 500 µL 2 M dimsyl sodium under stirring overnight. After 

freezing the sample, 250 µL methyl iodide were added and incubated for 1 h at 121 °C. 

Residual methyl iodide was blown off and the methylated polymer was recovered by 

MeOH/CHCl3 extraction. Polymer hydrolysis was performed using 2 M TFA (121 °C, 2 h), 

reduced with 0.25 M NaH4B (25 °C, 1 h) and acetylated (250 µL acetic anhydride, 250 µL 

pyridine, 100 °C, 20 min). Partially methylated alditol acetates were extracted with ethyl 

acetate and used for GC-MS analysis. Analysis of uronic acids was performed by 

reducing polymer samples prior to methylation analysis. Therefore, 2 g L-1 polymer 

solutions were incubated in 156 mM N-ethyl-N-(3-dimethylaminopropyl)-carbodiimide 

hydrochloride at pH 4.75 for 1.5 h and reduced with 1 mM NaHB4 for 1 h, followed by pH 

neutralization with 2 M TFA and dialysis of the samples. For GC analysis, a Rxi-5 Sil MS 

column (30 m, 0.25 mm ID, df 0.25 µm) column was used with a constant helium flow of 

0.3 mL min-1. The initial temperature was set to 120 °C and was increased via a heat 

ramp of 7.5 °C min-1 to 180 °C followed by a constant  temperature for five minutes and 

afterwards further ramped up to 230°C. Internal references to determine the retention 

times of partially methylated glycoside were obtained via Purdie-Irvine methylation of 
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methyl-glycosides by removing samples of the incremental per-methylation every 3 h for 

a time period of 12 h (Purdie & Irvine, 1903; Sassaki, Gorin, Souza, Czelusniak, & 

Iacomini, 2005).  

NMR analysis 

The EPS was dissolved in ddH2O and degraded using mechanical shearing by ten cycles 

on a Star Burst Mini (Wet Jet HJP-25001 CE, Sugino Machine Ltd., Uozu, Japan) and 

the water was afterwards removed by freeze-drying. To remove remaining protein 

material the EPS was redissolved in ddH2O (~2% w/v solution), heated to 95 °C for 

10 mins, centrifuged, and the supernant was transferred to a new tube and dried again 

by freeze-drying. From this sample, 10 mg of EPS was redissolved in 600 µL of 

deuterated water (99.9% D2O, Sigma Aldrich) transferred to 5 mm NMR tube (Bruker, 

LabScape Stream 103.5 mm length). All homo- and heteronuclear experiments were 

acquired at a temperature of 273.1 K on a Bruker AV-IIIHD 800 MHz spectrometer 

(Bruker BioSpin AG, Fälladen, Switzerland) equipped with a 5 mm cryogenic CP-TCI z-

gradient probe. The following experiments were collected: 1D proton, 1H-13C 

heteronuclear single quantum coherence (HSQC) with multiplicity editing, 1H-13C 

heteronuclear two bond correlation (H2BC) spectroscopy, 1H-13C heteronuclear 

multiple bond coherence (HMBC) with suppression of one-bond correlations, and 1H-1H 

double quantum filtered correlation spectroscopy (DQF-COSY). The spectra were 

recorded, processed, and analyzed using the TopSpin 3.5 or 4.0.1 software (Bruker 

BioSpin AG). 

 

Results and Discussion 

Carbohydrate fingerprints 

As it was not possible, to properly separate the different polymers produced by 

P. polymyxa DSM 365 via gel permeation chromatography, combinatorial knock-outs of 

glycosyltransferases were performed. In a first step, carbohydrate fingerprints of different 

knock-out variants were obtained using the HT-PMP method (Figure 2). In addition to 

the monomer composition, partial sequence information was obtained by detecting 

dimers that withstood chemical hydrolysis by 2 M TFA (Table 1). The 

glycosyltransferases PepQ, PepT, PepU and PepV corresponding to the polymer 

paenan II were responsible for the formation of a GlcA-Fuc dimer. We recently 

demonstrated that the gene epsO corresponds to a pyruvyltransferase that forms the 

pyruvate ketal of paenan I. Deletion results in the absence of pyruvate in the polymer, 

without affecting the carbohydrate composition of the EPS. It was also possible to link 

the genes pepC-F to the formation of the pyruvate ketal (Table 1). For the 

glycosyltransferases PepI-L, knock-out of the underlying genes resulted in the absence 

of a GlcA-Hex dimer, which was present in all other single knock-out variants. Due to the 
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early retention time of the dimer, it was possible to identify the hexose as a mannose. 

MS/MS fragmentation revealed that the hexose was positioned at the reducing end of 

the dimer (Figure S 1).  

Table 1: Key features of EPS variants obtained from knock-out strains of P. polymyxa DSM 365. 

GlcA dimers and a putative galactose pyruvate ketal endured chemical hydrolysis with 2 M TFA 

and were detected by MS-MS analysis. Knock-out of a single glycosyltransferase resulted in the 

absence of distinct key features. 

 Gal4,6-Pyr GlcA-Fuc GlcA-Man 

Strain m/z 581 m/z 671 m/z 687 

WT   

ΔpepC   

ΔpepD   

ΔpepF   

ΔpepI  
 

ΔpepJ  
 

ΔpepK  
 

ΔpepL  
 

ΔpepQ   


ΔpepT   


ΔpepU   


ΔpepV   


 

Interestingly, knock-out of single glycosyltransferases only resulted in the absence of 

one of these key features, indicating the presence of multiple polymers or side chains. 

Therefore, we tried to combine knock-outs of paenan II (indicated by the missing GlcA-

Fuc dimer) with deletions of genes responsible for other key features. When both 

initiating glycosyltransferases PepC and PepQ were deleted, no EPS was produced 

under the applied production conditions by P. polymyxa (Figure 2). Thus, we could 

experimentally confirm that no further initiating glycosyltransferases complementing the 

function of PepC or PepQ are present in the genome. Interestingly, the EPS of the 

double-knock out strain P. polymyxa ΔpepQF did not contain any traces of galactose. 

Furthermore, pyruvate could not be detected. Due to the susceptibility of uronic acids 

towards degradation during chemical hydrolysis with TFA, the amount of glucuronic acids 

in all variants is underestimated. Nevertheless, for the variant ΔpepQF a molar ratio of 

2:2:1 Glc:Man:GlcA (1:0.7:0.1 without correction) could be determined. 
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Combinatorial knock-outs of the glycosyltransferases involved in the formation of the 

GlcA-Man dimer (PepI-L) with genes responsible for the biosynthesis of paenan II (pepQ-

V) demonstrated similar monomer compositions. Both, GlcA as well as the GlcA-Man 

dimer could not be detected anymore. However, the pyruvate content significantly 

increased. As a result, a molar ratio of 2:1:1:1 Glc:Man:Gal:Pyr (1.5:1:1:1 without 

correction) was determined for these variants.  

 

Figure 2: Carbohydrate fingerprints of EPS variants obtained from P. polymyxa DSM 365. Genes 
corresponding to glycosyltransferases were deleted by CRISPR-Cas9 mediated genome 
engineering resulting in different polymer compositions. Deletion of genes corresponding to a 
minor fucose containing polymer paenan II (pepQ-V) resulted in the absence of fucose. 
Carbohydrates were quantified by the HT-PMP method (Rühmann et al., 2014), while the 
pyruvate content was determined enzymatically.  

 

Partial hydrolysis 

In order to obtain initial information on the monomer sequence of the polysaccharide, 

partial hydrolysis experiments were performed at reduced temperature to achieve 

incomplete hydrolysis (Table 2, Table S4). For all variants in which pyruvate was 

previously determined, pyruvate linked to hexose oligomers of variable length were 

detected (Figure S2). The largest fragments obtained in considerable amounts consisted 

of pyruvate residue linked to five hexose monomers (m/z 1229). Due to the fragmentation 

pattern of oligosaccharides containing the pyruvate ketal, the pyruvic acid was positioned 

at the terminal end of a putative side chain consisting of galactose and and a second 

hexose (Table S4). Contrarily, for both knock-out variants ΔpepD and ΔpepF, which did 

not contain any pyruvate, the largest obtained oligomer was significantly smaller with m/z 

835 corresponding to a hexose trimer. Interestingly, even though we could observe a 

GlcA-Man dimer using harsher hydrolysis conditions (121 °C, 120 min) in HT-PMP 

analysis, hardly any GlcA-Hex oligomers were detected in the EPS of any knock-out 

variant when hydrolysis temperature and incubation time were reduced. Only in the 
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wildtype polymer, minor peaks with MS-spectra corresponding to hexose oligomers 

containing an uronic acid were detected (Table 2). While free uronic acids monomers 

are prone towards degradation, the glycosidic linkage of uronic acids to its adjacent 

sugar at the reducing end is very stable (Rodén, Baker, Anthony Cifonelli, & Mathews, 

1972). As a result, it might be possible that the polymer corresponding to the GlcA-Man 

dimer was not hydrolyzed properly to allow detection using the HILIC method. 

Particularly for the variant ΔpepQF, in which both, paenan II as well as the pyruvate ketal 

were deleted, only hexose monomers rather than any oligomers were detected. This 

might indicate that the larger hexose oligomers obtained from other variants might be 

attributed to a separate polymer and that the polymer corresponding to the GlcA-Man 

dimer is quite resilient towards chemical hydrolysis.  

Table 2: Partial hydrolysis of EPS knock-out variants resulted in different polysaccharide 

fragments corresponding to previously detected GlcA-dimers and pyruvate ketals. Absence of 

key features resulted in hexose oligomers of variable length. A detailed overview of different 

variants and an exemplary fragmentation is given in the supplemental information (Table S4, 

Figure S2) 
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Lithium degradation of uronic acids 

To follow up on the hypothesis that the heteroexopolysaccharide produced by 

P. polymyxa DSM 365 consists of three distinct polymers, lithium degradations of uronic 

acids was performed for two EPS variants. While the carbohydrate fingerprint for the 
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variant ΔepsO remained identical to the wildtype strain (Figure 2), viscosity of the EPS 

solution was severely reduced, facilitating lithium degradation of the uronic acid. 

Furthermore, the doube knock-out variant ΔpepQF was analyzed to determine the 

position of the uronic acid. 

For ΔepsO, the obtained main fragment was related to the fucose containing polymer 

paenan II with m/z 819 corresponding to Hex-Fuc-Hex-PMP (Figure 4 A). However, 

additional hexose oligomers were detected with m/z 835 relating to a hexose trimer and 

m/z 673 corresponding to a hexose dimer. Even though partial hydrolysis of this polymer 

showed hexose oligomers up to pentamers, only hexose trimers were obtained by lithium 

degradation of GlcA. As a result, this indicates that the GlcA-Man indeed corresponds to 

yet another polymer. The results were further cross-verified by lithium degradation of the 

EPS obtained from P. polymyxa ΔpepQF. HPLC-UV analysis of the degradation product 

of this polymer also confirmed the presence of a hexose trimer as well as a dimer (Figure 

4 B). Due to the knock-out of pepQ, no fragmentation products associated with paenan II 

were obtained. Owing to the clear fragmentation of the polymer, it was expected that 

also in the third heteroexopolysaccharide produced by P. polymyxa DSM 365 GlcA is 

positioned in the backbone of the polymer. Consequently, the repeating unit of this 

polymer, henceforward named paenan III, consists of GlcA and at least three hexoses 

with mannose bound to the reducing end of the uronic acid. During lithium degradation 

of uronic acids, sugar residues adjacent to the uronic acid are often also affected by the 

β-elimination event (Lau, McNeil, Darvill, & Albersheim, 1987). Consequently, it remains 

to be investigated, whether the obtained dimer is a distinct fragmentation product or if it 

corresponds to a degradation product of the hexose trimer. The obtained carbohydrate 

fingerprints of the ΔpepQF variant suggested a molar ratio of 2:2:1 Glc:Man:GlcA. 

Therefore, it seems reasonable that GlcA is positioned in the backbone as the branching 

glycosyl residue and that the missing hexose residue might belong to a putative side 

chain.  
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Figure 4: A) EPS oligomers obtained from P. polymyxa ΔepsO after lithium degradation of uronic 
acids and PMP derivatization. Fragments containing fucose correspond to a minor polymer 
termed paenan II. Additionally, hexose di- and trimers were detected in low amounts 
corresponding to another polymer named paenan III. B) EPS oligomers obtained from 
P. polymyxa ΔpepQF after lithium degradation of uronic acids and PMP derivatization. 
Carbohydrate fingerprinting indicated that this polymer does not contain the pyruvate ketal 
associated with paenan I and fucose associated with paenan II. Consequently, obtained hexose 
oligomers correspond to a third polymer paenan III. blue diamond: GlcA; red triangle: Fuc; blue 
circle: Glc; yellow circle: Gal. Linkage pattern analysis 

Linkage pattern analysis 

Linkage pattern analysis was performed by Hakomori methylation of various EPS 

variants (Table 3). For the wildtype strain, the EPS composition demonstrated a complex 

array of different linkage types, which was expected as the polysaccharide mixture 

consists of three distinct polymers. Using CRISPR-Cas9 mediated knock-out variants, 

the linkage pattern could be significantly simplified by deletion of individual polymers. 

Based on previous results, individual polymers were assigned by key features of their 

carbohydrate fingerprints (Table 1). The pyruvate ketal was attributed to paenan I, 

presence of fucose to paenan II and a GlcA-Man dimer to paenan III. Using this 

preliminary information, it was possible to construct combinatorial knock-out variants to 

specifically investigate individual polymers and assign glycosidic linkages to each 

paenan variant (Table 1). 
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Table 3: Linkage pattern analysis of partially methylated alditol acetates (PMAAs) of EPS 
obtained from P. polymyxa DSM 365 (wt) and different knock-out variants. 

 Area [%] 

PMAA RT wt ΔpepFJ ΔpepQTUV ΔpepLTUV 
ΔpepQ

F 
ΔpepQF 

red. 

Paenan  I+II+III II I+II I III III 

2,3,4,6-Me-Glc 1.00 12.0  5.9  21.4 14.0 

2,3,4,6-Me-
Man 1.01 

20.5  11.9  27.5 25.3 

2,3,4,6-Me-Gal 1.05 * 25.5     

2-Me-Fuc 1.07 * 34.7     

2,4,6-Me-Glc 1.22 21.8  24.9 15.1 27.0 12.3 

2,3,6-Me-Man 1.23 8.5  10.2 20.6   

2,3,6-Me-Glc 1.25 10.5 39.8 10.4 25.6  16.4 

2,4,6-Me-Man 1.26 3.2  4.1  12.9 12.6 

2,6-Me-Man 1.38 5.1  10.1  11.1 12.4 

2,6-Me-Gal 1.39 13.5  14.2 22.8  7.1 

2,3-Me-Gal 1.49 4.7  8.5 15.9   

2,3,4,6-Me-Gal = 1,5-di-acetyl-2,3,4,6-tetra-O-methylgalactitol etc.; RT: Relative retention time of 
the corresponding PMAA relative to 2,3,4,6-Me-Glc using a Rxi-5 Sil MS column; Percent area 
under curve in TIC of all integrated peaks; red.: EPS sample was chemically reduced prior to 
methylation to enable detection of uronic acids;*: traces detectable; Paenan: the first row indicates 
which polysaccharides are putatively present in the respective knock-out variants based on the 
detection of key features in previous analysis. An exemplary methylation analysis and MS spectra 
are given in Figure S3.  

 

We previously characterized paenan II in detail (Schilling et al., 2022). However, both 

the fucose content as well as the linkage pattern analysis suggested that the EPS 

produced by the wildtype strain was composed of only a small amount of paenan II. 

Consequently, deletion of the genes corresponding to this polymer (pepQ-V) did not 

significantly alter the linkage pattern (Table 1). However, combining the knock-out of 

paenan II with knock-outs attributed to the previously detected GlcA-Man dimer (pepI-L) 

significantly reduced obtained glycosidic linkage types. Both, terminal glucose and 

mannose were present in the wildtype strain but diminished in the variant ΔpepLTUV. 

Additionally, 1,3-linked mannose and a 1,3,4-linked mannose residue could not be 

detected anymore. While both terminal hexoses vanished in this variant, 2,6-Me-Gal and 

2,3-Me-Gal were still detected, indicating branching sugar residues and a side chain. In 

the HT-PMP analysis, two peaks corresponding to a hexose with a pyruvate ketal were 

observed in each polymer containing pyruvate. Typically, pyruvate ketals are acid-labile 

and do not endure hydrolysis conditions used in this study (Hager, Sützl, Stefanović, 

Blaukopf, & Schäffer, 2019). However, galactose is the C4 epimer of glucose, resulting 

in a more resilient pyruvate ketal compared to other hexoses and allowed the detection 

in HT-PMP analysis. Consequently, the detected 2,3-Me-Gal corresponds to a terminal 

galactose residue linked at C4 and C6 to a pyruvate ketal. Similar residues have 

previously been identified in the EPS from P. polymyxa (Madden et al., 1986). 
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Furthermore, 1,3- and 1,4-linked glucose as well as 1,4-linked mannose were attributed 

to paenan I. Interestingly, all detected partially methylated alditol acetates (PMAAs) 

appeared in approximately equimolar ratios, confirming the results of HT-PMP analysis 

and suggesting a molar ratio of 2:1:2:1 Glc:Man:Gal:Pyr. 

To identify the linkage pattern of paenan II, the previously investigated variant ΔpepQF 

was further investigated. As expected, this polymer variant showed both, the terminal 

glucose and mannose residues indicating two sidechains. In addition to 1,3-linked 

glucose, 1,3-linked and 1,3,4-linked mannose were detected. Both non-terminal 

mannose residues appeared in stoichiometrically lower amounts compared to the other 

PMAAs. However, the previously detected GlcA-Man dimer is resilient towards chemical 

hydrolysis and cannot be detected via GC-MS. Consequently, the corresponding 

mannose might be underrepresented. The appearance of two non-terminal mannose 

residues might further indicate an irregular branching sidechain. To identify the linkage 

pattern of the uronic acid in paenan III, the sample ΔpepQF was reduced prior to 

methylation to enable the detection (Janson, Kenne, Liedgren, Lindberg, & Lönngren, 

1976). Compared to the non-reduced sample, two additional PMAAs were detected. 

2,3,6-Me-Glc indicates 1,4-linked GlcA, while 2,6-Me-Glc corresponds to a branching 

1,3,4-linked GlcA. As a result, these PMAAs might be attributed to a branching GlcA 

residue with an irregular sidechain. However, the ratio of terminal sugars to branching 

residues was approximately 2:1 indicating that the branching glycosyl residues were 

clearly underrepresented. Another explanation might be that the sonication procedure 

prior to Hakomori-methylation resulted in the cleavage of terminal sugar residues giving 

rise to 1,3-linked Man and 1,4-linked GlcA respectively. 

Due to the presence of solely hexoses in paenan I, no clear structure of the repeating 

unit could be deduced from the combined results of sequence and linkage analysis. 

However, for the GlcA-Man containing paenan III a structure as depicted in Figure 5 can 

be assumed. 

G lc A M a n G lc G lc  o r  M a n

 

Figure 5: Putative structure of the repeating unit of paenan III derived from uronic acid 
degradation and methylation analysis. TerminaI hexoses can be Glc or Man and might correspond 
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to irregular side chains. The GlcA residue is linked via C3 and C4 to a second side chain and to 
the backbone of the repeating unit. 

NMR 

Preliminary NMR data suggested that the terminal galactose of paenan I is linked β-1-3 

to a glucose residue. For paenan III, the side chain hexose linked to a branching 

glucuronic acid residue could be attributed to an α-1-4-linked mannose. Furthermore, 

conformation of the initial glucose residue was determined as a β-1-3 linkage. HSQC 

spectra were able to confirm the preliminary structure given in Figure 5 and used to 

elucidate the repeating unit of paenan III. While NMR analysis of distinct variants of the 

heteroexopolysaccharide from P. polymyxa DSM 365 is currently still going on, a 

preliminary structure for paenan I and paenan III can be postulated (Figure 6). 

 

Figure 6: Preliminary structures of paenan I and paenan III were obtained by combinatorial 
carbohydrate analytics. For paenan I, sequence of the polymer backbone consisting of 1,4-linked 
Glc, 1,4-linked Man and a branching Gal residue remains to be elucidated. Structure of paenan 
III was elucidated for most part, however, further NMR analysis is required to identify the 
conformation of remaining sugars.  

Conclusion 

We recentely elucidated the structure of a minor fucose containing heteropolysaccharide 

produced by P. polymyxa DSM 365. Continuing our efforts to construct CRISPR-Cas9 

mediated knock-outs of glycosyltransferases, it was possible to isolate individual 

polymers of the EPS composition obtained from P. polymyxa. Using a combinatorial 

analytical approach of complementary methods, structures of the repeating unit of 

paenan I and paenan III could be postulated. However, further NMR analysis is required 

to identify the sequence of the glycosyl residues of the corresponding backbone. An 

additional to the preliminary polysaccharide structures, distinct glycosyltransferases 

could be attributed to the biosynthesis of the individual polymers. By that, this study lays 

the foundation for further structure-function analysis of the EPS from P. polymyxa DSM 

365. 
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 Rheological characterization of artificial paenan compositions 

produced by Paenibacillus polymyxa DSM 365 

Polysaccharides comprise a highly diverse group of biopolymers that have been 

industrially applied as rheology modifiers and constitute a sustainable alternative to 

commonly used petrochemical thickeners and viscosifying agents in numerous 

applications.  

This study is focused on the rheological characterization of the 

heteroexopolysaccharides produced by P. polymyxa DSM 365. Using CRISPR-Cas9 

mediated knock-outs of glycosyltransferases, individual paenan variants or compositions 

were produced via fermentation and their rheological material properties analysed in 

detail. With the previously determined structure of paenan II and the postulated 

structures of paenan I and paenan III, specific interactions are proposed between 

individual biopolymers resulting in highly different rheological behavior. While the 

wildtype composition containing all three paenan polymers forms highly viscous, soft 

hydrogels, individual paenan variants represent nearly Newtonian fluids. Addition of 

monovalent cations to the solution further strengthened interactions resulting in a more 

rigid gel character. The pronounced intermolecular network is hypothesized to result of 

the interaction of a pyruvyl residue of paenan I and the glucuronic acid found in the 

backbone of paenan III. Absence of the fucose containing paenan II results in a reduced 

temperature stability, suggesting further non-covalent intermolecular interactions. Using 

the structure-function relationship of different EPS compositions proposed in this study, 

paenan and different variants thereof might be applied in a variety of applications 

including thickening agents or high-value biomedical surface coatings and facilitate 

rational design of product formulations.  

Design and planning of this study were performed by Christoph Schilling in collaboration 

with Moritz Gansbiller, Volker Sieber and Jochen Schmid. Strain construction, EPS 

production by fermentation and carbohydrate analysis were performed by Christoph 

Schilling. Rheological measurements were performed by Christoph Schilling. 

Rheological evaluation and modeling were performed by Moritz Gansbiller. Potential 

applications were evaluated by Christoph Schilling. All authors contributed to content 

and language of the manuscripts and provided scientific or technical advice.  
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Abstract 

Microbial exopolysaccharides (EPS) constitute a sustainable alternative to petroleum-

based rheological modifiers. Recent studies revealed that the heteroexopolysaccharide 

produced by Paenibacillus polymyxa is composed of three distinct biopolymers termed 

paenan I, II and III. Using CRISPR-Cas9 mediated knock-out variants of 

glycosyltransferases, defined polysaccharide compositions were produced and 

rheologically characterized in detail. The high viscosity and gel-like character of the 

wildtype polymer is proposed to originate from the non-covalent interaction between a 

pyruvate residue of paenan I and the glucuronic acid found in the backbone of paenan 

III. Paenan II conveys thermostable properties to the EPS mixture. Opposed to the 

wildtype polymer mixture, knock-out variants demonstrated significantly altered 

rheological behavior. Using the structure-function relationship determined in this study, 

tailor-made paenan variants might be utilized in a wide range of applications including 

thickening agents, coatings or high value biomedical materials.  

Introduction 

Carbohydrate polymers represent a highly diverse class of functional polysaccharides 

found in all domains of life (Sutherland, 1972). Intracellular polysaccharides may function 

as energy storage (e.g. glycogen) or play a central role as integral parts of cellular 

structures (e.g. lipopolysaccharides, starch, cellulose etc.). Contrary, extracellular 

polysaccharides (EPS) cover numerous tasks as natural adhesives, barriers against 

abiotic stress factors such as desiccation and antibiotics or as protection against extreme 

environmental conditions (Danese, Pratt, & Kolter, 2000; Ophir & Gutnick, 1994; Poli, 

Anzelmo, & Nicolaus, 2010). Owing to their complex and diverse structures, a sheer 

endless variety of physicochemical properties can be derived from different EPS variants 

and compositions (Moradali & Rehm, 2020). Consequently, various polysaccharides 

have found commercial success as bulk products in food, feed and technical applications 

as well as in high-value niches in cosmetics and pharmaceutical industry (Freitas, Alves, 

& Reis, 2011; Jang, Zhang, Chon, & Choi, 2015; Kaur, Bera, Panesar, Kumar, & 

Kennedy, 2014; Kumar, Rao, & Han, 2018).  

The global market of biopolymers is still dominated by plant and algae derived 

polysaccharides such as starch, alginates or carrageenans (Williams & Phillips, 2016). 

However, bacterial EPS variants from Xanthomonas campestris, different sphingans or 

hyaluronic acid produced by Streptococcus spp. have found commercial success in bulk 

products as well as in high-value niche applications (Bajaj, Survase, Saudagar, & 

Singhal, 2007; Becker, Katzen, Pühler, & Ielpi, 1998; Burdick & Prestwich, 2011). The 

main advantage of bacterial polysaccharides over their plant and algae derived 

counterparts is the ability to produce these polymers by large scale fermentation 
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processes in bioreactors under controlled conditions, making them independent of 

seasonal or geopolitical influences. Furthermore, ongoing research in the development 

of new genetic tools allowed the targeted modification of polymer structures to generate 

EPS variants with new physicochemical properties or enhance production via metabolic 

engineering (Hassler & Doherty, 1990; Schilling, Badri, Sieber, Koffas, & Schmid, 2020; 

Wu et al., 2019). 

Paenibacillus polymyxa is a Gram-positive, spore-forming soil bacterium that has 

attracted increasing interest as a production platform for an arsenal of different antibiotics 

(Grady, MacDonald, Liu, Richman, & Yuan, 2016), 2,3-butanediol of extremely high 

enantiomeric purity (De Mas, Jansen, & Tsao, 1988; Schilling, Ciccone, Sieber, & 

Schmid, 2020) as well as for an heteroexopolysaccharide termed paenan with 

outstanding material properties in surfactant systems (Rütering et al., 2018). There have 

been multiple publications focusing on the rheology of heteroexopolysaccharides 

produced by P. polymyxa (Kahng, Lim, Yun, & Seo, 2001; Madden, Dea, & Steer, 1986; 

Ninomiya & Kizaki, 1969; Raza, Makeen, Wang, Xu, & Qirong, 2011). Even though 

monomer analysis typically identified glucose, mannose, galactose and sometimes 

fucose and pyruvate to be part of the EPS, the available rheological data can be hardly 

compared as these studies differ with respect to the strains as experimental setups for 

polymer production and rheological characterization. Even more important, recent 

advances in the elucidation of the genetics of Paenibacilli and the underlying polymer 

structure revealed that the heteroexopolysaccharide “paenan” is in fact composed of 

three polysaccharides with distinct substructures, which are simultaneously produced by 

P. polymyxa (Rütering et al., 2018, Schilling et al., 2021a, 2021b). The biosynthesis of 

the heteroexopolysaccharides from P. polymyxa DSM 365 following the Wzx/Wzy 

pathway is encoded in a 35 kb gene cluster, encoding eleven glycosyltransferases, two 

Wzx flippases and two Wzy polymerases as well as multiple genes associated to 

regulatory functions and precursor synthesis (Rütering et al., 2017). A secondary cluster 

encoding the pyruvyltransferase EpsO, another putative flippase and two additional 

glycosyltransferases correspond to the biosynthesis of paenan I. Using a combinatorial 

approach in performing CRISPR-Cas9 mediated gene deletions of the paenan cluster in 

P. polymyxa, it was possible to isolate the individual polymers and elucidate their 

structures (Fig. 1). Furthermore, by this approach, distinct glycosyltransferases were 

attributed to the biosynthesis of individual polymers establishing a structure-function 

relationship (Schillinget al., 2022a, 2022b). 
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Fig. 1: Overview of the three heteroexopolysaccharides produced by P. polymyxa DSM 365. The 
repeating units of paenan I and paenan III are postulated structures based on current 
carbohydrate analysis and require further verification by NMR. Figure adapted from (Schilling et 
al., 2022a, 2022b).  

For the first time, this study focuses on the in-depth rheological characterization of 

defined paenan compositions. Leveraging CRISPR-Cas9 mediated combinatorial knock-

out strains, defined polysaccharide compositions were produced in their natural ratio. 

The rheological behavior of each polymer is characterized individually and in 

combination with other paenan variants and will elude how the EPS variants interact with 

each other, resulting in highly different physicochemical properties.  

Materials and Methods 

Strains and media 

P. polymyxa DSM 365 was acquired from the German Collection of Microorganisms and 

Cell Culture (DSMZ, Germany). Combinatorial knock-out variants were obtained as 

previously described (Schilling, Rühmann, et al., 2022a). Strains used in this study are 

listed in Table S1. All medium components were obtained from Carl Roth GmbH 

(Germany) if not indicated differently. All strains were stored in 30 % glycerol at -80 °C. 

Prior to cultivation, strains were streaked on LB agar plates and grown at 30 °C for 24 h.  

Fermentation medium contained 30 g L-1 glucose, 0.05 g L-1 CaCl2 x 2 H2O, 5 g L-1 

tryptone, 1.33 g L-1 MgSO4 x 7 H2O, 1.67 g L-1 KH2PO4, 2 mL L-1 RPMI 1640 vitamins 

solution (Merck, Germany) and 1 mL L−1 trace elements solution (2.5 g L-1 FeSO4, 2.1 

g L-1 C4H4O6Na2 x 2 H2O, 1.8 g L-1 MnCl2 x 4 H2O, 0.258 g L-1 H3BO3, 0.031 g L-1 CuSO4 

x 5 H2O, 0.023 g L-1 NaMoO4 x 2 H2O, 0.075 g L-1 CoCl2 x 7 H2O, 0.021 g L-1 ZnCl2). 

Preculture medium was prepared equal to the fermentation medium except of a reduced 

glucose concentration of 10 g L-1 and additional 20 g L-1 MOPS buffered to pH 7. 

Fermentative EPS production. 

Fermentative production of EPS was performed in 2 L Sartorius Biostat B plus bioreactor 

systems (Sartorius, Germany) with a working volume of 1 L equipped with two 6-blade 

Rushton impellers over 28 h at a controlled pH of 6.8 and pO2 saturation of 30 %. Batch 
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cultivations were started with an initial OD600 of 0.1 by inoculation with an appropriate 

volume of preculture. After fermentation, biomass was separated by centrifugation 

(15,000 x g, 20 °C, 20 min) followed by cross-flow filtration of the supernatant using 100 

kDa filtration cassette (Hydrosart, Sartorius AG, Germany). Highly viscous EPS variants 

were diluted 1:10 with ddH2O prior to centrifugation. Concentrated supernatant was 

afterwards slowly poured into two volumes of isopropanol. Precipitated EPS was then 

collected and dried overnight in a VDL53 vacuum oven at 40 °C (Binder, Germany). Dry 

weight of the obtained EPS was determined gravimetrically, before milling to a fine 

powder in a ball mill at 30 Hz for 1 min (Mixer Mill MM400, Retsch GmbH, Germany).  

Carbohydrate fingerprinting 

Monomer compositions of all EPS variants were analyzed by the 1-phenyl-3-methyl-5-

pyrazolone-high throughput method (HT-PMP) (Rühmann, Schmid, & Sieber, 2014). In 

short, 0.1 % EPS solutions were hydrolyzed in a 96-well plate, sealed with a silicone mat 

and further covered by a custom-made metal device with 2 M trifluoroacetic acid (90 min, 

121 °C). Samples were neutralized with 3.2 % NH4OH. 75 µL of PMP master mix (0.1 M 

methanolic PMP:0.4 % ammonium hydroxide 2:1) were added to 25 µL of neutralized 

hydrolysate and incubated at 70 °C for 100 min in a thermal cycler. 20 µL of derivatized 

samples were mixed with 25 µL 0.5 M acetic acid and 125 µL ddH2O and filtered with a 

0.2 µm filter plate (1,000 x g, 2 min) followed by HPLC-UV-MS using a Ultimate 3000 RS 

HPLC system (Dionex, USA). Separation was performed on a reverse phase column 

(Gravity C18, 100 x 2 mm, 1.8 µm particle size, Macherey-Nagel, USA) set to 50 °C. 

Gradient elution was performed using a mobile phase A (5 mM ammonium acetate 

adjusted to pH 5.6 with 15 % acetonitrile) and mobile phase B (100 % acetonitrile) with 

a constant pump rate of 0.6 mL min-1.  

Enzymatic assays for glucose and pyruvate quantification 

Glucose and pyruvate concentrations of obtained EPS samples were determined 

enzymatically before and after hydrolysis to deduct residual contaminations from the 

fermentation medium as previously described (Rühmann, Schmid, & Sieber, 2016).  

Molecular weight 

The molecular weight of polymer variants was determined via size exclusion 

chromatography using an Agilent 1260 Infinity system (Agilent Technologies, Germany) 

equipped with a refractive index detector (SECcurity GPC1260) and a SECcurity 

SLD7000 seven-angle static light scattering detector (PSS Polymer Standards Service, 

Germany). For this, 0.5 g L-1 of each variant was reconstituted in 0.1 M LiNO3 and 100 µL 

sample were injected to the system in 30 min intervals and analyzed using a TSKgel 

SuperMP(PW)-H guard column and two consecutive TSKGel SuperMultipore PW-H 

columns (6.0 mm ID x 15 cm, TOSOH Bioscience, Germany) kept at 50 °C. As an eluent 

0.1 M LiNO3 was used at a constant flow rate of 0.3 mL min-1. Absolut molecular weight 

was determined via light scatter and polymer concentration and further cross-validated 
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using a 12 point-pullulan standard (384 Da – 2.35 MDa) and a 4.5 MDa xanthan 

reference. 

Rheological analysis 

For rheological analysis, 1 % (w/w) solutions of each polymer were prepared in ddH2O 

and 0.5% NaCl (85 mM) respectively. Conductivity of each solution was measured using 

an LF413T-ID electrode (Schott instruments, Germany) to determine residual salt 

concentrations of the fermentation broth (Table S2). Rheological measurements were 

conducted using a MCR 300 stress controlled rotational rheometer (Anton Paar, Austria) 

equipped with a CP 50-1 cone-plate measuring system (50 mm diameter, 1° cone angle, 

50 µm cone truncation). All measurements, except temperature sweeps, were carried 

out at 20°C controlled by a TEK 150P temperature unit. After applying of the solution to 

the rheometer, all samples were incubated at 20 °C for 5 minutes before beginning the 

measurements. All experiments were performed in technical triplicates.  

Viscosity curves 

Viscosity curves were measured using a logarithmically increased shear rate from 10-3 

to 103 s-1 by measuring 3 data points per decade with decreasing measuring time of 100 

– 5 s per data point. 

Amplitude sweeps 

Amplitude sweeps were measured using a logarithmically increasing shear stress 

amplitude from 10-1 to 103 Pa with a frequency of 1 Hz. 

Frequency sweeps 

Frequency sweeps were carried out within the linear viscoelastic range (LVE) at a 

logarithmically increasing frequency from 10-2 to 10 Hz. 

Temperature sweeps 

Temperature sweeps were performed within the LVE at a frequency of 1 Hz applying a 

temperature ramp from 20 to 75 °C with a heating rate of 4 °C min-1. The edge of the 

cone-plate measuring system was covered with low viscosity paraffin oil (Carl Roth, 

Germany) to prevent evaporation.  

Thixotropy test 

Thixotropic behavior was evaluated by a three-stage oscillatory shear sequence. In the 

first stage, samples were subjected to shear stress within the LVE region followed by a 

high oscillatory shear of 103 Pa for 30 s. The structural recovery was then measured over 

10 min within the LVE.  
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Results and discussion 

Polymer characterization 

In a first step, the EPS of P. polymyxa DSM 365 and combinatorial knock-out mutants 

were produced in bioreactor scale. During downstream processing, the fermentation 

supernatant was desalted via cross-flow filtration to enable uniform characterization of 

the rheological behavior. Due to the anionic character of all paenan variants, a residual 

conductivity between 0.7-1.0 mS cm-1 was determined for all 1 % polymer solutions 

(Table S2). In order to verify the presence of individual paenan polymers, the 

carbohydrate fingerprint was determined for each variant (Fig. 2). For paenan I, a 

monomer ratio of 2:1:2:1 (Glc:Man:Gal:Pyr) was expected, while for paenan II an 

equimolar ratio of 1:1:1:2 (Glc:Gal:GlcA:Fuc) and for paenan III, 2:2:1 (Glc:Man:GlcA) 

were anticipated. Due to the high susceptibility of uronic acids towards degradation 

during chemical hydrolysis, GlcA was severely underestimated for all polysaccharide 

compositions containing the uronic acid (Rodén, Baker, Cifonelli, & Mathews, 1972). In 

addition to the monomer composition, previously identified key dimers detected via 

MS/MS analysis were used to assign combinatorial knock-out variants to each paenan 

variant (Schilling et al., 2022b). By assigning the presence of pyruvate ketals to paenan 

I, a GlcA-Fuc dimer to paenan II and a GlcA-Man dimer to paenan III, the polymer 

composition of each knock-out variant was determined, while still retaining the natural 

polysaccharide distribution in those variants. Henceforward, each EPS variant is named 

by the present paenan variants, rather than the gene deletions leading to the respective 

phenotype.  
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Fig. 2: Carbohydrate fingerprints of EPS obtained from P. polymyxa DSM 365 and mutant 
variants were analyzed via the HT-PMP method. Based on the obtained monomer ratios and the 
detection of specific dimers in MS analysis, polymer compositions were assigned to the presence 
of distinct paenan variants (I-III). * The ΔepsO variant demonstrated a similar monomer 
composition as the wildtype polymer, however, neither pyruvate nor the respective ketal were 
detected anymore.  

The molecular weight of each variant was determined by size-exclusion chromatography 

(Table 1). Despite the presence of three distinct polymers in the wildtype EPS, no clear 

separation of individual paenan variants was possible (Figure S1). Analysis of individual 

paenan variants revealed a similar molecular weight distribution for paenan I and paenan 

III. Only paenan II seems to be significantly smaller with a size of 5.5∙105 Da. Considering 

the low proportion of paenan II in the wildtype polymer, this might explain why previous 

attempts to analyse the heteroexopolysaccharide of P. polymyxa DSM 365 were not able 

to distinguish between multiple paenan variants (Madden et al., 1986; Rütering et al., 

2017). Interestingly, while the depyruvylated polymer also showed a minor peak at 

approximately 3.0∙106 Da, the main molar mass was detected at a considerable larger 

size of 8.8∙106 Da compared to all other paenan variants. In comparison to the production 

of xanthan, for which side chains are irregularly decorated by acetyl- or pyruvyl residues, 

all repeating units of paenan I seem to be modified with a pyruvate ketal (Callet, Milas, 

& Rinaudo, 1987; Sandford et al., 1977). Consequently, the loss of this decoration in the 

ΔepsO knock-out variant might affect chain length control in P. polymyxa, resulting in an 

increased molecular weight and different rheological behavior. Alternatively, pyruvylation 

can also affect the hydrodynamic radius of the polymer and consequently influence SEC-
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MALS analysis (Baumgartner, Pavli, & Kristl, 2008; Smolka & Belmonte, 2006).  

 

Table 1: Calculated Mw of paenan variants obtained by GPC analysis using 0.5 % EPS solutions 
in 0.1 M LiNO3.  

Paenan variant Molecular weight 

I & II & III 2.6∙106 Da 

I & II & III depyruvylated 8.8∙106 Da 

I 5.8∙106 Da 

II 5.5∙105 Da 

III 3.9∙106 Da 

I & II 2.8∙106 Da 

I & III 2.8∙106 Da 

II & III 2.7∙106 Da 

Xanthan reference 4.5∙106 Da 
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Rheological characteristics 

Flow behavior of paenan-variants 

 
Fig. 3: Viscosity curves of paenan variants measured at logarithmically increasing shear rates 

from 0.01 to 1000 s-1 with a cone-and-plate geometry at 20 °C with (blue squares ) and without 
(red circles ○) the addition of 0.5 % NaCl. All measurements were carried out in triplicates, error 
bars show the standard deviation.  

Investigations of the flow behavior showed a general shear thinning behavior of all 

paenan variants (Fig. 3). The highest viscosities and highest shear thinning behavior was 
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observed for paenan wt (I & II & III) with the addition of NaCl, followed by paenan wt 

without monovalent cations. All individual variants of paenan I-III did not show 

significantly high viscosities and almost Newtonian flow behavior in the intermediated 

shear rate regions. Only the paenan wt as well as paenan I & III showed strictly power-

law shear thinning behavior and high viscosities, which increased in the presence of 

0.5 % NaCl. Upon depyruvylation of paenan wt, the viscosity drastically decreased and 

the addition of NaCl now had the adverse effect, comparable to the depyruvylation of 

xanthan (Gansbiller, Schmid, & Sieber, 2019). For xanthan, the effect is due to lower 

cation mediated intermolecular interactions between individual polymer molecules. The 

data of the different paenan polymers suggest a similar effect between the paenan I and 

paenan III molecules. The combination of paenan I & III showed almost the same 

properties as the combination of paenan I & II & III, underlining the interaction between 

paenan I and III as the main origin of the high viscosity of the polymers. This interaction 

may be explained by the cation mediated interaction of the terminal pyruvate residue of 

paenan I with the negative charge of the glucuronic acid in the backbone of paenan III. 

Interestingly, both combinations of paenan I & II and paenan II & III did not result in the 

behavior of the wildtype. Consequently, the glucuronic acid in the backbone of paenan 

II did not seem to interact with the pyruvyl residue of paenan I as seen by the low viscosity 

of this combination. This is particularly interesting, as the single side chain of paenan II 

would suggest higher accessibility of the charge in paenan II compared to the two side-

chains of paenan III, linked to the glucuronic acid and the adjacent mannose (Fig. 1). 

There are two explanations for the interactions of the individual molecules. First, the 

formation of individual homohelices of paenan I & II & III molecules respectively and a 

subsequent interaction of these helices. Second, the formation of heterohelices of 

paenan I & II & III. Investigation of the individual polymers provides evidence for the 

latter. The formation of homohelices would also suggest strong interactions between the 

ones of paenan I alone, if, as suggested the pyruvylated side chain was protruding 

outwards, like in xanthan. On the other hand, an inwards-protruding side chain, if paenan 

I was forming homohelices, would result in a similar structure as it is described for diutan 

gum (Xu, Gong, Dong, & Li, 2015) and might also be the reason for decreased viscosity. 

As opposed to diutan gum, the main chain does not carry a negative charge due to the 

lack of an uronic acid in the backbone of paenan I. In all cases, differences in the helical 

arrangements of paenan II and paenan III could explain the strong interactions of paenan 

I & III but not between paenan I & II as well as between paenan II & III, giving rise to 

further investigations of the secondary and tertiary polymer structures.  

A detailed investigation of the individual polymer variants and the combination of paenan 

II & III showed multiple shear thinning regions, indicated by up to three different K and n 

values of the power law fits of the individual sections (Table 2). This phenomenon was 

evident for paenan I and paenan II individually as well as for combinations of paenan I & 

II and paenan I & III. However, for paenan III, paenan I & III or the wildtype composition, 
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only a single shear thinning region was observed. In case of paenan I & II, the Newtonian 

region is more pronounced in the presence of NaCl, which could be the reason of the 

slight onset of a Newtonian region in paenan wt and paenan I & III in the presence of 

NaCl. Consequently, this effect might be attributed to paenan I and paenan II 

respectively, which was previously discussed to be caused by shear-banding 

(Gansbiller, Schmid, & Sieber, 2020; Rütering et al., 2018). 

Table 2: Model parameters (K, n) of the power law fits of the different paenan combinations with 
and without the addition of 0.5 % NaCl. If multiple sections were fitted individually, K and n values 
of the individual section are shown in ascending order of the corresponding shear rate-region. 

Paenan variant Solution K n 

wt  
(I & II & III) 

aq. 29.02 0.152 

0.5 % NaCl 34.38 0.171 

wt (I & II & III) 
depyruvylated 

aq. 0.47 0.485 

0.5 % NaCl 0.29 0.534 

I & II 

aq. 0.01 0.830 

0.5 % NaCl 0.01 0.850 

I & III 
aq. 24.80 0.114 

0.5 % NaCl 27.41 0.203 

II & III 

aq. 0.06 /0.16 0.924/0.679 

0.5 % NaCl 0.03/0.05/0.10 0.677/0.890/0.718 

I 
aq. 0.05/0.18/0.52 0.390/0.898/0.597 

0.5 % NaCl 0.11/0.255 1*/0.685 

II 
aq. 0.20/0.37/1.24 0.649/0.895/0.542 

0.5 % NaCl 0.10/0.26 0.978/0.73 

III 
aq. 0.03 0.86 

0.5 % NaCl 0.02 0.917 

*indicating Newtonian flow behavior 

 

Viscoelastic properties  

The basic viscoelastic properties determined by the amplitude sweep (Figure S2-3) are 

shown in Table 3. Paenan wt (I & II & III) displayed a soft and elastic gel-like behavior 
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with a yield point of 9.1 Pa (32 % strain) and a flow point of 51.1 Pa (550 % strain) with 

a damping factor of 0.3 within the LVE. The addition of 0.5 % NaCl resulted in an 

increased yield and flow point of 32.3 Pa and 90.8 Pa respectively, corresponding to a 

strain of 82 % and 590 %. Damping factor of 0.1 and the distinct G’’ peak following the 

LVE indicates a stronger but more brittle gel character. Frequency sweeps (Figure S4) 

also revealed a viscoelastic fluid like behavior of G’ and G’’ for paenan I & II & III with 

predominant elastic behavior throughout the investigated frequency range, which shifted 

more towards a gel-like behavior upon the addition of NaCl with lower frequency 

dependency of both G’ and G’’. Both, with and without addition of NaCl, no crossover 

point was evident at low frequencies, indicating long term stability of the network. 

This gel character is most likely caused by the cation mediated interactions between the 

pyruvyl residues of paenan I and the -COO- group of the glucuronic acid of paenan III. 

Further proof for this was provided by the depyruvylation of paenan I & II & III, which 

resulted in a complete loss of the viscoelastic properties. Furthermore, all individual 

paenan polymers as well as the mixtures of paenan I & II and paenan II & III showed 

predominant fluid properties, with Maxwell-like behavior (Figure S4-5). Interestingly, 

except for paenan II in the presence of NaCl, no Maxwell-fluid-typical crossover point at 

higher frequencies could be observed and data suggested an onsetting decrease of G’ 

at higher frequencies, resulting in fluid behavior at both low and high frequencies. This 

was especially evident for paenan I and paenan III. 

The high viscosity and the pronounced intermolecular network resulting in a gel-like 

character make this polymer variant an interesting compound as a rheological thickening 

agent. Similar to other microbial polysaccharides, potential applications as rheology 

modifiers in food and beverages but also technical applications such as oil drilling seem 

promising (Schmid, Sieber, & Rehm, 2015). Compared to those polysaccharides, 

viscosifying effects are highly increased, suggesting that lower EPS concentrations are 

required to obtain similar results. Furthermore, the structurally related polysaccharide 

from P. polymyxa 2H2 has recently demonstrated excellent compatibility with commonly 

used surfactants such as lauryl sulfate or cocamidopropyl betaine, which are typically 

used cosmetics and daily care products (Rütering et al., 2018). Consequently, we 

propose the utilization of the wildtype EPS composition of P. polymyxa DSM 365, 

containing paenan I & II & III as a sustainable thickening agent for variable applications 

that could replace commercially available petroleum-based acrylic compounds (Kim, 

Song, Lee, & Park, 2003; Tafuro, Costantini, Baratto, Busata, & Semenzato, 2019). 
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 Table 3: Viscoelastic properties of the paenan polymer variants. n.d.: not determined if 
measurement was not possible 

Paenan variant Solution 
G’ [Pa] 
(LVE) 

tanδ 
(LVE) 

Yield point 
[Pa] 

Flow point 
[Pa] 

wt (I & II & III) 
aq. 28.5 0.3 9.1 51.1 

0.5 % NaCl 45.5 0.1 32.3 90.8 

wt (I & II & III) 
depyruvylated 

aq. 0.71 1.0 n.d. n.d. 

0.5 % NaCl n.d. 1.0 n.d. n.d. 

I 

aq. 0.15 5.1 n.d. n.d. 

0.5 % NaCl 0.10 6.7 n.d. n.d. 

II 
aq. 0.60 3.0 n.d. n.d. 

0.5 % NaCl n.d. n.d. n.d. n.d. 

III 
aq. n.d. n.d. n.d. n.d. 

0.5 % NaCl n.d. n.d. n.d. n.d. 

I & II 

aq. 0.78 2.6 n.d. n.d. 

0.5 % NaCl 0.40 3.6 n.d. n.d. 

I & III 
aq. 13.9 0.25 11 40 

0.5 % NaCl 35.8 0.1 18 79 

II & III 
aq. n.d. n.d. n.d. n.d. 

0.5 % NaCl n.d. n.d. n.d. n.d. 

 

The paenan I & III mixture showed gel-like properties very similar to the ones of paenan 

I & II & III, indicating that the interaction is mainly between paenan I and paenan III. 

However, compared to paenan I & II & III, paenan I & III showed lower gel-strength with 

yield points at 11 Pa and 18 Pa with and without the presence of 0.5 % NaCl, and a less 

pronounced G’’ peak at the end of the LVE region in the presence of NaCl. This indicates 

weaker interactions of these polymers. Investigations of the amplitude sweeps of the 

individual polymers showed that paenan I and II both show viscoelastic fluid like 

behavior, while paenan III only shows strictly liquid behavior. Without the formation of 

gel-like networks, the addition of NaCl resulted in a decrease of both G’ and G’’, while 

paenan I exhibited higher salt stability compared to paenan II. This also becomes evident 

in the mixture of paenan I & II, where the effect of NaCl is more comparable to paenan I 

than paenan II. These effects point toward an interaction between paenan I and II, which 
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might be responsible for the increased gel strength in paenan I & II & III compared to 

paenan I & III. As both paenan II and paenan III have a glucuronic acid in the backbone, 

the strong interaction of paenan I & III suggests a better accessibility of the glucuronic 

acid of paenan III compared to the one of paenan II. Contrarily, interactions between 

paenan II and paenan III might lead to a different structural arrangement of these 

polymers, resulting in better accessibility of the glucuronic acid in paenan II and therefore 

to increased interactions between paenan I & II in the wt polymer mixture. 

In contrast to the native polysaccharide composition containing paenan I & II & III, 

deletion of individual polymers resulted in significantly altered viscoelastic properties. 

While the combination of paenan I & III still demonstrated a pronounced intermolecular 

network resulting in a gel like character, individual biopolymers demonstrated fluid like 

behavior, which still form films when dried. Consequently, significantly different 

applications to the wildtype EPS composition arise. On the one hand, bulk application 

for the formation of edible films and packaging materials similar to pullulan seem practical 

(Diab, Biliaderis, Gerasopoulos, & Sfakiotakis, 2001). On the other hand, high value 

biomedical applications as coating materials in pharmaceutical controlled drug release 

systems should be further investigated (Miao, Wang, Zeng, Liu, & Chen, 2018). For other 

charged polysaccharides such as hyaluronic acid and alginates, the chemical 

modification of the functional groups improved targeting of specific cell types allowing 

effective drug delivery systems (Bhattacharya et al., 2017; Pawar & Edgar, 2012). 

Furthermore, polysaccharides produced by other strains of P. polymyxa have 

demonstrated anti-oxidant activities, which might further enhance pharmacological 

applications (Liu et al., 2010; Raza et al., 2011).  

Temperature stability and thixotropic properties 

Temperature sweeps showed high temperature dependency of the viscoelastic 

properties of paenan I & II & III both with and without the addition of NaCl (Figure S6-7). 

The viscoelastic properties of paenan I & III showed even higher temperature 

dependency, which could be reduced by the addition of NaCl. While the native 

polysaccharide composition containing all three paenan variants retained a weak gel 

character up to 75 °C in the presence of NaCl, deletion of paenan II resulted in a loss of 

temperature stability. This suggests a stabilizing effect of paenan II regarding to 

temperature stability of the polymer network, which is also evident by the high 

temperature stability of paenan II compared to paenan I & III. For paenan II, an increase 

of G’ and G’’ could be observed during the heating ramp, which was further pronounced 

by the addition of NaCl. This effect is similar to the one seen in the undecorated xanthan 

variant previously described (Gansbiller et al., 2019) and might also be explained by 

structural rearrangements of the single polymer. However, these effects did not occur in 

any other combination of paenan II with other paenan polymers, suggesting a different 

arrangement of the individual polymers in mixture, which underlines the previously 
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described differences between paenan I & II & III and paenan I & III in regards to their 

viscoelastic properties. 

Table 4: Temperature stability of different paenan variants. n.d.: not determined if measurement 
was not possible within the LVE range 

Paenan Variant Solution 
G' at 
20°C 

G' at 75°C 
relative 

Gelstrength 
at 75°C [%] 

tanδ at 
75°C 

wt (I & II & III) 

aq. 29.43 1.15 3.91 1.49 

0.5 % NaCl 51.97 5.01 9.65 0.83 

wt (I & II & III) 
depyruvylated 

aq. 0.40 0.00 0.15 n.d. 

0.5 % NaCl 0.18 0.00 0.13 n.d. 

I 

aq. 0.17 0.01 6.19 22.29 

0.5 % NaCl 0.07 0.00 0.00 n.d. 

II 

aq. 0.269 n.d. n.d. n.d. 

0.5 % NaCl n.d. n.d. n.d. n.d. 

III 

aq. 0.139 n.d. n.d. n.d. 

0.5 % NaCl 0.139 n.d. n.d. n.d. 

I & II 

aq. 0.31 0.01 4.20 28.02 

0.5 % NaCl 0.08 0.00 0.00 n.d. 

I & III 

aq. 12.20 0.00 0.00 n.d. 

0.5 % NaCl 35.03 0.07 0.20 35.90 

II & III 

aq. 0.78 0.20 26.05 1.25 

0.5 % NaCl 0.78 0.12 15.71 1.23 

 

Furthermore, thixotropic properties were determined by a three stage oscillatory shear 

stress test (Table S3). While structural recovery was observed for all combinatorial 

variants of paenan, only 86.8 % of the initial gel strength was measured after three 

minutes with a non-destructive shear stress for the wildtype EPS mixture. This further 

underlines a pronounced intermolecular network, which takes more time to recover and 

coordinate non-covalent interactions between individual polymers. Similar effects of a 

retarded structural recovery were observed for polysaccharide composition containing 

paenan I & III, consolidating the hypothesis that the gel-like character mainly originates 

from the interaction between the pyruvate of paenan I and the glucuronic acid residue of 
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paenan III. Contrarily, for all other knock-out variants, immediate structural recovery 

resulting in the initial gel strength was observed. Consequently, distinct variants might 

be applicable as binders that convey thixotropic behavior typically used for varnishes 

and coatings with divergent rheological profiles.  

Conclusion 

In this study, we have characterized the rheological behavior of the 

heteroexopolysaccharides produced by P. polymyxa DSM 365, using CRISPR-Cas9 

mediated knock-outs of glycosyltransferases. Viscoelastic properties of individual 

paenan variants and combinations thereof were analyzed in detail. While the wildtype 

EPS composition demonstrated high viscosity and a gel-like behavior, knock-out variants 

showed significantly altered physicochemical properties depending on the present 

individual polysaccharides. Consequently, distinct polysaccharide compositions might be 

utilized for a wide range of applications such as thickening agents or coating materials. 

We propose specific intra- but also intermolecular network formations that seem to be 

highly affected by the presence of distinct pyruvyl- and glucuronic acid residues. 

Additional analytical approaches such as atomic force microscopy might be necessary 

to further investigate the precise interaction of individual biopolymers and putative 

secondary and tertiary structures.  
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 A broad-host range tool for CRISPRa/i driven flux control 

Using CRISPR-Cas9 for genome editing has revolutionized modern biotechnology and 

accelerated rational strain development and metabolic engineering efforts tremendously. 

The use of catalytically inactive Cas proteins to repress gene expression by blocking 

transcription has demonstrated to be an efficient tool to precisely control metabolic fluxes 

[177]. Particularly in eukaryotes, dCas effectors are often linked to activator domains to 

enhance expression of targeted genes of interest [178]. For bacteria, first tools to enable 

prokaryotic CRISPRa were previously developed [154,155]. However, all of these 

systems used Cas9 as an effector module. Due to the required processing of its 

corresponding gRNA, Cas9 demonstrated many disadvantages for multiplexing 

approaches required for the efficient flux control of complex metabolic pathways. 

Therefore, in this study a novel Cas12a based broad-host range tool was designed for 

the simultaneous activation and repression of multiple target genes in P. polymyxa. 

In a first step, five different activator domains from different protein families were linked 

to an engineered version of dCas12a and tested for their efficacy to activate the gene 

expression of a reporter gene. The activator of the superoxide regulon SoxS from E. coli 

showed the least stringency in the distance of the gRNA to the corresponding promoter. 

Leveraging the ability of Cas12a to process its own CRISPR array, multiplexing was 

demonstrated by simultaneously activating the expression of gfp and repressing mrfp. 

By targeting glycosyltransferases of the paenan cluster in the genome of P. polymyxa, it 

proofed possible to mimic EPS compositions of more laborious and time-consuming 

knock-out strains. Furthermore, a CRISPR array encoding eleven gRNAs targeting the 

mixed acid pathway and butanediol biosynthesis was used to enhance 2,3-BDL 

production. While transcriptional activation and repression under microaerobic 

conditions proofed to be more difficult, metabolic fluxes could be partially redirected from 

lactate to 2,3-BDL.  

The author planned and conducted all experiments in this study. Mattheos Koffas, Volker 

Sieber and Jochen Schmid provided technical and scientific advice for design of 

experiments and execution. All authors contributed to content and language of the 

manuscript. 
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4. Discussion 

 Paenibacillus sp. as a production organism for 2,3-BDL 

The biosynthesis of of highly pure enantiomeric 2,3-BDL by P. polymyxa, renders this 

organism as a highly promising, non-pathogenic production strain [37]. Until now, the 

majority of efforts were focusing on medium and process optimization [37,38,43,179]. 

Using a previously developed tool for CRISPR-Cas9 mediated genome engineering, for 

the first time, metabolic engineering strategies targeting the mixed acid pathway and 2,3-

BDL synthesis in P. polymyxa as well as further undesired by-products were applied. 

Using combinatorial knock-outs of sacB and major parts of the paenan cluster resulted 

in the complete elimination of EPS during microaerobic fermentation. Due to relatively 

low aeration rates applied in this study, polysaccharide production was limited compared 

to previously reported titers [22,38]. As a result, despite a slightly increased cell dry 

weight, 2,3-BDL productivity remained at a similar level compared to the wildtype strain. 

However, advantages might be more prominent when higher aeration rates, favoring 

EPS production, are used during the cultivation process. Additionally, sporulation was 

inhibited by the deletion of key enzymes of the sporulation cascade. While deletion of 

spo0A demonstrated several downsides for 2,3-BDL production such as severely 

decreased productivity and enantiomeric purity, knock-out of spoIIE did not show any 

negative effects. Spo0A acts as a transcription factor and has been reported to directly 

or indirectly regulate the expression of more than 500 genes in B. subtilis [172]. Even 

though no binding site corresponding to Spo0A was detected in close proximity to any 

gene of the 2,3-BDL pathway, other regulatory proteins might be influenced by the 

master regulator of sporulation. 

Furthermore, undesired by-products should be eliminated in order to redirect the carbon 

flux towards 2,3-BDL. The mixed acid pathway was engineered by deletion of pfl and a 

lactate dehydrogenase homolog (ldh1). Previous studies demonstrated positive effects 

on the production of 2,3-BDL, particularly in Klebsiella sp. [41,50,180]. However, using 

the cultivation conditions applied in this study, despite elimination of formate as a by-

product, the knock-out of pfl highly impaired growth and consequently 2,3-BDL synthesis. 

Using anaerobic conditions, pyruvate formate lyase allows the synthesis of acetyl-CoA 

without generating additional redox equivalents. In the following pathway towards 

ethanol, two equivalents of NAD+ are regenerated, allowing to counter the redox 

imbalance of the butanediol pathway [46]. Consequently, the knock-out might have been 

detrimental for P. polymyxa using a low aeration of 0.08 vvm. Contrarily, deletion of ldh1 

did not decrease lactate production. Three addtitional ldh homologs were identified in 

the genome. Due to the remaining expression of these genes, lactate was still produced. 
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A first attempt to delete the additional genes did not result in successful knock-outs and 

might require the testing of additional spacer sequences or extended flanking homology 

arms. Interestingly, the Δldh1 showed a significantly changed growth behavior. While the 

wildtype strain typically started to form endospores within the first 24 h of cultivation, the 

knock-out strain did not produce any spores throughout the fermentation process. 

Furthermore, cells were significantly smaller and seemed to remain in permanent state 

of cell division, resulting in ~ 25 % increased biomass formation in a continuous 

fermentation process. The precise mechanism for this altered growth behavior remains 

to be investigated. Interestingly, similar effects were previously reported for other 

bacteria when ldh1 homologs were knocked-out [41,181–183]. In most of these 

publications, increased biomass formation was explained by a reduced lactate 

production resulting in decreased acidification of the cultivation media. However, in the 

case of P. polymyxa, the pH value was controlled by the fermentation parameters of the 

bioreactor and therefore remained at a constant level. Finally, transformation of 

P. polymyxa Δldh with a plasmid constitutively expressing a butanediol dehydrogenase 

resulted in a highly increased productivity of 0.61 g L-1 h-1 and a titer of 43.80 g L-1 after 

72 h cultivation. By decoupling of the final step of the 2,3-BDL pathway, initial product 

inhibition already observed at low 2,3-BDL concentrations could be circumvented 

resulting in a yield of 0.43 g gGlc
-1, which corresponds to 86 % of the theoretical maximum. 

Techno-economic assessment of current microbial fermentation processes revealed the 

possibility to establish an industrial production of 2,3-BDL. However, a minimal selling 

price of ~ 1 $ kg-1, which would be required for a bulk chemical to compete with fossil 

resources, is currently not conceivable [32]. Major cost factors include the high 

expenditure for fermentation medium, low productivity and an expensive downstream 

processing in order to isolate and purify the product [184,185]. For P. polymyxa, 

optimization of the media composition is still required. This should primarily focus on the 

substitution of expensive complex media compounds such as yeast extract and tryptone 

with cheaper alternatives or waste stream products. Batch cultivations reported in this 

study suffered from long lag phases of up to 24 h in the beginning of the fermentation. 

Consequently, altered inoculation strategies and increased aeration to compensate for 

the redox imbalance of the 2,3-BDL pathway might be suitable approaches for process 

optimization using P. polymyxa to increase productivity and product titers [22,38].  

A major problem of P. polymyxa DSM 365 as a 2,3-BDL producing organism is the 

relatively low toxicity threshold of approximately 50 g L-1 [186]. While P. polymyxa still 

has some advantages over pathogenic Klebsiella or Serratia strains, which mainly 

produce the optically inactive meso-butanediol, other GRAS bacteria such as 

B. licheniformis or B. amyloliquefaciens have demonstrated to be competitive production 

platforms for 2,3-BDL [35,42]. In this study, we showed that metabolic engineering 

principles cannot be universally transferred between different organisms; however, it 
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might be possible to adapt strategies that increased 2,3-BDL production in P. polymyxa 

for closely related Bacillus strains. Due to the broad host range character of the used 

genetic tools in this study, both CRISPR systems for the generation of knock-outs or 

CRISPRa/i-mediated flux control could theoretically be transferred to related organisms. 

Furthermore, additional research is required to explore the reasons for the high solvent 

tolerance of other Bacillus spp. to allow a rational strain development of P. polymyxa 

DSM 365. Alternatively, adaptive laboratory evolution might be a suitable strategy to 

increase the toxicity threshold and consequently final product titers [187]. 

Considering these points, further work is required to make the microbial production of 

2,3-BDL economically feasible. Apart from previously shown optimization of the 

fermentation process and downstream processing, metabolic engineering proved to be 

a valuable strategy to increase 2,3-BDL titers obtained by P. polymyxa DSM 365. The 

insights gained in this study might lay the foundation for further improvements of 

metabolic fluxes in Paenibacillus sp. as well as other organisms. 
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 Quo vadis paenan? – P. polymyxa as an EPS producing 

organism 

Paenibacillus spp. have been known to produce a variety of polysaccharides [67]. Among 

these, different isolates of P. polymyxa have shown to produce structurally related 

heteroexopolysaccharides, which often consist of similar carbohydrate building blocks of 

Glc, Man, Gal and GlcA [68,77,188]. Even though previous studies suggested partial 

structures or substructures of these EPSs, structural elucidation of the repeating unit 

ultimately failed due to the high complexity of the polymer [75,174]. Using a combinatorial 

knock-out approach by deleting essential genes of the EPS biosynthesis machinery of 

P. polymyxa DSM 365, three distinct polymers were identified (Figure 6). Furthermore, 

individual glycosyltransferases as well as Wzy polymerases could be specifically 

attributed to each EPS. Complementary carbohydrate analytical methods, e.g. the HT-

PMP method, partial hydrolysis, specific degradation of uronic acid residues, linkage 

pattern analysis via different methylation methods and NMR analysis, were required to 

uncover the composition, sequence and linkage patterns of each polymer. Although each 

of these methods provides significant data on their own, a combinatorial approach was 

necessary to acquire a holistic, cross-validated picture of each repeating unit and 

elucidate their polymer structure.  

 

Figure 6: Postulated polymer structures of the three heteroexopolysaccharides produced by 
P. polymyxa DSM 365. Individual glycosyltransferases of the paenan cluster (Pep) were assigned 
to the assembly of specific polymers. Initiating glycosyltransferases (PepC and PepQ) seem to 
share the same function by transferring a glucose residue to a lipid anchor; however, deletions 
resulted in different EPS compositions. For paenan I, two additional glycosyltransferases 
putatively located in a cluster next to the corresponding pyruvyltransferase EpsO remain to be 
identified. Figure from [189].  

 

Using CRISPR-Cas9 mediated gene deletions of GTs, it proved possible to attribute 

distinct glycosyltransferases to the assembly of specific repeating units (Figure 6). 

However, most gene deletions resulted in the complete loss of the ability to produce the 

respective paenan variant. Interestingly, our current research of the biosynthesis of 
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paenan polymers produced by P. polymyxa DSM 365 indicates that both initiating 

glycosyltransferases PepC and PepQ encode glucosyltransferses. Nevertheless, 

individual knock-outs result in distinct EPS compositions without the secondary initiating 

GT being able to complement the missing function. It is currently speculated that the 

deletion of the open reading frame of pepC and pepQ also effects the expression of 

additional GTs downstream in the operon resulting in the absence of specific paenan 

variants. Further investigation of the transcriptome of the ΔpepC and ΔpepQ strain is 

required in order to validate this hypothesis.  

It has been demonstrated that Wzx flippases are highly sensitive towards the structure 

of their natural repeating unit [94]. While minor changes in side chains are often accepted 

by the flippase, deletion of the GT corresponding to the initial branching glycosylresidue 

and consequently loss of the side chain are often detrimental to the function of flippases 

[94]. Interestingly, deletion of pepT, pepU and pepV result in the absence of the fucose 

containing polysaccharide paenan II. However, the product yield of the variant ΔpepV is 

significantly lower in comparison to the other glycosyltransferase knock-outs. This 

observation might be explained by the putative function of PepV to link the terminal 

galactose residue in paenan II. Subsequently, its knock-out should result in the assembly 

of repeating units without a side chain, which are not recognized by the highly specific 

corresponding Wzx flippase and are thus not exported. To this end, the backbone of the 

repeating unit of paenan II would block undecaprenylphosphate lipid anchors for the 

biosynthesis of paenan I and paenan III, which could be an explanation for the reduced 

EPS yield of the ΔpepV variant. In order to fully understand the precise function of 

individual glycosyltransferases within the paenan cluster, a reasonable approach would 

include the heterologous expression of GTs with known enzymatic functions to 

complement missing enzyme activities in knock-out variants. If the assembly of certain 

paenan variants can be restored in a sufficient manner, this strategy might uncover 

specific activities of the GTs of P. polymyxa DSM 365.  

For any application of bacterial EPS, a major criterion is its rheological properties. 

Consequently, the wildtype EPS composition as well as each paenan variant and mixture 

were rheologically characterized in detail. While the wildtype strain produces a highly 

viscous, shear-thinning polymer solution with a pronounced gel character, individual 

paenan variants demonstrated extremely low viscosity and high damping factors. 

Furthermore, the presence of paenan II in the polymer compositions is crucial for the 

temperature stability of the polymer gel. It is hypothesized that this indicates a strong 

intermolecular network between individual paenan variants that is responsible for the 

physicochemical properties of the wildtype polymer. In comparison to other commercially 

used bacterial polysaccharides (e.g. xanthan) paenan shows significantly higher 

viscosity at low shear rates, but demonstrates a less rigid gel character than gellan 

[190,191]. These properties make the wildtype polymer an interesting candidate as a 
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viscosifier in personal care products and cosmetics that could replace synthetic, acrylic 

co-polymers such as Carbopol® or Aristoflex® [192,193]. The low viscosity and the loss 

of the gel character of engineered paenan variants make them promising candidates for 

film formation and surface coatings. Similar polysaccharides such as pullulan from 

Aureobasidium pullulans are used in edible films or packaging materials  [194–196]. For 

pharmaceutical applications, polysaccharide-based coatings are increasingly used in 

various controlled drug release systems due to anti-inflammatory effects, low 

immunogenic response and their biodegradability [23,197]. Therefore, the EPS produced 

by P. polymyxa DSM 365 and engineered variants thereof might be a green alternative 

to fossil-based polymers in a broad range of applications.  

Recently, a structurally related EPS from P. polymyxa 2H2 demonstrated to be 

compatible with most commonly used anionic and cationic surfactants included in toiletry 

(e.g. sodium lauryl sulfate, cetrimonium chloride) [24]. With the rheological data of 

different paenan variants presented in this study, it is possible to tailor cosmetic 

formulations towards specific rheological requirements. To rationally predict interactions 

with other compounds of interest, further research regarding the secondary, tertiary and 

quaternary structure of paenan variants and their intermolecular network might be 

required to understand the positioning of side chains and exposure of functional groups. 

For xanthan, sophisticated NMR methods and atom force microscopy demonstrated that 

the polymer forms a double stranded helical structure [198–200]. Depending on the 

degree of acetylation and pyruvylation of the side chain, the EPS takes different 

conformations resulting in different rheological properties [66,201]. Similar investigations 

might be necessary for paenan to fully understand its rheological behavior. 

Currently, a major bottleneck for any commercial application of the EPS from 

P. polymyxa lies in the operation costs of production and obtained product yields. While 

it was not the aim of this study to optimize EPS production of this organism, it is an 

important biotechnological aspect that should be considered. Without any process and 

media optimization, the wildtype strain produced 5 g L-1 EPS corresponding to a yield of 

0.135 g gGlc
-1.  However, knock-out variants produced significantly less EPS ranging from 

2-3 g L-1 and proportionally reduced yields. In comparison, for the small segment of 

microbial polymers that currently persist on the market, established fermentation 

processes resulted in remarkably higher product titers. For xanthan, industrial fed-batch 

cultivations result in 30-60 g L-1 EPS with a yield of 0.82 g g-1 glucose [60,202,203]. For 

the fermentative production of gellan using Sphingomonas paucimobilis, EPS titers of up 

to 35.7 g L-1 were demonstrated [204]. A major limitation for the production of EPS seems 

to be the high viscosity of the fermentation broth, which ultimately prevents mass and 

oxygen transfer within the bioreactor. In comparison, for polysaccharides with a low 

viscosity such as dextran or levan, production titers of 150 g L-1 by microbial fermentation 

have been reported [205]. Consequently, process and media optimization might be 
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suitable approaches to increase EPS titers obtained by P. polymyxa and knock-out 

variants. Due to the limited number of genetic tools for alternative host organisms, 

metabolic engineering efforts of EPS producing organisms have been scarcely reported. 

Using the tools developed for P. polymyxa [25,206], flux optimization via CRISPRa/i, 

overexpression of glycosyltransferases or knock-outs of competing by-products might be 

used to significantly enhance EPS production.  

Most commercially available bacterial polysaccharides are regarded as bulk products 

with prices ranging from 3-30 $ kg-1 [60,207]. Depending on the final application, some 

polymers also fill high-value niches and are utilized in cosmetic and pharmaceutical 

products. Despite low product titers of less than 10 g L-1, microbial production of 

hyaluronic acid is still economically profitable due to high prices of up to 100 $ mg-1 for 

pure product [113]. Depending on the final application, downstream processing can be 

modified for different paenan variants depending on the required purity for the final 

application and thereby reducing the operation costs [208]. The profit margin can be 

further expanded by a precise adjustment of the physicochemical properties of 

engineered paenan variants to their application. A major advantage of the EPS produced 

by P. polymyxa DSM 365 might be that process optimization and metabolic engineering 

strategies can putatively be transferred between different paenan variants.  



 Discussion 

141 

 

 CRISPRa/i mediated metabolic flux optimization 

CRISPR-Cas mediated genome engineering advanced synthetic biology and metabolic 

engineering in an unprecedented way by enabling fast and precise genome editing in 

numerous organisms [134,209]. While CRISPRi is commonly used for bacteria to 

modulate the expression of target genes, CRISPRa is lacking behind. Transcriptional 

perturbation has been applied for genome screenings in eukaryotes to discover new 

biological mechanisms or to identify and leverage the mode of action of drugs, toxins or 

pathogens [210–212]. The few systems that have been developed for bacteria so far 

typically suffer from a limited range of promoters that can be targeted or a narrow range 

in which transcriptional activation can be achieved [150,154,155]. Therefore, this work 

also focused on the development of a novel prokaryotic tool for both, CRISPRi and 

CRISPRa, using dCas12a to facilitate processing of the CRISPR-array and enable 

multiplexing of numerous genes. 

Using the regulator of the superoxide regulon of E. coli as an activator domain, the here 

developed tool was successfully used to activate or repress the expression of 

fluorescence reporter proteins in both, E. coli S17-1 as well as P. polymyxa DSM 365. 

Furthermore, initial glycosyltransferases of the paenan cluster were repressed, 

effectively producing the same EPS composition as corresponding knock-out variants. 

For the butanediol biosynthesis pathway, the tool was used to simultaneously knock-

down the expression of three lactate dehydrogenases, while activating the expression of 

the endogenous butanediol dehydrogenase. However, only mediocre effects could be 

observed resulting in a 20 % reduced lactate concentration and a 26 % increased 

butanediol titer compared to an off-target construct. A major problem might lie in 

endogenous regulation mechanisms of P. polymyxa DSM 365. Already in initial knock-

out mediated engineering strategies it was demonstrated that P. polymyxa increases 

redox-neutral lactate production in response to elevated 2,3-BDL levels [213]. 

Consequently, low effects of transcriptional perturbation might be a result of undesired 

cross-talk with endogenous regulatory mechanisms of the mixed acid pathway. 

Nevertheless, even though a proof of principle could be demonstrated on episomal and 

genomic targets, the dynamic output range remained low compared to previous systems 

targeting δ54- dependent promoters [154]. Interestingly, efficacy of repression varied 

significantly between different spacer sequences. Despite utilizing same PAM 

sequences, some spacers reduced GFP signal by 90 %, where other gRNAs target sites 

in close proximity only reduced the fluorescence output by 50 %. With our current 

knowledge, it is not possible to design efficient spacer sequences a priori and empirical 

testing is required for each target. Chosen PAM sequences (TTTV) did not seem to affect 

the efficiency of gRNA in this study. Nevertheless, it might be interesting to characterize 

the seed sequences of each spacer (5-10 bases next to the PAM). Typically, for knock-

out experiments, seed sequences are of lower importance. Even mismatches within the 
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seed sequence have demonstrated to result in efficient cleavage at the target sites [214]. 

However, for transcriptional perturbation using catalytically dead Cas nucleases, seed 

sequences can highly affect the binding efficiency of the activated Cas module and 

consequently the robustness of activation or repression [133,215]. It might be possible 

to intentionally exploit suboptimal spacers or mismatches within the seed region to tune 

the binding affinity and consequently the dynamic range in order to modulate the 

expression of target genes of a distinct pathway. For this approach, large datasets of 

spacer sequences have to be characterized in detail to generate rule sets on spacer 

design with predictable outcome. 

Furthermore, particularly for CRISPRi, it might be interesting to investigate repression 

efficiency of the developed pCRai system, when the corresponding promoter region is 

targeted directly. Transcriptional repression might be improved by using the activated 

Cas module as a repressor that prevents binding of the RNA-polymerase rather than a 

roadblock within the ORF that blocks elongation of the transcript. Additionally, protein 

engineering might be applied to mutate both, Cas12a to increase binding efficiency to its 

cognate target site and the SoxS activator domain to improve the recruitment of RNA-

polymerase. Similar strategies have previously demonstrated to improve the efficacy of 

CRISPR mediated transcriptional perturbation by increasing the dynamic output range 

[144,155].  

There is still room for improvement of the developed pCRai tool for transcriptional 

perturbation in this study. However, proof of concept was established in P. polymyxa by 

modulating the expression of fluorescence reporters, glycosyltransferases and 

butanediol synthesis. Due to the design of the plasmid including commonly recognized 

origins of replication for both Gram-negative and Gram-positive bacteria as well as an 

origin of transfer enabling conjugation, the system might be suitable for a range of 

different organisms for which molecular tools and methods have not been developed yet. 

Consequently, the CRISPRa/i tool could be used to enable complex metabolic 

engineering efforts in otherwise genetically inaccessible host organism.  
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5. Conclusion 

Over the last decades, the awareness of the limited nature of resources of our planet 

has been steadily rising and the demand for sustainable alternatives to fossil-based 

compounds is rapidly increasing. This study focused on the metabolic engineering of the 

alternative host P. polymyxa DSM 365 to establish a chassis organism for the production 

of 2,3-BDL and EPS with unique physicochemical properties. 

Using a previously developed tool for CRISPR-Cas9 mediated genome engineering in 

P. polymyxa, the butanediol biosynthesis and the mixed-acid pathway were engineered 

to increase the productivity and yield. Deletion of a lactate dehydrogenase surprisingly 

resulted in an improved growth behaviour of the organism. By decoupling and 

overexpression of the last enzymatic step of the butanediol pathway 2,3-BDL titers were 

increased to 43.8 g L-1 after 72 h cultivation. A yield of 0.43 g gGlc
-1 was obtained, 

corresponding to 86 % of the theoretical maximum. Furthermore, undesired side 

products that disturb downstream processing such as EPS and spore formation were 

eliminated without negatively affecting 2,3-BDL synthesis. Even though final product 

titers could be increased by 45 %, the current engineered strain is not competitive to 

other biotechnological producers such as pathogenic Klebsiella spp., Serratia spp. or 

non-pathogenic Bacillus spp. The major bottleneck lies in the low toxicity threshold of P. 

polymyxa towards the final product. While this problem might be overcome by laboratory 

evolution of the optimized strain, we also propose the transfer of the applied engineering 

strategies to closely related Bacillus spp., which have demonstrated significantly 

increased 2,3-BDL tolerance. 

Furthermore, P. polymyxa DSM 365 was also used as a production platform for 

heteroexopolysaccharides with unique physicochemical properties. Using combinatorial 

knock-out variants of glycosyltransferases, it was elucidated that the EPS of P. polymyxa 

DSM 365 in fact consists of three distinct biopolymers named Paenan I-III. Due to the 

complexity of polymers and EPS mixtures, complementary analytical methods were 

required to identify the carbohydrate composition, sequence and linkage type of each 

polysaccharide. Using this structural knowledge, it might be possible to rationally predict 

interactions and compatibility with typical compounds found in cosmetics, food and 

technical applications as well as other commodity items in which polysaccharides are 

applied as rheological modifiers. Individual paenan variants and EPS mixtures produced 

by knock-out strains of P. polymyxa were rheologically characterized in detail. While the 

wildtype strain produced a highly viscous, gel-forming polymer with a pronounced 

intramolecular network, individual paenan variants demonstrated significantly reduced 

viscoelastic properties. Particularly the interaction of pyruvate and GlcA found in 

paenan III seems to be crucial for the gel character of the produced EPS. As a result, 

different paenan variants and combination thereof can be applied in a wide range of 
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applications. Precise knowledge of the function of individual enzymes involved in the 

biosynthesis of paenan might enable tailoring of artificial EPS compositions with distinct 

material properties that allow the utilization in completely new fields of application. The 

portfolio of EPS variants produced by P. polymyxa DSM 365 could be further expanded 

by the expression of heterologous GTs to further alter the polymer structures.  

The established tool for CRISPR mediated transcriptional perturbation provides a 

powerful method for genome scale, multiplex metabolic engineering efforts that allow the 

simultaneous activation and repression of genes of interest. Even though improvements 

to increase the dynamic range of the tool and empirical testing of optimized target sites 

are still required, a proof of principle could be established in both, P. polymyxa and 

E. coli. On the example of the EPS composition of P. polymyxa DSM 365, it was 

demonstrated that time-consuming knock-out variants can be efficiently emulated by 

transcriptional repression of the target genes. However, on the example of 2,3-BDL 

synthesis, it was also shown that endogenous regulatory systems might also influence 

the efficacy of the tool. Consequently, possible target genes have to be chosen carefully 

and more empirical testing is required to establish a robust design rule set. Owing to the 

broad-host range character of the plasmid, the developed CRISPRa/i tool might be used 

to optimize metabolic fluxes in numerous organisms other that Paenibacillus sp..  

In this work, P. polymyxa was used as a platform organism for the biosynthesis of levo-

butanediol and exopolysaccharide based rheological modifiers. Metabolic engineering 

allowed to improve 2,3-BDL synthesis and enabled the structural elucidation of 

biopolymers produced by P. polymyxa DSM 365. Furthermore, a broad host range tool 

for transcriptional activation and repression in bacteria was developed. The target 

products discussed in this work are only a small part of the wide range of potentially 

interesting biotechnological products and applications of P. polymyxa. Further research 

focusing on the vast variety of antibiotics, Paenibacillus sp. as an agricultural biofertilizer 

or pathogenic strains such as P. larvae seem obvious. Desirably, the findings of this 

study will contribute to make new biotechnological processes using Paenibacillus sp. but 

also other organisms economically feasible and push society further towards a 

sustainable future independent of fossil-based resources.  
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7. Appendix 

 Supplemental information of manuscripts 

7.1.1. Metabolic Engineering of the 2,3-butanediol pathway of Paenibacillus 

polymyxa DSM 365 

 

Table S1: Bacterial strains used in this study 

Strain Genotype Reference 

E. coli NEB Turbo F´ proA+ B+ lacIq ∆ lacZ M15/ fhuA2 
∆(lac-proAB) glnV gal 
R(zgb210::Tn10)TetS endA1 thi-1 
∆(hsdS-mcrB)5 

New England 
Biolabs 
C2984I 

E. coli S17-1 Conjugation strain; recA pro hsdR 
RP42Tc::Mu-Km::Tn7 integrated into 
the chromosome 

ATCC 47055 

P. polymyxa DSM365 wild type DSMZ 365 

P. polymyxa DSM365 Δclu1 DSM365 Δclu1 Rütering et al 
(2017) 

P. polymyxa DSM365 Δclu1 
ΔsacB 

DSM365 Δclu1 ΔsacB This study 

P. polymyxa DSM365 Δldh1 DSM365 Δldh1 This study 

P. polymyxa DSM365 Δpfl DSM365 Δpfl This study 

P. polymyxa DSM365 Δspo0A DSM365 Δspo0A This study 

P. polymyxa DSM365 ΔspoIIE DSM365 ΔspoIIE This study 

P. polymyxa DSM365 Δldh1 
pHEiP_Ppbdh 

DSM365 Δldh1 pHEiP_Ppbdh This study 
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Table S2: Plasmids used in this study 

Plasmid Description Reference 

pCasPP P. polymyxa CRISPR-Cas9 genome editing 
plasmid 

(Rütering et al., 
2017) 

pCasPPH_clu1 clu1 targeting knock out plasmid containing 
repair template 

(Rütering et al., 
2017) 

pCasPPH_ldh1 ldh1 targeting knock out plasmid containing 
repair template 

This study 

pCasPPH_spo0A spo0A targeting knock out plasmid 
containing repair template 

This study 

pCasPPH_pfl pfl targeting knock out plasmid containing 
repair template 

This study 

pCasPPH_spoIIE spoIIE targeting knock out plasmid 
containing repair template 

This study 

pCasPPH_sacB sacB targeting knock out plasmid containing 
repair template 

This study 

pHEiP_Ppbdh constitutive expression of Ppbdh under 
control of Pspac 

This study 

 

Table S3: Primers used for plasmid construction and knock out verification. Overhangs used for 
Golden Gate assembly are depicted in lower case. Restriction sites for cloning of homology flanks 
are underlined. 

Primer Sequence 5’→3’ 

ldh_sgRNA1_fw acgcCGTCGTCCAGTACAGACAGG 

ldh_sgRNA1_rev aaacCCTGTCTGTACTGGACGACG 

ldh_sgRNA2_fw acgcCGAGTTGGAACTAAGTCCAG 

ldh_sgRNA_2_rev aaacCTGGACTTAGTTCCAACTCG 

ldh_Harms_US_fw ATATTCTAGAGCGCTACCTGTAACACTGGG 

ldh_Harms_US_rev_O
E 

CGAGGAGGCAACATACCTCATTGAGGATAAGGAGTTTT
TGCAATCC 

ldh_Harms_DS_fw_O
E 

CTCCTTATCCTCAATGAGGTATGTTGCCTCCTCGTTCC
AGCGAA 

ldh_Harms_DS_rev CTATTCTAGAGGCGCTTGCTTCAATCTATACTCA 

ldh_KO_proof_fw GGAGAACTGCTACGACTCGGAT 

ldh_KO_proof_rev ACCAAACGGCTGTGCTCTGC 

pfl_sgRNA1_fw acgcACTGACTATTACTTCTAACG 
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pfl_sgRNA1_rev aaacCGTTAGAAGTAATAGTCAGT 

pfl_sgRNA2_fw acgcAGTCACCGATAATACGACCA 

pfl_sgRNA_2_rev aaacTGGTCGTATTATCGGTGACT 

pfl_Harms_US_fw_gib 
CTCAAGGTCGCCCGCAACCGGCGCATCAAGCCCGCCG
aGTGGCAATTATTGACCCAGTGTTTG 

pfl_Harms_US_rev_O
E 

GCGTCATTGTAATACCAAATTGTTTGGTCTTCCGGACTT
G 

pfl_Harms_DS_fw_OE 
GACCAAACAATTTGGGTATTACAATGACGCACGCATAG
CG 

pfl_Harms_DS_rev_gi
b 

GAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTG
GCCACGGTGAGCATGGTCCATTTCTTGAAATTCA 

pfl_KO_proof_fw CGCAGTAATTACGGACAAAAACCT 

pfl_KO_proof_rev AACGCTGGAATCAGCAACATTGG 

spoIIE_sg1_fw acgcGGGCGTATCACAAATCATGG 

spoIIE_sg1_rev aaacCCATGATTTGTGATACGCCC 

spoIIE_sg2_fw acgcTAACAGGCTGCCTAACACAA 

spoIIE_sg2_rev aaacTTGTGTTAGGCAGCCTGTTA 

spoIIE_US_fw AATTAACGTCTAGAGTTAGAGGGCAAAGTGACAGGC 

spoIIE_US_rev_OE ACAGTCGGCCGCGTCAGGCACCCCATTCAT 

spoIIE_DS_fw TGCCTGACGCGGCCGACTGTTTACTAGAAAGGG 

spoIIE_DS_rev AATTAAGGTCTAGAAGCATCCCTTCTCCTTTGCC 

spoIIE_KO_proof_fw TCACCACAGCGGGATTTTTTTGC 

spoIIE_KO_proof_rev TTCCACTTGCCCTTGATGACCG 

BbsI_Ppbdh_fw AATTGAAGACAAACGCATGCAAGCATTGAGATGGCATG 

BBsI_Ppbdh_rev ATTGAAGACATAAACTTAAGCTTGCGGAGATACCAGGA 

CLU1_USHR_XBAI_F GGCCTCTAGAGCAATACAAAATCTGCGGTAACAATCG 

CLU1_USHR_R 
CCGAGCAGACCTTCGTAATGACTTTGCGG-
GAGGGAAATGTATACTTTCGGATACGG 

CLU1_DSHR_F 
CCGTATCCGAAAGTATACATTTCCCTCCCGCAAAGTCA
TTAC-GAAGGTCTGCTCGG 

CLU1_DSHR_XBAI_R GGCCTCTAGACCCTCTCTCCTCATATTTTTAGACCGG 

CLU1_KOPROOF_F CCATTCCGGTAAATGCTTATGAATGAGG 

CLU1_KOPROOF_R GCTACGACCGCTAATAGTCCAGATAAAACG 

CLU1_KO_GBLOCK 

GAGACATCTTTGAAGACAAACGCAATTGGCTCTGTGAA
CGACAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
GCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTC
GGTGCTTTTTTAGCATAACCCCTTGGGGCCTCTAAACG
GGTCTTGAGGGGTTTTTTGGCTGCTCCTTCGGTCGGAC
GTGCGTCTACGGGCACCTTACCGCAGCCGTCGGCTGT
GCGACACGGACGGATCGGGCGAACTGGCCGATGCTG
GGAGAAGCGCGCTGCTGTACGGCGCGCACCGGGTGC
GGAGCCCCTCGGCGAGCGGTGTGAAACTTCTGTGAAT
GGCCTGTTCGGTTGCTTTTTTTATACGGCTGCCAGATA
AGGCTTGCAGCATCTGGGCGGCTACCGCTATGATCGG
GGCGTTCCTGCAATTCTTAGTGCGAGTATCTGAAAGGG
GATACGCGTATACCCCGAAATACCCGGGTTTAAGTCTT
CTTTCACGTGGC 
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sacB_usHR_XbaI.FO
R 

TGCTCTAGATGTCTACATTGTTGTATGGACTGGG 

sacB_dsHR_XbaI.RE
V 

CCATTCTAGAGCCACTCAGGTTCACTGTGATCAGG 

sacB_usHR.FOR TGTCTACATTGTTGTATGGACTGGG 

sacB_dsHR.REV CACTCAGGTTCACTGTGATCAGG 

sacB_KOproof.FOR CCTCATTGATTGGACTGACCC 

sacB_KOproof.REV CCAGGCCAGAGCATAACGG 

sg1_sacB.FOR acgcACTACCTTGCTGTTAGGAGG 

sg1_sacB.REV aaacCCTCCTAACAGCAAGGTAGT 

sg2_sacB.FOR acgcGCACAGTAGCCAATTACAAA 

sg2_sacB.REV aaacTTTGTAATTGGCTACTGTGC 

Spo0A_US_fw 
AATTTCTAGAGAGGGGATTTCAAGGGGAAGTGACACCC
CAA 

Spo0A_US_revOE GTCACTTCCCCTTGAAATCCCCTCCTCAAAAGTCTCC 

Spo0A_DS_fwOE AGGAAGTACAGGGTCAGAATGATTGATGAAGCAAG 

Spo0A_DS_rev AATTTCTAGAACCCCATGCCTGTCCTCTTC 

Spo0A_sg1_fw acgcATTGTTGGCTGATGACAACC 

Spo0A_sg1_rev aaacGGTTGTCATCAGCCAACAAT 

Spo0A_KO_proof_fw CACACATGAACGGCAAACCAC 

Spo0A_KO_proof_rev GTATGTCCTTAAAGCCCGCGTCAC 

 

 

 

Figure S1: CRISPR/Cas9 mediated knockout variants of P. polymyxa. The 1 % agarose gel 
shows PCR products of wildtype (wt) and knockout mutants (Δ) for each gene of interest. For 
each knockout repair templates were provided by fusion of 1 kb up- and downstream regions of 
the target gene resulting in approximately 2 kb amplicons for successful knockouts. For cPCRs, 
primers (KO_proof in Table S3) located on the genome, outside of the flanking repair template 
were used for both amplicons. clu1 represents the 18 kb biosynthesis cluster required for paenan 
synthesis and did not yield a PCR product for the wt strain for the chosen amplification conditions. 
L: NEB 1 kb Plus DNA ladder; wt: wildtype amplicon; Δ: KO amplicon 



 Appendix 

165 

 

 

 

Table S4: Sequences of targeted genes in P. polymyxa DSM 365 

Gene Sequence 5’-> 3’ 

sacB 

TTGAAGTTTAACAAATGGTTCAGTAAAGCAGCCACTGCAACAGTAGCA
ACTACCTTGCTGTTAGGAGGCGGCGTTCAGGCTTTTGCCGAGGAAAA
TGATGCATCTGATCTCAAAACAGACAATGCATTTACGCAAATTACGCG
TAATGACATGCTGAATATTTTCAAACAGCAAGGCAAAGAGAAATATGA
GGTTCCGTCCTTCGATGCGTCTACAATTAAGAATATTCCTTCTGCTATT
GGTCGCGACAGCTCAGGCAAGCTGACTGATTTTGATGTCTGGGACTC
TTGGCCGTTACAAAATGCCGATGGCACAGTAGCCAATTACAAAGGGT
ATAATATCGTTTTTGGATTGGCAGGCGATCCTAAAAGAGCAGAGGATA
CATTTATATATCTGTTCTATCAAAAAGCGGGTAATACCTCGCTGAGCG
GCTGGAAAAATGCCGGAAGAGTATTTAAAGACAATGATAAATTACTTG
CCAACGATCCGATTCTAAAAAATCAGTCAGAAGAATGGTCCGGTTCTG
CTACGTTAACCTCTGATGGACAAGTACGTTTATTCTATACCAGCAGAC
AGCCCTTTGAGCCAAGTAACCAACTATACGGCAAACAAACCTTGAGCA
CGGCTCAAATTAATGTCTCTCAGCCTGATGACAAGACACTGAAAGTAG
ATGGAGTCGAGGATTTGAAATCGATCTATGACGGTGGAGATGGGAAA
ACCTATCAAAATGTACAGCAAAGCGTCGGAATAGATATGGACAACCAT
ACGTTTAGAGACCCTCACTATGTCGAGGATCAAGGCCACAAATATATT
ATATTTGAAGCCAACACAGGAACAGAAACCGGCTACCAAGGCGAAGA
TTCGCTTCAAAACCCAGCTTATTATGGCGGCAATAAGAAATTCTTCAC
GGAAGAGCAACAAAATTTGTTGCAAAGTCCCAAGAAAAAGGGAGCTG
AGCTGGCTAACGGCGCACTGGGCATCGTTGAATTGAATGATGATTATA
CGTTGAAAAATGTAATGCCTCCTTTGATTGCTTCCAATTTGGTAACAGA
TGAAATTGAACGGGCAAATGTGTTCAAAATGAACGGTTTGTGGTATTT
ATTTACGAGTACGAGAGGCTCCAAGGTGACTGTAGATGCGATCGGTG
ACGATGATATTTACATGCTGGGTTATGTTTCTACTTCCTTGACAGGGC
CTTATAAACCCTTGAATGGAACCGGTCTCGTTCTTCATCAGGATCTGG
ATCGTGATGATATTACCTGGACGTATGCCCATTTTGCTATCCCGCAAG
GCAAAGGCAATAACGTAGTCGTTTCGAGTTATATGACCAATCGCGGG
CTTTTCCCGGATCA 

clu1 

GCAATACAAAATCTGCGGTAACAATCGGATACATAGGGATTATGCAAA
TCCTGAACTGTAGACAGGAGGCCGAATCATGAAAATTGTCATTGTCGA
TGATCATCCTTTAGTACGGAAAGGACTCGCTGCGGTTATATCCATGCA
GCCCAATGTTCAGTTTGCGGGAGAGGCCCAGAATCAACAGGAAGCAC
TTGTGGTGATTGAGGAAACGGATCCGGATCTGGTGCTGCTGGATTTG
AAACTAGCTGATGAATCAGGGCTGGATATTATCAAGATAGCGCGCGG
ACGTGGTTTCAGAAGTAAATTTATTTTGCTGACCTCTTCCGCAACACG
TGAAGATTTTCTGAAAGCAGAGGAAGCTTCCGTGGACGGTTATGTGCT
TAAGGAAGCGTTGCCTGAGGAACTAATTTACGCGATTCATCTTGTCAA
CAAAGGACGCAAATATTATGATCCGGCTATTCTCGAAAACAAGCTGCG
TGAAGATGCGGGCAATCTGACGGACGACCTGACGCCAAAGGAAAAG
GAAGTGCTGGTCGAGTTGGGACAAGGAGCTTGCAATCGTGAAATTGC
ATCCCGATTATTTATCAGTGAGTTTACAGTCAAAAAGCATGTCAGTCA
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Gene Sequence 5’-> 3’ 

GATCCTGGCCAAGCTGCGGCTGGCGGATCGCACGCAGGCAGCGTTG
TATGCCAATGCCATTGGTCTGGCGAAGTACGAGCCAACAAACATGGT
ATGATGCGCTGACTCTATAAGTTGCATTGCACTTTCATATGCGAGTGG
AATGAAAAGCCTCAAAATCACCAATTTTTGTGATTTTGAGGCTTTTTTC
GATTTCTTTTTCCATAATCAACAATGTATGGTACAAAAGTATACCATGC
CGTATCCGAAAGTATACATTTCCCTCCCCCTGTAGTGAGGGAGAAAGT
GCCATTCGGTTCCATGTCGTTCACAGAGCCAATTGTTACAATAAAGTC
ATACTTAAATATGAAGAGAAATTGTATAGGAGGGAGGATTTTTGTGGA
GAAAACCATTTTGGATTATCTAGTCCTGATTAAAAGAAGATTGTGGCT
GATTGCGATTTTTGTCATTCTCTCATGTGTAACAACATACTTTGTGAGC
GACAATGTCGTGAAGCCAGTCTACTCCGCTTCAAGCCAACTGCTGGT
TAATCATATTTCCGCCAAGCAGGGGAGCAACAATCTGAACGACGTCAA
CACAAGTCTTAATTTGGTGGAAAGCTACAAGCAAATTCTCACTTCACC
TAAAATTATGGACGCTGTTGTAGCGACTCATCCCGAGTTCGGTTTGAC
ACAGCAGAAGTTGGCAGAAAAGCTGCAGATTAAATCCTCGGATAAAA
GTCAGGTTATCGGTTTGACGTTTGAGGCAGGGAGCTATCCACAGGCC
GCAGCGGTTGTAAACGCGGTTACCCAGAAATTCGTACAGACGGTTCC
GGGATTGATGGAATTGAATAATGTAAAAATTTTAAATGAAGCGGATCC
TCAGGCCAATCCTGACCCGATTAATGGGAACCCGCTCATGAATATTGC
GATTAGTTTTCTCGTATCGCTGATGATTGCATTAGGCACGATTGTGTT
CCTGGAAAGCATTAACGGCACGCTGCGCTCGGAAAAAGAGGCAGAC
GCAGACATCGGTATTCCGGTAATTGCATCGATTCCAGTCATTCGCAAG
AAGGACATCGATGGAGCAGCCGGAAATTCCAAAGAACGGGTAGGGG
AGCGTAAATATGCTGCGATTGAATGACATGTTGATTACAGAAAGTAAT
CCATCATCGTATATCTCGGAATCATTTCGATCCCTCCGTACATACATTC
GGCAGCAGGTGATTGGACAAAAGGACCGTGGGACGGTTCTATTGTTG
ACCTCGCCGGAAAGCGGAGCGGGTAAAACAACACTGCTCGCCAACAT
CGGAGTTTCTTTTGCACAAGAAGGCAAGAAGGTGGCTCTGGTGGATT
GCAATCTGCATAAGCCAGCGCTGCACGAGATATTCGGAATGGAGAAT
ACCGGAGGTCTATCGGCTTATTTGCGCGGTGGGGCTTCTTCCAAGTC
TATCGTTAGGCATGGTGGCCTGGAGCTATCGGTTGTTCCCGGTGGAG
ACACCCTGTACAACGCAGCGGATCTGCTCGGTAGCGAACGTATGGCT
GAGCTGCTGGAAGAGCTCAAACGTGAATATGACATCATCTTACTCGAT
TCAGCTCCGGCGCTGAATTATACGGATGCCCGCCTGATTGCAGGCTT
GACAGATGGTGTGATTCTCGTTGCTAAACATGGTCGTACCAAACGGG
AAGATCTGCGCAAAACAAAGCAACTCATGGAGCAGGCCAGTGCGACG
CTGGTTGGAATTGTGATGAATCAGGTGAAGTAAGCAACACCAAAATTC
GATGAAGCAAGGAGAATGAGTGCGATGACGAAAAGAGTGAAAAAGGC
CATTATTCCAGCAGCAGGGTTAGGTACGCGCTTCCTCCCTGCCACCA
AAGCGATGCCTAAGGAAATGCTTCCAATTATCAACAAGCCTACGATTC
AATATATCGTGGAAGAAGCGATTGCTTCTGGTATTGAGGACATTATTA
TCGTTACGGGTAAAGGCAAACGTGCCATTGAGGATCACTTTGACAAC
GCATTTGAACTGGAGTCAAAACTGCTCGAGGACGGTAAGCTGAAGCT
TCTGGAGGAAGTACAGCGTTCTTCGGGAGTGGAAATTCACTACATTC
GCCAAAAAGAACCCAAAGGTCTTGGACATGCGGTATGGTGCGCAAGA
CGCTTTATCGGGGACGAGCCGTTTGGTGTGCTGCTGGGCGATGATAT
CGTAACAGGTCAGAAGCCTTGCCTGCGCCAGCTGATGGATCAGTATG
AGGAAACACAAAATTCGGTTATCGGTGTTCAGCGGGTACCGCAGGAA
TTTACGAACCGGTACGGCATCATTGAACCGGATCAGCAGGACGGACG
CTTGTACCGAGTGAATAATTTTATAGAAAAACCGGCTCCAGGCACAGC
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Gene Sequence 5’-> 3’ 

GCCATCCGATTTGGCTATTATGGGTCGCTACGTGTTCTCACCGAAAAT
TTTCAAATATCTTGATCTTCAGGAAAAAGGAGCTGGCGGCGAAATTCA
GTTGACGGATGCGATCCAAAAGCTGAATCAGAGTGAGCGTGTGTACG
CCTATGATTTTGAAGGCACACGCTATGACGTAGGTGAGCGTCTTGGAT
ATATTTTAACCACACTTGAATTTGCACTTGCCAGCGATGATTTGAAGTA
TCCGGTTATGGAGGCTATGAATGAATGGTTGAAAAAGACCGAGAAAG
CAACCACGGCAGGTTGAGAGGGGGTACGTCAGCATGAGCATGGAAA
ATTTACCGGAGGACGGCGAGGCTGTCATGTCAGGTAAAGCGTTTTAC
ATGCCATACGGAAATACACAAATTCAGGATAAAACGTCCTACCTGGTC
ACAAAACGCCTCCTTGATATGCTGCTGTCGTTCGTGGGCTTGATCGTC
TTGCTTCCGCTTTTTGTAGTGGTAGGCGTATTGATTAAGCTCGAAGAC
CCAAAGGGAAGCGTGTTTTTCAAGCAAACTCGGGTGGGCAAGAATGA
GAAGTTATTCGATATGTATAAATTCCGTTCAATGGTGTCCAATGCTGA
GGAATTGAAAAAGGACTTGATGGAGCTGAATGAAGTGAGCGGCGCCA
TGTTCAAAATTAAAAACGATCCTCGGATCACGAAAATTGGTAGTTTTCT
GCGCAAGACGAGTATTGATGAGATTCCGCAGCTGTGGAACGTGTTGG
TCGGCGACATGACTTTAGTCGGTCCGCGTCCGCCGTTGCCCAGCGA
GGTCGAGCAATATTCCGATTATGATAAGCAACGCCTGATTGTAACACC
GGGATGTACGGGTTACTGGCAGGTGAGCGCACGTAACAGTGTAGGC
TTCGAAGAAATGGTGCAAATGGATTTGAAGTATATTCATGTACGCAAT
ACGTGGCTCGATTTGAAAATCATCATGAAAACAGGCGTTAAAATGCTG
TTCTCCAAGGATGCTTATTGATGGATGCATTCAAGCGATGTCCCGCAG
TATCCGTCGTTATTTGCACCTATAACCGGGCGGATCTGCTGGAAAAAA
CGTTAATGTCCCTGCTGGAGCTGGAAGACCTTGCACTGGCTGAGATC
ATTGTAGTCGATAATCGGTCCACCGATCATACAGCGGCGACGATCAA
AAGGTTCACTGTCGCACATGGTCAGAATATCCATCTCCGATATCATTA
TGAGCGAGAGCAAGGACTGTCTGCAGCTCGTAATGCAGGCATTACGT
TATCAAGAGCGGAAGTCATTGCTTTTCTCGATGATGATGCAATTCCGT
GTGTTACATGGTTGCAAACGATTATGTCGGCATTCGGGAACAATCCTG
AGCTGACGGCTATGGGTGGGAAAATTGACCCTATGTTTGAGACGGAA
CGACCGGGTTGGCTGACAGGCCCGCTTGAACTGCCTTACACGATTAT
CGATCTGGGCAAAGCCGTTCGTGAATACCCGTCGGGACTGAATCCAT
TTGGAGCGAATATGGCGATGCGCAAAACGGCTTTTGCCGCCGTTATG
TTCCCGCTTCATCTAGGCAGAAAGGGAGATATCCTTCTATCTGGTGAA
GAATCGTGGGTATTCGAGCAAATCCGTAAAAATGGTGGAACGATTATG
TATCATCCACACATGTCTGTGGAACATTTTGTGCCGGCTTCACGGTTA
ACGAAAGAATGGATCATGAACCGCTACTATTGTCAGGGCATGTCTAAC
GCTGCTCAGGCCGTAGGTCTGCGCGGCAACGCGATGCTGATGGCGA
AGACGGCAGCCAAAGTGTTATACATCACGGCGGATTCCCTGCTGGCA
CGTAGTGAGGGCAGGAAGCTGTTGAACCGGTGCAGGCTTGAAAGTAT
CCGTGGGACGCTGGATACACTGCGCAACCGGAAAAGCGAGTCAGCT
GCGGGGTGAAAGATGGAACATGAGTAACTATCCTTGGACTACTAGAA
TAAACACCATACAGCATGTTTTTATTTTTCTACTGGGCGCTCTTGCTGT
AGGAATTGCGGCTACCTATCAGCCGGTGGTCAGTATTGCGGCGGTAT
GTTTACTGCTCTTGCTGGCTGTTTCTATCCATCATCCGGAGCGCATCA
GCTATGCTGTTTTGCTAAGTACAGCAGTCTCAGTCGATTCTCTGTATC
AGGGCGGCGTGTTCGGTATTGAGATTTTGTCATTGTACAAATTGGGCA
TTTTGGCTCTGCTGGTGCCGTGCATGCTCGTGTATGGCATACGTCTCA
AGTTCAGCTATCCGGTCTGGGCATTGGTGATCATGCTGGGGATCACA
TTTGGATTTTCAGCATGGATGCCTTTGTTAACGACCTCGATTGCCGTC
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AAGGCGTTCGTCGGTTTATCACTCCCTTTCTTTTTTTTACTGATCCAGT
GGAAAAAGGATGTGGCAGAAAAGCATATCCGACTGATCAGTCTGTTG
CCAATTATTAGTGTGGTCATTGGGCTGGGTTTGCAGGTTCTAGGGCT
GCATTCGTTTACGGATGTGGAATTTACGGGCGCAGTCAGAGTACAAG
GAGCGAATATACCGCCGCATCTGGCAATGCTCTCCTTTCTCGGAATTG
CCGTCTCTCTAATTGAGGTCAAGCGCAAACCCAAGCAAGCCGCTTTTT
ATTACACAGTGTTGGCACTGAACTTTTTGATTCTGATCGCCACCGGTA
CACGTGGACCGATTCTGGCATTGTTATTAATGTTTGCTGTGTATCTGTT
TGATATTGCCCGTCAGTACCTCAAGGGGAAAGTCAATTATTTGCTACC
GCTGGCCGGATCGTTTTTGGTTGCTCTGGGGGCGGTGGCCCTGCAAT
GGAACAATTTAAAAAAACGCTCCTTCGAACGGGAGACCGATACAGGC
ATTGACCTGTCGGGACGCTCGGAGGCATGGGAATATTTTTTGAACAG
AGTACATGATTACCCTTGGTCAGGTAGAGGTCTTGGCGCGGTAACGG
TTGCGAACGACGGGACGTTATTCAATGGTTTCGTTGTACCGCATAATG
AGTATATTCGCTTTTATTTTGACACGGGATATATCGGTTGCGGGCTATT
AATGCTTTCATTGCTGATCGTGTTCGCTCTCATTTACCGGTCGCTTGC
CAAGTCTATCAAACCTTATTTTGCAAGCTTAATTGCAGGCTTTCTGATC
TACTCGTTTTCAGATAATACGTTGTCGACGGTTCAGATGATTATTCCAT
TTTGCTGGTATTTAAACGCGTTATACCAGACATCTACTCAAACCGATTT
TCGCAAAGAGAAGTGATACGATGAGCAGAGTGAACATGTTCGATGTC
AACTTTGATAATTACGATTTTAATGATCTACTCGAATTTATAGATACTTC
TATTGAACATCAGCGTCATTCCTACATTTTGACCTGTAATGTCGATCAT
GTGATCAAGCTTCGCAAGGATGATGAATTCCGCAAGGTGTATTCAGAT
GCCGGAGCTGTAGTGGCCGATGGGATGCCTATCATATGGGCGTCCAA
GTTACTGAAAAAGCCCCTCAAACAAAAAGTGTCTGGGTCAGATTTGTT
CACTCGGTTGGGGGAGGCTTTTGAGGATCGAGGCTATCGTTTATTTTT
TCTGGGTGCAGCTGACGGTATTCCTGAGAAGGCTATGCTCAATCTCC
AGGAATCTTATCCGAACATGAACGTGGTGGGCTGTTACTCTCCTTCTT
ATGGATTTGAGAAAAACGAAGAGGAGAACAGACACATTGTCCAACTG
CTTCAAGAGGCTCGCCCGGACATCGTTTTTGTAGGTGTAGGCGCACC
TAAACAGGAAAAATGGATTTACAGATATTATGAGACTTACCGTGCTCC
GATTTCGATTGGGGTGGGAGCGACCTTTGATTTCCTGTCGGGAAATG
TGAAAAGAGCACCGGAGCTGATGCAGAAGACGGGATTTGAATGGTTC
TGGAGATTGTCTCAGGAGCCTAAACGATTGTGGAAAAGATATTTGATT
GAGGATTCCCAATTTCTCGTTCTGCTGTTTAAGGAGATGTTCAAGCGG
AAGCGGATGAAGGGAGGTCAGGGGTGAGAAACATGAGTCGGTTGGC
AGATCAGCAGATTTCCGTTTGGCTAGGAAATCGGCGTGGAATCGGCA
TGATCGGCATGGGGTTGCTGGCTTGTATGCTGCCACTCGCCATCGGA
TTTGCCAGCGCCAAGATGAATCCCACCATGAGCCAGCAGGGAGCCAT
ATTGCTGGCGCTCGTTTTTCCGGCCTTCCTGCTGGCGATCTTGCAATC
CCGGCTACTGATTCCTTACACGCTGGCAGTGTGGGCAGTAGGCCCG
GAAATCCGCCGTATTGCGGATTGGTTGGAGGGAACGTACCACTCGGT
TTCCTTGTTGAGCGTGGCACCGCTGCTGGTAAGCAGTATGTTGATTAT
TCCTGTGCTGCGGGGTATTCATCTGGCGGAAAAGCCATTAACCCGAA
TTGCTGTATTTTTCGGCATAGAATTGGCCTACGGAAGTGTCGTTGGGT
TATTCAAAAATGGTATTGTTTTTGCTTATGATTTAGCCAATTATGTGGTT
CCTTTGATCCTATTGCCATATCTTGCGATTAAGCCCATGAAAGCGAAG
GAACTGGACCGACTGCTGTATTCATATGCCAACATTGCTGTTCTTGTG
GCGATTTACGGCATTATTCAGTATTTGACAGTTCCTCCTTGGGATGCA
TTTTGGATGAATCATGTAGAAATGAATTCCATTGGTGTTCCAGAACCG
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CTTCAAATCAGAGTGTTTTCTTCCATGAACTCGCCCGGTCCGTGCGCT
ATTTTCCTGGCGATGGCACTTGTACCCATGCTAATGGAAAAACGGTGG
CGTGGCACTTTGGGATGGATCGGAATTCTGCTGACGGTCGTTTGTCT
TTTGATCACGCTGGTACGTTCAGCCTGGCTAATTGCATTCGTCATGTT
GTTGGCTTATATTCTCAGTTCATCTTCCAAGGGCAAGTGGAAGACCTT
GGTTCAACTAGCTGTCGTCGGTCTTCTTCTCTACATTATTGTTCCAAAA
CTTCCAGGGGCAGAGGGTTTGGTGGCTCGTATGCAGACGCTGACGG
ATATTCAACAGGATCATTCGTACAACGAGCGTTTGGATTTACTGCATA
CGATGCTTCCGGCGATTACTAGCAATCCAGTCGGGCAGGGGATCGG
GAGTGTAGGAATCGGAACCAAGCTTGATAACGGCGGCGATCTCGGTG
AACTTGGGATTATGGATAATGGGTATATTGCCATTTTCCTCACCTTCG
GTATTTTCGGAGCATTCTTTTTCTTCGGTGGTCTGTTCGTTATCATCAA
GCGCCTTCTCGTCCGTATTGCCGAACGAGATTCCAGTCAGCCTTATAT
CAGACTGGCGTTGGCTACGTGGGCCGGAGCTGTAGCCAGTCTCATAT
CGGATAATGGTTTCCCGGGTATGCGCGGCTATCTGATCTGGATGATG
ATCGGAATAGGACTATGGGCAAAAGATGTCATCGCGGAAAGAAGGTA
AAGGCTGTGCAAAACTTACAAGCATTATCCGCACCTGTCCGGACACTA
TGGTCCACAGTGATTCGGTTTGCCAAAAGCAAGGATAACAGCTCTGC
AGCAGTAAAAACGATGATATTCAGTATGCTGATTCTCGTCGTGAACAT
GCTGACTGGTGTGCTAACGGCACGATTCCTGGGTCCTACTGGACGCG
GGGAACAGACAGCGATGGTGAACTGGTCTCAATTTCTCGCCTTCTGC
ATGAGCTTCGGTGTCCCTTCTGCATTGATTTACAATGCGAAAAGGAAA
CCGGAGGAAACGGGCAAGCTGTATGGTTTGGCCTTGTTGCTGGCTAC
CATGTTCGGGGGCTTGGCGACACTCGTCGGAGTATTTCTAATTCCTTA
TTGGCTGCGCTCTTTTTCTTCATCGGTCATCCTTTTCGCGCAGTGTTC
CATGATGATGTGTCCGCTCATAGCGATTTCACAGATCAATAATGCATT
GCTTCAAGTTCGCTCGGAATATAAGCAGTACAATTTATTCCGGTATCT
GGTACCGCTAAGTACGTTGCTGGGTCTGGGGATTTTGATCCTAACCG
GAAATATGAATCCGTACACCTCGGCATTGGCTTATTTACTACCAGGCT
TGCCGATTTATATCGGTGTCACGATACGGATGATTCGGCTGTACAAAC
CCAAGGTGAAGAACAGCTGGACGCAATTTAAAAATCTCTTTACCTACG
GTATGGGTTCATACGGAAATGATCTCATGGGGCAGGTTTCCACTTATA
TTGATCAGATTTTGATTGCGGGTCTGCTCAGACCCGCTGATCTCGGTT
TATATGCAGTAGCGGTCAGCTTGGCCAGGATGGTGAATGTATTTTCTA
CCTCGATCATTGTCGTGCTGTTTCCCAAAGCCTCTGGTCTGAATAAGG
AAGAGGCGGTGGACATAACATTTCGGGCATTTCGAGTGACATCAACA
GCAACCTTTCTGGCTGCGATGATGCTGATGCTGATTGCTCCGTTCGTA
TTTACATTGTTATATGGTCAAGAGTTTAAACAAGCGCTTACGGTATTCC
GGTTCCTTGTGCTTGAGGTTGCTATCAGTGGAGGGACCATGGTGCTG
GCACAACAATTTATGGCGTTGGGTAAGCCCAAACTGGTTACCATTCTA
CAGGGTGTCGGATTGGCGCTCGTCATTCCATTGCTGTCCATACTCGT
GCCGAGATATGGATTGACGGGTGCAGGGATAGCAATGCTGTCTTCGG
GGATTCTACGGTTCATTTTCATTTTATGTAATGTTAAATTCGTTCTAAAA
ATGAAGATTCCAAGACTGCTTATTTCCAAACAAGATTTTCAATGGCTCC
GATCAACGATGTCACACTACATCCGGAAAAAGCCAGTTAACGGTTAGA
TAAAGAAGGAGGCACCCGCTAATGAACCACATGTCTAGCGTTCCCGC
GGACAACCGGATATCCGTAGTTATTATCGCTCAGGATGATGGCACTC
GAATCACAGCCGCCATTAAATCCTGCAAGCCCTTTGCGGACGATATC
GTCGTCATTGACGGAGGGAGCAAGGACAATACGATTCAGGTAGCTGA
ATCCTTGGGCTGTCGGGTGTTTTCTAACCCGTGGCCCGGTTATGCCA
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AGCAGCGCATGTTTGGTGTTGAAAAAGCGGAATTTGATTGGATATTCC
TGATTGATACGGACGAAGTAGTGGATGCAGAGTTGCTTGGAGATTTGT
TGAAAGTAAAGGAAACGCTCCACGATCCGGCCAAAGCATATTCCGTAT
TTCGGATTGGCGATTTTCTCGGCAAATGGATGAATAAAGGCGAATATC
TGGTTCGTTTGTACAATCGTCGTATTTATGGCATTACGAATAGTCTTGT
TCATGAAATGCCGGATGTAGCCTCTTCCCAGATTGTCAATCTGGAGG
GTGTGTTATGGCACTACGGCTTCCGCAGCATCAGTGATCATATGACC
CGTTTTAATAAATATACAGATCTGGAAGCAGAGACGGCATTTAACAAA
GGAAGATCCTTTCGGATGACCAGACTGTTGTGGCGGCCTCCTGCCCG
CTTTGTGCAGAAGTATTTTGTCCAAGGCTTATACCGCAAGGGATTGGC
GGGTTTTGCCGTAGCCGTTTTCTGGGTGATGTATGAGTTTCTCGTCTG
CTTCAAGCATTATGAGCTAACCAAGCGGCGAAAAAAGATAGAAATCGT
GGATGACGGACATACCGAGCAGAAAGGAGAAACCAGCTATGTCGTAC
AATAACGGATTTCGTATTGCGGCAACGGGGTTGAGCTGGCCGTCTTT
GCAGCCAGGAGGCCTCAACACATATTTCCAATCGATCTGTGAGCAGC
TTACGTTAGAGCGCAATACGTTGGATGCTCTAATCTGTAGTGACGAGC
AGCCGCAAGCGCCCGACCGTATTCGGATTCATACGATTGGCAGCAAG
CAGCAATCCATCTGGAAGCGCCGGGAGCTAATGCAAAAATATGCAGC
AGAGTTGTTCGACAAGCAACCGATGGATATATTGTATTCCCATTTTGC
TCCCTATAGTGTCGGGCCAGCGCTGGAGGCGAAAAAAAGAGGAATCC
CGGTAGTTACCACCTTTCACGGACCGTGGACGGAGGAAATGAAGATT
GAAGGACAGGGTATCAAGCATTTTCTAAAAACGACGTTGGCTAAATCC
ATTGAAATGAAGGCCTACGGTCTGTCGGATAAATTTATAGTGCTAAGC
GAGACTTTTCGGGATATTTTGCATGAGCACTATAAGGTTCCACTCAGC
AAAATTCACATTATTCCCGGAGCGGCGAATGTAGAAAGGTTCCACCCA
GCAGAGGATCGGGGAGCAGTACGAGAGCGCCTGAATTTGCCGCAAA
ACGCGACGATTGTGCTAACCGTTCGTCGTCTTGTTAATCGAATGGGAC
TGCTACAGCTACTCGAAGCATGGCGACGAGTAACCGAGCGTCATCCT
GATCATCTGCTGCTGATTGGAGGGAAGGGTCCCTTGATGGAGGAATT
GGCTTCCAAGGTAGCGGAATACAATCTTCATAACCATGTAAGGCTGCT
CGGTTATGTGTCGGATGAGGAGCTTCCACTGTACCATCAAGCATCGA
ATTTGTTCGTCGTACCTACACAGGCGCTGGAAGGTTTCGGTCTGATCA
CGGTGGAGGCAATGGCTTCGGGACTGCCAGTGCTGGCCACTCCTGT
GGGCGGTAGCAAGGAAATTTTAAGAGGATTCCGTCCCGAGCTATTGT
TCCAGGGAACGGACAGTGAAGCCATTGCTGAAGGGTTGCTGCGTGTG
CTGGATCATCGTGAACTTCTACCGAATGCAAGGGAATGCCGGGACCA
TGTCCTGAGCAGATATACATGGGGACATGTAGCGGAGCAGGTGGAAG
AGGTGTTCCGACAGGTCCTTGACAGAAAGGCGGCGGCGAAATGATGA
GAGTAGCTTATATTGACCATACGGCAAGATGGAGCGGCGGCGAAGTC
GCTTTGTATAACATACTGACGAATATCGGAGAACATATCGACCCGCTC
GTTATTTTGGCAGAGGAGGGTGATTTGGCAGATCGGCTTCGGCAGCG
TGATATTGATGTGCGCATCGTTCCATTGGACGATTCGATTCGCAATCG
GGGACGGAACGCCGTGAATCTAGGTGCGCCTGCAGCAGCTTTTCGTT
TGCTGGCATACGGTAGAAAACTTGCGCCCTTGCTGCGTGAGGAAAAG
GTCGTGTGCGTTCACACGAACTCGCTCAAGTCTGCACTGTATGGTAC
AGTAGCTGCCAAATCGGCGAAGCTGCCCTTGATCTGGCATATCCGTG
ACCACATCGGTCCGCCGTATCTGAAGCCGATTGTAGCCAAAGGGATT
CGGCTGATGTCCCGCTTTTTGCCCAACGGAGTGATTGCCAATTCCAA
GTCCACGCTGAGTGCATTGGAGTTACCCCCGGACAAAAAGACGCTCG
TCGTTTATTCCGCTTTTGCCAAAGCAATTACAGCACGTGACACGGCTG



 Appendix 

171 

 

Gene Sequence 5’-> 3’ 

CGCATTCACGTGGTGATGACTCGTTTAACGTCGTATTGGTCGGCAGAT
TGGCGGAATGGAAGGGACAACATATTTTACTGGAAGCGGCACGTTCC
TTTTTACCAGATCAGCGCGTGAAATTCTGGCTGGCTGGAGATGCATTG
TTCGGAGAAGAGGAATACAAGCAACGATTAGAGTCCACGATGCGCGA
ATACGGGTTGGCTAATGTCAATCTGTTGGGGCACGTCGATGACATTCA
AGGCCTGATGCAGCGTTGTGATTTACTGATTCATACCTCTATTACACC
AGAACCATTCGGTCAGGTCATTATTGAAGGCATGGCTGCTGGTCTCC
CAGTGATTGCTTCCAATGAGGGTGGGCCCAAGGAAACGGTGGTACCC
CATGAAACCGGGCTACTTATTGAACCGGGTGACCCGGCTAAGCTGGA
AGAGGCCATCCGCTGGATGTTGGAGCATCCACAGGAACGTCAGCAGA
TGGGTGAGAGAGGGATGGAACGGGTCAAGAAGCATTTTGTCATCGAG
AACACAGTTAAGGATATAGTTCATTACTATAAGGGTTTGTTGGCAGGA
GTCTGACCGACATTCGCGTTAAAGGATGATTTAGATGAAAATAGCGAT
AGCACACGATTACTTAATCCAAATGGGCGGAGCGGAAAGGGTAGTAG
AGGTATTCCACGATATGTATCCGGAGGCTCCTATCTTCACAACGGTGT
TCAGCGACGACCGCCTGTCGCGTAACTTGAAAGATGCGGATATTAGA
GCCACTTGGCTACAAAAAGTCCCAGGAGTGAAGGCCAACTTCAAAGG
AGTGCTGCCGCTATATCCCATCGCTATCCGTGATTTTGATTTTAGGGA
TTTCGATATTGTTTTAAGCTCCAGCAGTGCATTTATGAAAAGCATCCAG
GTACCCAAACATACGTTTCACATTTGTTATTGTCACACACCGATGCGG
TTTGCCTGGGATTACGATACATATATGGCCCGGCAGTCCAAATCCAAC
CTGCTCAAAAACATGCTAAAGCTGTACATGAACCGGCTGAAAACATGG
GATGCCAAAACTTCGCGCAACGTAGACCAGTTTGTCGCCAACTCTTC
GGTTGTTAAAAGAAGAATTTTGCACTATTACCAAAGGGATTCGGATGT
CATTTTCCCACCTATTAATACATCCCGTTTTAAACGCGCTACAAACATC
GGTGACTATTACCTGATCGTATCCCGATTGGTGTCCTACAAGCGCATC
GATCTCGCGATCGAAGCATTCAAACGTAACGGTCTCAAGCTGCGCAT
TGTGGGTGAAGGACCAGATCGAAAACGACTCGAAGGTATGGCTGCCC
CGAACATTGAGTTCCTCGGCAGGCTTGAGGACGAAGAGGTTAACAAG
CTGATGGCAGAATGCCGAGCGCTCGTTTTTCCGGGCGAAGAGGACTT
CGGTATTACGCCTTTGGAGGCGAATGCGGCCGGACGGCCTGTTATCG
CTTTTCAGGGTGGGGGAGCGCTGGATACGATTGTTCCTCATGTGAAC
GGCGTATTTTTCCGCAAGCATCAAGTAGAGGATGTGCTAGAGGCCGT
CGCAAAGGTCGAGCAGCATGCATGGAATGTGGACGATATCATTACCC
ATGCCCGCAAATTTGATGAAGATAACTTCAAGGATCAACTGAAAAAGT
ATGTAGAACAAGCCTATGTGAACTTTCTAAAAGGAGGATGAACGGAAT
GAAGCTGGCTGTAATTGGTACTGGATACGTTGGGCTCGTCTCGGGTG
TATGTTTTGCGCAAAAAGGTAATGAGGTGATTTGTGTCGATCTGGAGC
AGTACAAAATCGACATGTTGAACCGGGCAGAATCTCCGATTTATGAAC
CGGGTATTGAGGAATTGATCGCGCTGAATCTGGAAGCAGGTCGATTG
GAGTTTACTTCGGATTTGGCTGATGCGGTACGCCGGTCGGATATCGT
CATTTTGGCGGTAGGTACGCCTTCTCTGGCTAACGGCGAGGCGAACT
TGTCCTACATTGAACAGGCGGCTGCTGATGTTGGGAAAGCCATGAAC
GGATATAAGATTATTATGACCAAGAGTACTGTACCTGTCGGAACGAAC
GAAAAGATTAAGGACGTATTGGCTCGTCACACGAGTTTGTCTTTCGAT
ATCGTATCTGCGCCGGAGTTTCTGAGAGAAGGCTCAGCCATCAATGA
TACGCTTCATCCGGATCGCATCATTATTGGTTTGGACAATACTGGATT
GCGTGAAACAATGGTCACTCTGCATCAGGTGTTCACGGATAAAATCTA
TGTGACGGATATCCGTAGTGCTGAAATGATCAAATACGCGTCAAATGC
GTTCCTGGCAACTAAAATTTCGTTTATTAACGAAATCGCTAATATTTGC



Appendix 

172 

 

Gene Sequence 5’-> 3’ 

GAAAAGGTTGGCGCCGATGTAACCTGTGTGGCTGATGGCATGGGTAT
GGACAAACGGATCGGCTCCTCTTTCCTACAAGCAGGGATCGGGTATG
GTGGCTCTTGCTTTCCAAAAGACACAAATGCGCTTATCCAAATTGCGG
GTAATGTAGACTATGAATTTAAGTTGTTGAAATCGGTGGTCGAGGTGA
ATACCGACCAGCGCTTTATGATTGTATCCAAGCTGCGTGAATCGCTGG
GTCAACTGAACGGTGTGTCGATTGGCATTTGGGGCCTCGCCTTCAAG
CCAAATACAGACGACATCCGCGAAGCTCCAGCACTGGAAATCGTAGA
AACACTCATTCAGGCAGGCGCAATTGTCAAACTGTATGATCCCATTGC
GATGGATAAATTCAAGGAGCACGTGGATCACCCGAATATTGTGTGGT
GCTCATCCCCACAGCAAGCCGCCGAAGGTAGCGACGCTGTGTGCCT
GTTGACCGATTGGGAAGAGTTCAAAAAGGTCGATCTCGTACAACTGG
CCTCCCTTCTGCGCAAACCAGTTCTAATTGACGGTCGTAACGTATTCG
CCGAGGAACAGATTCAAGGCTCCGGGCTGGAATACTATTCCGTGGGT
CGTCCGCGGATGAGTGGGTGGAATCGGGATAAAGTGGAAGTTTAAAA
AGTGACTGTGGCGGGGGTGGAGACGCTACACGTGCAGATTGTTCTTC
CGATTGCTGTTACCCCCGGATTTTCTTGATTGTATAAAACATTCAAAGG
TTAAAATCCGGGGATAAAGGCAAACGCTGACGCTTCTTCAGAACAATT
CTGCCCGCTCCGCTGCTTTTCGCCGTGGAGTCACAGTTTTTAAACTCC
CACCTTATGGGGGGAGTAGAAGGGCATCGGAAGGAGCGGCACGGTT
GAAGCCGCTCCTTCCGATCAAGTACGCCATTGCGGTTGCCGAAGGCA
ATCTGGGCAAGGCGTTACGAAACCTCGATTACTTGAAGCTTGCAAGC
ACAGCGGGCAAGCTCTGAGTTCTCGAACATTTTACAGGCTGACCGGA
CTTAATAATGTCCGGTCGTGCCTTTTGCACCACAAGGTATGATCGGGT
ATGATGCATTTTTGAGTAGCGCAGGGATGGATTTGAATCTGGAGAAGC
GGAGCGGTCGCCTTTGACTTGGGATTCTTACATATAAATGTCTTACAC
AATCCAAAGAATCCCACGGCAACAGCGATCGTAAGATCAAATCCAGC
CCGTAGCGGGCTACTCAACTTTGCCCCATCCGATCATCCAACCAATAT
AGAGAGGAAGTGGAGAGTTATGAAGCTCGTACTTTTGTCTGGTGGTT
CCGGTAAAAGATTATGGCCTTTGTCCAACGATTCCCGTTCCAAACAAT
TTTTGAAGGTACTGGAGAGCCCGGAGGGGATTTCGGAATCCATGGTA
CAGCGGGTATGGAGACAATTGGGAGACAACGGATTATCAGAATCCTC
GTTTATTGCGACGGGGAGAGCACAGGTCGAAATGATCCAGAGTCAGG
TCGGGCCGAATACGCGCATCATTGTTGAGCCGGAACGCAGAGACACC
TTTCCTGCGATTGCGCTGACAGCGACTTATCTATATTCCATTGCTGGT
GTTTCCCCTGATGAAATTATAGCTATATTGCCTGTAGATCCTTATGTTG
AGGATGCTTTCTTCGCTTCCGTAGCCCAGCTGGAACATACACTCCAG
GAGAGTGAAGGCAAGCTTGCTTTAATCGGGGTTGTCCCTTCCTATCCT
TCAGAGAAATATGGTTACATTATTCCGAAAAACGATGCCACCCAAGGT
AGCACTGGCTACCGCGAAGTGAGCCATTTTCAAGAGAAACCCGACCG
GGAGCAGGCGGAGCGTCTGATTGAACGCAATGCTCTATGGAACTGCG
GGGTTTTTGCATTCAAATTAAGTTATTTGCTGGATATCTTGGCATCCAA
GGGTTTGCCGCTGAATTATGAAGAAATGCAAAAGCAATACGCATCTCT
GGAAAAAATCAGCTTTGACTATGAAGTAGTCGAGAAGGAAAAGGATAT
CGTAGTTCTTCCGTATGATGGTTTTTGGAAGGATTTGGGCACCTGGAA
TACGCTCACAGAAGAAATGTCTAATCAACAAGTGGGCAGAGGTGTAG
TAACGGAGGATTGCGTCAATACGAGTCTTATTAACGAGTTAGACATTC
CTGTGGCGATCATTGGAACGAATGATCTGATTGTAGCTGCTAGCCCG
GATGGTATTCTTGTGACCAATAAGGCTGAAAGTCCTCGCATTAAGGAA
GTGCTCAAGGCTCATGATCAGCGTCCAATGTATGAAGAACGTCGTTG
GGGGCAGTATCGGGTTGTGGATTATGTCAAATATGACGAGGGTAACG
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AGGTATTGACCAAACGAATCCGCGTACGGAAAGGCAAAAATATCAGC
TATCAGCTTCATTTCAAACGGAGTGAAATTTGGACCATTATTAGTGGT
GAGGCGGAAATTATTTTGAATGAGAAGCTGCACAAAGTAAAAGCTGGT
GATGTAGTTCGCATTCCTGAAGGAACGAAGCATAGCATTTTGGCTGTG
ACCGATGTGGATTTTATTGAGGTGCAGACTGGTTCTGAATTGGTTGAA
GAGGATATTGTACGCTTTTGTATGGATTGGAATGAAATTTCCCGTCAC
CAATTTATCTCATAATTGTTTTCGTAAAAACAAAAAAAAGACGAATTCAT
GAAAATTCATAGCCCGAACTGTCGAAATTGGGCGAAAACCTGTAAATT
CATGAACATGACCTATTAAATTTTGGTAAAAAAAAGTCGATACTTAGGG
TAAGAAGGAATCCAAACTCCTTCCAACGATAAACGCAGCCCTGTCGAA
AGGCAGGTACGCAAAGCTAAAGGGCCTTCTACAAGGATGGCAGCCTG
GCTACCGAAAGGAAGAGCGAAAGTGAGATTCTATTTTATTCCTCTGTA
TCGACTGATACGTCATGTACTCCCCGTTGTTATGCTTTTTTCATTGTTG
CCCGTCGGTTTTGGTGATTCTCTGTCTGTGGCGAATGCCGCTTCATTA
CAACCTGTTAATTCGGACGCTTCTACTCAGGCCCGTGAACTATACAAT
TATTTACTCAACATCTCAGGGAAAAAAATAGTCACCGGTCAGCATGAT
TATTTGGAAAGTCCGGATGAATTAAGTAACAAGGTCCAAAAAATCAGT
CAGGCATATGTTGGTCTGCACGGCTATGAGATGGGTGCCATCTCTGG
TCAATCCGACACTACAGAAGCAGCACAACGTAAAAATGTCGTCGATAG
TGCTATCCGTTGGAGCAGATCCGGTGGTATTGTGACGATGACTTTTCA
TGAAGCGCTACCGGGTAGGCCACTGACTTGGGCCAATGTACAGGCG
AAAGTAAGTCAGGCAGAGTTCAACAAATACGTGACCCCAGGTACTAC
GCAGTATAACCTCCTCATTGCCGATCTGGATAAGGTCGCTGTATCATT
AAAGCAGCTTCGTGATGCAGGGGTTCCGGTTTTGTGGAGACCTTACC
ACGAAATGAATGGTGACTGGTTCTGGTGGGGAAACAAAACTAATTTTA
ATCAGCTATGGAATATCATGTACGACCGTTTTACAAACACACATCAATT
GAACAATCTGCTGTGGGTATGGAGTCCGAATGCGCCCAATTCGTATA
CCGTCCCGTATACCCCGAAATACCCGGGGGATGACAAAGTGGACATT
TTGGCAGTAGACATTTACAACAATGATTTTAAGCAAAGTCATTACGAAG
GTCTGCTCGGGCTGGCACGGAATAAGCCGATTGCTATTGGGGAGCAC
GGTGAGATGCCTAGTTCTGAGGTGTTGCAGGCTCAGCCTAAATGGGT
ATACTCCATGACTTGGGGCAAGATGCTGACCGAGAATAACACAACAAA
CCAAATACAGGATTATATGAATGATTCGAAGAGTTTGACACGGGATGA
TGTGAAAAATGGGCTGGCAGCAATCGAACAACCTGGGACAGATGTAC
CGACCTTACCGGACGAGGGACAAAGTGAGCCTATCCCGGCTCCGACT
CCTCCTTCCGTCCCTGATGTGGTATATGTGAACGGGCTGCAGGGCGA
ATATTTTAACAATATGAATTTGAATGGAAGTCCTGCTTTGATCCGTACA
GATAGCAAGCTGGACTACAACTGGCGCGCCATTGCAGCTGATCCAAA
GGTGAATGCCGATCAGTTCTCGGTTCGCTGGACGGGGAAAATCAAAC
CACAATATAGCGAGACCTATACGTTCACAACGATATCCGATGATGGTA
TTCGCGTATGGGTAGACGGCAAGTTGGTGATTGACAGCTGGTTCAAA
CAAAGCTGGACGGAGCGTAAAGGCAGTATTACTTTGGAAGCAGGCAA
AATGGTAGATTTAAAAGTGGAATACTATGATGAAAAAGGCGACGCGAT
GGCACGTCTAATGTGGGAAAGTCAGCATGAAGCGAAAGCGGTGATTC
CCGGAAACGCTTTGTTTCTTCCTTGATTGATACTCTTTCCCGGTCTAAA
AATATGAGGAGAGAGGGT 

spo0A TTGCAAAAAATTGAGGTATTGTTGGCTGATGACAACCGGGAATTTACG
AATTTGCTTGCTGAATATATTTCCGATCAGGAGGATATGGAAGTTACA
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GGAATCGCCTATAACGGCGAAGAAGTGCTCCAACGCATCGCAGAATC
CCGCAACATACCTGATGTACTTATTTTAGATATTATTATGCCTCATCTG
GATGGTCTCGGTGTATTGGAGCGTTTAAGAGAAATGAACCTGACTCCA
CAGCCGAAAATCATTATGCTGACTGCATTCGGTCAAGAAAATATTACA
CAGAGGGCCGTACAGCTCGGGGCATCTTATTATATTTTGAAGCCGTTT
GACATGGAAGTGCTGGCTAACCGTGTTCGCCAATTAGTGGGGCCGCA
GTTAGTTAGCAGCAGTCCGGTGACCATTTCATCCATGCGGTCCAACG
TTGTACCTATGGGTAAGACGAAAAACCTGGATGCCAGTATCACGGCC
ATCATACATGAAATTGGTGTACCAGCTCACATCAAGGGCTATCAATAT
TTACGCGAAGCCATTACGATGGTGTACAATAATATCGAAATTTTGGGA
GCCATCACCAAAACATTATATCCGGCAATCGCCGAAAAGTTCAAAACG
ACGGCATCTCGCGTAGAACGCGCCATTCGTCATGCTATCGAGGTAGC
ATGGACCCGTGGAAATATCGACAGCATTTCACACCTGTTCGGGTACA
CCATTAATATCAGTAAGTCCAAACCAACCAATTCAGAGTTCATAGCGA
TGGTAGCAGATAAGCTGAGAATTGAGAACAAGGTGTCCTGA 

spoIIE 

ATGATGGAGAAATGGAACGTGGTACATTTTCCGGGGTTAAAGTCTAGA
AAGTCCAAATCCAAAGAGCGTACGGAAGGTTGGTCTTCCAGACTCAG
AAAACGGCTGGATTCACATAAAGTGGTGCAATGGGTAACAGCGCAAA
GATGGATGCTGCTATTGTCGGCTATGGGAGTTCTACTGGGACGCGCC
ACTATTTTGGACGAGCTTTCTCCTTTTGCCCTCGCTTATTTTGCGGTCA
TTACGTTTCTTCGGCGTGACCTGATGCTGCCTGTAGCTGTATCCGTTG
TGTTAGGCAGCCTGTTAGCTCCTTACCCATCGTTATTTATGATTGGTG
GTGAGCTACTGGTATTTTATTTCCTGTATCGCGGGTTACGAACCTTCG
ATCGTCTGGAACTATCCTATGCCCCGCTTATGGTTTTCTTGTCTGTGTT
TATGGTCAATTTATTTAACGCCGTGATGGCTCCAACTTTCACATGGTAT
GAACTTATCATTGTGGGAACGGATGCGGTTCTCAGCTTTATGCTTACG
CTGGTATTCACACAGGCCATACCGTTGTTTACGTACCGCAAGAAGACA
AGCCAGCTCAAAAATGAGGAAATTTTATGTCTTATTATTTTATTAGCCT
CTGTGATGACGGGAGCAGTAGGATGGACTGTTCATTCATTGTCTGTC
GATCATGTACTGTCACGATATTTGGTCTTGGTGTTTGCTTTGGTGGGA
GGTGCTTCGCTGGGTGCATCGGTCGGTGTAATTACCGGTTTAATTTTA
AGCTTGGCCAATATGTCTGCAATTGTGCAGATGAGTTTACTCGCTTTT
GCAGGTTTGCTGGCAGGGATGCTGCGTGAAGGGAAGAAAGGTGCTG
TTGCGCTTGGGATGCTGCTAGGCTCCTCCATTCTGACGATCTATTTGG
ATGGGACCGGAGACGTGCTGACGTCAACCTGGGAGAGCTGTGCGGC
GATTCTATTATTTTTAATGACCCCAAAAAGTTTCTTTAAAGCGGTTTCTA
CCTATGTTCCCGGTACGCAAGACCATGCTAAATCTCAGCATGAATATG
CCAAAAGGGTCCGCGATCTCACCGCAGAGCGAGTAACGAAGTTTTCC
CGTGTATTCAGTCAGCTATCCCGCAGCTTTCACCAGATATCTGCAAGT
GAGGGCGCGAAGTCGGATGGTGAAATCGAACACTTTATGAATGCGGT
GGCGGAAGGGACATGTGCCTCCTGCTTCAAGTGTGAGCAGTGCTGG
GACGGCAAGTTCATGCAAACCCATCAGTATATGACGGAAATGATGAG
CGCCATTGAGGATAACCCGGATTTGGAGCCGGAACAGATACCCCCGC
AATGGAGTAAGGCATGTGCTAAAACGGGCGCTGTCCTGCAAGTGATG
AAGCAGCAGTATAGCCTCTACCAACATAATATGCAGTGGAAGCGCCA
AGTATACGATAGTCGTCAGCTTGTTGCTGACCAGCTATCGGGCGTATC
ACAAATCATGGAGGATTTAGCGCGAGAAATTCAGCGGGAAGGGCAGA
CCATGCATCGGCAAGAGGAGCAAATACGGGAGGCTCTTGATAGACTG
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Gene Sequence 5’-> 3’ 

GGCTTGTCCATCCAATCTATTGAGATTATTAATCTGGATGCAGGTCAG
GTAGAAATTGAGATTGTCCATGCCTATACAAGGGGATTTGATGAATGT
CGGAAAATCATTGCTCCACTGCTGTCGGACATACTGGACGAGCATATA
GCTGTGATGCGCGAAACGGAGGCAGATCGCCGCCAAGGCTTGGCTA
CAGTCATGTTCGGCTCTGCTAAAACGTATGAGATTGCTACAGGGGTA
GCTAGTGCGGCCAAAGGAGGTGATTTTTTCTCAGGAGACAGCTACAG
CATGATGGAGCTAGGGAACGGGACTTTTGCAGTCTCTTTAAGCGATG
GTATGGGGAACGGAGAGCGCGCGCAGCAAGAGAGCAGTGCAGCGCT
TAACATTTTGGAGGAATTACTGCAATCGGGTATGGACGAAAAATTGGC
GATCAAGTCGGTTAACTCTGTCCTGATGCTGCGATCACCTGAGGAAAT
GTATGCTACGGTCGATATGGCGCTGATTGATCAGTATACGGCCCAGA
CAACCTTTATGAAAATTGGGTCTACGCCAAGCTTTATTAAAAGAGGAG
AGGAGGTCATTCCCGTATCTGCCAGCAATTTGCCGATTGGCATTATAC
AGGATATTGAAATTGATTTGGTATCCCTGCAGCTCCAGCCGGGTGATA
TTCTCATTATGATTACAGATGGTATATACGACTCACCGGGTTATGCGG
TTAATAAGGAAATATGGATGAAACGCATGATTCAGGAAATTGAAAGCG
AAGATCCACAGCAGTTGGCCGACTGTTTACTAGAAAGGGTTATCCGAT
ACCAACAAAATCAAATCTATGATGATATGACTGTAGTCGTTAGTAAAAT
AGATCACTTCCGCCCAGAATGGGCAACTCTCCATGTACCTGGTATGA
GGTGGTTGGAACGTCCACGGACGGTGAGCTAA 

pfl 

ATGTCGGTGATTGAGAGAGAATTACAAGAGCAACAATCTGGCTGGAG
AGGTTTTAAAAAAGGCAAATGGACTAAAGAAGTCAACGTCAACGATTT
TATTGAAACCAATATCTTACCTTATGTTGGCAATGAAGAATTTTTGGTT
GGTCCTACGGCCAACACAACTGCATTGTGGGATATTGTATCCGATCTT
ACCAAAAAAGAGTTGGCAAACGGCGGCGTGCTTGATGTAGACGTTAA
TACGCCATCCACTATTATTTCACATAAACCGGGTTATCTAGACCGGGA
TAAAGAGCAAATTGTCGGTGTACAAACAGATGCTCCATTCAAACGTTC
TTTACAGCCGTTTGGCGGAATTCGAATGATGATCGACGCTTGCAAAGC
CTATGGTTTTGAAGTGCCAGAAAGTATCATTGACATCTTCACTCATATT
CGTAAAACTCACAACCAAGGTGTATTTGACGCTTATACAGATGAAATG
AGAGCAGCTCGTAAAGCTGGTATCATTACTGGTCTGCCAGATGCATAC
GGCCGTGGTCGTATTATCGGTGACTATCGTCGTGTAGCTTTATACGGT
GCAGACTTCTTGATCCAAGATAAAAAGCTGCAACTGAAAAGCCTTGAA
GTTGATTCCATGGAAGAAGACGTAATTCGTCTGCGTGAGGAAATTTCC
GAGCAAATTCGTGCTTTGAATGAACTGAAACAAATGGCTGCTGAGCAC
GGTTTTGATATTTCAAAACCTGCTAACAATGCGAAAGAAGCTTTCCAAT
GGGTATATTTTGGATATCTTGCAGCAATCAAAGAACAAAATGGTGCAG
CAATGTCCTTAGGACGTGTATCTTCCTTCCTTGATATTTACTCTCAACG
TGATATGGAAGAGGGTACAATGACAGAAGAACAAGCTCAAGAACTGG
TCGATCATTTTGTTATGAAATTGCGTATTGTTAAGTTCTTGCGCACACC
TGACTATAATGAACTGTTCAGTGGAGATCCAACTTGGGTTACTGAGTC
CATTGGTGGTATGTCCGTAACTGGAGAAACTCGGGTAACTAAAAACAG
CTTCCGTTTCCTGCACACCCTCTACAATCTGGGACCTGCACCGGAAC
CGAACCTGACTGTACTGTGGTCGGAAAAATTGCCTGAAGGCTTCAAAA
AATATTGTGCGAAAGTTTCTATTGAAACTAGCTCCATTCAGTACGAGAA
TGACGATCTGATGCGTCCGATTTATGGAGACGACTATGGTATTGCTTG
TTGTGTGTCGGCAATGAAAATCGGTAAACAAATGCAATTCTTTGGTGC
TCGTGCTAACTTGGCCAAAGCTCTGCTGTACGCAATTAACGGTGGTAA
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Gene Sequence 5’-> 3’ 

AGATGAAAAATCTGGCGTCCAAGTAGGGCCTGAATTCCCAGCCATTA
CAGGTGAAGTTCTGGATTATGAAGAAGTGTTGAGTCGCTTCAAACCTA
TGATGGAATGGTTGGCAAAACTGTACATGAACACTTTGAATGTTATTC
ACTACATGCATGATAAATATAGCTACGAACGCATTGAAATGGCGTTGC
ATGATCGTGATATTCTCCGCACCATGGCTTGTGGTATTGCGGGTCTGT
CAGTTGCTACCGACTCCTTGAGTGCCATTAAATTTGCAAAAGTTAAAC
CAATCCGTAACGAAAAAGGGATTGCTGTTGACTTTGAAATTGAAGGCG
AATACCCTTGCTACGGTAACAACGATGACCGTGTAGATAACATCGCTG
TGGAACTGGTAGAGAGCTTCATGAGCATGATTCGCAAGCATAAAGCTT
ATCGTAATGCGCTTCCTACTCAATCTGTACTGACTATTACTTCTAACGT
GGTGTATGGTAAGAAAACAGGTACAACACCGGATGGACGTAAAGCAG
GCGAACCGTTTGCACCAGGGGCAAACCCAATGCACGGCCGTGATAAA
AAAGGTGCTTTGGCATCTCTGAGTTCCGTAGCCAAATTGCCTTATGAA
CACAGTCTGGATGGTATCTCGAACACCTTCTCTATCGTGCCTAAAGCA
CTGGGTAAAGAAGAAGAAACACGCAAAACAAACCTTGTTTCGATGATG
GATGGCTATTTTGGAAGCCACGCACATCATCTGAATGTCAATGTGTTT
GCTCGCGAACAACTGTTGGATGCAATGGAACACCCAGAAAACTATCC
ACAGCTGACGATCCGTGTTTCCGGTTATGCCGTTAACTTTATCAAGCT
GACTCGTGAACAACAATTGGATGTTATTAACCGTACTTTCCACGGTAC
AATGTAA 

ldh1 

TTGCAAAAAATTGAGGTATTGTTGGCTGATGACAACCGGGAATTTACG
AATTTGCTTGCTGAATATATTTCCGATCAGGAGGATATGGAAGTTACA
GGAATCGCCTATAACGGCGAAGAAGTGCTCCAACGCATCGCAGAATC
CCGCAACATACCTGATGTACTTATTTTAGATATTATTATGCCTCATCTG
GATGGTCTCGGTGTATTGGAGCGTTTAAGAGAAATGAACCTGACTCCA
CAGCCGAAAATCATTATGCTGACTGCATTCGGTCAAGAAAATATTACA
CAGAGGGCCGTACAGCTCGGGGCATCTTATTATATTTTGAAGCCGTTT
GACATGGAAGTGCTGGCTAACCGTGTTCGCCAATTAGTGGGGCCGCA
GTTAGTTAGCAGCAGTCCGGTGACCATTTCATCCATGCGGTCCAACG
TTGTACCTATGGGTAAGACGAAAAACCTGGATGCCAGTATCACGGCC
ATCATACATGAAATTGGTGTACCAGCTCACATCAAGGGCTATCAATAT
TTACGCGAAGCCATTACGATGGTGTACAATAATATCGAAATTTTGGGA
GCCATCACCAAAACATTATATCCGGCAATCGCCGAAAAGTTCAAAACG
ACGGCATCTCGCGTAGAACGCGCCATTCGTCATGCTATCGAGGTAGC
ATGGACCCGTGGAAATATCGACAGCATTTCACACCTGTTCGGGTACA
CCATTAATATCAGTAAGTCCAAACCAACCAATTCAGAGTTCATAGCGA
TGGTAGCAGATAAGCTGAGAATTGAGAACAAGGTGTCCTGA 

bdh 

ATGCAAGCATTGAGATGGCATGGAGTAAAAGACTTACGATTGGAAAAC
ATTGAGCAGCCCGCCGCTCTGGCAGGAAAAGTAAAAATCAAAGTAGA
ATGGTGTGGCATTTGCGGAAGTGATCTTCACGAATATGTAGCAGGAC
CAATCTTTATACCCCAAGATGCTCAGCATCCATTGACTGGCGAAAAAG
CACCGATCGTAATGGGACATGAATTCTCCGGACAAGTCGTCGAAATC
GGCGAAGGTGTAACCAAGATTCAGGTTGGCGACCGTGTCGTTGTAGA
ACCGGTTTTTGCATGTGGAGAATGTGATGCATGTAAACAAGGCAAATA
TAATCTTTGCGATAAAATGGGCTTCCTCGGTCTGGCAGGCGGCGGCG
GTGGATTTTCTGAATATGTCGCAGCTGACGAGCACATGGTTCACAAAA
TTCCAGAAAGCGTATCTTTCGAGCAAGGCGCATTGGTAGAGCCTTCG
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GCCGTTGCTTTGTATGCTGTTCGTCAAAGCCAACTGAAAGTCGGCGAT
AAAGCTGTAGTATTTGGCGCTGGTCCTATCGGATTGCTGGTTATTGAA
GCGTTGAAAGCTTCGGGCGCATCTGAGATTTATGCAGTAGAGCTTTCT
GAGGAGCGTAAAGCTAAAGCTGAAGAGTTGGGTGCTATTGTGCTTGA
TCCTAAGACTTATGATGTGGTGCAAGAGCTGCACAAACGGACTAACG
GTGGCGTAGATGTAGCCTATGAAGTCACTGGAGTACCTCCTGTGCTG
ACTCAAGCTATTGAATCTACTAAAATCAGCGGACAAATCATGATCGTC
AGCATTTTTGAAAAAGAAGCTCCGATTAAACCGAACAATATTGTCATGA
AGGAACGCAATCTGACGGGTATTATCGGCTACCGTGATGTATTCCCG
GCTGTTATCAGCCTGATGGAAAAAGGTTATTTCCCTGCCGACAAGCTG
GTTACCAAACGTATTAAGCTAGAAGAAGTGATTGAGCAAGGTTTTGAA
GGTCTCCTGAAAGAGAAAAATCAGGTTAAAATCCTGGTATCTCCGCAA
GCTTAA 

 

Figure S2: Plasmid map of pHEiP_Ppbdh. Conjugational plasmid was based on the pUB110 
backbone and pCasPP (Rütering et al., 2017) and was constructed by replacing the Cas9-gRNA 
expression cassette by Pspac-bdh using Gibson isothermal assembly. Neomycin was used as a 
selection marker.  
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Figure S3: Overview of growth and 2,3-BDL production of wt and knock out strains of P. polymyxa 
DSM 365 from single batch fermentations. 2,3-BDL: 2,3-R-R-butanediol (black triangles), CDW: 
cell dry weight (blue rectangles), OD600: optical density at 600 nm (blue circle); Glc: Glucose 
(unfilled circle) 
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Figure S4: Overview of by-product formation of wt and knock out strains of P. polymyxa DSM 
365 from single batch fermentations over the course of 72 h cultivation.  

 

 



Appendix 

180 

 

Table S4: Colony forming units of P. polymyxa wt and knockout variants with disrupted 
sporulation cascade after sporulation assay. Cultures grown in LB medium (37 °C, 280 rpm, 96 
h) were subjected to heat treatment at 85 °C for 0, 30 or 45 min. 

 [cfu ml-1] 

Time [min] wt Δspo0A ΔspoIIE 

0 1.00∙105 1.21∙106 1.54∙106 

30 2.86∙104 0 0 

45 3.78∙103 0 0 

 

 

 

References: 

Rütering, M., Cress, B.F., Schilling, M., Rühmann, B., Koffas, M.A.G., Sieber, V., 

Schmid, J., 2017. Tailor-made exopolysaccharides—CRISPR-Cas9 mediated genome 

editing in Paenibacillus polymyxa. Synth. Biol. 2. https://doi.org/10.1093/synbio/ysx007 

 



 Appendix 

181 

 

7.1.2. Structural elucidation of the fucose containing polysaccharide of 

Paenibacillus polymyxa DSM 365 

 

Table S 1: Bacterial strains used in this work.  

Bacterial Strains Genotype Reference 

E. coli S17-1 
Conjugation strain; recA pro hsdR 
RP42 Tc::Mu-Km::Tn7 integrated 
into the chromosome 

ATCC 
47055 

P. polymyxa DSM 365 wild type DSMZ 

P. polymyxa DSM 365 ΔpepC DSM 365 ΔpepC This study 

P. polymyxa DSM 365 ΔpepD DSM 365 ΔpepD This study 

P. polymyxa DSM 365 ΔpepE DSM 365 ΔpepE This study 

P. polymyxa DSM 365 ΔpepF DSM 365 ΔpepF 
(Rütering 

et al., 
2017) 

P. polymyxa DSM 365 ΔpepG DSM 365 ΔpepG This study 

P. polymyxa DSM 365 ΔpepH DSM 365 ΔpepH This study 

P. polymyxa DSM 365 ΔpepI DSM 365 ΔpepI This study 

P. polymyxa DSM 365 ΔpepJ DSM 365 ΔpepJ 
(Rütering 

et al., 
2017) 

P. polymyxa DSM 365 ΔpepK DSM 365 ΔpepK This study 

P. polymyxa DSM 365 ΔpepL DSM 365 ΔpepL This study 

P. polymyxa DSM 365 ΔpepQ DSM 365 ΔpepQ This study 

P. polymyxa DSM 365 ΔpepT DSM 365 ΔpepT This study 

P. polymyxa DSM 365 ΔpepU DSM 365 ΔpepU This study 

P. polymyxa DSM 365 ΔpepV DSM 365 ΔpepV This study 

P. polymyxa DSM 365 ΔpepDJ DSM 365 ΔpepD ΔpepJ This study 

P. polymyxa DSM 365 ΔpepFJ DSM 365 ΔpepF ΔpepJ This study 

P. polymyxa DSM 365 ΔepsO DSM 365 ΔepsO This study 

P. polymyxa DSM 365 Δfcl DSM 365 Δfcl This study 

 

Table S 2: Plasmids used and constructed in this work. Each plasmid was used for the 
transformation of E. coli S17-1 and furthermore for the conjugational transfer to P. polymyxa DSM 
365. Before EPS production, each knock-out strain was cured from the specific plasmid resulting 
in the strains listed in Table S 1.  

Plasmids Description Reference 

pCasPP P. polymyxa CRISPR-Cas9 genome editing plasmid; 
PsgsE-cas9; Pgapdh-off-target gRNA; neo; oriT; repU 

(Rütering et 
al., 2017) 

pCasPP
H_pepC 

pepC targeting knock-out plasmid containing repair 
template 

This study 

pCasPP
H_pepD 

pepD targeting knock-out plasmid containing repair 
template 

This study 

pCasPP
H_pepE 

pepE targeting knock-out plasmid containing repair 
template 

This study 

pCasPP
H_pepF 

pepF targeting knock-out plasmid containing repair 
template 

(Rütering et 
al., 2017) 
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Plasmids Description Reference 

pCasPP
H_pepG 

pepG targeting knock-out plasmid containing repair 
template 

This study 

pCasPP
H_pepH 

pepH targeting knock-out plasmid containing repair 
template 

This study 

pCasPP
H_pepI 

pepI targeting knock-out plasmid containing repair template This study 

pCasPP
H_pepJ 

pepJ targeting knock-out plasmid containing repair 
template 

(Rütering et 
al., 2017) 

pCasPP
H_pepK 

pepK targeting knock-out plasmid containing repair 
template 

This study 

pCasPP
H_pepL 

pepL targeting knock-out plasmid containing repair 
template 

This study 

pCasPP
H_pepQ 

pepQ targeting knock-out plasmid containing repair 
template 

This study 

pCasPP
H_pepT 

pepT targeting knock-out plasmid containing repair 
template 

This study 

pCasPP
H_pepU 

pepU targeting knock-out plasmid containing repair 
template 

This study 

pCasPP
H_pepV 

pepV targeting knock-out plasmid containing repair 
template 

This study 

pCasPP
H_epsO 

epsO targeting knock-out plasmid containing repair 
template 

This study 

pCasPP
H_fcl 

fcl targeting knock-out plasmid containing repair template This study 

 

Table S 3: Oligonucleotides used in this study. Overhangs used for Golden Gate Assembly are 
depicted in lower case letters. Restriction sites used for cloning are underlined. For each KO 
construct, two sets of sgRNAs were designed, tested and listed below if successful knock-outs 
were obtained 

Primer Sequence 5’→3’  

pepC_sgRNA1_fw acgcGAGCATGGAAAATTTACCGG 

pepC_sgRNA1_rev aaacCCGGTAAATTTTCCATGCTC 
pepC_sgRNA2_fw aaacCCTTGATATGCTGCTGTCGT 

pepC_sgRNA_2_rev acgcACGACAGCAGCATATCAAGG 

pepC_Harms_US_fw 
GGCCTCTAGACCAAAATTCGATGAAGCAAGGAGAAT
GAGTGCG 

pepC_Harms_US_rev_OE 
CGCTTGAATGCATCCATCAATAAGCATCCCGTACCC
CCTCTCAACCTGCCGTGG 

pepC_Harms_DS_fw_OE 
CCACGGCAGGTTGAGAGGGGGTACGGGATGCTTAT
TGATGGATGCATTCAAGCG 

pepC_Harms_DS_rev GGCCTCTAGACCATCTTTCACCCCGCAGCTGACTCG 
pepC_KO_proof_fw GCAACTCATGGAGCAGGCCAGTGCGACG 

pepC_KO_proof_rev GCTGTATGGTGTTTATTCTAGTAGTCCAAGG 
pepD_sgRNA1_fw acgcCAAAGTGTTATACATCACGG 

pepD_sgRNA1_rev aaacCCGTGATGTATAACACTTTG 
pepD_sgRNA2_fw acgcATGAAGCGGGAACATAACGG 

pepD_sgRNA_2_rev aaacCCGTTATGTTCCCGCTTCAT 
pepD_Harms_US_fw CCGGTCTAGAGGCTATTATGGGTCGCTACGTG 

pepD_Harms_US_rev_OE 
AGTCCAAGGATAGTTACTCATGTTCCCAATAAGCAT
CCTTGGAGAACAGC 
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Primer Sequence 5’→3’  

pepD_Harms_DS_fw_OE 
TTCTCCAAGGATGCTTATTGGGAACATGAGTAACTA
TCCTTGGACT 

pepD_Harms_DS_rev AATTTCTAGACGTTACCGCGCCAAGACCTC 

pepD_KO_proof_fw CCGGATCAGCAGGACGGACG 
pepD_KO_proof_rev GCCCGCAACCGATATATCCC 

pepI_sgRNA1_fw acgcAGCATTATGAGCTAACCAAG 
pepI_sgRNA1_rev aaacCTTGGTTAGCTCATAATGCT 

pepI_Harms_US_fw aattTCTAGAGGCTGCGCTCTTTTTCTTCATC 

pepI_Harms_US_rev_OE 
GCAATACGAAATCCGTAGCGGGTGCCTCCTTCTTTA
T 

pepI_Harms_DS_fw_OE 
AGGAGGCACCCGCTACGGATTTCGTATTGCGGCAA
C 

pepI_Harms_DS_rev ttaaTCTAGAGGCTTCACTGTCCGTTCCCT 

pepI_KO_proof_fw GTTGCTGGCTACCATGTTCGG 
pepI_KO_proof_rev CCTTGCATTCGGTAGAAGTTCACG 

pepK_sgRNA2_fw acgcACAATCGGCTTCAGATACGG 
pepK_sgRNA_2_rev aaacCCGTATCTGAAGCCGATTGT 

pepK_Harms_US_fw aattTCTAGACATACGATTGGCAGCAAGCAG 

pepK_Harms_US_rev_OE 
TTTAACGCGAATGTCGGTTTCGCCGCCGCCTTTCTG
TCA 

pepK_Harms_DS_fw_OE 
AAAGGCGGCGGCGAACCGACATTCGCGTTAAAGGA
TGAT 

pepK_Harms_DS_rev AATTTCTAGAGCTGCTCGACCTTTGCGACGGC 
pepK_KO_proof_fw GCTCTAATCTGTAGTGACGAGCAG 

pepK_KO_proof_rev CATCAAATTTGCGGGCATGGG 
pepL_sgRNA1_fw acgcGGAGGCTCCTATCTTCACAA 

pepL_sgRNA1_rev aaacTTGTGAAGATAGGAGCCTCC 
pepL_sgRNA2_fw acgcGTTATTGTCACACACCGATG 

pepL_sgRNA_2_rev aaacCATCGGTGTGTGACAATAAC 
pepL_Harms_US_fw AATTTCTAGAGCGCATCGTTCCATTGGACG 

pepL_Harms_US_rev_OE 
CCAGCTTCATTCCGTCTAAATCATCCTTTAACGCGAA
TGTCGG 

pepL_Harms_DS_fw_OE 
TAAAGGATGATTTAGACGGAATGAAGCTGGCTGTAA
TT 

pepL_Harms_DS_rev AATTTCTAGAGCGCCTGCCTGAATGAGTGT 
pepL_KO_proof_fw CGGAGAACATATCGACCCGCTC 

pepL_KO_proof_rev GGCCAGTTGTACGAGATCGACC 
pepE_sgRNA1_fw acgcGTCGATTCTCTGTATCAGGG 

pepE_sgRNA1_rev aaacCCCTGATACAGAGAATCGAC 
pepE_Harms_US_fw TTAATTTCTAGATCATGTACGCAATACGTGGCTCG 

pepE_Harms_US_rev_OE 
TCACTCTGCTCATCGGTTCCATCTTTCACCCCGCAG
CTGA 

pepE_Harms_DS_fw_OE 
GGGTGAAAGATGGAACCGATGAGCAGAGTGAACAT
GTTCG 

pepE_Harms_DS_rev 
TTAATTTCTAGATGCCAGCGTGTAAGGAATCAGTAG
C 

pepE_KO_proof_fw TGTTGGTCGGCGACATGACTTTAGT 

pepE_KO_proof_rev ATGGCTTTTCCGCCAGATGAATACC 
pepG_sgRNA1_fw actcCCATGCTAATGGAAAAACGG 

pepG_gRNA1_rev aaacCCGTTTTTCCATTAGCATGG 
pepG_Harms_US_fw AATTTCTAGAACGGGATATATCGGTTGCGGG 
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Primer Sequence 5’→3’  
pepG_Harms_US_rev_OE ATAGCCGCGCGTTTCTCACCCCTGACCTCC 

pepG_Harms_DS_fw_OE GGTGAGAAACGCGCGGCTATCTGATCTGGATG 
pepG_Harms_DS_rev AATTAATCTAGACCGAAATGTTATGTCCACCGCCT 

pepG_KO_proof_rev CAATCAGCATCAGCATCATCGC 
pepT_sgRNA1_fw acgcAGAACGTGAGGAAAACCGTG 

pepT_sgRNA1_rev aaacCACGGTTTTCCTCACGTTCT 
pepT_sgRNA2_fw acgcTATGTCGTGGGATCGCATTG 

pepT_sgRNA_2_rev aaacCAATGCGATCCCACGACATA 
pepT_Harms_US_fw AATTTCTAGACCCGGATCATCGCTTTACAGT 

pepT_Harms_US_rev_OE TGCTGACCTGTTGGCGGGGTTTAGAGACCGCTGCG 
pepT_Harms_DS_fw_OE CTGAAGAAGCGCTAGGCCAACAGGTCAGCAGACAG 

pepT_Harms_DS_rev AATTTCTAGAGTCCTCCACGACTTCCTCCAG 
pepT_KO_proof_fw CGCAGCTCAAACGTGGGCTA 

pepT_KO_proof_rev GGGCTACTGCACAGCGAATC 
pepU_sgRNA1_fw acgcAGAAACCGAACATCTTCCTG 

pepU_sgRNA1_rev aaacCAGGAAGATGTTCGGTTTCT 
pepU_sgRNA2_fw acgcTTTACCGCGATACGATCCAG 

pepU_sgRNA_2_rev aaacCTGGATCGTATCGCGGTAAA 
pepU_Harms_US_fw AATTTCTAGAGGATGCTTATGGTCTGGTCATTACT 

pepU_Harms_US_rev_OE CACATTCACTTCCTGTCTGCTGACCTGTTGGC 
pepU_Harms_DS_fw_OE CAGCAGACAGGAAGTGAATGTGAAGCAGCTGAT 

pepU_Harms_DS_rev AATTTCTAGAGCACGCAGCTGATGAATTTTATCC 
pepU_KO_proof_fw GCGTATTATCTGGCTCCACGG 

pepU_KO_proof_rev GTTGTAAAGCTTAGTCGGCCTTGT 
pepV_sgRNA1_fw acgcTTACCCTGGAATCCGCATCG 

pepV_sgRNA1_rev aaacCGATGCGGATTCCAGGGTAA 
pepV_Harms_US_fw aattTCTAGAAAGAATCAAGAAGCTGCTTTTACAGG 

pepV_Harms_US_rev_OE TTTACCGACTGCATCCGCAATCCTTCCAACT 
pepV_Harms_DS_fw_OE ATTGCGGATGCAGTCGGTAAAAGCAGGATGCA 

pepV_Harms_DS_rev aattTCTAGAGCCAGTCCCCATATACCAATCG 
pepV_KO_proof_fw AGCGAACATGGCAAAGCTGG 

pepV_KO_proof_rev GGGGCATCCCTTACGTCATCT 
fcl_sgRNA1_fw acgcGATACATCTACCAACTTACG 

fcl_sgRNA1_rev aaacCGTAAGTTGGTAGATGTATC 
fcl_sgRNA2_fw acgcACAAACGAATGTGATTGATG 

fcl_sgRNA2_rev aaacCATCAATCACATTCGTTTGT 
fcl_US_harms_fw AATTAATCTAGAGACGTGATCTTAATGGATACGCCG 

fcl_US_harms_rev_OE CCACCGTTTTCTTTAATACGCATCCTTGGAGCCT 
fcl_DS_harms_fw_OE CGTATTAAAGAAAACGGTGGGGGAATTGG 

fcl_DS_harms_rev AATTTCTAGATCTCTTACACGACGACAGAAGC 
fcl_Koproof_fw AATCCGTCCGAGATGCTCAG 

fcl_Koproof_rev CCTTGCGTACAGCGAAGAGA 
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Figure S 1: A: Schematic overview of CRISPR-Cas9 mediated genome editing used for gene 
deletions in this study. A double strand break was induced by guiding a Cas9 effector to a gene 
of interest (GOI) which was repaired by providing a homologous repair template on the plasmid 
containing the upstream (US) and downstream (DS) sequence of the target gene. B: CRISPR-
Cas9 mediated knock-outs of P. polymyxa DSM 365. The 1 % agarose gel shows the PCR 
products of the wildtype (wt) and knock-out mutants (KO) for genes of the paenan cluster (pepC 
– pepV). For cPCRs, primers (KO_proof in Table S3) located on the genome, outside of the 
flanking repair template were used for both amplicons resulting in ~ 2 kb amplicons for successful 
knock-outs, while the wildtype strain shows an amplicon between 2.9 kb – 3.5 kb depending on 
the size of the respective gene. L: NEB 1 kb Plus DNA ladder.  
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Table S4: Overview of EPS production in bioreactor cultivation. Genes encoding 
glycosyltransferases or Wzy polymerases (pepE, pepG) were individually knocked out and 
compared. Maximum growth rates (µmax) were determined during exponential growth phase 

Strain Titer [g/L] 
Yield YPS  

[gEPS/gGlc] 

µmax 

[h-1] 

WT 5.024 0.135 0.508 
 

ΔpepC 1.353 0.049 0.516 

ΔpepD 2.326 0.049 n.d. 

ΔpepE 2.104 0.060 0.502 

ΔpepF 1.440 0.053 0.486 

ΔpepG 7.138 0.123 0.511 

ΔpepI 3.330 0.111 0.458 

ΔpepJ 1.382 0.045 0.465 

ΔpepK 1.851 0.046 0.468 

ΔpepL 4.167 0.139 0.475 

ΔpepQ 2.500 0.083 0.459 

ΔpepT 2.017 0.081 0.611 

ΔpepU 4.392 0.113 0.549 

ΔpepV 1.591 0.029 0.506 

n.d.: not determined due to lack of data points in exponential phase 
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Figure S 2: Carbohydrate fingerprints of single target knock-outs of glycosyltransferases and 
Wzy-polymerases (pepE & pepG) of the paenan cluster of P. polymyxa DSM 365 

 

 

 

Figure S 3: MS/MS spectra of GlcA-dimers obtained in HT-PMP analysis. For both, the GlcA-
Man dimer (A) and the GlcA-Fuc dimer (B), fragmentation resulted in the initial loss of m/z 176. 
Consequently, GlcA can be positioned at the non-reducing end of the dimer. Due to the early 
retention time of the GlcA-Hex dimer (A) at 1.8 min, the hexose was identified as mannose.  
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Table S 5: MS/MS fragmentation spectra of fucose containing oligosaccharides were analysed to 
determine the monomer sequence. EPS variants were obtained by partial hydrolysis of EPS 
variants from P. polymyxa DSM 365.  

RT 

[min] 

m/z Oligosaccharide sequence 

2.9 671 GlcA-Fuc-PMP 

2.8 657 Hex-Fuc-PMP 

3.4 833 Hex-GlcA-Fuc-PMP 

5.3 995 Hex-Hex-GlcA-Fuc-PMP 

6.1 995 Hex-GlcA-Fuc-Hex-PMP 

7.8 1,317.5 Hex-GlcA-Fuc-Hex-GlcA-Fuc-PMP 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S 4: MS-MS spectra of the major 
peaks obtained from lithium degradation 
of the EPS of P. polymyxa DSM 365 
ΔpepFJ. A: Fragmentation of the peak 
with m/z 819 (4.3 min) indicates a Hex-
Fuc-Hex trimer. B: Fragmentation of the 
smaller peak with m/z 657 (2.9 min) 
indicates a Hex-Fuc dimer.  
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Figure S 5: Methylation analysis of the EPS obtained by the P. polymyxa DSM 365 ΔpepFJ 
variant. The sample was reduced prior to methylation to enable detection of GlcA A) Five partially 
methylated alditol acetates (PMAAs) were detected and identified based on their retention times 
and MS spectra. Retention time standards were prepared as previously described (Sassaki et al., 
2005). MS fragmentation of unknown peaks (before 11.50 min, 11.95 min and 12.80 min) did not 
correspond to PMAAs. B) MS spectrum of 2,3,4-Me-Gal. C) MS spectrum of 2-Me-Fuc. D) MS 
spectrum of 2,3,6-Me-Glc. E) MS spectrum of 4,6-Me-Glc. 
F) MS spectrum of 2,3,4-Me-Fuc obtained from a mechanically sheared and heat precipitated 
methylation sample to remove protein impurities. 2,3,4-Me-Gal: 1,5-acetyl-2,3,4,6-methyl-
galactitol etc. 
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Figure S 6: 1H-13C HSQC spectrum with multiplicity editing of acid hydrolyzed EPS produced by 

P. polymyxa DSM 365 ΔpepFJ. Acquired in D2O (99.9%;D), 50 C, 800 MHz, 1H chemical shift 
internally referenced to the residual water signal (4.50 ppm) and 13C chemical shift referenced 
indirectly to DSS. 

 

Figure S 7: 1H-1H COSY spectrum acid hydrolyzed EPS produced by P. polymyxa DSM 365 

ΔpepFJ. Acquired in D2O (99.9%;D), 50 C, 800 MHz, 1H chemical shift internally referenced to 
the residual water signal (4.50 ppm). 
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Figure S 8: 1H-13C H2BC spectrum of acid hydrolyzed EPS produced by P. polymyxa DSM 365 

ΔpepFJ. Acquired in D2O (99.9%;D), 50 C, 800 MHz, 1H chemical shift internally referenced to 
the residual water signal (4.50 ppm) and 13C chemical shift referenced indirectly to DSS. 

 

Figure S 9: 1H-13C HMBC spectrum of acid hydrolyzed EPS produced by P. polymyxa DSM 365 

ΔpepFJ. Acquired in D2O (99.9%;D), 50 C, 800MHz, 1H chemical shift internally referenced to 
the residual water signal (4.50 ppm) and 13C chemical shift referenced indirectly to DSS. 
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Figure S 10: 1H-1H NOESY spectrum of acid hydrolyzed EPS produced by P. polymyxa DSM 365 

ΔpepFJ. Acquired in D2O (99.9%;D), 50 C, 800MHz, 1H chemical shift internally referenced to 
the residual water signal (4.50 ppm). 

 

Figure S 11: 1H spectrum of acid hydrolyzed EPS produced by P. polymyxa DSM 365 ΔpepFJ. 

Acquired in D2O (99.9%;D), 50 C, 800MHz, 1H chemical shift referenced to residual water signal 
(4.50 ppm). Spectrum shows anomeric signals and are annotated with the residue, proton 
chemical shift in ppm (δH), the calculated coupling constant in Hz (3JHH), and integral. *this signal 
resides close to the residual water signal and is affected by water suppression. 
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Figure S 12: Overlay of HSQC and HMBC of acid hydrolysed EPS produced by P. polymyxa 
DSM 365 ΔpepFJ. HSQC spectrum is coloured in blue and cyan, HMBC spectrum is coloured in 
red, projection across the top shows the 1H spectrum. Inter-residue correlations that were used 
to establish partial structure are annotated. Bold letter indicates residue, and number indicate 

relevant carbon or proton position. Acquired in D2O (99.9%;D), at 50 C , 800 MHz, 1H chemical 
shift internally referenced to the residual water signal (4.50 ppm) and 13C chemical shift 
referenced indirectly to DSS. Key: A = α-L-Fucp-(1-, B = 2,3)-β-D-GlcAp-(1-, C = 3,4)-α-L-Fucp-
(1-, D = 4)-β-D-Glcp-(1-, E = α-D-Galp-(1-. 
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Figure S 13: 1H-1H NOESY spectrum acid hydrolyzed EPS produced by P. polymyxa DSM 365 
ΔpepFJ. Key inter-residue correlations that confirm the position of glycosidic linkages are 

annotated with residue in bold letter and proton position. Acquired in D2O (99.9%;D), 50 C, 
800MHz, 1H chemical shift internally referenced to the residual water signal (4.50 ppm). Key: A = 
α-L-Fucp-(1-, B = 2,3)-β-D-GlcAp-(1-, C = 3,4)-α-L-Fucp-(1-, D = 4)-β-D-Glcp-(1-, E = α-D-Galp-(1-
. 
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Figure S 14: Overlay of HSQC of acid hydrolyzed (blue and cyan signals) and sheared (red and 
pink signals) EPS produced by P. polymyxa DSM 365 ΔpepFJ. Methyl region is show in panel a). 
Signal are annotated with acetylated residues. Stars show unassigned position-5 fucose signals 

expected to belong to A’ and A’’ residues. Acquired in D2O (99.9%;D), 50 C, 800MHz, 1H 
chemical shift internally referenced to the residual water signal (4.50 ppm) and 13C chemical shift 
referenced indirectly to DSS. Key: A = α-L-Fucp-(1-, A’ = α-L-Fucp-3-O-Ac-(1-, A’’ = α-L-Fucp-4-
O-Ac-(1-. 

 

Figure S 15: 1H-13C HSQC spectrum with multiplicity editing of mechanically sheared EPS 

produced by P. polymyxa DSM 365 ΔpepFJ. Acquired in D2O (99.9%;D), 50 C, 800 MHz, 1H 
chemical shift internally referenced to the residual water signal (4.50 ppm) and 13C chemical shift 
referenced indirectly to DSS. 
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Figure S 16: 1H-13C H2BC spectrum of mechanically sheared EPS produced by P. polymyxa 

DSM 365 ΔpepFJ. Acquired in D2O (99.9%;D), 50 C, 800 MHz, 1H chemical shift internally 
referenced to the residual water signal (4.50 ppm) and 13C chemical shift referenced indirectly to 
DSS. 

 

Figure S 17: 1H-1H COSY spectrum mechanically sheared EPS produced by P. polymyxa DSM 

365 ΔpepFJ. Acquired in D2O (99.9%;D), 50 C, 800 MHz, 1H chemical shift internally referenced 
to the residual water signal (4.50 ppm). 
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Figure S 18: 1H-13C HMBC spectrum of mechanically sheared EPS produced by P. polymyxa 

DSM 365 ΔpepFJ. Acquired in D2O (99.9%;D), 50 C, 800MHz, 1H chemical shift internally 
referenced to the residual water signal (4.50 ppm) and 13C chemical shift referenced indirectly to 
DSS. 

Figure S 19: 1H spectrum of mechanically sheared EPS produced by P. polymyxa DSM 365 
ΔpepFJ. Spectrum shows key signals annotated with residue for anomeric signals (in the region 
5.0-6.0 ppm) and methyl signals (~2.1-2.2 ppm) for O-Ac. Integrals that were used to establish 

degree of acetylation are shown below the spectrum (in blue). Acquired in D2O (99.9%;D), 50 C, 
800MHz, 1H chemical shift referenced to residual water signal (4.50 ppm). 
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Figure S 20: Schematic overview of the assembly of the repeating unit of paenan II. PepQ 
transfers a glycosyl residue to a membrane bound undecaprenyl-pyrophosphate lipid anchor 
(UndPP). The glycosyltransferases PepT, PepU, PepV as well as a yet unknown 
glycosyltransferase catalyse the stepwise assembly of the repeating unit, followed by the 
translocation to the periplasm by a Wzx flippase (PepR) and the consequent polymerization by 
the Wzy protein PepG.  

 

 

Supplemental Methods 

 

NMR acquisition parameters and processing 

Acquisition parameters for each experiment were as follows. 1D proton spectrum, pulse 
sequence: noesygppr1d, spectral width: 10 ppm or 12 ppm, number of scans: 16. HSQC 
spectrum, pulse sequence: hsqcedetgpsisp2.3, spectral width: 120 ppm (f1) 10 ppm (f2), 
time do-main: 512 (f1) 1k (f2), number of scans: 16, dummy scans: 16. H2BC spectrum, 
pulse sequence: h2bcetgpl3pr, spectral width: 180 ppm (f1) 10 ppm (f2), time domain: 
1k (f1) 2k (f2), number of scans: 16, dummy scans: 16. HMBC spectrum, pulse 
sequence: hmbcetgpl3nd, spectral width: 180 ppm (f1) 10 ppm (f2), time domain: 400 
(f1) 2k (f2), number of scans: 32, dummy scans: 16. DQF-COSY spectrum, pulse 
sequence: cosydfph, spectral width: 10 ppm (f1) 10 ppm (f2), time domain: 1k (f1) 4k 
(f2), number of scans: 8 or 16, dummy scans: 16. NOESY spectrum, pulse sequence: 
noesyesgpph, spectral width: 10 ppm (f1) 10 ppm (f2), time domain: 1k (f1) 4k (f2), 
number of scans: 16, dummy scans: 64, mixing time (d8): 80 ms. Spectra were 
processed with exponential window multiplication, a Fourier transform, phase correction, 
and baseline correction. 

 

Supplemental References 

 

Rütering, M., Cress, B.F., Schilling, M., Rühmann, B., Koffas, M.A.G., Sieber, V., 
Schmid, J., 2017. Tailor-made exopolysaccharides—CRISPR-Cas9 mediated 



 Appendix 

199 

 

genome editing in Paenibacillus polymyxa. Synth. Biol. 2. 
https://doi.org/10.1093/synbio/ysx007 

Sassaki, G.L., Gorin, P.A.J., Souza, L.M., Czelusniak, P.A., Iacomini, M., 2005. Rapid 
synthesis of partially O-methylated alditol acetate standards for GC–MS: some 
relative activities of hydroxyl groups of methyl glycopyranosides on Purdie 
methylation. Carbohydr. Res. 340, 731–739. 
https://doi.org/10.1016/j.carres.2005.01.020 

 



Appendix 

200 

 

7.1.3. CRISPR-Cas9 driven structural elucidation of the 

heteroexopolysaccharides of Paenibacillus polymyxa DSM 365 

Table S 1: Strains used in this work 

Bacterial Strains Genotype Reference 

E. coli S17-1 

Conjugation strain; recA pro 

hsdR RP42 Tc::Mu-Km::Tn7 

integrated into the 

chromosome 

ATCC 47055 

P. polymyxa DSM 365 wild type DSMZ 

P. polymyxa DSM 365 ΔpepC DSM 365 ΔpepC 
(Schilling et 

al., 2020) 

P. polymyxa DSM 365 ΔpepD DSM 365 ΔpepD 
(Schilling et 

al., 2020) 

P. polymyxa DSM 365 ΔpepF DSM 365 ΔpepF 
(Schilling et 

al., 2020) 

P. polymyxa DSM 365 ΔpepI DSM 365 ΔpepI 
(Schilling et 

al., 2020) 

P. polymyxa DSM 365 ΔpepJ DSM 365 ΔpepJ 
(Rütering et 

al., 2017) 

P. polymyxa DSM 365 ΔpepK DSM 365 ΔpepK 
(Schilling et 

al., 2020) 

P. polymyxa DSM 365 ΔpepL DSM 365 ΔpepL 
(Schilling et 

al., 2020) 

P. polymyxa DSM 365 ΔpepQ DSM 365 ΔpepQ 
(Schilling et 

al., 2020) 

P. polymyxa DSM 365 ΔpepT DSM 365 ΔpepT 
(Schilling et 

al., 2020) 

P. polymyxa DSM 365 ΔpepU DSM 365 ΔpepU 
(Schilling et 

al., 2020) 

P. polymyxa DSM 365 ΔpepV DSM 365 ΔpepV 
(Schilling et 

al., 2020) 

P. polymyxa DSM 365 ΔpepCQ DSM 365 ΔpepC ΔpepQ This study 

P. polymyxa DSM 365 ΔpepFJ DSM 365 ΔpepF ΔpepJ 
(Schilling et 

al., 2020) 

P. polymyxa DSM 365 ΔpepQF DSM 365 ΔpepQ ΔpepF This study 

P. polymyxa DSM 365 ΔpepTUV 
DSM 365 ΔpepT ΔpepU 

ΔpepV 
This study 

P. polymyxa DSM 365 ΔpepITUV 
DSM 365 ΔpepI ΔpepT 

ΔpepU ΔpepV 
This study 

P. polymyxa DSM 365 ΔpepKTUV 
DSM 365 ΔpepK ΔpepT 

ΔpepU ΔpepV 
This study 

P. polymyxa DSM 365 ΔpepLTUV 
DSM 365 ΔpepL ΔpepT 

ΔpepU ΔpepV 
This study 

P. polymyxa DSM 365 ΔepsO DSM 365 ΔepsO 
(Schilling et 

al., 2020) 
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Table S 2: Plasmids used and constructed in this work. Each plasmid was used for the 
transformation of E. coli S17-1 and furthermore for the conjugational transformation of P. 
polymyxa DSM 365. Before EPS production, each knock-out strain was cured from the plasmids 
resulting in the strains listed in Table S 1.  

Plasmids Description Reference 

pCasPP 

P. polymyxa CRISPR-Cas9 genome editing 

plasmid; PsgsE-cas9; Pgapdh-off-target 

gRNA; neo; oriT; repU 

(Rütering 

et al., 

2017) 

pCasPPH_pepC 

pepC targeting knock-out plasmid containing 

repair template 

(Schilling 

et al., 

2020) 

pCasPPH_pepQ 

pepQ targeting knock-out plasmid 

containing repair template 

(Schilling 

et al., 

2020) 

pCasPPH_pepTUV 

Knock-out plasmid containing repair 

template for the simultaneous triple knock-

out of pepT, pepU and pepV 

This study 

 

Table S 3: Oligonucleotides used in this study. Overhangs used for Golden Gate Assembly are 
depicted in lower case letters. Restriction sites used for cloning are underlined. For each knock-
out construct, two sets of sgRNAs were designed, tested and listed below if successful knock-
outs were obtained 

Primer Sequence 5’→3’ 

pepC_KO_proof_fw GCAACTCATGGAGCAGGCCAGTGCGACG 

pepC_KO_proof_rev GCTGTATGGTGTTTATTCTAGTAGTCCAAGG 

pepTUV_sgRNA1_fw acgcAGAACGTGAGGAAAACCGTG 

pepTUV_sgRNA1_rev aaacCACGGTTTTCCTCACGTTCT 

pepTUV_sgRNA2_fw acgcTATGTCGTGGGATCGCATTG 

pepTUV_sgRNA_2_rev aaacCAATGCGATCCCACGACATA 

pepTUV_Harms_US_fw AATTTCTAGACCCGGATCATCGCTTTACAGT 

pepTUV_Harms_US_rev_OE TTTACCGACTGGGGTTTAGAGACCGCTGCG 

pepTUV_Harms_DS_fw_OE AGTCTAAACCCCGGTAAAAGCAGGATGCA 

pepTUV_Harms_DS_rev AATTTCTAGAGCCAGTCCCCATATACCAATCG 

pepTUV_KO_proof_fw CGCAGCTCAAACGTGGGCTA 

pepTUV_KO_proof_rev GGGGCATCCCTTACGTCATCT 

pepQ_KO_proof_fw GGAATCGGCTTGGCGTTTTTGCTGG 

pepQ_KO_proof_rev CCGTATACCTCATAATCCTTCGACAGC 

 



Appendix 

202 

 

 

Figure S 1: MS/MS fragmentation of a GlcA-Hex dimer (m/z 687). Early retention time at 1.8 min 
and fragmentation indicate mannose as the residue positioned at the reducing end of the dimer.  
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Table S 4: Overview of different oligosaccharide fragments obtained by partial hydrolysis of EPS from P. polymyxa DSM 365 and mutant variants. MS/MS spectra were 
evaluated to determine the sequence of each oligosaccharide. Retention times of each fragment are given in brackets. Fragments associated with the pyruvate containing 
polysaccharide paenan I are colored blue. Fragments corresponding to the fucose containing EPS paenan II are colored red and fragments specifically attributed to paenan 
III yellow. x: fragment detected; *: traces detectable. 
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ΔpepD x  x                    x   x x       

ΔpepE x x x                    x   x x   x    

ΔpepF x   x                   x x  x x x  x    

ΔpepFJ x                      x   x x   x    

ΔpepI x   x           x   x     x   x x  *     

ΔpepITUV x x x x  x   x      x x x x x x  x            

ΔpepJ x x             x     x   x   x x   x    

ΔpepK x   x       x    x x  x  x   x   x x       

ΔpepKTUV x x x x  x x x x    x x x x  x x x  x            

ΔpepL x x x x  x  x x   x x  x x x x x x x x x  *  x       

ΔpepLTUV x x x x  x x x x    x  x x x x x x              
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Figure S 2: A: Exemplary chromatogram of oligosaccharides from EPS obtained from the 
wildtype strain. The polymer was subjected to mild hydrolysis conditions (2 M TFA, 90 °C, 105 
min), derivatized with PMP and analyzed via HPLC-UV-MS. B: For each obtained fragment 
(exemplarily shown for the largest fragment containing pyruvate with m/z 1,229), the sequence of 
the oligosaccharide was obtained by evaluation of the MS spectra. 
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Figure S 3: Exemplary chromatogram of methylation analysis of the EPS obtained from P. 
polymyxa DSM 365 containing paenan I and III. Unlabeled peaks showed MS-spectra not 
corresponding to partially methylated alditol acetates (PMAAs). PMAAs were identified via 

retention time standards and MS spectra as described by Sassaki et al. (2005) (Sassaki et al., 
2005).  



 Appendix 

207 

 

Supplemental References:  

Rütering, M., Cress, B.F., Schilling, M., Rühmann, B., Koffas, M.A.G., Sieber, 
V., Schmid, J., 2017. Tailor-made exopolysaccharides—CRISPR-Cas9 
mediated genome editing in Paenibacillus polymyxa. Synth. Biol. 2. 
https://doi.org/10.1093/synbio/ysx007 

Sassaki, G.L., Gorin, P.A.J., Souza, L.M., Czelusniak, P.A., Iacomini, M., 2005. 
Rapid synthesis of partially O-methylated alditol acetate standards for GC–
MS: some relative activities of hydroxyl groups of methyl glycopyranosides 
on Purdie methylation. Carbohydr. Res. 340, 731–739. 
https://doi.org/10.1016/j.carres.2005.01.020 

Schilling, C., Rühmann, B., Klau, L., Aachmann, F., Schmid, J., Sieber, V., 
2022. Structural elucidation of the fucose containing polysaccharide of 
Paenibacillus polymyxa DSM 365. Carbohydrate Polymers.278. 
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7.1.4. Rheological characterization of artificial paenan compositions produced 

by Paenibacillus polymyxa DSM 365 

Table S 1: Bacterial strains used in this study 

Bacterial Strains Produced paenan variant Reference 

P. polymyxa DSM 365 I & II & III DSMZ 

P. polymyxa DSM 365 ΔepsO I (depyruvated) & II &III 
Schilling et al. 

(2022a) 

P. polymyxa DSM 365 ΔpepF II &III 
Schilling et al. 

(2022a) 

P. polymyxa DSM 365 ΔpepFJ II 
Schilling et al. 

(2022a) 

P. polymyxa DSM 365 ΔpepQF III 
Schilling et al. 

(2022a) 

P. polymyxa DSM 365 ΔpepUL I 
Schilling et al. 

(2022b) 

P. polymyxa DSM 365 ΔpepLJ I & II 
Schilling et al. 

(2022b) 

P. polymyxa DSM 365 ΔpepQTUV I & III 
Schilling et al. 

(2022b) 

 

Table S 2: Concentration and conductivity of different EPS variants used for rheological 
measurements 

Paenan variant 
Concentration 

[% m] 
Conductivity 

mS cm-1 

I & II & III 
aq. 1.02 0.73 

0.5 % NaCl 1.02 9.07 

I & II & III 
(depyruvated) 

aq. 1.01 1.01 

0.5 % NaCl 1.01 9.98 

I 
aq. 1.00 1.12 

0.5 % NaCl 1.00 11.76 

II 
aq. 1.00 0.87 

0.5 % NaCl 1.00 9.55 

III 
aq. 1.00 0.92 

0.5 % NaCl 1.00 10.02 

I & II 
aq. 1.01 0.78 

0.5 % NaCl 1.01 9.55 

I & III 
aq. 1.01 1.06 

0.5 % NaCl 1.01 9.02 

II & III 
aq. 1.00 0.77 

0.5 % NaCl 1.00 9.30 
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Figure S 1: Molar weight distribution of different EPS mixtures obtained from knock-out variants 
of P. polymyxa.  
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Figure S 2: Amplitude sweeps of 1 % solutions of indicated EPS variants produced by P. polymyxa 
DSM 365 in the aqueous solutions and in the presence of 0.5 % NaCl. G’ ●: storage modulus; G’’ 
■: loss modulus  
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Figure S 3: Amplitude sweeps of 1 % solutions of indicated EPS variants produced by 
P. polymyxa DSM 365 in the aqueous solutions and in the presence of 0.5 % NaCl. G’ ●: storage 
modulus; G’’ ■: loss modulus  
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Figure S 4: Frequency sweeps of 1 % solutions of indicated EPS variants produced by P. 
polymyxa DSM 365 in the aqueous solutions and in the presence of 0.5 % NaCl. Due to a limited 
LVE region of paenan III in the applied conditions, this variant was not measured in frequency 
sweeps, G’ ●: storage modulus; G’’ ■: loss modulus 
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Figure S 5: Frequency sweeps of 1 % solutions of indicated EPS variants produced by P. 
polymyxa DSM 365 in the aqueous solutions and in the presence of 0.5 % NaCl. Due to a limited 
LVE region of paenan III in the applied conditions, this variant was not measured in frequency 
sweeps. G’ ●: storage modulus; G’’ ■: loss modulus 
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Figure S 6: Temperature sweeps from 20-75 °C of 1 % solutions of indicated EPS variants 
produced by P. polymyxa DSM 365 in the aqueous solutions and in the presence of 0.5 % NaCl.  
G’ ●: storage modulus; G’’ ■: loss modulus 
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Figure S 7: Temperature sweeps from 20-75 °C of 1 % solutions of indicated EPS variants 
produced by P. polymyxa DSM 365 in the aqueous solutions and in the presence of 0.5 % NaCl. 
G’ ●: storage modulus; G’’ ■: loss modulus 
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Table S 3: Thixotropic recovery of paenan variants after a three stage oscillatory shear test. 
Thixotropic recovery was calculated after 30/90/180 s based on G’ relative to initial values 
determined within the LVE range. n.d.: not determined for this variant due to limited LVE range 

  
Thixotropic 
recovery 

[%] 

Group solution 30 s 90 s  180 s 

Paenan 
I & II & III 

aq. 79.3 83.5 85.6 

0.5 % 
NaCl 

82.2 84.7 86.8 

Paenan 
I & II & III 

(depyruvated) 

aq. n.d. n.d. n.d. 

0.5 % 
NaCl 

n.d. n.d. n.d. 

Paenan I & II 

aq. 97.7 101.9 99.1 

0.5 % 
NaCl 

115.2 114.8 114.4 

Paenan I & III 

aq. 81.9 91.6 96.4 

0.5 % 
NaCl 

106.4 110.7 112.2 

Paenan II & III 

aq. 114.1 119.3 121.8 

0.5 % 
NaCl 

174.0 146.9 159.2 

Paenan I 

aq. 103.2 103.4 103.5 

0.5 % 
NaCl 

107.2 109.6 108.1 

Paenan II 

aq. n.d. n.d. n.d. 

0.5 % 
NaCl 

n.d. n.d. n.d. 

Paenan III 

aq. n.d. n.d. n.d. 

0.5 % 
NaCl 

n.d. n.d. n.d. 

 

Supplemental References 

Schilling, C., Klau, L., Rühmann, B., Aachmann, F., Schmid, J., Sieber, V., 2022a. 

Structural elucidation of the fucose containing polysaccharide of Paenibacillus polymyxa 

DSM 365. Prep. Manuscr. 

Schilling, C., , Klau, L., Rühmann, B. Aachmann, F., Schmid, J., Sieber, V., 2022b. 

CRISPR-Cas9 driven structural elucidation of the heteroexopolysaccharides from 

Paenibacillus polymyxa DSM 365. Prep. Manuscr. 
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7.1.5. A novel prokaryotic CRISPR-Cas12a based tool for programmable 

transcriptional activation and repression 

 

Figure S 1: Overview of the mixed acid pathway and butanediol biosynthesis of 
Paenibacillus polymyxa in microaerobic conditions. Two mols of NADH are formed 
during glycolysis that need to be regenerated in order to maintain redox balance. Only 1 
mol NADH is converted to NAD+ in the 2,3-BDL pathway. Therefore, other redox neutral 
end products such as lactate or ethanol compete for the intermediate pyruvate. 
Furthermore, glucose is utilized for the production of exopolysaccharides (EPS). High 
molecular weight biopolymers are assembled by multiple glycosyltransferases encoded 
in the pep-cluster from nucleotide sugar precursor substrates. Adapted from Schilling et 
al., (2020)1. 
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Table S 1: Bacterial strains used in this study 

Bacterial Strains Genotype Reference 

Escherichia coli 
S17-1 

Conjugation strain; recA pro hsdR; RP42Tc::Mu-
Km::Tn7 integrated into the chromosome 

ATCC 47055 

P. polymyxa 
DSM365 

wild type 
DSMZ 

P. polymyxa 
DSM365 Δldh1 

DSM365 Δldh1 Schilling et al., 
(2020)1 

P. polymyxa 
DSM365 
ΔpepCQ 

DSM365 ΔpepC 
This study 

P. polymyxa 
DSM365 ΔpepQ 

DSM365 ΔpepQ 
This study 

P. polymyxa 
DSM365 
ΔpepCQ 

DSM365 ΔpepC ΔpepQ 
This study 

In addition to the strains listed above, each plasmid listed in Table S 2 was used for the 
transformation of E. coli S17-1 as well as for the conjugational transformation of P. polymyxa 
DSM 365. 

 

Table S 2: Plasmids used in this study 

Plasmids Description Reference 

pCasPP P. polymyxa CRISPR-Cas9 genome 
editing plasmid 

Rütering et 
al (2017) 

pCasPPH_pepC pepC targeting knock out plasmid 
containing repair template 

This study 

pCasPPH_pepQ pepQ targeting knock out plasmid 
containing repair template 

This study 

pCRai PsgsE-AsdCas12a; Pgapdh-off target 
gRNA; neo; oriT, repU 

This study 

pCRaiGFP PsgsE-AsdCas12a; Pgapdh-off target 
gRNA;neo; oriT, repU; PsgsE-sfGFP 

This study 

pCRaiGmR_soxS PsgsE-AsdCas12a-soxS; Pgapdh-off 
target gRNA; neo; oriT, repU; 
PsgsE_mRFP-US-PsgsE-sfGFP 

This study 

pCRaiGFP_GltC Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - off target gRNA 

This study 

pCRaiGFP_GltC_a1 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a1 

This study 

pCRaiGFP_GltC_a2 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a2 

This study 

pCRaiGFP_GltC_a3 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a3 

This study 

pCRaiGFP_GltC_a4 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a4 

This study 

pCRaiGFP_sig70 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - off target gRNA 

This study 
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Plasmids Description Reference 

pCRaiGFP_sig70_a1 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a1 

This study 

pCRaiGFP_sig70_a2 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a2 

This study 

pCRaiGFP_sig70_a3 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a3 

This study 

pCRaiGFP_sig70_a4 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a4 

This study 

pCRai_GFP_rpoD_a1 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a1 

This study 

pCRai_GFP_rpoD_a2 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a2 

This study 

pCRai_GFP_rpoD_a3 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a3 

This study 

pCRai_GFP_rpoD_a4 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a4 

This study 

pCRai_GFP_rpoD Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - off target gRNA 

This study 

pCRai_GFP_soxS_a1 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a1 

This study 

pCRai_GFP_soxS_a2 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a2 

This study 

pCRai_GFP_soxS_a3 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a3 

This study 

pCRai_GFP_soxS_a4 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a4 

This study 

pCRai_GFP_soxS Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - off target gRNA 

This study 

pCRai_GFP_CRP_a1 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a1 

This study 

pCRai_GFP_CRP_a2 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a2 

This study 

pCRai_GFP_CRP_a3 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a3 

This study 

pCRai_GFP_CRP_a4 Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - sgRNA_a4 

This study 

pCRai_GFP_CRP Test plasmid for CRISPRa targeting US 
region of PsgsE-sfGFP - off target gRNA 

This study 

pCRaiGFP_soxS_sfGFP_T1 Test plasmid for sfGFP repression 
sgRNA_T1 

This study 

pCRaiGFP_soxS_sfGFP_T2 Test plasmid for sfGFP repression 
sgRNA_T2 

This study 

pCRaiGFP_soxS_sfGFP_T3 Test plasmid for sfGFP repression 
sgRNA_T3 

This study 

pCRai_pepQ_T1 Plasmid for repression of pepQ sgRNA 
T1 

This study 

pCRai_pepCQ_T1 Plasmid for dual repression of pepQ and 
pepC 

This study 
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Plasmids Description Reference 

pCRai_soxS_ldhmultibdh1 Multiplex knock-down of repression of 
ldh2, ldh3, ldh4 and activation of Pbdh 
(sgRNA 1) 

This study 

pCRai_soxS_ldhmultibdh2 Multiplex knock-down of repression of 
ldh2, ldh3, ldh4 and activation of Pbdh 
(sgRNA 2) 

This study 

pCRai_soxS_ldhmultibdh3 Multiplex knock-down of repression of 
ldh2, ldh3, ldh4 and activation of Pbdh 
(sgRNA 3) 

This study 

pCRaiGmR_soxS_mT2 PsgsE-mRFP-US-PsgsE_sfGFP 
expression plasmid with gRNA for mRFP 
repression (sgRNA T2) 

This study 

pCRaiGmR_soxS_dualT2 PsgsE-mRFP-US-PsgsE_sfGFP 
expression plasmid with gRNA for mRFP 
repression (sgRNA T2) and GFP 
activation (sgRNA a1) 

This study 

pCRaiGmR_soxS_GFPa1 PsgsE-mRFP-US-PsgsE_sfGFP 
expression plasmid with gRNA and GFP 
activation (sgRNA a1) 

This study 

 

 

Table S 3: Oligonucleotides and primers used in this study. Overhangs used for Golden Gate 
Assembly or Gibson isothermal assembly are depicted in lower case. Restriction sites are 
underlined.  

Name Sequence 5'->3' Comment 

soxS_fw ATGTTGGTCTCAACGCTGATGTC
CCATCAGAAAATTATTCAGGATC 

Cloning of activator 
domain 

soxS_rev TAAAAGGTCTCGTACCATTTACA
GGCGGTGGCGATAATCG 

Cloning of activator 
domain 

sig70_fw ATGTTGGTCTCAACGCTGATGAT
AGAGGACACACCATTCCGT 

Cloning of activator 
domain 

sig70_rev TAAAAGGTCTCGTACCATTCATTG
CCATTCCTCCTCCTTCC 

Cloning of activator 
domain 

cAMP_fw ATGTTGGTCTCAACGCTGATGCA
TCCCTATTATCGTTCATTAGAAAA
AA 

Cloning of activator 
domain 

cAMP_rev TAAAAGGTCTCGTACCATTTAATG
CGGATCACTACGCAGCAA 

Cloning of activator 
domain 

GltC_fw ATGTTGGTCTCAACGCTGGTGGA
ATTACGACAGTTACAATACTTCAT
GAA 

Cloning of activator 
domain 

GltC_rev TAAAAGGTCTCGTACCATTCACT
GCCCTAAATCCGCTTTTG 

Cloning of activator 
domain 

RpoD_fw ATGTTGGTCTCAACGCTGGTGCT
GTATCCTTCCATTGATGAAATG 

Cloning of activator 
domain 

RpoD_rev TAAAAGGTCTCGTACCATTTATTC
TTCTTCGCCGCTTTCAAGT 

Cloning of activator 
domain 
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Name Sequence 5'->3' Comment 

As_CRISPR_fw GGGGATACGCTAATTTCTACTCT
TGTAGATAAGTCTTCTCAGCCG 

Construction of 
pCRai 

As_CRISPR_rev AAATCCAGATGGAGTATGTCTTC
ACCGGTGGAAAGCG 

Construction of 
pCRai 

AsCRISPR_vec_fw CACCGGTGAAGACATACTCCATC
TGGATTTGTTCAGAACGC 

Construction of 
pCRai 

AsCRISPR_vec_rev GTAGAAATTAGCGTATCCCCTTT
CAGATACTCGCAC 

Construction of 
pCRai 

enAsCPF1_fw TTAGGCTTTTACTTAATGACACAG
TTTGAAGGCTTTACGAATCTG 

Construction of 
pCRai 

enAsCPF1_rev CGTAGATCTGAATTCTTATTACCC
GAGACCTACCCAATGCG 

Construction of 
pCRai 

enAsCPF1_Vector.fw GGTCTCGGGTAATAAGAATTCAG
ATCTACGCGTTCCCCGC 

Construction of 
pCRai 

enAsCPF1_Vector.REV TTCAAACTGTGTCATTAAGTAAAA
GCCTAAAATCCCCCTTCGTT 

Construction of 
pCRai 

GFP_vecint_rev gcaacgcggcctttttacggTTCCTGGCC
ATATGACGATCCTCCTTACCTCTC
ATTG 

sfGFP plasmid 
cloning 

GFP_vecint_fw gcccgcaaccggcgcatcaagcccgccGAC
TAGCAATATGAAACACGGAAAAA
ATCAAGC 

sfGFP plasmid 
cloning 

sgsE-a1_fw agatTTTATCTCACATAATAGGGCT Test gRNA for 
activation of PsgsE-
sfGFP 

sgsE-a1_rev gagtAGCCCTATTATGTGagatAA Test gRNA for 
activation of PsgsE-
sfGFP 

sgsE-a2_fw agatAGTCTATATCAATCGGTAAC Test gRNA for 
activation of PsgsE-
sfGFP 

sgsE-a2_rev gagtGTTACCGATTGATATAGACT Test gRNA for 
activation of PsgsE-
sfGFP 

sgsE-a3_fw agatATCCTCATATTTTCCTAGTA Test gRNA for 
activation of PsgsE-
sfGFP 

sgsE-a3_rev gagtTACTAGGAAAATATGAGGAT Test gRNA for 
activation of PsgsE-
sfGFP 

sgsE-a4_fw agatCATCGATGGCGACATTGATA Test gRNA for 
activation of PsgsE-
sfGFP 

sgsE-a4_rev gagtTATCAATGTCGCCATCGATG Test gRNA for 
activation of PsgsE-
sfGFP 

sfGFP1_T1_fw agatCGTGCGTGGCGAGGGTGAA
G 

Test gRNA for 
repression of PsgsE-
sfGFP 
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Name Sequence 5'->3' Comment 

sfGFP1_T1_rev gagtCTTCACCCTCGCCACGCACG Test gRNA for 
repression of PsgsE-
sfGFP 

sfGFP_T2_fw agatCCATTAGTTGCGTCACCTTC Test gRNA for 
repression of PsgsE-
sfGFP 

sfGFP_T2_rev gagtGAAGGTGACGCAACTAATGG Test gRNA for 
repression of PsgsE-
sfGFP 

sfGFP_T3_fw agatAGCTCAATGCGGTTTACCAG Test gRNA for 
repression of PsgsE-
sfGFP 

sfGFP_T3_rev gagtCTGGTAAACCGCATTGAGCT Test gRNA for 
repression of PsgsE-
sfGFP 

mRFP_T_fw agatAAAGTTCGTATGGAAGGTTC gRNA for repression 
of PsgsE-mRFP 

mRFP_T_rev gagtGAACCTTCCATACGAACTTT gRNA for repression 
of PsgsE-mRFP 

sfGFP_dual_fw agatTTATCTCACATAATAGGGCTT
AATTTCTACTC 

Test gRNA for 
repression of PsgsE-
mRFP and 
simultaneous 
activation of PsgsE-
sfGFP 

sfGFP_dual_rev acaaGAGTAGAAATTAAGCCCTAT
TATGTGAGATAA 

Test gRNA for 
repression of PsgsE-
mRFP and 
simultaneous 
activation of PsgsE-
sfGFP 

mRFP_dual_fw ttgtAGATAAAGTTCGTATGGAAGG
TTC 

Test gRNA for 
repression of PsgsE-
mRFP and 
simultaneous 
activation of PsgsE-
sfGFP 

mRFP_dual_rev gagtGAACCTTCCATACGAACTTTA
TCT 

Test gRNA for 
repression of PsgsE-
mRFP and 
simultaneous 
activation of PsgsE-
sfGFP 

GGA_sfGFP_fw AATTGGTCTCAAACTCAATATGAA
ACACGGAAAAAATCAAGCAG 

Cloning of PsgsE-
mRFP-US-PsgsE-
sfGFP expression 
cassette 

GGA_sfGFP_rev AATTGGTCTCACTAGTATGACGA
TCCTCCTTACCTCTCATTG 

Cloning of PsgsE-
mRFP-US-PsgsE-
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Name Sequence 5'->3' Comment 

sfGFP expression 
cassette 

GGA_mRFP_fw AATTGGTCTCATCGACCTGCATA
CTAGCCTGTTACAGGCATATTCA
TATCAATGTC 

Cloning of PsgsE-
mRFP-US-PsgsE-
sfGFP expression 
cassette 

GGA_mRFP_rev CTTTGGTCTCAAGTTAAGCACCG
GTGgagtGACGAC 

Cloning of PsgsE-
mRFP-US-PsgsE-
sfGFP expression 
cassette 

pepQ_T1 fw agatCACCAGCAGTGCAGACAATC gRNA for repression 
of pepQ 

pepQ_T1_rev gagtGATTGTCTGCACTGCTGGTG gRNA for repression 
of pepQ 

pepCQ_T1_fw agatCCTGACATGACAGCCTCGCC
TAATTTCTACT 

gRNAs for dual 
repression of pepCQ 

pepCQ_T1_rev caagAGTAGAAATTAGGCGAGGCT
GTCATGTCAGG 

gRNAs for dual 
repression of pepCQ 

pepCQ2_T1_fw cttgTAGATCACCAGCAGTGCAGA
CAATC 

gRNAs for dual 
repression of pepCQ 

pepCQ_T1_rev gagtGATTGTCTGCACTGCTGGTG
ATCTA 

gRNAs for dual 
repression of pepCQ 

bdh1_fw cttgTAGATGACACTCATTCTGTGG
TATA 

gRNA cloning for 
Pbdh activation 

bdh1_rev gagtTATACCACAGAATGAGTGTC
ATCTA 

gRNA cloning for 
Pbdh activation 

bdh2_fw cttgTAGATTTCTTGTCTTTGCTTCA
ATT 

gRNA cloning for 
Pbdh activation 

bdh2_rev gagtAATTGAAGCAAAGACAAGAA
ATCTA 

gRNA cloning for 
Pbdh activation 

bdh3_fw gagtGCTCGTTACTTTTATACAAA gRNA cloning for 
Pbdh activation 

bdh3_rev gagtTTTGTATAAAAGTAACGAGCA
TCTA 

gRNA cloning for 
Pbdh activation 

sfGFP_qPCR_fw CCCTATTCTGGTGGAACTGGATG
G 

qPCR primer 

sfGFP_qPCR_rev CAGTAGTACAGATGAACTTCAGC
GTC 

qPCR primer 

gyrA_qPCR_fw GAGATATGGCCGCTGCGATG qPCR primer 

gyrA_qPCR_rev GCTCTCTTCACCATCGTAGTTCG
G 

qPCR primer 

mRFP_qPCR_fw TACCTGAAACTGTCCTTCCCGG qPCR primer 

mRFP_qPCR_rev GTAGATGAACTCACCGTCTTGCA
GG 

qPCR primer 

ldh3_qPCR_fw GAGTCATTGGATCA GA CGTTGC qPCR primer 

ldh3_qPCR_rev AACTCGGAGTCACCGTGTTCTCC qPCR primer 

ldh2_qPCR_fw GATTATCGGGGTTGGACGCATTG
G 

qPCR primer 
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Name Sequence 5'->3' Comment 

ldh2_qPCR_rev CAAGGTTGTGAATGGAATGACTT
CCTTG 

qPCR primer 

ldh4_qPCR_fw GAATGAGCCGGACCTGGATGCG qPCR primer 

ldh4_qPCR_rev CAATCCTCGACTGGATCGGTGTT
C 

qPCR primer 

bdh_qPCR_fw AGATGCTCAGCATCCATTGACTG
G 

qPCR primer 

bdh_qPCR_rev CAACGACACGGTCGCCAACCTG qPCR primer 

 

Table S 4: spacer sequences and protospacer adjacent motifs (PAM) of each gRNA used in this 
study 

Target Spacer 5’-3’ PAM 5’-3’ 

sgsE-a1 TTTATCTCACATAATAGGGCT TTTC 

sgsE-a2 AGTCTATATCAATCGGTAAC TTTC 

sgsE-a3 ATCCTCATATTTTCCTAGTA TTTC 

sgsE-a4 CATCGATGGCGACATTGATA TTTC 

sfGFP_T1 CGTGCGTGGCGAGGGTGAAG TTTC 

sfGFP_T2 CCATTAGTTGCGTCACCTTC TTTA 

sfGFP_T3 AGCTCAATGCGGTTTACCAG TTTC 

mRFP AAAGTTCGTATGGAAGGTTC TTTC 

pepQ_ CACCAGCAGTGCAGACAATC TTTC 

pepC CCTGACATGACAGCCTCGCC TTTA 

bdh1 TGACACTCATTCTGTGGTAT TTTA 

bdh2 TTTCTTGTCTTTGCTTCAATT TTTC 

bdh3 GCTCGTTACTTTTATACAAA TTTG 

ldh2_T1 CGATTGGCAGCACAGTTTCC TTTC 

ldh2_T2 CAGTTATGGATCTCTTTGCT TTTA 
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Target Spacer 5’-3’ PAM 5’-3’ 

ldh3_T1 ATCACAAATGGACTGATTAA TTTC 

ldh3_T2 TACCATATACGTTACAATGT TTTG 

ykgE_T1 ATCCCAATAGCCGCTGTTAT TTTC 

ykgE_T2 TTCCAGCCTCCGTGCTGAAT TTTG 

YkgF_T1 CGTTACGCAAACGCTCTGTA TTTC 

ykgF_T2 TACAAATAGATTTAAGTAAT TTTC 

ykgG_T1 ATGAAGCCACGCTTCATGGG TTTG 

ykgG_T2 TGCGCGATCCAGTCTGCGGT TTTG 

off-target AAGTCTTCTCAGCCGCTACA TTTV 

 

Table S 5: nucleotide sequences of activator domains used in this study 

Activator Protein 
Class 

Nucleotide sequence (5’-3’) 

SoxS 

(324 bp) 

AraC/XylS 
family 

ATGTCCCATCAGAAAATTATTCAGGATCTTATCGCATG
GATTGACGAGCATATTGACCAGCCGCTTAACATTGATG
TAGTCGCAAAAAAATCAGGCTATTCAAAGTGGTACTTG
CAACGAATGTTCCGCACGGTGACGCATCAGACGCTTG
GCGATTACATTCGCCAACGCCGCCTGTTACTGGCCGC
CGTTGAGTTGCGCACCACCGAGCGTCCGATTTTTGATA
TCGCAATGGACCTGGGTTATGTCTCGCAGCAGACCTT
CTCCCGCGTTTTCCGTCGGCAGTTTGATCGCACTCCC
AGCGATTATCGCCACCGCCTGTAA 

GltC 

(939 bp) 

LysR family GTGGAATTACGACAGTTACAATACTTCATGAAGGTAGC
GCAAAAAGAACATGTCACTCAGGCAGCCGAGGAGCTA
CATGTGGCGCAATCTGCGGTAAGTCGGCAAATTCATC
AGCTTGAAGAGGAGCTGGGAGTTAATCTTTTTATGCAA
AAGGGTCGCAATTTGCAGCTTACGCCAGTGGGACAGC
TATTTTGCAAACGGGTTGAGACGATAATAAAAGATCTA
GAGCGAGCTGTTTTGGAGGTTCATGAGTTTTTGGATCC
TGAGGGGGGCGAAATCCGCATCGGTTTTCCGCACAGT
TTGGGGATTCATCTTATTCCTACGGTAGTGGCTGAATT
CCGAAAGCGGTATCCCAATGTTAAATTTAGATTTAAAC
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Activator Protein 
Class 

Nucleotide sequence (5’-3’) 

AGGGGATGTATCCGAGTTTAATTCGTGATGTGTTAGCG
GGTGAGGTGGACTTGGCTTTTGTATCTCCTTTTCCCGA
TCGTCATGATCATGTGGAGGGGGATGTGGTGCTGACC
GAGGAGTTGTTTGCTGTTCTCCCGCCCAATCATCCTTT
AGCTACGGCCAAACATATCACGCTGAGTCAGCTTAAAG
GAGAAAAATTTATTCTGTTCAGAGATGGATATTCGTTAC
GTCCGATTGTCTGGCAGGCTTGTCTGGAGGCAGGATT
TACGCCAGATATCGCTTTTGAAGGTGAAGAGACAGATA
CGATTCGCGGATTAGTTGCGGCTGGTATGGGCGTTAG
CCTTTTGCCTGAAATGGCGTTGTTTCAGACCAACCCGC
TTCAACCTGCAAGAGTGTCAATTGTTGATCCAGAGGTC
ACGCGAACTATAGGCTTGATTCATCGCAAAGATGACAA
GCTACCATTAGTTGCAAAGTCATTCCGGACTTTTTTGTT
GCAATATTTTGGTCTTAAAGGTAGTGTTGCTACTCCGA
ATGGAAGTGCAAAAGCGGATTTAGGGCAGTGA 

RpoD 

(666 bp) 

Sigma factor ATGATAGAGGACACACCATTCCGTCAGGAGGGTGTGT
CCTTTTTAAATTATTTTTTCGAAATATGCAGGGGAAGGA
AATTTCCTGGCGTCTATAGTATTGGGAAGGGGGAGAG
CGTCATTGATATAGAGAGAATCATTGAACGAATACGGT
CTAGTGACCGGCAGGCGTTCCGTGAGATCGTAGAGCT
GTACAGCAAGCATGTATTTCATATCGCCTATTCGGTGC
TGCATGACAGCAAGGAAGCAGAAGATGCCGCGCAGGA
GGCATTCGTTCAGGTGTACAAGTCTCTCCCCCAGTACC
GGAACGAAGGTTTTAAAACGTGGCTGAGCCGAATTGC
GCTCCACAAAGCGCTGGATATTAAGCGTAAACAGGAC
AGACGGCCCGCAGAGCTAATAGACGTCGCACAATCCC
TTGTACAGCTCCCTTCCCGGGATGAAGATGTGCTGGC
TCGTCTCATCCGCGAGGAGCAAATTAAAGAACTATCAC
AAAAAATCGCTCAGTTGCCCCAGCAACATCGGGATATT
ATTCAAGCCTACTATATGCAGGGCAAAACCTACGACCA
AATTGCAGAAGAGACGCAGGTAGCTTTAAAAACGGTA
GAGTCGAGACTCTACCGGGCGCGACTATGGATTCGAA
ACCACTGGAAGGAGGAGGAATGGCAATGA 

RpoZ 

(204 bp) 

DNA 
directed 
RNA 
polymerase 
subunit 

GTGCTGTATCCTTCCATTGATGAAATGATGAAAAAGGC
AGATAGTAAGTATTCGTTGGTTGTAGCGGCTTCACGTC
GTGCCAGACAGTTGCGCGAGGGTGAAAAGACGACCCT
CAAGAATCCTAAATCCCACAAACAGGTTGGAGTAGCTT
TGGAAGAGATCTATGCAGATCATCTTCTACTTGAAAGC
GGCGAAGAAGAATAA 

CRP 

(582 bp) 

cAMP 
receptor 

ATGCATCCCTATTATCGTTCATTAGAAAAAATGGCTCAT
CATGCCTCGATTATAGAGCAGGATTGGAACAGGTTTGT
AGAGCAAACCCGTGTGAAGCATGTTCAGCAGGGAACG
GTTCTCATTGAAACGGGTGAGCCTGTGAAACATGCCTA
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Activator Protein 
Class 

Nucleotide sequence (5’-3’) 

TTTTTGTTCAGAGGGATTATTCCGTTTATTTTATACATTA
GTAGATGGCAGAGAATATAATGTTGGTTTTTCGCCAGA
AGATGATTACGTAACCTCTTATGGGGCTATGATCCAAG
GAGAACCATCCACTTTTTCGATTGAGGCCATGGAAGAT
TCGGTTGTCATTGAAATTCCATATCACGTATTGAAGGA
GCTTATGGATACAAGCCATATGTGGGAAAGATTCGTCC
GTAAAAGTGTAGAAAGACTTTATATTCGAAAAGAGGAA
CGGGAGCGCGAATTATTGTATCTTTCCGCTAAGGAGC
GTTATCATGCTTTTCTTCTCAAATACCCCGGATTGGAC
AAACGAGTTGCCCAATATCATATAGCTTCGTACATAGG
CGTCTCCCCTGTATCACTTAGTCGTTTGCTGCGTAGTG
ATCCGCATTAA 

 

 

 

 

Figure S 2: Plasmid map of pCRai. The conjugational plasmid based on the pCasPP2 construct 
was cloned by Gibson isothermal Assembly by replacing the Cas9-gRNA expression cassette 
with an engineered catalytically inactive variant of Cas12a3 (E174R, N282A, S542R, K548R, 
D908A) and an appropriate CRISPR-array. Variable activator domains can be cloned by replacing 
a BsaI-cassette linked via a 10 aa flexible linker. gRNAs can be cloned by Golden Gate Assembly 
using BbsI by replacing a lacZ expression cassette.  
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Figure S 3: Relative fluorescence 
levels of P. polymyxa and E. coli S17-
1 harboring pCRaiGFP_soxS 
variants. 4 different gRNAs (a1-a4) 
were expressed and normalized 
fluorescence levels (Ex. 488 nm Em. 
515 nm) were compared to a strain 
expressing an off-target spacer. 
Spacers a1, a3 and a4 showed 
increased GFP fluorescence in both 
P. polymyxa and E. coli S17-1 
demonstrating similar effects in both, 
Gram-positive and Gram-negative 
host organisms.  

 

 

Figure S 4: Fermentation profile of 2,3-BDL fermentations. Overview of fermentation profiles of 
single batch fermentations. P. polymyxa DSM 365 was transformed with pCRai_soxS encoding 
either off-target gRNAs or a multiplex CRISPR-array targeting the open reading frame of three 
lactate dehydrogenases and the upstream region of Pbdh with three gRNAs (bdh_a1-a3) 
individually. Lactate production was reduced by ~ 20 % in all variants expressing the 
corresponding gRNAs. Glc: Glucose; 2,3-BDL: 2,3-R,R-butantediol 
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Table S 5 Final product titers and 2,3-BDL yield (gBDL gGlc
-1) of 2,3-BDL fermentations. P. polymyxa 

DSM 365 was transformed with pCRai_soxS encoding either off-target gRNAs or a multiplex 
CRISPR-array targeting the open reading frame of three lactate dehydrogenases and the 
upstream region of Pbdh with three gRNAs (bdh_a1-a3) individually. Values represent mean and 
deviation of biological duplicates after 72 h cultivation in microaerobic conditions. 

 
2,3-BDL Ethanol Acetoin Lactate Formate YPS 

off-
target 

27.46 ± 
0.47 

4.21 ± 
0.33 

1.34 ± 
0.14 

10.30 ± 
0.20 

0.34 ± 
0.34 

0.29 ± 
0.01 

bdh_a1 34.30 ± 
1.45 

4.84 ± 
0.23 

1.50 ± 
0.08 

7.69 ± 
0.26 

0.72 ± 
0.03 

0.34 ± 
0.00 

bdh_a2 32.44 ± 
2.26 

4.64 ± 
0.25 

1.42 ± 
0.15 

7.74 ± 
0.30 

0.72 ± 
0.04 

0.34 ± 
0.00 

bdh_a3 34.74 ± 
0.50 

4.89 ± 
0.10 

1.22 ± 
0.08 

7.81 ± 
0.08 

0.67 ± 
0.07 

0.35 ± 
0.02 
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